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The success of next generation solid-state batteries depends on the success of designing and 
producing functional solid electrolyte membranes for the transport of ionic species during charge 
and discharge. Nanostructured block copolymer electrolytes are polymer materials composed of 
two or more distinct chemical species that can be uniquely tailored to provide both mechanical 
rigidity, chemical stability, and ion transporting functionality necessary to enable solid-state 
devices. The design of such materials for battery applications, however, requires a deep 
molecular understanding of the mechanisms that transport ions and the relationship between the 
dynamic chemical and mechanical properties of the polymers. Using both organic and inorganic 
chemical species allows these copolymers to take on a large phase space of material properties 
and allows us to investigate specific chemical and mechanical properties. In this work, we 
examine one such block copolymer composed of organic and inorganic groups to understand 
how ion transport through the material changes as the structure of the polymer changes across a 
phase transition initiated by a change in temperature. Our study has implications for the design 
and use of these materials in practical battery applications under changing environmental 
conditions. 
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Nanostructured block copolymer electrolytes composed of organic and inorganic moieties have 

the potential to enable solid-state batteries. Practical uses of these materials, however, require an 

understanding of the microscopic and macroscopic ion transport properties across the 

microphase-separated systems. The self-diffusion of salt ions across a disorder-lamellar phase 

transition in a nanostructured poly(ethylene oxide)-b-poly(silesquioxane) copolymer was studied 

using pulsed-field gradient NMR (PFG-NMR) and changes in the morphology were studied 

using small-angle x-ray scattering. The diffusion of the salt is isotropic when the polymer 

electrolyte is disordered and locally anisotropic when the polymer is microphase separated. The 

difference between the diffusion coefficient parallel to the lamellae, , and the diffusion 𝐷||

coefficient perpendicular to the lamellae, , measured using PFG-NMR, increases with 𝐷 ⊥

increasing segregation strength.  The anisotropy of diffusion parallels changes in the morphology 

measured by small-angle x-ray scattering.

INTRODUCTION

Block copolymer electrolytes have the potential to enable solid-state batteries by providing 

independently tunable ion conduction and mechanical properties. The majority of experimental 

work in the field has focused on copolymers of organic molecules where one block preferentially 

solvates ions, while the other is mechanically rigid. The two blocks can phase separate into a 
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variety of morphologies with features on the order of nanometers. These nanostructured 

morphologies have been well characterized both theoretically and experimentally.1,2 What is 

relevant to practical uses of these materials, however, is the relationship between nanoscale 

morphology and ion dynamics. Commonly, bulk conductivity measured on macroscopic samples 

is used as a metric of the efficacy of ion transport.3–8 Self-diffusion coefficients of the ions 

measured by pulsed-field gradient NMR (PFG-NMR) provide insight into the dynamics of 

cations and anions on more local length scales.9–11

Helfand, Fredrickson, and coworkers have established a theoretical framework for understanding 

the diffusion of molecules across microphase separated block copolymers.12–17 Microphase block 

copolymers form ordered structures wherein coherent order is restricted to regions called grains. 

Molecular transport of a tracer molecule within individual grains is anisotropic for lamellar and 

cylindrical morphologies. Diffusion in these morphologies can be decoupled into the individual 

diffusivities along directions parallel and perpendicular to the interfaces between microphases. 

Building on that work, there have been a number of experimental investigations of diffusion 

aimed at measuring these distinct diffusion coefficients. Experimental studies on 

macroscopically aligned lamellar or cylindrical samples have shown that the diffusion coefficient 

parallel to the lamellae or cylinders, , is larger than the perpendicular diffusion coefficient,𝐷||  

.18–21 Experimental work has shown that the average diffusion coefficient is continuous 𝐷 ⊥

across the order-disorder transition.22,23 There are, however, no studies of the dependence of the 

diffusion coefficients  and   on temperature across an order-disorder transition. In a related 𝐷|| 𝐷 ⊥

study, Majewski et al. measured ionic conductivity in the parallel and perpendicular directions in 

macroscopically aligned cylindrical block copolymer electrolytes across an order-disorder 

transition.24 

Polyhedral oligomeric silsesquioxanes (POSS) are silica nanoparticles with the empirical 

formula RSiO1.5, where R is an organic functional group or hydrogen. POSS-containing block 

copolymers have been used in several applications including drug-delivery, battery electrolytes, 

and lithography templates.25,26 When combined with poly(ethylene oxide) (PEO), POSS has been 

used to make solid polymer electrolytes with star-shaped, brush-grafted, clustered, or crosslinked 

structures.27–31 In this work, we use a short PEO-POSS block copolymer mixed with a lithium 
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salt. This mixture exhibits a disorder-to-order phase transition upon heating.  We present 

measurements of  and of the cation and anion across the disorder-to-order transition.  𝐷|| 𝐷 ⊥

EXPERIMENTAL

Materials

Poly(ethylene oxide)-b-poly(silesquioxane) with 5 kg/mol of PEO and 1 kg/mol of POSS (PEO-

POSS(5-1)) was synthesized as described previously.32 The chemical structure of the block 

copolymer is shown in Fig. 1. The copolymer contains a very short POSS block with only one 

repeat unit (on average). Structural and chemical characterization of the polymer is provided in 

the SI. Anhydrous tetrahydrofuran (THF) and benzene were purchased from Sigma-Aldrich, and 

lithium bis(trifluoromethanesulfonyl)imide salt, Li[N(SO2CF3)2] (LiTFSI), was purchased from 

Novolyte. PEO-POSS(5-1) was dried at 90°C under vacuum in the glovebox antechamber for 48 

h before use. PEO-POSS(5-1)/LiTFSI electrolyte with a molar ratio of lithium atoms to ethylene 

oxide (EO) monomers, r = 0.10, was made by dissolving dry polymer and LiTFSI into 

anhydrous THF and mixing at 60°C for a minimum of 12 h. Once dissolved, the THF was 

evaporated by drying the solution on a hotplate at 90°C for 48 h. The remaining polymer/salt 

mixture was additionally dried under vacuum for 48 h at 90°C to remove all residual solvent. 

Poly(ethylene oxide) with  a molecular weight of 5 kg/mol (PEO(5)) was purchased from 

Polymer Source. A mixture of PEO(5) and LiTFSI with r = 0.10 was made using the same 

procedure described above. Measurements from this sample serve as a baseline for interpreting 

diffusion coefficients measured in PEO-POSS(5-1)/LiTFSI. 
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Figure 1. Chemical structure of the PEO-POSS block copolymer.

Small-angle X-ray Scattering

The morphology of the electrolyte was determined by small-angle x-ray scattering (SAXS). The 

SAXS sample was prepared by pressing the electrolyte at 90°C into 1 mm thick rubber spacers 

with a 1/8 in. inner-diameter and sealed with Kapton windows in custom-designed airtight 

holders. The samples were annealed at 110°C under vacuum for at least 24 h. Measurements 

were performed at beamline 1–5 at the Stanford Synchrotron Radiation Lightsource (SSRL) at 

SLAC National Accelerator Laboratory. Samples were mounted in a custom-built heating stage 

and held at each temperature for at least 30 min before measurement. Silver behenate was used 

to determine the beam center and sample-to-detector distance. The scattered intensity was 

corrected for beam transmission. Two-dimensional scattering patterns were integrated 

azimuthally using the Nika program33 for IGOR Pro to produce one-dimensional scattering 

profiles and are reported as scattering intensity, I, as a function of the magnitude of the scattering 

vector, q = 4πsinθs/2λ where θs is the scattering angle, and λ is the wavelength of the x-rays 

equal to 1.2398 Å. The samples were heated from room temperature to the highest temperature 

of 143°C in approximately 20°C increments and cooled in 10°C increments. 
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Pulsed-Field Gradient NMR

All NMR samples were packed into 5 mm tubes in an argon-filled glovebox and sealed with high 

pressure caps. Diffusion measurements were performed on a Bruker Avance-600 spectrometer 

fitted with a broadband probe and variable temperature unit. Single peaks were observed for 7Li 

and 19F at 233 MHz and 565 MHz, respectively, corresponding to all Li- and TFSI-containing 

species. A stimulated echo bipolar gradient pulse sequence with one orthogonal spoiler gradient 

pulse was used to measure diffusion. Gradient pulse lengths, δ = 0.5-16 ms and diffusion times, 

Δ = 0.4-3 s were used. The gradient strength, g, was linearly increased with 32 values steps from 

0.7 up to 33 G/cm.

The equation for anisotropic diffusion in planar structures is11,34 

𝐼 = 𝐼0
1
2∫

𝜋

0
exp ( ― 𝛾2𝛿2𝑔2(Δ ― 𝛿/3)(𝑫 ⊥ cos2 𝜃 + 𝑫||sin2 𝜃))sin 𝜃𝑑𝜃               (1)

where  is the intensity of the signal,  is the initial intensity at low gradient strength,  is the 𝐼 𝐼0 𝛾

gyromagnetic ratio,  is the length of the gradient pulse,  is the strength of the gradient pulse,  𝛿 𝑔  Δ

is the diffusion time, and  is an integration angle, corresponding to all the possible orientations 𝜃

of the nanostructure with respect to the gradient axis. In order to expedite the fitting algorithm, a 

modified diffusion decay equation was use to fit the data. Eq. 1 can be simplified to

𝐼 = 𝐼0
1
2exp ( ― 𝑫||𝛾2𝛿2𝑔2(Δ ― 𝛿/3)) 𝜋

erfi( 𝑫|| ― 𝑫 ⊥  𝛾2𝛿2𝑔2(Δ ― 𝛿/3))
𝑫|| ― 𝑫 ⊥  𝛾2𝛿2𝑔2(Δ ― 𝛿/3)

         (2)

were erfi is the imaginary error function. Equations 1 and 2 are mathematically equivalent, but 

eq. 2 is easier to compute using iterative minimization algorithms and provides for faster and 

better fits to  and . All data was fit to eq. 2 with the constraint  using a nonlinear 𝐷|| 𝐷 ⊥ 𝐷|| > 𝐷 ⊥

least-squares algorithm.

RESULTS

Azimuthally averaged small-angle x-ray scattering profiles of 

PEO-POSS(5-1)/LiTFSI at r = 0.1 over a range of temperatures are 
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shown in Fig. 2(a). The broad peak at q = 0.28 nm-1 at 

temperatures below 105oC, gives way to two peaks at q* and 2q* at 

temperatures above 105oC indicating a disorder-to-order 

transition. A disordered morphology is present below 102oC shown 

in Fig. 2(c) and a lamellar phase is present at temperatures 

above 112oC shown in Fig. 2(b). We note that the scattering 

profiles of disordered PEO-POSS(5-1) are different from those 

obtained in conventional block copolymers.35 This may be due to 

the high density of Si atoms present in the POSS that is 

expected to dominate the scattering intensity.

The phase behavior of PEO-POSS(5-1)/LiTFSI is qualitatively similar to PEO-POSS(5-

2)/LiTFSI mixtures reported in ref. 32. Both PEO-POSS polymers in the neat state exhibit order-

to-disorder transitions upon heating. The addition of LiTFSI results in a reversal of the phase 

behavior and disorder-to-order transitions are observed upon heating. 

Figure 2. (a) Azimuthally averaged small-angle x-ray scattering intensity of PEO-POSS(5-

1)/LiTFSI with r = 0.1 as a function of scattering vector, q, and temperature. Triangles ( ) ∇

indicate the location of the primary (q*) and second order (2q*) peaks corresponding to a 

lamellar morphology. Depictions of (b) lamellar and (c) disordered morphologies.

(a) (b)

(c)
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The diffusion of Li and TFSI was measured by PFG-NMR in PEO-POSS(5-1) at r = 0.1 over a 

range of temperatures encompassing both disordered and ordered morphologies. The decays of 

the PFG-NMR signals due to diffusion of Li and TFSI are shown in Fig. 3 on a log-linear scale. 

Diffusion at 100oC, a temperature in the disordered state right below the disorder-to-order 

transition is shown in Fig. 3(a) and (b). The diffusion decays of both Li and TFSI at 100oC 

exhibit single exponential behavior, indicative of isotropic diffusion. Diffusion decays at 140oC, 

a temperature in the ordered state above the disorder-to-order transition, are shown in Fig. 3(c) 

and (d). The dashed lines in Fig. 3 are linear fits through the first 16 data points in each decay. 

Departures between the data and the linear fits are clearly seen at 140oC. The diffusion decays of 

both Li and TFSI are not single-exponentials at 140oC, indicative of anisotropic diffusion within 

lamellae.11,34 There is more scatter in the Li data due to the lower signal-to-noise of 7Li NMR 

relative to 19F.
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Figure 3. Diffusion decays in PEO-POSS (5-1) of (a) 19F at 100oC, (b) 19F at 140oC, (c) 7Li at 

100oC, and (d) 7Li at 140oC. To show deviation from single exponential behavior, linear fits to 

the first 16 points of the data are shown as dashed black lines. Actual fits to the data using eq. 2 

are shown as solid grey lines.

The data in Fig. 3 were fit to eq. 2 with  and  as adjustable parameters, where  is the 𝐷|| 𝐷 ⊥ 𝐷||

diffusion coefficient of the ions parallel to the lamellae and  is the diffusion coefficient of the 𝐷 ⊥

ions perpendicular to the lamellae. This fitting procedure was used for all temperatures below 

and above the disorder-to-order transition, to obtain the temperature dependence of  and . 𝐷|| 𝐷 ⊥
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The fits for the data shown in Fig. 3, are shown as solid grey lines. Diffusion 

coefficients  and  of Li and TFSI for the range of 𝐷|| 𝐷 ⊥

temperatures 90-140oC are shown in Fig. 4. The overlap in  and 𝐷||

 at low temperatures indicates the presence of a single 𝐷 ⊥

isotropic diffusion coefficient. This is true at 90oC and 100oC 

for both the Li and TFSI, where the block copolymer is 

disordered. At temperatures above the disorder-to-order 

transition,  and  begin to diverge, and the difference between 𝐷|| 𝐷 ⊥

 and  increases with increasing temperature. At 140oC, deep in the ordered 𝐷|| 𝐷 ⊥

state,  for Li is larger than  by a factor of 10.  𝐷|| 𝐷 ⊥

Figure 4. Diffusion coefficients of (a) Li and (b) TFSI in PEO-POSS(5-1)/LiTFSI with r = 0.10 

parallel to and perpendicular to the lamellae,  and . The curves through the data are  𝐷|| 𝐷 ⊥

guides for the eye.

In Fig. 4,  and  depend both on temperature and on the morphology of the block 𝐷|| 𝐷 ⊥

copolymer. Our main interest is to focus on the dependence of the diffusion coefficients on 

morphology. We define reduced diffusion coefficients  and  where  is 𝐷||/𝐷𝑃𝐸𝑂 𝐷 ⊥ /𝐷𝑃𝐸𝑂 𝐷𝑃𝐸𝑂

the diffusion coefficient of Li and TFSI measured in homopolymer poly(ethylene oxide) 

(PEO(5)) at the same value of temperature and r. The Li and TFSI diffusivities in PEO(5) are 

D ⊥
D ⊥

D||
D||
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plotted as a function of temperature in the insets of Fig. 5. The reduced diffusivities  𝐷||/𝐷𝑃𝐸𝑂 

and  are plotted in Fig. 5. 𝐷 ⊥ /𝐷𝑃𝐸𝑂

Figure 5. Reduced diffusion coefficients,  and , of the (a) Li and (b) TFSI 𝐷||/𝐷𝑃𝐸𝑂 𝐷 ⊥ /𝐷𝑃𝐸𝑂

parallel to and perpendicular to the lamellae in PEO-POSS(5-1)/LiTFSI with r = 0.10 as a 

function of temperature. The diffusion coefficient of (a) Li and (b) TFSI measured in 

homopolymer poly(ethylene oxide) (PEO(5)), , at the same value of temperature and r is 𝐷𝑃𝐸𝑂

shown in the insets. The curves through the data are guides for the eye.

The reduced diffusion coefficients,  and  for Li and TFSI, shown in Fig. 5(a)  𝐷||/𝐷𝑃𝐸𝑂 𝐷 ⊥ /𝐷𝑃𝐸𝑂

and (b) are less than one in the disordered state. In other words, the diffusion of ions in 

disordered PEO-POSS(5-1)/LiTFSI is slower than that in PEO(5). We attribute this to 

interactions between the Li and TFSI ions and the POSS block in disordered PEO-POSS(5-1). 

Above the disorder-to-order transition,  increases with increasing segregation, 𝐷||/𝐷𝑃𝐸𝑂

approaching a value of around one at high temperatures.  In the ordered state, Li and TFSI ions 

are confined to PEO-rich lamellae in PEO-POSS(5-1). As segregation increases, the POSS 

monomers are increasingly excluded from the PEO-rich lamellae and diffusion within the 

lamellae, , is indistinguishable from diffusion in PEO homopolymer of the same molecular 𝐷||

weight, . Concomitantly, as segregation increases, the PEO monomers are increasingly 𝐷𝑃𝐸𝑂

D||/D𝑃𝐸𝑂
D||/D𝑃𝐸𝑂

D ⊥ /D𝑃𝐸𝑂

D ⊥ /D𝑃𝐸𝑂

Page 11 of 16 Molecular Systems Design & Engineering



11

excluded from the POSS-rich lamellae and diffusion through the POSS microphase is hindered. 

This is seen in the dramatic decrease of the reduced diffusion coefficient perpendicular to the 

lamellae, , with increasing segregation in Fig. 5.   approach values as low as 𝐷 ⊥ /𝐷𝑃𝐸𝑂 𝐷 ⊥ /𝐷𝑃𝐸𝑂

0.1 at 140oC.    

The second order peak seen at q = 2q* in Fig. 2(a) is a standard signature of an ordered lamellar 

phase. The magnitude of this second order peak was used to quantify the segregation of lamellae 

in PEO-POSS(5-1)/LiTFSI. The area under the second order peak was calculated by subtracting 

an exponential baseline from the spectra in Fig. 2(a) in the vicinity of 2q* and integrating the 

resulting scattering intensity. At temperatures below 102oC, the area of the 2q* peak is 

negligible, indicating a disordered morphology. At temperatures above 112oC, the area of the 

2q* peak increases with increasing temperature reflecting an increase in the segregation between 

PEO and POSS monomers in adjacent lamellae.  The disorder-to-order transition occurs between 

102oC and 112oC.

Figure 6. (a) The integrated area under the second order SAXS peak, 2q*, (triangles, right axis) 

and the calculated average degree of diffusion anisotropy, aAVG, (diamonds, left axis) from 7Li 

and 19F diffusion in PEO-POSS(5-1) as a function of temperature. The curves through the data 
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are guides for the eye. (b) Schematic of the segregation between PEO and POSS blocks as a 

function of temperature.   

A commonly used parameter to quantify anisotropic diffusion is36,37

𝑎 =
𝐷|| ― 𝐷 ⊥

𝐷|| + 𝐷 ⊥

We define  as the average value of  for Li and TFSI, .  For isotropic 𝑎𝐴𝑉𝐺 𝑎 𝑎𝐴𝑉𝐺 = (𝑎𝐿𝑖 + 𝑎𝑇𝐹𝑆𝐼)/2

diffusion, .  If diffusion is perfectly anisotropic and no ions move perpendicular to the 𝑎 = 0

lamellae, . The average degree of anisotropy  is also plotted in Fig. 6(a). It is clear that 𝑎 = 1 𝑎𝐴𝑉𝐺

in the disordered state both  is zero and the area under the second order peak is negligible. 𝑎𝐴𝑉𝐺

At temperatures above the disorder-to-order phase transition, the polymer becomes microphase 

segregated as shown in Fig. 6(b), and both  and the area under the second order peak  𝑎𝐴𝑉𝐺

increase. Diffusion anisotropy is closely correlated with the segregation strength.

CONCLUSION

The self-diffusion of Li and TFSI ions across a disorder-to-order phase transition in a mixture of 

PEO-POSS(5-1) and LiTFSI was studied using PFG-NMR. The mixture exhibits a disorder-to-

order transition between 102oC and 112oC; it is disordered below 102oC and it exhibits an 

ordered lamellar phase above 112oC. The diffusion coefficients of the ions are isotropic when the 

system is disordered, while locally anisotropic diffusion is observed in the ordered state. The 

difference between the diffusion parallel to the lamellae, , and the diffusion perpendicular to 𝐷||

the lamellae, , increases with increasing temperature in the ordered state, paralleling the 𝐷 ⊥

increase in segregation strength determined measured by SAXS.
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