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Abstract

Polymer electrolytes are promising materials for high energy density rechargeable batteries.
However, they have low ion transport rates and gradually lose electrode adhesion during cycling.
These effects are dependent on polymer structure and dynamics. This motivates an investigation
of diblock copolymer electrolyte dynamics. Structural and stress relaxations have been measured
with x-ray photon correlation spectroscopy (XPCS) and rheology, respectively, as a function of
salt concentration and temperature. The polymer electrolyte studied in this work is a mixture of
poly(styrene-b-ethylene oxide), SEO, and lithium bis-trifluoromethanesulfonimide, LiTFSI.
Results from XPCS experiments showed hyperdiffusive motion for various lithium salt
concentrations and at varying temperatures, which is indicative of soft glassy materials. This
behavior is attributed to cooperative dynamics. The decay time was a weak, non-monotonic
function of salt concentration and decreased with increasing temperature, in an Arrhenius fashion.
In contrast, the shear modulus decreased with increasing salt concentration and increasing
temperature. The entanglement relaxation from rheological measurements followed Vogel-
Fulcher-Tammann behavior. The structural decay time was slower than the entanglement
relaxation time at temperatures above the glass transition temperature, but they were
approximately equal at 7y regardless of salt concentration. This may indicate a fundamental

connection between cooperative structural motion and polymer chain motion in this material.



1.0 Introduction

Advanced energy storage is integral to transitioning to a sustainable energy society. The most
advanced batteries currently available on the market are lithium-ion batteries, which offer the
highest energy density of any commercial battery. Safety continues to be the greatest concern for
lithium-ion batteries that contain volatile, flammable organic solvent electrolytes.! This is
particularly true for electric vehicles that contain large amounts of energy that would be violently
released during a catastrophic failure. For example, the Tesla Roadster contains thousands of
18650 batteries>. On the other hand, electric vehicles leverage our transition to a sustainable
energy infrastructure by replacing fossil fuel consuming vehicles with those that utilize
renewable energy sources. Safe, long-lasting batteries with high power and high energy density
would enable an expansion of the electric vehicle market by increasing driving range and

decreasing vehicle cost.

Polymer electrolytes are an inherently safe alternative to organic solvent electrolytes.’
Nanostructured polymer electrolytes, such as block copolymers and polymer nanocomposites,
are compatible with electrodes, such as lithium metal, that have a theoretical capacity nearly ten
times that of graphite electrodes used in commercial lithium-ion batteries. > A glassy or
inorganic phase provides mechanical strength, while a soft polar phase allows for ionic
conduction. Low i1onic conductivity is the major impediment to adoption of polymer electrolyte

in lithium metal batteries as distinct from lithium-ion batteries.

Ionic conductivity is a function of ion concentration and mobility. In dry polymer electrolytes,
such as poly(ethylene oxide) (PEO) and a lithium salt, ion mobility is coupled to segmental
relaxation of the polymer.® The incorporation of lithium salt into PEO increases the glass

transition temperature.” In other words, the segmental relaxation of the polymer is slowed by
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coordination with Li* ions (on average six ether units are involved in the lowest energy state).®°
From the free-volume perspective this implies that dissolution of salt in PEO causes a decrease
in fractional free volume.!® ! The configurational entropy of the system is probably a more
appropriate perspective. From this perspective, ion coordination increases the minimum size of a
“‘cooperatively rearranging’ region” of PEO.!> 3 So, ion and polymer mobility are coupled as

well as being composition dependent.

Recent reports have investigated the role of ordered block copolymer grain size on ionic
conductivity. Conductivity was inexplicably found to decrease with increasing grain size.'* The
authors postulated that perhaps ion dynamics is faster in grain boundaries than within the ordered
phase. Block copolymer electrolyte conductivity was found to increase with the incorporation of
nanoparticles that can drive morphological phase transitions'> or stabilize grain boundaries'®.
Although grain size only plays a minor role in the macroscopic mechanical properties of block
copolymers,!” it appears to play a significant role in the ionic conductivity of block copolymer
electrolytes. Furthermore, the effect of salt concentration on the mechanical properties of block
copolymer electrolytes has not been systematically investigated. Thus, it is of interest to measure
dynamics of block copolymer electrolytes of known grain size and salt concentration. In addition
to examining chain dynamics with rheology, grain dynamics can be examined using x-ray photon

correlation spectroscopy (XPCS).

XPCS is a powerful technique for investigating the dynamics of nanostructured materials. In the
same way that dynamic light scattering can be used to measure the diffusion of polymers and
colloids in solution, XPCS can be used to measure dynamics in materials with electron density
contrast (i.e. structure) on time scales between 10 and 10* s, and as fast as 50 ns has been

achieved.!® The advantage of XPCS over light scattering techniques is that it can be used with



optically opaque samples.!® Diffusing wave spectroscopy can use multiple light scattering on
turbid samples but cannot be applied to opaque samples.?’ The most powerful aspect of XPCS is

21,22

that it can access a much broader range of length scales including atomic (light scattering is

limited to structures larger than about 100 nm)?. There are some reports of using XPCS to
measure dynamics in disordered and weakly ordered block copolymers (BCPs),?*3° but no
investigations of strongly segregated BCPs with XPCS. Since static x-ray scattering is
necessarily collected (through time) the nanostructure of the material is simultaneously

monitored during measurements of dynamics.

Lithium bis-trifluoromethanesulfonimide (LiTFSI) is the best performing lithium salt in PEO-
based electrolytes, i.e. this polymer electrolyte has the highest ionic conductivity. The salt also
affects the structure of poly(styrene-b-ethylene oxide), SEO, block copolymers. LiTFSI increases
the strength of segregation and swells the BCP domains.’!" > However, with increasing salt
concentration the long-range order of the BCP decreases for a given annealing time,* perhaps
due to the stronger segregation strength, i.e. higher order-disorder transition temperature, 7opr.

This suggests that the salt slows grain dynamics.

Motivated by these findings, we present the effect of lithium salt concentration on polymer
dynamics by measuring both the structural and stress relaxation behavior using XPCS and
rheology, respectively. Since rheological properties are sensitive to deformation history, samples
are thermally annealed before conducting small-amplitude oscillatory shear rheology and XPCS.
The BCP is a strongly segregated lamellar SEO. Within a temperature range of 100 and 180 °C,
the effect of LiTFSI salt concentration was investigated based on the segmental, entanglement

and structural relaxation processes of the electrolyte melt. The relationship between these



polymer relaxations and ion concentration give insight into the design of the next generation of

polymer electrolytes for lithium batteries.

2.0 Experimental
2.1 Materials

SEO used in this study was anionically synthesized, purified, and characterized using
methods described previously.** The SEO copolymer comprises a polystyrene block (Mn = 133
kg/mol, Mw = 145 kg/mol) and PEO block (M~ = 114 kg/mol). The polydispersity index (PDI)
of the SEO was measured as 1.11 using gel permeation chromatography (Viscotek GPCmax with
dimethylformamide (DMF) solvent and 0.05 wt% LiBr). The PEO volume fraction is 0.42 as
measured through 'H nuclear magnetic resonance (NMR) spectroscopy and calculated using the

density of each block at 25 °C.*

SEO electrolyte membranes were prepared by solution casting from n-methyl-2-pyrrolidone
according to a procedure described previously.*® Each SEO electrolyte (SEO-LiTFSI) membrane
consists of SEO copolymer and bis(trifluoromethane)sulfonimide lithium salt LiN(SO2CF3)a.
The concentration of the lithium salt is expressed in term of the stoichiometric proportion (» =

[Li"]/[EO]) of lithium cations from the salt to ethylene oxide monomers of the polymer.
2.2 SAXS and XPCS

Small angle x-ray scattering (SAXS) and x-ray photon correlation spectroscopy (XPCS) were
used to investigate the nature of the electron density contrast in SEO-LiTFSI systems from the
static and dynamic point of view, respectively. Samples were prepared by melt pressing the

SEO-LiTFSI electrolyte into stainless steel spacers sealed in an argon environment with H2O and



O2 less than 0.1 ppm using custom sample holders with Kapton windows. All samples were

annealed at 180 °C for 2 days.

SAXS measurements were performed at beamline 8-ID-I at the Advanced Photon Source
(APS), Argonne National Laboratory, in a temperature interval between 100 and 180 °C. The x-
ray energy was set at 10.86 keV (0.1142 nm). The sample-to-detector distance for all
measurements was 4 m. The SAXS images were azimuthally averaged to produce profiles of
intensity, /, versus wavevector, g = 41 sin(0/2)/Ax-ray, Where Axray is the x-ray wavelength and 0

is the scattering angle.

XPCS measurements were performed in the same beamline (8-ID-I). Details of the beamline
optics and principle of operation have been reported elsewhere.’” All measurements were
conducted using coherent x-rays. To minimize any possible effects of x-ray sample damage or
beam heating, for each data acquisition sequence, the sample position was adjusted to illuminate
a fresh spot on the sample. NMR analysis conducted on the SEO samples before and after
exposure to x-rays ensured that no detectable sample damaged occurred. As shown in Figure S1,
the normalized NMR spectra of both the ethylene oxide and styrene protons show no change in
chemical shift after exposure to x-rays. In addition, the mole fraction of PEO (0.33) was the
same before and after thermal annealing and exposure to x-rays. As shown in Figure S2, the GPC
traces of the refractive index (RI) detector show no significant different between the as-
synthesized neat polymer and the polymer (» = 0.02 molLi+/moleo) exposed to x-rays during
XPCS experiments. The average scattering intensity was constant during the collection of XPCS

data, which is another indication that no significant beam damage occurred.



Electron density gradients cause a speckle pattern in the instantaneous x-ray scattering
profile. Over time the gradients and therefore speckle patterns change causing the normalized

intensity autocorrelation function, g2, to decay to a value of one at long time.

<I(Qat1 )I(q’tl + t)>
1) M

gz(%t):

The angle brackets denote an average over t1.> g2(q,f) can be related to the field correlation

function, gi(g,f), using the Siergert equation.®

g:(a.0)=1+lg,(q.0f @)
And gi(g,f) can be modeled using a Kohlrausch-Williams-Watts (KWW) function *°.

[z (q)Y 3
g,(g,1)= Ae @) G)
The initial value of 4 is related to the speckle contrast of the experimental set-up that was

calibrated using the speckle pattern of an immobile aerogel. The KWW function assumes a
single relaxation time, T, that is stretched or compressed by 3. Combining equations 2 and 3,
g,(g.1) =1+ de 27l (4)

The KWW exponent () can be used to define a stretched system (f < 1) or compressed system
when B > 1. A parametric investigation of the impact of § on g2 is presented in Figure S3.

XPCS measures the characteristic relaxation(s) by fitting the KWW function (equation 4) to
the g» measured experimentally. In these regressions, 4, B, 1, and the baseline (shown as 1 in
equation 4) can be adjustable parameters. Regressions were conducted with and without the
baseline fixed to 1. A fixed baseline significantly decreased the uncertainty of experiments at
100 °C, but had no effect on results at other temperatures. 3 and t values at 100 °C are reported
for fixed baseline regressions. The relaxation time(s) determined by XPCS can be attributed to

different physical phenomena that depend on the system studied. We use the term “relaxation” in



a general sense to refer to the decay time of the autocorrelation function. This does not imply that
it is ergodic. In fact, one of the advantages of XPCS is its evaluation of dynamics in non-
equilibrium systems.!” Any system with grains of finite size is not in its lowest energy state.
Therefore, strongly segregated BCPs and even BCPs quenched well below 7opr have a
metastable grain structure.*’ In our annealed samples the evolution of grain structure is on the
order of days, which is slow compared to the time scale of XPCS measurements on the order of

seconds. Thus, XPCS takes a snapshot of structural motion for a given grain structure.

2.3 Rheology

The SEO electrolytes for rheological testing were molded using a hot press at 3000 psi and
120 °C. Each sample was pressed into discs of 8 mm in diameter and 1 = 0.1 mm thickness in a
dry room of relative humidity ~ 0.5 %RH (-55 °C dew point). The discs were annealed overnight
at 120 °C under vacuum. A high precision Anton Paar stress-controlled rheometer was used with
parallel-plate geometry for the dynamic measurements in the angular frequency range 0.01 — 100
rad/s at low strain amplitude (y = 1%), and torque controlled within 1.25 x 10*to 1.85 x 10* uNm.
For each set of experiments, samples were carefully transferred from a sealed glass vial into the
dry-nitrogen-purged sample chamber of the rheometer in less than 30 seconds. This was
followed by an hour thermal equilibration before each run. All measurements were conducted
isothermally, at various temperatures between 100 °C and 180 °C. The temperatures were
controlled to within 0.2 °C of the set points with a continuous purge of dry nitrogen gas. From
the Williams, Landel, Ferry (WLF) time-temperature superposition principle, master curves were

constructed for each sample at a reference temperature of 120 °C.



3.0 Results
3.1 Microstructure (SAXS)

The effect of salt concentration on the morphology of SEO-LiTFSI electrolytes was
investigated from SAXS experiments as shown in Figure 1a. The SAXS patterns in Figure la are
indicative of the lamellar morphology, which has been confirmed with AFM.*! X-ray scattering
from a lamellar morphology should produce a primary scattering peak, ¢g*, and integer multiples.
In Figure 1a, scattering maxima g*, 2g*, 3¢*, and 4¢* are denoted by data symbols. Studies have
shown that depending on the molecular weight of the block copolymer, the presence of salt

3.4 as well as

causes the broadening of scattering peaks,* change in the morphology,
stabilization of the ordered phase.***> We report the SAXS profile of pure SEO membrane and
SEO-LiTFSI electrolyte for different salt concentrations and temperatures. It is evident that, with
the possible exception of r = 0.02 molri+/molko, the block copolymer has an ordered lamellar
microstructure as indicated by the primary, secondary, tertiary, and quaternary peaks in the
scattering profiles.

Figure 1b shows 1D SAXS profiles for r = 0.02 at 140 °C from the beginning and end of
XPCS data collection. In all experiments, the total intensity was tracked during data collection
and found to change by less than 5%. This is a strong indication of the absence of beam damage.
The data sets in Figure 1b are the worst case scenario of all data included in this study. There is a
12% increase of intensity at the 2q* maximum over the course of the experiment, but very little
change elsewhere. In order to ensure that the change at 2q* is not due to beam damage, a two
time correlation of the data is reported in Figure S4. It shows that the decorrelation rate does not

change over the course of the experiment, indicating that the measured dynamics are not due to

beam damage. Corresponding two-dimensional scattering patterns are presented separately in
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Figure S5 and overlaid in Figure S6 to show that the speckle patterns clearly change over the
course of the experiment. The average 2D SAXS profile for this experiment is shown in Figure
lc. This study is focused on the wave vector range in which scattering from the BCP structure
occurs. This is near the center of Figure 1c. In this region there are smooth intensity variations,
i.e. lack of speckles in the averaged pattern, which indicates that the speckles move or

decorrelate over the course of the experiment.
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Figure 1. 1D static SAXS intensity profiles obtained (a) at 120 °C for different salt
concentrations, » (molLi+/moleo), of SEO-LiTFSI, and (b) at 140 °C and » = 0.02 from the
beginning and end of data collection. (¢) Average two-dimensional scattering pattern
corresponding to the experiment in b.
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The primary scattering peak (¢*) is a function of salt concentration and temperature. In
Figure 2a, the addition of LiTFSI salt to the SEO dramatically shows an increase in the domain

. 2r - . : .
spacing (d =—-). As shown in Figure 2a, an increase in salt concentration from r = 0 to 0.125
q

molri+/moleo results in an average domain spacing increase of 20 = 3%. Excluding » = 0.02
molri+/molko, d has a linear dependence on r. As described in the experimental section, we have
taken careful steps to prevent water contamination in our samples and think that the results at r =
0.02 molri+/moleo are real. This result can be explained by a phase-separation gap at low ion
volume fraction that is predicted by computational work from Olvera de la Cruz's group*® and
supported by experimental results from Balsara's group*’. X-ray scattering was conducted with
decreasing temperature steps in order to avoid possible thermal annealing effects that might
occur with increasing temperature experiments. Unlike other salt concentrations, only a broad
higher order peak is apparent in the r = 0.02 profile at 120 °C shown in Figure 1a, the location of
which is not readily discernable. Multiple distinct higher order peaks are apparent in the r = 0.02
profile at 140 °C shown in Figure 1b. This indicates that there is some complexity to BCP
microstructure at low salt concentration that would benefit from a more detailed study between r

=0 and r=0.05.

To better understand the dependence of domain spacing on temperature and salt
concentration, it is useful to consider the effect of these parameters on segregation strength, the
product of the effective Flory-Huggins Interaction parameter (yetr) and the degree of
polymerization (N). yett between PS and PEO is a weak function of temperature.*® It has also
been studied in lower Mx SEO polymers (less than 15 kg/mol) containing LiTFSI. In such

polymers, the effective interaction parameter, efr, was observed to increase linearly with » over a
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limited range of salt concentration®!*** but to have a saturated exponential growth dependence

over a broader r range, according to the following equation.*’

Xy =A/T+B/(T-N)+C-T/N(1—exp(-D-T-r/N)) (5)

For SEO, 4 = 102 K, B=1.85x 10° K, C = 1.01 x 102 K, and D = 22.4 K''. In order to
calculate N, density of each phase is needed. For the salt-free sample, data from Zoller and
Walsh can be used (see the supporting information for details).>> The density of PEO as a
function of salt concentration, p(r), was determined in the same work that developed equation
5.47 It was found to deviate by less than 5% from volume additivity, but in a non-monotonic
fashion. N is then the sum of the degree of polymerizations of the blocks, Npeo and Nps, which
can be calculated as follows:*’

My,
’ : (6)

Pi (T, V)NAVrgf'

Ni(T,r):

where Na is Avogadro's number, and vrer is a reference volume, taken to be 0.1 nm’. The
properties of our SEO-LiTFSI block copolymer electrolytes at 140 °C are reported in Table 1. In
all cases, YN is greater than 100. Based on the phase diagram of symmetric diblock copolymers,*’

xN greater than 60 can be considered strongly phase segregated.

Table 1. Properties of SEO-LiTFSI at 140 °C.

[ Li*] PPEO NpeQ® Nrotal® $° YN
r= [£0] (g/cm’)
0.000 0.837 2261 4847 0.0256 124
0.050 1.203 1574 4160 0.0257 109
0.085 1.233 1535 4121 0.0258 106
0.125 1.444 1315 3901 0.0258 101

2 Taken from Zoller and Walsh® for » = 0 and Teran and Balsara*’ for » # 0.
b Calculated according to Teran and Balsara*’. Accounts for temperature and salt concentration.
¢ Ntotal = Npeo + Nps. Nps(140 °C) = 2586.
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In the strong segregation limit (relevant for our 247 kg/mol SEO), block copolymer d is
predicted to scale with x/® (and therefore 7'/® for a linear dependence of y on r).>% 3! However,
the work in reference *’ predicts that salt concentration will have negligible effect on y in the
high M~ limit. The linear dependence of d on r observed in Figure 2a bears out this prediction. In
other words, the addition of salt for the most part only serves to increase the volume of the PEO
phase, but does not impact y. The linear regressions in Figure 2a have slopes ranging from 222
nm molgo/moleri at 180 °C to 306 nm moleo/moleri at 120 °C. The intercepts range from 159 nm
at 100 °C to 171 nm at 180 °C. The slope and intercept of the 140 °C data are 249 nm
moleo/moleri and 159 nm, respectively. Complete regression results are reported in Table S1.
Linear dependence of d on » would be expected based on volume additivity, but the observed
increase in d is about 2/3 of that predicted by volume additivity. For example, a 30% increase in
d from r =0 to 0.125 molvri+/molko is predicted. See supporting information for details. The over-
prediction of volume additivity suggests either an effect of the anisotropy of the lamellar
morphology or a negative volume change upon mixing, which might be expected due to PEO-
salt complexation. Quantitative modeling beyond the zeroth order approximation of volume
additivity would require more accurate measurement of density than is afforded by domain
spacing. Since the primary focus of this work is dynamics, more detailed modeling of domain
size is not attempted. In the future, we will explore this further with other morphologies. The use
of high M polymer electrolyte in this work is motivated by good battery performance* due to
superior mechanical properties. As shown in Figure 2b, such high M results in small grains with
only minor, non-monotonic effect of salt on grain size. As described in the supporting
information, grain size was calculated using Scherrer analysis®? (width) of the primary scattering

peak (see Figure S7). We also report the temperature dependence of the domain spacing in
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Figure S8. There is some scatter in the data, but for the most part the temperature-dependence of
the domain spacing agrees with the calculation based on the thermal expansion coefficient of
SEO (solid lines). This suggests that in addition to the high thermodynamic penalty for chain
mixing that is present in strongly segregated BCPs, the chains are highly entangled such that
diffusion along the domain interfaces is not possible on the timescale of the experiments (see
Discussion section for more detail). Thus, domain spacing cannot respond to the, albeit weak,
temperature dependence of y, but can only increase due to thermal expansion. The domain
spacing reported in Figure S8 qualitatively agrees with reference 4, where volume additivity

over-predicts specific volume below » = 0.085 and under-predicts specific volume above r =

0.085.
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Figure 2. (a) Domain spacing, d, of SEO-LiTFSI as a function of salt concentration at different

temperatures. Solid lines are linear regressions to each data set with » = 0.02 molLi+/molko
excluded. (b) Ratio of grain size to domain spacing, L/d, of SEO-LiTFSI as a function of salt
concentration at different temperatures. Error bar are smaller than the data symbols.
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3.2 Structural Dynamics (XPCS results)

Figure 3 shows the average intensity autocorrelation functions (g2) versus delay time on a
logarithmic scale at different temperatures for three salt concentrations within a narrow g-range
around the primary scattering peak (0.044nm™). These data extended over two decades in delay
time, from the shortest delay time of 1 s to a longest delay time of 256 s. The g2 values at short
delay times compare well with the scattering contrast determined by the aerogel standard,
indicating the absence of faster relaxation processes that occur below the shortest delay time
accessible with the experimental setup employed. Decay of g2 was only observed on this time
scale above the glass transition temperature (7¢) of PS. In fact, measurements at 80 °C and 25 °C
shown in Figure S9 were completely flat, without even the partial decay of g2 seen at 100 °C. At
100 °C (very close to the glass transition temperature of the PS block), slow dynamics of the
SEO-LiTFSI system was observed for all salt concentrations. This may be due to the fact that

this SEO is majority PS.
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Figure 3. Autocorrelation functions obtained from SEO electrolytes of different salt
concentrations: (a) r = 0.000, (b) r = 0.050, (¢) r = 0.085, and (d) r = 0.125 molri+/moleo. Solid
lines denote the compressed exponential fits. g range is 0.04031 to 0.04670 nm™".

One of the adjustable parameters in the regressions of equation 4 to data in Figure 3 is the
stretching exponent, . As shown in Figure 4, it is independent of ¢ and » but shows a slight
decrease with increasing temperature. The values of £ decrease from approximately 2 at 100 °C
to about 1.6 at 160 °C. This indicates a compressed, faster-than-exponential form consistent with
other observations of hyperdiffusive behavior.>*>* B does take on a value close to 1 at the highest

temperatures and lowest salt concentrations, which is indicative of a single relaxation process.
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To define hyperdiffusive motion it is useful to relate position (of a particle or differential control

<xz>% oo "

volume of a material) to time: . Diffusive behavior occurs when n = Y.
Hyperdiffusive behavior describes any motion in which n > 1/2. An example is Case II diffusion
of solvent molecules in glassy polymer that is plasticized by the solvent. An additional driving
force beyond random thermal motion could also cause hyperdiffusive motion. Examples, could

be residual stress gradients within a material or interfacial energy between BCP phases.
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Figure 4. Exponent from KWW fit at different temperatures for SEO-LiTFSI of (a) r = 0.000, (b)
r=0.050, (c¢) r=0.085, and (d) r = 0.125 molri+/molko.

19



The g-dependence of the structural relaxation times is shown in Figure 5 at four salt
concentrations (r = 0.00, 0.05, 0.085, and 0.125) between 100 and 180 °C. The structural

relaxation time, ts, decreases monotonically with an increase in temperature for all salt

concentrations.
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Figure 5. Structural relaxation time, 7,(q), versus wave vector, ¢, at different temperatures (a) r
=0.000, (b) r=10.050, (¢) r=0.085, and (d) r = 0.125 molLi+/molko.
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At each salt concentration, the decrease is at least an order of magnitude from 100 °C to 180 °C.
However, 7(q) scales approximately with ¢!, with exact power, 7y, reported in Figure 6 in the
range of -0.6 <y < -1.2. Similar behavior has been reported in soft glassy systems, and such

hyperdiffusive behavior has been attributed to local strain gradients (see discussion for

details).>>
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Figure 6. Slope from log-log plot in Figure 5 of structural relaxation time, 7(g), versus wave
vector, ¢, versus salt concentration, 7.

Regarding the presence of salt in the polymer, PEO lithium complexes result from the
solvation of the LiTFSI salt by ether oxygens. This complexation state is a strong function of salt

concentration,3> 66 67

which in turn affects the PEO chain mobility.® However, there appears to
be only a weak relationship between the structural relaxation and salt concentration (Figure S10).
This indicates that salt does not significantly affect BCP electrolyte grain dynamics over the
small range of grain sizes examined in this study. An investigation with a larger range of grain

sizes is needed to determine if ionic conductivity correlates with grain dynamics at a fixed salt

concentration.
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3.3 Rheological properties of SEO-LIiTFSI

In an attempt to uncover the physical origins of the structural relaxation observed with XPCS
and gain insight into the effect of salt on mechanical properties, rheological studies of SEO-
LiTFSI were conducted. The frequency-dependent linear viscoelastic properties of SEO-LiTFSI
electrolytes at 120°C are reported as a function of  in Figure 7. Strain amplitude of 1%, which
was confirmed to be well inside the linear viscoelastic regime, was used for all experiments.
Singh et al.®® reported no observable change in shear modulus upon addition of a small amount
of salt (SEO-LiTFSI). We observed similar behavior at low salt concentration in SEO but do see
an effect on rheological properties at higher salt concentrations. The amount of salt in the SEO
affects both the storage and loss moduli at all frequencies. With an increase in the salt
concentration from r = 0.02 to r = 0.125, the storage modulus decreases by a factor of three as
shown in Figure 7(a). Even at r = 0.17, SEO-LiTFSI remains a viscoelastic solid (G* > G”).
Although the data in Figure 7 span over five decades in frequency, the frequency window is still
too small to explore all relevant relaxation phenomena. In particular, segmental relaxations and

terminal (chain diffusion) relaxations are not directly accessible with the rheometer.
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Figure 7. Shear rheology data for SEO-LiTFSI at different salt concentrations for 120 °C (a)
storage modulus (G') and (b) loss modulus (G").

At a reference temperature of 120 °C, lower and higher temperature data were horizontally
shifted based on WLF time—temperature superposition parameters determined using the closed-
form mathematical algorithm (CFS) program by Gergesova et al.* According to the time-
temperature superposition (TTS) principle for viscoelastic polymers, time and temperature are
equivalent to the extent that dynamic data at one temperature can be superimposed on data at
another temperature by shifting the curves along the time axis. The horizontal shift factors, at(7),

were determined by the CFS program using the WLF equation in equation 7.

Logtany= - L) (7)

|C2 + iT— T,ef )|

By shifting the individual spectra measured at different temperatures (shown in Figure S11) to
the reference temperature (7rf), a much wider scale of frequency can be accessed. The WLF
parameters are reported in Table 2. For simplicity, vertical shifts were not used. Including such
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minor correction for temperature dependence of density resulted in less than 2% difference in the
master curves, i.e. thermal expansion coefficient of both phases (PEO and PS) is similar. The
high molecular weight SEO samples have an inaccessible 7opr, estimated to be above 1000 °C.

The lack of a structural transition allows for the use of time-temperature superposition.’’

Table 2.WLF parameters for time-temperature superposition of SEO and SEO-LiTFSI at a
reference temperature of 120 °C.

2]

[£0] Cl 2
0.000 3.24 36.47
0.020 4.63 40.85
0.050 3.21 26.62
0.085 4.77 48.18
0.105 2.95 27.75
0.125 4.25 30.88

0.17 2.92 25.42

The master curves constructed by superpositioning the frequency sweeps measured above
Teps are shown in Figure 8 and Figure S12 for all salt concentrations investigated. An
appropriate way to compare the dynamics of SEO-LiTFSI for different salt concentrations and
temperatures is to focus on the rheological regimes described below. The four regimes usually
observed in rheology of entangled homopolymers (from high to low frequency) are the glass
plateau, a transition regime, the entanglement regime (rubbery plateau), and a terminal regime
where viscous flow is observed. Intersections of the master curves of the storage and loss moduli
delineate the boundaries between these regimes and correspond to three important relaxation

times: relaxation time of one segment of the equivalent freely jointed chain — Kuhn monomer,
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Tseg; Rouse relaxation time of chain segments between entanglements, te; and entangled chain
diffusion or reptation relaxation time, trep. The segmental and entanglement relaxation times are

denoted in the master curve of SEO, Figure 8a.
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Figure 8. Storage and loss moduli of SEO-LiTFSI at different salt concentrations as a function
of time-temperature-shifted frequency, a;, using a reference temperature of 120 °C. Filled

symbols are G’ and open symbols are G”.

The viscoelastic behavior of SEO was dominated by the PS block at medium and high
frequencies. As the majority phase with much higher 7y than PEO, PS dominates the mechanical
behavior at medium and high frequency. A comparison of the viscoelastic behavior of PS with
pure SEO is shown in Figure 9 with both TTS data sets constructed at a reference temperature

(Trer) of 120 °C. The shear moduli of SEO are a small but noticeable amount lower than the PS
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due to the presence of the continuous PEO phase. The reptation time and terminal regime are not
observed in SEO due to the nanostructure preventing flow in these low-strain oscillatory
experiments. Such solid-like behavior in the terminal regime (storage modulus greater than loss

modulus) is attributed to the strongly phase-separated morphology.’" 7
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Figure 9. Master curve comparison of SEO and polystyrene (showing PS dominating the storage
and loss moduli of SEO).”

At high frequencies (above tseg), the SEO-LiTFSI systems exhibit glassy behavior. G' is
greater than the G" indicating a viscoelastic solid-like behavior. Although an actual plateau is not
reached, we report the modulus at the highest frequency, G’ = 6 x 107 Pa. As shown in Figure 9,
this is less than the modulus of 4 x 10% Pa for PS at a similar frequency increment above Tscg
(PS).”*> At 120 °C, the segmental relaxation time of SEO (tseg= 4 x 102 s) was lower than PS

homopolymer (tseg = 107! s). This difference is expected due to the contribution from the PEO
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block (tseg = 10719 5)7¢ 77 A simple, effective medium argument predicts

-
1 2 ¢ ¢ 1 1 ]
Gl = E[G:D; + G:D;OO J + §(¢PSG ps tPpe0 G pro )’ (8)

where ¢peo is the volume fraction of the PEO + LiTFSI phase. Since G’peo is orders of
magnitude less than G’ps, the expression simplifies to G’seo = 1/3¢psG’ps = 7 x 107 Pa for neat
SEO (¢ps = 0.58), which agrees well with experiment. Based on volume additivity and the fact
that LiTFSI selectively swells only the PEO phase, the prediction can be used to explain the
effect of salt on SEO-LiTFSI modulus. The decrease of modulus with salt addition is simply
caused by ¢ps decreasing with increasing salt concentration. With increasing salt concentration
the prediction quality worsens. This could be due to uncertainty in volume additivity or perhaps
the loss of some percolated PS as its volume fraction decreases. We do not have an explanation
for the lack of a tseg intersection at r = 0.105 and 0.125 molLi+/moleo but do point out that there is

a gradual trend in the shape of the master curves with salt concentration (see Figures 8 and S12).

At medium frequency, between Tsg and te, there is a liquid-like transition region.
Immediately below te, the expected entanglement plateau in G' is sloped, with a value of
approximately 5 MPa. In constrast to the PS data, the SEO and SEO-LiTFSI samples do not
display a trp nor terminal flow, but rather both G* and G” scale as ®"?. This is attributed to the
phase-separated structure and agrees with other reports of unaligned lamellar block
copolymers.’® 7 The soft glassy rheology model predicts that at low frequency G° and G” both
scale as @*! when 1< x < 2. Interactions between different structurally rearranging regions are
subsumed into this dimensionless noise temperature, x.°3*° With increasing r, the low-frequency
slope of log(G’) versus log(®) of SEO-LIiTFSI samples exponentially decays from the salt free
value of 0.47 to an asymptotic value of 0.28 at high salt concentration. Note that G* was used
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rather than G” due to the linear region (on a log-log plot) spanning over a wider frequency range.
These results indicate a decrease of x upon addition of salt. It is reasonable to expect x to be
proportional to 7/7opt. Therefore, a decrease of x with addition of salt is likely driven by an
increase in 7opr. Structural mobility largely dictates the low frequency mechanical response.
Based on XPCS measurements, the effect of grains on the rheological response extends at least
up to 10 Hz. This explains why the entanglement plateau of SEO is sloped rather than being flat

like the entanglement plateau of PS in Figure 9.

Another study of BCP rheology used poly(styrene-b-2-vinylpyridine), PS-b-P2VP, with
components that have similar thermo-rheological behavior. The grain contribution (extrapolated
from low frequency) and PS contribution were subtracted from the BCP master curve to yield the
P2PV chain contribution.” Due to the significantly differents 7% s of our components, we have
not attempted this. The entanglement relaxation time for PEO at 75 °C has been reported as 1.5 x
10® s (M~ = 932 kg/mol)’® and that of PS at 110 °C has been reported as 102 s (Mx = 96
kg/mol).” As shown in Figure 10a, the SEO entanglement relaxation time is essentially the same
as homopolymer PS and is not affected by the presence of salt. Due to the much faster dynamics
of PEQ, it only makes significant contribution to rheological response at the highest frequencies
accessed with time-Temperature superposition. A more appropriate method for measuring PEO
dynamics is neutron spin echo spectroscopy. We have on-going work making such
measurements, which are important for designing better polymer electrolytes. The dynamics of
the PS phase is important for conferring high mechanical strength to resist lithium dendrite

growth, whereas the dynamics of PEO is important for facile ion transport.
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4. Discussion

A quantitative comparison of the temperature dependence of the entanglement, z,, and

structural relaxation, 7, times is shown in Figure 10b. While entanglement relaxation times

st
show a good fit with the Vogel-Fulcher-Tammann (VFT) equation (equation 9),%° structural

relaxation times show an Arrhenius behavior (equation 10) at all salt concentrations.

b
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Figure 10. (a) Entanglement relaxation time from rheology. (b) Arrhenius plot of SEO-LiTFSI
relaxation rates for different salt concentrations. Open symbols are entanglement relaxation rates
from rheology, 1/te, and filled symbols are structural relaxation rates from XPCS, 1/tst. Dashed
curves are VFT fits to 1/te, and solid lines are Arrhenius fits to 1/tst. Error bars of one standard
deviation are smaller than the data symbols and therefore not shown.
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In equation 9, T is the so-called Vogel temperature, b is the energetic term, and te,o provides the

high-temperature limit of the relaxation time. In equation 10, Tst0 is the high-temperature limit of

the relaxation time, E, is the activation energy, and R is the gas constant (8.314 J mol™! K'!). The

dashed lines in Figure 10(b) correspond to VFT fits. The resulting VFT parameters for the
regressions to the entanglement relaxation time data of SEO-LiTFSI are shown in Table S2. The
Arrhenius parameters from regressions to structural relaxation time data from XPCS are
presented in Table S3. Like the relaxation times from the two experiments, both sets of
parameters in Tables S2 and S3 have no clear trend with salt concentration. To empirically
deconvolute structural and entanglement contributions to the rheological results, we examined
the ratio Rb/Ea. It increases quadratically with » (Figure S13). This analysis excludes » = 0.02
molLi+/moleo, where it is not clear that the block copolymer electrolyte is ordered. So, although
salt decreases modulus by increasing PEO volume fraction, it also appears to increase the
activation energy for chain dynamics. In other words, the modulus decreases due to change of
structure, whereas the activation energy for entanglement dynamics increases due to the ionic
crosslinking of the ether units in the PEO backbone (PEO-ion complexation). The latter result
aligns with other literature reports, such as the increase of PEO T with increasing salt content.®!-
8 The activation energy from XPCS was about one order of magnitude higher than that from

rheology for all the salt concentrations studied.

Several pieces of evidence support the assertion that cooperative dynamics is being measured by
XPCS. Cooperative dynamics means a large ensemble of segments moving in unison, grain
rotation is an example that is depicted schematically in Figure S14. First, the structural relaxation
measured by XPCS is significantly slower than the entanglement relaxation measured by

rheology at temperatures above Tg. This ratio diverges to large values at high temperatures, due
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to the weak thermal activation energy of tst and the strong temperature dependence of te (Figure
10b). Second, the compressed exponential and the linear dependence of st on ¢ indicates that it
is not diffusive dynamics that is being measured. We also know that chain diffusion is not
responsible for this relaxation because the relaxation time from XPCS (approximately 200 s at
120 °C) is 10 times faster than arm retraction of the PS block (and many orders of magnitude
faster than PEO arm retraction). Arm retraction determines chain diffusion along the interface in
strongly segregated block copolymers.®* XPCS appears to be measuring pressure-driven defect
velocity rather than chain diffusion. This can be in the form of grain growth, grain rotation, low-
angle grain boundary unzipping,® and surface fluctuations.'®* Grain rotation is the most likely
physical explanation for the structural motion observed in our strongly segregated BCPs with
XPCS. In the vicinity of scattering maxima, each speckle is associated with a group of aligned
lamellae, i.e. a grain, with a particular orientation. If the grain rotates the scattering direction will
change. This will cause the speckle to move, or even disappear if the grain rotates into an
orientation in which it cannot scatter the coherent incident x-rays. Figure S14 shows a schematic

depicting this process.

Another study of defect dynamics with time-resolved AFM found the temperature dependence
for such processes was Arrhenius rather than exhibiting VFT-type behavior expected for polymer
dynamics near Tg.®” This agrees with our results shown in Figure 10b, where the temperature
dependence of the entanglement relaxation rate (determined by time-temperature shifted
rheology) displayed the expected VFT behavior, whereas the temperature dependence of the
structural relaxation (determined from XPCS) showed Arrhenius behavior. Finally, we note that
the characteristic times from the two techniques are approximately equal at 7g. This might

indicate that the length scale of cooperative segment motion in PS is similar to the structural
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length scale at T, but that collective structural dynamics is on a much different length scale than
entanglements at higher temperatures. Experiments with the complementary techniques of XPCS
and rheology on a larger range of grain sizes will enable the evaluation of the frequency range

over which mechanical properties are impacted by grain disorder.

Interestingly, the structural relaxation has a weak dependence on salt concentration and also
lacks the de Gennes narrowing,®® with a minimum relaxation time nearly corresponding to the
optimal salt concentration for ion conduction (Figure S10a). This suggests that there is in fact a
connection between BCP grain dynamics and ion conduction. In future work, we will test the
hypothesis that cooperative BCP structural dynamics is due to grain rotation by examining

structural relaxation as a function of grain size and morphology type.

Conclusions

We have measured the structural and stress relaxation times of diblock copolymer
electrolytes for different lithium salt concentrations and temperatures using XPCS and rheology
techniques, respectively. The polymer dynamics obtained provide a starting point for
investigating other structural conditions within solid-state polymer electrolytes. We observed
both structural motion of the system from XPCS measurements and segmental relaxation of the
polymer chains from rheology. With increase in the salt concentration, the shear modulus
decreased due to change of structure, whereas the activation energy measured from the
entanglement dynamics increased due to the ionic crosslinking of the ether units in the PEO
backbone. The hyperdiffusive, Arrhenius structural motion observed with XPCS is indicative of

a cooperative, glassy dynamics, possibly due to grain rotation. In contrast, the VFT entanglement
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motion observed with rheology is indicative of a fundamental polymer chain relaxation. The
coincidence of the two relaxation times at Tgps suggests a fundamental connection between
chain and structural motion even in strongly segregated block copolymers. Surprisingly, the
rheological response displayed more sensitivity to salt concentration than did the structural
autocorrelation, which means that the physical explanation for the connection between grain size

and 1onic conductivity remains an open question.
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