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Abstract 

Polymer  chain  dynamics  of  a  nanostructured  block  copolymer  electrolyte,

polystyrene-block-poly(ethylene  oxide)  (SEO)  mixed  with  lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI)  salt, are investigated by neutron spin-

echo spectroscopy on the 0.1-100 ns timescale and analyzed using the Rouse model

at short times (t ≤ 10 ns) and the reptation tube model at long times (t ≥50 ns). In

the Rouse regime, the monomeric friction coefficient increases with increasing salt

concentration  as  seen  previously  in  homopolymer  electrolytes.  In  the  reptation

regime, the tube diameters, which represent entanglement constraints,  decrease

with  increasing  salt  concentration.  The  normalized  longest  molecular  relaxation

time, calculated from the NSE results, increases with increasing salt concentration.

We argue that quantifying chain motion in the presence of  ions is  essential  for

predicting the behavior of  polymer-electrolyte-based batteries operating at large

currents.
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It  is becoming increasingly clear that the next generation of rechargeable

batteries for the emerging clean energy landscape will require electrolytes that are

fundamentally different from those used in today’s lithium-ion batteries.  Current

electrolytes in lithium ion batteries are comprised of mixtures of cyclic and linear

carbonates and a lithium salt. Polymer electrolytes, i.e., mixtures of polymers and a

lithium salt, have the potential to improve battery safety as they are less flammable

than  the  organic  solvents  used  currently.1   Efforts  to  characterize  polymer

electrolytes  have  focused  on  quiescent  systems  or  systems  under  very  small

applied potentials (e.g. 10 mV).2,3 Under these conditions, it is reasonable to focus

on the motion of ions; the motion of polymer chains on larger length scales can be

safely neglected. However, in electrolytic applications such as batteries in electric

vehicles, ion transport occurs under large applied dc potentials (e.g. 4 V). Under

these conditions, significant salt concentration gradients develop due to the well-

established  competition  between  diffusion  and  migration.4 Since  the  salt

concentration in the electrolyte must be uniform before the polymer-electrolyte-

based battery is turned on, the polymer chains must diffuse away from regions of

high  salt  concentration  toward  regions  of  low  salt  concentration  during  battery

operation. The purpose of this Letter is to elucidate the molecular underpinnings of

this process. We present the first study of polymer electrolytes using neutron spin

echo (NSE) spectroscopy. 

A  popular  approach  for  characterizing  ion  transport  in  electrolytes  is  ac

impedance spectroscopy, which reflects the oscillation of ions in response to a small

ac potential.2,5,6 Another popular approach is pulse-field gradient NMR wherein the

Brownian motion of ions is quantified in the absence of an applied potential.3,7–10 In

these cases, the translation of ions can be accommodated by segmental relaxation
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of the polymer chains.11,12,21,13–20 Thus, ionic conductivity of a well-studied polymer

electrolyte,  a  mixture  of  poly(ethylene  oxide)  (PEO)  and  lithium

bis(trifluoromethanesulfonyl)imide  (LiTFSI)  salt  measured  by  ac  impedance

spectroscopy, can be explained entirely by the segmental relaxation quantified by

quasi-elastic neutron scattering (QENS).14 To our knowledge, no attempt has been

made to study the relaxation  processes  that  govern polymer electrolytes  under

large applied potentials. 

One advantage of polymer electrolytes over liquid electrolytes is their ability

to  exert  stress  on  the  electrodes.  This  is  believed  to  be  the  key  to  enabling

rechargeable batteries with lithium metal anodes,22 which is a promising approach

to  significantly  increase  the energy  density  of  rechargeable  batteries.23,24 Linear

polymers are viscoelastic liquids and thus are unable to withstand stress in the

long-time  limit.  Crosslinking  can  increase  their  mechanical  properties  but  slows

down  segmental  relaxation,  which  in  turn  slows  down  ion  transport.25 A  better

approach  for  creating solid  polymer  electrolytes  is  through the self-assembly of

block  copolymers,  which  can  microphase  separate  into  ionically  conductive  and

mechanically rigid domains.26–29 

In  this  Letter,  we  quantify  segmental  motion  and polymer  dynamics  in  a

series of block copolymer electrolytes using NSE. The time-scales covered by our

experiments range from 0.1-100 ns, which correspond to polymer dynamics on the

Angstrom to nanometer length-scales. At short times (0.1-10 ns), polymer chains

obey Rouse  dynamics  and their  segmental  motion  is  quantified  by  an  effective

friction coefficient,  ζ , of the monomer units.30,31 At longer times (10-100 ns), the

motion of polymer segments of a “test-chain” is constrained by the presence of

neighboring chains. In the theory of Doi, Edwards, and de Gennes, these constraints
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are represented by a tube with diameter, d, that runs down the primitive path of the

“test-chain”.31,32 We  are  not  aware  of  any  prior  studies  on  either  polymer

electrolytes  or  block copolymers  (with  or  without  salt)  that  cover  both regimes.

Previous studies on these systems using NSE are limited to the Rouse regime (

t ≤20 ns).14,17,33 Previous studies on nanostructured block copolymer electrolytes

are  limited  to  studying  the  cooperative  grain  dynamics  on  the  10-2-102 s  time-

scale.34

The block copolymer electrolyte of interest is a well-studied model system:

polystyrene-block-poly(ethylene  oxide)  (SEO)  mixed with  LiTFSI,  SEO/LiTFSI.  Two

SEO  copolymers  with  similar  compositions  were  synthesized  by  living  anionic

polymerization:35–37 deuterated PS-b-deuterated PEO (ddSEO) (Mn,dPS  = 4.9 kg mol-1,

Mn,dPEO  = 23.6 kg mol-1,  ϕEO = 0.82, PDI = 1.05) and deuterated PS-b-hydrogenated

PEO (dhSEO) (Mn,dPS  = 5.1 kg mol-1, Mn,hPEO = 14.4 kg mol-1, ϕEO = 0.73, PDI = 1.05).

Detailed information on the synthesis is provided in the Supporting Information. The

PEO blocks of both copolymers are well above the entanglement molecular weight,

Me =  2  kg  mol-1.  The  preparation  of  the  SEO/LiTFSI  electrolytes  is  described

elsewhere.38 The  samples  used  were blends of  20% dhSEO and 80% ddSEO by

volume (the densities of dhSEO and ddSEO are 1.10 and 1.11 g cm-3, respectively,

at 90 °C). LiTFSI was added to the copolymer blends such that the final molar salt

ratios,  r=
[Li ]

[EO ]
, were 0, 0.025, 0.075, and 0.10. The block copolymer system was

designed such that the NSE data are dominated by relaxation of the PEO segments

as they interact with salt ions; in particular, the incoherent background from the

PEO chains is minimized at the scattering vectors, Q, chosen for NSE.39 
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Small-angle neutron scattering (SANS) experiments were performed at 90 °C

on  the  NGB-30m  beamline  at  the  NIST  Center  for  Neutron  Research  (NCNR,

Gaithersburg,  MD).  Sample  preparation  for  the  SANS  experiments  is  described

elsewhere.40 Measurements were performed such that  the  Q range covered was

from  0.003 to 0.4  Å-1.41 The total  scattering intensity was corrected for detector

sensitivity, background, and empty cell contributions as well as sample transmission

and thickness.42,43 Single-chain PEO dynamics were obtained using the NGA Neutron

Spin  Echo Spectrometer  (NSE)  at  the NIST  Center  for  Neutron  Research  (NCNR,

Gaithersburg, MD). Sample preparation was similar to that of the SANS samples.

The measurements were performed at 363 and 393 K using wavelengths of λ=¿ 11

Å for Fourier times up to 100 ns and a wave vector range of Q = 0.11 Å-1 to 0.20 Å-1.

Additional measurements were performed at λ=¿ 6 Å for Fourier times up to 20 ns

for  Q  = 0.11  Å-1
 to 0.20 Å-1.  Overlapping NSE data taken atλ=¿ 6 and 11  Å for

0.1≤t (ns ) ≤30 are shown in the Supporting Information. A standard carbon sample

was  used  to  determine  the  instrument  resolution.  Data  were  corrected  for

background using an empty holder using the software DAVE.44
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Figure  1:  SANS  profiles,  Icoh(Q), of  SEO/LiTFSI  mixtures  at  different  salt
concentrations,  0≤r ≤0.10, at 90 °C. Error bars represent one standard deviation
and are smaller than the data points. Curves are offset vertically for clarity (scaling
factors  are  given  at  the  high-Q intercept).  Diamonds  represent  the  primary
scattering peak,  Q¿, and the higher order scattering peaks at  Q=√3Q¿ and  √7Q¿.
The  bar  at  high-Q represents  the  scattering  vector  range  chosen  for  the  NSE
experiments, 0.11≤Q (Å−1 )≤0.20. An example of the scaling for a Gaussian chain,

Q−2, is shown in the high-Q regime. 

The SANS profiles for SEO/LiTFSI  mixtures after subtracting the incoherent

background, Icoh(Q), at 90 °C for r = 0, 0.025, 0.075 and 0.10 are shown in Figure 1.

All profiles contain a primary peak at Q=Q¿ and a higher order peak at Q=√3Q¿. At

r ≥0.075,  an  additional  higher  order  peak  at  Q=√7Q¿is  seen.  The  SANS  data

indicate that the SEO/LiTFSI mixtures order into hexagonally packed PS cylinders in

a  salt-containing  PEO  matrix  at  all  salt  concentrations  as  expected  based  on

previous  studies  of  the  phase  behavior  of  SEO/LiTFSI.45 As  salt  concentration

increases, the scattering intensities of the Bragg scattering peaks increase due to
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increased segregation between the PS and PEO/LiTFSI blocks with increasing salt

concentration.45–47 The domain spacing,  given by  D=
2π
Q¿ ,  increases from 18.5 to

25.5 nm as  r increases from 0 to 0.10, as expected.48,49 The SANS data show that

the  ddSEO/dhSEO/LiTFSI  blends  are  macroscopically  homogeneous  at  all  salt

concentrations;  at  high-Q the  scattering  intensity  scales  with  Q−2 indicative  of

scattering  from polymer  chains  obeying  random walk  statistics  (see  Supporting

Information).50 The bar at high-Q  in Fig. 1 shows the range of scattering vectors

covered by the NSE experiments, which corresponds to intra-domain length-scales

ensuring that the NSE experiments selectively probe the PEO/LiTFSI matrix phase.

The dynamic scattering function measured by NSE,  
S (Q,t )

S ( Q ,0 )
, is shown as a

function of salt concentration and temperature in Figure 2. At short times, t ≤10 ns,

the data are consistent with the Rouse model,30 which has been shown by Richter

and coworkers51 to be approximated by 

S (Q,t )

S ( Q,0 )
=

12
Q2 l2

∫
0

∞

duexp {−u−( ΩRt )
1
2 h(u ( ΩRt )

−1
2 )} (1)

with

h ( y )=
2
π∫

0

∞

dx(
cos xy

x2 )[1−exp(−x2
)] (2)

and

( ΩRt )
1
2=

Q2 l2

6
√Wt (3)
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where the Rouse parameter is given byW l4 (l is the statistical segment length of

the polymer and  W is the elementary Rouse rate). The curves through the short

time data in Fig. 2 represent fits to Eq. 1-3 for all Q values simultaneously with W l4

as the only adjustable parameter at both temperatures (see Eq. 3). A magnified

view of  the fits  of  Eq.  1-3 through the low-t data is  provided in the Supporting

Information. 

Figure  2:  Dynamic  scattering  functions,  
S (Q,t )

S ( Q,0 )
,  determined  from  NSE  for

SEO/LiTFSI mixtures for Q=¿0.11, 0.15 and 0.20 Å-1
 at 90 °C (filled symbols) and 120

°C (open symbols) for different salt concentrations: (a)  r  = 0, (b) 0.025, (c) 0.075
and (d) 0.10. The error bars represent one standard deviation of the NSE data. At
short times, t ≤ 10 ns, the curves correspond to the Rouse model (Eq. 1-3). At long
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times, t ≥50 ns, the curves correspond to the tube model for reptation (Eq. 4). Solid
lines represent fits to data taken at 90 °C and dashed lines represent fits to data
taken at 120 °C.

The data in Figure 2 show deviations from Rouse dynamics at t ≥20 ns for all

salt  concentrations  signaling  the  slowing  down  of  segmental  motion  due  to

constraints imposed by the presence of other chains (see Supporting Information).

The  tube  diameter,  d,  quantifies  these  constraints.  The  crossover  from  Rouse

dynamics to local reptation occurs over the window from 20-50 ns. At long times,

t ≥ 50 ns, the data in Fig. 2 were fit to the tube model proposed by de Gennes31,52

which gives

S (Q,t )

S ( Q,0 )
=[1−exp(−Q2d2

36 )]Slocal (Q,t )+exp(−Q2d2

36 )Sesc (Q ,t ) (4)

where Slocal (Q,t )=exp(
t
τ0

)efrc(√ t
τ0

) describes local reptation within the tube with

characteristic time scale τ0=
36

Wl4Q4 . Sesc (Q,t ) is related to the long-time dynamics

of the confined chain and was neglected in this study (Sesc ( Q,t )=1).  The Rouse

parameter, W l4 , was taken from the fits of Eq. 1-3 in the low-t regime and used in

Eq.  4 to determine the tube diameter,  d.  Eq.  4 was fit simultaneously for all  Q

values at a given temperature leaving d as the only free parameter. The results and

statistics for the fitting of Eq. 1-4 are provided in the Supporting Information. We

note that Eq. 1-4 are derived for salt-free homopolymer systems and that no models

currently exist for describing segmental dynamics and reptation of salt-containing

polymer systems. 
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Figure 3 shows the results from the fits shown in Figure 2. The monomeric

friction coefficient, ζ , is calculated from W l4 using Eq. 5,51

ζ=
3kBT

W l4
l2, (5)

where kB is the Boltzmann constant and T is absolute temperature. The dependence

of  l on salt concentration for PEO/LiTFSI mixtures is reported in ref  40 at 90  °C.

These values of  l were used to calculate  ζ  according to Eq. 5 assuming that  l is

independent of temperature. The dependence of ζ  on salt concentration is shown in

Fig. 3a at 90 °C (solid circles) and 120 °C (open squares). In the absence of salt (r =

0),  ζ  decreases  with  increasing  temperature.  These  results  are  consistent  with

literature  values  for  PEO  homopolymer.53 The  monomeric  friction  coefficient

increases with increasing salt concentration at a similar rate for both temperatures.

At  90  °C,  this  rate  matches  that  seen  in  PEO/LiTFSI  systems.14 The  segmental

dynamics  on  short-time  scales,  t ≤ 10  ns,  in  a  microphase  separated  block

copolymer electrolyte is indistinguishable from that of the homopolymer electrolyte;

see Supporting Information for details. In a related study, it has been shown that

the presence of nanoparticles does not affect the segmental dynamics in polymer

nanocomposites,54 consistent with our finding that the PS-rich phase does not affect

the segmental dynamics of the PEO-rich phase. 
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Figure 3: Results from fitting 
S (Q,t )

S ( Q,0 )
 (Fig. 2) in both the low and high t regions: (a)

monomeric  friction  coefficient,  ζ ,  (Eq.  5),  (b)  tube  diameter  (left  axis),  d,  and

normalized tube diameter (right axis), d /dPEO, as a function of salt concentration, r,
at  90  °C (filled symbols)  and 120  °C  (open symbols).  Error  bars  represent  one
standard deviation from the fits. The lines in (b) are least-squares fits of the data

through the equation,  
d

dPEO

=ar+b,  where a=−1.63±0.21and −0.82±0.48, and

b=0.80±0.01 and  0.88±0.02 for  90  °C  and  120  °C,  respectively,  and  the

confidence intervals represent the standard deviations from the fits of 
d

dPEO

.

The dependence of tube diameter, d, on salt concentration is shown in Figure

3b.  Our measured values of  d  increase with increasing temperature as typically

seen  in  homopolymers  due  to  a  decrease  in  the  number  of  entanglement

constraints  from  increased  chain  mobility.55 The  tube  diameter  of  PEO

homopolymer, dPEO, in the absence of salt at 125 °C is 52.6 Å.53 The right y-axis in

Fig. 3b shows the ratio d /dPEO as a function of salt concentration, where all data are

normalized by dPEO at 125 °C. In the neat state, d for SEO/LiTFSI at 120 °C is lower
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than that of PEO/LiTFSI at 125 °C. This deviation is more pronounced than what can

be explained  by  temperature  differences.55–57 We attribute the  decrease  in  tube

diameter  to  the  geometric  constraints  introduced  by  the  PS  microphase.  It  is

thermodynamically unfavorable for portions of entangled chains near the interface

of  the  two  microphases  to  undergo  reptation;  in  order  to  move  around  the

entanglement constraints, portions of the PS block will need to enter the PEO/LiTFSI-

rich phase.58–60 This is consistent with previous findings that geometric confinement

contracts  tube  diameters  in  polymer  mixtures.61 In  addition,  the  tube  diameter

decreases with increasing salt concentration. As salt concentration increases, the

coordination  between  Li+ ions  and  the  ether  oxygens  on  the  PEO  backbone

increases. Molecular dynamics simulations indicate that the Li+ ions coordinate with

either one or two PEO chains.62 It is likely that coordination with two chains, which

may be regarded as a temporary crosslink, has a more significant effect on chain

entanglement. The decrease in d with r seen in Fig. 3b is a reflection of this effect.

The effect of salt concentration on the tube diameter is more pronounced at 90 °C

relative to 120 °C by a factor of 2. This suggests that coordination effects are more

significant at 90  °C, which is supported by MD simulations.63,64 To our knowledge,

these  results  provide  the  first  measurements  of  the  entanglement  constraints,

represented by tube diameters, as well as insight into polymer chain conformation

in polymer electrolytes as well as block copolymers.
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Figure 4: Normalized longest molecular relaxation time,  τd ,n=τd(r) /τd(r=0), as a
function of salt concentration,  r, for SEO/LiTFSI at 90 °C (filled circles) and 120 °C
(open squares)  calculated from Eq.  6 and 7.  Error  bars  are propagations of  the
standard deviations of the fits of ζ  and d from Eq. 1-4. 

 In a melt of entangled homopolymers with degree of polymerization N, the

longest molecular relaxation time, τd, is given by51

τd=
ζ N3

π2kB T ( l4

d2 )  (6)

which quantifies the time needed for a confined chain to escape the tube created by

neighboring chains. This time-scale also determines the viscosity of the polymer

melt.65 Note that ζ , l , and d are all functions of r. The fact that both parameters, ζ

and  d,  obtained  from  the  neat  block  copolymer  are  similar  to  that  of  PEO

homopolymer indicates that Equation 6 is a reasonable starting point to quantify

the long-time dynamics of SEO/LiTFSI. In SEO electrolytes, there will be additional

contributions to τd due to the presence of the PS microphase. Escape of SEO chains

from  their  tubes  will  involve  dragging  PS  segments  through  the  PEO-rich

microphase.58–60<sup>58</sup><sup>58</sup><sup>58</sup><sup>58</
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sup><sup>58</sup> This factor is not accounted for in our estimate of τd .Due to

this limitation, it is best to examine a normalized relaxation time, τd ,n, defined as

τd ,n=
τd ( r )

τd (r=0 )
 (7)

to  quantify  the  effect  of  salt  concentration  on  chain  dynamics.   At  90  °C,  d2

decreases by 39% over the range 0≤r ≤0.10, while ζ  increases by a factor of 2.5

over the same window.  Both factors slow down chain diffusion. However, the chain

shrinks with added salt,  l4 decreases by 52% over the same window,40 which will

speed up chain diffusion.  Therefore,  the net effect of salt concentration on the

polymer chain dynamics is that  τd ,n increases by a factor of 1.7 across our salt

concentration  window  at  90  °C,  as  shown  in  Figure  4.   The  effect  of  salt

concentration of chain diffusion is less pronounced at 120 °C.  It is important to note

that  these factors  are lower bounds on the effect  of  added salt  on the longest

relaxation time of block copolymer electrolytes as we have neglected contributions

arising from the presence of the PS block.  

Let  us  return  to  the  discussion  of  a  polymer-electrolyte-based  battery

operating  at  a  large  current.  For  completeness,  we  consider  an  SEO/LiTFSI

electrolyte with r = 0.05 in a battery operating at 90 °C. The volume fraction of salt

in this electrolyte is 0.16.40 When a large enough current is applied, the volume

fraction of the salt near the cathode will approach zero due to the well-established

concept  of  concentration  polarization.4,66,67  Based  on  the  data  in  ref  66,  for  a

symmetric  Li-SEO/LiTFSI-Li  cell  with  a  250  micron-thick  electrolyte  and  a  PEO

volume fraction of 0.80, the current density at which the salt concentration in our

16



SEO electrolyte would be zero at the cathode is 0.75 mA cm -2, and the potential

drop  across  the  electrolyte  would  be  125  mV.  In  this  case,  the  16%  of  the

electrolyte volume that was originally occupied by salt must be replaced by polymer

due  to  the  incompressibility  constraint.  Similarly,  the  salt  concentration  at  the

anode will increase to about r = 0.10, displacing polymer chains. The data in Fig. 4

suggest that relaxation processes at the anode will be about 1.7 times slower than

those at the cathode. While further work is necessary to substantiate this effect, the

NSE results presented in Figures 3 and 4 provide the first insights into factors that

may limit the performance of polymer-electrolyte-based batteries operating at high

currents.    

In  conclusion,  the  effect  of  added  salt  on  the  polymer  dynamics  of  a

nanostructured block copolymer electrolyte are investigated using NSE on the 0.1-

100 ns timescale and analyzed using the Rouse model at short times (t ≤ 10 ns)

and the reptation model at long times (t ≥50 ns). The effect of salt concentration

on the segmental dynamics in the Rouse regime matches the results of previous

experiments  on  homopolymer  electrolytes:  monomeric  friction  increases  with

increasing  salt  concentration.11–15,21 In  the  reptation  regime,  the  tube  diameter

decreases with increasing salt concentration. We attribute this trend to temporary

crosslinks  between  neighboring  chains  arising  from  Li+ ion  coordination.  The

normalized longest molecular relaxation time,  τd ,n,  was calculated from the NSE

results, and was found to increase with increasing salt concentration. All of the rich

literature on polymer electrolytes is narrowly focused on the transport of ions under

small  applied fields or in the absence of  applied fields.7,16–20,29 We posit that our

measurements of dynamics at long times (50-100 ns) are relevant to the operation

of polymer-electrolyte-containing batteries at high currents wherein the diffusion of
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salt ions in one direction must induce diffusion of polymer chains in the opposite

direction. 
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LIST OF SYMBOLS

d tube diameter (Å)
D domain spacing (nm)
dPEO tube diameter of PEO homopolymer (Å)
Icoh(Q) coherent scattering intensity (cm-1)
kB the Boltzmann constant
l statistical segment length (Å)
Me entanglement molecular weight (kg mol-1)
Mn,i number-averaged molecular weight of species i (kg mol-1)
N number-averaged degree of polymerization (sites chain-1)
Q scattering vector (Å-1)

r salt concentration ([Li] [EO]-1)
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S ( Q,0 )

 
dynamic scattering function
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T temperature (K)

W elementary Rouse rate (ns-1)

W l4 Rouse parameter (Å4ns-1)

Greek

λ neutron wavelength (Å)
τd longest molecular relaxation time (s)
τd ,n normalized molecular relaxation time
τ0 characteristic time scale (ns)

ζ monomeric friction coefficient (g s-1)

LIST OF ABBREVIATIONS

ddSEO
deuterated polystyrene-b-deuterated poly(ethylene
oxide)

dhSEO
deuterated polystyrene-b-hydrogenated 
poly(ethylene oxide)

LiTFSI lithium bis(trifluoromethanesulfonyl) imide salt

MD molecular dynamics

NSE neutron spin echo

PEO poly(ethylene oxide)

PS polystyrene

QENS quasi elastic neutron scattering

SANS small angle neutron scattering
SEO polystyrene-b-poly(ethylene oxide)
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