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ABSTRACT: We use quasi-elastic neutron scattering (QENS) to
characterize polymer dynamics in solid polymer electrolytes (SPEs)
that function as single ion conductors. In this case, the SPE combines a
PEO spacer with a comonomer that introduces an acid group that
serves as the anion. In these single ion conductors (ionomers), only the
cation is not covalently bonded to the polymer chain. We study
polymer dynamics as a function of ion content, as controlled by varying
the ratio of nonionized to ionized comonomers. Even in nonionic
polymers (no acid groups), we observe two segmental processes, which
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we interpret as motion of PEO segments in the spacer midpoint and near the isophthalate groups. In ionized samples, cross-linking
between ionic groups considerably slows the dynamics of PEO segments near the isophthalate group. We compare the results to the
PEO/LiClO, system by comparing both polymer dynamics and conductivity as a function of ion content. The optimal ion content
for ionomers is half that of the salt system, which we explain based on the differing behavior of polymer dynamics in the two systems.

B INTRODUCTION

Lithium ion batteries are extensively used in portable devices
because they are rechargeable and have high energy density.
Liquid electrolytes used in these batteries are toxic and require a
hard casing that limits flexibility. Scientists are therefore turning
to the use of nontoxic solid polymer electrolytes (SPEs), which
alleviate these difficulties. SPEs require a polymer host and a
cation source such as lithium salt. Poly(ethylene oxide) (PEO) is
frequently chosen as the polymer host because it has the ability to
solvate the cation with its ether oxygen atoms. The cation moves
through the polymer by making and breaking bonds with the
ether oxygen atoms.' ~* However, the rate at which lithium ions
move at room temperature is low, resulting in ionic conductivity
that is insufficient for practical application. Because both anions
and cations are mobile, accumulation of unwanted charge can
occur at the electrodes. This degrades battery performance, and
therefore, an electrolyte in which the cation is the only conduct-
ing element is desirable.>®

One material in which the cation is the only conducting
element is the “single ion conductor”,” *° where the anion is
covalently bonded to the polymer chain so that the transference
number is unity. They belong to a class of systems called
ionomers. The ion content in ionomers is related to the number
of anion bearing comonomers relative to the rest of the chain and
is often limited for synthetic reasons to low values. In contrast to
most ionomers, the nonionic part of the chain in PEO-based SPE
single ion conductors can partially solvate the cations, such that
the X-ray scattering associated with ionic aggregation is less
prominent.”" Single ion conductors suffer from low conductivity
and excessive ion pairing. Though the conductivity can be
improved by reducing the molecular weight, it results in poor
mechanical properties. Although reducing the conducting spe-
cies to only the cation should improve extraction of mechanistic
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information on ion transport, less is known about these materials
than Li salt/PEO systems. A complicating factor compared to
Li salt/PEO systems is the possibility of nanoscale ionic aggrega-
tion, which would involve the polymer chain, thus impacting
cation solvation and polymer dynamics, both of which influence
conductivity. This paper investigates segmental mobility of the
polymer in PEO-based single ion conductors, specifically the
influence of introducing the anion-bearing comonomer and
varying ion concentration.

The study is a part of a collaboration investigating ionic
transport in PEO-based single ion conductors. By combining
results obtained from quasi-elastic neutron scattering (QENS),
dielectric relaxation spectroscopy (DRS),”* ** NMR, FTIR,*
X-ray scattering,”' ab initio calculations,”" and molecular dy-
namics simulations, we address cation—polymer interactions
through the interplay of dynamics, morphology, and ionic con-
ductivity. We study systems where sulfonate groups (anions) are
covalently bonded to a PEO chain by means of isophthalate
groups, as shown in Figure 1. These systems allow us to change
three variables: (a) the ratio of isophthalate groups ionized with
SO; ™ to the overall number of isophthalate groups, called the
degree of sulfonation (Y%); (b) the length of the polymer chain
or the spacer unit (N); and (c) the identity of the cation. The
degree of sulfonation and length of the spacer unit control the ion
content of the sample. Variation of ion identity allows us to
explore the effect of ion association energies on the cation—
polymer interaction strength.

In the results presented here, we use a sodium cation with
N =13 (which corresponds to spacer MW = 600 g/mol) and vary
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Figure 1. Chemical structure of PEO600-Y%Na.

Y from 0 to 100%. The corresponding nomenclature used is
PEO600-Y%Na. We choose Na for this study because the Na
ionomers do not microphase separate and are amorphous,
single-phase materials in the temperature range of our study,
whereas the Li ionomers show evidence of ion segregation at all
temperatures.”' ~>* Thus, the Na system is most similar to the
Li/salt systems previously studied. We will consider the Li
ionomers in a future publication. Small-angle X-ray scattering
(SAXS) and DRS studies suggest that the ions in this system
occupy a wide range of local environments, including small
aggregates, ion pairs, and ions solvated by the PEO spacer. Ionic
conductivity in amorphous solid polymer electrolytes (SPE)
depends strongly on polymer mobility. For PEO/salt systems,
lithium ions are solvated by the ether oxygen atoms on the PEO
chains, which slows the segmental motion of the polymer.">>%*”
A similar effect is expected for PEO-based single ion conductors,
with some additional considerations. The presence of a como-
nomer every 13 PEO repeat units means that a significant
fraction of the PEO spacer could be influenced by the comono-
mer, should its dynamics vary considerably from PEO. When
ions are present, they may not solvate all parts of the PEO spacer
equally (for example, they may prefer locations near the anions),
leading to interesting changes in dynamics with ion content.
Because polymer dynamics is tied to conductivity, it is important
to understand these issues. QENS is an effective way to observe
the dynamics of polymers and has previously been applied to
pure PEO and PEO/Li—salt systems. The polymer mobility of
SPEs above their melting temperature has been measured using
QENS for PEO/LIL* PEO/LiClO4,*** PEO/LiTFSL"' and
PEO/LiN(SO,C,Fs),.*° For all SPEs, the segmental mobility
of PEO decreases with the addition of lithium salt because the
lithium cations coordinate with multiple ether oxygen atoms. For
those systems in which the most stable crystal phase is PEO¢ with
six PEO ether oxygens for each Li ion [PEO/LITESL*" PEO/
LiClO,** and PEO/LiN(SO,C,Fs),>%] a grocess additional to
) 1,2,28,30,34,35

segmental relaxation was observed. Some authors
attribute this to the formation and breaking of “cross-links”
between Li* and ether oxygen atoms.** Our study of the
PEO/LiClO, system shows that the slower process is rotational
in nature and related to remnants of the PEOg crystalline thase,
which have been observed above T,, for PEO/LiClO,” and
other systems.*"¢

Dielectric spectroscopy on the ionomers in this study***” and
poly(ethylene oxide)-based polyurethane ionomers** shows a
slowing down of segmental dynamics with increasing ion con-
tent, reflected by the increase of the glass transition temperature.
A relaxation process associated with the rotation of ion pairs is
also evident.”**” In some cases, this process dominates segmen-
tal relaxation to the extent that it is no longer visible. Because
QENS is dominated by proton motion, ions contribute little to
the signal, and we are able to isolate motion of the PEO spacer.
Studies on ionomers using QENS have focused on the dynamics
of the cation. Available studies include water dynamics and its
influence on cation hopping and ion aggregation in Nafion®*~*'

Table 1. Ion Contents of Ionomers and PEO—Salt Samples

cation:EO molecular weight

sample ratio ion content (g/mol)
PEO600-0%Na 0 0 5800
PEO600-6%Na 1:217 0.00S 5800
PEOG600-11%Na 1:118 0.008 5800
PEOG600-17%Na 1:76 0.013 8700
PEO600-49%Na 1:26 0.038 4700
PEO600-100%Na 1:13 0.077 6300
PEO/LiClO, 30:1 1:30 0.033 500000
PEO/LiClO, 14:1 1:14 0.071 500000
PEO/LiClO, 10:1 1:10 0.1 500000
PEO/LiClO, 8:1 1:8 0.125 500000
PEO/LiCIO, 4:1 1:4 0.25 500000

and the dynamics of hydrogen-rich cations in PTFE-based
ionomers. In the latter case, the onset of cation mobility has
been linked with the ai-relaxation of the polymer.** In the current
study, 95% of the hydrogen atoms are located on the polymer
chains, and we observe segmental motion of the polymer.

‘We measure polymer mobility using QENS while varying the
degree of sulfonation (Y%). We further establish a comparison to
PEO/LiClO, systems based on previous work in our group.”®
The ion content of PEO salt systems is defined by the ether
oxygen (EO) to Li ratio and falls in the range 4:1 to 50:1,
although 8:1—14:1 are the most frequent targets because con-
ductivity is maximized in this range. To connect the degree of
sulfonation to this ratio, we consider the ion content, defined as
the ratio of cations to ether oxygen atoms. This is the inverse of
the ratio that is normally quoted, so that the nonionic polymer
[0:1] has a well-defined value. Thus, in Table 1, we list the cation:
EO ratios of the samples measured in this study. Ionomers with
a PEO spacer of 600 MW are limited to ion contents of 0.077
(Na:EO = 1:13) or less, which is smaller than the range of ion
contents normally studied in PEO/salt systems. The maximum
conductivity of PEO600 ionomers occurs at an ion content of
0.013 (Na:EO = 1:76). This is both within the range we
investigate and far lower than PEO/Li—salt systems; for exam-
ple, the maximum conductivity of the PEO/CIO, system occurs
at an ion content between 0.071 (Li:EO = 1:14) and 0.125
(Li:EO = 1:8). We consider the origin of this difference in the
discussion section.

B EXPERIMENTAL DETAILS

Sample Preparation. The ionomers were synthesized using poly-
(ethylene glycol) (PEG) oligomer diols and dimethyl S-sulfoisophtha-
late sodium salt in a two-step melt transesterification process. The details
of the preparation are established in a previous publication.”® We used
"H NMR to verify the molecular weight of the PEO spacers (600 g/mol
in this study). We purified all ionomers by exhaustive diafiltration in
deionized water to remove monomers, polymerization catalyst, and any
ionic impurities. The concentrated ionomer solution was freeze-dried
and then vacuum-dried at 120 °C to constant mass. To control the ion
content, we vary the ratio of sulfonated (DMSSIS) and neutral (DMI)
isophthalates. We label the resulting samples as PE600-Y%Na, where Y'is
the mole fraction of ionic isophthalate groups. The term “degree of
sulfonation” refers to the percentage of isophthalate groups that are
sulfonated.
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Table 2. Relative Scattering Strength of Ionomer Compo-
nents for PEO600-100%Na

isophthalate + ions (%) PEO spacer (%) total (%)
coherent 1.39 5.15 6.54
incoherent 5.12 88.34 93.46
total 6.51 93.49 100.00

Neutron Scattering. We use quasi-elastic neutron scattering
(QENS) to quantify polymer dynamics by monitoring the energy
change of scattered neutrons. The scattering signal depends on the
respective scattering cross sections of the constituent atoms: a quanti-
tative measure of the probability of scattering. Among the atoms present
in these ionomers (C, H, O, S, and Na) the scattering is dominated by
incoherent scattering from hydrogen atoms. Since the majority of the
hydrogen atoms are located on the PEO spacer (see Table 2), our
measurements reflect the motion of this portion of the ionomer.

We conducted QENS measurements at the NIST Center for Neutron
Research (NCNR) at the National Institute of Standards and Technol-
ogy (NIST) in Gaithersburg, MD. To cover a larger dynamic range, we
use two instruments: the disk chopper spectrometer (DCS)* and the
high flux backscattering spectrometer (HEBS).** For the DCS, we
operate at an incident wavelength of 4.8 A, corresponding to an energy
resolution of 56 eV. This gives an upper bound on the time range at 50
ps. The lower bound on the time range, 0.4 ps, arises from interplay of
the scattering vector and energy. The spatial scale accessible by the DCS
in this configuration ranges from 3 to 11 A. For the HFBS, we choose a
dynamic range of £17 ueV (energy resolution of 0.85 ueV), corre-
sponding to times between 250 and 2500 ps. The HFBS instrument
geometry allows us to access a spatial scale of 4—11 A. We obtained data
for 298, 323, and 348 K allowing 1 h for thermal equilibration at each
temperature.

Both instruments require an annular geometry for the sample. We
prepare the sample as a uniformly thin ionomer film between aluminum
toils. We calculate the film thickness to allow 10% of the neutrons to be
scattered; this gives good signal intensity with low probability of multiple
scattering. All sample data are measured against a resolution function
obtained from a vanadium standard that is immobile at the conditions of
the measurement. The intensity of scattered neutrons is a function of
momentum transfer (Q) and frequency (w). We reduce the raw data
from the instrument using DAVE (Data Acquisition and Visualization
Environment), an in-house software developed at the NCNR.** To give
reduced data [I(Q,w)], DAVE uses the detector efficiencies obtained
from the resolution data [R(Q,w)] and subtracts the background and the
sample holder from the raw data.

The frequency domain data obtained from both the instruments are
shown Figure 2. Data from the nonionic polymer [PEO600-0%Na]
deviate more from the elastic resolution than that with 49% sulfonation
[PEO600-49%Na], consistent with the idea that the presence of ions
slows the polymer chain.

In order to effectively merge the data from the two instruments and
allow for the possibility of using analytical fits with a stretched
exponential, we inverse Fourier transform the data to the time domain.
The total intensity I(Qw) is a convolution integral of the resolution
function R(Qw) and sample dynamics S(Q,w).

(Q ) = S(Q ) ® R(Q ) (1)

In the time domain, I(Q,t) is a product of the self-intermediate scattering
function of the sample S(Q,t) and resolution R(Q,t).

Q1) = S(Q 1) R(Q1) (2)

The self-intermediate scattering function, S(Q,t), plotted in the time
domain for both instruments in Figure 3 represents the correlation of
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Figure 2. Frequency domain data from (A) DCS and (B) HFBS for
PEO600-0% and PEO600-49%Na at Q = 1.04 A", T = 298 K.
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Figure 3. Inverse Fourier transformed data from DCS and HEBS for
PE0O600-0% and PEO600-49%Na at Q = 0.57 A",

atoms positions at time ¢ relative to their positions at time zero. Note that
the time points plotted do not exceed the instrumental resolution.

The data in Figure 3, as well as other S(Q,t) data not shown, indicate
that mobility of the PEO spacer reduces as we increase the ion content in
the samples or lower the temperature, consistent with PEO-based SPEs
in the amorphous phase."***

To describe the data in concise form, we fit the decays to obtain a
characteristic relaxation time. For this purpose we recognize that the
dynamics of polymers and other soft materials often exhibit a distribu-
tion of relaxation times, rather than Debye or single relaxation. Thus, we
choose the stretched exponential or Kohlrausch—William—Watts*®
(KWW) expression

S(Q1) = exp {— (ﬁ)m] ()

5383 dx.doi.org/10.1021/ma2005074 |[Macromolecules 2011, 44, 5381-5391



Macromolecules

1.0 e

09k e ) A
0.8} -

07} T
06} &
05F S
0.4}
03}
0.2 _Kvib-Kseg
01f----K

0.0 . " . "
0.1 1 10 100 1000 10000

s

1.0
0.9
0.8
0.7
0.6
0.5
04
0.3
02F

s(Q.t)

--- KsLow
- = Kiib KrasT
0.1 — Weighted sum

0.0 L -
0.1 1 10 100

Time (ps)

LN\E

-,

1000 10000

Figure 4. (A) Data for PEO600-0%Na at Q = 1.04 A™', T = 298 K is
fit to a single process Kyq. (B) Data for PEO600-17%Na at Q =
1.04 A™', T=298 Kis fit to a weighted sum of two processes, Krast
and KSLOW'

where 7 is the characteristic time and the stretching exponential
P represents the width of the distribution.

Data Treatment. As with other polymers, amorphous PEO has a
fast exponential decay that occurs on time scales of less than 2 ps,
attributed to local cage vibrations and torsional librations.*”*® Note that
this decay is not prominent in Figure 3 due to the small Q value of that
data. The simplest possible description of polymer motion over QENS
time scales, and the one appropriate for pure PEO, is a fast exponential
decay (K.;,) combined with the segmental relaxation Kieg:

S(Qt) = KupKueg (4)

where

Ko = EO(Q) + (1 - EO(Q)) Xp |: (TvibEQ)):| (5)

and

Keg = exp [ <T (g))ﬁ(@] (6)

E, is the elastic incoherent structure factor for the vibration and
represents the fraction of the decay allocated to segmental motion. Fast
vibrations fall outside the HFBS window, and thus motion on this
instrument reflects only K.,. In Figure 4a, we have shown how a single
process K fits the data. This approach is successful for some cases, but
not for some others (see Figure 4b), where a slower second process is
required to describe the data from both instruments simultaneously. We

cannot fit the data with a combined decay
Kseg = KrastKsLow (7)

suggesting that all H atoms do not undergo both processes. Instead, a
weighted sum

Kseg = XpasTKrpast + (1 — Xpast)KsLow (8)
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0.0 1 1 1 1
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Figure 5. DCS data, shifted HFBS data, and the corresponding fitting
lines for three samples at T =298 K, Q = 1.04 A~
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Figure 6. Occurrence of slow and fast processes as a function of ion
content, Q, and temperature. The boundaries are approximate and are
meant for visualization only.

is required, indicating that some H atoms belong to a “fast” subset
(undergoing Kpasr) of the total H atoms and the rest belong to a
“slower” subset (undergoing Ksrow). In all the cases where two
processes are observed, Kpast has decayed to 0.2 or less before the
HFBS window such that HFBS is only sensitive to Ksrow-

To represent the data on a single plot, we shift the HFBS data such
that K, and Kgagt are included in the decay. This is done by algebraic
comparison of the full fit line (weighted sum in Figure 4) with only
Ks1.ow to determine the amount by which the data must be shifted. The
resulting decay curve shows the data as if it was measured on a single
instrument and does not affect the fitting algorithm, as shown in
Figure §.

There are two limiting cases where a single process is observed: high
temperature and low ion content, in which only Kgasr is observed
(Xgast — 1), and low temperature and high ion content, in which only
Kg1ow is observed (Xgast — 0). Scenarios intermediate between these
extremes require two processes to describe the data. This is presented
pictorially in Figure 6 where the different shades show the identities and
number of processes that constitute the dynamics.

The fitting is performed simultaneously on all data sets imposing the
restrictions that relaxation times cannot increase with increasing tem-
perature and Q, and Tgast should not exceed Tsyow. Because of the
small time window of each instrument and the stretched nature of the
relaxation, a range of fitting parameters can describe the data. We
represent this range in the form of an error bar outside of which the
parameter cannot represent the data, regardless of the values of the other
parameters. To obtain the error bars, we generate S00 S(Qt) data sets
within the instrument error. Each data set is fit using Levenberg—
Marquardt nonlinear least-squares fitting program. To probe the entire
parameter space, initial guesses for Tpast and Tspow were randomized
between 1 and 100000 ps. We allowed frast and fsiow to vary
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Figure 7. Temperature dependence of relaxation times obtained from
QENS for PEO600-0%Na (circles), and for amorphous pure PEO
(open gray triangle),28 and DRS for PEO600-0%Na (squares),23 and
for pure PEO (black triangles).®® For the DRS data, open symbols
denote at-relaxation, and filled symbols denote [3-relaxation. Error bars, if
smaller than the data markers, are not shown.

between the limits of 0 and 1. Xpagr was held at the best fit value while
calculating the range of fitting parameters. In the figures presented in this
paper, we report mean £ [max, min] for the relaxation times.

B RESULTS AND DISCUSSION

Dynamics in the Nonionic Polymer. We first compare
QENS data to other available probes of segmental motion for
the nonionic polymer, in this case broadband dielectric relaxation
spectroscopy (DRS). In Figure 7 we compare the two processes
obtained from QENS with DRS*® data. The DRS experiment
measures the reorientation of local dipoles and is not spatially
resolved. The lowest Q values in QENS data typically provide the
best comparison. For pure PEO, it has been noted that Q =
1.02 A" or higher is more segmental in nature than Q =
1.51 A~".% For this comparison, we chose Q = 0.57 A™" for
the slow process and Q = 0.89 A" for the fast process because
this process is not present at Q = 0.57 A”'. Note that the
difference between the fast and slow processes is larger than
differences due to spatial scale. The DRS data includes the a-
relaxation corresponding to segmental motion and a 3-relaxation
attributed to local chain twisting in the PEO spacers.”® As with
other studies, the QENS data represent the merged a/[3-relaxa-
tion evident at temperatures greater than 1.3Tg.49 Our slow
process data are consistent with DRS measurements on the
nonionic polymer. The fast process more closely resembles the
merged 0./f process of pure PEO, also shown in Figure 7.
Although the [-relaxations in pure PEO and the nonionic
polymer [the difference being the presence of the isophthalate
comonomer] are nearly coincident, the S-relaxation can change
slope after merging with the o-relaxation.®” It is not known if this
occurs in pure PEO; however, QENS data on pure PEO are
consistent with the times obtained for the fast process. The fast
process does not appear to coincide with the -relaxation of the
ionomer. We conclude that the QENS data are consistent with
reported measures of segmental mobility in the nonionic poly-
mer, with the slow process resembling the ionomer and the fast
process resembling pure PEO.

We determine the influence of the isophthalate monomer on
PEO dynamics by comparing the nonionic polymer to pure PEO.
Pure PEO is amorphous at 348 K and undergoes one segmental
relaxation.”®***! Segmental relaxation in polymers depends on
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Figure 8. Relaxation times from Kgasr (filled symbols) and Kgsiow
(open symbols) for the nonionic polymer. Data for pure PEO are at
343 K. The units of Q are in A~

Qvia T ~ Q " where n varies from —2 to —2/3.5°*> As shown
in Figure 8, both Kgast and Kgp ow are segmental processes with
the same slope as pure PEO. At 348 K, only the faster relaxation
(Kgast) is present in the nonionic polymer; it is slowed slightly
compared to pure PEO. This slowing reflects the influence of the
isophthalate group on segmental relaxation of the PEO spacer.
At lower temperatures (298 and 323 K), we observe the slower,
second process (Kgs ow) that is also a segmental relaxation.
One possible explanation for two classes of segmental motion
is the proximity of the atoms to the comonomer: H atoms near
the isophthalate group may be slower than those in the midseg-
ment. In a previous study of disordered diblock copolymers of
PEO and PMMA,** we determined that mobility of the fast PEO
block (T, = 221 K) is significantly slowed by covalent bonding to
the slow PMMA block (T, = 391 K) for 5—6 backbone atoms
adjacent to the bond. This is not observed experimentally in the
case of high molecular weight diblocks because the number of
atoms influenced by the bond is a small fraction of the total. This
is not the case for the PEO 600 ionomer, in which the spacer has
13 repeat units with 39 backbone atoms. If this system behaves as
the PEO/PMMA simulation, a reasonable fraction (~30%) of
the backbone atoms in the PEO spacer would be slowed by direct
connection to the isophthalate group. This depends on the
isophthalate group being “slow” compared to PEO, a reasonable
assumption since PEO has a T, of 220 K and polymers with
repeat units similar to isophthalate have high T, (e.g., the T, of
polyethylene terephthalate is 343 K). Thus, the mobility of the
PEO spacer might be influenced by the isophthalate group in a
significant enough fraction that it is observed in our experiments.
Preliminary results from molecular dynamics simulations on
PEO600-100%Na show this behavior: displacements of hydro-
gen atoms over time intervals of 2—10 ns are smallest near
the isophthalate group and reach a maximum at the chain
midpoint.>* From these observations, we suggest that the “fast”
motion (Kgast) corresponds to the midregion hydrogen atoms
and the “slow” motion (Kspow) represents hydrogen atoms
close to the isophthalate comonomer. This is illustrated in
Figure 9, where we introduce the terms “bridge atoms” and
“anchor atoms” to describe the fast and slow fractions. This
terminology is used throughout the remainder of the paper. We
remind the reader that although the presence of two dynamic
processes is an experimental observation, the classification as
bridge and anchor atoms is our interpretation of this observation.
The interpretation presented above divides mobility of the
PEO H atoms into two classes: bridge atoms [segmental and
similar to pure PEO] and anchor atoms [significantly slower but
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Figure 10. Fraction of bridge atoms in the nonionic polymer as a

function of Q.

still segmental]. The fraction Xpripge denotes the fraction of
bridge atoms and is given in Figure 10 for the nonionic polymer.
It may appear counterintuitive that the fraction of bridge atoms
depends on spatial scale. To understand this observation, we
must consider the physical meaning of the spatial scale of the
measurements. To a first approximation, the spatial scale Q sets
the radius of a sphere centered at each atom, and ask about
movement within this sphere: when the atom leaves the sphere,
its S(Q;t) falls to zero. At low Q values that correspond to large
radii of observation (~11 A), all atoms appear to be influenced
by the isophthalate group (Xgripge = 0). This is because
the observation volume encompasses the entire PEO spacer
(Rg ~ 9 A for 13 repeat units>>), and motion on this scale is
controlled by the slowest anchor atoms. As we decrease the size
of observation radius, the contribution of bridge atoms becomes
more prominent and XgripgE increases.

Only a single process is observed at T = 348 K, consistent with
bridge atoms. Dynamics of the slower anchor atoms only become
distinct when the temperature is lowered. For two processes to
be observed, the average relaxation times of anchor atoms must
be significantly greater than bridge atoms, and the variation must
be sharply divided; otherwise, a single relaxation with low j
would fit the data. The emergence of two processes as tempera-
ture is lowered occurs because the PEO spacer and the more rigid
isophthalate group likely have different temperature dependen-
cies. At high temperature, the difference in dynamics between
bridge and anchor atoms is not sufficient to resolve into two
processes, but as temperature is lowered, anchor atoms slow
more than their faster bridge counterparts. This leads to increas-
ing differences between bridge and end segments and the
eventual emergence of two processes. In Figure 11, we show
the increasing difference between bridge and anchor atom
relaxation times as temperature decreases.
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Figure 11. Comparison of the temperature dependencies of bridge and
anchor atoms in the nonionic polymer.
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Figure 12. Temperature dependence of relaxation times obtained from
QENS for PEO600-100%Na (circles), and for amorphous pure PEO
(open gray triangle),”® and DRS for PEO600-100%Na (squares),”* and
for pure PEO (black triangles).“ For the DRS data, open symbols
denote O.-relaxation, and filled symbols denote f-relaxation. The dashed
line corresponds to the O-relaxation of the nonionic polymer as seen
from DRS (Figure 7). Error bars, if smaller than the data marker, have
not been shown.

Effect of lon Content on lonomer Dynamics. In the
previous section we identified two segmental relaxation pro-
cesses associated with the PEO hydrogen atoms in the nonionic
polymer: bridge atoms in the spacer midregion and anchor atoms
neighboring the isophthalate group. In this section we discuss the
effects of ion content on both relaxations.

In Figure 12, we compare relaxation times obtained via QENS
with dielectric times for the PEO600-100%Na sample. Spatial
scales are selected as described for Figure 7. Two processes are
evident in the DRS data: the f3-relaxation at low temperature and
a slower relaxation, the origin of which is discussed below. Unlike
the nonionic polymer, the end atom QENS data do not appear to
represent the merger of the two DRS relaxations, but rather the
continuation of the 3-relaxation. In DRS measurements of the Li
analogue of this sample, PEO600-100%Li, the local 3-relaxation,
the segmental O-relaxation, and a new process [termed ]
are evident.”® The o -relaxation process follows the tempera-
ture dependence of the segmental relaxation, is 2 orders of
magnitude slower, and is interpreted as the reorientation of
dipoles formed by ion pairs. When the ion is changed to
sodium, only one process is clearly resolvable,*® and its time
scale more closely follows the 0,,-relaxation. This behavior is
consistent with the aggregation behavior of the system as
observed via SAXS: in PEO600-100%Li, ionic aggregation is
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Figure 13. Q dependence of the relaxation times for the ionomers
at 298 K for (A) bridge atoms and (B) anchor atoms. The single relax-
ation for pure PEO is shown in both parts of the figure. The solid line
through pure PEO data represents 7 ~ Q" where n = —2.48.%® The units
of Qarein A™".

observed at all temperatures, whereas for PEO600-100%Na,
well-defined ionic aggregates form upon increasing temperatures
from 298 to 393 K. This emerges to a lesser extent and only at
temperatures above our measurements.”>” Apparently, the
better dispersion of ions in PEO600-100%Na causes the con-
tribution from ion pairs to overshadow the PEO segmental
process to the extent that it is no longer clearly resolvable using
DRS. QENS, which does not observe ion or dipole motion, is still
able to resolve the segmental relaxation in this sample.

As illustrated in Figure 13, the presence of ions does not give
rise to any new processes, nor does it change the physical origins
of the two processes observed in the nonionic polymer. Both
processes remain segmental in nature with ion addition, as shown
by the Q dependence of relaxation times. It is clear from Figure 13
that increasing the ion content has different effects on the
dynamics of the two processes.

In Figure 14A we plot relaxation times at Q = 1.35 A" as a
function of ion content. While the relaxation times of bridge
atoms increase by a small amount (TgripGE,100%/ TBRIDGE,0% ~
3), those of anchor atoms increase significantly (Tgnp, 1000/
Tenp,0% ~ 50). An ion content of 0.01 divides two regimes with
different behavior. In the first regime [ion contents <0.01],
bridge relaxation times vary, whereas end relaxation times are
relatively constant. DRS relaxation times for the PEO600-Li
series are insensitive to ion content up to the same value.”> This
suggests that the segmental process, when observable with DRS,
better corresponds to anchor atoms, as opposed to bridge atoms.
In the second regime [ion contents >0.01], the trend reverses:
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Figure 14. (A) Relaxation times for PEO600-Y%Na ionomers [298 K,
Q=135A""] and T, vs ion content (B) relaxation times for PEO/
LiClO, [348 K, Q = 1.35 A~ '] and T, vs ion content.”®

relaxation times of bridge atoms are relatively constant, whereas
those of anchor atoms increase substantially.

On the basis of these observations and the idea that relaxation
times slow when ion content increases, we suggest the following
scenario. Ions initially populate the bridge segments. As con-
centration increases past 0.01 [118 EO per cation], ions populate
the end segments. In the extreme case that no further ions
populated bridge regions, there would be 1 cation for 118 total
EO in the PEO600-100%Na sample. If we consider the fraction
of bridge atoms as 25% (a representative value from Figure 10 at
298 K), there would be one cation for 30 bridge EOs, or a bridge
atom concentration of 30 EO per cation. Since the entire PEO
spacer is 13 EO, there are 3.25 bridge EOs per spacer, meaning
that bridge atoms from (30/3.25 ~) 9 PEO spacers share 1
cation. The anchor atoms from these 9 spacers (9 x 9.75 ~ 88
EO atoms) share the remaining 8 cations. This yields an anchor
atom ion content of 11 EO per cation. This rough estimate
implies that 1 out of every 9 cations is “single” (no association
with its anion), whereas the other 8 participate in shared ion
pairs, separated ion pairs, or larger aggregates.

The behavior of the PEO salt system PEO/LiClO,4 with ion
content is presented in Figure 14b for comparison. In this system,
the presence of ions slows down the segmental relaxation process
by electrostatic coordination between the cation and the ether-
oxygen atoms of the PEO chain. The influence of ion content on
segmental relaxation times is similar to that of the bridge atoms in
the ionomer: between 0.025 and 0.12, the relaxation time
increases by a factor of 3. However, the variation is continuous,
rather than divided into two regimes. In contrast, the slower
processes have distinctly different trends, confirming that the
origins of these processes are different. Indeed, the slower
process in PEO/LiClO, is rotational in nature and unrelated
to the slower process in the ionomer. PEO/Li—salt systems
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PEOG600-Y%Na. Darker data points have higher ion content than lighter
data points. The units of Q are in A~

crystallize into pure PEO and ion-containing structures with EO:
Li ratios of 3:1 or 6:1, depending on the electrolyte concen-
tration.>”***® It is the rotation of these structures that defines the
slower process. These structures do not exist in the ionomers, as
WAXS studies on the PEO600-based ionomers do not show the
formation of crystalline structures in the temperature range of
measurement.”"** Although it is possible that small helical
structures exist locally, our results are not consistent with a
rotation, for which relaxation times are Q independent.*®

The increase in relaxation times of anchor atoms exceeds that
which is expected from electrostatic coordination of the cation
with the PEO spacer. Although the maximum ion content of the
ionomers is 0.08, we estimate that for the anchor atoms the
concentration may be as high as 11 EO per cation [0.14]. The
relaxation times of anchor atoms increase by a factor of 50 over
this range, whereas relaxation times of PEO/LiClO, vary by a
factor of 9. This suggests that something other than electrostatic
coordination via cations and ether oxygens influences dynamics
in the anchor atom region. In the PEO/Li—salt system, ion pairs
or larger aggregates do not involve the polymer chain. This is not
the case for the ionomer. Interaction between at least two anions
and a cation can form physical cross-links via ionic clusters, which
do not occur in PEO/Li—salt systems. We know that these
clusters are not well-defined, large, or of consistent size because
ionic aggregation is not evident in the SAXS data for PEO600-
100%Na below 353 K.**7 However, it is reasonable to assume
small, polydisperse clusters with weak boundaries are present in
PEO600-100%Na, based on the excess scattering intensity in the
SAXS data between the interchain packing peak (amorphous
halo) and the ionomer peak evident in the PEO600-100% Li
ionomer. This provides a mechanism for slowing in excess of
the PEO/Li salt case: ionic cross-linking preferentially slows
the chain near the anions, leaving the bridge region unaffected.
We also note that Xsnchor increases with ion content (see
Figure 15). This could occur if more ether oxygens associate with
small ionic clusters.

The glass transition temperature increases with ion content
from 229 K for the nonionic polymer to 271 K for PEO600-100%
Na. This is compared to the ion content dependence of bridge
and end relaxation times in Figure 14. It is clear that the anchor
atoms control T, rather than the bridge atoms. The reason for
this is similar to the reason only the slow process is observed at
the largest length scales of our experiments. In the concept of
the cooperatively rearranging region, the length scale associated
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Figure 16. Conductivity vs ion content for the PEO600-Y%Na iono-
mers®® and PEO/ LiClO428 at T = 348 K. The curves through these data
points serve as visual aids to identify the conductivity peaks.

with T is ~100 A3 A region of this size would include multiple
PEO spacers and their associated ions, and thus we expect it to
encompass multiple dynamic processes. The dynamics of the
region will be controlled by the slowest of those processes.

In PEO/salt systems, it is established that the segmental
motion of the polymer facilitates ion motion. Conductivity
depends on both the mobility of the host polymer and the ion
content. Since increasing ion content both provides more ions
for conduction and slows polymer mobility, a peak is observed in
conductivity. As shown in Figure 16, a peak also occurs in the
ionomers. The maximum conductivity occurs at lower ion
content in the ionomers than in PEO/LiClO,. This is directly
related to the positioning of the anion on the polymer backbone
and its influence on polymer mobility. In the ionomers, cations
slow the polymer in two ways: coordination with ether oxygen
atoms in bridge regions and ionic cross-linking in end regions.
The latter is absent in PEO/LiClO,, as the anion is not bonded
to the PEO chain, and thus salt clusters do not cross-link the
polymer. As a result, only interaction with PEO ether oxygen
atoms (comparable to the bridge region) slows polymer mobility
in PEO/salt systems. Because of this difference, higher ion
content may be tolerated in PEO/salt systems before sluggish
polymer dynamics decreases conductivity. The rapid rise of
conductivity for the jonomers and the positioning of optimal
conductivity at low ion content may be important in designing
low ion content electrolytes. We note, however, that the con-
ductivities of these two samples should not be directly compared.
The ionomers are essentially single ion conductors, whereas in
PEO/LiClO, both the anions and the cations contribute to
conductivity. The identity of the anion is also different, which has
been demonstrated to influence conductivity.*®"

We conclude by discussing several structures that may be
important and their importance in our data and other measure-
ments on PEO600-100%Na. Figure 17 proposes four such
structures: the single cation, the separated contact pair, the
shared contact pair, and a small ionic aggregate. We emphasize
that our measurements do not directly reveal these structures,
and their connection with our data is our interpretation. Single
cations (also sometimes called “free” ions) are solvated by PEO
ether oxygens and have limited interaction with anions. The ions
interacting with bridge ether oxygens are most likely single
cations. Although we estimate no more than 7% single ions,
an FTIR study indicates that all of the SO; groups are associated
with a cation (direct contact pairs or aggregates), with no detect-
able single cations.”® In molecular simulations, close to 30% of
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Figure 17. Cation coordination states (A) single cation, (B) separated
contact pair, (C) shared contact pair, and (D) small ionic aggregate.

Na are found as single cations, and 20% are in direct contact
pairs.>* The separated contact pair, in which a PEO segment lies
between the anion and cation, occurs regularly in PEO/Li salt
systems; this can be classified as free or as a pair, depending on
technique. This structure is found in simulation,”* and there is
some evidence it may be present based on DRS.** The current
data do not require or exclude such structures. Indeed, the
techniques used to date (SAXS,Zl’57 molecular simulation,**
DRS,***¢ and QENS) suggest that at the temperatures of our
measurements a variety of structures are present in PEO600-
100%Na. One structure that appears consistent with all techni-
ques used to date and is also consistent with previous observa-
tions on ion containing polymers”®* %" is the small ionic
aggregate. The current measurements suggest that small ionic
clusters lead to ionic cross-links, slowing polymer dynamics in
excess of what is expected based on PEO—salt systems. Ionic
aggregates are not evident in SAXS in PEO600-100%Na at room
temperature,”’ indicating that the clusters are small and incon-
sistent in size. Ionic aggregates become evident via SAXS in
PEO600-100%Na above 353 K. In molecular simulations, 50% of
Naions cluster in ionic aggregates of 3—12 ions.>* Aggregates are
also seen in DRS, with their fraction increasing with temper-
ature.”” It appears that these aggregates are characteristic of
PEO-based single ion conductors, and their size and regularity

depend on ion identity and temperature.”” The influence of ion
identity on polymer structures has been reported,”"*” and the
polymer dynamics using QENS will be the subject of a future
publication.

Bl CONCLUDING REMARKS

In this study we used QENS to measure dynamics in PEO-
based single ion conductors of the form PEO600-Y%Na where
Y = [0,100]. The presence of the isophthalate group in the
nonionic polymers slows segmental relaxation seen in pure PEO
and introduces an additional segmental relaxation that is slower.
Our interpretation associates these relaxations with segments in
the midregion of the repeating unit [bridge atoms] and segments
neighboring the isophthalate group [anchor atoms]. Ionomers
with nonzero ion content also show two segmental relaxations.
The presence of ions does not change the origins of the two
processes, but does slow them down. The anchor atoms slow
significantly more than the bridge atoms as ion content increases.
We suggest this is due to the presence of small ionic clusters,
which cross-link the polymer chains. These cross-links are either
more stable or more extensive than those formed between bridge
ether oxygens and cations, as the influence of ion content on
anchor atom dynamics is stronger than in PEO—salt systems.
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