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ABSTRACT: The reorientational and translational dynamics of the polymer, anion and cation species in
polymer electrolyte systems consisting of a cross-linked poly(ethylene oxide—propylene oxide) random
copolymer (poly(EO—PO)) doped with LiN(SO,CFs3), at two different cross-linking densities were studied
using multinuclear NMR relaxation and pulsed field gradient spin—echo (PGSE) diffusion measurements.
Analysis of the data provided exquisite molecular level insight into the individual behaviors of the species.
In particular, it was found that in the presence of salt the polymer chains form hyperstructures and that
the lithium ions undergo curvilinear diffusion along the chains within these hyperstructures. The anions,
on the other hand, diffuse independently of both the polymer and lithium ions, but nevertheless undergo
anomalous diffusion due to the effects of diffusing through the microheterogeneous polymer hyperstructure
network. The motional behaviors of the three species were reasonably insensitive to the degree of cross-
linking but somewhat more sensitive to the salt concentration, since the microcrystallinity of these polymer
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electrolytes increases with salt concentration.

Introduction

Because of their wide commercial applications includ-
ing solid-state batteries, there is at present much
interest in trying to understand the molecular basis of
ionic conductivity in polymer—lithium salt systems.! A
point of particular interest in such electrolytes is that
the ionic transport (and thus conductivity) is decoupled
from the macroscopic viscosity. Instead the ionic species
have complex dynamics with the lithium transport being
closely correlated with its local environment and in
particular with the segmental motion of the polymer
chains.2=* Although it has long been known that the
conductivity in such systems is higher in amorphous
rather than the crystalline regions, there is now growing
realization that even microheterogeneity in macroscopi-
cally homogeneous systems significantly affects the
conduction processes. Such microheterogeneity must be
involved in the transition from the amorphous to the
ordered states. Consequently, a deeper understanding
of this microheterogeneity is an important step in
increasing the conductivity in such systems.

Microheterogeneities with characteristic distances on
the order of the diffusive path lengths of a species will
affect the diffusive process of the species and conse-
quently species in systems containing microheteroge-
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neities have been observed to undergo anomalous or
fractal diffusion over certain length scales.>~1° The
cation and anion diffuse by fundamentally different
mechanisms,? with the lithium hopping between various
coordination sites along the polymer. The polymer
segmental motion in turn, modulates this hopping
motion. In contrast, the anion hops from an occupied
site to a sufficiently large void in the polymer matrix.
NMR, through its ability to probe both reorientational
and translational motions provides a particularly direct
and cogent means of probing the complicated molecular
dynamics of ionic conduction in such systems.

We have recently studied a cross-linked poly(ethylene
oxide—propylene oxide) random copolymer (poly(EO—
PO)), whose precursor macromonomer is a derivative
of glycerol bonded to ethylene oxide-co-propylene oxide
(m(EO—PO)) with a molecular weight of about 8000.
The terminal OH group was replaced by an acryloyl
group (OCOCH=CHy,) prior to cross-linking. The pre-
cursor macromonomers were synthesized in which the
acryloyl groups were replaced by methyl groups,'112 so
that many free chains remained after cross-linking. In
the present study, two precursor macromonomers which
differed only in their degree of methylation were used:
m(EO—PO)-M2 (20% methylation) and m(EO—PO)-M5
(50% methylation) as shown below in order to prepare
cross-linked polymers (i.e., poly(EO—PO)-M2 and the
more flexible poly(EO—PO)-M5) of differing flexibilities.
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Higher degrees of methylation were impractical as the
resulting cross-linked polymers were unstable.

CH,

O—R—X m=0.84.n=0.16

0—R—X X :CH; or CO-CH=CH, MW : 8,000

The cross-linked polymers were doped with two dif-
ferent concentrations of LiN(SO,CF3), and the reorien-
tational and translational motions of all the species were
measured using multinuclear NMR relaxation and
pulsed gradient spin—echo (PGSE) diffusion measure-
ments, respectively. The results of the ionic conductivity
and DSC will be published elsewhere.

Experimental Section

Sample Preparation. The precursor macromonomers,
m(EO—PO)-M5 and m(EO—PO)-M2 were obtained from Dai-
ichi Kogyo Seiyaku, Kyoto and LiN(CF3;S0O,), was purchased
from Central Glass Co., Ltd, Tokyo. The salt was dissolved in
the macromonomers and the solution stirred for 48 h while
increasing the temperature to 333 K. After the salt was
dissolved completely, the solution was cast on a plate and
irradiated with an electron beam (10 Mrad) under nitrogen.
Four samples with different salt concentrations were prepared,
i.e., Li/O = 0.1 and 0.05 for both poly(EO—PO)-M5 and poly-
(EO—PO)-M2. Reference samples without salt (i.e., neat) were
also prepared. For NMR measurements, the samples were
inserted into 5 mm NMR microtubes (BMS-005JA, Shigemi,
Tokyo) to a height of 5 mm and flame-sealed. The entire
preparation was performed under dry air (moisture < 10 ppm
at 213 K). To allow for structural relaxation, the samples were
left at room temperature for at least 1 month prior to NMR
measurement.

NMR Measurements. The NMR measurements were
performed using a JEOL GSH-200 spectrometer with a 4.7 T
wide-bore magnet controlled by TecMag Galaxy (subsequently
the RF unit was replaced by a TecMag Apollo) system. Most
measurements started at 353 K with at least 1 h being allowed
prior to measurement to ensure that the samples had achieved
thermal equilibrium. The longitudinal and transverse relax-
ation measurements were performed using the inversion
recovery (i.e., 180°—7—90°—acquisition) and Hahn spin echo
(i.e., 90°—7—180°—7r—acquisition) sequences, respectively. All
self-diffusion measurements were performed using a stimu-
lated echo-based PGSE sequence. A JEOL current amplifier
was used to generate the magnetic field gradient pulses. The
intervals between the first and second RF pulses and the third
RF pulse and echo acquisition were fixed to be 5 ms throughout
the diffusion measurements. Measurements were performed
by adjusting the duration of the gradient pulses (0). The
amplitude of the pulse gradients were 9.2 T m™! for *H and
“Li diffusion measurements and from 4 to 10 T m~! for the
F NMR. The reliability of the diffusion measurements was
assured by performing crosschecks under more severe condi-
tions to rule out artifacts.'?

Diffusion Theory

In the short gradient pulse (SGP) approximation,
where motion during the gradient pulse is ignored
(rigorously, one assumes that 6 — 0 and |g| — o« while
their product remains finite; experimentally, this re-
quires 6 < A), the PGSE attenuation is given by4

E@A) = [ [ drydr p(rg)G(relr;A)e?™ 1 (1)

where p(ro) is the equilibrium spin density and G(ro|r;A)
is the Green’s function (or diffusion propagator). q =
(27)71 ygd (m™1), v is the gyromagnetic ratio, and A is
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the separation between the leading edges of the gradient
pulses and defines the time scale of the diffusion
measurement. In the case of free isotropic diffusion of
a single species the signal attenuation is given by

E(g,A) = exp(—47°q°DA) 2)

or, if the effects of the finite duration of gradient pulses
are accounted for1516

E = exp(—y%g?0°D(A — 6/3)) (3)

As will be seen below, diffusion measurements of
some samples provide evidence of motional restriction.
The geometrically simplest case is that of diffusion in a
reflecting sphere of radius a for which the normalized
eigenfunctions of index « are given by’

V—1/2 k=0
K(r)={_1

N

where V is the volume of the sphere and

27 1
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where the values of o, are determined from the Bessel
function equation

ﬂl Jn+l/2(ﬁn,m) = Jn+3/2(ﬁn,m) (6)

The roots, Bnm = 0,4, are placed in ascending order and
indexed by «. In the SGP limit the PGSE attenuation
is given by1819

9[277qa cos(2qa) — sin(2zqa)]®
E(@.A) = *

(2nga)®

szngay & 2 j(2mgay’e O -
mga
& (B2 —n* = n)(B? - (2rga)’)’

where jn(X) is a spherical Bessel function. A mathemati-
cal derivation for dealing with the case when the SGP
limit is not strictly enforced is given in the Appendix.
However, for the present experimental parameters it
was found that the deviation from the SGP PGSE profile
was nearly negligible. Consequently, the (computation-
ally more efficient) SGP solution was used for all
simulations of the experimental data.

Even in cases where the form of G(ro|r;A) is unknown,
expansion of eq 1 reveals that for small g with respect
to the characteristic distance of the restricting geometry,
R, the echo attenuation is given by

_ 27q)°Z4(A)0
Ea=Rr? A~ - FETET
where [Z2(A)s the mean squared displacement. In such
cases the PGSE data can be analyzed on the basis of
an effective diffusivity?.820

2
D) = ©
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Table 1. Activation Energies (kJ mol~?1) for the Reorientational and Translational Dynamics of the Polymer
Electrolyte Species?

electrolyte system segmental motion

“Li hopping motion

anion reorientation anion diffusion

poly(EO—PO)-M2 23.0 £ 0.5 (high T)
21.0 £ 1.3 (low T)
21.9 + 0.5 (high T)

21.1 £ 0.9 (low T)

poly(EO—PO)-M5

poly(EO—P0)-M2:Li/0=0.05 205+ 0.3
poly(EO—P0)-M5:Li/0=0.05 18.5 + 0.4
poly(EO—PO)-M2:Li/0=0.1 222405
poly(EO—PO)-M5:Li/0=0.1 213+1.0

242 +0.6 124 £0.3 36.0 £ 2.7
25.4+0.7 13.8 £ 0.4 39.3+£1.0
243+25 9.8+0.3 464 +1.4
23.3+0.9 10.1+£0.3 46.6 + 1.6

a The higher of the two values for the segmental motion of the neat polymers represent a lower temperature range with respect to the

discontinuity.

Thus, we have
De(A) O AZd 1 (10)

where dy, is the walk dimension. In the case of normal
diffusion 2/d,, = 1, but in the case of anomalous diffusion
2/dy =< 1.

All numerical simulations in the present paper were
performed using MathCad (Mathsoft).

Results

Polymer Molecular Dynamics. Relaxation. In
each sample, the 'H NMR longitudinal relaxation of the
polymer was well described by a single-exponential
function of the reorientational correlation time (z¢) for
the segmental motions of the CH,CH,O chains. Arrhe-
nius plots of the T; values of the main CH;CH,O
resonance are shown in Figure la. The methyl reso-
nances had similar relaxation profiles but with slightly
longer values. The Bloembergen, Purcell and Pound
(BPP) equation?! describing homonuclear spin—Ilattice
relaxation by the dipole—dipole interaction is given
by

R [ i (11)
T 1+ w1’ 1+ 40t
where
3 1
A=—yRS§ — (12)
10 Z re

and r is the separation between dipoles (e.g., the H—H
distance), w, is the observed frequency (rad s™1), 7. is
the reorientational correlation time of the dipolar
interaction, and the summation index j is over all
interacting dipoles. Although, the BPP model is un-
doubtedly an oversimplification of what is in reality
quite a complicated relaxation mechanism. It neverthe-
less provides a basic framework, which allows reason-
able interpretation of the polymer relaxation data.

In the model, due to the term in brackets in eq 11
the spin—Ilattice relaxation time is a minimum when
woTc = 2mvoere = 0.616. In the current study the 'H
observed frequency, v, is 199.76 MHz and the numer-
ical calculation of the term in brackets in eq 11 was
possible at the T; minimum point. From the observed
T1 minimum, the constant term A in eq 12 can be
calculated. The evaluation of correlation time, ., was
made from the T, observed at each temperature. The
calculated values of z. are plotted in Figure 1b together
with the . values for the lithium hopping motions (see
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Figure 1. (a) Temperature dependencies of the 'H T; in the
neat poly(EO—PO)-M2 (circle) and poly(EO—PO)-M5 (square)
and doped poly(EO—PO)-M2 (down-triangle) and M5 (up-
triangle). (b) The temperature dependence of the correlation
times for the polymer segmental motions and the lithium
hopping motions.

below) and the corresponding activation energies are
tabulated in Table 1. Previously we described the
relaxation mechanisms of the H resonance by the
proton—proton interactions between the neighboring
protons for the poly(EO—PO) electrolytes.?

Although the relaxation profiles are continuous for
the doped polymers, discontinuities, indicating some
form of abrupt structural transition, were observed for
the neat polymer samples around 270 K and also in the
plots of the correlation time. Although the segmental
motions were reduced as the salt concentration in-
creased (i.e., 7. became longer), the activation energies
were unaffected and range between 18 and 23 kJ mol—?!
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Figure 2. Biexponential analysis of the *H Hahn spin—echo
decays for the undoped poly(EO—PQO)-M5 between 358 and
273 K.

for the six samples. These values are similar to those
for the segmental motions in cross-linked polyethers,222
viscous liquid macromonomers,* and liquid glyme fami-
lies and poly(ethylene glycol) dimethyl ethers.?3

In contrast to the H longitudinal relaxation, the
transverse relaxation appeared to be a biexponential
process. The proportion of the longer component in-
creased as the degree of cross-linking decreased and the
salt concentration decreased. Although the amplitude
and time constants of the two transverse relaxation
components of the salt-free polymers (poly(EO—PO) and
poly(EO—PO)-M2) exhibited only a small temperature
dependence, a much larger difference was observed for
poly(EO—PO)-M5 (see Figure 2). Curiously, the echo
decay of poly(EO—PO)-M2 was temperature insensitive
with the two components having relative amplitudes of
0.8 and 0.2 with T, values of 0.8 and 8 ms, respectively.
The temperature dependence of the transverse relax-
ation behavior of the doped-polymers were similar to
the neat poly(EO—PO)-M5. The echo signals of the
major component having the shorter T, had completely
decayed by around 20 ms for all the samples in the
present study.

Diffusion. The analysis of the PGSE diffusion mea-
surements is complicated by the heterogeneity of the
polymer systems with the ensuing uncertainty as to the
number of components. Since the PGSE sequence is
echo-based, the diffusion coefficients determined will be
weighted in favor of the (more slowly relaxing) flexible
parts of the polymers. Since the major component of the
echo decayed rapidly, the PGSE measurements of each
of the two neat polymers were reflected on the smaller
component with the longer relaxation time. The PGSE
attenuation profiles were single-exponential and the
diffusion coefficients obtained by regressing eq 3 onto
the data obtained with various A values in the temper-
ature range between 353 and 303 K are given in Figure
3a. Interestingly, the coefficients were independent of
both temperature and the degree of methylation. The
observed A dependence of the diffusion coefficients is
likely the result of the changing contribution of the
various components due to the relaxation weighting
inherent in the pulse sequence. Nevertheless, the data
could be well described by eq 10 with values of 2/d,
ranging between 0.44 and 0.46.

In contradistinction to the neat polymers, the PGSE
attenuation profiles of the doped polymers were always
nonexponential and thus indicative of restricted diffu-
sion as shown for poly(EO—PO)-M2:Li/O=0.05 in Figure
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3b. At shorter A there was clear evidence of diffractive
minima resulting from restricted diffusion. For the SGP
sphere model, the first diffractive minimum occurs when
g = 0.71/a. The radii of restriction calculated were given
by 0.97, 1.1, and 1.07 um for the A = 30, 50, and 100
ms data sets, respectively. The profiles only approached
exponential at A = 200 ms giving an apparent free
diffusion coefficient of 8 x 10713 m2 s~1, which is similar
to the coefficients of the neat samples. With the radius
set to be 1 um, nonlinear least-squares regression was
used to determine the optimum values of D. The values
were 3.2 x 10712, 25 x 10712, 1.8 x 10712, and 1.8 x
1072 m2 s71 for A = 30, 50, 100, and 200 ms, respec-
tively. The value at A = 200 ms is an overestimate of D
compared with that obtained using eq 3. There are two
points of interest, first the apparent diffusion coefficient
decreases with A—as observed for the neat polymers.
Second, these values give mean-square displacements
considerably less than 1 um. Consequently, theoretical
profiles calculated using the sphere model with these
values, although nonexponential, do not give diffraction
minima. Finally the experimental diffractive minima
are rather shallow. Shallow minima are signatures of
polydispersity of the characteristic size (i.e., a) of the
restricting geometry.?* However, the inclusion of sig-
nificant polydispersity gives almost negligible effect on
the calculated profiles since the mean-square displace-
ments are considerably less than the apparent radius
of the restricting geometries.

Measurements were performed for poly(EO—PO)-M5:
Li/O=0.1 at various temperatures at a fixed value of A
(100 ms) and within experimental error no temperature
dependence was observed (see Figure 3c). Setting the
radius to be 0.9 um, the optimum value of D was 9.1 x
10718 m2 s~ and the simulation is given in the figure.
As noted above, such a small diffusion coefficient is
unable to generate diffusive minima using the sphere
model. In fact, reasonable diffractive behavior only
becomes apparent when the diffusion coefficient is
almost an order of magnitude faster and an identical
simulation but with D = 8.0 x 1072 m? s~1 which
exhibits diffractive minima is also given in the figure
(NB giving a mean-square displacement of ~1.3 um).
However, apart from allowing generation of diffractive
minima, the higher diffusion coefficient results in a
much poorer fit to the data, as the echo attenuation is
greatly overestimated. PGSE profiles of the four elec-
trolytes derived from poly(EO—PO)-M5 and poly(EO—
PO)-M2 at 333 K with A = 100 ms are shown in Figure
3d. Apart from the poly(EO—POQO)-M2:Li/O=0.1 sample,
the four plots are quite similar with diffractive minima
which give the radius of restriction as being 1.1 um. The
poly(EO—PO)-M2:Li/0=0.1 sample, however, has a dif-
fractive minimum which gives the radius as 1.3 um.
Using these values of a, the calculated diffusion coef-
ficients were (M2:Li/O = 0.05) 1.73 x 1072 m2s71, (M2:
Li/O =0.1) 1.88 x 10712 m?2 s71, (M5:Li/O = 0.05) 1.46
x 10712 m2 s71, and (M5:Li/O = 0.1) 1.22 x 10712 m?
s~1. Thus, the polymer diffusion is reasonably insensi-
tive to both the salt concentration and degree of cross-
linking.

Three Lithium lon Molecular Dynamics. The
longitudinal relaxation of the single “Li resonance was
single exponential and the temperature dependence of
the T, values are plotted in Figure 4. The T; minima
(~ 0.16 s) were observed at around 318 K for Li/O =
0.05 samples and around 343 K for the Li/O = 0.1
samples. The T, values of the “Li ions (I = 3/,) under-
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Figure 3. (a) Apparent diffusion coefficients of the neat polymers vs A for poly(EO—PQO)-M5 at 353 K (open square) and 303 K
(solid square) and poly(EO—PQ) at 353 K (open circle). The solid lines are the result of regressing eq 10 onto the data. (b) *H
PGSE attenuation profiles for poly(EO—PQO)-M2:Li/O=0.05 at 333 K for various A values, 30 (open triangle), 50 (solid triangle),
100 (open square), and 200 ms (solid square). The solid and dashed lines denote simulations of the data using the free diffusion
and SGP sphere models (eq 7 with a = 1.0 um), respectively. (c) *H PGSE attenuation profiles of poly(EO—PO)-M2:Li/0O=0.1
obtained with A = 100 ms at 303 (square), 333 (down-triangle), and 353 K (up-triangle). The solid and dashed lines denote
simulations using the SGP sphere model with a = 0.9 um and D = 9.1 x 107*¥* m? s~ and 8.0 x 107*2 m? s71, respectively. (d) 'H
PGSE attenuation profiles of the electrolytes of poly(EO—PO)-M2 and poly(EO—PO)-M5 at the two salt concentrations obtained

with A = 100 ms at 333 K.

going isotropic reorientational diffusion can be related

to 7. by?®

Tc

2 2_2
. 1+ 4wt

(13)

where wq = 27v4 is the quadrupolar coupling constant.
Similar to the analysis for the 'H dipole—dipole relax-
ation above, the relaxation minimum should occur when
wote = 2mvor, = 0.616 (for "Li vo = 77.63 MHz). The
correlation times of the lithium hopping motions were
calculated from the lithium T; in a similar way as the
segmental motions of the polymer chains described
above and plotted vs temperature in Figure 1b. The
corresponding activation energies for the reorientational
motion determined by Arrhenius analysis are presented
in Table 1. The activation energies of the lithium
hopping motion are always a little larger than the those
of the segmental motions in electrolytes composed of
cross-linked polymers, the liquid macromonomers, gly-
mes, and the poly(ethylene glycol) dimethyl ethers.?422.23

The 7Li echo decays of the other samples were
biexponential (typically Toshort &~ 3.2 ms and Tojong 2 40
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Figure 4. Arrhenius plots of the ’Li T; and for poly(EO—PO)-
M2 (down-triangle) and -M5 (up-triangle) at the salt concen-
tration of Li/O = 0.05 (open) and 0.1 (solid).

ms, with T2ong being slightly temperature dependent)
and insensitive to the degree of methylation, salt
concentration and temperature. Nevertheless, the dif-
ference in T, values between the components was much
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Figure 5. The "Li PGSE attenuation of poly(EO—PO)-M5:
Li/O=0.05 sample at 353 K with various A values. The straight
line represents the fit to the A = 300 ms data using the free
diffusion model and the curved line represents the line of best
fit to the A = 50 ms data using the SGP sphere model.
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Figure 6. °F T, of the anions for poly(EO—PO)-M2 (down-
triangle) and -M5 (up-triangle) with salt concentrations of Li/O
= 0.05 (open) and 0.1 (solid). The solid lines are the results of
Arrhenius activation analysis.

smaller than those for the *H decays of the polymers
shown in Figure 2a.

The 7Li PGSE attenuation profiles of poly(EO—PO)-
M5:Li/0=0.05 obtained at 353 K using various values
of A are plotted in Figure 5. At short A there was clear
evidence of a diffractive minimum. Analysis of the A =
50 ms data using the SGP sphere model gave the radius
of restriction to be 1.9 um with a corresponding diffusion
coefficient of 9.5 x 10712 m2 s1. The profiles only
approached single exponential at very long A values
and at A = 300 ms an apparent diffusion coefficient
of 3.0 x 10712 m?2 s1 was obtained. The positions
of the diffractive minima were also insensitive to
temperature.

Two Anion Molecular Dynamics. The temperature
dependence of the anion (i.e., N(SO.CF3),) 1°F T; values
(NB the decays were single exponential) are shown in
Figure 6. The T, of the Li/O = 0.1 samples were shorter
than those of the Li/O = 0.05 samples and, within
experimental error, insensitive to the degree of cross-
linking. This insensitivity is not surprising since the
relaxation of the CF3 group predominantly results from
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Figure 7. A dependence of the apparent self-diffusion coef-
ficient of the anion at 333 K. The symbols are the same as in
Figure 6. The dotted lines are the results of regressing eq 10
onto the first and last three data points of the poly(EO—PO)-
M2:Li/O=0.1 data set, giving 2/d,, = —0.4 and 0.9, respectively.

rapid internal rotation around the 3-fold symmetrical
axis. The T values for the Li/O = 0.1 samples are nearly
identical whereas the T; values of the Li/O = 0.05
samples tend to converge with increasing temperature.
While the activation energies for the reorientational
motion (see Table 1) were nearly identical for the Li/O
= 0.1 samples, they were much higher for the Li/O =
0.05 samples with activation energies of 12.4 and 13.8
kJ mol~! for the M2 and M5 samples, respectively.

As previously observed in related systems, the 1°F
PGSE attenuation profiles are always single exponential
and thus consistent with a single isotropically diffusing
species, yet the measured diffusion coefficients are
A-dependent and reach stable “long-time” values by
about A = 70 ms (Figure 7). The anions diffuse faster
in the Li/O = 0.05 samples than in the Li/O = 0.1
samples with the diffusion being a little faster in the
(less cross-linked) M5 sample. The A dependence of the
diffusion changes with A and is particularly pronounced
in the Li/O = 0.1 samples. At short A, 2/dy, is < 1 and
approaches 1 with increasing A (see the analysis of poly-
(EO—PO)-M2:Li/O=0.1 in Figure 7). The activation
energies determined from the temperature dependence
of the long-time anion diffusion coefficients (A = 70 ms)
are summarized in Table 1.

Discussion

The molecular level details of the complicated molec-
ular dynamics responsible for the nonideal conductivity
behavior of these polymer electrolytes are far from
clarified. From the NMR spin—lattice relaxation time
and the diffusion measurements of the anion (*°*F NMR),
it is clear that the anion dynamics (both reorientational
and translational) are quite independent of both the
lithium ion and the polymer (NB the differences in
activation energies in Table 1). The dynamics of the
lithium ions, however enter into a form of “symbiotic”
relationship with the polymer, with the lithium dynam-
ics being modulated by transient binding to chelation
sites on the polymer side chains which are themselves
undergoing segmental motion. In turn, the lithium ions
form transient salt bridges between the polymer seg-
ments, which modulate the dynamics of the polymer
chain. The close relationship between the lithium hop-
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ping and polymer segmental motions is clearly shown
in Figure 1b. The order of the 7. values is (slowest to
fastest) lithium < doped polymer < polymer. The
motions are slowed as the salt concentration increased.

The neat polymer diffusion measurements report on
motions that occur on a completely different more
“macroscopic” time scale than the relaxation measure-
ments. Although the PGSE attenuation profiles of the
neat polymers appear exponential and thus consistent
with the isotropic diffusion of a single component, the
A dependence indicates that the diffusion is non-
Fickian. The A dependence of the diffusion behavior is
close to that expected for regime 111 of the Doi—Edwards
model of polymer reptation (i.e., 2/dy, ~ —1/5).7:26

Anomalous diffusion due to restriction can be ruled
out by virtue of the exponential PGSE profiles observed.
Since the translational diffusion of the cross-linked
positions is more retarded and consequently the cross-
linked positions have the role of anchor, the diffusion
of the flexible chains must be somewhat restricted to
within a domain.

When doped with lithium salt the polymer PGSE
attenuation profiles are clearly nonexponential, indicat-
ing some form of motional restriction of the polymer
diffusion, and indeed show diffractive minima. Assum-
ing (the simplest case) of a spherical restriction, analysis
of the first diffractive minimum implies a restriction
with a radius of around 1 um. We note that similar sized
restrictions have been observed in the case of aqueous
solutions of the triblock polymer poly(EO)—poly(PO)—
poly(EO).5 In that study it was suggested that the
restriction was correlated with the grain boundaries of
polycrystalline structures formed from micelles of the
triblock polymer. Although the present system is chemi-
cally distinct (i.e., no micelle formation), the diffusion
data nevertheless indicates the formation of structures
much greater than that of the component polymer
molecules. Compared to the neat polymer, the restricted
diffusion observed in the doped polymer clearly indicates
the lithium induces the formation of additional cross-
links in the flexible portion of the side chains.

Similar to the doped-polymer diffusion profiles, the
diffusion of the lithium also displays evidence of restric-
tion, but the apparent radius of restriction is seemingly
twice as large (~2 um). For both species the profiles
became more exponential at longer A. However, using
the long A diffusion coefficients of the species, the mean
square displacements (e.g., for of Li in poly(EO—PO)-
M5-:Li/0=0.05, D = 8 x 10712 m2 s~! which gives a
mean square displacement of 1.3 um over A = 100 ms)
are less than the radius of restriction. One reason for
this inconsistency might be that the lithium ions
undergo curvilinear diffusion along the polymer chains
(e.g., see ref 27), and if the chance of hopping between
hyperstructures is low, they will appear to be geo-
metrically restricted and thus their PGSE profiles
exhibit diffractive minima. Diffractive minima only
become apparent when the long time limit is approached
(i.e., a A value sufficiently long for the diffusing species
to probe all of the geometry restricting it).

In this limit only the first term in eq 7 (i.e., the zero-
order eigenvalue) is relevant and consequently the
attenuation profile becomes independent of D. Hence,
the temperature independence of the diffractive minima
indicate that the size of the hyperstructures is temper-
ature independent. Thus, the diffusion measurements
provide evidence of the formation of large scale “hyper-

Poly(ethylene oxide)-Based Polymer Electrolytes 2791

structures” which infer both anomalous diffusion be-
haviors on the lithium ion and polymer but also re-
stricted diffusion effects. However, if the “walls” of the
restriction are not truly reflecting (i.e., porous), then,
at even longer A, the PGSE experiment will probe
motion on length scales greater than the restrictive
geometries and apparent free diffusion phenomena will
be observed (e.g., see the Li diffusion data in Figure 5)
as the effects of the short time restrictions will be
“smoothed out”.

The diffusion of the anions is quite different from
either the polymer or the lithium ion. The A dependence
of the apparent anion diffusion coefficient changes from
anomalous at shorter A to Fickian at longer A with the
point of transition being around A = 30 ms for the Li/O
= 0.1 samples. This corresponds to a mean squared
displacement of the anions of about 1 um—which is on
the length scale of the hyperstructures. The A depen-
dence of the diffusion is much less evident in the Li/O
= 0.05 samples. Thus, we presume that the addition of
the salt increases the microcrystallinity of the sample
and thus the greater A dependence of the diffusion in
the Li/O = 0.1 samples is a direct reflection of the
transient microheterogeneity present.

Conclusions

The cross-linked (poly(EO—PO))—LiN(SO,CF3); elec-
trolytes have both liquid and solid like properties, which
is to be expected as small perturbations in composition
and conditions can change the physical form from
amorphous to ordered states. The experimental data
lead to a picture of the lithium salt almost completely
dissociating in the polymer matrix. The lithium ions
induce the polymer molecules to form fluctuating hyper-
structures. Induced by the polymer segmental motions,
the rapidly hopping lithium ions undergo curvilinear
diffusion along the polymer chains within these hyper-
structures. However, the anions, which are rather
independent of both the polymer and lithium ions,
exhibit anomalous diffusion over certain length scales
due to the effects of diffusing through the microhetero-
geneous polymer network. We surmise that the time
needed for structural relaxation of these polymer elec-
trolytes before consistent NMR results can be obtained
is related to the formation and equilibrium of the
hyperstructures.

Appendix

When the short gradient pulse limit does not apply,
the attenuation can be calculated using a matrix
formulation?® in which the PGSE sequence is discretized
into 2N+1 intervals of length 7 (not the 7 in the
relaxation sequences) such that the total length of the
sequence is (2N + 1)z. Using this discretization we have

a=(N+ %)r (14)
and
5= (M + %)r (15)

hence, the total effective q is

Unet = (M + 1)g, = (M + 1)(27) 'ygr  (16)
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Onet = (M + 1)g, = (M + 1)(27)"1ygr, and the matrix
equation for the attenuation is

E = S@)[RA@IVR" MRA@)]VRS'(q) (17)

The matrices are given by

R, = exp(~Da,’7) (18)
S(a) =
F _4|sin(2rga) — 27qr cos(2rga)
\Y/ >3 k=0
271°q
— 27i * — JK+1/2(al(a')
VY22 (qo) VP [k 2mqa) —
N(q )() (1[(2 _ (2.7tq)2 [ K+l/2( q )
h 2n0ad, 3,(270a)] x>0
(19)
AK,A(Q) =
’SA(Q) k=0,1=0
S,(a) A=0,k=0
27 a 1/2
—_— j(‘) M3, 12003 1 2(051) X
\' NKN}Laka}{q
Y
Z}EK(K,A,) JK+172K+1/2(2ﬂqr) dl’ K, ﬂ, Zz= 0
K=
i (20)

where 1 is used a second index for labeling the eigen-
values (i.e., the same meaning as «).

&) A2k + 21 — 4k + 1 <2k (o)
a.,, \2+2L—2k+1

Bk, A) =

where

@ -1n
T

It is possible to evaluate the integral in eq 20 in terms
of a triple summation of hypergeometric and T" func-
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tions; however, it is more efficient to numerically
evaluate the equation as is.
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