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ABSTRACT: The ABA triblock copolymer poly(ethylene glycol) distearate (PEGD), average M, ca. 930,
complexed with lithium and sodium perchlorates has been studied by *H, Li, *3C, and ?°Na solid-state
nuclear magnetic resonance (NMR), SAXS, DSC, and polarized-light optical microscopy. Unlike other
solid polymer electrolytes, highly Li*-doped PEGD samples exhibit sharp "Li NMR quadrupolar powder
patterns even at temperatures well above the melting point, indicating that this triblock copolymer is
microphase separated and the dynamics in the PEG phase are anisotropic. Measurements of the 7Li
central transition line width in highly doped samples show three distinct line narrowings, due to the
poly(ethylene glycol) glass transition (~—20 °C), the stearate melting point of the polymer (~35 °C), and
an order—disorder transition (~72 °C). Na NMR measurements yield similar results. SAXS, DSC, and
optical microscopy with polarized light confirm the presence of a microphase-separated state up to ~72
°C. 13C and 'H NMR show that the segmental mobility in the ordered state is reduced compared to the
isotropic melt. The results confirm the previously proposed order—disorder model to explain the dependence

of the ionic conductivity on the lithium concentration for Li*-doped PEGD samples.

Introduction

The alkali metal ion doped ABA triblock copolymer
poly(ethylene glycol) distearate (PEGD), CH3(CH)16CO-
(OCH2CH3)n0,C(CH3)16CH3, average M, ca. 930, has
been studied during the past few years by several
experimental techniques including ionic conductivity,
thermal analysis (DSC), Raman spectroscopy, viscom-
etry, and NMR.1=5 The PEGD structure consists of two
nonpolar aliphatic stearate sections that have fairly
rigid crystalline structures and a more mobile phase
composed of the polar ethylene glycol segments. Un-
doped material has the consistency of a soft wax at room
temperature, undergoing a glass transition at —68 °C
and a melting transition to a viscous liquid around 35
°C. This material is promising for practical applications
due to enhanced mechanical properties with little
sacrifice of ionic conductivity.

The polar ethylene glycol segments can dissolve alkali
metal salts like lithium and sodium perchlorates, LiClO4
and NaClO4. The concentration of the alkali metal ions
(Me*), Li*T or Nat, in the sample is calculated as the
oxygen-to-Me™ ratio, y, where the oxygens considered
are only those of the ethylene glycol segments. The
thermal behavior, ionic conductivity, and liquid viscosity
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are known to depend strongly on the O/Me™" ratio.}35
As for other polymeric ionic conductors,® the doped
PEGD samples exhibit an increase in the glass transi-
tion temperature with increasing ionic concentration,
while the stearate melting temperature remains ap-
proximately constant.* The alkali metal ion (Li* or Na*)
concentration dependence of the ionic conductivity at
50 °C (above the polymer melting point) goes through a
very sharp peak, where the ionic conductivity reaches
values of approximately 8.0 x 10™* S/cm (for Lit—
PEGD) and 1.3 x 10~* S/cm (for Na*™—PEGD) for y =
9.145 For these ABA triblock ionic conducting copoly-
mers, a special model was proposed on the basis of the
order—disorder transition to explain the ionic conductiv-
ity behavior as a function of the alkali metal ion
concentration above the melting point.*>

To further explore this model, we have performed 1H,
Li, 18C, and %Na solid-state NMR measurements on
PEGD doped with Li™ and Na™ with several O/Me™
ratios. The temperature dependencies further elucidate
the relationships between the cation—polymer inter-
action and the bulk properties. Additionally, SAXS,
DSC, and polarized light optical microscopy experiments
have been conducted to complement the conclusions
obtained from the NMR experiments.

Experimental Section

Sample Preparation. Commercial poly(ethylene glycol)
distearate (PEGD), average M, ca. 930, lithium and sodium
perchlorates, all from Aldrich, were used as received for the
preparation of the samples. To obtain the desired ratios of
oxygen to Me*, the complexes were prepared by direct dis-
solution at 80 °C under vigorous stirring of appropriate
amounts of LiClIO, or NaClO, in PEGD.! The Li*- and Na*-
doped PEGD samples were prepared withy =5, 6, 7, 8, 9, 10,
11, 12, and 50. Immediately after preparation, the samples
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were encapsulated in sealed NMR tubes, SAXS sample hold-
ers, or DSC Al pans. For the sake of comparison, poly(ethylene
glycol) (average M, ca. 400) (PEG) from Aldrich was also doped
with an oxygen-to-Li* ratio equal to 5.

Polarized Light Microscopy (PLM). PLM pictures were
obtained using a Leica DMRXP polarized light microscope and
a hot stage Linkam THMS 600.

Differential Scanning Calorimetry (DSC). DSC mea-
surements were performed with 10 mg samples loaded in Al
pans on a DuPont Instruments DSC 2910 equipment. Samples
were heated at 10 °C/min from 10 to 90 °C.

Small-Angle X-ray Scattering (SAXS). SAXS measure-
ments were carried out utilizing a Rigaku 18 kW rotating
anode (Cu target), using the Ni-filtered Cu Ko line (1.54 A),
and a Siemens area detector.

Solid-State NMR. Static *H, 7Li, #C, and *Na NMR
spectra were recorded between —100 and 90 °C at 2 T using a
TECMAG LIBRA system and a variable temperature double-
resonance Doty probe. For all nuclei the static spectra were
obtained from the Fourier transform of the free induction
decays (FIDs) following a single 8 us /2 excitation. The “Li
and 2°Na spectra were acquired without proton decoupling,
while the 3C spectra were always obtained with proton
decoupling. The line widths are reported as full widths at half-
height and will be referred simply as the line width, Av. Magic-
angle spinning was employed for the temperature-dependent
13C experiments dedicated to measure the isotropic chemical
shift and spin—lattice relaxation below the PEGD melting
point. The 7Li and 2Na spin—lattice relaxation times T; were
measured by the inversion—recovery method.” Proton decou-
pling was used during 7Li and ?Na FID acquisitions to
improve the sensitivity of the experiment, thus allowing T:
measurements over an extended temperature range. Special
care was taken to avoid the sample heating due to radio-
frequency irradiation by using pulse sequences with long
repetition times (>3 s) and minimizing the number of scans.

Results and Discussion

Polarized Light Microscopy (PLM). The PLM
photographs, shown in Figure 1, for the pure and doped
(y = 5 and 16) PEGD indicate the presence of crystal-
linity below the melting point (~35 °C) for all samples.
Figure 1 also shows that, only for the sample with
higher lithium concentration (y = 5), order persists
above the melting point of 35 °C, and transmitted light
remains visible until above 80 °C.

Differential Scanning Calorimetry (DSC). Figure
2 shows the DSC thermograms recorded in the range
10—-90 °C for pure and Li*-doped PEGD samples with
y =5 and 16. It shows the characteristic DSC behavior
of pure PEGD, where the large endotherm peak at 42
°C corresponds to the melting of the crystalline regions.
For relatively low Li™ concentration (y = 16), similar
behavior is also observed. However, for the highest Li*
concentration (y = 5) an additional small transition
appears at 72 °C, which indicates order induced by the
high lithium concentration (y < 9).

A more detailed DSC study of the glass transition of
pure and Li*- and Na*-doped PEGD samples was done
elsewhere,* indicating that the presence of alkali metal
ions displaces the glass transition to higher tempera-
tures. These data will be compared with the glass
transition temperatures obtained from 7Li line width
measurements.

Small-Angle X-ray Scattering (SAXS). The SAXS
data, shown in Figure 3, indicate diffraction peaks
around 260 = 2.1° at the temperature of 50 °C, demon-
strating the presence of long-range order with a long
period of 40—43 A for the Li*-doped samples (y =5, 7,
9, 12, and 16) above the stearate melting point. This
peak is absent for the pure sample. In the same figure,
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Figure 1. Polarized optical microscopy pictures below and
above the melting point (35 °C) for pure PEGD and two Li*-
doped PEGD materials (y = 5 and 16).
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Figure 2. Differential scanning calorimetry traces for pure
and for Li*-doped (y = 5 and 16) PEGD materials. Samples
were heated at a rate of 10 °C/min.

it can also be observed that the peaks for samples with
y = 9 are both weak and broad, indicating the lack of
strong ordering (disorder). The disorder for the samples
with low lithium concentration (y > 9) is consistent with
the absence of birefringence observed by PLM. Fory <
9, the peaks are very intense and narrow, indicating a
high degree of order. This order—disorder transition
around y = 9 occurs at the same lithium concentration
as the previously observed peak in ionic conductivity
at 50 °C.1-5

Figure 4 shows the temperature dependence of the
SAXS diffraction intensities around 2.1° for the pure
and doped samples (y =5, 7, 9, 12, and 16). As can be
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Figure 3. SAXS curves of pure and Li*-doped (y =5, 7, 9,

12, and 16) PEGD at 50 °C. The small-angle X-ray patterns
indicate an order—disorder transition around y = 9.
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Figure 4. SAXS peak intensities of pure and Li*-doped PEGD
(y=5,7,9, 12, and 16) vs temperature.

seen for samples with y > 9, the SAXS patterns show
weak and broad lines (disorder) well above the melting
temperature (35 °C). In the case of samples withy < 9,
the SAXS patterns are very intense and narrow, indi-
cating order up to temperatures well above the stearate
melting temperature. The intense and narrow SAXS
peaks persist up to a doping-dependent temperature.
The apparent order—disorder transition occurs at 52
and 84 °C for samples with y = 7 and 5, respectively.

“Li NMR. "Li is a spin-3/, nucleus and therefore has
a quadrupole moment which in an electric field gradient
produces a quadrupole satellite splitting, vq (see Figure
5). In an isotropic melt, motional averaging removes this
splitting. Below the glass transition temperature, the
Li spectra for all Lit-doped PEGD samples exhibit only
a broad line. Above the glass transition and below the
melting temperatures, additionally to the central tran-
sition, it can be also observed for all Li*-doped PEGD
samples a typical quadrupole powder pattern associated
with the satellite splitting (see Figure 5). However,
above the melting temperature, only the samples with
y =< 9 show the satellite splittings. Therefore, the
observation of a quadrupole splitting above the melting
is proof of anisotropic dynamics for some of these
samples (y < 9). In contrast, the doped PEG (y = 5)
exhibits only the central transition at all temperatures
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Figure 5. 7Li spectra showing the typical quadrupole powder
pattern obtained at three different temperatures, below (30
°C), around (37 °C), and above the melting point (42 °C) for
PEGD and PEG, both with y = 5.

used in this study. Typical Li spectra of Li™-doped
PEGD and PEG are shown in Figure 5.

The “Li central transition line width, Av, the spin—
lattice relaxation rate, T;1, and the quadrupole split-
ting, vo, were studied as a function of temperature from
—100 to 90 °C for samples with various y values. Typical
results of these temperature dependences are shown in
Figure 6 for PEGD and PEG, both with y = 5. Measure-
ment of the “Li central transition line width for PEGD
with y = 5 shows three steps at —20, 35, and 72 °C.
The first two transitions, at —20 and 35 °C, are
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Figure 6. Temperature dependence of the “Li spin—Ilattice
relaxation rate and line width for PEGD and PEG, both with
y =5.

associated with the peaks observed in the DSC traces
that are attributed to the PEGD glass transition, Ty,
and the melting point, Ty, respectively. The transition
occurring around 72 °C corresponds to the transitions
also observed by DSC and SAXS, which were assigned
to the order—disorder transition. The results of the "Li
spin—lattice relaxation rate measurements for the
central transition are also shown in Figure 6 for the
same samples, where they were plotted as (#T;)™! in
order to estimate the “Li line broadening due to the
maximization of the relaxation rate ((zT1)"* ~ Av).” The
maximum ‘Li spin—lattice relaxation rate for PEGD
with y = 5 occurs around 17 °C and is a factor of 10
less than the line width. Thus, the contribution from
spin—Ilattice relaxation rate to the line width is negli-
gible. This is in contrast with 22Na NMR of the polymer
complexes prepared with sodium instead of lithium,
shown below. The 7Li line width measurements vs
temperature for PEG homopolymer with y = 5 show no
steps above 10 °C.

Similar “Li line width and spin—lattice relaxation
temperature dependences were also observed for PEGD
samples with y = 6 to 12 and 50 (Figure 7). Glass and
melting transitions can be readily observed in almost
all samples. The third transition, assigned to the order—
disorder transition, was also apparent for the samples
with y = 6 and 8, around 64 °C. This transition was
also faintly distinguishable for the sample y = 7, though
mixed with the end of the melting transition around 55
°C. As shown later, the third transition for the sample
y = 7 will be confirmed through the quadrupolar
splitting data. Consistent with the PLM and DSC data,
samples with y > 9 did not show the third transition
associated with an order—disorder transition. It can be
also observed from Figure 7 that the presence of the
alkali ion affects the polymer chain motion,* where the
glass-transition line-narrowing phenomenon is dis-
placed continuously to higher temperatures with the
decrease of the oxygen-to-Li* ratio.

The strongest “Li line width change shown in Figure
7 can also provide the glass-transition temperatures.
This parameter was obtained as the inflection point (on
a linear scale) of the 7Li line width curve and termed
Ty "® in order to differentiate it from the DSC T,. For
samples with y ranging from 9 to 50 the maximization
of the spin—Ilattice relaxation rate slightly broadens the
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Figure 7. Temperature dependence of the “Li spin—lattice
relaxation rate and line width for PEGD samples with (a) y =
6, 7, and 8 and (b) 9, 12, and 50.
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determined from DSC and “Li NMR experiments. For the sake
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“Li line width (Figure 7b). Another parameter obtained
from Figure 7 is the temperature where the spin—lattice
relaxation rate reaches a maximum, Tmax. Both TH™®
and Tmax are plotted in Figure 8 together with the glass
transition temperatures obtained from DSC experi-
ments in order to show the correlation between both
techniques. As observable in Figure 8, a greater lithium
concentration results in both higher glass transition
temperatures and Tmax, indicating that the complexation
between lithium and the PEG block decreases the
polymer mobility.5
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the 7Li spin—Ilattice relaxation rate measurements vs temper-
ature and the ionic resistivity obtained elsewhere.l*

The activation energy, E, is another important
dynamic parameter that can be indirectly obtained from
the NMR data. This parameter can be estimated using
the Bloembergen, Purcell, and Pound (BPP) model and
the Arrhenius law.8-11 Using the well-known procedures
for the determination of the activation energies,'2714 E,
can be evaluated for the spin—lattice relaxation process.
To compare E, with the conductivity measurements
done at 50 °C, the values of E, were calculated for
different y values from T171 in the temperature interval
above Thax. The y dependence of these activation ener-
gies shows a strong correlation with the ionic resistivity
reported elsewhere, >4 as shown in Figure 9. It is well-
known that the cation (Li*) mobility is directly modu-
lated by the polymer chain dynamics,1215-2% and there-
fore ionic conductivity is mainly confined to the amor-
phous phase. Ratner and co-workers?* have proposed a
model for long-range transport of cations in polymer
electrolytes based on the cation percolation between
different sites along the polymer backbone. In this
dynamic bond percolation theory, the available sites are
constantly appearing and disappearing because of the
rapid transformations of the polymer. Therefore, making
and breaking of cation—ether oxygen bonds at a high
rate is necessary for high cation mobility. For this
reason, it is very important to suppress the crystalline
phase or local order of the solid polymer electrolytes and
use them well above the glass transition, where the
polymer mobility is very high.?223.25 From this point of
view, one should expect a strong correlation between
the activation energy necessary to thermally activate
the ion motion (or polymer dynamics) and the ionic
resistivity, both measured in the same temperature
range. The higher the activation energy, the higher is
the resistivity of the ionic conductor, like it was dem-
onstrated in Figure 9.

The temperature dependence of satellite quadrupole
splitting vq is shown for all samples in Figure 10. In
particular, the quadrupolar splitting information for the
sample with y = 5 was obtained in greater detail. In
general, the satellite quadrupolar lines become visible
around 10 °C, when the central transition line width
falls below approximately 100 Hz due to the onset of
motional narrowing above the glass transition (Figures
6 and 7). Taking as an example the PEGD sample with
y = 5, this low-temperature splitting starts at a value
of 770 Hz and slowly increases with temperature up to
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Figure 10. 7Li quadrupolar splitting as a function of tem-
perature for PEGD samples withy = (a) 5, 6, 7, (b) 8, 9, 10,
and (c) 11, 12, 50. Note the coexistence of two splittings near
35°Cfory=5and?7.

a value of 935 Hz near the 35 °C melting point, around
which the spectra begin to show simultaneously an
additional pattern with a smaller splitting of 555 Hz
(Figure 10). Inside the melting region, the splitting of
this additional satellite quickly increases to about 730
Hz around 43 °C and then remains slightly constant
above the melting point up to 72 °C, when it collapses.
The biphasic behavior observed in a narrow tempera-
ture range around the melting temperature is not
unexpected in this polydisperse material. Temperature
gradients can be ruled out as a possible explanation
because the NMR tube is small, and the observed
splitting did not change even after extended time. In
fact, all the spectra were acquired after hundreds of
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Figure 11. Temperature dependence of the 22Na spin—lattice
relaxation rate and line width for PEGD with y = 6.

scans with recycle delays of seconds. The possible
explanation for this biphasic behavior is the coexistence
of the crystalline (stearate) and long-range order (in-
duced by Li") phases around the melting temperature.
We do not have an explanation for the observed increase
of the satellite quadrupole splitting with temperature,
in the interval below and around T,. However, similar
behavior was observed and discussed in the ref 26 for
crown ether—salt complexes. In that case, in the tem-
perature range 27—87 °C, the quadrupole coupling
constant increased steadily with rising temperature
from 60 to 68 kHz. Halstead,?” in a study of atomic
motion in LiNbOg3, generalized that an increase in the
quadrupole coupling constant of a light atom is to be
expected if the environment of the nucleus is such that
it can vibrate anisotropically. However, there also exist
other mechanisms to cause a positive temperature
dependence: (a) a change in the electric field caused
by changes in the atomic coordinates, (b) a change in
the electric field caused by a modification in the electron
density distribution, or (c) a change in the time average
of the electric field gradient as sampled by the moving
nucleus.

Above the melting point, these reduced satellite
splittings disappear for all samples with y > 9 and
remain visible for all samples with y < 9. The satellite
splittings observed above the melting point for samples
with y < 9 remain essentially constant with tempera-
ture, until they collapse around 46, 50, 59, 72, and 72
°C for the samples withy =9, 8, 7, 6, and 5, respectively.
This shows that the temperature of the collapse of the
satellite lines increases with the lithium concentration.
The satellite splittings observed below the melting point
for the samples with y < 9 also show a y-dependent
temperature collapse around the following values 28,
32, and 36 °C for the samples with y = 50, 12, and 11,
respectively.

The information obtained from the temperature de-
pendence of the quadrupole satellites is completely
consistent with the DSC and SAXS observations, con-
firming the order—disorder transition.

25Na NMR. The 28Na spectra consist, for all temper-
atures, of single broad featureless Gaussian-shaped
lines. The typical temperature dependence of the line
width and spin—lattice relaxation rate of this single
broad line is shown in Figure 11 for the sample with y
= 6. It shows two distinct transitions around the
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following temperatures: —10 and 45 °C, which are
related to the glass transition and to the strong maxi-
mization of the 22Na spin—Ilattice relaxation rate, re-
spectively. This behavior was observed for all Na*-doped
samples. The effects of the sodium concentration on
To"R, Tmax, and Na* ionic conductivity are similar to
those observed for Lit-doped samples.

13C NMR. Although “Li and 2Na NMR are important
for characterizing the polymer—cation complex dynam-
ics pertaining to ionic conductivity, 13C NMR is better
suited for characterizing the polymer—cation interac-
tions and polymer host dynamics. The static direct-
polarization 13C NMR spectra for pure and highly Li*-
doped (y = 5) PEGD, recorded in the viscous liquid
phase at 90 °C, are shown in Figure 12. In both spectra,
two main resonances near 30.5 and 71.0 ppm, relative
to TMS, are clearly seen. These lines correspond to CH;
aliphatic carbons, associated with the nonpolar hydro-
carbon chains, and to the polar —CH,CH,O— groups on
the ethylene glycol segments, respectively. Weaker
resonances related to the less numerous carbon nuclei
on the chain ends and connecting sites are also observed
but will not be discussed.

A slight decrease of the isotropic chemical shift of the
—CH,>CH,0— resonance is the main difference observed
due to the presence of the cation Li*. This effect is
consistent with observations in similar polymer ion
complexes,?8 where the cation Li* is associated with the
ether oxygens in the ethylene glycol chain. To further
investigate the effects of the lithium concentration on
the 13C isotropic chemical shift, this parameter was
studied as a function of the oxygen-to-Li™ ratio, y. The
results of these measurements are plotted in Figure 13.
For reference, the same measurements were carried out
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Figure 14. Changes in the line widths of the two 13C
resonances —CH,CH,O— and CH; as a function of temperature
for pure and LiT-doped (y = 5) samples.

Zb ppm'

for the —CH,CH,0O— group of PEG. A small reduction
in the —CH,CH,0O— carbon isotropic chemical shift of
PEGD and PEG is seen to follow the increase in lithium
concentration. No modifications are observed for the
chemical shift of the CH, group of PEGD vsy.

Since the presence of the alkali ion is expected to
affect the polymer chain motion, as was observed by the
7Li line width measurements as a function of the
temperature vs y (see Figures 7 and 8), a comparative
study was made between the thermal behavior of the
pure and the doped PEGD (y = 5) samples observing
both lines from CH,, (stearate) and —CH,CH,O— (PEG)
groups. Typical spectra at selected temperatures from
10 to 90 °C are shown in Figure 14 for both samples.
The higher mobility of the polar ethylene glycol seg-
ments is apparent from the behavior of the pure sample
near the melting temperature (Figure 14a). In fact,
although a single peak in the DSC curve around 35 °C
is associated with the melting point of the bulk material,
it is clear from the —CH,CH,O— carbon line width that
the ethylene glycol segments become highly mobile
before the more rigid hydrocarbon structure. A further
narrowing of the —CH,CH,0— line, due to the coopera-
tive motion, occurs above the melting of the stearate
phase. Figure 14b shows a similar behavior, although
in this case the high lithium ion concentration reduces
the polar segment motion, making the widths of the two
lines comparable below the melting point. At higher
temperatures, larger line widths in the y = 5 material,
relative to pure PEGD, indicate reduced mobility. This
is due to the decreased mobility of the PEG segments
due to its interaction with Li*. Below 75 °C, the residual
order of the LiT-doped copolymer, which was observed
by the various techniques used in this study, also
interferes with complete isotropic averaging of the 13C
lines.

Additional significant information obtained from the
13C measurements was the observation of the confor-
mational y-gauche effect for the methylene groups in
the aliphatic PEGD structures.?® Figure 15 shows the
thermal behavior of the isotropic chemical shifts and
spin—lattice relaxation rates of both the CH; and
—CH,CH,0— lines of the sample PEGD withy = 7. As
can be noted, the melting of the stearate phase occurring
around 26 °C is observed not only from the change of
the isotropic chemical shift (Figure 15a) but also from
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Figure 15. Conformational y-gauche effect in Li*-doped
PEGD (y = 7) observed from 3C isotropic chemical shift and
spin—Ilattice relaxation rate. The —CH,CH,O— 13C isotropic
chemical shift and spin—lattice relaxation rate were labeled
with different symbols above (O) and below (®) 26 °C in order
to distinguish the behavior of both lines.

the strong modification of the spin—lattice relaxation
rate (Figure 15b).

IH NMR. 'H NMR is also useful for characterizing
the polymer host dynamics. The static direct-polariza-
tion 'H NMR spectra for the Li™-doped (y = 5) PEGD
sample, shown in Figure 16, were recorded for several
temperatures above the melting point, from 37 to 90 °C.
There are two main lines in the spectrum obtained at
90 °C, near 1.7 and 4.2 ppm relative to TMS. These lines
correspond to the CH; aliphatic carbons and to the polar
—CH,CH,0— groups, respectively. The H spectra
observed below the melting point consist of a single
broad line and are not shown. As can be seen from the
sequence of temperature-dependent spectra in Figure
16, both lines are broad in the temperature interval
from 37.0 to 67.5 °C, where "Li NMR, SAXS, and DSC
data indicate the presence of order in the material. At
and above 75 °C, where the material is disordered, both
lines become narrower. This indicates that the long-
range order below 75 °C inhibits the segmental mobility
of the polymer, as also confirmed by “Li and 3C NMR.
The strong correlation among the H, 7Li, and 3C NMR
temperature-dependent measurements is not unex-
pected because cation dynamics is promoted by the
segmental motion of the polymer host.12.15-23

Relation between Microscopic Structure and
lonic Conductivity. With increasing Li™ concentra-
tion, i.e., decreasing y, the ionic conductivity at 50 °C
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Figure 16. 'H NMR spectra (without sample rotation) for Li*-
doped (y = 5) PEGD recorded at 37.0, 67.5, 75.0, and 90 °C.

increases steeply but continuously up to y = 9. After
that point, it drops abruptly by 40% and decreases
further with decreasing y.# In this work, we found that
at 50 °C an ordered phase is present below y = 9. This
is evidence that the order in the triblock copolymer
decreases the ion diffusivity. This may be due to the
tortuosity of the ordered structure and/or due to the
reduced segmental mobility in the ordered phase, which
was detected by 'H NMR.

Conclusions

Unlike other solid polymer electrolytes,® the spectra
for highly Li*-doped PEGD (y < 9) show sharp “Li
quadrupolar powder patterns even at temperatures well
above the polymer melting point. The continued pres-
ence of quadrupolar powder patterns is attributed to
anisotropic dynamics resulting from order in the triblock
copolymer that remains until approximately 72 °C for
the sample with y = 5, indicating residual dynamic
anisotropy in the PEG phase. The residual quadrupole
powder pattern is not present in systems over the
critical value of y = 9. Optical microscopy with polarized
light and DSC confirm the presence of order above the
melting point for the sample with the highest lithium
concentration (y = 5). SAXS shows a microphase sepa-
ration between the melting point and the order—
disorder transition at 52 °C fory =7 and 84 °C fory =
5. Important for polymer electrolyte applications, the
order present in the triblock copolymer with y < 9
decreases the segmental mobility, increases the tortu-
osity, and reduces the ionic conductivity. These results
support the use of an order—disorder model** to explain
the previously reported dependence of ionic conductivity
on Li* concentration in these samples.!
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