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Complex impedance/electrical conductivity, differential scanning calorimetry and ’Li nuclear magnetic resonance measure-
ments on poly(propylene oxide) complexed with two lithium salts LiIN(SO,CF;), and LiAsF,, with compositions of eight ether
oxygens per lithium, are reported. Ionic mobility, as probed by NMR linewidth and spin-lattice relaxation measurements, is
strongly coupled 10 polymer segmental motion above T. The electrical conductivity for PPOsLiAsF, is about an order of magni-
tude smaller than for PPOSLiN (SO,CF;),. This is a consequence of the higher glass transition temperature for PPOgLiAsF,. The
stretched exponential parameter f,., obtained in fits to electric modulus data, was found to be about 0.51 for PPOgLiN (SO,CF;),

and 0.57 for PPOgLiAsF,.

1. Introduction

Polymer electrolytes are currently the focus of
much attention as potential electrolytes in lithium
secondary batteries. The nature of the ion aggrega-
tion phenomenon in these materials remains the
subject of great controversy. As a contribution to
further understanding of this phenomenon a fun-
damental study of ion-polymer and ion-ion inter-
actions in poly (propylene oxide) (PPO) complexed
with two technologically important salts, lithium im-
ide, LIN(SO,CF;),, and lithium hexafluoroarsen-
ate, LiAsF,, has been undertaken. These salts are
electrochemically very stable and have been exten-
sively studied in liquid electrolytes, although much
less so in solid polymer electrolytes.

Poly (propylene oxide ) has been widely studied as
a model system for fundamental studies of solvent-

! Current address: Arthur D. Little, Inc., Acorn Park, Cam-
bridge, MA 02140-2390, USA.

free polymer electrolytes because it forms relatively
homogeneous, non-crystalline polymer-salt com-
plexes [1,2]. Nuclear magnetic resonance (NMR)
measurements of cation nuclei, in particular "Li and
23Na have been proven to be of value in probing cat-
ion—polyether and, in some cases, cation-anion in-
teractions [3]. Further advances in understanding
the ion transport mechanism and ion aggregation in
PPO-salt complexes have resulted from analysis of
complex impedance data either via traditional elec-
trical conductivity or via the electric modulus rep-
resentation [4]. In this study the ion—-polymer and
the ion-ion interactions of LiN(SO,CF;), and
LiAsF¢ complexed with PPO are investigated via
NMR measurements of the cation nuclei. differen-
tial scanning calorimetry (DSC), and electrical
impedance measurements.

0167-2738/94/$ 07.00 © 1994 Elsevier Science B.V. All rights reserved.
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2. Experimental

As in previously reported studies of PPO com-
plexes [5], Parel-58 (Hercules, Inc. ), which consists
primarily (about 95 wt.%) of high molecular weight
PPO, was employed as the host polymer. Appropri-
ate mixtures, corresponding to a ratio of 1:8 Li:O,
of PPO and lithium salt (imide salt obtained from
3M, and hexafluoroarsenate obtained from Lithco)
were dissolved in acetonitrile (Alfa) and poured into
shallow teflon dishes. Prior to use, the acetonitrile
was distilled and the Li salts were dried under vac-
uum at 333 K for 48 h. Most of the solvent was re-
moved by room temperature evaporation under par-
tial vacuum (~20 mm) and the final preparation
step consisted of heating the samples to 333 K under
roughing vacuum for 72 h. Lower drying tempera-
tures for longer periods are preferred for PPO com-
plexes, which are known to exhibit salt-precipitation
at higher temperatures [6]. A third sample for ad-
ditional NMR measurements, PPOgLiClO,, was pre-
pared in the same manner as the other two. Details
concerning the DSC measurements, performed on
TA Instruments Thermal Analysis console, are the
same as described elsewhere for other materials [6].
'Li NMR relaxation and line width measurements
were performed on a JEOL GX-400 NMR spectrom-
eter according to procedures given in a previous pa-
per [7]. Finally, the complex impedance measure-
ments were carried out in a cell designed for liquids
described in detail elsewhere [8]. The
PPQO;LIN (SO,CF,), sample was formed into the cell
at about 423 K in a vacuum oven which had the sec-
ondary purpose of further drying the sample. The
PPO;LiAsF, sample was formed into the cell in situ
at only 380 K since decomposition of the material
was found to occur at higher temperatures. Each
sample was subsequently transferred to the vacuum
dewar where the electrical measurements were car-
ried out.

3. Results and discussion
3.1. DSC

DSC thermograms (recorded at 10 K/min) for
PPOLiN (SO,CF,),; and PPOLiAsF, are shown in

fig. | along with the results for the host material. It
is apparent that the central glass transition temper-
ature is about 259 K for PPO3LiN (SO,CF;), and
about 291 K for PPOg4LiAsF. The latter T is typical
of PPO-salt complexes with an 8:1 O:Li or O:Na
ratio. For example, the central 7, in PPOgLiCIO, is
281 K [4]. For comparison, T in uncomplexed PPO
is 213K [5]. The elevation in T, upon complex for-
mation is a well known phenomenon in polymer
electrolytes [1,2]. It is apparent from fig. 1 that some
overshoot (an apparent endotherm) is observed just
above the glass transitions of the polymer-salt com-
plexes. This feature is commonly observed when the
heating rate is different from previous cooling or
heating rates that the material has experienced. Con-
sequently, this feature is not considered further in
the context of the present investigation. The
PPO;LiN(SO,CF;), complex having a very low glass
transition temperature is consistent with the well
known “plasticizing” ability of the imide anion. Pre-
viously reported data on LiN(SO,CF;),-containing
polymer electrolytes in the literature concern
poly(ethylene oxide)-based electrolytes which are
typically semi-crystalline complexes [9]. These
LiN(SO,CF,),-poly (ethylene oxide) (PEO) com-
plexes exhibited both higher amorphous contents and
lower glass transition temperatures than analogous
PEO-based materials containing the same concen-
tration of other salts such as LiClO,. In the case of
PPOgLiN(SO,CF;), the apparent “plasticizing”
ability of the anion can be directly observed without

<--- Endotherm

2 1 1 1
150 200 250 300 350

T(K)

Fig. 1. DSC thermograms (scan rate 10 K/min) for: (a) uncom-
plexed PPO, (b) PPOLIN(SO,CF,); and (¢) PPOgLiAsF,.
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the additional morphological effects observed in PEO
complexes of the salt. For a fixed salt concentration,
effects of changing the anion on T, are commonly
observed, if not always well understood. For exam-
ple, PPOg-salt complexes have 7;’s which vary from
a minimum of 259 K in the present LiN (SOQ,CF;),
sample to 306 K for a NaB(CgH;), complex [4].
The idea of “‘transient crosslinking™ of polyether seg-
ments by cations, which is invoked to explain the 7,
elevation phenomenon referred to earlier [1,2], can
be extended to anions when cation-anion interac-
tions are significant. The low T of the PPO-imide
material may be attributed to both the flexibility of
the anion and the greater degree of ionic dissociation
in the complex, relative to other salts. Reduced ionic
association in imide relative to other lithium salts
has been demonstrated in liquid electrolytes [10]. It
is assumed that the imide salt retains this property
in solid PPO complexes. Because ion pairing effects
can contribute to structural rigidity in polymer elec-
trolytes, it is reasoned that these effects contribute to
the higher T,’s of PPO complexed with other salts
(besides the imide), along with the more rigid and
symmetric structures of the other anions.

3.2. Complex impedance

The resuits of typical complex impedance mea-
surements are shown in fig. 2. The bulk dc resistance
was deduced from such plots and transformed to

20

101

2" (MOhms)

+

0 10 20 30 40
Z' (MOhms)

Fig. 2. Audio frequency complex impedance data for
PPO,LiN (SO,CF,); at 275.1 K. The frequencies of the datum
points from right to left begin at 10 Hz and increase in approxi-
mately equal logarithmic intervals with 4 frequencies per decade.
The triangle represents the dc resistance and the plus sign desig-
nates the center of the Cole-Cole arc.

electrical conductivity using the appropriate geo-
metrical factor for each sample. The resultant elec-
trical conductivity as a function of temperature is
shown by the squares in figz 3 for
PPO4LiN(SO,CF;), along with the apparent ac
electrical conductivity, represented by the line seg-
ments. At high temperatures the dc conductivity is
larger than the apparent ac conductivity because
blocking electrode effects act to decrease the latter at
the lowest frequencies. At low temperatures, the ac
conductivity is larger than the dc conductivity be-
cause additional loss processes intrinsic to the ma-
terial, such as dielectric relaxation (described in more
detail later), begin to contribute to the apparent ac
conductivity. The dc conductivity values extracted
from the complex impedance analysis exhibit the ex-
pected VTF or WLF behavior [11-13] and were fit-
ted by the equation:

o=AT " 2exp[—-E,/k(T-To)] . (1)

The data and best-fit VTF equation are replotted in
fig. 4. The best fit parameters were found to be
Tp=213.7K, E,=0.105 eV, and log,(A4) = 1.04 with
an rms deviation in log;o(og) of 0.0084. Conse-
quently, T, is found to be 45 K below the central glass
transition temperature, as determined by DSC. This
is not unusual since T, — Ty is typically 40-50K [6].

With the exception of much lower conductivity,
the results for PPOgLiAsF are similar in appearance

-3
= -5
€
o
g 7
<
=
T
o -9
g
— K
- - N 4
1 DN
.13 — L L
2.5 2.8 3.1 3.4 3.7 4.0

1000/T ( K')

Fig. 3. Arrhenius plot for the electrical conductivity of
PPOLiN(SO,CF,),. The lines are: short dash 10 Hz; chain link,
100 Hz; thin solid, 1000 Hz; long dash, 10000 Hz; thick solid,
100000 Hz. The squares are the dc conductivity as deduced from
complex impedance analysis.
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Fig. 4. Arrhenius plot for the dc conductivity obtained from com-
plex impedance analysis for PPOgLiN(SO,CF;),. The solid line
is the best-fit VTF equation (eq. (1)).

to those for PPOsLiN(SO,CF;), and consequently
are not plotted. The resultant best fit VTF param-
eters (eq. (1)) were found to be T,=231.5 K,
E,=0.139 eV, and log;o(4)=1.56 with an rms de-
viation in log;q(g) of 0.012. Consequently, T, is
found to be about 59 K below the central glass tran-
sition temperature, as determined by DSC. While this
value is somewhat large, it is not unreasonable.
For completeness, the WLF equation:

logo[a(T)/0(Ty) ]

=[CUT-T) 1/ G+ (T-Ty)] (2)
and equivalent “standard” VTF equation:
o=A"exp[-E,/k(T-Tp)] (3)

were also best-fit to the data, Using the central glass
transition  temperature of 259 K for
PPORLIN(SO,CF,;),, the WLF parameters in eq. (2)
were found to be C;=11.5, C,=44.4, and
log,0(0(T;))=—11.8. The *“standard” VTF param-
eters were T,=214.6K,E,=0.101 eV, and
log1o(A’)=—0.335. The rms deviation is 0.0077.
Using the central glass transition temperature of 291
K for PPO,LiAsFs, the WLF parameters in eq. (2)
were found to be C,=11.6, C,=58.8, and
logio(o(Ty) )= —11.5. The “standard” VTF param-
eters were 7T,=2322 K, E,=0.136 eV, and
logo(A’)=0.177. The rms deviation is 0.012.

The impedance data were converted to electric
modulus as described elsewhere [4]. Some of the

electric modulus results for the imide complex are
shown in fig. 5 where they are plotted versus tem-
perature. Data at thirteen other frequencies between
10 and 100000 Hz were also obtained. In fig. 5, two
peaks are observed: a weak peak occurring at low
temperatures, and strong peak occurring at higher
temperatures. The weak peak is attributed to dielec-
tric relaxation in the material. As discussed above,
this relaxation is at least in part responsible for the
difference between the dc and ac conductivities at
low temperatures. This peak will not be considered
further in the present paper. The strong peak, which
occurs at higher temperature, is the conductivity re-
laxation. In order to characterize this peak further,
the data were transformed into frequency plots such
as that shown in fig. 6, where the electric modulus is
plotted as a function of frequency at a fixed tem-
perature (275 K). A stretched exponential [14] was
best-fit to the central nine datum points as described
elsewhere [4]. The stretched exponential parameter,
Bes was found to be about 0.51 for
PPOGLIN(SO,CF;), and 0.57 for PPO;LiAsF,.
Electric modulus plots obtained at other tempera-
tures (not shown) yielded essentially the same S,
results. The value for PPOgLiN(SO,CF,), is close to
the temperature-independent value of about 0.48
which was reported for seven of eight different salts
in PPO [4]. The value for PPOgLiAsF; is somewhat
higher than expected.

The ionic conductivity mechanism in both the

0.08
0.06
s 004
0.02
0.00
50

T{K)

Fig. 5. Electric modulus versus temperature for

PPOGLIN(SO,CF;),. Straight line segments connect the datum
points.
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0.08 T T T T '—}

0.06
S 004

0.02

0.00

0.5 1.5 2.5 3.5 4.5 5.5
1og,,(f(Hz))

Fig. 6. Electric modulus versus frequency for PPO,LiN (SO.CF,),
at 275.1 K. The solid line is the best-fit stretched exponential
function.

LiAsF¢ and LiN (SO,CF), PPO complexes appears
to be unexceptional, compared to other amorphous
polymer electrolytes, given the typical values for the
best-fit §,. parameter for the conductivity relaxation
in the imaginary part of the electric modulus and the
observed values of T,—T,, as well a5 the observed
VTF behavior of the ionic conductivity. The dc con-
ductivity of the LiAsFs complex (not shown) is about
an order of magnitude smaller than that of the
LiN (SO,CF;), complex over the entire temperature
range measured. Due to the similarities in their con-
ductivity and modulus behaviors, the higher con-
ductivity of the imide complex is attributed primar-
ily to its lower T (and its correspondingly lower 7).
However an additional contribution to conductivity
enhancement from reduced cation-anion interac-
tion in the imide is also possible.

3.3. NMR

The 'Li NMR spectrum of PPO4LiN (SO,CF;), at
218 K, well below T, is shown in fig. 7. The spec-
trum is characterized by ~20 kHz shoulders flank-
ing a ~6 kHz (full width at half maximum) central
line, the latter associated with the + 1/2 central tran-
sition while the shoulders correspond to a distribu-
tion of satellite transition (+3/2< +1/2) frequen-
cies. This distribution is attributable to the
heterogeneous Li-polyether oxygen environment as-
sociated with the amorphous polymer complex. The

60 40 20 0 20 40 60
kHz

Fig. 7. 'Li NMR spectrum of PPOsLiN(SO,CF;),at 218 K.

Fig. 8. Temperature dependence of the 'Li NMR central transi-
tion linewidth in PPOGLIC:0, (+). PPOgLiAsFs (). and
PPOLIN (SO,CF;), (O).

low temperature NMR spectrum is essentially un-
changed until approximately T, at which point the
satellite transitions vanish and the central transition
begins to narrow. The temperature dependencies of
the NMR central linewidths for the two polymer
complexes (imide and hexafluororsenate ) and a third
sample, PPOgLiClO, are displayed in fig. 8. The on-
set of motional line-narrowing of the imide complex
clearly occurs at lower temperature than in the other
two samples, in accord with the lower T of the first
material. Motional narrowing is attributed to mod-
ulation of the "Li-'H (the protons are, of course, in
the polyether chain) magnetic dipole~dipole inter-
action resulting from polymer segmental motion
above T. Similar results for Li salt-polyether com-
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Fig. 9. Arrhenius plot of "Li spin-lattice relaxation times for

PPO,LiClO, (+ ), PPOsLiAsF; (¥ ), and PPOGLIN(SO,CF;),
(O)

plexes have been reported elsewhere [7,15]. Spin-
lattice relaxation (7T,) data for the three PPO lith-
ium salt complexes are presented in an Arrhenius plot
in fig. 9. For all samples 7, exhibits a monotonic de-
crease with increasing temperature, up to the highest
observation temperature (390 K). It was not pos-
sible to observe the expected 7| minima due to lim-
itations of the variable-temperature NMR probe. The
data do, however, convey the result that high fre-
quency motions probed by the spin-lattice relaxation
process are enhanced in the imide complex relative
to the other two matenials. That is 7, which is
roughly proportional to the ionic motional correla-
tion time at temperatures below the 7, minimum
[16], is lowest in the imide sample.

4. Conclusions

DSC and electrical studies of PPOsLiX, where
X =AsF; and N(SO,CF;),, show that the former
material is quite similar to other PPOg-lithium salt
complexes. The latter material exhibits an order of
magnitude higher electrical conductivity, which is
attributed to its significantly lower glass transition
temperature. Electric modulus results, representa-
tive of the conductivity relaxation, for both mate-
rials are well described by a stretched exponential

decay function, as found for other PPO-salt com-
plexes [4]. Li* ion dynamics as probed by NMR
line-narrowing and spin-lattice relaxation (7)) in-
dicate that the lower T} of the imide complex is man-
ifested by a lower temperature onset of line-narrow-
ing as well as a shorter 7, relative to the other
samples.
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