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Summary 

Polymer electrolytes have many materials properties which are attrac- 
tive for applications in advanced electrochemical devices. However the ionic 
conductivities are still too low for widespread utilization. One avenue for the 
improvement of the conductivity is the delineation of the factors which 
influence ion transport in polymers. The most successful models for alkali 
metal ion transport in polymers are based on the concept that ions are passed 
between polymer segments by large amplitude polymer motions, and that 
relatively few interactions between the ion and polar polymer groups are 
broken in the transition state. Evidence for the contribution of polymer seg- 
mental motion to ion transport is obtained from the form of the temperature- 
dependent conductivity, from the higher conductivity for amorphous than 
for crystalline polymers, from the decrease in conductivity with increasing 
pressure, and from doping experiments. Simple energy estimates indicate 
that the ion motion probably occurs with the breaking of at most one or two 
cation-polar group interactions, rather than the hop of an ion from one 
polymer chain to the next. 

Introduction 

A variety of polyelectrolyte polymeric materials is known to exhibit 
high ion transport when swollen with solvent. There is, however, another 
class of ion-containing materials based on complex formation between polar 
polymers and alkali metal salts, which does not require the presence of sol- 
vent to achieve substantial ionic conductivities [ 1 - 61. Owing to a variety of 
desirable properties, these materials are of interest for use as electrolytes in 
high energy density batteries: the flexibility and conformability of polymers 
should facilitate the construction of completely solid state batteries in which 
the electrolyte can maintain contact with the electrodes despite volume 
changes in the latter. The light weight and ease of fabrication in thin-film 
configurations are also attractive features of the polymer. Finally, one can 
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envision the chemical bonding of polymer electrolytes to electrode materials 
as a means of maintaining continuity at the critical electrode-electrolyte 
interface. At present however, the conductivity of the polymer electrolytes 
is too low for wide adoption of these materials in electrochemical devices. 
The preparation of new polymer electrolytes having higher conductivity 
should be facilitated by recent studies which indicate the factors which pro- 
mote polymer-salt complex formation and ion transport. These principles 
will be discussed in the present paper. The bulk of the studies have been per- 
formed on poly(ethylene oxide), (-CH,---CH,-O-), = PEO, complexes of 
alkali metal salts, but recent results with other host polymers will be pre- 
sented. 

Discussion 

Polymer-salt complex formation 
The factors influencing polymer-salt complex formation can be sum- 

marized as follows [6]: (1) A high concentration of polar groups facilitates 
complex formation. The types of polar polymers used so far include ethers, 
esters, amines, and sulfides. (2) Chain flexibility facilitates polymer-salt 
interaction. (3) Polymers with high cohesive energy densities do not readily 
form alkali metal salt complexes. (4) Similarly, salts with very high lattice 
energies do not form complexes. 

Fortunately, one of the factors which favors polymer-salt complex 
formation, chain flexibility, also promotes ion transport. Many commercial 
engineering plastics based on polar polymers appear to be poor complexing 
agents for alkali metal salts. This unfavorable polymer-salt interaction can 
be attributed to the high cohesive energy density and polymer chain inflexi- 
bility of these materials. 

Temperature-dependent conductivity and the Gibb’s model 
The temperature dependent conductivity of amorphous polyether-salt 

complexes reveals curved plots of ln(aT) us. l/T, which are linear when the 
temperature variable l/( T - TO) is employed [ 4, 51. This functional depen- 
dence of the ion transport has previously been observed for small molecule 
diffusion through polymers, and one possible interpretation is that coopera- 
tive polymer conformation fluctuations are responsible for the transport 
process. The empirical constant TO represents the temperature below which 
the polymer motions responsible for ion transport are frozen out and there- 
fore it is approximately equal to the glass transition temperature, Tg. The 
l/(T - TO) dependence is reproduced by the configurational entropy model 
of Gibbs and co-workers [ 7, 81, which gives eqn. (1) for the conductivity 
[W. 
CJ = AT- ‘I2 exp{-K/T - T,} (1) 

where 
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Fig. 1. Conductivity us. polymer to salt ratio for poly(ethylene succinate)*Li[BF4]. 

K = T,,A@,*/k,B. (2) 

A, TO, and B are constants, S,* is the minimum configurational entropy 
required for rearrangement, and k, is the Boltzman constant. The pre- 
exponential term, A, is proportional to carrier concentration, so this factor 
will yield an increase in conductivity with increasing salt concentration in 
the polymer-salt complex. By contrast to this simple prediction we have 
observed decreasing conductivity with increasing salt concentration for 
poly(ethylene succinate)-lithium salt complexes, Fig. 1 [ 9 1. This behavior 
correlates with the increasing stiffness and apparent increase in glass transi- 
tion temperature Tg as the salt concentration of that material is increased. 
This behavior is fairly common; so it appears likely that many polymer-salt 
complexes will exhibit a maximum in conductivity with an increase in salt 
concentration [lo]. Another consequence of the Gibbs treatment is that the 
conductivity should decrease markedly with increasing pressure, and this 
type of behavior has been recently observed for the 4.5:1 PEO-NaSCN com- 
plex [ll]. 

Structural model and conductivity paths 
Pure PEO consists of an extended helix having a fiber repeat distance of 

19.48 A [12]. X-ray diffraction on oriented PEO.KSCN indicated a much 
shorter fiber repeat distance, 8.1 A [l]. Detailed infrared and Raman data 
provide a variety of structural information including the conformation of the 
polymer backbone, and the general lack of contact ion pairing [ 13 1. A struc- 
tural model which is consistent with the vibrational data, the X-ray fiber 
repeat distance, and structures of short-chain polyether complexes of alkali 
metal ions [14 - 161, is a compressed helix having an interior channel lined 
with oxygen atoms [13]. The interior channel is large enough to accommo- 
date a Kf ion, but space filling molecular models indicate that the larger Rb+ 
and Cs+ ions would require frequent kinks in the helix. These predictions of 
the structural model agree with the observation that PEO complexes with 
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lithium, sodium, and potassium salts are crystalline, but those with rubidium 
and cesium salts are not. Recent X-ray unit cell measurements have led to a 
somewhat different proposal for the structural model of these complexes, 
involving a double helix [ 171. 

It is tempting to postulate that ion transport occurs down the helical 
channels in one or the other of these proposed structures. Indeed, the struc- 
tural study of inorganic solid electrolytes often provides useful information 
on conductivity paths and an earlier discussion of the PEO complexes pre- 
sented the possibility of linear chain conductivity paths [3]. An experiment 
was devised to determine whether ion motion down the proposed helical 
channels dominates the conductivity in these materials. This experiment was 
based on the spectroscopic observation that, unlike most anions, the BH,l 
ion forms a tight ion pair with Na+. This ion pairing is associated with a far 
lower conductivity of the PEO*NaBH4 complexes. Therefore, small levels of 
substitutional doping by BH,+- for other anions should block ion transport 
down a channel and therefore greatly reduce the conductivity of ion trans- 
port along the helical channel dominates. This line of argument is illustrated 
in Fig. 2. 

Figure 3 presents the results of conductivity studies on PEO*NaBF4 
which has been substitutionally doped with NaBH4, [Ml. In contrast to the 
predictions for conduction down the helix a substantial doping level, 25%, 
has little influence on the conductivity. It thus appears that the ion transport 
is occurring in the amorphous regions of this highly crystalline polymer or 
that inter-helix ion paths are important. As with the amorphous polymer- 
salt conductors discussed in the last section, the ion transport in these crys- 
talline polymer materials is probably dominated by polymer chain fluctua- 
tions. 

The comparison of crystalline poly(ethylene oxide) complexes with the 
analogous poly(propylene oxide) complexes, which are amorphous, indicates 
that amorphous polymers have higher conductivity [4]. A more rigorous 
comparison of the influence of crystallinity would be possible if a crystalline 
polymer-salt complex could be quenched from the melt into an amorphous 
state which would persist long enough to permit conductivity measurements. 
Our initial attempts to prepare metastable amorphous phases were unsuc- 
cessful, but recent observations by Stainer have shown that the ammonium 
ion conductor, PEO- NH$OsCFs, can exist for a matter of hours around 
room temperature in an amorphous state. The conductivity curves, Fig. 4, 
which have been obtained on the amorphous and crystalline forms of this 
material clearly show much higher conductivity of the former [ 191. The 
increased conductivity of the amorphous salt complexes finds a ready expla- 
nation in the higher, large amplitude chain motions in amorphous polymer. 
The polymers having greater than 60% crystallinity display significant poly- 
mer motion, as shown by the microwave measurements [6]. A comparison 
of PEO-NaSCN at 22 “C with the pure polymer in the microwave region indi- 
cates that ion motion dominates the conductivity response below 0.1 GHz, 
but above 1 GHz the conductivities for the two materials are nearly the same, 
indicating that polymer motion may dominate at the high frequencies. 
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Fig. 3. Variable temperature conductivity plots for: PEOsNaBF4, 4:1, (0); PEO*Na- 

~(BF~)o.~sUW)O.ZSI ca 4:1, (0); PEO*Na[(BF 4 o.dBH4)o.511, ) (+I; and PEO*NaBH4, 
3.4:1, (A). 
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Fig. 4. Variable temperature conductivity plots for PEO*NH4SOsCFs, 8:l. First data set 
obtained by heating the crystalline polymer (0). Second and third data sets obtained by 
heating the quenched amorphous polymer (A and 0). The transition from low to high 
conductivity observed with the first data set (0) represents a transformation from crystal- 
line to amorphous forms. 

From energy estimates it appears unlikely that an ion will break all 
interactions with the polar host before forming interactions with another 
polymer segment [lo]. For example, in a poly(ether) complex the average 
Na+-0 bond energy is about -66 kJ/mole so the breaking of four such inter- 
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actions would require an activation energy around 260 kJ/mole. Since the 
observed activation energies are in the range of 40 - 120 kJ/mole it appears 
likely that a maximum of one or perhaps two such interactions are broken in 
the activated complex, assuming that the ion motion proceeds by a dissocia- 
tive mechanism. Another potential limiting mechanism for ion transport is 
association with a polar group from a new polymer segment before dissocia- 
tion of the polar group from the old site. At the present time it does not ap- 
pear fruitful to carry speculation about the intimate details of ion transport 
beyond this point, because experimental tests for the detailed mechanism are 
not readily available and theoretical models for handling polymer dynamics 
of this complexity have not been developed. The less specific ideas concem- 
ing the role of polymer chain motion and the associated concept of configu- 
rational entropy appear to be very useful guides to the properties of polymer 
electrolytes and thus provide fruitful avenues for the development of new 
materials. 
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