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lonic conductivity in the solid state has traditionally been
dominated by ceramic materials (e.g., thé=Gon conductor
[Zr1-Y 2]O,— or the Na conductor NBAI,O3) and polymeric
materials (e.g., PEQLIN(SO,CF), or PEQ:LiAsFg).12 Several
years ago ionic conductivity was also recognized in plastic
crystalline solids. Very recently, we presented the first report of
ionic conductivity in a new class of solid electrolyteSuch solids
consist of cations coordinated by discrete, low molecular weight,
ligands, such as the glyme [GHE(CH,CH,O);CH3]. They are
distinct from ceramic electrolytes, being soft solids, and from
polymer electrolytes, which consist of molecules of higher (greater
than 1000 Da) and distributed molecular weight. Whereas the crystal
structure of a polymer electrolyte remains the same over a wide
range of molecular weights (361 Da), low molecular weight
complexes exhibit a rich variety of structures on varying the . . . , ,
molecular weight of their ligandsHere we present results on two 1o 20 30 40 50 60
low molecular weight complexes, [GB(CH,CH,0);CHs]:LiAsFg 26/ degrees
and [CHO(CH,CH,0),CHj3]:LiAsF¢, hereafter designated as G3:  Figure 1. Experimental (bottom) and calculated (top) powder X-ray
LiAsFs and G4:LiAsk. Despite differing by only one ethylene oxide ~ diffraction patterns for G3:LiAsE
(EO) unit, their crystal structures are very different (in contrast to T/°C
polymer electrolytes). We show that this difference leads to (a) 50 50 40 30 20 10 0
markedly varying cation transport numbets £ 0.8 for G3:LiAsk ‘ ) ! j ) j !
and 0.1 for G4:LiAsE), yet their conductivities are remarkably
similar. Learning how to construct solid electrolytes that exhibit -5.5 1 ® G3:LiAsF,
high LiT™ transport numbers is important in minimizing polarization T ®m  G4:LiAsF,
when such electrolytes are used in all-solid-state cells, such as
lithium batteries.

Powder X-ray diffraction patterns for G3:LiAskEnd G4:LiAsk
complexes are in good agreement with those calculated from
previous single-crystal data, as illustrated for the G3:LiAsF
complex in Figure E. -7.04

Conductivity measurements were carried out using ac impedance T T T T T
spectroscopy on pressed pellets between blocking (stainless steel) (b) 3.1 32 130%0 / 13;4/ K—13'5 3.6 37
electrodes. A representative complex impedance plot is available 1.0

in the Supporting Information. In all cases, a single semicircle with G3:LiAsF
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a lower frequency spike was observed. The semicircle was 5
associated with a capacitance of4 pFcnt?, indicating that the g
. . : - . ) O 0.6
impedance is dominated by bulk (intracrystalline) response, with g
no significant contribution from grain boundary resistances. 2 0.4
Conductivities at different temperatures were extracted from the g
ac impedance plots and are presented in Figure 2a (for G3:kiAsF ZS 0.2 G4:LiAsF
and G4:LiAsk). 0.0

The linear variation of logr versus 1T for both complexes is . . . : . : .
consistent with ion hopping between fixed sites, rather than the 0 10 20 30 40 50 60 70
curved plots normally associated with conduction in amorphous Time / Hrs
polymer electrolytes. The conductivities of the two glymes reported Figure 2. (@) lonic conductivity o, as a function of temperature. (b) The
in Figure 2a are similar, something that, at first sight, might be de current as a function of time durirtg measurements.
thought consistent with the difference of only one EO unit between and G4:LiAsk(68 kJ moi?). These results encouraged a deeper
the G3 and G4 complexes. However, the crystal structures of the analysis of ion transport in the two glyme complexes, involving
two complexes are very different, and this is reflected in the determination of their transport numbers. The method of combined
difference in the activation energies for G3:LiASB5 kJ moi™) ac and dc measurements, described previously by Bruce and

8700 = J. AM. CHEM. SOC. 2007, 129, 8700—8701 10.1021/ja073145f CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

Figure 3. The structure of G3:LiAs§ Blue, lithium; white, arsenic; purple,
fluorine; green, carbon; red, oxygen. Top: view of complete structure.
Bottom: fragment of the structure showing one tunnel.

Figure 4. The structure of G4:LiAsg Top: the complete structure viewed
along the [101] direction. Bottom: one segment of the structure wittb the
direction running from left to right.

Vincent, was employed to determine the transport numbers of the

two solid complexed.The variation of the dc currents as a function
of time for the G3 and G4 complexes is presented in Figure 2b.
The cation transport numbets, are 0.8 (G3:LiAsk) and 0.1 (G4:
LiAsFg). The transport number measurements were made d€ 50

because the lower conductivities at lower temperatures precluded

accurate measurements. Unlike the conductivities, which 4€50
differ by only a factor of 1.3, thé, values differ by a factor of 8.

A rationale for the very different transport numbers between these
two glymes, differing by only 1 EO unit, may be found by
comparing their crystal structures (Figures 3 and 4).

In the case of the G3:LiAsFcomplex, the G3 molecules are
arranged in rows parallel to tleeaxis. In each row, the molecules
form a tunnel within which the Li ions reside. A G3 molecule
contains four ether oxygens. Each'libn is coordinated by two
ether oxygens from each of two neighboring glyme molecules
(Figure 3, bottom). The Liion is five coordinated, the fifth position
being occupied by a fluorine from an AgFanion. Each glyme
molecule bridges between two neighboring libns. The anions
are also arranged in rows, with each anion coordinating to only
one Li* ion, its remaining interactions being with the surrounding
glyme molecules. Although this structure is different from that of

the PEQ:LiXFg (X = P, As, or Sh), there are similarities in that
the 6:1 polymer electrolyte consists of PEO tunnels lined by ether
oxygens and within which the tiions reside. The presence of
tunnels for Li" ion transport in both G3 and PEO crystalline
structures promotes a high in both cased.Comparing the G3
with the G4 structure (Figure 4), the G4 complex lacks continuous
pathways for Li ion transport. Pairs of tiions and pairs of G4
molecules form discrete binuclear complexes, where eatliohi

is coordinated by three ether oxygens from one glyme and by two
from the other. Each ether oxygen coordinates to only one Li ion,
that is, there are two tfiions and 10 ether oxygens in each binuclear
complex. There are no continuous pathways from one complex to
the next in any direction since these are interrupted by the presence
of AsFs~ anions and are too far apart (Figure 4).

Considering the anion transport in G3 and G4 complexes, in the
latter case, the anions only interact with the glyme molecules, such
interactions are of a weak van der Waals nature. In contrast, the
anions in G3, although also interacting with the glyme molecules,
exhibit one strong iorrion interaction with a neighboring tiion.
These differences are consistent with the much higher anion
transport number for G4, where the anions are only weakly bound
to their surroundings, and where one may expect the activation
energy for transport from one position to the next to be smaller
than in the case of G3, where the anion has to break away from
the stronger interaction with its neighboring'LiThe anions in G4
do possess continuous pathways for transport along the [101]
direction.

In conclusion, we have shown that two small molecule solid
electrolytes, [CHO(CH,CH,0)3;CHg]:LiAsFs and [CHO(CH,-
CH,0),CH;3]:LiAsFg, differing by only one ethylene oxide unit
exhibit markedly different transport numbets= 0.8 and 0.1,
respectively. Such differences are related, on the one hand, to the
presence of tunnels for timigration in the crystal structure of the
G3 complex, but not G4, and, on the other hand, to the weaker
binding of Ask™ in the structure of G4 than in G3. Such differences
are also consistent with the observed difference in the activation
energies for ion transport between the two complexes.
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