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Solid polymer electrolytes, formed by the dissolution of salts,
such as LiCF3SO3 and LiN(SO2CF3)2, directly into an ion-
coordinating polymer, such as poly(ethylene oxide) (PEO) [CH3O-
(CH2CH2O)n-CH3], form a fascinating class of coordination
compounds.1 Mobile ions in the flexible membranes create highly
conductive materials which show potential for use in all-solid-state
high energy batteries. The first commercial lithium-metal-polymer
(LMP) battery manufacturing plant was inaugurated by AVESTOR
in September 2002. These batteries use a “dry” or solvent-free
polymer electrolyte membrane as opposed to the gel-polymer
electrolytes used in standard commercial lithium-ion (“lithium”)
batteries. LMP batteries represent the next generation of advanced
energy technologies for electric vehicle, hybrid electric vehicle, and
telecommunication applications.

Despite the extensive attention devoted to dry electrolytes, the
mechanisms by which ions are transported through the membranes
remain poorly understood. Crystalline PEO-salt phases may form
in PEO electrolytes, but ionic conductivity has been shown to
predominate in amorphous materials.1 The relationship between
solvate structures and ionic conductivity is largely undeveloped as
structural characterization of amorphous solvates has proven to be
a formidable task.2 Such studies are greatly aided by crystalline
solvate characterization, but this presents another set of challenges.3

Phase diagrams of PEO-salt mixtures have revealed the existence
of numerous crystalline phases.4 The first structurally characterized
PEO-salt phases were determined from stretched oriented fibers.5

It is difficult to prepare such samples, however, and the data
interpretation tends to be problematic.6 In contrast, high quality
powder diffraction data for polycrystalline samples are relatively
easy to obtain. The first polymer electrolyte structure determined
from powder data was the P(EO)3:NaClO4 phase, and other
structures have slowly followed.7 Yet once again, interpretation of
the data is difficult. The combination of ab initio structural solutions
with Rietveld refinement of powder data, the so-called simulated
annealing technique, has been employed to determine complex
crystal structures of several flexible polymer electrolyte phases.8

The analysis, however, is far from trivial.9 Single-crystal structural
determination still remains the technique of choice.

High-quality single crystals of polymer electrolytes have not been
available because high molecular weight PEO-salt mixtures are
powders or spherulitic films when crystalline. We have approached
the difficult task of polymer electrolyte solvate structural charac-
terization in a different manner. An extensive investigation of
oligomeric CH3O-(CH2CH2O)n-CH3 glyme-lithium salt phase
behavior was undertaken.10 Numerous crystalline glyme-salt sol-
vates form. As the glyme chains become longer, the solvate
structures approach those found in PEO. It has been reported that
the same PEO-LiX crystalline phases are formed with low, PEO-
(1000) and PEO(2000), and high, PEO(5× 106), molecular weight

polymers.9e,f PEO(1000) is a waxy solid with aTm of 42 °C, while
PEO(500) is a viscous liquid at 22°C. DSC traces of PEO(500)
have multiple melting peaks, indicating that the polymer is actually
a mixture of different chain lengths with an average of 10-12
ethoxy segments. We have used this latter polymer to grow single
crystals of polymer electrolyte phases.

The crystal structure of the P(EO)3(5 × 106):LiCF3SO3 phase
with high molecular weight PEO has been previously determined
from powder data.7b We have determined the structure of this phase
from single crystals of P(EO)3(500):LiCF3SO3 (Figure 1).11a The
two structures are essentially isostructural. The monoclinic unit cell
with space groupP21/n for P(EO)3(500):LiCF3SO3 hasa ) 10.0678-
(16) Å, b ) 8.5275(14) Å,c ) 14.399(2) Å, andâ ) 96.023(3)°,
whereas the powder data P(EO)3(5 × 106):LiCF3SO3 refinement
gavea ) 10.064 Å,b ) 8.613 Å,c ) 14.441 Å, andâ ) 95.65°.7b

The principal difference between the two structures lies in the use
of low molecular weight PEO to grow the single crystals resulting
in the presence of terminal methyl groups. The terminal methyl
groups cause apparent disorder in the PEO chains with certain
ethylene links being replaced, part of the time, by two methyl
groups. From the refined occupancy of these methyl groups, it is
possible to calculate an average length of the single-crystal PEO
chains to be close to 15 ethoxy segments (see Supporting Informa-
tion).

A close examination of the ether oxygen EO-Li+ cation
coordination in the single-crystal P(EO)3(500):LiCF3SO3 structure
shows that the O2-Li coordination bond is considerably longer
than those of O1-Li and O3-Li (O1-Li1, O2-Li1, and O3-Li1
distances are 2.052(7), 2.468(4), and 2.079(6) Å, respectively). In
the P(EO)3(5 × 106):LiCF3SO3 structure determined from powder
XRD, the ether oxygen EO-Li distances were reported to be 1.72-
(7), 2.38(9), and 2.01(8) Å.7b Further, it was noted that each five-
coordinate Li+ cation is coordinated by three polymer EOs and
two oxygen donor atoms (one each from two anions) with each
EO coordinated to a single cation. In the single-crystal structure,
however, the second electron lone-pair of O2 is directed toward a
second Li+ cation, indicating that an additional very weak coordina-
tion bond (3.05 Å) exists (see Supporting Information). The O2
EOs may therefore be considered to be coordinated to two Li+
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Figure 1. Li+ cation coordination environment in the single-crystal structure
of P(EO)3(500):LiCF3SO3 (Li, black; O, red; S, gold; F, green). (a) Lateral
view and (b) axial view.
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cations. This results in a more symmetrical coordination environ-
ment around each six-coordinate Li+ cation (coordinated by four
EOs and two anions) (Figure 1).

The crystal structure of a low molecular weight P(EO)5(500):
LiBPh4 phase has also been determined from single crystals (Figure
2).11b A single short PEO chain is helically wrapped around two
Li+ cations. Although this is a 5/1 EO/Li phase, the Li+ cations
actually have weak coordination by a sixth EO (O3-Li1 2.52 Å,
O3-Li2 2.10 Å, O6-Li1 2.17 Å, and O6-Li2 2.90 Å). The
remaining EOs coordinate a single Li+ cation with relatively short
coordination bonds of 2.01-2.24 Å. This solvate structure may
differ from that which forms with high molecular weight PEO.
Calorimetric analysis of DSC data used to prepare a PEO-LiBPh4

phase diagram indicated the formation of a 5.5/1 EO/Li phase.4c

The single-crystal structure of P(EO)5(500):LiBPh4 is composed
of two unique BPh4- anions and a [(EO)10Li 2]2+ dication solvate.
The dication has a high amount of thermal disorder. It was thought
that there could be PEO chains of various lengths in the structure,
but this does not seem to be the case. The dication does not pack
well within the cavity bounded by the BPh4

- anions and appears
to squirm in the well-defined pockets. The ends of the PEO chains,
in particular, show high thermal motion.

The six-fold cation coordination in P(EO)5(500):LiBPh4 by a
single helically wrapped PEO chain is novel. Previously, structures
have been reported for P(EO)6:LiX (X ) PF6, AsF6, and SbF6)
phases in which the Li+ cations are located inside cylinders formed
from two PEO chains.9d,e Each chain in these structures adopts a
conformation of a half-cylinder with the two halves interlocked
around the cations. The uncoordinated anions lie between the
cylinders. There are no reported crystal structures of Li+ cations
with six-fold coordination by a single PEO chain. Molecular models
of amorphous PEO-LiI electrolytes indicate a preference for three-
and six-fold EO coordination to Li+ cations.12 The six-fold
coordination, however, is predominantly by single chains rather
than two chains as found in the P(EO)6:LiX (X ) PF6, AsF6, and
SbF6) phases. Models of glyme-Li+ cation solvates also indicate
that five- and six-fold coordination by a single chain is possible.13

The single-chain solvate structure of P(EO)5(500):LiBPh4 may thus
be an equally valid model (to the two-chain solvate structures) of
PEO-Li+ cation coordination in amorphous electrolytes. Despite
possible differences with high molecular weight PEO structures,
the single-crystal structures provide identical insight into the
polymer-cation-anion molecular interactions in amorphous poly-
mer electrolytes where ionic conductivity predominates.
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Figure 2. Li+ cation coordination environment in the single-crystal structure
of P(EO)5(500):LiBPh4 (Li, black; O, red). (a) Lateral view and (b) axial
view of the [(EO)10Li 2]2+ solvate (anions not shown).
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