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Polymer electrolytes consist of salts dissolved in solid polymers; 1.2 4

they hold the key to realizing the major goal of an all-solid-state
rechargeable lithium battefyFor 25 years, it was believed that
ion transport occurred only in amorphous polymer electrolytes
aboveTy, and that crystalline polymer electrolytes were insulators.
Recently, this view has been overturned by the first reports of ionic
conductivity in the crystalline polymer electrolytes, poly(ethylene
oxide)k:LiXFg, where X= P, As, or Sbh, and in stretched fibrous
polymers? Here, we report the structure and conductivity of a
second polymorph of the 6:1 comple&;poly(ethylene oxide)
LiAsFe. The conductivity is 1 order of magnitude lower than the
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Figure 1. DSC data for PE@LIiAsFe.

previously reported polymorph, thus demonstrating the important 14000
role that the crystal structure plays in determining the conductivity 12000
of crystalline polymer electrolytes. 10000

8000

Polymer electrolytes based on lithium salts, such as PEO:LIiN- 000

(SO,CFs),, have the potential to be excellent electrolytes for all-
solid-state rechargeable lithium batteries. Amorphous polymer
electrolytes have been studied intensively for 25 years, and although
the conductivities have increased substantially over that period, they
remain too low €104 Scn?) for many applications. The recently
discovered crystalline polymer electrolytes represent a new class
of solid ionic conductors and offer a different approach to ionic 200001
conductivity in the solid state. Recent work has demonstrated that
by doping PE@LiXF¢, where X= P, As, or Sh, the conductivity
may be increased by =2 orders of magnitudé? o : e : :

Although ion transport is present in the crystalline state, the 10 20 2390 deg“r%es 50 60
guestion remains to what extent the structures of crystalline polymer _ . ) ’

. . L . . Figure 2. X-ray diffraction patterns oéx (top) andj phases (bottom) of

electrolytes are important in determining their conductivity. To PEQy LiAsFs.
address this issue, it is necessary to compare polymer:salt complexes

[N
(==
o ©
o ©

Intensity, counts

that are identical except for their crystal structures. For this, we 0.16 H

require a polymorph of the conducting PEOXF¢ compounds. L 0t

Such compounds do exist. We shall refer to the original 6:1 crystal % 8: i ]

structure asu-PEQ;:LiXF and the new polymorph g8-PEQ:: 5 03]

LiXFe. Thef polymorph forms only with AsfF and Sbk~ anions; ; 0.06 ,ﬁi i

the existence of th@ polymorph with the latter anion has been g 004

reported previously, although no structure or conductivity data were = 233 i il

presented. 3 H 3 G 7 g 5 10 11
The DSC data for PEELiAsFs (PEOM,, = 1000, methoxy end d. A

capped) are shown in Figure 1. Figure 3. Rietveld fit to the neutron diffraction pattern 8fPEQs:LiAsFe.

The first endotherm at 88C corresponds to the transformation  were verified using Rietveld refinement based on neutron diffraction
of the o structure to the ney polymorph. Further heating results  data. The sample for neutron diffraction was prepared with
in the phase melting at 11TC. The formation of a new polymorph  deuterated PEO (Polymer Source). Data were collected on the GEM
was confirmed by cooling the material from a temperature between diffractometer at ISIS, Rutherford Appleton Laboratory. The final
the two endotherms. A powder X-ray diffraction pattern for this structural model (51 atoms in the asymmetric unit) obtained after
phase, cooled to room temperature, confirmed the presence of arefinement by means of the GSAS program packageduced an
new structure that is quite different from that of ta@hase (Figure excellent fit to the diffraction pattern (Figure 3), wiRy,, = 2.2%

2). On subsequent heating of tffephase, only one endotherm, (3559 data points, 375 reflections, 159 variables, 106 soft con-

corresponding t@ phase melting, was observed. straints). The crystal structure BfPEQ;:LiAsFg is quite different
The initial structural model fop-PEQ;:LiXF¢ was obtained ab  from that of thea. polymorph?
initio from X-ray powder diffraction data using the program FOX. The latter consists of pairs of PEO chains, each folding to form

The location of L ions and the conformation of the PEO chain a half-cylinder; the half-cylinders interlock to form tunnels within
12176 = J. AM. CHEM. SOC. 2005, 127, 12176—12177 10.1021/ja053249v CCC: $30.25 © 2005 American Chemical Society
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77(1) kJ mot?, respectively. Such linearity is consistent with ion
hopping in a crystalline material for botla and  phases. The
conductivity of thea phase is believed to be dominated by Li
transport, whereas the crystal structure of fhehase (Figure 4)
.ﬁo implies that, in this case, such transport will be more difficult,
consistent with its lower conductivity. However, this is not sufficient
to explain why the activation energies, although not identical, are
similar. We are currently investigating this issue; however, we offer
% here a possible rationale. The static picture of a crystal structure
does not reveal all of the features that are important for ion transport.
In these soft solids, one might anticipate significant local motion
of the polymer chains. We propose that such local motion facilitates
ion transport by opening up bottlenecks between sites, thus lowering
Figure 4. The structure off-PEQsLiAsFs. Blue, lithium; white, arsenic; the activation energy for conduction. In short, we must consider
purple, fluorine; green, carbon; red, oxygen. (Left) Single PEO chain with both the crystal structure and the polymer dynamics when interpret-
associated EI ions (thin lines inqlicate cqordination of Liby ether ing ion transport. The polymer chains lie between the cations and
gﬁgv?s). (Right) Packing of chains and ions. Hydrogen atoms are not anions, and the polymer chain motion will facilitate both cation
and anion transport; however, in the phase, the presence of
T/°C channels in the crystal structure favorgs lion transport. Thus, the
S . A S . crystal structure and dynamics in thgohase act together to ensure
i 33 3

the dynamics aids only anion transport. Because cation and anion
transport are controlled by similar polymer chain relaxations, the
activation energies are not too dissimilar between the two phases.
Of course, at present, these ideas only constitute a hypothesis. Much
detailed work is required using, for example, NMR or computer

" : A modeling to investigate polymer chain relaxations and their
1000 77 /K correlation to cation and anion transport. We are endeavoring to
Figure 5. Conductivity ofa- (squares) an@-PEQs:LiAsFe (triangles). probe, in greater detail, the differences between the conductivity
in the o and phases.
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that the conductivity is dominated by timotion, whereas in the
-7.04
-7.54
-8.04

S phase, where the crystal structure makesian transport difficult,
3 3.

which the Li" ions reside coordinated by three ether oxygens from
one chain and two from the other. The anions are located between Acknowledgment. P.G.B. is indebted to The Royal Society,
the tunnels. In the case of thifepolymorph, a single PEO chain  the EPSRC, and the EU for financial support.

folds to form a ring, presenting six ether oxygens to thé ioin

L ; . - . h ing Inf ion Available: E i |
located within the ring (Figure 4), with HO distances equal to Supporting Information Available: Experimental procedures and

crystallographic data fo3-PEQs:LiAsFs (PDF). This material is

22 A . . . available free of charge via the Internet at http://pubs.acs.org.
Each ether oxygen coordinates to just oné lan. The PEO

chain does not, however, form a continuous tunnel. Theidms References

are arranged in a zigzag fashion along the PEO chain. The Li (1) (a) Fenton, D. E.; Parker, J. M.; Wright, P. Rolymer1973 14, 589. (b)

Li* distances are 7.5 A. The chain is not a helix. Given the Solid State Electrochemistrruce, P. G., Ed.; Cambridge University

arrangement of i ions, the distance between the sites, and the gg‘igzgticgmgéd_gE’h;g%%n(?ﬁ_ﬁ’gﬁ?tg‘rfdg; El'gggoame Polymers

lack of continuous pathways, it is difficult to see how this structure  (2) (a) Berthier, C.; Gorecki, W.; Minier, M.; Armand, M. B.; Chabagno, J.

could support significant i ion transport. The PEO chains are "P/'-j gégt?#grv %50,\'/"‘;”5"\7‘?I'?%'ggﬂj"?%rli%kgmtn(g) g‘?frcn‘igr\]’g-?'\ﬂ':"g)fl’%oy

arranged in layers lying in thbc plane, with the Ask anions State lonics1988 28—30, 1018. (c) Wintersgill, M. C.; Fontanella, J. J.;

located between these layers. The anions are arranged in rows, and i’g'gé\g Osil%rgeenbaum’ S. G.; Almudaris, A.; Chadwick, APglymer
they do not coordinate to the cations (Figure 4). The structural (3) (a) Gadjourova, Z.; Andreev, Y. G.; Tunstall, D. P.: Bruce, PNGture

differences between theand polymorphs are so significant that \2(0%1_%156%2% (é))J S};{tﬁf]evcahle.]:1 MS%r(tzig(-)Lait?;sI26SltSU(r;t)oghEh; Agdhee_:v,
it is difficult to see, by inspection, how one transforms into the Wang, Y.; Greenbaum, S. G.; Golodnitsky, D.; Pé|edmctrg'chém:’
other. Solid State1999 2, 553.
- - . 4) Christie, A. M.; Lilley, S. J.; Staunton, E.; Andreev, Y. G.; Bruce, P. G.
The vgrlatlon of copductlvny with tempejratlure for theand 8 @) Nature 2005 433 503.' . o
phases is shown in Figure 5. The results indicate thafithbase (5) (a) Stoeva, Z. Ph.D. Thesis, University of St Andrews, St. Andrews,
does conduct but with a conductivity 1 order of magnitude lower igg‘gggézgglég’z)fe”ev'rat”e' V.; Frech, R.; Furneaux,Blegtrochim.

than that of thex phase, despite both being formed from the same  (6) Favre-Nicolin, V.; Cerny, RJ. Appl. Crystallogr.2002 35, 734.

f i i« (7) Larson, A. C.; Von Dreele, R. B. Los Alamos National Laboratory Report
polymer and salt as Well as posfsessmg the same composition. This Number LA-UR-86-748; Los Alamos National Laboratory, Los Alamos,
demonstrates that differences in crystal structure have a profound NM, 1987.
effect on the conductivity of the materials. Bathand 8 phases (8) MacGlashan, G. S.; Andreev, Y. G.; Bruce, P Nature1999 398 792.

exhibit linear Arrhenius plots with activation energies of 70(1) and JA053249V

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12177



