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The crystal structures of PEQIBF,4, (diglyme):LiBF,, and (diglyme):LiBR have been determined
and are compared. The helical conformation of each polymer chain and the stacking of neighboring
chains in the structure of the PEO complex is similar to that found in the complexes with Li imide and
Li triflate salts of the same PEO:salt ratio. Both PEIBF, and (diglyme):LiBR have similar coordination
around Li, i.e., 3 ether oxygens and 2 fluorines from two BFRnions. However, in the former each
anion bridges two neighboring tications located along the PEO chain axis forming a continuous chain
—BF, —Li*—BF, —Li*— whereas in (diglyme):LiBfFtwo BF,~ anions bridge between pairs ofLi
forming discrete diglymelLit—(BF,7),—Li"—diglyme units that are linked to their neighbors pre-
dominantly by van der Waals bonding. The (diglyme)BF, structure is compared with those of
PEQ;LiSbFs (no PEQ:LIBF 4 exists) and (diglyme)LiSbFs. In both cases the Lications are 6-coordinated
by three ether oxygens from two different diglymes and there is no anion coordination.

Introduction Unfortunately, determining the crystal structures of poly-
mer electrolytes is not a routine task. In the past it has proved
difficult to prepare crystalline polymer electrolytes in a form
(e.g., stretched fibers) suitable for study using the established
techniques of single-crystal diffraction. By developing a
powerful method of ab initio structure solution from pow-
ders 13 it has been possible to access the crystal structures
of a number of important polymer electrolytes including
PEO:NaCESGs;, PEQ;LiAsFs, and

Polymer electrolytes [salts, e.g., Lil, dissolved in coor-
dinating polymers, e.g., poly(ethylene oxide) or PEO,
(CH,CH,0),] have been studied widely since their discovery
some 30 years ago? especially those containingtfollow-
ing recognition of their important properties as ionically
conducting solid electrolytes for lithium batterieBolymer
electrolytes may be prepared as crystalline or amorphous X
solids, the former only at certain discrete compositions. Until PEQ’:L!N(SOfﬁ'Bg'
recently it was assumed that ionic conductivity occurred only PEQ:LIASFe.™

in the amorphous phase above the glass transition temper- €cently, by lowering the molar mass to 500 we have
ature, T,, however this is not always the case and ionic succeeded in growing single crystals of a polymer electrolyte

conductivity can occur in crystalline polymer electrolytés, PEQ:NaBPh using an oligo(ethylene oxide) end-capped
This discovery has heightened interest in the structures of Vith CHs groups. Although we obtained single crystals, the
crystalline polymer electrolytes. We have also shown that level of disorder in this polydispersed material precluded a

the crystal structures can provide us with models with which definitive structure solution using single crystals method
to interpret spectroscopic data collected on amorphousalone' However, the structural model was sufficient to permit

phases, thus enabling a deeper understanding of the structurkfinement of the structure using powder diffraction and high
of amorphous polymer electrolytési® molar mass (100 000) PE®The intriguing question arises
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as to the influence on the structure of further lowering the drybox for a few weeks to allow crystals to grow. After 8 weeks
molecular weight to a point where each'lion is coordinated a gellike substance was observed in the 8:1 solution, from which
by discrete molecules. At such low molecular weights, small single crystals grew slowly. This composition corresponds
ordered crystals free from polydispersity should form. As t© @ (diglyme):LiBR molar ratio of 2.67.

part of this study we have investigated the structures of threewa'z ?;g?;?ecdry;;g" é?r;gf’: g;ft; ?(- %zymdnjzaoiv(::gligﬁe)igsz 17
g?f?;f)lt?/i/(gsihc?l:];ncg Pl:ghdirglo)/lriremrr?jlsécsigzhgrj[geths(;me (2) K. Simr:;arly, a_single crystal of (diglyme):LiBF0.56 x 0.42

salt [CHO(CHCH,0),CHy] -LiBF4 (n = 1, 2). The structure x 0.32 mn¥) was isolated and data were collected at 120(2) K. A

- X Bruker P4 diffractometéf using Mo Ko (A = 0.71073 A) radiation
of PEQsLiIBF, was determined from powder X-ray and a5 used for both crystals. The data were corrected for Lorentz

powder neutron diffraction data and the structures of (di- and polarization effects; an absorption correction was not applied
glyme):LiBF4 (n = 1, 2) were determined by single crystal because it was judged to be insignificant. The structures were solved
X-ray diffraction. LiBF, is used as a salt in lithium batteries by the direct method using SHELXTL systéhand refined by full-
electrolytes because of its superior stability compared to matrix least squares d? using all reflections. All the non-hydrogen
LiPFs. Because a compromise is often required to achieve aatoms were refined anisotropically and all the hydrogen atoms were

reasonably high conductivity, the two salts are often used included with idealized parameters. For (diglygmBF, the final
together. R1 = 0.058 is based on 1199 “observed reflections>[20(1)],

and wRR = 0.169 is based on all reflections (1906 unique data).
Experimental Section For (diglyme):LiE_>F4, the final R1= 0.028 is basgd on 2378
“observed reflections”I[> 20(1)], and wR = 0.074 is based on
All air-sensitive operations were carried out in a high-integrity  all reflections (2473 unique data). Details of the crystal structural
glovebox. Methoxy end-capped poly(ethylene oxide) of average data are given in Tables 2 and 3.
molecular weight 1000 (Fluka, purum) was dried under vacuum at
25 °C for 3 days. The polymer was then dissolved along with Results and Discussion
lithium tetrafluoroborate, LiBE (Aldrich, 99.999%) in acetonitrile
(Aldrich, 99.8%) which had itself been dried over activated Crystal Structure Determination from Powder Data.
molecular sieves. LiBFwas heated at 118C in a vacuum oven  X-ray powder diffraction data of excellent quality were
for 48 h prior to use to remove any water present. The PEO:LiIBF obtained from PE@LIBF,, Figure 1. Although complexes
ratio was 3:1. The resulting solution was stirred for 24 h under gych as PEQLICF;SOs, PEQ:NaClO,, and PEGLiIASFs
argon to ensure complete dissolution, and it was then cast intoyeare already known, these structures did not prove adequate
Teflon molds with the acetonitrile being allowed to evaporate models for PEQLIBF., to permit refinement by the Rietveld
slowly. The resulting white powder was removed from the molds method. Structure determination by simuiated annealing

and inserted into a glass capillary (0.7 mm) which was sealed with . . 2
silicon grease, removed from the glovebox, and placed on the (SA), as described by us previoushi? was employed to

powder X-ray diffractometer. determine the PE£LIBF, crystal structure.

Powder X-ray data were collected on a Stoe STADI/P diffrac- ~ The pattern was indexed using the TREOR progfam
tometer operating in transmission mode with Ca1;K1.54056 A) the basis of a monoclinic cell with refined values of the lattice
radiation and a small-angle (high resolution) position-sensitive constanta = 14.706(1) Ab = 8.2361(5) A.c = 8.6837(9)
detector. To collect neutron diffraction data, deuterated samples A, B = 94.985(63. The observed systematic absences were
were required. The complex for neutron diffraction study was consistent with the space grol21/. Four formula units
prepared in the same way as the hydrogenated sample usingp, the ynit cell, and hence one formula unit in the asymmetric
methoxy-end-capped deuterated PEO (Polymer Source Inc., MW nit of P21/h was assumed, based on the expected density.

= 2000). Neutron diffraction data were collected in thepacing . . - L
range from 1 to 10 A on the OSIRIS powder diffractometer at the Al preVIOl.JS|.y studied polymer electrolytes exhibit densities
that are similar to each other.

ISIS pulsed spallation source, Rutherford Appleton Laboratory. ) ]

Single crystals of (diglyme):LiBFwere prepared from dry LiBF For the purpose of solution, the content of the asymmetric
(Aldrich). The diglyme (Aldrich, anyhydrous) was used as received. Unit was split into three separate moieties: & tation, a
All preparations were carried out in a dry room@.1% RH, 20 BF,~ anion, and a fragment of the polymer chain comprising
°C). The LiBF, was measured into small vials and diglyme was 3 EO units. The shape of the anion was assumed to be a
added. The mixtures were stirred while heating on a hot plate to perfect tetrahedron with the B distances taken from
completely dissolve the LiBfand formed clear, colorless solutions. previously established structures that contained tetrafluo-
Solutions were prepared with (diglyme):LiBfolar ratios ranging  yoporate anions. The initial position, orientation, and con-
from 1|'8 tfo(dldl' a”d) were stored a:IZ(? Lor sevelral daysl,j. Single  formation of the chain fragment was adopted from the
crystals of (diglyme):LiBE grew in all of these solutions; however, . . _ 21

: . . . previously established structure of PERaCIO4%! The

:)hbi;?vrg:ja;? ?h;sfesclggrﬁ)o(;%zfsl.s of (diglyme)iBF, was not cat_ion and anion were randomly inserted into the asymmetric

Single crystals of (diglyme)LiBF, were prepared using dieth- ur.ut.an.d all three _fragments were allowed to move fregly
ylene glycol dimethyl ether or diglyme (Aldrich, 99.5%) and dry Within its boundaries, however the random moves which
LiBF 4 (Aldrich, 99.999%). A series of diglyme:LiBSolutions was ~ Violated continuity of the polymer chain at the junction of
prepared with different ether oxygen-to-cation ratios (EO:Li).
Desired amounts of diglyme and LiBMere measured into glass  (18) Bruker XCSANS: X-ray Single-Crystal Analysis Sysiéension 2.1;

vials, stirred for at least 24 h at room temperature, and left in the Bruker AXS: Madison, W1, 1994. _
(19) Bruker SHELXTL Version 5.1; Bruker AXS: Madison, WI, 1997.
(20) Werner, P.-EZ. Kristallogr. 1964 120, 375.
(17) Staunton, E.; Christie, A. M.; Andreev, Y. G.; Slawin, A. M. Z.; Bruce, (21) Lightfoot, P.; Mehta, M. A.; Bruce, P. Q. Mater. Chem1992 2,
P. G.J. Chem. Soc., Chem. Comm2004 148. 883.
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Figure 1. Observed (crosses), calculated (solid line), and difference X-ray powder diffraction patterns foLiBEQ

Figure 2. Structure of PEQLIBF4. Left: View of the structure along axis. Right: Single PEO chain with associated ions (hydrogens not shown). Blue
spheres, lithium; white spheres, boron; magenta, fluorine; green, carbon; red, oxygen. Thin lines indicate coordination arotieattbe. Li

neighboring asymmetric units were prohibited. In addition, but also ensured a chemically sensible coordination of the
the bond lengths, bond angles, and torsion angles of the chaircations and the same basic helical conformation of the PEO
served as variables during the solution. Unlike the torsion chain as in all other known 3:1 complexes. Refinement based
angles, which were varied within the range of 5the bond on the neutron diffraction data confirmed the X-ray structure

lengths and the bond angles were allowed to depart fromand verified the position of the tiion.

the typical values by only=0.15 A and=5° respectively. Crystal Structures. PEOs:LiBF ,. The crystal structure
In total 37 parameters were varied simultaneously during of PEQ;LiBF, is represented in Figure 2. The basic structure
the global optimization by SA. Over 800 000 trial structural is sjmijlar to that of the other 3:1 complexes. Each PEO chain
models were tested against the whole powder pattern in agqopts a right-handed helical confirmation. Thé idns are
single SA run which convergediil h (PC Pentium Il 650 |gcated in each loop of the helix and are coordinated by three
MH?z) giving a reasonable fit to the experimental dea,(  ether oxygens from the PEO chain and one F from each of
= 13%). two BF,” ions. Each BEF ion bridges between two
The model obtained from the SA procedure was subjected neighboring Li ions thus forming a—Li—F—B—F—Li—
to refinement by the Rietveld method using X-ray and zigzag sequence along the chain axis. Two of the F atoms
neutron data within the GSAS suite of prograth#\s in on each BE ion do not coordinate to any other species.
the case of the SA run, the X-ray diffraction pattern contained Each PEO chain with its dedicated set of land BR~ ions
2253 data points and 206 Bragg reflections. The refinementis isolated from the other chains; i.e., there is no ionic cross-
involved 61 variables and 31 soft constraints. The refined
Strucmral model not iny prOdqced a much better fit to the (22) Larson, A. C.; Von Dreele R. B. Los Alamos National Laboratory
experimental data (Figure 1) wiR,, = 6.5%,R, = 4.5%, Report Number LA-UR-86-748; Los Alamos, NM, 1987.
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Figure 3. Fragments of the structures of (a) PEGBF,, (b) PEQ:LICF3S0;, (¢) PEQ:LiAsFg, and (d) PEQLIN(SO.CFs),. Top: View along the axes
of the helices. Bottom: View of two neighboring helices along a direction perpendicular tdkes.

Figure 4. Structure of (diglyme):LiBE. Left: View of the structure alongp axis. Right: Side view of the columns of diglymes with associated ions
(hydrogens not shown). Thin lines indicate coordination around thecafion.

Table 1. Selected Bond Distances (A), Bond Angles (deg), and

IinkingI between cglains V\ll(hiCh a(;e only hlelt_j together in thhe Torsion Angles (deg) in PEQ:LIBF 4
crystal structure by weak van der Waa; interactions. The o1 2.2000) crcro1 107.800)
packing of the chains within the structure is shown in Figures [j_g» 2.20(1) C201-C3 114.1(1)
2 and 3. Selected bond lengths and angles for this polymer Li—03 2.20(1) OtC3-C4 107.8(1)
; Li—F1 1.92) C3-C4-02 107.8(1)
electrolyte are _presented |n_Tz_;1bIe 1. All bond lengths and Li—F2 22(2) Ca-0rC5 114.1(1)
angles fall within expected limits. 02-C5-C6 107.8(1)
; . . B-F1 1.381(1)  C5C6-03 107.8(1)
.The structures of various 3_’.1 .complexe.s are compared in B—F2 1381(1) CB03-CT 114.1(1)
Figure 3 where the basic similarity of the different structures g—r3 1.380(1) 03-C1-C2? 107.8(1)
is evident. The chain conformation of the Beomplex most B—F4 1.381(1)
closely resembles that of the triflate and imide complexes. ¢, ¢, 1.540(1) Ccl;gi:%:gi _11‘?;)1 tt
The sequence of torsion angles for corresponding segments c3-c4 1.540(1) 0%+C3-C4-02 53 g
of the PEO chain are presented in Table 1. The repeat along €5-C6 1540(1) ~ C3C4-02-C5  —169 t
. ) . . . ., C2-01 1.430(1)  C402-C5-C6 170 t
the chain, commencing with the torsion angle associated with 51_c3 1.430(1) 02C5-C6-03 64 9
the C-0 bond isttgttgttg which is identical to that for the C4-02 1.430(1) C5C6-03-CY —152 t
i i ; ; 02-C5 1.430(1)  C603-CI-C2 161 t
'[I‘.Iﬂa..te .and the imide complexes, serving to e_mphaS|ze the £ 53 1430(1)  03CI-C2-O1 93 1
similarity of the conformation!23 It is also evident from 03-CY' 1.430(1)

Figure 3 that the packing of the chains is similar to that of

the triflate and imide complexes. Both triflate and imide may although, of course BF is a symmetric tetrahedral ion
be thought of as tetrahedral anions about the sulfur ion whereas the triflate and especially the imide ions are not.
attached to the oxygens which coordinate directly to the
lithium cations. In this sense they are similar to sBF (23) Lightfoot, P.; Mehta, M. A.; Bruce, P. Geciencel993 262, 883.
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Figure 5. Structure of (diglyme)LiBF4. Left: View of the structure alonf axis. Right: Side view of the columns of diglymes with associated ions
(hydrogens not shown). Thin lines indicate coordination around thecafion.

Table 2. Selected Bond Distances (A), Bond Angles (deg), and Table 3. Selected Bond Distances (A), Bond Angles (deg), and
Torsion Angles (deg) in (Diglyme):LiBF, Torsion Angles (deg) in (Diglyme):LiBF 4
Li—01 2.087(2) C+01-C2 111.61(6) Li—01 2.156(5) C+01-C2 112.3(2)
Li—02 2.058(2) OxC2-C3 106.84(7) Li—02 2.117(2) 0%xC2-C3 106.8(2)
Li—03 2.061(2) C2C3-02 106.32(7) Li—03 2.143(4) C2C3-02 106.6(2)
Li—F1 1.903(1) C302-C4 113.86(6) C3-02-C4 114.2(2)
Li—F2 1.901(1) 02C4-C5 106.30(6) B—F1A 1.359(3) 02-C4-C5 106.7(2)
C4-C5-03 106.62(7) B-F1 1.359(3) C4C5-03 107.5(2)
B-F1 1.404(1) C503-C6 112.66(7) B—-F2 1.374(3) C503-C6 111.5(2)
B—F2 1.406(1) B—F2A 1.374(3)
B—F3 1.376(1) C1-01-C2-C3 —177.7(2) t
B—F4 1.379(1) C1-01 1.419(3) 0+C2-C3-02 —56.7(3) o
C1-01-C2-C3 176.05(7) t 01-C2 1.413(3) C2C3-02-C4 169.3(2) t

Ci1-01 1.431(1) 0+C2-C3-02 56.19(8) g C2-C3 1.490(4) C302-C4-C5 —177.5(2) t
01-C2 1.426(1) C2C3-02-C4 —170.75(7) t C3-02 1.418(3) 02 C4-C5-03 53.1(3) g
C2-C3 1.501(1) C302-C4-C5 165.27(7) t 02-C4 1.422(3) C4C5-03-C6 177.8(3) t
C3-02 1.426(1) 02C4-C5-03 —51.71(8) ) C4-C5 1.485(4)
02-C4 1.429(1) C4C5-03-C6 —163.18(8) t C5-03 1.414(3)
C4-C5 1.498(1) 03-C6 1.422(3)
C5-03 1.426(1)
03-C6 1.419(1) with each molecule donating its three ether oxygens to the

L ) o lithium ion thus completing a six-coordinate, distorted
Althoggh the BF‘.‘ comple>§ IS S|m|lar to tnflgFe and imide, octahedral, arrangement around'Lif we think of each
there is some shift of the lithium cation positions as can be diglyme molecule as being located approximately in a plane
seen in F|gurg S. . o then one plane is rotated by 90 degrees with respect to the
(D|glyme):L|BF4. The structl_Jre of_(o!lglyme):uBEm_ other. The Li—diglyme complexes are stacked one on top
which the ether oxygens-to-cation ratio is the same asmtheof the other with the BE anions located between the

PEQ:UBF_“ Is shown in Figure 4. The ”th“%m ions are diglyme stacks. There is no coordination of the;BBnions
arranged in two columns rather than in the zigzag arrange-y, the lithium cations. The conformation of each diglyme

ment in the polymer complex. As in PEQIBF, each molecule in (diglyme)LiBF, is similar to that in (diglyme):
ithium cation in the (diglyme):LIBE is 5-coordinated by | jgr, (Tablé ;)’y eILIBF. (diglyme):

three ether oxygens from a single diglyme molecule and by 1,6 (giglyme):LiBF, complex contains six ether oxygens
ftwo_fluorlnes from two Blz_‘f anions. Each of thg BF anions per Li* ion whereas both PEQLIBF, and (diglyme):LiBR

IS 5|multane9usly co%rq(;natebd toa nelghbor:ﬂg tation, contain 3 and the coordination around*Lby the ether
l.e., two BR™ anions bridge between pairs of'Lions. As v hans is respectively 6 and 3. Unfortunately a 6:1 complex
a result, the structure consists of discrete diglyrhe' — between PEO and LiBFdoes not exist. As a result, it is not

N : . _
(BF47),—Li"—diglyme units, Figure 4, that are linked only possible to make a direct comparison between (diglyme)
by van der Waals bopdlng to the neighboring units forming LiBF,4 and a polymer structure with LiBFand the same ether

columns along the axis. Selected bond lengths, bond angles, oxygen-to-cation ratio. However, it is instructive to compare

and torsion angles in the structure of (diglyme):LiBdre (diglyme):LiBF, with another diglyme complex in which

presgr:ted |n. Table 2.h |  thi q two diglyme molecules coordinate eachldalong with the
. (Dig ymg)z.l__|BF «- The crystal structure of this compound - 4.1 peg complexes studied previoush?*?>The crystal
is shown in Figure 5. As in the (diglyme):LiBFstructure

the |Ith_|um IOUS m_ (dlglymg)LlBF;; are arra_nged in columns. (24) Gadjourova, Z.; Martin y Marero, D.; Andersen, K. H.; Andreev, Y.
Each lithium ion is coordinated by two diglyme molecules, G.; Bruce, P. GChem. Mater2001, 13, 1282.
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Figure 6. Structures of (diglyme)LiSbFs (top) and PE@LiSbFs (bottom). Left: View of the structure along showing rows of L ions perpendicular
to the page. Right: View of the structure showing the relative position of the chains and their conformation (hydrogens not shown). Thin limes indicat
coordination around the tication. Note that in the diglyme complex the occupancy of fluorine sites is 0.5.

structures representing the (diglymé&)SbFs and the 6:1 It is interesting that the single-crystal structure determina-
complex with LiSbk are shown in Figure 6. The structures tions of the diglyme complexes indicate many features that
of the two complexes are very similar with respect to the are similar to the PEO complexes with the same ether
coordination of Li cations and the location of the anions oxygen-to-cation ratio, emphasising the significant role of
between the Li—(ethylene oxide) stacks. Comparing the local ion—molecule interactions in determining the local

diglyme structures with the PEO 6:1 complex reveals a structure even in a long chain polymer. It will be interesting

number of structural similarities. One can see that if the to explore the complexes of other low molecular weight
diglyme molecules were to be linked along the stacks they glymes formed with a variety of salts and to extend this
would describe two interlocking chains as is observed in the investigation to higher molecular weight glymes to determine
PEO 6:1 complexes. Furthermore, there is a remarkablethe point at which discrete molecular structures give way to
similarity between the two structures when viewed down the polymeric compounds.

b-axis in Figure 6. The stacks of lithiundiglyme complexes
appear as tunnels Wheq viewed n this way with the anions Royal Society, and the EU for financial support. V.S. acknowl-

between the tgnnels, just as is observed for PEO 6:1edges support from the Research Corporation under Grant
complexes. Unlike the case of the PEO 6:1 complex, the rao306.

Li—diglyme complexes are too far apart along the columns

for ion transport. Supporting Information Available: Crystallographic informa-
tion files (cif) and a table of atomic coordinates (pdf). This material
is available free of charge via the Internet at http://pubs.acs.org.
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