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ION-PAIRIllC IN POLYFTIIER SOLID ELECTROLYTES AND 1TS INFLUENCH ON ION TRANSPORT

U. L. Papke, I. Dupon, M..A. Ratner and D. F. Shriver

* paraerit of Chemistry and the'Haterials Rescarch Center
Worthwestern University. Evanston, Illinois 60201

" Vibrationat spectroscopic and conductivity data are presented for complexes of NaBF 4
and N."B114 with poly(ethylene oxide). These studies indicate that extensive contact
ion pairing occurs in the Na"B14 complex but not in the NaBF4 complex. As a result
the ionic consductivity is considerably lower in the N4aB) 4 complex, due to trapping of
the mobile sodiumi cations by the anion. The effect of salt stoichiometry on the
conductivity behavior is also reported.

1. INTRODUCTION The stoichiometry of the PEO'NaBI1, complex
was determined by protolysis of the BH -

Poly(ethylene oxide), (PEO), is known to form using aqueous l1C1 followed by PVT measurement
solvent-free complexes with a large number of of the evolved 112. The fully complexed sLoi-
alkali metal salts. The Na+ salt complexes chiometry thus established was about 3.4:1.
are highly crystalline and typically exhibit The absence of regions of uncomplexed PEO or
ionic conductivities of about 10-7 (ohm-cm)'l excess ,aD3 4 was established through x-ray
at room temperature, increasing to about diffraction and differential scanning calori-

S10 (ohn-cm)
-
l at 120"C (1). The cation has metry. The maximum stoichiometry of the

been implicated as the mobile species in the PEO-NaBF4 complex was shown to bo about 4:1 at
PEO'NaSCI complex through transference number room temperature by x-ray diffraction. The
measurements using a sodiumn/mercury amalgam maximum stoichiometry decreases slightly with
Concentration cell (2). All of the Na

+  
increasing temperature up to the complex

complexes have essentially the same polyether melting range of 105-I15"C.
backbone conformation (3), and to date the
reported conductivities at a given salt stoi- Complexes of NaBF4 and NaBH4 salts at less
chiometry are very similar, providing evidence than maximum stoichio-metry, (4.5:1), were also
against contact ion pairing. In this paper we studied; these are two phase systems below
present vibrational spectroscopic and conduc- 60"C, as demonstrated through x-ray diffrac-
tivity studies which indicate that ion pairing tion and DSC. Apparently small regions of
occurs itn the PEO'NaBH 4 complex. Previous crystalline PEO are interdispersed with the
work has alro shown that a knee occurs in fully complexed phase.
Arrhenius plots of InoT against lI/T for the
* 

+ 
complexes. The origin of this phenomenon Conductivities were measured on hot pressed

{i.discussed. pellets of the polymer complex using the
Complex admittance technique over the fre-

2. EXPERIM .NTAL quency range of 5 Htz to 500 kllz. Reversible

sodium/mercury amalgam liquid electrodes were
Preparation and characterization of the PEa" used as electrical contacts in a sealed cell
NaBF4 complex has been described elsewhere filled with dry nitrogen (2).
(3). The PFO'iaB l 4 complex was prepared by
suspending films of pure PEO (m.w. 600,'0 3. RESULTS AND DICUSSION
purified by ion exchange and filtration (1))
In a saturated isopropyt.anine/NaINIl4 solution. 3.1 Spectroscopic Evidence for Ion Pairing
The isopropylanaie (Afltrich, q99") was refluxed
over Call 2 under dry N2 and distilled before Vibrational spectroscopic techniques have been
use. Care was taken to exclude all (races of used to deduce a reasonable polyether confor-
vater and the samples were handled using stan- mation for the PEO'sodium s.-dt conplexes (3).
dard inert trosphere techniques (4). The The PEO*NaBl 4 and PEONaBF4  have virtually
complexes were characterized by infrared and identical polyether conformations, both om-
,taman spectroscopy. diff.rential scanning plexes are highly crystalline, and the only
calorimetry, (WlSCl, visual ohservations using physical difference between the complexec is
a hot stage polarizing miCroscope' and x-ray their melting ranges, 170-177C and lt)S-115C.
diltraction. The stoichioteetry of the cov- respectively. Compnrisons of ajlectrosu,,Pic
pleses is indicated, by the ratio of ether oxy- and Conductivity dtta were therefore limited
Sens to sodium cation., i.e. 4:1 etc. io temperatures below 90"C.

8 1 7 09 046



ito interni.l vibrational modes of the T1114 " and Table I. Infrared atl R.Xa.n vibrational
HF4 ainions prov ide .1 cnv..nint ai1td powvrful assigiinisnts for the 1lU4 ' anion.

spect ros'opic probe to study the local
environment shout the anion. If no cation- PEO*NaI14  NalU 4 in basic Approximate
anion interactions are obhserved, then the aqueous solution As ignments
anion is exp.cted to reside out.ide of the
helical polyether conformation proposed Rm.rin IR Ravv.n IR
earlier (3), in es;entially a hydrocarhon-like
environment. The internal vibrational hands
observed would then be expected to correspond 2460wp 2V4
closely to those for an unperturbed 'Iree ion' 2342v,sh 2347vs 234Ow,p V2 + V

symmetry, in this case an anion of tetrahedral 2313vs VI
(Td) synetry (5). Any significant cation- 2295m 2294s,p VI

anion interactions would result in a lower 2266w,dp 2272s V3

symmetry accompanied by a splitting of dege- 2230w,b 2232vs V3
nerate vibrational modes. 2196w,dp 2200sh 2v4 (F or F2 )

2l77msh 2178s
"The aqueous fH4  (BD 4-) anion' is represen- 2169s

tative of the unperturbed anion; its vibra- 2LSSms

tional frequencies and assignments are shown 2146m,p 2v4 (Al)
in Tables I and 2. Only the symrnetric and 1246w V2
asymmetric deformation nodes, v3  and V4  1097v v4
respectively, are formally infrared active and
Fermi resonance has been invoked Co explain Band intensities: vw (very weak), w(weak),
the position of the totally symmetric vI(A L) sh(shoulder), mw(nediu, weak), 'n(medium),
stretching mode (5). In contrast the B114- ms(medium strong), s(strong), vs(very strong),
(B-) vibrational bands for the PEO complexes b(broad), p(polarized), dp(depotarised).

are strongly perturbed. From a comparison of
the number and intensity of the vibrational

bands indicated in Tables I and 2 it is clear Table It. Infrared and laman vibrational
that the symmetry of the B14 - (D4-) anion has assignments for the BD4 - anion.
been lowered from tetrahedcal. For example,
vibrational bands which are normally expected pEO.NaBD 4  NaBD4 in basic Approximate
to be degenerate in a Td symmetry, such as aqueous solution Assignments
v4 (F), are no longer degenerate in the It4-
complexes, and the large number of vibrational Raman IR Raman IR
bands observed in the B-H and B-D stretching
regions (21502450 cm-1 or 1570-1750 cm -

I
,

respectively) are due in part to a lifting of 1750sh 175lvs V2 +
degeneracies. Tentative vibrational assign- 1730m 173vy V2 +4
ments have been made for some of these bands; 1723wdp 1721s v3
these are indicated in Tables I and 2. 1713m 1710v

1694m.jp 2t4(A 1 )
The symmetry of the anion may be lowered 1684s
through cation-anion interactions or through 1679s
solvent interactions. However, solvent 1675wdp 1666sh 2v4 (E or F2 )
interactions with Bl114 - or BD4 - are likely to 1653w 1650sh
be weak in this case, and are not consistent 1638w 1639s
vith experimental observations. Far infrared 1578s 1579m 1585vs,p Vj
data also support the hypothesis of cation- 947vw 890w V2
anion pair interactions. Cation-dependent 853mw
vibrational bands have been observed in the 830m 842vw 843w V
far infrared for the PEO-alkali metal salt
complexes (3), these correspond to the motion Band intensities: see Table I.
of the alkali metal cations relative to their
counter anions and surrounding ether oxygens.
A number of the sodium salt compLexe!l includ-
ing the PEO'NaIFV4 complex, exhibit no anion 3.2 Ionic Conductivity Measurements
dependence in their far infrared spectra.
However significant chanp.es are seen in the Detailed ionic conductivity me.surements on
far infrared when Rf 4 - is suhstituted for the PEO'NaBF, and PEO'NalI 4 comptexe. with
31 4-, which is strong evid;nce that ion-pair varying salt stoichiometries have been made.
Interactions occur in these complexes. There The temperature ranre wai from 20" to 90C for
Is no spectroscopic indication of ion pairing the tlaAF4 complex, and 20" to 150% for the
in the P9.O'NaRF 4 complex. . NaR11 4 complex. A complex impedance diagram



reprenentntive of those obtained for these 4.000'
complexes with reversible liquid electrodes is .
shown in Figure I; this arc may be modeled by
a simple circuit coniisLing of an internal
resistance in parallel with an internal capa- U')
citance. C 0

W.4 2.000--
A comparison of 'the. conductivity values
for these complexes is shown in Figure 2. The w
4.5:1 PEO'IWIaF 4 complex exhibits a conducti- 0
vity similar to that reported for other sodium 0
salt complexes at this stoichliUmetry (1). If

a sliht excess of 1a F4 is present in the 0.000 I
pEo'tIIaF 4 co:mplex to prevent the formation of 0.000 2.000 4.000 6.0
small regions of crystalline P.0, the overall RE (I050Q
conductivity falls by roughly a factor of 3

relative to the 4.5:1 complex, and a knee is Figure 1. Representative complex impedance

not observed in the conductivity plot for the diagram for a PEOINaBF 4 complex at 41*C from
unannealed complex prepare.d at room tempera- 100 lIz to 5 x 105 liz, RE - real axis, IM -

ture (see Figure 2). The absence of a knee at imaginary axis.
roughly 60C for the salt-rich PF.O electrolyte

has been observed independently by P.V. Wripht PEO with a low salt content may result in the
(6). The tem'erature range over which this observed conductivity behavior. This inter-
knee occurs is coincident with the melting pretation is consistent wiLh oar DSC and x-ray
range of pure PEO and sug!ests that the observations for complexes of varying salt
melting of small regions of uncomplexed PEO or

-4.000.

-4.000

-6.000,

-8.000-

-10.000.

-1.000 1
2.00 2.700 2.000 2.000 3.000 3.100 S.200

1000/T (IC)-1

Firure 2. Variable t,.ou'rratr, .ttvity v.stle4 for PnflN.ORF, complexes at 4.5:1 (0) and 3:1
(0). stoichiometry. and '1d)*.'.ll c,;nvplexe4 at 4.5:1 (A) sn, 3.4:1 (M) stoichiometry.
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Stoichiomet ry. An atternat ive hypothesis
suggste.d oy Wright to explain the thermal

behaviur h, observed near 60C in the PKO'NaX

complexes involves the disordering of a com-
pexed iterlameltar phase at 60"C (6).

The conducLivity of the ..'5:1 PEO'NafF,. com-
plex is Ahout 1.2 x 10

- 7 (ohm-i)
- at 30"C

and increases to 7.0 x 10-
5 

(ohm-cm)
-1  at

90"C. A linear Arrhenius type behavior is

observed both above and below the knee at
roughly 60"C. In contrast, the 4.5:1
PEO.atHI14 complex has a conductivity lower by
roughly 102 over the same temperature range,
and the conductivity plot is slightly curved.

This sharp decrease in ionic conductivity,
supported by the spectroscopic data presented
above, indicates that ion pairing is likely to
be the principal origin of the lower conduc-

tivity in the PEO*NaBI14 complex.

Acknowledgnents. This work was supported by
the National Science Foundation through the
Northwestern University Materials Research

Center (Grant No. DMIR 76-80847) and by the

Office of Naval Research. We thank Dr. D. 1.
Whitmore, Dr. M. B. Armand and Dr. F. V.
Wright for a stimulating exchange of informa-

tion.

REFERENCES:

(1) Armand, H. B., Chabagno, 3. M. and Duclot, . .'

M. J., Poly-ethers as solid electrolytes, 7
in Vashishta, P., Nundy, J. N. and Shenoy,
K. (eds.), Fast Ion Transport in Solids

(North-ltolland, Amsterdam, 1979).

(2) Dupon, R., Whitmore, D. H. and Shriver, D.
F., Transference number measurements for

the polymer electrolyte poly(ethylene
oxide)'NaSCN, J. Electrochem. Soc. 128
(1981) 715-711. 5

(3) Papke, B. L., Ratner, M. A. and Shriver,
D. F., Vibrational spectroscopy and

structure of polymer electrolytes,
poly(ethylene oxide) complexes of alkali ,

metal salts, J. Phys. Chem. Solids, in -A.press.

(4) Shriver, 0. F., The Manipulation of

Air-Sensitive Compounds (McGraw-Hhill, New
York, 1969).

(5) Shirk, A. E. and Shriver, 0. F.., Solvent
and cation dependence of tetrahydroborate,

9114'l Raman spectrum, J. Ams. Che s. Soc.
95 (1973) 5901-5904.

(6) Wright, P. V., personnal communicaitons.

MEMEM.o




