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JON-PAIRING [N POLYETHER SOLID FELECTROLYTES AND 1TS INFLULHCE ON ION TRANSPORT

\ H

B. L. Papke, F. Dupon, M, A. Ratner aand D. F. Shriver

c. ,Department of Chcmistr} and the Materials Research Center
Worthwestern University, Evanston, Illinois 60201

L
KRVibrational spectroscopic and conductivity data are presented for complexes of NaBF,

end NaBY, with poly(cethylene oxide).

fon pairing wccurs in the NaBH, complex but not in the NaBF, complex.

These sludies indicate that exteasive coantact

As a result

the ionic conductivity is coasiderably lower in the HaBll, complex, due to trapping of
The cffect of salt stoichiomectry on the

the mobile sodium cations by Lhe anien.
coaductivity behavior is also reported. ?<

. | -

'

J
1. INTRODUCTION '

. Poly(ethylene oxide), (PEO), is known to form

solvent~frec complexes with a large aumber of
alkali metal salts. The Na*¥ salt complexes
are highly crystalline and typically exhibic
ionic conductivities of about 1077 (ohm-cm)™!
at _room temperature, increasing to about
10-3 (otm-cm)~} ac 120°C (1). The catioa has
been implicated as the mobile species in the
PEO*NaSCN complex through transference number
measurements ousing a sodium/mercury amalgzam
concentration cell (2). All of the Na*
complexes have essentially the same polyether
backbone conformation (3), and to date the
reported conductivities at a given salt stoi-

. chiometry are very similar, providing evidence

agaiost contact ion pairing. 1In this paper we

" present vibrational spectroscopic and condug-
- tivity studies which indicate that ion pairing

occurs ia the PEO°NaBH, complex, Previous
work has also shown that a knee occurs in
Arrhenius plots of 1ndT against 1/T for the
Na* complexes. The origin of this phenomenon
is discussed.

2. EXPERIMERTAL

Preparation and characterization of the PEO*
RaBF; complex has been described elsewhere
(3). The PFO-NaBH, complex was prepared by
suspending films of pure PEO (m.w., 600,700
purificd by ion exchange and filtration (3))
in & saturated isopropylumine/NaBi, solutiva,
The fsopropylamiase (Aldrich, 99%) was refluxed
over Cally under dey Ny and distilled before
use. Care was taken to exclude all €races of
water and the samples were handled using stan-
dard inert strosphere techniques (4), The
complexes were chavacterized by infracred and
Rawan  spectruscopy, dilferential  scanning
calorimetcy, (DSCH, visual observations using
8 hot stage polariziap microscope and x-ray
diffraction. The stoichiometry of the com-
plexea is indicated by the rativ of ether oxy=-
gens to sodium cations, i.e. 4:1 etc.

\
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The stoichiometry of the PEO'NaBl, complex
was determined by rprotolysis of the BH,~
using aqueous HCl followed by PVT measurement
of the evolved H;. The fully conplexed stoi-
chiometry thus established was about 3.4:1.
The absence of rcgions of uncomplexed PEO or
excess MNaBH, was established through x-ray
diffraction and differential scanning calori-
metry. The maximum stoichiometcy of the
PEO-NaBF, complex was shown to ba about 4:1 at
room temperatuce by x-ray diffraction. The
maximum stoichiometry decreases slightly with
increasing temperature up to the complex
melting range of 105~115°C.

Complexes of WNaBF; and NaBH, salts at less
than maximum stoichiomztry, (4.5:1), were also
studied; these are two phase systems below
60°C, as demonstrated through x-ray diffrac-
tion and DSC. Apparently small regions of
crystalline PEO are interdispersed with the
fully complexed phase,

Conductivities were measured on hot pressed
pelliets of the polyner complex wusing the
complex admittance technique over the fre-
quency range of 5 Hz to 500 kitz., Reversible
sodium/mercury amalgam liquid clectrodes were
used as electrical contacts in a sealed cell

-filled with dry nitrogen (2).

3. RESULTS AND DISCUSSION
3.1 Spectroscopic Evidence for Ion Pairing

Vibrational spectroscopic techniques have becn
used to deduce 8 reasonable polyethwer coafor-
mation for the PEO°sodium salt complexes (3D,
The PEO*NaBll, and PEO-NaBf, have victually
identical polycther conformations, both com-
plexes are hipghly crystalline, and the only
physical difference between the complexes is
their melting ranpes, 170-177°C and 105-115°C,
respectively. Cotpacisons of spectroscepic
and conductivity data were therefore limtted
to temperatures below 90°C,

— - .
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The iaternal vibeational modes of the MLT aad
BY,~ anions provide a convenient and powerful
spectroscopic  prube  to study  the  local
envirounent about the anivn. 1 av catioa-
anioa interactions are ovhserved, then the
anion is expected to reside outside of the
helical polyether conformation proposed
earlicr (3), in essentially a hydvocachon-like
environment. The internal vibrational bands
observed would then be expected to correspond
closely to those for an unperturbed 'free ion’
symmetry, ian this case an anion of tctrahedral
(Tq) symnetey (5). Any significant cation-
anion interaclions would result in a lower
symmetry accompanied by a splitting of dege-
nerate vibrational modes.

The aqueous BH,™ (BD,~) anion is cepresen~
tative of the unpdrturbed anion; its vibra-
tional frequencies and assignments are showa
in Tables 1 and 2. Only the symmetric aad
asymmetric deformation wmodes, vy and v,
respectively, are formally infrared active and
Fermi resonance has been invoked to explaia
the position of the totally symmetric v (A))
stretching mode (5). In contrast the Bil,”
(BD;,™) vibrational bands for the PO complexes
are strongly peclurbed. From a compacrison of
the number and intensity of the vibrational
bands indicated in Tables 1 and 2 it is clear
that the symmetcy of the BH,™ (BD,™) anion has
been lowered from tetrahedcal., Foc example,
vibrational bands which are normally expected
to be degenerate ia a Tyq symmetry, Such as
v (F), are no longer degenerate in the Bif,~
complexes, and the large number of vibrational
bands observed in the B-H and B-D stretching
regions (21502450 cm™! oc 1570-1750 cm~l,
respectively) are due in part to a lifting of
dcgeneracies. Teatative vibrational assign-
ments have been made for some of these bands;
these are indicated ia Tables | and 2.

The symmetry of the anion may be lowered
through cation-anion interactions or thecough
solvent interactions. However, solvent
interactions with BH,~ or BD;~ are likely to
be weak in this case, and are not consistent
with experimental observations. Far infrared
data also support the hypothesis of cation-
anion pair intecactions. Cation-dependent
vibrational bands have been observed in the
far infrared for the PEO-alkali metal salt
complexes (3), these correspond to the motion
of the alkali metal cations retative to their
couater anions and surrounding cther uxygens,
A aumber of the sodium salt complexes, includ-
ing the PEO°Nanf, complex, exhibit no anion
dependence in  their far infraced spectes.
However significant chanpges are seen ia the
far iofraced when BD,™ is substituted for
Bll,~, which is stconp evidence that ion-pair
interactions occur in these complexes, There
is no spectroscopic indication of ion pairing
in the PEO°NaAF, complex. -

[y

. .
Table . Infraced and Raman vihrational
assignmeats for the BT anioa.

PEO"NaBit, NaBll, in basic Approximate
' aqueous solution Assigoments
Raman - 1R Raman IR
2460wv,p 2v,
2342u,sh  2347vs 2340w,p vy v,
2313vs vy
2295m 2294s,p v

2266w,dp 2272s vy
2230w,b  2232vs v
2196w,dp 2200sh 2V, (E oc Fy)
2177m,sh  2178s -

2169s -

2155ns : -
2146m,p 2v,(Ay)

1246w Vo

1097w V4

Band intensities: vw (very weak), w(weak),
sh(shoulder), mw(nediua weak), w{medium),
ms{medium strong), s(stroug), vs(very strong),
b{broad), p(polarized), dp{depolarized).

Table II. Infrared aad Raman vibrational
assignments for the BD,” anioan.

PEO"NaBD,, NaBD, in basic Approximate
aqueous solution Assigameats

Raman IR Raman iR

1750sh  1751vs vy + (7)

vy + V(1)
1723u,dp 17218 ¥

1730m  1731vs

1713m 1710w -
1694m,p 2y (Ay)
1684s - -
1679s -
1675w,dp 1666sh 2V,(E or Fp)
1653w 1650sh -
1638w  1639s -
15788 1579m  1585vs,p v
947vw 890w Vo
853me v

830m 842vw 843w Vi

Band intensities: sce Table I.

3.2 Ilonic Conductivity Mcasucemente

Detailed ionic conductivity measucements oa
the PEO*NaBF, and PEO'Nanilly complexes with
varying salt stoichiometeics have been made.
The tempecature range was from 20° to 90°C tor
the NaBF, complex, and 20° to 150°C for the
NaMl, complex. A complex impedance diageam




repreacntative of those obtained for these
complexes vith reversible liquid electrodes is
shown in Figure 1; this arc may be modeled by
a simple circuit connisting of an internal
resistance in parallel! with an iatcrnal capa-
citance.

A comparison of ‘the conductivity values
for these complexes is shown in Figure 2. The
4.5:1 PEO‘Ha®F, complex exhibits a conducti-
vity similar to that reported for other sodium
salt complexes at this stoichiometry (1), 1€
a slipght excess of NaBF, is present in Lhe
PEO*NaBF, couplex to prevent the formation of
small regions of crystalline PEO, the overall
conductivity falls by roughly a factor of 3
relative to the 4.5:1 complex, and a knee is
not observed in the conductivity plot for the
unanncaled complex prepared at coom tempera=
ture (sce Figure 2). The ahsence of a knee at
roughly 60°C for the salt-rich PEO clectrolyte
has been observed independently hy P.V, Wright
(6). The temperature range over which this
knee occurs is coincident with the melting
range of pure PEO and suggests that the
melting of small regions of uncomplexed PEOC or
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Figure 1, FRepresenlative complex  impedance
diagram for a PEO'NaBF, complex at 41°C from
100 Wz to 5 x 10° tlz, RE = real axis, IM =
imaginary axis.

PEQ with a low salt content may result in the
observed conductivity behavicr., This inter-
pretation is consistent with our DSC and x-ray
observations for complexes of varying salt

.
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Figure 2. Variable temperature cnqdusl:vily values for PEOCNaRF, complexes at 4.5:1 (Q) and )1
(O, stoichiometey, and PEOCKaliH, complexes at 4.5:1 (A) and 3.4:1 (¢) stoichiometry.
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and increases to 7.0 x 1072 (ohm-cm)~! a2
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roughly 60°C. In contrast, the 4,5:1
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supported by the spectroscopic data presented
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tivity ia the PEO°NaBl,; complex.
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