metry to the reversal process with, in
particular, N — R transitions resulting

from the appearance of a reverse toroidal

field first at high latitudes in the core.
This process may be visualized if one
considers the sequence displayed in Fig.
2 to run from left to right and right to left
for R = N and N — R transitions, re-
spectively.

The model presented here, being in
essence phenomenological, predicts ob-
servable behavior which need not corre-
spond uniquely to a cyclone-driven re-
versal process in the core and, if sub-
stantiated, will serve primarily as a con-
straint to the hydromagnetic behavior
governing polarity transitions.

KENNETH A. HOFFMAN*
Department of Geological Sciences,
University of California,
Santa Barbara 93106
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Lithium-Sodium Beta Alumina: First of a Family

of Co-ionic Conductors?

Abstract. Lithium-sodium beta alumina having a lithium/sodium ratio greater than
about 1 appears to be the first generally useful lithium superionic conductor that has
been reported. It exhibits strikingly nonlinear ion exchange properties and may pre-
sage the discovery of similar co-ionic interactions in other superionic conductors. The
properties of lithium-sodium beta alumina are discussed in relation to current con-
cepts of ionic interaction and distribution in the beta alumina conduction plane.

Since Yao and Kummer (/) reported
the high conductivity of Na* in Na* beta
alumina, considerable effort has been di-
rected toward identifying a comparable
Li* conductor. Lithium is the most re-
ducing of the alkali metals and also has
the lowest equivalent weight. It is there-
fore attractive for use in compact and
light rechargeable batteries. A high-con-
ductivity Li* solid electrolyte would lend
flexibility in the design of such energy
storage systems.

A good Li* conductor has now been
found in the form of Na* beta alumina in
which a portion of the Na* is replaced by
Li* (2). The result is a solid-solution Li*-
Na' beta alumina in which charge is car-
ried by both monovalent cations. What is
surprising is that the relative proportion
of charge carried by each ion as a func-
tion of the Li'/Na' ratio is extremely
nonlinear. For compositions having Li*/
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Na* greater than ~1, the fraction of cur-
rent carried by Li* is nearly unity. Lith-
ium ions move through the solid electro-
lyte structure without significantly alter-
ing its Na* content.

Numerous applications exploiting the
chemical stability and high Li* con-
ductivity of Li*-Na™* beta alumina can be
imagined. But more intriguing may be
the implication that similar nonlinear
properties may be found generally
among other superionic conductors, in-
cluding those not of the beta alumina
structure. We have suggested that an ap-
propriate term for these ionic inter-
actions would be co-ionic conductivity
(2). Our purpose here is to report the un-
expected features of Li"™-Na' beta alu-
mina, their structural basis, and their im-
plications for other co-ionic composi-
tions.

Yao and Kummer first reported that

Li*, in addition to Ag*, TI*, K*, Rb*,
and Cs™*, can substitute for Na*™ in Na*
beta alumina. The Li* exchange is curi-
ous in that a sample of pure Na* beta alu-
mina equilibrated with a large excess of
LiNO; at 350°C undergoes only approxi-
mately 50 percent ion exchange. The
small—generally less than 0.5 percent—
impurity level of Na* in the LiNO; melt
is sufficient to maintain a Li*/Na* ratio
of about 1. Yao and Kummer reported
preparing pure Li* beta alumina by
equilibrating Ag* beta alumina, first pre-
pared by ion exchange of Na* beta alu-
mina in molten AgNO,, with LiNO; satu-
rated with LiCl.

There has been considerable dis-
agreement over the conductivity of Li*
beta alumina. Radzilowski et al. (3) used
tracer diffusion and dielectric loss tech-
niques to deduce the ionic conductivity
of beta alumina powder in which an un-
specified proportion of the Na* content
had been replaced by Li*. Their values,
along with that reported by Whittingham
and Huggins (¢) from measurements on
single crystals of beta alumina containing
Li*, are listed in Table 1. It is somewhat
surprising that even though Li* is a
smaller ion than Na* and might therefore
be expected to diffuse more readily, the
conductivity of Li* beta alumina is about
10 to 1400 times smaller than that of Na*
beta alumina, which for the single-crys-
tal form is 1.4 X 107% (ohm-cm)™! at
25°C. Conductivity in Na* beta alumina
is due to two-dimensional diffusion of
Na* in planes that lie between close-
packed oxygen layers perpendicular to
the hexagonal c-axis (5). Yao and Kum-
mer (/) suggested that Li* beta alumina
is a poor conductor because Li* is too
small for the conducting ‘‘slots’” in the
crystal, and as a result is displaced from
the median conduction plane and at-
tached to oxygen atoms on the wall. This
explanation is consistent with measure-
ments of the resistivity of Li* beta alu-
mina as a function of pressure, which
show a resistivity decrease of 5 to 6 per-
cent at a pressure of 4 kbar (6).

We have examined Li* exchange of
polycrystalline Na* beta alumina tubes
prepared in this laboratory by a tech-
nique previously described by Powers
(7). Our results corroborate those of Yao
and Kummer. Approximately 50 percent
of the Na* content of polycrystalline
Na* beta alumina is replaced by Li* dur-
ing immersion for several hours in mol-
ten LiNO, at 350° to 450°C. The compo-
sition appears to be in equilibrium with
the melt, and the exchange occurs with-
out obvious cracking or degradation of
ceramic stability or strength.
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What is remarkable about Na* beta
alumina is the steep slope of its ion ex-
change equilibrium curve with Li* in
molten LiNQOs. This must arise from in-
teractions within the beta alumina struc-
ture, since the activities of Li* and Na*
in mixed LiNO,-NaNO,; melts deviate
only slightly from their concentrations
). As aresult, when 1 : 1, Li*-Na* beta
alumina is used in an electrochemical
cell to separate two chambers, each con-
taining molten LiNO; with which the
sample has been previously equilibrated,
its residual Na* concentration is not rap-
idly swept out on prolonged Li* passage.
Instead, Li* ions move through the
structure without substantially altering
its Na* content. Cleaver and Rowlands
(9) have observed similar behavior.

The resistivity of a typical specimen
of 1:1 Li*-Na' beta alumina was de-
termined by a four-probe galvanostatic
technique designed to distinguish intra-
grain and grain boundary resistivities
(10, 11). The intragrain resistivity of 1 : 1
Lit-Na* beta alumina, which approxi-
mates the single-crystal resistivity, is
typically 200 ohm-cm at 25°C. Grain
boundaries contribute an additional 800
ohm-cm at 25°C. Thus, the d-c resistivity
of a typical polycrystalline Na* beta alu-
mina tube increases by a factor of 2 to §
when the tube is converted to 1 : 1 Li*-
Na' beta alumina. We have found that
the total extent of Lit exchange in Na*t
beta alumina can be increased by
multiple equilibrations with fresh LiNOg
at 600°C. A maximum of 89 percent Na*
replacement has been achieved by this
method. Resistivity data in this range are
incomplete, but indicate that this further
exchange increases d-c resistivity by at
most a factor of 2.

To demonstrate a typical electrochem-
ical application of polycrystalline 1 : 1
Li*-Na* beta alumina, a sample disk pre-
pared by thermal exchange was incorpo-
rated into a Li/Li*-Na™" beta alumina/Br,
test cell. Propylene carbonate containing
LiCIO, and LiBr was the liquid electro-
lyte, and the Li electrode was formed in
situ by deposition of Li on a Ni foam
substrate. No increase in cell resistance
attributable to the solid electrolyte was
observed during discharge at 2.2 ma per
square centimeter of disk area over sev-
eral days, or during subsequent recharge
at a similar rate. During this time, suf-
ficient charge was passed to replace 224
percent of the total Lit content of the
disk.

To begin to understand the unexpect-
ed behavior of Lit* and Na* ions in 1 : 1
Li*-Na* beta alumina we consider the
defects responsible for mass and charge
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Table 1. Conductivity of Li*-Na* beta alu-
mina. All data are single-crystal values at
298°K. The tracer diffusion and dielectric loss
values are from (3), the a-c conductivity val-
ues from (¢).

Method Conductivity

[(ohm-cm)™1]
Tracer diffusion*t 1.0 x 10™®
Dielectric losst 1.5 x 1073
Conductivity (a-c)t 1.3 x 10~
This work# 5 x 1073
*The value given was extrapolated to

298°C. +The precise Li*/Na* ratio in the sample
was not reported; the nominal mole fraction of Li*
was unity. fLi*/Na* = 1.1.

transport. In most solid ionic con-
ductors, current is carried by thermally
activated migration of charged point de-
fects, typically interstitial ions, va-
cancies, or impurities. In superionic con-
ductors (12), typified by Na* beta alu-
mina, the concentration of charge
carriers and vacancies is large, and they
interact to form short-range ordered re-
gions called extended defects in which
the local structure and properties are
slightly modified. Nonlinear co-ionic
properties are possible because chem-
ically distinguishable mobile ions can oc-
cupy similar but nonequivalent sites in
the disordered crystal.

The ideal atomic arrangement in Na*
beta alumina, exclusive of the defects,
has been known since 1931 from the
crystal structure studies of Bragg et al.
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Fig. 1. Single ion diffusion path in beta alu-
mina. Cations hop between the BR, mO, and
aBR sites in an interconnected two-dimen-
sional network between rigid oxygen pillars.
The potential energy curve is a schematic rep-
resentation inferred from Na* beta alumina
site probabilities. The rate-determining step is
believed to be hopping over the energy barrier
between mO and aBR sites. The shapes of the
potential wells in Li*-Na* beta alumina are
expected to be different. D, distance along the
ionic diffusion path.

D

(13) and Beevers and Ross (/4). It was
not until 1971 that Peters et al. (5) estab-
lished, by an investigation of the struc-
ture with modern x-ray methods, that the
high conductivity is due to fast diffusion
of Na* ions in planes of low atomic den-
sity with excess vacancies for each Na*.
Studies of the ion transport mechanism,
defects, and disorder structure by x-ray
diffuse scattering (/5), neutron dif-
fraction (16), and nuclear magnetic reso-
nance (/7) are beginning to provide a de-
scription of the defects responsible for
conductivity. The extended defect in
Na' beta alumina is a cluster of Nat,
0%, and vacancies in Beevers-Ross
(BR), mid-oxygen (mO), and anti-Bee-
vers-Ross (aBR) sites. Figure 1 describes
a single ion diffusion path in Na*' beta
alumina. The sodium sites are crystallo-
graphically independent, and the shapes
and depths of the potential wells and the
heights of the barriers between sites may
be different. The potential function in
Fig. 1 is a schematic representation in-
ferred from site occupation probabilities
and symmetry (/6). The highest barrier is
indicated between mO and aBR sites,
consistent with the interstitialcy mecha-
nism proposed by Whittingham and Hug-
gins (/8) to explain the Nernst-Einstein
correlation coefficient of about 0.6 for
tracer diffusion in Na* beta alumina.
The binding energy of mobile cations
in the various sites of the conduction
plane is different and of order kT (where
k is the Boltzmann constant and T is ab-
solute temperature), as shown by the
change in the average density of Na' in
the sites when temperature is increased
from —193°C to +600°C (I6). Sodium
ions in these sites interact differently
with the surrounding crystal field, and in-
dividual asymmetry and quadrupole pa-
rameters are resolved in low-temper-
ature single-crystal rotation patterns of
the 2*Na nuclear magnetic resonance
spectrum (/7). Above —163°C, Na®' ions
hop rapidly between sites and the
spectra merge into a single resonance
peak. We believe, therefore, that electric
current in beta alumina is carried by ions
migrating through a sequence of energet-
ically distinguishable sites. The potential
energies of specific cations in these sites
will depend on their electronic structure
and ratio of ion charge to diameter. This
unequal binding also accounts for the
striking variation in activity coefficients
of a cation (M) in the solid and melt ob-
served by Yao and Kummer (/) for equi-
libria between (MNO;-NaNO3)jquiq and
(M*-Nat beta alumina)y,;q. Similar non-
ideal behavior is observed in solutions of
strong electrolytes and in glasses (/9).
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A large concentration of charge car-
riers is a common structural feature of
superionic conductors, and it will be in-
teresting to examine other crystal struc-
tures for similar co-ionic compositions
that may display nonlinear ionic trans-
port. An attractive coordinate is the
framework structure My, ,Zr,Si, Py 0,5,
where M = Li, Na, Ag, or K (20).

WALTER L. ROoTH
GREGORY C. FARRINGTON
Research and Development Center,
General Electric Company,
Schenectady, New York 12301
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Radioimmunoassay for Abnormal Hemoglobins

Abstract. A sensitive and specific radioimmunoassay has been developed for the
identification or quantification of the human hemoglobin variants S, C, D-Los Ange-
les, E, G Philadelphia, Russ, O Arab, Beograd, J Paris I, G San Jose, Q Iran, Korle
Bu, and F Malta 1. In the immunoassay, monospecific antibody preparations are
used which recognize the single amino acid substitution in the variant polypeptide
chain and do not cross-react with normal hemoglobins or hemoglobin variants con-
taining a different amino acid exchange at the same position.

Hemoglobin (Hb) from normal individ-
uals and those with various hemoglobin-
opathies has been the subject of exten-
sive structural, functional, and genetic
investigations. At the present time, more
than 275 different hemoglobin variants
have been discovered (/). In the majority
of these variants, there is a single amino
acid substitution in one of the two hemo-
globin subunits. Generally these mutants
are rare in the population and have no
clinical consequences in heterozygous
individuals, although four abnormal he-
moglobins (S, C, D, and E) are fre-
quently observed in certain populations
and can be associated with pathological
manifestations (2). Because the common
method of detection and preliminary
identification of variants is based on
comparative electrophoretic differences
between the abnormal and normal pro-
teins, most of those reported have an
amino acid exchange involving residues
of unlike charge. However, since many
different abnormal hemoglobins have
similar or identical mobilities, conclusive
identification requires structural analyses.

We have developed a radioimmunoas-
say (RIA) system with monospecific an-
tiserums capable of recognizing and, if
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necessary, quantifying hemoglobin vari-
ants in red cell hemolyzates. Included in
our study are the four most prevalent ab-
normal hemoglobins (S, C, D, and E), as
as well as G Philadelphia, which is prob-
ably the most common a-chain variant in
the black population in the United States
(3). These and other hemoglobin variants
for which RIA’s have been developed
are listed in Table 1.

Blood samples for isolation of the he-
moglobin variants were obtained from
patients whose abnormal hemoglobin
had been structurally characterized.
Methods of isolation included column
chromatography on diethylaminoethyl
(DEAE)-Sephadex, DEAE-cellulose,
carboxymethyl (CM)-cellulose, and CM-
Sephadex, with developers and condi-
tions as described ). Each preparation
was analyzed for purity by starch-gel
electrophoresis at pH 9.0 (5). All isolated
hemoglobins migrated as single bands
free of hemoglobins A, F, or A,, except
for HbE and HbO Arab which could not
be completely separated from HbA,.

Antiserums to the variants were pre-
pared in white New Zealand rabbits with
Freund’s complete adjuvant according to
the dose, route, and schedule outlined

6). Antiserum to HbE was produced in
chickens by a similar immunization
schedule (7). Antibody preparations
were made monospecific for the variants
by absorption with HbA conjugated to
AH-Sepharose activated with glutaralde-
hyde (8); antiserum to HbF Malta I was
absorbed with HbF (%y). In addition, an-
tiserums to HbE and HbO Arab were ab-
sorbed with HbA,. After absorption, the
preparations of antiserums were concen-
trated approximately tenfold by nega-
tive-pressure dialysis.

The antibody titers were measured by
determining the extent of binding of the
absorbed antiserums with the corre-
sponding !**I-labeled variant hemoglo-
bin; similar titrations were also made
with 2%I-]labeled normal hemoglobins (A,
A,, and F) to confirm the absence of
cross-reactivity. The principle of the
RIA is based on the separation of free
and bound '**I-labeled antigen by the ad-
dition of ammonium sulfate solution. De-
tails of this method have been described
6). After absorption, each variant an-
tiserum precipitated only the 2°I-labeled
hemoglobin variant and did not react
with labeled HbA, HbA,, or HbF, in the
case of antiserum to HbF Malta I.

In order to further ensure the specifici-
ty of the antiserum for each particular
mutant, standard RIA inhibition assays
were performed. In these tests, the tubes
contained a constant volume of antise-
rum, which was diluted to yield approxi-
mately 35 percent precipitation of the
125].]abeled hemoglobin variant. In-
crements of unlabeled normal or variant
hemoglobins were then added to the
tubes. After incubation for 1 hour at
room temperature, a constant quantity
(0.1 ug) of the labeled hemoglobin vari-
ant was added to all tubes. Under these
conditions, a competition reaction is es-
tablished between the labeled and unla-
beled hemoglobin for the available anti-
body-combining sites. If a sufficient
amount of the homologous unlabeled Hb
antigen is present, the antibody-com-
bining sites become saturated, and the
25[-labeled antigen is located in the su-
pernatant fraction after the addition of
ammonium sulfate solution. The repre-
sentative inhibition curve (Fig. la)
shows that the homologous antigen
(HbS) competitively blocked the binding
between antiserum to HbS and '*°[-la-
beled HbS in quantities ranging from 0.1
to 10.0 ug, while HbA, HbF, and HbA,
did not inhibit the reaction at any of
these concentrations.

The feasibility of using the RIA to
identify and quantify abnormal hemoglo-
bins in red blood cell hemolyzates was
evaluated with the use of antiserums to
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