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The relative differences in internal cation mobilities are measured for the molten systems LiN03-
T1N03 and RbN03-TlN03 over a wide range of temperature and concentration by means of counter-
current electromigration technique (Klemm's method), and the internal mobilities are calculated 
from the existing data on the electric conductivity for these systems. For the system LiN03-TlN03 , 
a marked dependence of the relative internal mobility differences on temperature is found particu-
larly in the Li+ rich region, and a considerable concentration dependence is found over the in-
vestigated temperature range. This is qualitatively explained in terms of a model which takes into 
account mainly the differences of the cation-anion pair potentials and of the sizes of the two cations. 
On the other hand, for the system RbN03-TlN03 , only a slight temperature dependence is observed 
and no concentration dependence, if present, is detected within the experimental accuracy. 

Introduction 

Since the rather surprising finding by Chemla 
and coworkers *»2 that under certain conditions K + 

is more mobile than Li+ in the molten mixture 
LiBr-KBr, the study on the mobilities of binary 
molten systems with monovalent cations and a com-
mon anion has attracted much attention, and for 
systems of chlorides 3 , bromides 4 ' 5, nitrates 6 and 
sulphates7 '8, mobilities, mobility differences or 
transport numbers have been investigated system-
atically by means of zone electrophoresis, counter-
current electromigration, Hittorf's method and EMF 
measurement9. The investigation of cation mobi-
lities in binary mixtures offers useful information 
on what factors affect the electromigration process 
since the mobilities of two different cations can be 
studied at the same time under various conditions. 

In the present work the dependence of relative 
differences in the internal cation mobilities on tem-
perature and concentration is studied for the sys-
tems LiN03-TlN03 and RbN0 3 -TlN0 3 , the differ-
ences of the cation radii being large in the former 
and very small in the latter (Li+ : 0.60 Ä, Rb + : 
1.48 Ä, Tl+ : 1.40 Ä 1 0 ) . The countercurrent electro-
migration method (Klemm's method) is adopted 
here, with which even very small relative mobility 
differences of two cations can be accurately mea-
sured, although the informations on the external 
mobilities cannot be obtained. By using the salts 
only in a small-volume separation tube, the counter-
current method is readily applicable to such ex-
pensive salts as RbN0 3 and T1N03 . 

Experimental 

The arrangement of the electromigration cell was 
similar to that previously employed for isotope 
effect measurements u . A separation tube of Vycor 
(int. diam.: 4 mm) packed with quartz powder of 
80—100 mesh was inserted into a small vessel con-
taining a molten mixture of LiN03 -TlN03 or 
RbN0 3 -T lN0 3 . The chemicals were of special re-
agent grade and fully dried before use without fur-
ther purification. When the salts permeated the dia-
phragm by capillary action, the separation tube was 
transferred to a large vessel containing a eutectic 
mixture of NaN0 3 -KN0 3 or LiN0 3 -KN0 3 which 
was to serve as a cathode compartment, and im-
mediately electrolysis was started. After several 
hours' electromigration, the separation tube was 
taken out of the large vessel, cooled and cut into 
several fractions for chemical analysis. An aliquot 
of each fraction was subjected to the determination 
of the cations by flame spectrophotometry. On the 
other hand, the total amount of cations in each frac-
tion was checked by eluting another aliquot through 
a column of H+-type ion exchanger and titrating the 
eluted solution with a standard NaOH solution. 

The lowest limit for the electromigration tem-
perature was chosen in the light of the phase dia-
grams of the system 1 2 '1 3 . 

Radioactive tracer 204T1 {Tyz = 4.1 y) was pur-
chased from New England Nuclear Corp. in U.S.A. 
and measured with a GM counter. 
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Results 

The salts in the large cathode compartment dif-
fused into the separation tube during electromigra-
tion. If the duration of electromigration t, was ad-
justed, however, so that 

t < P/{n(]/D^tt+ VD^ti)2} 14'15, 

there existed an extended part around the middle of 
the separation tube where the initial chemical com-
position remained unchanged. Here, I is the length 
of the diaphragm part, and ö s e f f and Dc eff the 
effective diffusion coefficients of the investigated 
salts and of the salts in the cathode compartment 
into the diaphragm part, respectively. In this case 
the relative difference in internal mobilities of two 
cations 1 and 2 can be calculated by 7 ' 1 5 : 

£12 = (bt - b2)/b = (F/Q) (I n2i/p2-lnu/p^ , (1) 

where Q is the transported charge in Coulomb, F 
the Faraday constant, n^ and n2i the equivalent 
quantities of cation 1 and 2 in the ?'-the fraction, 
respectively, and px and p2 the initial equivalent 
fractions of the corresponding cations. The sum-
mation is made from the fraction nearest to the 
anode to the fraction where the initial composition 
remains unchanged. When cation 2, that is Tl+ in 
the present case, is of tracer scale, Eq. (1) is modi-
fied as: 

£12 = F/<?((n20/c2°) I c 2 i - 2 m * ) (2) 

where c2i is the radioactivity in cpm of cation 2 in 
the i-th fraction, and (c2°/n2°) the specific activity 
of cation 2 in cpm/eq of the initial sample. 

Experimental conditions and the results are tabu-
lated in Tables 1 and 2. 

The relative internal mobility differences are 
plotted against temperature in Figs. 1 and 2. 

From the present data and the existing data on 
the electric conductivities for the systems LiN0 3 -
T lNOg 1 6 ' 1 7 and R b N 0 3 - T l N 0 3 1 6 - 1 8 , the internal 
mobilities of these cations are calculated according 
to Eqs. (3) and ( 4 ) . 

fti-^Wtl + e u U - P i ) ] . (3 ) 
b2=(A/F)[l-e12(l-p2)] (4 ) 

where A is the equivalent conductivity of the mix-
ture. 

The isotherms of internal mobilities for the sys-
tems L iN0 3 -T lN0 3 and RbN0 3 -T lN0 3 are shown 
in Figs. 3 and 4, respectively. 

Table 1. Conditions and the results of electromigration in 
the system LiN03-TlN03 . 
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1 288 0 6.5 2211 0.821 ±0.009 
2 370 0 5.0 1545 0.413 ±0.003 
3 375 0 6.4 2054 0.351 ±0.011 
4 397 0 5.9 1999 0.300 ±0.009 
5 415 0 5.9 2054 0.330 ±0.002 
6 440 0 6.8 2144 0.390 ±0.002 
7 443 0 6.1 1929 0.473 ±0.006 
8 467 0 5.3 1849 0.650 ±0.003 
9 284 3.87 ±0.01 4.5 1560 0.226 ±0.020 

10 285 3.87 + 0.01 5.2 1702 0.236 ±0.017 
11 312 3.87 ±0.01 5.0 1622 0.214 ±0.019 
12 367 3.87 ±0.01 4.6 1403 0.153 ±0.018 
13 396 3.87 ±0.01 4.3 1347 0.192 ±0.023 
14 416 3.87 ±0.01 4.5 1527 0.178 ±0.020 
15 224 25.6±0.1 6.9 2229 0.398 ±0.003 
16 256 25.6 ±0.1 7.2 2376 0.118 ±0.002 
17 308 25.6 ±0.1 7.1 2417 0.051 ±0.002 
18 350 25.6 ±0 .1 8.7 3041 0.026 ±0.001 
19 400 25.6 ±0 .1 7.2 2658 0.036 ±0.002 
20 245 50.9 ±0 .1 7.0 2410 0.011 ±0.001 
21 270 50.9 ±0 .1 7.1 2430 - 0 . 0 1 1 ±0.001 
22 310 50.9 ±0 .1 6.8 2299 - 0 . 0 3 2 ±0.002 
23 328 50.9 ±0 .1 7.0 2293 - 0 . 0 2 6 ±0.002 
24 225 68.0 ±0 .2 6.0 1679 - 0 . 0 0 1 ±0.001 
25 274 68.0 ±0 .2 5.2 1654 - 0 . 0 0 3 ±0.001 
26 327 73.8 ±0 .1 6.8 2370 - 0 . 0 4 4 ±0.001 
27 377 73.8 ±0.1 7.0 2239 - 0 . 0 6 4 ±0.001 
28 380 83.6 ±0 .1 6.8 2290 - 0 . 0 8 4 ±0.001 
29 388 83.6 ±0 .1 6.6 2254 - 0 . 0 9 5 ±0.002 
30 230 88.8 ±0 .4 5.8 1921 - 0 . 0 7 6 ±0.006 
31 275 88.8 ±0 .4 6.5 2236 - 0 . 0 7 1 ±0.005 
32 305 88.8 ±0 .4 6.5 2169 - 0 . 0 6 4 ±0.006 
33 334 88.8 ±0 .4 5.2 1733 - 0 . 0 8 7 ±0.008 
34 340 88.8 ±0 .4 6.5 2130 - 0 . 0 8 2 ±0.006 
35 372 88.8 ±0 .4 5.8 1947 - 0 . 0 8 0 ±0.007 

The temperature was controlled within + 3 °C in most of 
experiments. The sign ± in the column Ab lb represents the 
standard deviation resulting from the errors of chemical 
analysis and radioactivity counting. The mole fraction 0 of 
T1N03 means that radioactive tracer (204T1) is used. 

Discussion 

It is known that trivalent T1 ions are unstable in 
molten nitrates and, if present, are converted into 
the monovalent state. The fact that radioactive T1 
does not show any irregular behaviour in the sys-
tem R b N 0 3 - T l N 0 3 ( R b N 0 3 : 100%) , as seen from 
Figs. 2 and 4, excludes the possibility that, because 
of its extremely low concentration, radioactive T1 
behaves irregularly. The quite negligible radio-
activity in the washed diaphragm powder after 
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Fig. 1. Relative difference in internal cation mobilities 
(ÖLi —&T1 )/b against temperature in the system LiN03-
T1N03 . The numbers in the figure represent the mole frac-

tion of T1N03 in %. 

6 , 2 

Fig. 3. Isotherms of internal mobilities in the system LiN03-
T1N03 . The data on the equivalent conductivities of LiN03 
are taken from Ref.31 and of T1N03 from Reference 32. 
Most of the values at 400 °C are estimated from the ex-

trapolated conductivity data. 

Table 2. Conditions and the results of electromigration in 
the system RbN03-TlN03 . 
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Fig. 2. Relative difference in internal cation mobilities 
(&Rb_ bTi)/b against temperature in the system RbNOs-
T 1 N 0 3 ( T 1 N O s m o l e f r a c t i o n : A 0%, • 2 7 . 6 % , O 50 .1% 
and # 74.4%). The data by Forcheri et al.23 are also plot-

ted for comparison (F in the figure). 

1 0 1 3 2 5 0 7 .1 2 3 5 3 - 0 . 0 5 4 ± 0 . 0 0 1 
1 0 2 3 6 3 0 7 .7 2 5 5 3 - 0 . 0 5 8 ± 0 . 0 0 1 
103 4 3 0 0 6 . 0 1 9 8 1 - 0 . 0 4 0 ± 0 . 0 0 1 
1 0 4 2 6 9 2 7 . 6 ± 0 . 4 7 . 0 2 2 0 9 - 0 . 0 8 2 ± 0 . 0 0 1 
1 0 5 3 0 3 2 7 . 6 ± 0 . 4 7 . 0 2 2 4 7 - 0 . 0 7 0 ± 0 . 0 0 1 
1 0 6 3 3 0 2 7 . 6 ± 0 . 4 7 . 0 2 2 7 5 - 0 . 0 5 5 ± 0 . 0 0 1 
107 3 4 7 2 7 . 6 ± 0 . 4 7 . 0 2 3 7 6 - 0 . 0 5 5 ± 0 . 0 0 1 
108 3 9 5 2 7 . 6 ± 0 . 4 7.1 2 1 1 2 - 0 . 0 3 7 ± 0 . 0 0 1 
109 2 3 6 5 0 . 1 ± 0 . 1 8 .0 1 0 1 2 - 0 . 0 9 2 ± 0 . 0 0 2 
1 1 0 2 7 2 5 0 . 1 ± 0 . 1 9 . 5 2 9 6 0 - 0 . 0 7 5 ± 0 . 0 0 1 
111 3 0 3 5 0 . 1 ± 0 . 1 10 .3 3 6 8 3 - 0 . 0 7 0 ± 0 . 0 0 1 
1 1 2 2 4 7 7 4 . 4 ± 0 . 2 6 .0 1 6 1 8 - 0 . 0 8 5 ± 0 . 0 0 2 
1 1 3 2 9 4 7 4 . 4 ± 0 . 2 7 . 0 2 4 3 0 - 0 . 0 7 0 ± 0 . 0 0 1 
1 1 4 3 2 4 7 4 . 4 ± 0 . 2 7 .2 1 7 8 4 - 0 . 0 6 2 ± 0 . 0 0 2 

See the footnote to Table 1. 
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Fig. 4. Isotherms of internal mobilities in the system 
RbN0 s -T lN0 3 . The data on the equivalent conductivity of 

pure RbNO s are taken from Reference 31. 

electromigration also denies the possibility that T1 
of tracer concentrations might be absorbed in the 
quartz diaphragm. A change of the distribution of 
salts in a separation tube during solidification was 
not observed for samples without electromigration 
in some preliminary experiments for the system 
LiNOg-TlNOg (twice for 0% T1N03 and twice for 
89% T1N03) . 

It is indicated by molecular dynamics simulations 
of some alkali halides following the method of 
Woodcock 1 9 that the electric conductivity is cor-
related with a separating motion of the nearest 
neighbouring cations and anions 20. Since the pair 
potential between the cations and anions is not 
known for molten nitrates, it is assumed in this dis-
cussion to be similar to that in the corresponding 
solid halides, and the following deductions are 
drawn in view of the findings obtained with molec-
ular dynamics studies of molten LiCl 1 9 ' 2 1 and 
T1C1 20. 

The character of the Li+ motion might be some-
what different at low and high temperatures, while 
that of the Tl+ motion might not depend appreciably 
on temperature. At low temperatures, the pair dis-
tribution between Li+ and N0 3 + would have a sharp 
maximum around the position where the pair po-
tential has its deep minimum, as speculated from 

the findings of molecular dynamics simulation of 
molten LiCl (see Figure 5 ) . This would show that 
a Li+ ion moves along the surfaces of a N 0 3 - ion 
rather than in the Li-N03 direction. While moving 
along the surface of one N03~ ion, a Li+ ion will 

i 
L1-NO3 

-JI -NO3 

r—* 

' \TI-NO3 

V / U - N 0 3 

Fig. 5. Schematic representation of the pair distribution 
function g and of the pair potential between Li+ and 
N0 3 " and between Tl+ and N03" . The curves are sketched 
in view of the findings with molecular dynamics studies of 
molten LiCl19> 21 and T1C1 20, the pair potential for the lat-
ter being taken from Reference 33. For L i N 0 3 , a: low temp., 
b : high temp. For T1N0 3 , g is much the same at low and 

high temperatures. 

have a chance to move to the surface of a neigh-
bouring N03~ ion, since the nearest neighbouring 
N03~ ions are nearly in contact with each other. 
The peak of the pair distribution function flattens 
with rising temperature. This would suggest that at 
high temperatures a Li+ ion would move vigorously 
not only along the surface of the nearest N03~ ion 
but also in the Li-N03 direction. As for the Tl+ ions, 
on the other hand, the valley of the pair potential 
curve would be shallow around the position where 
the pair distribution function has its maximum. A 
Tl+ ion can readily withdraw from its nearest N03~ 
ion, if only there is enough electrically negative free 
space in the surroundings, while it may not easily 
circle along the surface of a N03~ ion because of its 
large size. Thus, at low temperatures, Li+ is more 
mobile than Tl+ in Li+ rich mixtures where there is 
little free space large enough for Tl+ motion. At 
high temperatures, it is anticipated that Li+ will be 
much more mobile than Tl+, because it is able to 
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move along the surface of the N03~ ions and in the 
Li-N03 direction as well. This happens above say 
400 °C at tracer concentrations of Tl+, but it cannot 
be realized experimentally at high T1N03 concentra-
tions because of thermal decomposition. 

As for the isotherms, the Li+ mobility decreases 
with increasing concentration of T1N0 3 , as seen in 
Figure 3. This may be so partly because the motion 
of a Li+ ion around a N03~ ion is hindered by the 
presence of Tl+ ions, particularly at low tempera-
tures, and partly because the presence of Tl+ ions 
will increase the mean distance between nearest 
neighbouring N03~ ions, which is unfavourable for 
the transfer of the Li+ ions from one N03~ ion to 
another. On the other hand, in the region very rich 
in L i N 0 3 , the Tl+ mobility increases rapidly as the 
concentration of Tl+ increase. This may be so be-
cause, as the concentration of T1N03 increases, the 
volume of the free space increases to a kind of 
critical volume large enough for a Tl+ motion. As 
the concentration increases further, the isotherms 
slightly decrease, presumably because the volume of 
the negative free space, which is favourable for Tl+ 

motion, decreases due to the presence of more Tl+ 

ions. The maximum of the Tl+ mobility shifts to-
ward higher concentrations of T1N03 with de-
creasing temperature. This is accounted for by the 
assumption that at lower temperatures, the free 
space being smaller, more T1N03 is required for 
enlarging the free space enough for a Tl+ motion. 

Incidentally, the phenomenon that for small con-
centrations of the larger cation its mobility increases 
sharply with its concentration has not been found in 
the systems NaN03-TlN03 22> 23, NaN0 3 -RbN0 3 24, 
and NaN03-CsN03 25, probably because, the two 
cations being more equal in size than in the present 
system LiN0 3 -TlN0 3 , free space for the motion of 
the larger cation is more readily available. 

The anticipation26 that the diffusion coefficient 
of Li+ would always be greater than that of Tl+ in 
the mixture is not contradictory to the model pre-
sented above. The motion of a Li-N03 pair would 
not contribute to the electrical mobility but to the 
diffusion coefficient. 

Concerning the system RbN0 3 -T lN0 3 , a concen-
tration dependence of the relative mobility differ-
ence is not detected within the experimental ac-
curacy, as seen in Figure 2. Consequently, the 
mobilities of both Rb+ and Tl+ increase linearly 
with the concentration of Tl+ as shown in Figure 4. 

A slight but obvious temperature dependence of 
the relative mobility difference is, however, observed 
as seen in Figure 2. 

For this system, Forcheri and coworkers have 
previously measured the internal mobilities at 
325 °C with mole fractions of T1N03 of ca 0.25, 
0.5 and 0.75 by means of zone electrophoresis23. 
The relative differences in the internal mobilities 
estimated from the figure they have drawn agree 
well with the present data (see Figure 2 ) . They 
have not paid attention, however, to the temperature 
dependence of this quantity, and thus their pre-
sumption that the (internal) "mobilities differ by 
not more than 6% for this system" would be too 
hasty. 

In this system, the ionic radii of the two cations 
are much the same, while the masses are very dif-
ferent. The similar magnitude of the mobilities of 
the two cations would suggest that the mass would 
play a minor role compared with the size of the 
ions. An alternative possibility is that the big dif-
ference of the masses would be compensated exactly 
by the difference of the pair potentials. The former 
suggestion would be supported by the following 
facts. Similar mobilities of two cations have also 
been found for the system NaN03 -AgN03 27 in 
which the radii of the two cations are much the 
same. In the present experiments, as the free space 
is enlarged with rising temperature, the relative 
mobility differences become smaller. Unfortunately 
it is impossible on account of the thermal decom-
position to see whether the mobilities of Tl+ and 
Rb+ become reversed at still higher temperatures. 

In conclusion, in such binary systems as the ones 
studied here, the volume of the free space in rela-
tion to that of the ions would be one of the main 
factors that affect the mobilities of the ions. When 
one of the cations is Li+, the pair potential between 
Li+ and the anion with the deep minimum as well as 
the very small size of Li+ would have a great in-
fluence on the mobility of Li+. 

In the interpretation presented above for the sys-
tem LiN0 3 -TlN0 3 , the pair potential is assumed to 
be independent of the concentration of the con-
stituent cations, that is to say, the present model 
does not take into account the assumption in the 
polarization model 3 that the pair potential between 
a large cation and an anion be very much affected 
by a small cation present near the anion. Thus, even 
if the polarization is ignored or the association 
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model 2 8~3 0 is not adopted, the isotherms of the 
mobilities of two cations in the present binary mix-
tures could be qualitatively accounted for. Further 
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