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ABSTRACT

Magnesium chloride was extracted into an organic phase including dicyclohex-
ano-18-crown-6 (DC18C6). The partition coefficient showed its highest value for
a liquid-liquid extraction system of 3.5 M MgCl, aqueous phase. Magnesium iso-
topes 2*Mg, **Mg, and 2*Mg were enriched in the system with their respective
enrichment factors. The enrichment factor for 2*Mg/®Mg was € = 0.0112 as a
maximum value. The enrichment factors for a unit difference of mass numbers
varied depending on the MgCl, concentrations in the aqueous phase. The isotope-
recognizing ability of DC18C6 was K. = 1.0016, which is smaller than the separa-
tion factor due to an exchange of the aqua/dichloro complex of Mg?*, K, =
1.0040. An odd/even isotope effect was observed, and it was assigned to nuclear
properties other than mass difference. Odd/even staggering associated with the
optical transition of electrons offers a consistent explanation to the different be-
haviors of isotopes with odd or even mass numbers.

Key Words. Magnesium isotope; Crown ether; Isotope separa-
tion; Enrichment factor; Odd/even mass number
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INTRODUCTION

Magnesium has a small ionic radius as a bivalent cation in an aqueous
solution. It is known that hydration energy is larger for a smaller ionic
radius (1). When a magnesium ion is extracted into an organic phase in-
cluding a neutral carrier such as crown ether, the magnesium ion should
exchange from the aqua-complex to a dichloro-complex, being neutral
species. One interest is whether it is possible for the small magnesium
ion to make a crown ether complex.

In previous papers (2, 3) we showed that the strontium ion is extracted
into an organic phase including dicyclohexano-18-crown-6 (DC18C6), and
strontium isotopes are enriched in the liquid-liquid extraction system.
Isotope enrichment factors have been observed to vary with salt concen-
tration in the aqueous phase (3). Chloride salts of bivalent cations exist
as two different chemical species in the aqueous solution; an aqua-com-
plex and a dichloro-complex. Some isotope is enriched in one of the spe-
cies. Furthermore, cationic isotopes are enriched in a process of complex
formation with the crown ether. In the liquid-liquid extraction system,
the isotope separation factors are the sum of both effects mentioned
above. The isotope effect associated with the exchange between the aqua-
complex and the dichloro-complex is large for the magnesium ion because
of its large hydration energy.

For liquid-liquid extraction systems using DC18C6, we have shown
that isotopes of odd mass numbers of zinc (4), strontium (2), and barium
(2), behave differently from those of even mass numbers. Magnesium is
composed of three naturally occurring isotopes, >*Mg, Mg, and **Mg,
whose abundances are 78.6, 10.1, and 11.3%, respectively. This isotopic
composition is suitable for the study of the isotope effect assigned to the
odd mass number or the even mass number (odd/even isotope effect)
because 2°Mg is in relatively high abundance. This effect will be discussed
as it relates to the salt concentrations in the aqueous phases.

An isotope shift between two isotopes due to optical transition has been
recognized for many years (5). The nuclear properties, which are now
generally assumed to be the major causes of the isotope shift, are the mass
and the distribution of electric charge. The odd/even isotope staggering (5)
assigned to the odd mass number or the even mass number is also recog-
nized, especially for the field effect. It is of interest to study the connection
between the isotope shift of optical transition and the isotope effect due
to complex formation.

A sodium isotope, *?Na, is one of the rare B+ emitters. This isotope is
used in various scientific fields as a source of annihilation radiation. One
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of the isotopes, 2*Mg, is a precursor of ?Na through >*Mg(d,«)**Na. In
this sense, the production of isotopically pure 2*Mg is important.

EXPERIMENTAL

Dicyclohexano-18-crown-6 (DC18C6) was a product of Nisso Chemical
Company. Hexahydrate magnesium chloride was of reagent grade from
Wako Pure Chemical Industry, guaranteed to be 99.9%. It was used with-
out further purification. Chloroform was of reagent grade from Nakarai
Tesque.

An organic phase was prepared by dissolving DC18C6 in chloroform
whose concentration was 0.2 M. Before use for extraction, this organic
phase was scrubbed with a large amount of demineralized water, in order
to eliminate such water-soluble impurities in the solution as photolysis
products of CHCI; and ethanol mingled as a stabilizer of CHCls. An aque-
ous phase was prepared by dissolving MgCl,-6H, O in demineralized water
at various concentrations. Twenty milliliters each of the aqueous phase
and the organic phase were shaken together for extraction. The extraction
was made at 293.2 + 0.5 K. The detailed procedure is found elsewhere
(3).

The concentration of magnesium was analyzed by an atomic absorption
spectrophotometer (Shimadzu-AA-640-12). The isotopic composition of
magnesium was measured with a surface ionization mass spectrometer
(MAT 261. Finnign MAT). Before charging a magnesium salt on the mass
spectrometer, a sample solution of MgCl, was passed through into a cation
exchanger column. The column was purged with methanol to remove or-
ganic impurities, and then magnesium was eluted with HNOj; solution in
order to obtain magnesium nitrate. The Mg(NO;),/HNO; solution was
dried in a vial made from a fluoro resin.

RESULTS AND DISCUSSION
Partition Coefficient

The relationship between a partition coefficient and the concentration
of magnesium chloride in the aqueous phase is illustrated in Fig. 1. The
partition coefficient (D) is defined as the ratio of magnesium transferred
into an organic phase to that in an initial aqueous phase. Since the amount
of magnesium chloride extracted into the organic phase is small comparing
with that remaining in the aqueous phase, the equilibrium concentration
in the aqueous phase is almost equal to the initial concentration. The
abscissa of Fig. 1 is a linear scale of logarithms of the MgCl, activity
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FIG. 1 Logarithms of distribution coefficient (D) against logarithms of MgCl, activity (4)
in the aqueous phase. The MgCl, activities in the aqueous phases are defined for MgCl,
concentrations of 0.5 to 3.5 M.

(0-3.5 M) which is calculated through activity coefficients (6). The con-
centrations of MgCl, corresponding to the measured points are shown in
an upper scale.

The log D values are grouped into four regions of the concentrations
(1, 11, I11, and IV). In region I, log D values are small relative to the other
regions and they change little depending on the concentrations. In the
most diluted aqueous phase, magnesium chloride dissociates completely,
existing as the aqua-complexes of Mg2* and Cl~. Since Pauling’s ionic
radius of Mg?* is small and its hydration energy is high, it is hard to
extracted into the organic phase through exchanging water molecules to
the crown ether. While relatively high partition coefficients are observed
in region II, they do not change depending on the concentrations. Magne-
sium exists more popularly as a monochloro-complex (MgCl)™ in these
concentrations. In region III, including 2.5 M, log D values increase lin-
early with logarithms of the activity of MgCl,. Since the slope of this
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straight line is 2.0, stoichiometric equilibrium is realized in the extraction
of MgCl, from these aqueous phase concentrations, as shown in the fol-
lowing equation:

Kex
(Mg?>* )ag + 2(C17 )ag + (Lorg = (MLCly)org M

where suffixes aq and org indicate the chemical species in parenthesis
found in the aqueous phase and in the organic phase, respectively. The
crown ether complex of magnesium chloride is shown as MgLCl,. The
equilibrium constant, K.x of Eq. (1), is shown in the following equation:

ch = [MgLCl2]org/([Mg2 * ]aq[Cl - }zzlq [L]org) (2)

where [MgL.Cl,]ore and [L]ore are the concentrations of the magnesium-
crown-complex and the crown ether in the organic phase, respectively.
The magnesium and chloride concentrations in the aqueous phase are
shown as [Mg? ™" Jaq and [C]™ ].q, respectively. The partition coefficient is

D = [Mg]org/[Mg]aq (3)
From Eq. (2) and Eq. (3), we can get
log D = 210g[Cl™ laqg + loglL]org + log Kex (4)

The concentration of chloride ions in the aqueous phase is two times larger
than that of MgCl,, and [L]o.y is constant at 0.2 M. Equation (4) is rewrit-
ten to Eq. (5):

logD =2logA + C 5)
where A is the activity of MgCl, and C is a constant. In region IV the D
values decrease with the concentration and are due to the increasing vis-
cosity of the aqueous phase. A dichloro-complex of magnesium would
first be produced in the 2.5 M aqueous phase and would grow with an

increase of the concentration. In a 4.5 M aqueous phase, the dichloro-
complex is the only species of magnesium.

Isotopic Equilibrium
Isotopic equilibrium is expressed by the following equation:

(1MgC12)aq + (26MgLC12)org g (lMgLC]2)org + (26MgC12)aq (6)

where 'Mg indicates a lighter isotope, **Mg or >Mg. The equilibrium
constant, K, is

K = [("MgLCl)org(**MgCl)ag VI('MgCla)ag (**MgLCl2)org ]

M
= (["Mgl/[**MgDor/(['Mgl/[**Mg])aq
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where (['"Mg)/[**Mg])ore and (["Mgl/[**Mg]).q represent the isotopic ratios
found in the organic and in the aqueous phases, respectively. The equilib-
rium constant K of Eq. (7) is identical with the separation factor, a, of
the present extraction system. An enrichment factor, e, is defined as e =
a — 1.

The enrichment factors observed in the present extraction system are
illustrated in Fig. 2 as functions of the mass number. From the definition
of e, it is 0.0000 at mass number 26. As is shown in Fig. 2, the straight
lines joining the € values at mass numbers 24 and 26 deviate from the e
values at mass number 25. The deviation is either positive or negative
depending on the MgCl, concentrations in the aqueous phase. This effect
is assigned to the odd/even mass number, as will be discussed below.

0.012
<
0.01
4.0 M MgCl2
0.008
5 0.006
S
8
-~
c
o
E
g 0.004
‘” 3.0 M MgCl2
0.002 |
o f
24 25 26
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FIG. 2 Enrichment factor as a function of mass number. The relationships of enrichment

factor to mass number are illustrated for extraction from 3.5 and 4.0 M aqueous phases as

examples. The odd/even isotope effect is shown as a deviation of the enrichment factor at
mass number 25 from a straight line.
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The enrichment factor (g,) for a unit difference of mass numbers is
defined as follows:

€, &= 624/2 (8)

where €4 is the enrichment factor observed at mass number 24. The e,
values correspond to the inclination of the straight lines in Fig. 2. They
are illustrated in Fig. 3 as a function of MgCl, concentrations in the aque-
ous phase of the extraction. They vary with the concentration in the aque-
ous phase as does the lithium (7) and strontium (3) isotope effect. If iso-
topic enrichment is realized by the simple chemical exchange reaction
described by Eq. (6), the enrichment factors should be constant and inde-
pendent of the concentrations. Otherwise, isotopic enrichment should be
the sum of two or more processes. These enriching processes can be

0.006
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0.001 [
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FIG. 3 Unit mass enrichment factors obtained at representative MgCl, concentrations.
The definition of the unit mass enrichment factor will be found in the text.
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estimated separately by introducing e dependency on the concentration
in the aqueous phase.

In a dilute solution of magnesium chloride, magnesium ions and chloride
ions hydrate with some water molecules, and so exist as the aqua-com-
plexes. In a more concentrated solution, the population of dichloro-com-
plexes will be large compared with that of aqua-complexes, and in the most
concentrated solution (4.5 M), all magnesium ions would be in dichtoro-
complexes. The isotopes should be distributed unevenly in the aqua-com-
plexes or in the dichloro-complexes. An isotopic equilibrium is described
by the following equation, as simplified for >*Mg and 2*Mg:

K,
247Nf 52 26N M o2 P 26
Mghatua) + *Mglikcniore) = *M8Ghua + **Mgikchtoro) 9)

where Mgtua and Mglichioro) represent the aqua-complex and the di-
chloro-complex of magnesium, respectively. Although both complexes
have different chemical properties in the aqueous phase, they cannot be
easily isolated from each other. Therefore, the equilibrium constant, K,
which corresponds to the separation factor between 2*Mg and 2°Mg, is
not directly observable.

We can express the isotope exchange equilibrium of magnesium by the
following equation when it forms a complex with DC18C6:

[**Mg?* (dichloro)l.q + [2MgLCllor,
(10

K.
& [MgLCllorg + [*Mg?* (dichloro)lag

where [Mg?* (dichloro)l.q and [MgLCl;lor are the dichloro-complex of
magnesium in the aqueous phase and the crown-ether-complex of that in
the organic phase, respectively. The equilibrium constant of Eq. (10) is
represented by K..

In the case of the two enriching processes shown in Eqs. (9) and (10),
the observable isotope separation factor, a.ws, has the following relation-
ship (7) to K, and K.:

In aobs = In Ke + (In Kp)A(1 + w) an

where w is the ratio of the dichloro-complex to the aqua-complex of mag-
nesium. All the magnesium ions would be in the dichloro-complex in the
most concentrated solution, 4.5 M, in the present experiment; that is,
wa.s—>. On the other hand, in the 3.0 M solution, where € has a discontin-
uous large value compared with the less concentrated aqueous phase (stoi-
chiometric equilibrium is attained at this point), the population of the
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dichloro-complex of magnesium is small; w = 0. Thus, we can rewrite
Eq. (11) as Egs. (12) and (13) for the 3.0 and 4.5 M aqueous phases,
respectively:

0.0056 = In K. + In K, (12)
0.0016 = In K. (13)

The K. and K, values are obtained from Eqs. (12) and (13): K. = 1.0016
and K, = 1.0040. Since the isotope abundance ratio of magnesium in the
dichloro-complex in the 4.5 M solution is identical with that in the aqueous
phase, the K value is attributed to an intrinsic separation factor associated
with the complex formation for the dichloro-complex of magnesium with
the crown ether.

The €, values at 2.0 and 2.5 M are discontinuously low relative to the
more concentrated aqueous phases. As mentioned above, no dichloro-
complexes of magnesium exist in these aqueous phases, that is, the aqua-
complex and the monochloro-complex of magnesium coexist. Although
the exact abundance of these species is not known, the isotopic ratio
(>**Mg/**Mg) in aqua-complexes decreases with an increase of mono-
chloro-complexes. The unit mass enrichment factors obtained at these
extraction conditions should be small, because the isotopic component of
magnesium ions extractable from the dilute aqueous phase is 2*Mg-de-
pleted relative to 2*Mg.

Isotope Effect Induced by the Odd/Even Mass Number

When the isotope enrichment factor at mass number 24 and that at miass
number 26 (¢ = 0.0000) are joined by a straight line, the € value observed
at mass number 25 is not on this line, as can be seen in Fig. 2. The deviation
of e,s from the straight line is defined as the odd/even isotope effect (eo,
e). It has either a positive or a negative value according to the initial
MgCl, concentrations in the aqueous phase of the extraction. The odd/
even isotope effect is illustrated in Fig. 4 as a function of the concentra-
tions in the aqueous phase. It is common with the unit mass enrichment
factor that the eo/e values will change depending on the concentrations in
the aqueous phase. The eo/e values decrease with MgCl, concentrations,
except for 4.0 M. They show discontinuous changes between 2.5 and
3.0 M.

As can be seen from the definition of the eor value, it expresses a
component of isotope effects other than that induced by the mass differ-
ence. It shows almost the same order of magnitude as the e, value. Since
all magnesium ions exist as the dichloro-complex in the 4.5 M aqueous
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FIG. 4 Odd/even isotope effects obtained at various MgCl, concentrations in the aqueous
phase.

phase, a true odd/even isotope effect induced by complex formation with
the crown ether is revealed at this concentration; eoz = —0.0003. The
absolute value of this eo/g is small compared with the eoes = 0.0058 ob-
tained in the less concentrated regions. This shows that the odd/even
isotope effect is more conspicuous in the exchange between the aqua-
complex and the dichloro-complex than during coordination of the crown
ether to the magnesium ion.

The isotope effect formerly accepted in the chemical exchange reaction
has been reduced to the difference of vibrational energies in the chemical
bonds between the isotope and the legand due to the mass difference of
the isotopes. The odd/even isotope effect cannot be explained by this
theory.
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Isotope Effect Associating with Complex Formation

It is not clearly known that any kind of molecular orbital is formed
when a ligand such as a water molecule, a chloride ion, or the crown ether
coordinates to the magnesium ion. However, we can presume that the
lone pair electrons of the ligand coordinate to a vacant 3s orbital of the
magnesium ion and an sp hybrid orbital is formed. The 3s orbital of magne-
sium is in different energy states for individual isotopes, that is, in the
3s3p — 3s? transition, the isotope shift between >*Mg and Mg has been
identified, and its value is 46 mK (8). This isotope shift can be assigned
to a specific mass shift because it is prominent in a light element like
magnesium. For the odd mass number isotope >*Mg, the value for the
isotope shift is not known. It is assumed (9) that a decrease in angular
momentum of the nucleus caused by the existence of an unpaired neutron
yields an odd/even staggering of the energy state. It produces a change
in the energies of intramolecular bonds of the complex.

CONCLUSIONS

(1) Magnesium is extracted into the organic phase in a liquid-liquid
extraction system using DC18C6. Magnesium ions are distributed stoi-
chiometrically between the aqueous phase and the organic phase when
the concentration of the aqueous phase is between 2.5 and 3.5 M.

(2) Magnesium isotopes *Mg, Mg, and 2°Mg can be enriched in the
present system. The enrichment factor for 2*Mg/>Mg is € = 0.0112, the
maximum value.

(3) The enrichment factors for a unit difference of mass number vary
depending on the MgCl, concentrations in the aqueous phases. The ability
of isotope recognition assigned to DC18C6is K. = 1.0016, which is smaller
than the separation factor, K, = 1.0040, due to the exchange between
the aqua-complex and the dichloro-complex.

(4) The odd/even isotope effect which is observed is assigned to nuclear
properties other than the mass difference. The odd/even isotope staggering
associated with the transition of the electrons would produce a consistent
explanation to the eo/r values observed in the present experiment.
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