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We report the isotope fractionation of zinc (Zn) associated with a redox reaction between Zn0 and Zn(II). Zn
isotopes were found fractionated in pyrometallurgical biphase extraction between liquid zinc and molten
chloride. The isotopic composition of Zn in the molten chloride phase was analyzed by multiple collector
inductively coupled plasma mass spectrometry and reported as mZn/64Zn (m ) 66, 67, and 68) ratios. The
observed isotope fractionation consists of the mass-dependent and mass-independent isotope effects. The
contributions of the nuclear mass and the nuclear volume to the overall isotope effect were evaluated by
employing first-principles quantum calculations and using reported isotope shifts in atomic spectra. The
magnitude of the mass-dependent isotope effect was explained by the sum of the isotope effect via
intramolecular vibrations and the correction to the Born-Oppenheimer electronic energy. The mass-independent
isotope effect was correlated with the Gibbs free energy change in the redox reaction.

Introduction
Zinc has five stable isotopes whose natural abundances are

48.63 (64Zn), 27.90 (66Zn), 4.10 (67Zn), 18.75 (68Zn), and 0.62%
(70Zn). Isotope separation of 64Zn has an important role for the
nuclear power plant. Adding Zn in the primary coolant of boiling
water reactors (BWRs) suppresses 60Co buildup (see a review
by Lin1). Since the highly radioactive isotope 65Zn with the half-
life of 245 days is produced by thermal neutron capture by 64Zn,
64Zn-free zinc is desirable for applying this technique. In this
context, the isotope separation performance by chemical ex-
changemethods(solventextractionandliquidchromatography)2-14

and a centrifugal method15 has been investigated.
During the past 10 years, stable Zn isotopic variations of

natural samples have been extensively studied, with particular
interest for biological samples,16-19 marine samples,20,21 and
extraterrestrial samples.22-24 Therefore, the mechanisms of
isotopic fractionation of Zn attract a lot of interest.

Due to an electropositive potential of the Zn2+/Zn0 couple,
all of the isotope fractionations in aqueous systems2-14 were
attributable to the ligand exchange reactions between Zn(II)
complexes. Hence, the isotope fractionation in the redox reaction
of the Zn2+/Zn0 couple is of interest. Isotope fractionation of
Zn in an electrochemical reduction has been studied recently,
which is a mixture of equilibrium and kinetic systems.25

Pyrometallurgical biphase extraction, which is a reprocessing
technique in nuclear technologies,26 is a redox equilibrium
system at high temperature. In the present study, the isotope

effect in a Zn0-Zn(II) redox reaction is demonstrated with this
technique. The isotope effect consists of the mass-dependent
and mass-independent isotope fractionations.27 We verify the
contribution of the mass-independent isotope effect by employ-
ing the highly precise isotopic analysis, multiple collector ICP
mass spectrometry (MC-ICP-MS).

In order to check the validity of the isotope separation factor
obtained, we performed the molecular orbital calculations for
related zinc complexes. The common calculation methods were
chosen, that is, the Hartree-Fock (HF) calculation followed by
a Møller-Plesset correlation energy correction truncated at
second order (MP2) and density functional theory (DFT).28

Various basis sets have been used for aqueous complexes of
transition metals, for example, Zn, Ni, and Fe,29-31 and we tested
some of them. The equilibrium constant of the isotope exchange
reaction was theoretically obtained as the reduced partition
function ratio (RPFR) of isotopologues, which has been reported
to be effective to estimate the isotope fractionation of Fe.30,31

Experimental Section

Pyrometallurgical Biphase Extraction. Zinc metal
(99.9999% purity) was a product of Mitsuwa Chemicals Co.,
Ltd. Anhydrous CrCl3 and alkali chlorides were products of
Anderson Physics Laboratory Engineered Materials (99.99%
purity). Mole ratios of eutectic mixtures of alkali chlorides used
in this study are shown in Table 1. The molten alkali chloride
and the liquid zinc were contacted at 923 K in a quartz crucible,
and then, 20 mg of CrCl3 was dissolved in the molten salt phase.
The contact time was 24 h (6 h is time enough to achieve the
equilibrium in a pyrometallurgical biphase extraction26). Fur-
thermore, we agitated two phases several times during the
extraction in order to avoid the diffusion-controlled effects. The
volumes of the two phases at 923 K were 3.2 (molten salt phase)
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and 1 mL (liquid Zn). Due to the redox potentials of the Cr3+/
Cr0 and Zn2+/Zn0 couples, the trivalent chromium in the molten
salt phase was reduced to be the chromium metal, which was
extracted into the metallic zinc phase. The electrically equivalent
metallic zinc was oxidized to be the divalent zinc, which was
extracted into the molten salt phase (no Zn was found in the
molten salt phase without the reductant CrCl3). After achieving
the extraction equilibrium, the molten salt phase was drawn into
a quartz tube for analysis. The extraction experiment was carried
out in a glovebox system filled with dry Ar continuously purified
to remove oxygen and humidity. The content of impurities O2

and H2O in the inside atmosphere was continuously maintained
to less than 1 ppm. The concentrations of Cr and Zn in the
drawn salt sample were analyzed by an ICP spectrophotometer
(Shimadzu, ICP-1000TR). The extractabilities of Cr were
determined to be over 99.3%, suggesting that most of Cr3+ in
the molten salt phase was reduced to Cr0 and extracted into the
liquid zinc phase (extraction yields of Zn are shown in Table
2). The amount of Zn measured in the drawn salt samples agreed
with the electrically equivalent amount.

Isotopic Analysis. Alkali metals and Cr were separated from
Zn on anion exchange resin (AG 1-X8, 200-400 mesh) in
HBr/HNO3 as described in refs 22 and 23. The drawn salt
sample was dissolved in HBr, dried up by heating once more,
and then dissolved into 1.5 M HBr again. On the anion exchange
resin in 1.5 M HBr, Zn was strongly adsorbed, while alkali
metals and Cr passed through freely. Finally, Zn was collected
in 0.5 M HNO3.

A solution containing 200 ppb Zn in 0.05 M HNO3 was
prepared for isotopic analysis. Isotopic ratios of Zn in all samples
were analyzed with the MC-ICP-MS Nu plasma 500 HR at UC
Davis coupled with a desolvating nebulizer Nu DSN-100. A
total of 40 ratios in 2 blocks of 20 ratios each, with 10 s
integration time for each scan, were measured for each sample.
The background was corrected for by measuring at half-mass
positions from the peak prior to data acquisition. The instru-
mental mass bias was corrected by bracketing each of the
samples with standards. It has been confirmed in the analysis
of natural samples that our purification and analytical protocol
do not create mass-independent isotope fractionation.36 The
isotope ratios mZn/64Zn (m ) 66, 67, and 68) were measured.
Because of the small abundance of 70Zn (0.62%), this isotope
was not used in discussions of the chemical isotope fractionation
in our experiments.

Electrochemistry. The formal redox potential of the Zn2+/
Zn0 couple in molten salts was determined by electromotive
force (emf) measurements. A liquid zinc electrode was prepared
as the working electrode. Zinc metal was placed in a quartz
crucible, and then, the temperature was increased over its
melting point (692.68 K).32 A tungsten wire (over 99.95% purity,
Nilaco Co. Ltd.) of 1.0 mm diameter was sheathed with a high-
purity alumina tube with a 1.0 mm inner diameter and 2.0 mm
outer diameter. To create a lead wire, one end of this tube was
immersed in the liquid zinc. A silver|silver ion (Ag|Ag+)
electrode35,37 served as the reference electrode. The molten alkali
chloride containing 1.00 or 4.85 mol % AgCl was placed in a
closed-end Pyrex glass tube, in which a Ag wire of 1.0 mm
diameter was immersed. The equilibrium potential between the
reference and liquid zinc electrodes was measured at various
temperatures (723-1023 K). An electrochemical measurement
system Hz-5000 (Hokuto Denko Co. Ltd.) was used for the emf
measurement. All procedures were performed in the glovebox
system as mentioned above. The potentials determined were
converted to the Cl2|Cl- standard electrode potentials.37

Computational Details. Orbital geometries and vibrational
frequencies of Zn(II) chloride complexes were calculated by
using the conventional Hartree-Fock (HF) approximation, MP2,
and density functional theory (DFT) as implemented by the
Gaussian 03 code.28 The DFT method employed here is a hybrid
density functional consisting of Becke’s38 three-parameter
nonlocal hybrid exchange potential (B3) with Lee, Yang, and
Parr (LYP)39 nonlocal functionals. The 6-31++G** and 3-21G
basis sets were chosen for Li, Na, K, Rb, and Cl, and
LanL2DZ40-43 was chosen for Zn. The former are all-electron
basis sets, while the latter is an effective-core potential basis
set. For comparison, the 6-311+G** basis set (all-electron basis
set) was tested for ZnCl4

2-.
As for the mass-independent isotope effect, the contribution

of the nuclear volume was estimated by employing all-electron
Dirac-Hartree-Fock (DHF) theory, which was implemented
in the software package DIRAC08.44 Calculations of the
electronic structure of Zn0 and Zn2+ used Dunning’s correction
basis sets, cc-pVDZ (double), cc-pVTZ (triple), and cc-pVQZ
(quadruple).45-49

Results and Discussion

Isotope Fractionation. The pyrometallurgical biphase extrac-
tion is a redox reaction system, in which the oxidant Cr(III)
reacts as

and the reductant Zn0 reacts as

TABLE 1: Physical Properties of LiCl and Eutectic Mixtures of Alkali Chlorides

medium mole ratios melting point (K) specific gravity at 923 K (g/mL) averaged cationic radiusa (Å)

LiCl 879b 1.48-1.49b 0.76
LiCl-KCl [Li]/[K] ) 59/41 628b 1.542b 1.014
LiCl-RbCl [Li]/[Rb] ) 11/9 586c 1.93d 1.102
LiCl-CsCl [Li]/[Cs] ) 3/2 605c 2.23b 1.124
NaCl-CsCl [Na]/[Cs] ) 1/2 763b 2.47e 1.453

a Calculated by using mole ratios and ionic radii (six coordinate) in crystals.32 b Literature values.33 c Literature values.34 d Measured in this
study by employing the Archimedian method. e See ref 35.

TABLE 2: Isotope Fractionation of Zinc

medium extraction yield (%) δ66Zn δ67Zn δ68Zn

LiCl 0.16 1.03 1.52 2.04
LiCl-KCl 0.22 0.96 1.55 1.97
LiCl-RbCl 0.17 0.95 1.40 1.85
LiCl-CsCl 0.15 1.11 1.61 2.16
NaCl-CsCl 0.14 0.78 1.14 1.54

a Internal errors of 2σ are 0.05. External errors of 2σ are 0.10
(δ66Zn), 0.16(δ67Zn), and 0.19(δ68Zn), respectively.

Cr3+(molten salt) + 3e- a Cr0(liquid Zn) (1)

Zn0(liquid Zn) a Zn2+(molten salt) + 2e- (2)
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The extraction equilibrium is

In this reaction, the isotope exchange reaction of Zn occurs

The isotope separation factor of Zn between the molten salt
and liquid zinc phases, Rm, is defined as

([mZn]/[64Zn])molten salt and ([mZn]/[64Zn])liquid zinc are the isotope
ratios of mZn relative to 64Zn found in the two phases,
respectively. Under the equilibrium state, the number of Zn
atoms in the liquid zinc phase is much larger than that in the
molten salt phase (see extraction yield of Zn shown in Table
2). Allowing for the isotopic mass balance, ([mZn]/[64Zn])liquid zinc

can be substituted for ([mZn]/[64Zn]) of the starting material (Zn
metal). The isotope enrichment factor εm is defined to be εm )
Rm - 1. In the present paper, we use δ notation, for which δmZn
is defined as

where δmZn ) 1000εm. Since Rm is close to one, Rm - 1 is
approximately equal to ln Rm.

The obtained δmZn values are shown in Table 2. The two
sigma errors are shown together. A standard deviation of 40
times the isotope ratio measurements per sample was treated
as the internal error, while that of six replicates of measuring
the same sample was treated as the external error. The errors
on δmZn are mainly due to mass spectrometry. In the case of
replicate measurements, the mass-dependent bias varies from
one run to another, but the isotopic compositions remain strongly
correlated. Hence, for the discussion of isotope fractionation in
a sample, use of the internal error is appropriate. On the other
hand, for the systematic comparison of different samples, using
the external error is optimal. The error assessment with a
covariance matrix is also effective.50 As shown in Table 2, for
each medium, heavier isotopes were enriched in the molten salt
phase. This trend is the same as that found in a redox system
by using an electroplating technique.25 In the redox system by
electroplating, δ66Zn)1.7‰ (Zn(II)/Zn0) has been reported.25

Though experimental conditions are different, our results showed
a competitive magnitude, δ66Zn ) 0.78-1.11‰.

Mass-Dependent Isotope Effect. The mass-dependent iso-
tope effect originates from the isotopic difference in vibrational
energies of isotopologues.51,52 The isotope enrichment factor
(∼ln R0) is proportional to δm/mm′, where δm means the
isotopic mass difference of masses m and m′ of two isotopes
(the prime represents the light isotope). Our experimental system
consists of two phases, that is, the liquid zinc and the chloride

melt. The intramolecular vibrations of the Zn(II) complex in
the molten salt phase should cause the mass-dependent isotope
effect.

The structure of the molten ZnCl2 has been studied by Raman
spectrometry,53,54 EXAFS analysis,55 neutron diffraction analy-
sis,56 and molecular dynamics calculation.57 The core structure
is considered to be the tetrahedral ZnCl4

2-. The possibility of
other species such as ZnCl3

- has been pointed out,54 but this is
inconsistent with the reported coordination number of 4-5.55-57

Raman spectra have been measured for binary systems, the
molten ZnCl2-KCl and ZnCl2-CsCl systems.58-60 With the
increase of the mole ratio of the alkali cation, the polymeric
cluster [ZnCl4]n changes to the monomeric complex ZnCl4

2-

surrounded by the alkali cations.60 In the present study, the mole
ratio of alkali cations is very high (the concentration of Zn2+ in
the molten salt phase is very small), and hence, the major species
of Zn(II) in the chloride melt would be the monomeric ZnCl4

2-.
The isotope enrichment factor due to the intramolecular

vibrations can be evaluated from the reduced partition function
ratio (RPFR), (s/s′)f, where s is the number of identical
configurations obtained by fundamental geometric operations
on each molecule such as symmetry or rotation. The (s/s′)f is
the ratio of the quantum mechanical partition function ratio and
the classic partition function ratio.52 The equation of RPFR is

whrere h is the Plank constant, k the Boltzmann constant, ν the
vibrational frequency, and T the temperature. The subscript i
stands for the ith molecular vibrational level, with primed
variables referring to the light isotopologue. The isotope
enrichment factor due to the molecular vibration can be
evaluated from the frequencies (ν) summed over all of the
different modes.

The geometry optimization and the vibrational frequency
calculation were performed for ZnCl4

2- by employing HF, MP2,
and DFT. In a quantum chemical study, the convergence of the
reaction energies of the Zn(II) species is excellent in 6-311+G**
or higher basis sets.29 The basis set 6-311+G** was therefore
tested for ZnCl4

2-. The RPFRs obtained for the isotope pair
64Zn-66Zn at 923 K are shown in Table 3 with the Zn-Cl bond
length at the optimized geometry. The RPFRs estimated by HF
and DFT showed similar values, while the use of MP2 resulted
in ∼10% larger RPFR. The Zn-Cl bond lengths obtained are
slightly longer than the value reported for the ZnCl2 melt.55,56

This may be due to the lack of Zn2+ ions surrounding the
ZnCl4

2-complex in our calculation. The chloride melts used in
this study are the mixtures of ZnCl2 and alkali chlorides with
small mole fractions of Zn, in which the ZnCl4

2- complex is
surrounded by alkali cations. The alkali cations in the secondary
sphere of ZnCl4

2- should affect the vibrational modes and
frequencies of the ZnCl4

2- complex. Actually, Raman spectrum
simulated for ZnCl4

2- did not match with the spectra reported
for the molten ZnCl2-KCl and ZnCl2-CsCl mixtures.59,60 In a
quantum chemical study on molten chlorides, the complex with
a “linear tetrahedral” structure has been proposed as a stable
tetrahedral complex.61 For example, four alkali cations are set
around the tetrahedral ZnCl4

2- with the straight Zn-Cl-alkali

2CrCl3(molten salt) + 3Zn0(liquid Zn) a

2Cr0(liquid Zn) + 3ZnCl2(molten salt) (3)

mZnCl2(molten salt) + 64Zn0(liquid Zn) a
64ZnCl2(molten salt) + mZn0(liquid Zn) (4)

Rm )
([mZn]/[64Zn])molten salt

([mZn]/[64Zn])liquid Zn

(5)

δmZn ) (Rm - 1) × 1000 (6)

ln(s/s')f ) ∑ [ln b(ui′) - ln b(ui)] (7)

ln b(ui) ) -ln ui + ui/2 + ln(1 - e-ui) (8)

ui ) hνi/kT (9)

Isotope Effects of Zinc in a Redox Reaction J. Phys. Chem. A, Vol. 113, No. 44, 2009 12227



alignment. This structure has been reported to correspond to a
true minimum on the potential surface.61 We performed calcula-
tions for [Zn(LiCl)4]2+, [Zn(NaCl)4]2+, [Zn(KCl)4]2+, and
[Zn(RbCl)4]2+. Raman spectra simulated for [Zn(KCl)4]2+ are
shown in Figure 1 as an example. Figure 1a is similar to the
Raman spectra of the molten ZnCl2-KCl and ZnCl2-CsCl
mixtures,59,60 and Figure 1b is similar to the Raman spectrum
of the solid ZnCl2-CsCl mixture.60 According to our calcula-
tions, δ66Zn ∼ 0.3 can be expected as the mass effect via
intramolecular vibrations. δ66Zn (Table 2) and the RPFRs (Table
3) are shown together in Figure 2. The mass effects observed
are twice as large or more than those expected by our quantum
chemical calculations.

To check the validity of the RPFRs in Table 3, the RPFR
was also calculated by using the reported vibrational frequency
measured for the molten ZnCl2-KCl and ZnCl2-CsCl systems.
The RPFR derived by the Bigeleisen-Mayer approximation52

can be simplified as

where n is the number of ligands with the mass M (n ) 4 and
M ) 35.45 for ZnCl4

2-). δ66Zn deals with m′ ) 64, m ) 66,
and δm ) m - m′ ) 2. The u can be calculated from the
frequency of totally symmetric vibration (ν1) and temperature
(eq 9). The molten ZnCl2-KCl system shows ν1 ) 278 cm-1,59

while the molten ZnCl2-CsCl system shows ν1 ) 277 cm-1.60

The spectral resolution has been reported to be 1.2 cm-1.58 By
substituting the averaged value (277.5 cm-1) into eq 10, the
RPFR at 923 K was calculated to be 0.527‰. If the RPFR of
Zn0 is set to be zero, ln (s/s′)f in eq 10 can be treated as the
conventional mass-dependent isotope effect (ln R0), and this
value may be comparable with δ66Zn. This value is shown in
Figure 4 as the dotted line (i). The RPFR calculated by eq 10
showed a midvalue between our experimental results and
quantum chemical calculations.

The RPFR calculated by eq 10 is still smaller than the mass
effects observed. This suggests that the other mass effects should
exist. The correction term, ln KBOELE, to the Born-Oppenheimer
approximation has been reported as another mass-dependent
isotope effect.27,63-65 The Born-Oppenheimer approximation
stands on the assumption that isotopologues have identical
electronic energies. On this basis, only the mass effect via
intramolecular vibrations occurs upon identical potential sur-
faces. Since the nucleus is much heavier than an electron, it
moves relatively slowly and may be considered as stationary.
For light nuclides, however, the movement of the nucleus can
no longer be neglected, and its movement around the center of
gravity of the nucleus-electrons ensemble creates a kinetic
momentum. Each orbital electron receives an excess kinetic
momentum via the movement of the nucleus, which is a function
of the mass. The excess momenta cause the mass-dependent
isotope effect, ln KBOELE. The correction to the Born-
Oppenheimer electronic energy (ln KBOELE) has been calculated
in the pioneering study on lighter diatomic isotopomers.63-65

Although the parameters for calculating ln KBOELE are not
available for zinc, its magnitude is presumed from the mass
shift found in atomic spectra. The excess momenta mentioned

TABLE 3: Reduced Partition Function Ratios and Zn-Cl
Bond Lengths of Zn Complexes

species method, basisa
ln(s/s′)fb

(×10-3)
Zn-Cl

bond lengthc (Å)

ZnCl4
2- HF, 6-31++G** 0.254 2.41

ZnCl4
2- MP2, 6-31++G** 0.285 2.37

ZnCl4
2- B3LYP, 6-31++G** 0.251 2.42

ZnCl4
2- B3LYP, 6-311+G** 0.254 2.37

[Zn(LiCl)4]2+ HF, 3-21G 0.307 2.23
[Zn(NaCl)4]2+ HF, 3-21G 0.322 2.38
[Zn(KCl)4]2+ HF, 3-21G 0.329 2.39
[Zn(RbCl)4]2+ HF, 3-21G 0.331 2.39
[Zn(LiCl)4]2+ HF, 6-31++G** 0.269 2.20
[Zn(NaCl)4]2+ HF, 6-31++G** 0.278 2.37
[Zn(KCl)4]2+ HF, 6-31++G** 0.286 2.37

a LanL2DZ was used for Zn, except for the case with the
6-311+G** basis set. b Calculated for the isotope pair 64Zn-66Zn at
923 K. c The literature value for the ZnCl2 melt is 2.346 ( 0.010
Å55 or 2.29 ( 0.02 Å.56

Figure 1. Raman spectra of the [Zn(KCl)4]2+. Spectra are simulated
by associating Lorentzian functions to computed wavenumbers. Half-
height widths are (a) 20 and (b) 7 cm-1. The quantum chemical
calculation was performed by HF with LanL2DZ and 6-31++G**.
Vibration modes (ν1, ν2, ν3, and ν4), which were assigned by referring
to our calculation results and a report,62 are shown together.

Figure 2. Mass effect contribution to δ66Zn versus the averaged
cationic radius. δ66Zn (see Table 2) are shown with the external error
2σ ) 0.10. The mass effects via intramolecular vibrations calculated
(see Table 3) are shown together. The dotted line (i) shows the ln R0

value calculated by the classic theory with the Bigeleisen-Mayer
approximation.52 The dotted line (ii) shows the sum of ln R0 + ln
KBOELE, in which ln KBOELE was estimated from the mass shift found in
an ss-pd transition.67

ln(s/s')f ) δmnMu2

24mm′ (10)
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above shift the atomic energy levels. This results in an isotope
shift in atomic spectra called the mass shift.66 Zinc isotopes are
known to have quite large mass shifts.66-69 The reported isotope
shifts are summarized in Table 4 along with reported errors.
The electronic transition, in which a 3d-orbital electron par-
ticipates, gives a larger mass shift compared with that in the
4s-4p transitions.

The electronic partition function, Qe, can be written as

where δEe means the isotopic difference in the related molecular
energy level. The contributions of the mass shift to Qe and δEe

are written as Qms and δEms. KBOELE in our system is

Hence, ln KBOELE is

The apparent electron configuration of Zn0 in the liquid Zn phase
may be 3d104s2, in which 4s electrons act as free electrons.
Theoretical and experimental studies on the electronic structure
of Zn metal showed that the position of the 3d bands lies within
the conduction band.70,71 This suggests that the cohesion of Zn
metal is affected by the 3d electrons. A theoretical study on
the cohesive energy of Zn group metals also indicates that the
repulsive effect of the filled d shell on the valence s electrons
occurrs.72,73 The tetrahedral ZnCl4

2- complex possesses the sp3

hybrid orbital. This hybrid orbital might be interfered by the
3d electrons because an interaction between p and d orbitals
has been pointed out for Zn complexes.74 Consequently, it is
considered that the 3d electrons participate in the redox reaction
in our system. As a maximum value, ln KBOELE ∼ 0.186‰ (see
Table 4) therefore can be expected. The dotted line (ii) shown
in Figure 2 is the sum of ln R0 (0.527‰) and ln KBOELE

(0.186‰). The dotted line (ii) matches the mass effect found
in the NaCl-CsCl system.

Although the mass effect found in the NaCl-CsCl system is
possible, other results deviate from the expected value. The
deviation seems to increase with the decrease of the averaged
cationic radius. This should result from differences in physi-
cochemical properties of the chloride melts because the liquid
Zn phase is identical for all experiments. The specific conduc-
tance (923 K) per molarity of alkali cations is shown in Figure

3, which increases with the decrease of the averaged cationic
radius. A medium with larger specific conductance per unit
molarity would possess more conducting electrons, and/or the
conducting electrons would have larger mobility. The large
mobility of electrons suggests the large momenta of them.
Hence, the larger specific conductance per unit molarity may
be correlated with an increase of ln KBOELE.

Mass-Independent Isotope Effect. The correlations of the
δmZn values (see Table 2) are shown in Figure 4. The mass-
dependent lines are shown together. δmZn showed a mass-
dependent trend, but a breakdown can be seen for the LiCl-KCl
system. This suggests that the mass-independent isotope frac-
tionation occurred in this system.

The classic theory of chemical isotope fractionation is based
on the mass-dependent isotope effect via the isotopic difference
in vibrational energies of isotopologues.51,52 The original theory
has been extended to include some correction terms.27

TABLE 4: Reported Mass Shifts and Nuclear Field Shifts for 64Zn-66Zn

valence Zn(I)c Zn(I)d Zn0e

transition 3d104p 2P1/2-3d94s2 2D3/2 4s 2S1/2-4p 2P3/2 4s2 1S0-4s4p 3P1

transition energy (nm) 589.4 202 307.6
mass shift, δEms

a (GHz) 3.58 ( 0.15 1.03 0.921 ( 0.031
field shift, δEfs

a (GHz) 0.735 0.35
δEms/kTb (×10-3) 0.186 0.054 0.048
δEfs/kTb (×10-3) 0.038 0.018

a Absolute values. b T ) 923 K. c Reference 67. d Reference 68. The error of the measured isotope shift has been reported to be 0.006 GHz.
e Reference 69.

Qe ) exp(-δEe/kT) (11)

KBOELE )
(Qms)molten salt

(Qms)liquid Zn

)
exp(-δEms/kT)molten salt

exp(-δEms/kT)liquid Zn

(12)

ln KBOELE )
(δEms)liquid Zn - (δEms)molten salt

kT
(13)

Figure 3. Specific conductivity per molarity versus cationic radius.
Specific conductance data at 923 K are literature values.33 Molarities
were calculated from the data shown in Table 1.

Figure 4. Correlation of δmZn values. The δmZn values shown in Table
2 are shown with the internal error 2σ ) 0.05. The straight lines are
δ67Zn ) 1.478 × δ66Zn and δ68Zn ) 1.941 × δ66Zn, where the slopes
were calculated from the relation of δm/mm′.

ln R ) ln R0 + ln KBOELE + ln Kfs + ln Khf (14)
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where ln Kfs is the nuclear field shift term and ln Khf is the term
of the nuclear spin. ln Khf has been treated as a minor correction
term, while ln Kfs has been treadted as the major correction term
corresponding to the mass-independent isotope effect.27

The nuclear field shift effect is recognized as the origin of
the mass-independent isotope fractionation in chemical exchange
reactions.27,75 The nuclear field shift is an isotope shift in orbital
electrons.66 This results from the isotopic difference in the
nuclear size and shape. Different isotopes have the same number
of protons, but they do not have the same distribution of protons
in space. That is, the nuclear charge distribution, which is usually
represented as the mean-square charge radius 〈r2〉, is affected
by the number of neutrons in the nucleus. The nuclear charge
distribution gives an electric field, and its isotopic difference
shifts the atomic energy levels, also displacing the electronic
molecular states. The nuclear field shift is not mass-dependent
but is strongly related to the neutron configuration of nuclear
structure. The nuclear field shift effect is thus the mass-
independent isotope effect. In general, the field shift is smaller
than the mass shift for light elements, but for heavy elements,
the field shift is relatively large compared to the mass shift (see
Figure 1 in ref 76).

In order to check the relation between δmZn and δ〈r2〉, we
subtract the linear component from δmZn’s of the LiCl-KCl
system by employing the exponential law.77 This normalization
is effective to see the mass-independent component of Cd, which
is a congener of Zn.78 The result is shown in Figure 5. The
normalized δmZn versus δm/mm′ possesses the similar profile
of the normalized δ〈r2〉 versus δm/mm′. This strongly supports
the existence of the nuclear field shift effect in the Zn isotope
fractionation.

At a constant temperature, eq 14 can be simplified as

where A and B are scaling factors for the nuclear field shift
effect and the mass effect, respectively.79 The contributions of
the mass effect and the nuclear field shift effect were separated
by the same manner as that reported in our previous studies.5,6,78,79

The results are shown in Table 5. The sum values in Table 5
show quite good agreement with δmZn experimentally obtained.

Recent quantum chemical studies have adopted finite nucleus
models into ab initio methods.80-82 The validity of the magnitude
of the nuclear field shift effect has been confirmed for Hg, Tl,
and U redox reactions. In the present study, the total electronic
energies at the ground states of Zn0 and Zn2+ were calculated
for different isotopes with different nuclear charge radii. A
relativistic method was applied, the Dirac-Coulomb Hartree-
Fock (DCHF) method.44 A relativistic method, in which an
approximation83 was used, was also tested. The nonrelativistic
(NR) method was performed for comparison. The theoretical
background and computational details can be seen else-
where.44,80-82 The root-mean-square radii (〈r2〉1/2) reported in the
literature (64Zn: 3.9286 fm; 66Zn: 3.9496 fm)84 were used in
the calculation. The calculation results for 64Zn and 66Zn are
shown in Table 6 in atomic units (au).

Similar to eqs 11-13, the nuclear field shift effect, ln Kfs,
can be written as

As a first approximation, δEfs’s for Zn0 and Zn2+ were
substituted into (δEfs)liquid zinc and (δEfs)molten salt, respectively. ln
Kfs at 923 K was estimated to be 0.011-0.013‰ (Table 6). In
our calculation, using the relativistic method resulted in a smaller
ln Kfs, while using the larger basis set gave a larger ln Kfs;
nevertheless, the differences are marginal. It is of interest that
the value estimated is close to the δEfs/kT value ()0.018‰;
see Table 4) calculated from the field shift found in the 4s-4p
transition.68 Theoretically and experimentally, the isotopic
differences between the electronic energy levels with and
without the 4s orbital are consistent with each other. As we
mentioned above, 3d electrons are considered to participate in
our redox system, and therefore, ln Kfs ∼0.038‰ (see Table 4)
may be expected.

The nuclear field shift effect found in the LiCl-KCl system
is larger than our anticipated magnitude. The result suggests
that the probability density of electrons in the Zn nucleus may
be unusual in the LiCl-KCl system. If the electron configuration
of ZnCl4

2- in this melt is unusual, the complex should be
unstable. In order to verify the stability of the ZnCl4

2- complex

Figure 5. Normalized δmZn and δ〈r2〉 as functions of δm/mm′. The
δmZn values of the LiCl-KCl system and the reported relative δ〈r2〉
values67 are normalized for an isotope pair 64Zn-66Zn by using the
exponential law.77 The 2σ internal errors are drawn for δ67Zn and δ68Zn.
The reported errors67 of δ〈r2〉 are also shown. The dotted lines are
baselines.

ln R ) δ〈r2〉A + δm
mm'

B (15)

TABLE 5: Nuclear Field Shift Effect and Mass Effecta

(a) δ〈r2〉 and δm/mm′

m δ〈r2〉b/relative value δm/mm′/10-3

64 0 0
66 1.00 0.473
67 1.19 0.700
68 1.84 0.919

(b) LiCl-KCl System

m δmZn/‰
nuclear field

shift effect/‰ mass effect/‰

nuclear field
shift effect +
mass effect/‰

64 0 0 0 0
66 0.96 -0.34 1.33 0.99
67 1.55 -0.41 1.96 1.56
68 1.97 -0.63 2.58 1.95

a Scaling factors A and B in eq 15 were calculated to be -0.3407
and 2805, respectively, with the determination coefficient R2 )
0.99994. b Literature values.67

ln Kfs )
(δEfs)liquid Zn - (δEfs)molten salt

kT
(16)
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in chloride melts, the formal redox potential (apparent) of the
Zn2+/Zn0 couple, E°′, was measured. The results obtained were
shown in Figure 6 and Table 7. The temperature dependence
of E°′ was precisely determined with determination coefficients
of 0.997 or better (Table 7). Note that the LiCl-KCl system
gives the largest intercept and slope in all systems (Figure 6).
Since the liquid Zn phase is identical for all experiments, the
large E°′ means instability of the Zn(II) complex, that is,
ZnCl4

2-. The larger slope means that the ZnCl4
2- complex

destabilizes more with the increase of temperature. The Gibbs
free energy change, ∆G°, can be calculated as -nFE°′, where
n means the number of electrons exchanged in the redox reaction
and F the Faraday constant. The ∆G° values at 923 K were
shown in Table 7. ∆G° found in the LiCl-KCl system is 50
kJ/mol or smaller than that found in other systems. The smallest
∆G° means that the ZnCl4

2- is most instable in this melt. The
electron density at the Zn nucleus may be unusually large in
the LiCl-KCl eutectic melt, which may be correlated with the
instability of the ZnCl4

2- complex. It should be noted that an
alternative origin of the mass-independent isotope fractionation
might be the magnetic isotope effect, but this is the effect found
in kinetic systems (see section 5 in a review in ref 79). Hence,

the nuclear field shift effect is the most possible origin for our
equilibrium system.

Conclusions

Zinc isotopes were fractionated in the Zn0-Zn(II) redox
reaction. The mass-dependent isotope effect observed could be
identified to be the conventional mass effect via intramolecular
vibrations and the correction to the Born-Oppenheimer elec-
tronic energy. The isotope fractionation observed in the
LiCl-KCl system consisted of the mass effects and the nuclear
field shift effect. The nuclear field shift effect would be
correlated with the instability of the related Zn complex.
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