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Chromium isotopes were fractionated by the liquid-liquid extraction system using dicyclohexano-18-crown-
6. We found a mass-independent isotope effect that the intermediate isotope of52Cr was enriched in the
organic phase. Because of its magic number neutronsN ) 28,52Cr has the smallest nuclear charge distribution
in naturally occurring chromium isotopes. The enrichment property gives the confident experimental fact of
the nuclear field shift effect in the new Bigeleisen theory.

Introduction

In the research field of isotope chemistry, the conventional
mass-dependent theory of the Bigeleisen-Mayer equation1 has
been extended to include the nuclear field shift effect,2,3

whereνfs is the field shift,a is the field shift scaling factor,
andb is the scaling factor for the vibrational mass effect. The
field shift is one kind of isotope shift4 in orbital electrons, which
results from the isotopic difference in nuclear size and shape.
The field shift gives an isotope effect via a displacement of
electronic molecular state. After the proposal of the new theory,

researchers used it in order to explain unusual isotope effects.5-9

In recent studies on mass-independent isotope effects, some
extended interpretations based on the new theory have been
discussed.10-16

The mass-independent isotope effects reported are mostly on
the odd atomic mass isotopes having nuclear spins with finite
values.2,3,5,7-9,17,18 It is difficult to determine these mass-
independent isotope effects as the true field shift effect, because
an interference due to the Fermi contact interaction must be
considered in these cases. The field shift effect should be studied
on even atomic mass isotopes whose nuclear spins are zero. In
this context, Fujii and co-workers have studied the mass-
independent isotope effect in even atomic mass number
isotopes.6,10,11,14In some elements, however, isotopic change
in nuclear charge distributionδ〈r2〉 shows a linear relationship
with mass number, and hence careful treatments have been
required to separate the field shift effect and the mass-dependent
isotope effect.

Because of its magic number neutronsN ) 28, an even atomic
mass isotope52Cr has the smallest nuclear charge radius4,19,20
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of the stable chromium isotopes,50Cr, 52Cr, 53Cr, and54Cr. If a
clear field shift occurs, the medium isotope52Cr should be
foremost fractionated according to the Bigeleisen theory. A
mass-independent isotope effect of chromium(III) has been
found in our previous study.21 To see a specific enrichment of
52Cr more accurately, we renewed the experimental condition
and the isotopic analytical method.

The first publication on the chemical isotope separation with
macrocyclic polyether was calcium isotope separation with
dicyclohexano-18-crown-6 (DC18C6).22 In many cases,23 DC18C6
systems are effective for separating isotopes. For chromium
extraction, DC18C6 in 1,2-dichloroethane is one of the typical
organic phases for separating Cr(III) and Cr(VI).24,25In systems
employing concentrated aqueous solutions and macrocyclic
polyethers, large mass-independent isotope effects are known
to be more commonly observed.14 Thus, we studied the
chromium isotope effect in a liquid-liquid extraction with a
concentrated chromium trichloride solution and an organic
solution of DC18C6 in 1,2-dichloroethane. In mass spectrometry
with a thermal ionization ion source, an accurate isotopic
analytical method of the total evaporation method was intro-
duced. In this paper, we present definite evidence of the field
shift effect in chromium.

Experimental Section

Dicyclohexano-18-crown-6 was a product of Acros Chimica
N.V. (98% purity). 1,2-Dichloroethane (over 99.9% purity) was
purchased from Merck KGaA. Chromium trichloride (hydrous,
99.99% purity) was purchased from Kojundo Chemical Labora-
tory Co., Ltd. To avoid the isotopic interference of other first-
low transition metals in mass spectrometry, especially54Fe
interference on54Cr, pure water and nitric acid were purchased
from Kanto Chemical Co., Inc. The concentration of each
metallic impurity in these reagents was certified to be under
0.01 ppb. Chromium trichloride was dissolved in pure water to
create a solution, 4 mol dm-3 (M) CrCl3. The organic phase
was 0.1 M DC18C6 in 1,2-dichloroethane. Before the experi-
ments, the organic phase was scrubbed twice with the pure water
to remove any kinds of hydrophilic organic impurities.

A 1 cm3 (mL) aqueous solution and 10 mL organic solution
were mixed in a glass vial with a stirrer bar, and the glass vial
was sealed with a stopcock. The two phases were stirred by a
magnetic stirrer for 30 min. After the fore-extraction, the two
phases were separated by centrifugation (1500 rpm, 1 min). An
8 mL aliquot of the upper organic solution was taken for back-
extraction. The extracted chromium in the separated organic
phase was stripped into 8 mL of pure water. The back-extraction
was performed in the same manner of the fore-extraction. After
the two phases were separated by centrifugation, 6 mL of the
upper aqueous phase was taken. This solution was scrubbed
twice with 6 mL of pure 1,2-dichloroethane to prepare an
organic free sample for mass spectrometry. These procedures
were carried out at 301( 1 K. The chromium concentration in
the back-extraction water was analyzed by ICP-AES (Shimadzu,
ICPS-1000TR). The same liquid-liquid extraction experiment
was performed three times. The distribution ratio was determined
to be (8.8( 0.2) × 10-6. For the kinetics of the extraction of
Cr(III), in an efficient solvent extraction system,26,27 15 min
has been reported as the optimum time to secure the extraction
equilibrium. In our case, no change in theD value was observed
in periods over 30 min.

For the measurement of chromium isotope ratios by a thermal
ionization mass spectrometer, isotope fractionation in the
evaporation process is a significant problem.28 The total

evaporation method was applied to the present study, which is
accepted in uranium isotopic analysis29 as a fractionation bias
free measurement. The back-extraction solution was heated to
dryness, and a chromium solution containing 50 ppm Cr in 1
M HNO3 was prepared. Each 10µL aliquot was put on a sample
filament, in which the filament used was rhenium ribbon
prepared via zone melting. The total amount of Cr loaded on
the filament was 500 ng. The filament with 500 ng of Cr of the
standard reference material NIST-SRM979 was also prepared
in the same manner. The isotopic analysis was performed using
a mass spectrometer with a multicollector system (Finnigan,
MAT262).

A rhenium double filament was loaded into the mass
spectrometer. Because the natural abundance of52Cr (83.79%)
is greatest, its ion beam was monitored andmCr/52Cr was
measured (the superscriptm means mass number 50, 52, 53, or
54). The ion beam intensity at mass number 51 was also checked
to monitor the background. The measurement protocol for total
evaporation used in this study was as follows. The ionization
filament was heated to 4 A in 10min. The sample (evaporation)
filament was heated to attain a 2× 10-13 A ion current of52Cr,
and then peak centering and focusing were quickly done. The
measurement was performed with the increase of the sample
filament current by 10 mA/scan, in which the integration time
of 1 scan was 4 s. The upper limit of the52Cr ion current was
set at 7.5× 10-11 A. The data acquisition was terminated when
the 52Cr ion current fell below 2× 10-13 A.

Since the total ion current was integrated in the total
evaporation measurement, one measurement gives no error of
isotopic fractionation. Hence, we evaluated the reproducibility
as an experimental error. Seven samples of NIST-SRM979 and
8 samples of the stock solution were analyzed. The averaged
value of each isotope ratio was determined, and the standard
error (SE) of 2SE was calculated. We performed the same
extraction experiment three times, and each back-extracted
sample was analyzed three to five times. In total, 10 samples
were analyzed. The 2SE of the measured isotopic ratio was
0.26% or better.

Results and Discussion

Measurement results of NIST-SRM979 by total evaporation
method are shown in Table 1. The certified values30 of NIST-
SRM979 by conventional method are shown together with the
standard deviations (SD) of 2SD. Our results show good
agreement with the certified values within the experimental
errors of 2-3SD. Since the total evaporation method is the
fractionation bias free measurement, the difference shown in
Table 1 would be due to a specific machine bias in our system.
The difference in each isotope ratio is determined to be(0.41%
or smaller. This is acceptable considering the uncertainties in
the conventional measurement with a thermal ionization mass
spectrometer.31,32 The errors determined in the present study
show values similar to those of the certified values. In the
present system, about 7 samples must be analyzed in order to
bring the SE value close to the SD value of the certified value.

Table 2 shows the measurement results of the stock solution
and the back-extraction solution. Beyond 2SE, obvious changes

TABLE 1: Measurement Results of NIST-SRM979
50Cr/52Cr 53Cr/52Cr 54Cr/52Cr

total evaporation 0.051647 0.11368 0.028321
(0.000105 (0.00011 (0.000058

certified value30 0.05186 0.11339 0.02822
(0.00010 (0.00015 (0.00006

% rel difference to ref -0.41 +0.26 +0.36
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in the isotope ratios can be seen. If a contamination of Ti(50Ti),
V(50V), and/or Fe(54Fe) occurs,50Cr/52Cr and/or54Cr/52Cr in
the back-extraction solution must be overestimated. Both50Cr/
52Cr and54Cr/52Cr in the back-extraction solution were smaller
than those in the stock solution. Hence, it can be concluded
that, throughout the study, there is no isotopic interference due
to a contamination of metallic impurities. The differences in
isotope ratios shown in Table 2 are due to the chemical isotope
effect via the ligand exchange reaction.

The isotope separation factorR is defined:

where ([mCr]/[52Cr])org and ([mCr]/[52Cr])aq are the isotope ratios
of mCr relative to52Cr found in the organic and aqueous phases,
respectively. In the present study, since the distribution ratio is
so low, ([mCr]/[52Cr]) in the stock solution can be substituted
for ([mCr]/[52Cr])aq. The isotope enrichment factorε is defined

Considering the magnitude of the isotope effect, an approxima-
tion, R - 1 ≈ ln R, can be used. The detailed theoretical
background of the isotope separation factor can be seen
elsewhere.1,33 Since the machine biases are canceled out, theR
value can be calculated from the raw data shown in Table 2
using eq 2. CalculatedR values andε values are shown in Table
3. All ε52,50, ε52,53, andε52,54are negative, implying that52Cr is
enriched in the organic phase.

Changes in the mean-square radius of chromium,δ〈r2〉,
reported by Wohlfahrt et al.19,20 are shown in Figure 1 as
functions ofδm/mm′. The experimental results ofε52,m are shown
together. Isotope shifts of Cr I in a 3d54s-3d54p transition and
a 3d54s-3d44s4p transition measured by Bruck et al.34,35 are
also shown. To facilitate comparison, all data for the isotope
pair 50Cr-52Cr were normalized to be unity. The isotope shifts
in the 3d54s-3d44s4p transition show a strong dependence on
the mass difference. The isotope shift is composed of two major
shifts, i.e., the mass shift and the field shift.4 The mass shift,
which is proportional toδm/mm′, is predominant in the 3d5-
4s-3d44s4p transition. Because of its large density distribution
in the nucleus, the s-orbital electron is strongly affected by the
field shift, which is proportional toδ〈r2〉. Hence, in the 3d5-
4s-3d54p transition, the breakdown of the linear dependency
of δm/mm′ is due to the field shift. In every chemical exchange
reaction, if a transition of electronic molecular states is strongly
affected by the field shift, the obtained isotope effect should
show a mass-independent isotope effect having the characteristic

of 〈r2〉. From Figure 1, it can be concluded that a clear field
shift effect was found in the chromium isotope effect by using
concentrated CrCl3 solution and DC18C6 in 1,2-dichloroethane.

This study presents a prospect for future progress of mass-
independent isotope effect. Under similar conditions, multistage
extraction or liquid chromatography more effectively demon-
strates larger isotope effect. Much more precise isotopic analysis
with high accuracy is essential for this research field.
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Figure 1. Relative changes in isotope enrichment factor and nuclear
charge radius, and relative isotope shifts in Cr I. The changes in mean-
square radius are reproduced from the data reported by Wohlfahrt et
al.19,20 The relative isotope shifts in Cr I are calculated from the data
reported by Bruck et al.34.35Values for the isotope pair50Cr-52Cr were
normalized to be unity.
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