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Introduction: We report the results of a theoretical
study of the equilibrium partitioning of iron isotopes
among simple complexes and metallic iron. Theoretical
calculations are based on a combination of force-field
molecular modeling and existing vibrational spectros-
copy data. This study is motivated by the discovery of
transition-element (Fe, Cu, Zn, etc.) isotope abundance
variations in natural terrestrial samples [1,2,3]. In the
case of iron, isotope fractionations have also been ob-
served in biological and inorganic laboratory experi-
ments [4,5]. However, no one knows what ultimately
controls the observed fractionations, so it is difficult to
gauge their significance as biogeochemical and envi-
ronmental probes.  A basic theoretical understanding of
the factors controlling equilibrium iron-isotope frac-
tionations can help to bridge this knowledge gap.

Theoretical calculations based on 57Fe-Mössbauer
spectroscopy predict substantial inorganic fractiona-
tions [6].  We set out to confirm these predictions, and
to develop a theoretical method that can be applied to
elements lacking Mössbauer isotopes, like Cu and Zn.

Theory:  Equilibrium stable-isotope fractionation
is mainly caused by small differences in the vibrational
energies of isotopically substituted substances. Substi-
tuting a heavy isotope for a lighter one reduces a sub-
stance's vibrational frequencies, leading to a small de-
crease in vibrational energy that varies from one sub-
stance to another. When two or more substances are at
equilibrium, a heavy isotope will tend to be concen-
trated in the substance in which the vibrational energy
is most sensitive to isotope substitution. Energy
changes caused by isotope substitution can be deter-
mined if the vibrational spectra of isotopically heavy
and light forms of a substance are known. Typically,
however, only the spectra of substances containing the
natural mixture of isotopes (dominated by 56Fe) is
known. So we developed a scheme for predicting the
vibrational frequencies of 54Fe-bearing analogues.

Method:  Published vibrational spectra of metallic
iron and simple complexes of iron with various ligands
closely approximate the spectra of pure 56Fe-bearing
end members. The spectra of 54Fe-bearing complexes
are calculated using intra-molecular force-fields fitted
to observed vibrational frequencies.  Typically the
Modified Urey-Bradley Force Field (MUBFF) is used.
For tetrahedral and octahedral complexes, a MUBFF
has three parameters that are adjusted to fit four or five
measured frequencies. The accuracy of the theoretical
calculation depends on the accuracy of the force-field
applied to predict the vibrational frequencies of the

54Fe-bearing complexes. Force-field predictions are
tested by looking at complexes and molecules where
the isotope effect has been measured or modeled in
detail.

Results: Fractionations of up to several per mil are
predicted between complexes in which iron is bonded
to different ligands (i.e. 4‰ for [FeIII(H2O)6]

3+ vs.
[FeIIICl4]

−). Similar fractionations are predicted be-
tween complexes with Fe(II) and Fe(III) (i.e. 5‰ be-
tween [FeII(H2O)6]

2+ and [FeIII(H2O)6]
3+). Our results

(Fig. 1) suggest that heavy iron isotopes will be con-
centrated in complexes with high-frequency metal-
ligand stretching vibrations. Thus, complexes with
strongly bonding ligands like CN− and H2O will tend to
concentrate the heavy iron isotopes when in equilib-
rium with complexes with weakly bonding ligands like
Cl− and Br−. Fe(III)-bearing complexes will tend to
concentrate the heavy iron isotopes relative to coexist-
ing Fe(II)-bearing complexes. Iron in four-fold coordi-
nation will tend to concentrate the heavy isotopes rela-
tive to iron in six-fold coordination. Results for
[FeII(CN)6]

4− and metallic iron agree quantitatively
with Mössbauer-based predictions [6]. Simple MUBFF
force-field models accurately predict the effect of iso-
tope substitution on vibrational frequencies.
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