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ABSTRACT: Molybdenum (Mo) is a redox-sensitive metal element. Its isotope composition
(δ98Mo) has the potential to reconstruct oceanic oxygenation extent in deep time. To
accurately reconstruct the bulk δ98Mo value of ancient seawater from sediment records, it is
necessary to clarify the Mo isotope fractionation mechanism during the transformation among
thiomolybdates (MoOxS4−x

2−, x = 0∼4) in marine environments. For aqueous systems,
predicting the equilibrium isotope fractionation factors theoretically needs careful treatment of
solvent effects. The commonly used water-droplet or periodical boundary condition methods
are not only troublesome but also time-consuming. We test the efficiency of the two-layer own
N-layer integrated molecular orbital molecular mechanics (ONIOM) method in predicting the
reduced partition function ratios (β factors) of the MoOxS42− species in aqueous phases.
Compared to other methods, the ONIOM method can produce β factors with the same
accuracy and considerably fewer computational resources. The predicted β factors are in the
order MoO4(aq)

2− > MoO3S(aq)2− > MoO2S2(aq)2− > MoOS3(aq)2− > MoS4(aq)2−, which are in
line with previous laboratory experiments and field observations. The new results provide the basic data for reconstructing δ98Mo
values in suboxic, ferruginous, and weakly euxinic sediments.
KEYWORDS: paleoredox proxy, ab initio molecular dynamics, implicit solvent model, dispersion correction, water-droplet,
periodical boundary condition

1. INTRODUCTION
Molybdenum (Mo) isotopes have been used as a paleo-
oxybarometer to reconstruct global marine redox evolutions
throughout the Earth’s history.1−5 Such applications are based
on the distinct Mo isotope fractionations during the trans-
formation of Mo species and the removal of Mo from seawater
under different redox conditions.6−9 The speciation, reactivity,
and solubility of Mo species are controlled by the redox
condition of ambient water.10,11 Molybdate (MoO4

2−) exists
dominantly in an oxic environment. In a euxinic environment,
MoO4

2− exchanges ligands with H2S-bearing systems and
forms thiomolybdates (MoOxS4−x

2−, x = 0∼4) in the following
order12

Under a euxinic condition with pH = ∼8, the thiolation rate
of dissolved Mo species from left to right is ∼5 h, ∼50 h, ∼60
days, and ∼1.5 years, respectively.13,14 Higher H2S concen-
trations, lower pH, and more microbial activities can accelerate
the thiolation processes.14−16 Mo isotopes fractionate during
species transformation, which can characterize the defined
process.17,18

Most previous research studies focus on the isotope
fractionation factors (α) of sequestration processes since the

conversion from molybdate to thiomolybdate was assumed to
be stoichiometric.17 The assumption has been challenged.
First, it has been observed that in a water column, the most
abundant Mo species changes with depth from MoO4

2− to
MoO3S2− and MoO2S22− to MoOS32− and MoS42−.7,11 The
transformation from chemically unreactive molybdate to highly
reactive thiomolybdate has been proposed to be the prime
reason for authigenic Mo enrichment in sediments10,11,19 and a
reason for a lighter δ98Mo value in euxinic sediments.20−23

Second, in suboxic, ferruginous, and weakly euxinic settings
where H2S concentrations are between 0.1 and 11 μmol/L,
thiolation of molybdate is slow or incomplete. The
intermediate thiomolybdate species coexist, and the sequestra-
tion may occur nonquantitatively.7,12,14,24 Therefore, clarifying
the α factors among the MoOxS4−x

2− species is the first step
toward quantifying the dynamics of intermediate thiomolyb-
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date species and establishing a reliable Mo isotope paleoredox
proxy.
Density function theory (DFT) calculation combined with

the Urey−Bigeleisen−Goeppert-Mayer (U−B−GM)
model25,26 is an efficient and reliable method to predict
equilibrium isotope fractionation factors (αeq) due to its good
predictions on harmonic vibrational frequencies.27−29 Cur-
rently, only one study calculated the αeq values among
MoO4

2−, MoO2S22−, and MoS42− by isolated molecule models
with the implicit solvent effect.17 Such practice may mismatch
the observations in ocean water and laboratory experiments
since the solvent molecules around the solute deeply influence
the chemical behaviors of compounds.27−35 To properly
address the solvent effects in theoretical calculations, a
hybrid-solvent model, which includes implicit and explicit
solvent effects, as well as dispersion correction, is needed.
Water-droplet27−35 and periodic boundary condition
(PBC)36−38 methods are usually used to deal with aqueous
phases with the consideration of explicit solvent molecules.
Nevertheless, such methods are labor-intensive and require
large amounts of computational resources. The own N-layer
integrated molecular orbital molecular mechanics (ONIOM)
method has been used to simplify the geometry and energy
calculations of big systems by treating different layers with
different methods.36 Theoretically, it should also work in
predicting αeq factors of aqueous systems.
In this work, we evaluate the influences of implicit and

explicit solvent effects, as well as dispersion correction on the
predicted αeq values of thiomolybdates first. Then, we test the
robustness and efficiency of the ONIOM method in predicting
αeq factors for the aqueous phase. Using the predicted αeq
factors for MoOxS4−x

2− species in the aqueous phase, we
retrospect and prospect the application of Mo isotope
compositions and proposed essentials for constructing a
reliable quantitative paleoredox proxy.

2. METHODS
2.1. Equilibrium Isotope Fractionation Theory. The

Mo isotope composition was initially expressed as δ97Mo =
[(97Mo/95Mo)sample/(97Mo/95Mo)standard − 1].6,37 Therefore,
the calculated αeq factors have been reported as 97/95αeq.17,38−41

With the development of the 97Mo−100Mo double-spike
analysis technique,42 the following measurements reported
the Mo isotope composition as δ98Mo.9,18,43−45 The δ97Mo
and δ98Mo values can be converted to each other by a
geometric rule: δ97Mo ≈ 2/3 × δ98Mo and so do the 97/95α and
98/95α values. To be consistent with recent works, here we
report the Mo isotope fractionation factor as 98/95α, and all the
97/95α values in the literature are converted to 98/95α values
unless specified.
The equilibrium isotope fractionation theory is used to

calculate the Mo isotope fractionation factors. An isotope
exchange reaction between species A and B can be expressed
as:

+ * * +A B A BF

where the species with * contain the rare isotope (i.e., 98Mo in
this case) and the ones without * contain the most abundant
isotope (i.e., 95Mo in this case).
The αeq factor between A and B can be expressed as the ratio

of their reduced partition function ratio ( β factor) that is the

αeq factor between an atom in a specific bond environment and
its atomic form

=eq(A B)
A

B (1)

in which the β factors can be estimated in harmonic
approximation46−48 using the U−B−GM model25,26

=
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where N denotes the number of the harmonic vibrational
modes (for nonlinear molecules, N = 3n−6; for linear
molecules, N = 3n−5; n is the number of atoms), h is the
Planck constant, ν is the harmonic vibration frequency, kB is
the Boltzmann constant, and T is the temperature in Kelvin.
A uniform scale factor is usually used to scale the theoretical

frequencies to the experimental values. However, as previous
work suggested, the frequencies needed in the U−B−GM
model are harmonic, and manually scaling the frequencies may
introduce errors to the predicted β factors.49 In addition, the
influences of the scale factors are mostly canceled out in the
reported α values.33,34,50−52 Thus, no scale factors were used in
the current work.
For better illustration, the α and β values are often reported

in the form of lnα and lnβ values in per mil (‰).
2.2. Computational Details. DFT calculations were used

to optimize structures and calculate harmonic vibrational
frequencies. The isolated molecules, water-droplet, and
ONIOM calculations were performed using the software
Gaussian 16.53 The PBC calculations were performed using the
Vienna ab initio simulation package (VASP).54 In this work,
“g” denotes isolated molecules in the gaseous phase, “i”
denotes isolated molecules with the implicit solvent effect
integral-equation-formalism polarizable continuum model
(IEFPCM),55 “aq-w” denotes the aqueous phase by the
water-droplet method, “aq-p” denotes the aqueous phase by
the PBC method, and “aq-o” denotes the aqueous phase by the
ONIOM method.

2.2.1. Water-Droplet Method. The water-droplet or
supermolecule explicit solvent method introduces solvent
molecules to simulate a solution environment more realisti-
cally, which has been used to calculate β values of species in
the aqueous phase.27−35 We performed the water-droplet
method on MoO4

2−, MoS42−, Na2MoO4, and Na2MoS4. The
procedure is to add six water molecules to a system and
optimize the structure repeatedly until the average β value
converges. All structures were optimized to the local energy
minimum with no imaginary frequency. The optimized
structure of each configuration has the target species at the
center of the water cluster. To better sample the structures of
liquids, we built four independent water-droplet models with
different initial configurations for each species. The final β
values were taken as the average of the last eight configurations
(with 24 and 30 water molecules). More details of the water-
droplet method can be found in our previous works.33−35

The B3LYP exchange−correlation functional56,57 was used
to optimize geometries and calculate vibrational frequencies.
The LANL2DZ-ECP basis set58,59 was used for Mo atoms, and
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the 6-311+g(2df,p) basis set60,61 was used for H, O, Na, and S
atoms.
The IEFPCM was used for the implicit solvent effect. The

dispersion effect was considered according to the D3
dispersion correction with Becke−Jonson damping
(GD3BJ).62,63 To test the influences of the IEFPCM and D3
dispersion correction, we calculated MoO4(H2O)302−_B and
MoS4(H2O)302−_B models without IEFPCM and D3 dis-
persion correction (the explicit model), with IEFPCM but
without D3 dispersion correction (the explicit + IEFPCM
model), and without IEFPCM but with D3 dispersion
correction (the explicit + D3 model).

2.2.2. PBC Method. The PBC method models an infinite or
semi-infinite domain using its supercell, which was performed
to predict the β factors of Na2MoO4 and Na2MoS4 in the
aqueous phase. First, the solute molecule and 50 water
molecules were put into a cubic box. The unit-cell parameters
were set as 11.50 Å to ensure that the densities are close to 1
g/cm3, and the statistical pressure is close to zero. Then, first-
principles molecular dynamics (FPMD) simulations were
performed based on the canonical ensemble (NVT) with the
Nose thermostat. We applied the projector augmented wave
method and the Perdew, Burke, and Ernzerhof generalized
gradient approximation64 for the exchange−correlation func-
tional. The plane-wave energy cutoff was set as 600 eV with a 1
× 1 × 1 k-point grid. With the time step of 1 fs, we performed
the FPMD simulations at 300 K for 20 ps to let the systems
reach equilibrium, and then the simulations were run for at
least 30 ps to generate the FPMD trajectories. Four snapshots
were randomly extracted from the trajectories of each system.
The atomic positions of the extracted configurations were
optimized with the force convergence criteria of 10−3 eV/Å.
After optimization, the vibrational frequencies were calculated
with the finite displacement method.65

2.2.3. ONIOM Method. The main idea of the ONIOM
method is to divide the entire system into multiple layers, with
a small but important part of the system described by
expensive quantum mechanics (QM) methods and the rest of
the system described by lower theoretical levels.66 The center
layer was defined as the “model” system and treated with both
“high” and “low” levels of calculation. The entire “real” system
was treated only at the “low” level of calculation. The ONIOM
energy is defined as

= +E E E

E

(ONIOM) (high, model) (low, real)

(low, model)

The ONIOM models can reproduce the geometries and the
reaction energies of the full QM models with considerably
fewer computational resources,67,68 which have been used to
include explicit solvent molecules in calculations.69−71 In the
present work, we calculated the solution systems by a two-layer
ONIOM(QM/QM) method.
To sample initial structures for ONIOM models, we used

the atom-centered density matrix propagation (ADMP) MD
simulation72−74 on the structures of Mo species in 90-water-
molecule clusters. Since the results of the ADMP simulations
were only used as the initial structure of further calculation,
here we performed the ADMP simulation with a semiempirical
calculation method, the PM6 Hamiltonian,75 at 325 K for 10
ps with a time step of 0.5 fs. Ten configurations were randomly
chosen from the last 5 ps trajectories of each Mo species, and
clusters with the 36 water molecules nearest to the Mo species
were cut for further calculation. The script for cutting a cluster
with specific numbers of water molecules can be found in the
Supporting Information.
To test the influences of different explicit solvent molecule

treatments on the calculated β and α values, here we used the

Figure 1. Optimized representative configurations and selected geometry parameters. Gray, red, purple, yellow, and green represent H, O, Na, S,
and Mo atoms, respectively. Ball-and-stick models were calculated at the high theoretical level, and tube models were calculated at the low
theoretical level. Gray cubic boxes in the PBC models denote periodical boundaries.
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ONIOM model on MoO4
2− and MoS42− ions with two

different ways of defining layers. In model A, the Mo species
and the water molecules that form hydrogen bonds with the
solute molecules were defined as the model systems. The
numbers of water molecules in the model systems are between
9 and 14 (Table S1). In model B, only the Mo species were
defined as the model system. Models A and B with the same
index share the same initial structure. A high-level calculation
was performed at the B3LYP/(6-311+G(2df,p), LANL2DZ)
level with IEFPCM, which was the same as the water-droplet
models, and a low-level calculation was performed at the
B3LYP/(6-31G, LANL2DZ) level with ONIOM-PCM/X.36

The D3 dispersion correction was also considered in the
calculations.
After a careful evaluation, the ONIOM model A is chosen as

the most effective and efficient method for the calculation of
aqueous systems. Thus, we calculated the β values of
MoO3S(aq)2−, MoO2S2(aq)2−, and MoOS3(aq)2− by ONIOM
model A.

3. RESULTS
3.1. Geometry Parameters. The optimized geometries

for the isolated molecules and the representative configurations
of aqueous phases are presented in Figure 1. The selected
geometry parameters for all models are listed in Table 1. The
optimized structure coordinates and detailed geometry
parameters can be found in Tables S2−S5.
For the gaseous phases, our calculations yield 1.79 Å for the

Mo−O bond (dMo−O) and 109.5° for the ∠O−Mo−O angle of
MoO4

2−, and 2.21 Å for the Mo−S bond (dMo−S) and 109.5°
for the ∠S−Mo−S angle of MoS42−. The results of the
IEFPCM models are the same as the gaseous phases. The
geometries of water-droplet models are similar to the isolated
molecules, with dMo−O = 1.79 ± 0.01 Å and ∠O−Mo−O =
109.4 ± 1.7° for MoO4(H2O)302− and dMo−S = 2.20 ± 0.01 Å
and ∠S−Mo−S = 109.5 ± 1.4° for MoS4(H2O)302−. In the
water-droplet models, Na+ ion has little influence on the
geometries, with dMo−O = 1.79 ± 0.02 Å and ∠O−Mo−O =
109.4 ± 1.6° for Na2MoO4(H2O)30 and dMo−S = 2.20 ± 0.02 Å

and ∠S−Mo−S = 109.4 ± 1.5° for Na2MoS4(H2O)30. The
PBC models also produce similar optimized geometries, with
dMo−O = 1.79 ± 0.03 Å and ∠O−Mo−O = 109.4 ± 3.2° for
Na2MoO4(H2O)50 and dMo−S = 2.19 ± 0.03 Å and ∠S−Mo−S
= 109.6 ± 1.1° for Na2MoS4(H2O)50. The optimized
geometries of the ONIOM models are similar to the results
of the other models. The ONIOM model A estimates dMo−O =
1.79 ± 0.02 Å and ∠O−Mo−O = 109.4° ± 3.0° for
MoO4(H2O)362− and dMo−S = 2.20 ± 0.03 Å and ∠S−Mo−S
= 109.5 ± 2.0° for MoS4(H2O)362−. The ONIOM model B
estimates dMo−O = 1.79 ± 0.01 Å and ∠O−Mo−O = 109.4 ±
2.9° for MoO4(H2O)362− and dMo−S = 2.19 ± 0.03 Å and ∠S−
Mo−S = 109.5 ± 2.0° for MoS4(H2O)362−.
The results of dMo−O in MoO4

2− are consistent with previous
experimental and theoretical calculation results, for example,
1.78 Å for MoO4

2− in solution determined by K-edge extended
XAFS,76 1.794 Å for gaseous MoO4

2− calculated by the DFT
method at the polarized SBK/B3LYP level and polarized SBK/
CCSD level,17 and 1.79 Å for MoO4

2− with 12 explicit water
molecules calculated by the DFT method at the B3LYP/(6−
311+G(2df,p), LANL2DZ) level.41 The results of dMo−S in
MoS42− are consistent with previous experimental and
theoretical calculation results, for example, 2.178 Å for
MoS42− in solution determined by electronic absorption
spectra77 and 2.21−2.29 Å for gaseous MoS42− calculated by
various levels of DFT combined with a variety of basis sets.78

Both MoO4
2− and MoS42− are tetrahedrons; thus, the ∠O−

Mo−O of MoO4
2− and ∠S−Mo−S of MoS42− are 109.4−

109.5°, which are consistent with the DFT calculation results
of MoS42−.78 Our calculation results indicate that the ONIOM
method can accurately predict the geometries of the aqueous
systems.
The optimized structures of MoO3S(H2O)362− ,

MoO2S2(H2O)362−, and MoOS3(H2O)362− of the ONIOM
model A are also tetrahedrons with ∠X−Mo−X = 109.4−
109.5°, where X represents O or S. For MoO3S(H2O)362−,
dMo−O = 1.78 ± 0.01 Å and dMo−S = 2.22 ± 0.02 Å. For
MoO2S2(H2O)362−, dMo−O = 1.78 ± 0.01 Å and dMo−S = 2.21 ±

Table 1. Selected Geometric Parameters of Different Models (d: Distances in Å, ∠: Angles in °)a

model method dMo−O dMo−S ∠X−Mo−X
MoO4

2− gaseous 1.79 ± 0.00 109.5 ± 0.0
MoO4

2− IEFPCM 1.79 ± 0.00 109.5 ± 0.0
MoO4(H2O)302− water-droplet 1.79 ± 0.01 109.5 ± 1.7
Na2MoO4(H2O)30 water-droplet 1.79 ± 0.02 109.4 ± 1.6
Na2MoO4(H2O)50 PBC 1.79 ± 0.03 109.4 ± 3.2
MoO4(H2O)362− ONIOM model A 1.79 ± 0.01 109.4 ± 3.0
MoO4(H2O)362− ONIOM model B 1.79 ± 0.01 109.4 ± 2.9
MoS42− gaseous 2.21 ± 0.00 109.5 ± 0.0
MoS42− IEFPCM 2.21 ± 0.00 109.5 ± 0.0
MoS4(H2O)302− water-droplet 2.20 ± 0.01 109.4 ± 1.4
Na2MoS4(H2O)30 water-droplet 2.20 ± 0.02 109.5 ± 1.5
Na2MoS4(H2O)50 PBC 2.19 ± 0.03 109.6 ± 1.1
MoS4(H2O)362− ONIOM model A 2.20 ± 0.03 109.5 ± 2.0
MoS4(H2O)362− ONIOM model B 2.19 ± 0.03 109.5 ± 2.0
MoO3S(H2O)362− ONIOM model A 1.78 ± 0.01 2.22 ± 0.02 109.4 ± 2.3
MoO2S2(H2O)362− ONIOM model A 1.78 ± 0.01 2.21 ± 0.03 109.4 ± 2.3
MoOS3(H2O)362− ONIOM model A 1.78 ± 0.01 2.20 ± 0.03 109.5 ± 1.7

aNote: For the isolated molecules, the data are the mean values of four bonds or six angles. For the PBC and ONIOM models, the data are the
mean values of all bonds and angles in 4 and 10 configurations, respectively. For the water-droplet models, the data are the mean values of all bonds
or angles in four configurations with 30 explicit water molecules. The “X” in “∠X−Mo−X” represents O or S.
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0.03 Å. For MoOS3(H2O)362−, dMo−O = 1.78 ± 0.01 Å and
dMo−S = 2.20 ± 0.03 Å.
3.2. β Factors. 3.2.1. Isolated Molecule Results. The

calculated β values for isolated molecules with or without
IEFPCM in the temperature range of 0−300 °C can be found
in Tables S6 and S7. At 25 °C, ln MoO4(g)

2 = 12.4‰, ln MoO S3 (g)
2

= 11.0‰, ln MoO S2 2(g)
2 = 9.7‰, ln MoOS3(g)

2 = 8.2‰, ln MoS4(g)
2 =

6.9‰, ln MoO4(i)
2 = 11.7‰, ln MoO S3 (i)

2 = 10.2‰, ln MoO S2 2(i)
2 =

9.1‰, ln MoOS3(i)
2 = 7.7‰, and ln MoS4(i)

2 = 7.1‰.

3.2.2. Water-Droplet Results. The calculated βaq‑w values for
MoO4(H2O)n

2−, MoS4(H2O)n
2−, Na2MoO4(H2O)n, and

Na2MoS4(H2O)n at 25 °C by the water-droplet method are
listed in Table 2. For all four systems, the β values converge as
the number of water molecules increases. The calculated ln

MoO4(aq w)
2 = 12.2‰ and ln MoS4(aq w)

2 = 7.1‰ at 25 °C, which

suggests that the co-existence of MoO4(aq)
2− and MoS4(aq)2−

results in heavy Mo enriches in MoO4(aq)
2−. The Na+ cations

have little influence on the calculated βaq‑w values of the Mo
anions.
The calculated β values for different MoO4(H2O)302−_B and

MoS4(H2O)302−_B models in the temperature range of 0−300
°C can be found in Table S8. At 25 °C, the explicit model
produced ln MoO4

2 = 13.0‰ and ln MoS4
2 = 7.2‰; the

explicit + D3 model produced ln MoO4
2 = 13.11‰ and ln

MoS4
2 = 7.6‰; the explicit + IEFPCM model produced ln

MoO4
2 = 11.9‰ and ln MoS4

2 = 6.9‰; the explicit + IEFPCM

Table 3. Calculated βaq‑p Values for Na2MoO4(H2O)50 and Na2MoS4(H2O)50 at 25 °C by the PBC Method

model β model β
Na2MoO4(H2O)50_A 1.0123 Na2MoS4(H2O)50_A 1.0072
Na2MoO4(H2O)50_B 1.0123 Na2MoS4(H2O)50_B 1.0073
Na2MoO4(H2O)50_C 1.0123 Na2MoS4(H2O)50_C 1.0073
Na2MoO4(H2O)50_D 1.0123 Na2MoS4(H2O)50_D 1.0073
averagea 1.0123 ± 0.0000 1.0073 ± 0.0000
lnβ(‰) 12.2 7.3

aThe “average” data in bold are the mean values of four configurations of the same calculation settings.

Table 4. Calculated βaq‑o Values for MoO4(H2O)362− and MoS4(H2O)362− at 25 °C by the Two ONIOM Models

model Aa β model A β model Bb β model B β
MoO4(H2O)362−_A 1.0122 MoS4(H2O)362−_A 1.0070 MoO4(H2O)362−_A 1.0119 MoS4(H2O)362−_A 1.0071
MoO4(H2O)362−_B 1.0122 MoS4(H2O)362−_B 1.0072 MoO4(H2O)362−_B 1.0119 MoS4(H2O)362−_B 1.0072
MoO4(H2O)362−_C 1.0121 MoS4(H2O)362−_C 1.0072 MoO4(H2O)362−_C 1.0119 MoS4(H2O)362−_C 1.0071
MoO4(H2O)362−_D 1.0122 MoS4(H2O)362−_D 1.0072 MoO4(H2O)362−_D 1.0121 MoS4(H2O)362−_D 1.0070
MoO4(H2O)362−_E 1.0122 MoS4(H2O)362−_E 1.0072 MoO4(H2O)362−_E 1.0119 MoS4(H2O)362−_E 1.0072
MoO4(H2O)362−_F 1.0119 MoS4(H2O)362−_F 1.0070 MoO4(H2O)362−_F 1.0116 MoS4(H2O)362−_F 1.0071
MoO4(H2O)362−_G 1.0125 MoS4(H2O)362−_G 1.0072 MoO4(H2O)362−_G 1.0119 MoS4(H2O)362−_G 1.0072
MoO4(H2O)362−_H 1.0123 MoS4(H2O)362−_H 1.0071 MoO4(H2O)362−_H 1.0118 MoS4(H2O)362−_H 1.0071
MoO4(H2O)362−_I 1.0123 MoS4(H2O)362−_I 1.0073 MoO4(H2O)362−_I 1.0120 MoS4(H2O)362−_I 1.0072
MoO4(H2O)362−_J 1.0122 MoS4(H2O)362−_J 1.0071 MoO4(H2O)362−_J 1.0120 MoS4(H2O)362−_J 1.0070
average 1.0122 1.0072 1.0119 1.0071
std 0.0002 0.0001 0.0001 0.0001
lnβ (‰) 12.1 7.1 11.8 7.1

a“Model A” denotes the ONIOM models with Mo species and the water molecules form hydrogen bonds with it as the model system. b“Model B”
denotes the ONIOM models with only the Mo species as the model system.

Table 5. Calculated βaq‑o Values for MoO3S(H2O)362−, MoO2S2(H2O)362−, and MoOS3(H2O)362− at 25 °C by the ONIOM
Model A

model β model β model β
MoO3S(H2O)362−_A 1.0110 MoO2S2(H2O)362−_A 1.0098 MoOS3(H2O)362−_A 1.0083
MoO3S(H2O)362−_B 1.0110 MoO2S2(H2O)362−_B 1.0094 MoOS3(H2O)362−_B 1.0082
MoO3S(H2O)362−_C 1.0112 MoO2S2(H2O)362−_C 1.0094 MoOS3(H2O)362−_C 1.0083
MoO3S(H2O)362−_D 1.0108 MoO2S2(H2O)362−_D 1.0095 MoOS3(H2O)362−_D 1.0084
MoO3S(H2O)362−_E 1.0104 MoO2S2(H2O)362−_E 1.0093 MoOS3(H2O)362−_E 1.0082
MoO3S(H2O)362−_F 1.0111 MoO2S2(H2O)362−_F 1.0097 MoOS3(H2O)362−_F 1.0082
MoO3S(H2O)362−_G 1.0109 MoO2S2(H2O)362−_G 1.0095 MoOS3(H2O)362−_G 1.0085
MoO3S(H2O)362−_H 1.0110 MoO2S2(H2O)362−_H 1.0095 MoOS3(H2O)362−_H 1.0084
MoO3S(H2O)362−_I 1.0109 MoO2S2(H2O)362−_I 1.0096 MoOS3(H2O)362−_I 1.0084
MoO3S(H2O)362−_J 1.0108 MoO2S2(H2O)362−_J 1.0095 MoOS3(H2O)362−_J 1.0086
average 1.0109 1.0095 1.0084
std 0.0002 0.0001 0.0001
lnβ (‰) 10.8 9.5 8.4
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+ D3 model produced ln MoO4
2 = 12.2‰ and ln MoS4

2 =
7.0‰.

3.2.3. PBC Results. The calculated βaq‑p values for
Na2MoO4(H2O)50 and Na2MoS4(H2O)50 at 25 °C by the
PBC method are listed in Table 3. The calculated ln MoO4(aq p)

2

= 12.2‰ and ln MoS4(aq p)
2 = 7.3‰ at 25 °C, which are

approximately equal to the results of the water-droplet method.
3.2.4. ONIOM Results. The calculated βaq‑o values for

MoO4(H2O)362− and MoS4(H2O)362− at 25 °C by the
ONIOM methods are listed in Table 4. The ONIOM model
A predicts ln MoO4(aq o)

2 = 12.1‰ and ln MoS4(aq o)
2 = 7.1‰ at 25

°C. The ONIOM model B predicts ln MoO4(aq o)
2 = 11.8‰ and

ln MoS4(aq o)
2 = 7.1‰ at 25 °C. The standard deviations of the

βaq‑o values between different configurations are within
±0.0002. The ONIOM model A results agree with the results
of the water-droplet and the PBC methods, while the ONIOM
model B results have a slight underestimation for MoO4

2−.
The calculated βaq‑o values for MoO3S(H2O)362−,

MoO2S2(H2O)362−, and MoOS3(H2O)362− by ONIOM
model A are listed in Table 5. At 25 °C, the preferred
lnβaq‑o values are 10.8, 9.5, and 8.4‰ for MoO3S(H2O)362−,
MoO2S2(H2O)362−, and MoOS3(H2O)362−, respectively.
3.3. Temperature-Dependent Equilibrium Isotope

Fractionations of MoOxS4−x
2− Species. Here, we give

temperature-dependent β values of the MoOxS4−x
2− species in

the temperature range of 0−300 °C based on the results of
ONIOM model A. The general equations describing the
temperature-dependent β values for individual species are
given in Table 6 and Figure 2. The β values show the order of
MoO4(aq)

2− > MoO3S(aq)2− > MoO2S2(aq)2− > MoOS3(aq)2− >
MoS4(aq)2−, which is consistent with previous experimental
results18 and field observations.7,11 From MoO4

2− to MoS42−,
stronger Mo−O bonds are gradually substituted by weaker
Mo−S bonds, and it is reasonable that the β values gradually
decrease. The temperature-dependent αeq values between
MoOxS4−x

2− species and MoO4
2− in the aqueous phase can

be found in Table S9. The calculated ln eq(MoO S MoO )x x4
2

4
2

values at 25 °C for MoO3S(aq)2−, MoO2S2(aq)2−, MoOS3(aq)2−,
and MoS4(aq)2− are −1.3‰, −2.7‰, −3.8‰, and −5.0‰,
respectively.

4. DISCUSSION
4.1. Evaluation of the ONIOM Method. In the definition

of the ONIOM layers, the smaller size of the model system is,
the fewer computational resources it needs. Thus, determining
the size of the solvation shell in the model system is the key to
producing β and α values accurately and efficiently. Previous
formaldehyde hydration calculations showed that the solvation
energy was determined mainly by the first solvation shell, and
the outer-sphere solvent molecules are also necessary for long-

range interactions.79 The results of the ONIOM model A are
nearly identical to the results of the water-droplet and PBC
methods, but the ONIOM model B slightly overestimates the
ln eq(MoS MoO )4

2
4
2 value for 0.3‰ at 25 °C (Figure 3).

Therefore, only calculating the solute molecule with a high
theoretical level can introduce a small error, and the first
hydration shell should be also included in the model system.
The ONIOM model B results are similar to those of the
IEFPCM model, which indicates that simulating all the explicit

Table 6. Polynomial Fit Parameters of the Calculated β Factors for MoOxS4−x
2− Species in the Form of 1000 lnβ = ax3 + bx2 +

cx + d, in Which x = 106/T2 and T Is the Temperature in Kelvin from 273 to 573 K

species a b c d 1000 lnβ at 25 °C
MoO4(H2O)362− 0.000277 −0.020270 1.271353 0.017229 12.1
MoO3S(H2O)362− 0.000329 −0.019357 1.144305 −0.042749 10.8
MoO2S2(H2O)362− 0.000230 −0.014477 0.981556 −0.061068 9.5
MoOS3(H2O)362− 0.000169 −0.010431 0.841401 −0.062910 8.3
MoS4(H2O)362− 0.000102 −0.006074 0.691037 −0.049573 7.1

Figure 2. Calculated lnβ (‰) values for aqueous phases at 0−300 °C
by the ONIOM model A.

Figure 3. Comparison of the calculated ln eq(MoS MoO )4(aq)
2

4(aq)
2 values

by water-droplet, PBC, and ONIOM models at 0−300 °C.
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water molecules at a low theoretical level is approximately the
same as the IEFPCM. Considering that the standard deviation
of ln MoO4(aq)

2 value is 0.2‰, only treating the solute at a high

level of theory is not enough for an accurate calculation of this
system. For other hydrophilic and electrophilic systems, it is
necessary to include water molecules directly binding to the
solvent molecule in the model system to avoid large errors.
In addition, the AIMD + ONIOM method is much more

convenient than the water-droplet method and is much
cheaper than the FDMP + PBC method. In practice, the
water-droplet method requires the researcher to manually add
water molecules into a system, which may result in
unreasonable initial structures that can cause convergence
failure, long computational time, and unreasonable optimized
structures. The procedure highly depends on the experience of
the researcher. In addition, adding water molecules layer by
layer and optimizing them individually is not only troublesome
but also time-consuming. Based on the FPMD results, the PBC
method can sample random initial structures, which is
unbiased and independent of scientists’ preconceptions.
However, the extracted configurations from long FPMD
simulations need to be relaxed for obtaining vibrational
frequencies, which is expensive. The ADMP method is Car−
Parrinello-type ab initio MD, which uses an extended
Lagrangian to propagate the density matrix on the basis of
atom-centered Gaussian functions.72−74 The trajectory ob-
tained by the ADMP simulation is comparable with those
obtained by Born−Oppenheimer MD, and the computational
costs are considerably reduced.74 The AMDP simulation by
PM6 can produce reasonable initial structures in a relatively
short time for further optimization. Combining with the
AMDP simulation, this work presents an efficient method that
can be used to predict β values of aqueous systems with
consideration of the hybrid-solvent effect.
4.2. Influences of Solvent Effects on the Predicted

Equilibrium Isotope Fractionation Factors. Previous
research illustrated that solvent effects can influence the
predicted αeq values.27−35 The solute−solvent interactions
include electrostatic forces, polarization, dispersion, repulsion,
and intermolecular interactions.80 The implicit solvent model
considers the electrostatic contribution, the sum of dispersion
and repulsion energies, and the energy needed to create the
solute cavity in the solvent.55 Most of the previous calculations
for Mo species simulate the solvent in a homogenous constant
solute cavity by the self-consistent reaction field method, that
is, the implicit solvent model.17,38−40,81

The implicit solvent model can simulate the dielectric
properties of solvents that affects the solute molecules but fails
to consider the intermolecular interactions among solute and
the surrounding solvent molecules. Short-distance interactions
between solute and solvent molecules can largely influence the
calculated αeq values. For instance, the αeq values of Mg
between MgHCO3(aq)

+ and Mg(aq)2+ with only the first shell of
water molecules82 deviated from the results with second and
far coordination spheres33 by ∼1.6‰ at 25 °C. For N and O
in the NO3

−−NO2
−−H2O system, the differences between the

gaseous and water-droplet models are 10.2‰ for the 18β values
of H2O, 1.6‰ for the 15β values of NO3

−, 5.9‰ for the 18β
values of NO3

−, 6.5‰ for the 15β values of NO2
−, and 8.2‰

for the 18β values of NO2
− at 25 °C.35 Therefore, it is necessary

to incorporate explicit solvent molecules into aqueous systems.
To better simulate MoO4

2− in a solution system, one

configuration by the implicit-plus-explicit solvent model with
12 explicit water molecules was calculated.41 Due to the high
flexibility of hydrogen bonds, the configuration of a species
among water molecules is not unique.83,84 For example, the
predicted 30β values of Si for SiO4

2− in 32 liquid structures
have a standard deviation of 0.4‰.83 The predicted 18β values
of O for NO3

− in eight liquid structures have a standard
deviation of 2.3‰.35 The significant variances emphasize the
importance of solution configurational disorder. Thus, multiple
configurations have to be sampled, and the β value of a species
in the aqueous phase should be averaged to present the natural
conditions. For the MoOxS4−x

2− species, which are electro-
phobic oxyanions with a large radius, our calculation showed
that increasing the number of water molecules has little
influence on the β values. Therefore, the β value of MoO4

2−

with 12 explicit water molecules calculated in the previous
study,41 which was not provided, is expected to be comparable
with our results.
Here, we present the comparison of the calculated

ln eq(MoS MoO )4
2

4
2 values by different solvent models (Figure

4). Compared with other models, the explicit model

underestimates the ln eq(MoS MoO )4
2

4
2 values for 0.3‰ at 25

°C, while the isolated molecule with IEFPCM overestimates
the ln eq(MoS MoO )4

2
4
2 values for 0.9‰ at 25 °C. Introducing

IEFPCM into the explicit model results in an increase of
ln eq(MoS MoO )4

2
4
2 values for 0.8‰ at 25 °C. The influence of

the D3 dispersion correction is smaller than the IEFPCM on
the explicit model, which causes ln eq(MoS MoO )4

2
4
2 values

increasing for 0.3‰ at 25 °C. The explicit + D3 model results
in similar ln eq(MoS MoO )4

2
4
2 values to the gaseous phase

model. The hybrid-solvent model used in this study produces
ln eq(MoS MoO )4

2
4
2 values greater than the explicit + D3 model

for 0.3‰ at 25 °C but smaller than the explicit + IEFPCM
model for 0.2‰ at 25 °C. The results suggest that it is
necessary to include an implicit solvent model, explicit solvent
molecules, and dispersion correction when calculating the αeq
values for species in the aqueous phase.
4.3. Isotope Fractionation Factors between

MoOxS4−x
2− Species. Considering IEFPCM, the previously

Figure 4. Comparison of the calculated ln eq(MoS MoO )4
2

4
2 values by

different solvent models at 0−300 °C.
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calculated ln MoO S MoO2 2
2

4
2 and ln MoS MoO4(g)

2
4(g)
2 values at 25

°C are −5.4‰ and −2.4‰ by the B3LYP method,
respectively, and −6.8‰ and −3.3‰ by the HF method,
respectively.17 The small discrepancies between the previous
work and this work may be related to the fact that the previous
study did not consider the explicit water molecules (Figure 5).
Based on the thiolation experiments, the temporal α factors

between MoOxS4−x
2− species and MoO4

2− have been
reported.18 Compared to the previous calculation results,17

the α values among MoOxS4−x
2− species are considered under

relative “equilibrium” conditions at 120 h of equilibration.18

Under this condition, the determined ln MoO S MoO2 2
2

4
2 =

−3.76‰ is close to the results of the HF method, while the
determined ln MoS MoO4

2
4
2 = −5.51‰ is close to the results

of the B3LYP method.17,18Figure 6 illustrates the α factors in
the experiments from 72 h to 7 months17 and compares them
with our calculated αeq factors. Both the experimental and
theoretical results indicate that the α values between
MoOxS4−x

2− and MoO4
2− are positively related to the number

of S atoms in the solute molecules. The experimental results at
120 h are roughly in line with our calculation results. However,
for a longer experimental period, species concentrations and
isotope compositions kept changing for all Mo species,

especially that the Mo98
MoOS3

2 value changed from
−0.73‰ at 3 months to +0.70‰ at 7 months.18 It is hard
to tell whether the equilibrium had been reached or had been
disrupted after 120 h. Nevertheless, our calculated αeq factors
are close to the experimental results at 3 months except for
MoO3S2−.

5. IMPLICATIONS
5.1. Mo Isotopes as a Paleoredox Proxy. In well-

oxygenated settings, MoO4
2− is the dominant species. About

30−50% MoO4
2− coprecipitates with (Fe, Mn)-oxyhydrox-

ides,12 with an isotope fractionation up to −3‰.8,40 The
observed δ98Mo value in oxyhydroxides varies in a narrow
range between −1.0‰ and −0.5‰.85 In strongly euxinic
settings, thiomolybdate sequestration occurs efficiently by
adsorption on organic matter and/or precipitation as
authigenic sulfide minerals10,11,86−90 with a rate 2 to 3 orders
faster than that in oxic environments.91,92 The precipitation of
thiomolybdates in strongly euxinic settings produces a small
isotope fractionation of −0.3‰ to 0‰ between seawater and
sediments.7,93 Since the thiomolybdates precipitate rapidly and
completely in the strongly euxinic sediments from restricted
marine basins, such as the deep Black Sea (below ∼1000 m),
the δ98Mo value of the sediments has been used to represent

Figure 5. Comparison of calculated lnαeq values between MoOxS4−x
2− and MoO4

2− at 0−300 °C with the literature.

Figure 6. Comparison of ln MoO S MoOx x4
2

4
2 between calculation at 25 °C with laboratory experiments at room temperature for 72−5040 h.18
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the global seawater δ98Mo value.6,7,23 The observed δ98Mo
value of strongly euxinic sediments also varies in a narrow
range between 1.7‰ and 2.4‰.7,24 Nevertheless, a nontrivial
isotope fractionation factor of −0.5 ± 0.3‰ for MoS42− or
MoOS32− precipitation was expected,22 which needs to be
further tested.
The processes in well-oxygenated and strongly euxinic

settings have been well studied, but in suboxic, ferruginous,
and weakly euxinic settings, the mechanisms and the associated
isotope fractionation factors remain unclear.12,14 It has been
observed that the δ98Mo values in weakly euxinic sediments
vary in a wide range from −0.6‰ to 1.8‰, which are in
between those of well-oxygenated and strongly euxinic
sediments.7,24 Such a variation has been explained by the
incomplete conversion of molybdate to thiomolyb-
dates.1,2,7,21−23,85 According to our predictions, the δ98Mo
values of mono-, di-, tri-, and tetra-thiomolybdates in seawater
vary for 3.7‰ under the equilibrium condition. Such a
variation can explain the observed δ98Mo value variation in
weakly euxinic sediments. Thus, it is reasonable to propose
that the removal of Mo in weakly euxinic settings is a
combination of molybdate and thiomolybdate precipitation.
The competition between thiolation and precipitation causes

problems in the quantitative interpretation of the δ98Mo values
in sediments. This hampers the quantitative reconstruction of
marine Mo cycling and oceanic oxygenation extent throughout
the Earth’s history. Using Mo isotopes as a paleoredox proxy
requires constraints on the reaction rates among the
MoOxS4−x

2− species, the precipitation rates of each species,
and the isotope fractionation factors for all the processes. The
precipitation of MoOxS4−x

2− species is not fully understood.
Further studies are necessary to reveal the Mo isotope
fractionations during the precipitation of the thiomolybdates.
Even so, our results could shed light upon the Mo isotope
behaviors in suboxic, ferruginous, and weakly euxinic settings.
5.2. ONIOM Method for Mo Species Adsorption on

Water-Mineral Surfaces. Besides the speciation trans-
formation, the isotope fractionation caused by precipitation
also controls the δ98Mo values recorded in sediments. The
experimentally observed α values for MoO4

2− precipitation on
(Fe, Mn)-oxyhydroxides are about −2‰ to −3‰.12 Previous
DFT calculations discussed possible adsorption mechanisms.
At 25 °C, the lnαeq value between MoO3 and MoO4

2− is
−2.4‰, which suggested that, in oxic ocean water, Mo
transforms from a four-coordinate MoO4

2− to a three-
coordinate MoO3 on the surface of (Fe, Mn)-oxyhydroxides.

17

Comparing Raman spectroscopy results of solution with the
DFT calculation results of gaseous phase molecules, the
adsorption structure of MoO4

2− on the (Fe, Mn)-oxyhydroxide
surface was proposed to be MoO3(H2O)3.

81 However, the
calculated lnαeq values between MoO3(H2O)3 and MoO4

2−

(−0.57‰) could not explain the observed large α values.38,39

Based on X-ray absorption fine structure results and DFT
calculation, the adsorption of MoO4

2− on a permissive surface
was proposed to be polynuclear in distorted octahedral
coordination with oxygen.40 The calculated lnαeq values of
hexamolybdate (Mo6O19

2−) and MoO4
2− are consistent with

the experimental fractionation factors under 1−50 °C.94
The above-mentioned works calculated the β values of

isolated molecules or a Mo6O19
2− cluster, which cannot be

direct evidence for the surface adsorption mechanism in
solution. Using the DFT method, the adsorption structures of
nondistorted octahedral, distorted octahedral, and dimeric

forms on manganese oxide (MnO2) sheets were calculated by
cluster models.41 The calculated lnαeq values between MnO2-
adsorbed Mo species and MoO4

2− in the aqueous phase are in
the range of −2.43‰ to −3.30‰,41 which are consistent with
previous calculations40 and precipitation experiments.94 Such
adsorption models used a cluster with two Mn atoms and three
explicit water molecules, and the whole system included about
30 atoms. Using the ab initio MD method, the adsorption
geometry and energy of MoO4

2− on gothite were calculated
with consideration of explicit water molecules.95 This model
used a cluster model with one layer of goethite with 16 Fe
atoms, and the whole system included almost 200 atoms. The
calculation of vibrational frequencies for such a system is too
expensive. Therefore, based on the surface complexation
model, it was estimated that the lnαeq values between
gothite-adsorbed Mo species and MoO4

2− in the aqueous
phase should be in the range of −1.6‰ to −2.3‰.95

The limitation of surface adsorption equilibrium isotope
fractionation calculation is mainly due to the restriction of
computation resources. Except for the explicit solvent model,
the ONIOM method has also been used for surface
calculation.96−98 Using the ONIOM method, we should be
able to construct a larger mineral surface cluster with explicit
solvent molecules to represent the water-mineral surface. The
massive computational resources required for vibrational
frequencies should be reduced by treating the adsorption
center with a higher theoretical level and the outer parts with a
lower theoretical level. Therefore, the ONIOM method has the
potential to be used in equilibrium isotope fractionation
calculation for the water-mineral surface process, which needs
to be further explored.

6. CONCLUSIONS
The existence of water fundamentally altered the state of our
planet. Chemical reactions in the aqueous phase play a key role
in the element cycles on the Earth’s surface. Isotope effects,
which can be predicted accurately and efficiently by QMs,
characterize a defined process and therefore can be used to
deduce reaction mechanisms in complex reaction systems. In
this work, we systematically test different methods to calculate
equilibrium isotope fractionation factors among MoOxS4−x

2−

species in the aqueous phase by a hybrid-solvent model. The
results show that the ONIOM method can accurately predict
the β values with a considerable reduction of computational
resources, which can be used as references for experiments and
field observations. This work finds that there are significantly
lighter Mo isotope enrichments occurring during the thiolation
of molybdate. It is necessary to consider the isotope
fractionation among MoOxS4−x

2− species when using Mo
isotope paleoredox proxy, especially in suboxic, ferruginous,
and weakly euxinic settings.
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