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Abstract

Potential-based molecular dynamics simulations of aqueous uranyl carbonate species (MxUO2(CO3)y
2+2x�2y with

M = Mg, Ca, or Sr) were carried out to gain molecular-level insight into the hydration properties of these species. The sim-
ulation results were used to estimate the self-diffusion coefficients of these uranyl carbonate species, which often dominate
uranyl speciation in groundwater systems. The diffusion coefficients obtained for the monoatomic alkaline-earth cations
and polyatomic ions (uranyl, carbonate, and uranyl tri-carbonate) were compared with those calculated from the Stokes–Ein-
stein (SE) equation and its variant formulation by Impey et al. (1983). Our results show that the equation of Impey et al.
(1983), originally formulated for monovalent monoatomic ions, can be extended to divalent monoatomic ions, with some suc-
cess in reproducing the absolute values and the overall trend determined from the molecular dynamics simulations, but not to
polyatomic ions, for which the hydration shell is not spherically symmetrical. Despite the quantitative failure of both SE for-
mulations, a plot of the diffusion coefficients of the uranyl carbonate complexes as a function of the inverse of the equivalent
spherical radius showed that a general linear dependence is observed for these complexes as expected from the SE equation.
The nature of the alkaline-earth cation in the uranyl carbonate complexes was not found to have a significant effect on the
ion’s diffusion coefficient, which suggests that the use of a single diffusion coefficient for different alkaline-earth uranyl car-
bonate complexes in microscopic diffusion models is appropriate.

The potential model reproduced well published quantum mechanical and experimental data of CaxUO2ðCO3Þ32x�4 and of
the individual constituent ions, and therefore is expected to offer reliable predictions of the structure of magnesium and stron-
tium uranyl carbonate aqueous species, for which there is no structural data available to date. In addition, the interatomic
distances reported for CaxUO2ðCO3Þ32x�4 could help with the refinement of the interpretation of EXAFS data of these species,
which is made difficult by the similar uranium-distant carbonate oxygen and uranium–calcium distances.

An analysis of the dynamics of water exchange around the alkaline-earth cations revealed that the presence of the uranyl
tri-carbonate molecule has a strong influence on the geometry of the cation’s first hydration shell, which, in turn, can consid-
erably affect the water exchange kinetics depending on whether the imposed geometry matches that around the isolated alka-
line-earth cation. This result shows that the alkaline-earth uranyl carbonate complexes have distinct water exchange
dynamics, which may lead to different reactivities. Finally, significant changes in water residence time were also predicted
when replacing carbonate for water ligands in the uranyl coordination shell.
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1. INTRODUCTION

Uranium is a major groundwater contaminant at
uranium processing and mining sites as a result of inten-
tional and accidental discharges of uranium-containing
waste products into subsurface environments. Recent
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spectroscopic and microscopic studies of contaminated sed-
iments from the US Department of Energy (DOE) Hanford
Site have revealed that uranium is present in these sedi-
ments as uranyl species [U(VI)] in microscopic intragrain
domains (Liu et al., 2004; McKinley et al., 2006). Desorp-
tion and diffusion characterizations and numerical model-
ing indicated that ion diffusion in the micro-porous
domains was a major mechanism that led to preferential
uranium concentration in the sediment and was predicted
to regulate the future release of U(VI) from the contami-
nated sediment as a long-term source at the site (Liu
et al., 2004, 2006b; Ilton et al., 2008). Other studies also im-
plied the importance of diffusion in rate-limiting U(VI) re-
lease from contaminated sediments (Braithwaite et al.,
1997; Mason et al., 1997; Liu et al., 2008; Stubbs et al.,
2009) and related processes of uranyl surface complexation
reactions in poorly-connected porous regions (Liu et al.,
2009a), uranyl dissolution and precipitation reactions in
intragrain weathered fractures (Liu et al., 2006b; McKinley
et al., 2006), and microbially-mediated redox reactions in
diffusion-controlled domains (Liu et al., 2009b). These
experimental and modeling studies collectively indicate that
diffusion controls the rates of reactant supply and product
removal, thereby affecting the local concentration gradients
and chemical compositions, which, in turn, influence
further reactions and diffusion, thus leading to a complex
coupling between diffusion and geochemical and biogeo-
chemical reactions. However, one important limitation in
such characterization and modeling studies is the lack of
self-diffusion coefficients for uranyl species in groundwater
that are required to interpret experimental results and pre-
dict future release rates. This limitation often has forced
researchers to adopt empirical approaches in diffusion stud-
ies by assuming, for example, that all uranyl species had the
same diffusion coefficient (Bai et al., 2009, and references
therein), or, by incorporating diffusion coefficients into
other effective rate parameters (Liu et al., 2008, 2009a). It
is unclear, however, how such empirical treatment of diffu-
sion coefficients affects the local diffusion rates, the rates of
geochemical and biogeochemical reactions, and charge and
species concentration coupling along diffusion paths.

Although experimental techniques have been developed
for determining water and ion self-diffusion coefficients such
as the nuclear magnetic resonance spin echoes in the pres-
ence of pulsed magnetic field gradients (Stejskal and Tanner,
1965) (PGSE-NMR) or the diaphragm cell technique
(Northrop and Anson, 1929), the determination of self-dif-
fusion coefficients for uranyl species is often challenging be-
cause of the co-existence of various U(VI) aqueous species
under most experimental conditions (Guillaumont et al.,
2003). In this regard, the use of molecular simulation tech-
niques provides an attractive alternative method to deter-
mine the self-diffusion coefficients of uranyl species.

The overarching goal of this work is to provide an atom-
ic-level characterization of aqueous uranyl carbonate species
using molecular simulation with an emphasis on the determi-
nation of their self-diffusion coefficients. Molecular dynam-
ics (MD) simulations have been used extensively to calculate
the self-diffusion coefficients of ions in aqueous solutions
(Impey et al., 1983; Lee and Rasaiah, 1994, 1996; Koneshan
et al., 1998) and to assess the physical factors that determine
their values (Impey et al., 1983; Møller et al., 2005; Bourg
and Sposito, 2007; Bourg et al., 2010). In addition, molecular
simulation techniques can address the changes in self-diffu-
sion coefficient of various species in porous media with var-
iable pore sizes and pore surface charges. For example,
several research groups have used molecular dynamics tech-
niques to explore the effects of mineral surfaces on water and
ion diffusion, including at the surface of clay (Rotenberg
et al., 2007; Marry et al., 2008), oxide (Predota et al.,
2007), hydroxide (Kalinichev and Kirkpatrick, 2002; Saku-
ma et al., 2004; Wang et al., 2006), feldspar (Kerisit and
Liu, 2009), mica (Wang et al., 2006; Sakuma and
Kawamura, 2009), calcium silicate (Kalinichev and Kirkpa-
trick, 2002; Kalinichev et al., 2007), and carbonate (Kerisit
and Parker, 2004) minerals. However, for molecular models
to predict diffusion coefficients with a high level of confi-
dence, a thorough evaluation of their performance needs
to be carried out first and, accordingly, the second goal of
this work is to evaluate the ability of the molecular model
constructed in this study for predicting known structural
and dynamical properties of uranyl carbonate species and
those of their constituent ions.

Uranium(VI) can complex with various inorganic li-
gands to form aqueous complexes. Uranyl carbonate spe-
cies, including Ca2UO2(CO3)3 and CaUO2(CO3)3

2�, will
dominate U(VI) aqueous speciation in circumneutral to
weakly basic conditions that are representative of Hanford
groundwater conditions (Wang et al., 2004). The aqueous
complex Ca2UO2(CO3)3 was first reported by Bernhard
et al. (1996) from time-resolved laser-induced fluorescence
spectroscopy (TRLFS). Studies by Kalmykov and Choppin
(2000) and Bernhard et al. (2001) confirmed the formation
of the Ca2UO2(CO3)3 complex. Bernhard et al. (2001) also
reported extended X-ray absorption fine structure (EX-
AFS) spectra of uranium LII and LIII-edges. Although their
results are consistent with the formation of Ca2UO2(CO3)3,
the difference between the spectra obtained with and with-
out calcium was not significant due to the almost identical
uranium-terminal carbonate oxygen and uranium–calcium
distances in the complex. Similar issues were encountered
by Kelly et al. (2005, 2007) with uranium LIII-edge EXAFS
measurements leading to uncertainties on the exact stoichi-
ometry, although the existence of a CaxUO2(CO3)3 complex
was unequivocal. Therefore, molecular simulations can
prove to be useful to help determine unambiguously the
structure of alkaline-earth uranyl carbonate complexes.
Other alkaline-earth uranyl carbonate complexes (namely
those formed with Mg2+, Sr2+, and Ba2+ ions in addition
to Ca2+) have been identified by Dong and Brooks (2006,
2008) using an anion exchange method and by Geipel
et al. (2008) on the basis of TRLFS measurements; how-
ever, their structures have not been resolved with EXAFS
as it has been done for the calcium complexes. Hence, the
third goal of this work is to provide structural information
regarding alkaline-earth uranyl carbonate species to com-
plement experimentally-derived structures and stoichiome-
tries and to identify any potential trend in the structural
and/or dynamical properties of these species when varying
the nature of the alkaline-earth cation.
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2. COMPUTATIONAL METHODS

2.1. Potential model parameters

In the model used in this work, the atoms of a system are
represented as point-charge particles that interact via long-
range Coulombic forces and short-range interactions. The
latter represent the repulsion between electron-charge
clouds, the van der Waals attraction forces, and many-body
terms such as bond bending. Several potential models
(Guilbaud and Wipff, 1993, 1996; Steele et al., 2000;
Greathouse et al., 2002; Druchok et al., 2005; Lins et al.,
2008) have been used in MD simulations of UO2

2þ with a
majority based on the derivation of Guilbaud and Wipff
(1993, 1996). Although several models exist for modeling
carbonate ions in carbonate minerals (Dove et al., 1992;
Pavese et al., 1992, 1996; Catti et al., 1993; Fisler et al.,
2000; Archer et al., 2003), few studies report the use of po-
tential models for simulating carbonate ions in aqueous
solutions (Greathouse et al., 2002; Kerisit et al., 2005;
Bruneval et al., 2007). From the studies referenced above,
we assembled a consistent set of potential parameters for
modeling alkaline-earth uranyl carbonate species in solu-
tion. As it is our intention to use this study as a basis for
future work on the interaction of uranyl carbonate species
with mineral surfaces, such as feldspar surfaces, for which
we have already carried out molecular simulations in the
absence of uranyl carbonate species (Kerisit et al., 2008;
Kerisit and Liu, 2009), we have chosen to use a potential
model which is compatible with that employed in our pre-
vious studies. Therefore, our potential model makes use
of the extended simple point charge (SPC/E) water model
(Berendsen et al., 1987) and is non-polarizable. This will en-
able us to treat systems large enough to determine the ef-
fects of mineral surfaces on the diffusion of uranyl
carbonate species in nanosized mineral fractures. The
assembled model uses the SPC/E water model (Berendsen
et al., 1987), the uranyl potential parameters of Guilbaud
and Wipff (1996), the carbonate parameters of Pavese
et al. (1996). The carbonate model was transformed from
a shell model, as originally described by Pavese et al.
(1996), to a non-polarizable model by removing the oxygen
shells and assigning the oxygen charge to the core. In addi-
tion, potential parameters for modeling the interactions be-
tween alkaline-earth cations and both water and carbonate
were taken from de Leeuw and Parker (1997) for calcium,
de Leeuw and Parker (2000) for magnesium with the mod-
ified magnesium–water potential of Kerisit and Parker
(2004), and de Leeuw (2002) for strontium with the modi-
fied strontium–water potential of Kerisit and Parker
(2004). Finally, the potential parameters of Wander et al.
(2006), which were used in conjunction with the same car-
bonate and carbonate–water potentials as used in this
work, were employed to describe the uranyl–carbonate
ion interactions.

The SPC/E model was selected for consistency with our
previous work on water–feldspar interfaces (Kerisit et al.,
2008; Kerisit and Liu, 2009), thus allowing us to model
the interaction of uranyl carbonate species with feldspar
surfaces in the future. The model of Guilbaud and Wipff
(1996) was selected as it is one of the most commonly used
models for UO2

2þ. In addition, this model was derived with
the water model TIP3P (Jorgensen et al., 1983), a rigid
three-site model similar to SPC/E. The use of the model
of Pavese et al. (1996) for the carbonate ion allows us to
employ the series of alkaline-earth metal-carbonate poten-
tials that have been developed and evaluated by Parker,
de Leeuw and co-workers for a number of years. All the po-
tential parameters and ionic charges used in this work are
reported in the Electronic Annex.

2.2. Molecular dynamics simulations

All the calculations were carried out with the computer
program DL_POLY (Smith and Forester, 1996), at
298.15 K and zero applied pressure, and in the NPT ensem-
ble (constant number of particles, constant pressure, and
constant temperature) for a system of one ion or complex
and several hundred water molecules in a cubic box. For
charged systems, the net charge was neutralized by a uni-
form background charge density. The simulation cells con-
tained 506–512 water molecules, depending on the size of
the species of interest, which corresponds to box lengths
of approximately 25 Å. The geometry of the water mole-
cules was held fixed using the SHAKE algorithm (Ryckaert
et al., 1977). The temperature and pressure were kept con-
stant via the use of the Nosé-Hoover thermostat (Hoover,
1985) and the Hoover barostat (Melchionna et al., 1993),
respectively. The electrostatic forces were calculated by
means of the Ewald summation method (Ewald, 1921). A
9 Å cutoff was used for the short-range interactions and
the real part of the Ewald sum. The Ewald sum parameters
were chosen to achieve a relative error on the electrostatic
energy of at most 10�7. The Verlet leapfrog integration
algorithm was used to integrate the equations of motion
with a time step of 0.001 ps. All simulations were run for
10,000 ps after an equilibration period of 100 ps. This equil-
ibration time was sufficient for the systems to reach equilib-
rium. Indeed, using the MD simulation of Ca2UO2(CO3)3

as an example, Figs. A1 and A2 of the Electronic Annex
show that the potential energy and pressure of the system
have reached their equilibrium value by the end of the
equilibration period. The long simulated times of
10,000 ps were required to obtain sufficient statistics for
the residence time calculations.

2.3. Self-diffusion coefficients

For each simulation, the self-diffusion coefficient, D, of
the species of interest was obtained from its mean square
displacement (MSD):

Dt ¼ 1

6
hjriðtÞ � rið0Þj2i ð1Þ

where ri(t) is the position of atom i at time t. To compute D,
a configuration was recorded every 0.2 ps and the ensemble
average on the right-hand side of Eq. (1) was calculated
over a correlation time of 20 ps. Therefore, the entire MD
run was segmented into 20 ps trajectories and each recorded
configuration was used as the origin of a new trajectory (for
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a total of 49,900 trajectories for each simulation). The
correlation time of 20 ps is sufficient for the linear regime
to be reached and the gradient of the MSD to be deter-
mined, as exemplified in Fig. A3 of the Electronic Annex.
The uncertainty on the diffusion coefficient was calculated
as the standard deviation of the mean when the trajectories
were separated into five blocks. The diffusion coefficients of
water, carbonate, and uranyl-containing species were deter-
mined from the positions of the oxygen, carbon, and ura-
nium atoms, respectively.

2.4. Residence time calculations

The residence time of water in the hydration shell of the
aqueous species, s, was calculated from the residence-time
correlation function (Impey et al., 1983):

hRðtÞi ¼ 1

N 0

XN t

i¼1

hið0ÞhiðtÞ
* +

ð2Þ

where Nt is the number of water molecules in the first
hydration shell at time t and hi(t) is the Heaviside function,
which is 1 if the ith water molecule is in the first hydration
shell at time t and 0 otherwise. The first hydration shell was
considered to extend to the first minimum of the ion–water
oxygen radial distribution function. As introduced by
Impey et al. (1983), a water molecule was counted as having
left the first shell if it has done so for any continuous period
of time of at least t*. This is to allow for water molecules
that temporarily leave the first shell and come back without
entering the bulk for a significant amount of time to be
counted in the residence time. Although Impey et al.
(1983) originally used a t* value of 2.0 ps, subsequent stud-
ies (Hofer et al., 2004; Tongraar and Rode, 2005; Laage
and Hynes, 2008) identified lower values of t* as more
appropriate and in particular 0.5 ps, which will be used in
this work. The residence time can then be obtained by inte-
gration of hRðtÞi:

s ¼
Z 1

0

hRðtÞidt ð3Þ
3. RESULTS AND DISCUSSION

3.1. Structural and dynamical hydration properties

We first investigated the hydration properties of the ura-
nyl carbonate species and their constituent ions to evaluate
the ability of the potential model to reproduce published
quantum mechanical (QM) and experimental data and offer
predictions when such data were not available. We focused
on: (1) two structural properties: mean interatomic dis-
tances (Tables 1–3) and coordination numbers (Tables 1,
2 and 4), both obtained from the relevant radial distribu-
tion functions (RDF), and (2) one dynamical property:
the residence time of water in the first shell of the ion of
interest (Table 5). The two selected structural properties
are the most commonly studied and most easily compared
with experimental data. Although QM and experimental
data are more scarce for the water residence time, this prop-
erty is of interest to us since it can serve as an indicator of
the integrity of the first hydration shell and has been used as
a parameter in microscopic conceptual models of ion diffu-
sion (Impey et al., 1983).

For the alkaline-earth and uranyl ions, the mean cation–
water oxygen distances and coordination numbers obtained
with the potential model are in good agreement with ab ini-
tio molecular dynamics simulations and experimental data,
as shown in Tables 1 and 2. We note that, because the MD
simulations effectively correspond to infinite dilution, we
only present, for the calcium, strontium, and uranyl ions,
comparison with experimental data obtained with concen-
trations of 1 M or below in order to reduce the effects of
ion pairing as much as possible. The choice of the concen-
tration limit of 1 M was based on the conclusions of Meg-
yes et al. (2006) and Chialvo and Simonson (2003), who
showed that for CaCl2 solutions with concentrations of
1 M or less all ions were fully solvated. No concentration
limit was imposed for comparison with the MD simulation
of magnesium due to the high stability of the Mg(H2O)6

2+

species (Ohtaki and Radnai, 1993). Table 2 also shows that,
for the carbonate ion, the potential model predicts a mean
hydrogen bond distance between water hydrogen and car-
bonate oxygen in accord with first-principles MD simula-
tions (Leung et al., 2007; Kumar et al., 2009). However,
the coordination numbers of the carbonate oxygen indicate
that the potential model predicts one more water of hydra-
tion per carbonate oxygen.

Turning to the structure of the uranyl carbonate spe-
cies, we first note that, to the best of our knowledge, there
are no first-principles MD simulations published to date in
the literature for these species. Therefore, when comparing
with theoretical studies, we contrast our calculated dis-
tances with those obtained from QM cluster calculations
instead. In addition, in these cases, we have limited our-
selves to discussing uranium–carbonate oxygen and ura-
nium–alkaline-earth cation distances, as the distances
with water molecules may strongly depend on the extent
of hydration. Little data is available for UO2CO3 and
UO2ðCO3Þ22�. Majumdar et al. (2003) and Majumdar
and Balasubramanian (2005) studied the two complexes
at three different levels of theory with none or very few
waters of hydration and with or without a continuum
model of the solvent and found U–OCO2�

3
distances varying

from 2.193 to 2.360 Å. Kubicki et al. (2009) reported a dis-
tance of 2.47 Å for UO2ðCO3Þ22�, obtained at the DFT/
B3LYP level of theory with explicit first and second shell
water molecules. The distances obtained with the potential
model are therefore within the range of published QM
cluster calculations. Several theoretical studies that report
on the structure of UO2ðCO3Þ34� have been published.
These studies consist in QM cluster calculations with none,
one, or two explicit hydration shells treated at various lev-
els of theory (Pyykkö et al., 1994; Hemmingsen et al.,
2000; Tsushima et al., 2002; Kubicki et al., 2009). Some
of the studies also add a water continuum model
(Gagliardi et al., 2001; Vásquez et al., 2003; Austin
et al., 2009). The calculated U–OCO2�

3
distances vary from

2.41 to 2.60 Å in these studies. EXAFS data revealed dis-
tances ranging from 2.42 to 2.44 Å (Bargar et al., 1999;



Table 1
Positions of the first maxima (Å) and coordination numbers (CN) in the radial distribution functions of the alkaline-earth cations as obtained
from molecular dynamics simulations at 298.15 K.

Ion Mg2+ Ca2+ Sr2+

Property M–OH2O CN M–OH2O CN M–OH2O CN

This work 2.04 6.0 2.36 7.1 2.53 7.7
AIMD 2.13a 6.0a 2.39c 6.0c 2.6e 7.5e

Expt. 2.00–2.15b 6.0–6.8b 2.42–2.46d 6.0–10d 2.57–2.65f 7.3–10.3f

a Ikeda et al. (2007b) and Lightstone et al. (2001).
b X-ray diffraction (XRD) (Dorosh and Skryshevskii, 1965; Ryss and Radchenko, 1965; Albright, 1972; Caminiti et al., 1977; Caminiti et al.,

1979).
c Todorova et al. (2008).
d XRD (Licheri et al., 1976; Megyes et al., 2004), neutron diffraction (Hewish et al., 1982), and extended X-ray absorption fine structure

(EXAFS) spectroscopy (Fulton et al., 2003).
e Harris et al. (2003).
f EXAFS (Pfund et al., 1994; D’Angelo et al., 1996; Axe et al., 1998; Parkman et al., 1998; Seward et al., 1999; O’Day et al., 2000; Moreau

et al., 2002).

Table 2
Positions of the first maxima (Å) and coordination numbers (CN) in the radial distribution functions of the uranyl and carbonate ions as
obtained from molecular dynamics simulations at 298.15 K.

Ion UO2
2þ CO3

2�

Property U–OH2O CN OCO2�
3

–HH2O CN OCO2�
3

–OH2O CN

This work 2.48 5.0 1.70 3.9 2.68 4.4
AIMD 2.44–2.49a 5.0a 1.7–1.8c,d 2.8–2.9c,d �2.7d 3–3.3e

Expt. 2.40–2.46b 4.5–5.3b – – – –

a Bühl et al. (2006), Frick et al. (2009) and Nichols et al. (2008).
b Åberg et al. (1983), Allen et al. (1997), Chisholm-Brause et al. (1994), Hennig et al. (2005), Neuefeind et al. (2004), Sémon et al. (2001),

Thompson et al. (1997), and Wahlgren et al. (1999).
c Kumar et al. (2009).
d Leung et al. (2007).
e Rustad et al. (2008).

Table 3
Positions of the first maxima (Å) in the radial distribution functions of the uranyl carbonate and alkaline-earth uranyl carbonate species as
obtained from molecular dynamics simulations at 298.15 K.

Species U–OH2O U–OCO2�
3

U–M M–OH2O M–OCO2�
3

OCO2�
3

–HH2O OCO2�
3

–OH2O

UO2CO3 2.49 2.34 – – – 1.71 2.69
UO2ðCO3Þ22� 2.49 2.35 – – – 1.70 2.68
UO2ðCO3Þ34� – 2.40 – – – 1.69 2.69
MgUO2ðCO3Þ32� – 2.39 3.74 2.06 2.00 1.69 2.68
Mg2UO2ðCO3Þ3 – 2.38 3.72/4.27 2.05 2.02 1.68 2.66
CaUO2ðCO3Þ32� – 2.40 4.05 2.38 2.32 1.71 2.70
Ca2UO2ðCO3Þ3 – 2.40 3.99 2.37 2.34 1.71 2.71
SrUO2ðCO3Þ32� – 2.40 4.10 2.52 2.41 1.69 2.68
Sr2UO2ðCO3Þ3 – 2.40 4.07 2.54 2.41 1.70 2.71
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Docrat et al., 1999; Bernhard et al., 2001; Elzinga et al.,
2004; Ikeda et al., 2007a). Therefore, the distance predicted
by the potential model is only slightly shorter (2.40 Å)
than expected from QM cluster calculations and experi-
mental data.

For Ca2UO2ðCO3Þ3, QM cluster calculations at the
DFT level of theory with varying numbers of explicit water
molecules, and in some cases a water continuum model, re-
sulted in U–OCO2�

3
distances from 2.36 to 2.84 Å and U–Ca

distances ranging between 3.83 and 4.05 Å (Tsushima et al.,
2002; Vásquez et al., 2003; Kubicki et al., 2009). EXAFS
data of Bernhard et al. (2001) and Kelly et al. (2007) yielded
U–OCO2�

3
distances of 2.44 and 2.45 Å, respectively, and U–

Ca distances of 3.94 and 4.02 Å, respectively. The U–OCO2�
3

distance predicted by the potential model (2.40 Å) is shorter
than that obtained with EXAFS but is within the range of
published QM calculations. The U–Ca distance (3.99 Å) is
in very good agreement with both EXAFS and QM data.
All studies referenced above identified the configuration
whereby the two calcium ions are in the plane of the



Table 4
Coordination numbers of the uranyl carbonate and alkaline-earth uranyl carbonate species as obtained from molecular dynamics simulations
at 298.15 K.

Species U–OH2O U–OCO2�
3

M–OH2O M–OCO2�
3

OCO2�
3

–HH2O OCO2�
3

–OH2O

UO2CO3 3.0 2.0 – – 2.6 3.6
UO2ðCO3Þ22� 1.0 4.0 – – 2.5 2.6
UO2ðCO3Þ34� 0.0 5.8 – – 2.6 3.2
MgUO2ðCO3Þ32� – 6.0 4.0 2.0 2.2 3.2
Mg2UO2ðCO3Þ3 – 6.0 4.5 1.5 1.9 3.4
CaUO2ðCO3Þ32� – 6.0 4.9 2.0 2.2 2.7
Ca2UO2ðCO3Þ3 – 6.0 5.0 2.0 2.5 2.4
SrUO2ðCO3Þ32� – 5.9 5.1 2.0 2.2 2.7
Sr2UO2ðCO3Þ3 – 6.0 5.2 2.0 1.8 2.4

Table 5
Water residence time (ps) in the first hydration shell of the alkaline-
earth uranyl carbonate species and their constituent ions as obtained
from molecular dynamics simulations at 298.15 K. Except for water,
the three columns labeled “Oxygen” refer to the residence time of
water in the hydration shell of the carbonate oxygens. Additionally,
“U + M” corresponds to those carbonate oxygens bound to both
uranium and an alkaline-earth cation, “U” to those bound only to
uranium, and “free” to those bound to neither.

Species Cation Oxygen-
free

Oxygen–U Oxygen–
U + M

H2O – 4
Mg2+ >10,000 – – –
Ca2+ 87 – – –
Sr2+ 80 – – –

UO2
2þ 1230 – – –

CO3
2� – 8 – –

UO2CO3 3636 19 17 –
UO2ðCO3Þ22� 7630 21 21 –
UO2ðCO3Þ34� – 15 15 –

MgUO2ðCO3Þ32� >10,000 22 18 456
Mg2UO2ðCO3Þ3 >10,000 30 19 404
CaUO2ðCO3Þ32� 476 26 17 47
Ca2UO2ðCO3Þ3 523 43 23 85
SrUO2ðCO3Þ32� 107 20 18 16
Sr2UO2ðCO3Þ3 120 28 24 22

Fig. 1. Snapshot of the aqueous Ca2UO2ðCO3Þ3 complex with first
hydration shell of both calcium ions, as obtained from a molecular
dynamics simulation at 298.15 K. Oxygen ions are shown in gray,
calcium and carbon in dark gray, uranium in light gray, and
hydrogen.
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carbonate ions and bound to two oxygen atoms from two
different carbonate ions as the most probable configuration
and, indeed, this is the configuration also obtained with the
potential model, as illustrated in Fig. 1 with a snapshot
from the MD simulation.

To the best of our knowledge, there is no published data
on the structure of magnesium and strontium uranyl tri-car-
bonate aqueous complexes. However, given the satisfactory
description of the structural characteristics of the species
for which data is available, the MD simulation results can
be used as prediction. The structure of SrxUO2ðCO3Þ32x�4 is
similar to that of Ca2UO2ðCO3Þ3 with slightly longer
Sr–OCO2�

3
bond distances, which translate into longer Sr–U

distances. MgUO2ðCO3Þ2�3 adopts the same configuration
as its calcium and strontium counterparts; however, in the
simulation of Mg2UO2ðCO3Þ3, one of the two magnesium
ions moved so as to incorporate an addition water molecule
in its first coordination shell, thereby reducing its coordina-
tion number with carbonate oxygens, and remained in this
monodentate configuration for the entire MD run. The
strong magnesium–water interaction, as exemplified by its
slow rate of water exchange relative to calcium and strontium
(cf. next paragraph), likely made this exchange possible. In
addition, the slow dynamics of water exchange around mag-
nesium on the timescale of the MD simulations also explain
why the magnesium ion remained in this configuration for
the entire MD run.

For the dynamical properties of the aqueous species, we
computed the residence time of water molecules in the first
hydration shell of the cations and of the carbonate oxygen
atoms, where relevant. The results are summarized in Table
5. Little experimental data is available for comparison. For
the alkaline-earth cations, some experimental data are
available for Mg2+ and Ca2+. Although the residence time
of water in the magnesium hydration shell is longer than the
timescale of the simulation and therefore no exchange was
observed during the entire MD run, previous work (Kerisit
and Parker, 2004) using constrained MD simulations and
the same magnesium–water potential as used in this work,
albeit with a different water model, gave excellent agree-
ment with the experimental data of Bleuzen et al. (1997)
(6.7 ± 0.2 � 105 s�1) and Neely and Connick (1970)
(5.3 ± 0.3 � 105 s�1). For calcium, a quasi-elastic neutron
scattering (QENS) study (Salmon et al., 1987) reported a
water residence time of less than 100 ps. Also, Schwenk
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et al. (2001), who used quantum mechanical/molecular
mechanical (QM/MM) MD at the Hartree–Fock and
DFT levels, and Naor et al. (2003), who used Car-Parri-
nello molecular dynamics with the BLYP functional, found
that the water residence time in the first hydration shell was
on the order of 10 ps. The height of the first maximum of
the cation–water oxygen radial distribution function is re-
lated to the depth of the free energy well associated with
the first hydration shell and therefore is also correlated to
the residence time. The value of the RDF at the first max-
imum was calculated to be 9.4, which compares well with
the value of approximately 8 obtained in two first-principles
molecular dynamics simulations in which the calcium coor-
dination number was the same as that obtained in our MD
simulation, (Naor et al., 2003; Lightstone et al., 2005). This
observation further suggests that the dynamics of water ex-
change around calcium are well described. No experimental
data is available for strontium to the best of our knowledge;
however, QM/MM MD simulations of Hofer et al. (2006)
yielded a residence time of 45 ps and Harris et al. (2003)
estimated, from their ab initio molecular dynamics simula-
tion, the water residence time to be on the order of 10 ps.
Therefore, we conclude that the dynamics of water around
the alkaline-earth cations as predicted by the potential
model are consistent with available experimental and QM
data.

For the uranyl ion, Grenthe and co-workers (Szabó
et al., 1996; Farkas et al., 2000) obtained water exchange
rate constants of 1.4 � 106 s�1 and subsequently 1.30 ±
0.05 � 106 s�1 from 17O NMR experiments. Consequently,
the experimental values suggest that the activation free en-
ergy for water exchange is underestimated by the potential
model, which predicts an exchange rate of 8.1 � 108 s�1.
Indeed, the experimentally-derived activation free energy
is 38 kJ mol�1 (Farkas et al., 2000), whereas that calculated
by the potential model is approximately 23 kJ mol�1.
Although the uranyl-water potential was derived by
Guilbaud and Wipff (1996) to reproduce the hydration free
energy of the uranyl ion (relative to that of strontium), it
does not give an accurate estimate of the energetics of water
exchange. However, the difference between the experimen-
tal and calculated activation free energies (�15 kJ mol�1)
is similar to the range of activation free energies computed
with various electronic structure methods (Vallet et al.,
2001; Bühl et al., 2005; Bühl and Kabrede, 2006; Rotzinger,
2007; Wåhlin et al., 2008). This comparison highlights the
difficultly in reliably estimating water exchange rates for
slow exchanges as small changes in the activation free en-
ergy translate into large changes in water exchange rates.

An interesting phenomenon is revealed in Table 5 where-
by the residence time of water around calcium in the uranyl
carbonate complexes is significantly increased relative to that
around the monoatomic cation, whereas for strontium the
increase is only slight. We explain this difference by compar-
ing the average first hydration shell geometry of the mono-
atomic cation to that imposed by the presence of the uranyl
tri-carbonate molecule, when the same cation is part of the
complex. For calcium, the most probable coordination num-
ber calculated from the simulation of the monoatomic cation
is 7 (6 = 10%, 7 = 73%, and 8 = 17%) and corresponds to
pentagonal bipyramid geometry. As shown in Figs. 1 and
2, replacing two equatorial water molecules with oxygen ions
from two carbonate molecules does not significantly disturb
this geometry, whereby the OCO2�

3
� Ca�OCO2�

3
angle is

similar to the OH2O–Ca–OH2O angle and the axial water
molecules are not disrupted by the presence of the uranyl
tri-carbonate molecule. In addition, little displacement is
necessary for two water molecules to donate a hydrogen
bond to two distant carbonate oxygen ions and the geometry
thus imposed is symmetrical. Accordingly, the calcium most
probable coordination number with water in the complex is 5
(in about 96% of the configurations recorded). For stron-
tium, however, the most probable coordination number
calculated from the simulation of the monoatomic cation is
8 (7 = 25.5%, 8 = 72.5%, and 9 = 2%) and corresponds to
square antiprism geometry. By contrast, the most probable
coordination number with water in the complex is 5 (76%)
with a fair proportion of configurations for which CN = 6
(20%). This phenomenon is illustrated in Fig. 2, whereby
the densities of the uranium, carbon, carbonate oxygen, alka-
line earth, and first shell water oxygen atoms are projected
onto the plane formed by the alkaline-earth cation and the
two carbonate oxygens it is bound to. The configurations
used to generate this figure have been superimposed by using
the alkaline-earth cation as origin and aligning the vector
formed by the alkaline-earth and uranium atoms with the
x-axis. Fig. 2 clearly shows the pentagonal bipyramid geom-
etry of the alkaline-earth cation’s coordination shell when in
the complex and the more diffuse density of the waters of
hydration for strontium, in particular for those directly
above and below the alkaline-earth cation, which reflects less
strongly bound water molecules. This result highlights the
importance of the “natural” versus “imposed” geometries
of the first hydration shell in determining the kinetics of
water exchange around the alkaline-earth cations. Similar
concepts have been reported in the inorganic chemistry liter-
ature. In particular, van Eldik and co-workers (Schneppen-
sieper et al., 2001) have shown that the rates of water
exchange of seven-coordinate aqua-polyaminecarboxylate
iron(III) complexes are higher than that of the hexaaqua
iron(III) species and they suggested that the increase in water
lability could be due to the change in coordination number
from 6 to 7 with respect to the fully hydrated species.
Similarly, in another study, van Eldik and co-workers (Mai-
gut et al., 2008) demonstrated that the strong preference of
nickel(II) for an octahedral coordination gave rise to a differ-
ent change in water exchange behavior upon complexation
by polyaminecarboxylate chelates compared to iron(II), iro-
n(III), and manganese(II), for which sevenfold coordination
was possible.

Table 5 also shows that the residence time of water in
the first coordination shell of uranium increases as the num-
ber of carbonate ligand increases. A radial distribution
function analysis of the water and carbonate oxygens in
the first hydration shell of uranium of the UO2ðCO3Þx
ðH2OÞ5�2x

2�2x species shows that the mean water oxygen–
water oxygen distance increases from 2.92 to 2.97 Å when
x increases from 0 to 1 and that the mean water oxygen–
carbonate oxygen distance increases from 3.10 to 3.19 Å
when x increases from 1 to 2 (Fig. 3). Therefore, although



Fig. 2. Uranium, carbon, carbonate oxygen, alkaline-earth, and first shell water oxygen atomic densities as obtained from the molecular
dynamics simulations of the CaUO2ðCO3Þ32� (left) and SrUO2ðCO3Þ32� (right) species and projected onto the plane formed by the alkaline-
earth cation and the two carbonate oxygens it is bound to.

Fig. 3. Radial distribution functions computed using the water
oxygen (OW) and carbonate oxygen (OC) positions in the uranyl
equatorial coordination shell.
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the U – OH2O distance does not change significantly with
the number of carbonate ligands (Tables 2 and 3), the
replacement of water ligands by carbonate ions creates
more room in the first coordination shell and thus reduces
the ligand–ligand repulsion, leading to a decrease in water
exchange rate. The changes in water exchange rates upon
substitution of stable ligands for water molecules have been
well documented in the geochemistry and inorganic chemis-
try literature (e.g. Kruse and Taube, 1961; Phillips et al.,
1997a,b; Phillips et al., 1998; Clark et al., 1999; Helm and
Merbach, 2005).

An analysis of the residence time of water in the first
shell of carbonate oxygens shows that the residence time
is increased by a factor of two when the carbonate ion is
bound to the uranyl ion. The rotation of the carbonate mol-
ecule is impeded by its coordination to the uranyl ion which
increases the residence time of water around oxygen ions.
Indeed, a MD simulation of a frozen carbonate molecule
in pure water shows an increase in residence time to
29 ps. In the alkaline-earth uranyl carbonate complexes,
the residence time of water is increased for those water mol-
ecules that are simultaneously in the hydration shell of both
the alkaline-earth cation and a carbonate oxygen.

In summary, although a series of molecular dynamics
studies on uranyl carbonate species in aqueous solutions
in contact with mineral surfaces has been published by
Greathouse and co-workers (Greathouse et al., 2002;
Greathouse and Cygan, 2005, 2006), this work represents
the first detailed characterization of the hydration proper-
ties of alkaline-earth uranyl carbonate complexes using
molecular dynamics simulations. The main advantages of
such simulations are the ability to consider hundreds of
water molecules and the capacity for directly probing the
kinetics of water exchange over tens of nanoseconds. These
unique features of molecular dynamics simulations allowed
us to bring to light the influence of the uranyl tri-carbonate
molecule on the structure and dynamics of the alkaline-
earth cations’ hydration shell and vice-versa.

3.2. Water diffusion

It has been shown (Dünweg and Kremer, 1991, 1993;
Yeh and Hummer, 2004) that long-range interactions in
molecular dynamics simulations can significantly affect
the calculated self-diffusion coefficient of water due to the
limited size of the simulation cells. Indeed, for cubic simu-
lation cells, water self-diffusion coefficient is dependent on
1/L where L is the simulation box length. The size-indepen-
dent self-diffusion coefficient, D0, is given by:
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D0 ¼ DPBC þ 2:837297kBT=ð6pgLÞ ð4Þ

where DPBC is the diffusion coefficient obtained with the sim-
ulation of box length L, g is the water shear viscosity, kB is
Boltzmann constant and T is the temperature. The shear vis-
cosity of the water model of interest can be obtained with
molecular dynamics simulations via several methods (Hess,
2002). In this work, we used the fact that Eq. (4) has been
well demonstrated and therefore we carried out several sim-
ulations with varying box lengths to extract g. Fig. 4 shows
the diffusion coefficient of water as a function of box size for
the SPC/E water model. As expected a linear dependence of
the diffusion coefficient on the inverse of the simulation box
length is calculated. The shear viscosity thus extracted is
7.3 � 10�4 kg m�1 s�1 and the size-independent diffusion
coefficient is 2.84 � 10�9 m2 s�1. The experimental viscosity
(2010) is 8.90 � 10�4 kg m�1 s�1. Although a range of
experimental diffusion coefficients has been reported in the
literature, a generally accepted value is 2.3 � 10�9 m2 s�1

(Mills, 1973). Therefore, the low shear viscosity of the
SPC/E water model is consistent with its higher diffusion
coefficient. Since the water viscosity will affect the prediction
of the diffusion coefficients of the uranyl carbonate species,
the difference between the experimental and calculated val-
ues needs to be taken into account. Therefore, the approach
taken hereafter is to normalize all computed diffusion coef-
ficients to the water diffusion coefficient of the SPC/E mod-
el. Similarly, experimental diffusion coefficients are
normalized to the experimental water diffusion coefficient
for comparison.

3.3. Alkaline-earth cation diffusion

We now focus on three alkaline-earth cations, namely,
Mg2+, Ca2+, and Sr2+, which are constituent ions of the
uranyl carbonate species of interest. In addition, these cat-
ions are monoatomic and spherical, which allows us to test
the effectiveness of the Stokes–Einstein equation or the
modification introduced by Impey et al. (1983) to rational-
ize the diffusion coefficient. The Stokes–Einstein relation
Fig. 4. Water self-diffusion coefficient as a function of the inverse
of the simulation cell length obtained with the SPC/E water model.
applies to a spherical molecule of radius R diffusing in a
continuum solvent of viscosity g:

D ¼ kBT
CpgR

ð5Þ

where two limiting cases exist, which are termed “stick” and
“slip” conditions and for which C is 6 and 4, respectively.
Therefore, for monoatomic ions, this relationship predicts
that the diffusion coefficient decreases linearly with increas-
ing atomic radius. However, this trend is not observed
experimentally (Impey et al., 1983). One complication is
that the cation–water interactions result in the formation
of a hydration shell which moves with the cation and makes
the cation effectively larger, thereby slowing down the ion
with respect to the predicted diffusion coefficient based on
the bare ion radius. This conceptual model is referred to
as the solventberg picture. However, the hydration shell is
not fully rigid and water molecules can exchange between
the first and second hydration shells. Therefore, Impey
et al. (1983) introduced a conceptual model to rationalize
the observed changes in diffusion coefficient for a series of
monovalent monoatomic ions. In this model, an ion of
(bare) radius RI diffuses in a non-uniform solvent whereby
the solvent viscosity is distance dependent, meaning that
above a cutoff, RC, the shear viscosity is that of bulk water
and within this cutoff distance the viscosity depends on the
dynamical properties of the first shell water molecules. This
model translates into the following equation, which inter-
polates between bare slip and fully hydrated stick
conditions:

D ¼ kBT
4pgRI

sR
bulk

sR
ion

þ 2RI

3RC
1� sR

bulk

sR
ion

� �� �
ð6Þ

where sR
bulk and sR

ion are the reorientation times of the water
molecular dipole axis in the bulk and in the first hydration
shell, respectively. Impey et al. (1983) also showed that this
ratio is the same as the ratio of the residence time of water
in the first hydration shell of the ion and in the bulk.

Therefore, we calculated the alkaline-earth cation diffu-
sion coefficients from (a) molecular dynamics simulations
(“calc.” column in Table 6); (b) from Eq. (5) with slip
conditions and the bare ion radius (“SE-bare” column);
(c) from Eq. (5) with stick conditions and the fully hydrated
ion radius (“SE-full” column); and (d) from Eq. (6)
(“SE-Impey” column). The normalized diffusion coefficients
are presented in Table 6 together with available experimen-
tal data. The bare and hydrated ion radii were calculated
using the approach described by Impey et al. (1983), where-
by the bare ion radius is obtained from the mean cation–
water oxygen distance minus half the mean oxygen–oxygen
distance in bulk water and the hydrated ion radius is ob-
tained from the mean cation–water hydrogen distance plus
the hydrogen radius (0.5 Å as used by Impey et al.). As ex-
pected, the Stokes–Einstein relationship for bare slip condi-
tions greatly overestimates the diffusion coefficient for all
species. Although some improvement is observed for fully
hydrated stick conditions, there remain errors as high as
20% and the trend down the periodic table is not repro-
duced. The diffusion coefficients obtained using Eq. (6)
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are more satisfactory with errors of approximately 5% and
the correct trend being reproduced. For magnesium, for
which no water exchange took place in the first hydration
shell, no significant improvement was obtained when con-
sidering the second hydration shell, as shown in Table 6.

In conclusion, the conceptual model of Impey et al.
(1983) yields satisfactory predictions when extended from
its original development for monovalent ions to the divalent
cations considered in this study. Importantly, the general
experimental trend is reproduced by the potential model,
although the difference between the calcium and strontium
diffusion coefficients is much greater in the molecular
simulations.

3.4. Uranyl diffusion

There is some discrepancy in the literature as to the
experimental value of the uranyl self-diffusion coefficient.
Early work by Brown et al. (1954a) on the electrical con-
ductivity of uranyl fluoride aqueous solutions resulted in
a limiting ionic conductance (i.e., the conductance extrapo-
lated to zero concentration) of 32 cm2 S val�1, which corre-
sponds to a limiting diffusion coefficient of 0.426 � 10�9

m2 s�1; however, a study of the conductivity of uranyl
sulfate solutions by the same group (Brown et al., 1954b)
reported a higher limiting ionic conductance of 51 cm2 S
val�1 (i.e., a limiting diffusion coefficient of 0.679 � 10�9

m2 s�1). In addition, Marx and Bischoff (1976) obtained,
using the radioisotope method, a limiting ionic conductance
of 57 cm2 S val�1, which translates into a limiting diffusion
coefficient of 0.759 � 10�9 m2 s�1. As noted by Marx and
Bischoff (1976) a value of 57 cm2 S val�1 is consistent with
other divalent cations, which by and large vary from 53
to 70 cm2 S val�1. A study by Kern and Orlemann (1949)
reports a diffusion coefficient of 0.68 � 10�9 m2 s�1 in
0.09 M NaClO4 0.01 M HClO4. This study also reports a
diffusion coefficient obtained by Kolthoff and Harris of
0.62 � 10�9 m2 s�1 in 0.1 M KCl 0.01 M HCl. Awakura
et al. (1987) measured the diffusion coefficient of U(VI) in
uranyl sulfate solutions. Although they did not extrapolate
their findings to infinite dilution at zero ionic strength, the
trends they observed in the change in diffusion coefficient
with uranyl and sulfate concentrations indicate a self-diffu-
sion coefficient greater than that obtained by Brown et al.
(1954a). Finally, a theoretical study by Mauerhofer et al.
(2004) predicted a diffusion coefficient of 0.779 � 10�9

m2 s�1 based on a geometric model and the microscopic
Table 6
Di=DH2O ratio obtained for i = Mg2+, Ca2+, Sr2+, UO2

2þ, CO3
2�, and U

MD results are compared with experimental data and predictions obtain
described in the text.

Species Calc. SE-bare

Mg2+ – 1st shell 0.310 2.386
Mg2+ – 2nd shell 0.310 0.552
Ca2+ 0.376 1.609
Sr2+ 0.359 1.372
UO2

2þ 0.333 1.434
CO3

2� 0.353 0.800
UO2ðCO3Þ34� 0.242 0.524
version of the Stokes–Einstein equation. The value of Marx
and Bischoff (1976) (0.759 � 10�9 m2 s�1), being the most
recent experimental value explicitly quoted as limiting diffu-
sion coefficient (i.e., the diffusion coefficient extrapolated to
zero concentration), is used for comparison in this work.
This diffusion coefficient normalized to water diffusion
(2.3 � 10�9 m2 s�1) is therefore 0.330. The potential model
gives 0.333 in very good agreement with the experimental
data of Marx and Bischoff (1976), thus providing further
evidence that the value derived by Brown et al. (1954a),
0.426 � 10�9 m2 s�1, is in error. It should be noted that,
in their paper, Brown et al. (1954a) did caution the reader
that their data were corrected for the presence of hydrogen
ions but not for other possible ions. Importantly, we note
that this value was subsequently tabulated in the CRC
Handbook of Chemistry and Physics (Vanysek, 2010) and
in a paper by Li and Gregory (Li and Gregory, 1974). A lit-
erature search revealed that many studies have used the va-
lue of Brown et al. as reported by Li and Gregory (Chaillou
et al., 2002, 2008; Zheng et al., 2002; McManus et al., 2005;
Liu et al., 2006a; Swarzenski and Baskaran, 2007).

3.5. Uranyl carbonate and alkaline-earth uranyl carbonate

diffusion

In this section, we first compare the diffusion coefficients
of the uranyl, carbonate, and uranyl tri-carbonate species
calculated from the MD simulations with the three versions
of the Stokes–Einstein model, as shown in Table 6. The ap-
proach taken here was the same as described above with the
exception of the calculation of RI and RC for anions. As de-
scribed by Impey et al. (1983), the bare anion radius is ob-
tained from the first peak of the anion–water hydrogen
RDF minus the hydrogen radius and the hydrated anion ra-
dius is obtained from the second peak of the anion–water
hydrogen RDF plus the hydrogen radius. The central atom
of the anion of interest (i.e., C or U) was used for comput-
ing the anion–water hydrogen RDF. Table 6 shows that, as
before, the calculated values are bracketed by those deter-
mined from the bare slip and full hydrated stick conditions.
However, for these three ions the conceptual model of Im-
pey et al. fails to improve upon the predicted diffusion coef-
ficients. This is most likely due to the fact that the three ions
considered here do not adopt a spherical hydration shell. In
addition, different regions of the hydration shell can show
different dynamics of water exchange as, for example,
around the uranyl ion. Consequently, our results show that
O2ðCO3Þ34� from molecular dynamics simulations at 298.15 K. The
ed with the three versions of the Stokes–Einstein (SE) equation, as

SE-full SE-Impey Expt.

0.327 0.327 0.307
0.198 0.323 0.307
0.298 0.358 0.345
0.286 0.340 0.344
0.287 0.290 0.330
0.233 0.517 –
0.187 0.277 –



Table 7
Di=DH2O ratio of the uranyl carbonate and alkaline-earth uranyl
carbonate species obtained from molecular dynamics simulations
at 298.15 K.

Species Di=DH2O

UO2CO3 0.29 ± 0.03
UO2ðCO3Þ22� 0.24 ± 0.03
UO2ðCO3Þ34� 0.24 ± 0.03
MgUO2ðCO3Þ32� 0.22 ± 0.02
CaUO2ðCO3Þ32� 0.22 ± 0.03
SrUO2ðCO3Þ32� 0.21 ± 0.02
Mg2UO2ðCO3Þ3 0.20 ± 0.02
Ca2UO2ðCO3Þ3 0.20 ± 0.02
Sr2UO2ðCO3Þ3 0.21 ± 0.02

Fig. 5. Relative self-diffusion coefficients of the alkaline-earth
uranyl carbonate species as a function of the inverse of the
equivalent spherical radius.
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the model of Impey et al. can be extended to monoatomic
divalent cations but not to polyatomic ions.

Table 7 shows the diffusion coefficients of a series of ura-
nyl carbonate and alkaline-earth uranyl carbonate species
obtained from the molecular dynamics simulations. Fig. 5
shows the same data but as a function of the inverse of
the equivalent spherical radius of the fully hydrated ion,
which was obtained as follows: the molecular volumes of
the uranyl and tri-carbonate uranyl ions were calculated
using an ellipsoid of revolution with a transverse radius
set to the uranium hydrated radius and a conjugate radius
set to dðU–OUO2

2þÞ þ dðOUO2
2þ–OH2OÞ � dðOH2O–OH2OÞ=2.

The molecular volumes of UO2CO3 and UO2ðCO3Þ22� were

calculated by extrapolation using the UO2
2þ and

UO2ðCO3Þ34� molecular volumes. The molecular volumes
of the alkaline-earth uranyl carbonate species were ob-
tained by adding the molecular volume of the tri-carbonate
uranyl ion and that of the corresponding alkaline-earth cat-
ion as calculated from their fully hydrated radius. In each
case, the molecular volume was used to calculate the equiv-
alent spherical radius. Interestingly, Fig. 5 shows that the
calculated diffusion coefficients display a general linear
dependence on the inverse of the equivalent spherical radius
with a R2 value of approximately 0.93. Therefore, although
the SE models fail to quantitatively predict the computed
self-diffusion coefficient values, the molecular dynamics
simulations indicate that when considering the entire family
of uranyl carbonate species a general linear dependence on
the equivalent spherical hydrated radius emerges as would
be expected based on the SE models. Finally, although
there is a clear decrease in diffusion coefficient when alka-
line-earth cations bind to the uranyl tri-carbonate complex,
the differences between the different alkaline-earth species
are within uncertainties, an observation which suggests that
a single value may be conveniently used in microscopic dif-
fusion models for all alkaline-earth uranyl tri-carbonate
species in bulk aqueous solutions.
4. CONCLUSIONS

Molecular dynamics simulations of alkaline-earth uranyl
carbonate species in water were carried out to investigate a
series of structural and dynamical hydration properties. In
particular, the self-diffusion coefficients of these species were
calculated in an effort to develop species-based uranyl diffu-
sion models and thereby provide insight into uranyl reactive
transport in subsurface environments.

Mean interatomic distances and coordination numbers
were first compared with available ab initio and experimen-
tal data. Overall, the potential model gave a good descrip-
tion of the structural properties of the various aqueous
species and in particular of the bidendate binding configu-
ration adopted by calcium in the calcium uranyl tri-carbon-
ate complexes. The MD simulations predict that the
structure of the magnesium and strontium uranyl tri-
carbonate complexes, for which no structural data is yet
available, is similar to that of the calcium uranyl carbonate
complexes, although magnesium may also adopt a mono-
dentate binding configuration.

Interestingly, comparison with published experimental
and theoretical studies as well as our molecular dynamics
simulations indicates that a commonly used value of the dif-
fusion coefficient of the uranyl ion (Brown et al., 1954a) does
not correspond to the true limiting diffusion coefficient. The
low value obtained by Brown et al. (1954a) could be due to
the fact that their data were corrected for the presence of
hydrogen ions only and not for the presence of other possi-
ble ions. Our calculated diffusion coefficient for the uranyl
ion is, however, consistent with previous experimental stud-
ies (Kern and Orlemann, 1949; Brown et al., 1954b; Marx
and Bischoff, 1976; Awakura et al., 1987) and the theoretical
work of Mauerhofer et al. (2004).

Finally, the dynamics of water exchange around the alka-
line-earth cations showed that the uranyl tri-carbonate mol-
ecule can impose a particular geometry on the cation’s first
hydration shell. Moreover, the water exchange kinetics
around the alkaline-earth cation are affected differently
depending on whether the imposed geometry matches or
not the geometry of the fully hydrated species. As a result,
the alkaline-earth uranyl carbonate complexes have distinct
water exchange dynamics, which may lead to different
reactivities.
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