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Abstract: Molecular dynamics simulations were used to study the structure and dynamics of the
uranyl ion and its aquo, hydroxy, and carbonato complexes in bulk water and near the hydrated
quartz (010) surface. All simulations were performed in the constant (NVT) ensemble with
three-dimensional periodic boundary conditions, and a slab technique was used to model the
quartz-water interface. The uranyl coordination shell exhibits pentagonal bipyramidal symmetry,
with carbonate and hydroxide ions readily replacing water molecules in the first shell. Radial
distribution functions of the hydroxy and carbonato complexes are characterized by a consistent
splitting in the equatorial shell, caused by the close proximity of hydroxide and carbonate
oxygen atoms. Average U-O distances are 2.31-2.35 A for hydroxide ions, 2.35-2.39 A for
carbonate ions, and 2.49-2.55 A for water molecules. Two protonation states of the quartz
surface were considered for adsorption simulations: singly protonated and partially deprotonated.
Surface complexes formed only when the initial uranyl position was close to the surface,

otherwise a diffuse species was observed. Outer-sphere surface complexes formed at the singly
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protonated surface and are characterized by hydrogen bonding between a coordinating water
molecule and the surface. Inner-sphere surface complexes formed at the partially deprotonated
surface, with water and surface oxygen atoms equidistant to the uranium atom. In both types of
surface complex, splitting of the equatorial shell of the uranyl ion was due to the presence of

hydroxide or carbonate ions in the first coordination shell.

1. Introduction
Uranium is a major contaminant in soils, subsurface, or groundwaters of many sites in the

U.S. due to mining and milling of uranium ores and to various processes related to production of
nuclear reactor fuel and to manufacture of nuclear weapons.'? Also, uranium is the predominant
heavy metal content of spent nuclear fuel (>95 % UO;). A major concern in the management
and environmental restoration of contaminated sites and in the geologic disposal of spent nuclear
fuel is the transport of uranium and other radionuclides to the biosphere as dissolved constituents
in groundwater. Dissolved uranium is predominantly in the hexavalent (uranyl) form under
oxidizing conditions and is potentially very mobile in the environment. An important
mechanism for retarding radionuclide transport is sorption onto minerals encountered along
water flow paths. To evaluate the potential migration of uranium from contaminated sites and
from geologic repositories for nuclear wastes, information is needed on the sorption behavior of
uranium over a wide range of geochemical conditions. Such information could be used to
calibrate modeling approaches employed in performance assessments of nuclear waste
repositories.

Numerous experimental studies of uranyl sorption on minerals and other types of sorbents
have been published. >'® Most of these studies are batch experiments in which a known volume

of uranyl solution is reacted with a known mass of solid, and the amount of uranium lost from



solution or sorbed on the solid is measured. The studies show that uranyl sorption at amphoteric
surface hydroxyl sites of the sorbent is a function of pH, the type and concentration of
complexing ligands, and the surface area or sorption site density of the sorbent. Uranyl sorption
on cation-exchange sites of clays and zeolites also depend on the ionic strength or background
electrolyte concentration due to competition between the uranyl ion and other cations present in
the aqueous phase for the ion-exchange sites on the sorbent. Although sorption experiments
provide useful information on the effects of solution chemistry and mineral sorbent properties on
uranyl sorption behavior, these experiments study only the mécroscopic aspects of the interaction
of uranium with the mineral surface and give no direct information on the structure and local
chemical environment of the sorbed species.

X-ray absorption spectroscopy (XAS), which includes X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopy, is useful in
directly probing the structure and oxidation state of sorbed metals. Published XAS studies show
that uranyl sorbed on different sorbents, including silica, alumina, ferrihydrite, hematite,
montmorillonite, vermiculite, hydrobiotite, kaolinite, and clinoptilolite, remains in the hexavalent
state as the linear UO,>* moiety.“’lg'24 However, the equatorial coordination of uranyl is
different under conditions that favor sorption at surface hydroxyl sites versus sorption at ion-
exchange sites. EXAFS results show that the structure of uranyl in ion-exchange sites of
montmorillonite, vermiculite, and hydrobiotite exhibits a uniform equatorial shell of oxygen
ligands, with a coordination number of 5+1 and a U-O,,q distance of ~2.4 A, similar to that of the
free uranyl pentaaquo spec:ies.2 12224 1 contrast, the structure of uranyl sorbed on surface
hydroxyl sites of silica, alumina, ferrihydrite, hematite, montmorillonite, vermiculite,

hydrobiotite, kaolinite, and clinoptilolite shows a pronounced splitting into two equatorial shells



with U-Ocq distances of ~2.3 and ~2.5 A and a total coordination number ranging from 4 to
6.1 The presence of equatorial splitting in the sorbed uranyl structure has been interpreted
to be evidence of inner-sphere complexation of the uranyl ion with the mineral surface,'!*-%
whereas the fairly symmetric equatorial shell for ion-exchanged uranyl has been interpreted as
evidence for formation of an outer-sphere complex.2 122 However, although XAFS provides
information on the number of oxygen atoms coordinated to the uranium atom and on U-O
interatomic distances, it does not determine directly if the coordinating oxygen atom is
contributed by a solvating water, by a hydroxide or carbonate ligand, or by a surface hydroxyl
group. Also, because of the low solubility of uranium, particularly at near-neutral to alkaline pH,
XAFS analysis can be complicated by formation of oligomeric urany! species or precipitation of
a uranium solid when relatively high uranyl concentrations are used to enhance the X-ray signal.
Molecular simulation techniques can serve as a useful complement to sorption experiments
and spectroscopic methods. The sorption behavior of specific uranyl species on different
minerals can be studied directly through simulations of realistic models of molecular complexes
and mineral surfaces. The complicating effects of oligomeric species formation and precipitation
can be avoided by using a suitable number of molecular species in the simulation. In this study,
we used molecular simulations to study the sorption of uranyl species on a quartz surface. We
selected quartz as the sorbent for this study because it is a major rock-forming mineral in many
geologic environments. For example, quartz makes up nearly one-third of the mass of geologic
units surrounding the repository horizon at the proposed Yucca Mountain high-level nuclear
waste re:pository.?'5 Also, quartz has a relatively simple composition and experimental data are
available on uranyl sorption on this mineral over wide ranges of uranium concentration, pH, and

solid-mass/solution-volume ratio.'’



2. Previous Molecular Simulation Studies

Rustad®® performed theoretical calculations of hydration and water dissociation at mineral
surfaces using an ionic model of water that allows for O-H bond dissociation.”” A slab model
was used, which is periodic in two dimensions but truncated in the vertical dimension by a hard
ceiling. Such a model requires two-dimensional periodic boundary conditions (2D-PBC) and the
appropriate Ewald sum?® for proper treatment of Coulombic interactions. For molecular
dynamics (MD) simulation of a mineral-solution interface wifh a full aqueous layer, Rustad
concluded that a thorough sampling of all protonation states should not be expected.”® This
technique has been applied to the study of monolayer water adsorption near hematite®® and
MgO.30 Three-dimensional slab models have been used to study water near MgO.31 In such a
model, a slab of finite thickness is constructed, and a gap above the surface is filled with water
molecules. This supercell is repeated in the x-, y-, and z-dimensions, followed by MD simulation
with three-dimensional periodic boundary conditions (3D-PBC) under the constraint of constant
pressure or volume. Although the repeat of the oxide slab in the vertical dimension is unrealistic,
the aqueous layer is made sufficiently thick so the structural and dynamical behavior of water at
the midplane between adjacent slabs approaches that of the bulk solution. An additional
complication of 3D-PBC slab simulations arises for supercells having a nonzero charge.
Wasserman et al. found that the interaction energy between repeating hematite slabs varied with
the thickness of the vacuum gap.*?

Much of the molecular simulation research to date on the SiO,-water interface has focused on
changes in surface structure due to adsorbed water molecules. Molecular statics or dynamics

calculations have been performed using semi-empirical forcefields,**® but the computationally



intensive first-principles MD method has recently been used to investigate the vacuum-
terminated (0001) surface of ()L-quartz.39 Parker and co-workers>>>* have performed static
simulations to investigate the surface energies of various quartz crystal planes, including
polarization effects in the form of a shell potential model*® for oxygen atoms. The
thermodynamics of water adsorption, both molecular physisorption and dissociative
chemisorption, were also studied.®® A key feature of their model is the relaxation of surface
atoms in order to obtain precise surface energies for vacuum terminated surfaces and adsorption
energies of gaseous water molecules.”® Our method used in this study differs from Parker and
co-workers®>>* in that the bulk structure is used to represent the quartz (010) surface. Because
our goal was to investigate aqueous uranyl adsorption on the surface, we focused our efforts not
on the surface but instead on the aqueous phase in contact with the surface. While the adsorption
energies obtained from our method are inaccurate due to the neglect of surface relaxation, the
consistency of our method allows us to compare trends in sorption behavior among the various
uranyl surface complexes. Our model of the quartz (010) surface is terminated both at the top
and at the bottom with oxygen atoms to ensure that all silicon atoms are coordinated to four
oxygen atoms, consistent with results from the relaxed surfaces.>* Garofalini and co-workers
have used 2D-PBC molecular dynamics to investigate water adsorption on silica surfaces.>>3®
Three-body terms were included in the potential energy calculations to effectively model
changes in the silica surface upon the dissociative chemisorp.tion of water molecules. The
principal impact of water adsorption were the formation of surface silanols, and the bulk
structure of silica was altered to a depth of approximately 8 A below the surface. >’

Theoretical studies of the uranyl ion in bulk aqueous solution have been carried out using

MD simulations, although few potential parameters are available.*' ™ Wipff and co-workers



derived forcefield parameters for both bonded (angle bend, bond stretch) and nonbonded
(Coulombic, van der Waals) interactions of aqueous UO,** with several complexing ligamds.‘“'43
Nonbonded parameters for the uranium and oxygen atoms in U0, were first optimized to
achieve a uranium coordination number of 7 in bulk water, consisting of two bonded axial
oxygen atoms and five water molecules in the equatorial p]ane.41 The partial charge of uranium
was subsequently lowered to provide a better comparison of relative free energies of hydration.42
Craw et al. derived intermolecular parameters for UO,*, specifically for nitrate and sulfate
complexes, based on ab initio calculations of gas-phase clusters.* The ab initio results showed
partial charges for uranium and oxygen atoms in an isolated uranyl ion to be 2.8 e and -0.4 ¢,
respectively, which changed slightly in the nitrate and sulfate complexes.44 This partial charge
for uranium is significantly higher than the values of 1.361 e (gas phase) and 1.342 e (liquid
phase) obtained from a Mulliken population analysis of density functional theory (DFT)
calculations of the [UO;(HZO)s]2+ complex.‘“’ An analysis of binding energies for uranyl
complexes with four, five, and six water molecules in the first solvation shell indicates that the
pentahydrate complex is most stable, with the average distance between uranium and water
oxygen atoms 2.550 A and 2.502 A for the gas and liquid phases, respectively.46

Recent gas-phase quantum mechanical calculations (Moller-Plesset perturbation theory and
DFT) on uranyl complexes containing H,O and COs5”™ have revealed that water molecules are
significantly polarized in the [UO,(H,0)s]** complex, while ;:arbonate ions are not polarized in
the [UO»(CO3)s]*" complex.47 Additionally, uranyl-ligand dissociation energy curves showed
that energy minima from forcefield-based calculations do not agree with the ab initio results,

prompting the authors to conclude that forcefield-based simulations are inadequate to model

uranyl complexes due to the neglect of polarization and charge transfer.*’” The effect of bulk



solvent in DFT calculations of [UOZ(HZO)s]2+ has been included using a simple cavity model.*®

Alternatively, the recently developed ab initio MD technique includes polarization and charge
transfer effects and has been used for simulating small aqueous systems.** However, for
molecular simulations of the uranyl ion in aqueous environments or at the mineral-water
interface, computational limitations must also be considered. Therefore, we choose to employ
classical simulation techniques with fixed atomic charges on all aqueous and solid species.
While our technique may neglect specific polarization effects which may result in slightly
different geometries for uranyl complexes, it should be adeqdate for investigating trends in
uranyl adsorption on the quartz (010) surface.

Here we present a comprehensive series of MD simulations of aqueous uranyl complexes
with OH™ and CO3?‘" in bulk water and near the quartz (010) surface. These anions are common
components in natural waters, and CO5”™ is also likely to prevail in the groundwaters near the
proposed nuclear waste storage facility in Yucca Mountain, Nevada.*® Our goal was to
investigate uranyl adsorption onto the quartz (010) surface, examining the effects of surface
protonation and coordinating ligands on surface complexation and adsorption energy. Rather
than incorporate surface relaxation, which would be computationally expensive, we have instead
focused on the aqueous layer above the surface while leaving the quartz slab rigid. The salient
features of surface protonation are still included since we allow motion of surface hydroxyl
groups. We have used a classical potential model of the uranyl ion which has given good
structural results for aqueous complexes with nitrato and phosphoryl ligands.*’ We tested the‘se
potential parameters for uranyl in aqueous complexes with OH™ and COs> by comparing our
results with available experimental data on uranyl coordination geometry. After outlining our

strategy for creating the quartz slab with singly protonated and partially deprotonated surfaces,



we discuss potential parameters and simulation strategy. We present results first for simulations
in bulk water, followed by aqueous quartz slab simulations with both a singly protonated and a

partially deprotonated quartz surface.

3. Computational Methods

3.1 Quartz Simulation Cell. All simulations were performed using the Open Force Field
module of Cerius2 4.0 from Accelrys, Inc. (formerly Molecular Simulations, Inc.). We used the
Crystal Builder module to create a 32-unit cell slab of a-quaﬁz and the Surface Builder module
to create the (010) surface. The simulation supercell was created with x- and y-dimensions of
19.68 and 21.65 A, respectively, corresponding to four unit cells of quartz in each direction. The
quartz slab was approximately 2 unit cells (ca. 8 A) in depth and consisted of 88 Si atoms and
192 O atoms. The quartz slab was terminated on both top and bottom with a layer of oxygen
atoms, to which protons were added to produce two singly protonated surfaces. This treatment is
analogous to the dissociative chemisorption of water molecules onto a completely deprotonated
quartz slab,>> with a water H atom on the upper surface and water OH groups on the lower
surface. The z-dimension of the supercell was fixed at 32.00 A to allow room for water
molecules and aqueous species (UO,*, CO5>", OH"). Additionally, we wanted to examine
uranyl adsorption near deprotonated surface oxygen atoms. Rather than creating a completely
deprotonated surface, which would occur only at high pH,5° we created a partially deprotonated
surface by moving protons from a cluster of 6 surface hydroxyl groups to distant hydroxyl
groups. The resulting slab consisted of 6 deprotonated surface oxygen atoms and 6 doubly
protonated surface oxygen atoms with the same chemical formula as the singly protonated slab.

In all slab simulations, partial charges of hydrogen and oxygen atoms at the bottom quartz



surface (z = 0) were adjusted to maintain electroneutrality for the entire supercell, thus avoiding
an unwanted divergence in potential energy.”

3.2 Interatomic potentials. Potential parameters for aqueous species were based on the
Consistent-Valence Forcefield (CVFF), which employs the flexible version of the Simple Point
Charge (SPC) water model.”’ The flexible SPC water model has been used successfully for
simulations of bulk liquid®* and at the water-mineral interface.®> Intramolecular motion (bond
stretching and angle bending) was allowed for all aqueous species and for hydroxyl groups at the
upper quartz surface. The remainder of the quartz surface was held rigid throughout the
simulations. The potential energy component for nonbonded interactions consisted of
Coulombic and van der Waals terms between atoms i and j at a separation of . The potential
energy term for bonded interactions consisted of angle bending and bond stretching terms. Other
than the quartz slab, which was treated as a rigid body, no species contained more than three
atoms bonded in a chain, hence a torsional term was not used. The values for parameters are
given in Table 1.

Where applicable, atomic parameters were taken from CVFF or CVFF_aug, a nonbonded
version for simulations of oxide minerals available with Cerius2. For quartz silicon and oxygen
atoms, CVFF_aug values were used for the Lennard-Jones parameters, and partial charges were
determined by the charge equilibration method of Rappé and Goddard.* For Si, we used a
partial charge of 1.32 e, which is in agreement with 1.34 ¢ obtained from an ab initio study of
orthosilicic acid® and 1.2 e used by Skipper e al. in Monte Carlo simulations of clay hydrates.>®
Oxygen atoms at the surface were assigned a charge of —0.8 ¢.°® Potential parameters for the
uranyl ion were taken from Gilbaud and Wipff.*"** These parameters for uranyl result in a

fivefold-coordination hydration shell in the equatorial plane with an average U-O,, distance of
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2.5 A,* in good agreement with experimental X-ray diffraction data of aqueous uranyl
perchlorate.57 In order to maintain consistency, partial charges for all hydrogen atoms were
assigned the same value as SPC water (+0.41 ¢), except at the bottom quartz surface as discussed
above. As a result, hydroxide oxygen was assigned a charge of —1.41 e, compared to the value of
~0.82 e for SPC water, so that an overall charge of —1 ¢ was maintained. Likewise, van der
Waals parameters for hydroxide oxygen were assigned the same value as oxygen in SPC water.
Slight modifications were made in the partial charges for the carbonate ion.

3.3 Simulation Methods. For simulations in bulk solutibn, we used a cubic supercell with
edge length 18.2 A containing 200 water molecules and the necessary ionic species. All
hydrated slab simulations were conducted with 300 water molecules. Three-dimensional
periodic boundary conditions were applied to the supercell in all simulations, resulting in either a
bulk solution or macroscopic quartz-water system.

Before beginning a molecular dynamics simulation, the local water structure around the ions
and the quartz surface was optimized for at least 500 steps using the Minimizer module of
Cerius2. After minimization, the uranyl ion had already formed its primary coordination shell.
MD simulations were performed in the constant (NVT) ensemble with the Nosé-Hoover
thermostat.”® Temperature was set to 300 K with a 0.1 ps relaxation time, although an average
temperature of approximately 298 K was achieved in most simulations. A cutoff of 9 A was used
for short-range interactions and Coulombic interactions were treated using the three-dimensional
Ewald sum?. Total simulation times were 100 ps with a timestep of 0.0005 ps.

Equilibration was achieved after 10-20 ps, as determined by monitoring running averages
and fluctuations in the potential energy and temperature. Equilibrium average values for

potential energy and temperature were obtained, and the (x, y, z) trajectories of water molecules
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and aqueous species were plotted. Radial distribution functions (RDFs) were obtained in the
usual manner®® and were itemized according to either forcefield atom types (U-Oy) or by
element type (U-O). This distinction allowed us to specify components of the U-O RDF peaks
due to water oxygen atoms, surface oxygen atoms, or anion oxygen atoms. Orientation of the
uranyl ion was monitored by calculating the angle ¢ between the O-U-O vector and the quartz
surface normal:

=]U: _O:]

1.8 )

cos(¢)

where U, and O, are the z-coordinates of the uranium atom and one oxygen atom of UO,**,
respectively, and 1.8 is the equilibrium U-O bond length (in A). Thus, ¢= 0° indicates that the
ion is perpendicular to the surface, while ¢ = 90° indicates that the ion is parallel to the surface.
Although the O-U-O angle and O-U bond lengths are dynamical quantities in the simulations,
Equation 1 represents a reliable estimate of O-U-O orientation.

Water mobility was quantified by plotting the mean square displacement (MSD) of water
28,58

oxygen atoms and calculating the self-diffusion coefficient, D,,, from the Einstein relation,

13 <\r,. (1)-7 (0){2> 6D, @

N3
where ri(¢) is the position of the water oxygen atom at time ¢, and the summation extends over N
water molecules. Water molecules did not substitute into the uranyl solvation shell during the
100-ps simulation, therefore solvating water molecules were not included in the MSD
calculation. Our goal in creating such a large aqueous layer (z = 22.5 A) above the quartz
surface was to produce a region within the aqueous layer that mimics bulk water. Separate water
regions were classified according to their distance from the upper quartz surface at the beginning

of the MSD calculation: (i) water molecules within 0.0-7.5 A of the surface (bottom third), (i1)
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7.5-15.0 A (middle third), and (iii) 15.0 -22.5 A (top third). MSD calculations for water
molecules in the upper third of the supercell were unreliable due to the difference in partial
charges for oxygen and hydrogen atoms at the lower quartz surface. We were chiefly interested
in water structure near the upper quartz surface and in the middle, bulk-like aqueous region.

A comparison of adsorption energies for the uranyl surface complexes studied here is
complicated by the fact that the net charge on the quartz surface depends on the quantity and

charge of anion ligands present in the aqueous phase (Section 3.1). Instead, relative adsorption

energies were determined by calculating the difference in average potential energy, (E ( N )> s

between a simulation with N water molecules and the corresponding dehydrated system (N = 0).

The resulting hydration energy is defined as>>%0

AE = 3)

In this manner energy differences due to the net surface charge are factored out, allowing a
comparison of the average molar energy of water. Alternatively, an immersion energy Qq may

be calculated,60
Q, =N[AE(N)-E,, | )

where Epy is the mean interaction energy of bulk SPC water (-11.4 kcal-mo]’l).

4. Results and Discussion

4.1 Bulk Solution. Results for simulations in bulk solution are presented in Table 2. All
simulations in the bulk were carried out with 200 water molecules in a supercell with edge
lengths of 18.2 A. Separate simulations were performed for bulk water, one aqueous uranyl ion,

and aqueous uranyl-hydroxide and uranyl-carbonate complexes consisting of one uranyl ion and
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either one or two anion ligands. The equilibrium coordination shell for [UOZ(HzO)s]2+ consisted
of five water molecules in a pentagonal bipyramidal geometry, with uranyl oxygen atoms in the
axial positions. In Figure 1, we see U~O and U~H RDFs averaged over the equilibrium portion
of the simulation. The U-O RDF contains two peaks, one corresponding to the primary
solvation shell at 2.49 A and a second broader peak at 4.85 A. This average U-O,, distance of
2.49 A agrees well with the experimental value of 2.42 A, obtained from proton NMR and X-ray
diffraction expen'ments.57 The single sharp U-H peak at 3.21 A, indicates that the solvating
water molecules are oriented such that their C;, rotational axés are bisected by the bipyramidal
plane.

For simulations of hydroxide and carbonate complexes, anion ligands (OH™ or CO5*") were
initially placed within 10 A from the uranyl ion and quickly entered the first coordination sphere
upon equilibration. Averaged U-O RDFs are shown in Figure 2a, with peak distances tabulated
in Table 2. The presence of OH™ or COs>" in the uranyl complex results in a split equatorial shell
about the uranium atom, with oxygen atoms from OH or COs* occupying positions closer than
water oxygen atoms. A likely explanation for this behavior is the increased negative charge
assigned to the hydroxide oxygen atom (Table 1), which results in a stronger electrostatic
attraction between uranium and hydroxide oxygen atoms relative to that between uranium and
water oxygen atoms. For the uranyl hydroxy complexes, our U-OH distances are consistent with
gas-phase ab initio calculations of the complex [UOZ(HZO)(OH)4]2", which gave U-OH and U-
O, distances of 2.43-2.47 A and 2.65 A, re:spectively.61 Our equatorial U-OH distances are also
in agreement with recent EXAFS experiments of U0, in aqueous tetramethylammonium
hydroxide solution, in which the U-OH distance was measured to be 2.22 A% and 2.24 A .®

However, the presence of four or five hydroxide ions in the uranyl coordination shell represents a
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far more alkaline solution than those in our simulations. A similar splitting was observed from
EXAFS spectra of uranium (VI) oxide precipitates in aqueous lithium hydroxide, with equatorial
U-O peaks at 2.26 A and 2.47 A% The second equatorial peak was most prominent at low
LiOH (ag) concentration (0.1 M) and not assigned at higher concentrations (0.5 M - 5.0 M).%
These results are consistent with our simulation results in Table 2. In strongly alkaline solution
such as 5.0 M LiOH (ag), the equatorial shell should consist of only hydroxide ions,%* so only
one equatorial U~O peak would be present. At lower hydroxide concentrations, water molecules
would enter the first coordination shell of UO,", resulting in -a second equatorial peak.

Carbonate ions formed bidentate complexes with uranium, and a similar equatorial splitting
was seen (Figure 2a and Table 3). Electrostatic considerations cannot be used to explain the
difference in U-O distances in this case because the carbonate oxygen atoms are slightly more
positive than water oxygen atoms (Table 1). We have found no experimental or ab initio results
for the aqueous carbonate complexes studied here for comparison. However, the tricarbonato
complex, [UOz(CO3)3]4' has been studied. Recent EXAFS experiments show the U-
O(carbonate) distance to be 2.42 A for [UOz(CO3)3]4' in the solid phase and 2.46 A for the
trimeric form, [(U02)3(CO3)6]6', in aqueous solution.® Gas-phase calculations on [UOZ(CO3)3]4‘
show this length to be 2.58 A.#* For both the hydroxy and carbonato complexes, our simulation
results show equatorial U-O distances in much better agreement with experiment than gas-phase
quantum mechanical calculations, indicating that perhaps the presence of surrounding solvent
molecules is key when performing calculations of aqueous uranyl complexes.

Water self-diffusion coefficients (D,,) were calculated from Equation 2 and are shown in
Table 2. Water molecules in the first coordination shell of U022+ were not included in the mean-

square displacement calculations. For bulk water, our value of D,, is significantly lower than the
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value of 41 x 107'% m*s™' reported by Mizan ez al. for flexible SPC water at 300 K.>* While D,,
was calculated for a 100-ps simulation in each case, Mizan et al. employed a maximum delay
time of 19.9 ps for their mean square displacement calculations®* compared to 45 ps used here.
Additionally, our value is in the range of 10 x 107 m*s™ t0 20 x 107" m*s™" reported by
Fetter® and in better agreement with the experimental value of 23 x 107'° m*s™" at 25 °C.%
Water mobility is reduced when a uranyl complex is present in the simulation supercell, and a
significant reduction in D,, was seen when the dicarbonato complex was present.

4.2 Singly Protonated Surface. Simulations performed with the singly protonated quartz
(010) surface are summarized in Figure 2b and Table 3. First, we tested our model of the quartz-
water interface with a simulation supercell constructed as described in Section 3 with 300 water
molecules. An equilibrium snapshot of this supercell is shown in Figure 3. The z-axis in this
supercell was held constant at 32.00 A, which provides ample separation between the quartz
slabs for water far from the surface to exhibit bulk-like properties. The space occupied by water
corresponds to a density of approximately 0.96 g-cm™, although this value is related to the
influence of surface hydrogen atoms. The first O-O rdf peak is located at 2.79 (data not shown),
which compares well with simulation results for flexible SPC water.”* The second O-O peak at
4.67 A is not consistent with bulk water, and we believe that disruption in long-range order in
water 1s caused by the quartz surface. Water self-diffusion coefficients (D,,) were calculated
using Equation 2 and are shown in Table 3. Water moleculés within 7.5 A of the quartz surface
(bottom third) are less mobile than molecules between 7.5 A and 15.0 A above the surface
(middle third). Although lower than that of bulk water, our calculated value of D,, for water far
from the surface is comparable with the value obtained in our simulation of the bulk liquid.

Therefore, we are confident that we have developed a workable, three-dimensional model of the

16



quartz-water interface that features distinct water regions near the surface and far from the
surface.

To investigate uranyl adsorption onto the quartz (010) surface, a single uranyl ion was added
to the 300-water supercell, at an initial U-surface distance of 6 A. The introduction of the urany!
jon created a net charge of +2 e for the supercell. Partial charges of H and O atoms at the bottom
of the quartz slab (z = 0) were adjusted to maintain electroneutrality for the entire supercell.
Specifically, the lower surface hydrogen atoms were assigned a charge of +0.30 e while the
lower surface oxygen atoms were assigned a charge of —0.7725 e, compared to values of +0.41 e
and —0.80 e for the upper slab surface (z = 10 A). This slight difference in charge of hydrogen
and oxygen atoms offsets the additional +2 e charge created with the uranyl ion. The
equilibrated structure (Figure 4a) indicates that the uranyl ion maintained its five-fold water
solvation shell while forming an outer-sphere surface complex with quartz. As seen in Figure
4b, the uranyl O-U-O axis maintained an angle of approximately 45° to the surface normal.
Hydrogen bonding between a solvating water molecule and the quartz surface served to lock in
place the [UO,(H,0)s}** complex over the duration of this simulation. The average U-O,,
distance of 2.51 A (Table 3) indicates that the first coordination shell geometry of UO,** is the
same near the quartz surface as in bulk water.

Simulations with carbonate and hydroxide ions were performed, with the carbonate or
hydroxide ions initially placed in close proximity to the uran‘yl ion. For the hydroxide ion,
separate simulations were performed with a single U0 ién with one, two, or three OH™ in the
aqueous layer. Results are not shown for the 3 OH™ simulation because no more than 2 OH" ions
were ever found in the equatorial shell of the uranyl ion. In all cases, the uranyl ion maintained a

fivefold coordination shell, thus forming outer-sphere complexes with the singly protonated
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quartz surface. As with simulations in the bulk, the presence of OH™ or CO5”” is indicated by a
split in the equatorial shell (Figure 2b and Table 3). The averaged U-O distances are nearly
identical to those in bulk solution, leading us to conclude that the singly protonated surface has
little effect on the uranyl coordination geometry.

EXAFS data on uranyl sorbed on amorphous silica at pH 3.1 and 6.2 also revealed a split in
the equatorial shell, with averaged U~O distances of 2.27 and 2.47 A.** Similar EXAFS results
have been reported for uranyl sorbed on silica gel at pH 3.5-4.0, with U-O peaks identified at
2.26-2.29 A and 2.50-2.51 A.**%7 In each case, the split equé.torial shell was attributed to the
formation of a bidentate inner-sphere surface complex, with surface oxygen atoms residing in the
equatorial shell. Our simulation results suggest that splitting occurs when the uranyl solvation
shell consists of oxygen atoms in different chemical environments, and an inner-sphere surface
complex may not be required. Laser-induced fluorescence spectroscopy has been used to detect
the monohydroxy uranyl complex in aqueous solution between pH 3 and 4.% 50 the equatorial

splitting for uranyl sorbed on silica surfaces'**

could be attributed to hydroxide ions in the first
coordination shell. Additionally, similar experiments of uranyl adsorbed onto calcite suggest
that hydroxide ions due from dissociated water molecules may be present in the uranyl
coordination 'shell.f’g

Water self-diffusion coefficients (Table 3) show that the water layer far from the surface
(middle third) is generally unaffected by the uranyl complexes. For water at the surface (bottom
third), the D,, values are identical for all simulations except those with carbonate complexes.
Despite the presence of bulkier carbonato ligands in the outer-sphere surface complexes, water

molecules undergo motion on a slightly faster timescale than either the hydroxy or aquo

complexes. One explanation could be a disruption in the hydrogen bonding network due to the

18



carbonato groups, compared to the increase in hydrogen bonding expected between nonsolvating
water molecules with hydroxy groups and water molecules in the first coordination shell.

4.3 Deprotonated Surface. Results for simulations of UO,** sorption near a partially
deprotonated quartz surface are summarized in Figure 2¢ and Table 4. In the initial simulation of
water near this surface, the O~O and O-H RDF peaks were identical to those values from the
singly protonated surface. Next we introduced the uranyl ion near the partially deprotonated
surface. As with the simulations involving a singly protonated surface, partial charges of O and
H atoms at the bottom quartz surface were adjusted to maintain electroneutrality. Two
simulations were performed in which the UO,?* ion was initially placed at a distance of 4.0 A
and 2.5 A from the quartz surface. In both cases, the uranyl ion maintained its fivefold water
solvation shell and never formed an inner-sphere surface complex. One of the solvating water
molecules formed a hydrogen bond with the surface (see Figure 4a), which served to keep the
uranium atom within 4 A of the surface throughout each simulation, and an average U-Si
distance of 6.3 A. The RDF data showed an average U-O distance of 2.50 A with 5 water O
atoms occupying the first solvation shell. Water self-diffusion results for these two simulations
were similar also (data not shown). Only when the uranyl ion was initially placed at a distance
of 2.0 A from the quartz surface did an inner-sphere surface complex form. As Table 4
indicates, the resulting surface complex, [UO2(H20)4{O }1**, had an average U-O distance of
2.50 A. Here we use the notation {O} to indicate the presence of surface oxygen atoms in the
equatorial shell of uranium. The availability of deprotonated surface oxygen atoms appears tc; be
a prerequisite for the formation of inner-sphere uranyl surface complexes. However, our results
indicate that such surface complexes form only when the initial U-surface distance was less than

2.0 A. In addition, our results show only a single equatorial shell for this adsorbed species, in
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contrast to the split equatorial shell suggested by EXAFS results of the uranyl ion adsorbed to

1922 Again, such a split equatorial shell is observed in our simulations only when

silica surfaces.
another ligand (OH™ or CO5™) is present in the equatorial shell of U0,™.

With one or two hydroxide ions coordinated to the uranium atom, inner-sphere surface
complexes also formed, but only when the uranyl species was placed within 2.0 A of the surface,
with no water molecules in between. Figure 5 shows an equilibrium snapshot of the
[(UO2)(H,O)(OH),{O},] surface complex. It is important to note that the surface oxygen atoms
replaced only water oxygen atoms and never hydroxide oxygen atoms in the equatorial shell.
Table 4 shows that the hydroxide oxygen atoms remained closer to the U atoms (2.33 A or 2.35
A) than the water oxygen atoms (2.53 A or 2.55 A), as in the singly protonated simulations. For
the monohydroxy complex, [(UO,)( HO),(OH){O},]", the RDF peak at 2.55 A can be assigned
to oxygen atoms from both the surface and water molecules, while the hydroxide oxygen atoms
formed the peak at 2.35 A. For the dihydroxy complex, however, one surface oxygen atom was
farther from the uranium atom (2.91 A) than either the water or hydroxide oxygen atoms. For
the inner-sphere surface complexes involving hydroxy ligands, the average U-Si distance is
approximately 4 A (Table 4), which does not agree with the values 2.77 A and 3.08 A proposed
from fits of EXAFS data of uranyl surface complexes on silica.**®” However, a U-Si distance of
277 Aor3.08 Ais possible only from a bidentate uranyl surface complex with bridging surface
oxygen atoms.”>®” Our model of the quartz (010) surface terminates with silanols, which results
in a longer U-Si distance.

With carbonate ions in the simulation supercell, an inner-sphere surface complex formed

when only one ion was coordinated to UO,%*, and only with monodentate surface coordination.

Such a surface complex is shown in Figure 6, with COs*~ oriented such that hydrogen bonding
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occurs between one carbonate oxygen atom and surface protons. From Table 4, we again see the
split equatorial shell, consisting of an inner peak of carbonate oxygen atoms and an outer peak of
water and surface oxygen atoms. The dicarbonato complex [UOZ(HZO)(CO3)2]2", with each
carbonate ion acting as a bidentate ligand, never formed an inner-sphere surface complex but
remained anchored to the surface via hydrogen bonding between the coordinating water
molecule and the surface. One surface oxygen atom remained 2.91 A from the uranium atom,
but the first coordination shell consisted of four carbonate oxygen atoms and one water oxygen
atom. For the dicarbonato complex, average U-Oy and U—O\;, distances are similar to those for
the singly protonated surface.

Self-diffusion coefficients for water near the partially deprotonated surface (Table 4) are in
general larger than for water near the protonated surface. The presence of an inner-sphere
surface complex increases water mobility in two ways. First, the surface complex does not
protrude as far into the aqueous layer as an outer-sphere surface complex, thus creating less
hindrance for the mobility of nonsolvating water molecules. Second, fewer nonsolvating water
molecules are able to form hydrogen bonds with the surface due to the presence of the inner-
sphere complex, thus increasing water mobility. The same trend in D,, holds for water in the
middle region, presumably because the inner-sphere complexes never entered this region.

4.4. Adsorption Energies. Hydration energies calculated from Equation 3 are presented in
Table 5. Values for water near the neutral slabs (-10.4 kcal-‘mol™! and —10.6 kcal'mol™) are
higher than that of bulk SPC water (-11.3 kcal mol——l),5 2 indicating that water is in a constrained
environment. Therefore, a comparison of the hydration energies from the uranyl simulations
with the value from the water-only simulations provides insight into the relative stability of each

complex. Only outer-sphere complexes were observed near the singly protonated surface, and of
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those the pentaaquo complex had the lowest hydration energy. The monohydroxy complex also
showed considerable stability, but the dihydroxy and both carbonato complexes had a null or
destabilizing effect. For the inner-sphere complexes, only the pentaaquo complex showed a
marked stability compared to the water-only simulation. With two carbonate ions in the
coordination shell, uranyl ion forms only outer-sphere complexes with both surfaces, neither of
which is favored energetically.

Immersion energies (Q4) from Equation 4 were calculated relative to the hydrated slabs and
are presented in Table 6. The Q, values for water-only simul‘ations (i.e., hydrated slab with no
uranyl ion) were set to zero as a standard, which is analogous to replacing Eyy in Equation 4
with AE for the water-only simulations (-10.4 kcal'mol™ and —10.6 kcal'mol™). The pentaaquo
complexes are energetically favored for both surface types. Except for the dihydroxy and
monocarbonato complexes, the presence of surface oxygen atoms due to inner-sphere surface
complexation resulted in higher immersion energies compared to the corresponding outer-sphere
complexes. The unusual lowering of energy for the dihydroxy complex near the deprotonated
surface is consistent with speciation studies, in which that complex is favored over the
monohydroxy complex at higher pH.68 Almost no energy difference was observed for the
dicarbonato complex, which is outer-sphere near both surfaces. However, the higher hydration
and immersion energies for [UO,(H,O)(CO4),]* suggest that this species is unlikely to form near
the quartz (010) surface. Steric considerations have also been used to suggest that the

dicarbonato complex is unlikely in aqueous solution.”®
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5. Conclusions

The range of possible uranyl orientations and motion relative to the quartz surface is
summarized in Figure 7, which shows the trajectory of the z-coordinate of a uranium atom from
three simulations. Near the partially deprotonated surface, the uranyl ion forms an inner-sphere
complex involving one or two surface oxygen atoms. The uranium atom is fastened to the
surface, as evidenced by the limited motion in the z-direction. Near the singly protonated
surface, the uranyl ion forms an outer-sphere complex with hydrogen bonding between a
coordinated water molecule and the surface (Figure 4a). As a result, the fully solvated ion
hovers approximately 5 A above the surface. Finally, a layer of nonsolvating water molecules
can be interposed between a uranyl complex and the surface, resulting in a diffuse species. A
diffuse uranyl complex is characterized by increased mobility relative to the surface, as shown
by the greater variability of the z-coordinates in Figure 7. Two mechanisms exist for the
formation of stable uranyl surface complexes. First, a uranyl ion coordinated by water molecules
and/or anion ligands can form an outer-sphere surface complex, in which a solvating water
molecule is hydrogen-bonded to a surface oxygen atom. This arrangement results in a U-Si
distance of approximately 6 A (Table 3). Second, a uranyl ion can form an inner-sphere surface
complex, via either monodentate or bidentate coordination to surface oxygen atom(s). The
average U-Si distance in this case is approximately 4 A (Table 4). The combination of inner-
sphere surface complexation between the uranium and surface oxygen atoms and additional
hydrogen bonding between solvating oxygen atoms and surface protons results in an immobile
surface complex. However, due to difficulties in adequate phase space sampling, inner-sphere
surface complexes were not seen in our simulations unless the uranyl ion was initially placed less

than 2.0 A from the surface with no interposing water molecules. Additionally, hydration and
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immersion energy calculations indicate that outer-sphere complexes that form at the singly
protonated surface are in general more stable than inner-sphere complexes at the deprotonated
surface. Although the aquo complexes have the lowest immersion energies at both surfaces, the
outer-sphere monocarbonato and monohydroxy complexes are also quite stable at the singly
protonated surface.

Previous X-ray spectroscopic results on uranyl coordination structure near silica surfaces
have shown a split equatorial shell about the uranium atom, attributed to different U-O distances
due to solvating water molecules and surface oxygen atoms resulting from inner-sphere surface
complexes. We have considered uranyl ion adsorption onto the quartz (010) surface with two
protonation states of a single crystal plane. Our MD results show that, when the uranyl ion is
adsorbed via monodentate or bidentate coordination to surface oxygen atoms, water oxygen
atoms and surface oxygen atoms are equidistant to the uranium atom. Equatorial splitting
appears to be caused by the presence of other ligands in the first coordination shell of UO,**,

both in bulk aqueous solution and near the surface.
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Table 1. Potential Parameters.

Atom Type Descriptions

Atom Type Description
h* H in water, the quartz surface, and OH™
o* O in water
0 O in U0
U Uin U0
o 0 in COs>
C C in CO5™
Oh Oin OH”
Si Si in quartz slab
Os O in quartz slab
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Table 1. Potential Parameters (continued).

99, AA, BB i ) , .
Nonbonded: E, = +—5————— for the potential energy F (in kcal/mol), atomic charge
r r- r

g (in e), and radius r (in A).

Atom Type q A B
h* +0.4100 0.000 0.000
o* —0.8200 793.322 25.010
O -0.2500 793.322 25.010
U +2.5000 629.730 27.741
o’ -0.8100 522.394 22.336
C +0.4300 1338.021 22.989
Oh -1.4100 793.322 25.010
Si +1.3200 19.197 0.000

Os —0.6600 793.322 25.010
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Table 1. Potential Parameters (continued).

Bond Stretching. E; =k, (r—r,) for the potential energy E (in kcal'mol™), bond stretch force

constant k;, and equilibrium bond length rp (in A).

Bond ki ro
U-0 1000.00 1.80
o*-h’ 1106.00 1.00
O -C 1312.00 1.25
Os—h" 1106.00 1.00
Oh-h’ 1106.00 1.00

Angle Bending: E; =%, (9 -6, )2 for the potential energy E (in kcal'mol™), angle bend force

constant &3 (in kcal-mol'l-rad_z), and equilibrium angle 6, (in deg).

Angle 6o k2
0-U-0 180.00 300.00
h™-o*-h" 109.47 91.50

o-Cc-0 126.00 160.00
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Table 2. Results for Simulations in Bulk Water. U-O and U-Si Distances (in A) From
Peaks in the Averaged RDFs for Ligand (Op) and Water (O,). Water Self-Diffusion

Coefficients D, (in 101° mz-s'l) for Nonsolvating Molecules Only.

Uranyl Complex U-0, U-0, D,.
- - - 16.4°
[UO,(H,0)5]* - 2.51 17.8
[UO,(H,0)4(OH)]* 231 253 14.2
[UO,(H,0)3(OH),] 233 253 16.2
[UO2(H,0)3(CO3)] 237 251 16.0
[UOx(H,0)(CO3))* 239 251 12.6

# Simulation of 200 water molecules only.
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Table 3. Results for Simulations Near the Singly Protonated Quartz (010) Surface. U-O

and U-Si Distances (in A) From Peaks in the Averaged RDFs. Oxygen Atoms from Ligand

(Hydroxide or Carbonate) and Water are Denoted by Oy and Oy, Respectively. Water

Self-Diffusion Coefficients D,, (in 10" m

2,1

) for Nonsolvating Molecules Only.

Uranyl Complex U-O. U-0, U-Si (bottoﬁwthird)a (middfzwthird)b
- - - - 6.2° 14.3¢
[UO,(H,0)s)* - 249 635 6.3 15.2
[UO,(H,0)s(OH)]* 231 2.53 8.13 6.3 15.2
[UO,(H,0)3(0OH),] 2.33 2.55 8.06 6.2 15.1
[UO,(H20)3(CO3)] 2.37 2.51 8.25 9.7 15.1
[UO1(H,0)(CO3),)* 2.37 2.51 8.03 7.1 16.4

2 Calculated for water molecules between 0 and 7.5 A from the surface.

b Calculated for water molecules between 7.5 and 15.0 A from the surface.

¢ Results for 300 water molecules near the surface.
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Table 4. Results for Simulations Near the Partially Deprotonated Quartz (010) Surface.
U-0 and U-Si Distances (in A) From Peaks in the Averaged RDFs. Oxygen Atoms from
Ligand (Hydroxide or Carbonate),Water, and Quartz Surface are Denoted by Oy, O,,, and

Os, Respectively. Water Self-Diffusion Coefficients D,, (in 1071 mz-s'l) for Nonsolvating

Molecules Only.

D, D,

Uranyl Complex® U-O. U-0, U-Os U-Si (bottom  (middle third)*

third)"

_ N _ - - 9.0° 14.8°
[UO,(H,0)4{0}]** - 2.50 2.50 3.98 6.4 12.2
[UO,(H-0),(OH){O},]" 2.35 2.55 2.55 4.06 7.1 16.7
[UO»(H,0) (OH),{0},] 233 2.53 253,291 4.46 7.1 16.1
[UO2(H20),(CO5){0}] 235 249 249  3.79,4.55 7.6 16.0
[UO,(H-0) (CO5)]~ 238 255 2.91 4.49 6.9 17.4

* Surface oxygen atoms in the uranium coordination shell are denoted by {O}. Charge
contributions due to {O} were not included in determining the overall charge of the complex.
> Calculated for water molecules between 0 and 7.5 A from the surface.

¢ Calculated for water molecules between 7.5 and 15.0 A from the surface.

4 Results for 300 water molecules near the surface.
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Table 5. Hydration Energies (in kcal'mol™) for Uranyl Complexes. Uncertainties for all

Energies are * 0.5 keal-mol ™.

System Singly Protonated Surface  Partially Deprotonated Surface
300 H,O -10.4 -10.6
300 H,0, 1 UO,* ~12.1 ~11.7
300 H,0, 1 UO,**, 1 OH -11.1 ~10.7
300 H,0, 1 UO,**, 2 OH ~10.1 -10.7
300 H,0, 1U0,;*, 1 CO5** -10.6 -10.8
300 H,0, 1 UO,*, 2 CO5* -10.5 -10.6

Table 6. Immersion Energies (in kcal-mol™) for Uranyl Surface Complexes.

System Singly Protonated Surface  Partially Deprotonated Surface
300 H,O 0 0
300 H,0, 1 UO,* -508 -329
300 H,0, 1 UO,*", 1 OH ~209 -35
300 H,0, 1 UO,**, 2 OH 89 —41
300 H,0, 1U0**, 1 CO5** -51 77
300 H,0, 1 UO,*, 2 CO5* -26 -11
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Figure Captions
Figure 1. Plots of the U-O (solid line) and U-H (dashed line) radial distribution functions from
a simulation of UO,** in a box of 200 water molecules. The peak due to axial oxygen atoms in

UO,*" is not shown.

Figure 2. Plots of the U-O radial distribution functions from simulations in (a) bulk solution,
(b) singly protonated quartz (010) surface, and (c) partially deprotonated quartz (010) surface.
Ionic species in the aqueous layer are indicated next to each plot. Peaks are assigned in Tables
3-5. For the results with 1 UO,** and 2 CO;%", the dashed line represents the U-O,, distribution

(Oy = water oxygen).

Figure 3. Equilibrium snapshot (x, z plane) of the supercell containing 300 water molecules and
the singly protonated quartz (010) surface. The dashed line represents the supercell boundaries,

and atomic designations are Si (orange), O (red), H (white).

Figure 4. Results from the simulation of UO,** and 300 water molecules near the singly
protonated quartz (010) surface. (a) Equilibrium snapshot (y, z plane) of the outer-sphere surface
complex [UOZ(H20)5]2+, with atomic designations as in Figure 3 and U (blue). (b) Time
evolution of the O-U-O vector orientation to the surface normal (Equation 2). A value of 90°

indicates that the uranyl ion is oriented perpendicular to the surface.

Figure 5. Equilibrium snapshot (x,z plane) of the inner-sphere surface complex

[UO2(H,0)(OH),{O},], shown as large spheres. Nonsolvating water molecules and other quartz
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atoms are shown as sticks. Atomic designations are Si (orange), O (red), U (blue), and H

(white).

Figure 6. Equilibrium snapshot (x,z plane) of the inner-sphere surface complex
[UO,(H,0),(C0O3){0}], shown as large spheres. Nonsolvating water molecules and other quartz

atoms are shown as sticks. Atomic designations as in Figure 5 and C (gray).

Figure 7. Equilibrium trajectories (z-direction) of uranium atdms in inner-sphere, outer-sphere,
and diffuse uranyl species. From bottom to top, the three uranyl complexes are
[UO»(H,0)(OH)2{O}], [UO»(H20)s]**, and [UO,(H,0)3(OH),]. Hydrogen atoms at the quartz
surface have a z-coordinate of approximately 9.4 A, so the uranium z-coordinates shown

correspond to average distances of 1 A, 4 A, and 6 A above the surface.
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