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Abstract—We report a combined experimental and theoretical study of uranyl complexes that form on the
interlayer siloxane surfaces of montmorillonite. We also consider the effect of isomorphic substitution on
surface complexation since our montmorillonite sample contains charge sites in both the octahedral and
tetrahedral sheets. Results are given for the two-layer hydrate with a layer spacing of 14.58 A. Polarized-
dependent X-ray absorption fine structure spectra are nearly invariant with the incident angle, indicating
that the uranyl ions are oriented neither perpendicular nor parallel to the basal plane of montmorillonite.
The equilibrated geometry from Monte Carlo simulations suggests that uranyl ions form outer-sphere
surface complexes with the [0=U=0]?" axis tilted at an angle of ~45° to the surface normal.

Key Words—Computer Simulation, Monte Carlo, Montmorillonite, Uranyl, X-ray Diffraction, X-ray

Absorption Fine Structure.

INTRODUCTION

Safety assessments of nuclear waste disposal as well
as environmental management of uranium-contaminated
soils (e.g. weapons processing plants, uranium mill
tailings, efc.) require detailed knowledge of retention
mechanisms in soils and the subsurface geosphere. Clay
minerals are known to be highly efficient at radionuclide
retention in natural systems. Their use as backfill
material in nuclear waste repositories has also been
proposed (Grauer, 1994; Lajudie et al., 1994; Neall et
al., 1995). Prediction of U retention on or in clay
minerals, e.g. smectites, is an essential aspect in safety
assessment studies. For reliable predictions of U
retention on clay minerals, a thorough understanding of
U binding states on or in the clay structure is required. In
this study we combine experimental structural charac-
terization of a smectite clay, which was treated with
uranyl solutions, using X-ray diffraction (XRD) and
polarized X-ray absorption fine structure spectroscopy
(P-XAFS) with predictions of structures from Monte
Carlo (MC) simulations for uranyl located in a charged
montmorillonite interlayer. The P-XAFS results provide
metric parameters describing the coordination sphere
surrounding uranium. From the polarization dependency
of the spectra, the orientation of linear uranyl units
([0=U=0]*") relative to the polarization vector of the
incident radiation (g¢) can be deduced (Hudson et al.,
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1996). This information makes it possible to determine if
uranyl cations are oriented in a preferred direction to the
clay basal plane interlayers (Denecke et al., 2003).

Our simulation methods are based on a previous
uranyl-smectite study in which all species were treated
as rigid bodies (Zaidan et al., 2003). The MC simula-
tions were used to generate equilibrated interlayer
configurations while constant-volume molecular
dynamics simulations were used to study the time
evolution of uranyl orientation with respect to the clay
surface as well as the mobility of UO,(H,0)3" com-
plexes. The smectite model in that study consisted of
charge sites exclusively in the octahedral sheet (i.e. Mg
for Al substitution). Interlayer uranyl configurations
were studied over a range of water content, and the
average layer spacing for the two-layer hydrate was in
good agreement with XRD values (Tsunashima et al.,
1981; Dent et al., 1992). Additionally, U—O.q (equator-
ial) distances in outer-sphere UO,(H,0)Z" complexes
agreed with extended X-ray absorption fine structure
(EXAFS) results (Giaquinta et al., 1997; Sylwester et
al., 2000). Uranyl complexes underwent several jump-
diffusion events over the siloxane surfaces which were
accompanied by water exchange within the equatorial
shell. The angle between the O=U=0O axis and the
surface normal were plotted over time and found to
fluctuate around a value of 30°. The absence of any
angles above 60° ruled out the presence of inner-sphere
UO,(H,0)?" complexes which would have a perpendi-
cular orientation to the surface normal (Zaidan et al.,
2003).

The smectite used in the experiments presented here
contains a portion of negative charge in the tetrahedral
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sheet, unlike the model system studied by Zaidan et al.
(2003). Additionally, we use density profiles rather than
molecular dynamics simulation to determine the average
uranyl orientation angle. The rigid body model used in
previous simulations (Zaidan et al., 2003) should allow
for an accurate comparison with the experimental
results, provided that the charge distribution scheme in
the clay layers is optimized for tetrahedral substitution.
We investigated two charge distribution schemes for a
model Na-smectite system before carrying out the
uranyl-montmorillonite simulations.

METHODS

Purified homoionic Na-montmorillonite was prepared
from Ibeco clay (IKO Minerals GmbH) for use as the
starting clay mineral. The Ibeco clay is a smectite with a
significant component of tetrahedral charge (35%) and
has Ca®>' as the dominant exchangeable cation. A
detailed description of Ibeco smectite can be found
elsewhere (Bauer and Berger, 1998). The clay was first
conditioned to remove soluble salts, sparingly soluble
minerals and trace cation impurities that potentially
could influence the sorption results using the procedure
proposed by Baeyens and Bradbury (1997). The purified
smectite was then converted into its Na-form (Moore and
Reynolds, 1989) and the <2 pm fraction of smectite
separated by sedimentation techniques (Day, 1965).

Sorption of uranyl cations on the clay was performed
by repeated washing of 0.3 (£0.01) g of the smectite for
24 h with a uranyl nitrate solution (1073 mol/L, PHinitial
= 3.51), according to the method described by
Tsunashima et al. (1981). Sorption was observed to be
complete after four washings, as indicated by no change
>5% in the U concentration of the wash solution before
and after treatment. The amount of U loaded onto the
clay was determined after extracting the sorbed U from
the clay with hot aqua regia. The U concentration in the
extracts was measured with an ICP-MS (ELAN 6000).
Roughly 0.49 mol U/mol clay were found to be sorbed
onto the smectite (45 mg U/g clay).

All chemicals were reagent grade. Uranium (VI)
solutions were prepared by dissolution of re-crystallized
UO,(NO3),-6H,0. Milli-Q water with a resistivity
>18 MQ cm™' was used throughout. Samples were
prepared in air at room temperature and no special
measures were taken to exclude carbon dioxide.

XRD

Oriented slides were prepared for XRD by pipetting a
slurry of the filtered material onto a glass slide and
drying at room temperature overnight. X-ray diffraction
scans from 2 to 15°20 with a step width of 0.02°20 and
8 s counting time were recorded on a Bruker AXS
D8-Advance machine using Cu radiation at 40 kV and
40 mA. Slit sizes were 1°, 0.15° and 1° for aperture slit,
receiving slit and scatter slit, respectively.
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P-XAFS

Sample preparation followed the method of Ddhn et
al. (2002). To prepare highly oriented films for P-XAFS
measurements, 50 mL of the uranyl-clay suspension
after four washing treatments were slowly filtered using
a 47 mm diameter filter (Millipore, 0.1 pm pore size).
Excess salt and aqueous U was removed by careful
washing with a few milliliters of Milli-Q water before
drying on the filter. To dry the filtered uranyl-sorbed
clay, the filter was spanned taut and dried in a desiccator
initially over NH4NOj (relative air humidity 63%),
followed by two drying cycles over sulfuric acid (first
cycle over 5% sulfuric acid at 45°C and the second cycle
over 10% sulfuric acid at 30°C). Using this technique, it
was possible to create flat disks with a variable but
homogeneous thickness and a perfect orientation of the
particles. The dried clay was cut into slices and then
mounted onto polycarbonate adhesive tape (CMC
Klebetechnik GmbH, 23 pum thick), with the slices
layered to a stack with a thickness great enough for
measurement (eight in all).

Uranium L3 and L1 edge P-XAFS spectra were
recorded at room temperature, in transmission mode, at
the Hamburger Synchrotronstrahlungslabor, HASYLAB,
beamline Al. A Si(311) double-crystal monochromator
(DCM) detuned ~50% of the maximum incident flux,
was used. The energy was calibrated against the first
inflection point in the K edge of a Y foil, defined as
17038.0 eV. The polarization dependency of the XAFS
was measured by mounting the samples onto a sample
positioner, equipped with a goniometer, enabling posi-
tioning of the smectite sample basal planes at varying
angles relative to €. The polarization dependency of the
X-ray absorption near edge structure (P-XANES) spectra
was recorded at the L3 edge at angles of 0°, 45° and 60°
and L1 spectra at 0° and 60°. At the 0° and 45° positions,
polarized EXAFS (P-EXAFS) spectra were also recorded
at the L3 edge. Due to its small electron transition
probability, no P-EXAFS at the L1 edge could be
measured for these samples.

The P-XANES and P-EXAFS spectra were extracted
from the raw data using standard procedures and the
suite of programs EXAFSPAK (George and Pickering,
1995). Theoretical oxygen backscattering amplitude and
metal-O phase shift functions, calculated using FEFF7
(Zabinsky et al., 1995), were applied during least-square
fits of the P-EXAFS data to the EXAFS equation.

Monte Carlo simulation

Simulations were performed using the code MONTE
v3.2 (Skipper, 1996) on an Origin 300 supercomputer
(Silicon Graphics, Inc.). Details of our simulation
methodology are given previously (Zaidan et al., 2003)
and will only be summarized here. Potential parameters
for clay, water and uranyl ions are given in our previous
study (Zaidan et al., 2003), and those for Na* ions are
given by Young and Smith (2000). Simulation supercells
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were obtained by randomly adding cations and water
molecules to the interlayer region of a 4 x2 x 1 super-
lattice of the clay mineral. The dimensions of the
supercell were 21.12 x 18.28 A in the ab plane. Charge-
balancing cations (Na* or UO3") were initially placed at
the midplane. The vertical axis ¢ changed while a and b
remain fixed as the system equilibrated to mimic
registration of clay layers in an experimental system
(Chang et al., 1995). The dyo; or layer spacing is defined
as the average c, value during the equilibrated portion of
the simulation. The system approached an equilibrium
configuration through consecutive stages of 50,000 to
500,000 MC steps. Equilibrium data were collected for
at least 500,000 additional steps.

RESULTS

XRD

The XRD spectrum for the uranyl-treated Ibeco
montmorillonite is shown in Figure 1. The peak position
at ~6° corresponds to a d spacing of 14.58 A, in perfect
agreement with the mean basal spacing found by
Tsunashima et al. (1981) for uranyl sorbed between
smectite basal planes. Heating to 400°C for 12 h resulted
in loss of all interlayer water with a peak position at
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Figure 1. XRD pattern of the uranyl-exchanged smectite. A
basal d spacing of 14.58 A was found for the fully exchanged
smectites.

~10 A. The resulting diffraction pattern was similar to
that of illite.
P-XAFS

The U L3 and L1 edge P-XANES spectra measured at
the angles indicated are shown in Figure 2. The L3 edge
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Figure 2. (a) U L3 XANES spectra for a uranyl-exchanged smectite recorded at angles between the clay basal planes and polarization
vector indicated. (b) U L1 XANES of the same sample at 0 and 60°. (c) L3 edge k>-weighted EXAFS oscillations recorded at 0 and

45° and (d) their corresponding Fourier transforms.
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P-XANES show no substantial change with the angle of
orientation. No significant change in the intensities of
the major absorption feature, the so-called white line
(WL) or in the next resonant feature near 17190 eV is
observed. In addition, there is only a slight shift in edge
energy position with angle. Because of the greater
directionality in space of the p-like final states for the
photoelectron transition at the L1 edge compared to the
d-like states at the L3 edge, the XANES at the L1 edge is
especially sensitive to polarization effects. However, the
L1 edge P-XANES of the uranyl exchanged smectite
resembles those for non-oriented samples. The L1
P-XANES features in Figure 2 are intermediate between
those observed for spectra recorded for samples with
uranyl units parallel and those with uranyl units
perpendicular to & (Hudson et al., 1996). The
P-XANES spectra exhibit a shoulder on the rising edge
and a feature ~20 eV above this. The shoulder corre-
sponds to a sharp peak observed for oriented samples
with [0=U=0]?" parallel to & and the second feature is
dominant for an orientation perpendicular to €. Because
both features are evident in Figure 2, we conclude that
the average orientation of uranyl units to the smectite
basal plane must lie between 0° and 90°.

The P-EXAFS spectra recorded at two orientations of
the clay basal plane to € are also depicted in Figure 2.
No Fourier transform (FT) peak for a U—Si interaction is
evident, which might be expected for an inner-sphere
complex (cf. the 3.6 A U-Si distance from MC simula-
tions of the inner-sphere complex shown below). The
intensity of the FT peak for O atoms in the uranyl cation
equatorial plane (O.y) located just below 2 A (uncor-
rected for phase shift) is ~14% larger for the spectrum
recorded at 0° than that recorded at 45°. The dependency
of the P-EXAFS signal amplitude on the angle between €
and the bond axes (®) is given by the relationship
between the actual coordination number, N, and an
effective coordination number, Ne¢r

Nege = IN(1 + 3c0s’®) )

O(U=0,x) and @(U—-O,,) define the angle between &
and bond axis of linear uranyl [0=U=071*" units and
between & and the equatorial plane of the uranyl
coordination polyhedron, respectively, and are at right
angles to one another. The observed increase in Ogq FT
amplitude, which we can, according to equation 1,
associate with an increase in N.g, could indicate that
O(U—-0,,) at the 0° orientation is smaller than at the 45°
orientation. In other words, the equatorial plane is more
parallel to € for the measurement at 0° than it is at 45°.
However, there is no corresponding expected decrease in
the FT peak for axial O atoms (O,4) going from 0 to 45°,
as would be expected from the 90° relation between
®(U=0,,) and O(U-0.,). We conclude that the
amplitude change is insignificant and lies within the
error margin. Due to uncertainties in background
removal, spline-fitting of atomic EXAFS functions, and
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unknown contributions of multi-electron processes, the
largest error associated with the EXAFS method,
especially for a single measurement, is in determinations
involving amplitude and generally assumed to be of the
order of 20—25%.

The lack of significant polarization dependency in the
L3 and L1 P-XANES and in the P-EXAFS indicates that
sorbed uranyl units are neither perpendicular nor parallel
to the smectite clay basal planes. Rather, the [0=U=0]*"
molecular axis must be tilted at an angle relative to the
basal plane, an effect equated with a tilt near a ‘magic’
angle. Uranyl units tilted at an angle relative to the basal
plane are oriented in all directions over a macroscopic
sample volume probed during the measurements. The
average structure of the uranium coordination polyhe-
dron ‘seen’ by € can be visualized by precession about
the axis normal to basal planes with simultaneous
rotation about the [O=U=0]*" molecular axis. The
averaged structure of the linear [0=U=0]>" unit takes
on the form of a double cone and the averaged structure
of equidistant O.q atoms takes on the form of a band
centered around the node of this double cone. At 0°, 45°
and 60°, tilted [0=U=0]>" units’ relative alignment to &
does not vary and no spectral changes with angle are
observed.

Monte Carlo Simulation

1. Validation of modified clay parameters with Na-
vermiculite. In previous simulations of uranyl-smectite
complexes, the montmorillonite model consisted of
negative charge exclusively in the octahedral sheet
(Zaidan et al., 2003). The Ibeco montmorillonite in
this study includes negative charge in the tetrahedral
sheet as well. Our first task was to investigate the effect
of tetrahedral AlO, charge parameters on interlayer
structure and energy. We chose a simplified vermiculite
system based on accurate interlayer structural data on
Na-vermiculite, which show that Na* ions reside at the
midplane (Slade et al., 1985). The simulated system
consisted of a single charge site (i.e. one tetrahedral
AlO, unit) one Na* ion, and 69 water molecules (two-
layer hydrate). The supercell formula for this simplified
vermiculite is

Na[Sig3Al;](Mgag)O160(OH)32°69H,0

where [ ] refers to the tetrahedral sheet and the first ()
refers to the octahedral sheet. An initial configuration
was obtained by performing a full MC equilibration
(Zaidan et al., 2003). For all subsequent Na-vermiculite
simulations, the Na" ion was placed directly over the
tetrahedral Al atom at different z-coordinates. The
system was then re-equilibrated, allowing only water
molecules to move. The process was repeated for a Na
position directly over a coordinating surface O.

We examined two negative charge-distribution
schemes, which are described in Table 1. In scheme 1,
all negative charge is placed on the Al atom, which is
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Table 1. Atomic charges (in e) for tetrahedral AlO, units
in MC simulations.

Scheme Al O (surface) O (apical)
1 0.20 —0.80 —1.00
2 1.20 —1.05 —1.25

consistent with previous studies (Skipper et al., 1995;
Chang et al., 1995; Karaborni et al., 1996; Greathouse
and Sposito, 1998; Greathouse et al., 2000; Chavez-Paez
et al., 2001; Hensen and Smit, 2002). In Scheme 2, the
negative charge is equally divided among the four
neighboring O atoms. The partial charge of each O
atom is therefore reduced by 0.25 e. For reference,
tetrahedral Si atoms carry a charge of 1.20 e. These two
schemes represent the extreme cases of tetrahedral
substitution based on the forcefield parameter set of
Skipper et al. (1995). Average energies with respect to
the Na location are shown in Figure 3. For scheme 1, the
lowest energy is obtained when the Na* ion is near the
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Figure 3. Equilibrium interlayer potential energies from MC
simulations with tetrahedral A10, charge for Scheme 1 (solid
line) and Scheme 2 (dashed line). The z-coordinate represents
the distance from the frozen Na® ion to the bottom of the
supercell (i.e. octahedral cations). Clay surface O atoms are
located atz=3.28 A. The Na" ion is positioned directly over the
tetrahedral Al atom (a) or directly over a surface O atom (b).
The embedded diagrams indicate the location of the Na* ion
(dark circle) relative to the A10, tetrahedron (dashed line).
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surface (z = 5.5 1°\) in an inner-sphere surface complex.
For scheme 2, the energy is lower when the Na* ion is
located at or near the midplane (z =~ 7.3 A). This trend is
more apparent in Figure 3b when the Na* ion is placed
above a neighboring O atom. The minimum energies for
schemes 1 and 2 are within the standard deviations for
these simulations (~8 kcal/mol), so an absolute energy
minimum cannot be identified. Energy minima are
possible when the Na™ ion is located at other coordinates
on the siloxane surface, but an absolute minimum energy
configuration is difficult to identify using the MC
algorithm. However, X-ray and neutron diffraction
studies (Skipper et al., 1991; Slade et al., 1985) suggest
that interlayer Na* ions predominate at the midplane, as
they do in scheme 2. While this validation method is not
capable of ranking the two schemes from an energy
standpoint, scheme 2 provides the best agreement with
the diffraction studies. Additionally, charge delocaliza-
tion similar to scheme 2 has recently been used in a
flexible clay forcefield (Cygan et al., 2004). Therefore
for uranyl-clay simulations we chose scheme 2, in which
tetrahedral negative charge is delocalized.

2. Simulations of uranyl-Ibeco-montmorillonite. Using
scheme 2 for tetrahedral charge sites, we studied a
uranyl-montmorillonite system with two tetrahedral
charge sites, six octahedral charge sites and four
interlayer uranyl ions. The structural and charge proper-
ties of the simulated clay correspond to the Ibeco
montmorillonite used in the XRD and P-XAFS experi-
ments. Although the fraction of tetrahedral charge (1/4)
of the simulated system is slightly less than that of the
Ibeco montmorillonite (1/3), we chose to include an even
number of such charge sites so that opposing siloxane
surfaces are equally charged. Charge sites were
randomly located throughout the supercell according to
previous studies (Chang et al., 1995; Greathouse and
Sposito, 1998). A water content of 63 molecules resulted
in an average layer spacing of 14.56+0.05 A, in
agreement with the XRD value of 14.58 A. The super-
cell formula is

(UO2)4[Sis2Al2](Al26Mge)O160(OH)32-63H20

An equilibrium snapshot is shown in Figure 4a with
all uranyl ions centered at the midplane. Each ion forms
an outer-sphere complex with five water molecules in
the equatorial shell.

Knowing that uranyl-montmorillonite inner-sphere
surface complexes are also possible, we performed
another simulation in which two uranyl ions were
initially placed near the surface. One of the ions was
placed near a tetrahedral charge site. A snapshot of this
equilibrated system is shown in Figure 4b, showing a
monodentate inner-sphere complex at a tetrahedral
charge site. Midplane uranyl ions show the familiar
coordination shell consisting of five water molecules in
the equatorial plane. Unlike the configuration in
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Figure 4a, more water molecules occupy midplane sites.
The combination of an inner-sphere complex and mid-
plane water molecules results in a larger dyy; spacing of
14.70+0.09 A, which is inconsistent with XRD results.
Averaged radial distribution functions, g(r), for both
simulations are shown in Figure 5. The first U—O peak
at 2.4 A consists of five O atoms, as verified by the
snapshots (Figure 4). The well-defined exclusion zone
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Figure 4. Equilibrium Monte Carlo snapshots of uranyl-Ibeco
montmorillonite. The color scheme is as follows; blue — U, pink
— Al, red — water O or uranyl O, orange — clay O, green — Si,
light blue — Mg, white — H. Negative charge sites are shown as
spheres. Two uranyl ions and their equatorial ligands are
highlighted. (a) All uranyl ions were initially placed at the
midplane. (b) Two uranyl ions were placed near the siloxane
surface.
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from 2.8—3.2 A, at which g(r) = 0, suggests that water
molecules do not exchange in the equatorial shell.
Molecular trajectories from previous molecular
dynamics simulations clearly showed water exchange
in the equatorial shell of [0=U=0]>" (Zaidan et al.,
2003). Unlike molecular dynamics, however, MC
simulations only sample configuration space of equili-
brated systems, so we do not expect to see a time-
dependent event such as ligand exchange. The equili-
brated configuration corresponding to Figure 4b con-
tains an inner-sphere surface complex, so one surface O
atom is included in the first U—O peak. However,
similarities between the first U—O peaks in Figure 5a,b
indicate that the presence of a surface O atom in the

7 ——

r (A)

Figure 5. Averaged Monte Carlo radial distribution functions
showing U-O (solid line) and U-Si (dashed line) distributions in
uranyl-Ibeco montmorillonite. O atoms from both water
molecules and the clay layer are included in the U-O
distribution. The simulated systems denoted by (a) and (b)
correspond to the snapshots shown in Figures 4a and 4b,
respectively.
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equatorial shell does not cause a split equatorial shell.
We conclude that the U—O (surface) distance is the same
as the average U—O (water) distance. The small peak at
3.6 A in the U—Si distribution (Figure 5b) is due to the
single uranyl ion at the surface. The corresponding
U—Al distance is 3.3 A (data not shown). Atomic
density profiles in Figure 6 show the probability of
finding certain atom types as a function of the height z
above the lowermost clay layer (clay surface O atoms
are located at z = 3.28 A and z = 11.28 A), We show
profiles for uranyl atoms only. The uranyl interlayer
structure shown in the snapshots (Figure 4) is evident
over the entire equilibrated portion of the simulations.
Although not shown here, atomic density profiles for
water O and H atoms show two well defined water
layers, one each above and below the midplane. In
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Figure 6. Averaged Monte Carlo atomic density profiles in
uranyl-Ibeco montmorillonite. Only uranyl atoms (U, solid line
and O, dashed line) are included. The simulated systems denoted
by (a) and (b) correspond to the snapshots shown in Figures 4a
and 4b, respectively.
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Figure 6a, all uranyl ions are centered at the midplane
(large peak at 7.15 A). Their [0=U=0]*" axes are tilted
with respect to the surface normal, to facilitate H
bonding between equatorial water molecules and both
clay surfaces. The average tilt angle (Zaidan et al., 2003)
was calculated using uranium and O peak centers and
found to be 46+11° In Figure 6b, the presence of the
inner-sphere uranyl surface complex is indicated by the
U peak at 5.8 A. The other three uranyl ions, which
reside at the midplane, comprise the large U peak at
7.4 A. The tilt angle for the inner-sphere uranyl ion is
~90° while that for the three outer-sphere ions is 44+11°.

CONCLUSIONS

We carried out a comprehensive study of uranyl-
smectite surface complexes, combining experimental
and simulation results to obtain structural information at
the clay-water interface. No clear differentiation
between inner-sphere and outer-sphere sorption is
possible solely from the lack of U—Si peaks in
P-EXAFS. By comparing the layer spacing value from
XRD with the simulation results, we are confident that
the uranyl ion is interacting with the siloxane surface
through an outer-sphere mechanism. If at least one
uranyl ion forms an inner-sphere surface complex as in
Figure 4b, the simulated layer spacing is larger than the
XRD value. The P-XAFS results suggest that the linear
uranyl unit is tilted at an angle intermediate between 0
and 90° relative to the surface normal. The simulation
results help to identify this average angle to be 45°.

We must explain why uranyl ions prefer to be oriented
at an angle of 45° to the clay surface normal as opposed to
0 or 90°. Given the absence of 0 or 90° orientations in the
density profiles (Figure 6a), the uranyl rotational barriers
from 45 to 90° or from 45 to 0° appear to be quite large.
This absence of rotational mobility was confirmed in both
the simulation and P-XAFS results. Using MC simulation
we cannot identify the energy barrier for the following
process near clay surfaces:

UO,(H,0)5(45°) — UO2(H20)4(Ociay)>"(90°) + H,0  (2)

where O,y refers to a surface O atom. The numbers in
parentheses refer to the uranyl tilt angles of 45 and 90°
illustrated in Figures 4a and 4b, respectively. Additional
static energy calculations or molecular dynamics simu-
lations would help to clarify this issue, as well as the
energy barrier for UOZ(HZO)§+ rotation about the surface
normal. The uranyl complex undergoes large rotational
fluctuations with little effect on the system potential
energy, but detailed energy minimization calculations
would be needed to identify a true lowest energy
configuration. However, our MC results, which help to
identify the average uranyl orientation, complement the
XAFS experiments.

The central issue is the tendency of ions to form
inner-sphere or outer-sphere surface complexes. The fact
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that the P-XAFS results rule out the 0 or 90° tilt angles
suggests that inner-sphere complexes are not thermo-
dynamically stable. In other words, there is an energy
penalty for having a clay basal surface O atom in the
equatorial coordination shell of the uranyl ion (equa-
tion 2). The MC simulations show that an intermediate
tilt angle (45°) is characteristic for outer-sphere com-
plexes. Additional stability for this configuration can be
inferred from the tendency of most first-shell water
molecules to form H bonds with siloxane surfaces, as
seen in Figure 4. Monatomic divalent cations are known
to form outer-sphere complexes to maximize water-
surface H bonding (Greathouse et al., 2000; Young and
Smith, 2000; Greathouse and Storm, 2002), and it
appears that the uranyl ion does the same.
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