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Executive Summary

The goal of this project was to quantitatively predict stability of uranium species and
thermochemistry of uranium binding with amidoxime ligands in realistic seawater conditions. The
specific aims of the project were: (i) determine the stable species of uranium and its solvation
structure in realistic seawater conditions; also speciation and solvation of uranium's major
competing species in seawater, vanadium; (ii) accurately predict the free energies (and thereby
stability constants) of binding between uranium and amidoxime; (iii) accurately predict the
reaction enthalpies and entropies of binding between uranium and amidoxime as well as between
vanadium and amidoxime.

Main results and conclusions are as follows. First-principles molecular dynamic
simulations found that the structure of the Ca2UO2(CO3)s complex is very stable and that one Ca
ion binds to the center UO2(CQOz)3* anion stronger than the other Ca ion. This finding suggests
that using time-resolved EXAFS spectra may confirm the asymmetry in binding of the two Ca ions
in the aqueous Ca2UO2(CO3)s complex. To consider the common ions, solvation of the
Ca2U02(C0s)3 complex in seawater was simulated by classical molecular dynamics simulation. It
was found that the structure of the Ca2UO2(COs3)s complex is very stable in the model seawater. A
Na* ion was found to be closely associated with the Ca2UO2(COz3)s complex by indirectly
interacting with one axial oxygen atom of the UO2 group bridged by a water molecule. In addition,
the Na* ion interacts closely with one Ca?* ion than the other. The present simulations revealed the
key role of common ions such as Na* in impacting the solvation, structure, and apparent charge of
the Ca2U0O2(COz3)3 complex in seawater. The sequential processes of UO2?* binding with the three
COs? groups and the two Ca?* ions in pure water and in 0.1 M NaCl were simulated by classical
molecular dynamics with both the non-constrained brute-force approach and umbrella sampling.
The simulated free energies show excellent agreement with the experiment. The coordination
structures of UO2(COs)s* and CaUO2(COs)s? were found to be significantly affected by the
presence of Na* ions, leading to a monodentate binding of a carbonate group to U and a water
molecule entering the first coordination shell of U.

To shed light on the binding between uranyl and glutardiamidoxime (H2B), an important
model and state-of-the-art ligand for seawater uranium extraction, a suite of computational
methods was employed. From molecular dynamics (MD) simulations, it was found that the binding
configurations of B2 with uranyl favor the twofold distorted n? binding between the oximate ends
(C=N-0O") and U, while HB" prefers the chelating mode for the oximate end with the neutral end
being solvated by water. The free energies of sequential ligand binding to form UO2B, [UO2B2]%,
and [UO2(HB)B]" were simulated with umbrella sampling and very good agreement with the
experimental values was achieved, which corroborates the structural insights into the binding mode.
State-of-the-art polymeric sorbents employ both amidoximate and carboxylate groups on the side
chains to achieve optimal U uptake and selectivity, so we simulated the binding of a model
amidoximate—carboxylate bifunctional ligand with uranyl. Classical MD and free-energy
simulations in 0.5 M NaCl showed that the carboxylate group binds first to uranyl, leading to a
loose intermediate state, and then, the amidoximate group binds, resulting in a more stable and
tight chelate state. Binding of the second bifunctional ligand follows a similar process, and the two
ligands prefer a trans configuration around the uranyl group. The simulated free energies indicate
that the two bifunctional ligands bind with uranyl 14 kcal/mol stronger than the two ligands with
only amidoximate groups, confirming an important synergy between amidoximate and carboxylate
groups in binding uranyl.

xiii



When amidoxime-containing sorbents are deployed in the seawater, the amidoxime ligands
will displace carbonate groups in Ca2UO2(COs3)s. To simulate this process, classical molecular
dynamics combined with umbrella sampling were used to map the free-energy profiles for the
displacement of the three carbonates in Ca2UQO2(COs)s by the simple acetamidoximate (AO") and
the more complex glutardiamidoximate (B%/HB") ligands in the 0.5 M NaCl aqueous solution. It
was found that the two Ca?* ions in Ca2UO2(COs3)s can greatly facilitate the displacement of the
first two carbonate groups which leave as the neutral Ca?*...CO3% ion pairs. Displacing the last
carbonate needs the help of an additional Ca?* ion. The presence of the Na* ions also helps mediate
the carbonate departure. The overall displacement reaction is endergonic up to 13 kcal/mol,
depending on the number of carbonates to be displaced, the amidoxime ligand type, and the
presence of the additional Ca?* ion.

Vanadium is a main competitor of uranium in binding with the amidoxime ligands. To
determine the enthalpic vs entropic contributions in affecting U/V selectivity, we investigated the
temperature dependence of the binding of the amidoxime ligands with uranyl and vanadate. We
found that the binding of amidoxime ligands with vanadate is not very sensitive to the temperature
change, while the binding of amidoxime ligands with uranyl is. We have analyzed in detail the
temperature effect on the thermodynamics of binding and determined enthalpy and entropy
contributions to the binding free energy by fitting the data in the van't Hoff equation. We further
compared the simulated enthalpies and entropies with the recently published experimental data
from PNNL based on the ORNL sorbents. It was found that uranyl complexation with the open-
chain amidoxime is endothermic and has a large positive entropy change, in very good agreement
with the experiment for both AF1 and AI8 sorbents. In contrast, vanadate complexation with the
open-chain amidoxime is slightly exothermic and has a smaller positive entropy change, in good
agreement with the experiment for the AI8 sorbent but different from that for the AF1 sorbent.
Hence, our work suggests that use of the open-chain amidoxime at higher temperatures is an
excellent way to increase U/V selectivity.

Our work has shown that molecular dynamics simulations are a powerful tool to yield
structural, thermodynamic, and mechanistic insights into uranyl-ligand binding in aqueous
solutions. These insights are useful in identifying the binding sites and driving force for the uranyl
extraction chemistry based on model ligands. However, the ligand structures and conformations
on the realistic sorbents are still unclear and could be quite different from the small model ligands.
One approach to bridge this gap is to use oligomeric ligands in the simulations that better mimic
the realistic sorbents. The other important direction is to combine MD simulation data with the
EXAFS data to elucidate the binding sites for uranyl in polymeric sorbents.
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1 Introduction
1.1 Uranium extraction from seawater

The sustainability of nuclear energy depends on a long-term, continuous supply of uranium
for centuries to come. Seawater provides the ultimate resource and reassurance due to the vast
amount of dissolved uranium (~4.5 billion tons), despite its low concentration (~3 ppb).
Amidoxime has been the ligand of choice for uranium extraction from seawater from previous
trial-and-error screening.t? However, progress toward a molecular-level understanding of uranium
speciation and ligand binding had been slow to develop. The situation changed early this decade,
when strong support of research on uranium from seawater by the Nuclear Energy Office led to a
deeper understanding of uranium speciation in seawater and its ligand-binding chemistry. For
example, researchers have experimentally quantified uranium speciation in seawater conditions
and the binding strength of U(VI) with various amidoxime ligands.3® Importantly, it has been
showed that the prevailing assumption that the UO2(CQs)s* complex is the dominant species in
seawater may be incorrect; instead, the results suggest that it should be the neutral
Ca2U02(COz3)3(aq) species due to the overwhelming abundance of Ca?* ions in seawater.2® This
latest result indicates how little we know about uranium speciation in seawater and that one must
take into account the complex compositions of seawater (such as high levels of Na*, Cl-, Mg?*,
and Ca?*) in understanding uranium speciation and extraction. It also demands a molecular-level
understanding of the relative stability of a highly charged species such as UO2(CQs)s* vs. a neutral
Ca2U02(C0s)s3(ag) in an aqueous electrolyte solution. Further, a computational approach to
understanding uranium complexation is necessary for the rational design of improved ligands that
will lead to economical uranium extraction from seawater. Previous molecular modeling of
uranium extraction has been mainly based on geometry-directed ligand design and gas-phase
binding energetics from density functional theory coupled with a continuum solvation model.20-13
These studies have provided valuable insights into the bonding structure and energetics. However,
without explicit solvent, common ions in the solution, or finite-temperature sampling of the
solvation structure, these methods cannot provide quantitative prediction of the detailed
mechanism and thermochemistry of uranium speciation and binding with amidoxime ligands in
the marine environments.

1.2 Modeling seawater condition and free energy calculation

State-of-the-art simulation techniques including classical molecular dynamics (CMD)
accelerated by graphical processor unit (GPU), first principle molecular dynamics (FPMD), and
free-energy calculations are employed to explicitly include water molecules and common seawater
ions (such as Na*, CI-, Mg?*, and Ca?*) in the simulations. These advanced simulation techniques
coupled with recent developments in computing hardware now allow one to examine detailed
molecular mechanisms and to predict their thermochemistry in complex liquid environments. The
association constants of the binding-unbinding processes are calculated from the potential of mean
force (PMF) profiles in the free energy calculations.

CMD has been extensively used to understand the uranyl solvation problem in pure water
environment. The advantage of CMD is its fast speed of calculating the atomic interactions from
force field, which is fitted from the potential energy surface of high level of theory ab initio
calculations. In order to simulate the seawater condition, thousands of water molecules are required
to solvate the limit number of common ions in the simulation box and hundreds of nanoseconds
simulation time is necessary to sample the ions association process in a brute force run. This
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computation burden is greatly alleviated by employing the GPU-accelerated CMD software
package such as AMBER. The disadvantage of CMD is that its accuracy is determined by the
empirical description of atomic interaction potential. FPMD calculates the atomic interaction from
quantum mechanics which is more accurate, but the higher level of theory also limits its application
to simple aqueous solution involving a few hundreds of atoms. In the present work, we combine
their advantage by using FPMD to validate our CMD results such as the stability of the binding
configurations.

MD-based free energy simulations such as umbrella sampling have been widely used in
biophysics and biochemistry. The advantage of this type of technique is its improvement of
sampling a system where ergodicity is hindered by the form of the system’s energy landscape.
Therefore, it is more suitable than the popular approach using DFT with implicit solvation model
to determine the free energy change of uranium species in seawater, which requires considering
the change of hydrogen network and distribution of the common ions.

Our present work is the first combination of the advantages of CMD, FPMD and MD-based
free energy calculations to understand the molecular mechanisms of uranium extraction from
seawater by targeting a quantitative prediction of the binding thermochemistry. Experimental
measurements are also used to validate and improve our predictions in all the three objectives of
this project, so that a computational protocol will be established to predict binding free energies
for new ligands.

1.3 Project specific aims and tasks

The goal of this project was to quantitatively predict stability of uranium species and
thermochemistry of uranium binding with amidoxime ligands in realistic seawater conditions. The
specific aims of the project were: (i) determine the stable species of uranium and its solvation
structure in realistic seawater conditions; also speciation and solvation of uranium's major
competing species in seawater, vanadium; (ii) accurately predict the free energies (and thereby
stability constants) of binding between uranium and amidoxime; (iii) accurately predict the
reaction enthalpies and entropies of binding between uranium and amidoxime as well as between
vanadium and amidoxime.

Using first principles and molecular mechanical approaches coupled with molecular
dynamics and free energy calculations at experimental conditions, we carried out the following
tasks and accomplished our specific aims:

Task 1. Determine stable speciation of uranium (V1) (Ch. 2, Ch. 3, and Ch.4) and vanadium (V)
(Ch. 8) in seawater conditions with explicit water solvation and Na*/ClI- ions.

Task 2. Simulate the binding free energy and binding constant between the determined stable
U(VD/V (V) species with various amidoxime ligands (Ch. 5, Ch. 6, and Ch. 7)

Task 3. Compute entropies and enthalpies of uranium/vanadium binding with amidoxime ligands
to dissect the role of enthalpy vs. entropy in dictating U/V selectivity (Ch. 9).



2  First-principles Molecular Dynamic Simulation of the Ca,UO2(CO3); Complex in Water
2.1 Introduction

In this chapter we studied the fundamentals about the structure of uranium complex in
water. In aqueous solution, uranium exists as the stable oxocation with an oxidation state of U(V1),
called uranyl — UO2%*. Early work has focused on prying into the prominent equilibrium species
bound to uranyl complex in seawater* and suggested the anionic [UO2(COz3)3]* complex to be the
dominant species in seawater. However, over the past two decades experimental data has shifted
the consensus to cation-balanced complexes.®21517 Concentrations of magnesium (Mg?*) and
calcium (Ca?*) in seawater are overwhelmingly larger than the concentration of U(VI), so the
ternary Ca-UO2-COz or Mg-UQ2-COs exists predominately in seawater. The complexation of Ca?*
with [UO2(CO3)s]* has been validated experimentally by Bernhard et al.6 and Kelly et al.*” with
extended X-ray absorption fine structure (EXAFS) spectroscopy. Most recently, Rao et al.®
examined the thermodynamics of uranium in seawater and the complexation between Ca/Mg and
[UO2(CO3)3]*. They concluded that in seawater pH (8.2) Ca2UO2(C0Os)s accounts for 58% of the
total uranium in the solution while CaUO2(CO3)3? and MgUO2(C0Os)3? account for 18% each and
[UO2(CO3)3]* accounts for only 6%.° In addition, Rao et al. studied binding of U(VI) with various
types of ligands and the subsequent leaching process.>7"8-20 |n addition, the stability constant for
the speciation of calcium is larger than magnesium.®

On the theoretical and computational side, work has been done on the binding of UO2%*
with ligands using a cluster model”1%-1221 and on the structure and dynamics of [UO2(COs3)3]* in
aqueous environment using molecular dynamic simulations (MD).?>2> Hofer et al. examined the
structure and dynamics of [UO2(COs)s]* in water using quantum mechanical charge field
molecular dynamics (QMCF-MD).??23 Kerisit et al. investigated the structure and dynamics of
Ca2U02(CO03)s in aqueous solution with classical MD simulations based on non-polarizable force
fields.>* Given the highly charged nature of Ca?* ions and [UO2(COz3)3]*, polarization may be
important in describing the interaction between Ca?* ions and [UO2(COs)s]* and between the
complex and the water molecules. First principles MD at the electronic structure would be
desirable, as the polarization effect is taken into account automatically. However, no such work
has been done on Ca2UO2(COs3)s in aqueous solution, to the best of our knowledge.

The present work seeks to describe the structure and solvation of Ca2UO2(COz)s in water
using first principles MD based on density functional theory (DFT-MD for short) for the first time.
Our goal is to provide a fundamental baseline understanding of the structure and solvation of
Ca2U0O2(COs)s in water in terms of Ca-UO2(COs)s and Ca-water interactions. The other goal is to
compare with the previous EXAFS data and classical MD simulations.

2.2 Computational methods

First-principles molecular dynamic simulations based on density functional theory (DFT-
MD) and Born—Oppenheimer approximation was carried out using Vienna Ab-initio simulation
package with plane wave basis and periodic boundary conditions.?¢?” The Kohn-Sham equations
are solved with the all-electron projected augmented wave (PAW) method.?®2° We have chosen
the Perdew-Burke-Ernzerhof (PBE) functional of the generalized-gradient approximation (GGA)
for electron exchange and correlation.3® PBE is one of the most popular GGA functionals,
providing a balanced description for diverse molecules and materials, instead of being designed
for a special class of molecules or interactions. In the case of liquid water, it has been shown that
the PBE functional can describe well the peak positions in the radial distribution functions of goo
and gon for the liquid structure of water but it overestimates the peak heights, in comparison with
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the experiment, leading to over-structuring.3:3? Using hybrid functionals together with van der
Waals interactions can soften the water structure, giving a better agreement with the experiment.
But hybrid functionals are usually about two orders of magnitude more expensive than a pure DFT
method such as GGA-PBE. We think that PBE is a reasonable choice in balancing accuracy and
efficiency.

The MD calculations were carried out at 298 K in a canonical NVT ensemble for a periodic
cubic box that contains one Ca2UO2(COs3)s complex in a fixed number of water molecules. Three
concentrations were examined: 0.53 M, 0.43 M, and 0.36 M, corresponding to one Ca2UO2(COz3)3
complex in a periodic box containing 100, 125, and 150 water molecules, respectively; the
corresponding simulation box sizes and densities are also compared in Table 1. Here we note that
since there is only one complex in the simulation box for the three concentrations, this approach
cannot probe the correlations between complexes but severs more to test the potential presence of
size artifacts. We determined the densities from constant-pressure classical MD simulations using
force-field parameters from a previous study.?* The temperature was kept constant via Nose-
Hoover thermostat. A Verlet algorithm was used to integrate Newton’s equation of motion with a
time step of 1 femtosecond. After equilibration at 298 K for 15 ps, another 15 ps of production run
was followed. Graphical visualization and analysis of the liquid structure packing of the uranium
complex was examined with VMD.3

Table 2-1 Three concentrations of Ca2UO2(COs3)s, the corresponding water molecules in the
simulation boxes, the box sizes, and the densities, examined in the present work.
Concentration (M)  Water Molecules  Simulation Box Size Density (g/cm?)

(A)
0.36 150 175 1.14
0.43 125 16.7 1.17
0.53 100 15.7 1.21

2.3 Results and discussion

2.3.1 Interaction between calcium and carbonate

The most important structural feature of the Ca2UO2(C0O3)3 species is the binding between
the two Ca ions and the [UO2(CQOz)s]* ion. This interaction is mediated by the carbonate groups.
As shown in Fig. 1, the three carbonate groups bind to the uranyl group on the equatorial plane in
a bidentate mode; this structural model has been established from the crystal structure of the
naturally occurring mineral Liebigite [Ca2U0Q2)(C0Oz3)s-11H20],3 fitting of the EXAFS data, %
and quantum mechanical modeling.?* There are three different oxygens in the uranium complex:
the two axial oxygens (Oax) triple-bonded to U in the uranyl structure,® six equatorial carbonate
oxygens (Oeq) that are bonded to U, and three distal carbonate oxygens (Odis) not directly
interacting with U. The two Ca?* ions bind to the carbonate groups on the same plane; each Ca?*
ion binds to two equatorial oxygen atoms from two neighboring carbonate groups. In our DFT-
MD simulations, interaction of the Ca ions to the [UO2(COs)s]* complex was monitored by the
four Ca-Oeq distances (dashed lines in Fig. 1): Cal-O1, Cal-O2, Ca2-03, and Ca2-04.
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Figure 2-1 Top view and side view of the Ca2UO2(COs)s complex in water.

We placed an initial structure of the uranium complex as shown in Figure 2-1 into a
periodic water box at a concentration of 0.53 M. After equilibration at 298 K, a production run of
15 ps was used for statistical analysis. Figure 2-2 shows the four Ca-Oeq distances during the 15
ps production trajectory. One can see that Cal-O1 and Cal-O2 distances exhibit fluctuations
around 2.45-2.50 A (Figure 2-2a), while Ca2-03 and Ca2-04 around 2.35-2.40 A (Figure 2-2b).
So in our simulation timeframe, the Ca2UQO2(COz3)s complex is very stable and maintains steady
Ca-Oeq distances about 2.45 A with a standard deviation of about 0.12 A. Another important
observation is that there is asymmetry between the two Ca ions: Ca2 binds to [UO2(CQa)s]*
stronger than Cal, as evidenced by the shorter average Ca2-Oeq distance (2.37 A; Figure 2-2b)
than Cal-Oeq (2.47 A; Figure 2-2a). Here we note that initially, we placed the Ca2UQ2(COs)s
complex randomly inside a water box. To test the robustness of the asymmetric structure, we tried
several different initial configurations of water solvation around the Ca2UO2(COz)3 complex and
found that they always equilibrated to the asymmetric configuration after about 5 ps.
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Figure 2-2 Change of Ca-O distances with time for the Ca2UO2(C0Oz3)3 complex in water (0.55 M):
(a) Cal-0O1 and Cal-02; (b) Ca2-03 and Ca2-04. See Figure 2-1 for atom labels.
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To further examine the difference between the two Ca ions, we plot the radial distribution
function (RDF) of carbonate Oeq atoms around each of the two Ca ions in Fig. 3. One can see that
the stronger binding Ca?* has a narrower and higher Oeq distribution (Fig. 3b), while the weaker
Ca?* has a broader and lower Oeq distribution (Fig. 3a). In addition, there is a slight difference
between the two Oeq atoms binding to each Ca?*. For Cal, Cal-O1 is slightly shorter than Cal-02;
for Ca2, Ca2-03 is slightly shorter than Ca2-04.
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Figure 2-3 Radial distribution functions of equatorial carbonate oxygen (Oeq) around each Ca ion
of the Ca2UO2(CO3)s complex in water (0.55 M): (a) Cal; (b) Ca2. See Figure 2-1 for atom labels.

To confirm the stability of the Ca2UO2(COs)s complex and the asymmetry of the two Ca?*
ions, we further simulated two lower concentrations (0.43 M and 0.36 M) and found the same
conclusions. The Ca2UO2(COs)s complex in the two lower concentrations is also stable in our
simulation timeframe, as shown by the steady maintaining of the binding of the two Ca?* ions with
the [UO2(COz)s]* complex. More interestingly, we found that the asymmetry between the two
Ca?* ions also persists in the two lower concentrations, indicating that this is likely an intrinsic
feature of the Ca2UO2(CO3)s complex in water. Figure 2-4 displays the four Ca-Oeq distances as a
function of the U concentration. Both the asymmetry between the two Ca?* ions and the small
difference between the two Oeq atoms for each Ca?* ions are evident.
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2.3.2 Interaction between calcium and water

The interaction between calcium and carbonate in the Ca2UO2(COs)s complex is the most
important information that we obtained from our DFT-MD simulations. The asymmetry between
the two Ca?* ions must be closely related to the water molecules around the Ca2UQO2(COs3)3
complex. We now analyze the interaction between the two Ca?* ions and the water molecules.
Figure 2-5 shows radial distribution functions (RDFs) of oxygen atoms from the water molecules
around the two Ca?* ions both separately and together. One can see that the solvation shell around
Cal has an average Ca-Owater distance of 2.45 A (with a standard deviation of 0.12 A) and the
integrated RDF (with a cutoff at 3.0 A) gives coordination number of five; in other words, there
are five molecules around Cal in addition to the two Oeq atoms from two carbonate groups. On the
other hand, Ca2 has four water molecules in the solvation shell with an average Ca-Owater distance
of 2.35 A (with a standard deviation of 0.09 A). So together, the average coordination number of
the two Ca?* ions is 4.5 in terms of water molecules. We further examined the RDF of water
oxygens around Ca?* ions for the two lower concentrations and found the same trend of five water
molecules around Cal and four water molecules around Ca2. In comparison, previous classical
MD simulations predicted that both calcium ions have five water molecules in the first hydration
shell,?* similar to the case of Cal in our simulation.
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of water oxygen atoms around Cal and Ca2 separately (top two panels) and together (bottom
panel), for 0.55 M Ca2U0O2(CQOz)3 in water.

2.3.3 Solvation environments of the two calcium ions

From the discussion of the Ca2UO2(COs)3 complex in water above, we can clearly see that
the difference between the two Ca ions is reflected in both the Ca-carbonate and the Ca-water
interactions. The two interactions are in fact correlated: Cal has weaker binding with the
[UO2(CO3)3]* complex, five molecules in the solvation shell, and a total of seven coordination
bonds; Ca2 has stronger binding with the [UO2(C0Oz)3]* complex, four molecules in the solvation
shell, and a total of six coordination bonds. Ca2 has a tighter solvation shell, so both average Ca2-
Owater and Ca2-Ocarbonate distances are shorter than Cal-Owater and Cal-Ocarbonate distances,
respectively.

What causes the asymmetry of binding and solvation between the two Ca ions in the
Ca2U02(C0s)3 complex? To answer this question, we analyzed the solvation environment of the
complex from the views of Ca-carbonate, Ca-water, and carbonate-water interactions together, as
shown in Figure 2-6. One can see that there are three water molecules in the equatorial plane
coordinating to Ca2, instead of two in the case of Cal. The reason why Ca2 can have one more
water in the equatorial plane is that two of the three water molecules (waterl and water2 in Figure
2-6) are interacting with both Cal and the carbonates. From Fig. 6, one can see that both waterl
and water2 form hydrogen bonding (hbl and hb2) with the two distal oxygen atoms of the two
carbonate groups. These two hydrogen bonds pull waterl and water2 closer to the Ca2UO2(COs3)s3
complex, thereby leaving space for a third water molecule to enter the equatorial plane. In other
words, it is the hydrogen-bonding network around the Ca2UO2(COs)s complex that leads to the
difference in solvation and binding between the two Ca ions. We further examined the two lower
concentrations and found the same solvation environment around the Ca2UQO2(COz3)s complex that
confirmed the role of the hydrogen-bonding network in differentiating the two Ca ions in the
Ca2UO2(C0s)3 complex.
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Figure 2-6 A snapshot of the Ca2UO2(COs)s complex in water at 0.53 M, showing only the water
molecules directly interacting with the two Ca ions; hbl and hb2 denote hydrogen bonding
between the two water molecules (waterl and water2) and the two distal oxygen atom.

To further explain the asymmetry between the two Ca ions, we added a schematic drawing
(Figure 2-7) of the equatorial plane around U. One can see that Cal is coordinated by both waterl
(W1) and water2 (W2), while W1 is hydrogen bonded to O5 of carbonatel (C1) and W2 is
hydrogen bonded to O6 of carbonate2 (C2). As a result, the hydrogen bonding pulls the two
carbonate groups closer (indicated by the two black arrows), so Cal is “squeezed” a little further
away from O1 and O2. On the other hand, the O3-U-O4 angle becomes wider (indicated by the
red double arrow), thereby allowing Ca2 to come closer to O3 and O4. Another way to think about
this is via carbonatel. If Cal and Ca2 were symmetric in binding, the hydrogen bonding around
carbonatel (C1) would be symmetric. But as shown in Figure 2-7, the hydrogen bonding around
carbonate-1 is asymmetric that eventually leads to the asymmetry in binding between Cal and Ca2.

Figure 2-7 A schematic view of the equatorial plane around U for the Ca2UO2(COs)3 complex in
water. W stands for water.



Figure 2-8 A snapshot of the first solvation shell of water molecules around the Ca2UO2(CO3)3
complex.

2.3.4 Solvation environments of the whole complex

The discussion above shows the importance of the hydrogen-bonding network in dictating
the complex geometry. To further analyze this network, we examined the first solvation shell of
the whole complex, namely, the water molecules in direct interaction with the complex. Since we
have analyzed the water solvation around the two Ca ions, here we focus our discussion on the
carbonate and uranyl oxygens. One can see from Figure 2-8 that the top uranyl oxygen (Oaz1) has
two water molecules hydrogen-bonded to it, while the bottom uranyl oxygen (Oaz) has one.
Moreover, one can see strong solvation of the carbonate distal oxygens by water: Opz is hydrogen-
bonded by three water molecules, Op2 by four, Ops by two. In addition, the two carbonate
equatorial oxygens not interacting with the Ca ions are also solvated by water. Together with the
water molecules around the two Ca ions, we found that there are 21 molecules in the first solvation
shell. This large solvation shell indicates the necessity of using explicit solvation model to address
structure, thermodynamics, and chemistry of the aqueous Ca2UO2(COz3)s complex.

2.3.5 Ca-Udistances

Besides speciation studies based on thermodynamics,®°6 the most direct characterization
of the Ca2UO2(CO3)s complex in water has been EXAFS studies of the coordination shells around
the central U atom.'817 Since the Ca-U distance is a key piece of information available from fitting
the EXAFS spectra, we examined in detail the Ca-U distances for the Ca2UO2(COzs)s complex in
water.Figure 2-9 shows the RDF of Ca ions around the U atom at three different concentrations.
One can see that the asymmetry between the two Ca ions is also reflected in the Ca-U distances:
the stronger-binding Ca2 is about 4.05 A away from U and has a narrower distribution of the Ca2-
U distance (standard deviation: 0.10 A), while the weaker-binding Cal is about 4.15 A away from
U (standard deviation: 0.12 A) and has a broader distribution of the Cal-U distance. In addition,
the three concentrations show very consistent distributions of Ca-U distances.
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Figure 2-9 Radial distribution functions of Ca ions around the U atom for three different
concentrations of Ca2UO2(COs3)s in water: (a) 0.53; (b) 0.43; (c) 0.36 M.

Table 2-2 Comparison of key distances (in A) for the Ca2UO2(C0Os)s complex in water among the
present DFT-MD simulation, previous EXAFS data, and previous molecular-mechanical MD
(MM-MD) simulations

Method U-Oeq U-Oax U-Ouis U-Ca U-C Reference

DFT-MD? 245+ 1.85+ 415+ 407 + 285+ p.w.
0.12 0.04 0.14 0.15 0.10

EXAFS-1 2.45 + 1.78 + 411+ 4,02 £ 2.89 + 17
0.01 0.01 0.07 0.02 0.01

EXAFS-2 2.44 + 1.81 + 4.22 + 3.94 + 2.90 = 16
0.07 0.03 0.04 0.09 0.02

MM-MD-1 2.43 1.83 3.97 4.00 2.88 24

MM-MD-2i° 2.41 n/a n/a 4.12 n/a 37

MM-MD-2ii° 2.41 n/a n/a 4.18-4.84 n/a 37

aPresent work (p.w.) for the concentration of 0.36 M: the distances are the peak positions in the
radial distribution functions; the error bars are the standard deviations of the distances averaged
over 15ps trajectories. A modified force field for calcite was used for the carbonate ion (ref. 37).
‘The AMBER GAFF force field was used for the carbonate ion (ref. 37). n/a: not provided in the
reference.
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2.3.6 Comparison with the literature

To our knowledge, the present study is the first DFT-MD simulation of the Ca2UO2(COz3)3
complex in water. It would be very informative to compare the present DFT-MD results with
previous experiments and molecular-mechanical MD simulations (MM-MD) based on empirical
force fields. For comparison with the experiment, we focus mainly on the liquid-phase EXAFS
analysis on the structure of the Ca2U02(COs)3 complex from Kelley et al.*” and Bernhard et al.*®
In the model fitting of the EXAFS spectra, they assumed that the two U-Ca distances are the same.
To directly compare with their data, we therefore computed the total RDF of Ca ions around U
and obtained an average Ca-U distance of about 4.07 A at the peak of the RDF. Table 2-2 compares
our DFT-MD simulation with the EXAFS data (EXAFS-1 from Kelley et al.*” and EXAFS-2 from
Bernhard et al.'®) and the MM-MD simulations®*% for the key distances, including the U-Ca
distance. One can see that the DFT-MD results are in good agreement with experiment. Our U-Ca
distance is closer to the value from Kelley et al. (4.02 A) than the one from Bernhard et al. (3.94
A). Compared with the MM-MD simulation from Kerisit and Liu (MM-MD-1),2* our DFT-MD
simulation gives a U-Odis distance much closer to the experiment. Compared with the MM-MD
simulation from Doudou et al. (MM-MD-2),% our DFT-MD simulation yields a U-Ca distance in
better agreement with the experiment.

2.3.7 Implications of the present findings

As we discussed above, a key finding from the present DFT-MD simulation is the
asymmetry between the two Ca ions in the Ca2UO2(COz)s complex. A key issue here is whether
and how often the two Ca ions can switch their bonding environments, namely, from Cal-weak
binding/Ca2-strong binding to Cal-strong binding/Ca2-weak binding. Such switching will be
closely related to water exchange in the first solvation shell of the Ca ions. In our limited simulation
timeframe (~50 ps), we did not observe such switching. This implies that our brute-force DFT-
MD is unlike to address this issue due to its limited accessible timescale that is too short in
comparison with the timescale of such switching. We are currently pursuing two lines of research
to address this issue that will be published in the near future: (a) DFT-MD coupled with
metadynamics to estimate the free-energy profile of such switching; (b) classical MD based on
force fields to increase the timescale to about ~100 ns.

Despite the limited timescale of the present DFT-MD simulation, our finding of the
asymmetry between the two Ca ions in the aqueous Ca2UO2(COs)3 complex in the timescale of 10
to 100ps may be confirmed by time-resolved EXAFS that can measure the variation in bond length
in ps timescale.3” Here we suggest an experiment to use time-resolved EXAFS to measure the Ca-
U distances of the aqueous Ca2UO2(CQOz)3 complex at ps snapshots. Another implication from our
finding concerns dissociation of Ca2UO2(COs)s to CaUO2(COz)s*. Rao et al. found that in
seawater conditions, Ca2UQO2(C0Os3)3 and CaUO2(COz)s> account for 58% and 18% of total U(V1),
respectively.® In other words, Ca2UO2(CO3)s is in equilibrium with CaUO2(C0O3)3? and free Ca?*
in seawater. Our finding suggests that Cal is much more likely to break away from Ca2UO2(CO3)3
than Ca2, to form CaUO2(C0Oz3)3?. This information will be useful for studies of the mechanism of
Ca2U02(CO03)s dissociation with or without an attacking ligand. We plan to also use DFT-MD
coupled with metadynamics to examine the free-energy profile of the dissociation mechanism. We
suspect that there may exist some intermediate states of the Ca2UO2(COz3)s complex before it
becomes [CaUO2(C0Os3)3]% and free Ca?*. For example, one likely configuration can have one Ca
ion coordinating to one equatorial and one distal oxygen from the same carbonate group, while the
other Ca ion coordinating “normally” to two equatorial oxygens of two different carbonate groups.
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2.4 Conclusion

We have simulated the neutral Ca2UO2(CO3)s complex in water using first principles
molecular dynamics based on density functional theory (DFT-MD). Three concentrations (0.53,
0.43, and 0.36 M) feasible to DFT-MD simulations were examined. In the accessible timescale (~
30 ps), we found that the structure of the Ca2UO2(COs)3 complex is very stable where the two Ca
ions bind to the carbonate groups on the same equatorial plane. We found that one Ca ion binds to
the center UO2(COs3)3* anion stronger than the other Ca ion. This asymmetry of binding between
the two Ca ions is reflected in several aspects: the stronger binding Ca has shorter Ca-Ocarbonate
bonds, shorter Ca-U distance, and four coordinating water molecules, while the weaker binding
Ca has longer Ca-Ocarhonate bonds, longer Ca-U distance, and five coordinating water molecules.
This finding suggests that using time-resolved EXAFS spectra may confirm the asymmetry in
binding of the two Ca ions in the aqueous Ca2UO2(COs)3 complex, since our DFT-MD simulation
shows in general good agreement in terms of key distances with the EXAFS experiments.
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3 Solvation of the Ca;UO»(COs3); Complex in Seawater from Classical Molecular
Dynamics Simulations

3.1 Introduction

Previous discussion offered us insights into the structure of the uranyl carbonate species in
pure water. However, in seawater, there are large concentrations of salt ions such as Na* and ClI-
whose impact on the solvation of Ca2UO2(CO3)3 has not been addressed before in simulation. This
knowledge would be useful in designing polymer sorbents to be deployed in seawater. In fact, a
recent marine testing of a polymer fiber sorbent after 56 day seawater exposure showed that a
significant amount of Na* ions was retained in the sorbent.® So it is of great importance to
illuminate the impact of salt on the solvation of Ca2UQO2(COs)s in seawater.

The present work seeks to simulate Ca2UO2(COs3)s in seawater via classical MD simulation,
by including Na* and CI- ions explicitly in our model. In Sec. 3.2, we explain the interaction
potential parameters to describe the whole system and the simulation details. In Sec. 3.3, we show
our simulation results and focus discussion on the interaction and distribution of Na*and CI- ions
around the Ca2UO2(COs3)3s complex. We conclude in Sec. 3.4 that the Na*and CI- ions interact very
differently with the uranyl complex.

3.2 Computational methods

3.2.1 Force field parameters

Our simulation used parameters from Guilbaud and Wipff who developed force field
parameters for the UO2?* cation and fitted it to the hydration energies of uranyl in aqueous
solution3%4° with the water model TIP3P, a rigid three-site model similar to SPC/E.*! Kerisit et al.
chose the SPC/E model for water in their simulation of the uranyl complex in water.?* Here we
selected the SPC/E model for consistency with the previous work from Kerisit et al. Several
different potential models for the carbonate ion exist, either as ions in solution or in the vicinity of
carbonate mineral surfaces.*>** In addition, the force constant for the carbonate (O-C-O) angles
was adjusted so that the overall structure of the tricarbonate complex was reproduced well in the
uranyl equatorial plane.®® The ion parameters based on the SPC/E water model were used for
Ca?*,* Na*,*® and CI.* The potential parameters for modeling the interactions between Ca?* and
water as well as between Ca?* and carbonate were of the Buckingham potential form from de
Leeuw and Park.** For all other types of atom-atom van der Waals interactions, the Lorentz-
Berthelot combination rules [&ij = (<iigjj)? and oij = (ciitojj)/2] were used for the Lennard-Jones
parameters between different types of atoms.

3.2.2 Molecular dynamics simulation

Two systems were considered in our MD simulations: (1) Ca2UO2(COz3)sin pure water and
(2) Ca2U0O2(CO03)s in seawater. The simulation cells contained 1000 water molecules at zero
applied pressure in the NPT ensemble (constant number of particles, constant pressure, and
constant temperature) using the LAMMPS package.*® For the initial configuration of the first
system, we placed an initial structure of the uranium complex as shown in Fig. 1 into a periodic
water box. For the initial configuration of the second system, 10 Na*and 10 CI- ions were randomly
placed in the first system to create the simulated seawater with a concentration of Na* 10.7 g/kg.*
The volume of the box was ~31x31x31 A3 with 3D periodic boundary conditions and the cutoff
was set as 12 A for all non-bonded interactions. The long-range electrostatic interaction was
calculated by means of Ewald summation with a 12-A cutoff for the real space forces.*® The Ewald
sum parameters were chosen to achieve a relative error smaller than 10-6 for the electrostatic energy.
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The initial structure of each system was first minimized with 1000 steps of the steepest descent
method and then the system was heated up from 100K to 300K for 100 ps with a time step of 1 fs.
Then the system was equilibrated for 50 ns at 300 K, followed by a 50 ns production run from
which the trajectory was sampled every 10 ps for analysis; the temperature was kept constant via
the use of the Nosé -Hoover thermostat*® and the geometry of the water molecules was held fixed
using the SHAKE algorithm.%°

To evaluate the long-timescale dynamics of the system, we ran a 600 ns simulation via
GPU-accelerated AMBER 14.0 package,® using the same parameters and setup as in the CPU-
based LAMMPS MD simulation described in the preceding paragraph.

3.2.3 Quantum chemistry calculation

To validate the force field, quantum chemistry calculations were performed via the
Gaussian 09 suite of programs.5? The geometry of the complex was fully optimized with the
B3LYP functional.>>* The LANL2DZ basis set, which uses effective-core potentials to describe
the inner core orbitals, was employed for uranium,>® while for the remaining atoms 6-31G(d) was
applied.>® During geometry optimizations, no symmetry or geometry constraint was imposed.
Frequency calculations performed at the same theoretical level indicated that the structure obtained
corresponds to energetic minima without imaginary frequency.

Figure 3-1 The structure of the Ca2UO2(COz)3 complex in water.

3.3 Results and discussion

The most important structural feature of the Ca2UO2(COs)s species is the binding between
the two Ca?* ions and the [UO2(COs)s]* ion (Figure 1). The three carbonate groups bind to the
uranyl group on the equatorial plane in a bidentate mode and the two calcium ions are in the plane
of the carbonate ions and bound to two oxygen atoms from two neighboring carbonate groups,
consistent with the crystal structure of the naturally occurring mineral Liebigite
[Ca2(U02)(C0O3)3-11H20]%* and fitting of the EXAFS data.'61” Before we simulate this complex
in seawater (Sec. 3.3.3), we first validate our force field (Sec. 3.3.1) and compare our simulation
in pure water with previous simulations and experiments (Sec. 3.3.2).
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Figure 3-2 Comparison between Gaussian (B3LYP) and LAMMPS (force field, FF): (a) Ca®* and
carbonate interaction; (b) the potential energy surface of the Ca2UO2(COs)s in a water cluster as a
function of the U-Ca distance. Color code: U, yellow; C, grey; O, red; H, white.

3.3.1 \Validation of the force field

To validate our force field, we compared our force field parameters (MM) and the quantum
mechanical (QM) calculations for Ca?* and carbonate interaction: the Ca-O distance (2.14 A) from
our force field is close to that of QM calculation (2.13 A) (Figure 3-2a). To further validate our
parameters, the potential energy surface of the Ca2UO2(COzs)s in a water cluster was scanned as a
function of the U-Ca distance for both our force-field parameters and the B3LYP method (Figure
3-2b). One can see that the two curves agree quite well, though the difference becomes more
apparent at larger U-Ca distances. The discrepancy may be due to the fact that we used the formal
charge +2 for the Ca?* ion and ignored charge transfer and polarization between Ca?* and
[CaU0O2(C03)3]* in the force-field curve, while they are included in the B3LYP curve. This
deficiency of the force field approach is expected to be less an issue for the Na* ion due to its
smaller formal charge.

3.3.2 The structure of the Ca,UO>(CO3); complex in pure water

To further test our force-field parameters, we investigated the Ca2UO2(CO3)s complex in
pure water since there are quite a few previous experimental and computational studies that we
can compare our work with. Table 3-1 compares the key distances in the Ca2UO2(CO3)s complex
among the present classical MD work (MM-MD-1), classical MD from Kerisit et al. (MM-MD-
2),% DFT-MD from Priest et al.,>” quantum mechanical charge field MD (QMCF-MD) from Tirlor
and Hofer,?” and two EXAFS studies from Kelley et al.®® (EXAFS-1) and Bernhard et al.®
(EXAFS-2). One can see that the general agreement among the different MD simulations is quite
good for U-Oeq, U-Ca, and U-C distances. Although both MM-MD simulations underestimate the
U-Ouis distance in comparison with DFT-MD and the experiments, our U-Ouis distance (3.95 A) is
consistent with that from Kerisit et al. (3.97 A). So this could be a deficiency of the force-field
parameters that need to be improved further. Since this distance is not essential in comparison with
the other distances, we consider our current force field parameters good enough for our purpose of
exploring the solvation of the Ca2UO2(COs)s complex in water.
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Table 3-1 Comparison of key distances (in A) for the Ca2UO2(C0Os)s complex in water among the
present molecular-mechanical MD simulation (MM-MD-1) with previous DFT-MD simulation,
QMCF-MD, MM-MD simulation (MM-MD-2), and EXAFS data.

Method U-O¢q U-Oax U-Ouis U-Ca u-C Ref.
MM-MD-1 2.45 1.85 3.95 4.05 2.85 p.w.
MM-MD-2 2.43 1.83 3.97 4.00 2.88 24

DFT-MD  245+0.12 1.85+0.04 415+0.14 4.07+0.15 2.85+0.10 58
QMCF-MD 2.47 1.73 - 4.04 2.93 23
EXAFS-1  245+0.01 1.78+0.01 4.11 +0.07 4,02 +0.02 2.89+0.01 17
EXAFS-2 244 +0.07 1.81+0.03 4.22 + 0.04 3.94 +0.09 2.90 +0.02 16

Figure 3-3 shows radial distribution functions (RDFs) of oxygen atoms from the water
molecules around the two Ca?* ions both separately and together. One can see that the solvation
shell around Cal has an average Ca-O distance of 2.35 A and the integrated RDF gives
coordination number of five. On the other hand, Ca2 has four water molecules in the solvation
shell with an average Ca-O distance of 2.25 A. So together, the average coordination number of
the two Ca?* ions is 4.5 in terms of water molecules. This asymmetry between the two Ca?* ions is
consistent with the previous DFT-MD simulation.®’
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Figure 3-3 Radial distribution function (left axis; black) and its integration (coordination number,
CN; right axis; blue) of water oxygen atoms around Cal and Ca2 separately (top two panels) and
together (bottom panel).

3.3.3 The structure of the Ca2,UO.(COs)s complex in seawater

The force field validation and the comparison with previous simulations and experiments
of the Ca2UO2(CO3)s complex in pure water discussed above gave us confidence in the force field
parameters in our simulation. Now we apply these parameters to simulate the Ca2UO2(COz3)s
complex in seawater which has not been done before. To model the seawater, here we focus on
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Na* and CI- ions which are the most abundant in the seawater. To mimic seawater salinity,*” we
added 10 Na and 10 ClI ions in our 1000-water simulation box that contains one Ca2UO2(CO3)3

complex.
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Figure 3-4 Radial distribution functions (left axis) and coordination numbers (CN; right axis) of
Ca?* (black), Na* (red), and CI- (blue) around U.

3.3.3.1 Na*and CI ions around the Ca:U02(C03)3 complex

We first examine the stability of the complex in seawater. We found that in our simulation
time frame (100 ns) the structure of the Ca2UO2(CO3)s complex is stable in the saline water, as
evidenced by the sharp peak at about 4.05 A in the RDF of Ca around U (Figure 3-4). So we have
further confirmed the stability of the Ca2UO2(COs)s complex in seawater. Figure 3-4 also shows
the RDFs of Na*and CI ions around the Ca2UO2(COs)3 complex. One can see that the distribution
of Na*and CI- ions are not the same: some Na* ion is close to the Ca2UO2(CO3)s complex with a
mean Na-U distance of about 5.25 A. In contrast, the CI- ion is much further away from U and the
closest average U-CI distance is about 11 A. The coordination number of Na around U suggests
that there is one Na* ion that is very close to U (within 6.0 A). To locate the close-by Na* ion, we
analyzed some snapshots of the trajectory. Figure 3-5 shows such a typical snapshot. One can see
that the Na* ion interacts with the complex indirectly through a water bridge (top arrow in Figure
3-5) to one of the two axial O atoms of the uranyl group. This interaction is also shown

schematically in Figure 3-6a.
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Figure 3-5 A snapshot of the Ca2UO2(CO3)s complex in seawater, showing only water molecules
directly interacting with the two Ca?* ions and the Na*ion. Arrows indicate the bridging water
molecules.

H

(a) 0=Uz0-H-O-Na*

o
(b)  Ca?*-0-H-O-H
Na*

Figure 3-6 Schematics of (a) how the Na* ion interacts with the uranyl group; (b) how the Na* ion
interacts with one Ca?* ion of the Ca2U0O2(COs3)3 complex.

3.3.3.2 The interaction of the Na*ion with Ca in Ca;U02(C03)3

The snapshot in Figure 3-5 also suggests that the close-by Na* ion is closer to Ca2 ion than
Cal. This interaction is also mediated via hydrogen bonding through two water molecules
(indicated by the two arrows in Figure 3-5) and schematically in Figure 3-6b. In other words, the
solvation environments around the two Ca?* ions of the Ca2UO2(COs3)3 complex in seawater are
not the same. To further examine this finding, we plot the RDFs of Na* ions around the two Ca?*
ions separately (Figure 3-7). Indeed, one can see that the mean distance between Ca2 and Na is
much shorter than that between Cal and Na. The coordination number of Na around Ca2 is two
within a sphere of 7.5 A,

To analyze the impact of the Na* ions on the solvation of the Ca2UO2(COs)s complex, we
show the RDFs of Ca around U in both pure water (Figure 3-8a) and seawater (Figure 3-8b). One
can see that the distribution of Cal around U is similar to that of Ca2 in pure water, with an average
U-Ca distance of 4.05 A. However, the distribution of Cal around U is narrower and higher than
that of Ca2 in seawater; the distance between U and Cal at 4.05 A is shorter than that between U
and Ca2 at 4.25 A. In other words, the closer interaction between Ca2 and Na (Figure 3-5 and
Figure 3-7) in seawater makes the interaction between Ca2 and U weaker. Hence, the presence of
Na* ions makes the asymmetry in binding of the two Ca?* ions in the complex even greater.
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3.3.3.3 Switching of the Na* ion between the Ca?* ions in CazU0z(C03)3.

To find out the residence time of the Na* ion around one Ca?* ion, we ran a 600ns GPU-
accelerated MD simulation (Figure 3-9). We found that the Na* ion can switch between Cal and
Ca2 with a lifetime of about 300 ns. So over a long time (microseconds or longer), the two Ca?*
ions would look the same to the close-by Na* ion. But with time-resolved experimental techniques
such as time-resolved EXAFS that can observe bond length changes on the ps timescale,®” one
would be able to see the difference between the Ca?* ions.
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Figure 3-9 Change of the Cal-Na (black) and Ca2-Na (red) distances with time during the 600-ns
dynamics of the Ca2UO2(COs)s complex in seawater; the Na* ion here refers to the close-by Na*
ion as shown in Figure 3-5.

3.3.4 Implications of our simulation results.

The present simulations of the Ca2UO2(CO3)s complex in seawater have several interesting
implications. First, our work shows that there is one Na* ion close-by to the complex, so the whole
complex can be viewed as a Na[Ca2UO2(COs)s] cation of +1 charge. This indicates that a
negatively charged sorbent could more effectively attract the complex for binding. Indeed, the
amidoxime-grafted polymer sorbent is usually preconditioned with a strong base such as KOH
before deployment, which deprotonates the functional groups and renders them anionic.° Second,
the close-by Na* ion also makes the two Ca?* ions very different in binding inside the complex.
Especially, the Ca?* ion closely interacting with the Na* ion will become easier to break away from
the whole complex. We are currently simulating this process for a future publication.
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3.4 Summary and conclusions

We have simulated the Ca,UO2(COs)s complex in seawater by classical molecular
dynamics simulation. We found that the structure of the Ca2UO2(CO3)3 complex is very stable in
the model seawater. A Na* ion was found to be closely associated with the Ca2UO2(CO3)s complex
at a U-Na distance of 5.25 A, while the Cl ion is at least 11 A away from U. The Na* ion interacts
indirectly with one axial oxygen atom of the UO2 group bridged by a water molecule. In addition,
the Na* ion interacts closely with one Ca?* ion than the other. The present simulations revealed the
key role of common ions such as Na* in impacting the solvation, structure, and apparent charge of
the Ca2UO2(COs3)s complex in seawater. This knowledge will be useful in understanding the
chemistry of uranium recovery from the sea by sorbents.
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4 Effect of Salt on the Uranyl Binding with Carbonate and Calcium lons in Aqueous
Solutions

4.1 Introduction

Known the structural properties of uranium complex in pure water and seawater, in this
chapter we start to study the formation of Ca2(UQO2)(COs)s complex from UO2?*, COs%, and Ca®*
in seawater condition. Although the free energies of binding between CO3?- and UO2?* have been
obtained previously from classical MD, the role of NaCl and the free energies of further binding
with Ca?* have not been simulated before. Hence our main goal is to reveal and understand the
influence of NaCl on the binding process and free energies. We hypothesize that the presence of
Na* ions can greatly impact the binding of UO2%*, COs%, and Ca?* ions as well as the solvation,
structure, and relative stability of UO2(CO3)3*, CaUO2(C0Oz3)3? and Ca2UO2(COs)s species in
water. Endrizzi and Rao® have shown from their experiments that the binding free energies of
UO2?* with CO3? and Ca?* ions change from pure water to 0.1 M NaCl solution, but there is a lack
of understanding at the molecular level how the Na* ions impact the binding process in terms of
the solvent-shared ion pair (SSHIP), solvent-separated ion pair (SSIP), and contact-ion pair (CIP).

To test our hypothesis, we employ molecular dynamics (MD) simulations combined with
umbrella sampling to obtain free energy of binding and to reveal the atomistic mechanism of the
complete binding processes of CO3?" and Ca?* with UO2%* to form the Caz(U0O2)(COz)z complex
in 0.1 M NaCl, in comparison with in pure water.

4.2 Computational methods

4.2.1 Simulation systems and force field parameters

One UO2?*, three CO3?%, and two Ca?* ions, which were apart from each other, were added
into a periodic water box of 2,000 water molecules. To simulate the effect of ionic strength, we
also considered a different water box where at least four Na* and CI- ions with additional ones to
neutralize the system were added to reach a concentration of 0.1 M, very similar to the
experimental condition of ionic strength.® The original TIP3P model** was employed for the water
molecules. The force field parameters of the solute molecules (UO2%* and CO3?%) were chosen from
the recent study of Kerisit and Liu,%° in which the calculated association constants of uranyl with
carbonates excellent agree with experimental measurements.®! Since Kerisit and Liu’s parameters
were paired the SPC/E water model, we compared the compatibility of their parameters with the
original TIP3P water model and found that the two water models yield very similar structure of
uranyl in water and bind free energy of UO2?* and CO3? (see the Supporting Information). The
Na* and ClI- ions were modeled with the parameterization of Joung and Cheatham.*® We chose the
parameters for Ca?* from the work of Rahaman et al.6%-36

4.2.2 Classical molecular dynamics simulations

Classical molecular dynamics (CMD) simulations were carried out for each prepared
system by employing the Amberl4 molecular simulation package.®® First, 4,000 cycles of
minimization (2,000 cycles of steepest descent and 2,000 cycles of conjugate gradient) were
carried out to relax the solvent, while all the solute atoms were constrained by a potential of 3,000
kcal/(mol/A). Second, another minimization stage was conducted with the solute atoms
constrained by 500 kcal/(mol/A). Third, 4000 cycles of energy minimization (2,000 cycles of
steepest descent and 2,000 cycles of conjugate gradient) were carried out without any constraint.
Next, the system was gradually heated from 0 to 300 K over a period of 50 ps, followed by another

23



100 ps of NPT MD simulations to relax the system to its equilibrium density, which is close to 1.0
g/cm?3, with the target temperature of 300 K and the target pressure of 1.0 atm. Afterward, at least
5 ns of NPT MD simulation with a target temperature of 300 K was performed for production run.
All the simulations were accomplished by applying the GPU-accelerated pmemd program®® in
Amber14. A time step of 1.0 fs was used for all the simulations. The SHAKE algorithm®® was
applied to constrain all hydrogen-containing bonds with a tolerance of 10°. The Berendsen
thermostat method®® was used to control the system temperature and a cutoff of 12 A was set for
both van de Waals (vdW) and the real-space part of electrostatic interactions. A continuum model
correction implemented in Amber 14 for energy and pressure was used for the long range vdwW
correction. Long range electrostatics were calculated using Particle mesh Ewald (PME)®* with the
Ewald coefficient of 0.22664 AL for the reciprocal part and a cubic spline switch function for the
direct sum.

4.2.3 Umbrella sampling

The umbrella sampling technique®®%® was employed to map out the free energy profiles of
the binding of COs?" and Ca?* ions with UO2?*. The U-C distance was chosen as the reaction
coordinate (RC) for the binding of COs? ions with UO2?* to form UO2(COs)s*, while the U-Ca
distance was chosen as the RC for the binding of Ca?* ions with UO2(CO3)s*. For each binding
process, CMD simulations were performed with a series of biasing harmonic potential (50 kcal
mol™t A2) along the RC from 12.7 A down to 2.2 A with about 50 ~ 65 simulation windows. 2 ns
MD simulation was carried out for each window with the second half being sampled for
production. Then the simulation data for all windows of each system were collected to determine
the probability distributions along the RC and further pieced together by the weighted histogram
analysis method (WHAM)®78 to generate the potential of mean force (PMF, i.e., free energy
profile). The statistical uncertainties in the PMF and hence in the binding free energies (Table 4-1
and Table 4-2) are evaluated by performing Monte Carlo bootstrapping at each pin. From the PMF,
we then obtain the binding free energy using the approach of Chialvo et al.®%%° In this approach,
the PMF obtained from umbrella sampling, denoted as W ,(r), was first converted to the radial
distribution function of ions pair in the infinite dilution limit, g’ .(r), using the following equation:

Wac(r) =—kT In g5 (1), (4.1)
where k is Boltzmann constant and T is the temperature. The equilibrium constant Ka for
association of the anion-cation pair in the infinite-dilution is then computed by integrating g% .(7):

K, =4n [ g% (r) rdr, (4.2)

where rmin and rmax define the distance range of the association process. We then compute AG = —
RT InKa. To estimate the error introduced to our calculation of AG based on the assumption of
infinite dilution or activity coefficients are equal to one, we applied the specific ion interaction
theory®.70 to assess the activity coefficients and the correction to Ka. The activity coefficients in
0.1 M NacCl are estimated to be: V00,005~ 1, Voort = 0.86, and Voo = 0.80. These will lead to a

correction factor of 1.45 to Ka and an error of —0.9 kJ/mol to AG. Since this error is smaller than
the average difference between our simulation and the experiment (~3 kJ/mol), we did not include
this correction in our computed AG.

4.3 Results and discussion

Our key hypothesis is that the presence of Na* ions can greatly impact the binding of UO2%*,
CO3?%, and Ca?* ions as well as the solvation, structure, and relative stability of UO2(CO3)s*,
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CaUO2(C03)3* and Ca2U02(CO3)s species in water. To reveal the role of Na* ions, we will show
in detail the comparison of the binding of UO2%*, COs?, and Ca?* ions between in 0.1 M NaCl and
in pure water.

4.3.1 Role of 0.1 M NaCl in CO3% binding with UO22*

Figure 4-1 compares the spontaneous process of binding between one UO2%* and three
CO3? groups in 0.1 M NaCl and in pure water. One can see that in pure water, the first CO3?" group
approaches and binds to the UO2%* very quickly at about 11 ns, due to the strong electrostatic
attraction. Interestingly, the second and third COs? groups bind at about the same time around 15
ns. In contrast, the U-C distances experience large fluctuation in the 0.1 M NaCl solution, before
the first COs? binding with the UO2?* at the time of 22 ns, followed by the very quick second and
third COs% binding events. The presence of Na* and ClI- ions seems to slow down the binding
process of between COs? and UO2?*. This slowdown can be understood from the additional
electrostatic interactions between Na* and CO3? as well as between UO2?* and CI, which have to
be overcome when COs? binds to UO2%*, even though the presence of Na* and Cl- ions reduced
the dielectric screening between COs? and UO2?* leading to a stronger binding. Next we examine
the thermodynamics of CO3? and UO2?* binding.
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Figure 4-1 Non-restrained molecular dynamics simulations of initially far-apart UO2?* and three
COs? groups as monitored by the three U-C distances: (a) in pure water; (b) in 0.1 M NaCl.

Figure 4-2 compares the complete potential of mean force (PMF) profiles for the sequential
binding of the three CO3% binding to UO2%* in 0.1 M NaCl with in pure water. As can be seen, in
both pure water and 0.1 M NaCl, the three CO3? groups could bind to UO2%* spontaneously with
a large free-energy gain, yet the association process varies with the presence of Na* and CI- ions
and the increasing number of CO3? groups. In pure water, the three binding events share the similar
mechanism: the shallow minimum between 6 and 8 A corresponds to the solvent-separated ion
pair (SSIP) and the deeper minimum between 4 and 6 A to the solvent-shared ion pair (SSHIP),
while the contact-ion pair (CIP) at 3.4-3.6 A and 2.9-3.0 A represents the mono- and bidentate
binding states of COs?" with UO2?*, respectively. These results are in agreement with a previous
study.®® Figure 4-3a, Figure 4-3b, and Figure 4-3c show some snapshots of the solvent-separated
ion pairs in pure water where the ion interaction is mediated by the hydrogen bonds of water
molecule, while in 0.1 M NaCl, the ion pairing is mediated the Na* ion interacting with the CO3*
group and the complex (Figure 4-3d, Figure 4-3e, and Figure 4-3f).
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In binding the first carbonate, the calculated binding free energy decreases from —-59.8
kJ/mol in pure water to —49.4 kJ/mol in 0.1 M NaCl (Table 4-1), due to screening of the attraction
between UO2?* and CO3? by Na* and in good agreement with the experimental data from —-56.8
kJ/mol in pure water to —51.8 kd/mol in 0.1 M NaCl.® Na* also slightly affected the binding of the
second carbonate (Figure 4-3e), but due to the neutral nature of UO2CQs, its binding free energy
with COs?" is not affected by the presence of Na* and ClI- ions, as shown in both our simulation (-
35.6 kJ/mol) and experiment (—38.1 kJ/mol) in Table 4-1. Na* has a great impact on the binding
of the third COs?, as it significantly reduces the repulsion between UO2(COs)2> and CO3* by
being between them (Figure 4-3f); the calculated binding free energy changes from —27.1 kJ/mol
in pure water to —35.5 kJ/mol in 0.1 M NaCl (Table 4-1), in good agreement with the experiment
from -29.9 kJ/mol to -34.8 kJ/mol and indicating a stronger binding in 0.1 M NaCl than in pure
water. In addition, Figure 4-1c shows that the barrier from the SSHIP (at about 5.8 A) to the CIP
(at about 3 A) decreases from about 20 kJ/mol in pure water to about 10 kd/mol in 0.1 M NaCl.

Table 4-1 Simulated free energy (AG) of COs? and UO2?* under pure water (1=0) and 0.1 M NaCl
(1=0.1) conditions, in comparison with the experimental data.®

Reaction I (mol/L)  Simulation  Experiment Error
(kJ/mol) (kJ/mol) (kJ/mol)
AG AG £ Sim - Exp
2 3 2(C0s) (a0) 0 -59.8 -56.8+0.2 3.0
UO(CO3) (aq) + COs2 = UO(CO3),> 0.1 -35.6 -38.1+0.5 2.5
%(C0s) (aq) + COs ACOs): 0 356 -38.1+0.5 25
UO(CO3)s% + COs2 = UO»(COs)s% 0.1 -35.5 -34.8+0.6 -0.7
2(COs): : 2(COs) 0 271 -29.9+0.6 28
Pure water
1.78 Af
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Figure 4-3 Snapshots of ion pairs. In pure water: (a) CO3? and UO2?*; (b) CO3?" and UO2COs3; (c)
COs% and [UO2(C0s)2]*. In 0.1 M NaCl: (d) COs?* and UO2?*; (e) COs? and UO2CO0s; (f) CO3z*
and [UO2(C0s)2]. Color code: U, light blue; O, red; C, grey; Na, dark blue; H, white.
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Figure 4-4 The radial distribution function (solid lines) and coordination number (CN; dashed
lines) of the oxygen atoms (except the uranyl oxygens) around U in pure water (in red color) and
0.1 M NaCl (in blue color): (a) UO2?*; (b) UO2(CO3); (c) [UO2(CO3)2]%; (d) [UO2(CO3)s]*.

28



4.3.2 Role of Na*ions in Coordination of COs? groups around UOy?*

We first examine the impact of Na* ions in water coordination. From Figure 4-4, one can
see that the biggest difference between 0.1 M NaCl and pure water happens to UO2(CO3)s*, while
there is little difference for UO2?*, UO2CO3 and UO2(CO3)2%. Figure 4-4a shows that before CO3*
binding to the UO2?*, the total coordination number (CN) of O (excluding the two axial O atoms
of the uranyl group) around U is five. This corresponds to the five equatorial water molecules, of
which the average U-Owaer distance is 2.34 A. The CN of O atoms around U remains at five after
the first carbonate binding and the averaged U-Oeq distance is slightly elongated to 2.35 A (Figure
4-4b), contributed by the exchange of two water molecules with COs%. The different contribution
of water and carbonates to the equatorial O around U is more clearly seen from Figure 4c, in which
two CO3? groups are bound with UO2%*. The RDFs have two peaks in the first coordination shell,
corresponding to the average U-Owater distance of 2.34 A and U-Ocaronate distance of 2.54 A.
Meanwhile the total coordination numbers contributed by water and carbonate groups yield six:
UO2(H20)2(C03)2?%, in agreement with the extended X-ray absorption fine-structure (EXAFS)."*

Figure 4-4d shows that the solvation structure of UO2(COz3)3* is very different in pure
water and in 0.10 M NaCl. In pure water, all the three carbonate groups coordinate with uranium
in a bidentate mode (Figure 4-5a), yielding an equatorial coordination number of six. Butin 0.1 M
NaCl, we found that carbonate groups switch between monodentate and bidentate binding
configurations, with an average total coordination number of ~5.7, while an additional water in the
first coordination shell, leading to a total coordination number of ~6.7 (Figure 4-4d); a snapshot
of the coordination is shown in Figure 4-5b which shows that a Na* ion closely interacts with two
carbonate groups, causing one of them to have the monodentate binding with U instead of bidentate.

Figure 4-5 Typical configuration of UO2(COs)s* in pure water (a) and in 0.1 M NaCl (b). Color
code: U, light blue; O, red; C, grey; Na, dark blue; H, white.

4.3.3 Impact of 0.1 M NaCl on UO»(COz)s* binding with Ca?*

We first examine the dynamics of UO2(CO3)s* binding with two Ca?* ions located 20 A
away, using the non-restrained, brute-force molecular dynamics to simulate the impact of 0.1 M
NaCl. As shown in Figure 4-6, one can see in pure water that the approaching and binding of the
two Ca?*to UO2(COs)s* is a very smooth process with small fluctuation in the U-Ca distances and
the binding happens sequentially at 7.5 ns and 15 ns. In 0.1 M NaCl, the U-Ca distances show
greater fluctuation and the binding happens almost simultaneously at about 40 ns.
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Figure 4-6 Non-restrained, brute-force molecular dynamics simulations of initially far-apart
UO2(COz)s* and two Ca?* ions as monitored by the two U-Ca distances: (a) in pure water; (b) in

0.1 M NacCl.

We further determined the complete free-energy profiles for the two Ca?* ions binding to
UO2(COz)3*. As shown in Figure 7, no matter in pure water or 0.1 M NaCl, the two Ca?* ions bind
with UO2(COs)3* favorably with a close-to-zero barrier. All the binding processes are exergonic,
while it is less so in 0.1 M NaCl than in pure water. Table 2 shows that the calculated binding free
energy changes from -36.9 kJ/mol in pure water to -20.0 kJ/mol in 0.1 M NaCl for the first Ca?*
ion binding and from -22.3 kJ/mol in pure water to -14.7 kJ/mol in 0.1 M NaCl for the second Ca?*
ion binding, all in good agreement with the experiment. Apparently, the presence of 0.1 M NaCl
reduces the electrostatic attraction between of UOz(CO3)3 and Ca2+ ions.
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30



Table 4-2 Simulated free energy (AG) of UO2(COs)3* and Ca?* complexation in pure water (1=0)
and 0.1 M NaCl (1=0.1) conditions, in comparison with the experimental data.®

Reaction I Simulation  Experiment Error

(mol/L) (kJ/mol) (kJ/mol) (kJ/mol)

AG AG 9§ Sim - Exp
C 2++ UO CO 4- — C UO CO 2- Ol '200 '195103 -05
i 2(C0s)s™ = Calloz(COu)s 0 -36.9 20503 7.4
0.1 -14.7 -17.1+0.4 2.4

Ca?* + CaUO2(C0O3)3? = Ca2U02(C03)s3 (aq) 0 -22.3 -21.9+0.4 -0.4

Figure 4-7 shows that there are three free-energy minima along the path of Ca?* ions
binding to UO2(CO3)s*. The one near 4.3 A corresponds to the Ca?* ion between two carbonates
that bind to U in a bidentate mode (Figure 4-8a and Figure 4-8b), while the one near 4.9 A
corresponds to the Ca?* ion interacting with one carbonate that bind to U in a bidentate mode
(Figure 4-8a). The minimum near 6.4 A corresponds to the Ca?* ion interacting with one carbonate
that bind to U in a monodentate mode (Figure 4-8b).

(a) (b)

Figure 4-8 Key U-Ca distances with which the Ca-uranyl complex structures locate at the local
minimums of free energy profile: (a) 4.3 and 4.9 A; (b) 4.3 and 6.3 A. Color code: U, light blue;
O, red; C, grey; Na, dark blue; H, white.

4.3.4 Impact of Na*ions on Solvation of Ca(UO,)(COz3)s*> and Cax(UO2)(COs);

The impact of Na* ions is often reflected in the water coordination, so we first compare the
water solvation around Ca(UQ2)(CO3)3?" and Caz(U02)(COs)s. The RDF plot (Figure 4-9a) shows
that the total CN of O around U in the Ca(UO2)(COs)3? complex is 6 in pure water (see Figure
4-10a for the most probably structure) but increases to about 6.5 in 0.1 M NaCl. From the most
representative structure of the Ca(UO2)(COs)s> complex in 0.1 M NaCl (Figure 4-10b), one can
see that one of the two carbonates coordinating with Ca?* is tilted out of the equatorial plane around
U and becomes monodentate. This is caused by the presence of a close-by Na* ion; as a result, a
water molecule is allowed to enter the first coordination shell (Figure 4-10b), leading to a CN
greater than 6.

When the second Ca?* ion binds to the Ca(UO2)(COz)3> complex the total CN of equatorial
oxygen around uranium remains at 6 in both pure water and 0.1 M NaCl (Figure 4-9b). The
bidentate coordinated structures of the tricarbonate coordination (Figure 4-10c and Figure 4-10d)
are quite stable in the production run (5 ns) with the occurrence probability of 83%. This indicates
that binding with two Ca?* ions stabilize the binding between UO2%* and the three CO3? groups in
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both pure water and 0.1 M NaCl. In Ca(UQO2)(C0O3)s*, the Na* ion distorts one CO3?" group from
bidentate to monodentate binding (Figure 4-10b); with the additional stabilization by the second
Ca?* ion, now the three carbonates remain bidentate binding in Ca2(UO2)(C0Os)s, while the
presence of Na* enhance the asymmetry of the binding of Ca?* ions as shown in Figure 4-10b.
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Figure 4-9 The radial distribution function (solid lines) and coordination number (CN; dashed
lines) of the oxygen atoms (except the uranyl oxygens) around U atom in pure water (red color)
and 0.1 M NaCl (blue color): (a) Ca(UOz2)(C0Os3)3%; (b) Caz(UO2)(CO3)a.

Pure water

(@) cauo0,(COs)42: 98%
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Figure 4-10 The most probable structures of CaUO2(CO3s)3? and Ca2UQO2(COz)s in pure water and
in 0.1 NaCl. Percentage value indicates the probability of the structure. Some Ocarbonate—Ca?* and
Ocarbonate—Na* distances are shown. Color code: U, light blue; O, red; C, grey; Na, dark blue; H,

white.
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4.3.5 Competition of Na"ions and Ca?"ions for binding with UO2(COz3)s*

Although it is well known that Ca2UO2(COs)s is the main species of uranium in seawater,
the role of Na* ions in Ca2UO2(COs)3 formation as discussed above does prompts the question
how competitive Na* ions are in binding with UO2(COs)3* in comparison with Ca?*. To address
this question, we first consider each association reaction separately: AGi1 = -9.8 kcal/mol for Eq.
(4.3) and AG2=-20.0 kcal/mol for Eq. (4.4):

Na' +U0,(CO5)7 = NaUO,(CO5)Y (4.3)

Ca”™" + UO,(CO;3)7 = CaUO,(CO3)Y (4.4).
Eq. (4.5) below is the competing reaction and its AG; =AG, — AG, =10.2 kcal/mol . We
computed the [NaUOz(CO3)g']/[CaUOZ(CO3)§'] ratio at equilibrium in 298 K seawater by using

AG5 and [Ca?*] = 0.01 M and [Na*] =0.46 M. We found the ratio to be 1.71x10°; in other words,
the binding of Na+ with UO2(COz)s* is negligible.
Na' + CaUO,(CO5)Y” = NaUO,(CO;)} + Ca** (4.5)
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Figure 4-11 The free energy profile of the binding of Na* (green dashed line) and Ca?* (blue solid line)
with UO,(CO3)s* in pure water.

4.4 Conclusions

The sequential processes of UO2?* binding with the three CO3?- groups and the two Ca?*
ions in pure water and in 0.1 M NaCl have been simulated by classical molecular dynamics with
both the non-constrained brute-force approach and umbrella sampling. We found that the three
COs? groups and two Ca?* ions spontaneously bind to UO22* to form the Ca2(U0Q2)(COs)s complex;
the process is faster in pure water than in 0.1 M NaCl. The simulated free energies for the five
steps in pure water and 0.1 M NaCl show excellent agreement with the experiment. The
coordination structures of UO2(COz3)3* and CaUO2(COz)s> were found to be significantly affected
by the presence of Na* ions, leading to a monodentate binding of a carbonate group to U and a
water molecule entering the first coordination shell of U. The structure of the Caz(UO2)(CO3)s
complex was less affected by the Na* ion. Our free-energy simulations based on classical
molecular dynamics simulations revealed the important roles of Na* ions in the association of
UO2?*, CO3%, and Ca?* ions in an aqueous solution.
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5 Uranyl-Glutardiamidoxime Binding from First Principles Molecular Dynamics,
Classical Molecular Dynamics, and Free-Energy Simulations

5.1 Introduction

Following the discussions in Chapter 4, the low concentration and relatively strong uranyl-
carbonate interaction present a great challenge for uranium seawater extraction. State-of-the-art
technology employs a polymeric sorbent grafted with amidoxime ligands.”?"® However, some
transition-metal ions present in seawater compete against uranium for binding with the amidoxime
ligands, especially vanadium.”

Two methods have been developed to graft amidoxime ligands on a polymer-fiber sorbent:
radiation induced graft polymerization (RIGP) and atom transfer radical polymerization
(ATRP).”>8 In RIGP, copolymerization of acrylonitrile (AN) and monomers such as substituted
acrylic acids happens on the surface of electron-radiated polyethylene fiber, followed by reaction
with hydroxylamine that converts the —-CN group to the amidoxime groups.’’ It has been suggested
that, based on the reaction between acrylonitrile and hydroxylamine and the subsequent base
conditioning, both open and cyclic forms of amidoxime exist on the fiber surface. Considering
these two amidoxime configurations, multiple possible coordination motifs with uranyl have been
proposed, including monodentate or #* through the oxime oxygen, bidentate through the oxime
oxygen and the amine nitrogen, #? or side-on coordination through the N-O oximate bond. Recent
extended X-ray absorption fine structure (EXAFS) studies suggest that fiber samples after contact
with seawater show chelating binding interactions or a possible of mixed binding modes, instead
of the #> mode."®

Although limited insight has been obtained for the real fiber sample regarding the binding
mode, great progress has been made with small-molecule model ligands. For mono amidoxime
ligands, both single-crystal structures and quantum-mechanical calculations have found #2binding
mode to uranyl.*>" Since the amidoxime ligands are formed from reaction of hydroxylamine with
polyacrylonitrile, dioxime or diamidoxime ligands are a better model for the real sorbent. Rao et
al. used two model ligands, glutarimidedioxime (H2A) and glutardiamidoxime (H2B), to represent
the cyclic imide dioxime and the open-chain diamidoxime, respectively. They obtained binding
free energies between the small-molecule ligands and the uranyl by potentiometry. For the cyclic
H2A, they were able to crystalize the complex and found that two HA" ligands coordinate to UO2?*
equatorially in a tridentate mode.>>& For the open H2B, they could not obtain a single crystal
structure.®> So the binding mode of glutardiamidoxime (H2B) and its deprotonated forms with
uranyl remains unknown.

Since the cyclic form binds to vanadium very strongly,® the open-chain or acyclic form
has been suggested to give higher uranium/vanadium selectivity”™ and it is important to find out
the binding mode between H2B and uranyl that might shed light on the U/V selectivity. Toward
this end, our work focuses on providing a thorough computational analysis to assist in determining
H2B binding mode to uranyl complex from both first principles and classical molecular dynamics
simulations. More importantly, we will explicitly consider the solvation environment including
both the water molecules and the Na*/Cl- ions. To validate our computational models, we will also
compare the simulated binding free energies with the experiment to further check the viability of
our models.

34


javascript:popupOBO('CHEBI:32952','C2RA21344C','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=32952')
javascript:popupOBO('CHEBI:25555','C2RA21344C','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=25555')

5.2 Computational Methods

5.2.1 First principles molecular dynamics

First-principles density functional theory (DFT) molecular dynamics (MD) via the Born-
Oppenheimer approximation was performed using Vienna ab initio simulation package
(VASP).?527 The Kohn-Sham equations are solved with the all-electron projected augmented
wave (PAW) method.?32% We have chosen the Perdew—Burke—Ernzerhof (PBE) functional of the
generalized-gradient approximation (GGA) for electron exchange and correlation.*® This DFT-
MD method has been employed previously to address uranyl in water.>"8? Two ligands and one
uranyl group in a 100-water periodic box at a density of 1.14 g/cm? was simulated by NVT at 300
K for 10 ps. It is well known that the PBE functional tends to overstructure water, leading a frozen
solution eventually, so we checked the diffusivity of the water molecules not coordinating to the
uranyl-ligand complex and found it to be close to 1x10° m?/s. This is in the same order of
magnitude as the measured self-diffusion coefficient of liquid water at 300 K (2.6x10° m?/s),2 so
the water solvent remains liquid in our DFT-PBE-MD simulation at 300 K.

5.2.2 Gas-phase quantum mechanical calculations

DFT calculations of isolated molecular complexes were performed with the
TURBOMOLE package V6.5 with GGA-PBE functional along with the def-TZVP basis set,
including def-ECP for uranium (listed in Supporting Information) and the resolution of the identity
(R1) formalism with the corresponding auxiliary basis set.

NH, . NH; . NH;
— H T - H — -
N-OH ‘ N—O ‘ N-O
—N—OH —N—OH —N-O
NH2 NH2 NH2
tautomerization B>
H,B HB-
NH,
— _
N—O
H -
—N-0
+
NH,

Scheme 5-1 Structures of glutardiamidoxime (H2B) and its two deprotonated forms, HB- and B?-.

5.2.3 Classical simulation systems and force field parameters

To simulate the effect of ionic strength during MD simulations, we considered a water box
where Na* and CI- ions were added to reach the experimental molar strength of 0.5 M NaCl. The
TIP3P model was employed for water molecules, while the parameters for Na* and CI~ ions were
from a previous study.*® The force field parameters of the solute molecules (UO2%*) and ligands
(HB- and B?; see Scheme 5-1) were generated from AMBER 14 GAFF force field (Generalized
Amber Force Field).*? The partial atomic charges of these solutes (UO2%*, B>, BH") were obtained
from the restrained electrostatic potential (RESP) charge at a B3LYP level of theory® with 6-
31G(d) basis and antechamber suite.?> UO2?*, HB-, and B? were placed apart from each other into
a periodic water box containing 6,000 TIP3P water molecules. A cut off of 12 A was used for non-
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bonded interactions. Here we note that our uranyl force field parameters differ only slightly from
and give similar performance to those from Guilbaud and Wipff.40.86

5.2.4 Classical molecular dynamics

First, 4000 cycles of minimization (2000 cycles of steepest descent and 2000 cycles of
conjugate gradient) were carried out to relax the solvent, while solute atoms were constrained by
a potential of 3000 kcal/mol-A. Continually, a second minimization was conducted with solute
atoms constrained by 500 kcal/mol-A. A final, third minimization stage was implemented with
4000 cycles of energy minimization without constraints (2000 cycles of steepest descent and 2000
cycles of conjugated gradient). After the sequence of thorough minimizations of the solute
molecule, the system was gradually heated from 0 to 300 K over a 50 ps. Then, the cell was relaxed
to 1.0 g/cc with a NPT MD at 1 fs for 100 to 500 ps at a constant pressure of 1.0 bar and 300 K.
Next, a NVT simulation was run for 500 ns at 300 K. All simulations were accomplished by
applying the GPU-accelerated pmemd program in Amber 14.5! During the production run, the
temperature was kept constant using Nose-Hoover thermostat at 300 K, and the geometry of the
water molecules was held fix with the SHAKE algorithm.

5.2.5 Umbrella sampling with the weighted histogram analysis method (WHAM)

To calculate free energy of binding between uranyl and the ligands, we obtained the free-
energy profile via potential of mean force (PMF) with our classical MD simulations by using
umbrella sampling with the WHAM method.8” The PMF simulations were carried out in a 2,000-
molecule water box in an ionic strength of 1 =0.50 M NaCl solution. The reaction coordinate was
taken as the distance from U to the oxime oxygen -C=N-O". The final equilibration structures were
used for production simulations with no applied constraints. Umbrella sampling between 2.00 and
15.00 A containing 75 ~ 96 windows (depending on the system) with a force constant ranging 40
— 150 kcal/mol-A2. At the transition states, larger force constants (100 — 150 kcal/mol-A?) and
more windows of 0.1 A bin size were added around the region to obtain sufficient sampling; for
other regions, smaller force constants (40 — 100 kcal/mol-A2) were used with window sizes of 0.2
A. Each window was equilibrated between 6 to 10 ns, where the last 5 ns was used for production.
Furthermore, the binding free energy was obtained from the PMF profile by following the previous
method. 3669

5.3 Results and discussion

5.3.1 Binding of glutardiamidoxime to uranyl in gas-phase

Previous experiments suggest that it is mainly the deprotonated forms (HB- and B? in
Scheme 5-1) of glutardiamidoxime binding to uranyl.® To provide a baseline understanding, we
first examined the gas-phase model of the binding at the DFT-PBE/def-TZVP level of theory with
def-ecp for urniaum, without the solvent. We found that UO2?* and B binds via the two -NO"
groups, both in the 2 mode (Figure 5-1). This mode is in agreement with previous QM calculations
of binding of UO2?* with amidoximate ligands.!! To examine if the binding mode in Figure 5-1 is
stable in solvation from water molecules, we used DFT-based first principles MD to examine the
UO:2B complex in a 100-water supercell.
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Figure 5-1 DFT-optimized gas phase structure of UO2B where B? is double-deprotonated
glutardiamidoxime (see Scheme 5-1).
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Figure 5-2 Typical structures from DFT-MD simulation of one UO2B complex in 100 H20

molecules: (a) the n?-binding mode; (b) the n!-binding mode. Average U-N and U-O distances are
shown in A.

5.3.2 First principles MD of UO2B complex in water

Our DFT MD simulations show that the structure from Figure 5-1 (that is, the #> mode) can
be maintained in the explicit water solvation (Figure 5-2a; black) with a slight change of the bond
lengths (Figure 5-2b). However, we found that the complex with two n' binding modes (Figure
5-2¢), which is less stable in the gas phase, now becomes more stable with the explicit solvation
(Figure 5-2a; red). This means that the hydrogen-bond network now changes the energy landscape
of the complex in terms of the binding mode. This can be clearly seen in Figure 5-2b and Figure
5-2¢: while the oxime nitrogen (N1 and N2) is not hydrogen-bonded to water in the #? mode
(Figure 5-2b), it is in the n* mode (Figure 5-2c). The preference of the oxime nitrogen to be
solvated by water leads to the higher stability of the n* mode. In the n? binding mode, the O-N =
bond as well as the O and N lone pairs of the oximate group dominate the interaction with U, as
analyzed previously,* while in the n! binding mode the interaction is mainly via the lone pair on
the O atom. To further understand the detailed binding mechanism with one additional ligand, to

37



include the Na*/ClI- ions in the simulation, and also to address the relative stabilities of the different
binding modes with water solvation, DFT-MD is unable to afford the system size and timescale
needed to perform the free-energy simulations. So we turned to classical MD simulations.

5.3.3 Binding of glutardiamidoxime to uranyl from classical MD

We placed UO2?* and B ions far apart from each other in a large simulation cell to run a
brute-force MD simulation for over 500 nanoseconds (ns). The binding is monitored by the U-O
and U-N distances. The time evolution of the key distances is shown in Figure 5-3a, while the
atom labels are shown in Figure 5-4a. The first complexation event happens at about 15 ns when
one —-N-O- end of the B? ligand attaches to UO2?*. Then around 35 ns, the second —-N-O- end also
binds to UO2%*, leading to a bidentate binding mode. Closer inspection of the U-O and U-N
distances (Figure 5-3a inset) shows that the two U-O distances average at about 2.30 A, while the
two U-N distances averages at about 2.60 A. A snapshot of the binding is shown in Figure 5-4a;
one can see that the N atoms of the two oxime moieties interact with U weakly. This is further
supported by the radial distribution analysis of the trajectory after the complex is formed (Figure
5-5). One can see that the N atoms of the —N-O- groups are rather loosely interacting with U,
yielding an average U-N distance of 2.625 A with a wide dispersion. This binding between the two
—N-O- moieties and UO2?* (Figure 5-4 is different from the n! binding mode from our DFT MD
results (Figure 5-2) and better described as a distorted n? binding mode. In addition, one can see
that one —NH2 group also coordinates to the uranyl in the snapshot (N3 in Figure 5-4a) with an
average distance of about 2.50 A (Figure 5-5). For comparison, the ~NH2 groups are not directly
interacting with uranyl in our DFT-MD models (Figure 5-2). Further study such as through
improving the force field is warranted to resolve this inconsistency between classical MD and
DFT-MD simulations.

2- 2-
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— — ————————— e ——————T—
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Figure 5-3 Classical molecular dynamics simulations of the binding as monitored by key U-O and

U-N distances with time: (a) between UO22* and B2 ions, initially around 20 A apart; (b) between

UO22* and two B2 ions, initially about 20 A apart, in pure water. The atoms labels for (a) and (b)

are shown in Figure 5-4a and Figure 5-4b, respectively.
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Figure 5-4 Snapshots of the binding modes after 500 ns classical MD simulations: (a) UO2B; (b)
[UO2B2]% in pure water. Instantaneous U-N and U-O distances are labelled in A.
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Figure 5-5 Radial distribution function of O and N atoms on the ligand around U for the structure
of UO2B in pure water after 500 ns classical MD simulation. A snapshot of the binding structure
and the atom labels are shown Figure 5-4a
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Next we simulated the binding of two B? ligands with uranyl. Here we monitored the four
U-O distances: two from each of the two B ligands, B1 and B2. From Figure 5-3b, one can see
that the bidentate binding with the B1 ligand is finished at 45 ns, while the B2 ligand has only one
of its two O groups interacting with uranyl after 200 ns. In fact, the second ligand binds with uranyl
via only one oxime oxygen after 500 ns MD simulation. Figure 5-4b shows a snapshot of the
binding in the [UO2B2]> complex. One can see that the B1 ligand (the one on the right in Figure
5-4b) binds with UO2%" in a bidentate mode (same as in the UO2B complex) but the B2 ligand binds
with one of its two amidoximate groups. The B2 ligand is rather linear with the non-binding
amidoximate group extended well away for the uranyl group. One thing to note is that the —NH>
group of the binding amidoximate end of the B2 ligand also weakly coordinates to U with a
distance of about 2.51 A, a mode proposed previously as the adsorption mechanism of U(VI) to
amidoxime-based polymers.888 In our simulation, it seems that steric effects prevent the second
ligand from forming a chelating binding with both oximate ends. This could be a kinetic issue that
our classical MD, despite its 500 ns run, could not overcome.

5.3.4 Gas phase and aqueous-phase structures for uranyl binding with two

glutardiamidoxime ligands

The structure of the [UO2B2]* complex as found in our classical MD simulations and
shown in Figure 5-4b may not be the most stable structure of the complex in water. To explore
other conformations of binding, we first compared their gas phase energetics at the DFT-PBE/def-
TZVP level of theory, without the solvent. Figure 5-6a shows an isomer where the [UO2B2]*
complex binds to both B? ligands in a bidentate, n! mode. This isomer is metastable, and after
perturbation and relaxation, the structure changes to Figure 5-6b where one B? ligand binds in a
double n?> mode and the other binds in a single n2 mode; the energy is lowered by 2.3 eV. To see
whether the structures in Figure 5-6 are stable in an aqueous solution, we put them in water and
performed classical MD simulations. We found that the structure in Figure 5-6b converged to the
structure in Figure 5-4b, indicating again that the normal n? mode is less stable in an explicit water-
solvation environment and becomes distorted. More interestingly, the structure in Figure 5-6a
changes to that in Figure 5-7a, indicating the preference of a distorted n? structure in explicit water
solvation. In this distorted n? structure, the average U-N distance is about 2.60 A, while the average
U-O distance is about 2.33 A (Figure 5-7b). From integrating both U-N and U-O coordination in
Figure 5-7b up to 2.70 A, we found the coordination number of U to be seven; the extra
coordination beyond the normal number of six could be due to our force field. Now that we have
two stable structures of the [UO2B2]* complex in water (Figure 5-4b and Figure 5-7a), it would be
interesting to compare their free energy, as discussed next.

Figure 5-6 DFT-optimized gas phase structures for [UO2B2]* (a) n* binding mode; (b) n? binding
mode. The blue lines represent intramolecular hydrogen bonding.
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Figure 5-7 (a) A snapshot of the fourfold distorted n? binding structure of [UO2B2]* after 100 ns
classical MD simulation in 0.50 M NacCl; (b) the corresponding radial distribution function. Bond
distances are from an instantaneous snapshot.

5.3.5 Free energy simulations of glutardiamidoxime-uranyl binding

Although there is no experimental structural information regarding the glutardiamidoxime-
uranyl binding, the free energies of the sequential binding events have been measured. This
provides a useful way to validate our atomistic insights from MD simulations above. Using
umbrella sampling we obtained the free energy profile via the potential of mean force (PMF) for
the glutardiamidoxime-uranyl binding. Figure 8 shows the free-energy profiles for the association
of a single ligand (UO2?* + B?%), the association of the second ligand (UO2B + B?), and the
association of UO2B and HB-(UO2B + HB"). In these simulations, we start with a bound complex
and then begin to slowly pull one end of the ligand away from the uranyl using the U-O distance
as a reaction coordinate. One can see that the three reactions have very similar PMF profiles. In
the case of UO2B - UO2?* + B? (red line in Figure 5-8), we started with the structure in Figure
4a and then broke the first U-O binding at about 3.0 A with a free-energy barrier of about 45 ki/mol;
then the system reached a broad metastable or intermediate state between 4 and 10 A, due to the
flexibility of the (CH2)s linker between the two amidoximate end groups; then the second U-O
binding broke between 10 and 12 A.
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Figure 5-8 Free energy profiles from the potential of the mean force (PMF) for the binding events:
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Figure 5-9 (a) Snapshot of the [UO2(HB)B]" structure from a 50 ns classical MD simulation in
0.50 M NacCl; (b) the corresponding radial distribution function.
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For the process of [UO2B2]% = UO2B + B%, we started with the structure for [UO2B2]?% in
Figure 5-7a where both B ligands bind in a distorted 2 mode, corresponding to the minimum at
2.35 A in Figure 5-8 (black line). After breaking the first U-O binding with a free-energy barrier
of about 35 kd/mol (at 3.0 A in Figure 5-8; black line), we found that the structure changes to the
configuration in Figure 5-4b, corresponding to the broad local minimum between 4 and 10 A in
Figure 5-8 whose energy is about 10 kJ/mol higher than that of the initial complex. Conversely,
there is a free energy barrier of about 15 kJ/mol for the conversion of the local minimum at ~9 A
to the bound complex at 2.35 A in Figure 5-8, which explains why such tightly bound mode of
binding was not formed during the brute-force MD simulation of the binding of UO2%* with two
B2 ligands (Figure 5-3b).

Since Tian et al. showed that the most abundant species at seawater pH (8.3) is
[UO2(HB)B],° we performed brute-force MD simulation of UO2?* with two faraway B> and HB-
ligands and found that the B2 ligand binds first followed by the HB- ligand, in agreement with the
stronger electrostatic attraction between UO2?* and B%. The brute-force MD yielded a binding
mode as shown in Figure 5-9a, which corresponds to a reaction coordinate of 9 A in Figure 5-8
(blue line). One can see that the oximate end of the HB- ligand binds to UO2?* in a chelating mode
with an average U-NH: distance of 2.50 A and U-O distance of 2.30 A (Figure 5-9b), while B
binds with two distorted > modes. We also explored the configuration with the fourfold
complexation mode for [UO2(HB)B]", which corresponds to a reaction coordinate of 2.35 A in
Figure 5-8 (blue line). Interestingly, unlike the case in [UO2B:2]?, this configuration of fourfold
complexation is less stable than the threefold binding mode (Figure 5-9a) for [UO2(HB)B]".

We note that the H atom is placed on the N atom of the oxime group of HB" in Figure 5-9a
(left end). This tautomerized form of oxime (see Scheme 5-1) has been proposed for [UO2(HB)B]
by Tian et al. for the bound state.'® We compared it with the untautomerized form (H on the O
atom of oxime) for the step of the oxime end of HB- binding with UO2B. We found that the
tautomerized form binds stronger by 15 kJ/mol than the untautomerized form, leading to a more
stable [UO2(HB)B]". This is why we used the tautomerized form of the oxime group in HB" for our
free energy simulations of [UO2(HB)B] formation. In the configuration of fourfold complexation
(at 2.35 A in Figure 5-8, blue line) of the bound state, the tautomerized form of the oxime group
in HB- binds to U via the n' mode through the O atom, while the oximate end of HB- and B bind
to U via the distorted 12 mode. In the free or unbound state of the oxime group in HB- (Figure
5-9a), the untautomerized form (H on the O atom of oxime) is more stable; here we use the
tautomerized form (H on the N atom of oxime) instead so that we can compare the free-energy
difference between the free (Figure 5-9a) and bound states with classical MD simulations that
cannot describe the proton transfer or the tautomerization process. We hope to use DFT MD
simulations to determine the free energy of the tautomerization process of the amidoxime group
in the future.

5.3.6 Comparison of simulated free energies with experiment

From the PMF profiles in Figure 5-8, we then followed an integration protocol from
Chialvo et al.3* to obtain the binding free energies. Table 5-1 compares the free energies for the
three binding events from our simulations against the experimental values. One can see that very
good agreement has been obtained for all three binding events. We consider this a strong indication
that our classical MD simulations could well capture the binding thermodynamics. This also in
turn lends support to the binding modes as found above between UO2?* and B%. One can see that
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the first B ligand binding is very strong, while the binding strength reduces by half for the second
B? ligand. Binding of UO2B with HB- slightly weaker than with B

Table 5-1 Comparison of experimental and simulated free energies of binding between uranyl and
the glutardiamidoxime (H2B) Iigand at 298 K in 0.5 NaCl agueous solution.

Reaction AG g, (KJ/mol) ¥ AG (. (kJ/mol)
U022+ +B” = UO,B -98.7 -91.9+6.8
UO,B +B” =[U 0,B,]% -50.2 -55.345.1
UO,B + HB = [UO,(HB)B] -39.8 -37.8£2.0

5.3.7 Implications for the experiment.

The n? mode has been suggested by previous gas phase and implicit-solvation models and
also found in several single crystal structures.'*® Our work shows that the aqueous solvation
environment could be very different from those cases. On the other hand, the glutardiamidoxime
ligand is a very simplified model compared to the real ligand binding environment in the polymeric
sorbent, and more complex ligand models need to be developed to consider the carboxylate group
and a mixture of cyclic and open-chain configurations. The combined approach here shows a
promising way to simulate the binding of such complex ligands with uranyl, although more work
is needed to further improve the force field for a consistent picture between classical MD and DFT
MD simulations.

5.4 Conclusions

In summary, we have used a suite of computational methods to shed light on the binding
between uranyl and glutardiamidoxime (H2B), an important model ligand with an open-chain
conformation. From our molecular dynamics (MD) simulations solvent as well as the Na* and CI-
ions, we found that the binding configurations of B?- with uranyl favor the twofold distorted n?
binding between the oximate ends (C=N-O") and U, while HB" prefers the chelating mode for the
oximate end with the neutral end being solvated by water. We simulated the free energies of
sequential ligand binding to form UO2B, [UO2B2]%, and [UO2(HB)B]- with umbrella sampling.
Very good agreement with the experimental values was achieved, which corroborates our
structural insights into the binding mode. The free-energy profiles as a function of the U-O distance
from the potential-of-mean-force simulations showed similar features of a loose intermediate state
separated from the tight-binding state by a sizable barrier (15 to 25 kJ/mol). Hence the present
work revealed key structural and thermodynamic insights into the binding between uranyl and an
open-chain amidoxime ligand in a simulated seawater that will be useful for further understanding
of uranium extraction from the sea in a more realistic ligand and solvation environment.
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6 Understanding the Binding of a Bifunctional Amidoximate-Carboxylate Ligand with
Uranyl in Seawater

6.1 Introduction

Besides the favorable binding configurations discussed in Chapter 5, the incorporation of
an carboxylic acid co-monomer into the poly(amidoxime) adsorbents has also been shown to
increase uranium uptake.””°* Experimentalists have optimized the molar ratio of amidoxime to
carboxylate.”>’® Research suggests that the enhancement of uranium recovery from the
bifunctional ligand containing both AO~ and Ac™ could be due to a synergetic effect. Density
functional theory calculations with implicit solvation models have been performed to unveil this
synergetic effect; some have shown that a protonated carboxylate is conducive to the dissociation
of the uranium-carbonate complex.>:7%92 But the explicit solvation environment, important in
uranyl speciation and ligand displacement, has not been considered.

This work aims to shed light on the synergetic effect between amidoxime and carboxylate
groups in binding with uranyl, by using a model ligand and an explicit solvation environment.
Especially, classical molecular dynamic (CMD) simulations coupled with free-energy methods
(umbrella sampling with the weighted histogram analysis method)®® will be utilized to investigate
the modes and thermodynamics of the binding in a simulated seawater condition. Moreover, gas-
phase quantum mechanical calculations and ab initio MD simulations have also been performed
to provide a baseline understanding.

6.2 Computational methods

6.2.1 Ab initio molecular dynamics

Ab initio molecular dynamics (MD) via the Born-Oppenheimer approximation and DFT
was performed using Vienna ab initio simulation package (VASP).?6%” The Kohn—Sham equations
were solved with the all-electron projected augmented wave (PAW) method.?®2° We chose the
Perdew—Burke—Ernzerhof (PBE) functional of the generalized-gradient approximation (GGA) for
electron exchange and correlation.®® Two ligands and one uranyl group in a 100-water periodic
box at a density of 1.11 g/cm®was simulated by NVT at 300 K for a total of 20 ps with the last
10ps data for analysis.

6.2.2 Gas phase analysis

Density functional theory (DFT) calculations of isolated molecular complexes were
performed with the TURBOMOLE package V6.5 with the GGA-PBE functional along with the
def-TZVP basis set, including def-ECP for uranium and the resolution of the identity (RI)
formalism with the corresponding auxiliary basis set.

6.2.3 Classical molecular dynamics

To simulate the effect of ionic strength during MD simulations, we considered a water box
where Na*and CI~ ions were added to reach the molar strength of 0.5 M NaCl for a simulated
seawater condition. The TIP3P model was employed for water molecules, while the parameters
for Na*and CI ions were from a previous study.* The force field parameters of UO2%* and the
bifunctional ligand were generated from the AMBER 16 GAFF force field (generalized AMBER
force field).*? The partial atomic charges were obtained from the restrained electrostatic potential
(RESP) charge at the B3LYP?#* level of theory with 6-31G(d) basis and antechamber suite.®> UO2?*
and the bifunctional ligand were placed apart from each other into a periodic water box containing
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2000 T1P3P water molecules. A cutoff of 12 A was used for nonbonded interactions. Typical input
files for our classical MD simulations including all force field parameters are provided in the SI.

To prepare the system for MD simulations, 4000 cycles of minimization (2000 cycles of
steepest descent and 2000 cycles of conjugate gradient) were first carried out to relax the solvent,
while solute atoms (uranyl and the ligand) were constrained by a potential of 3000 kcal/(mol A).
Then, a second minimization was conducted with solute atoms constrained by 500 kcal/(mol A).
A final, third minimization stage was implemented with 4000 cycles of energy minimization
without constraints (2000 cycles of steepest descent and 2000 cycles of conjugated gradient). After
the sequence of thorough minimizations of the solute molecule, the system was gradually heated
from 0 to 300 K over 50 ps. Then, the cell was relaxed to 1.0 g/cm®with an NPT MD at 1 fs for
100—500 ps at a constant pressure of 1.0 bar and 300 K. Next, an NPT simulation was run for 500
ns at 300 K. All simulations were accomplished by applying the GPU-accelerated pmemd program
in Amber 16.5! During the production run, the temperature was kept constant using a Nose—Hoover
thermostat at 300 K, and the geometry of the water molecules was held fix with the SHAKE
algorithm.

6.2.4 Umbrella sampling and weighted histogram analysis method (WHAM)

To calculate the free energy of binding between uranyl and the ligand, we obtained the
free-energy profile via the potential of mean force (PMF) with our classical MD simulations by
using umbrella sampling with the WHAM method.8” The reaction coordinate was taken as the
distance from U to the oxime oxygen —C=N—O~. Umbrella sampling between 2.00 and 15.00 A
containing about 80 windows (depending on the system) was carried out with a force constant
ranging from 80 to 300 kcal/(mol A2). At the transition states, larger force constants (200—300 kcal
mol™ A2) and more windows of 0.1 A bin size were added around the region to obtain sufficient
sampling; for other regions, smaller force constants (80—200 kcal mol A2) were used with
window sizes of 0.2 A. Each window was equilibrated for 2 ns, where the last 1 ns was used for
statistics. Furthermore, binding free-energy was calculated from the constructed PMFs following
previous methods. 3669

6.3 Results and discussion

6.3.1 Structure of the bifunctional model ligand.

Since it is the deprotonated form of an amidoxime or carboxylic group that binds with
uranyl, our model ligand simply comprises an amidoximate group and an acetate group connected
by the —(CH2)s— linker (Figure 6-1). So the bifunctional ligand has an overall charge of -2 and is
denoted as AcAO.

Figure 6-1 DFT-optimized gas-phase structure of the dianionic bifunctional ligand, denoted as AcAO.

The ligand consists of carboxylate or substituted acetate (Ac , left) and amidoximate (AO , right) functional
groups. C, gray; O, red; N, blue; H, white. Same color scheme is used in subsequent figures.
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6.3.2 Binding of uranyl with one bifunctional AcAO ligand in the gas phase.

Various binding modes of a single bifunctional ligand to uranyl (including the coordination
by water molecules) are compared in Figure 6-2. The most stable configuration (Figure 6-2a)
consists of a bifunctional, chelate binding: AO- in n? mode and Ac™ in monodentate mode. In the
second most stable configuration, the binding mode of AO- in n? changes to n' and the energy is
0.21 eV higher (Figure 6-2b). The mono-functional binding configurations (with either AO" or Ac
end) have much higher energies. We also tested an initial structure of the chelate binding with the
Ac’ group in the bidentate mode but found it relaxed to the monodentate mode. For comparison,
we further examined the dianionic CO2-(CH2)3-COz ligand with two carboxylate group and found
that the chelate monodentate mode (Figure 6-2¢) is also more stable than the bidentate mode
(Figure 6-2d) in this case.

(@) d,‘ Q‘L (b) \‘
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™

AE = 0.0 eV AE =0.21 eV

(c) o (d) a
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«

AE=0.0 eV AE = 0.19eV

Figure 6-2 (a) and (b) two optimized structures and their relative energies (DFT-PBE/def-TZVP) of the
UO,AcAO(H,0)s complex in gas phase, where AcAO is the dianionic bifunctional ligand in Figure 6-1.
(c) and (d) two optimized structures and their relative energies of the UO,AcAc(H20); complex in gas
phase, where AcAc is the dianionic CO2-(CH>)s-CO: ligand. Coordination bonds to the U atom (sky blue)
in the uranyl group are indicated by the dashed lines.

6.3.3 Ab initio molecular dynamics simulation of the UO,AcAO complex in water.

To gauge the stability of the UO2AcAO complex in an explicit solvent model, we have
performed AIMD simulations at the DFT-PBE level. This approach has been used recently in the
binding of uranyl with ligands in water.5”** Figure 6-3a shows a snapshot of the most stable gas-
phase configuration of the UO2C complex after a 10 ps production simulation in a pure water box.
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One can see that the gas-phase geometry of the most stable configuration is well maintained in
water. The first solvation shell shows how the water molecules hydrogen bond with oximate-
oxygen, uranyl oxygens, and carboxylate oxygen. In addition, two water molecules are coordinated
to U. Figure 6-3b shows radial distribution functions for the n> mode of the AO- group and the
monodentate mode of the Ac™ group in coordination to U: the uranyl-carbonate-oxygen (U-Oc) is
predominately at 2.25 A, the uranyl-oximate-oxygen (U-Oox) at 2.30 A, and the uranyl-oximate-
nitrogen (U-Nox) at 2.38 A.

(a)
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2.0 2.2 24 26 2.8

r/A

Figure 6-3 (a) A snapshot of the UO2AcAO complex in water from ab initio MD (DFT-PBE). (b)
Radial distribution functions of the ligand binding sites around U.

6.3.4 Binding of uranyl with two bifunctional AcAO ligands in the gas phase.

The equatorial coordinate sites occupied by water molecules in the UO2AcAO complex
(Figure 6-3a) can further bind with one more AcAO ligand. Figure 4 shows the different types of
binding configurations for the two AcAO ligands with one uranyl and their relative energies in the
gas phase. Both cis-/trans- and and n?/n* AO configurations were considered. Interestingly, one
can see that the four most stable configurations of [UO2(AcAO)2]? all have very similar energies
(within 0.10 eV). To test stability of these configurations in a simulated seawater, we performed
CMD simulations of the complex ina 0.5 M NaCl solution.

6.3.5 Classical MD simulations of binding of uranyl with two bifunctional AcAO ligands
in 0.5 M NacCl.

We found that the cis-configuration (Figure 6-4a) is stable in the 0.5 M NaCl solution,
therefore a local minimum on the free-energy surface. More interestingly, we found that all the
three trans-configurations (Figure 6-4b-d) converged into the trans-bis(n?>-AQ) configuration
(Figure 6-4c). Hence in 0.5 M NaCl, the [UO2(AcAO)2]> complex can exist in two states. To
evaluate the relative stability, we used umbrella sampling to obtain the potential-of-mean-force
(PMF) and binding free energies for the two configurations.
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trans-(n'-AO; n2-A0); AE =0.000 eV trans-bis(n'-A0); AE = 0.030 eV

Figure 6-4 DFT-optimized gas-phase structures and relative energies (DFT-PBE/def-TZVP) of the
[UO2(AcAO),]* complex with different cis-/trans- and n?/n* AO configurations. Coordination bonds to the
U atom (sky blue) in the uranyl group are indicated by the dashed lines.
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Figure 6-5 The potential-of-mean-force for sequential formations of the UO2AcAO
complex (black line) and the [UO2(AcAQO)2]* complex (from UO2AcAO and AcAO?) for both the
cis- (blue line) and trans- (red line) configurations in 0.5 M NaCl. The distance (r) between U and
the oximate O on the ligand is defined as the reaction coordinate.
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6.3.6 Potential-of-mean-force (PMF) and free energies of binding for uranyl with the

bifunctional ligands in 0.5 M NaCl

Figure 6-5 shows the PMFs for sequential formations of the UO2AcAO complex as well
as both the cis- and trans-configurations of the [UO2(AcAO)2]?> complex (from UO2AcAO and
AcAO?%). The distance between U and the oximate O on the ligand is the reaction coordinate. We
first examine the formation of the UO2AcAO complex, following the positionsD > C > B 2> A
in Figure 6-5. Initially, UO2%* and the AcAO ligand are far away from each other (Figure 6-6D);
as they come closer, one carboxylate O first binds with U (Figure 6-6C); the broad minimum from
C - B in Figure 6-5 represents the approaching of the AO end of the AcAO ligand toward U,
finally reaching a solvent-shared state (Figure 6B); from B - A, the AO group displaces a water
molecule to bind with U and the process has to overcome a barrier of 16 kJ/mol but has a favorable
free-energy change of -40 kJ/mol.

Figure 6-6 Snapshots during formation of the UO,AcAO complex along the free-energy profile (positions
are indicated in Figure 6-5, black line). Coordination bonds to the U atom (sky blue) in the uranyl group
are indicated by the dashed lines.

The binding of the second AcAO ligand to uranyl (namely, formation of the
[UO2(AcA0)2]%> complex from UO2AcAO and AcAO?) follows a similar process as the binding
of the first ACAO ligand. In other words, the carboxylate group binds first, leading to a loose-
binding intermediate state with a broad local minimum; then it overcomes a free-energy barrier, to
reach a more stable, tight-binding chelate state. The difference here between the first and second
binding events is that the second binding is weaker, which is expected, because the first binding is
between a dication and a dianion while the second binding is between a neutral complex and a
dianion. Figure 6-5 further shows that the trans-configuration of the [UO2(AcAQ)2]> complex is
slightly more stable than the cis-configuration by 7 kd/mol, so our free energy analysis below is
based on the more stable trans-configuration.

From the PMF curves in Figure 6-5, we obtained the free energies for the sequential binding
of uranyl with the AcAO ligands. The results are shown in Table 6-1. One can see that binding of
the first ACAO ligand has a free energy of -117 kJ/mol, while binding of the second AcAO ligand
has a free energy of -87 kJ/mol, leading to a sum of -202 kJ/mol for complexation of uranyl with
two AcAO ligands. Previously, we obtained the free energies for the sequential binding of uranyl
with the [AO(CH2)3A0]? ligands which are shown for comparison in Table 6-1.% One can see for
both steps, the bifunctional AcAO ligand has a strong binding with uranyl than the
[AO(CH2)sA0]* ligand, leading to a more favorable interaction of -55 kJ/mol for the total free
energy change.

Since uranyl exists mainly as the neutral Ca2[UO2(COs)3] species in seawater,° we also
determined the binding free energies starting with Ca2[UO2(COs)s]. Here we considered the
scenario that two incoming ligands completely displace Ca?* and CO3?" ions around UQO2%*.
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Combining the free-energy values in Table 6-1 and the binding free energies of Ca?*, UO2?*, and
CO3? to form Caz2[UO2(C03)3] from our earlier work, 749 we obtained the free energies for the
displacement reactions for both the [CO2(CH2)3sA0]? and [AO(CH2)3sA0]? ligands (Table 6-2).
One can again see that the bifunctional ligand has more favorable thermodynamics than the
[AO(CH2)3sA0]* ligand in displacing Ca?* and CO3* ions to bind with UO2?*.

Table 6-1 Gibbs free energies for sequential binding of the [CO2(CH2)sAO]? ligand (AcAO) with
uranyl (UO2?%), in comparison with the [AO(CH:2)sA0]* ligand.

Binding free-energy [CO2(CH2)3sA0]?* ligand?® [AO(CH2)3A0]?* ligand®
First ligand: AG1 (kJ/mol) -117 -92
Second ligand: AG2 (kJ/mol) -87 -55
Total: AG (kJ/mol) -202 -147

aThis work, namely, the AcAO ligand; PRef. 94. AO is the amidoximate group, that is, -C(NH2)=N-O".

Table 6-2 Gibbs free energies for displacement of Ca?* and COs% ions in Ca2[UO2(COz3)3] by the
[CO2(CH2)3A0]?% ligand and the [AO(CH2)3sA0]?* ligand.

Reaction AG (kJ/mol)
Caz[UO2(CO3)3] + 2[C02(CH2)3AO]2' = [UOz(COz(CHz)sAO)z]Z' + 3C0O5% + 2Ca** -47
Caz[UO2(CO3)3] + Z[AO(CHz)gAO]Z' = [UOz(AO(CHz)sAO)z]Z"F 3C0O3% + 2Ca?* 8

6.3.7 Implications

The comparison between the [CO2(CH2)3sA0]% ligand (AcAO) and the [AO(CH2)sA0]*
ligand in Table 1 suggests a synergy between the carboxylate group and the amidoximate group in
binding with uranyl. This is consistent with the experimental findings that the highest uptake of
uranium is achieved via copolymerization of acrylonitrile (which further reacts with NH2OH to
yield amidoxime groups) and an unsaturated carboxylic acid (such as itaconic acid), followed by
conditioning with a base (such as KOH).”"% Of course, our model is a simple one, but it serves as
an important initial step toward understanding the binding modes of uranyl in the real polymeric
sorbents for seawater uranium recovery.

Another point is that we have used the deprotonated forms of amidoxime and carboxylic
groups to bind with uranyl. In the seawater pH (~8.0), uranyl exists mainly as the neutral
Caz[U0O2(C03)3] species in seawater,*>16 while the ligands themselves could exist in either neutral
un-deprotonated or ionic deprotonated state, depending on their pKa. Speciation studies have
shown that after binding with uranyl at pH~8, the amidoxime ligands usually exist in the
deprotonated form in the complex.®® This is the reason why we started with the deprotonated form
in our classical molecular dynamics (CMD) simulation of the binding process, since CMD cannot
simulate the bond-breaking deprotonation process. For ligands with pKa much greater than 8 (e.g.,
11 or above), they usually exist as the neutral, un-deprotonated state at pH~8 and then lose the
proton when binding with uranyl; the proton usually reacts with the displaced carbonate to form
bicarbonate.!®?® Such reaction processes can be studied with either quantum mechanical
calculations with an implicit solvation model** or hybrid quantum mechanical/molecular
mechanical (QM/MM) MD simulations with an explicit solvation.?
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6.4 Conclusions

We have simulated the binding of an amidoxime-carboxylate bifunctional ligand
([CO2(CH2)3sA0]* or AcAO) with uranyl. DFT-PBE calculations of the gas-phase structures
yielded a chelate binding mode to uranyl: amidoximate binding with n? via the oximate group and
a monodentate carboxylate binding via an oxygen atom. DFT-PBE-based ab initio molecular
dynamics (MD) simulation of the UO2AcAO complex in an explicit water environment confirmed
the stability of the chelate mode. Classical MD and free-energy simulations in a simulated seawater
environment (namely, 0.5 M NaCl) showed that one of the carboxylate oxygens binds first to
uranyl, leading to a loose intermediate state with a broad minimum, and then the amidoximate
group overcomes a free-energy barrier and displaces a water molecule coordinated to U, resulting
in a much more stable and tightly bound chelate state. Binding of the second AcAO ligand follows
a similar process and the two AcAO ligands prefer a trans-configuration at the equatorial
coordination plane of uranyl. We further obtained the binding free energies from the potential-of-
mean-force curves and found that the binding of the two AcAO ligands bind with uranyl is 55
kJ/mol stronger than the two [AO(CH2)3sAQ]? ligands, indicating a synergy between amidoximate
and carboxylate groups in binding uranyl.
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7 Displacement of Carbonates in Ca,UO2(CO3); by Amidoxime-based Ligands from Free-
energy Simulations

7.1 Introduction

To understand how polymeric sorbents grafted with AO ligands extract uranyl from
seawater, it is necessary to investigate the competition between carbonates and amidoxime ligands
with the explicit consideration of common ions and water molecules. 3%

Free-energy simulations including many ions and solvent molecules are beyond the
capability of ab initio or first principles MD. Instead, in this work we employ classical MD
methods with umbrella sampling to obtain the free-energy profile for the ligand displacement
between carbonates of Ca2UO2(CO3)s with amidoxime-based ligands. This approach has been
successfully employed recently®*°7 to obtain free-energy profiles and thermodynamics of uranyl
binding with carbonate and Ca?* as well as with glutardiamidoxime in NaCl solutions, offering
accurate binding free energies in comparison with the experiment. Herein we apply this approach
to the ligand-displacement processes, that is, the reaction between amidoxime-based ligands and
Ca2U02(CO0s3)s, in an effort to reveal key mechanistic detail and to quantify the thermodynamic
driving force that will be useful to understand seawater uranium extraction by amidoxime-grafted
polymeric sorbents.

7.2 Computational Methods

7.2.1 Simulation systems and force field parameters

The simulation system contains one Ca2UO2(COs3)s complex, a number of amidoxime-
based ligands, and 2,000 water molecules in a cubic box with periodic boundary conditions
applied. To simulate the seawater condition, we added Na* and CI- ions to reach a NaCl
concentration of 0.5 M. The whole periodic simulation box was kept neutral by adding ions (Na*
or CI") to balance the charge. No explicit H* or OH- ions were in the simulation box, so the system
pH could be considered at 7, which is a reasonable approximation to the seawater pH (~8.2), since
pH control is still very challenging for classical MD simulations. The original TIP3P model** was
employed for the water molecules. The force-field parameters of UO2?* were chosen from
Guilbaud and Wipff’s model*® and those for CO3z?- were parameterized following the recent work
of Doudou et al.%® The Na* and CI- ions were modeled with the parameterization of Joung and
Cheatham® and the parameters for Ca?* were chosen from the work of Rahaman et al.®? and
successfully applied in a recent study.3® The force-field parameters for amidoxime ligands were
generated from the AMBER GAFF force field*? except for the atomic charges, which were derived
from fitting the restrained electrostatic potential (RESP) at the B3LYP/6-31+G* level with the
Gaussian09 package®* and using the antechamber program suite.®> The Lorentz-Berthelot rules
were used to obtain the cross pairs of atoms.

7.2.2 Classical molecular dynamics simulations

Classical MD simulations were carried out for each prepared system by employing the
Amber 14 molecular simulation package.®* First, 4,000 cycles of minimization (2,000 cycles of
steepest descent and 2,000 cycles of conjugate gradient) were carried out to relax the solvent, while
all the solute atoms were constrained by a potential of 3,000 kcal/(mol/A). Second, another
minimization stage was conducted with the solute atoms constrained by 500 kcal/(mol/A). Third,
4000 cycles of energy minimization (2,000 cycles of steepest descent and 2,000 cycles of
conjugate gradient) were carried out without any constraint. Next, the system was gradually heated
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from 0 to 300 K over a period of 50 ps, followed by another 100 ps of NPT MD simulations to
relax the system to its equilibrium density, which is close to 1.0 g/cm?, with the target temperature
of 300 K and the target pressure of 1.0 atm. Afterward, additional 10 ns of NPT MD simulation
with a target temperature of 300 K was performed as pre-equilibration before umbrella sampling.
All the simulations were accomplished by applying the GPU-accelerated pmemd program® in
Amber 14. A time step of 1.0 fs was used for all the simulations. The SHAKE algorithm® was
applied to constrain all hydrogen-containing bonds with a tolerance of 10°. The Berendsen
thermostat method®® was used to control the system temperature and a cutoff of 12 A was set for
both van der Waals (vdW) and the real-space part of electrostatic interactions. A continuum model
correction implemented in Amber 14 for energy and pressure was used for the long range vdW
correction. Long range electrostatics were calculated using Particle mesh Ewald (PME)% with the
Ewald coefficient of 0.22664 AL for the reciprocal part and a cubic spline switch function for the
direct sum.

7.2.3 Umbrella sampling

The umbrella sampling technique®¢ was employed to map out the free-energy profiles of
the displacement of CO3? and Ca?* with amidoxime ligands. The distance difference, du-c— du-o,
was chosen as the reaction coordinate (RC) for the exchange of the anionic amidoxime ligand with
COs?%. Here du-c is the distance between U and C of carbonate while du-o is the distance between
U and O of amidoxime. For the introduction of an additional Ca?* ion, U-Ca distance du-ca was
chosen as the RC. For each displacement process, CMD simulations were performed with a series
of biasing harmonic potential (50 kcal mol* A2) along the RC with 0.1~0.2 A step separating the
neighboring simulation windows. 2 ns MD simulation was carried out for each window with the
second half being sampled for production. Then the simulation data for all windows of each system
were collected to determine the probability distributions along the RC and further pieced together
by the weighted histogram analysis method (WHAM)®":68 to generate the free-energy profile.

I:JH, NH,
HsC O TNo TN-0
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2 ——N-OH ==N-0
NH2 NH)
AO HB- B

Scheme 7-1 The three amidoximate ligands simulated in this study to displace CO3? in
Ca2U02(CO03)s: acetamidoximate (AO); monodeprotonated glutardiamidoxime (HB-); double
deprotonated glutardiamidoxime (B?).

7.3 Results and discussion

The three commonly used small-molecule amidoxime ligands are acetamidoxime (HAO),
the open-chain glutardiamidoxime (H2B), and the cyclic glutarimidedioxime (H2A). Experimental
studies®>® of their binding with uranyl show that at the seawater pH the anionic forms are the main
binding form (Scheme 7-1) and the dominant species are UO2(AO)s™ in the case of HAO and
UO2B(HB)/UO2B2?* in the case of H2B. Here we chose HAO and the open-chain H2B instead of
the cyclic H2A to study here for two reasons. First, the cyclic form binds vanadium (V) too strong,
leading to poorer U/V selectivity than the open-chain form.8! Second, the complex structure
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between the uranyl and the cyclic form has been solved and the binding mode is relatively simple;*°
in contrast, both the binding mode and the complex structure between uranyl and the open-chain
form are still unclear.

The total displacement reactions of the three carbonate groups in Ca2UO2(COs)s3 by the
anionic forms of the ligands (Scheme 7-1) are proposed as in Scheme 7-2: (a) by three AO" to
produce UO2(AO)s7; (b) by one B% and one HB- to produce UO2B(HB); (c) by two B2 to produce
UO:2B2?. Below we examine the three reactions one by one.

(a) Ca,U0,(CO,),+3A0 — UO,(AO), +2Ca> +3CO%
(b) Ca,U0,(CO,),+HB +B* — UO,B(HB) +2Ca* +3CO>

(¢) Ca,U0,(CO,), +2B*> — UO,B +2Ca* +3C0O>

Scheme 7-2 The proposed displacement reactions of the three carbonates in Ca2UO2(COz3)s3 by (a)
three AO"; (b) one HB- and one B%; (c) two B2

7.3.1 Displacement of three carbonates by acetamidoximate

Figure 7-1 shows the compete free-energy profile for the displacement of three carbonates
by acetamidoximate. We found that the first two carbonates are different from the third one in
terms of the displacement mechanism and the free-energy profiles. This is closely related to the
two Ca?* ions already in Ca2UQO2(CO3)s. So we examine the first two carbonates and the third one
separately.

7.3.1.1 Displacement of the first two carbonate groups by acetamidoximate
In the first stage of the displacement reaction as shown in Figure 7-1, we found that one
incoming AO" replaces one CaCOs unit or ion pair. This process can be divided into two steps:

Ca,U0,(C03); + A0~ — Ca,U0,(C03),(A0)*+ CO%~ (7.1)
Ca,U0,(C03),(A0)* - CaU0,(C03),(A0)™+ Ca®* (7.2)

Eqg. (7.1) and Eq. (7.2) correspond to the steps of Al—A2—A3 and A3—A4—Ab5 in Figure 7-1,
respectively. The relevant structures are depicted in Figure 7-2. One can see that in the initial state
Al, the AO" ligand approaches the Ca2UO2(COz3)s complex from the back position between two
carbonates facing away from the two Ca?* ions. Then the oximate O of AO- binds to U, while the
carbonate on the opposite side (the leaving group) between the two Ca?* ions changes to a
monodentate mode (A2). Then the carbonate group leaves (A2— A3), which requires a free-energy
barrier of about 6 kcal/mol. Overall, Eq. (7.1) is endergonic by 5.3 kcal/mol with a barrier about
10.2 kcal/mol, easily surmountable at room temperature. Then, the dissociated COs? grabs one
Ca?* away from the uranyl complex but still interacts with the remaining Ca?* (A4). The AO~ in
CaUO02(C03)2(A0) (A4) is in a distorted 72 binding mode where the distance from the oximate N
to U is slightly longer than in a usual #? binding mode. This distorted #? binding mode has been
found to be common in our classical MD simulations of the uranyl-amidoximate complexes,®
likely due to the explicit solvation by the water hydrogen-bond network about the complex. Next,
the Ca?*...CO3* ion pair completely dissociates away (A4—A5). Combining Eq. (7.1) and Eq.
(7.2), the displacement of the first CO32 by AO" is only slightly endergonic by about 2.8 kcal/mol
due to the stabilization of the leaving CO3? by Ca?*.
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Figure 7-1 Free-energy profile for displacing the first, second and third carbonates in the
Ca2U02(C0s)3 complex by acetamidoximate (AO"). For black and grey lines, reaction coordinate
IS du-c — du-o; for blue lines, reaction coordinate is du-ca.

Al

Figure 7-2 Structure snapshots for displacing the first two carbonates in the Ca2UO2(COs)3
complex by acetamidoximate (AQO"). The structure labels correspond to the intermediate states in
Figure 7-1. Color code: U, light blue; O, red; C, gray; N, dark blue; Ca, green; Na, purple; H, white.
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The displacement of the second CO3% by AO- can be similarly divided into two reactions:
CaU0,(C053),(A0)~ + A0~ — CalU0,(C03)(A0),+ CO%~ (7.3)
CaU0,(C03)(A0), - U0,(CO3)(A0)% ™+ Ca?* (7.4)

Eq. (7.3) and Eq. (7.4) correspond to the steps of A5—A6—A7 and A7—A8—AD, respectively,
in Figure 7-1. The relevant structures are also shown in Figure 7-2. The second attacking AO"
forms the U-O binding while the second leaving COs? switches from bidentate to monodentate
binding with uranyl (A6). Then the attacking AO" forms a bidentate binding mode with U and the
CO3? group breaks away from U, whereas a Na* ion bridges the leaving CO3? and the remaining
one (A7). Note that in the displacement of the first CO3?" it is the remaining Ca?* ion that bridges
the leaving and binding carbonates (A4, Figure 7-2). Next, the leaving CO3* drags the remaining
Ca?* ion along and dissociates as an ion pair (A7—A8). In UO2(CO3)(A0)2? (A8), the chelate
binding mode between the second attacking AO~ with U was found. Although previous DFT
calculations with an implicit solvation model suggested that the #2> mode is preferred,>?® recent
EXAFS investigation of uranyl binding in amidoxime-functionalized polymer fibers together with
high-level quantum chemistry calculations showed that the chelate mode is also energetically
competitive.l” In our case, we think that the nearby carbonate group and the Na* ion have perturbed
the hydrogen bond network, leading to the chelate bond.

Overall we find that the free energy barrier of the second CO3? displacement (~ 4 kcal/mol)
is lower than that of the first one (~ 10 kcal/mol). In other words, the second COs? displacement
is kinetically easier than the first one. This can be attributed to the destabilization of the complex
after dissociating away the first COs?" and Ca?* ions. Thermodynamically, the free energy increases
further by about 3.2 kcal/mol after the second displacement, similar to the amount after the first
one. So the reaction is endergonic by about 6.0 kcal/mol for the first two carbonate displacements.

7.3.1.2 Displacement of the third carbonate group by acetamidoximate
We first investigated the direct exchange of the third carbonate by the third AO
U0,(C03)(A0)2™ + A0~ — U0, (A0)3+ CO3~ (7.5)

Eq. (7.5) corresponds to the steps of A9—A10*—A11*—A12* in Figure 7-1. The corresponding
intermediate structures are shown in Figure 7-3. Overall, the process is both kinetically and
thermodynamically more difficult than the first two displacements: uphill by 6 kcal/mol with a
free-energy barrier of 12 kcal/mol. With the insertion of the third AO- ligand, the binding state of
the second AO- changes from a bidentate model to the n> mode (A10* in Figure 7-3). Then the
binding state of the leaving COs? changes from bidentate to monodentate binding (A10*—A11*
in Figure 7-3) and next it dissociates away; this step of CO3? dissociation is most responsible for
the higher barrier and free-energy increase, as shown in Figure 7-1.

Since Ca?* ions facilitate the displacement of the first two carbonate groups, we hypothesize
that an additional Ca?* ion can help the third carbonate displacement. As shown in Figure 7-1, both
the free-energy barrier and the free-energy increase are relatively small in the case of the
displacement of the second CO3? by AO~. In other words, the displacement of the second CO3?-
by AO- is a relatively facile process and the help from a Na* ion is enough; an additional Ca?* ion
may further lower the free-energy barrier, but probably not much. In contrast, the displacement of
the third CO3?~ by AO™ is significantly more uphill in free energy; therefore, an additional Ca?*
ion is needed. To test this idea, we considered the following reaction steps:

U0, (CO5)(A0)%™ + Ca2t - Cal0,(A0), (7.6)
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CaU0,(C03)(A0), + A0~ — CaU0,(AO0)3 + CO%~ (7.7)

CalU0,(A0); — U0, (A0)3+ Ca®* (7.8)
Eq. (7.6) involves the binding of a free Ca®* ion with UO2(CO3)(AO)2* to form the
CaUO2(CO3)(AO)2 complex and is marked as A9— A10 in Figure 7-1 and Figure 7-3. This
reaction is exergonic by about 4.5 kcal/mol. Then the third AO- displaces the carbonate in

CaUO2(C03)(A0)2 (Eg. (7.7)) and drags the Ca?* ion along (Eq. (7.8)). The binding between the
third AO- with uranyl is formed by overcoming a barrier of 5.4 kcal/mol (A10—A11) and slightly

exergonic. Then, the COs? group changes from bidentate to monodentate binding (A11—A12)
and dissociates from uranyl yet maintains close contact with Ca* (A12—A13). The energy barrier
of the A11—-A12—A13 step is about 10.7 kcal/mol and the free energy increases by about 6.9
kcal/mol. Next, the Ca?*...COs? ion pair breaks away from the UO2(AO)s” complex (A13—A14)

with a free energy rise of 2.9 kcal/mol. In UO2(AQO)s~ (A14 in Figure 7-3), all three AO~ are in the
n? binding mode, in agreement with the previous DFT studies with implicit solvation. 113

Al1*
25A

Figure 7-3 Structure snapshots for displacing the third carbonate in the Ca2UO2(COs3)3 complex
by the third acetamidoximate (AO"): without the help of a Ca?* ion, A—A10*—Al11*—>A12*;
with the help of a Ca?* ion, A—>A10—A11—-A12—>A13—>A14. The structure labels correspond
to the intermediate states in Figure 7-1. Color code: U, light blue; O, red; C, gray; N, dark blue;
Ca, green; Na, purple; H, white.

By comparing the difference without and with the presence of the additional Ca?* ion to
displace the third CO3?, one can see from Fig. 1 that the overall energy barrier for the complete
displacement process of the three carbonate groups reduces from 18.3 kcal/mol without the
additional Ca?* ion to 11.2 kcal/mol with its presence, while the overall free energy rise drops from
12.7 kcal/mol to 9.9 kcal/mol. Given the overwhelming presence of Ca?* ions in seawater, we think
that the pathway with the presence of the additional Ca?* ion should better represent the reality.
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7.3.2 Displacement of the three carbonates by deprotonated glutardiamidoxime

Experiment suggests® that the complexation of uranyl with glutardiamidoxime (H2B) at the
seawater pH exists mainly as UO2B(HB)-, followed by UO2B2%". Our MD simulations®” found that
both species contain at least one chelate binding B2 with UO2%*. This implies that the first two
CO3? groups will be displaced by a single B% which has two end amidoximate groups (Scheme
7-1). The third carbonate can be displaced by either the second B? or the HB- ligand.

7.3.2.1 Displacement of the first two CO3? groups by B*

Figure 7-4 shows that the free-energy profile of the displacement of the first two CO3s*
groups in the Ca2UO2(COs)3 complex by a single B? ligand. The first carbonate displacement has
a free-energy barrier of 10.7 kcal/mol and is uphill by 7.2 kcal/mole, while the second carbonate
displacement has a free-energy barrier of 6.1 kcal/mol and is downhill by 6 kcal/mol. Again the
two COs? groups leave as the Ca?*...CO3? ion pairs as facilitated by the two Ca?* ions.
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Figure 7-4 Free-energy profile for displacing the first two carbonates in the Ca2UO2(COs)s3
complex by the double deprotonated glutardiamidoxime ligand (B?). For black lines, reaction
coordinate is du-c— du-o; for blue lines, reaction coordinate is du-ca.
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The intermediate structures in Figure 7-4 are shown in Figure 7-5. One can see how first
one end of the B? ligand binds to U (B1—B2), next the first carbonate breaks away (B2—B3) and
drags a Ca?* ion along (B4), and then the Ca?*...CO3%* pair leaves the complex (B4—B5).
Subsequently, the loose amidoximate end of the B? ligand attacks the U center and the second
carbonate group leaves with the second Ca?* ion, while the intermediates are also stabilized by a
Na* ion (B8 and B9). Due to the chelate effect, the overall process of one B? ligand displacing the
first two carbonate groups is thermodynamically neutral.

B9 B10
2nd

0/8.;/&

@ 6.2A
Figure 7-5 Structure snapshots for displacing the first two carbonates in the Ca2UO2(COzs)3
complex by the double deprotonated glutardiamidoxime ligand (B?%). The structure labels
correspond to the intermediate states in Figure 7-4. Color code: U, light blue; O, red; C, gray; N,
dark blue; Ca, green; Na, purple; H, white.

7.3.2.2 Displacement of the third CO3* group by HB-

With the first and second CO3* groups being displaced by the single B ligand, we then
consider the displacement of the third COs?" by HB" which yields UO2B(HB)-, the most dominant
species at seawater pH from binding of uranyl with H2B.® Figure 7-6 shows the free energy profile
of the displacement process with and without the help of an additional Ca?* ion. Without the Ca?*
ion, the reaction has a free-energy barrier of 14.6 kcal/mol and is uphill by 10.4 kcal/mol. With
the help of an additional Ca?* ion, the barrier is lowered by 3 kcal/mol and the free energy of the
final state is lowered by 4 kcal/mol.
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Figure 7-6 Free-energy profile for displacing the carbonate group in the UO2(CO3)B? complex
by mono-deprotonated glutardiamidoxime ligand (HB"). For black lines, reaction coordinate is du-
c— du-o; for blue lines, reaction coordinate is du-ca.

The intermediates in Figure 7-6 are illustrated in Figure 7-7. The reaction starts with the
amidoximate (that is, deprotonated) end of the HB- ligand attacking U (C1). Without the Ca?* ion,
the departure of the third carbonate (C1—-C2*—C3*—C4*) is mediated by a Na* ion (C3* in
Figure 7-7). With the Ca?* ion, the initial dissociation of the third carbonate is facilitated by the
Ca?* ion (C1—C2—C3—C4), while the leaving of the Ca?*...COs% ion pair is also helped by a
Na* ion (C5). In both scenarios, breaking the uranyl-carbonate bonding is the most difficult step.
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Figure 7-7 Structure snapshots for displacing the carbonate group in the UO2(COz3)B? complex
by mono-deprotonated glutardiamidoxime ligand (HB"): without the help of a Ca?* ion, C1—C2*

—C3*—C4*; with the help of a Ca?* ion, C1—=C2—C3—C4—C5—C6. The structure labels

correspond to the intermediate states in Figure 7-6. Color code: U, light blue; O, red; C, gray; N,
dark blue; Ca, green; Na, purple; H, white.
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7.3.2.3 Displacement of the third CO3?* group by B*

The third COs* can also be displaced by a second B? to produce UO2B2%, another
dominant species after UO2B(HB)". The free-energy profile in Figure 7-8shows that with the help
of an additional Ca?* ion, the barrier for displacing the third carbonate is lowered by about 4
kcal/mol and the free-energy change of the reaction is also less uphill by 5 kcal/mol. The
intermediate structures in Figure 7-9 again show how the presence of the additional Ca?* ion
mediates the departure of the carbonate group, while in the absence of the additional Ca?* ion, a
Na* ion is involved in the exchange process. Unlike the attack by the HB- ligand where only the
amidoximate end of the ligand is involved, both ends of the second B? ligand are involved in the
displacement process. One can see that one oximate O first binds to U at 2.5 A (D3 in Figure 7-9),
while the other loose end interacts with the Ca?* ion. Then the loose end approaches U and the
carbonate group switches to monodentate binding (D4 in Figure 7-9). In the final state, each of the
two second B? ligands binds to U with two distorted n?> modes, consistent with our previous
simulations of the structure of UO2B2% in seawater.*3

U0,(CO,)B? + BZ = UO,B,% + CO42
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Figure 7-8 Free-energy profile for displacing the carbonate group in the UO2(CO3)B? complex
by double deprotonated glutardiamidoxime ligand (B%). For black and grey lines, reaction
coordinate is du-c — du-o; for green and light green lines, reaction coordinate is du-c; for blue lines,
reaction coordinate is du-ca.
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Figure 7-9 Structure snapshots for displacing the carbonate group in the UO2(CO3)B? complex
by double deprotonated glutardiamidoxime ligand (B%): without the help of a Ca?* ion, D1 — D2*
— D3* — D4* — D5* — D6*; with the help of a Ca?* ion, D1—->D2—D3—D4—D5—-D6—D7.
The structure labels correspond to the intermediate states in Figure 7-8. Color code: U, light blue;
O, red; C, gray; N, dark blue; Ca, green; Na, purple; H, white.

7.3.3 Overall trends and implications

Now that we have complete pictures of the displacement reactions, we can summarize and
compare the overall free-energy changes from several perspectives: displacing two vs. three CO3*
; AO" vs. B¥/HB-" ligands; with vs. without the additional Ca?* ion. As shown in Table 7-1, the
most favorable thermodynamics is for displacing two COs? in the Ca2U0O2(C0Os)3 complex by a
double deprotonated glutardiamidoxime ligand (B%), which has AG close to zero (0.9 kcal/mol).
All the other reactions are uphill in the free energy, ranging from 3 to 13 kcal/mol. Due to the
chelate effect, the B/HB- ligands have more favorable AG than the simple AO- by about 2 to 5
kcal/mol. The additional Ca?* ion also lows AG by 3 to 5 kcal/mol. We need to emphasize that
what we predicted in this study are standard-state free energy change, AG®, which relates to the
equilibrium constant, K, via AG® =-RT InK. A positive AG° means that K is relatively small; e.g.,
a predicted value of 3.3 kcal/mol for AG® corresponds to a K value of ~0.004 at room temperature.
Even though this K value is small, the reaction can still be driven to the right-hand side by using
much more excess ligands as practiced experimentally.
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Table 7-1 Free-energy changes (AG) for displacing COs? in the Ca2UO2(COs3)3 complex by
acetamidoximate (AQO") and deprotonated glutardiamidoxime ligands (B>/HB").

Type Reaction AG
(kcal/mol)

Displacing  Ca;U02(COs)s + 2A0" > UO,COs(A0)z% + 2CaCOs 6.0
two CO3*

Ca2U02(C03)3 + B* - U0O2C03B? + 2CaCO3 0.9
Displacing  Ca2U02(C0O3)3 + 3A0" = UO2(AO0)s + 2CaCO3 + COs* 12.7
three COs?

 CaU0x(COs)s + B + HB > UO,B(HB) + 2CaCOs + COZ  10.4

Ca2U02(CO3)3 + 2B* = UO2B2* + 2CaCOs3 + COz* 8.2
With Ca2U02(C03)3 + 3A0 + Ca?*> UO2(A0)s” + 3CaCO3 9.9
additional
Ca2t Ca2U02(COs)s + B> + HB" + Ca2*> UO:B(HB) +3CaCOs 5.9

Ca2U02(C0O3)3 + 2B + Ca?*> UO2B2* + 3CaCOs 3.3

There are several important implications from the present study. First, we see very
important roles played by both Ca?* and Na* ions during the ligand displacement process and the
whole free-energy profile, confirming the necessity to take them into account in the simulations.
Second, since the B?/HB" ligands better represent the ligands grafted on the polymeric sorbents
than the simple AO", we expect that the chelate effect is important and a positive entropy change
for the displacement reaction. Hence the enthalpy change will be likely to be positive, so higher
temperature will shift the equilibrium toward the right favoring uranium extraction. Last, since
displacing the third carbonate by the amidoxime-based ligands is difficult, it may be sufficient for
U extraction to just displace the first two carbonate groups.

7.3.4 Further discussions

In this work, we used the anionic forms of the amidoxime ligands for replacing the
carbonate groups. However, the amidoxime ligands should exist mainly as the neutral form in the
seawater pH (8.2) due to their rather weak acidity or large pKa’s (~13). The protons from the
amidoxime ligands are supposed to react with the leaving carbonates from the Ca2UO2(COs3)s
complex to form bicarbonate, the dominant species of the total carbonates at the seawater pH. Of
course, our classical MD simulations cannot describe this proton-transfer process. We hope that
future hybrid quantum mechanical/molecular mechanical (QM/MM) simulations can address this
ISsue.

We found that the carbonate group leaves as the CaCOs ion pair. To determine how difficult
to separate the ion pair, we obtained the free-energy profile for dissociating the pair into two
separate ions (Figure 7-10). In water, the ion pair is found to be 9 kcal/mol more stable in free
energy than the separate ions; in 0.5 M NaCl, the ion pair is found to be 5 kcal/mol more stable.
In addition, a free-energy barrier of about 8 kcal/mol is required for the dissociation of the ion pair
into separate ions in both cases. So in our simulation time scale, the ions stay as a pair. In the real
seawater, the Ca?* concentration is about 100 times the COs? concentration, so we expect that
some COs?" ions may exist as the CaCOs ion pair.
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Figure 7-11 Free energy profile for the association of Ca?*(red dashed line) and Mg?*(blue solid
line) with CI-.

A main finding of the present work is that an additional Ca?* ion can facilitate the
displacement of the third carbonate group. Since the concentration of Mg?* is about five times that
of Ca?*, one wonders if Mg?* can also facilitate displacement of the third carbonate group. To test
this idea, we placed a Mg?* ion in our simulated 0.5 M NaCl solution. Interestingly, we found that
the Mg?* ion quickly forms an MgCI* ion pair with CI. So we compared the free energy profiles
for associations of the CaCl* and MgClI* ion pairs (see Figure 7-11). One can see that formation of
a contact ion pair is more favorable for MgCI* than CaCl*. In other words, Ca?* is more easily
found as free ion that Mg?*, and is therefore more suitable for facilitating the displacement
reaction.
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7.4 Conclusions

We have used classical molecular dynamics combined with umbrella sampling to map the
free-energy profiles for the displacement of the three carbonates in Ca2UO2(COs)s by the simple
acetamidoximate (AO") and the more complex glutardiamidoximate (B>/HB-) ligands in the 0.5
M NaCl aqueous solution. We found that the two Ca?* ions in Ca2UO2(COz)z can greatly facilitate
the displacement of the first two carbonate groups which leave as the neutral Ca%*...CQOs? ion pairs.
Displacing the last carbonate needs the help of an additional Ca?* ion. The presence of the Na*
ions also helps mediate the carbonate departure. The overall displacement reaction is endergonic
up to 13 kcal/mol, depending on the number of carbonates to be displaced, the amidoxime ligand
type, and the presence of the additional Ca?* ion. These insights will be useful to understand
seawater uranium extraction by amidoxime-grafted polymeric sorbents.
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8 Solvation of the Vanadate lon in Seawater Conditions from Molecular Dynamics
Simulations

8.1 Introduction

Although promising, the state-of-the-art poly(amidoxime) sorbents attract more vanadium
(V) than uranium from sweater ’4%°, Hence, one prevalent challenge of developing advanced
sorbents for uranium from seawater is to enhance U/V selectivity while increasing the U uptake at
the same time.

Vanadium exists in seawater at 1.7-2.3 ppb *%° with a predominate oxidation state of 5+ as
a vanadate anion, % while uranium is found at 3.3 ppb as a uranyl ion %2, The speciation of
vanadate (V) in solution can involve complex equilibria between various mono- and oligonuclear
clusters, critically depending on concentration and pH 3. In seawater pH of 8.2, V(V) is present
in equilibrium with two oxyanion forms of the orthovanadate, H2VO4 and HVO4?. Although a
number of recent studies have shed important light on speciation of uranyl in different aqueous
environments,1>16:57.104 9 Jjttle is known about speciation of vanadium species in seawater 103105
108 Equilibrium complexation of HVO4> has been previously determined from speciation
calculations using free ion concentrations modeled for seawater and calculated stability contestants
at the appropriate ionic strength 197,

From the perspective of molecular simulations, Buhl et al. have investigated water effects
on the 2V NMR chemical shifts of H2VO4~ with Car-Parrinello molecular dynamics (CPMD) 1%,
They found that the aqueous environment induced a conformational change on the two VOH
moieties from C2 symmetry to Cs symmetry and an exchange of water molecules between the first
solvation sphere of H2VVO4™ and the solution. Recent work with coupled cluster theory examined
coordination number and prominent binding modes of water and other ligands to vanadyl (VO2")
106 From a single-crystal structure, Rao and coworkers have found a unique binding mode of
vanadium to amidoxime-type ligand, where the V-O bonds are sequentially displaced by two
amidoximate oxygens 8. In addition, the oxovanadium (1V) and dioxovanadium (V) complexation
with an amidoximate ligand has been studied computationally 105106,

To our knowledge, the solvation of the HVO4? ion, a major species of V(V) in seawater,
has not been studied from a computational perspective, especially under the realistic solvation
conditions. In this paper, our goal is to understand solvation of the HVO4? ion in seawater from
molecular dynamics simulations. We use both density functional theory molecular dynamics
(DFT-MD) and classical molecular dynamics (CMD) simulations. Starting with Na2HVQOa4, we
first pry into dissociation of sodium ions. Next, we investigate how Na* ions interact with the
vanadate ion. Furthermore, we calculate the potential of mean force of dissociating Na* from
vanadate.

8.2 Computational methods

8.2.1 DFT-MD

First-principles molecular dynamic simulations based on density functional theory (DFT -
MD) and Born—Oppenheimer approximation were carried out using Vienna Ab-initio simulation
package (VASP) with plane wave basis and periodic boundary conditions 2627, The Kohn-Sham
equations are solved with the all-electron projected augmented wave (PAW) method 282°, We
have chosen the Perdew-Burke-Ernzerhof (PBE) functional of the generalized-gradient
approximation (GGA) for electron exchange and correlation . PBE is one of the most versatile
GGA functionals, which provides a balance description for diverse molecules and materials,
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instead of being designed for a special class of molecules or interactions. The MD calculations
were carried out at 298 K in a canonical NVT ensemble for a periodic cubic box that contains one
NazHVO4 complex in a fixed number of water molecules: we examined two concentrations with
50 and 100 water molecules. The temperature was kept constant via Nose-Hoover thermostat. A
Verlet algorithm was used to integrate Newton’s equation of motion with a time step of 1
femtosecond. After equilibration at 298 K for 15 ps, another 15 ps of production run was followed.
Graphical visualization and analysis of the liquid structure packing of the vanadate complex was
examined with VMD 3,

8.2.2 Force field parameters

Generalized Amber force field (GAFF) format was used for the HVO4? anion based on
Gaussian09 calculations at the B3LYP level of theory with the 6-31G(d) basis sets for O and H
and the LANL2DZ effective-core potential for V. Restrained electrostatic potential (RESP)
charges were obtained from fitting into the electrostatic potential from Gaussian09 calculations.
The van der Waals parameter for V was taken from the UFF while those for O and H from AMBER
51, Bond stretching, bond bending, and dihedral angle parameters were from fitting the potential
energy curves from Gaussian09 scanning.

8.2.3 Classical MD

To investigate Na2HVOs4 in water, both fresh and seawater were used: the fresh water
model contains 1500 water molecules, while the seawater model contains additional 15 Na* and
ClI-ions, to mimic the salinity of seawater at 0.54 M NaCl. The TIP3P model was used for water,
while the vdW parameters for Na* and CI- ions are the same as used previously *°. Before an
unconstrained production run, a sequence of constrained steps was employed to keep the sodium’s
localized around the vanadate complex: first, a simple minimization step with 2000 optimization
steps; second, a NVT heating run from 0 K to 300 K for 100 ps with a 1fs time; next, a 10 ns NPT
equilibration step for optimal volume and density. After an equilibration run, a 100 ns
unconstrained production run was performed. For the production run, the temperature was kept
constant using the Nose-Hover thermostat at 300 K, and the geometry of the water molecules was
held fix with the SHAKE algorithm.

8.2.4 Umbrella Sampling

The potential of mean force (PMF) simulation via umbrella sampling was performed to
obtain the free-energy profile of NaHVOa dissociation into HVO4> and Na*. A bias potential of
40 kcal/mol along the reaction coordinate (the Na-V distance, rna-v) drove the system from an
initial NaHVO4" thermodynamic state to a final HVO4? (product). Starting at rnav=3.0 A the
system took intermediate steps of 0.1 A that was covered by a series of windows performed at 10
ns time frame to a final 6.0 A. All windows were then stitched together with the Weighted
Histogram Analysis Method (WHAM) to generate the PMF.

8.3 Results and discussion

8.3.1 DFT-MD analysis of Na;HVO, in water

To investigate the most stable vanadate structure, we simulated the interaction of vanadate
in water with DFT-MD using the NazHV O salt as the initial state. Figure 8-1 shows a molecular
model of Na2HVOa: a tetrahedral structure that is charge balanced with two sodium ions within
close proximity of vanadate’s oxygens. Two types of vanadate oxygens exist: a protonated V-OH
group and three unprotonated V-O groups. To study the solvation of sodium ions, we monitored
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the interaction of sodium ions to vanadium. In the 50-ps DFT-MD simulation, the dissolution of
one sodium ion was observed. In the case of a simulation cell of 50 water molecules, the
dissociating sodium departure is at about 6 ps (Figure 8-2a), while in the case of 100 water
molecules, the dissociation of the sodium is around 8 ps (Figure 8-2b). One can also see that during
the 50-ps time frame, one sodium ion remains associated with the vanadate anion as NaHVO4.
Limited by the accessible timescale of our DFT-MD simulation, we could not examine the
dissolution of the remaining sodium ion from the brute-force DFT-MD simulation. So we turn to
classical MD which allows us to simulate Na2HVOas in both pure water and seawater for a much
longer time scale.

Figure 8-1 A snapshot of Na2HVOa4 used as the initial state in the simulation.

T L yNat
(a) —V-Na2

Distance (A)
N w - (4] [<2] ~ N w H [3,] » ~ [+-]

P RS TS SR S P
0 10 20 30 40 50

Time (ps)

Figure 8-2 V-Nal and VV-Na2 distances as a function of time, starting with NazHVOa (Figure 8-1)
in water, from DFT-MD: (a) in a simulation cell of 50 water molecules; (b) in a simulation cell of
100 water molecules.

8.3.2 Classical molecular dynamics of Na:HVOa, in pure water and seawater

To further follow the dissolution of the two sodium ions, we first explore the coordination
number (CN) of sodium ions around the vanadate in a 100-ns time frame. In pure water (Figure
8-3a), we found that both sodium ions can dissociate away and spend most of their time away from
the HVO4? anion (CN=0), while one sodium ion often associates with the HVO4? anion (CN=1)
and occasionally two sodium ions associate with the HVO4? anion at the same time (CN=2). In
seawater conditions (Figure 8-3b), we found that both sodium ions can dissociate away from the
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HVO4% anion (CN=0), but the most probable CN is between 1 and 2; sometimes there are three
and even four sodium ions around the HVO4? anion.
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Figure 8-3 Change of coordination number of Na* ions around V with time from 100-ns classical
molecular dynamics simulations: (a) in pure water; (b) in NaCl solution.

Averaging over the 100-ns trajectories in Figure 8-3, we obtained the radial distribution
function (RDF) of sodium ions around V (Figure 8-4). In both pure water and seawater, two peaks
can be seen at 2.95 A and 3.55 A. These peaks represent two interacting sites around the vanadate
complex. The snapshots in Figure 8-5 show that the 2.95-A site corresponds to a state where Na*
interacting with two oxo groups (Na-Ov distances at about 2.42 and 2.54 A), while the 3.55-A site
corresponds to a state where Na* interacting with one oxo group (Na-Ov distance at about 2.30 A).
Furthermore, CN from the integrated RDF shows that there is 0.3 Na* within a 4.0-A radius around
V in pure water, while there are 1.5 Na* around V in seawater.
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Figure 8-4 Radial distribution function (black) and coordination number (blue) of Na* ions around
V averaged over 50-ns trajectories of classical molecular dynamics simulations: (a) in pure water;
(b) in seawater.
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Figure 8-5 Snapshots of two states of NaHVO4" in pure water, corresponding to the two peaks in
radial distribution function of Na around V in Figure 8-4: (a) rv-na= 2.95 A; (b) rv.na= 3.55 A. Na,
yellow; V, gray; O, red; H, white.

8.3.3 Salt effect on hydrogen bonding

The CN of sodium ions around the vanadate anion is closely related to the hydrogen-bond
network. So we explored the hydrogen bond lifetime of the vanadate anion in pure water and in
seawater. To define the hydrogen bonds between water and the vanadate, we used geometrical
criteria of the O-H---O distance within 3.0 A and angles greater than 135°. From Figure 8-6, one
can see that a longer lifetime of hydrogen bonds around the vanadate anion is observed in pure
water than in seawater. So the existence of a high concentration of NaCl disrupts the hydrogen-
bond network around the vanadate anion, thereby accelerating the hydrogen-bond dynamics. This
is consistent with our finding that 1.5 sodium ions are closely associated with the vanadate anion
as shown in the RDF plot (Figure 8-4b).
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Figure 8-6 Hydrogen bond autocorrelation function, Crs(t), for water molecules hydrogen-bonded
to HVO4? in pure water (black) and in seawater (red).
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The effects of adding NaCl on the solvation of the vanadate can be further inspected from
the number of hydrogen bonds around each V-O group. Table 8-1 shows the average number of
hydrogen bonds over the 100-ns trajectory. In pure water, the oxo groups (01, 02, and O3) of
vanadate (Figure 8-1) are calculated to accept about three hydrogens from surrounding waters,
whereas the —OH group (O4) of vanadate accepts two. In seawater, the average number of
hydrogen bonds decreases by about 0.3 to 0.4, as the sodium ions now compete with water
molecules for the interaction with the vanadate anion.

Table 8-1 Average number of hydrogen bonds with the V-O groups of vanadate over 100-ns
trajectory

V-0 In pure water In seawater
V-01 3.03 +£0.68 2.74 £0.89
V-02 3.06 £0.65 2.77+0.86
V-03 3.08 £0.63 2.83 +£0.83
V-O4 2.24+0.69 1.86 £0.89
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Figure 8-7 Free-energy profile from the potential of mean force of NaHVO4 dissociation to
HVO4? and Na* in pure water and in seawater. Reaction coordinate is defined as the VV-Na distance.

8.3.4 Free-energy dissociation of NaHVO4

The DFT-MD and CMD simulations above show the high probability of the vanadate anion
with a sodium ion associated with it to form NaHVO4". To examine the free-energy profile for this
sodium ion to dissociate away from the vanadate, we used umbrella sampling with our CMD
simulations to obtain the potential of mean force (PMF). Figure 8-7 shows the free-energy profile
of NaHVOg4 dissociation to HVO4? and Na* in pure water and in seawater. One can see that the
sodium ion in NaHVO4 exists in two states, one with V-Na distance of 2.95 + 0.15 A and the other
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with V-Na distance of 3.5 + 0.25 A, as already shown in the RDF plot in Figure 8-4 and in the
snapshots in Figure 8-5. The two states are separated by a small barrier of ~0.7 kcal/mol. From the
3.5-A state, the sodium ion can then break away with a barrier of 2.2 kcal/mol in pure water and
2.5 kcal/mol in seawater; both barriers are small enough that we observed many crossings in our
brute-force MD simulations at 300 K (Figure 8-2). At the transition state (Figure 8-8a), the
snapshot shows that the Na-Ov distance is at about 2.63 A and the Na* ion is surrounded by five
water molecules. Figure 8-7 also shows that the associated state (NaHVO4’) is more stable than
the dissociated state (HVO4% and Na*). In addition, this stability is enhanced in seawater than in
pure water. In the dissociated state, the snapshot sows that the Na* ion is now surrounded by six
water molecules (Figure 8-8b).

Figure 8-8 Snapshots along the potential of mean force (PMF) of NaHVO4 dissociating into
HVO4Z and Na*: (a) transition state (at a Na-V distance of ~4.25 A in Figure 8-7); (b) after
dissociation (at a Na-V distance of ~5.75 A in Figure 8-7). Na, yellow; V, gray; O, red; H, white.

8.4 Conclusions

In summary, we have examined the solvation of the vanadate anion (HVO4*) with
molecular dynamics simulations. Starting with Na2HVO4, DFT-MD showed that one Na* ion
quickly dissociates away within a few ps, while the second Na* ion remains associated within the
timescale of 50 ps. Classical MD simulations on the time scale of 100 ns showed that the fully
dissociated state (HVO4?%) is most probable in pure water, while in seawater NaHVO4" is the most
probable state. Relaxation of hydrogen bonds around the vanadate anion was found to be faster in
seawater than in pure water due to the disruption of the hydrogen-bond network by the Na* ions.
Potential of mean force for NaHVO4 dissociation into HVO4? and Na* ion revealed a smaller
barrier of ~2.5 kcal/mol. Our simulations show the importance of Na* ions in the solvation and
speciation of vanadate in seawater; this knowledge will be useful for further understanding of the
uranium/vanadium selectivity in ligand binding and design for seawater uranium recovery.
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9 Computational Analysis of Enthalpy and Entropy Contributions to Uranium and
Vanadium Complexation and its Implications in Uranium/Vanadium Selectivity

9.1 Introduction

Following the discussions in Chapter 8, it is known that vanadium is the main competitor
for uranium extraction from seawater. Some of the state-of-the-art amidoxime ligands even prefer
binding of vanadium over uranium.”*% Therefore, increasing the uranium/vanadium selectivity is
essential to design effective strategy to extract uranium from seawater. Recently, temperature-
dependent uptake data of uranium and vanadium based on two high-capacity adsorbents AF1 and
AI8 developed by ORNL are published by the PNNL group.' Their results show that the sorption
of U(VI) is highly endothermic while the sorption of V(V) is much less sensitive to temperature.
This indicates that temperature can be used as a lever to control the uranium/vanadium selectivity.
In this Chapter, we will address the different entropy and enthalpy contributions of uranium and
vanadium uptake from the computational perspective. Understanding the origin of this difference
will be helpful to design and choose candidates with high uranium/vanadium selectivity.

9.2 Computational Details

All the simulations are carried out with CMD methods implemented in the AMBER 16
package. The 0.5 M NaCl concentration is used to mimic the seawater condition. The open-chain
amidoxime (glutardiamidoxime: B%) discussed in Chapter 5 and Chapter 7 is used as the binding
ligand. Since the dominated species of uranium in seawater is Ca2UO2(COs3)s, we use the
complexation of uranyl involving B displacing the second CO3? group of Ca2UQO2(C0O3)3 to
model the uranium uptake. For the vanadium uptake model, we directly employed the binding of
B2~ with vanadyl (VOz2*). Umbrella sampling technique is used to obtain the free energy of the
displacing and binding processes. The calculations are performed with temperatures being set to
285-315 K with 15 K interval for U binding and extended to 345 K for V binding which is less
sensitive to temperature changes. All the force field parameters and other calculation inputs are
kept the same with those used in Chapter 5 and Chapter 7.

9.3 Results and discussion

9.3.1 Enthalpy and entropy contributions for U binding

We first compare the free energy profiles for the U binding process at different
temperatures in Figure 9-1. The initial state B5, intermediate B6 and final state B7 are marked on
the free energy profiles along with their structures showing in Figure 9-1(b). As the temperature
increase from 285 K to 315 K, the free energy difference between B5 and B6 decreases from 11.5
kJ/mol to 2.5 kJ/mol. The increasing temperature makes the formation of the intermediate B6 much
easier. As a result, the free energy change from B5 to final state B7 is reduced from —9.8 kJ/mol
to—18.3 kJ/mol. By looking at the structure of B6 in Figure 9-1(b), we can see that the intermediate
involves the bidentate binding COs?" transformed from its monodentate binding form with the
uranium complex in the initial state, which is endothermic at 285 K and benefited from higher
temperature.

We further applied van’t Hoff Equation to fit the logarithm of the equilibrium constant K
which can be calculated from free energy AG with the inverse of temperature T to determine the
enthalpy AH and entropy AS

AH) 1,45 (9.1)
T R

k=~ (%
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in which R is the gas constant. The fitted results are shown in Figure 9-2 and based on the fitted
parameters the values of AH and AS are calculated in Table 9-1. Our estimated AH of 65 kJ/mol
and AS of 0.264 kJ/K/mol are in good agreement with the experimental data for both AF1 and AlI8
sorbents.!® Two insights are gained upon this agreement: (1) since it is confirmed both from
simulation and experiments that the uranium complexation by amidoxime is endothermic, we can
expect the improved uranium uptake from higher operating temperatures; (2) the large positive
entropy change suggests that the chelate effect which we studied in Chapter 7 is important when
considering the ligand exchange with carbonate.
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Figure 9-1 (a) Free energy profiles for the uranium complexation from 285-315 K and (b) the
structures of the initial state B5, intermediate state B6 and final state B7.
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Figure 9-2 van’t Hoff plots (In K vs 1/T) for the complexation of U(V1) with open-chain B~ ligand.
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Table 9-1 Comparison between simulations and experiments'® for enthalpy and entropy
contributions to U(VI) and V(V) bindings with the amidoxime ligands

Reaction AH and AS Simulation Expt. (AF1) Expt. (Al8)
U + Amidoxime AH (kJ/mol) 65+ 7 57+6 59 +11

AS (kJ/K/mol) 0.26 +0.02 0.31+0.02 0.32+0.04
V + Amidoxime AH (kJ/mol) -11+3 6.1+59 -11+6

AS (kJ/K/mol) 0.05+0.01 0.16 £ 0.02 0.10 £ 0.02
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Figure 9-3 (a) Free energy profiles for the VO2* binding process from 285-345 K and (b) the
structures of the intermediate state C1 and final state C2.

9.3.2 Enthalpy and entropy contributions for V binding

The free energy profiles of the binding of VO2* with B> at different temperatures are
shown in Figure 9-3(a). The structure of intermediate C1 and final sate C2 in Figure 9-3(b), the
initial state involves the free ions separated from each other more than 12 A. From the free energy
profiles, we noticed that free energy change of either in the formation of C1 or C2 is less than 2.5
kJ/mol when the temperature increases from 285 K to 345 K. By inspecting the intermediate
structure of C1, we see that it features the hydrogen bonding of two water molecules in the first
solvation shell of VO2* with the oxime oxygen of B>~ ligand. Increasing the temperature has small
impact on the deep free energy drop of forming the binding state C2.
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Like the U binding process, we applied van’t Hoff equation to fit the free energy data in
Figure 9-4 and calculated the enthalpy AH=11 kJ/mol and entropy AS=0.045 kJ/K/mol (Table
9-1). These values are close to the experimental data of the Al8 sorbent for (V) binding which is
slightly exothermic with a positive entropy change.*'° In contrast, the experimental data of AF1
sorbent shows that its binding with V(V) is slightly endothermic. This suggests that the majority
of the amidoxime ligands in AF1 are not the open-chain form.
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Figure 9-4 van’t Hoff plots (In K vs 1/T) for the binding of (V) with open-chain B?- ligand.

9.4 Conclusions

In this chapter we performed computational analyses of free energies of binding at different
temperatures to obtain enthalpy and entropy contributions to uranium and vanadium bindings. We
found that uranium complexation with the open-chain amidoxime is endothermic and has a large
positive entropy change, in very good agreement with the experiment for both AF1 and AI8
sorbents. In contrast, vanadium complexation with the open-chain amidoxime is slightly
exothermic and has a smaller positive entropy change, in good agreement with the experiment for
the AI8 sorbent but different from that for the AF1 sorbent. Hence, use of the open-chain
amidoxime at higher temperatures is a very good way to increase U/V selectivity.
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