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Abstract

A fundamental understanding of the behavior of actinides in ionic liquids is required to de-
velop advanced separation technologies. Spectroscopic measurements indicate a change in the
coordination of uranyl in the hydrophobic ionic liquid 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide ([EMIM][Tf2N]) as water is added to the system. Molecular dy-
namics simulation of dilute uranyl (UO2+

2
) and plutonyl (PuO2+

2
) solutions in [EMIM][Tf2N]/-

water mixtures have been performed in order to examine the molecular-level coordination and
dynamics of the actinyl cation (AnO2+

2
; An = U, Pu) as the amount of water in the system

changes. The simulations show that the actinyl cation has a strong preference for a first sol-
vation shell with five oxygen atoms, although a higher coordination number is possible in
mixtures with little or no water. Water is a much stronger ligand for the actinyl cationthan
Tf2N, with even very small amounts of water displacing Tf2N from the first solvation shell.
When enough water is present, the inner coordination sphere of each actinyl cation contains
five water molecules without any Tf2N. Water also populates the second solvation shell, al-
though it does not completely displace the Tf2N. At high water concentrations a significant
fraction of the water is found in the bulk ionic liquid, where it primarily coordinates with the
Tf2N anion. Potential of mean force simulations show that the progressive addition of up to
five water molecules to uranyl is very favorable, with∆G ranging from−52.3 kJ/mol for the
addition of the first water molecule to−37.6 kJ/mol for the addition of the fifth. Uranyl and
plutonyl dimers formed via bridging Tf2N ligands are found in [EMIM][Tf2N] and in mixtures
with very small amounts of water. Potential of mean force calculations confirmthat the dimeric
complexes are stable, with relative free energies of up to−9 kJ/mol in pure [EMIM][Tf2N].
We find that the self-diffusion coefficients for all the components in the mixture increase as the
water content increases, with the largest increase for water and the smallest increase for the
ionic liquid cation and anion. The velocity autocorrelation functions also indicate changes in
structure and dynamics as the water content changes.
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The details of the simulations, along with a figure showing the MSD for uranyl at400 and

298 K and a table with the average temperature and pressure over the course of the15 nsNV E

production run are available in the Supporting Information. Also available are a table with the posi-

tion of the first maximum of the An-O(H2O) and An-O(Tf2N) radial distribution functions, a figure

showing U-O(Tf2N), U-N(Tf2N), and U-N(EMIM) RDFs, a table with the average bond lengths

and angles for the actinyl cations, and a figure showing simulation snapshots of the water molecules

in the first solvation shell for uranyl cations with different coordination environments. Addition-

ally, figures showing the H(H2O)-O(Tf2N) and H(H2O)-O(H2O) RDFs and the axial oxygen-water

hydrogen RDFs and NIs, simulation snapshots showing the location of the water molecules in the

first and second solvation shell of uranyl cations, and a figure showing the actinide-actinide RDFs

for the different independent simulations, a figure showingthe intramolecular oxygen-oxygen dis-

tances in Tf2N, and a figure showing Tf2N-Tf2N, Tf2N-EMIM, and EMIM-EMIM RDFs are in-

cluded. Finally, figures showing the MSD and VACF of the ionic liquid cation and anion can be

found in the Supporting Information.

Simulation Details

The functional form of the force fields in this work is given by
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∑
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where the total energy is expressed in terms of bond stretching, angle bending, dihedral rotations

(including improper dihedrals for the imidazolium ring), and pairwise non-bonded interactions rep-

resented using the Lennard-Jones and Coulomb potentials. The unlike Lennard-Jones parameters
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are determined using the Lorentz-Berthelot combining rules:1

σij =
1

2
(σii + σjj) and ǫij = (ǫiiǫjj)

1/2

The molecular dynamics simulation package GROMACS 4.5.52–5 was used for all MD sim-

ulations. The simulations were performed in a cubic box withperiodic boundaries in all directions.

The Leapfrog algorithm6 with a 2 fs time step was used to integrate the equations of motion. A

1.20 nm cut-off with a switching function from1.18 to 1.20 nm with a neighbor list cut-off of

1.50 nm was used for the non-bonded (LJ + Coulomb) interactions. The Coulomb potential was

calculated using the particle mesh Ewald method7,8 with a Fourier grid spacing of0.12 nm in re-

ciprocal space. The rigid water model was constrained usingSETTLE9 and the hydrogen bonds

in the imidazolium ring were constrained using parallel LINCS.10,11 Initial random configurations

were generated using Packmol.12 The initial configurations were then relaxed through steepest de-

scent energy minimization, followed by1 ns of MD simulation in the canonical (NV T ) ensemble

at 700 K with the Berendsen thermostat13 having a time constant of0.5 ps. This was followed

by another1 ns run in the isothermal-isobaric (NpT ) ensemble at700 K and1 atm. These initial

short runs at700 K were necessary to obtain a reasonable starting structure.The system was then

annealed for2 ns in theNpT ensemble to reach the target temperature of400 K. At this point

the system was equilibrated for20 ns in theNpT ensemble using a Nosé-Hoover thermostat14,15

and Parrinello-Rahman barostat16,17with time constants of3.0 ps for both the thermostat and baro-

stat. Next followed5 ns simulation in theNV T ensemble with the density fixed at the average

value from the last10 ns ofNpT equilibration. This was followed by a production run of15 ns

in theNV E ensemble using the double precision version of GROMACS to ensure conservation

of energy with a nominal temperature and pressure of400 K and 1 atm. Positions were written

out every1000 steps or2 ps for later analysis. Average temperatures and pressures over theNV E

run are available in Table S1 of the Supporting Information.15 ns NVE takes about 2 days on 12

shared-memory processors

In addition, umbrella sampling18,19 simulations were run to calculate potentials of mean

force20 for the progressive addition of water molecules to uranyl in[EMIM][Tf 2N], the displace-

ment of water by Tf2N for uranyl with five water molecules, the addition of a sixthwater molecule

to five-coordinate plutonyl, and for the association of actinyl cations in [EMIM][Tf2N] with and

without small amounts of water. For these simulations a smaller system size of80 [EMIM][Tf 2N]

ion pairs with a single actinyl cation and a1−8 water molecules was used, resulting in a simulation

box length of approximately3.35 nm. The initial configurations were equilibrated using the same

annealing procedure outlined above, followed by a10 ns equilibration run in theNpT ensemble

at 400 K and1 atm using the Nośe-Hoover thermostat and Parrinello-Rahman barostat. Statistics

for the potential of mean force were then collected over a25 nsNpT run with the positions and
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forces for the constrained molecules written every1000 steps (2 ps). The force constants for the

harmonic umbrella potential ranged from100, 000 to 20, 000 kJ/mol/nm2, with the larger values

for the shorter distances. Simulations were performed every 0.02 nm along a given reaction coor-

dinate, with a smaller spacing of0.01 nm from 0.23 to 0.28 nm (near the minimum). The PMF

was extracted from the simulations using the weighted histogram analysis method (WHAM)21–23

as implemented in the GROMACS analysis routine gwham.24

At each concentration and for each point along the PMF, two independent simulations were

performed in order to obtain more reliable statistics. The actinyl Tf2N complexes were initialized

as both associated [AnO2(Tf2N)2]+0.4 and dissociated AnO2+2 + 2 Tf2N−0.8. For the systems with

the smallest amount of water (0.95 and0.90 mole fraction IL), an additional six independent sim-

ulations (for a total of eight) were performed to obtain sufficient sampling at these concentrations.

An additional two independent simulations were performed for the pure IL systems to obtain better

sampling of the association between the actinyl cations. The reported uncertainties are the standard

deviation calculated from the average of each indepedent simulation. The MD trajectories were

analyzed using a combination of the GROMACS analysis routines and custom in-house analysis

code.
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Figure S1: Center of mass mean square displacement for uranyl in [EMIM][Tf2N] without any water at
400 K (black) and 298 K (red)
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Table S1: Average temperature and pressure over the course of the15 nsNV E production run.a

UO2 PuO2

xIL T [K] p [atm] T [K] p [atm]

1.00 3982 −1714 3991 −538

0.95 4013 1323 3982 −1721

0.90 4012 1222 4023 2025

0.85 4001 75 4013 1924

0.81 3971 −2312 4001 31

0.77 4021 196 3971 −233

0.74 4011 1311 4011 139

0.71 4022 1718 4001 56

aSubscripts indicate uncertainties in the final digit.

Results and Discussion

Table S2: The position (in nm) of the maximum in the first peak of the An-O RDF for the oxygen atom in
water and Tf2N.a

An-O(H2O) An-O(Tf2N)

xIL UO2 PuO2 UO2 PuO2

1.00 – – 0.251 0.251

0.95 0.243 0.245 0.251 0.251

0.90 0.245 0.247 0.257 0.255

0.85 0.247 0.247 – –

0.81 0.247 0.247 – –

0.77 0.247 0.247 – –

0.74 0.245 0.247 – –

0.71 0.245 0.247 – –

aSubscripts indicate uncertainties in the final digit.
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Figure S2: U-O(Tf2N) (black), U-N(Tf2N) (red), and U-N(EMIM) (green) radial distribution functions in
mixtures with uranyl (left) and plutonyl (right) at 1.0, 0.95, 0.90, 0.85, and0.71 mole fraction IL. Mixtures
at 0.81, 0.77, and 0.74 mole fraction IL not shown as there is not much difference between 0.85 and 0.71
mole fraction IL. Note that the U-N(Tf2N) peak is shifted relative to the U-O(Tf2N) peak; this is a result
of the elongated nature of the molecule, where the intramolecular distance between O and N atoms is more
than 0.2 nm.
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Table S3: Average bond lengths and angles for the actinyl cations.a

UO2 PuO2

xIL bond length [nm] bend angle [deg] bond length [nm] bend angle [deg]

1.00 0.1772 166.147 0.1710 173.682

0.95 0.1774 169.42 0.1712 174.133

0.90 0.1775 171.194 0.1714 174.422

0.85 0.1776 171.432 0.1715 174.492

0.81 0.1776 171.403 0.1715 174.511

0.77 0.1776 171.321 0.1715 174.531

0.74 0.1776 171.291 0.1715 174.501

0.71 0.1776 171.252 0.1715 174.501

aSubscripts indicate uncertainties in the final digit.
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Figure S3: Simulation snapshots showing the water molecules in the first solvation shell of uranyl for
coordination environments with 1–5 water molecules. The Tf2N anions have been removed for clarity.
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with uranyl (left) and plutonyl (right). 1.0 mole fraction IL (black), 0.95 (red), 0.90 (green), 0.85 (blue),
0.81 (magenta), 0.77 (orange), 0.74 (violet), and 0.71 (cyan).
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Figure S5: O(AnO2)-H(H2O) radial distribution functions (left) and number integrals (right) in mixtures
with uranyl (top) and plutonyl (bottom). 1.0 mole fraction IL (black), 0.95 (red), 0.90 (green), 0.85 (blue),
0.81 (magenta), 0.77 (orange), 0.74 (violet), and 0.71 (cyan).
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Figure S6: Distribution of the coordination numbers of water (left) and Tf2N (right) oxygen atoms with
UO2+

2
(red, left) and PuO2+

2
(blue, right) in the second solvation shell. Note that the definition of the second

solvation shell is somewhat ill-defined (see the number integrals in Figure 2).The error bars indicate the
standard deviation.

Figure S7: Simulation snapshots showing the water molecules in the first and second solvation shell of
uranyl. The Tf2N anions have been removed for clarity.
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