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ABSTRACT
Ionic liquids (ILs) are a unique class of solvents with potential applications in advanced separation technologies relevant to the nuclear indus-
try. ILs are salts with low melting points and a wide range of tunable physical properties, such as viscosity, hydrophobiciy, conductivity, and
liquidus range. ILs have negligible vapor pressure, are often non-flammable, and can have high thermal stability and a wide electrochemical
window, making them attractive for use in separations processes relevant to the nuclear industry. Metal salts generally have a low solubility
in ILs; however, by incorporating new functional groups into the IL cation or anion that promote complexation with the metal, the solubility
can be greatly increased. One such task-specific ionic liquid (TSIL) is 1-carboxy-N, N, N-trimethylglycine bis(trifluoromethylsulfonyl)imide
([Hbet][Tf2N]) [Nockemann et al., J. Phys. Chem. B 110, 20978–20992 (2006)]. Water, which is detrimental for electrochemical separations,
is a common impurity in ILs and can coordinate with actinyl cations, particularly in ILs containing only weakly coordinating components.
Understanding the behavior of actinides in TSIL/water mixtures on a molecular level is vital for designing improved separations processes.
Classical molecular dynamics simulations of uranyl(VI) and plutonyl(VI) in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMIM][Tf2N]) with deprotonated Hbet (betaine) and water have been performed to understand the coordination and dynamics of the
actinyl cations. We find that betaine is a much stronger ligand than water and prefers to coordinate the metal in a bidentate manner. Poten-
tial of mean force simulations yield a relative free energy for betaine coordination of approximately −120 to −90 kJ/mol in mixtures with
water. As the amount of betaine coordinated to the actinide increases, the diffusion coefficient of the actinyl cation decreases. Moreover, the
betaine ligand is able to bridge between two metal centers, resulting in dimeric complexes with actinide–actinide distances of ∼5 Å. Poten-
tial of mean force simulations show that these structures are stable, with relative free energies of up to −40 kJ/mol. The crystal structure for
[(UO2)2(bet)6(H2O)2][Tf2N]4 shows that the betaine bridges between two uranium atoms to form dimeric complexes similar to those found
in our simulations [Nockemann et al. Inorg. Chem. 49, 3351–33601 (2010)].

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0230073

I. INTRODUCTION

Renewed interest in the use of nuclear energy as a replacement
for fossil fuels includes research into novel separation technologies
for the actinide elements in advanced nuclear fuel cycles. To date,
the only process deployed on a large scale for the reprocessing of
used nuclear fuel (UNF) is the PUREX process (plutonium–uranium
reduction extraction).1,2 PUREX involves the use of highly

concentrated nitric acid and requires multiple liquid–liquid extrac-
tion processes, which makes it less than ideal from a safety and green
chemistry perspective. Ionic liquids (ILs) have recently been iden-
tified as a class of solvents with potential applications in nuclear
separations technology. ILs are low-melting salts with negligible
vapor pressure, can have high thermal stabilities, are often non-
flammable, and can have low corrosivity and a wide electrochem-
ical window of up to 6 V.3 These properties make ILs intriguing
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solvents for use in actinide separation processes, such as solvent
extraction, ion exchange, dissolution, crystallization, and electrore-
fining.4 In addition, ILs can have high radiation stability, similar
to benzene.5–7 Moreover, through the choice of anion and cation,
various properties such as viscoscity, hydrophobicity, conductivity,
liquidus range, and the ability to solubilize metal cations can be
modified. In fact, task-specific ILs (TSILs) are ILs that have been
tuned to enhance one (or more) of these properties for a chosen
application.

One such TSIL is 1-carboxy-N, N, N-trimethylglycine
bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]), developed by
Nockemann et al. for dissolving metal oxides.8 Metal oxides
generally have a low solubility in ILs; however, by incorporating
the carboxylic acid group into the IL cation, which promotes com-
plexation with metal cations, the solubility is greatly increased.9,10

Moreover, the dissolution of metal oxides in [Hbet][Tf2N] can be
regenerated after a radiation dose of up to 400 kGy by simply wash-
ing with water.11 Hoogerstraete et al. have used zwitterionic betaine
as an extractant in the IL [Hbet][Tf2N] to remove lanthanides and
transition metals.12,13 Their extraction procedure takes advantage
of the switchable phase behavior of [Hbet][Tf2N]/water mixtures,
where the IL is miscible with water at higher temperatures and
immiscible at lower temperatures. The procedure works by first
heating the [Hbet][Tf2N]/water mixture (with the metal in the
aqueous phase) above 60 ○C, where the IL and water are completely
miscible. The mixture is then cooled to room temperature, the
water and IL phases separate, and the metal is extracted into the
IL. The metal can then be stripped from the IL phase using an
acid, or potentially by using electrochemical techniques. Using a
similar method, Sasaki et al.14 were able to extract uranyl from
0.1M aqueous HNO3 with [Hbet][Tf2N] with 62% efficiency.
They found that the extraction efficiency dropped with increasing
acid concentration. At higher acid concentrations, deprotonation
of Hbet will be depressed, which led them to speculate that the
extraction mechanism is complexation of uranyl with COO−.
Others have explored the dissolution and successful electrodepo-
sition of plutonium oxide in [Hbet][Tf2N].15 The phase behavior
of [Hbet][Tf2N]/water mixtures will change with the addition of
dissolved metal oxides; this has been explored for mixtures with
neodymium(III) to explore the feasibility of using [Hbet][Tf2N] in
extraction processes.16

Molecular simulations can provide valuable information about
the detailed interactions between An (An = actinide) solutes, spe-
cialized ligands such as zwitterionic betaine, and the IL cations
and anions. In particular, we want to understand how betaine
coordinates with uranyl(VI) and plutonyl(VI) and whether the
use of [Hbet][Tf2N] is a viable extraction process for separating
actinyl cations from spent nuclear fuel. We have performed classi-
cal molecular dynamics simulations of uranyl(VI) and plutonyl(VI)
in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMIM][Tf2N]) with deprotonated Hbet (zwitterionic betaine)
and water to understand the coordination and dynamics of the
actinyl cations, as well as the nature of the coordination complexes.
[Hbet][Tf2N] has a melting point of 57 ○C, so we have chosen to use
what is essentially a mixture of [Hbet][Tf2N] with [EMIM][Tf2N]
(it should be noted that the melting point of [EMIM][Tf2N] is
−18 ○C). We have chosen the mixture over pure [Hbet][Tf2N] in
order to simulate the more practical fluid for lower temperature

extractions. Furthermore, this builds on our prior work studying
actinyl cations in [EMIM][Tf2N] with varying amounts of water.17

We find that betaine is a much stronger ligand than water and
prefers to coordinate the metal in a bidentate manner. We also find
that a significant fraction of the actinyl cations in solution exist as
betaine-bridged multi-nuclear complexes.

II. SIMULATION DETAILS
Classical molecular dynamics simulations of uranyl(VI)

(UO2+

2 ) and plutonyl(VI) (PuO2+

2 ) in solutions of the hydrophobic
IL [EMIM][Tf2N] with water and zwitterionic betaine were per-
formed at 400 K. The betainium cation deprotonates to form neutral
zwitterion betaine when complexed with a metal. At the concen-
trations studied here, we expect that almost all of the betainium
would exist as betaine; hence, we have simulated betaine rather
than betainium. The structures of all the molecules are shown in
Fig. 1. For consistency with our previous work, we have again used
the united-atom IL force field of Zhong et al.18,19 Although this
model yields self-diffusivities for pure ILs that are slightly lower
than experimental values, the force field performs well for mixtures
with water19 and the overall performance is among the best of the
nonpolarizable IL force fields currently available. The uranyl(VI)
and plutonyl(VI) cations are again modeled using the force field
developed by our group for hydrated actinyl(V/VI) cations,20,21 and
the SPC/E force field is again used for water.22 To model betaine,
we developed our own united-atom model following a procedure
similar to that used by Zhong et al. for their IL force field. The
CHx parameters are taken from the TraPPE force field,23 while the
generalized Amber force field (GAFF)24 is used for the remaining
parameters. The classical force field that we have used for the actinyl
cations was parameterized against ab initio calculations and has been
shown to give a reasonable description of the local environment
for uranyl complexes.20,21,25,26 Further details on our betaine model
can be found in Table S1 in the supplementary material. To vali-
date our betaine force field, the binding energies of select uranyl(VI)
coordination complexes were calculated using both the classical
force fields and density functional theory (DFT). The quantum

FIG. 1. Structures of the 1-ethyl,3-methylimidazolium (EMIM) cation,
bis(trifluoromethylsulfonyl)imide (Tf2N) anion, betaine (bet) ligand, and actinyl
cations used in this work.
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mechanical calculations were performed in Gaussian0927 using the
B3LYP functional28,29 with the tzvp basis set30 and the Stuttgart
basis set and relativistic small core potential for U.31,32 The most
diffuse functions in the U basis set, with an exponent of 0.005,
for s, p, d, and f functions were replaced with exponents of 0.013,
0.059, 0.026, and 0.067, respectively.33 Comparing the relative ener-
gies between the two methods with UO2(H2O)2+

5 set to zero (since
the UO2+

2 force field was fit to hydrated uranyl(VI) at a higher
level of theory20,21), we find an average unsigned deviation of
about 45 kJ/mol or 10% (see Fig. 2). Given the many approxima-
tions in classical united-atom force fields, we are satisfied with this
performance.

As in our previous study,17 the simulations were performed
at a somewhat elevated temperature of 400 K due to the very slow
dynamics at 298 K. All the simulations were performed using the
molecular dynamics software package GROMACS 4.5.5,34–38 and
all reported properties were calculated from 15 ns production runs
in the microcanonical (NVE) ensemble averaged over four inde-
pendent simulations. In addition, in keeping with our previous
work, actinyl(VI) concentrations of ∼0.1M were chosen, with 12
actinyl cations and 450–475 [EMIM][Tf2N] ion pairs for reasonable
statistics. The counterions for the actinyl cations were again Tf2N,
resulting in an additional 24 Tf2N anions in each mixture. Simu-
lations were performed for mixtures with 0, 2.5, 5, and 7.5 water
molecules per actinyl cation and 1, 2, 3, and 4 betaine molecules
per actinyl cation, resulting in 16 different solutions. The number of
each type of molecule in each mixture is presented in Table S2 in the
supplementary material. In addition, umbrella sampling39,40 simu-
lations in the isobaric–isothermal (NpT) ensemble were run to cal-
culate the potentials of mean force41 using the weighted histogram
analysis method (WHAM)42–44 as implemented in the GROMACS
analysis routine g_wham.45 The potential of mean force simula-
tions consisted of 1 or 2 uranyl(VI) cations with 80 [EMIM][Tf2N]
ion pairs and either 0 or 5 water molecules per UO2+

2 . Additional
simulation details are provided in the supplementary material.

III. RESULTS AND DISCUSSION
A. Potentials of mean force

To understand the relative association strengths of the various
ligands (betaine, water, and Tf2N), umbrella sampling simulations
were performed to compute the potential of mean force (PMF) for
the progressive addition of 1–4 betaine molecules to uranyl(VI),
according to

UO2+

2 ⋅ xbet + bet→ UO2+

2 ⋅ (x + 1)bet, (1)

where x = 0–3. The simulations were performed in bulk
[EMIM][Tf2N] in both the absence of water and in the pres-
ence of five water molecules. The PMFs, shown in Fig. 3 as G(r),
clearly show that coordination with betaine is very favorable. In
the absence of water, the difference in relative free energy for the
dissociated and associated states range from approximately −180
kJ/mol for the addition of the first betaine ligand to −140 for the
addition of the third betaine, with the minimum at uranyl–betaine
center-of-mass separations of 0.43 nm, which corresponds to
bidentate coordination. These values of ΔG are similar to those
found by Chaumont et al. for the addition of chloride anions to
uranyl in [BMIM][Tf2N].46 We see a small shoulder at slightly
longer separations (0.48 nm), corresponding to monodentate
coordination. The difference in ΔG between adding one or two
betaine and the third may be due to the number of Tf2N ligands
displaced by the betaine. The first two betaine ligands displace
two Tf2N anions each, whereas the third betaine displaces only
one Tf2N. A very small barrier of 10 kJ/mol at 0.65 nm exists
for the addition of the first betaine, which decreases to 3 kJ/mol
as we progressively increase the amount of betaine coordinated
to uranyl. Although the UO2+

2 ⋅ (Tf2N)5 and UO2+

2 ⋅ (Tf2N)3(bet)
complexes have an overall negative charge, the charge is distributed
and the “floppy” Tf2N is able to accommodate the approach-
ing negative end of the zwitterionic betaine without any strong

FIG. 2. Left: energies of uranyl complexes of representative snapshots with different coordination environments calculated using our classical force field (red down triangles)
and DFT(B3LYP/TZVP) (black up triangles). W = water, B = betaine, and the numbers refer to the number of coordinating oxygen atoms. It should be noted that betaine can
coordinate both mono- and bidentate. The snapshots show the complex used for the calculations, which were taken directly from our simulations (no geometry optimization).
Right: correlation plot of the relative binding energies from the classical force field and DFT (blue circles).
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FIG. 3. Potential of mean force for the progressive addition of betaine to UO2+

2

(UO2+

2 ⋅ betx + bet → UO2+

2 ⋅ betx+1; x = 0–3) in pure [EMIM][Tf2N] (left) and
[EMIM][Tf2N] with five water molecules (right). 1 bet per uranyl (black), 2 bet per
uranyl (red), 3 bet per uranyl (green), and 4 bet per uranyl (blue). It should be
noted that r is the center-of-mass separation between uranyl and betaine, not the
U–O distance. The line widths indicate the standard deviation.

charge–charge interactions, which results in a low barrier to betaine
complexation.

In the presence of five water molecules, the uranyl cation is ini-
tially coordinated exclusively by water, as we would expect.17 Water
is then displaced by the incoming betaine. Relative free energies
for increasing betaine coordination of −120 to −90 kJ/mol are less
than in [EMIM][Tf2N] without water, but betaine coordination is
still clearly very favorable (see Table S3). The position of the min-
ima remains the same in the presence of water (0.43 nm), but the
small barrier decreases and shifts to longer distance for the addi-
tion of the first betaine ligand (to 4 kJ/mol at 0.8 nm) or disappears

entirely for the addition of larger amounts of betaine. For the mix-
tures with water, we see a broad shoulder in the PMF at longer
separations (0.55–0.70 nm), where the incoming betaine ligand is
able to hydrogen bond with the water present in the first solva-
tion shell of uranyl. We also see a more pronounced, although still
small, secondary shoulder at 0.47–0.51 nm, again corresponding to
monodentate coordinated betaine.

For the addition of the fourth betaine ligand, we find no sig-
nificant difference between the mixtures with and without water.
In both cases, the starting configuration is uranyl coordinated with
three betaine ligands, and the ending configuration is uranyl coordi-
nated with four betaine ligands. The presence of four coordinating
betaine ligands is slightly favorable, with a relative free energy
change of −15 ± 5 kJ/mol. We find that these complexes contain a
mixture of mono- and bidentate coordinated betaine, resulting in
somewhat larger error bars, whereas all the betaine in complexes
with three or fewer betaine ligands are coordinated bidentate. The
small favorable change in relative free energy for the addition of the
fourth betaine ligand is a reflection of the somewhat too strong bind-
ing seen in our force field for complexes with four betaine ligands/six
coordinating oxygen atoms (see Fig. 2). However, the difference in
relative free energy for the complex with four vs three betaine is
small (−15 kJ/mol) and the energies calculated with our force field
generally compare well to DFT calculations (although the error is
largest for the complex with the most betaine). Thus, our model is
reasonable and can still provide insight into the molecular details of
these mixtures.

B. Coordination environments
To further study the coordination environment of uranyl(VI)

and plutonyl(VI) cations in these mixtures, we ran larger simu-

FIG. 4. Radial distribution functions and number integrals for the oxygen atoms in betaine (top), water (middle), and Tf2N (bottom) with uranium for mixtures with 0 water
molecule per uranyl (left two columns) and 5 water molecules per uranyl (right two columns). 1 bet per uranyl (black), 2 bet per uranyl (red), 3 bet per uranyl (green), and 4
bet per uranyl (blue).
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lations of 12 actinyl cations in bulk [EMIM][Tf2N] with varying
amounts of betaine and water (see Table S2 for the composition of all
the mixtures). From these trajectories, we calculated radial distribu-
tion functions (RDFs) and number integrals (NIs) for U and Pu with
the oxygen atoms in betaine, water, and Tf2N. The results for mix-
tures with 0 and 5 water molecules per uranyl are shown in Fig. 4.
The equivalent figure for mixtures with 2.5 and 7.5 water molecules
per uranyl is shown in Fig. S1 of the supplementary material. The
RDFs and NIs for plutonyl are indistinguishable from those for
uranyl and hence are not shown. The first peak in the RDF is very
large and sharp for the betaine oxygen atoms, with the shortest
position of the maximum (0.237–0.240 nm). This oxygen–uranium
distance is in good agreement with the average O–U distance of
0.238 nm found in the crystal structure.47 A secondary small, rela-
tively sharp peak at 0.40–0.42 nm is also present, corresponding to
the second carboxyl oxygen on a betaine molecule coordinated mon-
odentate to the actinide. In mixtures with water and smaller amounts
of betaine, a large, sharp first peak in the O(H2O) – U RDF is seen,
with the position of the first maximum at 0.245–0.249 nm. These
values for the first peak position agree with the values we found
previously for actinyl cations in [EMIM][Tf2N] without betaine,17

and with the value of 0.246 nm reported for uranyl and plutonyl
in SPC/E water.21 A secondary peak at 0.44–0.45 nm indicates the
presence of water in the second solvation shell. In mixtures with
very little water and betaine (see Figs. 4 and S1), the oxygen atoms
on the Tf2N anion can coordinate with the actinide, as evidenced
by the sharp peak at 0.251–0.257 nm in the O(Tf2N)U RDFs, in
agreement with our previous results.17 The longer oxygen–uranium
distance indicates a weaker interaction, which is to be expected given
the potentials of mean force for the addition of the betaine ligand
(see Sec. III A, above). The first peak for the O(Tf2N)–U RDF dis-
appears for mixtures with enough water and/or betaine to fill the
first solvation shell, but a secondary peak at longer distances of
0.45–0.46 nm remains for mixtures with 1–2 betaine molecules per
actinyl, indicating the presence of Tf2N in the second solvation shell.
At higher concentrations of betaine, the bulkier betaine ligands fill
more of the space around the actinyl cation and crowd out the Tf2N,
although smaller water molecules can still be found in the second
solvation shell at these betaine concentrations. The second solvation
shell is less well-defined than the first solvation shell due to the vary-
ing size of the ligands and the “floppy” nature of Tf2N. However, we
can say that average oxygen atom coordination numbers in the sec-
ond solvation shell range from 0–2 for water to 3–10 for Tf2N, with
higher values for Tf2N at lower betaine concentrations.

Average oxygen atom coordination numbers can be found
using the value of the number integral at the position of the first
minimum after the first maximum in the RDF (e.g., the boundary of
the first solvation shell). These values are shown pictorially in Fig. 5,
where the values for mixtures with no betaine are estimated from
our previous simulations.17 Examination of Fig. 5 reveals that the
average total oxygen coordination number increases slightly from
5.0–5.6 for mixtures with no betaine to 5.9–6.3 for mixtures with 4
betaine atoms per actinyl. Unsurprisingly, we find that for mixtures
with no betaine and no water, all the coordinating oxygen atoms
come from Tf2N. As the amount of betaine and/or water is increased,
the Tf2N is displaced, although at certain concentrations, all three
ligands may coordinate (e.g., 1 betaine and 2.5 H2O per actinyl).
For mixtures with 5 H2O per actinyl or higher, Tf2N no longer

FIG. 5. Average coordination numbers for the oxygen atoms in betaine, water, and
Tf2N with uranyl (dark colors) and plutonyl (light colors) as a function of betaine
concentration at water concentrations from 0 (top) to 7.5 (bottom) water molecules
per actinyl. Total coordination number (black, gray), betaine (red, magenta), water
(blue, cyan), and Tf2N (dark green, light green). Values at 0 betaine estimated
using results from previous simulations.17

coordinates at any betaine concentration. At betaine concentrations
of 1 or 2 betaine molecules per actinyl, we see a mixture of water
and betaine coordinating, but as the amount of betaine is increased,
the water is displaced. This indicates that betaine is a stronger lig-
and than water, which is in agreement with the relative free energy
changes obtained from the potential of mean force calculations (see
Sec. III A, above). Representative images of the first solvation shell
of uranyl with a variety of coordination environments are shown in
Fig. 6. Moreover, multiple coordination environments contribute to
the average values shown in Fig. 5. In Fig. 7, we have shown the dis-
tribution of coordination environments at each concentration. The
height of the bars indicates the fraction of complexes with each coor-
dination environment. For mixtures with 1 and 2 betaine atoms per
uranyl, we see a broad distribution of coordination environments,
with Tf2N coordinating in the absence of water. With 3 betaine per
uranyl, the distribution narrows and coordination with six betaine
oxygen atoms (due to three betaine ligands all coordinating biden-
tate) is highly favored, although other coordination environments
are possible. Increasing the betaine concentration further up to 4
betaine per uranyl, we find that almost all the complexes have either
6 or 7 betaine oxygen atoms (from 3 or 4 betaine ligands) and no
coordinating water or Tf2N. Finally, we find very little difference in
the coordination of uranyl and plutonyl in these mixtures, as shown
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FIG. 6. Representative snapshots of uranyl monomer coordination environments. W = water, B = betaine, and T = Tf2N. The numbers refer to the number of oxygen atoms
in the first coordination shell; e.g., 0W6B0T indications a coordination of zero water, six betaine, and zero Tf2N oxygen atoms.

FIG. 7. Distribution of the coordination enviroment for uranyl cations in mixtures with varying amounts of betaine and water. 1 bet per uranyl (top) to 4 bet per uranyl (bottom)
and 0 water (red), 2.5 water (green), 5 water (blue), and 7.5 water (magenta) per uranyl. Fraction 0.01 or higher for the coordination environment is to be included. W = water,
B = betaine, and T = Tf2N. The numbers refer to the number of oxygen atoms in the first coordination shell; e.g., 0W6B0T indicates a coordination of zero water, six betaine,
and zero Tf2N oxygen atoms.

in Fig. 5. The largest differences are seen in the mixture with no
water, where Tf2N is more likely to coordinate uranyl bidentate,
leading to slightly higher coordination numbers (5.6 for uranyl vs
5.2 for plutonyl), as seen in our previous work.17 The coordination
numbers for oxygen atoms from betaine, water, and Tf2N in mix-
tures with uranyl and plutonyl are presented in Table S4, and the
distribution of coordination environments for plutonyl are shown in
Fig. S2 of the supplementary material. As already mentioned above,
the betaine model likely interacts a little too strongly with the actinyl
cation, leading to coordination numbers of six or higher, rather
than the value of five from a mixture of water and betaine seen in
the experimental crystal structure of [(UO2)2(bet)6(H2O)2][Tf2N]4,
which is a dimer.47

C. Multi-nuclear complexes
Given that the crystal structure for betaine complexed with

uranyl is a dimer,47 we examined our simulations for multi-nuclear
complexes. Nockemann et al. were unable to determine if the dimers
persisted upon dissolution; however, others have found dimeric
uranyl structures in solution with the phosphonium analog of
betaine.48 Our simulations of bulk solutions do indeed result in
betaine-bridged dimers, as well as a few trimers (at most one trimer
per simulation). Evidence of these structures can be seen in the sim-
ulation snapshots (see Fig. 8) and in the An-An RDFs (see Fig. 9).
In mixtures with very little betaine and water, Tf2N-bridged dimers
can also occur, as shown in our previous work.17 Peak positions of
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FIG. 8. Representative snapshots of uranyl dimeric and trimeric complexes.

0.51–0.55 nm in the An-An RDFs indicate the existence of betaine-
bridged multi-nuclear complexes. Due to sampling issues mentioned
earlier and discussed in the following, accurately quantifying the
fraction of actinyl cations that form dimeric or larger complexes
is difficult. Approximately 5%–55% of the actinyl cations exist in
multi-nuclear complexes, with an average of 30% in each simulation.
Figure S3 in the supplementary material shows the average num-
ber of multi-nuclear complexes as we vary the water and/or betaine
concentration, with large error bars on each point. We do not see
a clear dependence on concentration for the formation of dimeric
complexes.

To examine the relative stability of uranyl monomers vs dimers,
we calculated the potential of mean force (PMF) for dimer formation
in bulk [EMIM][Tf2N] with 1–4 betaine per uranyl and either 0 or 5
water molecules per uranyl. The results are shown in Fig. 10, where
the large error bars have been omitted for clarity. The error bars are
shown in Fig. S4 and estimated uncertainties in the minima are pre-
sented in Table S5 in the supplementary material. Betaine binds so
strongly to uranyl that the structure of the final complexes varies
with each independent simulation, e.g., in a mixture with 1 betaine
per uranyl, each betaine can coordinate bidentate to uranyl, one
betaine ligand can bridge, or both can bridge. These complexes will
have very different stabilities, which results in very large error bars.
This is especially true for the mixtures with little betaine. Overcom-
ing this sampling issue is beyond the scope of this paper; however,
the results are still relevant as they indicate that dimeric complexes
can be stable in solution. Moreover, the addition of water has very
little effect on the formation of dimers, which is not the case in

[EMIM][Tf2N] without betaine, where even a small amount of water
destroys the dimeric complexes.17

Although betaine-bridged actinyl dimeric complexes have not
been detected in solution, the crystal structure of uranyl complexes
in [Hbet][Tf2N] is a dimer.47 The coordination of each U atom in the
crystal structure consists of two bridging betaine, two monodentate
betaine, and one water molecule for a total coordination number of
five. Our MD simulations yield a mixture of coordination environ-
ments, although complexes at higher betaine concentrations consist
primarily of betaine ligands, many of them bidentate. Thus, we again
see that our betaine model likely interacts a little too strongly with
the actinyl(VI) cations. However, we see a similar bridging struc-
ture, although the U–U distance of 0.51–0.55 nm that we observe
in our MD simulations is a bit shorter than the 0.582 nm found
in the crystal structure. Upon closer examination of the bridging
betaine ligands, we find that the O.....−−C.....−−O angle in our simulations
is considerably smaller than the same angle in the crystal struc-
ture (104○–110○ vs 125○), despite a nominal value of 130.38○. The
smaller angle results in shorter U–U distances, which accounts for
the difference between the dimers found in our simulations and the
crystal structure. In addition, solutions of UO2+

2 with the phospho-
nium analog of betaine, where the N atom has been replaced with P,
result in crystal structures of either monomers or dimers, depending
on the crystallization procedure.48 The monomeric structure con-
sists of three monodentate betaine and two water molecules, while
the dimer contains two bridging betaine, one monodentate betaine,
and one bidentate betaine with a slightly shorter U–U distance of
0.5568 nm.

J. Chem. Phys. 161, 154505 (2024); doi: 10.1063/5.0230073 161, 154505-7

© Author(s) 2024

 17 O
ctober 2024 23:45:23

https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.7464796
https://doi.org/10.60893/figshare.jcp.c.7464796


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

FIG. 9. An-An RDFs for uranyl (left) and plutonyl (right) at varying betaine con-
centrations at water concentrations of 0 water molecule per actinyl (top), 2.5 water
molecules per actinyl, 5 water molecules per actinyl, and 7.5 water molecules per
actinyl. It should be noted that for the mixture with no water and a 1-to-1 betaine to
uranyl ratio, we see two peaks in the U–U RDF, corresponding to betaine-bridged
and Tf2N bridged dimeric complexes. 1 bet per uranyl (black), 2 bet per uranyl
(red), 3 bet per uranyl (green), and 4 bet per uranyl (blue).

FIG. 10. Potential of mean force for the formation of betaine-bridged UO2+

2 –UO2+

2
dimeric complexes with varying amounts of betaine in pure [EMIM][Tf2N] (left) and
[EMIM][Tf2N] with five water molecules (right). 1 bet per UO2+

2 (black), 2 bet per
UO2+

2 (red), 3 bet per uranyl (green), and 4 bet per uranyl (blue). For compari-
son, the potential of mean force for Tf2N-bridged complexes in [EMIM][Tf2] without
betaine are also shown in violet (reproduced from Ref. 17). For clarity, the large
error bars are not shown. They are shown in Fig. S4.

D. Dynamics
We explored the dynamics of actinyl(VI) cations in

[EMIM][Tf2N]/water/betaine mixtures by calculating the self-
diffusion coefficient of each of the components in the system.

Self-diffusion coefficients were calculated from the mean square
displacement (MSD) using the Einstein relation,

D = 1
6

lim
t→∞

⟨
N

∑
i=1
∣ri(t) − ri(0)∣2⟩. (2)

Although there is some noise in the MSD for the actinyl cations
and betaine at long times due to the small number of actinyl cations
and slow dynamics, the MSD is generally linear and a self-diffusion
coefficient may be calculated using the MSD from at least 1–7 ns
(e.g., the linear portion of the MSD). The self-diffusion coefficients
for all the components are the same (within the uncertainty) for
mixtures with uranyl and plutonyl (see Table I). The values for
the diffusion coefficient for the actinyl cations are in the range
4–13 × 10−11 m2/s, with an average value of 8 ± 2 × 10−11 m2/s. This
value is in excellent agreement with the values of 8 × 10−11 and
7 × 10−11 that we calculated previously for uranyl and plutonyl in
[EMIM][Tf2N] without any water17 and very reasonable agreement
with the range of experimental values for uranyl in ILs.49–54 We note
that the measured value of D for uranyl in [Hbet][Tf2N] at 373 K
is 0.634 × 10−11 m2/s, which is considerably lower than our value.
However, we expect the viscosity of [Hbet][Tf2N] to be much lower
than that of [EMIM][Tf2N], resulting in slower dynamics. Since the
bulk of our system is [EMIM][Tf2N], we would expect a larger value
of D.

Across all the mixtures, we find that the MSD of betaine and the
actinyl cations is highly correlated, which is consistent with the very
strong coordination of the betaine ligands discussed in Sec. III A.
We shown in Fig. 11 the MSD for uranyl and betaine generally
decreases as the amount of betaine in the system increases, while
the MSD for water increases. With increasing amounts of betaine,
we find more betaine and less water coordinated to uranyl. The
bulkier uranyl–betaine complex moves more slowly, while the free
water is able to diffuse more quickly. Although these changes are
small, as can be seen from Table I, they are generally non-negligible.
In Fig. 12, we show the effect of increasing the concentration of
water while keeping the amount of betaine constant. At the betaine
concentration of 1 bet per uranyl pictured, there is not enough
betaine to completely fill the inner coordination sphere of uranyl,
so some water will coordinate. The MSD for betaine remains roughly
constant over the entire range of water concentrations, since no mat-
ter the amount of water, any betaine present will coordinate with
uranyl. When no water is present, the coordination sphere is filled by
Tf2N, resulting in slightly slower diffusion for uranyl. For mixtures
with 5 and 7.5 water molecules per uranyl, the average coordina-
tion environment for uranyl is the same (see Fig. 5), resulting in
very similar dynamics. Unsurprisingly, as we increase the amount
of water in the system, the average MSD for water also increases.
For mixtures with 1 bet and 2.5 water molecules per uranyl, almost
all the betaine and water is coordinated to uranyl. As we increase
the amount of water in the system, more water is uncoordinated
and thus able to diffuse more freely, increasing the average MSD.
We find very similar behavior for mixtures with plutonyl and sim-
ilar, although less pronounced, trends in mixtures with 3 betaine
per uranyl (see Figs. S5 and S6 in the supplementary material). The
self-diffusion coefficient of the IL cation is larger than that of the
anion, consistent with previous experiments55 and simulations17,56,57

for imidazolium-based cations. The dynamics of the IL cation and
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TABLE I. Diffusion coefficients (10−11 m2/s) for actinyl, betaine, water, EMIM, and Tf2N calculated from the mean square displacement.a

H2O:AnO2+

2

Actinyl Bet H2O EMIM Tf2N

bet:AnO2+

2 UO2+

2 PuO2+

2 UO2+

2 PuO2+

2 UO2+

2 PuO2+

2 UO2+

2 PuO2+

2 UO2+

2 PuO2+

2

0

1 71 72 72 82 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 352 361 201 202
2 82 92 72 92 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 362 342 201 211
3 71 71 81 81 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 341 352 191 201
4 71 61 81 82 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 331 341 201 201

2.5

1 83 82 92 82 128 82 371 362 221 211
2 72 71 82 81 7010 6020 362 372 221 212
3 41 72 51 82 18040 16040 362 371 221 231
4 72 61 91 71 14010 16010 352 373 211 211

5

1 122 93 104 93 7020 7020 381 382 221 221
2 94 93 94 83 15010 15020 402 382 242 241
3 62 61 72 71 17020 18020 372 381 221 242
4 51 61 72 82 16020 15090 351 371 211 221

7.5

1 113 131 92 122 12010 10060 391 411 241 242
2 93 93 92 104 14020 17020 402 412 252 251
3 83 82 93 92 20020 20010 421 402 261 252
4 71 61 102 91 17020 17020 413 392 242 221

aSubscripts indicate uncertainties in the final digit.

FIG. 11. Mean square displacement for uranyl (top left), betaine (top right), water
(bottom left), and the IL cation and anion (bottom right) for mixtures with 5 H2O per
uranyl and 1 bet per uranyl (black), 2 bet per uranyl (red), 3 bet per uranyl (green),
and 4 bet per uranyl (blue).

anion do not vary much with increasing betaine concentration [(see
Fig. 11, although D does increase as the amount of water in the sys-
tem increases (see Fig. 12)]. This behavior is consistent with previous
experimental55,58 and simulation19,59–62 results, including our study
of similar mixtures of actinyl(VI) cations in [EMIM][Tf2N]/water
mixtures.17

To better understand the coordination of betaine and
water with the actinyl(VI) cations, along with the ion exchange
dynamics, we calculated the following residence time correlation
function:63

FIG. 12. Mean square displacement for uranyl (top left), betaine (top right), water
(bottom left), and the IL cation and anion (bottom right) for mixtures with 1 bet per
uranyl and 0 H2O per uranyl (red), 2.5 H2O per uranyl (green), 5 H2O per uranyl
(blue), and 7.5 H2O per uranyl (magenta).

R(t) = ⟨ 1
N0

N0

∑
i=1

θi(0)θi(t)⟩, (3)

where N0 is the number of molecules in the first (or second) solva-
tion shell at time 0 and θi(t) is the Heaviside function, which is 1 if
the ith molecule is in the solvation shell at time t and 0 otherwise.
Thus, if R(t) = 1, the identity of the molecules in the first solvation
shell of the actinyl cation are unchanged. As molecules leave the
first solvation shell and are replaced, R(t) decays to zero. We find
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that betaine coordinates so strongly with uranyl that R(t) remains
1 over the course of our entire simulation, except in the presence of
excess betaine, where the function decays slightly (see Fig. S7). Given
the exceedingly strong interaction between betaine and uranyl, it is
unclear whether we would see any exchanges of betaine molecules
within the first solvation shell even with much longer simulations.
However, we do see exchanges of water molecules within the first
solvation shell in almost all cases (see Fig. S8). The exception is
when we have low concentrations of both water and betaine, in
which both coordinate much more strongly than the Tf2N anion.
Given the slow ion exchange dynamics, our absolute values for the
coordination numbers should be taken with an additional degree of
uncertainty; however, our conclusions about the relative strength
of the interactions of the different ligands with the actinyl cations
remain valid.

IV. CONCLUSIONS

Classical MD simulations of 0.1M solutions of uranyl(VI) and
plutonyl(VI) in [EMIM][Tf2N]/betaine/water mixtures with 1–4
betaine per actinyl and 0–7.5 water molecules per actinyl have been
performed. The simulations reveal that betaine is a very strongly
coordinating ligand, displacing both Tf2N and water. Potential of
mean force calculations for the progressive addition of betaine to
uranyl in [EMIM][Tf2N] yield large changes in the relative free
energy for uncoordinated vs coordinated betaine, with values rang-
ing from −180–140 kJ/mol in the absence of water to 120–90 kJ/mol
when water is present. In mixtures with only 1–2 betaine per uranyl,
a variety of coordination environments are possible, with both
betaine and water coordinating, as well as Tf2N in mixtures without
water. However, as the amount of betaine in the solution increases,
the actinyl cations are coordinated almost exclusively by betaine,
most frequently by three bidentate betaine ligands, but sometimes
by four betaine ligands coordinating in both a mono- and bidentate
fashion.

We find that betaine-bridged dimers, and possibly trimers, can
form under all conditions studied here. The distance between the
two metal centers ranges from 0.51 to 0.55 nm, which is slightly
shorter than the separation of 0.582 nm found in the crystal struc-
ture,47 likely due to a too-flexible O.....−−C.....−−O angle in our betaine
force field. Potential of mean force calculations for dimer formation
indicates that these multi-nuclear complexes are stable, with changes
in relative free energy for dimer formation of −1 to −40 kJ/mol,
where the larger uncertainties are due to sampling issues.

The self-diffusion coefficients of the actinyl cations are in good
agreement with our previous work17 and experimental results for
uranyl in similar ILs. We find that the mean square displacement
for the actinyl cations and betaine are correlated across all mixtures,
which is consistent with our finding that betaine is a strongly coordi-
nating ligand. As the amount of betaine in the system increases, the
self-diffusion coefficient for water increases, as the betaine displaces
any coordinating water.

In conclusion, we were able to use large-scale classical molec-
ular dynamics simulations to provide molecular-level insight into
these complex mixtures without the need for difficult, dangerous,
and/or expensive experiments. In the future, an improved betaine
force field could be used to provide more quantitative insight,

as well as more advanced polarizable models. Understanding
the behavior of the task-specific ionic liquid 1-carboxy-N, N, N-
trimethylmethanaminium bis(trifluoromethylsulfonyl)imide
([Hbet][Tf2N]) in the form of zwitterionic betaine in ionic liq-
uid/water mixtures is crucial to designing improved liquid–liquid
solvent extraction and elecrochemical separation processes for use
in advanced nuclear fuel cycles.

SUPPLEMENTARY MATERIAL

A table with the parameters for our betaine force field is avail-
able in the supplementary material. A table with the number of
molecules of each component in every mixture, as well as further
details of our simulations, is also available. In addition, a table with
the relative change in free energy at the minima for the PMF calcu-
lations of betaine coordination, RDFs for the uranyl–oxygen atom
coordination for mixtures with 2.5 and 7.5 water molecules per
uranyl, as well as a table with detailed information on the coordi-
nation in each mixture and a plot of the distribution of coordination
environments for mixtures with plutonyl. A figure showing the aver-
age fraction of actinyl cations that exist in multi-nuclear complexes,
a version of Fig. 10 that includes error bars, and a table with the
position of the minima and relative change in free energy for the
formation of uranyl dimers are also available. We include a version
of Fig. 11 for showing the mean square displacement for plutonyl
mixtures, as well as a plot of the MSD for uranyl mixtures with 3
betaine per uranyl and varying amounts of water. Finally, we show
the residence time correlation functions for betaine and water with
uranyl in the supplementary material.

ACKNOWLEDGMENTS
The authors acknowledge the Los Alamos Laboratory Directed

Research and Development Program for financial support during
this project. The computer resources were provided by the Center
for Research Computing at the University of Notre Dame.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Katie A. Maerzke: Data curation (lead); Formal analysis (lead);
Investigation (lead); Methodology (lead); Validation (lead); Visu-
alization (lead); Writing – original draft (lead); Writing – review
& editing (equal). George S. Goff: Conceptualization (equal); Fund-
ing acquisition (equal); Writing – review & editing (equal). Wolf-
gang H. Runde: Conceptualization (equal); Funding acquisition
(equal). William F. Schneider: Conceptualization (equal); Funding
acquisition (equal); Supervision (equal); Writing – review & edit-
ing (equal). Edward J. Maginn: Conceptualization (equal); Funding
acquisition (equal); Supervision (equal); Writing – review & editing
(equal).

J. Chem. Phys. 161, 154505 (2024); doi: 10.1063/5.0230073 161, 154505-10

© Author(s) 2024

 17 O
ctober 2024 23:45:23

https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.7464796
https://doi.org/10.60893/figshare.jcp.c.7464796


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

DATA AVAILABILITY
The data that support the findings of this study are available

from the corresponding author upon reasonable request.

REFERENCES
1O. J. Wick, Plutonium Handbook: A Guide to the Technology (American Nuclear
Society, La Grange Park, IL, 1981), Vol. 1–2.
2W. B. Lanham and T. C. Runion, “PUREX process for plutonium and uranium
recovery,” ORNL-479, Oak Ridge National Laboratory, Oak Ridge, TN, 1949.
3S. A. Forsyth, J. M. Pringle, and D. R. MacFarlane, “Ionic liquids: An overview,”
Aust. J. Chem. 57, 113–119 (2004).
4K. Binnemans, “Lanthanides and actinides in ionic liquids,” Chem. Rev. 107,
2592–2614 (2007).
5S. B. Dhiman, G. S. Goff, W. Runde, and J. A. LaVerne, “Hydrogen produc-
tion in aromatic and aliphatic ionic liquids,” J. Phys. Chem. B 117, 6782–6788
(2013).
6C. J. Rao, K. A. Venkatesan, B. V. R. Tata, K. Nagarajan, T. G. Srinivasan, and
P. R. V. Rao, “Radiation stability of some room temperature ionic liquids,” Radiat.
Phys. Chem. 80, 643–649 (2011).
7J. F. Wishart, “Ionic liquids and ionizing radiation: Reactivity of highly energetic
species,” J. Phys. Chem. Lett. 1, 3225–3231 (2010).
8P. Nockemann, B. Thijs, S. Pittois, J. Thoen, C. Glorieux, K. van Hecke, L.
van Meervelt, B. Kirchner, and K. Binnemans, “Task-specific ionic liquid for
solubilizing metal oxides,” J. Phys. Chem. B 110, 20978–20992 (2006).
9B. Mahanty and P. K. Mohapatra, “Direct dissolution of metal oxides in ionic
liquids as a smart strategy for separations: Current status and prospective,” Sep.
Sci. Technol. 57, 2792–2823 (2022).
10A. Yao, X. Xiong, M. Kang, Y. Guo, C. Chen, and T. Chu, “Direct dissolution
of UO2 in carboxyl-functionalized ionic liquids in the presence or absence of Fe-
containing ionic liquids,” Dalton Trans. 49, 14881–14890 (2020).
11F.-L. Fan, D.-S. Chen, Q.-G. Huang, J.-R. Wang, C.-M. Tan, X.-L. Wu, and Z.
Qin, “Radiation effect on ionic liquid [Hbet] [Tf2N] for Nd2O3 separation from
spent nuclear fuels,” J. Radioanal. Nucl. Chem. 326, 497–502 (2020).
12T. Vander Hoogerstraete, B. Onghena, and K. Binnemans, “Homogeneous
liquid–liquid extraction of metal ions with a functionalized ionic liquid,” J. Phys.
Chem. Lett. 4, 1659–1663 (2013).
13T. V. Hoogerstraete, B. Onghena, and K. Binnemans, “Homogeneous
liquid–liquid extraction of rare earths with the betaine–betainium
bis(trifluoromethylsulfonyl)imide ionic liquid system,” Int. J. Mol. Sci. 14,
21353–21377 (2013).
14K. Sasaki, T. Suzuki, T. Mori, T. Arai, K. Takao, and Y. Ikeda, “Selective
liquid–liquid extraction of uranyl species using task-specific ionic liquid,
betainium bis(trifluoromethylsulfonyl)imide,” Chem. Lett. 43, 775–777 (2014).
15K. Jayachandran, R. Gupta, K. R. S. Chandrakumar, D. Goswami, D. M.
Noronha, S. Paul, and S. Kannan, “Remarkably enhanced direct dissolution of
plutonium oxide in task-specific ionic liquid: Insights from electrochemical and
theoretical investigations,” Chem. Commun. 55, 1474–1477 (2019).
16D. P. Fagnant, Jr., G. S. Goff, B. L. Scott, W. Runde, J. F. Brennecke, B. L.
Scott, and W. Runde, “Switchable phase behavior of [Hbet] [Tf2N]–H2O upon
neodymium loading: Implications for lanthanide separations,” Inorg. Chem. 52,
549–551 (2013).
17K. A. Maerzke, G. S. Goff, W. H. Runde, W. F. Schneider, and E. J. Maginn,
“Structure and dynamics of uranyl(VI) and plutonyl(VI) cations in ionic liq-
uid/water mixtures via molecular dynamics simulations,” J. Phys. Chem. B 117,
10852–10868 (2013).
18X. Zhong, Z. Liu, and D. Cao, “Improved classical united-atom force field
for imidazolium-based ionic liquids: Tetrafluoroborate, hexafluorophos-
phate, methylsulfate, trifluoromethylsulfonate, acetate, trifluoroacetate, and
bis(trifluoromethylsulfonyl)amide,” J. Phys. Chem. B 115, 10027–10040
(2011).
19X. Zhong, Z. Fan, Z. Liu, and D. Cao, “Local structure evolution and its connec-
tion to thermodynamic and transport properties of 1-butyl-3-methylimidazolium

tetrafluoroborate and water mixtures by molecular dynamics simulations,” J. Phys.
Chem. B 116, 3249–3263 (2012).
20N. Rai, S. P. Tiwari, and E. J. Maginn, “Force field development for actinyl ions
via quantum mechanical calculations: An approach to account for many body
solvation effects,” J. Phys. Chem. B 116, 10885–10897 (2012).
21V. Pomogaev, S. P. Tiwari, N. Rai, G. S. Goff, W. H. Runde, W. F. Schneider,
E. J. Maginn, and E. J. Maginn, “Development and application of effective pairwise
potentials for UO2

n+, NpO2
n+, PuO2

n+, and AmO2
n+ (n = 1, 2) ions with water,”

Phys. Chem. Chem. Phys. 15, 15954–15963 (2013).
22H. J. C. Berendsen, J. R. Grigera, and T. P. Straatsma, “The missing term in
effective pair potentials,” J. Phys. Chem. 91, 6269–6271 (1987).
23M. G. Martin and J. I. Siepmann, “Transferable potentials for phase equilib-
ria. 1. United-atom description of n-alkanes,” J. Phys. Chem. B 102, 2569–2577
(1998).
24J. M. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman, and D. A. Case,
“Development and testing of a general amber force field,” J. Comput. Chem. 25,
1157–1174 (2004).
25S. P. Tiwari, N. Rai, and E. J. Maginn, “Dynamics of actinyl ions in water: A
molecular dynamics simulation study,” Phys. Chem. Chem. Phys. 16, 8060–8069
(2014).
26K. Newcomb, S. P. Tiwari, N. Rai, and E. J. Maginn, “A Molecular dynam-
ics investigation of actinyl-ligand speciation in aqueous solution,” Phys. Chem.
Chem. Phys. 20, 15753–15763 (2018).
27M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakat-
suji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. J. A. Montgomery,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N.
Staroverov, R. Kobayashi, J. N. K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyen-
gar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian 09,
Revision D.01, Gaussian, Inc., Wallingford, CT, 2009.
28A. D. Becke, “Density-functional thermochemistry. III. The role of exact
exchange,” J. Chem. Phys. 98, 5648–5652 (1993).
29C. Lee, W. Yang, and R. G. Parr, “Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density,” Phys. Rev. B 37, 785–789
(1988).
30N. Godbout, D. R. Salahub, J. Andzelm, and E. Wimmer, “Optimization of
Gaussian-type basis sets for local spin density functional calculations. Part I. Boron
through neon, optimization technique and validation,” Can. J. Chem. 70, 560–571
(1992).
31W. Kuchle, M. Dolg, H. Stoff, and H. Preuss, “Energy-adjusted pseudopotentials
for the actinides – parameter sets and test calculations for thorium and thorium
monoxide,” J. Chem. Phys. 100, 7535–7542 (1994).
32X. Cao, M. Dolg, and H. Stoff, “Valence basis sets for relativistic energy-
consistent small-core actinide pseudopotentials,” J. Chem. Phys. 118, 487–496
(2003).
33V. E. Jackson, K. E. Gutowski, and D. A. Dixon, “Density functional theory study
of the complexation of the uranyl dication with anionic phosphate ligands with
and without water molecules,” J. Phys. Chem. A 117, 8939–8957 (2013).
34S. Pronk, S. Pall, R. Schulz, P. Larsson, P. Bjelkmar, R. Apostolov, M. R. Shirts,
J. C. Smith, P. M. Kasson, D. van der Spoel, B. Hess, and E. Lindahl, “GROMACS
4.5: A high-throughput and highly parallel open source molecular simulation
toolkit,” Bioinformatics 29, 845–854 (2013).
35B. Hess, C. Kutzner, D. van der Spoel, and E. Lindahl, “GROMACS 4: Algo-
rithms for highly efficient, load-balanced, and scalable molecular simulation,”
J. Chem. Theory Comput. 4, 435–447 (2008).
36D. van der Spoel, E. Lindahl, B. Hess, G. Groenhof, A. E. Mark, and
H. J. C. Berendsen, “GROMACS: Fast, flexible, and free,” J. Comput. Chem. 26,
1701–1718 (2005).

J. Chem. Phys. 161, 154505 (2024); doi: 10.1063/5.0230073 161, 154505-11

© Author(s) 2024

 17 O
ctober 2024 23:45:23

https://pubs.aip.org/aip/jcp
https://doi.org/10.1071/ch03231
https://doi.org/10.1021/cr050979c
https://doi.org/10.1021/jp402502d
https://doi.org/10.1016/j.radphyschem.2011.01.012
https://doi.org/10.1016/j.radphyschem.2011.01.012
https://doi.org/10.1021/jz101096b
https://doi.org/10.1021/jp0642995
https://doi.org/10.1080/01496395.2022.2038204
https://doi.org/10.1080/01496395.2022.2038204
https://doi.org/10.1039/d0dt02740e
https://doi.org/10.1007/s10967-020-07306-2
https://doi.org/10.1021/jz4005366
https://doi.org/10.1021/jz4005366
https://doi.org/10.3390/ijms141121353
https://doi.org/10.1246/cl.140048
https://doi.org/10.1039/c8cc10256b
https://doi.org/10.1021/ic302359d
https://doi.org/10.1021/jp405473b
https://doi.org/10.1021/jp204148q
https://doi.org/10.1021/jp3001543
https://doi.org/10.1021/jp3001543
https://doi.org/10.1021/jp3028275
https://doi.org/10.1039/c3cp52444b
https://doi.org/10.1021/j100308a038
https://doi.org/10.1021/jp972543&tnqx2b;
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1039/c3cp54556c
https://doi.org/10.1039/c8cp01944d
https://doi.org/10.1039/c8cp01944d
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1139/v92-079
https://doi.org/10.1063/1.466847
https://doi.org/10.1063/1.1521431
https://doi.org/10.1021/jp405470k
https://doi.org/10.1093/bioinformatics/btt055
https://doi.org/10.1021/ct700301q
https://doi.org/10.1002/jcc.20291


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

37E. Lindahl, B. Hess, and D. van der Spoel, “GROMACS 3.0: A package
for molecular simulation and trajectory analysis,” J. Mol. Model. 7, 306–317
(2001).
38H. J. C. Berendsen, D. van der Spoel, and R. van Drunen, “GROMACS: A
message-passing parallel molecular dynamics implementation,” Comput. Phys.
Commun. 91, 43–56 (1995).
39G. M. Torrie and J. P. Valleau, “Monte Carlo free energy estimates using non-
Boltzmann sampling: Application to the sub-critical Lennard-Jones fluid,” Chem.
Phys. Lett. 28, 578–581 (1974).
40G. M. Torrie and J. P. Valleau, “Nonphysical sampling distributions in Monte
Carlo free-energy estimation: Umbrella sampling,” J. Comput. Phys. 23, 187–199
(1977).
41J. G. Kirkwood, “Statistical mechanics of fluid mixtures,” J. Chem. Phys. 3,
300–313 (1935).
42S. Kumar, J. M. Rosenberg, D. Bouzida, R. H. Swendsen, and P. A. Koll-
man, “THE weighted histogram analysis method for free-energy calculations on
biomolecules. I. The method,” J. Comput. Chem. 13, 1011–1021 (1992).
43A. M. Ferrenberg and R. H. Swendsen, “New Monte Carlo technique for
studying phase transitions,” Phys. Rev. Lett. 61, 2635–2638 (1988).
44A. M. Ferrenberg and R. H. Swendsen, “Optimized Monte Carlo data analysis,”
Phys. Rev. Lett. 63, 1195–1198 (1989).
45J. S. Hub, B. L. de Groot, and D. van der Spoel, “g_wham—A free weighted
histogram analysis implementation including robust error and autocorrelation
estimates,” J. Chem. Theory Comput. 6, 3713–3720 (2010).
46A. Chaumont and G. Wipff, “Chloride complexation by uranyl in a room tem-
perature ionic liquid. A computational study,” J. Phys. Chem. B 112, 12014–12023
(2008).
47P. Nockemann, R. van Deun, B. Thijs, D. Huys, E. Vanecht, K. van Hecke, L.
van Meervelt, and K. Binnemans, “Uranyl complexes of carboxyl-functionalized
ionic liquids,” Inorg. Chem. 49, 3351–3360 (2010).
48X.-Y. Chen, G. S. Goff, M. Quiroz-Guzman, D. P. Fagnant, J. F. Brennecke,
B. L. Scott, and W. Runde, “Directed nucleation of monomeric and dimeric
uranium(VI) complexes with a room temperature carboxyl-functionalized phos-
phonium ionic liquid,” Chem. Commun. 49, 1903–1905 (2013).
49P. Giridhar, K. A. Venkatesan, T. G. Srinivasan, and P. V. Rao, “Electrochemical
behavior of uranium(VI) in 1-butyl-3-methylimidazolium chloride and thermal
characterization of uranium oxide deposit,” Electrochim. Acta 52, 3006–3012
(2007).
50C. J. Rao, K. A. Venkatesan, K. Nagarajan, and T. G. Srinivasan, “Dissolution
of uranium oxides and electrochemical behavior of U(VI) in task specific ionic
liquid,” Radiochim. Acta 96, 403–409 (2008).

51Y. Ikeda, K. Hiroe, N. Asanuma, and A. Shirai, “Electrochemical studies
on uranyl(VI) chloride complexes in ionic liquid, 1-butyl-3-methylimidazolium
chloride,” J. Nucl. Sci. Technol. 46, 158–162 (2009).
52M.-O. Sornein, C. Cannes, C. L. Naour, M. Mendes, and C. Hen-
nig, “Electrochemical behaviour of tetrachloro and tetrabromo uranyl com-
plexes in room temperature ionic liquids,” J. Electroanal. Chem. 661, 49–56
(2011).
53Q. Zhang, X. Huang, H. Tang, and H. He, “Electrochemical behavior of ura-
nium(VI) in 1-butyl-3-methylimidazolium chloride,” J. Nucl. Radiochem. 33,
101–105 (2011).
54T. Ogura, K. Sasaki, K. Takao, T. Arai, and Y. Ikeda, “Electrochemical behavior
of [UO2Cl4]2− in 1-ethyl-3-methylimidazolium based ionic liquids,” Sci. China
Chem. 55, 1699–1704 (2012).
55A. Menjoge, J. Dixon, J. F. Brennecke, E. J. Maginn, and S. Vasenkov, “Influence
of water on diffusion in imidazolium-based ionic liquids: A pulsed field gradient
NMR study,” J. Phys. Chem. B 113, 6353–6359 (2009).
56S. M. Urahata and M. C. C. Ribeiro, “Single particle dynamics in ionic liquids of
1-alkyl-3-methylimidazolium cations,” J. Chem. Phys. 122, 024511 (2005).
57E. J. Maginn, “Molecular simulation of ionic liquids: Current status and future
opportunities,” J. Phys.: Condens. Matter 21, 373101 (2009).
58U. Schröder, J. D. Wadhawan, R. G. Compton, F. Marken, P. A. Z. Suarez,
C. S. Consorti, R. F. de Souza, and J. Dupont, “Water-induced accelerated
ion diffusion: Voltammetric studies in 1-methyl-3-[2,6-(S)-dimethylocten-2-
yl]imidazolium tetrafluoroborate, 1-butyl-3-methylimidazolium tetrafluorobo-
rate and hexafluorophosphate ionic liquids,” New J. Chem. 24, 1009–1015
(2000).
59C. G. Hanke and R. M. Lynden-Bell, “A simulation study of
water–dialkylimidazolium ionic liquid mixtures,” J. Phys. Chem. B 107,
10873–10878 (2003).
60M. S. Kelkar and E. J. Maginn, “Effect of temperature and water con-
tent on the shear viscosity of the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide as studied by atomistic simulations,” J. Phys.
Chem. B 111, 4867–4876 (2007).
61T. M. Chang, L. X. Dang, R. Devanathan, and M. Dupuis, “Structure and
dynamics of N, N-diethyl-N-methylammonium triflate ionic liquid, neat and with
water, from molecular dynamics simulations,” J. Phys. Chem. A 114, 12764–12774
(2010).
62H. V. Spohr and G. N. Patey, “The influence of water on the structural and
transport properties of model ionic liquids,” J. Chem. Phys. 132, 234510 (2010).
63R. W. Impey, P. A. Madden, and I. R. McDonald, “Hydration and mobility of
ions in solution,” J. Phys. Chem. 87, 5071–5083 (1983).

J. Chem. Phys. 161, 154505 (2024); doi: 10.1063/5.0230073 161, 154505-12

© Author(s) 2024

 17 O
ctober 2024 23:45:23

https://pubs.aip.org/aip/jcp
https://doi.org/10.1007/s008940100045
https://doi.org/10.1016/0010-4655(95)00042-e
https://doi.org/10.1016/0010-4655(95)00042-e
https://doi.org/10.1016/0009-2614(74)80109-0
https://doi.org/10.1016/0009-2614(74)80109-0
https://doi.org/10.1016/0021-9991(77)90121-8
https://doi.org/10.1063/1.1749657
https://doi.org/10.1002/jcc.540130812
https://doi.org/10.1103/physrevlett.61.2635
https://doi.org/10.1103/physrevlett.63.1195
https://doi.org/10.1021/ct100494z
https://doi.org/10.1021/jp8031447
https://doi.org/10.1021/ic902406h
https://doi.org/10.1039/c2cc38255e
https://doi.org/10.1016/j.electacta.2006.09.038
https://doi.org/10.1524/ract.2008.1508
https://doi.org/10.1080/18811248.2007.9711517
https://doi.org/10.1016/j.jelechem.2011.07.012
https://doi.org/10.1007/s11426-012-4693-8
https://doi.org/10.1007/s11426-012-4693-8
https://doi.org/10.1021/jp900902n
https://doi.org/10.1063/1.1826035
https://doi.org/10.1088/0953-8984/21/37/373101
https://doi.org/10.1039/b007172m
https://doi.org/10.1021/jp034221d
https://doi.org/10.1021/jp0686893
https://doi.org/10.1021/jp0686893
https://doi.org/10.1021/jp108189z
https://doi.org/10.1063/1.3430561
https://doi.org/10.1021/j150643a008

