
15954 Phys. Chem. Chem. Phys., 2013, 15, 15954--15963 This journal is c the Owner Societies 2013

Cite this: Phys. Chem.Chem.Phys.,2013,
15, 15954

Development and application of effective pairwise
potentials for UO2

n+, NpO2
n+, PuO2

n+, and AmO2
n+

(n = 1, 2) ions with water†

Vladimir Pomogaev,a Surya Prakash Tiwari,a Neeraj Rai,a George S. Goff,b

Wolfgang Runde,b William F. Schneider*c and Edward J. Maginn*d

Intra- and intermolecular force field parameters for the interaction of actinyl ions (AnO2
n+, where,

An = U, Np, Pu, Am and n = 1, 2) with water have been developed using quantum mechanical

calculations. Water was modeled with the extended simple point charge potential (SPC/E). The resulting

force field consists of a simple form in which intermolecular interactions are modeled with pairwise

Lennard-Jones functions plus partial charge terms. Intramolecular bond stretching and angle bending

are treated with harmonic functions. The new potentials were used to carry out extensive molecular

dynamics simulations for each hydrated ion. Computed bond lengths, bond angles and coordination

numbers agree well with known values and previous simulations. Hydration free energies, computed

from molecular dynamics simulations as well as from quantum simulations with a solvation model, were

in reasonable agreement with estimated experimental values.

1 Introduction

Understanding the behavior of actinides in aqueous solution is
critical for performance assessments of geologic radioactive
waste disposal and storage sites and to develop separation and
partitioning processes for used nuclear fuel. The scientific
challenge for the management of the continuously increasing
large volumes of used nuclear fuel is to develop effective and
selective methods for separating the radioelements, including
in particular U, Np, Pu, and Am, from waste mixtures using ion
exchange, solvent extraction, or electrodeposition. The chemistry
of the light actinides is extremely rich, with multiple oxidation
states stable at relevant conditions. The oxidation states ultimately
determine the environmental behavior of the actinides, as well as
the effectiveness and performance of separations processes. In
general, actinides in their +III and +IV oxidation states are less
soluble and easily adsorb on mineral and soil surfaces, while the

+V and +VI oxidation states exhibit higher solubilities in aqueous
solutions. In their common lower (+III and +IV) oxidation states
these elements appear as simple cations, but in their higher
oxidation states they form discrete actinyl ions, AnO2

n+, n = 1, 2.1

The stability of dioxo actinyl in the +V and +VI oxidation states
varies significantly for U, Np, Pu, and Am.2–5 Although generating
isolated gas phase actinyl ions has been a challenge,6 they are
present in aqueous solutions coordinated with water molecules or
other ligands in the equatorial plane around the actinide center, as
confirmed by experimental measurements of hydration enthalpy
and entropy,6–10 oxidation state,11,12 spectral properties,9,13–16 and
other processes and properties.3,6,17–19,20

The radiotoxicity of these heavy elements presents a challenge
in carrying out experimental studies. Quantum and classical
molecular simulations are alternative means for obtaining
thermodynamic, structural, and other properties of actinide
species in the condensed phase.21 Explicitly modeling solvated
actinide ions quantum mechanically, however, is difficult and
computationally costly. Classical force field-based simulations
of these systems are a viable alternative, but the accuracy of
such simulations relies upon the ability of the force field to
accurately capture intra- and intermolecular interactions. Force
fields are often parametrized against experimental data, but
due to the scarcity of suitable experimental data for the
actinides, this is not a viable approach in the present case.
An alternative approach for developing force fields is to perform
quantum mechanical calculations on relatively small model
systems to generate a potential energy surface (PES) for the
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species of interest and then fit the PES to an analytic potential
function. Once the force field is in hand, condensed phase
molecular dynamics (MD) and Monte Carlo (MC) simulations
can be performed to determine thermodynamic, structural and
dynamical properties of bulk systems. Here, we are interested
in developing potentials for the AnO2

n+, n = 1, 2 ions with a
common model for water, the non-polarizable extended simple
point charge (SPC/E) model.22 SPC/E is a commonly used water
model that has been shown to give accurate structural, thermo-
dynamic and transport properties.23 Other water models could
be used following the procedures outlined here.

Our previous work24 on the aqueous uranyl(VI) ion demon-
strated the importance of using an explicitly ‘‘solvated’’ UO2

2+

complex when computing the water–uranyl PES, as opposed to
a single water molecule. Similar methods had been applied to
other high oxidation state actinide ions and in developing
potentials for interacting ionic species25–27 when electron
transfer from one monomer (anion) to the other (cation) makes
it impossible to generate a PES for correct electronic states. In
the condensed phase these ions are stabilized by solvation
effects and do not exhibit the extensive charge transfer found
for an unsolvated ‘‘bare’’ ion in the gas phase. To suppress the
electron transfer, one can use extra water molecules to explicitly
solvate the ionic species while generating potential energy
surfaces.24–28 Such an approach mimics many-body solvation
effects that prevent electron transfer between an actinyl cation
and water molecules and has been tested for four popular water
models including SPC/Fw,23 TIP3P,29 TIP4P,29 and TIP5P.30

Following our earlier work,24 here we develop intra- and
intermolecular force fields for AnO2

n+ (An = U, Np, Pu, Am;
n = 1, 2) in water. Little information on intramolecular para-
meters for the deformation of OQAnQO bonds and angles are
available in the literature.31–33 In an earlier study24 on UO2

2+,
the force constants for harmonic bond stretching and angle
bending terms were taken from the work of Guilbaud and
Wipff.31 In the present study, these intramolecular force con-
stants are obtained for all the actinyl ions by fitting ab initio
PESs to harmonic functional forms. Non-bonded Lennard-
Jones parameters and partial charges for AnO2

n+ ions in the
SPC/E model of water are determined and used to compute
structural, thermodynamic and dynamic properties of the ions
in water. The impact of the new intramolecular potential
parameters on condensed phase properties is tested by carrying
out additional simulations of UO2

2+ with SPC/Fw, TIP3P, TIP4P,
and TIP5P water models, using intermolecular parameters
developed in our previous work24 but the new intramolecular
parameters obtained in the present study.

2 Computational methods
2.1 Quantum mechanical calculations

All electronic structure calculations were performed with the
Gaussian 09 program suite.34 We employed quantum chemical
methods consistent with those described and validated in the
previous work on UO2

2+. Scalar relativistic effects were included
by means of Stuttgart relativistic energy-consistent small-core

pseudopotentials, which include one-component relativistic
effective-core potentials (RECP60MWB).35 The corresponding
ECP60MWB-ANO atomic natural orbital (ANO) valence basis
sets for the actinides were used.36,37 Intra- and intermolecular
potentials were calculated using an augmented correlation-
consistent polarized valence triple zeta (aug-cc-pVTZ)38 and
augmented polarized weighted core/valence triple zeta (aug-
cc-pwCVTZ)39 basis sets were employed for the hydrogen and
oxygen atoms, respectively. The aug-cc-pwCVTZ basis set in the
Gaussian format was downloaded from the EMSL basis set
exchange database40,41 while ECP60MWB-ANO basis in the
Gaussian format was downloaded from the Stuttgart/Köln
group basis set library.42

Intramolecular potentials were calculated using the B3LYP
hybrid density functional.43–45 Intermolecular potentials are
more sensitive to dispersion interactions and were derived at
the MP2 level46 using an AnO2

n+ (H2O)4 model and implicit
solvation corrections. Initial structures were optimized in D4h

symmetry and then used for generating PESs between three-
coordinated actinyl species and a fourth water molecule. Implicit
solvation calculations used the polarizable continuum model
implemented with the integral equation formalism (IEF-PCM).47

PCM calculations used the universal force field radii as imple-
mented default in the Gaussian code, a water dielectric constant
e = 78.355300 and eN = 1.777849, and van der Waals radii scaled
by 1.100. All other internal degrees of freedom were fixed during
these potential energy scans. The counterpoise method of
Boys and Bernardi48 was employed to correct for basis set
superposition error (BSSE).24,48

The non-bonded interactions were modeled with pairwise
Lennard-Jones (LJ) and Coulomb potentials while bond stretching
and angle bending were modeled with harmonic functions,
yielding a traditional ‘‘class I’’ type force field. The total energy
of the system is given by

Utotal ¼
X
i; j

4eij
sij
rij

� �12

� sij
rij

� �6
 !

þ qiqj

4pe0rij

" #

þ
Xnbonds
i¼1

1

2
kl li � l0ð Þ2 þ

Xnangles
i¼1

1

2
ky yi � y0ð Þ2

(1)

where the first summation is over all intermolecular atom pairs
i, j, the second summation is over all flexible bonds li, and the
third summation is over all flexible angles yi. The terms rij, sij, eij,
qi, qj, and e0 are the separation between two interacting sites, LJ
size, LJ well depth, partial atomic charge on sites i and j, and the
permittivity of vacuum, respectively. The force constants kl and ky
govern bond stretching about the nominal bond length l0 and
angle bending about the nominal bond angle y0, respectively.
Note that nonbonded interactions are only computed between
sites on different ions/molecules.

Hydration free energies were estimated in the hybrid explicit/
implicit ‘‘discrete supermolecular-continuum’’ model successfully
applied in other quantum chemical studies.49–59 The DFT-B3LYP
level of theory and IEF-PCM were used based on the good
performance found for similar calculations performed on the
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hydration of dipositive and monopositive actinyl and hydro-
xoactinyl ions.52,56–67 Both prior experiment and present mole-
cular dynamics suggest five H2O in the first hydration shell; we
use five asymmetric equatorial H2O in these hybrid solvation
calculations for all cations. For computational expediency in
these C1 calculations, more modest 6-31G(d) and 6-21G basis
sets were used for oxygen and hydrogen, respectively. Intra-
molecular contributions to the free energies were estimated
using the ideal gas/harmonic oscillator approximation at
T = 298.15 K. The hydration free energy DG�hyd is approximated

as the difference in free energy between a final hydrated
product, the gas-phase ion, and solvated water molecules:55

AnO2
nþðgÞ þ 5H2OðaqÞ Ð ½AnO2ðH2OÞ5�nþðaqÞ

DG�hyd AnO2
nþð Þ ¼ ~G� AnO2 H2Oð Þ5

� �nþ� �
� G� AnO2

nþð Þ

� 5 ~G� H2Oð Þ

(2)

where G1 and G̃1 are the free energies of gas-phase and
PCM-solvated species, respectively. The water free energy was
calculated at an effective pressure of 1354 atm corresponding to
a 55.5 molar density and solvated ions at 24.4 atm corre-
sponding to 1 M.52,57,58,61,62,68

2.2 Classical simulations

GROMACS-4.5.569,70 with single precision was used for all MD
simulations. The simulation system consisted of one actinyl ion
and 1000 water molecules in cubic box of approximately
3.12 nm length. Periodic boundary conditions were applied in
all three directions. A modified switch type particle mesh-Ewald
(PME) method71,72 was used to handle long range electrostatic
interactions. A uniform background charge was used to neutra-
lize the system. Both LJ interactions and real space PME inter-
actions were smoothly switched off to zero at 1.2 nm with the
switching starting at 1.1 nm. A Fourier grid spacing of 0.12 nm
was used for the PME in reciprocal space. After an initial steepest
descent energy minimization, 100 ps of canonical ensemble
(NVT) simulations at 298.15 K, and then 200 ps of isothermal–
isobaric ensemble (NPT) simulations at 1 bar and 298.15 K were
carried out for equilibration. A time step of 0.002 ps was used for
all the rigid water models (SPC/E, TIP3P, TIP4P, TIP5P), while
0.0005 ps was used for simulations with the flexible SPC/Fw
water model. Bonds of rigid water molecules were constrained
using SETTLE.73

For calculations of properties other than hydration free
energy, a leap-frog algorithm was used for integrating the
equations of motion. Production runs of 150 ns were performed
in the NVT ensemble at 298.15 K using a weak Nosé–Hoover
thermostat74 with a time constant of 6 ps. Average pressure
close to 1 bar was obtained by choosing the box lengths
averaged from a previously equilibrated NPT ensemble simula-
tion of 4 ns at 1 bar and 298.15 K. The initial 5 ns of data from
the NVT production run were discarded as equilibration.

For hydration free energy calculations, a leap-frog stochastic
dynamics (SD) integrator was used for integrating the equations of
motion. NPT ensemble simulations at 1 bar (Parrinello-Rahman

barostat with time constant of 2 ps) and 298.15 K (stochastic
temperature-coupling with time constant of 2 ps) were run for
2 ns after initial equilibration for each point (Hamiltonian
perturbed). Bennett’s acceptance ratio (BAR) method75 was
used to calculate the change in free energies. Additional details
on the methodology to calculate hydration free energies and
corrections terms may be found in our previous work.24 Example
input files are provided in ESI.†

Radial distribution functions, coordination numbers, and
hydration free energies were calculated for all eight actinyl ions
in SPC/E water. Additional studies were performed on UO2

2+ in
water modeled with the SPC/Fw, TIP3P, TIP4P, and TIP5P
potentials. For these calculations, the interactions between
UO2

2+ and water were taken from Rai et al.24 but the newly
developed intramolecular parameters were used for the uranyl
ion to test the impact this has on properties. Analysis programs
available in the Gromacs 4.5.5 suite were used to calculate all
these properties.

3 Results and discussions
3.1 Intramolecular potential parameter development

To obtain parameters for the harmonic bond stretching and
angle bending terms in eqn (1), the structures of each actinyl
ion were optimized in the gas phase at the B3LYP level of
theory. Geometry results for the isolated actinyls are summarized
in Table 1. The AnQO actinyl bond lengths decrease slightly
across the series (U, Np, Pu, Am) and are slightly longer for the
mono- than dications. Intramolecular PESs were derived by
perturbing the bond distances in 0.0005 nm increments up to a
maximum displacement of 0.005 nm and separately bond angles
in 0.11 increments up to 1.01 maximum. For all the ions, the
perturbed energies were closely harmonic and easily fit the
harmonic functional forms in eqn (1) to yield intramolecular
force constants (kl and ky). In general, stretching modes become
softer and bending modes stiffer across the series. The UO2

2+

force constants derived here are significantly softer than literature
values used in other force fields.31

The bond lengths l0
0 obtained in this manner yield potentials

that, when used in MD simulations, underpredict experimentally
observed bond lengths. AnQO distances are sensitive to water

Table 1 Bond length of isolated AnO2
n+ and intramolecular force field para-

meters and partial atomic charges for AnO2
n+. The bond lengths used in the

classical potentials are in bold font

AnO2
n+ l0

0a l0
b kl

c ky
d qAn(e) qOAn(e)

UO2
2+ 0.169 0.176 622 300 198 2.50 �0.25

NpO2
2+ 0.169 0.173 595 900 236 2.52 �0.26

PuO2
2+ 0.166 0.170 595 900 602 2.47 �0.235

AmO2
2+ 0.165 0.168 598 100 791 2.50 �0.25

UO2
+ 0.174 0.181 514 700 224 2.08 �0.54

NpO2
+ 0.172 0.178 516 700 395 2.08 �0.54

PuO2
+ 0.170 0.174 527 600 563 2.04 �0.52

AmO2
+ 0.171 0.172 477 300 533 1.80 �0.40

a Isolated AnQO bond lengths in nm. b Solvated AnQO bond lengths
in nm from AnO2

n+(H2O)4. c Units are (kJ mol�1 nm�2). d Units are
(kJ mol�1 rad�2).
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coordination. We reoptimized the AnO2
n+ ions with a first

solvation shell of four water molecules, in D4h symmetry with
PCM. The ‘‘solvated’’ bond lengths l0 are shown in Table 1 in
bold type. The addition of ligating water and the use of a
continuum solvation field produce a positive shift in these bond
distances of 0.001 to 0.007 nm. The An–OH2 distances are approxi-
mately 0.06 nm greater than the AnQO distances and follow
essentially the same periodic trends. Since the solvated bond lengths
are in better agreement with experimental data,5,13,52,67,76–86 they
were used while fitting to get intermolecular potential parameters,
and also in subsequent MD simulations.

3.2 Intermolecular potential parameter development

Water molecules associate strongly with all the actinyl ions,
binding through the water oxygen in the actinyl equatorial
plane. As more water molecules are added to the equatorial
plane, the differential interaction energy between any given
water molecule and the ion decreases. For example, we com-
pute the binding energy of H2O to [UO2(H2O)]2+ to be 15% less
than the binding energy to UO2

2+. The binding energy per water
molecule is 30% less in [UO2(H2O)4]2+ than it is in
[UO2(H2O)]2+.24 Similar results are found for the other actinyls.
The interaction potential between H2O and the actinyls is
clearly sensitive to the number of water molecules in the first
coordination sphere. In keeping with our previous procedures,
then, actinyl–water potential energy surfaces were computed
starting from D4h [AnO2(H2O)4]n+ structure and repositioning
and perturbing the location of one of the water molecules along
three different displacement paths, as shown in Fig. 1. In
configuration P, r0 is the distance between An and O of water
obtained by optimizing [AnO2(H2O)4]n+. The same distance (r0)
is used between An and O of frozen waters in all the config-
urations. As the two other configurations considered in the
previous work24 were largely repulsive and did not affect
the final force field parameters, they were not included in
the present work. For the purposes of developing potentials,
electronic configurations of ground states were identified for
isolated units and preserved for the same species in all calcula-
tions with water as coordinated actinyl ligands. This preservation
is possible due to the weak ligand field.52

Non-bonded force field parameters (sij, eij, qi, qj) were developed
in a manner similar to our previous work,24 with minor differences.
Starting from the D4h structures, one of the equatorial waters was
(re)positioned in the equatorial (E), T-shaped (T), or parallel (P)

location, displaced along the paths illustrated in Fig. 1, and
interaction energies computed as:

UInt = {E[[AnO2(H2O)3]n+ + H2O] � E[[AnO2(H2O)3]n+]}

� {E[(H2O)3 + H2O] � E[(H2O)3]} (3)

where UInt and E[X] represent interaction energy and the
electronic energy of species X computed in supermolecular
basis, respectively. The results of these potential energy scans
are shown in Fig. 2, referenced to the infinite separation limit.
All PESs show similar qualitative features, with the 1+ ion
surfaces shifted upward approximately 80 kJ mol�1 relative to
the 2+. To obtain the intermolecular potential parameters in
eqn (1) for each ion, the mean squared difference between the
MP2 energies and the energies obtained from the potential
energy function were minimized for AnO2

n+�(OH2) distances
between 0.22 and 0.70 nm for the three different paths (E, T
and P). SPC/E water partial charges were used. Fits were
relatively insensitive to the Lennard-Jones parameters but were
more sensitive to the values of the partial charges on the actinyl
ion. For this reason and to keep the number of parameters to a
minimum, the same Lennard-Jones parameters were assigned
to each actinyl ion, but different partial charges were used. The
recommended Lennard-Jones parameters are given in Table 2
while the partial charges are listed in Table 1. The charges on
the actinide atom center and the apical oxygen atoms are close
to +2.5 and �0.25, respectively, for all the 2+ ions. These values
decrease to approximately +2 and �0.5 for the monocations.

Choppin et al.87,88 estimated the effective charges on An(V) to
be 2.2 and on An(VI) to range from 2.9 to 3.2 from the measured
stability constants of [AnO2F]m+ (m = 1,0)88 and an extended
Born equation.88 These charges are only slightly larger than the
charges derived in the present work, consistent with the fact

Fig. 1 E, T and P displacement coordinates for AnO2
n+–water potential energy

surfaces.

Fig. 2 AnO2
n+–water potential energy scans. Black, blue and red represent E, T

and P coordinates, respectively. Symbols are MP2 results and lines are fits to the
LJ + Coulomb functional form using SPC/E water.

Table 2 AnO2
n+ – SPC/E water Lennard-Jones interaction parameters. Atom

centers shown in bold type

Type s (nm) e (kJ mol�1)

An–Ow 0.306 0.587
OAn–Ow 0.350 0.192
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that the Born model ignores the van der Waals attraction between
AnO2

n+ and F� and thus tends to overestimate Coulombic
interactions.

3.3 AnQQQOAn and An� � �Ow lengths

MD simulations were carried out in SPC/E water using the
derived force field parameters. The simulations show that all the
cations prefer to be five-fold coordinated in bulk water (vide
infra). Computed AnQOAn and An� � �Ow bond lengths are in
good agreement with both experiment5,13,52,67,76–82 and previous
computational studies,12,56–58,67,89 as shown in Table 3.

The structure of the mono- and dications in a field of five
equatorial water were also calculated using the B3LYP model
and PCM solvation. Calculations in five-fold D5h symmetry
generally produced several imaginary vibrational modes. Breaking
the symmetry and relaxing resulted in the C1 structures illustrated
in Fig. 3, similar to those reported previously.56 Bond distances
and angles are similar to the high symmetry results, but internal
dihedrals differ. The lower symmetry structures have all real
vibrational modes. The D5h and C1 structural parameters are
summarized in Table 3.

As shown, they agree well with experiment5 and previous
calculations.89 The presence of coordinating H2O lengthens the
AnQO bonds compared to the free cations, and again lengths
decrease slightly across the series and are slightly longer for the

mono- than dications. Similar trends are observed for the
An–OH2 distances.

3.4 Radial distribution functions

Radial distribution function (RDF) and number integral (NI)
plots for each actinyl ion’s actinide atom with the oxygen atom
of SPC/E water (An� � �Ow) and actinyl ion’s oxygen atom with
hydrogen atom of SPC/E water (OAn� � �Hw) are shown in Fig. 4.
Computed coordination numbers are compared with literature
values in Table 4. The NIs for An� � �Ow show that all the cations
prefer to be coordinated by five water molecules in the first
solvation shell, with the exception of AmO2

+, where the computed
value was 4.86. As expected, the RDF and NI plots of both An� � �Ow

and OAn� � �Hw for the dication actinyls heavily overlap each other,

Table 3 Comparison of AnQO bond lengths and An� � �Ow distances obtained from MD simulations and B3LYP optimizations of AnO2
n+(OH2)5 ions with literature

computational and experimental data

Distance (nm)

UO2
2+ NpO2

2+ PuO2
2+ AmO2

2+

AnQO An� � �Ow AnQO An� � �Ow AnQO An� � �Ow AnQO An� � �Ow

MDa 0.178 0.246 0.174 0.246 0.172 0.246 0.169 0.246
B3LYP (D5h) 0.175 0.247 0.173 0.245 0.171 0.243 0.169 0.242
B3LYP (C1)b 0.176 0.247 0.174 0.245 0.172 0.244 0.172 0.245
Experiment 0.17776,77 0.24176,78,79 0.17580 0.24280 0.17481,82 0.24581 0.19113 —

0.17678 0.24277 0.19013 0.19013 0.24182

0.17879

0.19013

Computation 0.17612 0.24412 0.17312 0.24212 0.17112 0.24112 0.17112 0.24312

0.17856,57 0.24757 0.17657 0.24657 0.17557 0.24557

0.24656 0.17256 0.24356

Distance (nm)

UO2
+ NpO2

+ PuO2
+ AmO2

+

AnQO An� � �Ow AnQO An� � �Ow AnQO An� � �Ow AnQO An� � �Ow

MDa 0.183 0.254 0.180 0.254 0.177 0.256 0.174 0.258
B3LYP (D5h) 0.182 0.256 0.179 0.255 0.176 0.253 0.175 0.255
B3LYP (C1)b 0.183 0.258 0.180 0.256 0.179 0.257 0.179 0.258
Experiment — — 0.18367,78 0.25067,78 0.18113,82 0.24767,78,82,83 0.19513 —

0.18280 0.24980,84 0.18481 0.24581

0.19613 0.25183

0.25285,86

Computation 0.18112 0.25112 0.17712 0.24912 0.17412 0.24912 0.17112 0.25112

0.18257 0.25757 0.18156,57 0.25757 0.18057 0.25757

0.18067 0.26067 0.17967 0.26067 0.17767 0.26067

0.25256

a Statistical uncertainty in AnQO lengths is 0.002 nm. An� � �Ow lengths were obtained from the first maximum in the An� � �Ow radial distribution
function. b Average An� � �Ow distances reported.

Fig. 3 Typical pentaaquo structures.
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whereas some differences can be seen in the RDF plots for
monocation actinyls, especially for AmO2

+ which has a relatively
weak association with water compared to other monocations.
This is due to the fact that the charge on Am is 1.8 compared to
approximately 2 for the other monocations. Peak positions of the
first maximum in each RDF of An� � �Ow are given in Table 3, and
are also compared with available literature values. RDFs of
OAn� � �Hw for monocations have a small peak at around 0.2 nm
which is absent in RDFs for dications. This small peak suggests
that the higher charged O for monocations, compared to
that for dications, attracts the hydrogen atom of water more
readily near axial regions of actinyl ion. The small peak is not
prominent in the RDF for AmO2

+, whose oxygen atom has a
smaller charge (�0.4) compared to approximately �0.5 for
other monocations.

3.5 Hydration free energies (DGhyd)

DGhyd from MD simulations, quantum calculations (DFT), and
estimated from experiments are summarized in Table 5 for all
the actinyl ions studied in this work. DGhyd of AnO2

2+ ions from
the MD and quantum approaches are close to �1380 kJ mol�1

and �1500 kJ mol�1, respectively; free energies for the AnO2
+

ions are approximately 900–1000 kJ mol�1 less exothermic

relative to AnO2
2+. Differences of this order between dications

and monocations are consistent with known experiments.
DFT-computed hydration free energies are 200 and 300 kJ mol�1

more exothermic for the mono- and dications, respectively.
Shamov and Schreckenbach57,58 used a similar hybrid explicit-
implicit method to estimate hydration free energies of the mono-
and dications of uranyl through plutonyl at the B3LYP level.
Results are quite similar to those reported here, the small
differences arising from detailed differences in structure and
exact solvation model.

Experimental values for the hydration free energies are
not available, but estimates of the hydration enthalpies6 and
entropies8 have been reported. The entropies are in a range
between �409 and �410 J mol�1 K�1 for dications and �314
and �324 J mol�1 K�1 for monocations; these values are
presented in Table 5 as TDS at T = 298.15 K. Only a lower
bound is available for the AmO2

2+ enthalpy and the tabulated
value here reflects that lower bound. Enthalpies and entropies
are combined to estimate the experimental hydration free
energies at 298.15 K. The estimated errors on the experimental
hydration free energies propagated from the enthalpies are of
the order 50–100 kJ mol�1.

As explained in our previous work24 on UO2
2+, experimental

DGhyd[UO2
2+] can be bounded between �1360 � 24 (ref. 7) to

Fig. 4 RDFs and number integrals (inset) of An� � �Ow (solid lines) and OAn� � �Hw (broken lines) for (a) AnO2
2+ and (b) AnO2

+ in SPC/E water. Black, red, blue and green
lines represent RDFs for U, Np, Pu and Am, respectively. Overlap obscures the colors in some places.

Table 4 Coordination number (N) in the first solvation shell of AnO2
n+ in SPC/E

water compared with available literature results

AnO2
n+ NMD

a NComputational
b NTheoretical

c NExperimental
c,d

UO2
2+ 5.00673 532,49,52,66,90 5.2 4.5, 5, 6

NpO2
2+ 5.00191 552,66 5.3 5, 6

PuO2
2+ 5e 549,52,66 5.5 5, 6

AmO2
2+ 4.9999e 512 5.9 —

UO2
+ 4.99135 552,66 4.5 5

NpO2
+ 4.98956 552,66 3.9 4, 5, 6

PuO2
+ 4.97997 552,66 3.6 3.3, 4, 5

AmO2
+ 4.855020 512 3.8 —

a From this work, using MD simulations. b Computational studies
other than this work. c Taken from the work of Mauerhofer et al.91

and citations therein. d Taken from the works of Antonio et al.,92 Knope
et al.5 and citations therein. e Uncertainty is less than 0.0001.

Table 5 Computed and inferred hydration free energies (DGhyd) in kJ mol�1 at
T = 298.15 K

AnO2
n+ MDa DFTb DFTc exp’td DHexp’t

hyd TDSexp’t
hyd

UO2
2+ �1390 �1702 �1730 �1546 �1665 �119

NpO2
2+ �1389 �1703 �1726 �1565 �1687 �122

PuO2
2+ �1372 �1697 �1713 �1549 �1671 �122

AmO2
2+ �1376 �1644 >�1774 >�1896 �122

UO2
+ �499 �716 �716 �613 �709 �96

NpO2
+ �492 �709 �735 �658 �754 �96

PuO2
+ �474 �670 �704 �649 �746 �97

AmO2
+ �417 �639 �682 �776 �94

a Statistical uncertainty in DGhyd from MD are less than 1 kJ mol�1.
b This work. c Ref. 57 and 58. d Inferred from observed/estimated
enthalpies6 and entropies.8
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�1665 � 65 kJ mol�1.6 Experimental results in Table 5 are only
shown from Gibson et al.,6 since enthalpies for other actinyl
ions are not available in the work of Marcus.7 However, a bound
similar to that of UO2

2+ can be formed for comparing the
hydration free energy results. Results from MD simulations
lie well within these bounds, though closer to the upper
bound. The implicit-explicit DFT calculations are close to the
lower bound.

3.6 Effect of intramolecular potential on properties

In an earlier study,24 classical pairwise potentials were developed
for UO2

2+ with four different models of water (SPC/Fw, TIP3P,
TIP4P, and TIP5P). The intramolecular stretching and angle
bending potential parameters suggested by Guilbaud and Wipff31

were used, but these differ significantly from those determined in
the present study. To assess the importance of the intramolecular
potential on properties, calculations were performed for UO2

2+

interacting with water using intermolecular LJ parameters from
the earlier work24 but intramolecular parameters from the present
study. We will refer to this as the ‘‘hybrid’’ UO2

2+ model.
RDF and NI plots between U and the oxygen on water

(U� � �Ow) are shown in Fig. 5 for the hybrid UO2
2+ model in

different water models. The distribution functions show subtle
differences from what was obtained with the same inter-
molecular potentials but stiffer intramolecular potentials.24

With the original model, UO2
2+ was coordinated by five water

molecules regardless of the water model used. When a softer
intramolecular potential is used, however, the TIP3P and TIP5P
models exhibit coordination numbers greater than five, as can
be seen in the NI plots in Fig. 5 and also in Table 6. A
coordination number of 5.4 is observed for the TIP3P model,
while the TIP5P model gives a higher coordination number of
6.4. This suggests that bond and angle flexibility serves to
enhance the coordination of water around UO2

2+. Because it
is known experimentally that there are five waters of hydration
surrounding UO2

2+, the TIP3P and TIP5P water models are not

recommended for use with the intramolecular parameters
recommended here.

Hydration free energies of the hybrid UO2
2+ model in the

different water models was also computed and compared to
previous published work.24 Results are shown in Table 6. The
hydration free energy for the TIP5P and TIP3P water models is
similar to that obtained for the other models, despite the fact
that these models have more than five waters surrounding the
UO2

2+ ion. The added flexibility of the ion resulted in a
reduction of the computed hydration free energy in the SPC/
Fw model by 25 kJ mol�1. Overall it appears that the hydration
free energy is not extremely sensitive to the intramolecular
parameters of the actinyl ion.

4 Conclusion

A class I force field has been developed that accurately models
the interactions of actinyl ions (AnO2

n+, where, An = U, Np, Pu,
Am and n = 1, 2) with water. Water was modeled with the
extended simple point charge potential (SPC/E). Intramolecular
interactions for the actinyl ions were modeled with harmonic
functions, with parameters derived by fitting energy differences
computed with density functional theory for small perturba-
tions in the bond lengths and bond angles. The effect of
solvation on the intramolecular interactions was treated using
a combination of explicit and implicit methods. The proposed
intramolecular parameters result in a more flexible UO2

2+ ion
as compared to previously used potentials.24,32

Intermolecular interactions between the actinyl ions and
water were modeled with a pairwise Lennard-Jones plus Coulomb
potential. To develop the parameters, potential energy surfaces
(PESs) between water and an explicitly solvated actinyl ion were
computed at the MP2 level and then fit to the force field function.
The PESs could be adequately fit by using a common set of
Lennard-Jones parameters for the actinyl atom and bonded oxygen
atoms. Each ion required a unique set of partial charges, however,
to match the computed PES.

The new force field was then used to carry out condensed
phase molecular dynamics simulations of each ion in water.
Computed AnQO and An� � �Ow bond lengths were found to
be in good agreement with both experiment and previous
computational studies. Water coordination numbers also matched
known experimental values. Hydration free energies were

Fig. 5 RDFs and number integrals (inset) for U� � �Ow for UO2
2+ in different water

models. Black, red, blue, green and cyan colors represent SPC/Fw, SPC/E, TIP3P,
TIP4P and TIP5P water models, respectively.

Table 6 Hydration free energies (DGhyd) of UO2
2+ and average number of water

molecules in the first solvation shell (N) of UO2
2+ for different water models.

Subscripts are uncertainity in the last digit

Water model

DGhyd
a (kJ mol�1)

NThis work Rai et al.24

SPC/Fw �1409 �1432 5.08978
SPC/E �1390 — 5.02543

TIP3P �1416 �1413 5.3540110

TIP4P �1383 �1384 5.02543

TIP5P �1480 �1477 6.436030

a Error in DGhyd are less than 1 kJ mol�1.
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computed and compared against literature values and results
obtained from quantum calculations in which a solvation model
was used. Within the rather large uncertainties involved in all
the methods, and given the different assumptions involved in
each calculation, the results were generally consistent.

The sensitivity of computed results to the type of water
model used was tested by carrying out additional molecular
dynamics simulations on UO2

2+ in four other water models
(SPC/Fw, TIP3P, TIP4P, and TIP5P) using the intramolecular
potential developed here but an intermolecular potential
developed in earlier work.24 When a softer intramolecular
potential function is used, it was found that the TIP3P and
TIP5P models exhibit coordination numbers greater than the
known value of five, suggesting that they overbind water.
Hydration free energies were less sensitive to the type of
potential, however, suggesting that this is not a particularly
useful measure to validate force fields.
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