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a b s t r a c t

The electronic and geometric structure of the Pu(OH)4 molecule and Pu(OH)4(H2O)n (n ¼ 1� 19) clusters
are compared using a range of single- and multi-reference theories. We find that single-reference meth-
ods such as unrestricted, second-order Møller–Plesset perturbation theory provide a reasonable descrip-
tion, and explicit inclusion of multi-configurational effects involving Pu 5f -electrons is not essential.
However, density functional theory (DFT) with standard approximations for exchange–correlation per-
forms poorly for Pu(OH)4 and Pu(OH)4(H2O)n clusters. We propose the use of DFT + U as a simple
improvement over standard DFT, and determine an ab initio parameterization of DFT + U suitable for
atomistic simulations of Pu(OH)4 in aqueous environments.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The presence of plutonium (Pu) in the environment due to
anthropogenic activity remains a serious problem, and efforts to
predict the transport and fate of Pu require an understanding of
the dominant biogeochemical processes that regulate its behavior
[1]. However, the aqueous chemistry of Pu is quite complicated
[2,3]. Pu can assume at least four formal oxidation states in water
(+3, +4, +5, +6), each with its own distinct characteristics. In
groundwater, Pu concentrations have been observed in the range
of � 10�12—10�15 M [4–6]. Detailed characterization of Pu is diffi-
cult at such low concentrations, and experiments are typically con-
ducted at Pu concentrations � 10�12 M [7]. This is especially
problematic for the highly insoluble species Pu(IV); at such con-
centrations tetravalent actinide ions such as Pu(IV) have a strong
tendency towards hydrolysis, polymerization, and colloid forma-
tion in solution. Little direct information is available on the nature
of Pu(IV) at low environmental concentrations, and the practice of
extrapolating laboratory results at high concentrations to the low
concentrations found in the field has yet to be validated.

The motivation for this work is the elucidation of the chemical
nature and reactivity of aqueous Pu(IV) at environmentally relevant
conditions, i.e., down to the femtomolar regime where experimental
characterization is difficult. Pu(IV) can exist as both a monomeric
species or in colloid form under a range of aqueous environments.
At neutral to alkaline pH, which is the relevant pH range for natural
waters, the fully hydrolyzed species Pu(OH)4(aq) is expected to be
the predominant form at the solubility limit of amorphous Pu(IV)
oxide and in the absence of complexing ligands [8]. Under such cir-
ll rights reserved.
cumstances, estimates for the saturation concentration of mono-
meric Pu(OH)4(aq) are in the range of log½PuðOHÞ4ðaqÞ� ¼ �10:4�
0:5, based on selected experimental values for the solubility product
of amorphous Pu(IV) hydroxide and aqueous Pu(IV) hydrolysis con-
stants [8]. As Pu(IV) can be found in the field at concentrations below
this solubility limit, the monomeric Pu(OH)4(aq) species is expected
to play an important role in the aqueous environmental chemistry of
Pu(IV), and is therefore the subject of this study.

To this end, ab initio simulations are a promising tool for the
study of aqueous actinide ions [9,10]. However, the electronic
structure of actinide complexes poses significant challenges.
High-Z elements exhibit large relativistic and spin–orbit coupling
effects, and the description of open-shell f-electrons is difficult
due to strong correlation effects. Accurate treatment of actinide
complexes requires sophisticated correlated wavefunction tech-
niques whose computational cost grows rapidly with the number
of electrons, and are only practical for isolated, small complexes.
To date, much of the theoretical work has examined on the actinyl
complexes AnOþ2 and AnO2þ

2 and their analogs, for which gas phase
experiments are available for direct comparison [11]. Theoretical
studies of the insoluble Pu(IV) species have focused on complexes
at low pH, e.g., aquo complexes [12,13], which can be produced at
sufficiently high concentrations for experimental characterization
[14–16].

Ultimately, we are interested in simulating the atomic-scale
behavior of aqueous Pu in condensed phases. The aqueous solva-
tion of metal ions is typically modeled using cluster approaches,
which involve the explicit treatment of the ion and one or more
hydration shells, possibly embedded in a continuum dielectric rep-
resentation for the solvent environment. Cluster models have been
extensively applied to the study of aqueous actinide ions (e.g., Ref.
[10] and references therein), and have the advantage that they are
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amenable to the hierarchy of wavefunction-based quantum chem-
ical methods for the systematic treatment of electron correlation.

More recently, advances in large-scale ab initio molecular
dynamics techniques have lead to the increasing use of periodic
supercell models to study metal ions in aqueous environments,
and are easily generalized to interfacial phenomena. One drawback
of periodic models is that they are not easily amenable to corre-
lated wavefunction methods, and typically density functional the-
ory (DFT) within the local density approximation (LDA) or
generalized gradient approximation (GGA) is employed. While this
is usually sufficient for simple alkali [17] and alkali earth cations
[18,19] or closed shell actinide complexes such as UO2þ

2 [20], both
LDA and GGA can give large errors when strongly correlated d- or
f-electrons are involved (‘‘self-interaction error’’). Hybrid function-
als and the more recent range-separated hybrids can improve on
the LDA and GGA, but this improvement is neither guaranteed
nor systematic. Moreover, the significantly higher computational
cost associated with hybrid functionals restricts their present use
in large-scale dynamical simulations, although ongoing efforts to
overcome this technical limitation appear promising [21–23].

Alternatively, in the solid state, the extension of DFT to explic-
itly include on-site interactions (DFT + U) has been successful in
improving the description of strongly correlated materials at a
computational cost comparable to the usual LDA or GGA [24].
We propose the use of DFT + U as a practical means to study acti-
nide ions in aqueous conditions, and explore how to parameterize
DFT + U for Pu(OH)4(aq). Starting with the Pu(OH)4 molecule as a
benchmark case, we compare various correlated wavefunction
and DFT-based electronic structure methods and examine whether
explicit multi-configurational correlations are necessary, or
whether a single-reference theory is sufficient. The influence of
varying approximations for electron correlation is then explored
in benchmark calculations on small Pu(OH)4(H2O)n clusters. Final-
ly, we describe the development and parameterization of a DFT + U
model suitable for the large-scale simulation of Pu(OH)4 in aque-
ous environments.
Figure 1. Tetrahedral (left) and planar (right) Pu(OH)4, having Td and D2h

symmetries, respectively. The tetrahedral structure is the ground state, and the
planar structure is the transition state for the inversion of tetrahedral structure.
2. Methods

The core electrons of Pu are replaced with a scalar relativistic
effective core potential (ECP). Most calculations here are carried
out using the large-core ECP of Hay and Martin [25], which re-
places 78 core electrons, leaving 12 valence electrons for Pu(IV).
The Pu 6s;6p, and 5f electrons are treated as valence using the ba-
sis set associated with this ECP. Hay and Martin used a [3s3p2d2f ]
contraction; here, we uncontract the two outermost s and p prim-
itives to yield a [4s4p2d2f ] contraction. In a few cases we have also
made comparisons with the small-core Stuttgart ECP and basis set,
which replaces 60 core electrons [26,27]. Double-zeta correlation
consistent basis sets (cc-pVDZ) are used for all electrons of O and
H [28]. The O atoms of OH� are augmented with diffuse functions
(aug-cc-pVDZ) in order to give a good description of the excess
negative charge on the O. Enlarging the basis set to triple-zeta with
diffuse functions (aug-cc-pVTZ) on all O and H atoms changes bond
distances by about 0.01 Å or less for the Pu(OH)4(H2O) cluster; as
discussed further below, this is smaller than the effects of varying
approximations for electron correlation. All calculations involving
the large-core ECP are done using the general atomic and molecu-
lar electronic structure system (GAMESS) [29]. The small-core ECP
requires the evaluation of integrals involving higher angular
momentum components that are not presently implemented in GA-

MESS, and thus the small-core ECP calculations are carried out using
the GAUSSIAN 03 code [30].

The complete active space self-consistent field (CASSCF) method
[31,32] explicitly accounts for the multiconfigurational character of
the Pu 5f -electrons. Several different choices for the active spaces
are tested; these are discussed further in Section 3.1 below. The
optimized CASSCF wavefunction is used as reference for second-or-
der, multi-reference Møller–Plesset (MRMP) perturbation theory
[33], which is suitable for capturing dynamical correlation effects.
In the MRMP calculations, the O 1s electrons are left uncorrelated,
while the remaining electrons are correlated. The MRMP is the
highest level of theory we employ here and serves as the bench-
mark against which more approximate approaches are compared.
We also consider unrestricted Hartree–Fock (UHF) starting from
the dominant determinant of the optimized CASSCF wavefunction,
as well as unrestricted, second-order Møller–Plesset perturbation
theory (MP2) using the optimized UHF wavefunction as reference.
For the density functional theory (DFT) calculations, two common
exchange–correlation functionals are employed here: the general-
ized gradient approximation (GGA) of Perdew, Burke, and
Ernzerholf (PBE) [34] and the hybrid extension of this, PBE0 [35].
The numerical evaluation of atomic integrals are carried out on a
Lebedev grid spanning 96 radial points and 302 angular points.
Vibrational Hessian analysis is performed on all optimized struc-
tures to verify their stability.

As our task is to compare the description of electron correlation
across varying levels of theory for the ground electronic state, this
is most clearly done without additional complications due to
spin–orbit effects, which we neglect here. While the inclusion of
spin–orbit effects are essential for a qualitative description of elec-
tronic excited states, previous theoretical studies of small actinide
complexes generally find that the effects of spin–orbit coupling are
to modify geometries in the ground electronic state by <0.1 Å and
vibrational frequencies by a few percent [10,36,37].
3. Results and discussion

3.1. Pu(OH)4 molecule

We begin by examining two high-symmetry structures of
Pu(OH)4 across different levels of theory: tetrahedral and planar
(Figure 1). In general, tetrahedral coordination complexes mini-
mize ligand–ligand repulsion and are favored in the case of bulky
ligands or when the metal–ligand bond is primarily ionic in char-
acter. The planar form can be obtained by flattening the tetrahedral
structure. The geometry of the tetrahedral structure is optimized
under Td symmetry, while the planar structure is optimized under
D2h symmetry. Table 1 summarizes the equilibrium bond distances
and angles derived from six different levels of theory. In all cases,
tetrahedral Pu(OH)4 with Pu–O–H bond angle at 180� is found to
be the ground state, with the planar structure higher in energy.
Analysis of the vibrational Hessian matrix indicates that the
tetrahedral structure is a stable minimum, while the planar struc-
ture is a transition state for inversion of the tetrahedral structure.



Table 1
Bond distances (in Å) and angles (in deg) for tetrahedral (tet) and planar (pl) Pu(OH)4,
and their energy difference (in eV), derived from varying treatments of electron
correlation (Section 2). Oh denotes hydroxyl oxygen.

CAS (4/7) MRMP UHF MP2 PBE PBE0

Tetrahedral Td

Pu–Oh 2.10 2.08 2.10 2.08 2.17 2.11
Oh-H 0.94 0.96 0.94 0.96 0.97 0.96

Planar D2h

Pu–Oh 2.13 2.11 2.13 2.11 2.20 2.14
Oh-H 0.94 0.96 0.94 0.96 0.98 0.96
\(PuOH) 147.8 145.2 144.0 141.4 123.3 126.5
Epl � Etet 1.52 1.32 1.48 1.34 0.52 0.70

Figure 2. Oxygen sp-orbitals (mesh surfaces) added to the CAS (4/7) active space to
form the CAS (12/11) active space. Each oxygen sp-orbital is plotted on the same
frame as the corresponding Pu 5f-orbital (solid surfaces) with suitable shape and
symmetry for r-type interaction (upper left) or p-type interactions (upper right,
lower left, lower right).

Figure 3. Highest occupied molecular orbital (HOMO) for tetrahedral Pu(OH)4 from
the set of optimized MP2 orbitals (left) and PBE (right). The greater localized Pu 5f-
character in the PBE is a typical self-interaction effect, which tends to destabilize
localized states and shift them towards the HOMO [38].
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CASSCF provides a general way to account for correlations
between Pu 5f -electrons; in the case of Pu(IV) this involves four
open-shell 5f -electrons. The initial molecular orbitals for the CASS-
CF wavefunction were taken from a restricted open-shell Hartree–
Fock (ROHF) calculation for the high-spin (Sz ¼ 2) configuration
with the lowest energy. For the tetrahedral structure this is an
ða1Þ1ðt2Þ3 configuration; for the planar structure this corresponds
to an ðauÞ1ðb1uÞ1ðb2uÞ1ðb3uÞ1 configuration. We begin with a CASSCF
wavefunction that includes all possible occupations of four 5f -elec-
trons in seven 5f -orbitals, which we refer to as a CAS (4/7) active
space. For the tetrahedral structure, the CASSCF ground state wave-
function is dominated by the initial ROHF configuration but with a
reduced weight of jcij2 ¼ 0:91. For the planar structure, the ROHF
configuration also dominates but with a weight reduced to
jcij2 ¼ 0:81. Inclusion of dynamical correlations with MRMP pro-
duces small (0.02 Å) changes in bond lengths, while decreasing
the energy difference between the two structures by 0.2 eV.

While the CAS (4/7) active space allows for correlations be-
tween Pu 5f -electrons, correlations involving the oxygen sp-elec-
trons are not explicitly included. To assess their significance, four
doubly occupied oxygen orbitals from the ROHF wavefunction
were identified by inspection as having the suitable shape and
symmetry to form bonding/antibonding combinations with the
Pu 5f -orbitals (Figure 2). These orbitals were added the CAS (4/7)
active space to form a CAS (12/11) active space. Optimization of
the CAS (12/11) wavefunction produced negligible changes to the
weights of the dominant configurations and bond lengths
(<0.001 Å) as compared to the CAS (4/7) wavefunction, and the nat-
ural occupation numbers of the oxygen orbitals that were moved
into the active space remained very close to two. Thus, it appears
that bonding interactions involving the Pu 5f -orbitals are not sig-
nificant here, and that the smaller CAS (4/7) active space is suffi-
cient; the Pu-oxygen interaction is likely dominated by
electrostatics arising from the large formal charge on Pu(IV).

As the CASSCF wavefunctions are largely dominated by a single
electronic configuration, we examine whether a single-reference
theory based on the dominant CASSCF configuration can provide
a reasonable description of the electronic structure. These results
are summarized in Table 1. The main difference between unre-
stricted Hartree–Fock (UHF) and CAS (4/7) is the neglect of near-
degenerate Pu 5f -configurations in the single-determinant UHF;
both UHF and CAS (4/7) do not correlate the OH� electrons. Includ-
ing correlations via unrestricted MP2 gives excellent agreement
with MRMP. While the CASSCF weights for the dominant
configurations deviate appreciably from unity, it appears that this
is not due to the presence of near-degeneracies, and the good
agreement between CAS (4/7) and UHF and between MRMP and
MP2 indicates that a single-reference treatment is sufficient for
both the tetrahedral and planar structures. The behavior of DFT
with standard approximations for exchange–correlation is more
problematic, with the largest errors coming from the PBE
approximation. The Pu–Oh bond length from PBE is longer by
almost 0.1 Å as compared to MRMP. Another issue is the energet-
ics: for PBE the energy barrier between the two structures is under-
estimated relative to MRMP by more than 50%. The hybrid
functional PBE0 gives better agreement with MRMP for geometries,
but the barrier is still too low compared to MRMP.

These problems are due to the self-interaction error inherent in
approximate exchange–correlation functionals, which can be large
when localized states are involved. This is more clearly seen by
comparing the highest occupied molecular orbital (HOMO) from
the set of optimized MP2 orbitals with the HOMO from PBE (Figure
3). The HOMO from MP2, which is free of self-interaction errors, is
largely oxygen sp in character. In contrast, the PBE HOMO pos-
sesses much more Pu 5f -character, a typical self-interaction effect
[38]. This is due to the tendency of the self-interaction error to
destabilize the energies of orbitals with significant localized char-
acter, shifting these states toward the HOMO level. The large
underestimation of the energy difference Epl—Etet can be attributed
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to the inexact cancellation of self-interaction errors between the
planar and tetrahedral Pu(OH)4 structures.
3.2. Pu(OH)4(H2O)n clusters

While unrestricted MP2 theory provides a good description of
Pu(OH)4 as shown above, we are ultimately interested in a practi-
cal means to study the chemistry of Pu(OH)4 in aqueous environ-
ments. As the computational cost of MP2 makes it impractical for
large-scale condensed phase simulations, it becomes necessary to
explore more approximate strategies. Here, we consider small
Pu(OH)4(H2O)n (n ¼ 1—3) clusters as model benchmark systems,
and restrict the attention to equilibrium geometries, which are
generally much less sensitive to basis set incompleteness issues.
Results for Pu–oxygen bond distances are summarized in Table 2,
where Oh and Ow denote hydroxyl and water oxygens, respectively.

As with Pu(OH)4, the largest discrepancies in the Pu–Oh dis-
tances are again due to the PBE approximation, which differ by
�0.1 Å relative to MP2. For n ¼ 1;2, the Pu–Ow distances from
PBE0 are in excellent agreement with MP2. The n ¼ 3 cluster is
more complicated as two distinct, stable structures are found: (1)
four hydroxyls and two water molecules in the inner coordination
shell (coordination number CN ¼ 6) with the third water in the
second shell, and (2) all four hydroxyls and three water molecules
in the inner shell (coordination number CN ¼ 7). Both UHF and
MP2 predict CN ¼ 7 to be the lowest energy structure, with the
CN ¼ 6 structure higher in energy by 0.21 eV for UHF and 0.24 eV
for MP2. Inclusion of harmonic zero-point corrections lowers the
UHF value slightly to 0.19 eV and changes the MP2 value by less
than 0.01 eV. While the UHF errors for the Pu–Ow distances in
the n ¼ 3 clusters are appreciable, the relative stabilities of the
CN ¼ 6;7 structures from UHF are in good agreement with MP2.

On the other hand, PBE and PBE0 predicts the opposite: the
CN ¼ 6 structure is favored by 0.11 eV and 0.06 eV, respectively;
harmonic zero-point corrections raise these energy differences
slightly to 0.12 eV for PBE and 0.08 eV for PBE0. As such energies
are rather small, we investigate this further with a larger basis
set: aug-cc-pVDZ on all O and H, plus an additional diffuse f-func-
tion with exponent of 0.05 on Pu [13]. The results are very similar:
the CN ¼ 6 structure is lower in energy by 0.15 eV and 0.05 eV
from PBE and PBE0, respectively. Thus, qualitative discrepancies
from the DFT-based methods are already evident for these small
benchmark clusters. We also make comparisons with the small-
core Stuttgart ECP and basis set, which replaces 60 core electrons
of Pu; these results are shown in the last column of Table 2. Bond
Table 2
Mean absolute error (MAE) of Pu–Oh and Pu–Ow bond lengths (in Å) for
Pu(OH)4(H2O)n (n ¼ 1� 3) clusters relative to unrestricted MP2. Oh and Ow denote
hydroxyl and water oxygens, respectively. For n ¼ 3, two structures are found: (1)
four hydroxyls and two water molecules in the inner coordination shell (coordination
number CN ¼ 6) with the third water in the second shell, and (2) all four hydroxyls
and three water molecules in the inner shell (coordination number CN ¼ 7). Values in
the last column are MAEs from unrestricted MP2 between the large- and small-core
effective core potentials (SC-ECP).

UHF PBE PBE0 MP2 (SC-ECP)

Pu–Oh

n ¼ 1 0.018 0.096 0.026 0.016
n ¼ 2 0.016 0.095 0.025 0.010
n ¼ 3;CN ¼ 6 0.029 0.078 0.035
n ¼ 3;CN ¼ 7 0.022 0.10 0.030 0.018

Pu–Ow

n ¼ 1 0.024 0.037 0.0060 0.021
n ¼ 2 0.036 0.022 0.0046 0.021
n ¼ 3;CN ¼ 6 0.096 0.085 0.055
n ¼ 3;CN ¼ 7 0.056 0.060 0.018 0.011
distances are in agreement to within �0.02 Å or less, and thus er-
rors due the large-core approximation are less important com-
pared to the errors due to the PBE and PBE0 approximations.

The above examples demonstrate that standard DFT functionals
can lead to qualitatively incorrect predictions for Pu(OH)4-water.
Unfortunately, DFT with local or semilocal approximations remain
the most practical ab initio method of choice for the large-scale
simulation of condensed phases. The additional computational ex-
pense associated with the evaluation of Fock exchange under peri-
odic boundary conditions limits the applicability of Hartree–Fock
or hybrid DFT exchange–correlation functionals, although efforts
to overcome this are ongoing [21–23]. In solid-state problems, it
has long been known that a simple way to correct for strong on-
site correlations is the DFT + U method [24]. This involves the
introduction of additional Hubbard-like parameters U and J, which
can be interpreted as the screened Coulomb and exchange energies
associated with some chosen set of localized states. While there
are comparatively fewer applications of DFT + U to molecular prob-
lems, the use of DFT + U for transition metal complexes has been
reported in more recent years [39,40]. As the computational ex-
pense of DFT + U is comparable to standard DFT, this is a poten-
tially useful strategy for the simulation of actinide ions in
condensed phases.

A number of different formulations of the DFT + U energy func-
tional has been proposed which largely differ in the way double-
counting contributions are subtracted off. Here, we consider the
DFT + U formulation of Dudarev et al. [41] within the PBE for
exchange–correlation,

EDFTþU ¼ EDFT þ
U � J

2

X

r
Tr qrð Þ � Tr qrqrð Þ½ �; ð1Þ

where U and J are the spherically-averaged screened Coulomb and
exchange energies, respectively, and qr is the density matrix of
f-electrons. The difference U � J is regarded as a free parameter that
is typically chosen by fitting to some known quantity from experi-
ment. For example, a value of U � J ¼ 4 eV has been found to yield
reasonable equilibrium ground state properties of solid PuO2

[42,43]. For the liquid state however, it is less clear how to choose
an appropriate parameterization for U � J.

As an alternative to fitting to experiments, U � J can also be
evaluated from first principles, either via constrained DFT [39,44]
or from Hartree–Fock theory [45,46]. The latter has the advantage
of being self-interaction-free and is therefore the approach we
adopt here. We consider the local influence on U � J due to the
presence of nearby water molecules, which is modeled as
Pu(OH)4(H2O)n clusters. Following the prescription of Mosey and
Carter, U and J are directly evaluated from UHF theory by drawing
a correspondence with the UHF Coulomb and exchange integrals,
as implemented in a modified version of the GAMESS code [46].

Given that UHF predicts equilibrium structures that are in qual-
itative agreement with MP2 for small Pu(OH)4(H2O)n (n ¼ 1—3)
clusters, we employ UHF to carry out the geometry optimization
of larger clusters of n ¼ 7—19 water molecules, with the largest
n ¼ 19 cluster shown in Figure 4. This cluster has enough water
molecules to complete a second solvation shell and begin filling
in a third shell. At this size, the essential features of the inner coor-
dination shell appear converged: there are four hydroxyl and three
water molecules in the inner shell, with two of the hydroxyls occu-
pying the axial positions while the other two hydroxyls and three
waters are arranged around the equatorial positions, reminiscent
of the hydration structure of linear actinyl ions [2].

Figure 5 shows the calculated U � J for Pu(OH)4(H2O)n as a func-
tion of the number of water molecules n, which approaches
U � J ¼ 5:4 eV at the largest n ¼ 19 cluster. Inclusion of a polariz-
able continuum model (PCM) [47] to represent the solvent



Figure 4. Pu(OH)4(H2O)19 cluster optimized at the UHF level of theory. Four
hydroxyl and three water molecules are found in the inner shell, with two of the
hydroxyls occupying the axial positions while the other two hydroxyls and three
waters are arranged around the equatorial positions.
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Figure 5. Calculated U � J values for Pu(OH)4(H2O)n for varying n, approaching
U � J ¼ 5:4 eV for the n = 19 cluster. Inclusion of solvent electrostatic effects via a
polarizable continuum model (PCM) gives a systematic increase in U � J by about
0.1 eV, for a final value of U � J ¼ 5:5 eV at the largest cluster size.
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background systematically raises U � J by about 0.1 eV, for a final
value of U � J ¼ 5:5 eV at n ¼ 19. We note that U � J depends
mainly on the number of solvating waters, and is relatively insen-
sitive to the details of solvation structure. For example, the CN ¼ 6
and CN ¼ 7 structures from UHF (Table 2) yield a U � J value of
7.77 eV and 7.64 eV, respectively, despite their very different local
environments around the Pu(IV) ion. Thus, the U � J derived here is
not likely to significantly bias the hydration of Pu(OH)4 towards a
specific coordination number. Instead, the on-site terms in the
DFT + U act on the Pu 5f -electrons to correct for the destabilization
of localized 5f -states (Figure 3, right) and shift them away from the
HOMO level.

We further compare DFT + U with wavefunction-based methods
for Pu(OH)4(H2O)3. Spin–polarized DFT + U calculations are per-
formed using the Vienna Ab Initio Simulation Package (VASP)
[48], which is a plane-wave implementation of DFT within the pro-
jector augmented wave (PAW) formalism. The basis set is trun-
cated at a kinetic energy cutoff of 600 eV. The simulation cell is a
20 Å cube, and only the C-point of the Brillouin zone is included.
First, we evaluate the energy difference between the CN ¼ 6;7
structures within the PAW—PBE approximation (no U � J correc-
tion). We find that the CN ¼ 6 structure is lower in energy than
CN ¼ 7 by 0.14 eV. This is in excellent agreement with the PBE re-
sult (0.15 eV) from the Gaussian basis set calculations above, thus
supporting the validity of comparing between these two ap-
proaches. For U � J ¼ 7:7 eV (Figure 5), the DFT + U method finds
the CN ¼ 7 structure to be more stable by 0.2 eV, in reasonable
agreement with the unrestricted MP2 result of 0.24 eV. Thus, the
DFT + U does appear to recover the behavior of the wavefunc-
tion-based methods.

While our cluster calculations converge on a seven-coordinate
structure for hydrated Pu(OH)4 (Figure 4), we note that drawing
conclusions about metal ion coordination numbers in liquid water
solely on the basis of the optimized structures of large gas-phase
clusters should be done with caution. The optimization methods
employed in this work only find local minima and are not guaran-
teed to deliver a global minimum; robust algorithms for finding the
global minimum energy structure on complex energy landscapes
remain an open research problem. Our situation is further compli-
cated by the fact that the first coordination shell around Pu(IV)
consists of two distinct species, OH� and H2O, which leads to a
large number of possible structures to consider. Artifacts due to
cluster edge effects cannot be completely ruled out despite the
presence of two filled solvation shells in the n ¼ 19 cluster.

While the aqueous solvation structure of Pu(OH)4 at neutral pH
is not known experimentally, various studies employing X-ray
absorption techniques have been carried out for the Pu(III) and
Pu(IV) aquo ions at low pH, i.e., where the first solvation shell con-
sists entirely of undissociated water molecules. Coordination num-
bers in the range of 8–10 have been reported [14–16,49], although
the experimental determination of coordination numbers can be
subject to large errors ranging from 10% to 25% [50]. Our finding
of a seven-coordinate structure is at the low end of the experimen-
tally-observed range for the aquo ion at low pH. However, the aquo
ion cannot be directly compared to Pu(OH)4 at neutral pH, as the
additional Coulomb repulsions between the negatively charged
OH� in Pu(OH)4 is expected to lead to a more open hydration struc-
ture. Given the uncertainties in both the experimental and cluster
model approaches, in future work, we seek an alternative confir-
mation for the aqueous hydration structure around Pu(OH)4 via
ab initio molecular dynamics simulations with periodic boundary
conditions, using the parameterization of the DFT + U model as
determined in this work.
4. Summary and conclusions

We have carried out a comparison of ab initio electronic struc-
ture methods for the benchmark case of Pu(OH)4, as a simple model
for aqueous Pu(IV) under environmentally relevant concentrations
(< 10�12 M) and neutral pH. Multi-reference effects involving near-
degenerate f-electron configurations do not appear to be significant
for the ground state properties examined here, and thus a single-
reference theory should, in principle, be adequate. However, sin-
gle-reference approaches based on DFT with standard approxima-
tions for exchange–correlation (PBE and PBE0) prove to be
problematic for Pu(OH)4 and small Pu(OH)4(H2O)n clusters, yielding
in some cases qualitatively different predictions compared to unre-
stricted MP2. Thus, for the simulation of Pu(OH)4 in the aqueous
phase, we propose the use of DFT + U in order to improve the
description of on-site f-electron correlations. We have derived an
ab initio estimate for the U � J parameter that enters into the
DFT + U approach, using small Pu(OH)4(H2O)n (n ¼ 1� 19) clusters
to model the dominant effect of nearby water molecules. We
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recommend a value of U � J � 5:5 eV for Pu(OH)4 in liquid water,
and thus establish a practical strategy for large-scale dynamical
simulations of Pu(IV) chemistry.
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