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Computational study of the interactions of
tetravalent actinides (An = Th—Pu) with the
a-Fe, 3 Keggin clustert
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In recent years, evidence has emerged that actinide (An) uptake at the enhanced actinide removal plant
(EARP) at the UK's Sellafield nuclear site occurs via An interactions with an a-Fe;s Keggin molecular
cluster during ferrihydrite formation. We here study theoretically the substitution of aquo complexes of
the actinides Th—Pu onto a Na-decorated a-Fe;z Keggin cluster using DFT at the PBEO level. The opti-
mised Pu-O and Pu-Fe distances are in good agreement with experiment and Na/An substitutions are
significantly favourable energetically, becoming more so across the early 5f series, with the smallest and
largest A,G° being for Th and Pu at —335.7 kJ mol™* and —396.0 kJ mol™ respectively. There is strong corre-
lation between the substitution reaction energy and the ionic radii of the actinides (4, R? = 0.97 and A,G°
R? = 0.91), suggesting that the principal An-Keggin binding mode is ionic. Notwithstanding this result,
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Mulliken and natural population analyses reveal that covalency increases from Th—Pu in these systems, sup-
ported by analysis of the occupied Kohn—Sham molecular orbitals where enhanced An(5f)-O(2p) overlap is
observed in the Np and Pu systems. By contrast, quantum theory of atoms in molecules analysis shows that
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Introduction

With the termination of the thermal oxide reprocessing plant
(THORP) in 2018 followed by the Magnox reprocessing plant
in 2022, the UK’s Sellafield nuclear site completed its final
batch of nuclear fuel reprocessing." The THORP and Magnox
plants provided the main feed for the enhanced actinide
removal plant (EARP) which processes primarily low and inter-
mediate level waste. As the THORP and Magnox plants tran-
sition into post-operational clean-out (POCO) the EARP feed
will diversify. It has become clear that our understanding of
the mechanisms by which actinides such as U, Np and Pu are
removed at the EARP is lacking, and we are currently seeking
to address this through computational modelling of the funda-
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U-Keggin binding is the most covalent among the five actinides, in keeping with previous studies.

mental inorganic chemistry believed to occur within the EARP.
The EARP uses a base-induced hydrolysis mechanism to
sequester actinides from a highly acidic aqueous waste stream.
During this process, ferrihydrite (Fh) precipitates out of solu-
tion forming Fh-An adducts which can be separated from the
aqueous stream through ultrafiltration processes. The mecha-
nism by which actinides are sequestered during Fh formation
is unknown and of significant interest.>™

Studies have shown that Fh formation can potentially occur
through several competing pathways. One proposed route pro-
ceeds via polymerisation of small molecular Fe(m) species
such as dimers and trimers.>® There is conflicting evidence
for this route, however, as the mechanisms are complex and
monitoring the reaction is difficult. Small Fe(im) molecules are
detected but there is little structural consistency between
them, and some are large enough to make the distinction
between a molecule and low molecular weight Fh phase
difficult.® Recently, it has been shown that Fh can form via
polyoxometalate (POM) nanoclusters, specifically a-Feqs
Keggin-types.>” Weatherill et al. used a combination of in situ
small-angle X-Ray scattering (SAXS) and X-Ray diffraction
(XRD) along with thermodynamic modelling to evidence Fe,3
Keggin aggregation to Fh during the base induced hydrolysis,
mimicking EARP conditions.” Following on from this work,
Smith et al. performed a similar experiment while spiking Pu
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(v) into solution at low pH to monitor Pu(iv) uptake during the
formation of Fh and subsequent transformation to more
stable phases such as hematite and goethite.® Stagg et al. also
discuss such processes,” and the surface complexation of
other actinide species such as Th(wv), U(w1)0,**, Np(v)O," and
Am(m) with Fh.>*" Smith et al’s study revealed that 85% of
the Pu(iv) was removed simultaneously with Fe(ur) at low pH
(1.5-3.0) where Fe,; Keggin formation occurs. This is a surpris-
ing result, as one might expect Fh to form first followed by Pu
(v) adsorption in the form of PuO, due to Fh’s large surface
area and affinity for contaminants. The simultaneous removal
suggests that Pu(wv) first interacts with Fe;; at the molecular
level and is retained throughout the transformation to Fh, and
Pu(iv) Lj-edge EXAFS analysis revealed shells of 8 Pu-O at
2.29 A and 4 Pu-Fe at 3.34 A indicating tetradentate surface
complexation of Pu(wv) to Fh. Smith et al also reported a
further split-shell fitting with Pu-O distances of 2.22 A and
2.39 A and Pu-Fe of 3.27 A and 3.44 A. Due to its small X-ray
scattering cross section it is difficult to locate H positions
using XRD, so the split Pu-O shell could suggest Pu-O and
Pu-OH binding. The Pu-O/Fe distances are consistent with the
Bi analogues measured by Nyman and co-workers who
reported the first synthesis and characterisation of the Fe,;
Keggin in aqueous solution and later suggested Bi-O and Bi-
OH coordination to the cluster.”*®"”

The o-Fe;; isomer forms in solution, and conversion to
both Fh and magnetite phases is possible.>” Both Fh and mag-
netite contain Fe,3 moieties in the §- and e-isomers respect-
ively and so the clusters must undergo some rotational isomer-
ism during aggregation to these nanocrystalline phases. More
recently, Zheng and co-workers isolated the e-Fe;; Keggin
isomer using the trivalent lanthanides Gd, Pr and Dy as
counter cation stabilisers'®'® and also showed that a lacunary
Fe,, POM cluster containing the f-Fe;; moiety and capped
with La(m) can convert to a La(ur)-capped o-Fe;; Keggin in iso-
propanol and water.>® Much is still unknown about the for-
mation of Fh, but in recent years efforts have shifted towards a
pathway via molecular Fe;; nanoclusters. Zheng et al.’s work
shows that heavier atoms such as lanthanides can stabilise
isomers for the Fe,; Keggin and provides insight into potential
mechanisms occurring during Fh formation.

Here, we focus on An(wv) (An = Th-Pu) substituted o-Fe;;
Keggin clusters (An-Fe,;). Reaction energies have been calcu-
lated showing thermodynamic feasibility for the substitution
of An(iv) onto the “square-window” of the o-Fe;; Keggin.
Although there is experimental evidence only for Pu(wv)
binding, we explore the periodic trends of the early actinides
in the tetravalent oxidation state in order to more broadly
understand the driving force behind the uptake of actinides by
the o-Fe,;; Keggin. Insight into the actinide-Keggin binding
mechanism and potential An-O covalency is gained through
analysis of spin densities, quantum theory of atoms in mole-
cules (QTAIM) properties, natural population analysis (NPA)
and Mulliken analysis, overall supporting the idea that the
a-Fe ; Keggin is responsible for the initial uptake of actinides
in aqueous solution at the EARP.
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Computational details

Fe(m) coordinated by weak field ligands such as O*~ and OH~
will most likely exist in a high-spin d®> configuration, and
indeed this was found to be the case in an a-Fe,; cluster with
F~ bridges.”" The magnetic properties of this cluster were
studied, and it was found that at 300 K the magnetic suscepti-
bility was lower than that expected of non-interacting Fe(ur)
centres, indicating some antiferromagnetic interaction.>” That
said, the magnetic arrangement(s) of the iron cluster(s) found
at the EARP is unknown and, although the magnetic nature of
these systems is interesting, the primary purpose of our
present study is to compare periodic trends in structure and
bonding across the actinide series. To this end, we focus on
the simplest systems to simulate, i.e. those with the highest
overall spin arrangement of the Fe(ur) centres and the actinide
substituents.

All geometries were optimised using spin-unrestricted
density functional theory without symmetry constraints, using
the TURBOMOLE 7.3 program? with the multipole accelerated
resolution  of  identity = (MARL]) fast  Coulomb
approximations.”»*®> The capping Na" and An*" are explicitly
solvated by two and five water molecules respectively, and
implicit solvation was included using the conductor-like
screening model*® (COSMO, ¢ = 78.4). Harmonic vibrational
frequency analysis was performed numerically to confirm all
optimised geometries as energetic minima and to provide
vibrational frequencies to obtain thermodynamic correction
terms to the electronic energy using standard equations
defined by the rigid-rotor harmonic oscillator (RRHO) model
at 298.15 K and 0.1 MPa (further details are provided in the
ESIf). The PBE,*” TPSS,*® PBE0>° and TPSSh*° functionals
were used to optimise the geometries of [An(H,0),]*", however
only PBEO gave reasonable geometries without imaginary
vibrational modes for the a-Fe,; Keggin and An-Fe,; Keggins.
Attempts to remove the imaginary frequencies found using
other functionals, by screwing along the imaginary modes and
reoptimising the geometry, led only to other imaginary modes,
most likely caused by numerical error in the calculation of
solution phase vibrational frequencies. Note that the PBEO
functional has been used extensively in the computation of
actinide containing actinide-oxygen
interactions. Dispersion corrections were applied using
Grimme’s D3 with Becke-Johnson damping.***° The non-acti-
nides were treated with the Ahlrichs def2-SVP basis sets®”®
and associated auxiliary basis sets,*® and the actinides were
treated with the Dolg quadruple-{ quality basis set and corres-
ponding 60-electron effective core potential, def-ECP, available
in the TURBOMOLE library.*® The self-consistent field conver-
gence was set to 10~% a.u. for the electronic energy, and geome-
tries were optimised at 107° a.u. for the energy with 107 a.u.
for the maximum norm of the gradient, except for the Pa-sub-
stituted cluster where the geometry was optimised with the
gradients converged to 107> a.u. Single point energy calcu-
lations were also performed using the series of functionals
noted above, at the PBEO optimised geometries with the def2-

complexes
31-34
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TZVP basis sets®® and associated auxiliary basis sets on non-
actinides.*>*

All-electron single point calculations at the ECP-optimised
geometries were also performed using Gaussian 16 (Revision
C.01)** with the second order DKH relativistic Hamiltonian
(DKH2, int = (grid = ultrafine,dkh)) and all-electron scalar rela-
tivistic SARC-DKH2 basis sets on actinides** and Def2TZVP on
non-actinides,*® with the PBEO functional. The energy was con-
verged to 107® a.u. using settings similar to those used in
TURBOMOLE. AIMAII 19.02.13 ** was used to calculate QTAIM
properties using .wfx files produced by Gaussian. NBO 7.0.8 *°
was used to perform natural population analysis and calculate
Wiberg bond indices. Multiwfn*” was used to perform
Mulliken population analysis using .fchk files produced by
Gaussian. To assess the effects of spin-orbit coupling (SOC),
these single point calculations were repeated using the fourth
order DKH relativistic Hamiltonian (DKH4, int = (grid = ultra-
fine,dkhso)). The inclusion of SOC was found to have little
effect on the results; a comparison between the all-electron
and all-electron + SOC can be found in the ESI (Fig. S117), but
the data presented in the main text are from calculations
without SOC.

To summarise, the results presented in the following
section regarding geometry are from the TURBOMOLE ECP
calculations, while those on the energetics of reaction are
derived from the Gaussian all-electron calculations without
spin-orbit coupling and including RRHO thermodynamic cor-
rections calculated using TURBOMOLE frequencies. All other
properties are derived from the Gaussian all-electron calcu-
lations without spin-orbit coupling.

Results and discussion
Structural parameters and substitution of An onto o-Fe;;

To stabilise the o-Fe,; experimentally as a single crystal, tri-
chloro acetate (TCA) ligands and Bi** counter cations were
used.”'® As neither of these are present within the EARP,
Weatherill et al. suggested that the increased stability of a-Fe;;

& 4
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within the EARP is due to the presence of H" and Na' ions.
NaOH is used in the base induced hydrolysis process, and
hence in our model we have replaced Bi*" with Na*, noting
their similar ionic radii (1.31 A vs. 1.32 A, respectively).*® Other
work has shown that both Li" and Cs* can displace Bi** in
these polyoxometalate structures.'® Displacement of Bi** by
Cs' resulted in slower precipitation than Li" suggesting that
larger alkali metals stabilise the Fe,; cluster more in solution.
If indeed the cluster is capped with Na' in solution at the
EARP this could explain its transient nature at low pH and
rapid conversion to Fh. In our model, the terminating TCA
ligands were removed, and solvation was treated implicitly. As
the capping cation charge has been reduced from +3 to +1, the
charge was balanced by converting half of the p,-O atoms in
the cluster to p,-OH. The OH sites were previously assigned
based on bond distances, angles, and bond valence sum calcu-
lations.'® The Na* cations are coordinated by two explicit water
molecules bringing the overall Na-O coordination number to
6, thus preserving Na' coordination between aquo ion and in
the clusters. This results in a a-Fe(u);; structure with chemical
formula [{Na(H,O),}cFe130,5H15]" (overall charge of -5
without the capping Na') consisting of a central FeO, tetra-
hedron surrounded by 12 FeOs square-based pyramidal poly-
hedra. Four Fe are bridged by two 1,-O and two p,-OH to form
a “square-window” which is capped by Na'(H,0), (Fig. 1). Each
Fe(m) has a high-spin 3d° configuration resulting in an overall
spin-multiplicity of 66 for the cluster (Table 1).

Smith et al.’s experiments suggest that Pu is present as Pu
(v), with 5-8% as PuO, and the majority in the form of a tetra-
dentate surface complex, potentially involving the “square
window” of the Fe;; Keggin unit.® We here calculate the latter
complexes for all five An(v) (An = Th-Pu), and the energetics
of formation of these species from the hydrated aquo complex
[An(H,0)o]*". Such species form under acidic conditions.*’
Our optimised average An-O distances in [An(H,0),]*" are
closer to the experimental EXAFS data than previously reported
MP2 calculations, though note we are comparing [An(H,0)o]**
with [An(H,0)o]***H,0.*° This distance decreases linearly
across the series following the 8 coordinate actinide 4+ ionic

Fig. 1 Ball and stick images of the optimised geometry of the Na*-capped Fe;3 Keggin model (left), close up of the “square-window” (right). Colour

scheme: Fe, orange; O, red; H, white; Na, purple.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Details of the high-spin An—Fe;s Keggin clusters [{An(H,O)s}
{Na(H,0),}sFe;30,8H:,1**. Spin contamination is minimal, as shown by the
(5?) data (S(S + 1)). Calculated at the PBEQ/Def2TZVP/SARC-DKH2 level

Spin Expected Calculated
An Charge multiplicity S(S+1) S(S+1)
Unsubstituted +1 66 1088.75 1088.87
Th +4 66 1088.75 1088.87
Pa +4 67 1122.00 1122.12
U +4 68 1155.75 1155.88
Np +4 69 1190.00 1190.13
Pu +4 70 1224.75 1224.89

radii,*® with R* = 0.99 at the PBEO level (Fig. S1 and Table S17).
For all functionals surveyed, DFT underpredicts the An-O
bond distances vs. MP2 calculations and EXAFS data
(Fig. S271). The choice of functional has little effect on the opti-
mised distances, however it is notable that the hybrid func-
tionals yield shorter An-O bond lengths than their non-hybrid
counterparts. This effect is well known, and can be attributed
to the improved treatment of exchange interactions by the
hybrid functionals.>"

Table 2 shows the computed distances between the actinide
and the “square-window” of the An-Fe;; Keggin cluster, and
ball and stick images of the Pu system are shown in Fig. 2.
While there is no experimental evidence for the coordination
of the substituted An*" in these clusters under EARP con-
ditions, it is likely that their co-ordination number remains
the same on going from aquo complexes to Keggin substi-

Table 2 PBEO/def2-SVP/ECP optimised distances (A) in the An—Fes
Keggin clusters [{An(H,0)s{Na(H,0),}sFe1502gH1l**

An  An-Fe An-O An-OH An-OH, Exp.An-Fe® Exp.An-O°
Th 3.55 2.26 2.46 2.54 — —

Pa  3.53 2.18 2.46 2.50 — —

U 3.51 2.18 2.47 2.50 — —

Np 3.49 2.19 2.41 2.48 — —

Pu  3.49 2.18 2.40 2.47 3.27/3.44 2.22/2.39

View Article Online
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tution. There are four oxygens in the square window of the
Keggin, and hence 5 water molecules make up the rest of the
actinides’ coordination sphere. The Pu-Fe,; cluster shows Pu-
O and Pu-OH distances within ca. 0.04 A of the experimentally
obtained distances in Smith’s split-shell fit. The average Pu-Fe
distance of 3.49 A is also in good agreement with the literature
value of 3.44 A, although the split-shell Pu-Fe fit also suggests
a Pu-Fe distance of 3.27 A in the Pu-Fh surface complex,
which is not found in our Pu-Fe;; cluster. The similarity
between the An coordination environment in Pu-Fe;; deter-
mined here and Pu-Fh determined experimentally supports
the theory that Pu is interacting with Fe;; Keggin clusters at
the molecular level in solution at the EARP prior to Fh for-
mation and remains in a similar coordination environment
during this transformation. From Th-Pu the An-Fe and An-
OH, distances generally decrease in line with the decreasing
ionic radii of the actinide, whereas the An—-O decreases from
Th to Pa then stays constant to Pu and An-OH is constant
from Th-U before decreasing at Np and Pu.

Thermodynamic trends of An(iv) substitution onto the o-Fe3
Keggin

Weatherill et al. showed that the a-Fe;; Keggin forms under
EARP conditions without the presence of an actinide, and so
we here assume that the o-Fe;3; Keggin forms in solution,
capped by Na*, and then the actinide substitutes for the Na' in
the “square-window”. The reaction energy for the substitution
of Na* with An** was studied using the following equation

[{Na(H,0), };FeOsFe;5(OH),,012] )

+ [An(H,0),](5q) — [{An(H0);}{Na(H;0),}; (1)

FeO4F812(OH)12012] (aq)

+[Na(H,0)4] )

where [Na(H,0)s]" is used to balance the substitution. The
coordination numbers of An*" and Na* are preserved during
this substitution. The solvation of Na“ in water has been
studied extensively, with Na-O coordination numbers reported
from 4 to 8 and Na* being described as “loosely hydrated”.>?

L) $

Fig. 2 Ball and stick images of the optimised geometry of the Pu-substituted, Na*-capped, Fe 3 Keggin (left); close up of the “square-window”

(right). Colour scheme: Pu; blue, Fe, orange; O, red; H, white; Na, purple.
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However, more recently it was shown that no more than 6
waters can be accommodated within the first hydration sphere
of Na*.”® First principles and classical molecular dynamics
simulations show that n = 6 gives good agreement with experi-
mentally determined coordination numbers and bond
lengths.”® The optimised average Na-O bond length is 2.38 A
in good agreement with EXAFS (2.37 A) and XRD (2.38 A).>*
The Gibbs reaction energies are calculated according to

AI‘GO(298'15 K) = Z(EO + GCOIr)products - Z(EO + GCOTf)reactants
(2)

where ¢, is the self-consistent electronic energy and G.q,; is the
Gibbs energy correction obtained from vibrational frequency
analysis, as discussed in the methodology section and the
ESI.T Here we present the reaction energy at the self-consistent
electronic energy (4.¢,) and Gibbs energy A,G° levels (Fig. 3, 4

s
o

o
S

&
S

bk
S S

Reaction Energy / kJ mol™1
S
1L
gzcy

=70

Arg, AG°
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Table 3 PBEO/Def2TZVP/SARC-DKH2 electronic and Gibbs energies of
reaction for the substitution eqn (2)

An Ionic radii*® Aseo AG°

Th 1.048 —348.9 —335.7
Pa 1.016 —374.8 -364.7
U 0.997 —382.8 —-363.5
Np 0.980 —-392.0 -371.8
Pu 0.962 —415.4 —-396.0

—420

Aveo
AGO

1.04

1.02

1.00
Tonic Radii / A

0.98

0.96

Fig. 4 PBEO/Def2TZVP/SARC-DKH2 reaction energy 4, according to
eqn (2) compared to 8-coordinate An(iv) ionic radii.*®

This journal is © The Royal Society of Chemistry 2024

and Table 3). All reactions energies are significantly negative,
and Th(v) and Pu(v) define the range of substitution energies,
e.g. A,G°is —335.7 k] mol™* and —396.0 k] mol™" for Th(iv) and
Pu(wv) respectively. At the electronic energy level, the magni-
tude of the reaction energy increases in the order Th < Pa < U
<Np < Pu.

In Fig. 3, we have set A, of the Th reaction to 0 and compare
relative energies. At the A,G° level, the differences between the
reaction energies in the middle of the series decrease such
that Th < Pa ~ U < Np < Pu. Due to the closeness in reaction
energy of Pa-Np we tested to see if there was any functional
dependence of the trend by performing a series of single point
energy calculations on the PBEO optimised geometries using
the PBE, TPSS and TPSSh functionals. This set encompasses a
range of functional quality from generalised gradient approxi-
mation (GGA), meta-generalised gradient approximation
(mGGA), hybrid GGA and hybrid mGGA. The self-consistent
electronic energies ¢, obtained using these functionals were
combined with the PBEO derived thermodynamic corrections.
Regardless of the chosen functional, similar trends are
observed (Fig. S3-S6 and Tables S2-S77).

The reaction energies (Table 3) are plotted against the
8-coordinate An(iv) ionic radii*® in Fig. 4. The R” values indi-
cate strong correlation. Correlation is lower in the Gibbs ener-
gies, for which the reaction energy for Pa is more negative
than might be expected on the basis of the trend line.} Fig. 4
suggests that the interactions between the An(wv) and O atoms
of the Keggin are predominantly ionic, and hence that the
reaction energy trends are driven by the periodic increase in
An(wv) charge density. That said, there may also be covalent
contributions to the bonding, and we now turn to assessment
of these effects.

Natural population, Mulliken, spin density and charge analysis
of [{An(H,0);4{Na(H,0),}sFe0,Fe;»(0H),,0,,]"*

The actinide natural and Mulliken populations are given in
Table 4. Both methods show that the feycess(f) increases from
Th-Pu; this has been taken before to be an indication of
increasing covalency towards the middle of the actinide
series®® with examples reported for high-coordinate tetravalent
actinide systems with hard donor ligands (O and F) in line

1 This decrease in correlation must come from the Geo, term in eqn (2). Further
details on the calculation of G.or from harmonic frequencies using the RRHO
model are included in the ESI (see Fig. S13, S14 and Tables S16-519%).
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Table 4 PBEO0/Def2TZVP/SARC-DKH2 NPA and Mulliken populations
for the An 6d and 5f orbitals. Neycess(f) is the difference between the NPA
calculated n(f) and the formal value for An(v) (i.e. O for Th(iv) to 4 for Pu
(v)). Note that n(d) = Neycess(d) as all An(v) are formally d° (the Neycess(d)
result from a large number of orbitals each with a small d population.
This is discussed further in the ESI (see Tables S20 and S211)) (results
including SOC can be found in Table S8+)

NPA Mulliken
An n(d) n(f) Nexcess(f) n(d) n(f) Nexcess(f)
Th 1.08 0.09 0.09 0.94 0.41 0.41
Pa 1.14 1.61 0.61 0.97 1.46 0.46
U 1.16 2.61 0.61 0.98 2.53 0.53
Np 1.19 3.63 0.63 1.01 3.56 0.56
Pu 1.19 4.71 0.71 1.04 4.61 0.61

with the results reported here.>**® The general increase of 7.
cess(f) from Th-Pu is indicative of greater mixing of the An(5f)
with the O(2p)-based MOs across the series, as the 5f orbitals
lower in energy and become closer in energy to the O(2p) orbi-
tals.>® The distinction between energy-degeneracy and orbital
overlap driven covalency in the actinide series has been dis-
cussed elsewhere.”>>7%®

The spin density (ps) can be used similarly to Rexcess(f) to
probe covalency trends, and was calculated on the actinide
centres using NPA, Mulliken and QTAIM analysis (Table 5).
The NPA and QTAIM derived p; are very similar and very close
to the formal value expected for the tetravalent actinides, sup-
porting ionic bonding. The Mulliken derived ps show small
deviations from the expected value with the excess pg, indicat-
ing modest Keggin — An charge transfer increases across the
series, while the NPA excess ps peak at U. The partial charge
on the actinide centre g(M) has also been calculated with the
different methods (Table 5). Noting that partial charges rarely
approach formal values, deviation of charge compared to the
formal value is also used as a measure of An-ligand orbital
mixing.*****° The magnitude of g(M) calculated with QTAIM
is higher than that of NPA analysis; such differences have been
observed previously.”>® The Mulliken and QTAIM charges are
in good agreement, decreasing from Th-Pu, and follow 7.
cess(f) in suggesting increased covalency from Th-Pu. Another
quantity we have considered is the difference between the

Table 5 PBEO/Def2TZVP/SARC-DKH2 NPA, Mulliken and QTAIM
charges g(M) and spin densities ps(M) on the actinide centre. Z — },
where Z is the atomic number and 1 is the localisation index, values can
be taken as a measure of actinide oxidation state (results including SOC
can be found in Table S97)

NPA Mulliken QTAIM
A g M) g ) g pn) Z-2
Th 1.63 0.08 2.94 0.02 2.96 0.02 4.52
Pa 1.47 1.08 2.87 1.09 2.88 1.01 4.55
U 1.36 2.10 2.79 2.13 2.80 2.02 4.54
Np 1.27 3.06 2.70 3.12 2.75 3.02 4.51
Pu 1.23 4.03 2.62 4.15 2.69 4.04 4.48
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atomic number (Z) and localisation index (1) derived from the
QTAIM. Because A is a measure of the number of electrons
localised on the actinide centre, the quantity Z — 1 can be con-
sidered as a measure of the number of electrons donated by
the actinide to the surrounding ligands, which is a measure of
oxidation state.®"®* Although the absolute values of Z — A are
close to 4.5, that they change little across the series supports
the conclusion that all the An are in the same oxidation state.

We now turn to an analysis of the Kohn-Sham molecular
orbitals; details of selected orbitals are given in Table 6 and
Fig. 5. The MOs labelled Pa, U-A and U-B are largely f-orbitals
localised on the actinide centre. By contrast, the MOs labelled
Np, Pu-A and Pu-B have much smaller, but still significant, 5f
character and show spatial overlap with the Keggin O atoms in
the “square-window”.

The trends in 7excess(f) and g(M) suggest that covalency
increases from Th-Pu. This is in agreement with Kohn-Sham
MO population analysis; An(5f)-O(2p) overlap is observed in
Np, Pu-A and Pu-B MOs and is not found in Th-U. The pres-
ence of overlap of Np(5f) and Pu(5f) with the “square-window”
O(2p) in the valence bonding region MOs will likely contribute
to the enhanced reaction energies involving these clusters.

QTAIM analysis of the An-O bonding in [{An(H,0)s}
{Na(H,0),}5Fe0,Fe;,(0H);,0,,]**

To further understand the trends in reaction energy and inves-
tigate potential An-O covalency, a variety of QTAIM properties
were considered in addition to the charges and localisation
indices presented above. These include the An-O delocalisa-
tion indices (), the electron density at the An-O bond critical
points (pgcp), the energy density at the BCP (Hpcp) and the
ratio of the kinetic (Gpcp) and potential energy (Vpcp) at the
BCP, —(G/V)gcp. The values discussed (Tables S10-S12f) are
taken as the average of similar An-O interactions in the
cluster; there are two Pu-0, two Pu—OH and five Pu-OH, BCPs
(Fig. S107) so the average of two, two and five is presented.

We begin with the delocalisation indices (6), and another
measure of bond order, the Wiberg bond indices (WBI)
(Fig. 6). If we assume that bond order is related to bond
strength, both metrics indicate that the strength of the bonds
follows the order An-OH, < An-OH < An-O. The absolute
values of the WBIs are slightly larger than those of the deloca-

Table 6 Details of selected a spin occupied MOs. AE is the MO energy
relative to the HOMO and %An(f) is the atomic contributions calculated
with Mulliken analysis. Np, Pu—A, and Pu—-B show spatial overlap with
the Keggin O atoms in the “square-window” (%An(d) <2% for these
orbitals)

An AE/eV %An(f)
Pa 0.00 95.3
U-A -0.03 84.4
U-B -0.29 71.5
Np —2.60 13.0
Pu-A -3.03 42.3
Pu-B -3.98 13.1

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Three-dimensional representations, AE vs. the HOMO, and %An(f) of selected a spin MOs, showing An(5f)-O(2p) overlap in Np and Pu (iso-

value = 0.05). Calculated at the PBEO/Def2TZVP/SARC-DKH2 level.

—o— An-O —*— An-OH —*— An-OH;

0.7
0.6
o 93
0.4

0.3

2
v Np Pu

0.90
0.80
0.70
z 0.60

\W%

0.50

M.
0/"/*/‘—.

Th Pa U Np Pu

0.40

0.30

Fig. 6 Bond order metrics for [{An(H,O)sH{Na(H,0).}sFe;s02gH12]*".
Upper; delocalisation indices and lower; Wiberg bond indices (calculated
at the PBEO/Def2TZVP/SARC-DKH2 level).

lisation indices, but both measures of bond order are in good
agreement in predicting the same periodic trend for all bonds.
An-OH and An-OH, bonds get stronger traversing the series.
However, the An-O bonds maximise after U, with § suggesting
that U is the most covalent actinide, in agreement with other

This journal is © The Royal Society of Chemistry 2024

QTAIM studies of the early actinides,**®® and WBI suggesting
Pu is the most covalent actinide, in agreement with the ana-
lysis in the previous section.

The electron density at the BCP (Fig. 7) can also be used to
analyse the interactions between the actinides and the cluster,

—o— An-O —*— An-OH —&— An-OH;

2.6
25 .\-—\\‘
o 2.4 .\w\-\.
i
2.3
22 \—./*\.
Th Pa U Np Pu
0.12
0.10
Q.
®0.08
Q
0.06 M
- o ———o —— 06—
0.04

Th Pa U Np Pu

Fig. 7 Optimised distances r (A, upper) and pgcp (a.u., lower) for [{An

(H,0)sHNa(H,0),}sFe;30,8H101%" (calculated at the PBEO/Def2TZVP/
SARC-DKH2 level).
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although care must be taken when doing so as a buildup of
electron density at the BCP does not necessarily mean that
there is enhanced covalency in certain systems compared to
others as, generally, when the distance between two atoms
decreases the density between them increases. Herein, the
values reported at the An—O BCPs are similar to those reported
elsewhere.>'* Generally, we consider pgcp > 0.20 as a covalent
interaction and ppcp < 0.10 as closed-shell.®” The trends for r
(Fig. 7 and Table 2) and ppcp in the An-OH, and An—-OH bonds
agree with what is expected of primarily ionic interactions;
from Th-Pu r generally decreases and ppcp generally increases,
and all values are below 0.10. There is a significant decrease in
r(An-OH) accompanied by an increase in pgcp(An-OH) from U
to Np and Pu. An-O does not follow the ionic trend; much like
6 these metrics both peak at U, which has the shortest An-O
bond and highest ppcp despite its larger ionic radius compared
with Np and Pu. For Pa-Pu we can see that 0.10 < pgcp < 0.20
showing partial covalency in the An-O interactions. It is note-
worthy that beyond Th the An-O distance is very similar,
which could suggest that the space within the “square-
window” between the two oxygen atoms (O-An-O) is limited,
and the decrease in ionic size of the actinides does not allow
them closer to the two oxygen atoms simultaneously.

The Laplacian of the electron density, V?p, describes the
extent to which the density is concentrated (V’p < 0) or
depleted (V?p > 0) along the bond path. The Laplacian itself
can be misleading, however, for highly polarised bonds such
as An-O often have positive values, even if there is buildup of
density along the path. This makes V?pgcp a poor metric for
discussing An-O interactions. However, we can turn to the
virial theorem (eqn (3)) and definition of total energy density
(Hgcp) (eqn (4)) in terms of the sum of the kinetic (Gpcp) and
potential (Vgcp) contributions:

1
1 V2pecp = 2Gpcp + Vicp (3)

Hpgcp = Geep + Vaep (4)

Because Gpcp < |Vaep| < 2Gpcp, iVZchp is positive and Hgcp
is negative. The ratio —(G/V)gcp has been shown to quantify
the extent of covalency when between 0.5 and 1, where 0.5 is
more covalent and 1 is less covalent.>'*77% For all systems
in this study Hpcp is negative and —(G/V)gcp is between 0.5 and
1 (Fig. 8) indicating partial covalency in the bonds.

The magnitude of Hpcp generally increases in the order
An-OH, < An-OH < An-O and for —(G/V)pcp the reverse trend
is observed. This result is in keeping with previous analysis of
the bond order metrics and pgcp showing An—-OH, and An-O
as the least and most covalent bonds, respectively. If we focus
on the An-O bonds, which are the shortest, most covalent,
and likely to be the main driver of An-Keggin binding, we see
that both Hgcp and —(G/V)pcp again indicate that U is the
most covalent actinide, albeit that the difference in —(G/V)gcp
between Pa and U is small; we note that Pa-O bonds have pre-
viously been reported as more covalent than U-O according
to —(G/V)gcp.>?
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Fig. 8 Hpcp and —(G/V)gcp (a.u.) for the An—O, An—OH, and An—OH,
bonds in [{An(H,0)sHNa(H,0),}sFe130,5H151** (calculated at the PBEO/
Def2TZVP/SARC-DKH2 level).

Conclusions

At Sellafield’s enhanced actinide removal plant it is likely that
aquo actinide complexes substitute onto a-Fe;; Keggin clusters
at low pH prior to ferrihydrite formation. We have calculated
the geometries of these substituted complexes and find that
the optimised Pu structure is in good agreement with previous
EXAFS data. Substitution reaction energies have been calcu-
lated for tetravalent actinides (An = Th-Pu); all are significantly
negative, with A,G° in the range —335.7 k] mol™" (Th) to
—396.0 k] mol~" (Pu). There is strong correlation between the
reaction energies and the ionic radii of the actinides
suggesting that the reaction energy trends are driven primarily
by the size decrease and charge density increase of the An(v)
cation. To probe possible covalent contributions, NPA,
Mulliken and spin-density analyses have been used to show
that covalency increases from Th-Pu. This is supported by ana-
lysis of the composition of the Kohn-Sham MOs; we find orbi-
tals with An(5f)-O(2p) spatial overlap that increases in the
later actinides studied. These interactions may also contribute
to the stability of the substituted clusters.

QTAIM analysis shows that all An-O interactions are par-
tially covalent, with —(G/V)gcp in the range 0.5-1.0. The An-O
bonds have the highest bond order (§ and WBI) and are the
most covalent compared to An-OH and An-OH,, according to

This journal is © The Royal Society of Chemistry 2024
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the ppcp, Hecp and —(G/V)gcp metrics. The An-OH, interactions
are the least covalent and An-OH lies between An-O and An-
OH,. This is also reflected in the bond distances. All An-O
QTAIM metrics show increasing covalency from Th-U, which
is in line with previously reported work in which U is con-
sidered the most covalent actinide according to the QTAIM.

Overall, the very favorable reaction energies suggest that the
o-Fe;; Keggin is indeed capable of scavenging and stabilising
tetravalent Th-Pu in aqueous solution. The interactions
between actinides and Fe;; are primarily ionic, but with
increasing covalency across the series. We hope that this work
stimulates further experimental research into the low pH
uptake of An(wv) under EARP conditions, and we are currently
investigating the interactions of Pu(wv) with various ferrihydrite
surfaces using periodic boundary condition DFT.
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