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Understanding the binding mechanism in neptunyl clusters formed due to cation—cation inter-
actions is of crucial importance in nuclear waste reprocessing and related areas of research. Since
experimental manipulations with such species are often rather limited, we have to rely on quantum-
chemical predictions of their electronic structures and spectroscopic parameters. In this work,
we present a state-of-the-art quantum chemical study of the T-shaped and diamond-shaped nep-
tunyl(V) and neptunyl(VI) dimers. Specifically, we scrutinize their molecular structures, (implicit
and explicit) solvation effects, the interplay of static and dynamical correlation, and the influence
of spin-orbit coupling on the ground state and lowest-lying excited states for different total spin
states and total charges of the neptunyl dications. Furthermore, we use the picture of interacting
orbitals (quantum entanglement and correlation analysis) to identify strongly correlated orbitals in
the cation—cation complexes that should be included in complete active space calculations. Most
importantly, our study highlights the complex interplay of correlation effects and relativistic correc-

tions in the description of the ground and lowest-lying excited states of neptunyl dications.

I. INTRODUCTION

The neptunium atom is one by-product of nuclear fis-
sion reactions of nuclear power plants that is character-
ized by its high chemical reactivity and toxicity. It is an-
ticipated that neptunium compounds are the main source
of radiation during sustained storage and thus should
be sheltered by materials of special design, like, poly-
dentate organic ligands "3 From an environmental point
of view, we need to segregate heavy-element compounds
from spent nuclear fuel*"® Since the mid-20-th century,
industrial reprocessing is based on the PUREX process
that was designed to separate uranium and plutonium
compounds” All transuranic actinides and lanthanides
can be segregated in the GANEX (grouped actinide ex-
traction) process® However, the large variety and com-
plexity of fission products and their broad range of oxida-
tion states require a few stages of extraction, stripping,
clean up, conversion to oxide compounds, and converting
waste to the solid state. Specifically, the management of
neptunium is one of the key challenges in such processes

Current research on novel nuclear fuel processing tech-
niques of oxidized americium-containing compounds at-
tracted a great deal of attention on neptunium oxides
as they can form complexes similar to americium com-
pounds?? Examples are the linear NpOj and NpO%+
species containing pentavalent (4+5) and hexavalent (46)
neptunium 4 also known as the neptunyl(V) and
neptunyl(VI) cations, respectively. These compounds
have been immensely studied theoreticallyt* 22 Neptunyl
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cations have the 5f' and 5f2 open-shell electron configura-
tion and are characterized by an equilibrium Np—O bond
length of about 1.7-1.8 A. The vibrational spectra of
neptunyl(V) contains two characteristic (symmetric and
asymmetric) stretching frequencies in the range from 870
em~! to 1030 em~!. For neptunyl(VI), the correspond-
ing vibrational frequencies can be found at around 970
em™! and 1080 cm~!2Y Studies on neptunyl ions indi-
cate that configurations, where the valence electrons are
found in the 5f5 and 5f; open-shell configurations, are
favoured and are characteristic for the low-lying part of
their electronic spectrum. Both experiments and calcu-
lations reveal low-intensity f-f transitions 228

Furthermore, neptunyl ions can form small oligomeric
or polymeric clusters that are known as cation—cation
interactions (CCIs).#%3 This characteristic, albeit pe-
culiar behaviour was first observed for neptunium(V) in
uranyl perchlorate solution and aqueous chlorate me-
dia 34360 The stability of CCI complexes depends on
the composition of the solution.?? Neptunyl dimers are
formed if the concentration of Np exceeds 0.2 M. Their
presence causes a change in the vibrational spectrum,
where two new bands appear. The absorption spectra
is only weakly affected by a red shift and peak broaden-
ing3” The Np-Np distance is 4.2 A indicating no direct
bonding between the actinide centers8 New examples of
CCIs in solution are still being reported 193940 §pecifi-
cally, such inter-cationic interactions promote the forma-
tion of crystalline structures 24170 CCIs are a technical
difficulty for nuclear waste reprocessing systems as they
facilitate the stabilization of actinide complexes in spent
nuclear fuel.

The CCIs structures are stable primarily because of the
bonding interaction between the oxygen and the neptu-
nium atoms of two neighbouring complexes, where the
effective charge of the oxygen atoms is negative® in con-


mailto:k.boguslawski@fizyka.umk.pl

trast to the effective positive charge localised on the ac-
tinide atoms:®? The stability of CCIs is strongly influ-
enced by the Np-O bond distance,*” which changes in
different environments#%% Since experimental studies
on such compounds are impeded, theoretical modelling
can provide much sought-after insights into the reactiv-
ity and stability of CCIs. However, heavy elements are
immensely difficult to describe theoretically because cor-
relation effects and relativistic effects! 230004 haye to
be described on equal footing, which poses a challenge
for present-day quantum chemistry, especially when the
molecular system under investigation contains more than
one heavy element 62167

In this work we use state-of-art quantum chemistry
methods to model the electronic structure of various
neptunium-containing clusters in different environments.
Furthermore, following the procedure outlined in ref. 64,
we focus on constructing stable and reliable active spaces
that properly describe static/nondynamic electron corre-
lation effects in the investigated neptunyl clusters. As a
quantitative criterion, we use the orbital-pair mutual in-
formation to select the most important orbitals of large
and moderate orbital-pair correlations.

This work is organized as follows. In section 2, the
computational details are presented. Section 3 dis-
cusses the structural parameters and spin-state energet-
ics of various neptunium dioxide clusters including their
entropy-based active spaces, electronic spectra, and the
influence of spin-orbit coupling and solvation. Finally,
we conclude in section 4.

II. COMPUTATIONAL DETAILS
A. Geometry optimization

The structures of [NpOo]3™, [NpOz]3t, and [NpOo]3+
were optimized with the TURBOMOLE 7.0 software
packagef®iU ysing the DFT module. The def2-TZVPX
basis set was chosen for the oxygen atoms,while a small-
core (relativistic) Effective Core Potential (ECP-60) in
combination with the def-TZVP basis set™ ™ was taken
for the neptunium atoms. Previous studies suggest that
a small-core ECP basis provides results that agree well
with all-electron calculations for actinide compounds.®2
The BP86 exchange-correlation functional™® was ap-
plied. Our choice was motivated by the good perfor-
mance of the BP86 exchange—correlation functional in
geometry optimizations of actinide speciest®2UTr  We
should note that dispersion interactions (through, for in-
stance, the D3 correction™) have not been considered in
our calculations. The bonding between two monomers
includes Np—-O interactions where the distance between
the atoms is similar to the sum of their corresponding
single-bond covalent radii and all the Np-O distances
are much shorter than the sum of their van der Waals
radii. Thus, dispersion forces are expected to not affect
the geometry of the optimized structures. Recent find-

ings of Rotzinger™ confirm that a dispersion correction
does not significantly affect the molecular structure of
neptunyl monomers.

All neptunyl clusters were studied both as free
molecules in gas phase and in aqueous solution. The
aqueous solution was simulated by solvation effects us-
ing the Conductor-like Screening Model (COSMO )Y
module. (5, point group symmetry was used for
the diamond-shaped clusters and C5, was used for
all T-shaped clusters. The structures of [NpOq]3t
and [NpOg]gJr optimized for the states with zero, two,
and four unpaired a-electrons, while the structure of
[NpO2]5T™ was optimized for the states with one and
three unpaired electrons. We should note that in all
unrestricted Kohn—Sham DFT calculations each state
is defined through the difference of o and S electrons
and hence does not correspond to a pure singlet, dou-
blet, triplet, etc. state. To facilitate a direct com-
parison to wave function based methods, we will label
those states through their number of unpaired electrons
Nun. For each state, a vibrational frequency analysis was
performed to verify that the optimized geometry corre-
sponds to a (global or local) minimum. The geometry of
the lowest energy state was chosen for subsequent elec-
tronic structure calculations. The ground-state struc-
tures of all studied compounds are visualized in Figure
m

In order to cross-check the reliability of the COSMO
solvation model, we performed additional calculations,
where the first solvation shell (nine water molecules for
the T-shaped structure and eight water molecules for the
diamond-shaped clusters) was explicitly included (using
the same exchange—correlation functional and basis sets
as described above). We should note that we considered
only those clusters for which stable ground-state equilib-
rium structures could be found using the COSMO solva-
tion model, i.e., where the cluster did not break apart.
To assess the impact of the water ligands on the CCI
structures, we optimized the molecular geometries for a
different number of water ligands. Specifically, we in-
cluded two, three, four, five, and seven H,O molecules
for the state with Ny,=4 of the T-shaped cluster. For
the diamond-shaped [NpOs]3™ (Nyn=4) and [NpOo3"
(Nun=3), we recomputed the geometries of the neptunyl-
neptunyl clusters in the presence of four and six water
molecules. Furthermore, we performed single-point cal-
culations to obtain relative energies for different struc-
tures with the same number of electrons using different
exchange—correlation functionals. The optimized struc-
tures and relative energies are provided in the ESTf.

B. Remarks on state and orbital labelling

Although spin does not represent a good quantum
number in heavy-element compounds, due to spin-orbit
coupling, we will nonetheless label electronic structures
according to their formal total spin quantum number.



This labeling is commonly used in the literature and al-
lows us to straightforwardly identify the number of un-
paired electrons in the complexes and clusters. Further-
more, if not mentioned otherwise, we will label the or-
bitals according to their irreducible representation of the
Doon, point-group of the linear moieties (o4, Og= Ty
Ty-, Ou=, ¢u-type). This labeling will facilitate the direct
comparison of the clusters to the individual subunits.

C. CASSCF with ECP

The Complete Active Space Self Consistent Field cal-
culations with ECP (CASSCF+ECP) were performed
with the MOLPRO 2012.1 software suite884 For the
neptunium atoms, we used an ECP60MWB ANQ7385
basis set introduced by the Stuttgart/Cologne group,
with the core consisting of 60 electrons, and which fea-
tures energy-consistent, semi-local pseudopotentials. For
the oxygen atoms, Dunning’s cc-pVDZ basis was used 56
The orbitals are visualized using Jmol 14.9.157 Further-
more, we used a simplified gas-phase model with no im-
plicit or explicit solvent in all CASSCF+ECP calcula-
tions. Explicit water molecules are considered only in
our CASPT2/SO-RASSTI calculations (vide infra). Since
we obtained similar results in the electronic spectrum
for CCIs with and without water molecules, the gas-
phase models will suffice for assessing the influence of
the relativistic Hamiltonian on the electronic structure
of the investigated CCIs. In all CASSCF calculations,
we used the DFT structures that have been optimized
in combination with the COSMO solvation model (cf.
Figure [[l). Moreover, we performed state-averaged calcu-
lations, where the average includes two states from each
irreducible representation. The quintet state (N,,=4)
was optimized for the molecules with a total charge of
2+, while for the 3+ charged moiety we calculated the
quartet state (Ny,=3). Our choice of the active space
orbitals is based on previous studies on CCIs presented
by Vlaisavljevich et al’?l. We should note that in the
CCI clusters the Np-O bond lengths are longer than in
the isolated neptunyl cations. Recent work presented by
some of us®® highlights the importance of ¢ orbitals if
the actinide-oxygen bond elongates. Furthermore, our
latest study on plutonium oxides suggests that ¢ orbitals
are important to reliably treat static electron correlation.
Thus, in all active space calculations, ¢ orbitals have been
included in the active space. Specifically, the active space
of all species contains orbitals corresponding to ¢,- and
0,-type orbitals that are characteristic for linear moieties.
This resulted in CAS(4,8)SCF calculations for the T-
shaped molecule. Additional oy- and o-type orbitals are
included only in the diamond-shaped structures. These
orbitals, built primarily from 5f neptunium atomic or-
bitals, are occupied by eight electrons (CAS(8,12)SCF)
in the 24+ charged diamond-shaped molecule, while for
the 3+ charged ion we perform analogous CAS(7,12)SCF
calculations. All active orbitals are presented in the ESI.

D. CASSCF, CASPT2, and spin-orbit coupling
calculations with the second order
Douglas—Kroll-Hess Hamiltonian

The CASSCF calculations and Complete Active Space
Second-order Perturbation Theory (CASPT2)8%94 cal-
culations were performed using the OpenMolcas (ver-
sion 17.0) software package.?2"%% Relativistic effects were
accounted for by the second order Douglas—Kroll-Hess
Hamiltonian (DKH2)2¢%7 We used the ANO-RCC-
VDZP basis set for all atoms 2899 Furthermore, we in-
vestigated two different models of CCIs: (i) the sim-
plified gas-phase structures optimized by DF'T/COSMO
(as in all CASSCF+ECP calculations) and (ii) the hy-
drated CCIs with a complete first solvation shell (9 wa-
ter ligands for the T-shaped cluster, 8 water ligands for
the diamond compounds). For the T-shaped CCI, we
computed 12 CAS(4,8)SCF wave functions for the quin-
tet state (Ny,=4) (four in the A; and in the A, irre-
ducible representation, two in the B; and in the B irre-
ducible representation) and eight CASSCF wave func-
tions for the triplet state (Ny,=2; two in every irre-
ducible representation). The state-averaged calculations
include an average over states in the same irreducible
representation. For the diamond-shaped [NpOg]3T, we
performed calculations for two active spaces. The min-
imal CAS(4,8) for the diamond-shaped dimers contains
only ¢,- and d,-type orbitals as for the T-shaped species.
The extended CAS(8,12) for the diamond-shaped com-
plexes contains similar active space orbitals as chosen in
CAS(8,12)SCF+ECP. An average over eight states (two
in every irreducible representation) was performed for
both the triplet (Ny,=2) and quintet (N,,=4) states.
For the diamond-shaped [NpO,]3™, the calculations using
both minimal CAS(3,8) and extended CAS(7,12) result
in broken symmetry solutions and are thus not presented
here. Furthermore, similar active spaces have been cho-
sen for the gas-phase structures (i) and the hydrated clus-
ters (ii). The CASSCF wave functions were used to cal-
culate multistate CASPT2 energy corrections, where the
ionization potential-electronic affinity (IPEA) shifted Hy
Hamiltonian'" was applied with an imaginary shift set
to 0.1. The spin—orbit (SO) interaction effects (in the
Atomic Mean Field Approximationt®™ 193 were calcu-
lated using the Restricted Active Space State Interaction
(RASSI) approach, 2% where the energy correction due
to dynamical correlation was included in an approximate
manner by dressing (i.e., shifting) the diagonal elements
of the spin-orbit Hamiltonian by the CASPT2 energies.

E. DMRG

Density Matrix Renormalization Group (DMRG) cal-
culations!®®"H4 were performed using the Budapest
QC-DMRG program!™® In accordance with DFT and
CASSCF+ECP results, we assume that the irreducible
representation of the ground-state wave function is A,



for the diamond-shaped [NpOs]3 compound, B, for the
[NpOs]3" molecule, and A; for the T-shaped CCIs. The
orbital basis set comprises the natural orbitals computed
with the CASSCF+ECP method discussed in the previ-
ous subsection.

The DMRG active space comprises the CASSCF active
space extended by including supplementary inactive and
virtual orbitals. For all neptunyl clusters, the oy-, o}-,
Og=y Og=, Ty~ Ty, Mg, and my-type orbitals were added
to the active space. For diamond-shaped [NpOg]%*, 14
occupied orbitals (4 in a, and in by, 3 in a, and in bg)
and 20 virtual orbitals (6 in az and in by, 4 in a, and
in bg) were added to the CASSCF active space (4 in
ag and in by, 2 in a, and in by) resulting in a total of
46 molecular orbitals and 36 electrons. For the CCI of
charge 3+, similar orbitals were used, but the number of
electrons equals 35 (DMRG(35,46)). The CASSCF active
space of the T-shaped neptunyl cluster was extended by
13 occupied orbitals (5 in aj, 5 in by, and 3 in bs) and
26 virtual orbitals (9 in a;, 3 in by, 6 in ba, and 6 in ag),
yielding DMRG(30,45).

We should emphasize that our DMRG calculations will
be used to elucidate the orbital correlations in the nep-
tunium dications. As presented in ref. [64] this orbital-
correlation analysis will allow us to dissect electron corre-
lation effects and to determine which orbitals are hence
important for non-dynamic, static, and dynamic corre-
lation. Note that the DMRG algorithm approximates a
CASCI wave function in a large active space, but misses
a large fraction of dynamical correlation, which can be
included a posteriori. Since we are only interested in or-
bital correlations within a large active space, no dynamic
energy correction on top of the DMRG wave function has
been performed.

III. RESULTS

In this work, we focus on the diamond-shaped and
T-shaped dications containing neptunyl(V) and nep-
tunyl(VI) as building blocks. Thus, the corresponding
supramolecular clusters are [NpOg]3t, [NpOo]3t, and
[NpOs]3T. For [NpOoJ3T and [NpOs|3T, we investigated
the corresponding quantum states with Ny,=0, Ny,=2,
and Ny,=4, while for [NpOg]%"‘ we performed calcu-
lations for Ny,=1 and Ny,=3. Our analysis suggests
that [NpOs|3" forms diamond-shaped and T-shaped clus-
ters in both aqueous solution and the gas phase, while
[NpO.J5T is stable only as a diamond-shaped molecule
in solution. For [NpOqJ;", no equilibrium geometries
were found as the monomers diverge, that is, the clus-
ter breaks apart. Thus, our calculations suggest that
the CCIs cannot overcome the electrostatic repulsion
between the neptunyl(VI) subunits. Furthermore, the
BP86 exchange—correlation functional combined with the
COSMO solvation model did not yield a stable T-shaped
[NpO2J5T complex. The explicit inclusion of water
molecules around the CCI clusters does not influence the

diamond-shaped structures as the corresponding bond
lengths and angles are similar to those obtained using
only the COSMO solvation model. The most pronounced
changes can be observed in the T-shaped clusters for the
Np—Np distances (vide infra). We should note that the-
oretical studies suggest that the impact of the equatorial
ligands on the spectroscopic properties of the actinyl unit
is smalH0 9]

(a) (b)
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FIG. 1. Optimized structural parameters of the ground-
state molecules in aqueous solution: (a) NpOF (Nun=2), (b)
NpO2T (Nun=4), (c) the T-shaped CCI of [NpO2])3" (Nun=4),
(d) the diamond-shaped CCI of [NpOz]3™ (Nun=4), (e) the
diamond-shaped CCI of [NpO2]3¥ (Nun=3). All bond lengths
are given in Angstréms. No stable structure of T-shaped
[NpOg]g+ was found as the neptunyl monomers diverged, that
is, the cluster broke apart. Note that the valence electrons of
NpOj and NpOg+ occupy non-bonding orbital and hence the
Np-O bond distance changes only slightly.

A. The T-shaped [NpO:]3" molecule
1. Ground-state geometry and spin

The bond lengths and angles of the T-shaped cluster
in aqueous solution and in vacuo are summarized in Fig-
ure In the following, we will refer to the (O -Np(H) -
0®)) monomer as the vertical unit, while (O®)-Np(?)—
O®) will be termed the horizontal unit. The Np(*)-0(2)
bond length of the vertical subunit differs only slightly
from the corresponding equilibrium distance of the nep-
tunyl(V) monomer. Solvation effects generally increase
equilibrium bond lengths compared to calculations per-
formed in vacuo® In the horizontal unit, the internal
Np®-0®) bond is longer than the distant (external)
Np®-0O® one, which also elongates in solution. Only
the internal bond length decreases in solution. If the
number of unpaired electrons increases, the Np(H—-Q™)
bond elongates. The Np@-0®) and Np@-0® bond
lengths reach their maximum value for the state with
Nun=2. The inter-monomeric distance between the ver-
tical and horizontal unit is similar for the states with
Nun=0 and Ny,=2, while for the state with N,,=4, this
distance is significantly shorter (about 0.1 A) compared
to the other spin states and increases by approximately



0.3 A to 2.5 A in vacuo. Furthermore, the CCI bond
distances are considerably shorter in solution than in
vacuo. Finally, slight deformations from linearity are ob-
served for the vertical subunit of the states with Ny ,=0
and Ny,,=2 in vacuo and amount to 4°. Furthermore,
Krot and Grigorievt* who investigated the Np-O dis-
tances in various actinide compounds report that the Np—
Oy bonds (which corresponds to NpM-0W, NpM-0®),
Np@-0®) | and Np-0®)) are between 1.800 and 1.915
A, while the distances between the neptunium center of
one neptunyl unit and the oxygen atom from the other
neptunyl unit are in the range of 2.334-2.540 A. The
DFT-optimized bond lengths tend to be slightly shorter.
We should emphasize that our optimized Np—O bond
lengths are very similar to the bond distances deduced
from various neptunium-containing crystalline solids (cf.
Table S3 in the ESI for further details). However, these
similarities should be considered only qualitatively due
to different phases and the varying number and types
of ligands surrounding the neptunyl clusters. Most im-
portantly, an explicit solvation model is required for the
dications to provide accurate structural parameters.

Spin-state energetics and total spin expectation values
are presented in Table [[Tl We should emphasize that the
spin expectation value is calculated for the noninteract-
ing system, where the wave function is a Slater determi-
nant of the Kohn—Sham orbitals and the same expres-
sion for S? can be used as in unrestricted Hartree-Fock
theory 12023 This approach, however, does not give the
same S? expectation value for the real, interacting sys-
tem, where the two particle density is required 20123
The state with Ny,=4 is the ground state in both the
gas phase and solution, while the state with Ny,=0 lies
highest in energy. Furthermore, the aqueous environment
does not change the relative order of the spin states and
energy gaps between different spin states. Note, how-
ever, that the state with Ny,=2 is considerably spin-
contaminated (see also Table . A Mulliken population
analysis?? of all investigated compounds is presented in
Table [[TI} A positive charge is located on the neptunium
atoms, while the oxygen atoms are negatively charged.
The spin density is mostly centered on the Np atom and
dominated by f-electrons. The Mulliken population anal-
ysis further predicts an excess of 5-electron density on the
Np atom in the (spin-contaminated) state with Ny,=2 of
the T-shaped CCI. Note that this Np atom is coordinated
by three oxygen atoms, while the bi-coordinated Np(?)
atom bears a large excess of a-electron density. These
differences in spin density on the Np centers may origi-
nate from the observed spin contamination in the state
with Ny,=2. A Bader analysis is presented in the ESI for
comparison. In general, it indicates a higher charge con-
centration on the atomic centers compared to a Mulliken
population analysis.

Finally, we will compare the molecular structure of the
investigated neptunyl clusters to the recently presented
uranyl analogues” Both T-shaped actinyl CCI clusters
feature a similar distance between the monomers, i.e.,

similar Ac—O bond lengths (2.3, 2.32, and 2.35 A for the
states with Ny, =0, Nyn=2, and Ny,=4, respectively, in
the uranyl(V)—uranyl(V) clusters). However, the differ-
ence in alpha and beta electrons has a stronger impact on
the geometry in neptunyl clusters than in uranyl CCls,
where the CCI bond length is noticeably shorter for the
state with Ny,=4. Furthermore, the uranyl clusters fea-
ture a different energetic order of spin states as the state
with Ny,=2 is the ground state followed by the states
with Ny,=0 and N,,=2.

2. Water coordination of T-shaped CCI

Experimental studies indicate that the first coordina-
tion sphere of the bare neptunyl in aqueous solution com-
prises five water molecules 221270 Thus, the complete
first coordination sphere of the neptunyl-neptunyl T-
shaped dimer should contain nine water molecules. The-
oretical studies on the monomeric building blocks, how-
ever, highlight the difficulty of quantum-chemistry meth-
ods to reliably predict the first solvation sphere of nep-
tunyls 228 T this work, we therefore modelled the
first solvation sphere using a different number of water
molecules, starting from a rough explicit solvation model
containing two water ligands up to the complete first sol-
vation sphere comprising nine water molecules. Most
importantly, the structural parameters of the neptunyl
monomer are negligibly affected by the number of explicit
solvent molecules (see Table S1 of the ESI). Furthermore,
our calculations confirm the trends in the Np—O bond
lengths obtained using only the COSMO model. The
most pronounced qualitative feature is the small defor-
mation of the neptunyl dimers as Np(), O®) and Np(®
are not lying on a straight line. The distances between
two neptunium centers (4.220 and 4.209 A for the state
with Ny,=4 with a complete first coordination sphere)
agree well with the experimental result of 4.200 A re-
ported by Guillaume et al2® Generally, the inclusion of
water molecules to model the first solvation shell is re-
quired to reproduce the experimentally observed Np—Np
distance. In this work, this is already achieved by includ-
ing 2 water molecules.

3. Orbital-pair correlation measures in the CASSCF
natural orbital space

The multi-reference nature of cation—cation interac-
tions in the T-shaped ion can be further elucidated using
orbital-pair correlation diagrams (see Figure [2)), which
were obtained using the DMRG algorithm. The cor-
relation between orbital pairs ,j is quantified by the
orbital-pair mutual information [; ;. Strongly-correlated
orbitals correspond to I;; > 107!, while for weakly-
correlated orbitals I;;; < 1072. For the four-dimensional
basis (|—), |#), &), ), the orbital-pair mutual infor-
mation is bounded between 0 and In16 ~ 2.7. A de-



FIG. 2. Orbital-pair correlations of the T-shaped (top) and diamond-shaped (bottom) [NpOz]3*. The values of the single-
orbital entropy are coded by the size of the dots corresponding to each orbital. The strongest correlated orbitals are connected
by blue lines (I;; > 107"), followed by orbital-pair correlations marked by red lines (107" > I;; > 107%). Note that the
irreducible representations of the Cs;, and Ca, point group have been used to label the orbitals to facilitate the identification
of active space orbitals. A translation to the irreducible representations of Dup can be found in the ESI.



tailed discussion on the orbital-pair mutual information
as a correlation measure can be found in, for instances,
refs. [60J641129H136l The decaying values of the mutual
information are presented in Figure |3| (a plot with a
linear scale is shown in the ESI). We observe that the
CAS(4,8)SCF active space orbitals (6a;, 7a;, 5by, 6by,
3bg, 4bg,lag, and 2ag) are highly correlated (I;; > 0.65)
and their contribution to the CCI bonding mechanism
is most significant. These orbitals are primarily built of
5f atomic orbitals of the neptunium atom and the 2p
orbitals of the oxygen atom. This orbital-pair correla-
tions suggest the important role of 5f orbitals in modeling
cation—cation interactions. However, we observe other
strongly (I;;; > 10~") correlated bonding and antibond-
ing orbital pairs: orbitals whose character corresponds
to ou- (3a1), oy~ (11a1), 74~ (2b2), and 7;-type (10bs)
orbitals of the linear moieties. Their values of the mu-
tual information are close to other moderately correlated
orbital pairs. Specifically, we have other o, /o-, m, /7,
and g/ m,-type orbitals that belong to the group of mod-
erately correlated orbital pairs (I;; ~ 1072). Finally, we
observe additional orbital correlations between o, /-,
ok [my-, and o, /d,~type orbitals. In certain cases, the
decay of I;; shows a jump, i.e., [;; has a gap in its
spectrum, that can be used to set an a priori defined
threshold value to identify large and weak values corre-
sponding to static (strong) and dynamic (weak) corre-
lations, respectively. In more general cases, when I;;
decays smoothly, such a separation of scales is not well
defined and we use [;); > 0.1 to identify the large contri-
butions 3! We conclude that the d,- and ¢,,-type orbitals
are thus the most important building blocks of a mini-
mal active space for the T-shaped molecule to properly
describe static/nondynamic electron correlation. In or-
der to describe moderate orbital correlations, the active
space should also include o~ and o;;-, 7 -, my-, Tg-, and
m,-type orbitals whose mutual correlations indicate that
these orbitals should not be separated into an active and
inactive part of the orbital space. In the following, we will
focus on modelling static electron correlation within the
CASSCF approach exploiting the minimal active space
only.

4. Electronic structures from CASSCF and CASPT2

The relative energies of all states calculated with the
CASSCF+ECP method are shown in Table [Vl The
CI vectors of 15A1, 25AA17 15B1, 25B1, 15BQ7 25B2,
1°A,, and 2°A,, which are included in the state-averaged
wave function, and their most significant determinants
are presented in the ESI. We observe that the lowest-
lying 1°A;, 1°A,, 1°B; and 1°B, states are quasi-
degenerate. The corresponding natural occupation num-
bers of the ground-state wave function are presented
in the ESI. The active-space orbitals are approximately
half-occupied, where the average number of electrons in
0,-type orbitals is slightly larger than in ¢,-type or-
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FIG. 3. Decaying values of the mutual information (a) for
the T-shaped [NpOz]3T (first twelve blue points correspond to
the strong correlation between d,- and ¢,-type orbitals), (b)
for the diamond-shaped [NpOs]2t (the first two blue points
correspond to the strong correlation between oy4- and og-type
orbitals, while the orbital-pair correlation between ¢,- and §,,.-
type orbitals are marked by next thirteen points), (c) for the
diamond-shaped [NpO2]3™ (the first blue point corresponds to
the strong correlation between w-type 4a, and 7*-type 1lag
orbitals).

bitals. Table [V] also summarizes the twelve lowest-
lying quintet (Ny,=4) and eight lowest-lying triplet
(Nun=2) states calculated with the CASSCF+DKH2
method. Most importantly, the DKH2 Hamiltonian
lifts the quasi-degeneracies of the 1°A;, 1°B;, and 1°By
states as predicted by CASSCF+4+ECP. In contrast to
our DFT results, where the states with N,,=2 were
predicted to be significantly higher in energy than the
state with Ny,=4, CASSCF results in quasi-degenerate
triplet (Nu,=2) states (12A;, 13By, and 1*As) and quin-
tet (Nun=4) states (1°A). For both CASSCF+ECP
and CASSCF+DKH2, |6&2)¢qg2)>—type determinants dom-
inate in the wave functions. Including dynamical cor-
relation on top of the CASSCF+DKH2 wave function
using second-order perturbation theory (indicated as
CAS(4,8)PT2 in Table shifts the relative energies
and yields a 1°B; ground state. Furthermore, CASPT2
lifts the quasi-degeneracies of states lying energetically
close to the ground state and simultaneously decreases
the energy gap between higher-lying states. Since the en-
ergy differences between the lowest-lying states are much
smaller than 400 cm ™!, the ground state cannot be un-
ambiguously described by spin-free methods.

5. Accurate spectra of the T-shaped molecule in water

The relative energies of some excited states with
respect to the ground state of the T-shaped cluster
are listed in Table [Vl The molecular model includes



a complete explicit first coordination shell (nine water
molecules). The vertical excitation energies were cal-
culated using the CASPT2/SO-RASSI approach includ-
ing spin-orbit coupling effects. The energetics of all
states of some selected model systems (calculated using
Cy, and C; point group symmetry) are shown in the
ESI, including both the gas-phase model and the hy-
drated cluster. Note that the differences in electronic
spectra between the gas-phase and the hydrated CCls
are negligible for the lower part of the spectrum (typ-
ically much smaller than 1000 cm™!/0.1 eV), which is
to be expected as those excitations feature atomic f-
f transitions. Our results indicate mixing between the
CASSCEF reference states of different irreducible repre-
sentations and the triplet (Ny,=2) and quintet (N,,=4)
states in the low-energy region of the spectrum (see Ta-
ble V| for more details). The lowest-lying states are char-
acterized by a dominant contribution of quintet states
(Nun=4). We should note that the excitation spectra of
the CCI clusters have many similarities to the spectra of
the bare neptunyl(V 2342627 and neptunyl(VIE3? sub-
units. The transitions around 9 800 cm ™!, 10 500 cm ™!,
13 000-14 500 cm ™', 16 000 cm~* and 21 000 cn ™! were
observed in neptunyl(V), while the calculated excitation
energies close to 7 000 cm ™! and 8 500-9 700 cm ™! are
present in neptunyl(VI). The transitions from the ground
state have an oscillator strength below 10~° and the spec-
tra are dominated by transitions between excited states.
All transitions are listed in the ESI.

B. The diamond-shaped [NpO:]2* and [NpO:]5*

ions
1. Structural properties and spin state energetics

The impact of the water environment on the molec-
ular structures of the [NpO,]3T and [NpOs]3™ moieties
is summarized in Table (see also ESI for more de-
tails). We should emphasize that the differences in bond
lengths and angles introduced by the explicit first solva-
tion sphere are minor (up to 0.05 A) and much smaller
than observed in the T-shaped cluster (approximately
0.2 A). In all clusters, the geometry of the neptunyl sub-
units changes when the CCI is formed. Most importantly,
the Np—O bond length becomes asymmetric: the internal
NpM-0® bond length significantly increases compared
to the Np—O distance in the monomer, while the terminal
NpM-0M bond length remains almost unchanged. For
[NpO,]2T, the CCIs result in increased external Np(1)—
O™ bonds when the neptunyl clusters are dissolved in
aqueous solution. The opposite behaviour can be ob-
served for the monomeric building blocks™ The presence
of solution not only shortens the distance between the
oxygen atom of one unit and the neptunium atom of the
second unit, but also reduces the angle between this inter-
molecular bond and the internal arm of the second unit
(ANp(l)—O(Q) - Np(Q)). The structural properties of the

diamond-shaped clusters are only weakly affected by the
spin state. When the multiplicity rises, the Np(2)-0(2)
bond length as well as the O()-NpM -0 and NpH-
0@ -Np® bond angles increase. Specifically, the differ-
ences in interatomic distances amount to approximately
0.05 A, while the differences in bond angles are only 2°.
The distance between the cationic building blocks in the
CCIL, NpM-0®) and Np® -0 is similar to the CCI
distance in the T-shaped structures and in agreement
with the experimentally measured Np-O bond length in
crystalline structures. The diamond-shaped cluster, how-
ever, features a much shorter Np-Np bond, which ranges
from 3.357 to 3.637 A in solution compared to the exper-
imentally observed value of 4.2 A.

Furthermore, a diamond-shaped cluster has been re-
ported in crystalline K[(NpO3)(OH)2JH20% The Np-O
bond lengths in monomeric NpO, are 1.86 and 1.91 A,
while the distance between two Np atoms is 3.5398 A.
Both distances are larger than the theoretically predicted
bond lengths. The bond angle (179.2°) shows a small
deflection from linearity. The interaction between the
nearest monomers is characterized by a Np—O distance
of 2.382 A, which is similar to the bond lengths opti-
mized in vacuo and using an implicit solvation model.
Note, however, the crystalline structure is measured in
the solid state, while our study focuses on gas phase and
solvated clusters.

In contrast to diamond-shaped [NpO]3T, the equilib-
rium structure of the [NpOs]5™ cluster could be opti-
mized only if the solvent is considered in the theoret-
ical model. This can be done either implicitly using
COSMO or explicitly by considering the first solvation
shell. This observation suggest that the [NpOg]3™ dica-
tion is formed in solution, but not in vacuo. The interior
bond length of the neptunyl subunits decreases compared
to the 2+ charged system. This compound features a
slightly longer Np®)~O®) bond length. The qualitative
impact of the number of unpaired electrons on the CCIs
is similar as in [NpOg]5t. For low-spin states, the Np(?)
and O®) atoms come closer to each other, while the O™~
Np®-0® and OM-NpM-0® angles decrease. The
equilibrium Np-O distance between the neptunyl units is
2.349-2.406 A for the state with Ny,=1 state and 2.453
A for the state with Ny,=3. Our results are similar to
the Np(V)-Onp(vr) distance observed™*® in the mixed va-
lence (Np(VI)O2Cly)(Np(V)O2Cl(thf)s)s cluster, where
the interaction distances are 2.317 and 2.303 A. The ob-
served differences might be due to the presence of differ-
ent solvents and counter ions used in experiments.

Spin-state energetics and total spin expectation values
of [NpOy]3™ predicted by DFT/COSMO are shown in
Table together with the ideal S? expectation val-
ues. Most importantly, the environment does not af-
fect spin state energetics considerably (differences in rel-
ative energies amount to 280 cm~!). For both gas phase
and solution, the state with N,,=4 of diamond-shaped
[NpO2)3T is the ground state, while the energy differ-
ences with respect to the state with N,,=4 increase for a



decreasing number of unpaired electrons (see Table .
For [NpO,]3t, the state with N,,=1 lies about 70 300
cm~! higher in energy than the state with N,,=3. We
should note that the state with Ny,=1 of [NpOg]g+ and
the state with Ny,=2 of [NpOg]gJr are significantly spin-
contaminated. Since, however, both states lie above each
corresponding ground state, spin-contamination does not
pose a problem in the determination of the ground state
in [NpOg]gJr and [NpOg]g’Jr, respectively. Thus, our anal-
ysis of spin-state energetics suggest that the state with
Nuyn=4 [NpOg]gJr and Ny,=3 [NpOg]gJr may be consid-
ered as ground states.

A Mulliken population analysis can be found in Ta-
ble[[T] Similar to the T-shaped cluster, a positive charge
is located on the neptunium atoms, while the oxygen
atoms are negatively charged. An exception is the state
with Nyu=1 of [NpO)3", where the terminal oxygen
atom O /O™ bears a slight positive charge. As ob-
served for the T-shaped isomer, the difference between
the a- and B-electron density is mostly centered on the
Np atom and dominated by f-electrons. Thus, the un-
paired a-electrons are located mainly on the Np atoms.
Note that for the state with N‘m:2[NpOQ]§Jr and Nyn=1
[NpO,]3T the predicted spin population on the Np atom
is much smaller than for the spin state of higher multiplic-
ity. These differences in spin magnetization and charge
density on the neptunium centers and oxygen atoms, re-
spectively, may originate from the spin contamination
observed for the states with N,,=1 and N,,=2. A Bader
analysis is presented in the ESI for comparison. As ob-
served for the T-shaped cluster, it yields a higher charge
concentration on the atomic centers compared to a Mul-
liken population analysis.

The relative energies of [NpOy)3™ (with and with-
out explicit solvent) calculated using different exchange—
correlation functionals (PBEO, PBE(0-D3, B3LYP, and
B3LYP-D3) are presented in Table S4 in the ESI. If the
solvent is modeled using COSMO, the diamond-shaped
cluster is lower in energy than the T-shaped cluster of
the same charge for all exchange—correlation function-
als investigated (by approximately 6 to 9 kcal/mol). If
the solvent is included explicitly, hybrid functionals pre-
dict the T-shaped CCI to be energetically lower than
the diamond-shaped isomer (about 15 to 20 kcal/mol),
while for BP86 the diamond-shaped cluster is lower in
energy by approximately 9 kcal/mol. We should empha-
size that a D3 correction does not significantly affect the
relative energies of the CCI isomers (differences are be-
tween 1 to 4 kcal/mol). Experimental studies®® suggest
that the T-shaped dimer dominates in solution. Thus,
hybrid functionals as well as an explicit treatment of the
first solvation shell have to be considered in order to accu-
rately predict the relative stability of the CCI structural
isomers.

Finally, the inter-atomic distances in the diamond-
shaped clusters are very similar to the corresponding
uranyl(V)-uranyl(V) and uranyl(V)-uranyl(VI) struc-
tures optimized using DFT/COSMO.#" All internal Np—

O bonds are slightly shorter (up to 0.06 A), while the
Np-O distance between two monomers are longer (up
to 0.12 A). The cationcation interactions preserve the
linearity in both the neptunyl monomer and the uranyl
cations. For [NpOy]3™, we observe a different ordering of
spin states as the state with N,,=2 has the lowest en-
ergy in uranyl CCls, followed by the corresponding states
with Ny,=0 and Ny,=2. Both clusters with charge 3+
have the same order of states.

2. Molecular structures with an explicit first coordination
sphere

Similar to the T-shaped CCIs, we included a different
number of water molecules (four to eight) to model the
first solvation shell (see Table S2 in the ESI for a com-
plete picture). In general, the structural parameters of
the monomers are only slightly affected by the number of
water molecules. Specifically, the neptunyl dimers with
a complete first coordination sphere (e.g., eight water
molecules) were investigated in two configurations, one
in Oy, symmetry and one in C;. In [(Np02>2][21¢1m:5], all
non-CCI Np-O bonds are almost unaffected by explic-
itly including the first coordination sphere as the differ-
ences in bond lengths amount to 0.05 A, which is less
than 3% of a total bond length. We further observe that
the ligated water molecules slightly reduce the bending
in the monomers. The Np()-0®) distance elongates if
the complete explicit first coordination sphere is included
into the model. This bond length exceeds the values ob-
tained in vacuo. The [(NpOg)g]?ﬁun:M molecule is more

sensitive to solvation effects and hence changes in bond
lengths are more pronounced. However, the qualitative

trends are the same as for [(NpOg)g][z;m]:S]. The “y1”

bond distances are elongated up to 0.09 A. The linear-
ity of the monomers is slightly distorted (up to 5°) in the
compound with eight surrounding water molecules in the
first coordination sphere.

3. Correlation in neptunyl(V)-neptunyl(V)

Figure b) shows the decaying wvalues of the
orbital-pair mutual information (obtained using the
DMRG algorithm) for the diamond-shaped neptunyl(V)-
neptunyl(V) cluster, while the orbital-pair correlation di-
agram is presented in Figure[2] The two largest values of
the mutual information for the diamond-shaped species
(I;;; = 0.18) are noticeably smaller than observed in the
T-shaped molecule and show up for the bonding and
antibonding o,-type orbitals (5a,/8a, and 5b,/8b,) of
the same irreducible representation. Furthermore, we do
not observe a gap in the mutual information as in the
T-shaped cluster and I;; decays rather gradually. The
orbital-pair correlations in decreasing order correspond
to (a) the strong correlation between the ¢,-type orbitals



(6ag, 4a,, 6b,, and 4by) and between the J,-type or-
bitals (7a,, bay, by, and 5by), (b) correlations between
0y- and ¢, -type orbitals of the same irreducible represen-
tation, (c) correlations between d,/8u-, ¢u/Pu-, Ou/bu-,
and o,/07-type orbital-pairs of different irreducible rep-
resentations, and (d) moderately correlated m,- and ;-
type orbitals (I;;; < 107!). A balanced active space that
describes mostly nondynamic correlation should include
primarily the most relevant d,-, ¢,-, 04-, and o4-type
orbitals, and preferably the m,- and 7 -type orbitals.

4. Orbital-pair correlations in neptunyl(V)-neptunyl(VI)

The decaying values of the orbital-pair mutual infor-
mation for [NpOg]5™ are presented in Figure c), while
the orbital-pair correlation diagram is presented in the
ESI. In contrast to the neptunyl(V)-neptunyl(V) clus-
ter, the number of orbital-pairs that are strongly corre-
lated (I;; > 107") decreases, while the number of mod-
erately correlated orbital pairs increases. Furthermore,
the strong correlation between the a,/07-type (5a,/8a,
and 5b,, /8b,,) orbitals is present in both diamond-shaped
CCIs. Their importance for static correlation has also
been emphasized in transition state calculations2l Al-
though d,- (6ay, 4a,, 6b,, and 4b,) and ¢,-type (7a,,
Sa,, Thy, and 5by) orbitals are moderately correlated
with each other, the corresponding values of the mu-
tual information mostly do not pass the threshold of
L; = 10~'. Among the strongest orbital-pair corre-
lations, we encounter correlations between 7, -type or-
bitals and m;-type orbitals as well as other diffused or-
bitals (see the ESI for more details). If we consider only
orbitals that are important for nondynamic correlation
(L;y; > 10~1), the corresponding active space should con-
tain 6-, ¢u-, 04, 0,-, my-, and m-type orbitals. How-
ever, due to the large number of moderately correlated
orbitals, a balanced active space for [NpOg]gJr requires
more than 30 orbitals that is computationally infeasi-
ble within the CASSCF approach. Due to convergence
difficulties, we only included d,-, ¢y-, 04-, and o-type
orbitals in our CASSCF calculations.

5. Electronic structures of the [NpO2 2T and [NpO2J5™
from CASSCF calculations

For [NpO,]5T, the CASSCF+ECP wave functions are
optimized to minimize the average energy of the 1°A,,
25Ag7 1°Ay, 2°A,, 1°B,, 2°B,, 15Bg7 and 25Bg states.
The relative energies of the corresponding states are pre-
sented in Table As the 1°A, is lowest in energy, both
DFT and CASSCEF predict the ®A, state to be the ground
state. Note, however, that the energy difference between
the 25A,, 1°A,,, and 1°B, states is lower than 5 cm~* and
thus these states are quasi-degenerate with the ground
state. The dominant ground-state electronic configura-

tion is \Ugégqbﬁ), where electrons are equally distributed

10

into d,,- and ¢,-type orbitals. The o, orbitals are almost
doubly occupied, while the average occupation of the o
orbitals is close to zero. The occupation numbers of the
d,-type orbitals are slightly above 0.5, while those of ¢,,-
type orbitals are slightly below 0.5. The active space
orbitals are non-bonding. Within a single-determinant
approximation, these orbitals are the highest occupied
and the lowest unoccupied orbitals, which explains the
fact that the molecular geometries of the [NpOo]3* and
[NpO3]3* clusters are rather similar in DFT/GGA cal-
culations.

The energies of the states calculated using the
CAS(8,12)SCF+DKH2 and CAS(4,8)SCF+DKH2 meth-
ods are also presented in Table [VIII, while the most im-
portant composite determinants are collected in the ESI.
Our CAS(8,12)SCF+DKH2 and CAS(4,8)SCF+DKH2
calculations are characterized by consistent order-
ing of the states, however, they differ from the
CAS(8,12)SCF+ECP ordering. For all these methods,
the 1°A, is the ground state. The relative energies
of the lowest-lying triplet states (N,,=2) are close to
the ground state energy, which contradicts our DFT re-
sults where the energy difference between the states with
Nyn=2 and Ny,=4 is approximately three orders of mag-
nitude larger. Furthermore, the CI expansion of the
triplet states (Ny,=2) features more Slater determinants
with smaller weights (|CI| ~ 0.2), while the quintet states
(Nun=4) comprise Slater determinants with intermediate
to large weights (|CI| > 0.35). After inclusion of dynam-
ical correlation with CASPT2, the relative energies and
the ordering of the states changes for both the minimal
CAS(4,8) and the extended CAS(8,12) active spaces (see
also Table . Both active spaces indicate that the
ground state is a B, (N,,=2) state and is composed of
many small-weighted determinants (cf. ESI).

The relative energies of different CI vectors of
the diamond-shaped [NpOy]3™ calculated using
CAS(8,12)+ECP is summarized in Table We
should stress that this CCI cluster is stable only in solu-
tion, where the cluster does not break apart. However,
in our CAS(8,12)+ECP calculations, we only consider
the gas-phase model.  The corresponding CASSCF
and CASPT2/SO-RASSI calculations for the hydrated
cluster resulted in broken-symmetry solutions. Most
importantly, the 14B,, state is lowest in energy, followed
by a quasi-degenerate 14Bg state. The most significant
configurations include |0‘§ 251)-type determinants. The
occupation numbers of the state-averaged ground-state
wave function are presented in the ESI.

6. Calculated excited states including spin-orbit corrections

Including spin-orbit coupling using the configura-
tion interaction approach with CASSCF wave func-
tions results in 64 excited states that are presented
in the ESI. Table [X] contains some of those states
(the quasi-degenerate states have been omitted). We



should emphasize that the model includes static corre-
lation effects (CASSCF), a dynamic correlation correc-
tion (CASPT?2), spin-orbit effects (SO-RASSI), and sol-
vation effects (eight explicit water molecules surround-
ing the neptunyl-neptunyl cluster). The corresponding
spectra for the bare dications can be found in the ESI.
Note that the differences in electronic spectra between
the gas-phase model and the hydrated cluster are negli-
gible for the lower part of the spectrum (typically much
smaller than 1000 cm~!/0.1 eV), which is to be expected
as those excitations feature atomic f—f transitions. All
calculated states consist of more than one component
and are degenerate or nearly-degenerate. The doubly-
degenerate ground states contains only quintet (Ny,=4)
components, while the excited states include both triplet
(Nun=2) and quintet (Ny,=4) states. One similar en-
ergy, 9 700 cm~!, was calculated for bare neptunyl(VI).
The transitions between excited states feature larger in-
tensities than transitions from the ground states.

C. Stability of clusters with respect to the
monomers

Table [X] presents the relaxed and unrelaxed binding
energies as well as preparation energies of [NpOp]3*
(both diamond and T-shaped). The unrelaxed binding
energies AF, suggest that the diamond-shaped cluster
is more stable than the T-shaped structure as the cor-
responding energy differences are (more) negative for
the diamond-shaped conformation. Furthermore, DFT
calculations provide negative (relaxed) binding energies
AE for the diamond-shaped and positive binding en-
ergies for the T-shaped structure suggesting that the
latter is unstable in water. The inclusion of disper-
sion forces through a D3 correction slightly strengthen
the CCI interaction (3-6 kcal/mol), but its influence is
rather small with respect to the energy difference be-
tween the T-shaped and diamond-shaped structures (24—
31 kecal/mol). Wave-function-based methods (CASSCF,
CASPT?2, and CASPT2/SO-RASSI) yield positive (re-
laxed) binding energies AE for all structures indicating
that our dication models might be too simplistic to cap-
ture all important chemical properties of the solvated
CCIs. The inclusion of explicit water molecules into the
CCI model lowers the binding energies significantly (8—
26 kecal/mol), while spin-orbit corrections do not signif-
icantly affect the binding energies (2-5 kcal/mol). This
suggests that a second coordination sphere or an implicit
solvation model might be crucial to obtain proper bind-
ing energies. Furthermore, our CCI models might be
further improved by enlarging the active orbital space
with molecular orbitals centered on the water ligands,
which would allow us to explicitly treat the correlation
between the neptunyl and water molecules. A different
factor might arise from an insufficient treatment of dy-
namical correlation as the difference in binding energies
in CASSCF and CASPT2 amounts up to 10 kcal/mol. To
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conclude, large active space calculations for the hydrated
clusters combined with a dynamic energy correction, like
the DMRG-tailored coupled cluster method 132 might im-
prove binding energies and provide a better description
of the stability of CCI clusters.

Finally, an energy decomposition analysis (EDA) for
both the hydrated and gas-phase CCls calculated within
DFT/COSMO is presented in the ESI. Most importantly,
both the EDA and the binding energies presented in
Table Xlshow similar trends indicating that the diamond-
shaped [NpO]2t cluster has a negative interaction en-
ergy, while the T-shaped [NpOs3" compound features a
positive interaction energy.

IV. CONCLUSIONS

The CCIs are an important structure-forming fac-
tor for many actinide compounds containing uranyl and
neptunyl as simple building blocks. The presence of
CClIs affects the characteristic UV-Vis and IR spec-
tra as well as other properties of bare actinyl ions.
Specifically for neptunyls, the CCIs are responsible for
the formation of the diamond- and T-shaped [NpO]3*
and [NpOo)5T clusters. In this work, we analyzed the
properties of neptunyl(V)-neptunyl(V), neptunyl(V)-
neptunyl(VI), and neptunyl(VI)-neptunyl(VI) clusters in
different geometrical arrangements, spin-states, and envi-
ronments. Although we found molecular geometries that
minimize the energy of the neptunyl clusters, our ener-
getic analysis of the complexes and monomeric building
blocks does not confirm the stability of the dimers.

The theoretically predicted Np—Np distance of the T-
shaped compound agrees well with experimental results if
the water molecules are included in model. Our calcula-
tions suggest that the CCI are sensitive towards the sur-
rounding, which agrees well with the observations made
by Madic et al?? The calculated f-f transitions in the
electronic spectra of neptunyl clusters are similar to the
calculated spectra of the bare neptunyl(V). This explains
why only small changes in absorption spectra were ob-
served by Guillaume et al®0 Although experiments focus
on the T-shaped interactions, our study agrees with the
conclusions by Vlaisavljevich et al. that the diamond-
shaped [NpOz]gJr displays stronger binding interactions
in solution than its T-shaped structural isomer 2!

The electronic structures of the stable neptunyl CCI
clusters were studied within the CASSCF approach with
two different scalar-relativistic Hamiltonians: (a) effec-
tive core potentials (ECP) and (b) the second order
Douglas-Kroll-Hess Hamiltonian (DKH2). We found
that the order of the states and the symmetry of the
ground state depends on the choice of the (scalar) rel-
ativistic Hamiltonian. The ground-state structure of
the electronic wave function highlights the strong multi-
reference nature of the diamond-shaped [NpOs]3+ clus-
ter, where the §,-type and ¢,-type orbitals are quasi-
degenerate. The Np-O bond in the NpOJ monomer



has a completely different nature than the CCIs. The
main contribution to the chemical bond in the bare com-
plex is made by 6p,/5f, hybrid orbitals as well as 6d,,
while the correlation measurements show that 5f, or-
bitals play an important role in CCIs of actinide com-
pounds 4 The lowest-lying excited states in all studied
clusters are mostly degenerate or quasi-degenerate. Fur-
thermore, our study suggests that the ground-state of the
investigated clusters is strongly affected by both electron
correlation effects and spin-orbit coupling. Specifically,
accounting for dynamical correlation using a CASPT2
correction changes the ground-state from a quintet state
(Nun=4) to a triplet state (Nuy,=2). Inclusion of spin-
orbit coupling entails mixing between triplet (Ny,=2)
and quintet (N,,=4) states for the T-shaped CCI, while
the diamond-shaped CCI features only quintet (NV,,=4)
states.

Although the active spaces of all investigated molecules
contained similar orbitals, an orbital correlation anal-
ysis highlights different correlations between those ac-
tive space orbitals in different CCI clusters. In the T-
shaped compound, the &, /¢,-type orbitals dominate the
static/nondynamic correlation picture. In the diamond-
shaped [NpOg]?, the 0,- and oj-type orbitals are as
important as J,- and ¢,-type orbitals. Reducing the
number of electrons increases the significance of diffused
and m,-type orbitals and simultaneously decreases the
correlation between §,- and ¢,-type orbitals. Finally,
our orbital-correlation analysis suggests that a balanced
active space for neptunyl-containing CCls that allows
us to describe both nondynamic and static correlation
should contain approximately 30 orbitals (d,-, ¢,-, bond-
ing and antibonding combinations of o4-, 0y-, m,-, and

12

mg-type orbitals of each monomer). However, such large
active spaces are computationally infeasible for conven-
tional electronic structure methods like CASSCF. Fur-
thermore, the need to include additional water molecules
in the structural model impedes the routine application
of CASSCF as some of the oxygen orbitals of the water
molecule have to be considered in active space calcula-
tions. A four-component DMRGI#HH42 study of all pre-
sented CCIs that includes all strongly and moderately
correlated orbitals as well as explicit water molecules is
currently under investigation in our laboratory.
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TABLE 1. BP86 optimized structural parameters (bond lengths [A] and angles [°]) of the T-shaped [NpO]2" in different
environments. Calculations for molecules in solution used the COSMO solvation model. Ny, denotes the number of unpaired
electrons. The column “H20” indicates the number of explicit water molecules. Z symbolizes the angle between Np™, oM,
and O®. The bond length OW-Np® is equal to OP-Np). Detailed information about the neptunyl-water distance can
be found in the ESI. Please, note that both structures with nine explicit water molecules are characterized by Cs symmetry.
Their molecular structures ((g) and (h), respectively) are presented in the ESI.

H,0 O(U_Np(l) Np(l)_0(3) 0(3)_Np(2) Np<2)_0(4) / Np(1>-Np(2)
g [(NPOQ)Q]E;un=O - 1.744 2.465 1.839 1.724 90 4.304
?) [(Npo2)2]£]j;un:2] - 1.741 2.465 1.862 1.742 90 4.328
C>‘3 [(NpOg)g][;mﬁq - 1.747 2.500 1.851 1.741 90 4.351
[(NpOz)z]E;\Em:O} - 1.772 2.338 1.834 1.756 91 4.172
é [(NpOg)g];'uan] - 1.778 2.344 1.856 1.775 90 4.200
% [(NpOg)g]gﬁun:q - 1.781 2.211 1.841 1.717 90 4.052
2] [(NpO2)2] ;un: ) 9 1.827 2.392 1.868 1.813 86 4.220
[(NpOz)g][ﬁun:M 9 1.832 2.390 1.872 1.811 89 4.209

TABLE II. Spin-state energetics and total spin expectation
values of the T-shaped [NpO]3" calculated with DFT and
COSMO. Ny, denotes the number of unpaired electrons. The
energy differences are calculated with respect to the lowest
lying spin state.

Compound Energy [cm™ '] S? Ideal S’

[(NpOQ)Q]E;uHZO] 16 839 0.00  0.00
Solution [(Np02)2]£§‘n72] 2 433 3.02 2.00
[(NpO2)2]ix, —4 0 6.03  6.00
[(NpOQ)Q]i;un:O] 17 038 0.00  0.00
Vacuum [(NpOg)g]gj,'un:m 3917 3.02 2.00
[(NpO2)2]in, . 4 0 6.03  6.00

TABLE III. Mulliken spin-population analysis for the investigated structures (optimized for BP86 and with the COSMO
solvation model), where n denotes the difference between alpha- and beta-electrons for a given atomic center and M stands for
the multiplicity. The charge and population of the 0@ atom is exactly the same as for oM in T-shaped structure or the same
as for O®) in diamond-shaped structure.

T-shaped cluster Diamond-shaped cluster
[NpO2]3+ [NpO2J57 [NpO2J5 7
Nun = 3 Nun =5 Nun = 3 Nan =5 Nun = 2 Nun =4
Np® charge 1.64 1.62 1.51 1.75 1.58 1.97
n(d) -0.02 0.05 0.03 0.05 0.01 0.03
n(f) -0.24 2.03 1.09 2.17 0.56 1.65
Np® charge 1.87 1.89 1.51 1.75 1.58 1.97
n(d) 0.05 0.05 0.03 0.05 0.01 0.03
n(f) 2.41 2.32 1.09 2.17 0.56 1.65
oW charge -0.35 -0.36 -0.15 -0.33 0.05 -0.18
n(p) 0.01 -0.10 -0.06 -0.12 -0.03 -0.10
o® charge -0.47 -0.45 -0.36 -0.42 -0.13 -0.29
n(p) -0.09 -0.10 -0.05 -0.09 -0.03 -0.08
oW charge -0.35 -0.33 -0.15 -0.33 0.05 -0.18

n(p) -0.13 -0.12 -0.06 -0.12 -0.03 -0.10
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TABLE IV. Energetics of the spin-free CASSCF wave func-
tions with and without CASPT?2 corrections for the T-shaped

[NpO2]3*

molecule. The 0 cm™

est energy in the column.
AE [em™?] for NpOQ]

! value is assigned to the low-

AE [cm~!] for Np02]2++9H20

CAS(4,805CH4,8) B (4, 8)PT20ASSCF(4 €)AS(4,8)PT2

ECP DKH2 DKH2 DKH DKH2
1°A; 0 160 58 1°A 0 0
25A3476 3241 2546  2°A 5 14
35A, 3527 2632  35A 9 14
45A, 6470 4297  4°A 14 27
1°B; 1 281 0 55A 2400 1599
25B 43645 3517 2555  6°A 2405 1611
35B, 6785 4373 75A 2785 2080
45B, 7190 4579  8°A 2794 2091
1°B; 1 26 128 13A 6 6
25B,7119 501 5215  23A 11 19
1°A5 0 0 51 3%A 15 20
25A 53476 3161 2564  43A 20 33
13A, 7 63 53A 2407 1598
25A, 3167 2573  6°A 2412 1609
1°B; 4 54 73 A 2790 2080
1°B; 3319 2629  83A 2798 2091
1°B, 33 141
23B, 6507 5224
13 A, 7 61
25A, 3167 2571

TABLE V. Energetics of the T-shaped [NpOz]3 4+ 9H20 molecule calculated with CASPT2/SO-RASSI. The energy differences
are calculated with respect to the lowest lying state. All calculated states are presented in the ESI.

Composition in terms of the spin-free wave functions

State no. AE [cm™!] (weight in %)

1 0 25A (22) 45A (17) 1°A (17) 3°A (13) 3%A (13)
5 5007 1°A (49) 33A (12) 3°A (12) 25A (12) 23A (12)
9 6607 55A (49)  6°A  (49)

13 7067 A (49) 8°A (49)

17 8282 3°A (24) 13A (15) 43A (15) 23A (11) 25A (10)
21 9052 55A (42) 63A (41) 53A (8) 65A (7)

23 9528 A (50) 83A (49)

25 10801 1°A (49) 13A (49)

26 10815 23A (49) 25A (49)

35 12402 55A (49) 53A (49)

37 12881 A (49) A (49)
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TABLE VI. BP86 optimized structural parameters (bond lengths [A] and angles [°]) of the diamond-shaped [NpOz]3" and
[Np02]3+ in different environments. Calculations for molecules in solution used the COSMO solvation model. Nu. denotes
the number of unpaired electrons. The column “H»0O” indicates the number of explicit water molecules. Z; denotes the angle
between O™, Np® | and O®) | while £, stands for the angle between 0W, Np™ and O®. The bond lengths OW-Np™ and
NpM-0®@ are symmetric to O-Np® and Np®-0® | respectively.

H,0 0(1)_Np(1) Np(l)_o(z) Np(l)_o(3) / /s Np(l)_Np(Z)
g [(Npo2)z]i;un:0] - 1.738 1.851 2.386 107 179 3.429
§ [(NpO2)2] E;““”] 1.737 1.854 2.390 108 180 3.449
2 [(NpO2)a]i¥. _y - 1.739 1.852 2.433 109 183 3.509
[(Npog)z]igun:m - 1.768 1.858 2.346 105 179 3.357
[(NpO2)a] E;un_Q] - 1.780 1.818 2.357 106 182 3.450
- [(NpO2)2] g;lmﬂq - 1.770 1.860 2.379 107 182 3.425
-% [(NpO2)2] g;wél] 8 1.813 1.883 2.497 108 180 3.551
S [(Npog)z]ggmurﬂ 8 1.811 1.880 2.476 107 179 3.519
[(NpO2)a] gﬁun—u - 1.734 1.815 2.406 109 180 3.452
[(NpO2)2] gﬁ.m:m - 1.735 1.808 2.453 109 180 3.489
[(NpO2)2] ﬁun:s] 8 1.775 1.840 2.503 108 177 3.542
[(NpO2)a]it n. g 1.772 1.828 2.609 111 178 3.637

TABLE VII. Spin-state energetics and total spin expectation
values of the diamond-shaped [NpOz]3™ and [NpO:]3" cal-
culated with DFT and COSMO. N,, denotes the number
of unpaired electrons. The energy differences are calculated
with respect to the lowest lying spin state of [NpO2]3" and
[NpO]3T, respectively.

Compound Energy [cm ‘| S? Ideal S®

[(NpO» ]gvun 14655 0.00 0.00
[(NpO2)a] e 6 191 2.99  2.00
Solution [(NpOz)g][Nm_4 0 6.03  6.00
[(NpO2)a]? LN“"—1 70 300 175 0.75
[(NpO2)2]?¥ [Nun=3] 0 3.77 3.75
(NPO2)alff 14375 000 0.00
Vacuum [(NpOz)2 ]LN““J] 5 981 3.00 2.00
[(NpO2)oJi 0 6.03  6.00

TABLE VIII. Energetics of the spin-free CASSCF wave functions with and without CASPT2 corrections for the diamond-
shaped [NpO2])3" and [NpOz]3" molecules. PT2 corrections were performed on top of the CASSCF wave function optimized
for the DKH Hamiltonian. The value of 0 cm ™" is assigned to the lowest energy in each column.

[AE [cmfl] for Np02]§+ AE [cmfl] for [Np02]2++8H20 AE [cm*l] for [Np02]2+
CAS(8,12)SCF CAS(8,12)SCF CAS(8,12)PT2 CAS(4,8)SCF CAS(4,8)PT2 CAS(8,12)SCF CAS(8,12)SCF CAS(8,12)SCF
ECP DKH2 DKH2 DKH2 DKH2 DKH2 DKH2 ECP
1°A, 0 0 12 0 11 1°A 0 15 17A, 1627
2°A, 5 10 30 13 31 2°A 19 134 2A, 4218
1°A, 1 20 63 23 116 35A 19 162 14A, 2220
2%A,, 3482 3238 2459 3220 2519 45A 38 169 2%A, 4216
1°B.,, 3478 3467 2480 3455 2564 55A 2478 1765 1B, 0
2B, 7536 6569 4258 6588 4338 6°A 2481 1827 2B, 2230
1°B, 4 22 53 25 107 T°A 2499 1830 1By 1
2°B, 3480 3234 2459 3216 2513 8%A 2500 1875 2B, 1635
13A, 3474 2462 3462 2561 13A 4 0
2°A, 6579 4408 6599 4482 25A 24 124
13A, 28 38 32 99 35A 24 145
23A,, 3242 2452 3226 2514 43A 43 160
1°B,, 7 0 8 0 55A 2482 1761
2°B, 16 13 21 11 63A 2484 1810
1°B, 28 40 32 102 75A 2503 1816
2°B 3243 2447 3226 2517 83A 2503 1862

I
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TABLE IX. Energetics of the diamond-shaped [NpO2]3" + 8H20 molecule calculated with CASPT2/SO-RASSI. For each
molecule, the energy differences are calculated with respect to the lowest lying state. The first columns contains labels assigned
to the states. All calculated states are presented in the ESI.

Composition in terms of the spin-free wave functions

State no. AE [em™] (weight in %)

1 0 25A (37) 45A (36) 1°A (23) 8°A (1)

3 4856 3°A (44) 1°A (22) 23 A (10) 43A (10) 33A (4)
5 5695 13A (46) 3°A (20) 23 A (19) 43A (9) 83A (1)
9 5747 43A (39) 25A (28) 3°A (27) 13A (1)

13 7331 8°A (42) A (40) 1°A (7) 6°A (6) 25A (1)
15 7353 55A (48) 6°A (40) A (6) 3°A (2) A (1)
17 7418 55A (25) 83A (24) 6°A (23) T3A (23) A (2)
21 9718 83 A (33) 6°A (32) 55A (10) 13A (9) A (6)
23 9764 A (37) 55A (37) 6°A (6) 83A (6) A (5)
25 11537 4°A (32) 43A (30) 23 A (16) 25A (11) 1°A (2)
29 11551 1°A (41) 4°A (27) 25A (22) 85A (7)

TABLE X. Binding energies of neptunyl clusters with respect
to the monomers. AE, denotes the difference between the
energy of the dimer and monomers for the unrelaxed geom-
etry (unrelaxed binding energy). AE, stands for the differ-
ence between the energies of the unrelaxed monomers with
respect to the energies of the relaxed monomers (preparation
energy). AE is the binding energy calculated as the sum of
AE, and AE, (relaxed binding energy). All energies are given
in kecal /mol.

AE, AE, AE

T-shaped
(NpO2)3" + 9 H,O PBEO -11.0 274 164
PBE0-D3 -14.3 27.0 127
(NpO2)3™* CASSCF 42.3 7.1 494
CASPT2 45.1 4.4 496
CASPT2/SO-RASSI 49.6 4.2 538
(NpO2)3" + 9 H,O CASSCF 9.2 315 40.6
CASPT?2 9.9 289 388

CASPT2/SO-RASSI 15.0 28.8 43.9

diamond-shaped

(NpO2)3t + 8 H,O PBEO -27.1 19.2 -7.9
PBE0-D3 -32.1 18.2 -13.9
(NpO2)3+ CASSCF 27.2 202 47.4
CASPT?2 34.8 9.3 44.1
CASPT2/SO-RASSI 36.7 9.3 46.0
(NpO2)2™ + 8 HoO CASSCF -1.6 406 38.9
CASPT?2 -10.9 29.0 18.1

CASPT2/SO-RASSI -7.5 28.8 214
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