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Covalency involving the 5f orbitals is regularly invoked to explain the reac-

tivity, structure and spectroscopic properties of the actinides, but the ionic

versus covalent nature of metal-ligand bonding in actinide complexes remains
controversial. The tetrakis 2,6-di-tert-butylphenoxide complexes of Th, U and
Np form an isostructural series of crystal structures containing approximately
tetrahedral MO, cores. We show that up to 3 GPa the Th and U crystal struc-
tures show negative linear compressibility as the OMO angles distort. At 3 GPa
the angles snap back to their original values, reverting to a tetrahedral geo-

metry with an abrupt shortening of the M-O distances by up to 0.1 A. The Np
complex shows similar but smaller effects, transforming above 2.4 GPa. Elec-
tronic structure calculations associate the M-O bond shortening with a change
in covalency resulting from increased contributions to the M-O bonding by the
metal 6d and 5f orbitals, the combination promoting MO, flexibility at little

cost in energy.

High pressure has become established as a sub-discipline of crystal
engineering, where it is used to characterise and modify inter-
molecular interactions and promote polymorphism. Its application in
controlling intramolecular interactions is rarer. This is particularly true
in organic solids, where covalent bonds are generally robust towards
pressures up to 10 GPa'. In the d-block, changes in internal Mn-N-O-Mn
torsion angles in the [MnF¢] family of single molecule magnets inter-
convert ferro- and antiferro-magnetic coupling between the Mn
centres’.

Within the f-block, pressure can be used to modify the structures
and bonding in actinide complexes. The relative influence of steric
effects, agostic bonding, dipole moments and volume in determining
the pyramidal versus planar structures of trivalent uranium complexes
has been revealed recently at pressures up to 5 GPa’. Similar pressures
applied to the amido inverse arene sandwich [N“,U],(1-C¢He) (N7 =

N(SiMes),) result in a shortening of the U-U distance from 4.2492(2) A
to 4.191(5) A with the formation of agostic U-+H bonds, evidenced by
Quantum Theory of Atoms in Molecules (QTAIM) and Natural Bond
Orbital (NBO) calculations®. High-pressure optical spectroscopy and
supporting DFT calculations on the 5f” actinide complex [Cm(pydtc),]
(pydtc =S,C(c)-NC4Hg), pyrrolidinedithiocarbamate), the related
O-bonded Cm,(mel)(OH,)s.2H,0 (mel =[C¢(CO,)6]¢”, mellitate), and
[Nd(pydtc),]” (4f%) have shown that the Cm-S bonds are most affected
by pressure, with the Cm contribution to the Cm-S bonds increased
from 8 to 13% by 11 GPa, and the fraction of 5f-orbital contribution to
the bond also increased from 10 to 19%’.

Our aim in this paper is to show how pressure influences the ionic
versus covalent nature of bonding in complexes of early 5f metals.
While the core-like nature of 4f-orbitals in the lanthanides is the most
important feature of the electronic structures of complexes of these
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Fig. 1| Pseudo tetrahedral actinide molecules investigated in this study. Che-
mical structure of tetra-coordinated early actinide aryloxides M(OAr), (M=Th, U,
Np; OAr = 2,6-di-tert-butylphenoxide).

a

Fig. 2 | The structure of Np(OAr), in the solid state at ambient pressure.
Hydrogen atoms and an identical molecule at the origin are omitted for clarity. The
crystallographic axes and atoms used to monitor structural changes with pressure,
and the projections (d) along the a and c axes that show the changes in the MO4
tetrahedron with pressure are indicated.

metals, the same is not true for the 5f orbitals in the early and middle
actinides. Small but significant covalency involving the 5f orbitals is
regularly invoked to explain the reactivity, structure and spectroscopic
properties of these elements®’, and has been probed with
spectroscopic®™® and computational methods" ™. QTAIM, which is
based on topological analysis of the electron density, has proved
particularly useful in distinguishing overlap- from energy-driven cov-
alency in the actinide series'.

In the isolated actinide atoms, the energies of the 5f orbitals, and
to a lesser extent the 6d, drop on crossing the actinide series, but
reliable prediction of the d- and f-orbital energies in a complex as a
function of ligand and metal identity and oxidation state remains
elusive. Understanding the differences in electronic structure and
orbital covalency is fundamentally important for the segregation and
manipulation of the f-block ions in technological and energy applica-
tions. The differences in orbital involvement also have structural
implications, e.g. Th forms cis-geometry bis(imido) complexes®, like
the d° transition metal analogues, but the involvement of the 5f orbi-
tals results in linearity in all the d°f° early actinide (U, Np, Pu, Am)
bis(oxo) compounds and 59 of the 70 known uranium bis(imido)
complexes'®”.

We describe below the effects of pressure on three crystal-
lographically isostructural tetra-coordinated early actinide aryloxides
M(OAr), (M=Th, U, Np; OAr = 2,6-di-tert-butylphenoxide) (Fig. 1), with
a combination of single crystal X-ray diffraction and DFT calculations.
This simple series has been chosen to highlight differences between
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Fig. 3 | The effect of pressure on selected crystallographic metrics of Th(OAr),.
a Solid circles: the length of the unit cell parameter a (=b) as a function of pressure.
Open circles: the projected contribution of the ThO, moiety to the a axis length.
b Corresponding plots for the c axis. Similar plots for U(OAr), and Np(OAr), are
available in Supplementary Figs. 8 and 9. Calculation of the projected dimensions
and their error bars is explained in the Supplementary Information, Section 1.17.

the three metals, demonstrating the extent to which the degree of
covalency can be manipulated by externally-applied conditions.

Results

The crystal structures of M(OAr), at high pressure

The uranium and thorium aryloxides were prepared by modifications
of literature procedures®2°. The neptunium (IV) complex Np(OAr),
was synthesised by reaction of NpCl, with KOAr, analogous to the
syntheses of U(OAr), and Th(OAr),. Details of these reactions and
those to target the smaller Zr and Ce analogues are included in
the Supplementary Information.

All three complexes (Fig. 2) crystallise in the tetragonal space
group /4 with crystallographic 4 (S4) symmetry and two molecules in
the unit cell (Z=2). Their central MO, cores are close to tetrahedral,
with shape indices (or continuous symmetry measures)”** relative to
T4 symmetry of 0.065, 0.078 and 0.131 for M=Th, U and Np, respec-
tively. The four symmetry-equivalent "OAr ligands adopt a windmill
conformation in projection, with M-O-C angles at oxygen in the range
156-157° (further structural data are available in Supplementary
Table 5). The unit-cell volumes of Th(OAr)4 and U(OAr), are similar, but
that of Np(OAr), is lower, reflecting the smaller radius of the Np atom
(Supplementary Fig. 7). The effect of hydrostatic pressure on single
crystals of all three compounds has been investigated, yielding data for
structure determination to 4.30, 3.88 and 2.38 GPa for M=Th, U and
Np, respectively.

Four separate compression ranges can be identified for Th(OAr),
and U(OAr), (Fig. 3 shows the trends for Th(OAr),, with those for the
other complexes shown in Supplementary Fig. 8): (i) between ambient
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Fig. 4 | The influence of pressure on the structural parameters of Th(OAr),. Data
obtained with hydrostatic media Fluorinert FC70, Daphne 7373 and 1:1 pentane and
isopentane are shown as triangles, circles and squares, respectively. a The two
unique O-Th-O angles of the ThO,4 unit (see Fig. 1 for labels). b The Th-O distance.
Plots for the U and Np derivatives are available in Supplementary Fig. 10, which also
includes data for the M-O-C angles and M-O-C-C torsion angles. Error bars taken
from the crystallographic structure refinements are plotted, but are mostly smaller
than symbols used for the data points.

pressure and 0.8 GPa a (=b) and c¢ decrease. (ii) Between 0.8 GPa and
2.8 GPa the c-axis undergoes negative linear compressibility (i.e. it
lengthens with pressure)®, while the a axis continues to shorten; there
is no discontinuity in the unit cell volume, but the change from regimes
(i) and (ii) can be interpreted as a second order phase transition. (iii)
Between 2.8 and 3.2 GPa there is a first order phase transition signalled
by a discontinuous drop in volume (Supplementary Fig. 7) with a
pronounced decrease in ¢ (referred to below as c-axis collapse),
accompanied by a small increase in a. (iv) The compression becomes
more isotropic above 3.2 GPa. The space group remains unchanged in
all cases, and although the diffraction peaks broaden, they do not
exhibit any splitting that might be associated with a reduction in
crystallographic symmetry.

The most prominent intramolecular effect of pressure between 0
and 3 GPa is on the O-M-O bond angles (M =Th or U). The angles Ola-
M-O1b decrease with pressure (Fig. 4a) causing the projected height of
the MO, tetrahedron to increase in the c direction, leading to expan-
sion between 0.8 and 2.8 GPa (open circles in Fig. 3b). Other intra- and
intermolecular contributors to the length of the ¢ axis decrease with
pressure (Supplementary Fig. 9), and the negative linear compressi-
bility in the Th and U systems is thus a reflection of the distortion of the
MO, tetrahedra.

The overall effect of the distortion is to cause the ThO4 and UO,
moieties to deviate steadily from ideal tetrahedral symmetry (Fig. 5),
the shape index relative to T4 point group symmetry increasing from
0.064 to 1.348 for Th(OAr), between ambient pressure and 2.88 GPa;
corresponding data for U(OAr), are 0.078 and 1.308 at 3.02 GPa.

Over the course of the phase transition at -3 GPa, the trends
exhibited by the Th and U complexes reverse, and there is an abrupt
shortening of the mean M-O distance (Fig. 4b) accompanied by a
degradation in the quality of the diffraction pattern (see Supplemen-
tary Information, Section 1.16). The Th-O and U-O bonds shorten from
2.175(3) A to 2.074(10) A (at 2.88 and 3.03 GPa) and 2.124(5) A to

Shape Index (T)

©c 0o o 0o O = = =
O N A O 0O O N B
1 1 1 1 1 1 1 1

P/ GPa

Fig. 5 | Shape index relative to ideal T4 point symmetry for Th(OAr), as a
function of pressure. Plots for the U and Np complexes are available in Supple-
mentary Fig. 11. A perfect tetrahedron would have a shape index relative to T4 point
symmetry equal to zero.

2.073(10) A (at 2.88 and 3.02 GPa), respectively. The Ola-M-Olb angles
increase, snapping-back to the values they had at ambient pressure
(Fig. 4a) with the re-establishment of more ideal tetrahedral symmetry
[shape indices: 0.675 for Th(OAr), at 3.03 GPa and 0.497 for U(OAr), at
3.32 GPa, the value lowering further with increasing pressure; Fig. 5].
The shortening of the M-O distance and increase in the Ola-M-Olb
angle both occur between 2.88 and 3.03 GPa when M = Th, but appear
to occur sequentially for M=U, at 2.88 GPa and 3.02 GPa for the U-O
distance, but between 3.02 and 3.32 GPa for the bond angles and
shape index.

The combination of the changes in the M-O distances and Ola-M-
O1b angles lead to a sharp decrease in the projection of the MO, tet-
rahedra in the c-direction. By contrast, the trends in the intermolecular
contributions to the c axis length diminish more smoothly with pres-
sure (Supplementary Fig. 9), so that the c-axis collapse is again a sig-
nature of intramolecular effects within the MO, cores rather than
intermolecular effects.

The increase in the projection along c¢ of the MO, tetrahedra in
Th(OAr), and U(OAr), lead to a contraction of the dimensions along
the a and b axes driven in part by the increase in the Ola-M-Olc angles
(Figs. 3a and 4a). The complexes also rotate about the ¢ axis with
pressure driven by an interlocking of the tBu groups of neighbouring
molecules which decreases the volume of interstitial intermolecular
voids. A movie clip illustrating the rotation in Th(OAr), is available in
Supplementary Movies 1 and 2 (viewed along the b and ¢ directions,
respectively); the development of the thermal ellipsoids with pressure,
showing disordering of the ‘Bu groups as they rotate, is available in
Movie 3.

The complex Np(OAr)4, which is highly radioactive, was studied to
a maximum pressure of 4.1 GPa. Data sets up to 2.38 GPa were suitable
for structure analysis, but above this pressure only unit cell dimensions
could be determined. Up to 2.38 GPa the Ola-Np-O1b and Ola-Np-Olc
angles respectively decrease and increase, but the change in the shape
index is less than half that seen for the Th and U complexes, changing
from 0.031 at ambient pressure to 0.522 at 2.38 GPa. The height of the
NpO, tetrahedron projected along c increases, but is now over-ridden
by the general contraction in the intermolecular interactions (Sup-
plementary Fig. 9), so that negative linear compressibility of the c-axis
is not observed. The Np-O bonds begin to shorten from 2.108(11) A at
1.5 GPa to 2.075(15) A at 2.03 GPa, reaching 2.054(8) A at 2.38 GPa. The
c-axis collapse is clearest above 2.38 GPa, but here too it is smaller in
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Fig. 6 | Energy changes for the M(OAr), complexes as a function of pressure for
M =Th (pink triangles), U (green circles) and Np (blue squares). Linear regres-
sion analysis of values up to ca. 2.8 GPa for Th and U, and ca. 1.5 GPa for Np:
R*=0.90, 0.88, and 0.98 for Th, U, and Np, respectively. The linear regression
analysis extends in each case from ambient conditions up to the phase transition
pressure (2.8 GPa for Th/U and 1.5 GPa for Np, indicated on the plot with vertical
dashed lines.
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Fig. 7 | The two model systems used to explain the origin of the trends in
M(OAr)4 geometry with pressure. a [FAr], used to understand the influence of
inter-ligand repulsion. This system ensures a simple closed shell singlet electronic
structure, isoelectronic with [(OAr),]* and with similar electronegativity, avoiding
the complicating effects associated with substantial negative electronic charge.

b [M(OH),4] to understand the energy contribution from the MO, core.

magnitude than for the Th and U complexes and occurs at lower
pressure. Np(OAr), is thus seen to be more resistant to pressure than
its Th and U analogues; it then exhibits the same first order phase
transition, but at a lower pressure.

The driving force of the phase transitions

To help interpret the structural changes caused by pressure, the
M(OAr), systems were studied with scalar relativistic hybrid density
functional theory using geometries in which the positions of the C, O
and actinide atoms were taken from the crystal structures, and the H
positions optimised. The energy changes for the M(OAr), complexes
with pressure are shown in Fig. 6, with linear trend lines plotted within
the low-pressure phases only.

The linearity of the trends below the transitions is an approx-
imation, and there is a distinct flattening in the Th and U points
between 2 and 3 GPa which parallels a similar flattening the O-M-O
angles seen in Fig. 4a. The calculations are sensitive to statistical fluc-
tuations in the crystal structures, and there is some scatter in all three
datasets. Nevertheless, the energy changes with pressure follow the
order Th < U < Np and above the phase transitions the internal energies
increase markedly. The increase is offset by the PAV contribution to
free energy resulting from a reduction in volume.

To determine the origin of these trends, the energies of two
model systems were investigated. In the first, Fig. 7a, the influence of
inter-ligand repulsion was estimated by calculating for each geometry
the total energy of the four ligands with the [MO,] core replaced by
four terminal fluorine atoms. The C and H positions were the same as in

o5

O: Z
a)
T
%M
0 2 4 6 g
Ih:Ambient HNBEEEEE 1E
2.88 GPa 1.7
4.30GPa 1.7
b) U:Ambient 31
2.85GPa 3.1
3.88GPa 3.0
Np: Ambient 3.1 38
1.55GPa 3.1 3.7
2.38GPa 33 3.9

Fig. 8 | The nature of M-O bonding in M(OAr),. a The o- and i-type M-O bonding
NLMOs for Np(OAr), at ambient pressure. The NLMOs for the other systems are
similar. b The metal contribution (%M), averaged from ¢ and two 1, are shown with
relative contributions from d (dark), and f (light) orbitals depicted. There is no
significant s- or p-orbital (<2 and <0.1% respectively) contribution. The raw data for
this figure are available in Supplementary Table 10).

the energy calculations used in Fig. 6, but the F positions were allowed
to optimise. In the second, Fig. 7b, the contribution from the distortion
of the [MO,] core was estimated from the energy of M(OH), where the
M and O positions were taken from the crystal structures and the aryl
groups were replaced by geometry-optimised H atoms.

The [FAr], inter-ligand energies are strongly correlated with the
total energies shown in Fig. 6, with correlation coefficients (R?) of 0.87,
0.86 and 0.94 for Th(OAr),, U(OAr),, and Np(OAr),, respectively
(Supplementary Fig. 12). By contrast, the energies in M(OH), are either
weakly or even (for M = Np) negatively correlated (R*=0.30, 0.02, 0.75
for Th(OAr),4, U(OAr),, and Np(OAr),, respectively). This implies that
the destabilisation of the complexes with pressure occurs as the four
ligands are forced into closer proximity rather than because the geo-
metry about the actinide is distorted. Interestingly, the dispersion
energy contribution to the total energy change of [FAr], as a function
of pressure becomes slightly more favourable (by up to c. 14 kJ/mol in
the system based on the Np geometries), and hence the overall
destabilisation results from increased Pauli repulsions as the ligands
are brought together.

Changes in the M-O bonds after the phase transitions

The nature of the M-O bonds before and after the shortening which
occurs during the phase transition was probed with the QTAIM, and by
analysis of the natural localised molecular orbitals (NLMOs) within the
NBO framework. The latter finds the M-O bonds to be strongly O-
polarised, suggesting mainly ionic character. The contributions from
the actinides (%M) are 4-8% per bonding orbital in the order Th<
U < Np. The M-O bonding interaction consists of one o- and two Ti-type
NLMOs (Fig. 8a), with the metal orbital contributions (Fig. 8b) showing
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Table 1| Metal-oxygen distances r(M-O) (in A) and QTAIM
metrics (in atomic units (a.u.)) for M(OAr), (M=Th, U, Np) as a
function of pressure

M Pressure/GPa  r(M-O)/A Ar/A Pecp -(G/V)gcp  6(M-O)

Th  Ambient 2.186 (2) 0102 0.787 0.666
2.88 GPa 2.175 (3) -0.01 0.106 0.774 0.685
4.30 GPa 2.055(19) -0.131 0.136 0.729 0.7

u Ambient 2145 (2) 0.108 0.797 0.734
2.85GPa 2.117 (5) -0.028 0.116 0.781 0.768
3.88 GPa 2.077(13) -0.067 0.27 0.762 0.802

Np  Ambient 2.119 (3) 0.114 0.791 0.769
1.55 GPa 2.108 (1) -0.01 0.120 0.783 0.789
2.38 GPa 2.054 (8) -0.065 0.137 0.763 0.842

Ar the change in the M-O distance relative to ambient pressure.
Data for all pressure are all systems shown in the Supplementary Information (Table 9
and Fig. 14).

that differences in the metal involvement in bonding is primarily the
result of the periodic increase in f-orbital involvement (Th <U < Np).
The differences in orbital character are most pronounced for the -
type orbitals (Supplementary Information, Table 8 and Fig. 13). The
magnitude of the metal contribution to the NLMOs is associated with
bond covalency and supports a covalency trend of Th<U < Np.

The results of the QTAIM calculations on the M(OAr), systems at
different pressures are shown in Table 1. The trends in the electron
density at the M-O bond critical points pgcp and the delocalisation
index 6(M, O) parallel the NLMO calculations in showing that at
ambient pressure covalency follows the trend Th<U < Np®.

The sudden shortening of the M-O distances at the phase transi-
tions is accompanied by increases in %M, pgcp and 6(M, 0), as well as
decreases in —(G/V)gcp (Fig. 8 and Table 1). The change in —(G/V)gcp
indicates a decrease in the proportion of kinetic energy, a signature of
covalent bonding resulting from increased electron sharing. The
NLMO calculations indicate that enhancement of the metal contribu-
tion to the bonds occurs mainly in the o orbitals via increased parti-
cipation by the 6d, and the case of Np(OAr), the 5f, orbitals (Fig. 8 and
Supplementary Fig. 13). The combination of these observations leads
to the conclusion that the sudden shortening of the M-O bonds shifts
their character towards overlap-driven covalency.

Discussion

Compression of M(OAr), with M = Th, U initially leads to contraction of
the O-M-O angles, distorting the molecules away from tetrahedral
symmetry and elongating them along the c axis, but increasing inter-
ligand repulsions. All three compounds undergo a phase transition,
characterised by a collapse in the ¢ unit cell dimension, between 2.8
and 3.3 GPa for M =Th, U, and above 2.3 GPa for M = Np (Fig. 3). At the
phase transition the unit cell volume undergoes a discontinuous
decrease, the M-O bonds contract sharply (Fig. 4b), the OMO angles
readjust to nearer their ambient pressure values (Fig. 4a) and the near-
tetrahedral symmetry of the MO, core is re-established (Fig. 5).

The phase transitions are driven by a reduction in volume and
relief of inter-ligand repulsions built up as the result of O-M-O angular
changes. Prior to the phase transitions, the O-M-O angles in the Th and
U change more than in the Np molecule. We suggest that the relative
hardness of the Np system is because the ligands are already closer to
each other at ambient pressure because Np is the smallest of the three
actinides with shorter M-O bonds than in the Th and U compounds.
Accordingly, the internal energy of the Np complex increases most
rapidly as the pressure increases (Fig. 6).

The unmistakable discontinuities that occur in the M-O bond
distances at the phase transitions are associated with a pressure-driven
change in electronic structure where the primarily ionic, strongly

polarised M-O bonds enter a more covalent regime through a greater
interaction of the M 6d and 5f orbitals with the ligand O atoms. The
availability of both 6d and 5f orbitals leads to minimal changes in
metal-ligand orbital overlap as a function of structural distortion, and
bonding changes occur at a low cost in energy: the metal 6d con-
tributions increase for all, while the 5f contribution, which is already
the larger component of the Np contribution, increases most for
this metal.

Methods

Synthesis

A THF solution of KOAr (2.3 ml, 0.162 M) was added to 1 ml of a THF
solution of NpCl, (38.7 mg, 0.102 mmol), leading to an immediate
colour change to deep red. The reaction mixture was allowed to stir for
16 h and volatiles removed under reduced pressure. Toluene (10 ml)
was added and the red solution was isolated by syringe filtration (PTFE
membrane, 0.45 um) and concentrated under reduced pressure to ca.
1ml to afford red crystals of the target product [Np(OAr)4] (94.4 mg,
0.0892 mmol) yield 87.8%. Further synthetic details are given in Sec-
tion 1 of the Supplementary Information, along with comments on the
targeted formation of analogous Zr and Ce derivatives.

Crystallography

Single crystals of each material were loaded into Merrill-Bassett dia-
mond anvil cells with a chip of ruby to enable the pressure to be
measured from its fluorescence wavelength. Hydrostatic media were
fluorinert FC70 (0-1GPa), pentane-isopentane (1-5 GPa) and Daphne
oil (0-2.5GPa). For the Th and U derivatives data were collected on
beamline 119 at Diamond Light Source using radiation of wavelength
0.4859 A. For the Np derivative data were measured using Mo Ko
radiation on a Bruker Apex diffractometer. Data were collected to
maximum pressures of 4.3, 3.9 and 4.1 GPa for the Th, U and Np sys-
tems, respectively. For the Np complex significant intensity was only
available to atomic resolution up to 2.4 GPa. Above 2.4 GPa only unit
cell dimensions could be determined: a =12.6756(12) and ¢ =13.066(3)
A at 3.3GPa and a=12.5791(12) and c=12.963(3) A at 4.1 GPa. Crystal
structures were solved using SHELXT* and refined against P
(CRYSTALS)*. Distances and angles within the ligands restrained in the
all the refinements against high-pressure data to ambient pressure
values; enhanced rigid body restraints were also applied to the ani-
sotropic displacement parameters. The maximum crystallographic
resolution achievable from the U and Th crystals decreased at the c-
axis collapse, leading to increases in the uncertainty of the structural
parameters at the highest pressures. Shape indices were calculate
using the programme SHAPE®. Further details on the crystallographic
analyses are available in the Supplementary Information. Crystal-
lographic information files are available in the Cambridge Database
with deposition numbers 1981193-1981195, 1981197-1981201,
1981204-1981216 and 2095929-095947.

Computational procedures
The Gaussian 16 software package, revision A.03, was used for all
density functional theory calculations”. The hybrid density functional
approximation, PBEO, was used®%, with dispersion treated by
Grimme’s D3 correction and Becke-Johnson damping parameters (D3-
BJ)*°>*. Dunning’s basis sets of polarised triple-{ quality were used for
C, O and F atoms, and polarised double-C quality for H atoms®?. The
actinide atoms were treated with Stuttgart-Bonn small-core (60 elec-
trons) relativistic effective core potentials, in combination with the
associated segmented valence basis sets”’ . An ultrafine integration
grid was used. Benchmarking of this methodology was described in
ref. 13.

The NBO (7.0) software package was used to compute NLMOs to
analyse actinide-oxygen bonding orbitals*’. The CHOOSE option was
employed to ensure M-O bonding was consistently defined by a o and
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two T orbitals in all systems, to allow for direct comparison. The
QTAIM bonding analysis was computed with the AIMAII software
package*. The default settings were used to complete the electron
density topology and integration of atomic basins. Occasionally, the
more rigorous Promega(1) atomic integration algorithm was employed
for atoms where numerical integration errors were present (defined by
L(A) > 0.002 au).

Data availability

The crystallographic datasets for the structures reported in this study
have been deposited at the Cambridge Crystallographic Data Centre,
under deposition numbers 1981193-1981216). Copies of the data can be
obtained free of charge via https://www.ccdc.cam.ac.uk/structures/.
All other data supporting the findings of this study and detailed
experimental procedures and characterisation of compounds are
available in the Supplementary Information files. Supplementary
Movies 1-9 contain different views of the crystal structures of
Th(OAr)4, U(OAr), and Np(OAr),. Cartesian coordinates of all struc-
tures with optimised hydrogen positions and raw NMR spectroscopic
data obtained during targeted syntheses of Zr(OAr), and Ce(OAr)4 can
be found at dx.doi.org/10.17632/2mhj4xy8d4.1.
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