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1. Introduction

High-valent actinyl (AnO,; An = U, Np and Pu)
complexation with TEtraQuinoline (TEQ) ligand —
a DFT studyt

Abigail Jennifer G2 and Elumalai Varathan 2 *

A recently synthesised novel macrocycle composed of four quinoline units called TEtraquinoline (TEQ)
(J. Am. Chem. Soc., 2023, 145(4), 2609-2618) was reported to exhibit transition metal complexation abil-
ity. Meanwhile, there is a growing interest in different binding motifs for radioactive and toxic actinides. In
this study, we modelled high-valent actinyl (AnO,)"*, An = U, Np, Pu; n = 1, 2, 3 complexes of TEQ and
studied their geometric and electronic properties using scalar relativistic density functional theory (SR-
DFT). The calculated results showed that the equatorial An—N and axial An—0O bonds were polar bonds
with a high degree of covalence, the former being longer than the latter. Natural bond orbital (NBO) analy-
sis of the An—N bond orders decreased from complexes of uranyl to plutonyl and from complexes of hep-
tavalent to pentavalent actinyls. This was due to the localization of the 5f orbital in the heavier actinyl and
the high charge on An. The charge analysis showed a ligand-to-metal charge transfer (LMCT) on
complexation. It was interesting to observe metal-to-ligand spin delocalization only in the [An""V"O,L[2+/3*
complexes, where the spin density on An was observed to increase on complexation. Based on the assigned
oxidation states, it was observed that the heptavalent neptunyl cation retained its formal high oxidation state
on complexation with TEQ. The energetics associated with the formation reaction of all the actinyl-TEQ com-
plexes suggest spontaneity at lower temperatures (i.e., lower than 298.15 K). The energy decomposition analy-
sis (EDA) indicates that the electrostatic energy contributions were predominant in the [AnVO,LI* complexes,
while covalent (orbital) energy contributions were higher in the [AnV'O,LI%* and [An'O,LI** complexes. The
extended transition state-natural orbitals for chemical valence (ETS-NOCV) analysis confirmed the prominent
covalent character in [AnV"O,LI** over [An'O,LI%* and [An¥O,L]*and the back donation of charges from An to
N that stabilizes TEQ.

neutralization from other ionic/free metals and compounds (i.e., of
lanthanide and main group metals) before storage or disposal.

Actinyl cations (AnO,)", where n = 1, 2, 3, are studied for their
unique valence f-orbital characteristics, various accessible high
oxidation states (OS) (such as +V, +VI and +VII), and coordination
ability with macrocyclic molecules. A clear understanding of their
physicochemical properties in non-aqueous media and on com-
plexation is fundamental in developing rational design schemes for
ligands that can bind effectively to actinyls. Meanwhile, the presence
of these radioactive and toxic heavy metal-based actinyls, commonly
in a pool of nuclear waste and in trace amounts in nature
(especially, UO,*"), draws attention towards their separation and
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However, the process of isolating these species poses a challenge
given their long-lived radioactive and toxic nature. These funda-
mental and practical interests in the coordination chemistry of
actinyls make the study of their geometric, electronic and bonding
properties extremely useful. Actinyl complexes of polypyrrolic
macrocycles based on an expanded porphyrin framework are a
growing field of interest owing to the ligand’s actinyl-compatible
cavity size, conformational flexibility, donating ability (mostly
through hetero-N atoms) and stability on complexation."” These
ligands are modified based on the number of pyrrole units, nature
of linkers, and insertions/replacements of pyrrole with its analogues
(such as pyridine, furan, etc.) to enhance their functionality.'*™?
The porphyrin molecule has a planar cavity of 4.103 4, i.e.,
the average distance between opposite pyrrolic N atoms, and
their complexes with actinides in a 1:1, 1:2 or 2:3 (metal:
porphyrin ligand) ratio always results in out-of-plane (single,
double or triple-decker, respectively) actinide-porphyrin
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complexes.'*'® However, the more common expanded por-
phyrins used in actinide/actinyl complexation studies are known
for their larger cavities (i.e., expanded porphyrins have an
approximate cavity size of 5.0 A before complexation; on com-
plexation, the cavity size reduces to 4.8 A), and conformational
flexibility to accommodate the actinide species in the ligand
plane (viz., within the ligand cavity). In contrast to the completely
pyrrolic expanded porphyrins, modifications that include the
more basic pyridine units have drawn attention toward their
metalation chemistry, owing to their synthetic feasibility and
ability to alter the molecule’s chemical behaviours."”*® Another
pyridine-based analogue - quinoline, has also been used as
a heterocyclic substituent in acyclic and macrocyclic ligands
for metal complexation study.’®** Akhigbe and coworkers had
synthesised quinoline-annulated porphyrins,>*** and utilized
the molecule as a ligand for platinum complexation.*® Although
the m-conjugation is a sought-after structural feature to increase
a ligand’s stability and basicity, the steric constraint of quinoline
has been a limiting factor towards incorporating these into the
skeletal framework of a macrocyclic ligand. Naoya Kumagai and
coworkers reported the first quinoline-based pseudo-planar cyc-
lic trimer.>” More recently, they have synthesised TEQ, a saddle-
shaped four quinoline macrocycle and studied its transition
metal complexation ability.® Despite the lack of planarity, the
four N donor atoms and the n-electron conjugation within the
quinoline subunits (formed by 10 m-electrons) and the overall
extended m-conjugation in TEQ (i.e., 18 m-electron conjugation in
porphyrin in comparison with 36 t-electron conjugation in TEQ)
are desirable features of a metal chelating ligand.

In this study, we employed the DFT method to study the
actinyl complexation ability of the tetradentate TEQ macro-
cycle, shown in Scheme 1. The DFT method has been com-
monly used to study the physical and chemical properties of
actinide/actinyl coordination systems. While the unique global
conjugation of the ligand and the donating ability is expected to
enhance coordination, the tendency of the ligand to accom-
modate the actinyl from its twisted configuration is yet to be
explored. TEQ is proposed as the smallest four donor macro-
cycle capable of forming an insertion complex with actinyl.
Furthermore, the main objective of this work is to study the
actinide-ligand interactions based on their geometric and
electronic properties, and to understand the binding affinity
and formation feasibilities of these actinyl-TEQ complexes.

2. Computational details

(AnO,)™" cations (where, An = U, Np and Pu; n = 1, 2, 3), the
TEQ ligand with anisole substitutions (L = TEQ(PhOMe),), and
[(AnO,)*'L]*" complexes were modelled and studied through
quantum chemical calculations using the DFT method, as imple-
mented in amsterdam density functional (ADF) software.>**° A
full unconstrained geometry optimization and frequency calcula-
tions were performed. The vibrational frequencies were used to
verify that the optimized geometries were the minima on the
potential energy surface, and obtain thermodynamic parameters.
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Scheme 1 Structure of the TEQ ligand core (top) with notations on
heteroatoms and C atoms used to calculate the torsion angle; and TEQ
ligand with quinoline substitutions (bottom).

The relativistic effects were accounted for by using the scalar
relativistic - zero-order regular approximation (SR-ZORA).*" The
generalized gradient approximation (GGA) parameterized by
Perdew, Burke, and Ernzerhof (PBE)*> was used as the
exchange—correlation functional, along with Slater-type orbitals
in a triple-{ plus double polarized (TZ2P) basis set**** for all
calculations. The PBE functional and TZ2P basis sets have been
previously used to study macrocyclic actinide-based complexes,
and produced comparable results with the experimental
observations.*'*>3° Coordination complexes are known to
possess van der Waals interactions.*® Hence, we also employed
Grimme’s dispersion correction (D3)*"** and Becke and Johnson
damping (B] damping)** with the GGA:PBE functional (i.e., PBE-
D3(BJ)/TZ2P) for optimization and calculation of frequencies and
energies of all complexes to compare the results of the geometric
and energy parameters with those of the pure PBE functional. A
frozen core approximation was incorporated to balance the
accuracy and computation time. The 1s-4f orbitals were consid-
ered frozen in An (An = U, Np and Pu), while the 1s orbital was
frozen in C, N and O, and all other electrons were treated
variationally. Although neptunyl(vn) is a closed shell moiety, ie.,
5f°, all calculations based on neptunyl(vii) were computed with
unrestricted spin to verify the actual oxidation state that the
actinyl prefers on complexation.

The geometric parameters, including bond lengths and
bond angles, were studied from the optimized geometry of
the actinyl complexes. The natural bond orbital (NBO 6.0)
package implemented in ADF was used to compute the bond
orders.** The natural population analysis (NPA) was carried out
to assess the charges and spin density on the individual
fragments, i.e., actinyl and TEQ and their complexes.*> The
computed spin densities were used to assign oxidation states to
An on complexation, and this was compared to their formal
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oxidation state in the respective actinyl cation form. Further-
more, NPA was also carried out using the hybrid: PBE0-D3(B]J)
functional (hybrid: PBE0-D3(BJ)/TZ2P//GGA: PBE-D3(B])/TZ2P),
and the spin densities computed with PBE and PBE0-D3(B]J)
were compared. The natural localized molecular orbital
(NLMO) analysis helps in understanding the electronic struc-
ture of the complex quantitatively through orbital contributions
to the molecular orbitals. To account for the nature of interac-
tions between the ligand and the actinide, Bader’s quantum
theory of atoms in molecules (QTAIM) was computed to analyse
the topology based on electron density in the interaction bond
path.*®*” The energetics associated with the formation of
actinyl-TEQ complexes, such as Gibbs free energy (AG),
enthalpy (AH), total formation energy (AE), and the tempera-
ture and entropy term (—TAS), were calculated using the
modelled reaction shown in eqn (1) at a temperature of
298.15 K in the gas-phase. Furthermore, the solvent effect of
dichloromethane (DCM), with a dielectric constant of 8.9, was
incorporated using a conductor-like screening solvation model
(COSMO0)*® to understand the influence of a bulk solvation
environment on complexation. Zero-point energy corrections
were included in these energy values, and the default radii for
all atoms in COSMO were used, i.e., An, 2.100 A (An = U, Np,
and Pu); C, 1.700 A; H, 1.350 A; N, 1.608 A; and O, 1.517 A. All
calculations were carried out with unrestricted Kohn-Sham
formalism to study the open-shell actinyl complexes. The energy
decomposition analysis (EDA)**~" was carried out with actinyl as
one fragment and TEQ as the other, and the attraction and
repulsive energy contributions that comprise the actinyl-TEQ
interactions were analysed. Apart from PBE and PBE-D3(B])
functionals, the hybrid: PBE0-D3(BJ) functional was also used
for the EDA (based on PBE-D3(BJ]) optimized geometries).
Furthermore, the extended transition state (ETS) method for
EDA combined with the natural orbitals for chemical valence
(NOCV) theory was employed to quantify the orbital contribu-
tions that suggest the covalent character of the An-TEQ
interactions.

3. Results and discussion
3.1. Structure of the TEQ ligand and bare actinyl species

The crystal structure of TEQ was recently synthesised and char-
acterized vig X-ray diffraction analysis by Xu and coworkers.”® In
this current work, we obtained the initial geometry from CCDC
2202182 reported in ref. 28. The coordinates of the experimentally
reported crystal structure were used as the initial input to modify
and carry out the geometry optimizations and electronic property
calculations of TEQ and their complexes. The optimized geometry
of the ligand, along with labelled N donor atoms, is shown in Fig. 1.
The bent saddle shape architecture of the quinoline-based core
(calculated avg. torsion angle 72.4°) was similar to the structure
observed in their single crystal (reported experimental avg. torsion
angle 69.2°). The opposite N atoms (i.e., N1 and N3, N2 and N4)
were bent away, to the same side, from the horizontal plane of TEQ.
The conformation of the molecule was not influenced by anisole
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Fig. 1 Top (left) and side (right) views of the optimized structure of TEQ
computed at the PBE/TZ2P level of theory in the gas-phase. Carbon —
grey, white — hydrogen, red — oxygen, blue — nitrogen.

substitutions at the quinoline units containing N1 and N3. How-
ever, it made the molecule chiral. The staggered bonding between
the adjacent quinoline units due to steric hindrance results in
restricted movement of the units across the single bonds connect-
ing them. The calculated distance between the two quinoline
nitrogen atoms is 4.515 A for N1-N3 and 4.452 A for N2-N4. This
N-N distance (i.e., cavity size) in TEQ is similar to those observed in
other pyrrole and pyridine-based macrocycles'® and larger than
that of porphyrin, suggesting that the cavity surrounded by N atoms
in TEQ are compatible to fit actinyl cations perpendicular to the
ligand plane. The tetradentate ligand was further optimized in the
DCE solvent medium to check the influence of an implicit solvation
model on its energetics, and thereby its influence on TEQ’s
complexation feasibility with actinyl.

The geometric properties of dioxo cations (in O—An—O
form) of uranium, neptunium and plutonium in +V, +VI and
+VII (except U™0,) OS were calculated. The commonly
observed highest possible oxidation state in uranium is +VI, as
in U™V'0,%". The +VII oxidation state in uranium is not chemi-
cally plausible due to a less favourable electronic configuration
to achieve the high oxidation state. U at the ground state has [Rn]
5f° 6d" 7s> configuration. In U™, there are zero valence elec-
trons, 5f°. Furthermore, to exist at +VII, uranium would need to
lose seven electrons and this requires the removal of one inner
electron (in addition to all the valence electrons), which would
be highly destabilizing, leading to prohibitively high ionization
energy. Hence, the combination of a high ionization energy,
unfavourable electronic configuration, and lack of sufficient
ligand stabilization makes U™Y™ an impractical oxidation state.
Neptunium and plutonium can exist in the +VII oxidation state
owing to their electronic configuration, i.e., Np’* 5> and Pu’*
5f'. Based on Hund’s rule, the ground state geometry of actinyl
cations was assumed to be in their high-spin state configuration,
ie, U™ (f1), U™ (f°), Np°* (f), Np®* (f'), Np”* (%), Pu®" (%), Pu®*
(), and Pu’" (f'). Calculated bond lengths, bond angles, NBO,
Mulliken charge and spin density are tabulated in Table S1 (of
the ESIt). The linear actinyl cations exhibit a decrease in An—0
bond lengths across the series, corresponding to the actinide
contraction. The heptavalent species exhibit a significant bend,
as observed from their /£ O—An—0 (i.e., the avg. /. O—An—0
bond angle in neptunyl and plutonyl is 150.6°). A detailed
discussion of the properties of these actinyls is provided in our
previous studies.’®?°
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3.2. Geometric properties and vibrational frequencies of
actinyl-TEQ complexes

The computationally designed and optimized uranyl(vi) inser-
tion and peripheral isomers, along with their total binding
energies of uranyl(vi) - TEQ complex, are shown in Fig. 2. In the
peripheral isomer of the [UY'O,L]*" complex, the uranyl moiety
was observed to be bent with / O—U=—=0 = 100.3°, while the
corresponding insertion isomer had an almost linear uranyl
moiety with / O=U=0 = 179.8°. The average equatorial U-N
and axial U=0 bond lengths were longer by 0.13 A and 0.03 A,
respectively, in the peripheral isomer (where, the avg. bond
lengths of U-N and U=O0 were 2.517 A and 1.826 A, respec-
tively) compared to the insertion isomer (U-N = 2.387 A and
U=0O0 = 1.796 A). From the figure, it can be observed that the
total binding energy of the peripheral isomer is higher (by
13.45 keal mol ') than that of the insertion isomer. The more
stable insertion isomer with relatively shorter bonds and stronger
binding energy between uranyl and TEQ was chosen for further
studies of the structure-property relationships and periodic
trends. The insertion isomer of the actinyl (V, VI, VII) - TEQ
complexes was optimized in the gas-phase, and the geometric
and vibrational parameters are displayed in Table 1 and
Tables S2-S6 (ESIT). The structures of the optimized complexes
are shown in Fig. 3. At the ground state, the spin of the
complexes was assigned to be the same as their corresponding
actinyl cations. According to Hund’s rule, the ground state is
characterized by high-spin. The N1-N3 and N2-N4 distance (or
the cavity size) in TEQ, shown in Table S2 (ESIY), is observed to
increase on complexation. This implies that the cavity expands
to accommodate the actinide in the centre with the two oxygen
atoms on either side of the ligand (i.e., equatorial) plane.
The experimentally observed cavity size of TEQ was 4.5 A. The
computational results showed 4.483 A and 4.463 A at PBE and
PBE-D3(B]), respectively. Furthermore, the cavity size of TEQ on

Side view

Side view

-14560.58 kcal/mol -14547.13 kcal /mol

[U"'0,L]** (insertion isomer) [U"'0,L]** (peripheral isomer)

Fig. 2 The insertion and peripheral isomers of the [UV'O,LI** complex
and their total binding energies computed in the gas-phase at the PBE-
D3(BJ)/TZ2P level of theory.
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Table 1 Computed bond lengths (in A) of the actinyl-TEQ complexes in
the gas-phase at the PBE/TZ2P level of theory

Complex An-N1 An-N2 An-N3 An-N4 An—O01 An—02
[Uo,L]" 2.397 2.419 2.410 2.408 1.814 1.812
[NpO,L]" 2.407 2.362 2.400 2.456 1.802 1.803
[PuO,L]" 2.399 2.408 2.403 2.405 1.791 1.788
[Uo,L* 2.374 2.397 2.378 2.397 1.795 1.797
[NpOL,L**  2.363 2.386 2.365 2.384 1.776 1.778
[PuO,L**  2.367 2.366 2.362 2.391 1.764 1.767
[NpO,LT**  2.330 2.361 2.331 2.360 1.770 1.772
[PuO,L]*  2.366 2.354 2.359 2.372 1.758 1.761

complexation varied between 0.001 A and 0.010 A when com-
puted using different functionals like PBE or PBE-D3(B]J). This
indicates that the dispersion correction and BJ damping had an
almost negligible effect on the cavity size of TEQ. From Table S3
(ESIY), it can be seen that the torsion angles of molecular TEQ
decrease from an average of 71° (experimentally reported
average torsion angle = 69.2°) on complexation, pointing to
the flattened framework acquired on complexation. This is in
line with the reported observation, where a decrease in torsion
angle was observed in the crystal structure of the FeCl, - TEQ
complex from the TEQ macrocycle.”® A less significant torsion
angle difference was observed between those computed with
PBE and PBE-D3(BJ) functionals. The An-N and An=—0 coordi-
nation bond lengths in actinyl-TEQ complexes are tabulated in
Table 1 and Table S4 (ESIf). The An-N bond length range
observed in these complexes (i.e., 2.360-2.456 A) corresponds to
that reported by Pyykko (2.37-2.41 A) as the covalent An-N
bond lengths.>® This suggests possible covalency in An-N
bonding despite being an electrostatic interaction. The An—0O
bond lengths ranging between 1.758-1.814 A are much
shorter than the An-N bond lengths. They slightly decrease
from complexes of U to Pu, and are covalent in nature. The
[An""O,L]*" complexes exhibit shorter bond lengths than
the [An""O,L]*" complexes, which in turn exhibit shorter bond
lengths compared to their [AnYO,L]" counterparts. The
decrease in ionic radii corresponding to the increase in the
assigned oxidation states (from +V to +VII) directly influences
(i.e., shortens) the observed bond lengths. All four N atoms of
TEQ show nearly similar bond lengths with An pointing to their
similar environments, while the anisole substitution to quino-
line units with N1 and N3 seems to not affect the TEQ’s binding
affinities. However, the substitution decreases the ligand’s
symmetry, making it chiral, while also making it resistant to
racemization.”® In [AnY0,L]" and [An""O,L]>" complexes, there
is a minor decrease (i.e., of 0.003 A and 0.007 A, respectively) in
the An-N bond length from uranyl to plutonyl, corresponding
to the actinide contraction observed across the actinide
series.”® There is an elongation of An=—=0 bonds (by ~0.06 A)
observed on complexation with TEQ,**** to accommodate the
equatorial coordination with the TEQ ligand. From the func-
tional perspective, i.e., PBE vs. PBE-D3(B]), a very small differ-
ence in An-N and An=—O0 bond lengths was observed, i.e., avg.
0.011 A. As the bond length difference for suggesting periodic

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp01539h

Published on 22 August 2024. Downloaded on 6/20/2025 11:27:43 AM.

PCCP

[NpO,LI?*

View Article Online

Paper

[PuO,L]?*

Fig. 3 Optimized geometry of actinyl-TEQ complexes in the gas-phase computed at the PBE/TZ2P level of theory. Carbon — grey, white — hydrogen,
red — oxygen, blue — nitrogen, teal — uranium, yellow — neptunium, green — plutonium.

trends between complexes and between An-N, and An—O
bonds was around 0.1 and 1.0 A, respectively, the difference
in bond lengths between different functionals is negligible. The
bond angles observed in the actinyl-TEQ complexes are tabu-
lated in Table S5 (ESIt). The average cis / N-M-N (i.e., adjacent
N atoms, i.e., / N1-M-N2) is 90°, while the trans / N-M-N (i.e.,
opposite N atoms, Z.e., /. N1-M-N3) is 176°, indicating that the

This journal is © the Owner Societies 2024

actinide occupies nearly the same plane as the coordinating
N atoms of TEQ. A similar coplanarity between the metal and
N atoms was observed in the reported TEQ complexes. The
O0=An—0 bond angles in the [An*"'O,L]"*" complexes are
nearly the same, and are linear and perpendicular to the ligand
plane. It is interesting to note that the significantly bent
(An""0,)*" actinyl cations (avg. £ O = An=—0 = 150.6°) become
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linear (179.7°) on complexation. The steric hindrance of equator-
ial coordination of the actinide to the ligand pushes the oxygen
atoms away from each other, bringing about their linearity.

The calculated vibrational frequencies of actinyls and their
complexes are shown in Table S6 (ESIt) and Fig. 4. From the
table and figure, we can see that the actinyl O—An—0 stretching
frequency decreases on complexation due to the competition
between the ligand and actinyl oxygen atoms for coordination
with the actinide. Shorter bonds exhibit higher vibrational
frequencies. The shorter An=0 bond lengths in [An*"O,L}**
exhibited higher vibrational frequencies, followed by [An""0,L]**
and [AnYO,L]". The inverse relationship between the An=—0
bond lengths and O—An—oO0 vibrational frequencies is consis-
tent. This observation also suggests the possible stabilization of
the actinyl species in the TEQ environment. Among the actinyl
cations, however, we observed (An0O,)*" with the formal oxida-
tion state of +VI on the actinide to show significantly higher
O—An—0 stretching frequencies compared to its (AnO,)" and
(AnO,)** counterparts. This suggests stronger binding in the
common oxidation of +VI over the others, while pointing to the
possible stabilization of the heptavalent actinyl in the common
+VI oxidation state. From the table, at the two levels of theories,
i.e., PBE and PBE-D3(BJ), the frequencies of the An=—0 vibrations
are observed to lie within a similar range.

3.3. Bond order and natural population charges

The calculated bond order and NPA charges are useful in the
analysis of a bonding environment by assessing the nature of
interactions and the interacting species. The calculated Mayer
bond orders and Wiberg bond index of the An-N and An—O
bonds are tabulated in Table 2 and Table S7 (ESI}), respectively.
Bond orders show an inverse relationship with bond lengths, such
that higher bond orders and shorter bond lengths correspond to
better binding. The [An*"O,L** complexes show the highest
Mayer bond orders for An-N bonds, followed by [An""O,L]*" and
[AnYO,L]". This observation indicates the binding strength to

Al 2+
1100 - _ e
-~ e---"
#1050
§ AL
> ~ +
£'1000 S (AnO,)
g R m-----~"
z 'Y
L 9504 (AnOzL)-"“‘\(‘AnOzP*
(AnO,L)?*
> — ® —eo
900
N —
T T
U Np Pu

Fig. 4 The calculated asymmetric O—An—0 vibrational frequencies in
actinyls and their TEQ complexes computed in the gas-phase at the PBE/
TZ2P level of theory.
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decrease in the following order: [An""O,L*" < [AnV'O,L" <
[AnYO,L]", which aligns with the trend observed from their bond
lengths. The charges and the corresponding electronic configu-
ration of An play a vital role in the observed trend. The An—0O
bonds show higher bond orders than the An-N bonds, indicating
a stronger axial interaction of An than its equatorial coordination
with TEQ. The higher electronegativity of actinyl's O atoms, com-
pared to that of the N atoms of TEQ, is responsible for the formation
of polar covalent interactions with An. The An—0 and An-N bond
orders decrease from U to Pu in their complexes, corresponding to
their increasing bond lengths. Anisole-substituted N1 and N3 show
slightly higher bond orders compared to N2 and N4, suggesting
better interaction of the former N atoms with An compared to the
latter. However, the influence of anisole substitution was not
observed to affect their bond lengths. From the Wiberg bond orders,
it is seen that there is a slight increase (of 0.02) in the An—0 bond
orders from their pentavalent actinyl cations to their respective TEQ
complexes, while a decrease (of 0.10) was observed on going from the
hexavalent and heptavalent actinyl’s cationic form to their TEQ
complexes. The former observation is almost negligible and the
increase in An—0O bond orders might be a result of electronic
stabilization factors, while the latter observation confirms the An—0O
bond elongation as seen from their bond lengths (i.e., Table 1).
NPA was carried out to study the spin density and charges,
including Mulliken charges on atoms of the interacting frag-
ments of the complex. The NPA charges and Mulliken charges
on the atoms of the actinyl cations are tabulated in Table S1
(ESIT). The calculated NPA charges and Mulliken charges on
the interacting atoms of the actinyl-TEQ complexes are shown
in Table 3 and Table S8 (ESIt), respectively. From Table 3, it is
observed that all N atoms of the TEQ and actinyl’s oxygen
atoms have negative charges, indicating the stronger basicity
which can be linked to their electronegativities. The higher
negative charges on O and their previously observed shorter
bond lengths with An, compared to the N atoms of TEQ, can be
accounted for the strong covalent character of An—O0 interactions.
Comparing the uranyl-TEQ complex to the plutonyl-TEQ
complex, there is a decrease in charges on the An and O atoms.
This is due to the poor shielding effect of the 5f electron, resulting
in actinide contraction across the series. Hence, the lowered
energy 5f orbitals cause less charge transfer in heavier actinides.
Such observation is characteristic of actinyl complexes, and has
been observed in other actinyl-based complexes.***** The NPA

Table 2 The calculated Mayer bond order analysis of actinyl-TEQ com-
plexes in the gas-phase computed at the PBE/TZ2P level of theory

Complex An-N1 An-N2 An-N3 An-N4 An—0O1 An—O02
[uo,L]" 0.387 0.355 0.366 0.365 1.929 1.937
[NpO,L]"  0.330 0.284 0.351 0.380 1.908 1.918
[PuO,L]" 0.290 0.279 0.294 0.276 1.905 1.913
[UO,L* 0.372 0.412 0.372 0.423 1.959 1.968
[NpO,LP*  0.422 0.377 0.428 0.378 1.943 1.955
[PuO,L*  0.372 0.329 0.374 0.351 1.934 1.949
[NpO,L**  0.503 0.434 0.511 0.436 1.949 1.966
[PuO, L 0379 0364  0.377  0.383  1.945 1.962
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Table 3 Natural population analysis (NPA) of charges on interacting
atoms of actinyl-TEQ complexes computed at the PBE/TZ2P level of
theory

Complex An N1 N2 N3 N4 o1 02

[UO,L]"  1.142 —0.400 —0.400 —0.398 —0.398 —0.477 —0.471
[NpO,L]" 0.920 —0.379 —0.394 —0.395 —0.395 —0.404 —0.397
[PuO,L]" 0.833 —0.391 —0.401 —0.391 —0.402 —0.336 —0.352

[UO,LP* 1.217 —0.394 —0.384 —0.396 —0.383 —0.423 —0.417
[NpO,L]?* 0.921 —0.374 —0.364 —0.373 —0.365 —0.310 —0.301
[PuO,L]** 0.844 —0.384 —0.382 —0.388 —0.371 —0.240 —0.226

[NpOZL]SJr 0917 -0.352 —-0.358 —0.351 —0.358 —0.255 —0.243
[PuOZL]3+ 0.825 —-0.360 —0.373 —-0.361 —-0.365 —0.212 —0.198

charges suggest that actinyl(vi) complexes exhibit more quench-
ing of positive charges on An than in corresponding actinyl(v/vi)
complexes. The period trends observed in the charges correspond
to those observed in their bond properties.

From Tables S1 and S8 (ESIt), the Mulliken charges on An
from their actinyl form to the TEQ complex form show a
decrease in positive charge. This indicates a charge transfer
from the actinyl’s O atoms and TEQ’s N atoms to the An centre,
representing a typical ligand-to-metal charge transfer (LMCT).
The average charge on the N atoms in the TEQ molecule was
observed to be —0.283e. The charge on the N atoms becomes
more negative on complexation, suggesting metal-to-ligand
charge delocalization for the stabilization of the individual
quinoline rings. It is also interesting to note that the overall
charge of the complex is expected to be localized on the An centre.
No charge difference was observed between N1/N3 and N2/N4,
pointing to the absence of influence of the anisole substitution at
the terminals of units containing N1/N3. From Table S8 (ESIY), it
can be seen that there is a decrease in charges on the N atoms
from uranyl complexes to plutonyl complexes, supporting the
observation made from the NPA charges, i.e., a decrease in charge
transfer in complexes of heavier actinides. The dioxo ligands of
the actinyl fragment in the complexes exhibit more negative
charges than in their respective actinyl cation form. This validates
the elongation of An=—0 bonds on complexation, where charges
from O — An are shifted closer to O, which is attributed to two
reasons. Firstly, the O atom possesses higher electronegativity.
Secondly, the repulsion by the equatorial charge contribution N
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(of TEQ) — An repels the incoming axial charges on An towards
the more electronegative O.

3.4. Spin density, orbital population and NLMO

The spin density on the actinyl cations and their complexes are
provided in Table S1 (ESIt) and Table 4, respectively. The spin
densities and valence orbital population for the actinyl-TEQ
complexes were also computed at the hybrid: PBE0-D3(B]J)/TZ2P
level of theory, and the results are tabulated in Table S9 (ESIY).
From the values, it is observed that the spin density on the An,
largely concentrated on its valence 5f orbitals, increases from
uranyl to plutonyl. This corresponds to the formal ground state
occupancy of the actinyls. On going from [AnYO,L]" to
[AnY"O,L]*", there is a decrease in spin density on the An. This
is due to the increase in the formal oxidation state assigned to
the An. In [AnYO,L]" complexes, the spin density on An is
observed to be less compared to that in their corresponding
actinyl cation form. This suggests metal-to-ligand spin deloca-
lization in these complexes. This observation supports the
previously discussed increase in An=—0 bond orders, observed
in these complexes, suggesting the stabilization of pentavalent
actinyl fragments in the TEQ environment through metal-to-
ligand spin delocalization apart from the LMCT. In [An"O,L]**
and [An""O,L]** complexes, the spin density on An is observed
to be higher than in their respective actinyl cations, suggesting
ligand-to-metal spin localization. This is supported by the NPA
charges which exhibited charge quenching on the An by the
axial dioxo ligand (i.e., O atoms) and equatorial TEQ ligand (i.e.,
through N atoms). The electron spin densities have also been
reported as a measure of the oxidation state of the An
metal.>>>® The assigned oxidation state of An based on the
spin densities is provided in Table 4 and Table S9 (ESIt). The
spin densities computed using the pure GGA showed that UY,
on complexation with TEQ, shifts to the higher and more stable
+VI oxidation state. As the spin density is marginal (i.e., 0.443
(UY™YY) in suggesting this shift in oxidation state, the hybrid:
PBEO0-D3(BJ) functional was employed for verification. The spin
density on An, as in Table S9 (ESIt), shows a higher value (i.e.,
0.712 (UY)), where the assigned oxidation state is the same as
the formal. The 25% of the Hartree-Fock exchange value in the
PBEO0-D3(BJ) functional contributes to these higher spin density

Table 4 Spin density and orbital population of the actinyl's valence orbital on complexation with TEQ computed through NPA at the PBE/TZ2P level of

theory
NPA spin density An’s valence orbital occupancy in complex

Complex An Assigned OS 01/02 (avg.) 7s 5f 6d 7p
[UO,L] 0.443 +V > +VI —0.018 0.16 3.01 1.53 0.02
[NpO,L] 1.847 +V —0.081 0.16 4.36 1.42 0.02
[PuOZLT 3.095 +V —0.146 0.16 5.55 1.36 0.02
[UO,L** 0.000 +VI 0.000 0.17 2.92 1.57 0.02
[NpO,L]** 1.220 +VI —0.053 0.18 4.26 1.51 0.02
[PuO,L]** 2.473 +VI —0.125 0.18 5.43 1.45 0.02
[NpO,LJ** 0.000 +VII 0.000 0.18 4.24 1.56 0.02
[PuO,L]** 2.349 +VIT — +VI —0.119 0.18 5.43 1.47 0.02
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Table 5 NLMOs in the actinyl-TEQ complex observed on An—N bonds computed at the PBE/TZ2P level of theory

Complex Type NLMO

L LP (N) 94.90% N (32% $/68% p)

[UO,L]" On_U 85.9% N (sp*°°) + 9.0% U (sd**4*°)
[NpO,L]" ON-Np 86.1% N (sp>®) + 9.4% Np (sd**°f**8
[PuO,L]" ON-Pu 86.6% N (sp™°°) + 8.6% Pu (sd***f>*)
[Uo,L** OnU 83.1% N (sp>7®) + 12.7% U (sd***¢"%%)
[NpO,LJ** On-Np 81.6% N (sp>”?) + 14.0% Np (d*>*°f>%)
[Puo,L]** ON_Pu 82.5% N (sp*®°) + 12.5% Pu (d**°f>1°)
[NpO,L** On-Np 80.3% N (sp*’?) + 15.3% Np (d*'*f*")
[PuO,LP** ON_Pu 81.0% N (sp*®°) + 14.3% Pu (d**%f>9°)

values. All of the An""-based actinyls retain their formal oxida-
tion state of +VI on complexation with TEQ. It is more inter-
esting to observe the Np""' species being stabilized in the TEQ
environment, while Pu"™ shifts to the lower and stable +VI
oxidation state. The same observation was made in spin
densities computed using PBE and PBE0-D3(BJ). A few other
ligand environments have also been previously reported to
complex with heptavalent actinyls, retaining their higher oxida-
tion on complexation.>*>’

The natural orbital population of the actinide in its valence
orbitals, including 5f, 6d, 7s and 7p, are shown in Table 4. In
the complexes, there is a higher degree of occupancy in the 5f
orbitals than the 6d orbitals. On complexation, there is an
LMCT where the charges primarily enter the 5f orbital of the
metal, An. The 5f orbital of An"" in the [An""0,L]*" complexes
show higher occupancy than their corresponding An"" and An"
in their respective complexes. The 5f and 6d populations
increase and decrease, respectively, from uranyl to plutonyl
complexes, and this corresponds to the increasing oxidation
state assigned to An in the complex. Compared to the valence

orbital population of An"/V"V!

in their actinyl cation form, as
shown in Table S1 (ESIt), there is an increase in occupancy (i.e.,
of 5f, 6d and 7s orbitals) in their corresponding complex form.
The ligand-to-metal electron donations can be accounted for in
this observation, where the electrons donated by TEQ are
mainly accommodated in the 6d and 7s orbitals of An, followed
by the 5f orbitals. The stability provided by the common
oxidation state of +VI can be accounted for by the increase in
occupancy of the valence orbitals of An"" in the complex form
compared to its dioxo cationic form. The binding influence of
the ligand can be suggested by the population observed on the
actinyl. The UY-based TEQ complex possesses stronger inter-
actions than other actinyl complexes, given the stability
induced by the +VI oxidation state and the orbital population
of UY! on complexation.

The NLMOs help capture the delocalization associated with
the density of the valence electron configuration.*” The calcu-
lated NLMO results are tabulated in Table 5. The lone pair (LP)
of electrons of N atoms of the TEQ ligand are shared by orbital
overlap, mainly through their 2p orbitals, with the valence

Table 6 The calculated electron density and energy density parameters at the BCP in actinyl-TEQ complexes computed through QTAIM analysis

QTAIM metrices

Bonds/Complexes [UO,L]" [NpO,L]" [PuO,L]" [UO,L]** [NpO,L]** [PuO,L]**

[NpO,LJ*" [PuO,LJ**

Density of all electrons, p An-N1, N3 0.076
An-N2, N4 0.075
An=—01, 02 0.274
Laplacian of electron density, V*p An-N1, N3 0.200
An-N2, N4 0.200
An—o01, 02 0.224
Ellipticity of electron density, An-N1, N3 0.132
An-N2, N4 0.105
An—01, 02 0.013
Lagrangian kinetic energy, G(r) An-N1, N3 0.072
An-N2, N4 0.072
An=01, 02 0.370
Potential energy density, V(r) An-N1, N3 —0.095
An-N2, N4 —0.094
An—O01, 02 —0.684
Total energy at the BCP H(r) = V(r) + G(r) An-N1, N3 —0.022
An-N2, N4 —0.022
An—01, 02 —0.314
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0.074 0.073 0.084 0.083 0.081 0.088 0.082
0.074 0.072 0.080 0.079 0.078 0.084 0.082
0.279 0.285 0.288 0.295 0.301 0.306 0.305
0.209 0.208 0.195 0.205 0.218 0.239 0.214
0.208 0.226 0.193 0.200 0.208 0.215 0.205
0.239 0.262 0.263 0.260 0.270 0.345 0.275
0.160 0.151 0.135 0.129 0.139 0.082 0.132
0.143 0.079 0.097 0.096 0.101 0.065 0.112
0.008 0.008 0.010 0.007 0.006 0.017 0.005
0.073 0.072 0.079 0.080 0.080 0.090 0.080
0.073 0.074 0.075 0.075 0.076 0.082 0.078
0.381 0.398 0.404 0.420 0.433 0.457 0.443
—0.093 —0.091 —-0.109 -0.108 —0.105 —0.120 —0.106
—-0.093 —-0.091 -0.102 -0.101 —0.100 —0.110 —0.105
—-0.703 —-0.730 —0.742 —0.774 —0.798 —0.817 —0.817
—-0.020 —-0.020 —0.030 —0.028 —0.025 —0.030 —0.026
—0.020 —0.017 —0.027 —0.027 —0.024 —0.028 —0.027
—-0.322  —-0.333 —-0.338 —0.355 —0.365 —0.374 —0.374
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orbitals of the An. The o interactions between the metal and
the ligand through the An-N bonds confirm the covalent
coordination interactions that are suggested based on their
bond lengths. The distribution at the 5f, 6d and 7s orbitals
follows the same trend as observed from their orbital popula-
tions. The 6d orbitals are essential in determining the An-L
interactions, along with the 5f orbitals. The 5f orbital contribu-
tion increases on going from pentavalent actinyl complexes
(avg. 2.723) to hexavalent actinyl complexes (avg. 5.326). Finally,
the 5f contributions reach the maximum at the heptavalent
actinyl complexes (avg. 6.310), while the 6d orbital contribu-
tions are nearly the same. On going from uranyl to neptunyl in
their TEQ complexes, there is an increase in 5f and 6d con-
tributions, and a decrease observed on going from neptunyl to
plutonyl-TEQ complexes. This can be due to the localization of
the 5f orbitals that set in beyond plutonium.

3.5. QTAIM

Bader’s QTAIM analysis provides more insights into interpreting
a chemical bond and the energy partitioning between the inter-
acting atoms based on the topology of the electron density (p).
The QTAIM analysis was carried out to study the electron density
localized on the centre of the bond paths (ie., bond critical
points, BCP) in the actinyl-TEQ complex. The p, Laplacian of the
electron density (V?p), ellipticity (€), potential energy density
(V(1), kinetic energy density (G(r)) and total energy density (H(r))
parameters at BCP of the actinyl-TEQ complexes are shown in
Table 6, and the topologies are shown in Fig. S1 (ESIt). Gen-
erally, a covalent bond is represented by p > 0.20 e bohr* with
negative V?p at BCP, while ionic/electrostatic interactions are
represented by p < 0.1 e bohr 2, positive V?p and H(r) values.
Finally, the intermediate type of interaction (such as polar
covalent) is represented by positive V?p and negative H(r).***
The p at the BCP of the An—0 bonds is higher than that of the
An-N bonds, indicating covalent interactions in the former and
ionic interactions in the latter. The An=—O bonds are polar
covalent, as they have positive V?p and negative H*, and can
also be correlated to their bond orders. These bonds retain their
polar covalent character despite their elongation on complexa-
tion to accommodate the equatorial TEQ binding. Although An-
N bonds are within Pyykkd’s An-N covalent bond length range,
these interactions have significant electrostatic characteristics.
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This is seen from the p values of these bonds, while the positive
V?p and negative H(r) at the BCP of the An-N bonds suggest
polar covalency in these bonds. This observation indicates that
the equatorial bonds have significant characteristics of both
electrostatic and covalent interactions. The higher € values of
the An-N bonds point to the more asymmetric electron density
along the bond path than in the An=—0 bonds. The non-planar
structure and different N atom environments (i.e., substituted
(N1/N3) and unsubstituted (N2/N4) quinoline units) of TEQ can
account for the higher e values. The distinction between the N
atoms of TEQ could not be made based on the p, although e
values at the BCP of An-N1/N3 are slightly higher than those of
An-N2/N4, indicating the negligible influence of anisole sub-
stitution on the binding affinity of coordinating atoms (N1 and
N3) and the alteration of the overall complex symmetry density.
The p, V>p and H(r) values at the BCPs of An-N and An—0 bond
paths are higher in [An*"0,L]** complexes than in [An""O,L]*"
and [AnYO,L]" complexes, indicating stronger binding in the
former. This observation aligns with the discussions based on
previous parameters. It is also important to note that the formal
charges also influence these observations. There is a slight
decrease in electron and energy density parameters going from
uranyl to plutonyl complexes of all three oxidation states. This
observation is consistent with that observed from their struc-
tural and electronic properties. From the figure, it can be seen
that p is localized closer to the An than N and O atoms,
indicating charge quenching on the electropositive An cation
by the electron density provided by the donor atoms. On going
from uranyl to plutonyl complexes, there is a decrease in p at
the BCPs of the An-N bonds and an increase in the An—0
bonds. The former corresponds to the observation made from
their bond lengths, while the latter corresponds to that
observed from their bond orders.

3.6. Thermodynamics and energy decomposition analysis

3.6.1. Energetics of formation reaction. Thermodynamic
parameters corresponding to the TEQ-actinyl complexation
reaction can suggest valuable information on the feasibility
and formation energies that would drive the reaction as a
lead for experimental investigations. A simple model, based
on previous studies,>® for the formation of the actinyl-TEQ
complex is as follows:

Table 7 Calculated thermodynamic parameters (in kcal mol™?) for the formation of actinyl-TEQ complexes computed at the PBE/TZ2P level of theory

Gas-phase DCE medium
Complex AG AH AE —TAS AG AH AE —TAS
[UOZL]+ —106.09 —119.71 —120.34 13.61 —24.66 —36.06 —37.35 11.40
|:NpOZL]Jr —109.68 —121.62 —123.27 11.93 —36.03 —47.30 —49.03 11.27
[PuOZL]+ —-97.74 —109.51 —111.36 11.77 —23.22 —35.87 —37.22 12.66
[UO, L —277.96 —292.53 —294.54 14.57 —64.07 —77.90 —-79.77 13.83
NpO,L]** —281.81 —296.53 —298.63 14.72 —75.54 —87.71 —90.23 12.16
p
[PuOZL]Z+ —295.08 —307.20 —309.59 12.11 —102.84 —101.56 —104.04 11.77
[NpOZL]z'Jr —614.58 —628.09 —630.99 13.51 —189.36 —203.63 —205.78 14.27
I:PuOZL]3+ —625.67 —640.47 —642.58 14.80 —206.72 —218.92 —221.40 12.20
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AnO," + L — [AnO,L]*, where n=1,2,3 (1)

The formation reaction based on eqn (1) was computed in the
gas-phase, and the energy parameters are tabulated in Table 7
and Table S10 (ESIt). The heptavalent actinyl complexes show
the maximum AE, followed by hexavalent, and then the penta-
valent actinyl-based complexes. This trend is similar to obser-
vations made in the bond lengths and bond orders. In
heptavalent and hexavalent actinyl-based complexes, the AE
decreases from the heavier actinyl. Meanwhile, in the pentava-
lent actinyl complex, the order is as follows: [Np'O,L]" >
[UYO,L]" > [Pu¥O,L]". Based on the electronic configuration
of PuY (i.e., 5f°) and the observed valence orbital population in
its actinyl and complex forms, it can be seen that plutonyl(v)
has the highest 5f-orbital and lowest 6d-orbital occupancies.
It is reported that the 5f-orbital of plutonium is mostly insen-
sitive to different bonding environments.’® Hence, the total
binding energy is completely dependent on the extent of
participation of 6d orbitals, which in this case was observed
to be less. This indicates less interaction between the valence
orbitals of plutonyl(v) and TEQ, resulting in [Pu¥O,L]" with the
lowest AE value among the pentavalent actinyl complexes. On
the other hand, the 6d occupancy in the hexavalent and
heptavalent actinyl complexes is observed to be greater than
in the pentavalent complexes. The high oxidation state (i.e., +V
and +VII) of actinyl and the contracted nature of the 5f and 6d
orbitals (i.e., the consequence of actinide contraction) result in
a suitable actinyl size that fits TEQ’s binding cavity. This is
validated from the bond lengths and better orbital overlap with
that of the ligand’s valence orbitals across the actinide series,
resulting in the increase of AE values from U to Pu complexes.
The negative values of AG point to the spontaneity of the
formation reaction of the actinyl-TEQ complexes, where
the positive values of —TAS and negative AH values indicate
the spontaneity at a lower temperature (i.e., lower than room
temperature). The solvation effects play a vital role in replicating a
more experimentally relevant environment given the influence of
the surroundings on the charges of the interacting species and the
formed product. As the experimental synthesis of the FeCl,-TEQ
complexes was carried out in the DCM medium, COSMO calcula-
tions using the DCM solvent were used to compute the energetics
for the formation reaction, ie., eqn (1). The calculated solvent-
based energetics yielded energy values that were less in magni-
tude. This is due to the environmental effects on the feasibility,
while the trends among the complexes and the respective reaction
spontaneity remained the same, as observed in the gas-phase
calculations. Comparable energies between Table 7 and Table S8
(ESIt) can be observed. This points to the absence of dispersion
interactions, which may contribute to non-local correlation
effects. The lack of weak intramolecular interactions based on
QTAIM analysis and the covalent nature of interactions suggested
by geometry parameters validate the comparable energetics calcu-
lated at the two levels of theory (i.e., PBE and PBE-D3(B])).

3.6.2. EDA and ETS-NOCV. EDA was carried out to quanti-
tatively study the energy contributions that comprise the bind-
ing interactions between the actinyl cation and the TEQ ligand
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Table 8 EDA analysis of actinyl-TEQ complexes. Actinyl versus TEQ, with
energy contributions given in kcal mol™* computed in the gas-phase at the
PBE/TZ2P level of theory

Fragments AEel-stat AEorb AEsteric AEPauli AEint

[UO,] vs. L —223.62 —188.27 51.66 275.28  —136.61
[NpO,]" vs. L~ —222.83  —170.25 38.46  261.29 —131.79
[PuO,|"vs. L ~ —215.66  —158.25 30.72 24638 —127.53
[UO,* vs. L —288.13  —331.79 5.28 293.42  —326.51
[NpO,J*" vs. L —288.54  —322.97 2.96 291.50  —320.01
[PuO,*" vs. L —282.73  —316.07  —4.33  278.40  —320.40
[Np02]3+ vs. L —359.14 —633.20 —35.68 323.46 —668.88
[PuO,P" vs. L —341.99 —625.88 —49.84 292.14 —675.73

through the An-N bonds. The calculated EDA values are shown
in Table 8 and Tables S11, Table S12 (ESI}). AnO,"" was taken
as one fragment and the TEQ ligand as the other, similar to that
in eqn (1). From the table, it can be seen that the electrostatic
attraction energy (AE.isw:) mainly contributes to the An-L
bonding in [AnV0,L]" complexes. Meanwhile, in the [An"O,L]**
and [An""O,L]*" complexes, the covalent (orbital) attraction
energy (AEop) contributions are  dominant  over
AE.star- This confirms the discussions made based on An-N
bond lengths, where the actinyl-TEQ interactions were identi-
fied to be covalent in nature and QTAIM analysis. However, the
An-N interactions have significant electrostatic contributions.
Heptavalent actinyl complexes with shorter bond lengths are
seen to exhibit higher AE,,;, than hexavalent actinyl complexes
with relatively longer bond lengths. In [AnYO,L]" complexes,
the dominant AE..4.: can be attributed to their longer bond
lengths, i.e., slightly longer than the Pyykkod’s An-N covalent
bond length range, and unique metal-to-ligand spin delocalization.
On going from uranyl to plutonyl in their complexes, there is a
decrease in the AEeisae AEom, Pauli’s repulsion energy (AEpaui)
and total interaction energy (AEi,), except in the case of
[An*"O,L]** complexes, where an increase is observed in AE;, on
going from neptunyl to plutonyl complexes. The [Pu¥O,L]" complex
has a low AEj,, while the Pu(+VI, +VII) complexes are observed with
higher AE;,; compared to other actinyl complexes in their respec-
tive formal oxidation states. This confirms the periodic trend
observed in the thermodynamic parameter, AE, where plutonyl-
(+VI, +VII) complexes exhibited higher AE, while plutonyl(+V)
complex had the lowest AE among other actinyl complexes in their
respective formal oxidation states. It is worth noting that the
highest possible heptavalent oxidation state of Np*™ was retained
on complexation, and the complex has high stabilizing energy
contributions. On the other hand, the highest energy contributions
among all complexes were observed in the Pu"" complex (in which
Pu was stabilized at an assigned +VI oxidation state on complexa-
tion). This indicates that the shift to a lower oxidation state (i.e.,
+VII — +VI in Pu) does not necessarily indicate a reduction of Pu,
but rather a redistribution of electron density that stabilizes the
plutonyl-TEQ bonding. As seen in the energetics, the EDA energy
values computed at the PBE and PBE-D3(B]) level of theory also
show comparable trends across the actinide complexes, confirming
the prominent covalent nature of interactions. However, the
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dispersion energy (AEqsp, Table S11, ESIT) contributes an average
of —11.32 kcal mol™" to AEj, of complexes. This AEg, is
observed to stabilize the complexes by increasing the AE;,, (by 4
to 6 kecal mol ), and this is consistent with a previous report.*’
Furthermore, EDA computed with the hybrid: PBE0-D3(B]) func-
tional shows a higher magnitude of energy contributions compared
to PBE and PBE-D3(B]) functionals. The PBEO-D3(BJ)-computed
values (Table S12, ESIf) show the high values of AE;,, which
increase from heptavalent neptunyl to plutonyl complexes. This is
attributed to an increase in AE,,, and decrease in AE,) 4, while the
opposite was observed from the results of the GGA-based
functionals.

The results of the ETS-NOCV analysis (Table 9) show the
orbital energy component and the dominant deformation
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densities. For i = 1, a prominent mix of density inflow and
outflow from the actinyl centre can be observed from its
deformation density contour. This indicates nearly equivalent
contributions to and from the actinyl cation in the complexes,
which supports the observation of higher negative NPA charges
on N atoms of TEQ in the complexes, pointing to significant
back donation from the actinyl to the ligand that stabilized the
conjugated ring system. The other dominant deformation
densities point to TEQ — An electron donation through both
o bonding interactions between N and An. The energetic
stabilization values (AES™) are in the following order:
[An""0,LP*" > [AnY"O,L]*" > [AnYO,L]', which corresponds
to the trend observed in previously discussed geometric para-
meters. There is a decrease in the total AES™, i.e., of all i, on

Table 9 ETS-NOCV analysis of the orbital energy component (AEP™) between the actinyl and TEQ, and the corresponding contours of deformation
densities (iso-surface value 0.0025) computed at the PBE/TZ2P level of theory

AE™ (keal mol )

i Orbital type U Np Pu Dominant NOCV (([NpO,L]**) used for representation)

[AnO,L]" —35.72 —30.13 —29.07

[AnO,LJ** —66.94 —51.76 —53.67

[AnO,L** — —125.28 —148.70
1 c

[AnO,L]"" —35.23 —28.25 —28.19

AnO,L*" —42.16 —49.47 —46.02

[

[AnO,L]** — —105.68 —106.65
2 G

[AnO,L]" —20.11 —16.92 —13.34

[AnO,L** —32.97 —36.21 —41.00

[AnO,LJ** — —84.56 —78.93
3 c

[AnO,L]" —14.45 -15.12 —12.34

nO, —28. —22. —19.

[AnO,L** 28.02 22.22 19.09

[AnO,L** — —61.12 —48.05
4 c

[AnO,L]"" —11.80 —-10.20 —9.22

no, —18.05 —22. -18.5

[AnO,L > 18.0 22.04 18.53

[AnO,LJ** — —31.72 —24.78
5 c
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moving from U to Pu: [Np""O,L]*" (408.4 kecal mol™") >
[Pu""O,LJ*" (407.1 keal mol ™) » [UY'O,LP** (188.1 keal mol ') >
[Np""O,LJ*" (181.7 keal mol ") > [Pu”"O,LJ* (178.3 keal mol %) »
[UYO,L]" (117.3 keal mol™*) > [NpYO,L]" (100.6 kecal mol ') >
[Pu’O,L]" (92.2 keal mol™*). The higher AE™ values point to
better binding between TEQ and the actinyl cation. The trend in
AES™ corresponds to that observed in AE,y, from EDA, suggesting
more covalent character in the [An'"O,L]*" complexes that
decrease across the An series (i.e., U to Pu). However, as discussed
based on the EDA results at the PBE0-D3(BJ) level where an
increase in AE,y, of heptavalent actinyl complexes from Np*" to
Pu¥" was observed with an increase in AEj,,, this can be confirmed
from the first three major contributions i = 1-3, where AE™ is
higher in Pu"™ than Np*™ complexes.

4. Conclusions

The new TEQ ligand with two terminal anisole substitutions
was studied for its high-valent (+V, +VI and +VII) actinyl (U-Pu)
complexation ability using DFT studies. These computationally
modelled TEQ-actinyl complexes in their low energy insertion
isomeric form exhibited short An—0 polar covalent bonds and
relatively long An-N coordinate bonds. The bond lengths were
observed to slightly decrease across the series, and also on
going from heptavalent actinyl-based complexes to pentavalent
actinyl-based complexes. These changes were attributed to the
decreasing ionic size of the actinides. From the bond orders, it
was confirmed that the An—O0 bonds were stronger and shorter
than the An-N bonds. The geometric properties computed with
the PBE-D3(BJ) functional showed negligible difference from
the PBE-computed values, pointing to the lack of influence of
dispersion correction and B] damping on the geometry of the
complex. The bond orders decrease from uranyl to plutonyl in
their complexes, indicating decreased binding in the latter due
to the localization of 5f-orbitals. N1 and N3, which are closer to
the anisole substitutions, showed higher bond orders. However,
they have no significant effect on enhancing the binding affinity
of TEQ with actinyl ions. The charge distribution suggests LMCT
on complexation, while there is significant back donation from
the metal to the ligand to stabilize the individual quinoline
units, specifically in the pentavalent actinyl-TEQ complexes. The
metal-to-ligand back donations are an enhanced stabilizing
factor seen in TEQ complexes, owing to its extended n conjuga-
tion compared to the porphyrin molecule. The spin density on
the interacting atoms of the actinyl-TEQ complex computed
through NPA pointed to the metal-to-ligand spin delocalization
observed only in the [AnYO,L]" complexes. The calculated oxida-
tion states using PBE0-D3(B]J) functional indicate that the Np(vn)
retained its formal oxidation state on complexation, while the
formal Pu(vn) shifted to Pu(vi) on complexation. The latter
indicated that the hexavalent oxidation state is a stable high
oxidate state. QTAIM analysis showed the electron density at the
bond critical points to be closer to the more electropositive An,
indicating the quenching of An’s cationic charge by the hetero
donor atoms (i.e., axial O and equatorial N). Furthermore, the
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energetics associated with the complex formation reaction
pointed to the spontaneity of the reaction at lower temperatures
(i.e., less than 298.15 K), while the DCM solvation decreased the
magnitude of the energy values, indicating lowered feasibility
caused by charge effects. From the EDA, it was interesting to
note that in [AnYO,L]" complexes, the electrostatic energy con-
tributions were dominant over the orbital energy contributions.
Meanwhile, in [An""0,L]** and [An*"'O,L}** complexes, the orbi-
tal energy contributions were dominant and this explains their
covalency. The dispersion effects computed at PBE-D3(B]J) stabi-
lized all complexes (around 4-6 kcal mol™') more than PBE,
while the trends among the complexes remained the same.
Furthermore, the ETS-NOCYV analysis confirms that the signifi-
cant back donation from the actinyl to the N atoms of TEQ
significantly stabilizes TEQ’s conjugated framework, and sup-
ports the prominent covalent character of the [An""O,L]** com-
plexes over the [An""O,L*" and [AnYO,L]" complexes.
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