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Abstract

The need for efficient macrocyclic ligands that can sequester U(VI) has gained immense
importance due to the increased applications of U(VI) in various sectors, including but not
limited to nuclear energy. Structural attributes such as number and type of donor centers
(“hard” and “soft”) of ligands are essentially the key components for providing the adequate
bonding scenario for uranyl. Beside hard or soft-donor-based binding cavity, the mixed-
donor ligands are also finding popularity for achieving optimized performances. However,
many aspects are still unknown about how and at what extent the ratio of hard-to-soft
donor centers tune the bonding attributes with uranyl. Moreover, a consensus is yet to be
reached on the nature and role of underlying covalent interaction between U and donors
upon complexation, particularly in the mixed-donor ligand environment. In this work, using
relativistic density functional theory (DFT), we attempted to address these important issues
by systematically investigating the impact on the bonding characteristics of uranyl ion and
an expanded porphyrin, viz. sapphyrin with increasing number of 'O’ substitution at the
cavity. Our results suggest that in the O-substituted sapphyrin variants, UO3" prefers to
bind N over O donor sites, and decrease in N donor sites at the cavity prompts UO3" to
have better interaction with the rest of N donor centers. Extended transition state (ETS)
with natural orbital for chemical valences (NOCV) analysis shows that at equatorial plane N
acts as better o donor to uranyl than O donor. Molecular orbital (MO) and density of states
(DOS) analysis shows favorable bonding-interaction between U(d) and donor’s p orbitals,
the participation of U(f)-orbitals in bonding are of low-extent but non-negligible. Energy de-
composition analysis (EDA), natural population analysis (NPA) along with thermodynamic
analyses confirms the dominance of electrostatic interaction on the thermodynamic stability
of the complexes. However, the U-N/O bonds at the equatorial plane do carry appreciable
amount of covalent character. Analysis of quantum theory of atoms in molecules (QTAIM)
descriptors in conjugation with MO analysis and overlap integral calculations confirms its

nature as near-degeneracy driven type. Statistics of mixed-orbitals and overlap integral fur-



ther suggest that the O donor does not act as adequate replacement of N for uranyl binding

despite having more number of mixed MOs due to the variation in the amplitude of overlap.



1. Introduction

The coordination chemistry of uranium (U) has been a pivotal research field that excites
many branches of science and engineering communities. Apart from being an indispensable
resource for nuclear energy,! the photophysical properties of uranium complexes®? have
enhanced the importance of selective extraction of uranium from different matrices (e.g.
aqueous waste). This has been central to the nuclear industry involving sectors such as
mining of uranium, fabrication of nuclear fuel and reprocessing of the burnt fuel,* and also
found potent applications in environmental remediation.>® Amongst the several oxidation
states of uranium, U(VI) is ubiquitously available (as UO2") in the radioactive wastewater,
ocean water and soil due to the higher solubility of UO3*. And, therefore the hunt for
task-specific ligands that selectively sequester UO5" have become an integral part of this
field.”8

In the context of nuclear waste management, the choice of such ligands depend on two
important criteria: A) the ligand should possess unique properties to selectively bind the
actinide metal of interest with high affinity, and B) the secondary nuclear waste generated
from the extraction process should be less toxic and incinerable.? While the characteristics
of donor centers, the cavity size and the backbone assisted conformational rigidity /flexibility
(albeit at balanced proportion) within the ligand mainly decides its sequestering ability (i.e.
fulfills criterion A), the second criterion is largely satisfied if the composition of the ligand
has carbon (C), hydrogen (H), oxygen (O) and nitrogen (N) (i.e. follows CHON principle).?

1011 calixarenes, 2 cucurbiturils, ® pyrrole-

In this regard, macrocycles such as crown ethers,
based expanded porphyrins!4 16 has gained popularity as promising candidates.
Experimentally, it has been perceived that the modulation of cavity size by expanding
the porphyrin ring can make it accessible for complexation with f-block elements. 45 Recent
reports on synthesis of series of An(IV) complexes with a class of expanded porphyrins has

made a strong case on its applicability in actinide extraction. While these ligands contain

soft N as the donor center for such task, ligands such as salens,!” pyrrophen utilizes both



soft N and hard O as the donor atoms to bind hard uranyl cation.'® This has immense
implications in the presence of interfering cations. Following Hard-Soft-Acid-Base (HSAB)
concept, it may be advisable to choose macrocyclic ligands with hard oxygen donor center
for cation like U(VI), however, the extensive presence of lanthanides and other alkali metals
within the nuclear waste often throws competition toward the efficiency of actinide extrac-
tion. Therefore, significant studies!?2! have been devoted on exploring how other alternative
donor center such as ‘N’ ‘S’ or mixed-donor center (N,0) based ligands perform in chelation.
Undoubtedly, availability of sophisticated quantum-mechanical techniques such as density
functional theory (DFT) and advancement of tools that utilizes the orbital and density-
based information have paved the way for understanding the actinide complexation with
macrocycles in depth.?%?3 Theoretical investigations on the uranyl complexes with variants
of hexaphyrin ligands indicated that the change in size and shape of ligand’s cavity modu-
lates the ionic/covalent character of metal-ligand bonds and subsequently alters the binding
affinities. %4

Further, recent computational study?' led by some of us suggested that the change in
donor center may tune the selectivity for specific actinide metals but could also potentially
impact the thermodynamics of complexation. The perturbation of electronic structures with
different set of donor centers often serve as an important attribute behind this, and the
interaction of metal’s 5f and 6d along with relevant s and p orbitals of donors plays its
part on the involved energetics.?® Therefore, optimization on the number of hard and soft
donors within the ligand core is an important factor on achieving a delicate balance between
selectivity and binding affinity, and are central to the design principle for these ligands.
However, there remains scarcity of knowledge on how systematic change of donor type and
their ratio in mixed-donor environment impact the overall structure of complexes and the
binding ability of ligands, and how that can be correlated with the subsequent alteration in
the metal bonding properties.

Here we attempt to investigate these aforementioned issues using state-of-the-art rela-



Figure 1: Schematic structures of sapphyrin, and oxasapphyrin analogues with varying N:O
ratio. The name of the ligand indicate the number and type of donor center (e.g. ‘4N10’
indicates that the corresponding ligand has four nitrogens and one oxygen donor atom.).N
and O donor centers are shown in blue and red color, respectively. The two types of dihedral
angles and associated indices are shown in brown color.



tivistic density functional theory (DFT) combining both orbital- and density-based analyses.
We focus on the uranyl binding, and the architecture of oxasapphyrin are chosen as the design
basis for complexation (cf. Fig 1). The choice of ligand can be justified because the cavity
of oxasapphyrin provides penta-coordinated atmosphere with adequate cavity size (5.5 A) to
the uranyl ion as evident from the corresponding crystal structure of the uranyl-bound ox-
asapphyrin complex.?® Further, the backbone of ligand can be expected to provide a greater
extent of conformational rigidity to the ligand core, which is somewhat beneficial for com-
paring the bonding of uranyl cation with different ligand variants with different N:O ratio.
We analyze the effect of donor center on complexation by considering three O-substituted
sapphyrin variants that differs from each other with respect to the N:O ratio at the ligand
core (cf. Fig 1). We primarily focus on understanding how and at what extent the varying
ratio of N and O donor within the cavity alter the bonding attributes of uranyl ion and
change the characteristics of metal-ligand bond at the equatorial plane. Applying a range of
well-established methods such as quantum theory of atom in molecules (QTAIM), molecu-
lar orbital (MO) theory and energy decomposition analysis (EDA) with extended transition
state-natural orbital chemical valence (ETS-NOCV) and density of states (DOS), we scru-
tinize the perturbation of ionic and covalent character of U-N and U-O bonds. Further, we
attempt to assess the possible influence of altered bonding features over the thermodynamics

of complexation.

2. Computational and Analysis Methods

Here, we have considered sapphyrin as well as three analogues of oxasapphyrin ligand that
contains different ratio of N and O donor centers. For better understanding, we named
the ligands(L™; n=charge) based on the number and type of donor atoms: 5N, 4N10O,
3N20 and 2N30. For instance, ‘4N10’ indicates that the corresponding ligand has four N

and one O donor atom. The initial structural coordinates for geometry optimization of the



uranyl-oxasapphyrin complex (UO2.4N10) were taken from the reported crystal structure by
Sessler et al.?% Structures of other ligands were custom-made by altering the donor centers.
Notably, the feasibility of synthesizing such furan-pyrrole macrocycles following sapphyrin
template has been demonstrated few-decades back by Broadhurst et al.?” Owing to the high
basicity at NH group of ligands, one can anticipate them to get deprotonated first in order
to effectively bind the electron-dearth uranyl center. Keeping this in mind, we considered
deprotonated form of the ligands as the primary reactant for the complexation. Among all
the ligand variants, the sapphyrin (i.e. 5N) unit contains five N centers, and therefore it
provides a pure environment that is devoid of any effect of O donor. Whereas, increasing
number of O donor with subsequent decrease in N donors progressively enhances the role of
O donor at the cavity as we approach from 4N10 to 3N20 to 2N30.

Gas phase optimizations of all these structures were performed with tight energy con-
vergence criteria (107® E;,) using the pure-GGA BP86 functional?®% with def2-TZVP basis
set30 for all the elements except uranium, where def-TZVPP sets®' were used for the de-
scription of the valence electrons. During the optimizations, relativistic small-core effective
core potential3*33 (SC-ECP) was used to model the core electrons of uranium. The confir-
mation that the optimized structures attained the potential energy minima was obtained by
the absence of imaginary frequencies through analytical frequency calculations with the AO-
FORCE module of TURBOMOLE v7.2.3* Thermodynamic quantities were evaluated with
the FREEH module applying the default scaling factor (0.9914) at temperature (298.15 K).
Single-point calculations on the optimized structures were performed at B3LYP3%3¢/def2-
TZVP level with zeroth-order regular approximation®” (ZORA) using ORCA 3.0.3.%® For
both optimization and energy minimization, the Resolution of Identity (RI) (for optimiza-
tion) and RIJCOSX?? (for single points) approximations were employed in conjugation with
the corresponding auxiliary basis sets to achieve optimum computation speed without losing
much accuracy. The effect of implicit water solvation was accounted using the conductor-

like polarizable continuum model®® (CPCM) (e=80.4, n=1.33), as implemented in ORCA



3.0.3. For the explicit solvation effects at the primary solvation shell of uranyl cation, we
have used penta-hydrated uranyl for the binding free energy calculations (AGy;ng, equation
1). Note that, previous experimental and theoretical studies suggested five water molecules
can remain directly coordinated with the uranyl center to complete its first coordination
shell thus justifies the choice of hydration model of uranium.**? To be confident about the
obtained trend in AGy;,q, an additional set of calculation were performed using two other

density functionals (BP86 and B2PLYP*3).

[UOy(H:0)s)0 + Lty = [UOL2" + [(H20)5]a (1)

To understand the extent of participation of metal and ligand orbitals into the complex
molecular orbitals, we performed molecular orbital (MO) analysis using ORCA-generated
Léwdin orbital compositions. In addition, for deciphering the bonding/antibonding charac-
ter of the orbital interactions, we studied the overlap population of density of state (OPDOS)
for U(p,d,f)-O/N interactions. Further, in order to scrutinize the energetic contributions
associated with the binding of uranyl, Kitaura and Morokuma’s energy decomposition anal-
ysis? (EDA) was employed on the optimized structures at the BSLYP/TZ2P* /ZORA level
using ADF 2017.%¢ Within the framework of EDA, the bonding energy (AEyy.q) of the
complex is decomposed into following interaction terms: stabilizing electrostatic interaction
(AE;on), orbital interaction (AE,,;) arising from the orbital relaxation of fragment molecular
orbitals (FMOs), and repulsive Pauli exchange interaction from the fragments of same-spin
(AEpau;). Further, AE,,;, which also accounts for the charge-transfer and polarization en-
ergy, was decomposed applying Extended Transition State (ETS) theory in combination
with the Natural Orbitals for Chemical Valence (NOCV) method?” to elucidate the vari-
ous deformation-density channels of o /7 /back-donation between the chosen fragments (i.e.
UO3" and L™, n=charge of the ligand).

For partial charge analysis, we employed Natural Population Analysis (NPA), which ar-

guably has been shown to works better in describing the actinide-ligand bond with minimal



basis-set dependency.*®% Furthermore, to understand the variation of ionic and covalent
character in uranyl-ligand bonding, we evaluated the trends in various QTAIM descriptors,
namely charge density(p), Laplacian of the electron density (V?p), the kinetic energy density
(H(r)), the ellipticity(e) and the ratio of the potential energy to the Lagrangian kinetic energy
ratio (|V(r)/G(r)|). Notably, Bader’s QTAIM analyze the bond by partitioning molecular
electron density (p(r)) region at zero flux surface and explains bond formation by a (3,-1)
bond critical point (BCP). The properties at the BCP contain nontrivial information related
to the electron density sharing and provide quantitative basis to comment on the nature of
covalency (overlap-based or near-degeneracy driven).255053 Within QTAIM framework, 5455
p(r)) < 0.2 e¢/Bohr3, positive H(r) along with positive V2p at BCP suggest closed-shell inter-
action, whereas p(r) > 0.2 ¢/Bohr?® with negative V?p indicates covalent interaction between
two coordinating atoms. A negative H(r) along with a positive V?p indicates an intermediate
type interaction like polar covalent.?%5 For more details on the QTAIM method, we refer

the readers to the following original work.?* 56

3. Results and discussion

3.1. Structural perturbation in bare ligands with varying N:O ratio:

As an important and rational step, we first analyze the structural changes within the ligands
upon O donor substitutions. As mentioned earlier, sapphyrins are known to have strong basic
properties®” so the deprotonation of the pyrrole NH group (of ligand containing NH) appears
to be a prerequisite step before complexation with uranyl ion. It is important to mention
here that 5N ligand-variant in Figure 1 contains three such NH groups (in pyrrole ring 1,3,4)
in its protonated form, which makes the N of pyrrole ring 1,3,4 more basic as compared to
other N donor (i.e. in pyrrole ring number 2 and 5). Keeping this in mind, throughout
the paper, we provide separate results for two of these classes of N donor (except in ‘2N30’

where only one class of N donors exist). This approach also seems logical considering the
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fact that the substitution with O donor is performed at the NH site. This could trigger an
enhanced localized change in the electron density distribution at the replaced site. In fact,
later in this article, we would show that these two classes of N donor centers indeed have

some variations which categorically separate them from each other.
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Figure 2: Change in cavity size and dihedral angle fluctuation within the bare ligands and
complexes.

We scrutinize the structural perturbation within the ligand by analyzing two geometrical
aspects, namely cavity size and dihedral angle distribution (cf. Figure 2). The average cavity
size (in A) is determined by averaging the sum of distances between alternate donor centers.
We noted that increasing O donor centers at the ligand core prompts a steady decrease in
the average cavity size values. In order to comment on how it perturbs the coplanarity of
the ligand core, we relied on the distribution of five dihedral angles (‘I'-‘V’) that are formed
between the adjacent pyrrole rings involving their donor center (cf. figure 1). We found
that among all the dihedral angles, distortion in absolute sense is maximum for ‘I’ (i.e. for
the plane connecting ‘3’ and ‘4’ pyrrole ring) irrespective of the donor center composition of
ligand core. This is in accord with the experimental observation® and can be attributed to
the lack of meso carbon atom between ring ‘3’ and ‘4’. As a consequence, the nearest two
torsions (i.e. ‘II” and ‘V’) of ‘I’ get affected more as compared to ‘III” and ‘IV’. Importantly,
it is evident from figure 2 that change in the ratio of N:O does not substantially (< 4°

change in coplanarity) perturb the coplanarity of the ligand core but rather helps in tuning
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the cavity size, which indeed provides confidence about the conformational stability of the

ligands.

3.2. Structural changes in uranyl complexes with varying N:O ratio

of the ligand:

[UO,.5NT [UO,.4N10] [UO,.3N20]* [UO,.2N30]*

Figure 3: Optimized structures of the UOy-ligand complexes. (Color code: U: yellow, O:
red, N: blue, C: deep grey, H: light grey)

Table 1: Optimized structural parameters involving the central uranium and donor atoms
(X =N,0).

U-X,, bond length (A)* U-Oge Uge-U-Ogee
Complex U-Xi34 U-N bond length bond angle
U-N U-0 25 (A) )
5 <
[UO4.5N]~ 2'540’(3'218’) 2.548 2.606, 2.609 (2.607)  1.795, 1.796 (1.795) 178.3
[U0.4N10] 2.472, 2.475 (2.473) 2.762 2.585, 2.591 (2.588)  1.788, 1.788 (1.788) 174.0
z [2.450,2.470 (2.460)] [2.791] [2.582, 2.586 (2.584)] [1.762, 1.767 (1.764)] [176.3]
=

[UO,.3N20]* 2.459 2'6(“;16528'()566 2.490, 2.552 (2.521)  1.781, 1.782 (1.782) 176.7
[UO,.2N30]+2 2'569’(3'2333 2.652 2.465, 2.467 (2.466)  1.775, 1.775 (1.775) 178.6
[UO,.5H,0]+2 2.464, 2'471’(3'2;% 2.490, 2490 1.765, 1.765 (1.765) 176.6

2Values in parenthesis correspond to the average values, ?Values within the square bracket correspond to
the crystal structure®® of [UO5.4N10]

Optimized structures of uranyl complexes are presented in Figure 3. The reported crystal

structure of [UO2.4N10] complex confirms that the arrangement of donor centers and the
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cavity size of 4N10O ligand are adequate for uranyl chelation. Our optimized structure of
[UO2.4N10)] is noted to be in excellent correlation with the crystal structure (RMSD: 0.835
A). For instance, the average U-N and U-O¢, bond distances are found within 0.03 A when
compared with the crystal structure.?® For all the ligands with N donors at pyrrole ring 1,
3 and 4, U-N; 34 bond length is always found to be smaller than U-Ng5 bond, indicating
much stronger interaction of U(VI) with the former N donors. Further, U-N; 34 bond length
is observed to decrease as one traverses from 5N to 4N10 to 3N20 ligand. Similar trend is
also followed by the U-Ny 5 and U-O,, bond lengths (cf. Table 1). These observations nicely
corroborate the overall decrease in cavity size of ligands (with increasing O donor centers)
after complexation, which allows U to achieve adequate interactions (shorter bond distances)
with ligand donors (cf. Figure 2). A quick comparison of U-O e, bond in [UO5(H,0)5)%"
with the U-O,, bond lengths (of ligand variants) suggest significantly shorter bond length for
the former. This possibly suggests that the constrained environment or the conformational
rigidity of the investigated expanded porphyrins has somewhat restrictive influence over the

U-O,, bonding strength.

3.3. Electronic structures of the complexes:

3.3.1. Partial charge analysis:

Table 2: Derived partial atomic charges (a.u.) of complexes and ligands using natural
population analysis (NPA).

NPA charges

Complex U Oar  O134 Niszs Nys  Charge transfer to [UOo]™ (LMCT)
[UO.5N]~  1.840 -0.598 - -0.509 -0.481 1.356

[UO2.4N10]  1.888 -0.579 -0.438 -0.513 -0.488 1.270

[UO2.3N20]"  1.928 -0.563 -0.433 -0.503 -0.525 1.198

[UO,.2N30]™ 1.976 -0.550 -0.441 - -0.535 1.124

Charge transfer analysis on the optimized structures can provide critical insight over the
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donor-acceptor relationship between the ligand and metal. It is important to note here that
the overall charge of the ligand (fully deprotonated) becomes more positive as we traverse
from 5N to 2N3O. Therefore, the partial charges obtained from NPA for uranium is found
to be progressively more positive toward 2N30 (cf. Table 2). Further, the negative charge
density (average) at the deprotonated Njs34 atoms is noted to be higher as compared to
the Ny 5 donor centers despite having shorter U-N; 34 bond length than U-Ny5 (Table 1).
Between N and O donor atoms, the partial negative charges were found to be smaller on O
atoms, which can be due to the difference in their electronegativity (i.e. “softness”). Our
obtained result suggests a decreasing trend in ligand to metal charge transfer (LMCT) as we
traverse from 5N to 2N30 ligand, which partly could be accredited to the decrease (i.e. more
positive) in overall charge of complexes toward 2N30. This has immediate impact over the
negative charge density on the axial oxygen (O,,) and U-O,, bond distances. As the charge
of the complexes become more positive (e.g. [U09.3N20]" and [UO,.2N30J*T), negative
charge on O, flows toward U, which leads to shortening of U-O,, bond length (Table 1)

with lower share of the negative charge on O, atoms.

Table 3: Wiberg bond indices and delocalisation indices for complexes.

Complex Wiberg Bond Indices | Delocalisation Indices
P U-Oge U-Oy34 U-Nizy U-Nps U-Op U-O;134 U-Nyzy U-Nos
[UO,.5N]~ 2049 0422 0.394 1.899 - 0355  0.326

[UO,.4N10] 2.072 0.174 0.476 0.404 1.929 0.146 0.413 0.343
[UO2.3N20]*"  2.089 0.209 0.490 0.463 1.951 0.181 0.430 0.403
[UO,.2N30|™  2.104  0.222 - 0.523  1.972 0.202 - 0.465

We also looked into the delocalization indices (DIs)®® and Wiberg bond indices (WBIs)
(cf. Table 3) to confirm on the electron sharing between the donor and acceptor atoms.
Indeed, these metrices indicated an increase in the bond-order for U-O,, with increasing
positive charge of the complex. The trends observed in both of these descriptors are in
excellent agreement with each other. A comparative analysis between U-O,, and U-N bonds

suggests larger electron sharing with N donor center and possibly indicates higher covalent
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character. Surprisingly, we noted an increase in U-N bond indices and shared electron
population despite the fact that the overall charge of the complex becomes progressively
positive toward 2N30. This observation probably suggests that the sequential increase in the
number of oxygen donor centers at the ligand’s core has significant influence over the U-N
bond and somewhat contributes to enhance its associated covalent character. To investigate

further on these aspects, we performed in-depth molecular orbital analysis on the complexes.

3.3.2. Molecular orbital analysis:

Scrutiny of natural electron configuration of uranium shows an increase in 5f electron pop-
ulation at the expense of 6d orbital as number of O donors increases at ligand’s cavity
(Supporting information, Table S1), suggesting the possible perturbation in the participa-
tion of 5f and 6d orbitals into bonding. However, it can be somewhat deceptive to comment
on the role of U orbitals with O donors at equatorial plane due to the dominant bonding
involvement of O,, atoms (with U). Nevertheless, the participation of s and p orbitals of
donor centers are found to have larger population indicating their strong participation into
bonding with U. To have more quantitative picture on this, we obtained count-statistics on
the number of mixed-orbitals for all possible type of interactions among uranium (s,p,d,f)

and donor-center(i.e. O.,/N) based orbitals (s,p).

(a) mmm U(s)-N(p) mmm U(p)-N(p) mmm Ud)-N(p) == U®H-N(p) (b) = U(s)-O(p) mmm U(p)-O(p) mmm U(d)-O(p) == UD-Op)
e U(s)-N(s) mmm U(p)-N(s) . U(d)-N(s) e U(f)-N(s) e U(s)-O(s) mmm U(p)-O(s) . U(d)-O(s) = U((H)-0(s)
33
A: [UO,.5N71]-
30 29 B: [U0,.4N10] 30

C: [UO,.3N201*
D: [UO,.2N30]*?

Number of mixed-orbitals

ABCD ABCD ABCD ABCD ABCD ABCD ABCD ABCD BCD BCD BCD BCD BCD BCD BCD BCD
Type of orbital-interaction Type of orbital-interaction

Figure 4: Count-statistics of mixed-orbitals based on involved metal and ligand orbital-type.
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Here, we define only those orbitals as mixed-orbitals which have metal and donor-
center(O,/N) contribution higher than 2% for the specific associated orbital type. For
the computation, orbitals with energy < 5 eV is only considered. For U-N interaction, the
obtained counts indicate that U(d)-N(p) interaction is the dominant among other possible
interactions with maximum number of mixed-orbitals, followed by the U(f)-N(p), U(p)-N(s)
interactions. Number of mixed-orbitals for U(s)-N(p), U(p)-N(p), U(d)-N(s) interactions
are noted to be comparable, whereas U(s)-N(s) and U(f)-N(s) interaction have least contri-
butions in the mixed molecular orbitals. Further, it is apparent from the trend that upon
replacement of N donors the number of mixed-orbitals involving N(s,p) decrease progressively
with subsequent increase in the U-O based mixed-orbitals. Such increase is particularly ev-
ident for U(d)-O(p) interaction. These results confirms that electron donation from O and
N donors majorly occurs into the empty d orbitals of U.

We further analyzed up to what extent metal and donors (O.,/N) contributes to the
mixed-orbitals by plotting a bi-dimensional histogram (Figure 4) for all the complexes. For
this analysis, we extracted those molecular orbitals which has higher than 2% metal character
(with summed contribution of s, p, d and f) as well as 2% donor-center character (with
summed contribution of s and p). The resulted plot suggests that irrespective of the complex
type, majority of the mixed-orbitals are those which carries lower percentage (< 20%) metal
and donor center character. Interestingly, we found that with increasing O donor at the
cavity leads to gradual increase to such instances.

Finally, we gauged into the U-based molecular orbital (MO) energy diagram to com-
ment on its distribution with respect to the orbital energy (eV) (Figure 6 and Supporting
information, Figure S1). It can be perceived from the plot that U(f)-based MOs above the
highest occupied molecular orbital (HOMO) remain majorly localized with significant % of
f-character. Whereas, some of the MOs with moderate f-character stays well below HOMO,
suggesting U(f) orbitals do participate into bonding, albeit, in small extent. Another inter-

esting observation is the successive stabilization of p, d and f-based low-lying occupied MOs
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indicates % of specified metal-orbital character in that molecular orbital.
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as we move towards ligands with more oxygen donor center. This stabilization can be linked
to the difference in the distribution of s and p orbitals of O and N donor centers in bare
ligands (supporting information, Figure S2). Close inspection on the distribution of s and
p orbitals of donor centers indicates that s and p-based orbitals of N majorly lie close to
HOMO while such orbitals of O are relatively low-lying in nature. More number of O donors
and subsequently lower number of N donors within a ligand apparently reduce the energy of
mixed bonding orbitals with U (p,d,f) occupied orbitals. Further, within the range (-5,+15
eV), majority of the U(s), U(p) and U(d)-based MOs are found to lie as virtual unoccupied
orbitals with low to moderate contribution. The larger spread of diffused d-based MOs as
compared to the f-based MOs nicely correlates with the greater participation of U(d)-orbitals
into bonding (Figure 5). In order to have a qualitative understanding on ligands with five
oxygen donor centers, we also looked into the MO energy diagram of UO,(H20):" (Figure
6 and Supporting information, Figure S1). Evidently, with the increase in O donors, the
distribution of U-based MOs somewhat converges to the case of UOy(H20)2". The large
HOMO-LUMO gap of UO,(H20)2" as compared to the studied complexes may be accredited
to the different composition of donor centers and conformational rigidness of ligands that
possibly reduces the degree of freedom of ligand to inhibit relaxed metal-ligand bonding.
Further, to comment on the bonding/antibonding character of the complex MOs formed
by the interaction of U(p,d,f) with donors, we analyzed the overlap population density of
states (OPDOS) (Figure 7). The plots show in occupied MOs, f and d orbital of U par-
ticipate in bonding interaction (i.e. stabilizing) with the donor center irrespective to the
donor type, whereas interaction among U(p) orbitals and O/N is of antibonding type (i.e.
destabilizing). Further scrutiny on the overlap population suggest that the intensity of such
bonding interaction is significantly higher for U(d) as compared to U(f). Close inspection
of OPDOS of donor center with respect to the bonding interaction reveals higher extent of
bonding character for U(d,f)-N as compared to U(d,f)-O. It is not only indicative of higher

covalent character for U-N bonds but also suggests that the replacement of N with O does
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not compensate or makeup for the stabilizing bonding interaction.
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Figure 7: The overlap population density of states (OPDOS) diagram for all complexes. Left
panel shows OPDOS plot for U(p,d,f) and N donor centers. Right panel shows OPDOS plot
for U(p,d,f) and O donor centers at equatorial plane of U. The energy level correspond to
HOMO of the complexes are shown using vertical dashed lines.

Effect of donor substitutions on orbital mixing and overlap integrals:

As mentioned in the preceding section, the increase in O donors led to increase of those mixed-
orbitals which contains lower contribution of U and donors (< 20%) (Figure 4). Further, this
also leads to increase in the total number of mixed-orbitals as follows: 62 ([UO5.5N]~) < 70
([UO2.4N10]) < 79 ([UO2.3N20]") < 86 ([UO,.2N30]*"). Thus, it indicates an enhanced
orbital-mixing between U and O donors. To get further insight on the orbital-mixing and its
intensity, we computed overlap integrals that accounts for the overlap of fragment orbital i
and j at the basis of fragment MOs (S;;, equation 2). In order to focus exclusively on the
overlap at the equatorial plane, we have chosen UO3" and L™ (n=charge of L) as fragments

and computed the overlap-matrix using Multiwfn. %

Sy = [ eitr)oyr) dr ¢
For the analysis with overlap-matrix, we screened the fragment molecular orbitals (FMOs)
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based on the U(> 20%) and O,,/N donor character, respectively. For FMOs with N
character(> 20%), the resulted histograms shows sharp reduction in the frequency of S;;
upon decrease in number of N donors(> 20%) (Supporting information, left panel, Figure
S3). Whereas, for FMOs with O, character, we noted an enhancement in the instances
of overlaps between the fragments as we traverse from 4N10 to 3N20 to 2N30O, but with
relatively low magnitude as compared to the case of N donor (Supporting information, right
panel, Figure S3). This suggests that the replacement of N with O does not proportionately
counter the decrease in overlap occurrences. Further, it can be noticed that the maximum
value of S;; is higher for N-donor based fragments as compared to O-donor-based fragments,
supporting better overlap between FMOs with U and N character. Note that, as the consid-
ered FMOs are not pure metal or O.,/N orbitals, the present analysis cannot provide exact
information about the U-O/N overlap. Nevertheless, it effectively captures the changes in

the degree of overlap upon donor substitution. These observations commensurate well with

our findings of MO and DOS analysis.

3.3.3. Energy Decomposition Analysis (EDA) with ETS-NOCV:

We now focus on the energetic contribution associated with the donor-acceptor bonding.
Here, we rely on EDA calculations using same fragment compositions (i.e. UO3" and L")
that we used in overlap-matrix generation. As mentioned earlier (see Computational section),
EDA decompose the bonding strength of fragments (AEy,q) into various energy-components
(AE;on, AEqb, AEpyu;) (Table 4). Evidently, electrostatic interaction (AE;,,) acts as the
major stabilizing component in the bonding energy. We noted that with increase in O donor
at equatorial plane the repulsive AEp,.;; also increases, suggesting progressive destabiliza-
tion due to the enhanced interaction between the electrons of UO3" and ligand with same
spin. The important role of AEp,,; into the overall strength of interaction can be clearly
understood by noting the trend in AFEy,,4. Interestingly, we noticed an increase in the per-

centage of AE,,;, contribution (into AEg,,q) from 5N to 2N30. This can be rationalized with
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our prior analysis of mixed molecular orbitals. The increase in the number of mixed-orbitals

with more O donors allows larger orbital contribution.

Table 4: Contribution of interaction energy terms from EDA analysis of the complexes.*

Complex Pauli repulsion (AEp,,;) Electrostatic Interaction (AE;,,) Orbital Interactions (AE,;) Total bonding Energy (AEyonq)

[UO,.5N] 187.31 (-23.19 %) -718.31 (88.96 %) -276.41 (34.23 %) -807.41
[U0,.4N10] 186.16 (-28.76 %) -567.89 (87.75 %)) -265.40 (41.01 %) -647.13
[U0,.3N20]+ 182.22 (-37.63 %) -415.49 (85.81 %) -250.90 (51.81 %) -484.18
[UO,.2N30]+2 170.90 (-53.23 %) -255.18 (79.49 %) -236.74 (73.74 %) -321.02

All values are in kcal.mol~!. %Values in parentheses correspond to the individual contributions of AE;,,,
AEpauii, and AE,,; in the total bonding energy (AEponq)-

Another approach to understand the orbital energy contribution is to breakdown AE,,;
into pairwise contribution of the relevant molecular orbitals (AE¢"®) to characterize o and 7
bonds between molecular fragments applying ETS-NOCV scheme.

N/2

AE,, =Y AEY (3)

k=1

Several deformation density channels that contribute in the AE,,, values significantly
are shown Figure 8. The flow of electron density occurs from red (depletion) to blue zone
(accumulation). For all the complexes, first two dominant deformation density channels
(Ap1, Aps) indicate charge transfer from N donor to the metal center via o donation, and
contribute significantly with AE, ranging from -27.3 to -47.9 kcal.mol™'. The o-donation
from O atoms (of ring 1) are visible in the second deformation density channels of 4N10O,
3N20 and 2N30O. The contribution of other O atoms at the equatorial plane is found to
be of weaker intensity. Interestingly, for uranyl complexes with 5N and 4N10, Ap, and
Aps density channels shows 7 back-donation from metal center to the N, whereas no such
instances are noted for rest of the complexes. The overall charge of these complexes can be
a contributing factor behind this observation. The change in charge of the complexes makes
U more positive (see NPA analysis) and subsequently less capable for back-donation as one

approach from 5N to 4N10 to 3N20 to 2N30.
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Figure 8: Important deformation density channels with eigenvalues of the complexes from

ETS-NOCYV analysis. (isovalue: 0.003 au). All energy values are in kcal.mol ™!
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3.3.4. QTAIM analysis

Though, it is evident from the charge and MO analysis that U-N bond has more covalent
character as compared to U-O,, bond, the interpretation about the nature of such covalency is
somewhat difficult solely on these analyses. Based on the perturbation theory, the interaction
between metal and ligand orbital may lead to two-types of covalency, namely overlap-driven
and near-degeneracy driven covalency. The dominance of one over another is determined by

following equation:

H
? J

A\ —

Where, A is the first-order mixing coefficient, H;; is the off-diagonal Hamiltonian matrix
element, and E?, E? are the energy of the fragment orbitals. Under the assumption of
Wolfsberg-Helmholz approximation, H;; is considered proportional to the overlap integral S;;.
Evidently, high A can be achieved either by better overlap of orbitals (i.e. high S;;) or through
the lower energy gap between the fragment orbitals. The former case leads to overlap-
driven covalency while the later results in near-degeneracy driven covalency accompanying
delocalization of electronic states with minimum overlap.

The analysis on the S;; at the preceding section throws some light into it as it suggested
the dominance of orbital interactions with significantly low overlaps (between FMOs) for
both the donors. The extent of the orbital overlap can be understood by quantifying the
charge build-up at the middle of the bond.?? In this regard, density-based QTAIM analysis
has worked as consistent tool. 21485075261 Sjenificantly small values of p(r) (<< 0.2 ¢/Bohr?)
and positive V?p for all the metal-ligand bonds at the equatorial plane indicate their pre-
dominant ionic character (Supporting information, Table S2). This complements the results
of EDA and also supports the higher population of low overlap integrals (Supporting infor-
mation, Figure S3). Though MO analysis indicates higher orbital-mixing in case of O donor,

the distribution of overlap integral indicates their low amplitude. QTAIM confirms that
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this has diminishing effect on the overall charge density. As a result, BCPs of U-N bonds
have higher p(r) than U-O,. The trend in H(r) further substantiate the higher covalent
character for the former, and in accordance to the p(r), such covalency carries signature
of near-degeneracy driven covalency. In agreement with the optimized parameter, QTAIM
descriptors also resolve the differential characters between Nj 5 4 and Ny 5, and suggest higher
covalent character for the U-Nj 54 than U-Ny 5. Further analysis of bonded radii, Ry, (i.e. dis-
tance between the BCP and donor center) indeed confirms that the former has significantly
smaller Ry(N) than later (Supporting information, Figure S4). The ellipticity(e) data sup-
ports bond order analysis (WBIs and DIs, Table 3), suggesting much lower € for the U-O,,
bond as compared to the equatorial bond paths due to the cylindrically symmetrical nature
of former bond. This is possibly due to the presence of two m bonds in two perpendicular
planes along the bond axis resulting in formation of triple bond. Higher e of the equatorial
bonds indicates highly asymmetric electron density along the bond path.

It is evident from all these analyses that U prefers to bind with N than O atom. In this
context, analysis of the trend in R, data led to an interesting viewpoint on how N and O
donors compete to interact with U in the mixed-donor environment (Supporting information,
Figure S4). We believe that in case of 4N10, the presence of four N donor centers efficiently
compete with Oy for metal bonding to induce high Ry, (O7) value, whereas successive decrease
in the number of N donor centers in 3N20 to 2N30 helps in enhancing the interaction with
O donor and thereby reduces the associated Ry, (O) values. This finding also correlates with
the increasing trend in p(r) values of U-O bond as we traverse from 4N10 to 3N20 to 2N30.
Nevertheless, such substitutions with O donor also compel U to strengthen the existing U-N
interaction, which is visible with the simultaneous increase in p(r) values of U-N and U-O,,
values and decrease in associated bond-lengths with the increase in O donor atoms at cavity.
In fact, trend in the average S;; values per N atom follows the following order: 0.0029 (5N) <
0.0044 (4N10) < 0.0065 (3N20) < 0.0090 (2N30), and indicates that reduction of N donor

prompts better overlap between UO3" and remaining N atoms. Therefore, such competitive
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aspect could also act as an additional driving force behind the subtle change in bonding

characteristics of donor centers.

3.3.5. Thermodynamic stability of the complexes

Table 5: Thermodynamic data for complexes calculated using BSLYP functional.®

System Reorganisation Energy of ligand — AG AS AH

[UO,.5N]~ 23.0 -107.66  -0.02 -114.19
[UO,.4N10)] 9.3 -75.88  -0.02 -81.11
[UO,.3N20]* 8.2 4111 -0.01 -45.43
[UO,.2N30]2* 8.9 325 -0.01 -6.85

%all free energy values are in kcal.mol~!. AS values are in kcal.mol ' K~ unit

Finally, we draw our attention to the translation of the electronic structure calculations
into the thermodynamic stability of the complexes through the analysis of binding free ener-
gies (AGying) (Table 5 and Supporting information, Table S3). We found that the successive
substitution of N with O donor led to decrease in AGy;,q values with [UO5.5N] ™ as the most
thermodynamically favorable complex. This is in good agreement with the trend in EDA-
based AEy.,q and with the LMCT. Therefore, the electrostatic interaction and associated
charge-transfer act here as the deciding factor, which is not so surprising in the context
of charge variation of the ligands. Further, more covalent character of U-N bonds as com-
pared to U-O bonds helps gaining additional stability with higher population of N donors at
the cavity. Arguably, another aspect that might contribute to the overall stabilization of the
complex is via aromaticity. The idea of such chelatoaromatic stabilization has been pitched %2
back in 1945, and recent studies!?214® suggested it as an important contributing factor on ac-
tinide complexation. Here, we touch upon this aspect by analyzing the geometric Harmonic
oscillator model of aromaticity index (HOMA), which can be applied advantageously on frag-

ments as well as on the whole complex.% The extent of aromatic character is determined
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by the magnitude and sign of HOMA value. Positive value indicate the aromatic charac-
ter, while negative HOMA value suggest antiaromaticity. It is evident from the calculated
HOMA values of furan and pyrrole rings of ligands (with and without complexation) that
uranyl offers chelato-aromatic stabilization by enhancing aromatic character of the ligand
(Supporting information, Table S4). However, such stabilization is solely associated with
pyrrole rings as with increasing N donor substitution with O enhances the anti-aromatic
character within the ligand. Therefore, it corroborates well with the obtained trend of bind-
ing free energy. Apparently, the chelatoaromatic stabilization can be broadly considered as
the consequence of underlying electronic effects within the complex, that has been studied
in-depth in this work. Here, it is important to mention that unlike [UO5.4N10] complex
where experimental report on complexation is available,?% however, synthesis of [UO,.5N]~
led to many unsuccessful attempts and resulted into a dearomatized product with ‘-OMe’

substitution in the presence of methanol.%*

This is somewhat counter-intuitive to our pre-
dicted free-energy trend. Previous DFT investigation led by Shamov pointed possible few
reasons behind this including the highly basic nature of trianionic sapphyrin ligand (5N).5°
Undoubtedly, the simple reaction scheme used here is unable to capture the intrinsic mech-
anism behind the complex formation. The detailed investigation on this aspect is beyond
the scope of present study. Nevertheless, the trend in reorganization energies (of ligands)
suggests significantly higher positive value (+23 kcal.mol™!) for 5N as compared to other

ligands ( 49 kcal.mol™"), which also can be a contributing factor behind the experimental

difficulty on [UO9.5N]~ synthesis (Table 5).

4. Conclusion

The quest for macrocyclic ligands to efficiently sequester U(VI) has been on for decades.
Important structural attributes of the ligands such as the characteristics of donor-centers

(hard or soft) and their number at the cavity are known to controls the efficiency of the
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ligands by providing the essential bonding scenario for uranyl. Further, the composition of
donor-centers at ligand core becomes particularly important in case of mixed-donor ligand
environment. In this present study, with the aid of orbital and density-based analyses, we
scrupulously investigated how and at what extent change in the type and number of N and
O donors at the cavity of expanded-porphyrin impact the bonding characteristics of uranyl.
Our in-depth MO and DOS analyses show strong and favorable participation of U(d) into
bonding with donor’s p orbitals, U(f)-orbitals participate in much lower extent. Whereas, the
interaction of donors with U(p) shows antibonding characteristics. Our results confirm that
in the expanded porphyrins, UO3" has preference for N over O donor. Deformation density
channels obtained from the ETS-NOCYV analysis show that N and O both act as ¢ donor
to uranyl but the intensity of such donation is higher for former. The 7 back-donation from
uranyl to ligand is noted only for 5N and 4N10 systems, but the deficiency in charge transfer
restricts the capability of such back-donation for 3N20 and 2N30. EDA, NPA along with
thermodynamic analyses confirms the dominance of electrostatic interaction on the ther-
modynamic stability of the complexes. However, the U-N/O bonds at the equatorial plane
do carry appreciable covalent character, but analysis of QTAIM descriptors in conjugation
with MO analysis and overlap integral calculations confirms its nature as near-degeneracy
driven type. Based on statistics of mixed-orbitals and overlap integrals, we further demon-
strated that the O donor does not act as adequate or efficient replacement for uranyl binding.
Though, MO analysis indicated that the presence of O donors increases orbital mixing by
forming more mixed-orbitals with uranyl but the amplitude of overlap among FMOs does
not match with the N donors. It is anticipated that the findings presented in the present
study will not only help understanding the role of O substitution in expanded porphyrin but

also assist on setting design criteria for actinide chelation in macrocyclic environement.
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