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Abstract. Actinyl(VI) (An = U, Np, Pu, Am and Cm) complexes of thio-crown (TC) ethers have been
characterized using density functional theory. On the basis of the calculations, the “double-decker” sandwich
structure of AnO,(12TC4),*" and “side-on” structure AnO,(12TC4)** are replaced by “standing”
inclusion structures for AnO,(15TC5)** and AnO,(18TC6)?*. The actinyl monocyclic ether complexes
are found to exhibit conventional conformations, with typical An—Oginy and An-Sjigang distances and angles.
Bonding analysis by Weinhold’s natural population analysis (NPA), natural localized molecular orbital
(NLMO) and electronic decomposed analysis (EDA), shows that a typical ionic An-Sjignq bond with the
extent of covalent interaction between the An and S atoms due to the extent of radial distribution of the S-3p
atomic orbitals. As soft S-donor ligands, TC ethers may be candidate ligands for actinide recognition and

extraction.

Introduction

Actinide complexes are of both fundamental and practical interest, owing to their prevalence in
the nuclear energy industry, which is an important source of electricity.[1-3] Therefore, issues
related to nuclear fuel reprocessing and waste storage have to be addressed. Nuclear waste typically
contains both actinides (mostly U, Np, Pu, Am, Cm) and their fission products (including lanthanides,
Cs, Tc) in an aqueous environment.[4] The treatment of nuclear waste, involving either separation of
the actinides as useful commaodities or their immobilization for long-term storage, is dominated by
interactions with water.[5-8]

In aqueous solutions, uranium complexes exist mostly in the form of U¥'0,%*, whereas Np"'0,%*

and Pu¥'0,?* are substantially less stable, and AmO,** is metastable.[9-13] Published structural data
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reveal a smooth actinide contraction of actinyl bond lengths from R(U-O) = 180 pm to R(Am-O) =
175 pm.[14-17] The existence of CmO,* in solution has not yet been reliably demonstrated and this
species is considered unimportant in curium chemistry.[18, 19] The actinyl moiety is remarkable due
to the fact that it is, in contrast to similar d-element compounds, linear and has very short
metal-oxygen bond lengths, suggesting strong multiple bond character. Actinyl complexes normally
coordinate 4-6 monodentate ligands in their equatorial plane.[20-24] The f-elements, in contrast to
many d-block transition metals, are in general hard acids and therefore have a strong affinity for hard
O- and F-donor ligands. The choice of donor atoms has been a hot topic in the rational design of
actinide separation or sequestering ligands.[25-27] It is well-known that actinides form somewhat
more covalent bonds than lanthanides and therefore have slightly better affinities for soft bases such
as S-donor ligands.[28] This could potentially be exploited in the separation of actinide from
lanthanide cations.[29-31] One of the methods proposed for nuclear waste treatment involves the
coordination of actinide ions by polydentate macrocyclic ligands, thus exploiting the chelate
effect.[32, 33] Moreover, macrocyclic ligands could potentially be tuned to provide the best fit for
specific cations and oxidation states by varying the size of the ligand’s inner cavity.[34] There are
many types of macrocyclic ligands known to date with much attention having focused on N-donor
ligands. Another important family of macrocyclic ligands are crown ethers and thio-crown ethers, the
capacity of which to form stable complexes with transition metals is well-known.[35, 36] Recently,
several studies of crown ethers, both experimental and theoretical, have reported on the structural
characterization,[37] the equatorial bonding properties of the actinyl cations, and bonding trends
across the actinyl series.[6, 38] However, in-cavity complexes and the corresponding bonding
features between thio-crown ethers and f-elements are essentially unexplored.

Theoretical studies on the factors determining the stability and bonding interactions between
actinyls and thio-crown ethers could help in the development of new, more efficient separations
processes, and could elucidate the failure to prepare Cm"' and other late actinyl analogues. In this
study, a series of AnO,(L),*" complexes (An = U through Cm; L = tetrathio-12-crown-4 (12TC4),
pentathio-15-crown-5 (15TC5) and hexathio-18-crown-6 (18 TC6) have been systematically explored
using density functional theory (DFT). The structural parameters and their dependence on solvent
interactions have been examined. The orbital interactions and between actinyls and the coordinating

ligands, and the bonding trends across the serial from An = U to Cm, have been elucidated using
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various bonding analysis approaches.

2. METHODOLOGY

Calculations of the AnOx(L),%* (An = U, Np, Pu, Am and Cm; n = 1, 2; L = 12TC4, 15TC5 and
18TC6 complexes, their decomposed products, and the various ligands were carried out using
spin-unrestricted Kohn—Sham DFT. The scalar relativistic DFT calculations were performed with the
Gaussian 09[39] and ADF software[40, 41] for the geometry optimizations and vibrational frequency
analyses. The geometry optimizations, Mulliken population analysis[42] and the binding energy
analysis were initially carried out using the local density approximation (LDA)[43] and generalized
gradient approach with PBE exchange-correlation functional[44] as implemented in ADF 2016.106.
The scalar zeroth-order regular approximation (ZORA)[45, 46] was used in conjunction with Slater
type orbitals (STOs)[47] of the quality of triple-zeta plus polarization functions (TZP), and double-{
plus polarization functions (DZP) were used for the valence electrons of the actinyls and crown
ethers, respectively. The frozen core approximation was applied to the [1s°>~5d°] cores of U, Np, Pu,
Am and Cm, the [1s°] cores of C and O, and the [2p°] cores of S, with the rest of the electrons
explicitly treated variationally. The geometry optimizations were performed without symmetry
restrictions and were followed by vibrational frequency analysis to determine the local minima or
saddle point natures of the optimized structures. The conductor-like screening solvation model
(COSMO)[48] was employed to consider the effects of water on the electronic and geometric
structures of the complexes. The following atomic COSMO-default radii from the ADF code were
used: Pu 210.0 pm, Am 210.0 pm, C 170.0 pm, S 179.2 pm, O 151.7 pm, and H 135.0 pm.[49] The
reported reaction energies were obtained by combining the electronic energies with the zero-point
vibrational energy corrections. The energy decomposition analyses (EDA)[50, 51] and combined
extended transition state (ETS)[52] with the natural orbitals for chemical valence (NOCV) theory
was carried out.[50, 53, 54] Bond order analyses was performed based on the Mayer method
(BOmayer)[55], and Nalewajski-Mrozek method (BOnwm)[53, 54, 56, 57]. The electron localization
functions (ELF)[58] were calculated to investigate the features of the weak dative bonding.

In further geometry optimizations using Gaussian code, we used the scalar relativistic Stuttgart
energy-consistent relativistic 32-valence-electron pseudopotential and associated ECP60MWB_SEG

valence basis set[59-61] for the actinide atoms. The Dunning’s correlation consistent basis set with
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polarized triple-zeta (cc-pVTZ)[62] were used for the oxygen, carbon and hydrogen atoms. The
B3LYP hybrid density functional[63, 64] was used in these calculations. The combination of these
pseudopotential and basis sets with this functional (labeled as B3LYP/ECP60MWB_SEG/cc-pVTZ
level) has been shown to give accurate predictions of the properties and reaction energies of actinide
complexes. The Weinhold’s natural bond orbitals (NBO)[65] and natural localized molecular orbital
(NLMO)[66] analyses were performed at the B3LYP/6-31G* level[67] on optimized geometries
from B3LYP calculations by using the NBO 5.0 program.[68]

3. RESULTS AND DISCUSSION
3.1. Structures and Stability of the AnO,(12TC4)*" and AnO,(12TC4),*".

The theoretically optimized stable structures of the AnO,(12TC4),** (An = U, Np, Pu, Am, Cm)
complexes are shown in Figure 1 (the AnO,(12TC4)*" structures are in SI Figure S1); the structures
of the complexes for all five An are similar. The actinide metal center prefers coordination by the
four S atoms in a “double decker” structure rather than in-cavity “standing” structures as identified
below for other complexes. As apparent in Figures 1 and S1, the actinyl resides above the 12TC4
ligand in AnO,(12TC4)** and lies between two ligands in AnO»(12TC4),%*. These types of structures
are usually rationalized as misfit of actinyl cation with the inner cavity of a crown ether ligand that is
too small to accommodate the actinyl or other cation. In the “double decker” structure of
AnO,(12TC4),** (Table 2), the actinyl is coordinated by four crown ether S atoms (D, symmetry)
from two 12TC4 (two S atoms of each ether) with An—S bond distances around 3.0 A, which
suggests weak bonding interactions. All the An-S bond lengths in the complexes are beyond the
range of M-S covalent single-bond lengths estimated by the sum of the self-consistent covalent radii
derived by Pyykko,[69] indicating predominantly dative bonding. The calculated An—O distances
decrease from uranium, where the U-O bond lengths are 1.796 A, to plutonium, where the Pu—O
bond lengths are 1.777 A, and then increase to curium, where the Cm—0 bond lengths are 1.812 A.
This plutonium turn coincides with results from our previous work.[6, 22] The change in O-An-O
bond angle from highly bent for U to linear for Am and Cm is due to gradually weaker bonding to S
atoms in 12TC4, as indicated by increasing An-S bond distance and decreasing static interaction
between actinyl and thio-crown ether from U to Cm.

In contrast to the “double decker” structures of the AnY'0,(12TC4),** complexes, in the
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“side-on” structure of UO,(12TC4)?*, the uranyl is coordinated to four S atoms (C, symmetry) with
U-S bond lengths of 2.931 A and 3.069 A (Table 2). Notably, the An coordination number
decrease from four in UO,(12TC4)** to two in CmO2(12TC4)*" with average An—S distances
increasing from 3.000 A to 3.377 A, likely due to decreasing charge and that the contracted 5f/6d
orbitals leads to weaker bonding from U to Cm. The calculated An—O distances decrease from
uranium, where the U—O bond lengths are around 1.796 A, to americium, where the Am—O bond
lengths are around 1.766 A, as expected based on the decrease in atomic radii across the series. The
distance increases for curium to Cm—O bond lengths around 1.794 A, as expected due to the
decrease of ionic and covalent bonding. A substantial energy of around 60 kcal/mol (Table 1) is
released upon binding of An'0,(12TC4)*" to another 12TC4 ether to form An"'0,(12TC4),*".
The initial AnY'0,(12TC4)** complex can be considered as an intermediate along the reaction path
of AnV'0,%* + 2(12TC4) > AnY'0,(12TC4),**; the electronic structure and bonding feature
discussions for AnV'0,(12TC4)* are not presented in the main text but can be found in supporting
information.

Because these f-element complexes are predominantly ionic, and nuclear fuel reprocessing is
usually involve aqueous solutions, polarized solvation effects of water by using the COSMO model
have been considered on the geometrical structure of the AnO,(12TC4),%* (An = U, Np, Pu, Am and
Cm) complexes. Since solvation minimally affects the coordination and gives essentially the same
structure trends, the following computational decomposition of the bonding was performed in the gas
phase. In addition to ionic interactions between ligands and the actinyl (V1) cations, some insights

are presented for charge transfer and polarization effects.
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Figure 1. Optimized geometry of AnO,**(12TC4), by using PBE/TZP/DZP.
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Table 1. Relative energy (AE, kcal/mol) of side-on and standing isomers, and binding energy
(presented as the negative of the bond dissociation energy, -BDE) for the formation of
AnO,**(12TC4) and AnO,?*(12TC4), from isolated AnO,?* and 12TC4 fragments at PBE/TZP/DZP
level.

AnO,* (12TC4) AnO,* (12TC4),

side-on standing side-on double-decker standing double-decker
An AE AE -BDE AE AE -BDE

SR SO SR SO SR SO SR SO SR SO SR SO
U | 0.00 | 0.00 | 17.30 | 27.37 |-198.69|-200.67| 0.00 0.00 31.30 34.10 | -269.97 |-272.05
Np| 0.00 | 0.00 | 18.37 | 34.10 |-198.59|-198.48| 0.00 0.00 34.72 27.50 | -267.42 | -267.73
Pu| 0.00 | 0.00 | 21.20 | 27.50 |-195.15|-193.49| 0.00 0.00 30.86 29.26 | -263.94 |-262.71
Am| 0.00 | 0.00 | 10.61 | 29.26 |-193.76|-192.02| 0.00 0.00 28.87 31.01 | -266.10 |-264.61
Cm| 0.00 | 0.00 | 7.22 | 31.01 |-182.29| -187.9 | 0.00 0.00 29.01 27.37 | -255.98 | -260.00
* AE = E[side-on] — E[standing] for AnO,(12TC4)* and AE = E[double-decker] — E[standing] for

AnO,(12TC4),%"; BDE = E[AnO,(12TC4)*"] — E[AnO,*"] - E[12TCA4].

Table 2. Selected average bond length (A) and O=An=0 bond angle (°) of the ground state D,
AnO,?*(12TC4), in vacuum and in water considered by COSMO solvation model (in parentheses) at
PBE/TZP/DZP level.

Bond length Bond angle
An| Spin State | Point group | Elec. Conf.
An=0 4*An-S O=An=0

U 1 C, 0 1.796 (1.799) | 3.075 (3.067) 144.0 (147.8)
Np 2 C, fy! 1.793 (1.795) | 3.024 (2.993) 151.6 (150.3)
Pu 3 C, fy'fs" 1.777 (1.779) | 3.002 (2.991) 163.1 (161.6)
Am 4 Cx fylfs’ 1.780 (1.777) | 2.989 (2.958) 180.0 (179.0)
Cm 5 Cx 1157 1.812 (1.806) | 3.022 (3.004) 180.0 (179.7)

* An-S bond distances larger than 3.7 A are not listed.

3.2. Structures and Stability of the AnO,(15TC5)*" and AnO,(15TC5),%".

The geometrical optimization for the An¥'0,(15TC5)** and An¥'0,(15TC5),** (An = U, Np, Pu,
Am and Cm) complexes have been explored. The AnY'0,(15TC5),** are unstable with a large
imaginary frequency, leading to the formation of the An¥'0,(15TC5)** shown in Figure 2. AnV'0,**
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prefers coordination by one rather than two 15TC5; this is considered as due to a weak bonding
interaction of metal and sulfur atoms and large steric repulsion between two 15TC5 ligands. In
contrast to the “side-on” structure of AnO,(12TC4)** or “double decker” structure of
AnO,(12TC4),**, the ground state structures of the AnO,(15TC5)*" is a “standing™ structure, in
which the actinyl coordinates to all five S atoms with the average An—S distance decreasing from
2.931 A in An = U to 2.902 A in An = Cm (Table 3). This variation is attributed to the relativistic
contraction of the An ionic radius. As was found for our previously studied oxo-crown complex,
AnY'0,(15C5)** (An = U, Np, Pu, Am and Cm), the AnO,*" is similarly trapped in the center of
15TC5 with a longer An-S distance than the range of the An-S covalent single-bond lengths
estimated by the sum of the self-consistent covalent radii derived by Pyykk6[69]. The calculated
An—Oy, distances in AnO,(15TC5)** decrease from uranium (average U—O distance ~ 1.789 A), to
americium, whereas the average An—O bond length is around 1.765 A, and then increase up to
curium, whereas the average An-O bond lengths are around 1.775 A, as the results of balance
between the contraction in atomic radii and bonding feature. Consistent with that of AnO,(12TC4)**,
the well-known change from d-type dominance in charge of An=0 bonding and then to f-type
behavior is labeled as the americium turn, a phenomenon that is caused by f-orbital energy-decrease
and f-orbital localization with increase of both nuclear charge and oxidation state, and a non-linear

variation of effective f-electron population across the actinide series.[70]

Cy: Top-view Side-view

Figure 2. Optimized geometry of AnO,>*(15TC5), by using PBE/TZP/DZP.

Table 3. Selected average bond length (&), O=An=0 bond angle (°) and calculated vibrational
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frequencies (cm™) and intensities (in parentheses, km/mol) of the ground state Standing
AnO,**(15TC5) in vacuum and in water considered by COSMO solvation model (in parentheses)
and binding energy (-BDE, kcal/mol) of AnO,** + 15TC5 = AnO,**(15TC5) at PBE/TZP/DZP level.

Spin|Point Bond length Bond angle -BDE O=An=0 Stretch
An State|group

An=0 An-S 0O=An=0 SR SO Asym. Sym.
1.778, 1.799 2.931

uji 1| ¢ (1.786,1.792) (2.931) 180.0 (180.0) | -245.0 | -251.1 | 970(142) | 858(4)
1.762, 1.782 2.921

Npl 2 | C; (1.771.1.776)|  (2.921) 180.0 (179.9)| -240.6 | -245.6 | 966(131) | 847(3)
1.761, 1.774 2.915

Pu| 3 | C (1.766,1.768)| (2.919) 180.0 (179.8)| -245.2 | -249.0 | 957(124) | 829(1)
1.756, 1.774 2.906

Am| 4 | C; (1.763.1.767)| (2.913) 180.0 (178.6) | -242.5 | -245.7 | 936(101) | 796(1)
1.770, 1.779 2.902

Cml 5 | C (1.7721.775)  (2.904) 180.0 (180.0)| -231.8 | -239.8 | 898(60) | 749(1)

3.3. Structures and Stability of the AnO,(18TC6)*".

As for 15TC5, An"'0,(18TC6),%* is unstable relative to decomposition to An“'0,(18TC6)** and
18TC6. The optimized structures of the An¥'0,(18TC6)** (An = U, Np, Pu, Am and Cm) complexes
are similar and displayed in Figure 3. The An—S distances are longer than 3.0 A (Table 4), indicating
a weaker interaction between An and Sigtce than between An and Sioca or Siscs, Which is confirmed
from average Mayer bond order value of 0.3, 0.4 and 0.5 for An—Sigcs, AN—Siscs, and An—Sioca,
respectively. The turning-point of An—Oy; bond lengths occurs at An = Am, in agreement with the
above results in AnV'0,(12C4)** and An¥'0,(15TC5)?*, and shifted up from the turn at Pu in the
oxygen-containing complexes, which is consistent with the appearance of the turn at AmO,** in

isolated actinyls (Table 5), indicating weak ligand field effect of sulfur on An¥'0,?".



Ci: Top-view

Side-view

Figure 3. Optimized geometry of AnO,**(18TC6) by using PBE/TZP/DZP.

Table 4. Selected average bond length (A) and O=An=0 bond angle (°) and calculated vibrational
frequencies (cm™) and intensities (in parentheses, km/mol) of the ground state Standing
AnO,**(18TC6) in vacuum and in water considered by COSMO solvation model (in parentheses)
and binding energy (BDE, kcal/mol) of AnO,** + 18TC6 = AnO,**(18TC6) at PBE/TZP/DZP level.

An Spin | Point Bond length Bond angle BDE O=An=0 stretch

State [group An=0 An-S 0=An=0 SR SO sym. asym.
U 1 C; |1.781,1.798 (1.791,1.796)| 3.090 (3.070) | 180.0 (179.8) | -265.3 | -271.6 |861(2) | 963(150)
Np| 2 C, |1.765,1.782 (1.774,1.780) | 3.088 (3.070) | 179.8 (179.6) | -260.8 | -265.0 |851(2) | 962(139)
Pu| 3 C: |1.761,1.775 (1.766,1.772)| 3.080 (3.069) | 179.3 (179.7) | -262.4 | -266.0 |817(2) | 952(118)
Am| 4 | C; |1.760,1.775 (1.767,1.773)| 3.098 (3.080) | 179.8 (179.8) | -266.2 | -267.2 |794(2)| 929(102)
Cm| 5 C, |1.778,1.798(1.788,1.797) | 3.142 (3.131) | 179.8 (179.9) | -243.9 | -251.7 | 720(0) | 872(73)

Table 5. An-O bond length (A) of isolated AnO,** at different density functionals along with T2ZP
basis set for all atoms.

LDA PBE PBEO HF SO-CASPT2
) 1.700 1.716 1.686 1.654 1.710
Np 1.698 1.714 1.679 1.641 1.700
Pu 1.685 1.703 1.666 1.627 1.675
Am 1.675 1.695 1.652 1.649 1.679
Cm 1.687 1.712 1.674 1.989 1.674




The structural results indicate that the average metal-ligand distances increase in the order An—
Si2ca > An-S;, < An-S; 3. The fact that the An—S,, bond lengths are shorter than those of An-S,3 is
due to the smaller cavity radius of 15-thio-crown-5 ether. The shorter An-S;, bond length compared

with An-S;; can be partially ascribed to their different coordination structures.

3.4. Electronic structure and bonding analyses of AnO,?*(L),.

Insights into the involvement of the 5f orbitals in bonding were obtained through electronic
structure analyses of AnO,(15TC5)*" at the B3LYP/TZ2P level. Selected molecular orbitals in the
HOMO-LUMO region involving the 5f orbitals are depicted as the energy levels of 5f-, 6d- and
7s-based MOs of the actinides fragment together with the S-3p orbitals in Figure 4. The MOs from
the S-3p are fully occupied, and the highest singly occupied a spin orbitals (SOMOs) are occupied in
An. The An-6d and An-7s AOs slightly increase in energy through U to Cm, while the 5f orbitals
significantly decrease in energy so they become nearly degenerate with the sulfur lone-pair orbitals.
The An 5f orbitals are stabilized so much so that they eventually lie below the ligand orbitals beyond
Am, which explains the difficulty for the formation of higher oxidation states for the later actinide
elements. This general trend has been observed in a number of actinide complexes with different
ligands, thus being a general feature of actinide chemistry. In contrast to the significant hybridization
at An = Am with oxygen ligand, An-5f and S-3p AOs mix strongly due to the higher energy level of
S-3p AOs than that of O-2p.
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Figure 4. Scalar relativistic KS-PBE molecular orbital energy levels of free AnO,(15TC5)*" ions for
An =U, Np, Pu, Am, and Cm.

The ETS-NOCV analysis (Table 6) was carried out in order to reveal the intrinsic bonding
mechanism in terms of the major contributions to the orbital interactions. The degree of ionicity and
covalency of the An-S, bond in AnO,(L)** (An = U, Np, Pu, Am, Cm) has been evaluated by a
quantitative index. The trend of increasing covalent character through U to Cm in all the studied
complexes can be understood in terms of energy degenercy of S-3p and An-5f AOs, and the extend
radial distribution of S-3p AOs that favor large orbital overlap, which contributes to a considerable
energetic stabilization. In contrast to the covalency, the ionic character for these complexes has an
opposite trend of decreasing from U to Cm. Thus, the chemical bonding of actinyl and thio-crown
ether ligand features a turning-point at An = Am, as a result of balancing between the decreasing
ionic dative bonding and the increasing covalent interaction. Irrespective of structure and actinide
metal, the An 5f/6d orbitals are mainly localized on the metal site (see the plot of representative
An-S; bonding interaction from ETS-NOCV method in Figures 5, 6 and 7), respectively. There is

quite few evident interaction of the An 5f orbitals with any coordinating sulfur atoms of the
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thio-crown ether ligands. Additional electron localization function (ELF, Figures 8-10) analyses

reveals that despite that these terminal An—S, bonds are primarily centered on the An and S atoms

the An—S, dative bonds possess essentially ionic character in the bonding interactions.

Table 6. EDA and ETS-NOCV analysis of AnO,(12TC4),**, AnO,(15TC5)*" and AnO,(18TC6)**

(An =U, Np, Pu, Am and Cm) complexes at PBE/T2ZP level of theory.

Pauli Repulsion | Electrostatic Interaction | Orbital Interactions | Bonding Energy | Covalency
AnO,(12TC4),*"

U 182.28 -193.05 -242.25 -253.01 0.56
Np 165.90 -189.53 -260.42 -284.06 0.58
Pu 140.86 -176.58 -259.76 -295.49 0.60
Am 136.52 -172.34 -304.00 -339.84 0.64
Cm 141.08 -179.13 -317.42 -355.49 0.64

AnO,(15TC5)*"

U 212.95 -210.78 -255.04 -252.86 0.55
Np 206.75 -208.82 -253.76 -255.83 0.55
Pu 199.39 -206.17 -281.63 -288.41 0.58
Am 193.78 -201.69 -304.13 -312.04 0.60
Cm 187.01 -201.84 -325.25 -340.08 0.62

AnO,(18TC6)**

U 133.88 -171.43 -243.42 -280.97 0.59
Np 127.39 -168.47 -270 -311.08 0.62
Pu 123.79 -166.93 -267.89 -311.04 0.62
Am 111.97 -161.07 -312.13 -361.24 0.66
Cm 111.73 -159.80 -307.42 -355.50 0.66
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Figure 5. Plot of representative An-S,; bonding interactions from ETS-NOCV method from an open-shell
B3LYP calculation (energy unit: kcal/mol, isovalue=0.03).
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Figure 6. Plot of representative An-S,, bonding interactions from ETS-NOCV method from an open-shell
B3LYP calculation (energy unit: kcal/mol, isovalue=0.03).
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Figure 7. Plot of representative An-S,; bonding interactions from ETS-NOCV method from an open-shell
B3LYP calculation (energy unit: kcal/mol, isovalue=0.03).
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Figure 8. Two-dimensional ELF contours for the planes containing the four An-S;; bonds in
AnO,?*(12TC4),. The results are based on the SR-ZORA PBE/T2ZP calculated densities.
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Figure 9. Two-dimensional ELF contours for the planes containing the five An—-S |, bonds in
An022+(15TC5). The results are based on the SR-ZORA PBE/T2ZP calculated densities.
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Figure 10. Two-dimensional ELF contours for the planes containing the six An-S 3 bonds in

15



AnO,**(18TCB). The results are based on the SR-ZORA PBE/T2ZP calculated densities.

A comprehensive assessment of the structure and bonding of these complexes was performed.
Tables 7-9 list the bond distances, Mayer bond orders, and Mulliken charges of the AnO,(L)**
complexes calculated with PBE ZORA/TZ2P. The Mayer bond order shows An-O orders higher than
2, in good agreement with the generally accepted view that these bonds possess partial triple bond
character. Although there is some triple bond character remains, reduction of the actinyl oxidation
statel from +V1 to +V for An = U to Cm decreases the corresponding bond orders because the extra
electron occupies a nonbonding f-orbital due to the energy level of 5f-orbital lying below that of the
O-2p orbital. The Mayer bond orders for bonds between actinides and the equatorial sulfur ligands
are substantially less than 1, with a decline trend of An-S.; > An-S;, > An-S3, attributed to the
longer bond distances and the lesser actinide charge extension across the series. However, the
complexes of actinyls with 15-thio-crown-5 and 18-thio-crown-6 have higher bond orders (U-S.»
bond orders of 0.44, U-S; 3 bond orders of 0.38) than those complexes of actinyl with 15-crown-5
(U-Ogq bond orders of 0.36)[38] and 18-crown-6 (U-Og¢q bond orders of 0.33)[71], due to the large
extended radial distribution of the S-3p orbitals compared with the O-2p orbitals. Of particular
importance is the trend that when upon proceeding across the actinide series, the An—S, bond order
and total binding energies generally decrease in parallel with a decrease in ionic bonding. This trend
further confirmed that that reduced distance of the An—S; bonds from An = U to Cm does not result
in stronger bonding because the An—S_ bonds are dominated by ionic bonding that gradually

decreases from An = U to Cm.

Table 7. Bond Length, Mayer Bond Orders, and Mulliken Charge and NPA charge of C;
AnO,(12TC4),** (An = U, Np, Pu, Am and Cm) at the SR—PBE/TZ2P level.

Species Bond Length BondOrder Mulliken NPA
O-An S-An O-An S-An An O An O
U 1.806 3.074 2.059 0.375 1.59 -0.52 1.16 -0.58
Np 1.799 3.085 2.007 0.348 1.59 -0.51 1.53 -0.31
Pu 1.777 3.055 1.931 0.309 1.79 -0.53 2.35 -0.39
Am 1.780 3.086 1.793 0.249 1.55 -0.43 3.08 -0.45
Cm 1.812 3.0222 1.671 0.236 1.78 -0.53 3.09 -0.45

Table 8. Average Bond Length, Mayer Bond Orders, and Mulliken Charges of AnO,(15TC5)** (An =
U, Np, Pu, Am and Cm) at the SR-PBE/TZ2P level.
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Bond Length, A Mayer Bond Order Mulliken Charge
O-An S-An O-An S-An An 0 S
U 1.788 2.930 2.016 0.444 1.67 -0.55 0.23
Np 1.772 2.921 2.004 0.441 1.63 -0.53 0.23
Pu 1.767 2.915 1.985 0.439 1.62 -0.51 0.22
Am 1.765 2.906 1.979 0.417 1.56 -0.49 0.23
Cm 1.775 2.902 1.814 0.406 1.49 -0.47 0.23

Table 9. Average Bond Length, Mayer Bond Orders, and Mulliken Charges of AnO,(18TC6)** (An =
U, Np, Pu, Am and Cm) at the SR-PBE/TZ2P level.

Bond Length, A Mayer Bond Order Mulliken Charge
O-An S-An O-An S-An An O S
U 1.790 3.090 2.020 0.375 1.58 -0.55 0.20
Np 1.773 3.088 2.008 0.360 1.56 -0.53 0.20
Pu 1.768 3.080 1.992 0.348 1.58 -0.51 0.19
Am 1.768 3.098 1.958 0.313 1.52 -0.49 0.20
Cm 1.788 3.142 1.804 0.289 1.48 -0.50 0.20

Further insights into the electronic structure of the actinyl thio-crown ether complexes were
obtained from natural localized bond orbital (NLMO) and natural population (NPA) analyses, the
results of which are given in Table 10. The calculated NLMO results show that the thio-crown ether
ligand has p-type lone pairs on the ether sulfur atoms, similar to the oxygen atoms of the 15-crown-5
ligand as shown in our previous work.[38] Upon coordination to AnO,?*, the An—S, interactions are
mainly ionic, with rather weak An—S,_ covalent interactions which feature a decreasing trend of

osL1-an bonding in the equatorial plane.

Table 10. The calculated natural localized molecular orbitals (NLMOs) of An02(12TC4)22+,
AnO,(15TC5)?* and AnO,(18TC6)** (An = U, Np, Pu, Am and Cm) complexes.

Species ‘ Type ‘ Occ. ’ NLMO
AnO,(12TC4),*"
! OsL1-U 4*1.91 89.1%S(sp>*®) + 10.9%U(s**d"*f)
TsL1-u 4*1.92 96.1%S(sp™®) + 2.4%U(d**f)
Np GsL1Np 4*1.93 88.4%S(sp>*") + 10.2%Np(sd**f)
TsL1-Np 4*1.92 96.29%S(sp"?) + 2.2%Np(d*f)
Pu OsL1-pu 4*1.93 91.0%S(sp>?) + 7.6%Pu(d*®f)
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TsL1-pu 4*1.94 96.9%S(sp*°) + 1.4%Pu(d*f)

A OsL1-Am 4*1.93 91.2%S(sp>*) + 6.5%Am(d*°f)
TsL1-Am 4*1.94 97.2%S(sp™®) + 1.1%Am(d®f)

cm OsLi-cm 4*1.94 90.6%0(sp**) + 8.09%Cm(sd®®"
TisL1-cm 4*1.94 97.0%0(sp"?) + 1.3%Cm(d*°f)

AnO,(15TC5)**

! GsLo-U 5*1.87 81.3%S(sp*®) + 16.6%U(s*°d**f)
TsLo-U 5%1.92 97.8%S(sp) + 1.0%U(d*%f)

N GsLaNp 5*1.93 88.49%S(sp>*") + 10.29%Np(sd**f)
TsL2-Np 5*1.92 96.2%S(sp™°) + 2.2%Np(d*f)

oL OsL2-pu 5*1.93 91.0%S(sp>?) + 7.6%Pu(d*®f)
TisL2-pu 5*1.94 96.9%S(sp?°) + 1.4%Pu(d*f)

A OsL2-Am 5*1.90 85.1%S(sp*?) + 13.1%Am(s"*d*°f)
TsL2-Am 5*1.94 98.0%S(sp) + 0.7%Am(d>f)

om OsL2-cm 5*1.90 86.7%S(sp>’) + 11.7%Cm(s**d*'f)
TsLo-cm 5%1.96 98.0%S(sp™?) + 0.7%Cm(d°f)

AnO,(18TC6)**

! OsLsU 6*1.89 83.2%S(sp*®) + 14.3%U(s**d"*f)
TsLa-u 6*1.96 97.8%S(sp) + 0.7%U(df)

Np GsL3Np 6*1.89 84.6%S(sp*®) + 13.0%Np(s**d" )
TsL3-Np 6*1.96 97.9%S(sp) + 0.6%Np(d"f)

oL OsLapu 6*1.93 91.0%S(sp>?) + 7.6%Pu(d*®f)
TlsL3-pu 6*1.94 96.9%S(sp?°) + 1.4%Pu(d*f)

Am OsLa-Am 6*1.98 84.0%S(p) + 15.8%Am(d*’f)
TsL3-Am 6*1.96 98.1%S(sp) + 0.4%Am(d*°f)

om OsLa-cm 6*1.92 89.8%S(sp*?) + 8.6%Cm(s""d>f)
TsLa-cm 6*1.82 98.6%S(sp”°) + 0.2%Cm(d"*f)

Conclusions

We have investigated the electronic and geometric structure of complexes formed between
actinyls AnO,**, and thio-crown ether macrocyclic ligands using different quantum chemical
methods. The agreement between the different approaches, as well as comparison to available
experimental data (such as geometries, vibrational frequencies and reduction potentials) confirms the
validity and accuracy of our methodology. Our evaluation of the coordination chemistry of actinyls

with thio-crown ethers provides the following guidance: (1) The cavity of 12-thio-crown-4 ether is
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too small to accommodate actinyl ions, while AnO,** fit well into 5-thio-crown-5 ether and
18-thio-crown-6 ether to form a five-fold or six-fold coordinated An-S, ionic bonds in the equatorial
plane. (2) All those complexes formed by these ligands possess distorted geometries with a twist-like
conformation of the ligand macrocycle. (3) An-S, dative bonding is rather weak, and the change in
the bond order is in the orderings of L2 > L3 and U > Np > Pu > Am > Cm. (4) The change-over of
polarized An—Oy, bonding character from d transition element behavior to f inner-transition element
behavior, here labeled as the americium turn, provides insights into the electronic structure of the
actinides and provides elucidation of the effects of coordinating ligands on the An-O bonding

relative to actinyl ions.
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