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Abstract

:

1,4,7,10-Tetraazacyclododecane-N,N′,N″,N‴-tetraacetic acid (H4DOTA) is a prominent chelating ligand with potential applications in various fields, from radiotherapy to the separation of fission products. The present study explores the stability, structure, and bonding properties of its complexes with tetravalent actinides (An = Th, U, Np, Pu) using density functional theory and relativistic multireference calculations. Neutral complexes prefer to form symmetric (C4) structures with DOTA. The first coordination sphere of the actinide ions is readily saturated by a weakly bonded H2O ligand. The latter ligand reduces the molecular symmetry while exerting only marginal effects on the properties of the parent complex. An-ligand bonding is mainly electrostatic, but there are also significant charge-transfer contributions from DOTA to the An 6d/5f orbitals. The charge-transfer interactions and the covalent character of bonding increase gradually in the order of Th < U < Np < Pu, as indicated by analysis of the electron density distribution using the Quantum Theory of Atoms in Molecules.
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1. Introduction


1,4,7,10-Tetraazacyclododecane-N,N′,N″,N‴-tetraacetic acid (H4DOTA) is an efficient chelating agent that forms stable metal complexes, particularly with f elements [1]. This stability is based on strong interactions with the four pendant carboxylate arms in addition to the four nitrogen donors of the cyclen moiety (Figure 1), facilitating octadentate maximal coordination with deprotonated DOTA. The advantageous size of the macrocyclic cavity is an additional important issue.



Due to their high thermodynamic stability and kinetic inertness in physiological conditions, DOTA complexes have been used for several medical applications. The GdIII complex is the active substance of the MRI contrast agent Dotarem [2,3], and the EuIII, TmIII, and YbIII complexes of DOTA derivatives were probed for paramagnetic chemical exchange saturation transfer (PARACEST) agents [4,5,6]. DOTA complexes with α-emitting radioisotopes (213Bi, 225Ac, 227Th) found an application in targeted α-therapy (TAT) [7,8,9], showing remarkable efficiency for treating metastatic castration-resistant prostate cancer [10,11,12], acute myeloid leukemia [13,14], and neuroendocrine tumours [15]. In addition to the abovementioned 213Bi and 225Ac radionuclides, DOTA is the primary choice for chelating β-emitting 177Lu isotopes for applications in radiotherapy [16].



Though the complexes of DOTA with trivalent metals have been studied extensively [1,17,18,19], largely due to the above applications, less attention has been paid to complexes with tetravalent metals. This oxidation state is favourable for several early actinides (An = Th, U, Np, Pu), and with this ligand, very stable complexes can be expected. Relevant literature includes the report on oligomers from dimers to hexamers in a solid-state and aqueous solution (An = Th, U, Np, Pu) [20]. Under appropriate conditions, the monomers Th(κ8-DOTA)(DMSO) and U(κ8-DOTA)(DMSO) could be prepared and crystallographically characterised [21]. This has been followed by a study of the redox behaviour of the monomeric UIV(DOTA) complex in aqueous solution [22].



The aim of the present study is a comparative analysis of DOTA complexes with tetravalent An (Th, U, Np, Pu) and an attempt to shed light on the stability and bonding properties by means of quantum chemical calculations. The metal–ligand interactions are analysed by the Quantum Theory of Atoms in Molecules (QTAIM) [23,24,25] and the Extended Transition State method combined with the Natural Orbitals of Chemical Valence (ETS-NOCV) [26] models.




2. Computational Details


Density Functional Theory (DFT) computations were performed with the Gaussian09 suit of programs [27]. On the basis of a good reported performance for the molecular geometries and relative stabilities of various f-element complexes [19,28,29,30,31], the TPSSh meta-hybrid functional [32] was applied. For the actinides, the 5f-in-valence (small-core) quasi-relativistic pseudopotentials of the Stuttgart-Cologne group (ECP60MWB) [33,34] were used in conjunction with segmented valence basis sets of triple-zeta quality (contraction scheme (14s13p10d8f6g)/(10s9p5d4f3g)) [34,35], whereas for the light atoms, the standard 6-311 + G** basis was applied. Test calculations with the 5f-in-core (large-core) pseudopotentials (Th-ECP78MWB, U-ECP80MWB, Np-ECP81MWB, Pu-ECP82MWB [36]) were also performed in conjunction with the contracted (7s6p5d2f)/(5s4p4d2f) valence basis for the actinides [36] and the 6-311+G** basis for light atoms. This latter theoretical level resulted in unreasonable metal–ligand distances for the Th complexes and was therefore omitted from the further study.



In order to account for dispersion effects, the D3 version of Grimme’s empirical correction using Becke–Johnson damping (GD3BJ) [37] was utilised. As it is important for weak interactions, the SuperFine grid was applied for integration accuracy. It contains 150 radial shells and 974 angular points per shell for C, N, and H and 225 radial shells for An. The ground states of the computed complexes were verified using the STABLE keyword of the Gaussian09 code. In order to be consistent with earlier studies [19,28,29,30,31], geometry optimisations and other computations were performed for the isolated molecules (gaseous phase).



The multiconfigurational natures of the U, Np, and Pu complexes were assessed by single-point relativistic complete active space self-consistent field (CASSCF) calculations [38]. These single-point calculations were performed on the TPSSh optimised geometries, taking advantage of their symmetry. This study verified the ground electronic state of each complex and their characters. The calculations were carried out by means of the MOLCAS 8.2 code [39,40] in frame of the C2 point group, the highest applicable one for these complexes.



The scalar relativistic effects were taken into account using the second-order Douglas–Kroll–Hess Hamiltonian [41,42]. All-electron basis sets of atomic natural orbital type, developed for relativistic calculations (ANO-RCC), were used with valence double-zeta plus polarization contraction schemes of (26s23p17d13f5g3h)/(8s7p5d3f1g) for An [43], (8s4p3d1f)/(2s1p) for H [44], and (14s9p4d3f2g)/(3s2p1d) for C, N, and O [45]. Due to the large size of the complexes, the active space consisted of the seven 5f orbitals occupied by the 5f electrons of the An4+ ions. Because the bonding orbitals containing An–ligand interactions were found to have relatively low energies (below those of the O lone pairs), they had no relevance for the active space. This was confirmed by test calculations with active spaces up to 18 electrons on 16 orbitals for the U(DOTA)(H2O) complex.



Spin–orbit (SO) effects were taken into account by utilising the complete active space state interaction (CASSI) method [46], which allows CASSCF wave functions for different electronic states to interact under the influence of a spin–orbit Hamiltonian. In the state-averaged calculations, all the states of the ground-state spin multiplicities were considered, i.e., 21, 35, and 35 roots for U, Np, and Pu, respectively.



A bonding analysis was performed on the basis of the TPSSh wave functions with the Multiwfn code [47]. The Bader atomic charges, delocalisation indices, and topological properties in terms of the Quantum Theory of Atoms in Molecules (QTAIM) [23,25] were evaluated using a medium-quality grid.




3. Results and Discussion


3.1. Geometrical Characteristics


The DOTA ligand consists of a twelve-membered tetraaza (cyclen) ring and four pendant carboxylate arms. Metal ions can be coordinated by the four N atoms of cyclen and the four O atoms of the COO− arms. In addition, with large metals, there is sufficient free space for a ninth coordination, e.g., by an H2O molecule (cf. Figure 1). This is the usual coordination of heavy metals, including the lanthanides (Ln) and An [48,49,50,51,52,53,54,55]. In contrast, complex formation with the smaller Ca, Bi, and Sc is managed with a coordination number of CN = 8 [49,56,57], whereas even smaller transition metals are coordinated only by the four N atoms and two or three carboxylate groups (CN = 6, 7) [50,58,59,60].



The DOTA complexes have an interesting stereochemistry. One stereochemical element is the cyclen moiety, in which the four metal–N interactions fix the four ethylene groups either in a δ- or a λ-gauche orientation (δδδδ or λλλλ, respectively). The second stereochemical element corresponds to the two possible opposite helical arrangements (Δ and Λ) of the four COO− groups. As a consequence, the octacoordinated complexes can appear as two diastereoisomeric pairs of enantiomers [18]. They are Λ(δδδδ)/Δ(λλλλ), whereby the ring and the arms have opposite helicities, and Δ(δδδδ)/Λ(λλλλ), whereby the ring and acetate groups have identical helicity. The former diastereomers have a square antiprismatic structure (designated as SAP or M in the literature), and the latter ones have a twisted square antiprismatic geometry (designated as TSAP or m).



Crystal structure studies revealed that the complexes of Ln from Pr to Lu adopt the SAP structure [48,49,50,51,61], whereas the complexes with the larger La [55] and Ce [49] adopt the TSAP structure. In solutions of LnIII(DOTA)− complexes, mixtures of the two conformers were found by NMR spectroscopy [62,63]. The ratio of the SAP and TSAP forming across the Ln row varies according to the trend observed in the crystals (vide supra). The H2O ligand at the ninth coordination site is involved in a rapid exchange process with the solvent H2O molecules [64,65].



Whereas no experimental structural data are available for AnIII(DOTA) complexes, recent DFT calculations modelling the aqueous solution predicted the preference of the TSAP conformer for trivalent An = Ac [19,66,67] and U–Cf [19]. In contrast, the recently reported solid-state structures of UIV(DOTA) with DMSO [21] and F additional ligands at the ninth coordination site [22] corresponded to the SAP conformer in both the crystal and aqueous solution. This changed structural preference is in agreement with the smaller ionic radius of UIV vs. UIII by 0.135 Å [68]. (The ionic radius of U4+ agrees with that of Er3+, the latter known to prefer SAP, vide supra.) Based on the preference of the SAP conformer for UIV(DOTA) complexes [21,22], the theoretical analyses performed here are restricted on these isomers of the ThIV, UIV, NpIV, and PuIV complexes.



In agreement with the structure model applied for AnIII(DOTA)(H2O)− complexes in Ref. [19], the H2O molecule was constrained in a vertical arrangement facilitating C2 symmetry. According to the frequency analysis, this structure is a first-order saddle-point on the potential energy surface. However, due to the very weak An–OH2 interaction, it is only marginally higher in energy than the global minimum. Moreover, this arrangement is expected to resemble those in the solid-state and polar solvents, in which the H2O ligand is involved in interactions with the environment rather than with the DOTA ligand in the same complex (the latter happening in the global minimum of the computed isolated molecule).



The bond distance data depicted in Figure 2 reveal an excellent correlation between the An4+ effective ionic radii [68] and the computed An–O and An–N bond distances in the AnIV(DOTA) complexes. The H2O ligand at the ninth coordination site has a small influence on the An–DOTA interaction, manifested in a slight increase (0.02–0.03 Å) in the An–O and An–N bond distances. Due essentially to the neutral nature of the H2O ligand, it is bonded considerably weaker to AnIV than the anionic carboxylate oxygens: the An–OH2O bonds are longer by ca. 0.2 Å than the An–O bonds with DOTA. These An–OH2O bonds do not follow the An4+ ionic radii (as often observed for weaker bonded secondary ligands). In addition to the weak bonding forces, the position of H2O may suffer from electrostatic repulsion with the adjacent carboxylate arms (cf. Figure 1).



The computed An–O and An–N distances can be compared to related experimental X-ray diffraction structural data of the ThIV(DOTA)(DMSO) and UIV(DOTA)(DMSO) complexes [21] in Figure 2 (see also Table S1 of the Supplementary Materials). Whereas the An–N data show an excellent agreement, the computed An–O values are slightly underestimated. The latter relations are consistent with the larger steric effect of the DMSO ligand compared to H2O, positioned near the coordinating carboxylate groups.



Another characteristics of the geometrical parameters of the title complexes are the distances of An from the planes of the O and N donors presented in Figure 3. They give the position of An within the cavity of DOTA and show how it characteristically changes upon the additional (H2O, DMSO) ligands at the ninth coordination site.



First, the excellent agreement of the computed An(DOTA)(H2O) data with the X-ray diffraction results on the An(DOTA)(DMSO) complexes should be noted. This agreement is somewhat better than that of the An–O and An–N bond distances in Figure 2 (vide supra).



Figure 3 demonstrates that An is significantly closer (by ca. 1 Å) to the plane of the O donors than to the plane of the N donors, whereas the An–O and An–N distances differ only by ca. 0.5 Å. The feature is based on the larger radius of the donor O shell, and its consequence is the possibility of a ninth coordination site available for small ligands, such as H2O in aqueous solution. The H2O (and DMSO in Ref. [21]) ligands pull An further away from the plane of the N shell.



The change of the DOTA cavity in the complexes along the An row is also represented by the curves in Figure 3. The gradual decrease in the An–O and An–N bond distances in Figure 2 is manifested only in the An–NN distances from Th to Np. Hence, in these complexes, An moves gradually towards the donor N shell, away from the donor O shell. This trend is reversed in the Pu complex, implying a relative strengthening of the Pu–O interactions as compared to the other three An. This slightly out-of-trend effect can be recognised in the properties of covalent metal–ligand interactions (vide infra).



Another notable observation from these data is the strong deformation from C4 symmetry at the carboxylate site of the An(DOTA)(H2O) complexes, as reflected by the significantly different distances from the individual O donors (Table S2). In contrast, the effect on the An–N contacts is negligible.




3.2. Electronic Structure


In order to verify the multiconfigurational nature in the complexes, CASSCF calculations with active spaces consisting of the 5f orbitals were performed on the An(DOTA) and An(DOTA)(H2O) molecules with An = U, Np, Pu (as the Th4+ ion has no 5f electrons). Selected characteristics of the spin–orbit (SO) and spin–orbit-free (SF) ground states are compiled in Table 1.



The term symbols of the obtained SO ground electronic states of An in the complexes agree with those of the free An4+ ions [69,70,71]. The SO ground states of the present complexes consist generally of mixtures of the lowest-energy SF states. In the case of the Pu complexes, the major contributions belong to the A irreducible representation of the C2 point group, whereas in the U and Np complexes, they belong to both the A and B symmetries in comparable magnitude. This is due to the very close energies of the lowest-energy states of the two symmetry groups in the latter cases. On the other hand, the SF ground electronic states belong to symmetry A for all the six complexes (and for the non-multiconfigurational Th complexes too).



The SF ground states contain mostly one dominant (85–93%) electron configuration. These major electron configurations are generally strongly mixed and cannot be characterised by specific magnetic quantum numbers of the 5f electrons. Nevertheless, comparison with the Mulliken populations of the 5f orbitals from the DFT calculations revealed a fair qualitative agreement between the two computational levels, supporting in this way the reasonability of the ground electronic states from DFT.




3.3. Bonding


The metal–ligand interactions in the complexes are characterised by the Wiberg bond indices [72] and selected QTAIM [23,25] parameters. From the latter parameters, the Bader atomic charges provide the main information on the ionic interactions and the charges transferred (CT) from the ligands to An. The An charges are given in Table 2, and the CT data from TPSSh calculations are depicted in Figure 4.



The charges of the An ions are highly positive (between 2.4–2.8 × 10), in agreement with the four-valent character of An in the complexes and their strong electrostatic interactions with the anionic (DOTA)4− ligand. Accordingly, the negative charge in DOTA is most significant on the carboxylate oxygens that interact with An. In fact, the dominant An–ligand interaction corresponds to this ionic one, as demonstrated also by the very low electron densities (ρ(r)), the positive Laplacian values of the electron density (▽2ρ(r)), and close-to-zero total electronic energy densities (H(r)) at the An–O and An–N bond critical points (BCP), cf. Table 2.



The An charges decrease gradually from Th to Pu, corresponding to a slightly decreasing ionic character along the An row. The same gentle trend also appears in the increasing electron densities at the An–O BCP-s. The change of ρ(r) at the An–N BCP-s is non-significant. The above data have close values in the An(DOTA) and An(DOTA)(H2O) complexes, the An charges being marginally larger in the hydrate derivatives.



The ellipticities (ε) of the electron density distributions at the BCP-s of the An–O and An–N interactions with DOTA are between 0 and 0.1 (Table 2), indicating small π characters of these interactions. (As a reference, the ellipticity of the C=C bond in ethane is 0.33 [73].) The ε values of the coordination with H2O are ca. twice larger, referring to a larger π character due to the better spatial availability of the two lone pairs of the H2O oxygen.



The above discussed An charges are determined by the charge transfer (CT) from the ligands to the An4+ ions during complex formation. From the two ligands in the An(DOTA)(H2O) complexes, the dominant CT occurs from DOTA due to the anionic character and multiple number (8) of the donor atoms. However, the CT is somewhat less in the An(DOTA)(H2O) complexes as compared to An(DOTA) because of the larger donor-An distances (cf. Figure 2). Another characteristic feature is the gradual increase in the transferred charge from Th to Pu, implying a simultaneous increase in covalent bonding. The slope becomes slightly steeper between Np and Pu with respect to that between U and Np. This may be associated with the observed out-of-trend move of Pu towards the O donors in Figure 3. In contrast, the CT from the neutral H2O ligand is marginal and nearly constant along the An row (cf. Figure 4).



Another important integral property from the QTAIM analysis is the delocalisation index (DI), which corresponds to the number of shared electrons between An and the donor atoms of the ligands. The DI values depicted in Figure 5 confirm the dominance of the An–ODOTA interactions in the covalent bonding. These DI values suggest an An–ODOTA covalent bond order of ca. 0.5–0.6, in good agreement with the Wiberg bond indices [72] (cf. Figure 5). The increasing trend from Th to Pu agrees qualitatively with that of the CT shown in Figure 4, as well as with literature examples on related AnIV complexes [74,75,76].



The shared electrons in the An–NDOTA interactions amount to ca. half of those in the An–ODOTA interactions. They also show a slight increase from Th to Pu, in good agreement with the related Wiberg indices.



Despite the marginal charge transfer from the neutral H2O ligand to An, both the number of shared electrons and the Wiberg bond indices indicate significant An-OH2O covalent interactions in the An(DOTA)(H2O) complexes (cf. Figure 4 and Figure 5). The DI values are comparable, whereas the Wiberg bond indices are somewhat larger than those of the An–NDOTA interactions, and they decrease from Th to Pu. The decreasing feature does not correlate with the nearly constant An–OH2O distances in Figure 2; however, it can be rationalised by appealing to the decreasing overlap due to the contracting An valence orbitals across the An row, whereas the distance depends on the competing bonding and steric interactions.



The natural orbital of chemical valence (NOCV) analysis [26] provides further details on the metal–ligand interactions in the complexes. Figure 6 shows NOCV orbital pairs representing the most significant DOTA → An donations in Th(DOTA). Relevant Kohn–Sham orbitals are depicted in Figure S1 in the Supplementary Materials. Whereas the NOCV picture demonstrates the charge accumulation and depletion in the bonding space and DOTA, respectively, in terms of Kohn–Sham orbitals, the metal–ligand interactions are extensively mixed with other intra-DOTA orbital interactions. In all the shown metal–ligand interactions, Th participates with hybrid 6d/5f atomic orbitals, in most cases with 6d major contributions.




3.4. DOTA Complexes of AnIV vs. AnIII


Molecular properties of AnIII(DOTA) and AnIII(DOTA)(H2O) complexes obtained by DFT and multireference calculations have been published recently (An = Ac, U, Np, Pu, Am, Cm, Cf in [19], An = Ac in [77]). It should be noted that the present study was performed at a somewhat different theoretical level using small-core pseudopotentials in contrast to large-core ones (due to technical issues) in Ref. [19]. Yet, a qualitative comparison is feasible, and it led to the following conclusions:



There are significant differences between the complexes formed with AnIII and AnIV:




	
AnIII forms structures with TSAP conformation of DOTA, whereas AnIV forms structures with the SAP confirmation.



	
The donor–acceptor distances are considerably shorter with AnIV, because the stronger electrostatic interactions with the An4+ vs. An3+ metal ions pull the interacting species closer to each other (cf. Table S4 in the Supplementary Materials). Another consequence of the higher positive charge of AnIV is the larger ligand → An charge transfer, yet the An charges still remain higher in the AnIV than in the AnIII complexes.



	
The exchange reactions


UIII or IV(DOTA) + NpIII or IV = NpIII or IV(DOTA) + UIII or IV










UIII or IV(DOTA) + PuIII or IV = PuIII or IV(DOTA) + UIII or IV








with tri- or tetravalent An resulted in larger stabilities of the AnIV complexes and in a stability order of U < Np < Pu for both An oxidation states with reaction energies in terms of ΔGo of −44.6, −85.4, −85.8, and −204.0 kJ/mol for NpIII, PuIII, NpIV, and PuIV, respectively. (Note that in the evaluation of ΔGo by Gaussian09, the electronic contributions are neglected.) The related values in terms of electronic energies at 0 K are −45.4, −86.9, −84.1, and −204.8 kJ/mol, respectively.



	
Similarly, in terms of the QTAIM metrics, the trend for the strength of covalent interactions is the same (U < Np < Pu) for both An oxidation states, the interaction being significantly stronger in the AnIV complexes.










4. Conclusions


The DOTA ligand forms stable symmetric (C4) complexes with the studied tetravalent actinides (An = Th, U, Np, Pu). The ground electronic states of the complexes agree with those of the An4+ ions. The 5f populations are well-reproduced in the lowest-energy states obtained by the DFT calculations, suggesting the applicability of DFT for such complexes.



The major An–ligand bonding interaction is the ionic one. Charge transfer from the ligands to the 6d (major) and 5f (minor acceptor) atomic An orbitals and the electron sharing that consequently occurs constitute the covalent bonding in the complexes. The latter interactions could be quantitatively analysed using the atomic charges and delocalisation indices from QTAIM analysis. In terms of these electronic properties, the covalent interactions increase gradually as Th < U < Np < Pu in both the An(DOTA) and An(DOTA)(H2O) complexes. This increasing stability across the An row is in line with results on An complexes with other chelating ligands [78,79,80].



The secondary H2O ligand distorted the C4 structure and introduced notable changes in the molecular properties. As the bonding properties (An–ligand distances, CT, DI) indicate, this slightly weakened the An–DOTA interactions with respect to the parent complexes.



The larger stability of AnIV(DOTA) complexes that was found with respect to the AnIII complexes suggests their more favourable practical applications.
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Figure 1. (a) Schematic drawing of the DOTA4- ligand; (b) The C4 SAP structure of the Th(DOTA)(H2O) complex, gradually fainted towards the back. Hy-drogen atoms of the ligands are omitted for clarity. 
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Figure 2. Comparison of computed and experimental [21] An–O and An–N bond distances of the AnIV(DOTA) complexes, as well as the An4+ 8-coordinate effective ionic radii [68]. The slightly different computed values originating from the C2 symmetry of An(DOTA)(H2O) structures are averaged. The presented values are given in Table S1 of the Supplementary Materials. 
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Figure 3. Comparison of computed and experimental [21] distances of An to the planes of the O and N donors (defined by the midpoints of the O⋯O and N⋯N lines, see insert) in the complexes. The different values originating from the C2 symmetry of An(DOTA)(H2O) structures are averaged. The presented values are given in Table S2 of the Supplementary Materials. 
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Figure 4. Charge transfer (e) data in the complexes. The presented values are given in Table S3 of the Supplementary Materials. 






Figure 4. Charge transfer (e) data in the complexes. The presented values are given in Table S3 of the Supplementary Materials.



[image: Symmetry 14 02451 g004]







[image: Symmetry 14 02451 g005 550] 





Figure 5. Delocalisation indices (DI, e) and Wiberg bond indices (W) of the An–O and An–N interactions. Due to the deformation from C4 symmetry in the An(DOTA)(H2O) structures, average values are depicted here. The individual values are given in Table S3 of the Supplementary Materials. 
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Figure 6. NOCV orbital pairs representing the most significant DOTA → An donations in Th(DOTA). (Left): ODOTA → Th; (right): O/NDOTA → Th. The colours yellow and violet indicate charge depletion and accumulation, respectively, with respect to the reference isolated fragments DOTA4− and Th4+. 
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Table 1. Selected characteristics of the spin–orbit (SO) and spin–orbit-free (SF) ground states of An(DOTA) and An(DOTA)(H2O) complexes from CASSCF calculations.
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	Complex
	State 1
	SO Composition (%) 2
	SF Composition (%) 3





	U(DOTA)
	3H4
	3A (42) + 3B (26) + 3B (26)
	3A (93)



	Np(DOTA)
	4I9/2
	4A (40) + 4B (20) + 4B (20)
	4A (85)



	Pu(DOTA)
	5I4
	5A (38) + 5A (32)
	5A (88)



	U(DOTA)(H2O)
	3H4
	3A (40) + 3B (30) + 3B (23)
	3A (91)



	Np(DOTA)(H2O)
	4I9/2
	4A (32) + 4B (27) + 4B (13)
	4A (86)



	Pu(DOTA)(H2O)
	5I4
	5A (29) + 5A (23) + 5B (12)
	5A (85)







1 Term symbol of the electronic state of An4+ in the complexes. 2 Composition of the SO ground state from the SF states (lowest-energy C2 irreducible representations). 3 Symmetry of the SF ground state and the %-contribution of the main electron configuration in it.
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Table 2. Selected results from the DFT-based QTAIM analysis of An(DOTA) and An(DOTA)(H2O) complexes 1.
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An

	
qAn

	
ρ(r)

	

	
▽2ρ(r)

	

	
H(r)

	

	
ε




	

	

	
An-O

	
An-N

	
An-Ow

	
An-O

	
An-N

	
An-Ow

	
An-O

	
An-N

	
An-Ow

	
An-O

	
An-N

	
An-Ow






	
Th(DOTA)

	
2.75

	
0.086

	
0.041

	

	
0.277

	
0.105

	

	
−0.016

	
−0.003

	

	
0.08

	
0.02

	




	
U(DOTA)

	
2.55

	
0.092

	
0.043

	

	
0.317

	
0.118

	

	
−0.017

	
−0.003

	

	
0.07

	
0.09

	




	
Np(DOTA)

	
2.47

	
0.093

	
0.043

	

	
0.338

	
0.126

	

	
−0.017

	
−0.003

	

	
0.04

	
0.09

	




	
Pu(DOTA)

	
2.39

	
0.094

	
0.042

	

	
0.353

	
0.121

	

	
−0.016

	
−0.003

	

	
0.02

	
0.06

	




	
Th(DOTA)(H2O)

	
2.79

	
0.080

	
0.039

	
0.051

	
0.265

	
0.101

	
0.199

	
−0.013

	
−0.002

	
0.000

	
0.08

	
0.02

	
0.16




	
U(DOTA)(H2O)

	
2.58

	
0.087

	
0.041

	
0.047

	
0.304

	
0.112

	
0.198

	
−0.015

	
−0.003

	
0.000

	
0.09

	
0.07

	
0.12




	
Np(DOTA)(H2O)

	
2.50

	
0.088

	
0.041

	
0.049

	
0.323

	
0.118

	
0.205

	
−0.014

	
−0.003

	
0.000

	
0.03

	
0.11

	
0.06




	
Pu(DOTA)(H2O)

	
2.42

	
0.089

	
0.039

	
0.047

	
0.335

	
0.116

	
0.193

	
−0.014

	
−0.002

	
0.000

	
0.02

	
0.05

	
0.12








1 From TPSSh-GD3BJ/ECP60MWB+TZP calculations. Bader charge of An (qAn, e); averaged electron density (ρ(r), au), Laplacian of this electron density (▽2ρ(r), au), total electronic energy density (H(r), au), and ellipticity of electron density distribution (ε, au) at the An–O and An–N bond critical points. Ow in the heading means OH2O.
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