

  inorganics-07-00026




inorganics-07-00026







Inorganics 2019, 7(3), 26; doi:10.3390/inorganics7030026




Article



Comparative Study of Complexes of Rare Earths and Actinides with 2,6-Bis(1,2,4-triazin-3-yl)pyridine



Attila Kovács *[image: Orcid], Christos Apostolidis and Olaf Walter





European Commission, Joint Research Centre (JRC), P.O. Box 2340, 76125 Karlsruhe, Germany









*



Correspondence: attila.kovacs@ec.europa.eu







Received: 20 December 2018 / Accepted: 19 February 2019 / Published: 26 February 2019



Abstract

:

Complexes of group III metals (rare earth and actinides) with 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (BTP) have been investigated by computational (DFT) and, in limited cases, by experimental (FT-IR, X-ray) techniques with the goal of determining the characteristics of metal–ligand interactions. The DFT calculations using the M062X exchange-correlation functional revealed that metal–ligand distances correlate with the ionic radii of the metals, in agreement with available X-ray diffraction results on the Sc, Y, La, U, and Pu complexes. A related blue-shift trend could be observed in seven characteristic bands in the IR spectra associated with metal–ligand vibrations. The computations uncovered considerable charge transfer interactions, particularly in the actinide complexes, as important covalent contributions to the metal–ligand bonding. The covalent character of the metal–ligand bonds decreases in the actinides, from U to Cm.
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1. Introduction


After the first synthesis of 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (BTP) in 1999 [1,2], it has become one of the most powerful extractants, separating actinides (An) and lanthanides (Ln) from nuclear waste [3]. The relevant actinides in this process are the trivalent americium and curium ions, as uranium and plutonium can be removed from the waste beforehand by the PUREX process [4].



In general, complexing ligands with soft donor atoms are likely to bind more strongly to the actinides than to the lanthanides. The origin of this behavior lies in the somewhat stronger donor-acceptor abilities of the actinide 5f and 6d atomic orbitals with the molecular orbitals of the donor ligands, as compared to the 4f/5d orbitals of the lanthanides [5,6,7]. The success of BTP and its derivatives [3] was attributed partly to the soft donor nitrogen atoms in an aromatic environment. An important factor is the basicity, which can be regulated by appropriate substituents: The complexation energies [8] and the An/Ln separation factors increase with increasing BTP basicity [9]. The role of steric effects was also suggested between the [1,2,4]-triazin-3-yl versus the 2-pyridinyl rings for complexing with lanthanides [10]; due to the better steric properties of the former group, its nitrogen can approach metals with small ionic radii more closely.



Several studies have investigated the various aspects of the different binding mechanisms of BTP to actinides and lanthanides [3,6,11,12,13,14,15,16,17,18,19,20,21,22,23,24]. From them, the following theoretical studies provided the most detailed information on the electronic nature of the bonding.



Guillaumont studied the interaction of f elements with a single BTP derivative ligand in [M(MeBTP)(H2O)6]3+ complexes using density functional theory (DFT) [13]. Analysis of molecular orbitals predicted slightly stronger covalent effects in the bonding of actinides than for lanthanides, and the covalent strength decreased from U towards Am. This bonding is realized mainly in the form of charge transfer from the ligand to the empty 6d orbitals of the metals. Metal to ligand back-donation was found only for the U complex, involving a singly-occupied 5f orbital of U [13].



Complexes analogous to the structures in the present study were investigated by Petit et al. [15], by means of DFT. The bonding in those La, Gd, U, and Cm complexes was investigated by energy decomposition analysis [25] and extended by analysis of the natural atomic charges and orbital populations [26]. The interaction energy decomposed to covalent and electrostatic parts showed a particularly strong covalent contribution in the U complex, decreasing towards La, in the following order: U >> Cm > Gd >> La. The natural metal charges and valence orbitals indicated considerable BTP → M3+ donations, while notable back-donation only occurred in the case of U.



Recently, we performed a detailed joint experimental and theoretical study of the lanthanide series, Ln(BTP)3, focusing on the structural and energetic effects of “lanthanide contraction” [27]. As one of the main results, we found increasing metal–ligand interactions along the Ln series. A recent topological study of [Ln(BTP)3]3+ derivatives, by Fryer-Kanssen et al. [28], reported low charge densities at the Ln–N bond critical points (BCPs) and very small irregular variation as the series was traversed. Comparison of the integrated properties of the Eu and Gd complexes with those of Am and Cm indicated slightly larger metal-ligand covalent bonding contributions in the actinide complexes.



In the present study, we compared the properties of rare earth (Sc, Y, La, and Lu) and actinide (U, Np, Pu, Am, and Cm) BTP complexes, by means of experimental and theoretical techniques. The main part of the study consists of DFT calculations in order to elucidate the bonding differences between the three groups of metals; namely, transition metals (TM: Sc, Y), lanthanides, and actinides. Due to technical considerations and the previously-found negligible effects upon replacing the n-propyl chains of BTP by hydrogen in lanthanide BTP complexes [27], in the present theoretical modeling we used the reduced ligand molecule, denoted as BTP′. The La and Lu complexes (investigated by us, recently [27]) were recomputed with a larger valence basis set, being more comparable with the basis sets used for the other metals. The bonding properties were analyzed using the natural bond orbital (NBO) [26] and quantum theory of atoms in molecules (QTAIM) [29] model theories, providing quantitative information on the bonding. The computed results were compared with experimental X-ray diffraction (XRD) data of the Sc, Y, La, U, and Pu complexes, as well as with the FT-IR spectra of the Sc, Y, Pu, and Am complexes.




2. Results and Discussion


The trivalent metal ions form 1:3 complexes with neutral BTP-type ligands [3,14,30]. The tridentate character of BTP is manifested in three metal-nitrogen donor-acceptor bonds: One with the pyridine (N1), and two with the closest azine nitrogens (N2, N2′) (see Figure 1). In the complex molecules, three BTP ligands are arranged around the metal ion in a spherical fashion, as depicted in Figure 2. We note that this moiety has a +3 charge, which was neutralized by appropriate counter-anions in experiments.



The computations predicted D3 symmetry for the ground-state structures of the Sc and Y (and La and Lu [27]) complexes. In contrast, the computations of the five An complexes converged to slightly asymmetric structures (the Cm complex being closest to D3 symmetry), while keeping the main structural motifs, as above. Therefore, the structural characteristics of the presently studied [M(BTP′)3]3+ complex cations are in good agreement with data on metal complexes with BTP in the literature [27,30], BTP derivatives [12,31,32], and with other ligands possessing structural motifs related to BTP, in terms of symmetry and coordination behavior [3,33,34,35,36,37,38,39,40,41,42,43,44].



Selected geometrical parameters from our M062X computations and available XRD data are compared in Table 1. We note that the determined X-ray structures of the Sc, Y, and Pu complexes have large uncertainties, due to poor crystallographic quality of the samples. Nevertheless, the crystal analysis verified the structures, being isostructural to lanthanide homologues [27]. Due to the mentioned large uncertainties, a detailed discussion of the experimental structure is not feasible, thus we show only the average of the most important M–N bonds in Table 1. Additional data can be found in the Supplementary Materials (Tables S1 and S2).



The metal–nitrogen distances differ characteristically in the complexes with the various metals. In the trend, there is a good agreement between the computations and experiment. The M–N1 and M–N2 distances (representing the bonding between M and BTP) are between 2.4–2.7 Å. These distances are in the magnitude of single bonds between M and N. In fact, the experimental data agree well with the sum of the ionic radii (e.g., for La and N, the sum of ionic radii is 2.62 Å [48], while the measured distances are 2.61 and 2.59 Å, see Table 1). This is in agreement with a major ionic character of the bonding by the La3+ ion. The computed M–N distances are slightly overestimated by the applied DFT level, with respect to the experimental results. The M–N3 distance is around 3.5 Å, which is too large for any significant bonding interaction.



In Figure 3, we compare the variation of the M(III) ionic radii [46,47] and the M–N bond distances from the computed geometries. The ionic radii increase in the order Sc < Lu < Y < Cm < Am < Pu < Np < U < La. The same trend appears in the M–N bonds of the complexes. Beside the bond distances close to the sums of the ionic radii (vide supra), this is further support for the major ionic character of these metal-ligand interactions. The minor difference between the ionic radii of Lu(III) and Y(III) is also well reflected in the donor–acceptor M–N bonds of these two complexes. A small discrepancy can be observed, however, in the increase of the actinide M–N bonds, which is less pronounced than the increase in the An(III) ionic radii.



From the bonds within the BTP′ ligand, N1–C, N2–N3, and N2–C are affected by the complex formation due to changes in the electron density distribution. The largest effect can be observed for N2–C: Compared with the bond distances of the free BTP′ ligand (Table 1), it is decreased by 0.01 Å upon complex formation, while the others show changes of a few thousandths of an angstrom. In the magnitudes of change, a relation with the M–N distances was found only in the case of N1–C.



Similarly to our previous work on the lanthanide row [27], we can observe here a dependence of the relative order of the M–N1 and M–N2 distances on the M(III) ionic radii: with smaller ionic radii the M–N1 bond is shorter than M–N2, while between Y and Cm the order is changed to M–N1 > M–N2 (cf. Figure 3). The trend can be recognized in the available experimental data (Table 1). It seems that the M(III) ionic radii determine how the metal can approach the electron donor nitrogen (N1, N2, N2′): The small ions can get closer to N1, while the approach of the larger ions may be hindered by steric interactions with the triazine rings.



The variation of the metal–ligand bond distances within the complexes of group III metals is also reflected in some of the weak features in the vibrational spectra. In our previous study on Ln(BTP)3 complexes [27], we found that, as the Ln(III) ion radii shorten across the Ln row, the consequently decreasing Ln–N distances resulted in blue shifts up to 10 cm−1 (between La(BTP)3 and Lu(BTP)3) of some fundamental wavenumbers. The same feature can be observed in the available FT-IR data of the Sc, Y, Am, and Pu complexes. Notable shifts were found for seven fundamentals listed in Table 2, the largest being 14 cm−1 for the fundamental at around 470 cm−1. The shifts were reasonably reproduced by the M062X frequency calculations on the [M(BTP′)3]3+ models.



The fundamentals listed in Table 2 are complex, but all contain some contributions from the M–N vibrations. In the high-wavenumber modes, these contributions correspond mainly to stretching, while in the low-wavenumber modes, they correspond to out-of-plane (with respect to the plane of the aromatic ring) bending vibrations.



The complete set of experimental wavenumbers of the Sc, Y, Pu, and Am complexes, with assignments on the basis of DFT calculations, is given in the Supplementary Materials (Table S3). The characteristics of the observed bands correspond, in general, to those of the La complex reported in our previous study [27]. The assignment of the CF3SO3− bands agrees with IR data on rare earth trifluoromethanesulfonate crystals in the literature [49].



The electronic nature of the metal–nitrogen bonding was investigated using the natural bond orbital (NBO) [26] and quantum theory of atoms in molecules (QTAIM) [29] models. Selected calculated atomic charges, metal valence orbital populations, main charge transfer interactions, and electron density data are compiled in Table 3.



Both bonding analysis models (NBO and QTAIM) resulted in considerable positive charges of the M atoms and negative ones of N1 and N2 in the [M(BTP′)3] complexes. However, they differed somewhat in the trends: NBO predicted significantly higher atomic charges (n) of the lanthanides, compared with TM and An, and a gradually increasing trend from U to Cm. In contrast, the QTAIM charges (q) varied only within 0.15 e and showed a decreasing trend from U to Am. The close q values of the various metal groups (TM, Ln, An) are in better agreement with chemical intuition. Nevertheless, computed atomic charges are generally less suitable for the analysis of small bonding differences, as the atomic charge is a property integrated all over the atoms, lacking information on the variation of electron density distribution in different directions. Thus, the gains from the present atomic charges are the confirmations of the significant ionic character of M–N bonding and of the net BTP′→M charge transfers in the complexes, the latter reducing the positive charge of the parent M3+ ions. For analysis of bonding interactions, the electron density properties between the interacting atoms are more suitable.



The M valence orbital populations from the NBO analysis give information on the role of these atomic orbitals in the donor–acceptor interactions. As can be seen in Table 3, the valence s orbitals show only slight variation, around 0.23 e. The An 5f orbitals have a slight population increase upon the 5f subconfiguration of the parent An3+ ions. This increase is declining from Np to Cm, in agreement with the stabilization of the 5f subshell. The donor–acceptor interactions in the complexes mainly involve the valence d orbitals of the metals, as indicated by the considerable populations (0.65–0.93 e).



From the NBO analysis, the second-order perturbation energy data represents the most relevant information on the donor–acceptor interactions, modeling the energy consequences of the individual charge transfers. According to them, the majority (60–80%) of the covalent interaction is established by the lone pairs of N1 and N2 (σ-donation). We note the somewhat smaller second-order perturbation energies of the charge donation from the lone pair of N1 to M, with respect to those from N2 (see Table 3). Additional weak charge donations occur from N1–C, N2–N3, and N2–C bonding orbitals. Detailed inspection of the orbital interactions revealed that the main acceptor orbitals of the metals are the valence d orbitals, as assumed above on the basis of their populations. Considerably fewer donations occurred to the valence s orbitals, and quite small ones to the actinide 5f orbitals.



From the studied group III metals, the strongest donor–acceptor interactions were predicted for the An complexes, while the weakest were the Ln complexes. This correlates well with the significantly larger populations of the An 6d orbitals (extended by the minor increases of 5f, vide supra), as compared to those of the Ln 5d ones (see Table 3).



Noteworthy are the considerably stronger donor–acceptor interactions in the U complex (particularly the N1→M and N2→M charge transfers, see Table 3), compared to those of the other An in the study. This feature may be in relation with the largest 6d population in the U complex among the An complexes, as well as with the larger 6d orbital radii of U being more favorable for donor–acceptor interactions. With increasing atomic number (Pu–Cm), the 6d orbitals become contracted [51], and are less suitable for orbital interactions.



The covalent bonding in the An complexes also incorporates some metal-to-ligand back-donation. This interaction is very weak; the second-order perturbation energies are 10–60 times smaller than the ones of the ligand-to-metal donations. Hence, in contrast to the suggestion of Berthet et al. [3], the present NBO analyses predict only a negligible role of back-donation in the stability of these complexes. In addition, our second-order perturbation energies indicate the strongest back-donation in Pu(BTP′)33+ among the studied five An, while previously significant back-donation was reported only for U [13,15]. The metal-to-ligand back-donations in the [An(BTP′)3]3+ complexes occur from the partly occupied 5f orbitals of the actinides. No back-donation was found for the rare earths, due to a lack of appropriate donor orbitals.



The topological analysis of the electron density distribution provided useful information on the covalent interactions in the [M(BTP′)3]3+ complexes. Figure 4 depicts the bond paths, with the bond and ring critical points, and gives an overview of the chemical bonds between M3+ and BTP′. The electron densities (ρ) and their Laplacian (▽2ρ) values at the BCPs of the M–N interactions are given in Table 3. Both properties vary within a small range. The only noteworthy characteristic is the somewhat higher ρ(M,N) values of the U complex as compared to the others, in agreement with the known considerably larger charge transfer in [U(BTP′)3]3+ (vide supra).



The integrated QTAIM properties, given in Table 3, proved to be more informative. The Δ(M) data, meaning the difference between the integrated electron density in the atomic basin of M and average number of electrons localized in the atomic basin of M (the latter called the localization index), give a better representation of the bonding propensities of M than the QTAIM atomic charges (q). As was shown above, the trend in q disagrees at several points with those in the natural atomic charges (n). Consequently, it disagrees also with the covalent trend of M–N bonding, deduced on the basis of the second-order perturbation energies. The atomic charge refers to the space around the whole atom, while the bonding electron density occupies only the space between the bonded atom pairs. The latter is given by the Δ(M) difference, as the localization index means the average number of electrons belonging exclusively to M. In agreement with the expectations, the variation of the Δ(M) values shows some resemblance to the second-order perturbation energies from the NBO analyses.



Part of Δ(M) is manifested in the DI(M,N) delocalization indices (Table 3) in which the integrated parameter has helped in the elucidation of weak trends in the bonding of various lanthanide- and actinide-containing molecules [28,52,53,54,55,56,57,58,59,60]. DI quantifies the average number of electrons shared between two atoms connected by a bond path [52].



The Δ(M) and DI(M,N) values correlate well with the second-order perturbation energies, except for La: The NBO analysis predicted the smallest second-order perturbation energies for the [La(BTP′)3]3+ complex, while Δ(La) and DI(La,N) are the largest among the rare earths. On the other hand, the La > Lu trend in the integrated properties is in agreement with the recently reported one of Eu > Gd [28].



Nevertheless, the Δ(M) and DI data of Table 3 contains three important pieces of information: (i) The covalent character in the An complexes is characteristically stronger than in the rare earth ones, supporting previous conclusions [13,15,28,57]; (ii) the covalent character in the An–N bonds decreases from U to Cm, resembling the trend found in the series AnF4 [61] and AnCOT2 (An = Th–Cm) complexes [53]; and (iii) the strength of covalent interactions in the M–N1 and M–N2 bonds is comparable.



Apart from the discrepancy for La, the relevant NBO and QTAIM properties agree in the main bonding trends in the investigated [M(BTP′)3]3+ complexes.



The computed dissociation energies (De) predict the largest complex stability for Sc, with a decreasing trend down group III in the periodic system. The ranges of the computed bond dissociation energies of the two f-element rows overlap, in agreement with the known very close stabilities of related Ln and An complexes [3,6,11,12,13,14,15,16,17,18,19,20,62]. The close stabilities confirm that the weaker electrostatic interactions in the An complexes are successfully compensated by the larger donor–acceptor interactions. We note that, in both the Ln and An rows, an increasing trend of De parallel with the atomic number can be observed, in agreement with earlier reports [63,64].




3. Materials and Methods


3.1. General Preparation Procedure of the Complexes [M(BTP)3](CF3SO3)3


Approximately 45 mg (~0.06 mmol) of [M(H2O)9](CF3SO3)3 was dissolved in 1 mL EtOH, then 3 equivalents of 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (~100 mg) in 1 mL EtOH (dissolved at elevated temperature) were added. On slow cooling to room temperature, the complexes formed crystals of the constitution [M(BTP)3](CF3SO3)3*EtOH (Sc without EtOH) in yields of 50–60%. Reducing the solvent volume by evaporation to a volume of ~0.3 mL, more crystals were formed completing the precipitation to yields of >90%.




3.2. Crystallography


The XRD measurements were performed on a Siemens SMART CCD 1000 diffractometer (Siemens Analytical X-ray Instruments, Inc., Karlsruhe, Germany) [65] (Sc) and a Bruker Apex II Quazar diffractometer (Bruker AXS, Inc., Madison, WI, USA) [66] (Y, Pu). Frames were collected with an irradiation time of 20 s or 10 s per frame and the ω-scan technique with Δω = 0.45° on the SMART diffractometer; whereas, on the Apex II diffractometer, a mixed ω- and ϕ-scan technique was employed for data collection, with Δω = Δϕ = 0.5° with irradiation times of 12 s per frame, appropriate to the size and diffracting abilities of the crystals. Data were integrated with SAINT, corrected to Lorentz, and polarization effects and an empirical adsorption correction with SADABS was applied. The structures were solved by direct methods and refined to an optimum R1 value with SHELX-2013 [67]. All structures here suffer from the low quality of the crystals and the resulting structures. Redetermination and collection on other crystals did not lead to better quality. Nevertheless, the structures were deposited at the Cambridge Crystallographic Data Centre with the reference CCDC numbers: CCDC 1885828 (Pu), 1885829 (Sc), and 1885830 (Y). These data can be obtained, free of charge, from the CCDC at www.ccdc.cam.ac.uk. Crystallographic details of the measured [M(BTP)3](CF3SO3)3 complexes can be found in the Supplementary Materials (Table S1).




3.3. IR Spectroscopy


IR spectroscopic measurements were performed using a Perkin Elmer Spectrum 1000 FT spectrometer (PerkinElmer, Inc., Waltham, MA, USA), on KBr pellets for the mid-IR range (4000–400 cm−1) and polyethylene pellets for the far-IR range (400–120 cm−1) with a resolution of 2 cm−1.




3.4. Computational Details


Due to the large size of BTP and the flexibility of the propyl chains, getting convergence for the open-shell actinide complexes containing the whole ligand is extremely difficult. On the other hand, it was shown that the external propyl substituents of the triazine rings have no significant effect on the complex structure [3,14]. Recently, we found also negligible effects in test calculations on lanthanide BTP complexes [27]. Therefore, we performed all our present calculations with a reduced ligand molecule replacing the n-propyl chains by hydrogen, denoted as BTP′.



The computations were performed with the Gaussian09 suite of programs [68], using the M062X [69] exchange-correlation functional in conjunction with the quasi-relativistic pseudopotentials of the Stuttgart-Cologne group. Test calculations with the D3 version of Grimme’s dispersion correction [70] indicated marginal effects of the dispersion forces (up to 0.006 Å for the M–N1 distance) and, therefore, this option was omitted. For Sc, we took the pseudopotential containing 10 electrons in the core (ECP10MDF) [71] in conjunction with the correlation consistent valence basis having a contraction scheme of [8s7p6d2f1g]/[6s5p3d2f1g] [71,72], while, for Y, the pseudopotential containing 28 electrons in the core (ECP28MWB) [73] in conjunction with the correlation consistent valence basis having a contraction scheme of [8s7p6d2f1g]/[6s5p3d2f1g] [72,73]. For La and Lu we used the 4f-in-core quasi-relativistic pseudopotentials [74,75] in conjunction with a [8s7p6d3f2g]/[6s5p5d3f2g] valence basis set treating the 5s5p5d6s orbitals [76,77]. For actinides the 5f-in-valence pseudopotentials (ECP60MWB) [78] were applied in conjunction with valence basis sets having a contraction scheme of [14s13p10d8f6g]/[10s9p5d4f3g] [79,80]. Accordingly, the An complexes and ions were computed as open-shell, and the others as closed-shell. For N, C, and H the standard 6-31G** basis set was used. The above theoretical level provided results in good agreement with the experimental FT-IR data of Ln(BTP)3(CF3SO3)3 complexes in our previous study [27]. The trends predicted by the M062X functional for the various properties were checked by B3LYP calculations, using the same basis set on the selected (Sc, La, Lu, U, and Am) complexes. The latter results (given in Table S4 in the Supplementary Materials) are in good agreement with the ones obtained with the M062X functional.



The ground state of the computed actinide complexes was verified by utilizing the STABLE keyword of the Gaussian code. The atomic charges and charge transfer properties were calculated according to natural bond orbital (NBO) theory [26] utilizing the NBO 5.9 code [81]. Due to the deficiency of the NBO 5.9 code for g functions, in these calculations the g polarization functions were omitted from the valence basis sets. The topological analysis of the electron density distribution was performed by means of the AIMAll software [82], at the same level of theory as used for the geometric optimizations.





4. Conclusions


Complexes of group III metals with 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine show similar structural and vibrational characteristics, despite the different M(III) ionic radii. The M–N bond distances correlate well with the ionic radii of the metals. A characteristic feature is the interchange of the relative order of the M–N1 and M–N2 distances around r(III) = 1.1 Å. This can be related to the steric conditions of the interaction with the ligand, determined by the ionic radii of the metals. The smaller metals (Sc, Lu, Y) have a stronger interaction with N1, while the larger radii of the other metals hinder the approach to the pyridine ring.



The trend of increasing M–N distances by Sc < Lu < Y < Cm < Am < Pu < Np < U < La can be recognized in the FT-IR spectra as small shifts of some bands. These blue-shifting bands can be attributed to modes including contributions from metal–ligand vibrations; mostly stretching and out-of-plane bending.



The DFT calculations revealed some important bonding characteristics of the complexes. Regardless of the similar ionic radii (and, thus, the M–N bond distances), the actinides are involved in larger charge transfer interactions with BTP than the studied lanthanides and transition metals. The main role in the process is played by the valence d orbitals, receiving the donation from the ligand. In the actinides, the spatial and energetic proximity of the 6d orbitals determine the magnitude of interaction: From the five studied actinides, these factors are the most favorable in U, explaining its considerably larger donor–acceptor interaction with BTP. Metal-to-ligand back-donation was found only for the actinides, but with very small magnitudes compared to the ligand-to-metal donation. The strength of the covalent bonding interactions decreases along the actinide row.



The NBO and QTAIM bonding models agree in the above-outlined main bonding trends in the investigated [M(BTP′)3]3+ complexes. The NBO model underestimates the covalent interactions in the lanthanides, with respect to QTAIM.








Supplementary Materials


The following are available online at https://www.mdpi.com/2304-6740/7/3/26/s1: Selected X-ray diffraction data of the crystals of [M(BTP)3](CF3SO3)3 (M = Sc, Y, Pu); a list of experimental IR data; Cartesian coordinates of the [M(BTP′)3]3+ complexes (M = Sc, Y, U, Np, Pu, Am, Cm), computed with the M062X functional; and selected properties of the complexes of M = Sc, La, Lu, U, Am obtained with the B3LYP functional.
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Figure 1. Coordination of metals to 2,6-bis(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (BTP)-type ligands. 
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Figure 2. The D3 nine-fold coordination structure of the [M(BTP′)3]3+ complexes (hydrogens are not depicted). 
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Figure 3. Computed M–N bond distances and the M3+ ionic radii. N1 (blue cycle) and N2 (red triangle) correspond to the pyridine and azine nitrogen, respectively (see Figure 1). 
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Figure 4. Topological picture presenting the bond (green) and ring (red) critical points within an M(BTP′)3+ moiety. 
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Table 1. Selected bond distances (Å) from M062X computations and available XRD results. a
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M

	
r(III) b

	
Calculated

	
X-ray




	
M–N1

	
M–N2

	
N1–C

	
N2–N3

	
N2–C

	
M–N1

	
M–N2






	
Sc

	
0.885

	
2.396

	
2.417

	
1.337

	
1.325

	
1.333

	
2.37 ± 0.01

	
2.41 ± 0.01




	
Y

	
1.040

	
2.516

	
2.525

	
1.339

	
1.328

	
1.334

	
2.49 ± 0.01

	
2.52 ± 0.02




	
La

	
1.172

	
2.684

	
2.658

	
1.342

	
1.328

	
1.333

	
2.611 ± 0.009

	
2.585 ± 0.009




	
Lu

	
1.001

	
2.500

	
2.509

	
1.339

	
1.328

	
1.334

	

	




	
U

	
1.165

	
2.627(9)

	
2.609(10)

	
1.342(1)

	
1.329(1)

	
1.335(1)

	
2.55 ± 0.03

	
2.54 ± 0.03




	
Np

	
1.15

	
2.625(5)

	
2.612(17)

	
1.341(1)

	
1.328(1)

	
1.334(0)

	

	




	
Pu

	
1.14

	
2.614(8)

	
2.604(22)

	
1.341(1)

	
1.328(0)

	
1.334(0)

	
2.58 ± 0.02

	
2.55 ± 0.04




	
Am

	
1.115

	
2.605(3)

	
2.592(20)

	
1.341(2)

	
1.328(1)

	
1.333(2)

	

	




	
Cm

	
1.11

	
2.594(1)

	
2.592(4)

	
1.340(0)

	
1.328(1)

	
1.334(0)

	

	




	
BTP′

	

	

	

	
1.337

	
1.330

	
1.344

	

	








a The computed data refer to the [M(BTP′)3]3+ species, while the XRD data refer to the [M(BTP)3](CF3SO3)3 (M = Sc, Y, La, Pu) and [U(BTP)3]I3 compounds [12]. The bond distances of slightly asymmetric structures (actinides, experimental) have been averaged; the deviation is included in the experimental error, while it is indicated by the values in parentheses in the computed results. b The ionic radii, r(III), refer to 6-coordinated M(III) ions from crystallographic studies [45,46,47].
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