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 Periodic Trends in Lanthanide Compounds through the Eyes of Multireference ab Initio Theory Daniel Aravena,† Mihail Atanasov,*,‡,§ and Frank Neese*,‡ †
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 ABSTRACT: Regularities among electronic conﬁgurations for common oxidation states in lanthanide complexes and the low involvement of f orbitals in bonding result in the appearance of several periodic trends along the lanthanide series. These trends can be observed on relatively diﬀerent properties, such as bonding distances or ionization potentials. Well-known concepts like the lanthanide contraction, the double−double (tetrad) eﬀect, and the similar chemistry along the lanthanide series stem from these regularities. Periodic trends on structural and spectroscopic properties are examined through complete active space self-consistent ﬁeld (CASSCF) followed by second-order N-electron valence perturbation theory (NEVPT2) including both scalar relativistic and spin−orbit coupling eﬀects. Energies and wave functions from electronic structure calculations are further analyzed in terms of ab initio ligand ﬁeld theory (AILFT), which allows one to rigorously extract angular overlap model ligand ﬁeld, Racah, and spin−orbit coupling parameters directly from high-level ab initio calculations. We investigated the elpasolite Cs2NaLnIIICl6 (LnIII = Ce−Nd, Sm−Eu, Tb−Yb) crystals because these compounds have been synthesized for most LnIII ions. Cs2NaLnIIICl6 elpasolites have been also thoroughly characterized with respect to their spectroscopic properties, providing an exceptionally vast and systematic experimental database allowing one to analyze the periodic trends across the lanthanide series. Particular attention was devoted to the apparent discrepancy in metal−ligand covalency trends between theory and spectroscopy described in the literature. Consistent with earlier studies, natural population analysis indicates an increase in covalency along the series, while a decrease in both the nephelauxetic (Racah) and relativistic nephelauxetic (spin−orbit coupling) reduction with increasing atomic number is calculated. These apparently conﬂicting results are discussed on the basis of AILFT parameters. The AILFT derived parameters faithfully reproduce the underlying multireference electronic structure calculations. The remaining discrepancies with respect to experimentally derived data are mostly due to underestimation of the ligand ﬁeld splittings, while the dynamic correlation and nephelauxetic eﬀects appears to be adequately covered by CASSCF/NEVPT2.
 
 1. INTRODUCTION In comparison with the d-block element series, lanthanides tend to present more regular trends in terms of electronic conﬁgurations, ionization potentials, and oxidation state stability, yet no strong preferences for speciﬁc coordination numbers or geometries are observed. It is then not surprising that chemical changes across the lanthanide series are more systematic than for transition metals, being normally rationalized collectively.1,2 This apparent monotony in the electronic structure of Ln compounds gives rise to several periodic trends based on properties of diﬀerent origin that normally hold along the whole series. In this way, concepts like lanthanide contraction or double−double (or tetrad) eﬀect have been coined to rationalize periodic trends on structural, spectroscopic, and thermodynamic properties. In terms of electronic structure considerations, we can associate these regularities to the combined eﬀect of two © XXXX American Chemical Society
 
 factors: (i) the general stability of the 3+ oxidation state on the whole series, originating from electronic conﬁgurations that only diﬀer in the number of f electrons and (ii) the compact nature of the 4f orbitals that are in many ways semicore like. Consequently, the involvement of 4f electrons in chemical bonding is very limited, and hence there are no strong geometric preferences implied by speciﬁc 4f-shell conﬁgurations. In contrast to the situation in transition metal ions, the ligand ﬁeld splitting is the weakest eﬀect modulating the electronic level ordering in lanthanides, with a considerably smaller inﬂuence than spin−orbit coupling (SOC) and interelectronic repulsion. It is then the combination of the ubiquitous +3 oxidation state along the series and the limited eﬀect that a particular coordination environment can exert on Received: February 3, 2016
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 accounted for by quasi-degenerate perturbation theory (QDPT). To rationalize the observed trends in terms of chemically familiar concepts, ligand ﬁeld, SOC, and interelectronic repulsion (Racah) parameters were extracted from calculated results by an ab initio ligand ﬁeld approach. We ﬁrst analyze the LnIII free ions to extract SOC constants and interelectronic repulsion parameters and compare them to available reference data. We turn then our attention to the cubic Cs2NaLnCl6 series of solids, which have been extensively characterized by spectroscopic means (including low-energy excitations).19−27 Calculated ligand ﬁeld parameters are employed to analyze the tetrad eﬀect by comparing the calculated nephelauxetic reductions to Jørgensen’s model,28 which explains this eﬀect as an energy stabilization associated with variation of spin (S) and orbital (L) angular momentum across the lanthanide series. Furthermore, the importance of SOC for the tetrad eﬀect is also discussed. Finally, correlations between the nature of Ln−Cl bonding, the observation of the double−double eﬀect, and major features of electronic spectra along the series are discussed in terms of calculated energies and wave functions, population analysis, and parameters derived from AILFT.
 
 the metal centers that determine the chemical properties of the lanthanide series. It may appear that, because of the relative low involvement of 4f orbitals in the bonding properties of lanthanides, they cannot be “chemically tuned” in the same way that transition metals can. However, magnetic and spectroscopic properties of Ln complexes are indeed sensitive to the coordination environment, and considerable eﬀorts have been devoted in recent years to synthesize new lanthanide complexes with interesting properties, especially for applications in magnetism and luminescence.3−6 Multireference electronic structure methods, that is, the complete active space self consistent ﬁeld (CASSCF) or restricted active space (RAS), have been developed to the point that they play a major role in the rationalization of physical properties of lanthanide complexes. In particular, these approaches are widely employed for the calculation of magnetic anisotropy in single-molecule magnets (SMM).7−11 Despite their higher computational cost in comparison to density functional theory (DFT), CASSCF calculations are preferable over DFT approaches in cases where a correct description of the multiplet structure of the system under investigation is required. This is generally the case for the optical and magnetic properties of lanthanides where DFT approaches fail to even provide a qualitatively correct picture except, perhaps, for LaIII and LuIII. Furthermore, trivalent lanthanides with partially ﬁlled 4f shells (with the exception of GdIII, which has a 8S ground state) possess low-energy many-particle states stemming from diﬀerent conﬁgurations of f-electrons. In this way, their groundstate wave functions contain contributions from various conﬁgurations, demanding a multireference description. Given the aforementioned limitations of single-determinant DFT, hybrid strategies combining DFT calculations and ligand ﬁeld treatments have been developed. An example of such an approach is ligand ﬁeld DFT (LFDFT). This methodology combines DFT electronic structure calculations intended to represent the relevant electronic conﬁgurations in the framework of a single determinant description of the ground-state wave function (for example, by averaging over the f n conﬁgurations by using fractional n/7 occupation numbers of the f-type orbitals) and a state interaction step in a ligand ﬁeld Hamiltonian built on the basis of the calculated conﬁgurations.12,13 A natural advantage of the usage of a ligand ﬁeld picture is the possibility to estimate ligand ﬁeld parameters such as the angular overlap model (AOM) ligand ﬁeld, Racah, or spin−orbit directly from electronic structure calculations. In this way, computational results can be translated into a meaningful language familiar to chemists and spectroscopists. In the realm of wave function-based methods, ab initio ligand ﬁeld theory (AILFT) has been developed to allow for a rigorous extraction of ligand ﬁeld parameters from a mapping of the target ligand ﬁeld Hamiltonian to energies and wave functions obtained from high-level ab initio calculations.14 LFDFT and AILFT studies have been conducted to rationalize optical spectra, magnetism, and luminescence properties of diverse inorganic systems based both on transition metals and lanthanides.7,15−18 In this Article, we investigate the periodic trends in spectroscopic and ground-state properties of lanthanide complexes through state of the art ab initio multireference methods. Speciﬁcally, CASSCF calculations were employed to obtain the complete set of f−f electronic excitations in all the studied systems. Dynamic correlation was included through Nelectron valence perturbation theory (NEVPT2), and SOC is
 
 2. COMPUTATIONAL DETAILS 2.1. Electronic Structure Calculations. All electronic structure calculations were performed using the ORCA package.29,30 Natural population analysis (NPA) was performed employing the NBO6 program,31 which is interfaced to ORCA. Geometry optimizations for Cs2NaLnCl6 solids were performed using the BP86 functional32−34 on fragments consisting of one lanthanide center, six chloride ions, and six sodium ions. All atoms were described by the all-electron Def2-TZVP basis set.35 Na positions were ﬁxed to the experimentally determined cell lengths for the corresponding lanthanide ions.36 Energies and wave functions for the optimized structures were calculated by the CASSCF/NEVPT2+QDPT approach.37 An active space considering the seven 4f orbitals was employed in all calculations, while the number of roots was set to include all possible states stemming from 4f conﬁgurations for a given multiplicity. This method consists of two steps: (i) eigenvalues and eigenvectors are obtained from a CASSCF calculation, which energies can be eventually corrected by NEVPT2.38−40 (ii) SOC eﬀects are included by QDPT, where the multiplets stemming from the S = Ms CASSCF states are mixed by the spin−orbit mean ﬁeld (SOMF) operator, as explained in detail elsewhere.41 In this way, NEVPT2 corrected energies are included in the diagonal of the QDPT matrix. The same energy correction procedure for the QDPT matrix was performed using SORCI energies. The SORCI method is a higher-level calculation that considers energy and wave function corrections from excitations outside the active space and provides an accurate account of excitation energies for inorganic coordination compounds.42 All calculations incorporated the scalar relativistic Douglas−Kroll−Hess approximation at second order (DKH2)43−45 with the newly developed scalar relativistically recontracted (SARC2-QZVP)46 basis set, which is an improved version of the SARC-TZV basis.47 This new basis set was completely reﬁtted to accurately represent HF reference wave functions and provides a good description of CASSCF excitation energies and the eﬀect of the SOC operator when compared to basis set limit. 2.2. Electrostatic Embedding Procedure. The eﬀect of the environment for the Cs2NaLnCl6 compounds was modeled by the embedded cluster approach.48 The system is divided in three zones. A quantum cluster (QC) is surrounded by an extended point charge (PC) ﬁeld, and a boundary region (BR) composed of repulsive capped eﬀective core potentials (c-ECPs) is introduced between these two zones to avoid an unphysical electron ﬂow from the quantum region to the PC ﬁeld zone. The PC zone for Cs2NaLnCl6 comprised 5948 charges, QC consisted in a central lanthanide ion surrounded by six chlorine ions, and the BR considered the six directly bound Na+ ions. B
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 Inorganic Chemistry Charges in the PC and boundary regions were chosen to fulﬁll the following charge neutrality condition qQC = −(qBR + qPC), which is appropriate for ionic systems.49 A schematic representation of the embedded cluster approach is presented in Figure 1.
 
 convenient theory, for example, the AOM. The quality of the ab initio results can be improved by adding the NEVPT2 correction to the CAS-CI matrix by means of the spectral resolution of the CAS-CI Hamiltonian using the CAS-CI eigenvectors. In this way, the inﬂuence of dynamic correlation on the ligand ﬁeld parameters can be studied. In the same way a ﬁt to the SOC matrix can be obtained thus yielding an ab initio value of the eﬀective SOC constant (ζ). In the last years, the AILFT approach has been successfully applied to rationalize magnetic and bonding properties of transition metal complexes.17,50,51 More speciﬁcally, our model Hamiltonian reads: n
 
 Ĥ = Vee + VLF + ζ ∑ liŝ î i=1
 
 (1)
 
 Where Vee is the interelectronic repulsion expressed in terms of Racah parameters (E1, E2, and E3), VLF represents the ligand ﬁeld interaction through 28 parameters (one for every pair of f-orbitals), ζ is the SOC parameter, and s î and l î are the monoelectronic spin and orbital vector operators (i = x,y,z). Although the set of 28 ligand ﬁeld parameters allows for a description of systems with low and high symmetry on an equal footing (always within the inherent limitations of the ligand ﬁeld model), we are here interested in an octahedral environment, which can be modeled by a much lower number of parameters. In this way, we expressed the original 28 ligand ﬁeld matrix elements in terms of the AOM parameters eσ and eπ describing, respectively, σ and π Ln−Cl antibonding interactions.52 Despite the drastic reduction of degrees of freedom, elements of the ligand ﬁeld matrix were nicely reproduced in terms of eσ and eπ, with a standard deviation between source and predicted matrix elements of the ligand ﬁeld matrix below 3 cm−1 for all cases. As mentioned above, the model Hamiltonian is expressed in terms of conﬁgurations based on real f-orbitals. To match the model basis, the active space orbitals of the ab initio calculation are rotated to resemble the pure f-functions as much as possible. As no truncation of the ligand part is performed, nephelauxetic eﬀectsthe reduction of the free ion interelectronic repulsion and SOC parameters in a complexemerge naturally due to the mixing of the f- and the Cl- 3s and 3p orbitals. The ab initio Hamiltonian considered all possible highest multiplicity roots for Cs2NaLnCl6 compounds. In the case of free ions, interelectronic repulsion parameters were also extracted by ﬁtting calculated term energies to their corresponding expressions written in terms of Racah parameters.53−55 For simplicity, we only considered terms that do not interact with other terms by the interelectronic repulsion operator. In this way, these energies can be directly expressed by a ﬁxed linear combination of Racah parameters, without depending on other state energies.
 
 Figure 1. (a) 2 × 2 × 2 supercell of the Cs2NaLnCl6 crystal and central fragment corresponding to the QC and BR zones. Color code: LnIII (red), Cs+ (gray), Cl− (light blue), and Na+ (purple). (b) Schematic representation of the PC, BR, and QC zones corresponding to the embedded cluster approach, adapted from ref 49. Diﬀerent combinations of charges can satisfy the total charge neutrality condition but strongly diﬀer in their magnitudes giving rise to diﬀerent electrostatic ﬁelds and potentially aﬀecting the solutions in the quantum region. The selection of the set of charges that best mimic the eﬀect of the environment is not unambiguous, and some testing of the eﬀect of diﬀering PC sets on the target properties for the quantum region is required. We covered a broad region from covalent to strongly ionic type of PCs by varying the magnitude of the charges from almost zero (the smallest magnitude of charges that assured global electroneutrality) to each element’s formal charges, which would represent an extremely ionic environment. As expected from the localized nature of f−f transitions, the excitation spectrum was not very sensitive to the charge ﬁeld. The largest shifts in the low-energy region only accounted for a few tens of inverse centimeters if we compare the cases with highest and lowest PC magnitudes (see Table S1 in Supporting Information). Thus, we only present results from the charge environment with the lowest magnitude for both solids as representative for the complete range of charges. Because of limitations in the maximum angular momentum the Natural Bond Orbital routine can handle, NPA analysis was performed using the unpolarized SARC2-QZV basis. We compared the reduction in the Racah and SOC parameters, E3 and ζ, respectively, from SARC2-QZV and SARC2-QZVP calculations and found them similar, both in magnitude and trend (see Table S15). 2.3. Ab Initio Ligand Field Analysis. Ab initio ligand ﬁeld theory is a method to deduce ligand ﬁeld parameters from a multireference ab initio calculation. Its main purpose is to make the results of elaborate ab initio calculations intelligible in terms of familiar chemical concepts. It was shown in 2012,14 that under certain conditions the ligand ﬁeld parameters are uniquely deﬁned through ab initio theory. The condition for performing the ﬁt for f-elements is that the Complete Active Space (CAS) space contains the predominantly f-orbitals of the metal, for example, CAS(n,7). Under these conditions and assuming that the active orbitals are not strongly “diluted” by ligand orbitals (a very good assumption for lanthanides), the orbitals can be transformed and ordered in a way that there is a 1:1 correspondence with the ﬁctitious pure f-orbitals that are assumed by crystal ﬁeld theory. Then, there is a 1:1 correspondence between the Hamiltonian matrix elements of the complete ligand ﬁeld Hamiltonian and the full-CI matrix (CI = conﬁguration interaction) of the CAS.14 The AILFT procedure corresponds to a least-squares ﬁt that provides the best agreement between ligand ﬁeld theory and ab initio theory. Since ligand ﬁeld theory is linear in all its parameters (the 7 × 7 one-electron matrix and the Racah-parameters), the ﬁt is unique. Hence, one obtains the entire 7 × 7 one-electron matrix of ligand ﬁeld theory and the Racah parameters directly and uniquely from the ab initio calculation. The one-electron ligand ﬁeld matrix can then be diagonalized to deduce the ligand ﬁeld orbital ordering, and splittings between these orbital energies can be parametrized in terms of a
 
 3. RESULTS AND DISCUSSION 3.1. Ab Iinitio Ligand Field Theory Analysis of Lanthanide Free Ions. In free ions, it is possible to obtain the complete set of interelectronic repulsion parameters (E1, E2, and E3) from the ﬁt of CASSCF/NEVPT2 eigenvalues to their corresponding expressions in terms of Racah parameters (see Computational Details). As the transitions between states belonging to the highest multiplicity only depend on E3, lower multiplicity states (roots) must be calculated to obtain AILFT values for E1 and E2. This requirement leads to the necessity to calculate several hundred roots, in particular, for the ions with higher spin. We considered all possible roots of all multiplicities in the CASSCF calculation and found a strikingly accurate ﬁt between ab initio and model Hamiltonian energies with a negligible standard deviation for all cases (below 0.1 cm−1). This remarkable match highlights the lack of dynamical correlation of the CASSCF derived wave functions, which mimic the simple Slater−Condon theory with interelectronic repulsion parameters only. However, since CASSCF is lacking dynamical electron correlation, the extracted electron repulsion C
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 Table 1. Ab Initio Derived Interelectronic Repulsion Parameters for the LnIII Free Ions from CASSCF, NEVPT2, and SORCI Calculations E1 (cm−1)
 
 E2 (cm−1) b
 
 ion
 
 CASSCF
 
 NEVPT2
 
 expt
 
 PrIII NdIII PmIII SmIII EuIII TbIII DyIII HoIII ErIII TmIII
 
 6193.2 6460.1 6694.6 6932.7 7151.9 7577.5 7783.8 7981.0 8178.8 8369.7
 
 5012.1 5179.1 5397.0 5613.8 5812.6 6228.4 6438.4 6642.4 6851.2 7096.9
 
 4469.6 4766.5
 
 a 3 EAILFT
 
 5213.1 5562.5 5897.2 6163.2 6275.4 6445.2 6738.5
 
 E3 (cm−1) b
 
 CASSCF
 
 NEVPT2
 
 expt
 
 34.4 35.8 37.1 38.4 39.7 42.0 43.2 44.3 45.4 46.4
 
 22.7 25.8 26.8 28.1 29.3 31.5 32.5 33.2 34.3 34.5
 
 21.5 22.6 25.3 27.4 29.2 30.3 30.6 31.7 33.5
 
 E3AILF (cm−1)a b
 
 CASSCF
 
 NEVPT2
 
 expt
 
 658.9 687.0 711.9 737.1 760.4 805.7 827.7 848.8 869.9 890.3
 
 487.7 502.2 522.9 544.8 566.6 608.3 627.3 649.6 666.3 690.0
 
 456.8 476.5 513.0 561.1 605.0 618.8 635.6 648.8 668.0
 
 CASSCF
 
 NEVPT2
 
 SORCI
 
 664.7 694.4 722.4 749.2
 
 496.8 525.7 553.2 580.6
 
 473.4
 
 833.7 852.3 871.5 891.0
 
 637.7 658.9 682.2 705.7
 
 614.1
 
 573.1
 
 710.1
 
 corresponds to the E3 parameter ﬁtted to elements of the Hamiltonian matrix for the highest multiplicity roots. bValues taken fom ref 19.
 
 interelectronic repulsion parameters for both SORCI and NEVPT2 calculations and hence worsens the results (see Table S2). This indicates that semicore correlation must be included for lanthanides. To recover more than 90% of the eﬀect of correlation energy on Racah parameters, it is necessary to include at least the 4d, 5s, and 5p orbitals in the NEVPT2 procedure. Ab initio derived SOC ζ parameters from the SOMF Hamiltonian41 follow the expected increasing trend along the series with a slight overestimation of ∼5% when compared to reference data available for CeIII, PrIII, and a small underestimation of ∼1% for YbIII (see Figure 2 or Table S3). This
 
 parameters are too large when compared to experiment. For example, for PrIII the values for E3, E2, and E1 that are extracted from a direct ﬁt to experiment are 473.2, 22.3, and 4777.2 cm−1, respectively (see spectroscopic data in ref 56), while the CASSCF calculations predict 658.9, 34.4, and 6193.2 cm−1, which amount to an overestimation by 30−60%. In the case of NEVPT2, the ﬁt is still satisfactory (with R2 > 0.997 in all cases), although not perfect as in the case of CASSCF. This is expected from the inclusion of dynamical correlation, which in general correct in a speciﬁc way each and every state. Apart from the case of PrIII, interelectronic repulsion parameters for other lanthanide ions are not available from atomic gas measurements, but from solid-state systems.56 Since for lanthanides the nephelauxetic reductions are small (vide infra and Table 1) the values of the free ions are, to a good approximation, transferable to solids.20 Thus, we compare NEVPT2 calculations for E3, E2, and E1 in lanthanide free ions with available parameters from solid-state measurements (presented as “expt” in Table 1). It is pleasing to observe that inclusion of dynamic electron correlation using NEVPT2 brings the calculated electron repulsion parameters into much better agreement with experiment with an average overestimation of only 7% and 8% for E1 and E2, respectively, and an even smaller average overestimation for E3 (3.2%). It is important to note that we are not correcting in any way for the small, but existing, nephelauxetic reduction of the experimental values, which should bring the calculated values even closer to experiment. This subject will be discussed in detail below. If only the highest multiplicity roots are calculated, it is still possible to derive E3 from either a ﬁt to term energies or matrix elements (based on AILFT). We calculated E3 from the Hamiltonian matrix elements in exactly the same way that was later applied for the Cs2NaLnCl6 series and found an excellent agreement between both methods. It is pleasing to observe that inclusion of dynamic electron correlation using the NEVPT2 and SORCI methods brings the calculated electron repulsion parameters into a similar good agreement with experiment (Table 1). Since SORCI is a higher-level treatment of dynamic electron correlation, it is expected to provide better agreement with experiment than NEVPT2, which is “only” a second-order treatment of interelectronic repulsion. However, while it is apparent from Table 1 that SORCI reduces the electron repulsion parameters further than NEVPT2, most of the dynamical correlation eﬀects (i.e., >85%) are properly captured by NEVPT2. It is worth noting that the inclusion of the frozen core approximation drastically diminishes the correction of the
 
 Figure 2. Ab initio ligand ﬁeld SOC parameter (ζ) for trivalent lanthanide free ions (red ●). Available experimental data for free ions (blue ●) and the Cs2NaLnIIICl6 series (blue ○).
 
 remarkable degree of agreement can be considered satisfactory for our purposes and results in term splittings that nicely compare to spectroscopic data (vide infra). It is worth mentioning that the quality of the calculated ζ parameter in lanthanide trivalent free ions is comparable to the excellent agreement observed for ﬁrst row and transition metal elements reported earlier.41 3.2. Excitation Spectrum of Lanthanide Free Ions. The electronic spectra of CeIII and YbIII free ions are very convenient to visualize the eﬀect of the SOC (ζ), because they present only one transition that stems from the SOC splitting of the only available term (2F). As expected, a small overestimation of ∼100 cm−1 for the transition energy is observed for CeIII, while an underestimation of roughly the same magnitude is observed for YbIII (see Table 2). The D
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 Inorganic Chemistry Table 2. Experimental, CASSCF, and NEVPT2 Excitation Spectraa for CeIII, PrIII, TbIII, and YbIII Free Ions J
 
 Eexp (cm−1)
 
 ECASSCF‑HS (cm−1)
 
 F
 
 5/2 7/2
 
 0.0 2253.0
 
 0.0 2373.7
 
 3
 
 H
 
 4 5 6
 
 0.0 2152.1 4389.1
 
 0.0 2000.8 4401.7
 
 0.0 2210.8 4548.0
 
 0.0 1998.8 4397.3
 
 0.0 2216.3 4544.8
 
 3
 
 F
 
 2 3 4
 
 4996.6 6415.2 6854.7
 
 6782.8 7983.2 9583.8
 
 6725.9 8140.8 8152.5
 
 5423.0 6423.2 8022.9
 
 4977.2 6463.0 7075.0
 
 1
 
 G
 
 4
 
 9921.2
 
 11154.8
 
 10344.9
 
 1
 
 D
 
 2
 
 17334.4
 
 23349.5
 
 17593.8
 
 3
 
 P
 
 0 1 2
 
 21389.8 22007.4 23160.6
 
 1
 
 I
 
 6
 
 22211.5
 
 TbIII
 
 7
 
 F
 
 6 5 4 3 2 1 0
 
 0.0 2051.6 3314.2 4292.3 4977.9 5431.8 5653.8
 
 0.0 1752.3 3212.5 4380.7 5256.8 5840.9 6132.9
 
 YbIII
 
 2
 
 F
 
 7/2 5/2
 
 0.0 10214.0
 
 0.0 10106.4
 
 term Ce
 
 III
 
 PrIII
 
 2
 
 ECASSCF (cm−1)
 
 ENEVPT2‑HS (cm−1)
 
 ENEVPT2 (cm−1)
 
 0.0 2373.8
 
 30118.6 30318.7 30718.9
 
 29272.1 29883.7 31058.2
 
 23073.6 23273.6 23674.9
 
 27981.7 0.0 2012.2 3348.5 4346.2 5076.4 5558.3 5798.2
 
 22589.0 22596.4 23483.8 22344.8
 
 0.0 1752.5 3212.9 4381.1 5257.5 5841.7 6133.8
 
 0.0 2028.8 3321.1 4296.0 5015.8 5493.3 5731.6
 
 0.0 10106.5
 
 a
 
 ECASSCF‑HS and ENEVPT2‑HS correspond to SA-CASSCF calculations considering all highest multiplicity roots, while ECASSCF and ENEVPT2 calculations included triplets and singlets for PrIII and septets and quintets for TbIII.
 
 analysis of the spectrum is more complex for PrIII, as interelectronic repulsion and SOC will collectively aﬀect the energies. Calculated term energies are generally too high in CASSCF calculations, while NEVPT2 values are close to the reference data, in line with the aforementioned correction for E3. Calculated splittings inside terms should be close to reference data due to the accuracy of the calculated values of ζ, as observed for the ground 3H term. However, interaction between terms can complicate this analysis, as SOC eﬀects and interelectronic repulsion will simultaneously determine state energies. For instance, the 3F term splitting is signiﬁcantly modiﬁed by the inclusion of singlet states due to the presence of a proximal 1G term. In the cases where only triplet states were included, the splitting inside the 3F term was signiﬁcantly overestimated regardless of the inclusion of dynamical correlation through NEVPT2. The inclusion of singlet states (CI roots) allows for the mixing between the 3F and 1G terms in the QDPT step, thus lowering the term splitting to a value closer to experiment, where NEVPT2 corrected energies present a better match than CASSCF values. Finally, the ordering of terms is perfectly reproduced by the NEVPT2 calculation, while CASSCF swapped the higher-energy 3P and 1 I terms due to the overstabilization of higher multiplicity states, a characteristic of this methodology. The TbIII spectrum nicely exhibits the J-splitting of the ground 7F term in
 
 calculations including only septets and including both septets and quintets. We observe that the inclusion of quintet states improves the agreement with experiment in the ﬁrst excitation energies. 3.3. Ab Iinitio Ligand Field Theory Analysis for the Ln III Cl 6 Series. We selected the extensively studied Cs2NaLnCl6 solids as reference set given the availability of accurate spectroscopic data on f−f transitions for the complete series (except for Gd and Pm) and the high symmetry of the octahedral coordination environment of the LnIII ion that allows for the description of the ligand ﬁeld splitting in terms of only two AOM parameters.57 As explained in the Computational Details section, LnIIICl6Na6 fragments were optimized constraining the opposite Na−Na distances to match the experimentally determined cell lengths. Relaxed LnIII−Cl− bond lengths nicely reproduced the lanthanide contraction, while Cl−−Na+ distances remained roughly constant along the whole series (see Table 3). Ab initio interelectronic repulsion parameters obtained from CASSCF for the LnIIICl6 models are almost identical (up to 1.6% smaller in the case of PrIIICl6) to free ion values, indicating that the nephelauxetic eﬀect has a small inﬂuence in this kind of systems. Nevertheless, it must be noted that the strongly ionic picture that stems from CASSCF calculations could also underestimate this reduction. As expected, the inclusion of dynamical correlation through NEVPT2 led to E
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 Inorganic Chemistry Table 3. Optimized Interatomic Distances for theLnIIICl6Na6 Models III
 
 1
 
 Ce Cl6 Na6 (f ) PrIIICl6 Na6 (f2) NdIIICl6 Na6 (f3) SmIIICl6 Na6 (f5) EuIIICl6 Na6 (f6) TbIIICl6 Na6 (f8) DyIIICl6 Na6 (f9) HoIIICl6 Na6 (f10) ErIIICl6 Na6 (f11) TmIIICl6 Na6 (f12) YbIIICl6 Na6 (f13)
 
 LnIII−Cl− (Å)
 
 Cl−−Na+ (Å)
 
 2.84 2.82 2.80 2.78 2.78 2.73 2.72 2.72 2.70 2.70 2.70
 
 2.63 2.64 2.64 2.64 2.62 2.65 2.65 2.65 2.65 2.64 2.63
 
 Figure 3. Splitting of f-orbitals under an octahedral ligand ﬁeld.
 
 smaller values of the Racah parameters (from 5.3 to 7.5%; see Table 4). As in the case of the free ions, NEVPT2 corrected interelectronic repulsion parameters are in satisfactory agreement with reference data, as they capture the missing dynamical correlation almost quantitatively. SOC parameters are also very similar to the free ion values (up to 2% reduction), indicating an expected small quenching of the angular momentum of the 4f orbitals associated with the ligand environment (relativistic nephelauxetic eﬀect). An octahedral ligand ﬁeld splits the f-orbitals in three blocks: one nonbonding a2u orbital that is the lowest in energy and two blocks of three t1u and t2u orbitals, where the t1u block presents both σ and π interactions with the ligands (and is the highest in energy), while t2u orbitals interact only through π symmetry (see Figure 3). This picture can also be expressed in terms of AOM parameters by means of the following relations.57 Δ1 = 5eπ /2 and Δ2 = 2eσ + 3eπ /2
 
 Figure 4. Experimental (blue ●) and calculated (CASSCF: red ●, NEVPT2: purple ●) eσ parameters for LnCl6 complexes. eπ displays a similar trend and is presented in Figure S1 (CASSCF: red ●, NEVPT2 purple ●).
 
 (2)
 
 where Δ1 and Δ2 are the energy diﬀerences between the ground a2u orbital and the t2u and t1u orbitals, respectively, and eσ and eπ are the AOM parameters for σ and π interactions. In the AILFT approach, eσ and eπ are obtained from the dependence of the corresponding model Hamiltonian matrix elements with respect to these parameters, although in this very symmetric case we could also obtain this same information from the orbital energies. The values for AILFT eσ and eπ are signiﬁcantly lower than the parameters obtained by ﬁtting to absorption spectra; this trend persisted in the entire lanthanide series (see Figure 4). Generally, NEVPT2 derived ligand ﬁeld parameters are not
 
 improving this picture although signiﬁcant corrections in the ground multiplet excitation energies with respect to CASSCF were encountered in the late lanthanides (from TbIIICl6, to YbIIICl6; see Figure 5). As we will discuss later, there is a signiﬁcant charge transfer from the Cl-3p orbitals to the formally empty 6s and 5d orbitals of the lanthanide, indicating that an active space extending beyond the 4f orbitals is mandatory for a more accurate description of the ligand ﬁeld
 
 Table 4. Experimental and Calculateda Interelectronic Repulsion and SOC Parameters for the LnIIICl6 Models E3CASSCF (cm−1)
 
 E3NEVPT2 (cm−1)b
 
 E3exp (cm−1)c
 
 654.1(−1.6%) 685.3(−1.3%) 742.3(−0.9%)
 
 461.2(−7.2%) 490.9(−6.6%) 548.8(−7.2%)
 
 456 476 512
 
 828.6(−0.6%) 847.4(−0.6%) 866.6(−0.6%) 886.5(−0.5%)
 
 591.3(−7.3%) 616.2(−6.5%) 641.1(−6.0%) 668.1(−5.3%)
 
 618 635 648 668
 
 III
 
 Ce Cl6 PrIIICl6 NdIIICl6 SmIIICl6 EuIIICl6 TbIIICl6 DyIIICl6 HoIIICl6 ErIIICl6 TmIIICl6 YbIIICl6
 
 ςcalcd (cm−1)
 
 ςexpt (cm−1)c
 
 664.7 788.1 921.4 1219.6 1387.1 1743.4 1935.9 2147.4 2373.9 2621.5 2878.7
 
 623 756 872 1167 1324 1694 1920 2129 2356 2624 2897
 
 a
 
 CASSCF and NEVPT2 results are presented. bReductions with respect to the corresponding free ion values (Table 1) in percentage are listed in parentheses. cReference values were taken from refs 19 and 20. F
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 metal d/f orbitals with ligand orbitals (symmetry restricted orbital mixing) and (ii) change in the radial wave function of the d/f orbitals associated with the antibonding nature of the metal−ligand orbital interaction (central ﬁeld). Hence, we view the primary eﬀect of covalency as being strictly one-electron in nature. Certainly, the dilution and expansion of the orbitals will inﬂuence on all one- and two-electron properties that are being calculated. However, the eﬀects of covalency should be clearly separated from the eﬀects of dynamic electron correlation, which are of a strictly two-electron nature. Orbital dilution will critically aﬀect the SOC constant and properties as metal hyperﬁne coupling and the appearance of ligand superhyperﬁne structure in ESR measurements. However, changes in radial wave function will aﬀect interelectronic repulsion parameters. These two mechanisms can be understood as interactions between one-electron orbitals and fall into the intuitive conceptualization of covalency. In this way we deﬁne a direct relationship between nephelauxetic reduction and covalency. As stated above, we separate dynamic correlation from the sources of nephelauxetic reduction, as it does not represent a “cloud expansion”. Thus, we cannot ascribe all changes in interelectronic repulsion parameters (relative to CASSCF) to covalency, as dynamic correlation will also lead to a reduction in Racah parameters. Considering the subtleties of the problem and the preceding analysis of calculated ligand ﬁeld parameters, we expect our calculations to hint about the trend in covalency along the series rather than providing a truly quantitative picture of Ln bonding. In particular, we argue that our CASSCF calculations would probably yield an underestimation of the covalency for the Ln−Cl bond given the underestimation of the ligand ﬁeld parameters. Our NPA results on the CASSCF densities are in line with previous studies on lanthanide trihalides, with natural charges in the metal decreasing from 1.63 (Ce) to 1.51 (Yb; see Table 5). As expected, these values are signiﬁcantly smaller than
 
 Figure 5. Experimental (blue ●) and calculated (CASSCF: red ●, NEVPT2: purple ●) total splitting of the ground term with CASSCF and NEVPT2. In the case of EuIII, the ground 7F0 is non-degenerate, so we considered the energy of the ﬁrst excited state (7F1) as a reference.
 
 splitting. A study of the necessary extension of the active space to achieve a quantitative match of calculated and experimental ligand ﬁeld splitting is beyond the scope of this article. A dedicated study for this point is required, as it should consider a range of diﬀerent ligands and more computationally demanding calculations. 3.4. Ln−Cl Bonding and Covalency Trends. It is wellknown that the compact radial wave function of the 4f electrons mostly prevents these orbitals from eﬃcient orbital overlap with ligand orbitals, thus heavily restricting the covalent contribution to bonding. In fact, Ln−halogen bonding has been extensively studied both by experimental and theoretical means and is generally conceived to be mainly ionic, with a small but not negligible covalent contribution that is normally characterized as a charge transfer from the occupied p-orbitals of the halogen (3p in the case of chlorine) to the formally empty 6s and 5d shells of the lanthanide ion, and this is supported by calculations. However, the trend in covalency along the lanthanide series is still not completely understood. Charge analysis based on DFT calculations tends to support an increase in covalency for the later lanthanides,58,59 although contrasting results have been reported.60,61 A recent X-ray absorption spectroscopy (XAS) study62 points to a decrease in covalency with increasing atomic number in the lanthanide series. Apart from methodological diﬀerences on the electronic structure calculations, there appears to be little consensus on the precise meaning of the term “covalency”. Hence, diﬀerent approaches had been employed to study the problem of covalency leading to potentially contrasting conclusions. For example, Adamo and Maldivi reported that Mulliken and NPA yield completely inconsistent descriptions of the bonding in lanthanide trihalides (LnX3, X = F, I).59 While the Mulliken analysis describes Ln−X bonding as signiﬁcantly covalent and strongly dependent on the halide, NPA charges lead to a more ionic picture with marginal inﬂuence of the ligand (upon comparing ﬂuoride and iodine). Furthermore, the qualitative trend along the series is also dependent on the method, as Mulliken populations predict a rather constant covalency along the lanthanide row, while the NPA analysis points to an increase of covalency.59 To provide a more concrete framework for the analysis of covalency, we consider the nephelauxetic reduction as an eﬀect that manifests itself in two main contributions: (i) dilution of
 
 Table 5. Comparison of CASSCF-Derived Natural Population Analysis Chargesa for the LnIII Ion in LnIIICl6 Systems NPA Ln charge CeIII PrIII NdIII SmIII EuIII TbIII DyIII HoIII ErIII TmIII YbIII
 
 total
 
 4f
 
 5d
 
 6s
 
 6p
 
 other
 
 1.630 1.636 1.632 1.611 1.618 1.558 1.542 1.530 1.508 1.507 1.508
 
 1.0364 2.0361 3.0228 5.0129 6.0091 8.0061 9.0051 10.0039 11.0029 12.0017 13.0007
 
 0.9700 0.9819 0.9909 1.0145 1.0080 1.0484 1.0551 1.0479 1.0599 1.0632 1.0970
 
 0.2019 0.2090 0.2160 0.2292 0.2362 0.2500 0.2576 0.2651 0.2724 0.2796 0.2877
 
 0.0088 0.0088 0.0089 0.0095 0.0102 0.0101 0.0105 0.0110 0.0112 0.0122 0.0133
 
 0.15299 0.12827 0.12936 0.12288 0.11846 0.12738 0.12970 0.14209 0.14565 0.13639 0.09345
 
 a
 
 The total charge of the LnIII ion and the electron populations of 4f, 5d, 6p, and 6s orbitals are presented.
 
 the formal charge of the lanthanide ion (3+) in agreement with calculated NPA charges for lanthanide trihalides (∼2.0−2.5). The larger number of Ln−Cl bonds in the LnCl6 systems in comparison to the trihalides makes the NPA charges smaller, without implying a more covalent interaction. Electronic conﬁgurations from NPA clearly indicate a signiﬁcant charge transfer from the 3p orbitals of the chlorine G
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 Table 6. Comparison of CASSCF Derived Spin−Orbit Coupling Constants (ζ) and Racah E3 Parameters for the LnIII Free Ions and LnIIICl6 Systems E3 CASSCF (cm−1) LnCl6 CeIII PrIII NdIII PmIII SmIII EuIII TbIII DyIII HoIII ErIII TmIII YbIII
 
 nephelauxetic ratio
 
 LnCl6
 
 free ion
 
 nephelauxetic ratio
 
 0.983 0.982
 
 828.6 847.4 866.7 886.5
 
 834.4 856.2 875.5 891.8
 
 0.993 0.990 0.990 0.994
 
 678.2 800.3 932.6 1075.3 1229.3 1395.9 1752.3 1944.8 2156.4 2383.1 2630.5 2887.6
 
 0.980 0.985 0.988
 
 742.3
 
 665.3 697.6 725.7 749.8
 
 664.7 788.1 921.4
 
 654.1 685.3
 
 free ion
 
 SOC parameter ζ CASSCF (cm−1)
 
 0.990
 
 1219.6 1387.1 1743.4 1935.9 2147.4 2373.9 2621.5 2878.7
 
 ligands, which bear a charge of ca. −0.75 to the formally empty 6s and 5d Ln orbitals (see Table 5). By contrast, charge transfer to the 4f orbitals is always smaller than 0.05 electrons, consistent with their low implication in covalent bonding. Charge transfer to 5d orbitals is the most important and increases from 1 e− (Ce) to 1.1 e− (Yb), while 6s population is smaller but still signiﬁcant and follows the same trend (0.20 for Ce to 0.29 for Yb). Interestingly, the trend in charge transfer for the 4f orbitals is reversed with respect to 6s and 5d, as it decreases from Ce (0.0364 excess electrons from the 4f1 conﬁguration) to Yb (0.0007 excess electrons from 4f13). Thus, our NPA analysis is consistent with previous studies and supports an increasing charge transfer along the series but a minor participation of 4f orbitals, which decreases from Ce to Yb. These observations are consistent with the lowering of the nephelauxetic reduction as reﬂected by E3CASSCF (see Table 4). In principle, it is possible to have opposing trends on covalency depending on the orbitals relevant for the interpretation of the experimental technique employed to “measure” the covalent contribution to bonding. Since the nephelauxetic reductions observed in experiments primarily probe the open f-shell, the eﬀects of covalency are hence minimal given the almost atomic nature of the 4f orbitals. From the LnCl6 CASSCF calculations, it is interesting to note that calculated nephelauxetic reduction (deﬁned as the ratio of the CASSCF Racah parameters of the complex and the free ion) decreases from Pr (1.6%) to Tm (0.5%), being inversely proportional to the covalent contribution concluded from NPA charges (see Table 6). However, the nephelauxetic reductions are so small that a more detailed discussion is of limited importance. The relativistic nephelauxetic reduction, referring to the change of the SOC parameter ζ, also shows a decreasing eﬀect along the series, ranging from 1.5% for CeIII to 0.3% in the case of YbIII. Thus, CASSCF results point to reduction of both radial expansion and symmetry-restricted orbital mixing along the series. However, the reduction of E3 by inclusion of dynamic correlation is signiﬁcantly larger than the purely “orbital” contribution from CASSCF (see Table 6). Taken together, this analysis shows that neither 4f covalency nor dynamic correlation are the most important shortcomings of the calculations, but it is the relatively poor description of the ligand ﬁeld. This will only be remedied if the 5d and 6s covalency is treated in a better fashion, which will require these orbitals to be in the active space.
 
 0.992 0.994 0.995 0.995 0.996 0.996 0.997 0.997
 
 In concluding this section, it is important to point out that the spectroscopically observed consequences of covalency concern the 4f shell. These covalency eﬀects are small, and it is much more important to take care of dynamic correlation. For the description of the metal−ligand bonding, however, the eﬀects of covalency are not small. They simply appear in the “largely spectroscopically silent” 5d and 6s orbitals. Hence, this analysis provides, in our opinion, a satisfactory resolution of the apparent disagreement between spectroscopic and theoretical results. 3.5. Double−Double Eﬀect. One of the clearest manifestations of the crystal ﬁeld stabilization in transition metal complexes is the periodic trend characterized as double humped plots along a given row. A classic example of such trends is hydration energies of MII transition metals as a function of the atomic number of the octahedrally coordinated transition metal. This series presents a maximum for high-spin d5 conﬁgurations due to the absence of crystal ﬁeld stabilization for the half ﬁlled d-shell. Similar trends have been observed for the lanthanide series, although with a relatively diﬀerent dependence on the atomic number. In this case, four “humps” are observed in the f0−f3, f4−f7, f7−f10, and f11−f14 intervals. This pattern explains the two names that are employed for describing this eﬀect: double−double or tetrad. In contrast to trends based on crystal ﬁeld stabilization, it was proposed that the origin of the double−double eﬀect is related with variations of interelectronic repulsion for the ground states across the series. Following Hund rules, ground states feature maximal spin (S) and orbital (L) angular momenta, which will ensure higher stabilization than ions with smaller ones. Trivalent lanthanide ions group into four sets with respect to their orbital angular momentum in the ground state: (i) L = 6: NdIII (f3), PmIII (f4), HoIII (f10), and ErIII (f11), (ii) L = 5 PrIII (f2) SmIII (f5), DyIII (f9), and TmIII (f12), (iii) L = 3: CeIII (f1), EuIII (f6), TbIII (f8), and YbIII (f13) and (iv) L = 0: LaIII (f0), GdIII (f7), and LuIII (f14), reﬂected by a periodic pattern in L along the series. A change in the coordination environment of a given lanthanide ion, for instance, between diﬀerent solvents, can result in small changes in the parameters on interelectronic repulsion yielding the characteristic pattern for the double− double eﬀect, as originally observed in the extraction coeﬃcients of consecutive lanthanides. The double−double eﬀect has ﬁrst been demonstrated through the study of the equilibrium distribution of Ln(III) species between aqueous H
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 Inorganic Chemistry electrolyte solutions and an organic solvent with a coordinating extractant ligand.63,64 In this section, we will build upon a model put forward by Jørgensen for the interpretation of the tetrad eﬀect and combine his ideas with the results of our ﬁrst-principles calculations. According to this model, the double−double eﬀect originates from diﬀerences in ground-state stabilization energy with respect to the barycenter of the fn conﬁguration. In fact, in the 1960s C. K. Jørgensen explained the tetrad eﬀect in terms of two contributions: the stabilization of the average energy of all fn highest spin states with respect to the barycenter of the complete conﬁguration to an amount of −4(q2 − q)D/13, where q is the number of f electrons if q ≤ 7 (for more than seven f electrons, q is replaced with 14 − q), and D = (9/8)E1 is the spin-pairing energy parameter, which was assumed to be the same (6500 cm−1) for all lanthanides. A second contribution to the stabilization of the ground state depends on the magnitude of the interelectronic repulsion (Racah E 3 parameter, approximated as D/10 in ref 28) and the number of f electrons (−21E3, for q = 3, 4, 10, and 11 and −9E3 for q = 2, 5, 9, and 12).28 The mathematical expression for the change of the stabilization energy between two complexes of the same element Ln in equilibrium ΔEst then reads:28,65
 
 Figure 6. Double symmetry displayed by the spin-pairing stabilization energy, calculated according to eq 3 and the procedure explained in the text. Jørgensen’s equation using a constant D (6500 cm−1) and E3 (650 cm−1) is depicted in green; CASSCF (red); NEVPT2 (purple); experimental data on equilibrium distributions of Ln(III) ions between a solution of di-2-ethylhexyl-chloromethylphosphonate (ClCH2)PO(OC6H12·C2H5) in benzene and an aqueous solution of 11.4 F LiBr + 0.5 HBr (T = 22 ± 2 °C; blue; ref 64). E3, E1, and ζ values for GdIII (f7) were interpolated from the parameters of EuIII (f6) and TbIII (f8).
 
 ΔEst = −4(q2 − q)ΔD/13 − aΔE3
 
 and vibrations is less well-deﬁned (the electronic contribution to (−TΔS) due to the degeneracy of the 2J + 1 ground term is accounted for by the second term in eq 4), may contribute.
 
 = (18/13)S(1/2 − S)ΔE1 + (L /180) × [L(222 − 48L) − 234]ΔE3
 
 (3)
 
 ΔH(SOC) − T ΔS ≈ −c Δζ − RT Δln(2J + 1)
 
 where a are prefactors for E3 depending on the ground state L, while ΔE1 and ΔE3 are the changes of the Racah parameters E1 and E3 of Ln on complexation (see Table S14 for a list of these prefactors for the ground state of fn electron conﬁguration).65 Values of ΔE1 and ΔE3 cannot exceed typical nephelauxetic reductions 2% (see Table 4). Experience shows that upon complexation D (or E1) undergoes a smaller reduction than E3. In his original model,28 Jørgensen assumed values of ΔE1 and ΔE3 of 0.0025E1 and 0.01E3, respectively. Adopting the same reduction factors and using CASSCF and NEVPT2 results for E1 and E3 (Table 1) we computed contributions to the free energy due to destabilization on going from Ln3+ (assumed in aqua solutions to be weakly coordinated and thus closer to the free ions) to chelate complexes (such as extractant ligands) with somewhat smaller E1 and E3 values. In Figure 6, we compare Jørgensen’s results with our ab initio data and with experimental data on equilibrium distributions of Ln(III) ions between a solution of di-2-ethylhexyl-chloromethylphosphonate (ClCH2)PO(OC6H12·C2H5) in benzene and an aqueous solution of 11.4 F LiBr + 0.5 HBr (T = 22 ± 2 °C).64 The equilibrium constant K is deﬁned as the ratio of the concentration of the metal cation in the organic phase to that in the aqueous phase; the change of the Gibbs free energy ΔG (cm−1) computed as −2.303RT × log10(K) = 472.17 × log10(K) is depicted in Figure 6. Singularities are computed for q = 3−4, 7, and 10−11 f-electrons with maxima reﬂecting destabilization at these electron counts (see Figure 6); they compare nicely with the ones observed experimentally. Yet, following the model by Jørgensen CeIII (f1) and YbIII (f13) should not be aﬀected by the eﬀect; however, experiment shows (cf. Figure 6), that they undergo signiﬁcant stabilization over their closed shellLaIII (f0) and LuIII (f14)neighbors. Spin−orbit coupling ΔH(SOC) accounted for by one additional term, and entropy (−TΔS), which because of rotations
 
 (4)
 
 In eq 4, c = (L + 1) for 0 < q < 2l + 1 and c = L for 2l + 1 < q < 2(2l + 1) and 2J + 1−the degeneracy of ground state J level (numerical values are included in Table S14); Δζ and Δln(2J + 1) ≈ d[ln(2J + 1)] (da reduction factor) are the SOC and entropy changes on complexation. Comparison of the stabilization energies due to the L-term with the one due to the SOC (Figure 7) shows that the latter term is equally important and should not be neglected. Likewise, the entropy term displays the same double-symmetry as the L and SOC terms (see Figure S2, Supporting Information); however, since the entropy eﬀect is less well-deﬁned and cannot be independently estimated (see Supporting Information for
 
 Figure 7. Variation of the spin-pairing energy (green), L-stabilization (red), and SOC (blue) with the number of f-electrons across the Ln series; all energies are in cm−1; electronic energies were computed using NEVPT2 values of E1 and E3 for the free ion (Table 1) and CASSCF values ζ (Table 6). E3, E1, and ζ values for GdIII (f7) were interpolated from the parameters of EuIII (f6) and TbIII (f8). I
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 Inorganic Chemistry rough estimates of the entropy term in eq 4), it will be neglected here to keep the model as simple as possible. In eq 5 the prefactors cE1, cE3, cSOC were chosen to mimic the change of the corresponding D, E3, ζ on Ln complexation on going from the electrolyte to the organic phase; ΔGo and Fq account for the average ΔG and the slope with respect to q of the data from experiment. Hence, we arrive at the ﬁnal model equation for the tetrad eﬀect: ΔG = ΔGo + Fq + 4c E1(q2 − q)D/13 − ac E3E3 − c·cSOCζ
 
 (5)
 
 The parameters ΔGo, F, and cE1, cE3, and cSOC were deduced from a best ﬁt to experimental ΔG values (Figure 8). Values of
 
 Figure 9. Contributions to the Gibbs free energy (Figure 8) from spin (S, black), orbital (L, red) destabilizations (positive signs) and SOC (blue) stabilization (negative sign) for the various members of the Ln series for the example of Figure 8.
 
 impact that spin- and orbital angular momentum have on the observable properties of lanthanides, even for a macroscopic thermodynamic property such as the extraction coeﬃcients of lanthanide ions. Clearly, eﬀective core-based DFT calculations that take no account of multiplet or spin−orbit eﬀects, a widely used methodology, will not be able to correctly explain the properties of lanthanide ions. 3.6. Excitation Spectra for the LnIIICl6 Series. We observe that the qualitative structure of the experimental lowenergy spectra (up to 10 000 cm−1) in terms of energy blocks and degeneracies is generally maintained in ab initio calculations. The splittings inside the relativistic ground state multiplet (J), which should be mainly related to the ligand ﬁeld, are always smaller than the experimental ones, in line with the signiﬁcant underestimation of eσ and eπ (see Figure 4). An illustrative example of the interplay of SOC, ligand ﬁeld, and interelectronic repulsion is the spectrum of the TmIIICl6 compound (see Table 7; spectra for the remaining ions are presented in the Supporting Information in Tables S4−S13). As expected, the ground multiplet splitting is underestimated by a factor of 2 in the CASSCF calculation, while the NEVPT2 energies are signiﬁcantly closer to the experimental data. The inclusion of either only triplets or both triplets and singlets has smaller eﬀect in comparison to the inclusion of dynamic correlation on the ground multiplet splitting, although it was crucial for the description of higher energy states. It can be observed that calculations including only triplets fail in the description of the multiplet ordering already at the second and third multiplets (3F4 and 3H5). The correct sequence is nicely recovered by the inclusion of singlets due to the presence of a 1 G4 multiplet that heavily stabilizes states stemming from the 3 F4 multiplet, even at CASSCF level. After mixing by the SOC operator, the contribution of singlet states is as high as 30% in the resulting wave functions of the 3F4 levels. However, 3H5 eigenvectors are formed only by triplet states and after including singlet states remain roughly at the same energy. This kind of scenario is also likely to appear for DyIII and SmIII complexes, which present alternation in energy between 6H and 6 F multiplets. PrIII has the same term structure as TmIII but a much lower SOC constant, which diminishes the mixing of multiplets stemming from diﬀerent terms. The remaining
 
 Figure 8. Experimental (example chosen in Figure 6, red) and simulated (blue) ΔG values; best-ﬁt parameters values (see eq 5) used in the simulation (ΔGo, F in cm−1, cE1, cE3, cSOC) are ΔGo = −716.27; F = −10.53; cE1 = −0.0011; cE3 = −0.0103; cSOC = 0.012; root-meansquare deviation experimental−computed ΔG: 28.55 cm−1.
 
 ΔG computed using these parameters (Figure 8) nicely demonstrate the reproduction of the double−double eﬀect when in addition to E1 and E3 the SOC is taken into account. The best ﬁt values of cE3 and cE1 are negative and destabilizing; the ﬁrst one is identical to the one postulated by Jørgensen (−0.011E3), while the second one, ΔE1, is 2.5 times smaller (−0.001E1); the SOC yields contributions of a diﬀerent sign (cSOC = 0.01) and thus is responsible for the stabilizations at Ce and Yb within the ﬁrst and fourth tetrad. We note that being of diﬀerent nature, governed by dynamical correlation (E1 and E3) and one-electron relativistic eﬀects (ζ), these two contributions are not expected to be of the same sign. Finally, variations of the contribution of the three terms to the changes of the Gibbs free energy (Figure 9) show that, except for La, Gd and Lu, SOC yields important stabilizing eﬀect on ΔG for all lanthanides; because of the increase from left to right of the series the eﬀect of SOC is more pronounced in the second half of the series. In summary, our calculations allow to critically revisit the original model for the explanation of the tetrad eﬀect on the basis of ab initio results. The results of our calculations are largely in agreement with Jørgensen’s reasoning. However, taking the previously unaccounted for eﬀect of SOC into account is essential for quantitative agreement with experiments. The tetrad eﬀect is a striking example of the deep J
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 Inorganic Chemistry Table 7. Experimental and Calculated Excitation Spectruma for TmIIICl6 J
 
 Eexp
 
 3
 
 6
 
 0.0 55.0 55.0 55.0 110.0 110.0 110.0
 
 3
 
 4
 
 3
 
 5
 
 5544.0 5544.0 5544.0 5814.0 5814.0 5864.0 5864.0 5864.0 5936.0 8238.0 8238.0 8238.0 8272.0 8272.0 8458.0 8458.0 8458.0
 
 3
 
 4
 
 term TmIIICl6
 
 H
 
 F
 
 H
 
 H
 
 3
 
 F
 
 3
 
 F
 
 ECASSCF‑HS
 
 Em.H. CASSCF
 
 ECASSCF
 
 ENEVPT2‑HS
 
 Em.H.NEVPT2
 
 ENEVPT2
 
 0.0 0.9 12.5 13.0 13.5 93.2 141.4 141.7 142.1 169.6 169.7 169.9 192.7 10656.7 10683.3 10683.6 10683.7 10702.1 10702.3 10729.9 10730.1 10730.1 7887.1 7887.4 7887.7 7943.0 7943.2 7943.3 8000.7 8001.5 8023.2 8023.7 8023.7 14385.6 14471.4 14471.5 14472.3 14530.9 14531.5 14584.1 14584.1 14584.8
 
 0.0 24.9 25.0 25.0 53.7 53.7 53.8 101.4 174.0 174.1 174.1 185.6 185.7 6760.7 6760.7 6760.7 6912.4 6912.4 6927.2 6927.2 6927.2 6950.5 8146.1 8146.2 8146.2 8163.7 8163.8 8224.5 8224.5 8224.5 8274.7 8274.7 8274.8 13108.4 13108.5 13122.1 13122.1 13122.2 13162.0 13162.1 13162.1 13236.1
 
 0.0 38.7 38.9 39.0 83.0 83.2 83.3 154.2 265.3 267.5 268.4 283.1 286.6 8750.7 8751.0 8751.2 8791.1 8791.6 8811.7 8811.8 8812.3 8841.0 7914.1 7914.4 7914.4 7936.4 7937.0 8039.0 8040.2 8040.7 8113.9 8116.2 8116.9 13997.7 14020.6 14020.7 14021.0 14029.6 14029.6 14030.2 14472.8 14473.0
 
 0.0 1.1 10.9 11.4 12.2 88.6 128.3 128.4 128.7 153.0 153.1 153.2 173.6 8686.0 8716.5 8716.8 8716.9 8735.9 8736.0 8751.9 8752.0 8752.1 7884.9 7885.4 7885.6 7936.9 7937.2 7937.3 7978.9 7979.4 8001.5 8001.8 8001.9 13941.7 13941.7 13941.8 13967.0 13967.3 13967.4 13990.6
 
 12886.0
 
 0.0 25.1 25.1 25.1 54.2 54.2 54.3 102.8 177.4 177.4 177.4 189.3 189.4 10684.8 10684.8 10684.8 10697.2 10697.3 10709.0 10709.0 10709.0 10725.0 7897.3 7897.4 7897.4 7914.4 7914.5 7980.4 7980.5 7980.5 8030.9 8031.0 8031.0 14432.6 14432.7 14432.7 14497.8 14497.8 14558.3 14558.4 14558.4 14639.8
 
 0.0 44.2 46.8 49.6 97.3 98.2 99.1 174.1 296.5 296.5 296.6 313.5 314.3 5581.8 5582.0 5582.4 5760.6 5760.8 5811.2 5811.2 5811.3 5821.6 8217.2 8218.9 8220.8 8237.7 8244.9 8351.5 8351.6 8352.3 8435.2 8435.2 8435.8 12520.4 12522.0 12523.5 12598.3 12600.8 12690.8 12690.9 12691.0 12782.3
 
 14427.0 14427.0 14427.0 14451.0 14451.0 14451.0 14959.0 14959.0 15124.0 15124.0 15124.0
 
 15922.9 15940.4 15940.4 15940.4 15958.5 15958.6 15958.6 19868.1 19868.1 19868.1 19885.5 19885.5
 
 15941.8 15942.3 15942.3 15942.7 15942.8 15943.0 15966.8 19856.6 19856.9 19887.6 19887.9 19887.9
 
 16159.9 16176.2 16176.2 16176.2 16187.3 16187.3 16187.4 17544.1 17544.1 17580.1 17580.1 17580.1
 
 14473.2 14538.9 14539.1 14630.9 14632.5 14633.0 14752.1 17947.9 17948.3 17948.4 17986.8 17987.3
 
 12538.0 12538.0 12538.0 12607.0 12607.0
 
 3
 
 2
 
 14387.0 14467.7 14467.9 14468.8 14522.0 14522.5 14591.5 14591.9 14592.4 17884.4 17884.7 17911.8 17912.0 17912.1
 
 14300.7 14339.4 14339.5 14339.6 14354.1 14354.1 14354.2 14943.3 14943.5 15004.6 15004.8 15005.7
 
 a
 
 Eexp corresponds to experimental energies from ref 19. ECASSCF‑HS, ENEVPT2, and ECASSCF correspond to relativistic (i.e., after state mixing with QDPT) energies from CASSCF including only highest multiplicity states (ECASSCF‑HS), NEVPT2 on top of the former calculation (ENEVPT2) and a CASSCF calculation including lower multiplicity roots (ECASSCF). Em.H.CASSCF and Em.H.NEVPT2 are energies reconstructed from the model ligand ﬁeld Hamiltonian employing the AILF parameters extracted from CASSCF and NEVPT2 calculations, respectively. K
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 to spin and orbital angular momentum to capture the physical phenomena behind the tetrad eﬀect. Clearly, simpliﬁed theoretical approaches that do not properly take account of multiplet and spin−orbit eﬀects are unable to properly capture these eﬀects. Most presently employed DFT calculations fall in this category. The excitation spectra for free ions and Cs2NaLnIIICl6 elpasolites are reasonably well-reproduced, while the term structure is almost quantitatively reproduced upon inclusion of the NEVPT2 correction. In summary, the combination of accurate reference data from spectroscopy, state of the art ab initio methods, and the simple ab initio ligand ﬁeld methodology allowed for a systematic analysis of trends in spectroscopic properties of lanthanide systems, disentangling ligand ﬁeld, SOC, and interelectronic repulsion contributions. Finally, the octahedral ligand ﬁeld of the studied complexes does not create uniaxial magnetic anisotropy. In SMMs with lower symmetries leading to uniaxial anisotropies it is the ligand ﬁeld splitting of the lowest J term split out from the lanthanide fn-conﬁguration (n-odd) that governs the magnetic anisotropy, speciﬁcally the nature of the lowest Kramers’ doublet. We have shown, using the LnCl6 series of complexes, that this splitting is reproduced reasonably well by CASSCF wave functions and dynamical correlation accounted for by second order perturbation theory (NEVPT2). This explains the reasonable success of such protocols (and the closely related CASPT2) to account for the magnetic anisotropy in lanthanide based SMM.8−11 More eﬀorts toward a more detailed account of electron correlation (extended active spaces, orbital optimized NEVPT2, etc.) are due to describe with a comparable accuracy excited states and electronic spectra of lanthanide complexes.
 
 lanthanides do not present multiplet alternation at low energy, so they will be relatively less aﬀected by these kind of interactions, at least at the qualitative level.
 
 4. CONCLUSIONS Bonding, energetic, and spectroscopic trends on lanthanides were analyzed by means of CASSCF(n,7) calculations in conjunction with a complete AILFT. The AILFT methodology was able to accurately represent the ﬁtted eigenvalues and eigenvectors from ab initio calculations, providing representative parameters for interelectronic repulsion, ligand ﬁeld, and SOC. From the comparison of AILFT parameters and Hamiltonian parameters ﬁtted from spectroscopic data, it can be concluded that the calculations accurately represent the SOC interaction, while the inclusion of dynamical correlation is necessary to correctly account for interelectronic repulsion. The eﬀects of both central ﬁeld and symmetry-restricted covalency in the 4f shell are of minor importance and change the respective Racah and SOC parameters by less than 2%. However, covalency still plays an important role in lanthanide− ligand bonding through the charge donation from the ligand to the empty lanthanide 5d and 6s shells. This situation is very diﬀerent than in the transition metal series. For the transition metals, the open d-shell to a large extent is also responsible for the metal−ligand bonding; hence, the eﬀects of covalency are prominently reﬂected in the optical and magnetic properties of transition metal complexes. For lanthanides, the open 4f shell is only marginally involved in the bonding; hence, the spectroscopic properties of lanthanides reﬂect the bonding to the ligands to a much lesser extent. The important bonding interactions happen in the 5d and 6s shells. From that perspective lanthanides behave more like “d0” systems. The importance of the 5d and 6s shells still shows up in the calculations. If only the 4f electrons are active, the metal−ligand bonding will be calculated to be signiﬁcantly too weak. In our ab initio ligand ﬁeld theory, this is manifested as a signiﬁcant underestimation of the angular overlap bonding parameters eσ and eπ. The obvious cure is to place these orbitals into the active space. However, together with the necessity to simultaneously also include the bonding counterparts into the active space, the calculations quickly become unmanageably large with the current CASSCF methodologies. Clearly, alternatives to traditional full-CI treatments should be explored for a quantitative treatment of lanthanide complexes. In accordance with previous studies, Ln−Cl bonding is described as primarily ionic with a small covalent contribution that can be described as increasing or decreasing along the series depending on the approach used to quantify covalency. If NPA charges are considered, charge transfer to 5d and 6s Ln orbitals increases for the late lanthanides indicating an increase in covalency. Our results shed some light on the well-known double− double (tetrad) eﬀect across the lanthanide series. The double− double pattern associated with changes in the free energy along the lanthanide series was ﬁrst analyzed using AILFT parameters and Jørgensen’s formula, ﬁnding a nice agreement between these two approaches. Extending Jørgensen’s formula with SOC contributions to the Gibbs free energy nicely demonstrates the diﬀerential covalence reﬂected by the destabilization of electronic ground state when going from more ionic to more covalent Ln−ligand bonds (decrease of interelectronic repulsion, regular tetrad eﬀect). These results also reﬂect the need for a proper treatment of SOC and state stabilization due
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