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Computational Details

Geometry optimization and theoretical model: The experimental coordinates of LnCp’s

and [LnCp’3] (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb) complexes
were obtained from cif files reported in the work of McDonald'2 and Fieser.® These
coordinates were subjected to geometry optimizations in ADF version 2019, with no
symmetry or geometry constraints. Initially, the level of theory consisted of the
generalized gradient approximation (GGA) Perdew-Burke-Ernzerhof (PBE) functional®
with Slater-type basis functions (STO) triple-C plus polarization (TZP) without frozen-
core.® These optimized coordinates were further employed for a second optimization
process using the M06-2X functional,” as meta-hybrid functionals have proven accurate
in modeling divalent lanthanide systems.'-38-10 The relativistic effects were incorporated
through the zeroth-order regular approximation (ZORA) of the Dirac equation.' Finally,
analytical frequency calculations were performed on the optimized structures to confirm

them as true minima.

Since these optimized structures are being subjected to expensive ab initio wavefunction
calculations, the SiMe3 groups were replaced with hydrogen atoms (Figure 1). According
to initial explorations and a report by Fleischauer et al.,'? the truncation of the complexes
only affects the intensity of some bands. However, it does not significantly affect the

position of the electronic states nor the nature of the excitations (Table S3).

Multireference calculations: Both LnCp3 and [LnCps]- complexes along with the Ln?* and

Ln3* free ions were subjected to ab initio wavefunction calculations using the OpenMolcas
software.’3 In a first step, Hartree-Fock (HF) densities were calculated to serve as starting

point for the multiconfigurational calculations. The metal center as well as C and H atoms
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Figure S01. Active spaces employed for the Ln3* free ions, LnCp’; complexes (a) and their

reduced [LnCp’;]- analogs (b).

were described thorough all-electron ANO-RCC Gaussian-type basis sets contracted to
TZP quality.’* Relativistic effects were incorporated through the 2-component Douglas-
Kroll-Hess (DKH2) Hamiltonian.’® To account for the static correlation present in
lanthanide systems, the resulting wavefunctions for the Ln3* free ions and LnCp3 systems
were employed as input for complete active space self-consistent field (CASSCF)
calculations.’® In case of the [LnCps] complexes, the restricted active space self-
consistent field (RASSCF) was employed instead.’”” The dynamic correlation was
recovered through the multiconfigurational pair-density functional theory (MC-pDFT)
method using the tPBE on-top functional.'® In a final step, the spin-orbit coupling (SOC)
was included via state interactions between the CASSCF/RASSCF wavefunctions

through the restricted active space state interaction (RASSI) method.'® The detail of the



multiplicities and number of roots employed for each lanthanide is shown in Table S1.

The definition of the active spaces is explained in Figure S01.

Ln3* and LnCps; complexes: In these cases, we are only interested in the composition of

the ground state. Therefore, a minimum active space consisting of n electrons in seven
4f orbitals, CAS(n,7) was employed (Figure S02a). In case of the free ions, the keyword

SUPSYM was employed to get atomic orbitals with pure spherical symmetry.

Ln3* with and without spherical symmetry: Given the absence of a ligand field, in the free

ions the f orbitals are degenerate. Therefore, after a regular SA-CASSCF where no
spherical symmetry was imposed, a mixture of atomic orbitals is observed which is
contrary to what we expect for a free atom (Figure S02). Additionally, the GS occupations
(not the state average) are not consistent with what we expect from the Hund’s rule that
states the following: “For a determined muiltiplicity, the term with the largest value of the
total orbital angular momentum quantum number L has the lowest energy”. This is
presumable due to the lack of spherical symmetry during the CASSCF procedure. Thus,
we employed the SUPSYM keyword to restrict the orbital mixing between the atomic
orbitals, which led to pure f orbitals (Figure S03) and orbital occupations that maximize

the orbital angular momentum.

Ln?* and [LnCps] systems: In case of these reduced free-ions and complexes, we want to

elucidate the nature of the ground state (4/*! or 4/ 54d") but also predict accurately the
excited states to be able to calculate the 4/1*' to 4/M5d" promotion energies. Given the
sensitivity of divalent lanthanide systems to the treatment of the electronic correlation, we

chose the active space following the guidelines presented by Barandiaran and Seijo in



2013.20 These authors analyzed the SrCl,:Yb2* material and demonstrated that the
inclusion of a second fshell into the active space improves the prediction of the promotion
energies, especially for lanthanides having more than half-filled f shells. Since we
successfully tested this strategy on Sm(ll) crown complexes,?' we incorporated the
second f shell across the entire series to keep consistency. In addition to the 4f/5f shells,
the 5d,, and 6s orbitals were also included since hybridization between them was
observed. Finally, a bonding ligand orbital exhibiting the appropriate symmetry to interact
with the f,2-3x2) orbital was also included. Therefore, the active space for the [LnCps]
systems consisted of n + 2 electrons (n = 4f electrons) in 17 orbitals (4f shell + 5f shell +
5d,, orb + 6s orb + ligand orb). To prevent orbitals from rotating out of the active space
the SUPSYM keyword was employed. The decision of including the 5d,, orbital instead
of the entire 5d shell in the active space was primarily based on its differential stabilization
relative to the other orbitals due to the pseudo-trigonal symmetry imposed by the Cps
coordination environment (see Figure 4). However, there is a previous report validating
this theoretical approach.?? Further discussion on the selection of the active spaces is

given below (Results section).

Ground state electron densities: In order to plot the charge distributions of the studied

systems for the Hund’s rule ground state in their largest Mj state, the resulting spin-orbit-
coupled states from the RASSI calculation were considered.?3 We specifically employed
the keyword SONO which generates the natural spin orbitals containing the electron
density of the specified spin-orbit states.?® Then, the SOOrb.1 file associated to the first
spin-orbit state was used as input for the GRID IT module, where the plots were

generated.



Ligand Field DFT calculations: This approach was considered to obtain the 4f*1 to 4/5d"

promotion energies corresponding to the Ln3* free ions. The calculations were performed
using the ADF package version 2019.4 The level of theory consisted of the PBE functional
with Grimme corrections in its D3 formulation to account for the dispersion forces along
with TZP basis sets for all the elements.?* The relativistic effects were incorporated
through the ZORA Hamiltonian. The multiplet manifolds of each Ln were calculated by

diagonalizing the matrix elements of the LFDFT Hamiltonian.
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Figure S02. Depiction of GS f-orbitals resulting from a CAS(1,7)SCF calculation without

spherical symmetry on Ce3*. Isovalue=0.03
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Figure S03. Depiction of GS f-orbitals resulting from a CAS(1,7)SCF calculation with

spherical symmetry on Ce3*. Isovalue=0.03

Table S01 Multiplicities and number of roots employed in the CASSCF calculations of

Ln3* free ions and LnCpz complexes.

n Multiplicity (25+1)

1 2 3 4 5 6 7 8
Ce - 7 - - - - - -
Pr 28 - 21 - - - - -
Nd - 112 - 35 - - - -
Sm - 490 - 224 - 21 - -
Eu 490 - 588 - 140 - 7 -
Gd - - - 392 - 48 - 1
Tb - - 588 - 140 - 7 -
Dy - 490 - 224 - 21 - -
Ho 196 - 210 - 35 - - -
Er - 112 - 35 - - - -
Tm 28 - 21 - - - - -
Yb - 7 - - - - - -




Table S02 Multiplicities and number of roots employed in the CASSCF calculations of the

Ln2* free ions and [LnCp3]- complexes.

N Multiplicity (25+1)

1 2 3 4 5 6 7 8 9
Ce 100 - 120 - - - - - -
Pr - 200 - 300 - - - - -
Nd 120 - 200 - 300 - - - -
Sm - - 120 - 200 - 300 - -
Eu - - - 120 - 200 - 300 -
Gd - - - - 120 - 200 - 200
Tb - - - 120 - 200 - 300 -
Dy - - 120 - 200 - 300 - -
Ho - 100 - 200 - 200 - - -
Er 100 - 200 - 300 - - - -
Tm 200 300 - - - - -

Yb 100 - 120 - - - - - -




Results

Structural parameters: Good agreement is observed between the optimized structures

and the experimental data. The average Ln—Centroid (cnt) distances were predicted with
errors of less than 1.2%, in the range 0.03 and 0.001 A for the [LnCp’s] complexes while

for the divalent systems the error was in the range of 0.001 and 0.02 A.

Average Ln-Cnt bondlengths for [LnCp’;] and [LnCp’;]- complexes
System Experiment Theory System Experiment Theory
LaCps; 2.559 2.592 [LaCps]~ 2.586 2.609
CeCps3 2.529 2.531 [CeCps]~ 2.558 2.542
PrCps 2.508 2.509 [PrCpa]~ 2.535 2.526
NdCp; 2.488 2.489 [NdCps]~ 2.519 2.537
SmCp; 2.461 2.476 [SmCps]~ 2.608 2.600
EuCp; 2.451 2.456 [EuCps]~ 2.607 2.603
GdCps 2.437 2.449 [GdACps]~ 2.468 2.489
TbCp; 2.423 2.428 [TbCps]~ 2.446 2.439
DyCp; 2.407 2.411 [DyCpa]~ 2.443 2432
HoCp; 2.394 2.397 [HoCps]~ 2.426 2418
ErCps 2.385 2.392 [ErCps]~ 2.416 2.409
TmCps 2.379 2.388 [TmCps]~ 2.502 2.501
YbCp; 2.365 2.381 [YbCps]™ 2.508 2.496

Active space for [LnCps]- systems: Due to the availability of experimental data, the

[EuCp3] complex was initially employed to define the active space to calculate the 41—
4f5d" promotion energies. The active space selections were further tested in the

[TmCps]- complex to analyze their performance when dealing with a more than half-filled
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4f shell (Table S3). The promotion energies calculated for the free ions were taken as a

reference to guide our analysis on the complexes.

Active Space #1: Our first natural approach was to include the 4f shell plus the 5d,, orbital

(RAS2) in the active space. This choice was rationalized given the non-bonding nature of
these orbitals added to the more stabilized nature of the 5d,, orbital with respect to the
rest of the d shell. However, this approach led to significant deviations in the prediction of
the promotion energies, with errors in the range of 7,000 — 10,000 cm-! with respect to the
experimental value in case of the [EuCps]- complex, and excessively large values in case

of the [TmCps]- system.

Active Space #2: Our second attempt consisted in expanding the previous active space

by adding a bonding ligand orbital that displays the appropriate symmetry to interact with
the f(2-3.0) Orbital (RAS1). Although some improvement was observed in the calculated
promotion energies for [EuCps], unrealistic values were obtained in case of the [TmCps]

system.

Active Space #3: Our final attempt considered an expansion of active space #2 by adding

a second f-shell. This idea was based on the work of Barandiaran and Seijo,?° where it is
demonstrated that the incorporation of the 5f orbitals in the active space, increased the
accuracy in the calculation of the promotion energies, due to a better treatment of the
correlation effects. Although the system analyzed by these authors correspond to the
highly symmetric SrCl,:Yb?* material where Dy, symmetry was imposed, the conclusion

remain valid for our less symmetric systems. Therefore, given the consistency observed
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between Eu and Tm compounds, we decided to use this active space across the

lanthanide series to calculate the 4f*'— 4M5d"' promotion energies.

Table S3. 4/*1— 4/5d' promotion energies for the active spaces explored in this work.

Negative values indicate the wrong GS configuration.

TmCp; EuCp; EuCp's™

cm-’ eV cm-’ eV cm-! eV

AC RAS(n,8) -109,700 -13.6 -13,827 -1.7 -14,795 -1.8
’gv RAS(n,8)-pDFT -61,453 -7.6 -8,033 -1 -9,630 -1.2
Sp RAS(n,8)-pT2 115,963 14.3 16,820 2.1 18,119 2.2
ac | SO-RAS(n,8) -112,304 -13.9 -17,179 -2.1 -18,071 -2.2
;1 SO-RAS(n,8)-pDFT -65,069 -8.1 -10,280 -1.3 -11,671 -1.4

SO-RAS(n,8)-pT2 112,706 13.9 15,179 1.9 16,394 2

AC RAS(n+2,9) -51,935 -6.5 23,022 29 3,463 0.4
2" RAS(n+2,9)-pDFT 32,846 4 28,391 35 9,770 1.2
Sp RAS(n+2,9)-pT2 19,470 -2.4 16,597 2 13,292 1.7
ac | SO-RAS(n+2,9) -52,797 -6.5 21,171 2.6 3,002 0.4
1?#2 SO-RAS(n+2,9)-pDFT 36,436 4.5 22,863 238 8,653 1.1
SO-RAS(n+2,9)-pT2 20,930 2.6 15,760 1.9 12,122 1.5

Ac | RAS(n+2,17) -12,831 -1.6 21,297 29 15,190 1.9
tiv | RAS(n+2,17)-pDFT 13,146 1.2 23,031 3.6 22,295 2.8
gp RAS(n+2,17)-pT2 15,188 1.3 25,132 3.4 24,922 3.1
ac | SO-RAS(n+2,17) -10,673 -1.7 19,991 2.5 13,854 1.7
e SO-RAS(n+2,17)-pDFT 11,890 1.3 21,014 2.6 20,897 2.6
#3 SO-RAS(n+2,17)-pT2 15,913 2.0 24,037 3 23,222 2.9

***The entire structure was employed for the calculation
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Table S4. Occupation of the CASSCF spin-free natural orbitals for Ce3*, CeCp’; and
[CeCp’s]- where J is the total angular momentum and M, corresponds to the projections

of J.

Ln fa fo. fi. fo fis fau fa.

Ce?* 0 0 0 0 0 0 1
CeCp’s 0 0 0 0 1 0 0
[CeCp’s] 0 0 0.01 0 0.01 0 0.99 0
Pr3+ 0.38 0.38 0.02 0.00 0.02 0.60 0.60
PrCp’s 0.01 0.32 0.66 0 0.66 0.32 0.01
[PrCp’s]  0.00 0.11 0.11 0.77 0.11 0.11 0.79 1
Nd3* 0.16 0.16 0.28 0.28 0.66 0.66 0.78
NdCp’; 0.21 0.21 0.79 0.00 0.79 0.09 0.91
[NdCp’s] 0.00 0.21 0.79 0.08 0.79 0.20 0.92
Sm3* 0.62 0.40 0.98 1.00 0.98 0.40 0.62
SmCp’; 0.38 1.00 1.00 0.62 1.00 0.38 0.62
[SmCp’s] 0.01 0.99 0.99 1.00 0.99 0.99 0.99
Eus*
EuCp’s
[EuCp’s]
Gds3+
GdCp’s
[GdCp’s]
Th3*
TbCp’s
[TbCp's]
Dy3*
DyCp’s
[DyCp’s]
Ho3*
HoCp’;
[HoCp's]
Er3+
ErCp’s
[ErCp’s]
Tm3+*
TmCp’s
[TmCp’s]
Yb3+
YbCp's
[YbCp's]
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Table S5. Estimated quadrupole moments (Q,) for divalent and trivalent lanthanide ions.

Q; (Ln*") Q, (Ln*) AQ, Observation

Ce -0.626  -0.855 0.228  Remains oblate and high anisotropy
Pr -0.613  -0.304 -0.309 Remains oblate but decreases in anisotropy
Nd -0.232 0.262 0.030  Turns prolate with similar anisotropy
Sm 0.388 - - Turns spherical
Eu 0.000 - Remains spherical
Gd 0.000 -0.717 0.717  Turns oblate with high anisotropy
Tb -0.580  -0.611 0.031 Remains oblate with high anisotropy
Dy -0.568  -0.234 -0.334  Remains oblate with decreased anisotropy
Ho -0.222 0.224 0.002  Turns prolate with similar anisotropy
Er 0.218 0.538 0.321  Remains proplate with increased anisotropy
Tm 0.534 0.517 -0.017  Remains prolate with high anisotropy
Yb 0.522 0.000 -0.522  Turns spherical

4o+
Crossove

r
4f5d!

*Q, values were calculated based on equation @2 = %(r)4/(2/* ~J) using radial values
(Angstroms) from reference 25 for Ln3* and 10% radial increase for Ln?* ions.
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Figure S3 Ground state electron densities of the LnCp; complexes. This representation

only considers the occupation numbers of the 4f natural spin orbitals.
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Figure S4. Ground state electron densities of the [LnCps]- complexes. This representation

only considers the occupation numbers of the 4f + 5d,, natural spin orbitals.
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