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Abstract: In this paper, we investigate the magnetic exchange interaction and magnetization
dynamics of two new members of the [LnRad(NO3)3] family, where Rad is a tripodal nitrox-
ide, and Ln is Er(III) or Yb(III), having the prolate type electron density. Single OK crystal
and powder X-ray diffraction studies showed that these complexes are isostructural with
their previously investigated Y, Gd, Dy, Tm, Tb, Eu, and Lu congeners. A magnetometric
investigation, supported by ab initio calculations, showed the presence of antiferromagnetic
coupling between the lanthanide ion and the radical in both compounds with estimated
J values of ~7 and ~20 cm ™! for Er and Yb, respectively (+] Seg+ S formalism).

Keywords: tripodal ligands; lanthanides; nitroxyl radicals; erbium(IIl); ytterbium(IIl);
magnetic properties; ab initio calculations

1. Introduction

The primary objective of materials chemists is to modify the electronic structure of a co-
ordination compound so that specific properties are achieved. This can be accomplished by
modifying the symmetry and field strength of the ligands that interact with the central atom.
The precise regulation of these parameters is facilitated by the employment of ligands that
demonstrate a particular tendency to adopt a specific coordination mode. Organic tripo-
dal molecules, which have a donor atom at each of their three “legs”, exhibit predictable
coordination, making them an excellent choice for designing chemical complexes with a
specific geometry. Additionally, the geometry of these complexes can be easily modified
using synthetic organic chemistry techniques. As a result, tripodal ligands are widely used
in various fields of applied coordination chemistry, such as the design of molecular gears
and motors [1,2], biochemical [3-5] and photophysical [6-8] applications, catalysis [9-14],
chemosensing [15-17], electroluminescence [6,18,19], and molecular magnetism [8,20-22].

The tripodal function of the radical ligand 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-
oxazolidine-3-oxyl (Rad, Figure 1a) is provided not only by a set of donor atoms, the
oxygen atom of the nitroxyl group and two nitrogen atoms of the 2-pyridyl substituents,
but also by the presence of an sp® carbon acting as a bridgehead. In all previously studied
metal complexes involving Rad, only the tripodal mode of its coordination has been found,
where the ligand occupies sites on the vertices of a triangle in the coordination sphere
of the metal ion [7,20,23-30]. In this particular context, trivalent lanthanide nitrates were
identified as suitable precursors. The rationale behind this choice is that the presence of
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three nitrate anions results in the blocking of six coordination sites, thereby leaving room
for only one paramagnetic tripod. This, in turn, leads to the formation of a neutral complex
[LnRad(NO3)3], which does not contain any solvent molecules, as illustrated in Figure 1b.

(a) (b)

Figure 1. (a) Tridentate oxazolidine radical, (Rad): 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine-
3-oxyl.; (b) molecular structure of [LnRad(NOj3)3], hydrogen atoms are omitted for clarity.

For this paramagnetic tripod, strong magnetic exchange interactions were recorded
with 3d metal ions [23,27] and Gd(III) [7] and field-induced slow magnetic relaxation for
the Co(Il) [25] and Tbh(III) [7] complexes. A significant amount of research has focused on
lanthanide complexes with paramagnetic ligands, including nitroxyl radicals (NR). How-
ever, there is a paucity of studies on the strength of magnetic exchange interactions in NR
complexes with lanthanides such as erbium and ytterbium, which exhibit prolate electron
density [31] and are Kramers ions (half-integer total spin). It has been observed that Er(IlI)
complexes could be candidates for single-molecule magnets (SMMs), exhibiting a slightly
lower level of potential in comparison to Dy(III) [20,32-35]. The majority of the investi-
gated complexes of NRs encompass two radicals [36—43], while only a few articles describe
complexes with one paramagnetic ligand [44—48]. In earlier research, using gadolinium
complexes as an example, it was shown that the strength of the magnetic exchange in-
teraction for nitronyl nitroxyl (NN) radicals with Ln%* was significantly lower than the
same parameter for the lanthanide complexes with NRs (TEMPO, DOXYL, etc.) [49]. This
is due to the fact that in the former, the spin density is distributed over four centers
(O...N....N...O), whereas in the latter, an unpaired electron is shared between two atoms
(N...O) [50,51]. Furthermore, the number of papers describing radical complexes of Er(III)
and Yb(III) is quite scarce.

In the present work, we described the synthesis and characterization of two new
representatives of the [LnRad(NOs3)3] series of complexes, where Ln = Er, Yb. The results
of the comprehensive magnetochemical and computational studies for these compounds
are also presented. Using the calculated crystal field parameters, we were able to fit the
experimental magnetic data in order to extract the values of the coupling constants.

2. Materials and Methods

Er(NO3)3-6H,0, Yb(NO3)3-6H,0, and 2,2'-Dipyridyl ketone (99%) were used as re-
ceived from suppliers (ChemCraft, Kaliningrad, Russia, and Sigma-Aldrich, Saint Louis,
MO, USA, correspondingly). The 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine N-oxyl
radical was prepared according to a known method [23]. The synthesis of the complexes
was performed in an aerobic environment. Elemental (C, H, N) analyses were carried out
using standard methods with a Euro-Vector 3000 analyzer (Eurovector, Redavalle, Italy).
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Powder XRD was carried out using a Shimadzu XRD-7000S diffractometer (Shimadzu,
Kyoto, Japan) (CuK« radiation, Ni filter, 20 angle range from 5° to 30°) using a Dectris
MYTHEN?2 R 1K detector (A = 1.54178 A, Kyoto, Japan). Simulated patterns from the X-ray
crystal structure were obtained with Diamond 3.0 (Crystal Impact GbR: Bonn, Germany)
from the crystal structures of 1-0.5CH,Cl,-0.5Et,O and 2-CH,Cl,. Fourier transform in-
frared (FTIR) spectra were measured in ATR mode with a Perkin—-Elmer System 2000 FTIR
spectrometer (Perkin Elmer, Waltham, MA, USA) in the 4000-500 cm~! range. A QD MPMS
SQUID magnetometer (Quantum Design GmbH, Darmstadt, Germany) was used to study
the DC and AC magnetic properties of the compounds in the temperature range 2-300 K
with an applied field of 0.1 T for DC measurements, and up to 5 T in the frequency range
1-1000 Hz (for AC characterization). The polycrystalline samples were pressed in a teflon
pellet to avoid the preferential orientation of the crystallites. The diamagnetic contributions
of the samples were estimated using Pascal’s Constants [52].

2.1. Synthesis of the Compounds

[LnRad(NOs3)3] was synthesized according to the procedure used for Er congener.

[ErRad(NO3)3] (1). A solution of the ligand (60 mg, 0.22 mmol) in 0.5 mL of acetonitrile
was added to a solution of the nitrate salt, 93 mg (0.2 mmol) of Er(NO3)3-6H,0, in 0.5 mL
of CH3CN. The reaction mixture was carefully heated up to 45 C without stirring. When
lemon yellow crystals began to form, heating was stopped. The reaction vial was stoppered
and allowed to cool slowly on a plate wrapped in heat-insulating material. The next
day, the polycrystalline sample was carefully separated from the mother liquor, rinsed
with acetone, then with ether, and dried in air. Yield: 60 mg, 80%. Anal. calcd (%)
for C15H1ErNgOq1: C, 28.94; H, 2.6; N, 13.51. Found: C, 29.3; H, 2.3; N, 13.55. IR (KBr):
v (em~1) 3127 (w), 2984 (w), 2934 (w), 2892 (w), 1599 (m), 1507 (s), 1491 (s), 1472 (s), 1437 (s),
1379 (m), 1368 (sh), 1287 (sh), 1264 (s), 1192 (w), 1163 (m), 1148 (m), 1103 (w), 1074 (m),
1063 (m), 1022 (s), 1003 (m), 980 (w), 960 (w), 941 (sh), 930 (w), 912 (w), 903 (w), 876 (w),
833 (w), 814 (m), 772 (s), 758 (w), 743 (s), 708 (w), 679 (sh), 664 (m), 638 (m), 621 (m), 567 (m),
513 (w), 419 (w).

[YbRad(NO3)s] (2). Yb(NOj3)3-6H,O—96 mg, 0.22 mmol, Rad—63 mg, 0.23 mmol.
Yield: 70%. Anal. calcd (%) for C15H14YbNgO11: C, 28.57; H, 2.6; N, 13.34. Found: C, 28.6;
H, 2.2; N, 13.41. IR (KBr): v (cm 1) 3134 (w), 2986 (w), 2941 (w), 2897(w), 1621 (sh), 1605 (s),
1570 (w), 1536 (s), 1518 (s), 1504 (s), 1491 (s), 1476 (sh), 1464 (sh), 1441 (s), 1385 (s), 1300 (s),
1288 (sh), 1277 (s), 1260 (sh), 1227 (w), 1194 (w), 1150 (w), 1103 (w), 1078 (m), 1063 (m),
1028 (s), 1020 (sh), 1005 (m), 982 (w), 958 (w), 939 (sh), 932 (w), 912 (w), 902 (w), 837 (sh),
814 (m), 772 (s), 748 (m), 708 (m), 664 (m), 643 (m), 638 (m), 621 (w), 569 (w), 515 (m),
424 (w), 415 (sh).

2.2. X-Ray Structure Determination

Single-crystal XRD data for 1 were collected with a Bruker D8 Venture diffractometer
(Karlsruhe, Germany) equipped with a CMOS PHOTON III detector and IuS 3.0 source
(MoKa, A=0.71073 A, graphite monochromator, @- and w-scans with a step of 0.5°) at 100 K,
respectively (Table S1). The - and w-scan techniques were employed to measure intensities.
Absorption corrections were applied with the use of the SADABS program_ENREF_50 [53].
The crystal structure was solved and refined using the SHELXL-2019/3 [54,55] program
with OLEX2 GUI [56]. Atomic displacement parameters for non-hydrogen atoms were
refined anisotropically.

2.3. Computational Details

The computational study of the electronic structures of [LnRad(NOs3)3] complexes
was performed at DFT and ab initio levels [57,58]. The XRD geometry at 100 K was used
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in all calculations for the complex [YbRad(NO3)3] (2). In all performed calculations for
the complex [ErRad(NOs)s3] (1), the ytterbium atom was substituted by the erbium one.
The DFT calculation with the following NPA [59] analysis was performed at B3LYP [60]
using Gaussian 16 and NBO 7.0 [61] program packages. The natural charge distributions
(Figure S1) and spin density (Figure S2 and S3) were calculated at the B3LYP/def2-TZVP
level with the SARC2-DKH-QZVP basis set for Er and Yb. These distributions for the
lowest quintet and triplet states of the Er complex and the lowest triplet and singlet
states of the Yb complex were taken into account. The electronic structure calculations
for [ErRad(NO3)3] (1) at ab initio SA-CASSCF/NEVPT2/QDPT level [62-65] were per-
formed using the ORCA 5.0.3 [66-68] program package, and [YbRad(NOs)3] (2) at ab initio
RASSCF/XMS-CASPT2/SO-RASSI/Single-Aniso level [62-65] were performed using the
OpenMOLCAS program package [69,70] (version 21.06).

Relativistic effects were taken into account with the use of DKH2 Hamiltonian [71,72].
The SARC2-DKH-QZVP [73] basis set for Er and DKH-def2-TZVP(-f) [74,75] basis set for
other atoms were used for calculations and JK auxiliary basis sets for RI-JK approximation
to the Coulomb and exchange integrals [76,77]. In the case of 2, ANO-RCC-VDZ was used
for C and H atoms and ANO-RCC-VTZP for the other atoms [78]. Spin—orbit coupling
effects in 1 were included using quasi-degenerate perturbation theory (QDPT) with mixing
CASSCEF states in the spin—orbit mean field [79]. The spin—orbit coupling in 2 was treated
non-perturbatively within the mean-field theory in the restricted active space state inter-
action (SO-RASSI) method [80,81]. The temperature and field dependences of magnetic
susceptibility for 1 were calculated by differentiating the QDPT Hamiltonian with respect
to the magnetic field. To calculate the static magnetic properties of 2, the SINGLE_ANISO
program [82,83] was used.

3. Results and Discussion

3.1. Characterization
3.1.1. Crystal and Molecular Structure

As established in previous studies of single-crystal and powder RXD of the series
complexes [LnRad(NO3)3] (Ln = Gd, Dy, Tb, Tm, Y, Eu, and Lu), all complexes in this
series are isostructural [7]. Powder diffractograms indicate that complexes 1 and 2 are
isostructural with their congeners (Figure 2). The crystal cell parameters for 1 and 2, along
with the SCXRD experimental details, are delineated in Table S1.

According to the stereochemical analysis [84], the LnO7N; polyhedron for the series [7]
is best defined as a spherical tricapped trigonal prism geometry belonging to D3, point
group symmetry. In the neutral complexes, the paramagnetic ligand is coordinated to the
central atom in a tridentate tripodal manner through two nitrogen atoms of the two pyridyl
substituents and one oxygen of the NO group (Figure 2) and three [NO3]™ moieties acting
as bidentate anionic ligands compensating the tri-positive charge of the Ln atom. The
three donor atoms (N,N,O) of Rad form a triangular face of the prism. The Yb—Og,q bond
distances are 2.3451 (16) A. N-O bond length of the nitroxide group is 1.281 (2) A. Notably,
both these bond lengths and the angles are within the anticipated range. The packing of
molecules and distances between lanthanide ions correspond to those for the previously
published complexes [7].
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Figure 2. Simulated (blue) and experimental powder patterns of the compounds [LnRad(NOj3)3].

3.1.2. SQUID Magnetometry

The temperature dependence of susceptibility for randomly oriented pressed poly-
crystalline samples of 1 and 2 is presented in Figure 3a,b as a xT(T) plot. The xT at 300 K
reaches the value of 11.20 and 2.60 emu K mol~! for 1 and 2, respectively. In both cases,
the value is lower than the sum of the contributions expected from a radical and Er3*
Yb** (0.375 and 11.48/2.57 emu K mol~!). Upon lowering the temperature, the value
decreases, reaching ca. 1.5 and 0 emu K mol~! at 2 K for 1 and 2, respectively. Such
behavior suggests strong antiferromagnetic (AFM) coupling between the lanthanide and
the radical, as previously observed for other isostructural complexes containing other lan-
thanide ions [7,85]. The M vs. B plots of 1 (inset in Figure 3a) are not linear, but they never
saturate and their value is far from the one expected for an axial environment of the Er**
ion and a radical (4.5 + 1 = 5.5 ug) [86]. This observation indicates that the metal ion does
not exhibit a highly axial ground state and that the AFM interaction between the radical
and the Er®* is relatively strong. The M vs. B plots of 2 (inset in Figure 3b) are instead linear,
superimposable, and reach an extremely low value (0.36 ug) at 5 T and 2 K, suggesting a
very strong AFM coupling between Yb3* and the radical generating a diamagnetic spin
ground state (GS). Coherently, no ac signal was observed at any temperature for 1 and 2.
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Figure 3. Experimental (circles) and theoretical (red solid lines) magnetic data: (a) dependence
of xT vs. T and magnetization plots M vs. B for 1 at three different temperatures (insert);
(b) dependence of xT vs. T and magnetization plots M vs. B at three different temperatures (insert)
for 2; (c) magnetization plot M vs. B for 1 at 2 K; (d) magnetization plot M vs. B for 2 at 2 K. See text
for details.

3.2. Theoretical Calculations and Magnetic Behavior Modeling

Active space was constructed with seven 4f orbitals of Er or Yb and one SOMO of
radical ligand with dominant orbital density on the nitroxyl (NO) group coordinated
by the metal ion (Figure 4); 12 and 14 electrons were taken into account for Er and Yb,
correspondingly. Based on the result of interaction between erbium *I or ytterbium 2F
terms and the radical 2S term, 35 quintets and triplets for 1, as well as 7 triplet and singlet
states for 2, were taken into consideration.

» o <@ e L
00~6~ } os;g» ..

--b WS
O g‘ c L4 g. @, ;0 A ° ,
. ; “ (™ ©

Figure 4. MOs involved in the active space of the CASSCF (ng,8) (ne] = 12 for Er, 14 for Yb) calculations
for complexes 1 and 2.

The natural charge distributions (NCDs) of the ground triplet and ground singlet
states of 1 and 2 (see Figures S1 and S2) are nearly identical for both complexes. The charges
on the Er and Yb ions are 1.5 and 1.7, which is consistent with the DFT calculation results
for Ln(III) complexes in general. The charge distribution on the donor atoms exhibits a
negative character, with values approaching —0.5 on nitrate oxygens and —0.45 on pyridyl
nitrogens. Notably, lower values are observed on the oxygen atom of the nitroxyl moiety of
the radical, with estimates of —0.37 and —0.31 for 1 and 2, respectively. This distribution
leads to the formation of a relatively strong crystal field.
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For the tripod, the lower negative charge density in the oxygen donor compared to the
pyridyl nitrogens may be attributed to the stronger interaction with the lanthanide cation,
accompanied by the partial charge transfer to the 5d and 6s orbitals of the lanthanide from
the oxygen orbitals. This was shown in thorough NBO and ETS-NOCYV calculations for
the isostructural Eu complex in our recent paper [7], and we suppose that the mechanism
of coordination is the same in the current case. The spin density calculations for the
triplet ground state of 1 (Figure S2) and the first excited state of 2 (Figure S3) yielded
the anticipated results. As the DFT method is incapable of reproducing the SD of the
diamagnetic GS, the calculation of the first excited triplet state of 2 was performed to define
the SD distribution in a molecule of the complex. The SD values of Er and Yb ions were
found to be close to 3 and 1, respectively. Additionally, the SD distribution on the O and N
atoms of the nitroxyl group exhibited a nearly equal distribution, with a positive SD for Er
and a negative SD for Yb.

The complete electronic structures of complexes 1 and 2 after the calculations at
different levels of theory are shown in Figure 5a,b. The account of the dynamic correlation
leads to the inversion of the lowest spin-specific roots, which is shown in Figure 5c,d. Tables
52 and S3 show the wavefunction composition of the lowest roots according to the CASSCF
calculations. All of them represent a strongly multireference character with the electronic
configurations differing by the population of 4f orbitals with one electron always on the
radical ligand SOMO.

The account of spin—orbit coupling (SOC) leads to the splitting into the groups of four
states (see Figure 5, SOC) that can be regarded as the consequence of the interaction between
the Kramers doublets (KDs) of the lanthanide cation subsequent to the consideration of the
crystal field (CF) and Kramers doublet of the radical ligand.

The calculated temperature dependences (red lines in Figure 3a,c) of the magnetic
molecular susceptibility show reliable coincidence with the experiment data for both
complexes. In the case of 2, the calculated magnetization curve reproduces well the experi-
mental one (Figure 3d). The magnetization of 1 displays a slight divergence between the
theoretical and experimental plots, with the calculated curve exhibiting a quicker saturation
exit. This discrepancy can be attributed to the disparity in the methodologies employed for
the dynamic correlation account, namely NEVPT?2 for the Er complex and XMS-CASPT2
for the Yb one. The NEVPT2 procedure addresses exclusively the contributions to the
energy of the considered states, whereas XMS-CASPT2 additionally considers the interac-
tion between the states of specific multiplicity and the perturbation of the initial RASSCF
wavefunctions, yielding a novel set of state energies and corresponding wavefunctions
(See Supplementary Materials). Therefore, in the case of ytterbium, there are more hidden
correlations considered within the XMS—-CASPT2 framework, leading to the better repro-
duction of the experimental data. In the case of complex 1, the XMS-CASPT2 approach was
not employed due to the substantial computational demands associated with the extensive
number of states. The NEVPT2 calculations were deemed the more reliable approach. More
details about all calculations employed in the case of erbium and ytterbium complexes can
be found at the end of Supplementary Materials.

In order to extract the exchange coupling directly from the experimental magnetic
data in a fitting procedure, we performed the ab initio calculations for the anion and cation
forms of both complexes. Our goal was to take the energies of the lowest corresponding
to the splitting of the lanthanide ion states with | = 15/2 (Er) and | = 7/2 (Yb). Asitis
difficult to assess the influence of the crystal field on the lanthanides in the neutral complex
with the radical part, this scheme was applied. The decomposition of the wavefunctions
corresponding to the lowest metal ion multiplets in wavefunctions with definite projec-
tions of the total moment on the quantization axis for both complexes are presented in
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Tables 1 and 2. According to these results, the wavefunctions of all states have a rather
multireference nature.
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Figure 5. (a) The 35 quintets and triplets for 1 found at SA-CASSCF(12,8) (CASSCF) and SA-
CASSCEF(12,8)/NEVPT2 (NEVPT2) levels and SO multiplets after the accounting of SOC at QDPT
level (CASSCF-SOC and NEVPT2-SOC). (b) The 7 triplets and singlets for 2 obtained at SA-
CASSCEF(12,8) (CASSCF) and SA-CASSCEF(12,8) /NEVPT2 (NEVPT2) levels and SO-multiplets after
the accounting of SOC at QDPT level (CASSCF-SOC and NEVPT2-SOC). The energy structure under
3000 cm ! for (c) 1 and (d) 2. See, also, Tables S2 and S3 in Supplementary Materials.

Table 1. Decomposition of the wavefunctions corresponding to the lowest atomic multiplet ] = 15/2
in wavefunctions with a definite projection of the total moment on the quantization axis at SA-
CASSCF/NEVPT?2 level of calculations for the anion and cation derivatives of the complex 1. The
predominant contributions for each KD are indicated in bold.

Anion Cation
KD AE, cm—1 1], 1 (Contribution, %) KD AE, cm—1 [],1 (Contribution, %)
1 0 13/2 (54.7),11/2 (12.1) 1 0 13/2 (60.6), 11/2 (16.5)
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Table 1. Cont.

Anion Cation
KD AE,cm™1 [],1 (Contribution, %) KD AE, cm—1 [7,1 (Contribution, %)
11/2 (32.2), 1/2 (19.8), 3/2 (14.1),
2 66.9 13/2 (11.6) 2 108.6 1/2 (34.3),11/2(34.1),9/2 (9.7)
3/2 (23.4), 13/2 (19.3), 1/2 (15.3), 15/2 (40.4), 9/2 (18.0), 13/2 (17.1),
3 2094 9/2 (13.7), 5/2 (11.3) 3 286.7 1/2 (9.6)
3/2 (30.5), 11/2 (18.2), 5/2 (14.9),
4 268.6 1/2 (38.9),11/2 (18.9), 3/2 (11.3) 4 353.7 15/2 (12.3),9/2 (10.6)
15/2 (33.4),9/2 (23.4), 7/2 (16.8), 3/2(33.7),11/2 (19.7), 1/2 (13.5),
5 3813 5/2 (14.4) > 4025 5/2 (11.5)
6 467.5 3/2 (26.4),9/2(22.6),1/2 (19.5), 6 521.6 7/2 (36.0), 5/2 (23.4), 15/2 (13.5)
5/2 (13.3)
; 5136 15/2 (35.7), 7/2 (21.2), 11/2 (12.8), ; 5743 1/2 (21.0), 5/2 (20.6), 9/2 (19.9),
: 5/2 (10.8), 3/2 (10.2) : 7/2 (15.0), 11/2 (14.7)
7/2 (30.3), 5/2 (27.5), 9/2 (16.5), 712 (27.1),9/2 (24.8), 5/2 (16.7),
8 6365 15/2 (13.9) 8 691.2 3/2 (15.5)
Table 2. Decomposition of the wavefunctions corresponding to the lowest atomic multiplet ] = 7/2
in wave functions with a definite projection of the total moment on the quantization axis at
RASSCF/XMS-CASPT2 level of calculations for the anion and cation derivatives of the complex 2.
The predominant contributions for each KD are indicated in bold.
Anion Cation
KD AE, cm—1 [].1 (Contribution, %) KD AE, cm~1 1], 1 (Contribution, %)
1 0 7/2 (65.6), 3/2 (20.2), 1/2 (10.8) 1 0 7/2 (89.8)
2 169.3 5/2 (49.8),1/2 (25.6),3/2 (17.6) 2 224.7 5/2 (65.5), 3/2 (24.8)
3 385.7 5/2 (36), 3/2 (25.8), 7/2 (20.7), 5/2 (17.3) 3 438.8 1/2 (64.5), 3/2 (18.8), 5/2 (13.2)
4 537.9 1/2 (46.2), 3/2 (36.5), 5/2 (10.8) 4 565.7 3/2(52.9),1/2 (29.9), 5/2 (15.3)

Finally, to estimate the coupling between a lanthanide and a radical in 1 and 2, we
have used the two sets of crystal field parameters obtained by ab initio calculations for
the anionic and cationic derivatives of the (Er/Yb)Rad(NO3);; i.e., the species with a
formal absence of an unpaired electron on the tripodal ligand (see Tables 54 and S5 in
Supplementary Materials). The resulting values of the ground state g tensor are reported
in Table 3. Subsequently, the following Hamiltonian, acting on the radical spin (S =1/2)
and a lanthanide effective spin (S,5 = 1/2), was employed to simulate the low-temperature
magnetization plot:

H= .l’thfreeB'grad + VBB'geﬁ'geff,Ln + ]SAmd'SAeff,Ln (1)

In Equation (1), g is the g value of the radical (taken as 2.0023), g is the g tensor
obtained from the ab initio calculations, and | is an isotropic coupling constant. The
results of this simulation are reported in Table 3 and Figure 6. Their excellent agreement
with the experiments shows that the coupling between the radical and the lanthanide
is strong and antiferromagnetic, the values obtained for 1 starting from the cationic and
the anionic structures being extremely similar. It is worth noting that the fits obtained
for 2 vary more, even though they remain of the same order of magnitude. This finding
indicates that the minor alterations to the structure, resulting from the in-silico removal or
addition of one electron, can, under certain conditions, exert a substantial influence on the



Magnetochemistry 2025, 11, 16

10 of 14

resultant magnetic properties. It is noteworthy that the value of [, r,4 is approximately
7 em~!, which is substantially larger than the value of +0.12 cm ™! [45] found for [(NIT-
2-Pm)Er(hfac);] but lower than +15 cm~! [47] obtained for the [(NN)Er(hfac)s] radical
complexes. The only value of Jy}, ry that was found in the literature for the complex
[(NN)Yb(hfac)s] is +3 cm~! [47], which is considerably lower than the corresponding
values from Table 3.

Table 3. The g-tensors obtained from the ab initio calculations on the anionic and cationic structures
and value of the coupling.

1 Anion 1 Cation 2 Anion 2 Cation
g (0.79, 0.54, 13.4) (0.30,0.61, 14.2) (1.07, 3.05, 5.55) (1.18, 1.66, 6.90)
J,em1 6 7 16 26
4 0.4
® experiment ® experiment
—— Anion { —— Anion
—— Cation —— Cation

BIT
(@)

Figure 6. M vs. B plot of 1 (a) and 2 (b). The symbols are the experimental points, while the blue and

red solid lines represent the best simulation using the g and | parameters reported in Table 3.

4. Conclusions

In this paper, we have analyzed the magnetic behavior of two new complexes of
generic formula [LnRad(NOs3)3] (Ln = Er, Yb). Single crystal and powder X-ray diffrac-
tion studies showed that these two compounds are isostructural to their congeners
[LnRad(NOs3)3], where Ln = Y, Gd, Dy, Tm, Tb, Eu, and Lu. The field dependencies
of magnetization, obtained using DC magnetometry, allowed us to estimate the magnetic
coupling between the radical and the lanthanide. The values of about 7 and 20 cm™!
estimated for ], . for Er and Yb, respectively, are remarkably large. Furthermore, the
magnetization temperature and field dependencies obtained from ab initio calculations
demonstrate excellent agreement with the experiments.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/magnetochemistry11020016/s1; Table S1: SCXRD experimental details;
Figure S1: Natural charge distribution calculated at UB3LYP/def2-TZVP level with SARC2-
DKH-QZVP basis set for Er and relativistic DKH2 Hamiltonian: for the ground triplet state of
[ErRad(NO3)3] (left) and for the ground singlet state of [YbRad(NOs3)3]; Figure S2: Spin density
map for [ErRad(NOj3)3] calculated for the ground triplet state at UB3LYP/def2-TZVP level with
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SARC2-DKH-QZVP basis set for Er and relativistic DKH2 Hamiltonian; Figure S3: Spin density
map for [YbRad(NOj3)s] calculated for the first excited triplet state at UB3LYP/def2-TZVP level with
SARC2-DKH-QZVP basis set for Yb and relativistic DKH2 Hamiltonian; Table S2: Lowest 13 quintets
and triplets after SA-CASSCF (12,8) calculations (total 35 quintets and triplets) of 1 with their ener-
gies and contributions (>0.1) of different electronic configurations to the wavefunction of each root;
Table S3: Lowest 7 triplets and singlets after SA-CASSCF(14,8) calculations (total 7 triplets and
singlets) of 2 with their energies and contributions (>0.1) of different electronic configurations to
the wavefunction of each root; Table S4: The crystal field parameters BZ calculated for the ground
state of the anion and cation forms of 1 (J = 15/2); Table S5: The crystal field parameters calcu-
lated for the ground state of the anion and cation forms of 2 (J = 7/2); Figure S4: The results of
the computation at different levels of theory for 2: (a) RASSCF/XMS-CASPT2/SO-RASSI (A) and
SA-CASSCEF/NEVPT2/QDPT (B); (b) SA-CASSCF(14,8) /QD-NEVPT2; (c) state-averaged version
of NEVPT2.
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