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Radical lanthanide complexes are appealing platforms to investigate the possibility to engineer relevant
magnetic couplings between the two magnetic centers by exploiting the strongly donating magnetic orbitals
of the radical. In this paper, we report a spectroscopic and magnetic study on [LnRad(NO3)s], where Ln =
Eu®" or Lu*" and Rad is the tridentate tripodal nitroxyl radical 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-
oxazolidine-3-oxyl. A thorough magnetic investigation by Electron Paramagnetic Resonance (EPR)
spectroscopy and magnetometry, fully supported by ab initio calculations, allowed us to unravel an
unprecedentedly large antiferromagnetic coupling between the Eu®* and the radical (J;, = +19.5 cm™,
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Accepted 17th Novernber 2024 +J1551S, convention). Remarkably, both europium and lutetium complexes showed slow magnetization
dynamics below 20 K. The field and temperature dependent relaxation dynamics, dominated by Raman and

DOI: 10.1039/d4sc05035¢ direct processes were modelled simultaneously, allowing us to assess that the Raman process is field
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Introduction

The development of molecule-based materials with specific
functional properties’™ requires the understanding of the
electronic structure of molecular complexes, and how their
fundamental properties can be manipulated. Lanthanide(III)
(Ln) coordination compounds are unique in this respect due to
their combination of magnetic, redox,” photophysical and
catalytic properties.®™ Due to the synergic effects of strong spin
orbit coupling and a moderate ligand field, which can lead to
a magnetic anisotropy barrier, mononuclear Ln complexes
often manifest Single Molecule Magnet (SMM) behaviour, i.e.
slow relaxation of the magnetization below a blocking
temperature.**

Among the means to increase the height of the magnetic
anisotropy barrier, the coupling of the magnetic moment of the
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lanthanide with another spin carrier is one of the most inter-
esting possibilities."*™” However, this coupling is difficult to
achieve due to the shielded nature of the 4f orbitals. The most
successful strategies to achieve magnetic communication
between a lanthanide and another spin are the use of large
donor bridging atoms***° and the exploitation of the orbitals of
organic radical ligands, with strongly donating magnetic
orbitals providing effective overlap with the inner 4f orbitals of
the lanthanide. Among them, tetrazine and pyrazine radicals
have recently been highly exploited.**~**

More recently, it has been shown that, due to inefficient spin-
phonon coupling, an effective S = 1/2 coupled to a Ln charac-
terized by a diamagnetic ground state might provide slow
relaxation of the magnetization in an external applied field***°
in analogy to the slow relaxation detected for S = 1/2 molecular
spin qubits.?* If the lanthanide chosen is Eu**, widely known
for its rich photophysical properties, this provides a means to
obtain a luminescent, slowly relaxing species. Diamagnetic
lanthanides are exploited in heteronuclear coordination
compounds***?* or complexes with redox active or radical
ligands.”**** Nevertheless, magnetic studies of complexes
encompassing diamagnetic Lu>",%46 Y3* 41:47-60 [ 237 (ref. 50, 56,
59, 61 and 62) and poorly magnetic Eu®* ions*®5%5961.63:64 are rare
and often undertaken only to evaluate inter-radical interactions
in diradical lanthanide complex {Ln""(radical),} species. To the
best of our knowledge, no determination of the Ln*"-radical
exchange interaction in Eu**-radical systems has ever been

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Tridentate radical — 4,4-dimethyl-2,2-bis(pyridin-2-yl)-
1,3-oxazolidine-3-oxyl (Rad).

reported. This lack of information probably stems from the
assumption that the coupling is weak and should be, therefore,
active only at low temperature, where only the ground J = 0 state
of the "F; of Eu®" is populated, thus being hardly detectable.
However, this approach hides a misconception, since the
exchange coupling involves the two spins, S = 1/2 and S = 3 for
the radical and the Eu®", respectively. The effects of the
exchange coupling should then be visible at any temperature if
the interaction is strong enough.

In order to improve our understanding of the nature of the
coupling between radical spins and poorly magnetic lantha-
nides, we investigated the magnetic and luminescent properties
of an Eu’'-radical system in which the magnetic exchange
interaction, estimated by the corresponding Gd** derivative,* is
expected to be strong. In this approach, the Lu*" derivative
provides the ideal closed-shell reference to derive the influence
of the Eu®* presence on the radical behavior. We then selected
for the present study [EuRad(NOj3);] and [LuRad(NOj3);], where
Rad is a tridentate tripodal nitroxyl radical—4,4-dimethyl-2,2-
bis(pyridin-2-yl)-1,3-oxazolidine-3-oxyl (Scheme 1). For this
paramagnetic tripod, strong magnetic exchange interactions
were recorded with 3d metal ions®**” and gadolinium(m)** and
field-induced slow magnetic relaxation for the cobalt(u)*® and
terbium(m)®* complexes. The europium(m) derivative showed
the expected luminescence, and both studied complexes exhibit
field-induced slow magnetic relaxation (SMR) below 20 K. In
addition, dc-magnetic measurements and EPR spectroscopy
clearly demonstrated the presence of a large and antiferro-
magnetic Eu-Rad exchange interaction, the latter being
modelled by ab initio theoretical calculations, which also
provided indications on the coupling mechanism between
paramagnetic centres.

Results and discussion

Tripodal ligands possess a predictable coordination mode,
which is essential for molecular and crystal engineering.
Tripodal binding mode of the paramagnetic ligand (Rad) is
ensured by the set of the donor atoms, i.e. an oxygen of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nitroxyl group and the two nitrogen atoms from 2-pyridyl
substituents; and by the presence of an sp® hydridized carbon,
which fulfils the role of a bridgehead atom. In all previously
studied metal complexes only the tripodal mode of coordina-
tion, i.e. with Rad occupying the three sites on the vertices of
a triangle in the coordination sphere of a central atom, has been
reported.®7* In this context, Ln*" nitrate salts turned out to be
suitable precursors, because the three nitrate anions block six
coordination sites leaving a space only for one Rad ligand,
resulting in a neutral species without solvent molecules. The
synthesis of [LnRad(NO;);], where Ln = Eu** or Lu** and Rad is
the tridentate tripodal nitroxyl radical 4,4-dimethyl-2,2-
bis(pyridin-2-yl)-1,3-oxazolidine-3-oxyl thus followed the proce-
dure, previously reported for the other Ln*" derivatives.® The
phase purity of the obtained bulk polycrystalline samples was
ascertained by elemental and PXRD analyses as shown in
Fig. S17.

Crystal structures

The powder diffractograms indicate that all the complexes from
the series: [LnRad(NO;);] (Ln = Gd, Dy, Tb, Tm, Y, Eu and Lu),
studied to date, are isostructural.®® The crystal cell parameters
and powder diffraction patterns for europium and lutetium
complexes are presented in Table S1 and Fig. S1t, respectively.
According to the stereochemical analysis™ (see Table S2t), the
LnO,N, polyhedron for the whole series® is best defined as
a spherical tricapped trigonal prism geometry, with an idealized
Ds;, point group symmetry. In the neutral complexes, the para-
magnetic ligand is coordinated to the central atom in a tri-
dentate tripodal manner through two nitrogen atoms of the
pyridyl groups and one oxygen of NO moiety (Fig. 1), and three
nitrate anions acts as bidentate anionic ligands compensating
the tripositive charge of the central atom. The donor atoms of
Rad compose a triangular face of the prism. The Ln-Og,q bond

Fig. 1 Molecular structure of [LnRad(NOs)s], hydrogen atoms are
omitted for clarity.
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distances are 2.425(2) and 2.343(5) A for Eu and Lu, respectively.
N-O bond length of the nitroxide moiety is 1.275(3) and 1.247(8)
A for Eu and Lu, respectively. Noteworthy, both these bond
lengths, and the angles are in the anticipated range (see Table
S3t). The packing of molecules and distances between lantha-
nide ions correspond to those for the previously published
complexes.®

Fluorescence of [EuRad(NO;);]

Ordinarily, under UV irradiation, the emission of europium(in)
complexes of diamagnetic ligands display the spectral transi-
tions from emitting level °Dy, to ground levels “F; (J = 0-4).1*7¢
However, the photophysical properties of europium(m)
compounds with radical ligands were poorly investigated
previously. For this reason, it was of great interest to probe the
emission photoluminescence of [EuRad(NOj;)s]. Fig. 2 shows
a cascade of emission bands to five different multiplets using an
excitation source at wavelength of 397 nm. Since the spectrum
was recorded at room temperature, the peaks corresponding to
°D, — ’F, (] = 0-5) transitions are usually broadened compared
to those for low-temperature spectra. Consequently, peaks of
weak intensity may be poorly distinguishable at a broad back-
ground line. A simple Gaussian fit of the emission reveals the
following barycentres of the states: 16 892 cm™ ' (592 nm), 16
234 cm ™' (616 nm), 15349 cm " (651.5 nm), 14 286 (700 nm),
and 13 736 (728 nm) corresponding to the °D, — “F; (J = 1-5)
transitions as reported in Table 1. The luminescence to the
ground “F, state is not clearly observed, in agreement with
expectations from Judd-Ofelt theory.” Remarkably, the absence
of °D, — "F, in the emission spectrum supports the SHAPE
analysis in indicating a high local symmetry around the Eu**
ion since this transition should be observed for sites of
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//a.u.

600

T T T T
640 660 680 700 720 740

Alnm
Fig.2 Room temperature photoluminescence emission spectrum for

solid [EuRad(NO3)3] at excitation wavelength of 397 nm. The red line is
a simple fit using a sum of five gaussian curves.

T T
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symmetry Cs, Cy, Or Cp,.”*”” Interestingly, this transition appears
as a very weak peak in [Eu(Tpm)(NOs);] (Tpm is tris(3,5-
dimethylpyrazolyl) methane),” which can be considered as
the congener of [EuRad(NOj3);] but with a diamagnetic tripod,
given the similarity of their coordination polyhedra. The first
observed transition in [EuRad(NOj3);] at 592 nm is the °Dy, — "F4
transition, which possesses a moderate emission intensity. It is
a magnetic dipole (MD) allowed transition, the integral inten-
sity of which is substantially unaffected by the metal ion envi-
ronment. On the other hand, the absence of a structure of this
peak indicates that at this temperature we do not have enough
resolution to observe the different components due to crystal-
field splitting of the F; multiplet. The D, — ’F, transition,
most affected by the local symmetry of the Eu®" ion and the
nature of the ligands, appears in the spectrum as the main peak
at 616 nm, being responsible for red light release by the
complex. The presence of this intense peak indicates that the
Eu®" is not at a centrosymmetric site. The °D, — ’F; transition
has a maximum intensity at 652 nm. Usually this ED transition
is very weak, since it is also forbidden according to the Judd-
Ofelt theory, and can be strengthened by strong J-mixing.
Remarkably, for our complex we observe the peaks at 700 and
730 nm, corresponding to the “F, and “Fs multiplets, usually
very weak. This is also related to a strong J-mixing.

We note that despite the same idealized symmetry (D;p,) and
similarity of the coordination spheres with [Eu(Tpm)(NO3);]
there are obvious differences in the intensity and structure of
the spectral bands of the two complexes. These might be
attributed to differences in J-mixing;’® it is tempting to attribute
these differences to the presence of an exchange coupling
interaction between the radical spin and the Eu®" centre.
Additional photophysical studies at low temperatures are,
however, necessary to understand exactly how the spin coupling
of Eu*" and radical affects the electronic structure compara-
tively to the related complex of formally diamagnetic analogue
of Rad. This is beyond the scope of the present study, mainly
focused on the resultant magnetic properties (see below).

DC magnetic properties and EPR spectroscopy. Direct
current (dc) magnetic susceptibilities for the polycrystalline
samples were measured in the temperature range of 2-300 K
under an applied magnetic field of 1000 Oe. The room
temperature x7 value of 1.541 emu K mol ' is lower than the
sum of the Curie constants of a free radical and a typical Eu®"
complex (0.375 + 1.251 = 1.626 emu K mol ', where 1.251 emu
K mol ! is a reference value found for the [Eu(Tpm)(NO;);]
complex mentioned above),*® (Fig. 3a). The xT value steadily
decreases to reach 0.23 emu K mol ' at T = 2 K, in agreement
with reported values for most Eu®*-radical complexes.*®*#
Such a low value is often ascribed to the presence of diamag-
netic impurities or non-radical ligands.*® In the present case,
however, both elemental and phase analyses (Fig. S11) unam-
biguously confirm the product purity. Moreover, the x T value of
[Lu(Rad)(NO;);] is almost constant in the entire temperature
range and matches well the value corresponding to one
unpaired electron (0.375 emu K mol ") (insert in Fig. S27).
Therefore, we attribute the observed low values of T at low
temperature for [Eu(Rad)(NO;)3] to a strong antiferromagnetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1l Photoluminescence data for Eu®* in [EuRad(NOs)s] and [Eu(Tpm)(NOs)s] (left). Energy levels of [EuRad(NOs3)s] from ab initio calculations
and magnetic data simulation (right)

Common range’® EuRad EuTpm’® Energy levels ’F; (J = 0-5) of [EuRad(NO5);)/cm "

Transitions 2, nm Eu®" (ref. 79)° CASSCF-SOC* NEVPT2-50C° Magnetism®
Dy — 'F, 570-585 — 5807 0 0 0 0
Dy — 'F;  585-600 592 594 379 322/352/414 (362) 332/366/436 (378) 314.6/324.6/508.8 (383)
Dy — 'F, 610-630 616 616 1043 998/1021/1049/ 1025/1054/1087/1109/ 1044/1066/1156/1166/
1068/1102 (1048) 1150 (1085) 1212 (1029)
Do — 'F;  640-660 652 653 1896 1945/1958/1962/1971/ 1993/2005/2013/2032/2064  2179/2212/2226/2252/
2003/2041/2059/(1991) 2253/2275
2112/2131(2050) 2284.8 (2240)
*Dy — 'F, 680-710 700 700 2869 2966/2977/3083/3116/ 3012/3025/3148/3186/3254  3687/3692/3701/3709/
3165/3192/3223/3231/ 3281/3319/3332/3450 (3223) 3728/3732/3740/3748/
3335 (3143) 3756 (3721)
Do — 'F5  740-770 728  — 3912 4284/4329/4345/4394/4406 4348/4406/4425/4474/4500  5478/5493/5523/5530/
5545/5567
4466/4483/4502/4539/4552 4566/4585/4613/4651/4665 5572/5611/5623/5657/

4559 (4442)

“ Very weak. ? Calculated energies of Eu®* free-ion levels.” ¢ Barycentre.

coupling between Eu** and the radical spins. This hypothesis is
confirmed by the field dependent magnetization curves re-
ported in Fig. 3b, for which the highest value measured at T'= 2
K (ca. 0.67 mB) is lower than the one of [Lu(Rad)(NO3);] (ca. 1ug,
see Fig. S27).

To obtain more information on this point, we performed
a low temperature EPR study. Indeed, while for the few Eu®'-
radical systems investigated by this technique up to now the
resulting spectrum could simply be attributed to the isolated
radical spin,**** we considered that a relatively large antiferro-
magnetic coupling should bring in the anisotropy induced on
Eu** by the ligand field acting on its angular orbital
momentum.

a T T T T
159
o experimentaﬂ
- — = ab initio
'—o — fit
E
X 1,01 4
=)
€
()
~~
~
é<0,5_ .
I T

T T T
150 200 250

T/K

T
100 300

4685 (4538) 5695 (5573)

Indeed, the EPR study of a microcrystalline powder, recorded
at low temperature (Fig. 4), showed for [Eu(Rad)(NO3);] a spec-
trum which strongly contrasts with the one of [Lu(Rad)(NO3);],
that can be simply simulated with an isotropic g = 1.998(1), as
expected for a simple radical (Fig. S31). The spectral features of
[Eu(Rad)(NO;);] are typical for a strongly anisotropic effective
doublet, with g, <g| and both principal values (g = 1.75,g, =
1.46) are much lower than the free electron g factor (g = 2.0023).

To understand the origin of such peculiar behaviour,
which is to the best of our knowledge unreported for Eu**
complexes, we made a survey of simulated spectra by using
Hamiltonian® (1):

T T T T
20000 30000 40000 50000

B/ Oe

T
0 10000

Fig. 3 Magnetic behaviour of [EuRad(NOz)s]: (a) temperature dependence of xT product at B = 0.1 T; (b) magnetization curve measured at 1.8 K
(blue), 5 K (green) and 10 K (red). Black continuous lines are the best fits obtained with the model described in the text. The dashed red line is the

SA-CASSCF(7,8)/NEVPT2/QDPT calculated xT curve.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Experimental X-band EPR spectra (continuous lines) and their
simulations (dotted lines) for [EuRad(NO=)s] at the temperatures of 5,
10, 30 and 50 K obtained using parameters and Hamiltonian reported
in the text.

350 550

H= AEuLS + Cgo(z) + ,uBB'(gLLEu + gSSEu +grudsrad)
+ J12SEL1'Srad (1)

Here, the first term describes the spin-orbit coupling of Eu*'-
ion; the second one takes into account the ligand field, acting
on the orbital component of the metal centre, and is described
by a second-order axial operator based on the analysis of the
coordination polyhedron; the third one is the Zeeman interac-
tion of the two different spins and the orbital moment existing
in the system; the final term defines the isotropic coupling
between the europium spin and the radical one, positive values
of J1, corresponding to antiferromagnetic coupling. The results,
reported in Fig. S4af, clearly show that, if no ligand field is
considered, an antiferromagnetic coupling between the spin
component of the Eu®*" and the radical spin results in an
isotropic signal with g < 2.00, while the opposite is true for
a ferromagnetic coupling. On the other hand, if one also
includes the ligand field (Fig. S4b-d}), an axial spectrum is
observed: this has g, < g if C9-J1, > 0, whereas the opposite
holds for C3-J;, < 0.

On these bases, the observed spectrum, centred at an average
g < g can be directly attributed to the antiferromagnetic nature
of the exchange coupling between europium(ir) and the radical,
of non-negligible magnitude compared to the spin-orbit
coupling of europium ion. On the basis of the survey of the
simulated spectra the observation of an easy axis anisotropy
further indicates that the parameter describing the axial ligand
field acting on the L = 3 angular momentum of the europium(m)
must be positive. This behaviour can be rationalized by
considering that the projection of the orbital momentum on the

222 | Chem. Sci, 2025, 16, 218-232
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first excited J = 1 state for the ’F multiplet has a negative
coefficient (—45/10).%° Following these premises, we attempted
a combined simulation of the EPR and the static magnetic
measurements by means of the Hamiltonian (1). A very satis-
factory simulation of both magnetic (solid lines in Fig. 3) and
EPR data (dotted lines in Fig. 4) was achieved by using the
following values: Ag, = 370 cm™ ', C3 = 14 em ', J, =
+19.5 cm™ ', and fixed g, = 1, g5 = 2.0023, graa = 1.998 (the
complete spin system structure is reported in the ESIf). With
these parameters, the low-lying energy structure is the one re-
ported in the last column of Table 1. The ground and first
excited multiplet are also reported in Fig. S67 to provide a better
comparison with ab initio calculations (vide infra).

Notably, the value of 19.5 cm™" for Eu®**-radical exchange
coupling is comparable with that of 23 em ™" found for its Gd**
congener,® which is the largest among the nitroxide complexes
of Ln studied to date.** As a comparison, we note that for the
complexes involving a single nitronyl nitroxide,”*® the
exchange coupling is even lower (|J1,| = 0.77-8.35 cm ™). For the
monoradical complexes of the closest congeners of our Rad-
ligand, the derivatives of the six-membered hetero-cyclic
Tempo (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl, is coupled
to Gd*" with J;,, = 2.43 and 9.25 cm '.°*” For the semi-
quinonate complex, [GA(HBTP;),SQ], |/12| is 11.4 cm .8

For the complexes of organic radicals and europium(m), for
which the ground spin state is usually considered to be
diamagnetic,” such a strong magnetic interaction is unprece-
dented, as is the observation of an EPR spectrum.

The cause of this robust coupling in the Eu/Gd-Rad trinitrate
complexes is most likely determined by the favorable superpo-
sition of the Ln and radical magnetic orbitals. In contrast to the
greatly investigated complexes with nitronyl and imino nitroxyl
radicals, in which the spin density is mainly delocalized over
four or three atoms (O-N---N-O, N---N-0),'***** jn Rad, one
unpaired electron is delocalized only in two atoms: nitrogen
and oxygen. Therefore, the spin density on the donor O atom in
Rad is greater than that in a nitroxyl radical. In order to get more
insight into the origin of the magnetic coupling and on the
experimentally obtained energy level structure, we performed
DFT and ab initio calculations, which are reported below.

AD initio calculations: magnetic behaviour simulation and
electronic structure of Eu specie. The calculations of the
temperature dependence of magnetic susceptibility was per-
formed at SA-CASSCF(7,8)/NEVPT2/QDPT level, and the results
are presented in Fig. 3a. In order to emphasize the key role of
the dynamic correlation to correctly reproduce the experiments
we report in Fig. S51 the xT curve obtained before and after this
correction. Based on the electronic structure calculations, the
level splitting between octets and sextets (Fig. 5 and Table S47)
is larger in the case of account of dynamic correlation, which
corresponds to a larger value of effective exchange interaction
between Eu®" and radical spins.

The lowest spin multiplets of the [EuRad(NOj3);] are pre-
sented in Fig. S6 and S7,7 to highlight the different electronic
structure terms involved in the calculations. Based on the result
of interaction between europium “F and °D terms and radical °S
term, only seven, twelve and five roots for the multiplicities 8, 6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The lowest spin multiplets (seven octets and sextets) calculated
for [EuRad(NOs3)s] at SA-CASSCF(7,8) (CASSCF) and SA-CASSCF(7,8)/
NEVPT2 (NEVPT2) and SO-multiplets after account of SOC at QDPT
level (CASSCF-SOC and NEVPT2-SOC). Kramers doublets appearing
after account of SOC are roughly presented as a result of interaction
between Eu®* states with assigned full moment J (purple) and ligand
doublet state interaction.

and 4 were taken in consideration. The corresponding MOs
involved in the active space are depicted in Fig. S8 and the full
electronic structure is presented in Fig. S9t after the calcula-
tions at different levels of theory. The splitting can be defined
within the framework of the effective spin-Hamiltonian
approach as exchange interaction between europium and
radical spins. The ground state of the complex is the sextet state
with the next first excited octet state at 54.1 cm™ *. The account
of dynamic correlation leads to a larger splitting between sextets
and octets. The effective value of exchange parameter J;, =
14.9 ecm ! extracted from the splitting between each of seven
octets and sextets pairs is in a good agreement with the one
obtained from the magnetometric and EPR data.

Additionally, the main magnetic axis (MMA) of the ground
doublet state was calculated and reported in Fig. S10f. The
angles between it and MMA of the next eight excited states are
reported in Table S5t. The principal values of the g-tensor of
the lowest nine Kramers doublets and corresponding direc-
tions of the main magnetic axes for each component are pre-
sented in the Table S67. Fig. S11 and S127 present the spin
density map calculated for the ground sextet state at DFT level
using B3LYP functional. According to the calculation results,
the spin density for the [EuRad(NO;);] compound is concen-
trated on the Eu-center and radical NO group, with almost
equal negative density on nitrogen and oxygen atoms (]|0.485]
and |0.454| ug on N and O, respectively). The latter result is in
agreement with the spin density previously reported for tem-
pone,*** and is consistent with our hypothesis of radical tripod
being more “compact” compared to the nitronyl and imino-
nitroxyl radicals, which have magnetic orbitals spread over

© 2025 The Author(s). Published by the Royal Society of Chemistry
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four or three atoms.'**** This favours a stronger exchange for
the tripodal nitroxyl radical than for nitronyl and imino-
nitroxyl ones.

The Cj parameter describing the ligand field and acting on
the orbital component of the metal center, obtained using
SINGLE-ANISO module after account of dynamic correlation, is
15.9 cm™ ' and correlates well with the value obtained from the
fit of the experimental data. According to the AILFT calcula-
tions, the resulting value of effective SOC constant is { =
1378.6 cm™ !, and the corresponding A = +{/28 (S = 3) is equal to
229.8 cm . This value is slightly lower than the one obtained
experimentally, however it must be kept in mind that the
experimentally determined value is an effective value, which
also includes the effect of other free ion terms.

The ab initio analysis of [EuRad(NO;);] evidences
a surprising similitude with the magnetic behaviour reported
for heterometallic complex [Cu(SB)Eu(NOj3);].** The distance
between Cu*" and Eu®" ions in that complex is about 2.4 A, close
to 2.42 A found between europium and oxygen of NO-group of
Rad in [EuRad(NOj;);]. Conceivably, in square-pyramidal envi-
ronment, the SOMO d-orbital of Cu®" is oriented with respect to
the 4f-orbitals of Eu®" by the same manner as the SOMO p,*-
orbital of Rad, leading to a comparable exchange interaction.

Bonding mechanisms between Eu** and ligand. To inquire
into the mechanisms of bonding between paramagnetic ligand
and Eu®" cation, we performed calculations using Natural
Bonding Orbital (NBO)'** analysis and Natural Energy Decom-
position Analysis (NEDA).'**'°® The results were compared with
those obtained for extended transition state scheme combined
with the natural orbitals for chemical valence (ETS-NOCV)'”
method, and Quantum Theory of Atoms in Molecules
(QTAIM)'*® analysis. To elucidate the specificity in bonding
patterns in the case of paramagnetic ligand, Rad, the same
analyses were performed for diamagnetic congener of our
complex, [Eu(Tpm)(NOs);]** which has a closely similar coor-
dination polyhedron (see above). It is important to note that all
these methods can give only qualitative representation of the
bounding nature in the complexes and should be considered
with caution.

The topological properties of the electron density computed
at the bond critical points (BCP) for both complexes using
QTAIM are presented in the Tables S7 and S8f. Compared to the
complex of Tpm, the complex of Rad has shorter bonding
distances for all coordination bonds. This observation is
partially attributed to the higher temperature of the SCXRD data
collection for the complex of Tpm (150 K versus 100 K for the
radical complex). However, the Mayer bonding order, P, corre-
lates with this observation being two times larger in the case of
radical tripod than for the diamagnetic one. It should be noted
that both the extremely low value of the electron density, p(7),
and the quite positive value of the Laplacian of the electronic
density (V>p(r)) at BCPs indicate the depletion of the electronic
density in the region between atoms for both systems. The
vanishingly small values of total energy density, H(r), and the
ratio of absolute value of potential energy density to Lagrangian
kinetic energy density, |V(r)|/G(r), being close to one for every
presented bonding point indicate the non-covalent character of
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bonding.'” Natural charges obtained from NBO procedure
(Fig. S13 and S14t) tend to be attributed to the ionic type of
bonding. Another parameter to establish the nature of the
interaction is the bonds ellipticity, ¢, whose small values allow
to conclude that all bonds are close to cylindrical symmetry.**®
The value of the last analysed parameter, n < 1, allows to
conclude that the bonds have a closed-shell nature."**

The results of the comparative NBO analysis for the
complexes [Eu(Rad)(NO;);] and [Eu(Tpm)(NO;);] are presented
in Table 2, Fig. 6 and S15.f According to the stabilization
energy values in both complexes (Table 2), the electron dona-
tion is predominantly from the ligand to the Eu®*' ion. The
individual components of the stabilization energies E® for
a and B orbital sets appear from the donations from sp-orbitals
(lone pairs, LP) of the coordinated oxygen and two nitrogen
atoms of the paramagnetic tripod, or three nitrogen atoms of
diamagnetic tripod, to the orbitals of Eu center. They are the
combination of 5d, 6s and, in a few instances, 4f orbitals
(virtual Lewis orbitals) with admixture of more diffuse orbitals
of the same type. The nitrogen sp-orbitals are directed towards
Eu with prevailing orbital density concentrated in the space in
between. Nitroxyl oxygen is presented by two sp-orbitals, the
first of which is also directed towards Eu, while the second is
perpendicular to the first, and its orbital density is concen-
trated mainly outside the radical ligand. Here is the difference
with the Tpm coordination pattern (Fig. S157), where only one
orbital type is present for all three nitrogen centres. The
presence of p oxygen orbital largely influences the nature of the
exchange interaction between the radical and Eu centres.
While looking at the results of ETS-NOCV calculations (Table
S9, Fig. 7 and S1671), a similar situation is observed. The
bonding is mostly defined by the interaction of 5d- and 6s-
orbitals for Eu** and sp-orbitals for a tripodal ligand in the

View Article Online
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case of both complexes in o and B sets. The first three pairs of
NOCV orbitals represent o-type bonding where tripod acts
through sp-orbitals of nitrogen atoms or nitroxyl oxygen, and
metal is presented by d-orbitals mostly in the first two pairs
and s-orbital in the third pair. Next three pairs, 4-6, repeat the
scheme of orbital contribution for Eu and increase the number
of the tripod orbitals by including the sp-orbitals of aromatic
carbons. The orbitals of these last three NOCV pairs belong to
m-type bonding with less contribution from the metal orbitals
in comparison with the first three pairs.

This observation correlates with the observed contribution
of the pair energies to the total orbital interaction energy (AEqp,
Table S9t), the energies of orbitals 1-3 being several times
greater than the energies of orbitals 4-6 and their sum making
up most of the whole AE,y,. All the information about the
energies responsible for the bonding interaction and stabiliza-
tion of the complexes is presented in Table 3. The energies
obtained in NBO and NEDA procedures, namely, charge trans-
fer energy, Ecr, total bonding energy, Exgpa, and full stabiliza-
tion energy, E%,., are consistent with the orbital stabilization
energy, AE,,, obtained in ETS-NOCV. Based on these results,
we conclude that the charge transfer from the occupied orbitals
tripod-based to the virtual orbitals of europium is a relevant
factor in bonding formation.

To sum up, the SA-CASSCF(7,8)/NEVPT2/QDPT calculation
results demonstrate that an agreement between the calculated
magnetic properties and the experimental ones can be achieved
if dynamic correlation is accounted for. At the same time, the
magnetic parameters obtained from ab initio calculations
correlate well with those obtained by fitting experimental data.
Calculations evidence that the largest contribution to the
resulting energy states comes from a combination of electronic
configurations with electron transfer from the occupied orbital

Table 2 The stabilization energies (kJ mol™) derived from the NBO analysis for the [EuRad(NOs3)s] and [Eu(Tpm)(NOs)s] complexes with accent

to Eu—Rad and Eu-Tpm bonds, respectively”

Eibo = Ezbo + EEbo Ezbo = EEi Ei,main EEIJO = EE[ZE Elgﬁ,main

Eu — Rad —4.6 —4.4 — —0.2 —

Rad — Eu —~1362.2 —722.6 0: —17.8 (1sp — 5d4f) —639.6 0: —16.7 (1sp — 5d)
—44.0 (1sp — 6s5d) —21.0 (1sp — 6s5d)
—9.5 (1sp — 5d) —12.6 (1sp — 5d)
—15.2 (2sp — 5d4f) —33.6 (2sp — 6s5d)
—41.8 (2sp — 6s5d) —35.5 (2sp — 5d)
—26.7 (2sp — 5d) N1: —49.3 (sp — 5d)
N1: —55.6 (sp — 5d4f) —48.9 (sp — 5d)
—54.3 (sp — 5d4f) —13.6 (sp — 6s5d)
—17.0 (sp — 5d6s4f) N2: —45.9 (sp — 5d)
—11.2 (sp — 6s5d) —24.4 (sp — 5d)
N2: —29.4 (sp — 5d4f) —22.6 (sp — 6s5d)
—75.1 (sp — 5d6s4f) —16.9 (sp — 5d6s)
—10.8 (sp — 5d)

Eu — Lgja —0.6 —0.6 - - -

Laia — Eu —-1038.1 —556.1 N1: —95.8 (sp — 5d6s) —482.0 N1: —70.3 (sp — 6s5d)
N2: —71.5 (sp — 6s5d) N2: —70.7 (sp — 5d6s)
N3: —92.5 (sp — 5d6s) N3: —94.1 (sp — 5d6s)

“ The electron donations in two directions are shown with the individual components of the stabilization energies E® for o and B orbital sets
(symbol “—” denotes direction of donation) and their cumulative values with smaller contributions.
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Fig. 6 Orbital energy diagrams for the Eu—Rad bond formation in [EuRad(NOs)s] and the main electron donation paths. The values of the

individual components are shown in Table 2.

space to the virtual space. The analysis of the bonding patterns
for [EuRad(NO;);] complex highlights the importance of charge
transfer from ligand occupied orbitals to metal virtual orbitals,
namely, 5d and 6s, with corresponding energy stabilization of
the considered states. This is reflected in the quite large value of
the effective exchange interaction between europium ion and
the radical.

Dynamic magnetic properties. AC magnetic studies were
carried out to elucidate the magnetization dynamics of the
compounds. Intriguingly, both complexes show slow relaxation
of the magnetization in an applied field (Fig. 8 and 9). This is

© 2025 The Author(s). Published by the Royal Society of Chemistry

unusual, given the diamagnetic electronic configuration of Lu**
and the quasi-diamagnetic nature of Eu®".

A field scan at T = 5 K (Fig. 8) reveals a similar field depen-
dence of the relaxation behaviour for both complexes. The
relative in-phase susceptibilities are reported in Fig. S177. The
relaxation time (Fig. 10a) reaches a maximum around 2-2.5 T,
and then it starts decreasing. A temperature scan at B = 0.1 T,
Fig. 9 displays peaks in the imaginary component of the
magnetic susceptibility up to 17 and 20 K for Eu and Lu species,
respectively. The relative in-phase susceptibilities are reported
in Fig. S187. The relaxation time values are comparable for both
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Fig.7 The most important pairs of o and B NOCVs responsible for o (top row) and 7t (bottom row) type bonding with their eigenvalues. Each pair
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complexes at all the investigated temperatures. Notably, since
the field of the temperature scan was identical to the one found
in the dc measurements, we can straightforwardly compare the
value of the xq4. and the values of the isothermal ac suscepti-
bility (xr) to quantify the amount of sample taking part to the
slow relaxation, Fig. S19t. For lutecium complex the two values
coincide, i.e. 100% of the sample is slowly relaxing, while for
europium one, we get approximately 80% of the sample. This

excludes that the relaxation dynamics might be related to
impurities.

The field dependence of the relaxation time for § =1 systems,
is usually fitted using the Brons-Van Vleck equation.*” This
formula contains two terms: the direct mechanism, responsible
for the relaxation between the two states of the system resulted
from Zeeman splitting, and a term that accounts for internal
fields promoting fast relaxation in zero field. However, the

Table 3 The total bonding energy ENEDA, charge transfer energy ECT, full stabilization energy, Enno2, obtained by NBO calculations, and orbital
stabilization energy AE ., with o and B orbital contributions obtained by means of ETS-NOCYV calculations for the complexes [EuRad(NO3)3] and

[Eu(TpmM)(NO3)s] (2) in kJ mol ™t

—EnEpa —Ecr _Erzlbo _AEorb _AEorbmc _AEorb,B
B3LYP 277.8 969.0 1366.8 255.6 (777.8)° 132.5 (522.2)" 123.1
PBEO — — — 273.2 (953.5) 142.3 (680.3) 130.8
TPSSh — — — 238.6 (454.5) 124.2 (215.9) 114.4
MO06-2X — 998.7 — — — —
B3LYP, (2) 378.2 850.9 1038.7 243.8 (653.3) 123.8 (533.3) 120.0

“ Number in « part, given in parenthesis, corresponds to an artefact of transition between two 4f-orbitals of Eu in ETS-NOCV procedure. Its value
changes depending on the functional type, namely the amount of HF exchange. It was added in AEqy,.
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equation cannot be used to simultaneously reproduce the field
and temperature evolution of the relaxation time of the studied
complexes. More specifically, the decrease of relaxation time
with temperature is more rapid than the 1/T dependence ex-
pected for a simple direct process. Therefore, we have modified
the equation introducing a temperature dependence on the
second term, analogously to a Raman process:

1+ eB?

-1 _ n
! =xTB'+ RT T/

(2)
where ¢ is the direct mechanism coefficient, R is the Raman
coefficient, the e parameter, strongly dependent on the spin
concentration, accounts the field effects on the relaxation of
interacting spins and ftakes into account the ability of the field
to suppress this process. Using eqn (2) we were able to repro-
duce the field and temperature dependence of the relaxation
time for both complexes, and the obtained parameters are
summarized in Table 4. The results that we obtain deserve some
comments. We can immediately notice that most of the
parameters are very similar. For example, the e parameter that
accounts for the spin density in the lattice is virtually

0.025 T

2"/ emu mol-!

1000
vl Hz

10000

indistinguishable between the two derivatives. The two most
different parameters are ¢ and f. The first one suggests that the
direct mechanism is more effective for [EuRad(NO3);], while the
second one hints towards the fact that the magnetic field
suppresses more efficiently the relaxation in lutetium congener

10 1%
T/K
Fig. 10 Field (a) and thermal (b) evolution of the relaxation time of Lu
species (blue squares) and Eu one (red circles). The lines are the best
fits discussed in the text.

/ emu mol-!

b4
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Fig.9 Temperature evolution of the imaginary component of the magnetic susceptibility for LnRad(NOsz)zat B=0.1T: (a) Lu; (b) Eu. The lines are

the best fits discussed in text.
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Table 4 Best fit parameters for the [LnRad(NOs)s] complexes,
extracted from the temperature and field dependence of the ac
relaxation times using eqn (2)

Parameter Lu Eu
csTtT? 0.158(7) 0.702(8)
RsT'KT" 876(51) 855(44)
n 1.41(2) 1.39(2)
e/T? 1.77(9) 1.76(5)
fiT? 32(1) 18(3)

than in europium one. Our analysis highlights that the relaxa-
tion of the radical in europium complex is indeed affected by
the coupling with Eu®* ion that creates a sort of “effective”
magnetic field.

Conclusions

In this paper we reported a spectroscopic and magnetic study
on two tripodal radical-containing lanthanide complexes
involving the poorly magnetic Eu®* or the diamagnetic Lu**
ion. The exchange coupling of the radical with Eu** was found
to provide characteristic shape and resonance fields of the
EPR spectrum, which is clearly visible at temperature as high
as 50 K. This surprising result prompts a reassessment of the
magnetic behaviour of the many Eu®**-radical complexes re-
ported in the literature, for which the coupling is usually
neglected due to the formally diamagnetic ground state of this
ion ("Fy).*""** Further specific features of the magnetic
behaviour allowed us to obtain a value of the exchange-
coupling between the radical S = 1 and the S = 3 of the Eu®"
ion, which is completely consistent with the results obtained
for the Gd*' congener.®® The observed antiferromagnetic
coupling is among the largest ever reported between
a lanthanide and a radical, only outcompeted by few families
of compounds such as the low-yield endohedral dilanthano-
fullerenes,"* the air sensitive mixed-valence (Cp'"™),Ln,I,
(ref. 18) and the N,*>~ bridged® dilanthanide complexes. The
combined DFT and ab initio calculations yielded results in
excellent agreement with the experiments, providing further
insight in the mechanism leading to the strong exchange.
Finally, the ac magnetometric characterization evidenced slow
relaxation of the magnetization in an applied field at
temperatures below 20 K. By comparing the behaviour of the
two complexes we could demonstrate that the exchange
coupling of the radical with Eu®" has a non-negligible influ-
ence on the field dependence of the slow relaxation. More
importantly, the observation of this slow relaxation, seldomly
observed in complexes containing only poorly magnetic ions
and radicals, suggests a relative inefficiency of the field-
dependent Raman and direct processes. This demonstrates
that non-Orbach processes are not very detrimental in
promoting the relaxation and is thus of much relevance in the
design of new air stable building blocks for complexes dis-
playing slow relaxation of the magnetization at high
temperature.

228 | Chem. Sci,, 2025, 16, 218-232

View Article Online

Edge Article

Experimental section

The common chemical reagents used in this work were ob-
tained from commercial sources and utilized as received. The
4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine N-oxyl radical
(Rad) was synthesized according to known procedure.*
Ln(NOj3);-6H,0 (Ln = Eu, Lu) were obtained upon dissolution
of Eu,O;3 or Lu,(COs3);5-xH,0 in diluted HNO; at 50 °C with
subsequent vaporization of all volatiles and recrystallization
from acetonitrile solution to remove the HNO; traces.
Elemental analysis was done using a Eurovector EuroEA3000
analyser. IR spectra were registered in KBr pellets using FT-801
Fourier spectrometer (Simex). A Shimadzu XRD-7000 diffrac-
tometer (CuKa radiation, Ni filter, 26 angle range from 5° to 30°,
Dectris MYTHEN?2 R 1K detector) was used to perform a powder
XRD investigation. X-band EPR spectra were recorded on
a Bruker Elexsys E500 spectrometer equipped with an ESR900
(Oxford Instruments) continuous-flow 4He cryostat to work at
low temperature and a SHQ resonator. The crystalline powder of
each sample was ground, pressed in pellet to avoid preferential
orientation, and then placed in 4 mm diameter quartz tubes.
The luminescence measurements were carried out on a Horiba
Fluorolog spectro-fluorometer.

Synthesis of the compounds

[LnRad(NO;);] were prepared according to the procedure
described for Eu congener.

To a solution of Eu(NO3);-6H,0 (0.113 mmol) in CH;3CN (2
mL), a solution of Rad (0.11 mmol) in CH3CN (1.5 mL) was
added. The reaction mixture was stirred for one hour at heat-
ing about 60 °C until the solution volume was reduced by half.
The solution was left in peace overnight. The resultant yellow
crystalline product was separated from the supernatant,
washed with a small amount of cold acetonitrile and then with
ether and air-dried. Yield: 80%. Anal. Caled (%) for
C15H,6EUNgO;,: C, 29.6; H, 2.6; N, 13.8. Found: C, 29.8; H,
2.5; N, 13.8. IR (KBr): » (cm ') 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).

[LuRad(NO3);]

Lu(NO3);-6H,0 - 0.154 mmol, L - 0.152 mmol. Yield: 70%. Anal.
Caled (%) for C15H;6LuNgO;: C, 28.5; H, 2.5; N, 13.3. Found: C,
28.4; H, 2.2; N, 13.3. IR (KBr): » (cm ') 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).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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X-ray structure determination

Single-crystal XRD data for [EuRad(NO3);] and [LuRad(NOj3);]
were collected a APEX-II CCD and Bruker Apex X8 diffractom-
eters equipped with a 4K CCD area detector using the graphite-
monochromated Mo Ko radiation (A = 0.71073 A) (Table S11) at
100 and 150 K respectively. The ¢- and w-scan techniques were
employed to measure intensities. Absorption corrections were
applied with the use of the SADABS program_ENREF_50.""° The
crystal structures were solved using the SHELXT''® and were
refined using SHELXL'"” programs with OLEX2 GUL"® Atomic
displacement parameters for non-hydrogen atoms were refined
anisotropically.

Magnetic measurements

To avoid preferential orientation of the -crystallites, DC
magnetic measurements were carried out on the polycrystalline
samples pressed in Teflon pellets, using a QD MPMS SQUID
magnetometer in the temperature range 1.9-300 K with applied
field up to 5.5 T AC magnetic measurements were performed on
the same samples using the ACMS module of a QD PPMS
working in the frequency range 10-10 000 Hz. The intrinsic
diamagnetic contributions of the samples have been estimated
using Pascal's Constants.""’

Computational details

The electronic structure calculations at DFT and ab initio SA-
CASSCF/NEVPT2/QDPT level were performed using the ORCA
5.0.3 program package.”>**** DFT calculation with the following
NBO'** and NEDA'"*>'*¢ analysis were performed using Gaussian
16 (ref. 123) and NBO 7.0 (ref. 124) program packages. The DFT
calculations were performed using B3LYP,"** PBEO (ref. 126 and
127) TPSSh,"® and M06-2X'”** functionals. The QTAIM and
ETS-NOCV analysis were performed using the Multiwfn
package'®® (version 3.8, released 2023-06-04). The electronic
structure of [EuRad(NO;);] was studied at SA-CASSCF(7,8)/
NEVPT2 level.’**'% Active space was constructed with seven
4f-orbitals of Eu and one SOMO of radical ligand. Relativistic
effects were taken into account with use of DKH2 Hamilto-
nian."**'% Active space was constructed with seven 4f-orbitals of
Eu and one SOMO of radical ligand. Relativistic effects were
taken into account with use of DKH2 Hamiltonian. SARC2-
DKH-QZVP** basis set for Eu and DKH-def2-TZVP(-f)"*”**® basis
set for other atoms were used for calculations and JK auxiliary
basis sets for RI-JK approximation to the Coulomb and
exchange integrals.”*'* Spin-orbit coupling effects were
included using quasi-degenerate perturbation theory (QDPT)
with mixing CASSCF states in the spin-orbit mean field."** The
temperature dependence of magnetic susceptibility was calcu-
lated by differentiation of the QDPT Hamiltonian with respect
to magnetic field. Electronic structure of the [EuRad(NO;);]
complex was calculated using state-averaged (SA) CASSCF
calculations and taking into account dynamic correlation using
NEVPT2. Active space of CASSCF(7,8) consisted of seven 4f-
orbitals of europium and one SOMO of radical ligand
(Fig. S8T). Seven, twelve and five roots for the multiplicities 8, 6
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and 4 were taken in consideration, correspondingly, based on
the result of interaction between europium “F and °D terms and
radical *S term. The full electronic structure is presented in
Fig. S91 after the calculations at different levels of theory. Spin—-
orbit coupling (SOC) was accounted for using the quasi-
degenerate perturbation theory (QDPT) approach after SA-
CASSCF(7,8) and SA-CASSCF(7,8)/NEVPT2 (NEVPT2-SOC)
calculations. To determine the values of SOC constant the Ab
initio Ligand Field Theory (AILFT)"*>'** calculations on the base
of SA-CASSCF(6,7)/NEVPT2 calculations with 7 septets and 140
quintets for cation and anion forms of [EuRad(NO;);] complex
were performed.

Data availability
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