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Abstract: Two diradical complexes of the formula [LnRad2(CF3SO3)3] c (Ln(III) = Dy, Eu,
Rad = 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine-3-oxyl) were obtained in air conditions.
These are the first examples of diradical compounds of lanthanides and oxazolidine nitroxide.
The complexes were characterized crystallographically and magnetically. Single crystal XRD analysis
revealed that their coordination sphere is composed of three monodentate triflates and two tripodal
Rad, which coordinate the central atom in a tridentate manner via two N atoms of the pyridine
groups and the O atom of a nitroxide group. The LnO5N4 polyhedron represents a spherical capped
square antiprism with point symmetry close to C4v. The data of static magnetic measurements are
compatible with the presence of two paramagnetic ligands in the coordination sphere of the metal.

Keywords: complexes; stable organic radical; tripodal ligands; oxazolidine nitroxyl radical;
heterospin systems; magnetic properties; molecular magnetism

1. Introduction

The study of single-molecule magnets (SMMs) is the most intensively developing area
of molecular magnetism. SMMs are molecules possessing an energetic barrier to magnetic
relaxation that allows them to keep their magnetization orientation after switching off the
magnetic field. Moreover, these molecules exhibit bulk magnet-like property-magnetic
hysteresis, and their nanosize nature leads to quantum tunnelling of the magnetization
(QTM). The discovery of slow magnetic relaxation at the molecular level has generated
tremendous interest in SMMs, essentially due to the possibility of their use in in molecular
spintronics [1–6] and quantum information storage and processing [7–10]. However,
in order to realize these applications, much higher spin relaxation barriers (SRBs) must
be attained.

Since the SRB height is determined by the square of the total spin of the molecule
and its axial anisotropy, it is necessary to increase both of these parameters. It should be
emphasized that the latter is very important [11] for the design of high-temperature SMMs.
This is why in the last decade, researchers have paid special attention to the synthesis and
study of single-ion magnets based on trivalent lanthanides, since they have large magnetic
anisotropy due to significant spin–orbit interaction [11–13]. The combination of the used
lanthanide nature and ligand field environment has permitted chemists to make SMMs
displaying magnetic memory at a temperature up to 80 K [14,15]. Strong axial anisotropy
can be enforced by an appropriate design of the crystal field splitting (CFS) [13,16–18],
and the provision of large enough energy splitting on the Ln sites is required to reduce the
QTM between ground states. For this reason, it is very important to study minor changes in
ligand-field strength associated with the coordination polyhedrons of the LnIII complexes.
However, it is hard to implement systematic control of the coordination geometries and
the ligand-field strength of LnIII compounds [19].
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In addition, the internal 4f electrons are largely shielded by external electrons. It re-
duces magnetic exchange interaction as it will short cut the anisotropy barrier [20]. There-
fore, an exceptionally high SRB will not certainly lead to a high blocking temperature
if the exchange coupling is not strong. Moreover, strong exchange coupling can help to
switch off QTM within a single spin state manifold [20]. In this case, radical ligands may
be considered as being especially suitable for supporting strong spin coupling, and study
the influence over the slow relaxation process of the magnetization [20].

Most Ln-SMMs, especially the ones based on Ln with a large value of the total angular
momentum [21], exhibit magnetization blocking in a low-symmetry ligand environment often
with a coordination number of 6 to 10 [22]. An ideal point group symmetry, such as C∞v,
D4d, S8, D5h, D6d, and D∞h, could efficiently suppress the undesirable QTM process [16,23–26].
Therefore, a current challenge is the choice of ligands, which can lead to the formation
of a coordination environment that is optimal for obtaining maximum axial magnetic
anisotropy and minimum QTM.

Quite recently, we obtained several nitrate complexes of Ln(III) involving a tripodal ni-
troxyl radical 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine-3-oxyl (Rad) (Scheme 1) [27].
The obtained value of 23 cm−1 (+JS1S2 formalism) for the antiferromagnetic metal-radical
coupling in [GdRad(NO3)3] established from the magnetic and EPR data is remarkable for
complexes of 4f-elements with nitroxyl radicals. The terbium congener displays frequency-
dependent out-of-phase signals in the zero field designating single-molecule magnetic behavior.

Scheme 1. Tridentate radical-4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine-3-oxyl (Rad).

This work presents the results of the first experiments on obtaining diradical complexes
of LnIII and Rad. In contrast to 3d metals, for which a long series of complexes [M3dRad2]2+

with different anions were obtained [28–35], and two Ni(II) complexes with one radical [33],
diradical lanthanide complexes of Rad have not been known until now. Our objective was to
demonstrate the principal possibility of preparation of the Ln(III) complexes containing two
tripodal nitroxyl radicals (Rad). The compounds [LnRad2](anion)3 with a six-coordinated
environment similar to that of the previously obtained Dy compounds [36,37] would be
especially promising from the point of view of their magnetic behavior.

2. Results and Discussion
2.1. Synthetic Aspects and IR Spectra of the Complexes

The reaction of a dichloromethane solution containing the stoichiometric amounts of
Dy(CF3SO3)3 and 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine-3-oxyl (Rad) (Scheme 1)
at 40 ◦C afforded the diradical complex [DyRad2(CF3SO3)3] (1). Saturation of the reaction
mixture with diethyl ether vapors led to the crystals 1·0.5CH2Cl2·0.5Et2O incorporating
a small amount of both solvent molecules, which are losing readily during storage or
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manipulations with the compounds. The paramagnetic ligand is stable in air, both in solid
form and in non-aqueous solutions, even when heated.

Earlier, the diradical complexes of divalent 3d metal ions, including trimethylsulfonate
as a counterion, were obtained [28]. It should be noted that no hydrolysis of the starting
ligand was detected upon Rad complexation for 3d metal ions with different counteri-
ons [28–35]. However, in the case of the lanthanide ions, which are known by their catalytic
properties towards organic entities resulting in the breaking of covalent bonds [38,39],
additional precautions are needed. In addition, one should pay attention to the humidity
and the reaction rate to avoid by-product formation.

The europium analogue, [EuRad2(CF3SO3)3] (2), was prepared similarly to 1. How-
ever, during saturation of the reaction solution by ether vapors for one night at 4 ◦C, a small
amount of a binuclear compound [Eu2(dpk)2(hbpm)2(CF3SO3)2] (dpk is di(2-pyridyl) ketone
and hbpm is hydroxybis(2-pyridyl)methanolate) (3) formed. The colorless crystals of the
complex 3 were separated by filtration, and the mother liquor was left for an additional
saturation for few days, giving the orange crystals of solvated 2·CH2Cl2. As in the case
of its Dy congener, the solvate molecules are readily lost to give unsolvated bulk com-
pound 2. The formation of 3 is apparently due to a partial catalytic hydrolysis of the radical
(Figure S1, see the Supplementary Materials).

The IR spectra (SI, Figure S2) for 1 and 2 are very similar. The frequencies of the
groups involved in coordination are shifted towards lower energy compared with those of
free ligands. The most intense are the triflate absorption bands, and their positions shifted
compared to those of non-coordinated triflate [40], confirming the coordinated character
of the anions. Moreover, the greatest shift is experienced by the bands of the SO3 groups
while the shifts of the CF3 groups are much smaller.

In the coordination chemistry of d-elements, triflates are usually used as low-coordinating
anions. However, in the case of lanthanide ions with high coordination numbers, neutral
polydentate ligands must be sterically hindered enough so that the triflate anions do not
fit around the central atom. In the case of the tripodal Rad, its stericity is not sufficient to
prevent the entrance of counterions into the inner sphere of the complex.

To solve this problem, attempts were made to synthesize diradical complexes using
bulky anions as counterions: iodide and tetraphenylborate. However, upon the addition
of acetonitrile solutions of Ln(Ph4B)3 or LnI3 complexes to a solution of the radical in
the same solvent, the yellow color of the reaction mixture gradually changed to red,
and upon slow evaporation of the solvent, a red-brown viscous product was formed. Most
likely, this is due to the reduction of the radical mediated by [Ph4B]−, as it was found
earlier for the Rad [29,30]. An additional argument in favor of Rad− formation when
using reducing iodide and PPh4B− is the interaction of [Sm{N(SiMe3)2}2] with TEMPO
((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl-closely related radical), which led to reddening of
the reaction mixture, giving the complex[Sm{N(SiMe3)2}2TEMPO−] [41].

2.2. Description of the Crystal Structures 1–3

According to the single crystal X-ray analysis, both tripodal Rad coordinate the central
atom in a tridentate manner via two N atoms of the pyridine groups and the O atom of
the NO moiety (Figure 1) similarly to that in previously reported Zn(II), Cu(II) [28] and
Ln(III) [27] complexes with Rad. The coordination sphere is complemented by three mon-
odentate triflates to give DyO5N4 polyhedron. The Continuous Symmetry Measures (CSM)
analysis [42] gave the description of the polyhedron as a spherical capped square antiprism
(Figure 2) with the point symmetry close to C4v (Table S1)† as the best fit. The donor atoms
of Rad and two triflates compose faces of the antiprism while oxygen of the third triflate
arranges above the rectangular face.
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Figure 1. Structure of molecules 1 and 2. Hydrogen atoms are not shown.

Figure 2. The LnO5N4 polyhedron-spherical capped square antiprism.

The [Eu2(dpk)2(hbpm)2(CF3SO3)2] (3) is a binuclear compound in which the two
di(2-pyridyl) ketone act as the chelate bidentate ligands, while the two anions of hydroxybis
(2-pyridyl)methanolate are tridentate, with olate oxygen being a bridging moiety (Figure 3).

2.3. Magnetic Properties

The SQUID magnetometry results on polycrystalline complexes 1 and 2 are shown
in Figure 4. The χmT value at 300 K of 14.735 emu K mol−1 for 1 is slightly smaller
than the theoretical value of 14.92 emu K mol−1 at the non-interacting limit from two
radicals (S = 1/2, g = 2.0023, 0.375 emu K mol−1) and one DyIII ion (4f9, S = 5/2, L = 5,
J = 15/2, gJ = 4/3, 6H15/2, 14.17 emu K mol−1). This value is, however, in good agreement
with the those of 14.365 emu K mol−1, previously obtained for the monoradical complex
[DyRad(NO3)3] [27] taking into account the fact that the experimental values for dyspro-
sium in a related coordination environment are somewhat lower than those for a free ion:
13.92–14.00 [43,44]. On cooling, the χmT value remains virtually unchanged up to 90 K,
and then gradually decreases down to 10 emu K mol−1 at 20 K and finely drops to 4.803 emu
K mol−1 at 2 K. The last value is considerably lower than that for the monoradical analogue
(6.50 emu K mol−1). Since substantial intermolecular exchange interactions in 1 can be
excluded, the origin of such behavior could be attributed to the radical-radical coupling,
which can reach high values (JTEMPO1-TEMPO2/kB = −24.9 K) in [Y(hfac)3(TEMPO)2]) [45].
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Moreover, the metal-to-radical coupling in the [Gd(hfac)3(TEMPO)2] has been reported to
be either positive or negative for the different radicals of the same molecule (JGd–TEMPO/
kB = −6.45 and +4.0 K, complicating the picture. Therefore, for the highly anisotropic Dy,
it is difficult to obtain more information also due to the high mixing of the |J,mj> levels
favored by the relatively low-symmetry ligand field. In order to elucidate the nature of ex-
change interactions in 1, experimental magnetic measurements and theoretical calculations
for yttrium and gadolinium diradical complexes are in progress.

Figure 3. Molecular structure of the complex 3. Hydroxybis(2-pyridyl)methanolate is shown green.
Non-coordinated atoms of the triflates and hydrogens are not shown.

Figure 4. Temperature dependencies of χMT products for 1 and 2.

The temperature dependence of χmT for europium complexes is determined by the
thermal population of the 7F1 level nearest to the ground nonmagnetic level 7F0. The ex-
cited 7F1 state, closely located to the ground one, is populated in part already at room
temperature. At 300 K, χmT for europium(III) complexes with diamagnetic organic lig-
ands can vary in the range of 1.032–1.386 emu K mol−1 depending on the ligand field
parameters [46]. Consequently, for the complex 2, the room temperature χmT value of
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1.778 emu K mol−1 is reasonable for the two uncoupled radicals and one Eu3+ ion but
lower than the value of 1.93 emu K mol−1 found for the bis-nitronylnitroxide (NN) com-
plex [Eu(NN)2(NO3)3] with a different coordination number and mode (N10 instead of
N4O5) [47]. As the temperature is lowered, the χmT decreases gradually, and, starting from
9 K, drops to 0.348 emu K mol−1, which is somewhat higher than that for [Eu(NN)2(NO3)3]
compound (0.24 emu K mol−1). The magnetization plots (M vs. B) for 1 and 2 recorded up
to 50,000 Oe at the temperatures of 2, 5, and 10 K are reported in Figure S3. No ac signal
was observed in either sample in the measurable interval of frequencies (0.1–10,000 Hz).

3. Experimental Section
3.1. Materials and Physical Measurements

Ln(CF3SO)3 salts (Thermo Fisher GmbH, Kandel, Germany) were purchased from Alfa
Aesar. Dichloromethane (EKOS-1, Moscow, Russia) was distilled prior to use.
2,2′-Dipyridyl ketone (99%) (Sigma-Aldrich, Saint Louis, MO, USA) was used as received.
The 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine N-oxyl radical was synthesized
according to a known procedure [28]. The complexes were synthesized under aerobic
conditions. Elemental (C, H, N, S) analyses were carried out by standard methods with
a Euro-Vector 3000 analyser (Eurovector, Redavalle, Italy). Powder XRD was carried
out using a Shimadzu XRD-7000S diffractometer (Shimadzu, Kyoto, Japan) (CuKα radi-
ation, Ni filter, 2θ angle range from 5◦ to 30◦) using a Dectris MYTHEN2 R 1K detector
(λ = 1.54178 Å, Kyoto, Japan). Simulated patterns from the X-ray crystal structure were
obtained with Diamond 3.0 (Crystal Impact GbR: Bonn, Germany) from the crystal struc-
tures of 1·0.5CH2Cl2·0.5Et2O and 2·CH2Cl2. Fourier transform infrared (FTIR) spectra
were measured in KBr pellets with a Perkin–Elmer System 2000 FTIR spectrometer (Perkin
Elmer, Waltham, MA, USA) in the 4000–400 cm−1 range. The DC and AC magnetic proper-
ties of the compounds were determined by measuring polycrystalline samples pressed in
Teflon pellet to avoid preferential orientation of the crystallites, using a QD MPMS SQUID
magnetometer (Quantum Design GmbH, Darmstadt, Germany) in the temperature range
1.9–300 K with an applied field up to 5.5 T in the frequency range 1–10,000 Hz (for ac
characterization). The intrinsic diamagnetic contributions of the samples were estimated
using Pascal’s Constants [48].

3.2. Synthesis of the Complexes

[DyRad2(CF3SO3)3] A solution of Dy(CF3SO3)3·(61 mg, 0.100 mmol) in CH2Cl2 (2 mL)
was added dropwise to a stirred solution of Rad (60 mg, 0.222 mmol) in CH2Cl2 (2 mL).
Upon agitation at 40

◦
C, the reaction mixture gradually turned lemon yellow. The crys-

talline product 1·0.5CH2Cl2·0.5Et2O was obtained after the evaporation 50% of the solvent
followed by a slow saturation with ether vapors at 4 ◦C. Drying of the compound resulted
in unsolvated 1. Yield: 49 mg (43%). Anal. calcd. (%) for C33H32DyF9N6O13S3: C, 34.5; H,
2.8; N, 7.3; S, 8.4. Found: C, 34.7; H, 2.9; N, 7.0; S, 8.1. IR (KBr): ν (cm−1) 2985(w) 2940(w)
2895(w) 1603 (m) 1576(w) 1487(sh) 1472(m) 1441(m) 1387(w) 1373(w) 1319(s) 1283(sh)
1251(sh) 1236(s) 1211(s) 1177(sh) 1167(s) 1101(w) 1076(w) 1063(w) 1030(s) 1018(sh) 1001(m)
976(w) 958(w) 941(w) 930(w) 773(w) 762(sh) 750(sh) 708(w) 677(w) 662(w) 637(m) 582(w)
515(w) 430(w) 420(w).

[EuRad2(CF3SO3)3]·CH2Cl2 (2) and [Eu2(dpk)2(dpmo)2(CF3SO3)2] (3) To a solution of
Eu(CF3SO3)3·(62 mg, 0.103 mmol) in CH2Cl2 (2 mL) was added dropwise to a stirred
solution of Rad (60 mg, 0.222 mmol) in CH2Cl2 (1.5 mL). The reaction mixture was heated
at 40 ◦C for 15 min. Then, it was filtered and set to saturate with ether vapors at 4 ◦C.
After two days, a small amount of thin colorless crystals of (3) formed. The crystals
were isolated by filtration. Further saturation of the reaction mixture with ether vapors
led to the formation of one big orange-yellow grown-together polycrystalline block of
2·CH2Cl2, which was separated from the mother liquor, rinsed by a small amount of cold
dichloromethane, and air-dried to give unsolvated 2. Yield: 48%. C33H32EuF9N6O13S3
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(1139.79 g/mol): Anal. calcd.: C, 34.8, H, 2.8, N, 7.4; S, 8.4; found: C, 34.6, H, 2.6, N, 7.2; S,
7.82. IR (KBr): very similar to those of 1 (see Supplementary Materials).

[Eu2(dpk)2(hdpmo)2(CF3SO3)2] (3) Yield: 5 mg. C48H34Eu2F12N8O18S4 (1668.98 g/mol).

3.3. Single-Crystal X-ray Crystallography Data Collection and Refinement

Single crystals were coated with Nujol and were quickly mounted on MicroLoops
(MiTeGen LLC., Ithaca, NY, USA) and immediately cooled in a N2 cold stream to avoid
decomposition. The data collection was performed at 150 K on a Bruker D8 Venture diffrac-
tometer (Bruker AXS, Karlsruhe, Germany) with a CMOS PHOTON III detector and IµS
3.0 microfocus source (collimating Montel mirrors, MoKα radiation). The crystal structures
were solved using the SHELXT [49] and were refined using SHELXL [50] programs with
OLEX2 GUI [51]. Atomic displacement parameters for non-hydrogen atoms of 1–2 were
refined anisotropically. Hydrogen atoms were placed geometrically. Due to the poor qual-
ity of crystals of compound 3, the structure reveals a number of checkcif alerts. N atoms
and most C atoms were refined in the isotropic approximation to maintain a reasonable
data-to-parameters ratio. Nonetheless, the structure is reported to show the approximate
geometry of the complex. CCDC 2121366–2121368 for 1–3 contain the supplementary crys-
tallographic data for this paper, and can be obtained free of charge from. The Cambridge
Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/ (accessed on
28 November 2021).

4. Conclusions and Perspectives

For the first time, we demonstrated a principal possibility of obtaining diradical
complexes 1 and 2 of Ln(III) with a functionalized oxazolidine radical. The latter, be-
ing a tridentate ligand, is distinguished by a stereochemical rigidity and a predictable
tripodal manner of coordination. Therefore, such a radical is promising for the synthesis
of low-coordinate complexes with an axial symmetry required for QTM quenching [31].
The synthesized compounds [LnRad2(CF3SO3)3] feature a rather high coordination num-
ber, 9, which is due to insufficient steric demanding not only of the tripod, but also of the
anionic ligands. To ensure a satisfactory bulkiness of a paramagnetic ligand to prepare
complexes [LnL2]3+ with a coordination number of six, it could be sufficient to use a Rad
derivative with a methyl group at the sixth position of the pyridine ring. In our opinion,
the most suitable counterion could be tetrakis(pentafluorophenyl)borate, which, unlike its
unfluorinated analogue [29,30], should not be a reducing agent for the Rad [31].

In the short term, we are faced with the objective of expanding the range of diradical
complexes of lanthanides with Rad in order to clarify the nature of the magnetic exchange
interactions between paramagnetic centers in {LnRad2} systems. For this purpose, it is nec-
essary, first of all, to synthesize and study magnetochemically the isostructural compounds
of diamagnetic yttrium(III) and lutetium(III) in order to have an idea of the radical-radical
coupling. Analysis of the magnetic behavior of the diradical complex of the isotropic
ion Gd3+ will provide the information on Ln–Rad interactions. It is also interesting to
check whether the terbium complex will exhibit slow magnetic relaxation, since for its
monoradical congener, it was earlier recorded.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/inorganics9120091/s1, Figure S1: Catalytic hydrolysis transformation of the paramagnetic
ligand, Table S1: Geometry analysis of the complexes by SHAPE software, Table S2: Crystal data and
structure refinement for compounds 1–3: Figure S2: FTIR spectra of 1 and 2, Figure S3: M/H plots
for 1 and 2 at the different temperatures. Figure S4: PXRD patterns for 1 and 2.
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