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1. Introduction

Bifunctional heterobimetallic 3d—4f [Co(u)-RE,
RE = Dy, Eu, and Y] ionic complexes: modulation
of the magnetic-luminescence behaviourf

@ Anna L. Pellegrino, 2/® Martina Lippi,
¢ Lorenzo Sorace =) *© and

Matteo Bombaci,® Francesca Lo Presti,
Patrizia Rossi, {2 Leonardo Tacconi,
Graziella Malandrino (2 *@

This work reports the engineering and functional properties of an emerging class of heterobimetallic 3d—4f
ionic complexes designed with cobalt and rare-earth (RE) metals. We present a comprehensive examination
of the structural, magnetic, optical, and thermal properties of the heterobimetallic ionic complexes with the
general formula [Co(hfa)s] [RE(hfa),tetraglyme]™ (RE = Dy, Eu, and Y), where the metal centres are co-
ordinated by hexafluoroacetylacetonate (Hhfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedione), p-diketone and
tetraglyme (2,5,8,11,14-pentaoxapentadecane) polyether. Structural analysis reveals an octahedral coordi-
nation geometry enveloping the cobalt(r) centre, characterized by inherent symmetry properties consistent
across the derivatives, while a capped square-antiprism coordination polyhedron is observed for the RE ions.
Electron paramagnetic resonance (EPR) spectroscopy confirms the constancy of the electronic structure of
the cobalt(i) moiety and the significant contribution of the lanthanide ions to the magnetic properties of the
compounds. The non-trivial single-ion magnetic properties of cobalt(i), dysprosium(i), and europium(in)
centres, and the effect of their interactions are investigated by a detailed static and dynamic magnetic suscep-
tibility study. Moreover, optical analyses have been carried out showing the r—=* intraligand (IL) transition of
the B-diketonate ligand and the d—d cobalt(i) transitions. Luminescence characterization of dysprosium(in)
and europium(in) derivatives exhibits their characteristic emission bands, indicative of the unique photophysical
properties conferred by the lanthanide ions. Thermal studies using thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) reveal good thermal stability and volatility properties, underscoring the
interesting nature of these ionic complexes for potential deposition on suitable substrates. In summary, these
heterobimetallic complexes show intriguing optical and magnetic properties with potential implications
across diverse scientific disciplines, including molecular magnetism, optoelectronics, and materials science.

magnets, such as superconductivity or luminescence."™ In
this sense, compounds that contain trivalent lanthanide ions

One of the primary objectives in the field of molecular magnet-
ism is the synthesis of molecular complexes combining mag-
netism with properties that are typically not observed in bulk
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Ln(m), characterized by unique optical and magnetic pro-
perties, are particularly appealing. Indeed, Ln(m)-based com-
pounds are actively investigated for a wide range of potential
applications in diverse fields, including permanent magnets,
telecommunication technologies, light-emitting devices, bio-
imaging, and sensing.’ In particular, the study of the magnetic
properties of lanthanide based complexes has been boosted,
in the past couple of decades,® after the report by Ishikawa
and coworkers of slow relaxation of the magnetization in
mononuclear lanthanide complexes of phthalocyanine.'
These systems were indeed proposed as molecular based mag-
netic memory units and thus with perspective applications in
ultrahigh density magnetic information storage and molecular
spintronics.®'*™* It was soon realized that, in close similarity
to what is observed in polynuclear transition metal clusters,
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this peculiar behaviour is due to the large easy-axis magnetic
anisotropy and large global angular momentum.'®'” For these
reasons, the overwhelming majority of the systems, reported
up to now, incorporate dysprosium(ur) or terbium(m)."” This
subsequently led to the investigation of mononuclear tran-
sition element complexes based on metal ions with compar-
able features, among which cobalt has been by far the most
investigated.'®2° The hundreds of studies proposed since then
have evidenced that for both these classes of systems, collec-
tively named Single Ion Magnets (SIMs), the relaxation of the
magnetization is often accelerated by concomitant processes,
such as Raman and direct ones, and Quantum Tunnelling of
the Magnetization (QTM).>*** A possible workaround to this
issue has been proposed by several authors by using hybrid
3d-4f (and 4f-4f) systems, in which the exchange coupling
between different spin carriers can lead to quenching of the
detrimental quantum tunnelling of the magnetization.>*™’
This raises the issue of the tunability of exchange coupling
involving Ln(m) ions, which is usually weak due to the inner
nature of the 4f orbitals and difficult to assess due to compet-
ing magnetic anisotropy effects.”® In this respect, the lowest
approachable limit for the magnetic interaction in 3d-4f
systems is the one where the two centres are only interacting
via dipolar interactions. This has the advantage that the mag-
nitude of the pairwise interaction can be in principle obtained
by the simple point-dipole approximation. Such systems can
be achieved by building up ionic lattices where the cation and
anion are made up of molecules containing two different spin
carriers. However, to the best of our knowledge, the magnetic
response in such systems has been investigated only in bi-
metallic cobalt(n) complexes by Bo¢a and coworkers,>*° and
in a cobalt-radical(cation)-lanthanide(anion) pair,** while no
reports are present in the literature for ionic 3d-4f systems. At
the same time, lanthanide compounds are also investigated
for their distinctive metal-based luminescence due to 4f-4f
intra-configurational radiative transitions for various appli-
cations such as biological sensing,*? time-resolved fluoro-
immunoassays,* time-resolved imaging,* optical amplifiers
in telecommunications,*® and OLED displays.>”*®* According
to the Laporte principles, the emitting f excited states have
very weak absorption coefficients and extended lifetimes.*®
Consequently, direct sensitization of the metal centre is ineffi-
cient for 4f luminescence, particularly in diluted solutions. To
overcome this limit a variety of strategies,”® which include
singlet excited-state with intra-ligand charge transfer (ILCT),"!
induced triplet metal-to-ligand charge transfer (MLCT) and the
insertion of 3d metals in the system,’” have been developed.
The heterobimetallic 3d-4f complexes**™** gained strong atten-
tion also in this framework. In these complexes, lanthanide
luminescence is sensitized through antenna ligands or 3d
complex antenna.*®*® In order to have efficient energy transfer
between the antenna ligand and the Ln(m) ion, the ligand
triplet state should be at least 2000 cm™* higher in energy than
the lanthanide ion emitting state.”’

With the aim of obtaining a complex simultaneously
showing luminescence and slow relaxation of the magnetiza-
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tion and where the two centres are characterized by interionic
dipolar interactions, we report in the following the one-pot
synthesis of three isostructural novel heterobimetallic 3d-4f
ionic fluorinated p-diketonate complexes with a polyether as a
co-ligand. In particular, the 3d ion is cobalt(u), while the 4f
unit is formed by dysprosium(u), europium(im) or yttrium(my).
The fluorinated fB-diketonate ligand is hexafluoroacetylaceto-
nate, while the polyether, employed to complete the coordi-
nation sphere of the rare-earth cation, is the tetraglyme. The
former ligand can promote efficient energy transfer toward the
4f ion, promoting its luminescence properties, while cations
based on the latter ligand have been previously shown to
present slow relaxation of the magnetization.”® At the same
time, the presence of a cobalt(i) octahedrally distorted anion
could also contribute to slow relaxation of the magnetization
of the compound, where the 3d and 4f paramagnetic centres
only interact via dipolar interactions. A complete structural,
magnetic and luminescence characterization study of the three
isostructural derivatives is reported here. Furthermore, also
thermal stability and volatility properties have been investi-
gated as a proof of their suitability in a wide range of appli-
cation fields.

2 Experimental section
2.1 Reagents

Commercial cobalt acetate tetrahydrate, dysprosium acetate
hydrate, yttrium acetate hydrate, europium acetate hydrate,
and Hhfa (1,1,1,5,5,5-hexafluoro-2,4-pentanedione) were pur-
chased from STREM Chemicals Inc, while tetraglyme
(2,5,8,11,14-pentaoxapentadecane) was purchased from Sigma-
Aldrich. All chemicals were used without any further
purification.

2.2 Synthetic procedures

The syntheses were performed under normal laboratory
conditions.

Synthesis of [Co(hfa);] [Dy(hfa),tetraglyme]" (Dy-Co).
0.5281 g (2.1202 mmol) of Co(CH;COO0),-4H,0 and 0.7200 g
(2.1202 mmol) of Dy(CH3COO);-xH,O were suspended in
50 ml of dichloromethane inside a flat bottom flask, and then
0.39 ml of tetraglyme (1.7668 mmol, d = 1.01 g ml™") were
added. The suspension was vigorously stirred at room tempera-
ture for 10 minutes. Subsequently, 1.25 ml of Hhfa
(8.8341 mmol, d = 1.47 g ml™") were added and the mixture
was refluxed under magnetic stirring for 75 minutes. After fil-
tration of the acetate excess, an orange product was obtained
through evaporation of the solvent. The melting point of the
obtained compound was 132-136 °C per 760 torr. Elemental
analysis (C35H,7F30015DyCo): calc: C, 28.42; H: 1.84. Found: C,
27.98; H, 1.89. IR (Nujol; v, cm™): 2895 (vs), 2721 (vw), 2665
(vw), 1655 (s), 1558 (m), 1530 (m), 1460 (vs), 1375 (vs), 1255 (s),
1202 (s), 1145 (s), 1058 (m), 1020 (w), 947 (m), 848 (s), 807 (s),
792 (s), 723 (s), 660 (s), 442 (vs).
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Synthesis of [Co(hfa);] [Eu(hfa),tetraglyme]” (Eu-Co). The
complex has been prepared using a procedure analogous to
that described for the Dy-Co adduct, using 0.5283 ¢
(2.1202 mmol) of Co(CH;3;CO0),-4H,0, 0.6977 g (2.1202 mmol)
of Eu(CH3C00);-xH,0, 0.39 ml of tetraglyme (1.7668 mmol, d
=1.01 g ml™") and 1.25 ml of Hhfa (8.8341 mmol, d = 1.47 g
ml ™). After filtration of the acetate excess, an orange product
was obtained upon evaporation of the solvent. The melting
point of the obtained compound was 145-150 °C per 760 torr.
Elemental analysis (C35H,,F3,0:5EuCo): cale: C, 28.63; H: 1.85.
Found: C, 28.11; H, 1.90. IR (Nujol; v, cm™"): 2910 (vs), 2724
(w), 2669 (vw), 1653 (s), 1557 (m), 1530 (m), 1460 (vs), 1376
(vs), 1255 (s), 1205 (s), 1145 (s), 1102 (vw), 1060 (m), 1018 (vw),
947 (s), 848 (s), 807 (s), 792 (s), 767 (vw), 740 (vw), 723 (m), 670
(m), 660 (s), 585 (m), 442 (vs).

Synthesis of [Co(hfa);] [Y(hfa),tetraglyme]" (Y-Co). The
adduct has been obtained using a procedure analogous to the
synthesis of Dy-Co, using 0.4840 g (1.9431 mmol) of Co
(CH;CO0),4H,0 and 0.5170 g (1.9431 mmol) of
Y(CH;COO);-xH,0, 0.39 ml of tetraglyme (1.7668 mmol, d =
1.01 g ml™") and 1.25 ml of Hhfa (8.8341 mmol, d = 1.47 g
ml ™). The acetate excess was filtered off and an orange colour
product was obtained through solvent evaporation. The
melting point of the obtained compound was 117-125 °C per
760 torr. Elemental analysis (C35H,,F30015YC0): calc: C, 29.92;
H: 1.94. Found: C, 29.28; H, 1.99. IR (Nujol; v, cm™"): 2908 (vs),
2723 (vw), 2669 (vw), 1652 (s), 1615 (vw), 1560 (m), 1530 (m),
1460 (vs), 1376 (vs), 1250 (s), 1203 (s), 1140 (s), 1103 (vw), 1058
(m), 1020 (vw), 947 (s), 930 (w), 875 (W), 848 (s), 807 (s), 795 (s),
767 (w), 740 (m), 723 (m), 670 (m), 660 (m), 585 (s), 442 (vs).

2.3 Characterization

Fourier transform infrared spectra were recorded using a
JASCO FT-IR-4600 spectrometer (Easton, MD, USA) in the wave-
number range 4000-400 cm™*. Samples were prepared using a
minor amount of complex powders finely ground in an agate
mortar with two drops of nujol to produce mulls placed
between NaCl plates. The instrumental resolution was 4 cm™".
The melting points were measured in air with a Kofler
microscope.

Elemental analyses were carried out using a EuroVector
EA3100 elemental analyzer (CHNS).

Thermogravimetric analyses (TGA) were carried out using a
Mettler Toledo TGA2 and STAR® software with a heating rate of
5 °C min~' at atmospheric pressure under prepurified nitro-
gen flow, fed into the working chamber at 50 standard cubic
centimetres per minute (sccm). The weights of the samples
were between 11 and 14 mg.

Differential scanning calorimetry (DSC) analyses were per-
formed using a Mettler Toledo Star System DSC 3 under pre-
purified nitrogen flow (50 sccm) at atmospheric pressure with
a heating rate of 5 °C min~". The sample weights ranged from
8 to 10 mg.

Powder X-ray diffraction (PXRD) patterns were recorded
using a SmartLab Rigaku diffractometer in the Bragg-
Brentano mode, equipped with a rotating anode of Cu K, radi-
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ation operating at 45 kV and 200 mA. The acquisition
employed a 0.02° incremental step.

Energy dispersive X-ray (EDX) analysis was used to assess
the atomic composition of the powders using an INCA-Oxford
“windowless” detector with an electron beam energy of 15 keV,
with a resolution of 127 eV evaluated as the full width half
maximum (FWHM) of Mn K,.

UV-vis spectroscopy analyses were carried out on the
obtained complexes dissolved in dichloromethane to produce
solutions at concentrations of 2.5 x 10~ mol L™" and 2.5 x
107° mol L™'. Measurements were carried out at room temp-
erature with a scan speed of 40 nm min~', a bandwidth of
2 nm and a data pitch of 1 nm using a JASCO V650
spectrophotometer.

Fluorescence spectroscopy was carried out on the obtained
complexes dissolved in dichloromethane to produce solutions
at a concentration of 1 x 107> mol L™, using a JASCO FP-8250
spectrofluorometer at room temperature. For the Y-Co and Dy-
Co complexes emission spectra were recorded using a 310 nm
xenon lamp as the excitation source, in the emission range of
350-650 nm, with an angle of 90°, a data interval of 1 nm and
a scan speed of 20 nm min~". For the Eu-Co complex, emis-
sion spectra were recorded using a 390 nm xenon lamp as the
excitation source, in the emission range of 450-750 nm, with
an angle of 90°, a data interval of 1 nm and a scan speed of
20 nm min~*.

X-ray crystallography. Single crystal X-ray diffraction data of
Eu-Co and Y-Co were collected using a Bruker Apex-II diffract-
ometer equipped with a CCD detector (T = 100 K), Mo-K, radi-
ation (A = 0.71073 A). For the data collection the APEX2 soft-
ware was used,”® while data integration and reduction were
performed with the Bruker SAINT software.>* The crystal struc-
tures were solved using the SIR-2004 package® and refined
using full-matrix least squares against F2 using all data
(SHELXL-2018/3).>* In both structures, all the non-hydrogen
atoms were refined with anisotropic displacement parameters,
with the exception of the fluorine atoms bonded to the tri-
fluoromethyl carbon atoms C4A, C4E and C5D, in Y-Co, which
were in disordered positions. Such disorder was refined by
using three models for every fluorine atom bonded to C4A and
C5D (with occupancy factors of 0.5, 0.25, and 0.25) and two
models for the fluorine atoms bonded to C4E (occupancy
factors of 0.6 and 0.4), all these fluorine atoms were isotropi-
cally refined. All the hydrogen atoms were set in calculated
positions and refined in accordance with the atoms to which
they are bonded. Geometrical calculations were performed
using PARST97>° and molecular plots were produced using the
program Mercury (v4.1.2)°° and Discovery Studio Visualizer
2019.”7 Crystallographic data and refinement parameters are
reported in Table 1.

Magnetic characterization. Temperature and field-depen-
dent direct current (DC) magnetic measurements were per-
formed using a Quantum Design MPMS SQUID magnet-
ometer. Raw data were processed to remove the sample holder
contribution and corrected for sample diamagnetism using
Pascal’s constants.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Crystallographic data and refinement parameters of Eu-Co and Y-Co

Eu-Co Y-Co
Empirical formula [Co(hfa);] [Eu(hfa),-tetraglyme]” [Co(hfa);] [Y(hfa), tetraglyme]*
Formula weight 1468.45 1405.40
T (K) 100 100
Crystal system, space group Monoclinic, P2/n Monoclinic, P2,/n
1 (A) 0.71073 0.71073

Unit cell dimensions (4, ©) a=14.3491(9)

b =23.324(1), f = 95.082(2)

¢ =15.1101(10)

V(A% 5037.2(5)

Z, deare(g em™) 4,1.936

4 (mm™) 1.736

F(000) 2868
Reflections collected/unique 119 698/15 458
Data/parameters 15458/739

Final R indices [I > 26(1)]
R indices all data

GooF 1.035

Alternating current (AC) magnetic susceptibility characteriz-
ation was conducted using Quantum Design PPMS and
Quantum Design SQUID magnetometers, in the ranges of 10
Hz to 10 kHz and 0.02 Hz to 1 kHz, respectively. The AC data
were analysed using a code that was previously described.*® To
prevent field-induced orientation of the crystallites, powders
were analysed as pressed pellets.

Electron paramagnetic resonance (EPR) spectroscopy. X-
band (v ~ 9.40 GHz) EPR spectra on microcrystalline powder
samples of Y-Co, Eu-Co and Dy-Co were recorded using a
Bruker Elexsys E500 spectrometer equipped with an SHQ
cavity and an ESR900 continuous flow helium cryostat (Oxford
Instruments) to achieve low temperatures.

3 Results and discussion
3.1 Synthesis

The three ionic complexes [Co(hfa);] [Dy(hfa),tetraglyme]’,
[Co(hfa);] [Eu(hfa),tetraglyme]” and [Co(hfa);] Y
(hfa),tetraglyme]” have been synthesized through a single step
procedure using metal acetates in a ratio of 1:1, hexafluoroa-
cetylacetone (Hhfa) and polyether tetraethylene glycol
dimethyl ether (tetraglyme) as reagents, in dichloromethane
following the general reaction (RE = Dy, Eu and Y):

RE(CH,;COO); - xH,0 + Co(CH,;COO0), - 4H,0 + 5 Hhfa + tetraglyme
— [Co(hfa),]” [RE(hfa), - tetraglyme]" 4 5 CH;COOH + (x -+ 4)H,0

This single step synthetic strategy uses commercially avail-
able chemicals and provides a reaction yield in the 80-88%
range. Therefore, it represents an easy and low-cost strategy to
produce this type of bimetallic complex. An excess of the two
metal acetates promotes easy isolation of the adducts, as the
acetate excess is insoluble and thus easily filterable. The
obtained complexes present good solubility in acetone, di-
chloromethane and ethanol and are less soluble in non-polar
solvents, such as pentane and hexane. The synthetic procedure

This journal is © The Royal Society of Chemistry 2025

R, = 0.0359, WR, = 0.0796
R, = 0.0535, R, = 0.0893

a=14.2628(5)

b =23.3033(8), f = 94.9670(10)
¢ =15.0829(6)

4994.3(3)

4,1.869

1.663

2772

205161/19 021
19021/751

Ry =0.0565, WR,, = 0.1274
R; = 0.1113, WR, = 0.1671
0.819

described produces three water-free coordination compounds
Dy-Co, Eu-Co and Y-Co.

3.2 XRD single-crystals of Eu-Co and Y-Co

Crystals of both complexes were grown through low tempera-
ture solvent evaporation of their own supersaturated solution.
In Fig. 1 an Ortep-3 view of the asymmetric units of Eu-Co
(top) and Y-Co (bottom) is reported.

In both structures the asymmetric unit contains one [Co
(hfa);]” anion and one [RE(hfa),tetraglyme]’ cation. In

Fig. 1 Ortep view of the asymmetric unit of Eu-Co (top) and Y-Co
(bottom) and the corresponding labelling scheme of the metal cation
and donor atoms. Thermal ellipsoids are shown at 30% probability.
Hydrogen and fluorine atoms have been omitted for the sake of clarity.

Dalton Trans., 2025, 54, 274-289 | 277
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Fig. 2 (a) Superimposition of the [Co(hfa)s]~ anion in Eu-Co (ball and
stick, pale blue) and Y-Co (stick, orange). (b) Superimposition of the [RE
(hfa),-tetraglyme]* cation in Eu-Co (ball and stick, pale blue) and Y-Co
(stick, orange).

Table S17 the M-X distances and X-M-Y angles are reported.
The two compounds are almost isomorphous (see Table 1) and
isostructural (see Fig. 2 and Table S1}). The rare-earth metal
ion in the [RE(hfa),tetraglyme]” cation is nine-coordinated,
being the donor atoms the five oxygen atoms of one tetraglyme
molecule and the oxygen atoms of two hfa™ anions. The
coordination geometry around RE can be best described as a
distorted capped square-antiprism,’® with the oxygen atom O5
capping the face defined by the atoms O1D, O2E, O4 and 06
(see Fig. S17). The tetraglyme molecule adopts a conventional
geometry with anti and gauche relationships around C-O and
C-C bonds, respectively. The cobalt(u) ion is hexacoordinated
by the oxygen atoms of the three hfa™ anions and the resulting
coordination polyhedron is an octahedron (see Fig. $27).>°
This coordination geometry is typical for this anion as proved
by the results of a search performed by using the Cambridge
Structural Database,’® where 12 structures containing the
[Co(hfa);]” anion, all with the same coordination geometry,
have been found. The Co-O distances are in the 2.058(2)-2.074
(2) A range (see Table S11) and no evidence of Jahn-Teller
distortion is present. Finally, these distances were compared

View Article Online
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with the ones found in the above cited 12 structures. The
analysis of the crystal packing of both compounds, shown in
Fig. 3, evidences the presence of planes containing
[RE(hfa), tetraglyme]” cations and perpendicular to the b axis,
which are alternated to planes containing [Co(hfa);]” anions.
No close intermolecular contacts between the ions, within the
plane or between planes, are observed.

No single crystals were obtained for Dy-Co, and thus its
powder X-ray diffraction (PXRD) pattern has been compared
with the theoretical patterns derived from the refined struc-
tures of Eu-Co and Y-Co (Fig. 4). In addition, the powder
pattern of Dy-Co has been compared with the Eu-Co and Y-Co
experimental powder patterns (Fig. S31). The good comparison
among the patterns of the three compounds points to the iso-
structural nature of Dy-Co with respect to Eu-Co and Y-Co.

—Dy-Co
——Y-Co CIF
—— Eu-Co CIF

Intensity (a.u.)

1l

5 10 15 20
260 (degrees)

25 30

Fig. 4 PXRD patterns of Dy-Co (black, experimental), Eu-Co (red, simu-
lated) and Y-Co (blue, simulated).

Fig. 3 Crystal packing of Y-Co view along the a (left) and the c (right) crystallographic axes. The [Y(hfa),-tetraglyme]* cations are reported in blue,

while the [Co(hfa)s]™ anions are in magenta.

278 | Dalton Trans., 2025, 54, 274-289

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt01693a

Open Access Article. Published on 31 October 2024. Downloaded on 8/4/2025 4:36:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

This observation is supported by similar FT-IR data
(Fig. S41) and the comparable thermal behaviour of the three
complexes. FT-IR has been employed to evaluate the ligand
and co-ligand coordination of the two metal centres. Fig. S4F
shows the FT-IR spectra of the three complexes. In all the
spectra, the nujol peaks are present at around 2923 cm™,
2854 cm™', 1461 cm ' and 1373 cm™'. In addition, the
2900 cm ' peak is linked to the stretching of ~CH groups of
tetraglyme, but it is overlapped to the nujol band.
Coordination of tetraglyme is supported by the peaks observed
in the range 1000-800 cm™".>° The peaks visible in the range
1580-1660 cm ™" are due to the stretching of C=C and C=O0.
In the range 1350-1000 cm™ ' the peaks are caused by the
stretching of carbon-fluorine bonds of the p-diketonate
ligand, overlapped with other peaks related to the carbon-

oxygen bonds of polyether.®’

3.3 Magnetic and electron paramagnetic resonance (EPR)
spectroscopy characterization

The determination of the relevant magnetic interactions in
systems containing one or more paramagnetic centres with
unquenched orbital angular momentum, such as lanthanide
ions,®® high spin cobalt(i1)** or low spin iron(m),** presents a
major challenge since the use of a simple Heisenberg
Hamiltonian to model the exchange-coupling and of a second
order zero field splitting Hamiltonian to model anisotropy is
usually not appropriate.®® For these reasons, a semiquantita-
tive approach is often pursued, wherein single ion anisotropy
effects are evaluated in isostructural systems only containing a
single anisotropic ion.®®®” Following this approach we tried to
rationalize the magnetic properties of Dy-Co and Eu-Co by
comparing them to the single ion properties of cobalt(u)
observed in Y-Co.

As a first step we performed low-temperature (T = 10 K)
X-band (v =~ 9.40 GHz) EPR spectroscopy on powder samples
of the three compounds, which can provide information on
the ground state of the cobalt(un) moiety and on the validity
of the assumption of the same electronic structure for this
ion in the three different derivatives. Their EPR spectra
(Fig. 5) are all characterized by a broad and partially struc-
tured absorption centred at around 175 mT and covering a
similar field range. The Dy-Co spectrum is the broadest one,
while Eu-Co and Y-Co are much more resolved, and very
similar to each other. The broader line for the dysprosium
(mr) derivative can be attributed to the stronger dipolar inter-
actions in this derivative than in the other two. Indeed,
yttrium(m) is diamagnetic and europium(m) is only weakly
paramagnetic ('F, ground multiplet) at low temperature,
while dysprosium(m) is strongly paramagnetic (*H;s/, ground
multiplet). Thus, the comparison of the EPR spectra of the
three derivatives confirms the invariance of the electronic
structure of the cobalt(i) moiety in the three derivatives.
Given the more resolved features of the Y-Co spectrum,
we carried out a more detailed analysis on this one. The
spectrum is typical of a rhombic effective doublet with a
highly anisotropic g tensor, where each transition is

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 EPR spectra acquired at 10 K on powders of the three investi-
gated derivatives (a). Comparison between the experimental spectrum
of Y-Co and the one simulated using Hamiltonian shown in eqn (1) and
best-fit parameters reported in the main text (b).

split into two distinct components. This splitting can be
attributed to the anisotropic dipolar interactions between
nearest-neighbour cobalt centres. Following this interpret-
ation, the spectrum was simulated®® considering the spin-
Hamiltonian reported in eqn (1).

2 XYz x).z
H=3" usBg'i,Siat Y JoS1S (1)
=1 a a

Here g';, represents the components of the effective g
tensor of the ground doublet S’ of the cobalt(u), arising as a
combined effect of spin-orbit coupling and low-symmetry dis-
tortion of the ligand field, while J, is the component of the
effective dipolar interaction acting between two centres. For
the sake of simplicity, we assumed the g tensors of the two
interacting doublets to be collinear among them and with the
dipolar interaction in principal directions. The best simulation
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of the experimental spectrum was obtained using anisotropic
broadening of the linewidth and the following parameters:

gx =2.894,g, = 3.714,g, = 5.781,J, = 0.0136cm ™,
Jy=0.0212cm ™', J, = —0.0348cm ™.

The temperature dependence of y\T acquired at 0.1 T for
all the investigated complexes is reported in Fig. 6a. At room
temperature, the Y-Co complex exhibits a y\7T value (~3.4 emu
K mol ™) significantly higher than the spin-only expected value
(~1.875 emu K mol™" for an S = 3/2 with g = 2.00); this can be
traced back to a large magnetic contribution of the
unquenched orbital momentum of cobalt(n) in a pseudo-
octahedral environment. Upon lowering the temperature, the
mT value monotonously decreases to reach 1.90 emu K mol™
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Fig. 6 (a) Experimental ymT vs. T curve of Y-Co, Dy-Co and Eu-Co and

the best fit (continuous line) obtained for Y-Co using the parameters
and model reported in the text. (b) Difference between the experimental
mT vs. T curve of Dy-Co and Eu-Co and the simulated one for Y-Co.
The corresponding best fit to the Eu* single ion is reported as a con-
tinuous line.

280 | Dalton Trans., 2025, 54, 274-289

View Article Online

Dalton Transactions

at 2 K. This behaviour can be attributed to the thermal
depopulation of the excited doublets of the cobalt(u) ions
arising from the splitting of the “T;, ground state in octahedral
geometry, induced by low symmetry components of the ligand
field and spin-orbit coupling. We note here that the yT
values at both room and low temperatures are considerably
higher than those previously reported for the same molecular
unit in the Et,N[Co"(hfa);] complex (~2.78 and ~1.60 emu K
mol ™, respectively).®® Furthermore, the rhombic g values of
the Co(u) centre, derived from our comprehensive analysis of
the low-temperature EPR spectrum of the Y-Co derivative,
suggest an electronic structure different from the one pre-
viously reported for Et,N[Co"(hfa);].** Although the Co(m) dis-
tortions from the octahedron as calculated using SHAPE (see
Table S21) are similar for the two compounds, with values of
0.169 for Et,N[Co"(hfa);] and 0.181 for Y-Co, a comprehensive
structural analysis of the coordination environments in the
two complexes reveals significant differences (see Fig. S5 and
Table S37). In the case of the Et,N[Co"(hfa);] complex, a dis-
tinct compression of the octahedron is evident along the 03—
Co1-06 direction, with bond lengths being similar for Co-O
bonds in trans positions (i.e. for oxygens belonging to different
hfa™ ligands). In contrast, the Y-Co derivative does not exhibit
a discernible compression direction, and the bond lengths are
comparable for Co-O bonds in cis positions (i.e., for oxygens
belonging to the same hfa™ ligand).

The electronic structure of distorted octahedral Co(u) com-
plexes can be described wusing the Figgis-Griffith
Hamiltonian,”® reported in eqn (2).

) 3 s 21 P

H =~ kIL8 + Aux [LZZ —gL(L+1)} +Am(Ly — L))
s (2)

+ ﬂBB (geS — EKL)

In order to gain a deeper insight into the electronic struc-
ture of the Co(u) moiety, we simultaneously fitted the DC
magnetometry data and the values of the g factor derived from
the EPR analysis using eqn (2) leaving «, 4, A,y, and Ay, as free
parameters. The fit was conducted using a custom-written
MATLAB script based on the EASYSPIN toolkit and the fininuit
minimization routine (see ESI, Note S1f for more details).”"”>
The best-fit parameters obtained are as follows: x = 1.00 + 0.01,
A=122.6 + 0.2 cm™, Ay = 100.2 + 0.1 ecm™, and Ay, = 99.8 +
0.1cm™™,

The simulated y,T for the Y-Co derivative is reported in
Fig. 6 while the simulated values of the g factor are: g, = 4.03,
gy = 5.81 and g, = 2.87, in good agreement with the values
obtained experimentally by EPR.

The magnetic properties of the cationic lanthanide com-
ponent can be in principle determined from the Dy-Co and
Eu-Co y,,T curves by subtracting the magnetic signal due to
the cobalt(u) unit, since we determined by EPR that the mag-
netic properties of the anion are essentially the same in the
three complexes.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6b displays the y»T curves of Dy-Co and Eu-Co after
removing the simulated curve for the Co(hfa);™ unit. Notably,
the resulting room temperature y,,T value of Dy-Co is close to
the expected free-ion value for a dysprosium(m) ion (*Hys/p, g7 =
4/3, and yyTeeeion = 14.16 emu K mol™). Lowering the temp-
erature induces a progressive depopulation of the highest lying
levels in the J = 15/2 multiplet, split by the crystal field sur-
rounding the dysprosium(u) centre.

As for the Eu-Co compound, the resulting curve aligns with
the expectations for the dominant temperature-independent
paramagnetism expected for a europium(ui) ion. Additionally,
the obtained experimental y,T curve for the europium(m)
centre could be fairly well reproduced (see Fig. 6b) considering
a spin-orbital coupling factor g, equal to 315 cm™*, which is
in line with expectations for Eu(u)."

The Y-Co and Dy-Co derivatives were further characterized
through ac susceptibility measurements to determine the
role of the two coordination units, and possibly their inter-
actions, in magnetization relaxation processes. Experiments
were conducted (Fig. 7 and 8) with varying applied magnetic
fields (0-7.5 kOe), temperatures (2-30 K), and frequencies
(0.02 Hz-10 kHz). To investigate the relaxation dynamics of
the cobalt(u1) unit we began our investigation with the Y-Co
complex. As already reported for the NEt," derivative of Co
(hfa);7, in the absence of an external magnetic field, no out-
of-phase susceptibility signal (y") could be detected for this
complex. However, upon application of a dc magnetic field, a
clear peak in the imaginary component of the susceptibility,
plotted as a function of frequency, can be observed. As the

10‘00
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£ ]
g 0.5 \&\ i

AN

T T
1000 10000
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~0.20

View Article Online
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strength of the applied magnetic field increases, the y” value
for the maximum of this peak increases, while remaining
located at the same frequency, and reaches the highest value
around 1.2 kOe (Fig. 7a). Upon further increasing the
applied magnetic fields, the peak shifts towards higher fre-
quencies and becomes unmeasurable for our setup for H >
7.5 kOe. The temperature dependence of this process was
then measured at an optimal magnetic field of 1.2 kOe
(Fig. 7b). The magnetization relaxation time was obtained by
simultaneous fitting of the experimental data using a gener-
alized Debye model with a single contribution.® The
obtained field dependence of the relaxation time (Fig. 9a)
was then rationalised by fitting the experimental data with
eqn (3). This equation includes two field-assisted relaxation
processes: the quantum tunnelling of magnetisation (QTM)
and the direct process.”® The field dependence of the direct
process is modelled as a magnetic field phenomenological
power law.

B
Y (H) L 4 aH™T

" 1+ ByH? (3)

Table 2 reports the best-fit values, indicating dynamics
characterized by a field-independent QTM process at very low
fields and by a direct process in the high-field regime. The
obtained exponential value m is consistent with the magnetic
field dependence expected for a direct process.”>””> The temp-
erature dependence (Fig. 9b) was modelled by including a ther-
mally-assisted Raman process in the previous model. In par-

0.30 T T T

| H/Oe
1 500.0
] 1500

0.25+

2500
3500
4500
5500
6500
7500

E .15
=

L0.10-
=

0.054

0.00 4

4 T/K
2.000
«“ 2.500
3.000
3.500
4.000
4.500

5.000
5.500

1 6.000

10 160
v (Hz)

Fig. 7 Frequency dependence of the real (left) and the imaginary (right) component of the magnetic susceptibility for the Y-Co derivative: (a) as a
function of the external magnetic field at a temperature of 2 K; (b) as a function of temperature in an external field of 1.2 kOe. Lines represent the
best fit obtained through a generalized Debye model assuming a single contribution.
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component of the magnetic susceptibility for the Dy-Co derivative: (a) as a

function of temperature in a zero-external field; (b) as a function of the external magnetic field at a temperature of 2 K; and (c) as a function of temp-
erature in an external field of 2.1 kOe. Lines represent the best fit obtained using a generalized Debye model assuming one single contribution (a

and O T data in b) and two different contributions (b, c).

ticular, a temperature dependent phenomenological power law
(eqn (4)) was considered:
TraMaN © = CT™ (4)

To prevent over-parametrization of the model due to the
low number of experimental points, the parameters of QTM
and the direct process were fixed to those obtained from the
in-field dependence. Best-fit values are reported in Table 2.
The Raman process for a half-integer spin is theoretically
expected to follow a T° power law.”® However, experimental
results for cobalt(n) complexes commonly show a much weaker
dependence, with exponents ranging from 3 to 6.””

We notice here that the observed field dependence of the
magnetization relaxation rate is remarkably different, both
qualitatively and quantitatively, from that reported for the
same unit in ref. 69. Indeed, for the Et,N[Co"(hfa);] complex
two distinct magnetic field dependent relaxation processes
were distinguishable, whereas for Y-Co only one is detectable.
This suggests that the counterion and the packing play a key
role in defining the magnetic relaxation dynamics. Regarding

282 | Dalton Trans., 2025, 54, 274-289

the temperature dependence of the relaxation dynamics, it is
important to note that the experiments on the two complexes
were performed in different static magnetic fields (1 kOe for
Et,N[Co"(hfa);] and 1.2 kOe for Y-Co), making a direct com-
parison not completely meaningful.

Nonetheless, the extracted experimental relaxation times are
reasonably comparable in magnitude. On the other hand, at var-
iance with the interpretation given in ref. 69, we did not include
an Orbach process in our modelling. Indeed, using the
Hamiltonian described in eqn (2) and the parameters obtained
by the fitting procedure leads to a first excited state lying at
approximately 195 cm™'. At the low temperature investigated,
such a high energy barrier hinders the Orbach process from
actively contributing to relaxation. The Dy-Co complex exhibited
a completely different behaviour. In zero external magnetic field
and T = 2 K, a single peak centred around 3 kHz is observed in
the y(v)" plot (Fig. 8a). This relaxation process is absent in the
Y-Co derivative, and can be attributed unambiguously to the
contribution of the dysprosium(m) containing cation. The posi-
tion of the maximum is temperature-independent up to 10 K,
but it becomes strongly temperature-dependent above this temp-

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Extracted magnetic relaxation times of Y-Co (a and b) and Dy-Co (c and d). Lines represent the best fit curves using models reported in the
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Table 2 Best-fit parameters for magnetic relaxation times of Y-Co and Dy-Co. Parameters indicated with * have not been varied through the fitting

procedure. (a), (b) and (c) refer to the panels of Fig. 9

By (s7! B, (0e™?) a(s™ 0e™K™) m C(sT'K™ n
Y-Co (@) (6.2 +1.0) x 10° 0 (1.5+0.2)x 107° 3.78 +0.12 — —
(b) 6172* 0* 1.5 x 10710 3.78* 50.9 + 7.2 4.7+0.1
Dy-Co (c) (24.3 £ 0.5) x 10° — — — (2.5+1.3)x107° 9.4 +0.1

erature (Fig. 8a). The application of an external magnetic field
suppresses the aforementioned process, promoting the growth
of a second process at lower frequencies (Fig. 8b); however, at
intermediate fields, the relative contribution of the two pro-
cesses cannot be disentangled. At fields higher than 2 kOe, two
distinct processes can be identified: one occurring above 1 kHz
and the other at frequencies lower than 10 Hz. The thermal
dependence of these two processes (Fig. 8c) was studied in a
range of 0.02 Hz to 10 kHz in an external magnetic field of 2.1
kOe. The fast relaxation process rapidly becomes unmeasurable

This journal is © The Royal Society of Chemistry 2025

with our experimental setup, while the slow relaxation process
can be followed up to 30 K. In order to extract the magnetization
relaxation time of the Dy-Co complex, the experimental data
were fitted using a generalized Debye model including either a
single contribution (thermal dependence in a zero field) or two
different contributions (field dependence and thermal depen-
dence in a non-zero field).>°

The resulting temperature and field dependencies of the
relaxation times are reported in Fig. 9c and d, respectively. In
zero-field, a field-independent QTM process (i.e. B, = 0 in eqn
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(3)) can successfully model the dynamics at low temperatures,
while a Raman process can rationalize the observed behaviour at
higher temperatures. The obtained best-fit values (Table 2) show
a very strong temperature dependence for the Raman process (n
ca. 9), in agreement with expectations for lanthanide-based
systems.”® Modelling the in-field thermal dependence of the two
processes is far more challenging. In particular, the temperature
dependence of the low frequency relaxation time z; is, to the best
of our knowledge, hitherto unreported for systems with S > 1/2,”°
with three regions of different slopes observed in the log-log plot
of 7,(T) (Fig. 9d). These different slopes suggest that the spin-
lattice relaxation is dominated by different thermally assisted
processes. Despite the difficulty in making a direct comparison
between the in-field relaxation of the two complexes, due to the
differing intensities of the applied static magnetic field, it is
possible to exploit the comparison to gain some insight. As illus-
trated in Fig. S6,T the relaxation times extracted for Y-Co are
found to be consistent with the relaxation times 7, extracted for
Dy-Co. This result suggests that the two relaxation dynamics
observed for Dy-Co may originate from the two magnetic centres,
dysprosium(m) for z; and cobalt(u) for z,. In this respect, the
differences in the temperature dependent behaviour (Fig. S67),
observed for the cobalt(u) based processes in the two compounds
could be related to different dipolar interactions. The high fre-
quency relaxation, denoted as 7,, exhibits two distinct linear
trends that may suggest two different regimes. However, due to
the limited number of temperature dependent data, it is not
possible to obtain physically meaningful models for the two
relaxation dynamics and thus derive more accurate information
on the effect of dipolar interactions.

3.4 Optical properties

The optical properties of the adducts have been investigated
through UV-Vis and photoluminescence spectroscopy. Solutions
in dichloromethane of the three complexes at concentrations 2.5
x 107° mol L™ have been analysed in the range 200-700 nm at
room temperature (Fig. 10). All the complexes present the same
band at 300 nm (33 333 ecm™ %), associated with the lowest energy
spin-allowed n—r* intraligand (IL) transition of the hfa™ chelate
rings.**® In order to register the UV-Vis cobalt bands, more
concentrated solutions, 2.5 x 10~ mol L™, have been used and
analysed in the range 450-650 nm. All the complexes present
bands at 510 nm (19607 cm™") and 550 nm (18182 cm™").
These findings are in accordance with the octahedral coordi-
nation of the [Co(hfa);]” anion observed through single-crystal
X-ray structure and magnetic characterization. The anionic part
[Co(hfa);]” belongs to the D; point group symmetry,**** but con-
sidering strictly the immediate coordinating atoms, namely the
six oxygens, Op symmetry may be assumed. Considering the
weak field type hfa ligand,®®” and the above-reported magnetic
investigation which unequivocally points to a high-spin configur-
ation, the left side of the Tanabe-Sugano diagram for a d’ ion
has been used to interpret the spectra. Hence, the two bands at
around 510 nm and around 550 nm may be assigned to the
*T,4(F) > "Tyy(P) and the *Ty4(F) — *Ag(F) transitions. The very
low ¢ values observed for these bands confirm the not allowed
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Fig. 10 UV-Vis spectra of Dy-Co (a), Eu-Co (b) and Y-Co (c) complexes
in CH,Cl, at room temperature. Insets show the details of the region
where the d—d transitions occur and their assignment.

d-d transition nature of the bands, while the intra-ligand n-n*
band has a very high & value, as expected for this type of tran-
sition (Table 3).

Luminescence spectra of the three complexes have been
recorded at room temperature in dichloromethane solutions

This journal is © The Royal Society of Chemistry 2025
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Table 3 Data of the UV-Vis spectra of Dy-Co, Eu-Co and Y-Co
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Eu-Co
e (L mol™ em™)

Y-Co
e(Lmol™ ecm™)

Dy-Co
£(Lmol™ em™)
A=510 nm 53.74
A =540-550 nm 45.64
A=300nm 422796

with 107> mol L™ concentrations. For Y-Co and Dy-Co com-
plexes emission spectra have been recorded using a 310 nm
excitation source, in the emission range of 350-600 nm, while
Eu-Co complex emission spectra have been recorded using a
390 nm excitation in the emission range of
450-750 nm.

In Fig. 11 the emission spectra of the complexes are shown.
For the Dy-Co complex there are two emission bands of 4f dys-
prosium electrons,>”®® the most intense is located in the
yellow region of the spectrum at 575 nm (17 391 em™') and is
due to °Fg,, — ®Hy;,, transition, while the weaker one is in the
blue region at 485 nm (20619 cm™") and is due to °F, —
®H,s), transition. Being the intensity of the solution emission
spectrum of Dy-Co very low, the solid-state spectrum has been
recorded. The luminescence spectra of the solution and solid
state are quite similar except for the different intensities
(Fig. S77).

For the Eu-Co complex there are five emission bands
assigned to the following relaxation transitions of 4f europium
electrons:®* one low intensity band, in the green region at
537 nm (18 622 cm™"), due to the °D; — ’F, transition and two
slightly more intense bands, in the yellow region at 580 nm
(17 241 em™") and 593 nm (16 863 cm™'), due to the D, — "F,
and °D, — ’F, transitions, respectively. The most intense band
is located in the orange-red region at 615 nm (16260 cm™)
and is due to °D, — ’F,, while the weakest band, located in the
red region at 654 nm (15291 cm™ ), is due to °Dy — "F;.

The asymmetry ratio R, i.e. the ratio between the integrated
areas of the °D, — ’F, and D, — ’F, electronic transitions,
with a value of 13.8, indicates that the Eu®" ion occupies a low
symmetry environment,®” similarly to the coordination
observed in [Eu(hfa);(1,10-phenanthroline)].’® This feature is
also supported by the presence of the band at 580 nm associ-
ated with the *Dy-"F, singlet-to-singlet transition and it finds
its counterpart in the Eu®* coordination observed in single
crystal X-ray diffraction, which points to a distorted capped
square-antiprism, ie. a highly asymmetric environment. As
expected, Y-Co does not present any emission, since yttrium
does not have 4f electrons.

source,

3.5 Thermal properties

Good thermal properties in terms of thermal stability and vola-
tility would allow the possibility of depositing these molecules
through vapor phase processes on suited substrates.

Thus, the thermal behaviour of the three complexes has
been studied by thermogravimetric analysis (TGA) and differ-
ential scanning calorimetry (DSC). Fig. 12 reports the overlap

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Emission spectra obtained with the reported wavelength exci-

tation for Dy-Co (a), Eu-Co (b) and Y-Co (c) complexes. Spectra
recorded at room temperature in CH,Cl, solutions.
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of TGA curves of the three complexes, evidencing that all the
complexes present a similar thermal behaviour, characterized
by a single step weight loss in the range 195-300 °C with a per-
centage residue lower than 8%.

In particular, the Dy-Co and Eu-Co complexes (black and
red curves, respectively) present a single step weight loss in the
range 200-300 °C with residue percentages of 7.4% and 6.9%
at 350 °C, respectively. The Y-Co complex (blue curve) presents
a single step weight loss in the range 195-280 °C, with a
residue percentage of 2.1% at 350 °C. Fig. 13 reports the DSC
analyses of the three complexes. The DSC curves of the com-
plexes show two endothermic peaks. The first peak, occurring
at 133 °C (Dy-Co), 147 °C (Eu-Co), and 123 °C (Y-Co), is attribu-
ted to the melting of the complex, matching the melting range
observed for the three derivatives with a Kofler microscope.
Finally, the second peak at 310 °C (Dy-Co), 307 °C (Eu-Co), and
311 °C (Y-Co) is assigned to the vaporization of the complexes.
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In summary, all three heterobimetallic complexes under
study have excellent properties in terms of thermal stability
and volatility and this is a very intriguing issue considering
their ionic nature.

4 Conclusions

In this comprehensive investigation, we have provided a
detailed examination of heterobimetallic complexes featuring
an ionic structure with cobalt(u) ions octahedrally coordinated
by three hfa™ ligands and the dysprosium(ur), europium(ur) or
yttrium(ur) ions coordinated by two hfa™ and one tetraglyme
ligands. Electron paramagnetic resonance (EPR) spectroscopy
allowed us to characterize the magnetic ground state of the
cobalt(n) anionic moiety, whereas temperature-dependent mag-
netic susceptibility measurements pointed out that the interio-
nic magnetic interactions do not play a major role in determin-
ing the static properties of these complexes. In terms of the
dynamic properties, the presence of more than one magnetic
centre provided interesting results, with the dysprosium(im)
derivative evidencing an extremely rich behaviour. Optical
studies provided valuable insights into the electronic tran-
sitions within the complexes, with distinct UV-Vis absorption
and luminescence emission bands observed. Luminescence
spectra of dysprosium(m) and europium(ur) derivatives exhibi-
ted characteristic emission bands in the yellow and red regions,
respectively. The thermal analysis demonstrated exceptional
thermal stability and volatility properties of the investigated
compounds, suggesting potential applications in vapor-phase
processes for depositing these molecules onto suitable sub-
strates. These results not only broaden the understanding of
the fundamental properties of heterobimetallic complexes, but
also hold promise for applications in molecular magnetism,
optoelectronics, and materials science. The intriguing behav-
iour observed in these ionic complexes offers opportunities for
the development of novel functional materials and devices with
tailored magnetic, optical, and thermal properties.
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