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Abstract: Heterotopic ligands containing chemically different binding centers are appealing can-
didates for obtaining heteronuclear metal complexes. By exploiting this strategy, it is possible to
introduce different paramagnetic centers characterized by specific anisotropic magnetic properties
that make them distinguishable when weakly magnetically coupled. This molecular approach has
great potential to yield multi-spin adducts capable of mimicking logical architectures necessary for
quantum information processing (QIP), i.e., quantum logic gates. A possible route for including
a single-ion magnetic center within a finite-sized heterometallic compound uses the asymmetric
(1-pyridyl)-butane-1,3-dione (pybd) ligand reported in the literature for obtaining Cr3+−Cu2+ metallo-
cages. To avoid the formation of cages, we adopted the cyclen (1,4,7,10-tetraazacyclododecane) ligand
as a “capping” agent for the Cu2+ ions. We report here the structural and magnetic characterization
of the unprecedented adduct {Cr(pybd)3[Cu(cyclen)]2}(BF4)4, whose structure is characterized by
a central Cr3+ ion in a distorted octahedral coordination environment and two peripheral Cu2+

ions with square-pyramidal coordination geometries. As highlighted by Continuous Wave Electron
Paramagnetic Resonance (EPR) spectroscopy and Direct Current (DC) magnetometry measurements,
this adduct shows negligible intramolecular magnetic couplings, and it maintains the characteristic
EPR signals of Cr3+ and Cu2+ moieties when diluted in frozen solutions.

Keywords: heterometallic Cr-Cu complexes; powder X-ray diffraction structural determination;
magnetism; EPR spectroscopy

1. Introduction

The qubit, the quantum analog of classical bits, bases its working principles on quan-
tomechanical laws such as the superposition of states. In principle, it is possible to exploit
two spin levels of an unpaired electron as the computational basis and encode the informa-
tion in linear combinations of these states [1]. Magnetic molecules characterized by good
spin coherence properties are appealing candidates for improving the quantum logical
units of quantum computers [2,3]. They can work as qubits when two electronic spin
levels are employed to encode the information (e.g., the mS = ±1/2 projections along the
quantization axis of an S = 1/2 system) [4,5] or as qudits when more electronic and nuclear
spin levels are involved [6,7].

When connected through specific channels (e.g., superconductive planar waveg-
uides [8]), multi-qubit architectures capable of implementing more complex logic operators
known as quantum logic gates can be achieved [9]. Likewise, it is possible to “connect”
different molecular spins to mime such architectures present in modern quantum proces-
sors [10].
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Beyond the tailoring of organic ligands and molecules to obtain multi-spin struc-
tures [11,12], many other conditions must be fulfilled. For instance, most logical operations
and quantum algorithms require that qubits can act as entangled objects. In other words,
an interaction between the two spins must be active, and the total state cannot be expressed
as a simple product of the individual spin states. Besides this, entangled qubits must
be individually addressable so that the selective manipulation of qubits results in the
detectable variation of the counterparts quantum states. Magnetic interactions between the
spin centers, dipolar or isotropic exchange in nature [11–14], can be exploited to achieve the
required entanglement condition [15]. However, the magnetic coupling interaction should
be small enough, typically of the order of 10−1–10−2 cm−1, to avoid the formation of a
giant spin state. Two main strategies can be used to maintain the individual addressability
of spins: (i) the introduction of specific ligands and organic scaffolds that guarantee a
different relative orientation of the magnetic anisotropy tensors of spin centers [11,16] or
(ii) the exploitation of different metal or spin centers within a single architecture, these
being characterized by different magnetic anisotropy tensors [17–19].

Heterometallic coordination compounds are of high interest in various fields, spanning
from catalysis [20–23] to molecular magnetism [24–28]. Obtaining such structures is not a
trivial task, and a tailored design of employed ligands, eventually heterotopic ones [29–31],
is often necessary. The use of heterometallic structures has been proposed as a potential
strategy to implement quantum logic gates. As reported in [12], the entanglement condition
among the different qubits within these architectures can be selectively enabled upon
applying specific pulse sequences. In this sense, such a strategy is preferable to the first one
since it allows us to mime what commonly happens in quantum circuits, where qubits act
as single objects or entangled units upon necessity. However, two critical aspects can be
identified for this strategy: (i) the obtainment of heterometallic multi-qubit systems is not
trivial, nor are the design and synthetic efforts required [32]; (ii) it is difficult to predict the
final quantum and magnetic properties of adducts, where parties can behave differently
compared to their isolated forms.

Among the most investigated systems, molecular metallocages represent a significant
part of reported systems [31,33,34]. Starting from the works of Brechin and coworkers on
Cr-based cages built by the (1-pyridyl)-butane-1,3-dione (Hpybd) ligand [30,35–37], we
focused on obtaining a heterometallic system by using the same ligand. Such a ligand
allows for getting octahedral complexes of M3+ ions thanks to the coordinating nature of
the diketonate core. Then, by further exploiting the peripheral pyridyl functions, it is also
possible to coordinate up to three additional ions per M3+ unit. In our case, we exploited the
ditopic nature of this ligand to obtain a heterometallic complex containing a central Cr3+ ion
and Cu2+-based peripheral units. Differently from previous reports [30,35], we exploited
the pyridyl units to coordinate a Cu2+ complex, i.e., the [Cu(cyclen)]2+ (cyclen = 1,4,7,10-
tetraazacyclododecane). Using the cyclen moiety as a “capping agent” allowed us to get a
finite-size complex that avoids forming polymers or cage-like structures.

In this work, we report the structural characterization of the {Cr(pybd)3[Cu(Cyclen)]2}-
(BF4)4 compound followed by powder X-ray diffraction studies and data analysis. Further-
more, we report the investigation of the static magnetic properties of the adduct performed
by standard magnetometry and electron paramagnetic resonance (EPR) spectroscopy.

2. Materials and Methods
2.1. Synthesis
2.1.1. General Remarks

All the reagents and solvents were of reagent grade and employed without further
purification. Compounds Hpybd and [Cr(pybd)3] were synthesized according to the
literature [30]. More details about the synthesis of all the other compounds are reported in
Section S1 of Supplementary Information (SI). A general reaction pathway is reported in
Scheme 1 for clarity.
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Scheme 1. Synthetic schemes showing the general strategies employed for the obtaining of re-
ported compounds. (a) Synthesis of Hpybd and [Cr(pybd)3]. (b) Synthesis of [Cu(cyclen)BF4](BF4).
(c) Synthesis of the macromolecular adduct {Cr(pybd)3[Cu(cyclen)]2}(BF4)4.

2.1.2. Synthesis of {Cr(pybd)3[Cu(cyclen)]2}(BF4)4

In a 50 mL two-neck flask equipped with a condenser, [Cu(cyclen)BF4]BF4 (235 mg,
0.6 mmol) was dissolved in 15 mL of MeOH and heated to reflux under magnetic stirring.
A solution of [Cr(pybd)3] (100 mg, 0.2 mmol) in CHCl3 (5 mL) was added dropwise to
the reaction mixture, and the solution refluxed for 1 h. Then, the solution was cooled to
room temperature, filtered, and evaporated slowly. After three days, a crystalline product
(218 mg, 85%) was collected by filtration and washed with CHCl3 (5 mL × 2) and Et2O
(5 mL × 2). The grounded powder was employed for structural determination (see below).
Elemental analysis (calc. for CrCu2C43H64N11O6B4F16): C, 38.45 (38.05); H, 4.37 (4.75);
N; 11.29 (11.35). UV/Vis (λmax, nm): 279, 368, 587 (ε = 43 M−1 cm−1); see also Figure S1.
FT-IR (ν, cm−1): 3325(w), 3306(s), 3129(vw), 2941(w), 2895(w), 1585(m), 1545(w), 1515(s),
1495(vw), 1429(m), 1394(s), 1322(vw), 1291(m), 1250(vw), 1217(w), 1081 (vs, b), 1057(vs, b)
974(m, b), 955(vw, b), 867(w), 849(w), 810(vw), 775(m), 701(s), 619(s) (Figure S2 of SI).

2.2. UV–Vis Spectroscopy

UV–Vis spectra were recorded on a Jasco V-670 double-beam spectrophotometer by
using quartz cuvettes of 1 cm length. All experiments were performed on 0.25 M MeOH so-
lutions of employed compounds. All experimental spectra are reported in Figures S1 and S3
of SI.

2.3. X-ray Structural Characterization

Single-crystal X-ray diffraction was employed to obtain the unit cell parameters. A sin-
gle crystal was analyzed at 100 K using Cu-Kα radiation (λ = 1.54184 Å) on a Bruker Apex-II
diffractometer equipped with pixel array detector PhotonII, controlled using APEX2 soft-
ware [38].
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Powder X-ray Diffraction (PXRD) was used for structure determination using unit
cell parameters extracted from single crystal data. High-quality PXRD data were recorded
in a 0.3 mm glass capillary at room temperature by using a Bruker New D8 Da Vinci
diffractometer (Cu − Kα1 radiation = 1.54056 Å, 40 kV × 40 mA) equipped with a Bruker
LYNXEYE-XE detector, scanning range 2θ = 3–70◦, 0.02◦ increments of 2θ, and a counting
time of 576 total time/step. Space group determination with EXPO2014 [39] resulted
in space group P-1 with Z = 2. We then solved the structure by stimulated annealing
using the EXPO2014 suite. Each annealing trial works on three runs, using a cooling
rate (Tn/Tn−1) of 0.95. All the torsion angles were allowed to rotate freely during the
refinement process while bond distances and angles were kept fixed. The best solution was
chosen for Rietveld refinement, which was performed with the software TOPASv6 [40].
Background and peak shape were fitted using a shifted Chebyshev function with eight
coefficients and a Pseudo-Voigt function, respectively. All atoms were isotropically refined
with a typical thermal parameter depending on the element. All the hydrogen atoms
were fixed in calculated positions. Crystal data and refinement parameters are reported in
Table 1. The simulated pattern was obtained by using the software Mercury CSD 2022.2.0
(copyright CCDC, https://www.ccdc.cam.ac.uk/solutions/software/mercury, accessed:
26 May 2023) [41] by employing an FWHM value of 0.1 and an increment step size of
0.025◦. Complete crystallographic data for the solved structures have been deposited in the
Cambridge Crystallographic Data Centre with CCDC number 2260168.

Table 1. Crystallographic data and refinement parameters.

Molecular Formula C42CrCu2N12O6,4(BF4)

Mr 1294.8
T(K) RT
λ (Å) 1.54056
crystal system, space group triclinic, P-1

unit cell dimensions (Å, ◦)

a = 12.5014(5), b = 15.2007(8),
c = 18.4058(8)
α = 105.05(4), β = 90.228(5),
γ = 95.988(3)

volume (Å3) 3357.5(3)
Z, Dx (g/cm−3) 2, 1.325
µ (mm−1) 0.906
Rwp (%) 4.66
GOOFs 1.52

2.4. DC Magnetometry

Direct current (DC) magnetic measurements were performed in the temperature range
2–300 K (B = 0.1 T) or in the field range 0–5 T (T = 2 K, 4 K, 8 K) using a Quantum Design
Magnetic Properties Measuring System (QD-MPMS) equipped with a Superconductive
Quantum Interference Device (SQUID). Magnetization data were corrected for the diamag-
netic contributions of sample holders (previously measured using the same conditions)
and of the sample itself, as deduced by using Pascal’s constant tables [42].

2.5. Electron Paramagnetic Resonance (EPR) Spectroscopy

CW X-band EPR spectra of all samples were recorded on a Bruker Elexsys E500 spec-
trometer equipped with an SHQ cavity (ν = 9.43 GHz). Low-temperature measurements
were obtained using an Oxford Instruments ESR900 continuous-flow helium cryostat. All
measured samples were 0.5 mM solutions of employed compounds in EtOH/MeOH 4:1.
The solutions were introduced within a standard X-band quartz tube and rapidly frozen in
a liquid nitrogen bath to obtain dispersions in glassy matrixes.

https://www.ccdc.cam.ac.uk/solutions/software/mercury
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3. Results and Discussion
3.1. Synthesis

The molecular complex [Cr(pybd)3] was synthesized following the strategy by Brechin
et al. [30,35–37]. The reaction of CrCl3·6H2O with the Hpybd ligand was performed
in water by using urea as the base for deprotonating the employed diketonate. Such a
strategy is commonly used to avoid the formation of chromium oxides and hydroxides
during the reaction since ammonia slowly develops by urea decomposition at 90 ◦C [43].
After purification, the [Cr(pybd)3] complex was reacted with three equivalents of the Cu2+

precursor: [Cu(cyclen)BF4]BF4, in a MeOH/CHCl3 6:1 solution. This procedure was used
with the intent to introduce three Cu units per Cr center, as done in ref. [30], and to obtain
the tetramer {CrCu3}. The reaction can be followed by observing the color changing from
royal blue to greenish/blue. On cooling, dark crystals formed from the solution, and
larger amounts of the product were obtained by slow evaporation of the reaction mixture.
Notwithstanding our predictions and efforts to obtain a tetramer, it was only possible
to get the trimeric specie {Cr(pybd)3[Cu(cyclen)]2}(BF4)4 (see below). Interestingly, the
obtained compound does not respect the expected Cr/Cu 1:3 stoichiometry even though
a large excess of Cu2+ precursor is employed. This behavior could be imputed to the
steric hindrance introduced by adding [Cu(cyclen)]2+ to the pyridyl units. Furthermore,
it was only possible to obtain {Cr(pybd)3[Cu(cyclen)]2}(BF4)4 by slow evaporation of the
reaction mixture. Any other attempt to recrystallize it from solutions of different organic
solvents and their mixtures (e.g., MeOH, CHCl3, DMSO, and DMF) led to the separation of
individual Cr3+ and Cu2+ precursors.

3.2. Structural Characterization

As mentioned above, {Cr(pybd)3[Cu(cyclen)]2}(BF4)4 (Figure 1) crystallizes from the
reaction mixture upon cooling and subsequent evaporation of MeOH. Nevertheless, the
plate-shaped crystals tend to pile along the c crystallographic axis. For this reason, cutting
a single crystal suitable for X-ray structural determination was not possible. Hence, we
employed the single-crystal diffraction tool to firstly estimate the cell parameters that
were successively used for the structural refinement model employed on PXRD data (see
Section 2). We report the comparison between the experimental and simulated PXRD
patterns in Figure 2 as proof of the quality of the employed model. The plot evidences a
remarkable agreement between experiment and simulation, both in terms of peak positions
and relative intensities.
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Figure 1. View of the molecular structure of {Cr(pybd)3[Cu(cyclen)]2}(BF4)4. Hydrogen atoms are
omitted for clarity. Color code: Cr = green; Cu = copper; F = yellow/green; O = red; N = blue;
C = grey; B = pink.
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Figure 2. Comparison between experimental and simulated PXRD patterns obtained for microcrys-
talline {[Cr(pybd)3][Cu(cyclen)]2}(BF4)4.

{Cr(pybd)3[Cu(cyclen)]2}(BF4)4 crystallizes in the P−1 space group (no. 2) with two
{Cr(pybd)3[Cu(cyclen)]2}4+ cationic species and eight BF4

− counterions per unit-cell. The
asymmetric unit is represented by the {Cr(pybd)3[Cu(cyclen)]2}(BF4)4 unit reported in
Figure 1 (unit cell content shown in Figure S3 of SI). The crystal structure also presents
solvent-accessible pores, occupying 5% of the unit cell volume with a volume of about
165 Å3 (Figure S4 of SI). The porous structure propagates along the a-axis direction.

In the asymmetric unit, the Cr3+ ion preserves the fac isomerism typical of [Cr(pydb)3] [30]
and presents a distorted octahedral coordination geometry having mean Cr−O distances of
1.96 Å on the equatorial plane and Cr−O5 and Cr−O6 distances of 1.93 Å and 1.97 Å along
the axial direction (see Figure S5a of SI). Furthermore, all the O2−Cr−O4, O1−Cr−O3,
and O5−Cr−O6 angles are smaller than 180◦, being of about 176.0◦, 177.0◦, and 179.0◦,
respectively (see Figure S5b of SI). Such a distorted octahedral geometry differs from
the regular one reported for the [Cr(pydb)3] precursor, although it has been observed for
[Cr(pydb)3]-based supramolecular cages [30,35,36]. In analogy to the Cr3+ ion, the two Cu2+

moieties present slightly distorted square-pyramidal geometry due to minor differences
in the Cu−Ncyclen bond lengths (see Figure S6 of SI). In this case, the mean Cu−Ncyclen

distance is 2.03 Å for both cyclen-based units, while the Cu−Npy distances are 2.15 Å and
2.17 Å for Cu1−N5 and Cu2−N10, respectively. These distances align with other square-
pyramidal N-based copper complexes [44]. The mean Cr−Cu intramolecular distance is
8.9 Å. The smallest Cu···Cu intermolecular distance of 7.3 Å is measured between molecules
in adjacent cells moving along the b-axis. The smallest intermolecular Cr···Cr distance
is 7.36 Å, and it is measured between molecules in adjacent cells along the c axis. The
structure presents four BF4

− per molecular unit, three of them presenting short-contact
interactions with the acidic N−H moieties of the two [Cu(cyclen)]2+ units per molecule.
At the same time, the fourth is stabilized within the framework by similar interactions set
with the cyclen unit of another molecule.

3.3. UV–Vis Spectroscopy Characterization

To check for the stability of the {[Cr(pybd)3][Cu(cyclen)]2}4+ adduct when in solution
and confirm the coordination geometry of metal sites, we performed a UV–Vis spectroscopic
investigation on 2.5 × 10−3 M solutions of [Cu(cyclen)]2+ and {[Cr(pybd)3][Cu(cyclen)]2}4+

in MeOH and compared their experimental spectra. To do that, we focused on the spectral
region between 400 and 850 nm, where electronic transitions attributed to the copper(II)
center are usually observed [44–47]. The graph in Figure 3 shows that the two com-
plexes present an absorption band centered at about 600 nm. In particular, we observed
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absorption maxima at 587 nm (ε = 43 M−1 cm−1) and 601 nm (ε = 35 M−1 cm−1) for
{[Cr(pybd)3][Cu(cyclen)]2}4+ and [Cu(cyclen)]2+, respectively. This spectral feature is im-
puted to a d-d transition of the copper center, and the observed energy is characteristic of
pentacoordinate complexes having a square-pyramidal coordination geometry [44]. We
further compared these UV–Vis spectra with an additional one obtained on a 2.5 × 10−3 M
solution of [Cu(cyclen)]2+ in MeOH added in 100 equivalents of pyridine. This third spec-
trum shows a red shift of the absorption maximum to λ = 617 nm (ε = 35 M−1 cm−1), which
is expected for stronger interactions with an axial ligand on the fifth position [48]. By
comparing this spectrum with that obtained on {[Cr(pybd)3][Cu(cyclen)]2}4+, we can state
that the coordination of the Cu2+ ion by the pyridyl unit of pybd ligand leads to a smaller
crystal field interaction with respect to pure pyridine. This can be correlated to a weaker
interaction with the unpaired doublet of the N donor atom, whose delocalization on the
conjugated β-diketonate scaffold could be further affected by the electron-withdrawing
effect of the coordinated Cr3+ ion.
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3.4. Magnetism and EPR Spectroscopy

X-band (ν ≈ 9.4 GHz) continuous wave EPR measurements were performed to charac-
terize and compare the magnetic anisotropy properties of the presented systems. To do that,
we measured frozen solution of [Cr(pybd)3], [Cu(cyclen)]2+, and {Cr(pybd)3[Cu(cyclen)]2}4+

in EtOH/MeOH 4:1 (see Section 2). The experimental spectra are reported as blue lines in
Figure 4a–c.

The [Cr(pybd)3] complex shows the characteristic EPR spectrum of an octahedrally
coordinated Cr3+ ion (Figure 4a). The observed spectral features are attributed to spin
transitions within the quartet basis state (S = 3/2) further split in two Kramers’ doublets
(mS = ± 1/2; mS =± 3/2) by the zero-field splitting (ZFS) interaction, which is characterized
by axial (D) and rhombic (E) terms following the spin Hamiltonian (SH) in Equation (1).

ĤCr
S = −µBŜ · g ·

→
B + DŜ2

z + E
(

Ŝ2
x − Ŝ2

y

)
(1)

The spectrum can be well simulated [49] with the SH parameters extracted from
ref. [30] and reported in Table 1. The chromium complex is characterized by an easy-plane
anisotropy (D = + 0.55 cm−1) leading to mS = ± 1/2 ground doublet. The E/D ratio of
0.045 confirms that the system has a weak rhombic distortion. Such values are in line with
what has been reported in the literature for other Cr-acetylacetonate complexes, for which
D values of about 0.6 cm−1 have been observed [50,51].
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Figure 4. (a) Experimental and simulated X-band EPR spectra of [Cr(pybd)3] 0.5 mM in EtOH/MeOH
4:1; (b) Experimental and simulated X-band EPR spectra of [Cu(cyclen)]2+ 0.5 mM in EtOH/MeOH
4:1; (c) Experimental and simulated X-band EPR spectra of {Cr(pybd)3[Cu(cyclen)]2}4+ 0.5 mM in
EtOH/MeOH 4:1.

The [Cu(cyclen)]2+ compound showed the EPR spectrum in Figure 4b, which is closely
in line with that expected for an S = 1/2 system characterized by an anisotropic axial g
tensor with an axial hyperfine coupling interaction (A) between the spin and the copper
nucleus (I = 3/2). A quantitative estimation of the magnetic anisotropy followed from the
simulation of the experimental spectrum with the SH reported in Equation (2).

ĤCu
S = −µB · Ŝ · g ·

→
B + Î ·A · Ŝ (2)

The values obtained for the components of g and A tensors (Table 2), for which g|| > g⊥
and A|| > A⊥ (with z = || and x = y = ⊥), are representative of a pentacoordinate Cu2+

complex [47,48] and confirm the experimental evidence given by the UV–Vis analysis
(see above).

Table 2. List of best-simulation parameters extracted for X-band spectra of 0.5 mM frozen solutions
in EtOH/MeOH 4:1. In the case of the Cr-Cu adduct, we did not consider the relative orientation of
magnetic reference frameworks of each site.

Parameters [Cr(pybd)3] [Cu(cyclen)BF4](BF4) {Cr(pybd)3[Cu(cyclen)]}(BF4)4

gx 1.97(1) 2.047(2) 1.97(1) a 2.050(2) b

gy 1.97(1) 2.047(2) 1.97(1) a 2.050(2) b

gz 1.97(1) 2.204(2) 1.97(1) a 2.206(2) b

D (cm−1) 0.55(5) - 0.21(1) a -

E (cm−1) 0.025(1) - 0.02(1) a -

Ax (10−4 cm−1) - 17(2) - 18(2) b

Ay (10−4 cm−1) - 17(2) - 18(2) b

Az (10−4 cm−1) - 182(2) - 184(2) b

a = set of parameters extracted for the Cr3+ ion; b = set of parameters extracted for the two equivalent Cu2+ sites.

The X-band characterization of {Cr(pybd)3[Cu(cyclen)]2}4+ was performed at 40 K to
avoid saturation of the Cu2+ signal and simultaneously detect that of the Cr3+ ion. The
obtained spectrum (Figure 4c) slightly differs from the trivial sum of those of the two
precursors. On the one hand, the low-field region between 100 mT and 25 mT, i.e., the
most indicative one for the Cr3+ ion signal, largely differs from that of isolated [Cr(pybd)3].
On the other hand, the Cu2+ signal falling within the 250–400 mT region seems not to be



Crystals 2023, 13, 901 9 of 13

affected by the presence of the Cr3+ ion. Based on this observation, we can say that there
is no evidence of a clear isotropic exchange coupling interaction among the Cr and Cu
sites. It follows that the unique modification of the chromium signal should be correlated
to the variation of the SH parameters of the Cr3+ ion upon copper coordination of two
pyridine rings of the pybd ligand, while those of Cu2+ remain unaltered. To validate such
an assumption, we simulated the spectra by fixing the SH parameters of Cu2+ moieties
and varying the D and E components of chromium using a SH given by the sum of those
reported in Equations (1) and (2). The best simulation reported in Figure 4c was obtained
by reducing both the D and E values to 0.21 cm−1 and 0.02 cm−1, respectively.

Consequently, the E/D ratio of the adduct increased to 0.095, highlighting a larger
rhombicity of the system. This feature can be correlated to the distortion of the Cr3+

coordination sphere observed in the case of {Cr(pybd)3[Cu(cyclen)]2}4+ (see Structural
Characterization section), which led to an increased rhombicity. It must be noted that,
in our model, dipolar interactions among spins were not introduced directly, but they
were included as contributions to the isotropic and anisotropic line-broadening. These
interactions could be better highlighted and investigated by adopting advanced pulsed
EPR experiments such as DEER (Double Electron-Electron Resonance) [52].

To further exclude that the lack of magnetic exchange interaction is not a consequence
of structural changes occurring in the frozen solution, we measured crystalline powders of
{Cr(pybd)3[Cu(cyclen)]2}(BF4)4. However, the EPR spectrum collected on the solid sample
is significantly broadened because of intermolecular interactions (Figure S7 of SI), and it
cannot pursue our scope. For this reason, we employed DC magnetometry (see Section 2)
to get more insights into the magnetic interactions characteristic of the compound. The
magnetic susceptibility (χ) data are reported in Figure 5a as χT product vs. T. Above
25 K, the χT value reaches a plateau around 2.62 cm3 mol−1 K, which is the sum of the
Curie’s constants expected for the three paramagnetic centers characterized by the ZFS and
g tensors anisotropies determined by our EPR experiments. Below this temperature, the χT
value drops abruptly to 2.4 cm3 mol−1 K. This behavior can be correlated to two distinct
factors, i.e., (i) a contribution linked to the ZFS of Cr3+ ion and (ii) a contribution due to
intra- or intermolecular coupling interactions within the crystal lattice. In order to estimate
the magnitude of such interactions, we performed a simultaneous fit of χT vs. T and M vs. B
(Figure 5a,b) curves with the software PHI [53]. We used the set of SH parameters extracted
from X-band measurements and kept them fixed, while the mean-field intermolecular
interactions parameter (zJ) was used as the fitting parameter. The employed model provides
a best-fit zJ value of 1.92(1)·10−2 cm−1. We repeated the same fitting procedure by replacing
the mean-field interaction with an equivalent isotropic exchange coupling interaction
(Hex = −JCr−Cu(ŜCu1·ŜCr + ŜCu2·ŜCr)) between the two Cu2+ ions and the central Cr3+

and fitting the coupling constant JCr-Cu. The best JCr−Cu = −5.71(1)·10−2 cm−1 is of the
same order of magnitude as the mean-field constant zJ¸and the fitted curve (red line in
Figure 5) poorly reproduces the experimental χT points between 2 and 5 K.

This latter analysis, together with our EPR results reported for the diluted phase,
suggests that, even if present, exchange coupling interactions are not detectable in the limit
of the experimental conditions employed.
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4. Conclusions

In this work, we reported the synthesis of the new molecular cluster {Cr(pybd)3[Cu-
(cyclen)]2}(BF4)4 by exploiting the heterotopic properties of the pybd− ligand and using
cyclen rings as capping agents to avoid the formation of molecular cages. The crystal-
lographic structure has been resolved thanks to a combined approach involving single-
crystal X-ray measurements and powder X-ray diffraction suites. Congruently to our
elemental analysis results, the crystallographic characterization unveiled the structural
peculiarity of the cluster, which is characterized by the presence of just two coordinated
[Cu(cyclen)]2+ moieties over the three potential pyridyl units of the [Cr(pybd)3] core. Our
X-band CW-EPR measurements on diluted frozen solutions highlighted the variation of
the magnetic anisotropy properties of the Cr3+ center in {Cr(pybd)3[Cu(cyclen)]2}(BF4)4
with respect to the monomeric [Cr(pybd)3] unit. The increased rhombic distortion in
{Cr(pybd)3[Cu(cyclen)]2}(BF4)4, highlighted by an E/D ratio of 9.5·10−2, can be justified on
the basis of crystallographic results, which pinpoints the more significant distortion of the
Cr3+ coordination geometry in the trimer compared to the monomer. Furthermore, both
EPR and magnetometry measurements highlighted a small coupling interaction between
the central spin and the peripheral units, primarily relying on a dipolar coupling interaction
between paramagnetic centers. This result is in contrast with what has been observed for
Cu-Cr macromolecular cages obtained with the same [Cr(pybd)3] building block, for which
a ferromagnetic coupling interaction of about 10−1 cm−1 has been reported [30,35]. How-
ever, while the Cu2+ ions included within cages are coordinated on equatorial positions by
pyridyl units of the pybd− ligand, the same units point toward the axial position of the
pentacoordinate [Cu(cyclen)]2+ units present in our cluster. In this respect, we could have
expected a lower super-exchange interaction between the Cr3+ and Cu2+ ions in our cluster
than in that of ref. [30] since here, the pyridyl unit points towards the doubly occupied
dz2 of the copper ion, rather than the singly occupied dx2−y2 . Unfortunately, the change in
the orbital involved in the interaction reduces the interaction to a value smaller than the
dipolar ones that is not detectable within the employed experimental conditions.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13060901/s1, more details about syntheses and employed
chemicals; Figure S1: UV–Vis absorption spectra of equimolar solutions (0.25 mM) of all the in-
vestigated complexes; Figure S2: FT-IR spectra collected on [Cr(pybd)3]. [Cu(cyclen)BF4](BF4),
and {Cr(dypb)3[Cu(cyclen)]}(BF4)2 powder samples; Figure S3: View of the crystal unit cell of
{Cr(dypb)3[Cu(cyclen)]}(BF4)2 along with the a, b, and c crystallographic axes; Figure S4: View along
the c axis of a 2× 2× 1.5 cell highlighting the porous nature of crystalline {Cr(dypb)3[Cu(cyclen)]}(BF4)2;
Figure S5: (a) Generic view of the first coordination sphere of the Cr3+ ion reporting the six values of
Cr−O distances. (b) Generic view of the first coordination sphere of the Cr3+ io reporting the three
values of O−Cr−O angles; Figure S6: Generic view of the two Cu(cyclen) moieties highlighting the
square-pyramidal coordination environment of the Cu2+ ion; Figure S7: X-band CW EPR spectrum of
a {Cr(dypb)3[Cu(cyclen)]}(BF4)2 powder sample collected at 30 K.
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