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Strong magnetic exchange coupling in Ln2 metallocenes attained 
by the trans-coordination of a tetrazinyl radical ligand† 

Niki Mavragani,a Alexandros A. Kitos,a Jakub Hrubý,b Stephen Hill,b,c Akseli Mansikkamäki,d Jani O. 
Moilanen,e and Muralee Murugesu*a 

A combination of high-performing lanthanide metallocenes and tetrazine-based radical ligands leads to a new series of 

radical-bridged dinuclear lanthanide metallocenes; [(Cp*2LnIII)2(bpytz•-)][BPh4] (where Ln = Gd (1), Tb (2), Dy (3) and Y (4); 

Cp* = pentamethylcyclopentadienyl; bpytz =3,6-bis(3,5-dimethyl-pyrazolyl)-1,2,4,5-tetrazine). The formation of the radical 

species is achieved via a controlled, stepwise synthesis and verified in all complexes by X-ray crystallography and SQUID 

magnetometry, as well as EPR spectroscopy of 4. Through the judicious choice of the Cp* ancillary ligands and by taking 

advantage of the steric effects imposed by their bulkiness, we were able to promote the trans coordination mode of the 

bpytz•- radical anion that enables stronger magnetic exchange coupling compared to the cis fashion. This yields a JGd-rad = -

14.0 cm-1 in 1, which is the strongest exchange coupling observed in organic monoanionic radical-bridged lanthanide 

metallocene systems. The strong Ln-rad exchange coupling was further confirmed by high-frequency EPR (HF-EPR) 

spectroscopy and broken symmetry (BS) density functional theory (DFT) calculations. This combined with the highly 

anisotropic nature of TbIII and DyIII ions in 2 and 3, respectively, leads to strong SMM behavior and slow relaxation of the 

magnetization at zero fields.

Introduction 

Single-molecule magnets (SMMs) exhibit magnet-like 

behaviour of magnetic remanence and hysteresis at the 

molecular level; thus, each molecule acts as a single-domain 

magnetic particle with bistability.1,2 In recent years, 

mononuclear late lanthanide molecules (e.g., TbIII, DyIII, ErIII) 

with high anisotropy have been prominent examples of high-

performing SMMs.3–8 Namely, cyclopentadienyl-based 

molecular systems such as [Cp*DyCpiPr5]+ (Cp* = 

pentamethylcyclopentadienyl; CpiPr5 = 

pentaisopropylcyclopentadienyl) have shown that blocking of 

the magnetization above the temperature of liquid nitrogen can 

be reached through careful molecular design.9 However, 

mononuclear SMMs are limited by the number of unpaired 

electrons and single-ion anisotropy as they only contain a single 

LnIII ion. Thus, polynuclear systems are the way forward for 

attaining even higher performing SMMs.10,11 

As simple as this approach might seem, the addition of more 

Ln ions into a system does not guarantee enhanced magnetic 

performance. Several attempts have been made over the years 

to create polynuclear Ln-based SMMs,12–17 but enhancing and 

controlling their magnetic properties remains challenging. This 

stems from the shielded nature of 4f orbitals which prevents 

inducing magnetic coupling between the LnIII ions. A “radical” 

approach to overcome this challenge, is the introduction of 

paramagnetic linkers. Strong magnetic coupling between the 

metal centers and the radical species can give rise to a high 

angular momentum ground state, leading to blocking of the 

magnetization and slow magnetic relaxation. 

A decade ago, a unique example of a paramagnetic linker 

that bridged two Ln centers highlighted the importance of 

magnetic coupling to the SMM behavior.18 Consequently, 

research has focused on exploiting radical ligands19–21 that can 

unlock the path towards attaining polynuclear lanthanide 

complexes that act as a single magnetic entity rather than a 

collection of magnetically uncoupled LnIII ions in a molecular 

unit. Many organic radicals such as nitrozyl,22–26 

semiquinonoids27–29 and verdazyl30 have promoted magnetic 

coupling between LnIII ions. However, most of them pale in 

comparison to the N2
3•-. This is because the strength of the 

magnetic coupling is of the essence; if the Ln-rad exchange 

coupling is weaker than the anisotropy of the individual Ln ions, 

there will be little to no improvement in the magnetic 

performance. Therefore, to design high-performing SMMs one 

needs a highly anisotropic system with appreciably strong 

magnetic coupling. 

Amongst these organic radicals, tetrazine-based ligands 

stand out as they offer a clear synthetic advantage over the N2
3•- 

which leaves little room for modification. Although challenging, 

the design and synthesis of tetrazine-based ligands can lead to 

tetrazines with different substituents at the 3- and 6-positions 
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of the ring.31 In addition, the diffuse nature of the spin orbitals 

of the tetrazinyl radical ring is ideally suited to penetrate the 

shielded 4f orbitals, promoting strong magnetic coupling. 

Furthermore, the formation of the radical species is favored by 

the very low-lying π* LUMO of the ring, which can easily 

undergo one e- reduction.32 Recently, our group showcased the 

first examples of dinuclear [(Cp*2Ln)2(tz•−)(THF)2](BPh4) (Ln = 

Gd, Tb or Dy; THF = tetrahydrofuran), (“Ln2”)33 and tetranuclear 

[(Cp*2Ln)4(tz•−)4]⋅3(C6H6) (Ln = Gd or Dy), (“Ln4”)34 complexes 

containing lanthanide metallocene units bridged by the 1,2,4,5-

tetrazine (tz) radical ligand. In both cases, the strong magnetic 

coupling between the Ln centers and the radicals led to the 

formation of a “giant-spin” model with slow relaxation of the 

magnetization at zero-field (for the “Tb2”, “Dy2” and “Dy4” 

analogues) and granted the “Dy4” SMM a coercive field of ~30 

kOe. 

Inspired by this, we sought to investigate the well-explored 

3,6-bis(3,5-dimethyl-pyrazolyl)-1,2,4,5-tetrazine (bpytz) 

ligand.35 This linker has previously been shown to promote 

strong magnetic coupling with 3d36 and 4f metals.37,38 With 

regards to the latter, we once probed the incorporation of both 

the neutral bpytz in a Dy dimer [DyIII
2(μ-bpytz)(THMD)6]37 as 

well as the radical bpytz•−
 anion in a tetranuclear [Dy4(μ3-

OH)4(bpytz•−)2(TFA)2(DBM)4] cluster (where THMD 2,2,6,6-

tetramethyl-3,5-heptanedionate; TFA = trifluoroacetate; DBM = 

dibenzoylmethanide).38 In both cases, the magnetic properties 

of these complexes were moderate. In the case of the neutral 

bpytz, the complex exhibits SMM behavior under a small static 

applied field and Raman processes dominate the relaxation of 

the magnetization.37 On the other hand, the reduction of the 

bpytz ligand in the Dy4 cubane led to slightly better magnetic 

performance revealing a small Ueff = 21.9 cm-1 in the absence of 

a static magnetic field.38 These differences in the magnetic 

properties of the aforementioned complexes clearly show the 

importance of the paramagnetic species in the bridging bpytz 

ligand and highlight its potential as a useful platform for the 

design of new high-performing SMMs. However, the effect of 

the binding mode of the tetrazine (cis vs. trans) on the magnetic 

coupling strength is yet to be demonstrated. 

  Therefore, through the judicious choice of the bpytz ligand 

we target to investigate the trans coordination mode and its 

overall effect on the magnetic properties. By taking advantage 

of the steric effects imposed by the bulkiness of the Cp* 

ancillary ligands, we can effectively target a novel series of 

dinuclear Ln-based metallocenes in which the metal centers are 

bridged through the trans coordination mode of the tetrazine 

radical (bpytz•-) (Scheme 1). Additional benefit of the 

employment of the Cp* ligands instead of carboxylate or β-

diketones is the enhancement of the magnetic performance of 

such complexes due to the well-known ability of the Cp* to 

afford a strong axial crystal field for oblate LnIII
 ions, particularly  

 

Scheme 1. Exploitation of the steric effects imposed by the bulkiness of the 

pentamethylcyclopentadienyl co-ligands to promote the trans coordination mode of the 

bpytz•- ligand. 

in single ion systems.8,9 We successfully isolated, through a 

stepwise synthetic approach, four dinuclear complexes with the 

general formula, [(Cp*2LnIII)2(bpytz•-)](BPh4) (where Ln = Gd (1), 

Tb(2), Dy (3) and Y (4)). The formation of the radical was verified 

by both EPR and SQUID magnetometry measurements. Fitting 

of the magnetic data reveals the strongest exchange couplings 

mediated by an organic monoanionic radical observed in Ln 

metallocenes to this date for 1 (JGd-rad = -14.0 cm-1). This was 

further confirmed by broken symmetry (BS) density functional 

theory (DFT) calculations, as well as high-frequency EPR (HF-

EPR) spectroscopy of 1. Accordingly, the SMM behavior of 1, 2 

and 3 was examined, where slow relaxation of the 

magnetization was observed for 2 and 3 both in the absence and 

presence of a static dc field. Overall, these remarkable magnetic 

properties demonstrate the importance of the different 

coordination mode (cis vs. trans) of the radical bridging ligand 

and its effect on the magnetic coupling with the metal ions. 

Results and discussion 

Synthetic procedure and structural description 

The syntheses of 1-4 start with the reduction of the tetrazine 

ligand. An equimolar mixture of the bpytz ligand and 

cobaltocene (Cp2Co) was prepared in THF (Fig. 1, top). This was 

added to a solution of two equivalents of [Cp*2LnIII][(μ-

Ph2)BPh2] (where Ln = Gd, Tb, Dy or Y). The resulting dark purple 

solution was stirred for two hours, filtered, and placed in an 

Et2O bath. After two days, dark purple crystals of 1-4 were 

obtained in ~60 % yields (based on the ligand). It is noteworthy 

that the same reaction can be performed in toluene following 

the same step-by-step approach. However, due to the poor 

solubility of these complexes in toluene, the yield and quality of 

the resulting crystals significantly decreased. 

All four complexes crystallize in the orthorhombic Pna21 

space group and possess the same structural topology, which 

was also confirmed by infrared spectroscopy (Fig. S1). Given 

this, dysprosium congener 3 was chosen as the representative 

example to describe the salient structural features of these 

complexes. The molecular structure of 3 is shown in Fig. 1 

(bottom) and Fig. S2. X-ray data and selected distances and 
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Figure 1. (Top) Synthetic scheme for the radical-bridged dinuclear complexes 1-4. 

(Bottom) Molecular structure of 3. For clarity, partial labelling and omission of the BPh4
- 

moiety and H-atoms was employed. The solid teal lines represent the orientation of the 

ab initio calculated principal magnetic axes of the ground Kramers doublet (KD). Color 

code: C: light grey; N: blue; Dy: orange. 

angles are given in Tables S1 and S2. The dinuclear metal 

complex 3 consists of two independent (Dy1 and Dy2) DyIII ions 

bridged by one bpytz•− ligand, in a trans coordination mode, 

four η5-Cp* co-ligands (two on each metal site) and one 

tetraphenylborate counter ion. Evidence for the one-electron 

reduction of the bpytz ligand is first provided by the elongation 

of the N=N bonds within the tetrazine moiety, which are beyond 

1.36 Å, suggesting the formation of the radical anion.32 Here, 

the average N=N bonds within the tetrazine ring of bpytz 

correspond to 1.388(16), 1.387(15), 1.389(17) and 1.410(10) Å, 

for 1, 2, 3 and 4, respectively, a clear indication of the reduced 

nature of the bpytz ligand.37,38 The paramagnetic nature of the 

reduced bpytz•- of the radical anion was further confirmed by 

EPR, SQUID magnetometry and computational studies of 4 (vide 

infra). The average Dy-CCp* distance and Cp*cent-Dy-Cp*cent (cent 

= centroid of the Cp* ring) angle was found to be 2.365(5) Å and 

141.52(24)°, respectively, with an overall slight increase in the 

axiality compared to the previously reported tz•--bridged “Dy2” 

(Dy-Cp*cent: 2.395(5) Å and Cp*cent-Dy-Cp*cent: 136.58(2)°)33 and 

“Dy4” complexes (Dy-Cp*cent: 2.379(2) Å and Cp*cent-Dy-Cp*cent: 

137.86(4)°).34 The Dy-Ntetrazine and Dy-Npyrazole bond distances 

(2.419(12) and 2.423(13) Å for Dy1, 2.402(12) and 2.395(13) Å 

for Dy2, respectively) are slightly shorter compared to 

previously reported Ln-bpytz•− complexes (2.455(6)-2.569(4) 

Å)37,38 likely due to the weaker coordination and the steric 

effects of the Cp* co-ligands compared to the stronger 

coordination of the less bulky carboxylate or β-diketone 

derivatives (Fig. 2). Due to the different coordination mode of 

the ligand (cis vs. trans) the torsion angle of Dy1-Ntetrazine-

Ntetrazine-Dy2 can vary and it was found to be equal to -148.0(35)o 

in 3, significantly higher compared to the previously reported38  

 

Figure 2. Structural comparison of the previously reported [Dy4(μ3-

OH)4(bpytz•−)2(TFA)2(DBM)4] complex38 (cis coordination mode of bpytz•−) with the 

[(Cp*2LnIII)2(bpytz•-)][BPh4] reported herein (trans coordination mode of bpytz•−). The 

trans coordination fashion is found to promote stronger magnetic exchange coupling 

(JGd-rad = -14 cm-1; this work) compared to the cis coordination mode (JGd-rad = -2.83 cm-1; 

calculated, this work; JDy-rad = -7.63 cm-1; vide infra).39 

Ln4-bpytz•− complexes (11.3(8)o). Such variation in bond lengths 

is anticipated to yield significant differences in the magnetic 

properties, specifically in the strength of the magnetic exchange 

interactions (vide infra). On the supramolecular level, the 

absence of strong hydrogen bonding donors or acceptors in 

both the main residue and solvent area of 3, leads mostly to 

weak H···H and C···H interactions. The packing arrangement 

displays short intermolecular Dy···Dy interactions of 8.908(8) Å, 

while the Dy···Dy intramolecular distance is 7.548(9) Å (Fig. S3). 

Magnetic measurements, EPR and computational studies 

To elucidate the magnetic behavior of 1-4, direct current (dc) 

and alternating current (ac) magnetic susceptibility studies 

were conducted. The dc magnetic susceptibilities of 1, 2 and 3 

were measured between 300 and 1.8 K at 1000 Oe (Fig. 3A). The 

χΤ products, at room temperature, are 16.09, 23.93 and 28.69 

cm3
 K mol-1 for 1, 2 and 3, respectively. These values are 

consistent with the theoretical values of 16.13, 24.01 and 28.71 

cm3 K mol-1, for 1, 2 and 3, respectively for two LnIII ions (Gd: S 

= 7/2, 8S7/2, g = 2, C = 7.88 cm3 K mol-1; Tb: S = 3, L = 3, 7F6, g = 

3/2, C =11.82 cm3 K mol-1; Dy: S = 5/2, L = 5, 6H15/2, g = 4/3, C = 

14.17 cm3 K mol-1) and one radical anion (S = ½, C = 0.37 cm3 K 

mol-1). The χΤ products for 1, 2 and 3 increase steadily with the 

decrease in temperature, reaching a maximum of 24.68 cm3 K 

mol-1 at 8 K for 1, 37.63 cm3 K mol-1 at 26 K for 2 and a value of 

46.65 cm3 K mol-1 at 14 K for 3. This behavior can be ascribed to 

the spin alignment of the LnIII ions which is caused by the strong 

antiferromagnetic interaction between the bpytz•- ligand and 

the metal centers, as has been previously seen in other radical-

bridged Ln metallocenes.33,34,40,41 For 1, below 8 K, the χΤ 

product decreases with the decrease in temperature, reaching 

a value of 23.24 cm3 K mol-1 at 1.8 K. For 2, below 26 K, the χΤ 

decreases slightly with the temperature drop, ending at a 

shallow minimum of 36.44 cm3 K mol-1. Then an abrupt increase 

is observed upon further lowering of the temperature, until it 

reaches a maximum of 36.71 cm3 K mol-1 at 4 K. Similarly, to this, 

a sudden increase of the χΤ product is observed below 13 K for 

3, reaching a maximum of 49.01 cm3 K mol-1 at 5.5 K. This 

sudden rise is probably attributed to intermolecular  



 

 

 

Figure 3. (A) Variable temperature χΤ plots of 1 (blue circles), 2 (purple circles) and 3 (teal 

circles) under an applied static field of 1000 Oe. The solid red line represents the fit as 

determined from applying the -2J formalism. Inset: Simplified illustration of the J-model, 

which was used to fit the data highlighting the antiparallel spin alignment between the 

LnIII ions and the bpytz•- ligand. (B) Zoomed-in area between 1.8 and 80 K, highlighting 

the behavior of the χΤ product at the low temperature region. (C) Hysteresis sweep from 

1.8 to 6.4 K for 3, in the field range of 70 kOe to -70 kOe, with an average sweep rate of 

31 Oe/s. Inset: Zero-field-cooled and field-cooled (ZFC/FC) curves for 3 under an applied 

static field of 1000 Oe. Data were collected at an average sweep rate of 0.14 K/min. The 

black arrow indicates ZFC and FC susceptibilities bifurcate at 5.8 K for 3. (D) Experimental 

(magenta) and simulated (teal) EPR spectra of 4 in THF (at room temperature) (g = 

2.0014; SW = 10 mT; LW = 0.2 mT; aN1 = 0.596 mT; aN2 = 0.468 mT). 

interactions between the LnIII ions42 which are enhanced by the 

short intermolecular LnIII···LnIII distances (Fig. S3). Finally, for 

both complexes (2 and 3), upon further lowering of the 

temperature, the χΤ decreases rapidly with decreasing 

temperature to reach a value of 17.64 cm3 K mol-1 for 2 and 

11.56 cm3 K mol-1 for 3 at 1.8 K (Fig. 3B). This rapid plummeting 

of the χΤ value at low temperatures is indicative of magnetic 

blocking, as observed for other lanthanide systems.7,43 

To verify the presence of magnetic blocking, zero-field-

cooled/field-cooled (ZFC/FC) magnetic susceptibility 

measurements were performed for 2 and 3. The divergence of 

the two data sets at 4.4 K for 2 (Fig. S5; inset) and 5.8 K for 3 

(Fig. 3C; inset) supports the strong pinning of the magnetic 

moment below this temperature region. Moreover, the field 

dependence of the magnetization (up to 70 kOe) at various 

temperatures (1.9-7 K) was measured, for both complexes, 

revealing s-shaped curves between 1.9-3 K for 2 and 1.9-5 K for 

3 (Fig. S6), further supporting the blocking of the magnetization 

at these temperatures. Consequently, magnetic hysteresis 

measurements were undertaken in varying fields (from -70 kOe 

to 70 kOe), using an average sweep rate of 31 Oe/s. For 2, 

butterfly-shaped hysteresis loops were observed in the 

temperature range of 1.8 to 5.4 K, above which they are no 

longer open (Fig. S5). For 3, between 1.8 and 2 K, at Hdc = 0 Oe, 

waist-restricted hysteresis loops are observed (Fig. 3C and S7). 

Above 2.4 K, a crossing of the magnetization is observed, which 

is indicative of quantum tunneling of the magnetization (QTM). 

At higher temperatures, the hysteresis loops are open until 6.4 

K, above which they are no longer open, further confirming the 

magnetic blocking occurring around this temperature range. 

As aforementioned, the radical nature of the tetrazine unit 

was verified not only through crystallographic means but also 

by EPR spectroscopy, SQUID magnetometry measurements and 

computational studies for the Y-based congener, 4. Compared 

to other diamagnetic rare earths, such as La(III), Y(III) is often 

preferred for the synthesis of diamagnetic analogues of 

SMMs42,44–46 as it offers a clear advantage. Y(III) possesses a 

stable isotope (89Y) with a natural abundance of 100%, a nuclear 

spin of ½ and its ionic radius is similar to that of Gd(III), Tb(III) 

and Dy(III).47 These enable detailed information of the 

electronic structures when subjecting the corresponding Y(III) 

complexes to invaluable characterization methods such as EPR 

spectroscopy, as well as to computational studies.48 The EPR 

spectrum of 4, revealed the characteristic nine-line pattern 

attributed to the tetrazine ring of the bpytz•- (i.e., simulated 

using a model based on the hyperfine coupling of four 14N nuclei 

with two slightly different isotropic hyperfine coupling 

constants (IHCCs) for the coordinated and non-coordinated 14N 

atoms; aN1 = 0.596 mT and aN2 = 0.468 mT; Fig. 3D). The 

isotropic hyperfine coupling constants (aN) obtained from the 

simulation, were in good agreement with the calculated ones 

and showed that the coupling to 89Y nuclei is weaker (Table 

S16). The inclusion of 89Y nuclei into the simulation did not 

improve the simulated EPR spectrum. In addition, the dc 

magnetic susceptibility of 4 was measured between 300 and 1.8 

K at 1000 Oe (Fig. S8). The room temperature χΤ product has a 

value of 0.36 cm3 K mol-1 which is in good agreement with the 



 

 

theoretical value for one radical species (S = ½, C = 0.37 cm3 K 

mol-1). Upon lowering of the temperature, the χΤ product 

remains relatively stable until 5 K. Below this temperature, it 

decreases rapidly, reaching a minimum of 0.24 cm3 K mol-1 at 

1.8 K. This sudden downturn of the χΤ product at low 

temperatures suggests the presence of antiferromagnetic 

intermolecular interactions between the radical bpytz•- 

moieties. These interactions were effectively accounted for in 

the fit of the χΤ plot (zJ = -0.37 cm-1). The weak nature of these 

interactions is supported by the intermolecular rad···rad 

distances of 10.846(4) Å and 11.011(4) Å (Fig. S4). 

As evident by the increase of the χΤ products with the 

decrease in temperature in 1-3, the lanthanide ions are strongly 

and antiferromagnetically coupled to the radical bridging 

ligand. For 2 and 3, this coupling can give rise to a high-angular 

momentum ground state for the overall molecule, which can 

enable the blocking of the magnetization. Therefore, it is critical 

to assess the strength of this magnetic coupling. In 1, the 

isotropic nature of the 4f7 electronic configuration of the GdIII 

ions, allows for this quantification. Consequently, the χΤ vs T 

plot of 1 was fitted, using PHI software,49 to the spin-only 

Hamiltonian: Ĥ = -2JGd-radŜrad(ŜGd1 + ŜGd2) -2JGd1-Gd2ŜGd1ŜGd2, where 

JGd-rad represents the GdIII-radical exchange coupling, JGd1-Gd2 

represents the intramolecular GdIII-GdIII exchange coupling and 

Ŝi are the spin operators for each paramagnetic center. The best 

fit resulted in JGd-rad = -14.0 cm-1, confirming the anticipated 

antiferromagnetic GdIII-radical coupling. It is noteworthy that 

the large coupling constant value of the JGd-rad = -14.0 cm-1 is 

likely due to the trans coordination mode of the radical bridging 

anion. In addition, due to the parallel alignment of the principal 

LnIII ground state magnetic axes, the best fit also yielded JGd1-Gd2 

= + 0.79 cm-1, indicating the ferromagnetic coupling between 

the LnIII centers. Attempts to use a negative JGd1-Gd2 or omit it 

from the fit, did not yield satisfactory fits. The field-dependent 

magnetization measurements further validate this for 1 at low 

temperatures. The magnetization plot (M vs. H, Fig. S6) shows 

field dependence, as it increases rapidly upon increasing the 

field, reaching a value of 12.92 NμΒ at 1.9 K and 70 kOe, which 

further supports a spin ground state of ST = 13/2. For complexes 

2 and 3, the fit of the χΤ data employing similar methods is 

complicated given the intricate electronic structures of the 

individual Tb(III) and Dy(III) ions, respectively, which set a 

significant challenge when trying to accurately assign the 

absolute strength and/or sign of J.40,43 However, since similar 

trends were observed in the temperature dependence of the χΤ 

data for 2 and 3, it is reasonable to assume that the magnitudes 

of the antiferromagnetic TbIII/DyIII-bpytz•- couplings are of 

comparable strength as proven in a qualitatively manner (vide 

infra). 

Furthermore, high-frequency EPR (HF-EPR) spectroscopy 

confirms the results of the magnetic fits - namely that 1 has a 

strongly coupled giant spin ground state (see ESI for further 

details; Fig. S9-S12). Notably, this is the highest exchange 

parameter reported for an organic monoanionic radical bridging 

GdIII metallocene and it even surpasses the previously reported 

tz•--bridged “Gd4”. This is only surpassed by N2
3•- complexes, as 

shown in Table 1. We note that the recently reported example 

of a benzene dianionic radical ligand in [K(18-crown-

6)(THF)2]2[Gd2(BzN6-Mes)] (BzN6-Mes = 1,3,5-tris[2′,6′-(N-

mesityl)dimethanamino-4′-tert-butylphenyl]benzene) was 

exempt from this comparison despite the impressive JGd-rad = -

43 cm-1, due to its diradical nature (S = 1).50 

To further support the experimental findings, we carried out 

the BS DFT calculations for four different cationic gadolinium 

model systems – 1Cp*trans, 1Cp*cis, 1Cptrans, and 1Cpcis – that 

were constructed from the crystal structure of 1 (Cp = 

cyclopentadienyl; Fig. 4 and SI). It is evident from the calculated 

data that the coordination of GdIII ions in a cis fashion leads to a 

strong twisting of the bpytz•- ligand, in particular, with the 

bulkier Cp* substituents (Fig. 4, S15, and Table S3).  

Table 1. Comparison of the highest exchange parameters (-2J formalism) of radical-

bridged Gd complexes. 

 
JGd-rad 

(cm-1) 
Ref. 

[{((SiMe3)2N)2(THF)Gd}2(μ3-N2
•)K] -27.1 51 

[K(18-crown-6)]{[(Me3Si)2N]2(THF)Gd}2(μ-N2
•) -27.0 18 

[K(crypt-222)(THF)][(CpMe4H
2Gd(THF))2(μ-Ν2

•)] -20.0 52 

[(Cp*2Gd)2(bpytz•)](BPh4) -14.0 This work 

[(Cp*2Gd)4(tz•)4]·3(C6H6) 
-12.0;  

-7.50 
34 

[(Cp*2Gd)2(μ-5,5’-F2bpym•)](BPh4) -11.1 53 

[K(THF)6][(Cp*2Gd)2(μ-ind•)]·THF -11.0 54 

[(Cp*2Gd)2(μ-bpym•)](BPh4) -10.0 40 

[(Cp*2Gd)2(μ-5,5’-(Me)2bpym•)](BPh4) -9.54 53 

[(Cp*2Gd)2(tz •)(THF)2](BPh4) -7.22 33 

[(Cp*2Gd)2(μ-tppz•)](BPh4) -6.91 43 

[K(crypt-222)][(Cp*2Gd)2(μ-tppz•)] -6.29 43 

[(Cp*2Gd)3(μ3-ΗΑΝ•)] -5.00 41 

[(Cp*2Gd)2(μ-5,5’-(OEt)2bpym•)](BPh4) -4.16 53 

[(Cp*2Gd)2(μ-5,5’-(NMe2)2bpym•)](BPh4) -2.66 53 

[K(crypt-222)][(Cp*2Gd)2(μ-Bbim•)] -1.96 55 

THF = tetrahydrofuran; CpMe4H = tetramethylcyclopentadienyl; Cp* = 

pentamethylcyclopentadienyl; tz = 1,2,4,5-tetrazine; bpym = 2,2’-bipyrimidine; 

tppz = 2,3,5,6-tetra(2-pyridyl)pyrazine; ind = indigo; HAN = hexaazatrinaphthylene; 

Bbim = 2,2’-bisbenzimidazole. All radical ligands presented herein have a S =½. 

 

Figure 4. Gas-phase optimized geometries of 1Cp*cis (A) and 1Cp*trans (B) illustrating the 

strong twisting of the bpytz•- in the cis-coordination mode vs. the trans-coordination 

mode where the ligand preserves its planarity. For clarity, H-atoms were omitted. 



 

 

As a matter of fact, the steric hindrance in 1Cp*cis is so strong 

that it is 110 kJ mol–1 higher in energy than 1Cp*trans explaining 

why only the trans isomer of 1 is observed experimentally 

(Table S4). Between the less bulky Cp substituted isomers, 

namely 1Cptrans, and 1Cpcis, the energy difference is only 14 kJ 

mol–1 in favor of the trans isomer. A more detailed inspection of 

the geometrical parameters reveals that the Gd- Ntetrazine, Gd-

Npyrazole and Cpcent-Gd distances are rather similar in all 

optimized model systems, but Cpcent-Gd- Cpcent and Gd-Ntetrazine-

Ntetrazine-Gd angles vary among the configurational isomers 

(Table S3). Among the studied compounds 1Cp*trans has the 

most optimal geometrical parameters for the strong Gd-bpytz•- 

exchange coupling because the calculated JGd-rad are -11.07 cm–

1, -9.91 cm–1, -2.83 cm–1, and -5.65 cm–1 for 1Cp*trans, 1Cptrans, 

1Cp*cis, and 1Cpcis, respectively (Table S5). The calculated 

results do not only support the (previous) experimental 

findings,39 but they also show that the value of JGd-rad is dictated 

by a delicate interplay between the steric hindrance of ancillary 

ligands and configurational isomerism in bpytz•--based systems. 

Given the large intrinsic magnetic anisotropy of TbIII and DyIII 

ions, it is anticipated that 2 and 3 will exhibit slow magnetic 

relaxation and thus act as SMMs. For comparison reasons, the 

slow relaxation of the magnetization in 1 was also explored. As 

such, ac magnetic susceptibility measurements were performed 

for complexes 1-3, which indeed displayed frequency and 

temperature-dependent out-of-phase (χ”) susceptibility signals 

between 0.1-1488 Hz. For 1, a peak of the χ’’ susceptibility was 

observed only in the presence of a static dc field, which is 

expected for Gd(III)-based complexes.56–58 Despite our best 

efforts, the frequency-dependent studies of the ac 

susceptibility, both with varying fields (Fig. S17, S18 and Table 

S17) and temperatures (Fig. S19, S20 and Table S18), revealed 

that the relaxation of the magnetization in 1 is dominated by 

QTM (Table S19; see ESI for further details). This is reasonable 

considering the very small ZFS parameters obtained from the 

HF-EPR studies of 1 (D = +0.047 cm-1; E = +0.009 cm-1; E/D = 

0.19). For 2, a frequency-dependent signal was observed in the 

absence of a static dc field (Hdc = 0 Oe) between 9.2 and 1.8 K 

(Fig. 5A and S21). Both the in-phase (χ’) and out-of-phase (χ”) 

parts of the susceptibility revealed a single frequency-

dependent signal between 9.2 and 5.8 K, suggesting that the 

relaxation of the magnetization takes place through a thermally 

activated process in this temperature region. Upon further 

lowering of the temperature, the maxima of the χ” signal start 

to overlap, suggesting that through-barrier relaxation 

mechanisms start to dominate. By using CCFit-2 software,59 a 

generalized Debye model was used to fit both the χ’ and χ” (Fig. 

5B), affording the relaxation times (τ) (Table S20). Insight into 

the magnetic relaxation dynamics of 2 in the absence of a static 

dc field, was gained by the analysis and fitting of the τ-1 vs. T 

plots (Fig. 6A), where a combination of QTM, Raman and Orbach 

mechanisms was used to accurately fit the relaxation times, 

using Eqn. (1): 

τ-1 = τQTM
-1 + CTn + τ0

-1exp(-Ueff/kBT) (1) 

where τ is the magnetic relaxation time, τQTM is the relaxation 

time for quantum tunnelling, C and n are parameters that 

describe the Raman relaxation, τ0 is the attempt time and Ueff is 

the effective barrier to spin reversal. The best fit to Eqn. (1) 

afforded the following parameters: τQTM
 = 1.04 × 10-1 s, C = 0.49 

s-1 K-n
, n = 2.09, τ0 = 3.34 × 10-11 s and Ueff = 97.8 cm-1. 

 

 

 

Figure 5. Frequency dependence of the out-of-phase magnetic susceptibility (χ”) for 2 (Hdc = 0 Oe; (A); Hdc = 1400 Oe; (C)) and 3 (Hdc = 0 Oe; (E); Hdc = 1400 Oe; (G)) and Cole-Cole 

plots for 2 (Hdc = 0 Oe; (B); Hdc = 1400 Oe; (D)) and 3 (Hdc = 0 Oe; (F); Hdc = 1400 Oe; (H)) at the respective temperature regions. Solid lines represent fits to the generalized Debye 

model. Fitting parameters for the generalized Debye fit of the ac susceptibilities for 2 are summarized in Table S20 (when Hdc = 0 Oe) and S25 (when Hdc = 1400 Oe) and for 3 in Table 

S21 (when Hdc = 0 Oe) and S26 (when Hdc = 1400 Oe). 
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Similarly to 2, in the absence of a static magnetic field (Hdc = 

0 Oe), a frequency-dependent signal was observed for 3 in the 

temperature range of 13.4 to 7.4 K (Fig. 5E and S22). At lower 

temperatures (7 to 2.6 K) this frequency-dependence is 

combined with a slight overlap of the χ” signal, suggesting that 

through-barrier mechanisms contribute to the relaxation of the 

magnetization at lower temperatures. Fitting of both the χ’ and 

χ” to a generalized Debye model (Fig. 5F) affords the relaxation 

times (τ) (Table S21), which were fitted to a combination of 

QTM and Orbach mechanisms (Fig. 6B), using Eqn. (2): 

τ-1 = τQTM
-1 + τ0

-1exp(-Ueff/kBT) (2) 

A term accounting for Raman relaxation was also 

investigated without providing any physically meaningful 

parameters or improving the fit and was therefore removed. 

The best fit yielded τQTM
 = 6.88 × 10-1 s, τ0 = 1.00 × 10-8 s and Ueff 

= 90.2 cm-1. To find out whether the observed energy barriers 

originate from the spin-orbit states of a single LnIII center or low-

lying exchange states of 2 and 3, we carried out the SA-

CASSCF/SO-RASSI calculations for each individual LnIII ion in 2 

and 3, as well as simulated their exchange-spectra at a 

qualitative level using the previously reported procedure34 (see 

ESI for details). All calculations were performed with the 

Gaussian 16,60 ORCA (5.0.3),61 and the OpenMolcas (20.11)62 

quantum chemistry software. The first excited KDs of DyIII ions 

are ~190 cm–1 higher in energy than their ground KDs (Tables 

S9–S10). Thus, for 3, it is highly likely that the energy barrier for 

slow relaxation of the magnetization originates from the 

exchange state rather than from the individual DyIII ions. 

Indeed, the energy of the first-excited exchange state is 78 cm–

1 for 3 which is in reasonable agreement with the 

experimentally determined value of 97.8 cm-1 (Table S11). For 

2, the analysis is not as unbroken as for 3, because, both the 

first excited pseudo doublets of the individual TbIII ions (~115 

cm–1) and the first excited exchange state (65 cm–1) are close to 

the experimental value of 90.2 cm-1 (Tables S7, S8 and S11). 

However, taking into account the strong exchange interaction 

observed for these complexes, it is more likely that the Ueff for 

2 is also dictated by the exchange coupling. 

Despite the contribution of QTM to the magnetic relaxation 

of these complexes, these Ueff are among the largest observed 

for tetrazine-based radical-bridged LnIII complexes.37,38,42,63 

They surpass the previously reported Ueff for the tz•--bridged 

“Ln2” (49 cm-1 for the “Tb2” and 25 cm-1 for the “Dy2”)33 and are 

even comparable to the “Dy4” (91 cm-1 and 80 cm-1).34 This can 

be rationalized by the slightly better axiality of the {Cp*2LnIII}+ 

moieties in 2 and 3 (3: Cp*cent-Dy-Cp*cent: 141.52(24)°; “Dy2”: 

Cp*cent-Dy-Cp*cent: 136.58(2)°; “Dy4”: Cp*cent-Dy-Cp*cent: 

137.86(4)°). 

 

Figure 6. Temperature-dependence of the relaxation rates (τ-1) for 2 (A) and 3 (B) when 

Hdc = 0 Oe and when Hdc = 1400 Oe (C) with the respective estimated standard deviations 

(gray bars). These estimated standard deviations of the relaxation times have been 

calculated from the α-parameters of the generalized Debye fits with the log-normal 

distribution.59 The solid red lines represent the best-fit based on Eqn. (1) for (A), Eqn. (2) 

for (B) and Eqn. (3) for (C), while the dashed orange, teal and purple lines represent the 

individual components of the magnetic relaxation for QTM, Raman and Orbach 

processes, respectively. 

The through-barrier relaxation of the magnetization in 3 

can, in part, be attributed to the different coordination mode 

mediated by the Npyrazole
 on the DyIII ions as well as to dissimilar  



 

 

effective charges of the coordinated atoms compared to “Dy4” 

that generate different crystal fields for 3 and Dy4 (see ESI). In 

other words, the coordination of the bpytz•- at the equatorial 

positions of the DyIII ions, through the 3,5-dimethyl-pyrazole 

substituents and the tetrazine ring, introduces QTM and 

competes with the axiality imposed by the Cp* groups, thus 

lowering the observed Ueff. This is probably further exacerbated 

by the close intermolecular LnIII···LnIII distances, which can lead 

to significant dipole-dipole interactions that are known to 

facilitate through-barrier relaxation of the magnetization.64 

The effect of the applied static field on the magnetization 

dynamics of 2 and 3, was examined to eliminate the presence 

of QTM. As such, ac measurements were undertaken at various 

static fields (0-5000 Oe) at a constant temperature of 6.5 K for 

2 and 7.5 K for 3, where a field-dependent signal of the χ” was 

observed (Fig. S23 and S24, respectively). Fitting of the χ” data 

via a generalized Debye model yielded the field-dependent τ for 

both complexes (Tables S22 and S23, respectively). For 2, as 

evident by Fig. S25, an increase in the relaxation times with the 

increase of the applied static field is observed between 0 and 

1400 Oe and above this field, the relaxation times start to 

decrease slightly. Comparatively to 2, as seen in Fig. S26, the 

relaxation times for 3 show a similar increase with increasing 

applied static field up to 1400 Oe. However, above this field, the 

relaxation times become field-independent, indicating that 

QTM has been successfully suppressed at higher fields and that 

the relaxation of the magnetization is mediated exclusively via 

the thermally activated pathway. To further understand the 

relaxation dynamics taking place under the different applied 

static fields, the τ-1 vs. H plots for both 2 and 3 were fitted. For 

2 a combination of QTM, Raman, Orbach and direct 

mechanisms was used in order to accurately fit the data. For 3 

a satisfactory fit was achieved for a combination of QTM and 

Orbach (see ESI for further details). These trends are in 

agreement with those observed from the temperature-

dependent studies of both complexes at Hdc = 0 Oe. Apart from 

the contribution of the direct mechanism in 2 (which is only 

present at higher applied dc fields), it is evident that the 

relaxation of the magnetization can be described by the same 

combination of processes; QTM, Raman and Orbach for 2; QTM 

and Orbach for 3 (Table S24). 

Following this, and since the presence of a static field can 

lead to effective suppression of QTM, the ac susceptibilities of 

both complexes were measured at 1400 Oe. For both 

complexes, the presence of a frequency-dependent peak of the 

χ” susceptibility in the temperature range of 9.2 to 5.8 K for 2 

(Fig. 5C, 5D, S27) and 13.4 to 7.0 K for 3 (Fig. 5G, 5H and S28), 

was observed. Fitting of the ac susceptibility data using a 

generalized Debye model yielded longer relaxation times (Table 

S25 for 2 and S26 for 3). As expected, in both cases, the peaks 

of the susceptibility showed an exponential increase upon 

lowering of the temperature, indicative of a thermally activated 

relaxation process, i.e. Orbach mechanism. As such, the 

relaxation times were fitted, using Eqn. (3) (Fig. 6C): 

τ-1 = τ0
-1exp(-Ueff/kBT) (3) 

The best-fit parameters for 2 were τ0 = 3.43 × 10-11 s and Ueff = 

97.2 cm-1, showing, as expected, the suppression of QTM and 

Raman contributions. Similarly, for 3, the best-fit parameters 

were τ0 = 6.04 × 10-9 s and Ueff = 94.1 cm-1, showing that, as 

expected, upon suppression of the QTM the Ueff can be slightly 

enhanced. Accordingly, the Arrhenius plot for both complexes 

of the ln(τ) vs. T-1 was constructed to verify these findings, 

where a linear trend was observed (Fig. S29). Best-fit 

parameters for the relaxation of the magnetization in the 

absence and presence of a static dc field for both complexes are 

summarized in Table S27. 

Conclusions 

Through a carefully designed strategy using a bulky metallocene 

building block and a redox-active ligand with two coordination 

pockets, a family of dinuclear Ln2 complexes was successfully 

synthesized. In these complexes, the trans coordination mode 

of the bridging tetrazinyl radical ligand allowed us to probe the 

strength of the magnetic coupling which was significantly 

stronger compared to the cis-coordination fashion.37–39 The 

highly localized spin density on the core of the tetrazinyl radical 

ring, in combination with the trans coordination mode of the 

bpytz•- ligand dictated by the bulkiness of the Cp* ligands, leads 

to the strongest magnetic coupling reported for an organic 

monoanionic radical-bridged Ln metallocene (JGd-rad = -14.0 cm-

1). Upon combination of this radical ligand with highly 

anisotropic {Cp*2TbIII}+ and {Cp*2DyIII}+ moieties in 2 and 3, 

respectively, blocking of the magnetization and slow relaxation 

of the magnetization were observed with Ueff = 97.8 cm-1 for 2 

and 90.2 cm-1 for 3. These are the highest Ueff reported among 

the family of tetrazine-based radical-bridged Ln complexes. 

Interestingly, 1 also exhibited ac susceptibility signals in the 

presence of an applied dc field. However, the relaxation of the 

magnetization was dominated by QTM. These findings highlight 

the importance of the magnetic exchange coupling in 4f-based 

SMMs and prove that tetrazines are among the most 

prosperous organic radical ligands to promote such strong 

magnetic interactions. That said, different substituents on the 

3- and 6-positions of the tetrazine ring can promote slow 

magnetic relaxation and enhance the magnetic communication 

between the Ln ions. Through engineered design, tetrazines 

provide a new reliable platform for synthesizing high-

performing SMMs. 
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