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Coexistence of long-range antiferromagnetic order and slow 
relaxation of the magnetization in the first lanthanide complex of 
a 1,2,4-benzotriazinyl radical†  

Ian S. Morgan,a* Akseli Mansikkamäki,a Mathieu Rouzières,b,c Rodolphe Clérac,b,c* and Heikki M. 
Tuononena* 

The first lanthanide complex of a 1,2,4-benzotriazinyl radical (1), 

Dy(1)(tbacac)3 (2, tbacac = 2,2,6,6-tetramethyl-3,5-heptane-

dionato), was synthetised and found to have an 

antiferromagnetically ordered ground state with a metamagnetic 

phase diagram and a critical field of 0.91 T at 1.85 K. The application 

of a small dc field revealed the single-molecule magnet behaviour 

of 2, illustrating the coexistence of long-range antiferromagnetic 

order and slow relaxation of the magnetization. 

Over the last 25 years, single-molecule magnets (SMMs)1 have 

attracted increasing attention from chemists and physicists due 

to their potential uses in spintronics2 and quantum computing.3 

In these molecular materials, the slow dynamics of the 

magnetization, that is, their magnet-like behaviour, is thermally 

activated with an effective energy barrier, eff, that depends on 

the spin-state and the zero-field splitting of the molecular 

complex.4 In recent years, the synthesis of SMMs based on 

lanthanide ions has been an active topic in the field because of 

their inherent large uniaxial anisotropy and high spin, both of 

which increase the energy barrier eff.5 In fact, dysprosium and 

terbium ions possess such substantial anisotropy that the vast 

majority of lanthanide-based SMMs take use of these two metal 

ions. 

 Organic radical ligands have been shown to be an efficient 

strategy for enhancing magnetic interactions in lanthanide-

based coordination complexes.6 While there are many 

lanthanide-based SMMs (and also single-chain magnets, SCMs) 

that contain radical ligands such as nitronyl nitroxides,7 

semiquionates,8 N2
3−,9 azophenine,10 and thiazyls,11 only one 

example of a lanthanide–verdazyl complex has been published 

to date;12 related lanthanide–bipyridine complexes, have, 

however, been extensively investigated.13 This is somewhat 

surprising considering the longevity of verdazyl radicals under 

ambient conditions and their propensity to coordinate to 

metals. In this context, we have recently reported a new related 

nitrogen-based coordinating radical, namely 1-phenyl-3-(pyrid-

2-yl)benzo[e] [1,2,4]triazinyl (1), along with its d-block metal 

complexes.14 In this contribution, we extend the coordination 

chemistry of 1 to f-block metals and report the complex 

Dy(1)(tbacac)3 (2, tbacac = 2,2,6,6-tetramethyl-3,5-

heptanedionato). Theoretical attempts to determine the 

exchange parameters and the origin of the long-range 

antiferromagnetic order in 2 are also described. 

 

 

 Complex 2 was synthesised by reacting radical 1 with 

anhydrous Dy(tbacac)3 in dichloromethane. Recrystallization 

from pentanes afforded air and moisture stable dark red single 

crystals of 2 that were suitable for X-ray diffraction and 

magnetic susceptibility measurements.  

 Compound 2 crystallizes in the monoclinic space group 

P21/n. The asymmetric unit contains a single Dy(1)(tbacac)3 

complex in which the DyIII ion is coordinated by six oxygen and 

two nitrogen atoms that overall form a coordination 

environment that can be described as a distorted square 

antiprism or, alternatively, a distorted triangular dodecahedron 

(Fig. 1). Nearby complexes in adjacent asymmetric units interact  
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Fig. 1 ORTEP plot (50% probability ellipsoids) of 2. Two adjacent asymmetric units 
are shown to illustrate close contacts between neighbouring complexes. Methyl 
groups and hydrogen atoms have been removed for clarity. 

via close contacts between atoms on the N-phenyl substituent 

of the radical ligand (Fig. 1). Pairwise interactions of this nature 

are commonly observed for many radical ligands and can result 

in strong antiferromagnetic coupling of their spins to the point 

where the radical···radical unit becomes essentially 

diamagnetic. However, in case of complex 2, the closest C···C 

contacts (3.310(6) Å) are only slightly shorter than the sum of 

van der Waals radii and involve atoms with little spin density. 

 The magnetic properties of 2 were measured at an applied 

dc field of 1000 Oe. The χT product at 300 K is 14.4 cm3 K mol−1 

(Fig. 2) which is in good agreement with the expected value for 

an isolated DyIII ion (S = 5/2, L = 5, 6H15/2, g = 4/3; C = 14.17 cm3 

K mol−1) and one radical spin (S = 1/2, C = 0.375 cm3 K mol−1, g = 

2). It is difficult to determine the apparent (if any) magnetic 

contribution from the radical spin due to the intrinsic large 

paramagnetic contribution of the DyIII site. Upon lowering the 

temperature, the χT product decreases to a minimum value of 

1.1 cm3 K mol−1 at 1.8 K. This thermal behaviour arises partially 

due the thermal depopulation of the MJ sublevels of the 6H15/2 

multiplet but also certainly from antiferromagnetic couplings in 

the material. 

 The field dependence of the magnetization below 1 T 

reveals a characteristic S-shape variation at a characteristic field 

HC (defined as the maximum of the field derivative of the 

magnetization, dM/dH; Fig. 3b), confirming the presence of 

significant antiferromagnetic interactions. At higher fields, the  

 

Fig. 2 Temperature dependence of the χT product for 2 at 1000 Oe with χ defined 
as the molar magnetic susceptibility equal to M/H per mole of 2. Inset: χT vs T data 
shown in semi-logarithmic scale. 

 

Fig. 3 Low temperature magnetic properties for 2: (a) M vs H and (b) dM/dH vs H 
plots with field sweep rates of 100–200 Oe min−1; (c) χ vs T plots; and d) magnetic 
phase diagram (H,T) constructed from χ vs T (red) and M vs H (black) data. Solid 
lines are visual guides for the eye. 

magnetization increases in slow and linear manner as expected 

for a DyIII complex with significant magnetic anisotropy. 

Combining M vs H and χ vs T data (Fig. 3a–c), the temperature 

dependence of HC was followed from HC(0) = 0.91 T at 1.85 K to 

0 T at TN = 8.6 K, proving the occurrence of a magnetic phase 

transition line separating the three-dimensionally ordered 

antiferromagnetic ground state and a paramagnetic state (the 

resulting (T,H) magnetic phase diagram is shown in Fig. 3d). 

 As found for most lanthanide systems that have very fast 

relaxation of the magnetization, no hysteresis effect on the M 

vs H data is observed above 1.85 K for 2. Thus, complex 2 was 

subjected to ac susceptibility measurements to examine 

possible slow dynamics of the magnetization. In zero dc field, ac 

measurements were performed down to 1.85 K. Within the 

frequency range of 10–10000 Hz, no out-of-phase signal was 

observed. Therefore, the ac susceptibility was further studied 

under dc fields as this can have a double effect: (i) to lift the 

degeneracy of the energy levels and thus to minimize the 

quantum tunnelling of the magnetization in SMMs (usually at 

low dc field)4 and (ii) to compensate for the antiferromagnetic 

interactions between magnetic objects revealing their intrinsic 

dynamic properties. This kind of decoupling effect has been 

observed in paramagnetic systems of SMMs11 but also in some 

SCMs displaying a three-dimensionally ordered 

antiferromagnetic ground state.15 In the former case, the 

observation of slow relaxation of the magnetization is possible 

at the vicinity of the antiferromagnetic–paramagnetic phase 

transition that for 2 occurs at 0.91 T and 1.85 K (Fig. 3d). 

 Under a dc field at 1.9 K, a relaxation mode clearly appears 

with the slowest relaxation frequency of 1280 Hz observed at 

an optimum field of 0.85 T, very close to the corresponding HC
 

found by static magnetic measurements (Fig. 3d). This result 

unambiguously confirms the decoupling effect of the magnetic 

field and the slow relaxation of the magnetization in 2. The ac 

susceptibility was studied under 0.85 T and below 15 K (Fig. 4)  



   

  

  

  

 

Fig. 4 Temperature (left) and frequency (right) dependence of the real (χ’, top) and 
imaginary (χ”, bottom) parts of the ac susceptibility between 10 and 10000 Hz and 
between 1.85 and 3.7 K, respectively, for 2 in 0.85 T dc field. Solid lines are visual 
guides for eye. Inset: τ vs T−1 plot for 2 in 0.85 T dc field. Solid red line represents 
the best fit to the Arrhenius law. 

to determine the temperature dependence of the relaxation 

time that appeared to be thermally activated (Fig. 4, inset). 

From this data, the effective energy barrier eff/kB can be 

estimated to be 11.8 K with an Arrhenius law pre-exponential 

factor of 0 = 2.5  10−7 s. 

 The lack of slow relaxation of the magnetization in the 

absence of an external field can be rationalized in terms of the 

crystal field around the DyIII ion. It has been well established 

that the DyIII ion shows strong anisotropy in axial crystal fields16 

whereas in 2, the crystal field has a distorted square 

antiprismatic geometry. In low-coordination environments, the 

quantum tunnelling of the magnetization is strong and slow 

relaxation of the magnetization can only be observed if the 

tunnelling process is suppressed by an external magnetic field, 

as is the case herein. To this extent, it is worth mentioning that 

slow relaxation of the magnetization has been observed for 

square antiprismatic TbIII complexes.17 However, in 2, the 

immediate coordination environment around the metal ion 

contains oxygen atoms with formal negative charge and 

nitrogen atoms that are formally neutral, creating a charge 

distribution with symmetry considerably lower than that 

implied by the square antiprismatic geometry alone. It is 

therefore very unlikely that slow relaxation at zero-field would 

be observed if the DyIII ion in 2 were to be replaced by TbIII, or 

any other lanthanide ion for that matter. In certain cases 

exchange interaction with the radical spin can also be used to 

suppress the quantum tunnelling of the magnetization, which 

is, however, not observed herein. The exchange coupling 

between the DyIII ion and the radical leads to an overall non-

Kramers’ system with an even number of electrons and, thus, to 

the loss of Kramers’ degeneracy. This combined with the low 

symmetry of the crystal field in 2 most likely leads to faster 

relaxation of the magnetization rather than suppression of 

tunnelling. 

 The packing of 2 in the solid state indicated that 

Dy(1)(tbacac)3 is structurally a mononuclear complex. The 

relative magnitude of the metal–radical magnetic coupling was 

estimated by scalar relativistic density functional theory (DFT) 

calculations conducted on a model system with GdIII ion in place 

of DyIII. This allows the metal–radical coupling strength to be 

estimated in an identical ligand field as in complex 2 but without 

the need to consider the orbital contribution to the angular 

momentum. After rescaling to the S = 5/2 spin moment of DyIII, 

the calculated coupling 2JDy–R was found to be −6.7 cm−1, 

suggesting that the metal–radical interaction is weak and 

antiferromagnetic. There are, however, also short 

radical···radical contacts that need to be considered. DFT 

calculations for two nearest-neighbour complexes of 2 

(interacting via their N-phenyl substituents, Fig. 1) gave 2JR–R = 

−15.8 cm−1, which shows that the radical···radical coupling is 

antiferromagnetic and too weak to support a complete 

magnetic dimerization at room temperature. Apart from these 

two magnetic couplings, no obvious exchange pathways that 

would induce the three-dimensional antiferromagnetic order in 

2 could be identified from the crystal structure. Hence, at this 

stage, the stabilization of antiferromagnetic order is attributed 

to dipolar coupling between the DyIII ions (the shortest through-

space distance between metal centres is 10.3358(4) Å), assisted 

by weak radical–radical interactions. A more detailed 

theoretical analysis is currently underway. 

Conclusions 

Herein we have structurally, magnetically, and computationally 

characterised the compound Dy(1)(tbacac)3 (2), the first 

lanthanide complex of a new coordinating 1,2,4-benzotriazinyl 

radical. Complex 2 is soluble into organic solvents and stable 

both in the solid state and in solution under ambient conditions, 

presumably owing to the favourable properties of radical 1. 

Magnetic susceptibility data collected on 2 revealed an 

antiferromagnetically ordered ground state below 8.6 K with a 

metamagnetic phase diagram and a critical field of 0.91 T at 1.85 

K. When a small magnetic field was applied and the 

intermolecular antiferromagnetic interactions compensated 

for, the single-molecule magnet behaviour of 2 could be 

observed, illustrating the coexistence of long-range 

antiferromagnetic order and slow relaxation of the 

magnetization. The successful characterization of 2 opens up a 

new possibility to use 1,2,4-benzotriazinyl radicals in lanthanide 

coordination chemistry. The versatility of the radical framework 

should allow for the design and synthesis of new paramagnetic 

ligands that are more adapted for coordination to rare earth 

metal ions as well as intelligent construction of novel mixed-

metal systems that could be used as building blocks in the 

development of single-molecule magnets and, more generally, 

molecule-based magnets. 
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