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Through a stepwise synthetic procedure, the combination of the unsubsituted 1,2,4,5-tetrazine (tz) with lanthanide

metallocenes yielded a new family of radical-bridged dinuclear complexes; [(Cp*.Ln")2(tz*)(THF)2](BPha), (Ln = Gd (1), Th (2),

Dy (3); THF = tetrahydrofuran; Cp* = pentamethylcyclopentadienyl). The strong magnetic exchancge coupling of Jed-raa=-7.2

cm? observed in 1, was probed through SQUID magnetometry as well as computational studies. This in combination with

the highly anisotropic oblate Th"' and Dy"'ions in 2 and 3, respectively, lead to zero-field SMM behaviour and slow relaxation

of the magnetization through thermally activated processes.

Introduction

For more than thirty years, single-molecule magnets (SMMs)
have proven to be prosperous candidates as switchable,
molecular devices for storage information by using the
orientation of their spins.!=3 Although the field of Molecular
Magnetism started from the study of 3d-based systems,* it
flourished upon switching towards 4f-based systems. Bistability
of their magnetic ground state in addition to large inherent
anisotropy has set 4f ions as protagonists in the field of
Molecular Magnetism.>® Lanthanide-based SMMs have been
known to yield longer relaxation times of their magnetization
and large thermal barriers to spin reversal (Ues), subsequently
leading to magnetic remanence at higher temperatures.’-° Over
the past decade, the targeted design of Ln systems for achieving
superior SMM behaviour, such as increasing the axiality of the
ligand field (LF) around the metal centres, has enabled
important scientific breakthroughs.10 In particular, it is well
established that increasing the axiality of the ligand field in
oblate Tb'"' and Dy'"' ions can lead to larger thermal barriers.1?
While these features could lead to spin-based information
storage, research has mostly focused on mononuclear
SMMs 912 Consequently, the switch towards the synthesis of
polynuclear Ln-complexes with optimum magnetic properties
presupposes the use of multidentate bridging ligands.

In addition to this, the design of next generation SMMs,
premises that through barrier relaxation of the magnetization
needs to be minimized (such as quantum tunnelling of the
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magnetization -QTM-, Raman and direct mechanisms).3 This can
be surpassed by the presence of strong magnetic
communication between the Ln centres. The importance of the
magnetic communication in the form of a meta-metal bond was
recently reported by Gould et al. in (Cp'*),Ln,l3 (Ln = Gd, Th,
Dy; Cp'P"s = pentaisopropylcyclopentadienyl), which exhibited
an enormous coercive field (> 14 T) at temperatures as high as
60 K.13 However, controlling the formation of metal-metal
bonds is rather unrealistic. A promising alternative to this relies
on the exploitation of open shell ligands, which benefits from
the magnetic Ln-rad coupling. Given that the latent is strong
enough the successful suppression of through-barrier
relaxation of the magnetization can be achieved. Indeed, this
approach has led to increased magnetic performance as strong
Ln-radical coupling has been shown to lead to higher blocking
temperatures of the magnetization (up to 20 K) and significant
magnetic hardness (H. = 7.9 T).1* Strong exchange coupling
between the diffuse spin of the radicals and the lanthanide
centres gives rise to a high angular momentum ground state of
the single magnetic unit by minimizing single-ion effects (i.e.
QTM). To this day, several attempts towards this direction have
been made, 518 with the N,*3- radical bridged family having the
best magnetic performance, yet reported.'*1° However, the
isolation of N*3- radical bridged complexes is a synthetic
challenge as it cannot, rationally, be incorporated into
complexes, and it offers no room for structural modification.
Recently, we demonstrated that the incorporation of the
1,2,4,5-tetrazine (tz) into tetranuclear “Lns” metallocenes
([(Cp*2LN)a(tz*)4)-3(CeHe), where Ln = Dy and Gd; Cp* =
pentamethylcyclopentadienyl), can lead to strong magnetic
coupling and significant magnetic hardness (H. = 3 T).2° Apart
from the synthetic advances over the N»*3 radical bridge, the
very low-lying * LUMO of the tz ring, can easily undergo a one
e reduction, forming the tz* radical anion.2! The diffuse nature
of the spin orbitals of tz*-based radicals are ideally suited to
penetrate the shielded 4f orbitals, promoting strong coupling.22
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However, a strongly coupled polynuclear Lns system is
complicated enough to examine the effect of the Ln-radical
coupling and therefore, lowering the nuclearity might shed
more light into the direct correlation of magnetic exchange
interactions and the magnitude of the thermal barrier to
magnetic relaxation.

With these in mind, our efforts involve the use of the tz*- as
a bridging ligand to connect [Cp*,Ln"']* moieties, which are
characterized by significant magnetic axiality. Herein, we report
the employment of the unsubstituted tz*- for the first time in
dinuclear lanthanide metallocene complexes, yielding:
[(Cp*,Ln"),(tz*")(THF)2](BPhs), (Ln = Gd (1), Tb (2), Dy (3); THF =
tetrahydrofuran). Strong antiferromagnetic coupling between
the tz*- and the Ln"' centres is observed for all three complexes,
yielding zero-field SMM behaviour with slow relaxation of the
magnetization and magnetic hysteresis for 2 and 3. Based on ab
initio calculations the strong antiferromagnetic Ln-rad coupling
is probed, verifying that their magnetic state can be
interpretated as a giant-spin where the relaxation of the
magnetization is related to changes in the magnetic state of the
overall exchange-coupled system.

Results and discussion

Synthetic procedure and structural description

The first step, in the synthesis of 1-3, involves the equimolar
reduction of the tz ligand with potassium graphite (KCg) in THF
(Scheme 1). The dark mixture is slowly added to a solution of
two equivalents of [Cp*,Ln"][(u-Ph;)BPh;] (where Ln = Gd (1),
Tb (2), Dy (3)). The resulting dark red solution was stirred
overnight, filtered and placed in an Et,O bath. After two days,
dark red crystals of [(Cp*,Ln"),(tz*-)(THF)2](BPhy), (Ln = Gd (1),
Tb (2), Dy (3)) were obtained (Fig. S1).
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Scheme 1 Synthesis of the radical-bridged dinuclear compounds (1-3).

Single-crystal X-ray diffraction (SCXRD) analysis reveals that
1-3 crystallize in the monoclinic /2/a space group as
centrosymmetric complexes, with one
crystallographically independent Ln'"' center. Selected bond
distances and angles along with X-ray data of all complexes are
summarized in Tables S1-S2. The three cationic complexes are
isomorphous (Fig. S2) and therefore, only 3 is presented in Fig.
1. The complexes consist of two [Cp*,Ln"']* moieties, bridged by
a p-tz*- ligand. The coordination sphere of each Ln'' centre is
completed by one THF molecule (av. Ln—Orue: 2.389(2) A). To
stabilize the cationic complex, one BPhs is found in the crystal
lattice. The average Ln—Ccp+ bond distances are 2.707(1),
2.687(2) and 2.678(1) A for complexes 1-3, respectively, while
the Cp®cent—LN—Cp~cent angles are 136.3(2)°, 136.4(2)° and
136.6(2)°. These bond distances and angles highlight the fact
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Fig. 1 Molecular structure of 3. Partial labelling and omission of the BPh,” moiety and H-
atoms have been employed for clarity. The solid teal lines represent the orientation of
the principal magnetic axes of the ground Kramers doublet. Colour code: C: light grey; N:
blue; O: red; Dy: orange.

that the axiality imposed by the Cp* ligands is increasing along
the lanthanide series. These values are similar to those reported
for other radical bridged SMMs containing [Cp*,Ln]* moieties,
which usually display high single-ion anisotropy.823.24 The
average Ln—Cp*cent distances (2.427(5), 2.405(5) and 2.395(5) A
for 1-3, respectively) and Ln—N, bond distances (2.485(3),
2.469(2) and 2.460(2) A for 1-3, respectively) are close to the
respective distances for the reported “Lns” complexes (av. Ln—
Cp*cent: 2.403(1) A and av. Ln—Ny: 2.601(4) A).2° These Ln—Ny,
bond distances are also similar to those observed for
bipyrimidyl radical-bridged complexes (2.424(6) — 2.440(6)
A)1825 put, as expected, they are larger upon comparison to the
N,°3 systems (2.234(1) A).142° The reduction of the tz ligand is
confirmed through charge balance considerations, as well as
the elongation of the N—N bonds of the tetrazine ring which is
significant when compared to the free ligand.26 The average
N1-N2’ bond distance in 1-3 range from 1.391(3) to 1.394(3) A.
Such N—-N bond elongations have been previously reported for
tz*-based ligands.20.27

Inspection of the packing arrangement of all three
compounds reveals that these dimers are in relatively close
proximity (Fig. S3). A thorough study of the supramolecular
organization of the Ln; units via Hirshfeld surface analysis?® is
given in the ESI (Fig. S3, S4). The absence of strong hydrogen
bonding donors or acceptors in both the main residue and
solvent area of 1, 2 and 3 leads mostly to close packing
interactions such as C---H/H---C and H---H interactions with total
percentages of 12% and 88%, respectively, as revealed by the
2D fingerprint plots of all interatomic interactions (Fig. S4).
Notably, the average shortest intermolecular Ln---Ln distance is
9.505(6) A, while the respective average intramolecular
distance is 7.099(5) A (Fig. S5).

Magnetic properties

To probe the magnetic behaviour of 1-3, direct current (dc) and
alternating current (ac) magnetic susceptibility studies were
undertaken. The dc magnetic susceptibilities of all complexes
were measured between 300 and 1.8 K at 1000 Oe (Fig. 2). At
room temperature, the xT products are 16.11 cm3K mol?, 23.96
cm3 K mol! and 28.58 cm3 K mol? for 1-3, respectively. These
are consistent with the theoretical values of 16.13 cm3 K mol-?,
24.01 cm3 K mol-tand 28.71 cm3 K mol- for 1-3, respectively, for

This journal is © The Royal Society of Chemistry 20xx



T
dinte

oo e
MW =

200

0 100

300
T(K)

Fig. 2 Variable temperature dc susceptibility of 1 (teal circles), 2 (blue circles) and 3
(magenta circles) under an applied field of 1000 Oe. The solid red line represents the fit
as determined from the application of the 2J formalism. Insert: Simplified illustration of
the two J-model which was used to fit the data highlighting the antiparallel spin
alignment of the Ln"" ions with respect to the tz*- ligand. Colour code: Ln": orange
spheres; tz*: blue spheres.

two Ln'"ions (Gd: S = 7/2, 8575, g =2, C=7.88 cm3 K mol ! ; Th:
§=3,0=3,7Fg,g=3/2,C=11.82 cm3Kmol%; Dy: S=5/2, L =5,
6H15/2, g = 4/3, C=14.17 cm3 K mol?) and one radical moiety ( S
=%, C=0.37 cm3 K mol?). Upon lowering of the temperature,
the xT product slightly decreases until ~145 K for 1, ~150 K for 2
and ~90 K for 3 reaching a shallow minimum (15.85 cm3 K mol-
1,23.4 cm3 K mol?! and 27.97 cm3 K mol%, for 1-3 respectively).
Above that temperature, it starts to increase rapidly upon
further lowering of the temperature, until it reaches a
maximum of 24.43 cm3 K mol1 at 5 K for 1,35.83 cm3 K mol? at
14 K for 2 and 45.6 cm3 K mol? at 6.5 K for 3. This behaviour can
be attributed to the spin alignment of the Ln ions which is
caused by the strong antiferromagnetic interactions between
the metal centres and the tz*- ligand (Fig. 2, insert).29.23.25 Bellow
this temperature, the xT value decreases slowly for 1 and
rapidly for 2 and 3 with the temperature drop until it reaches a
value of 24.02 cm3 K mol?, 29.15 cm3 K mol?® and 40.93 cm3 K
molt at 1.8 K, respectively. For 2 and 3, this steep downturn in
the lower temperature region is attributed to magnetic blocking
as observed for similar lanthanide systems.?>

To validate the presence of magnetic blocking, zero-field-
cooled/field-cooled (ZFC/FC) susceptibility
measurements were performed for 2 and 3. For both
complexes, the divergence of the two data sets, at 3.4 K for 2
and 2.2 K for 3, confirms the pinning of the magnetic moment
below these temperature regions (Fig. S7). Field dependence of
the magnetization (up to 70 kOe) at different temperatures (1.9
to 7 K) was measured for all three complexes. For 2 and 3,
distinct s-shape curves were observed in the isotemperature
lines at 1.9 and 3 K for 2 and 1.9 K for 3 (Fig. S8), clearly
suggesting the presence of magnetic blocking. Consequently,
magnetic hysteresis measurements were performed for 2 and 3
to confirm the observed trends for both complexes. Using an
average sweep rate of 25 Oe/s, the magnetic hysteresis was
measured between 70 to -70 kOe in the temperature range of
1.8 to 3.8 K for 2 and 1.8 to 3.5 K for 3 (Fig. S9). For both
complexes at 1.8 K and zero field, the butterfly-shaped
hysteresis loops are waste restrained. This type of crossing at

magnetic
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Hqc = 0 Oe is often attributed to QTM which is also expected to
be present in the ac magnetic susceptibility of 2 but not for 3
(non-Kramers vs. Kramers ion). Upon increase of the field, the
opening of the loops is observed. The loops remain open until
3.8 Kfor 2 and 3.5 K for 3, above which they are no longer open.
As already mentioned, blocking of the magnetization can
result from a high-angular momentum ground state arising
from the strong antiferromagnetic coupling between the radical
bridging ligand and the lanthanide ions. The isotropic nature of
the 4f7 electron configuration of the Gd"' centres in 1 allows for
the quantification of the magnetic exchange coupling. The dc
magnetic susceptibility data of 1 were fitted with the PHI
software,?® to the spin-only Hamiltonian: A = -2Jcgd.ragSrad(Sed +
Sed) -2Jed-caScaSed, Where Jeg.rag represents the Gd''-radical
exchange coupling, Jeda.ca' represents the intramolecular Gd''-
Gd'" exchange coupling and §; are the spin operators for each
paramagnetic centre. The best fit afforded Jgg.rag = -7.2 cm-1,
confirming the anticipated antiferromagnetic Gd'"'-radical
coupling. Additionally, due to the strong antiferromagnetic
alignment of the Ln spins with the radical, the best fit yielded
Jed-ca = 0.32 cml, indicating ferromagnetic coupling between
the Ln" centres. This is further validated by the field-dependent
magnetization measurements for 1 at low temperatures. The
magnetization plot (M vs. H, Fig. S8) shows field dependence, as
it increases rapidly upon increasing the field, reaching a value of
13.84 Nugat 1.9 K and 7 T, which supports a spin ground state
of St=13/2. Surprisingly, this value is comparable to even some
dinitrogen-bridged complexes with similar exchange strengths
(-7.2 and -7.3 cm™).24Since similar trends were observed in the
temperature dependence of the xT data for 2 and 3 (vide supra)
that they exhibit
antiferromagnetic Ln"'-tz*- coupling (vide infra).

it can be assumed also strong
Due to the strong antiferromagnetic Ln-radical coupling, ac
magnetic susceptibility measurements for 2 and 3 were
undertaken to investigate their SMM behaviour. For both
complexes, a temperature-dependent ac susceptibility signal
was observed in the absence of a magnetic field (Hgc = 0 O€) in
the frequency range of 0.1 to 1500 Hz. For 2, both the in-phase
(x’) (Fig. S10) and out-of-phase (x”) (Fig. 3A) susceptibilities
show frequency-dependent behavior between 8 and ~4.2 K,
which is indicative of a thermally activated mechanism. Below
that temperature (4 to 1.8 K), the overlap of the y’’ signal, as
well as the little frequency-dependence of the peak of the
susceptibility, suggest that QTM effects are dominating the
relaxation of the magnetization in that temperature region.
Fitting of the ac susceptibility data for 2 (when Hy.= 0 Oe) using
CCFit-2 software3? (Fig. 3B) to a generalized Debye model,
afforded the relaxation times (t) (Table S3). 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 T vs. T plots
(Fig. 3C). For 2, a combination of QTM and Orbach mechanisms
was used to accurately fit the relaxation times, using eq. (1):

! = Tarm? + Totexp(-Ues/ksT) (1)

where, T is the magnetic relaxation time, tqrm is the relaxation
time for quantum tunnelling, 1o is the attempt time and Ues is
the effective barrier to spin reversal. A term accounting for
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Fig. 3 Left: Frequency-dependence of the out-of-phase magnetic susceptibility (x”’) for 2 (Hg.= 0 Oe; (A); Hy. = 1400 Oe; (D)) and 3 (Hy. = 0 Oe; (G)) at the respective temperature
regions. Solid lines represent fits to the generalized Debye model. Middle: Cole-Cole plots for 2 (Hyq. = 0 Oe; (B); Hg. = 1400 Oe; (E)) and 3 (Hg.= 0 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 are summarized in Tables S3, S5 and S6,
respectively. Right: Temperature-dependence of the relaxation times (t) for 2 (H4. = 0 Oe; (C); Hgc = 1400 Oe; (F)) and 3 (Hqc = 0 Oe; (1)) with the respective estimated standard
deviations (gray bars). The estimated standard deviations of the T were calculated from the a-parameters of the generalized Debye fits and the log-normal distribution as described
in reference [30]. The solid red lines represent the best-fit based on eq. (1) for (C) and eq. (2) for (F) and (1), while the dashed orange and purple lines in (C) represent the individual
components of the magnetic relaxation for QTM and Orbach processes, respectively.

Raman relaxation was also investigated, without improving the  S12, the relaxation times are increasing with the increase of the
fit, or providing any physically meaningful parameters and was applied static field between 0 and 1400 Oe. At higher fields, the
therefore removed. The best fit for 2 yielded tqrm= 0.20's, o= relaxation times become field independent, indicating that
2.33 x 108 s and Uesr = 49.2 cm™. beyond this field, single-ion effects such as QTM have been
To probe the effect of an applied static field in the relaxation  successfully suppressed and the relaxation of the magnetization
process of 2, ac measurements were undertaken at various is indeed mediated via the thermally activated pathway.
static fields (0-3000 Oe). At a constant temperature of 4.5 K, a Since the presence of a static field can lead to effective
field-dependent signal of the x”” of 2 was observed (Fig. S11). suppression of QTM in 2, ac susceptibility measurements at
Fitting of the x”’ via a generalized Debye model yielded the field- 1400 Oe between 8 and 4.2 K were performed (Fig. 3D, 3E and
dependent relaxation times of 2 (Table S4). As evident by Fig.  S13). Fitting of the ac susceptibility for 2 (when Hqc = 1400 Oe)
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via a generalized Debye model, yielded longer relaxation times
(Tables S5). As expected, 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 eq. (2) (Fig. 3F):

! = totexp(-Ues/ksT) (2)

The best-fit parameters were 1o= 1.35 x 108 s and Ut = 51.9
cml. Accordingly, the Arrhenius plot of the In(1) vs. the inverse
of temperature was constructed to verify these findings (Fig.
S14). The linear fit of Arrhenius plot reveals a Ues = 53.3 cm™?
which is in good agreement with the fits obtained using eq. (2).

Comparatively, the ac susceptibility for 3 in the absence of a
static dc field (Hqac = O Oe) showed frequency-dependent in a
smaller temperature region (6.6 to 2.4 K) (Fig. 3G and S15).
Fitting of the ac susceptibility data for 3 (Fig. 3H) afforded the t
(Table S6) which were further analyzed and fitted using eq. (2)
(Fig. 3l). The best-fit for 3, yielded significantly smaller
parameters than 2, with o= 5.61 x 107 s and Uess = 25.0 cm™L,
The linear fit of the respective Arrhenius plot for 3 afforded an
effective barrier to spin reversal of Uesr = 24.8 cm™ which is in
good agreement with the fits obtained using eq. (2) (Fig. S16).

Contrary to 2, the field-dependence of the x”’ susceptibility
of 3 (Fig. S17), upon fitting with a generalized Debye model
(Table S7), yielded, relatively constant the relaxation times
which were, as expected, altogether not affected by the
variation of the applied static field (Fig. S18). The superposition
of the field-dependent ac susceptibility signals and the non-
improvement of the signal with the increase of the applied field
further confirms the undoubtable presence of an Orbach-only
mediated magnetic relaxation which is expected to be
extremely weak field-dependent.

The Ues that were obtained for 2 and 3 (Table S8) are higher
compared to other tetrazine-based radical bridged lanthanide
systems!>1627 put are modest in comparison to the “Ln,”
tetranuclear tz°-bridged system2° or other radical bridged
systems.1418,19 This is probably attributed to the presence of the
coordinated THF. The Ln-Ory¢ distances (2.388(2)-2.376(2) A) is
comparable to the Ln-Ny, distances (2.453(2)-2.445(2) A). These
equatorial contributions are significant enough to compete with
the axiality imposed by the Cp* ligands, thus lowering the
SMM performance. As these
coordinated solvents is expected to enhance the SMM
properties. However, efforts to remove the coordinated THF
solvent molecules were not successful as complexes were not
preserved and, thus, the THF-free dimers could not be isolated.

overall such, removing

Computational studies

To validate the observed magnetic behavior of 1-3, the metal—
radical exchange interaction was studied by computational
methods. The isotropic exchange coupling parameters in 1 were
calculated by both broken-symmetry density functional theory
(BS-DFT)31-36 ysing the CAM-B3LYP functional37-3? and the Orca
code.40-42 exchange
couplings were calculated as Jy-s = —10.7 cm™t and Jy-m = =7.5
cm™l, respectively. While the metal-radical exchange is in

The metal-radical and metal-metal
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reasonable agreement with the value obtained from the fit (—
14.4 cm™, 0.64 cm), interaction is
unreasonably large. The origin of this discrepancy could not be

the metal-metal

determined but based on various test calculations, it was not a
functional-dependent effect. In order to get a more reliable
computational estimate of the exchange interaction, the metal—
radical exchange parameter was also calculated at NEVPT2//SA-
CASSCF(13,13) level (see the ESI for further details).4°-48 The
calculated value is Jy—r = —12.3 cm™1, which is in reasonable
agreement with the fitted value although slightly
underestimated. It is typical that SA-CASSCF calculations
underestimate the kinetic exchange contribution to the
exchange interaction and therefore underestimate the strength
of anti-ferromagnetic coupling. Powder-magnetic susceptibility
simulated from the calculated parameter leads to a good
agreement with the experimentally observed susceptibility
(Figure S19).

The strong magnetic anisotropy arising from the first-order
orbital contribution to the magnetic moment in 2 and 3 makes
analysis of the exchange coupling considerably more difficult.
The energy spectrum of the Hamiltonian of the full complex was
constructed from NEVPT2//SA-CASSCF//QDPT calculations*0-50
treating one metal-radical interaction while the other metal ion
was replaced by the diamagnetic Y"'ion. The procedure is based
on mapping of the ab initio states to pseudospin states and on
construction of a pseudospin Hamiltonian.®® Unlike the
commonly used Lines model that is valid only at the weak
exchange limit,>? the present model utilizes the full exchange
tensor that is valid also for strong exchange interaction.>! The
present approach differs from earlier ab initio treatments of the
full lanthanide-radical exchange interaction®3-3%in that it is
completely based on multireference calculations and does not
require any fitted or DFT-based parameters. The disadvantage
of the approach is that in its present form it does not give a
direct access to the different components of the exchange
tensor. Details of the process are given in the ESI. The magnetic
susceptibilities calculated using the pseudospin Hamiltonian are
in reasonable agreement with the experimentally observed
susceptibilities (Figure S19). This agreement along with the
agreement between the calculated and fitted exchange
coupling constants for 1 show that the model is reliable.

The energies and properties of the four lowest Kramers
doublets of 2 and 3 are described in Table S11 and Table S12.
The energies of the first excited KDs of both 2 and 3 (38 cm™
and 21 cm™1, respectively) are in reasonable agreement with the
observed barrier heights (49 cm™1, 26 cm™). The values are
slightly underestimated due to the slight underestimation of the
strength of the anti-ferromagnetic exchange as is the case in 1.
Thus, the relaxation of magnetization most likely proceeds via
the first excited KDs. The calculated transition magnetic
moment matrix elements®® show that in the case of 2, the
barrier crossing takes place earliest at the first excited KD and
latest at the second excited KD (Figure S20). In the case of 3, the
barrier could not be reliably reproduced and suggest that QTM
is the main relaxation mechanism. The discrepancies in the
calculated barriers most likely originate from numerical
inaccuracies. Analysis of the g tensors shows that the ground KD
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corresponds to an Ising-type ferrimagnetic spin configuration
where the metal magnetic momenta are aligned in the same
direction and the radical moment in the opposite direction. The
first excited KD corresponds to a situation where one of the
metal moments has flipped so that the metal moments lie in
opposite directions. Therefore, the magnetic relaxation is
related to changes in the magnetic state of the overall
exchange-coupled system and not just the individual lanthanide
ions consistent with a giant-spin interpretation of the magnetic
state.

Conclusions

In summary, the use of the tz*- as a bridging ligand of [Cp*,Dy"']*
moieties led to the isolation of a new family of radical bridged
dinuclear metallocenes. This family of complexes is only the
second example of the radical form of the 1,2,4,5-tetrazine in
the literature. Strong antiferromagnetic coupling between the
Ln'"" ions, mediated by the diffuse * orbitals of the tetrazinyl
ring, yielded a strong Jgd-rad Of -7.22 cm™ in 1, which is even
comparable to some dinitrogen-bridged complexes with similar
exchange strengths (-7.2 and -7.3 cm).* For 2 and 3, ac
magnetic susceptibility measurements revealed that these
SMMs relax slowly via thermally activated processes, through
the first excited KDs. Using computational studies, it was found
that these KDs correspond to an Ising-type ferrimagnetic spin
configuration where the magnetic moments of the Ln""! ions are
co-aligned while the magnetic moment of the radical pointing
to the opposite direction, supporting the proposed J model. As
such, 2 and 3 relax as a magnetic entity rather than weakly
coupled individual spins. The Ue¢ that were obtained for 2 and
3 are higher compared to other tetrazine-based radical bridged
Ln systems proving that the unexplored unsubstituted tz*-
ligand can provide new aspects in molecular magnetism
towards the synthesis of new high performing SMMs.
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