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The design of new radical bridging ligands that can effectively promote strong magnetic coupling with
Ln"" ions needs to focus on radicals that are susceptible to synthetic modifications and bear diffuse spin
density on their donor atoms. To probe this, we introduced various substituents possessing different elec-
tron-withdrawing/donating capabilities into the redox-active s-tetrazinyl centre. This allowed for the sys-
tematic tuning of the redox and optoelectronic properties of the tetrazinyl ring. The effect of substitution
on the strength of Ln—rad magnetic coupling was investigated on a series of radical-bridged Ln metallo-
cene complexes featuring the 3,6-dimethyl-1,2,4,5-tetrazine (dmtz) and the 3,6-dimethoxy-1,2,4,5-tetra-
zine (dmeotz) ligands; [(Cp*,Ln),(dmtz™™)(THF),]I[BPh,]- THF (Ln = Gd (1-Gd) or Dy (1-Dy); Cp* = penta-
methylcyclopentadienyl; THF = tetrahydrofuran) and [(Cp*,Ln),(dmeotz ™ )(THF)I[BPh,] (Ln = Gd (2-Gd) or
Dy (2-Dy)). Cyclic voltammetry, UV-Vis absorption spectroscopy, SQUID magnetometry and ab initio as
well as density functional theory (DFT) calculations are combined to underline the trends observed in this
study, while comparisons with the unsubstituted 1,2,4,5-tetrazine (tz) and the 3,6-dichloro-1,2,4,5-tetra-
zine (dctz) are made. Notably, an intricate interplay between orbital overlap, ligand substituent effects and
changes in the coordination environment is found to collectively dictate the magnitude of Jgg_raq in the

"ions makes 1-

investigated systems. The strong magnetic coupling combined with highly anisotropic Dy
Dy and 2-Dy exhibit slow magnetic relaxation in the absence of an external applied field. For 1-Dy, an
opening of the hysteresis loop is observed with H. = ~5000 Oe, one of the highest coercivities for a

dinuclear organic radical-bridged single-molecule magnet.

ents, the energy level of the ligand’s frontier molecular orbitals
(FMOs) can be modulated. Of special interest are ligands that

Redox-active ligands are highly sought-after in areas such as
catalysis," conductivity,>® magnetism,*® as well as energy
generation and storage.”® These types of compounds have
more energetically accessible levels that allow them to partici-
pate in redox-active reactions by altering their charge state.’
Furthermore, their intrinsic electronic properties can be fine-
tuned through the introduction of substituents. Depending on
the electron-donating/withdrawing nature of these substitu-
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can stabilize radical species, as these are often highly reac-
tive."® However, some heteroatomic organic ligands can house
unpaired electrons and maintain their open shell nature while
coordinating with metal ions."* This has successfully led to
the isolation of complexes'®'® and extended networks'*'®
with extraordinary chemical and physical properties.
Regarding the latter, open shell ligands have proved to be
valuable building blocks in the targeted design of a specific
class of complexes. These complexes exhibit bulk magnetic
properties at the molecular scale such as slow magnetic relax-
ation and magnetic hysteresis and hence are termed single-
molecule magnets (SMMs)."® Combined with the highly aniso-
tropic lanthanides (Ln), the incorporation of open shell
bridges can lead to enhanced magnetic properties’”'® (i.e.
high blocking temperatures and large magnetic hysteresis),
which is the ultimate goal for potential applications of SMMs
in high-density information storage and spin-based comput-
ing.'® This is because the introduction of a paramagnetic
linker into Ln-based SMMs surpasses the otherwise weak mag-
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netic coupling, which characterizes polynuclear Ln systems>°
and usually introduces through-barrier magnetic relaxation,
ie. quantum tunnelling of magnetization (QTM).>'"?*
Therefore, the search for bridging redox-active ligands with
diffuse molecular orbitals (MOs) that can penetrate the
shielded 4f orbitals is an ongoing challenge.

Several types of inorganic and organic radicals have been
explored to this extent.>® The use of diatomic p-block radicals
has yielded impressive magnetic performance in dinuclear Ln
metallocene complexes.'””>® However, the strategic incorpor-
ation of such radicals into complexes is rather scarce and chal-
lenging, while synthetic modifications of such ligands are, to
this date, unknown. On the other hand, organic radicals offer
a more accessible alternative. Amongst the various radical
ligands, nitroxide,?® oxazolidine-N-oxide,*” verdazyl,*® tetraoxo-
lene,*® N-heterocyclic carbene®® and other radicals® >* have
been used in the synthesis of SMMs without however surpass-
ing the N,~ system. The strength of the Ln-rad coupling is of
unparalleled importance as it needs to be stronger than the
anisotropy of the individual Ln ions in order to lead to
improvement in the magnetic performance. Thus, the design
of new radical bridges calls for ligands that can be rationally
incorporated into a reaction, are susceptible to synthetic modi-
fications and can promote strong magnetic coupling with the
Ln ions.

One class of ligands that fulfills the aforementioned criteria
is 3,6-R,-1,2,4,5-tetrazines (Chart 1). In these ligands the four
sp> nitrogen atoms provide an easily accessible n* low energy
LUMO (lowest unoccupied molecular orbital), which facilitates
the formation and stabilization of a radical anion.**>°
Recently we have demonstrated how the diffuse spin density of
the unsubstituted 1,2,4,5-tetrazine (tz) ligand can promote sig-
nificantly strong Ln-rad magnetic coupling in both dinuclear®”
[(Cp*,Ln),(tz7)(THF),|(BPh,) (“Lny-tz"™”; Ln = Gd, Tb or Dy;
Cp* = pentamethylcyclopentadienyl; THF = tetrahydrofuran)
and tetranuclear’®?® lanthanocene complexes. We have also

3,6-dichloro-1,2,4,5-tetrazine 1,2,4,5-tetrazine

dctz tz
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3,6-dimethyl-1,2,4,5-tetrazine
dmtz

3,6-dimethoxy-1,2,4,5-tetrazine
dmeotz

Chart 1 The 3,6-R,-tetrazine derivatives explored in this work. The
substituents (R) can be either electron-donating or electron-withdraw-
ing groups, which can significantly impact the electron density of the
tetrazine ring.
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investigated the use of a tetrazine bearing 3,5-dimethyl-pyrazo-
lyl groups in the 3- and 6-positions of the tetrazine ring,
where, thanks to the trans coordination mode of the ligand,
one of the highest Ln-rad exchange couplings was achieved in
dinuclear lanthanocene complexes [(Cp*,Ln),(bpytz ™)](BPh,)
(“Lny-bpytz"™”; Ln = Gd, Tb, Dy or Y; bpytz = 3,6-bis(3,5-
dimethyl-pyrazolyl)-1,2,4,5-tetrazine).’* However, the true
influence of the substituents in the 3- and 6-positions of the
tetrazinyl ring has yet to be determined. In principle, altering
the electron distribution of the tetrazine ring by inserting
different groups with electron-donating or -withdrawing nature
should, in turn, affect the strength of the Ln-rad magnetic
coupling.

With this in mind, we introduced various substituents with
different electron-withdrawing/donating capabilities into the
s-tetrazine ring to systematically tune its redox properties and
explore the effect of the substitution of the tetrazine ring on the
Ln-rad magnetic coupling. Two series of radical-bridged Ln
metallocene complexes were isolated featuring the 3,6-dimethyl-
1,2,4,5-tetrazine (dmtz) and the 3,6-dimethoxy-1,2,4,5-tetrazine
(dmeotz); [(Cp*,Ln),(dmtz™)(THF),|[BPh,]- THF (Ln = Gd (1-Gd)
or Dy (1-Dy)) and [(Cp*,Ln),(dmeotz"")(THF)][BPh,] (Ln = Gd (2-
Gd) or Dy (2-Dy)), respectively. The introduction of the electron-
donating methyl and methoxy groups significantly enhances the
magnetic exchange coupling between the Ln™ ions and the
radical. Cyclic voltammetry, UV-Vis absorption spectroscopy,
SQUID magnetometry and ab initio as well as density functional
theory (DFT) calculations are combined to underline the
observed trends, while comparisons with the tz and 3,6-
dichloro-1,2,4,5-tetrazine (dctz) are made. These studies reveal
that the interplay between orbital overlap, ligand substituent
effects and changes in the coordination environment of the Ln
centres collectively dictates the magnitude of the obtained
JGd-raa in the investigated systems. The strong magnetic coup-
ling combined with the highly anisotropic Dy™ ions leads com-
plexes 1-Dy and 2-Dy exhibiting slow magnetic relaxation in the
absence of an external applied field. In the case of 1-Dy, an
opening of the hysteresis loop is observed with H. = ~5000 Oe,
one of the highest coercivities for a dinuclear organic radical-
bridged SMM.

Results and discussion
Synthesis and optoelectronic features of the tetrazine ligands

The synthesis of 1,2,4,5-tetrazines was first reported by Pinner,
at the end of the 19 century.*! In general, depending on the
substituents of the tetrazine ring two synthetic approaches can
be used. Tetrazines can be synthesized either by reacting
hydrazine with the respective nitrile or by using a pre-syn-
thesized tetrazine as a starting material and replacing the
functional groups at the 3- and 6-positions through nucleophi-
lic substitution.** The synthesis of tz** and dmtz** involves the
reaction of hydrazine with formamidine acetate or acetamidine
hydrochloride, respectively, to produce the dihydrotetrazine
intermediates which can afford the fully aromatic tetrazines

This journal is © the Partner Organisations 2025
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upon oxidation. For the syntheses of dctz and dmeotz, bis(3,5-
dimethyl-pyrazolyl)-1,2,4,5-tetrazine®® (bpytz) was used as a
starting material where the pyrazolyl groups act as soft leaving
groups. In further detail, the reaction of bpytz with hydrazine
produces the 3,6-dihydrazino-1,2,4,5-tetrazine, which upon
treatment with trichloroisocyanuric acid yields dctz as an
orange crystalline solid.*® On the other hand, the reaction of
bpytz with dry MeOH in the presence of triethylamine affords
dmeotz as a vivid red crystalline solid.*”

In order to probe the substituent effect on the redox and
optoelectronic properties of the aforementioned s-tetrazines
electrochemical, optical and computational studies were per-
formed. The redox behavior of dmtz, dmeotz, tz and dctz was
probed by cyclic voltammetry (CV; Fig. 1A and S1-S4%) in di-
chloromethane (DCM) solutions with 0.1 M tetrabutyl-
ammonium hexafluorophosphate as the supporting electrolyte.
In all cases, the cathodic CV scans revealed a quasi-reversible
one-electron reduction vs. Fc/Fc', occurring at —1.71 V, —1.51V,
—1.20 V and —0.91 V for dmtz, dmeotz, tz and dctz, respectively.
The LUMO energy levels were obtained based on the formal
potential of the F¢/Fc¢' in DCM and are given in Table S1 (see
the ESI for further details).t The redox potentials highlight the
role played by the substituents: strong electron-withdrawing
groups like chlorine shift the standard potential towards less
negative values, whereas electron-donating substituents like
methyl or methoxide shift it to the opposite direction.

Being able to determine both the highest occupied mole-
cular orbital (HOMO) and LUMO levels of the tetrazines’ FMOs
using only CV is a fairly rare occurrence. In this case, the
energy of the HOMO level can be deduced from the electroche-
mically obtained MO energy and the optically measured
energy gap (Egap). Subsequently, the photophysical properties

View Article Online
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of all tetrazines were investigated via UV-Vis absorption spec-
troscopy in DCM solutions (Fig. 1B and S5-S87). In all cases
the UV-Vis absorption spectra show two characteristic bands.
The first broadband is in the visible region of the spectra with
maxima at around 540 nm for dmtz, 520 nm for dmeotz,
530 nm for tz and 515 nm for dctz. A second broadband is
observed in the UV region with the maxima at around 273 nm
for dmtz, 345 nm for dmeotz, 253 nm for tz and 307 nm for
dctz, respectively. These values are consistent with those
reported in the literature.’® As shown in Fig. 1B no obvious
trend can be observed for the UV-Vis absorption spectra which
is further evident from the similar values of the Eg,, extracted
from the onset wavelength of the lowest energy absorption
band in the visible region (Table S17).

Additionally, single point TDDFT (time-dependent density-
functional theory) calculations were performed at the
CAM-B3LYP*®/def2-TZVPP levels of theory for the B3LYP**™Y/
def2-TZVPP*? optimized geometries of the aforementioned tet-
razines (Fig. S17t) to obtain the calculated optical energy gaps
(Table S1t). Thus, these energy gaps present an energy differ-
ence of the ground and the first excited state and can be com-
pared with the experimental ones, which were determined
from UV-Vis absorption data. Both the computationally and
the experimentally determined Eg,, values are in very good
agreement (Table S1t), providing mutual validation of the
Eg.p. Constructing the energy level diagram based on the
experimentally determined Eg,, values, a shift is observed in
the position of the tetrazines’ HOMO-LUMO gap (Fig. 1C). For
the electron-withdrawing groups, like chlorine (dctz), the
HOMO-LUMO gap is shifted towards lower energies, whereas
for the electron-donating substituents, like methyl (dmtz), it is
shifted towards higher energies.>
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Fig. 1

(A) Cyclic voltammograms of dmtz (pink), dmeotz (purple), tz (blue) and dctz (light blue), measured in DCM at room temperature with

[Bu4NI[PFg] (0.1 M) as the supporting electrolyte at a scan rate of 0.1 V s™ . (B) UV/Vis absorption spectra for dmtz (pink), dmeotz (purple), tz (blue)
and dctz (light blue), measured in DCM at room temperature. (C) Frontier molecular orbitals (FMOs) and energy level diagram of these FMOs for

dmtz, dmeotz, tz and dctz, respectively.
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Fig. 2 Left: molecular structures of 1-Dy (A) and 2-Dy (B). For clarity, partial transparency, labeling, omission of the BPh,~ moieties, H-atoms,
solvent molecules and disorder conformers have been employed. Color code: C: light grey; N: blue; O: red; Dy: orange. Middle: variable temperature
T plots of (C) 1-Gd (green circles), 1-Dy (purple circles) and (D) 2-Gd (blue circles), 2-Dy (pink circles) under an applied static field of 1000 Oe. The
solid red line represents the fit as determined by applying the —2J formalism. Right: hysteresis sweep for 1-Dy (E) and 2-Dy (F) at the indicated temp-

eratures with an average sweep rate of 30 Oe s ™.

Synthesis and structural description of 1-Ln and 2-Ln

The incorporation of the aforementioned tetrazines as radical
bridges into {Cp*,Ln}" complexes was attempted both for the
electron-donating (R = Me and MeO) and electron-withdrawing
substituents (R = Cl). Unfortunately, despite our best efforts,
the isolation of complexes featuring the dctz'™ was not suc-
cessful. This can probably be explained by the electron-
deficient nature of the chloro-substituted ligand as well as the
reactive nature of the dctz ring, which has been shown to be
incredibly versatile.*® The equimolar reaction of dmtz and
[Cp*,Ln][BPh,] (Ln = Gd or Dy) in THF leads to the isolation of
1-Ln as purple crystals upon vapor diffusion with Et,O at low
temperature. Attempts to add a reducing agent such as KCg or
Cp,Co did not lead to the isolation of the desired complexes.
On the other hand, the synthesis of analogous complexes fea-
turing dmeotz™™ involved the reaction of dmeotz and Cp,Co in
THF and the subsequent addition of two parts of
[Cp*,Ln][BPh,] (Ln = Gd or Dy) in THF. Stirring, filtration and
vapor diffusion with Et,O at room temperature afforded 2-Ln
as dark red-green (dichroic) crystals over a period of one week.
Infrared (IR) spectroscopy revealed an excellent agreement for
the spectra of the Gd and Dy congeners in both cationic
families (Fig. S9 and S107).

The solid-state crystal structures of all complexes were
determined through single-crystal X-ray diffraction (SCXRD)
analysis. X-ray data and refinement details of all complexes are
summarized in Table S2,1 while selected bond distances and
angles are given in Tables S3 for 1-Ln and S47} for 2-Ln. SCXRD

3406 | /norg. Chem. Front.,, 2025, 12, 3403-3415

analysis reveals that 1-Gd and 1-Dy are isostructural and crys-
tallize in P2/c as centrosymmetric dinuclear complexes, with
one crystallographically independent Ln™ centre (Fig. S117).
Given their structural similarities only 1-Dy was chosen as a
representative example to describe the salient structural fea-
tures of these complexes (Fig. 2A). The complex consists of two
{Cp*,Dy"™™}* moieties, bridged by a u-dmtz’~ ligand. Two THF
solvent molecules complete the coordination sphere of each
Dy centre, while a BPh,~ counter ion and one THF solvent
molecule are found in the crystal lattice. The average Dy-Ccp-
and Dy-Cp*cen (cent = the centroid of the Cp* ligand) bond
distances are 2.681(8) A and 2.408(7) A, respectively, while the
CPp*cent-Dy-Cp*cent angle is 137.5(2)°. These, bond distances
and angles are slightly larger than the respective distances and
angles in the “Dy,tz" ™ system (2.678(1) A, 2.395(4) A and 136.6
(2)°, respectively).®” This can be explained by the electron-donat-
ing nature of the methyl groups, which enhances the electron
density of the tetrazinyl ring and in turn increases the attraction
between the dmtz™~ and the positively charged Dy™ ion. This is
further evident from the difference in the average Dy-Ngme,
bond distance of 2.395(6) A, which is slightly shorter than the
respective average bond distance of 2.460(2) A in the “Dy,-tz ™"
system. In addition to the longer Dy-Oryr bond distance of
2.433(4) A in 1-Dy (2.389(2) A in the “Dy,-tz"™” system), this sig-
nifies that a higher affinity with the dmtz™™ is achieved thanks
to its richer electron density compared to tz™".

On the other hand, the isostructural complexes 2-Gd and 2-
Dy crystallize in the P1 space group with two crystallographi-
cally independent Ln™ centres. Similarly to 1-Dy, complex 2-

This journal is © the Partner Organisations 2025
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Dy is also cationic, featuring two {Cp*,Dy™}" units bridged by
a u-dmeotz™” ligand and stabilized by a BPh,™ anion in the
crystal lattice (Fig. 2B and S12%). Unlike 1-Dy, in 2-Dy only one
THF solvent molecule is coordinated to one of the two Dy™
centres (Dy2). This difference occurs due to the orientation of
the bulky methoxy groups in the cis-fashion, which in turn
blocks the addition of a second THF molecule to Dy1. Notably,
these equatorially coordinated THF(s) affect the value of the
exchange coupling constants (vide infra). However, efforts to
promote the alignment of the methoxy groups in a trans-
fashion,> which would ultimately exclude the coordination of
the THF solvent, were unsuccessful. The average Dy-Ccp~ bond
distances are slightly shorter for Dyl (2.644(1) A) than Dy2
(2.678(2) A), due to the presence of the coordinated THF mole-
cule in the latter (Dy2-Oryy: 2.432(2) A). This is further evident
from the shorter Dy-Cp*.cn¢ distances and larger Cp*.ene—Dy—
CP* cent angles for Dy1 (av. 2.356(5) A; 139.60(2)°), compared to
Dy2 (2.396(5) A; 136.72(2)°). It is evident, that the presence of
the coordinated THF molecule in Dy2 greatly impacts the axial-
ity imposed by the Cp* ligands by introducing further equator-
ial ligand contributions compared to Dy1, which only coordi-
nates to dmeotz™™. Interestingly, the Dy-Ngmeot, bond dis-
tances are on average 2.394(5) A for Dy1 and 2.442(5) A for Dy2
and are still shorter than the respective distances for the “Dy,-
tz"~” system.*” This corroborates the trend observed for 1-Dy,
i.e. the electron-donating nature of the MeO groups enhances
the electron density of the tetrazinyl radical and thus higher
affinity with the Ln" centres can be achieved (vide infra).

The formation of the tetrazinyl radicals in both 1-Dy and 2-
Dy was confirmed by charge balance considerations, as well as
the clear elongation of the N-N bonds. In 1-Dy, the N1-N2
bond distance of 1.382(7) A, as well as the C1-N1 and C1-N2
bond distances of 1.332(8) A and 1.333(7) A, respectively,
confirm the formation of the dmtz™™ ligand. Despite the
absence of a reducing agent in the reaction conditions, the
spontaneous formation of dmtz™™ is not surprising. As has
been previously shown in the literature, the BPh,” moiety of
the [Cp*,Ln][BPh,] starting material is able to provide an elec-
tron to reduce redox-active ligands.”®”” Thus, in its presence,
dmtz could potentially undergo a one e reduction to form the
radical species. Similar bond distances are observed for the
dmeotz™™ ligand, where the N1-N2 and N3-N4 bond distances
are 1.401(3) A and 1.373(3) A, respectively, while the C1-N1,
C2-N2, C2-N3 and C1-N4 bond distances are 1.326(5) A, 1.315
(5) A, 1.334(5) A and 1.328(5) A, respectively. These N-N and
C-N bond distances are in agreement with the previously
reported values for other tetrazinyl-based radical
ligands.37‘38’40’58'59

Static magnetic susceptibility behaviour and magnetic
coupling

The direct current (dc) magnetic susceptibilities of all com-
plexes were measured between 300 and 1.8 K at 1000 Oe, to
probe their magnetic behaviour (Fig. 2C and D). The yT pro-
ducts of 15.84 cm® K mol™ for 1-Gd, 16.02 cm® K mol™" for 2-
Gd, 28.62 cm® K mol™* for 1-Dy and 28.64 cm® K mol ™" for 2-

This journal is © the Partner Organisations 2025
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Dy are in good agreement with the theoretical values of
16.13 cm® K mol™ and 28.71 cm® K mol™?, respectively, for
two Ln"" ions (Gd: S = 7/2, %S, g = 2, C = 7.88 cm® K mol™;
Dy: S = 5/2, L = 5, ®°Hys5, g = 4/3, C = 14.17 cm® K mol™") and
one radical (S =1, C = 0.37 em® K mol™") species. Upon lower-
ing of the temperature, a slight decrease of the yT value is
observed until ~155 K for 1-Gd and 2-Gd, 95 K for 1-Dy and
70 K for 2-Dy, reaching shallow minima of 15.63, 15.76, 27.29
and 26.58 cm® K mol™, respectively. Below these tempera-
tures, a rapid increase of the y7 is observed with maxima of
25.52 cm® K mol™ at 3.5 K for 1-Gd, 28.15 cm® K mol™" at
2.8 K for 2-Gd, 49.56 cm® K mol™ at 5.5 K for 1-Dy and
44.36 cm® K mol™" at 3 K for 2-Dy. This behavior can be attrib-
uted to the parallel spin alignment of the Ln™ ions as a conse-
quence of the strong antiferromagnetic coupling between the
Ln" centres and the radical ligand. The antiferromagnetic Ln-
rad coupling leads to a ferrimagnetic ground state where the
magnetic moments of the Ln™ ions are aligned in the same
direction, thus leading to an increase of the yT product at low
temperatures.>>**°%®! Further lowering of the temperature
leads to a slight decrease of the T for 1-Gd and 2-Gd, with
values of 24.88 cm® K mol™ and 25.84 cm® K mol™ at 1.8 K,
respectively. In contrast, for 1-Dy and 2-Dy, below 3 and 2.8 K,
respectively, the drop of the yT is abrupt, yielding values of
7.54 cm® K mol™" and 39.03 cm® K mol™" at 1.8 K. For the
latter, this downturn in the low-temperature region is indica-
tive of magnetic blocking, as has been observed in other tetra-
zinyl-bridged Ln complexes.?”*%4°

A direct correlation between the effect of the substituent
groups on the tetrazine ring and the strength of the Ln-rad
magnetic coupling can be drawn by fitting the dc susceptibility
data. In contrast to the rest of the lanthanide series, Gd™ ions
allow for this quantification thanks to their isotropic 4f” elec-
tron configuration. Thus, using PHI software,*” the dc mag-
netic susceptibility data of 1-Gd and 2-Gd can be fit to the
spin-only Hamiltonian: A = —2Jgd_raaSrad(Scar + Sgaz) —
2ca-caScarScaz — Z'cd-Ga{Sz)Sz, where Jgq raq Tepresents the
Gd™-radical exchange coupling, Jga_ga Tepresents the intra-
molecular Gd™-Gd™ exchange coupling, Sg; and S, are the
spin operators for each paramagnetic centre, z/Gd—cd rep-
resents weak intermolecular magnetic interactions and (S,) is
the mean value of the S, component of the spin operator.
Indeed, for 1-Gd, the best-fit afforded Jgg_raq = —9.42 cm™",
Jad-ca = 0.22 em™" and zJ§q_gq = 1.2 x 1073 em™!, while for 2-
Gd the best-fit yielded Jgg_raq = —8.54 cm ™, Jga_ga = 0.30 cm™*
and zJGd—ca = 2.1 x 1073 em~. The latter, although small, was
necessary to accurately fit the data, which can most likely be
explained by the close intermolecular Ln---Ln distances
(Fig. S13 and S147). These values are among the highest Ln-
rad exchange couplings for organic radical-bridged Ln SMMs.
Within the small family of tetrazinyl-based radicals the values
of —9.42 em™" for 1-Gd and -8.54 cm™" for 2-Gd are higher
than the respective value of —7.20 em™" for “Gd,-tz"~”*” and
are only surpassed by the “Gd,-bpytz’ ™" system (—14.0 cm™").*°

From the aforementioned Hamiltonian, due to the very
strong antiferromagnetic Ln-rad coupling, small ferro-
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magnetic exchange couplings between the Ln"" centres can be
extracted; Jgq_ga = 0.22 em™" for 1-Gd and 0.30 cm™ for 2-Gd.
This is further validated by the field dependence of the magne-
tization for both complexes at low temperatures (Fig. S157).
Indeed, the magnetization increases with the increase of the
applied field, reaching saturation at values of 13.57 Nug and
13.78 Nup for 1-Gd and 2-Gd, respectively, which further
support a S = 13/2.

The relative strength of the experimentally determined Gd-
radical exchange coupling constants in 1-Gd, 2-Gd as well as
the respective “Gd,-tz"~”*” system follows a trend: R = Me >
MeO > H. This trend was further investigated by calculating
the exchange coupling constant Jq_raq for 1-Gd, 2-Gd and nine
(hypothetical) tetrazinyl-bridged Gd complexes - 1-GdMe™F,
1-GdMe, 2-“*GdMe0™, 2-*GdMe0, 2-""*GdMe0, 3-GdCI"™,
3-GdCl, 4-GAOH™" and 5-GANH,™" - using the broken sym-
metry density functional theory (BS-DFT) (see the ESI for
details; Fig. S18 and Tables S5-5107). Both electron-donating
and -withdrawing groups were introduced into the hypotheti-
cal complexes to evaluate whether resonance and inductive
effects of the substituents could alter the spin density distri-
bution on the coordinating atoms of the tetrazinyl ligands and
affect the strength of the Ln-rad exchange coupling. The
effects of the coordinating THF molecules on the exchange
coupling constant were also investigated through calculations.

The relative strength of the calculated Jgq-raq @amongst the
gas-phase optimized structures with coordinated THF mole-
cules followed a trend: Me > MeO > NH, > OH > Cl > H in
agreement with the experimental results (Tables 1 and S117).
However, in the case of the non-optimized structures of 1-Gd
and 2-Gd the trend was the opposite (MeO > Me) by a small
margin. Here, the non-optimized structures refer to the com-
plexes 1-Gd and 2-Gd where only the positions of hydrogen
atoms were optimized in the gas phase, while the positions of

Table 1 Coupling parameters for the Jgg-raqg and Jgg-gq Of 1-Gd, 2-Gd,
Gd,-tz'~ and nine hypothetical complexes. For 1-Gd, 2-Gd and Gd,-tz™~
both the calculated and the experimentally determined values are given

Jad-rad (cm™) Jad-cd (cm™)

With THF

1-Gd“ —9.42 0.22
2-Gd* —8.54 0.30
Gd,-tz' ™% —7.20 0.32
1-Gd® -11.86 —0.03
2-Gd® . -13.35 —0.27
Gd,-tz' ¢ —6.20 —
1-G2dMeTHF —12.69 —0.03
2-““GdMeO™F -11.96 -0.14
3-GdcI™* —8.12 —0.02
4-GdOH™" —11.80 —0.02
5-GANH, ™" —-11.93 —0.02
Without THF

1-GdMe —14.07 —0.04
2-“GdMeO —13.84 0.10
2-""GdMeO —14.57 —0.03
3-Gdcl —-11.87 —0.03

“ Extracted from the fit of the T vs. T plots.  Calculated. © Ref. 37.
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heavy atoms were fixed to their respective crystal structure
coordinates. The calculated Jq_raq values also show that the
removal of the coordinated THF molecules increases the mag-
nitude of Jgq-rag in the investigated complexes (Table 1 and
S11; 1-GdMe™, 2-*GdMeO™F and 3-GdCI™F vs. 1-GdMe,
2-“GdMeO and 3-GdCl), while stereoisomerism of the substi-
tuent plays only a minor role in the magnitude of Jsg-raa
(Tables 1 and S11;1 2-“*GdMeO™ vs. 2-"*GdMeO™ ).
Interestingly, the trends observed herein, are opposite to
those observed for the 5,5-R,bpym™™ (bpym = 2,2'-bipirymi-
dine) ligands in a work presented previously by Long and co-
workers.®? In the case of 5,5-R,bpym’~ complexes, the intro-
duction of substituents that were electron donating by reso-
nance at the 5 and 5' carbons of the bpym ligand framework
resulted in a decrease in the magnitude of the exchange coup-
ling constant due to the decrease of the spin density at the 2
and 2’ carbons, as well as the nitrogen atoms, whereas the elec-
tron-withdrawing substituents showed the opposite effect.
However, this is not the case for the tetrazinyl-derived (3,6-
R,tz"") ligands simply because their spin density distributions
differ from 5,5-R,bpym™™ (Fig. S19). In particular, the spin
density is accumulated more on the nitrogen atoms in 3,6-
R,tz"” than in 5,5-R,bpym’™ as indicated by the calculated
spin populations (Tables S12 and S137). A closer look at the
calculated spin populations for 5,5-R,bpym’™ shows that the
spin populations of the nitrogen and carbon (2 and 2') atoms
follow the proposed trend (F > Me, > OEt, > NMe,) for the
most part, but there are also some discrepancies in the trend.
For instance, both Mulliken population analysis (MPA) and
atom in molecules (AIM) population analysis predict smaller
spin populations for the nitrogen atoms of Me,bpym™™ (AIM =
0.096; MPA = 0.093) than for the nitrogen atoms of
NMe,bpym™ (AIM = 0.098; MPA = 0.101). Additionally, the
spin populations of the nitrogen atoms of OEt,bpym™ (AIM =
0.134; MPA = 0.138) are higher than those of F,bpym™ (AIM =
0.110; MPA = 0.110). For 3,6-R,tz"”, considering only the
highest value of each nitrogen atom, the AIM spin populations
predict that the order of exchange coupling constants is as
follows: Me > MeO > OH > Cl > H > NH, based on the respect-
ive values of spin populations: 0.341, 0.300, 0.2851, 0.2826,
0.2815 and 0.2780. Thus, only the order of NH,tz"~ is incor-
rectly predicted by the spin population analysis, if the elec-
tron-donating substituent by resonance led to a stronger
Jad-rad for 3,6-R,tz"". On the other hand, if the total spin popu-
lations of the coordinating nitrogen atoms across different
substituents and radicals are considered, then the electron-
donating and withdrawing substituents have only little effect
on the overall spin density at the nitrogen sites as the differ-
ences in total AIM (MPA) spin populations are within 0.05
(0.04) and 0.05 (0.07) for 5,5"-R,bpym™™ and 3,6-R,tz"~, respect-
ively. Moreover, the total spin populations at the nitrogen sites
do not predict the correct order of the exchange coupling con-
stants for 5,5-R,bpym™™ and 3,6-R,tz"~ (Tables S12 and S137).
Given that the total spin density of an unpaired electron must
sum up to 1, the above values mean that the investigated elec-
tron-donating and -withdrawing substituents contribute
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~4-7% to the total spin densities of the nitrogen atoms,
although individual nitrogen sites might experience larger
local changes. These results suggest that the primary radical
character and the spin density distribution are determined by
the core structure of the radical unit rather than the nature of
the substituents, although the latter can also have some influ-
ence. Additionally, the spin density distributions of 5,5'-
R,bpym™™ and 3,6-R,tz"~ are different and, thus, the order of
magnitude for Jgq-raqa cannot be inferred solely from the spin
density, as had been previously stated in the literature.®

Other factors affecting the strength of the coupling con-
stants of tetrazine-based radical complexes were further inves-
tigated by performing a fragment orbital analysis for 1-
GdMe™", 1-GdMe, 2-“*GdMe0™, 2-“*GdMeO, 3-GdCI™F and
3-GdCl (see the ESI} for details). Previous studies have shown
that the singly occupied molecular orbital (SOMO) of a tetra-
zine radical transforms according to the same presentation as
the 4f,, orbital.* This means that there is at least one signifi-
cant 4f-SOMO interaction that contributes to the antiferro-
magnetic exchange interaction via a 4fradical kinetic
exchange mechanism®®® in the investigated complexes.
However, the total value of Jggq-raq is determined by several
factors,®”®® and previous studies have shown that ferro-
magnetic 5d-radical Goodenough’s exchange®®”° can also con-
tribute to the value of Jgq_raq in Gd-radical complexes through
orbital mixing.”®”® The order of magnitude of the latter is
usually much smaller than that of the 4f-radical kinetic
exchange mechanism.”® Orbital analysis indicates that the
SOMO of the tetrazine radical does not directly interact with
the half-filled 4f orbitals of the Gd ions. However, there is a
mixing between the SOMO of the radical and the vacant 5d
orbitals of the Gd ions (Fig. S20-2571). The radical contribution
to the metal-ligand bond orbitals varies from 9% to 49%,
whereas the metal contribution is between 2% and 10%. The
other mixing is observed between occupied n-orbitals of the
radical ligand and the 4f or 5d orbitals of Gd ions. Here contri-
butions of the metal and ligand to the metal-ligand bonding
vary from 2% to 80% and from 3% to 90%, respectively.
Interestingly, the observed mixings are less pronounced in 3-
GACI™® and 3-GdCl than in 1-GdMe™, 1-GdMe,
2-%GdMeO™ and 2-““*GdMeO. These results indicate that
electron-withdrawing substituents, such as chlorine atoms,
introduce an inductive effect that pulls electron density away
from the tetrazine ring, rendering it more electron deficient.
This is in agreement with the CV studies of the dctz ligand,
where a lower redox potential of the dctz ligand compared to
the dmtz, dmeotz and tz ligands is indicative of its higher elec-
tron deficiency. This reduction in electron density at the tetra-
zine ligand limits its orbital overlap with the orbitals of Gd™
ions and leads to weaker metal-radical interactions. The oppo-
site effect is observed for electron-donating substituents like
Me and MeO, which increase the electron density on the tetra-
zine ring through the resonance effect. This is also evident
from the Ln-N bond distances which are shorter in 1-Ln and
2-Ln compared to the “Ln,-tz"~” complexes pointing towards a
higher affinity of the dmtz"™ and dmeotz™™ with the Ln ions.
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Furthermore, the orbital analysis reveals that the orbital
mixing between the orbitals of the tetrazine and Gd ions
increases upon removal of the equatorially coordinated THF
molecules (Fig. $20-25; 1-GdMe, 2-““GdMeO and 3-GdCl vs.
1-GdMe™F, 2-“GdMeO™" and 3-GdCI™, respectively). This
effect explains why THF-free complexes show larger Jgd-raa
than the ones with coordinated THF. A small mixing between
the vacant 6s orbitals of Gd"" ions and the occupied = orbitals
of the tetrazine is also observed for 2-“GdMeO™" and
2-“GdMeO, but its effect on the coupling constant is most
likely very small.

The above data demonstrate that an intricate interplay
between orbital overlap, ligand substituent effects and
changes in the coordination environment collectively dictates
the magnitude of Jgq-raq in the investigated systems. Given
that the substituent effects in 1-Ln and 2-Ln arise from the
substituent at a remote, nonmetal binding site, the magnitude
of the exchange coupling constant in tetrazinyl-bridged com-
plexes can be tuned simply through a ligand modification to
some extent, without significant perturbation of the lantha-
nide’s coordination environment.

Magnetic hysteresis

The field dependence of the magnetization at low tempera-
tures for 1-Dy and 2-Dy was investigated to probe the presence
of magnetic blocking as seen by the yT vs. T plots. For 1-Dy a
clear s-shape of the magnetization was observed at 1.9 K, indi-
cating the presence of magnetic blocking at that temperature
(Fig. S15%). To validate this, hysteresis measurements were per-
formed between +70 kOe and 1.8-3.4 K with an average sweep
rate of 30 Oe s~ * (Fig. 2E). Indeed, at 1.8 K the opening of the
hysteresis loop revealed a coercive field of H, = 5000 Oe. This
is amongst the highest coercive fields within the family of
dinuclear organic radical-bridged SMMs and it is comparable
to the Ln,-bpym'™,”* Ln,-Bpim"™** and Ln,-pyz'~* examples
(where bpym = bipyrimidyl, Bpim = 2,2"-bisbenzimidazole and
pyz = pyrazine), which exhibit similar coercive fields of 6000,
5400 and 5000 Oe, respectively. As the temperature increases a
gradual close of the loop is observed until 3.4 K, above which
it is no longer open. This temperature agrees with the tempera-
ture of 3.2 K, where a clear divergence between the zero-field-
cooled and field-cooled (ZFC/FC) susceptibility is observed
(Fig. S16At).

On the other hand, for 2-Dy the magnetization curves
(Fig. S157t) exhibit a field-dependent increase without reaching
saturation even at low temperatures and high fields (10.16 Nug
at 1.9 K; 70 kOe). This lack of saturation and the non-superpo-
sition of the reduced magnetization curves are indicative of
the high anisotropy of the system. However, no s-shape of the
magnetization is observed for 2-Dy, in contrast to the 1-Dy and
“Dy,-tz"~” complexes. Hysteresis measurements were also per-
formed for 2-Dy between +70 kOe with an average sweep rate
of 30 Oe s~ At 1.8 K a small opening of a waist-restricted hys-
teresis loop is observed. The loop gradually closes with the
increase of the temperature until 2.3 K above which it is no
longer open. This trend agrees with the ZFC/FC susceptibility
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measurements which showed a small divergence of the two
data sets below 2.2 K (Fig. S16B¥).

The vast difference between the hysteresis of 1-Dy and 2-Dy
must be of molecular origin, as confirmed by ab initio calcu-
lations (see the ESIf for further details). An investigation of
the calculated g tensors of the local ground KDs of the Dy ions
in 1-Dy and 2-Dy reveals that the Dy1 ion in 2-Dy, without the
coordinated THF molecule, exhibits the most axial g tensors,
albeit by a very small margin (Tables S14 and S15%). The g
tensors of the first excited KDs are also similar, but differences
are observed in the higher-lying KDs. The ground KDs consist
of an almost pure M; = +15/2 state for 2-Dy, whereas for 1-Dy,
the mixing of states is already visible in the ground KD (Tables
S16-S18t). The local Dy sites in 1-Dy and 2-Dy also exhibit
slightly different orientations of the main magnetic axes,
depending on the absence or presence of the coordinated THF
molecules (Fig. S26t). As variations in the orientations of the
main magnetic axes are small, it is likely that their orientation
is primarily influenced by the terminal Cp* ligands. The most
striking difference is seen in the crystal field splitting of the
ground multiplet ®°H, 5, of the Dy ions. For the Dy ions with co-
ordinated THF molecules in 1-Dy and 2-Dy, the crystal field
splitting is approximately 400-500 cm™*, but for the Dy1 ion in
2-Dy it is over 1000 cm™" and this is accompanied by larger an-
isotropy (Tables S14 and S15%). This can be attributed to the
different ligand fields acting on the Dy ions in 1-Dy and 2-Dy.
Indeed, the investigation of calculated crystal field parameters
with the leading-order rank k = 2 reveals that the diagonal B,,
parameter is larger for the Dy1 ion in 2-Dy compared to the Dy
ions with coordinated THF molecules in 1-Dy and 2-Dy
(Table S197%). Also, the off-diagonal B,., parameter of 2-Dy is
smaller than that of 1-Dy. The result indicates stronger axiality
for the Dyl ion in 2-Dy, which is, however, partially compen-
sated by the high value of the off-diagonal parameter B,.,. The
higher-order rank (>4) parameters are more uniform for all Dy
ions. All the above differences between 1-Dy and 2-Dy, as well
as the two distinct metal sites in 2-Dy, are expected to intro-
duce competing effects on their magnetic performance.

Open, waist-restricted, hysteresis loops were also observed
for the “Dy,-tz"~” system in the temperature range of 1.8 to
3.5 K. The blocking temperatures of 3.8, 3.5 and 2.2 K for 1-Dy,
“Dy,-tz"~” and 2-Dy seem to follow a trend: R = Me > H > MeO.
However, in contrast to the trend observed for the magnetic
coupling, where more electron-donating substituents seem to
directly affect the Ln-rad magnetic coupling, similar corre-
lations with magnetic blocking seem to be rather difficult to
make.

Dynamic magnetic susceptibility properties

To probe the potential SMM behaviour of 1-Dy and 2-Dy, alter-
nating current (ac) magnetic susceptibility measurements were
performed in the 0.1-1500 Hz frequency range. For both com-
plexes a temperature-dependent signal was observed in the
absence of a static magnetic field (Hg. = 0 Oe). For 1-Dy both
the in-phase (y'; Fig. S28t) and out-of-phase (y”; Fig. 3A) ac sus-
ceptibilities exhibit a frequency-dependent behavior between 8
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Fig. 3 Top: frequency-dependence of the out-of-phase (y") magnetic
susceptibilities of 1-Dy (A) and 2-Dy (B) in the absence of an applied dc
field (Hgc = 0 Oe) at the respective temperature regions. Solid lines rep-
resent fits to the generalized Debye model. Bottom: temperature-
dependence of relaxation times (z) for 1-Dy (C) and 2-Dy (D) with the
respective estimated standard deviations (grey bars). These estimated
standard deviations of 7 have been calculated from the a-parameters
of the generalized Debye fits with the log—normal distribution.”® The
solid red lines represent the best-fit based on eqn (1) for 1-Dy (teal dia-
monds) and Process 1 of 2-Dy (blue hexagons), while the dashed orange
and purple lines represent the individual components of the magnetic
relaxation for Raman and Orbach processes, respectively. For Process 2
of 2-Dy (pink circles), the solid red line represents the best-fit to eqn (2).
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and 2.8 K, indicative of a thermally activated magnetic relax-
ation. Similarly, for 2-Dy when Hy. = 0 Oe, a frequency-depen-
dent signal of the ac susceptibility was observed in a lower
temperature range of 5.4-4 K (Fig. 3B and S29t). However,
below this temperature region a second frequency-dependent
process appears as a distinct second peak of the y” between
3.8 and 2 K. Accordingly, the relaxation times (z) were extracted
for both complexes by fitting both the y' and y” using the
CCFit-2 software’ (Tables S20-S227).

Insights into the magnetic relaxation dynamics of these
complexes were gained by the analysis and fit of the z* vs. T
plots. For 1-Dy a combination of Raman and Orbach mecha-
nisms was used to accurately fit the z based on eqn (1):

7t =CT" + 10! exp(—Uest/ksT), (1)

yielding the following best-fit parameters: C = 4.08 x 107> s7*
K™, n=5.13, 7 = 3.30 x 107 s and Ueg = 34 cm™* (Fig. 3C).
For 2-Dy, the 7 values for two distinct processes were analyzed
(Fig. 3D). The 7 values of the first process (Process 1) were also
fitted based on eqn (1) resulting in the following best-fit para-
meters: C=9.62 x 10> s K™, n=6.88, 7, = 1.48 x 10~ % s and
Ueg = 35 cm ™", For the second process (Process 2), the z values
exhibited a clearly exponential temperature-dependent trend
and were fit to an Orbach-only process based on eqn (2):

= 7071 eXp(—Ueff/kBT)7 (2)

yielding the following best-fit parameters: 7, = 2.10 x 10 ° s
and Ut = 14 cm™". The best-fit parameters for the tempera-
ture-dependent magnetic relaxation of 1-Dy and 2-Dy are sum-
marized in Table S23.1 The obtained U, values surpass the
previously reported Uy value for the “Dy,tz"™” system
(25 em™).*” Consequently, for the Ueg values of the primary
relaxation processes a trend can be observed: Me = MeO >
H. This trend can be rationalized by the increasingly stronger
Ln-rad magnetic coupling in 1-Ln and 2-Ln, compared to the
“Lny-tz'~” system, which is induced by the electron-donating
nature of the methyl and methoxy groups on the tetrazinyl
ring (vide supra). Additionally, the ab initio calculated local
first-excited KDs for 1-Dy and 2-Dy are above 160 cm ™" (Tables
S14 and S15t). Thus, the small heights of the obtained experi-
mental Ug suggest that the magnetic relaxation should occur
through a coupled exchanged state instead of the local exited
states of Dy ions.””**®* Further evidence for this was obtained
from the simulated low-lying exchange-coupled states of 1-Dy
and 2-Dy, indicating that their relaxation could occur via the
second or third exchange doublet (Fig. S277).

To study the effect of the applied dc field on the magnetic
relaxation of these complexes, ac susceptibility measurements
at varying fields up to 3000 Oe were undertaken at 3.5 K for 1-
Dy (Fig. S301) and 3 K for 2-Dy (Fig. S311). A common obser-
vation for both complexes was that despite the continuous
increase of the applied dc field, the overall ac susceptibility
signal showed no improvement, while the position of the y”
maxima did not shift significantly even at higher fields. This is
expected since the magnetic relaxation in both complexes is
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thermally-activated via Raman and Orbach contributions.
Consequently, upon extracting the 7z values (Tables S24 and
S257) it is evident that they remain relatively unaffected by the
applied dc field and overall remain constant (Fig. S32 and
S337). To further probe the relaxation dynamics that dictate
the magnetic relaxation of these complexes, the 7! vs. H plots
for both complexes were fit (see ESIT for further details). For 1-
Dy a combination of Raman and Orbach mechanisms was able
to accurately fit the data. For 2-Dy, the relaxation times of
Process 1 were fit to a combination of Raman and Orbach,
while for Process 2 an Orbach-only process was used to
provide a satisfactory fit. Efforts to account for the presence of
QTM or direct mechanisms, which are strongly field-depen-
dent processes, did not improve the fit or provided any mean-
ingful parameters and were therefore excluded. This further
corroborates the observed trends from both the field and
temperature-dependent ac susceptibility studies, where for
both 1-Dy and 2-Dy the relaxation of the magnetization is
clearly dominated by the same combination of thermally-acti-
vated processes (Raman and Orbach). Best-fit parameters for
the field-dependent magnetic relaxation of 1-Dy and 2-Dy are
given in Table S26.t

Conclusion

In summary, the present study demonstrates that introducing
substituent groups in the 3- and 6-positions of the s-tetrazine
ring can have an immediate impact on the electronic structure
of the tetrazinyl bridge, which in turn affects the strength of
the Ln-rad magnetic exchange coupling. Electron-withdrawing
substituents, such as chlorine atoms, introduce an inductive
effect that pulls electron density away from the tetrazine ring,
rendering it more electron deficient. The opposite effect is
observed for electron-donating substituents, such as Me and
MeO, which increase the electron density on the tetrazine ring
through resonance as seen for 1-Gd (—9.42 cm™") and 2-Gd
(-8.54 cm™") compared to the previously published “Gd,-tz"™”
complex (—7.2 cm™").*” DFT calculations reveal that the Ln-rad
magnetic coupling does not solely depend on the spin density
of the radical ligands but it is a rather intricate interplay
between orbital overlap, ligand substituent effects and
changes in the coordination environment of the Ln™ ions. In
the case of 1-Dy and 2-Dy, SMM behaviour is observed at zero
field, while the slow magnetic relaxation is mediated by purely
thermally-activated pathways. For 1-Dy, a coercive field of 5000
Oe rates this complex amongst the highest performing dinuc-
lear radical-bridged Dy" lanthanocenes.

From the work presented herein, it is clear that the design-
ing principles for improved SMMs of this type depend on a
number of factors. While previous research had suggested that
the magnetic exchange coupling is directly correlated with the
spin density distribution of the radical ligands, it is evident
that this is far more complicated. Since the substituent effects
in 1-Ln and 2-Ln arise from the substituent at a remote, non-
metal binding site, the magnitude of the exchange coupling
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constant in tetrazinyl-bridged complexes can be tuned simply
through a ligand modification to some extent, without signifi-
cant perturbation of the lanthanide’s coordination environ-
ment. Thus, an in-depth understanding of the origin of mag-
netic exchange coupling is key to harnessing the magnetic pro-
perties of strongly coupled SMMs. Excitingly, the observed
trends for the magnetic coupling mediated by the tetrazinyl
ligands can potentially extend to other paramagnetic Ln™
ions, given their similar physical and chemical properties
across the series and thus can lead to the development of new
high-performing radical-bridged Ln™ SMMs.
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