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Unprecedented intramolecular pancake bonding in a {Dy»}

single-molecule magnet

Maykon A. Lemes,?Niki Mavragani,® Paul Richardson,? Yixin Zhang,? Bulat Gabidullin,?Jaclyn L.
Brusso,* Jani O. Moilanen,”"and Muralee Murugesu®

The first example of unique coordination induced
intramolecular pancake bonding was achieved through the
reduction of two bis(pyrazolyl)-tetrazine ligands, affording
[M"5(u-(bpytz)2)(THMD)4](M = Dy, Y; bpytz = 3,6-bis(3,5-
dimethyl-pyrazolyl)-1,2,4,5-tetrazine; TMHD = 2,2,6,6-
tetramethyl-3,5-heptanedionate). To provide a cohesive
magneto-structural correlation, the mono bis(pyrazolyl)-
tetrazine bridged congener [Dy'"'2(u-
bpytz)(THMD)s]-4(CeHs) was also isolated. Both metal
complexes exhibit single-molecule magnet behaviour under
an applied dc field.

Radicals have long been considered transient, highly reactive
species; however, in recent years a number of stable radical
based systems have been reported.! Although many have been
shown to be stable in the solid state, a number are still
susceptible to self-association (i.e., dimerization). While
dimerization can be suppressed through sterics, the increased
bulkiness around the radical centre unfortunately inhibits close
proximity of the unpaired spins, thereby inhibiting potential
conductive and/or magnetic properties of the resulting
materials. Alternatively, coordination chemistry can be
employed as a useful route to prevent dimerization, and has
been widely exploited in recent years due to the potential of
such systems in applications ranging from catalysis to
molecular magnetism.? In the case of the latter, research on
single-molecule magnets (SMMs) has recently focused on the
use of radicals as ligands to enhance the magnetic properties of
SMMs through the exchange coupling of the radical- and
metal-based spins.2 SMMs are defined as molecules that retain
the slow relaxation of their magnetization upon removal of an
applied field, acting as magnets below blocking temperatures.*
The strong interaction between the spin of the radical with the
unpaired electrons of a metal ion effectively suppresses the
quantum tunneling of the magnetization and fast spin relaxation
pathways involving spin excited states, thus promoting a
thermal relaxation pathway for magnetization reversal.3® If
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radicals are used as bridging units between two or more metal
centres, then magnetic communication between the metal ions
can be enhanced.?¢3¢ As such, lanthanide based SMMs
containing bridging, spin-bearing ligands have attracted
considerable attention. Currently, the best performing
polynuclear SMM is a dinuclear metal complex containing a
dinitrogen radical bridge with a blocking temperature of 20 K
and giant coercive field of Hc = 7.9 T at 10 K.3¢ While this
validates the design strategy, the presence of the dinitrogen
radical bridge imparts air sensitivity to the molecule.
Nonetheless, this represents an excellent example in which
metal coordination stabilizes an otherwise unisolable radical.

Although self-association of radicals can be inhibited thanks
to the coordination environment dictated by the geometry of the
metal ion, employing bridging radical ligands remains an
ongoing challenge. This is due in large part to the access of
stable delocalized radicals that can impart efficient magnetic
exchange between two or more metal ions.?® To that end,
tetrazine based ligands offer multiple coordination pockets,
while the nitrogen content and delocalized nature of the -
system enhance the stability towards oxygen.> Thanks to the
relatively small energy difference between the = and =n*
molecular orbitals, tetrazine moieties can be easily reduced at
low reduction potential.5 These features have been
demonstrated using transition metals®®>h2d as well as a few
examples employing lanthanide ions.5<222

As mentioned, metal coordination is highly effective in the
quest to prevent dimerization; however, =n-dimerization
achieved through metal coordination is considerably less
explored. The only example reported to date is the formation of
a m-dimer attained by appending two radical moieties on the
cyclopentadienyl rings of ferrocene, as elegantly demonstrated
by Hicks et al.® While this represents an intramolecular n-dimer
associated with a metal complex, these n-dimers are not directly
bound to the metal ion. To date, coordination induced m-
dimerization or examples of bridging m-dimers between two
metal ions have yet to be reported. This is likely due to the
change in electron density of the radical and coupling of the
radical and metal spins upon coordination, thereby decreasing
the stabilization effect of dimerization. Furthermore,
coordination to a metal centre dictates the sterics and
orientation of the radical moiety and its proximity to
neighbouring radicals. All of these properties inhibit



intramolecular dimerization and minimize the tendency for
intermolecular self-association between neighbouring radicals.

To that end, herein we report an unprecedented
intramolecular n-mt stacking interaction, also called a pancake
bond, in a {Dy2} single-molecule magnet by utilizing a
bis(pyrazolyl)-tetrazine based ligand framework. More
specifically, the synthesis, extensive computational studies and
detailed magnetic analysis of two structurally related dinuclear
Dy"" SMMs, revealed through an applied dc field, are
presented; a dinuclear Dy"' metal complex [Dy"(u-
bpytz)(THMD)e]-4(CsHe) (1-4CsHs; where bpytz = 3,6-bis(3,5-
dimethyl-pyrazolyl)-1,2,4,5-tetrazine; TMHD = 2,2,6,6-
tetramethyl-3,5-heptanedionate) with a neutral tetrazine
bridging ligand, alongside [Dy"'2(u-(bpytz)2)(THMD)4] (2), a
dinuclear compound containing a unique w-dimerized tetrazine
bridge. The yttrium analogue [Y"'2(u-(bpytz)2)(THMD)4] (3),
which is isostructural to 2, was also prepared and studied to
confirm the diamagnetic nature of the bridging n-dimer ligand.
This report represents the first example of a coordination
induced tetrazine intramolecular w-dimer contained within a
single molecule.

Preparation of compounds 1-4CsHs, 2 and 3 follow similar
procedures, beginning with the reaction of one equivalent of
bpytz with one equivalent of M(TMHD)s (where M = Dy or Y)
in benzene under aerobic conditions, which affords a dark
brown solution (for 1-4CsHs, see ESI for more details). Upon
vapour diffusion of the aforementioned solution with
acetonitrile (CHsCN), red block-like single crystals of [Dy"'2(u-
bpytz)(THMD)s]-4CesHe (1-4CeHs) suitable for single crystal X-
ray diffraction (SCXRD) were obtained in 85% yield (Scheme
1). The same product can be isolated if the reaction is
performed under anaerobic conditions (2 and 3), whereas a dark
green solution is obtained if the reaction is carried out in the
presence of one equivalent of cobaltocene (CoCpz2). Slow
diffusion of CH3CN into the latter yields dark green block-like
crystals of 2 in 80% yield. Alternatively, compound 2 can be
prepared from the reaction of 1-4CeHs with CoCp: in the same
solvolitic conditions, though we found this resulted in lower
yield percentages. This may be attributed to the sacrificial
nature of the reaction. It is noteworthy that attempts to isolate
the mono-radical anion bridged dinuclear {Dy2} compound
were unsuccessful, as were attempts to prepare the radical anion
or w-dimer of bpytz in the absence of metal ions. Interestingly,
compounds 1-4CeHe, 2, and 3 exhibit solid-state air-stability
over long periods of time, as observed via infrared (IR)
measurements. For example, under aerobic conditions over a
period of 20 days, no change was observed in the IR spectra of
2 (Fig. S1).
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Scheme 1 Synthetic route for the isolation of 1:4(CsHs) and 2, where bpytz =
3,6-bis(3,5-dimethyl-pyrazolyl)-1,2,4,5-tetrazine and TMHD = 2,2,6,6-
tetramethyl-3,5-heptanedionate. The dark blue vs. lighter blue bpytz in 2
indicates the above and below arrangement of the reduced ligand n-dimer.

Single-crystal X-ray diffraction analysis reveals that
1-4CeHs and 2 crystallize in the triclinic PT and trigonal P3,21
space groups, respectively. The molecular structures of both
metal complexes are shown in Fig. 1 and Fig. S2-S4, and X-ray
data along with selected distances and angles are given in
Tables S1-S3. In 1-4C¢Hs, the centrosymmetric dinuclear metal
complex is composed of two Dy'"' ions bridged by a neutral
bpytz ligand; close inspection of the N-N distance (1.32(5) A)
in the tetrazine core is in good agreement with that of the free
ligand, thus corroborating the neutral form of the tetrazine
moiety. Three TMHD ligands complete the coordination
environment around each metal centre, affording square
antiprismatic geometry as confirmed by SHAPE analysis
(Table S4).” The two metal ions are coordinated in a bidentate
fashion in the bipy-like coordination pocket of the bpytz ligand
with intramolecular Dy--Dy distances of 8.01(4)A. Four
benzene solvent molecules are also present in the crystal lattice.

In the case of 2, the centrosymmetric compound is
comprised of two Dy'"" ions bridged by two bpytz ligands, with
two TMHD coordinated to each metal centre thereby affording
a geometry that can best be described as square antiprism
(SHAPE analysis, Table S4).7 Here, the four TMHD co-ligands
contribute a total charge of 4—, therefore the additional charge
to stabilize the 6+ metal ions must be provided by two reduced
bpytz ligands with each having a charge of 1—. Reduction of the
bpytz ligands in 2 is thus supported by charge balance
considerations. The crystallographic changes observed in the
tetrazine core through elongation of the azo N-N distances from
1.32(5) A to 1.39(6)A further endorse the negative charge on
the tetrazine moieties.> The assembly of the two bpytz ligands
allows the tetrazine rings to face each other at a distance of
2.73(5) A (Fig. S3 and S4); a distance considerably longer than
a single bond (ca. 1.43 — 1.54 A) yet notably shorter than the
sum of the van der Waals radii (ca. 3.0 — 3.4 A).8 The packing
arrangement displays intermolecular Dy---Dy distances of
12.11(1)A, while the Dy---Dy intramolecular distance is
7.10(8)A.



Fig. 1 Molecular structure of 1 (top) and 2 (bottom). Solvent molecules and
hydrogen atoms were omitted for clarity. Color code: Dy (orange), C (gray),
N (blue), O (red).

Although reduction of tetrazine in coordination metal
complexes is known to afford tetrazinyl radicals,® here the
observed air-stability, close intramolecular contacts and
magnetic data (vide infra) indicate spin pairing of the tetrazinyl
moieties within the molecule. Despite the electrostatic repulsion
expected between charged radical species, examples of =-
dimerized radical cations are known as are radical anions,
however, there are fewer examples of the latter (e.g., TCNE and
TCNQ).? While n-dimerization is quite common among organic
radicals, it is rare in coordination metal complexes and, when
present, tends to lead to extended coordination networks.® In 2,
we have a m-dimer that acts as an intramolecular bridge
between two metal centres in a discrete coordination
compound. Here the charge imparted by the cationic lanthanide
ions likely alleviate some of the electrostatic repulsion between
the radical anions, facilitating the formation of the n-dimerized
bridging ligand and perhaps stabilizing self-association. The
interaction between the bpytz ligands in 2, which can be
referred to as pancake bonding (i.e., multicentered 2-electron
bonding; mc-2e),*! is unique to this molecule and such features
have yet to be reported.

In an effort to validate the diamagnetic nature of the
bridging ligand in 2, the yttrium analogue 3 was synthesized
following a similar procedure. SCXRD analysis of 3 reveals
that it crystallizes in thetrigonal P3221 space group and is
isostructural with 2, as evidence by the structural overlay (Fig.
S5), infrared spectroscopy (Fig. S6) and powder X-ray
diffraction patterns (Fig. S7). Solid state magnetic studies on 3

reveal its diamagnetic nature, supporting spin pairing of the two
reduced bpytz moieties and hence mn-dimerization of the
bridging ligand. Solution electron paramagnetic resonance
(EPR) studies were also carried out on 3, which exhibit a nine-
line pattern signal attributed to a single bpytz radical anion (i.e.,
simulated using a model based on hyperfine coupling of four
equivalent N nuclei with an = 0.507 mT; Fig. S8). However,
such signals must be taken with caution as 3 is sparingly
soluble in common organic solvents and, under these
conditions, its stability is limited; attempts to probe this
interaction through NMR experiments were inconclusive. As
such, the obtained signal is likely arising from the dissociated
compound in solution. Moreover, a half-field signal arising
from the population of the triplet state was not observed in the
EPR studies, indicative of strong antiferromagnetic coupling
between the two bpytz radical anions.

To further analyse the nature of the pancake bond within
compound 2, broken symmetry density functional theory (BS-
DFT)2 and complete active space self-consistent field
(CASSCF) calculations®® were first carried out for 3 and its
simplified model system [Y2"'(u-(bpytz)2)(PD)4] (4; where PD
= propanedionate) using the coordinates adapted from the
crystal structure of 3 and only optimizing the positions of the
hydrogen atoms (see computational details in the ESI included
in Fig. S9). Two spin bearing radicals that strongly interact can
form a triplet or singlet state system depending on the
ferromagnetic (FM) or antiferromagnetic (AFM) coupling of
their spins, respectively. In the case of a pancake bonded
system, the ground state is typically a singlet.'?® Here, the
singlet state is favoured over a triplet one, because the in-phase
components of identical singly occupied molecular orbitals
(SOMOs) of the radicals that form the pancake bond strongly
overlap with each other. The overlap of in-phase components of
identical SOMOs leads to a covalent type interaction between
two radicals that automatically favours an AFM
interaction.12e.14a

The wave function of the singlet state pancake bonded
system usually contains a considerable amount of singlet
diradical character.1?® The singlet diradical is a molecular entity
in which two electrons occupy two (nearly) degenerate
molecular orbitals.’> The wave function of such a system is
multiconfigurational and cannot be described by the single
Slater determinant methods such as the restricted Hartree-Fock
theory. Therefore, multiconfigurational approaches like the
CASSCEF are needed. In a strict sense, the basic formalism of
DFT is also a single determinant approach but it is able to treat
small to moderate amounts of the singlet diradical character.
Because of this, it is an applicable computational method to
model the pancake bond within compounds 3 and 4. To confirm
the ground state multiplicity of 3 and 4, we first calculated the
vertical singlet-triplet gap (VSTG) for 4 using a variety of
different exchange-correlation functionals and the Yamaguchi
projection.’® Depending on the functional used, BS-DFT
calculations predicted the triplet state to be ~ 3250-4000 cm™
higher in energy than the singlet state (Table S5). The validity
of the small model system 4 was confirmed by calculating the
VSTG for 3 using the LC-wPBE-D3/def2-TZVP level of



theory172-¢18; very similar values were obtained for 3 (-3228 cm-
1) and 4 (-3249 cmt). Small geometrical changes can influence
the value of the STG and it is very likely that 3 does not adopt
the same geometry in the solution and solid state. Thus, we also
calculated the adiabatic singlet-triplet gaps (ASTG) for the gas-
phase optimized geometries of 3 and 4 (only at the LC-oPBE-
D3 level for 3) using the same exchange-correlation functionals
as for the VSTG. Geometry optimizations of the HS and LS
states of 3 and 4 revealed that the intramolecular centroid-
centroid (Cnt-Cnt) ring distance of two interacting bpytz™
radicals for the gas-phase optimized structures are ~0.1-0.3 A
longer than the intramolecular Cnt-Cnt ring distance of the
crystal structure of 3 (Table S6). The best agreement between
experimental and calculated Cnt-Cnt distance is obtained with
the B3LYP-D3/def2-TZVP,17d-7.18 PBE1PBE-D3/def2-
TZVP,178h18 and LC-owPBE-D3/def2-TZVP17ac18 |evels of
theory that predict the calculated Cnt-Cnt distance of the
ground LS state to be only ~0.1 A longer than the experimental
value. Although different projections were used to obtain the
VSTGs and ASTGs, it is evident from the calculated data that
the small increase in the Cnt-Cnt distance has effect on the
calculated singlet-triplet gaps of 3 and 4; the ASTGs are
smaller (~-1780 to -2600 cm™) than the VSTGs (~ -3250 to -
4000 cm™) (Tables S5 and S7). Nevertheless, such high STGs
very likely explain why the thermally accessible triplet state is
not populated even at the room temperature, as supported by
EPR analysis. Moreover, the calculated VSTGs and ASTGs
fully confirm that the ground state of 3 and 4 is a singlet state.

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) obtained at the LC-
oPBE-D3/def2-TZVP level of theory for the singlet state of 4
are shown in Fig. 2. As can be seen, the bpytz™ radicals within
the metal complex are =n-dimerized through an orbital
interaction that resembles covalent-type bonding. The spin
density distribution is also presented in Fig. 2, revealing a
strong localization of spin density on the central rings of the
two bpytz, as well as (almost) equal distribution for o and g
spin density. To quantify this orbital interaction in 3 and 4, we
calculated the vertical and adiabatic rad-rad coupling constant
(Jrad-rad) using the Yamaguchi and adiabatic projections,
respectively, and BS-DFT formalism.!*'6 We evaluated the
singlet diradical character, unpaired electron density,'® and
formal bond order (pno)?® of 4 utilizing natural orbital
occupation numbers (NOONSs) from the CASSCF calculations
(see ESI for details). The CASSCF calculations were performed
for the frozen and LC-oPBE-D3/def2-TZVP optimized ground
state gas-phase geometry of 4. Since the Jrad-rad equals the
vertical and adiabatic singlet-triplet gaps (see above), the
calculated Jrad-rad Values indicate a strong antiferromagnetic
interaction between two bpytz=in 3 and 4 (Tables S5 and S7).
These values of Jrad-rad are in line with values reported for other
strongly n-dimerized radical systems.142

NOONSs are the eigenvalues of the one-particle electron
density matrix, and they converge towards values that they
adopt in the exact wave function when the level of theory used
is high enough.?* Because of this, NOONSs at the CASSCF level
of theory can be used as a benchmark of the singlet diradical

character; in a perfect diradical, two natural orbitals are each
occupied exactly by one electron. Thus, a suitable index for
diradical character is obtained by comparing the occupation
number of the acceptor orbital nacc (formally the LUMO in the
case of 4) to the reference value of one electron (nacc /1.00) x
100%. Despite the size of active space and the geometry
employed (i.e., crystal structure or gas-phase optimized), the
investigation of NOONSs reveals that ~0.4-0.6 electrons are
transferred from the formally HOMO to LUMO, which
corresponds to 40-60 % of the singlet diradical character
(Tables S8 and S9). Only a small amount of electron density is
distributed from the other formally occupied =-orbitals to
unoccupied mt-orbitals that all have relatively small NOONs.

LUMO

HOMO

Spin Density

Fig. 2 Lowest occupied molecular orbital (LUMO; top) and highest occupied
molecular orbital (HOMO; middle), as well as the spin density distribution
(bottom; blue = a spin density; green = 8 spin density) for 4. Similar HOMO,
LUMO and spin density distributions are observed for 3.

The results indicate that the wave function of 4 contains a
notable amount of the singlet diradical character, and the
formally HOMO and LUMO contribute most to the formation
of the pancake bond between =n-dimerized bpytz*~ radicals.
NOONSs can be also used to evaluate the pno and unpaired



electron density between bpytz*- radicals, with the latter
measuring the separation of an electron pair into different
spatial regions.’® By using the occupation numbers of the
frontier natural orbitals (formally the HOMO and LUMO) of 4
from the CASSCF calculations, the pno value of ~0.4-0.6 is
obtained for the frozen and optimized geometry of 4. The
unpaired electron density is measured by calculating the total
number of effectively unpaired electrons (Nu) between bpytz*
ligands. The calculated value of Nu for 4 deviates between 0.74
and 1.36 for the crystal structure geometry and 1.07 and 1.41
for the gas-phase optimized, depending on the size of active
space used in the CASSCEF calculations. Most importantly, such
high values reflect the notably diradical character of compound
4 (Tables S10 and 11). Both the pno and Nu values obtained for
4 are in a good agreement with values reported for other
systems containing a single pancake bond.?%2? Overall, these
calculations indicate that the interaction between the bpytz
moieties resembles a covalent bond rather than a weak AFM
exchange interaction. In this respect, the m-dimerized bpytz*-
radicals should function as a diamagnetic linker between the
two Dy"" ions within 2.

To validate the nature of the intramolecular w-dimerized
bridging ligand and to probe the static and dynamic magnetic
susceptibility associated with dinuclear Dy"' metal complexes,
the magnetic properties of 1-4CsHs and 2 were investigated
using a SQUID magnetometer. The direct current (dc)
susceptibility data obtained at 1000 Oe display room
temperature »T products of 27.83 cm® K mol and 27.53 cm® K
mol-! for 1-4CsHs and 2, respectively (Fig. 3). These values are
in good agreement with the theoretical »T values estimated for
two non-interacting Dy"' ions (S= 5/2; L=5; SHisp; g= 4/3;
xTrT= 14.17 cm® K mol). The similarities between the room
temperature values for both compounds further support the
absence of any additional spins (i.e., radical ligands) within 2,
corroborating the self-association of the bpytz* ligands and the
resulting pancake bond formation. In the temperature range of
300 - 100 K, the 4T product for both metal complexes remain
constant, indicative of the uncoupled nature of the Dy'"' — Dy
interaction within the molecules. Below 100 K, the decrease of
the 4T product can be associated with depopulation of the Stark
sublevels, spin-orbit coupling and/or weak interactions between
the metal ions. Upon comparing the magnetic susceptibility of
1-4CeHs vs. 2, the 4T product of 2 deviates from linearity at a
higher temperature (100 K) than for 1-4CsHe (50 K). Fitting of
the data using the Lines model?® affords exchange coupling
constants of 0.006 cm™ and 0.016 cm™ for 1-4Ce¢Hs and 2,
respectively, indicating a weak exchange interaction between
the Dy"' ions.2* The slightly stronger coupling constant
observed in 2 is likely due to the shorter intramolecular Dy"" —
Dy'" distance of 7.10(8) A compared with 1-4CsHs (8.01(4) A).
Although weak, this slight variation between compounds may
be attributed to the intramolecular n-dimerized bpytz™ bridging
ligand. In addition, the field dependence of the magnetization
(Mvs. H/T) data does not exhibit saturation likely due to
thermally accessible low-lying excited states even at 1.8 K and
7 T (Fig. S10). The isotherm lines do not fully superimpose,

suggesting the presence of magnetic anisotropy inherent to Dy""
ions.
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Fig. 3 Variable temperature dc magnetic susceptibility data, where y = M/H
normalized per mole for 1-4CsHs (blue) and 2 (green) obtained under an
applied field of 1000 Oe. Experimental data is denoted by circles with the
solid line representing the fit.

Owing to the significant spin orbit coupling associated with
Dy'"" ions, such compounds often exhibit a slow relaxation of
magnetization, indicative of SMM behaviour. To probe this,
dynamic alternating current (ac) susceptibility measurements
were performed on 1-4CsHe and 2. At low temperatures and
zero dc field, both metal complexes exhibit ac signals; 1-4CsHs
shows a small tail while 2 displays a slightly pronounced signal
(Fig. S11). No clear full peak was observable for either
compound under these conditions. This indicates that
magnetization relaxation is likely occurring through quantum
tunnelling of the magnetization (QTM), thus quenching the
SMM behaviour. Nonetheless, upon application of a small
static field (1000 Oe), full peaks were observable suggesting
that QTM can be minimized and relaxation times can be
increased upon application of a field. To further probe the
effect of the applied dc field, field dependent measurements
were carried out at 2 K with varying magnetic fields up to 1800
Oe for 1-4CsHs and 5000 Oe for compound 2 (Fig. S12 and
S13). It is noteworthy that two unique “high” and “low”
frequency processes can be seen. This data was fit using a
generalized/double Debye model for the field dependent ac
susceptibility measurements (Tables S12, S13). This data
confirms QTM can be minimized and the slow relaxation of the
magnetization can be enhanced at 600 Oe for 1-4CsHs and 1200
Oe for 2.

Upon performing temperature dependent (6 to 1.9 K) ac
susceptibility measurements in the presence of a static dc field
of 600 Oe, frequency dependent out-of-phase signals were
observed in 1-4Cg¢He, revealing its SMM behaviour (Fig.4 and
S14). This data was fit using the generalized Debye model
utilizing CC-FIT2 software,?® through which the relaxation
times (z) and their respective distributions (a) were extracted
(Tables S12-S15 for parameters of best fit for each temperature
curve). Given the nature of the SMM behaviour, it is vital to
consider not just thermally induced relaxation processes, but
also other relaxation mechanisms such as Raman, direct and
QTM processes. Upon plotting z* vs. T on logarithmic axes, a



distinct linear trend can be observed. This is indicative that over
the temperature ranges where values of z can be observed, the
dominant mechanism of magnetisation relaxation occurs via
Raman processes (1 = CT"; eq. (1)). Upon fitting the extracted
relaxation times for 1-4CsHs using eq. (1), the following
parameters were obtained: C = 0.457 st K% and n = 5.09. Fits
employing terms for Orbach (t7 =1, exp(—U.ss/KsT);
(eq. (2)) and QTM (zlgrm) did not improve the quality of the
fit, thus validating the Raman relaxation mode as the primary
contributor to the slow relaxation of the magnetisation.
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Fig. 4 Frequency dependence of the out-of-phase susceptibility (x””) at variable
temperatures performed at 600 Oe for 1-4C¢Hs (top) and 1200 Oe for 2 (middle). The
solid lines represent best fits obtained from the generalized Debye model using CC-
FIT2. Plot of the Tt vs. T on a log-log scale (bottom) with the fit (red line) using eq. (1).

In the case of 2, similar frequency dependent signals were
observed at 1200 Oe below 8 K, also demonstrating SMM
behaviour (Fig. 4, middle). Using the same approach as
1-4CsHes, the data was fit utilizing the generalized Debye model

in CC-FIT2, and the relaxation times and distributions were
extracted.?® The data was further fit using a Raman model (eq.
(1)), through which the following parameters were obtained: C
= 0.011 s K% and n = 6.48. Similar to 1-4C¢Hs, adding
Orbach or QTM terms did not improve the quality of the fit and
did not yield physically reasonable values further supporting a
Raman process as the dominant magnetisation relaxation
mechanism.

In light of the above results, the magnetic properties of the
centrosymmetric compounds 1-4CsHs and 2 arise mainly from
two non-interacting Dy"! ions. This may be attributed to the
shielded core 4f magnetic orbitals of Dy"' ions along with the
diamagnetic bridging ligand(s) that link the metal centres in
both metal complexes. To investigate the magnetic properties
of 1-4CeHs and 2 in more detail, the standard CASSCF/SO-
RASSI calculations!® followed by SINGLE_ANISO% and
POLY_ANISO? routines were performed (see ESI for details).
The CASSCF/SO-RASSI calculations revealed that the
principle magnetic axes of the ground Kramers doublet (KD)
are oriented to 91° and 86° angle with respect to the line
connecting two Dy'"' ions in 1 and 2, respectively (Fig. S15). In
both compounds, the angles between the magnetic axes of the
ground and excited doublets vary significantly from ~16° to
170°, neither of which are colinear to the main magnetic axes of
the ground KD (Tables S16 and S17). Close inspection of the g-
tensor of the ground KD (1: gx = 0.048, gy = 0.084, g, = 19.376;
2: gx = 0.035, gy = 0.037, g, = 18.667), shows non-negligible
transverse components in both molecules, as they deviate from
the ideal values of highly axial g-tensors (gx = gy = 0.0, g =
20.0). This likely leads to the mixing of the ground state with
the higher excited state, thus promoting significant QTM as
observed experimentally. More specifically, the percentage
composition of the SO-RASSI wavefunctions of the sixteen
lowest states are presented in Tables S18 and S19 for 1 and 2,
respectively. As can be seen, the ground doublet within 1 is
mainly composed of My = £15/2 states, which is common for
Dy"' SMMs.28 The higher lying doublets of 1 are considerably
more mixed than the ground doublet and cannot be uniquely
defined by a single M, state. The ground doublet of 2 is not
pure M = +15/2 state but contains mixing from M, = £13/2 (4
%) and My = £11/2 states (12 %), as well as smaller
contributions from several higher lying states. As expected, the
higher lying doublets are strongly mixed within 2. Taking into
account all the above-mentioned data, it can be concluded that
the low symmetry environment of the Dy'' ions effectively
diminishes the axiality of KDs and leads to the strong mixing of
states in both metal complexes.

The low axial g-tensors of the ground KDs, as well as the
weak exchange interaction between the metal centres, usually
promotes QTM within the ground KD.?* To further study the
relaxation of magnetisation in both compounds, the qualitive
energy barrier for both were constructed by plotting the
energies of the lowest lying states with respect to their magnetic
moments and calculating the transition magnetic moment
matrix elements between the states, i.e., transition probabilities
(Fig. S16).25¢ The calculated transition probabilities for both
metal complexes show a rather large value for a matrix element



connecting the two components of the ground KD: for 1 the
value is 0.022, whereas for 2 it is 0.012. Such high values are
usually associated with efficient QTM within the ground KD.?42
The computational result is fully in line with experimental
findings; 1-4CsHs and 2 show the relaxation of magnetisation
only when the degeneracy of the ground KDs are lifted with the
application of external dc field.

In conclusion, we report two new tetrazine bridged
dinuclear Dy'"' metal complexes exhibiting SMM behaviour
revealed through an applied dc field. In 2, which contains two
reduced tetrazine moieties, a unique coordination induced =-
dimer connecting the two metal centres is observed. This
represents the first example of an unusual intramolecular
pancake bond, which is supported experimentally and through
computational studies. More specifically, the similarity of the
T products for 1-4CsHs and 2, as well as the calculated
vertical (~-3250 to -4000 cm™) and adiabatic (~-1780 to -2600
cm) radical-radical coupling constants (Jrad-rad), along with the
EPR studies suggest that the two tetrazine rings are strongly
antiferromagnetically coupled in 2, which makes the (bpytz™)2
bridge a diamagnetic linker between two Dy"! ions. Under an
applied field of 600 Oe for 1-4CeHe and 1200 Oe for 2, both
compounds exhibit slow relaxation of the magnetisation
occurring via Raman process. The results found in this ongoing
project will be helpful for future strategies on designing new
lanthanide metal complexes containing tetrazinyl-based radicals
in the pursuit to exploit direct exchange coupling.
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