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ABSTRACT: Introducing both tetrazine radical and azido bridges afforded two
air-stable square complexes [MII

4(bpztz•−)4(N3)4] (MII = Zn2+, 1; Co2+, 2; bpztz =
3,6-bis(3,5-dimethylpyrazolyl)-1,2,4,5-tetrazine), where the metal ions are
cobridged by μ1,1-azido bridges and tetrazine radicals. Magnetic studies revealed
strong antiferromagnetic metal−radical interaction with a coupling constant of
−64.7 cm−1 in the 2J formalism in 2. Remarkably, 2 exhibits slow relaxation of
magnetization with an effective barrier for spin reverse of 96 K at zero applied field.

■ INTRODUCTION
Coordination-driven self-assembly1 of supramolecular archi-
tectures continues to produce fascinating results in many
interdisciplinary fields with various fundamental applications2

including sensors, optics, spintronics, and catalysis. Elegant and
intricate structures such as metallacycles, molecular knots,
metal−organic polyhedra, metallocages, and interlocked
molecules have been reported because of the structural
versatility of the metal ions and the directionality of the
metal−ligand interactions based on the coordination algo-
rithm.3 A key underpinning of research on this topic is the
design of specific organic linkers that are coded to produce a
desired topology. Of specific interest to the present work is the
use of organic radical linkers in supramolecular architectures
that exhibit strong direct magnetic couplings.4

The literature is replete with examples of compounds
featuring metal spins coupled through closed-shell bridging
ligands via an indirect superexchange mechanism, but many of
these magnetic interactions are relatively weak especially when
the bridging ligand spans a large distance. Although the
chemistry is more challenging, the use of free radical bridges5 is
capable of propagating efficient spin exchange beyond the limit
of distance and gives rise to much stronger magnetic
interactions due to the direct overlap of orbitals that bears
the unpaired electrons. The growing body of research in this
area has demonstrated that higher blocking temperatures for
single-molecule magnets (SMMs) are achieved with para-
magnetic bridges.6 A remarkable recent example is a radical
bridged dinuclear Co(II) compound that exhibits significantly
higher relaxation times and hysteresis up to 15 K, among the

very best properties reported for transition-metal-based
SMMs.6c

The most common motif for supramolecular metallacycles is
the molecular square which is due to the ease of satisfying the
requirement for 90° angles between the metal corners with the
use of linear organic linkers.3 Specifically, 3,6-substituted
pyridazine and tetrazine derivatives have been used for the
formation of various polygonal topologies including triangles,
squares, and pentagons mostly through the trans-bridging
mode.7 Such preprogrammed topologies with tetrazine radical
ligands haven been incorporated into coordination complexes
including recent work from Dunbar and Murugesu groups,
who demonstrated that much stronger ferromagnetic or
antiferromagnetic coupling up to J ≈ ±100 cm−1 (in 2J
formalism) between tetrazine radicals and paramagnetic metal
ions can be realized; however, less SMM behavior was
observed.8 Given that the contribution to the spin reversal
barrier in most transition-metal complexes is dominated by
axial zero-field splitting (D) and the magnetic coupling (J)
these parameters are important to control.9 It is well-known
that the end-on (EO, μ1,1) azido bridge would engender
appreciable and predictable ferromagnetic coupling, and we
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recently incorporated azide ions as secondary bridges and
constructed two [Co4] square complexes, {[(L)4CoII4(μ1,1-
N3)4][BPh4]4}·sol (2a, L = 3,6-bis(3,5-dimethyl-1H-pyrazol-1-
yl)pyridazine (pzdz); 2b, L = 3,6-di(pyridin-2-yl)pyridazine
(pydz)), in which the neutral pyridazine derivatives adopt cis-
bridging modes as dictated by the EO−azido bridge (Scheme
1). The ferromagnetic coupling constant was found to be
approximately +4 cm−1, and both compounds exhibit typical
field-induced slow relaxation in magnetization.10

With this prior work as a backdrop as well as the above
considerations, the related tetrazine derivative of bpztz anion
radical formation was thus explored in the assembly of metal
complexes within the selected topology bearing azide bridging
ligand to further improve the magnetic communication. Herein
we report the synthesis, structures and magnetic studies of the
air-stable azido-bpztz cobridged molecular squares
[MII

4(bpztz
•−)4(N3)4] (MII = Zn2+, 1; Co2+, 2). Crystallo-

graphic and magnetic studies revealed a rare cis-tetrazine
radical bridged [M4] square structure with magnetic coupling
for 2 being significantly enhanced for the radical versus the
diamagnetic bridging ligand. As a result, high-performance
magnetic relaxation behavior with an effective energy barrier of
96 K of 2 at zero dc field and clear magnetic hysteresis loops
below 5 K were observed, which is the first example of a cis-
tetrazine radical bridged [Co4] square and among the highest
relaxation barriers for reported polynuclear Co(II) com-
pounds.

■ RESULTS AND DISCUSSION
Syntheses and Crystallographic Studies. Treatment of

[Zn(H2O)6][ClO4]2 or [Co(H2O)6][ClO4]2 with bpztz ligand
in a 1:1 ratio with slight excess of sodium azide and L-ascorbic
acid in an inert atmosphere yielded compounds 1 and 2.
Single-crystal X-ray diffraction (SCXRD) studies revealed that
1 and 2 crystallize in the tetragonal space group I41/acd (Table
S1). Select bond distances and angles are listed in Table S2.
Bond valence sum (BVS) calculations (Table S3) indicate the
presence of 2+ oxidation state of Co and Zn which,
considering the overall charge balance, means that all bpztz
ligands have been reduced to radicals. This was further
confirmed by room-temperature EPR data of 1 in solid state
which gave a Lande factor grad = 2.003 (Figure S1). Powder X-
ray diffraction patters of 1 and 2 under ambient conditions
matched well with the SCXRD simulation (Figure S2),
indicating high purity and air stability for the compound.
As shown in Figure 1, the neighboring metal ions reside at

corners and are linked by one bpztz ligand in a cis mode and
one μ1,1-azido bridge to form a neutral molecular square [M4].
There are two crystallographically independent metal ions (M1
and M2) in the asymmetric unit. Each MII ion adopts a

distorted octahedral coordination geometry formed by four N
atoms from two different bpztz ligands and two N atoms from
azido ligands. The M−N bond distances and the cis N−M−N
angles are in the ranges 2.082−2.231 Å and 71.23°−111.08°
for 1 and 2.052−2.185 Å and 74.51°−111.92° for 2. The Co−
N bond distances in 2 are consistent with those for a high-spin
Co(II) ion. The bridging M−Nazido−M angle is 117.63° for 1
and 117.89° for 2. Significant elongation of the N−N intra-
tetrazine bond distances of 1.378 Å (N2−N3) and 1.400 Å
(N6−N7) in 1 and 1.377 Å (N2−N3) and 1.397 Å (N6−N7)
in 2 compared with the neutral tetrazine ligand (∼1.32 Å)
strongly supports the formation of tetrazine radical in 1 and
2.8c,11 It should be mentioned that the dihedral angles between
the pyrazolyl and tetrazine rings of the bpztz ligand in 2 are
3.32° and 10.21°, indicating increased coplanarity compared to
the previously reported diamagnetic analogues (4.19°−
26.06°).10 Moreover, the chelating Npz−M−Ntz (N1−Co1−
N2 and N3−Co2−N4) angles of 74.51° and 72.41° in 2 are
significantly smaller than those for the related [Co4] complexes
in a trans binding mode.8f The [Co4] core is nearly planar with
adjacent Co···Co distances of 3.606 Å and vertex Co−Co−Co
angles of 92.83° and 87.17° for 2 with similar parameters of
3.617 Å, 92.38°, and 87.62° for 1. The shortest intermolecular
M···M separation is 9.98 and 10.29 Å for 1 and 2, respectively.
It is worth noting that extensive short contacts were found
throughout the 3D packing arrangement involving weak Hpz···
Nazide hydrogen bonds (1, 3.042 Å; 2, 3.142 Å), noncovalent
C−H···π interactions (1, 2.455−3.217 Å; 2, 2.418−3.232 Å),
and edge-to-edge (1, 4.107 Å; 2, 4.072 Å) π···π interactions
(Figures S3 and S4). Such supramolecular interactions give rise
to appreciable intermolecular magnetic interactions which
accounts for the long-range antiferromagnetic ordering for this
large spin system (vide inf ra).

UV−Vis Spectroscopy Studies. UV−vis spectroscopy is
also performed to study the tetrazine radical formation. In
solution, the neutral bpztz ligand shows a strong π−π*
transition at 298 nm and less intense n−π* transition bands in
the visible region (Figure 2).12 For 1 and 2, the π−π*

Scheme 1. Coordination Modes of Tetrazines/Diazines

Figure 1. A ball-and-stick structure of 1 (M = Zn2+) and 2 (M =
Co2+) with a numbering scheme. Hydrogen atoms were omitted for
the sake of clarity.
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transition bands are blue-shifted to 280 nm due to decreased
conjugation. The absorption bands at visible region show a
clear red-shift which is the influence of n−π* contributions
upon coordination. This is consistent with the previously
reported N-heterocylic radicals,13 which clearly supports the
tetrazine radicals in 1 and 2. At solid state (Figure S5), the
band at 530 nm of the spectrum can be possibly attributed to
excimer formation. The bands of 1 and 2 at the solid state can
be also attributed to packing or extensive electronic
communication between ligands which alters the HOMO−
LUMO of the n−p* transition.
Cyclic Voltammetry Studies. The electrochemical

property of 2 studied by cyclic voltammetry method in
dichloromethane revealed four consecutive and reversible
redox potentials at E1/2 = +0.31, +0.47, +0.63, and +0.79 V
(vs Ag/AgCl), which were assigned to the four one-electron
oxidation processes of [CoIII1CoII3]+, [CoIII2CoII2]2+,
[CoIII3CoII1]3+, and [CoIII4]4+ states, respectively. In addition,
the reversible one-electron reduction at E1/2 = −1.3 V is most
likely attributed to bpztz radical reduction (Figure 3). Given
that ΔE (the redox potential difference) is the same (0.16 V)
for the four redox waves, the calculated comproportionation
constants (Kc) based on Kc = exp(FΔE/RT) were found to be
5.07 × 102, indicating the intermediated stability of mixed
valence states.
Magnetic Studies. Variable-temperature magnetic sus-

ceptibility data for 1 and 2 were collected with applied direct
current (dc) fields of 0.1 and 1 kOe (Figure 4 and Figure S6).
The χT value at 300 K of 1.46 cm3 mol−1 K for 1 is consistent
with four noninteracting bpztz•− radicals (Srad = 1/2, g =
2.003). Upon cooling, the χT value remains essentially
constant down to 50 K and then decreases to 0.122 cm3 K
mol−1 at 2 K, indicating antiferromagnetic (AF) interactions
between the radicals. In the case of 2, the χT value of 13.67
cm3 K mol−1 at 300 K is significantly higher than the
theoretically calculated for four isolated high-spin CoII ions
(1.875 cm3 K mol−1 each) and four uncoupled bpztz•−

radicals, indicating the significant orbital contribution.14

Upon cooling, the χT value increases continuously to a

maximum of 29.16 cm3 mol−1 K at 37 K and then decreases to
0.64 cm3 K mol−1 at 2 K, likely due to the presence of
intermolecular AF interactions, magnetic anisotropy, and/or
blocking dynamics.
To probe the magnetic coupling between the spin carriers,

the magnetic susceptibility data for 1 (2−300 K) and 2 (50−
300 K) were fitted by using the PHI program15 based on the
following spin Hamiltonian (eq 1 for 1 and eq 2 for 2):

∑ μ̂ = − ̂ ̂ + ̂ ̂ + ̂ ̂ + ̂ ̂ + ̂
=

H J S S S S S S S S g S H2 ( ) ( )A B B C C D D A
i A

D

B i3 rad

(1)

∑ ∑μ μ

̂ = − ̂ ̂ + ̂ ̂ + ̂ ̂ + ̂ ̂ + ̂ ̂ + ̂ ̂

+ ̂ ̂ + ̂ ̂ + ̂ + ̂

− ̂ ̂ + ̂ ̂ + ̂ ̂ + ̂ ̂

− ̂ ̂ + ̂ ̂ + ̂ ̂ + ̂ ̂

= =
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Figure 2. UV−vis spectra of bpztz ligand (solid line), 1 (dashed line),
and 2 (dotted line) in CH2Cl2 solution.

Figure 3. Cyclic voltammetry spectrum of 2 in CH2Cl2 solution (in
0.1 M [n-Bu4N][PF6] supporting electrolyte) with a Pt working
electrode at a scan rate of 0.1 V/s at room temperature.

Figure 4. Variable-temperature magnetic susceptibility data for 1 (□)
and 2 (○) under an applied dc field of 1 kOe. Solid lines represent the
fittings based in eqs 1 and 2. The inset shows the magnetic exchange
pathways in 2.
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where S1 to S4 = SCo = 3/2, SA to SD = Srad = 1/2, μB is the Bohr
magneton, H is the magnetic field vector, and gCo and grad
(2.003 as determined by EPR studies) are the Lande factors for
the Co(II) ion and bpztz•− radical, respectively; J1 to J3
correspond to the magnetic couplings for Co···radical, Co···
Co, and the neighboring radicals, respectively. It should be
mentioned that no acceptable fitting of χT vs T plots was
achieved over the 2−300 K temperature range by using an
anisotropic spin model, possibly due to the low-temperature
complexity including the metamagnetism, antiferromagnetic
ordering, and relaxation dynamics. In addition, the incorpo-
ration of more anisotropic parameters in this advanced model
would lead to the overparametrization. On the basis that the
high-temperature magnetic susceptibility should be dominated
by the strong exchange couplings mediated by bptz•− radicals,
the χT vs T plots at above 50 K were thus fitted with an
isotropic spin model. Moreover, given that the [Zn4] analogue
(1) can be unambiguously characterized over the entire
temperature, the coupling constant between the neighboring
bpztz•− radicals was thus restrained as the same across the two
data sets of 1 and 2 to avoid the overparametrization. With the
addition of the intermolecular couplings (zj′) based on the
mean-field approximation,16 the best fitting gave J3 = −4.7
cm−1 and zj′ = −0.2 cm−1 for 1. For 2, zj′ can be neglected in
the high-temperature range, and J3 was fixed to −4.7 cm−1 in
the fitting process to reduce the parameter space. The best set
of parameters are J1 = −64.7 cm−1, J2 = +4.9 cm−1, and gCo =
2.81. It should be noted that attempts to fit the susceptibility
data of 2 with a free J3 parameter did not improve the quality
significantly and gave similar results. The obtained JCo···rad value
is similar to that observed for bptz•− radical bridged [CoII3]
(−67.5 cm−1) and [CoII4] (−66.8 cm−1) complexes10 and
confirms the strong AF coupling between the Co(II) metal
centers and bpztz•− radicals.
The isothermal field-dependent magnetization of 2 meas-

ured at 2 K exhibits a pronounced sigmoidal behavior with an
initial slow increase (Figure S7), corresponding to an AF
ordered state, and then a sharp transition to a super-
paramagnetic state, reaching an unsaturated value of 11.4 Nβ
at 70 kOe, typical for a metamagnet with the critical field of
32.5 kOe, extracted from the peak in its dM/dH curve (Figure
S8). Such behavior is indicative of metamagnetic behavior
which comes from the weak intersquare couplings. The lack of
saturation reveals the presence of magnetic anisotropy.17

Further studies revealed that the critical fields decrease at
higher temperatures, and the S-shape disappears at temper-
atures above 12 K. The metamagnetic behavior is further
supported by the field-cooled (FC) magnetization measure-
ments under fields of 1−35 kOe (Figure S9). Moreover,
specific heat measurements reveal a λ-shaped peak at ∼11.5 K
under zero field and disappeared under an applied dc field of
30 kOe, which unambiguously corroborated the antiferromag-
netic ordering and metamagnetic behavior of 2 (Figure S10).
Remarkably, stepwise magnetic hysteresis loops at a field

sweep rate of 20 Oe/s were observed below 4.0 K (Figure 5).
At 2 K, a wide stepwise hysteresis loop with a coercive field of
9 kOe and a remnant magnetization (MR) of 2.2 Nβ was
observed. The loops exhibit narrowing at higher temperatures
and disappear at temperatures above 4 K. In terms of the ZFC-
FC experiments, under an applied dc field of 50 Oe, the ZFC-
FC splitting at about 12 K is much higher than the blocking
temperature where the hysteresis closes (Figure S11a), which
may be caused by the coexistence of AF ordering and magnetic

relaxation. To better address this, the ZFC-FC plots were
further measured under an applied dc field of 30 kOe where
the AF ordering is overcome (Figure S11b). As a result, the
observed divergence for the ZFC-FC plots at about 4.5 K is in
well agreement with the blocking temperature extracted from
the hysteresis measurements, indicating that the ZFC-FC
splitting is attributed to the blocking dynamics rather than the
long-range magnetic ordering.
To investigate the relaxation dynamics of 2, ac susceptibility

data were collected under zero and 30 kOe applied dc fields.
The in-phase (χ′) signals under a zero dc field exhibit
frequency-independent signals maximum at 13 K with the out-
of-phase (χ″) component remaining zero around this temper-
ature (Figure 6, left). This is not unexpected for

antiferromagnets and agrees well with the dc results.
Interestingly, strong frequency-dependent behavior in the
temperature range 4−10 K was observed, although the signals
are weak. Under an applied dc field of 30 kOe (above the
critical field) to overcome the intercluster AF interactions, both
the in-phase and out-of-phase ac susceptibilities exhibit
obvious frequency dependence, with the χ″ maximum shifting

Figure 5. Hysteresis loops of 2 measured at 2−5 K with a field sweep
rate of 20 Oe/s. Solid lines are guides for the eye.

Figure 6. Temperature dependence of the in-phase (χ′) and out-of-
phase (χ″) ac susceptibility data for 2 at zero (left) and 30 kOe
(right) dc fields. Solid lines are guides for the eye.
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from 4.8 K at 29 Hz to 5.9 K at 898 Hz (Figure 6, right). The
intensities of the out-of-phase signals increase 10 times. The
Mydosh parameter φ = (ΔTp/Tp)/(Δ log f) was estimated to
be 0.13, which is larger than a canonical spin glass and closer to
a normal value for superparamagnetic behavior.18 The
relaxation time (τ) derived from the χ″ peaks (Table S4)
follows the Arrhenius law τ = τ0 exp(Ueff/kBT).

19 The obtained
effective energy barriers of 96 K (τ0 = 5.2 × 10−11 s; zero field)
and 83 K (τ0 = 1.7 × 10−10 s; 30 kOe dc field) are among the
largest reported for polynuclear d-block compounds (Figures
S12 and S13).6c,20 The coexistence of long-range magnetic
ordering and slow magnetic relaxation is not unexpected for an
anisotropic system.21 It should be noted that the relaxation
time obtained from ac susceptibility measurements seems
much lower than those account for the pronounced ZFC-FC
and hysteresis curves. Based on the 3D supramolecular
structure and AF ordering dictated by extensive short contacts
between the [Co4] squares, such abnormality is reminiscent of
some high-dimensional magnetic systems22 wherein much
lower pre-exponential factor and relaxation time are observed
due to the variable system size, intermolecular interactions,
and/or random defects.

■ CONCLUSIONS
In summary, two new azido-bridged square complexes with cis-
bpztz radical bridges are reported. Magnetic studies revealed
the introduction of tetrazine radicals into a [CoII4] square
system is an effective strategy for engendering direct and
strong magnetic interactions between metal spin centers and
the radicals. The slow magnetic relaxation behavior of 2 is
significantly enhanced compared to the neutral pyridazine-
bridged analogues, demonstrating the potential of topological
control coupled with magnetic properties of radical bridges.
Future work is being directed at synthesizing combinations of
various paramagnetic 3d transition metals and tetrazine type
ligands in the context of these studies.
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