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Abstract: The ligand-centered radical complex
[(CoTPMA)2-m-bmtzC¢](O3SCF3)3·CH3CN (bmtz = 3,6-bis(2’-
pyrimidyl)-1,2,4,5-tetrazine, TPMA = tris-(2-pyridylmethyl)-
amine) has been synthesized from the neutral bmtz pre-

cursor. Single-crystal X-ray diffraction studies have con-
firmed the presence of the ligand-centered radical. The

CoII complex exhibits slow paramagnetic relaxation in an
applied DC field with a barrier to spin reversal of 39 K.
This behavior is a result of strong antiferromagnetic

metal–radical coupling combined with positive axial and
strong rhombic anisotropic contributions from the CoII

ions.

Research on molecular magnetic materials, particularly single-
molecule magnets (SMMs), is witnessing a veritable explosion

of activity owing to the potential applications in high-density
data storage,[1] spintronics,[2] and quantum computing.[2b, 3]

SMMs are well suited to these applications owing to the exis-
tence of a bistable ground state in these molecules below
a certain blocking temperature (Tb) which enables these mole-

cules to behave as tiny bar magnets of precisely defined size
and shape. One of the major challenges facing this field is the

temperature required for the observation of magnetic bistabili-
ty. One of the hurdles for achieving higher temperature SMM
behavior in large polynuclear complexes is that controlling
global anisotropy in these molecules is difficult owing to the

unpredictable nature of the synthesis of these large molecules.
An entirely different approach that is experiencing considera-
ble success is the design of low nuclearity complexes in which
a combination of geometry, coordination number, and a specif-
ic electronic configuration leads to strong single-ion anisotro-

py. A natural limitation of this strategy is that the total spin of
the system, which also has some bearing on Tb, is limited for

smaller nuclearity compounds, but one can increase the total
spin of the system by incorporating radical ligands into the

molecule. For example, organic radicals in the nitroxide and
verdazyl families have been used to synthesize SMMs.[4] In ad-

dition to increasing the total spin of the system, organic radical

bridges have the added advantage of increasing the magni-
tude of the magnetic exchange coupling[5] which leads to

higher blocking temperatures.[5a, b, f, 6] A particularly impressive
example of the use of radical bridging ligands is the work of

Long and co-workers who reported that the N2
3¢ radical-

bridged compound [K(18-crown-6)]{[(Me3Si)2N]2(THF)Gd}2(m-

h2 :h2-N2) exhibits a superexchange coupling constant of J =

¢27 cm¢1 between the GdIII ions—the strongest coupling ob-
served to date for 4f spin centers.[5a] The TbIII analog of the

same complex exhibits magnetic hysteresis up to 14 K,[5b]

a temperature that has been rivaled by only one other mole-

cule, namely [Er2(COT’’)3] .[7]

Since the report of [Co4(hmp)4(MeOH)4Cl4] , the first CoII com-
plex to display SMM behavior,[8] only a few reports of multinu-

clear CoII exchange-coupled SMM systems have appeared in
the literature.[9] The existence of mononuclear cobalt SMMs

coupled to terminal radical ligands[10] inspired us to expand on
this concept by using the tetrazine-based ligand 3,6-bis(2’-pyri-
midyl)-1,2,4,5-tetrazine (bmtz), a ligand that is known to exist
as a stable radical anion,[11] to prepare dinuclear CoII SMM com-

plexes. Herein, we report the synthesis and characterization of
[(CoTPMA)2-m-bmtz¢](O3SCF3)3·CH3CN (TPMA = tris-(2-pyridylme-
thyl)amine), (1; Figure 1). This complex displays very strong
cobalt–radical exchange coupling and slow paramagnetic re-
laxation of the magnetization, indicative of an SMM.

Compound 1 was prepared by reacting a solution of in situ
generated [Co(TPMA)(solv)x](O3SCF3)2 with bmtz and Cp2Co

(Cp = cyclopentadiene) in CH3CN. The cationic unit of 1 consists

of two [Co(TPMA)]2+ units bridged by a single bmtz radical
ligand. The two cobalt fragments are arranged anti to each

other across the bmtz ligand. The single Co ion in the asym-
metric unit exhibits a distorted octahedral coordination geom-

etry. The Npy-Co-Namine angles in the Co(TPMA) moiety range
from 76.12(12) to 79.16(12)8, much more acute than the ex-
pected 908 angles for a bona fide octahedral coordination ge-

ometry. The Co¢N bond lengths also vary significantly, from
2.100(3) to 2.256(3) æ. This distortion is best described as

a meridional elongation, in which the Co1¢N8, Co1¢N2, and
Co1¢N6 bonds form one meridian of the octahedron, span-
ning from the bmtz pyrimidine ring to the bridgehead amine
N atom of TPMA, and one of the pyridine rings of TPMA with
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an average bond length of 2.21 æ. The Co1¢N5, Co1¢N4, and

Co1¢N10 bonds form the other meridian of the octahedron
with an average bond length of 2.08 æ. A list of selected bond

lengths, angles, and an atom-numbering scheme are provided

in Table S2 in the Supporting Information. Evidence for the rad-
ical anion form of the bmtz ligand is the N3¢N5a distance of

1.385(4) æ in the tetrazine ring, which is significantly longer
than the ~1.33 æ expected for the neutral form of the ligand

and consistent with previous reports of the radical anion.[12]

Moreover, charge balance requires the cationic framework to

have a 3 + charge, consistent with two CoII centers and one

ligand radical. The intramolecular Co–Co separation is 6.80 æ,
with the closest intermolecular Co–Co contact being 8.95 æ.

The static DC magnetic properties of 1 were measured from
2–300 K in a 1000 Oe DC field (Figure 2). The cT value of

4.50 emu K mol¢1 at 300 K is slightly higher than the expected
spin-only value of 4.13 emu K mol¢1 for an uncoupled system,
suggesting that the orbital angular momentum is not fully

quenched in this complex. The cT value exhibits a gradual in-
crease from 300 K to ~45 K, below which temperature the

value decreases rapidly to a value of 3.67 emu K mol¢1 at 2 K.
For 1 at T = 1.8 K the magnetization as function of magnetic

field does not saturate at 7 T and it is lower than the value of
5 mB, corresponding to the S = 5/2 pure spin ground state that

arises from antiferromagnetic coupling of the CoII ions with
the bmtz radical. This indicates that the orbital magnetic

moment is not fully quenched, giving rise to a significant
single-ion anisotropy. Reduced magnetization data for this
complex (Figure S2 in the Supporting Information) exhibit

splitting of the isofield lines, consistent with an anisotropic
system or low-lying excited states.

We used the following model Hamiltonian to explain the DC
magnetic properties:

This Hamiltonian operates within the space representing
a direct product of cubic 4T1 terms (states with fictitious orbital

angular momenta l = 1) and the spin-1/2 states for the radical.

The first term in H describes the spin-orbital interaction within
each CoII ion; index i enumerates CoII ions, l is the spin-orbit

coupling parameter, and k is the orbital reduction factor. The
second and third terms account for the axial and rhombic

components of the crystal field, where Dax and Drh are the cor-
responding crystal-field parameters, and lZi, lXi, and lYi are the

components of the orbital angular momentum operator for

the CoII ions. The complex is centrosymmetric and so the prin-
cipal axes of the crystal-field tensors for the CoII centers are

parallel and the molecular frame axes X, Y, Z are chosen to be
parallel to these local ones. The fourth term represents the iso-

tropic exchange interaction between the CoII ions and the radi-
cal defined in the framework of the Lines model,[13] Jex is the
exchange parameter. Finally, the last term represents the

Zeeman interaction, including both the orbital and spin parts
for the CoII ions, where mB is the Bohr magneton, H is the mag-

netic field, and ge is the electronic Lande factor. For the spin-
orbit coupling parameter we use the typical value l=

¢180 cm¢1,[14] while the four parameters Dax, Drh, k, and Jex are
allowed to vary during the course of the fitting procedure. The

theoretical cT and magnetization curves obtained with the set
of the best-fit parameters Dax = 1150 cm¢1, Drh = 280 cm¢1, k=

0.757, and Jex =¢62.5 cm¢1 are shown by solid lines in

Figure 2. It is seen that this set of parameters reproduces the
experimentally observed magnetic behavior of 1 quite well

with the agreement criteria being equal to 0.9 % and 5.8 % for
cT versus T and M versus H, respectively. The temperature de-

pendence of the main components of the cT tensor calculated

with the best-fit parameters (Figure 3) reveal that Z is the hard
axis of magnetization. Note that this result is similar to the sit-

uation of a positive zero-field splitting parameter D in the case
of pure spin systems. At the same time, the large difference

between cXXT and cYYT components indicates the presence of
strong rhombic anisotropy. At first glance, the inclusion in the

Figure 1. Thermal ellipsoid plot of the cationic unit of 1. Thermal ellipsoids
are drawn at the 50 % probability level. H atoms were omitted for the sake
of clarity.

Figure 2. Experimental temperature dependence of cT for 1 measured at
H = 1000 Oe (circles). Inset shows the magnetization vs. field at T = 1.8 K.
Theoretical curves (solid lines) are calculated with Dax = 1150 cm¢1,
Drh = 280 cm¢1, k= 0.757, and Jex =¢62.5 cm¢1.
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fitting procedure of four adjustable parameters may lead to
over-parameterization, that is, to the possibility of multiple sol-

utions. The parameter Jex is essentially uniquely determined by
the position of the maximum in the cT versus T curve, whereas

the value of the parameter k was assumed to be constrained
in the limits typical for the high-spin CoII ion in octahedral sur-

roundings (from 0.6 to 0.9).[13] Therefore, taking into account

that we performed a simultaneous fitting of cT versus T and M
versus H dependences, one can assert with confidence that

the obtained set of the best-fit parameters is the only possible
one.

At this point it is important to compare our approach with
that used for the examination of the DC magnetic properties

of the similar radical-bridged dinuclear CoII complex [K(DME)4]

[dmp2Nin{Co[N(SiMe3)2] (dmp2Nin2¢= bis-(2,6-dimethylphenyl)-
nindigo).[5d] In this work, the energy levels of single CoII centers

were determined from ab initio calculations of the crystal-field
terms with subsequent mixing and splitting of these terms by

spin-orbit coupling. In contrast, in our case, these energy pat-
terns were modeled with the aid of the simplified single-ion

Hamiltonian, which acts within the ground cubic 4T1 terms of

each CoII ion and contains the low-symmetry crystal field (axial
and rhombic contributions) and spin-orbit coupling operators.
In both of these approaches, the exchange coupling was treat-
ed in the framework of the Lines model,[13] neglecting the ani-
sotropic orbitally dependent exchange contributions. We also
neglected the rather weak Co–Co superexchange and retained

only the dominant Co–radical exchange term. Therefore, in
both approaches, the exchange parameters were obtained
from a fitting procedure. Note that in this way the authors of
ref. [5d] obtained a very strong antiferromagnetic Co–radical
direct exchange of J =¢132.74 cm¢1 (defined by the Hamiltoni-

an ¢J·sCo·sR) and a much weaker ferromagnetic Co–Co superex-
change interaction.[5d] It is remarkable that this J parameter is

smaller by a factor of two than that in the case of the present

compound for which the Hamiltonian is defined by 2Jex =

¢125 cm¢1.

Dynamic AC magnetic measurements of 1 in zero applied
DC field revealed no out-of-phase signal, but in an 800 Oe DC

field a prominent c’’ signal (Figure 4, top) is observed. At low
temperatures, the maxima in c’’ are frequency independent

owing to rapid quantum tunneling, but become frequency de-
pendent at higher temperatures, indicative of an Orbach relax-

ation process. We thus arrive at the conclusion that 1 belongs
to a class of SMMs that display field-induced slow magnetic re-
laxation with axial and strong rhombic anisotropy. The Cole–

Cole plot (Figure S5 in the Supporting Information) was fit
with a modified Debye function[15] to extract the values of t

and a. The t values were used to construct an Arrhenius plot
that shows two distinct regions (Figure 4, bottom). The low-

temperature region exhibits non-linear behavior consistent
with quantum tunneling. The linear region between 3.3 and

4.2 K, where relaxation is through an Orbach process,[16] was
used to extract an energy barrier of 39 K with to = 8.1 Õ 10¢9 s,
a slightly higher barrier than the 33 K barrier reported for

[K(DME)4][dmp2Nin{Co[N(SiMe3)2] .[5d] The a values between 3.3
and 4.2 K are less than 0.12, indicating a narrow distribution of

relaxation times.
In summary, a dinuclear radical-bridged CoII compound that

exhibits strong direct magnetic exchange coupling and SMM

behavior has been prepared from a readily accessible ligand
by self-assembly. Analogous compounds of other first-row

transition metals as well as second- and third-row elements are
being pursued.

Figure 3. Components of the cT tensor calculated with Dax = 1150 cm¢1,
Drh = 280 cm¢1, k= 0.757, and Jex =¢62.5 cm¢1.

Figure 4. Top: Frequency dependence of 1 in an 800 Oe applied DC field.
The solid lines are guides for the eye. Bottom: Arrhenius plot for 1. The
black line is a linear regression fit to the data from 3.3–4.2 K, which resulted
in the barrier height and pre-exponential factor of 39 K with to = 8.1 Õ 10¢9 s
as discussed in the text.
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