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ABSTRACT: The radical bridged compound [(Ni-
(TPMA))2-μ-bmtz•−](BF4)3·3CH3CN (bmtz = 3,6-bis-
(2′-pyrimidyl)-1,2,4,5-tetrazine, TPMA = tris(2-
pyridylmethyl)amine) exhibits strong ferromagnetic ex-
change between the S = 1 NiII centers and the bridging S =
1/2 bmtz radical with J = 96 ± 5 cm−1 (−2JNi‑radSNiSrad).
DFT calculations support the existence of strong
ferromagnetic exchange.

Radical-bridged metal complexes with open-shell metal ions
are interesting targets for applications in molecular

magnetism. Whereas more commonly used closed-shell bridging
ligands engage in indirect superexchange interactions between
the metal centers, radical bridges facilitate direct exchange
interactions, resulting in much stronger magnetic coupling.1 In
the case of discrete molecules, the result is more well-isolated
ground states, a situation that leads to higher effective barriers to
magnetization reversal for SMMs.1b,c,2

One of the earliest examples of an organic radical-based
magnet is V(TCNE)x·nCH2Cl2 (x ≈ 2, n ≈ 1/2, TCNE =
tetracyanoethylene), which is extraordinary in that it exhibits
spontaneous magnetization above room temperature.3 Another
seminal discovery in the vein of radical chemistry is the
realization of the first single chain magnet (SCM), [Co-
(hfac)2(NITPhOMe]) (hfac = hexafluoroacetylacetonate, NIT-
PhOMe = 4′-methoxy-phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide) in which the CoII units are connected via nitronyl
nitroxide radicals.4 In addition, pioneering work involving
semiquinone,5 nitroxide,6 and verdazyl7 radicals helped to pave
the way to the current interest in the subject vis-a-̀vis design of
new generations of SMMs.8 An excellent example of this concept
is the postsynthetic reduction of neutral bridging ligands, one
example of which is the report of a 2,2′-bipyrimidine radical that
engenders strong magnetic coupling between lanthanide ions.2a

Another important landmark is the isolation of [K(18-crown-
6)]{[(Me3Si)2N]2(THF)Gd}2(μ-η

2:η2-N2) with a highly re-
duced dinitrogen bridge, a molecule that exhibits the strongest
magnetic coupling between GdIII ions reported to date, viz., J =
−27 cm−1.1b

Our recent foray into NiII chemistry is aimed at preparing
polynuclear complexes with the tetrazine-based ligand 3,6-bis(2′-
pyrimidyl)-1,2,4,5-tetrazine (bmtz) in its stable radical anion
form.9 The radical has been reported in compounds of CuI,10

Ru(0/I/II),11 ReI,12 and Os(0/I/II/III) 11 but had not yet been

exploited in the area of molecular magnetism until our recent
work.13 Herein, we report the synthesis and characterization of
[(Ni(TPMA))2-μ-bmtz

•−](BF4)3 (1; bmtz = 3,6-bis(2′-pyri-
midyl)-1,2,4,5-tetrazine, TPMA = tris(2-pyridylmethyl)amine),
which exhibits strong NiII-radical exchange coupling. In the
course of submitting this paper, an article appeared in which the
radical form of the bmtz ligand coordinated to four NiII ions was
reported.14 The magnitude of the ferromagnetic coupling
reported for this molecule is essentially the same as that found
in this work for only twometal ions spanned by one bmtz radical.
Compound 1 was prepared by reacting a solution of in situ

generated [Ni(TPMA)(solv)x] (BF4)2 with the neutral form of
bmtz (Figure 1). During the course of the reaction, the bmtz

ligand is spontaneously reduced to the radical anion form. A
perusal of the literature revealed that Kaim et al. had noted the
same result in the absence of an obvious reducing agent.12 Higher
yields of crystalline 1were obtained by adding the reducing agent
Cp2*Co to the reactionmixture. The cationic unit of 1 consists of
two [Ni(TPMA)]2+ fragments bridged by a bmtz ligand in the
radical anionic form. Only one of the NiII ions is crystallo-
graphically unique and resides in a distorted octahedral
coordination environment. The geometrical constraints of the
ligand lead to Npy−Ni−Namine angles for the [Ni(TPMA)]2+
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Figure 1. Thermal ellipsoid plot of the cationic unit of 1. Ellipsoids are
drawn at the 35% probability level. H atoms omitted for the sake of
clarity.
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fragment in the range 78.63(9)−82.3(1)°, muchmore acute than
the expected 90° angles for a bona fide octahedral coordination
geometry. The Ni−N bond lengths also vary significantly from
2.027(3) to 2.164(3) Å. The distortion from an ideal octahedral
geometry is best described as a meridional elongation. The Ni1−
N1, Ni1−N3, and Ni1−N5 bonds form one meridian of the
octahedron spanning the bmtz pyrimidine ring, the bridgehead
amine N atom of TPMA, and one of the pyridine rings of TPMA.
The average bond length for the Ni−N bonds in this meridian is
2.12 Å. The Ni1−N2, Ni1−N4, and Ni1−N7 bonds form the
other meridian of the octahedron, with an average bond length of
2.07 Å. A list of selected bond distances and angles is provided in
Table S2. Evidence for the radical anion oxidation state of the
bmtz ligand is derived from the tetrazine N−N bond lengths. At
1.383(4) Å, the N7−N8a distance in 1 is consistent with previous
reports of the radical anion state of bmtz and is significantly
longer than the 1.33 Å expected for the neutral form of the
ligand.10 In addition, charge balance requires the cationic
framework to have a +3 charge, consistent with two NiII centers
and one ligand radical. It is noted that π−π stacking occurs
between the pyridine rings of TPMA (Figure S1). The shortest
atom-to-atom contact between these rings is 3.333(4) Å, which is
within the range of distances for such interactions.15 The
intramolecular Ni−Ni separation is 6.733(1) Å, with the closest
intermolecular Ni−Ni contact being 8.915(1) Å.
A solution sample of 1 was characterized by electron

paramagnetic resonance (EPR) under nonsaturating conditions
(Figure 2). The spectrum shows features at g = 4.5 and g = 9.9,

which correspond to the ground and excited MS states,
respectively, of an effective S = 5/2 ground state. Simulations
using Spincount and the S = 5/2 spin coupled representation
yield g5/2,iso = 2.11 and the zero field splitting |D5/2| < 3 cm−1.
High temperature studies to determine D were hindered by
signal broadening at T > 25 K. The S = 5/2 ground state arises
from strong ferromagnetic coupling between each of the two

Ni(II) ions and the radical on the bmtz bridging ligand (SNi = 1
and Srad = 1/2).
The static magnetic properties of a powder sample of 1 were

measured from 2 to 300 K under various DC fields from 1,000 to
70,000 Oe (Figure 3). The magnetization versus field data at 1.8

K (Figure 4) saturate at a value of 5 μB, consistent with an S = 5/2
ground state. Simulations of the molar magnetization at variable
fields and low temperatures based on an S = 5/2 spin coupled
state result in 0.7 < |D5/2| < 1 cm−1 and 2.26 < g5/2,iso < 2.34. The
|D5/2| value determined by analysis of the low temperature
magnetization data is consistent with |D5/2| < 3 cm−1 obtained
from the EPR spectrum. The discrepancy between the g5/2,iso
determined by EPR and by magnetism is attributed to the
differences between the samples being in solution and the solid
state, respectively.
The χT value of 3.68 cm3 K/mol at 300 K is significantly higher

than 2.80 cm3 K/mol expected for an uncoupled system of two
NiII ions and one organic radical (Figure 3), which confirms the
strong ferromagnetic coupling inferred from the EPR results.
The χT increases as the temperature decreases from 300 K and
reaches a maximum of 4.82 cm3 K/mol at 46 K, consistent with a
coupled S = 5/2 ground state. Below 40 K, χT remains relatively
constant until 15 K, after which it decreases precipitously.

Figure 2. EPR spectrum of a 0.44 mM sample of 1 in a 1:1.7 mixture of
propionitrile and butyronitrile at 20 K (black). The inset is an
enlargement of the g = 9.9 excited state feature. The red line represents a
SpinCount simulation for S = 5/2, giso = 2.11, |D| = 1 cm−1, and E/D =
0.26.

Figure 3. χT vs T plot 1 at 1T (orange) and 7T (red). Lines are
simulations using the uncoupled spin Hamiltonian with DNi = 4.7 cm−1,
E/D = 0.25, giso,Ni = 2.35, and J = +96 ± 5 cm−1.

Figure 4. Molar magnetization data (dots) of 1 vs T at 7T to 0.1T.
Simulations (black line) were applied using the S = 5/2 Hamiltonian
with D5/2 = 0.94 cm−1, E/D = 0.25, and giso,5/2 = 2.28. These parameters
correspond to DNi = 4.7 cm−1 and giso,Ni = 2.35 in the uncoupled
representation.
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High temperature magnetic data for 1 were analyzed with the
uncoupled, three-spin representation (eqs S2 and S3). TheD, E/
D, and g parameters were extracted from simulations of the low
temperaturemolar magnetization data at various fields (Figure 4)
and the coupled spin Hamiltonian (eq S1). Subsequently, JNi‑Rad
was determined from simulations of the magnetic susceptibility
data at 1T and 7T from 2 to 300 K using the uncoupled
Hamiltonian (eq S3). The best-fit, assuming grad = 2.00, yields
JNi‑rad = +96± 5 cm−1 (−2JNi‑radSNiSrad), where |DNi| = 5± 1 cm−1

and gNi,iso = 2.35. Fitting of the 0.1 T susceptibility data (Figure
S2) requires the addition of a weak mean field exchange coupling
term due to intermolcular interactions and a JNi−Ni term
determined from DFT.
The EPR and magnetic susceptibity data indicate strong

ferromagnetic coupling between the nickel and bmtz spin centers
in the complex, in agreement with previous reports of strong FM
coupling from +94 cm−1 to +186 cm−1 between nickel centers
and N-coordinating terminal radical ligands (Chart S1).14,16 In
the present case, the sign of JNi‑radical is attributed to the
orthogonality of the eg magnetic orbitals of NiII and the π* radical
orbital of the ligand. To test this assertion, we conducted DFT
and ab initio calculations.
DFT computations using the B3LYP functional17 and TZVP

basis sets were employed to calculate the NiII−NiII and NiII-bmtz
radical coupling. (See SI.) In accord with experimental data, the
calculations predict strong ferromagnetic coupling between the
NiII centers and the radical of JNi‑rad = +95.8 cm−1 and weak AF
coupling of JNi−Ni = −0.7 cm−1.18 The calculations are consistent
with the experimental data.
Strong ferromagnetic coupling between the NiII ions and the

radical is rationalized on the basis of the orthogonality of the
magnetic orbitals (Figure 5a). The calculation yields the

[(dxy)
2(dxz)

2(dyz)
2(dx2−y2)

1(dz2)
1] ground state for both NiII

ions. The weak antiferromagnetic NiII−NiII interaction occurs
through a small overlap between the dxz−dxz of a pair of Ni(1)-α
and Ni(2)-βmagnetic orbitals (Figure 5b and Table S4 in the SI)
through empty antibonding orbitals of bmtz.19

Ab initio calculations using CASSCF and NEVPT2 methods
yielded values of 2.31 for the gNi parameter and −6.4 cm−1

(CASSCF) and −4.2 cm−1 (NEVPT2) for the ZFS parameter
DNi. The gNi value is in accord with the magnetism results;
likewise the DNi values are in good agreement with the
experimentally determined |D| value of 4.7 cm−1. The CASSCF
calculations predict the same orbital ordering as DFT methods
with a small dxy − dxz/dyz energy gap and a significantly larger dyz
− dx2−y2/dz2 gap (Figure S6). The radical ligand in the equatorial
position stabilizes the dxy orbitals. The magnitude of D arises
from three predominant, spin-conserved excitations: (i) dxy →
dx2−y2/dz2 (Ex I), (ii) dxz→ dx2−y2/dz2 (Ex II) and (iii) dyz→ dx2−y2/
dz2 (Ex III).

20 Examination of the excitations indicates that the

negative contribution to theD value arises mainly from excitation
I (−27.7 cm−1), whereas excitations II and III have positive
contributions (+15.8 and +7.0 cm−1) to the total D value; the
result is a small, negative D value.
The crystallographic, magnetic and EPR data presented in this

paper indicate strong magnetic coupling between the spins of the
radical bmtz ligand and of the NiII centers, a finding corroborated
by DFT calculations, the origin of which is the orthogonality of
the bmtz SOMO and the dx2−y2 and dz2 orbitals of the Ni

II centers.
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Figure 5. (a) Spin density for the S = 5/2 ground state of 0.014 e−/
bohr3. (b) Overlap of the dxz−dxz orbitals of NiII ions. Green and red
regions indicate positive and negative spin phases.
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