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Syntheses and magnetic properties of a pyrimidyl-
substituted nitronyl nitroxide radical and its
cobalt(II) complexes†

Jian Wang, Jia-Nan Li, Shao-Liang Zhang, Xin-Hua Zhao, Dong Shao and
Xin-Yi Wang*

A new bis-bidentate nitronyl nitroxide radical with a pyrimidyl

substituent group and two Co(II) complexes of this ligand were

synthesized and characterized. Field-induced single-molecule magnet

behavior was firstly observed in the nitronyl nitroxide radical-bridged

complexes.

Organic radicals have attracted a great deal of attention in the
field of molecular magnetism.1 Depending on the magnetic
interactions, pure organic radicals may function as different
magnetic materials, such as simple paramagnets, bistable
magnetic materials,2 long-range ordered pure organic magnets3

and so on. Furthermore, many organic radicals can act as coordi-
nation ligands to metal ions, resulting in various molecular
magnetic materials of different types of spin centers (p–d/p–f/
p–d–f).4 Not only can these coordinated radicals introduce more
spin centers and modify the spin ground states, the strong
magnetic coupling involving the radicals is crucial for many
developments of the molecular magnetism, such as the high
Tc magnets (V-TCNE family),5 high TB single-molecule magnets
(N2
� bridged Ln2 compounds),6 high TB single-chain magnets7

and so on.
Among all the organic radicals, many of which are of limited

stability in the ambient atmosphere,8 the nitronyl nitroxide
radicals (2-(R)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-
3-oxide, NITR) are most widely studied because of their great
stability, ease of chemical modification, and the ability to act as
bridging ligands to two metal centers.9 Due to their weak Lewis
base character, NITRs are weak donors to the metal centers. In
order to promote the coordination, strong electron drawing
groups such as the hfac anion (hfac = hexafluoroacetylacetonato)

are usually used to increase the acidity of the metal centers.
Alternatively, other coordination groups can be planted in the
ligands, enabling the chelating effect in the metal centres.10 For
instance, the NIT-2-ImH and NIT-2-BzImH (R = 2-imidazole and
2-benzimidazole groups, Fig. 1) ligands can use both the N and
O atoms to bond to the metal centers, either as terminal or bridging
ligands. Interesting magnetic materials including 1D chains
and two-dimensional magnets can be synthesized accordingly.11

However, to function as bridging ligands similar to the widely
studied bis-bidentate ligand 2,20-bipyrimidine (2,20-bpm), NIT-
ImH and NIT-BzImH ligands need to be deprotonated, which
sometimes can be problematic to the synthesis. One possible way
to solve this problem is to use 2-pyrimidine (2-Pm) as an addi-
tional coordination group. In fact, this strategy has been realized
in several 2-Pm based bis-bidentate radical ligands, such as pmvd
reported by Hicks12 and pmDTDA reported by Preuss (Fig. 1).13

These ligands have a similar geometry as 2,20-bpm and are able
to bridge two metal centers. As expected, a strong magnetic
interaction was found between the metal centers in these
complexes.12–14

For the NITR ligands, although considerable success has been
achieved for the pyridine-functionalized NITR ligands (R = pyridine
derivatives),1b,15 the 2-Pm based NIT radical, NIT-2-Pm, has not
been reported. Given the aforementioned consideration, we

Fig. 1 Structures of several bis-bidentate organic radicals.
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prepared the NIT-2-Pm ligand and investigated its coordination
ability to the paramagnetic 3d/4f metal centers. We found that,
depending on the synthetic conditions, NIT-2-Pm can act as either
a terminal or a bridging ligand, similar to 2,20-bpm. Herein, we
report the syntheses, structures and magnetic properties of the
NIT-2-Pm ligand (1) and two CoII complexes of this ligand, (NIT-2-
Pm)Co(hfac)2 (2) and (m-NIT-2-Pm)Co2(hfac)4 (3) (Fig. 2). Interest-
ingly, field-induced slow magnetic relaxation was observed in
compound 3. In fact, this compound is the very first example of
a field-induced SMM in the NIT radical-bridged compounds.

The air-stable radical ligand 1 and the mono- and binuclear
CoII complexes 2 and 3 can be synthesized conveniently (see
ESI†). The radical nature of NIT-2-Pm was characterized by its
EPR spectrum in CH2Cl2 solution (Fig. S1, ESI†) with a g value
of 2.01, which is typical for the NITR radicals.9 Furthermore, all
compounds 1–3 were characterized by the single crystal X-ray
diffraction analyses (Table S1, ESI†). For the NIT-2-Pm ligand
crystallized in the P21/c space group, there are two unique
molecules in the asymmetric unit (Fig. S2, ESI†). The N–O bond
lengths are in the range of 1.278(3) to 1.282(3) Å, typical for
NITR radicals.9 In addition, we noticed the existence of the
short NO–NO contact: the shortest O� � �O distance is 3.763 Å,
which might lead to the weak intermolecular magnetic coupling
(Fig. S3, ESI†). Compound 2 crystallized in the triclinic space group
P%1 with two unique CoII centers in the asymmetric unit. The CoII

centers are in the octahedral environment consisting of four oxygen
atoms from two hfac, and one oxygen and one nitrogen atom from
the terminal bidentate chelating NIT-2-Pm ligand (Fig. 2). Notably,
short NO–NO contact with the O� � �O distance of 3.429 Å (O1� � �O7)
was observed between the two unique Co(NIT-2-pm) units (Fig. S4,
ESI†), which might lead to the weak intermolecular magnetic
coupling. As for 3, it crystallized in the monoclinic space group
P21/n. The bis-bidentate NIT-2-Pm ligand bridges two crystallo-
graphic unique CoII centers, which are in a similar octahedral
coordination environment as that in 2, to form a binuclear cluster
(Fig. 2 and Fig. S5, ESI†). Due to the steric effect of the hfac ligands,
no obvious inter-cluster short contact was observed in 3.

Viable-temperature magnetic susceptibilities were measured
on grounded samples of 1–3 embedded in eicosane at a dc field
of 1 kOe (Fig. 3). From 20 to 300 K, the wMT value of 1 remains a
nearly constant value of 0.363 cm3 K mol�1, which is close to
the spin-only value of 0.375 cm3 K mol�1 for an organic radical
with s = 1/2. Upon further cooling, the wMT decreases down to
0.265 cm3 K mol�1 at 2 K, indicating the presence of weak
antiferromagnetic coupling. This weak antiferromagnetic inter-
action is also suggested by the magnetization measurement at
1.8 K, where the M(H) curve remains below the Brillouin curve
for an isolated spin of s = 1/2 (Fig. S9, ESI†).

As for 2, the wMT value at 300 K is only 2.25 cm3 K mol�1,
lower than the expected value for a CoII center with a radical
ligand. For a high spin CoII with magnetic anisotropy, the
typical wMT value falls in the range of 2.1–3.4 cm3 K mol�1.16

Upon decreasing from 300 K, the wMT value decreases mono-
tonously to a minimum of 0.09 cm3 K mol�1 at 2 K. The Weiss
constant was estimated to be �73.2 K by the Curie–Weiss fit
of the wM

�1(T) curve. Furthermore, the magnetization reaches
only 0.4 Nb at 70 kOe, far from being saturated (Fig. S10, ESI†).
The above results, including the low R.T. wMT value, low M value
at 70 kOe, and the large negative Weiss constant, suggest the
significant antiferromagnetic interactions between the CoII and
NIT-2-Pm ligand, which is consistent with the literature results
for the Co-NIT systems.17

As for the bimetallic complex 3, the R.T. value of wMT is
6.00 cm3 K mol�1, significantly higher than the expected value
for uncorrelated spins (4.13 cm3 K mol�1 if all g = 2.0). Upon
cooling, wMT increases steadily to reach a maximum value of
7.00 cm3 K mol�1 at 50 K, before decreasing to a final minimum
of 5.38 cm3 K mol�1 at 2.0 K (Fig. 3). The observed increase of
wMT at high temperature should be due to the parallel align-
ment of the spins on the CoII centers. The total spin S is 5/2 with
the alignment of CoII(m = 3/2) � radical(k = 1/2) � CoII(m = 3/2),
which is consistent with the strong antiferromagnetic coupling
between the CoII and radical ligand. Due to the octahedral high
spin CoII center, compounds 2 and 3 both display significant
magnetic anisotropy, which is evidenced by the non-superimposed

Fig. 2 Synthesis and structures of the NIT-2-Pm ligand 1 and cobalt(II)
complexes 2 and 3. All hydrogen and fluorine atoms were omitted for
clarity.

Fig. 3 Temperature dependent magnetic susceptibilities of compounds
1–3 at 1 kOe.
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iso-field curves in the reduced magnetization (RM) data (Fig. S12
and S13, ESI†). Attempts to simultaneously fit the magnetic
susceptibility data and the magnetization data of both 2 and 3
did not give satisfactory results. However, the existence of the
magnetic anisotropy in both compounds 2 and 3 should originate
from the octahedral cobalt(II) center and suggest the possible SMM
behavior of these compounds.

To probe the magnetic dynamics of compounds 2 and 3,
alternating current (ac) magnetic susceptibilities were measured
for both compounds. For compound 2, no out-of-phase ac signals
were observed under a zero or 1 kOe external dc field, suggesting
its simple paramagnetic behavior (Fig. S14 and S15, ESI†).
However for 3, although no out-of-phase signals were observed
at the zero dc field (Fig. S16, ESI†), temperature- and frequency-
dependent ac signals were observed at a 1 kOe dc field, indicating
the field-induced SMM behavior of 3 (Fig. 4). Furthermore,
semicircle Cole–Cole plots at 1.8 to 3.8 K were constructed and
fitted using the generalized Debye model (Fig. 5a).18 The obtained
small a values (0.025–0.10, Table S5, ESI†) suggest the very
narrow distribution of the relaxation time of 3. Moreover, to
estimate the anisotropy energy barrier (Ueff), the high tempera-
ture data were fitted according to the Arrhenius law t�1 = t0

�1

exp(�Ueff/kBT). The effective energy barrier Ueff was estimated to
be 9.3 cm�1 (13.5 K) with t0 = 1.5 � 10�6 s (Fig. 5b).

Magnetic interactions are of utmost importance for most of the
molecular magnetic materials, such as the long-range ordered

magnets, molecular nanomagnets, and even spin crossover
compounds where the spin centers are usually isolated. As for
molecular nanomagnets, such as SMMs, SIMs and SCMs, mag-
netic coupling has a great impact on their properties. On one
hand, weak magnetic interaction is considered to enhance the
quantum magnetic tunnelling, which is unfavourable for the
enhancement of the Ueff of the SIMs. Thus, diamagnetic dilution
is frequently used for the 4f-SIMs to suppress the weak magnetic
coupling.19 On the other hand, strong exchange coupling is
extremely important in the multinuclear SMMs and SCMs.
For SMMs, strong exchange interaction can efficiently isolate
the spin ground state to the excited states, which serves to
prevent fast magnetic relaxation through pathways involving
excited states. In addition, strong magnetic coupling provides
an exchange-bias, which could suppress the QTM processes and
efficiently increase the TBs of the SMMs.6,20 Furthermore, since
magnetic interaction is directly responsible for the additional
energy component known as the correlation energy, SCMs might
display higher relaxation barriers than their counterpart SMMs.7

Despite the pivotal role that the NIT ligands have played in the
development of molecular magnets, NIT bridged SMMs are oddly
scarce, considering the great success of the NIT ligands in the
construction of SCMs. As a matter of fact, the first reported
SCM and the SCMs of the largest energy barriers are all NIT
bridged SCMs.7,21 Up to now, although several examples of
NITR ‘‘bridged’’ lanthanide-SMMs have been reported,1a,15 the
bridging parts in all these SMMs are unfortunately not the
O–N–C–N–O unit containing the unpaired electron, resulting in
the generally very weak magnetic exchange coupling between the
lanthanide centers. Compared to those reported ligands where the
R group is pyridine derivatives, the pyrimidine group of the ligand
NIT-2-Pm is believed to be able to not only increase the bridging
ability but also restrict the bridging mode of the NIT-2-Pm ligand.
Therefore, the NIT bridged compound 3 was successfully con-
structed. To the best of our knowledge, compound 3 is the first
field-induced SMM in the NIT radical-bridged compounds.
Furthermore, both compounds 2 and 3 can be considered as
fragments of the reported cobalt-NIT SCMs.7,21 Strong antiferro-
magnetic interaction was found in all these Co-NIT compounds.
The magnetic anisotropy of the octahedral CoII centres leads
to the slow magnetic relaxation of compound 3 and the SCMs.
The absence of the SMM behaviour in 2 should be due to its very
small ground state at low temperature as indicated by the small
wMT value at 2 K. As for the SCMs, the strong magnetic interaction
directly contributes to the correlation energy, leading to their
much higher energy barriers.

In summary, we reported here the synthesis of a new NIT
ligand with a 2-pyrimidine group. This radical can act as a bis-
bidentate chelating ligand and facilitate its bridging ability
using the radical part. Depending on the ratio of the metal centers
and the ligands, two CoII compounds, either with a Co(NIT) or a
Co(NIT)Co unit, were selectively constructed. Strong antiferromag-
netic coupling between the CoII centres and the NIT spins was
observed in both compounds. Furthermore, due to the significant
magnetic anisotropy of the CoII center, the NIT bridged compound
displayed slow magnetic relaxation under an applied dc field,

Fig. 4 Variable-temperature (a) and variable-frequency (b) ac magnetic
susceptibility data obtained for compound 3 in a 1000 Oe dc field.

Fig. 5 (a) Cole–Cole plots of 3 from 1.8 to 3.8 K. The solid lines represent
the fitting using the generalized Debye model, and (b) arrhenius plot of 3.
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firstly observed in NIT radical-bridged complexes. Due to its
chelating and bridging abilities, this new NIT-2-Pm ligand is
very promising for the construction of molecular magnetic
materials of different structures and magnetic properties. Studies
along this line are now actively pursued in our lab and will be
reported in the future.
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