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The first bis-tridentate nitronyl nitroxide mono-radical was syn-
thesized. From this ligand and a bis-bidentate nitronyl nitroxide
ligand, metal complexes of Mn'" and Co" ions were also
synthesized and characterized. Field-induced slow magnetic relax-
ation was observed in the radical-bridged Co'" complex.

The synthesis of molecular magnets can be described as the
science of discovering new magnetic building blocks and/or
new and improved ways of assembling them.' Replacing dia-
magnetic ligands by paramagnetic ligands, such as radicals, is
an attractive strategy to promote strong magnetic coupling.’
Combined with the desired magnetic anisotropy, high per-
formance molecular nanomagnets, including single-molecule
magnets (SMMs) and single-chain magnets (SCMs) are antici-
pated. In this context, SMMs with different radical ligands,
such as N,™7, bptz'~, tppz™~ and HAN"~ (Fig. 1) have been
reported, all showing interesting magnetic properties.”” For
example, Long et al. reported a series of N, radical-bridged
Lo} SMMs with blocking temperature of up to 20 K for a Th,
compound.’ Dunbar et al. also reported the bptz'™ bridged
metallacycles containing 3d or 4f ions which exhibit interest-
ing magnetic properties including slow magnetic relaxation.’
In addition, the nitronyl nitroxide radicals (2-(R)-4,4,5,5-
tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide, NITR) are
most extensively studied due to their stability and ease of
chemical modification.?”® Therefore, NITR radicals have been
widely used for the construction of magnetic materials with 3d
and 4f metal ions. Among all the 3d-NITR complexes, Co"
complexes are particularly attractive towards SMMs and SCMs
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as the Co™ ion usually possesses a pronounced magnetic an-
isotropy.” For instance, the first reported SCM, the SCMs of
the largest energy barriers, and the SCMs with very high co-
ercive fields are all NITR bridged Co" chain compounds.® With
this in mind, we set out to investigate possible means to
synthesize new NITR radical bridged Co™ complexes, hoping
to prepare compounds of novel properties.

It is worth noting that the study of the radicals bridged
complexes has a general difficulty: the radicals are usually
difficult to coordinate to and bridge two metal ions because of
the weak Lewis base character and the low coordination
number of the NIT radicals.” To overcome this difficulty,
additional coordination groups can be installed in the NIT
ligands to increase their chelate effects, which has been
proved an efficient way to obtain strongly exchange coupled
species using poorly acidic metal centers.'® Along this line, we
have previously reported a bis-bidentate NIT radical NIT-2-Pm
(2-pyrimidyl-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-
3-oxide, Fig. 1) in which the pyrimidine fragment provides
additional coordination sites and promote its coordinating
and bridging abilities. Reaction of this radical leads to the suc-
cessful isolation of both the 3d and 4f metal complexes."
Notably, the corresponding Co™ compound is the very first
example of a NIT bridged compound with field induced SMM
behavior.""

To continue our work on this strategy, we added more
coordination sites to the NIT ligand, hoping to further enforce
its chelating effect and the bridging ability. A new bis-triden-
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Fig. 1 Structures of the bptz'", tppz>~, HAN"3~, bis-bidentate NIT and
bis-tridentate NIT radicals.
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tate radical NIT-Pm2Py (1, 2-(4,6-di(pyridin-2-yl)pyrimidin-2-
yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide,
Fig. 1) was designed and synthesized, together with two of its
3d metal complexes. Herein, we reported the syntheses, struc-
tures and magnetic properties of this new radical NIT-Pm2Py
and two dinuclear complexes, [(NIT-Pm2Py)Mn,(hfac),]-
0.5C;H;6 (3) and [(NIT-Pm2Py)Co,(H,O)(hfac);]Co(hfac);]-0.5H,0-
0.25C;H;4 (4). The dinuclear Mn" complex (NIT-2-Pm)Mn,(hfac),
(2) based on the bis-bidentate NIT-2-Pm was also reported. Field-
induced slow magnetic relaxation was observed in 4, which is the
second example of a NIT-bridged Co"™ compound with this
behaviour.

The air-stable radical 1 and the binuclear complexes 2-4
were synthesized successfully (see ESIT). The radical nature of
NIT-Pm2Py was characterized by EPR spectroscopy with a g
value of 2.007 (Fig. S1, ESI{), typical for the NIT radicals.”
Moreover, 1-4 were all characterized by the single crystal X-ray
diffraction analyses (Table S1, ESI}). For the NIT-Pm2Py
radical, it crystallizes in the triclinic space group P1 with one
unique molecule in the asymmetric unit (Fig. 2a). The N-O
bond lengths are in the range of 1.2767(17) to 1.2779(16) A,
typical for NIT radicals.”> Complexes 2 and 3 have similar
radical bridged Mn, structures and crystallize in the triclinic
space group P1 and monoclinic space group P2,/n, respectively.
For 2, the bis-bidentate NIT-2-Pm ligand bridges two crystallo-
graphic unique Mn" centers to form a binuclear cluster. Both
Mn1l and Mn2 centers are in the octahedral environment
consisting of four O atoms from two hfac anions, one O and
one N atoms from the chelating ligand (Fig. 2b). While for 3,
the Mn" centers of the binuclear cluster are bridged by the
new bis-tridentate NIT-Pm2Py ligand. Different from 2, the
Mn" centers in 3 are seven-coordinate, with four O atoms from
two hfac anions, and one O and two N atoms from the
NIT-Pm2Py ligand (Fig. 2c).

As for 4, it crystallizes in the monoclinic space group C2/c
and has three cobalt centers in the asymmetric unit, including
two in the Co, cluster bridged by NIT-Pm2Py, and one octahed-
rally surrounded by three hfac anions. The bond valence sums

4

Fig. 2 The crystal structures of 1-4 (a—d). The solvent molecules,
counter anions, hydrogen and fluorine atoms are omitted for clarity.
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(BVS) calculations on all the cobalt centers gave the value of
2.28, 2.29 and 2.28 for Col to Co3, indicating their +2 oxi-
dation state.'® In the Co, unit, although both the Co1 and Co2
centers are octahedrally coordinated, their local environments
are different. Besides the N,O pocket from the chelating
NIT-Pm2Py, the remaining three O atoms are from one biden-
tate and one monodentate hfac anions for Co1, and from one
bidentate hfac and one terminal water molecule for Co2,
respectively (Fig. 2d). For 2-4, the N-O bond lengths are from
1.270(5) to 1.293(5) A, typical for NITR radicals. No obvious
intercluster contact was observed in 2-4 due to the steric effect
of the hfac anions.

Variable-temperature magnetic susceptibilities for 1-4 were
measured under a dc field of 1 kOe. Above 20 K, the y\T value of
1 remains a nearly constant value of 0.358 cm® K mol ™" (Fig. 3),
which is close to the spin-only value of 0.375 cm® K mol™" for
an organic radical with S = 1/2. Upon further cooling, the y\T
decreases down to 0.227 cm® K mol™" at 2 K, indicating the
presence of weak antiferromagnetic (AF) coupling. This weak AF
interaction is also suggested by the magnetization measurement
at 1.8 K, where the M(H) curve remains below the calculated
Brillouin curve of S = 1/2 (Fig. S2, ESIY).

As for 2 and 3, the room temperature values of y,T are 9.05
and 9.02 cm® K mol ™", respectively (Fig. 3), in close proximity
to the expected 9.125 cm® K mol™" for two isolated Mn" ions
(S = 5/2) and an organic radical (S = 1/2). Upon cooling, the
amT values of 2 and 3 remain constant until around 100 K.
Then, the yuT values increase slowly upon further cooling,
reaching 10.47 and 9.95 cm® K mol™" at 2 K. At 2 K, the mag-
netization values of 2 and 3 increase continuously to 9.72 and
8.26Np at 70 kOe, which is far from the expected 11Np fora S =
11/2 ground state with ferromagnetic coupling (15/2-11/2-15/2),
but close to 9N for a S = 9/2 ground state with AF coupling
(ts/2=d1/2-15/2) (Fig. S3 and S4, ESI}). The above results indicate
the AF coupling between the Mn** and the radical, resulting in
an antiparallel alignment of the spins at low temperature.
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Fig. 3 Temperature dependent magnetic susceptibilities for 1 (red), 2
(orange), 3 (green) and 4 (blue) measured at 1 kOe. The solid lines rep-
resent the best fits by POLY_ANISO.
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While for 4, the yT is 9.64 cm® K mol™" at 300 K, which is
very high for three Co®* (S = 3/2) and one radical (S = 1/2)
(expected value is 6.0 cm® K mol ™" if all g = 2.0). However, this
value is reasonable considering the magnetic anisotropy of the
high spin Co" ion, which has a typical yuT value of
2.1-3.4 cm® K mol™."> On cooling, the y\T decreases monoto-
nously to a maximum value of 5.64 cm® K mol™" at 2 K. At 2 K,
the largest M value at 70 kOe is only 6.34Np, far from being
saturated. This also suggests the significant magnetic an-
isotropy of 4 (Fig. S5, ESIt).

To deeply understand their magnetic properties, theoretical
calculations have been performed on 2-4. Complete-active-
space self-consistent field (CASSCF) calculations on individual
Mn" and Co" fragments for 2-4 on the basis of X-ray deter-
mined geometries have been carried out with MOLCAS 8.2'°
program (ESIf for details). For all the individual Mn" or Co"
fragments in the M, clusters of 2-4, the energy differences
between the lowest two spin-free states are all much larger
than those between the lowest two spin-orbit states (Tables S7
and S8%), and the spin-orbit ground states are mostly com-
posed by the spin-free ground one (Table S8%). Thus, we can
use the ZFS parameters D and E to depict their magnetic aniso-
tropies. As for Co3 in 4, although the energy difference
between the lowest two spin-free states is larger than that
between the lowest two spin-orbit states, the spin-orbit
ground state is composed by the lowest two spin-free states not
only from the ground one (Table S8t). Thus, we cannot use D
and E to depict its magnetic anisotropy. The calculated D, E
and g tensors of the individual fragments are listed in
Table S9,T where the D values of all individual Mn" fragments
are close to zero, and those of Col and Co2 in 4 are 39.2 and
51.2 ecm™ ', respectively. For Co3 in 4, the calculated energy
levels and the g tensors of the lowest two doublets are shown
in Table S10,T where the energy gap between the lowest two
spin-orbit states is the largest among all compounds. The g,
values are both larger than g,, indicating also the easy-plane
anisotropy. The calculated orientations of the local main mag-
netic axes on Mn" or Co" ions of 2-4 are shown in Fig. S11.}
The program POLY_ANISO" was used to fit the magnetic sus-
ceptibilities of 2 and 3 (Fig. 3), giving J = —55.0 and
—-51.0 em™* for 2 and 3, respectively (H = —2J(Smn1Sradical +
Smn2Sradical)). The intermolecular interaction zJ' for 2 and 3
were fitted to be 0.01 and 0.00 cm™, respectively. We can see
that the Mn'"-radical interactions for 2 and 3 are both anti-
ferromagnetic. These magnetic coupling constants are com-
parable to those reported values of the Mn-radical-Mn
compounds.*®

To investigate the magnetization dynamics of complex 4,
alternating current (ac) susceptibilities were measured.
Temperature- and frequency-dependent ac signals were
observed at a 1 kOe dc field although no out-of-phase signals
were observed at zero dc field, indicating the field-induced
slow magnetic relaxation in 4 (Fig. 4). Semicircle Cole-Cole
plots at 1.8 to 3.6 K were constructed and fitted using the gen-
eralized Debye model (Fig. 5a)."° The obtained small a values
(Table S61) suggest the very narrow distribution of the relax-
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Fig. 4 Variable-temperature (a) and variable-frequency (b) ac suscepti-
bility data for 4 collected under a 1 kOe dc field.

&
<
N
n

- 0] Hde=1KkOe .
= 3 -
.E -85
£
5 €
?E g0 Uefp =10.1 em™!
L 051 T9=13.100¢
100{ "
o]
2 4 % s'/emu8~mol'11o 12 0.25 0.50 0.&5 0.1‘40 0.115 0.'50 055 0.60
M r-1/k-1

Fig. 5 (a) Cole—Cole plots for 4 under 1 kOe dc field. The solid lines are
the best fits to the experiments with the generalized Debye model; (b)
Arrhenius plot of 4.

ation time of 4. In addition, the Arrhenius plot [In(z) vs. 7]
was constructed from the above obtained relaxation time at
different temperatures. The effective energy barrier U.g was
estimated to be 10.1 em™" (14.5 K) with 7, = 1.3 x 10™° s by
fitting the high temperature data according to the Arrhenius
law 7 = 7 exp(Ueg/ksT) (Fig. 5b).

NIT radicals are the most common bridging open-shell
units though they have very poor electron-donating character.”®
Most of the NIT-metal complexes use hfac anions because the
coordination ability is enhanced when the metal center is acti-
vated with strong electron withdrawing groups.”* Up to now, a
great deal of NIT-bridged 1D coordination compounds with
very interesting magnetic behaviors have been synthesized, in
which hfac anions were also used as auxiliaries.>” Despite of
the apparent success of this strategy, the presence of the hfac
terminal ligands prevents the further extension of the struc-
tures. Therefore, multinuclear clusters and high dimensional
frameworks bridged by the NIT radicals are still very limited.>?
With this in mind, the increased coordination number of the
NIT radical may raise the chelating and bridging abilities of
the radicals. Thus, two additional pyridine groups were
planted to the previously reported bis-bidentate NIT-2Pm
radical which we reported, leading to the first example of the
bis-tridentate mono-NIT radical.

This journal is © The Royal Society of Chemistry 2019
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As for the metal complexes, dinuclear complexes based on
the bis-bidentate radicals, such as pmvd,'®” pmDTDA,'** and
MeTrzNIT,>* are mainly based on Mn", Ni"" and lanthanide
ions. For the Mn" and Ni" compounds, no SMM behaviors can
be observed due to the lack of magnetic anisotropy. As for
several reported NITR “bridged” Ln-SMMs, the bridges are not
the O-N-C-N-O unit containing the unpaired electron, except
for the very limited examples from us and others."*”?* In this
sense, complex 4 and our previously reported (NIT-2-Pm)
Co,(hfac), are the only two examples of the NIT bridged Co,
complexes, whose structures, U.s's and 7, values are all very
similar. This fact indicates that origin of the slow magnetic
relaxation in these two compounds are also similar. More
examples with Co™ centers of different geometry and higher
magnetic anisotropy might be needed for better SMMs. In this
sense, due to the stronger chelating and bridging ability of
this bis-tridentate radical, it is possible to construct more
extended structures without using the hfac anions, such as
metallacycles structures, 1D chains or even high-dimensional
framework structures. Therefore, multinuclear clusters, high-
spin SMMs, SCMs, and molecular magnets of high critical
temperatures are anticipated.

In summary, we extended our strategy to build a chelating
and bridging NIT radical by adding more pyridine groups to
our previously reported bis-bidentate chelating radical NIT-2-
Pm. A new bis-tridentate mono-NIT ligand with 4,6-di( pyridin-
2-yl)pyrimidine group was designed and prepared. From these
new radicals, new binuclear clusters have been synthesized
and characterized structurally and magnetically. Significant
antiferromagnetic interactions between the radical and the
Mn" and Co" ions have been observed, forming a ferrimag-
netic spin alignment. The NIT radical bridged Co™ compound
is to the best of our knowledge the second example in the NIT-
bridged Co" compounds with field-induced slow magnetiza-
tion dynamics. This study opens new opportunities for the
design of new metal-radical-based molecular magnetic
materials with intriguing magnetic properties using multi-
dentate radicals.
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