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x with 2,4,6-tris(di-2-
pyridylamine)-1,3,5-triazine: antiferromagnetic
couple governed single-molecule-magnet
behaviour†

Hang Gao, *a Ka Liu,b Jin Changa and Juan Zhanga

One cobalt complex with distorted trigonal antiprismatic geometry was obtained using 2,4,6-tris(di-2-

pyridylamine)-1,3,5-triazine (dipyatriz) as the ligand. X-ray crystallography showed the complex

possessing a pair of metal centers, had an antiferromagnetic coupling between two Co(II) ions. Further

studied showed a field-induced slow relaxation under Hdc ¼ 0.8 kOe. The peak of out-of-phase was

observed after 1000 Hz, which exhibited a moderate slow-relaxation behaviour comparing to the

magnetic couple for single Co(II) complex. This study may provide some strategies on designing new

functional molecular magnetic materials with distinct magnetic properties and diverse the structures.
Introduction

Single-molecule magnets (SMMs), which can maintain the
original magnetic properties at low temperature behind
removing the external magnetic eld, have attracted much
interests due to the practical usages in high-density data
storage, molecule electronics, and quantum computing.1 The
magnetic dilution studies showed that for the sake of achieving
SMM behaviours, the magnetic interactions between the
neighbouring molecules or the long-range ordering must be
inhibited or tuned.2 Although numerous molecules were
discovered to have SMMs properties, the usage of these
complexes were hampered because of the low blocking
temperature (TB) and the energy barrier (U). So far, many
attempts have beenmade to increase themagnetization reversal
barriers (Ueff) and blocking temperature. In brief, approaches
have been made i.e. adjusting the coordination geometry of the
complexes and to adopt appropriate counterions or solvents.
The extensive development of the chemistry and materials
revealed the major revelations of the ne details of energy levels
and relaxation processes from the physics measurements at low
temperatures. This eld have widened recently through
numerous observations for complexes containing one single
magnetic ion which were named as the single-ion magnet
(SIM).3 Impressively, the barrier energy has increased a 100 fold
to reach 330.0 K from 3.0 K, which offered a higher operating
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temperature above the physical barrier of liquid nitrogen (80.0
K) can reach.4 The hysteresis width has also been extended to
the practical limit. Although it appears that the magnetic
lanthanide ions may have an upper hand on the late transition
metal ions due to their large magnetic anisotropy and high
spins as well as the unquenched orbital moments, the CoII is
the principal one of the d-ions to approach the qualities of the
lanthanides.

So far, it has been discovered that many factors would have
a signicant inuence on SMM behaviour of lanthanide com-
plexed, including the local ligand eld, the coordination
geometry and the strength of the magnetic interaction between
core sites. For the lanthanide SMMs, Shi and Wu have done
frontier work on buttery-shaped high nuclear Ln(III) clusters,
which revealed the important role of disparate tetranuclear core
arrangements of DyIV clusters.5 Furthermore, self-assembly
multi-core lanthanide clusters were extensively studied.6 In
recently years, discovery of the new SIMs has been extended to
transition metals.7 The mononuclear Mn(III) complex,8 Mn(IV)
nitride single molecule,9 Cr(II) complexe,10 mononuclear, two-
coordinate or trigonal pyramidal complexes of Fe(II),11

trigonal-planar mononuclear Fe(II) and Co(II) complexes,12 and
the monometallic Ni(II) complexes,13 were consecutively
studied. For these studied elements, the energy barrier can be
described as U ¼ jDjS2 (or) U ¼ jDj(S2 � 1/4), where S stand for
the ground-state spin and D for the negative zero eld splitting
(ZFS) parameter. The energy barrier is the result of the
combined effect of two parameters. Among all studied
complexes, the cobalt system is one of the most favourable
SIMs, for it both possesses high magnetic anisotropy as well as
a high ground state (S ¼ 3/2). Moreover, according to the basis
of Kramers theorem, half-integer spin systems can be used to
RSC Adv., 2021, 11, 12183–12187 | 12183
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Fig. 1 Molecular structure of 1. Only crucial atoms are labelled and the
hydrogen atoms are omitted for clarity.
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circumvent fast quantum tunnelling, whichmade Co the proper
element in SIMs studies. According to research reported
recently, the behaviour of single-molecule-magnets are not only
affected by the coordination geometry, but also inuenced by
weak magnetic exchange (dipole interaction).14 According to
recently studies, the intramolecular interaction is essential to
suppress the local quantum tunnelling of magnetization in the
di-nuclear Dy(III) complexes.15 However, whether the weak
magnetic exchange between Co(II) ions could affect the behav-
iour of a single-molecule magnets remained unclear. Recently,
Song reported the trigonal anti-prismatic Co(II) eld-induced
single-molecule-magnets behavior.16 Based on this, for the
purpose of exploring the properties of Co(II) complex possessing
two Co(II) centers with a trigonal anti-prism (TAP) geometry, we
designed a Co(II) complex with weak magnetic interaction
between two Co(II) ions, using 2,4,6-tris(di-2-pyridylamine)-
1,3,5-triazine (dipyatriz) as the ligand. The studied complex 1
displayed slow relaxation process. Herein, we reported the Co(II)
complex 1 with a weak magnetic interaction between the two
Co(II) ions and the magnetic properties of it in detail.

Experimental

All the reagents used for the experiment were obtained from
commercial sources without further purication. Elemental
analysis was conducted and further recorded on a PerkinElmer
240C elemental analyzer. The Fourier transform infrared spec-
troscopy was carried out in the range of 400–4000 cm�1 on
a Thermo Scientic Nicolet iS10 spectrophotometer. The
patterns of PXRD were recorded on Rigaku MiniFle600-C
instrument with Cu Ka radiation (l ¼ 1.54056 Å) using a scan
speed of 5� min�1 in the range of 2q¼ 5–80�. A PPMS Squid VSM
magnetometer was used to measure the alternating current
magnetic (AC) data with the ac eld set to 2 Oe, the frequencies
were set in the range of 10 to 10 000 Hz during the test. A MPMS-
XL7 SQUID magnetometer was used to measure the direct
current magnetic (DC) data under 1.8 K and 300 K. The
isothermal magnetization measurements were conducted
subsections under 0 to 7 T. The experimental susceptibilities
were corrected for the diamagnetisms estimated according to
Pascal's constants as well as for the sample holder, through
a precise calibration.

Synthesis of [Co(dipyatriz)2(H2O)2]$4ClO4 (1)

Dipyatriz (0.2 mmol, 0.034 g) and CoClO4$6H2O (0.1 mmol,
0.0237 g) were added gradually to a 5 mL mixed solution (H2O
and CH3CN 1 : 1). Aer slow evaporation, red crystals were ob-
tained and carefully collected. Anal. calc. (%) for C66H68Cl4-
Co2N24O26: C, 42.32; H, 3.66; N, 17.95; found: C, 42.08; H,
3.92; N, 17.68; IR (ATR-FTIR, n/cm�1): 3402 (w), 3107 (w), 1609
(s), 1558 (s), 1482 (s), 1435 (s), 1403 (s), 1366 (s), 1323 (s), 1059
(s), 1020 (s).

X-ray data collection and structure renement

A Bruker Smart CCD area-detector diffractometer was used to
test the crystallographic data of the studied complex. The u
12184 | RSC Adv., 2021, 11, 12183–12187
scan mode with Ga-Ka radiation (l ¼ 1.34139 Å) at 296.0 K was
used during the test. Diffraction data were integrated with
SAINT, the absorption corrections were applied with SADABS.
The SHELXTL package was implied to locate the non-hydrogen
atoms of the tested complex by Patterson's method, followed by
difference Fourier syntheses.17 The non-hydrogen atoms were
completely rened by full-matrix least-squares on F2. And the
hydrogen bonded to carbon were determined sooner rened
anisotropically. The whole calculations were conducted in the
SHELXTL-97 program.18
Results and discussion
Crystal structures of 1

Results from the single crystal X-ray diffraction analysis demon-
strated that 1 crystallized in the monoclinic, P21/n space group.
Each unit cell has a pair of Co(II) ions and ligands, six water and
four ClO4 groups. As showed in Fig. 1, the metal center Co(II) ion
was six-coordinated, two Co(II) ions were lie in each end of the cell,
and were bonded by four N atoms connected with ligands as well
as twoO atoms provided by the solvent, composing a trigonal anti-
prismatic geometry. All the Co–O/N bonds in the complex were
fall in the normal range. The bond length of Co–N was 2.225 Å
and Co–O were 2.037 Å and 2.117 Å respectively. Two metal
centers of each complex molecule were connected by two ligands
forming a body structure. The details information and analysis for
the studied complex as well as the crucial bond distances and
angles are shown in Tables S1 and S2.†
DC magnetic measurements

The polycrystalline samples of complex 1 was used to perform
the static direct current magnetic measurements. The temper-
ature during the test was set varying from 1.8 K to 300 K under 1
kOe. As shown in Fig. 2, the cMT values at room temperature for
1was 6.05 cm3mol�1 K, which was larger than the expect of 3.75
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Temperature dependence of the cMT for 1 measured at a 1.0
kOe by MPMS-XL7 SQUID. The solid red line represents the best fitting
result by PHI. Inset: experimental M vs. H plots at different
temperatures.
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for two high spin Co(II) (S ¼ 3/2 and g ¼ 2.0). The large value
suggest the existence of a strong orbital contribution to the
magnetic momentum.19 With a decrease of temperature from
r.t. to 150 K, the cMT values were gradually decreased at the
beginning, then showed a more robust decline. The ultimate
cMT values was 3.15 cm3 mol�1 K at 1.8 K. Such result is mainly
caused by the intrinsic magnetic anisotropy and weak antifer-
romagnetic coupling between pairs of Co(II) ions. The eld-
dependence magnetizations of 1 were further measured at
elds ranging set from 0 to 7 T with the temperature from 1.8 to
10.0 K (Fig. 2). Results showed the magnetization value under 7
T was much lower than the theoretically saturated value. In
addition, the presence of strong magnetic anisotropy was
testied by non-superposition of the M vs. H/T plot (Fig. 2,
inset). Furthermore, to quantify the anisotropy parameters for
further analysis, the PHI program was implied to t the
magnetic susceptibilities and the magnetization data of the
studied complex 1. Good result of tting was obtained as
following spin Hamiltonian.20

Ĥ ¼ D

�
Ŝz

2 � SðS þ 1Þ
3

�
þ E

�
Ŝx

2 � Ŝy

2
�
� 2JŜ1Ŝ2S1S2

þ gmBSH (1)

where D represents the axial ZFS parameter, E represents the
rhombic ZFS parameter, as well as S stand for the spin projection.
The best ts using PHI obtained D ¼ �66.88 cm�1, E ¼
�5.51 cm�1, J ¼ �0.045 cm�1, g ¼ 2.53 and TIP ¼ 1.5 � 10�4 for
complex 1. The distortion from the octahedral geometry of the
complex may be the reason that caused the deviation of spin
coupling parameter and the orbital reduction parameter. The
value of negative D parameters obtained from the complex indi-
cated that the presence of strong axial magnetic anisotropy of
Co(II) in 1.
Fig. 3 Frequency-dependent (a) in-phase (c0) and (b) out-of phase (c00)
ac susceptibilities under 0.8 kOe dc fields for 1.
AC magnetic measurements

Temperature and frequency dependence of the alternating
current (AC) magnetic measurements were performed for the
© 2021 The Author(s). Published by the Royal Society of Chemistry
purpose of investigation the slow magnetization relaxation
behavior of the studied complex on the polycrystalline samples
at low temperature. Results showed no existence of the signal of
out-of-phase (cM00) ac susceptibility without external dc eld,
which may due to the efficient QTM (Fig. S1†).21 The studied
complex 1 show an obvious frequency dependence cM00 in the
corresponding measurements under external dc elds. Among
the whole test under the dc eld, the complex observed only one
relaxation process.

To further study the magneto–structure correlation and the
inuence of packing arrangements in the crystal lattice, we
chose 0.8 kOe external dc elds to test the spin relaxation
behaviors.

Results showed a maximum of out-of-phase (cM00) magnetic
susceptibility signals can be observed with the temperature
ranging from 1.8 K to 4.2 K for the complex 1 as shown in Fig. 3.
CCFIT program and a modied Debye function was further
used to t the Cole–Cole plots of cM00 vs. cM0 for complex 1.22 The
extracted a value less than 0.11 for complex 1 are shown in
Fig. 4(a). In the studied complex, the a values were quite small,
indicate a narrow distribution of relaxation time for the studied
complex may exist.

The relaxation times s was obtained by the tting program
and further plotted vs. T�1, generating the Arrhenius diagram as
shown in Fig. 4(b). In eld-induced Co(II)-based SIMs, the
multiple relaxation processes may exist. Therefore, the eqn (3)
containing multi relaxation processes was used to analysis the
RSC Adv., 2021, 11, 12183–12187 | 12185
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Fig. 4 (a) Cole–Cole curves of 1. The solid lines stand for the best fit
with Debye model. (b) A plot of ln(s/s) versus T�1 with the solid line
stands for linear fit to the Arrhenius equation (blue represent eqn (2),
red represent eqn (3)).
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process.23 In the equation used, C represent the coefficient of
the Raman process.

Since the multiple relaxation processes may exist in eld-
induced Co(II)-based SIMs, the general eqn (2) containing may
not be suitable for precise analysis.23 In the purpose to elimi-
nate the deviation, four relaxation processes eqn (3) was
employed for analysis, where C and n are the coefficient of the
Raman process, Ueff represent for the energy barrier of Orbach
process, kB and T are the Boltzmann constant and temperature
respectively. According to eqn (3), the effective energy barrier is
Ueff ¼ 6.64 K and s0 ¼ 3.02 � 10�6 s while C ¼ 1858.98 K�2.0067

s�1, n ¼ 2.0067, Ueff ¼ 6.32 K and s0 ¼ 6.24 � 10�6 s for eqn (3).

s�1 ¼ s0
�1 exp(�Ueff/kBT) (2)

s�1 ¼ CTn + s0
�1 exp(�Ueff/kBT) (3)
Conclusions

In summary, we herein report the syntheses, structure features,
and magnetic properties of cobalt complex possessing two
metal centres, forming a distorted trigonal antiprismatic
12186 | RSC Adv., 2021, 11, 12183–12187
geometry. The studied complex showed a eld induced slow
relaxation behaviour. The complex displayed an obvious peak of
out-of-phase aer 1000 Hz, indicating a powerful slow relaxa-
tion behaviour. The measured effective energy barrier is 6.32 K.
According to previously reported, magnetic coupling is bene-
cial to reduce quantum tunnelling. This work highlights that
the antiferromagnetic coupling however, did not amount to
a great deal in inhibiting quantum tunnelling, as well as
reducing slow relaxation behaviour. To sum up, the result re-
ected the importance of the ferromagnetic or antiferromag-
netic couple for taking control of the suppress quantum
tunnelling and may increase the effective energy barrier and
blocking temperature. These study could offer some help in
designing new excellent SMMs.
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