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A mononuclear five-coordinate Co(II) single
molecule magnet with a spin crossover between
the S = 1/2 and 3/2 states†

Lei Chen,a Jingbo Song,a Wen Zhao,a Gangji Yi,a Zhikuan Zhou, a Aihua Yuan, *a

You Song, *b Zhenxing Wang c and Zhong-Wen Ouyangc

Although a great number of single-ion magnets (SIMs) and spin-crossover (SCO) compounds have been

discovered, multifunctional materials with the combination of SCO and SIM properties are extremely scarce.

Here magnetic studies have been carried out for a mononuclear, five-coordinate cobalt(II) complex [Co

(3,4-lut)4Br]Br (1) with square pyramidal geometry. Direct-current magnetic measurement confirms the spin

transition between the S = 1/2 and 3/2 states in the range of 150–290 K with a small hysteresis loop.

Frequency- and temperature-dependent alternating-current magnetic susceptibility reveals slow magneti-

zation relaxation under an applied dc field of 3000 Oe. The work here presents the first instance of the five-

coordinate mononuclear cobalt(II)-based SIM exhibiting the thermally induced complete SCO.

Introduction

In recent years, enormous research efforts have been devoted
to the construction of single molecule magnets (SMMs) based
on mononuclear highly anisotropic paramagnetic f- and
d-block ions, which are also known as single-ion magnets
(SIMs).1,2 Recent breakthroughs have been observed in lantha-
nide-based SIMs, including the stable pentagonal bipyramidal
Dy(III)-based SIMs with an ultra-high energy barrier and the
dysprosium metallocene complex [(Cpttt)2Dy][B(C6F5)4] with a
record energy barrier of 1837 K and a blocking temperature of
60 K.3,4 For the 3d transition metal system, numerous SIMs
based on the 3d ions containing Cr(I),5 Cr(II),6 Mn(II/III/IV),7–9

Fe(I/II/III),10–12 Ni(I/II/III),13,14 Cu(II)15 and Co(I/II)16,17 have coordi-
nation numbers ranging from two to eight in different coordi-
nation geometries.18 In this regard, the high-spin (HL) Co(II)-
SIMs dominated the majority because their large magnetic an-
isotropy derived from the unquenched angular momentum
and significant spin–orbit coupling.17

Further great attention in the field of molecular magnetism
focused on spin-crossover (SCO) materials, owing to their
potential application in binary switching, chemosensors, infor-
mation storage and electronic devices.19 To date, most of the
SCO complexes refer to Fe(II) and Fe(III) ions,20 and to a lesser
extent Co(II).17i,21–24 Due to the transition involving just one
electron for the d7 Co(II) system, SCO for the Co(II) complexes
is often incomplete, whereas few examples of Co(II) complexes
exhibit the appearance of hysteresis associated with thermal
transitions which is the common feature of Fe(II) systems. The
majority of reported SCO Co(II)-based complexes so far involve
mononuclear six-coordinate species21,22 and only a few cases
of four- and five-coordinate complexes.17i,21,23,24

Although many SIMs and SCO compounds have been
reported, mononuclear Co(II) complexes showing both mag-
netic properties have not been documented in the literature
except one example.17i Co(II)-based SIMs favour the large
ground spin state (S = 3/2) to enhance the energy barrier (Ueff ),
whereas SCO complexes generally possess the low-spin (LS)
states (S = 1/2) at low temperature. Therefore, it is not easy to
observe the coexistence of SCO and SIM behaviors in the same
mononuclear compound. In this paper, we report the struc-
tural characterization, electron paramagnetic resonance (EPR)
and magnetic studies of complex [Co(3,4-lut)4Br]Br (3,4-lut =
3.4-lutidine, 1). This complex with an axisymmetric square pyr-
amidal geometry simultaneously displays thermally induced
spin transition and slow magnetic relaxation which is unex-
pected for the LS state (S = 1/2). This work represents the first
square pyramidal Co(II)-based SIM that possesses a complete
SCO.

†Electronic supplementary information (ESI) available: Experimental section
including synthesis and physical measurements, detailed crystallographic data,
XRD patterns, and magnetic data. CCDC 1866414 and 1866415. For ESI and crys-
tallographic data in CIF or other electronic format see DOI: 10.1039/c8dt03783c
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Experimental section
General considerations

All chemicals were obtained from commercial sources and
used as received without further purification. All manipula-
tions were performed by using standard Schlenk techniques
under a nitrogen atmosphere. Elemental analyses for C, H and
N were carried out on an Elementar Vario EL III elemental ana-
lyzer. The powder X-ray diffraction (PXRD) patterns for poly-
crystalline samples were collected at room temperature on a
Bruker D8 Advance X-ray diffractometer.

Synthesis of [Co(3,4-lut)4Br]Br (1)

Complex 1 was prepared according to a modified method in
the literature.25 The ligand 3.4-lutidine (10 mmol, 1.1 mL) was
added to a solution of anhydrous CoBr2 (1.0 mmol, 0.237 g) in
20.0 mL extra dry acetonitrile. The mixture was allowed to
stand overnight at −10 °C, which gave dark green crystals in
41.2% yield based on the Co content. Elemental analysis (%)
calcd for CoC28H36Br2N4 (MW 647.36): C, 51.95; H, 5.56;
N, 8.66. Found: C, 51.89; H, 5.58; N, 8.70.

X-ray structure determination

Single crystal of 1 with appropriate dimensions was measured
on a Bruker APEX II diffractometer at 298 K and 123 K
equipped with a CCD area detector (Mo Kα radiation, λ =
0.71073 Å).26 The APEX II program was employed for data
collection and determination of unit-cell parameters. The data
were integrated and corrected by using SAINT. Absorption
corrections were applied with SADABS.27 The structures were
solved by using SHELXS-97 and subsequently completed by
Fourier recycling using the SHELXL 2014 program.28 All non-
hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms on organic ligands were set at the
calculated positions and generated by using the riding model.

Magnetic measurements

Direct-current (dc) magnetic measurement of 1 was performed
at fields up to 7 T between 1.8 and 300 K on a Quantum Design
SQUID VSM magnetometer at 1 kOe. Alternating-current (ac)
susceptibility measurement was carried out on a Quantum
Design MPMS-XL17 SQUID instrument at ac frequencies
ranging from 1 to 1500 Hz under different applied static fields
with an oscillating ac field of 5 Oe. The magnetic susceptibility
data were corrected for diamagnetism of the constituent atoms
and sample holder estimated by using Pascal constants.

HF-EPR measurements were performed on a locally developed
spectrometer at the National High Magnetic Field Laboratory,
using a superconducting magnetic field of up to 17 T.29

Results and discussion

Complex [Co(3,4-lut)4Br]Br (1) was synthesized by the reaction
of an excess amount of 3,4-lutidine in the presence of CoBr2 in
methanol to give dark green crystals. The structure data of 1

have already been reported in 1996.25 Here the crystal structure
of 1 was re-determined by single-crystal X-ray diffraction ana-
lysis at 296 K and 123 K in order to investigate the possible
temperature-induced structural changes. The unit cell and
structure refinement data and the selected bond lengths and
angles for 1 are listed in Table S1† and Table 1. Both 1·296 K
and 1·123 K display the same monoclinic C2/c space group,
suggesting no structural phase transition. Only three cell axes
are slightly shorter for 1·123 K than for 1·296 K, so that a
decrease in the cell volume (5.5%) occurs in this complex as
the temperature changes from 296 to 123 K.

The coordination sphere of Co(II) is an axisymmetric square
pyramidal geometry, in which four nitrogen atoms of four 3,4-
lutidine molecules form the basal plane whereas one bromide
ion locates at the apex (Fig. 1). As depicted in Table 1, the
Co–N bond lengths are 2.110(4) and 2.136(4) Å at 296 K, which is
longer than those (1.9686(18) and 1.9677(18) Å) at 123 K. These

Table 1 Selected bond lengths (Å) and angles (°) for 1

1·296 K 1·123 K

Bond lengths (Å)
Co–N1 2.110(4) 1.9686(18)
Co–N2 2.136(4) 1.9677(18)
Co–Br1 2.5145(13) 2.6345(5)
Angles (°)
N1–Co–N2 87.37(17) 88.16(7)
N1–Co–N2a 89.26(17) 90.36(7)
N1a–Co–N1 157.4(3) 165.40(10)
N2–Co–N2a 162.7(3) 168.36(10)
N1–Co–Br1 101.28(13) 97.30(5)
N2–Co–Br1 98.64(13) 95.82(5)

Fig. 1 Structures of the cation [Co(3,4-lut)4Br]
− at 296 and 123 K.
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Co–N bond lengths at different temperatures are respectively
identical to the average standard bond lengths (Co–N = 2.12 (HL)
and 1.94 (LS)) for the reported five-coordinate complexes,
which implies the possibility of thermally induced spin-crosso-
ver.24b The apical Co–Br bond increases from 2.5145(13) to
2.6345(5) Å with cooling temperature, exceeding that of the
reported five-coordinate Co(II) complexes.24b–d,30 A small
increase of the N–Co–N angles in the basal plane accompanied
by the marked reduction of the apical Br–Co–N angles were
observed on going from 296 to 123 K. The Co(II) ion deviates
from the basal N4 plane by 0.3670 Å at 296 K and 0.2248 Å at
123 K. These structural changes confirm that an increasing
elongated axial distortion of the square pyramidal structure
occurred at 123 K, which could be favourable for the LS
state.24b Continuous shape measurement analyses using the
SHAPE program afford the values of 0.281 at 296 K and 0.784
at 123 K relative to the square pyramid (Table S2†),31 indicat-
ing the higher distortion at 123 K than at 296 K. The shortest
distances between the pyridine ring centroids of 5.104 Å at
296 K and 5.090 Å at 123 K suggest the non-existence of π–π
stacking interactions (Fig. S1 and S2†). The nearest inter-
molecular Co–Co distances are 8.394 Å at 296 K and 8.364 Å at
123 K (Fig. S3 and S4†), respectively, thus hindering the inter-
molecular exchange interactions.

The phase purity of the bulk sample of 1 used for the mag-
netic measurements was confirmed by PXRD spectra
(Fig. S5†). To elucidate the magnetic properties, SQUID mag-
netometer measurements were carried out for a polycrystalline
sample of 1. Variable-temperature direct-current (dc) magnetic
susceptibility was investigated under a field of 1000 Oe in the
temperature range of 1.8–310 K. As shown in Fig. 2, the χMT
value for 1 is equal to 2.92 cm3 K mol−1 at 310 K, corres-
ponding to an isolated HS Co(II) ion with g = 2.50. When the
temperature is decreased from 290 K, the χMT value rapidly
drops, reaching 0.47 cm3 K mol−1 at 1.8 K, which is in the
range of values expected for a LS Co(II) center. The spin tran-
sition from the LS to the HS state with a small hysteresis loop
occurs in the range of 150–290 K. We note that there is a rare
case of the square pyramidal mononuclear cobalt(II) complex
with the spin-crossover. The fit of magnetic susceptibility from
1.8 to 130 K yields giso = 2.23,32 which is larger than the spin-
only value of 2.0032, indicating the presence of spin–orbit
coupling and an anisotropic ground doublet in 1. EPR spectra
of a microcrystalline powder sample of 1 at 4 K with a fre-
quency of 302.4 GHz, shown in Fig. 2, are satisfactorily simu-
lated as an S = 1/2 spin system, yielding the g-factors of g1 =
2.3986(5), g2 = 2.3857(5), and g3 = 2.0063(5). The average g
value (gav = [(g1 + g2 + g3)/3] = 2.26) is in accord with the giso
value (2.23) determined from fitting the magnetic
susceptibility.

The magnetization dynamics behavior of 1 was investigated
by measurements of alternative-current magnetic susceptibility
at 1.8 K under different external dc fields from 0 to 4000 Oe
(Fig. S6†). Under zero static magnetic field, the out-of-phase
(χ″M) components exhibit no frequency dependence. However,
upon application of an external dc field, the frequency-depen-

dent χ″M maximum peaks appear in the applied frequencies.
With the increase of the external dc field, these maxima inten-
sify but their positions remain almost the same (the range of
3.0–5.0 Hz). Upon further increasing the dc field, the intensity
of the χ″M peaks slightly reduces starting at 3500 Oe.
Therefore, variable-frequency ac magnetic susceptibilities at
different temperatures were investigated under an optimum
field of 3000 Oe (Fig. 3 and S7†). The χ″M magnetic suscepti-
bility exhibits strong frequency- and temperature-dependence,
indicating the presence of slow dynamics of magnetization
in 1.

As depicted in Fig. 3, the frequency dependent χ″M peaks
were observed at the temperatures from 1.8 to 14 K. Thus, at
whole temperatures, the Cole–Cole data were modelled by
using a generalized Debye function (Fig. S8 and Table S3†),33

in order to extract the relaxation time τ. The α values within
the range of 0.03–0.49 suggest multiple relaxation processes. It
is a conventional operation that the temperature dependence
relaxation time τ was fitted with an Arrhenius law τ = τ0 exp
(Ueff/kBT ) based on the assumption of a thermally activated
(Orbach) process, which gives an energy gap of 40.9 K with a
pre-exponential factor τ0 = 8.3 × 10−6 s (Fig. S9†). The large
value of τ0 is far beyond expected for typical vibrations of the

Fig. 2 Variable-temperature dc susceptibility data of 1 under an applied
dc field of 0.1 T. The red line represents the fit with the PHI program
(top).32 EPR spectra for 1 at 4 K with the frequency of 302.4 GHz
(bottom).

Paper Dalton Transactions

16598 | Dalton Trans., 2018, 47, 16596–16602 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
3 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 F
lo

ri
da

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

1/
4/

20
19

 7
:1

9:
18

 P
M

. 
View Article Online

http://dx.doi.org/10.1039/c8dt03783c


network which govern the Orbach reversal of magnetization, in
line with the lack of electronic states that can be thermally
populated providing a path for the multiphonon Orbach
mechanism of relaxation.34 Thus, the plot of ln(τ) vs. T−1 can
be reproduced by the combination of the QTM, direct and
Raman mechanisms:

τ�1 ¼ B1

1þ B2H2 þ AH4T þ bTn ð1Þ

To avoid overparameterization, the field-dependent τ values
extracted from the peaks of frequency dependent χ″M (Fig. S6†)
were modelled by the inclusion of the QTM and direct terms,
given that the quantum tunneling of magnetization (QTM)
and direct processes are field-dependent. A successful fit was
obtained, as depicted in Fig. S10.† Then B1 = 29.69 s−1, B2 =
0.044 kOe−2 and A = 0.014 s−1 k−1 kOe−4 were used in model-
ling the ln(τ) vs. T−1 data using eqn (1). Fig. 4 shows that the
fit is in accord with the experimental data of the temperature
dependent relaxation time τ over the whole temperature, with
the Raman parameters of b = 0.55 s−1 K−n and n = 3.5. For the
Kramers ions, the exponent n = 9 should be expected for the
Raman process. Nevertheless, in this case the exponent value
of n = 3.5 implies a Raman-like process involving both acoustic
(lattice) and optical (molecular) vibrations, which is observed
for many 3d-ion SIMs. Furthermore, these parameter values
were employed to construct the individual contributions of the
QTM, direct and Raman processes in the whole temperature
range (Fig. 4). It can be seen that the region of 2.7–14 K is
dominated by the Raman-like process while the contributions

of the QTM process are dominating in the temperature range
of 1.8–2.7 K.

It is well known that SMM behavior results from the rever-
sal of spin overcoming an energy barrier, which is governed by
a ground spin state larger than S = 1/2 accompanied by a nega-
tive axial zero-field splitting. However, it is incredible that
several cases of the S = 1/2 systems involving mononuclear
V(IV),34a,35 Mn(IV),9 Co(II),17i Ni(I),13 Ni(III)14c and Cu(II) com-
plexes exhibit slow magnetic relaxation behavior. Indeed, for
the S = 1/2 systems, the spin–orbit coupling plays a crucial role
in stabilizing an anisotropic ground doublet, resulting in the
SMM behavior, except for the slow relaxation in the two coordi-
nate mononuclear Ni(I) originating from the magnetic an-
isotropy with the unquenched orbital contribution. In the case
of 1, the dc magnetic data and EPR spectra confirm the signifi-
cant anisotropy of the g tensor exceeding the spin-only value of
2.00232 and the spin–orbit coupling presented in the LS state
of 1. Thus, the detailed analysis of temperature dependence of
the relaxation time suggests that this relaxation process can
clearly be assigned to the combination of QTM and Raman
mechanisms, rather than an Orbach process.

It is reported that the donor atoms and the axial elongation
in square pyramidal complexes play an important role in deter-
mining whether the metal atom is in a high- or low-spin
state.24b,30 On the one hand, it has been found that the soft
donor atoms afford a high field strength, thus resulting in the
LS state, whilst the hard atoms with a low field strength are
favoured for the HS complexes.24,30 The chloride (soft) and
iodide (hard) atoms are found in high- and low-spin com-
plexes, whereas the donor atom bromide is very likely to lead
to spin-crossover properties.24 On the other hand, in square
pyramidal geometry, lengthening of the axial bond with simul-
taneous shortening of four basal bonds provides a square
planar ligand field. In general, the square-planar Co(II) com-
plexes are low spin, whereas the square pyramidal complex
may be high spin. The temperature-dependent variation of the
apical bond length in a square pyramidal five-coordinate

Fig. 3 Frequency-dependence of the in-phase and out-of-phase sus-
ceptibility between 1.8 and 14 K under a 3.0 kOe applied dc field.

Fig. 4 Temperature dependence of the magnetization relaxation rates
under a 3.0 kOe applied dc field. The red line represents the best fit by
using eqn (1). The other lines represent data fits using the QTM (purple),
direct (blue) and Raman processes (green).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2018 Dalton Trans., 2018, 47, 16596–16602 | 16599

Pu
bl

is
he

d 
on

 2
3 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 F
lo

ri
da

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

1/
4/

20
19

 7
:1

9:
18

 P
M

. 
View Article Online

http://dx.doi.org/10.1039/c8dt03783c


complex effects the spin multiplicity.24b As a result, in the case
of 1, selecting Br as the apex coordinate atom has a decisive
effect on the occurrence of SCO. As previously mentioned for
the structural analysis of 1, when the temperature changed
from 296 K to 123 K, the length of the Co–Br apical bond
increased while shortening of the four Co–N basal bonds was
observed, which is a typical characteristic of a SCO system with
square pyramidal geometry.

Conclusions

In summary, we have reported here the temperature-depen-
dent structure and magnetic properties of the mononuclear
complex [Co(3,4-lut)4Br]Br (1). The X-ray structure analysis
indicates the higher elongated axial distortion of the square
pyramidal configuration around the Co(II) centre at 123 K,
compared to the structure at 296 K. The magnetization study
confirms that both the abrupt SCO with a small hysteresis
loop and slow magnetic relaxation behaviors were simul-
taneously observed in 1. Interestingly, the slow relaxation
arises from the low-spin state (S = 1/2) of Co(II) with the spin–
orbit coupling. This work provides a new avenue to construct
multifunctional molecular materials. Future effort along this
line will focus on the current material displaying the abrupt
hysteretic SCO as well as the SMM behavior.
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