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Four novel Co(II) coordination compounds 1–4 of the general formula [Co(Ln)2][Co(NCY)4]·mCH3CN

(where Ln are tridentate ligands L1 = 2,6-bis(1-hexyl-1H-benzimidazol-2-yl)pyridine for 1 and 2; L2 = 2,6-

bis(1-octyl-1H-benzimidazol-2-yl)pyridine for 3; L3 = 2,6-bis(1-dodecyl-1H-benzimidazol-2-yl)pyridine

for 4, Y = O for 1, 3, and 4 and Y = S for 2; m = 0 for 1 and 3, m = 0.5 for 2 and m = 2 for 4) were pre-

pared and characterised. The molecular structures of all four compounds consist of the hexacoordinate

complex cation [Co(Ln)2]
2+ and tetracoordinate complex anion [Co(NCY)4]

2−, with distorted octahedral

and tetrahedral symmetry of coordination polyhedra, respectively. The electronic structures of all com-

pounds feature an orbitally non-degenerate ground state well-separated from the lowest excited state,

which allows the analysis of the magnetic anisotropy by the spin Hamiltonian model. ZFS parameters,

derived from both CASSCF-NEVPT2 calculations and magnetic data analysis, indicate that tetrahedral

anions [Co(NCY)4]
2− exhibit small axial parameters |D| spanning the range of 2.2 to 7.7 cm−1, while octa-

hedral cations [Co(Ln)2]
2+ display significantly larger |D| parameters in the range of 37 to 95 cm−1. For 1–3,

the Fourier-transform infrared magnetic spectroscopy (FIRMS) revealed a reasonable transmission with a

magnetic absorption around the expected value for the ZFS accompanied by features allowing to identify

phonon frequencies and simulate spin-phonon couplings. Dynamic magnetic investigations unveiled the

field-induced slow relaxation of magnetisation, with maximal relaxation times (τ) of 92(2) μs for 2 at 2 K

and BDC = 0.3 T. The temperature evolution of τ was analysed using a combination of Orbach, direct and

Raman relaxations (Ueff = 8(1) K (5.6 cm−1)) or Orbach, direct and spin-phonon induced relaxations (Ueff =

10.3(9) K (7.2 cm−1)). The rest of the complexes, namely 1, 3, and 4 show field-induced slow relaxation of

magnetisation with τ smaller than 16 μs.

Introduction

Over the past three decades, significant progress has been wit-
nessed in the realm of single-molecule magnets (SMMs),
characterized by their captivating magnetic properties such as
magnetic hysteresis and the slow relaxation of magnetization
(SRM) at the molecular scale.1 The importance of these mole-
cules stems from their potential uses in molecular spintronic,2

qubit3 and data storage4 nanotechnology. Magnetic bistability,
defined by the existence of two opposite projections of magne-
tisation within the hysteresis loop, is associated with the pres-
ence of the energy barrier for spin reversal (U). In 3d-metal
complexes, U is commonly related to the zero-field splitting (ZFS)
of the ground spin state, formulated as U = |D|S2 for an even
number of unpaired electrons, and U = |D|(S2 − 1/4) for an odd
number of unpaired electrons in the metal ion’s valence shell.
Here, D represents the axial ZFS parameter outlined in the spin
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a green precipitate of [Co(bbp)2][Co(NCS)4] and pink mother
liquor of [Co(bpp)(NCS)2]. Furthermore, literature survey
allowed us to recognise a handful of similar coordination
compounds [Co(L)2][Co(Xps)4] with hexacoordinated complex
cations containing the tridentate aromatic N-donor ligands
L and tetrahedral complex anions with pseudohalido ligands
Xps (Table S1†). These reports document the complexation of
Co(II) pseudohalide salts with tridentate ligands L in common
solvents such as methanol, acetonitrile, and chloroform con-
sistently resulting in the exclusive formation of [Co(L)2][Co
(Xps)4] ionic coordination compounds, irrespective of tempera-
ture, reaction duration, or crystallization conditions.10 Thus
apparently, the conditions and factors governing the formation
of related pseudoisomers [Co(L)(Xps)2] and [Co(L)2][Co(Xps)4]
remain unexplained.

Herein we report on four coordination compounds of the
general formula [Co(Ln)2][Co(NCY)4]·mCH3CN (where Ln are tri-
dentate ligands L1 = 2,6-bis(1-hexyl-1H-benzimidazol-2-yl)pyri-
dine for 1 and 2; L2 = 2,6-bis(1-octyl-1H-benzimidazol-2-yl)pyri-
dine for 3; L3 = 2,6-bis(1-dodecyl-1H-benzimidazol-2-yl)pyri-
dine for 4, Y = O for 1, 3, and 4 and Y = S for 2; m = 0 for 1 and
3, m = 0.5 for 2 and m = 2 for 4). All compounds were prepared
by straightforward complexation of Co(NCY)2 salts with the
corresponding bbp derivatives L1–L3 in acetonitrile solution.
The prepared compounds were structurally characterised and
their static and dynamic magnetic properties were investigated
in detail.

Synthesis and spectral and structural
properties

The detailed synthetic procedures and characterisation of the
reported compounds 1–4 are described in the Experimental
section (see the ESI†). All four coordination compounds were
synthesized by the complexation of Co(NCO)2 or Co(NCS)2 with
the corresponding bbp derivative Ln (L1 for 1 and 2, L2 for 3
and L3 for 4) in acetonitrile at elevated temperature. The reac-
tions yielded green block crystals suitable for single-crystal
X-ray analysis after a few days of slow evaporation at room
temperature. The phase purity of the prepared materials was
confirmed by powder X-ray diffraction analysis (Fig. S3†),
demonstrating that the employed synthetic procedure yields
ionic compounds [Co(Ln)2][Co(NCY)4]·mCH3CN, rather than
neutral complexes [Co(Ln)(NCY)2].

As the molecular structures of complexes 1–4 differ only in
the length of aliphatic chains and pseudohalide ligand anions,
their FT-IR (Fig. S4†) and UV-vis (Fig. S5†) spectra are similar.
The stretching vibrations of aliphatic C–H bonds were
observed in the intervals of 2925–2922 cm 1 and
2854–2851 cm 1 for asymmetric and symmetric valence
vibrations, respectively. Medium vibrational bands corres-
ponding to aromatic C–C or C–N stretching were recorded in
the range of 1598–1566 cm 1. Vibrations of CuN bonds in the
cyanate ligand anion are observed within the range of
2207–2190 cm 1, the CuN vibration of the thiocyanate ligand

Hamiltonian formalism. Therefore, an intriguing aspect of 
SMMs involves the fine-tuning of magnetic anisotropy through 
modulation of the ligand field strength and coordination geome-
try surrounding the central atom. Considerable attention has 
been focused on Co(II) coordination compounds as promising 
avenues for the development of novel and stable SMMs.5 This 
preference arises from their robust magnetic anisotropies, which 
exhibit both easy-axis and easy-plane characteristics, as indicated 
by negative and positive ZFS splitting parameters D, respectively.6 

Consequently, these properties lead to the observation of SRM, 
irrespective of the sign of the D values. Indeed, the phenomenon 
of SRM has been observed in various Co(II) complexes  with  
different coordinate geometries and coordination numbers, 
ranging from two to eight.5

Among the various families of Co(II)-SMMs, Co(II) com-
plexes with 2,6-bis(benzimidazole-1-yl)pyridine (bbp) triden-
tate ligands present a well-established category of field-induced 
SMMs.5b The rigid  and aromatic nature of these ligands favours  
the ligand field strength that promotes higher magnetic an-
isotropy, thus resulting in a significant axial ZFS parameter. The 
ligand field strength can be tuned by the rationalised introduc-
tion of substituents onto the ligand skeleton having the impact 
on the relaxation of magnetisation, which can occur through 
either single or multiple relaxation channels. Furthermore, the 
goal-directed functionalisation of bbp ligands has an impact also 
on the other physicochemical properties like solubility, polarity 
or thermal stability. For instance, our recent studies have specifi-
cally focused on mononuclear Co(II)-SMMs utilizing bbp ligands 
functionalized with long aliphatic chains exhibiting pronounced 
solubility in non-polar and volatile solvents typically used for 
lithographical depositions.7

The coordination chemistry of the Co(II)-bbp system pre-
sents a range of possibilities for coordination numbers and 
geometries, which in turn influence the crystal field strength 
and properties of the resulting Co(II)-SMMs. When monoden-
tate X (such as halide or pseudohalide anions) or two-donor 
ligands A (nitrates or carboxylates) are involved in the 
complex synthesis, the formation of pentacoordinate [Co(bpp) 
X2],

7a,b,8 hexacoordinate [Co(bbp)(κ1-A)(κ2-A)]7c or potentially 
heptacoordinate [Co(bbp)(κ2-A)2] complexes can be observed. 
Apart from the neutral complexes, the hexacoordinate [Co 
(bbp)2]

2+ complex cations can be prepared as well and isolated 
in the form of complex salts. Another possibility is the for-
mation of coordination compounds containing both octa-
hedral cationic and tetrahedral anionic moieties, represented 
by the general formula [Co(bbp)2][CoX4].

9 These compounds 
serve as pseudoisomers to [Co(bpp)X2], as they share the same 
empirical formulae, and it is currently unclear which reaction 
conditions favour the formation of ionic compounds [Co 
(bbp)2][CoX4] over pentacoordinate neutral complexes. In 2017, 
Konar and co-workers reported the complexation of in situ pre-
pared Co(NCS)2 with bbp in methanol–water solution 
affording the precipitate of [Co(bpp)(NCS)2], while the remain-
ing brown mother liquor was not analysed further. A few years 
after, Mondal and co-workers reported the same synthesis per-
formed in methanol–dichloromethane solution, which offered



[Co(Ln)2]
2+ and a tetracoordinate complex anion [Co(NCY)4]

2

(where Y = O for 1, 3, 4 and Y = S for 2). Single crystal X-ray
diffraction analysis revealed the triclinic P1̄ space group for
compounds 1 (at 293 K), 2 (at 100 K) and 3 (at 293 K), and
monoclinic P21/c space group for 4 (at 100 K). Selected crystal-
lographic information is listed in Table S2.† The crystal struc-
ture of 2 comprises two formula units [Co(L1)2][Co(NCS)4]·
0.5CH3CN within its asymmetric unit. In contrast, the asym-

Fig. 1 Molecular structures of the reported compounds (hydrogen atoms and lattice solvent molecules are omitted).

anion in compound 2 is shifted to lower frequencies, specifi-
cally at 2099 cm 1. The solution UV-VIS absorption spectra of 1–
4 revealed a broad band in the interval 270–420 nm split to two 
maxima centred at 313 nm and 343 nm, which corres-ponds to 
intra-ligand π → π* and n → π* transitions, respectively.

Compounds 1–4 possess similar molecular structures
(Fig. 1) consisting of an hexacoordinate complex cation



presence in the octahedral centres depends strongly upon
subtle geometry changes of the coordination environment.13

Therefore an ab initio study was performed on the simplified
model systems Ioct–IVoct (Fig. S6†). It turned out that in all
four cases the first excited spin-quartet state is distant enough
from the ground spin-quartet state (as a rule of thumb more
than 1000 cm 1, see Fig. S7†) meaning that the effect of
angular momentum can be projected on the g-tensor com-
ponents in the Spin Hamiltonian formalism. The following
convention of the Hamiltonian has been used

ĤSH ¼ DoctŜz;oct2 þ EoctðŜx;oct2 � Ŝy;oct2Þ þ μBB
X

a¼x;y;z

ðŜa;oct � ga;octÞ

þ DtetrŜz;tetr2 þ μBBgavg;tetr
X

a¼x;y;z

Ŝa;tetr

ð1Þ
where Di is the axial parameter of zero-field splitting (ZFS), Eoct
is the rhombic ZFS parameter and g-parameters were con-
sidered spatially resolved for the octahedral case (i.e. gx,oct,
gy,oct and gz,oct) while for the tetrahedral case an isotropic aver-
aged parameter gavg,tetr was considered. To reproduce experi-
mental magnetic functions, the molecular field quantified by
parameter zJ (Fig. S8 and Table S5†) and temperature-indepen-
dent magnetism had to be included, too. The calculated values
of parameters obtained from ab initio calculations are col-
lected in Table 1, the optimum parameter values from simul-
taneous fitting of the experimental curves χT vs. T and Mmol vs.
B are collected in Table 2 and the fitted curves are displayed in
Fig. 2. In all cases a good mutual agreement can be noted. The
experimental D values for the octahedral sites range widely
from +49 to +95 cm 1 and do not correlate with the angular
distortion of the corresponding coordination polyhedra
(Table S4†). On the other hand, the small positive or negative
D values for the tetrahedral sites are similar to those already
reported for complex salts containing [Co(NCY)4]

2 anions.14

The experimental curves are compared with the optimum
fit ones and predicted ones in Fig. 2. One can see that except
for the case of system 1, the spin Hamiltonian model was able
to describe excellently both independent data sets. The agree-
ment of theoretically predicted curves with experimental
results is, however, generally worse. Since the ab initio
approach did not consider possible weak exchange inter-
actions between the centres (i.e. molecular field), such a dis-
crepancy is justified for the thermal behaviour of χT. In the
case of magnetization, the higher saturation values of magneti-
zation correlate with significantly lower values of axial an-
isotropy parameters predicted for Ioct and IIIoct.1,6

Fourier-transform infrared magneto
spectroscopy

Fourier-transform infrared magneto spectroscopy (FIRMS)
makes possible the experimental observation of the zero-field
splitting Δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D2 þ 3E2
p

between the ground and excited

metric unit of the remaining structures 1, 3 and 4 contain a 
single formula unit [Co(L1)2][Co(NCO)4], [Co(L2)2][Co(NCO)4] 
and [Co(L3)2][Co(NCO)4]·2CH3CN, respectively. The hexacoordi-
nate complex cations [Co(Ln)2]2+ in compounds 1–4 exhibit a dis-
torted octahedral geometry, characterized by cis N–Co–N angle  
ranges of 75.3–114.1° for 1, 75.3–110.3° for 2, 75.5–112.5° for 3, 
and 75.9–107.6° for 4. This angular octahedral distortion is 
further quantified by metric distortion parameters Σ 11 and sym-
metry measure parameters S(OC),12 as determined by SHAPE ana-
lysis (Table S4†). Calculated values within the ranges of 124°–137°
for Σ and 4.0–4.9 for S(OC-6) clearly indicate significant deviation 
from ideal octahedral symmetry. The Co–N bond distances 
exhibit a slight dependence on the nature of the nitrogen donor 
atom. Co–N bonds involving pyridine N-donor atoms range from 
2.088 Å to 2.117 Å, slightly shorter than Co–N bonds containing 
imidazole N-donor atoms, which range from 2.110 Å to 2.162 Å 
(Table S3†).

The coordination polyhedra of [Co(NCY)4]
2 complex 

anions in 1–4 adopt a tetrahedral geometry. The N–Co–N 
angles vary between 105.8° and 113.5°, with an average Co–N 
bond length of 1.96 Å. The deviation from tetrahedral sym-
metry has been evaluated using the distortion parameter τ4 

and SHAPE analysis. Complex anions in 1, 3 and 4 exhibit only 
negligible angular deviation from tetrahedral angles 
(Table S4†) and therefore the metric parameters acquire the 
values τ4 ≈ 1 and S(T-4) ≈ 0, typical of an almost ideal tetra-
hedron. However, [Co(NCS)4]2 complex anions of compound 
2 show the most pronounced deviation from the tetrahedral 
shape among the reported compounds, with the metric para-
meters τ4 = 0.94(Co2A) and 0.89 (Co2B), S(T-4) ≈ 0.2 (Co2A) 
and 0.5 (Co2B).

Static magnetic investigation and
computational study
Temperature and field dependent measurements of magneti-
zation were performed in the temperature range 2–300 K at a 
static magnetic field BDC = 0.1 T and at constant temperatures 
in the field range BDC = 0–7 T. Both measurements are pre-
sented in Fig. 2 as χT vs. T and Mmol vs. B functions. The room 
temperature values of χT (4.90–5.77 cm3 mol 1 K 1) are signifi-
cantly higher than the spin-only value for the S = 3 system (S = 
2 × 3/2, g = 2.0; χT = 2 × 1.875 cm3 mol 1 K 1) suggesting con-
siderable contribution of angular momentum. As the tempera-
ture decreases, the χT product gradually decreases, and below 
50 K, the decrease becomes abrupt, reaching 3.32 cm3 mol 1 

K 1 for 1, 3.87 cm3 mol 1 K 1 for 2, 2.94 cm3 mol 1 K 1 for 3 
and 3.49 cm3 mol 1 K 1 for 4 at 2 K. Molar magnetization 
Mmol at 7 T and 2 K acquires lower values (4.62–5.39μB) than 
that expected for a Curie paramagnet with S = 3  (6μB), which 
indicates notable magnetic anisotropy. All studied systems 1–4 
are formed by two different Co(II) sites in their molecular struc-
ture – an octahedral one and a tetrahedral one. While there is 
no firm justification for the contribution of orbital angular 
momentum in the tetrahedrally coordinated Co(II) centres, its



lysis. Experimental details are found in the ESI.† Compounds
1–3 displayed reasonable transmission with a magnetic
absorption around the expected value for the ZFS according to
ab initio calculation values from Table 1, including anti-cross-
ing features, which are typical signatures of spin–phonon
coupling.16 Compound 4 did not show any magnetic absorp-
tion despite the pellet having a reasonable transmission. We
attribute the lower intensity of the magnetic absorption for 1

Table 1 Calculated values of ZFS parameters for respective Co(II) centres obtained by ab initio calculations (cm−1)

Ioct Itetr IIoct IItetr IIIoct IIItetr IVoct IVtetr

D 40.8 −3.2 52.0 (47.0)a 6.0 57.1 −3.5 57.7 2.2
E/D 0.11 0.14 0.06 0.20 0.04 0.08 0.01 0.29
gz 2.06 2.23 2.02 2.19 2.01 2.23 2.00 2.23
gx 2.40 2.24 2.46 2.26 2.49 2.23 2.50 2.25
gy 2.53 2.27 2.53 2.28 2.57 2.27 2.52 2.27

a The simulation of the data obtained by FIRMS used all the same parameters from this table, except for the D value of compound 2, displayed in
brackets here.

Fig. 2 Magnetic functions analysed by the Spin Hamiltonian formalism for (a) compound 1; (b) compound 2; (c) compound 3 and (d) compound 4.
Left: susceptibility–temperature product with respect to temperature, right: magnetization per centre with respect to the magnetic field; empty
circles: experiment, blue solid line: optimum fit, and red dashed line: ab initio prediction based on model molecules.

doublets for S = 3/2 systems.7b,15 The determination of D and E 
separately as well as the sign of D requires a combination of 
FIRMS with high-frequency electron paramagnetic resonance 
(HFEPR) results.7b,15g However, HFEPR was complicated by the 
presence of the two Co(II) sites in the studied compounds. 
Therefore, we performed only FIRMS at 4.2 K from 0 T to 16 T 
and combined the spin Hamiltonian parameters obtained 
from ab initio and magnetization results to conduct our ana-



and the absence of it for 4 to broadened magnetic peaks for
those samples, indicating shorter relaxation times, especially
compared to those of 2 and 3. As the sensitivity is dependent
on the linewidth, a broadened signal possesses a lower signal-
to-noise ratio. Also, as the linewidth in magnetic resonance is
inversely proportional to the relaxation time,17 a broader
signal corresponds to faster relaxation. This is confirmed by
the dynamic magnetic investigation shown in the next section.

FIRMS colormaps (Fig. 3) were compared with the simu-
lation of the octahedral sites of eqn (1) using the g matrix, D
values and the rhombicity E/D obtained from ab initio calcu-
lations in Table 1 and the vibronic model described in the ESI
Note 3† by Moseley et al.16 to extract the phonon frequencies

and the spin–phonon couplings, shown in Table 3. The result-
ing simulations are shown as black lines in Fig. 3, showing
very good agreement of the positions of the magnetic peaks in
the spectra with the simulation using the theoretically pre-
dicted spin Hamiltonian parameters. Not all simulated lines
have a corresponding peak in the experimental data because
the probability of transitions was not considered. Only for
compound 2 the value of D used for the simulation was
slightly different from the predicted one and that is indicated
in Table 1. In the simulation Nain et al. discuss the role of the
spin–phonon coupling as a relevant pathway for magnetic relax-
ation in Co(II) SMMs.18 Given that all three examined samples are
field-induced SMMs (vide infra), it is reasonable to anticipate the

Table 2 Optimum values of ZFS parameters for respective Co(II) centres obtained from experimental data (cm−1)

1oct 1tetr 2oct 2tetr 3oct 3tetr 4oct 4tetr

D 70.0 −6.6 36.8 7.7 94.5 −7.5 49.2 3.8
gz 2.00 2.40a 2.00 2.28a 2.00 2.20a 2.04 2.40a

gx 2.20 2.40a 2.70 2.28a 2.54 2.20a 2.46 2.40a

gy 2.51 2.40a 2.70 2.28a 2.60 2.20a 2.60 2.40a

zj (10−3 cm−1) −0.21 17.44 3.94 −0.56
χTIP (10

−3 cm3 mol−1) 0.00 2.41 2.16 1.04
R 0.233 0.068 0.003 0.008

a In the case of tetrahedral systems all three components of the g-tensor were fixed at the same value.

Fig. 3 Colormaps of the derivative of the normalized FIRMS transmission spectra for compounds (a) 1, (b) 2 and (c) 3 measured at T = 4.2 K and a
magnetic field of up to 16 T. The spectra were normalized by the average sum of all obtained spectra. The derivative aids the identification of the
magnetic field-dependent features. The lines are simulated with the spin Hamiltonian and vibronic couplings with the parameters indicated in Tables
1 and 3.



involvement of spin–phonon coupling in the SRM. Compounds
1–3 exhibit comparable vibronic coupling constants. However,
compound 2 displays multiple vibronic couplings together with
the longest magnetization relaxation, indicating the presence of
another predominant relaxation pathway.

Dynamic magnetic investigation

The magnetic data induced by the oscillating alternating-
current (AC) magnetic field were taken at an amplitude of BAC
= 0.5 mT and in the frequency range 10–10 000 Hz. At 2 K, no
SRM was observed at BDC = 0 T (Fig. S9–S13†), which is a con-
sequence of the fast relaxation of magnetization resulting, for
instance, from the quantum tunnelling effect induced by
hyperfine interactions with the nuclear spins. However, the

applied BDC field suppressed the tunnelling, causing the emer-
gence of the out-of-phase susceptibility component χ″, indicat-
ing that the reported compounds are field-induced SMMs.
Based on the results of the BDC field scan, three compounds
(1, 3, and 4) do not show the maxima of χ″ susceptibility up to
the highest measured frequency, which suggests that their relax-
ation times are faster than 16 μs. This is consistent with other
similar ionic systems [Co(L)2][Co(Xps)4] (Table S1†) which show
very short relaxation times τ and the maxima of χ″ susceptibility
located at very high frequencies. On the other hand, compound 2
does show the maxima of χ″ susceptibility above 1000 Hz,
enabling a detailed investigation of SRM. The frequency depen-
dent in-phase χ′ and out-of-phase χ″ components of AC suscepti-
bility were satisfactorily fitted to the extended one-set Debye
model (eqn (S1) and (S2), see the ESI†), using which the isother-
mal χT and adiabatic χS susceptibilities along with the relaxation
time τ and its distribution parameter α were determined at given
static magnetic fields (Table S6 and Fig. S10†). The obtained τ vs.
B dependence was successfully analysed with respect to the com-
bination of direct and Raman relaxation mechanisms according
to eqn (2) (Fig. 4a and Table 4).

1
τ
¼ ABmT þ d

1þ eB2

1þ fB2

� �
Tn ð2Þ

The AC susceptibility measurement of compound 3 in the
DC field domain and at 2 K revealed a two-channel relaxation,

1oct 2oct 3oct

ħω1 86 92 122
e1 3 1 3
ħω2 — 105 —
e2 — 3 —
ħω3 — 125 —
e3 — 1 —

Fig. 4 τ vs. B dependence at T = 2 K for 2 (a) and 3 (b). ln τ vs. 1/T dependence at BDC = 0.3 T for compound 2 (c).

Table 3 Values of the phonon modes ħωi and vibronic couplings ei for 
respective Co(II) centers obtained by FIRMS (in cm−1)



1
τ
¼ aBmT þ CTn þ 1

τ0
exp �Ueff

kT

� �
ð3Þ

Among several combinations of two or three relaxation pro-
cesses (Table S7†), the most meaningful parameters along
with the reasonable accuracy of fit were obtained from the
combination of Orbach, direct and Raman relaxations: Ueff =
8.4 K, τ0 = 2.4 × 10 6 s, C = 0.01 K 9 s 1, n = 9 (fixed), and aB4 =
2800 K 1 s 1 (Table 4, Fig. 4c, red curve).

As an alternative to the well-known relaxation eqn (3), Long
and co-workers19 have proposed a model that considers the
relaxation of magnetization through the α-th phonon mode. By
following the protocol in their report and incorporating experi-
mentally obtained data on three phonon modes along with

their vibronic couplings for compound 2 (Table 5), the phonon
contribution to overall relaxation of magnetization can be
expressed as linear dependence of temperature

1
τphonon

¼
X
α

Vα
2

ℏ
Δαð2nα þ 1Þ

ðΔα
2 þ ðℏωαÞ2Þ

!
¼ 231:64

1
T
� 66:08 ð4Þ

where Vα is the parameter of spin–phonon coupling, Δα is the
phonon linewidth, nα is the phonon occupation number, ωα is
the phonon frequency, and ħ is Planck’s constant. Both Δα

and nα are dependent on both temperature and frequency of
the α-th phonon ωα. The combination of the phonon, Orbach
and direct relaxations resulted in the successful reproduction
of the ln τ vs. 1/T dependence (Fig. 4c, blue dashed curve) with
fitted parameters given in Table 4.

In light of the observed magnetic properties of the four
ionic and complex compounds 1–4, the question arises
whether the SRM originates from the hexacoordinated cations
[Co(Ln)2]

2+ or the tetracoordinated anions [Co(NCY)4]
2 . Based

on the numerous previous reports of HS hexacoordinated
Co(II) SIMs, we can anticipate that the observed SRM likely
originates from the [Co(Ln)2]

2+ complex cations.5 However, the
contribution of [Co(NCY)4]

2 cannot be ruled out. Shao and
co-workers10b reported two spin-crossover active compounds,
[Co(Brphterpy)2][BPh4] and [Co(Brphterpy)2][Co(NCS)4]·2MeCN
(where Brphterpy = 4′-(4-(pyridin-4-yl)phenyl)-[2,2′:6′,2″]terpyri-
dine), in which they also investigated SRM at low tempera-
tures. Both compounds contain the LS complex cation [Co
(Brphterpy)2]

2+ (S = 1/2). While there was no SRM in [Co
(Brphterpy)2][BPh4] even under an applied DC field, the latter
compound with the LS [Co(Brphterpy)2]

2+ cation and HS [Co
(NCS)4]

2 anion did show field-induced SRM. Furthermore,
Chen and co-workers14 also observed field-induced SRM in
(Ph4P)2[Co(NCO)4] and (Ph4P)2[Co(NCS)4] complex salts, which
contain diamagnetic counter cations Ph4P

+. Thus, these two
reports suggest that SRM in compounds 1–4 might originate
from the synergistic effects of both the hexacoordinated
complex cations and the tetracoordinated anions.

Summary

In this paper, we reported on the synthesis, crystal structures,
static magnetic properties and field-induced single-molecule
magnet behaviour of four structurally similar Co(II) coordi-
nation compounds, consisting of hexacoordinate complex
cations and tetracoordinate anions. The structural analysis
unveiled the distorted octahedral shape of coordination poly-
hedra, where the Co(II) central atom is coordinated with two

Table 4 Relaxation parameters for compounds 2 and 3 obtained from
τ vs. B dependencies at 2 K

Compound 2 Compound 3

Raman d = 71.90 ± 15.75 s−1 K−9 d = 380.25 ± 23.23 s−1 K−9

e = 18.27 ± 10.5 T−2 e = 25.70 ± 6.8 T−2

f = 106.08 ± 57.99 T−2 f = 68.73 ± 18.07 T−2

n = 9 (fixed) n = 9 (fixed)
Direct A = (96 822.44 ± 16 589.62)

s−1 T−4 K−1
A = (232 020.72 ± 17 858.27)
s−1 T−4 K−1

m = 4 (fixed) m = 4 (fixed)
R2 0.97451 0.99113

Table 5 Relaxation parameters for compound 2 at BDC = 0.3 T

Model Ueff/kB/K τ0/s C/K−n s−1; n aBm/K−1 s−1 R2

Orbach for 4.5–5.5 K 12.4(4) (7.2 cm−1) 7.2(6) × 10−7 — — 0.99521
Orbach & Raman & direct 8(1) (5.6 cm−1) 2.4(6) × 10−6 1.0(0.3) × 10−2; 9 (fixed) 2800(1503) 0.99377
Orbach & direct & spin–phonon coupling 10.3(9) (7.2 cm−1) 1.6(3) × 10−6 — 4116(815) 0.9939

with the maxima of both the low-frequency and high-frequency 
channels surpassing the hardware limits, below 10 Hz and above 
10 kHz, respectively (Fig. S12†). However, the high onset of the 
latter relaxation channel allowed for its satisfactory analysis with 
respect to the two-set Debye model (eqn (S3), (S4) and Table S9†), 
while the parameters for the less pronounced low-frequency 
channel were ignored. The τ vs. B dependence with the maximum 
τmax = 10.8 μs at 0.33 T was fitted to a combination of Raman and 
direct relaxation mechanisms (eqn (2) and Fig. 4b).

The temperature variable measurement of compound 2 
(Fig. S11 and Table S7†) was carried out at a BDC = 0.3 T field, 
where the τ acquires the highest value (92(2) μs at 2 K). The 
obtained ln τ vs. 1/T dependence was analysed with respect to 
a combination of various relaxation mechanisms. At first, the 
effective energy barrier was estimated using linear fit in a 
high-temperature region (4.5–5.5 K), which resulted in Ueff = 
12.4 K and τ0 = 7.2 × 10 7 s (Fig. 4c, dotted black curve). 
However, a comprehensive analysis of ln τ vs. 1/T over the 
whole temperature range requires a combination of two or 
three relaxation processes according to eqn (3), with direct, 
Raman and Orbach terms, respectively.
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