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Non-traditional thermal behavior of Co(II)
coordination networks showing slow magnetic
relaxation†
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Dariusz C. Bieńko, c Cyril Rajnák, d Roman Boča, d Andrew Ozarowski e

and Mykhaylo Ozerov e

Three new coordination polymers, one-dimensional ones [Co(5,6-(Me)2-bzim)2(dca)2] (1) and [Co(5-

Mebzim)2(dca)2]n (2) and two-dimensional polymer [Co(2-Mebzim)(dca)2]n (3), show DC magnetic data

consistent with the S = 3/2 spin system with large zero-field splitting D > 0, which was confirmed by

high-field HF EPR and FIRMS measurements. The experimental spectra of all complexes were simulated

with axial g tensor components, a very large positive D value and different E/D ratios. These systems

exhibit a slow magnetic relaxation under the moderate DC magnetic field with two relaxation channels.

The high-frequency relaxation time develops according to combined Raman and phonon bottleneck

relaxation mechanisms resulting from the unexpected thermal reciprocating behaviour when the low

temperature relaxation time for the HF channel during cooling is shortened.

Introduction

The design and synthesis of coordination polymers (CPs) are
of great importance in the research fields of supramolecular
and materials chemistry due to their diverse structural motifs
and potential applications as functional materials in gas
storage, adsorption separation, ion exchange, non-linear
optics, catalysis, and photoluminescence.1–14 These systems
were also found to be good candidates for studying fundamen-
tal phenomena in magnetism, including spin canting, meta-
magnetism, ferromagnetism, and antiferromagnetism.15–19 In
addition, some of the CPs behave as the Single Chain Magnets

(SCMs) or Single Ion Magnets (SIMs), and display slow relax-
ation of magnetization.20–37

According to Robson’s concept, CP networks can be easily
generated by using commonly available metal moieties and
linking them with linear “spacer” ligands, and their network
structures are predominately governed by the ability of the
building blocks to self-assemble.38 In practice, many other
factors, including auxiliary ligands, pH values, temperatures,
solvent polarities, metal salt to ligand ratios, and counter ions,
must be taken into consideration in the self-assembly process
of coordination polymers of desired network structures. The
rational synthesis of these materials still remains a significant
challenge.39–44

One of the most excellent inorganic spacers to construct
magnetic coordination polymers is the dicyanamide ion
(dca−), displaying multiple bridging coordination modes. In a
vast majority of polynuclear complexes, the dca− anion coordi-
nates to a metal centre through two nitrile nitrogen atoms
(μ1,5-dca) or one central amide and two nitrile nitrogen atoms
(μ1,3,5-dca). The other coordination modes like μ1,3-dca, μ1,1,5-
dca μ1,1,3,5-dca, μ1,1,5,5-dca and μ1,1,3,5,5-dca seem to be far
more rare.45–49 With the use of dca−, it has been possible to
obtain numerous CPs with diverse magnetic couplings i.e. fer-
romagnetism in α-M(dca)2 series of complexes (M = Co or Ni),
spin-canted antiferromagnetism (M = Cr, Mn, Fe) and para-
magnetism (M = Cu).50–55 Very recently, slow magnetic relax-
ation phenomena have been confirmed for the 2D network
of the formulas [Co(atz)2(dca)4], [Co(bim)2(dca)4] and
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[Co(bmim)2(dca)4] (atz = 2-aminotriazine, bim = 1-benzylimid-
azole, bmim = 1-benzyl-2-methylimidazole), where Co(II) atoms
are linked through single μ1,5-dca bridges.56,57

In the present work, which is a part of our effort to explore
the magneto-structural relationships in dicyanamide cobalt(II)
complexes,56,57 three methyl-substituted benzimidazoles
differing in the substitution pattern were successfully used for
the synthesis of dicyanamide Co(II) coordination polymers,
and three compounds [Co(5,6-(Me)2-bzim)2(dca)2] (1), [Co(5-
Mebzim)2(dca)2]n (2) and [Co(2-Mebzim)(dca)2]n (3) (5,6-(Me)2-
bzim = 5,6-dimethylbenzimidazole, 5-Mebzim = 5-methyl-
benzimidazole, 2-Mebzim = 2-methylbenzimidazole) are
reported herein. The coordination polymers 1–3 have been
investigated by X-ray diffraction, spectroscopic techniques and
variable-temperature magnetic susceptibility measurements,
and their magneto-structural properties have been discussed
in relation to the previously reported analogues, especially
one-dimensional [Co(imidazole)2(dca)2]n

58,59 and two-dimen-
sional dicyanamide coordination polymers [Co(L)2(dca)2]n (L =
2-aminobenzimidazole, 1-benzylimidazole and 1-benzyl-2-
methylimidazole).56,60

Experimental section
Crystal structure determination and refinement

Single crystal X-ray diffraction data of 1–3 were collected on a
Gemini A Ultra diffractometer equipped with an Atlas CCD
detector and graphite monochromated MoKα radiation (λ =
0.71073 Å) at room temperature. The unit cell determination
and data integration were carried out using the CrysAlis
package from Oxford Diffraction.61 The structures were solved
by direct methods using SHELXS and refined by full-matrix
least-squares on F2 using SHELXL-2014.62 All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were
placed in calculated positions refined using idealized geome-
tries (riding model) and assigned fixed isotropic displacement
parameters, d(C–H) = 0.93 Å, Uiso(H) = 1.2 Ueq(C) (for aromatic)
and d(C–H) = 0.96 Å, Uiso(H) = 1.5 Ueq(C) (for methyl). The
methyl groups were allowed to rotate about their local three-
fold axis. Details of the crystallographic data collection, struc-
tural determination, and refinement for 1–3 are given in
Table 1, whereas selected bond distances and angles are listed
in Table S2.†

Magnetic data collection

The DC magnetic data were recorded using a SQUID magnet-
ometer (MPMS, Quantum Design) with ca. 22 mg of sample.
The susceptibility data were acquired at the BDC = 0.1 T
between T = 1.8 and 300 K. These were corrected for the under-
lying diamagnetism and transformed into the effective mag-
netic moment. The magnetization data were recorded at low
temperatures T = 2.0 and 5.0 K until Bmax = 5.0 T. No remnant
magnetization was detected. The AC susceptibility data were
recorded using the same apparatus and the same samples
using the amplitude of the oscillating field BAC = 0.3 mT. Three

regimes were used: (i) scan of the AC susceptibility as a func-
tion of the field until BDC = 0.8 T at T = 2.0 K for a set of four
trial frequencies f; (ii) scan of the AC susceptibility as a func-
tion of temperature for 22 frequencies of the oscillating field
and a set of temperatures ranging between T = 1.8 and 7.0 (8.0)
K, all at the appropriately selected field BDC = 0.2 (0.15) T and
(iii) This dataset has been rearranged to the functions χ′ = Fr( f,
T, [BDC]) and χ″ = Fi( f, T, [BDC]).

All data handling and fitting have been performed by using
MIF&FIT software.76 The DC susceptibility and magnetization
data were fitted simultaneously using the spin Hamiltonian

Ĥa ¼D Ŝz2 � Ŝ
2
=3

� �
ℏ�2

þ BμBℏ
�1 gzŜz cos θa þ gxyŜx sin θa
� � ð1Þ

where D – axial zero-field splitting parameter and θa – the
polar angle for a number N = 11 grids distributed uniformly

Table 1 Crystal data and structure refinement for 1–3

1 2 3

Empirical formula C22H20N10Co C20H22N10Co C20H16N10Co
Formula weight 483.41 461.40 455.36
T, K 295.0(2) 295.0(2) 295.0(2)
Wavelength, Å 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/m C2/m P21/n
Unit cell dimensions, Å and °
a 17.196(3) 16.3690(12) 9.1183(7)
b 7.7339(15) 7.3223(4) 8.2739(6)
c 9.988(2) 9.6761(6) 13.2626(9)
α
β 114.74(3) 113.472(5) 102.821(7)
γ
V, Å3 1206.4(5) 1063.80(12) 975.64(13)
Z 2 2 2
Dc, g cm−3 1.331 1.440 1.550
Absorption
coefficient, mm−1

0.741 0.837 0.911

F(000) 498 478 466
Crystal size, mm 0.16 × 0.07 ×

0.03
0.32 × 0.17 ×
0.04

0.19 × 0.18 ×
0.14

θ range for data
collection [°]

3.35 to 25.05 3.52 to 25.05 3.49 to 25.05

Index ranges −19 ≤ h ≤ 20 −19 ≤ h ≤ 19 −8 ≤ h ≤ 10
−9 ≤ k ≤ 9 −8 ≤ k ≤ 8 −8 ≤ k ≤ 9
−11 ≤ l ≤ 11 −11 ≤ l ≤ 10 −15 ≤ l ≤ 15

Reflections
collected

4816 4691 3979

Independent
reflections

1146 (Rint =
0.0246)

1030 (Rint =
0.0246)

1721 (Rint =
0.0308)

Completeness to 2θ 99.7 99.6 99.7
Min. and max.
transm.

0.719 and
1.000

0.727 and
1.000

0.956 and
1.000

Data/restraints/
parameters

1146/0/97 1030/0/89 1721/0/143

Goodness-of-fit on
F2

1.126 1.186 1.081

Final R indices [I >
2σ(I)]

R1 = 0.0254 R1 = 0.0342 R1 = 0.0415
wR2 = 0.0628 wR2 = 0.1072 wR2 = 0.0713

R indices (all data) R1 = 0.0273 R1 = 0.0376 R1 = 0.0312
wR2 = 0.0643 wR2 = 0.1110 wR2 = 0.0756

Largest diff. peak
and hole, e Å−3

0.162 and
−0.224

0.309 and
−0.421

0.29 and
−0.22

CCDC numbers 2085569 2085570 2085571

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2021 Inorg. Chem. Front., 2021, 8, 4356–4366 | 4357

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
by

 F
lo

ri
da

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

11
/5

/2
02

1 
5:

31
:5

3 
PM

. 
View Article Online

https://doi.org/10.1039/d1qi00667c


over half of the meridian. The eigenvalues enter the partition
functions from which the susceptibility and/or magnetization
are obtained using the apparatus of statistical thermo-
dynamics and then averaged over a-points.

The AC susceptibility data have been fitted by employing
the two-set Debye model

χðωÞ ¼ χs þ
χT1 � χs

1þ ðiωτ1Þ1�α1
þ χT2 � χT1
1þ ðiωτ2Þ1�α2

ð2Þ

giving rise to the adiabatic susceptibility χS, and two sets of
isothermal susceptibilities χT1 and χT2, distribution parameters
α1 and α2, and relaxation times τ1 and τ2 referring to the
maxima of the primitive Debye-like curves that merge into a
registered envelope (ω = 2πf ). Closed formulae for the dis-
persion χ′ and absorption χ″ are available so that the fitting
procedure is fast. In fact, the joint functional F = w·E(χ′) + (1 −
w)·E(χ″) constructed from relative errors is subjected to a non-
linear minimization.

HF-EPR and far-infrared magnetic spectroscopy (FIRMS)
studies

Far infrared magnetic spectroscopy was performed at the
National High Magnetic Field Laboratory on a 17 T vertical-
bore superconducting magnet coupled with a Fourier-trans-
form infrared spectrometer Bruker Vertex. The experimental
set-up was equipped with a mercury lamp and a composite
silicon bolometer (Infrared Laboratories), as a THz radiation
source and detector, respectively. The THz radiation was
guided inside an evacuated (∼4 mBar) optical beamline to the
top of the lightpipe probe holding the sample, which is an
eicosane pellet containing ∼4 mg of the studied compound.
The intensity of the transmitted THz radiation was measured
in the spectral region between 18 and 730 cm−1 (0.55–22 THz)
with the resolution of 0.3 cm−1 (9 GHz). Both sample and the
bolometer were cooled using low-pressure helium gas to a
temperature of 5 K. High–frequency EPR spectra were recorded
on a 17 T transmission instrument of the EMR facility. The
instrument is equipped with a superconducting magnet
(Oxford Instruments) capable of reaching a field of 17 T.
Microwave frequencies over the range of 52–630 GHz were gen-
erated by a phase-locked Virginia Diode source, producing a
base frequency of 8–20 GHz, which was multiplied by a
cascade of frequency multipliers. The instrument is a trans-
mission-type device and uses no resonance cavity.63 The high-
field EPR spectra were simulated using computer programs
written by one of us.64

Results and discussion
Synthesis, spectroscopic and thermal characterization

X-ray quality crystals of 1–3 were grown by slow evaporation of
the mother liquor at room temperature. The phase purity of
the compounds has been verified by powder diffraction
measurements. As shown in Fig. S1–S3,† the XRPD patterns
measured for the polycrystalline samples are in good agree-

ment with the powder pattern simulated from the respective
single crystal X-ray data using Mercury 3.0.

The IR analyses of cobalt(II) compounds indicate the pres-
ence of a dicyanamide moiety and monodentate N-donor
ligands (Fig. S4–S6†). Spectra of 1–3 show intense absorption
bands νs(CuN) at 2177–2187 cm−1 and νas + νs(CuN) and
νas(CuN) in the range of 2274–2277 cm−1 and
2248–2253 cm−1, respectively. The shift toward higher frequen-
cies compared with those of the free dca− anions (2286, 2232,
and 2169 cm−1) confirmed the coordination of dca− in the
cobalt(II) compounds.65,66 Peaks revealing the presence of ben-
zimidazole derivatives appear in the ranges of 3203–3368 cm−1

(N–H stretching vibrations) and 1312–1534 cm−1 (ν(CvN) and
ν(CvC).

The UV-vis-NIR solid reflectance spectra of 1–3 are shown
in Fig. S7,† while the electronic spectral data of 1–3 are sum-
marized in Table S1.† The solid reflectance spectra of 1–3
show d–d transitions in the visible and NIR regions centered at
1064 nm (9398 cm−1), 546 nm (18 315 cm−1) and 494 nm
(20 242 cm−1) for 1, 1056 nm (9469 cm−1), (18 348 cm−1) and
499 nm (20 040 cm−1) for 2 and 1079 nm (9267 cm−1), 543 nm
(18 416 cm−1) and 481 nm (20790 cm−1) for 3. These bands
can be assigned to the spin allowed electronic transitions in
the d7 high-spin octahedral ligand field 4T1g(F) →

4T2g(F),
4T1g

→ 4A2g(F) and
4T1g(F) →

4T1g(P).
67 The high energy absorptions

are characteristic of n(non-bonding) → π* and π → π* tran-
sitions of the organic ligand. The ligand field parameters were
calculated from the energy data of the d–d transitions using
equations Dq ¼ 1

10 ν2 � ν1ð Þ and B ¼ 1
15 ν3 þ ν2 � 3ν1ð Þ. The

values of the parameters Dq and B are 892 cm−1 and 691 cm−1

for 1, 888 cm−1 and 665 cm−1 for 2, and 915 cm−1 and
760 cm−1 for 3, which are typical of six-coordinate cobalt(II)
ions in an octahedral environment.68,69

Description of the structures

Structures of [Co(5,6-(Me)2-bzim)2(dca)2] (1) and [Co(5-
Mebzim)2(dca)2]n (2). X-ray diffraction studies revealed that 1
and 2 adopt infinite chain structures propagated along the b
axis (Fig. 1a and 2b). The coordination environment of Co(II)
atoms, located at the special Wyckoff position c (in 1) and a (in
2) of the C2/m space group, is determined by two axially co-
ordinated N–donor ligands in the trans position (5,6-(Me)2-
bzim in 1 and 5-Mebzim in 2) and nitrogen atoms from four
dicyanamide groups occupying the equatorial plane. The equa-
torial bond lengths [Co(1)–N(99) = 2.1981(14) Å in (1) and
2.141(2) Å in (2)] are longer than the axial Co–NL bond dis-
tances [Co(1)–N(1) = 2.1165(19) Å in (1) and 2.122(3) Å in (2)],
in analogy to [Co(L1)(dca)]n(PF6)n,

68 [Co(im)2(dca)2]n
58 and [Co

(L3)2(dca)2]n,
69 where L1 = N,N′-bis(2-pyridinylbenzylidene)

ethane-1,2-diamine, im = imidazole and mepy = 4-methyl-
pyridine (Table S5†).70–74

The neighbouring Co(II) ions are doubly bridged by μ1,5-dca
ions to form a 12-membered ring Co(μ1,5-dca)2Co. The Co–N–C
angles in the Co(μ1,5-dca)2Co cycle significantly depart from
linearity [161.49(12)° in 1 and 160.41(19)° in 2]. The dicyana-
mide linkers are angular with C–N–C angles of 120.20(18)° in 1

Research Article Inorganic Chemistry Frontiers
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and 117.8(3)° in 2 and close to linear N–C–N units with angles
equalling 175.43(15)° in 1 and 175.1(2)° in 2. The shortest
Co⋯Co distance spanned by the dca− of 7.734(1) Å in 1
[Co⋯Co(h); (h) = x, −1 + y, z] is longer compared to 7.322(3) Å
in 2 [Co⋯Co(i); (i) = x, 1 + y, z] and 7.359 Å [Co⋯Co( j); ( j): x, y,
−1 + z] in [Co(imidazole)2(dca)2]n,

58,59 which is attributed to
the introduction of the more sterically hindered 5,6-(Me)2-
bzim. Similar to [Co(imidazole)2(dca)2]n, the chains of 1 and 2
are linked by N(2)–H(2)⋯N(98) hydrogen bonds into a supra-
molecular two-dimensional network [2.979(3) Å, D–H⋯A =
169.0°; (k): −1/2 + x, 1/2 + y, z in 1 and 2.983(5) Å, D–H⋯A =
159.0°; (l): 1/2 − x, −1/2 + y, −z in 2] (see Fig. 1b and 2b). The
striking difference between them concerns the closest inter-
chain separations, which are significantly longer for 1 (9.428(1)
Å) and 2 (8.966(1) Å) relative to [Co(imidazole)2(dca)2]n
(6.567(5) Å).

Structure of [Co(2-Mebzim)(dca)2]n (3). In complex 3, cobalt
(II) ions occupy a special Wyckoff position d of the P21/n space
group with a multiplicity of two. The asymmetric unit consists
of dicyanamide ions and a monodentate ligand (2-Mebzim)
molecule bound to the Co(II) center (Fig. 3a). The single X-ray
analysis of [Co(2-Mebzim)(dca)2]n revealed that dca− groups
join the Co(II) atoms into rhombus-grid sheets, which are
further interlinked into a supramolecular 3D structure
through hydrogen bonds N(2)–H(2)⋯N(98)(m) [3.104(3) Å,

D–H⋯A = 149.0° (m): 1/2 + x, 1/2 − y, −1/2 + z] and C(2)–H(8C)
⋯N(99) [3.353(3) Å, D–H⋯A = 144.0°] (Fig. 3).

The shortest intralayer Co⋯Co separation through dca−

linkers is 8.273(9) Å, the metal–metal distances through diag-
onals are 14.331(1) and 8.273(9) Å, and interlayer Co⋯Co dis-
tance is 9.118(3) Å. Each cobalt(II) atom exists in the slightly
elongated octahedral coordination environment defined by
two nitrogen atoms of 2-Mebzim molecules at axial positions
[Co(1)–N(1) = 2.1513(18) Å] and four nitrile atoms at equatorial
sites [Co(1)–N(97) = 2.1445(19) Å; Co(1)–N(99) = 2.1405(19) Å]
(Table S3, ESI†). Like in complexes 1 and 2, the dicyanamide is
angular with the C–N–C angles of 119.7(2)° and close to linear
N–C–N with angles equalling 173.2(2)° and 173.4(2)°, and the
Co–N–C significantly departs from linearity [C(98)–N(97)–Co(1)
= 151.16(18)°; C(99)–N(99)–Co(1) = 160.73(19)°]. The cobalt(II)
atoms are bind via four single μ1,5-dca ligands into 4-c unito-
dal net described by the {44·62} Schläfli symbol and a [4·4·4·4·6
(2)·6(2)] extended point symbol, which corresponds to the sql
topological type.75 This topology was also confirmed for the
related dicyanamide Co(II) coordination polymers [Co
(L)2(dca)2]n bearing benzimidazole and its 2-substituted deriva-
tives as well as N-substituted imidazoles. Depending on the
imidazole-based ligand, these networks differ in Co⋯Co separ-
ations through the dca− and metal–metal distances through
the diagonals, forming square or rhombus sheets (Table S6†).
Replacing benzimidazole with 2-Mebzim leads to significant

Fig. 1 (a) One-dimensional structure of 1 formed by double μ1,5-dca
bridges together with atom numbering and (b) view of the fragment of
supramolecular 2D network generated through N–H⋯N interactions.

Fig. 2 (a) One-dimensional coordination network of 2 formed by
double μ1,5-dca bridges together with atom numbering and (b) view of a
fragment of the supramolecular 2D network generated through
N–H⋯N interactions.
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elongation Co⋯Co separation through the dca− linkers
(Table S6†).

The HFEPR and FIRMS spectra

The HFEPR spectra of 1 exhibit three transitions whose
effective g-values are 6.93, 2.94 and 1.94, which are frequency-
independent (Fig. S8†). This is a characteristic picture of hexa-
coordinated high-spin Co(II) with very large zero-field splitting.
It is not possible to determine the spin Hamiltonian D and E
parameters from HFEPR spectra, as only the intra-Kramers
transitions are observed.

Therefore, the FIRMS measurements were performed. In
FIRMS, a sweep at terahertz frequencies is applied to a system
and transmission is measured as a function of frequency.
Typically, the raw transmission spectrum exhibits very rich
spectroscopic features. To recognize the transitions of mag-

netic origin, many frequency-swept spectra are recorded at
different magnetic fields. The FIRMS spectrum is
obtained after the normalization of each spectrum by the refer-
ence, which is the average transmission spectrum for all
magnetic fields. Hence, the FIRMS spectrum picks out solely
field-dependent spectral features among the rich field-inde-
pendent spectral features, such as vibrational modes and
instrumentation response. The FIRMS spectrum of 1 (Fig. 4)
shows a zero-field transition at 134.0 cm−1, which
represents the splitting between the ms = ±1/2 and ms = ±3/2
Kramers doublets. The magnitude of this splitting is calcu-
lated as

Δ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ 3E2

p
ð3Þ

when neglecting the E parameter, |D/hc| is 68.5 cm−1, in agree-
ment with the magnetic data fitting results shown below). The
effective g values in such cases depend on the real g values and
the E/D ratio. When trying to reproduce these geff values by
changing the E/D ratio while keeping Δ constant at 67 cm−1,
and assuming gx = gy, one arrives at D = 62.5 cm−1, E =
17.5 cm−1, gx = gy = 2.62, and gz = 2.48. These values were
obtained by simulating powder HF-EPR and FIRMS spectra,
using S = 3/2 spin Hamiltonian and Easyspin package.77 The
HFEPR spectra of 2 exhibit three transitions whose frequency-
independent effective g values are very similar to those of

Fig. 3 (a) Perspective view of the asymmetric unit of 3 showing atom
numbering. Displacement ellipsoids are drawn at 50% probability; (b)
two-dimensional coordination network of 3 formed by μ1,5-dca bridges;
and (c) view of a fragment of the supramolecular 3D structure generate
through C–H⋯N interactions.

Fig. 4 (Top) FIRMS spectra for 1, 2 and 3 measured in powder sample
at 5 K. The color trend from blue to yellow corresponds to a decrease of
the magnetic resonance absorption. Zero-field transitions for 1, 2 and 3
are clearly visible at 134, 124 and 138 cm−1, respectively, representing
the transition between the ±1/2 and ±3/2 Kramers doublets. The intra-
Kramers transitions within the ±1/2 manifold is also visible at higher
fields (10–17 T) in the low-energy region (20–50 cm−1), and are in excel-
lent agreement with HF-EPR data, shown by circles. The white regions
correspond to spectral ranges without reliable data. (Bottom) the simu-
lated intensity of the magnetic absorptions for the powder sample 1, 2
and 3, respectively. The simulations were performed for S = 3/2 spin
Hamiltonian using the Eeasyspin package77 and parameters mentioned
in the text. The dashed lines show resonances in a single crystal for the
magnetic field applied along the x, y, and z-directions of the D tensor
(including those of nominally forbidden transitions).
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1–6.65, 3.02 and 1.92 (Fig. S8†). Also, the splitting between the
Kramers doublets seen in the FIRMS spectra is 124 cm−1, close
to that observed for 1. The simulation of the FIRMS spectra
shows good agreement with the experimental data using para-
meters: D = 60 cm−1, E = 9 cm−1, gx = gy = 2.62, and gz = 2.48.

In the FIRMS spectra of 3, there are multiple zero-field tran-
sitions around at 138 cm−1, which is not possible in an S = 3/2
system. The simulation using spin-Hamiltonian for single S =
3/2 and parameters D = 67 cm−1, E = 10 cm−1, and gx = gy =
2.62, gz = 2.48 revealed a fair agreement with the experimental
data. Too many transitions are also seen in HFEPR spectra
indicating either the presence of multiple species or metal–
metal interactions (Fig. S9†).

DC magnetic data

The DC magnetic data (temperature evolution of the effective
magnetic moment and the field dependence of the magnetiza-
tion per formula unit) is displayed in Fig. 5. The room-temp-
erature effective magnetic moment adopts values of μeff = 4.83,
4.91, and 4.90 μB, for 1 through 3, respectively; these values are

typical of the high-spin mononuclear Co(II) complexes with S =
3/2 and gav ∼ 2.5. On cooling, the effective magnetic moment
stays almost constant down to ca. 100 K and then gradually
decreases. This feature indicates the presence of significant
zero-field splitting. Also, the magnetization curves do no satu-
rate to a spin-free value of Msat ∼ gavS which again indicates
the presence of the zero-field splitting.

The fitting of the DC magnetic data gave the spin-
Hamiltonian parameters listed in Table 2. Two additional cor-
rections were made: temperature-independent magnetism χTIM
and the molecular-field correction (zj ). The fitting is accepta-
ble, though not perfect. Note, the real systems are 1D or 2D
networks with some (small) exchange interactions of antiferro-
magnetic nature. Moreover, there might also be the zero-field
splitting parameter E in play.

There is a conceptual problem for the hexacoordinate Co(II)
complexes: the octahedral mother electronic term 4T1g on sym-
metry lowering to D4h splits into the 4A1g and 4Eg daughter
terms. The former applies in the case of a compressed tetra-
gonal bipyramid and in such a case the spin-Hamiltonian
concept is fully applicable giving rise to D > 0 and gz = 2.0 as
necessary constraints.78 This is the case of 1 and 2. In the
opposite distortion to the elongated tetragonal bipyramid (like
for 3) the orbitally degenerate term 4Eg causes that the spin-
Hamiltonian concept to fail and the D-parameter is undefined
unless an orthorhombic distortion applies. This complicates
the analysis of the DC magnetic data and also the FIRMS data.
In such a case the Griffith–Figgis model Hamiltonian is more
appropriate for magnetic data analysis and it could explain an
extra energy gap registered by FIRMS at 230 cm−1 beyond the
spin-Hamiltonian limit.78

AC susceptibility data

The first scan of the AC susceptibility is displayed in Fig. 6 –

left panel. At the zero magnetic field the out-of-phase com-
ponent χ″ is zero so that the complexes under study are not
natural single ion magnets. However, with the increasing DC
magnetic field the absorption curves increase until they reach
a maximum and then attenuate. The profiles of χ″ = Fi(B, f, [T])
curves depend upon the individual frequencies. At low fields
BDC ∼ 0.2 T the response culminates for higher frequencies f ∼
111–1116 Hz; at higher fields this mode is suppressed and the
response culminates at low frequencies f ∼ 1–11 Hz.

Fig. 5 DC magnetic data for 1, 2, and 3: left panels – temperature evol-
ution of the effective magnetic moment (inset: molar magnetic suscep-
tibility in SI units); right panels – field dependence of magnetization per
formula unit. Solid lines – fitted.

Table 2 Spin Hamiltonian parameters extracted from the DC magnetic
data

1 2 3

D/hc/cm−1 63(19) 60(8) 65(20)
gz 2.0 2.0 2.0
gxy 2.73(2) 2.78(1) 2.63(2)
χTIM/10

−9 m3 mol−1 0 0 7.5
zj/hc/cm−1 0 0 −0.02
|D/hc|/cm−1 (EPR)a 67 62 ∼69

a Rhombic ZFS parameter E is omitted.
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The second scan of the AC susceptibility refers to a tempera-
ture dependence in a selected DC field for a set of 22 frequencies
ranging between f = 0.1 and 1500 Hz (Fig. S9†). The same dataset
has been rearranged in order to get the frequency dependence as
displayed in Fig. 6 – right panel (only χ″ is displayed there).

The Arrhenius-like plot for the high-frequency relaxation time
τ(HF) shows no indication of quantum tunnelling of magnetiza-
tion since it is a temperature dependent event at the lowest edge
of the data taking T = 1.8 K (Fig. 6 – left panel). Note, a positive
value of the axial zero-field splitting parameter D discriminates
the presence of the Orbach (through-barrier) relaxation mecha-
nism so that one is left with the Raman-like processes with τ−1 ∼
Tn dependence. A single Raman-like term, however, is incapable
of reproducing the whole data set. Therefore two such terms have
been probed via eqn τ−1 = CTn + FTl that is strongly supported by
the data shown in Fig. 6 – right panel where three data points at
the lowest and the highest temperature edge follow a linear
relationship ln τ = b0 − b1 lnT. The coefficients b1 = n and l were
used as a first trial for the non-linear optimization that finally
gave the relaxation parameters listed in Table 3.

This set of relaxation parameters generates a line that
passes through the experimental points (some anomaly is seen
in Fig. 7 – right panel for 3.)

Theory of the phonon bottleneck effect has old roots79–81

and it was applied mostly to lanthanide salts. There are recent
reports about the presence of the phonon bottleneck effect
also in transition metal and lanthanide complexes showing
slow magnetic relaxation.82,83 Recently, an anomalous “recipro-
cating thermal behaviour” has been discovered having its
origin in the phonon bottleneck effect.84–86

Fig. 6 Left panels: Field dependence of the out-of-phase susceptibility
for 1 through 3 at T = 2.0 K for a set of trial frequencies. Lines – guide to
the eye. A horizontal bar indicates the field selected for subsequent
studies. Right panels: Frequency dependence of the out-of-phase sus-
ceptibility for 1 through 3 at the fixed BDC. Lines – fitted, using the two-
set Debye model.

Fig. 7 Left panels: Arrhenius-like plots for 1 through 3. Solid line –

fitted with Raman-like and phonon-bottleneck terms τ−1 = CTn + FTl. LF
(HF) – the low frequency (high frequency) relaxation channel. Right
panels: Temperature dependence of the high-frequency relaxation time
for 1 through 3. Dashed (dotted-dashed) lines – linear fits to the high-
temperature (low-temperature) windows. Solid – combined Raman-like
and phonon-bottleneck terms.

Table 3 Relaxation parameters extracted from the AC susceptibility
dataa

1 2 3

C/s−1 K−n 16 89(74) × 10−3 90(10)
n 3.3(12) 6.3(4) 2.39(9)
F/s−1 K−l 625(68) 673(46)
l 1.36(43) 1.37(8)

a Equation τ−1 = CTn + FTl.
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The dynamic magnetic properties of three complexes
under study can also be compared to analogous systems pos-
sessing hexacoordinated Co(II) ions. Many examples of such
complexes presented in the literature exhibit SMM or
SIM behaviour with one or two (sometimes three)
relaxation modes and effective energy barriers for spin rever-
sal typically in the range of 20–50 K. Unlike these systems,
complexes 1 to 3 are rather rare examples of 1-D coordination
polymer based SIMs.87,88 Widely separated Co(II) ions and the
poor ability of mediate exchange through the double μ1,5-dca
bridge were attributed to the minimized magnetic inter-
actions between the magnetic centres connected by long
ligands accounting for the magnetic isolation. The observed
two relaxation modes were attributed to the existence of inter-
molecular interactions (hydrogen bonds, π–π stacking, and
H–π interactions) typical of these systems with aromatic rings
which can form aggregates at low temperatures such as
dimers or finite chains, which disintegrate on heating. The
HF relaxation channel is ascribed to the single center
whereas LF (IF) modes to some aggregates relaxing
more slowly. Usually the high-frequency relaxation time obeys
the predictable temperature dependence. However, com-
plexes 1 to 3 present examples of a non-traditional
thermal behaviour wherein at low temperatures the relaxation
time, referring to the high-frequency relaxation channel, is
shortened on further cooling instead of an expected
prolongation.

Conclusions

This work, together with the previously reported results, pro-
vided an opportunity to discuss the impact of structural
modification of the benzimidazole auxiliary ligands on the
coordination networks of Co-dca systems. The combination
of 2-methylbenzimidazole with a cobalt(II) salt and NaN(CN)2
led to the formation of [Co(2-Mebzim)(dca)2]n displaying a 2D
coordination network formed by rhombus-grid sheets inter-
linked by hydrogen bonds N–H⋯N. In contrast, the use of
5,6-(Me)2-bzim and 5-Mebzim resulted in the formation of
compounds adopting infinite chain [Co(L)2(dca)2] structures
with inter- and intra-chain Co⋯Co separations influenced by
the methyl substitution pattern.

All three compounds show DC magnetic data consistent
with the S = 3/2 spin system with a large zero-field splitting D.
These systems exhibit a slow magnetic relaxation under the
moderate DC magnetic field. The fitting of the AC magnetic
susceptibility to the two-set Debye model allows determining
the relaxation parameters; the high-frequency relaxation time
develops in agreement with a combined Raman and phonon
bottleneck relaxation mechanisms.

The obtained result also confirms that the design of SIMs
may be achieved by organizing magnetic ions with suitable
local magnetic anisotropy into polymeric architectures, which
could be considered as a promising approach for the gene-
ration of new molecular magnetic materials.
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