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Structural, magnetic, redox and theoretical
characterization of seven-coordinate ﬁrst-row
transition metal complexes with a macrocyclic
ligand containing two benzimidazolyl N-pendant
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A structurally new heptadentate derivative of a 15-membered pyridine-based macrocycle containing
two benzimidazol-2-yl-methyl N-pendant arms (L = 3,12-bis((1H-benzimidazol-2-yl)methyl)-6,9-dioxa3,12,18-triazabicyclo[12.3.1]octadeca-1(18),14,16-triene) was synthesized and its complexes with the
general formula [M(L)](ClO4)2·1.5CH3NO2 (M = MnII (1), FeII (2), CoII (3) and NiII (4)) were thoroughly
investigated. X-ray crystal structures conﬁrmed that all complexes are seven-coordinate with axially
compressed pentagonal bipyramidal geometry having the largest distortion for NiII complex 4. FeII, CoII
and NiII complexes 2, 3 and 4 show rather large magnetic anisotropy manifested by moderate to high
obtained values of the axial zero-ﬁeld splitting parameter D (7.9, 40.3, and −17.2 cm−1, respectively).
Magneto-structural correlation of the FeII, CoII and NiII complexes with L and with previously studied
structurally similar ligands revealed a signiﬁcant impact of the functional group in pendant arms on the
magnetic anisotropy especially that of the CoII and NiII complexes and some recommendations concerning the ligand-ﬁeld design important for anisotropy tuning in future. Furthermore, complex 3 showed
ﬁeld-induced single-molecule magnet behavior described with the Raman (C = 507 K−n s−1 for n = 2.58)
relaxation process. The magnetic properties of the studied complexes were supported by theoretical
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calculations, which very well correspond with the experimental data of magnetic anisotropy.

DOI: 10.1039/d0dt00166j

Electrochemical measurements revealed high positive redox potentials for M3+/2+ couples and high negative redox potentials for M2+/+ couples, which indicate the stabilization of the oxidation state +II expected
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for the σ-donor/π-acceptor ability of benzimidazole functional groups.

Introduction
In the last decade, increased attention has been devoted to the
seven-coordinate pentagonal bipyramidal complexes of tran-
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sition metals1 and lanthanides2–6 due to their interesting magnetic properties, which was demonstrated in an increasing
number of published articles and reviews concerning this
topic.7–9 These seven-coordinate pentagonal bipyramidal complexes especially of FeII,10–16 CoII,12,17–22 and NiII,12,17,23 and
more recently also 4d/5d metals like MoIV/III 24,25 possess large
magnetic anisotropy, which is commonly expressed in terms
of axial and rhombic zero-field splitting (ZFS) parameters D
and E for transition metal complexes.26 Due to their large axial
magnetic anisotropy, they have been successfully employed in
the construction of single-molecule magnets (SMMs).27,28
SMMs are compounds showing slow relaxation of magnetization based on pure molecular origin (no long range ordering
typical of bulk magnets) and therefore they behave as “nanomagnets” which could find many applications in diﬀerent
fields of interest, e.g. in high-density storage media, spintronics, quantum computing etc.29 Unfortunately, SMMs operate

Dalton Trans., 2020, 49, 4425–4440 | 4425

View Article Online

Open Access Article. Published on 16 March 2020. Downloaded on 1/8/2023 3:02:43 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper
at very low temperature. The greatest progress has been
achieved for dysprosium metallocenes with a blocking temperature of 60 K,30 and the current record breaking the liquid
nitrogen temperature is 80 K.31 In order to increase this temperature, it is necessary to (i) increase the energy of magnetic
moment reversal (Ueﬀ ), which is defined for transition metal
complexes as Ueﬀ = |D|S2 or Ueﬀ = |D|(S2 − 14) for the integer or
non-integer ground spin state, S,27,28 while for lanthanides
with inner shell 4f electrons, large unquenched orbital
moments and strong spin–orbit coupling (total momentum J
is used) it is based on strong single-ion anisotropy and cannot
be described in terms of ZFS spin Hamiltonian parameters,
and to (ii) slow down the relaxation of magnetization by understanding all potential relaxation mechanisms including
Orbach, direct and Raman mechanisms or quantum tunneling, and by their consequent elimination. Nevertheless,
because the relaxation processes are rather complex, the
approach (ii) is quite complicated and despite some first
attempts,32 still many questions remain unclear in this field.
On the other hand, it was found that for high Ueﬀ, not the
total spin (S) of the magnetic ground state, but the axial magnetic anisotropy (D) is in fact the key parameter, which has to
be tuned and enlarged in order to construct more eﬃcient
SMMs.
Such tuning can be achieved by modification of the coordination environment of the metal centre, i.e. rational ligand
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design. In the case of pentagonal bipyramidal complexes, two
strategies have been successfully employed previously. In the
first one, a pentadentate acyclic (L4,11,22,33 L5)19 or macrocyclic
ligand (L1, Fig. 1)21,34 is coordinated in the equatorial
plane (these ligands diﬀer in donor atoms, rigidity, electron
distribution, and cavity size) while two apical monodentate
co-ligands (varying in σ-donor/π-acceptor properties) are
exchanged. The second strategy is based on the structural
modification of the pentadentate macrocyclic ligand (e.g. L1 or
1,10-diaza-15-crown-5)35,36 with two pendant arms containing
various functional groups with diﬀerent coordination abilities
(2-pyridylmethyl in L2,12,37 acetate in L3,38 2-aminobenzyl in
L635 and 2-benzimidazolylmethyl in L7, Fig. 1).36 A significant
influence on the magnetic anisotropy of the FeII/III, CoII and
NiII complexes with L212 and L338 has been observed (Fig. 1),
but unfortunately, no clear trend could be elucidated because
of the very complex description of the bond character in the
complexes and various contradictory structural parameters.
In order to further investigate the eﬀect of diﬀerent functional groups in pendant arms and to obtain any reasonable
magneto-structural correlation,39 the macrocyclic ligand L1
has been modified with two 2-benzimidazolylmethyl pendant
arms to give a structurally new ligand, L (Fig. 1). In fact, benzimidazolyl groups can act as better σ-donors in comparison
with pyridine moieties40,41 and thus, they could provide a
stronger axial ligand field, which according to the theoretical

Fig. 1 Structural formulas of studied ligand L together with its atom numbering (applied for assignment of NMR signals) and ligands discussed in
the text.
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predictions17 could beneficially influence the magnetic anisotropy especially in the case of pentagonal bipyramidal FeII
and NiII complexes.17 Moreover, this ligand is a new member
of a relatively small family of rarely documented macrocycles
modified with benzimidazolyl pendant arms (Fig. 1, L7,36
diﬀerently-substituted triazacyclononanes L8,42,43 tetraazacyclododecanes (cyclenes) L9,44,45 its dioxa-derivative L10,46 tetraazacyclotetradecanes (cyclames) L1147 and its DO3A derivative L12).48
Thus, in this paper, a structurally new ligand, L, has been
synthesized and its MnII, FeII, CoII and NiII complexes have
been prepared and studied in detail. Their structural, magnetic
and redox properties were thoroughly investigated and compared with those of previously studied systems containing
ligands L2 and L3. The obtained results were supported by
extensive theoretical calculations.

Experimental section
Materials and methods
Ligand L112,49 and 2-chloromethylbenzimidazole50 were synthesized according to the literature procedures. All the solvents
(VWR International, Fontenay-sous-Blois, France) and other
chemicals were purchased from commercial sources (Acros
Organics, Geel, Belgium and Sigma-Aldrich, St. Louis, MO,
USA) and used as received.
Elemental analysis (C, H, N) was performed using a Flash
2000 CHNO-S analyzer (Thermo Scientific, Waltham, MA,
USA). The mass spectra (Fig. S1†) were collected using an LCQ
Fleet mass spectrometer (Thermo Scientific, Waltham, MA,
USA) equipped with an electro spray ion source and a threedimensional (3D) ion-trap detector in the positive/negative
mode. The infrared (IR) spectra of the ligand and the studied
complexes (Fig. S2†) were recorded using a Thermo Nicolet
NEXUS 670 FT-IR spectrometer (Thermo Nicolet, Waltham,
MA, USA) or a Jasco FT/IR-4700 spectrometer (Jasco, Easton,
MD, USA) using the ATR technique on a diamond plate in the
range of 400–4000 cm−1. 1H and 13C NMR spectra were
recorded using a 400-MR NMR spectrometer (Varian, Palo
Alto, CA, USA) at 25 °C: 1H 399.95 MHz, chloroform-d (CDCl3,
tetramethylsilane) δ = 0.00 ppm, and 13C 100.60 MHz, (CDCl3,
residual solvent peak) δ = 77.0 ppm. The multiplicity of the
signals is indicated as follows: s – singlet, d – doublet, t –
triplet, m – multiplet, and bs – broad singlet. Deuterated
solvent CDCl3 containing 0.03% of TMS purchased from
Sigma Aldrich was used as received. The atom numbering
scheme used for NMR data interpretation is shown in Fig. 1.
The carbon and hydrogen atoms were assigned according to
the spectra obtained from two-dimensional correlation experiments 1H–1H gs-COSY, 1H–13C gs-HMQC and 1H–13C gs-HMBS
(see Fig. S3 and S4†). The temperature dependence of the magnetization at B = 0.1 T from 1.9 to 300 K and the isothermal
magnetization at T = 2, 5, and 10 K up to B = 9 T were
measured using PPMS Dynacool with the VSM module
(Quantum Design Inc., San Diego, CA, USA). The experimental
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data were corrected for diamagnetism and the signal of the
sample holder. Dynamic magnetic properties were studied by
measuring AC susceptibility using an MPMS XL7 SQUID magnetometer (Quantum Design Inc., San Diego, CA, USA). High
frequency/field electron paramagnetic resonance spectroscopy
(HFEPR) was performed at CEITEC (Brno, CZ) using a homebuilt spectrometer equipped with a cryogen-free 16 T superconducting magnet (Cryogenics Ltd, London, UK), a microwave source for measurements from 90 GHz to 500 GHz
(Virginia Diodes Inc., Charlottesville, VA, USA), and quasioptical components in the same range (Thomas Keating Ltd,
Billingshurst, UK). The samples were milled with 20% eicosane and made into a ∅5 mm pellet to be placed inside the
sample holder for induction mode HFEPR with a modulation
frequency of 10 kHz and an amplitude of 0.4 mT. The spectra
were obtained at 4 K and 15 K. Simulations were performed
using EasySpin51 in MATLAB.52 Cyclic voltammetry was
measured using an electrochemical analyzer CHI600C (CH
Instrument Inc., Austin, TX, USA). A conventional electrochemical three-electrode-type cell with a Ag/Ag+ reference electrode (0.01 M AgNO3 in 0.1 M TBAP), a platinum wire auxiliary
electrode and a glassy carbon working electrode was used
during the measurements with a scan rate of 100 mV s−1. The
internal ferrocene/ferrocenium standard (E1/2 = 0.452/0.478 V
vs. our Ag/Ag+ electrode, E1/2 = 0.624 V vs. SHE)53 was employed
in order to obtain the final potential values referred to SHE.
The measurements were performed under an inert argon
atmosphere in acetonitrile solution containing tetrabutylammonium perchlorate (TBAP) as a supporting electrolyte (0.1
M) and an appropriate complex (2 × 10−3 M).

Crystal data
Single crystals of studied complexes 1–4 suitable for X-ray
structure analysis were prepared as described in the experimental section. X-ray diﬀraction data were collected using a
Nonius Kappa CCD diﬀractometer equipped with a Bruker
APEX-II CCD detector with monochromatized MoKα radiation
(λ = 0.71073 Å) at a temperature of 150(2) K. The molecular
structures of the studied complexes were solved by direct
methods and refined by full matrix least squares based on F2
(SHELXL 2014/07).54 The hydrogen atoms on carbon atoms
were fixed in idealized positions (riding model) and assigned
temperature factors either Hiso(H) = 1.2Ueq( pivot atom) or
Hiso(H) = 1.5Ueq ( pivot atom) for the methyl moiety. The hydrogen atoms of the H–N moieties were found using a diﬀerence
electron density map and refined as riding on the corresponding pivot atom. All four crystals were isostructural,
diﬀering mostly in their quality with regard to the degree of
disorder of perchlorate anions and solvated nitromethane
molecules. One of the nitromethanes is situated near the
ˉ space group and is disordered over
inversion center of the P1
four positions at least. To improve the precision of an important part of the structures, PLATON55/SQUEEZE procedures
were applied to correct the diﬀraction data for its contribution
to all structures. The molecular and crystal structures of the
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Fig. 2 The molecular structures of the [ML]2+ cation in complex 1 (M = MnII, A), complex 2 (M = FeII, B), 3 (M = CoII, C) and 4 (M = NiII, D). Nonhydrogen atoms are drawn as thermal ellipsoids at the 50% probability level. Hydrogen atoms and anions were omitted for clarity. Only one of the
two crystallographically independent molecules present in the asymmetric unit of each complex is shown for clarity.

studied complexes, depicted in Fig. 2 and 4 were drawn using
the Mercury software.56
Syntheses
3,12-Bis((1H-benzimidazol-2-yl)methyl)-6,9-dioxa-3,12,18triazabicyclo[12.3.1]octadeca-1(18),14,16-triene (L). Ligand L1
(0.50 g, 1.99 mmol), 2-chloromethylbenzimidazole (0.70 g,
4.20 mmol, 2.1 equiv.), K2CO3 (2.74 g, 19.9 mmol, 10 equiv.)
and NaI (0.30 g, 1.99 mmol) were suspended in 60 mL of
CH3CN and refluxed for 12 h. The hot suspension was filtered
through a glass frit and the filtrate was evaporated under
reduced pressure to give 1.16 g of yellow solid foam. This solid
was redissolved in 50 mL CHCl3, and the obtained solution
was extracted three times with 50 mL of deionized water, dried
with anhydrous Na2SO4, filtered through a glass frit and evaporated under reduced pressure. The product was obtained in
the form of pale yellow foam (0.84 g, 82.3%).
MS m/z (+): 512.24 ([L + H+]+, calcd 512.28), 534.29
([L + Na+]+, calcd 534.26), 550.22 ([L + K+]+, calcd 550.23).
1
H NMR(CDCl3): δ 3.19 (H5, t, 3JHH = 4.9 Hz, 4H), 3.41 (H7,
s, 4H), 3.50 (H6, t, 3JHH = 4.9 Hz, 4H), 3.94 (H4, s, 4H), 4.04
(H8, s, 4H), 6.93 (H2, d, 3JHH = 7.8 Hz, 2H), 7.14 (H12, m, 4H),
7.39 (H1, t, 3JHH = 7.8 Hz, 1H), 7.48 (H11, m, 2H), 7.60 (H11,
m, 2H), 11.55 (NH, bs, 2H)
13
C{1H} NMR (CDCl3): δ 53.75 (C8), 57.76 (C5), 62.85 (C4),
68.41 (C6), 69.79 (C7), 111.26 (C11), 118.66 (C11), 121.39 (C12),
121.82 (C2), 121.90 (C12), 133.77 (C10), 136.92 (C1), 143.96
(C10), 155.34 (C9), 158.50 (C3).
General procedure for the preparation of complexes 1–4
Ligand L (100 mg, 0.195 mmol) and an appropriate amount of
M(ClO4)2·6H2O (0.186 mmol, 67 mg of Mn(ClO4)2·6H2O and Fe
(ClO4)2·6H2O or 68 mg of Co(ClO4)2·6H2O and Ni(ClO4)2·6H2O)
were dissolved in 4 mL of CH3OH and left to diethyl ether
vapor diﬀusion at 5 °C. After several days, the well-shaped crystals of the complex formed, were isolated by filtration and redissolved in 1 mL of CH3NO2. The obtained solution was filtered via a Millipore syringe filter (0.45 μm). The diﬀusion of
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diethyl ether vapors into the filtrate at 5 °C resulted in the formation of well-shaped crystals, which were filtered oﬀ and
dried in air at room temperature. These crystals were also suitable for X-ray diﬀraction analysis.
Caution! Although we have experienced no diﬃculties, perchlorate salts of metal complexes with organic ligands are
potentially explosive and should be handled with great care
even in small quantities.
[MnL](ClO4)2·1.5CH3NO2 (1)
The product was isolated in the form of light yellow crystals
(84 mg, 52.7%).
MS m/z (+): 565.11 ([Mn(L − H+)]+, calcd 565.20), 664.89
([MnL + (ClO4)−]+, calcd 665.16).
MS m/z (−): 864.24 ([MnL + 3 × (ClO4)−]−, calcd 863.05),
1628.86 ([2 × (MnL) + 5 × (ClO4)−]−, calcd 1629.15).
Anal.
calcd
(%)
for
[MnL](ClO4)2·1.5CH3NO2
(C30.5H37.5Cl2MnN8.5O13, Mr = 857.02): C, 42.74; H, 4.41;
N, 13.89. Found C, 43.12; H, 4.58; N, 13.80.
[FeL](ClO4)2·1.5CH3NO2 (2)
The product was isolated in the form of green-brown crystals (61 mg, yield 38.2%).
MS m/z (+): 566.09 ([Fe(L − H+)]+, calcd 566.20), 665.84 ([FeL
+ (ClO4)−]+, calcd 666.15).
MS m/z (−): 865.02 ([FeL + 3 × (ClO4)−]−, calcd 864.05),
1631.01 ([2 × (FeL) + 5 × (ClO4)−]−, calcd 1631.15).
Anal.
calcd
(%)
for
[FeL](ClO4)2·1.5CH3NO2
(C30.5H37.5Cl2FeN8.5O13, Mr = 857.92): C, 42.70; H, 4.41;
N, 13.88. Found C, 42.22; H, 4.25; N, 13.40.
[CoL](ClO4)2·1.5CH3NO2 (3)
The product was isolated in the form of pink crystals
(98 mg, yield 61.2%).
MS m/z (+): 569.12 ([Co(L − H+)]+, calcd 569.19), 668.83
([CoL + (ClO4)−]+, calcd 669.15).
MS m/z (−): 869.27 ([CoL + 3 × (ClO4)−]−, calcd 869.05),
1637.11 ([2 × (CoL) + 5 × (ClO4)−]−, calcd 1637.15).
Anal.
calcd
(%)
for
[CoL](ClO4)2·1.5CH3NO2
(C30.5H37.5Cl2CoN8.5O13, Mr = 861.01): C, 42.55; H, 4.39;
N, 13.83. Found C, 42.65; H, 4.32; N, 13.52.
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[NiL](ClO4)2·1.5CH3NO2 (4)
The product was isolated in the form of green crystals
(65 mg, yield 40.6%).
MS m/z (+): 568.17 ([Ni(L − H+)]+, calcd 568.20), 667.78
([NiL + (ClO4)−]+, calcd 668.15).
MS m/z (−): 868.62 ([NiL + 3 × (ClO4)−]−, calcd 868.05),
1637.42 ([2 × (NiL) + 5 × (ClO4)−]−, calcd 1635.15).
Anal.
calcd
(%)
for
[NiL](ClO4)2·1.5CH3NO2
(C30.5H37.5Cl2N8.5NiO13, Mr = 860.77): C, 42.56; H, 4.39;
N, 13.83. Found C, 42.30; H, 4.52; N, 13.72.
Theoretical methods
The ORCA 4.1 computational package was used for quantum
chemical calculations.57,58 The calculations of ZFS parameters
were done using state average complete active space self-consistent field (SA-CASSCF)59 wave functions complemented by
the N-electron valence second-order perturbation theory
(NEVPT2)60–62 using triple-ζ basis set def2-TZVP63 for all
atoms. Using the state-averaged approach, all multiplets for a
given electron configuration were equally weighted. The ZFS
parameters, based on dominant spin–orbit coupling contributions from the excited states, were calculated through the
quasi-degenerate perturbation theory (QDPT),64 in which an
approximation to the Breit-Pauli form of the spin–orbit coupling operator (SOMF approximation)65 and the eﬀective
Hamiltonian theory66 were utilized. The calculations utilized
the RIJCOSX approximation with the auxiliary basis sets def2/
J67 and def2-TZVP/C.68 Increased integration grids (Grid5 and
GridX5 in ORCA convention) and tight SCF convergence criteria were used in all calculations. Moreover, the recently introduced dynamic correlation dressed CAS with the second-order
treatment (DCD-CAS(2)) was also utilized to calculate the ZFS
parameters, where the spin–orbit and the spin–spin interactions were included.69 VESTA 3 program was used to visualize the results of the calculations.70
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stretching CvC and CvN aromatic vibrations at ∼1450 cm−1,
vibrations of MeNO2 at 1550 cm−1, aliphatic CH stretching
vibrations at 2880, 2920 and 3090 cm−1, and NH stretching
vibrations at 3250 cm−1.
Crystal structure analysis
The molecular structures of the complex cations of all studied
complexes 1–4 are shown in Fig. 2 and crystal data and structure refinements for studied complexes 1–4 can be found in
Table S1 in the ESI.† All complexes 1–4 are isostructural, they
ˉ space group and their moleall crystallized in the triclinic P1
cular structures have a similar structural pattern. The macrocyclic part of the ligand is coordinated in the pentagonal equatorial plane, while the two benzimidazolyl pendant arms are
coordinated in apical positions. Thus, all the central atoms are
seven-coordinate with pentagonal bipyramidal geometry and a
N5O2 donor atom set.
A comparison of the M-donor atom distances is shown
in Fig. 3, listed in Table 1, and indicates several trends. The
M–N(benzimidazole) distances are comparable to those of M–Npy
and are much shorter than other bonds in the equatorial pentagonal plane, and thus, the pentagonal bipyramid can be considered as slightly axially compressed. Furthermore, in the
order going from MnII to NiII complex 1 → 4 all M–N distances
decrease, which is in agreement with the decreasing ionic
radius of complexed metal ions. On the other hand, the M–O
distances remain the same for 1–3 and significantly increase
in the case of NiII complex 4 due to the Jahn–Teller eﬀect,71
which is typical of structurally similar seven-coordinate pentagonal bipyramidal NiII complexes [NiL1Cl2],72 [NiL2](ClO4)2,12
[NiL3],38 [NiL6](ClO4)2 35 for which the Ni–O distances often
exceed 2.5 Å. Thus, the pentagonal bipyramidal geometry of
the NiII centre in 4 is the most distorted one (Ni–O is 2.413(2)
and 2.416(2) Å) and this distortion for the second crystallographically independent molecules present in the asymmetric

Results and discussion
Syntheses and general characterizations
Ligand L was prepared by a common SN2 substitution reaction
of parent macrocycle L1 and 2-chloromethylbenzimidazole in
CH3CN with K2CO3 as a base. Synthesis of all studied complexes was simply based on mixing L with the perchlorate of
the appropriate metal ion in CH3OH. The products in the crystalline form obtained after diethyl ether vapor diﬀusion at 5°
C were sensitive to loose co-crystallized CH3OH solvent molecule(s) and therefore they were re-crystallized from CH3NO2.
The obtained complexes with the co-crystallized CH3NO2 molecules were stable in air and were thoroughly characterized by
elemental analysis, mass spectrometry (Fig. S1†) and IR spectroscopy. The measured IR spectra of studied complexes 1–4
are displayed in Fig. S2† and they are identical, which is in
accordance with their similar composition and isostructurality
(see later). The spectral pattern of all studied complexes 1–4
contains vibrations of the perchlorate anion at 1070 cm−1,

This journal is © The Royal Society of Chemistry 2020

Fig. 3 Comparison of the metal–donor atom distances in complexes
1–4 depending on the type of the central metal atom. The empty
symbols and dashed lines correspond to the values for the second crystallographically independent molecule present in the asymmetric unit in
4. The lines serve as guides.

Dalton Trans., 2020, 49, 4425–4440 | 4429

View Article Online

Paper

Open Access Article. Published on 16 March 2020. Downloaded on 1/8/2023 3:02:43 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Table 1

Dalton Transactions
Selected interatomic distances [Å] and angles [°] of compounds 1–4

Distances

1

2

3

4

M–N11/21
M–N12/22
M–N13/23
M–O11/21
M–O12/22
M–N16/24
M–N15/25
Anglesa
N11–M–N12
N12–M–O11
O11–M–O12
N13–M–O12
N11–M–N13
N11–M–N15
N12–M–N15
N13–M–N15
O11–M–N15
O12–M–N15
N11–M–N16
N12–M–N16
N13–M–N16
O11–M–N16
O12–M–N16
N15–M–N16

2.230(3)/2.226(3)
2.381(3)/2.376(3)
2.378(3)/2.380(3)
2.278(2)/2.267(2)
2.281(2)/2.283(2)
2.241(3)/2.247(3)
2.251(3)/2.229(3)

2.184(3)/2.181(3)
2.334(3)/2.339(3)
2.340(3)/2.339(3)
2.260(2)/2.259(2)
2.280(2)/2.273(2)
2.178(3)/2.191(3)
2.186(3)/2.171(3)

2.166(2)/2.158(3)
2.300(2)/2.302(2)
2.304(2)/2.305(2)
2.264(2)/2.260(2)
2.281(2)/2.273(2)
2.147(2)/2.156(2)
2.145(2)/2.135(2)

2.044(2)/2.037(2)
2.217(2)/2.265(2)
2.298(2)/2.255(2)
2.357(2)/2.413(2)
2.486(2)/2.416(2)
2.097(2)/2.110(2)
2.102(2)/2.084(2)

71.54(9)
74.89(8)
72.00(8)
73.63(8)
70.99(9)
92.62(9)
104.57(9)
76.39(9)
84.43(9)
87.54(9)
97.83(9)
75.60(9)
110.42(9)
84.98(9)
86.19(9)
168.95(10)

71.95(9)
74.89(9)
70.69(8)
73.47(9)
71.54(9)
93.60(10)
104.88(9)
77.27(9)
84.78(9)
86.51(9)
97.76(9)
76.61(9)
108.59(9)
84.53(9)
85.69(9)
168.39(10)

72.09(9)
74.54(8)
70.74(7)
73.20(8)
71.75(9)
93.11(9)
103.06(9)
78.89(9)
84.66(9)
87.65(8)
97.07(9)
78.11(9)
106.42(9)
85.71(9)
85.42(8)
169.58(9)

76.10(8)
75.04(7)
66.44(6)
70.45(7)
74.08(8)
95.63(8)
103.57(8)
79.54(8)
82.46(8)
85.22(7)
99.13(8)
79.99(8)
104.64(8)
84.71(8)
82.98(7)
165.24(8)

a

Values for one of the two crystallographically independent molecules present in the asymmetric unit of each complex are given.

unit is even more pronounced (Ni–O is 2.357(2) and 2.486(2) Å,
see Table 1 and Fig. 3 – empty symbols). This observation was
confirmed by an analysis of the geometry of coordination polyhedra of all complexes 1–4 based on a comparison of continuous shape measures obtained by program Shape 2.1 (deviation
between the real and ideal geometry of the polyhedron,
Table S2†),73,74 because the lowest deviation values were
obtained for the pentagonal bipyramidal arrangement.
The final crystal packing of all studied complexes 1–4 is
influenced by π–π stacking interactions between the benzimidazole units in the pendant arms (centroid⋯centroid distance
Cg⋯Cg = 3.664/3.665/4.016/4.563 Å (1), 3.672/3.673/4.035/
4.549 Å (2), 3.679/3.680/4.060/4.605 Å (3), and 3.668/3.678/
4.057/4.620 Å (4)), which are responsible for the formation of
supramolecular linear 1D chains along the c-axis (Fig. 4). Each
supramolecular 1D chain contains only one enantiomeric
form of the complex cation and these 1D chains regularly
alternate in the final crystal packing as shown in Fig. 4.
Furthermore, these 1D chains are connected to each other by a
large number of hydrogen bonds (N–H⋯O–Cl, C–Haromatic⋯O–
Cl, C–Haromatic⋯O–N) among the perchlorate counter-ions,
complex cations and nitromethane solvent molecules.
Comparison of the obtained molecular structures with those
of previously studied complexes containing L2 and L3
The molecular structure of metal complexes is crucial for
understanding their magnetic anisotropy (see the next section
Magnetic analysis) and therefore it is important to compare
the obtained molecular structures of the FeII, CoII and NiII
complexes containing L with those of previously studied complexes containing structurally similar ligands L2 and L3

4430 | Dalton Trans., 2020, 49, 4425–4440

Fig. 4 (top) Part of the crystal structure of 1 showing a supramolecular
1D chain of individual [MnL]2+ complex cations connected together by
π–π stacking interactions (red dashed lines). (bottom) View along the c
axis on the arrangement of supramolecular 1D chains of the [ML]2+
complex cations in 1 with an indication of their enantiomeric forms (red
for [Mn(S,S)-L]2+, blue for [Mn(R,R)-L]2+).

(Fig. 5) in order to reveal any trends which could explain the
observed magnetic properties.
The Npy–M distance does not change much going from L to
L3 for all three metals, but its value decreases from FeII to NiII
according to the decreasing ionic radius. The N(1,2-aliphatic)–

This journal is © The Royal Society of Chemistry 2020

View Article Online

Open Access Article. Published on 16 March 2020. Downloaded on 1/8/2023 3:02:43 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Dalton Transactions

Paper

Fig. 5 Comparison of the bond distances for FeII (left), CoII (middle) and NiII (right) complexes of studied ligand L as well as the complexes of previously studied structurally similar ligands L2 and L3. aMean deviation of all equatorial donor atoms (N3O2) from the least-squares plane deﬁned by
the ligand donor atoms in the equatorial plane and the central metal atom (MN3O2). The lines serve as guides. Data for both crystallographically
independent molecules (indicated by apostrophe) found in the asymmetric unit are given.

M distances almost always decrease for L → L3 (only the N2–M
distance slightly increases in the case of the FeII complex when
going from L2 to L3). On the other hand, the eﬀect on the O–
M distances is opposite. When going from L to L2, one distance decreases while the other increases for all metals (but
the mean values for both crystallographically independent
molecules slightly decrease), but both values increase when
going from L2 to L3. The most significant increase is observed
for the NiII complex due to the operating Jahn–Teller eﬀect.
The distances between the metal and axial donor atoms
decrease when going from L to L3 for all three metals. This
indicates, in comparison with L, stronger axial binding in the
case of pyridine analogue L2 (both L and L2 are neutral) and a
significant electrostatic contribution in the case of negatively
charged carboxylate analogue L3.
Thus when going from L to L3 in all FeII, CoII and NiII complexes, the metal in the equatorial plane is shifted towards the
N-donor containing part and moving away from the O-donor
part of the macrocycle, and the axial donor atoms are getting
closer to the metal atom. One has to also pursue the variation
of the distances in the equatorial plane, because the observed
axial compression of the pentagonal bipyramid (L → L3)
resulted either in a more symmetric equatorial plane in the
case of the FeII complex of L3 (the N–M and O–M distances are
close to each other) or in a more asymmetric equatorial plane
in the case of CoII and especially the NiII complex of L3 (the
N–M and O–M distances are very diﬀerent). From Fig. 5, it is
also evident that the M–O distances in comparison with M–N
(aliphatic) are shorter in the case of FeII complexes, are comparable in the case of CoII complexes and longer in the case of
NiII complexes, which is in accordance with the oxophilic character of FeII and N-donors preference for NiII.
Moreover, an additional interesting parameter is the planarity of the equatorial plane, which can be described by the
mean deviation of equatorial donor atoms (N3O2) from the
least-squares plane defined by the central metal atom and all
equatorial donor atoms (MN3O2). The complexes with the
most planar equatorial plane form pyridine ligand L2 followed

This journal is © The Royal Society of Chemistry 2020

by benzimidazole ligand L and carboxylate ligand L3 (Fig. 5).
In the case of complexes with L and L2, the planarity increases
from FeII to NiII (the mean deviation decreases), while in the
case of complexes with L3, the lowest planarity (the highest
mean deviation) is observed for the NiII complex. But in
general, it can be concluded that the equatorial planarity of all
complexes (similar structural types) is comparable.
Magnetic analysis
Static magnetic measurements. The temperature- and fielddependent experimental magnetic data for 1–4 are depicted
in Fig. 6. The room temperature values of the eﬀective mag-

Fig. 6 Magnetic data for compounds 1–4. Temperature dependence of
the eﬀective magnetic moment and the isothermal magnetizations
measured at T = 2, 5, and 10 K. The empty circles represent the experimental data points and the full lines represent the best ﬁts calculated by
using eqn (1) with parameters listed in Table 2.
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netic moment (μeﬀ/μB) are close to the theoretical values for
the high-spin divalent metal complexes (μeﬀ/μB = 5.92 for S =
2.5 (MnII), μeﬀ/μB = 4.90 for S = 2 (FeII), μeﬀ/μB = 3.87 for S =
3/2 (CoII) and μeﬀ/μB = 2.83 for S = 1 (NiII)). Upon lowering the
temperature, there is a significant drop in the eﬀective magnetic moment observed for compounds 2–4 indicating significant magnetic anisotropy, and hence zero-field splitting
(ZFS). This is also supported by the lower values of the isothermal magnetization at the highest applied magnetic field
in comparison with the theoretically expected values derived
by the Brillouin function as Mmol/NAμB = g·S, where S = 2
for 2, S = 3/2 for 3 and S = 1 for 4. In contrast, the situation
for 1 is much diﬀerent: the μeﬀ value is almost constant in
the whole temperature range and also the isothermal magnetization is close to the Brillouin function, which indicate
minute ZFS in 1 as expected for the 3d5 electronic
configuration.
Thus, the experimental magnetic data were treated with the
spin Hamiltonian comprising ZFS terms describing the magnetic anisotropy and Zeeman term postulated as
Ĥ ¼ DðŜz 2  Ŝ 2 =3Þ þ EðŜx 2  Ŝy 2 Þ þ μB BgŜa

ð1Þ

where D and E are the single-ion axial, and rhombic ZFS parameters, respectively, and the last component represents the
Zeeman term defined in a direction of the magnetic field as
Ba = B(sin(θ)cos(φ), sin(θ)sin(φ), cos(θ)) with the help of the
polar coordinates.75 Then, the average molar magnetization
corresponding to the powder samples was calculated.

Table 2

To obtain reliable parameters, both temperature and fielddependent magnetic experimental data were fitted concurrently. The best-fitted parameters are listed in Table 2.76 The
large and negative D-value was found for NiII compound 4
(−17.2 cm−1) whereas the large and positive D-values were
found for CoII and FeII compounds 3 (40.3 cm−1) and 2
(7.9 cm−1), respectively. This is in accordance with the
diﬀerent low temperature values of μeﬀ/μB observed for 2–4
(Fig. 6).
When the obtained D-values are compared with those of
previously studied complexes with L2 and L3 (Table 2),12,38
they are very similar for MnII and FeII complexes 1 and 2, but
they are much higher for CoII and NiII complexes 3 and 4
revealing their larger magnetic anisotropy. The sign of the
D-value for 2 is positive and thus diﬀerent from previously
studied FeII complexes with L2 and L3 (Table 2), but it is in
accordance with the CASSCF/NEVPT2 calculations for 2
(Table 2) and also with the previously performed calculations
(see Fig. 10 in ref. 38). These calculations showed that the
strong axial ligand field in the seven-coordinate FeII complex
can provide small positive D-values while when this ligand
field is reduced, D becomes larger and negative. Moreover,
HF-EPR measurements (Fig. S5†) confirmed the positive sign
of D. The data for 180 GHz, 321 GHz and 415 GHz at 4 K were
successfully simulated for the spin S = 2 with D = +8.2 cm−1
and E/D = 0.29 and the g values from Table 2. The EPR signal
vanishes at 15 K, in agreement with the simulated data,
which indicates a significant decrease in the absorption
intensity with increasing temperature. Both complexes 3 and

Comparison of ab initio calculated and ﬁtted spin Hamiltonian parameters for complexes 1–4a and for the complexes with L2 and L3

Compound

1

Central metal atom
Electron configuration
Spin state S

Fe(II)
Co(II)
Mn(II)
3d6
3d7
3d5
5/2
2
3/2
ZFS and g values based on CASSCF/NEVPT2 calculations

Ni(II)
3d8
1

D (cm−1)
E/D
gx
gy
gz

–0.071/–0.076
0.101/0.087
2.000/2.000
2.000/2.000
2.000/2.000

34.4/34.0
0.082/0.085
2.320/2.312
2.383/2.378
2.042/2.041

–23.8/–25.6
0.067/0.043
2.251/2.245
2.233/2.234
2.404/2.414

D (cm−1)
E/D

ZFS values based on CASSCF/DCD-CAS(2) calculations
–0.114/–0.122
7.67/7.80
38.4/37.9
0.069/0.070
0.145/0.122
0.067/0.074

–23.6/–25.5
0.062/0.040

−1

D (cm )
E/D
g
χTIP (10−9 m3 mol−1)

–0.30(3)
0.0
1.9538(9)
0.0

D (cm−1)
E/D

0

D (cm−1)
E/D

—

2

3

7.41/7.55
0.200/0.183
2.079/2.081
2.172/2.175
2.017/2.016

Magnetic analysis of the experimental datab
7.90(6)
0.220(4)
2.057(1)
0.0
Data for complexes with L212
–7.4
0.0
Data for complexes with L338
–9.6
0.006

4

40.3(1.5)
0.10(3)
gxy = 2.156(6) gz = 2.00
5.3(5)

–17.2(2)
0.076(1)
2.165(3)
7.5(2)

34.0
0.0

–12.8
0.136

29.1
0

–8.5
0.19

a

The theoretical calculations were done for both crystallographically independent molecules present in the asymmetric unit. b The detailed procedure for the calculation of standard deviations is described in ref. 76.
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Table 3 List of mononuclear seven-coordinate CoII SMMs together with the obtained ZFS parameters and parameters describing the relaxation of
magnetization
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ZFS

Orbach

Raman

Complex

D/cm−1 E/D

τ0/10−9 s Ueﬀ/cm−1 (K)

[Co(H2L4-Ph)(H2O)(NO3)]NO3
[Co(15-pydienN5)(H2O)2]Cl2
[Co(L4-Ph)(im)2]a
[Co(tbp)3(NO3)2]a
[Co(isq)3(NO3)2]a
[Co(L5)(H2O)2](BF4)2
[Co(L5)(CN)2]·2H2O
[Co(L5)(NCS)2]
[Co(L5)(SPh)2]
[Co(L1)Cl2]·2CH3OH
[Co(L1)Br2]
[Co(L1)I2]
[Co(L2)](ClO4)2
[Co(L3)]·H2O
[Co(15-pydienN3O2)(CH3CN)2](BPh4)2
[Co(L4-PhOH)(CH3OH)2]
[Co(H2L4-PhOH)(NCS)(CH3OH)]ClO4·CH3OH
[Co(H2L4-PhOH)(NCS)2]·2CH3OH
[Co(H2L4-NH2)(NCS)2]·0.5C2H5OH
[Co(H2L4-NH2)(NCSe)2]·0.5C2H5OH
[Co(H2L4-NH2){N(CN)2}2]·2H2O
[Co(H2L4-NH2)(H2O){C(CN)3}]NO3·1.16H2O
{[Co(H2L4-NH2)(H2O)(N3)][Co(H2L4-NH2)(N3)2]}N3·4H2O
[Co(L)](ClO4)2·1.5CH3NO2

32.4
24.6
24.8
35.8
35.7
25.6
17.4
26.3
34.5
38(3)
41(1)
35(1)
34
29.0
36.9
43.1
41.5
38.8
35.6
38.2
35.3
33.6
40.4

0
−0.014
0.0016
0.006
0.0006
−0.039
−0.034
−0.004
−0.052
0
0
0
0
0
0.005
0.077
0.036
0.54
0.17
0
0.101
0.149
0

0.6
1200
0.087
768
701
1100
3200
1000
2100
—b
1120
1120
990
—
0.034(2)
7400
5600
4800
—
—
—
—
—

56.3 (81.2)
20.7 (29.8)
62.3 (89.6)
17.7 (25.5)
11.0 (15.8)
42.2 (29.3)
48.9 (34.0)
49.2 (34.2)
54.7 (38.0)
5.5–7.8 (7.9–11.2)b
4.2 (6.1)
4.5 (6.5)
16.9 (24.3)
—
62 (89)
23.3 (33.5)
19.7 (28.4)
16.4 (23.6)
—
—
—
—
—

40.3

0.1

6040

6.0 (8.7)

a

Direct
A/K−1 s−1

C/K−n s−1

n

Ref.

0.00106
0.02
0.017
0.4
0.26

1.76–2.59b
2.79
2.82
2.84
5.49
2.1(1)
4.7
4.2
3.7
9e
7.4
7.3
5.6
5.8

17,18
18
18
78
78
19
19
19
19
21
21
21
12
38
79
22
22
22
33
33
33
33
33

507

2.58

This work

0.99–1.62b,c
613
500
47.3
0.535
131(9)

96.9

1.03 × 10−3 d
4.10 × 10−4 d
1.29 × 10−4 d
7.7 × 10−5 d
2.9 × 10−4 d

b

im = imidazole, tbp = 4-tert-butylpyridne, isq = isoquinoline. Calculated by a simplified model described in the corresponding literature. c Values
correspond to 2πf/C (where f is the AC frequency). d In the unit Oe−2 K−1 s−1. e Fixed during the fitting procedure.

4 show the highest magnetic anisotropies among those
reported for the pentagonal bipyramidal CoII (Table 3) or NiII
complexes (Table 2). If the calculations previously reported by
Sutter and Mallah are considered,17 the stronger axial ligand
field should provide larger magnetic anisotropy in the case of
NiII complexes, while an opposite eﬀect on the magnetic anisotropy is expected for the CoII complexes. A similar trend as
for the NiII complexes was recently observed for the FeII complexes,11 but the description/explanation was more complex
concerning the contribution(s) to the D value from diﬀerent
excited states and also diﬀerential π-interactions of the FeII–
axial ligands between the x and y directions. Thus, according
to the large magnetic anisotropy of CoII complex 3, the axial
field should be weaker, but on the other hand according to
the large magnetic anisotropy of NiII complex 4 and the positive sign of D for FeII complex 3, the axial field should be
stronger. So, not only the axial, but also the equatorial eﬀect
(a more symmetric field provides larger anisotropy) should be
taken into account, which makes the elucidation of any trend
for the complexes of N-pendant armed macrocycles not as
straightforward as expected. We tried to establish such a
magneto-structural correlation as shown in Fig. 7, where the
average equatorial and the axial metal to the donor atom distances together with the values of the D-parameter are shown
for each metal ion as a function of coordinated ligands (L, L2
and L3). The D value is becoming more positive for both FeII
and CoII complexes, while D is becoming more negative for

This journal is © The Royal Society of Chemistry 2020

the NiII complexes considering the change of ligands, L3 → L
(Fig. 7).
If we consider that the increasing average distance of axial
donor atoms (L3 → L) can be interpreted in terms of a weaker
axial ligand field (although benzimidazole is a stronger σdonor than pyridine, it is also a weaker π-acceptor),40 the
increasing magnetic anisotropy of the CoII complexes is in
agreement with the theoretically predicted trend. This is in
contrast to the behavior of the NiII complexes, where the magnetic anisotropy increased twice (L3 → L), which can be rather
explained by the more symmetric equatorial ligand field
(Fig. 5, right) and this can be quantified by deviations from
the PBPY-7 ideal symmetry obtained by the program SHAPE
(1.112 and 1.201 for L, Table S2,† 1.237 for L2,12 and 2.988 for
L3).38 As the change in the equatorial ligand field has a more
dramatic impact on the value of D than on the variation of the
axial ligand field in the NiII complexes (see Fig. 12 later in the
section, Theoretical calculations), the increase of negative D
for the NiII complexes (L3 → L) is more likely governed by the
decreasing deviation from the ideal D5h symmetry. The absolute values of D and |D| for the FeII complexes are almost the
same, which is in agreement with our theoretical simulations
(vide infra) showing a small impact of the ligand field change
on the size of the magnetic anisotropy. Moreover, the variation
of ZFS parameters for the FeII complexes must be considered
with great care, because usually the low lying excited states
reduce the validation of the spin Hamiltonian approach.

Dalton Trans., 2020, 49, 4425–4440 | 4433

View Article Online

Open Access Article. Published on 16 March 2020. Downloaded on 1/8/2023 3:02:43 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

Dalton Transactions

Fig. 7 Magneto-structural correlation for the FeII (left), CoII (middle) and NiII (right) complexes of studied ligand L and previously studied structurally
similar ligands L2 and L3. Variation of the average bond distance in the equatorial plane and in axial positions (top) and variation of the axial zeroﬁeld-splitting parameter D (bottom). The lines serve as guides. If two crystallographically independent molecules were found in the asymmetric unit,
the average values are given.

In conclusion, both axial and equatorial ligand fields have
to be considered when analyzing the magnetic anisotropy,
because the change in each field has a diﬀerently strong and
sometimes opposite impact on the resulting anisotropy.
Moreover these eﬀects have diﬀerent extents for diﬀerent
central metal ions and thus, general analysis for more metals
appears to be intricate.
Dynamic magnetic measurements
The alternating current (AC) susceptibly measurement was performed for 2–4, however, the non-zero out-of-phase signal was
found only for CoII compound 3 upon applying a weak static
magnetic field (Fig. S6†). Therefore, temperature and frequency dependent AC susceptibility data were acquired at BDC
= 0.1 T (Fig. 8) and clearly defined maxima of the out-of-phase
signal of AC susceptibility dependent on the applied frequency
were found for compound 3, which is the characteristic behavior of SMMs. Next, the one-component Debye’s model was
applied based on the equation
χðωÞ ¼

χT  χS
þ χS
1 þ ðiωτÞ1α

ð2Þ

which resulted in isothermal (χT) and adiabatic (χS) susceptibilities, relaxation times (τ) and distribution parameters (α)
(Table S3†). Afterwards, the Argand (Cole–Cole) plot was constructed as shown in Fig. 8. The application of the Arrhenius
law to the temperature dependence of the relaxation times
revealed τ0 = 6.04 × 10−6 s and Ueﬀ = 6.0 cm−1 (8.7 K). Such a
physically unreasonable value of Ueﬀ can be ascribed to the
fact that the D-parameter is positive and E/D is very small,
hence, the easy-plane type of magnetic anisotropy is operational, which means that there is no energy barrier U defined
by |D|(S2 − 14). The origin of the slow relaxation of magnetization in Kramers ions (such as CoII) with dominant easy-plane
magnetic anisotropy was investigated in detail by E. Ruiz, F.
Luis et al.,77 and such spin–lattice relaxation was rather

4434 | Dalton Trans., 2020, 49, 4425–4440

Fig. 8 AC susceptibility data of 3. Top: in-phase χ’ and out-of-phase χ’’
molar susceptibilities at the applied external magnetic ﬁeld BDC = 0.1 T
(the full lines are only guides for the eye). Middle: frequency dependence of in-phase χ’ and out-of-phase χ’’ molar susceptibilities. The full
lines represent the ﬁtted data using eqn (2). Bottom: the Argand (Cole–
Cole) plot with a full line ﬁtted with eqn (2) and the ﬁt of the resulting
relaxation times τ with the Arrhenius law (red line) and Raman relaxation
process (blue line).
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described by one-phonon direct processes and two-phonon
Raman processes. Therefore, the temperature dependence of the
relaxation times was successfully fitted considering the Raman
relaxation mechanism described by the following equation
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1
¼ CT n
τ

ð3Þ

with C = 507 K−n s−1and n = 2.58 (Fig. 8). Similar values of n
were also reported for other seven-coordinate CoII complexes
(Table 3).12,21 Here we also note that the inclusion of the direct
term in eqn (3) did not lead to a better fit.
The obtained values of τ0 and Ueﬀ for the Orbach relaxation
process or C and n for the Raman relaxation process are compared with those of previously studied pentagonal bipyramidal
CoII SMMs in Table 3. The Ueﬀ values are comparable with
those of the CoII complexes with structurally similar ligands L1,
L2, and L3, but are smaller in comparison with those of other
ligands having a more rigid macrocyclic part (15-pydienN3O2,
L4-Ph, L5). This “equatorial rigidity” eﬀect appears to have a
more significant influence on the relaxation times than on the
magnetic anisotropy represented by the D-value. Thus, there is
no clear relationship between the magnetic anisotropy (D) and
the values of relaxation times, which can be attributed to the
fact that the Orbach relaxation mechanism is not active for such
easy-plane systems and the direct and Raman relaxation processes should stand at the centre of our focus. Therefore, in
order to increase the relaxation time, the C and n parameters of
the Raman relaxation process should be decreased. However,
the lack of these parameters from the literature means that
further investigation of CoII complexes has to be done to better
understand the relationship between the molecular structure
and relaxation properties.
Electrochemistry
In order to investigate the electrochemical properties of prepared complexes 1–4, the measurement of cyclic voltammetry
was performed in acetonitrile solution. The obtained cyclic voltammograms are depicted in Fig. 9 and the redox potentials
are listed in Table 4. All E1/2 potentials for the Mn3+/2+, Fe3+/2+
and Co3+/2+ couples are very high (1.596, 1.043 and 1.853 V,
respectively), which indicates that the lower oxidation states
(Mn2+/Fe2+/Co2+) are stabilized due to the π-acceptor ability of
axially coordinated two benzimidazolyl pendant arms.
Moreover, the Ni3+/2+ redox couple is not even visible in the
range of available potentials during the measurement. Thus,
the oxidation state +III of the NiII complexes is not accessible,
which is in accordance with the π-acceptor properties of benzimidazole functional groups. On the other hand, lower oxidation states Mn+/Fe+/Co+/Ni+ are accessible in quasi-reversible/quasi-reversible/reversible/quasi-reversible processes at
relatively high negative potentials (see Table 4). Furthermore,
irreversible reduction peaks at ca. −1.25 and −1.40 V were
detected and they correspond to the reduction of the CH3NO2
co-crystallized solvent molecule as was confirmed by the
measurement of MeCN solution with an extra addition of
CH3NO2 (Fig. S7†).
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Fig. 9 Cyclic voltammograms of complexes 1 (black), 2 (red), 3
( purple), and 4 (green) (∼2 mM) recorded under an argon atmosphere in
0.1 M TBAP in acetonitrile with a glassy carbon working electrode.
Complex 2 was the only one used for the measurement in its form prior
to recrystallization from CH3NO2.

Table 4 Results of cyclic voltammetry experiments

Compound
1
2
3
4

Redox process
3+

2+

Mn /Mn
Mn2+/Mn+
Fe3+/Fe2+
Fe2+/Fe+
Co3+/Co2+
Co2+/Co+
Ni2+/Ni+

E1/2 [V]
vs. Fc/Fc+

E1/2 [V]
vs. SHE

ΔE [mV]

0.972
−2.604
0.419
−2.496
1.229
−2.584
−2.375

1.596
−1.980
1.043
−1.872
1.853
−1.960
−1.751

84
91
70
93
76
80
140

The cyclic voltammogram of the ligand L was measured as
well and it shows one irreversible oxidation peak at Eox = 1.450
V (Fig. S8†), which may be assigned to the oxidation of both
benzimidazolyl pendant arms, and one irreversible reduction
peak at Ered = −2.063 V.
When the obtained results are compared with those of the
complexes containing structurally similar pyridine analogue
L2, several aspects can be found. The E1/2 potentials for the
Mn3+/2+ and Fe3+/2+ couples are slightly lower than those found
for the complexes with L2 (E1/2(Mn) = 1.624 V, E1/2(Fe) = 1.132 V
vs. SHE, see Fig. S9 and S10†), but the E1/2 potential for the
Co3+/2+ couple is slightly higher than that for the complex with
L2 (E1/2(Co) = 1.744 V vs. SHE, see Fig. S11†).80 Therefore the
oxidation states Mn2+ and Fe2+ are more stabilized in the complexes with L2, while the oxidation state Co2+ is more stabilized in the complex with L. On the other hand, lower oxidation
states Mn+/Fe+/Co+ are easily accessible in the complexes with
L2 because complexes 2–4 with L have more negative reduction
potentials (see Fig. S9–S11†). This is in accordance with the
weaker π-acceptor ability of the benzimidazole moiety in comparison with the pyridine one. In conclusion the electrochemical behavior of the complexes with L and L2 is rather
similar, but in the case of the complexes with L the lower oxi-
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dation states are less accessible and thus, the oxidation state
+II is more stabilized.
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Theoretical calculations
The electronic structure of the reported complexes was also
studied by theoretical methods using computational package
ORCA 4.1. First, the post-Hartree–Fock multireference calculations based on the state-averaged complete active space selfconsistent field method (SA-CASSCF) were employed together
with the def2-TZVP basis set to reveal the impact of the spin–
orbit coupling and ligand field on the spin Hamiltonian parameters, especially on the zero-field splitting parameters D and
E. The active space was defined by n-electrons in five d-orbitals, CAS(n,5), and we have used two methods to cover the
dynamic electron correlation eﬀect, namely, the well-known
N-electron valence state perturbation theory (NEVPT) and also
the recently introduced dynamic correlation dressed CAS with
the second-order treatment (DCD-CAS(2)). The ab initio ligand
field theory (AILFT)81,82 was used to calculate the energy of the
d-orbitals as depicted in Fig. 10. The ideal D5h ligand field
symmetry leads to splitting of the d-orbitals into three sets, e1″
(dxz, dyz), e2′ (dxy, dx2−y2) and a1′ (dz2), and such a pattern is
visible in the case of 1, but even in this complex, the degeneracy of the d-orbitals is removed due to the non-homogenous
ligand field. Evidently, the pattern of the splitting of the
d-orbitals is continuously changing from 1 to 4 and is interconnected with the weakening of M–O donor–acceptor bonds.
Subsequently, the ligand-field terms are shown in Fig. 10
and it is evident that except for 1, there are close lying terms
with the same or lower multiplicities which do contribute to
the zero-field splitting of the ground spin state multiplet
(Fig. 10, right). The calculated ZFS and g-tensor parameters are
summarized in Table 2, where calculations for both metal
complexes within asymmetric units were done. The reported
values are in very good agreement with the fitted ones,
especially for compounds 2 and 3, e.g. D = 38.4/37.9 cm−1 for 3

Fig. 10 Graphical output of the CASSCF/NEVPT2 calculations for the
mononuclear molecular fragments [ML]2+ of 1–4. Plot of the d-orbitals
splitting calculated by the ab initio ligand ﬁeld theory (AILFT) (left), lowlying ligand-ﬁeld terms with various multiplicities (middle), and ligandﬁeld multiplets (right).
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Fig. 11 The molecular structures of 2–4 derived from the experimental
X-ray geometries used for the CASSCF/NEVPT2 calculations overlaid
with the three-dimensional plot of the calculated molar magnetization
at T = 2 K and B = 1 T and also showing principal axes of D-tensors (x/y/
z-axes colored as red/green/blue arrows). The hydrogen atoms are not
shown.

derived by DCD-CAS(2) and the fitted value of D is 40.2 cm−1.
The main axes of the calculated D-tensors for the complexes
with large magnetic anisotropy, 2–4, are shown in Fig. 11
together with a three-dimensional plot of the calculated molar
magnetization. Evidently, the easy-plane type of the magnetic
anisotropy is present in the CoII complex and coincides with
the equatorial pentagonal plane, while the easy-axis type is
found in both FeII and NiII complexes. In the case of NiII, this
behavior is natural due to the negative value of the
D-parameter, however, in the case of FeII, the D-parameter is
positive but due to large rhombicity, the easy-axis type of the
magnetic anisotropy is operational.
With the aim to get more insight into the role of the equatorial and the axial ligand field strength in the zero-field splitting of such pentagonal bipyramidal complexes of late transition metal complexes, we performed the CASSCF/DCD-CAS
(2) calculations for model complexes [M(NH3)2(NCH)3(H2O)2]2+
(M = FeII, CoII and NiII) – Fig. 12. Both the in-plane and the
axial metal-donor interatomic distances were varied in the
range from 1.9 to 2.5 Å, which enabled the creation of the
contour plots of the axial and rhombic ZFS parameters –
Fig. 13.

Fig. 12 The general molecular structure of the model complexes
[M(NH3)2(NCH)3(H2O)2]2+ (M = FeII, CoII and NiII) together with the
depiction of the varied structural parameters used for the CASSCF/
DCD-CAS(2) calculations.
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Fig. 13 The contour plot showing the impact of variation of the ligand ﬁeld of the axial and the equatorial ligands on the axial and rhombic ZFS
parameters D and E/D for model compounds [M(NH3)2(NCH)3(H2O)2]2+ (M = FeII, CoII and NiII) calculated at the CASSCF/DCD-CAS(2) level of theory.

Evidently, there is a small impact on the ZFS parameters in
the FeII complexes, and a relatively small and positive D prevails, but the axial type of the magnetic anisotropy in the
model complex can be achieved by increasing the rhombicity
(E/D → 1/3) by weakening the ligand field in the equatorial
plane and strengthening the ligand field in the axial positions.
In the case of CoII complexes, D is definitively positive and
large, and its value can be increased by weakening the ligand
field in both axial and equatorial directions, which also leads
to the escalation of E. The model of the NiII complex provided
a very large and negative D value almost in the whole simulation range, which in general makes such complexes good
candidates for observing the axial type of the magnetic anisotropy, also taking into the account very small rhombicity.
The equatorial ligands show indisputably a larger impact on
the value of D, thus weakening of the equatorial ligand field
would increase |D| substantially. To summarize, the careful
and rational design of macrocyclic ligands and axial pendant
arms is crucial to prepare magnetically interesting complex
compounds, however, the design of rigid ligands may be
necessary to suppress the deformation of the ideal D5h symmetry induced by the Jahn–Teller eﬀect.

Conclusions
A structurally new macrocyclic ligand with two 2-benzimidazolyl pendant arms (L) has been synthesized and it provided
axially compressed pentagonal bipyramidal MnII, FeII, CoII and
NiII complexes with the largest distortion observed for NiII

This journal is © The Royal Society of Chemistry 2020

complex 4 due to the Jahn–Teller eﬀect. The large magnetic anisotropy was confirmed for FeII, CoII and NiII complexes 2–4
and CoII complex 3 behaved as a field-induced SMM with a
preferential Raman mechanism of relaxation of magnetization.
The obtained results were supported by theoretical CASSCF
calculations, which very well correspond to the obtained
values of magnetic anisotropy. The CASSCF/CAS-DCD(2) based
theoretical simulations provided detailed information about
the eﬀect of the equatorial and axial ligand field on the magnetic anisotropy in this class of seven-coordinate FeII, CoII and
NiII complexes. Furthermore, they provide important information on how to tune/increase the magnetic anisotropy in
the future: (i) for the CoII complexes the equatorial and axial
ligand field should be decreased and the eﬀect of changing
each of them is rather equal, (ii) for the NiII complexes the
equatorial field should be decreased while the axial field
should be increased, but the eﬀect of the equatorial one is
much more pronounced, (iii) for the FeII complexes, the
changes in both ligand fields alter |D| to a lesser extent, but a
large variation in the rhombicity E/D is observed. In this
respect, a more rigid macrocycle containing five nitrogen
donor atoms could be a reasonable proposition to fulfill the
above-mentioned requirements for magnetic anisotropy
enhancement. Furthermore, the deprotonization of L is even
possible, so this could be another way to additionally increase
the axial ligand field and enhance the magnetic anisotropy at
least for NiII complexes, and to utilize these complexes as
building blocks for the synthesis of more complex polymeric
coordination compounds.
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According to the electrochemical measurements, ligand L
stabilizes the oxidation state +II in contrast to +I or +III due to
its weaker π-acceptor ability in comparison with its pyridineanalogue L2. The trend in redox potentials for the M3+/2+
couples (M = Mn, Fe, Co and Ni) in the complexes of L and L2
was found to be E1/2([ML2]3+/2+) > E1/2([ML]3+/2+ for M = Mn
and Fe, while it is opposite for E1/2([CoL2]3+/2+) < E1/2([CoL]3+/2+
and could be related to the diﬀerent stabilization of the high
spin MnIII/FeIII and low spin CoIII complexes and the stronger
σ-donor/weaker π-acceptor ability of the benzimidazole group.
In conclusion, modification of the macrocycle with two benzimidazolyl moieties has a beneficial eﬀect on the magnetic
anisotropy of especially CoII and NiII complexes and also alters
the redox properties of the prepared complexes. But altogether
it can be concluded that the tuning of magnetic anisotropy in
seven-coordinate pentagonal bipyramidal late-first-row transition metal complexes with macrocyclic ligands modified by
pendant arms is a rather complex problem. More factors
including not only the strength of the axial ligand field, but
also mainly the strength and symmetry of the equatorial
ligand field have to be considered with great care during the
rational design of new suitable ligands.
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