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Abstract: The reaction of (NBu4)2Bzmal (where Bzmal2− is benzylmalonate dianion) with Co(OAc)2·4H2O
gives the [Co(Bzmal)(EtOH)(H2O)]n 2D-polymer (1). The addition of 2,2′-bipyridine (bpy) to the
starting system results in the [Co(Bzmal)(bpy)2]·H2O·EtOH molecular complex (2). Their molecular
and crystal structures were analyzed by single-crystal X-ray crystallography. An analysis of the
static magnetic data supported by the SA-CASSCF/NEVPT2 calculations revealed the presence of
easy-plane magnetic anisotropy in both complexes. The AC susceptibility data confirm that both
complexes show a slow field-induced (HDC = 1000 Oe) magnetic relaxation behavior.

Keywords: cobalt(II) complexes; benzylmalonic acid; X-ray diffraction; magnetic properties; single-ion
magnet; ab initio calculations

1. Introduction

Cobalt coordination complexes exhibit redox [1,2], optical [3,4], and magnetic [5,6] properties
that can be attractive for application in catalysis [7,8], biology, and medicine [9,10]. The magnetic
behavior of cobalt(II) ions depends on the coordination environment, crystal field, and interaction with
nearby paramagnetic ions [11]. It is known that the spin-orbit splitting in coordination compounds
with “magnetic” metal ions arises as a result of structural distortions in the crystal and lowers various
symmetries of the magnetic ion except octahedral. In this case, single-ion anisotropy occurs due to
splitting in zero field (ZFS) and is a very important reason for the appearance of the properties of
single-molecule/ion magnet (SMM/SIM) [6,12]. The crystal field determines the sign and value of the
axial ZFS parameter (D, cm−1) [13]. Depending on the sign of D, two types of magnetic anisotropy
are distinguished—namely, axial for negative D or easy planar for positive D. Negative D values are
preferable for the formation of an energy barrier between two states with S = ±3/2 and the relaxation
of magnetization [5]. There are some examples of mononuclear octahedral cobalt(II) complexes with
easy plane magnetic anisotropy that exhibit field-induced slow magnetic relaxation behavior—i.e.,
SIM properties [14–19].

The anions of malonic acid and its substituted analogs can exhibit a chelating and/or
bridging function in complexes with transition metal ions, and additionally act as conductors
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of exchange interactions between paramagnetic centers [20–24]. The literature describes CoII

homometallic compounds with anions of malonic acid (H2mal) and its substituted analogs
that have a mononuclear structure—[CoII(H2O)2(Hmal)2] [25], (NH4)2[(Co(H2O)2(mal)2]·6H2O [26],
[Co(H2O)6](cpdc)2 (cpdc2−—cyclopropane-1,1-dicarboxylate dianions) [27]—and a polymer structure:
[Co2(H2O)4(mal)2]n [28–30], [Co2(mal)2Cl2(H2O)2]n [31], [Co2(H2O)3(cbdc)2]n (cbdc2−—cyclobutane-1,1-
dicarboxylate dianions) [32], [Co3(tar)2(H2O)6]·2H2O (tar3−—tartronate anion or hydroxymalonic acid
anion) [33]. Moreover, there are examples of the assembly of molecular 36-core polyanions with
dimethylmalonic acid anions, (NBu4)6[Co36(H2O)12(OH)20(HMe2Mal)2(Me2Mal)28]·3EtOH [22]. Data on
the magnetic properties of CoII compounds with anions of substituted malonic acids are scarce.

Here, we present the synthesis and structure of CoII coordination polymer with benzylmalonic
acid dianions (Bzmal2−), [Co(Bzmal)(EtOH)(H2O)]n (1), and the product of polymer fragmentation by
N-donor 2,2′-bipyridine (bpy) molecules, [Co(Bzmal)(bpy)2]·H2O·EtOH (2). Magnetic measurement
data combined with calculated data show that the presented compounds are SIM. These complexes are
the first examples of CoII complexes with benzylmalonic acid anions and the first examples of SIM
based on CoII malonates.

2. Materials and Methods

2.1. Synthesis

2.1.1. General Details

The synthesis of compounds was carried out in air using ethanol (96%) and acetonitrile
(«chemically pure»). Commercially available reagents were used for the preparation of the compounds:
Co(OAc)2·4H2O (ChemPur, 99%, Karlsruhe, Germany), benzylmalonic acid (Sigma-Aldrich, 99%,
Steinheim, Germany), 2,2′-bipyridine (Alfa Aesar, 98% Karlsruhe, Germany), tetrabutylammonium
hydroxide solution (purum, ~1.5 M in water, «Fluka», Buchs, Switzerland). IR spectra were measured
using a Perkin Elmer Spectrum 65 instrument (Waltham, MA, USA) by the ATR method in the range
of 4000–400 cm−1. C,H,N-analysis was performed using an automatic CHNS-analyzer EuroEA-3000
(EuroVektor, Pavia, Italy) in the Center of Collective Use of IGIC RAS.

2.1.2. Synthesis of New Compounds

[Co(Bzmal)(EtOH)(H2O)]n (1). CoII acetate (0.1 g, 0.402 mmol) was added to a solution of a
freshly prepared salt (NBu4)2Bzmal (obtained from 1.072 mL water solution of tetrabutylammonium
hydroxide (1.608 mmol) and benzylmalonic acid (0.156 g, 0.804 mmol)) in EtOH (40 ml). The reaction
mixture was stirred with weak heating (t = 50 ◦C) for one hour. The resulting crimson solution was
filtered to remove the cloudy precipitate and allowed to stand at room temperature for several days.
The resulting crimson crystals are suitable for X-ray diffraction analysis. The crystals of 1 were filtered
and dried in air at 25 ◦C. The yield of 1 is 0.063 g (50% counting per Co). Calc. (%) for C12H16CoO6:
C, 45.73; H, 5.12. Found (%): C, 45.91; H, 5.37. IR-spectrum, ν/cm−1 (s = strong, m = medium,
w = weak): 3600 w, 3583 w, 3167 w, 3059 w[ν(CHring)], 3023 w [ν(CHring)], 2985 w, 2966 m, 2928 w,
1634 m[νas(COO−)], 1571s [ν(arC-C)], 1496 m[ν(arC-C)], 1441 m[νs(COO−)], 1394 m, 1369m, 1343 m,
1281 m, 1247 m, 1214 w, 1180 s, 1158 w, 1095 w, 1066 m, 1045 m, 965 w, 885 m, 810 m, 754 m, 718 m,
697 s, 662 m, 598 s, 568 s, 479 m, 435 m, 414 m.

[Co(Bzmal)(bpy)2]·H2O·EtOH (2). CoII acetate (0.102 g, 0.410mmol) was added to a solution of
2,2′-bipyridine (0.256 g, 1.640 mmol) and freshly prepared salt (NBu4)2Bzmal (obtained from 1.093 mL
water solution of tetrabutylammonium hydroxide (1.640 mmol) and benzylmalonic acid (0.159 g,
0.820 mmol)) in EtOH (35 ml). The reaction mixture was stirred with weak heating (t = 60 ◦C) for
one hour. The resulting orange solution was concentrated in a Schlenk flask to 15 ml and was left
for one week. The resulting orange crystals are suitable for X-ray diffraction analysis. Crystals of 2
were filtered, washed by cold acetonitrile (−5◦C), and dried in air at 25 ◦C. The yield of 2 is 0.080 g



Crystals 2020, 10, 1130 3 of 14

(32% counting per Co). Calc. (%) for C32H32CoN4O6: C, 61.24; N, 8.93; H, 5.14. Found (%): C, 61.47;
N, 9.18; H, 5.31. IR-spectrum (ATR), ν/cm−1 (s = strong, m = medium, w = weak): 3419 w, 3107 w,
3077 w[ν(CHring)], 3032 w[ν(CHring)], 2966 w, 2916 w, 2884 w, 2109 w, 1969 w, 1596 s[νas(COO−)],
1567 s[ν(arC-C)], 1494 m[ν(arC-C)], 1473 m, 1441 s[νs(COO−)], 1408 s, 1329 m, 1310 s, 1264 m, 1251 m,
1226 w, 1174 m, 1158 m, 1089 m, 1073 m, 1044 m, 1020 m, 1013 m, 981 w, 958 w, 915 w, 896 w, 882 w,
861 m, 850 m, 815 m, 768 s, 737 s, 704 s, 652 m, 630 m, 586 s, 541 s, 518 m, 509 m, 479 m, 473 m, 461 m,
447 m, 439 m.

2.2. Single Crystal X-ray Diffraction Analysis

The experimental array of reflections was obtained on a Bruker APEX II diffractometer
(Bruker AXS, Madison, WI, USA) (two-coordinate CCD detector, MoKα radiation, λ = 0.71073 A,
graphite monochromator). An absorption correction was applied empirically using the SADABS [34]
program. Using Olex2 [35], the structures were solved with the ShelXT [36] structure solution
program using Intrinsic Phasing and refined with the ShelXL [36] using Least Squares refinement
on F2. Hydrogens atoms of methyl, methylene, aromatic fragments, and hydroxylic groups were
calculated according to those idealized geometries and refined with constraints applied to C-H
and O-H bond lengths and equivalent displacement parameters (Ueq(H) = 1.2Ueq(X). X: central
atom of XH2 group and aromatic ring; Ueq(H) = 1.5Ueq(Y); Y: central atom of YH3, OH group,
and H2O). For complex 2, the contribution of the disordered solvent molecules (one ethanol molecule
according to C,H,N-analysis) to the calculated structure factors was removed using a solvent mask [37].
The crystallographic parameters and refinement statistics are given in Table 1. CCDC numbers 2044684
(for 1) and 2044683 (for 2) contain the supplementary crystallographic data for the reported compounds.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystal data and structure refinement for 1 and 2.

Compound 1 2

CCDC 2044684 2044683
Formula C12H16CoO6 C30H26CoN4O5

Mw (g mol−1) 315.18 581.48
T, K 296 150

Crystal system orthorombic monoclinic
Space group Pna21 P21/c

a (Å) 26.0280(7) 12.2861(7)
b (Å) 7.3903(2) 22.0617(12)
c (Å) 7.1718(2) 11.9417(7)
α (◦) 90.00 90.00
β (◦) 90.00 100.3120(10)
γ (◦) 90.00 90.00

V (Å3) 1379.53(7) 3184.5(3)
Z 4 2

Absorption coefficient (mm−1) 1.262 0.583
Maximum and minimum

transmission 0.7461/0.6676 0.7461/0.6695

Dcalc (mg/m3) 1.518 1.213
Crystal size (mm) 0.37 × 0.31 × 0.02 0.30 × 0.20 × 0.10

θ Range for data collection (◦) 2.87–30.55 1.92–28.33
Reflection measured 12240 24476

Reflection unique 3698 7886
Rint 0.030 0.070

Goodness-of-fit on F2 1.050 0.919

Final R indices [I > 2σ(I)] R1 = 0.0324,
wR2 = 0.683

R1 = 0.0422
wR2 = 0.1049

R indices (all data) R1 = 0.0372,
wR2 = 0.070

R1 = 0.0680,
wR2 = 0.1132

www.ccdc.cam.ac.uk/data_request/cif
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2.3. Powder X-ray Diffraction

The purity of the compound samples was approved by PXRD (See supplement materials S1).
The powder patterns were measured on a Bruker D8 Advance diffractometer (Bruker AXS, Madison,
WI, USA) with a LynxEye detector in Bragg–Brentano geometry, with the sample dispersed thinly
on a zero-background Si sample holder, λ(CuKα) = 1.54060 Å, θ/θ scan with variable slits (irradiated
length 20 mm) from 5◦ to 41◦ 2θ, stepsize 0.02◦.

2.4. Magnetic Measurements

Magnetic susceptibility measurements were performed using a Quantum Design PPMS-9
susceptometer (Quantum Design, San Diego, CA, USA). For dc-magnetic susceptibility measurements,
the 5000 Oe magnetic field was applied. The measurements have been performed in the 2–300 K
temperature range. For ac-susceptibility measurements of all the samples, oscillating ac-magnetic fields
of 5, 3, and 1 Oe within frequency ranges 10–100, 100–1000, and 1000–10000 Hz, respectively, have been
applied. These settings allowed one both to avoid sample heating at low temperatures (which may
occur when modulation amplitudes and frequency are high) and to obtain the best signal-to-noise ratio.
All the magnetic measurements were performed on polycrystalline samples sealed in polyethylene
bags and covered with mineral oil in order to prevent the field-induced orientation of crystallites.
The paramagnetic components of the magnetic susceptibility χ were determined taking into account
both the diamagnetic contribution evaluated from Pascal’s constants and the contributions of the
sample holder and mineral oil.

2.5. Computational Details

Ab initio (post Hartree–Fock) calculations of ZFS parameters and g-tensor were performed
based on state-averaged complete-active-space self-consistent-field (SA-CASSCF) wave functions
complemented by N-electron valence second-order perturbation theory (NEVPT2) [38–41] using the
ORCA program package (version 4.2.1) [42,43]. The SA-CASSCF/NEVPT2 calculations were performed
with the geometry of the experimentally determined X-ray structures. The active space of the CASSCF
calculations was composed of seven electrons in five d orbitals of Co2+ ions (S = 3/2): CAS(7,5).
The state-averaged approach was used, in which all 10 quartet (S = 3/2) and 40 doublets (S= 1/2) states
were averaged with equal weights. The polarized triple-ζ-quality basis set def2-TZVP was used for
all atoms. The ZFS parameters were calculated on the effective Hamiltonian theory [44], in which
an approximation to the Breit−Pauli form of the spin-orbit coupling operator (SOMF approximation)
was utilized. The splitting of the d-orbitals was analyzed within the ab initio ligand field theory
(AILFT) [45,46], as implemented in the ORCA software.

3. Results and Discussion

3.1. Synthesis and Crystal Structure

The reaction of Co(OAc)2 with tetrabutylammonium benzylmalonate ((NBu4)2Bzmal) in ethanol
resulted in the [Co(Bzmal)(EtOH)(H2O)]n 2D-polymer (1). The addition of 2,2′-bipyridine to the
reaction mixture gave the [Co(Bzmal)(bpy)2]·H2O·EtOH molecular complex (2).

Both the compounds were isolated as single crystals and polycrystals. The phase purity of
the polycrystalline samples was confirmed by X-ray powder diffraction (see supplementary data,
Figures S1.1 and S1.2). All the samples obtained were characterized by elemental analysis and
IR spectroscopy. The IR spectra of the samples of complexes 1 and 2 show that they comprise
benzylmalonate anions. The stretching vibrations of coordinated COO− groups are at the frequencies:
1634 cm−1(νas) and 1441 cm−1(νs) for 1 and 1596 cm−1(νas) and 1441 cm−1(νs) for 2. The presence of
an aromatic substituent is supported by the stretching vibrations bands of C-H bonds at 3059 and
3023 cm−1 for 1 and 3077 and 3032cm−1 for 2 and C-C bonds of the ring at 1571 and 1496 cm−1 for 1
and 1567 and 1494 cm−1 for 2. The data obtained from our studies confirm the single-phase structure
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of the samples. The background observed in the diffractogram of sample 2 indicates the presence of an
amorphous impurity, a side product, or partially desolvated complex 2. Additionally, the composition
of the product is confirmed by the results of the elemental analysis, which match the calculated gross
formula. The compositions of the compounds match the formulas based on the X-ray diffraction results.

According to the X-ray diffraction data, polymer 1 crystallizes in the orthorhombic crystal system
(space group Pna21). The asymmetric unit contains a benzylmalonate anion that forms a chelate
ring with cobalt(II) (Co-O 2.051(3)-2.080(3) Å) (Figure 1a). The oxygen atoms not participating in the
formation of the chelate ring are coordinated to two other cobalt (II) atoms (Co-O 2.064(3), 2.070(3) Å,
O-Co-O 86.69(9)-98.09(7)◦, 167.04(13)◦, 172.09(13)◦) to form a 2D polymer layer with cobalt atoms lying
0.613 Å above and below the mean plane parallel to yz (Co . . . Co 5.2931(2) Å, Co . . . Co . . . Co 85.22◦)
(Figure 1b). The coordination environment of the cobalt(II) atom is completed to a distorted octahedron
(the coordination geometry of the polyhedron CoO6 was analyzed using the SHAPE software [47] -
Oh, Sp(Q) = 0.557) by monodentate ethanol (Co-O 2.149(2) Å) and water (Co-O 2.133(3) Å) molecules
(O(H2O)-Co-O(EtOH) 173.70(10)◦, O-Co-(Bzmal) 78.68(12)-96.15(12)◦). The octahedron is elongated
along the axial axis (deq = 2.07 Å, dax = 2.14 Å). The water molecule forms two hydrogen bonds
(O..OH 2.680(5), 2.727(5) Å) with benzylmalonates chelated with the neighbouring cobalt(II) atoms.
The interlayer interactions are mainly represented by C-H . . . π and C-H . . . H-C contacts between the
benzyl groups (Figure S2.1). According to the cluster representation of the first type, the topology of 1
corresponds to the 3-connected net hcb with the point symbol 63. This topological type was found in
17 827 structures.
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Figure 1. Fragment of Complex 1 (a); fragment of polymeric layer of 1 (b). (Hydrogen atoms and
benzylmalonate substituents in b are omitted for clarity).

Such a motif for the construction of a CoII malonate polymer in the form of a layer has been isolated
for the first time, but there are examples of 3D structures in which similar layers are bound to each other
by N-donor bridging ligands [48–53]. Some complexes reported in the literature that are constructed on
the base of the {CoII(Rmal)} moiety (where R is H or a hydrocarbon substituent in acid anions) with a
chelate-bound acid dianion: 1D-polymer [Co2(H2O)3(cbdc)2]n (cbdc2−—cyclobutane-1,1-dicarboxylate
anion) [32] and 2D-polymer [Co2(mal)2Cl2(H2O)2]n [31]. The [Co2(H2O)4(mal)2]n 2D-polymer was
reported whose structure is composed of corrugated layers consisting of bischelate {MII(1)(mal)2}2−

moieties bound through MII(2) atoms [28–30].
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Complex 2 crystallizes in monoclinic crystal system (space group P21/c) as a solvate with a
water molecule (Figure 2) (disordered ethanol molecule was removed with the PLATON SQUEEZE
procedure). The coordination environment of the cobalt(II) atom consists of benzylmalonate (Co-O
2.057(2), 2.067(2) Å, O-Co-O 89.03(6)◦) and two 2,2′-bipyridyl ligands (Co-N 2.126(2)-2.150(2) Å,
N-Co-N 76.29(6)◦, 76.54(6)◦). The analysis of the coordination geometry of cobalt(II) atom, CoO2N4,
was performed using the SHAPE software [47]. This can be described as a distorted octahedron (Oh,
Sp(Q) = 1.026). The crystal packing of the complex consists of layers formed due to ππ-stacking between
the bipyridyl ligands and hydrogen bonds via solvate water molecules (Figure S2.2, Tables S3 and S4).
These layers alternate with voids filled with solvent molecules. The minimal interatomic distance
between the metal atoms in the crystal is 7.696 Å.
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The coordination geometry of the cobalt(II) atom can be described as a distorted octahedron in CoII

complexes with two 2,2′-bipyridine molecules and anions of other dicarboxylic acids: [Co(bpy)2(ox)]
(ox2−—oxalate dianion) [54], Co[(bpy)2(dpa)]·H2O (dpa2−—2,2′-diphenic acid dianion) [55] and
[Co(bpy)2(H2O)L]·H2O (L2−—2,5-dicarbomethoxybenzene-1,4-dicarboxylic acid anion) [56] or with
anions of monocarboxylic acids, for example pivalic (Hpiv (or tBuCO2H)): [Co(bpy)2(piv)2]·x (x = MeCN
or PhCH3) [57,58] and acetic acids [Co(OAc)(bpy)2](OAc)·3H2O [59].

3.2. Magnetic Properties

The magnetic behavior of 1 and 2 was investigated under a 5000 Oe dc-magnetic field in the
2–300 K temperature range. The molar magnetic susceptibility temperature dependencies, χMT(T),
are shown in Figure 3. The shape of the dependences is typical for Co2+ complexes.

In both cases, the χMT values at 300 K (3.36 and 3.08 cm3/mol K for 1 and 2, respectively) are
much higher than the spin-only value (1.875 cm3/mol K), which indicates an unquenched orbital
contribution to the total magnetic momentum. The difference between the χMT magnitudes one can
connect with the ligand environment. The χMT values are reducing with rising speed during the
temperature decrease from 3.36 and 3.08 cm3/mol K (at 300 K) to 1.74 and 1.77 (at 2 K) for 1 and 2,
respectively. Such a type of behavior is most likely due to the anisotropy of Co2+ ions and the Zeeman
effect caused by the applied field [60–62]. The experimental dc-magnetic susceptibility dependencies
were approximated by the use of the PHI program with the set of parameters presented in Table 2
(also see Supplementary Data, Figure S5) [63]. The approximations showed positive D values for both
compounds. In agreement with a positive D value, the perpendicular components of the g-tensor are
larger than the parallel one.
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Table 2. Approximation parameters of the χMT(T) dependences for Complexes 1 and 2 obtained by the
PHI program [63] and SA-CASSCF/NEVPT2 calculated.

Parameter
1 2

Value

PHI SA-CASSCF/NEVPT2 PHI SA-CASSCF/NEVPT2

gx 2.430 ± 0.002 2.636 2.580 ± 0.001 2.494
gy 2.430 ± 0.002 2.737 2.580 ± 0.001 2.804
gz 3.341 ± 0.009 1.893 2.594 ± 0.005 1.880
giso 2.422 2.393

D, cm−1 62.0 ± 0.5 +82.7 68.0 ± 0.2 +92.0
R2 1.4 × 10−3 1.1 × 10−5

E/D 0.056 0.140

3.3. Quantum Chemical Calculations and Griffith Hamiltonian Approach

It has been widely discussed that the zero-field splitting (ZFS) spin-Hamiltonian (SH) is not always
applicable to the description of pseudo-octahedral Co(II) complexes due to the significant contribution
of the unquenched orbital angular momentum [64–66]. According to the SA-CASSCF/NEVPT2
calculations of isolated monomer fragment of 1 (Figure 1a) and mononuclear complex 2 (Figure 2),
the separation of ground and the first excited quartet states is less 1000 cm−1 (Table 3). In this case,
the SH is not fully operative for these complexes, it should be substituted by more sophisticated
approach based on the Griffith Hamiltonian (GH), which acts within the ground octahedral 4T1g-term
of the Co ion (state with fictitious orbital angular momentum L = 1) and explicitly involves the
orbital contributions:

Ĥ = −
3
2
κλL̂Ŝ + ∆ax

[
L̂2

Z −
1
3

L(L + 1)
]
+ ∆rh

(
L̂2

X − L̂2
Y

)
+ µB B

(
geŜ−

3
2
κL̂
)

(1)

where λ is the spin-orbit coupling parameter which typically ranges from −180 cm−1 to −130 cm−1,
κ is the orbital reduction factor which can vary from 0.6 to 1.0 depending on the complex, L̂ and Ŝ are
the orbital angular momentum and spin operators.

It is seen that the three low-lying spin-free energy levels for both complexes (Table 3) can be
associated with the axial crystal field (CF) splitting of the octahedral 4T1g term of the Co(II) ion into
the ground orbital singlet, which is strongly separated from excited orbital doublet (it undergoes
further small splitting by the rhombic crystal field into two orbital singlets). The energy level splitting
corresponds to the positive sign of the axial CF parameter ∆ax in the Griffith Hamiltonian (GH),
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Equation (1) and are relatively weak (small |∆rh|) for 1 and large rhombicity for 2. In the case of ∆ax > 0,
the SH is applicable and the magnetic anisotropy in such complexes can be described in terms of
ZFS too. It is interesting to note that the coordination environment distortions of the Co(II) ion in 1
(tetragonal elongation) and the nature of d-AO splitting (Table 3) are also in good agreement with
∆ax > 0. The coordination environment of the Co(II) ion in complex 2 is strongly distorted, and to a
greater extent differs from the D4h distorted octahedron.

Table 3. Calculated spin-free state (δE) and spin-orbit state (∆E) energies (cm−1) for 1 and 2.

Complex.
Energy Levels, cm–1

Spin Spin-Free States (δE) Spin-Orbit States (∆E)

1

3/2 0.0 0.0
166.2

3/2 886.5 972.7
1256.2

3/2 1124.0 1485.2
1576.0

2

3/2 0.0 0.0
189.3

3/2 504.6 672.4
990.2

3/2 922.7 1309.8
1423.0

Figure 3 shows DC magnetic properties of 1 and 2 described by GH (Equation (1)). In order to
avoid overparameterization, we used the values of the axial and rhombic CF parameters obtained from
the SA-CASSCF/NEVPT2 energies of the spin-free states: ∆ax = 1005.25 cm−1 and ∆rh = 118.75 cm−1 for
1 and ∆ax = 713.65 cm−1 and ∆rh = 209.05 cm−1 for 2. These values are then were fixed when fitting the
DC magnetic properties in order to reduce the number of varied parameters in the GH to only two
parameters, λ and κ. By the simultaneous fitting of the temperature dependence, we obtain the best-fit
values λ = −146.4 cm−1 and κ = 0.997 for 1 and λ = −146.4 cm−1 and κ = 0.999 for 2, which fall within
the typical range of parameters for the high-spin hexacoordinate Co(II) complexes. Figure 3 shows that
the found best-fit parameters and the CF parameters obtained from the ab initio calculations provide
quite a satisfactory description of the experimental DC data.

As expected for the pseudo-octahedral complexes, two sets of split t2g and eg orbitals were found
in 1 and 2 (Figure 4).

Crystals 2020, 10, x FOR PEER REVIEW 8 of 15 

 

Table 3. Calculated spin-free state (δE) and spin-orbit state (ΔE) energies (cm−1) for 1 and 2. 

Complex. 
 Energy Levels, cm–1 

Spin Spin-free States (δE) Spin-orbit States (ΔE) 

1 

3/2 0.0 
0.0 

166.2 

3/2 886.5 
972.7 

1256.2 

3/2 1124.0 1485.2 
1576.0 

2 

3/2 0.0 0.0 
189.3 

3/2 504.6 672.4 
990.2 

3/2 922.7 1309.8 
1423.0 

As expected for the pseudo-octahedral complexes, two sets of split t2g and eg orbitals were found 
in 1 and 2 (Figure 4).  

  
Figure 3. Temperature dependences of χMT for 1 (left) and 2 (right) measured at HDC = 0.5 T. Insets: 
magnetization vs. field measured at T= 2, 4, and 6 K. Theoretical curves (solid lines) are calculated at 
GH (Equation (1)) with the optimal set of parameters (see text). 

  

Figure 4. Co(II) ion d-AO splitting pattern in 1 (left) and 2 (right) according to AILFT analysis (at 
SA-CASSCF/NEVPT2 level of theory). 

Figure 4. Co(II) ion d-AO splitting pattern in 1 (left) and 2 (right) according to AILFT analysis
(at SA-CASSCF/NEVPT2 level of theory).



Crystals 2020, 10, 1130 9 of 14

Table 2 shows the results of the ZFS splitting parameters and the g-tensors calculations by
the CASSCF/NEVPT2 method, which indicate the presence in both complexes of a strong easy
plane-type magnetic anisotropy (D > 0). Both complexes have strongly anisotropic g-tensors; moreover,
the perpendicular components of the g-tensors are larger than the parallel one, which is consistent
with positive D values.

3.4. AC Magnetic Measurements

In order to find out whether compounds 1 and 2 formed by anisotropic Co2+ are single-ion
magnets—i.e., exhibit a slow relaxation of magnetization—their magnetic dynamic were probed by
measuring the ac-magnetic susceptibility.

In the zero dc-magnetic field, the out-of-phase values are negligible at 2 K for ac-frequencies
in the range from 10 to 10000 Hz (Figures S6.1 and S6.2). The absence of considerable χ”(ν) signals
for complexes 1 and 2 most likely originates from the significant contribution from the quantum
tunneling of the magnetization (QTM), resulting in fast relaxation. For minimizing the effect of QTM,
non-zero dc-fields up to 5000 Oe have been applied. This resulted in the appearance of the significant
out-of-phase signals on the χ”(ν) dependencies. Based on this data, the optimal value of the dc-field
strength (at which the relaxation rate is the smallest) was selected as 1000 Oe for both complexes
(Figures S6.1 and S6.2).

Frequency dependences of the in-phase and out-of-phase components of the ac-magnetic
susceptibility for complexes 1 and 2 taken under optimal Hdc field are shown
on Figures S6.3 and S6.4, respectively.

The corresponding χ”(ν) isotherms were approximated by using the generalized Debye model.
This yielding temperature dependences of relaxation time (τ vs. 1/T) shown on Figure 5. Overall
non-linear course of these dependences evidences contribution of non-Orbach magnetization relaxation
mechanisms in both the cases. The increase in the intensity of the χ”(ν) signal from 2 to 3 K that
was observed for 1 may originate from the collective behavior caused by the weak dipole–dipole or
exchange interactions between the Co2+ ions [67,68].
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In the high-temperature range—namely, 4.5–5.5 K for 1 and 3.5–4 K for 2—the τ(1/T) dependences
are fairly described by Arrhenius equation (τ = τ0·exp{∆eff/kBT}), where τ0 and ∆eff/kB are fitting
parameters. Such an approximation affords following sets of relaxation parameters: ∆eff/kB = 8.7 (±0.7)
and 8.6 (±0.2) K, τ0 = 3.9 × 10−6 (±6 × 10−7) and 1.80 × 10−6 (±8 × 10−8) s with R2 = 0.98607 and 0.99937
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for 1 and 2, respectively. Considering that the value of τ0 is near 10−6 s, which is far from the values
of time to reverse the magnetization from the phonon (10−10 to 10−12 s) corresponding to the Orbach
relaxation process [69], then, probably, no Orbach relaxation was observed for both complexes.

The best fit of the entire τ vs. 1/T dependence for 1 was achieved by involving the sum of
Raman (τ−1 = CRamanTnRaman, where CRaman and nRaman are fitting parameters) and QTM (τ−1 = BQTM,
where BQTM is a fitting parameter) mechanisms with the following set of parameters: CRaman= 345 (±35)
s−1K-nRaman, nRaman = 2.71 (±0.06), BQTM = 17423 (±172), s−1 with R2 = 0.9996. The best correspondence
between the experimental data τ(1/T) for complex 2 and the theoretical curve was achieved using just
the Raman relaxation mechanism with the following parameters: CRaman = 2611 (±11) s−1K−nRaman,
nRaman = 2.315 (±0.005) with R2 = 0.99997 (Figure 5).

The fact, that the whole data range could be well approximated by using only the Raman or the
sum of Raman and QTM relaxation mechanisms, suggesting that the Orbach relaxation mechanism
does not participate in relaxation.

3.5. Disscussion

This study showed the easy plane magnetic anisotropy of octahedral cobalt(II) ions in
polymeric and molecular complexes. The D values are comparable to the known values for cis-
[Co(dmphen)2(NCS)2]·0.25EtOH (dmphen = 2,9-dimethyl-1,10-phenanthroline) [14] and [Co(µ-L)(µ-
OAc)Y(NO3)2] [70] (L = a deprotonated form of 1,1’-diacetylferrocenedihydrazone), where D is 98
and 92 cm−1, respectively, and the energy barriers have similar values. In a rare case, a negative D
is found for the pseudo-octahedral [Co(bpp-COOMe)2](ClO4)2 (where bpp-COOMe = methyl-2,6-
di(pyrazol-1-yl(pyridine-4-carboxylate) complex [71]. Attempts to increase the positive D value [72]
did not yield a large energy barrier (∆eff/kB ~ |D|) because of the easy plane anisotropy of the metal ion.

4. Conclusions

The combination of benzylmalonate anions and cobalt(II) ions led to the formation of 2D polymeric
structure 1 as a result of the chelate-bridging function of the dicarboxylic dianion. The above reaction
in the presence of the chelate N-donor ligand bpy gave mononuclear molecule 2, in which the
benzylmalonic dianion also acts as a chelate ligand. The geometry of the coordination environment of
cobalt ions (CoO6 for 1 and CoN4O2 for 2) in the complexes corresponds to a distorted octahedron.
The analysis of the DC magnetic data with SH and GF showed that the magnetic anisotropy of both
complexes can be described in terms of ZFS (D > 0) as well as CF (∆ax > 0, ∆rh > 0). Ab initio calculations
indicated the presence of a strong easy plane-type magnetic anisotropy (D > 0) and strongly anisotropic
g-tensors in both complexes. These data confirm the results of the analysis of the magnetization
relaxation mechanisms for the complexes in question, the Raman mechanism for 1 and a combination
of the Raman and QTM mechanisms for 2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/12/1130/s1:
Figures S1.1–S1.2: PXRD data; Figures S2.1–S2.2: Crystal packing; Table S3: H-bonds for 1 and 2; Table S4: Selected
parameters of π-π intermolecular interactions in 2; Figure S5: χMT vs. T dependences for complexes 1 and 2;
Figures S6.1–S6.4: AC data.
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