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Effect of Coordination Geometry on Magnetic Properties in a Series
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Mathieu Rouzieres, Radovan Herchel, and Abhishake Mondal*
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ABSTRACT: The three Co(II) complexes [Co(bbp),][Co(NCS),]-4DMF (1), [Co(bbp)(NCS),(DMF)]-2DMF (2), and
[Co(bbp)(NCS),] (3) have been synthesized and characterized by single-crystal X-ray diffraction, magnetic, and various
spectroscopic techniques. Complexes 1 and 3 are obtained by the reaction of Co(NCS), with 2,6-bis(1H-benzo[d]imidazol-2-
yl)pyridine (bbp), and complex 1 undergoes a structural transformation to form complex 2. A single-crystal X-ray study revealed that
complex 1 is comprised of two Co(II) centers, a cationic octahedral Co(II) unit and an anionic tetrahedral Co(II) unit, while the
Co(II) ion is in a distorted-octahedral environment in 2. Moreover, in complex 3, the Co(Il) ion is in a distorted-square-pyramidal
geometry. The effect of coordination geometry on the magnetic properties was studied by both static and dynamic magnetic
measurements. Direct current (dc) magnetic susceptibility measurements showed that all of the Co(II) ions are in high-spin state in
these complexes. Alternating current (ac) magnetic susceptibility measurements indicated that complexes 2 and 3 display slow
relaxation of magnetization in an external dc magnetic field, while complex 1 displayed no such property. EPR experiments and
theoretical calculations were consistent with the above findings.

B INTRODUCTION barrier, researchers sought giant spin systems.””~ However, the
Bistable magnetic materials based on transition metals have desired value of energy barrier was not obtained effectively, as
achieved enormous attention over the past few decades, the value of D varied inversely with S. Recently interest has

particularly materials exhibiting slow relaxation of magnet-
ization,' > e.g. single-molecule magnets (SMMs) and single-
chain magnets (SCMs), due to their potential applications in
the fields of quantum computing, information storage, and
molecular spintronics.” ® Magnetic anisotropy (D) and ground
state spin (S) produce energy differences to reverse the
magnetization, which is the origin of slow magnetic relaxation.
The effective energy barrier is defined by A = S?(D) or (S*
—1/4)(D) for molecules with integer or noninteger ground
spin states, respectively. In order to achieve a significant energy

shifted to enhancing the anisotropy barrier associated with the

single metal center.'”'' After the discovery of lanthanide
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Scheme 1. Schematic Presentations (Top) and Pictures of Crystals (Bottom) of Complexes 1—3

12-1
complex based mononuclear SMMs, ">~ several mononuclear

complexes with the 3d transition metals V, Cr, Mn, Fe, Nj, and
Cu have been studied.'*™>° Great interest has been devoted to
Co(II) due to its high magnetic anisotropy, strong first-order
spin—orbit coupling, and noninteger ground spin state (S = 3/
2), which conceals quantum tunneling of magnetization
(QTM)."' 2% In this aspect, mononuclear Co(II) complexes
exhibiting slow relaxation of magnetization have been observed
in numerous coordination geometries and coordination
numbers such as two, three, four, five, six, seven, and
eight.w_31 Despite major improvements in mononuclear
Co(II)-based SMMs over the past few years, an appropriate
relationship between the structural parameters and magnetic
properties in Co complexes is still challenging. Intense research
is needed to extend our understanding for the rational design
of desired magnetic materials.

To explore such aspects, herein we disclose a detailed
investigation of magneto—structural chemistry in a series of
mononuclear cobalt(II) complexes based on the tridentate bbp
ligand (bbp = 2,6-bis(1H-benzo[d]imidazol-2-yl)pyridine)
through preparation, detailed physical characterization includ-
ing X-ray structure analyses, magnetic measurements, and EPR
studies, and theoretical calculations. The studies reveal the
effect of the coordination geometry on the magnetic properties
of Co(1I) complexes.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. All manipulations were
carried out under an argon atmosphere using standard Schlenk
techniques unless otherwise stated. Solvents were dried by standard
methods and freshly distilled prior to use. All chemicals were used as
purchased from chemical sources without further purification. The
ligand bbp was synthesized according to a literature procedure.’” The
crystals of the complexes were removed from the mother liquor and
dried on filter paper to remove any adhering solvent, prior to
measurement. The elemental analyses of C, H, and N were performed
with a Thermo Scientific Flash 2000 Organic Elemental Analyzer.
Infrared (IR) spectra were recorded in the range of 4000—400 cm™'
on a Bruker Tensor 27 spectrometer. UV/vis/NIR spectra were
carried out in the region of 250—2000 nm on a Lambda 750 UV /vis/
NIR spectrometer. The UV/vis spectroscopic measurements in
solution were done in quartz cuvettes with a path length of 1 cm.
Solid-state measurements were carried out by taking a 5% sample by
weight in KBr. Thermogravimetric analysis (TGA) was done on a

Mettler Toledo TGA/SDTAS851 analyzer with a heating rate of 5 °C
min~' ranging from room temperature to 300 °C under a nitrogen
atmosphere. Differential scanning calorimetry (DSC) measurements
were performed using a Mettler Toledo DSC 823° differential
scanning calorimeter with a scan rate of S K min™' under a nitrogen
atmosphere. Powder X-ray diffraction (PXRD) measurements were
carried out on a PANalytical Empyrean diffractometer at 45 kV and
30 mA, under Cu Ka radiation (1 = 1.54059 A). PXRD data analyses
were done using PANalytical X’Pert HighScore Plus software.*®
Cyclic voltammetry (CV) measurements were performed with a
Metrohm Autolab PGSTAT101 instrument using platinum as the
working electrode in DMF (for the bbp ligand and complexes 1—3)
and DCM (for complex 3) with 0.1 M "Bu,NPFj as the supporting
electrolyte with a scan rate of 0.1 V/s. The concentration of the
complexes used is around 1 mM. Ferrocene was used as an internal
reference. EPR analyses were done using an EMX Bruker
spectrometer equipped with a dielectric resonator. The temperature
was monitored using an Intelligent Temperature Controller from
Oxford Instrumentation employing a *He flow cryostat. For
measurement of powders, the sample was ground to avoid
microcrystallinity and eventual preferential orientation effects were
checked by rotating the tube in the cavity and double-measuring the
spectra. The powdered sample was installed in 4 mm diameter quartz
tubes. The EPR data were analyzed with the help of EasySpin
software.**

Synthesis of Complexes: [Co(bbp),][Co(NCS),]-4DMF (1),
[Co(bbp)(NCS),(DMF)]-2DMF (2), and [Co(bbp)(NCS),] (3).
Under an argon atmosphere, Co(NCS), (35 mg, 0.2 mmol) was
suspended in dry DCM (10 mL). A solution of bbp (62 mg, 0.2
mmol) in a mixture of dry MeOH and dry DCM (1/2) (18 mL) was
added. The resulting reaction mixture was stirred overnight. The
yellow-green precipitate was filtered off, giving a pink filtrate. Green
crystals of 1 were obtained in 47% yield from slow diffusion of diethyl
ether into a green solution of the obtained precipitate in a mixture of
DMEF and acetone (7/1). Red crystals of 2 were obtained after a long
standing (approximately 20 days) of green crystals of 1 in the mother
solution. Slow evaporation of the pink filtrate gave analytically pure
pink crystals of 3 in 35% yield. Scheme 1 shows schematic
presentations and pictures of crystals of complexes 1—3. Data for 1,
Cy,Hs,Co,N 30,8, (1265.25), are as follows. Anal. Caled: C, 51.26;
H, 4.30; N, 19.93. Found: C, 50.85; H, 4.69; N, 19.87. ATR-IR (only
intense bands): v (cm™") 3084, 2100, 2059, 1671, 1638, 1591, 1574,
1491, 1458, 1414, 1374, 1315, 1251, 1234, 1160, 110S, 1060, 995,
967, 902, 846, 817, 802, 745, 665, 583, 477, 413. Data for 2,
C30H3,CoN (058, (705.72), are as follows. Anal. Calcd: C, 51.06; H,
4.86; N, 19.85. Found: C, 50.81; H, 5.00; N, 19.76. ATR-IR (only
intense bands): v (cm™") 3056, 2991, 2875, 2072, 2052, 1913, 1834,
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Table 1. X-ray Crystallographic Data for Complexes 1-3

1
CCDC no. 1916563
empirical formula Cs,H;4Co,N 50,8,
formula wt 1265.25
temp (K) 120(2)
cryst syst triclinic
space group P1
a (A) 10.4390(4)
b (A) 17.1419(6)
¢ (A) 17.3692(6)
a (deg) 90.118(2)
B (deg) 103.278(2)
7 (deg) 93.755(2)
v, A3 3018.07(19)
V4 2
deiea (g cm™) 1.392
u (mm™) 0.748
F(000) 1308
Opnax (deg) 25.399
completeness (%) 99.8
no. of rflns collected 11102
no. of indep rflns 8950
goodness of fit on F* 1.044
final R indices (I > 26(1))“ R1 = 0.0600
wR2 = 0.1479
final R indices (all data)” R1 = 0.0762
wR2 = 0. 1576

“R1 = YIE — IENl/YIE,] and wR2= [Sw(IER — IER)l/ hw(E, )]

2 3
1916572 1916573
C30H34CoN055, CyH3CoN/S,
705.72 486.45
293(2) 120(2)
triclinic triclinic
P1 P1
11.6648(17) 9.4850(6)
11.8019(17) 9.8536(7)
12.8244(18) 11.3697(8)
95.193(7) 100.998(3)
98.785(7) 91.074(3)
92.871(7) 106.602(3)
1734.0(4) 996.59(12)

2 2

1.352 1.621

0.661 1.096

734 494

27.484 25.398

99.8 99.9

7913 3661

4550 2977

1.000 1.022

R1 = 0.0620 Rl = 0.0326
wR2 = 0.1313 wR2 = 0.0689
R1 = 0.1196 R1 = 0.0465
wR2 = 0.1568 wR2 = 0.0740

1789, 1642, 1606, 1493, 1460, 1385, 1317, 1253, 1235, 1160, 1146,
1105, 1064, 993, 967, 938, 905, 846, 817, 753, 694, 666, 628, 584,
536, 480, 459, 433. Data for 3, C,H,;3CoN,S, (486.45), are as
follows. Anal. Calcd: C, 51.85; H, 2.69; N, 20.16. Found C, 51.62; H,
2.97; N, 20.01. ATR-IR (only intense bands): v (cm™) 3088, 2103,
2077, 1625, 1590, 1571, 1454, 1398, 1312, 1234, 1145, 1116, 1086,
1015, 993, 947, 931, 909, 895, 812, 762, 733, 655, 581, 567, 468, 425.

Magnetic Measurements. The magnetic susceptibility measure-
ments were performed with a Quantum Design MPMS-XL SQUID
magnetometer, between 1.8 and 300 K for dc applied fields ranging
from —7 to 7 T for 1 and 3. For complex 2, magnetic susceptibility
measurements were carried out with a Quantum Design MPMS-XL
SQUID magnetometer and a Quantum Design PPMS EverCool-II
apparatus, between 1.8 and 300 K and between 2.5 and 280 K,
respectively, for dc applied fields ranging from —7 to 7 T in mother
liquor. Polycrystalline samples of 1—3 (11.10, 15.27, and 5.71 mg,
respectively) placed in a polyethylene bag (2.4 X 0.6 X 0.02 cm) were
subjected to measurements. The temperature-dependent data were
measured using a 2500 Oe dc field for 1 and a 1000 Oe dc field for 2
and 3. The isothermal magnetization data were acquired at 3 and 5 K
for 1, at 2.5, 3, 5, and 8 K for 2, and at 4 and 6 K for 3. The ac
susceptibility measurements were carried out with an oscillating ac
field of 3 Oe with frequency ranging from 1 to 1500 Hz (for 1 and 3)
and from 1 to 10000 Hz (for 2). The frequency dependence was
measured at different external dc magnetic fields ranging from 500 to
6000 Oe at 1.8 K (for 1 and 3) and from 0 to 10000 Oe at 2 K (for
2). M vs H measurements were performed at 100 K to check for the
presence of ferromagnetic impurities, which were found to be absent.
The magnetic data were corrected for the sample holder and the
diamagnetic contribution.

X-ray Crystallography. Single-crystal X-ray structure analysis
data of complexes 1—3 were collected with a Bruker SMART APEX
CCD diffractometer equipped with graphite-monochromated Mo Ka
radiation (4 = 0.71073 A). The single crystals were mounted on
crystal mounting loops with the help of Paratone oil at 240 K and
slowly cooled to 120 K at a 2 K/min ramping rate, followed by data

collection at 120 K for 1 and 3. For complex 2, data collection was
done at 293 K. Data integration and reduction were performed with
the help of SAINT software, and empirical absorption corrections
were applied with the SADABS program.” Structures were solved
using direct methods and refined with a full-matrix least-squares
method on F* using SHELXL-2014.>° All non-hydrogen atoms were
refined using anisotropic displacement parameters. Hydrogen atoms
were located in ideal positions and refined isotropically using a riding
model. Crystal data and refinement parameters are given in Table 1.
Selected bond lengths and bond angles are given in Table SI.
Nonroutine aspects of structure refinement are as follows. One of the
NCS~ ligands on the [Co(NCS),]*” anion in 1 is dynamically
disordered. We modeled this issue as a disorder over three positions
with fixed occupation factors (0.3:0.5:0.2). The values of the
occupation factors were determined using the SUMP instruction in
the refinement. One of the noncoordinated DMF molecules exhibits
large thermal movement, but attempts to model it as a disorder over
two positions did not result in any improvements, and therefore the
potential disorder of this molecule was left unresolved in the final
refinement.

Theoretical Calculations. The ORCA 4.1 computational package
was used for quantum chemical calculations.®”*® First, the molecular
structures of [Co(bbp),]** and [Co(NCS),]*” of 1, [Co(bbp)-
(NCS),(DMF)] of 2, and [Co(bbp)(NCS),] of 3 were extracted
from X-ray data and the positions of hydrogen atoms were optimized
with the DFT method using the PBE functional. Next, calculations of
the zero-field splitting (ZFS) parameters were carried out using state
average complete active space self-consistent field (SA-CASSCF)*
wave functions complemented by N-electron valence second-order
perturbation theory (NEVPT2)***" using the triple-{ basis set def2-
TZV™ for all atoms. In 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 excited states, were calculated through quasi-degenerate
perturbation theory (QDPT),* in which an approximation to the
Breit—Pauli form of the spin—orbit coupling operator (SOMF
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Scheme 2. Synthesis of 1-3
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2 [Co(bbp)(NCS),(DMF)] <———— [Co(bbp),][Co(NCS)s] <——— 2 Co(NCS), + 2 bbp ———> 2 [Co(bbp)(NCS),]

approximation)** and the effective Hamiltonian theory®® were
utilized. The calculations utilized the RIJCOSX approximation with
the auxiliary basis sets defl/_]46 and def2-TZVP/C.* Increased
integration grids (Grid6 and GridX6 in ORCA convention) and tight
SCF convergence criteria were used in all calculations. Ab initio ligand
field theory (AILFT) was utilized for energy calculations of d
orbitals.***’ Moreover, recently introduced dynamic correlation
dressed CAS with a second-order treatment (DCD-CAS(2)) was
also utilized to calculate ZFS parameters as well, where the spin—orbit
and the spin—spin interactions were included.>

B RESULTS AND DISCUSSION

Synthesis. Complexes 1 and 3 were prepared by the
reaction of Co(NCS), and the bbp ligand in a mixture of
DCM and MeOH (Scheme 2). Slow diffusion of diethyl ether
into the solution of the reaction precipitate in a mixture of
DMF and acetone gave green crystals of 1. Pink crystals of 3
were obtained from slow evaporation of the reaction filtrate.
Green crystals of complex 1 on prolonged standing in mother
solution (DMF/acetone) converted to red crystals of 2
through a structural transformation. In summary, the observed
transformations can be described best by a simple reaction
equation with two kinetically different steps in the crystal-
lization of the reaction precipitate from DMF/acetone
(Scheme 2), whereas a slower step involves solvolysis of the
[Co(bbp),]** and [Co(NCS),]>” molecules, resulting in the
formation of [Co(bbp)(DMF)(NCS),].

The purity of all complexes was confirmed by elemental
analyses and PXRD measurements (Figures S1—S3). The
thermal stabilities of all complexes were studied by TGA up to
300 °C (Figure S4). Complexes 1 lost two crystallized DMF
molecules around 125 °C and one crystallized DMF molecule
around 185 °C, whereas complex 2 started to lose a crystallized
DMEF molecule above 80 °C. However, complex 3 is stable in
the measured temperature range. The complexes have been

well characterized by IR, UV/vis/NIR, and electrochemistry
(Figures S6—S14).

Structure Analysis. Single-crystal X-ray diffraction analysis
was performed on suitable single crystals of 1 and 3 at 120 K
and 2 at 293 K. Complex 1 crystallizes in triclinic space group
PL. Its crystal structure consists of a cationic [Co(bbp),]*
unit, an anionic [Co(NCS),]*” unit, and four molecules of
crystallized DMF (Figure 1). The overall coordination

Figure 1. Perspective view of complex 1. Hydrogen atoms and solvent
molecules are omitted for clarity (Co, pink; C, gray; N, blue; S,
orange).
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Figure 2. Perspective views of the molecular structure of 1 displaying N—H:--O hydrogen bonds (violet dotted lines) (left) and the supramolecular
double chain formed by weak intermolecular 77 interactions (red and green dotted lines) (right). Hydrogen atoms, solvent molecules, and

counteranions are omitted for clarity.

geometry of the cationic [Co(bbp),]*" unit of 1 is best
described as a distorted octahedron with a CoNy environment
using the continuous shape measures (CShM) program’'
(Table S2), where the cobalt center is coordinated to six
nitrogen donor atoms of two mutually perpendicular bbp
ligands. An angular distortion of [Co(bbp),]** is observed in
the N—Co—N angles. The N—Co—N angles for the nitrogen
atoms in cis arrangements are in the range of 75.7—116.2°,
while those in a trans disposition are in the range of 150.7—
168.1°. The Co—N bond lengths to the central pyridyl rings
(2.092(3) and 2.090(4) A) are slightly shorter than those
involving the outer benzimidazolyl rings (2.140(3)—2.177(3)
A). The average Co—N bond length of 2.138 A suggested a HS
state of the central Co(II) atom. The coordination geometry of
the [Co(NCS),]*” complex anion in 1 is best described as a
distorted-tetrahedral geometry (Table S2) with an average N—
Co—N angle of 109.9° and average Co—N bond length of
1.946 A. The coordinated thiocyanate anions are almost linear
with an average N—C—S angle of 178.5°; however, the Co—
N-C angles are slightly bent with values ranging from
164.4(9)° to 174.3(5)°.

The DMF molecules in the structure of 1 are participating in
hydrogen bonds. The NH group of the uncoordinated
benzimidazolyl ring of the bbp ligand is hydrogen-bonded to
the oxygen atom of the DMF molecule with N---O distances of
2.673—2.767 A (Figure 2 and Table S3). In addition, the
crystal structure of 1 is stabilized by intermolecular 7—n
interactions between the benzimidazolyl rings as well as
pyridinyl rings of the bbp ligands, as shown in Figure 2. The
shortest Co--Co distance between [Co(bbp),]>* and [Co-
(NCS),]*" is 8.392(9) A, while the shortest Co---Co distance
between the two [Co(bbp),]** cations is 9.3513(8) A.

An X-ray structure analysis shows that complex 2 crystallizes
in triclinic space group PI. Its crystal structure consists of a
mononuclear neutral [Co(bbp)(NCS),(DMF)] unit and two
molecules of crystallized DMF (Figure 3). The overall
coordination geometry of 2 is best described as a distorted
octahedron with a CoNsO environment (Table S2). In the
complex, the cobalt center is coordinated to three nitrogen
donor atoms of the bbp ligand, two nitrogen donor atoms of
two thiocyanate anions, and one oxygen donor atom from a
DMF molecule. The trans N(1)—Co—N(4), N(3)—Co—N(6)
and N(7)—Co—O(1) angles are 150.5(1), 174.2(1), and
174.3(1)° respectively, whereas cis N—Co—N and N—Co—O

X
‘7‘2
y
Figure 3. Perspective view of complex 2. Hydrogen atoms and solvent

molecules are omitted for clarity (Co, pink; C, gray; N, blue; O, red;
S, orange).

angles are in the range of 75.4(1)—106.9(1)°. The Co—Ny,,
bonds with an average distance of 2.146 A are longer than Co—
Nycs bonds with an average value of 2.050 A, while the Co—
Oppe bond distance is 2.272(3) A. These values are similar to
the expected HS Co(II) complexes in an octahedral geometry.
The coordinated thiocyanate anions are almost linear with N—
C—S angles of 178.9(4) ((N(7)—C(20)—S(1)) and 179.3(4)°
(N(6)—C(21)—S(2)); however, Co—N(6)—C(21) is almost
linear with a value of 173.1(4)° and Co—N(7)—C(20) is
significantly bent with a value of 142.8(3)°.

In the complex 2, the DMF molecules form N—H--O
hydrogen bonds with the NH groups of the benzimidazolyl
ring of the bbp ligand with N--O distances of 2.746(S) and
2.712(5) A and N—H--O angles of 176.15 and 178.29°
(Figure 4). Moreover, the crystal structure of 2 is stabilized by
intermolecular 7—7 interactions between pyridinyl rings of the
bbp ligands and intermolecular C—H--N and C—H---C
interactions, as shown in Figure 4. Short intra- and
intermolecular contacts are collected in Table S3. The shortest
Co--Co distance between two [Co(bbp)(NCS),(DMF)] units
is 8.556(1) A.

Complex 3 crystallizes in triclinic space group P1. Its crystal
structure consists of a mononuclear neutral [Co(bbp)(NCS),]
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Figure 4. Perspective views of the molecular structure of 2 displaying N—H---O hydrogen bonds (violet dotted lines) (left) and the fragment of the
supramolecular structure formed by weak intermolecular -7 (red dotted lines), C—H---N (green dotted lines), and C—H--C (cyan and purple

dotted lines) interactions (right).

unit (Figure 5). The overall coordination geometry of 3 is best
described as a distorted square pyramid with a CoNj

zt"‘—‘x

Figure S. Perspective view of complex 3. Hydrogen atoms and solvent
molecules are omitted for clarity (Co, pink; C, gray; N, blue; S,
orange).

environment (Table S2), where the cobalt center is
coordinated by three nitrogen donor atoms of the bbp ligand
and two nitrogen donor atoms of the two thiocyanate ligands.
The nitrogen atoms of the bbp ligand and one of the
thiocyanate nitrogen atoms occupy equatorial positions with
two trans-positioned N—Co—N angles of 151.3(1)° for
(N(1)—Co—N(4) and 134.3(1)° for N(3)—Co—N(7), while
the other thiocyanate nitrogen atom occupies an apical
position. These angles deviate significantly from the ideal
values in an perfect square-pyramidal geometry, and thus the
coordination geometry in 3 can be classified using the Addison
parameter (7) to be closer to square pyramidal (z = 0.28,
where 7 = 0 for ideal square pyramidal and 7 = 1 for ideal
trigonal bipyramidal).”* In the complex, the average Co—N
bond length of 2.067 A indicates a HS state of the central
Co(Il) atom. The coordinated thiocyanate anions are almost
linear with N—C—S angles of 177.8(2) and 177.2(3)%
however, the Co—N—C angles are 161.9(3) and 162.6(3)°.
In addition, the complex molecules are assembled in
supramolecular chains by N—H:--S intermolecular hydrogen

bonds between the sulfur atom of a thiocyanate anion and an
uncoordinated nitrogen atom of the bbp ligand with N---S
distances of 3.313(2) and 3.271(2) A (Figure SS and Table
S3).

Magnetic Studies. The temperature dependence of ¥T (y
is the magnetic susceptibility, equal to M/H per two Co" ions)
was studied on 1 in the temperature range of 2—300 K at 2500
Oe (Figure 6). At 300 K, the measured yT value is 4.5 cm®

Ty T (cm°mol™)

o1

A2

o 3
0 T T T T

T T
0 50 100 150 200 250 300
T(K)

Figure 6. Temperature dependence of yT for 1—3. The empty
symbols denote experimental data and full lines calculated data with
the parameters in the text.

mol™" K, which lies in the expected range for two HS d” Co"
ions (S =2 X 3/2, g=20; T =2 X 1.875 cm® mol™"' K)
(contribution from one pseudo-octahedral and another
tetrahedral Co(II) coordination polyhedron).*™>* The yT
value decreases gradually with a decrease in the temperature to
reach a value of 4.1 cm® mol™ K at 50 K and then decreases
abruptly, reaching a minimum of 2.6 cm® mol™ K at 2 K. In
addition, Co(II) complexes in a similar type of Co(N3),
coordination environment exhibit spin crossover behavior
depending on the appropriate ligand field.*~** However, for
complex 1, we have not observed any such property in the
measured temperature range from 2 to 300 K, which is also
confirmed by DSC measurements (Figure S30).
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Table 2. Ab Initio Calculated and Fitted Spin Hamiltonian Parameters for Compounds 1-3

[Co(bbp),]** of 1

[Co(NCS),]* of 1

[Co(bbp)(NCS),(DMF)] of 2 [Co(bbp)(NCS),] of 3

ZFS and g Values Based on CASSCF/NEVPT?2 Calculations

D (em™) 46.7 -1.23 96.6 394
E/D 0.093 0.209 0.274 0.137
& 2.429 2.230 2223 2.364
g 2.569 2224 2.962 2.477
g 2.051 2.241 1.900 2.041
ZFS Values Based on CASSCF/DCD-CAS(2) Calculations
D (em™) 49.0 -1.32 99.3 41.0
E/D 0.093 0.211 0.278 0.113
Magnetic Analysis of the Experimental Data

D (ecm™) 39.0 0.0 69.5 38.1
E/D 0.09 0.0 0.12 0.0
iso 2.16 2.16 Gy = 246, g, = 2.00 2.04

The magnetic properties of 2 were investigated by
measuring the temperature dependence of yT in the
temperature range of 2.5—280 K at 1000 Oe (Figure 6). The
measured yT value at 280 K is 2.57 cm® mol™! K, which is
significantly larger than the spin-only value for one HS d” Co"
ion (S =3/2, g=2.0; ¥T = 1.875 cm® mol™" K), indicating the
presence of an orbital angular momentum contribution.”*~>*
Upon a decrease in the temperature, the yT value decreases
slowly to reach a value of 2.39 cm® mol™ K at 100 K. On a
further decrease in temperature, the yT value decreases
abruptly to a value of 1.68 cm® mol™ K at 2.5 K. DSC
measurements confirm the absence of phase transition at the
measured temperature range from 295 to 130 K (Figure S31)
and thus the absence of spin crossover properties.

Magnetic investigations of 3 were carried out by measuring
the temperature dependence of yT in the temperature range of
2—-300 K at 1000 Oe (Figure 6). The measured yT value at
300 K is 2.21 cm® mol™! K, which is slightly larger than the
spin-only value for one HS d” Co™ ion (S = 3/2, g =2.0; T =
1.875 cm® mol'K), suggesting the presence of an orbital
angular momentum contribution.’>™® The yT value decreases
gradually with a decrease in the temperature to reach a value of
1.97 cm® mol™" K at 90 K and then decreases abruptly,
reaching a minimum of 1.14 cm® mol™' K at 2 K.

In all complexes 1-3, the decrease in yT value at low
temperature is probably due to the combined effect of the
magnetic anisotropy and spin—orbit coupling coming from a
HS Co(II) ion and also to the weak antiferromagnetic
intermolecular interactions.

In the case of compound 1, there are two distinct
paramagnetic centers and the spin Hamiltonian was formulated
as

2
A~ A2 A2 A2 A2 A
A=).D(, -87/3) +ES. - $,) + uyBgS,
i=1

- 7($))S, (1)

and incorporates the single-ion axial (D) and the single-ion
rhombic (E) ZFS parameters, the Zeeman term defined for a
direction of the magnetic field as B, = B(sin 6 cos ¢, sin 0 sin
@, cos 60) using the spherical coordinates and also zj, the
molecular field correction. Next, the molar magnetization for
any a direction of the magnetic field (M,) was computed by
the formula

M = —N Zi (Zk Z; C;Z(Za)kzcli) eXP(—Eu,i/kT)
o Y, exp(—¢, ,/kT) ®)

in which the matrix elements of the Zeeman term (Z,) and the
eigenvectors (C) of the complete spin Hamiltonian matrix
computed along the a direction of the magnetic field are
exploited. Moreover, the occurrence of a molecular field
correction implies that the iterative technique must be
employed.®* Finally, an integral averaging was applied to
compute the powder average of the molar magnetization using
eq 3.

1 2 b4
Mm:—f /Mu'eded
' ando 0 - ¢ (3)

According to the theoretical CASSCF/NEVPT2 calculations
(vide infra), the D parameter of the [Co(NCS),]*” complex
anion of 1 should be negligibly small in comparison with the
value of D for the [Co(bbp),]** complex cation (Table 2).
Therefore, D,,;,, was fixed to zero to prevent overparametriza-
tion of the model. As a result, the best-fit parameters were
found to be Do, = 39.0 cm™, E/D = 0.09, g = 2.16, and yqpp

= 3.8 X 107" cm® mol™ with zj = —0.18 cm™, where yrp
stands for the temperature-independent paramagnetism
(Figure 6).

Next, the experimental magnetic data of 2 were treated with
a spin Hamiltonian for the mononuclear system with zero-field
splitting

A A2 A2 A2 a2 R
H=D(S, —87/3) +E(S, = S,) + uyBgs, (4)

which resulted in D = 69.5 ecm™, E/D = 0.12, and 8y = 246
with the fixed parameter g, = 2.00 (Figure 6). However, the
theoretical calculations for this complex suggests that there are
low-lying excited states (vide infra), which makes the
application of the spin Hamiltonian formalism questionable.
The *F atomic term fragments into the 4T1g ground state and
excited 4T2g and 4A2g states upon formation of Co(II)
(pseudo)octahedral complexes. Thus, the ground state
possesses an unquenched orbital angular momentum and the
formalism of the spin Hamiltonian is forbidden.®>*° Such a
situation was treated by Griffith and Figgis,*”*® who described
the splitting of energy levels arising from the 4Tlg state with the
L-S Hamiltonian using this equation
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A=-aiSL)+ A, 0L] —L7/3) + AL - L)

+ MBE(geg — al) (s)

where the parameters A, and A, measure splitting of the 4Tlg
ground term produced by lowering of the symmetry, a is an
orbital reduction factor, 4 is the spin—orbit coupling, and g, is
the free-electron g factor (2.0023). This Hamiltonian exploits
T,-P isomorphism; consequently, the angular orbital momen-
tum L is equal to 1 with the effective Lande g factor g = —a
and is applied to IS,L,MgM;) functions with M; = 0, +1 and
Mg = +1/2, +3/2.°° The orbital reduction factor a equals Ak;
thus, it assimilates two parameters, namely A, which is the
Figgis coeflicient of the configuration interaction resulting
from the admixture of the excited terms reflecting the ligand
field strength (1 < A < 3/2), and « defines the lowering orbital
contribution caused by covalency of the metal—ligand bond
and is typically in the range 0.70 < k < 1. Furthermore, the
spin—orbit coupling parameter A can be also reduced in
comparison with its free-ion value 4o = —180 cm™ due to the
covalent character of the donor—acceptor bond. Thus, the
magnetic data of 2 were also treated with the L-S Hamiltonian
(eq S), which resulted in the following parameters: a = 0.93,
=—172 ecm™, A, = =733 em™!, A, = —10S cm™" (Figure
S36). These parameters are in accordance with the parameters
obtained from the evaluation of CASSCF/NEVPT2 calcu-
lations (vide infra).

The last complex 3 was again analyzed with the spin
Hamiltonian in eq 4, and the best fit was obtained with D =
38.1 cm™', E/D = 0.0, g = 2.04, and ygpp = 9.0 X 107* cm’®
mol™!, confirming the large magnetic anisotropy of this
complex.

The field dependence of magnetization studies for 1 was
carried out from 0 to 7 T at 3 and S K (Figure 7 and Figure

Figure 7. Field dependence of the magnetization as M vs B plots of
1-3. The empty symbols denote experimental data and the full lines
calculated data with the parameters in the text.

S§15). At 3 Kand 7 T, the magnetization value is 5.38 ug, which
is slightly lower than the expected value for two S = 3/2
systems. In addition, M vs H/T measurements display
nonsuperposition of the data on a single master curve (Figure
S15), suggesting the presence of magnetic anisotropy in this
system. The field-dependent magnetization measurements for
2 were performed from 0 to 9 T at 2.5, 3, S, and 8 K (Figure 7
and Figure S16). The magnetization value at 2.5 K and 9 T is

2.22 py, which is lower than the expected value of an S = 3/2
system. Moreover, M vs H/T measurements show non-
superposition of the data on a single master curve (Figure
S16). The nonsaturation and nonsuperposition of the
magnetization curves suggest the presence of magnetic
anisotropy and/or low-lying excited states. The field depend-
ence of magnetization studies for 3 was performed from 0 to 7
T at 4 and 6 K (Figure 7 and Figure S17). At 4 K and 7 T, the
magnetization value is 1.82 up, which is lower than the
expected value of a S = 3/2 system. M vs H/T measurements
display nonsuperposition of the data on a single master curve
(Figure. S17). M vs H and M vs H/T curves suggest the
presence of magnetic anisotropy. No hysteresis was observed
in M vs H at 2 K from —70000 to +70000 Oe with a sweep rate
of 100—600 Oe (Figure S18).

In order to understand the slow dynamics of magnetization,
ac susceptibility measurements were carried out on 1-3. The
real (y') and imaginary (y”) components of the ac
susceptibility under zero dc field were measured at low
temperature at driving frequencies up to 1500 Hz (for 1 and 3)
and 10000 Hz (for 2) (Figure 8 and , Figures $19—S21). No
out-of-phase y” signal under zero dc field was observed for any
of the three complexes, indicating that effective quantum
tunneling of magnetization (QTM) occurred at zero dc field.

It was demonstrated that the external magnetic field strongly
affected the QTM. Thus, in order to minimize the probability
of the quantum relaxation pathway in zero dc field and to
estimate the energy barrier accurately, the ac susceptibility was
measured under different dc fields. It is worth mentioning that
no slow relaxation of magnetization was detected in the case of
complex 1 from ac susceptibility measurements even by using a
6000 Oe dc magnetic field (Figure S21), although slow
relaxation of magnetization has recently been reported in
[Co(N3),][Co(NCS),] (N3 = tridentate N-donor ligand)
types of complexes as well as in the [Co(NCS),]*>” unit with
different metal cation complexes.”’”"*

For complex 2, the dynamics of the magnetization was
studied under different applied dc fields up to 10000 Oe at 2 K
to reduce the possibility of a quantum relaxation pathway
(Figure 8). A generalized Debye model”* was employed to fit
¥ vs vand " vs U to obtain the characteristic frequency of
relaxation (Figure S22). A plot of the characteristic frequency
(maxima of ¥” vs v plot) vs applied different dc fields gives an
optimum dc field of 1000 Oe, where the dynamics is the
slowest (Figure S23).

Accordingly, ac susceptibility measurements were performed
using a 1000 Oe external dc field at different temperatures and
ac frequencies (Figure 9).

A clear maximum is detected in the y” vs v plot at 1000 Oe,
allowing us to deduce the relaxation time. A linear fit of the
experimental 7 vs 1/T plot using the Arrhenius equation allows
an estimation of the energy barrier A g/kz = 35.4 K and the
pre-exponential factor 7, = 4.03 x 107 s (Figure 10).
Moreover, the whole temperature dependence of the relation
times was fitted to a combination of direct, Raman, and
Orbach relaxation processes using

1 1 A
S~ =AT+CT" + — exp(— eff)
T 7, kT

which resulted in A = 128 K™' s}, C=39.4 K" s}, n = 4.01,
7o = 859 X 107 s7', and A4 = 532 K (Figure 10).
Alternatively, the only slightly poor fit was achieved by the
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Figure 8. Frequency dependence of the real (y/, left) and imaginary (y”, right) components of the ac susceptibility at different ac frequencies from
1 to 10000 Hz and different external dc field from 10 to 10000 Oe, respectively, with a 3 Oe ac field for 2 at 2 K.
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Figure 9. Frequency dependence of the real (i, left) and imaginary (y”, right) components of the ac susceptibility at different ac frequencies from
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Figure 10. Temperature dependence of the magnetization relaxation
time as 7 versus T~ plot for 2 in a 1000 Oe dc field. The full lines
correspond to various combinations of the relaxation processes as
described in the text.

combination of direct and Raman relaxation processes with A
=284 K's7!, C=13.6 K" s, and n = 477 (Figure 10),
suggesting that at such low temperatures the first excited
Kramers doublet is high in energy and thus its low Boltzmann
population makes the Orbach relaxation pathway inefficient.
The Cole—Cole plots were fitted using a generalized Debye
model (Figure S24 and Table S4); details of this fitting are

given in the Supporting Information. From the Cole—Cole
plots, we obtained different values of @, which lie in the range
of 0.04—0.36, suggesting a narrow distribution of the relaxation
times () (Figure S25).

Under an applied dc field, complex 3 shows frequency-
dependent signals in both components of the ac susceptibility,
which suggest the slow relaxation of the magnetization. Similar
to the case for complex 2, ac susceptibility measurements were
carried out at different applied dc fields up to 6000 Oe at 1.8 K
(Figure S26). From the ac measurements and the field
variation of the characteristic frequency (Figure S27), quantum
effects are evidently minimized around 1500 Oe, as displayed
by the minimum of the characteristic frequency at this dc field.
Therefore, ac susceptibility measurements were carried out
under 1500 Oe external dc field at different temperatures and
ac frequencies (Figure 11 and Figure S28) to calculate the
temperature dependence of the relaxation time.

A relaxation mode is detected on y” vs v data. From the ac
data (Figure 11), an Arrhenius plot was produced, as shown in
Figure 12. The relaxation shows a thermally activated behavior
with the energy barrier A ¢/kg = 6.9 K and the pre-exponential
factor 7, = 1.8 X 10™° s. From the Cole—Cole plots, we
obtained different values of @, which are in the range of 0.03—
0.41, also indicating a narrow distribution of the relaxation
times (7) (Figure S29 and Table SS).

Very recently Mondal”® et al. reported the magnetic
properties of the similar complex [(Co(bbp)(NCS),], where
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Figure 11. Frequency dependence of the real (¢/, top) and imaginary (y”, bottom) components of the ac susceptibility at different ac frequencies
from 1 to 1500 Hz and different temperatures from 1.8 to 5.4 K, respectively, with a 3 Oe ac field for 3 at 1500 Oe external dc field.
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Figure 12. Temperature dependence of the magnetization relaxation
time as 7 versus T~ plot for 3 in 1500 Oe dc field.

they demonstrated the magnetic anisotropic parameter D to be
10.7(4) em™, which is significantly lower than the expected
value of around 30—70 cm™ for Co(II) with a square-
pyramidal coordination geometry.” The authors further
reported an effective energy barrier of 9.7 K and a relaxation
time of 4.6 X 10> s under a static magnetic field of 1000 Oe.
Indeed, the analysis reported herein ended with D ~ 40 cm™
and the results are also supported by CASSCF/NEVPT2
calculations (Table 2). In addition, the analysis reported herein
also ended up with the optimization of the applied dc field of
1500 Oe as well as the deduction of an effective energy barrier
of 6.9 K and a relaxation time of 1.8 X 107> s under the
optimized applied dc field.

X-band EPR experiments were performed on powdered
samples of 1 and 3 in the temperature range of S—50 K (Figure
13). The signal intensity for both complexes decreases with an
increase in the temperature, which indicates the presence of a
positive D value. Simulation of the spectra of 1 and 3 at 5 K are
given in Figures S33 and S34 in the Supporting Information.

Theoretical Calculations. In order to get a better insight
into the electronic structure and ZFS parameters, theoretical
calculations on the complexes extracted from the experimental
X-ray structures of 1—3 were applied for the ab initio, DFT,
and semiempirical SCF-MO package ORCA 4.1. First, the
post-Hartree—Fock multireference calculations built on the
state-averaged complete active space self-consistent field

_j\/’_ S0k
10K
5K
I e T B T B T B T B 1
0 100 200 300 400 500
H/mT
50K

J\/_\f 25K
J/\WSK

—
0 100 200 300 400 500 600
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Figure 13. Variable-temperature X-band EPR spectra of the
polycrystalline powder of 1 (top) and 3 (bottom).

method (SA-CASSCF) were accomplished using the def2-
TZVP basis set. Such calculations resulted in the spin
Hamiltonian parameters: particularly, the zero-field splitting
parameters D and E. Due to the 3d” electronic configuration of
Co" ions, the active space CAS(7,5) was defined by seven
electrons in five d orbitals. In addition to the standard N-
electron valence state perturbation theory (NEVPT) used, we
have exploited dynamic correlation dressed CAS with the
second-order treatment (DCD-CAS(2)) to treat dynamic
electron correlation effects. For the calculations of the energy
of the d orbitals, ab initio ligand field theory (AILFT) was
applied (Figure 14). The increasing coordination number from
four to six is reflected in increasing overall splitting of d orbitals
from the tetracoordinate [Co(NCS),]*~ complex of 1 through
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Figure 14. Graphical representation of the CASSCF/NEVPT with CAS(7,5) calculations for the molecular fragments [Co(bbp),]** and
[Co(NCS),]*™ of 1, [Co(bbp)(NCS),(DMF)] of 2, and [Co(bbp)(NCS),] of 3. Plot of the d orbital splitting calculated by ab initio ligand field
theory (AILFT) (left), low-lying ligand-field terms with various multiplicities (middle), and ligand-field multiplets showing the zero-field splitting

(right).

the pentacoordinate [Co(bbp)(NCS),] complex of 3 to the
hexacoordinate [Co(bbp),]>" and [Co(bbp)(NCS),(DMF)]
complexes of 1 and 2, respectively. In the case of ideal
symmetry, we could expect two sets of e and t, orbitals for T
point group symmetry, four sets of e, b,, a;, and b, orbitals for
C4, point group symmetry, and finally two sets of t,, and e,
orbitals for O, point group symmetry. However, in all
complexes the degeneracy of d orbitals is removed due to
the nonhomogenous ligand field and lower symmetry of the
coordination polyhedra (Figure 14, left). Calculated quartet
and doublet ligand-field terms originating from the 3d’
electron configuration are shown in Figure 14 (middle),
where in all cases the quartet is the ground state, in agreement
with the high-spin state of complexes under study. The
subsequent spin—orbit interaction leads to the ligand-field
multiplets, hence the zero-field splitting of S = 3/2, which is
clearly visible in Figure 14 (right). Large and positive D
parameters of ~40—50 cm™' were calculated for the [Co-
(bbp),]*" complex of 1 and the [Co(bbp)(NCS),] complex of
3, whereas a minute and negative D parameter is found for the
[Co(NCS),]*” complex of 1. The largest D parameter was
derived for the [Co(bbp)(NCS),(DMF)] complex of 2,
reaching a value of ~100 cm™ (Table 2). However, the
calculated g tensor and D tensor parameters for this complex
may not be fully valid due to the existence of the low-lying
excited states (Figure 14), which limit the applicability of the
spin Hamiltonian approach. Therefore, we have analyzed the
CASSCF/NEVPT?2 zero-field multiplet energy levels arising
from the splitting of the 4Tlg ground term with the L-S
Hamiltonian (eq 5).** Fitting the energies of the six lowest
Kramers doublets resulted in the following parameters: a-1 =
—245 cm™, A, = =714 cm™', and A, = =151 cm™! (Figure
§35). To summarize, both methods dealing with the dynamic

electron correlation provided similar ZFS parameters and, in
general, there is good quantitative agreement with the
parameters fitted from the experimental magnetic data of 1-3.

B DISCUSSION

To discuss the relationship between the geometry of the
coordination polyhedron and the magnetic anisotropy, we start
with tetracoordinate Co™ complexes. The structural parameter
& proposed by Boca et al. was based on two angles, £(X-Co-X)
(a) and £(Y—Co-Y) () for [CoX,Y,] complexes, as § =
2ar4 — (a + ), where arq = 109.5°, and it was suggested that
this should directly correlate with D.”” A later study by Nemec
et al. showed that such a relationship between ¢ and D is not
linear in general.78 In case of tetracoordinate [Co(NCS),]*~ of
1, the homoleptic nature of this complex made it difficult to
calculate §; however, the symmetry is close to ideal T,
symmetry for which D = 0 and, indeed, the CASSCEF/
NEVPT?2 calculation resulted in a very small D value of —1.23
cm™! (Table 2). Also, other homoleptic tetrahedral complexes
of Co'! were studied,”” and an attempt to correlate D with the
continuous symmetry measure (CShM) of SHAPE was
reported.®

The pentacoordinate complexes usually varied between
trigonal-bipyramidal and square-planar arrangements, where
the latter can possess a large contribution of the angular orbital
momentum to the ground state. Recently, the magneto—
structural correlation of D based on the Addison parameter 7
was reported, showing that the square-pyramidal Co"
complexes adopt large and negative D values and, moreover,
that the sign of D is changed to positive on a transition to the
chromophore geometries closer to the trigonal-b?wamidal
arrangement, with the crossing point at 7 ~ 0.3.”° Another
correlation was later reported for complexes close to a trigonal-
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bipyramidal arrangement, for which small values of IDI are
expected.®’ Thus, for a value of 7 = 0.28 in 3 we could expect
IDI to be roughly around 40 cm™, which was also found
experimentally with D = 39.4 cm™. Similar pentacoordinate
complexes were also studied recently, and extensive modeling
based on the CASSCF/DCD-CAS(2) method confirmed the
huge potential of such molecular species for achieving systems
with large axial magnetic anisotropy.*”

The hexacoordinate Co" complexes are well-known to
possess a 4T1g ground state in ideal O, symmetry, which,
however, is prohibited by the Jahn—Teller theorem, leading to
geometrical distortions. The foundations of the magnetism
were originally laid down by Figgis*® and Griffith,*® as already
mentioned during the analysis of compound 2. A lowering of
the ligand field symmetry can lead to *A or *B well-isolated
ground states, for which a spin Hamiltonian is an adequate
model for the magnetism, and Boca et al.*® reported a
nonlinear magneto—structural correlation for the axial and
rhombic specifically defined structural parameters. Importantly,
both positive and negative large D values can be found in
distorted-octahedral Co" complexes e.g. by synthetic mod-
ification of the tripodal ligands®* or by modification of the
ligands in the axial positions, where in addition to CASSCF ab
initio methods also the AOM (angular overlap model) was
successfully employed.*>™®" Especially for these systems the
theoretical methods are important to guide the interpretation
of the magnetic data and the choice of the proper Hamiltonian
model to use. This was exemplified in this work for
[Co(bbp),]** of 1 and [Co(bbp)(NCS),(DMF)] of 2, in
which a larger structural deviation from O) symmetry in the
former made a spin Hamiltonian the right model to apply,
whereas the latter compound was treated by a Figgis—Griffith
Hamiltonian model.

B CONCLUSION

Utilization of two different crystallization procedures for the
products of the reaction between Co(NCS), and the bbp
ligand resulted in the preparation of three distinct compounds:
[Co(bbp),][Co(NCS),]-4DMF (1), [Co(bbp)-
(NCS),(DMF)]-2DMF (2), and [Co(bbp)(NCS),] (3).
Complex 1 shows a remarkably interesting structural trans-
formation to form complex 2. Complex 1 contains two
different Co(Il) ions with different coordination geometries:
octahedral ([Co(bbp),]**) and tetrahedral ([Co(NCS),]*"),
whereas the metal centers in 2 and 3 have distorted-octahedral
([Co(bbp)(NCS),(DMF)]) and distorted-square-pyramidal
([Co(bbp)(NCS),]) coordination geometries, respectively.
These structural differences affect the magnetic anisotropy of
these compounds significantly. In 1, the octahedral unit
exhibits a large and positive parameter of axial magnetic
anisotropy (D = +39.0 cm™'), whereas the tetracoordinate
counteranion possesses only very small anisotropy, which was
even neglected in a fitting of the magnetic data. Complex 2 has
a ZFS parameter D of +69.5 cm™" and exhibits a field-induced
slow relaxation of magnetization under 1000 Oe dc field with a
relaxation time of 1.9 X 107° s, whereas complex 3 has a ZFS
parameter D of +38.1 cm™' and also shows a field-induced
magnetic relaxation under a 1500 Oe dc field with a relaxation
time of 1.8 X 107 s. X-band EPR measurements and
CASSCF/NEVPT?2 calculations confirmed the stated results.
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