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ABSTRACT: The reaction of Co(CH;COO),-4H,0 with the
Schiff base ligand LH, derived from o-vanillin and tris-
(hydroxymethyl)aminomethane produces the dinuclear mixed-
valence complex [Co"Co™(LH,),(CH;CO0)(H,0)](H,0),
(1), which has been investigated using IR spectroscopy, X-ray
crystallography, temperature-dependent magnetic susceptibil-
ity, magnetization, HFEPR spectroscopy, and ac susceptibility
measurements at various frequencies, temperatures, and
external magnetic fields. The structure of 1 consists of neutral
molecules in which two cobalt ions with distorted octahedral
geometries, Co"O4 and Co"™N,0,, are bridged by two
deprotonated —CH,O~ groups of the two LH,*" ligands. 1
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completes a series with Cl, Br, NO;, and NCS anions published before by different authors. Low-temperature HFEPR
measurements reveal that the ground electronic state of the Co(II) center in 1 is a highly anisotropic Kramers doublet; the
effective g values of 7.18, 2.97, and 1.96 are frequency-independent over the frequency ranges 200—630, 200—406, and 200—300
GHz for the highest, intermediate, and lowest g.¢ values, respectively. The two lower values were not seen at higher frequencies
because the magnetic field was not high enough. Temperature-dependent magnetic susceptibility and field-dependent
magnetization data confirm high magnetic anisotropy of the easy axis type. Complex 1 behaves as a single-ion magnet under a
small applied external field and demonstrates two relaxation modes that strongly depend on the applied static dc field. The
observation of multiple relaxation pathways clearly distinguishes 1 from the Cl and Br analogues.

B INTRODUCTION

Polynuclear molecular systems with a negative axial magnetic
anisotropy on a high-spin ground state that show slow
relaxation of magnetization at low temperature upon removal
of a magnetizing field have been classified as single-molecule
magnets (SMMs)." Their possible applications in high-density
information storage, spintronics, and quantum computing make
SMMs highly attractive to scientists, and research activity in the
field is accelerating.2 However, SMM behavior is not
completely understood, and the synthesis of molecules with
magnetic memory above room temperature remains elusive.
The slow relaxation of SMMs arises from their strong
magnetic anisotropy, described mainly by the axial zero-field
splitting (ZFS) parameter D, that results in an energy barrier
for reversal of the magnetization.” Recent observations of slow
magnetic relaxation effects in molecules including one single
magnetic ion, so-called single-ion magnets (SIMs), confirm the
dominant role of magnetic anisotropy in SMM design.* SIMs
attract much attention as these species can exhibit significantly
greater anisotropies than their multinuclear counterparts and
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appear to be simpler model systems for studying and
understanding magnetic relaxation dynamics. Moreover, better
synthetic control over many aspects of the composition and
structure can be exerted in the case of mononuclear complexes.

As a large anisotropic ion, cobalt(Il) is a good candidate for
SIMs among 3d transition metals.” Most recently, it has been
shown that the slow relaxation of cobalt(II) ions with
nonuniaxial anisotropy in a model molecular complex and
other similar systems is a general consequence of time-reversal
symmetry that hinders direct spin—phonon processes regard-
less of the sign of the magnetic anisotropy.’ Hexacoordinated
high-spin Co(II) complexes usually display SMM behavior
under a small applied external field that suppresses the fast
magnetic tunneling.” There is still much to learn about
mechanisms responsible for the slow magnetic relaxation in
such systems, and increasing the anisotropy energy barrier is
regarded as a highly desirable objective.
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Chart 1. Formation of LH, and Complex 1
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The title compound [Co"Co™(LH,),(CH,CO0)(H,0)]-
(H,0); (1) [LH, = 2-{[(2-hydroxy-3-methoxyphenyl)-
methylene]amino}-2-(hydroxymethyl)-1,3-propanediol, Chart
1] has been synthesized as part of our ongoing research on
transition metal complexes of Schiff base ligands aimed at
preparing new compounds of various nuclearity and structures
with diverse potential advantages.” LH, was formed in situ from
the condensation between o-vanillin and tris(hydroxymethyl)-
aminomethane. Obviously, the Schiff base ligand should favor
formation of polynuclear metal clusters due to the presence of
the tripodal alcohol functionality. Indeed, crystal structures of
about 30 metal complexes of LH, found in the Cambridge
Database mostly comprise polynuclear Co,, V,, Cu,, Mn,, Ni,,
Lny, and Ln,, assemblies with a few examples of heterometallic
1s—3d and 3d—4f clusters of 4—20 nuclearity.” We also showed
that LH, facilitated oxidation of Mn" by stabilizing the Mn'"
oxidation state.'”® The isolated Mn'(LH,),0.39H,0 was
subjected to thorough experimental and theoretical examina-
tion to understand the origin of ZFS in mononuclear octahedral
Mn" complexes.'*”

The structure of 1 is very similar to those previously reported
in a series of [Co"Co™(LH,),(X)(H,0)](H,0),, (X = Cl (2),
Br (3), NO; (4); m = 3, 4)™ and [Co"Co"™(LH,),(NCS)-
(CH;0H)]-1.5CH;0H-1.5H,0 (5)"' complexes, where 2 and
3 show SIM behavior under an external dc field. The
coordination geometry around the Co(II) ion in 2—5 is a
distorted octahedron with pronounced elongation along the
0—Co—O0 axis perpendicular to the Co™(0),Co" fragment. It
was found that the temperature dependences of the magnetic
susceptibility of 2—S§ are characteristic of noninteracting
mononuclear Co(II) complexes with a considerable contribu-
tion from the orbital angular momentum; the compounds
exhibit very similar T vs T plots with the y\T values in the
ranges 2.89—3.18 and 1.77—2.0 cm® mol™! K at 300 and 2 K,
respectively. The use of the Griffith Hamiltonian for the
description of the temperature dependences of the magnetic
susceptibility of 2—4 along with analysis of the geometry of
Co(1II) polyhedron resulted in the conclusion about the positive
sign of the axial field parameter A,, and the ground state of the
Co(Il) ion being orbital singlet 4A2g.5a At the same time,
application of the ZFS spin-Hamiltonian to fit the field and
temperature dependences of the magnetization of 2—4 led to
negative D values of 2 and 3, —7.4 and —9.7 cm™, respectively.

In the present paper, we report the synthesis, crystal
structure, magnetic dc data, and a field-induced slow magnetic
relaxation behavior of compound 1,
[Co"Co™(LH,),(CH;CO0)(H,0)](H,0);, as well as quan-
tum-chemical evaluation of the crystal field parameters and the
results of the low-temperature, variable-frequency EPR study.
The ground term of Co(II) magnetoactive ion in 1 is shown to
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be orbitally degenerate 4Eg rather than 4Azg, what makes
application of the ZFS spin-Hamiltonian irrelevant. The dc
magnetic data for 1 (yT values of 3.06 and 1.91 cm® mol™' K
at 300 and 2 K, respectively) reveal a considerable magnetic
anisotropy of an easy axis type; however, the traditional ZFS
parameter D < 0 cannot be assigned.

B EXPERIMENTAL SECTION

Reagents and General Procedures. 2-Hydroxy-3-methoxyben-
zaldehyde was purchased from Aldrich and used as received. All other
chemicals were purchased from local suppliers and used without
further purification. All solvents were of AP-grade. All the experiments
were carried out in air. Elemental analyses for Co were performed with
an ICP spectrometer (Fisons Instruments, ARL Model 3410+) and
with a PerkinElmer 2400 analyzer for C, H, and N. The infrared (IR)
spectrum was recorded on a PerkinElmer 1600 FT-IR spectrometer
from a KBr pellet in the 400—4000 cm™" region. In the syntheses, the
condensation reaction was utilized without isolation of the resulting
Schiff base.

Synthesis of [Co"Co"(LH,),(CH;CO0)(H,0)I(H,0); (1). 2-
Hydroxy-3-methoxybenzaldehyde (0.15 g, 1 mmol) and tris-
(hydroxymethyl)aminomethane (0.12 g 1 mmol) were added to
methanol (20 cm®) and the solution was stirred magnetically for 30
min. Next Co(CH;C00),-4H,0 (0.25 g, 1 mmol) was added to the
yellow solution, and the mixture was heated to 323 K under stirring for
30 min. The resulting brown solution was filtered and allowed to stand
at room temperature with slow evaporation. Brown prisms of the title
compound were formed over several days. They were collected by
filter-suction, washed with dry i-PrOH, and finally dried in vacuo.
Yield: 60—70%. IR (KBr, cm™', Figure S1): 3632 (w), 3330 (s, b),
3166 (s, b), 2926 (s), 2870 (s), 2790 (w), 1632 (s), 1602 (s), 1564
(m), 1544 (m), 1472 (s), 1442 (s), 1406 (w), 1396 (m), 1318 (s),
1242 (s), 1220(s), 1170 (w), 1148 (w), 1104 (w), 1076 (m), 1014
(m), 978 (m), 862 (m), 742 (m), 600 (m), 560 (m), 490 (w), 434
(w). Anal. Calcd for CyH,;Co,N,044 (755.47): C, 41.34; H, 5.47; N,
3.71; Co, 15.60%. Found: C, 40.99; H, 5.28; N, 4.02; Co, 15.34%.

Crystal Structure Determination. Crystallographic data for 1
were collected at 100(2) K on an Oxford Diffraction Xcalibur
diffractometer using Mo Ka radiation. Following analytical absorption
corrections and solution by direct methods, the structure was refined
against F* with full-matrix least-squares using the program SHELXL-
97."> Water molecule hydrogen atoms were located and refined with
geometries restrained to ideal values. All other hydrogen atoms were
added at calculated positions and refined by the use of a riding model
with isotropic displacement parameters based on those of the parent
atom. Anisotropic displacement parameters were employed for the
non-hydrogen atoms. The crystal data and structure refinement are
given in Table 1.

Magnetic Measurements. The magnetic measurements were
conducted using a SQUID apparatus (MPMS-XL7, Quantum Design)
in the RSO mode of detection. About 33 mg of the sample was
encapsulated in a gelatin-made sample holder. The susceptibility taken
at B = 0.5 T has been corrected for the underlying diamagnetism and
converted to the effective magnetic moment. The magnetization has
been measured at two temperatures: T = 2.0 and T = 4.6 K. The ac
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Table 1. Crystal Data and Structure Refinement for 1

formula C,6H4,Co,N,0 44

formula weight 75547

crystal system monoclinic

space group Cc

a/A 12.6150(4)

b/A 13.0039(10)

/A 19.0404(10)

p/deg 105.662(4)

V/A3 3007.5(3)

V4 4

p/g em™ 1.668

u/mm™! 1.184

crystal size/mm? 0.19 X 0.09 x 0.07

0 range/deg 2.74-31.00

limiting indices -17<h <18
-17<k<18
27 <126

no. of rflns collected 16 572

no. of independent rflns 7790 (Ry, = 0.0392)

completeness to /% 99.0

absorption correction analytical

max. and min transmission

0.965 and 0.920

refinement method full-matrix least-squares on F*
7790/24/462

1.030

R1 = 0.0389, wR2 = 0.0747

R1 = 0.0466, wR2 = 0.0776

no. of data/restraints/params
goodness-of-fit on F*

final R indices (I > 206(I))

R indices (all data)

absolute structure parameter —0.008(9)
largest diff peak and hole/e A~ 0.676 and —0.535
CCDC no. 1440294

susceptibility measurements were done at By, = 0.1, 0.2, and 0.4 T
using an oscillating field B,. = 0.38 mT for 22 frequencies ranging
between f = 0.1 and 1500 Hz. Ten scans were processed for each
temperature—frequency point, and scattered data outside the interval
of 16 were omitted; the rest were averaged. About 8000 data points
were processed.

HFEPR Spectroscopy. High-frequency and -field EPR (HFEPR)
spectra were recorded using a home-built spectrometer at the EMR
facility of NHMFL." The instrument is a transmission-type device in
which waves are propagated in cylindrical lightpipes. The microwaves
were generated by a phase-locked oscillator (Virginia Diodes)
operating at a frequency of 13 + 1 GHz and generating its harmonics,
of which the 4th, 8th, 16th, 24th, 32nd, and 48th were available. A
superconducting magnet (Oxford Instruments) capable of reaching a
field of 17 T was employed.

Quantum Chemical Calculations. Ab initio calculations were
performed using the ORCA 3.0.3 computational package (see
Supporting Information)."* The zeroth-order regular approximation
(ZORA) together with the scalar relativistic contracted version of
TZVP basis functions has been applied. The calculations of ZFS
parameters were based on state-averaged complete-active-space self-
consistent field (SA-CASSCF) wave functions followed by N-electron
valence second-order perturbation theory (NEVPT2). The active
space of the CASSCF calculations consisted of seven electrons in five
metal-based d-orbitals. The state averaged approach was used, in which
all 10 quartet states and 40 doublets states were equally weighted. The
calculations utilized the RI approximation with appropriate decon-
tracted auxiliary basis set and the chain-of-spheres (RIJCOSX)
approximation to exact exchange. Increased integration grids (Grid4)
and tight SCF convergence criteria were used. The ZFS parameters
were calculated through the quasi-degenerate perturbation theory in
which an approximation to the Breit—Pauli form of the spin—orbit
coupling operator (SOMF) and the effective Hamiltonian theory were
utilized.
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B RESULTS AND DISCUSSION

Synthetic Aspects. Slow evaporation of methanol solution
of stoichiometric (1:1) quantities of Co(CH;C0OO),-4H,0 and
the preformed Schiff base ligand resulted in the formation of
brown crystals of 1 in a quantitative yield. Partial oxidation of
the cobalt(II) atom to the cobalt(III) species proceeds easily in
open air indicating that the tetradentate ligand LH,*~
containing two O~ donors effectively stabilizes the Co'Co™
mixed-valence core.

Structure Description. Complex 1, which crystallizes in
the monoclinic space group Cc, is isomorphous with
[Co"Co™(LH,),(NO;)(H,0)](H,0),™ and isostructural
with the [Co"Co™(LH,),(X)(H,0)](H,0),”* (X = Cl, Br)
and [Co"Co™(LH,),(NCS)(CH,OH)]-1.5CH;0H-1.5H,0""
analogues. The structure of 1 consists of isolated
[Co"Co™(LH,),(CH;CO0)(H,0)] neutral molecules in
which two cobalt jons are bridged by two deprotonated
—CH,O~ groups of the two LH,*” ligands; solvent water
molecules are involved in a complex hydrogen-bonding
network. The molecular diagram and numbering scheme of 1
is shown in Figure 1, selected bond and angle parameters are
given in Table 2, and details of the hydrogen bonding are
provided in the Supporting Information (Table S1).

Figure 1. Molecular structure of 1 with principal labeling. Displace-
ment ellipsoids for non-H atoms are drawn at the 50% probability
level.

The [Co"Co™(LH,),(CH,COO0)(H,0)] molecule shows
no crystallographically imposed symmetry with two metal
atoms in Co(1)N,O, and Co(2)O4 distorted octahedral
geometries. The oxidation state assignments for the cobalt
ions were made using charge considerations and interatomic
distances. The Co—N/O bond lengths around Co(1) (1.89—
1.90 A) are shorter than the Co—O distances around Co(2)
(2.03—2.16 A), suggesting that Co(1) and Co(2) are Co(III)
and Co(Il), respectively. This is further supported by a
tetragonal distortion of the geometry around Co(2), due to the
Jahn—Teller effect of the Co(II) (d”) ion (Table 2). The Co(2)
bond lengths indicate the two shortest bonds being in cis
configuration and two additional intermediate bonds being cis
to the previous donors as well, which can be interpreted as an
elongated tetragonal geometry (with the axis along O(112) and
0(212)). The cis angles at the metal atoms lie in the ranges
86—96° (Co(1)) and 78—104° (Co(2)), and the trans ones
vary from 176 to 177° (Co(1)) and from 164 to 179° (Co(2)).
An extremely strong orthorhombic distortion stems from the
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Table 2. Bond Lengths/A and Angles/deg in 1

Co(1)-N(10) 1.887(2)
Co(1)—N(20) 1.891(2)
Co(1)-0(11) 1.8952(19)
Co(1)-0(21) 1.8976(19)
Co(1)-0(211) 1.8981(19)
Co(1)-0(111) 1.8996(19)
N(10)—Co(1)—N(20) 176.90(10)
N(10)—Co(1)—0(11) 96.14(9)
N(20)—Co(1)-0O(11) 86.04(9)
N(10)—Co(1)-0(21) 85.81(9)
N(20)—Co(1)-0(21) 96.33(9)
0(11)—Co(1)—-0(21) 92.13(9)
N(10)—Co(1)—0(211) 91.65(9)
N(20)—Co(1)-0(211) 86.09(9)
O(11)—Co(1)—0(211) 91.16(8)
0(21)=Co(1)—0(211) 176.05(9)
N(10)—Co(1)—0(111) 86.30(9)
N(20)—Co(1)—0(111) 91.40(9)
0(11)—Co(1)—0O(111) 175.96(9)
0(21)—Co(1)—0O(111) 91.26(8)
0(211)—Co(1)-0(111) 85.55(8)

Co(2)—0(31) 2.030(2)
Co(2)-0(211) 2.0357(19)
Co(2)—0(111) 2.0754(19)
Co(2)-0(1) 2.105(2)
Co(2)—0(112) 2.139(2)
Co(2)-0(212) 2.162(2)
0(31)—Co(2)-0(211) 103.92(8)
0(31)—Co(2)-0(111) 178.01(9)
0(211)—Co(2)—0O(111) 77.70(7)
0(31)—Co(2)-0(1) 91.54(9)
0(211)—Co(2)—0(1) 163.73(8)
0(111)—Co(2)—0(1) 86.94(8)
0(31)—Co(2)-0(112) 90.88(8)
0(211)—Co(2)-0(112) 93.55(8)
0(111)—Co(2)-0(112) 87.87(8)
0(1)—Co(2)—-0(112) 91.20(8)
0(31)—Co(2)-0(212) 89.85(8)
0(211)—Co(2)—0(212) 87.09(8)
0(111)—Co(2)—0(212) 91.38(8)
0(1)—Co(2)—0(212) 87.94(8)
0(112)—Co(2)-0(212) 178.89(8)

rather acute value of O(211)—Co(2)—0(111) angle due to the
bridging O atoms.

In the crystal structure, the paramagnetic Co(II) ions are
magnetically well isolated from each other by the diamagnetic
Co(III) ion, Schiff base ligands, coordinated acetate anion, and
solvent water molecules. The shortest distance between the
Co(II) ions of neighboring molecules is 9.059 A.

Crystal Field Theory. The group theory offers for
hexacoordinate high-spin Co(II) systems a branching diagram
as shown in Chart 2. Note that in the D', double group all
multiplets span the doubly degenerate representation I'y (Bethe
notation).

Chart 2. Development of the Crystal Field Terms (T, A, E,
B) and Spin—Orbit Multiplets (I';) under Symmetry
Lowering for Hexacoordinate Co(II) High-Spin Systems

4 { = T, T
2

\ ) —n 4B T T,
Tlg(oh)—4h)

. {L'wrﬁ,rwn,n

¢|—22-'B,,, ‘B,,—2>T,,T,, T,,T,

In order to bring more light into the energy levels of high-
spin Co(II) systems with orthorhombic symmetry D, and D’,,
the generalized crystal field theory working in the complete
space of 120 kets has been employed (see Supporting
Informat1on) 'S Using the Racah parameters B = 989, C =
4253 cm™!, the spin—orbit coupling constant & = 515 cm™, and
the crystal field poles for ligands situated in the trans-positions
F, = 8500, 8000, and S000 cm™, the calculated lowest crystal
field terms arising from the mother *T,,(O,) term are B2
(ground), B3g (at 219 cm™), and Blg (at 1529 cm™). Thls
result confirms that the ground electronic term is not well
separated from the first excited term, and thus, the application
of the perturbation theory in calculating the spin-Hamiltonian
parameters suffers of divergence. When the spin—orbit
interaction is included via the variation method, the calculated
spin—orbit involving spectrum is 0, 213, 500, 761, 1917, and
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1928 cm™ (all Kramers doublets belong to I's representation of
the D', double group).

Of crucial importance is the fact that the two lowest Kramers
doublets do not match the spin-Hamiltonian assumption:
within the double group D’,, both refer to the I'; representation
(Bethe notation) as opposed to the spin-Hamiltonian formal-
ism that requires the Iy (ground) and I, (excited) assignment
(Table 3).

Table 3. Lowest Energy Levels

method
(a) Crystal Field Terms”

quartet excitation energies
(ORCA, NEVPT2)

crystal field calculations

energy/cm_1
[4Eg’ 4A2g1l [4B2gl 4Eg]) 4Blgl [4A2gl 4Eg]
[(0, 463), 1523], [7268, (8819, 9387)],
17666, [20102, (22623, 25579)]

[(0, 219), 1529], [9329, (11794, 12218)],
23079, [24405, 24678, 24710]

(b) Six Kramers Doublets From Ground *E, (*B,, From ‘A,

(Spin—Orbit Multiplets) *Bs,) Term *Byy) Term
ORCA calculation 0, 219, 752, 1020 1867, 1942
crystal field calculation” 0 (Ty), 213 (Tg), 500 1917 (Ty),

(I,), 761 (I';) 1928 (I%)
fit of dc magnetic data to 0, 179, 356, 593 1005, 1149

Griffith—Figgis model

“[]: daughter terms of octahedral T-terms on the reduction O}, = Dyy:
Ty = Eg + Ay or Tyg = Eg + By, 0: daughter terms of E, terms on
the reductlon D,, = Dy Eg — By + By, “Trreducible representations

within the D’, double group (Bethe notation).

Quantum-Chemical Calculations. Ab initio calculations
were performed for the whole complex 1 containing 78 atoms
in its experimental geometry as determined by the X-ray
diffraction. The most informative is the calculated spectrum of
energy levels that takes into account the spin—orbit coupling.
The four lowest Kramers doublets at 0, 219, 752, and 1020
cm™" are daughters of the orbitally degenerate *E(D,;) mother
term and/or quasi-degenerate {*B,, B;,}(Dy,) pair. Two
remaining Kramers doublets at 1867 and 1942 cm™" arise from
the excited 4A2g (4B1g) term (Chart 2). This feature is a
consequence of the geometry of the chromophore of 1
approximating an elongated tetragonal bipyramid. The crystal
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field splitting of the “T},(0;,) term is measured by the axial
splitting parameter A, that with the ground 4Eg(D4h) and
excited 4A2g(D4h) terms adopts a negative value. This parameter
induces a magnetic anisotropy corresponding to an easy axis of
magnetization.

In the case of a degenerate ground electronic term 4Eg, the
spin-Hamiltonian formalism, conventionally accepted for the
description of zero-field splitting of S = 3/2 cobalt ion in a
distorted octahedral environment, is not legitimate to use.
Indeed, activation of the spin-Hamiltonian formalism in the
ORCA package brings values of D/hc = —99.6 cm™', E/D =
0.27, and g-factor components g; = 1.824, g, = 2.317, and g; =
3.085 (g = 2.409). The value of D < 0 and g < 2.0 are
considered unphysical for Co(II) complexes with the geometry
of an elongated tetragonal bipyramid.

HFEPR Measurements. The EPR spectra recorded over
the frequency range 211—634 GHz are given in Figure 2.

2 4 6 8 10 12 14
Magnetic Induction, Tesla

Figure 2. HFEPR spectra of 1 recorded at 5 K with various microwave
frequencies. The “X”, “Y”, and “Z” features are observed at the effective
g values of 2.97, 7.18, and 1.96, respectively. The effective g values are
independent of the microwave frequency. Asterisks indicate
resonances due to molecular oxygen (S = 1) adsorbed on the powder

sample.

The spectra show a characteristic pattern of an S = 3/2
system with the zero-field splitting being much larger than the
microwave quantum energy, and this is true even for the 628.8
GHz spectrum. Such cases are often interpreted in terms of an
effective S* = 1/2 state and effective g values. For complex 1, we
have three effective g components, 2.97, 7.18, and 1.96. The
highest g.¢ value was frequency independent over the frequency
range 200—630 GHz. The two lower values were frequency
independent when they were seen: the intermediate is over
200—406 GHz and the lowest is over 200—300 GHz. They
were not seen at higher frequencies because the magnetic field
was not high enough.

dc Magnetometry. The high-temperature limit of the
effective magnetic moment for the S = 3/2 system is p.¢(HT)/
pp = g[S(S + 1)]/2 which for g, = 2.0 yields p.¢(HT, g,) = 3.87
Up. The effective magnetic moment for 1 at the room
temperature adopts a value of p.s = 4.97 up, and it slowly
decreases until T = 100 K (Figure 3). These data show that the
averaged magnetogyric factor is about g,, = 2.57. Below T = 100
K the decrease of the effective magnetic moment is more
progressive, and at T = 1.9 K it is pog = 3.92 pup. This effect can
be ascribed to a depopulation of the magnetic energy levels
commonly termed zero-field splitting.

The magnetization per formula unit M; = M,,,;/(Nayp) at B
=7 T and T = 2.0 K adopts a saturation value of M, = 2.57 that
is much lower than the spin-only value M, = g,,S = 3.95. This
observation again confirms the presence of a sizable magnetic
anisotropy.

For the ground term 4Eg, arising from the 4T1g mother term,
four Kramers doublets are thermally accessible, and evaluation
of their energies requires involvement of the orbital angular
momentum. There is no visible maximum at the p 4 vsT curve
that matches features when the angular momentum is partially
quenched by the crystal field of lower symmetry. Thus, on
further symmetry lowering D,;, — D, the ground term 4B2g is
no longer orbitally degenerate. However, application of the
perturbation theory to obtain the spin-Hamiltonian parameters
is problematic because of the existence of low-lying excited
states.

B=05T

OO
2 |94
3 %o

] 50 100 150 200 250 300
T/K BT

0123465867

Z-direction

Figure 3. dc magnetic data for 1. (Left) temperature dependence of the effective magnetic moment ((inset) temperature dependence of the molar
magnetic susceptibility). (Center) field dependence of the magnetization per formula unit. Open symbols: experimental data. Solid lines: fitted with
the extended Griffith—Figgis model. Dashed lines: a guide for eyes. (Right) 3D visualization of the magnetization reconstructed for T = 2.0 K and B
= 1.0 T showing a negative magnetic anisotropy (easy axis of magnetization).
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Table 4. Structural and Magnetic Data for a Series of [Co"Co™(LH,),(X)(Solv)](Solv),, Complexes”

CH,CO0™ cr- Br~ NO,~ NCS™
abbr 1 2 3 4 s
ref this work Sa Sa Sa 11
Distances Co'—L/A
Co"Xq 2.031 2.396 2.554 1.997 2.042
Co"-0,, 2.075 2.067 2.072 2.086 2.044
Co"-0,, 2.036 2.049 2.054 2.035 2.037
Co"-0,, 2.105(w) 2.083(w) 2.068(w) 2.129(w) 2.097(OMe)
av(Co"-0),, 2.062 2.066 2.065 2.062 2.055
Co"-0,, 2.139 2.132 2.155 2.142 2.143
Co'-0,, 2.162 2.184 2.154 2.164 2.170
av(Co"-0),, 2.150 2.158 2.154 2.153 2.156
Magnetic Parameters”
g 2.36, 2.87 2.32 2.52 2.33
D/cm™ (145) -7.4 -9.7 118.71
E/cm™ 0.12
“w = aqua ligand. bMagnetic parameters obtained within ZFS spin-Hamiltonian formalism.
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Figure 4. In-phase y’ (left) and out-of-phase " molar susceptibility (SI units) for 1 with dependence upon external magnetic field By at T = 2.0 K.

The lines are drawn to guide the eye.

The Hamiltonian appropriate for such a system was
proposed by Griffith'® and further modified by Figgis:'’

~ GF
H —

AKML,-S)A* + pyB-(g.S — AL,

A 2 > 2 A 2 A 2 _
+[A (L, - L, /3) + 84, - L, )]n?
(1)

It accounts for the spin Zeeman term, orbital Zeeman term
(within the T—p isomorphism), spin—orbit coupling, and the
axial distortion term and involves the spin—orbit splitting
parameter 1 = —£/2S, the orbital reduction factor «, the Figgis
CI parameter A, and the axial and rhombic splitting parameters
A, and Ay, respectively. Owing to the T—p isomorphism, the
orbital angular momentum refers to L, = 1. This Hamiltonian
was treated in a fully numerical way resembling the common
Hamiltonian for a dinuclear exchange interaction with axial and
rhombic zero-field splitting. The susceptibility data were fitted
with a reasonable set of magnetic parameters: (AkA)/hc = —176
em™, g = —(Ak) = =149, A /hc = =711 em™’, Ay /hc = 44
cm™', molecular-field correction zj/hc = —0.016 cm™, and
temperature-independent term yp = —6.5 X 107 m® mol™*
[discrepancy factors R(y) = 0.017, R(M) = 0.19]. This set,
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however, underestimates the magnetization data. The recon-
structed magnetic energy levels are listed in Table 3 and
compared with theoretical calculations.

Structural and magnetic data for a set of similar dinuclear
complexes [Co"Co™(LH,),(X)(Solv)](Solv),,, differing in the
anionic ligand X7, are summarized in Table 4. Similarly to 1,
the donor atom of the ligand X~ in 2—5 can be set to an
equatorial position along with three O donors originated from
the ligands and water/methanol molecules. The average Co"—
O/N distances in the equatorial plane then will be roughly the
same for all five compounds: (COH—O/N)eq =2.06 A; the axial
ones amount to av(Co"-0Q), = 2.15. Thus, the Co(II)
coordination polyhedron in the case of 2—S5 can also be viewed
as an elongated square bipyramid for which the spin-
Hamiltonian formalism is not applicable. However, some data
along these lines have been reported for 2—5,°*"" although for
hexacoordinate Co(II) complexes much higher D values are
typical."*~*° The use of the ZFS spin-Hamiltonian in the form
appropriate to the mononuclear Co(Il), S = 3/2 to fit the
magnetic dc data of 1 resulted in the positive D value of 145
cm™ in contrary to the negative A, (see Supporting
Information).
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Figure S. Frequency dependence of the ac susceptibility components for a fixed temperature at different applied dc fields: (left) in-phase component;
(right) out-of-phase component (temperature evolution is the same as shown for the in-phase component). Solid lines: fitted with the single-

component and/or two-component Debye model.

This finding supports the conclusion made by the authors of
ref 7b that, in contrast to the Griffith and pseudo-spin-1/2
Hamiltonians, the applicability of the ZFS spin-Hamiltonian is
often controversial. It was stressed that the Griffith
Hamiltonian (or the corresponding pseudo-spin-1/2 Hamil-
tonian) represents the most suitable tool for the treatment of
the magnetic data. This approach was successfully applied to
analyze the magnetic data of the two-dimensional coordination
polymer [Co(dca),(atz),], resulting from assembling trans-
bis(2-amino-1,3,5-triazine)cobalt(II) motifs by dicyanamide
spacers.”® Its magnetically isolated high-spin cobalt(II) ions
with a CoN4 coordination environment of an elongated
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octahedron were shown to act as single-ion magnets under
an applied magnetic field.

ac Magnetic Data. Complex 1 has been probed for slow
magnetic relaxation using the ac susceptibility measurements.
First, the effect of the applied dc field was monitored as shown
in Figure 4. At zero magnetic field, the out-of-phase
susceptibility is zero, which confirms a fast magnetic relaxation.
However, with increasing dc field, the ac susceptibility signal
becomes positive and it develops in a complex manner
depending on the frequency of the applied oscillating field.
This stimulated detailed data taking for a number of
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Figure 6. Fitted ac susceptibility data for 1 at By, = 0.1, 0.2, and 0.4 T: (left) Argand diagram; (right) Arrhenius-like plot with solid curves fitted

according to eq 2.

frequencies, temperatures, and applied dc fields (By, = 0.1, 0.2,
and 04 T).

A representative frequency dependence of the ac suscepti-
bility components for a set of fixed temperatures is presented in
Figure S. At Bg. = 0.2 T two maxima exist. The low-frequency
(LF) branch lies at about f = 10 Hz, and it progressively escapes
with temperature; above T = 3 K it is hardly visible as a small
tail. The high-frequency (HF) branch moves its maximum from
f=10to f> 10° Hz. Such a shift allows us to conclude that 1 is
a single-molecule (single-ion) magnet.
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Both the in-phase and out-of-phase susceptibility compo-
nents were fitted simultaneously to an extended, two-
component Debye model (see Supporting Information) by
minimizing the error functional defined as F = R;(y’) X R,(y")
where R, and R, = relative errors.”’ The optimum parameters
were used in reconstructing the interpolation/extrapolation
lines drawn in Figure S. The individual parameters along with
their standard deviations are listed in the Supporting
Information. As the LF branch progressively disappears on

DOI: 10.1021/acs.inorgchem.7b00605
Inorg. Chem. 2017, 56, 6999—7009


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00605/suppl_file/ic7b00605_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00605/suppl_file/ic7b00605_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00605/suppl_file/ic7b00605_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00605
http://pubs.acs.org/action/showImage?doi=10.1021/acs.inorgchem.7b00605&iName=master.img-008.jpg&w=299&h=544

Inorganic Chemistry

Table 5. SMM Parameters from the ac Susceptibility for 1 Referring to the High-Frequency (Faster) Branch

complex B,/T (U/kg) /K 7o/s
1 0.1 16.1(7) 7.1(9) x 107
1 0.2 18.0(10) 3.2(7) x 1076
1 0.4 24.4(39) 0.59(49) x 107¢
2, Cl-analogue 0.1 7.9 6.1 1076
3, Br-analogue 0.1 14.5 1.0 X 107°
[Co(abpt),(tem),]* 0.3 86 14 x 107

“abpt = 4-amino-3,5-bis(2-pyridyl)-1,2,4-triazole; tcm = tricyanomethanide.

m A/T K st n C/K"s7! ref
4 1.0(2) x 10° 9 0.76(3) x 1073 this work
4 2.3(2) x 10° 9 0.87(8) x 1073 this work
4 1.43(9) x 10* 9 1.2(6) x 1073 this work
Sa
Sa
2 2.879 X 10° 4 7.30 23

heating, above T = 4 K only a single-component Debye
function has been utilized for data fitting (dashed lines).

The biplot of the ac susceptibility components is presented
in Figure 6. It can be seen that such an Argand diagram is
represented by two overlapped and distorted arcs. The
relaxation times 7, and 7, refer to the frequency at which the
" displays the maximum; they enter the Arrhenius-like plot as
shown in Figure 6, right. It is seen that the HF branch behaves
in a standard way; ie., at low temperatures it approaches a
constant in the limit (tunneling process) whereas at higher
temperatures its slope stays constant (Orbach process). The LF
branch follows the expected dependence at low temperatures,
but at higher temperatures it progressively disappears. The
faster relaxation branch (HF) was processed by eq 2 that
reflects the Orbach, direct, and Raman relaxation processes:

)

Here m = 4 and n = 9 have been selected in accordance with
recommendations for a Kramers ion with an insulated ground
doublet.”” The fitting procedure gave the parameters listed in
Table 5. The barrier to spin reversal, U, falls in the expected
range, and the extra;polated relaxation time 7, is also typical for
SMM of this class.”” It must be mentioned, however, that the
parameters fitted to the curved Arrhenius-like plot could differ
from a primitive approach when some high-temperature data
are processed via the linear equation In 7 = In 7, + (U/kg)/T.

Lowering the external field to By, = 0.1 T manifests itself in
visible changes in the y” vs f function: the two peaks for LF and
HF branches merge to a single peak, which is, however,
asymmetric. The fitting procedure with a single Debye
component is appropriate for T > 2.7 K. For lower
temperatures, the single-component Debye function declines
from the recorded envelope of two, close lying primitive
functions. Unlike the By. = 0.2 T case, some residual adiabatic
susceptibility yg remains.

Strengthening of the external field to By, = 0.4 T causes the
LF peak to dominate at low temperatures. On heating, its
height decreases in favor of the HF peak. Again a double-
component Debye function has been applied in fitting the ac
susceptibility data. The fitting procedure is less successful due
to the onset of the third branch (marked by an arrow in Figure
S) at even lower frequencies (eLF) about f = 0.1—1.0 Hz.

Existence of the several relaxation channels has been
documented recently for a number of Co(II) complexes, such
as the tetracoordinate systems [Co(biq)Cl,], [Co(biq)Br,],
[Co(big)L],** [Co(Megtren)CI]ClO,,** and [Co(PPh,),Br,]*
and the pentacoordinate system [CoL3Cl,]*” (bigq = 2,2’
biquinoline; Megtren = tris[2-(dimethylamino)ethyl Jamine; L?
4-hept-1-ynyl-2,6-dipyrazol-1-ylpyridine). Also, the first
hexacoordinate Ni(II) complex and Cu(Il) analogue reported
as SMMs possess two relaxation modes.”® The same holds true
for a mononuclear Mn(II) complex where the D value is

7' = 7, 'exp(=U/ksT) + AB"T + CT"
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negligible.”” Some Dy(III) systems show two or three
relaxation branches as well, e.g, the {Dy"Cu"}, complex.”’
In all cases, the LF channel is better developed on raising the
applied dc field, and it disappears progressively on heating.
Intermolecular contacts, such as z—x stacking at short C---C
distance, could be raisons d’etre of the LF branch. However, in
some systems, such as [Co(PPh3)2Br2],26 [Co(Meg4tren)Cl]-
ClO,” and 1, the nature of the LF mode so far remains
unknown. Unusual thermal development of the In 7 vs T~" for
the LF branch (slight decrease and then visible increase with
temperature) has already been reported for several Co(II) and
Mn(II) complexes.”

B CONCLUSIONS

The complex under study, [Co"Co™(LH,),(X)(H,0)](H,0),
with X = CH,COO™ (1), completes a series with X = CI~ (2),
Br~ (3), NO;~, and NCS~ analogues. The coordination
polyhedron resembles an elongated tetragonal bipyramid for
which the axial crystal field splitting parameter is negative: A,/
he ~ —700 cm™". In such a case the electronic ground term is
orbitally degenerate 4Eg(DM). The spin—orbit interaction
causes its splitting into a set of four Kramers doublets assigned
as Iy (ground), Iy, I';, and T, that do not match the spin-
Hamiltonian formalism. Magnetic data (magnetic susceptibility
and magnetization) for 1 reveal a considerable magnetic
anisotropy of an easy axis type, though the traditional zero-field
splitting parameter D < 0 cannot be assigned from the
formalism reasoning.

The ac susceptibility data show that 1 exhibits field-induced
single-ion magnetism. At By. = 0.1 T a single peak at the y” vs f
dependence is evident similarly to complexes 2 and 3. Also, the
SMM parameters such as the barrier to spin reversal and the
extrapolated relaxation time for 1—3 are similar. On raising the
magnetic field to By, = 0.2 and 0.4 T, respectively, two peaks
appear: they refer to low-frequency (LF) relaxation and high-
frequency (HF) relaxation branches, respectively. The HF
branch behaves analogously to By, = 0.1 T and also to 2 and 3
at this field. A new LF branch is visible only at low
temperatures, and on heating it tends to disappear.

Compound 1 together with its chemical analogues from the
{Co"Co™} family are a good example to demonstrate that
interpretation of the magnetic behavior of the high-spin Co(II)-
based SIMs with uniaxial anisotropy is not straightforward. In
the case of a negative axial field, the application of a ZFS spin-
Hamiltonian to describe magnetic characteristics of the system
may result in noncorrespondence of the signs of A, and D
parameters or lead to ambiguous D values. Compound 1 also
shows that it is not always possible to obtain a direct access to
the sign of the magnetic anisotropy by the use of low-
temperature HFEPR techniques.
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