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Abstract: An octahedral Co(II) complex with N'-(2-hydroxybenzylidene)acetohydrazide Schiff base
ligand [HL] forms a 3D supramolecular assembly supported by non-coordinating ClO;~ ions and
H,0 molecules. Individual spin centres are non-interacting and give rise to significant spin-orbit
coupling, resulting in field induced slow magnetisation relaxation; which is characteristic of Single
Ion Magnet (SIM) behaviour.
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1. Introduction

In the last two decades Single Molecule Magnets (SMM) have received considerable research
interest for their potential applications in high density information storage, quantum computing and
spintronics [1-4]. The characteristic slow magnetic relaxation at low temperature is associated with a
large energy barrier originating from the effect of molecular anisotropy (D) on a high spin ground state
(S) and is expressed by U = S2I D/ for integer and U = (S? — 1)I D1 for half integer spins. Although
most SMM are polynuclear metal complexes, they can also contain a single anisotropic paramagnetic
centre. These compounds are known as Single Ion Magnets (SIMs) or mononuclear SMMs. Since the
discovery by Ishikawa et al. in 2003 [4] many of these SIMs have been prepared and studied in the
past decade. Most of them are based on lanthanide [5-8] and actinide [9-12] paramagnetic centres
and some of the recent developments on Dy SIMs have led to very high blocking temperatures of ca.
60-80 K [13-15]. The SIM behaviour has also been observed in 3d transition metal complexes which
mainly include three to five coordinate species: trigonal planar and trigonal pyramidal Fe(II) [16-18]
and tetrahedral and square pyramidal Co(Il) [19,20] complexes. A rarer example is a two coordinated
linear Ni! complex [21]. The low coordination number is necessary to minimize the effect of ligand field
thus reducing the 3d orbital splitting energy, thereby enhancing the magnetic anisotropy. Mononuclear
Co(II) complexes remain as interesting candidates for SIM, thanks to the first order spin-orbit coupling
in the ground state of Co(Il) coupled with ligand field effects leading to high magnetic anisotropy.
The first reported Co(Il) SIM was a distorted square pyramidal complex [22] where the anisotropy
is related to the significant distortion of the Co(Il) ion from the basal plane. Afterwards a number
of tetrahedral Co(Il) SIMs have been explored with varying relaxation barriers (14-230 cm~!) and
axial ZFS parameter D (—5 to —160 cm™1) [23-28] where heavier donor atoms such as S, Se, P or I and
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the tight bite angles of the ligands enhance the magnetic anisotropy. In contrast to tetrahedral Co(II)
SIMs, octahedral systems are rarely reported [29-36]. For distorted octahedral Co(Il) ions the axial
ZFS parameter D is expected to be positive owing to the easy plane (xy) of anisotropy [37] but in few
cases it has been found to be negative [38], especially in mer-directing ligands where the octahedral
geometry is distorted towards trigonal prismatic geometry [39].

Herein we report the synthesis, crystal structure and the static and dynamic magnetic behaviour
of a new SIM based on octahedral Co(Il) ion coordinated by a mer-directing ONO donor hydrazone
Schiff base ligand and having a negative easy axis of anisotropy. Moreover, this is the first example
of a ligand, solvent and anion assisted 3D supramolecular assembly where the magnetic coupling
between two spin centres is negligibly small due to large Co---Co separation (~6.28 A) and absence
of 7t---m stacking interaction between the ligand aromatic rings. Hence the intrinsic SIM behaviour
is preserved.

2. Results and Discussion

2.1. X-ray Crystal Structure of [Co(HL),](ClO4),-2H,0 (1)

A perspective view of 1 is shown in Figure 1 and the bonding parameters are listed in Table 1.
In 1 the Coll ion forms a bis-chelate complex with two tridentate ONO donor hydrazone ligands
oriented in a mer-configuration around the metal centre. The ligands coordinate to the Co(Il) ion
via the ketonic oxygens (O1, O2), the azomethine nitrogens (N3, N4) and the phenolic oxygens
(03, O4). The two disordered perchlorates centred on CI2 and Cl3 appear with an occupancy factor
of 3 whereas the perchlorate anion centred on Cl1 appears with an occupancy factor of one, giving
a total of two perchlorate anions to balance the Co(Il) charge. This stoichiometry indicates that the
ligand is coordinated to the metal centre in its neutral form (as HL). The Co(Il) ion adopts a distorted
octahedral coordination geometry. The twelve cis angles subtended at the metal centre by adjacent
donor atoms range from 77.90(7) to 107.42(7)° and the three trans angles are O4-Co1-O2 = 158.26(7)°,
N4-Co01-N3 = 173.64(7)° and O1-Co1-O3 = 161.26(7)° confirm the distortion from the ideal octahedral
geometry. The distortion from the idealized geometry may be attributed to the restricted bite angles
imposed by the planar tridentate Schiff bases. The mean equatorial plane is formed by the phenolic
oxygens (O3 and O4) and the ketonic oxygens (O1 and O2) while two axial sites are occupied by the
two azomethine nitrogen atoms (N3 and N4). The mean planes defined by the donor atoms of the
two ligands are almost orthogonal to each-other with a dihedral angle of 89.49° as expected for a
mer-geometry.

Figure 1. The asymmetric unit of complex 1.
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Table 1. Selected bond distances (A) and angles (°) of 1.

Atoms Distance (A) Atoms Angle (°) Atoms Angle (°)
Co1-01 2.0804(2) 04-Co1-02 158.26(7) 01-Col1-N4 106.53(7)
Co1-02 2.0911(2) 04-Co1-01 87.18(7) 03-Col-N4 91.30(7)
Co1-03 2.0803(2) 02-Co1-01 87.33(7) 04-Co1-N3 91.94(7)
Co1-04 2.0929(2) 04-Co1-03 100.71(7) 02-Col-N3 107.42(7)
Col1-N3 2.0713(2) 02-Co1-03 91.03(7) 01-Co1-N3 77.90(7)
Co1-022 2.0750(2) 01-Co1-03 161.26(7) 03-Co1-N3 84.82(7)
04-Col-N4 83.82(7) N4-Co1-N3 173.64(7)
02-Col-N4 77.63(7)

There are several intermolecular hydrogen bonds as can be seen in Figure 2 and Table 2.
A three-dimensional supramolecular network is formed by centrosymmetric intermolecular hydrogen
bonding mediated by the water molecules and the perchlorate anions as can be viewed along different
planes. The perchlorate centred at CI1 is connected to the imine nitrogen (N2) of a complex unit through
a N2-H21---O7 H-bond. The perchlorates centred at CI2 and C13 are situated on an inversion centre
and are symmetrically connected to the imine nitrogen (N1) of two complex units via. N1-H11---O11
and N1-H11-.-O14 interactions. The O-H groups from a complex unit are linked to the solvent H,O
molecules via O3-H31:--O5 and O4-H41---O6 H-bonds. The H,O molecules are further linked to the
ClO4 molecules to extend the supramolecular network in different directions. The shortest distance
between the adjacent Col centres is 6.28 A.

Figure 2. The 3D hydrogen bonded network in 1 mediated by H,O and ClO4~ viewed along the
be (left) and ab (right) planes.

Table 2. Hydrogen-bond parameters of 1.

D-H---A d(D-H) A dH.--A) A d(D---A) A <(DHA) °

N2-H21---07 0.85 2.05 2.891(4) 173
N1-H11---O11 0.84 212 2.929(4) 161
N1-H11---O14 0.84 2.09 2.894(4) 159
03-H31---05 0.82 1.84 2.564(4) 146
04-H41---06 0.82 1.75 2.541(4) 163
05-H52---08 0.83 2.07 2.872(4) 165
05-H51---011 0.82 233 3.093(4) 155
05-H51---012 0.82 1.98 2.588(4) 130
05-H51---013 0.82 2.45 3.245(4) 163
05-H51---014 0.82 2.56 3.224(4) 138

06-H1---08 0.90 1.98 2.886(4) 180
06-H2---015 0.90 256 3.138(4) 122
06-H2---016 0.90 1.76 2.660(4) 180

06-H2---017 0.90 248 3.248(4) 143
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2.2. Magnetic Studies

The thermal variation of the molar magnetic susceptibility per Co(II) ion times the temperature
(xmT vs. T) for complex 1 (Figure 3) shows a x;,T value of 2.30 cem® K mol~! at 300 K, which
is significantly higher than the expected value for one isolated Co(Il) ion (S = 3/2) with g = 2
(1.875 cm® K mol~!) but within the range 2.1-3.4 cm® K mol~! observed for Co(II) ions with a
considerable orbital contribution [22,39,40]. On decreasing the temperature, X, T remains almost
constant down to 60 K, corresponding to the Curie-type behaviour of a non-interacting Co(II) centre.
The decrease observed below 60 K to reach a value of 1.6 cm® K mol~! at 1.8 K (with 0.1 T field) is very
similar to the one observed in other mononuclear Co(Il) complexes with similar tridentate meridional
ligands [37]. Accordingly, we have simultaneously fit the thermal variation of ;T and the isothermal
magnetizations at 1.9, 3, 5 and 8 K (Figures 3 and 4) using the following Hamiltonian with S =3/2
with the program PHI [41]:

H:D{sg— {5(5;1)]}4—]5(5%—55) + upgH )

where D and E are, respectively, the axial and rhombic zero field splitting parameters, yip is the Bohr
magneton and H is the applied dc field. To avoid over-parametrization, we have fixed gx = g, # g and
we have varied gy, Sy and g, from 1.8 to 3.2 and the diagonal components of D from 100 to —100 cm L,
A very good fit for x;;T vs. T and M vs. H, simultaneously, in the whole temperature range was
obtained for D = —23.8cm™!, E=7.0cm ™!, g. = 2.48 and gx = g, = 2.16 (Figures 3 and 4). The Co(II)
ion has an easy axis anisotropy with a relevant rhombic distortion given by |E/D| = 0.294 in good
agreement with previous reports [37].
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Figure 3. Thermal variation of X, T for 1 between 300 and 2 K with 1000 Oe (0.1 T). Solid line shows
the best fit to the model (see text).
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Figure 4. Isothermal reduced magnetization of compound 1 at 1.9 K (green), 3.0 K (dark blue), 5.0 K
(red), and 8.0 K (cyan). Solid lines are the best-fit parameters to the model (see text).
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The isothermal magnetization measurements up to 9 T performed in the temperature range
1.9-8 K (Figure 4) show that even with applied fields of 9 T at 1.9 K, the magnetization does not
reach saturation and the reduced magnetization at different temperatures are not superimposable,
confirming the intrinsic anisotropy of the Co(Il) ion in compound 1.

AC susceptibility measurements have been performed in order to check the possible presence of a
SMM behaviour. No AC signal was observed with a zero applied DC field, but a frequency dependent
signal is observed when a DC field is applied at 2 K (Figure 5), suggesting the presence of quantum
tunnelling magnetization (QTM) mechanism operating at low temperatures to account for the fast
relaxation of the magnetization at zero applied field. Application of a DC magnetic field splits the
energy of the &+ Mg Kramers doublets, reducing or cancelling the quantum tunnelling mechanism of
the relaxation. Accordingly, the relaxation process becomes slower, resulting in the appearance of a
frequency dependent AC signal (Figures 6 and 7).

The intensity of the AC signal increases and shows a maximum that shifts to lower frequencies
as the field increases to reach a minimum frequency for DC applied fields of ca. 800 G (Figure 5).
Accordingly, we have performed a detailed study of the temperature and frequency dependence of the
AC signal for 1 with an applied DC field of 800 G (Figures 6 and 7).
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Figure 5. Frequency dependence of the x,,” signal for compound 1 at 2 K with different applied

DC fields.

X' (cm3 mol-1)

10! 102 103 104
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Figure 6. Frequency dependence of the in-phase AC susceptibility for 1 with an applied DC field of
800 Oe at different temperatures. Solid line is the best fit to the Debye model (Equation (2)).
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Figure 7. Frequency dependence of the out-of-phase AC susceptibility for 1 with an applied DC field
of 800 Oe at different temperatures. Solid line is the best fit to the Debye model (Equation (3)).

The frequency-dependence of the in-phase (x;,") and out of phase (x,”) signals for a DC field of
800 G has been fit with the Debye model using the following equations [42]:

(Xt — Xs) {1 + (wT)lf’xsen%an}
1—a) (2)

!
X (w)= xs+
14 2(wt) sentam + (wT)

(X = xs)(wt)'"cosgar 3)
14 2(wt) “sentam + (wr)?17%)

X' (w) = xs+

where a corresponds to the distribution of relaxation times, x5 and xt are the adiabatic and isothermal
susceptibilities, respectively, w = 2717, corresponds to the angular frequency and T is the relaxation
time. These equations give very good fits in the temperature range 2-6 K (solid lines in Figures 6 and 7)
with the parameters shown in Table 3.

Table 3. Parameters obtained from the fit of the out-of-phase AC signal (x;”) of compound 1 to the
Debye model (Equations (2) and (3)).

T (K) o xs (cm® mol™1) xr (cm® mol—1) T (8)
2.0 0.0999 0.658 1.344 9.63 x 1077
2.1 0.0881 0.663 1.337 9.40 x 1077
22 0.0532 0.676 1.324 9.42 x 1077
23 0.0458 0.683 1.317 9.04 x 1077
24 0.0542 0.680 1.320 9.06 x 1077
25 0.0590 0.685 1.315 8.64 x 1077
2.6 0.0594 0.701 1.299 7.71 x 1077
2.7 0.0612 0.708 1.292 7.26 x 1077
2.8 0.0434 0.710 1.290 7.47 x 1077
29 0.0370 0.718 1.282 7.09 x 1077
3.0 0.0502 0.723 1.277 6.60 x 10~7
3.2 0.0280 0.742 1.258 5.87 x 10~7
34 0.0214 0.754 1.247 5.42 x 1077
3.6 0.0213 0.766 1.234 4.86 x 1077
3.8 0.0377 0.774 1.226 420 x 1077
4.0 0.0326 0.784 1.216 3.76 x 1077
45 0.0121 0.811 1.189 291 x 1077
5.0 0.0158 0.830 1.170 2.09 x 1077
5.5 0.0209 0.850 1.150 1.46 x 1077

6.0 0.0361 0.872 1.129 957 x 1078
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As can be seen, the o parameter is close to zero (¢ < 0.1, Table 3) in the studied temperature range,
indicating a narrow distribution of the relaxation times. This result is further confirmed with the fit
of the Cole-Cole or Argand plot (x,” vs. xm', Figure 8) that shows symmetrical semi-circular plots
(indicative of a single relaxation process) that can be fit with very low « values in all cases (« < 0.1)
using the generalized Debye model [43]:

2
o XTTXs o o (XT — Xs) .
Xm Ztan[(l _ 06)7'[/2} + \/(X XS)(XT X ) + 4tan2[(1 _ 0‘)7.[/2} ( )
0.35 ]
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Figure 8. xu' vs. xm” plot for compound 1 at different temperatures. Solid lines are the fit to the
generalized Debye model (Equation (4)).

The plot of 1/7 as a function of the temperature (Figure 9) shows a linear regime at low
temperatures (T < 3 K) with a curvature at higher temperatures, indicative of the coexistence of
Orbach, Raman and direct relaxation processes. Accordingly, we have fit the spin relaxation time with
the following equation [44]:

“u
1= T(;lexp( k;ff) +CT" + AT ®)

where the first term corresponds to the Orbach process, the second term is the Raman process
(with n =9 for Kramer ions) and the third term is the single phonon direct process. In order to
reduce the number of adjustable parameters, we have fixed n = 9 (the value obtained when it is
allowed to vary freely was 9.18). Equation (5) reproduces very well the thermal dependence of the
relaxation time of compound 1 with To’l =74 x 107 s71, Ueﬁc =19.7K=137cm~},C=048s"1 K?
and A =4.8 x 10° s7! K (solid line in Figure 9). The U, value is very similar to those found in other
monomeric Co(IT) SMM [44]. This U,y value is lower than the predicted value from the D value
obtained in the fit of the DC magnetic properties and suggests that the quantum pathway operating at
very low temperatures is not fully suppressed by the applied DC magnetic field of 800 G.
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Figure 9. Inverse relaxation time (1/7) of compound 1 in the temperature range 2-6 K. Solid line is the
fit to Equation (5).
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3. Materials and Methods

3.1. Syntheses

All solvents were of reagent grade and used without further purification. Cobalt perchlorate,
acetic hydrazide and salicylaldehyde were purchased from Sigma Aldrich, Saint Quentin Fallavier
Cedex, France and used as received.

3.1.1. Synthesis of the Hydrazone Ligand [HL]

The ligand HL [(E)-N'-(2-hydroxybenzylidene)acetohydrazide] was prepared by the condensation
of acetic hydrazide (0.74 g, 10 mmol) with salicylaldehyde (1.221 g, 10 mmol) in methanol
medium (100 mL). On refluxing the methanolic solution at 65 °C for 5 h a colourless solution was
obtained. The solvent was removed under reduced pressure and the white residue was purified
by recrystallization to obtain colourless shiny crystals. Yield 0.155 g (87%). Anal. Calcd. (%) for
CyH19oN20, (M =178.1 g/mol): C, 60.66; H, 5.66; N, 15.72. Found: C, 60.58; H, 5.78; N, 15.69. FT-IR
bands (cm™1): V(c=N) 1601, v(c—0) 1669.

3.1.2. Synthesis of [Co(HL),](ClO4),-2H,0 (1)

Co(ClO4),-6H,0 (0.55 g, 1.5 mmol) was dissolved in 10 mL of a 1:1 methanol-acetonitrile mixture
and 0.25 mmol (0.045 g) of the ligand HL were added. The mixture was stirred for 1/2 h at 60 °C.
The resulting orange solution was kept at room temperature for slow evaporation. Orange octahedral
single crystals suitable for X-ray diffraction were obtained within a week. Yield 0.05 g (64%). Anal.
Calcd. (%) for C12H;6Cl,CoN4Oq3 (M = 650.24 g/mol): C, 22.16; H, 2.48; N, 8.62. Found: C, 21.98; H,
2.78; N, 8.29. Main FT-IR bands. vcon 1548, vc-o 1602, V. 2843, veoN 452 cm ™ L.

3.2. Physical Measurements

C, H and N microanalyses were carried out with a Perkin-Elmer 2400 II elemental analyzer.
FT-IR spectra were recorded on a Thermal Scientific Nicolet™ 6700 ATR (attenuated total reflection)
spectrometer equipped with a Smart iTR diamond window. The magnetic susceptibility measurements
were carried out in the temperature range 1.85-300 K with an applied magnetic field of 0.1 T on a
polycrystalline sample of 1 (with a mass of 9.8 mg) sealed in a polypropylene bag with mineral oil to
avoid the field orientation of the sample with a Quantum Design VSM susceptometer. The isothermal
magnetization was performed on the same sample at 1.9, 3, 5 and 8 K with magnetic fields up to
9 T. AC susceptibility measurements were performed in a PPMS-9 Quantum Design susceptometer
with an oscillating field of 1 to 6 Oe with a frequency from 1 to 10,000 Hz. Prior to the experiments,
the field dependent magnetization was measured at 100 K in order to detect the presence of any bulk
ferromagnetic impurities. The samples appeared to be free of any significant ferromagnetic impurities.
The data were corrected for the sample holder and the intrinsic diamagnetic contributions.

3.3. X-ray Crystallography

Intensity data were collected using MoK radiation with a Bruker ApexIl CCD diffractometer
at 120 K for 1. Data collection and data reduction were performed with SHELX [45] programs.
The structures were solved by direct method using the program SIR92 [46] and refined with the program
CRYSTALS [47]. Empirical absorption corrections were carried out by multi scan technique [48].
All non-hydrogen atoms were refined anisotropically by full-matrix least-squares based on F. All
other H atoms were generated geometrically and were included in the refinement by the riding model
approximation. Selected crystallographic data, experimental conditions and relevant features of the
structural refinements are listed in Table 4.



Magnetochemistry 2018, 4, 56 90f12

Table 4. Crystal Data of compound 1.

1
Formula C12H16C12CON4013
Mol. Wt. (g mol~1) 650.24
T (K) 120
AA 0.71073
Crystal system Triclinic
Space gr. P-1
a(A) 10.1953(13)
b(A) 10.5394(14)
c(A) 13.6540(18)
a (%) 78.889(6)
B () 69.501(6)
7 (°) 69.266(6)
v A8 1281.3(3)
z 2
Dgecm™3 1.685
pmm! 0.956
F (000) 666
Crystal size mm? 0.08 x 0.10 x 0.17
0 range ° 21028
Reflections collected 47,212
Ind. reflections 6201
R(int) 0.037
Reflections used 4781
Parameters refined 391
S 1.07
Final R indices R =0.0451
[I>30(D)] wR = 0.0524
Apmax and Ap,, e- A3 0.7 and —1.14

4. Conclusions

A new octahedral mononuclear Co(II) complex has been synthesized with a ONO donor
hydrazone Schiff base ligands featuring a meridional geometry. The magnetic susceptibility and
isothermal magnetization at different temperatures allows the determination of a large negative ZFS
parameter (D) implying the presence of an easy axis of the anisotropy. Additionally, the mononuclear
complex exhibits field induced frequency dependent slow magnetization that can be fit with the
Debye model with an & parameter close to zero in the studied temperature range, indicating a narrow
distribution of the relaxation times and a single relaxation process. The relaxation times can be fit to
the simultaneous presence of Orbach, Raman and single phonon direct processes.
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