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Abstract

- Yasemin Acar’

A new cubane-based cobalt(Il) cluster, [CosL,4] (1), where HoL. = 2-((E)-(2-hydroxyethylimino) methyl)-4-chlorophenol
has been prepared using a solvothermal process and characterized by structural, optical and magnetism. The crystal
structure of 1 consists of a tetranuclear Co40O, core in an open-cubane framework. Each cobalt(Il) ion is penta-coordinated
in a distorted square pyramidal geometry (Tcoi=coti = 0.030, Tcoz=coz2i = 0.023). Furthermore, the photoluminescence
analysis indicates that 1 has a strong blue emission which should be attributed to coordination of the metal to the ligand.
The temperature dependence of the magnetic susceptibilities of 1 shows antiferromagnetic coupling (J = — 26.61 £ 0.01)

between cobalt(I) ions.
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Introduction

The design, synthesis, and characterization of polynuclear
transition metal complexes have attracted considerable
attention in the development of coordination chemistry
[1, 2], molecular magnetism [3, 4], bioinorganic chemistry
[5]. These complexes have unique chemical and physical
properties as photocatalysts for water oxidation [6, 7] sin-
gle-molecule magnets (SMMs) [8, 9], biological activities
[10-12], catalysis [13, 14] and modeling biochemical
reactions [15, 16]. Moreover, these complexes show pho-
toluminescent and electroluminescent properties due to
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electron transport, light emission, higher thermal stability
and their ease of sublimation [17-20]. They are widely
used as light emitting materials and an electron transport-
ing materials in organic light emitting diodes (OLED)
applications [21-23]. Their optical properties can be easily
adjusted through the coordinated metal center or modify of
the substituents of ligands.

Cobalt complexes containing Co,O4 cores have been
classified in the literature as butterfly, incomplete cubane,
cubane, defect dicubane topologies [24-29]. Cobalt com-
plexes in these topologies have been extensively studied in
terms of structural, spectroscopic, biological and magnetic
properties through experimental and theoretical approaches
[24-32]. So far, the structural and magnetic characteriza-
tion of cubane-based cobalt(Il) complexes have been
published by various research groups [33-36]. But, studies
on the solid-state photoluminescence properties of open-
cubane cobalt (II) complexes have been limited number in
the literature [37].

Previously, our research group and others have studied
on structural and magnetic and photoluminescence char-
acterization of mono, binuclear, trinuclear and tetranuclear
complexes containing Schiff base ligands and transition
metal ions [29, 38-45]. For enlarge the library of cubane-
based cobalt (II) clusters, we describe here the crystal
structure, photoluminescence and magnetic properties of a
new open-cubane cobalt (II) cluster.
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Experimental
Materials and Instrumentation

5—chlorosalicylaldehyde, ethanolamine, metal salt and
solvents in the synthesis were used in the reagent grade and
without any purification. UV-Vis spectra in solid-state
were measured by an Ocean Optics Maya 2000-PRO
spectrometer. Infrared spectra were recorded on a Perkin—
Elmer Spectrum 65 instrument (4000-600 cm_l). Powder
X-ray measurements were performed on a Bruker—AXS
D8-Advance diffractometer using Cu—K, radiation
(A =1.5418 A) in the range 5° < 20 < 50° in 6—6 mode
with a step time of ns (5§ s <n < 10 s) and step width of
0.02°. Solid-state photoluminescence spectra were mea-
sured with an ANDOR SR500i-BL Photoluminescence
Spectrometer. The measurements were done by using
excitation source (349 nm) of a Spectra—physics Nd:YLF
laser with a 5 ns pulse width and 1.3 mJ of energy per
pulse as the source. Magnetic measurements were per-
formed by a QD model SQUID magnetometer at a field of
1.0T.

Synthesis of H,L and 1

The ONO type Schiff base ligand, H,L 2-((E)-(2-hydrox-
yethylimino) methyl)-4-chlorophenol, was prepared from
ethanolamine (1 mmol, 0.061 mL) and S5-chlorosalicy-
laldehyde (1 mmol, 0.156 g) in a 1:1 molar ratio in hot
methanol (60 cm®) according to the method reported pre-
viously [11]. The solution obtained was stirred at 65 °C for
15 min. The yellow compound precipitated from the
solution on cooling. Analysis calculated for CoCINH,,0,
(Yield 80%): C, 54.15; H, 5.05; N, 7.02%; Found: C,
54.11; H, 4.98; N, 7.06%.

A methanol solution (20 mL) of cobalt(Il) acetate
tetrahydrate (1 mmol, 0.249 g) was added to a methanol
solution (30 mL) of the ligand, H,L (1 mmol, 0.199 g).
The mixture was heated to 65 °C with stirring for 15 min
and then, triethylamine (EtzN) (1 mmol, 0.101 mL) was
added to the solution. The resulting red solution was stirred
for a further 10 min, filtered, and then allowed to stand at
room temperature. Red block crystals were obtained after
4 days. Analysis calculated for C3;H3,Cl4Co4N4Og, CHj3
OH (Yield 70%): C 41.99, H 3.43, N 5.29%; Found: C
41.95, H 3.48, N 5.25%.

The synthetic route of 1 is outlined in Scheme 1. In the
presence of added bases, such as NaOH or NEt;, high-
nuclearity cubane-type clusters have a tendency to form. In
the formation of the complex 1, the Schiff base ligand, H,L
is deprotonated and then coordinated to the Co(II) atoms.
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This process commonly occurs during the formation of
polynuclear metal complexes [34, 45—47].

X-ray Structure Determination

Diffraction measurements were made at a Bruker Apex II
Kappa CCD diffractometer using monochromatic Mo-K,,
radiation at 100 K [48]. The structure was solved by direct
methods in the OLEX?2 program [49], using SHELXS [50]
and refined by full-matrix least-squares based on IFobsl2
using SHELXL [51]. The non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were included
in the structure factor calculations at idealized positions
and were allowed to ride on their parent atoms. The solvent
methanol molecule in the crystal lattice appears to be
highly disordered. Therefore, to eliminate the electron
intensity contributions from the disordered solvent mole-
cules was used to OLEX?2 [44] solvent mask function. The
final refinement of the structure of 1 was carried out using
the intensities modified by the Olex2 solvent mask. The
methanol molecule and their hydrogen atoms were not
included in the total atomic formula and they are not
included in the list of atoms. Thirty missing reflections
appeared to be obscured by the beamstop, thus reducing the
completeness to less than 100%. The twenty-eight reflec-
tions were omitted from the refinement owing to bad dis-
agreement. Crystal data and structural refinement
parameters for 1 are given in Table 1. The geometric
parameters are listed in Table 2. CCDC 826649 contains
the crystallographic data for the structural analyses of 1.
These data can be obtained free of charge via www.ccdc.
cam.ac.uk.

Results and Discussion
Crystal Structure

Complex 1 crystallizes in the orthorhombic space group
Pbcn. Its asymmetric unit consists of one [ColzILz] subunit.
Crystal structure determination indicates that 1 is a cubane-
based structure consisting of two dinuclear [ColL,] sub-
units (Fig. 1). The four cobalt (II) ions are linked by ps-
alkoxo bridges, generating an open-cubane type {Co404}
configuration. The oxidation states of cobalt atoms are
determined by bond-valence method (or bond valence sum)
[52, 53]. As seen in Table 2, the bond-valence-sum
reconfirms the valence state 2 +.

Each cobalt (II) ion is pentacoordinate by one imine
nitrogen atom, one phenoxy oxygen atoms and three ;-
alkoxo oxygen atoms from the Schiff base ligands. The
Addison distortion indexes of Col(Col') and Co2(Co2})
atoms were found to be  Tcor=cor = 0.030,
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Scheme 1 The synthetic route

of 1

Cl

Table 1 Crystal data and structure refinements for 1

OH

H *H,N

Empirical formula
Formula weight
Crystal system
Space group

a

b

c

a=p=vy
Volume

z

Peale

n

O range for data collection

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I > 2o (I)]

C36 H3,Cl4Co4N4Og

1026.18
Orthorhombic
Pbcn

19.0292 (3) A
21.9494 (4) A
9.4152 (2) A
90°
3932.54(13) A®
4

1.733 g/em?
1.986 mm™!
1.4°-27.6°
—21<h<?24
—28<k<?25
—5=<iI<12
19,500

4504
4504/6/253
1.26

R, = 0.074, wR, = 0.162

Tco2=Co2i = 0.023,

respectively i=—x, y, —z+ 3/2)

[54]. Therefore, the coordination polyhedron of each cobalt
(IT) center is described as distorted square pyramidal. The
basal plane of the square pyramid is constructed by NOj

Methanol ! —N OH
/SN T e
OH
OH
Methanol
(CH5C00),Co0.4H,0 | EtsN cl
O

CI

O

Cl

Table 2 Selected geometric parameters (A, °) for 1 and bond valance
sum (BVS) calculations for the Co ions

Col1-03 1.900 (5) Co2-02 1.902 (6)
Col-01 1.952 (4) Co2-041 1.963 (4)
Col-04 1.978 (5) Co2-01 1.974 (4)
Col-N2 1.944 (6) Co2-N1 1.934 (5)
Col-041 2.432(4) Co2-01' 2.419(5)
01-Col1-03 94.03 (2) 01-C02-02 176.4 (2)
03-Col-04 176.0 (2) 04-Co2-01 87.15 (2)
01-Col-04 89.0 (2) Co1-01-Co2 105.4 (2)
02-Co2-04! 94.9 (2) Co2'-04-Col 101.8 (2)
The oxidation state of Co
24
Col (Col’) 2.14
Co2 (Co2') 2.10

Symmetry codes: (i) — x, y, — z + 3/2

atoms, whereas the apical position is occupied by a p3-
alkoxo oxygen atom. Col (Col') and Co2 (Co2') for 1
deviate from the NOj; basal planes by 0.428 and 0.345A
towards the apical ligand atom. The basal Co—O bond
distances are in the range of 1.900 (5)-1.978 (5) A, while
the axial bond distances range of 2.419 (5)-2.432 (4) A.
The basal Co-N bond distances and Co—O,oxo—CO
bridging bond angles are 1.934 (5)-1.944 (6) A and 101.8
(2)-105.4 (2)°, respectively. Co---Co distances vary from
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Fig. 1 Molecular structure of 1 (i = — x, y, — z + 3/2)

3.059 (1) to 3.466 (1) A. All bond distance and angles
resemble in those reported earlier structures [37, 55].

In the crystalline architecture of 1, adjacent tetranuclear
molecules are connected by C16-H16---O2 and Cl1-
HI11A..-Cll hydrogen bonds which lead to a hydrogen-
bonded two-dimensional structure in the ac plane (Table 3,
Fig. 2). This structure lies in a-axis and stacks along to the
c-axis (Fig. 3). Besides, intermolecular ©t---n and C-H---&

Table 3 Hydrogen bond and short-contact geometry (A, °) for 1

ring interactions are observed between benzene rings
(Fig. 3, Table 3).

Before performing the characterization of the complex,
the experimental and simulated powder X-ray diffraction
patterns of 1 are compared as seen Fig. S1. The experi-
mental PXRD patterns are in good agreement with the
simulated patterns on single crystal X-ray structure.

FT-IR Spectra

The shifts in the important vibrational bands of the
azomethine V(con), V(c_o), phenolic v_m), Vc-o) and
V(cm) groups are shown in Fig. S2 and Table S1. A broad
band in the range of 3494-3269 cm™' which corresponds
to the aromatic vo_p stretching vibration, can be con-
nected with the presence of OH™ a chelating group within
the structure of the complex. The bands centered in the
range of 2907-2884 cm™' may be associated with the
stretching vibrations of the aromatic and aliphatic C-H
bonds. The strong band at 1647 cm™" assigned to Vic=N) in
the free ligand, shifted to lower wavenumber (1643 cm™ )
in 1. This shift shows the participation of the azomethine
nitrogen in metal coordination [56]. The band of v_o,
vibrations in the free ligand is at 1278-1215 cm™' while
the band of v_q, vibrations of 1 has shifted to a lower
frequency (1268-1209 cm™') which is confirmed the
presence of phenolic oxygen in the coordination. The
characteristic band of v(c_cyy vibrations of H,L and 1 is in
the range of 729-615 cm ™! [40, 57].

Solid State UV-Vis Spectra

A solid-state electronic absorption spectral data of 1 and its
free ligand H,L was recorded (Fig. S3). The data are
summarized in Table S1. The absorption spectra of 1 dis-
play different absorption pattern as compared to H,L. The
electronic spectral data of H,L exhibit two bands in the UV
region at 302 and 437 nm while its cobalt (I) complex

D-H---A* D-H H--A D--A D-H---A Symmetry
C16-H16---02 0.95 2.55 3.476 (8) 165 —12=-x,12 -y, — 124z
Cl1-H11A---Cl1 0.98 2.88 3.69 (8) 139 - Xy, 12—z
Cg(D)---Cg() Cg(D)---Cg(J) Ring centroid
Cg (5) ---Cg (6) 3.610(4) Cg (5) = C5-C6-C7-C8-C9 124x,1/-y, 1 -2z
Cg(6) = C13-C14-C15-C16-C17-C18
X-H:--Cg(I) X-H:--Cg(I) X---Cg()
C3-H3---Cg (5) 161 3.789 (8) X, 1—y, 12+z

*D Donor, A Acceptor, M Metal, Cg(I) plane number I (ring number in () above), Cg—Cg distance between ring centroids (A)

@ Springer
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Fig. 2 2-D structure of 1 showing the intermolecular C16-H16---O2 and C11-H11A---Cl1 hydrogen bonds

Fig. 3 The hydrogen-bonded
2D structure lies in a- axis and
stacks along to the c-axis. The
intermolecular « ---- © and C-H
-+ T ring interactions in 1

show absorption bands at 333 and 470 nm. These absorp-  in the spectra of the complex towards longer wavelength
tion bands of 1 are assigned to the 1 — n* and n —» n*  compared to that of its ligand, which is signified the metal
electronic transitions of the azomethine and the carbonyl ion coordination with the ligand [58, 59].

groups [58]. In addition, the shifting of the absorption band

@ Springer
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Solid State Photoluminescence Properties

The solid-state photoluminescence (PL) spectroscopy of 1
and its free ligand H,L. was investigated in the visible
region at room temperature. As seen from Fig. 4, H,.
L indicates a strong green emission band at Ap.
= 505 nm, which is attributable to the n—»mn or t—-n*
electronic transition (ILCT) [60, 61] and 1 has a strong blue
emission band at A, = 472 nm and moderate emission
band at A, = 694 nm. The observed blue shift of the
stronger emission bands of H,L and 1 is due to the com-
plexation of the metal ion with the ligand [40, 62]. Besides,
the intensity emission of 1 is found to be higher than
intensity emission of its free ligand. As described earlier,
the rigidity of the ligand after coordination with the metal
ions reduces the loss of energy by radiation-less decay
which resulted in comparatively sharp emission peaks [63].

Magnetic Properties

The DC magnetic susceptibility for 1 was performed
between 2 and 300 K under a magnetic field of 1000 Oe
and the plot of y,,T versus T is shown in Fig. 5. The
experimental T value at 300 K is 11.30 cm® K mol ™!,

B 2N82ﬁ2 (9€2J/kT _|_5566J/kT + 140812J/kT + 180620J/kT + 165630J/kT _|_9le421/kT)

Fig. 5 Temperature dependence of y,,T versus T for 1. The solid red
line represents the best fit

decreasing T, the y,,T value decreases to reach a minimum
value of 0.135 cm® K mol ™! at 2 K. This feature indicates
the presence of an antiferromagnetic interaction between
cobalt(Il) ions [36]. The magnetic exchange analysis for
cobalt(I) complexes is difficult due to orbital contribution
to the magnetic moment [34, 35]. In this respect, the
magnetic susceptibility data can be fit by Eq. (1), based on
the isotropic spin Hamiltonian H = —2J(S55;),

T
Zm &

(4 + 27X /KT 4 55661 /KT 1 7012 /KT - 54200 /KT | 33300/KT 4 13¢421/KT)

2N2 2
l—p)+%ﬁp+m (1)

which is higher than the spin-only value of 7.50 cm?
Kmol ™! for a tetranuclear cobalt an (S=372, g=2.0)
system. This can be explained by the orbital contribution to
the magnetic moment of the cobalt(I) ions [34, 35]. With

Fig. 4 The emission spectrum
of H,L and 1 at room
temperature (Aexe. = 349 nm)

@ Springer

where N, g, ug, k, T have their usual meanings, p is the
fraction of paramagnetic impurity and N, is the tempera-
ture independent paramagnetism. The best-fit parameters
obtained are as follows: g =2.50 £ 0.01, J =-26.61 +
0.01, p = 0.03 & 0.01, N, = 600 x 107°.
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Fig. 6 Magnetization as a function of the applied magnetic field for 1,
performed at 4.5 K

The open-cubane structure adopted in Co4L4 (1) is an
unusual motif, but the magnetic properties of several such
cubane cobalt(Il) clusters have been studied. Both ferro-
magnetically [64, 65] and antiferromagnetically [66, 67]
coupled systems have been reported. The Co-O-Co
bridging angle in cubane cobalt(Il) complexes found a
crucial role on the sign and magnitude of the exchange
interaction [33, 44]. The exchange interaction is antifer-
romagnetic for Co—O-Co bridging angles larger than
around 99° and ferromagnetic for small angles [44].

In the case of our cluster 1, the Co—O-Co bridging
angles are 101.8 (2) and 105.4(2)°, which are greater than
the crossover angle, the expected coupling through this
bridge should be antiferromagnetic for 1.

The field dependence of the magnetization for 1 has
been measured at 4.5 K. The magnetization plot shows that
the magnetization exhibits a steady increase with the
increase of the applied magnetic field, which agrees with
the assumption of the antiferromagnetic exchange inter-
actions (Fig. 6). The magnetization reach at 2.96 NuB
value at 6 T which is smaller than the S = 3/2 saturation
value, (3.76 Nug) (assuming S = 3/2, g = 2.51), probably
due to the zero-field splitting of Co(II) [36].

Conclusions

In this work, crystal structure, photoluminescence and
magnetic properties of a new open-cubane cobalt (II)
complex have been reported. DC magnetic properties of 1
are in good agreement with the literature. y,,T versus
T curve was fitted with the isotropic spin Hamiltonian
model and the best-fit parameters show antiferromagnetic
interaction in the complex. The solid-state photolumines-
cence measurements of 1 indicate blue light emissions
while its ligand H,L display green light emission which
can be associated with the n—»n or m—n* electronic

transition (ILCT). Hence, the results show that synthesized
cobalt (I) complex can be used as a promising emission
source for blue organic light-emitting devices application.

Supporting Information

The figures of X-ray powder diffraction, UV—Vis and FTIR
spectroscopies are provided as supporting information.
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