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In this work are presented the synthesis, structure and magnetic measurements for the [Co(l2-biim)6

2Co(l-H2O)(OH)6] (biim = 2,20-biimidazole) metal-organic framework. The compound crystallizes in the
cubic system, space group Pa�3 (a = 16.0312(6) Å, V = 4120.0(3) Å3 and Z = 4), containing two crystallo-
graphically distinct divalent cobalt ions Co(1) and Co(2) six- and seven-coordinated, respectively. The
two metal centers are linked by 2,20-biimidazole bridging ligand through the N(6) nitrogen donor and
Co(2) forming a dimer via bridged water molecule with Co–Co distance of 4.313(3) Å, originating a 3D
structure. Topological analysis of this compound revealed that the structure is an abi-nodal
3,4-connected network with total point symbol {83}{86}. By fitting of susceptibility data to the
Curie–Weiss law it was possible to estimate the magnetic parameters hp and peff. Magnetic susceptibility
results suggest an antiferromagnetic order in the system.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays there is an intensive research in the field of metal
organic frameworks (MOFs) containing transition metal ions
[1–3]. Some of these materials present remarkable properties, with
systems consisting of metal ions coordinated to organic molecules
capable of forming chains, layers or even 3D structures. The transi-
tion metal insertion in organic frameworks may result in several
physical phenomena, depending on the structure and the metal
distances [4]. The physical properties achieved in MOFs suggests
that these systems can be used in applications that cover several
areas, such as gas adsorption, storage and catalysis [1,3,5], optical
systems exhibiting luminescence [6,7], sensors [2,8], magnetic
refrigeration [9], quantum dot semiconductors [10] and magnetic
data storage [11], just to name a few examples.

Among all transition metal ions of iron group, cobalt is one of
the most versatile when compared to other ions, in what concerns
the structural point of view. This versatility lies in the fact that
cobalt allows the possibility to obtain highly stable systems in sev-
eral geometries, such as octahedral, tetrahedral, square pyramidal,
trigonal pyramidal and others [4]. The search for new Co(II) metal
organic complexes is well explored in the literature and covers
several MOFs and other organic compounds with octahedral
[12–16], tetrahedral coordination [17–20] and even a rare seven-
coordination environment for this ion [21–23]. In this way, it
becomes very important and interesting to study the coordination
behavior of ligands for cobalt ion and which effects the coordina-
tion may have in the physical and chemical properties of these
systems.

Cobalt can be found in +2, +3 and +4 oxidation states; the diva-
lent ion has 3d7 electronic configuration, the tetravalent one has
3d5 electronic configuration and the trivalent ion has 3d6 configu-
ration. The divalent state is the most common oxidation state in
cobalt organic systems, as in our case. In octahedral geometry,
the fundamental energy level 4F for 3d7 configuration becomes
the 4T1g(t5

2ge2
g) ground level in weak field (high spin state) and for

strong field (low spin state), the ground level is 2Eg(t6
2geg) [24]; in

tetrahedral coordination the ground state for the divalent ion is
the 4A2(4F).

In order to explore the possibility to obtain novel cobalt organic
frameworks exhibiting more than one metal center, it was investi-
gated the hydrothermal reaction of cobalt carbonate with N-donor
2,20-biimidazole ligand which can coordinate as a non-deprotonated,
mono-deprotonated or bis-deprotonated ligand [25–27] (see
Scheme 1). The introduction of chelating N-donor ligands would
potentially increase the dimensionality of the crystalline architec-
tures to be prepared as well the number of metal centers present.
To the best of our knowledge, in the literature there are very

http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2014.06.018&domain=pdf
http://dx.doi.org/10.1016/j.poly.2014.06.018
mailto:sspedro@id.uff.br
mailto:pbrandao@ua.pt
http://dx.doi.org/10.1016/j.poly.2014.06.018
http://www.sciencedirect.com/science/journal/02775387
http://www.elsevier.com/locate/poly


Scheme 1. Metal conformation types with N-donor 2,20-biimidazole.
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limited results concerning 3D MOFs with 2,20-biimidazole ligand
[16,28].

In the present work, we synthesized a new metal organic com-
pound containing Co(II) in six- and seven-coordinate states, exhib-
iting a tridimensional structure, using the 2,20-biimidazole as
building block. The cobalt compound has been characterized by
elemental analysis; its thermal behavior and single crystal X-ray
structure determination are also discussed. Magnetic experiments
showed the occurrence of an antiferromagnetic behavior of the
system at very low temperatures.
Table 1
Crystal data and refinement details of [Co(l2-biim)62Co(l-H2O)(OH)6].

Empirical formula C36H32Co3N24O7

Molecular weight (g mol�1) 1089.64
Crystal color dark pink
Crystal system cubic
Space group Pa�3
a (Å) 16.0312(6)
V (Å3) 4120.0(5)
Z 4
Density (mg m�3) 1.757
l (mm�1) 1.278
Reflections collected 15871
Unique reflections, Rint 1263, 0.0834
Final R indices
R1, wR2 [I < 2rI] 0.0630, 0.1521 [888]
R1, wR2 (all data) 0.0948, 0.1664
2. Material and methods

2.1. Synthesis

A mixture of 2,20-biimidazole (C6H6N4 – 0.247 g), hydrated
cobalt carbonate (2Co(CO3)3Co(OH2)�2H2O – 0.252 g) and distilled
water (15 ml) was stirred for several minutes until a homogeneous
solution was obtained, with a pH � 7.0. The mixture was heated in
a teflon-lined autoclave at 160 �C for 7 days, following by slow
cooling to room temperature. The resulting mixture was washed
with water and filtered. After filtering, it was dried in oven for a
few hours at 70 �C, resulting in dark pink cubic crystals. The sample
was prepared at CICECO – Chemistry Department of Aveiro
University.

2.2. Elemental analysis

C, H, N elemental analyses were performed on a Leco CHNS-932
apparatus. Calc. elemental composition (based on single-crystal
data C36H32Co3N24O7, MW = 1089.64; in%): C, 38.63; H, 2.94; N,
30.22. Found for the as-synthesized bulk material: C, 38.39; H,
2.87; N, 29.94%.

2.3. FTIR

Infrared spectrum was recorded in transmittance mode at room
temperature in a Mattson Mod 7000 spectrophotometer, in the
range 400–4000 cm�1, at CICECO – Chemistry Department of Ave-
iro University. The pellet containing the compound was prepared
by sample dispersion (0.2 mg) in a KBr matrix (150 mg) and
pressed. The spectrum was typically an average of 64 scans with
4 cm�1 resolution. Selected FT-IR data (in cm�1): 3500 (w), 3374
(w), 3122 (w), 1693 (w), 1585 (s), 1503 (m), 1480 (m), 1459 (m),
1410 (s), 1334 (m), 1323 (m), 1203 (m), 1178 (m), 1134 (s), 1118
(s), 1080 (s), 1022 (w), 967 (w), 952 (m), 853 (w), 836 (w), 754
(s), 704 (m), 642 (w), 625 (w), 593 (w), 560 (w), 511 (m), 467
(m), 442 (m), 407 (w).
2.4. Thermogravimetry

The thermogravimetry (TG) curve was collected with a Shima-
dzu TG-50 analyzer at CICECO – Chemistry Department of Aveiro
University. The sample was heated with a rate of 10 �C/min from
room temperature to 630 �C under air atmosphere.
2.5. X-ray

Powder X-ray diffraction data were collected at room tempera-
ture on a Panalytical Empyrean diffractometer with a curved
graphite monochromator Cu Ka radiation (k = 1.54180 Å), in a
Bragg-Brentano para-focusing optics configuration. The sample
was scanned in 0.04� steps with a counting time of 60 s per step.

In situ Powder X-ray diffraction data were collected on an X’Pert
MPD Philips diffractometer (Cu Ka radiation) with a curved graph-
ite monochromator, an automatic divergence slit (irradiated length
20.00 mm), a progressive receiving slit (slit’s height 0.05 mm) and
a flat plate sample holder, in a Bragg–Brentano para-focusing
optics configuration. Intensity data were collected by the step
counting method (step 0.02�, counting time 38 s) in the 2h range
8–40�.

Single crystal X-ray data were collected on a Bruker D8 QUEST
CCD area detector at 150 K using graphite monochromatized Mo
Ka radiation (k = 0.71073 Å). The crystal was positioned at
35 mm from the CCD and the spots were measured using a count-
ing time of 120 s. Data reduction including a multi-scan absorption
correction was carried out using the SAINT-NT software package
from Bruker AXS [29]. The raw intensities were corrected for
absorption effects through the multi-scan method with SADABS

[30]. The structures were solved by a combination of direct meth-
ods and subsequent difference Fourier syntheses and refined by
full matrix least squares on F2 using the SHELX-2013 suite [31].
The hydrogen atoms were inserted at geometrical positions. Aniso-
tropic thermal parameters were used for all non-hydrogen atoms
while the C–H hydrogen atoms were refined with isotropic param-
eters equivalent 1.2 times those of the atom to which they are
bounded. Molecular diagrams were drawn with Diamond software.
Crystal data and refinement details are reported in Table 1.
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2.6. Magnetic experiments

Magnetic susceptibility (M/H) was acquired as a function of
temperature (2–300 K) at 100 Oe on a field cooled crystal in a
Quantum Design SQUID magnetometer at Physics Institute at Porto
University.
Fig. 1. (Top) Structure details of [Co(l2-biim)62Co(l-H2O)(OH)6]; (bottom) poly-
hedra representation of the two Co(II) ions. Color scheme: purple: Co; blue: N; red:
O; white: H; grey: C. Coordinates of equivalent atomic positions a: 3/2 � y, 1 � z,
�1/2 + x; b: 2 � x, 1 � y, 1 � z; c: y, z,�1 + x; d: 3/2 � z, 1 � x,�1/2 � y; e: 1/2 + z, 3/
2 � x, 1 � y. (Color online.)
3. Results and discussion

3.1. Crystal structure

Single crystal X-ray analysis reveals that the cobalt compound
crystallizes in the cubic space group Pa�3. The asymmetric unit is
built up of two crystallographic independent Co(II) ions (Co(1)
and Co(2), with occupancies of 0.3333 and 0.1667, respectively),
one bridging 2,20-biimidazole ligand and one bridging water mole-
cule, with half occupancy and one OH group, which is consistent
with the molecular formula [Co(l2-biim)62Co(l-H2O)(OH)6].
Selected bond lengths and bond angles in the cobalt(II) coordina-
tion spheres are given in Table 2. The Co(1) metal center is six-
coordinated surrounded by 6 N atoms from 2,20-biimidazole bridg-
ing ligand forming a distorted octahedron (Co–N = 2.063(5) and
2.035(5) Å, see Fig. 1). The Co(2) metal center is seven-coordinated,
connected to 3 N atoms from the bridging 2,20-biimidazole ligand
(Co–N = 2.024(6) Å), 3 OH groups (Co–O = 2.231(3) Å) and one
bridging water molecule (Co–O = 2.156(3) Å) originating a capped
trigonal prismatic geometry, as can be seen in Fig. 1. These Co–O
and Co–N distances are typical of a Co(II) center bonded to oxygen
and nitrogen donor atoms, respectively, as shown by a search car-
ried out on the Cambridge Structure Database [32].

Both Co atoms bridged by 2,20-biimidazole(Co(1)–Co(2)) and by
bridged water molecule O(2) (Co(2)–CO(2)) form zig-zag layers in
the 3 directions (see Fig. 2), originating a tridimensional structure.
The distances Co(1)–Co(2) and Co(2)–Co(2) within the layer are
5.802(2) and 4.313(7) Å, respectively. The most noticeable feature
of the structure is the corner-sharing dimer of Co(2) seven coordi-
nated which is at the best of our knowledge the first example
reported in the literature.
Table 2
Selected bond distances (Å) and angles (�) of [Co(l2-biim)62Co(l-H2O)(OH)6].

Bond lengths
Co(1)–N(3) 2.063(5) Co(2)–N(6) 2.024(6)
Co(1)–N(3f) 2.063(5) Co(2)–N(6a) 2.024(6)
Co(1)–N(3g) 2.063(5) Co(2)–N(6e) 2.024(6)
Co(1)–N(9) 2.035(5) Co(2)–O(1) 2.231(3)
Co(1)–N(9f) 2.035(5) Co(2)–O(1a) 2.231(3)
Co(1)–N(9g) 2.035(5) Co(2)–O(1e) 2.231(3)

Co(2)–O(2) 2.156(3)

Bond angles
N(3)–Co(1)–N(3f) 97.7(2) N(9f)–Co(1)–N(3f) 80.14(2)
N(3f)–Co(1)–N(3g) 97.7(2) N(3f)–Co(1)–N(9g) 94.88(2)
N(3g)–Co(1)–N(3) 97.7(2) N(9g)–Co(1)–N(3g) 94.1(3)
N(9)–Co(1)–N(9f) 87.6(2) N(3g)–Co(1)–N(9) 80.14(2)
N(9f)–Co(1)–N(9g) 87.6(2) N(3)–Co(1)–N(9g) 167.4(2)
N(9g)–Co(1)–N(9) 87.6(2) N(9f)–Co(1)–N(3g) 167.4(2)
N(3)–Co(1)–N(9) 80.14(2) N(3f)–Co(1)–N(9) 167.4(2)
N(3)–Co(1)–N(9f) 94.88(2) N(6e)–Co(2)–O(1a) 66.6(2)
N(6)–Co(2)–N(6a) 109.8(3) N(6e)–Co(2)–O(1e) 100.7(2)
N(6a)–Co(2)–N(6e) 109.8(3) O(1)–Co(2)–O(1a) 82.6(2)
N(6e)–Co(2)–N(6) 109.8(3) O(1)–Co(2)–O(1e) 82.6(2)
N(6)–Co(2)–O(1) 100.7(2) O(1a)–Co(2)–O(1e) 82.6(2)
N(6)–Co(2)–O(1a) 148.1(2) O(1)–Co(2)–O(2) 49.6(9)
N(6)–Co(2)–O(1e) 66.6(2) O(1a)–Co(2)–O(2) 49.6(9)
N(6a)–Co(2)–O(1) 66.6(2) O(1e)–Co(2)–O(2) 49.6(9)
N(6a)–Co(2)–O(1a) 100.7(2) N(6)–Co(2)–O(2) 109.1(2)
N(6a)–Co(2)–O(1e) 148.1(2) N(6a)–Co(2)–O(2) 109.1(2)
N(6e)–Co(2)–O(1) 148.1(2) N(6e)–Co(2)–O(2) 109.1(2)

Co(1)–O(2)–Co(2) 180

Fig. 2. Topological representation viewed along a axis of the title compound
[Co(l2-biim)62Co(l-H2O)(OH)6] 3D MOF material as a bi-nodal 3,4-connected
network with total point symbol {83}{86}. Nodes: Co(1) is 3-connected by Co(2),
while Co(2) is 4-connected by one Co(2) and three Co(1), respectively.
The three cobalt centers have an oxidation state +2 in agree-
ment with the magnetic data, as described below. Given that in
the molecular formula a �6 charge is required for neutral charge
balance of the coordination compound, which means that O(1)
could be an OH� group and O(2) is a water molecule. Unfortu-
nately, the protons were not discernible from the last calculated



Fig. 4. TGA curve of the cobalt compound recorded in air.
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difference Fourier maps in order to ascertain this scenario. Further
insights into this issue were obtained from elemental analysis
(Hcalculated = 2.94 and Hexperimental = 2.87), and thermogravimetry
analysis was performed (shown in Fig. 4). As can be seen later,
almost no weight loss is observed between room temperature
and ca. 320 �C. These data are consistent with molecular formula
[Co(l2-biim)62Co(l-H2O)(OH)6].

The biim-Co-based coordination network reported in this man-
uscript can be more conveniently described using a typical topo-
logical approach [33] by simplifying the network into central
nodes and connecting rods (acting as intermetallic bridges). All
topological studies have been performed using the software pack-
age TOPOS 4.0 [34] and only considering covalent bonds in the
structure and the data was analyzed using simplified adjacency
matrix to remove any 0–2 coordinated species. The topology study
on the compound shows that it represents a topological type of tcj/
hc which is revealed in the latest TTD database (binodal.ttd, 76186
types in 11 databases).

As mentioned above, Co atom has two unique crystallographic
sites, each crystallographically independent metallic center
(Co(1) and Co(2)) was taken as a node, with the intermetallic
bridges being ensured by the bridging ligand (biim). In this context,
two unique Co cations are 3 (Co(1)) and 4-connected (Co(2)) nodes,
respectively. The final 3D network is, thus, bi-nodal, 3,4-connected,
with an overall point symbol of {83}{86} (see Fig. 2) which has been
found in the latest TTD database.

It is interesting to analyze the tiling of the net, in particular,
such relatively simpler net [35]. Indeed this tiling of the 3-periodic
net is very interesting as revealed by the TOPOS, Systre and 3dt
programmes [34–37]. Only one primitive proper tiling (PPT,
Fig. 3) is confirmed unprecedented in the RCSR database [36].
Two kinds of tiles (in pink and green) were found in PPT1
(Fig. 3(a)): 2[83] and [86] with 2, 2, 1 and 2 inequivalent vertices,
edges, faces and tiles in the tiling, respectively. The dualized tiling
is displayed in Fig. 3(b). The dualized PPT1 (Fig. 3(b)) has also 2 dif-
ferent tiles (also in two different colors): [63] and [63.12]. They
both reflect the cubic framework showing its high-symmetry
nature.
3.2. Thermal properties

The thermal stability of the compound was determined by ther-
mogravimetric analysis (TGA), between 30 and 630 �C whose plot
can be seen in Fig. 4. Upon increasing the temperature there was,
almost, no mass loss up to 320 �C, but further increase in temper-
ature resulted in the water molecules crystallization loss followed
Fig. 3. The simple tilings of 3-periodic nets in the title compound. (a) A primitive prop
showing the cubic framework, the yellow straight lines are the edges of the unit cell an
by the gradual degradation of the organic moiety with rapid mass
loss producing the oxide compound Co3O4.

The in-situ powder X-ray diffractograms, recorded in air at 30,
180 and 400 �C are plotted in Fig. 5. At 400 �C the characteristic
peaks of the cobalt compound almost disappears. The powder X-
ray diffraction of the calcined sample at 420 �C shows the forma-
tion of another structure consistent with Co3O4 (ICSD code
36256) stable at higher temperatures until 620 �C. This transfor-
mation is completed at 620 �C, where only Co3O4 peaks are
observed.

Several attempts to prepared different cobalt structures were
performed using the same reactants (2,20-biimidazole and cobalt
carbonate), but in different conditions, changing temperature
(140–180 �C), reaction time (4–15 days) and reactants ratio (1:1;
2:1 and 1:2, where the first one is the cobalt source and the second
is the ligand). All attempts resulted in the same synthesized com-
pound reported here, which shows that the cobalt compound is
highly stable in a very wide conditions range.
3.3. Magnetism

The temperature dependence of magnetic susceptibility mea-
sured at 100 Oe and |dv/dT|�1/2 are shown in Fig. 6, and vT as a
function of temperature can be seen in the inset at the same figure.
The product vT decreases continuously when the temperature is
er tiling (PPT1); (b) Dualized tiling of PPT1. Both were viewed along (111) plane
d the red balls are the nodes [Co(1) and Co(2)] of the net. (Colour online.)



Fig. 5. Powder XRD patterns of cobalt compound, recorded in situ from 30 �C until
400 �C in air. Two samples were calcined at 420 and 620 �C and after the
calcinations the XRD was recorded.
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reduced, which is an indicative that overall antiferromagnetic
interactions are dominant between the Co(II) ions. The magnetic
susceptibility is characterized by exhibiting a paramagnetic behav-
ior according to the Curie–Weiss law, gradually increasing with
decreasing temperature. In this system, cobalt ions are considered
magnetically isolated, and the Curie–Weiss law is considered valid
in this temperature range.

To eliminate the diamagnetic contribution to the reciprocal
magnetic susceptibility, we consider the quantity |dv/dT|�1/2,
which is analogous of 1/v. The negative Curie–Weiss temperature
Fig. 6. Plot of magnetic susceptibility (full circles) and |dv/dT|�1/2 (white circles). The con
T. The shape of the curve indicates a tendency of antiferromagnetic interactions betwee
hp = �44 K obtained from the linear fitting also confirms the anti-
ferromagnetic coupling between the cobalt ions in the system
[38]. The calculated paramagnetic effective moment per unit for-
mula peff = 5.1 lB is clearly larger than the only spin value for
high-spin Co(II) isolated centers (peff ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þ

p
¼ 3:87 lB,

where S = 3/2) [39]. However, this value agrees with Co(II)
complexes in octahedral symmetry with a significant orbital con-
tribution to the magnetic effective moment, due a unquenched
orbital momentum of the coordinated high-spin d7 divalent cobalt
ion, typical of the 4T1g ground state [40–42]. In fact, for several sys-
tems containing Co(II) in high spin state, the value of the magnetic
effective moment can be found in the 4.3–5.2 lB range [43], which
is close to our result.

Although our system presents Co(II) in two distinct coordina-
tions (six and seven), apparently the coordination of the cobalt ions
does not affect the value of the effective moment peff, since that
found value agrees with previous reported results for others octa-
hedral [40] and seven-coordinated [22] Co(II) systems. Concerning
the magnetic structure, the cobalt ions are ordered in an infinite
tridimensional chain, where the ions planes interact between
themselves. It is important to mention that, due to the high dimen-
sionality of the magnetic structure, a closed expression to the mag-
netic susceptibility was not possible to be obtained. However, the
distance between adjacent cobalt ions (Co(1)–Co(2): 5.802(2) Å
and Co(2)–Co(2): 4.313(7) Å, early mentioned), allow to identify
two exchange interactions corresponding to an anti–anti bond
between Co(1)–Co(2) ions and a d–p–d bond between
Co(2)–Co(2b) ions (see Fig. 1). As can be seen in the Fig. 6, the vT
plot shows a behavior usually associated to antiferromagnetic sys-
tems, in agreement with the negative value of the Curie–Weiss
constant hp, indicating that this compound has an antiferromag-
netic overall characteristic.
4. Conclusions

A new metal-organic framework consisting of Co(II) ions linked
by 2,20-biimidazole ligand and water molecule was described. The
compound contains cobalt ions six- and seven-coordinated form-
ing a tridimensional structure with a bi-nodal 3,4-connected net-
work in which Co(1) is 3-connected, while Co(2) is 4-connected
with an overall point symbol of {83}{86}. From magnetic
tinuous line is the best linear fit according the Curie–Weiss law. Inset: plot of vT vs.
n the Co(II) ions.
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experiments, the negative value of the Curie temperature hp and
the shape of the vT curve indicate the presence of overall, but weak
antiferromagnetic interactions between Co(II) centers arranged in
a tridimensional chain in addition to the spin–orbit coupling,
observed from the value of magnetic effective moment, which is
greater than the value considered only from spin contribution.
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Appendix A. Supplementary data

CCDC 994752 contains the supplementary crystallographic data
for [Co(l2-biim)62Co(l-H2O)(OH)6]. These data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html, or from the Cambridge Crystallographic Data Centre, 12
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