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The reaction of CoCl2 � 6H2O, mpkoH (methyl 2-pyridyl ketone oxime), NEt3, and NaN3 in a
1 : 1 : 2 : 1 molar ratio affords a linear trinuclear complex, [CoIII2 CoII(mpko)4(N3)4(H2O)2] (1).
Complex 1 has been characterized by single-crystal X-ray diffraction, elemental analysis, and
infrared spectrum. Three cobalt ions are in the center of distorted octahedra, which are
connected by two �-1,1 azides and two oxime oxygen atoms to form a linear trinuclear
structure. Discrete units of 1 are connected to form a stable 3-D supramolecular network by
C–H� � �O and C–H� � �N weak interactions. Variable temperature magnetic susceptibility
measurements reveal that 1 exhibits antiferromagnetic behavior.

Keywords: Oxime; Cobalt complex; Crystal structure; Magnetic properties

1. Introduction

The preparation of molecule-based magnets has been of considerable interest to obtain
high-Tc compounds. The usual synthetic approach is to build high-dimensional
polynuclear derivatives by mixing paramagnetic centers with suitable bridging and
terminal ligands. Ferromagnetic couplers in such reactions have been successful for the
synthesis of molecular species with high-spin ground states [1], one of the requirements
for single-molecule magnets (SMMs). Azide is an excellent ligand for constructing
diverse structural topologies from discrete molecules to 3-D networks and predicting
the magnetic nature based on a binding mode [2]. In general, an end-on mode gives a
ferromagnetic interaction and the end-to-end mode produces an antiferromagnetic
coupling [3]. Meanwhile, 2-pyridyloximates (paoH/mpkoH/ppkoH/phpaoH in figure 1)
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have proved useful in the synthesis of new magnetic materials [1b, 4] because of their
coordination modes. The 2-pyridyloximates and azides (N�3 ) in Mn chemistry have
afforded new Mn clusters, which displayed SMM behavior [1, 5].

Co, as a large anisotropic ion, is an attractive alternative to the isotropic Mn to
obtain SMM compounds with 2-pyridyloximate and azide. Some groups have had a
longstanding interest in the use of different chelating ligands in cobalt cluster chemistry,
including hydroxymethylpyridine (hmpH) [6], 2-hydroxy-[1,2-di(pyridin-2-yl)]ethane-1-
one) (Hhdeo) [7], 1,1,1-trifluoro-7-hydroxy-4methyl-5-aza-hept-3-en-2-one [8], and
2-benzoyl pyridine (bzp) [9], which play a key role in the synthesis of cobalt SMMs.
No azide cobalt compounds with 2-pyridyloximate have been described yet. Herein we
report the synthesis, crystal structure, and magnetic behavior of a new linear complex,
[Co3(mpko)4(N3)4(H2O)2], containing methyl 2-pyridyl ketoxime and azide.

2. Experimental

2.1. Materials and physical measurements

All reagents were purchased commercially and used as received. Methyl 2-pyridyl
ketone oxime was prepared according to the literature [10]. Infrared (IR) spectra were
obtained from KBr pellets on a Nicolet 460 FT-IR spectrophotometer. Elemental
analysis (C, H, and N) was performed with a Perkin-Elmer 2400 II elemental analyzer.
Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer pyris-1 TG/DTA
instrument. Ultraviolet and visible spectra were measured in a DMF solution on a
HP8453A UV-Vis/NIR spectrophotometer. Direct current magnetic susceptibility
studies were performed on polycrystalline samples of 1 from 2 to 300K using a
Quantum Design MPMS-XL7 SQUID magnetometer in an applied field of 0.1 T.

Caution! Azide compounds are potentially explosive! Only a small amount of material
should be prepared, and it should be handled with care.

2.2. Preparation of [CoIII2 CoII(mpko)4(N3)4(H2O)2] (1)

CoCl2 � 6H2O (0.1190 g, 0.5mmol) was added to a stirred solution of mpkoH (0.0680 g,
0.5mmol) and NEt3 (0.14mL, 1.0mmol) in MeOH (20mL). After stirring for 30min,
NaN3 (0.0325 g, 0.5mmol) was added slowly. After 6 h, a dark red mixture was filtered.
Red crystals were obtained after 3 weeks with (CH3)2CO layered on the filtrate. Yield:
35mg, 30% (based onmpkoH). Anal. Calcd for C28H32Co3N20O6 (%): C, 36.46; H, 3.47;
N, 30.38. Found (%): C, 36.38; H, 3.42; N, 30.45. IR (KBr pellet: cm�1): 3450 (br),
2060(s), 2030(s), 1630(w), 1601(s), 1475(m), 1384(m), 1294(w), 1270(w), 1181(s), 1110(m),
1086(s), 1045(m), 776(m), 749(w), 696(s), 660(m), 570(w), 516(m), 489(m), 496(m).

N

C

R

N

OH

R=H; paoH
R=Me; mpkoH
R=Ph; ppkoH
R=Py; dpkoH

Figure 1. General structural formula and abbreviations of 2-pyridyl oximes.
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2.3. X-ray crystallography

Collection of intensity data was carried out on a Bruker Smart-1000 CCD diffractom-
eter using graphite-monochromated Mo-K� radiation (�¼ 0.71073 Å) at 298(2) K. The
structure was solved by direct methods and expanded using Fourier difference
techniques with the SHELXTL-97 program package [11]. Non-hydrogen atoms were
refined anisotropically by full-matrix least-squares calculations on F2. Positions of
hydrogen atoms attached to carbons were geometrically placed and refined isotropically
as a riding mode. Crystallographic data and refinement parameters for 1 are presented
in table 1. Selected bond distances and angles are listed in table 2.

3. Results and discussion

3.1. X-ray structural characterization

Single-crystal X-ray structural analysis reveals that 1 has a linear trinuclear structure
(figure 2). The asymmetric unit is composed of one and a half crystallographically
independent cobalt atoms, two mpko�, two azides, and one water molecule.

Table 1. Crystal data and structure refinement for 1.

CCDC 838490

Empirical formula C28H32Co3N20O6

Formula weight 921.53
Temperature (K) 298(2)
Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group P2(1)/c
Unit cell dimensions (Å, �)
a 10.8469(8)
b 9.3647(11)
c 20.0588(17)
� 90
� 95.3570(10)
� 90
Volume (Å3), Z 2028.6(3), 2
Calculated density (mgm�3) 1.509
F(000) 942
Crystal size (mm3) 0.31� 0.22� 0.10
Crystal color Dark-red
� range for data collection (�) 2.88–25.02
Absorption coefficient (mm�1) 1.278
Limiting indices �11� h� 12;

�8� k� 11;
�23� l� 23

Reflections collected 9505
Independent reflection 3537 [R(int)¼ 0.0594]
Max/min transmission 0.8829/0.6928
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3537/0/262
Goodness-of-fit on F2 1.002
Final R indices [I4 2�(I)] R1¼ 0.0486, wR2¼ 0.1188
R indices (all data) R1¼ 0.0949, wR2¼ 0.1557
Largest difference peak and hole (e Å�3) 0.542 and �0.353

3310 X.-M. Qiu et al.
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The coordination geometry of Co1 and Co2 could be described as distorted octahedral.
For Co(1), the six sites are occupied by six nitrogen atoms (N(1)–N(5) and N(8)), four
of which belong to two chelated mpko� ligands, and the other two to �-1,1 and
terminal azides. The central Co(2), which is located on a crystallographic inversion
center, is octahedrally coordinated by two coordination water molecules, O(3) and
O(3A), two nitrogen atoms, N(8) and N(8A), from two �-1,1 azides and two oxime
oxygen atoms of mpko�, O(2) and O(2A).

As a result, Co(2) is connected with Co(1) and its symmetry-related Co(1A) by two
�-1,1 azides to form a linear trinuclear structure. Co(1) is clearly low-spin CoIII based
on Co–N bond lengths, which are similar to CoIII–N bond lengths in other structurally
characterized complexes [12]. The central Co(2) has Co–O distances from 2.004(3) to
2.123(3) Å and Co–N distance of 2.141 Å, indicating that this is a CoII ion [12]. The
oxidation states of Co(1) and Co(2) have also been confirmed by BVS calculations [13],
which give the values of 3.05 and 2.16 for Co(1) and Co(2), respectively.

Table 2. Selected bond lengths (Å) and angles (�) for 1.

Bond lengths
Co(1)–N(1) 1.920(4) Co(2)–O(2) 2.004(3)
Co(1)–N(3) 1.917(4) Co(2)–O(3) 2.123(4)
Co(1)–N(4) 1.934(4) Co(2)–N(8) 2.141(4)
Co(1)–N(2) 1.948(4) Co(1)–N(5) 1.975(5)
Co(1)–N(8) 1.952(4) N(5)–N(6) 1.178(4)
N(6)–N(7) 1.164(5) N(8)–N(9) 1.210(4)
N(9)–N(10) 1.136(5)

Bond angles
N(1)–Co(1)–N(3) 96.48(18) N(2)–Co(1)–N(8) 92.45(17)
N(1)–Co(1)–N(4) 90.24(18) N(1)–Co(1)–N(5) 172.79(18)
N(3)–Co(1)–N(4) 82.40(17) N(3)–Co(1)–N(5) 90.70(18)
N(1)–Co(1)–N(2) 82.28(18) N(4)–Co(1)–N(5) 90.00(19)
N(3)–Co(1)–N(2) 177.46(17) N(2)–Co(1)–N(5) 90.52(19)
N(4)–Co(1)–N(2) 95.38(18) N(8)–Co(1)–N(5) 91.81(19)
N(1)–Co(1)–N(8) 88.92(18) O(2)–Co(2)–N(8) 94.55(14)
N(3)–Co(1)–N(8) 89.76(17) O(2)–Co(2)–O(3) 92.14(16)
N(4)–Co(1)–N(8) 171.96(18) O(3)–Co(2)–N(8) 91.91(16)

Symmetry transformations used to generate equivalent atoms: #1¼�xþ 2, �yþ 1, �z.

Figure 2. X-ray crystal structure of 1 (all hydrogen atoms and solvent water molecules are omitted for
clarity).
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Two kinds of weak interactions, C–H� � �O and C–H� � �N, exist in this complex.
As shown in figures 3 and 4, single molecules are linked by C11–H11� � �O1
(C11� � �O1¼ 3.184 Å) [14] weak interactions to give a 1-D chain along the a-axis,
which are further connected by C7–H7� � �N7 (C7� � �N7¼ 3.330 Å) [15] weak interac-
tions to form a 2-D layer parallel to the ab plane. These 2-D layers are extended to a
3-D supramolecular network by C4–H4� � �N7 (C4� � �N7¼ 3.329 Å) [15] weak interac-
tions. The C� � �X distances and C–H� � �N angles (X¼O, N) are 3.184–3.330 Å and
126.93–152.13�, respectively, consistent with the previously reported values [14, 15].
These supramolecular interactions, together with the coordinate–covalent interactions
between metal ions and organic ligands, strengthen the stability of the network
structure.

3.2. Spectroscopic properties

The IR spectrum of 1 exhibits a broad band characteristic of a coordinated water
molecule at 3400–3490 cm�1. The IR spectrum of the complex reveals coordinated azide
with very strong bands at 2060 cm�1 for antisymmetric vibrations and at 1181 cm�1 for
symmetric vibrations [16]. A strong absorption at 1601 cm�1 and a weak absorption at
1294 cm�1 are assigned to the (C¼N) and (N–O oximate) stretching vibrations,
respectively, of mpko� [17].

The electronic spectrum of 1 in DMF from 190 to 800 nm has �max (", Lmol�1 cm�1)
of 285(6500) and tails into the visible region. The absorption at 285 nm may be assigned
to 	–	* transitions in the oximate and oxime oxygen atom. The absorption at 364 nm
may be assigned to ligand-to-metal charge transfer (LMCT) [18].

3.3. Thermogravimetric analyses

TGA was performed on 1 to investigate the thermal stability (Supplementary material).
The TGA curve of 1 displays steady weight loss from 100 to 150�C (found: 3.4%),
corresponding to the loss of H2O (Calcd 3.9%). The decomposition of the whole
structure corresponds to a rapid weight loss from 150 to 300�C. No further weight loss
occurred until 550�C, indicating decomposition of the whole structure.

Figure 3. View of the 1-D chain structure of 1.

3312 X.-M. Qiu et al.
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3.4. Magnetic susceptibility measurements

Direct current magnetic susceptibility measurements were performed on polycrystalline
samples of 1 from 2 to 300K in an applied field of 0.1T. The results are plotted as 
MT
and 
�1M versus T in figure 5. The 
MT at 300K is 2.607 cm3mol�1K, higher than the
spin-only Co(II) ion (1.875 cm3mol�1K with S¼ 3/2 and g¼ 2), but much smaller
than that of three uncoupled high-spin Co(II) ions. This confirms that 1 is a
mixed valence with Co(III)(S¼ 0)–Co(II)(S¼ 3/2)–Co(III)(S¼ 0), consistent with the
structure determined by X-ray diffraction and similar to other reported mixed valence
linear trinuclear cobalt compounds [19]. The higher value at room temperature may be
due to the first-order orbital contribution to the magnetic moment, typical of the
4T1g ground state [20]. Upon lowering the temperature, the value of 
MT gradually
decreases, reaching 1.63 cm3mol�1K at 2.0K, which may be mainly caused by
depopulation of the higher energy Kramers doublets of Co(II) centers or zero-
field-splitting effects [18].

An attempt to fit the experimental data using the one-ion approximation for Co(II),
similar to that of a similar compound, was unsuccessful [19a]. Instead, the data were
fitted well by an expression for S¼ 3/2 systems with zero-field-splitting effects, D [21].
The best-fit parameters of the experimental data are g¼ 2.34 and D¼ 50.2 cm�1, with
an agreement factor of 1.31� 10�3 (R¼

P
(
obsd�
calcd)

2/
P

2obsd) and close to that of

the high-spin Co(II) complexes [21].

Figure 4. View of the 2-D supramolecular structure of 1.

Linear trinuclear cobalt 3313
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4. Conclusion

We have synthesized and characterized a new azido-bridged linear trinuclear cobalt
complex with mpkoH, in which azides coordinate �1,1(end-on, EO). Molecules are
linked by C–H� � �O and C–H� � �N weak interactions to form a 2-D layer paralleled to
the ab plane. Then 2-D layers along the c-axis form a 3-D supramolecular architecture
with weak interactions important for the stability of the structure. The magnetic
behavior of 1 was determined.

Supplementary material

CCDC 838490 contains the supplementary crystallographic data for this article. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrie-
ving.html, or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB 21EZ, UK; Fax: (þ44) 1223-336-033; or Email:
deposit@ccdc.cam.ac.uk.
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Figure 5. Plots of 
MT and 
�1M vs. T for 1.
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