A unique open inorganic—organic framework with alternate hexa-
and penta-coordinate cobalt(1) sites. Synthesis, crystal structure
and magnetic properties of [Co,(C,H,0,),(OH)],-0.5sH,0
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A three-dimensional open-framework with unprecedented alternate hexa- and penta-coordinate cobalt(n) sites

was obtained from the hydrothermal reaction of cobalt nitrate and succinate in a basic solution. Of the four
crystallographically independent Co(11) atoms in the crystal structure of this compound, three are hexa-coordinated
and one penta-coordinated. The cobalt(i) atoms are linked by edge-sharing CoO,, (n =5 or 6) polyhedrons. The
temperature dependence of the magnetic susceptibility of this compound shows strong antiferromagnetic interaction

between the metal atoms.

Introduction

Inorganic-organic hybrid frameworks are widely regarded as
promising materials for applications in catalysis, separation,
gas storage and molecular recognition.’” Compared to con-
ventional microporous inorganic zeolite materials, the organic
components offer great potential for chemical and structural
diversity, including the direct incorporation of catalytic sites.*
To date, considerable progress has been made on the control
of the resulting coordination polymers which are often
plagued by interpenetration® or framework breakdown upon
the removal of absorbates.® However, the selectivities, espe-
cially in separation, catalysis and molecular recognition for
the reported materials are still poor, limiting their practical
applications. One of the possible strategies to improve the
selectivity and reactivity is to synthesize inorganic—organic
hybrid frameworks with unsaturated metal sites, as has been
observed in penta-coordinate cobalt(ir) complexes and metallo-
enzymes.” However, reports of open inorganic—organic
frameworks with unsaturated metal sites have been largely
absent from the literature.® As for cobalt complexes, only a
few such structures have been reported in three-dimensional
hybrid frameworks up to now,” apparently because these
polymeric structures are difficult to control. Therefore, syn-
thesis of this kind of material can not only help us under-
stand how the open inorganic-organic framework with
unsaturated metal sites is formed, but also provide frame-
works with higher selectivity, in catalysis. In particular, the
Co(m1) ion may be used, for its coordinational flexibility and
additional magnetic properties, in a polymeric structure as a
metal template for the preparation of multi-dimensional
hybrid inorganic—-organic materials.'® We now report the syn-
thesis and crystal structure of an open framework containing
mixed coordination metal centres, namely [Co;(C,H,O,),s-
(OH)],-0.52H,0 (1).

Experimental

All reagents used were commercially available and were used as
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received. All samples were thoroughly dried prior to elemental
analyses.

Physical measurements

The C, H and N elemental analyses were performed on a
Perkin-Elmer 204 elemental analyzer. The magnetic data of 1
were measured (Maglab 2000, Oxford) over the temperature
range 2-300 K at 10 kOe applied field.

Preparation

A mixture composed of cobalt(ir) nitrate hydrate, succinic acid,
sodium hydroxide and water in the molar ratio 1 : 2: 1 : 600 was
heated at 180 °C in a stainless steel autoclave for 5 days. Pink
crystals of 1 suitable for X-ray crystallography were isloated
(yield 0.152 g, 31%). Anal. calc. for C;yH;,C0;0,,5 1: C, 24.19;
H, 2.47. Found: C, 24.57; H, 2.35%.

Crystallography

Diffraction intensities of 1 (crystal size 0.32 X 0.20 X 0.15 mm)
were collected at 295 K on an Enraf-Nonius CAD4 diffract-
ometer. Lorentz-polarization and absorption corrections were
applied. Structural solution and full-matrix least-squares
refinement based on F? were performed with the SHELXS-97
and SHELXL-97 program packages, respectively.''? All the
non-hydrogen atoms were refined anisotropically. Hydrogen
atoms of the organic ligands were generated geometrically
(C-H=0.96 A) and those of the aqua ligands were located from
the difference maps; all the hydrogen atoms were assigned the
same isotropic temperature factors and included in the
structure-factor calculations. Analytical expressions of neutral-
atom scattering factors were employed, and anomalous disper-
sion corrections were incorporated.’® Crystal data, as well as
details of data collection and refinement, are summarised in
Table 1. Selected bond lengths of 1 are given in Table 2.

CCDC reference number 156110.

See http://www.rsc.org/suppdata/dt/b1/b105482c/ for crystal-
lographic data in CIF or other electronic format.
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Results and discussion

Crystal structure

The crystal structure shows that the three-dimensional open-
network of 1 consists of [Cos(succinate), (OH)], layers and
succinate pillars. The layer structure in 1 features a honeycomb
network constructed from edge-sharing CoO, (n =5 or 6) poly-
hedrons, as shown in Fig. 1,"* in which every 14 polyhedrons are
interconnected to form a rhombic ring. The layer structure is
consolidated by both p;-hydroxy and bis-tridentate succinate
groups. Adjacent layers are covalently linked by bis-tridentate
succinate groups as molecular pillars to furnish a three-
dimensional open framework with hourglass-shaped channels
running along the a-axis, as shown in Fig. 2. Lattice water

Table 1 Crystal data for complex 1

Formula C0H12C0304; 5
FW 492.99
Crystal system Triclinic
Space group P-1 (no. 2)
alA 8.750(2)
blA 9.112(2)
c/A 10.350(2)
pr 68.69(3)
VIA? 745.1(3)
V4 2
DJgcm™ 2.197
u(Mo-Ko)/mm™' 3.362
Unique data 2918

Data with 1> 20(1) 3122

R, [1=2a(])] 0.0321
wR, (all data) 0.0857
Goodness-of-fit on F* 1.040

Table 2 Selected bond lengths (A) and bond angles (°) for complex 1*

molecules are located in the hourglass-shaped channels,
forming relatively weak hydrogen bonds with the carboxy
oxygen atoms [O(2w)---O(3a) 2.857(3) A]. There are four

Fig. 1 Perspective view of the coordination environments of the metal
atoms and the interconnection of the CoOs and CoOg polyhedrons
viewed along the b-axis.

Fig. 2 Perspective view of the 3D structure of 1 along the a-axis.

Co(1)-O(la) 2.052(2)
Co(1)-O(5) 2.063(2)
Co(2)-0(10) 2.023(2)
Co(2)-0(6) 2.133(2)
Co(3)-O(1w) 2.038(2)
Co(3)-0(lc) 2.114(2)
Co(3)-O(6b) 2.118(2)
Co(4)-0(3d) 2.001(2)
Co(4)-O(1we) 2.103(2)
O(1a)-Co(1)-O(1) 180.00(18)
O(1)-Co(1)-0(5) 86.84(8)
O(1)-Co(1)-O(52) 93.16(8)
O(12)-Co(1)-0(4) 83.36(8)
0(5)-Co(1)-0(4) 89.61(8)
O(12)-Co(1)-O(4a) 96.64(8)
0(5)-Co(1)-O(4a) 90.39(8)
0(4)-Co(1)-O(4a) 180.00(11)
0(10)-Co(2)-O(7) 91.71(9)
0(10)-Co(2)-O(7b) 88.29(9)

O(7)-Co(2)-O(7b) 180.0

0(10b)-Co(2)-0(6) 89.27(9)
O(7b)-Co(2)-0(6) 80.24(8)
0(10b)-Co(2)-0(6b) 90.73(9)
O(7b)-Co(2)-O(6b) 99.76(8)
O(1w)-Co(3)-O(9b) 88.04(9)
0(9b)-Co(3)-0(7) 88.78(9)
0(9b)-Co(3)-O(1c) 176.93(8)
O(1w)-Co(3)-0(6b) 178.05(8)
O(7)-Co(3)-O(6b) 80.81(8)
O(1w)-Co(3)-O(4b) 94.46(8)
O(7)-Co(3)-O(4b) 165.00(7)
O(6b)-Co(3)-0(4b) 86.48(8)
0(3d)-Co(4)-0(8) 89.27(10)
0(3d)-Co(4)-0(2¢) 96.07(9)
0(8)-Co(4)-O(2¢) 93.93(11)
O(1w)-Co(4)-O(1we) 80.19(10)
0(2c)-Co(4)-O(1we) 90.17(10)

Co(1)-O(1) 2.052(2)
Co(1)-0(4) 2.098(2)
Co(2)-0(7) 2.121(2)
Co(3)-0O(%b) 2.047(2)
Co(3)-0(7) 2.111(2)
Co(3)-O(4b) 2.127(2)
Co(4)-O(8) 2.026(2)
Co(4)-O(1w) 2.014(2)
Co(4)-0(2c) 2.027(2)
O(1a)-Co(1)-O(5) 93.16(8)
O(1a)-Co(1)-O(52) 86.84(8)
0(5)-Co(1)-O(52) 180.00(17)
O(1)-Co(1)-0(4) 96.64(8)
0(52)-Co(1)-O(4) 90.39(8)
O(1)-Co(1)-O(4a) 83.36(8)
0(52)-Co(1)-O(4a) 89.61(8)

0(10)-Co(2)-O(10b) 180.0

0(10b)-Co(2)-O(7) 88.29(9)
0(10b)-Co(2)-O(7b) 91.71(9)
0(10)-Co(2)-0(6) 90.73(9)
O(7)-Co(2)-0(6) 99.76(8)
0(10)-Co(2)-O(6b) 89.27(9)
O(7)-Co(2)-O(6b) 80.24(8)
0(6)-Co(2)-O(6b) 180.00(4)
O(1w)-Co(3)-O(7) 98.49(8)
O(1w)-Co(3)-O(Ic) 94.96(9)
O(7)-Co(3)-O(lc) 90.15(8)
0(9b)-Co(3)-0(6b) 90.12(9)
0O(1c)-Co(3)-O(6b) 86.87(8)
0(9b)-Co(3)-O(4b) 99.23(9)
0O(1c)-Co(3)-O(4b) 81.19(8)
0(3d)-Co(4)-O(1w) 156.48(8)
O(1w)-Co(4)-O(8) 95.74(10)
O(1w)-Co(4)-0(2¢) 106.45(9)
0(3d)-Co(4)-O(1we) 93.29(10)
0(8)-Co(4)-O(1we) 174.92(10)

¢ Symmetry codes: a: —x, =y, —z;b: —x, =y, —z+ e x,y,z+ dx—Ly,z+ e —x—1, -y, —z+ 2 fix,y,z— L;gx+ 1,y,z— 1.
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Fig. 3 Temperature dependence of the effective magnetic moment
(tes) and the reciprocal molar magnetic susceptibility (yy) for 1.

crystallographically independent Co(1) atoms. Co(1) is located
at an inverse centre and octahedrally coordinated by six oxygen
atoms from three bis-tridentate succinate groups in the layer;
Co(2) is octahedrally coordinated by four oxygen atoms from
two bis-tridentate succinate groups and two oxygen atoms from
the two bis-tridentate succinate groups. Co(3) is also octa-
hedrally coordinated by six oxygen atoms, with four from four
bis-tridentate succinate groups and one from a bis-bidentate
succinate group and one from a hydroxyl group. Co(4) is
square-pyramidally coordinated by three oxygen atoms from
three succinate groups and two oxygen atoms from two pi;-
hydroxy groups. The Co—O(carboxy) and Co—O(hydroxy) bond
lengths are in the ranges 2.001(2)-2.133(2) and 2.014(2)—
2.103(2) A, respectively. Co(11) atoms usually exhibit an octa-
hedral geometry in their coordination polymers,'® in particular,
the Co(11) atoms in a related hybrid open framework consisting
of both carboxylate bridges and p,-hydroxy bridges found'*
in [Cos(C,H,0,),(OH),], exhibit uniquely octahedral coordin-
ations. Although cobalt(i) atoms in alternative octahedral and
tetrahedral geometries or octahedral and square-pyramidal
geometry have been reported in one-dimensional chain,'® two-
dimensional® and three-dimensional structures,’ to the best of
our knowledge, 1 is the first example of a three-dimensional
open framework with both carboxylate bridges and p;-hydroxy
bridges adopting different coordination geometries. The penta-
coordination of Co(4) in 1 may be, at least in part, attributed to
the two p;-OH bridges, which are stronger donors than carb-
oxylate oxygen atoms, hence decreasing the coordination
number. Meanwhile, the molar ratio of metal : succinate :
hydroxide is also important, the higher molar ratio for 1 com-
pared to those in the related complexes (4 : 3:2 and 5: 4 : 2)'%¢
may play a role in the formation of the penta-coordination.

Magnetic properties

The temperature dependence of the magnetic susceptibility in
the temperature range 2-300 K under a 10 kOe applied field
was studied for 1. As illustrated in Fig. 3, the effective magnetic
moment per mol (i) for 1 at room temperature is 13.81 ug,
which is significantly higher than the spin-only number of 11.61
1ty for a high-spin d’ trimer, indicates that the cobalt(ir) atoms
experience substantial orbital contribution to the magnetic
moment.'™ On lowering the temperature, u. decreases from
13.81 up at 300.1 K to 4.77 ug at 1.96 K per trimer complex.
Above 26 K, the magnetic data follow the Curie—Weiss law with
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C =32.08 cm® K mol™!, and 0 = —93.33 K. The facts suggest
that there is a strong antiferromagnetic interaction between the
cobalt(m) ions. The magnetic behaviour is different from a
related cobalt(i) coordination polymer with carboxylate and
hydroxide ligands, which exhibits both strong antiferro-
magnetic interactions within the layer and weak ferromagnetic
interactions within the tetranuclear subunit.'*

In conclusion, we report here a three-dimensional inorganic—
organic hybrid material with mixed hexa- and penta-coordinate
cobalt(m) sites, in which the metal atoms are strongly anti-
ferromagnetically coupled. We also show that both two p;-OH
bridges and the high metal : succinate : hydroxide ratio are
important for the formation of penta-coordinate cobalt(1r) sites
in the material.
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