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Abstract

Two new one-dimensional (1D) inorganic–organic hybrid cobalt (II) phosphites Co(HPO3) (py) (1) and [Co(OH)(py)3][Co(py)2]

[HPO2(OH)]3 (2) have been prepared under solvothermal conditions in the presence of pyridine (py). Compound 1 crystallizes in the

monoclinic system, space group p2(1)/c, a ¼ 5.3577(7) Å, b ¼ 7.7503(10) Å, c ¼ 17.816(2) Å, b ¼ 94.327(2)1, V ¼ 737.67(16) Å3, Z ¼ 4.

Compound 2 is orthorhombic, Cmcm, a ¼ 16.3252(18) Å, b ¼ 15.7005(16) Å, c ¼ 13.0440(13) Å, b ¼ 90.001 V ¼ 3343.4(6) Å3 and Z ¼ 4.

Compound 1 possesses a 1D ladder-like framework constructed from CoO3N tetrahedral, HPO3 pseudo-pyramids and pyridine ligands.

While compound 2 is an unusual inorganic–organic hybrid 1D chain, which consists of corner-shared six-membered rings made of

CoO3N3/CoO4N2 octahedra and HPO3 pseudo-pyramids through sharing vertices.

r 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of transition metal phosphates with open
architectures have been the focus of much scientific research
owing to their interesting electrical and magnetic properties
other than their conventional applications as absorbents,
ion exchangers and catalysts [1–5]. Recently, the pseudo-
pyramidal phosphite [HPO3] group has been investigated
as a possible replacement for the traditional phosphate
tetrahedron with great success [6–10]. To date, a number of
studies on inorganic–organic hybrid phosphates/phosphites
of various transition metals such as Fe [11–14], Cr [8,15], V
[15–20], Mn [21–23] and Zn [24–32] have been carried out
under hydro/solvothermal conditions. Moreover, there is
also some attention to open-framework inorganic–organic
hybrid cobalt phosphates and phosphites [33–41], which are
obtained by the combination of the oxalate and phosphate/
e front matter r 2008 Elsevier Inc. All rights reserved.
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phosphite groups in the same crystalline material or based
on organonitrogen ligands and phosphate/phosphite
groups. In order to extend the knowledge about the
inorganic–organic hybrid phosphites, we decide to focus
our attention on the Co(II) phophites system with organic
amines as ligands.
Herein, we report the syntheses, crystal structures and

magnetic properties of two new inorganic–organic hybrid
cobalt phosphites grafted with pyridine ligands, Co
(HPO3)(py) (1) and [Co(OH)(py)3][Co(py)2][HPO2(OH)]3
(2). To the best of our knowledge, hybrid compounds
of 1 and 2 are firstly synthesized in the cobalt phosphite–
pyridine system.
2. Experimental section

2.1. Materials and methods

All chemicals used during the course of this work were of
reagent grade and used as received from commercial
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sources without further purification. The X-ray powder
diffraction (XRD) data were collected on a Siemens
D5005 diffractometer with CuKa radiation (l=1.5418 Å).
Elemental analyses were performed on a Perkin-Elmer
2400 element analyzer. Inductively coupled plasma (ICP)
analyses were carried out on a Perkin-Elmer Optima
3300DV spectrometer. Infrared (IR) spectra were recorded
within the 400–4000 cm�1 region on a Nicolet Impact 410
FTIR spectrometer using KBr pellets. The thermalgravi-
metric analyses (TGA) were performed on Perkin-Elmer
TGA 7 thermogravimetric analyzer in the air with a
heating rate of 20 1Cmin�1. Magnetic susceptibility data
were collected over the temperature range 300–2K at a
magnetic field of 1000Oe on a quantum design MPMS-5
SQUID magnetometer.

2.2. Synthesis of Co(HPO3)(py), 1

Co(HPO3)(py) 1 was synthesized under mild solvother-
mal conditions and autogenous pressure. CoCl2 � 6H2O
(0.5mmol), H3PO3 (2mmol), HF (0.4mL) and pyridine
(8mmol) were dissolved in a volume of approximately
8mL of a mixture of water, ethanol and DMF (1:3:4 v/v).
The reaction mixture was stirred until it was homogeneous,
and then sealed in a 18mL Teflon-lined stainless steel
autoclave and heated at 80 1C for 3 d, followed by slow
cooling down to room temperature. The light blue pillar-
like single crystals were isolated by filtration, washed with
anhydrous ethanol and dried in air. The ICP and elemental
analysis results of 1 were consistent with the theoretical
values based on the crystal data. Found for 1: Co, 26.59; P,
13.95; C, 27.31; H, 2.90; N, 6.45wt%. Calcd.: Co, 27.03; P,
14.21; C, 27.55; H, 2.77; N, 6.42wt%. The IR spectrum of
1 exhibited typical peaks corresponding to the pyridine
molecules (nC–H, nC–N, nC–C, 3060–3430, 1610–1450 cm

�1),
while the bands at 1040, 995, 636 and 573 cm�1 are
associated with the phosphite oxoanion. A single P–H
stretching band at 2390 cm�1 indicates the presence of a
crystallographically independent phophite group in the
structure.

2.3. Synthesis of

[Co(OH)(py)3][Co(py)2][HPO2(OH)]3, 2

In a typical synthesis, a reaction mixture of CoCl2 � 6H2O
(0.5mmol), H3PO3 (2mmol), HF (0.4mL) and pyridine
(8mmol) was sealed in a 18mL Teflon-lined steel autoclave
and heated at 80 1C for 3 d, and then cooled to room
temperature. The solid product, consisting of single crystals
in the form of pink pillar was recovered by filtration,
washed with anhydrous ethanol and dried in air. The ICP
and elemental analysis results of 2 were consistent with the
theoretical values based on the crystal data. Found for 2:
Co, 14.87; P, 11.91; C, 38.92; H, 4.20; N, 8.94wt%. Calcd.:
Co, 15.24; P, 12.02; C, 38.83; H, 4.17; N, 9.06wt%. The IR
spectrum of 2 showed typical peaks corresponding to the
pyridine molecules and hydroxyl units (nO–H, nC–H, nC–N,
nC–C, 3730–2930, 1650–1540 cm�1). The bands at 1120,
1058, 1003, 673 and 570 cm�1 are associated with the
phosphite oxoanion and the band at 2420 cm�1 is related to
the P–H groups.
While both the two compounds have been synthesized

from exactly the same reaction conditions except the
reaction solvent, the resulting structures show marked
differences, indicating that the solvents using in the starting
materials might have significant effect on the final
products. Further studies are necessary to understand the
roles of solvent in yielding the different structures.
2.4. Determination of crystal structure

Crystals with dimensions 0.35� 0.14� 0.13mm3 for 1

and 0.25� 0.15� 0.15mm3 for 2 were selected for single-
crystal XRD analyses, respectively. The intensity data were
collected on a Siemens SMART CCD diffractometer using
graphite-monochromatic MoKa radiation (l=0.71073 Å).
Data processing was accomplished with the SAINT
processing program [42]. Both structures were solved by
direct methods with the SHELXTL 97 software package
[43]. All non-hydrogen atoms were refined anisotropically.
Two of phosphorus atoms [P(1)] and [P(2)] in compound 2

were found to be disordered over two positions with an
equal occupancy, respectively, the splitting of P atoms
is not uncommon in metal phosphates/phosphites [44].
Two-third of pyridine molecules in 2 were found to be
disordered. For compound 1, the H atom of the
phosphorous was located in the Fourier difference map,
while all H atoms bound to C atoms were positioned
geometrically and refined as riding mode. The hydrogen
atoms of compound 2 were placed geometrically and
refined using a riding model. Experimental details for the
structural determinations of two compounds are pre-
sented in Table 1. The final atomic coordinates and
selected bond distances and angles are shown clearly in
Tables 2 and 4 for 1 and Tables 3 and 5 for 2, respectively.
CCDC reference number 653076 for 1 and 653077 for 2.
Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: +44 1223 336 033; e-mail: deposit@ccdc.
cam.ac.uk).
3. Results and discussion

3.1. Characterization

Fig. 1(a) and (b) shows the experimental and simulated
X-ray powder diffraction patterns of compounds 1 and 2,
respectively. The XRD patterns for the bulk products
are in good agreement with the patterns based on single-
crystal X-ray solution, indicating the purity of the as-
synthesized products. The differences in reflection intensity
are probably due to preferred orientations in the powder
samples (Tables 4 and 5).
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Table 1

Crystal data and structure refinement for the title compounds 1 and 2

Compound 1 Compound 2

Empirical formula C5 H6 Co N O3 P C25 H32 Co2 N5 O10

P3

Formula weight 218.01 773.33

Temperature 293(2)K 293(2)K

Wavelength 0.71073 Å 0.71073 Å

Crystal system Monoclinic Orthorhombic

Space group P2(1)/c Cmcm

a (Å) 5.3577(7) 16.3252(18)

b (Å) 7.7503(10) 15.7005(16)

c (Å) 17.816(2) 13.0440(13)

b (deg) 94.327(2) 90

Volume (Å3) 737.67(16) 3343.4(6)

Z 4 4

Dcalc (mgm�3) 1.963 1.536

Absorption coefficient

(mm�1)

2.493 1.194

F(000) 436 1584

Crystal size (mm) 0.35� 0.14� 0.13 0.25� 0.15� 0.15

y range (deg) 2.29–28.33 1.80–28.31

Limiting indices �7php7 �21php20

�10pkp 10 �14pkp20

�15plp23 �17plp17

Reflections collected 5132 12047

Reflections unique 1828 [R(int) ¼ 0.0293] 2241 [R(int) ¼ 0.0814]

Refinement method Full-matrix least-

squares on F2

Full-matrix least-

squares on F2

Data/restraints/

parameters

1828/0/92 2241/0/170

Goodness-of-fit on F2 1.068 1.036

Final R indices [I42s(I)] R1 ¼ 0.0424,

wR2 ¼ 0.1162

R1 ¼ 0.0442,

wR2 ¼ 0.1205

R indices (all data) R1 ¼ 0.0541,

wR2 ¼ 0.1274

R1 ¼ 0.0794,

wR2 ¼ 0.1376

Largest diff. peak and

hole (e Å�3)

0.939 and �1.024 0.486 and �0.485

Table 2

Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (Å2
� 103) for 1

x y z U (eq)

Co(1) 1931(1) 1016(1) 4173(1) 23(1)

P(1) �2919(2) 2403(1) 4877(1) 30(1)

O(1) �1489(6) 1750(6) 4238(2) 49(1)

O(2) 2423(7) �1382(4) 4405(2) 47(1)

O(3) 4334(6) 2605(4) 4634(2) 43(1)

N(1) 2261(5) 1160(4) 3038(1) 33(1)

C(1) 4254(4) 2010(4) 2746(1) 38(1)

C(2) 4386(5) 2121(4) 1971(1) 45(1)

C(3) 2524(6) 1381(5) 1489(1) 43(1)

C(4) 531(5) 530(5) 1782(1) 47(1)

C(5) 399(4) 419(4) 2557(2) 42(1)

Table 3

Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (Å2
� 103) for 2

x y z U (eq)

Co(1) 5000 2788(1) 2500 30(1)

Co(2) 5000 0 0 31(1)

P(1) 4761(1) 2178(1) 116(1) 33(1)

P(2) 5281(1) �647(1) 2500 31(1)

O(1) 5000 1444(3) 2500 61(2)

O(2) 5000 2825(2) 919(2) 38(1)

O(3) 5000 1294(2) 352(2) 50(1)

O(4) 5000 2483(2) �920(3) 87(2)

O(5) 5000 �217(2) 1543(2) 45(1)

O(6) 5000 �1596(3) 2500 55(1)

N(1) 5000 4172(3) 2500 35(1)

N(2) 3667(3) 2737(2) 2500 46(1)

N(3) 3652(3) 0 0 46(1)

C(1) 5000 4623(3) 1640(4) 71(2)

C(2) 5000 5508(3) 1611(4) 74(2)

C(3) 5000 5949(4) 2500 50(2)

C(4) 3280(6) 2212(6) 1830(7) 76(3)

C(40) 3221(5) 3187(5) 1874(6) 57(2)

C(5) 2417(7) 2140(8) 1852(10) 108(4)

C(50) 2357(5) 3148(6) 1850(8) 75(3)

C(6) 1966(5) 2617(6) 2500 85(2)

C(7) 3251(6) �594(7) 483(9) 91(3)

C(70) 3210(5) 393(6) 741(6) 61(2)

C(8) 2401(8) �625(10) 484(11) 120(5)

C(80) 2351(7) 417(7) 754(9) 84(3)

C(9) 1936(5) 0 0 96(3)

Table 4

Selected bond lengths (Å) and bond angles (deg) for 1

Co(1)–O(2) 1.918(4) P(1)–O(1) 1.507(3)

Co(1)–O(3) 1.921(3) P(1)–O(2)]1 1.510(4)

Co(1)–O(1) 1.930(3) P(1)–O(3)]2 1.511(3)

Co(1)–N(1) 2.0460(19) P(1)–H(1) 1.38(4)

O(2)–Co(1)–O(3) 116.92(15) O(1)–P(1)–O(2)]1 113.4(2)

O(2)–Co(1)–O(1) 112.85(17) O(1)–P(1)–O(3)]2 110.97(19)

O(3)–Co(1)–O(1) 113.22(15) O(2)]1–P(1)–O(3)]2 113.7(2)

O(2)–Co(1)–N(1) 104.17(13) O(1)–P(1)–H(1) 106.4(18)

O(3)–Co(1)–N(1) 106.40(13) O(2)]1–P(1)–H(1) 102.3(18)

O(1)–Co(1)–N(1) 101.30(12) O(3)]2–P(1)–H(1) 109.4(17)

Symmetry transformations used to generate equivalent atoms: ]1 �x, �y,

�z+1, ]2 x�1, y, z.
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In order to examine the thermal stability of 1 and 2,
TGA under air atmosphere were carried out. The TGA
diagrams for 1 and 2 are given in Fig. 2. TG analysis for 1
shows a total weight loss of 32.60wt% in the region
60–550 1C, which is attributed to the loss of pyridine
molecules (calcd. 33.07wt%). The TG curve of compound
2 exhibited a total weight loss of 59.10wt% around
60–800 1C, corresponding to the loss of five organic amine
molecules (calcd. 51.14wt%) and four hydroxyl units
(Calcd. 8.80wt%). XRD analyses indicated that the title
compound 1 became Co2P2O7, and compound 2 appeared
to be an unidentified phase after the decomposition of the
occluded template molecules.
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Table 5

Selected bond lengths (Å) and bond angles (deg) for 2

Co(1)–O(2) 2.064(3) Co(2)–N(3) 2.201(4)

Co(1)–O(2)]1 2.064(3) P(1)–O(3) 1.475(3)

Co(1)–O(1) 2.109(4) P(1)–O(4) 1.486(3)

Co(1)–N(1) 2.174(5) P(1)–O(2) 1.510(3)

Co(1)–N(2) 2.177(4) P(2)–O(5)]1 1.492(3)

Co(1)–N(2)]2 2.177(4) P(2)–O(5) 1.492(3)

Co(2)–O(5) 2.041(3) P(2)–O(6) 1.559(5)

Co(2)–O(3) 2.082(3)

O(2)–Co(1)–O(2)]1 176.72(15) O(5)]3–Co(2)–O(3) 93.16(12)

O(2)–Co(1)–O(1) 91.64(8) O(5)–Co(2)–O(3) 86.84(12)

O(2)–Co(1)–N(1) 88.36(8) O(3)–Co(2)–O(3)]3 180.00(3)

O(1)–Co(1)–N(1) 180.0 O(5)–Co(2)–N(3) 90.0

O(2)–Co(1)–N(2) 90.060(4) O(3)–Co(2)–N(3) 90.0

O(1)–Co(1)–N(2) 87.92(10) N(3)–Co(2)–N(3)]3 180.0

N(1)–Co(1)–N(2) 92.08(10) O(3)–P(1)–O(4) 115.02(19)

O(2)–Co(1)–N(2)]2 90.060(4) O(3)–P(1)–O(2) 114.86(17)

O(1)–Co(1)–N(2)]2 87.92(10) O(4)–P(1)–O(2) 110.26(18)

N(1)–Co(1)–N(2)]2 92.08(10) O(5)]1–P(2)–O(5) 113.7(2)

N(2)–Co(1)–N(2)]2 175.8(2) O(5)–P(2)–O(6) 110.01(13)

O(5)]3–Co(2)–O(5) 180.00(16)

Symmetry transformations used to generate equivalent atoms: ]1 x, y,

�z+1/2, ]2 –x+1, y, �z+1/2, ]3 –x+1, �y, �z.

Fig. 1. Simulated and experimental powder X-ray diffraction patterns of 1

(a) and 2 (b).
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3.2. Structure determination of 1 and 2

As shown in Fig. 3(a), the asymmetric unit of compound
1 contains 11 independent non-hydrogen atoms, including
one cobalt (II) atom, one phosphorus atom, three oxygen
atoms, five carbon atoms and one nitrogen atom. The
cobalt atom is coordinated by three oxygen atoms from
phosphite anions and one nitrogen atom of the pyridine
molecule to form a CoO3N tetrahedron, which is consistent
with the blue color of compound 1. The average Co–O
bond length is 1.923(3) Å and Co–N bond length is
2.0460(19) Å, whereas the coordination angles around
Co atom are in the range of 101.30(12)–116.92(15)1.
The phosphorus atom bonds to three oxygen atoms with
adjacent Co atom with P–O bond lengths ranging from
1.507(3) to 1.511(3) Å, and to a proton with P–H ¼
1.38(4) Å, completing a pseudo-pyramid coordination
characteristic of phosphorus (III). The O–P–H and
O–P–O bond angles are in the range of 102.3(18)–113.7(2)1.

The structure of 1 consists of a network of tetrahedral
CoO3N and pseudo-tetrahedral HPO3 units, strictly alter-
nating, connected through their vertices to give rise to a
4-membered ring (Co2P2, not counting four bridging
oxygen sites). The 4-membered rings are further linked
through their edges forming neutral one-dimensional (1D)
ladder-like chains, which propagate along the a-axis.
(Fig. 3b). These 4-ring chains adopt a double ‘‘zigzag’’
geometry, akin to the partial tetrahedral connectivity in
three-dimensional aluminosilicate zeolites such as the
ABW network [45]. The pyridine ligands are attached to
the cobalt atoms and extend to each side of the ladder
structure. This arrangement is similar in profile to the
ladder-like chains of zinc phosphates [24,46], zinc phos-
phites [47] and zinc sulfite [48]. The 3D structure packing
diagram of 1 is shown in Fig. S1(a) (supporting informa-
tion). The neutral chains in 1 are held together by van der
Waals forces.
The asymmetric unit of 2, as seen in Fig. 4(a), contains

two crystallographically distinct Co atoms. The Co(1)
atom is coordinated by three nitrogen atoms from three
pyridine and two oxygen atoms from two phosphite
anions, the remaining connection needed for the octahedral
linkage with Co(1) comes from a terminal bond having a
oxygen atom of hydroxyl unit (Co(1)–O(1)�2.109(4) Å).
The coordination angles around the Co(1) ion are in the
range of 87.92(10)–180.01, to give a slightly distorted
octahedral coordination geometry. The Co(2) atom is
octahedrally coordinated by two nitrogen atoms from two
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Fig. 2. The TG curves of 1 and 2 under air atmosphere.

Fig. 3. (a) ORTEP diagram of 1 showing the local coordination environment a

structure with bonded pyridine molecules extending to each side of the ladder

Fig. 4. (a) ORTEP diagram of 2 showing the local coordination environment a

consists of corner-shared six-membered rings propagate along the c-axis.
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pyridine and four oxygen atoms from four phosphite
anions to give a slightly distorted octahedral geometry with
coordination angles in the range of 86.84(12)–180.01. Of
the two crystallographically distinct P atoms, P(1) and P(2)
each share two oxygen atoms with adjacent Co atoms
[P–O: 1.475(3)–1.510(3) Å] and possess one terminal P–OH
bonds [P–O: 1.486(3) Å for 1 and 1.559(5) Å for 2], with the
fourth ligand being a terminal P–H bond. These values are
within the expected ranges.
The building block of the framework of 2 contains three

CoO3N3/CoO4N2 octahedra and three HPO3 pesudo-
pyramids, which are linked alternatively by sharing vertices
and form a six-membered ring. The six-membered rings are
further linked through vertex Co(2) atom resulting in
neutral inorganic–organic hybrid 1D chains, which propa-
gate along the c-axis. (Fig. 4(b)). One of the most striking
aspects of 2 is the presence of the corner-shared six-
membered rings chains, which is very unusual in metal
phosphates/phosphites. The 3D structure packing diagram
of 2 is shown in Fig. S1(b) (supporting information).
nd connectivity between inorganic and organic components. (b) The ladder

. Light blue, Co; Pink, P; Red, O; Blue, N.

nd connectivity between inorganic and organic components. (b) 1D chain
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3.3. Magnetic properties

Variable temperature magnetic susceptibility measure-
ments have been performed on powdered samples in the
range from 2.0 to 300K. Fig. S2(a) and (b) (supporting
information) show the plots of the wm and wmT vs. T curves
of compounds 1 and 2, respectively. The results show that
compound 1 is diamagnetic. While for compound 2, the
molar magnetic susceptibility increase with decreasing
temperature in all the temperature range studied and
follows the Curie–Weiss law at temperature above 50K
with C ¼ 4.239 cm3Kmol�1 and y ¼ �18.35K. The wmT

vs. T curve continuously decreases from 3.99 cm3Kmol�1

at 300K to 2.55 cm3Kmol�1 at 2.0K. These results
indicate the existence of antiferromagnetic interactions in
compound 2.

4. Conclusions

Two novel inorganic–organic hybrid 1D cobalt (II)
phosphites Co(HPO3) (py) (1) and [Co(OH)(py)3][Co
(py)2][HPO2(OH)]3 (2), were obtained as good-quality
single crystals under solvothermal conditions in the
presence of pyridine. Structural analyses indicate that
compound 1 is a 1D ladder structure constructed by edge-
shared four-membered rings. Compound 2 is an unusual
inorganic–organic hybrid 1D chains, which consist of
corner-shared six-membered rings made of CoO3N3/
CoO4N2 octahedra and HPO3 pseudo-pyramids through
sharing vertices. Both of the compounds possess neutral
frameworks with the organic amines bonded directly to the
cobalt centers. Studies on more new inorganic–organic
hybrid materials in this field are in progress.
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