
Recently, more work has been focused on the metal phosphonate
chemistry due to their novel structures and their potential
applications in the areas of catalysis, sensors, non-linear optics,
sorption and ion exchange.1-7 In addition, phosphonic acids can
be employed as building blocks in supramolecular chemistry.7

Many layered structures, three-dimensional networks and
porous materials have been prepared, among them compounds
with diphosphonic acid have been most investigated.5-7 But few
compounds with tetraphosphonic acid have been reported.8 In
this paper, we report the synthesis and crystal structure of a novel
cobalt compound with tetraphosphonic acid.

Selected bond lengths and angles of compound 1 are listed in
Table 1. As shown in Fig.1, there is one H6L2- ligand,
[(-HO3P–CH2)2–NH+–(CH2)6–NH+–(CH2–PO3H-)2], in the
asymmetric unit, the P–O bond lengths range from 1.497(8) to
1.572(2) Å, and the O–P–O angles vary from 108.3(1) to
118.3(1)°. One –OH group of each phosphonate group is
deprontonated while the remaining –OH group stays in the
prontonated form. The P(1)–O(3), P(2)–O(6), P(3)–O(8) and
P(4)–O(10) bonds are longer than the other P-O bonds, which
indicates that oxygen atoms O3, O6, O8 and O10 are protonated.
Thus the nitrogen atoms N1 and N2 are also protonated, as
required by the charge balance of the formula. This is the same as
the previously reported cobalt tetraphosphonate compound,8

where each phosphonate group is partly deprontonated, and each
N atom is protonated. Each H6L2- ligand bonds to one cobalt
atom through one of its deprontonated –OH oxygen donor atoms
O(1). There are two kinds of cobalt atoms in the asymmetric unit,
and each cobalt atom lies at an inversion centre. Co(1) is
coordinated by four water molecules and two deprontonated 
–OH oxygen atoms from two H6L2- groups; Co(2) is six-
coordinated by six water molecules. The Co–O distances of 1 are
similar to the values found in other reported octahedral Co(II)
compounds: [Co(H2O)4(H2O3P(CH2)8PO3H2)](HO3P(CH2)8
PO3H)•2H2O (2.035(1)–2.138(1) Å),9 [Co{(HO3PCH2)
NH2(CH2PO3H)}2(H2O)2] (2.067(2)–2.132(2) Å),10

[Co{OOCCH2CH(OH)COO}] •3H2O (2.067(3)–2.136(3) Å),11

[Co(NH3CH2PO3)2 (H2O)2]n •mH2O (2.104(4)–2.121(4) Å),12

and [NH2(C2H5)2]2 [Co(HO3PC(CH3)(OH)PO3H)2(H2O)2]
(2.064(2)–2.179(2) Å).13 The positive charges of [Co(H2O)6]2+

are balanced by [Co(H2O)4(H6L)2]2- anions. This is different
from the previous reported 3D structure of the cobalt
tetraphosphonate compound,8 which is composed of Co2+ ions
and zwitter ions [(HO3PCH2)2–NH–(CH2)4–NH–(CH2PO3H)2]2.

Note that there is a [Co(H2O)6]2+ cation in 1. Generally, the
phosphonate group is a much stronger ligand for transition
metal ions than the water molecule, and transition metal ions
are commonly bridged by phosphonate groups to form
polymeric frameworks.14 The existence of [M(H2O)6]2+

cations in metal phosphonates has been reported very rarely.15

The reason why the uncoordinating phosphonate group do not
replace the coordinated water molecules of [Co(H2O)6]2+ is
not clear.

[Co(H2O)4(H6L)2]2- anions, [Co(H2O)6]2+ cations and lattice
water molecules are held together by complicated hydrogen-
bonding interaction, resulting in a complex three-dimensional
structure (Fig.2). The hydrogen bonds in this study have been
considered with liberal distance cut-off criteria of
2.4<D···A<3.0Å and angle cut-off criteria of 120<D···A<180°.
Hydrogen bond distances and angles are listed in Table 2.

In the IR spectrum of 1, the broad bands at 
3461–3121 cm-1 can be attribute to the stretching vibrations of
hydrogen-bonded lattice water molecules superimposed on
vibrations of coordinated water. The corresponding δ(HOH)
band appears at 1663 cm-1. The strong peak at 1165 cm-1 may
be assigned to the υ(P=O) band. Symmetrical and asymmetrical
stretching vibrations of P–OH groups (υ(P-OH)) appear at 1160
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Fig. 1 A view of coordination environments of cobalt atoms in
1 with the atomic numbering scheme. Displacement ellipsoids
are drawn at the 50% probability level. The H atoms on the 
N and PO3H are shown as small spheres of arbitrary radii and
the other H atoms are omitted for clarity.

Table 1 Selected bond lengths (/Å) and angles (/°) for 1

Co(1)–O(1) 2.106(2) Co(1)–Ow(1) 2.099(2) 
Co(1)–Ow(2) 2.119(2) Co(2)–Ow(3) 2.121(2) 
Co(2)–Ow(4) 2.127(2) Co(2)–Ow(5) 2.044(2) 
N(1)–H(1) 0.91(3) N(2)–H(2) 0.85(3) 
O(1)–P(1) 1.507(2) O(2)–P(1) 1.510(2) 
O(3)–P(1) 1.550(2) O(4)–P(2) 1.510(2) 
O(5)–P(2) 1.497(2) O(6)–P(2) 1.562(2) 
O(7)–P(3) 1.499(2) O(8)–P(3) 1.563(2)
O(9)–P(3) 1.507(2) O(10)–P(4) 1.572(2) 
O(11)–P(4) 1.502(2) O(12)–P(4) 1.502(2) 
P(1)–O(1)–Co(1) 130.69(9) O(1)–P(1)–O(2) 116.04(9) 
O(1)–P(1)–O(3) 108.7(1) O(2)–P(1)–O(3) 113.0(1)
O(5)–P(2)–O(4) 117.1(1) O(5)–P(2)–O(6) 112.6(1) 
O(4)–P(2)–O(6) 109.7(1) O(7)–P(3)–O(9) 116.8(1) 
O(7)–P(3)–O(8) 112.5(1) O(9)–P(3)–O(8) 108.9(1) 
O(11)–P(4)–O(12) 118.3(1) O(11)–P(4)–O(10) 108.3(1)
O(12)–P(4)–O(10) 109.7(1) 
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and 934 cm-1. The corresponding stretching (2952–2850 cm-1)
and bending (1473–1185 cm-1) vibrations of CH2 groups have
also been detected. 

Experimental

Elemental analyses were carried out on a Perkin-Elmer 2400 CHN
analyzer instrument. The FT-IR spectra were recorded from KBr pellets
in range 4000-400 cm-1 on a Mattson Alpha-Centauri spectrometer.

Synthesis of H8L: H8L was prepared by a Mannich type reaction
according to the procedures previously described.16

Hexamethylendiamine (0.025mol) was mixed with concentrated
hydrochloric acid (10ml), deionized water (10ml), and phosphorous
acid (0.10mol). The mixture was allowed to reflux at 125°C for 1 h,
then paraformaldehyde (0.20mol) was added in small portions over a
period of 1 h, and the mixture was then refluxed for 2 h. Removal of
solvent afforded white powder of H8L.

Synthesis of [Co(H2O)6][Co(H2O)4(H6L)2]·12H2O (1) : A mixture
of Na2(H6L) and Co(NO3) ·6 H2O with a molar ratio of 1:1 in water
was stirred at room temperature for 30 min. A couple of days later,
pink crystals grew out of the solution by slow evaporation. 
The crystals were collected by filtration and dried in air. Anal. Calcd.
for [Co(H2O)6][Co(H2O)4(H6L)2]·12H2O: C 16.07, H 6.47, N 3.75.
Found: C 16.00, H 6.50, N 3.80%.

Crystal data (1): Single-crystal X-ray diffraction data were recorded
on a Rigaku RAXIS-RAPID image plate diffractometer using ω scan
technique with MoKα radiation (λ = 0.71073Å). Absorption corrections
were applied using multi-scan technique.17 The structure was solved
with Direct Method of SHELXS-9718 and refined with full-matrix least-
squares techniques using the SHELXL-97 program19 within WINGX.20

All non-hydrogen atoms were refined with anisotropic temperature
parameters. Crystal size 0.106×0.329×0.271mm3, T = 293(2) K,
C20H96Co2N4O46P8, Mr = 1494.63, triclinic, P-1, a = 7.6729(15) Å,
b = 11.701(2) Å, c = 17.485(4) Å, α = 98.92(3)°, β = 92.95(3)°,
γ = 102.23(3)°; V = 1509.9(5) Å3, Z = 1, 12706 measured reflections, of
which 6077 were unique (Rint = 0.0226); R values (I > 2σ(I)):
R1 = 0.0265, wR2 = 0.0750, all data: R1 = 0.0367, wR2 = 0.0880, -0.432
< ∆ρ < 0.462 eÅ-3. Crystallographic data for the structure reported in
this paper have been deposited with the CCDC (12 Union Road,
Cambridge, CB2 1EZ, UK) and are available on request, quoting
deposition number CCDC-233532.
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Table 2 Hydrogen bonds for 1

D–H...A d(D-H) d(H...A) d(D...A) <(DHA)
OW1–H(1C)...O(2)#1 0.85(4) 1.85(4) 2.683(2) 167(4) 
OW1–H(1D)...OW9#3 0.76(3) 2.06(3) 2.823(3) 176(3) 
OW2–H(2C)...OW6#4 0.97(4) 1.98(4) 2.944(3) 168(3) 
OW2–H(2D)...OW9#5 0.88(3) 1.94(3) 2.816(3) 170(3) 
OW4–H(4D)...O(11)#6 0.78(3) 1.97(3) 2.736(3) 167(3) 
OW4–H(4C)...OW1#1 0.82(4) 2.17(4) 2.981(3) 171(3) 
OW5–H(5C)...O(12)#7 0.68(3) 2.00(3) 2.678(3) 171(4) 
OW5–H(5D)...OW11#8 0.88(4) 1.88(4) 2.751(3) 169(3) 
OW6–H(6C)...O(2) 0.81(3) 2.01(3) 2.795(2) 161(3) 
OW6–H(6D)...OW11#8 0.89(4) 1.80(4) 2.682(3) 170(4) 
OW7–H(7D)...O(7)#9 0.94(4) 1.82(4) 2.716(3) 158(3) 
OW7–H(7C)...O(7)#5 0.85(4) 1.92(4) 2.768(3) 176(3) 
OW8–H(8C)...O(12)#10 0.81(4) 2.16(4) 2.963(3) 170(4) 
OW9–H(9D)...O(4)#3 0.79(4) 2.26(4) 2.968(3) 149(4) 
OW9–H(9C)...O(12) 0.94(4) 1.73(4) 2.656(3) 168(3) 
OW10–H(10D)...O(5)#11 0.88(4) 1.89(4) 2.752(3) 166(4) 
OW10–H(10C)...O(5)#12 0.86(4) 1.94(4) 2.793(3) 174(4) 
OW11–H(11D)...O(11) 0.92(4) 1.80(4) 2.706(3) 167(3) 
OW11–H(11C)...OW4#12 0.71(3) 2.28(3) 2.973(3) 166(3) 
O(3–H(3)...O(4)#10 0.71(4) 1.78(4) 2.459(2) 158(5) 
O(6)–H(4)...OW7 0.82(3) 1.75(3) 2.535(3) 160(3) 
O(8)–H(6)...OW10 0.66(3) 1.91(3) 2.551(3) 165(4) 
O(10)–H(5)...O(9)#13 0.78(4) 1.77(4) 2.547(2) 179(4) 
N(1)–H(1)...OW6#13 0.91(3) 1.91(3) 2.775(3) 157(2) 
N(2)–H(2)...OW8 0.85(3) 2.02(3) 2.788(3) 150(3) 
Symmetry transformations used to generate equivalent
atoms: #1) –x+2, –y, –z+2; #2) –x+2, –y–1, –z+2; #3) –x+1, –y,
–z+3; #4) –x+3, –y, –z+2; #5) –x+2, –y, –z+3; #6) x, y, z–1; #7) x+1,
y, z–1; #8) –x+2, –y–1, –z+3; #9) x, y+1, z; #10) x+1, y, z; #11) x,
y–1, z; #12) –x+1, –y–1, z+3; #13) x–1, y, z.

Fig. 2 The packing diagram of 1 (hydrogen bonds are
represented with dashed lines) along the b axis.


