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Abstract

A cobalt phosphonate (H3O)6 � [Co4(H2O)4(HPMIDA)2(PMIDA)2)] � 2H2O, 1, has been synthesized from a mild solvothermal

reaction of Co(II) ion with N-(phosphonomethyl)iminodiacetic acid (H4PMIDA). Compound 1 crystallizes in the triclinic space

group P1̄ with cell parameters of a ¼ 9:0682ð18Þ (A, b ¼ 10:744ð2Þ (A, c ¼ 12:731ð3Þ (A, a ¼ 93:06ð3Þ1, b ¼ 99:66ð3Þ1, g ¼ 90:34ð3Þ1

V ¼ 1221:0ð4Þ (A
3
and Z ¼ 1. Compound 1 shows a novel tetra-nuclear molecular structure. In the crystal lattice, molecules of 1

hydrogen bond to each other to form two-dimensional (2D) layers, which are further linked together by the co-crystallized H2O

molecules and H3O
+ counter ions through hydrogen bonding to form the 3D supramolecular network. Thermogravimetric analysis,

IR spectrum, magnetic susceptibility and luminescent spectra are given.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, metal phosphonates have been
extensively studied partially due to their potential
applications in catalysis, molecular recognition, ion
exchange, non-linear optics and sensors [1–7]. Great
efforts have been devoted to the syntheses of novel
inorganic–organic hybrid materials based on metal
phosphonates, which exhibit a variety of structures such
as one-dimensional (1D) chain, 2D layer, and 3D
network [8–10]. A promising field is the synthesis of
metal phosphonates functionalized with carboxylic,
amino [11–14], or amino-carboxylic groups [7–13].
Phosphonic acids with additional carboxylic functional
groups are useful ligands for structural construction of
inorganic–organic hybrid compounds, because the
introduction of carboxylic groups cannot only provide
additional coordination sites, but also increase the
e front matter r 2005 Elsevier Inc. All rights reserved.
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solubility of the resulting metal phosphonates and
facilitate their crystallization [10]. N-(phosphonomethy-
l)iminodiacetic acid (H4PMIDA) is a versatile ligand,
which can adopt various kinds of coordination modes
under different reaction conditions. The resulting metal
derivatives were found to form 1D, 2D and 3D
structures, some of which are supramolecular frame-
works [15–24].

Solvothermal techniques have proven to be a power-
ful method in obtaining crystalline materials. Several
metal phosphonates have been synthesized by solvother-
mal techniques [19,25–27], among which only one
contains HnPMIDA (n ¼ 0) ligand [19]. Previously, we
reported the hydrothermal synthesis of Mn(H2O)
[HO3PCH2NH(CH2CO2)2], a 3D framework [29]. Zub-
ieta and coworkers have demonstrated that the non-
aqueous solvothermal conditions promote the forma-
tion of molecular species [28]. We re-investigated the
synthesis of Mn(H2O)[HO3PCH2NH(CH2CO2)2] under
the non-aqueous solvothermal conditions, hoping to
obtain a molecular species with novel magnetic proper-
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ties. Unfortunately, when we changed the solvent from
water to ethanol, we only got some unidentified
amorphous materials. When we switched from manga-
nese to cobalt, however, we obtained crystals of a
molecular compound, (H3O)6 � [Co4(H2O)4(HPMIDA)2
(PMIDA)2)] � 2H2O, 1. The solvothermal synthesis,
crystal structure, luminescent and magnetic properties
of 1 are reported herein.
Table 1

Crystal data for compound 1

Empirical formula H50Co4 �C20N4O40 �P4

Formula weight 1346.24

Temperature 293(2)K

Wavelength 0.71073 Å

Crystal system Triclinic

Space group P1̄

Unit cell dimensions a ¼ 9:0682ð18Þ (A

b ¼ 10:744ð2Þ (A

c ¼ 12:731ð3Þ (A
a ¼ 93:06ð3Þ1
b ¼ 99:66ð3Þ1
g ¼ 90:34ð3Þ1

Volume
1221:0ð4Þ (A

3

Z 1

F(000) 692

Crystal size 0.32� 0.12� 0.10mm3

Reflections collected/unique 11903/5435 [Rint ¼ 0.0463]

Data/restraints/parameters 5435/11/368

Goodness-of-fit on F2 0.876

Final R indices [I42sðIÞ]a R1 ¼ 0:0430, wR2 ¼ 0:1038

aNote: R1 ¼ S jj Fo j � j F c jj =S j Fo j; wR2 ¼ fS½wðF2
o � F2

c Þ
2

=

S½wðF2
oÞ


2g1=2.
2. Experimental

2.1. Synthesis and characterization

0.238 g of CoCl2 � 6H2O, 0.148 g of NH4F were
dissolved in 10mL of ethanol, followed by the addition
of 0.234 g of H4PMIDA with vigorous stirring. To the
resulting solution was added 0.6mL of [Me4N]OH
solution (15% in water) and stirred until a homogeneous
reaction mixture was formed. The molar ratio of
CoCl2 � 6H2O:NH4F:H4PMIDA:[Me4N]OH is 1:4:1:1.
The reaction mixture was crystallized in a 23mL
PTFE-lined acid digestion bomb at 170 1C for 5 days.
The initial and final pH values are 4.0 and 4.5,
respectively. The crystalline product 1 (red plates) was
collected by vacuum filtration, washed thoroughly with
ethanol and dried in air (yield 70% based on cobalt).
Anal. Calcd. for H50Co4C20N4O40P4: C, 17.84; H, 3.74;
N, 4.16. Found: C, 17.75; H, 3.90; N, 4.04. ICP results:
Co 17.21wt% (calcd 17.51wt%) and P 9.11% (calcd
9.20wt%). NH4F was used in the synthesis, yet the
compound does not have F� or NH4

+. But it is crucial to
the synthesis, so that it act as structure-directing agent
and mineralizing agent [30].

The elemental analysis was conducted on a Perkin-
Elmer 2400LC II elemental analyzer. Inductively
coupled plasma (ICP) analysis was performed on a
Perkin-Elmer Optima 3300DV ICP instrument. X-ray
powder diffraction (XRD) data were collected on a
Siemens D5005 diffractometer with Cu Ka radiation
(l ¼ 1:5418 (A). The step size was 0.021, and the count
time was 4 s. The infrared (IR) spectrum was recorded
within the 400–4000 cm�1 range on a Nicolet Impact 410
FTIR spectrometer using KBr pellets. The differential
thermal analysis (DTA) was performed on a Perkin-
Elmer DTA 1700 differential thermal analyzer. Thermo-
gravimetric analysis (TGA) was performed in an atmo-
spheric environment with a heating rate of 10 1Cmin�1

on a Perkin-Elmer TGA 7 thermogravimetric analyzer.
Magnetic susceptibility data were collected on 0.0166 g
of sample over the temperature range of 4–300K at a
magnetic field of 5 kG on a Quantum Design MPMS-7
SQUID magnetometer. Emission and excitation spectra
were recorded on an Eidingberg FX900 fluorescence
spectrometer with a 500W xenon lamp. The emission
spectrum was corrected for the sensitivity of the
photomultiplier tube, and the excitation spectrum was
corrected for the intensity of the xenon lamp.
2.2. Crystal structure determination

A suitable single crystal of 1 with dimensions of
0.32� 0.12� 0.10mm3 was glued to a thin glass fiber
and mounted on a Siemens Smart CCD diffractometer
equipped with a normal-focus, 2.4-kW sealed-tube X-
ray source with graphite-monochromatic Mo Ka radia-
tion (l ¼ 0:71073 (A). Intensity data were collected at
29872K and processed on a PC with the SAINT Plus
software package [31]. The structure was solved in the
triclinic space group P1̄ by direct methods and was
refined on F2 by full-matrix least squares using
SHELXTL97 software package [32]. The hydrogen
atoms that are bonded to carbon and nitrogen atoms
were located. All non-hydrogen atoms were refined
anisotropically. A summary of the crystallographic data
is presented in Table 1. Selected bond lengths and angles
are given in Table 2. Hydrogen bonding distances and
angles are given in Table 3.
3. Results and discussion

3.1. Synthesis and characterization

Compound 1 is readily obtained as red crystals in
good yield from the reaction of CoCl2 � 6H2O, NH4F,
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Table 2

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

Co(1)–O(1) 2.080(3) Co(2)–O(16) 1.986(3)

Co(1)–O(4) 2.078(3) Co(2)–N(2) 2.167(3)

Co(1)–O(6) 2.115(3) P(1)–O(1) 1.536(3)

Co(1)–O(11) 2.060(3) P(1)–O(2) 1.499(3)

Co(1)–O(14)#1 2.116(3) P(1)–O(3) 1.522(3)

Co(1)–N(1) 2.192(3) P(1)–C(1) 1.829(4)

Co(2)–O(8) 2.097(3) P(2)–C(6) 1.828(4)

Co(2)–O(12) 2.100(3) P(2)–O(8) 1.525(3)

Co(2)–O(13) 2.126(3) P(2)–O(9) 1.510(3)

Co(2)–O(15) 2.132(4) P(2)–O(10) 1.563(3)

O(1)–Co(1)–O(6) 162.34(11) O(16)–Co(2)–O(8) 105.99(11)

O(1)–Co(1)–O(14)a 87.37(11) O(16)–Co(2)–O(12) 89.24(11)

O(4)–Co(1)–O(1) 93.25(12) O(16)–Co(2)–O(13) 92.04(11)

O(4)–Co(1)–O(6) 89.45(12) O(16)–Co(2)–O(15) 92.24(14)

O(4)–Co(1)–O(14)a 171.93(12) O(8)–Co(2)–N(2) 86.51(12)

O(6)–Co(1)–O(14)a 87.58(11) O(12)–Co(2)–N(2) 80.60(11)

O(11)–Co(1)–O(1) 105.47(11) O(13)–Co(2)–N(2) 77.25(11)

O(11)–Co(1)–O(4) 90.60(12) O(15)–Co(2)–N(2) 98.69(15)

O(11)–Co(1)–O(6) 91.94(11) O(16)–Co(2)–N(2) 164.03(12)

O(11)–Co(1)–O(14)a 97.00(11) O(2)–P(1)–O(1) 111.83(17)

O(1)–Co(1)–N(1) 85.12(11) O(2)–P(1)–O(3) 112.87(18)

O(4)–Co(1)–N(1) 82.62(12) O(3)–P(1)–O(1) 113.35(18)

O(6)–Co(1)–N(1) 77.91(12) O(1)–P(1)–C(1) 102.18(16)

O(11)–Co(1)–N(1) 167.79(12) O(2)–P(1)–C(1) 107.78(19)

O(14)a–Co(1)–N(1) 89.42(12) O(3)–P(1)–C(1) 108.04(18)

O(8)–Co(2)–O(12) 90.48(11) O(8)–P(2)–O(10) 109.12(18)

O(8)–Co(2)–O(13) 160.35(11) O(9)–P(2)–O(8) 115.58(17)

O(8)–Co(2)–O(15) 85.64(13) O(9)–P(2)–O(10) 111.09(16)

O(12)–Co(2)–O(13) 97.59(11) O(8)–P(2)–C(6) 104.51(17)

O(12)–Co(2)–O(15) 176.10(13) O(9)–P(2)–C(6) 110.90(17)

O(13)–Co(2)–O(15) 85.96(13) O(10)–P(2)–C(6) 104.94(19)

a
�x þ 1, �y þ 1, �z.

Table 3

Hydrogen bonds for 1(Å) and deg(1)

D–HyA d(D–H) d(HyA) d(DyA) o(DHA)

O(10)–H(10)yO(2W)b 0.82 2.29 3.030(5) 151.2

O(15)–H(15A)yO(2)b 0.812(19) 1.98(3) 2.732(5) 154(5)

O(15)–H(15B)yO(7)a 0.86(5) 2.02(5) 2.826(5) 156(5)

O(16)–H(16A)yO(4W) 0.86(2) 2.23(5) 2.750(4) 120(5)

O(16)–H(16B)yO(1W) 0.87(2) 1.96(4) 2.719(5) 145(6)

O(16)–H(16B)yO(13) 0.87(2) 2.52(5) 2.961(4) 113(4)

O(1W)–H(1WA)yO(6)a 0.95(2) 2.07(7) 2.959(5) 155(13)

O(1W)–H(1WB)yO(11)c 0.95(2) 2.11(4) 2.936(5) 144(5)

O(1W)–H(1WB)yO(4)c 0.95(2) 2.64(4) 3.418(6) 140(5)

O(2W)–H(2WA)yO(7)d 0.99(2) 1.95(4) 2.828(5) 147(5)

O(2W)–H(2WB)yO(3)e 0.982(19) 1.89(3) 2.832(5) 161(5)

O(3W)–H(3WA)yO(9)c 0.97(2) 2.00(3) 2.926(4) 158(5)

O(3W)–H(3WB)yO(16) 0.99(2) 1.77(3) 2.712(5) 159(5)

O(4W)–H(4WA)yO(16) 0.96(2) 1.83(3) 2.750(4) 158(5)

Symmetry transformations used to generate equivalent atoms: a�x+1,

�y+1, �z; b
�x+1, �y, �z; cx+1, y, z; d

�x+1, �y+1, �z+1;
e
�x+1, �y, �z+1.
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Fig. 1. Experimental and simulated power X-ray diffraction patterns
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Fig. 2. Infrared spectrum of 1.
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H4PMIDA and [Me4N]OH in a 1:4:1:1 ratio under the
solvethermal conditions (170 1C, 5 days) in ethanol.

As shown in Fig. 1, the powder X-ray diffraction
pattern is consistent with the simulated one based on the
single crystal X-ray diffraction analysis, indicating the
phase purity of the synthesized sample. The difference in
reflection intensities between the simulated and experi-
mental patterns was due to the variation in crystal
orientation for the powder sample.

The IR spectrum is shown in Fig. 2. The broad band
from 3630 to 2474 cm�1is attributed to O–H asymmetric
stretch of the lattice water, H3O

+ and PO–H. The
broadness of the band is due to the strong hydrogen
bond. The band at 1610 cm�1 is normally due to the
water bending vibration. The multiple bands in the
region of 1140–900 cm�1 are phosphonate P–O vibra-
tions. The remaining bands are those typical of the N-
(phosphonomethyl)iminodiacetic salts [33].

Combined TGA–DTA curves for 1 are shown in
Fig. 3. The strong endothermic peak centered at 270 1C
is due to the loss of hydration water molecules and
condensation of the hydroxyl groups. The calculated
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Fig. 3. TGA–DTA curves for 1.
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Fig. 4. X-ray thermodiffractometric pattern for 1.

Fig. 5. ORTEP view of the structure of 1 showing the
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weight loss for this process is 17.7% and the observed
weight loss is 18.2%. In the range of 280–620 1C the
mass loss is 39.6% (calculated value 42.2%), due to the
combustion of the carboxylic groups with a very broad
and strong exothermic peak centered at 407 1C. The
combustion of the organic starts at 620 1C with an
atom-labeling scheme (50% thermal ellipsoids).

Fig. 6. Molecular structure of 1.
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exothermic peak centered at 747 1C. TGA curve shows a
continuous weight loss about 37.8% (calculated value
38.1%) in this temperature range. The final thermal
decomposition products at 805 1C were amorphous.

A thermodiffractometric study of 1 (Fig. 4) was
undertaken to characterize the water loss. The 3D lattice
of 1 is only stable up to 240 1C, and above this
temperature the structure began to collapse.

3.2. Description of the structure

As shown in Figs. 5 and 6, 1 is a tetra-nuclear
compound with crystallographically imposed inversion
center symmetry in the middle. Each Co(1) center
adopts a slightly distorted octahedral coordination
Fig. 7. (a) The layers formed by 1 through hydrogen bonds along ab plane (sh

for clarity. (b) The layers formed by 1 through hydrogen bonds along ab pl

omitted for clarity.
geometry, with three oxygen and one nitrogen donor
atoms from a tetradentate chelating PMIDA ligand
occupying four vertices. The rest two vertices are
occupied by two oxygen donor atoms from two bridging
carboxylic groups of two neighboring HPMIDA
ligands. The Co(1)–O bond lengths are in the range
from 2.060(3) to 2.115(3) Å , and the Co(1)–N bond
length is 2.192(3) Å. The O–Co–O and O–Co–N bond
angles deviate from the values for an ideal octahedron.
Each Co(2) center adopts a distorted octahedral
coordination geometry, with three oxygen and one
nitrogen donor atoms from a tetradentate chelating
HPMIDA ligand occupying four vertices and two water
molecules occupying the remaining two vertices. The
two carboxylic moieties of the HPMIDA ligand bridge
own down the c direction). Co-crystallized H2O and H3O
+ are omitted

ane (shown down the a direction) Co-crystallized H2O and H3O
+ are
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Fig. 8. A diagram showing the 3D supramolecular network of 1.

Y. Fan et al. / Journal of Solid State Chemistry 178 (2005) 2267–22732272
over two adjacent Co(1) centers, resulting in a tetra-
nuclear rhombic structure. The Co(2)–O bond lengths
fall between 1.986(3) and 2.132(4) Å, and the O–Co–O
bond angles are in the range from 85.7(2) to 97.5(7).
These bond lengths and angles are similar to other
cobalt(II) phosphonates [23]. According to the consid-
eration of the charge balance and the acidic environ-
ment of synthesis system, six of the crystal water
molecules are ionized, which is a common feature in
many reported literatures [34].

In compound 1, two coordination modes have been
observed for HnPMIDA (n ¼ 0 or 1) ligand. A different
coordination mode has been reported, by Wood and
coworkers [19], in a hexa-nuclear Co complex of
PMIDA, in which the phosphonate oxygen atoms
bridge over the neighboring Co centers.

As shown in Fig. 7, each molecule of 1 hydrogen
bonds to four adjacent molecules to form 2D layers
through O(15)H, O(2), O(10)H and O(3), with distances
between the hydrogen bonded oxygen pairs of 2.732(5)
and 2.468 Å for O(15)–HyO(2) and O(10)–HyO(3),
respectively. As shown in Fig. 8, the co-crystallized H2O
molecules and H3O

+ counter-ions in between the layers
further extend the structure into a 3D network through
hydrogen bonding. The distances between the hydrogen
bonded oxygen pairs are of 2.830 and 2.827 Å for
O(2W)yO(3) and O(2W)yO(7), respectively.

3.3. Magnetic susceptibility and luminescence properties

The temperature dependence of magnetic susceptibil-
ity ranging from 4 to 300K for 1 was measured (see Fig.
9). The experimental data were fitted using the
Curie–Weiss equation X m ¼ Cm=ðT � yÞ, with Cm ¼

6:44 emuK�1 mol�1 and y ¼ �6:35K. This result in-
dicates there exists a weak antiferromagnetic interaction
in 1 caused by the superexchange coupling between the
molecules. At 300K, the calculated effective magnetic
moment for per cobalt atom, meff ¼ 4:99mB. This value
falls in the range of the expected values of 4.70–5.20 mB

for the octahedral Co2+ ion [35].
High spin metal centers are known to quench

luminescence through electron transfer process. To our
surprise, compound 1 is luminescent at room tempera-
ture. As shown in Fig. 10, the photoluminescence (PL)
spectrum of 1 in the solid state has been measured with
the excitation wavelength of 250 nm at room tempera-
ture. Two emission maxima have been observed at 398
and 600 nm, respectively. Luminescent metal phospho-
nates are scarcely known [36,37]. To our best knowl-
edge, compound 1 is the first luminescent cobalt
phosphonate compound.
4. Conclusions

A novel cobalt(II) inorganic–organic hybrid com-
pound (H3O)6 � [Co4(H2O)4(HPMIDA)2(PMIDA)2)] �
2H2O has been solvothermally synthesized from the
Co (II) ion and H4PMIDA and structurally character-
ized by single crystal X-ray diffraction analysis. The
product is produced in a single phase, which is
confirmed by powder X-ray diffraction. The extended
structure of the title compound features a 3D supramo-
lecular network. The temperature dependence of mag-
netic susceptibility shows a weak antiferromagnetic
interaction. Compound 1 is luminescent in the solid
state at room temperature with emission maxima at 398
and 600 nm, respectively.
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Appendix A. supplementary data

The online version of this article contains additional
supplementary data. Please visit doi:10.1016/j.jssc.2005.
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