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This paper reports two new cobalt phosphonate compounds [NH3(CH2)nNH3]Co2(hedpH)2‚2H2O [n ) 4 (1), 5 (2)],
where hedp is (1-hydroxyethylidene)diphosphonate [CH3C(OH)(PO3)2]. Both contain ladderlike chains with the same
composition {Co2(hedpH)2}n

2n-, where edge-shared {CoO6} octahedra are each bridged by O−P−O units. The
chains are linked by very strong hydrogen bonds to form a three-dimensional open network with channels in which
the diammonium counterions and lattice water reside. Magnetic studies reveal dominant antiferromagnetic interactions
between the Co centers within the chain in both compounds. The field dependent magnetization confirms the
occurrence of the field-induced magnetic transitions, with the critical fields ca. 25 kOe for 1 and 27.5 kOe for 2,
respectively. In the case of compound 2, weak ferromagnetism is also observed at very low temperatures, possibly
arising from spin canting of the antiferromagnetically coupled Co(II) ions in the chain. Crystal data: 1, monoclinic,
P21/c, a ) 5.4868(8), b ) 12.9116(18), and c ) 15.251(2) Å, â ) 98.843(2)°, V ) 1067.6(3) Å3, Z ) 2; 2,
monoclinic, P21/c, a ) 5.4757(7), b ) 12.7740(16), and c ) 15.794(2) Å, â ) 98.797(2)°, V ) 1091.7(2) Å3,
Z ) 2.

Introduction

Low-dimensional magnetic materials especially the quan-
tum spin systems are of considerable current interest in
material science.1-7 It has been well-known that many metal
phosphonate compounds exhibit layered or pillared layered
structures where the inorganic layers are separated by organic
moieties.8 Other structure types have also been reported,

among which some are chain structures.8c,9 Interesting
magnetic properties such as weak ferromagnetism and
metamagnetism have been observed in some compounds.10-16
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On the basis of (1-hydroxyethylidene)diphosphonate [hedp,
CH3C(OH)(PO3)2], where the two phosphorus groups are
separated by a methyl group, we have synthesized a series
of M-hedp compounds with chain structures.17-20 Com-
pounds containing ladderlike motifs of{M2(hedpH)2}n

2n-

(M ) Mn, Fe, Co) are of particular interest because they
provide new systems of low-dimensional materials for
magnetic studies. In this paper, we report the magnetic
properties of two new cobalt compounds with similar
ladderlike structures.

Experimental Section

Materials and Methods.All the starting materials were reagent
grade used as purchased. The 50% aqueous solution of (1-
hydroxyethylidene)diphosphonic acid (hedpH4) was purchased from
Nanjing Shuguang Chemical Factory of China. The elemental
analyses were performed on a PE 240C elemental analyzer. The
infrared spectra were recorded on a Nicolet 170SX FT-IR spec-
trometer with pressed KBr pellets. The magnetic susceptibility
measurements for1 and 2 were carried out on polycrystalline
samples (29.8 mg for1 and 32.6 mg for2) using a MagLab System
2000 magnetometer in a magnetic field up to 7 T. Diamagnetic
corrections were estimated from Pascal’s constants.21

Synthesis of [NH3(CH2)4NH3]Co2(hedpH)2‚2H2O, 1.A mixture
of CoCl2‚6H2O (1 mmol, 0.2390 g), 50% hedpH4 (1 cm3), and H2O
(8 cm3), adjusted with 1,4-butylenediamine to pH) 4.83, was
treated hydrothermally at 140°C for 45 h. Purple red needlelike
crystals were produced as a single phase, judged by the powder
X-ray pattern in comparison with the pattern deduced from single-
crystal data. Yield: 89% based on Co. Anal. Found: C, 16.05; H,
4.87; N, 5.47. Calcd for C8H28Co2N2O16P4: C, 14.77; H, 4.31; N,
4.31. IR (KBr, cm-1): 3419 s, 3351 s, 3007 s (br), 2937 s, 2889 s,
2767 s, 2294 w, 2049 w, 1681 m, 1631 m, 1553 s, 1485 m, 1430
m, 1134 vs, 1001 m, 920 s, 784 m, 671 w, 576 s, 504 w, 473 vw.

Synthesis of [NH3(CH2)5NH3]Co2(hedpH)2‚2H2O, 2. The hy-
drothermal treatment of a mixture of CoCl2‚6H2O (1 mmol, 0.2370
g), 50% hedpH4 (1 cm3), NaF (1 mmol, 0.0464 g), and H2O (8
cm3), adjusted by 1,5-diaminopentane to pH) 4.41, in a Teflon-
lined autoclave at 140°C for 49 h resulted in the formation of the
purple red needlelike crystals of compound2 as a monophasic
material. Yield: 71% based on Co. Anal. Found: C, 17.37; H, 4.62;
N, 5.09. Calcd for C9H30Co2N2O16P4: C, 16.27; H, 4.52; N, 4.22.

IR (KBr, cm-1): 3419 vs, 3273-2780 s (br), 1678 m, 1627 m,
1569 w, 1496 m, 1413 w, 1133 vs, 1005 m, 921 s, 788 m, 673 w,
571 s, 499 vw, 467 w.

X-ray Crystallographic Analysis. Crystals with dimensions 0.40
× 0.15× 0.15 mm for1 and 0.40× 0.15× 0.15 mm for2 were
selected for indexing and intensity data collection at 293(2) K on
a Bruker SMART APEX CCD diffractometer with monochromated
Mo KR (λ ) 0.710 73 Å) radiation. A hemisphere of data (1271
frames at 5 cm detector distance) was collected using a narrow-
frame method with scan widths of 0.30° in ω and an exposure time
of 10 s/frame for1 and 20 s/frame for2. The data were integrated
using the Siemens SAINT program,22 with the intensities corrected
for the Lorentz factor, polarization, air absorption, and absorption
due to variation in the path length through the detector faceplate.
An empirical absorption was applied for both compounds.

The structures were solved by direct methods and refined onF2

by full-matrix least squares using SHELXTL.23 All the non-
hydrogen atoms except the disordered C atoms in2 were refined
anisotropically. The disordered C and all the hydrogen atoms were
refined isotropically. The hydrogen atoms attached to the disordered
C atoms were not located. Selected crystallographic data and
structure determination parameters are given in Table 1, and selected
bond lengths and angles in Table 2.

Results and Discussion

Crystal Structures. Compounds1 and2 are isostructural.
Their structures are closely related to those of compounds
[NH3(CH2)nNH3]M2(hedpH)2‚2H2O (M ) Fe, Mn, Zn;n )
4, 5).17-19 They contain similar{Co2(hedpH)2}n double chains
in which edge-shared CoO6 octahedra are bridged by
O-P-O units (Figure 1). Each double chain in1 and2 is
connected to its four equivalent neighbors through very
strong hydrogen bonds [O(3)‚‚‚O(6): 2.428(3) for1, 2.433-
(4) Å for 2], thus forming a three-dimensional open network
with channels generated along [100] directions. The [NH3-
(CH2)nNH3]2+ (n ) 4, 5) cations and lattice water reside in
the channels (Figures 2 and 3).

Although the overall structures of compounds1 and2 are
analogous, the counterions with different alkyl lengths clearly
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Table 1. Crystallographic Data

param 1 2

formula C8H28Co2N2O16P4 C9H30Co2N2O16P4

Mr 650.06 664.09
cryst system monoclinic monoclinic
space group P21/c P21/c
a/Å 5.4868(8) 5.4757(7)
b/Å 12.9116(18) 12.7740(16)
c/Å 15.251(2) 15.794(2)
â/deg 98.843(2) 98.797(2)
V/Å3 1067.6(3) 1091.7(2)
Z 2 2
Dc/g cm-3 2.022 2.020
F(000) 664 680
µ(Mo KR)/cm-1 19.35 18.95
goodness of fit onF2 0.924 1.136
R1, wR2a [I > 2σ(I)] 0.0352, 0.0715 0.0427, 0.1019
R1, wR2a (all data) 0.0493, 0.0742 0.0539, 0.1075
(∆F)max, (∆F)min/e Å-3 0.465,-0.391 0.934,-0.508

a R1 ) Σ||Fo| - |Fc||/Σ|Fo|. wR2 ) [Σw(Fo
2 - Fc

2)2/Σw(Fo
2)2]1/2.
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pose influences on their structures. A close examination on
their bond lengths and angles within the{Co2(hedpH)2}n

double chain reveals that significant changes are found for
the O-Co-O bond angles in which the bridging phospho-
nate oxygen [µ-O(4)] is involved. For example, the Co(1)-
O(4)-Co(1B) angles are 98.79(8)° in 1 and 100.46(14)° in
2, respectively. The Co-O and P-O bond lengths remain
nearly unchanged (Table 2). The Co‚‚‚Co distances within
the double chain are only slightly different in both cases.
The Co‚‚‚Co distances over theµ-O(4) bridge are 3.276 and
3.236 Å for1 and2, respectively. Those over the O-P-O
unit along the rail and the diagonal are 5.487 and 4.867 Å
for 1 and 5.464 and 4.865 Å for2, respectively (Figure 1).

Between the double chains, there exist very strong
hydrogen bonds. Although the O(3)‚‚‚O(6) separation is
essentially constant, the P-O‚‚‚O angle increases distinctly
from 136.1° in 1 to 138.9° in 2. The same trend was observed
in the cases of the Mn analogues.18 In contrast to the Mn
compounds, however, theb axis, which is roughly parallel
to the chain of diammonium cation, is slightly shortened
when diammoniopentane in2 (12.774 Å) replaces diammo-
niobutane in1 (12.912 Å), while thec axis, which is almost
perpendicular to the cation chain, is lengthened from 15.251
Å (for 1) to 15.794 Å (for2). This may be explained by the
fact that the diammoniopentane is heavily disordered and
contorted to fit into the channel. The overall unit cell volumn
is expanded from compound1 to 2 as expected (Table 1).

Magnetic Properties. Figure 4 shows the temperature-
dependent molar magnetic susceptibilities of1 at various
external fields. At 10 kOe, the room-temperature effective
magnetic moment per Co (5.43µB) is much higher than the
expected spin-only value for spinS) 3/2 (3.87µB), attributed
to the orbital contribution of Co(II) ion. The susceptibility
data obey the Curie-Weiss law in the temperature range
25-300 K with a Weiss constant-13.1 K (Figure S1,

Table 2. Selected Bond Lengths (Å) and Angles (deg) for1 and2a

1 2

Co(1)-O(5A) 2.045(2) 2.035(3)
Co(1)-O(1) 2.080(2) 2.062(3)
Co(1)-O(2A) 2.123(2) 2.109(3)
Co(1)-O(4) 2.265(2) 2.279(3)
Co(1)-O(4B) 2.046(2) 2.052(3)
Co(1)-O(7) 2.201(2) 2.242(3)
P(1)-O(1) 1.517(2) 1.513(3)
P(1)-O(2) 1.508(2) 1.504(3)
P(1)-O(3) 1.538(2) 1.536(3)
P(2)-O(4) 1.524(2) 1.517(3)
P(2)-O(5) 1.507(2) 1.500(3)
P(2)-O(6) 1.539(2) 1.539(3)

O(5A)-Co(1)-O(4B) 96.63(8) 95.12(11)
O(5A)-Co(1)-O(1) 170.49(8) 170.49(11)
O(4B)-Co(1)-O(1) 91.30(8) 92.51(11)
O(5A)-Co(1)-O(2A) 91.14(8) 90.67(11)
O(4B)-Co(1)-O(2A) 101.58(8) 103.92(11)
O(1)-Co(1)-O(2A) 92.40(8) 92.99(11)
O(5A)-Co(1)-O(7) 90.45(8) 90.45(11)
O(4B)-Co(1)-O(7) 159.80(8) 157.43(11)
O(1)-Co(1)-O(7) 80.36(8) 80.36(10)
O(2A)-Co(1)-O(7) 97.16(8) 97.85(11)
O(5A)-Co(1)-O(4) 93.12(8) 92.01(10)
O(4B)-Co(1)-O(4) 81.21(8) 79.59(11)
O(1)-Co(1)-O(4) 82.89(8) 83.79(10)
O(2A)-Co(1)-O(4) 174.61(7) 175.37(10)
O(7)-Co(1)-O(4) 79.53(7) 78.37(10)
Co(1B)-O(4)-Co(1) 98.79(8) 100.41(11)
P(1)-O(1)-Co(1) 117.70(12) 118.45(15)
P(1)-O(2)-Co(1C) 134.43(12) 135.09(17)
P(2)-O(4)-Co(1B) 142.26(12) 140.02(17)
P(2)-O(4)-Co(1) 114.85(11) 115.07(14)
P(2)-O(5)-Co(1C) 134.95(13) 135.83(17)
C(1)-O(7)-Co(1) 105.63(15) 104.5(2)

a Symmetry transformations used to generate equivalent atoms: A,x +
1, y, z; B, -x + 2, -y + 1, -z + 1; C, x - 1, y, z.

Figure 1. Fragment of the chain with atomic labeling scheme (50%
probability) in 1.

Figure 2. Structure of1 viewed along thea-axis.

Figure 3. Structure of2 viewed along thea-axis.
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Supporting Information). The negative Weiss constant in-
dicates a dominant antiferromagnetic interaction between the
magnetic centers. The rounded peak appearing around 7 K
in the øM vs T curve is typical for a low-dimensional
antiferromagnet. Below 7 K,øM drops sharply toward zero,
suggesting that the ground state of the system isS) 0. When
the external field is high (g40 kOe), the peak in theøM vs
T curves disappears, suggesting the occurrence of a field-
induced magnetic transition.

A low-dimensional antiferromagnet is not unexpected from
the structure of compound1 where ladderlike chains of{Co2-
(hedpH)2}n are interconnected by strong hydrogen bonds.
Considering that the shortest Co‚‚‚Co distance between the
chains is 8.04 Å, the antiferromagnetic exchange coupling
should be mainly propagated between the Co(II) centers
within the ladderlike chain throughµ-O and/or O-P-O
bridges (Figure 1). As the Co‚‚‚Co distance over theµ-O(4)
bridge (3.276 Å) is much shorter than those over the O-P-O
bridges along the leg (5.487 Å) and the diagonal (4.867 Å),
the exchange through theµ-O(4) bridge should be dominant.
A theoretical analysis based on an isotropic dimer model of
spin S ) 3/2, however, is not successful due to the orbital
contribution of the Co(II) ions.

The field-dependent magnetization of1 shows a pro-
nounced sigmoid shape, indicating the occurrence of a
magnetic transition from the nonmagnetic ground state to a
spin-polarized state (Figure 5). The transition field, deter-
mined by dM/dH derivative curve, is ca. 25 kOe. This is
further proved by the field-dependent ac magnetic suscep-
tibilities (Figure 6). For the Co(II) ion in an octahedral
environment, anS) 1/2 ground state is commonly observed
at low temperatures because of the overall effect of crystal
field and spin-orbit coupling.3 The magnetization at 70 kOe
is 5.3 Nâ/Co2 unit for 1, higher than the saturation value of
4.6 Nâ anticipated for a pair ofS) 1/2 spins withg ) 4.6.24

A similar field-induced magnetic transition has also been
found in compound (NH4)2Co2(hedpH)2, where the{Co2-
(hedpH)2}n chains are packed in such a way that each chain
is surrounded by six equivalent neighbors.20 The transition
field in the latter case, however, is ca. 35 kOe.

Figure 7 shows the temperature-dependent molar magnetic
susceptibilities of2 at different external fields. At 500 Oe,
øM also passes through a broad maximum around 7 K,
characteristic of a low-dimensional antiferromagnet. Near 4
K, however, theøM value increases abruptly and reaching a
maximum of 1.27 cm3 mol-1 at 2.3 K then drops quickly.
The appearance of a sharp peak around 2.3 K is indicative
of a long-range antiferromagnetic ordering. TheøMT vs T
curve (see inset of Figure 7) shows that initiallyøMT
decreases continuously on cooling from 25 K until reaching
a minimum of 1.92 cm3 K mol-1 at 4.1 K. Then it increases
to a maximum of 2.98 cm3 K mol-1 at 2.4 K, followed by
a drop toward zero. The upturn oføMT below 4.1 K suggests

(24) Caneschi, A.; Dei, A.; Gatteschi, D.; Tangoulis, V.Inorg. Chem.2002,
41, 3508.

Figure 4. øM vs T plot s for 1 at different external fields.
Figure 5. Field-dependent magnetization of1 at different temperatures.

Figure 6. Field-dependent ac magnetic susceptibilities of1 at different
temperatures.

Figure 7. øM vs T plot s for 2 at different external fields. Inset:øMT vs
T plot at 500 Oe and 1 kOe.
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an uncompensated magnetic moments of the system arising
from spin canting of the antiferromagentically coupled
Co(II) ions. When the field is high (g40 kOe), both peaks
in the øM vs T curves disappear, suggesting the occurrence
of field-induced magnetic transitions.

The zero-field ac susceptibility measurements performed
in the range 5-16 K, atHac ) 5 Oe and frequencies of 111,
199, 355, 633, and 1111 Hz, show both in-phase [øM′(T)]
and out-of-phase [øM′′(T)] signals at ca. 2.5 K, in agreement
with a canted antiferromagnet (Figure 8). No frequency
dependence was observed, excluding any glassy behavior.

The field-dependent magnetization of compound2, mea-
sured at 1.8 K, shows a two-step field induced transition
(Figure 9). From 0 to 5 kOe, the magnetization increases
quickly reaching a saturation value of 0.46 Nâ at 5 kOe,
which is equivalent to 10% of that expected for ferromagnetic
ordering. Above 5 kOe, a sigmoid shaped curve is found.
Like compound1, this corresponds to the transition to a
polarized state. The critical field, indicated by dM/ dH curve,
is 27.5 kOe at 1.8 K. The magnetization at 70 kOe is 4.9
Nâ/Co2 unit for 2, close to the saturation value of 4.6 Nâ
anticipated for a pair ofS ) 1/2 spins withg ) 4.6. The
field-dependent ac magnetic susceptibilities result in the same
conclusion (Figure 10).

Several cobalt phosphonates have been reported to be
canted antiferromagnets including compound Co3(O3PC2H4-

CO2)2 with a three-dimensional structure14 and compound
{K2[CoO3PCH2N(CH2CO2)2]}6‚xH2O with a molecular struc-
ture.15 The canting effect could be caused by the antisym-
metric interactions related to the symmetry of the exchange
pathways joining the magnetic centers, as well as the single
ion anisotropy. Since both compounds1 and 2 contain
ladderlike chains of{Co2(hedpH)2}n in which the Co(II) ions
throughµ-O(4) bridge are related by an inversion center,
the observation of spin canting in compound2 while not in
compound1 could be due to the structural phase transition
in 2 at low temperature.

Previously, we reported the structures of three Mn
analogous, measured at 223 K, with formula [NH3(CH2)n-
NH3][Mn2(hedpH)2]‚2H2O [n ) 4 (Mn-4), 5 (Mn-5), 6
(Mn-6)].18 It has been found that the structures ofMn-4 and
Mn-6, with even numbers of methylene groups in the
dication chain, crystallize in the centrosymmetric space group
P21/n, while Mn-5 having an odd number of methylene
groups crystallizes in the chiral space groupP21. In the
present cases, although the dication [NH3(CH2)5NH3]2+ in
compound2 is disordered at room temperature, the possibility
of structural phase transition from achiral to chiral at very
low temperature cannot be excluded.

In summary, this paper describes the syntheses and crystal
structures of two new cobalt(II) diphosphonates: [NH3-
(CH2)nNH3]Co2(hedpH)2‚2H2O [n ) 4 (1), 5 (2)]. Both
contain ladderlike chains with the same composition{Co2-
(hedpH)2}n. Each chain is strongly hydrogen bonded to its
four equivalent neighbors, hence generating three-dimen-
sional networks with channels where the diammonium
counterions and lattice water reside. The magnetic behavior
of compound1 is typical for a low-dimensional antiferro-
magnet. The field-induced magnetic transition from the
nonmagnetic ground state to a spin polarized state is observed
with the critical field of ca. 25 kOe at 1.8 K. Such a behavior
is reminiscent of a quantum spin system. For compound2,
a similar field-induced magnetic transition is also observed
at ca. 27.5 kOe at 1.8 K. In addition, compound2 experiences
long-range canted antiferromagnetism at very low temper-
ature which could be explained by its structural phase
transition at low temperature.

Figure 8. Temperature-dependent ac magnetic susceptibilities of2 under
different frequencies.

Figure 9. Field-dependent magnetization of2 at different tempera-
tures.

Figure 10. Field-dependent ac magnetic susceptibilities of2 at different
temperatures.
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