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H,0;PCH,NH,+*CH,PO3;H~ was hydrothermally reacted
with Cu(i) in aqueous solution at a 1 : 1 ratio, forming
Cu;[NH,(CH,PO3),]; (1). Two kinds of coordination envi-
ronments exist around the central copper ions: a distorted
square planar Cu(1) ion and an octahedral Cu(2) ion. They
are bridged with one terminal oxygen atom forming a 3D-
coordination framework of layers sharing corners. Novel
antiferromagnetic coupling between the two kinds of Cu
units was observed at 15 K, followed by ferromagnetic
ordering at 9 K.

Metal phosphonates have potentia applications in the areas of
catalysis, ion exchange, proton conductivity, intercalation
chemistry, photochemistry and materials chemistry.r Many of
the metal phosphonates are layered species in which the metal
octahedra are bridged by phosphonic acid tetrahedra to form
two-dimensional layers that are separated by hydrophobic
regions of the organic moieties. The hydrothermal method has
proved to be a promising technique in the preparation of highly
stable, infinite metaldigand frameworks exhibiting many
interesting properties.2 Using ligands with two phosphonic acid
groups attached to a diamine group such as
(HO3PCH,NHRNHCH,POzH,), severa groups have produced
avariety of metal phosphonates, such as mononuclear chelate
complexes, complexes with a 1D chain structure and a 3D
network structure based on dimeric units and pillared layered
compounds.3 The crystal structure of a copper complex with
C,HsN(CH,POsH,), was reported by Makaranets et al.4 And
very recently, N-methyliminobis(methylenephosphonic acid)
(H4L) tOgether with Mn(HgL)szo, Cd(H3L)2H20, Zn3(HL)2
and Zn(H.L)(H>O) complexes were reported by our group.s
Thefirst two areisostructural compounds with alayer structure.
Zng(HL), features a 3D network, and its 1 : 1 complex
Zn(H,L)(H20) forms a double chain. The 1D structure of
CO[NHZ(CH2P03H)2]2(H20)2 was reported by Jankovics et
al.52 and the powder structure of Cuz[NH,(CH,PO3),], was
elucidated by Cabeza and co-workers.cP

The  hydrotherma reaction  of Cu(in) with
H>O3PCH,NH>+*CH,POsH— inal: 1 molar ratio, at 150 °C led
to the formation of deep blue cubic 1.3 A small amount of
methanol was layered onto the surface of a mixed solution to
increase the pressure in the vessel. The IR spectrum of 1 clearly
shows the presence of a strong peak at 1627 cm—1, suggesting
the formation of NH,* during the reaction. Also, two kinds of
Vas Of POz were observed at 1097 and 1056 cm—1, respectively.
The peak that occurs at 982 cm~—1 is assigned to v¢(PO3). The
characteristic vibration absorption peak of Cu—O is located
around 542 cm—1.7

Single crystal X-ray analysis§ 1 has revealed that there are
two crystalographically independent metal atom centers
bridged by u-phosphonic oxygen atoms in the crystal structure
(Fig. 1). Cu(2) is coordinated to four oxygen atoms from one
ligand in a distorted square planar geometry. Cu(2) is in a
distorted octahedral geometry coordinated with six oxygen

T Electronic supplementary information (ESI) available: crystal structure of
compound 1; plot of 1/ym vs. T for 1; magnetic hysteresis loop of 1 at 2 K.
See http://www.rsc.org/suppdata/cc/b3/b304610a/
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atoms from two different ligands, showing atypical octahedra
coordination environment. The Cu—-O distances range from
2.389(3) to 1.910(3) A. The most striking features of 1 are:
firstly, a localized complex ring system containing one
octahedrally coordinated Cu and two distorted square planar Cu
ions connected by single oxygen bridges. Both phosphonate
groups of the ligand are completely deprotonated and act as
hexadentate ligands. The amine group is still protonated. Each
ligand carries three negative charges, requiring a metal-igand
ratio of 3 : 2. The protonated nitrogen atoms form hydrogen
bonds with phosphonate oxygen atoms (N(1)-H(1D)---O(5)
2.720(5) A, 173(4)°). The Cu,Oq polyhedron is interconnected
by phosphonate groups, resulting in the formation of the 3D
framework with various voids as shown in Fig. S1.T There are
16-membered rings formed by three copper ions and two
ligandsasshownin Fig. 1. One octahedrally coordinated copper
ion (Cu2) islocated in the center of the 16-membered ring with
(2Cu1, 2P1, 2P2, 202, 203, 2N1, 2C1, 2C2), and is connected
with the other two distorted square planar copper atomsthrough
two equivalent bridged phosphate oxygen atoms (O1). The
adjacent 16-membered rings aretilted from each other and share
corners through the O1 and O4 oxygen atoms to form a 3D
framework as shown in Fig. 2. A center of symmetry existsin
such 16-membered rings with the octahedral copper atoms
located in theinversion center. The bond distances between the
bridging O(1) atom and the two different coordination environ-
ments, Cu(l) and Cu(2) ions, are different [Cu(1)-O(1)
1.929(3) A, Cu(2)-0(1) 2.389(3) A].

Fig. 3 shows the temperature dependent magnetic moment of
1 over thewholetemperatureregion from 2to 300 K. Inthehigh
temperature region, the moment m(T) reciprocally decreases
with increasing temperature. The moments are fit to the Curie
law as shown in the dashed linein Fig. S2,T which isindicative
of typical paramagnetic behavior. Since 1 containstwo different
coordination modes of Cu ions (hexa- and tetracoordinate), it
would be expected that different local magnetic momentswould
exist for these two sites. The average effective number of Bohr
magnetonsis ~ 1.8 Yg per Cuion inthe high temperature range,
and thisvalueisretained until 100 K. The value of the effective
number of Bohr magnetons at room temperature is significantly

Fig. 1 The coordination environment of copper atomsin 1.
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Fig. 2 View of crystal structure of compound 1 aong the b axis. The
phosphonate groups C—PO; are represented by tetrahedra (purple). Cu, N,
C, O atoms are shown as cyan, blue and grey and red solid circles,
respectively.

close to Cu(in) independent spins of S = 3. This is due to the
absence of an orbital contribution to the magnetic moment for a
distorted geometry around the Cu atoms.

With temperature decreasing further, the moment diverges
from the Curielaw below 100 K (Fig. 3). The magnetic moment
decreases continuously from the Curie law. It points to an
overal antiferromagnetic coupling of the intramolecular
Cu(n)-O chain in the 3D lattice, which favors a long-range
antiferromagnetic ordering. According to the M-T curve, the
Neel temperatureis about 15 K aslabeled by an arrow in Fig. 3.
As the temperature drops further, the onset of ferromagnetic
ordering occurs at about 9 K. As shown in the insert of Fig. 3,
the susceptibility is observed to increase sharply as T drops to
T, following the power law: m(T) ~ (T — To)—7, where T¢ is
7.65 K and yis 4/3. In 1, the ferromagnetic interaction comes
from the exchange network which comprises the two kinds of
interactions, coupling between CuO, and CuOg (Cul---Cu2
3.344 A) units and the coupling between CuO, and CuO,
(Cul---Cul 6.689 A) units within the molecule.

In addition, magnetization hysteresis measurements were
done under acyclic field up to £40 kOe. A magnetic hysteresis
is also observed at 2 K as shown in Fig. S3.1 Magnetic field
dependencies of the moment m(H) with field decreasing and
increasing are labeled here as “V” and “A”, respectively. The
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Fig. 3 Thermal variation of y,T for 1 at an applied field of 1 kOe. (Insert:
adetailed view of the ferromagnetic transition at low temperature.)

insert shows hysteresis loops with coercivity of 500 Oe. The
hysteresis further confirms the ferromagnetic ordering at low
temperature. To elucidate the nature of this magnetic transition,
a.c. susceptibility measurements were performed. The a.c.
susceptibility shows a peak in both the in-phase and out-of-
phase signals at about 8.5 K. This confirms the existence of a
long-range magnetic ordering in which there is a net magnetic
moment.
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Notes and references

¥ Synthesisof 1

Complex 1 was synthesized by hydrothermal reactions. 0.1 mmol of
iminobis(methylenephosphonic acid) (H4L) were neutralized with triethyle-
neamine till pH ~ 6, then a mixture of this with 0.1 mmol of copper
perchlorate hexahydrate (Aldrich) and 10.0 ml of deionized water was
sealed into a Teflon pressure vessel, and heated at 150 °C for 24 hours. Blue
cubic crystals of 1 were recovered in ca. 59.3% yield (0.176 g, based on
ligand). Elemental analysisfor 1, C4H;oN;01,P4Cus: C, 8.10%; H, 1.97%;
N, 4.59%. Calcd: C, 8.08%; H, 2.03%; N, 4.71%.
§ Crystal datafor 1

Single crystal of Cuz[NH,(CH,PO3),]» (1) M, = 594.66, orthorhombic,
space group Pbca (No. 61), a = 9.4430(10), b = 9.3681(10), ¢ =
16.0755(17) A, V = 1422.1(3) A3and Z = 4, D, = 2777 gcm=3, u =
4.968 cm—1. Data collection (2.53° < 26 < 28.27°) was performed at 110
K on aBruker Smart CCD-1000 diffractometer (Mo-Ka, A = 0.71069 A).
The structure was solved using direct methods and refined with full-matrix
|east-squares (SHEL X-97) with atomic coordinates and anisotropic thermal
parametersfor al non-hydrogen atoms, giving afinal R; value of 0.0529 for
119 parameters and 1627 unique reflections with | > 20 (1) and wR2 of
0.1365 for al 7628 reflections for 1.8 CCDC 205353. See http://
www.rsc.org/suppdata/cc/b3/b304610a/ for crystallographic datain .cif or
other electronic format.
1 Magnetic measurements for 1: The magnetic measurements were
performed on a SQUID magnetometer (Quantum Design, MPMS-XL-5) in
the temperature range 2—-300 K at applied magnetic fields ranging from —7
to 7 T. The data were corrected for diamagnetic contributions by use of
Pascal’s constants.
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