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Syntheses, Structures and Magnetic Properties of Three Copper Phosphonates Bearing
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Abstract: phosphonates  {[Cu (L) (bpy)os(H20)] -2H,0}, (1), {[Cu(HL),(bpy)]-4H,0}, (2) and
{{Cus(L),(bpy)] - 3H,0}, (3)(H,L=2-pyridyl-N-oxide phosphonic acid, bpy=4,4" -bipyridine) were synthesized under

hydrothermal conditions. In compound 1, the adjacent Cu(Il) ions are connected by two phosphonate ligands into a

Three copper

dimer, which are bridged by bpy into 1D chain. Compound 2 has a 1D chain structure with [Cu(HL),] as junction and
bpy as linker. Compound 3 has a brick-like 2D structure with [Cuy(L),], as junction and bpy as spacer. The magnetic

property studies of compounds 1 and 3 reveal that antiferromagnetic interactions are mediated between the copper

ions. CCDC: 1477698, 1; 1477699, 2; 1477700, 3.
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a functional group such as hydroxyl®, amino™,
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0 Introduction

Metal phosphon ates have received great attention
for their versatile structures and potential applications in
the fields of magnetism, proton conductivity, catalysis
and gas adsorption". The monophosphonic acid R-PO;H,
(R =aryl, alkyl) prefer to form layered or polynuclear

structures with transition metal ions”. By introducing
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carboxylate P, crown-ether®, a second phosphonate
group!, compounds with new structure and properties
can be obtained. In addition, introducing a co-

1,4-bis
6-chloro-2-hydroxypy-

ligand in the reaction system, such as

(imidazol-1-ylmethyl)benzene®,
ridine (Hchp)® or di-2-pyridyl ketone (dpk)"”, would

help the formation of the new types of structure.
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In the previous work, we have shown that one-
dimensional copper phosphonates [Cu,X,(CsHsNOPO;),|
[Cu (H,0)q] -2H,0 [X =Cl, Br] and CuX (CsH;NOPO;H) -
H,0 (X=Cl, Br) based on 2-pyridyl-N-oxide phosphonic
acid (H,L) can be obtained under solution method with
halides as bridge". To explore new types of copper (2-
pyridyl-N-oxide)phosphonate compounds, we are to
incorporate a longer bridge (4,4’ -bipyridine, bpy) in the
reaction system. Fortunately, three types of copper phosp-
honates with 1D and 2D structures are resulted in. Herein
we report the syntheses, characterization and magnetic
properties of {[Cul (bpy)os(H,0)] -2H,0}, (1), {{Cu (HL),
(bpy)]-4H,0), 2) and {[Cus(Lu(bpy)]- 31,0}, (3).

1 Experimental

1.1 Materials and methods

H,L. was prepared according to the literature
method™. All other starting materials were purchased
as reagent grade and used without further purification.
Elemental analyses were performed on a Perkin Elmer
240C  elemental analyzer. The IR
obtained as KBr disks on a VECTOR 22 spectrometer.
Powder X-ray diffraction patterns (PXRD) were
determined with Rigaku-D/Max-2200
diffractometer with Cu K« radiation (A=0.154 18 nm).

The magnetic susceptibility data were obtained on a

spectra were

X-ray

microcrystalline sample, using a Quantum Design
MPMS-XL7  SQUID

corrections were made for both the sample holder and

magnetometer.  Diamagnetic

the compounds estimated from Pascals constants!".
1.2 Syntheses

{[Cu(L)(bpy)os(H0)] - 2H,0}, (1): H,L (0.017 5 g,
0.10 mmol), Cu, (OH),CO; (0.007 3 g, 0.033 mmol),
bpy (0.015 6 g, 0.10 mmol) and 2 mL H,O were put
into a 6 mL glass tube, which was sealed and heated
at 120 °C for 2 days. After slow cooling to room
temperature, pale green block crystals were obtained.
Yield: 63% based on Cu,(OH),COs. Anal. Caled. for

CiH1CuN,OP(%): C, 32.57; H, 3.83; N, 7.60. Found
(%): C, 32.25; H, 3.66; N, 7.36. IR (KBr, cm™): 3 372
(s), 3 109(s), 1 606 (s), 1 407(s), 1 265 (m), 1 201(vs),
1 082(s), 967 (s), 837(s), 557 (s), 503(s).

{{Cu(HL),(bpy)]-4H,0}, (2): The synthesis of 2 is
similar to 1 except changing the molar ratio of starting
materials to 2:1:1. Yield: 33% based on Cu,(OH),COs.
Anal. Caled. for CyHxCuN,OP, (%): C, 37.54; H,
4.10; N, 8.76. Found (%): C, 37.21; H, 3.82; N, 8.48.
IR (KBr, ecm™): 3415 (vs), 3 123 (vs), 1 620 (m), 1 405
(vs), 1 222(s), 1 176(s), 1 070 (s), 923 (m), 773(m).

{[Cus(L)2(bpy)] - 3H,0}, (3): The synthesis of 3 is
similar to 1 except Cu(OH), was chosen as the copper
source. Yield: 48% based on Cu(OH),. Anal. Calcd.
for CyHxuCuNOpP, (%): C, 34.24; H, 3.45; N, 7.99.
Found(%): C, 34.01; H, 3.66; N, 8.25. IR (KBr, ecm™):
3 370 (vs), 3 124 (vs), 1 611 (m), 1 405(vs), 1 177
(vs), 1 106 (vs), 984 (s), 833 (m), 543(m).
1.3 X-ray crystallographic analyses

Single crystal data were collected on a Rigaku
SCX mini CCD diffractometer by using graphite-
monochromated Mo Ka radiation (A=0.071 073 nm) at
room temperature. Cell parameters were refined by
using the program CrystalClear ™ on all observed
reflections. The collected data were reduced by using
the program CrystalClear, and an absorption correction
(multi-scan) was applied. The reflection data were also
corrected for Lorentz and polarization effects. The
structures were solved by direct methods and refined on
F? by full matrix least squares using SHELXTL™. All
the non-hydrogen atoms were located from the Fourier
maps, and were refined anisotropically. All H atoms
were refined isotropically, with the isotropic vibration
parameters related to the non-H atom to which they are
bonded. Crystallographic and refinement details of 1~3
are listed in Table 1. Selected bond lengths and angles
are given in Table 2 for 1, 2 and 3, respectively.

CCDC: 1477698, 1; 1477699, 2; 1477700, 3.

Table 1 Crystal data and structure refinements for 1, 2 and 3

1 2 3
Formula CyoHCuN,0.P CxHyCuN,0,,P, CaHyCu,N,0 P,
Formula weight 368.74 639.93 701.45
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Continued Table 1

Crystal system
Space group

a/ nm

b/ nm

¢/ nm

al ()

BI()

v/ ()

V

A

D./ (g-em™)

w/ mm™

F(000)

Riu

GOF on F*

Ry, wR, [I520(1))
R1, wR; (all data)
(8p) s (Ap)uin / (e+nm)

Triclinic

Pl

0.816 62(16)
0.949 50(19)
1.009 2(2)
69.64(3)
71.00(3)
89.72(3)
688.5(3)
2

1.779

1.737

376

0.0559

1.101

0.057 3, 0.089 2
0.083 9, 0.094 7
383, —443

Monoclinic
P2i/n

0.807 00(16)
1.431 8(3)
1.104 8(2)

90

90.68(3)

90

1276.54)

2

1.665

1.052

658

0.045 6

1.044

0.035 7, 0.082 1
0.046 1, 0.085 5
326, -343

Monoclinic

P2/c

0.822 10(16)
2.088 2(4)

1.516 1(3)

90

97.94(3)

90

2 577.8(9)

4

1.807

1.846

1424

0.039 9

1.075

0.030 1, 0.077 9
0.032 0, 0.079 2
416, =572

Table 2 Selected bond lengths (nm) and angles (°) for compounds 1, 2 and 3

Cul-01 0.193 9(3) Cul-01W 0.234 3(4) Cul-04 0.198 3(4)
Cul-N2 0.202 5(4) Cul-03A 0.195 0(3)
01-Cul-01W 106.10(13) 01-Cul-04 92.68(15) 01-Cul-N2 92.47(15)
01-Cul-03A 159.72(13) 01W-Cul-04 89.32(15) 01W-Cul-N2 90.57(15)
01W-Cul-03A 93.64(13) 04-Cul-N2 174.68(16) 03A-Cul-04 82.77(15)
03A-Cul-N2 91.93(15)
Cul-02 0.196 6(2) Cul-04 0.243 0(2) Cul-N2 0.200 9(2)
02-Cul-04 85.38(7) 02-Cul-N2 89.74(8) 04-Cul-N2 90.05(9)
Cul-02 0.194 6(2) Cul-N3 0.200 7(2) Cul-06 0.193 7(2)
Cul-08 0.199 5(2) Cu2-01 0.191 5(2) Cu2-04 0.204 1(2)
Cu2-06 0.234 9(2) Cu2-N4B 0.202 1(2) Cu2-07A 0.194 7(2)
02-Cul-08 174.70(8) 02-Cul-06 91.10(8) 02-Cul-N3 90.47(8)
02-Cul-012 87.07(7) 06-Cul-012 101.10(8) 06-Cul-08 92.30(8)
08-Cul-012 88.28(9) 06-Cul-N3 167.51(9) 012-Cul-N3 91.35(9)
08-Cul-N3 87.09(9) 01-Cu2-06 89.20(7) 01-Cu2-N4B 177.28(9)
01-Cu2-07A 87.40(8) 06-Cu2-07A 115.07(7) 06-Cu2-N4B 88.08(8)
Cul-06-Cu2 100.90(8) 07A-Cu2-N4B 93.88(8)

Symmetry codes: A: 1-x, 1-y, 1-z for 1; A: 2—x, 2—y, 2—z; B: 1-x, 0.5+y, 1.5z for 3
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2 Results and discussion

2.1 Syntheses

The molar ratio of the starting materials and
copper source are important for the formation of the
pure product. When Cu(OH), was used as the copper
source, compounds 1, 2 and 3 can be obtained by
varying the molar ratio. While, there are some
undetermined powder formed simultaneously with
compounds 1 and 2. When Cuy(OH),CO; was employed
as the starting material, pure compounds 1 and 2
could be formed. In addition, we found the crystal
color of compound 2 will change from blue to green if
keeping the crystal in the mother liquid over two days.
However, the trying to determine the crystal structure
was not successful. Other copper sources such as
CuSOy, Cu(NO;),, Cu(ClOg4),, CuCl, have also been
employed in the reaction system, however, only

precipitate formed. Thus, we think the acid-base

neutralization between phosphonic acid and basic
should be
crystallization of the final product.

copper  source important  for  the
2.2 Structure description
2.2.1 Crystal structure of compound 1

Compound 1 crystallizes in the triclinic space
group P1. The asymmetric unit contains one Cu(ll) ion,
one L*, 0.5 bpy, one coordinated water, and two lattice
water molecules. The Cu(ll) ion locates in the tetragonal
pyramidal geometry coordinated with atoms O1, 04,
O3A, O1W and N2. O1W sites on the vertex with Cul-
O1W distance of 0.234 3 (4) nm, which is longer than
other Cu-O bond lengths (0.193 9 (3)~0.198 3 (3) nm)
(Fig.1). The phosphonate ligand acts as tridentate
chelating and bridging ligand to coordinate with two
equivalent Cu (Il) ions. The Cul -+ CulA distance is
0.321 5(2) nm. The binuclear units are bridged by bpy
into uniform 1D chain. These chains are linked by

hydrogen bonds into 3D network (Fig.2).

Thermal ellipsoid at 30% probability; Symmertry codes: A: 1-x, 1-y, 1-z

Fig.1 View of the coordination environment around the Cu(ll) ions and the coordination mode of the ligands in 1

Fig.2 Hydrogen bond connected packing diagram of compound 1
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2.2.2 Crystal structure of compound 2

Compound 2 crystallizes in the monoclinic space
group P2,/n. The asymmetric unit contains 0.5 Cu(Il)
ion, one HL =, 0.5 bpy and four lattice water
molecules. The Cul atom locates at an inversion
center and has an octahedral geometry with six
positions occupied by 02, 04, N2, 02A, O4A and
N2A from two HL™ and two bpy ligands. The bond
length of Cul-02 is 0.196 6(2) nm, shorter than Cul-

04 bond length (0.243 0(2) nm) (Fig.3). The phos-
phonate ligand provides 02 and N-oxide oxygen (04)
atoms to chelate with Cul atom forming a six member
ring. One oxygen atom (O1) of the phosphonate is
protonated with the P1-O1 bond length of 0.156 9(2)
nm. Adjacent Cu(ll) ions are bridged by bpy into 1D
chain with Cul---CulB distance of 1.104 8(2) nm.
The chains are connected by hydrogen bonds into a

three dimensional network (Fig.4).

Thermal ellipsoid at 30% probability; Symmertry codes: A: —x, 2-y, 1-z; B: —x, 2—y, 2—z

Fig.3 View of the coordination environment around the Cu(ll) ion and the coordination mode of the ligands in 2

Fig.4 Hydrogen bond connected packing diagram of compound 2

2.2.3 Crystal structure of compound 3

Compound 3 crystallizes in the monoclinic space
group P2/n. The asymmetric unit contains two
independent Cu(Il) ions, two L2~, one bpy and three
lattice water molecules. The Cul atom has a planar

coordination environment with four positions occupied

by 02, 06 and 08 from two L*~ ligands and N3 from
one bpy (Fig.5). The Cul-O bond lengths fall in the
normal range!'. The Cu2 atom has a square pyramidal
geometry. Four basal positions are filled with 01, 04
and O7A from two 1>~ ligands and N4B from one bpy.
The axial position is filled with O6 from the third 1>~
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Thermal ellipsoid at 30% probability; Symmetry codes: A: 2—x, 2—y, 2—z; B: 1-x, 0.5+y, 1.5-z

Fig.5 View of the coordination environment around the Cu(ll) ions and the coordination mode of the ligands in 3

ligand. Cul and Cu2 atoms are bridged by two [Cuy (L)), Adjacent tetramers are bridged by bpy
phosphonate ligands into a dimer. The dimers are ligands into a brick-like 2D layer (Fig.6).
further linked by two O-P-O groups into a tetramer

Fig. 6 2D structure of compound 3

2.3 Powder X-ray diffraction measurements patterns  (Fig.7). The experimental and simulated
Phase purities of the bulky materials of 1~3 were PXRD patterns agree well with each other, confirming
confirmed by powder X-ray diffraction (PXRD) the good phase purity.

3 10 15 20 25 30 35 40

Fig.7 Simulated (A, C, E) and experimental (B, D, E) PXRD patterns for compounds 1, 2 and 3, respectively
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2.4 Magnetic properties

The temperature-dependent molar  magnetic
susceptibilities of 1 and 3 were measured at 2 kOe in
the temperature range of 2~300 K. The yy and yuT vs
T plots for 1 are shown in Fig.8. The room
temperature magnetic moment per Cu (Il) is 1.79us,
close to the theoretical value (1.73ug) for an isolated
spin S =1/2. On cooling, the yyI value decreases
gradually indicating an antiferromagnetic coupling
between the Cu(ll) ions. The susceptibility data were
analyzed by Bleaney-Bowers expression based on a
Heisenberg Hamiltonian H=-2JS,S,/"*!
2 2
- B L W

+e

W= X 2)
1-[2zj"/(Ng B )] x

Where 2J is the singlet-triplet energy gap, zj’

accounts for the exchanges across the bpy and N, g, B
and k have their usual meanings. A good fit resulted
in the solid line in Fig.8, with the parameters: g=2.05,
J==54 cm™, zj'=-4.5 cm™.

0.0187_,
0.0164 5%
0.0144 ¢ b #

£ 0012 | &

g 00109 [{ %

”g 0.008 ff

< 0.006]

% 0.004] b
0.00244
0.000 . . - . : .

0 50 100 150 200 250 300

T/K

T/ (cm*K-mol™)

Solid line shows the best fit of the data

Fig.8 Plots of yy or yyI' vs T for 1

Fig.9 shows the yy and yyT vs T plots for 3. The

room temperature effective magnetic moment of
2.68uy per Cu, is close to the expected spin only
value for S=1/2 (2.83ug). The continuous decreasing of
xvI upon cooling confirms dominant antiferromagnetic
interactions between the adjacent Cu(ll) ions. According
to the structure of compound 3, the magnetic
exchanges between the Cu(ll) ions may be propagated
through the u-O(P) and O-P-O bridges within the
[Cuy (L)), tetramer and bpy between the plane. It is

well known that comparing the u-O (P) bridge, three-

0.05 1.0
l—5 trDﬁ,D-g—ne—ﬁDDDBDGDD—Q—D—G-ﬂ-D—D—D
ooy salak
0.04 ?%f L los _
= oaE9 %
s 0.037 89 0.6 &
g ¢ Q v
E ol § =
500240 & L0.4 B
= 9 S S
b % h\& E
NX0.01{® Sooa, 0.2
g 9—00696%600%00090
0.00 0.0
0 50 100 150 200 250 300

T/K

Solid line refers to the best fit of the data
Fig.9 Plots of yy or yuI' vs T for 3
0-P-O0

propagating the magnetic exchange. Therefore the

atom  bridge play a negligible role in
magnetic exchange through u-O(P) bridge is dominant.
The susceptibility data were analyzed by Bleaney-
Bowers expression based on a Heisenberg Hamiltonian
H=-2J5,S,. A good fit resulted in the solid line in
Fig.9, with the parameters: g=2.21, J=-5.8 ¢cm™, zj'=
0.28 em™.

3 Conclusions

Three copper phosphonates {[CuL(bpy),s(H,O)]"
2H,0}, (1), {[Cu(HL),(bpy)] -4H,0}, (2) and {[Cu,(L)
(bpy)] -3H,0}, (3), have

hydrothermal conditions. Compounds 1 and 2 show

been obtained under

one-dimensional chain structures in which the [Cul)]
dimers and [Cu(HL),] monomers are bridged by bpy,
respectively. While, compound 3 has a layered
structure in which the [Cuy(L),] tetramers are linked
by bpy bridges. Weak antiferromagnetic interactions
are found to be mediated between the copper centers
in compounds 1 and 3. Furthermore, we find the basic
copper sources are crucial for the formation of the

copper/phosphonate/bpy products.
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