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a b s t r a c t

Two hybrid salts, viz. bis(guanidinium) bis(oxalato)cuprate(II) (1) and bis(2-aminopyridinium)
bis(oxalato)cuprate(II) trihydrate (2) have been synthesized and characterized by elemental and thermal
analyses, IR spectroscopy, single-crystal X-ray diffraction and SQUID magnetometry. Compounds 1 and 2
crystallize in the monoclinic P21/c and triclinic P�1 space groups, respectively. In both structures, the four-
coordinated Cu(II) ion in [Cu(C2O4)2]2� unit weakly interacts with two axial O-atoms of neighboring units
to build a prolate CuO6 octahedron, with regular axial Cu–O bonds of 2.825 Å in 1, whereas in 2 two dif-
ferent Cu–O bonds (2.814 Å and 2.701 Å) are found. In 1, stacking of [Cu(C2O4)2]2� units across internal
symmetry-related O-atoms results in equidistantly spaced monomers, thus forming straight Cu(II) chains
with regular spacing of Cu� � �Cu = 3.582 Å. By contrast, in 2, stacking of the [Cu(C2O4)2]2� entities occurs
via external symmetry-related O-atoms, yielding zigzag Cu(II) chains with shorter intra-dimer spacing of
[Cu� � �Cu]intra = 3.430 Å and longer inter-dimer spacing of [Cu� � �Cu]inter = 4.961 Å. The anhydrated com-
pound 1 is stable up to 250 �C, whereas the hydrated compound 2 shows a significant weight loss of sol-
vent water molecules at about 70 �C, followed by the decomposition of the network. The magnetic
measurements in the 2–300 K temperature range revealed weak antiferromagnetic coupling in the two
hybrid salts.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, organic–inorganic hybrid salts have been introduced
as an attractive area of study within the field of crystal engineering
[1–3]. The flourishing diversity of structures and dimensionalities
observed in these multifunctional materials has aroused a remark-
able research interest [4,5]. As a result of structural integration of
organic cations and inorganic counterparts, molecular electronic
and spintronic [6], peculiar magnetic [7,8], optical [9,10], metallic
conductivity [11] and catalytic [12] properties have arisen in this
class of chemical hybrid systems. Moreover, these materials may
be used as model compounds for ferroelectric and ferroelastic
applications [13,14]. Self assembly processes of such materials in
solid state are due to the variety of interactions which include
hydrogen bonding network between organic and inorganic compo-
nents, ionic interactions, p–p and/or van der Waals interactions
[15–17].

Over the past years, many salts of organic cations combined to
the well-known bis(oxalato)cuprate(II) anion have been intensely
studied among other reasons for their fascinating network
topologies as well as for gaining a better understanding of the
correlations between structural and physical properties [18–20].
In these salts, the steric parameters of the organic cations, the
nature of the additional ligand or solvent molecule, and the med-
ium of the synthesis are thought to be the notable factors to
affect the obtained frameworks which, indeed, are still difficult
to be predicted and controlled. For example, pyridinium cations
combined to bis(oxalato)cuprate(II) anions lead to the formation
of hydrogen-bonded copper(II) chain structures [19].
Benzylammonium copper(II) oxalate salt results in layers of
[Cu(C2O4)2]2� ions connected by long axial Cu–O bonds [20].
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With propylenediammonium cations, stacks of
bis(oxalato)cuprate(II) anions are obtained [20]. This flexibility
of the structural topology in (organic cation)-oxalatocuprate(II)
compounds bears testimony to the renewed interest in their
coordination chemistry.

In the present paper, we report on the structural characteriza-
tion of two novel copper(II) hybrid salts bis(guanidinium)
bis(oxalato)cuprate(II), (CN3H6)2[Cu(C2O4)2] (1), and bis(2-aminopy-
ridinium) bis(oxalato)cuprate(II) trihydrate, (C5H7N2)2[Cu(C2O4)2]�
3H2O (2), the structures of which the common anionic
bis(oxalato)cuprate(II) entities exhibit different stacking patterns.
Low temperature magnetic studies reveal weak antiferromagnetic
behavior in both compounds.
Table 1
Crystal data and structure refinement for 1 and 2.

Compound 1 2

Empirical formula C6H12CuN6O8 C14H20CuN4O11

Formula weight 359.76 483.88
T (K) 293(2) 293(2)
k (Å) 0.71073 0.71073
Crystal system monoclinic triclinic
Space group P21/c P�1
Unit cell parameters
a (Å) 3.5821(4) 7.7104(17)
b (Å) 15.7044(17) 9.159(2)
c (Å) 11.2936(12) 14.853(3)
a (�) 90 72.902(3)
b (�) 96.968(2) 88.896(3)
c (�) 90 77.962(3)
V (Å3) 630.63(12) 979.5(4)
Z 2 2
Dcalc (g/cm3) 1.895 1.641
l (mm�1) 1.787 1.182
F(000) 366 498
Crystal size (mm) 0.18 x 0.03 x 0.01 0.18 x 0.03 x 0.01
h range for data collection

(�)
5.19 – 36.15 4.68 – 33.02

Index ranges �5 < h < 5,
�25 < k < 23,
�18 < l < 12

�11 < h < 9,
�12 < k < 14,
�22 < l < 22

Total reflections 6805 9477
Unique reflections (Rint) 2765 (0.0257) 6919 (0.0419)
Max. and min.

transmission
0.988 and 0.813 0.988 and 0.813

Refinement method full-matrix least
squares on F2

full-matrix least
squares on F2

Data/restraints/parameters 1987/0/121 3456/9/348
Goodness-of-fit (GOF) on F2 1.057 0.990
R factor [I > 2r(I)] R1 = 0.0397,

wR2 = 0.0944
R1 = 0.0686,
wR2 = 0.1201

R factor (all data) R1 = 0.0634,
wR2 = 0.1122

R1 = 0.1515,
wR2 = 0.1569

Max and min residual
electron density (e/Å3)

0.521 and �0.365 2.679 and �1.947
2. Experimental

2.1. Materials and physical measurements

Oxalic acid dihydrate, chromium(III) chloride hexahydrate, 2-
aminopyridine and copper(II) oxalate hemihydrate were pur-
chased from Riedel de Haën. The guanidinium carbonate salt was
obtained from Aldrich and the starting compound,
K2[Cu(C2O4)2(H2O)2], was prepared following the literature proce-
dure [21]. All the chemicals were used without further purification
and the chemical reactions were carried out in distilled water as
the solvent. Elemental analysis (C, H, N) was performed on a
Vario EL (Heraeus) CHNS analyzer. The infrared spectra were
recorded on a Perkin–Elmer (System 2000) FT-IR spectrometer
with a pressed KBr pellet in the scan range 4000–400 cm�1 and
the UV–Vis spectra on a Perkin–Elmer Lambda 900 spectropho-
tometer, in water solution, in the range 200–800 nm
(c = 5.571 � 10�5 mol/L). Thermal analyses (TGA and TDA) were
performed with a Mettler Toledo TGA/SDTA 851 thermal analyzer.
The powdered sample (ca. 15 mg) was heated from 25 to 600 �C
with a rate of 10 �C/min in dry nitrogen gas flowing at
60 mL/min. Magnetic susceptibility data for the polycrystalline
complexes 1 and 2 were recorded using a Quantum Design
MPMS-5XL SQUID magnetometer in the temperature range
2–300 K at an applied magnetic field of 0.1 T. The diamagnetic
corrections of the constituent atoms were estimated from Pascal’s
constants [22]. The effective magnetic moment was calculated as
leff (T) = [(3k/NAlB

2)vT]1/2 � (8vT)1/2.

2.2. Syntheses

2.2.1. Synthesis of (CN3H6)2[Cu(C2O4)2] (1)
An aqueous solution (20 mL) of guanidinium carbonate

(180 mg, 1 mmol) was added dropwise to a blue solution of
K2[Cu(C2O4)2(H2O)2] (350 mg, 1 mmol) in 30 mL of warm water.
The mixture was stirred at 50 �C for 1 h. After cooling to room tem-
perature, the resulting solution was filtered, and the filtrate was
allowed to stand undisturbed at room temperature for about one
week. Blue-greenish single crystals were isolated by filtration
and dried in air. Yield: 80%. Anal. Calc. for C6H12CuN6O8 (359.76):
C, 20.03; H, 3.36, N, 23.36. Found: C, 20.02; H, 3.33, N, 23.56%. IR
(cm�1): 3470m, 1710m, 1660s, 1610m, 1410m, 1280m, 800w,
553w.

2.2.2. Synthesis of (C5H7N2)2[Cu(C2O4)2]�3H2O (2)
H2C2O4�2H2O (126 mg, 1 mmol) and 2-aminopyridine (188 mg,

2 mmol) were dissolved in warm water (30 mL), giving a yellow-
ish solution. CuC2O4�1/2H2O (72 mg, 0.5 mmol) was added in suc-
cessive small portions to the above solution and the mixture
stirred at 60 �C for 1 h and then cooled to room temperature
under ambient conditions. The resulting green solution was
filtered and left to stand in the hood at room temperature.
After two days, elongated crystals were isolated by filtration
and dried in air. Yield: 72%. Anal. Calc. for C14H14CuN4O8

(429.88) which is the non-hydrated form of C14H20CuN4O11

(483.88): C, 39.08; H, 3.26, N, 13.03. Found: C, 39.16; H, 3.24,
N, 13.05%. IR (cm�1): 3310m, 3150m, 1710s, 1670s, 1630s,
1480w, 1400m, 1270m, 1000w, 802w, 763w, 552w.
2.3. X-ray crystallography

Appropriate single crystals of 1 and 2 were mounted in ran-
dom orientation on a glass fiber. Intensity data were collected
at 293 K on a Bruker APEX CCD area-dectector diffractometer
with graphite-monochromatized Mo Ka radiation
(k = 0.71073 Å). The X-ray intensities were corrected for absorp-
tion using a semi-empirical procedure [23]. The structures were
solved by direct methods with SHELXS-97 [24] and refined by
full-matrix least squares method based on F2 with SHELXL-97
[24]. All non-hydrogen atoms were refined anisotropically. The
positions of hydrogen atoms were added in idealized geometrical
positions for the organic cations. The positions of hydrogen
atoms from the water molecules were assigned from the elec-
tronic density map generated by Fourier difference and they were
refined freely. The ORTEP-3 program [25] was used within the
winGX software package [26] to deal with the processed crystal-
lographic data and artwork representations. Crystal data and
structure refinement parameters for 1 and 2 are given in
Table 1, selected bond lengths and bond angles in Table 2.



Table 2
Selected bond lengths (Å) and bond angles (�) within the coordination spheres around
the metal centers in 1 and 2.

Compound (1)
Cu1–O1 1.9218(14) O1–Cu1–O1i 180.00(5)
Cu1–O1i 1.9218(14) O1–Cu1–O2i 94.41(6)
Cu1–O2i 1.9350(14) O1i–Cu1–O2i 85.59(6)
Cu1–O2 1.9350(14) O1–Cu1–O2 85.59(6)

O1i–Cu1–O2 94.41(6)
O2i–Cu1–O2 180.00(5)

Compound (2)
Cu1–O5 1.909(2) O5–Cu1–O2 174.69(12)
Cu1–O2 1.920(2) O5–Cu1–O1 94.6(1)
Cu1–O1 1.933(3) O2–Cu1–O1 85.37(11)
Cu1–O6 1.945(2) O5–Cu1–O6 85.27(10)

O2–Cu1–O6 94.94(10)
O1–Cu1–O6 177.97(11)

Symmetry transformations used to generate equivalent atoms for (1): (i) �x, 1 � y,
1 � z.
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3. Results and discussion

3.1. Crystal structure of 1

Compound 1 crystallizes in the monoclinic P21/c space group.
Its molecular structure and crystallographic atom numbering are
illustrated in Fig. 1(left). The crystal structure of 1 consists of one
dianionic copper(II) oxalate complex, [Cu(C2O4)2]2�, and two
guanidinium cations, (CN3H6)+. The copper(II) ion is at the center
of symmetry and it coordinates to four oxygen atoms of two
Fig. 1. ORTEP drawing of the ionic constituents of 1 (left) and 2 (right) with the atom n

Fig. 2. Straight (left) and zigzag (right) chain alignments
oxalato(2-) ligands (average Cu–O length: 1.9284 Å) in the equato-
rial plane, and axially, weakly bonds to the coordinated oxygen
atoms of the oxalate from the neighboring complexes (regular axial
Cu–O2 contacts: 2.825 Å), giving rise to a distorted elongated octa-
hedral geometry. The basal CuO4 plane is planar due to symmetry
restriction, and the O–Cu–O bite angle within the plane is
85.59(6)�, a value which is similar to those found in previously
reported metal complexes [19,27,28]. As shown in Fig. 2(left), the
stacking of the [Cu(C2O4)2]2� entities in 1 occurs across symme-
try-related O2 atoms, resulting in equidistantly spaced monomers
and forming straight Cu(II) chains with regular spacing of
Cu� � �Cu = 3.582 Å parallel to [100], in agreement with the value
observed in the most closely related salt (C5H6N)2[Cu(C2O4)2]�
H2C2O4 (Cu� � �Cu: 3.697(7) Å [19]. It deserves to be noted that the
stacking of [Cu(C2O4)2]2� units in Na2[Cu(C2O4)2]�2H2O [29] is sim-
ilar to that of compound 1, with axial Cu–O distances equal to
2.803(2) Å and Cu� � �Cu separations of 3.576(2) Å. In contrast, the
structure of compound 1 is markedly different from that of the
propylenediammonium [20], potassium and ammonium [30]
derivatives even though the stacking of the [Cu(C2O4)2]2� units in
all these compounds leads to straight chain alignment of
copper(II) centers. Indeed, in the propylenediammonium
bis(oxalate)cuprate(II) salt, (C3H6N2H6)[Cu(C2O4)2], the stacking
of the anions is made through a bridging involving a non-coordi-
nated oxygen atom of oxalate, with long axial Cu–O contacts of
2.883(3) Å. Thus, the repeat Cu� � �Cu spacing along the chain
(4.920 Å) is appreciably larger than that (3.582 Å) of compound
1. On the other hand, the crystal structures of the isostructural
salts K2[Cu(C2O4)2]�2H2O [30] and (NH4)2[Cu(C2O4)2]�2H2O [30]
umbering scheme. Displacement ellipsoids are drawn at the 50% probability level.

of Cu(II) centers in compounds 1 and 2, respectively.



Table 3
Hydrogen bond lengths (Å) and angles (�) for (1) and (2).

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) <(DHA)

(CN3H6)2[Cu(C2O4)2] (1)
N1AH1AAO3i 0.83(3) 2.19(3) 2.995(3) 165.(3)
N1AH1BAO4ii 0.80(3) 2.28(3) 3.015(3) 154.(3)
N3AH2AAO4iii 0.84(4) 2.24(3) 2.946(3) 142.(3)
N3AH2AAO3iii 0.84(4) 2.37(4) 3.085(3) 144.(3)
N3AH2BAO4ii 0.84(3) 2.35(3) 3.041(3) 139.(3)
N2AH3BAO3iii 0.79(3) 2.29(4) 3.014(3) 151.(3)
N2AH3AAO1i 0.82(3) 2.12(3) 2.925(3) 166.(3)

(C5H7N2)2[Cu(C2O4)2]�3H2O (2)
N1AH1AAO3i 0.83(5) 2.21(5) 3.032(5) 171.(4)
N1AH1BAO8ii 0.72(4) 2.24(4) 2.953(5) 170.(5)
N3AH3AAO4iii 0.84(4) 2.12(5) 2.958(5) 172.(4)
N3AH3BAO7iv 0.73(4) 2.32(5) 3.026(5) 165.(5)
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are not made of columnar stacks of units [Cu(C2O4)2]2� but they
contain units [Cu(C2O4)(H2O)2]2� and units [Cu(C2O4)2]2� con-
nected through terminal oxygen atoms of oxalate, with Cu� � �Cu
separations of more than 5 Å [31]. As consequence of these differ-
ent behaviors of the anions stacking the resulted magnetic Cu� � �Cu
interactions in compound 1 will be similar to those found in
Na2[Cu(C2O4)2]�2H2O (see below). The bond distances and angles
in the guanidinium cation show no significant difference from
those obtained in reported salts involving the same organic group
[32,33]. These organic cations are packed along the a axis and con-
tribute to stabilize the crystal packing through N–H� � �O hydrogen
bonds (Fig. 3). The distances and angles of the hydrogen bonds are
listed in Table 3. In addition, intrachain p� � �p interactions between
oxalate groups further enhance the cohesion of this structure.
N4AH4AO2iii 0.83(4) 1.99(4) 2.804(4) 166.(4)
OW1AH1WBAO3i 0.799(10) 2.19(3) 2.944(5) 157.(6)
OW2AH2WAAOW3 0.807(10) 2.003(14) 2.807(7) 175.(7)
OW2AH2WBAO3i 0.801(10) 2.19(4) 2.883(4) 145.(6)
OW3AH3WBAOW1v 0.799(10) 2.072(15) 2.865(6) 171.(5)
OW3AH3WAAOW2vi 0.80(1) 2.054(15) 2.839(7) 167.(5)

Symmetry transformations used to generate equivalent atoms (D, donor; A,
acceptor) : (i) x, 1.5 � y, �0.5 + z; (ii) 1 � x, 1 � y, 1 � z; (iii) �1 + x, y, �1 + z for (1)
and (i) �1 + x, y, z; (ii) x, �1 + y, z; (iii) 1 � x, 1 � y, �z; (iv) �x, 2 � y, �z; (v) 1 � x,
1 � y, 1 � z; (vi) �x, 1�y, 1 � z for (2).
3.2. Crystal structure of 2

Compound 2 crystallizes in the triclinic P�1 space group. As
shown in Fig. 1(right), the basic structure units of 2 consist of
[Cu(C2O4)2]2� anions, 2-aminopyridinium cations, (C5H7N2)+, and
water molecules. The copper atom has a strongly distorted octahe-
dral geometry with four O atoms (O1, O2, O3 and O4) from one
bis(oxalato)cuprate(II) on the equatorial plane and two O atoms
on the axial position. The equatorial Cu–O bond lengths diverge
just slightly from one another as they range from 1.909(2) to
1.945(2) Å, while much longer axial Cu–O bonds (2.701 Å and
2.814 Å) are found. The stacking of the Cu(C2O4)2]2� anions is dis-
tinctly different in compounds 1 and 2. In this latter salt, one
Cu(C2O4)2]2� unit is linked, via the 2.701 distance, to the second
by a terminal oxalate oxygen atom (O7) which appears at the axial
position of the second copper site, thus forming a centrosymmetric
dimer. As illustrated in Fig. 2(right), the stacking of these dimers
occurs across external symmetry-related O8 atoms, via the 2.814
distance, yielding zigzag Cu(II) chains with shorter intradimer
spacing of [Cu� � �Cu]intra = 3.430 Å and longer interdimer spacing
of [Cu� � �Cu]inter = 4.961 Å parallel to [100]. The value found for
Fig. 3. Crystal packings of 1 highlighting the intra- and intermolecular hydrogen bonds (
the planes.
the interdimer contact is in agreement with that reported in the
dimeric copper(II) complex of oxalate and oxamide dioxime
ligands (2.803 Å) [27]. In contrast, the interdimer spacing Cu� � �Cu
is significantly longer, compared to the data observed earlier
[19,27,28]. The packing diagram of 2 is depicted in Fig. 4, highlight-
ing water-filled (top) and empty (bottom) nanochannels oriented
parallel to [100]. There are six water molecules of crystallization
per unit cell within the channel. A section of the unit cell of 2
(Fig. 5) highlights the intra- and intermolecular hydrogen bonds
(dashed lines, left) and a hexamer of H-bonded water molecules
(right). These hexameric water molecules per unit cell are linked
dashed lines, left) and wave-like planes (right). All hydrogen bonds are found within



Fig. 4. Crystal packings of 2 highlighting water-filled (top) and empty (bottom) nanochannels.
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in the form of a symmetrically twice branched slightly distorted
rhombus. Compound 2 is another example of a closely related solid
material encapsulating water cluster patterns that fit into the
Infantes–Motherwell classification [34]. Two main categories of
weak H-bonds are effective in this structure (Table 3). N–H� � �O
bridges link either the amino N–H group to the free oxalato O atom
or the protonated N atom to the coordinated oxalate O atom, with
N� � �O separation ranging from 2.804(4) to 3.032(5) Å. Finally, the
O–H� � �O bridges link water molecules not only amongst them-
selves but also to the free oxalato O atoms, with O� � �O separation
ranging from 2.807(7) to 2.944(5) Å. Elemental analysis findings
indicate that aged crystals of compound 2 are prone to lose pro-
gressively the three solvate waters of crystallization per formula
unit. The pronounced tendency of this compound to release its lat-
tice water molecules might be related to the weakness of these H-
bonds interconnecting the ionic partners amongst themselves into
the three dimensional host lattice.

3.3. Thermal analyses of 1 and 2

Thermogravimetric analyses of compounds 1 and 2 were under-
taken in the temperature range of 25–600 �C under flowing N2

atmosphere at a heating rate of 10 �Cmn�1, leading to the simulta-
neous TGA/DTA profiles. Compound 1 is thermally stable up to ca
250 �C followed by its decomposition which takes place in two
major endothermic stages. Between 250 and 310 �C, the first



Fig. 5. Section of the unit cell of 2 highlighting the intra- and intermolecular hydrogen bonds (dashed lines, left) and a hexamer of H-bonded water molecules (right).

Fig. 6. Temperature-dependent magnetic behavior of 1 (bottom) and 2 (top).
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weight loss of 43.6% (calc. 44.5%) is due to the release of the com-
bined mass of (2N2+2H2+2CO2+CO) from a partial degradation of
organic moieties. Between 310 and 435 �C, the second weight loss
of 13.86% (calc. 13.34%) occurs, which corresponds to the decom-
position of half of the by-product, (NH4)2CO3. On further heating,
the thermal degradation is completed and the final residue is
proved to be CuO.

Contrary to the case of 1, compound 2 is thermally stable up to
only ca. 70 �C, and it undergoes three-step endothermic processes
thereafter. In the temperature range of 70–82 �C, compound 2 suf-
fers a first weight loss of 10.71% (calc. 11.16%) corresponding to the
release of 3H2O. A second and significant weight loss of 66.55%
(calc. 66.83%) occurs between 220 and 260 �C, corresponding to
the decomposition of the framework and formation of
CuC2O4�1/2H2O. From 260 to 315 �C, a third weight loss of 7.98%
(calc. 7.65%) is consistent with the release of CO+1/2H2O, the final
residue being CuCO3.
3.4. Magnetic behaviors of 1 and 2

Variable temperature magnetic susceptibility measurements
(2.0–300 K) were carried out on powdered samples of the com-
plexes taken from the same uniform batches used for structural
determinations. The temperature dependences of the effective
magnetic moments (leff) for compounds 1 and 2 are plotted in
Fig. 6. The shapes of leff versus T curves are very similar, but the
absolute values are different.

At 300 K, the effective magnetic moment of compound 1 is
1.90 lB, a value which is a little higher than that expected
(1.73 lB) for the spin-only value for a mononuclear Cu(II) complex.
In the lower temperature range, leff rapidly decreases to reach the
value of 1.5 lB at 2.0 K (Fig. 6), revealing therefore the occurrence
of weak antiferromagnetic interactions between the copper(II) ions
[35–38]. A behavior already found in Na2[Cu(C2O4)2]�2H2O [29],
whose crystal structure also contains the same stacking as in 1.

At 300 K, the effective magnetic moment leff of compound 2
(Fig. 6) is 2.75 lB. This leff gradually decreases upon lowering the
temperature from 2.75 lB at 300 K to 2.62 lB at around 40 K, and
then abruptly decreases to reach the value of 2.30 lB at 2 K. This
temperature-dependent behavior is similar to that of compound
1 and it also suggests weak antiferromagnetic interactions
between the magnetic centers. It merits to be pointed out that leff

of 2.75 lB at 300 K for compound 2 is just slightly smaller than
twice the expected spin-only value (1.73 lB) of a mononuclear
Cu(II) complex. In fact, this value is much closer to those found
in the dinuclear Cu(II) complexes [Cu2(C2O4)2(H2oxado)2(H2O)2]
(2.62 lB per dimer) [27], [Cu2(dpyam)4(l-C2O4)](ClO4)2�3H2O
(2.62 lB per dimer) [39], and [Cu2(dpyam)4(l-C2O4)](BF4)2�3H2O
(2.64 lB per dimer) [39]. This confirms our description of the crys-
tal structure of compound 2 above, as a chain of dimers.

It has been shown that magnetic exchange interactions for oxa-
lato-bridged Cu(II) complexes are strongly influenced by the geom-
etry around the Cu(II) ions, the orientation of the magnetic orbitals
in respect to the oxalate plane and the bridging mode of the oxa-
late group as well [40,41]. Structural data and magnetic properties
for some selected oxalato-bridged Cu(II) complexes are summa-
rized in Table 4. The weak intrachain antiferromagnetic coupling
observed in compounds 1 and 2 can be attributed to a d type inter-
action between the magnetic orbitals of [Cu(C2O4)2]2� units
[19,29–31]. These magnetic orbitals are built from the dx2 � y2

Cu(II) orbitals pointing toward oxygen atoms O of oxalate groups
bound to Cu(II) ions. The unpaired electrons in the dx2 � y2 orbitals
on adjacent copper ions interact with the r framework on the
oxalate ion in nearly orthogonal manner. Thus, the [Cu(C2O4)2]2�

planes in the double oxygen-bridged Cu(II) units are almost
oriented parallel to each other. Such a molecular configuration
is more favorable for the overlapping of magnetic orbitals of
neighboring metal ions, leading to antiferromagnetic coupling



Table 4
Structural data and magnetic properties for 9 selected oxalato-bridged Cu(II) complexes.

Compounda Cu(II) coord.b Stacking modec Cu–Oax (Å) Cu–Cu (Å) Magn. couplingd Refs.

(gua)2[Cu(ox)2] Elong. Oct C; S 2.825 3.582 AF This work
(apy)2[Cu(ox)2] 3H2O Elong. Oct NC; Z 2.701

2.814
3.430
4.961

AF This work

(py)2[Cu(ox)2]�H2O Elong. Oct C; S 2.890 3.697 AF [19]
(pam)2[Cu(ox)2] Elong. Oct NC; S 2.883 4.92 AF [20]
[Cu2(ox)2(H2oxado)2(H2O)2] Elong. Oct C; Z 2.803 3.751 AF [27]
Na2[Cu(ox)2]�2H2O Elong. Oct C; S 2.803 3.576 AF [29]
Cu2(dpyam)4(l-ox)] (ClO4)2�3H2O Com. Oct – – 5.752 F [39]
Cu2(dpyam)4(l-ox)] (BF4)2�3H2O Com. Oct – – 5.745 F [39]
(H2CBpy)[Cu(ox)2]�2H2O 4+1 C; Z 2.798 3.981 F [41]

a gua+ = guanidinium cation; apy+ = 2-aminopyridinium cation; py+ = pyridinium cation; pam2+ = propylenediammonium cation; ox = oxalate(2-); H2ox = oxalic acid;
H2oxado = oxamide dioxime; dpyam = di-2-pyridylamine.

b Elong. Oct = elongated octahedron; Com. Oct = compressed octahedron.
c C = stacking through coordinated oxygen atom of oxalate; NC = stacking through non-coordinated oxygen atom of oxalate; S = straight chain alignment of copper(II)

centers; Z = zigzag chain alignment of copper(II) centers.
d AF = antiferromagnetic interactions; F = ferromagnetic interactions.
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interaction according to Kahn’s model on the in-plane exchange
pathway [42].

4. Conclusion

We have synthesized and characterized two novel organic–
inorganic hybrid salts, bis(guanidinium) bis(oxalato)cuprate(II),
(CN3H6)2[Cu(C2O4)2] (1), and bis(2-aminopyridinium) bis(oxalato)-
cuprate(II) trihydrate, (C5H7N2)2[Cu(C2O4)2]�3H2O (2). In these
structures, the [Cu(C2O4)2]2� units are stacked, therefore generat-
ing one-dimensional chains with straight (1) and zigzag (2) align-
ments of Cu(II) centers. Whereas compound 1 is thermally stable
up to ca. 250 �C, compound 2, by contrast, has a pronounced
tendency to release its lattice water molecules at ca. 70 �C. Low
temperature magnetic study of compounds 1 and 2 reveals weak
antiferromagnetic coupling for both. It is worth noting finally,
that the present report in all likelihood, lends good grounds to
anticipate that a lot is still to be done and understood in this class
of hybrid materials, given the wide range of cations that are
susceptible to cancel the negative charge of the infinite
bis(oxalato)cuprate(II) chains. Therefore, one may expect this
assessment to be extendable, not only to homologous organic
cations, but to small inorganic charged species such as hydronium
(H3O+) cations as well. Materials of this type, no doubt, could be
well-adapted models in the exploration of the concept of one-di-
mensional proton conducting solid (1D-PCS) [43–46].
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