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The reaction of CuCl2‚2H2O and Na2C4H2O4 (disodium fumarate) in dilute ammonia solution produces 1-D
polymeric chain [Cu(µ-C4H2O4)(NH3)2]n(H2O)n. The crystal structure of the compound has been solved. The
compound crystallizes in the monoclinic system, space groupC2/m (No. 12), with chemical formula C4H10N2O5-
Cu, a ) 13.955(5) Å,b ) 7.330(3) Å,c ) 8.927(2) Å,â ) 102.39(3)°, Z ) 4. The interesting feature of the
complex is that one of the carboxylic acid groups acts as a monodentate coordinating ligand whereas the remaining
carboxylate moiety acts as a monoatomic bridging bidentate ligand. This unusual coordination behavior of fumarate
anion produces a chain with alternate repetition of 4- and 14-member rings. The magnetic properties of the
compound have been studied from room temperature to 4 K, which reveal the existence of a dominant ferromagnetic
interaction with exchange coupling parameter values ofJF ) +12 cm-1 andJAF ) -3.8 cm-1, using an alternating
ferro- and antiferromagnetic chain model forS ) 1/2 local spin. The ferromagnetic interaction arises from the
alkoxo-bridged dimeric part of the chain. The fitting of theøMT vs T data continued until the maximum in the
experimental data using a single dinuclear model resulted inJ ) +7.8 cm-1.

Introduction

In the past few years chemists have dedicated their efforts to
the study of molecular-based magnets with the need to
understand the fundamental science associated with magnetic
interactions between the paramagnetic metal ions and the
bridging ligand to develop the magnetostructural correlation,
enabling the design synthesis of interesting magnetic materials.1-4

These magnetic materials can be constructed to yield dimers,
tetramers, and mono-, bi-, and three-dimensional extended
structures,5-7 with the paramagnetic metal ions using bridging
ligands that act as a superexchange pathway between the metal
centers. This superexchange pathway determines the exchange
coupling parameterJ.

Recently the use of organic spacers, particularly the dicar-
boxylic acid,8,9 as superexchange pathways between the metal

ions is of growing interest in the field of molecular magnetism.
Major studies have been done on oxalato-bridged10-13 metal
complexes with a few examples using terephthalic acid and
malonic acid as superexchange pathways.8 Previous reports
reveal that dicarboxylic acid can coordinate to a metal ion in
either a chelating bisbidentate or bismonodentate or a bridging
bismonodentate.14-16 Though the use of various dicarboxylic
acids to form bridges between paramagnetic metal centers has
been extensively studied, the use of fumaric acid as a bridging
block between metal centers is scanty in the literature. To our
knowledge, only one metal complex17 has been structurally
characterized to date using fumarate anion as a bridging block
between paramagnetic Mn(II) centers that are not magnetically
characterized. Herein, we report the synthesis, crystal structure,
and magnetostructural correlation of a Cu(II) complex using
fumarate as a bridging block. The coordination behavior of the
fumarate ligand in our complex is totally different from the
fumarato complex of manganese(II) reported earlier.

The most interesting fact in our complex is that one of the
carboxylate acid groups acts as a monodentate coordinating
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ligand where the remaining group functions as a monooatomic
bridging ligand to form a 1-D chain with alternate repetition of
4- and 14-member rings. The monoatomic bridging behavior
of the carboxylic acid group is very rare because to our
knowledge only three examples are reported17,18 to date where
the carboxylic acid group shows such bridging behavior. Low-
temperature susceptibility data show that the present complex
is primarily ferromagnetic, and this ferromagnetic interaction
arises from the monoatomic-bridged copper(II) dimeric part of
the complex through the large Cu-O-Cu angle (104.1°).

Experimental Section

Synthesis.Disodium fumarate (1 mmol) dissolved in water (10 mL)
was added to an aqueous solution (10 mL) of copper(II) chloride
dihydrate (1 mmol) with continuous stirring. A sky-blue solid was
filtered out and washed with water. It was treated with water (10 mL)
and stirred well to form a slurry. A dilute aqueous solution of ammonia
was slowly added to it drop by drop to dissolve it completely. The
resulting deep-blue solution yields suitable single crystals for X-ray
diffraction when the solution is kept in a refrigerator for a week. Anal.
Calcd: C, 20.9; H, 4.35; N, 12.2. Found: C, 20.75; H, 4.43; N, 11.9.
IR: ν(COO-), 1370, 1592 cm-1; ν(N-H), 2900 cm-1; ν(O-H), 3400-
3300 cm-1. TGA: 8% (110-120 °C) and 15.2% (160-180 °C).

Physical Measurements.IR spectra were recorded on a Nicolet 520
FTIR spectrometer as KBr pellets. Thermal analysis (TGA) was carried
out using a Shimadzu DT-30 thermal analyzer under a flow of nitrogen
(30 mL min-1). The sample (particle size 50-200 mesh) was heated
at a rate of 10°C min-1 with inert alumina as a reference. The magnetic
measurement was carried out on a polycrystalline sample with a
pendulum type magnetometer (MANICS DSM8) equipped with a
helium continuous-flow cryostat, working in the temperature range
300-4 K, and a Bruker BE15 electromagnet. The magnetic field was
approximately 15 000 G. The instrument was calibrated by magnetiza-
tion measurements of a standard ferrite. Diamagnetic corrections were
estimated from Pascal constants.19

Crystal Data Collection and Refinement.A crystal suitable for
X-ray analysis was mounted on a Nicolette R3/m single-crystal
diffractometer equipped with graphite monochromator and Mo KR
radiation (λ ) 0.7107 Å). The unit cell parameter and orientation matrix
were determined by least-squares refinements of the setting angles of
25 reflections (2.3° < θ < 25°). Crystal and instrument stabilities were
monitored with a set of three standard reflections measured over 100
reflections; in all cases variations were insignificant. The collected
intensity data were corrected for the Lorentz polarization effect. A total
of 899 reflections were measured and 731 were assumed observed,
applying the conditionI > 2σ(I). Extinction of reflections of this crystal
indicated the space group to beC2 (acentric),Cm (acentric), orC2/m
(centric). An analysis of centricE statistics preliminarily resolved the
ambiguity. The correct space group, as confirmed by structure refine-
ment, wasC2/m. Also, the chemical evidence that the density indicated
Z ) 4 and that the copper atom possesses the inversion center leads us
to choose unambiguously the space group asC2/m. The structure was
solved by Patterson synthesis20 and refined through full-matrix least
squares onF2 using SHELXL9321 with anisotropic thermal parameters
for all non-hydrogen atoms. Hydrogen atoms were constrained to ride
on the respective carbon and nitrogen atoms (C-H, 0.97 Å; N-H,
0.90 Å). TheRint value is 0.039, and no correction was made for
extinction because we did not get any evidence of primary or secondary
extinction. During refinement, the water molecule was found to be
disordered over two positions with a site occupancy ratio 0.8/0.2. The
refinement converged to residual indices R1) 0.053 and wR2) 0.149
with I > 2σ(I). The final difference Fourier map showed maximum
and minimum peak heights of 0.94 and-1.23 e/Å3, respectively. All

calculations were carried out using SHELXL97,22 SHELXL93,21

ZORTEP,23 and PLATON9924 programs. The crystallographic data are
given in Table 1, and selected bond distances and bond angles are given
in Table 2.

Results and Discussion

The IR spectrum of the title compound shows a strong band
in the region 3400-3300 cm-1 (O-H stretching vibrations) and
is consistent with the presence of water. The bands at 1592 and
1370 cm-1 are assigned to theνas(COO) andνs(COO) stretching
vibrations, respectively, and the strong bands at 2900 cm-1 is
assigned to the N-H stretching mode.

Thermogravimetric analysis of the complex shows that the
weight loss of 8% takes place in the temperature range 110-
120 °C and a weight loss of 15.2% in the temperature range
160-180 °C, corresponding to the loss of one water and two
ammonia molecules, respectively.

Structure Description. In the crystal structure of the title
compound, the copper centers are interlocked by fumarate
ligands, giving a novel [Cu(µ-C4H2O4)(NH3)2]n(H2O)n infinite
chain as shown in Figure 1. Each copper is in a distorted square
pyramidal environment. Two nitrogens of the coordinated
ammonia and two oxygens of two different fumarate units define
the equatorial plane of the pyramid. The axial position is
occupied by a oxygen of the third fumarate anion. Thus, each
Cu(II) center is linked to three different fumarate anions. The
bond lengths in the equatorial plane are the following: Cu-N,
1.975(5) Å; Cu-O(1), 1.973(5) Å; Cu-O3, 1.994(5) Å. The
axial bond length is 2.458(6) Å. Two carboxylate groups of
the fumarate ligand have two different coordination modes. In
the first mode, the carboxylate group acts as a monoatomic
bridge linked to two Cu(II) ions. This bridging mode is very
rare; only a few examples are reported to date.17,18 The(18) Shi, Z.; Zhan, L.; Gao, S.; Jang, G.; Hua, J.; Gao, L.; Feng, S.Inorg.

Chem. 2000, 39, 1990.
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Table 1. Crystal Data and Details of the Structure Determination
for [Cu(µ-C4H2O4)(NH3)2]n(H2O)n

chemical formula C4H10N2O5Cu fw 229.5
a [Å] 13.955(5) space group C2/m (No. 12)
b [Å] 7.330(3) temp (K) 293
c [Å] 8.927(2) λ (Mo KR) [Å] 0.710 73
R, â, γ [deg] 90, 102.39(3), 90µ [cm-1] 24.37
V [Å3] 891.9(5) Fcalc [g/cm3] 1.711
Z 4 R(Fo) a 0.053

Rw(Fo) b 0.149

a R) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) [∑{w(Fo
2 - Fc

2)2}/∑{w(Fo
2)2}]1/2.

Table 2. Selected Bond Lengths (Å) and Bond Angles (deg) of
[Cu(µ-C4H2O4)(NH3)2]n(H2O)na

Cu-O(1) 1.973(5) Cu-N 1.975(5)
Cu-O(3a) 1.994(5) Cu-O(3c) 2.458(6)
C(1)-O(1) 1.266(10) C(1)-O(2) 1.247(10)
C(4)-O(3) 1.261(9) C(4)-O(4) 1.262(10)
C(1)-C(2) 1.489(10) C(2)-C(3) 1.303(11)
C(3)-C(4) 1.489(10)

O(1)-Cu-N 90.23(13) O(1)-Cu-O(3a) 171.0(2)
O(1)-Cu-O(3c) 95.1(2) O(1)-Cu-N(f) 90.23(13)
O(3a)-Cu-N 90.66(13) O(3c)-Cu-N 95.59(13)
N-Cu-N(f) 168.73(19) O(3c)-Cu-O(3a) 75.90(19)
O(3a)-Cu-N(f) 90.66(13) O(3c)-Cu-N(f) 95.59(13)
Cu-O(1)-C(1) 114.3(5) O(3)-C(4)-O(4) 124.0(7)
O(1)-C(1)-O(2) 123.2(7)

a (a) x, y, -1 + z. (c) 1 - x, y, 2 - z. (f) x, -y, z.
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interesting feature of the structure is that in the dimeric Cu-
O2-Cu part of the chain one of the bridging oxygens is in the
axial position of the first Cu(II) center whereas the same oxygen
is in the equatorial position of the second Cu(II). The other
bridging oxygen of this dimeric part is linked to two Cu(II) in
a reverse manner. Another oxygen atom of this carboxylate
group O(4) forms a hydrogen bond, N-H(2 N)‚‚‚O(4), with
the coordinated ammonia of the neighboring chain with a
distance 3.073(7) Å. In the second mode it serves as a
monodentate ligand. Two first-mode carboxylate groups bond
to Cu ions, forming a four-membered ring (Cu-O2-Cu). The
second mode of the fumarate anion produces a 14-membered
ring. The overall bridging mode of the fumarate anion produces
a Cu fumarate infinite chain with alternate repetition of 4- and
14-membered rings.

Magnetic Properties. The øMT vs T plot for the titled
complex is shown in Figure 2. TheøMT values are almost
constant up to 50 K. When the temperature is further decreased,
theøMT values gradually increase and reach a maximum (0.82

cm3 mol-1 K) at 25 K. This nature of theøMT vs T curve is a
signature of the global ferromagnetic behavior of the compound.
According to the X-ray crystal structure determination, there
are two different pathways in the polymeric chain: the first
through the ring created by the fumarate anion, the coupling
through which will be very small and antiferromagnetic because
of the long-length exchange pathways, and the second through
the ring Cu-O2-Cu, which can produce ferro- or antiferro-
magnetic interaction.25

Thus, according to the structure, we have fitted the data in
three different ways.

(a) Assuming the system as an alternating ferro- and anti-
ferromagnetic chain, the susceptibility data are fitted (Figure
2) on the basis of the strategy given by Borras et al.26 for
alternatingS ) 1/2 chains using the exchange Hamiltonian

with the coefficients for the polynomials valid in the range 2e
R e 8, R ) J2/|J1|, where J2 and J1 are the ferro- and
antiferromagnetic coupling constants, respectively. The best-
fitting parameters areJ2 ) +12 cm-1, R ) 3.15,g ) 2.08, and
R (reliability factor)) 4.1× 10-4, which are consistent with a
dominant ferromagnetic coupling.

(b) The second method of fitting the susceptibility data
involves considering the system as dinuclear and assumingJ1

through the long-length fumarato pathway is zero, but fitting
the decreasing part of the curve (Figure 3) with the parameter
θ in the dinuclear law for a Cu(II)-Cu(II) dimeric system.θ
includes the zero-field splitting of the ground-stateS ) 1 (1/2
+ 1/2) and the antiferromagnetic interactions between the dimers.
An alternative explanation for this downturn would be some
type of long-range ordering event. In this case, results of the
best fit areJ ) +15 cm-1, θ ) -3.17,g ) 2.1, andR ) 9.0
× 10-4. The interpretation is poor compared to that of the former
fitting because theR value is high.

(c) The susceptibility data are also fitted until the maximum
is reached in the experimental curve, assuming the system as a
single dinuclear one (Figure 4). In this case only two parameters
are necessary:J ) +7.8 cm-1; g ) 2.06 andR ) 3.1× 10-4.

(25) Morgenstern-Badarau, I.; Rerat, M.; Kahn, O.; Jaud, J.; Galy, J.Inorg.
Chem.1982, 21, 3050.

Figure 1. ORTEP diagram of [Cu(µ-C4H2O4)(NH3)2]n(H2O)n with
labeling scheme showing 50% probability thermal ellipsoids for all non-
hydrogen atoms.

Figure 2. øMT vs T plot in the 4-300 K range of temperatures of a
polycrystalline sample for [Cu(µ-C4H2O4)(NH3)2]n(H2O)n. The solid line
shows the best fit obtained by using the Borras equation (see text).

Figure 3. Fitting of theøMT vsT data for the complex [Cu(µ-C4H2O4)-
(NH3)2]n(H2O)n, using the formula for a Cu(II) dimeric system with
intermolecular interactions. The solid line represents the best fit.

H ) -∑
i)1

N-1

[J1S2iS2i+1 + J2S2iS2i-1]
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Here theR factor is best (minimum) and theJ (ferro) value
seems to be completely reasonable for the shape of the curve.
The formula for fitting a dinuclear of Cu(II) (Bleaney-Bowers
formula)27 is exact, and any approximation is not necessary.

In conclusion, none of these models provide an adequate
description of the observed behavior. This is itself not surprising
because magnetic interactions are often complex and hard to
model. As a conclusion, we can only state that the magnetic
coupling is dominated by the short pathway Cu-O2-Cu that
shows an angle 104.1° and creates an intramolecular ferromag-
netic coupling.

Magnetostructural Correlation. The superexchange path-
way in the titled complex that leads to the ferromagnetic
interaction is attributed to the monoatomic (alkoxo type) bridged
dimeric unit of the molecule. The details of the magnetostruc-
tural correlation in the case of hydroxo, oxo, and chloro-bridged
parallel-planar Cu(II) dinuclear systems have been well explored,
and it is found that the nature of the magnetic interaction is
dictated by the bridge angle.28-30 Generally, the complex with
a Cu-O-Cu angle larger than 97° shows antiferromagnetic
interaction31 between the metal ions, and when this angle
increases, the coupling parameter (-J) increases. However, in
our complex, although the Cu-O-Cu angle is 104.1°, it still
shows ferromagnetic interaction. This can be easily accounted
for if we look at the exact environment around the copper(II)
in the alkoxo-bridged dimeric unit. The crystal structure shows
that each Cu(II) is in distorted square pyramidal environment
where one of the bridging oxygens (Ox) is in an axial position
(Figure 5) to Cu (1), whereas the same atom (Ox) is in an
equatorial position of the Cu(2) environment. The other bridging
oxygen (Oy) is in an axial position around Cu(2), whereas it
occupies the equatorial position of the Cu(1). The equatorial
bond lengths are shorter than the axial bond lengths (2.45 Å),
indicating that the spin-unpaired electron is located in the dx2-y2

orbital and that the dz2 orbital contains spin-paired electrons.
Thus, here the magnetic orbitals (dx2-y2) of the two copper(II)

atoms do not interact via the bridging oxygen in the parallel
plane to give antiferromagnetic interaction; rather, only one Cu-
(II) atom interacts with the bridging oxygen via the magnetic
orbital (dx2-y2), whereas the other interacts via dz2. Because the
dz2 orbital does not contain spin-unpaired electrons, this orienta-
tion of the overlapping orbitals around each Cu(II) is responsible
for showing ferromagnetic interaction through this large
Cu-O-Cu angle.8 Again, the origin of the smaller coupling
parameters for both fumarate and Cu-O-Cu paths can be easily
accounted for by considering the geometry around the copper
atoms. The magnetic orbital describing the single electron on
each copper is lying in the basal plane of the copper atoms and
has a very small contribution to the axis perpendicular to this
plane. The consequence is a good delocalization of the Cu(2)
electron density toward the bridging Ox atom while the
delocalization is poor from Cu(1) because Ox occupies an apical
position with longer distance. The overlap between the Cu(1)
and Cu(2) magnetic orbitals is thus expected to be very weak,
leading to a small exchange coupling parameter as observed.
The situation for the fumarate pathway is due to a long
superexchange pathway and smaller coupling parameter for this
path; compared to the former the fumarate bridging entity has
six atoms instead of one in the former case.

Concluding Remarks

We have presented here the synthesis, single-crystal structure,
and magnetostructural correlation of a novel 1-D fumarate-
bridged copper(II) chain. The structural characterization shows
a rare monoatomic bridging mode of an acid group and that
the remaining carboxylate group acts as a monodentate coor-
dinating ligand. Such a coordination mode of the bridging
fumarate anion produces a chain with alternate repetition of 4-
and 14-membered rings. From the magnetic point of view the
complex shows an overall intrachain ferromagnetic interaction.
Fitting of the data using the model of ferro- and antiferromag-
netic alternating chain for Cu(II) system gave the coupling
parametersJ1 ) -3.8 andJ2 ) +12 cm-1 for fumarate and
monoatomic bridged Cu-O2-Cu pathways, respectively. In our
opinion, a wide variety of molecular architectures with varied
Cu-O-Cu angles with different intensities of magnetic interac-
tion can be constructed using different nonchelating monodentate
ligands instead of ammonia.
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Figure 4. øMT vsT data fitting for the complex [Cu(µ-C4H2O4)(NH3)2]n-
(H2O)n using the Bleaney-Bowers formula up to 25 K. The solid line
shows the best fit.

Figure 5. Orbital orientation (dx2-y2 and dz2) of the Cu(II) ions in the
Cu-O2-Cu dimeric part of the molecule.
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