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The magnetic properties of Cu2(dca)4(2,5-me2pyz) have been reexamined. The extended structure of Cu2(dca)4(2,5-
me2pyz) can be viewed in terms of Cu2(2,5-me2pyz)4+ dimer units interconnected via µ1,5-dca ligands. The bulk
magnetic susceptibility ø(T) and the isothermal M(H) of Cu2(dca)4(2,5-me2pyz) are shown to be well described by
an isolated dimer model. This finding was confirmed by carrying out a spin dimer analysis based on tight-binding
calculations, which shows that the 2,5-me2pyz ligand provides a substantial spin exchange interaction between the
Cu2+ ions while the dca ligands do not.

1. Introduction

Transition metal dicyanamide (dca) complexes have
received much interest from the molecular magnets com-
munity as well as others.1 Such interest can be attributed to
dca’s coordination variability and particularly good Lewis
basicity. Over the past year or so, several new bonding
modes2 have been identified although theµ1,5-mode seem-
ingly appears on a more regular basis.3

Most synthetic efforts have apparently focused on Mn2+

as evidenced by the sheer number of reported crystal
structures.3 In this context, fewer studies have utilized Cu2+

ions, and a handful of molecular and polymeric structures
are known.4 The most interesting compounds, at least from
a perspective of magnetism, are theR- and â-forms of
Cu(dca)2(pyz)4a that have three-dimensional (3D) and

two-dimensional (2D) frameworks, respectively, and 3D
Cu3(dca)6(pym)2 {pym ) pyrimidine} that consists of an
intricate self-penetrating lattice.4b

Some of us previously reported the crystal structure and
magnetic properties of Mn(dca)2(H2O)2(2,5-me2pyz)2 that has
a neutral 2D Mn(dca)2(H2O)2 lattice. The 2,5-me2pyz mol-
ecules are held in place by hydrogen bond interactions of
the O-H‚‚‚N type thus forming a 3D network.5 The Fe2+

analogue has been prepared and characterized and found to
be isostructural.6 However, the Cu2+ analogue has a different
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structure with the composition Cu2(dca)4(2,5-me2pyz). During
the course of our studies, the crystal structure and magnetic
behavior of this compound were reported by Gao and co-
workers, who concluded that the material undergoes a
transition to long-range magnetic ordering below 5 K and a
field-induced spin flop phase at∼70 kOe.7 The present work
found these conclusions to be incorrect. The crystal and
electronic structures and the magnetic properties of Cu2(dca)4-
(2,5-me2pyz) are consistent with an isolated dimer model as
we will describe herein.

2. Experimental Section

Synthesis. An aqueous solution containing CuSO4‚5H2O (1
mmol, 0.2500 g) was slowly mixed with an aqueous solution that
contained Nadca (2.1 mmol, 0.1872 g) and 2,5-me2pyz (1 mmol,
0.1083 g) to give a pale blue solution. Upon standing at room
temperature for∼2 weeks, well-formed green prisms of the title
complex were obtained. These crystals were collected via suction
filtration and air-dried for∼6 h (0.1944 g, 64% yield). Anal. Calcd
(%) for C7H4N7Cu: C, 33.67; H, 1.61; N, 39.27. Found: C, 33.73;
H, 1.74; N, 39.12.

X-ray Crystallography. A green block measuring 0.35× 0.20
× 0.15 mm3 was selected for a structure determination and mounted
on a Bruker X-ray diffractometer equipped with a CCD area
detector. Approximately a hemisphere of data was measured to a
resolution of 0.75 Å at 295 K. The detector frames were integrated
by use of the program SAINT,8 and the resulting intensities were
corrected for absorption by Gaussian integration (SHELXTL
program suite).9 The SHELXTL program package was employed
in the structure solution using direct methods, full-matrix least-
squares refinement onF2 (using all data), and some graphics.
Additional graphics were created usingORTEP3.10 Hydrogen atoms
were located from difference maps, but in the final refinement their
positions were calculated by employing a “riding” model. No
correction for extinction was necessary. Additional details of the
data collection are given in Table 1, and selected bond lengths and
angles are listed in Table 2.

Magnetic Measurements.The temperature-dependence of the
dc magnetization was measured using a Quantum Design MPMS-

5S SQUID magnetometer over the temperature range 4-300 K. A
powder sample was loaded into a gelatin capsule and mounted on
the end of a Quantalloy rod. The sample was cooled to 4 K under
zero-field conditions. Once the temperature became stable, the
magnet was charged to 1 kOe, and data were collected upon
warming to 300 K. Isothermal magnetization measurements were
conducted on a Quantum Design PPMS 9-T ac/dc magnetometer
equipped with the RSO option. The same sample was mounted on
the end of a carbon fiber rod. The sample was quickly cooled to 2
K in a zero-applied field and allowed to equilibrate. TheM(H) curve
was measured to 9 T using an extraction method. All magnetic
data were corrected for diamagnetic contributions using Pascal’s
tables.

3. Results and Discussion

Crystal Structure. The structure has been previously
reported,7 so we describe only the pertinent features of the
structure that are essential for our discussion. As shown in
Figure 1, each Cu2+ ion is surrounded by five ligands to
form a distorted square-pyramidal coordination geometry.
This unit [Cu(2,5-me2pyz)(dca)4]2- (1) contains one unpaired
spin and is therefore a spin monomer. The N atoms of three
dca’s and one 2,5-me2pyz occupy the basal positions of the
square pyramid, and the apical position is occupied by the
N atom of one dca. The dca ligand uses the N sp lone pairs
for coordination while the 2,5-me2pyz uses the N sp2 lone
pairs for coordination. The Cu-Nbasaldistances with the dca
ligands are similar, i.e., Cu-N(1) ) 1.964(3) Å, Cu-N(4)
) 1.964(4) Å, and Cu-N(6) ) 1.986(3) Å, and that with
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Table 1. X-ray Crystallographic Data for Cu2(dca)4(2,5-me2pyz)
Collected at 298 K

formula CuN7C7H4

fw 249.70
space group P21/n
a, Å 7.4088(5)
b, Å 9.6805(8)
c, Å 13.6559(11)
â, deg 93.268(4)
V, Å3 977.8(2)
Z 4
Fcalcd, g/cm3 1.696
λ, Å 0.71073
µ, mm-1 2.21
R(F)a 0.0571
Rw(F)b 0.1568
GOF 1.068

a R ) ∑[|Fo| - |Fc|]/∑| Fo|. b Rw ) [∑w|Fo| - |Fc|2/∑w|Fo|2]1/2.

Figure 1. Schematic view of the five ligands surrounding a Cu2+ ion to
form a square pyramidal spin monomer [Cu(2,5-me2pyz)(dca)4]2-, 1, in
Cu2(dca)4(2,5-me2pyz). The N atoms occupying the basal sites are shown
as shaded spheres.

Table 2. Selected Bond Lengths (Å) and Bond Angles (deg) for
Cu2(dca)4(2,5-me2pyz)

Cu-N(1) 1.964(3) N(1)-C(1) 1.126(5)
Cu-N(3) 2.173(4) N(2)-C(1) 1.275(6)
Cu-N(4) 1.964(4) N(2)-C(2) 1.289(5)
Cu-N(6) 1.986(3) N(3)-C(2) 1.129(5)
Cu-N(7) 2.052(3) N(7)-C(5) 1.343(4)

N(7)-C(7) 1.335(4)

N(1)-Cu-N(3) 92.6(2) C(1)-N(1)-Cu 173.0(4)
N(4)-Cu-N(1) 90.6(2) C(2)-N(3)-Cu 146.3(4)
N(3)-Cu-N(4) 101.8(2) C(3)-N(4)-Cu 177.3(4)
N(1)-Cu-N(7) 172.4(2) C(1)-N(2)-C(2) 128.2(4)
N(3)-Cu-N(7) 94.9(1) N(2)-C(2)-N(3) 169.2(5)
N(4)-Cu-N(6) 155.6(2) N(2)-C(1)-N(1) 168.5(5)
N(6)-Cu-N(7) 87.6(1)
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2,5-me2pyz is slightly longer, i.e., Cu-N(7) ) 2.052(3) Å.
The Cu-Napical distance is substantially longer, i.e., Cu-
N(3) ) 2.173(4) Å. Due to the deformation of the basal
plane, the N-Cu-N bond angles within the basal plane
deviate from 90°, while the trans-N-Cu-N bond angles
deviate from 180° [i.e., N(1)-Cu-N(7) ) 172.4(2)° and
N(4)-Cu-N(6) ) 155.6(2)°].

All adjacent Cu2+ ions are linked together via three types
of bridges where the shortest Cu‚‚‚Cu separation is 6.870 Å
across the 2,5-me2pyz bridge and much longer across the
dca bridges (8.127 and 8.346 Å). Figure 2a shows the
bridging by a 2,5-me2pyz ligand to form the dimer unit
[Cu2(2,5-me2pyz)(dca)8]4- (2a), in which the two N atoms
of the bridging 2,5-me2pyz occupy the basal positions of the
square pyramids. Figure 2b shows the bridging by a dca
ligand to form the dimer unit [Cu2(2,5-me2pyz)2(dca)7]3-

(2b), in which the two cyano N atoms of the bridging dca
occupy the basal positions of the square pyramids. Figure
2c shows an alternative bridging by a dca ligand to form
the dimer unit [Cu2(2,5-me2pyz)2(dca)7]3- (2c), in which one
cyano N atom of the bridging dca occupies a basal position
of one square pyramid while the other cyano N atom of the
bridging dca occupies an apical position of the other square
pyramid. The large Cu‚‚‚Cu separations imposed by the long
bridging ligands lead to a 3D structure that consists of 2-fold
interpenetrated frameworks, Figure 3.

Magnetic Properties. The temperature dependence of the
magnetic susceptibility has been measured between 2 and
300 K and is shown in Figure 4. Upon cooling from 300 K,

ø(T) gradually increases until reaching a maximum value of
0.049 emu/mol at 9.3 K. It then decreases smoothly upon
cooling further to 4 K. The broad maximum inø(T) is likely
due to short-range antiferromagnetic interactions between
nearest-neighbor spin-1/2 Cu2+ sites. A fit of theø(T) data to
the Curie-Weiss expression above 20 K yieldedg )
2.168(1) andθ ) -5.2(1) K. The 2,5-me2pyz ligand provides
the shortest bridging between adjacent Cu2+ ions whileµ1,5-
bonded Cu-dca-Cu bridges mediate very weak exchange
coupling. Thus, we chose to fit the susceptibility using the
Bleaney-Bowers expression (H ) -JS1‚S2) for an isolated
spin-1/2 dimer.11 As can be seen in Figure 4, an excellent fit
is obtained givingg ) 2.173(5) andJ ) -7.31(2) K. For
the sake of completeness, the fit also included a mean-field

Figure 2. Schematic views of the three types of bridging between adjacent Cu2+ ions in Cu2(dca)4(2,5-me2pyz). The N atoms occupying the basal sites
were shown by shading: (a) the 2,5-me2pyz bridging leading to the spin dimer [Cu2(2,5-me2pyz)(dca)8],4- 2a; (b) the dca bridging leading to the spin dimer
[Cu2(2,5-me2pyz)2(dca)7]3-, 2b; (c) the dca bridging leading to the spin dimer [Cu2(2,5-me2pyz)2(dca)7]3-, 2c.

Figure 3. Two-fold interpenetrating 3D network for Cu2(dca)4(2,5-me2-
pyz). Methyl groups have been omitted for clarity.
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correction term, i.e.,zJ′, which yielded a negligibly small
value of -0.08(1) K.12 This shows thatµ1,5-bonded Cu-
dca-Cu bridges mediate very weak exchange coupling.

The isothermal magnetization,M(H), acquired at 2 K
initially rises slowly for lower fields and then increases much
more rapidly above∼6 T (Figure 5). Expectedly, the data
do not show evidence for reaching a saturation magnetization
up to 9 T. These data further corroborate our description of
the magnetic susceptibility of Cu2(dca)4(2,5-me2pyz) using
an isolated dimer model. It can be seen that an isolated dimer
model (solid line in Figure 5) using the same parameters
obtained from theø(T) fit yields very good agreement up to
the highest attainable field. We have extrapolated the
calculatedM(H) to higher field values to demonstrate the
expected behavior. From this, we expect a saturated magnetic
state to occur at 10.75 T and reach a value of 6115 emu
Oe/mol; and this expectation is fully consistent with our
model.

Spin Dimer Analysis. In understanding magnetic proper-
ties of a magnetic solid, it is necessary to estimate the relative
strengths of the spin exchange interactions associated with
various spin exchange paths on the basis of either first
principles13 or qualitative14 electronic structure calculations
for various spin dimers (i.e., structural units containing two
spin sites) of a magnetic solid under consideration. The three
possible spin dimers of Cu2(dca)4(2,5-me2pyz) are2a, 2b,
and2c. In general, a spin exchange parameterJ is written
asJ ) JF + JAF, where the ferromagnetic termJF (>0) is
small, so that the spin exchange becomes ferromagnetic (i.e.,
J > 0) when the antiferromagnetic termJAF (<0) is negligibly
small in magnitude. Spin exchange interactions are primarily
antiferromagnetic (i.e.,J < 0) and can be discussed by
focusing on the antiferromagnetic termJAF. If each spin site
of a magnetic solid contains one unpaired electron, then the
antiferromagnetic termJAF is written asJAF ) -(∆e)2/Ueff,
where∆e is the energy split between the two singly filled
levels of a spin dimer, andUeff is the effective on-site
repulsion. For a given magnetic solid, theUeff value is nearly
constant so that the trend inJAF is well approximated by
that in the corresponding-(∆e)2.14 The∆evalues determined
for the spin dimers2a, 2b, and2c using extended Hu¨ckel
tight binding calculations15-17 show that the∆e value is
substantial in the spin dimer2a linked by the 2,5-me2pyz
bridge but is negligible for the spin dimers2b and2c linked
by the dca bridge. Consequently, the strongly interacting spin
units within Cu2(dca)4(2,5-me2pyz) are the spin dimers2a
that are isolated and do not interact, at least to a first
approximation. This explains why the magnetic susceptibility
of Cu2(dca)4(2,5-me2pyz) is well described by an isolated
dimer model.

The magnetic orbital (i.e., the singly occupied orbital) of
the spin monomer1 has the contribution of the Cux2 - y2

orbital in the basal plane. As depicted in Figure 6, the two
Cu dx2-y2 orbitals of the spin dimer2a overlap well with the
n+ and n- orbitals of 2,5-me2pyz. The n- level lies
considerably lower in energy than the n+ level due to a
through-bond interaction.18 Thus, the extent of their interac-
tions with the Cu dx2-y2 orbitals are different, leading to a
substantial energy difference between the two singly oc-
cupied orbitals of the spin dimer and consequently a strong
antiferromagnetic coupling between the two Cu2+ ions. In
the spin dimer2b, the two Cu dx2-y2 orbitals interact weakly
through the bridging dca ligand even though both cyano N
atoms of the bridging dca occupy the basal positions of the
square pyramids. Unlike the case of the two N sp2 lone pairs
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Figure 4. Temperature variation of the molar magnetic susceptibility (O)
for Cu2(dca)4(2,5-me2pyz). The solid line represents the theoretical fit to
the Bleaney-Bowers expression for a coupledS ) 1/2 Cu2+ dimer that
also incorporates a mean-field correction term as described in the text.

Figure 5. Isothermal magnetization data (O) acquired at 2 K for
Cu2(dca)4(2,5-me2pyz). The solid line delineates the theoretical fit expected
for an isolatedS ) 1/2 Cu2+ dimer as described in the text.
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of 2,5-me2pyz, the two N sp lone pairs of a dca ligand do
not interact through the bonds so that their energy levels are
not split; consequently, the two singly occupied orbitals of
the spin dimer2b do not split. In the spin dimer2c, the two
Cu dx2-y2 orbitals cannot interact through the bridging dca
ligand because one cyano N atom of the bridging dca
occupies the apical position of one square pyramid. Thus,
the two Cu2+ ions of 2b and 2c have a negligible antifer-
romagnetic interaction.

4. Concluding Remarks

Adjacent Cu2+ ions of Cu2(dca)4(2,5-me2pyz) are linked
by three kinds of bridging modes, namely, the 2,5-me2pyz
bridge shown in2aand the two different dca bridges shown
in 2b and2c. Our spin dimer analysis shows that the 2,5-
me2pyz bridge provides a substantial spin exchange interac-
tion and that the dca bridges do not. Thus, the magnetic
susceptibility of Cu2(dca)4(2,5-me2pyz) is very well described
by an isolated dimer model withg ) 2.173(5) andJ )
-7.31(2) K, and a mean-field correction,zJ′, has a negligibly
small value of-0.08(1) K. The isothermalM(H) is also well
described by an isolated dimer model.
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Figure 6. Schematic orbital interaction diagram showing the interaction
between the n+ and n- orbitals of 2,5-me2pyz with the two Cu dx2-y2 orbitals
in the spin dimer2a.
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