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a b s t r a c t

Herein we report on the synthesis, single crystal X-ray structure, spectroscopic and magnetic properties
of [{Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O (1), [Cu2(tidf)(H2O)2][Ni(CN)4] (2) and [Cu2(tidf)(H2O)2][-
Fe(CN)5NO]�H2O (3) (tidf = a Robson type macrocyclic ligand obtained on condensation of 2,6-diformyl-
4-methylphenol and 1,3-diaminopropane). Complex (1) is pentanuclear; two paramagnetic dicopper(II)
units are linked by a hexacyanoferrate(II) ion through two cyano-bridges. All compounds exhibit exten-
sive, three-dimensional, supramolecular structures supported by classic hydrogen bonding between the
coordinated aqua ligands, water molecules and cyano groups. Magnetism as a function of the tempera-
ture of complexes 1–3 is consistent with a strong antiferromagnetism with exchange parameters 2J esti-
mated �783(29), �913(2), �905(1), respectively.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Molecules containing paramagnetic metal centers are able to
self-assemble through metal-ligand interactions rendering supra-
molecular assemblies with interesting structural and magnetic
properties. This subject is a major challenge in current coordina-
tion chemistry [1–5]. Most of these compounds contain two differ-
ent transition metal ions. Cyanide bridges are linear and suitable to
communicate spin density and some compounds behave as high-
temperature molecular magnets [6,7]. The study of electronic and
magnetic properties is necessary to provide a better understanding
of potential metal–metal exchange interactions. These properties
are intimately related to the structure and are a result of the nature
of the building blocks, their relative orientation in the crystal lat-
tice and interactions such as H-bonding and van der Waals.

In this context, hexacyanometallate anions continue to be
intensively investigated as building blocks for the rational design

and preparation of heteropolymetallic complexes. These building
blocks combined with coordinatively unsaturated systems, like
cationic Schiff-bases, produce 1D, 2D or 3D network structures.
These assemblies also called Prussian blue analogues gained
importance due to the innumerous possibilities to prepare novel
extended lattices [8–22].

Robson type ligands, obtained on condensation of 2,6-diformyl-
4-methylphenol and diamines, have been investigated over the
years as their coordination compounds show interesting magnetic,
redox and structural properties [23–36].

Continuing our general interest [2,24–29] in the synthesis of
metal complexes of the tetraiminodiphenolate macrocyclic ligand
(Scheme 1) we have recently reported the structural, magnetic
and spectroelectrochemical properties of the dicobalt complex
[Co2(tidf)(ClO4)2(H2O)2] [24]. In this work we report on the prepa-
ration, characterization and properties of three new heteropolynu-
clear metal complexes of the Robson family. Our results show a
very interesting case of self-assembly of the building molecules
into extended structures in the solid state, maintained by intricate
hydrogen-bonding interactions. Magnetic and spectroscopic stud-
ies are presented as well.
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2. Experimental

2.1. Materials

Reagent grade chemicals were used in this work. [Cu2(tidf)(-
ClO4)2(H2O)2] was prepared as described elsewhere [37].

2.2. Synthesis

2.2.1. [{Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O (1)
[Cu2(tidf)(ClO4)2(OH2)2] (0.254 g, 0.33 mmol) was dissolved in

10 mL of acetonitrile and added slowly to 0.07 g (0.167 mmol) of
K4[Fe(CN)6]�3H2O in 12 mL of water/isopropanol (5:1 v/v). After
three days dark green crystals were formed, isolated by filtration,
washed with water and acetonitrile and dried under vacuum. Yield
was 0.22 g (87%). Anal. Calc. for C54H80N14O18Cu4Fe
(1523.37 g mol�1): C, 42.54; H, 5.25; N, 12.86. Found: C, 42.60; H,
5.28; N, 12.83%. IR data in cm�1: 2068 (mC„N, bridge), 2050 and
2026 cm�1 (mC„N, terminal), 1639 m(C@N), 1573 m(C@C), 1330
m(C–O), 671 (mCu–O), 525 (mCu–N).

[Cu2(tidf)(H2O)2][Ni(CN)4] (2) and [Cu2(tidf)(H2O)2][Fe(CN)5-

NO]�H2O (3) were prepared as desbribed for (1) from equimolar
mixtures of K2[Ni(CN)4]�H2O and Na2[Fe(CN)5NO]�2H2O, respec-
tively, with [Cu2(tidf)(ClO4)2(OH2)2]. Yields were 96% (2) and 91%
(3). Anal. Calc. for C28H30N8O4Cu2Ni (728.39 g mol�1) (2): C,
46.12; H, 4.11; N, 15.37. Found: C, 46.17; H, 4.14; N, 14.76%. IR data
in cm�1: 2169, 2164, 2143, 2138 and 2133 (mC„N), 1639 m(C@N),
1573 m(C@C), 1330 m(C–O), 671 (mCu–O) and 525 (mCu–N). Anal.
Calc. for C29H32N10O6Cu2Fe (799.44 g mol�1) (3): C, 43.53; H,
4.00; N, 17.51. Found: C, 43.63; H, 3.71; N, 18.69%. IR data in
cm�1: 2132, 2122 (mC„N), 1639 m(C@N), 1573 m(C@C), 1330 m(C–
O), 671 (mCu–O), 525 (mCu–N).

2.3. Physical measurements

A Bruker CCD X8 Kappa APEX II diffractometer operated using
graphite monochromator and Mo Ka radiation (k = 0.71073 Å)
was used for the X-ray structure analyses. The molecular crystal
structures were solved by direct methods with SHELXS [38]. The final
structure was refined with SHELXL [38] with anisotropic displace-
ment parameters for all non-hydrogen atoms; hydrogen atoms
were refined isotropically as riding atoms at their theoretical ideal
positions. Drawings were made with the ORTEP-3 for Windows [39].
More detailed information about the structure determinations is
given in Table 1.

UV–Vis spectra in the range 190–900 nm were obtained on a
VARIAN Cary 100 spectrophotometer in the solid state by diffuse
reflectance with a Labsphere� integration sphere. Infrared spectra
were obtained with a FTS3500GX Bio-Rad Excalibur series spectro-
photometer in the region 4000–400 cm�1 in KBr pellets.

The Electron Paramagnetic Resonance (EPR) spectra from pow-
dered solid samples were recorded on a Bruker Elexsys E500
X-band spectrometer and on a Varian E Century Q-band spectrom-
eter. The 77 K spectra were obtained employing a quartz finger
Dewar. Spectral simulations were carried out using the EASYSPIN

software package [40].
Mössbauer spectra were recorded in zero magnetic field at 80 K

on an ES-Technology MS-105 Mössbauer spectrometer with an
89 MBq 57Co source in a rhodium matrix at ambient temperature.
Spectra were referenced against a 25 lm iron foil at 298 K and
spectrum parameters were obtained by fitting with Lorentzian
curves. The magnetic properties of polycrystalline samples of 1–3
have been investigated by SQUID magnetometry using the Cryo-
genics S600 system. The temperature dependence of the magneti-
zation has been followed in the 1–50 K range with 1 kOe applied
field and in the 50–300 K with 10 kOe, while the field dependence
of the magnetization were recorded up to 60 kOe at 2 K. The mag-
netic susceptibility data have been corrected for the diamagnetism
of the sample using Pascal constants as well as for the sample
holder’s contribution.

Microanalyses were done at the Instituto de Química-USP,
Brazil.

3. Results and discussion

3.1. Syntheses

The macrocyclic ligand tidf was prepared by the condensation
of 2,6-diformyl-4-methylphenol and 1,3-diaminopropane in the
presence of magnesium acetate and magnesium nitrate according
to the procedure of Nag and co-workers [41].

The magnesium complex [Mg2(tidf)](NO3)2�4H2O reacted with
copper(II) perchlorate in 1:4 ratio, respectively, to yield 63% of
[Cu(tidf-H2)(H2O)2](ClO4). This complex reacts with copper(II) per-
chlorate in a 1:1 proportion, producing the binuclear compound
[Cu2(tidf)(ClO4)2(H2O)2] as described by Mandal et al. [37]. When
treated with K4[Fe(CN)6]�3H2O, K2[Ni(CN)4]�H2O or Na2[Fe(CN)5-

NO]�2H2O, single crystals of the following polynuclear compounds
[{Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O (1), [Cu2(tidf)(H2O)2][-
Ni(CN)4] (2) and [Cu2(tidf)(H2O)2][Fe(CN)5NO]�H2O (3) were
formed in very good yields (87–96%) and suitable for crystal struc-
ture determination.

The starting materials always reacted in a mixture of polar sol-
vents and in molar ratios that would favor the formation of neutral
species and that was the outcome observed in all cases. The com-
pounds are fairly stable and were characterized structurally and
spectroscopically as described below.

3.2. Structural description

The complex [{Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O crystal-
lizes in the triclinic space group P-1. Fig. 1 shows the projection
of the molecular structure where two units [Cu2(tidf)(H2O)]2+ are
linked by a hexacyanoferrate(II) ion through two cyano-bridges
in a trans configuration. Copper(II) ions exhibit a square pyramidal
geometry with the longest Cu-Cu distance at 9.780 Å and the short-
est at 3.133 Å. Also the copper(II) ions are out of the equatorial
plane, as seen by the mean deviations from the least-square planes
N2N4O1O2 at 0.162(1) Å for Cu2 and N1N3O1O2 at �0.287(1) Å
for Cu1. Other main bond distances and angles are Cu1-N5 at

N OH N

NOHN

Scheme 1. Ligand tidf.
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2.214(3) Å, Cu2–O3(water) at 2.367(3), Cu1–O1(phenolate) at
2.006(2) Å, Cu2–O1 at 1.972(2) Å, Cu1–N5–C25 at 135.0(2)� and
Fe–C25–N5 at 178.6(3)�. Selected bond distances and angles are
listed in Table 2.

An extended 1D architecture along the crystallographic axis a is
also depicted in Fig. 1. The interactions are through hydrogen
bonds such as O4–H4B� � �N7 at 1.802(3) Å and O4–H4A� � �N6i

(i = x � 1, y, z) at 1.917(3) Å. A complete list of hydrogen distances
and angles are in Table 3.

Complexes 2 and 3 also crystallized in the triclinic space group
P-1, but in contrast with complex 1, no cyano-bridge was formed
between the metal centers and the building blocks; [Ni(CN)4]2�

and [Fe(CN)5(NO)]2� acts simply as counter-ions. The unit cell of
complex 2 is a CsCl type, with four [Cu2(tidf)(H2O)2]2+ in the cor-
ners and one [Ni(CN)4]2� at the center of the cube. The elements

of the unit cell are then connected by a 2D hydrogen-bonded
supramolecular structure formed through O2–H2A� � �N3i

(i = �x + 1, �y + 2, �z + 1) at 2.057(2) Å and O2–H2B� � �N4 at
1.995(2) Å (Fig. 2 and Table 3).

Complex 3 exhibits a complicated structure in which the 3D-or-
der of the crystal depends on the hydrogen-bond interaction be-
tween the metallo-complexes and the crystallization water
molecule (Fig. 3). The crystallization water molecule is disordered
over three positions (O6A, O6B and O6C). The water molecule
coordinated to Cu1 is linked simultaneously to the cyano groups
C26–N6 and C28–N8 of the nitroprussiate, with bond distances
observed for O3–H3A� � �N6i (i = �x + 1, �y, �z) at 2.072(2) Å and
for O3–H3B� � �N8ii (ii = x + 1, y � 1, z) at 2.001(2) Å. The second
aqua ligand O4 is coordinated to Cu2 and is connected to one cyano
group C25N5 and one water molecule O6A. The hydrogen-bonds
observed are O4–H4A� � �N5 at 1.980(2) Å and O4–H4B� � �O6A at
1.864(5) Å. The crystallization water molecule is already linked
to two cyano groups. The hydrogen-bonds observed are O6C–
H6B� � �N7iii (iii = x + 1, y, z) at 1.761(2) Å and O6A–H6A� � �N9iv

(iv = �x + 1, �y + 1, �z + 1) at 1.814(2) Å for the C27N7 and
C29N9 of the nitroprussiate, respectively (Table 3).

Thompson and co-workers reported the crystal structure of the
dicopper complex [Cu2(tidf)(ClO4)2(H2O)2] [37]. The structure has
two different molecules in the unit cell, one pseudooctahedral
and the other square-pyramidal. Typical bond distances reported
for the hexa-coordinated copper are Cu–O(H2O) at 2.451(9) Å,
Cu–O(ClO4) at 2.589(10), Cu–O(phenoxi) at 1.981(6) Å and Cu–N
at 1.956(8).

Andruh and co-workers [42] obtained the iron(III) complex
[Cu2(tidf)(H2O)2]3[Fe(CN)6]2�8H2O, which contain distinct [Cu2(-
tidf)(H2O)2]2+ and [Fe(CN)6]3� units. The crystal structure shows
three different copper-aqua distances at 2.254(3), 2.280(3) and
2.325(3) Å and the water molecules are connected by hydrogen
bonds to the [Fe(CN)6]3

3� ions. Copper–copper distances are 3.120

Table 1
Crystal data and structure refinement for complexes 1, 2 and 3.

Empirical formula C54H80N14O18Cu4Fe C29H32N10O6Cu2Fe C28H30N8O4Cu2Ni
Formula weight 1523.37 799.44 728.39
T (K) 293(2) 293(2) 293(2)
Radiation, k (Å) 0.71073 0.71073 0.71073
Crystal system, space group triclinic, P-1 triclinic, P-1 triclinic, P-1
Unit cell dimensions
a (Å) 8.2693(2) 10.0764(14) 7.3938(4)
b (Å) 12.6961(3) 12.7160(18) 8.4882(5)
c (Å) 16.7011(5) 12.9909(19 11.5358(7)
a (�) 112.1200(10) 86.998(5) 85.698(2)
b (�) 100.7620(10) 82.847(4) 87.737(3)
c (�) 92.1910(10) 83.511(4) 78.658(2)
Volume (Å3) 1584.40(7) 1639.8(4) 707.62
Z, Dcalc (mg m3) 2, 1.597 4, 1.619 2, 1.709
Absorption coefficient (mm1) 1.625 1.780 2.199
F(0 0 0) 788 816 372
Crystal size (mm) 0.179 � 0.145 � 0.08 0.256 � 0.199 � 0.157 0.34 � 0.27 � 0.13
h Range (�) 1.74–29.70 1.58–28.78 1.77–28.81
Index ranges �11 6 h 6 11 �13 6 h 6 13 �9 6 h 6 9

�17 6 k 6 17 �17 6 k 6 17 �11 6 k 6 11
�23 6 l 6 23 �17 6 l 6 17 �15 6 l 6 15

Reflections collected 31 808 30 645 13 109
Independent reflections 8948 [Rint = 0.0444] 8533 [Rint = 0.0247] 3660 [Rint = 0.0186]
Completeness to h maximum (%) 99.3 99.6 99.3
Maximum and minimum transmission 1 and 0.8879 1 and 0.9296 0.763 and 0.5219
Absorption correction GAUSSIAN GAUSSIAN GAUSSIAN

Refinement method full-matrix least-squares on F2

Data/restraints/parameters 8948/0/382 8533/0/436 3660/0/196
Goodness-of-fit on F2 1.035 1.056 1.062
Final R indices [I > 2r(I)] R1 = 0.0463 R1 = 0.0264 R1 = 0.0305

wR2 = 0.1137 wR2 = 0.0711 wR2 = 0.0754
R indices (all data) R1 = 0.0782 R1 = 0.0314 R1 = 0.0332

wR2 = 0.1297 wR2 = 0.0741 wR2 = 0.0741
Largest differences in peak and hole (e Å3) 1.075 and �0.708 0.755 and �0.513 1.572 and �0.582

Table 2
Selected bond lengths (Å) and angles (�) for complexes 1, 2 and 3.

1 2 3

Cu–N1 1.986(3) 1.9624(13) 1.9821(17)
Cu–O1 2.006(2) 1.9792(11) 1.9716(14)
Cu–N5 2.214(3) – –
Cu–O3 2.367(3) 2.1964(13) 2.2596(16)
N5–C25 1.158(4) – –
Fe–C25 1.924(3) 1.9352(18) –
Cu� � �Cu 3.133 3.109 3.114
Ni–C14 – – 1.867(2)
NCuN 97.30(11) 96.54(6) 97.54(7)
C25N5Cu1 135.0(2) – –
N5Cu1N1 92.27(11) – –
N5Cu1O1 102.60(10) – –
OeqCuNeq 90.66(10) 92.61(5) 93.02(6)
OaxialCuNeq 94.78(11) 97.22(5) 92.38(6)
OaxialCuOeq 101.03(9) 92.66(5) 96.53(6)

R.B. Samulewski et al. / Polyhedron 30 (2011) 1997–2006 1999



and 3.101 Å, close to the value found in this work and in plane cop-
per–ligand bond lengths are within 1.956–1.997 Å. Two [Fe(CN)6]3�

are linked through hydrogen bonds between two cis-cyano ligands
to two aqua ligands from two different binuclear units.

More recently Okawa and co-workers [43] described the crystal
structures of the complexes [{Cu2(tidf)}3{Cr(oxalate)3}2]�6MeOH
and [{Cu2(tidf)}3{Co(CN)3}2]�6MeOH�2DMF. The first crystallizes
as a discrete octanuclear unit while the second shows a 2D ex-
tended structure.

3.3. Infrared spectra

The vibrational spectrum of complexes 1–3 showed bands also
observed in the parent complex [Cu2(tidf)(ClO4)2(H2O)2] at 1639

m(C@N), 1573 m(C@C) and 1330 m(C–O), characteristic of the tetrai-
minodiphenolate macrocycle. The bands at 671 and 525 cm�1 were
assigned to the vibrational modes mCu–O and mCu–N, respectively.
In the mC„N region, K4[Fe(CN)6] exhibited a broad band at
2046 cm�1, while complex 1 showed a splitting with three compo-
nents at 2068 cm�1 (bridge CN�), 2050 and 2026 cm�1 (terminal
CN�) as seen in Fig. 4. The hydrogen bonding through the terminal
cyanides seems to be responsible for their asymmetry. Indeed,
three different C„N bonding lengths are observed for the terminal
ligands, C25–N5 at 1.159(5), C26–N6 at 1.162(4) and C27–N7 at
1.150(4) Å, in agreement with the splitting pattern observed. A
similar behavior was observed for complexes 2 and 3. Complex 2
exhibited five bands at 2169, 2164, 2143, 2138 and 2133 cm�1

and complex 3 two bands at 2132 and 2122 cm�1. Even though

Fig. 1. (Top) View of [{Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O (1) with the atom-labeling scheme and symmetry operations i = 1 � x, �y, 1 � z. Displacement ellipsoids are
drawn at the 50% probability level [24]. (Bottom) Extended 1D architecture along the crystallographic axis a.

2000 R.B. Samulewski et al. / Polyhedron 30 (2011) 1997–2006



complexes 2 and 3 do not have any intermetallic cyano-bridge, the
network of hydrogen bonds that maintain the supramolecular
structures are strong enough to produce vibrational modes with
different energies, which account for the observed splittings.

3.4. UV–Vis spectra

Fig. 5 shows the UV–Vis spectrum of a solid sample of complex
1 along with the spectra of the building blocks [Cu2(tidf)(ClO4)2(-
H2O)2] and K4[Fe(CN)6] for comparison. The green line represents
the spectrum of the pentanuclear complex and it has a close
resemblance with that for [Cu2(tidf)(ClO4)2(H2O)2] (blue line).
The band at 234 nm in complex 1 has both a contribution from
p ? p⁄(tidf) and from dp(FeII) ? ppCN transitions, as is also seen
in the spectrum of K4[Fe(CN)6] (red line) [44]. The bands at 337
and 380 are mainly intra-ligand p ? p⁄(tidf) transitions, which
are also observed in the spectrum of the free macrocyclic ligand.
It is worth mentioning that the bands at 274 and 328 nm in
K4[Fe(CN)6] are low intensity d–d transitions. A MLCT
dp(CuII) ? pptidf transition was assigned to the band at 450 nm.

Further, complex 1 also shows a broad structure-less band cen-
tered at 672 nm, typical of copper(II) and has contributions from
three d–d transitions, z2 ? x2 � y2, xy ? x2 � y2 and (xz,
yz) ? x2 � y2 [45]. This band appears at 605 nm in the binuclear
[Cu2(tidf)(ClO4)2(H2O)2] complex and reflects the different geome-
tries around the copper(II) ions. The lower energy of the d–d tran-
sition for [Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O can be explained
by considering crystal-field arguments. The Cu–NC and Cu–OH2

bond lengths are 2.214(3) Å and 2.367(3) Å, respectively. Compare
these with the Cu–OClO3 at 2.589(10) Å and Cu–OH2 at 2.451(9) Å
for [Cu2(tidf)(ClO4)2(H2O)2] [31]. The closer proximity of the axial
ligands, particularly the charged cyanide ligand to the copper(II)
in the pentanuclear complex causes the metal ion to come out of
the plane of the macrocycle, namely 0.162(1) Å for Cu1 and
0.287(1) Å for Cu2. This weakens the four in plane bonds and over-
all diminishes the crystal field stabilization energy and the energy
of the d–d transition accordingly, as illustrated in the orbital dia-
gram in Scheme 2. This argument is supported by comparison of
the in plane Cu–O(phenoxi) and Cu–N bond distances in both com-
plexes. Mean values are Cu–O 2.000 Å and Cu–N 1.971 Å for [{Cu2(-
tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O and, consequently, bigger than
the Cu–O 1.981 Å and Cu–N at 1.956 Å for [Cu2(tidf)(ClO4)2(H2O)2]
[37].

Fig. 6 shows the solid state UV–Vis spectrum for complexes 2
and 3 and their corresponding building blocks. Again, the compar-

ison revealed significant energy changes associated with the geom-
etry around the copper(II) ions upon the reaction between
[Cu2(tidf)(ClO4)2(H2O)2] and [Ni(CN)4]2� or [Fe(CN)5NO]2� ions. In
the [Cu2(tidf)(ClO4)2(H2O)2] both metal ions are hexacoordinated
in a distorted octahedral environment due to Jahn–Teller elonga-
tion and the three transitions z2 ? x2 � y2, xy ? x2 � y2 and (xz,
yz) ? x2 � y2 have close energies producing a broad envelope at
605 nm. In complexes 2 and 3, the copper(II) ions are pentacoordi-
nated and are in a square-pyramidal geometry. Under the crystal
field theory approach, this is equivalent of an infinite elongation
of one of the axial ligands, reducing the repulsions along the z
direction. As a result, all three d–d bands are blue-shifted, particu-
larly the transition (xz, yz) ? x2 � y2, which is shifted to 525 nm as
represented in Scheme 2.

3.5. Mössbauer and magnetic properties

The Mössbauer spectrum of [Cu2(tidf)(H2O)}2(l-
CN)2Fe(CN)4]�6H2O was recorded at 80 K and it shows an intense
quadrupole split doublet with parameters isomer shift (i.s.) and
quadrupole splitting (q.s.) at 0.03 and 0.22 mms�1, respectively,
in accordance with a low-spin FeII configuration. Typical values re-
ported in the literature for K4[Fe(CN)6]�3H2O are i.s. �0.02 mms�1

and q.s. 0.00 mms�1 [46]. At 80 K, iron(III) complexes X3[Fe(CN)6]
gave the following values of i.s. and q.s.: �0.18 and 1.61 mms�1

when X is H; �0.04 and 0.47 mms�1 for Cs; �0.14 and 0.75 mms�1

for Cu. For K3[Fe(CN)6] at 298 K the i.s. is �0.124 and q.s. is
0.28 mms�1. At 77 K the q.s. is reported as 0.469 mms�1 and the
i.s. estimated to be (based on the 298 K i.s. value) �0.024 mms�1

[46,47].
The variable-temperature (2–300 K) magnetic measurements

were collected for powdered samples of complex 1–3. The temper-
ature dependence of the molar magnetic susceptibility vM along
with its product with temperature vMT is displayed in Fig. 7. All
of the investigated complexes at 300 K showed vMT values lower
than those expected for uncorrelated magnetic centers: complex
1 features a value of 0.53 emu K mol�1, instead of
1.50 emu K mol�1, which is expected for four non interacting CuII

ions; complex 2 showed 0.16 emu K mol�1 and complex 3 exhib-
ited 0.15 emu K mol�1, against an expected value of
0.75 emu K mol�1, awaited for the contribution of two uncorre-
lated CuII ions.

Moreover, the antiferromagnetic coupling between the copper
centers bound to tidf ligand is highlighted by the lowering of the
vMT values on decreasing the temperature: the plots related to
complexes 2 and 3 move to 0.05 emu K mol�1 at 150 K and then
reach 0.03 at 50 K. A more complicated behavior is shown by com-
plex 1, for which the vMT(T) values are higher than in the two pre-
vious cases, ranging from 0.53 emu K mol�1 at room temperature
to 0.34 emu K mol�1 at 150 K and finally 0.15 emu K mol�1 at
50 K. This behavior has been attributed to a paramagnetic impurity
consisting of a non-Curie species present in the measured sample.

In order to evaluate the strength of the magnetic interaction be-
tween the copper ions bound to the tidf ligand, a fitting of the mag-
netic data as function of temperature has been carried out using
the Bleaney–Bowers equation, properly modified to take into ac-
count paramagnetic impurities present in the samples [48]:

vM ¼ ð1� qÞ 2Ng2b2

kBT

 !
1

3þ e
2J

kBT

 !
þ q

Ng2b2

2kBT

 !
þ TIP

Here, q is the molar fraction of paramagnetic Cu(II) impurity, g
is the Landè factor for Cu(II) (kept fixed at 2.1), b is the Bohr mag-
neton, kB is the Boltzmann constant and TIP is the sum of the tem-
perature independent paramagnetism contributions of each ion
belonging to the different complexes. The TIP values used in the

Table 3
Hydrogen-bonding geometric parameters (in Å and �), for complexes 1–3.

D–H� � �A D–H H� � �A D� � �A D–H� � �A

Complex 1
O4–H4B� � �N7 0.929(2) 1.802(3) 2.730(4) 177.23(18)
O4–H4A� � �N6i 0.910(2) 1.917(3) 2.825(4) 176.00(18)

Complex 2
O2–H2A� � �N3i 0.8276(16) 2.057(2) 2.883(3) 175.85(12)
O2–H2B� � �N4 0.8254(15) 1.9951(19) 2.820(2) 176.97(12)

Complex 3
O3–H3A� � �N6i 0.8826(13) 2.0715(17) 2.932(2) 164.69(9)
O3–H3B� � �N8ii 0.8452(12) 2.0007(16) 2.845(2) 176.21(11)
O4–H4A� � �N5 0.8275(11) 1.9803(15) 2.8059(19) 175.34(10)
O4–H4B� � �O6A 0.8258(12) 1.864(5) 2.677(5) 167.99(18)
O6C–H6B� � �N7iii 1.045(7) 1.7609(16) 2.773(7) 162.0(4)
O6A–H6A� � �N9iv 0.986(5) 1.8140(17) 2.798(5) 175.7(3)

(D = donor atom, A = acceptor atom).
Symmetry codes: complex 1 (i) x � 1, y, z; complex 2 (i) �x + 1, �y + 2, �z + 1;
complex 3 (i) �x + 1, �y, �z; (ii) x + 1, y � 1, z; (iii) x + 1, y, z; (iv) �x + 1, �y + 1,
�z + 1.
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fit are: 400 � 10�6 emu for complex 1, 280 � 10�6 emu for 2 and
220 � 10�6 emu for 3. The �2J energy value corresponds to the en-
ergy difference between the triplet and singlet states arising from
the isotropic magnetic interaction between the two copper ions
bound to the tidf ligand, according to the spin Hamiltonian
H = �2JS1S2. The results of the fitting procedure are shown in the
main panel and in the inset of Fig. 7. Best fitting lines shown in
Fig. 7 yielded 2J values at �783(29), �913(2) and �905(1) cm�1

for complexes 1–3, respectively, in accordance with a very strong

antiferromagnetic interaction between the copper ions coordi-
nated to the tidf ligand. It must be stressed, however, that the
strength of the interactions prevented us from monitoring the
magnetism of the systems up to the uncorrelated ions regime, or
even to detect the maximum of the vM(T) plots: in this case the
extrapolated values for the interaction constant J must be consid-
ered as indicative, not quantitative. We attempted for one of
the investigated compounds (1) to overwhelm the magnetic
interaction warming it up to 370 K, but the compound showed a

Fig. 2. (Top) View of [Cu2(tidf)(H2O)2][Ni(CN)4] (2) with the atom-labeling scheme and symmetry operations i = 1 � x, 3 � y, 1 � z, ii = 2 � x, 2 � y, �z. Displacement
ellipsoids are drawn at the 50% probability level [24]. (Bottom) Extended 2D supramolecular structure formed through hydrogen-bonding.
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thermally induced irreversible degradation. The observed antifer-
romagnetic interactions also prevented the observation of three
dimensional magnetic ordering of all the investigated compounds.

The observed trend in the magnetic coupling constants shown
by compounds 1–3 can be rationalized using structural consider-
ations. The metal ions are connected through the phenolate-bridge
and are in close proximity with an average Cu� � �Cu distance of
3.119 Å. As a consequence, the magnetic properties of these com-
pounds are mainly determined by this intramolecular magnetic ex-
change that masks the observation of any other phenomenon
related to the interaction between copper centers at longer dis-
tance. In fact, [Cu2(tidf)(H2O)2]3[FeIII(CN)6]2�8H2O does not suffer

much influence from the low-spin d5 iron system and the coupling
constant in the binuclear cation [Cu2(tidf)(H2O)2]2+, estimated by
Andruh and co-workers to be 2J � 836 cm�1, is practically the same
value (834 cm�1) seen for the copper–cobalt complex [Cu2(tidf)(-
H2O)2]3[CoIII(CN)6]2�8H2O [42]. Further support to this interpreta-
tion is found when the results are compared with the magnetic
behavior of the binuclear complex itself, [Cu2(tidf)(ClO4)2]�H2O,
which also revealed a 2J value of �850 cm�1 [49]. It is interesting
to note that complex 1 does show the smallest coupling constant
(J = �783 cm�1) when compared to compounds 2, 3 and all the
other cases discussed here. The magnetic coupling seems to be
somehow diminished due to the fact that the copper ion is

Fig. 3. (Top) View of [Cu2(tidf)(H2O)2][Fe(CN)5NO]�H2O (3) with the atom-labeling scheme. Displacement ellipsoids are drawn at the 50% probability level [24]. (Bottom)
Extended 3D supramolecular structure formed through hydrogen-bonding.
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displaced out of the plane of the macrocycle as a result of the
strong bonding with the cyano-bridge-ligand, an outcome in
accord with the short Cu–N bond distance of 2.214(3) Å.

The room temperature X-band EPR spectra of 1, 2 and 3 (data
not shown) are very similar to each other, showing distinctly the
presence of Zero Field Splitting (ZFS) arising from mostly dipolar
magnetic coupling between the two centers of CuII in the macrocy-
clic ligand. However, the X-band spectra were truncated due to the
comparable size of the ZFS parameter D and the X-band photon en-
ergy (D � hm), which discouraged any simulation of those spectra
and demanded higher energy EPR spectroscopy for the purpose
of parameter determination.

Fig. 8 shows the Q-band EPR room temperature spectrum of 2.
The spectrum consists of a dipolar pattern with prominent perpen-
dicular turning points at 1.0 T and 1.3 T and one of the parallel at
0.75 T. The second parallel turning point is not shown due to

instrumental upper magnetic field limit. The spectrum also shows
a half field transition at ca. 0.5 T, which corresponds to a DmS = ±2
transition.

The simulated g-tensor is practically axial, consistent with the
square base pyramid molecular geometry of the two CuII centers
(cf. Table 4). The unfitted central portion (ca. g = 2) of the spectrum
corresponds to naturally occurring mononuclear CuII species.

The expected value for the ZFS parameter D for a pure dipolar
splitting is ca. 0.1 cm�1, which corresponds to an inter CuII distance
of 3.119 Å. The observed difference corresponds to the influence of
spin orbit coupling and anisotropic exchange interaction, which
may also, explains the rhombicity of the observed ZFS tensor re-
flected in the simulated E parameter (Table 4) [50].

The 77 K spectra of 1, 2 and 3 (data not shown) do not show the
dipolar splitting observed at room temperature, in agreement to
the antiferromagnetic behavior determined by direct susceptibility
measurements.

4. Conclusion

Three new compounds were prepared ([{Cu2(tidf)(H2O)}2(l-
CN)2Fe(CN)4]�6H2O (1), [Cu2(tidf)(H2O)2][Ni(CN)4] (2) and [Cu2(-
tidf)(H2O)2][Fe(CN)5NO]�H2O (3)) and their structure analyzed.
They all show a complex supramolecular structure sustained by
hydrogen-bond interactions. The molecular magnetism exhibited

Fig. 4. Infrared spectrum of [{Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O (1) in KBr.
Bands 1–6 are at 2068, 1639, 1573, 1330, 671 and 525, respectively.

Fig. 5. Diffuse reflectance spectrum of [{Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O (1)
and comparison with the building blocks.

xz, yz

xy
z2

x2- y2

Scheme 2. Crystal-field orbital splittings of [{Cu2(tidf)(H2O)}2(l-
CN)2Fe(CN)4]�6H2O (1), [Cu2(tidf)(H2O)2][Ni(CN)4] (2) and [Cu2(tidf)(ClO4)2(H2O)2].

Fig. 6. Low-energy bands of [{Cu2(tidf)(H2O)}2(l-CN)2Fe(CN)4]�6H2O (1),
[Cu2(tidf)(H2O)2][Ni(CN)4] (2) and [Cu2(tidf)(ClO4)2(H2O)2].
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by complexes 1–3 are essentially a result of a strong exchange cou-
pling between magnetic orbitals of the copper(II) ions bridged by
the phenolate bridge within the macrocyclic unit. The strong coor-
dination of the cyanide ligand to the copper ion causes a structure
distortion as the metal comes out of the plane of the tidf ligand,
resulting in a short bond distance and a significant decrease of
the magnetic exchange coupling. The electronic structure of the
compounds is sensitive to the geometry around the copper and
the spectra can be correlated with the degree of tetragonal
distortions.
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