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Two new diazamesocyclic ligands based on 1,4-diazacycloheptane (DACH), functionalized by additional
heterocyclic donor groups, 1,4-bis(pyridin-2-ylmethyl)-1,4-diazacycloheptane (L1) and 1,4-bis(imidazol-4-
ylmethyl)-1,4-diazacycloheptane (L2), together with their CuII complexes [Cu2(m-Cl)(L

1)2](ClO4)3 (1) and
[Cu2(m-Cl)(L

2)2](ClO4)3 (2), have been synthesized and characterized. Single crystal X-ray diffraction analyses
revealed that both complexes have the unique mono-m-Cl dimeric [Cu2(m-Cl)(L)2]

3+ structural motif. For both
complexes, each CuII center is penta-coordinate in a distorted square-pyramidal environment with the bridging
chloride atom at the apical position. The magnetic properties of mono-m-chloro CuII dinuclear complexes have
been investigated for the first time through the study of complexes 1 and 2 by variable temperature magnetic
susceptibility and magnetization measurements. Weak ferromagnetic (for 1) or anti-ferromagnetic (for 2)
interactions between the two CuII centers have been found and possible magneto-structural correlations have
been analyzed.

Introduction

Particular interest has been directed towards the investigation
of dinuclear CuII complexes in order to elucidate the spin cou-
pling between paramagnetic metal centers, both from struc-
tural and theoretical points of view,1–3 especially for the
monatomically bridged (e.g. m-OH, OCH3 , S and Cl) CuII

dimers,4,5 since they provide the simplest case of magnetic
interaction involving only two unpaired electrons. Concurrent
with this has been the development of the magneto-structural
correlation in the [Cu(m-Cl)2Cu] dimeric motif with two chlor-
ide bridges, which displays a wealth of structures with a variety
of Cu–Cl lengths and Cu–Cl–Cu angles, depending on the
coordinated ligands and also on the counterions.6,7 In con-
trast, CuII complexes exhibiting only one chloride bridge are
quite scarce, and almost all of these compounds have the
one-dimensional linear structure, with the chloride bridge
placed at the equatorial-axial positions in the chain.8 To the
best of our knowledge, only two isolated dinuclear CuII com-
plexes with only one chloride bridge have been reported, but
without magnetic studies;9 additionally, very few examples of
CuII complexes with one chloride bridging ligand and other
different bridging ligand(s) have been investigated and magne-
tically characterized so far.10

In our efforts11 to systematically investigate the control of
the structures and magnetic properties, as well as the coordina-
tion chemistry of diazamesocyclic ligands,12 predominantly for
1,5-diazacyclooctane (DACO), we have reported a variety of
CuII complexes with different coordination modes and mag-
netic properties by altering the donor pendants on them.
One of the main reasons for the continuing interest in this
attractive system is the ability to construct other novel metal
complexes with special topologies and properties by modifica-
tion of the diazamesocycle backbone; by choosing 1,4-diaza-
cycloheptane (DACH) as the initial material, for example. In

this contribution, we report the syntheses and characterization
of two new heterocycle-functionlized diazamesocyclic ligands,
1,4-bis(pyridin-2-ylmethyl)-1,4-DACH (L1) and 1,4-bis(imida-
zol-4-ylmethyl)-1,4-DACH (L2) (Chart 1). It is interesting that
two unique mono-m-Cl bridged dimeric compounds [Cu2(m-
Cl)(L1)2](ClO4)3 (1) and [Cu2(m-Cl)(L

2)2](ClO4)3 (2) were
obtained by the reaction of L1 or L2 with CuII, with structures
which are quite different from the mononuclear structures of
the CuII complexes11 obtained with the corresponding hetero-
cycle-functionlized 1,5-diazacyclooctane ligands, indicating
that the nature of the backbone of the diazamesocycle is a
determining factor governing the structure and properties of
the CuII complexes. Furthermore, the magnetic coupling prop-
erties of such complexes are reported for the first time herein
and possible magneto-structural correlations are discussed in
detail.

Experimental

Materials and general methods

Most of the starting materials, such as 1,4-diazacycloheptane
(DACH) and 2-chloromethylpyridine hydrochloride, and sol-
vents for syntheses were obtained commercially and used as
received. 4-Chloromethylimidazole hydrochloride was pre-
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pared according to the literature method.13 FT-IR spectra
(KBr pellets) were taken on a FT-IR 170SX (Nicolet) spectro-
meter and electronic absorption spectra on a Hitachi UV-3010
spectrometer. Carbon, hydrogen and nitrogen analyses were
performed on a Perkin–Elmer 240C analyzer. 1H NMR spec-
tra were recorded on a Bruker AC-P 400 spectrometer (400
MHz) at 25 �C with tetramethylsilane as the internal reference.
EPR spectra were recorded on powder samples at X-band fre-
quency with a BRUKER 300E automatic spectrometer, vary-
ing the temperature between 4 and 300 K.

Syntheses of ligands

1,4-Bis(pyridin-2-ylmethyl)-1,4-diazacycloheptane trihydro-
chloride tetrahydrate (L1�3HCl�4H2O). 2-Chloromethyl-
pyridine hydrochloride (3.07 g, 18.3 mmol) was added to a
solution of DACH (0.87 g, 8.7 mmol) in C2H5OH (50 mL)
with vigorous stirring at room temperature. Small portions
of solid KOH were added to the mixture to ensure that the
pH value stayed at 8–9 for ca. 2 days. After filtration of the
mixture, the solvent was removed by rotary evaporation. The
residue was purified by silica gel column chromatography
(CH2Cl2:CH3OH:NH3�H2O ¼ 10:10:1), and the free ligand
oil was further purified by conversion to its HCl salt, which
was obtained as a white crystalline solid. Yield: 2.26 g (55%
based on DACH). 1H NMR (D2O): d 2.14–2.19 (m, 2H),
3.36 (t, J ¼ 5.4 Hz, 4H), 3.52 (s, 4H), 4.51 (s, 4H), 7.82 (t,
J ¼ 6.6 Hz, 2H), 7.88 (d, J ¼ 7.6 Hz, 2H), 8.33 (t, J ¼ 7.4
Hz, 2H), 8.71 (d, J ¼ 5.2 Hz, 2H). IR (KBr pellet, cm�1):
3345b, 2956m, 2613s, 2170w, 1642s, 1617s, 1545m, 1479m,
1463s, 1432m, 1387m, 1108m, 1018m, 947m, 921m, 785s,
773m. Anal. calcd for C17H22N4�3HCl�4H2O: C, 44.02; H,
7.17; N, 12.08%. Found: C, 43.81; H, 7.29; N, 11.72%.

1,4-Bis(imidazol-4-ylmethyl)-1,4-diazacycloheptane penta-
hydrochloride hydrate (L2�5HCl�H2O). To a solution of DACH
(0.38 g, 3.7 mmol) in CH3OH (50 mL) was added 4-chloro-
methylimidazole hydrochloride (1.23 g, 8.0 mmol) with vigor-
ous stirring. Small portions of solid KOH were added to keep
the pH value of the mixture at ca. 9. After 3 days of stirring,
the mixture was filtered and the solvent was removed by rotary
evaporation. Then, the residue was purified by silica gel col-
umn chromatography (CH2Cl2:CH3OH:NH3�H2O ¼ 5:5:1),
and the free ligand was further purified by conversion to its
HCl salt, which was obtained as a white solid. Yield: 0.94 g
(55% based on DACH). 1H NMR (D2O): d 2.34 (t, J ¼ 3.2
Hz, 2H), 3.61 (t, J ¼ 5.2 Hz, 4H), 3.88 (d, J ¼ 3.6 Hz, 4H),
4.68 (t, J ¼ 4.4 Hz, 4H), 7.84 (s, 2H), 8.86 (t, J ¼ 1.8 Hz,
2H). IR (KBr pellet, cm�1): 3354b, 2985b, 1624s, 1529w,
1478s, 1457s, 1433vs, 1405s, 1367m, 1319m, 1273m, 1256w,
1168m, 1111m, 1079s, 1014m, 939m, 916s, 902m, 828s,
771m, 626s. Anal. calcd for C13H20N6�5HCl�H2O: C, 33.89;
H, 5.91; N, 18.25%. Found: C, 33.79; H, 6.17; N, 18.13%.

Syntheses of CuII complexes

[Cu2(l-Cl)(L
1)2](ClO4)3 (1). Complex 1 was prepared by

mixing equimolar amounts of L1�3HCl�4H2O (47 mg, 0.1
mmol) and Cu(ClO4)2�6H2O (37 mg, 0.1 mmol) in methanol
(25 mL). The pH value of this solution was adjusted to ca.
6–7 with dilute aqueous KOH solution. After ca. 30 min of
stirring, the blue solution was filtered and left to stand at room
temperature. Block-like blue single crystals suitable for X-ray
analysis were obtained by slow evaporation of the solvent.
Yield: 36 mg (70%). IR (KBr pellet, cm�1): 2930m, 1611s,
1573w, 1485m, 1463m, 1450s, 1438s, 1302m, 1162s, 1090vs,
1039s, 1024m, 985m, 768s, 623vs. Anal. calcd for
C34H44Cl4Cu2N8O12 : C, 39.82; H, 4.32; N, 10.93%. Found:
C, 39.77; H, 4.58; N, 10.81%.

[Cu2(l-Cl)(L
2)2](ClO4)3 (2). Complex 2 was synthesized

similarly in 75% yield. IR (KBr pellet, cm�1): 2914m, 1624m,
1593m, 1506m, 1481m, 1467s, 1446m, 1379m, 1346m, 1269s,
1144vs, 1116vs, 1088vs, 1024vs, 1011s, 636s, 625vs. Anal. calcd
for C26H36Cl4Cu2N12O12 : C, 31.94; H, 3.71; N, 17.20%.
Found: C, 31.72; H, 4.01; N, 16.98%.
Caution! Although no problems were encountered in this

study, transition metal perchlorate complexes are potentially
explosive and should be handled with appropriate precautions.

Magnetic studies

The variable temperature magnetic susceptibilities were mea-
sured at the ‘‘Servei de Magnetoquı́mica’’ (Universitat de Bar-
celona) on polycrystalline samples (30 mg) with a Quantum
Design MPMS SQUID susceptometer operating at a magnetic
field of 0.1 T between 2 and 300 K. Diamagnetic corrections
were evaluated from Pascal’s constants for all the constituent
atoms. Magnetization measurements were carried out at 2 K
in the 0–5 T range.

X-Ray diffraction

Single crystal X-ray diffraction studies were performed on a
Bruker Smart 1000 CCD diffractometer equipped with a gra-
phite crystal monochromator situated in the incident beam
for data collection. The determination of unit cell parameters
and data collections were performed with Mo-Ka radiation
(l ¼ 0.71073 Å). The structures were solved by direct methods
and semi-emperical absorption corrections were applied using
the SADABS program. CuII atoms in each complex were
located from the E-maps and the other non-hydrogen atoms
were located in successive difference Fourier syntheses. The
final refinement was performed by full-matrix least-squares
methods with anisotropic thermal parameters for non-hydro-
gen atoms on F2. Hydrogen atoms were generated theoretically
onto the atoms to which they are attached and refined isotro-
pically with fixed thermal factors. Further details of the struc-
tural analyses are summarized in Table 1.
CCDC reference numbers 181896 and 181897. See http://

www.rsc.org/suppdata/nj/b2/b201926k/ for crystallographic
data in CIF or other electronic format.

Results and discussion

Syntheses and general characterization

Both new doubly substituted ligands L1 and L2 were prepared
by using an excess of the hydrochloride of 2-chloromethyl-
pyridine or 4-chloromethylimidazole, and purified by silica
gel column chromatography. Acid-free ligands were obtained
as oils so that they were converted into the HCl salts to get
further purified crystalline solids. The yields for both ligands
are over 50% and all the analytical data are in good agreement
with the theoretical requirements.
The syntheses of the complexes were achieved by reaction of

the acid-free ligand with CuII. Since the corresponding ligands
are the HCl salts, they must be neutralized with KOH solution
prior to complexation. The IR spectra for both complexes
show absorption bands resulting from the skeletal vibrations
of the aromatic rings in the 1400–1600 cm�1 region. The inter-
esting features of the spectra for both complexes are the occur-
rence of highly split nCl–O stretches due to the ClO4

� ions at
�1100 cm�1, which provides good evidence for their involve-
ment in hydrogen bonding.

Description of crystal structures

[Cu2(l-Cl)(L
1)2](ClO4)3 (1). An ORTEP view of the mono-

chloro bridged dimeric [Cu2(m-Cl)(L
1)2]

3+ cation in complex
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1, including the atomic numbering scheme, is given in Fig. 1.
Both CuII centers are penta-coordinated (CuN4Cl) to four
nitrogen atoms of the diazamesocyclic ligand L1, forming the
basal planes, and the bridging chloride anion at the apical
positions. The coordination polyhedron for Cu(1) can be best
described as a square pyramid, which is reflected in the t value
(0.036 here) defined by Addison et al. (t ¼ 0 for an ideal
square pyramid, and 1 for an ideal trigonal bipyramid).14

For Cu(2), the t value is 0.45, indicating an intermediate state
between an ideal square pyramid (SP) and a trigonal bipyra-
mid (TBP). The Cu(1) atom is 0.262 Å above the mean basal
plane defined by N(1)–N(2)–N(3)–N(4), toward the apical
Cl(1), and for Cu(2), the corresponding value is 0.294 Å above
the mean N(5)–N(6)–N(7)–N(8) plane. The Cu–Cl bond
lengths [2.4911(13) and 2.4591(13) Å, see Table 2] are signifi-
cantly shorter than those in the di-m-Cl dinuclear motifs, which
are normal in the 2.7–3.0 Å range,4,5 and the Cu–Cl–Cu brid-
ging angle is 149.50(6)�. The intramolecular Cu(1)� � �Cu(2) dis-
tance is 4.776(3) Å, significantly longer than those in the di-m-
Cl dinuclear complexes. The shortest intermolecular separa-
tions for Cu(1)� � �Cu(2)i (i ¼ 0.5+x, 0.5� y, �0.5+ z),
Cu(1)� � �Cu(1)i (i ¼ 2� x, �y, �z) and Cu(2)� � �Cu(2)i
(i ¼ 2� x, 1� y, 1� z) are 8.013(6), 8.565(4) and 8.226(4) Å,
respectively.
In the ligand L1, both DACH rings in [Cu2(m-Cl)(L

1)2]
3+

cation adopt the normal boat configuration. The dihedral

angle between the pendant pyridine rings in the ligand bound
to Cu(1) is 14.0(2)� and that for the other ligand bound to
Cu(2) is 43.7(5)�. One feature of this structure is that each
Cl(3)/O(5)/O(6)/O(7)/O(8) ClO4

� counter anion links four
different [Cu2(m-Cl)(L

1)2]
3+ cationic unit in a (Z3, m4) bridging

mode [Z3: O(5), O(7) and O(8)] through intermolecular C–
H� � �O interactions, which is reflected in the highly split ClO4

�

bands in the IR spectrum of 1.

[Cu2(l-Cl)(L
2)2](ClO4)3 (2). The crystal structure of 2 is

similar to that of 1, consisting of a mono-chloro bridged
[Cu2(m-Cl)(L

2)2]
3+ dimeric cation (see Fig. 2) and three ClO4

�

ions. Both CuII centers are also penta-coordinated in distorted
square-pyramidal geometry with the bridging chloride anion at
the apical positions, having t values of 0.028 for Cu(1) and
0.055 for Cu(2). Cu(1) is 0.267 Å above the mean N(1)–
N(2)–N(3)–N(4) basal plane, toward the apical Cl(1), and
Cu(2) is 0.232 Å above the N(7)–N(8)–N(9)–N(10) mean
plane. The Cu–Cl bond lengths are 2.706(2) and 2.757(2) Å
(see Table 3), significantly longer than those in 1. The Cu–
Cl–Cu bridging angle is 177.35(9)�, almost linear. The intra-
molecular Cu(1)� � �Cu(2) distance is 5.461(2) Å, significantly
longer than that in 1. The shortest intermolecular separations
for Cu(1)� � �Cu(2)i (i ¼ �0.5+x, 0.5� y, �0.5� z),
Cu(1)� � �Cu(1)i (i ¼ 1� x, �0.5+ y, 0.5� z) and

Fig. 1 ORTEP view of the dimeric [Cu2(m-Cl)(L
1)2]

3+ cationic unit of
1, with 50% thermal probability ellipsoids.

Table 1 Summary of crystal data for [Cu2(m-Cl)(L
1)2](ClO4)3 (1) and [Cu2(m-Cl)(L

2)2](ClO4)3 (2)

1 2

Formula C34H44Cl4Cu2N8O12 C26H36Cl4Cu2N12O12

Fw 1025.65 977.55

Crystal system Monoclinic Orthorhombic

Space group P21/n P212121
a/Å 14.571(4) 11.462(4)

b/Å 14.761(4) 12.790(4)

c/Å 19.596(5) 26.465(9)

b/� 90.235(5) 90

V/Å3 4215.0(19) 3880(2)

Z 4 4

rcalcd/g cm�3 1.616 1.674

m/cm�1 13.32 14.45

Reflns, unique/observed 7446/5000 6801/3181

Ra 0.0418 0.0578

Rw
b 0.1092 0.1110

Largest peak, hole/e Å�3 0.640, 0.446 0.870, 0.518

a R ¼ SkFo|� |Fck/S|Fo|.
b Rw ¼ [S[w(Fo

2�Fc
2)2]/Sw(Fo

2)2]1/2.

Table 2 Selected bond distances (Å) and angles (�) for complex 1

Cu(1)–N(1) 2.021(3) Cu(1)–N(2) 2.022(3)

Cu(1)–N(4) 2.026(4) Cu(1)–N(3) 2.034(3)

Cu(1)–Cl(1) 2.4911(13) Cu(2)–N(7) 1.976(3)

Cu(2)–N(6) 2.001(3) Cu(2)–N(5) 2.027(3)

Cu(2)–N(8) 2.043(3) Cu(2)–Cl(1) 2.4591(13)

N(1)–Cu(1)–N(2) 78.28(15) N(1)–Cu(1)–N(4) 158.46(14)

N(2)–Cu(1)–N(4) 83.46(14) N(1)–Cu(1)–N(3) 82.57(14)

N(2)–Cu(1)–N(3) 156.32(14) N(4)–Cu(1)–N(3) 111.75(14)

N(1)–Cu(1)–Cl(1) 97.08(11) N(2)–Cu(1)–Cl(1) 97.88(11)

N(4)–Cu(1)–Cl(1) 96.64(10) N(3)–Cu(1)–Cl(1) 98.19(10)

N(7)–Cu(2)–N(6) 164.88(14) N(7)–Cu(2)–N(5) 84.94(14)

N(6)–Cu(2)–N(5) 79.98(14) N(7)–Cu(2)–N(8) 107.42(14)

N(6)–Cu(2)–N(8) 83.41(14) N(5)–Cu(2)–N(8) 138.09(14)

N(7)–Cu(2)–Cl(1) 91.56(10) N(6)–Cu(2)–Cl(1) 97.64(11)

N(5)–Cu(2)–Cl(1) 123.04(11) N(8)–Cu(2)–Cl(1) 97.08(9)

Cu(2)–Cl(1)–Cu(1) 149.50(6)
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Cu(2)� � �Cu(2)i (i ¼ �0.5+x, 0.5� y, �z) are 8.096(3),
8.785(2) and 7.775(2) Å, respectively.
Both DACH rings in 2 also adopt the normal boat config-

uration. The dihedral angle between the imidazole rings in
the ligand bound to Cu(1) is 22.0(3)� and that for the other
ligand bound to Cu(2) is 9.0(2)�. Similarly to 1, there are also
multiple inter- and intra-molecular C–H� � �O hydrogen bonds,
reflected in the highly split ClO4

� bands in the IR spectrum of
2. It should be noted that 2 is in the chiral non-centric space
group P212121 , with a Flack parameter of 0.03(3) (near zero),
indicating that the absolute structure is correct.

Electronic and EPR spectra

The UV-Vis spectral data for complexes 1 and 2 (blue) in
methanol solution show broad and intense absorption maxima
centered at 634 and 588 nm, respectively. This spectral feature
is typical of penta-coordinate CuII complexes with (distorted)
square-pyramidal geometry, which generally exhibit a band
in the 550–660 nm range (dxz , dyz! dx2 � y2).

15 Complex 1 dis-
plays a higher lmax than that of 2, suggesting more distortion
toward a trigonal bipyramid geometry,16 which is consistent
with the degree of distortion found in the X-ray structural ana-
lysis. In addition, the electronic spectra of both complexes dis-
play characteristic absorptions at 200–300 nm assigned to
ligand p! p* transitions.
The X-band EPR spectra of both complexes were aquired in

the solid state at different temperatures (from room tempera-
ture to 4 K). For 1, at all temperatures, the spectra do not
show anisotropic features, only an isotropic band centered at
gav ¼ 2.08, probably due to exchange narrowing. No absorp-

tion is observed at half-field (Dms ¼ 2, g ¼ 4), as might be
expected for ferromagnetic coupling, and this feature also indi-
cates a small zero-field splitting effect.17 For 2, at all tempera-
tures, there is a pattern typical of axial distortion, with
gk ¼ 2.17, g? ¼ 2.05 and gav ¼ 2.09, and there is no variation
with temperature. This pattern is typical for CuII complexes
with square-pyramidal geometry, with the unpaired electron
mainly located in the dx2 � y2 orbital.

Magnetic properties

The magnetic properties of complex 1, in the form of wM and
wMT vs. T plots, are shown in Fig. 3(a), where the the magnetic
susceptibility is for two CuII ions. The wM values range from
0.00266 cm3 mol�1 at 300 K to 0.51 cm3 mol�1 at 2 K. The
value of wMT at room temperature is 0.80 cm3 mol�1 K. This
value corresponds to two independent CuII ions without cou-
pling, with g > 2.0. The wMT value increases monotonically
up to 1.96 K, attaining a value of 1.00 cm3 mol�1 K. This glo-
bal feature is characteristic of the presence of weak ferromag-
netic interactions between the CuII ions. A very good fit can be
obtained through a simple Bleaney–Bowers expression for a
CuII dimer,18,19 giving the following parameters: J ¼ 2.25
cm�1, g ¼ 2.06 and R ¼ 9� 10�6 {R is the agreement factor

Fig. 2 ORTEP view of the dimeric [Cu2(m-Cl)(L
2)2]

3+ cationic unit of
2, with 50% thermal probability ellipsoids.

Table 3 Selected bond distances (Å) and angles (�) for complex 2

Cu(1)–N(4) 1.946(9) Cu(1)–N(3) 1.958(9)

Cu(1)–N(2) 2.018(8) Cu(1)–N(1) 2.034(9)

Cu(1)–Cl(1) 2.706(2) Cl(1)–Cu(2) 2.757(2)

Cu(2)–N(9) 1.940(9) Cu(2)–N(10) 1.944(8)

Cu(2)–N(7) 2.013(9) Cu(2)–N(8) 2.018(8)

N(4)–Cu(1)–N(3) 106.5(3) N(4)–Cu(1)–N(2) 85.7(4)

N(3)–Cu(1)–N(2) 158.0(4) N(4)–Cu(1)–N(1) 159.7(4)

N(3)–Cu(1)–N(1) 85.2(4) N(2)–Cu(1)–N(1) 78.3(4)

N(4)–Cu(1)–Cl(1) 97.8(3) N(3)–Cu(1)–Cl(1) 95.6(3)

N(2)–Cu(1)–Cl(1) 100.7(3) N(1)–Cu(1)–Cl(1) 97.4(2)

N(9)–Cu(2)–N(10) 108.0(3) N(9)–Cu(2)–N(7) 85.0(4)

N(10)–Cu(2)–N(7) 161.1(4) N(9)–Cu(2)–N(8) 157.8(4)

N(10)–Cu(2)–N(8) 86.2(4) N(7)–Cu(2)–N(8) 77.5(4)

N(9)–Cu(2)–Cl(1) 95.4(3) N(10)–Cu(2)–Cl(1) 96.9(3)

N(7)–Cu(2)–Cl(1) 95.3(3) N(8)–Cu(2)–Cl(1) 99.8(3)

Cu(1)–Cl(1)–Cu(2) 177.35(9)

Fig. 3 Magnetic properties of 1. (a) Temperature dependence of wMT
and wM (insert). (b) Field dependence of the reduced magnetization at 2
K (M/Nb, number of electrons per formula unit): (K) experimental
points; (� � �� � �) Brillouin curve for isolated CuII ions; (——) best fit
obtained (see text for calculated parameters).
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defined as Si[(wMT)obs� (wMT)calc]
2/S[(wMT)obs]

2}. To corro-
borate the order of magnitude of this small ferromagnetic
parameter, magnetization measurements were carried out at
very low temperature (2 K). The reduced magnetization (M/
Nb) curve vs. H does not exactly follow the Brillouin law
[Fig. 3(b)]. At intermediate fields, the experimental points are
above the theoretical curve, indicating weak ferromagnetism.
At 5 T the M/Nb value tends to 2.0, which corresponds to
an S ¼ 1 ground state (close to saturation). The experimental
curve has been fit using a magnetic program (full-diagonaliza-
tion method) valid for dinuclear systems.20 A very good fit was
obtained with the following parameters: J ¼ 2.06 cm�1,
g ¼ 2.08 and R ¼ 7.6� 10�6 (R is the agreement factor
defined above). Fig. 3(b) shows the experimental data and
the corresponding fit. The two J values (from susceptibility
and magnetization measurements) are very similar, of the same
order of magnitude: 2.25 and 2.06 cm�1, respectively. In these
systems with a small magnetic coupling (like 1 and 2), the J
values obtained from magnetization data are more accurate
than those obtained from susceptibility data.
The magnetic properties of complex 2, in the form of wM and

wMT vs. T plots, are shown in Fig. 4(a), where the magnetic
susceptibility is for two CuII ions. The wM values range from
0.00276 cm3 mol�1 at 300 K to 0.30 cm3 mol�1 at 2 K. The
value of wMT at room temperature is 0.83 cm3 mol�1 K, corre-
sponding to two independent CuII ions without coupling
(g > 2.0). The wMT value decreases monotonically to 1.95 K,
attaining a value of 0.60 cm3 mol�1 K. This curve shape is
characteristic of the presence of weak antiferromagnetic inter-
actions between the CuII ions. A very good fit can be obtained
through a simple Bleaney–Bowers expression for a CuII

dimer,18,19 giving the following parameters: J ¼ �1.30 cm�1,
g ¼ 2.10 and R ¼ 2.1� 10�6. The coupling parameter is so
small that no maximum in the wM curve is observed until 2
K. To corroborate the order of magnitude of this small antifer-
romagnetic parameter, magnetization measurements were also
carried out at very low temperature (2 K). The reduced magne-
tization (M/Nb) curve vs. H does not exactly follow the Bril-
louin law [Fig. 4(b)]. At intermediate fields, the experimental
points are below the theoretical curve, indicating weak antifer-
romagnetism. At 5 T, the M/Nb value tends to 2.0, corre-
sponding to an S ¼ 1 ground state (close to the saturation).
The experimental curve was also been fit with the program
mentioned above.20 A very good fit was obtained with the fol-
lowing parameters: J ¼ �1.12 cm�1, g ¼ 2.07 and
R ¼ 5.4� 10�6. Fig. 4(b) shows the experimental data and
the corresponding fit. The two J values (from susceptibility
and magnetization measurements) are very similar, of the same
order of magnitude: �1.30 and �1.12 cm�1.

Magneto-structural correlations

In almost all the mono-chloride bridged CuII complexes
reported so far, the CuII ions show distorted square-pyramidal
geometry, and the cases in which the coordination polyhedron
of CuII is trigonal bipyramidal or octahedral are quite rare.21

Assuming square-pyramidal geometry for CuII, as in 1 and
2, there are three reported coordination modes for the chloride
bridge: equatorial–equatorial (type I); equatorial–axial (apical)
(type II) and axial (apical)–axial (apical) (type III) (Scheme 1).
Type I is extremely rare and the few cases known contain
another bridging ligand.22 Type II is the most frequent in
one-dimensional structures, with the chloride bridge placed
equatorial–axial in the chain.8 The two compounds studied
in this work belong to the system with the chloride bridge in
the axial–axial (or apical–apical) position (type III), as noted
in the discussion of the structures.
As indicated above, only two CuII dimers show this kind of

isolated monochloro bridging ligands, but the magnetic prop-
erties have not been studied. For mono-chloro bridged CuII

Fig. 4 Magnetic properties of 2. (a) Temperature dependence of wMT
and wM (insert). (b) Field dependence of the reduced magnetization at 2
K (M/Nb, number of electrons per formula unit): (K) experimental
points; (� � �� � �) Brillouin curve for isolated CuII ions; (——) best fit
obtained (see text for calculated parameters).

Scheme 1
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complexes, no magneto-structural correlations have been
reported so far. The structural and magnetic data for the
two other known complexes with monochloro bridging ligands
and another different bridge(s), together with those for com-
plexes 1 and 2, are gathered in Table 4. In all cases, the chlor-
ide ion occupies the axial positions, where the spin density of
the unpaired electron is expected to be low. Due to the possi-
bility of structural distortion from square-pyramidal to trigo-
nal bipyramidal coordination, there could be mixing of the
CuII dx2 � y2 orbital with the dz2 orbital. Thus, the unpaired
electron density on the CuII ions, which is mainly in the dx2 � y2

orbital, may also be dispersed into the dz2 orbital. In complex
1, the t parameters are 0.45 and 0.04, and in 2, they are 0.06
and 0.03, respectively. Thus, one of the two CuII ions in 1,
and both CuII ions in 2, are almost perfectly square-pyramidal
in geometry, with no significant electron density in the apical
dz2 orbital. It might be expected, therefore, that there would
be very small ferromagnetic coupling in both 1 and 2. On
the other hand, the size of the Cu–Cl–Cu angles may play a
significant role in the coupling: for 1, the Cu–Cl–Cu angle is
close to 150�, whereas for 2, it is close to 180�. The linearity
introduces an antiferromagnetic coupling factor because the
possible electron density in dz2 overlaps perfectly with the pz
orbital of the chloride bridge. As a result of the near-linear
orbital overlap between the CuII centers and the bridging
chloride, an antiferromagnetic exchange interaction can be
expected for linear complexes. The longer Cu–Cl bond dis-
tances in this case (2.71 and 2.76 Å) mitigate against appreci-
able antiferromagnetic coupling. In 1, the Cu–Cl bond
lengths are shorter (2.46 and 2.49 Å) and, together with the
non-linearity of the Cu–Cl–Cu angle, result in a small ferro-
magnetic coupling.

Conclusion

In summary, two unique mono-m-Cl bridged CuII dimers with
new diazamesocyclic ligands functionalized by heterocyclic
pendants have been rationally designed and synthesized, and
the interesting coordination modes of CuII with such ligands
have been elucidated by X-ray analyses. The magnetic cou-
pling properties of such complexes have been investigated for
the first time. As stated in ref. 10(a), ‘‘Copper complexes with
a monochloride ion bridge which mediates the exchange inter-
action are very few and there is no magneto-structural correla-
tion developed ’’. In any event, since small changes in the
coordination geometry are associated with profound changes
in the coupling exchange, no final conclusions can be drawn
from our work and the limit literature values. More examples
of complexes like 1 and 2 are needed in order to further explore
this meaningful magneto-structural correlation. Furthermore,
the CuII ions in both complexes have weakly coordinated axial
chloride anions, which may be replaced by other donor mole-
cules or ions (such as azide, thiocyanate, cyanate, etc.) to form
the corresponding CuII dimers. This work is currently under
way in our laboratory.
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