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a b s t r a c t

We report the preparation and characterization by elemental analysis, infrared (IR), single crystal X-ray
diffraction, magnetic measurements and electron paramagnetic resonance (EPR) of the new compound
catena-poly[copper(II)-l-dichloro-L-lysine]hemihydrate, with formula C6H14Cl2CuN2O2�(H2O)0.5, here
after called [Cu(lys)Cl2]. The compound crystallizes in the space group C2 with copper ions in a square
pyramidal coordination, and the structure consists of zigzag chains along the b axis bridged by equato-
rial-apical chlorine bonds with Cu–Cu distance of 3.5414(4) Å, and a small Cu–Cl–Cu angle of
85.47(6)�. Magnetic susceptibility and isothermal magnetization curves reveals a weak antiferromagnetic
interaction 2J = �0.30(2) cm�1 supported by the Cu–Cl–Cu bridge connecting CuII neighbors in the chains.
EPR spectra at 34.0 GHz were obtained in powdered samples and in a single crystal with B0 in three
orthogonal planes. Assuming an axially symmetric molecular g-matrix, we obtained principal g-values
g// = 2.2794(9) and g? ¼ 2:0489ð3Þ from the crystal g-matrix calculated using the observed angular vari-
ation of the EPR line position. The angular variation of the line width, largest along the chain direction, is
attributed to dipolar couplings between CuII ions in the lattice. The magnetic and EPR results are dis-
cussed in terms of the exchange couplings.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Metal-amino acid compounds are appropriate model systems of
biomolecules to investigate the molecular and electronic structure
of metal ions in protein-like structures [1] and the exchange inter-
actions transmitted through the chemical paths connecting the un-
paired spins [2]. As copper is an abundant bioelement providing
active sites to several metalloenzymes and proteins [3–6], many
efforts have been oriented to study copper amino acid complexes
[7]. Also, several copper(II)-amino acid complexes have been
shown to display a spin-chain behavior [8]. L-Lysine is one of three
basic amino acids and has a positive charge on its side-chain at pH
7.0, favouring the formation of metal complexes [9].

Since the early work of Dunitz [10], compounds containing CuII

motifs connected by one [11–20] or two [21–25] chloride bridges
have been reported. In chain compounds one-chloride bridges
may connect equatorial and apical positions, with Cu–Cl–Cu angles
varying from 80 to 180�. Magnetic studies and magneto structural
analyses in these compounds [11–20] have gained attention in the
field of magnetism [26–28], and since the works of Willet et al. [29]
and Hatfield et al. [30–32], efforts have been directed to relate the
ll rights reserved.
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exchange coupling 2J (Hexði; iþ 1Þ ¼ �2Ji;iþ1Si�Siþ1), as generally
defined for chain compounds [33]), with the structural features
such as Cu–Cl–Cu bond angles, and Cu� � �Cu and Cu–Cl distances
describing the chloro-bridged CuII motifs [28,29,34].

In this work we have studied the new copper compound catena-
poly[copper(II)-l-dichloro-L-lysine]hemihydrate, here after called
[Cu(lys)Cl2], exhibiting chains of copper ions connected by chlorine
bridges with an unusually small Cu–Cl–Cu bond angle. We synthe-
sized the compound, solved the crystal structure, and performed
magnetic and EPR studies, with the aim to investigate the elec-
tronic properties of the Cu molecules, and the magnetic interac-
tions between neighbor CuII ions in the chains. The magneto
structural correlations of the Cu–Cl–Cu equatorial-apical bond
are discussed.

2. Experimental

2.1. Synthesis

2.1.1. Materials
The reagents and solvents were used as received without fur-

ther purification and all experiments were carried out in open
atmosphere. The L-lysine hydrochloride (C6H14N2O2�HCl) and cop-
per nitrate trihydrate (Cu(NO3)2�3H2O) used for the synthesis were
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Table 1
Crystal data and structure refinement for [Cu(lys)Cl2].

Empirical formula C6H14Cl2CuN2O2�(H2O)0.5

Formula weight 289.65
Temperature 298(2) (K)
Wavelength 0.71073 (Å)
Crystal system monoclinic
Space group C2 (N� 5)
Unit cell dimensions
a = 20.8260(11) (Å) a = 90.0(1) (�)
b = 5.8170(2) (Å) b = 104.831(3) (�)
c = 9.4980(5) (Å) c = 90.0(1) (�)
V 1112.30(9) (Å3)
Z 4
Dcalc 1.73 (Mg/m3)
Absorption coefficient 2.422 (mm�1)
F(000) 592
Crystal size (mm), colour 0.35 � 0.05 � 0.05, blue
Index ranges �25 6 h 6 26, �5 6 k 6 7, �12 6 l 6 12
Reflections collected 6995
Independent reflections (Rint) 2368 (0.045)
Max. and min. transmission 0.904 and 0.685
Refinement method full matrix least squares on F2

Data/restraints/parameters 2366/9/138
Goodness-of-fit (GOF) on F2 1.04
Final R indices [I > 2r(I)] R1 = 0.042, wR2 = 0.1037
R indices (all data) R1 = 0.0656, wR2 = 0.117
Absolute structure parameter �0.026(19)
Extinction coefficient 0.025(3)
Largest difference peak and hole 0.57 and �0.77 (eÅ�3)
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commercially available from Ajinomoto Co. and Synth Co.,
respectively.

2.1.2. [Cu(lys)Cl2]
Crystals of [Cu(lys)Cl2] were grown by precipitation from water

or ethanol solutions of 1:1 molar ratios of L-lysine�HCl, and
Cu(NO3)2�3H2O. The aqueous solution was prepared by mixing
55.75 g of L-lysine�HCl and 73.71 g of copper nitrate trihydrate in
50 ml of distilled water. The mixture was heated to about 50 �C
while vigorously stirred, and after few minutes a clear and homo-
geneous solution with intense blue coloration was obtained. The
solution was allowed to evaporate slowly at 24 �C and few crystals
precipitated after 2 months. Alcoholic solutions were prepared by
adding 0.500 g of L-lysine�HCl and 0.613 g of copper nitrate trihy-
drate to 500 ml of ethanol 99.5%, heated to 50 �C and stirred during
about 5 h until the complete dissolution of the solutes; the alcohol
was allowed to evaporate slowly at 24 �C, and after few days
microcrystals were obtained from the clear bluish solution. L-lysi-
ne�HCl is highly soluble in water and the viscosity of the solution is
large during the crystallization, making difficult the mass transport
process and requiring long time for nucleation and growth. On the
other hand, the solubility of the compound in ethanol is low, the
solvent evaporation does not cause a significant increase in the
solution viscosity, and crystals can be obtained after few days.
The growth habit of the crystals obtained using both solvents are
similar, they display an acicular morphology elongated along the
b axis and well defined prismatic faces. The crystals grown from
aqueous solution have dimensions up to about 2 � 0.3 � 0.2 mm3

while the dimensions of those from alcoholic solutions are few mi-
crons. X-ray diffraction measurements demonstrated that crystals
grown from both solutions have the same crystal structure. Anal.
Calc. for C6H14Cl2CuN2O2(H2O)0.50: C, 24.9; H, 5.2; N, 9.7; Cu,
21.9. Found: C, 24.3; H, 4.6; N, 9.9; Cu, 22.0%.

2.2. Methods

Crystal composition was investigated by elemental analysis of
CNH performed on a Perkin Elmer series II 2400 analyzer, and CuII

content by optical emission spectroscopy on a Perkin Elmer 3000
DV. IR spectra were recorded on a Nicolet 510P FT-IR spectropho-
tometer using [Cu(lys)Cl2] powder diluted in KBr pellets.

Magnetic measurements were performed with a Quantum De-
sign Squid magnetometer MPMS XL5 using calibrated gelatine cap-
sules as sample holders having a small diamagnetic contribution
and containing 78.2 mg of powdered [Cu(lys)Cl2]. The magnetic
susceptibility was measured in the temperature (T) range between
2 and 280 K, under a magnetic field B0 = l0H = 0.1 T (l0 is the per-
meability of the vacuum). A magnetization isotherm was measured
at 2 K with B0 between 0 and 5 T.

EPR measurements were performed at 300 K in an ESP-300 Bru-
ker spectrometer working at 34.0 GHz (Q-band), with a standard
Bruker ER5101Q cylindrical cavity operating with 100 kHz mag-
netic field modulation, and a rotating magnet. The sample orienta-
tion was attained by gluing the ab growth face to a cleavage face of
a KBr single crystal cubic holder defining a system xyz of orthogo-
nal axes, with x„a, y„b, z„c⁄ (c⁄ = a � b). This sample holder was
mounted on top of a rexolite pedestal inside of the microwave cav-
ity, and the spectra were recorded at 5� orientation intervals of the
external magnetic field, in ranges of 180� of the ab, bc⁄ and ac⁄

planes, at 300 K. The magnetic field at the position of the sample
was calibrated using DPPH (g = 2.0036) as field marker. Positions
and peak-to-peak line widths (DBPP) of the resonance were ob-
tained by least-squares fitting of the spectra to Lorentzian deriva-
tive line shapes. The positions of the b axis in the ab and bc⁄ planes
were determined within 1� from the symmetry properties of the
angular variation of the g-value.
2.3. Crystallographic data collection and structure refinements

A needle shaped single crystal of [Cu(lys)Cl2] was mounted on
an Enraf–Nonius KappaCCD diffractometer [35] using graphite-
monochromated MoKa radiation (k = 0.71073 Å) at room temper-
ature. Diffraction data were acquired in u–x scan mode using
the Bruker–Nonius COLLECT package [36] and the raw data process-
ing was carried out with HKL Denzo–Scalepack [37]. Absorption
correction was conducted using the indexed crystal faces and
Gaussian quadrature methods [38]. The structure was solved using
direct methods with SHELXS-97 [39] and the refinements were per-
formed by full-matrix least squares on F2 with SHELXL-97 [40].
Non-hydrogen atoms were refined anisotropically and hydrogen
atoms were positioned geometrically and refined with riding con-
straints to their parent atoms. The water molecule hydrogen atom
H31 was located in the density map and fixed. Art-work represen-
tations were prepared using ORTEP-3 [41] and MERCURY [42] from the
suite of programs WINGX [43]. Details of the crystallographic and
refinement data are given in Table 1.
3. Experimental results

3.1. Spectroscopic results of [Cu(lys)Cl2]

The IR spectrum, not shown here for brevity, is consistent with
the structural results. The NH2 wagging mode was observed at
1585 cm�1 as a sharp shoulder of the intense �COO asymmetric
stretching mode band at 1628 cm�1, confirming the complex for-
mation and the covalent bonding to copper. Characteristic stretch-
ing modes of the NH2 group appear at �3294, �3242 and
�3134 cm�1. A band at 603 cm�1 is attributed to asymmetric
vibration of Cu–N [44,45]. Other observed infrared bands are,
1504 cm�1 �NH3

+ symmetric deformation, 1406 cm�1 �CH2 scis-
sor, 2935 cm�1 �C�H asymmetric stretching, 542 cm�1 �COO-

wagging, 753 cm�1 �COO� scissor, 801 cm-1 �CH2 rocking,
1341 cm�1 CH2 twist [46].



Table 2
Selected bond lengths (Å) and angles (�) for [Cu(lys)Cl2]. Symmetry operations: (i) 1/
2 � x, �1/2 + y, 1 � z; (ii) 1/2 � x, 1/2 + y, 1 � z.

Cu�O1 1.984(3) O1�Cu�N1 83.91(15)
Cu�N1 1.986(3) O1�Cu�Cl1 95.01(12)
Cu�Cl1 2.2594(12) N1�Cu�Cl2eq 88.99(10)
Cu�Cl2eq 2.3022(11) N1�Cu�Cl1 178.01(18)
Cu�Cl2ap 2.879(2) Cl1�Cu�Cl2eq 91.94(5)
O1�C1 1.271(7) O1�Cu�Cl2eq 171.29(13)
N1�C12 1.457(6) C12�N1�Cu 111.5(3)
O3–N2 2.925(7) Cl2 eq�Cu�Cl2ap

i 97.24(6)
C3–O1 2.929(5) Cu�Cl2�CuII 85.48(6)
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3.2. Crystallographic results for [Cu(lys)Cl2]

An ORTEP view of the asymmetric unit of [Cu(lys)Cl2] is depicted
in Fig. 1, and the selected bond lengths and angles are listed in
Table 2.

The CuII ions are in a square pyramidal coordination, equatori-
ally bonded to the amine N1, one carboxylate O1 atom from a L-ly-
sine molecule, and to two Cl anions, Cl1 and Cl2. A Cl2 atom of a
neighboring molecule is at the apex of the pyramid. The angles
N1–Cu–Cl1 and O1–Cu–Cl2 are 178.01(17)� and 171.29(13)�,
respectively. The equatorial distances are comparable with average
literature values but the apical Cu–Cl2ap distance is longer than
commonly observed for polymeric CuII complexes [10,11,15–
17,19,20]. The displacement of the copper ion from the basal plane,
away from the apical ligand, is 0.04 Å. The geometry around CuII is
consistent with a strongly distorted five coordinate stereochemis-
try [11–16], usually presenting either a square pyramidal (SP), tri-
gonal bipyramidal (TBP) geometry or intermediate situations. The
degree of distortion parameter s defined by Addison et al. [47]
and Hathaway et al. [48] as (b–a)/60, where b and a are the largest
CuII coordination angles, with values 1 and 0 for ideal TBP and SP,
respectively, is here s = 0.11, suggesting a distorted SP geometry.

Fig. 2 displays the packing of the four symmetry-related mole-
cules in the unit cell, labeled A, B, C and D, showing the bridge –Cu–
Cl2–Cu– connecting neighbor CuII ions at a distance of 3.5414(4) Å
inside a chain, with total path length d = 5.1812 Å. The angles Cl1–
Cu–Cl2 and Cu–Cl2–Cu (see Table 2) and the angle 2.27� between
the normal to the equatorial planes of CuA and CuD, are relevant
to the exchange interaction between CuII ions and thus to the mag-
netic and EPR results. The acute Cu–Cl2–Cu angle is uncommon in
compounds with monochloride bridges (see Table 5 in ref. [17] and
Table 3 in ref. [19], where this angle varies between 98� and 145�),
and an important characteristic of [Cu(lys)Cl2].

The structure consists of zigzag polymeric linear chains parallel
to the b axis, formed by monomer units linked by equatorial–apical
chloride bridges. Neighbor chains interact through electrostatic
forces due to the zwitterions of the amino acid; further crystal sta-
bilization is due to hydrogen bonds mediated by the water mole-
cule, which is positioned in the 2-fold axis at (½, y, ½), through
the amine and carboxylate moieties. The water molecule behaves
as hydrogen donor in the interaction O3–H31A���O1, and as hydro-
gen acceptor in the interaction N12–H12C���O3i. An additional H-
bond involving the amine atom N12–H12A���O2v helps stabilizing
the structure (symmetry codes: (i) as in the caption of Fig. 3; (v)
1 � x, �1 + y, 2 � z). The water molecules in the 2-fold axis create
an interaction path CuA–O1A���H3A–O3–H3B���O1B–CuB connect-
Fig. 1. ORTEP drawing of the asymmetric unit of [Cu(lys)Cl2] including the labeling
scheme. Atom displacement ellipsoids are drawn at the 30% probability level.
Hydrogen atoms are shown as spheres of arbitrary radii. Symmetry operations are:
(i) 1/2 � x, 1/2 + y, 1 � z; (ii) 1/2�x, �1/2 + y, 1 � z.
ing CuA to CuB separated by 8.394 Å, having a total length of
9.914 Å. The chemical paths connecting a CuA to a neighbor CuD
(or CuB to CuC) in the same chain are much stronger than the paths
connecting CuA to the more distant CuB and CuC in neighbor
chains. Consequently, the magnitude |JAD| of the exchange interac-
tion between these CuII ions is expected to be much larger than the
exchange interactions |JAB| and |JAC|. This result allows interpreting
the magnetic and EPR data in terms of CuII spin chains along the b
axis.

3.3. Magnetic properties

The symbols in Fig. 3a, b display the observed molar susceptibil-
ity vM vs. T for [Cu(lys)Cl2] and the molecular magnetization M(B0,
T)/NAv measured at 2 K in a field range between B0 = 0 and 5 T. The
contributions of the sample holder, the diamagnetism and temper-
ature independent paramagnetism of the sample are already sub-
tracted from the data.

The magnetic susceptibility and magnetization for linear chain
CuII compounds with nearest neighbor Heisenberg exchange cou-
pling Hex(i, i + 1) = �2 J Si�Si + 1 was modeled following Bonner
and Fisher [33], extrapolating to infinite chains the properties cal-
culated numerically for finite chains. Under an applied field B0

along z, and assuming isotropic g-factors, finite chains are de-
scribed by:

H ¼ �2J
XNs

i

Si �Siþ1 þ glBB0

XNs

i

Siz ð1Þ

where periodic conditions SNsþ1 ¼ S1 are imposed. The molar mag-
netization and the susceptibility can be written as [49,50]:

MðB0; TÞ ¼ �
NAvglB < Sz >

Ns
ð2Þ

and,

vMðxÞ ¼
NAvg2l2

B

NsxjJj
½< S2

z > � < Sz>
2� ð3Þ

where NAv is the Avogadro’s number, <Sz> and < S2
z > are thermal

averages of Sz and S2
z calculated for a spin chain with Ns spins under

B0 at temperature T (<Sz> � 0 at low B0), and x = kBT/|J| is the re-
duced temperature. Eigenvalues and thermodynamic properties
for chains of up to 20 spins ½ have been reported [33,50,51]. For
simplicity we chose the approximate results given by Hall et al.
[52] (calculated with chains of up to 11 spins) and by Sartoris
et al. [53] (calculated with chains of up to 16 spins):

vMðxÞ ¼
NAvg2l2

B

jJj jðxÞ ð4Þ

with [53]:



Fig. 2. Crystal packing showing of the Cu chains in the structure of [Cu(lys)Cl2]. Some atoms are omitted for clarity. Dotted lines are hydrogen bonds connecting parallel linear
chains. Symmetry operations are: (i) x, y, 1 + z; (ii) x, 1 + y, z; (iii) x, 1 + y, 1 + z; (iv) 1 � x, 1 � y, 2 � z.

Table 3
Components of the crystal g2 matrix obtained by least squares fits of the function g2(h,
/) = h.g.g.h to the experimental values at 34.0 GHz displayed in Fig. 4a. (g2)1, (g2)2,
(g2)3 and a1, a2, a3 are the eigenvalues and eigenvectors of this matrix. g? and g// were
calculated for the molecular g matrix of the CuII ions assuming axial symmetry. We
include the angles (hm, /m) for the orientation of the direction of g// for site A in the
lattice, calculated from the EPR data.

(g2)xx 4.2431(7) (g2)xy 0.0229(3)
(g2)yy 5.1491(3) (g2)zx 0.0148(1)
(g2)zz 4.2073(9) (g2)zy 0.0243(6)
(g2)1 4.2018(1) a1 [0.330(1) 0.016(5)�0.944(5)]
(g2)2 4.2475(3) a2 [0.944(5)�0.0 33(5) 330(1)]
(g2)3 5.1503(6) a3 [0.026(5) 1 0.026(5)]
g\ 2.0489(3) hm 90.27�
g// 2.2794(9) /m �89.72�
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jðxÞ¼ 1
Nsx

<S2
z >

¼ 0:05066�0:02380xþ0:11360x2�0:09830x3þ0:30900x4

1�0:08517xþ1:51000x2þ1:12480x3þ0:85950x4þ1:23650x5 ð5Þ

Values 2J = �0.32(2) cm�1 and g = 2.07(2) were obtained for the ex-
change parameter and the g-factor by fitting Eqs. (4) and (5), to the
susceptibility data in Fig. 3a. We also calculated 2J = �0.28(5) cm�1

and g = 2.070(5) fitting Eq. (2) to the isothermal magnetization
curve in Fig. 3b. The curves calculated with these values agree well
with the data. The values of 2J obtained from the susceptibility and
the magnetization are in reasonable agreement and we set an aver-
age value 2J = �0.30(2) cm�1.
Fig. 3. (a) Temperature dependence of the magnetic susceptibility. (b) Isothermal
magnetization curve observed at T = 2 K. Symbols are experimental values. Solid
lines are calculations explained in the text.
3.4. EPR results

The EPR spectrum at 34.0 GHz of a powder sample of
[Cu(lys)Cl2] (not shown) is typical of CuII ions in axial symmetry
sites of paramagnetic materials. The absence of hyperfine splitting,
that is washed out by the couplings between copper spins [54,55],
is expected because the hyperfine parameter |A| � 0.01 cm�1 is
much smaller than the nearest neighbor exchange coupling |2J|.
The powder spectrum was fitted using the EasySpin program
[56] and the optimization routines provided by Matlab [57] as de-
scribed by Gerard et al. [58], assuming that the principal axes of
the g-matrix and those of the angular variation of the line width
are the same, to obtain g1 = 2.067, g2 = 2.074 and g3 = 2.257. The
simulated spectrum is in good agreement with the observed
spectrum.

According to the lattice structure of [Cu(lys)Cl2] there are Cu
molecules in two orientations related by a C2 rotation around b
which should give rise to two symmetry related EPR lines for most



Fig. 4. (a) Mounting of the samples on a KBr holder for the EPR measurements. The
positions of the crystal axes a, b and c⁄ = a � b in the xyz axes of the holder are
indicated. (b) Angular variation of the squared g-factor g2(h, /) in the planes ab, ac⁄,
bc⁄. The symbols are the experimental values. The solid lines were obtained with
the components of the g�g matrix given in Table 3. (c) Angular variation of the
peak�to�peak line width DBPP observed in the ab, bc⁄ and ac⁄ crystal planes.

Table 4
Magnetic and structural data for [Cu(lys)Cl2] and related compounds. The angles u and d

Compound Cu�Cl distance (Å) Cu�Cu distance (Å)

Short Long (R)

[Cu(lys)Cl2] 2.3021(12) 2.879(2) 3.5414(4)

Cu(imH)2Cl2 2.365(4) 2.751(6) 4.37

cis-[Cu(maep)Cl2] 2.300(2) 2.785(2) 4.263(2)
Cu(dmso)2Cl2 2.290(2) 2.702(2) 4.757(2)
[Cu(paphy)Cl](PF)6 2.217(4) 2.805(4) 3.919(3)

[CuCl2(TzHy)] 2.244(1) 2.994(2) 3.996(1)
[Cu(pepci)Cl](PF)6 2.265(7) 2.797(8) 4.766(5)

[{LCuIICl}(l-benzoato)](ClO4) 2.327(2) 2.872(3) 3.565(2)
Cu(bipy)Cl2 2.291(3) 2.674(3) 4.01
1/n[Cu(HL)Cl]n 2.2643(4) 2.8343(4) 4.429
[Cu(dpg)Cl2] 2.247(2) 2.904(2) 3.649(1)

Abbreviations: imH = imidazole; maep = 2-(20-methylaminoethyl)pyridine; dmso = dimet
(2-pyridylethyl)pyridine-2-carbaldimine; bipy = 2,2’-bipyridine; HL = 3-(2-(Meth
dpg = diphenylgyloximate, TzHy = (4,5-dihydro-1,3-thiazol-2-yl)hydrazine. Lundberg [12
our definition.

R.C. Santana et al. / Polyhedron 47 (2012) 53–59 57
magnetic field orientations [59]. The single line observed for the
magnetic field in the three crystallographic planes of a single crys-
tal sample arises from the exchange interaction 2J between neigh-
boring CuII ions which is large enough to collapse these resonances
and the unobserved hyperfine coupling [60,61]. The experimental
values for g2(h, /) (where h and / define the magnetic field orien-
tation) are displayed in Fig. 4a and the result can be described with
the spin-Hamiltonian:

H ¼ lBS�g�B0 ð6Þ

In Eq. (6) lB is the Bohr magneton, S is the effective spin operator
(S = ½), g is the crystal g-matrix, defined as the average of the
molecular gi matrices (i = A, B, C, D), and B0 = B0h, where h =
B0/|B0| = (sin h cos/, sin h sin/, cos h). The components of the
g2-matrix obtained by fitting the function g2(h, /) = h g g h to the
data are given in Table 3 with its eigenvalues and eigenvectors.
The solid lines in Fig. 4a, calculated with these parameters, are in
good agreement with the data.

We evaluated the molecular gi-matrices of the individual
copper ions from the crystal g-matrix following the procedure
described by Calvo and Mesa [62]. Since the coordination around
the copper ion is approximately square planar, we assume axial
symmetry, and obtained g//, g?, and the orientation angles (hm,
/m) for the axial direction, included in Table 3. These angles
are in good agreement with the crystallographic results
(hcris = 90.80�, /cris = �89.20�), supporting the axial symmetry
assumed in the calculation and indicating a d(x2 � y2) ground
orbital state.

The peak-to-peak line width DBpp(h, /) of the resonance ob-
served as a function of the orientation of B0 in the ab, ac⁄ and
bc⁄ planes (Fig. 4b) has a maximum value 32 mT along the chain
axis b in the ab and bc⁄ planes and minima of 5.6 mT at h = 30.0�
and 145.0� in the bc⁄ plane. In the ab and bc⁄ planes it displays
a second maximum at 90� of the chain axis. This symmetry
allows attributing the widths to magnetic dipolar interactions
between copper ions, narrowed by the exchange couplings
[2,53,63]. The behavior of the peak-to-peak line width in the
three orthogonal planes results from the one-dimensional mag-
netic behavior.
are defined in Fig. 1.

u (o) d (o) u/R 2J (cm�1) Factor-g References

85.48(6) 171.29(13) 29.7 �0.30(2) g1 = 2.2694 this work
g2 = 2.0498
g3 = 2.0609

117 42.5 �2.1 g1 = 2.24(1) [12]
g2 = 2.09(1)
g3 = 2.03(1)

113.6(5) 165.7(1) 40.8 1.58 [13]
144.6(1) 146.1(9) 53.5 �6.1 [13]
102.3(2) 161.3(9) 36.5 0.63 g// = 2.200 [15]

g? ¼ 2:045
97.4(1) 162.1 32.5 �8.6 g = 2.148(6) [16]
137.6(3) 156.0(5) 49.2 �1.39 g// = 2.219 [17]

g? ¼ 2:059
85.9(2) 176.8(2) 29.9 �1.2 g = 2.24 [18]
107.50(10) 158.5(2) 40.2 �2.3 [19]
103.08(1) 174.10(4) 36.6 �0.5(1) g = 2.11(1) [20]
89.3 30.7 �0.85(1) [32]

hylsulphoxide; paphy = pyridine-2-carboxaldehyde 2-pyridylhydrazone; pepci = N-
ylthio)phenylazo)-2,4-pentanedione; L = 1,4,7-trimethyl-1,4,7-triazacyclonane;
] define the Hamiltonian Hexði; jÞ ¼ �JSi Sj , thus we changed their result according
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4. Magneto structural-correlations

The exchange coupling 2J between copper ions depends on the
bridging angles Cu�Cl�Cu and Cl�Cu�Lt (Lt-ligand trans to Cl), la-
beled u and d in Fig. 1, and on the length R of the axial Cu–Cl bond,
determined by the structure of the CuII polyhedra [11,14–18]. Ta-
ble 4 shows the values of 2J and these structural parameters for
[Cu(lys)Cl2] and for related compounds reported by other authors.
It was noted by Cortés et al. [17], that a decrease of d from 180� to
120�, corresponding to a change of the CuII coordination from
square-pyramidal to trigonal–bipyramidal, favors stronger antifer-
romagnetic interactions as can be observed in Table 4, and that in-
crease of u from 90� also favors the antiferromagnetic interactions.
Hatfield et al. [30] introduced the parameter u/R to correlate the
coupling and Table 4 also compares the values of u/R and 2J for
compounds containing a single Cu�Cl�Cu bridge. [Cu(lys)Cl2] has
the smallest angle u, and the longest R bond distance among all
known mono-chloride-bridged copper chains, a characteristic that
explains the relatively small exchange coupling found in this com-
pound. One also observes this correlation for the structural param-
eters and 2J values for [{LCuIICl}(l-benzoato)](ClO4) [18] and
Cu(dpg)Cl2 [32] (Table 4). In general, the values of 2J vary from
�8.6 to 1.58 cm�1 while the u/R ratio increases from 29.6 to
53.5, revealing that the larger u/R ratio produces a ferromagnetic
character, in agreement with Hatfield’s hypothesis. This correlation
can also be observed analyzing the 2J values against the bridging
angle u, when smaller values of u in monochloro CuII chains are
associated with a decrease of 2J [13,14].

Considering our structural, EPR and magnetic results for
[Cu(lys)Cl2], and the trends proposed by Cortés et al. [17] and
Marsh et al. [30], one predicts a d(x2 � y2) ground state orbital in
the basal plane of CuII ions, and justify the weak antiferromagnetic
exchange interaction 2J as due to a vanishing effective overlapping
between the d(x2 � y2) orbitals of adjacent CuII ions in the chains
[64]. Indeed, Llobet et al. [65] reported recently molecular orbital
calculations based on the extended Hückel model for ideal coordi-
nation environment with parallel basal planes, showing that the
magnetic interaction between adjacent square-pyramidal CuII cen-
ters are mainly mediated through p⁄ interactions between the
d(x2 � y2) orbitals and the apical chloride p orbitals, which results
in the weak magnetic coupling shown by our results. However,
since various structural factors influence the magnitude of the ex-
change interaction 2J, its magnitude cannot be described by a sim-
ple formula.
5. Conclusions

We studied the synthesis, crystal structure and performed mag-
netic and EPR measurements for a new CuII compound with the
amino acid L-lysine�HCl, in which the CuII ions are in polymeric
chains bridged by monomeric chlorine bridges having the smallest
Cu–Cl2–Cu angle and an unusually long Cu–Clap bond for systems
with single chlorine bridges. Our magnetic measurements allow
evaluating a weak antiferromagnetic exchange coupling between
CuII ions and the components of the g-matrix obtained from the
EPR spectra that are explained in terms of the characteristics of
the superexchange bridges and the properties of the CuII site.
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