
Crystal Structures and Magnetic Properties of a Set of
Uncommon Dihalo-Bridged Oxalamidato Copper(ll)
Dimers

Žilić, Dijana; Rakvin, Boris; Milić, Dalibor; Pajić, Damir; Đilović, Ivica;
Cametti, Massimo; Džolić, Zoran

Source / Izvornik: Dalton Transactions, 2014, 43, 11877 - 11887

Journal article, Accepted version
Rad u časopisu, Završna verzija rukopisa prihvaćena za objavljivanje (postprint)

https://doi.org/10.1039/C4DT00925H

Permanent link / Trajna poveznica: https://urn.nsk.hr/urn:nbn:hr:217:869194

Rights / Prava: In copyright / Zaštićeno autorskim pravom.

Download date / Datum preuzimanja: 2025-01-21

Repository / Repozitorij:

Repository of the Faculty of Science - University of 
Zagreb

https://doi.org/10.1039/C4DT00925H
https://urn.nsk.hr/urn:nbn:hr:217:869194
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.pmf.unizg.hr
https://repozitorij.pmf.unizg.hr
https://repozitorij.unizg.hr/islandora/object/pmf:7483
https://dabar.srce.hr/islandora/object/pmf:7483


Page 3 of 21 

ARTICLE TYPE 

Dalton Transactions 
CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS 

www. rsc.org/xxxxxx I XXXXXXXX 

Crystal Structures and Magnetic Properties of a Set of Uncommon 
Dihalo-Bridged Oxalamidato Copper(ll) Dimerst 

Dijana Zilic,a Bor is Rakvin,a Dalibor Milic,b:J: Damir Pajic,C Ivica Dilovic,b Massimo Camettid and 
Zoran DfoliC*a 

Received Xth XXXXXXXXXX 20XX, Accepted Xtli XXXXXXXXX 20XX 

First published on the web Xth XXXXXXXXXX 200X 

DOI: 10.1039/bOOOOOOx 

A set of four copper(II) complexes, L1-X and L2-X (X = Cl, Br; L' = N-(L-leucine methyl ester)-N'-((2-pyridin-2-
yl)methyl)oxalamide and L2 = N-benzyl-N'-((2-pyridin-2-yl)methyl)oxalamide) have been synthesized and characterized by 
X-ray structural analysis, electron paramagnetic resonance (EPR) spectroscopy on single crystal and by SQUID magnetization 
measurements. X-ray diffraction studies show one-dimensional hydrogen bonded networks of dimeric copper(m-complexes 
bridged by two halide ions and with the two metal centers 3.44-3.69 A apart. The geometry at each copper(II) atom is ideal or 
near ideal square pyramidal. ESR and SQUID studies indicate that all complexes exhibit weak antiferromagnetic interactions 
between the Cu(m paramagnetic centers, with exchange parameter Il l ~ 1 cm-1• Magneto-structural comparisons among similar 
dihalo-bridged Cu(II) binuclear complexes are also provided, and a possible correlation has been established 

1 Introduction 

Dinuclear copper(II) complexes have aroused considerable in
terest over the last few decades, not only for the role played in 
catalytic enzymatic reactions, 1 but also because they possess 
essential structural features for the study of magnetic inter
actions between two close magnetic centers. 2 ·3 Not surpris
ingly, the different chemical environment around the copper 
ions may greatly influence the resulting magnetic behavior. 
Hence, the investigation of the magnetic properties of such 
complexes in light of their relation to structural features are 
often attempted seeking the discovery of definite magneto
structural relationships whose utility increases more, the larger 
their field of applicability is. In general, correlations of this 
kind are not easily obtained, especially due to a large struc
tural variability. Taking into consideration a smaller ensemble 
of Cu(m complexes, for example, the dihalo-bridged Cu(II) 
complexes, 4•5 the situation improves a little. However, the 
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structural variability remains wide. Indeed, the metal centers 
can be four- or five-coordinated, depending on the nature of 
the ligands, and this gives rise to a variety of different struc
tures, ranging from square-pyramid to trigonal bipyramid. 6 

Over the years, several theoretical analyzes have been car
ried out to obtain an empirical relationship between an ex
change coupling constant and structural features for cop
per(II) complexes and to explain different magnetic behav
iors, from ferro- to antiferromagnetic interactions. 7 Magneto
structural correlation in dihalo-bridged copper(m complexes 
seems to be more complicated compared to dihydroxo-bridged 
complexes. rrio It should be noted also, that among dihalo
bridged complexes, the vast majority of reports are related to 
dichloro species and considerably less information is available 
on structural and magnetic properties of dibromo-bridged cop
per(II) dimers. 10•11 

N,N'-disubstituted oxalamides have proved to be very use
ful ligands in designing homo- and heterometallic com
plexes. 12 Indeed, they provide a tunable molecular environ
ment due to cis-trans conformational freedom, different co
ordination geometries and ligand charges availability (for ex
ample by NH deprotonation). On the other hand, the stud
ies on the metal complexes involving oxalyl retro-peptide lig
ands are very limited. Given the interesting properties that the 
above mentioned ligands might bring about, we have designed 
and synthesized four dihalo-bridged copper(II) oxalamidato 
dimers: [CuL'(µ -Cl)h·CH30H (L1-Cl), [CuL2(µ-Cl)h (L2-

Cl), [CuL'(µ-Br)h (L1-Br) and [CuL2 (µ -Br)h (L2- Br), 
where ligands L' and L 2 stand for N-(L-leucine methyl ester)
N '-((2-pyridin-2-yl)methyl)oxalamide and N-benzyl-N' -((2-

Journa/Name,2010, [vol], 1- 18 I 1 
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Fig. 1 Schematic presentation of ligands N-(L-leucine methyl 
ester)-N' -{(2-pyridin-2-yl)methyl)oxalamide (L1) and 
N -benzyl-N' -({2-pyridin-2-yl)methyl)oxalamide (L2). 

pyridin-2-yl)methyl)oxalamide, respectively (Figure l). 
To the best of our know ledge, the described compounds rep

resent the first set of structures of oxalamido-complexes which 
display discrete dinuclear dihalo-bridged units. 

The magnetic characterization of the compounds was per
fonned by Electron Paramagnetic Resonance (EPR) spec
troscopy and SQUID magnetization measurements. Single 
crystal EPR spectroscopy performed on the dinuclear cop
per complexes provided information about the coordination 
geometry around copper(II) ions. Moreover, from the angu
lar dependence of linewidth, additional information about the 
mechanism of interaction between copper(m ions were ob
tained. Temperature and field dependencies of magnetization 
was used for determination isotropic exchange interaction be
tween copper ions. Finally, a relation between magnetic be
havior and molecular structure of the investigated complexes 
have been presented and discussed in the frame of existing 
correlations for dihalo-bridged copper(m complexes. 

2 Material and methods 

The preparations and structural details of ligands L 1 and L 2 

have been previously described. 13 Complexes L1-CI, L2-CI, 
L1-Br and L2-Br were prepared by the reaction of equimolar 
quantities ofligands with CuCh·2H20 or CuBr2 in methanol 
Single crystals suitable for X-ray diffraction were obtained by 
slow evaporation of corresponding methanol solutions. 

2.1 X-ray crystallographic study 

We have already reported single-crystal X-ray structural anal
ysis of L1-CI (CCDC 907166). 13 X-ray difraction data from 
single crystals of L2-CI, L1-Br and L2-Br were collected 
on an Oxford Diffraction Xcalibur 3 CCD diffractometer with 
graphite-monochromated MoKa radiation (Jt = 0.71073 A) 
and reduced using the CrysAlis PRO software package. 14 The 
solution (SHELXS), 15 refinement (SHELXL-97), 15 building 
and analysis of the structures were performed using Coot 16 

and the programs integrated in the WinGX system 17. Data 
processing and refinement statistics are given in Table I. All 
non-hydrogen atoms were refined anisotropically. H atoms 

2 I Journal Name, 2010, [vol),1-1 B 

attached to C atoms were positioned geometrically and re
fined isotropically applying the usual riding model [d(C-H) 
= 0.93- 1.00 A and U;s0 (H) = 1.2 or l.5Ueq(C)]. H atom at
tached to N3 in L2-CI was refined isotropically with a re
straint on the N- H distance (DFIX 0.86 0.02), while H atoms 
of the same type in L1-Br and L2-Br were positioned geo
metrically and refined by using the appropriate riding model 
[AFIX 43, d(N-H) = 0.88 A and Uiso(H) = l.Weq(N)]. N
benzyl moiety in L2-CI is discretely disordered over two con
formations with the relative population parameter 0.840(5) for 
the major one. The disordered atoms in L2-CI were refined 
with restraints on their geometrical (SAME) and displacement 
parameters (SIMU, DELU, ISOR). The final structural mod
els were analyzed using PLATON. 18 Molecular graphics were 
prepared in Mercury, 19 ORTEP-3, 20 and POV-Ray. 21 

2.2 EPR study 

EPR measurements were performed on the single crystals and 
on the powder forms of the investigated compounds. EPR 
experiments were carried out with a Bruker 580 FT/CW X
band spectrometer equipped with a standard Oxford Instru
ments model DTC2 temperature controller. The microwave 
frequency was~ 9.6 GHz with the magnetic field modulation 
amplitude of 0.5 mT at l 00 kHz. The crystals of chloride (bro
mide) compounds were elongated along the crystallographic 
b (a)-axis. They were rotated round three mutually orthog
onal axes: a crystallographic b (a)-axis, an arbitrary chosen 
c* (b*)-axis perpendicular to b (a)-axis and a third a* (c*)
axis, perpendicular to the previous two axes. EPR spectra 
were recorded at 5° steps and the rotation was controlled by 
a home-made goniometer with the accuracy of 1° . A larger 
uncertainty (2- 3°) was related to the optimal deposition of the 
crystals on the quartz holder. The EPR spectra were measured 
at two temperatures: T = 297 K and T = 80 K. 

2.3 Magnetization study 

Magnetic measurements of the investigated compounds in 
form of powders were performed using commercial MPMS5 
SQUID magnetometer. Temperature dependent magnetization 
M (T ) for 2 K < T < 300 K was measured in constant mag
netic field of 1000 Oe and after correction against the sam
ple holder, the temperature independent contributions of inner 
electrons were also subtracted. Field dependence of magne
tization M(H) was measured at lowest temperature of 2 Kin 
field up to 5 T. 

This journal is iO The Royal Society of Chemistry [year] 
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Table 1 X-ray crystallographic data for L2-CI, L1- Br and L2- Br 

Structure L -Cl L - Br L - Br 
Chemical formula C3offisCJiCt1iN60 4 C30H40Br2 CtJiN60 8 C30H28Br2Cu2N60 4 
M, 734.56 899.58 823.48 
Crystal color, habit Blue, plat.e Blue, prism Blue-green, plat.e 
Crystal size (mm3) 0.01x0.20x 0.75 0.15 x 0.40 x 0.50 0.05 x O.lOx 0.10 
Crystal system Monoclinic Triclinic Triclinic 
Space group P2ifc P I PT 
a (A) 7.7369(3) 8.4814(3) 8.0988(6) 
b (A) 9.8930(3) 9.33 14(4) 9.6585(6) 
c (A) 21.9325(10) 11.7613(3) 10.1449(6) 
a (o) 90 81.072(3) 93.172(5) 
/3 (0) 101.955(4) 78.321(3) 90.749(5) 
y (O) 90 76.097(4) 94.721(5) 
v (A3) 1642.33(11) 879.28(6) 789.53(9) 
z 2 1 1 
TI K 150(1) 150(1) 120(1) 
D eale (gcm- 3) 1.485 1.699 1.732 
µ (mm- 1) 1.501 3.538 3.923 
Data total/unique 1097413231 9239/6032 9243/2771 
R;ru 0.042 0.014 0.084 
Observed data[/ > 2a (/) ] 2607 5715 1927 
Restraints/paramet.ers 185/258 3/433 0/199 
R1 [/ > a (/) ] 0.0366 0.0196 0.0465 
wR2 (all data) 0.0891 0.0508 0.0902 
s 1.04 1.04 0.99 
Flack parameter n/a 0.015(7) n/a 
Min. and max. resd. dens. (e A -3) -0.57, 0.51 -0.36, 0.32 -0.50, 0.83 
CCDC number 919441 919442 919443 

This journal is C The Royal Society of Chemistry [year) Journa/Name, 2010,[vol], 1-18 13 
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3 Results and discussion 

3.1 Description of structures 

Oxalyl retro-peptides compounds represent a versatile class 
of molecules which has been previously employed, with con
siderable success, in the study of gel formation. 22 There are 
only few examples of structurally characterized halo-bridged 
oxalarnidato metal complexes. 23-25 Mixing equimolecular 
amounts of CuCii· 2H20 or CuBr2 and the asymmetrical N ,N' -
disubstituted oxalarnide ligands L' and L2 in MeOH did not 
result in oxalarnidato-bridged complexes, as in the cases of 
copper(II) nitrate or perchlorate and the symmetrical N ,N' -bis
(2-methylpyridyl)-oxalamide. 26 Instead, the dihalo-bridged 
dinuclear complexes L1- and L2-X (X = Cl and Br) were ob
tained (Figure 2). 

In all cases, the X-ray determined structures of the com
plexes show penta-coordinated Cu(II) ions adopting a square 
pyramidal geometry. The square base coordination sites are 
occupied by a deprotonated ligand, acting as NNO tridentate, 
and by one of the bridging halo-ions; the apical position of the 
pyramid is instead occupied by the other bridging halo-ion, 
as shown in Figure 3. The coordination polyhedron around 
the copper(II) ion could be best described as an ideal or near 
ideal square pyramid, with 1: = 0.00-0.17 (where 1: = 0 implies 
the ideal square-pyramidal geometry and 1: = l an ideal trig
onal bi pyramid; TI Table 2). As said, the two Cu(m centers 
are bridged by two halo-ions in such a way that the two square 
pyramids share one base-to-apex edge while having the ir basal 
planes parallel (Figure 3). Rodriguez et al. have designated 
this kind of configurations for copper complex containing the 
Cu- (µ - X)i- Cu core as a type II pyramidal arrangement. 28 

Although the dimeric molecules with achiral ligand L2 are po
sitioned on the crystallographic inversion centers, N-benzyl 
groups in L 2-Cl are discretely disordered over two conforma
tions (Figure 2). 

Bond distances and angles relevant to the coordination of 
copper(II) ions are given in Table 2. The Cu2X2 unit is pla
nar in all the four dimers with the bridging Cu- X- Cu' an
gles [86.53(3}-91.50(3)0

] being close to a right angle and the 
Cu·· ·Cu' intra-dimeric distances ranging from 3.4408(4) to 
3.6852(6) A. As similarly as in other dihalo-bridged Cu(II) 
complexes with square-pyramidal coordination, 29·30 the ax
ial Cu- X bonds [2.6674(8)-2.7582(6) A in the Cl-complexes, 
2.7475(9)- 2.8282(5) A in the Er-complexes] are significantly 
longer than the corresponding basal Cu- X bonds [2.2221(6)-
2.2443(8) A in the Cl-complexes, 2.3910(5}-2.4056(9) A in 
the Er-complexes], due to Jahn-Teller effect. However, the 
coordination to a negatively charge ligand (at the oxalarnidato 
N atoms N2 or N5), shortens the observed Cu- N(oxalamide) 
bonds in all complexes [l.896(4)- 1.917(4) A] with respect to 
usual Cu- N(pyridyl) bonds [l.996(4)-2.034(4) A], observed 

4 I Journal Name, 2010, [vol),1- 1 B 

Fig. 3 For the all investigated compounds, the coordination 
environment around Cu(II) is an ideal or near ideal 
square-pyramidal. Cu(II) ions are penta-coordinated by an 
oxalamidato 0 and N, pyridyl N atom and two halo-ions (X- ; X = 
Cl or Br). The halo-ion that is farther from the Cu(II) occupies the 
apical position of the square pyramid. 1\vo pyramids share one 
base-to-apex edge with parallel basal plane. 

in similar copper(Il) complexes, for example those made of 
N,N '-bis-(2-methy lpyridy 1)-oxalamide. 26 

Within the crystal, in all cases, the complexes are linked to 
each other by hydrogen bonds between oxalarnide units (Fig
ure 4; Table 5 in the Supporting Infonnation, SI) and form 
infinite chains of dinuclear units. Such supramolecular ar
rangement resembles the structure of the only linear-chain 
Cu(m compound reported so far which displays alternating 
dichloro- and oxalarnidato-bridges. 23 Stacking interactions 
between pyridyl and metalloaromatic chelate ring 31 (Cu- 0-
C-C- N in our case), which we have observed for L1-Cl, 13 

are also present in crystal structures of the bromo-complexes 
(Table 6 and Figures 10 and 11 in SI), but - surprisingly - not 
in L2-Cl. In addition, we also found weak hydrogen bonds 
C- H · · ·A and C-H · · · n interactions with either a chelate 32 or 
a phenyl ring (as detailed in Tables 5 and 7 in SI). Intriguingly, 
the crystal packing of L2-Cl molecules allows discrete confor
mational disorder of their N-benzyl groups (Figure 10 in SI), 
while preserving C-H· · ·tr interactions for both observed con
formations (Table 7 in SI). An aryl n- n stacking interaction 
exists only between two phenyl rings in the crystal structure 
of L2- Br (Figure 12 and Table 6 in SI). 

3.2 EPR study 

The single crystal EPR spectrum of complex L 1-Cl shows 
single, fairly Lorentzian, line in every direction of the mag
netic field. Similar spectra are observed also for the dibromo
bridged complexes L1- Br and L2- Br. Differently, the com
plex L2-Cl shows a single line in only one rotation plane 
and double lines in other two (except for directions close to 
the crystal axes). The observed number of EPR lines can 
be simply correlated to the number of molecules (dimers), 
Z, found in the unit cell. In the L1-Cl, L1- Br and L2- Br 
complexes Z = 1, while Z = 2 for L2-Cl complex. Moreover, 

This journal is iO The Royal Society of Chemistry [year] 
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(a) (b) 

(d) 

Fig. 2 The molecular structures of complexes (a) L1-Cl, (b) L2-Cl, (c) L1- Br and (d) L2- Br. Displacement ellipsoids are drawn at the 30% 
probability level. H atoms are shown as spheres of an arbitrary radius. Dashed lines represent the 0-H· .. Cl hydrogen bond in L1-Cl and the 
apical Cu- X bonds (X = Cl or Br) in all the complexes. Atoms labeled with "i" in L2-Cl and L2- Br are centro symmetrically related to those 
in the other half of a molecule. The less populated conformation [the relative population parameter 0. 160(5)] of the disordered N-benzyl 
group in L2-Cl (yellow) is shown only for a crystallographically independent half of the dinuclear complex. Although modeled, H atoms in 
this conformation are not depicted for clarity. 

Table 2 Molecular geometry (A, 0
, 

0 I A) of the analyzed complexes 

L -Cl" L -Cl L - Br" 
Cu-Xt (basal) 2.2221 (6) 2.2552(6) 2.2443(8) 2.4001(5) 2.3910(5) 
Cu-X(axial) (R) 2.7582(6) 2.7049(6) 2.6674(8) 2.8282(5) 2.8071 (5) 
Cu-O(oxalamide) 2.064(2) 2.052(2) 2.010(2) 2.013(3) 2.055(3) 
Cu-N(pyridyl) 2.030(2) 2.014(2) 2.003(2) 1.996(4) 2.034(4) 
Cu-N(oxalamide) 1.899(2) 1.906(2) 1.910(2) 1.917(4) 1.910(4) 
..,.. 0.17 0.15 0.02 0.04 0.00 
d (Cu)d 0. 1310(2) 0.1828(2) 0. 1990(3) 0.2282(4) 0.2362(5) 
Cu .. · Cu' 3.5239(3) 3.4408(4) 3.6852(6) 
Cu-X-Cu' (a ) 90.78(2) 88.73(2) 91.50(3) 89.74(2) 89.43(2) 
a / R 32.91 32 80 34.30 31.73 31.86 
• Data are given for each of the two crystallographically independent parts of a dlnuclear complex. 
b X = CJ or Br. 

L - Br 
2.4056(9) 
2.7475(9) 
2.026(3) 
2.007(4) 
1.896(4) 

0.10 
0.2492(7) 
3.5405(9) 
86.53(3) 

31.49 

c Reedij k's trigonal distortion -r (ideally, -r = O for a square-pyramidal and -r = 1 for a trigonal-bipyramidal geometry). 13 

d Displacement of Cu atom from the mean basal plane. 

This journal is C The Royal Society of Chemistry [year) Jouma/Name,2010, [vol], 1- 18 15 
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Fig. 4 Infinite molecular chains in the crystal structures of (a) L1-CJ, (b) L2-CJ, (c) L1- Br and (d) L2- Br formed by hydrogen-bonding 
(dotted lines) between oxalamide units. The minor confonnation of the disorderedN-benzyl moiety in L2-CJ and the H atoms attached to C 
atoms are omitted for clarity. 

6 I Journal Name, 2010, [vol),1-1 B This journal is iO The Royal Society of Chemistry [year] 
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while dimeric units for L 2- complexes are crystallographically 
centrosymmetric and, thus, the two bridged copper centers are 
magnetically equivalent, different is the case for L 1- com
plexes whose dimeric units are constituted by magnetically 
nonequivalent copper ions. Hence, the observation of one line 
- instead of two lines - in the EPR spectra of these latter com
pounds points to an existence of exchange interaction with 
21 > t'l.gf3H, where t'l.g is the difference between g-factors of 
the copper ions and other symbols have their usual meaning. 33 

Hyperfine interactions or any half-field transitions associated 
with a !!..Ms = ±2 were not detected from room temperature 
down to 80 K. 

Angular dependencies of g-factor and peak-to-peak 
linewidths, WPP• recorded at room temperature, are presented 
in Figure 5, as well as in Figures 13-15 in SI. The depen
dencies obtained at T = 80 K were approximately the same as 
those at room temperature and therefore, they are omitted. 

The elements of a (gT g)-tensor were determined using the 
following equation 34: 

g2 = (gTg)
0
asin2 9cos2 ef> + (gT g)absin2 9sin 2ef> + 

+ (gTg)bbsin2 9 sin2 If>+ (gT g)
0
csin29 cosef> + 

+ (gT g)bcsin29 sin If>+ (gT g)cc cos2 9 (1) 

where 9 and If> are the polar and azimuthal angles of the 
magnetic field vector B in the a* - b-c* (a- b* - c*) coordi
nate system, respectively. The calculated g-tensors are pre
sented in Figure 5 and in Figures 13-14 in SI. Some EPR 
lines for the compound L2-Br were too weak and/or to broad 
to be detected, therefore the calculation of g-tensor for this 
complex was not performed. The principal values of the 
g-tensors, obtained by diagonalization of the gT g-matrix at 
room temperature, are shown in Table 3, with the estimated 
error ± 0.0001. Powder averaged values gav are calculated 

as: gav=J(I / 3)(gi+i;+g'l;_). The principal axis g< is di
rected along Cu- X bond (X ion at apical position), while gx 
and gy lay in the basal plane of square pyramid The obtained 
g< > gx ,gy values point out that the dx2-y2 is the highest energy 
half-occupied orbital 35 , that is in agreement with the square
pyramidal coordination around Cu(II) ions, as could be seen 
from Table 2. 

The powder EPR spectra of the investigated compounds 
recorded at T = 297 K and T = 80 K are shown in Figure 6. 
The spectra can be simulated using only g-tensors parameters 
obtained from the single crystal measurements given in Ta
ble 3 while hyperfine A-tensors were taken to be zero. The 
powder spectra for complex L2-Br are simulated assuming 
the following parameters: gx = gy = 2.13 and g< = 2.39. 
The spectra were simulated by EasySpin software 36 using 
Lorentzian lineshapes, with only different linewidths at dif
ferent temperatures. 

This journal is C The Royal Society of Chemistry [year) 

Compound L1-CI 

Fitting parameters: T= 297 K 

2.4 
A = 6.6 ;8 = 0 .18; C =9.0 

2.2 

2.1 

2.0...,_~~-~~~~~~--+' 

2.5 50 

2.4 

2.3 

g 

2.2 

2.1 

2.0.LT-~~-~~~~~~--i-' 

2.5 50 

2.4 

2.3 

2.2 

2.1 

30 60 90 120 150 180 

e(•) 

Fig. 5 Angular variation of the g-values (black squares) and the Wpp 

linewidths (red circles) of EPR lines for the single crystal of 
compound L 1 -Cl, at room temperature, in three mutually 
perpendicular planes. Solid lines represent the fitted g-values with 
parameters given in Table 2 and Wpp linewidths with parameters 
given in the figure, according to eq 1 and eq 2, respectively. 

Table 3 Principal and average values of the g-tensors of the 
analyzed compounds at room temperature 

Compounds gx gy g<. gav 
L 1- CI 2.0559 2.0662 2.2335 2. 1201 
L2- CI 2.0504 2.0628 2.2352 2. 1178 
L 1-Br 2.0459 2.0847 2.2525 2. 1296 
L2-Br 

Journal Name, 2010, [vol], 1-18 17 
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Compound L'-CI 
----~~ ------

- experiment 
..... · &mulaiCl'l 

v T= 297K 

T= 80 K 

Compound L2-CI 
1i---T-=-29_7_K 

-· --r--- -·--·····--·····--

m m l ••m••m••' : .. oo.K 

Compound L1-Br ______ ..,____, -----
T= 297 K 

................... · T= 80K 

Compound L2-Br 

~ 

.............. · 

2<1() 280 

.. . T= 80 K 
················· .····· 

320 360 <IOO 440 

B(mT) 

Fig. 6 Experimental (solid lines) and simulated (dotted lines) 
X-band EPR spectra of powdered samples of the compounds at the 
indicated temperatures. 

8 I Journal Name, 2010, [vol),1-18 

The observed EPR linewidth data show strong angular de
pendence, as could be seen in Figure 5 and in Figures 13- 15 in 
SI. Linewidth minima are observed for some angles 9 between 
0° and 90°. A similar linewidth anisotropy has been observed 
for layered compounds. This behavior is in contrast to the 30 
situation, where the linewidths show dependence (1 + cos2 9). 
The minimum lays close to the magic angle e = 55° is charac
teristic for low-dimensional systems and it corresponds to the 
secular part of the dipolar interaction (3 cos2 9 - 1 )2 . 37 How
ever, this tenn was not enough to explain observed linewidth 
data and we have considered additional sources of EPR line 
broadening and narrowing. The data were fitted adequately, 
presented by solid lines in Figure 5 and Figures 13-14 in SI 
by using the general expression: 38 

(2) 

The A-tenn represents the isotropic contribution to the 
linewidth, the B-tenn describes the previously mentioned 
dipolar interaction, while the C-term could be related to 
anisotropic spin-spin interaction. The values of the param
eters A, B and C are given in Figure 5 and in Figures 13-
14 in SI. Hyperfine tenn and contribution arising on the non
equivalence of the copper sites for compounds L 1-CI and L 1-
Br were neglected in eq 2. 

The obtained results, the absence of hyperfine interactions 
(with the copper as well as two nitrogen nuclei), the unifying 
line effect for magnetically non-equivalent copper centers and 
Lorentzian-like EPR lines, reveal the presence of an exchange 
interaction in the compounds. However, the absence of half
field EPR line shows that this interaction is not strong. By 
using linewidth analysis and method of moments 39: 

(3) 

where r exp is the experimental linewidth, r is the gyromag
netic ratio, mexch ~ J JS( S + 1) and r d is the di polar line width 
due to the contribution of the nearest copper ions (r d ~ B from 
eq 2), calculated as previously described, 40 an exchange in
teraction parameter between copper(ll) ions in the order of 
Il l ~1 cm-1 could be obtained. 

A plausible reason for the relatively weak exchange inter
action observed is given by the fact that the unpaired electron 
in dxi_yi.. orbital is localized in the basal plane of square pyra
mid and the orbital is pointing toward the four nearest neigh
bors of Cu(ll) ion (N, N, 0 and X ions), as could be seen in 
Figure 3. Therefore, the two orbitals with unpaired electrons 
are situated in parallel planes, separated by ~3.5 A, a particu
larly unfavorable arrangement for strong exchange interaction 
to occur. 41 
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3.3 Magnetization study 

Temperature dependence of magnetization M (T ) of the inves
tigated complexes is presented in Figure 7. The observed mag
netization, lower than expected for two independent copper(II) 
spins at low temperature, indicates antiferromagnetic interac
tion between spins in structural dimers for all four complexes. 
The interaction is weak, as could be clearly seen by looking 
at the inset of Figure 7, where the product M · T (T ) curve is 
shown. It deviates from horizontal (paramagnetic) line below 
few Kelvins only and therefore the molar magnetic suscepti
bility can not be modelled using Bleaney-Bowers expression 
for interacting spins in dimers. Instead, since J is compara
ble to gf3H, more general approach, developed by Friedberg, 
should be used42

•
43

: 

M = Ngf3sinh(gf3H/kT) (4) 
exp( I - 211/kT ) + 2cosh(gf3H /kT ) + 1' 

N, f3 and k are the well known constants, H is applied field, 
variable T is temperature, g is effective g-factor and J is 
isotropic exchange interaction parameter within dimer, de
fined through energy tenn - 2JS1 • S2• Besides the g and J 
fitting parameters, small correction to temperature indepen
dent core electron contribution is added. Fits of eq 4 go very 
well through the measured magnetization points, as could be 
seen in Figure 7. The fitting was performed in both M (T ) and 
T · M(T ) forms giving approximately the same results. The 
obtained values are presented in Table 4 and standard devia
tion is included together with fitting error in parentheses. 

The field dependence of magnetization M(H) measured at 
temperature 2 K is presented in Figure 8. An advantage of 
Friedberg approach is the description of M(H) curves up to 
arbitrary field H at every temperature T. The results of fitting 
the eq 4 to the M(H) data are presented also in Table 4. 

The exchange parameters J obtained from fitting M (T) and 
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Table 4 Exchange interaction parameters J and g-factors obtained 
from magnetization study 

from M(T ) from M(H) 
Compound J (cm- 1) g J (cm- 1) g 

L1-Cl ---0-.~59~(-l )- 2-.2..,;7;..,.4(_4_) --~0.-64~(~1 )~-2.~28"""'3-(4~) 
L 2-Cl - 1.19(3) 2.06(2) - 1.10(4) 2.00(2) 
L 1-Br - 0.07(3) 2. 149(9) - 0. 13(3) 2. 17(9) 
L 2-Br - 1.18(1) 2. 140(3) - 1.18(1) 2. 167(3) 

M(H) curves are mutually similar and they are also in agree
ment with values obtained from EPR spectra, thus confinn
ing the consistency of two experimental methods. Small dis
crepancies between the obtained g-factors and the average 
EPR values given in Table 3 could derive from the uncer
tainty of absolute magnetization due to sample mass measure
ments. Additionally, the high degree purity of the samples 
is confinned through this analysis. Hence, from a magnetic 
point of view, the compounds can be considered as isolated 
halo-bridged copper(II) dimers. This result is in agreement 
with previously crystallographically described, infinite chain 
of dimeric units linked by H-bond via oxalamide groups. Due 
to the large size of the ligands, it can be seen that no magnetic 
interaction can take place through the organic bridge between 
dimers. 

3.4 Magneto-structural correlation 

Relationship between structural and magnetic properties in 
copper(m dimer complexes has been intensively studied since 
1970. It has been shown that exchange interaction is affected 
by several structural parameters such as the identity of the 
bridging atoms (X), the Cu- Cu' distances, the bridging an
gles Cu- X- Cu' (a), the dihedral angles containing Cu ions 
and the coordination geometries around copper ions. S,9,44-48 
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For planar dihydroxo-bridged copper complexes, a simple, 
linear, correlation between the singlet-triplet separation 21 
and the angle a was reported. 44-46 However, in the case of 
dihalo-bridged copper complexes, the wider variety of geome
tries available to such systems and the possibility for rela
tively low-lying halogens' d-orbitals to interact with copper 
orbitals make the overall picture more complicated 49 Gen
erally, a strong correlation (parabolic curve with a maximum 
of ea. 33°/A) has been found between 21 and the quotient 
a/ R, where R is the longer (axial) Cu- Cl distance. 50 It is 
pointed out that for the values 31 < a / R < 34.5, the exchange 
interaction is ferromagnetic and for the values a/ R < 31 or 
a/ R > 34.5 the exchange interaction is antiferromagnetic. 50 

This is in agreement with the fact that Il l, always composed 
from ferro- and antiferromagnetic components should have 
minimal value. 43•46 Ferromagnetic contributions are usually 
small but antiferromagnetic contributions are proportional to 
the square of the overlap integral between orbitals. Therefore, 
the resulting sign depends on the amplitude of that overlap. 51 

The above correlation rule is valid only for complexes with 
square-pyramidal arrangement of type II (pyramids share one 
base-to-apex edge with parallel basal planes)28. 

For complexes of type ill (pyramids sharing a basal edge 
with coplanar basal planes), a linear dependence in the 21 
vs. a/ R graph is found In other words, magneto-structural 
correlations of dichloro-bridged copper(m complexes must 
take into account the relative orientation of square pyramids 
to each other, viz. coplanar, parallel and perpendicular. This 
is also in accordance with molecular orbitals calculations that 
indicate different type of orbitals involved in each case. 5 In 
this work, the experimental values 21 = - 1.2 cm-1 (with 
a / R = 32.9°/A) and 21 = - 2.4 cm-1 (with a / R = 34.3°/A) 
determined for dichloro-bridged complexes L1-CI and L2-

CI respectively, are in contrast with the correlation rule for 
type II compounds previously described50 and add to other 
similar cases of inconsistency 52 . However, the obtained re
sults are quantitatively in agreement with other type II val
ues, where the exchange interaction within dimer is generally 
- !Ocm-1 < 1 < !Ocm-1•4 

For dibromo-bridged copper dimers, the situation is even 
more complicated. There is less information available for 
complexes bridged by Br compared to Cl and magneto
structural correlations are less studied for Br-bridged copper 
dimers. 10 It has been found that the previously mentioned cor
relation 21 vs. a / R ratio is not valid for dibromo-bridged cop
per complexes. 8•11 However, Landee and Greeney observed 
that the magnetic interaction strength can be correlated to the 
degree of non-planarity within the Cu basal plane (1 vs. trans 
Br-Cu-L bridging angle)8. Similar correlation was presented 
by Rojo and coworkers which associated 1 to the extent of 
distortion within Cu basal plane and to the Cu- Br (apical) dis
tance, including also different types of geometry such as reg-
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Fig. 9 Magneto-structural correlations for dibromo-bridged 
copper(II) complexes: plot of the singlet-triplet splitting 21 (cm- 1) 

vs. Reedijk's trigonal distortion parameter -r. Black squares present 
literature data given in Table 8 in SI, while red circles present values 
obtained for L1-Br and L2-Br complexes in this work. SP =square 
pyramid; TBP = trigonal bipyramid 

ular square pyramids, trigonal distorted square pyramids and 
tetrahedral distorted square pyramids. 48 Additionally, Romero 
and coworkers found a difference between two groups of 
dibromo-bridged copper complexes following Rodriguez clas
sification. 28·53 

Here, a simple correlation between singlet-triplet splitting 
21 and Reedijk's parameter -r of trigonal distortion is pre
sented The selected structural and magnetic data for com
plexes reported in literature 54-60 are shown in Table 8 in SI, 
while the related graph 21 vs. parameter -r is shown in Fig
ure 9. 

It should be noted that trigonal bipyramid could be consid
ered as the limit case of distortion of square pyramid via the 
Berry mechanism. 53 It could be seen that only one complex 
is ferromagnetically coupled while the most complexes are 
weakly antiferromagnetically coupled with Il l < 10 cm- 1, in
cluding the bromide complexes of this work. This is in agree
ment with Kahn's observation that 95% of copper(m din
uclear compounds have antiferromagnetic interaction. 2 The 
strongest couplings are shown by trigonal bypiramid com
plexes. The observed behavior is relatively easy to be ex
plained. For example, for type II complexes, the exchange 
pathway takes place through an interaction between copper 
dx2- r situated in basal plane and the apical p bromo-orbital. 
Therefore, for small -r values, the density of magnetic or
bital out of the plane is small and superexchange coupling 
would be weak or slightly ferromagnetic, while for an ideal 
square-pyramid geometry ( -r = 0), zero coupling is expected 
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For distorted geometry around copper ion, magnetic orbitals 
are more mixed with bromo orbital and exchange interaction 
would be stronger. For trigonal-bypiramid geometry (-r = 1), 
magnetic orbitals are on d.,_i and the overlap would again be 
zero. 10 The lack of dibromo-bridged copper complexes fea
turing geometries within -r = 0.65 - 1 range prevents to verify 
such anticipated tendency. Finally, the hypothesis that bro
mide dimers might have stronger antiferromagnetic couplings 
than the chloride analogues 10•48•61 is not supported by our data 
as well as by those of others. 8 

4 Conclusions 

In summary, we have designed and synthesized a set of 
four dihalo-bridged copper(II) dimers making use of oxalyl 
retropeptide ligands. Single-crystal X-ray diffraction analysis 
reveals that, in all cases, the Cu(II) ion is penta-coordinated 
by a tridentate NNO ligand and by two halo-ions (Cl or Br) 
in an ideal or near ideal square-pyramidal environment with 
-r = 0.00 - 0.17. Single crystal EPR and SQUID magneti
zation studies on the dinuclear complexes confirm the pres
ence of weak antiferromagnetic interactions between the cop
per ions. By considering the data available in the literature 
for similar dihalo-bridged copper(II) complexes, it appears 
evident that more studies and data analyzes are required in 
order to obtain better and more widely applicable magneto
structural correlations, especially for the less common Br
derivatives. Finally, the one-dimensional hydrogen bonded 
polynuclear arrangements observed in the solid state, suggest 
the potential application of such ligands as building blocks 
for the self-assembly of molecule-based magnetic materials. 
Work along these lines is in progress and will be reported in 
due course. 
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Table 5 Hydrogen-bonding parameters (A, 0
) in crystal structures of the studied complexes 

D-H· · ·A D- H H·· ·A D·· ·A D- H· ··A 
V-CI N3-H3N·· ·05 0.86(2) 2.08(3) 2.858(3) 150(2) 

N6-H6N·· ·Ol 0.85(2) 1.99(3) 2.816(3) 163(2) 
09-H9A·· ·Cl2 0.84 2.46 3.256(5) 158 
C2- H2· ·· 09 0.95 2.42 3.240(7) 144 
Cl9- H l9· ·· 03 0.95 2.46 3.126(4) 127 
C20-H20· · · Cl2 0.95 2.79 3.366(2) 120 
C25- H25A · · · 01 0.99 2.54 3.257(3) 129 

L2-CI N3-H3N·· ·Ol 0.86(2) 1.96(2) 2.721(3) 147(2) 
Cl5A-Hl5A·· ·02 0.95 2.50 3.183(5) 129 

L 1- Br N3-H3N·· ·05 0.88 1.96 2.796(5) 159 
N6-H6N·· ·Ol 0.88 1.98 2.758(5) 146 
C3- H3· ·· 07 0.95 2.35 3.241(6) 157 
ClO-HlOB· · ·05 0.99 2.46 3.101(5) 122 

L2-Br N3-H3N·· ·Ol 0.88 2.09 2.802(6) 138 

Table 6 Stacking interactions (A, 0
) in the studied crystal structures 

Mean plane of 
Ring m· · ·Ring na Cgm· ··Cgnb ac Ring m· · ·Cgn 

L 1-CI Ring l · · ·Ring 4 3.644(1) 4.9(1) 3.528(1) 
Ring 2· · ·Ring 3 3.647(1) 8. 1(1) 3.542(1) 

L 1- Br Ring l · · ·Ring 4 3.675(2) 5.4(2) 3.482(2) 
Ring 2· · ·Ring 3 3.652(2) 6.8(2) 3.492(2) 

L2-Br Ring l · · ·Ring 3 3.601(3) 5.7(2) 3.496(2) 
Ring 5· · ·Ring 5 3.708(4) 0 3.566(3) 

a Definition of the rings: 
Ring 1 - metalloaromatic chelate ring Cul/02/C8/C7/N2; 
Ring 2 - metalloaromatic chelate ring Cu2/06/C23/C22/N5; 
Ring 3 - pyridyl ring Nl/Cl- C5 ; 
Ring 4 - pyridyl ring N4/Cl6-C20; 
Ring 5 - phenyl ring C l0-Cl5. 
b Cgm and Cgn are centroids of the rings m and n. 

Symmetry operator on A 
l +x, l +y,z 
- 1 + x, -1 +y, z 

1 +x, y, z 
- l + x,y,z 

- 1 + x, -1 +y, z 

1- x, l-y, l- z 

1 +x, y, - 1 +z 
- l + x,y, l +z 
1 +x, y, z 
1 +x, y, - 1 +z 

2 - x, 1-y, 1-z 

Ring Symmetry n 
offset operator on ring 

1 +x, y, z 
x -1 ,y,z 

l +x,y,z 
x -1 ,y,z 

2 - x, 1 - y, - z 
cca 1.02 1- x, - y, l- z 

c a is the dihedral angle between the mean planes of the two interacting rings (m and n). 
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Table 7 C- H ... 1t: interactions (A, 0
} in the studied structures 

D- H·· ·Cga H .. ·Cg v ... cg D- H .. ·Cg 

L2-CI C2-H2···Cg5A 2.68 3.573(4) 
C2-H2···Cg5B 2.82 3.5T7(7) 
C6-H6· · ·Cg l 3.00 3.9T7(2) 

L 1-Br C28-H28C. · · Cg 1 2.95 3.586(5) 

L2-Br C3-H3 .. ·Cg5 2.58 3.464(6) 
Cl3-H13 .. ·Cgl 2.98 3.908(7) 

a Definition of the ring centroids: 
Cgl - metalloaromatic chelate ring Cu l/02/C8/C7/N2; 
Cg5 - phenyl ring ClOA-C l5A; 

156 
132 
157 

123 

154 
167 

Symmetry operator on Cg 

- x, 1- y, 1- z 
-x, 1 - y, 1 - z 
-x, 1 - y, 1 - z 

x, y, z+ 1 

2- x, 1 - y, - z 
x, y -1, z 

Cg5A - phenyl ring of L2- CI in the major disordered confonnation ClOA- C l5A; 
Cg5B - phenyl ring of L2- CI in the minor disordered confonnation ClOB-C l5B. 
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Fig. 10 Molecular packing in the crystal structure of L 2-CI. Cu and CJ atoms are shown as spheres. Minor conformation of the disordered 
N-benzyl group is depicted in yellow. Hydrogen bonds hetween oxalamide units are represented as dotted lines. H atoms bound to C atoms 
are omitted for clarity. 
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... 
·· ··" 
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Fig. 11 Molecular packing in the crystal structure of L 1- Br. Cu and Br atoms are shown as spheres. Hydrogen bonds between oxalamide 
units are represented as dotted lines. H atoms attached to C atoms are omitted for clarity. 

Fig. 12 Molecular packing in the crystal structure of L2- Br viewed along the crystallographic c axis. Cu and Br atoms are shown as spheres. 
Hydrogen bonds hetween oxalamide units are represented as dotted lines. H atoms bound to C atoms are omitted for clarity. 
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Table 8 Structural and magnetic properties for the selected dibromo-bridged copper(ll) dimers 

Compound0 Geometry 1: 2J(cm- 1) Ref. 
[Cu(a-pic)iBr2h SP 0 -5 54 

[Cu(dmen)Br2]z SP 0.11 -2.4 29 

[Cu(dmgH)Br2lz SP 0.025 -3.02 55 

[Cu(4-metz)2Br2]z SP 0.045 -2.4 49 

[Cu(dien)Br2]2(CJ0 4)i SP 0.3 2.8 II 

[Cu(4-meoxhBr2]z SP 0.26 -15.2 56 

[Cu(terpy )Br h(PF6 )z SP 0.24 -7.4 48 

[Cu(L0 )Br2lz SP 0.02;0.1 -11.76 10 

[Cu(Lb)Brh SP 0.03 -3. 14 57 

[Cu(tmen)Br2]z SP 0.25 -4 53,58 

L 1-Br SP 0.04;0.00 -0. 14 this work 
L2-Br SP 0.10 -2.36 this work 

[Cu(MAEP)Br2lz TBP 0.52 -4.3 59 

(3aph[Cu2Br6]z·2H20 TBP 0.6 -53.8 60 

[Cu(dmtp h Br2lz · 2H20 TBP 0.62 -21. l 53 

0 Abbreviations: a -pie = a -picoline (2-methylpyridine); MAEP = 2-{2-{methylamino)ethyl)pyridine; dmen = N,N-dimetbylethylenediamine; dmgH = dimethylglyoxime; 4-metz = 
4-methylthiazole; dien = diethylenetriamine; 4-meox = 4-methyloxazole; terpy = 2,2':6',2"-terpyridine; L0 = 1,4-diazacycloheptane; HLb = 
N-(IH-pyrrol-2-ylmethylene)-2-pyridineethanamine; tmen = N,N,N' ,N'-tetramethylethylenediamine; 3ap = 3-aminopyridinium cation; dmtp = 5,7 
dimethyl-1,2,4-triazolo[l ,5-a )pyrimidine; SP = square pyramid and TBP = trigonal bipyramid. 
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Compound L.2-CI 
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Fig. 13 Angular variation of the g-values (black squares) and the 
Wpp linewidths (red circles) of EPR lines for the single crystal of 
compound L2-CI, at room temperature, in three mutually 
perpendicular planes. Solid lines represent the fitted g-values with 
parameters given in Table 2 and Wpp linewidths with parameters 
given in the figure, according to eq I and eq 2, respectively. 
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Fig. 14 Angular variation of the g-values (black squares) and the 
Wpp linewidths (red circles) of EPR lines for the single crystal of 
compound L1- Br, at room temperature, in three mutually 
perpendicular planes. Solid lines represent the fitted g-values with 
parameters given in Table 2 and Wpp linewidths with parameters 
given in the figure, according to eq I and eq 2, respectively. 
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Compound L2-Br 
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Fig. 15 Angular variation of the g-values (black squares) and the 
Wpp linewidths (red circles) of EPR lines for the single crystal of 
compound L2- Br, at room temperature, in three mutually 
perpendicular planes. Some EPR lines were to weak and/or to broad 
to be detected 
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