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The chemistry of copper(Il) is widely described in the literature due to its importance in various
fields of research and because of the relative ease in the synthesis of new compounds. The
magnetochemistry is one of these fields. However the results obtained with 'the magnetic methods'

EPR e. g. EPR and magnetic susceptibility, that may enable important insight in the properties of the

magnetism
carboxylates
lignin

INTRODUCTION

A structural diversity of the copper(Il) complexes is largely
related to a Cu'l d° system. It enables a variety of coordi-
nation polyhedra with significantly different geometries.
Copper(Il) is found in many reported compounds of di-
verse structures, generally in mononuclear, binuclear, and
polynuclear species.!= The d° system, on the other hand,
plays also a crucial role in several other characterization
methods (electronic spectroscopy, magnetic susceptibil-
ity and electron paramagnetic resonance) very often con-
nected with the copper(Il) chemistry.® A growing inter-
est in magnetochemistry is noticed in the last decades,
especially due to the practical application of the magne-
tic materials. The magnetically-based methods, e.g. EPR
and magnetic susceptibility, differ as differences between
the magnetic energy levels are crucial for the EPR, while
the Boltzmann occupation of all energy levels is analyz-
ed with the magnetic susceptibility. The interaction be-

compounds, are very often ambiguous. The structural correlation of the wide range of copper(II)
complexes with the magnetic analysis can fulfil some gaps in this area. A series of copper(1l)
complexes, synthesized in our lab during the last decade, is discussed.

tween the unpaired electrons in a d° system can thus be
paramagnetic, but ferromagnetic and antiferromagnetic
are often discovered as well.”!0 An absence of the inter-
metal magnetic interaction (paramagnetism) and its pre-
sence (ferromagnetism, antiferromagnetism) is largely
related to the coordination geometry of the compounds
with a focus on the magnetic path between the adjacent
Cu'! ions. The distance between the metal centres and
more important, the type of bridging of selected ligands
enables decisive impact on the magnetic interaction. The
bridges are most often monoatomic or triatomic, e.g.
O-C-0O in carboxylates, but other types are found as
well.311-13 From the coordination geometry the ground
state is also suggested. For the octahedral, square-pyra-
midal and square-planar, the typical Cu'' coordination geo-
metries, the ground state is usually {dxz_yz}l, with some
{d2}! exceptions. The structural, as well as the magnetic
parameters, are also analyzed in terms of different tem-
perature (3004 K). A comparable energy range of the
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experimental temperature and the energy difference be-
tween the magnetic states, with thermal motion of the at-
oms, give important data about the nature of the investi-
gated complexes.

During the last decade, several copper(Il) coordina-
tion compounds were synthesized in our research group
in the frame of the carboxylate and the lignin model
(phenol type) families as characteristic ligands. These
complexes were analyzed with EPR and magnetic sus-
ceptibility methods, given special attention also to the
coordination geometry.

Crystal Structure Determination

A crystal structure determination is nowadays one of the
most pronounced tools in chemistry, due to its efficiency
enabling a determination of the molecular structure from
a single crystal. Analyses of the other characterization
methods are as a rule connected with the structural data,
thus giving stronger and clearer correlation among the
complementary characterizing methods. Herein, the mo-
lecular structures of the investigated compounds are ana-
lyzed in a view of the 'magnetic' unpaired Cu! d° elec-
tron, a relation to its parent coordination sphere and to
more distant adjacent Cul! chromophores with possible
magnetic interaction among each other.

Mononuclear compounds reveal the paramagnetic
properties, while the binuclear and the polynuclear com-
plexes reveal either the ferromagnetic or the antiferro-
magnetic interaction between the neighbouring copper(Il)
centres. A large group of the antiferromagnetically cou-
pled copper(Il) ions are the dicopper(Il) tetracarboxylates,
where four triatomic carboxylates bridge two Cull ions.
The first such structure of copper(Il) acetate hydrate
[Cuy(u-O,CCH3)4(H,0),] was described half a century
ago, revealing a paddle-wheel binuclear moiety.!4

EPR (ESR)

The electron paramagnetic (spin) resonance measures
differences between the magnetic energy levels. They
are described by the magnetic quantum numbers mg and
are degenerated in an absence of the magnetic field.>!3
Due to the applied magnetic field, the energy levels split
showing the Zeeman phenomenon.

Two large groups of copper(Il) EPR spectra are de-
scribed, namely for spin S ='2 and S = 1. Spin S = %2
represents the most simple example with two myg states
(%2, +¥2) and their energy difference (the magnetic res-
onance condition) is described as energy = hv = gf8.B
(Scheme 1). The symmetry of the magnetic/spin tensor,
which often reflects the symmetry of the coordination
sphere is the main reason to see one, two or three signals
in the spectrum.'®!7 Spin § = % is usually characteristic
for the mononuclear coordination compounds or polynu-
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Scheme 2. The Zeeman effect in the EPR experiment for spin S = 1.
The magnetic field is parallel with the z axis.

clear complexes, where the magnetic interaction between
the metal centres is not present (paramagnets).

Spin S = 1 is often present in the binuclear complexes,
where two spins S = ¥2 of two adjacent copper(Il) ions
are coupled via a bridging ligand, most often resulting in
a ferromagnetic or an antiferromagnetic behaviour. The
ferromagnetism is represented by a positive 2J exchange
interaction value (S = 1 triplet ground state, S = 0 singlet
first excited state), while the antiferromagnetism by a
negative 2J value (S = 0 singlet ground state, S = 1 trip-
let first excited state). At the room temperature one can
see S = 1 signals (S = 0 is EPR silent — no signals in the
EPR spectrum) for the antiferromagnetic species, e.g.
[ Cuy(u-O,CCH3)4(H,0),] type of complexes.'18-20 Usu-
ally, there is a ligand bridge between the two Cull cat-
ions, but other types of connection may also take place
(e.g. m-m interactions, H-bonding). Due to spin S = 1, three
magnetic quantum numbers (-1, 0, 1) describe the sys-
tem, and similarly as for § = %2, the Zeeman effect is no-
ticed in the EPR spectra, splitting the states, almost de-
generate at zero magnetic field (Scheme 2).%1519

Two copper(Il) ions for S = 1, theoretically enable 6
EPR signals if no hyperfine splitting is resolved (2 Cull
ions x 3(x, y, z) axes), and each of these signals may be
described by an equation, as shown by Wassermann et
al.'8 (Eqs (1)_(6)) BO = hV/geﬁe’ D' = D/geﬁer E =
E/g. B., D = the axial zero field splitting parameter, E =
the thombic zero field splitting parameter.
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Additionally, the Eq. (7) enables the calculation of a
type and magnitude of the magnetic interaction.!?
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Magnetic Susceptibility

Magnetic susceptibility (y) is the degree of the magneti-
zation of a material in response to a magnet. The method
measures the Boltzmann occupation of all energy levels.
Often the molar magnetic susceptibility y,; is used for
an analysis as a graph of y; versus T or yy - T versus T.
A constant yy; - T value is characteristic for the paramag-
netic species, while the deviation from the constant y; - 7'
to lower values (by decreasing 7) reveals an antiferro-
magnetism (Scheme 3). On the contrary, the deviation to
higher values reveals a ferromagnetism. The magnetic sus-
ceptibility analysis for the paramagnetic species with a
constant yy; - T at different temperatures is rarely describ-
ed in details in the literature. The effective magnetic mo-
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Scheme 3. The magnetic susceptibility graphs x,, - T(T) represent-
ing antiferromagnetic (a), paramagnetic (b) and ferromagnetic (c)
species.
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ment for the paramagnet real samples is above 1.73 g,
as expected for the spin contribution (ues = (n(n+2))"2,
or g = 2(S(S+1))2, n = a number of the unpaired elec-
trons per copper(Il) ion, or S = the total spin quantum
number). It may be calculated by . = 2.828(xy - T)V2
(c.g.s. units) from the susceptibility measurements.'0
The experimental data for some dinuclear compounds
can be well reproduced by considering the expression of

yave

2NAgzﬂ92

N.g*8,’°
e +TIP (8
K T(3+e 27k

2k, T

T =(1-p) +p

(TIP = temperature independent paramagnetism, p =
yield of the paramagnetic impurity) derived from the
Heisenberg Hamiltonian

H=-2J§,-§, 9)

for the antiferromagnetic [Cu,(u-O,CCH;)4(H,0),] in-
troduced by Bleaney and Bowers,).32! Additionally, the
expression for the magnetic interaction constant 2J

2J = Es— Er = 2k + 4fs (10)

derived by Kahn, relates its ferro-/antiferro-magnetic cha-
racter with the spatial symmetry of magnetic orbitals.3!!
(ferromagnetism — positive 2J, antiferromagnetism — ne-
gative 2J; k = Coulomb repulsion integral for two cen-
tres > 0, s = overlap integral > 0, = Coulomb one elec-
tron integral — orbital energy < 0).

MONONUCLEAR COMPLEXES

The complexes with one copper(Il) ion in the coordina-
tion sphere were isolated with the bidentate O,0' ligands
(carboxylate and methoxyphenol) and with the additio-
nal nitrogen or oxygen donor ligand completing the Jahn-
Teller distorted octahedron. The two types of the biden-
tate coordination moieties differ due to the connecting
spacer between the two coordinating oxygen atoms, na-
mely, O—-C-O and O-C-C-O for the carboxylate and

(a) 0 0" ®
R
O Cu 1 o
@ © RS 1 )
'_h

Scheme 4. Coordination modes of the carboxylate ((a) symmetric
chelate, (b) asymmetric chelate, and (c) monodentate) and the
phenol type of ligands ((d) asymmetric chelate).
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Figure 1. The room T axial elongated symmetry spectra of cop-
per(ll) salycilates: (a) [Cu(O,CCH5O),(nia),] — orthorhombic (nia
= nicotinamide); (b) [Cu(O,CC,H;O),(nia),] — monoclinic; (c)
[Cu(O,CCyH50),(nia)y(H,O),1; (d) [Cu(O,CC4H;0),(H,O),1 -
2H,0). (Reproduced from Ref. 31 with permission of the copyright
holders.)

methoxyphenol ligand, respectively. The carboxylate co-
ordination of the herein presented complexes varies from
symmetric chelate?? to asymmetric chelate,3-27 and fi-
nally to monodentate?$2° (Scheme 4). Among these, the
salycilates show several isomers.2329-3! Three isomers
were isolated also with a ligand vanillin (methoxyphenol)
all showing the asymmetric chelate coordination (Scheme
4d).32-34 The molecular structures of the mentioned mo-
nonuclear carboxylate complexes do not change signifi-
cantly by decreasing the temperature, however a struc-
tural change is noticed in the cis isomer of the vanillin
complex cis-{ Cu(O,CgH;0),(H,0),] with the variation of
the temperature.33-34

Among several types of the EPR spectra known for
the mononuclear (paramagnetic) Cull species with S =
Y2, those with two signals g (., < &) BLy) > Bjw)
representing elongated axial symmetry of the mag-
netic/spin tensor, which is often related to the symmetry
of the coordination sphere but not necessarily identical
(Figure 1d), are the most often (one coordination axis (z)
is significantly longer than the other two (x, y) (Scheme
5a). The B signal may be hyperfine split to four signals

B. KOZLEVCAR AND P SEGEDIN

due to the Cu'l unpaired electron (S = Y2) interaction
with Cu'l nucleus spin (I = 3/2). The hyperfine splitting
is clearly visible in the Figure 1b with two of the B sig-
nals below 300 mT, and the other two overlapped with
the B, signal.

The next group of the S = %2 system EPR spectra are
those with only one signal at 320 mT (Figure 2a), re-
vealing the isotropic symmetry (g;=g,=g3=g, Bj=B,=
B3) or similar coordination bond distances for all six
Cu-L of the octahedron (Scheme 5d) or five Cu-L in the
square-pyramid. This type of coordination is noticed for
the square-pyramid CuO3;NO chromophore in a polynu-
clear [Cu(u-O,CH),(3-pyOH)],,, 3-pyOH = 3-hydroxy-
pyridine (Cu—O,N(equatorial) 1.945-2.016 A, Cu-O(ax-
ial) 2.247 A).35 The polynuclear complexes often show S =
12 EPR signals in the range 298-100 K (Figure 2) due to
inappropriate coordination via non-magnetic {d,}?> Cu
orbital, giving a very weak or no exchange interaction.

(b)

(a)

250 300 350 400
BimT
Figure 2. Pseudo isotropic and axial symmetry S = ' EPR spectra
of the polynuclear complexes [ Cu(u-O,CH),(3-pyOH)], (3-pyOH
= 3-hydroxypyridine) (a) and [Cuyu-O,CH),(-3-pyOH),(3-
pyOH),(O,CH),], (b) (100 K), respectively.3>

The third type of the S = %2 spectra shows three sig-
nals By}, By and B3, revealing the thombic symmetry
of the coordination sphere (Figure 3, Figure 5, 115 K).
These signals correspond to the three different main axes
x, y and z, of the magnetic tensor, all of different length
(Scheme 5c¢). When two of these three signals are very

Scheme 5. The coordination bond orbital arrangement showing different types of the octahedral copper(ll) coordination sphere: (a) axial
elongated, (b) axial compressed, (c) rhombic, and (d) isotropic. The distance between the ligand p, orbital and the copper(l) dxgin ordy

orbital is suggesting the length of the coordination bond.

Croat. Chem. Acta 81 (2) 369-379 (2008)
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(a) 298 K

(b) 115K

(d) 115K
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Figure 3. The rhombic symmetry EPR spectra of vanillin compounds
trans{ Cu(O,CgH,O),(H,0),] (a, b) and trans{ Cu(O,CgH,O),(H,0),]
- 2H,0 (c, d). (Reproduced from Ref. 34 with permission of the
copyright holders.)

close to each other, the spectrum is than similar to the
axial elongated type of spectrum (Figures 1, 3, 5). Al-
though the spectrum of the vanillin complex trans-
[ Cu(0O,CgH;0),(H,0),] - 2H,0 shows three signals (Figure
3¢, d), two of three coordination bonds are almost of same
length (Cu—O(H,0) 1.994 A, Cu-O(hydroxy) 1.950 A),
while the third is longer (Cu—O(methoxy) 2.334 A). The
rhombic EPR differentiation may be explained by differ-
ent ligands in the two similarly long coordination axes
(H,0)0O-Cu-O(H,0) and (hydroxy)O—Cu—O(hydroxy),
respectively (Figure 4).34

The least commonly found EPR spectra of S =12 are
of compressed axial type g, (vy) > gjz) (BLry) < Bjj)s re-
presenting compressed axial symmetry of the coordination
sphere (one coordination axis (z) is significantly shorter than
the other two (x, y), Scheme 5b, Figure 5, 298 K). So far we
succeeded to obtain only one such example, namely the
spectrum of the complex cis-[Cu(O,CgH-0),(H,0),].
Spectra for this compound differ with the temperature when
recorded, from the signals representing the compressed
axial symmetry at room 7, to the signals due to the rhombic
symmetry at 115 K (Figure 5). The molecular structures
from the data obtained at 293 K and at 115 K agree with the

373

Figure 4. The molecular structure of a vanillin complex trans-
[Cu(O,CgH,0),(H,0O),] - 2H,O. (Reproduced from Ref. 34 with
permission of the copyright holders.)

270

300
B/mT

330

Figure 5. A temperature dependence of the EPR spectra of a vanillin
compound cis-[ Cu(O,CgH;0),(H,0),]. (Reproduced from Ref. 33
with permission of the copyright holders.)

EPR observations.?3-* Herein, two (H,0)O—Cu—O(meth-
oxy) coordination axes change from two equal length
axes (2.087 + 2.260 10\) found at room T to two different
length axes (2.020 + 2.151 A, 2.163 + 2.354 A) noticed
at 115 K. The (hydroxy)O—Cu—O(hydroxy) axis remain
almost the same (Scheme 6). This phenomenon was ana-

2.354(1) [30(4)]
é(.Zb;G(Z) [96(7)] Oo(m)
m
2.260(2) [95(7)] T 2.151(1) [44(4)]
(ho_ ~.o(m) (h)o. & 0O(m)
1.909(2) [23(6';]"‘,,,, |T e 1 u
/CU\ T T /7 ’ \
(e am 2 020((1‘7 [(1)5(4)1 O(h}
2.087(2) [13(8)] 1.909(2) [23(6)] ' 1.919(1) [15(4)]
O(w)
O(w)
2.087(2) [13(8)] . sk .

Scheme 6. A temperature induced reversible change of the Cu-O coordination bond distances (A) in cis{Cu(O,CgH;0)5(H,O)] (h -
hydroxy, m — methoxy, w — water). Thermal motion analysis (TMA, MSDA): Cu—O <d?> values (x 104 A2) are in square brackets. (Repro-

duced from Ref. 33 with permission of the copyright holders.)

Croat. Chem. Acta 81 (2) 369-379 (2008)
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Scheme 7. The orbital splitting diagram of a Jahn-Teller compres-
sed octahedron along the z axis. (Reproduced from Ref. 33 with
permission of the copyright holders.)

lyzed by a thermal motion analysis — TMA (see also
mean square displacement amplitude — MSDA), a method
incorporated also in PLATON,3037 and explained by a
pseudo Jahn-Teller’$40 distortion (Scheme 7). The libra-
tional dynamic disorder of the Jahn-Teller distorted axes
is leading to an equalization of the determined bond
lengths, imitating a higher symmetry in the structure at
higher temperatures. The {d..}! ground state is assigned
to this compound, while the {d,2_2}! to all the other he-
rein described complexes.

DINUCLEAR COMPLEXES

The complexes with two copper(I) ions in the coordina-
tion sphere are mostly found as isolated dicopper(Il)
tetracarboxylates with triatomic O—C-O bridges of pad-
dle-wheel type (Scheme 8a),242541-47 and some other ex-
amples*$4? as pyridone paddle-wheel complexes (triato-
mic N-C-O bridges). The complexes with polynuclear
structures of binuclear building blocks are described in
the next section.

The EPR spectra of the isolated dicopper(Il) tetra-
carboxylate complexes (Figure 6a, b) show three signals

H i
) R Ows fo) o“'CI o B
R/(g:c(g>’ R_(O’C“:o\/ (o~ oy
| A N _R b o')"_R
z Ry R 0=

L i ‘

. i

(a) (b) (©

Scheme 8. Various structural types in dicopper(ll) tetracarboxylates
by dimeric building blocks and terminal ligand L: (a) isolated
dinuclear; (b) polynuclear; (c) tetranuclear. (Reproduced from Ref.
45 with permission of the copyright holders.)
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Figure 6. The EPR S = 1 triplet signals of vanillic acid compounds
[Cu,y(u-O,CCH,0,),(H,0),] (() 116 K; (d) 298 K) and mixed
carboxylato [ Cu,(u-O,CC,H,0,),u-O,CCH,),] (= after re-
moval of [ Cu,(u-O,CC,H,0,),u-O,CCH,),(CH;OH),] from the
mother liquid) ((@) 116 K; (b) 298 K). (Reproduced from Ref. 46
with permission of the copyright holders.)

(B;15 Bi2uo, y2)» Bzp,) which are typical for the antiferro-
magnetically coupled copper(Il) centers with spin S = 1
in the range 0-700 mT for the X-band frequency region.
Such a spectrum 1is wusually represented as a
[ Cuy(u-0,CCH;3)4(H,0),] type,'+19-50 due to the first re-
ported structure of this kind. Theoretically, six signals
would be expected (Byj, By, By, By, B, By, Egs.
(1)—(6)),'® but due to a large axial zero field splitting pa-
rameter D (> hv ~ 0.32 cm™! for an X-band spectrum),
B, and By, (B ,) are as a rule not observed for this type
of complexes. However, for the vanillic acid complex
[ Cuy(u-0,CC7H;0,)4(H,0),]40°951 with D (= 0.30 cm™)
< hv (= 0.32 cm™), all six S = 1 signals are observed
(Figure 6¢, d) in the X-band spectra. The calculated anti-
ferromagnetic intrabinuclear magnetic interaction 2J for
the dicopper(I) tetracarboxylates can be calculated via
the 'Wasserman' Eqs. (1)—(7)!%1° and its magnitude is
usually in the range around —300 cm™'.

If almost fleeting description of the susceptibility
data are available for the S = %2 species (e.g. mononu-
clear), the complexes with two or more copper(Il) ions
are regularly described with a molar magnetic suscepti-
bility y\ analysis. The EPR and the magnetic suscepti-
bility data usually agree with a large antiferromagnetic
exchange interaction 2J. Complexes with a strong anti-
ferromagnetism show a lower p.; (= 2.828(ymDV?)
value than 1.73 ug (the spin only value for one uncou-
pled electron) already at room temperature, followed by
a significant decrease of the yy; or yy-T value by decreas-
ing temperature (Figure 7). An increase of y,; below 60
K can be attributed to the 'paramagnetic impurities'.

The antiferromagnetism of dicopper(Il) tetracarboxy-
lates can be described by an orbital overlap of the bridg-
ing ligand (syn, syn orientation in this case) and both
metal ions. The superexchange mechanism through a li-
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Figure 7. The experimental susceptibility data for the hexa-
noate  compounds  [{ Cuy(u-O,CCsHy4)4(urea)},] (a), [Cuylu-
O,CCsH ;) 4lurea),] (b); and [Cuy(u-O,CCsH )4l (), respecti-
vely, with the appropriate theoretical data (full lines, Egs. (8) and
(9). (Reproduced from Ref. 45 with permission of the copyright
holders.)

gand bridge is now a preferred way of describing the
antiferromagnetic exchange pathway. The equatorially co-
ordinated oxygen atoms (Cu-O(eq) 1.94-1.99 A) in the
square-planar coordination sphere CuO4N or CuO,0 are
closer than the axial atom (Cu—O,N(ax) 2.07-2.24 A),33
thus the equatorially oriented Cu orbital {dxz_yz}1 is the
magnetic, while the axially {d.2}? is not. Theoretically,
the overlap of the 'magnetic' Cu orbital (with one elec-
tron) on both sides of the exchange pathway (Cu-L—Cu)
plays a crucial role in determining the ferromagnetic or
the antiferromagnetic nature of the exchange interaction.
A strong bonding (orbital overlap) of the magnetic orbitals
usually leads to the antiferomagnetic interaction, while
non-bonding (= a bonding with the non-magnetic orbitals;
or orthogonality of the magnetic orbitals) might lead to
the ferromagnetism. From the quantum mechanics it is
shown as a competition among both options (J = Jpr +
Jg).2054 Since the antiferromagnetic interaction is essen-
tially of a higher magnitude>® (a few 100 cm™!), the
weaker ferromagnetism (up to a few 10 cm™) is possible
only without a direct bonding of the Cu magnetic orbital

0—H-—0

Scheme 9. An analogy between 2-pyridone and carboxylic acid
and their anions. (Reproduced from Ref. 49 with permission of the
copyright holders.)
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Figure 8. Two types of the bridging carboxylate ligands in a binu-
clear copper(ll) tetracarboxylate complex [ Cu,(u-O,CC,H;,O,), (i~
O,CCH,),(CH;OH),]. (Reproduced from Ref. 46 with permission
of the copyright holders.)

to the ligand on both sides of a bridge. The length of the
coordination bond is the basic parameter determining
occupancy (one or two electrons) of the metal d orbital
oriented toward the ligand.

2-Pyridone (= HL) complexes [ Cu,(u-L)4(HL),] and
[Cuy(u-O,CH),(u-L),(HL),] - 2CH5CN*3 show a strong
analogy to related paddle-wheel dicopper(Il) tetracarbo-
xylate complexes, namely with four N—-C-O and O-C-O
bridges, respectively (Scheme 9). Due to six EPR § =1
signals found for [ Cu,(u-L)4(HL),] and related N-C-O
or N-C-N bridged paddile-wheel complexes,>>>7 while
all six signals so rarely found in numerous dicopper(Il)
tetracarboxylates,* an important role of the bridge type
for an appearance or an absence of the B i, 1), iS sug-
gested. The paddle-wheel nature of 2-pyridone com-
plexes is observed also in the y\-7(T) graphs, revealing
strong antiferromagnetism (~ -330 cm™!).

The complexes with two different bridges in the pad-
dle-wheel [Cuy(u-O,CH),(u-L),(HL),] (= after removal
of [ Cu,(u-O,CH),(u-L),(HL),] - 2CH;CN from the mother
liquid) and [ Cu,(1-O,CC;H;0,),(u-O,CCHs),] (= after re-
moval of [Cu,y(u-0,CC7H;0,),(1-0O,CCHj3),(CH3;0H),]
(Figure 8) from the mother liquid) are giving related S =
1 EPR and yy results as regular copper(Il) acetate type
(By1, Biowo, y2)» Bp»)- EPR and susceptibility measurements
were performed by the dry solid samples! These data sug-
gest that different bridges of different ligands may serve
for the same type of antiferromagnetic interaction in the
paddle-wheel complex, if only they have similar geometry.
Interestingly, we managed to find the complexes with all
six § = 1 EPR signals just and only for the complexes
[Cup(u-L)4(HL),] and [ Cu,(p-O,CC7H70,)4(H,0),] that
are the closest analogues of the mentioned mixed pad-
dle-wheel complexes.

POLYNUCLEAR COMPLEXES

Only one typical polynuclear complex (from monomeric
building blocks), [Cu(u-O,CH),(3-pyOH)],, 3-pyOH =
3-hydroxypyridine, is shown herein (Figure 9). The EPR

Croat. Chem. Acta 81 (2) 369-379 (2008)
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Figure 9. Two types of methanoate bridges among the Cu-3-pyOH
moieties in a polymeric structure of [Cu(u-O,CH)y(3-pyOH)],.
(Cu--Cu: syn-anti 4.690 A, anti-anti Cu-—Cu 5.935 A). All
H-atoms are omitted for clarity. (Reproduced from Ref. 35 with
permission of the copyright holders.)
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Figure 10. The magnetic properties x,, and y,, - T (insef) of the
3-hydroxypyridine complexes [Cu(u-O,CH),(3-pyOH)], (a); and
[Cuy(t-Oy,CH), (t-3-pyOH),(3-pyOH),(O,CH),1, (b). The full lines
in the graph g, correspond to the Curie-Weiss law. (Reproduced
from Ref. 35 with permission of the copyright holders.)

spectra for this complex were recorded at 298 and 100 K,
and a pseudo isotropic signal of S =¥2 is observed (Fig-
ure 2a). This signal originates from similar coordination
bond distances Cu—O,N(eq) and Cu—O(ax), 1.945-2.016
A and 2.247 A, respectively. The susceptibility measure-
ments were performed in the range 4 K — room 7 and a
weak ferromagnetism was observed below 50 K (an
inset in Figure 10). This is in the agreement with the
EPR data in the range 100 K — room 7, where these mea-
surements were recorded. The magnetic interaction takes
place via the syn-anti coordinated ligands (021-C2-022),
due to the magnetic {d,> ,2}' Cu bonding orbitals on both
sides of the bridge (this is not the case for the anti-anti
O11-C1-012 bridge; see Figure 9). This seems to be the
main reason concerning the magnetic interaction, and not a
Cu---Cu distance. The ferromagnetism found for this com-
pound is related to a non-planarity of a bridging network,
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that significantly reduces especially the antiferromagne-
tic part of the interaction to the extent, enabling the fer-
romagnetic part to be predominant (J = Jpr + Jp).

A vast majority of the polynuclear compounds are those
composed of binuclear units and are of three types. A
complex [Cuy(u-O,CCHj),(u-nia)],, nia = nicotinamide,*!
is formed of paddle-wheel dicopper(Il) tetraacetate
building blocks, with the axial nicotinamide serving as a
bridging ligand, coordinated via pyridine N atom (Cu-N
2.158 A) and amide O atom (Cu—O 2.146 A) (Figure 11).
It is a rare example of nia acting as bidentate ligand.>°-6!
The EPR spectra (room 7, 150 K) are typical for the
[Cu,(u-O,CCH;)4(H,0),] type, supporting intra-binuclear
antiferromagnetic interaction and no or negligible inter-
binuclear interactions. A rare analogous structure is re-
ported for [Cu,(u-O,CCHj),4(u-dena)],,, dena = N,N-di-
ethylnicotinamide.5?

The second type is a chain of binuclear paddle-wheel
units, without an additional spacer between them. A par-
tial description of these complexes is reported in the lit-

Figure 11. A representation of the polymeric compound [Cu,(u-
O,CCHy)4(u-nia)],, nia = nicotinamide. (Reproduced from Ref.

n’

41 with permission of the copyright holders.)

291 K

200 K

95 K

200 400 600
B/mT
Figure 12. EPR specira of the polymeric compound [Cu,(u-

O,CC4H )41, measured at different temperatures. (Reproduced
from Ref. 45 with permission of the copyright holders.)
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Figure 13. EPR spectra of the tetranuclear compound [{Cu,(u-
O,CCsH,)4(urea)},], measured at different temperatures. (Repro-
duced from Ref. 45 with permission of the copyright holders.)

Figure 14. The dinuclear unit in a structure of [ Cuy(u-O,CH), (u-
3-pyOH),(3-pyOH),(O,CH),],, forming a 2-D network. All H-atoms
are omitted for clarity. (Reproduced from Ref. 35 with permission
of the copyright holders.)

erature,%3-%0 and we prepared a detailed EPR and a sus-
ceptibility analysis of related families,* e. g. ([Cu,(u-
0,CCsH,)4(urea),], 47 [{ Cuy(u-0,CCsHy)4(urea) 5]
and [Cu,(u-0,CCsH; )4],* (Scheme 8). The [Cu,(u-
0,CCsH;1)4],, EPR spectra show the triplet signals for S =
1 of the intra-binuclear interaction (copper(Il) acetate
hydrate type), though not when recorded at the room T
(Figure 12). At this temperature some broad signals pre-
vail over S = 1 triplet signals, but they gradually disap-
pear by decreasing the temperature, while simultaneous-
ly the triplet signals appear. The replacement is complete
at 100 K.

It is suggested that the high temperature broad sig-
nals are most likely related to the S = 1 inter-binuclear
interactions, meaning among S = 1 of the adjacent dinu-
clear building blocks.®8-70 Similar EPR spectra, a combi-
nation of high T broad signals and low T triplet S = 1
signals (Figure 13) were reported for [{Cu,(u-
0,CCsH;)4(urea)},], that is a hybrid type of the isolated
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binuclear [ Cu,(u-O,CCsHy;)4(urea),] and a polynuclear
[Cuy(u-O,CCsHy )4, (Scheme 8). The susceptibility
measurements were performed for each case of these
three groups ([Cu,(u-O,CCsHyj)4(urea),], [{Cuy(u-
0,CCsHyy)y(urea)}r] and [Cu,y(u-0,CCsHyy)y], (Figure
7). All possible intra-binuclear and inter-binuclear mag-
netic interactions were taken into account, but an anti-
ferromagnetic interaction inside the binuclear units is the
only one that seems to be important in all three com-
pounds. There may also be a ferromagnetic interaction
among the binuclear units in a polymeric and a hybrid
complex, but it is at least a magnitude weaker than the
intra-binuclear antiferromagnetism, and thus it is difficult
to confirm its presence. The fact that the axial coordina-
tion in these paddle-wheel complexes is serving as a ba-
sis for the inter-binuclear connection, and the lengths of
the coordination bonds are Cu—-O(eq) < Cu-O(ax), a sig-
nificant magnetic interaction in the axial direction may
not be expected.

The last presenting type of the polynuclear structures
with binuclear building blocks is [Cu,(u-O,CH),(u-3-
pyOH),(3-pyOH),»(0,CH),],, 3-pyOH = 3-hydroxypyri-

O

\/O /\Cu
ato oxygen atoms bridge two Cull ions, while two 3-hydro-
xypyridine molecules are N-coordinated to each Cu ion
perpendicular to the central double bridge moiety (Fig-
ure 14). Similar coordination moieties are rarely describ-
ed.”! The axial positions of the binuclear units are fulfilled
by 022" from 3-pyOH of the adjacent dimer. The EPR
spectra at room 7 and 116 K show two S = %2 elongated
axial symmetry signals (Figure 2b), while the suscepti-
bility measurements reveal almost negligible ferromagne-
tic interaction below 30 K (an inset in Figure 10). A very
weak magnetic interaction is in accordance with the
Cu(d,2_y2)!'-L(ligand)-Cu(d,2)? intra- and inter-binuclear
bridging coordination bonds (Cu-O41-Cu', 1.986 and
2.415 A, Cu-N2(3-pyOH)022-Cu', 2.002 and 2.732 A),
respectively.

dine.3> Herein, two Cu monoatomic methano-

CONCLUSIONS

The copper(Il) complexes presented in this work are
of all three general groups, namely, mononuclear, binu-
clear and polynuclear. The analysis of the EPR spectra
and the magnetic susceptibility data reveal a clear corre-
lation with the structures of the analyzed complexes and/or
their basic building blocks. The longer and shorter coor-
dination bonds, described by the Jahn-Teller theorem
clearly play the crucial role in the exchange interactions
in these copper(Il) coordination compounds.
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SAZETAK

Strukturna analiza serije koordinacijskih spojeva bakra(Il)
i korelacija s njihovim magnetskim svojstvima

Bojan Kozlevéar i Primoz Segedin

Kemija bakra(Il) u literaturi je dobro opisana zahvaljujuéi njenom znacenju u razlicitim istrazivackim po-
drucjima i relativnoj lakoci priprave novih spojeva. Magnetokemija je jedno od tih podrucja, iako rezultati »mag-
netskih metoda« kao $to su EPR ili magnetska susceptibilnost ¢esto ne omogucuju bolje tumacenje svojstava
ovih spojeva i Cesto su dvosmisleni. Korelacija rezultata strukturne i magnetske analize kompleksa bakra(Il)
moZe ispuniti neke od praznina u ovom podrucju. U radu se razmatra serija kompleksa bakra(Il) priredenih u

naSem laboratoriju, zadnjih desetak godina.
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