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An orthogonality of magnetic orbitals results in the stabilization of a high spin state, that is, a propagation of a 
ferromagnetic interaction between magnetic centers. Oxalato-bridged one-dimensional copper(I1) complexes [Cu- 
(en)z] [CU(OX)~] (1) and [Cu(bpy)(ox)]-ZH20 (2) were designed for an each magnetic orbital on adjacent units to 
be orthogonal, which might result in a ferromagnetic intrachain interaction. In the complex 1, the oxalato anions 
are tridentate ligands, and the terminal oxygen atoms of the [CU(OX)~]~-  unit bridge the adjacent [Cu(en)2I2+ unit 
from the axial (dZ2 orbital) position of the cation. The ground states of the cations and anion units are dX2+ 
Magnetic susceptibility data have revealed that complex 1 is an antiferromagnetic S = l / 2  Heisenberg chain, and 
exchange coupling constant ( J A F )  and g values were estimated to be -1.95 (1) cm-l and 2.1 15 (l), respectively, on 
the basis of an antiferromagnetic Heisenberg linear chain model. In complex 2, the oxalato anions are centrosym- 
metric and act as quadridentate bridging ligands, where the oxygen atoms coordinate to each copper atom both from 
the equatorial (dX24 orbital) and axial (dZ2 orbital) positions. Magnetic susceptibility data have shown that complex 
2 is the ferromagnetic S = l / 2  Heisenberg chain, and exchange coupling constant ( J F )  and g values were estimated 
to be 1.22 (4) cm-I and 2.185 (6), respectively, by using a ferromagnetic Heisenberg linear chain model. A 
magnetization curve of complex 2 at 2 K exhibited more rapid saturation than the calculated curve for J = 3/2, where 
J is the angular momentum quantum number. This ferromagnetic behavior can be readily understood by considering 
the fact that the spin density on the copper atom is spread over the oxalato groups, as confirmed by the all-electron 
ab initio unrestricted Hartree-Fock calculation for [CU(OX)~] 2-. The spin on the terminal oxygen atom, which 
coordinates to the adjacent copper atoms from its d22 direction, induces spin on that d22 orbital. The orthogonality 
of the primary spin orbital (dX24) and induced spin orbital (dZ2) causes the ferromagnetic interaction. The extended 
Huckel molecular orbital calculation for [Cu2((NH,),(ox)12+, which has a coordination geometry similar to that 
for complex 2, has shown that the HOMO and LUMO are effectively degenerate (separated by 0.02 eV), and this 
calculation is in good agreement with the experimental result. Crystal data: [Cu(en)2] [CU(OX)~], monoclinic, space 
group C2/c, a = 14.884 (2) A, b = 12.770 (2) A, c = 7.147 (1) A, B = 94.83 (2)", V =  1353.6 (4) A3, Z = 4, and 
R = 0.026 ( R ,  = 0.035) for 1938 data with IFoI > 347,). 

Introduction 

In the past decade, a great deal of effort has been devoted to 
building a molecular-based ferromagnet. Some complexes have 
been reported to show magnetic ordering below 20 K.14 In order 
to prepare a complex which exhibits magnetic ordering at higher 
temperature, three-dimensional magnetic interactions must be 
made as strong as possible. Molecular engineering techniques 
for the construction of one-dimensional molecular assemblies 
might be extended for control of the three-dimensional electronic 
and magnetic interactions. Several strategies to stabilize the 
highest spin multiplicity have been proposed: (i) Configuration 
mixing of a virtual triplet excited state with the ground state 
between radicals has been ~ugges ted .~ ,~  Miller and Epstein et 
al.137J have realized this theory in their charge-transfer complex 
[Fe(CsMe5)2] [TCNE] (CsMe5 = pentamethylcyclopentadienyl 
and TCNE = tetracyanoethylene), which exhibits ferromagnetic 
interaction between radicals. (ii) Strict orthogonality of magnetic 
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orbitals on adjacent paramagneticcenters has also been proposed. 
The linear chain copper(I1) complex bridged by nitronyl nitrox- 
ide radical has indicated the stabilization of the highest spin 
multiplicity due to the orthogonality of magnetic orbitals, Le., 
the d, and p, spins on the copper atom and nitronyl nitroxide 
radical, re~pectively.~ The orthogonality of the d, and d, spins 
has also been used to obtain ferromagnetic interactions in Cr- 
(111)-Ni(I1) and Cr(II1)-Cu(I1) complexes.lOJ1 (iii) Strong an- 
tiferromagnetic interactions between paramagnetic species with 
different spin multiplicities, which are alternately aligned, lead 
to a ferromagnetic like behavior due to the noncompensation of 
the local spins. 0. Kahn et al. have embodied such ferromag- 
netic like behavior in Mn(I1) (S = 5/2) and Cu(I1) (S = l/2) 
chain c o m p l e ~ e s . ~ J ~ - ~ ~  Gatteschi et al. have reported that the 
highest spin multiplicity was stabilized in M(hfa)Z(NITR) (M 
= Mn and Ni, hfa = hexafluoroacetylacetonato, and NITR = 
2-R-4,4,5,5-tetramethyl-4,5-dihydro-lH-imidazolyl-l-oxy 3- 
oxide, where R = methyl, ethyl, propyl, and phenyl) due to the 
antiferromagnetic coupling between metals and nitronyl nitrox- 
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ide radical cen ter~ .3 .~9 '~J~  All examples described above consist 
of heteronuclear or heteroparamagnetic species. Some homo- 
metal one-dimensional systems with a ferromagnetic intrachain 
interaction have been reported.'*-23 However, the  strategy to 
build a homonuclear one-dimensional system with stronger fer- 
romagnetic interaction has not been established yet. In this paper, 
we describe a design of a homometal (copper(I1)) ferromagnetic 
chain system. 

Oshio and Nagashima 

Experimental Section 

Compound Preparation. Synthesis of [Cu(en)zICu(ox)z] (1). All 
chemicals were of reagent grade and were used as commercially obtained. 
To a solution of Kz[Cu(ox)z].2HzOZ4 (0.2 mmol) in boiling methanol 
(100 mL) was added a solution of [Cu(en)z](NO3)~-2HzO~~ (0.2 mmol) 
in methanol (IO mL). Blue precipitates were filtered off and washed 
with methanol. Crystals for the X-ray crystallographic analysis were 
grown by the slow diffusion method using a [Cu(en)z](NO3)~ and Kz- 
[cu(ox)~]  methanol solution. Anal. Calcd for C ~ H I & O & U ~  (1): c ,  
22.70; H, 3.81; N, 13.23. Found: C, 22.81; H, 3.79; N, 13.25. 

Synthesis of [Cu(bpy)(ox))2Hfl(2). The compound were prepared 
by the procedure given by Hathaway et Slow evaporation of the 
methanol solution resulted in blue crystals for X-ray analysis. Anal. 
Calcd for C I ~ H I Z N Z O ~ C U  (2): C, 41.93; H, 3.52; N, 8.15. Found: c, 
41.75; H, 3.70; N, 8.24. 

Magnetic MeePunments. Variabletemperature dependences of mag- 
netic susceptibilities of powdered samples were measured by an Oxford 
Faraday type magnetic balance system equipped with a superconducting 
magnet. Temperature readings were calibrated with a magnetic ther- 
mometer by the use of Cr(NH3)&. All data were corrected for 
d iamagnet i~m.~~ Least-squares fitting of the magnetic susceptibility to 
approximate equations for the ferro- or antiferromagnetic chain were 
performed with the least-squares program Igor on a Macintosh computer. 

Molecular Orbital Calcul.tions. All-electron ab initio unrestricted 
Hartree-Fock (UHF) calculations for [CU(OX)Z]~- were carried out by 
using the GAUSSIANBZ program.28 The basis set for the ZD state of the 
copper atom given by Roos et aLZ9 is constructed as [5s, 2p, Id], and p 
and d type polarization functions ({ = 0.25 and 0.1682, r e s p e c t i ~ e l y ) ~ ~ * ~ ~  
are added to the basis set. STO-3G32 minimal basis sets were adopted 
for the carbon and oxygen atoms. The structural parameters obtained 
by X-ray analysis were employed with a few adjustments to obtain the 
D2h symmetry. Extended Hiickel molecular orbital (EHMO) calcula- 
ti0ns3~,'~ weredone for thedinuclear copper(I1) complex. The parameters 
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Table I. Crystallographic Data for [Cu(en)2] [CU(OX)~] (1) 

C B H I ~ C U Z N ~ ~ B  
423.3284 
20 
monoclinic 

14.884 (2) 
12.770 (2) 
7.147 (1) 
94.83 (2) 
1353.6 (4) 
4 
2.077 
33.1414 
0.026 
0.035 

w c  

Table XI. Positional (X104) and Equivalent Isotropic Thermal 
Parameters (A21 for [Cu(en)z] [CU(OX)Z] (1) 

X Y z Baa 
2500 

0 
62 (1) 

1495 (1) 
1207 (1) 
2723 ( I )  
2916 ( I )  
3692 (1) 
3760 (2) 
4408 (2) 

980 (1) 
1827 ( I )  

5000 
0 

-1650 (2) 
207 (2) 

-2638 (2) 
-474 (2) 

4945 (3) 

-577 (2) 

3832 (2) 
6768 (2) 

5851 (3) 
-1736 (2) 

1.9 
1.9 
2.2 
2.4 
3.0 
2.8 
2.2 
2.2 
2.8 
2.6 
1.8 
1.8 

a The equivalent isotropic temperature factor is calculated using the 
expression BOs = (4/3)&2iaj3i,, where ais are the unit cell edges in 
direct space. 

for the EHMO calculation were taken from refer~nccs,~~.36 and geometries 
used will be mentioned in the text. 

Data Collection nod Processing. Blue crystals (0.38 X 0.14 X 0.07 
mm3 for complex I and 0.40 X 0.18 X 0.22 mm3 for complex 2) were 
attached to the end of glass fibers and mounted on a Rigaku AFC-SR 
four-circle diffractometer. Crystallographic data and data collection 
parameters are summarized in Tables I and SVII (supplementary 
material). Intensity data were obtained by use of an u-28 scan using 
graphite-monochromated Mo Ka radiation: 2712 and 5419 reflections 
(2O < 28 < 65O, -22 < h < 22,O < k < 19,O < I < 11; 2O < 28 < 60°, 
-14 < h < 14, -14 < k < 14,O < I < 13) were measured for 1 and 2, 
respectively, of which 1938 and 4161 were respectively observed [Pd > 
3u(F0)]. The intensities were corrected for Lorentz-polarization and 
absorption effects but not for extinction. Lattice constants were 
determined by a least-squares refinement based on 50 reflections (12' 
< 8 < 15O) measured on the diffractometer. 

Structure Analysis and Refinement. The structures were solved by the 
conventional heavy-atom method and refined by a block-diagonal Ieaet- 
squares technique with anisotropic thermal parameters for non-H atoms 
and isotropic for H atoms. Atomic scattering factors and anomalous 
scattering corrections were taken from the l i t c r a t u r ~ . ~ ~  The weighting 
schemes chosen for the compounds 1 and 2 were w = [uc2 + (0.01 5Pd)2]-1 
and w = [ucz + (0.030)Fo1)2]-1, respectively, where ucz was the standard 
deviation of IFd calculated from counting statistics. The final atomic 
parameters and equivalent isotropic thermal factors for non-hydrogen 
atoms are listed in Tables I1 and SVIII (supplementary material). 

All calculations were carried out on a HITAC M680 computer at the 
Computer Center of the Institute for Molecular Science with the Universal 
Crystallographic Computation Program System UNICS-III.38 
~~~ ~~ 
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Design of a Homonuclear Ferromagnetic Chain 

Figure 1. probability. 

Table III. Selected Bond Lengths (A) and Angles (deg) of 
ICu(enh1 ICu(oxM (1)" 

CU( 1)-N( 1) 2.021 (2) CU( 1)-N(2) 2.005 (2) 
Cu(1)-0(3)' 2.539 (2) Cu(2)-0(1) 1.954 (2) 
CU(2)-0(2) 1.932 (1) Cu(l)-Cu(2) 5.8795 (9) 

0(3)a-C~(1)-N(1) 96.91 (6) 0(3)a-C~(l)-N(l)b 83.09 (6) 
0(3)"-Cu(l)-N(2) 90.80 (6) 0(3)"-C~(l)-N(2)~ 89.20 (6) 
0(3)b-Cu(l)-0(3) 180.0 N(l)-Cu(l)-N(2) 84.80 (7) 
N( l)-C~(l)-N(2)~ 95.20 (7) O(l)-Cu(2)-0(2) 84.25 (6) 
O(l)-C~(2)-0(2)~ 95.75 (6) 

- 2; (c) -x, -y, -z. 
a Key to symmetry operations: (a) x ,  y ,  1 - z; (b) l / 2  - x ,  l / 2  - y ,  1 

Results 

Structure of [Cu(eo)2ICu(ox)2] (1). The blue crystal consists 
of [Cu(en)2I2+ and [CU(OX)~]~-  ions. The crystal structure is a 
polymeric structure and comprised of bridged [Cu(en)J2+ and 
[CU(OX)~]~-  units. An ORTEP drawing of the one-dimensional 
structure is depicted in Figure 1. Selected bond lengths and 
angles are listed in Table 111. The copper atoms both in the 
cation and anion are located at a center of symmetry. The 
coordination geometry of the cation [Cu(en)2]2+ is that of a six- 
coordinate CuN402. The equatorial plane consists of four nitrogen 
atoms of ethylenediamine, and the two axial positions are occupied 
by terminal oxygen atoms of the adjacent anions. The bond 
lengths between the copper and the equatorial nitrogen atoms 
(2.021 and 2.005 A) are shorter than those between copper and 
the axial oxygen atoms (2.539A) as expected for a six-coordinate 
copper(I1) complex. The coordination geometry of the complex 
anion [CU(OX)~]~-  is expressed as a four-coordinated square plane. 
Four oxygen atoms of the two oxalato groups coordinate to the 
copper ion. The terminal oxygen atoms of each oxalate, which 
are related by a crystallographic center of symmetry, coordinate 
to the copper atom of the adjacent [Cu(en)2]2+ unit forming a 
chain structure. The ground states (magnetic orbitals) of both 
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Table IV. Selected Bond Lengths (A) and Angles (deg) of 
[C~(~PY)(OX)I*~H~O (2)' 

CU-0( 1) 1.984 (2) CU-0( 2) 1.993 (1) 
Cu-N( 1) 2.012 (1) Cu-N(2) 1.998 (2) 
Cu-0( 3)" 2.313 (2) CU-O( 4)* 2.314 (2) 
Cu-Cub 5.5567 (8) 

O(l)-CU-0(2) 90.31 (5) O(1)-Cu-N(1) 94.02 (6) 
O(l)-Cu-N(2) 173.67 (6) O(l)-Cu-O(3)' 77.89 (6) 
O(l)-Cu-0(4) 89.95 (6) 0(2)-C~-N(l) 175.64 (7) 
0(2)-Cu-N(2) 94.93 (6) 0(2)-C~-0(3)" 85.74 (5) 
0(2)-Cu-0(4) 77.50 (5) N(l)-Cu-N(2) 80.72 (6) 
N(l)-Cu-0(3)' 94.67 (6) N(l)-Cu-0(4) 102.97 (6) 
N(2)-Cu-0(3)" 98.92 (7) N(2)-C~-0(4) 94.66 (6) 
0(3)*-Cu-0(4) 159.26 (5) 

a Key to symmetry operation: (a) -x, -y, 1 - z; (b) -x, -y, -2. 

Figure 2. ORTEP diagram of [Cu(bpy)(ox)] with 50% probability. 

of the copper atoms are described as d X y .  The copper ion in the 
cation is separated from thecopper atom in the anion by a distance 
of 5.8795 (9) A. 

Structure of [Cu(bpy)(ox)fZH20 (2). The crystal structure 
of complex 2 was identical with the compound prepared by Hath- 
away et a1.26 ORTEP drawings of the molecule with the atomic 
labeling system and the projection view on the bc-plane are 
presented in Figures 2 and 3, respectively. Selected bond lengths 
and angles are listed in Table 111. The crystal structure is 
composed of polymeric chains of [Cu(bpy)12+ ions bridged by 
oxalato anions. The copper atom is coordinated by two nitrogen 
atoms of the bipyridine and four oxygen atoms of the two oxalato 
groups, and the coordination geometry of the copper atom is 
described by an elongated rhombic octahedron. The oxalato 
groups are centrosymmetric and involved in an asymmetric bridge 
between center-related copper atoms, which form a zigzag chain 
structure. According to the bond lengths between the copper 
and coordinating atoms (Le., four bonds with short bond distances 
(1.984-2.012 A) and twobonds with long bond distances (2.313 
and 2.314 A)), a basal plane for the octahedron is regarded as 
the plane defined by the O(l), 0(2), N(l), and N(2) atoms. The 
coordination angles about the copper atom in the basal plane are 
close to 90°, and this result implies that the ground state of the 
copper atom can be expressed as ds-,,z with a slight mixing of the 
d,z state. Two copper atoms are separated by 5.5567 (8) A. 

Magnetic Properties. Cryogenic magnetic susceptibilities of 
both complexes 1 and 2 were measured down to 1.9 K, and the 
xmT vs temperature plots, where xm is the molar magnetic 
susceptibility, are depicted in Figure 4. Small humps appearing 
in the temperature range from 30 to 50 K in both the complexes 
are due to absorbed oxygen. The temperature dependence of the 
product of susceptibility xm and temperature T values can be 
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a 

(7 
Figure 3. Projection view of [Cu(bpy)(ox)].ZHzO. 

t 1 

0.0 
0 50  100 150 200 250 300 

Temperature (K) 
Figure 4. Experimental (X) and calculated (-) temperature depend- 
ences of xmT for [Cu(en)~] [CU(OX)~] and [Cu(bpy)(ox)].ZH20. 

informative about the magnetic interaction between paramagnetic 
centers. If the xmT values decrease with a decrease in temper- 
ature, this indicates an antiferromagnetic interaction. On the 
other hand, if the xmT values increase with a decrease in tem- 
perature, the magnetic interaction is ferromagnetic. 

The xmT values for complex 1 show a gradual decrease upon 
cooling, and this behavior can be interpreted by the existence of 
an antiferromagnetic interaction between copper centers. X-ray 
crystallographic analysis has shown that the copper atoms in 
complex 1 are alternately arranged, so the magnetic susceptibility 
data were analyzed by the intrachain exchange model, which has 
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6000 7000r 

HK (kG K ' )  

Figure 5. Plots of magnetization (M) vs field strength ( H I T )  for [Cu- 
(bpy)(ox)].ZHzO at 2 K. Solid lines are given by the Brillouin function 
with J = '12,  1, 3/2,  2, 5/2, and 3. 

been studied by Duffy and Bar.3g The isotropic Hamiltonian is 
expressed as 

where J i s  the exchange integral coupling of a spin with its nearest 
neighbor and aJ is the exchange integral of a spin with its other 
neighbor, and 1.1 < 1. Hatfield et al. have reported the recal- 
culation for the model by Duffy and Barr and have obtained 
numerical data for the generation of the magnetic susceptibility 
in terms of the exchange coupling constant J and the alternation 
parameter The reduced susceptibility is expressed as 

(1) 
N h ;  A + Bx + Cx2 

Xm =k,T 1 + Dx + Ex2 + Fx3 
where g is the g factor, p~ is the Bohr magnetron, k~ is the Boltz- 
mann constant, x = -JAF/kBT, and constants A-F are power 
series in terms of a. The best fit of eq 1 to the data of complex 
1 was obtained with JAF = -1.95 (1) cm-' and g = 2.115 (2), 
where a is fixed to 1 because of the alternate arrangement of the 
copper atoms. 

The product of xm and temperature values for complex 2 shows 
a gradual increase as the temperature is decreased. This magnetic 
behavior does indicate the existence of the ferromagnetic 
interaction between metal centers. The result of magnetization 
experiments as a function of applied field at 2 K is shown in 
Figure 5 along with theoretical curves given by Brillouin function 
(BJ(x)) .  The magnetization is expressed as 

where M8 is the saturation magnetization and J is the quantum 
number of the total angular momentum. In this calculation, the 
gvalue was fixed to 2.176, which was estimated from the Curie 
constant. The experimental magnetization values at 2 K are 
greater than the predicted values by the Brillouin function for the 
J = 3/2 system, and this supports the existence of the ferromag- 
netic interaction. 
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The magnetic susceptibility data of complex 2 were analyzed 
by the Heisenberg linear chain model. The Hamiltonian is 

H = - 2 J ~ S , S i + ,  
i 

where J is the intrachain-exchange coupling constant and the 
summation is over all members of the chain. The equation based 
on the high-temperature Pad€ expansion by Baker et al.43 was 
used to fit the data. The equation for a S = I12  chain is 

1 + a , K  + a2K2 + a,K3 + a4K4 + a,K5 ' I 3  

( 2 )  
1 + b,K + b2K2 + b,K3 + b4K4 I Xm = N M [  

where K = & / 2 k ~ T  and ai and bi are expansion coefficients. In 
this calculation, the interchain magnetic interaction was ignored. 
Experimental data above 1 1  K of complex 2 were fitted to eq 2 
by a least-squares method. The JF and g values for complex 2 
wereevaluated to be +1.22 (4) cm-l and 2.185 (6), respectively. 

Discussion 

In order to construct a molecular-based ferromagnet, it is 
necessary to control the two- or three-dimensional magnetic 
interactions. Some of the compounds referred to in the Intro- 
duction have been shown to exhibit magnetic ordering.14 All 
such systems consist of heteronuclear systems, if organic radicals 
are considered as having a heteronucleus. Is it possible to build 
a homometal ferromagnet or even to prepare a homometal one- 
dimensional ferromagnetic chain? 

In a dinuclear system, the interaction of the magnetic orbitals 
(dAxz-g and dBx24) on each copper atom forms bonding and an- 
tibonding molecular orbitals (& = dAx2-g + dB+2 and 4, = 
dA,2-9 - dBx42), which correspond to the HOMO and LUMO, 
respectively. The triplet-singlet state energy difference AI3 
(=ET - Es) is expressed as36 

where Kab, Jaa, and Jab are the exchange integral and one-center 
and two-center Coulomb repulsion integrals, respectively, and €1 

and €2 are the energy levels of the HOMO and LUMO. The 
value of Kab is always positive, so the first term in eq 3 contributes 
to the ferromagnetic interaction, while the second term, which 
is always positive, contributes to the antiferromagnetic interaction. 
The energy difference between two molecular orbitals A t  (=e1 - 
4, which corresponds to the HOMO-LUMO energy gap, 
determines the magnitude of the antiferromagnetic interaction. 
The stronger antiferromagnetic interaction is expected for the 
system with the larger HOMO-LUMO energy gap. The 
numerator of the second term ((el - t ~ ) ~ )  is proportional to the 
overlap integral between the magnetic orbitals (41 and 42). The 
triplet state is stabilized if the numerator becomes zero, that is, 
the magnetic orbitals are orthogonal. It can be also expected 
that the ferromagnetic interaction is favored if the second term 
is small enough compared with the first term. The above question 
is equivalent to asking whether the magnetic orbitals on adjacent 
metal centers can be orthogonally aligned or the HOMO-LUMO 
energy gap can be made small enough. 

First we have to select a proper metal ion and an appropriate 
bridging ligand in order to realize a strong magnetic interaction 
in thechain system. Perturbation theory predicts that twoorbitals 
can strongly interact if the orbitals have the same symmetries 

(43) Baker, G. A.; Rushbrooke, G. S.; Gilbert, H. E. Phys. Rev. 1964, 235, 
A1272. 
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Figure6. Fermicontact termsof [Cu(ox)212-obtained by theall-electron 
ab initio unrestricted Hartree-Fock calculation. 

Table V. Orbital Populations and Fermi Contact Analysis Obtained 
by the All-Electron ab Initio Unrestricted Hartree-Fock Calculation 
for [CU(OX)~]~- 
atom orbital gross orbital populations Fermi contact term (au) 

cu 3s 0.0 0.018 
4s -0.02 
2Px 0.0 
2PY 0.0 
2Pz 0.0 
3Px -0.01 
3PY -0.01 
3P* -0.01 
1 do 0.0 
Id+i 0.0 
Id-1 0.9 1 
1d+2 0.01 
1 d-2  0.0 
2 4  0.0 
2d+i 0.0 
2d-1 -0.02 
2d+2 0.0 
2d-2 0.0 

O(1) 2s 0.0 
1 Px -0.13 
1 PY 0.02 
1 Pz 0.02 

1 PY 0.0 
1 Pz -0.01 

1 P Y  0.0 
1 Pz 0.02 

C(1) 2s -0.02 -0.028 
1 Px -0.16 

O(2) 2s 0.01 0.044 
1 Px 0.29 

-0.01 1 

and comparable energies. That is, magnetic d-orbitals and p- 
orbitals of the bridging ligand should have the same symmetry 
and should be close in energy in order to possess a strong magnetic 
interaction through the bridging ligand. Ab initio molecular 
orbital calculations of the divalent metal oxides have proven that 
the energy level of the d-orbitals of the copper ion is the closest 
to the oxygen p-orbital among the first row transition metal ions.44 
In addition, the oxalato ligand is known to propagate a strong 
magnetic interaction in some dinuclear copper(I1) ~omplexes.4~~~6 
Thus, we selected the Cu(ox) unit as a component of the one- 
dimensional compound. 

In complex 1, the ground states both of the [Cu(en)2I2+ and 
[Cu(ox)2I2-ions are dX2-g. [Cu(en),12+ is a square planar complex 
and has two additional (axial) coordination sites; i.e., a dzz 
direction. An X-ray crystallographic study has revealed that 
complex 1 has a chain structure where the terminal oxygen atoms 
of [CU(OX)~]~-  coordinate to the [Cu(en)212+ ion from the axial 
positions of the cation. An all-electron ab initio unrestricted 
Hartree-Fock (UHF) calculation for [Cu(ox),l2- revealed a 
substantial spin delocalization throughout the whole molecule 
(Table V and Figure 6), so the terminal oxygen atom of the 
[Cu(ox)212-unit hasa substantialspindensity. It can be expected 

(44) Yamaguchi, K.; Nakano, M.;  Namimoto, H.; Fueno, T. Jpn. J .  Appl.  

(45) Kahn, 0. Angew. Chem., Int. Ed. Engl. 1985, 24, 834. 
(46) Benchini, A.; Bianchi, A.; Garacria-Espana, E.; Jeannin, Y.; Julve, M.; 

Phys. 1988, 27, L1835. 

Marcelino, V.; Philoche-Levisalles, M. Znorg. Chem. 1990, 29, 963. 
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that the spin on the terminal oxygen atoms might induce a spin 
on the d z  orbital of [C~(en)~]~+.“ If so. it is expcctcd that the 
orthogonality of the induced spin (dz) and the spin of the d9-F 
orbital in the [Cu(en),l2+ unit should result in a ferromagnetic 
interaction. Magnetic susceptibility data have shown that the 
magnetic interaction of [Cu(en)~] [CU(OX)Z] is unexpectedly an- 
tiferromagnetic (JAF = -1.95 ( I )  cm-I). The weak antiferro- 
magnetic interaction of complex 1 can be explained by the long 
Cu(l)-0(3) bond length (2.539 (3) A). which causes a small 
induction of the spin on the d z  orbital of [Cu(en)#+. We have 
done extended Hiickel molecular orbital (EHMO) calculations 
on a dimer unit [Cu(NHl),(H~O)][Cu(ox)z], which is the 
analogueofthecomponent ofthechaincomplex 1. Thegeometries 
used were taken from the X-ray structural data ofcomplcx I and 
modified for [CU(NHI)I(H~O)] [CU(OX)Z]. The EHMO calcu- 
lation (Figure 7c) showed that the HOMO (-11.81 eV) and 
LUMO (-1 1.04 eV) possess the d2.9 orbital character of the 
[CU(OX)~]~-  (Figure 7a) and [CU(NH~)~(H~O)]”  (Figure 7b) 
units, respectively. and this means that each magnetic orbital 
cannot mix. even if the HOMO and LUMO are separated by 
0.77 eV. It is concluded that even a strong antiferromagnetic 
interaction cannot be attained in complex 1 with this bridging 
conformation. 

The next step to prepare a ferromagnetic chain requires the 
construction of a ondimensional compound with a short bond 
(e.& Cu-0(3) in complex 1) distance. It is known that a copper 
complex with bipyridine prefers to form a mono(bipyridy1) 
complex because the steric hindrance of an a-hydrogen of the 
bipyridine makes a his(bipyridy1) complex unstable. In other 
words, the copper mono(bipyridy1) complex is very stable and 
has four more coordination sites. If the two oxalato groups 
coordinate to the copper atom as a bidentate ligand, each oxygen 
atom coordinates both from the d t  and dS-9 direction. The 
remaining four terminal oxygen atoms might be used to bridge 
the next units; hence, a zigzag chain structure can be formal. 

(47) Anderson. P. W. In Solid SIOR Physics; Seitz. F., Turnbull, D.. Us.; 
Academic Ras: Nm York. 1961: Vol. 14, p 99. 

As the result of the bidentate nature of the oxalato groups, the 
bond length d (Cu-0(3) (dz direction) becomes shortex and the 
values of bond angle Ol (Cu-0(3)-C( 1 1’)) and dihedral angle 8, 
(the angle between the planes defined aa Cu-O(3)-C(ll’) and 
0(3)-C(II’)-C(I1))areexpectedtobccomesuitableones(110 
and Oo, respectively) for a-donation of O(3) atom. Complex 2 
formulated as [Cu(bpy)(ox)]-2H20 has been proven to have a 
onedimensional structure as stated in the previous scction. The 
corresponding bond length (4, bond angle (0,). and dihedral 
angle (8,) for complex 2 are 2.314 (2) A, 108.4 (I)’, and 2.7 (2) 
or 6.3 (2)O. respectively. In complex 2, it should be noted that 
the bond length d becomes shorter and the bond and dihedral 
angles become closer to 1 IO and Oo. respectively. This bridging 
conformation makes the a-donationofthe terminaloxygen atoms 
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Flpre 8. Extended Hackel MO diagram of [Cu~(NH,)a(ox)]’+. 

stronger. The cryogenic magnetic measurement docs show a 
ferromagnetic interaction, and the quantum number of the total 
angular momentum J at 2 K is confirmed to be higher than )Iz. 

Some mechanisms to explain the ferromagnetic intuactions 
in acetato- or carboxylato-bridged copper(I1) complexes ([Cu- 
(dien)OAc].(CI04).~~ and Cu(pzdc).HCI;z’ dien = diethylenc- 
triamine.pzdc = 2.3-pyridinedicarbxylate) have been proposed. 
It has been suggested that the ferromagnetic interaction is 
propagated via a delocalized *-electron pathway of the bridging 
ligand. The dihedral angle between the plane of the acetate or 
carboxylate ligands and the plane containing the d,z.p orbital is 
90‘ in these complexes, and this results in the u system of the 
bridgingligand being orthogonal to the magneticorbitals (dxz.9), 
hence, the propagation of the ferromagnetic interaction.m0”This 
explanation seems to be ambiguous for the following reason. The 
induction of spin in the p- orbital by the spin on the dz-y’orhital 
must be very small because these two orbitals are orthogonal. 
The propagation of a ferromagnetic interaction can be explained 
inour system as follows. All the oxygen atomsin the [Cu(ox)]z+ 
unit have a substantial spin density on the p. orbitals (Table V). 
In complex 2 the spin density on the copper atom is delocalized 
to the neighboring copper atom through the a-pathway of the 
bridging oxalatoligand. Thereare two typesof cr-pathways (see 
above figure). The first is Cu-O(l)-C(l I)-C(I l ‘ )4 ( l ’ )Xu’  
or Cu-O(3)-C(ll’)-C(l I)-O(3’)-Cu’, and the second is Cu- 
O(I)-C(I 1)-0(3’)-Cu’or Cu-O(3)X(I l’)-O(l’)Xu’, where 
Cu’belongs to the adjacent unit. In the first pathway, the O(1) 
and O(1’) (or O(3) and O(3’)) atoms coordinate to the copper 
atoms from the d t -9  (or dzi) direction. This pathway results in 
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an antiferromagnetic interaction because both copper atoms are 
in the dt.9 ground state. The two bonds (Cu-O(l) and Cu’- 
O(1’) or Cu-0(3) and Cu’-0(3’)) are, however. separated by 
the C(ll)-C(Il’) bond, and this long pathway makes the 
antiferromagneticinteractionvery weak. In thesecond pathway. 
the O(1) and O(1’) atoms coordinate to the copper atom from 
the dt.9 direction, while the O(3) and O(3’) atoms coordinate 
to the copper atom from the dzz direction. The delocalized spin 
density on the O(3) or O(3’) atoms can induce spin on the d t  
orbital of the adjacent copper atom, which is orthogonal to its 
dx*.9 orbital. The orthogonality between the dz* orbital of the 
induad spin and thed,r? orbital of the primary spin is responsible 
for the ferromagnetic interaction. The EHMO calculation of 
[Cuz(NH,)~(ox)]*+, which hasgeometrysimilar tothecomponent 
of complex 2, docs show that the HOMCLUMO energy gap is 
only 0.02 eV, and this value is considered to be small enough to 
favor theferromagneticinteraction ofcomplex2. It is not passihle 
to predict themagnitudeofthemagnetic interaction by the EHMO 
calculation. The small J value for complex 2 can be explained 
bythefact that thegroundstateofthecopperisnotstrictlyd,*.+ 
A crystallographic study revealed that the bond angles around 
the copper atom deviate from 90° and the dz* axis is bent. This 
means that themixingofd,icharacter into thed+9orbitaloccurs. 
Therefore, the orthogonality of the two orbitals is not strictly 
kept and this causes a weak ferromagnetic interaction. 

coarllaioa 
Extended Hiickel molecular orbital calculation for thecomplex 

[Cu(en)J [CU(OX)~] (1) shows that the molecular orbitals of the 
cation and anion units do not mix. Hence, a very weak antif- 
erromagnetic interaction was obsmed in complex 1. In the 
complex [Cu(bpy)(ox)].2H~O (2). the spin on the occupied d t  
orbital is induced from theadjaant moleculeand theorthogonality 
between the primary magnetic orbital (dt.9) and the d t  orbital 
of the induced spin results in the ferromagnetic chain. It has 
been proven that modificationofthe bridgingconformationmakes 
the neighboring magnetic orbitals orthogonally aligned. hence. 
a ferromagnetic interaction can be propagated.” 
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