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ORTHOGONALITY OF THE MAGNETIC ORBITALS AND 
FERROMAGNETIC INTERACTION 

OLIVIER KAHN, YU PEI AND YVES JOURNAUX 
Laboratoire de Chimie Inorganique, URA 420, Universitb de Paris- 
Sud, 91405 Orsay, France. 

Abstract The strict orthogonality of the magnetic orbitals favors the 
ferromagnetic interaction. The basic idea of this strategy are recalled 
and three examples are presented. The first one concerns a 
copper(I1)-orthosemiquinone entity, the second one a copper(I1)- 
vanadyl(I1) complex and the third one a Cr(III)Ni(II)3 tetranuclear 
species. In each case, the ground state has  the highest spin 
mutiplicity. The status of the orthogonality concept is investigated 
through an  ab-initio calculation dealing with the Cu(II)VO(II) 
compound. 

INTRODUCTION 

A strategy has been proposed to favor ferromagnetic interactions between 
nearest magnetic centers, based on the concept of orthogonality of the 
magnetic orbitalsl-3. This strategy may be summarized as follows : we 
have an A-B pair with nA unpaired electrons around A occupying the ap 
magnetic orbitals, and nB unpaired electrons around B occupying the bv 
magnetic orbitals. ap transforms as Tpa and bv as r v b  irreducible 
representations of the point symmetry group adapted to the A-B pair. The 
magnetic orbitals are said to  be strictly orthogonal if rCla and r v b  are 
different for any couple p and v. In such a case, the ground state has the 
highest spin multiplicity Sg=(n~+ng)/2.  Indeed, owing to the orthogonality 
of the ap and b, local functions, it  is not possible to form low-energy 
molecular orbitals, delocalized on the whole A-B pair, on which the 
magnetic electrons would pair. Therefore, Hund's rule holds and the 
parallel spin state has the lowest energy. 
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430 0 KAHN, YU PEI AND Y JOURNAUX 

In this paper, we present two A-B compounds in  which the strict 
orthogonality of the magnetic orbitals is achieved. For the former one, no 
thorough theoretical study has been carried out yet; for the latter, on the 
other hand, an ab-initio calculation has been performed, of which the 
results will be reported. In  addition, we describe a Cr(III)Ni(II)3 
tetranuclear species in which the S=9/2 ground state arises from the quasi 
orthogonality between the tag orbitals of Cr(II1) and the eg orbitals of 
Ni(I1). 

k COPP ER(I1)-ORTHOSE W U I N W  COMPOUND 

The [Cu(NHpy2)(DTBSQ)]+ cation with NHpy2 = di - 2 - pyridylamine and 
DTBSQ = 3,5 - di - tert - butyl - o - semiquinone has a structure shown in 
Figure 1. 

FIGURE 1 left : structure of the cation copper(I1)-orthosemiquinone; 
center : magnetic orbital for orthosemiquinone; right : magnetic orbital for 
copper(I1). 

The copper(I1) ion is in a 4 + 2 distorted octahedral environment with two 
nitrogen atoms of NHpy2 and the two oxygen atoms of DTBSQ in the basal 
plane and two oxygen atoms of perchlorate groups in the apical positions 
with apical bond lengths above 2.4 A. In  addition, the copper(I1) ion is 
slightly displaced from the basal plane towards one of the apical sites, so 
that the molecular skeleton is not rigorously planar. If one neglects this 
weak bending of the magnetic cation, the symmetry is QV. W h e n  
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ORTHOGONALITY OF THE MAGNETIC ORBITALS 43 1 

considering this bending, the symmetry is Cs with a mirror-plane Q 

perpendicular to  the pseudo-molecular plane4. 
The unpaired electron from the copper(I1) ion is described by a 

magnetic orbital aCu pointing along the Cu-N and Cu-0 bonds in the basal 
plane. a C u  is antisymmetric with regard to the mirror-plane Q and 
transforms as  b l  in C2v and a" in Cs. The unpaired electron of the 
orthosemiquinone radical is found from elementary molecular orbital 
theory to  occupy the K* orbital noted bsq. This orbital transforms as b2 in 
CzV and a' in Cs and is symmetric with regard to  the mirror-plane Q. Both 
aCu and bSq are schematized in Figure 1. Even by taking into account the 
slight deviation of the [Cu(NHpy2)(DTBSQ)I+ unit from planarity, aCu and 
bsq are strictly orthogonal and the interaction is expected to be purely 
ferromagnetic with a triplet ground state. Experimentally, the XMT versus 
T plot shown in Figure 2 agrees with this prediction5. 

5 0  100 150 200 250 
l / K  

FIGURE 2 XMT versus T plot for the copper(I1)-orthosemiquinone 
compound. 

At room temperature, XMT is equal to 0.92 0 3  K mol-l, smoothly 
increases upon cooling, reaches an extended plateau between 150 and 20 K, 
and finally slightly decreases below 20 K. This behavior is quite 
characteristic of a strong intramolecular ferromagnetic interaction. The 
plateau corresponds to the temperature range where only the triplet 
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432 0 KAHN, YU PEI AND Y JOURNAUX 

ground state is thermally populated. The magnetic susceptibility then 
follows a Curie law XMT = 2NP2g2/3k. Below 20 K, intermolecular 
interactions are probably operative. Quantitative fitting of the experimental 
data leads to J larger than 200 cm-1. 

CuVO(fsa)2!2!&&3OH : QUA LITATIVE APPRO ACH AND AB-INITIO 
CALCULATION 

The compound noted CuVO(fsa)2en. CHQOH has a structure represented 
in Figure 3. 

FIGURE 3 Structure of CuVO(fsa)2en.CH3OH. 

The two metal ions, copper(I1) and vandium(IV), as well as the oxygen 
atoms of the vanadyl group and of the methanol molecule weakly bound to 
copper are located in a pseudo mirror-plane perpendicular to the plane of 
the  macrocyclel. Pseudo, here, means tha t  this plane is not a 
crystallographic plane, however the molecular symmetry is very close to 
Cs. From elementary ligand field considerations, it  is obvious to see that 
the unpaired electron around copper(I1) is described by a xy-type magnetic 
orbital noted aCu and transforming as a", and that around vanadium(1V) 
by a xz-ya-type magnetic orbital noted bvo  and transforming as a'. 
Therefore, the strict orthogonality is achevied and actually the triplet state 
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ORTHOGONALITY OF THE MAGNETIC ORBITALS 433 

has been found to be the lowest with a ground triplet-excited singlet 
separation of 120 cm-1. 

'... 

vo cu 

FIGURE 4 Schematic representation of the magnetic orbitals aCu 
and bvo in CuVO(fsa)2en.CH3OH 

This compound CuVO(fsa)2en.CH3OH is particularly important 
because it allows to prove in a clearcut fashion that the nature of the 
interaction is related to the symmetry of the molecular species and of the 
interacting magnetic orbitals as  a whole, and not to the local symmetry 
along each metal-bridge-metal linkage. As a matter of fact, the magnetic 
orbitals around copper(I1) and vanadyl(I1) are delocalized towards the 
bridges, in an antibonding o fashion for the former one, and in an  
antibonding x fashion for the latter one, as schematized in Figure 4. Along 
each Cu-0-V linkage, the magnetic orbitals overlap, and ignoring the 
phase relations beween the two bridges, one could claim that  the 
interaction is antiferromagnetic. In fact, the overlap density P defined as1 : 

presents a positive zone around one of the bridges and a negative zone 
around the other bridge and the interaction is strongly ferromagnetic. 
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434 0 KAHN, YU PEI AND Y JOURNAUX 

Implicitely, the concept of strict orthogonality lies on a qualitative 
model where the interaction parameter J can be decomposed into a 
ferromagnetic JF and an antiferromagnetic JAF contributions, this latter 
term vanishing when all the magnetic orbitals are orthogonal. However, in 
the ab-initio perturbational development of J proposed first by de Loth et 
a1.6, other terms may significantly contribute to the S - T energy gap . In all 
the copper(I1) dinuclear compounds studied so far, the balance of these 
additional terms is negative, i.e. in favor of the antiferromagnetic 
interaction, even if some of them may be positive7. Moreover, in some 
cases, this negative balance prevails over the potential exchange term 2k, k 
being the two-electron exchange integral : 

Therefore, it was important to see what the contribution of these terms is 
with regard to the potential exchange term in the case of CuVO(fsa)2en. 
CHQOH. 

0 

0 

0 

0 

FIGURE 5 Electronic isodensity curves for the magnetic orbitals 
centered on Cu(I1) and VO(II), respectively, in CuVO(fsa)2en.CHgOH, 
drawn in the mean molecular plane. 

The calculation has been carried out by the method described by de 
Loth et  al. as  follows8 : a model complex retaining the main characteristics 
of the actual complex, namely the CuO2VO bridging network and the 
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ORTHOGONALITY OF THE MAGNETIC ORBITALS 435 

peripherical nitrogen and oxygen atoms bound to the metal centers has 
been built. This model complex has exactly the Cs symmetry, with the 
mirror-plane containing copper and vanadyl. The calculation is restricted 
to valence electrons by using pseudo-potential operators for replacing all 
core electrons. The open-shell SCF process with the Nesbet operator 
directly gives the magnetic orbitals. They are well localized on copper for 
the lowest one and on vanadium for the highest one, as shown in Figure 5.  
The former has essentially an  xy-character and is antisymmetric with 
regard to the mirror-plane; the latter has essentially an x2-y2 character 
with some admixture of z2 and is symmetric with regard to the mirror- 
plane. 

The magnetic orbitals are strictly orthogonal so that the kinetic energy 
term is exactly zero. As for the potential energy term 2k, it is found equal to 
623 cm-l. This rather large contribution is better understood when 
considering the overlap density P(1) between the two magnetic orbitals, as 
defined above. A map of isooverlap density in the plane containing the 
copper and the bridging atoms is shown in Figure 6. 

FIGURE 6 Isooverlap density curves in CuVO(fsa)2en.CH30H drawn 
in the mean molecular plane. 

P(1) is of course antisymmetric with regard to the mirror-plane with 
non negligible contributions around the bridging oxygen atoms as well as 
the metal atoms and the peripherical nitrogen and oxygen atoms. The two- 
electron exchange integral k may be written as : 
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436 0 KAHN, YU PEI AND Y JOURNAUX 

which points out that the magnitude of k is governed by the extrema of the 
overlap density. 

Another ferromagnetic contribution at the second-order is provided by 
the double-spin polarization process. All the other second-order 
contributions are negative. Globaly, the balance of the second-order terms 
is - 280 cm-1, which does not compensate the strong potential energy term 
2k. The results of the perturbational development of J are gathered inTableI. 

TABLE I Different types of contribution obtained at zeroth- and 
second-order and numerical values for the copper(I1)-vanadyl(I1) 
model complex . 

type of contribution value in cm-1 

potential exchange 623 
kinetic exchange 0 
double-spin polarization 79 
ligand-metal charge transfer -114 
metal-ligand charge transfer -38 
kinetic exchange + polarization -113 
particule polarization -33 
hole polarization -60 
total value af€er second-order 343 

The calculated J value (343 cm-1) has the good sign but is more 
positive than the reported experimental one (120 cm-1). The important 
point arising from this calculation is that the terms appearing beyond the 
active-electron approximation do not modify the qualitative predictions 
made in the frame of this approximation as for the nature of the ground 
state. D

ow
nl

oa
de

d 
by

 [
T

om
sk

 S
ta

te
 U

ni
ve

rs
ity

 o
f 

C
on

tr
ol

 S
ys

te
m

s 
an

d 
R

ad
io

] 
at

 1
1:

55
 1

9 
Fe

br
ua

ry
 2

01
3 



ORTHOGONALITY OF THE MAGNETIC ORBITALS 437 

A Cr( 1 1 1 ) ~ i m ~  - TETRANUC LEAR CLUSTER WITH A S=9/2 SPIN. 

The compound (Cr[(ox)Ni(Me~-[14lane-N~)J~)(ClO~)~ , hereafter abbreviated 
as CrNig was  synthesized according to  the scheme : 

3 (“‘N?) / \  

N N 

2 +  

+ 

0 

0 

3 .  

(cr  [(ox)Ni(Me,- p4] ane-&)]g 3+ 

N 

FIGURE 7 Schematic structure of the CrNig tetranuclear cation. 

A central Cr(II1) ion in octahedral environment is linked to three Ni(I1) 
ions through oxalato bridges. Each Ni(I1) ion achieves an hexacoordination 
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438 0 KAHN, W PEI AND Y JOURNAUX 

with the terminal macrocycle. Me6-[14lane-N4 is known to give a folded 
tetracoordination in the presence of a bidentate anion (see Figure 7). 

The molar magnetic susceptibility X M  of CrNig was investigated in the 
1.3<T/K<270 temperature range and the results are shown in Figure 8 in 
the form of the XMT versus T plot. At 270 K, XMT is equal to  5.52 cm3 mol-1 
K, which corresponds to what is expected for a Cr(II1) and three Ni(II1) 
ions magnetically isolated. Upon cooling, XMT increases in a continuous 
fashion down to ca. 6 K, then reaches a plateau or a broad maximum with 
X@=11.3(1) c n d  mol-1 K. 

l\ I g t  1 

5 0  1 0 0  150 200 2 5 0  
l / K  

FIGURE 8 XMT versus T plot for CrNig. 

This XMT versus T plot clearly shows that the Cr(II1)-Ni(I1) interactions 
are ferromagnetic so that the ground state has the spin S=912. The value of 
the maximum of XMT is close to what is expected for a S=912 ground state 
in the temperature range where only this state is thermally populated. 
Indeed, in this temperature range, we should have : 

gg/2,3 is the Zeeman factor associated with this ground state and the other 
symbols have their usual meaning. The magnetic data have been 
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ORTHOGONALITY OF THE MAGNETIC ORBITALS 439 

interpreted quantitatively. The interaction parameter J (H = JSCr.SNi) has 
been found equal to 5.5 cm-l. 

In order to confirm that CrNig has a S=9/2 ground state, we measured 
the molar magnetization M up to 6x104 G a t  4.2 K. The results shown in 
Figure 9 follow reasonably well the theoretical expression 

u 4 0  - 
0 
E 

E 
L 30 
0 

\ 

& 20 - 
II 

10 

1 0  20 30 4 0  5 0  
ti . 1 O-'/ c 

FIGURE 9 Magnetization M versus magnetic field plot H plot for 
CrNig. experimental data. - calculated curve for a S = 9/2 ground state and 
a g factor g = 1.97. --- calculated curve for a Cr(II1) ion with SCr = 3/2 and 
three Ni(I1) ions with SNi = 1 uncoupled plotted with gCr = m i  = 1.97. 

with : 

in which B (y> is the Brillouin function. The best agreement is  obtained for 
g9/2,3 = 1.97. 

Let us analyse now the role of the symmetry in the nature of the 
interaction. A first approach consists of saying that Cr(II1) in octahedral 
surroundings has three unpaired electrons occupying the three low-lying 
t2g orbitals and each Ni(I11, also in octahedral surroundings, has two 
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440 0 KAHN, YU PEI AND Y JOURNAUX 

unpaired electrons occupying the two high-lying eg orbitals. A more 
rigourous approach requires to consider the actual symmetry of each 
Cr(ox)Ni bridging network, close to  C5jV. In this symmetry, the unpaired 
electrons of Cr(II1) occupy orbitals transforming as al+a2+b2 and those of 
Ni(I1) orbitals transforming as a l + b l .  These orbitals are schematized in 
Figure 10. 

Ni( l l )  C r ( l l l )  

a1 

bl 

FIGURE 10 Schematic representation of the magnetic orbitals 
centered on Cr(II1) and Ni(I1) ions in CrNig 

The Cr(II1)-Ni(I1) exchange parameter J may be written as a sum of Jij's 
contributions involving pairs of interacting orbitals as : 

where all the Jij's are positive since involving orthogonal orbitals but 
Ja la l .  This contribution, however, may be expected to be rather small. 
Indeed, the a l ( z2 )  orbital centered on nickel is weakly delocalized in the 
plane of the oxalato bridge. Among the positive contributions, J a l b l  is 
certainly the most important since the a1 orbital centered on chromium 
and the b l  orbital centered on nickel are both situated in the plane of the 
bridging network and may efficiently interactg. 
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ORTHOGONALITY OF THE MAGNETIC ORBITALS 441 

CONCLUSION 

Our main target is to design molecular-based ferromagnetslo-11. Our 
strategy along this line consists of synthesizing high-spin molecules or 
chains, then of assembling them in a ferromagnetic fashion within the 
crystal lattice. To obtain high-spin molecules, we are exploring two 
different ways. The former is the achieving of ferromagnetic interactions 
thanks to  the orthogonality of the magnetic orbitals. CrNi3 provides a 
spectacular example of the possibilities of this approach. A S=9/2 ground 
state, if not unique anymorelO,ll, is still quite unusual. The latter strategy, 
to which another paper in this issue is devotedla, consists of polarizing 
high peripheral spins owing to antiferromagnetic interactions with a 
small central spin. 

REFERENCE8 

1. 

2. 

3. 
4. 
5. 

6. 

7 

8. 

9. 
10. 

11. 

0. Kahn, J. Galy, Y. Journaux, J. Jaud, and I. Morgenstern- 
Badarau,J. Am. Chem. SOC., U, 2165 (1982). 
Y. Journaux, 0. Kahn, J. Zarembowitch, J. Galy, and J. Jaud, J. Am. 
Chem. SOC., 105,7585 (1983). 
0. Kahn, Struct. Bonding(Ber1in) M, 89 (1987). 
J.S. Thompson, and J.C. Calabrese, Inorg. Chem., 24, 3167 (1985). 
0. Kahn, R. Prins, J. Reedijk, and J.S. Thompson, Inorg. Chem., a, 
3557 
(1987) 
P. de Loth, P. Cassoux, J.P. Daudey, J.P. Malrieu, J. Am. Chem. 
Soc., U, 4007 (1981). 
See, for instance, J.P. Daudey, P. de Loth, and J.P. Malrieu, in 
Mameto-Structural Corre lation in Exchanpe COUD led Svstems , edited 
by R.D. Willett, D. Gatteschi, and 0. Kahn, (NATO AS1 Series, Vol. 
140 Reidel, Dordrecht, 19851, pp. 87-104. 
P. de Loth, P. Kardiloglou, J.P. Daudey, and 0. Kahn, J. Am. Chem. 
Soc., 110,5676 (1988). 
Y. Pei, Y. Journaux, and 0. Kahn, Inorg. Chem. 28, 100 (1989). 
A. Bencini, C. Benelli, A. Caneschi, R.L. Carlin, A. Dei, and D. 
Gatteschi, J. Am. Chem. SOC., W, 8128 (1985). 
Y. Pei, Y. Journaux, and 0. Kahn, Inorg. Chem. Z, 399 (1988). 

12. 0. Kahn, Y. Pei, K. Nakatani, and Y. Journaux, in this issue. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
55

 1
9 

Fe
br

ua
ry

 2
01

3 


