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Abstract 

A series of ab initio quantum chemistry calculations on a trinuclear mixed-valence 

system [(NH3)6Cu3O2]
+3 have been performed in order to simultaneously evaluate its 

magnetic and electronic parameters, namely the magnetic coupling constants J1 and J2, 

the electron transfer integrals t1 and t2, and the exchange-transfer terms h1 and h2. The 

procedure is based on the use of the effective Hamiltonian theory. The results evidence 

the presence of two ferromagnetic interactions in this compound, in good agreement 

with the behaviour found in the real system [L3Cu3O2]
+3, where L= N-permethyl-

(1R,2R)-cyclohexenediamine. Regarding electron transfer terms, their values are about 

one order larger than the corresponding magnetic coupling constants, and essentially 

controlled by the direct interactions through the Cu d orbitals. The exchange-transfer 

terms are non negligible, their amplitudes being similar to the J1 constant.  
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1. Introduction 

The reduction of O2 to give H2O is one of the most relevant reactions in nature. In 

biological systems, this process is catalyzed by the metalloenzymes, in particular by 

those containing active Cu sites [1-3]. In these enzymes, Cu exists in mononuclear and 

polynuclear configurations, although the nuclearity of the active site does not correlate 

directly with the type of reactivity (they can function as dioxygenases, monooxygenases 

and oxidases). Multicopper oxidase enzymes such as laccase, ascorbate oxidase or 

ceruloplasmin couple the four-electron reduction of O2 to water with the one-electron 

oxidation of electron-rich substrates. The active site is a trinuclear Cu cluster, coupled 

to a Cu site (blue Cu site) 13 Å distant from the Cu3 cluster, which provides the fourth 

electron [1-3].  

Many efforts have been driven to understand the mechanism of this reaction. In 

particular, biochemical synthesis research has focus on the synthesis of biomimetic 

models that reproduce the topology and reactivity of the natural ones. Among them, 

Cole et al. [4] have reported the self-assembly synthesis of a trinuclear Cu/O2 cluster, 

with a Cu3(µ-O)2 core, of formula [L3Cu3O2]
3+, L=N-permethyl-(1R,2R)-

cyclohexenediamine (Figure 1). This compound represents the first example of 3:1 

metal:O2 stoichiometry in reactions between metal complexes and O2. Generally each of 

the Cu centres supplies only one electron. Therefore one-, two- or four-electron 

reduction of O2 has a 1:1, 2:1 or 4:1 metal:O2 stoichiometry, respectively. In the case of 

the complex isolated by Cole et al. the four electrons are provided by three copper ions, 

which leads to a mixed-valence [Cu2(II)Cu(III)] system. X-ray structure analysis, UV-

vis spectra, NMR susceptibility, SQUID and MCD data [4,5] are all consistent with a 

description of a localised mixed-valence system (type II in Robin and Day 

classification), with two Cu(II) ions ferromagnetically coupled (an S=1 electronic 

ground state), and one diamagnetic Cu(III) centre. The singlet-triplet splitting is only of 

+14 cm-1. All three Cu centres have square-planar coordination environments, with 

shorter Cu-O bonds in the case of Cu(III) centre. The distortion does not arise from 

crystal packing effects since it is also present in solution [1], but it is related to a first-

order Jahn-Teller effect. Root et al. [5] stated that this effect together with a weak 

electronic coupling can explain the localised nature of the mixed-valence system.  

From a theoretical point of view, this system is a simplified model of polynuclear mixed 

valence systems. Modelling the properties of them remains one of the open challenges 

in molecular magnetism, in particular, to elucidate the interplay between electronic 
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delocalization and magnetic interactions in these compounds [6]. Three types of 

interactions can be distinguished in the [Cu3O2]
+3 core, as shown in Figure 2, namely 

magnetic exchange coupling J, electron transfer, t, and the exchange-transfer term [7], h, 

also  called singlet-displacement operator [8].  The magnetic exchange reverses the spin 

on two neighbour sites, the electron transfer constant moves the electron to a neighbour 

hole and the exchange-transfer term moves the pair of electrons, coupled in a singlet, 

toward a hole placed in a neighbour position. Thus a singlet on sites a and c, the site b 

containing a hole, is displaced to the positions a and b, the hole being in c.  

Different theoretical works have tried to elucidate the origin of the ferromagnetic 

coupling [5,9,10,11] and quantify the stabilization produced by the Jahn-Teller 

distortion [5,12]. Density functional theory (DFT) based calculations on a model system, 

where L ligands are replaced by NH3 groups correctly reproduce the triplet ground state, 

but largely overestimate the triplet-singlet separation (J = 878 cm-1[5], J = 72 – 550 cm-1 

[9]; J = 231 cm-1[10]; J= 806-2934 cm-1 [11]). Any evaluation of the electronic coupling 

has been reported, except a rude estimation from the energies of the magnetic orbitals 

[5], nor of the exchange-transfer term.  

In this field, an alternative to DFT based methods lies in the use of extended 

configuration interaction (CI) approaches, in particular, difference dedicated CI (DDCI) 

calculations [13]. The main advantage of this method is to take into account dynamical 

correlation effects at a reduced computational cost compared to a conventional CI 

calculation. In fact, the central idea is to obtain the energies and eigenvectors of the 

desired states from a truncated CI expansion, where all the double excitations from two 

inactive occupied orbitals toward two inactive virtual ones (the most numerous ones) 

are eliminated, since they contribute neither to the magnetic coupling constant nor to the 

electron transfer integrals.  The method provides estimates of the exchange coupling 

constants and hopping integrals in good agreement with the experimental values both in 

molecular and periodic systems [14-24]. This approach has also been recently used to 

study a series of (µ3-hydroxo)- and (µ3-oxo)-bridged trinuclear Cu(II) models by 

Chalupsk et al.[25] and Le Guennic et al. [26]. 

The aim of the present work is to evaluate all the electronic and magnetic parameters 

governing the properties of this system from ab initio quantum chemistry calculations. 

DDCI method is employed to determine the energies and wavefunctions of the low-

lying states of the system. Combined with effective Hamiltonian theory it is possible to 

simultaneously extract the electronic and magnetic coupling constants and the 
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exchange-transfer terms. Also a direct estimate of the relative stability of the local forms 

is obtained as well as a measure of the on-site Coulomb energies (Ua=Uc, Ub). 

The manuscript is organised as follows: the real system and the model employed in 

calculations are described in Section 2 and the method in Section 3. Results are reported 

in Section 4, and main conclusions are summarized in Section 5. 

 

 

2. Description of the real and model systems 

The real system contains two non-equivalent [L3Cu3O2]
+3 clusters for each unit cell, 

both with C2 symmetry. Table 1 collects the main geometrical parameters of both 

clusters (A and B), the main difference being the O-O distance (2.26 Å and 2.36 Å, 

respectively). We have employed the experimental geometries from x-ray diffraction 

data for this system, and both inequivalent structures have been analyzed. Any 

symmetry constraint has been imposed, at difference with previous theoretical works. In 

order to reduce the computational cost, the external L ligands are replaced by NH3 

groups, maintaining the original position of N atoms, where the H atoms are placed in 

such a way the C2 axis is preserved. This change could affect the amplitude of the 

interactions under consideration, but only a minor effect is expected, at least for J, as 

suggest previous works where the impact of external ligands on J has been considered 

[11,20]. Figure 1 represents the structure A of the real system and three views of the 

corresponding model.  

In all the calculations core electrons of Cu, O and N atoms were replaced with effective 

core potentials, where the (9s6p6d)/[3s3p4d] set was used for the valence electrons of 

Cu atoms, (5s6p1d)/[2s3p1d] set for O atoms and (5s5p1d)/[2s3p1d] set for N atoms 

[27]. A double-zeta basis set has been employed for H atoms. CI calculations are 

performed by means of CASDI code [28] on the basis of the ground triplet molecular 

orbitals. 

 

 

3. How to obtain the amplitude of the coupling constants 

3.1. Identification of the effective parameters 

The mixed-valence [Cu3O2]
+3 core contains two Cu(II) atoms and a single Cu(III) one. 

As well known, a Cu(II) atom in a pseudo-square planar coordination places the 

unpaired electron on a molecular orbital, essentially Cu dx2-y2 but with tails on the four 
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neighbour atoms.  Let us call a, b and c these unpaired orbitals, a and c being related by 

a C2 axis.  

In order to extract the effective parameters, let us consider the neutral determinants with 

Sz=0 that can be built on the basis of the localized orbitals: 

{ }, , , , ,ab ab bc bc ac ac . They constitute the model space Σ. The 

corresponding ionic determinants { }, ,aa bb cc are high in energy, due to the on-site 

Coulomb repulsion U, { } { }, , ,m mm mnU E E m n a b c= − = . The Hamiltonian spanned by 

such a model space can be written as: 

2 2 2 1 2 2 1 1

2 1 2 2 1 2 1

2 2 2 1 1

2 1 2 1

1 1

1

ab ab bc bc ac ac

J J h t h t h h

J t h h h t h

J J t h h

J h t h

J J

J

ε
ε

− − − − −

− − − −

− + −

− +

+ −

+

   (1) 

or on the basis of their six combinations: 

2 1 2 2 1

2 2 1

1

1 2

2

2 2 2 0 0 0

2 2 0 0 0

2 0 0 0

0

0

ab bc ac ab bc acS S S T T T

J t h t h

J t h

J

t t

t

ε

ε

+ − −

+

+

− −

  (2) 

where ( ) / 2mnS mn mn= −  and ( ) / 2mnT mn mn= +  for {m,n}={a,b,c}. The 

zero of energy is that of the triplet states abT  or bcT . The term ε represents the 

stabilization of the hole localized on site b with respect to those situations where the 

hole is placed on site a or c, that is, it quantifies the extension of the Jahn-Teller 

distortion. Since the Cu atoms form an isosceles triangle, two different magnetic 

coupling constants can be distinguished, J1 between sites a and c and J2, between sites 

a(c) and b (Figure 2). These constants are defined according to the Heisenberg 

Hamiltonian: ( )ˆ ˆˆ 2 1 4Heis ij i jH J S S= − − , where the singlet-triplet separation is equal to 

2J, and then J is positive for a ferromagnetic system. Similarly, two different electron 
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transfer integrals can be identified, as shown in Figure 2. The term t1 couples the 

electron delocalization between sites a and c, and t2 permits the direct transfer between 

sites a and b or b and c. Notice that the sign of the overlap of Cua d and Cub d orbitals 

(∝ tab) is opposite to that of Cub and Cuc orbitals (∝ tbc) (see scheme in Table 2). Then 

t2= tab =- tbc. For the same reason, it is expected that t1 and t2 have opposite sign. 

Regarding the exchange-transfer term, the operator h1 produces an anti-clockwise 

singlet displacement [8], in such a way that, a singlet on sites a and b, with spins up and 

down, respectively, is displaced to sites c (up) and a (down). This movement can be 

conceived as a two-step pathway (Figure 3), where firstly the electron in site b is 

transferred to site a, followed by a second transfer toward c. This effect scales as 

( )2 1 / at t U ε+ . The coupling of ac  with ab  is also equal to h1, but in this case the 

displacement is clockwise. On the other hand, the operator h2 controls the clockwise 

movement of the singlet: a singlet on sites a and b is displaced to sites b and c. As for h1, 

this effect can be identified with a two-step pathway, involving the ionic bb  

determinant, scaling as ( )2

2 /
b

t U . Moreover, the term h1 contributes to the coupling 

between the ab  and ac  determinants, since it represents an indirect pathway for the 

electron transfer between sites b and c (Figure 4). The same holds for the h2 term and 

the electron transfer between sites a and b [8]. 

 

In summary, the magnetic and electronic constants, J, t and h, correspond to coupling 

terms of an Hamiltonian built on the basis of the neutral determinants resulting from the 

distribution of two electrons on three active orbitals, a, b and c. The next question is 

how these matrix elements can be isolated from the energies and wavefunctions 

provided by a set of CI calculations. 

 

3.2. The machinery 

The diagonalization of the Hamiltonian matrix on the basis of the neutral determinants 

(eq.1) (or their corresponding combinations in eq. 2) gives six eigenstates: three singlet 

and three triplet states, where two singlet (triplet) states are of symmetry A (B) and one 

singlet (triplet) state of symmetry B (A). Their energies can be written from the basic 

parameters as: 
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( ) ( ) ( ) ( ) ( )

3 2

1 2 1 3

2 1 2 1

2 2 2 2
, 2 1 , 1 1 2

2 2

8 2 / 2 8 / 2

S T

S S T T

E J t h E t

E M N M N t h E t t tε ε

= + + = −

   = + − + + = + − +   
   

m m

 (3)   

where M=2J2-t1-2h2 and N=2J1+ε. Notice that the singlet displacement terms only 

appear on the singlet eigenvalues, since they stabilize the singlet but not the triplet states. 

The resulting spectrum depends on the relative values of the seven parameters involved. 

(Here, in order to simplify the discussion of the results, the labels of these states 

correspond to the distribution obtained from our CI calculations. That is, it makes use of 

a posteriori information, once the wavefunctions have been analyzed. Otherwise, there 

is no way to sort these states, prior to the determination of the effective parameters). 

Since there are only five energy-differences, it is clear that these parameters can not be 

univocally defined just from the spectrum. Also the information contained on the 

wavefunctions is necessary, and this is the goal of the effective Hamiltonian theory. 

This strategy has been previously used in the study of magnetic systems as well as the 

evaluation of electron transfer constants in mixed-valence systems [14, 21-24, 29-34]. A 

detailed description of the method can be found in Refs. [8,22], only the most striking 

points are provided here.  

Let us consider the model space { }, , , , ,ab ab bc bc ac ac==S  spanned by the six 

neutral determinants. Also it is possible to use their six combinations: 

{ }, , , , ,ab bc ac ab bc acS S S T T T . Its projector is:  

ˆ
i i

i

P φ φ
∈

=∑S

S

     (4) 

From DDCI calculations we can obtain six approximated solutions { kΦ , k=1, 6} to 

the exact Hamiltonian, which hereafter will be considered as exact. These solutions 

have the largest components in the model space Σ, with energies Ek. They constitute the 

target space Σ’. Now we define an effective Hamiltonian in Σ such as its six eigenvalues 

are exact, then equal to Ek, and its eigenvectors are projections of the corresponding 

exact eigenvectors in the model space. This is the definition of Bloch effective 

Hamiltonian [35]: 

ˆ ˆ ˆBloch

eff k k kH P E PΦ = ΦS S
   (5) 

This basic equation leads to the spectral definition of the Bloch effective Hamiltonian 

[35]: 
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†

1,6

ˆ ˆ ˆBloch

eff k k k

k

H P E P
=

= Φ Φ∑ S S    (6) 

where †ˆ
kP ΦS represents the biorthogonal vector associated to ˆ

kP ΦS , defined by:  

† 1ˆ ˆ
k kP S P

−Φ = ΦS S     (7)
 

where S is the overlap matrix of the projections of the solutions of the exact 

Hamiltonian onto the model space: 

ˆ ˆ
ij i jS P P= Φ ΦS S

    (8) 

In our case, all the calculations have been carried out in the C2 symmetry group. The 

active orbitals are the symmetry-adapted combinations of the localized a, b and c 

orbitals:  

2
0

2
2

a c
u b

a c
g

a c
u b

α β
α β

β α

− = + + 
= > >

− ′ = −


   (9) 

where g belongs to the A irreducible representation and u and u’ to the B one. Then 

prior to perform the projections of the CI wavefunctions on the model space, we need to 

determine the α/β ratio by a localizing unitary transformation. Next, the normalized 

projections on the model space can be written as: 

( )
( )

( )

( )

( )

( )

1
1

1
2

1
3

3
1

3
2

3
3

ˆ 0

ˆ 0

1ˆ
2

ˆ 0

1ˆ
2

ˆ 0

ab bc ac

ab bc ac

ab bc

ab bc ac

ab bc

ab bc ac

P S S S

P S S S

P S S

P T T T

P T T

P T T T

δ γ γ δ

γ δ γ δ

δ γ γ δ

γ δ γ δ

Φ = − − + > >

′ ′ ′ ′Φ = − + > >

Φ = +

′′ ′′ ′′ ′′Φ = − − + > >

Φ = +

′′′ ′′′ ′′′ ′′′Φ = − + > >

S

S

S

S

S

S

  (10) 

where the equivalences between the abS  ( abT ) and bcS  ( bcT ) combinations are 

due to symmetric reasons, imposed by the structure of the cluster. The non-null 

elements of the overlap matrix are:  

 

1 1
2 1

3 3
3 1

ˆ ˆ

ˆ ˆ

P P p

P P q

δγ γδ

δ γ γ δ

′ ′Φ Φ = − + =

′′ ′′′ ′′ ′′′Φ Φ = − + =

S S

S S

 (11) 

The biorthogonal vectors are then defined by: 
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( )

( )

( )

( )

1 † 1 1
1 1 22

1 † 1 1
2 1 22

3 † 3 3
1 1 32

3 † 3 3
3 1 32

1 † 1 3 † 3
3 3 2 2

1ˆ ˆ ˆ
1

1ˆ ˆ ˆ
1

1ˆ ˆ ˆ
1

1ˆ ˆ ˆ
1

ˆ ˆ ˆ ˆ;

P P p P
p

P p P P
p

P P q P
q

P q P P
q

P P P P

Φ = Φ − Φ
−

Φ = − Φ + Φ
−

Φ = Φ − Φ
−

Φ = − Φ + Φ
−

Φ = Φ Φ = Φ

S S S

S S S

S S S

S S S

S S S S

  (12) 

and now, the effective elements can be evaluated from the spectral definition of the 

Bloch Hamiltonian. For instance, the hopping integral t2 can be obtained from: 

1 2

3

3 3 † 3 3 †
2 1 1 2 2

3 3 †
3 3

ˆ ˆ ˆ ˆ ˆ

ˆ ˆ

bc eff ac bc T ac bc T ac

bc S T ac

t T H T T P E P T T P E P T

T P E P T

= = Φ Φ + Φ Φ +

+ Φ Φ

S S S S

SS
 (13) 

and in a similar way for the rest of parameters. Notice that due to the non-orthogonality 

of the projections ˆ
kP ΦS , the Bloch Hamiltonian is non-hermitian. Consequently, the 

matrix element Hij may be different from Hji and in that case the mean value is reported.  

 

4. Results 

All the calculations have been performed at DDCI level on the basis of the molecular 

orbitals of the lowest triplet state. Figure 5 shows two views of the active u and u’ 

orbitals for cluster A, which present a pronounced degree of localization (α=0.99731 in 

eq. 9). A very similar description is obtained for cluster B, where α=0.99838.  

Figure 6 reports the spectrum of the six low-lying states of cluster A, as well as their 

normalized projections on the model space. The six states are distributed in two sets, 

separated by a gap of around 29000 cm-1, which is approximately the amplitude of ε, i.e., 

the relative stabilization of the hole localized on site b with respect to those situations 

where the hole is placed on site a or c. 

The analysis of the DDCI wavefunctions of both clusters shows that the ground state 

corresponds to a triplet state, largely dominated by the acT  component (99% of the 

projected wavefunction is represented by this contribution). The two active electrons are 

localized on the two symmetry-equivalent Cu atoms, Cua and Cuc. This description is in 

agreement with the localized mixed-valence nature of this system, supported by all the 

available experimental data. The lowest excited state is the corresponding singlet state, 
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essentially represented by the acS  component (Figure 6). That is, the two lowest states 

of the trinuclear system are practically equivalent to those resulting from a binuclear 

complex, with two electrons distributed on two sites. In this particular case, it could be 

pertinent to evaluate the magnetic coupling constant between sites a and c, J1, directly 

from the energy difference between these two states. The resulting values are J1= 43.7 

cm-1 for cluster A, and J1 = 46.3 cm-1 for cluster B. These amplitudes are overestimated 

with respect to the experimental value (experimental singlet-triplet separation of +14 

cm-1), but they are in really better agreement that any of the previous evaluations based 

on DFT calculations [5,9,10,11]. Moreover, it is worth to notice that several works have 

recently shown that DDCI approach slightly overestimates the ferromagnetic coupling 

constants [24,32,36], and that spin-orbit effects are not taken into account in our 

calculations, which can also affect the singlet-triplet separation.  

The four remaining states correspond to the symmetric and antisymmetric combination 

of the abS  ( abT ) and bcS  ( bcT ) components. So, the rest of parameters can not be 

evaluated directly from energy differences, and can only be determined with the help of 

effective Hamiltonians. It is important to mention that the use of effective Hamiltonian 

theory is a general procedure, that can be employed independently of the degree of 

localization of the low-lying states, while the evaluation of the magnetic coupling 

constant from the energy difference is only possible due to the fact that both the lowest 

singlet and ground triplet states present quite large weight on a unique component ( acS  

and acT  components, respectively). The so-obtained values of the effective parameters 

J, t and h for clusters A and B are reported on Table 2. Also it is shown the stabilization 

energy ε, and the on-site Coulomb repulsion terms, Ua and Ub. As expected, the 

effective parameters for both clusters are quite similar in values and trends, and the J1 

values are in good agreement with those extracted from the energy differences. The 

energies of the lowest singlet and triplet states on the basis of the effective parameters 

are shown in eq. 3 as ES1 and ET1. Both of them depend not only on J1 but also on the 

rest of parameters. The fact that the singlet-triplet energy difference matches the 2J1 

value is due to a compensation of the other parameters, and a verification of the 

localized nature of the two lowest states.  

The ferromagnetic nature of the magnetic coupling constants is in agreement with the 

Goodenough and Kanamori rules [37] and magnetostructural relationships reported by 
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Ruiz et al. for binuclear oxo-bridged Cu(II) complexes [38]. They predict ferromagnetic 

coupling for those systems with Cu-O-Cu bridges close to 90º. However in this system, 

the main structural parameter governing the amplitude and sign of the different 

parameters is not the Cu-O-Cu bond angle, but the dihedral Cu-O-O-Cu angle and the 

Cu-Cu distance. The small dihedral Cu-O-O-Cu angles produce an inefficient overlap of 

the oxygen bridging atoms with the Cu 3d orbitals. O 2p orbitals are practically 

orthogonal to the plane containing Cua and Cuc atoms (see Figures 5c and 5d). This 

particular structure has an important impact on the nature and amplitude of the 

interactions.  

Regarding the magnetic coupling, two contributions with opposite signs can be 

distinguished: 22 4F AFJ J J K t U= + = − , where the former term corresponds to the 

direct exchange which produces a ferromagnetic contribution, the latter term takes into 

account the coupling through the bridging ligands. The geometry of the system imposes 

a reduced contribution of the oxygen atoms on the coupling, the main mechanism being 

the direct interaction between the Cu atoms, instead of the superexchange through the 

bridging atoms. Then, the smaller the Cu-Cu distance, the larger the direct exchange is, 

and consequently, the ferromagnetic contribution governs the interaction. This explains 

why J2 is larger than J1 for each cluster.  

Also the electron transfer integrals follow this trend. The amplitude of the electronic 

coupling constants are essentially controlled by the Cu-Cu distance, that is, by the 

through-space component of the electronic coupling, while the through-bond one plays 

a minor role.  Consequently, t2 is larger than t1, since the Cua-Cub distance is smaller 

than the Cua-Cuc one. Moreover, the signs are different, due to the d-d overlap, which is 

positive for d orbitals in sites a and b, but negative for those in sites a and c, as shown 

in the inset in Table 2. Also notice that t2=tab=-tbc for the same reason. As mentioned 

above, the reported t2 in Table 2 is the mean value of  the effective matrix elements 

ˆ
bc eff acT H T  and ˆ

ac eff bcT H T , which can be different due to the non-hermiticity of 

the Bloch Hamiltonian. For cluster A, ˆ 1394bc eff acT H T = cm-1, while 

ˆ 1539ac eff bcT H T = cm-1, which represents only a deviation of 5% with respect to the 

mean value t2 = 1467 cm-1. A slightly larger deviation (12%) is found for cluster B, 

where ˆ 1340bc eff acT H T = cm-1  and ˆ 1057ac eff bcT H T = cm-1. 
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Since the two lowest states are strongly localized on the acT  and acS  components, it 

is possible to obtain an estimate of the direct exchange between sites a and c, Kac, from 

the composition of the lowest singlet wavefunction, the singlet-triplet energy difference 

and the electron transfer integral tac=t1 (see a detailed description of the procedure in 

Ref. 22). The so-obtained 2Kac value is 106.5 cm-1 for cluster A and 101.2 cm-1 for 

cluster B. Then, the antiferromagnetic contribution is only 27.3 cm-1 and 8.6 cm-1, 

respectively, the global constant being governed by the direct interaction between sites 

a and c.   

On the other hand, the singlet-displacement terms are non-negligible, being of the same 

order than the J1 magnetic coupling constants as suggested by Blondin and Girerd [7]. 

Since ( )1 2 1 / ah t t U ε= +  and 2
2 2 / bh t U= , it is possible to evaluate the on-site Coulomb 

repulsion terms from the singlet-displacement  and  hopping integral amplitudes, the so-

obtained value being around 6 eV, with only small differences between sites a(c) and b. 

For cluster B the reported value for h1 must be dealt with caution since it is on the limit 

of accuracy of the procedure. Consequently, the corresponding Ua value is not reported.  

 

Comparing the parameters for clusters A and B, the main differences come from the 

hopping integrals and the stabilisation energy ε. Even when the geometrical parameters 

for A and B are quite close, the Jahn-Teller distortion seems to be more efficient from 

an energetic point of view for cluster B than for A, with a differential stabilisation of 0.3 

eV. This suggests that the degree of localization on cluster B is larger than in cluster A, 

which is in line with smaller electronic coupling constants (hopping integrals) for B 

than A. 

 

 

 

5. Conclusions 

The magnetic and electronic local parameters acting on a mixed-valence [Cu2(II)Cu(III)] 

compound are evaluated by means of extended CI calculations and the use of the 

effective Hamiltonian theory. The results confirm the ferromagnetic nature of the 

system, and provide estimates of the electron transfer terms and the singlet-

displacement operators. Also the extension of the Jahn-Teller distortion is 

quantified. The strategy is completely general, and can be employed 
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independently of the degree of localization of the system. Since all the 

information is mapped on a model Hamiltonian, it is possible to check the 

presence of additional interactions (with non-null elements on the hamiltonian 

matrix), avoiding any possible bias due to the choice of a too limited set of 

effective parameters. Works are in progress in order to elucidate the impact of 

the nature of the bridging ligand on the magnetic properties of this complex. 
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Table 1. Geometrical parameters of the two non-equivalent clusters on the unit cell.  

 bond lengths (Å) bond angles (º) dihedral angles (º) 

Cluster Cua-Cub Cua-Cuc Cua-O Cub-O O-O CuaOCub CuaOCuc NCuaNO NCubNO CuaOOCub CuaOOCuc 

A 2.652 2.719 1.966 1.839 2.260 
88.3  

89.2 
88.3 

177.5 

-172.7 

177.1 

-179.6 
121.1 -117.8 

B 2.634 2.704 1.977 1.831 2.363 
87.5  

86.6 
85.5 

161.3 

-176.3 

164.1 

-178.8 
122.5 -114.9 

Deleted: 0
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Table 2. Magnetic exchange, electron transfer and singlet-displacement terms (in cm-1) 

for the two [L3Cu3O2]
+3 clusters in the unit cell. The stabilisation energy ε and on-site 

Coulomb energies, Ua and Ub, values are in eV.  

  

a c

b

 

Cluster J1 J2 t1 t2 h1 h2 ε Ua Ub 

A 39.6 128.4 540.3 -1466.7 33.2 47.4 -3.617 6.58 5.62 

B 46.3 122.7 378.8 -1198.7 5.7a 31.6 -3.933 --a 5.64 

(a). This value is on the limit of accuracy of the procedure, and it must be dealt with caution: 

Consequently, the corresponding Ua value is not reported. 
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Figure captions 

 

Figure 1. Crystal structure of [L3Cu3O2]
+3 system. (a) Structure of unit A from 

Cambridge Structural Database. Hydrogen atoms are not shown. (b,c,d) Three views 

(along x, y and z axis, respectively) of the corresponding model structure employed on 

the calculations, where L ligands are replaced by NH3 groups. 

 

Figure 2. Magnetic coupling, electron transfer and singlet-displacement terms in Cu3O2 

core.  

 

Figure 3. Pathways showing the singlet-displacement operators, h1(top) and h2(bottom). 

 

Figure 4. Pathways showing the singlet-displacement contributions to the transfer of an 

electron between two neighbour sites. (a) Coupling between the ab  and ac  

determinants mediated by the h1 term, and (b) Coupling between the ab  and bc  

determinants by the h2 term. 

 

Figure 5. Active orbitals u and u’ for cluster A. (a, b) views of active u orbital along y 

and z axis, respectively. (c,d) views of active u’ orbital along  x and z axis, respectively. 

 

Figure 6. Spectrum of the [L3Cu3O2]
+3 system (cluster A), representing the six low-

lying states and their normalized projections on the model space.  
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Figure 1. C.J.Calzado 
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Figure 2. C.J.Calzado 
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Figure 3. C.J. Calzado 
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Figure 4. C.J. Calzado 
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Figure 5. C.J. Calzado 
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Figure 6. C.J. Calzado 
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