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Fully delocalised mixed-valence (MV) copper dimers, {Cu11.5, Cu11.5}, have been identified both in proteins and in
model complexes. An interpretation of the electronic transitions observed in the low-temperature magnetic
circular dichroism and absorption spectra of one such dimer, [Cu2L

imBT]31, where LimBT = N(CH2CH2N]]
CHCH]]NCH2CH2)3N, is presented. The spectrum is dominated by transitions within a set of energy levels
derived from almost pure copper 3d orbitals of the [Cu2]

31 core. Limited ligand covalency is found. The MV
transition energy has been used to elucidate the valence delocalisation energy which is compared with the
delocalisation energies in thiolate bridged MV copper dimers. The delocalisation energy of 7100 cm21 is almost
entirely due to copper–copper σ overlap at a distance of 2.36 Å and represents a metal–metal bond (σ)2(σ*)1 with
bond order 0.5.

Fully delocalised class III mixed-valence 1 (MV) dicopper
co-ordination complexes, containing a CuICuII core, are com-
paratively unusual. However, in the last few years a number of
examples have been reported in a variety of chemical and bio-
logical environments. These include the bis(µ-thiolato)dicopper
electron-transfer centre found in cytochrome c oxidase and
nitrous oxide reductase known as CuA,2–4 a model of the
CuA site, [Cu2(L

iPrdacoS)2]
1 [LiPrdacoS = SCH2CH2(N2C6H12)CH-

(CH3)2
2], synthesised with a novel tridentate N2S ligand 5 and

an inorganic complex with nitrogen co-ordination only, due to
an octaazacryptand macrobicyclic ligand.6,7

There is interest in understanding the electronic structures of
such dimers, both to shed light on the pathways of electron
delocalisation within the dimeric unit and to understand the
role that such centres play in long distance electron transfer
between redox centres in proteins. This group of compounds
provides examples with copper–copper distances varying
between 2.9 and 2.38 Å, with and without bridging thiolate
ligands. In spite of such differences the valences are fully
delocalised in all three cases. Interest has been focused on the
relative contribution to the delocalisation energy of direct
metal–metal interactions versus that of the bridging ligands. A
detailed description of the electronic structure of the CuA

centre has been given based upon the assignment of the absorp-
tion, CD and magnetic circular dichroism (MCD) spectra.4

This has led to the identification of the MV transition between
the highly covalent ψ and ψ* copper–thiolate molecular orbitals
responsible for electron exchange. In the case of a mixed-
valence copper dimer with 3d93d10 electronic configuration the
analysis is straightforward since the energy separation of the
two states is a direct measure of the delocalisation energy.8–10

In this paper we extend our analysis to the MV octaaza-
cryptate complexes. We have previously reported the absorp-
tion, MCD and resonance-Raman spectra of three related
complexes with cryptates of different cap sizes and linker orien-
tation but with similar Cu]Cu bond lengths.11 An assignment
of the electronic spectra based upon transitions within the
copper d-orbital manifold which identifies the MV transition
and gives an estimate of the delocalisation energy is proposed in
this paper. A comparison is then drawn between the values of
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the delocalisation energies in the different examples of MV
dimers containing the CuICuII core.

Results and Discussion
The copper dimer of interest in this work, [Cu2L

imBT]31, consists
of two copper ions within an azacryptand cage, Fig. 1(a), where
LimBT = N(CH2CH2N]]CHCH]]NCH2CH2)3N. For comparison,
the structure of the CuA centre is shown in Fig. 1(b). The
magnetic properties and optical spectra of the dicopper
octaazacryptands can be interpreted by considering a [Cu2]

31

unit which is perturbed by a trigonal ligand field (C3v) around
each copper ion. Hence, considering only the first co-ordination
sphere, the states of [Cu2L

imBT]31 can be classified under D3d

symmetry. Fig. 1(a) shows the axis system used, in which the
Cu]Cu direction lies along the unique (Z) axis. Since the mole-
cule is axially symmetric, orbital angular momentum of the
copper 3d orbitals is maintained about the unique axis with

Fig. 1 (a) Structure of [Cu2L
imBT]31, showing the axis system used for

interpretation of the spectroscopic data. (b) Minimal model of the
CuA centre used to interpret the optical data,4 in which there are two
bridging cysteine (Cys) residues and each copper ion is bonded to a
terminal histidine (His) residue
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ML = 0, ±1, ±2 to give the following molecular orbitals (MOs) σ
(dz

2) and σ* (dz
2) with ML = 0, π (dxz, dyz) and π* (dxz, dyz) with

ML = ±1, and δ (dxy, dx2 2 y2) and δ* (dxy, dx2 2 y2) with ML = ±2.
Hence the orbitals in the energy level scheme given in Fig. 2(b)
are classified under D3, see below, and according to the orbital
angular momentum about the unique axis. The dimer [Cu2]

31

possesses one unpaired electron and therefore all the electronic
states will be doubly degenerate with S = ¹̄

²
. When spin–orbit

coupling within, but not between, the states is considered the
total angular momentum, MJ, along the Z axis is conserved and
so the spin–orbit components of each state become 2Σ0, 

2Σ*
0

(MJ = 0), 2Π1–2
, 2Π3–2

, 2Π*1–2
, 2Π*3–2

 (MJ = ±¹̄
²
, ±³̄

²
), and 2∆3–2

, 2∆5–2
, 2∆*3–2

, 2∆*5–2

(MJ = ±³̄
²
, ±5

2–). Consideration of spin–orbit coupling within the
Π and ∆ states leads to splittings between 2Π1–2

 and 2Π3–2
, and 2∆3–2

and 2∆5–2
, of  γ1ζ and 2γ2ζ respectively,12 where ζ is the spin–orbit

coupling of copper 3d electrons (≈800 cm21) and γ1 and γ2 are
the orbital reduction factors for Π, Π* and ∆, ∆* excited states.
This sets an upper limit of ≈1600 cm21 for the splitting of a
C-term pair. However, the separation of the Π and ∆ states
could be changed if  the reduction of the orbital moment differs
in different states, as it may well do.

Assignment of the ground state

The low-temperature electron paramagnetic resonance (EPR)
spectrum of [Cu2L

imBT]31 exhibits an axial set of g values of
g⊥ = 2.148 and g|| = 2.002.13 The ground state can be assigned to
2A2u (2Σ*), on the basis of the g value ordering g⊥ > g|| and the
absence of a first-order orbital moment. Spin–orbit coupling
would be expected to mix a 2A2u ground state with 2Euu (Π*)
excited states giving rise to an orbital contribution to the mag-
netic moment along the X and Y axes. By contrast there is no
enhancement of the spin-only magnetic moment along the

Fig. 2 Proposed energy level diagram of [Cu2L
imBT]31 (a) under C3v, (b)

under D3 and (c) after taking account of the effect of first-order SOC.
In (b) the orbitals are labelled according to the angular momentum
along the Z axis and according to the representation under D3. In (c)
the orbitals which transform as e are additionally labelled according to
the double group representation. The ordering in (b) has been confirmed
by extended Hückel molecular orbital (EHMO) calculations on a
simple H3N]Cu](NH]]CHCH]]NH)3]Cu]NH3 model

Cu]Cu direction, leading to g|| = ge and g⊥ > ge, in agreement
with the results of the simulation of the EPR spectra at X- and
Q-bands frequencies.14

Optical and MCD spectra

The optical and MCD spectra for three variants of [Cu2L]31

have been reported previously by Farrar et al.11 The 4.2 K
absorption and MCD spectra between 25 000 cm21 and 7500
cm21 of  [Cu2L

imBT]31 are presented in Fig. 3(a) and 3(b) respect-
ively. Data were collected to 5000 cm21 but no additional transi-
tions were observed. Interpretation of the electronic data is
based on the view formed from earlier studies 11 that the visible
and near IR spectra of these compounds are dominated by the
Cu]Cu entity, the effect of the ligands being limited to the split-
ting of the Cu 3d atomic orbitals. For the MCD spectrum of
[Cu2L

imBT]31 presented in Fig. 3(b) all the observed transitions
below 22 000 cm21 are formally d–d transitions arising within
the d-orbital manifold. Nine transitions are possible within the
total d-orbital manifold to the single hole of a [Cu2]

31 dimer,
Fig. 2(b). However, according to the selection rules of D3d only
five of these transitions are electric dipole allowed (u → g)
transitions, namely a single 2A2u → 2A1g (Σ* → Σ) transition
in the Z direction and four 2A2u → 2Eg (Σ* → Π* and ∆)
transitions in the XY plane. In addition, taking account of the
orbital selection rules, ∆ML = 0, ±1, the transitions Σ* → Σ
and Σ* → Π* will be allowed whereas Σ* → ∆ will be
formally forbidden. Out of state spin–orbit coupling will relax
these selection rules. A Gaussian analysis of both the absorp-
tion spectrum and MCD spectrum, to determine the position
and intensity of the individual transitions, has been carried out.
The fit of the MCD spectrum obtained, together with the indi-
vidual Gaussian curves, is presented in Fig. 3(c). The data are
summarised in Table 1. Nine transitions have been identified in
both the absorption and MCD spectrum of [Cu2L

imBT]31. The
observation of formally forbidden transitions under D3d sug-
gests that the centre of inversion is absent, that the effective
symmetry around the copper ions is lowered from D3d to D3 and
that inter-state spin–orbit coupling is operative. Whilst not
explicitly considered in this work, it is also possible that
vibronic coupling within the excited states may result in
formally forbidden transitions becoming partially allowed.

The absorption spectrum is dominated by an intense transi-
tion at 13 800 cm21 (band 5). The transition moment integral
for transitions from the ground state (gs) to a given excited
state (es) within the [Cu2L

imBT]31 dimer is expected to be of
the form 15 shown in equation (1) where α is the coefficient of

〈ψes|r|ψgs〉 ≈ (1 2 α2)〈Les|r|Lgs〉 1 α2(RA 2 RB) (1)

mixing and RA 2 RB is the copper–copper inter-nuclear dis-
tance. The first term represents the ligand contribution to a
given transition and the second term the contribution of the
two coppers A and B. Since Cu]N covalency is small, ligand
contributions to the molecular orbitals are limited and the term
(1 2 α2) in the transition moment is correspondingly small.
Thus the transition moment will be dominated by the second
term. Since this will be zero for transitions which do not involve
bonding and anti-bonding molecular orbital combinations of
the same orbital the most intense band in the absorption
spectrum should be assigned to the 2A2 → 2A1 (Σ* → Σ)
transition.

The MCD spectrum is dominated by the C-term tem-
perature-dependent behaviour (higher temperature data are not
shown). The effects of spin–orbit coupling and a magnetic field
upon the copper-based molecular orbitals can be considered by
making maximum use of group theory.16 An important general
result of such analysis is that it predicts that the MCD associ-
ated with all excited states except Σ will consist of pairs of C-
terms, opposite in sign but equal in intensity. Transitions to the
±¹̄

²
 and ±³̄

²
 components of the Π and Π* excited states or the ±³̄

²
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and ±5
2– components of the ∆ and ∆* excited states will exhibit

positive and negative ∆A respectively. The MCD associated
with the 2A2 → 2E transitions is therefore expected to consist
of four pairs of oppositely signed C-terms as a result of spin–
orbit coupling within the Π and ∆ excited states. The lowest
energy band of each pair is expected to be for transitions to
either the ±¹̄

²
 (Π) or ±³̄

²
 (∆) component of the excited state. The

2A2 → 2A1 transition is predicted to have no MCD since the

Fig. 3 (a) The 4.2 K absorption spectrum of [Cu2L
imBT]31 obtained in

a 1 :1 (v/v) D2O–ethane-1,2-diol solvent. (b) The 4.2 K MCD spectrum
of [Cu2L

imBT]31 obtained in a 1 :1 (v/v) D2O–ethane-1,2-diol solvent, (c)
simulation of the experimental MCD data obtained as the sum of nine
Gaussian curves (shown as dotted lines)

z-polarised transition can only gain electric dipole intensity in
two orthogonal directions, which is required for significant
MCD intensity, by means of spin–orbit coupling between
states. In fact a small but significant C0/D0 ratio is found for this
transition (band 5). This is an indication that the inclusion of
inter-state spin–orbit coupling is important. Our calculations
show that the sign of the MCD C-term which results from the
admixture of some Π* into the Σ state is negative. Interstate
spin–orbit coupling might also be responsible for the fact that
the bands we have assigned to the Σ* → Π* transitions
(bands 6 and 7) have the negative C-term at lower energy, con-
trary to the predictions of the simple theory. However, an
assessment of this problem depends sensitively upon a number
of unknown quantities, in particular the splitting of the orbital
energies due to the metal–metal bonding and ligand field
effects. We are not yet in a position to carry out a sufficiently
quantitative analysis to settle this point.

From the arguments presented above the observed MCD
transitions between the Σ* ground state and the Σ, Π, Π*, ∆
and ∆* excited states are assigned according to the energy level
scheme in Fig. 2(c) and summarised in Table 1. Table 1 confirms
that the pairs of bands 1/2 and 3/4 show a separation approxi-
mately twice that observed for bands 6/7 and 8/9. Thus bands
1–4 are assigned to transitions from the Σ* ground state to the
∆/∆* excited states, whilst bands 6–9 are assigned to transitions
from the Σ* ground state to Π/Π* excited states. In contrast to
prediction, the lowest energy component of the Π* excited
state exhibits a negative ∆A and thus has MJ = ±3

–
2
. The magni-

tude of the C0/D0 ratios for the Σ* → ∆* transitions are
unexpectedly high at 212.8 and 17.6 and possibly reflect the
difficulty in obtaining a reliable estimate of D0 for such weak,
broad transitions partially concealed by the intense MV
Σ* → Σ transition.

The ordering of the orbitals in the absence of spin–orbit
coupling (SOC) has been confirmed by extended Hückel
molecular orbital (EHMO) calculations on a H3N]Cu](NH]]
CHCH]]NH)3]Cu]NH3 model system which gave the energy
level ordering of Fig. 2(b). The effect of SOC is shown explicitly
in Fig. 2(c). Additionally, preliminary INDO/S calculations 15

confirm this ordering in which the ground state, under D3d, is
2A2u (σ*), with the four δ/δ* orbitals next lowest in energy and
the π/π* orbitals at lowest energy. However, such calculations
under strict D3d symmetry suggest a reversing of the order of
the ∆ and ∆* excited states such that the lowest energy pair of
oppositely signed bands arise from transitions from the ∆
excited states to the Σ* ground state. This possibility cannot be
ruled out at the present level of interpretation.

In the experimental MCD spectra of our average-valence
cryptate models 11 additional transitions are located at energies
>25 000 cm21, energies which are typical for the charge-transfer
transitions of aliphatic amines co-ordinated to CuII ions.17 It
may be that some of the absorption observed between 40 000
and 25 000 cm21 arises from such low energy charge-transfer
transitions.

Double exchange in [Cu2]
31 dimers

Studies of the magnetic properties of MV dimers such as iron–
sulfur clusters have led to a description of the effective elec-
tronic structure in terms of model Hamiltonians which contain
both Heisenberg and ‘double-exchange’ terms.8,9 In the case of
the [Cu2]

31 ion, formally a d9d10 system, the Heisenberg term
vanishes because one of the subunits is in a spin singlet, d10, and
the other in a spin doublet, d9, state. The simplest case thus
entails the consideration of only two states in which the
unpaired electron can be localised on one or other side of the
dimer. The energetic separation, 2V, between the two delocal-
ised states is then a measure of the interaction energy, HAB.
Using this formalism the transition energies to be identified with
2V are 2B3u → 2Ag for CuA, 2A2 → 2A1 for [Cu2L

imBT]31
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Table 1 Analysis of the experimental magneto-optical data for [Cu2L
imBT]31 

 
 
Band 

1 
 
2 
3 
 
4 
5 
6 
 
7 
8 
 
9 

MCD 
position/cm21 
(relative area) 

9 349 (0.780) 
 
10 972 (20.788) 
10 877 (0.713) 
 
13 109 (20.566) 
14 230 (21) 
15 718 (20.373) 
 
16 347 (0.408) 
18 290 (0.063) 
 
19 214 (20.077) 

Absorption 
position/cm21 
(relative area) 

9 349 (0.003) 
 
10 972 (0.002) 
10 877 (0.032) 
 
13 109 (0.069) 
13 778 (1) 
15 978 (0.339) 
 
16 597 (0.370) 
18 290 (0.275) 
 
19 214 (0.128) 

 
 
Splitting/cm21 

 
1623 
 
 
2232 
 
 
 
625 

 
 
924 

 

 
 
fosc 

1.0e24 
 
1.0e24 
1.9e23 
 
4.2e23 
6.0e22 
2.0e22 
 
2.2e22 
1.6e22 
 
8.0e23 

 
 

C0/D0 

7.595 
 
212.822 

0.588 
 
20.217 
20.026 
20.030 

 
0.030 
0.006 

 
20.016 

 
Excited 
state a,b 
2∆*3/2 
 
2∆*5/2 
2∆3/2 
 
2∆5/2 
2Σ 
2Π*3/2 
 
2Π*1/2 
2Π1/2 
 
2Π3/2 

Transition a

Σ* → ∆*

Σ* → ∆

Σ* → Σ

Σ* → Π*

Σ* → Π

a Ground state is 2A2 (
2Σ*) in D3 symmetry. b Ordering based on EHMO calculations on a H3N]Cu](NH]]CHCH]]NH)3]Cu]NH3 model. 

and 2B2u → 2B1g for [Cu2(L
iPrdacoS)2]

1. Table 2 lists the values of
V for each. It should be noted that other workers have also
identified the value of the double exchange parameter for CuA

and [Cu2(L
iPrdacoS)2]

1.10 Whilst there is agreement in the case of
[Cu2(L

iPrdacoS)2]
1, the assignment of a different experimental

band as the ψ → ψ* (2B3u → 2Ag) transition resulted in a
different value of V for CuA.

The three examples provide an interesting comparison of
the various contributions to the pathways of interaction. In
the case of [Cu2L

imBT]31, which shows the highest value of V,
the interaction is dominated by dz2 2 dz2, metal–metal σ over-
lap since the bridging pathway, consisting of four atoms, is too
long to contribute significantly. The highest occupied and low-
est unoccupied molecular orbitals of the ligating nitrogen
atoms are too remote in energy to contribute significantly. In
the case of [Cu2(L

iPrdacoS)2]
1 the metal–metal distance is 2.93 Å

and therefore the interaction arises wholly from copper–
thiolate covalency, thus emphasising the role of bridging
superexchange in this case. For CuA, with a metal–metal dis-
tance of ≈2.5 Å and a pair of bridging thiolate ligands contri-
butions must clearly arise from both metal–metal interactions
and superexchange via the thiolate bridges. These conclusions
are nicely confirmed by the contour plots of the ground state
electron density of the three complexes. The form of the ground
state orbital for each complex, obtained following INDO/S cal-
culations,15 is presented in Fig. 4. Comparison between the two
thiolate-bridged complexes, Fig. 4(a) and 4(b), shows that for
[Cu2(L

iPrdacoS)2]
1 there is little or no direct copper–copper over-

lap with only the thiolate-orbitals contributing, whereas in CuA

there are contributions from both copper d- and thiolate
p-orbitals. For [Cu2L

imBT]31, Fig. 4(c), ligand involvement is
mainly via the capping nitrogen atoms lying on the Z axis. The
metal–metal interaction arises almost wholly from σ overlap
between the metal 3dz

2 orbitals directed along the metal–metal
axis. This represents an example of a copper–copper bond of
order 0.5 with a length of 2.38 Å.

In all cases the delocalisation energies are much higher than
the likely vibronic energies, given that the values of the metal–
metal vibrations in the case of the copper octaazacryptates are
estimated to be a few hundred wavenumbers from the Raman
spectra excited resonantly via the MV transition.18 Hence the
strong electronic delocalisation energy stabilises the system
against valence trapping by at least an order of magnitude.

Table 2 Effective ‘double exchange’ parameters for the mixed-valence
copper dimers 

Complex 

CuA 
[Cu2(L

iPrdacoS)2]
1 

[Cu2L
imBT]31 

|V | /cm21 

4500 
3450 
7100 

Slight inequivalences between the copper ions can be induced
without complete valence trapping when donor atoms in the
metal second co-ordination sphere approach sufficiently close
to one or other copper ion. This is clearly seen in the CuA dimer
in certain chemical environments, and is reflected in a redistri-
bution of intensity throughout the optical spectrum.4 A com-
plete switch to a class II valence-trapped dimer has also been
observed for CuA by removal of one of the capping histidine
residues.19 It is clear that other forms of thiolate-bridged MV
copper dimers exist in biology, notably, in the enzyme nitrous
oxide reductase in a form called Cuz which also appears to
persist as a class III MV dimer.3 Although these MV copper
dimers are only now being characterised the proposal of their
existence goes back to the early days of bioinorganic chemistry
in the suggestion by Hemmerich 20 of  their possible existence.

Experimental
Complex formation

The [Cu2L
imBT]31 complex was prepared as described earlier.6

The complex is soluble and stable in D2O and the absorbance
spectrum was unchanged by the addition of 50% (v/v) deuteri-
ated ethane-1,2-diol necessary to form a low-temperature glass.

Experimental absorbance and MCD data

The absorption spectrum was recorded using a Cary17 spectro-
photometer with the sample at 4.2 K in the liquid helium
dewar used to measure MCD spectra. Absorption coefficient

Fig. 4 Contour plots for the singly occupied MO of (a) the CuA centre
found in cytochrome c oxidase and nitrous oxide reductase (3b3u

orbital), (b) the [Cu2(L
iPrdacoS)2]

1 complex (2b2u orbital), (c) the
[Cu2L

imBT]31 complex (1a2 orbital). For CuA and [Cu2(L
iPrdacoS)2]

1 the
plane is the XY plane spanned by the two copper and sulfur atoms
where the two coppers are along the X axis and the two sulfurs are
along the Y axis and for [Cu2L

imBT]31 the plane is the XZ plane, where
the two coppers are along the Z axis and the X axis runs perpendicular
to one of the copper–nitrogen bonds. In all cases the Cu–Cu axis is
horizontal
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values are quoted on the basis of the concentration determined
by double integration of the EPR spectrum, recorded under
non-saturating conditions, according to the method of
Aasa and Vänngård.21

The MCD spectra were measured as previously described.22

At low temperature the MCD spectrum is expected to be dom-
inated by the C-term intensity and is thus dependent on the
concentration of the paramagnetic chromophore.16 Hence, the
absorption coefficients quoted, ∆ε = εL 2 εR (21 cm21), refer
to the concentration of the paramagnetic copper chromophore
present as determined by spin integration of the copper EPR
signal and are not normalised for magnetic field.

Gaussian analysis
To allow identification of the electronic transitions the absorp-
tion and MCD spectra were fitted to a sum of Gaussian curves
between 22 000 cm21 and 7500 cm21, using the curve fitting
routine in the Origin software package (Microcal). The min-
imum number of curves required to fit the data satisfactorily
was nine. As far as possible the position and bandwidth for each
transition was kept constant whilst fitting the absorption and
MCD data. As an aid to the assignment of the optical transi-
tions the ratio of the MCD C-term intensity to that of the
optical absorption, C0/D0, has been calculated. The ratio of C0

and D0 for each band is easily calculated from the expressions
given in ref. 16 once the experimental data have been fitted to
Gaussian curves. Assuming that any MCD B-term intensity is
negligible, as will be the case at 4.2 K, then for a given band
C0/D0 is given by equation (2), where k is the Boltzmann con-

C0

D0

=
∆MCD

∆ABS

?
∆εcalc

εcalc

?
νABS

νMCD

?
kT

µB?B
(2)

stant, T is the absolute temperature, µB is the Bohr magneton
(≈9.274 × 10224 J T21) and B is the magnetic field strength at
which the MCD spectrum is measured. The values of ∆, ν,
∆εcalc, and εcalc are those obtained from the Gaussian analysis.
Thus 2∆ is the full width at half  maximum height, νABS and
νMCD are the calculated energies of the band maxima for the
absorbance and MCD spectra respectively, εcalc is the band
height at νabs for the absorption spectrum and ∆εcalc is the band
height at νMCD. The value of ∆εcalc used in the above expression
is increased by a factor of 1.25 compared to the value obtained
from the Gaussian analysis to account for the non-linearity of
the MCD signal at 4.2 K and 5 T due to the onset of magnetis-
ation (saturation), as expected for a S = ¹̄

²
 system, due to the

Boltzmann effect.
The oscillator strength, fosc (= 4.32 e29 × area of the curve),

for each absorbance band has also been calculated.16

EHMO calculations

The energy level scheme of Fig. 2(b) has been derived using an
extended Hückel molecular orbital (EHMO) approximation 23

using the parameters in Table 3. The Hij values have been calcu-
lated by means of a modified Wolfsberg–Helmholtz approxi-
mation.24 The basis molecule was chosen as H3N]Cu](NH]]
CHCH]]NH)3]Cu]NH3, which effectively represents the com-
plex of interest, [Cu2L

imBT]31, whilst preserving the essential
symmetry elements and keeping the number of atoms to a
reasonable size. The atomic orbitals included in the calculation
were the H 1s, C 2s and 2p, N 2s and 2p and Cu 4s, 4p and 3d.
The point group is D3d if  only the first co-ordination sphere of
the copper is taken into account.

INDO/S calculations

The ROHF-INDO/S (intermediate neglect of differential
overlap/spectroscopic parameterisation) calculations are
described in detail elsewhere.15 For the contour plots presented
in Fig. 4 the orbitals were evaluated on a 65 × 65 point grid in a
suitable molecular plane of dimension 10 × 10 Å. Contours

were drawn at values of ψ = ±0.005, ±0.01, ±0.020, ±0.040
(e Å23)¹². All plots show the singly occupied MO in the corre-
sponding molecule.
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Table 3 Parameters used in the EHMO calculations 

Orbital 

Cu 3d 
Cu 4s 
Cu 4p 
N 2p 
N 2s 
C 2p 
C 2s 
H 1s 

Hii /eV a 

214.00 
211.40 
26.06 

213.40 
226.00 
211.40 
221.40 
213.60 

ζ1 

5.95 b 
2.20 
2.20 
1.95 
1.95 
1.63 
1.63 
1.30 

a eV ≈ 1.602 × 10219 J. b ζ2 = 2.30, c1 = 0.5933, c2 = 0.5744. 
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