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The spin and charge excitation gaps and charge and spin density distributions have been studied in macrocyclic binuclear aza-
amido copper (I1) complexes employing a model Hamiltonian. The spin gaps depend on the a-orbital occupancies, and for small
gaps, the exchange integral between the o orbitals of the bridging oxygen atoms, Kyp, which is sensitive to geometry, determines
the low-lying spin excitations. The singlet-singlet gaps also depend upon the c-orbilal accupancy but are weakly dependent upon

Koo-

1. Introduction

A large number of dinuclear copper complexes
have been synthesized in the last two decades and
their structure and magnetism have been extensively
studied by different techniques [1-3]. Copper ions
having one unpaired electron in the dimeric complex
are subject to an effective exchange interaction whose
strength and nature (ferromagnetic or antiferro-
magnetic) are determined by the structure and the
participating ligands in the complex [4-7]. If the ex-
tent of interaction is in the intermediate range, NMR
serves as an important tool and provides informa-
1zon such as spin excitation gaps and spin densities
in the system [8]. The theoretical studies reported
on these complexes have been very meagre and do
not include a sufficient number of orbitals or elec-
iron configurations which are required to vield rea-
sonable ¢xcitation gaps [9]. Ab initio calculations
on such large systems would require including many
orbitals as well as many configurations and would
make the computations prohibitive [10]. The op-
timal choice appears to centre around a full-CI cal-
culation of a model Hamiltonian that includes only
the orbitals participating in the o bonds between the
copper ions and the ligand atoms. However, the pa-
rameters of such 2 model Hamiltonian must be well-
characterized for the success of this approach. In the

case of copper ions, the recent surge of interest in the
copper based high-7, ceramic superconductors has
led to a reasonable set of parameters for copper and
the oxygen atoms which can serve as a starting point
in any model calculation [11].

We have carried out some theoretical studies within
the above approximation to understand the nature
of the different spin states and the effect of the ligand
orbitals surrounding the copper ions on the prop-
erties of these states. The theoretical calculations in-
clude the orbitals on the nearest-neighbours of the
copper ions involved in a-type of bonding with the
d,2_,. orbitals of copper. Thus, we deal with a total
of ten orbitals, and depending upon whether the ni-
trogen orbitals are participating in covalent or co-
ordinate bonding, we have a total occupancy of 12,
14 or 16 electrons, corresponding to the three classes
of complexes I, [T and III that we deal with. The
complete singlet manifold spanned in the case of III
is 825 while with TI it is 4950 and in I it is 13860.
In the triplet case, these dimensionalities are, re-
spectively, 990, 6930 and 20790, while the quintet
dimensionalities for these systems are 210, 2310 and
8250. The theoretical calculations are carried out by
employing a valence bond (VB) basis and using an
interacting Hamiltonian that includes electron re-
pulsions parametrically within the zero-differential-
overlap (ZDQ) approximation. The low-lying states
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and their properties are obtained by solving the
model Hamiltonian exactly to all orders in config-
uration interaction within this restricted basis, In
conjugated as well as hetero-conjugated systems, such
model Hamiltonians, after appropriate parametri-
zation have yielded properties of low-lying states that
are in very good agreement with experiments
[12,13]. Furthermore, it has also been demon-
strated that these parameters are transferable from
one molecule to another. In reference to the param-
etrization of the properties of the copper d orbital,
the range of these parameters is now reasonably well
known [14]. Thus, it appears feasible to study the
electronic states of the copper complexes in which
the atom in the ligand bonding to the copper is ni-
trogen, oxygen or carbon in any hybridization.
Other important parameters in these type of sys-
tems are the metal-ligand-metal (M-L-M) bond
angle, the metal-metal {M-M) distance and plan-
arity of the complex [[,15]. It is experimentally
known that the nature of the effective magnetic in-
teraction depends on the M-L-M bond angle and
that if the bond angle is greater than a critical bond
angle {97.6°), the singlet will be the ground state,
otherwise the ground state will be a triplet. It is also
known that the strength of the interaction depends
on the M-M distance and the interaction will be
greater in planar complexes. Experimentally, these
gaps can be followed by proton NMR or variable
temperature magnetic susceptibility measurements
[16]. In section 2 we describe the model Hamilto-
nian and the method of calculation, and in the last
section we present a discussion of our results.

2. Model Hamiltonian and computational details

The many-body Hamiltonian that we deal with
consists of orbitals on the adiacent atoms of copper
1ons involved in o-type bonding with d,._,. orbitals
of the copper ions. The structure of the complexes
and the orbitals taken into account are shown in fig.
1. We deal with a total of ten orbitals and 12 (fig.
la), 14 (fig. 1b) or 16 (fig. 1c) electrons depending
upon the nitrogen orbital occupancies. The Pariser—
Parr—Pople (PPP) Hamiltonian over this orbital ba-
sis within the ZDO approximation in the second
quantized notation is given by [17,18]
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Fig. 1. Structure of (a) 12 electron, (b) 14 electron and (c) 16
electron complexes. The arrows indicate coordinate bonding. In
the tables these complexes are referred to as I, 11 and III
respectively.
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where ¢, is the site (orbital) energy of site (orbital)
i, n; is the occupation number operator for orbital |,
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!, is the transfer integral for the bond connecting ad-
Jacent atoms, ¥, (a,,} creates (annihilates) an elec-
tron with spin ¢ in the ith orbital and h.c. stands for
Hermitian conjugate. The transfer integrals are set to
1.30 and 1.50 eV for the Cu~0O and Cu-N bonds re-
spectively. The value for the Cu—0O bond at this dis-
tance has been established in the context of high-T,
superconductors and the Cu—N value is fixed taking
into account the less compact orbitals of the nitrogen
atom and the smali difference in the Cu-N distance
compared to the Cu-O distance. U, is the electron
repulsion integral between two electrons in the ith
orbital and these valucs are reasonably well estab-
lished for the d,» ,: orbitals as well as for the oxygen
and nitrogen orbitals in different hybridizations, Unp
and Ko are the Coulomb and exchange integrals in-
volving two orbitals on the same oxygen atom. The
optimal value for Usp is 6.0 eV while that of Kpg is
varied between 0.0 and —0.4 eV. The Koo value will
sensitively depend upon the hybridization of the ox-
vgen orbitals and thus on the M—-0O-M angle. The op-
erator £,,=(alya,o +a}pa; ) is the electron trans-
fer operator that hops an electron from orbital j to
orbital i. ¥, is the interaction energy between an
electron in orbital / on one atom and an electron on
orbital j on another atom, and is parametrized fol-
lowing Ohno [19] as

V,=14.397 {[28.794/(U,+ U} P +ri}-"2, (2)

where z, is the occupancy of the site / required to leave
the site electrically neutral. The Ohno parametriza-
tion extrapolates the repulsion integral between U
for r;=0and ¢*/r; for large r;. The geometries of the
complexes, necessary for calculating intersite inter-
action energies, are also shown in fig. 1. The values
of parameters used in our calculations are given in
table 1.

Table 1

Values of different parameters appearing in the PPP Hamailto-
nian in eq. (1). Upp in eq. (1) is fixed at 6.0 eV while Kgg is
varied from 0.0 to —0.4 eV. The o orbitals on the primed atoms
are doubly occupied
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N N’ (0] o Cu
€ -1.0 —-12.0 -2.0 —14.0 0.0
U 15.0 15.0 15.5 15.5 12.0
z 1 2 1 2 |
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The PPP Hamiltonian (1) conserves total spin,
and so we use a diagrammatic VB basis for obtaining
the Hamiltonian matrix, the low-lying eigenvalues,
charge densities and spin densities in the nonzero
spin states by techniques described elsewhere
[20,21].

3. Results and discussion

We have carried out calculations on the cluster of
eight core atoms of the dinuclear copper complexes
consisting of two bridge oxygen atoms and two ni-
trogen atoms bonding to each copper atom. We have
considered only the ¢ orbitals on the ligand atoms
that are bonded to the d,._,. orbitals on the copper
atoms. On the nitrogen atoms, these are approxi-
mately cither sp* hybridized or sp? hybridized, de-
pending upon the actual complex under considera-
tion, while the oxygen orbitals are always nearly sp*
hybridized. The d.._,: orbital of the copper atoms
contain one electron while the two hybridized oxy-
gen orbitals on ¢ach atom participating in the bridge
bonds together contain three electrons per oxygen
atom. The nitrogen orbitals contain a varying num-
ber of electrons depending upon the hybridization
on the orbital participating and the nature of the ¢
bend. If the nitrogen arbital is sp® hybridized then
it is reasonable to expect the ¢ bonding with copper
1o be a coordinate bond and the associated sp® or-
bital will contribute two electrons. On the other hand,
if the nitrogen is sp® hybridized, the o bond 1o cop-
per will be of the covalent type and the sp* nitrogen
orbital will contribute one electron as can be seen
from the structure of the complex. Thus the total
number of ¢ electrons in the core of the complex ac-
tually depends on the hybridization on the nitrogen
atoms and the type of Cu~N bond. The total accu-
pancy in the ten orbitals can now be twelve (1), four-
teen (II) or sixteen (1II) depending upon the hy-
bridization on the nitrogen atoms. If it is assumed
that all the nitrogens are equivalent, the number of
¢ electrons in each nitrogen orbital is either one or
two leading to [ and III respectively. If, on the other
hand, the two nitrogen atoms on the lower (or up-
per) half of the bridge are identical but differ from
those on the other half, we will recover the case in
which the number of electrons in the ten ¢ orbitals
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is fourteen. Experimentally, II and III are known
[1,22] while there seems to be no reason why I can-
not be realized in the future.

The quantities we have studied theoretically are
the energies of the low-lying singlet, triplet and quin-
tet states and the charge and spin density (except in
singlets where the spin density is identically zero)
distributions in these states. We have studied these
quantities for different values of the exchange inte-
grals involving the two hybridized oxygen orbitals
on the same atom. While we also considered two dif-
ferent sets of transfer integrals between all the bonded
orbitals, one set corresponding to uniform transfer
integrals (equal to 1.40 eV) and the other in which
the copper—nitrogen transfer integrals are fixed at
1.50 eV and the copper—-oxygen transfer integrals are
fixed at 1.30 eV (to reflect the differences in bond
lengths and atomic number in the two cases), we
found that these sets gave very nearly the same en-
ergy gaps as well as other properties. Therefore, in
what follows, we report results that correspond to
uniform transfer integrals only. The molecular ge-
ometry of the complex enters the Hamiltonian via
the intersite potential terms. In all cases, we assume
the geometry to be the actual geometry obtained from
the X-ray crystal structure studies of the binuclear
copper(1l) aza-amido macrocyclic complex. The
values of all the other parameters except Koo are held
fixed at the values known from the literature from
earlier studies [12-14]. These sets of parameters give
the correct charge density distributions expected from
basic valence arguments (table 2) and the spin gaps
in the system are rather insensitive to small changes
in these parameters as well as to small changes in the
geometry of the complex. The parameter K, alters

Table 2
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the charge densities of the states by less than 1% for
the range over which Koq is varied.

Our calculations in these three cases with the model
parameters fixed at the values in table 1 and Kpo=0
show that all three spin states are degenerate in I, the
singlet and the triplet alone are degenerate and form
the ground state in II and all three are nondegenerate
in ITI with the singlet as the ground state (table 2).
When a small negative K, is turned on, we find that
esr and ey, (the singlet—triplet and singlet-quintet
energy gaps respectively) vary linearly with X and
are highest at the highest absolute value of the pa-
rameter Kon (table 3) in L In IT also egr is small and
increases linearly with Koo but esq is large and in-
sensitive to changes in Ke. In 111, both €5y and e5q
are rather large and nearly independent of Kog (1a-
ble 3). The large esr and €sq in III and the large esq
in II are due to the fact that the electron delocali-
zation is hindered in these complexes in the higher
spin states. This is further supported by the charge
density data on the three systems. In I, the charge
densities in the different spin states are very nearly
the same (table 2). The nearly identical charge den-
sities in the different spin states reflect the small en-
crgy gaps between these states. In II, the charge den-
sities in the singlet and the triplet states are very close
but the charge density distributions in the guintet
state are quile different (table 2). This explains the
small singlet—triplet gap but a large singlet—quintet
gap in I (table 3 and fig. 2). Indeed, recent exper-
imental evidence on some of these complex moieties
(I} indicates that ¢gr is of the order of 180-240
cm~! [23]. In TII, the charge density distributions
in the singlet, triplet and the quintet states are quite
different {table 2) and this is reflected in the large
spin excitation gaps in the system (table 3). Thus,

Charge densitics at the different atoms in the complexes I, 11 and ILL, in singlet, triplet and quintet states for Koo=0.0 €V. 1, II and 111

denote the 12, 14 and 16 electron complexes, respectively

Atom I I Jh1e

S=0 S:1 S=2 S:O S"_'] S=2 S=0 S=] S=2
Cu 1.060 1.060 1.060 1.122 1.122 1.183 1.163 1.219 1.068
N 1.001 1.001 1.001 1.018 1.018 1.014 1.912 1.904 1.989
N’ 1.001 1.001 1.001 1.892 1.892 1.860 1.912 1.904 1.989
o 2.93% 2,939 2939 2.968 2.968 2.944 3.012 2973 2.955
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Energy gaps in cm~! as a function of Koo (eV) for a uniform transfer of 1.40 eV for all the bonds. I, IT and IIT again denote the 12, 14

and 16 electron complexes, respectively
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Fig. 2. Dependence of the singlet-triplet {¢sy) and singlet—quin-
tet (eqr) energy gaps on Kop in IL

if a spin excitation is accompanied by a large charge
density redistribution, then the associated excitation
gap is large and insensitive to the Ko parameter.
Otherwise, the spin excitation gap is small and de-
pends sensitively on the value of Ky,. This is very
similar to the two different types of excitations,
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namely, the spin-wave and Stoner excitations in ex-
tended magnetic systems [24]. The spin-wave ex-
citations are not associated with charge redistribu-
tion and form the low-energy excitation spectrum
while the Stoner excitations which are of higher en-
ergy arc particle-hole excitations and hence redis-
tribute the charge density in the system.

It is interesting to compare the spin density dis-
tributions in these three complexes (table 4). In 1,
there is sizeable spin density on the terminal nitro-
gen atoms and the bridge oxygen atoms with a slight
negative spin density on the copper atoms. In II, the
spin density on the oxygen atoms and the nitrogens
in the upper half (fig. 1b) are large and nearly equal
while there is negligible spin density on the nitrogens
in the lower half of the complex. The copper atoms
have negative spin densities in this case as well. In
III, the spin densitics reside almost exclusively on
the copper atoms and the bridge oxygen atoms and
there are no negative spin density sites. The spin
densities in the quintets are very nearly twice that in
the triplets at all sites in I and I11. In II, the large neg-
ative spin density on the copper in the triplet state
changes to an equally large positive spin density in
the quintet state while at the other sites, there is a
slight increase in the spin densities in going from the
triplet to the quintet state. The spin densities are in-
sensitive to changes in the Koo parameter just as the
absolute energies of the different states. The mar-
ginal changes in the spin densities for different Koo
values are consistent with the slight changes in ener-
gies of the eigenstates with variation in this param-
eter. However, Ko, controls the spin excitation gaps
completely, if the spin excitations do not signifi-
cantly redistribute the charges, and we should expect
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Spin densities at the different atoms in the complexes I, I1 and I11, in triplet and quintet states for Koo=0.0 eV. The numbers in paren-
theses are the number of electrons in the cluster. Orbitals on the primed atom coutribute two electrons

Atom I(12) I(14) MI(i6)

S=1 §=12 §=1 S§=2 §=1 =2
Cu -0.179 —0.358 -0.222 0.220 0.368 0.932
N 0.398 0.796 0.640 0.816 0.052 0.011
N’ 0.398 0.796 ~0.034 0.045 0.052 0.011
0 0.191 0.382 0.614 0.763 0.263 0.522

Koo to be sensitive to the hybridization of the ox-
ygen orbitals. The change in hybridization comes
about from a change in the M—O-M bond angle and
thus the latter is found to determine the nature and
the strength of the effective exchange interaction.
The energy gaps between states of the same spin
multiplicity have also been studied by us. Table 5
shows the variations in the singlet-singlet (egg), trip-
let-triplet (ery) and quintet-quintet {€q,) gaps in
these systems as a function of the exchange integral
Koo- In 1, egq increases slightly as K is varied from
{0 to —0.4 eV. The gap itself is small and lies between
0.75 and 0.8 eV. The gap ¢y is about half ¢ and
since the lowest singlet and triplet are nearly degen-
erate, the second triplet aiso lies below the excited
singlet state. The excited quintet state is well above
the excited singlet state. However, in I, the excited
singlet and excited triplet are nearly degenerate and
are separated from the ground state by about 0.75
¢V. In this case, both ¢g5 and err decrease as Koo is
varied from 0 to —0.4 eV, although the magnitude
of these changes 15 rather small. Both the lowest and
the first excited quintet state are well above the ex-

Table 5

cited singlet and triplet states, the gap eg is small
and shows small increase with increase in Kqo. The
spectrum in III is quite different (table 5). The first
excited singlet state is slightly below the lowest quin-
tet state while the second triplet state is below the
excited singlet state. err is rather small while eqq is
~3.4 eV placing the second quintet state nearly 5 eV
above the singlet ground state.

The above excitation gaps in the three complexes
alse depend weakly on the Cu-0 and Cu-N transfer
integrals, which in turn depend upon the geometry
and the Cu-0O and Cu-N distances. In table 6, we
present these gaps for uniform and nonuniform
transfer integrals for a typical value of Kgo. The gaps
€ss and err show a decrease in poing from uniform
to nonuniform transfer integrals, while €qq, shows an
increase, in 1 and III. The gap ess is most sensitive
1o this change in transfer integrals since in singlets,
the electron delocalization contributes more signif-
icantly to the energies. In I, the gaps €55 and e+ show
a slight increase while eqq shows a slight decrease, on
introducing nonuniform transfer integrals.

To conclude, our exact solutions of the model

Energy gaps in eV as a function of Koo (eV) for a uniform transfer of 1.40 eV for all the bonds. I, II and III again denote the 12, 14 and

16 electron complexes, respectively

Koo I 11 118
€55 €T €Qq €55 Er1 €00 €ss €T €qa
0.0 0.7 0.382 1.240 0775 0.772 0.012 1.661 0.000 3.403
-0.1 0.765 0.384 1.238 0.764 0.766 0.033 1.623 0.020 3416
-0.2 0.771 0.387 1.234 0.756 0.762 0.034 1.584 0.027 3.441
—-0.3 0.779 0.391 1.229 0.747 0.758 0.035 1.546 0.036 3.440
-04 0.791 0.396 1.224 0.738 0.761 0.039 1.506 0.046 3.450

453



Volume 191, number 5

Table 6

CHEMICAL PHYSICS LETTERS

10 April 1992

Energy gaps in eV for Koo = —0.4 ¢V with uniform transfers {A) for Cu-O and Cu-N bonds (both transfer integrals are set to 1.40eV)
and with nonuniform transfers (B) where transfer integrals for Cu—O and Cu-N bonds are set to 1,30 and 1.50 eV respectively. ey, €sq,
€ss, €x1 and €y denote the singlet-triplet, singlet—quintet, singlet-singlet, triplet-triplet and quintet-quintet energy gaps respectively

1 1L 111

A B A B A B
[ 0.008 0.007 0.024 0.031 0.789 0.688
) 0.034 0.039 1.211 1.235 1.583 1.381
€ss 0.791 0.692 0.738 0.785 1.506 1.317
err 0.396 0.327 0.761 0.782 0.046 0.039
€Qu 1.224 1.266 0.03¢ 0.028 3.450 3.584

Hamiltonians show that the spin excitation gaps in
these dimeric copper complexes are almost entirely
controlled by the exchange integral between the ox-
ygen orbitals when the excitation gaps in the system
are small. The geometry of the complex influences
this parameter via change in hybridization of the ox-
vgen orbitals involved in the bridging bonds. While
other model parameters are also affected by the
changes in geametry, these do not affect the energy
ordering of the different spin states. The spin density
distribution in the high spin states depends upon the
number of electrons in the ¢ framework and the
magnitudes of the spin densities are insensitive to
the exchange integral between the orbitals on the
bridge oxygen atoms, The energy gaps within the
same spin manifold are different in the three systems
and depend weakly on the Cu—0 and Cu-N transfer
integrals,
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