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Summary. In an attempt to study the role of metals in biology ab initio SCF
calculations have been performed on a model complex simulating the binding
between metals and biological materials. There is a certain distinction between the
copper complexes compared to the other transition metals and in many cases the
copper complexes are more similar to the Li and Be complexes than to other
transition metal complexes. One special feature of the copper complexes is their
strong ability for an easy transfer between the Cu (I) and Cu (II) states, allowing for
a very flexible charge transfer with small energies required for the redox processes.
These processes have been described in terms of orbital energies and Mulliken
populations.
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1 Introduction

In an attempt at classification of the role of metals in biological systems we have in
the group of Professor Inga Fischer—Hjalmars for several years made quantum
chemical calculations on a series of simple planar model complexes, shown in
Fig. 1, chosen to simulate the binding between metal and the biological system; for
a summary the reader is referred to [1, 2]. Until now, the metals Li, Be, Mg, Cr, Fe,
Ni, Cu and Zn have been considered. As the metals commonly bind to oxygen,
nitrogen and sulfur in biological systems, the ligating atoms X in Fig. 1 are chosen
to be O, N or S. The model complex is believed to simulate the binding between the
metals and amino acids, peptides, catecholic structures, ascorbic acid as well as
larger structures.

* Dedicated to Professor Inga Fischer—Hjalmars on the occasion of her 75th birthday
** Present address: Swedish Radiation Protection Institute, Box 60204, S-104 01 Stockholm, Sweden
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Fig. 2. Possible resonance structures for the model complex

The total charge, n, of the system has been varied from + 2to — 2 according
to the canonical structures shown in Fig. 2. Thus a whole set of molecules have
been studied, making a comparison between the effects obtained by interchanging
one variable (metal, ligand or total charge) at a time, possible.

A further advantage of this choice of model system is that these complexes have
been studied rather extensively experimentally. This is the case especially for the
sulfur compounds [3]. There are also some quantum chemical calculations on the
Extended Huckel ievel [3b], on the INDO-CI level [4] as well as on the ab initio
level [5]. The complex has also been used as model complex for iron-sulfur
proteins, especially ferredoxin and rubredoxin, molybdenum-—sulfur proteins, as
xanthine oxidase and nitrogenase as well as for copper proteins [3, 6].

Our calculations show that there are properties that are connected to the
special metals as well as properties that are connected to the ligand dimer. An
example of the latter case is the presence of the very small energy gap between the
highest occupied and lowest unoccupied orbitals (which both are 7 orbitals) in the
n= + 1,0, — 1 complexes. Here the role of the metal seems only to be to form
a bridge between the ligand dimers [7]. Concerning the metal part, the different
electronic configurations of the different metals may give rise to properties that are
special to that metal. Such properties are, for example, the orbital energies of the
(more or less delocalized) metal orbitals as well as the charge distributions and
oxidation states of the metal. This has been discussed rather extensively in Ref. [1].

Copper can exist in several oxidation states: most common are the stable Cu (II)
and the rather unstable Cu(l), but the existence of the higher oxidation states
Cu(III) and Cu(IV) has also been discussed [8]. The role of copper can thus be
expected to be of different type than what is expected for other transition metals,
which mainly occur in the oxidation state + II and higher. Thus a more detailed
investigation of the copper complexes seems appropriate.

Copper-containing compounds occur in a large amount of important industrial
as well as biological processes. Copper compounds have for a long time been
widely used as catalysts, as for example in the Glaser reaction for the oxidative
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coupling of the acetylenes [9]. Copper also occurs in several enzymes taking part in
redox reactions as well as in the binding and activation of O,. The literature in this
field is huge [8]. Examples of copper-containing enzymes are the blue copper
proteins (azurin, stellacyanin and umecyanin which take part in electron transfer
processes in the photosynthesis of algae, green leaves and other plants, laccase,
ceruloplasmin and ascorbate oxidase, which reduce O, to H,O in humans, animals
and plants), the non-blue oxidases (amine oxidase and galactose oxidase which
reduce O, to H,0, in animals and plants) hemocyanin (the oxygen carrier),
tyrosinase, dopamine betahydroxylase as well as superoxide dismutase, which is
believed to take part in the detoxification of O3, and cytochrome ¢ oxidase in the
mitochondria functioning as terminal oxidase. Many of these reactions are known
to proceed very rapidly.

Copper compounds have also been used in medicine, as for example the
antitumor antibiotic bleomycin as well as the copper phenanthroline system.
Copper can also have toxic effects: well known is the problem with copper pipes
used for the supply of drinking water as well as the use of copper-containing
cooking utensiles.

The role of copper has also raised interest in the context of the development of
new types of superconductors. It should be pointed out that compounds of the type
shown in Fig. 1, with X = S, have been shown to be among the most promising
types for organic superconductors [10]. Also, for the ceramic superconductors, the
importance of the planar CuQ, structures has been stressed by several authors
[117. Also in this context a detailed understanding of the electronic structure of the
model complex in Fig. 1 seems reasonable.

2 Method and details of the calculations

Ab initio RHF SCF calculations have been performed with the program system
MOLECULE-ALCHEMY [12] using Gaussian basis functions. Open shell sys-
tems have been treated within the Roothaan formalism [13].

This level of sophistication has been used in order for us to compare with our
previous RHF-calculations on the same series of complexes [1, 2]. Inclusion of
more sophisticated methods, as MC-SCF or CI, will certainly change the quantit-
ative and maybe even the qualitative results. However, as we are mainly interested
in the comparison between different molecules in a series of similar compounds, the
shifts in trends are more important than the absolute values. Thus, an even less
sophisticated method could be used for our purpose. The lack of a complete series
of metal parameters for the metals in question, however, restricted us from using
some semiempirical method.

The basis sets are the same as in our previous calculations [1], i.e. for hydrogen
the 4s basis of Huzinaga [14] scaled by 1.25, for carbon, oxygen and sulfur the
Roos—Siegbahn basis [ 157 and for Cu the Roos—Veillard 12s, 6p, 4d basis [16] with
some minor changes. Thus the innermost s-function was deleted, since it was not
supposed to take part in the binding and also the three outermost s-functions
because they can be described by the totally symmetric combination of the
d-functions. (The latter was done to reduce the size of the calculations, but it turned
out not to be a good choice, since the distinction between the s- and d-populations
on copper could not be made any longer in the further analysis). For a better
description of the binding between copper and the ligands, two additional diffuse
p-functions with the coefficients 0.3997 and 0.1456 respectively, and one diffuse
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Table 1. Geometry chosen for the com-

plex
Bond Distance (in Angstrom)
X=0 X=S

CX 1.26 1.73

cC 1.50 1.37
CH 1.09 1.09
XX 2.76 3.10

.9, ¢ 295 292
MX 2.02 213

The bond angles C—C—H are in all cases
120°

d-function with the coefficient 0.2214 were included. Contractions were mainly to
double zeta basis, except for metal 1s, 25 and 2p and sulfur 1s orbitals, for which
a minimal basis set was chosen. On sulfur, no d-orbitals were included, since they
have been found to be of little importance in the present model system [17] what
concerns the lowest energy states. This was found to be true also in the INDO-
calculations [4a].

The geometries of the complexes were chosen to be the same as in our previous
calculations on the other metal complexes and are listed in Table 1. No geometry
optimization was performed. Although there certainly are geometry changes when
the central metal is changed as well as when the overall charge, n, of the complex
is changed, we have found it convenient to use the same geometry in all the
calculations, partly because it makes the calculations easier (the same integrals can
be used for different total charge n) but mainly because a comparison between the
complexes will be more straightforward. A further geometry optimization will
await a second step in the calculations.

The overail charge on the complexes was varied fromn = + 2ton= — 3. The
complex can be considered as built up from the different resonance structures
according to Fig. 2, ie. the n = + 2 complex could be considered to consist of
a complex between the doubly charged Cu*? ion and two neutral ligands, as
shown on the left hand side in the figure. The n = + 1 complex is, similarly,
considered as built up from a singly charged Cu™! ion and two neutral ligands. The
negatively charged structures, on the other hand, can be considered as built up
from two doubly negatively charged ligands and a Cu*? ion (for n = — 2) or
a Cu*!ion (for n = — 3), respectively, as shown on the right-hand side of Fig. 2.

The electronic configurations chosen in the calculations were for Cu(I) d*° and
for Cu(IT) d°. Thus the electronic configuration on copper was chosen to be d° for
n = even and d*° for n = odd. The open shell in the d° configuration was chosen to
be within the by, (d,,) symmetry. This follows from “chemical intuition” according
to the scheme in Fig, 2 as well as from ligand field theory and also more sophisti-
cated calculations [3b, 4]. As the ALCHEMY program system makes use of the
symmetry of the molecule in blocking the matrices, this symmetry will prevail
during the calculations.

As pointed out in the calculations for the corresponding Fe-complexes [2],
there could be several electronic configurations with about the same, or even lower
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energy than the expected ground state. The unpaired electron could be in an orbital
localized over the whole molecule or mainly on either the metal or the ligands.
Most probably these complexes will have somewhat different geometries, as was
the case for the corresponding Fe-complexes. The presence of a type of compounds
that show “bond stretch isomerism” has experimentally been demonstrated by
Hoffmann et al. [18]. A detailed study of different possible electronic structures
of the copper complexes will await a further study, also including geometry opti-
mization.

3 Results and discussion
3.1 Total energies

Total energies for the complexes are listed in Table 2. It is seen that for the oxygen
complexes the n = 0 state has the lowest energy, whereas for the sulfur complexes
the n = — 2 state has the lowest energy. This is in accordance with our previous
calculations for other metals [1].

As also seen from Table 2, the energy differences between the different states are

very small. For the oxygen complexes the n = — 1 state is only 1.1 €V (8600 cm ~1)
higher than the n = 0 state and the n = — 2 state is only 1.7 eV (12600 cm™1)
higher than the n = - 1 state. These energy differences are just slightly larger than

ordinary vibrational energies. Also, the energy differences between the n = 0 and
n= + land betweenthen = + 1andn = + 2 states are rather small, 5.3 ¢V and
9.4 eV, respectively. The n = — 3 state is rather high in energy, and as seen below,
supposed to be rather unstable.

Table 2. Total energies for the copper complexes® as well as the energy differences as a function
of the overall charge n of the complex

n E(n) E(m)—Emn-—1) Comments
(a.n) V) (kcal/mol)
Oxygen ligands
+2 — 2082.68049 94 217 Cu?*
+1 — 2083.02620 53 121 Cu?
0 — 2083.21909 —-17 - 36 Cu?t
-1 — 2083.16178 —-11 —-25 Cu®
-2 — 2083.12256 - 126 — 290 Cu?*
-3 — 2082.66057
Sulfur ligands
+2 — 3371.48939 9.2 212 Cu?t
+1 — 3371.82764 9.9 229 Cu*
0 — 337219293 —-0.5 —12 Cu?*
-1 — 3372.17375 13 30 Cu*
-2 — 337222161 —10.7 — 248 Cu?*
-3 — 3371.82685 Cu*

* The corresponding energies for the free ligands are: For the oxygen ligand — 226.22535 a.u.
and for the sulfur ligand — 870.68911 a.u. For Cu?* the corresponding value is — 1629.68147
and for Cu* — 1630.3301, respectively
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For the sulfur complexes the energy differences are still smaller than for the
oxygen complexes, i.e. the n = — 1 state is only 1.3 eV (10 500 cm ™) higher than
the n = — 2 state, whereas the n = 0 state is 0.5 eV lower than the n = — 1 state
and consequently only 0.8 eV (6300 cm ~!) higher than the n = — 2 state.

As no geometry optimization has been done, these results may change by more
accurate calculations as well as by using more sophisticated methods or better
basis sets. Anyhow, the present calculations indicate that there are states with
different total charge n with about the same energy. This means that, unless there is
a high energy barrier between the initial and final states, transitions between the
different n values easily can occur, ie. the molecules can easily undergo oxida-
tion-reduction reactions, which also is found experimentally to be the case [3, 6].

3.2 Binding energies
Calculated binding energies defined as the energy difference between the neutral

dimers and the Cu™? or Cu™? ions, respectively, are listed in Table 3. For compari-
son, also the binding energies of the corresponding Li and Be complexes are

included. All complexes, except the n = — 3 oxygen complex, have positive bind-
ing energies, i.e. all complexes except the oxygen n= — 3 complex should be
stable.

The binding energies for the n = odd complexes are very close to the binding
energies of the corresponding Li-complexes, [1, 197 whereas the binding energies
for the n = even complexes are very close to the corresponding Be-complexes and
much higher than for the other second row transition metals [1] in accordance
with the experimentally obtained and well-known Irving—Williams diagram [20].
Thus, what concerns the binding energies copper is more like the first row atoms Be
and Li than the other second row transition metals.

Table 3. Binding energies (in eV) for the complexes with
reference to the free ligand and metal ion. For comparison,
also the calculated binding energies for the corresponding
Li- and Be complexes are included [19]

Overall charge Metal
n Cu Li Be

Oxygen complexes

+2 14.9 14.0
+1 6.7 44
0 29.6 29.1
-1 10.3 7.9
-2 271 25.9
-3 —33
Sulfur complexes
+2 11.7 11.5
+1 32 09
0 30.8 30.9
-1 12.7 10.0
-2 31.6 30.8

-3 32
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3.3 Orbital energies

The calculated orbital energies for the valence electrons as well as for some of the
lowest empty orbitals are listed in Tabie 4 for the oxygen complexes (Table 4a for
neven and Table 4b for n odd) and in Table 5 for the sulfur complexes (Table 5a for
neven and Table 5b for n odd). For comparison, the corresponding orbital energies
for the Li complexes are included in Tables 4b and 5b and for the Be complexes in
Tables 4a and 5a [21].

Even if there is a clear mixing between the ligand orbitals and the metal
orbitals, predominantly ligand orbitals can clearly be distinguished from

Table 4a. Calculated orbital energies (in eV) for the oxygen complexes for n = + 2, 0 and — 2. For
comparison, the corresponding values for the Be-complexes are also given [21]

Symmetry Orbital n= +2 n=20 n= —2
type? Cu Be Cu Be Cu Be
a, C O — 50.6 — 511 —392 —393 - 277 —-275
b,, C.O — 50.5 —499 -390 —-39.1 —276 —-273
b,, C,0 —49.5 —499 —38.1 —38.1 —26.6 —263
b, C,0 —494 —49.7 —38.1 —-379 —26.6 —26.1
a, 0,C - 375 - 378 —263 — 263 - 154 —152
by, 0,C —373 - 375 —26.1 —26.0 —153 — 149
b,, C,0 — 325 - 331 — 216 —219 —-11.0 — 109
by, CO0 —323 - 321 —21.5 — 211 —10.8 - 10.3
a, Cu,C,0 —31.8 —31.6 —-20.7 —-20.1 -9.7 — 89
b, (open) Cu —31.0 - 19.8 — 8.7
a, Cu - 309 —-19.8 — 87
b,, Cu —30.1 —19.0 —82
by, Cu —-299 — 188 — 8.0
a, Cu —-295 — 300 — 184 — 18.6 -15 —-17.1
a, Cu — 286 —175 —64
b,, C, O —309 —313 — 198 —199 — 89 —8.8
b,, C 0 — 286 — 285 —-174 — 169 —6.0 —52
b,, C 0 —278 — 282 — 169 —-170 —-59 —58
by, C, O —275 -274 —16.5 —16.1 —355 —4.6
b, C,0 — 264 —269 — 160 —16.2 —56 — 54
b,, CO0 — 260 — 256 — 155 — 157 —-51 —-51
by, O — 254 —245 — 140 —13.0 —31 —-25
b,, (¢) —249 — 255 — 139 — 141 —26 —-31
a, o — 245 - 247 —13.8 — 136 - 35 -31
by, o ~244 — 250 — 139 — 141 —35 —34
a, o —232 - 237 - 122 — 124 —-12 +1.1
b,, o —229 —233 —119 —119 —-08 + 1.6
b, C,0 - - — 438 —-50 +34 + 3.6
b,, C, 0 - - - - + 3.7 +4.1
Virtual:
b, -99 - - - - -
—-95 - —-12 - - -

29

# The orbital type describes the two most important contributions
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Table 4b. Calculated orbital energies (in eV) for the oxygen complexesforn = + 1, — 1and — 3. For
comparison, the corresponding values for the Li-complexes are also given [21]

Symmetry Orbital n= +1 n=—1 n= —3
type® Cu Li Cu Li Cu
a, C, 0 —44.6 —445 —333 —331 -219
b,, C O —44.6 — 445 —332 -331 —21.8
b,, C,o0 — 436 — 435 —323 —-322 —209
bm C,0 —43.6 — 435 —323 —321 —209
a, 0,C - 319 —31.9 -210 —209 — 104
b,, 0,C i—31.9 —31.8 — 209 - 20.8 - 103
b,, C,0 —26.9 — 269 —16.3 —16.2 —359
blg C,0 — 269 —26.6 — 162 — 160 —59
a, C,0 — 255 —253 —14.6 — 144 — 38
b,, CoO —-253 —253 — 144 - 144 -37
a, C, O —-237 —233 —125 - 114 —-13
b,, (oNe} —228 —227 — 116 —121 -03
b,, CoO —223 —-222 — 114 - 113 —04
b, C,o0 —220 —219 ~ 114 —10.9 0.0
bzg C,0 —20.8 — 205 — 104 — 101 —-02
b, C,O —20.7 — 206 — 104 —103 —-02
blg O,Cu —204 — 18.8 —95 - 176 + 1.8
b,, C,O —193 —192 —82 —80 +32
b3g C,0O —19.0 — 186 — 8.6 —82 + 1.7
a, C,0 — 186 — 185 — 8.0 -19 +2.1
a, C,0 — 180 —172 - 7.1 —-63 +4.0
b,, C,0 —-172 —172 —62 —62 + 4.8
by, Cu —16.1 -353 +51
b, Cu - 160 ~5.5 +5.5
a, Cu —16.9 —-54 + 5.7
a, Cu — 158 —-52 + 6.0
bg Cu — 145 - 3.7 + 7.6
b, C,0 - - + 0.6 +07 +8.7
by, (eN0} - - - - +9.1
Virtual:
b,, ~43 - - - - -
b ~39 - +44 - - -

N
[y

2 The orbital type describes the two most important contributions

predominantly metal orbitals. The mixing is somewhat more pronounced for the
sulfur complexes than for the oxygen compiexes.

The ligand orbitals are very constant in energy (generally less than 0.5 eV) when
comparing different metal complexes with given total charge, n. This is the case
both for the transition metal complexes [1] as well as the Li and Be complexes
indicating that the interaction between metal and ligand is similar for all metals
studied.

For different total charges, n, the ligand orbital energies will go up (be more
positive) by about 5.5-6 eV in the oxygen complexes and by about 4.5-5.1 eV in
the sulfur complexes for each electron that is added to the system.
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Table 5a. Calculated orbital energies (in €V) for the sulfur complexes for n= + 2, 0 and —2.
r comparison, the corresponding values for the Be-complexes are also given [21]

Symmetry Orbital n= +2 n=20 n= —2
type* Cu Be Cu Be Cu Be
a, CS —41.8 —410 —31.6 —31.6 -21.7 —216
by, C,S —41.7 —399 — 314 —31.5 —21.6 -21.5
b, S,C — 374 — 376 —21.5 —27.6 - 176 — 176
b, S,C —372 —372 —273 —-272 - 174 —-172
a, 5,C — 351 —378 —252 —25.1 — 155 —153
b, S,C —342 —343 — 242 —242 — 146 — 145
b,, CS — 302 — 305 - 206 -20.7 - 112 — 113
a, Cu —30.0 —20.1 - 101
by, C,S - 296 —29.2 — 200 —18.8 —10.7 — 103
by, Cu — 287 — 188 — 88
a, C, Cu —28.6 — 287 —18.8 — 18.8 -92 —-94
b,, Cu ~ 286 —~18.6 —-94
b,, C — 285 - 187 ~93
a, C,Cu — 282 —272 - 183 —175 — 84 -7t
a, C,S,Cu —262 — 163 — 64
b, (open) Cu — 254 —16.0 —6.2
b,, C,S — 244 — 24,6 — 14.6 — 1438 —-50 51
b, S,C —242 — 244 — 143 — 142 — 44 —42
by, C, S ~23.5 —224 - 136 —-127 —38 -29
b, C,S - 229 — 231 - 139 — 140 —438 —47
b,, C,S — 224 - 227 —-133 — 135 — 8.8 —44
a, S, Cu —220 —224 — 124 — 128 —27 -30
by, S, Cu —21.7 - 188 — 121 —-92 —-23 + 1.0
b,, S, Cu —21.1 —-215 —11.6 —11.8 - 1.8 —-20
b,, S, Cu —204 —209 - 110 —113 —12 -15
by, S - 198 — 201 —10.6 - 109 —13 —16
a, S — 194 - 194 -99 —-938 - 1.0 —-09
b, C,S - - -~ 74 — 74 +0.5 +05
b,y C, S - - - - + 18 + 1.8
Virtual:
b, —11.8 - - - - -
b —10.6 - —26 - - -

2g

2 The orbital type describes the two most important contributions

What concerns the metal d-orbital energies, the situation is now different and
a distinction has to be made between the n = odd (d'°) and n = even (d°) cases. In
all cases the metal orbital energies are higher (less negative) for n = odd than for the
corresponding n = even (n + 1, n — 1) cases, showing an alternating behavior,
which can be explained by the smaller attraction of the Cu*! ion than by the Cu™?
ion. A similar behavior, although not so pronounced, can be seen for the corres-
ponding Fe(II) and Fe(III) complexes [2, 22] and has been used for the assignment
of the oxidation state of the metal in the complexes.
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Table 5b. Calculated orbital energies (in eV) for the sulfur complexes forn = + 1, — 1 and — 3. For
comparison, the corresponding values for the Li-complexes are also given [21]

Symmetry Orbital n= +1 n=—1 n=—3
type? Cu Li Cu Li Cu
a, CS —36.6 —36.6 —26.5 —26.5 — 169
b, C,S — 36.5 —36.6 — 264 —26.5 - 16.9
b,, C,S —322 — 322 —224 —223 —126
b, CS —320 —319 —222 —220 —125
a, C,S —297 —29.5 —20.0 —19.7 — 104
b,, C,S —290 —-29.1 —19.2 —19.2 -97
b,, C,S —252 —252 — 157 —15.7 ~65
by, C,S —24.8 —244 —153 — 149 ~61
a, C —238 —238 —14.1 —14.1 —49
b,, C —237 - 238 — 140 —14.1 —438
a, C,S —220 —21.0 —12.1 - 111 —22
b, Cu —20.3 —109 ~ 04
b,, C,S —193 —193 —-9.7 —-96 —0.1
b,, C,S —19.0 —18.9 —-92 -9.0 +05
b,, Cu — 189 —-94 ~02
a, Cu — 189 —-96 +12
b, Cu — 188 - 9.6 +11
g
b, C,S — 181 —18.1 -9.1 -91 —0.1
a, Cu —17.6 —175 —82 -79 +26
b, CS -173 —-18 + 1.9
b,, C,Cu — 168 —17.8 -72 —88 +19
a, S, Cu —16.1 — 163 —638 —6.7 +35
by, S, Cu — 159 — 159 —64 —62 +35
b,, S - 153 —153 —59 —-57 +39
b, S — 144 — 148 —53 —58 +4.2
a, S — 143 — 143 —~ 50 -353 + 39
b, S, Cu - 117 — 139 —23 —42 +179
b, - - —26 —24 +55
b,, - - - - +69
Virtual:
b, —6.8 - - - - -
b —54 - +26 - - -

29

* The orbital type describes the two most important contributions

Whereas, for the n = even complexes, the orbital energies for the d-orbitals are
rather low compared to the ligand orbitals, now, for the n = odd complexes, the
orbital energies are among the highest ligand orbital energies.

Within each of the series, n = even or n = odd, the trends are the same as for the
corresponding ligand orbitals, i.e. the orbital energies are shifted upwards (more
positive), now by about 10.5-11.2 eV for the oxygen complexes and 9.2—-10.7 eV for
the sulfur complexes when two electrons at a time are added to the system.
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Although it should be remembered that Koopmans’ theorem [23] is not valid
for the transition metals [24], the orbital energy picture is in good agreement with
the very comprehensive study [25] of the experimentally obtained photoelectron
spectra on large series of similar molecules, including among others acetylaceto-
nates, amides and related complexes, sulfur-containing metal complexes etc. In the
study it is stated that “Ionizations are evident before ligand ionizations with early
transition metals Ti(IIT), VII) or Cr(IIl), not evident at all or masked under
ligand ionization bands with late transition metals such as Cu(II) or Zn(1I), and
highly intermixed with the first ligand ionizations for intermediate transition metal
configurations such as d® of Co(IlI) or d® of Ni(Il). This type of behavior is
probably of general occurrence and is in fact found also in other classes of
coordination compounds, especially with sulfur ligands.”

Generally, Koopmans theorem for transition metals give larger values than the
true values by several eV [22, 25]. For the ligand orbitals, the Koopmans’ theorem
should still be valid. In fact, our calculated ligand orbital energies are in good
agreement with the experimentally observed ionization potentials for similar com-
pounds [25].

In an earlier paper [7] it was pointed out that when the ligand b, orbital was
singly or doubly occupied the orbital energy gap between the HOMO and the
LUMO (b,,) becomes very small. This small band gap suggests that electron
transfer should easily occur in these types of complexes. This is a property of
interest not only in biological context, but also of great relevance in electrical
conductivity [26, 27]. This small band gap was found to be a function of the ligand
dimer only and the role of the metal was only to bind the ligands together. The
effect was called the “metal bridge effect”.

In the copper complexes, for n odd, the copper orbitals are high in energy.
Having in mind the good conducting properties of only the copper compounds one
may ask if just the small band gap between the highest occupied copper orbital and
the lowest unoccupied ligand orbital is of relevance for the conducting properties.
Perhaps these orbitals will even make the band gap smaller or allow charge transfer
to proceed all over the molecule, the copper orbital being localized mainly on the
copper atom whereas the ligand orbitals are mainly localized on the ligands.

3.4 Charge distributions

The electronic charge distribution is often described by the aid of Mulliken
population analysis [28]. Although this scheme has its weaknesses, and many
other schemes have been proposed [29], it has been extensively used and gives
a useful description of the charge distribution and trends in shifts of electronic
density in series of similar molecules.

In the terminology of Mulliken we define the gross charge as the sum of the
positive nuclear charge and the negative gross atomic population. The net charge,
again, is defined as the sum of the positive nuclear charge and the negative net
atomic population.

As discussed in a previous paper [22], the use of diffuse functions will give some
problems in interpreting the charge distributions. The diffuse functions may have
their radial maxima nearer to the ligand atoms than to the metal atom, which was
shown to be the case for the Fe orbitals in the Fe complexes. This allows for
a rather large charge distribution to be localized in these orbitals. This will also be
the case for the present study. After removal of these diffuse parts both the charge
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and the 3d population were found to obtain values in line with those of the
oxidation states of free metal ions.

As in this context trends in shifts in a series of similar compounds are of greater
interest than the absolute values, we will in the following show that a further
elaboration in terms of changes in gross and net populations will give some useful
information.

Gross charges on the metal

The gross charges on the metals show some peculiarities as already pointed out
before [1]. Table 6 lists the gross charges on the Cu-atom compared with the
corresponding values for Fe, Li and Be. The charges are generally unexpectedly
low, and tend even to be negative in the sulfur complexes. These low charges which
were not found in the INDO-CI calculations [4a] is an effect of the use of diffuse
orbitals in connection with the use of Mulliken population analysis, as discussed
previously [22]. Whether this effect is just an artefact or has a physical meaning
may be taken under consideration.

Considering first the oxygen complexes, good agreement with the corresponding
Be and Li complexes is again obvious, indicating a clear distinction between the
Cu(I) and Cu(IT) states, whereas the corresponding values for the Fe complexes are
not so clear.

For the sulfur complexes, the gross charges on the metals are very low, especially
for the Cu and Fe complexes. Here there is no possibility to distinguish between the
different oxidation states. Instead, what concerns the Cu complexes, the charge on
the metal will be continuously more positive, the more negative the overall charge
n on the complex will be, whereas again the trends for the corresponding Fe values
are less clear. A comparison with the corresponding Li and Be complexes no longer

Table 6. Gross charges on the metal in the complex. For comparison also the charges
on the metals Li, Be [21] and Fe [2d] in the corresponding complexes are included

Overall Gross charges on the metal
charge
n Cu(l) Cu(ll)  Fe(ID) Fe(II) Li Be
Oxygen complexes
+2 1.12 1.12 1.14
+1 0.57 1.00 1.27 0.57
0 0.93 0.87 1.05
-1 0.49 0.79 1.11 0.38
-2 0.84 0.71 1.02
-3 0.33
Sulfur Complexes
+2 0.09 —0.04 0.73
+1 0.17 —0.05 —0.05 0.29
0 0.23 - 0.07 0.74
-1 0.31 0.01 0.08 0.22
-2 0.44 0.09 0.82

-3 043
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seems to be useful. A more detailed analysis of the charge distributions seems
necessary.

Gross charges: Oxygen complexes

The gross charges on the atoms are shown in the diagram in Fig. 3a. The Cu, C and
H atoms are all positively charged, whereas O is negatively charged. On the ligand
side, by adding more electrons to the system, there will be a nearly continuous
addition of negative charge. In fact, when one electron is added to the n= + 2
complex, resulting in the n = + 1 complex, the copper atom gains about half of the
added electron, whereas the rest of the electronic distribution will be spread over
the regions around the four carbon and four hydrogen atoms. The region around
the four oxygen atoms do not gain anything, instead the gross charge around the
oxygen will be slightly less negative. The changes in gross populations when one
electron at a time is added to the system is schematically shown in Fig. 4.

The copper atom will alternatingly gain or lose electronic population, so that
addition of one electron for n = even always results in a gain in electronic popula-
tion and a (smaller) loss on oxygen, whereas addition of one electron to

A A A A LA S A L
gros Cu [0} C H
+1.0_— N - -
3a
gross
Cu S C H
+1.0 - 4 4
3b

+2 +1 0 -1 -2 +2 41 0 -1 -2 +2 +1 0 -1 -2 +2 +1 0 -1 -2

Fig. 3a,b. Gross charges on the atoms. a Oxygen complexes, b Sulfur complexes
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Aq a Aq b
+1.0 ] +1.0]
40
Cu
4H 4C 4H
4C
40
Cu
—-1.04 —-1.0]
Aq ¢ Aq d
+1.0] +1.0_|
40
Cu
4H 4H
4C
4C
TR
40
Cu
—-1.0 —-1.0]

Fig. 4a—d. Differences in gross populations, ¢, upon addition of electrons. Oxygen complexes.
an= +2ton= +1,bn=+1ton=0,cn=0ton= —~1l,dn= — ton= —2

n = odd results in a gain in the oxygen region and a (smaller) loss on copper. By
pumping electrons into the system (reduction of the system), the copper atom will
alternatingly be reduced or oxidized leading to large charge fluctuations all over
the molecule which maybe can be related to the well known flexible reactivity of
copper complexes.

Gross charges: Sulfur complexes
The gross charges in the sulfur complexes are given in Fig. 3b. The copper

atom, slightly negatively charged in the n = + 2 case, will continuously be more
positively charged as electrons are added to the system. The largest part of the
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Aq a Aq b
+1.0 +1.0.J
45
48
4H 4H
iC 4C
Cn Cu
-1.04 —-1.0.
Aq c Agq d
+1.0 +1.0_4
48 48
4H 4H
4C
4C
Cu Cu
~1.0. ~1.0.

Fig. 8a—d. Differences in gross populations, ¢, upon addition of electrons. Sulfur complexes.an= + 2
ton= +Lbn= +1lton=0,cn=0ton= —L,dn= —1ton= —2

added negative charge will now go to the (positively charged) sulfur region, which
becomes even negatively charged (for n = — 1, — 2} and a smaller part to the
(already negatively charged) carbon region as well as the (positively charged)
hydrogen region. The difference in electronic population is schematically shown in
Fig. 5. The pattern for change in electronic distribution is now similar for all cases,
ie. for addition of one electron at a time tothe n = + 2, + 1, 0 and — 1 state.
Now, the largest part of the added electron goes to the sulfur region and a smaller
part to the hydrogen region. The carbon region gains electronic distribution, but to
a small extent. Only the copper region loses some electronic population, but also to
a very small extent. Thus, upon reduction of the molecules studied, the copper
atom does not seem to take part in the reduction process. Instead, only the ligand,
and mostly the sulfur atoms, are acceptors for the added electrons.



262 A. Henriksson-Enflo and H. Holmgren
Net charges: Oxygen complexes

The net charges on the oxygen complexes are given in Fig, 6a. Also the overlap
populations (negative) in the bonding regions are shown. The alternating behavior
for the charge on the copper atom, present for the gross charges is now still more
exaggerated for the net charges. A similar trend can also be seen for the overlap
population between copper and oxygen. For a high positive charge on copper (less
electronic population) we find a high overlap population in the Cu~O bond. For
a low positive charge on copper we find a smaller overlap population in the Cu-O
bond.

Thus, there seems to be a very flexible electron transfer between the copper
atom and the Cu—O bond.

For the ligand atoms, O, C and H, the pattern is similar both for the gross
charges as well as the net charges.

Fig. 7 demonstrates the charge fluctuations over the molecule when one
electron at a time is added to the system.

89 dlD d9 le d9 d9 le dQ le d9 dQ dlﬂ d9 le dQ ds le dg le dﬂ
net [
Cu CuO o H
-+1.0.] - _ .
6a
net
Cu CuS S H
+1.0 - - _
6b
+2 +1 0 -1 -2 +2 41 0 -1 -2 +2 +1 0 -1 -2 +2 +1 0 -1 -2

Fig. 6a,b. Net charges on the atoms. a Oxygen complexes, b Sulfur complexes. The net charges on
C are fairly constant (1.2 for n = + 2 and 1.0 for n = — 2 in the oxygen complexes and 0.3 and 0.4,
respectively, in the corresponding sulfur complexes) and omitted in the figure
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4CO 4H 4H
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+1.0 +1.0 4
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|Ca 4Cul 4CC
4H 4H
460
40 4C “C
aCC 4CH
4CH
4CuO
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Fig. 7a—d. Changes in net populations, g, upon addition of electrons. Oxygen complexes.an = + 2 to
n=+1,bn=+1ton=0,¢cn=0ton= —1L,dn= —1ton= -2

Net charges: Sulfur complexes

The net charges on the atoms as well as the overlap populations in the CuS bond
are shown in Fig. 6b. When comparing the net charges in the sulfur complexes with
the corresponding gross charges, we now see that the net charges on copper show
another behavior than the gross charges. Now the net charges on copper show
a similar alternating behavior as for the corresponding oxygen complexes. Also,
the Cu-S overlap population show an alternating behavior. Now the picture for
the sulfur complexes is similar to the picture for the oxygen complexes. However,
the net charge on copper is always smaller for the sulfur complexes than for the
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Fig. 8a—d. Changes in net populations, ¢, upon addition of electrons. Sulfur complexes.an= + 2to
n=+1,bn= 4+ ton=0,en=0ton= —1,dn= —1lton= -2

oxygen complexes, whereas the Cu-S overlap is always larger for the sulfur
complexes than for the oxygen complexes.

Fig. 8 demonstrates the charge fluctuations when one electron at a time is
added to the system.

Comparison between oxygen and sulfur complexes

When comparing the oxygen complexes with the sulfur complexes the picture
obtained from the gross populations is quite different from the picture obtained
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from the net populations. Thus the importance of studying both gross and net
populations when using the Mulliken population scheme is clearly demonstrated.
The diffuse charge distribution all over the molecule resulting in a very flexible
charge transfer maybe can be connected with the fast and flexible reactions that are
so common for copper complexes. Such effects have been described in terms of
dynamic electron transfers which have been suggested to be initiated by small
vibrations [30]. The existence of charge fluctuations has also been discussed in
connection with superconductivity [31, 32, 337.

4 Conclusion

The copper complexes show some special features compared to the other transition
metals studied by us. What concerns the binding energies the copper complexes are
more similar to the first row beryllium and lithium complexes than to the other
transition metals. The special properties can be traced back to the ability of the
copper ion to exist in two different oxidation states, Cu(II) with a d° electronic
configuration and Cu(I) with the full shell d1° electronic configuration. In the
complexes studied by us oxidation and reduction between these two oxidation
states arc energetically very feasible requiring energies of about the size of vibra-
tional energies. Upon oxidation and reduction large charge reorganizations take
place in the whole molecule, both at the metal and the ligands, in the ¢ as well as in
the = system. The charge distribution seems to be very flexible allowing for internal
oxidations and reductions at the metal when electrons are pumped one at a time
starting from the n = + 2 complex (reduction of the system).

The overall pictures of the charge distributions in the complexes are quite
different if gross or net populations are studied. The diffuseness of the metal
orbitals allows for a spread of charge distribution over large parts of the molecule.
For an understanding of the charge distributions in the complexes by aid of
Mulliken population analysis, both gross and net populations should be studied.

These charge fluctuations may be connected both with the fast oxida-
tion—reduction reactions in the copper enzymes as well as the superconducting
properties of the organic copper superconductors and the ceramic superconduc-
tors. Such types of electron transfer is also aided by the small energy gap between
the highest filled and lowest empty orbitals.
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