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Abstract

The quantum theory of an atom in a molecule, QTAIM, provides chemists with a choice of how to interpret, understand and predict
the observations of experimental chemistry. They may continue with the use of subjectiveradaldsand associated energy and charge
partitioning schemes, or they may combine the classification and ordering of electronic states obtained from molecular orliliabfy1O)
with QTAIM to obtain unique physical answers to chemical questions. MO theory provides a prediction and understanding of the electronic
structure of atoms and molecules. The eminently useful models that spring from this theory, the ligand field description of the metal complexes
for example, setthe stage for the application of quantum mechanics to complete our understanding of the properties predicted by wave functior
obtained from theory. The paper demonstrates the complementary nature of MO theory and QTAIM, together with the means of bridging
the two approaches in a discussion of the bonding in the carbonyl complexes of Cr, Fe and Ni and the metallocene complexés of Fe, Al
and Ge. Particular emphasis is placed on the atomic expectation value of the exchange operator that determines the number of electron pa
exchanged between bonded atoms, obviating the need for the terms ‘covalency’ and ‘resonance’.

One side of the dichotomy in approaches, one based on physics the other eschewing it is illustrated by a quotation from the abstract c
a talk presented by Roald Hoffmann at a symposium of the American Chemical Society on ‘Contemporary Aspects of Chemical Bonding’,
Sept. 2003: “And yet the concept of a chem bond, so essential to chem., and with a venerable history, has a life, generating controversy ar
incredible interest. Even if we can’t reduce it to physics.Push the concept to its limits, accept that a bond will be a bond by some criteria,
maybe not by others, respect chem tradition, have fun with the richness of something that cannot be defined clearly, and spare us the hype
The abstract laid the groundwork for the message that a chemical bond lies not only beyond the domain of physics but is incapable of precis
physical understanding. Whether physics does or does not offer a definitiochef@dcal bondit does set out the necessary and sufficient
conditions for two atoms to behemically bondedo one another, conditions summarised by Slater in terms of the two theorems that are
pivotal to the physics of bonding: . both the virial theorem and Feynman'’s theorem are exact consequences of wave mechanics. Both
interpretations agree in pointing to the existence of the overlap charge density as the essential feature in the attraction between the atom:
The attraction leads to a decrease in the potential energy and to the existence of a potential well which, if of a depth greater than that of th
zero point energy, guarantees the system possesses an equilibrium structure wherein no Feynman forces act on the nuclei and wherein-
bonding can be characterised by all of the criteria set forth by Hoffmann for the chemical bond; length, energy, force constant etc. So this
article makes a modest proposal. Reserve the name and concdpirudfar use by those who believe that chemistry lies beyond the scope
of physics (in spite of their reliance on molecular orbitals and valence bond structures), and reserve the cbocelngfbr use by those
intent on the pursuit and understanding of chemistry using the tools of quantum mechanics.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Atoms; Bonding; Electron density; Electron exchange; Structure

1. Purpose of the paper trigonal bipyramidal and tetrahedral geometries. These sys-
tems and the metallocenes are used to illustrate the comple-

This paper contrasts the physical understanding of bond-mentary nature of the quantum theory of atoms in molecules

ing, and of bonding in metal complexes in particular, ob- and molecular orbital theory in the understanding of bonding.

tained from a theory defined in terms of the measurable con-

sequences of bonding on the electron density, the quantum

theory of atoms in molecules (QTAIM}] with the ‘orbital 2. The physics underlying the QTAIM approach

approach’, the latter notto be confused witblecular orbital

theory, a theory complementary with QTAIM. The systems 2.1. Quantum mechanics versus orbitals

chosen for study are the carbonyl complexes of the transition

metals chromium, iron and nickel and the cyclopentadienyl ~ When the orbital approach is used in an attempt to answer

complex formed by iron together with the same complexes of a chemical question, there can be as many different answers

the pre- and post-transition metal atoms aluminium and ger- as there are attempts, in line with the philosophy espoused by

manium. The carbonyl complexes of Cr, Fe and Ni provide Hoffmann in his statement “accept that a bond will be a bond

examples of bonding schemes and energy level diagrams ofby some criteria, maybe not by others”. A recent, pertinent

molecular orbital theory that are associated with octahedral, example is that there are multiple answers to the question of
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5(A, B)

Nomenclature

Glossary of symbols

CcC charge concentration Ir{r)

CP critical point

BCP  bond critical point

E(A) energy of atom A

Gp kinetic energy density at BCP

Hp energy density at BCP

L) —v2p(r)

[(A) percent localization of electrons on A
N(A) electron population of atom A

Q(A) quadrupolar polarization of atom A
g(A)  charge of atom A

T(A) electronic kinetic energy of atoms A
V(A) electronic potential energy of atom A
Vee electron—electron potential energy
Ven nuclear—electron potential energy
Von nuclear—nuclear potential energy

A(A) = N(A) — A(A) number of electrons on A that are

delocalized over other atoms
electron delocalization index for atoms A an
B

A(A)  electron localization index for atom A
w(A)  dipolar polarization of atom A

Ob density at BCP

€ bond ellipticity

v2pp  Laplacian at BCP

set of eigenfunctions, the base states that are employed in the
representation of the state vector, a definition prompting the
usage ‘Dirac observabl§l0]. A change in representation of

the state vector from one set of base states that are eigenfunc-
tions of one particular set of commuting Dirac observables, to
another, is accomplished using Dirac’s transformation theory.
There is a Dirac observable associated with every property
and it acts on a state vector to yield eigenvalues or expectation
values that may or may not be measurable. Each observable
obeys an equation of motion and it is these equations that
yield the theorems of quantum mechanics, examples being
the virial theorem and the Ehrenfest force theorem. Through
these theorems, oneis able to predict and understand the prop-
erties of a system and relate the values of the observables to
the forces that define the system, an approach exemplified by
Slater’'s quotation in the Abstract regarding the use of virial
theorem and the Feynman force theorem to account for bond-
ing between atomiL.1].

Given the mathematical scheme of linear operators and
state vectors with its associated probability interpretation in
Hilbert space, Schwinger has shown that the whole of quan-
tum mechanics as outlined 8cheme 1from Schibdinger’s
equation to the commutation relations, can be deduced from
a single dynamical principl¢l2]. Remarkable as this is,
Schwinger’s new formulation does much more; it enables
the extension of quantum mechanics as outlinegdheme 1

Forces define the system and the Hamiltonian A

oY, =HY| | iy = EW

the order of the Ga—Ga bond complexed with bulky groups
[2-4]. If a question can be couched in the language of physics
and this particular one can be—then it will have a unique
answer if one uses quantum mechanics, rather than orbitals
[5]. We neither anticipate nor accept different answers for
expectation values that are predicted by quantum mechanics
for the total system. Energy is the expectation value of the
Hamiltonian operator and, for a given level of theory, this
value is unique. What is required is a quantum mechanics
of an atom in a moleculg—8]. Such a theory would enable
one to obtain correspondingly unique answers to chemical
questions by translating them into the language of physics.
The underlying structure of quantum mechanics is illus-
trated inScheme 1A system is defined by its forces, the
forces determining the Hamiltonian in Sékinger's equa-
tion for a time dependent system or one in a stationary state.
The molecular Hamiltonian is expressed in terms of the po-
tential energy operators determined by the Coulombic forces
between the electrons and nuclei, each system being identi-

Quantum mechanical observables

Hilbert Dirac’s transformation
space theory
~

FEigenvalues Expectation values

Equations L ‘ A
of motion 3= \/h IH, F]
-~
Theorems

Prediction and understanding-their relation to the forces

fied by its unique nuclear—electron potential. The resulting Scheme 1. A schematic representation of the application of quantum me-
state vector or wave function is expressed as a linear Super_chanics to a particular system, as defined by the forces acting within it. The

position of base states spanning the Hilbert space. [9jac

Scheme applies to both a total system and its component open systems from
the line denoted bygigenvalues and expectation valugmvnwards, with

defines an observable to be a linear Hermitian operator ex-the houndary of an open system defined by the expectation values of the
pressible in terms of the dynamical variables with a complete observable for the electron density.
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to an open system. Sdidinger’s equation is again obtained in a paper by Frenking et al. on the analysis of the bonding
for the total system in the extension of his principle to an in donor—acceptor complexg85]. These papers and oth-
open system. Each Dirac observable, its equation of mo-ers cited therein, will serve as an outline of the traditional
tion and expectation values are defined for the open systemapproaches to metallic bonding. The ‘orbital’ approach has
a bounded piece of the total systgi}. The extension of  recently, been forcefully stated by Frenkif&$] in a review
Schwinger’s principle to an open system requires the impo- of a book by Gillespie and Popelig7], a book that employs
sition of a boundary condition and this condition coincides the density and QTAIM in discussing chemical bonding and
with the topological definition of an atom: a region of space molecular geometry. Frenking is adamant in his criticism of
bounded by a surface of local zero flux in the gradient vector any approach that uses the electron density because it “is
field of the density, the zero-flux boundary conditjar8,13] based on a physically observable property of the molecule”
Itis the extension of Schwinger’s principle to an open system rather than on the mathematical wave functionn a reply

that forms the basis for the theory of atoms in molecules by to his review[28], it is pointed out that the sole purpose of the
providing the quantum mechanical description of an atom in a wave function is a means to an end, to enable the prediction
molecule. Criticisms of the extension have been responded toof measurable quantities which are subsequently understood
in full [14,15] The properties reported here for the iron atom in terms of the theorems that relate them to the forces acting
and carbonyl group in Fe(C@¥or example, are quantum  within the system, a view espoused by Sitinger and ad-
mechanical expectation values defined on the same footingmirably demonstrated by Slater. This is the approach to be

as are the properties reported for the entire molecule. followed in this article. It will be contrasted with the interpre-
tations presented by Frenking etfa#,25]that are couchedin
2.2. Molecular orbital theory as opposed to orbitals terms of orbitals, as exemplified in the use of orbitally based

analyses of populations and other properties and the energy

Orbitals are one-electron states that are used to construcpartitioning schemes of Morokunj29] and of Ziegler and
Slater determinants that span the Hilbert space or a truncatedRauk[30].
portion of it, determinants that are used to approximate the Macchi and Sironi[31] have presented an analysis
wave function of a many-electron system. Thanks in large to of bonding in transition metal carbonyl complexes using
Roothaar{16], molecular orbital (MO) theory is the proce- QTAIM in conjunction with orbital models applied to both
dure that is presently used to obtain approximate wave func-experimental and theoretical densities. Their study focuses
tions, Hartree—Fock or beyond, whose predicted expectationon metal-metal bonding in polynuclear carbonyl complexes,
values can be used in the subsequent quantum mechanicads well as metal carbonyl bonding including the three car-
analysis outlined irscheme 1IMO theory provides a predic-  bonyl complexes reported on here. Their presentation of the
tion, ordering and classification of many-electron states in data obtained from the bond indices derived from a QTAIM
terms of the component one-electron states, as developed iranalysis is comprehensive, data that emphasises the unique
the early papers of Mullikefil7-19]and Hund[20], work properties associated with transition metal bonding. Their
that provides the link with experimental spectroscopy, as ad- discussion is however, melded with rather than distinguished
mirably illustrated by Herzberf21]. Changes in the occupa- from associated orbital analyses. The present paper comple-
tions of the Hartree—Fock canonical orbitals may be directly ments their work on the QTAIM analysis of the carbonyl
associated with the generation of particular ionised or excited complexes and significantly extends their interpretation of
states and provide the energy ordering of transition densi- metal—-carbon bonding.
ties for use in symmetry rules based on second-order pertur-
bation theory[22]. The eminently useful predictive models
that come from MO theory, the crystal field/ligand field de- 3. Calculations
scriptions of electronic structures of metal complexes and
Hiickel's 4n + 2 rule of aromaticity, for example, exemplify The Kohn-Sham implementation of density functional
the proper use of MO theory—the prediction of a molecule’s theory (DFT)[32] gives superior binding energies and ge-
electronic structure by the successive occupation of the or-ometries relative to comparable restricted Hartree—Fock (HF)
bitals. calculations for transition metal complexes. The Cr(g0O)

Schiddinger advised against the use of the wave function molecule for example, is not bound relative to the separated
— a mathematical function in configuration space — however reactants at HIE33], while Ziegler et al[34] obtain a bind-
expressed, in any interpretative manner, recommending in-ing energy in agreement with experiment using DFT. The
stead the use of the electron and current densities for thisB3LYP formulation of Kohn—Sham theory, as incorporated in
purpose[23]. His advice is not heeded in the ‘orbital’ ap- GAUSSIAN9S, is employed in 6-311+G(2d)//6-311+G(2d)
proach typical of much of the present literature. This ap- calculations for all systems. Macchi and Sironi (M&S]]
proach is illustrated in a review by Frenking andkeh [24] employ the same procedure in their work, using comparable
that describes the use of orbitals in ways other than those pre-basis sets, employing a relativistic effective core potential
scribed withinmolecular orbital theoryin the interpretation  for the metal atoms. In line with the known insensitivity of
of bonding in transition-metal molecules and more recently QTAIM properties to basis set, their calculated atomic prop-
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erties and bond indices do not exhibit any significant differ- of the electron density(r). This condition is expressed in Eq.

ences from those reported here (M&S values bracketed); the(1), wheren(r) represents a unit vector perpendicular to the

two sets of results for Cr(C@)ielding, for exampleg(Cr) surface,

= 1.13e (1.16€)ppcr—c) = 1.06 au (1.06 aU)Vzpb(Cr_c) =

0.475au (0.461 au). Persson and Tays&] have performed

large basis set coupled cluster calculations on the three car- (1)

bonyl complexes and obtain agreement with the experimen- __ - . )

tal binding energies for Fe(COand Ni(CO), but their value This zero-flux condition, one that is both qulneq and measur-
SR . . able inreal space, serves a dual purpose: it defines the bound-

of 164 kcal/mol is in disagreement with the published ex-

perimental result of 156 kcal/mol for Cr(Cg))a result they ary condition for the apphcgtlon of quantum mephamcg o an
question open system —to an atom in a molecule — and its application

The calculated energies and bond lengths and the com-to a molecular charge distribution yields an exhaustive parti-

. . . . . tioning of the molecule into non-overlapping atoms. Because
parison with the relevant experimental values are given in
. of these dual consequences, the atoms of theory possess the
Table 1 The metallocenes are in the staggebeg geom- o . !
. characteristics that are essential to the understanding and pre-
etry. The Ge complex is calculated to be 1.2 kcal/mol more

stable inthe ‘bent’ geometfg6]. Also included are the sums QIC'[IOI’I of molecular properties: (i) .Every property express
. . X : . ible as the expectation value of a Dirac observable, is defined
of the integrated atomic energies and populations and their : .
for an atom in a molecule and every property makes an addi-

differences from the molecular values. The small differences ,. L . .
tive contribution to the molecular expectation value. (ii) The

|qd|cate that the errors in _the atomic integrations are negli- atoms and functional groups defined within QTAIM max-
gible. The calculated binding energiag&, compared to the . " .
imise the transferability of properties from one molecule to

i 0,
results of Persson and Taylor, are in error by 5, 21 and 11 /Oanother. This follows from the truism that two pieces of mat-

for the Cr, Fe and Ni complexes. ter or two atoms, are identical only if they possess identical
charge distributions. Since an atom of theory is defined by its
charge distribution as a bounded region of real space, its form
necessarily reflects its properties. Recent work, both experi-
mental[37-41]and theoreticd42], has demonstrated the re-
4.1. Atoms of QTAIM and their relation to chemistry markable transferability of the charge distributions and prop-
erties of the main-chain and other functional groups common
QTAIM defines an atom in a molecule as a region of space to the amino acids and of their side-chains when the amino
bounded by a surfacgr) that exhibits the property of ‘zero-  acid is bound as a residue in a tripept{d8]. (iii) Atomic
flux’, meaning thaf(r) is not crossed by any gradient vectors and group properties always sum to the observed molecular

Vo) -n(@) =0 for every pointr on the surfaceS(r)

4. Atoms and structure defined by the measurable
density

Table 1
Calculated energies and geometries of compReXes
E AEC R(M—C)¢ R(C-O)R(C-C¥f —VIT Y QE(R)—E DN —-N
Complex
Cr(CO)% —1724.79293 —155 (153% 3.643 (3.608) 2.153 (2.149) 2.002175 0.027 0.0048
Fe(CO} —1830.63517 —166 (137§ ax 3.459 (3.419 2.149 2.001855 0.001 0.0043
eq 3.444 (3.464) 2.156 (2.164
Ni(CO)4 —1961.86334 —123 (138§ 3.489 (3.477) 2.156 (2.173) 2.001588 0.301 0.0049
Fe(Cp} —1650.90204 —170 (146} 3.934 (3.84% 2.687 (2.625) 2.001840 0.0002
Al(Cp)2* —629.39120 —124 4.120 (4.079) 2.691 2.003868 0.147 0.0061
Ge(Cp} —2464.16303 -129 4.886 (4.7729 2.673 (2.625)° 2.001995 0.0055
Ligand
Cco —113.35352 2.127
(2.132) 2.004000 0.205 0.0032
Cp* —193.51408 2.655 2.004953 0.053 0.0005
Cp~ —193.57771 2.667 2.005025 0.040 0.0001

(1) D.A. Pittam, G. Pilcher, D.S. Barnes, H.A. Skinner, D. Todd, J. Less-Common Met. 42 (1975) 217. (2) R.H. Shultz, K.C. Crellin, P.B. Armentrout, J. A
Chem. Soc. 113 (1991) 8590. (3) L.S. Sunderlin, D. Wang, R.R. Squires, J. Am. Chem. Soc. 114 (1992) 2788. (4) V.I. TeI'noi, I.B. Rabinovich, Russ. Chem.
Rev. 46 (1977) 689. (5) J. Whintaker, J.W. Jeffery, Acta Crystallogr. 23 (1967) 977. (6) B. Beagley, D.W.J. Cruickshank, P.M. Pinder, A.G. Rbhiette, G
Sheldrick, Acta Crystallogr. B25 (1969) 737. (7) J. Ladell, B. Post, I. Fankuchen, Acta Crystallogr. 5 (1952) 795. (8) P. Seiler, J.D. Dunitz stattagCry
B35 (1979) 1068. (9) C. Dohmeir, D. Loos, H. Séiohel, Angew. Chem. Int. Ed. Engl. 35 (1996) 129. (10) S.P. Constantine, H. Cox, P.B. Hitchcock, G.A.
Lawless, Organometallics 19 (2000) 317.

a B3LYP/6-311+G(2d).

b EandRin atomic units AE anszE(Q) — E in kcal/mol.

¢ Experimental values in parenthesis.
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value and are always in agreement with experimentally deter- of these molecules is not the result of ‘non-bonded repulsions’
mined values, as has been demonstrated for heats of formabetween the methyl groups, however that might lead to their
tion, molar volumes and electric and magnetic susceptibili- stabilisation, but is rather a consequence of the enveloping of
ties in molecules that exhibit group additiviig4—46] The the central G systems by HH bond paths linking the methyl
chemical relevance of the theory is further demonstrated in
the recovery of measured differences in group properties as-
cribed to strain energy, resonance energy and aromatic mag-
netic exaltatiorj47]. Agreement with observation is the only
test of theory[48].

4.2. Molecular and virial graphs

In a bound molecular state, the nuclei of bonded atoms are
linked by a line along which the electron density is a maxi-
mum with respect to any neighbouring line; they are linked
by abond path[49,50] The resultingnolecular graphthe
linked network of bond paths that defines a system’s molecu-
lar structure, has been shown to recover the ‘chemical struc-
tures’ in amultitude of systems, in terms of densities obtained
from both theory[51] and experimen[52], structures that
were previously inferred from classical models of bonding in
conjunction with observed physical and chemical properties.
The gradient vector field of the electron density for Cr(g0O)
is displayed inFig. L The topology of this field defines the
atomic basins, their boundaries and the bond pEHtHE3].

An accompanying diagram shows the superposition of the
atomic boundaries and bond paths defined by the gradient
vector field on the electron density distribution.

The physical presence of bonding between atoms also sig-
nifies an accompanying energetic stabilisation, since every
bond path is mirrored byrial path linking the same nuclei
along which the electronic potential energy density is max-
imally stabilising[54]. Thus, co-existing with every molec-
ular graph, is a shadow graph — the virial graph — indicating
the presence of a corresponding set of lines, again defined in
real space, that delineates the lowering in energy associated
with the formation of the structure defined by the molecular
graph[55]. The presence of a bond path always implies sta-
bilisation, even when presentin cases where classical models
invoke ‘steric repulsions’, as is done to account for the sta-
bilisation of the tetrahedrane and cyclobutadiene molecules
through their corseting kgrt-butyl groups. The stabilisation

Fig. 1. Displays of the gradient vector field and of the electron density in a
symmetry plane of Cr(CQ) The density map is overlaid with the atomic
boundaries and bond paths defined by trajectories that terminate and orig-
inate respectively, at bond critical points (CPs) in the gradient vector field,
points marked by dots in both fields. An atomic basin is defined by the
set of trajectories that terminate at its nucleus or, alternatively, by the in-
teratomic surfaces it shares with its bonded neighbours. Three of the six
surfaces bounding the Cr atom are shown in the lower diagram. All of the
properties of this enclosed region are defined and they make additive contri-
butions to the properties of the complex. It is shown that the principal source
of bonding in Cr(CQy is the electrostatic interaction of the Cr atom density
with the nuclei of the ligands. The outer contour value is 0.001 au and the
remaining contours increase in value in the order 20", 4 x 10", 8 x

10™ au withn beginning at-3 and increasing in steps of unity.
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groups of neighbourintert-butyl groupg56]. Rupturing this ual orbitals, however defined, provide no information regard-
encasing network of bond paths requires energy, as does théng the spatial pairing or localisation of electronmstead,
rupturing of any bond path, an energy that in the case of tetra-these properties, as demonstrated in the pioneering papers of
tert-butyl cyclobutadiene, is in excess of 50 kcal/mol. Those Lennard-Jones, are determined by the pair density, and are
who doubt the universal identification of a bond path with best understood in terms of the conditional same spin density
bonding citing the presence of bond paths between anions[64,65]
in an ionic crystal for example, should differentiate between  The conditional same spin denséf§®(r1, r2), Eq.(2), de-
classical models of bonding and its proper quantum mechan-termines the extent to which the exclusion principle decreases
ical descriptior[49,57] the density of amx electron at some positian when another
The molecular graphs and their complementary home- « electron has the position coordinate It is obtained by
omorphic virial graphs for the molecules in this study are dividing thea-spin pair density by®(r1), the spin density
shown inFigs. 2 and 3They recover the anticipated ‘chem- for one of the electrons, a similar expression holding for the
ical structures’ for the metal carbonyl complexes M(GO) B electrons.
The molecular graphs for M(Cpshow that the Al, Fe and ()
Ge are linked by bond paths to each of the carbon atoms of L Y1:72)
the Cp rings; they arenP-CpyM. The bonding defined in p(r1)
these graphs is the subject of this paper. It must be understood that neither electron is fixed at either of
these points, the charge of each being spread out in space in
the manner determined by the spin dengityr). The quan-

= 8““(r1, r2) = [p*(r2) + h**(r1,r2)] 2

5. Characterisation of metal-ligand bonding in terms tity h*¥(r1, ro) describes the density of the Fermi hole. It
of pair and bond indices equals the exchange density foispin electrons divided by
p%(r1). It is a negative quantity that describes the extent to
5.1. Counting the number of localised and shared which the density of the second electron is excluded from
electron pairs the neighbourhood of; [66]. The integral ofh**(ry, r2)

overrp equals —1, corresponding to the removal of ene

The molecular graphs for the Mgpmolecules require  spin electron. The exclusion is locally complete fgr=ro,
comment. The chemical structures of a metal atom bonded tosinceh®*(rq, r1) = —p%(r1). If h**(rq, r2) ~ — p%(r2) for
an unsaturated ring are sometimes denoted by ‘bonds’ link- positions removed from,, that is, the density of the Fermi
ing M to each carbon of the ring and at other times, by a hole islocalisedabout this point, then all other-spin elec-
single ‘bond’ linking the metal atom to the centre of the un- trons will be excluded from the space corresponding to the
saturated ring. The cyclopentadienyl complexes are electronexclusion of one electronic charge. In a closed-shell system,
deficient molecules in the Lewis sense. Moffit, in his pioneer- the Fermi hole density of an electron@fspin will be simi-
ing molecular orbital study of the bonding in FeCprgued larly localised, resulting in a pair of electrons being localised
that the bonding of a Cp ring to the iron atom depicted by about the point;. If on the other hand, the density of the
five ‘bonds’ is a result of the participation of two pairs of Fermi hole is diffuse, then the exclusion of same spin elec-
electrong[58]. Neither a bond in a chemical structure nor trons occurs over an extended region of space and the electron
a corresponding bond path necessarily implies the sharingis delocalized One has the simple understanding that if the
of one or more Lewis electron pairs. QTAIM however, does exchange of electrons is largely confined to within a given
provide an answer to the problem of counting the number atomic basin, then the electrons are correspondingly localised
of electrons shared between pairs of atoms and the numbeiwon that atom, while if the electrons exchange between atomic
localised on each. basins, then the electrons are delocalized over both atoms

We begin with a 1954 quotation from Lennard-Jones: or, equivalently, are shared by both atorbus, the physi-
“Electrons of like spin tend to avoid each other. This effect cal picture underlying electron delocalization is exceedingly
is more powerful, much more powerful than that of the elec- simple—it is determined by the extent to which the electrons
trostatic forces. It does more to determine the properties andon one atom exchange with those on anather
shapes of molecules than any other single factor. Itisthe ex- The Fermi correlation for akk electrons is obtained by
clusion principle which plays the dominant role in chemistry” multiplying the density of the Fermi hole by the spin density
[59,60] He demonstrated that the most probable relative posi- to yield the exchange density, the quangity(r1) h**(ry, r2).
tions assumed by two, three and four same spin electrons are &rom this point on, we shall assume a closed-shell system
direct consequence of tispace correlation functiarthe pair and all results refer to integration over both sets of spins. The
density for same-spin electrof&l]. The results of his stud-  total Fermi correlation is obtained by the integration of the
ies provided the basis for the rules embodied in the VSEPR exchange density over the coordinates of both electrons, a
model of molecular geomet{§2,63] Unfortunately, theun-  quantity that equals-N® — NP = —N. That is, the exchange
derstanding of electron pairing and its spatial localisation density removes a total ¢ electrons from the expression
afforded by the pair density was suppressed and its functionfor the pair density to yield (1/20% — N) = (1/2N(N — 1)
replaced by the use of localised molecular orbithidivid- pairs. The total Fermi correlation contained within a single
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Fig. 2. Molecular graphs of the carbonyl complexes of Cr, Fe and Ni in descending order on the left, and of the metallocene$ ahBe&G&bn the right.

The colour scheme identifying the critical points is as follows; red for{B) or bond CP; yellow for (3, +1) or ring CP; green for (3, +3) or cage CP. The
nuclear maxima, denoted by larger spheres, are: red for oxygen,; black for carbon; white for hydrogen. The alternating bond and ring CPs residting from
bonding of M to the carbons in the metallocenes denote a ring of almost constant density and a corresponding delocalisation of the bonding thensity over
ring surfaces.
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Fig. 3. Virial graphs of the carbonyls and metallocenes in same orderrag.i& Every CP in the molecular graph is mirrored by a corresponding CP in the
virial graph and associated with every bond path is a virial path, a line of maximally stabilising potential energy. The colour scheme identfyiicglthe
points is as follows; blue for (3;-1) or virial path CP; yellow for (3, +1) or ring CP; red for (3, +3) or cage CP.
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atom A, the quantity=(A, A), is obtained by integration of  of an ‘electron pair’. Denote the space occupied by 99.9% of
the exchange density over its basin and for a HF or single the density of two electrons in orbitdl; by A, as pictured
determinant wave function, the result is expressible in terms in displays of the density of say, a bonded or non-bonded
of the overlap of all pairs of orbitals over the basin of the localised orbital. Only if no other orbitals were to contribute

atom[66], density to the region A, that is, only if there is no overlap
5 of orbital ; with any other orbital, will the two electrons in
F(A,A) == SHA) 3) A be a localised pair. In the instance of no overlBgA, A)
L.J reduces to-25%(A) = —2, corresponding to the exclusion

|[F(A, A) = A(A)], the electron localisation indefor atom of all other electrons from A. Sindg(A) = 2, the number of
A, determines the number of electrons localised to the basinPairs in Ais, from Eq(6), equal to one. This situation is not
ofatom A. Its limiting value is clearlj}(A), the populationof ~ ©obtained nor even approached for valence orbitals. For any
atom A, in which case one would ha$A)/2 pairs of elec- finite region A with an average population of two, no single
trons localised on A, with all other andp electrons being  orbital will have an overlap of unity and all oth&;(A) =
excluded from A. While this limiting situation is obtained 0. although this situation can be approached for a core or-
only for an isolated atom, it is closely approached in ionic bital. In NaCl for exampleD2(Na, Na) = 45.9, a value 0.9
systems such as NaCl, whé¢a) = »(A)/N(A) x 100%, the in excess of five localised pairs of electrohg valence or-
percent localisatiof the electrons on A, can approach 99%. bital occupies its own region of space, the requirement for
The delocalization of electrons between two atomic basins the localisation of an electron paiAs a result,| F(A, A)]

A and B is given by the corresponding expressigA, B), is necessarily decreased from its value of 2 and more than a
Eq.(4) [66], single pair of electrons contributes to the density in A. Thus,
even if a region of space has an average population of two, a
F(A,B) = — Z Sii(A)Sii(B) 4 number of pairs will in general contribute to that region and
ij itis not a localised electron paik display of the density of a

F(A, B) equalsF(B, A) and the magnitude of their sum, the localised orbital is just that—a display of that orbital’'s con-

delocalization index(A, B), is a measure of the extent of tribution to the total density. It is not a display of ‘@bectron
exchange of the electr’ons’ of A with those of{&]. The pair'. Localised orbitals are not that localised and they are
sum of F(A, A), F(A, B) and F(B, A) over all atom.s in a not localised to separate regions of space, exhibiting substan-

molecules equals-N and thus all electrons are accounted tl?|t;]/a|L(;eS f(_)tr th:ur zlabsoll_utedovebr_ltz{i?S]._t'{]he |(?e|ntn°t|cat|on_ :
for. In particular, one has of the density of a localised orbital with an ‘electron pair

is amongst the most common of the misuses of the orbital

N(A) = A(A) + (;) 3 5(A. B) 5) ~ model

BAA 5.3. Recovery of the Lewis model in the delocalisation

an equation that determines the fraction of the electron pop-indices

ulation of A that is localised on A and the fraction shared

with or delocalized over the basins of other atoms. Similar A single determinantal wave function provides the theo-
equations apply at all levels of theory. One notes that the retical personification of the Lewis electron pair model with
definitions ofA(A) and §(A, B) involve sums over all pairs  the delocalisation index providing a measure of the bond or-
of orbitals and they are therefore, independent of any unitary der between bonded atoij&]. A DFT calculation does not
transformation of the orbitals — all sets, localised or canonical possess a second-order density maf68a]. The B3LYP

—vyield the same answers. functional however, calculates the exchange density using
the DFT orbitals in the restricted Hartree—Fock (RHF) ex-

5.2. Distinguishing between an electron pair and a pression for exchange, and the use of Egfand (4)yields

population of two indices that while, somewhat larger than the RHF values, pro-

vide a meaningful measure of electron delocalisaf&éb].
The average number of electron pairs contained within a For example, the values 8M, C), the delocalisation of the
region A, the quantitp2(A, A), is given by[1,66] metal atom onto C of CO, exceed the RHF values by 9%.
The equal sharing of one Lewis pair between A and B
[N(A)2+ F(A. A)] i 0 P

Da(A, A) = (6) requires that (A) = A(B) = 0.5 ands(A, B) = 1.0 and hence

2 3(A, B) =1, 2 or 3 for the corresponding numbers of shared
It is important to understand the distinction between an av- pairs of electrons. If the sharing of a pair is accompanied by a
erageelectron populatiorof two for some region AN(A) = transfer of electronic charge from A to B, then the localisation

2, as determined by integration of the electron density, and aof the density in the atomic basins increases &#d B) <

pair of electrondocalised to AD>(A, A) =1, as determined 1.0, assuming values <0.2 for ionic interactions. Austen has
by integration of the pair density. A display of the density of shown that the value of(A, B) for an A—B molecule with

a doubly occupied orbital cannot be interpreted as a display charge transfer decreases from values of one, two and three,
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as a function of the square of the transferred chdrgé 3(M, C) values clustered around unity, indicating a close to
Thus, a value 08(A, B) < 1 for a pair of atoms linked by a  equal sharing of one Lewis pair between M and each of the
bond path does not imply that less than a pair of electrons isC atoms. The values dtM) are ~90% because of the es-
shared between Aand B, butthatthey are unequally shared. Irsentially complete localisation of the 18 electron cores on
addition,§(A, B) is somewhat less than unity for an equally each metal, values determined by the atomic overlap ma-
shared pair between two atoms in a polyatomic molecule, trix. The valence density is less localised, being 40, 59 and
since the electrons on A and B are further delocalised over 76% localised on the Cr, Fe and Ni atoms, respectively. The
other atomsin the systed(C, C)=0.99 and 1.89 forthe C—-C  quantity A(M), giving the number of electrons of the metal
bonding in ethane and ethylene, for example. In any case,that are delocalised onto the remaining atoms, amounts to
the value of§(A, B) always gives the number of electrons 2.9, 3.0 and 2.3e, respectively, for Cr, Fe and N86% of
that are delocalised or exchanged between the basins of Awhich are delocalised onto the carbon atoms in each case.
and B, independent of any model. In addition to the percent The relatively small charge transfer per ligand carbon atom
localisation indeX(A), it is useful to define the difference is consistent with the nearly equal sharing of the density de-
A(A) = N(A) — A(A), one that determines the number of localised between M and each C. The delocalisation of the
electrons of A delocalised into the basins of other atoms.  metal electrons onto the oxygens is smaller by a factor of 0.2.
The exchange of one or more pairs of electrons betweenAn important observation is the decrease in the localisation
bonded atoms is the mechanism essential to the notion ofof the density of the carbon atom, from a valué(@f) = 81%
‘covalent bonding’. Thus, the delocalisation ind#4, B), in free CO to values 0f70% in the complexes. This is not
since it determines the number of pairs exchanged betweersimply the result of each carbon being in the presence of an
two atomic basins, may be used to gauge the degree of coincreased number of atoms —the localisation of the density on
valency. In the theory of atoms in molecules ‘covalency’ is each oxygen undergoes a decrease of only 1% on complex
replaced with the term ‘shared interaction’, one that invokes formation — but is rather the result of the significant delo-
the role of sharing, i.e., the exchange of electrons betweencalisation, i.e., sharing, of the density between each carbon
bonded atoms. What is important is that the delocalisation and the metal atom. This is accompanied by a decrease of
index, defined as the expectation value of the exchange oper—~0.2 in the value 08(C, O) from its uncomplexed value that
ator over two atomic basins, provides a quantitative measureis accompanied by a C—O bond lengthening of 0.02 au. The
of the number of electrons exchanged in any given interaction values of non-bonded indice¥C’, O') ands(O, O), are all
thus quantifying ‘covalency’ for those who wish to retain the 0.01 or less.

term. The metal atoms in the metallocenes transfer electronic
charge to each carbon of the Cp rings, in amounts of 0.14,
5.4. Electron sharing in carbonyls and metallocenes 0.09 and 0.08e in the A} Ge and Fe complexes, respectively.

The extent of delocalization of the metal atom electrons onto

Table 2gives the values dfA), A(A) and§(A, B) for the the carbons of the Cp rings, the valuagM), increase in
carbonyl and Cp complexes, the former being discussed first.the reverse order, Al< Ge < Fe, with a maximum value
There is a transfer of electronic charge from the metal atom of 2.4 for Fe compared to 3.0 in its carbonyl complex. The
M to each carbon atom amounting to 0.19, 0.15 and 0.13etotal number of electrons exchanged between M and the car-
for the Cr, Fe and Ni complexes, respectively. There is also abons of the rings is simply 1& §(M, C) which equals 1.3,
much smaller a transfer of electronic charg®,03e,toeach 2.5 and 4.5 for the Al, Ge and Fe complexes respectively.
carbon from oxygen. The most important observation con- The value of 4.5 for ferrocene translates into the exchange
cerning the carbonyl complexes is the significant degree of of just over two Lewis electron pairs with each ring, com-
delocalisation between the metal and the carbon atoms, withpared with Moffit's model of two bonding pai&8]. The

Table 2
Electron localization and delocalization indiées
Complex (M) I(C) 1(0) A(M) A(C) A(O) 8(M, C) 8(M, O) 8(C, 0) 8(C, C)
Cr(CO) 87.27 70.66 89.71 2.91 1.49 0.94 0.8255 0.1418 1.6286 0.0982
Fe(CO}
ax 88.15 69.55 89.72 2.99 1.52 0.94 0.9800 0.1668 1.6231 0.0510
eq 69.48 89.68 1.54 0.94 1.0532 0.1781 1.6140 0.0244
Ni(CO)4 91.74 71.36 89.77 2.27 1.43 0.93 0.9763 0.1585 1.6585 0.0637
(M) 1(C) I(H) A(M) A(C) A(H) 5(M, C) 8(M, H) 8(C,C) 8(C,C")
Fe(Cp) 90.67 65.87 42.15 2.35 2.10 0.53 0.4518 0.0182 1.2480 0.0792
Al*(Cp)k 93.91 66.69 39.54 0.65 2.09 0.52 0.1272 0.0024 1.3416 0.1374
Ge(Cp) 95.85 65.64 43.40 1.29 2.10 0.56 0.2486 0.0100 1.3026 0.1060

2 Values for ligands: CO(C) 81.31,/(O) 90.08,3(C, O) 1.8104. Cp I(C) 66.44|(H) 44.58,5(C, C) 1.3852,5(C, C’) 0.1329.
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values of5(C—C) between bonded and nearest neighbour car-tic feature is the planarity of the metal—carbon interatomic
bons in the Cp rings of the complexes approach the values ofsurface, evident irrig. 1 for the Cr—C surface, but found
1.39 and 0.13 found in the cyclopentadienyl anion, a conse-for Fe—C and Ni—C surfaces as well. The electron delocali-
guence of the transfer of electrons from the metal atom to the sation indices for metal-metal bonding can be characteristic

rings. of single or multiple bonds, the Ga—Ga interaction in the di-
anion [HGaGaH]~ for example, in addition to exhibiting
5.5. Characterisation in terms of bond critical points the above characteristic BCP values, ha¢G@a, Ga) value

of 2[5]. There is a decrease of 0.02 au in the valugofor

The bond critical point (BCP) data is given Trable 3 C-0 upon complexation, withi2pp, decreasing by-0.1au,
Macchi and Siron[31] give a comprehensive discussion of changes commensurate with the slight increase@D2 au
the BCP properties for metal carbonyls and for metal-metal in the bond length.
bonding. Their discussion is prefaced with a summary of
BCP properties for prototype molecules representing the 56 Surface delocalization in bonding to an unsaturated
full range of atomic interactions and concludes with a sum- N9
marising table of the features that serve to characterise the
types bonding between ‘light’ as opposed to ‘heavy’ (metal) The linking of the metal atoms to carbons of the Cp rings
atoms. The present discussion is thus limited to the essenJesultsinthe formation of three-memberedringsanda (3, +1)
tial features that characterise the bonding in the metal com-©r ring CP is present in the face of each ring, the point where
plexes. the density attains its minimum value in the ring surface,

The delocalisation indices for M—C bonding in the car- Fig. 2 There is aring CP in the centre of a Cp ring as well,
bonyls are typical of shared interactions, a view consistent andthisring surface, together with the five surfaces formed by
with the property values at the M—C bond CP. The values of the linksto the metal atom, define a cage enclosing a (3, +3) or
ob for the carbonyls, while at the low end for shared inter- cage CP. Each three-membered ring CP lies on a line linking
actions, are significantly larger than those associated with athe neighbouring BCP$ig. 2, and it has a valuey, that is
closed-shell interaction. The still smaller valuesogffound only 0.002 au or less tham which possesses the lowest value
for the M—C bonding in the Cp complexes are a reflection of ©f the density along the perimeter of each ring, a feature most
the delocalisation of the density over the multiple links be- clearly seen in the diagram for the’domplex. The resultis
tween the metal atom and the carbons of the rings. The energy2 ing of almost constant density girdling each cage, defined
densityHy, is negative, as typical for a shared interac{iot, by the alternating set of bond and ring CPs with a value of
but smaller than that for a singly bonded shared interaction 0-082+ 0.001 for Fe, 0.058- 0.001 for Aland 0.035- 0.001
and the ratiaGp/pp, WhereGy, is the kinetic energy density, for Ge. Thus, the bonding of a metal atom to an unsaturated
equals~1.4 while itis <1.0 for shared interactions. The M—C  fing is not well represented in terms of a set of individual
interatomic surface for all the metal interactions falls in the bond paths, but rather by a bonded cone of density, with
region of the outer shell of charge depletion of the metal atom the density at any point on an individual bond path having
imparting to metal bonding and post transition atoms up to & value only slightly in excess of that for points displaced
the metalloids (up to the element arsenic in the fourth row) Off the bond path into the faces of the neighbouring rings,
a unique set of characteristics, among them being a neces@s depicted for ferrocene ifig. 4 Clearly, the interaction
sarily positive value fov2py,. This combination of BCP in-  Of a metal atom with a Cp ring is best viewed as involving
dices; relatively low values fos,, small negative values for ~ a@n interaction with the delocalized density of the entire ring
Hp with Gp/pp ~ 1 and small positive values for valuegpp, perimeter, a picture thatis conceptually similar to that used to
coupled with significant electron delocalisation, are unique denote the interaction of a metal with an unsaturated ring in

to bonding to a metal atof,72,31] Another characteris- @ conventional structure diagram. The delocalization indices
indicate that two pairs of electrons are shared between Fe

and each Cp ring and the result is an enhanced binding over

Table 3
Bond critical point data in atomic units what one would anticipate on the basis of the individual
Pb vZp Gp  Hp Golpp  rp(M)  1(C) value_s. . . .

VCo This view of metallocene bonding was previously put
Cr(CO) 0.1059 0.4745 0.1473-0.0287 1.3909 17968 1.8466 forth in the descrlptlo_n _of the interaction of titanium Wlth
Fe(CO} a Cp ring[73], where it is shown that the surface delocali-
ax 0.1300 0.5403 0.1799-0.0448 1.3838 1.7059 1.7527  sation of the density accounts for the facile rotation of the
eq 0.1399 0.4959 0.1782-0.0542 1.2738 1.7617 1.6823  Cp ring in metallocenes. The delocalization of the bonding
Ni(CO)s 0.1264 0.5037 0.1688-0.0428 1.3354 1.7586 1.7304  qensity over ring surfaces is characteristic of electron defi-

M-Cp cient systems as found for example, for the surfaces of three-

Fe(Cpy 0.0826 0.2720 0.0888-0.0208 1.0751 1.9491 1.9900  gnd four-membered rings formed by the boron and/or carbon

AI(Cp),* 0.0501 0.1635 0.0538-0.0120 1.0739 1.6311 2.4887 . :
Ge(Cpy 0.0355 0.0755 0.0224-0.0035 0.6310 2.4053 2.4822 ?Ytz]ms in boranes and carboranes, as previously documented
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arbitrary reference states, using the positive definite form of
the kinetic energy densitg (r) = (%/2m)(Vy - V). It is
shown that the pronounced local lowering3ff) in the bind-

ing region associated with bonding(r) < p(r), is unique to
hydrogen and that for atoms from the second row onwards,
local decreases iG(r) are found primarily in the antibinding
regions.

6.2. Critique of energy partitioning methods

The published discussions of the bonding in donor—
acceptor complexes contradict the unique stabilising role
of the electrostatic attraction of the nuclei for the electron
density. They employ the breakdown of the energies of
interaction of the reactants into contributions from a series
of imagined and physically unrealisable intermediate steps
in energy decomposition analys§30,77] The steps are
chosen so as to partition the energy of interaction into
contributions the first of which, following on an initial
promotion of the reactants if deemed necessary, is ascribed
to electrostatic interactions followed by one ascribed to
Fig. 4. An envelope of the density for ferrocene with a value for the density Pauli or exchange repulsions, and another to an ‘orbital
equal to the average value of the bond and ring critical points associated with relaxation’ contribution. Frenking et a[25] choose to

the Fe—C bonding that are displayed-ig. 2 identify the electrostatic and orbital relaxation contributions
with electrostatic (ionic) and covalent bonding respectively,
6. Origin of bonding energy claiming that these definitions as obtained from the energy
partitioning scheme are a step towards ‘a rigorously defined
6.1. Bonding energy in terms of changes in energy quantum chemical analysis of the chemical bond’.
expectation values Kunze and DavidsofB3] applied the Morokuma energy

decomposition analys[87] to the bond energy in Cr(C@)

The sole stabilisindorce in the formation of a molecule  one that is summarised by Frenking andlfeh [24]. The
is the electrostatic attraction of the nuclei for the electron model used to determine the ‘electrostatic’ contribution to
density, the corresponding contribution to the potential en- the energy is obtained by placing the Cr atom, within a pre-
ergy being labelle¥en. Countering this are the electrostatic assembled octahedral cage of the six ligands, with the bond
repulsions, electron—electrovige, and nuclear—nucleavy. length of each CO extended to its length in the complex, the
Vnnis a purely classical term andeis comprised ofthe clas-  Cr having been promoted in a previous step to the hypothet-
sical Coulomb repulsion, expressible in terms of the density ical tfglAlg state, a state that is thought to best represent
asthe doubleintegral of (1/2{r1)p(r2)/r12, andthe exchange the atom within the complex. The ‘electrostatic’ contribu-
energy, a uniquely quantum mechanical entity. The exchangetion to the energy is determined by calculating the energy
of same-spin electrons plays a role well beyond the reduc- of this assembly with frozen electron density distributions,
tion in the Coulomb repulsion between the electr{t, the resulting energy corresponding to one obtained from a
determining the spatial delocalization and spatial pairing of wave function expressed as a simple product of the frag-
electrong66], two quantities that play a central role through- ment functions thus violating the Pauli principle. This is
out chemistry, as illustrated here in the quantum mechanicalfollowed by the calculation of the same system now de-
interpretation of bonding in donor—acceptor complexes. The scribed by a single Slater determinant, the orbitals on the
atomic virial theorem enables one to determine the contri- fragments changing in response to the newly imposed or-
bution of each atom to the binding energy of the complex, thogonality constraints acting on the two sets of fragment
as determined by the change in the atom'’s electronic kinetic orbitals. The resulting exchange integrals lower the energy
energy. The theorem then enables one to relate this contri-but this is overwhelmed by the ‘repulsive terms due to the
bution to the changes in the atom’s attractive and repulsive non-orthogonality of the orbitals’. This contribution is la-
potential energies that result from the re-organisation of the belled the “exchange interaction” by Kunze and Davidson,
density and accompanying interatomic charge transfers. Theand the exchange or Pauli repulsion by Frenking. In the fi-
role of the KE in determining molecular stability has been nal step, the ‘relaxation energy’ is obtained by allowing the
extensively discussdd,75,76] The low values attained by  orbitals in the Slater determinant obtained in the exchange
the KE in particular spatial regions has been determined in interaction step to relax into their final forms in the com-
conjunction with the virial theorem and without recourse to plex.
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Each of the above steps, as well as being physically unre-kinetic energy, as required by the virial theorem, and because
alisable, leads to changes in the electron density and thus taof this equality, the forces on the nuclei vanish, as demanded
changes in the electron—nuclear attractive interadtignthe by Feynman'’s electrostatic theordij.
sole source of energy lowering in complex formation. Frenk-
ing et al.[25] discuss the problems and artifacts associated 6.3. Electrostatic basis for homopolar and heteropolar
with the partitioning scheme, particularly the inability to sep- bonding
arate the ‘electrostatic’ from the ‘covalent’ or relaxation con-
tributions. However, even the ‘exchange interaction’ leadsto ~ We wish to establish that interactions classically labelled
changes in the charge distribution and to changa&inin as ionic, polar, covalent, hydrogen bonded or van der Waals
particular, as detailed below, there are no ‘Pauli repulsions’, are equally the result of the accumulation of electron density
but rather charge redistributions leading to Feynman forcesbetween the nuclei with the above described consequences.
acting on the nuclei. The practitioners of the energy parti- Consider first the 14e molecules Mnd CO and the 12e
tioning schemes justify the approach as a means of relatingset, G and LiF, molecules that provide examples of cova-
the results of quantum mechanical calculations to traditional lent, polar and ionic bonding. The atomic charges, bonding
bonding schemes and concepts. Kunze and Davi@jnin energies and the changes\a,, Vee and Vp, are given in
their classical analysis of the bonding in Cr(G@pnclude Table 4 These results are from highly correlated QCISD cal-
by asking the question: “Is it possible to extract from these culations coupled with self-consistent virial scaling of the
pictures the ‘driving force’ for bond formation? For covalent electronic coordinates (SCVS) employing a large basis set
bonds, the driving force is said to be the valence bond ex- that give in excess of 90% of the experimental binding ener-
change effect from < Ba ‘spin-exchange resonance’. For gies, the bracketed values under the headagThe wave
ionic bonds, the driving force is ascribed to electron transfer functions satisfy both the virial and Hellmann—Feynman
at largeR followed by Coulomb attraction between the ions. theorems.

For hydrogen bonded complexes the driving force is elec-  While the charge transfer in CO exceeds that in LiF, both
trostatic attraction between polar groups, and for non-polar the C and O atoms have significant residual valence density,
van der Waals complexes itis induced-dipole-induced-dipole density that is particularly evident in the large non-bonded
dispersion (another name for extra-molecular correlation en- charge distribution on C. It imparts to C a large ‘back po-
ergy)”. larised’ atomic dipole that results in a near vanishing molec-

The following discussion demonstrates that the common ular dipole moment. Thus, the charge distributions of neither
“driving force” for all of the above bonding types is the low- C nor O approach their ‘ionic’ limit, as do the atomic distribu-
ering in energy caused by the new interactions of the nu- tions in LiF with atomic charges close #iile[79]. The RHF
clei in each reactant with the electron density in the product delocalization indices are reported for the purpose of relating
molecule. We follow Slater in making use of the virial and to the Lewis mode]67]. One finds that of the 14 electrons in
Hellmann—Feynman theorems to lay bare the physical origins N2, 3.0 are exchanged between the N atoms, corresponding to
of chemical bonding, theorems that Slater refers to as ‘two the sharing of three Lewis pairs. In CO on the other hand, only
of the most powerful theorems applicable to molecules and 1.6 electrons are exchanged between the atoms and as antic-
solids’[78]. The electron density that is necessarily accumu- ipated, the exchange of electrons between the atomic basins
lated in the binding region between a bonded pair of nuclei, asis less in the polar than in the homopolar interaction. Simi-
described by the ‘exchange charge’ of Heitler—London the- larly in Cp, 2.7 of the 12 electrons are exchanged between the
ory or the overlap density of molecular orbital theory, has atoms while in LiF, where the atomic distributions approach
two consequences: it lowers the potential energy, the mag-their ionic form, only 0.18 are exchanged. The remaining
nitude of whose decrease is twice that of the increase in theelectrons in LiF are localised within the atomic basins to

Table 4

Bonding energies and their potential contributions in?AB

AB De AVen AVS, AVE, AVee Vin q(A) Re

N2 9.13 (9.89) —46.991 —2.639 —44.352 22640 23680 0.000 2.070 (2.074)

CcoO 108 (11.18) —45.024 —2.996 —42.028 21693 22542 1.223 2.129(2.138)

Cy 5.49 (6.0) —30.616 —1.691 —28925 14920 15292 0.000 2.354 (2.348)

LiF 6.22 (6.3) —20.546 —4.280 —16.265 10980 9108 0.929 2.964 (2.960)

AB  AE(A)  AE(B)  AVeA)  AVSA)  AVE(A)  AV(A)  AVeB)  AVS(B)  AVEB)  AV(B)
N2 —4.56 —4.56 —23.496 -1.320 —22177 23161

CcoO 202 -310 —11.095 4232 —15.327 12582  —33.929 —7.228 —26.701 31.653
Cy —-2.75 —-2.75 —15.309 —0.846 —14.463 15107

LiF 2.18 -8.39 —5.447 0812 —6.259 5607 —15.105 —5.092 -10.013 14.488

2 QCISD/SCVS/6-311++G(2df(A) in units of e; D and AE(£2) in eV (exp);Re and AV values in atomic units.
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yield percent localisations of 96% for Li and 99% for F. The corresponding changes in its density, an obvious necessity of
exchange indices clearly distinguish betweenionic, polar and a physical theory.

homopolar bonding, the ionic limit being characterised byan  For a system in an equilibrium geometry, the molecular
almost total localisation of the electrons within the basins virial equals the electronic potential energy It is useful

of the atoms with a minimal exchange of electrons between to combine the two repulsive contributions¥ointo a sin-
them. gle termV; = Vee + Vin. This enables one to expreggA),

The decrease in the value \gf, from the separated atom the atomic contribution t&/, as the resultant of the attrac-
values — its contribution to the bonding —i au larger for tive and repulsive contributions and relate them to the atom’s
homopolar N than for polar COTable 4 The difference in electronic kinetic energy(A),
the decreases Mgy is still greater for the 12e pairgand LiF,
with |AVep| being~10au larger for @ than for LiF. Thus,
not only is the decrease W, the electrostatic attraction of
the nuclei for the density the source of the binding in both the
homopolar and heteropolar molecules, it is of larger magni-
tude for the former than for the latter. The electron—-nuclear E(A) = —T(A) = 1 V(A) (8)
potential energy for atom A, the quantitn(A), is given
by the sum of two contributions: the teriff(A), the inter-
action of the electron density in the basin of atom A (the
density internal to A) with its own nucleus together with the
term an(A), the interaction _of the same Q¢psity with aI_I the AT(A) = —AE(A) = —1(AVer(A) + A(A) (9)
nuclei external to AVS,(A) yields the stabilising interaction
of the density of atom A with the nuclei of all the atoms that, The dissociation energde = —(AE(A) + AE(B)). The
together with Aare brought together in the formation of the changes in the atomic energies are necessarily equal in the
molecule Thus, V& (A), which is zero for an isolated atom, homopolar cases, but in the heteropolar molecules, they are
is necessarily negative and it is the contributions of all the positive for the electropositive atoms C and Li and negative
atoms to the decrease ¥, for the molecule that dominates  for the electronegative partners, O and F, the recipients of
the energy of formation. charge transfer. The total repulsive contributioi(A) ex-

This is made clear by the dataTable 4giving the exter- ceeds the decrease XVen(A) for C and Li. This result is
nal, AV§, and internal A Vg, contributions from both atoms ~ made understandable in terms of the atomic contributions to
to AVen. In all four molecules, the magnitude afv§, far ex- AVne Which reflect the transfer of 1.2e from C to O and of
ceeds that oA\ Vg, and the bonding in both sets of molecules 0.93e from Li to F;Table 4 The bonding is dominated by the
is dominated by the electrostatic interaction of each nucleusdecrease it Ve (A) for the O and F atoms. In CO, the magni-
with the density of the atom to which it is bonded. One also tude of|AVen(O)| is ~23 au greater tha Ven(C)| while in
notes thatA V§, is more negative for Nthan for the polar LiF, | AVen(F)| is ~10 au greater tham\ Vep(Li) |. The charge
molecule CO by 2.4au, while the changes to the internal transfer contributes to these disparities by causing the inter-
contribution,A Vg, differ by the lesser amount of 0.4 au. The nal contributions taA Ven for both C and Li to increase, with
same trend is found for the 12e molecules, with the magni- AV,(C) = +4.2 andA V,(Li) = +0.8 au, while the corre-
tude of the external contribution for,Gxceeding that for ~ sponding contributions for the O and F atoms decrease in
LiF by ~13 au while the internal contributions equal —1.7 au value, withAV3(0) = —7.2au andAVJ,(F) =—5.1au. The
for Cz and —4.3 au for LiF. ThusA V§, is the major contrib- atomic energy changes, like those for the molecule, are domi-
utor to the bonding in all four molecules and is of greatest nated by the external contributionsA®/e,with the dominant
magnitude for the homopolar molecules. What distinguishes contribution coming from the most electronegative atom. The
the bonding within each set is not its physical origin, which interaction energy of the O nucleus with the atomic density
in each case is a result of the decreasé.ix primarily in the on C, the quantityA V§,(C) equals—15 au, while the inter-
new attraction of each nucleus for the density of its bonded action of the C nucleus with the atomic density on O, the
neighbour, but rather the manner in which the density is dis- quantity A V$,(O), equals-27 au. The corresponding values
tributed over the two atomic basins and within the binding of AV§(Li) and AVE(F) are —6 au and —10 au, respectively.
regions. Thus, thebondingin all four molecules is a result of the

The atomic statement of the virial theorem determines the accumulation of electron density in the bonding region, re-
contribution of each atom to the bonding energy — the quanti- sulting in a decrease W, a decrease thatis primarily aresult
ties of chemical interest — and relates these to the changes irof the interaction of the density of one atom with the nucleus
the potential energy contributions. Each contribution arises of its bonded partner. In polar and ionic molecules, the bond-
from the change in the electron density over an atomic basin,ing is a result of the density accumulated in the basin of the
a well-defined region of space. This enables one to identify most electronegative atom whose density is polarised towards
the spatial origins of the energy change, with the energy of the positively charged neighbour, a feature clearly reflected
the atom changing by a little or by a lot as determined by the in the molecular charge distribution and the atomic dipolar

V(A) = Ven(A) + Vi(A) = —2T(A) ()

One has, in addition, further virial relationships relafir{g\)
andV/(A) to the energy of atom A,

Thus, the change in the atom’s electronic kinetic energy de-
termines the changes in its total energy and in its potential
energy contributions given ihable 4
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moments. The changing nature of the molecular charge dis
tributions accompanying the formation of these molecules
has been previously givgB0]. Of particular interest is the
abrupt transfer of charge from Lito F, beginning around 12 au
and completed by 10 au, a result in accord with the ‘harpoon
mechanism’ postulated for this reaction. The transfer of den-
sity from hydrogen to the base atom that occurs in hydrogen
bonding similarly results in the destabilisation of the hydro-
gen and in a stabilisation of the base ati@].

The binding as determined by thiercesexerted on the
nucleiis, as pointed out by Berlin, a consequence of an excess
of density being accumulated in the binding region between Fig. 5. Density difference map fors#ith respect to separatég H atoms at
the nuclei, as opposed to its accumulation in the antibinding a separation of 8 au where the overlap of the atomic densities is negligible.
regions[82]. Thus, in homopolar molecules, the decrease in The map iII'ustrate§ the polarisation of each atomic density caused by the
energy responsible for bonding and the net binding force on correlat_lve interaction of the two electrons. Th_e decrease in the density in

. . the region of each nucleus causes the potential energy to increase and the
each nucleus is a consequence of the den5|ty accummated;netic energy to decrease. Its accumulation in the binding region results in
in the internuclear region and shared equally by both atomsa ‘van der Waals force’ of attraction, a Feynman force on the nuclei. The
while in heteropolar systems, the bonding and binding are solid and dashed contours increase (+) or decreajiedm the zero contour
consequences of the density accumulated in the binding re-in stepsE 2 x 10", £4 x 10%, & 8 x 10" au withn beginning at-5 and
gion of the most electronegative atdin83,84] increasing in steps of unity.

attractive interactions between the atoms encountered in the
6.4. Electrostatic basis for van der Walls bonding initial stages in the formation of these molecules deserves fur-
ther comment. The relevant statement of the virial theorem
The accumulation of density between the nuclei and the relating AT(R), the change in the kinetic energy toE(R)
resulting dominant decrease \fg, is also responsible for  at a separatioR, referenced to the separated atom values, is
van der Walls bonding, as first pointed out by Feynman in given in Eq.(10)
his 1939 paper, which introduced the electrostatic force the-

orem: the force acting on a nucleus is the resultant of the AT(R) = —AE(R) — R(LE (10)
electrostatic forces of repulsion exerted by the other nuclei dR

and of attraction exerted by the electron denf8§j. Feyn- The termR(dE/dR) is the virial of the Feynman ford&(R)
man notes that the interpretation of the long-raRgé force = —(dE/dR), exerted on the nuclei. Only when the forces on

of attraction between neutral molecules in terms of ‘induced the nuclei vanish does one obtain the reAll{R) = —AE(R),
oscillating atomic dipoles’ would in fact lead to repulsive that the magnitude of the decrease in energy equals the in-
forces on the nuclei. This ‘classical’ interpretation is an at- crease inthe kinetic energy. The virial and Feynman theorems
tempt to recast the second-order perturbation description ofmay be combined by differentiation of E{.0)to yield con-

the interaction that describes the correlation-induced changesstraints on the values oflddR and d//dR as a function oR

in the six-dimensional spacef the pair density in terms of  [1,76]. Because of the creation of an attractive force for large
classical-like dipoles imeal space The actual response of R, the virial theorem requires the kinetic energy to initially
the distribution of electronic charge in real space to the cor- decrease and the potential energy to increase, just the oppo-
relative interactions is for the density of each atom to be site behaviourto that found at the equilibrium separation. The
polarized in the direction of the other, as pictured in the den- virial of the attractive force is stabilising and consequently,
sity difference map shown iRig. 5for the approach of two  the initial decrease iIAT is of smaller magnitude than the
hydrogen atoms at a separation of 8 au obtained from a highlydecrease ie. As one approaches the equilibrium separation,
correlated wave functiof86]. The inwardly directed atomic T begins to increase and to decrease and & = Re, one
polarisations lead to an accumulation of density in the bind- recovers the result that the binding arises from a decrease in
ing region, to aforce of attraction on the nuclei and eventually V, with AE = (1/2)AV = —AT. The virial of the nuclear force

to a lowering of the potential energy. Thus, the mechanism of makes a repulsive contribution to the energy for separations
bonding is no different from that for any bound state. The use R < Re, the repulsive region of the potential curve and

of a correlated wave function for the description of molecule then exceed$AE|. For example, the approach of two He
formation over the complete range of internuclear distances,atoms to a separation 1.9 au for whialEe = +96 kcal/mol,

as opposed to the use of specific theoretical models to treatresults fromAT = +286 kcal/mol andAV = —190 kcal/mol,
different stages of the interaction, removes any bias for as- andT exceeds the magnitude®by the virial of the repulsive
cribing a special basis to van der Waals bonding. Such an ap-nuclear force, RA) = 382 kcal/mol.

proach has beeniillustrated fop H.iF, N2, CO and Ag, all of The initial decrease it and increase i caused by the
which display the behaviour noted above farfidr large in- charge reorganisation associated with the creation of the at-
ternuclear separatiofi80].The mechanics of the long-range tractive force is made clear iRig. 5. Density is removed
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from each of the antibinding regions, up to and including the electron—electron Coulomb repulsion between a pair of
the nucleus where the local potential energy is maximally bonded atoms, and{A, B) counts the number of electrons
stabilising, leading to the increase\ The steep gradients  contributing to this reduction. The weighting of the exchange
in the wave function and density in the region of a nucleus operator with 1r;, in the integration over the atomic basins
make large local contributions to the kinetic energy and the yields the decrease in energy resulting from the exchange be-
removal of density from the vicinity of each nucleus leads to tween a given pair of atoms, the essence of the ‘resonance
the decrease iil. Density is accumulated in the form of a contribution’ to bonding. Peras et al.[89] have recently
diffuse distribution in the binding region between the nuclei programmed two-electron integrations over atomic basins en-
where it exerts attractive forces on both nuclei. This expla- abling the calculation of the exchange energy determined by
nation exemplifies the physical understanding afforded by a the delocalisation index, resulting in the ‘resonance energy
theory couched in terms of the changes incurred in a molecu-of interaction’ and obviating the need to invoke the reso-
lar charge distribution and their interpretation in terms of the nance structures of valence bond theory. Professor Pendas
accompanying changes in force and energy, as governed byhas kindly supplied us with the values of the inter-basin ex-
the virial and Feynman force theorems. change energies at the RHF level for the 14- and 12-electron
It is well documented that the differences in the distribu- series discussed in Section 6.3. As anticipated, they parallel
tion of density within the binding regions of shared, polar the relative values of the corresponding delocalisation in-
and closed-shell interactions are succinctly summarised indices. The values of the inter-basin exchange energies in all
the topological and energy parameters at the bond criticalare—0.951 forVey(N, N) and—0.442 forVex(C,O) giving a
point. The local expression of the virial theorem relates the ratio of 2.2 compared to the rat&fN,N)/3(C,0)=1.9. The
potential and kinetic energy densitiest8pyp, the Laplacian corresponding values for the 12-electron series-a0er17
of the density at the CP. The changes in the energy and thefor Vey(C,C) and—0.045 for Vex(Li, F) giving a ratio of 16
charge distributions over the entire range of internuclear sep-compared to the ratid(C,C)®(Li,F) = 15. The contribution
arations for H, N2, CO, Ar, and LiF have been previously of ‘af Spin-exchange resonance’ clearly decreases with in-
given to illustrate the interplay between the changes in the creasing polarity of the interaction, its value in ionic LiF

kinetic and potential energies on bond formatjsa]. accounting for only 0.4% of the total exchange energy.
Within the orbital model, imposition of the Pauli principle

6.5. Electron exchange, ‘resonance’ and ‘Pauli is equivalent to requiring the orbitals to be orthogonal. The

repulsions’ translation of this mathematical constraint into a physical

picture has been investigated by imposing the orthogonality

It is necessary to establish how the changes in the constraint on the density distribution of an initially assigned
electrostatic contributions to the energy as enshrined in set of fragment orbital§90]. In the minimal case of two
the Hamiltonian, are tempered by the requirements of the normalised doubly occupied atomic orbitdlg and by with
Pauli principle. These requirements are described neitheroverlap S the density in the absence of the orthogonality
by ‘resonance’ nor by ‘Pauli repulsions’, but are instead constraint is given by = 2(¢§+ d)ﬁ) while its imposition
determined through the mechanism of electron exchange,causes a change in the densfity that is given by
the consequence of incorporating the requirement of an-
tisymmetry into the wave function. Quantum mechanical Ap = —4Sdabp + 252(d2 + bi) (11)
exchange, defined by the exchange operator, plays a unique
and important role in chemistf$9]. The role of this operator ~ a term that integrates to zero and is correct to second-order
and the phenomenon of exchange can be determined directlyin S[91]. The form ofA p, as shown irFig. 6, is exceedingly
rather than being disguised in non-physical terms such assimple: it removes density from the region of overlap between
‘resonance’, ‘Pauli or exchange repulsions’ and ‘covalency’. the two centres a and b, the binding region, and accumulates

Slater pointed out that the exchange term of Hartree—Fockit in the antibinding regionf82], (regions whose boundaries
theory can be rewritten in terms of an ‘exchange charge den-are indicated in the figure) a change in density that results
sity’ the name he applied to what is now commonly referred in electrostatic forces of repulsion acting on the nuclei. It is
to as the density of the Fermi hdi7,88] Section 5demon-  the opposite of the corresponding diagrantig. 5respon-
strates how this density may be incorporated into the me- sible for the long-range attractive forces. Thus, the effect of
chanics of bonding through the definition of the exchange antisymmetrization is to remove density from the region of
indices. The statement of Kunze and David§88] that the overlap of the occupied orbitals and to create a force of repul-
driving force for covalent bonds “is said to be the valence sion on the nuclei. The ‘Pauli force’ is in fact the Feynman
bond exchange effect fromp < Ba ‘spin-exchange reso-  electrostatic repulsive force acting on the nuclei. The Feyn-
nance” leads one directly to the delocalization indéX, B). man force determines the gradients of the potential energy
This index provides a quantitative measure of ‘spin-exchange surface and the resulting increase in energy for the approach
resonance’ by determining the numberogf electron pairs  of two closed-shell systems is obtained by integrating the re-
participating in the exchange between the atoms A and B. pulsive Feynman force on the nuclei over the decrease in their
The role of exchange in determining the energy is to reduce internuclear separation.
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ellipsoidal, with the major axis for C being perpendicular
to the internuclear axis, that for O being coincident with it.
The associated Laplacian distribution, as previously demon-
strated, accounts for this orientation by showing that it places
a ‘hole’ in the valence shell charge concentration of C in line
with the local charge concentration on[80]. This is the
opposite to the picture of ‘Pauli repulsions’ between filled
pairs of orbitals that are pictured to occur when overlapped
atomic wave functions are antisymmetrised, whatever atomic
states are arbitrarily chosen. There are of course repulsions

N \‘\\-\ ; between the electrons on the two atoms but orbital orthog-
/g AN \_/j, J } \tx;/ onality is maintained at all times and the energy undergoes
\\ \\‘“”// SO\ = a smooth and continuous decrease as each nucleus interacts
) N T S ; with the density of the approaching atom. The delocalization

of the exchange density between the two atomic basins un-

dergoes a continuous increase with decreaBirigdicating

the overriding importance of the filling of orbital vacancies

on the two atoms and of a favourable exchange interaction.

Fig. 6. A contour display ofAp, Eq. (11), applied to two He atoms ata  1he Laplacian distribution shows a smooth filling of both

separation of 2.5 atomic units. The dotted lines that pass through the nucleithe bonded and non-bonded holes on C with the resulting

are the boundaries separating the binding from the two antibinding regions. formation of a bonded concentration of charge between the

The contourvqluesincrease (solid) or decrease (dashed) in steps of 0.002 ayy,clei and of a non-bonded charge concentration (CC) on

from the zero fine. each atonj80]. The non-bonded CC on C is particularly pro-

nounced and is responsible for its exceptional donor ability,

The presence of ‘Pauli repulsions’ between atoms are fre- as exemplified below.

quently invoked without a physical basis to account for ge-

ometries or for the origin of barriers, particularly between

hydrogen atoms: between thgho-hydrogens in the rotation 7. Energy contributions to bonding in complex

of biphenyl into a planar geometry; between the hydrogens of formation

tert-butyl groups used to corset unstable molecules; between

a hydrogen of d@ert-butyl group and the 1,3 diaxial hydro-  7.1. Changes in the attractive and repulsive potential

gens in substituted cyclohexanes and in the eclipsed form ofenergies

ethane. In none of these cases do forces act on the protons in

the final geometry, nor is the geometry the result of the action ~ The changes in the attractivAVen, and repulsiveAVee

of repulsive forces acting on the protdi$,92,93] and AVyp, contributions to the energy of formatiakE of
While the picture ofA p for the example of two orbitals  the carbonyl complexes and ferrocene are givehaible 5

coincides with the common picture of ‘colliding orbitals’, its  The total change in the repulsive contributial, = AVee +

form for systems with more than two occupied orbitals no AV, is also listed. The changesVen and AV, reported in

longer corresponds to this interpretation. WiNtelectrons, atomic units (au), are of extremely large magnitude compared

there areN/2 occupied orbitalsN assumed even) and the to their sum that, by the virial theorem, yields twice the total

orthogonality restraint is imposed not in three-dimensional change in energy, the binding eney#, Eq.(8). The change

space physical space, but in th& mathematical space and in the attractive contributionAVep, is necessarily negative,

the resulting display oA p bears no simple relationship to  its magnitude decreasing in the order Cr, Fe, Ni, an order that

the physical picture of ‘colliding orbital®@0]'. parallels the decreasing number of ligand atoms. It is well
It is not clear what useful information is obtained in the to appreciate the magnitudes of the forces involved in the

‘Pauli repulsion’ step of the energy partitioning procedure, formation of these complexes and of molecules in general,

since the lowest energy pathway will, where possible, cor- and of the need for a means of isolating the changes that are

respond to one in which the atoms are oriented so as over-

lap favourably with one another. Consider an energy parti- Table 5

tioning analysis for the formation of CO. Both atoms are Bonding energies and their potential contributions in compfexes

non-spherical, havingP ground states and one must choose cComplex AE AVen AV, AVee AVin

which states of the. atoms are to be emp]oyed in the prod-crcoy  —155 —1681.699 1681205 838.538  842.667
uct of the overlapping atomic wave functions that is to be re(coy  -166 -1370.253 1369.723 682.837  686.886
eventually antisymmetrised. The correct ‘valence staes’ Ni(CO)s  —123  -1011.846 1011452  504.345  507.108
determined in a quantum mechanical calculation of the ini- Fe(Cpr 170  -1222.210  1221.667  610.218  611.449

tial approach of the atoms, the density of both atoms being # AEin kcal/mol, AV in atomic units.
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Table 6
Atomic charges and changes in population for complex formation
Complex qMm) q(C) q(O or H) AN(M) AN(C) AN(O or H)
Cr(CO¥ 1.16 Q93 —-112 -1.16 0.22 —0.03
Fe(CO} 0.74 ax 100 —-111 —-0.74 0.15 —0.04

eq Q95 -112 0.20 —0.03
Ni(CO)a 0.51 100 —-1.12 —0.51 0.15 —0.02
Fe(Cp} 0.79 —0.16 008 —0.79 0.08 o
Al(Cp)2* 2.35 —0.28 014 -1.35 0.19 —0.06
Ge(Cp} 0.86 —0.10 002 —0.86 0.02 6

CO:q(C) = 1.1504(0) = —1.150; Cp: ¢(C) = —0.084,g(H) = 0.080; Cp : ¢(C) = —0.184,q(H) = —0.016.

of chemical interest, a need that, as described above, is methe valuesAE(M) in Table 7 The stabilising decrease in the

by the atomic statement of the virial theorem. attractive potential energg Ven(M) is of large magnitude
) and arises entirely from the decrease in the external contri-
7.2. Atomic charges bution, VE(M). This contribution, the attraction of the den-

sity of the metal atom M with all the nucleixternalto the
'basin of M, is dominant in the formation of the complex.
It yields the stabilizing interaction of M with the nuclei of
all the atoms that, together with M, are brought together in
the formation of the complex. The internal contribution for

The atomic charges and changes in atomic populations
Table 6 summarise the principal redistributions of charge
accompanying the formation of the complexes. Frenking and
Frolich state “atomic partial charges are not an observable
(measurable) quantity{24] and proffer this as an apology o . o

L . ; the metal atomsA Vg (M), is positive and orders of mag-
for the many definitions found in the literature and the neces- . .
: . ; . nitude smaller, being a result of the transfer of charge from
sity of using personal preferences in choosing between them. )
. . : : - the metal to the carbon atoms of the ligands. In general, a
While this statement most certainly applies to the definitions o S .
i : (stabilising) decrease or (destabilising) increase in the value
expressed in terms of the orbital model, such as natural bond

; A X .

orbitals[94] and charge decomposition (CDEB] analyses, of the.mternal gontrlbutlorven(A) rela'tlve. to its free atom

it doesnotapply to the population of an open quantum sys- yalue is determined by a corresponding increase or decrease

tem[79]. An atomic population as defined within QTAIM is in the ele%tron popula_t!on Of A, the quantiyN(A), Table 6

the expectation value of a Dirac observaf®] and is now Thus, AVer(A) is positive for the metal atoms and for the

routinely measured in accurate X-ray diffraction experiments oxygen atoms and negative and stabilising for_ the carbon

on erystals atoms because of the transfer of electron density to carbon
The major transfer of electron density in the formation

of a metal carbonyl is from the metal atom to the carbon Table 7

atoms of the Iigands. The amount transferred is not |arge,Atomic contribution to bonding energies and their potential contributions

with the charge transfer per CO ligand equalling 0.19, 0.15 Complex AEM)  AVen(M)  AVEM)  AVEM)  AV(M)

and 0.13e, respectively for Cr, Fe and Ni. The charges on thecrcoy  —620 _406.468 —414.766 8.299 404.491
metal atoms are in close agreement with those of Macchi andFe(COy 720 —395.077  —-399.472  4.395 392.782
Sironi[31], differing atthe mostby 0.05e. The increasesinthe Ni(COx  —675 ~ —341.723  —344.605  2.882 339.571
populations of carbon range from 0.22e for the Cr complex "e(CP> ~ —645  —426.294  —430.777  4.483 424.516
to 0.15e for the Ni complex. There is a small accompanying AE(C) AVelC) AVE(C) AVEC)  AV(C)

transfer of density from oxygen to carbon, in amounts ranging Cr(COR
from 0.02 to 0.04e within each CO group.

The major transfer of density in the metallocenes is from
the metal to the carbons of the Cp rings. The changes in the
C and H populations for the Cp rings are given with respect
to the average of the atomic values in the Cp radical. The
charge of 0.79e transferred from Fe to the ligands in ferrocene

—-59.7 —-94.760 —-93.780  —0.980 94.570

Fe(CO}
ax —-47.8 —88.114 —87.306 —0.808 87.962
—42.2 —88.113  —-87.231 —0.882 87.978

Ni(CO)a -16.0 —76.336 —75.690 —-0.647 76.285
Fe(Cp} 46.7 —71.126 —-70.984 -0.142 71.275

is the same to within 0.05e of the amount transferred in its AE(O) AVen(0) AVE(O)  AVE(O) AV(O)
pentacarbonyl complex, the charge being transferred solelyc,coy, 137 —117.837 —118.176 0339 118.275
to the carbons of the ligands in both molecules.

Fe(CO}

: _— : : ax 155 -106.515 —106.890 0.375 107.010

7.3. Atomic contributions to bonding energy in carbonyl eq 156 107579 107988  0.409 108.075
complexes

Ni(CO)q 154 -91.174 -91545  0.371 91.666

The principal atomic contribution taE in the formation ~ Fe(Cpp(H) 114  -8.291 8294  0.003 8.295

of the donor—acceptor complexes is from the metal atom, ?# AEinkcal/mol, AV in atomic units.
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from the metal atom and to a lesser extent, from the oxygenthe formation of the carbonyl complexes when interpreted
atoms. using the orbital model or any of the energy decomposition
The contributions for Cr(CQ)are used to exemplify the  schemes. Kunze and Davidsf88], for example, state that
atomic contributions ta\E. The 8 kcal/mol error in the cal-  their conclusion that 3d<# covalent mixing is not the pri-
culated binding energy, or 2 kcal/mol per ligand, is too small mary source of bonding in Cr(C@js one “with which many
to affect the discussion. The binding energy of 156 kcal/mol people can reasonably disagree” as would Bauschlicher and
arises from a decrease of 620 kcal/mol in the energy of the Bagus[99] who state “It is now generally agreed that the
Cr atom that is accompanied by a decrease of 60 kcal/mol inback-bonding is dominant and that thelonation is mainly
the energy of each carbon of CO. These stabilising energyto the 3dg orbital”. If indeed operative, the D—C—-D model
changes are partially offset by an increase in the energy ofwill have consequences on the properties of the charge dis-
each oxygen of CO by 137 kcal/mdkble 7 Thus, the bind- tributions and energies of the metal and their bonded carbon
ing in the metal carbonyls is a result of two contributions: (1) atoms that may be determined using QTAIM.
the dominant and exceptional decrease in the energy of inter- The most immediate effect would be to change the
action of the density on M, shown [ig. 1for the Cr atom, quadrupole moment of the CO ligands upon bonding in the
with the nuclei of the surrounding cage of ligand atoms, the complex. The quadrupole moment of an axial molecule pro-
term AV, (M): (2) the stabilisation of the carbon atoms re- vides a determination of the accumulatioruefike electron
sulting from the transfer of density to carbon primarily from density along the molecular axis, as opposed talike ac-
the metal atom, the transferred density causing ot (C) cumulation in a torus about the axis. The atomic quadrupole
andA V§,(C) to decrease and contribute to the stabilisation. It moment is defined as a traceless tensor and thus the com-
is demonstrated below that the electronic charge transferredponent parallel to the axi@ (A), and its two perpendicular
to carbon is distributed in the form ofwlike torus of den- component®) | (A), sumto zero. Because ofthis, the changes
sity encircling the C-O axis, in the manner envisaged in the in the parallel or perpendicular components provide a direct
Dewar—Chatt—Duncanson model of-epr” back bonding determination of the extent of transfer of density between
[97,98] the o andw systems of a linear molecule. The magnitude
The net destabilisation of the CO ligands is a result of the |Q(A)| of the atomic quadrupole polarisation and the per-
charge transfer from oxygen to carbon. The changes in the at-pendicular component) ; (A), are given inTable 8for iso-
tractive and repulsive contributions that result from the place- lated and bound CO groups. The value of the axial component
ment of the CO ligand in the complex, the quantitiegS, and 0(A) = —20Q 1 (A). The valence density of the carbon atom
AV, are nearly balanced for both C and O, with the external in a free CO molecule exhibits a very pronounced polarisa-
contribution to the potential energy decrease being of slightly tion into its non-bonded region, an effect strikingly evident
smaller magnitude than the increase in the repulsive contri- in its Laplacian map discussed below, and responsible for the
bution in all three complexes. However, because of the chargevanishingly small dipole moment of C{@9]. Thus, the ax-
transfer from both M and O to C, the change in the internal ial component nearly cancels the perpendicular component
contributionVg, while small in magnitude, is stabilising for  arising from ther density and Q(C)| is relatively small.
carbon and destabilising for oxygen and it is this contribution ~ The increases in the magnitude of the quadrupole moment
that tips the balance between the overall energy change beingf a carbon and its perpendicular contributions are dramatic
stabilising for C and destabilising for O. The decrease in the when the CO molecule is complexgd? | (C)| increases by
magnitude ofAVg(C) parallels the decrease in the charge a factor of 8 for Cr and 10 for Ni.Q(C)| increases by factors
transferred to carbon, the order Cr >cfe Fey ~ Ni. The ranging from 8 to 12, with the maximum occurring for the
decrease iVen(C) is same to within 1 kcal/mol for £& and equatorial carbon in the iron complex and decreasing in the
Ceqin Fe(CO}, but AVi(Ceq)> AVi(Cax) by 5 kcal/mol and
hence Gy is more stable than &g The Laplacian distribu-  Table 8
tion for Fe(COj reported below, shows that the axial CO Atomic quadrupolar moments in carbonyl complexes in atomic units

ligands are directed at holes in atomic graph of Fe, while the Molecule 2 QL(£2) 10(2)|
equatorial ligands are directed at secondary maxima, the (3,co c _0.1067 0.2135
—1) cpsin edges of atomic graph, thereby accounting for the cr(coy —0.8766 1.7532
increased contribution to the energy of repulsion in the latter o o), ax _0.9277 1.8553
over the former ligands. eq -1.1685 2.4776
) Ni(CO)q —-1.1241 2.2476
7.4. Atomic quadrupole moment as a measure of co 0 _0.1242 0.2485
dm—pm* back-bonding Cr(CO)% —0.1727 0.3454
. Fe(CO} ax —0.1662 0.3321
In the Dewar—Chatt—Duncanson (D—C-DBy-¢pm model eq —~0.1935 0.3872

of back-bonding, theg electrons of the metal are delocalized
into the antibondingr™ orbitals of the ligand§97,98] There - - =
is no agreement on the importance of this back-bonding in |21 = \/(2/30% + 0, + 01

Ni(CO)a -0.1671 0.3341




F. Cortés-Guzrah, R.F.W. Bader / Coordination Chemistry Reviews 249 (2005) 633-662 653

order Ni > Cr~ Fe for axial C. The quadrupole polarisa- Each Cpring is destabilised by 239 kcal/mol on complex-
tion of carbon in the complex is dominated by the toroidal ation. The rings are destabilised relative to their radical state
accumulation of density, a consequence of the increase inin spite of the charge that is transferred to them from Fe, in
its  density distribution. ThusQ(C) provides a quantifiable ~ the amount of 0.08e per carbon. The total charge on each Cp
demonstration of the increase indensity, both absolutely  ring, equal to-0.40e, is intermediate between the charges of
and relative to ther density of a carbon atom that accom- zero and minus one on the radical and anion while the C-C
panies its complexation. The effects are smaller by an orderbond length in the complex, equal to 2.687 au, is longer than
of magnitude for oxygen, with only a small increase in the the average of the lengths in the radical, 2.674 au, and in the
magnitude of its perpendicular components. anion, 2.667 au. The delocalization of the density between
Section 8 demonstrates how the atomic overlap matrix neighbouring carbons and between next nearest neighbours
bridges molecular orbital models and the atomic properties equals 1.30 and 0.10, respectively, compared to the values in
of QTAIM. A diagonal element of this matrix yields the the anion of 1.39 and 0.13 that characterise ‘aromatic’ be-
number of electrons of a given orbital that reside within an haviour. Thus, the symmetrisation of a Cp ring on bonding
atomic basin, enabling the assignment of contributions from to the iron atom results in a geometry, net charge and elec-
individual orbitals to an atomic population. The orbital con- tron delocalization that fall short of the values found in the
tributions clearly indicate the importance of-€pm* back- symmetrical anion with its particulan4+ 2 stabilisation, and
bonding from M to the carbons of the ligands, relativesto  in addition result in the loss of the stabilising characteristics
donation from the ligands to the metal. Of the 12 electrons associated with the radical because of the overall increase in
in the &y, g5 and a4 sigma bonding orbitals in Cr(C@) C-C separations.
only 0.95e reside on the metal atom, while of the six elec-  The source of the bonding energy in GeCwith AE =
trons in the 44 set, 3.6e remain on Cr while the remaining —129kcal/mol, is similar in all respects to that in ferrocene.
2.4e reside on the ligands, with 0.25e on each carbon. By The Ge atom is stabilised by 703 kcal/mol and each Cp ring

symmetry, these electrons occupy the* Zantibonding or- is destabilised by 287 kcal/mol, compared to corresponding
bital of CO. The association of the “a” and “e” orbitals of values of—645 and +237 kcal/mol in ferrocene. The bond-
the axial ligands in Fe(C@)with the respectiver and ing energy in AICp* however, is a result of the stabilisation

orbitals of the ligands enables one to determine thatthe of the Cp rings, each ring being stabilised by 60 kcal/mol
population of an axial carbon atom increases by 0.32e onwith Al being stabilised by only 3 kcal/mol. This difference
bonding to Fe, while iter population undergoes a decrease is understandable since, with a charge of +2.4e, Al has a va-

of 0.22e. lence population of only 0.6e and there is considerable charge
transfer to the Cp rings, with each ring bearing a net charge of
7.5. Bonding in ferrocene —0.70e,Table 6 In the Fe and Ge metallocenes, the charges

on the metal atoms are less than unity. The atomic overlap

Table 5gives the attractive and repulsive contributions to matrix shows that Fe possesses 18.0 and Ge 28.0 localised
the energy changes in the formation of ferrocene from iron core electrons and there is no significant exchange of the core
in its °D ground state and two neutral cyclopentadienyl radi- electrons with the remainder of the molecule. Thus, Fe and
cals. The calculated value ofE of —170 kcal/mol is similar Ge possess 7 and 3 valence electrons, respectively, and it is
to the value of 166 kcal/mol obtained for Fe(GOl.ike the the valence density on the Fe and Ge metallocenes that is sta-
carbonyl complexes, the interatomic charge transfers and thebilised, while in the AICp™ it is the density on the Cp rings
charge transferred per ligand are small. The delocalisationthat is the source of the bonding. The delocalisation indices
indicesé(Fe, C) demonstrate the existence of a substantial bear out this interpretation; the delocalisation between the
exchange of electron density on Fe with the density on the metal and the rings is least for Al and the values(@, C)
carbon atoms of the Cp rings, the exchange-dfelectrons for the Cp ringsTable 2 because their charges-e0.7e, are
translating into the sharing of two Lewis pairs between the nearly coincident with the value for the anion and its aromatic
iron atom and each ring, as predicted by Mofi8]. This, stabilisation.
coupled with the bond CP properties, indicate that the Fe—C
interactions, like the M—C interactions in the carbonyl com-
plexes, are predominantly shared interactions. 8. Bridging MO theory and QTAIM

The atomic contributions tAE are given inTable 7 The
largest of these, and the single stabilising one, is from the = One may link molecular orbital models to the atomic prop-
Fe atom withAE(Fe) =—645 kcal/mol, the same magnitude erties of QTAIM by making use of the atomic overlap ma-
as that forAE(M) in the carbonyl complexes. The decrease trix whose elementS; (A) determine the overlap of orbitals
in AE(Fe) is a consequence of the external contribution to i andj over the basin of a given atom A. A diagonal ele-
AVye(Fe), and the bonding in ferrocene is, like that in the mentS;(A) yields the number of electrons of orbitathat
carbonyl complexes, primarily a result of the stabilisation reside within the basin of atom A. The useindividual or-
of the density on the metal atom by its interaction with the bital contributions to any property, a step that involves the
encompassing cage of carbon atoms. choice of a particular orbital representation, is arbitrary. The
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use of orbital contributions is however, unavoidable if one 8.2. Fe(COj3
wishes to bridge the MO interpretation of bonding in a metal
complex with the atomic properties of QTAIM. The maxi- The HF electron configuration for Fe(C§)is
mum correspondence with the standard orbital models and. .. e*a’3a5e’*¢*; A}. The d orbitals on Fe transform
orbital correlation diagrams is obtained through the use of as do the top three orbitals, with the associatioiig®ey?,
the Hartree—Fock (HF) canonical set which have been deter-xy), &’ (xz, yz) and &(z), with the s and p orbitals on iron
mined for the DFT optimised geometries. The procedure is transforming as ‘a € and §. The ground configuration
less arbitrary if the contributions are grouped into symmetri- of Fe is [Ar]4523£ and the Fe populations of the orbitals
cally equivalent sets. The goalis to determine the contribution of d symmetry total 5.8e. This represents a loss 0.2e from
of the “d” orbitals to the atomic population of the metal and the free atom value of six d electrons assuming that the a
to gauge the relative importance of the charge transfers in-and ¢ orbitals do not contain contributions from the metal
volved in ligand to metal and in the back-bonding from metal 4s and 4p or ligands. The @rbitals overlap only with the
to ligand. In this manner, one may obtain answers to ques- orbitals on the ligands while the erbitals can overlap
tions that are central to the orbital interpretation of bonding with both ¢ and« on the equatorial ligands but only with
in a metal complex. a on the axial ligands. For the axial ligands, orbitals of
The contributions of the [Ar] core orbitals to the metal “a” symmetry overlap only witho orbitals on the ligands
populations sum to 17.9e for Cr and 18.0 for Fe and Ni. The and those of “e” symmetry only with those afsymmetry.
net charges on the metal atoms, from a maximum of +1.2e onThus, one may use the “a” and “e” orbital contributions
Cr, would indicate that within the orbital model, each metal to the axial C and O populations in Fe(GQp separately
atom retains close to its d orbital population in the compleX, determine the number of electrons in thheand w orbital
assuming the density of the d orbitals to be contained within sets on these two atoms in the complex and thus determine
the zero-flux boundary of the metal atom. An upper bound to how they change from their values in unbound CO. This
the d orbital population on M is obtained by assuming that calculation shows that an axial carbon atom gains @r32
the contributions from the orbitals of requisite ‘d’ symmetry electrons and loses 0.22electrons in forming the complex

are from its d orbitals. while the corresponding changes for the axial oxygen are
much smaller, the atom gaining only 0.04emnirand losing
8.1. Cr(CO} 0.06e inc. Thus, the increase of 0.1e in the HF population

of a carbon atom in forming the iron complex is a result of

The HF orbital configuration for the DFT optimised ge- an increase of 0.32e in its “e” ar set and a loss of 0.22e
ometry of Cr(CO} is . . .t1g%y*t1,5t2¢%; *A1g, in agreement in the “a” or o set. Clearly, the D-C~D model ofre-pr*
with Kunze and Davidsof33]. Because of the molecule’s  backbonding is the dominant mode of electron transfer from
On symmetry, the s, p and d orbitals of Cr belong to different the metal to the ligand in the formation of both Cr(G@nd
irreducible representations with the metal d orbitals deter- Fe(CO}.
mining the g and by contributions to the population on Cr,
denoted byN(Cr). The g and bg contributions are 0.51 and 8.3, Ni(CO)
3.59¢, respectively, for a total ‘d’ population of 4.1 in the
complex, a number somewhat less than the free atom value The HF electron configuration of Ni(C®) is
of five in the ground configuration [Ar]48c°. The next most ...tﬁtge‘ﬁg;lAl, an ordering identical to given by Miessler
significant orbital contribution tbl(Cr) is from the {, set that and Tarr[100] and to that obtained by Hillier and Saunders
equals 0.29e. Thegtand g orbitals, along with g, which [101]. The contributions of these upper orbitals NgNi),
contributes 0.13e thl(Cr), are deemed responsible forthe  beginning with {, are 0.00, 1.37e, 3.44e and 4.28e. If one
bonding with the CO ligands. Only 0.93e of the 12 electrons assumes that the contributions from the top three orbital sets
in these sigma bonding orbitals reside on the metal atom andto the atomic population of Ni arise entirely from metal d
it is clear that there is only a small amount of charge trans- orbitals with no contribution from the 4p orbitals to the t
fer from the % orbital of CO onto the metal atom. The sum populations, the above populations viel d population of
of these contributions, when added to the core population, 9.09¢, close to the closed sub-shell value of 10e. Subtracting
accounts for all but 0.5e ®i(Cr). the 9.09e and the 18e core frdx(Ni) leaves~0.4e which

Itis the upperiq set that participates in the D-C—D model represents the donation from ligands to the Ni. Therbital
of dm—pm* back-bonding and of the six electrons in this or- overlaps with bothr and orbitals on CO, preventing one
bital, 2.4e reside on the ligands, 0.25e on each carbon androm obtaining a separate determination of #heand =
0.15e on each oxygen. Thgontribution toN(Cr) of 3.6e contributions to the ligands. Bauschlicher and Bafi8
accounts for all but-1.20f the Cr valence electrons. Ascrib- employ the CSOV method in their analysis of the bonding
ing these 1.2e tor bonding indicates that the transfer ©f in both Fe(COg and Ni(CO}). They conclude that the Ni d
density from the ligands to the metal is onhb0% as great  shell is a filled d° shell, that the CQr donation is small,
as the transfer of density from the metaktborbitals of the smaller than in the Fe complex, and that contributions
ligands. from the metal 4s and 4p orbitals are very small. These



F. Cortés-Guzrah, R.F.W. Bader / Coordination Chemistry Reviews 249 (2005) 633-662 655

findings are in accord with the interpretation presented maxima that are found to coincide with the number and rela-

here. tive positions of the localised electron pair domains that have
been invoked in chemical moddlB02].
8.4. FeCp The topology exhibited by the Laplacian of the electron
density in real space is a consequence of the electron pairing
The HF electron configuration for the staggei®s} ge- determined by the conditional pair density in six-dimensional

ometry is. .. &8 &.€],€l, : 1A1g. The two top levels are  spacef65]. It is clear from Eq.(2) for the conditional pair
close in energy and their order is interchanged in the eclipseddensity, that in a case wherein the Fermi hole of an elec-
Dsn, geometry, an almost free rotation. The metal d orbitals tron of given spin is strongly localised about, the con-
transform as gy(dyz, dyz), €2g(dxa—y2, Oxy), 1g(dz2) and the ditional same-spin density will approach the single-particle
contributions of these orbitals to the atomic population of iron spin density in regions, removed from the region of lo-
N(Fe), are 0.52, 3.4 and 1.6e, respectively. Ascribing thesecalisation. In such regions, the conditional pair density ap-
contributions to the d orbitals gives a total d population of proaches the total densjiyfor a closed-shell system and con-
5.5e compared to the free atom value of six. The populationssequently, its Laplacian distribution approaches the Lapla-
of the 4 and ag4 orbitals are largely localised on Fe, since cian of the electron density. Thus, the topologies of the two
they overlap with formally vacant antibonding combinations Laplacians exhibit a homeomorphism, one that approaches
of the ringm systems. an isomorphic mapping of one field onto the otf@&5]. The

Of the orbitals with a significant metal d contribution, the local concentrations of the Laplacian of the conditional pair
e1g set interacts most strongly with the ligands with 0.5 of density indicate the positions where the remaining electron
the four electrons contributing t(Fe) and the remaining  pairs will most likely be found relative to a reference pair
3.5 populating the carbons of the Cp rings. Moffi8] ar- and correspondingly, the CCs displayedLifn) signify the
gued that ‘The primary source of the binding must therefore presence ofegions of partial pair condensatiothat is, of
lie between the ligand,g and metal dgy orbitals’. Frenk- regions with greater than average probabilities of occupa-
ing et al. state that when viewed as the interaction of % Fe tion by a single pair of electronsThis correspondence has
ion with two Cp~ rings, qualitative orbital arguments con- been previously surmised because of the faithful mapping
clude that the electron donation from the occupieg & of the of the CCs oL (r) with the number, relative size and
(Cp7)2 should be the most important orbital contribution to angular orientation of the bonded and non-bonded electron
the bonding. The jy py orbitals on Fe transform ag g the pair domains assumed in VSERED3,104] a model origi-
set that describes the in phase (bonding) of therbitals nally rationalised on the investigations of the same-spin pair
on the two rings, a level that contributes 0.30eNg-e). density by Lennard-Jond61,64]It is important to under-
The p orbital on Fe transforms ag@aand overlaps with  stand that the concept of ‘partial pair condensation’ resulting
the out-of-phase overlap between the ringystems. It con-  from the homeomorphism, does not imply the association
tributes 0.08e tdl(Fe). One cannot ascribe these populations of a single pair of electrons with each CC, but rather, that
solely to metal p orbitals, as density from thesystems of the region of space so identified approaches unit pair pop-
the Cp rings lie within the atomic domain of Fe. One can ulation giving it a lower than average pair population. This
state that the molecular orbitals of the symmetry required reduction from the average pair population imbues the re-
to overlap with the metal p orbitals contribute only 0.4e to gion with the properties associated with the bonded and non-

N(Fe). bonded ‘electron pairs’ of chemistry, as made understandable
in terms of the local expression for the virial theorem, Eq.
12)
9. The Laplacian of the density and donor—acceptor .
bonding h 2 oy
o | V2Plr) = 2G() + V() (12)

9.1. Laplacian of the density as the 3-D analogue of the
conditional pair density G(r) is the kinetic energy density and(r) the electronic

potential energy density or virial field, whose sum equals
The Laplacian of a scalar function such @) has the ~ Hb, the energy density at a bond CP. Sit(e) > 0 andV(r)
property of locating where it is locallponcentratedwhere < 0, a negative value fov<p(r), as found at a CC ih(r),

v2p(r) < 0, and locallydepleted wherev2(r) > 0. Since indic_ates a region Wher\a!(r) qverrides the kin_etic energy
density is concentrated whef&p(r) < 0, one defines the =~ making the electronic potential energy density maximally
function L(r) = —v2p(r), such that a maximum ih(r) de- stabilising, thus accounting for the role of bonded and

notes a maximum in the concentration of the density. One dis- non-bonded CCs as sites of nucleophilic activity or Lewis

tinguishes between chargencentration§CCs) and charge ~ bases. The topology of the Laplacian of the density, both
depletions(CDs) determined by the topology &fr), and in its shell structure and in the number and arrangement of
chargeaccumulationsand chargeeductionsdetermined by~ its local CCs plays a central role in the understanding of
the differing topology ofo(r). L(r) exhibits multiple valence ~ bonding in donor—acceptor complexes.
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9.2. Atomic shell structure in L(r) and the question of vertices mimic the VSEPR model for non-transition metal
‘missing’ shells atoms.
The VSEPR model can fail to predict the correct geometry

It was noted early on that(r) exhibits shell structure by  when a transition metal or a pre-transition metal heavy metal
displaying alternating pairs of shells of charge concentration atom such Ca, Sr or Ba, serves as the central atom for the
(the first one being a spike-like region centred on the nu- assignment of the electron pair domains. Since the topology
cleus) and charge depletigh05,106] It is found that for of L(r) provides a model-free determination of the spatial
atoms up to Xe, with the exception of transition metal atoms localisation of the electrons that is present in any system,
and including neighbouring metalloids, the structure deter- it can be used to determine the characteristics of the pair
mined in this manner duplicates that anticipated on the basiscondensation for a bound transition metal atom and how they
of equating the number of shells to the principal quantum differ from those for a main group atom. This has been done
numbem [107,108] For the transition metal atoms and met- for a wide selection of molecules containing transition and
alloids (up to and including Ge in the fourth row) omy- 1 the preceding group Il metal atorjé#,110,112,113]These
such alternating pairs of shells are found. The ‘missing’ shell studies establish that it is indeed the outer shell of charge
was interpreted by sonj&07] as a failure of the Laplacian, concentration of the core that is the VSCC of a transition
an interpretation dispelled by the demonstrated homeomor-metal. It is also found that, like main group molecules, the
phism ofv2p(r) with that of the conditional pair density. Both  VSCC of the bonded metal atom exhibits a characteristic
Laplacians predict just three shells for Cr in the fourth row of number of CCs and that the geometrical arrangement of these
the periodic table and four shells for Mo in the fifth row, for CCs appears to determine the most stable geometry of the
example. There is complete qualitative agreement betweenmolecule using a set of VSEPR-like rules. That is, the most
the two Laplacians regarding the number of shells, as well stable geometry is the one that maximises the separations
as excellent quantitative agreement in the values of the shellbetween the CCs or between the ligands and the CCs.
radii with only somewhat lesser agreement in the values of  There is however, one striking difference in the behaviour
the associated extrema. The predicted number of shells is inof the CCs in the two cases that is most easily visualised in
agreement with the number observed in the experimentally terms of the characteristic polyhedron generated by the CCs
determined radial distribution functiga08]. within the VSCC of the central atom. For a main group atom

Because of this demonstrated homeomorphism, one isor a post-transition metal, the ligands are adjacent to some or
forced to conclude that the outer and penultimate orbital all (depending on the number of non-bonded electron pairs)
shells of transition metal atoms are not physically distinct of the vertices of the polyhedron while in molecules contain-
in terms of the localisation of the density within them. It is ing a pre- or a transition metal atom, the ligands are adjacent
the outermost maximum ib(r), the valence shell of charge to some or all of the faces of the same polyhedron. Thus,
concentration (VSCC), that determines the chemistry of an for main group and post-transition metal atoms, the ligands
atom and the finding that the VSCC for heavy metal atoms is are linked to the local concentrations of electronic charge in
contiguous with the outer shell of the core is a reflection of its VSCC — the CCs act as bonded charge concentrations —
the properties of the same-spin pair density for heavy metal while for pre-transition and transition metal atoms, the lig-
atoms. Thus, the chemistry of these elements differs from ands are in general, linked to the critical points in the faces
that of their main group counterparts, differences previously of the polyhedron, points that represent the sites of greatest
attributed to the same cause by Gillespie dtlfl9] Thus, un- charge depletion within the VSCC. In some cases, as are the
surprisingly, one finds the distortions induced by bonding in equatorial ligands in Fe(C@Jiscussed below, the ligands
the VSCCs of transition metal atoms differ from those found are linked to CPs defining the edges in the atomic graph. In

for their main group counterparf$10,111] an atomic graph whose vertices are opposite a face linked to
aligand, the metal atom exhibitgand oppose€Cs. Exam-
9.3. The atomic graph of a bound transition metal ples of this behaviour are found in the distorted tetrahedral

geometry of Cr@F; and in the square pyramidal geometries

Bonded interactions result in the formation of CCs on the of VHs5 and V(ChHg)s [110]. Ligands may be linked to a CC
surface of the outermost shell of charge concentration of anin the VSCC of the metal when required by symmetry. This
atom, a shell termed the valence shell charge concentrationoccurs for the axial ligands in the trigonal bipyramidal ge-
(VSCC). The CCs, (3--3) CPs ofL(r), presentinthe VSCC  ometry in VFs, the equatorial ligands being ligand opposed.

of an atom define the vertices (V) of a polyhedron,dtemic Even in this case, the conditional pair density demonstrates
graph whose edges (E) are defined by the unique pairs of that an axial CC of the metal is associated with its opposed
trajectories originating at intervening (3,1) CPs and with ligand, so that even in such cases, the CCs are in fact, ligand

each face (F) containing a (3, +1) CP. The atomic graph is opposed64].

denoted by the characteristic set [V, E, F] giving the number  The ligand avoidance of the metal CCs is found for for-
of each type of CP and the set satisfies Euler’s relation thatmally d® transition metal complexes, for the pre-transition
V — E + F = 2. It is the atomic graph that summarises the metals from Ca onwards in group Il, and for the transition
pairing of electrons in the valence shell of an atom and its metal complexes with incomplete d shells, as exemplified



F. Cortés-Guzrah, R.F.W. Bader / Coordination Chemistry Reviews 249 (2005) 633-662 657

here by the carbonyl and Cp complexes. As described below, (@)
one may obtain the contribution of each molecular orbital to
an atomic population. Such an analysis shows that NigCO)
has a d population of 9.0e, close to the closed-shell limit and
its Laplacian distribution exhibits bonded rather than ligand
opposed CCs. This holds true for the elements following it in
the same row of the periodic table, the Ga atom in its dian-
ion [HGaGaH] 2exhibiting two bonded and one non-bonded
CC. Other nickel complexes exhibit similar behaviour and
Ni appears to mark the transition from one behaviour to the
other.

9.4. Atomic graph representation of donor—acceptor
interactions and crystal field splitting

The atomic graphs and three-dimensional representations
of L(r) for the metal atoms in the carbonyl complexes are
shown inFig. 7. The envelope diagram for Cr has been given
previously[31]. The values of the CPs in(r) in the VSCC
of the metal atom and their distanaesom the nucleus are
given inTable 9 The value ofL(r) at a (3,—3) CP and its
distancer from the nucleus, are characteristic of the outer
or valence shell charge concentration of the metal, the third
guantum shell of M in each complex. The valued §f) in-
crease and those fodecrease with increasing nuclear charge
Z. The (3,—3) CPs have the smallest values gthe distance
increasing with the signature of the CP. The atomic graph for .

Cr is cubical,[8,12,6]and for Fe, a trigonal prisnj6,9,5]. ) o
Table 9 Fig. 7. Atomic graphs for the metal atoms in carbonyl complexes in the
Laplacian critical points (atomic units) descending order Cr, Fe, and Ni. The trajectories linking the critical points
Molecule Type L(r) Distancer in L(r) = —v2p(r), are shown on the left and envelope plots on the right. The
envelopes in the same order, have valudggf= 22, 35 and 52 atomic units.
Cr(COx 3.-3) 24826 0.6778 The enclosed spheres indicate the inner cores. The colour scheme identifying
3.-1) 19797 0.6865 the critical points in this anBig. 9is as follows; grey (3;-3); green (3;-1);
3 +1) 5996 0.7162 blue (3, +1); purple (3, +3). The envelopes provide a striking visual display of
3, +3) —5.388 1.0320 the regions of charge concentration (CC) and charge depletion. In Gy(CO)
the CCs mimic the ligand avoidinggtset of crystal field orbitals and the
Fe(CO} 3. -3) 41329 0.6096 ligands are adjacent to the octahedron of ‘holes’ that mimic gheee In
(3,-1) 38452 0.6132 Ni(CO)4 the ligands are adjacent to the tetrahedron of charge concentrations.
25,140 0.6259 One should bear in mind that the topology of the Laplacian is a property the
total density and model-independent.
(3, +1) 19292 0.6351
—8.066 0.9622
(3, +3) 10225 0.9214 The atomic graph for. Niis derived from aregular tetrahedron
_8215 0.9697 with the characteristic s¢4,6,4] by having each (3-1) CP
in an edge, bifurcate into a new (33) vertex and two as-
Ni(CO)s (3,-3) 52106 0.5619 sociated edge CPs, to yield the §&0,12,4] However, the
@.-1) 51211 0.5635 value of a sandwiched (3;3) exceeds that the (3,1) CPs by
(3, +1) 38662 0.5732 v 1x 104 dis th dist f th |
@3, +3) 13223 0.9019 only 1L x au and Is the same daistance from the nuc eus..
Consequently, the two sets of CPs are grouped together in
Fe(Cp) (3,-3) 46518 0.6055 Table 9 They are in close mutual proximity and this triplet
74.261 0.5838 of CPs is thus subject to coalescence resulting in its replace-
(3,-1) 11853 0.6456 ment by a single (3;-1) CP. Each triplet of CPs and its two
@, +1) 11845 0.6456 associated vertices is topqloglcally identical tq thg presence
_9116 0.9431 ofa n_on-nuclear attractor in the electron densny linking _two
(3, +3) 9131 0.9431 nuclei. In the Cr complex, only CCs are susceptible to direct

approach and thus the complex is susceptible to electrophilic
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attack while the Ni complex, where both CDs and emergent
CCs are free, should be susceptible to both nucleophilic and
electrophilic attack. The Fe complex has free CCs for elec-
trophilic attack and equatorial faces that, while bracketed by
ligands, could serve as secondary centres for nucleophilic
attack.

The diagrams irFig. 8 display the CCs on the ligands,
as well. One notes in particular, the large non-bonded CC on
each carbon. These are directed at the holes, regions of charge
depletion, in the atomic graph of Cr and at the axial holes
in the atomic graph of Fe. The equatorial ligands in the Fe
complex are directed at the CPs in the edges that separate the
equatorial faces in the atomic graph. The CCs on the ligands
in Cr(CO) and on the axial ligands in Fe(C&xive physical
substance to the model of donor—acceptor interactions — the
CC on the ligand being directed at a void on the metal atom
[31]. In the nickel complex however, the non-bonded CCs on
carbon are directed at the four equivalent tetrahedral vertices
of the atomic graph for Ni. As noted previously, nickel has
a d population of 9.0e, close to the closed-shell limit and
its Laplacian distribution exhibits bonded rather than ligand
opposed the CCs characteristic of the preceding transition
metal atoms.

A (3, +3) CP, a ‘hole’ or local depletion ih(r), lies on
the line linking the non-bonded CC on a ligand carbon with
a CP in the atomic graph of the metal. These (3, +3) CPs
lie within the valence region of charge depletion and within
the basin of the metal atom, beingd.8 au from the bond
CP with the carbon, the bond CP itself lying from 1.7 to
1.8au,Table 3 One such ‘hole’ is found opposite each of
the faces of the octahedron in Cr(GQOand opposite the
two axial faces, as well as the (3;1) CPs in the edges
of the polyhedron in Fe(C@) Four such holes are found
in Ni(CO)4 where, in this case, each links a vertex or CC
of the atomic graph with a non-bonded CC on carbon. The
presence of the (3, +3) CPs adjacent to the faces for an octa-
hedral iron complex was noted previously by Bo e{5h14].
The linking of the CCs of the ligands with CPs on the metal
with trajectories that emanate from an intervening (3, +3) CP
is another difference between the bonding in a metal com- rig g, Envelope maps of the metal atom within the ligand cage for the car-
plex and that in main group molecules where the CCs on bonyl complexes. The envelope for CO is ifr) = 0.0 au, the envelope
adjacent atoms are linked by a (3]1) CP, just as two nu- enclosing the regions of charge concentration. Note the ring of charge de-

clear maxima are linked by a bond CP in the electron den- pletion on each carbon adjacent to the non-bonded CC. The envelopes for the
si ty metal atoms are those usedFiy. 7. Of particular note are the pronounced

. L. non-bonded charge concentrations (CCs) on the carbons. They are directed
In the crystal field description of an octahedral compleXx, 4t the ‘holes’ in the envelope for Cr in Cr(CQ)gt the axial holes and ring

the occupiedy set of orbitals that avoids the ligands lies of charge depletion on Fe in Fe(GO) the manner of a donor—acceptor

lower in energy than the vacanj et thatis directed at them. con_1p|ex. The charge cqncentrati_ons on_the Cr_ and Fe are dirgcted at the

Bo et aI.[114,115]note that the location of the maxima and egions of charge depletion associated v_wth the ligand cage. In Ni(@t2) ‘

minima in an atomic graph for a complex o, symmetry non-bon_ded'CCs on the carbons are directed at the ch_arge conce_ntratlons
o . N . on the Ni which behave as do bonded charge concentrations for main group

coincides with the pattern predicted by crystal field theory, aioms.

with the CCs corresponding to the occupigglget and the

holes, or regions of charge depletion, CDs, correspondingto  Ligand field theory distinguishes between thgdnd g

the empty g set. Macchiand Sirofi81] discuss the similarity ~ orbitals through their differing overlaps with the ligand or-

exhibited by the density of thex)® set of electrons in the  bitals, the former withr, the latter with sigma and it yields

Cr complex with the surface representation of the Laplacian a modified interpretation of the atomic graph. The eight CCs

distribution appearing ifrig. 7. in the Cr atomic graph are associated with thetbitals that
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overlap with ther orbitals of the ligands, while the six faces
or centres of charge depletion are associated with Jlset
that participate inr bonding with the ligands. This associa-
tion of the holes in the atomic graph with tbdonding with
Cris in accord with the small transfer of charge from the lig-
ando orbitals to Cr determined in the analysis of the orbital
contributions to the atomic population on the Cr atom. The
analysis shows that only 0.5 of the four electrons in ¢hest
reside on the Cr atom, an observation further strengthening
the donor acceptor interpretation of the Cr—C interaction.
The six CCs of the atomic graph for Fe are defined by the
€’ set, and in ligand field theory, this set, like thg of O,
only overlaps with the ligandr orbitals and thus avoids the
CCs on the ligands. Thus, thé erbitals coincide with the
two rings of charge concentration in the atomic graph for iron
and avoid the CCs on the ligandi$g. 8. The dZ metal orbital
of & symmetry, overlaps only with the ligand orbitals and
itis associated with regions of charge depletion in the atomic
graph, the two axial holes. This association ofdhgonding
of & with holes in the VSCC of Fe is in accord with the small
contribution of 0.33e of this orbital to the atomic population
on Fe. The equatorial faces of the Fe atomic graph lie in
the plane of the’eset of orbitals that overlap with boih
?‘ndﬂ Orb_ltals on the ligands. The bonding pehawour@fs_e Fig. 9. Atomic graph for the iron atom in ferrocene and its envelope(fQr
intermediate between that for théand 4 orbitals and thisis - 45 atomic units. Also shown is an envelope for the entire complex, using
reflected in its association with the three ligand CCs that are the zero envelope for the ligands in the representatidi{myffor the entire
directed at neither CCs nor CDs in the atomic graph, but rathercomplex. The two axial CCs and the equatorial belt of charge concentration
atthe (3’_1) CPs defining the edges bounding the equatorial on F_e mimic thg Iigand field@ and eg orbitals_that avoidr bonding V\_/ith _
holes. A (3,_1) CP is a maximum in two-dimensions, as the ligands, being m;tead directed gt the reglons of charge depletion in the
) . . . i centre of each Cp ring and at the intervening region between them. The
opposed to a three-dimensional maximum associated With asecondary charge concentration of theystem in each of the Cp rings is
CC or vertex. Thus, the Fe atom retains 77% of theed that directed at the equatorial rings of charge depletion on Fe.
avoids the CCs on the ligands and aryonding compared to
61% of the four electrons of theé erbitals that are engagedin  atomic graph, like theg and ag orbitals, avoid the charge
botho andm bonding in the equatorial plane and as opposed concentrations on the ligands. Thg erbitals correlate with
to the retention of only 17% of the two electrons in the a the equatorial belt of charge concentration and thgnath
orbital that donate to the orbitals on the ligands. the two axially opposed CCs, the latter two dominating the
The nickel atom in Ni(CQyis distinct in its bonding with atomic graph. They are directed at (3, +1) CPs or centre of
the ligands in that the ligand CCs are directed at the CCs of charge depletion found in the face of each Cp ring, Wiit)
the atomic graph of Ni, an apparent result of its possessing= —0.27 au. Eighty-five and 80% of thegand a4 popula-
a nearly complete 3d shell. Both the lower energygrbital tions, respectively, reside on the Fe atom, since they overlap
and the formally vacant (in crystal field theory) toptbital only with = orbitals on the ligands. The axial CCs on Fe are
are occupied, the former contributing 1.4&iNi), the latter, of larger magnitude than the ring of 10 CCs that form a belt
4.3e. These orbitals overlap with battand ligand orbitals of charge concentration parallel with and lying between the
and the four equivalent CCs at the vertices of the tetrahedrontwo Cp rings. The 10 CCs in the belt alternate with 10<3)
are directed at the ligand CCs in the manner of bonded CCs inCPs that are of equal value to within one-thousandth of an au
the atomic graphs of main group atoms. The e set of orbitals, and the belt thus signifies the presence of a ring of essentially
like the &g set in the Cr complex, can overlap only with constant concentration of electronic charge inter-spaced be-
orbitals on the ligands but this set, which contributes 3.4e tween the two Cp rings. There are in addition, two rings of
to N(Ni), defines the centres of charge depletion, the holes five (3, —1) CPs, each ring linking one of the axial maxima
in the atomic graph for Ni, rather than the centres of charge with the maxima in the belt of charge concentration.
concentration, as does thg setin Cr. The delocalizedr density in an aromatic system results
The atomic graph for iron in Fe(Cp) with the set in the presence of two (3;71) CPs in the atomic graph of
[12,20,10] like chromium hexacarbonyl, provides a striking a carbon, one on each side of the r[ag6)]. These CPs are
example of ligand avoidance by the CCs of a transition metal. two-dimensional maxima with(r) = 0.15 au, maxima that
The atomic graph and its relation to the Laplacian distribu- are evident on each side of the Cp rings in the envelope plot of
tion of the Cp rings are displayed Fig. 9. The CCs of the their Laplacian distribution$;ig. 9. These secondary maxima




660 F. Cortés-Guzrah, R.F.W. Bader / Coordination Chemistry Reviews 249 (2005) 633-662

on the carbons are directed at the two circular rings of chargemation of a metal carbonyl complex is a result of the dom-
depletion defined by the two sets of five (3, +1) CPs in the inant and exceptional decrease in the electrostatic energy of
atomic graph for iron. The rings of charge depletion correlate interaction of the electron density of the metal atom with
with the g g orbitals which interact strongly with the ligands  the nuclei of the surrounding cage of ligand nuclei, the term
and retain only 13% of their four electrons on Fe. AVE(M) and from the stabilisation of the carbon atoms re-
As in the carbonyl complexes, a (3, +3) CP lies on the line sulting from the transfer of density to carbon from the metal
linking a two-dimensional maximum on a ring carbon with atom, the transferred density causing both the internal and
a (3, +1) CP in the atomic graph for iron. Thus, the rings external contributions t&AVen(C) to contribute to the sta-
of charge depletion are linked to the CCs of the carbons of bilisation. The major interatomic charge transfer is from the
the rings via rings of (3, +3) CPs, the local ‘holes’ in each metal to the carbons of the ligands accompanied by a much
ring being interspaced with (3, +1) CPs of slightly smaller smaller transfer from the oxygens. The charge transfer from
magnitude. M to each C, in the amount of 0.1-0.2e, is relatively small in
The observation that the non-bonded CCs on the carbonsaccord with the bonding density being nearly equally shared
are directed at regions of charge depletion on the metal in theby both atoms. The delocalization indick%M, C) are of the
Laplacian distributions for Cr(C@) Fe(CO) and FeCp, as order unity, quantifying the notion that the M—C ‘resonance
depicted inFig. 8and Fig. 10, provide a pictorial represen- stabilisation’ or ‘covalency’ results from the exchange of ap-
tation of the donor—acceptor bonding ascribed to the metal proximately onex pair. The extent of exchange of the den-
complexes with the ligands as donors and the metals as thesity on the metal atom with the surrounding cage of carbons
acceptor. But what the Laplacian distributions also illustrate is dramatically evidenced in the substantial increase in the
is that the CCs on the metal are in turn directed at regions of degree of delocalisation of the density of a carbon atom on
charge depletion between or on the ligands as well, a primecomplexation. The major transfer of charge from the metal to
example being the two axial CCs on Fe in ferrocene being the carbons is via the D—C—Drepm* back donation mech-
directed at the regions of charge depletion in the interior of anism one that, judged by the change in the carbon atomic
each Cp ring. Missing from the usual interpretation of such quadrupole moment, is a maximum for the equatorial carbon
interactions is the realisation that both participants assumein the iron complex and decreases in the order Fe(eq C) > Ni
dual roles as both donors and acceptors. This view is clearly> Cr > Fe (ax C).
brought to the fore by the presence of CCs on the metal atom The sole interatomic charge transfer in the formation of
and their role as donors with respect to the ligands, the pres-ferrocene is from the metal to the carbon atoms, in the amount
ence of which are not made clear in the orbital models of such of 0.4e per ring. There is a sharing of two Lewis pairs between
interactions. The donor action of the metal CCs in Cr(§£0) Fe and the carbon atoms of each ring, the exchange density
is a reflection of the D—C—-D back bonding model. There is being delocalized over the surface of the bonded cone of den-
no physical distinction between the CCs of the ligands being sity defined by the bond paths linking the Fe atom to each
directed at voids on the metal and the CCs of the metal beingring. It is the attraction of the density of the metal atom M
directed at voids on the ligands, the overall effect calling to with all the nucleiexternalto the basin of M, the contribution
mind Ehrlich’s ‘lock and key’ analogy of an enzyme-substrate Vg.,(M), that dominates the stabilisation of ferrocene and ger-
interaction and his introduction of the concept of a ‘receptor’ manocene, and the bonding is a result of the net stabilisation

into physiological chemistrj117]. of the density on M in its interaction with the atoms of the
ligands.

Frenking et al[25] state that the bonds in ferrocene are

10. Summary and conclusions equally the result of ‘electrostatic forces’ and ‘covalent bond-

ing’ using EDA. In addition to this partitioning of the en-

All bonding is a result of the stabilising decrease in the ergy being arbitrary, the mechanism or force operative in
electrostatic interaction of the nuclei with the electron den- ‘covalent bonding’, as opposed to that from the ‘electro-
sity, the termAVep, and in particular, from the interaction of  static force’, is never explained, its contribution being as-
the density of each reactant with the nuclei of the other re- cribed to the relaxation of the orbitals to their final form. The
actants assembled in the product molecule, the external consame potential energy operators, the electron—nu¢lgand
tribution AV§,. These contributions are of greater magnitude the electron—electro¥ec interactions, are averaged over the
for homopolar (covalent) moleculesnd G than for their wave function in every step of the EDA and are the sole cause
isoelectronic congeners the polar CO and the ionic LiF and of the changes in potential energy, regardless of the name one
there is no physical basis for ascribing a ‘covalent contribu- ascribes to it. Since the states involved in the steps are not
tion’ as opposed to the ‘electrostatic force’ as the source of quantum states, one cannot use the virial theorem to relate
bonding. changes in the energy to changes in the potential energy. In-

The bonding in the metal donor—acceptor complexes is deed, one cannot be certain that the final energy decrease
understandable in terms of quantities defined by quantumascribed to ‘orbital relaxation/covalent bonding’ is not due
mechanics obviating the need to partition the process intoto a decrease in the repulsive contributions frdga rather
a series of physically unrealisable steps. The energy of for- than to a stabilizing decrease\g,. In brief, one has no phys-
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ical understanding of what forces or interactions constitute
‘covalent bonding’ and the mystery surrounding this term is
understandable.
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