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Introduction

There are probably only a handful of concepts that are as
fundamental and central to chemistry as the concept of the
electron-pair bond. This concept was formulated by Lewis
in his 1916 paper,[1] and eventually given a theoretical basis
in 1927, when Heitler and London published their seminal
work,[2] which showed that the bond energy in H2 can be
viewed to arise from the resonance interaction between the
two spin arrangement patterns, H›Hfl and HflH›, required to
generate a singlet electron pair. The quantum-mechanical
articulation of Lewis%s shared-pair model has culminated in
the generalizing intellectual construct of Pauling,[3] who de-
scribed the electron pair bond A–X as a superposition of co-
valent (F

cov
) and ionic forms, F

a
+
x
� and F

a
�
x
+ (Figure 1),

and thereby enabled a unified description of bonding in any
molecule, in terms of the method known since then as va-
lence bond (VB) theory. Around the same time, Slater
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showed[4] that a molecular orbital (MO) treatment followed
by complete configuration interaction is equivalent to the
VB-based covalent-ionic scheme of Pauling.

Figure 1 describes the key elements of Pauling%s classical
paradigm of covalent-ionic superposition. Three structures,
one covalent, FCOV, and two ionic, F

a
+
x
� and F

a
�
x
+, describe

any A�X bond, which may either be homo- or heteronu-
clear. The covalent structure is stabilized by spin-pairing,
owing to the resonance of the A›Xfl and AflX› spin arrange-
ment forms. For a dominantly covalent bond, where FCOV is
the lowest VB structure (part a), this stabilization energy is
the covalent contribution, DCOV, to the total bonding energy.
On the other hand, ionic structures are stabilized by electro-
static interactions, relative to the separated atoms by an
amount DION. When an ionic form, for example, F

a
+
x
� , is the

lowest among the VB structures (part b), the bond is ionic
and the electrostatic stabilization energy is the ionic contri-
bution to the bond energy.[5,6] The covalent-ionic mixing re-
sults in a resonance energy contribution that augments, in
principle, the bonding of either covalent or ionic bonds. In
the past we referred to this quantity as the “charge-shift res-
onance energy”, RECS,

[7] because the pair density inherent in
the VB wave function shows that covalent-ionic mixing is as-
sociated with fluctuation of the electron pair from the average
electron population. As we shall see later, the RECS quantity
figures prominently in the bonding motif that is in the focus
of this paper.

The Pauling scheme in Figure 1 has two major problems:
First, the covalent structure is assumed to be always bonded
relative to the separated atoms, since the covalent bond
energy, DCOV, is estimated as the average bond energies of
the two homopolar bonds A�A and X�X. Second, since this
formula always overestimates DCOV it will always underesti-
mate the role of RECS.

[8,9] As shown later, this assumption
about DCOV is incorrect, and its implementation leads to a
loss of essential features, which are in the focus of this work.

In practice, and as a result of the above problems, the
Pauling scheme for covalent-ionic superposition has tradi-
tionally become associated with two bond-families, based on
a criterion of static charge distribution; these are the cova-
lent bond and ionic bond families in Scheme 1. In the first
family, the major contribution to bonding comes from spin-
pairing. In homonuclear bonds the RECS contribution was

assumed, in Pauling%s original scheme[8a] and thereafter, to
be very small and was set to zero. In polar-covalent bonds,
the primary contribution to bonding is normally considered
to be the DCOV quantity,[8b] while the charge-shift resonance
energy is of secondary importance, except for very polar
bonds.[9] Furthermore, the magnitude of RECS is considered
to vary in proportion to the electronegativity difference of
the fragments, A and X, much like the charge distribution in
A+d X�d, that is, the “bond-polarity”.[9]

In the second family, the major bonding contribution
comes from the electrostatic energy in the dominant ionic
structure, while the charge-shift resonance energy is a minor
factor; its magnitude is supposed to vary in proportion to
the deviation of the charge distribution from full ionicity. As
such, in the traditional classification of both bonding types,
it is assumed that one can deduce the magnitude of the co-
valent-ionic resonance energy by simple inspecting of the
static charge distribution of the molecule.

Using MO theory, it is possible to transform the delocal-
ized canonical MOs to a set of localized MOs (LMOs) that
describe two-center bonds.[10] The LMOs retrieve the cova-
lent-ionic superposition scheme as follows: The electron-
pair bond is the LMO itself, while the covalent-ionic super-
position can be quantified from the charge polarization of
the LMO, that is, from the coefficients of the hybrids that
belong to the contributing fragments to the LMO; the rela-
tive sizes of these coefficients determine the bond polarity.
Accordingly, MO theory leads to the same electron-pair
bonding picture as the classical covalent-ionic paradigm of
Pauling. In fact, both VB and MO descriptions support the
Lewis formulation of electron pair bonding.

Thus, our bonding paradigm is now 89 years old, and yet
even a cursory search in the literature suggests that this is
perhaps not the whole story.[5] Just consider the bonds of sili-
con to electronegative atoms. In terms of the static charge
distribution, these bonds are virtually as ionic as for exam-
ple, LiF or NaCl (e.g., H3Si

+0.85F�0.85 versus Li+0.94F�0.94,
Na+0.91Cl�0.91, etc).[11,12] But, while Li+ F� and Na+Cl�

behave as a genuine ionic bonds, the “Si+X�” bonds behave
chemically as covalent bonds.[13–15] The bonds look so simi-
lar, yet they are so very different in their chemical behavior.

Figure 1. The classical Pauling%s paradigm of covalent-ionic superposition
in an A�X bond. a) A�X bond with predominant covalent character. b)
A�X bond with predominant ionic character.

Scheme 1. The traditional covalent and ionic bond families based on
Pauling%s covalent-ionic superposition scheme.
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Indeed, all Si�X bonds are more ionic than the correspond-
ing C�X bonds,[13] by virtue of static charge distribution, and
nevertheless, these are the C�X bonds that exhibit “ionic”
chemistry in condensed phases, whereas the ionic Si�X
chemistry is extremely rare with a handful of excep-
tions.[13–15] For example, trityl perchlorate is an ionic solid,
Ph3C

+ ClO4
� , like NaCl,[14b] while the silicon analogue, is a

covalent solid, with a short Si�O bond.[14c] It is apparent
therefore, that the static charge distribution is not necessari-
ly a reliable indicator of the nature of bonding. There must
be an additional property of the bond that is missing in the
traditional covalent-ionic superposition scheme and that
makes this difference between the various “ionic bonds”.

These, and many similar puzzles, have prompted some of
us in 1990 to reexamine the classical covalent-ionic para-
digm using the tools of modern VB theory.[7] Our first intri-
guing finding[7a,b] concerned the F�F bond, which by any
known measure would be defined as a covalent bond. First,
it is a homonuclear bond, where ionicity should not matter.
Second, the weight of its covalent structure is as large as
that for the H�H bond.[7a,b] Is the F�F bond really covalent
as the H�H bond?

The counterintuitive answer in Figure 2b versus Figure 2a
is a definite no. Figure 2 displays the dissociation energy
curves of H2 and F2 for the covalent VB structure alone and
for the “exact” ground state, which is a resonating combina-
tion of the covalent and ionic components. It is apparent
that the bonding natures of the H�H and F�F bonds are
very different. While in H2 the covalent component alone
displays a potential well which is already a good approxima-
tion of the exact curve (Figure 2a), the covalent component
of F2 is on the contrary purely repulsive (Figure 2b), and the
bonding is in fact sustained by the very large charge-shift res-
onance energy.[16] Thus, although F�F is formally a covalent
bond, by virtue of its zero static charge distribution, this def-
inition is not telling its true nature; the F�F bond is in fact a
charge-shift bond (CS bond), because the bonding exists as a
result of the ionic-covalent fluctuation of the electron pair
density. This example shows that the assumption[8a] underly-
ing the classical Pauling scheme is incorrect; the covalent
bonding by itself is not necessarily stabilizing even for ho-
mopolar bonds, and even in case where the covalent struc-
ture dominates the wave function, as in F�F. And further-
more, homopolar bonds can have very large charge-shift res-
onance energies.

In recent years, a variety of s and p bonds, both homo-
and heteronuclear, were shown to share this property, there-
by forming a growing family of CS bonds.[7] The emergence
of the CS bond family and the eventual acceptance of the
idea would revise the electron-pair bond concept in chemis-
try. One prerequisite for such a revision is the alternative
and independent theoretical derivations of the CS bonding
phenomenon, and most importantly, drawing links to experi-
mental data.

An alternative way to look at bonding is through the elec-
tron density analyses of the molecule.[11b,17–21] The peculiarity
of F�F and a few other bonds has been noted since the late

1960s based on the electron-density perspective of bonding.
For example, two different types of density analyses, the
theory of atoms in molecules (AIM)[11b,17] and the electron
localization function (ELF) approach,[19,20] demonstrate that
the F�F molecule has very little electron density in the
bonding region, which exhibits a repulsive closed-shell like
interaction, as shown in Figure 3.[17b,20,21e]

Furthermore, Rincon and Almeida[21e] analyzed the densi-
ty of VB-type wave functions and concluded that the domi-
nant covalent character of F�F does not conform to “the
shared-type interaction”. These electron density-based re-

Figure 2. Dissociation energy curves for a) H2 and b) F2. Dotted lines,
open circles: the purely covalent VB structure. Bold lines, filled circles:
the optimized covalent + ionic “exact” ground state.
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sults regarding the nature of the F�F bond parallel the
energy-based VB picture (Figure 2), in which the covalent
structure of the bond is by itself repulsive, while the bonding
is sustained by the covalent-ionic fluctuation of the bond.
Thus, anyway one looks at the bond in F�F, this bond is fun-
damentally different from the paradigmatic covalent
bond,[16] and as such an investigation is called for of the
nature and the territory of this bond-type, so-called CS
bond. To explore the territory of CS bonding, we undertook
a dual and systematic study of the nature of a variety of
two-electron bonds, using two independent theoretical meth-
ods, modern VB theory and density functional theory
(DFT) followed by an ELF analysis, with the goal of provid-
ing complementary insight into this bond-type. Thus, while
the VB approach will provide the energy perspective, the
ELF approach will outline the complementary electron den-
sity perspective. As shall be demonstrated, both VB and
ELF theories show that CS bonding is a ubiquitous and dis-
tinct class of bonding that transcends formal “ionicity”; it
exists alongside the traditional covalent and ionic bond fami-
lies and provides the missing bonding property necessary to
understand many of the aforementioned puzzles.

Theoretical Methods

Modern VB methods: The principles of modern VB theory
have been recently reviewed.[22] The VB methods that incor-
porate dynamic correlation and are used in the present
study were described elsewhere.[23,24] These are the breathing
orbital VB (BOVB) method,[23] and the VB configuration
interaction (VBCI) method,[24] which are briefly outlined. In
both methods, the bond is described by the wave function
given in Equation (1), where the c denotes structural coeffi-
cients and F denotes covalent and ionic VB structures that
distribute the electron pair between the orbitals of the two
bonded fragments; these orbitals are called the active orbi-
tals.

YA�X ¼ cCOVFCOV þ cAþX�FAþX� þ cA�XþFA�Xþ ð1Þ

The remaining electrons (inactive-shell), of each VB
structure, are arranged in doubly occupied orbitals.

In the BOVB method, the structural coefficients and orbi-
tals of the VB structures are optimized, and a dynamic cor-
relation is introduced by allowing the orbitals to assume
sizes and shapes that are different for the different struc-
tures. In the VBCI method,[24] initially, the coefficients and
orbitals are optimized, the latter as a common set for the
three fundamental VB structures, as in the valence-bond-
self consistent field (VBSCF) method.[25] Subsequently, dy-
namic correlation is introduced by singles and doubles con-
figuration interaction (CI) from the optimized orbitals of
the fundamental structures into virtual orbitals. The virtual
orbitals are constrained to be localized on the same bonds
as the occupied orbitals.[24] In this manner, the excited VB
structures keep the same spin-pairing and charge characters
as the fundamental structures, and it is therefore possible to
contract each fundamental structure and its excited ones
into a single structure, covalent or ionic as in Equation (1).
The final VBCI wave function has the same dimension as
the one expressed by Equation (1).

The charge-shift resonance energy, RECS, is defined in
Equation (2) as the difference between the lowest energy
structure Fi and the full wave function of Equation (1) (see
also Figure 1).

RECS ¼ EðFiÞ�EðYA�XÞ; Y i ¼ FCOV or FAþX� ð2Þ

Here both E(Fi) and E(YA�X) are determined variational-
ly within their respective spaces of VB structures, and as
such, the RECS quantity is quasi-variational.

The weights of the VB structures are determined by using
the Coulson–Chirgwin[26] formula, [Eq. (3)], which is the
equivalent of a Mulliken population analysis in VB theory.

wi ¼ c2i þ
X

j 6¼i

cicjhFijFji;

ðFi,Fj : covalent and ionic structures, ½Eq: ð1Þ�
ð3Þ

The trends in the weights arising from Equation (3) do
not change if instead of the Coulson–Chirgwin formula one
uses Lçwdin weights, which are derived from the squares
of the coefficients after renormalization.[27] Qualitatively,
the VB structure with the lowest energy in the wave func-
tion will possess the largest coefficient and hence, also the
largest weight according to Equation (3) or to a Lçwdin
analysis. Thus, the weights of Equation (3) are valid wheth-
er a given structure is bonded or repulsive. For example, in
the case of the F�F bond (Figure 2b above), the weight of
the covalent structure is going to be the dominant weight
since FCOV is the lowest VB structure. The same would
apply to H�H, where now the FCOV structure is bonded
(Figure 2a). Therefore, despite the different behavior of
the two covalent structures, the VB population analysis
will predict very similar covalent-ionic weights for the two
bonds. As such, VB weights by themselves, much like static
charges in a heteropolar molecule conceal fundamental in-
formation, which can be revealed only through the energy

Figure 3. ELF localization domains of F2. Color code: orange: monosy-
naptic; green: disynaptic. Note the highly depleted and disjoined bonding
region.
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analysis of the VB wave function as done in Equation (2)
above.

The ELF approach : The theory of electron localization func-
tions (ELF) has been described elsewhere[19,20] and is recal-
led in the Supporting Information. The aim of the ELF ap-
proach is to partition the space occupied by a molecule into
definite adjacent regions, called “basins”, which correspond
to different chemical objects: atomic cores, bonds, lone
pairs, and single electron domains. ELF basins, labeled here-
after as WA, are either core basins that include the nucleus,
or valence basins that generally do not include a nucleus
(except for bonds containing hydrogen). The synaptic order
of a given valence basin is its number of connections to core
basins; a disynaptic basin V(A,X) characterizes a two-center
covalent bond, while a lone pair V(X) is monosynaptic, etc.

ELF theory calculates the mean populations, N̄(W), of the
basins; these populations can be interpreted to arise from
weighted VB structures. One may further carry out a statisti-
cal analysis of the basins’ populations through the cova-
riance matrix, which provides information about electron
delocalization. For example, a large covariance matrix ele-
ment between two basins W and W’ indicates substantial
fluctuation of electronic density between these two basins.
In particular the diagonal element of the covariance matrix,
the variance s2[N̄(W)] of a basin%s population, that is, the
square of the standard deviation of the population, is the
degree of fluctuation of the given electron pair, which can be
interpreted as the dispersion due to VB structures.
Scheme 2 summarizes the electron density properties for
ideal two-electron bonds of the covalent and ionic
types.[19d,20]

Technical notes : VB Calculations : Molecular geometries
were optimized by MP2/6–31G* using GAUSSIAN-98.[28]

The VB calculations were done with the Xiamen package.[27]

A basis set of double-zeta + polarization quality was used
for all the VB calculations, unless noted otherwise. The 6–
31G* basis set was used for the study of A�X bond (A, X=

atoms of the second line or heavier), while the 6–31G** was
employed for the study of A�H bonds. For heteropolar
bonds involving a fluorine atom, we added standard diffuse

functions. In a few cases we repeated the VBCI calculations
with larger basis sets, up to cc-pVTZ,[29] to see the basis set
dependence of the bond energy. As a benchmark method
we used CCSD(T),[30] which is known to give reliable bond
energies (see Supporting Information).

ELF calculations : The analysis of the ELF function has
been carried out with the TopMoD program.[31] Here too,
the 6–31G* basis set and the hybrid Hartree–Fock density
functional B3LYP[32] were used throughout unless noted
otherwise. Since the density is correct to second order, the
mono-determinantal level is sufficient, and is in anyway
compatible generally with higher levels.[20] We further note
that DFT includes correlation implicitly; this and the fact
that the definite kinetic energy and the one electron density
distribution, in the ELF formula, take into account correla-
tion by construction, mean that the ELF results can be used
in conjunction with the VB results, which include electron
correlation explicitly. In the C�F and Si�F cases, we have
also used a larger basis set including a set of diffuse func-
tions on Si and F (6-31+G*).

Results and Discussion

Valence-bond computational trends : A test of the accuracy
(see results in Table S1 in the Supporting Information) of
bond dissociation energies, De, as calculated by the BOVB
and VBCI methods, was performed by using different basis
sets, ranging from 6–31G* to cc-pVTZ. These data were
compared with the corresponding benchmark CCSD(T)
values, and wherever available with experimental values.
The two VB methods give similar results, and in all cases
the calculated VB values are compatible with the bench-
mark values, within a few kcalmol�1. Moreover, the VB and
CCSD(T) methods exhibit a similar basis set dependence,
and with the cc-pVTZ basis set, the values approach the ex-
perimental quantities. A test of the dependence of RECS on
method and basis set was also carried out (see results in
Table S2 in the Supporting Information). The results show
small to moderate dependence, which is expected as most
molecular properties show anyway such dependencies. Im-
portantly, what do not depend on method or basis set are
the trends in the RECS quantity.

Covalent, ionic and charge-shift bonds emerge from VB :
Table 1 collects BOVB calculated properties for 21 different
single bonds. BOVB calculations constitute our largest and
uniform data set. Still, in some cases, where the RECS values
exhibit method dependence, we show also corresponding
VBCI data. In each case we show the contribution to the
bond dissociation energy due to the lowest structure, either
the covalent (DCOV) or ionic (DION), the total bond energy
(De), the charge shift resonance energy (RECS), and the
weight of the covalent structure (wCOV).

In Table 1, entries 1–7, one can see the two classical bond
families; Table 1, entries 1–5 correspond to classical covalent

Scheme 2. Expected ELF properties for the ideal covalent and ionic
bonds.
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bonds, for which the bond energy is dominated by the spin-
pairing contribution in the covalent structure, while Table 1,
entries 6 and 7 correspond to the classical ionic bonds, in
which bonding is dominated by the electrostatic energy in
the ionic structure. In both classical groups the charge-shift
resonance energy is a minor bonding effect compared with
the principal contributions.

Alongside the classical groups, we see in Table 1, en-
tries 8–20 a group of bonds where now the classical covalent
or ionic interactions contribute only weakly, if at all, to the
overall bonding energy. The bonding, in this group, arises
mainly or solely from the CS resonance energy. This is the
group of charge-shift bonds (CS bonds), which is seen to in-
clude a variety of homonuclear bonds, for which the weight
of the covalent structure is very similar to those in the cova-
lent-bond family. Notably, almost all dihalogens (Table 1,
entries 8–13) display a negative bonding energy for the cova-
lent component, corresponding to a repulsive covalent curve
as shown in Figure 2b for the F2 molecule. Moreover, since
the covalent structure is calculated at the VBCISD level
with dynamic correlation, and since it remains repulsive at
this level in F�F, Cl�Cl, etc., this means that dynamic corre-
lation, by itself, cannot create bonding in the covalent struc-
ture of F�F, Cl�Cl, etc. By contrast, the inclusion of the
ionic VB structures in the wave function, at both the BOVB
and VBCI computational levels, contributes large RECS

quantities and causes a drastic change, leading thereby to
significant bond energies. As we noted in the Methods sec-
tion, the weight of a repulsive covalent structure will be

dominant in all the homopolar bonds, since it is the lowest
VB structure in the corresponding wave functions. The fea-
ture that distinguishes classical covalent from the CS bonds
is the RECS quantity.

It appears therefore that, in the CS-bonded family of mol-
ecules, the only physical interaction that holds the bonded
atoms together is the charge-shift resonance energy due to
the covalent-ionic fluctuation; again, the term “fluctuation”
refers to the deviation of the pair density from the average
of one electron per atom (fragment). This conclusion carries
over to the O�O bond (Table 1, entry 14), and in tempered
manner also to the N�N bond, where the CS resonance
energy plays a dominant role. In addition, some regular ten-
dencies are observed in the homonuclear bonds: the CS res-
onance energies increase, and the covalent interactions
become more repulsive, as one moves in a family from
bottom to top (Br�Br to F�F), or from left to right in a row
(H2N�NH2, HO�OH, F�F) of the periodic table. As such,
large resonance energies and repulsive covalent interactions
seem to be associated with compact orbitals and the presence
of lone pairs ; this observation will turn out to be fundamen-
tal.

Alongside the homonuclear bonds, one finds highly polar
bonds, such as H�F, Si�Cl, and Ge�Cl, in which the cova-
lent contribution to bonding is inferior to the CS resonance
energy. Finally, the Si�F bond (Table 1, entry 21), with a res-
onance energy of 36.6 kcalmol�1, is a borderline case, in be-
tween the charge-shift and ionic families. Clearly therefore,
CS bonding transcends ionicity or covalency of the bond, in

Table 1. Properties of single bonds and their classification according to VB theory.

Entry Bond [a] De Dcov Dion RECS wcov Origin of bonding

1 H�H[b] 105.4 93.7 – 11.7 0.760 Cov
2 Li�Li 20.9 15.5 – 5.4 0.810 Cov
3 H3C�H[b] 105.7 90.2 – 15.4 0.694 Cov
4 H3Si�H[b] 93.6 82.5 – 11.1 0.648 Cov
5 H3C�CH3 94.7 66.4 – 28.3 0.600 Cov
6 Na�Cl[c] 90.7 – 84.3 6.4 0.285 Ion
7 Na�F[d] 102.5 – 101.9 0.6 0.070 Ion
8 F�F[a] 36.2 �30.5 – 66.7 0.728 CS

F�F[c] 32.3 �21.8 – 54.1 0.741 CS
9 Cl�Cl[a] 40.0 �21.9 – 61.9 0.684 CS

Cl�Cl[c] 41.6 �3.4 – 45.0 0.661 CS
10 Br�Br[a] 41.3 �18.1 – 59.4 0.713 CS

Br�Br[c] 44.1 +9.2 – 34.9 0.667 CS
11 F�Cl[a] 47.9 �39.7 – 87.6 0.588 CS

F�Cl[c] 49.3 �29.8 – 79.1 0.585 CS
12 F�Br 50.1 �34.5 – 84.6 0.554 CS
13 Cl�Br 40.0 �9.2 – 49.2 0.694 CS
14 HO�OH[a] 50.8 �11.7 – 62.5 0.676 CS

HO�OH[c] 49.8 �1.1 – 50.9 0.673 CS
15 H2N�NH2

[a] 68.5 19.6 – 48.9 0.612 CS
H2N�NH2

[c] 70.5 35.7 – 34.8 0.675 CS
16 H�F[c,e] 134.0 49.3 – 84.7 0.551 CS
17 H3C�F[e] 99.2 28.3 – 70.9 0.450 CS
18 H3C�Cl[f] 79.9 34.0 – 45.9 0.616 CS
19 H3Si�Cl 102.1 37.0 – 65.1 0.572 CS
20 H3Ge�Cl[g] 88.6 33.9 – 54.7 0.587 CS
21 H3Si�F[e] 140.4 – 103.8 36.6 0.358 ion-CS

[a] SD-BOVB calculation in 6–31G* basis set, unless specified otherwise. [b] 6–31G**. [c] VBCISD followed by Davidson correction. [d] From ref. [7b].
[e] 6-31+G*. [f] From ref. [7c]. [g] From ref. [7d].
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the static sense of charge distribution or in terms of weights
of covalent and/or ionic contributions to the bond; the bond-
ing arises rather from the resonance energy due to the cova-
lent-ionic fluctuation of the electron pair density.[33]

ELF results and the emergence of covalent, ionic, and
charge-shift bonding : Table 2 collects the ELF results for
the same group of single bonds. For covalent and CS bond-
ing, we show the population of the disynaptic basin that cor-
responds to the A�X bond, N̄[V(A,X)], its variance s2,
which is a measure of the charge density fluctuation of the
bonding electrons, and the main covariance matrix element,
<cov(A,B)> . For ionic bonds (Table 1, entries 6,7), the
core population of the most electropositive atom A is re-
ported instead of nonexistent N̄[V(A,X)].

Once again, we see three groups of bonds. In Table 2, en-
tries 1–5, we find bonds with almost 2.0 electrons in the disy-
naptic basin, with weak to moderate fluctuation compared
to the total population. Following the classification in
Scheme 2 these are the classical covalent bonds. A pictorial
representation of the various basins for a typical molecule
displaying a bond of this type, the C�C bond in ethane, is
displayed in Figure 4.

At equilibrium distance (Figure 4a), the molecule exhibits
a disynaptic basin (green) that characterizes the C�C cova-
lent bond with the population of 1.81 e (see entry 5 in
Table 2). As one stretches the C�C distance, the disynaptic
C�C basin transforms into a pair of monosynaptic basins
(orange, Figure 4b), which characterize the dissociated
bond; now, each CH3 fragment bears an unpaired electron.

In entries 6 and 7 of Table 2, we show two bonds that do
not exhibit any disynaptic basin, but rather the bare core

basin of the electropositive atom and a monosynaptic basin
on the most electronegative one. The population of the core
basin of the sodium atom is close to 10 e, and the variance is
rather small (0.11–0.12); following Scheme 2 these are classi-
cal ionic bonds.

The largest group in Table 2 corresponds to entries 8–17.
In all of these bonds the population of the A-X basin is of
the order of 1 e� or less, and the variances of these popula-
tions are large, almost of the same order as the population.
The small populations of the disynaptic basins indicate that
these are not classical covalent bonds, in which two spin-
paired electrons are expected to provide the bonding. This
is most visible in F�F, which is shown in Figure 3 to possess
a disynaptic basin (green) that exhibits minimal electron pair
localization in the middle of the “bond”, fundamentally dif-
ferent from the barrel-shaped disynaptic basin of the C�C

bond in Figure 4a, more akin
to the dissociated bond in Fig-
ure 4b. In fact, at higher levels
of calculations,[20] in the cases
of F�F and Cl�Cl, the disynap-
tic basins are split into two
monosynaptic ones that are
0.2 T apart, and the electrons
in the bonding region behave
as though the bonds were “dis-
sociated” with significant Pauli
repulsion. This, together with
the large variance, signifies
that the bonding in these mol-
ecules is dominated by fluctua-
tion of the charge density.

This last group of bonds cor-
responds therefore to the same
CS-bonding type that emerges
from the VB calculations. As
we mentioned in the introduc-
tory section, the special nature
of the F�F bond emerges also
from other density-based ap-
proaches.[17b,21a,21c] Thus, as

Table 2. Populations N̄(W), population variance s2 and summed nonbonded covariance matrix elements hcov-
(A,B)i of ELF basins.

Entry Molecule Basin N̄(W) s2 hcov(A,B)i[a] Bond type

1 H�H V(H,H) 2.0 0.0 cov.
2 Li�Li V(Li,Li) 2.0 0.17 cov.
3 CH4 V(C,H) 1.97 0.63 cov.
4 SiH4 V(Si,H) 2.0 0.46 cov.
5 C2H6 V(C,H) 2.0 0.63 �0.18 cov.

V(C,C) 1.81 0.96 cov.
6 NaCl C(Na) 10.02 0.11 ion.
7 NaF C(Na) 10.01 0.12 ion.
8 F2

[b] V(F,F) 0.44 0.42 �0.49 CS
9 Cl2

[b] V(Cl,Cl) 0.73 0.59 �0.38 CS
10 Br2 V(Br,Br) 0.81 0.68 �0.40 CS
11 FCl V(F,Cl) 0.39 0.35 �0.51 CS
12 FBr V(F,Br) 0.28 0.26 �0.53 CS
13 ClBr V(Cl,Br) 0.67 0.54 �0.40 CS
14 H2O2 V(O,O) 0.49 0.41 �0.43 CS
15 N2H4 V(N,N) 1.16 0.77 �0.29 CS
16 HF V(H,F) 1.22 0.68 �0.64 CS
17 CH3F V(C,F) 0.86 0.64 �0.28 CS
18 SiH3Cl V(Si,Cl) 1.55 0.95 �0.18 (�0.63)[c] cov-CS
19 SiH3F V(Si,F) 0.27 0.24 �0.24 ion-CS

[a] hcov(A,B)i= hcov(N̄[V(A)],N̄[V(B)])i+
P
X 6¼A

P
Y 6¼B

hcov(N̄[V(A,X)],N̄[V(B,Y)])i. [b] V(F, F) and V(Cl, Cl)

are the unions of two monosynaptic basins. [c] The value in parentheses is covariance matrix element between
V(Si,Cl) and V(Cl).

Figure 4. Localization domains in ethane: a) RC�C=1.53 T. b) RC�C=

3.0 T). Color code: orange: monosynaptic, V(C); green: disynaptic, V-
(C,C); lilac: disynaptic V(C,H); magenta: core.
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noted by Bader and Essen,[17b] in F2, the electrons remain lo-
calized near the nuclei, the interaction in the binding region
is more typical of closed-shell species, and the covalent in-
teraction (due to exchange) is weak. Similarly, a recent den-
sity analysis by Rincon and Almeida,[21e] using inter alia VB
type wave functions, led to the following conclusion: “F2,
Cl2,···, show a dominant covalent character but not a shared
typed interaction behavior”.

An additional indication of the CS-bonding behavior is
provided by the summed elements of the covariance matrix
between the V(A, X) and V(X) basin populations; the sums
are large and negative. In dihalogen molecules the large
negative covariance matrix element between V(A) and
V(B) means that a significant quantity of electronic density
fluctuates back and forth from one atom to the other, and
corresponds to the charge-shift scheme A+B�$A�B+ .

The VB results for H3Si�Cl show that the bond is clearly
a charge-shift type (entry 19, Table 1), but the ELF proper-
ties of this bond are less clear-cut (entry 18, Table 2). A
source for this difference between the analyses could lie in
the exceptionally small ionic radius of the SiH3

+ ion (ac-
tually smaller than that of the CH3

+ ion, see Figure 7
below),[7c] which could make a disynaptic basin very difficult
to distinguish from a monosynaptic one.

The last entry in Table 2 corresponds to the Si�F bond.
With the 6–31G* basis set this bond does not possess a disy-
naptic V(Si, F) basin. Adding diffuse functions to the basis
set (6-31+G*), leads to an emergence of a disynaptic Si-F
basin, with a weak population, and large variance, mostly
due to the delocalization involving the fluorine lone pairs.
Thus, the improvement of the basis set increases the cova-
lent contribution at the expense of the static ionic one, and
confirms that although this bond has high static ionicity, it is
a borderline case fitting in between the groups of ionic
bonds and charge-shift bonds.

Comparison of CS bonding in VB and ELF theories : The
match between the predictions of the two methods is good.
However, it is most vivid in the homonuclear bonds that for
all intents and purposes would be considered “purely cova-
lent” by the traditional bond classification based on static
charge distribution. To project this unified prediction of the
two methods, Figure 5 shows a plot of the basin population
for homonuclear bonds vis-W-vis the charge shift resonance

energy. The correlation is apparent; the smaller the basin
population the larger the charge-shift resonance energy. Re-
calling (Table 1) that all these bonds have very similar
weights of covalent and ionic contributions to bonding, it is
clear that the major feature of bonding that distinguishes
this group is the RECS quantity that arises from the cova-
lent-ionic fluctuation of the pair density.

The correlation in Figure 5 indicates that both theories
converge to the same conclusion, thereby substantiating the
classification of CS bonding as a distinct bonding-type that
is supported by a dominant RECS quantity, due to covalent-
ionic fluctuation. Furthermore, both theories show that this
group of bonds transcends considerations based on static
charge distribution, and is more concerned with the “dynamic
bond ionicity”.[34]

Origins of CS bonding

While the phenomenon of CS bonding is derived from two
independent theoretical treatments, still one would like to
base this bonding type on some fundamental principles. The
following sections relate the phenomenon to fundamental
properties of atoms and bonding mechanisms.

The lone-pair bond weakening effect : In bonds such as F�F,
Cl�Cl, O�O, etc, the spin-pairing leads to a covalent struc-
ture that is either destabilized or only weakly stabilized rela-
tive to the dissociated atoms (Table 1). This failure of the
covalent structure to provide significant bonding was quanti-
fied before in VB terms,[7a–f] and found to originate primarily
in the repulsion between the bonding electrons and the lone
pairs that have the same symmetry as the bond, the repulsion
between the lone pairs themselves makes a lesser contribu-
tion.[7f]

The role of this repulsive interaction is well accepted.[21,35]

Sanderson[35] has referred to this interaction as the lone-pair
bond-weakening effect (LPBWE), and has demonstrated its
importance for all atoms bearing electron pairs. For exam-
ple, in the case of the F�F bond, the LPBWE amounts to
75.3 kcalmol�1 at equilibrium distance;[7f] the repulsion over-
comes the stabilization due to spin pairing, and is responsi-
ble fully for the repulsive nature of the covalent interaction in
this molecule (e.g. see Figure 2b). The LPBWE is not re-
stricted to F-F and will be common to all bonds between
fragments X that carry s-type lone pairs, for example, F, Cl,
Br, I, OH, SH, SeH, NH2, PH2, SbH2, etc. The covalent
structures in such X-X’ bonds, will be either weakly bonding
or repulsive. Moreover, the LPBWE will carry over, albeit
to a smaller extent, to heteronuclear A�X bonds, when only
one of the fragments carries a s- lone pair. According to VB
theory, in such bonds, the bonding will have to be sustained
by the RECS quantity that arises from the covalent-ionic
fluctuation of the electron-pair density; the spin pairing in
the covalent structure will make either a small contribution
or altogether a negative contribution to the bonding energy.
The discussion that follows provides the fundamental reason
why must RECS be large in these bonds.

Figure 5. A correlation between the population of the disynaptic basin,
calculated by ELF, and the charge-shift resonance energy, calculated by
VB, in a series of homonuclear bonds.
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The atom compactness and electron-pair richness effects:
What are then the origins of the large CS resonance
energy? And when do we expect it to be large? Some guid-
ing insight into these questions can be gained from Figure 6,
which shows a plot of the RECS quantity against the sum of
the electronegativities of the two atoms that constitute the
bond. Figure 6a shows this plot only for the homonuclear
bonds, A�A. One can see two families on two different
lines. The first line involves hydrogen and atoms of the first
row of the periodic table, that is, atoms of comparable size.
The second family involves corresponding atoms of lower
rows of the periodic table. More lone-pairs on the atoms
seem to play the same role, and for example, Br�Br and
Cl�Cl exhibit larger RECS compared with the N�N bond
that carries less lone-pairs.

Figure 6b is a similar plot for all the bonds in this study,
labeled generally as A�X. Despite the scatter, the general
trend is basically similar to the plot in Figure 6a; the larger
the sum of electronegativities and the more lone-pair rich
are the atoms the greater is the CS resonance energy of the
bond. The scatter in the plot reflects, in part, the effect of
the electronegativity difference, namely the classical Pauling
effect on the covalent-ionic resonance energy.[9] Thus, for a
given electronegativity sum (cX + cA), the RECS quantity in-
creases, to some extent, with increase of the electronegativi-
ty difference (cX�cA), thereby reflecting an increase of RECS

due to the stabilization of the ionic structure, A+X� , and its
stronger mixing into the covalent structure. However, the
electronegativity difference constitutes only a secondary in-
fluence. Indeed, in contrast to the behavior in Figure 6b
where a general correlation with (cX + cA) is apparent, no
correlation whatsoever is observed when the RECS data is
plotted against (cX�cA) alone in Figure 6c. The fundamental
correlation is with the sum of electronegativities.

Similar findings were noted before[7e] for the charge-shift
resonance energy of p bonds, and the respective plot is
adopted here in Figure6d. Thus, here too, the charge-shift
resonance energy was found[7e] to be large for atoms that
are either highly electronegative (O, N) and/or moderately
electronegative but bearing electron pairs (S, P). Clearly, the
CS resonance energies of s and p bonds, be they homonu-
clear or heteronuclear, exhibit a uniform behavior; in both
cases, the dominant factor is the sum of the electronegativities
and/or the number of lone-pairs on the constituent atoms.

Another interesting dependence of the CS resonance
energy is on the compactness of the orbital that participates
in bonding. Indeed, as we showed in an earlier treatment,[7b]

the effect of orbital compactness can be modeled by calcu-
lating the CS resonance energy of an H’2 molecule, where
H’ is an atom with a variable orbital exponent, z. The ap-
proximate relationship given in Equation (4) was found.

LnðRECSÞ 
 8:9 logeðzÞ�0:4 ð4Þ

Thus as z increases, the orbital of H’ becomes more com-
pact, and the CS resonance energy increases. This relation-
ship provides a simple explanation for the dependence of
RECS on the electronegativity sum in Figure 6. The sum of
electronegativity is an index of compactness of the valence
orbitals[36,37] of the constituent atoms of the bond, and the
correlation in Figure 6a,b reflects therefore the compactness
of the atoms that participate in the bond.

While this relationship accounts for one feature of the CS
resonance energy, it does not account for the effect of lone-
pair richness. To understand the latter, we first need to con-
sider the fundamental changes that occur during bond ma-
king,[17b,c,21a,21c,38] based on the virial theorem expressed in
Equation (5a), where E is the total energy, V and T are re-
spectively the potential and kinetic components, and R is

Figure 6. Correlation between the charge-shift resonance energy (RECS) of a bond and the electronegativity sum of the constituent fragments in: a) ho-
monuclear bonds, and b) all bonds in Table 1. c) Note the lack of correlation between RECS and the electronegativity difference for the bonds in (b). d)
A correlation between the RECS of p bonds and the sum of electronegativities.
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the interatomic distance between the two atoms (or frag-
ments).

�RdE=dR ¼ 2T þ V ð5aÞ

The term on the left of Equation (5a; the force acting on
the molecule multiplied by the respective bond length, R) is
zero at equilibrium, that is, for R=Req. This means that any
properly optimized wave function at its own equilibrium dis-
tance Req must obey the virial ratio of the kinetic to the po-
tential energy given in Equation (5b).

2T=ð�VÞ ¼ 1 ð5bÞ

Achieving this ratio results in energy lowering, namely in
bonding, which is expressed in Equation (5c).

DE ¼ �DT ¼ 0:5 DV; ðDV < 0Þ ð5cÞ

However, far from equilibrium, the virial ratio (2T/(�V))
will be off-balance: larger than unity for R<Req, (i.e. the ki-
netic energy T being too large to satisfy Equation (5b)), and
smaller than unity for R>Req.

[38g]

Let us now bring together two atoms (fragments): At in-
finite separation the atoms (fragments) obey individually
the virial ratio [Eq. (5b)]. Simply shortening the distance,
without any other change, will cause a decrease of the kinet-
ic energy, and will thereby put the virial ratio of the species
off-balance.[38d,e,g] The wave function will then have to relax
in some way to restore this ratio and decrease the total
energy. At the purely covalent level, this is accomplished by
orbital shrinkage,[38d] which lowers the potential energy but
raises the kinetic energy steeply. At the optimal distance of
the covalent structure, Rcov

eq , the virial ratio will be obeyed.
However, the purely covalent wave function yields, as a
rule, too small bonding energies and bonding distances that
are too long relative to accurately calculated spectroscopic
parameters; this wave function is insufficient. To optimize
the bonding, the orbital shrinkage mechanism has to be aug-
mented by an additional mechanism. This mechanism allows
the wave function to include ionic structures, thereby result-
ing in an optimized covalent-ionic wave function YA�X with
a shorter equilibrium distance RA�X

eq , where the virial ratio is
obeyed. At this distance, which is shorter than Rcov

eq , the co-
valent component of the wave function no longer obeys the
virial ratio, which now exceeds unity, and it is the mixing of
the ionic structures that restores the ratio to unity. There-
fore, it is clear that the effect of ionic structures is to dimin-
ish the 2T/(�V) ratio, that is, to reduce the excess of kinetic
energy relative to potential energy.

Thus, CS resonance due to the mixing of ionic structures
into the covalent one is expected to be responsible, along
with orbital shrinkage, for the adjustment of the kinetic and
potential energy terms to the virial ratio at equilibrium. This
effect of the CS resonance was ascertained by us using
BOVB calculations.[39] The following trends were found for
H2 at equilibrium distance: 1) upon binding, the orbitals

shrink, 2) the shrinkage of the orbitals in the covalent struc-
ture lowers the potential energy, V, but excessively raises the
kinetic energy, T, thereby tipping the virial ratio off-balance;
and 3) adding the ionic structures lowers T without having
much an effect on V, thus restoring the correct virial ratio.[39]

Generalizing to typical classical covalent bonds, like H�H or
C�C bonds, the mechanism by which the virial ratio is
obeyed during bond formation is primarily orbital shrinkage,
and therefore the charge-shift resonance energy is only a
small corrective effect.

Let us now consider a bond that bears adjacent electron
pairs, as in F2, Cl2, etc. The presence of lone pairs creates
additional Pauli repulsions (LPBWE), which raise the kinet-
ic energy.[38b] An extreme case is that of the F2 molecule, in
which the covalent component of the bond is repulsive,
having excessive kinetic energy throughout, thus making the
virial ratio greater than unity at any distance in the covalent
wave function. Therefore, by reference to H2, which lacks
these repulsive interactions, the additional increase of kinet-
ic energy brought by LPBWE must be compensated by
greater participation of covalent-ionic mixing. Moreover,
the necessity for large RECS is further reinforced by the fact
that the atoms that bear lone pairs are also compact, and
shrinkage of a compact atom (fragment) raises its kinetic
energy more steeply than in a case of a diffuse atom (frag-
ment).[40] It follows therefore, from the above discussion,
that the smaller the atom (fragment) and the more lone-pair
rich it is, the larger will be the excess kinetic energy, in the co-
valent structure, and the greater RECS would be required to
restore the viral ratio. This is the reason why the homonu-
clear bonds of F, O, N, Cl, etc., are CS bonds, and why many
heteronuclear bonds containing F, Cl, O, S, N, P, will have a
propensity for CS bonding. This is also the reason why the
RECS peaks for F, which is the most compact and lone-pair
rich atom in its period. This property comes inherently with
the atom (fragment). It follows therefore that CS bonding is
the outcome of a fundamental mechanism of bonding.

Manifestations of CS bonding

This section links the concept of CS bonding to some experi-
mental manifestations.

CS bonding and experimentally derived bond densities: The
density difference in the bonding region,[18] so-called also
the “bonding density” is defined as Equation (6), where 1M

is the electron density of the molecule, 1Pro is the density of
the pro-molecule, which consists as the superimposed densi-
ty of the two non-interacting atoms at the equilibrium bond
distance.

D1ðBÞ ¼ 1M�1Pro ð6Þ

Thus, 1Pro serves as a reference density to quantify the
nature of charge reorganization in the molecule relative to
the nonbonded atoms. For H2

+ and H2, D1(B)>0, namely
charge density accumulates in the bonding region and acts
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as the “glue” that binds the atoms. This simple bonding
paradigm, and its articulation based on the Hellman–Feyn-
man theorem,[41,42] have created an incentive to quantify the
D1(B) quantity by experimental X-ray and neutron diffrac-
tion techniques.[43] The findings of these studies led to two
types of “covalent bonds”. In the first type, there were
bonds like Li�Li, C�C, Si�Si, C�H, etc for which the D1(B)
quantity was positive much like in the H2 molecule. Howev-
er, the other type exhibited D1(B) that was negative or mar-
ginally positive. Among the latter class of “covalent bonds”
were the bonds, F�F, Cl�Cl, O�O, S�S, N�N, N�O, C�F,
and C�O.

We fully agree with the judgement that[21b–d] that the nega-
tive bonding density is an artifact of the choice of the pro-
molecule, however, the depleted density or the virtual lack
of a clear bonding basin are not artifacts, since these latter
features result also from examination of the density without
resort to the pro-molecule reference (e.g., Figure 3). We
note that the classification of two covalent bond groups
based on their electron density can be connected to the cen-
tral notion in the present paper, of classical covalent bond-
ing versus CS bonding. Right at the outset, one can identify
that the first group of bonds, for example, C�C, Si�Si, C�H,
that possess significantly positive D1(B), consists of classical
covalent bonds, while the second group, for example, F�F,
O�O, Cl�Cl, C�F, which possesses depleted D1(B) consists
of the group of CS bonds. The depletion of electron density
from the bonding region is diagnostic of poor binding by the
spin-pairing interaction of the covalent structure, due to
LPBWE effect. As a consequence of the LPBWE, the elec-
trons try to avoid these repulsive interactions by polarizing
away from the bonding region to the outer-side regions of
the bond, leading thereby to depleted bonding density (see
Figure 3 for the ELF domains). As discussed above, the
bonding interaction is provided by the covalent-ionic fluctu-
ation of the pair density. This covalent-ionic fluctuation
does not lead to electron density build-up in the bonding
region, and is more typical of closed-shell interaction, as
indeed probed by the various other electron density criter-
ia.[17b,20,21e]

CS bonding and the rare ionic chemistry of silicon in con-
densed phases : A large CS resonance energy typifies also
bonds with a high static ionicity, like H�F, C�F, Si�F, Si�Cl,
and Ge�Cl (Table 1). This arises due to a combination of ef-
fects, one being the LPBWE of the lone-pair bearing heter-
oatom, and the second is the strong covalent-ionic interac-
tion due to the decreased energy gap between the two struc-
tures.[7] In the case of Si�X bonds, the ionic VB structure
undergoes a special stabilization that can be appreciated
from the calculated charge distribution of the ionic struc-
tures, in Figure 7, for Si�Cl versus C�Cl.[7c,d] It is seen that
the positive charge of H3Si

+ is concentrated on silicon,
while in the case of CH3

+ the charge is delocalized over all
the atoms, placing only a small charge on the carbon. This
in turn causes much stronger electrostatic interactions in the
ionic structure H3Si

+Cl� compared with H3C
+Cl� . The

result is that the minimum of the ionic curve becomes very
deep for H3Si

+Cl� and it coincides with the minimum of the
covalent structure, leading thereby to a strong covalent-ionic
mixing and large RECS compared with the carbon analogue
(65 versus 46 kcalmol�1, see Table 1). The same situation
carries over to any R3Si�Cl versus R3C�Cl, R=alkyl, etc; in
each case the R3Si

+Cl� structure will have a minimum coin-
cident with the covalent structure and a large resultant
RECS, some 21 kcalmol�1 larger than that of the carbon ana-
logue.[7c,d,44] In a condensed phase, the ionic structure is sta-
bilized by the environment, but since the Si+Cl� minimum
is tight, the stabilization will be only moderate, and hence,
the ionic curve should remain close to the covalent curve,
thereby retaining the large RECS interaction of the bond.
Thus, in a condensed phase, the covalent-ionic mixing re-
mains large giving rise to Si�X bonds that stay intact due to
the large CS resonance energy. Since the heterolysis of the
Si�X bond would result in a loss of this resonance energy,
solvolysis of the bond would necessarily be difficult. This, in
our view, is one of the reasons why it was so difficult to gen-
erate “free” silicenium ions in condense phases,[13, 15] by con-
trast to carbon chemistry which is replete with carboca-
tions.[14] Other reasons were discussed before[7d] and are as-
sociated with the fact that the positive charge on the silicon
in a silicenium ion is screened by the negative charge of the
substituents (Figure 7). This leads to inefficient solvation of
the free silicenium ion, on the one hand, and on the other,
to the propensity of silicon to form hypercoordinated spe-
cies, with directed Si�X bonds in which bonding is sustained
by large CS resonance energy.[45] Indeed, hypercoordination
abounds in the chemistry of silicon.

The R3Si�F bond is a limiting case. On the one hand, the
presence of F creates propensity for CS bonding, but on the
other hand, the small size of the silicenium ion intensifies
the Coulomb interactions with F� , and causes the ionic
structure to be much lower in energy than the covalent
structure (Table 1), thus preventing an overly large value of
the resonance energy RECS. The RECS quiantity will diminish
gradually in a series of heteropolar bonds as the ionic struc-
ture gets further and further stabilized relative to the cova-
lent structure, until the interaction between the two struc-
tures becomes too small to matter. This limit occurs in the
classical ionic bonds, such as Na+F� , where the covalent-
ionic gap is too large to lead to any appreciable RECS.

Figure 7. Coulson–Chirgwin charges and some geometric parameters of
the ionic structures H3C

+Cl� and H3Si
+Cl� .
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Other manifestations of CS bonding : We would expect to
see manifestations of CS bonding on reactivity for cases
which involve cleavage of CS bonds. Our preliminary stud-
ies[46] show that the loss of CS resonance energy is the root
cause of the computational[47] and experimental[48] findings
that halogen transfer reactions (and especially of fluorine)
[Eq. (7a)], have much larger barriers (by >20 kcalmol�1 for
X=F) than the corresponding hydrogen transfer processes
[Eq. (7b)].

HC þ X�H0 ! H�Xþ CH0 ð7aÞ

XC þ H�X0 ! X�Hþ CX0 ð7bÞ

The two processes have almost identical covalent struc-
tures, but they differ in the status of the ionic VB structures
in the vicinity of the transition state. In reaction (7a), the
key combination of ionic structures, HC X :� H+ $ H+ X :�

CH, is destabilized by two repulsive three-electron interac-
tions[49] between HC and the X� fragment (Scheme 3a). By

contrast, the ionic combination X :� H+ CX Q XC H+ X :� , for
Equation (7b), is devoid of repulsive interactions (Sche-
me 3b versus 3a). The destabilization of the ionic structure
during X-transfer results in a loss of RECS in the respective
transition state. Since the H�X bonds, and especially H�F,
have large RECS to begin with, the loss is significant and the
barrier is higher for the X transfer reaction and especially
so for X=F. Similar trends were recently reported also for
group transfer reactions in lanthanide complexes.[50]

Scope and territory of CS bonding : The territory of CS
bonding for electron pair bonding is ultimately larger than
discussed in this paper. Thus, a recent VB study[51] shows
that coordinate bonding such as the one between tetravalent
boron and amines, R3B�NR’3, is dominated by CS resonance
energy. Similarly, Coote et al.[52] found that the dependence
of the relative bond strengths of R�X bonds (R=Me, Et,
iPr, tert-Bu; X=H, F, OH, OCH3) follows the CS resonance
energy. Our recent study of M�H bonds, where M is a first-
row transition-metal,[53] showed that the CS resonance
energy is quite significant despite the apparent “covalency”
of most of the bonds. Furthermore, RECS was found to in-
crease from left to right in the period, and to be affected by
the presence of the 2s22p6 core electron pairs, which behave
as lone-pairs on an atom. The above analyzed propensity of
atoms (fragments) to generate CS bonding suggests that

many of the bonds of first-row transition metals will tend to
be CS bonds, especially when the bonding partner an elec-
tronegative and/or lone-pair rich atom. More such CS bonds
should be looked for among the bonds between the heavier
elements of the periodic table. CS bonding typifies also the
bonds of noble gas atoms, for example, XeFn (n=2,4,6), and
all hypercoordinated species,[54] such as PCl5, SFn (F=4,6),
and so on. CS bonding is expected to be ubiquitous with a
large territory waiting to be explored.

Concluding Remarks

This study uses valence bond (VB) theory and electron-lo-
calization function (ELF) calculations to demonstrate that
along the two classical bond families of covalent and ionic
bonds, which describe the electron-pair bond, there exists a
distinct class of charge-shift bonds (CS bonds) in which the
fluctuation of the electron pair density plays a dominant
role. In VB theory, this is manifested by large covalent-ionic
resonance energy, RECS, and in ELF, by a depleted basin
population with a large variance and negative covariance.

The large RECS quantity of CS bonds was shown to be an
outcome of the mechanism necessary to establish equilibri-
um and optimum bonding during bond formation. As atoms
(fragments) bind they shrink, and hence, the steep increase
in their kinetic energy exceeds the lowering of the potential
energy that results from the diminished atomic size. The ki-
netic energy rise becomes all the more severe when the
atoms (fragments) bear lone-pairs, which by repulsion with the
bonding electrons and between themselves further augment
the kinetic energy during binding. The RECS quantity consti-
tutes therefore the energy mechanism required to lower the
excess kinetic energy, so that the total energy of the molecule
can ultimately decrease. Heuristically speaking, the electrons
in the bonding region trade off their frantic “motions” near
the atoms by the slower fluctuations between the atoms.

Atoms (fragments) that are prone to CS bonding are com-
pact electronegative and/or lone-pair-rich species, albeit
with moderate electronegativity; the CS-property peaks at
fluorine. Indeed, CS bonding was found to include the fol-
lowing bond groups: a) Homopolar s and p bonds of heter-
oatoms with zero static ionicity. b) Heteropolar s and p

bonds of the electronegative elements (F�Cl, F�Br). c) Het-
eropolar s and p bonds of the electronegative elements (F,
O, N, Cl) to H and C. d) Heteropolar bonds, with large
static ionicity, of second and third row metalloids (Si, Ge,
Sn, etc) to electronegative and electron-pair rich atoms
(e.g., F, Cl). e) All hypercoordinate molecules have CS
bonding.[54] Our most recent results show that triple bonding
is almost invariably CS bonding. Clearly, this is a distinct
and large group of bonding that transcends consideration of
covalency or static charge distribution.

In sum: CS bonding is ubiquitous; defining its territory
and manifestations will ultimately depend on the acceptance
of the idea and its articulation by experimentalists and theo-
reticians.

Scheme 3. Lone-pair bond weakening effect (LPBWE) in the ionic struc-
ture for X-transfer reactions and the lack of LPBWE in the ionic struc-
ture of H-transfer reactions. The �2bS terms correspond to the repulsion
energy of the particular interaction.
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