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ABSTRACT: In this paper, a review is presented of the
abundant literature on the two-center three-electron
(2¢c-3e) bonding, which plays a crucial role in elec-
tron transfer and radical chemistry. Important ques-
tions regarding this peculiar type of interaction are
(1) Is a three-electron bonded complex a molecule or
an assembly of molecules?, (2) Since an unpaired elec-
tron is involved, where is the spin density located?,
and (3) Is there a descriptor of electron fluctuation,
which is a central phenomenon in this type of bond-
ing? We demonstrate that the topological analysis of
the electron localization function (ELF), which pro-
vides a convenient mathematical framework to study
chemical bond in molecules and solids, is able to an-
swer these questions. First, examples of potentially
3e-bonded complexes proposed by Pauling are re-
investigated. Second, the electron attachment process
on molecules of the H XYH,, type with XY=CI, S,
P, Si and n, m=0-2 is considered. Finally, the ELF-
based topology of some prototypical radicals contain-
ing the SO bond is examined. From these studies, sev-
eral topological signatures of the 3e bonding have been
elaborated. No disynaptic basin, well known as the
topological signature of a covalent shared-electron pair
interaction, is found between two 3e-bonded atoms.
Therefore, to distinguish 3e bonds from ionic or hy-
drogen bonds, a core valence bifurcation (CVB) in-
dex has been introduced, similar to the one previ-
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ously defined by Fuster and Silvi (Theor Chem Acc
2000,104,13) to differentiate weak and medium H-
bonds. Moreover, in 3e-bonded systems, the spin den-
sity is mainly localized within the lone-pair basins of
the heavy atoms. To quantify the electron fluctuation,
a topological delocalization index has been defined.
An unambiguous characterization of the 3e bonding
is thus obtained, which is in agreement with other the-
oretical approaches, such as the valence bond method.
© 2007 Wiley Periodicals, Inc. Heteroatom Chem 18:135-
160, 2007; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/hc.20325

INTRODUCTION

Two-center three-electron (2c-3e) bonded radicals,
which are characterized by a relatively weak bond
between two heteroatoms, have attracted consider-
able attention in recent years. They are important
because they act as reaction intermediates during
electron transfer processes, in particular, in biolog-
ical environments. They were initially described in
1931 by Pauling in one of his classical papers on the
nature of the chemical bond [1] and later in his book

[2].

What Is Two-Center Three-Electron Bonding?

In the valence-bond (VB) formalism, 2c-3e bonds
owe their stabilities to a resonance between two
Lewis structures that are mutually related by charge
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transfer as shown in (1), (2), and (3) for 3e-bonded
cation, anion, and neutral radicals, respectively.

A" B < Al B (1)
A"B < A B 2)
A"B < Al 'BY (3)

In these resonance situations, the energy difference
AE between the two limiting structures must be
small enough to achieve a sizeable stabilization en-
ergy [3]. For cationic radicals, AE is the difference
in ionization potentials (IP) of species A and B. For
anion radicals, it is the difference in electron affinity
(EA) and for neutral radicals it is the difference in
IP of B and EA of A. This explains why the three-
electron bond occurs mainly in homodimeric ionic
systems and more rarely in neutral ones, at least in
the gas phase. In molecular orbital (MO) terms, a
closed shell orbital, typically a lone pair of one frag-
ment A, interacts with the singly occupied MO of the
B fragment, resulting in a doubly occupied bonding
MO (usually a o orbital) and a singly occupied anti-
bonding MO (c*) of the composite molecule A.". B,
as depicted in Fig. 1, where the eventual charge of
the fragment and of the radical has been omitted
for the sake of simplicity. To form a stable 2c-3e
bond, the interacting fragment MOs must be close
in energy, similar to the requirement of small AE in
the VB model. Furthermore, the fragments that are
linked in such a bond, one cation and one neutral
for a 3e-bonded cation radical (respectively one neu-
tral and one anion for a 3e-bonded radical anion),
must each bear a lone pair, which is singly occu-
pied in the cation (respectively in the neutral) and
doubly occupied in the neutral fragment (respec-
tively in the anion fragment). All molecules of the
generic form XR,, (R being H or a substituent) with
(X,n) =(Ne or He, O), (F,1), (0,2), (N,3) (respectively
with (X,n)=(F,1), (0,2), (N,3)) and their second-

FIGURE 1 Molecular orbital diagram for the A.".B three-
electron bond showing the two bonding electrons in the (o)
orbital and the antibonding electron in the (¢*) orbital.

row analogues are therefore candidates for form-
ing three-electron bonds with cations (respectively
with anions) of the same set. Generally the strongest
3e bonds associate two identical fragments. In sum-
mary, these bonds occur mainly between rare gas
atoms or heteroatoms of the first and second periods,
hence He.".He, N.".N, O.".0, F.".F, Ne.".Ne, P.". P,
S...S, Cl..Cl, and Ar..Ar constitute typical 2c-3e
bonds. The dihalogen anions, as well as the rare
gas cation dimers, constitute prototype 2c-3e bonded
systems. Since the bond order in such a molecule
will be one half (thus the name “hemibonds” some-
times given to these types of bonds), the dissociation
energy will be roughly half of the corresponding two-
electron bond and the bond distance will be longer.
It is worthwhile to mention that one-electron bonds,
though outside the scope of this paper, are also clas-
sified as “hemibonds” because a single electron oc-
cupies the bonding orbital (examples are given by
Hj and the dialkali metal radical cations). However,
the 2c-3e bonds are generally weaker than the 2c-1e
bonds, because of the greater destabilization caused
by the antibonding electron with respect to the sta-
bilization caused by the bonding electron.

Some Examples of 2¢-3e Bonded Complexes
Proposed by Pauling

In his fundamental paper [2], Pauling examined sev-
eral examples of 3e-bonded species, the simplest one
being Hej. He also proposed the nitric oxide radical
NO, which is the most stable of the odd-electron
molecules, and presents a partial 2c-3e bonding
character. In his opinion, it involves a double bond
plus a three-electron bond between the two atoms,
resulting from the resonance between the structures
I and II shown in Fig. 2. This may explain why
NO does not polymerize in the gas phase. The ex-
istence of the hemibond implies a delocalized elec-
tron between N and O, whereas dimerization would

N 0: *N o3
65% 35%

FIGURE 2 The two Lewis resonant structures proposed by
Pauling for the NO molecule.

3% 25% 24% 18%

FIGURE 3 The four Lewis resonant structures inferred from
the ELF description of NO (see text).
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FIGURE 4 The two Lewis resonant structures proposed by
Pauling for the OF molecule.

require the localization of the odd-electron on the
nitrogen atom. Another example given by Pauling
is the nitrogen dioxide (NO,) in which one oxygen
is attached to nitrogen by a double bond and one
by a single bond plus a three-electron bond. The
simple dioxygen molecule, containing two unpaired
electrons and being consequently strongly paramag-
netic, is better described by a single bond and two
three-electron 7-bonds rather than by a double bond.
The structure of the superoxide ion O; has been de-
termined by the measurement of the magnetic sus-
ceptibility of the highest oxide of potassium, KO,
[4]: the crystal is supposed to contain O; ions in
a ’I1 state, involving a single bond and a 3e bond.
Among the other molecules proposed by Pauling as
candidates for 2¢c-3e bonded compounds, several in-
volve the halogen atoms: for example, OF, CIO, [5],
and Cl;. The two neutral radicals are actually par-
tially 3e-bonded species. The former is described by
a single bond and a three-electron bond, as in Fig. 4,
whereas in the latter one oxygen atom is attached by
a single bond to chlorine, while the other is held by
a single bond plus a three-electron bond, as in Fig. 5.
In contrast to the preceding examples, Cl; is a pure
3e-bonded radical anion, i.e., its stability is only due
to the resonance 1 with A=B=ClI.

Recent Experimental and Theoretical Studies
of 2c-3e Bonded Complexes

Three-electron bonds are encountered in many dif-
ferent areas such as free-radical chemistry in so-
lution [6-11], as well as in gas [12-15], and solid

Y 24 8

+Cl He

Hok HH

FIGURE5 The Lewis resonant structures proposed by Paul-
ing for the ClO> molecule, showing the 2c-3e bond between
the chlorine atom and the “up” oxygen atom. The complete
resonant scheme involves two other similar structures (I' and
II'), taking into account the electron delocalization between
the two equivalent oxygen atoms and showing the 2c-3e bond
between Cl and the “down” oxygen atom.
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phases [16], biochemistry [17-23], organic reac-
tions [24-26], radiation studies [27-30], intraze-
olite chemistry [31,32], bioinorganic enzymology
[33-35], and are preferentially observed in cations.
The most extensively studied group is that of
sulfur-centered radical cations, but they can also
be found in anions [7,21,25,26,29] or neutrals
adducts [24,27,28,30,36]. Time-resolved pulse radi-
olysis techniques have demonstrated that partic-
ularly the sulfur-containing species exhibit strong
optical absorption in the visible and near UV re-
gions. On the basis of the results obtained for vari-
ous sulfur-containing 3e-bonded radicals, these op-
tical absorptions were, in the first approximation,
attributed to 0 — ¢* transition [6]. In general, three-
electron bonds are formed intermolecularly, for
example, between a sulfur radical cation and the
sulfur atom of another molecule, but they can also
exist intramolecularly, if two [10] or more [16] sul-
fur atoms are located in the same molecule. In this
latter case, a novel radical cation having a 2,3,5,6-
tetrathiabicyclo[2.2.2]oct-7-ene structure has been
characterized by X-ray spectroscopy. Its remarkable
stability is attributed to resonance between two lim-
iting structures, each of them constitutes a 2c-3e
bond between two sulfur atoms belonging to two dif-
ferent disulfide linkages. Intramolecular N.".S and
S.'. O bonds are also frequently formed, for example,
during the process of oxidation of sulfur in methion-
ine or methionine-containing peptides. This process
plays an important role during pathologic condi-
tions associated with oxidative stress [22,23,37,38].
It has also been observed by means of femtosec-
ond spectroscopy between the two nitrogen atoms
of excited 1,8-bis(dimethylamino)naphthalene, a
molecule that combines a strong basicity with a low-
nucleophilic character and is known as the prototype
of organic “proton sponges” [30]. It is worth not-
ing that competition can occur between two-center
three-electron bonds and hydrogen bonding, as sug-
gested by theoretical studies [39], further supported,
for example, by ion/molecule association reactions
in mixtures of methyl halide and dimethyl sulfide
studied by mass spectrometry [14]. The competitive
formation of o (i.e., 2c-3e)-type or n-type bonding
has also been evidenced in the photochemical one-
electron oxidation of aromatic sulfides [40] and has
been shown to be sensitive to the steric and elec-
tronic influence of substituents. Finally, although it
is formally out of the scope of heteroatom chem-
istry, 3e bonds involving metal atoms exist: the fer-
ryl group Fe=O0 in di-iron enzymes core models [41],
the Al.".N or the Al.". C bonds that are formed spon-
taneously after insertion of the Al atom into alkyl
ethers [42] or into the NH; molecule [43], and the
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Rh..Rh bond [44] or Rh.".Ir bond [45] in bridged
complexes, which have been evidenced by X-ray
structural studies.

From a theoretical point of view, the most
frequently studied species are the rare gas dimer
cations [46,47], dihalogen anions [48-50], and disul-
fide ions [51-55], which have long been experimen-
tally identified. In two landmark papers, Clark [3]
and Gill and Radom [39] investigated all the model
systems of the type H,,X.". YH?, attempting to ratio-
nalize the existence of 2¢-3e bonds. In particular, Gill
and Radom found that high level of ab initio theory
including electron correlation is essential to predict
correct dissociation energies. As far as methodol-
ogy is concerned, the reasons why the description
of odd-electron bonding by Hartree-Fock (HF) the-
ory is physically wrong have been clearly explained
by Hiberty et al. [56]. Indeed, the crucial feature of
this bonding is electron fluctuation, i.e., resonance
between charge-shifted related structures, as shown
by the VB descriptions (1), (2), and (3) of 3e-bonded
cation, anion, and neutral radicals, respectively. A
correct description of this phenomenon should al-
low the orbitals to adapt in size and shape in re-
sponse to this charge fluctuation, which is formally
impossible to obtain in the framework of the HF
theory. For dissymmetric X.".Y bonds, it can result
in a erroneous sharing of the charge, i.e., of the spin
density between the two atoms. A simple nonempiri-
cal remedy, using the breathing orbital valence bond
(BOVB) method [57], has been proposed which cor-
rects the dissociation energy that was found to be too
small. Concerning density functional theories, some
of the most popular, in particular those based on
Becke’s exchange functionals, have demonstrated to
systematically overestimate 2c-3e bond dissociation
energies, whereas bond lengths are found to be too
long and frequencies too low [53,58-61]. The prob-
lem lies in overestimating the self-interaction en-
ergy in the description of delocalized states. For the
ground state of the (H,0); radical cation, modern
density functionals favor the 3e-bonded structure,
whereas correlated calculations show the proton-
transferred isomer to be the most stable [59,62].
Only the BH&HLYP functional, which includes 50%
HF exchange, 50% Becke exchange, and the addi-
tional correlation effects of the LYP functional [63],
performs surprisingly well for 2c-3e bonded cation
radicals, except for the rare gas dimers and for some
2c-3e bonded radical anions. Some attempts have
been made to improve the description of the disso-
ciation of these bonds by Density Functional The-
ory (DFT) [60,64-66]. For example, Jaramillo and
Scuseria proposed a new local hybrid functional
scheme with position-dependent amounts of exact

exchange that partially corrects the self-interaction
error and improves significantly dissociation ener-
gies and equilibrium distances [64]. Among the post-
HF approaches, the second-order Moller-Plesset
(MP2) method has been used for numerous cationic
[3,39], anionic [67], and neutral radicals [68,69].
This method appears to be the only candidate
for calculating chemical properties of hemibonded
species, since it includes the essential dynamical cor-
relation at a rather economical cost, provided the
molecules are symmetric and the geometries that are
considered are not too stretched relative to equilib-
rium [50,70]. Numerous other methodological anal-
yses have been published that provided better in-
sight into the nature of this peculiar type of bond-
ing either in cationic [51,52,71,73], anionic [74-76],
or neutral species [68,69,78,79]. The crucial prob-
lem of competition that often occurs between 2c-
3e bonded and hydrogen-bonded species and may
determine the stability of the former has also been
addressed in several studies [80-82]. Finally, in con-
nection to some previously mentioned experimental
papers, there is a growing interest for the theoreti-
cal investigations of the 2c-3e S.". O bond that could
stabilize the sulfide radical cations in biological
environment [83,86].

Objectives of This Paper

In contrast to several previously mentioned theoret-
ical publications, our aim is not to provide precise
equilibrium distances, dissociation energies, nor vi-
brational frequencies of 2c-3e bonds, but rather to
investigate the nature of these bonds by means of
topological tools, which determine the qualitative
characteristics of this type of bonding. In particu-
lar, we try to answer the following questions:

i. Is a three-electron bonded complex a molecule or
an assembly of molecules?

ii. Since an unpaired electron is involved, where is
located the spin density?

iii. Is there a topological descriptor of electron fluc-
tuation, which is a central phenomenon in this
type of bonds?

To achieve this goal, highly accurate wavefunctions
are generally useless. However, the calculations
should give rise to the following: (i) correct elec-
tronic state, (ii) a geometry in agreement with
the available experimental results or those of the
best calculations (a few percent of angstroms on
the distances and a few degrees on the angles are
sufficient), and (iii) the order of magnitude of the
dissociation energy. The topological analysis of the

Heteroatom Chemistry DOl 10.1002/hc



What Can We Learn from Two-Center Three-Electron Bonding with the Topological Analysis of ELF? 139

electron localization function (ELF) of Becke and
Edgecombe [87] analyzes density functions, which
are extracted, in the majority of cases from MO
wavefunctions, although they could, in principle, be
applied to densities obtained from VB wavefunctions
or to experimental densities. We will demonstrate in
this article that the ELF approach is able to provide
a description a 2c-3e bonded molecules in terms of
“topological signatures.” Belonging to the group of
topological theories of chemical bonding pioneered
by Bader in his atoms-in-molecules (AIM) method
[88], the topological analysis of ELF aims to parti-
tion the molecular space into chemically significant
regions, thus providing a mathematical model of the
Lewis theory. During the last 10 years, it has been
mainly developed in our laboratory [89-95] and
has been extensively applied by numerous groups
to the understanding of the chemical structure of
molecules [77,79,96,97-122] and solids [123,124].
It has also been combined with the catastrophe
theory, a theory of chemical reactions, in which the
evolution of ELF is studied as a function of control
parameters [125-129].

The organization of this paper is as follows: the
following section is devoted to the foundations of
the topological analysis of ELF. Later, several text-
book examples of Pauling [2] are examined, such
as the prototypical cation dimer Hej, to which we
added Nej. This enables us to verify that the topol-
ogy of 2c-3e bonded molecules does not depend on
the method employed to calculate the wavefunction,
and to give a primary topological description of 2c-3e
bonded molecules. We also consider three neutral
radicals, namely NO, OF and, ClO,, which should
present, according to Pauling, a partial 2c-3e bond
character. The nature of the X—0 bond (X =N,F,Cl)
is discussed into the framework of the ELF analy-
sis and the resonant schemes which are inferred are
compared to the ones of Pauling. Subsequent sec-
tions are devoted to the most striking results previ-
ously obtained into two different works; the first one
deals with the process of electron attachment anion
H,X. . YH;, series (X,Y =heteroatom of the second
period and n=0,1,2,3) [77], whereas the second one
is a comparative study of the SO bond in prototyp-
ical radicals, ionic and neutral, RSOH~, RR'SOH},
and RR'SOH with R,R’ = H,CHj; [79]. These comple-
mentary studies allow us to determine unambiguous
topological signatures of the 2¢c-3e bond.

A SKETCH OF THE ELF ANALYSIS

The aim of the method is to provide a mathemat-
ically sound framework enabling a partition of the
three-dimensional coordinate space in adjacent re-
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gions, fulfilling as well as possible a one-to-one cor-
respondence with the chemical objects of Lewis’
valence theory [130,131]. The gradient dynamical
system theory (see Abraham and Marsden [132,133])
has already been successfully demonstrated to be
a reliable and appropriate tool in the context of
Richard Bader’s AIM theory [88]. Consider a local
function, n(r), called the potential function in the
dynamical system theory context. This local func-
tion carries the chemical information, whereas its
gradient An(r) forms a vector field bounded on R’.
This vector field determines two types of points of R*:
the wandering points at which An(r,) # 0 and the
critical points which correspond to An(r.) =0. The
critical points are characterized by their index which
is the number of positive eigenvalues of the second
derivative (Hessian) matrix of n(r). The formal anal-
ogy with a velocity field (i.e., An(r) =dr/dt) enables
one to build trajectories by integrating over the time
variable. Each trajectory starts in the neighborhood
of a point (or set of points) for which An(r) =0, called
the a-limit, and ends in the neighborhood of another
point (or set of points) for An(r) =0, called the w-
limit. Except for asymptotic behavior, the «- and
w-limits are critical points. The set of trajectories
having a given critical point as w-limit is called the
stable manifold of this critical point, whereas its un-
stable manifold is the set of trajectories for which it
is a a-limit. The stable manifold of a critical point of
index 0 (a local maximum or attractor) is the basin of
the attractor, that of a critical point of index larger
than 0 is a separatrix: it is the boundary between
basins.

As already mentioned, it is the potential func-
tion n(r) that provides the chemical information.
Becke and Edgecombe’s electron localization func-
tion [87,92,134,135] is derived from the measure of
the Fermi hole curvature and interpreted in terms
of local excess kinetic energy due to Pauli repulsion.
It is confined to the [1,0] interval in order to tend
to 1 where parallel spins are highly improbable, and
where there is therefore a high probability of oppo-
site spin pairs, and to zero in regions where there
is a high probability of same spin pairs. Another lo-
cal descriptor of the pair formation in the sense of
Lewis’s model, the so-called spin pair composition,
has recently been introduced on the basis of the
two-particle probability density analysis [92]. This
function is defined as the ratio of same spin- and op-
posite spin-pair functions integrated over a sampling
volume around the reference point:

N (r)

cr(r) = N(r)~*? N

“4)
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with

N(r) = / p(ry) dr,
\%4

Nu(r)=//n”"(r1,r2)dr1 dr2+//ﬂﬂﬁ(r1,r2)dr1 dl’.'z
VJV VJV

Ni(r)Z//ﬂ:aﬁ(rlarZ)drl dr2+/fnﬂ“(r1,r2)dr1 dr,
v/v vJv
(5)

In these equations, p(r) is the spinless one-electron
density distribution function, and 7°° (r;, r,) denotes
the oo’ component of the two-particle distribution
n(r;, r;), with 0,0’ = «, 8. It has been shown that
ELF is an excellent approximation to this function,
once put in the Lorentzian form n(r)=(1 +c2(r))".
ELF has the advantage that it can be expressed an-
alytically in terms of basis functions, in all practical
cases where the wavefunction is expressed in terms
of orbitals, whereas the spin pair composition must
be calculated numerically.

The topological partition of the ELF gradient
field [89,136] yields basins of attractors, which can
be thought as corresponding to bonds and lone pairs.
In a molecule one can find two types of basins, core
basins and valence basins. Core basins surround nu-
clei with atomic numberZ > 2 and are labeled C(A),
where A is the atomic symbol of the element. Valence
basins are characterized by the number of atomic
valence shells to which they participate, in other
words by the number of core basins with which
they share a boundary. This number is called the
synaptic order. Thus, there are monosynaptic, disy-
naptic, trisynaptic basins, and so on. Monosynaptic
basins, labeled V(A), correspond to the lone pairs
in the Lewis model, and polysynaptic basins corre-
spond to the shared pairs of the Lewis model. In
particular, disynaptic basins, labeled V(A, X), cor-
respond to two-center bonds, trisynaptic basins, la-
beled V(A, X, Y), to three-center bonds and so on.
The valence shell of a molecule is the union of its va-
lence basins. As hydrogen nuclei are located within
the valence shell, they are counted as a formal core
in the synaptic order, because hydrogen atoms have
a valence shell. For example, the valence basin ac-
counting for a C—H bond is labeled V(C,H) and
called protonated disynaptic. The valence shell of
an atom A, in a molecule, is the union of the va-
lence basins whose label lists contain the element
symbol A.

By integrating the one-electron density over any
of the core or valence basin volumes, labeled ©;, one

obtains their average population, N(;),

N(Q) = f ) dr ©)

i

When dealing with open-shell systems of particular
importance are the integrated basin spin densities,

S =3 [ GO =D @)

where p° () is the o spin one-electron density dis-
tribution function. As the basin populations are not
independent (3", N(€;) = N), it is possible to carry
out the multivariate statistical analysis of the basin
populations through the definition of the covariance
operator. The expectation values of this operator,

(cov(Q, ) = / | / ey, 1) dry i, — N(Q)N(R,)
o 8)

where 7 (r;, r,) denotes the spinless pair density
[137], provide pieces of information on the electron
delocalization. In particular, the diagonal elements,
the variances 02(;), are a measure of the quantum
mechanical uncertainty of the basin’s population,
namely the degree of fluctuation of the electron pair.
The multivariate analysis can be used to build a phe-
nomenological classical model of the charge distri-
bution in terms of the superposition of weighted me-
someric structures [93]. Moreover, the covariance
has a clear relationship with the so-called delocal-
ization index (DI) §(€2;, 2;), defined in the atoms-in-
molecules framework by Fradera et al. [138]:

8(91'7 Q])

(cov(2;, Q))) = 3

9)

The DI, §(£2;, 2;), accounts for the electrons delocal-
ized or shared between basins Q; and ;. It is wor-
thy to note that, except for the sign, it is identical to
the delocalization index we introduced in our previ-
ous studies[77,79]. As the total variance in a certain
basin can be written in terms of covariance,

8(, 2))

a?(Q) = Z(COV(Qi’ Q) =— Z 2

j# j#

(10)

one can do the usual contribution analysis, given
usually as a percentage,
(cov(€2;, 2;))
> iz (cov(, ;)
_ {cov(Q, Q)))
o2(2;)

CA.(2Q)) = x 100

x 100 (11)
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This term thus provides us the relative contribution
of the delocalized electrons of basin ©; on basis ;.

In the context of ELF analysis, the concept of do-
main is very important since it enables one to define
chemical units within a system and to characterize
the valence domains belonging to a given chemical
unit. Considering only gradient dynamical system,
mathematical properties do not provide the entire
set of definitions necessary to describe the bonding
in molecules, and therefore some other mathemat-
ically based approaches are required for this pur-
pose. The topological concept of domain has been
introduced in chemistry by P. Mezey to recognize
functional groups within organic molecules [139].
A localization domain is a region of space encom-
passed with an iso-ELF surface n(r) = f (a value
around 0.8 is commonly chosen delimiting volumes
within which the Pauli repulsion is rather weak).
It is called reducible when it contains more than
one attractor. Upon the increase in the value of
n(r), defining the bounding isosurface, a reducible
domain is split into several domains, each contain-
ing fewer attractors than the parent domain. Three
types of domains can be distinguished according to
the nature of the attractors within them. A core do-
main contains the core attractor(s) of a given atom,
a valence domain contains only valence attractors,
and a composite domain contains both valence and
core ones. For any system, there exists low values
of n(r) = { defining a unique composite parent do-
main. The successive reductions of localization will
split this parent domain. Every child which is a com-
posite domain corresponds to one or more chem-
ical species. A chemical unit is the union of the
basins of the last appearing composite domain of
a branch provided; it is a filled volume. The reduc-
tion of localization occurs at turning points, which
are critical points of index 1 located on the sepa-
ratrix of two basins involved in the parent domain.
Ordering these turning points (localization nodes)
by increasing n(r) enables to build tree-diagrams
reflecting the hierarchy of the basins. For exam-
ple, it allows to build-up a scale for the weak and
medium hydrogen bond, by defining a core valence
bifurcation (CVB) index, introduced by Fuster and
Silvi [96] and applied recently by Alikhani et al.
[116]. This index is positive when the first bifurca-
tion creates two molecular reducible domains (for
weak H-bonded complexes) and negative when the
core-valence separation is the first bifurcation oc-
curring in the reduction of the localization process
(for medium H-bond complexes which can thus be
considered as single molecules).
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APPLICATION TO TWO-CENTER
THREE-ELECTRON BONDS

Computational Methods

The calculations were performed with the
Gaussian94 [140] (for the H,XYH,, -type systems),
the Gaussian98 [141] (for the SO radicals), and
the Gaussian03 [142] (for the textbooks examples)
computational chemistry packages. At the present
state of the art, the topological analysis of the ELF
gradient field requires a wavefunction expressed in
terms of a single determinant, built on Hartree-Fock
or Kohn-Sham orbitals (work is in progress to per-
form the analysis on correlated wavefunctions). For
the textbook examples, different methods of calcula-
tions, ROHF, ROB3LYP, and ROBH&HLYP (where
RO stands for spin-restricted open-shell formalism),
were tested to study their influence on the ELF
results. For the H,XYH,,, molecules and their anionic
radicals, the optimizations of the geometries, as
well as the calculations of the wavefunctions, were
carried out with the hybrid density BH&HLYP func-
tional [87], within the spin-unrestricted formalism,
in the standard 6-311++G(3df, 2p) basis set. For
the unsubstituted SO radicals, the structures were
optimized at the coupled-cluster level with inclusion
of single and double excitations and perturbative
treatment of the triple excitations [CCSD(T)] in
the 6-314G* basis set and a single energy point
was calculated with the BH&HLYP functional. For
the substituted molecules, full optimization was
performed at the MP2/6-31+G* level, followed by
a partial optimization at the CCSD(T)/6-31+G*,
and finally a single-point energy calculation with
BH&HLYP/6-31+G*. The evaluation of the ELF
function on a grid, as well as the various steps of the
topological analysis described above, was carried
out with the TopMoD program [143,144], developed
in our laboratory and visualized with the molekel
4.3 software [145].

Textbook Examples

Three types of calculations (ROHF, ROB3LYP, and
ROBH&HLYP) were applied to prototype 2c-3e
bonded systems, namely the rare gas dimer cation
radicals He; (first example given by Pauling in
his book [2]) and Nej. The bond distances and
dissociation energies obtained with these three
methods, using the 6-3114+G(3df,2p) basis set, are
reported in Table 1 and compared with experimental
values. As already discussed by Hiberty et al. [56],
HF generates poor dissociation energies that always
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TABLE 1 Equilibrium Distances (Rg), in angstréoms (A) and
Dissociation Energies (Dg), in kcal.mol~, of Hej and Nej
Obtained with Different Methods of Calculation and by Using
the 6-311+G(3df,2p) Basis Set

Hey Ney
Method Re D¢ Re D¢
ROHF 1.0604 38.1 1.6897 -2.9
ROB3LYP 1.1425 75.5 1.8373 59.2
ROBH&HLYP 1.0993 65.5 1.7522 37.8
Exp 1.0812 56.92 1.752 31.40

2From Huber and Herzberg [153].
5From Dehmer and Pratt [154].

largely underestimate the experimental results (and
are even negative in the case of Nej). Neverthe-
less, the HF bond distances are in good agree-
ment with the experiment. On the contrary, the
B3LYP method provides overestimated bond ener-
gies and, in apparent contradiction, bond lengths
that are too large. These errors have already been
observed by Braida et al. [58] whatever the func-
tional used (local spin density, gradient corrected,
or hybrid functional) and have been interpreted “as
consequences of electron self-interaction, leading
to overstabilization of the Coulombic terms rela-
tive to the exchange—-correlation terms.” Finally, the
BH&HLYP functional performs surprisingly well, as
also initially pointed out by Braida et al. [58], espe-
cially in what concerns bond distances. In spite of
the heterogeneousness of these structural and ener-
getical results, the topological descriptors are very
homogeneous, which is crucial when considering
the aim of this paper. First, on a qualitative point
of view, the ELF-based topology of the two cation
dimers X; is the same, i.e., it is composed of two core
basins C(X) and two monosynaptic basins V(X), one
for each X atom, and there is no disynaptic basin
V(X,X) between the two nuclei. Second, the topo-
logical descriptors of these complexes, i.e., the pop-
ulation, integrated spin density, and variance of the
V(X) basin, reported in Table 2, do not depend either
on the method of calculation employed. Focusing on
Hej, the population and integrated spin density of
the V(He) basins show that the unpaired electron is
equally shared between both atoms. Moreover, there
is a large covariance matrix element between the two
monosynaptic basins, which is the ELF signature of
an important electron fluctuation between the two
lone pairs. Hence, there is a perfect agreement be-
tween the ELF-based description and the Pauling
resonance scheme of the 2c¢c-3e bond below,

He: .He' (50%) < He™, He (50%)

For Nej, the deviation of the V(Ne) population and
spin density from “Lewis” values (7.5 e and 0.25,

TABLE 2 Topological Descriptors of Model Systems, Using
Three Different Methods of Calculations: Population N, Inte-
grated Spin Density (S,), and Variance o2 of the Monosynap-
tic Basin

System Method N (S) o?

Hej ROHF 1.50 0.25 0.31
ROB3LYP 1.50 0.25 0.30
ROBH&HLYP 1.50 0.25 0.31

Nej ROHF 7.32 0.24 0.71
ROB3LYP 7.44 0.24 0.70
ROBH&HLYP 7.38 0.24 0.71

respectively) is due to the small contribution of the
Ne cores to the resonance process.

Among the other systems that have been pro-
posed by Pauling as candidates for 2c-3e bonding
molecules, we have chosen to investigate the three
following: nitric oxide, the most stable of the odd-
electron molecule, oxygen monofluoride, and chlo-
rine dioxide. Our aim is to verify whether Pauling’s
predictions are supported by the ELF analysis. The
equilibrium bond lengths and angles, calculated in
the framework of the BH&HLYP functional, are re-
ported in Table 3 and are compared with experi-
mental or other theoretical results. The agreement
is reasonable for NO and ClO, and very good for FO.
The ELF-based topology of these three molecules
differs from the one of the rare gas dimer cations,
since they are not purely 2¢c-3e bonded compounds.
Indeed, disynaptic V(X,0) basins (X=N, F, Cl) re-
veal the shared-electron pair character of the X—0O
bonds in the three radicals. More insights in the na-
ture of these bonds are provided by the quantitative
topological descriptors, i.e., the basin populations,
their variance, and the basin integrated spin densi-
ties, which are reported in Table 4.

For the NO molecule, the (S,) values indicate that
the V(N) basin contributes 60% to the localization
of the unpaired electron, whereas the V(O) basin

TABLE 3 Bond Lengths R, in A, and Bond Angles «, in
degrees, of Three Neutral Radicals Proposed by Pauling As
Candidates for 2c-3e Bonded Molecules

Molecule Re o

NO 1.1268
1.15778

FO 1.3204
1.320

ClO, 1.4455 116.6
1.470°¢ 117.4033¢

First line: ROBH&HLYP/6-311+G(3df,2p) optimized values. Second
line: experimental or other theoretical values.

2From Horn and Dickey [155].

5From O’Hare and Wahl [156].

°From Kuchitsu [157].
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TABLE 4 Topological Descriptors of Model Systems: Va-
lence Basins Population N, Basin Integrated Spin Densities
(&), and Variance of the Basin Populations o2

Molecule Basin N (S) o?
NO V(N) 3.7 0.30 0.86
3.7 0.33 0.57
V(N,0) 2.4 0.02 1.14
2.5 0.00 0.73
V(0) 4.7 0.15 1.12
4.8 0.16 0.64
FO V(F) 6.7 0.06 0.72
V(FO) 06 0.00 0.44
V(0) 5.5 0.40 0.64
CIO, V(CI) 4.1 0.20 1.16
4.4 0.20 0.24
V(C1,0) 1.4 0.00 0.81
1.5 0.00 0.80
V(0) 5.7 0.13 1.04
5.9 0.14 0.28

The values in roman characters have been obtained from an ELF cal-
culation using a ROBH&HLY P/6-311+G(3df,2p) wavefunction, those
in italics, result of a phenomenological model in terms of Lewis res-
onance structures (see text).

contributes 30%. When the core basins are taken
into account, the contribution of the nitrogen atom
amounts 64%, whereas the contribution of the oxy-
gen atom only 32%. At first the resonant scheme of
Pauling (see Fig. 2) seems in agreement with our ELF
analysis. Moreover, the large covariance between the
two monosynaptic basins (—0.42) supports this anal-
ysis. However, the value of the V(N,O) population is
closer to 2 than to 4, therefore the N—O bond is a
single bond rather than a double one. Hence, the
resonance scheme for the NO radical should con-
tain at least one structure with a single N—O bond.
Figure 3 displays the four Lewis structures that we
propose to describe the NO radical in the framework
of this phenomenological model. The weights of
each structure have been determined such as to best
reproduce basin populations and integrated spin
densities. Indeed these “phenomenological” ELF de-
scriptors, reported in Table 4, compare well with the
theoretical values. The covariance matrix elements
have been recalculated a posteriori, and the agree-
ment is not so good (all the values are systematically
found too small). Only the diagonal values, i.e., the
variances on the basin population, are reported in
Table 4. The results could be improved by adding
other ionic and no-bond structures, but the funda-
mental features of the bonding are already contained
in the model (Fig. 3). Our phenomenological model
suggests that the the N—O molecule can be described
by the following interactions in resonance:

1. a three-electron bond superimposed to a sin-
gle bond, represented by the resonance between
structures I and II,
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2. adouble bond represented by structure III, where
the lone electron is localized on N, and

3. asimple bond with partial charges, where the lone

electron localized on N, represented by structure
IV.

For the OF radical, the resonance scheme of Pauling,
reported in Fig. 4, would imply that the unpaired
electron is shared between the two atoms. However,
the ELF results do not at all support this description,
as the integrated spin density of the V(F) basin is very
small. Indeed, when the core basins are taken into
account, one finds that the oxygen atom contributes
90% to the localization of the lone electron. As a re-
sult, this precludes the existence of a three-electron
bond in the molecule. The very low population of
the V(F,0) (0.6 e), as well as the large correlation be-
tween the V(0O) and V(F) monosynaptic basins, is in
favor of a charge-shift electron-pair (CS) scheme of
the bonding, involving ionic structures such as FrO~
and F-O", as in F,. In this type of bonding, recently
revisited by Shaik et al. [146], the two atoms are held
by the exchange of two lone pairs rather than by the
exchange of a lone pair and of an electron, which
characterizes the 2c-3e bond.

For ClO,, the integrated spin density of the
V(CI) basin is of the same order of magnitude as
that of each V(O) basin (0.20 vs. 0.13). The co-
variances between the V(Cl) and each V(O) basin
are large (—0.36), which indicates that the electron
fluctuation between the two centers is an impor-
tant phenomenon. However, the population of the
V(Cl,0) disynaptic basins is smaller than 2. The res-
onance scheme proposed by Pauling (see Fig. 5) is
therefore incomplete and no-bond or ionic struc-
tures must be taken into account. We thus propose
the resonance scheme in Fig. 6. It is noteworthy that
the figure displays only half of the Lewis structures;
the three missing ones I, I, and III' are obtained
by exchanging the roles of the two equivalent oxy-
gen atoms. The population obtained from this phe-
nomenological model (see Table 4) are in good agree-
ment with those calculated within the ELF analysis;
concerning the electron fluctuation only the variance
of the V(Cl,0) basin is well reproduced. Neverthe-
less, if we adopt this model, the bonding in ClO, can
be described in the following way:

1. The main contribution arises from the resonances
between symmetric structures I and I, IT and IT/,
because of the electron delocalization between
the two equivalent oxygen atoms. Ionic structures
IIT and IIT" are only minor contributions.

2. Structure I (respectively I') resonates with struc-
ture II (respectively II') by electron transfer from
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FIGURE 6 The Lewis resonant structures inferred from the
ELF description of ClO». The complete resonant scheme in-
volves three other similar structures (', II’, and 1II'), taking into
account the electron delocalization between the two equiva-
lent oxygen atoms.

the “up” oxygen atom (respectively “down” O) to
the chlorine atom but, on the contrary to the 2¢c-
3e bonding scheme proposed by Pauling, there is
no electron pair transfer from Cl to the “up” O (re-
spectively “down” O), and consequently no global
charge transfer. Charge conservation is ensured
by the relocalization of the bonding CI—O pair on
the oxygen atom.

The H,X .. YH_, Anion Radicals

In the original paper, we investigated the formation
of a two-center three-electron bond by attachment
of an electron on a molecule of the H,XYH,, type
(with XY from the second and third lines of the
periodic table and #, m taking the appropriate val-
ues between 0 and 3) [77]. As we were particularly
interested by the topological changes occurring dur-
ing this process, we first considered the vertical at-
tachment (by conservation of geometry) and then re-
moved this constraint by relaxation. Here, we focus
on molecules isoelectronic to Cl, (i.e., X,Y=C], S, P,
Si and n, m=0-3) as a representative set of this type
of compounds. We reinterpret the vertical processes
in a simpler manner and we rediscuss the nature of
the X—Y bond of some compounds.

Structural Description of the Electron Attachment
Process. The geometry of the H,XYH,, systems and
their associated radical anions were fully optimized.
The structures of the compounds with X, Y=CI,
S, P, Si, depicted in Fig. 7, together with pertinent
geometrical data, are consistent with expectations
based on standard bond lengths and bond angles.
Going from X =P to X = Si, however, the X—Y bond
length increases less than expected and even de-
creases slightly from H,PCl to H;SiCl, illustrating
the particular nature of the Si atom. When an elec-
tron is attached to the system, the most dramatic ef-
fect on the geometry is the lengthening of the bond
distance, by an amount of 0.66 A for Cl; (i.e., an

CP-18%_ CI..-?:?‘.-’I-’.....C.l—I
g 20288 i 133:‘59...--(;
":95.2 8.8
H H
20648 ...1.-?9‘21....(:;_‘
{="100.2 =TS
H:::H
L HPH=93.2
H 1
e
Si--Ygepoenes cl
X 3
W
~
o F e §
\—)s-u §
H H
LHSSH=944
=
B74
f 2 E o )
i
I_I
£ HPH=93.3
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FIGURE7 BH&HLYP-optimized structures for H,XYH, sys-
tems (left-hand side) and their associated radical anions
(right-hand side), with X, Y=CI, S, P, Siand n,m=0,1, 2.
The 6-311++G(3df,2p) basis set was used for all the sys-
tems. Distances are in angstroms and angles are in degrees.

Heteroatom Chemistry DOl 10.1002/hc



What Can We Learn from Two-Center Three-Electron Bonding with the Topological Analysis of ELF? 145

increase of ~30%), 0.90 A for DHZPCI‘ (i.e., an
increase of ~43%) but only 0.175 A for HSi; (7%).
This is consistent with the decrease of the formal
bond order from 1 to 0.5, arising from the descrip-
tion of the process in terms of MO theory. For a given
Y atom, the X-Y distance increases as X changes
from X to P and decreases from P to Si, which de-
notes the special behavior of the compounds con-
taining Si. Moreover, one observes a decrease of the
(HXY and /HYX angles, except again for X or Y = Si.
Indeed, the geometry of the Si-containing anionic
compounds is very particular, not only because of
the slight increase in the Si—Y bond lengths but also
because of the change of orientation of the SiH; moi-
ety, in such a way that its HOMO points to a direc-
tion that is largely deviated from the Si-Y axis. This
lets us to postulate that these anions may exhibit a
bonding scheme that is more complex than a sim-
ple three-electron bond, as already pointed out by
Braida et al. for H,Si; [75].

The dissociation energy D, obtained with
BH&HLYP for the neutral compounds and the as-
sociated anions are reported in Table 5. Consistent
with the lengthening of the X—Y bond, one observes

TABLE 5 Dissociation Energy (kcal mol~1) for the HoXYH
Molecules Isoelectronic to Cl, and for the Associated Radical
Anions, Calculated at the BH&HLP/6_311++G(3df,2p) level.
(see text)

From
Species  Symmetry? This work Literature Experimental
Cly Dooh 49.8 57.3b
Cl, Deon 30.7  28.10° 31.87
HSCI Cs 58.9
HSCI- 15.3
H,PCI Cs 76.0
HoPCI— 8.5
H3SiCl Csy 104.8
H3SiCl~ 10.3
H.S» G 59.8  58.22°
HoS, 260 25.74
H,PSH Cs 64.5
HoPSH- 13.5
H3SiSH Cs 87.7
H3SiSH- 18.0
H4P, Con 55.8  53.36°
HaP, 21.0  21.43f
H3SiPH, Cs 71.2
H3SiPH, 27.2
HgSi D3y 741 73.49°
He Si, Con 28.7  30.19f

a0therwise specified, the neutral compound and its anion have the
same symmetry.

5From Huber and Herzberg [153].

°From Braida and Hiberty [50].

9From Dojhan and Chen [49].

°CASPT2/ccpVTZ [75].

fCCSD(T)/aug-ccpVTZ [75].
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a decrease of D, upon electron attachment, which
ranges from 8.5 kcal mol~! for H,PCl~! to 30.7 kcal
mol~! for Cl, (typical values for 2c-3e bonding en-
ergies are of the order of 20-30 kcal mol™!). For
homonuclear compounds, the bonding energies are
found to decrease for heavy atoms across the peri-
odic table from right to left, as already pointed out
by Braida et al. in their study of stability of three-
electron bonded radical anions [75]. Moreover, in a
series of anions as H,, XCl~, with (X,n) =(Cl,0), (S,1),
(P,2), and (Si,3), the variation of D, (decreasing from
X =Cl to P and then increasing from P to Si), is in
agreement with that of R,, as for the bond distance.
Finally, our results compare well with other theoret-
ical calculations and experimental data, where such
data are available.

ELF-Based Topological Description

Analysis of the Electron Attachment Process.
Figure 8 depicts the ELF = 0.8 localization domains
of the symmetrical H,,X, species (with (X,;n) =
(C1,0), (S,1), (P,2)), of the associated vertical radical
anions, and of the 3e-bonded radical anions. They
typify, from a topological point of view, three differ-
ent mechanisms of 3e bond formation.

Neutral Molecules: The topology of the H,,X,
neutral molecules (see panels (a) of Fig. 8) are com-
posed of (i) two core basins C(X) and C(X'); (ii) 2n
protonated disynaptic basins V(X,H), each associ-
ated with the electronic pair of a X—H bond; (iii)
from the Lewis representation of these molecules,
we expect 6 — 2n monosynaptic basins V(X), each
related to a lone electron pair. This rule is valid for
H,P, and H,S;, but in Cl, the lone pairs of each atom
are gathered in a single basin V(CI) by the cylindrical
symmetry; (iv) one disynaptic V(X,X') basin, which
is the usual signature of a covalent bond. The pop-
ulations of the valence basins, reported in Table 7,
are consistent with expectations based on the elec-
tronegativity of the central atoms of the compounds.
For instance, the V(X,X) population of the homod-
imeric H, XXH, molecules is found to decrease with
X across the periodic table from left right, from1.8 e
for H,P, to 1.0 e for Cl,, which illustrates the in-
crease of the ionic contribution of the X—X bond.
Concomitantly, the excess of population of the V(X)
basins with respect to a standard Lewis structure
increases from X=P to X=Cl. For heterodimeric
species with Y constant, say Y =Cl, the population
of the V(X,Y) basin increases as X varies from CI to
Si, as expected from the increase in the difference in
electronegativity between the two heavy atoms.

Before investigating the effect of electron at-
tachment, it is worthy to note that the concept a
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FIGURE 8 ELF=0.8 isosurfaces for the H,X5, compounds, (a), and their associated vertical, (b), and relaxed, (c), radical

anions; (1) HoS», (2) H4P», and (3) Clo.

electron-pair bonding has recently been revisited by
Shaik et al. in the framework of both VB theory and
ELF approach: “both types of calculations point to
the conclusion that, along the two classical bond
families of covalent and ionic bonds, there exists
a distinct class of charge-shift bond (CS-bonds) in
which the fluctuation of the electron-pair density
plays a dominant role” [146]. These bonds are
characterized in VB theory by a large covalent-ionic
resonance energy and in ELF by a depleted basin
population (smaller than 2.0 e), a large variance,
and negative covariance. The Cl, molecule is a
prototype (with F,) for CS-bonded molecules, with
a small population of 1.0 ¢, a variance of 0.74, and
a covariance of —0.7. Atoms (or fragments) that are
prone to CS bonding are compact electronegative
and/or lone-pair-rich species, albeit with moderate
electronegativity. The HSCI, H,PCl, H;SiCl, H,S,,
H,PSH, and H,P, compounds can also be classified
into this family, in which “the bonding arises rather
from the covalent-ionic fluctuation of the electron
pair density” [146].

Vertical Anions: If we restrict ourselves to the
topological changes arising around the bonding re-
gion, we can distinguish three different behaviors
upon vertical attachment. These are classified as a
function of the value of the morphic number, Au,,

which is the variation of the number of basins in the
valence region.

1. Ap,=0: The number and type of basins remain
identical as in the neutral molecule. H,P; is a rep-
resentative member of this set, which is also made
up of all the compounds containing the Si atom,
as well as H,PCl and H,PSH. Here, the electron at-
tachment is a process in which the molecule stays
in the same domain of structural stability. In the
context of catastrophe theory, such a process is
called a tautomorphic one.

2. Au,=1: The number of basins increases by one,
because of the splitting of the V(X,Y) basin into
two monosynaptic basins V'(X) and V'(Y), as in
H.,S,. Such a process is called a polymorphic pro-
cess. The newly created basins, each centered on
the axis linking the two heavy atoms cores, char-
acterize a protocovalent bond in the vertical state.
The only other member of this set is HSCI.

3. Au,= — 1: The number of basins decreases by
one, because of the disappearance of the V(X,Y)
basin, as in Cl,. This is a miomorphic process.

The latter classification corresponds more or less
to three domains of variation of the vertical elec-
tron affinity (VEA) of the compounds, which are
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TABLE 6 BH&HLYP/6-311-++G(3df2p) Calculations (in
kcal mol=1) for the H,XYH,,, Molecules

Species VEA® aEAb
Clo 16.8 61.1
HSCI —2.1 37.8
H>PClI -14.5 14.8
HgSiCl 241 ~15.6
HoSo —15.7 15.4
H,PSH -18.7 -0.9
H3SiSH -19.5 -18.7
H4Po —-17.6 —-10.3
HgSiPH, ~19.1 ~19.1
HeSio 221 ~19.4

a\lertical electron affinity (i.e., using the energy of the vertical anion).
bAdiabatic electron affinity (conventional electron affinity).

reported in Table 6. Indeed the vEA of the molecules
of the “H,P, set” are all negative and very low,
around —20 kcal mol~! except for H,PCl, so that the
vertical anions are not stable. The vEA value of H,S,
and HSCI is still negative but greater. Cl, is the only
system with a positive vEA, which means that the
vertical anion is more stable than the neutral, be-
cause of the large electronegativity of the CI atom.
Examination of the integrated properties in Table 7
allows us to determine where the extra electron is
located according to the preceding classification.

1. Let us consider the H,P, molecule, as a represen-
tative member of this set. We note that only half of
the extra electron density is located in the valence
basins: the monosynaptic ones only absorb 0.1 e
each and the disynaptic protonated ones around
0.07 e each (it has been observed that the max-
imum population of a V(P,H) basin is around
2.2 e), whereas the population of the disynaptic
V(P,P) basin remains unchanged. The remaining
0.5 e is distributed among four newly created asy-
naptic basins (Au =+4). The attractors of these
basins are located far from the bonding region,
beyond the V(P,H) basins, and their ELF value
is lower than 0.8 (actually around 0.5) which ex-
plains why the corresponding domains are not
seen on Fig. 8. The associated electron density is
thus described to a great extent by Rydberg or-
bitals, and is therefore not really captured by the
molecule. Similar trends are observed for all the
members on this set, in particular the total popu-
lation of the asynaptic basins is always greater
or equal than 0.5 e. The basin integrated spin
densities, also reported in Table 7, confirm the
nearly equal sharing of the extra electron den-
sity between the valence (monosynaptic plus pro-
tonated) and asynaptic basins (the sum of the
spin density is not exactly equal to 0.5, because
the small contributions of the core are not indi-
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cated). The contribution of the asynaptic basins
increases more or less as the vEA decreases (ex-
cept for the vertical anion H;SiCl~), up to reach a
population of 0.7 e and an integrated spin density
of 0.31 in the vertical anion H,Si;.

2. For H,S,, the splitting of the V(X,Y) basin into
two monosynaptic basins is accompanied by a
lowering of the associated population, from 1.5 to
2 x 0.5 e. In contrast with the compounds of the
H,P, type, there is now a subsequent transfer of
electron density toward the V(S) basins (2 x 0.4 ¢),
whereas each V(H,S) basin absorbs 0.06 e. We still
observe the creation of asynaptic basins beyond
the protonated disynaptic basins, but the popula-
tion is smaller in the previous group, 0.4¢, since
the molecule is a better electron acceptor. Obser-
vation of the integrated spin density clearly shows
the enhancement of the localization of the un-
paired electron into the lone pairs of each sulfur
atom, whose total contribution to (S;) becomes
now dominant (44%) with respect to the asynap-
tic basins (34%). These trends are substantially
accentuated in HSCI, for example, 40% of the spin
is now located into the V(S) basin, 32% into the
V(Cl) basin, whereas the asynaptic basins con-
tribute to no more than 10%.

3. In Cl,, which has a positive VEA (and as a
consequence, a positive aEA), the vertical attach-
ment results in the disappearance of the disy-
naptic V(CI,Cl') basin and no asynaptic basin is
created. Because of the large electronegativity of
the molecule, the monosynaptic basins are able
to absorb the V(CI,Cl') population plus the ex-
tra electron, i.e., 1.0e each. The (S,) value shows
that the extra unpaired electron is equally shared
by the two chlorine lone pairs. As will be seen
shortly, the vertical anion Cl; presents the typical
topology of the relaxed 2c¢-3e anions.

Relaxed anions: The geometry relaxation, corre-
sponding mainly to a lengthening of the X—Y bond,
makes disappear either the disynaptic V(X,Y) basin
(as in H4P;) or the monosynaptic V'(X) and V'(Y)
basins arising from the splitting of the V(X,Y) one
(as in H,S7), as well as all the asynaptic basins ap-
peared during the vertical attachment (except for
Cl; in which the vertical anion already presents a
“3e-type” ELF topology). For X =Y, the topology of
the 3e-bonded radical anions (Fig. 8c) is thus com-
posed by (i) two core basins C(X), (ii) 2n-protonated
V(X,H) basins, and (iii) 6 — 2n monosynaptic basins
V(X) (2 for Cl;) such that the net variation of
the number of basins with respect to the neutral
state is Au= — 1. In the framework of the catas-
trophe theory, such a process with Ay < 0 is called



148 Fourré and Silvi

'suiseq (X)°A pue (X) A omi ays Jo suoneindod (jenbs) ey} jo wing,
'suiseq ondeuAsouow (#°0) (10).A PUe (8 2°0) (S).A 8us jo suonendod oy} Jo wng,
“(1xe) 898) UonEZIR20|8P JO XBPUI 8L SI ((A)A “(X)N)¢
"a|ndajow [einNau 8y} o} 10adsal yum (aoeds sjoym ayi ul Ajpandadsal) uoibal aousjeA sy} Ul suiseq Jo Jaquinu 8y} Jo uoneliea ayy si (v Ajeanoadsal) A1y
'SuUISe(q pajealpul 8y} Jano sanladoid pajeibajul 8yl Jo wns ay) pawlouad aaey am Jey) sueswl joquiAs N a8yl
‘pabiaw usaq aney Jajuad usAlb yoes Jo suiseq onndeuAsouow sy} ‘uoissnosip ayy Ajjdwis o] (100 > 8’1 ‘suiseq (A‘X)A 8yl Jo} a|qibibau shkeme)
spunodwod djuolue [jeys-uado ay} 4o} ((%5)) ‘sesusp uids pajeibelul uiseg ‘() uolue pexe|al 8yl pue ‘(eA) Uolue [ealaA 8y} ‘@jels punolb [esinau ey 1o} ‘I ‘suoneindod uiseq aousiep

0L'0 e+ e+ 010 509 €10 60 0L'0 G509 €10 60 q0'L e
o+ 0 LE0 L0 90°0 109 90°0 109 6L BA
S6°S G6°S 6L 2IS%H
€10 L+ L+ L0 €0'9 10 Al £0°0 YOV 2Lo Ve Z e
2+ 0 920 90 60°0 51’9 S0°0 20 900 22 6L BA
86'G 96’ 02 61 EHISdH
6£°0 L= L= ¥0°0 Q0 6L0 V€ ¥0°0 90t 610 v'e e
LLO v+ 0 220 G0 900 80t 100 2e 90'0 80V  ¥00 A gl BA
010 96'¢ (A 96’ L2 gL Sd'H
9v'0 0 0 100 S6°1 €10 9'G v1°0 809  8L0 Al e
2+ 0 62°0 90 ¥0°0 26t 900 €V 80°0 €1'9 gL BA
88'L A 96°S 8l HSISEH
6£°0 L= L= 100 26t AN AL 100 oL'¥y G20 L'e e
86°0 e+ 0 €20 S0 200 16°L S00 ¥V 90'0 oLy 900 L' 9l BA
910 881 (507 00V 02 9L HSd®H
¥S0 L— L— 200 16°L 120 GG 200 L6°L 120 e e
S6°0 e+ L+ L0 ¥'0 €00 167} L0 LY £0°0 167} kL0 LY g0’k BA
0v'0 16} (07 16k ey Gl °gH
610 0 0 0L'0 8/ 020 229 /L0 60 e
L+ 0 220 S0 80°0 99 LLO 81’9 Sl BA
¥'9 16°S St 101SEH
60°0 L= L= 80°0 8/ 60°0 oLy  0€0 0e e
520 L+ 0 020 S0 60°0 6'9 100 vI'y 800 €2 L BA
810 G'9 00V 02 v 19d°H
1G°0 L— L AN 9/ £0°0 26t 0€0 £G e
86°0 2+ L+ S0°0 10 910 (A €0°0 96’} 020 0'G 290 BA
8v°0 G'9 68} ey Zt 1OSH
0,0 L= L= €20 VL. €20 v e
L1 L— L €20 ¥2. €20 V. eA
020 ¥'9 v'9 o't 19
((AA XN ny My ) N ) N @) N ) N @) N N WHAXYH
ufsyn WIEIOHAIAIN (AA YHEIIHYIAIN OO (AXN

(e-0=w ‘v 1S d ‘S ‘10 = A'X) s8N0\ “YHAX“H 8y} 40} seiiadold [edibojodol pesed-473 L 319Vl

Heteroatom Chemistry DOl 10.1002/hc



What Can We Learn from Two-Center Three-Electron Bonding with the Topological Analysis of ELF? 149

miomorphic. For X#Y, the 3e bond formation also
corresponds to a miomorphic process, except when
one of the heavy atoms is a saturated atom (here
Si, see Table 7), where the number of basins in
the anion is the same as in the neutral (Au=0,
tautomorphic process): indeed, the disappearance of
the disynaptic basin is accompanied by the creation
of a V(Si) basin, which was inexistent in the neutral
state. Finally, the only radical anions not obeying
the Au= — 1 or Au=0rule are H,PSiH; (Apu= +1)
and H¢Si;, (A= + 3). In the former, the presence of
a disynaptic V(P,Si) basin indicates keeping of the
shared-electron pair character of the bond in the an-
ion, whereas in the latter two monosynaptic V'(Si)
between the two Si cores are the signature of the
protocovalent character of the bond. For these com-
pounds, it is worthy to note that the variation of
the X—Y bond length is smaller than for the other
isoelectronic to Cl; radical anions. On a quantita-
tive point of view (Table 7), the disappearance of
the disynaptic and asynaptic basins results in the
transfer of their population toward the monosynap-
tic basins (the variation of the protonated ones be-
ing comparatively very low). In H,,X; compounds,
the charge in the monosynaptic basin (5.5 e vs.
5 e for H,S,) used in conjunction with the inte-
grated spin density (S;) (0.21 in H,S;) shows that
the additional electron is (i) uniformly distributed
between both subsystems and (ii) mainly localized
into the monosynaptic basins. More precisely, the
spin density of the whole H,X fragment remains
constant (0.23), but each added V(X,H) basin car-
ries away a small contribution of 0.02. It is note-
worthy that the decrease of the V(X) contribution,
Cl;(0.23)—H,S;(0.21)—->H,P;(0.19), is then nearly
proportional to the decrease of the 3e-bond energy
(30.7 — 26.0 — 21.0 kcal mol™'). For 3e-bonded
radical anions with X#Y, the most electronegative
atom tends to close its valence shell, as illustrated
by the variation of the V(Cl) population and inte-
grated spin density along the series Cl; — HSCl™ —
H,PCl~ : 7.4¢/0.23 — 7.6¢/0.14 — 7.8/0.08. This lo-
calization of the lone electron into the monosynaptic
basins should be corrected when one of the heavy
atom is a saturated atom, as Si: indeed, the (dom-
inant) part of the integrated spin density borne by
the XHj; fragment is spread over the V(X) and the
three V(X,H) basins, which therefore play the role of
a lone-pair basin. At this stage, it is noteworthy that
the weights of the resonant Lewis structures can be
estimated from the (S,) value. For example, in the
case of HSCI, if one includes the small V(H,S) con-
tribution into the dominant V(S) ones, one finds

HS CI (~70%) < HS Cl(~30%)
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thereby establishing a quantitative correspondence
between the VB and topological descriptions of the
3e bond.

Analysis of the Electron Delocalization. Up to
now, we have discussed the topological changes aris-
ing upon electron attachment in a molecule and have
obtained useful information on the localization of
the extra electron density in 3e-bonded radical an-
ions. However, as stressed by Hiberty et al. [57], “the
three-electron bond is nothing but a pure fluctua-
tion of an electronic charge from one fragment to
another.” Unfortunately, the MO or VB descriptions
of such bonds do not provide any direct measure
of this fluctuation. One a posteriori verifies, consid-
ering some structural properties as equilibrium ge-
ometry or dissociation energy or through the value
of the VB resonance energy that this phenomenon
is correctly taken into account. In contrast, starting
from a given quantum mechanical calculation of the
molecule, the topological analysis of the ELF gradi-
ent field allows, as described in the section “A Sketch
of the ELF Analysis,” to characterize directly and
quantitatively the electron delocalization for each
molecular basin. Since the formation of a X.. Y~
bond upon electron attachment is accompanied by
a transfer of electron density toward the lone-pair
basins V(X) and V(Y), one is induced to think that
the electron fluctuation responsible for the stability
of the 3e bond takes place principally between these
basins. Therefore, correct ELF-based descriptors are
related to the covariance matrix, more precisely, to
the delocalization index §(V(X),V(Y)). This index is
reported in Table 7, together with the values cal-
culated for the neutral molecules and their vertical
anions.

Let us first focus on a single compound, say
Cl,, and compare the values obtained for the neu-
tral molecule, its vertical anion, and the relaxed
3e-bonded radical anion. The large increase of
S8(V(C1),V(Cl)) upon vertical electron attachment
is related to the disappearance of the disynaptic
basin and to the transfer of the corresponding elec-
tron density toward the monosynaptic basins. Upon
geometry relaxation, one may be surprised that
8(V(C1),V(Cl)) has the same value as in the neutral
compound. The contribution analysis of the vari-
ance of one of the monosynaptic basins, say V(Cl,),
allows understanding of this apparently paradoxi-
cal evolution as shown in Table 8 [147]. From the
neutral to the vertical anion, this contribution in-
creases from 30% to 50%, because of the complete
transfer of the V(Cl;,Cl,) population to the lone
pair. Upon relaxation, this contribution decreases
to 38%, because of the lengthening of the bond
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TABLE 8 Population of the Monosynaptic V(X) Basin, N, Standard Deviation, o(N) and Contribution of Other Basins (%) to
o2 (N) for the Hp,,Xo Molecules and H2pX5 Radical Anions (va = Vertical Anion, a = Relaxed 3-Electron Bonded Anion)

Compound N a(N) Contribution Analysis

H,P> 2.1 0.8 V(H1,P1) 24%, V/(P1,P5) 21%, C(P1) 20%, V(P5) 6%
va 2.2 1.0 V(H1,P1) 23%, V(P1,P2) 19%, C(P1) 19%, V(P2) 6%
a 3.4 1.1 V(H1,P1) 29%, C(P1) 21%, V(P,) 16%

H,S, 4.3 1.2 V(H1,S1) 34%, C(S1) 25%, V(S1,S2) 24%, V(Sp) 12%
va 47 1.2 V(H1,S1) 34%, C(S1) 23%, V/(S1) 14%, V(Sy) 14%
a 5.5 1.2 V(H1,51) 45%, C(S1) 30%, V(S,) 21%

Cl, 6.4 1.1 C(Cly) 42%, V(Cly,Clp) 26%, V(Cl,) 30%
va 7.4 1.1 V(Cl,) 50%, C(Cly) 47%
a 7.4 0.9 V(Cl) 38%, C(Cly) 60%

distance, but remains greater than in the neutral
parent molecule. The evolution of this contribution
upon vertical attachment and relaxation for the two
other homodimeric molecules is consistent with the
observed charge transfers. In any case, it is always
greater in the relaxed anion than in the neutral
species.

Let us now discuss the delocalization index of
the relaxed radical anions. Starting with the homod-
imeric compounds, the decrease of §(V(X),V(X)) as
X is taken from Cl to P is consistent with the con-
comitant decrease of the dissociation energy. It is
worth noting the simultaneous decrease of the V(X)
spin-integrated densities. If the contribution of the
protonated basins were taken into account for the
calculation of the delocalization index, the same
value would be found for the three radical anions,
approximately 0.7, whereas the dissociation energy
decreases along the series. This confirms the fun-
damental role of the lone pairs in the process of
electron fluctuation and stabilization of the 3e bond.
For heterodimeric compounds, such as H,XCl-, the
decrease of §(V(X);V(Y)) from X =Cl to P is due to
the increased tendency of the extra electron to locate
onto the chlorine atom (as illustrated by the decreas-
ing basin spin densities). In each case (homo- and
hetero-dimeric compounds), when X changes from
P to Si, the same peculiarity is noted for the delocal-
ization index as it was observed for the others ELF
or structural descriptors.

In the framework of VB theory, it is shown that
the fluctuation of the electronic charge between the
two fragments involved in the bond 2c¢-3e increases
with the resonance energy, i.e., with the overlap of
the lone-pair orbitals. It was thus worth considering
whether a correlation exists between the electron de-
localization as defined in the topological theory of
the chemical bond and the dissociation energy of
the 3e-bonded radical anions (which is, in a reason-
able approximation, proportional to the resonance

energy). This correlation was investigated in our
original paper on H,X.". YH;, radical anions, which
addressed compounds isoelectronic to F;, and CIF,
in addition to those compounds isoelectronic to Cl;
ones [77]. A linear correlation was obtained if the
anions were separated into two groups, depending
on whether D, was smaller or greater than 18 kcal
mol~!. It is noteworthy that this value corresponds
approximately to the one generally given for the
lower bound of the 3e bond dissociation energy (15—
20 kcal mol~!). Except for three compounds (H,PF-,
HSF- and CIF-), the most strongly bonded radical
anion group consists of all symmetrical systems.

Discussion. Among the investigated radical an-
ions, the chloride dianion Cl; is the prototypical two-
center three-electron bonded compound. Its topol-
ogy is characterized by the absence of the disynaptic
V(CLC) basin, and all valence electron density is lo-
cated into the monosynaptic basins V(Cl). The mor-
phic number associated with the entire process of
electron attachment from the neutral molecule (ver-
tical attachment followed by relaxation) is —1, corre-
sponding to the disappearance of the V(CI, Cl) basin.
The extra electron spin density is equally shared be-
tween the two fragments, i.e., between the two V(CI)
basins; the core basins contribute only 8%. A neg-
ative covariance is found between the two monosy-
naptic basins, corresponding to a large positive de-
localization index. As the electronegativity of X de-
creases from X = Cl to P (corresponding to a decrease
of the number of lone pairs in the Lewis picture),
the greater part of the initial V(X,X) population and
of the extra electron density is still transferred into
the V(X) basins, but the contribution of the proto-
nated disynaptic V(X,H) increases. As a result, the
delocalization index §(V(X),V(X)) decreases, consis-
tently with the decrease of the dissociation energy
of the X.". X~ bond. A rupture in this regular evolu-
tion arises when X changes from P to Si (a saturated
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atom) without available lone pair to absorb electron
density. The radical anion presents two newly cre-
ated monosynaptic basins in place of the V(Si,Si)
basin in the bonding region, and two monosynap-
tic basins are created outside the line joining the
two Si atoms but only slightly populated (so that
A = +3). Only 52% of the integrated spin density
is found in these monosynaptic basins, and the de-
localization is small (0.10). However, the dissocia-
tion energy is on the same order of magnitude as
in Cl;, the Si—Si bond length is not much larger
than in the neutral and, as already mentioned, the
orientation of the fragment does not favor the over-
lap of the HOMO of the two fragments. Indeed, the
bonding in this radical is not purely of the 2c-3e
nature. Concerning the heterodimeric radical an-
ions, they all exhibit the typical 2c-3e topology cor-
responding to A= — 1 (or Au=0 when one of the
heavy atoms is Si), except H,PSiH; which behaves as
H,Si; . The ELF descriptors illustrate the weakening
of the three-electron bonding character as the differ-
ence in electronegativity of the two heavy atoms in-
creases (except when one of the atoms changes from
P to Si). The delocalization index of the two com-
pounds that are not purely 3e bonded are found to
be small, whereas the integrated spin density of the
two monosynaptic basins are well balanced and not
negligible compared to the values observed for the
other Si-containing radical anions. However, their
population is weak and as a consequence the delo-
calization is smaller.

The SO Radicals

This section is devoted to the investigation of the
S. - -0 bond in the anionic, cationic, and neutral rad-
icals, based on structural, energetical, and topolog-
ical descriptors. A comparison between the perfor-
mance of different levels of theory BH&HLYP, MP2,
and CCSD(T) was presented in the original paper
[79] and will not be repeated here. We begin with
the RSOH™ radicals, which constitute our reference
systems for the S.". O 2c-3e bond. We then investi-
gate the RR'SOHY complexes, which have been con-
sidered as 2c-3e bonded systems for a long time. We
then finish by examining the RR'SOH complexes,
for which the nature of the S- - -O bond will be estab-
lished by comparison with the ionic complexes. Con-
cerning the topological ELF analysis, it is notewor-
thy that we adopt in this section a different point of
view than the one used on the three-electron bonded
radical anions discussed previously. Previously, we
considered the formation of the 2c-3e bond as a re-
sult of an electron attachment, whereas now we com-
pare the topology of the complex to those of both iso-
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lated fragments (RS and OH~ for the anions, RR'S*
and H,O for the cations, and RR’S and OH for the
neutral). In this context, it is interesting to investi-
gate the global charge transfer from one fragment
to another, resulting from the formation of the rad-
ical. For the anions, we thus define the variation of
population of the sulfur-centered fragment AN(RS)
as

ANRS) = Neomp(RS) — Nioo(RS7) (12)

where N omp(RS) is the sum of the basin popu-
lations of the RS fragment in the RS..OH~ 2c-
3e bonded complex and N,,(RS™) is the sum of
the basin populations of the isolated RS~ fragment
(AN(OH)= —AN(RS)). Similar quantities can be
calculated for the cation and neutral radicals. The
values obtained for all species under scrutiny are
gathered in Table 10 and will be discussed together
with the other results in the following sections for
the anion, cation, and neutral radicals.

Because one of the objectives of this work was
to distinguish between a 2c¢c-3e bond or electrostatic
interaction, we also define a core valence bifurcation
(CVB) index #(3e), similar to H-bonded complexes
as

¥(3e) = ne, — 1,,(AB) (13)

where 1,, (AB) is the value of the ELF at the sad-
dle connection of the V(A) and V(B) monosynaptic
basins of the two fragments and 7., is the lowest
value of the ELF for which all the core basins of the
composed system are separated from the valence.
The CVB determines whether the complex can be
considered (negative value) or not (positive value)
as a single molecular species. For the H-bonded
complexes, it allows distinction between the weak
(positive value) and the medium (negative value) H-
bonds. As it was suggested for HS.". SH™ by Berges
et al. [54], the CVB indexes of all H,X..YH; rad-
ical anions are negative. This indicates that these
complexes can be considered as single molecular
species. More precisely, the values of #(3e) range
from —0.15 to —0.10 and decrease as the difference
in electronegativity of the fragments increases. This
definition differs from the one given in the original
work [79], where we had chosen the opposite value.
It is now in better agreement with the CVB index
introduced for the H-bonded complexes [96,116].

The RSOH~ Anion Radicals. The corresponding
structures are depicted in Fig. 9, together with rele-
vant geometrical data. We note differences with pre-
vious results published by Braida and Hiberty [50]
essentially on the angles due to the full geometry
relaxation. Bond distances and dissociation energies
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FIGURE 9 Optimized structures for the anionic, cationic, and neutral radicals (adducts) at the CCSD(T)/6-314+G*:

(@) R=R'=H; (b) R=H and R'=CHjs; (c) R=R'

= CHgs. The nonsubstituted systems have been fully optimized. For the

substituted species, only the indicated coordinates have been optimized at the CCSD(T) level, the other ones being kept at
their MP2 values (including those between parenthesis). The distances are in angstroms, and the angles are in degrees.

are reported in Table 11. Despite the absence of vari-
ations in bond length under substitution, there is a
significant increase of the dissociation energy from
20.2 to 25.5 kcal mol-!. This strengthening of the
bond, which is expected from the decrease of A(EA)
(see Table 9), could result from the electron release
of the methyl group: indeed, if one considers the for-
mation of RS..OH~ by the approach of RS:~ and
*OH, the substitution takes place on the fragment
which bears the lone pair. The ability of RS:™ to
transfer electron density toward the hydroxyl frag-
ment may thus be enhanced.

As shown in Fig. 10a, the HSOH™ anion presents
the same ELF topology as H,S;, characterized by the
absence of disynaptic basin between the two heavy

(a)

atoms. Under substitution, the V(H,S) basin is re-
placed by one disynaptic V(S,C) and three proto-
nated disynaptic V(C,H) basins, but no V(S,0) basin
is found between the core basins of the S and O
atoms. From a global point of view, the formation
of the HS..OH™ anion radical is accompanied by
a charge transfer of 0.47¢ from the HS- to the OH
fragment, whereas for CH;S .. OH" the charge trans-
fer is equal to 0.53 e, as demonstrated by the vari-
ations of the gross population of the RS fragment
displayed in Table 10. Since the basins involved
in this charge transfer are mainly monosynaptic
basins of the interacting atoms, the populations,N,
and the integrated spin densities, (S.), of the V(O)
and V(S) basins, as well as the delocalization index

V(S)

Vi) ‘

V(D) V{D)

V(S) g

FIGURE 10 ELF =0.8 isosurfaces for (a) HSOH—, (b) HoSOH, and (c) HoSOH.
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TABLE 9 Electron Affinities (EA) and lonization Potentials
(IP) of the Fragments and Their Difference (in eV)

RSOH~ EA(RS) EA(OH) A(EA)
HSOH™ 2.314 1.830 0.48
CH3SOH~ 1.87¢ 1.83b 0.04
RR'SOH} IP(H20) IP(RR’S) A (IP)
HoSOH; 12.659 10.46° 1.19
HCH3SOH 12.659 9.45f 3.20
(CH3)2SOH 12.659 8.699 4.04
RRR'OH IP(RR'S) EA(OH) IP—EA
H,SOH 10.46° 1.83P 8.63
HCH3SOH 9.45f 1.830 7.62
(CH3)2SOH 8.699 1.83b 6.86

2From Janousek and Brauman [158].
bFrom Smith et al. [159].

°From Schwartz et al. [160].

9From Snow and Thomas [161].
°From Walters and Blais [162].
"From Nourbakhsh et al. [163].
9From Akopyan et al. [164].

8 (V(S),V(0)) are reported in Table 12. Concerning
the isolated fragments, the large population of the
V(O) basin, associated with a depleted population
of the V(O,H) basin (1.67 e), reflects the large elec-
tronegativity of the oxygen atom, whereas the popu-
lation of V(S) in HS™ is in better agreement with the
three lone pairs of its Lewis structure. The V(S) pop-
ulation increases by 0.06 e in CH;S™ because of the
electron-releasing character of the CH; substituent.
It is noteworthy that the (S,) value of V(O) corre-
sponds to 84% of the spin density, the missing 16%
is distributed among V(H,0) (11%) and C(O) (5%)
basins. When HS.". OH™ is forming, the V(S) popu-
lation decreases by 0.49 ¢ whereas the V(O) popula-
tion increases by 0.45 e. Taking into account a slight
increase of the V(H,S) population from 1.80 to 1.85
e, and neglecting the variations of the core basin
populations, we recover the previously mentioned
charge transfer of approximately 0.45 e, which oc-
curs from the V(S) to the V(O) basin. This results in
a quasi-equal sharing of extra electron density and
therefore of the spin density among the lone pairs of

TABLE 10 Variation of the Total Basin Population of the
Sulfur-Centered Fragment with Respect to the Isolated Frag-
ment, for the Anionic, Cationic, and Neutral Radicals

HSOH- CH3SOH~
A(N)(RS) —0.47 ~0.53

HoSOH]  HCH3SOH]  (CHg)oSOH;
A(N)(RR'S) 0.15 0.04 0.03

H,SOH HCH3SOH (CH3),SOH
A(N)(RR'S) ~0.05 —0.21 ~0.29
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the two fragments, the V(O) basin being only slightly
preferred. As a result of this quasi-uniform distri-
bution of spin density among the two moieties, a
large value of the delocalization index §(V(S), V(O))
is found between the two monosynaptic basins V(S)
and V(O). Indeed values of § around 0.6 have been
found for H,X.". YH,, 3e-bonded radical anions, the
largest one being obtained for the homonuclear com-
plex Cl.". Cl-, with § = 0.7. Finally, the negative value
of #(3e), —0.13, shows that the complex can be con-
sidered as a single molecule. The investigation of the
substitution of H by CH; on the sulfur atom leads to
the following remarks:

1. The V(S) population remains unchanged con-
trary to the V(O) population which is enhanced
by 0.09 e. The electron-releasing character of the

TABLE 11  Structural and Energetical Parameters of the An-
ion, Cation, and Neutral Radicals

This Work From Literature
Species Re De Re De
HSOH~ 2.37 20.2 2.382
CH3SOH~ 2.35 25.5 2.352
HoSOHZ 2.46 22.4 2.42b 23.7b
2.46° 21.7¢
2.4379
2.454¢
23.8f
HCH3SOHZ 2.62 18.3
(CH3),SOH]  2.74 15.7 2.889 16.89
HoSOH 2.92 3.4 25171 0.2h
2.7702 3.09/
HCH3SOH 2.39 5.0 2.393" 2.9h
(CH3)2SOH 2.30 8.4 2.326" 7.4h
2.047K 9.3k
8.7
2.3645™m  7.57"

R.: S—O equilibrium distance in angstroms (A).

D.: Dissociation energy of the complex (see text) in kilocalories per
mole (kcal mol~").

The geometry optimizations and the calculations of the dissociation
energy have been carried out using the standard 6-31+G* basis.
Symmetric species have been optimized within C; symmetry.
2CCSD(T)/6-31+G(d) [50].

bBHLYP/6-31++G(d,p) [72].

°MP2/6-314-4-G(d,p) [72].

IMP2/6-311G(2d,p) [53].

°QCISD/6-311G(2d,p) [53].

MP2/6-31G(d) [3].

9HF/6-31G(d) [165].

"B3LYP/cc-pVTZ (G2 method) [151].

'CCSD(T)/aug-cc-pV(D+d)Z [148].

JCCSD(T)/augce-pV(5+ d )Z//CCSD(T)/aug-cc-pV(D+0d)Z [148].
*"MP2/6-31-+G(2d) [68].
'QCISD(T)/6-31+G(2d)//MP2/6-31+G(2d) [68].
"BH&HLYP/aug-cc-pV(D+d)Z [148].
"CCSD(T)/aug-cc-pV(5+a)Z//MP2/aug-cc-pV(D+d)Z  (the
bond length was fixed to 2.3 A) [148].

S—0



154 Fourré and Silvi

TABLE 12 Topological Parameters of the Anion, Cation,
and Neutral Radicals and Their Fragments (BHLYP/6-31+G*
Single Point Energy Calculation at the CCSD(T)/6-314+-G*
Geometry)

v(s) V(O)
N (&) N (%) sws.vio v(3e)
OH 528 0.42
HS— 6.12
CHsS~ 6.18
HSOH~ 561 021 573 0.23 0.58 -0.13
CH3SOH~ 562 024 582 0.20 0.54 -0.14
OH, 471
HoSt 2.94 0.34
HCH3S™ 3.08 0.34
(CHz),St  3.19 0.33
HQSOH; 3.07 0.30 445 0.06 0.22 —0.06

HCH3SOH; 3.08 0.31 4.60 0.02  0.12 0.02
(CH3)2SOH} 317 0.32 461 002 0.0 0.04

H,S 432

HCH3S 4.38
(CH3)2S 4.46
HoSOH 426 0.02 531 0.40 0.12 0.07
HCH3SOH 405 0.10 545 0.32 0.38 —0.07
(CH3)2,SOH 4.00 0.13 5.52 0.28 0.48 —0.13

Population (N), integrated spin density ({(S,)) of the monosynaptic
basins V(S) and V(O), index of delocalization between these two
basins, 8y(s.v(0), and 3e CVB index, ©(3e).

methyl group results in a greater electron trans-
fer from the sulfur atom to the more electroneg-
ative oxygen atom. Taking into account the slight
increase of the V(S,C) population (from 1.59 to
1.63 e), we recover the previously mentioned
value of 0.53 e. This greater transfer might explain
the stabilization of the anion under substitution.

2. The integrated spin densities remain quasi-
equally shared among V(S) and V(O), which
means that both VB structures of the following
resonance (14):

RS:” 'OH «<— RS’ .OH" (14)

are nearly equi-probable. Small variations of
8(V(S),V(0)) and ¥ (3e) confirm that the SO bond
has the same nature as in the nonsubstituted
complex.

In conclusion, the topological ELF-based descriptors
obtained for the RSOH™ anion radicals are very sim-
ilar to those obtained for H,S; and corroborates the
existence of a S.. O bond, consistently with the low
values of A(EA).

The RR'SOH}, Cation Radicals. The correspond-
ing structures are depicted in Fig. 9, together with
pertinent geometrical data. The bond distance in the

nonsubstituted complex is on the same order of mag-
nitude as in HSOH™ but conversely to the anionic
case, it increases by a large amount upon substitu-
tion (by 0.16 A from H,SOH; to HCH;SOH; and by
0.12 A from HCH;SOH} to (CH;),SOH;). Moreover,
though the /HSO or /CSO valence angles are simi-
lar to the ones obtained for the radical anions, the
(HOS angles are much larger, ranging from about
118°-124°, which does not favor an efficient overlap
of the lone pairs of the two interacting fragments.
Concomitantly with the increase of the S.-.-O dis-
tance, the dissociation energy decreases by methyl
substitution. This was expected from the increase
of A(IP), as shown in Table 9. Furthermore, these
values are very large as compared to the A(EA) of
the anions and should not favor a resonance as (1).
Similarly as in the anionic case, the weakening of
the bond could also be understood by the electron
releasing of the methyl group; however, the effect is
reversed because the methyl substitution does not
take place on the fragment which bears the lone
pair. The comparison with previously published re-
sults (Table 11) shows that the bond energy of the
nonsubstituted system, as the equilibrium structure,
is weakly dependent on the chosen method/basis
set combination. For (CH;),SOH;, where the HF/6-
31G(d) dissociation energy is surprisingly correct,
the bond length is overestimated. These results do
not correspond to the expected performances of the
HF method on 2c-3e complexes which are to provide
qualitatively correct geometry and largely underes-
timated bond energy [56]. Finally, though the bond
lengths and energies are consistent with what is ex-
pected for 2¢c-3e bonded radical cations, several indi-
cators, as large A(IP) or large valence angles, make
the 2c-3e nature of the S---O bond in the RR'SOH;
complexes questionable.

The ELF isosurface, displayed for H,SOH; in
Fig. 10b, illustrates once more the absence of disy-
naptic V(S,0) basin. The same topology is observed
for the S---O bond in the substituted systems. As
shown by Table 10, the formation of the H,SOH;
radical gives rise to a global charge transfer of 0.15 e

TABLE 13 Localization ((S;)) and Delocalization (§) Topo-
logical Parameters, as well as the CVB Index for the H2XYH;r
Cation Radicals (X,Y =S,0). 8x y Quantifies the Electron De-
localization between all the Basins of the Ho X+ and the HoY
Moieties

HoXYH, (Svig (Swvy Svxviy Sxy  P(3e)
HQS..-OH2+ 0.30 0.06 0.22 0.40 -0.06
H,O.".OH} 0.17 0.17 0.28 0.56 -0.18
HQS.'.SH2 0.19 0.19 0.36 0.64 -0.20

Heteroatom Chemistry DOl 10.1002/hc
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from the H,O to the H,S* fragment, whereas this
transfer is nearly nonexistent for the substituted sys-
tems. The data in Table 12 bring to light in more
detail the differences between the cationic and an-
ionic cases. What have been said concerning the
fragments of the anions complexes is still valid here.
In consequence to the formation of the S---O bond
in H,SOH;, the V(O) population decreases by 0.26 ¢,
among which 0.11 flow into the V(O,H) basins. We
thus recover the previously mentioned minor trans-
fer of 0.15 e, which occurs from the V(O) to the
V(S) basin, namely in the opposite direction to the
electron transfer observed in the anions. The fact
that the lone pair is provided by the fragment con-
taining the most electronegative atom might explain
this weak rearrangement. As a result, the spin den-
sity remains essentially localized on the sulfur atom,
and that involves a small electron delocalization be-
tween the V(S) and V(O) basins, §(V(S), V(0)) =0.22,
to be compared with about 0.6 in the radical an-
ions. The CVB index is negative, as in the anions,
but very close to zero. These topological results are
somehow surprising considering the moderate value
of the A(IP) index. It is thus interesting to com-
pare the topological parameters of H,SOH; with the
equivalent ones in the typical 2c-3e bonded radical
cations H,0..OH; and H,S.". SH;. Because of the
large number of protonated basins in these three
cations, a better picture of the electron delocaliza-
tion is obtained by considering a global §(X, Y) index,
where X and Y, respectively, represent all the basins
of the H,X" and H,Y fragments. For H,SOH;, the
electron delocalization remains rather small (5(S,
0)=0.40), as shown in Table 13. For H,0..OH;
and H,S..SHJ, though the delocalization between
the monosynaptic basins alone remains moderate
the §(0, O) and §(S, S) values, as well as the 9(3e)
ones, corroborates the 2c-3e nature of the O.". O and
S.". S bonds. This is not the case for the S---O bond.
Our conclusions, based on a topological approach,
also agree with the results of Maity [72], who in-
vestigated the nature of the bonding in the radical
cation complexes H,X: - -YH;" by a population-based
localization procedure applied to the highest dou-
bly occupied molecular orbital. Here, it was demon-
strated that, for H,SOH; and some other dissymmet-
ric cations, there was no orbital overlap, contrary to
all the symmetric species.

The substitution amplifies the localization of the
extra electron in the V(S) basin, and consequently
still lowers the delocalization index. This was ex-
pected from the increase of A(IP). Finally, #(3e) be-
comes positive (though very close to zero), which
means that in HCH;SOHZ and (CH;),SOH; the two
fragments keep their individuality. Therefore, the
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2c-3e type interaction, even in H,S---OHj, is only
a minor contribution of the bonding, which should
be best described by an electrostatic (dipole-dipole)
interaction, this latter contribution increasing with
the substitutions. We have now to our disposal some
structural and topological data for the 2c-3e S.". O in-
teraction in the radical anion complexes, and for the
mainly electrostatic interaction S. - -O in the radical
cation complexes. So, we will investigate the nature
of the S - .0 bond in the neutral radical complexes.

The RR'SOH Neutral Radicals. First, one no-
tices that H,SOH presents very specific features with
respect to the anionic and cationic radicals, because
the S.--O distance is surprisingly large. It is inter-
esting to compare its structure, depicted in Fig. 9,
with those of HSOH™ and H,SOH;: in both latter
species, the interaction is mainly between S and O
atoms that point toward each other, whereas in the
neutral one the hydrogen atoms of the H,S fragment
are directed toward the oxygen of the hydroxyl group
(\HSO = 66.0°). The reason for this could be that this
complex is stabilized by a hydrogen bond or van der
Waals interaction and not by a 2c-3e S..O bond.
This effect was noticed earlier when comparing the
radical anion HS.". HS™ to its protonated derivative
H;S, [54]. Concomitantly with this large bond dis-
tance the dissociation energy is very low, around 3
kcal mol~".

Second, after one substitution the S.--O dis-
tance dramatically shrinks, which might indicate a
change in the nature of the bond. For both substi-
tuted species, many similarities occur between the
neutral and anionic radicals. Nevertheless the D,s re-
main rather low. If we focus our attention on the re-
lation to the experimental data, (see Table 9) we no-
tice that the IP - EA values are larger than the A(IP)
ones and much larger than the A(EA). Thus, at first
glance, the situation does not seem very favorable
for the formation of a three-electron bond between
RR'S and the OH" radical. These large IP - EA values
for the RR’SOH radicals may explain the small val-
ues of D,. However, McKee et al. have characterized
2c-3e bonded systems formed by addition between
the Cl" radical and nitrogen bases, for which the IP -
EA index reaches 6.5 eV [69]. This is not so far from
the lowest value (6.9 eV) obtained for (CH;),SOH.
By substitution D, increases up to 8.4 kcal mol™!, as
expected from the diminution of IP-EA.

Our results for the most studied disubstituted
radical are in good agreement with the recent ones
obtained by Uchimaru et al. [148], who have con-
firmed that the S—O bond in this adduct is consid-
erably shorter than in H,S-OH, and with the first
ones of McKee [68]. However, they are somewhat
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contradictory with those of Turecek [149,150] and
of Wang and Zhang [151]. Whatever method was
used, we always obtained 2c-3e type structures,
whereas Ture¢ek and Wang and Zhang found differ-
ent structures depending of the calculation method
(see the original paper for the complete discus-
sion [79]). Let us now compare our results on
the monosubstituted and nonsubstituted radicals
with the 2c¢c-3e structures of Wang and Zhang us-
ing the B3LYP functional. The energy and ge-
ometry of the monosubstituted radical are close
to our CCSD(T) results, as for the disubstituted
radical. However, for H,SOH, Wang and Zhang
have found a very weakly bonded structure (D, =
0.2 kcal mol~!) the SO bond length being 2.517 A,
which is far from our result discussed previously. It
must be noted that, even after full optimization at the
CCSD(T)/6-311++G(3df,2pd) leo:vel, we still obtain a
large SO bond length of 2.83 A, which is in agree-
ment with the recently published value of Uchimaru
et al. [148].

The topological results will help us to charac-
terize the nature of the S.---O bond in the neutral
radicals. Still, there is no localization domain asso-
ciated with any V(S,0) basin, as shown in Fig. 10c
for the simplest H,SOH. For the quantitative anal-
ysis, we must differentiate the nonsubstituted and
substituted species, as it was noted for the struc-
tural and energetical results. As shown by Table 10,
H,SOH behaves as the substituted radical cations,
since there is nearly no charge transfer between
the monosynaptic basins. The detailed analysis (see
Table 12) shows that the V(O) and V(S) populations
are not modified when the S---O bond is created.
Consequently, the electron remains mainly localized
into the V(O) basin as indicated by the (S,) value of
0.4. The low-delocalization index and positive ©#(3e)
definitively corroborates the electrostatic nature of
the S-- -0 bond, as in the substituted radical cations.
In return, the topological parameters of the substi-
tuted species show several similarities with those of
the anion radicals. As shown by Table 10, there is a
nonnegligible charge transfer from the RCH;S to the
OH fragment in the substituted radicals, increasing
from 0.21 ¢ in HCH3SOH to 0.29 ¢ in (CH;),SOH.
From the population analysis of Table 12, it can be
deduced that the charge transfer mainly occurs from
the V(S) to the V(O) basin (there is a discrepancy be-
tween the global charge transfer and the variations
of the basin populations, because of the flow of pop-
ulation to the V(H,S) basin and to the V(S,C) one(s)).
As a consequence of this greater charge transfer, the
(S,) value of the V(S) basin decreases to 0.28 in the
disubstituted radical. Also, the balancing of the spin
density gives rise to an increase of the delocalization

index, up to 0.48 in (CH3),S .. OH. The CVB index be-
comes negative upon substitution, and its value for
(CH;),S.'. OH is the same as in the anions. It is note-
worthy that the evolution of the topological features
under substitution is consistent with the decrease of
the IP - EA index, reported in Table 9. Finally, these
topological results bring to light the intermediate na-
ture of the S- - -O bond in the substituted radicals: it is
an interaction essentially electrostatic in HCH;SOH
but 2¢c-3e bonded in (CH;),S ... OH.

Conclusion

A review of the abundant literature on the 2c-3e
bonding has been presented, showing the impor-
tance of these peculiar type of interaction in nu-
merous fields related to radical chemistry. Some
molecules proposed by Pauling as candidates for
2¢c-3e bounded complexes have been studied in the
framework of the ELF topological approach. The
topological descriptions obtained for the rare gas
dimer cations are in agreement with the details pro-
vided by the VB theory. However, concerning the
neutral radicals NO, OF, and ClO,, only the nitric
oxide can be considered as partially 2¢c-3e bonded,
as shown by the analysis of the basin populations
and of the covariance matrix elements. The pro-
cess of electron attachment on H, XYH,, molecules
and some prototypical complexes containing the SO
bond, either with a 2c-3e character or of the electro-
static type, have been investigated in the framework
of the ELF topological approach. From these studies,
four ELF-based signatures of the two-center three-
electron bonding have been elaborated, which are
the following:

1. There is no disynaptic V(X,Y) basin associated
with a pure X..Y bond. It should be noted that
this result is in agreement with the valence bond
description of 2c-3e bonding. In other words, the
topology of 2¢c-3e bonded complexes is composed
of the union of the basins of the isolated frag-
ments. Since the same pattern is obtained for
all systems formed without electron-pair sharing,
as ionic and hydrogen-bonded complexes, some
other rules are required to characterize the 2¢c-3e

bond.

2. Two-center three-electron bonded complexes
have negative CVB indices, which mean that they
can be considered as single molecular species.
Typical values of ¥(3e) for homonuclear X.".X
bonds are around —0.15 decreasing in absolute
value as the difference in electronegativity of the
fragments increases.
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3. The extra electron density (and consequently
the spin density) is mainly localized within the
monosynaptic basins V(X) and V(Y). Strongest
2c-3e bonds are characterized by well-balanced
sharing of the spin density between the two moi-
eties, and thus occur for two identical fragments.
As far as 2c-3e bonded radical anions are con-
cerned, it is noteworthy that the electron cloud
reorganization following electron attachment can
be somehow hampered by conservation of the ge-
ometry (vertical processes). The removal of this
constraint by relaxation enables the disappear-
ance of the bonding basin and the localization of
the spin density into the lone-pair regions.

4. The electron fluctuation between the two frag-
ments, which is a central phenomenon in three-
electron bonds, occurs mainly between the lone
pairs of two heteroatoms X and Y. It can be quan-
tified by the delocalization index §(V(X), V(Y)),
which is maximal (around 0.7) for homonuclear
X..X bonds and decreases as the difference
in electronegativity of the fragments increases
(lower values are around 0.4). Though the CVB in-
dex is useful to distinguish 3e bonds from ionic or
hydrogen bonds, the delocalization index is more
robust and can be considered as the proper topo-
logical fingerprint for 2c-3e bonding.

Finally, it is worth comparing the topological
pictures obtained for the 2c-3e bonding and for the
CS electron-pair bonding [152]. This latter type of
bonding has been recently revisited by Shaik et al.
[146] into the framework of both VB theory and
topological analysis of ELF. In CS-bonded (closed-
shell) species, whose prototype is the F, molecule,
the fluctuation of the electron-pair density plays
a dominant role. In VB theory, this is manifested
by large covalent-ionic resonance energy. In ELF,
this is revealed by a depleted basin population with
large variance and negative covariance, correspond-
ing to superposition of promolecular densities such
as F'F- < F F'. Thus, apart from the absence of
bonding population, and the open-shell character
of the 3e-bonded species, the same physical pic-
ture is obtained for these two peculiar types of
bonding.
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