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A rapid method for analyzing the chemical bond from energy densities calculations

at the bond critical point

Hailong Yang !, Pascal Boulet!, Marie-Christine Record?
IMADIREL, Aix-Marseille Université, CNRS, Marseille 13013, France
2IM2NP, Aix-Marseille Université, CNRS, Marseille 13013, France

ABSTRACT

The quantum theory atoms in molecules (QTAIM) method has been used in this paper to characterize
various bonding interactions in molecules and solid compounds. By using DFT-PAW calculations, com-
plete electron density Laplacian distributions have been obtained and related to energies densities calcu-
lated at the bond critical points. From the analysis of these results a simple and rapid method, based solely
on local energies densities calculations, is proposed to diagnose the bonding state, the polarizability and

the deformation of the charge distribution.
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I. Introduction

X-ray diffraction, as a unique tool for obtaining the experimental charge density in crystals, can be helpful
in the study of chemical bonding in solids [1]. By analyzing the X-ray determined charge densities with
the quantum theory of atoms in molecules (QTAIM), the interactions or bonding between atoms can be
quantitatively interpreted in the real space [1-2]. The information obtained by combining theory and ex-
periment allows for a better description of the atomic interactions, making the parallel analysis of theo-
retical and experimental charge density to become common [1,3-13], especially as the QTAIM theory is
rather independent from the basis set and the level of the quantum theoretical method used [14-16].

The topological definition of a bonded interaction is based on the existence of a bond path (BP), the charge
density being a maximum along the BP with respect to any neighboring line. BP is known as the atomic
interaction line in the topological analysis of the electron density p(r) distribution. It is associated with all
kinds of interactions, going from weak ones, such as intermolecular [7,17], Van der Waals [18], secondary
ones between ions [19,20], nonbonding [21,22], and hydrogen bonds [23,24], to strong interactions,
namely metal-metal [10,25-27], ionic [27-30], and covalent bonds [6,27-32], and also other kinds of un-

common bonding, for instance charge-shift bonding [28-29,33]. For intermolecular interactions, the



Laplacian of the electron density V2p(r) allows one to define Lewis acid and base sites [17] and reveal
directional ‘key-lock’ interactions corresponding to molecular recognition [7], which contributes to con-
struct layered structures [34]. The investigation of the energy densities at the bond critical point (BCP)
and of p(r) and V?p(r) for solids and noble gas, offers recognition of van der Waals interactions as the
result of a weak accumulation of electron density between the nuclei, leading to small binding energy
[18,30]. The ionic secondary interactions (e.g. alike ions in halides), caused by a large cation/anion size
ratio and small unit cell, correspond, according to the analysis of existing BCPs, to energetically stabilized
nonbonding repulsive interactions [19-22] and have properties at the BCP similar to that of closed-shell
interaction of hydrogen bonds [23,24]. The metal-metal bonds in bulk metals have flat p(r) in the valence
region and own a partial covalence degree [10,25-27]. The bond metallicity can be evaluated with the
ratio E=pv/V>ps, b standing for the BCP [35,36]. The typical ionic bonds and covalent bonds are pure
closed-shell interactions and shared-shell interactions, respectively. The polarization of bonds can be de-
scribed by the deviation of the BCP from the midpoint [29] and the deviation of p, from cylindrical sym-
metry, the latter deviation being defined by the bond ellipticity value (e=Ai/A2)-1, with A; and A, the
principal curvatures of py [6,32]. The Laplacian distribution can state that ionic binding and covalent one
are generated by the charge localized on one of the nuclei and an increased density equally shared between
the nuclei, respectively [37]. The charge-shift bonding has a large py and a large positive V2py, which
makes this interaction unclassifiable by the standard criteria [28,29,33].

However, the chemical bonding analysis by the QTAIM tool is limited by two problems. One is the La-
placian distribution of heavy elements and transition metals missing the complete shell structure of iso-
lated atom, either because the last atomic shell is not resolved or V2p(r) lacks charge concentration region
as it is always positive there. The other is the sign of V2p(r) belonging to the intermediate region between
regions of pure closed-shell interactions and shared-shell interactions, which is quite indeterminate due
to diffuse atomic valence density, causing low p(r) and V?p(r) magnitudes in the bonding regions [38,39].
Therefore, using the simple criterion of V2p(r) at one point to characterize or classify the bonding in these
two cases becomes particularly deceiving for intermediate region.

In this paper, we investigate the relations between the integral distribution of atomic interactions (Valence
Shell Charge Concentrations) combined with the local virial theorem and the energy densities (local prop-
erties) at the bond critical point in order to propose a method to directly characterize the bonding interac-
tions from the local properties. The density functional theory (DFT) has been used to calculate the Lapla-
cian of the electron density for the outermost valence region of heavy atoms. And, in order to characterize
and classify a large panel of bonds, the analysis of chemical bonding by the QTAIM tool has been carried

out on various chemical systems going from molecules to ternary solid compounds.



I1. Computational Methods

Density functional theory (DFT) calculations were performed using the QUANTUM ESPRESSO (QE)
simulation package [40,41]. The electronic exchange-correlation energy was treated by the generalized
gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functionals [42] and the inter-
action between ions and core electrons was described by the projector augmented wave (PAW) method
[43]. The scalar relativistic corrections have been accounted for in the PAW pseudopotentials as most of
the relativistic effects on the electron density topology can be recovered at this level of theory [44]. The
electron density for all the systems of interest was calculated with a kinetic energy cutoff for wavefunc-
tions of 48 Ry and the Monkhorst-Pack procedure was used to generate k-points for the Brillouin-zone
sampling. For the molecular system H>O», calculations were also performed with the ORCA program
(version 4.2.1) [45,46] at the Hartree-Fock level with both the STO-3G and Def2-TZVPPD atomic basis
sets [47-50], and at the B3LYP, PBE and the reference CCSD(T) levels with the Def2-TZVPPD ones.
The electron density was subsequently analyzed with the program Critic2 [51] that implements Bader's
Quantum Theory of Atoms in Molecules (QTAIM). In this work, the model used in Critic2 for the kinetic
energy density G(r) calculation is based on the Thomas-Fermi equation with the semi-classical gradient
correction proposed by Kirzhnits [52,53]. On this basis, Abramov [54] proposed a simple approximate
expression for directly relating G(r) to p(r):

3 2 51 [Vp)]? , 1
G(r) = 15 (Bn2)op(r)s + o BE+ VP (r) (1)

In spite of a weak accuracy for typical shared interactions of eq.(1), this equation gives a relatively accu-
rate description in the medium-range distance (= 1-4 a.u., from BCP to nucleus) of G(r). It was found that
the G(r) values from eq.(1) are nearly quantitative for closed-shell interactions [24,55]. However the ac-
curacy of eq.(1) can become weak for typical shared interactions [38], as will be confirmed hereafter in
the case of H20.. The local virial theorem [2] describes the effects of chemical bonding by local energy
densities through V2p(r):

ivzp(r) =2G(r)+V(r) ()

G(r)+V(r)=H() 3)

where G, V and H are the kinetic, potential and total energy densities, respectively. Accordingly, the
analysis of V2p(r) gives evidence of charge concentration (V2p(r)<0) or depletion (V2p(r)>0) in the bond-

ing region without resorting to a reference density. The charge depletion can also lead to a local charge

accumulation when |V(r)|/G(r)>1, which gives rise to a relatively stable bonding dominated by the



potential energy. The V(r) virial field dominated by the potential energy density in a system is the virial
of the Ehrenfest force exerted on the electron density. Combining the virial theorem of energy with force,
H(r)<0 and H(r)>0 indicate stable bonding and pure closed-shell interaction, respectively [30,38,56].
Thus, the properties of H(r) or H(r)/p(r) can provide a good compensation for the weakness of the Lapla-
cian distribution for a specific interaction.

On the basis of the properties of Laplacian distribution and total energy density, the local properties at the
BCP can be used to analyze a series of interactions in solids or crystals between pure closed-shell inter-

actions and shared-shell interactions. According to eq.(3),

Hy _ Gy g _ Vol
Pb Pb (1 Gb) (4)

when Vp vanishes at BCP, Gy, Vi, and Hy, are only related to py and V2py from eq.(1) and eq.(2). Eq.(4)
displays the variation of H(r)/p(r) along with |V|/Gy: the former indicator, the bond degree first introduced
by Espinosa [57], stands for the total energy per electron related to the total electronic pressure, the latter
one exhibits the competition between potential energy and kinetic energy for bonding formation. These
two indicators corresponding to specific characteristics of bonding can be used for the bonding classifi-
cation. At the same time, the kinetic energy per electron Gv/py 1s related to the variation tendency of Hu/py
vs | Vb|/Gob, which is also an important parameter for classification of bonding [27,38,57]. We shall mention
that, eq.(4) is valid only if the Kirzhnits approximation holds.

For the CuSbSe, compound, in the calculation of the energies densities, we have used both the optimized
electron density and the promolecular one, which consists in the sum of atomic densities (IAM - inde-

pendent atom model).
III. Results and Discussion
II1.1. Electron density and its Laplacian distribution in chemical bondings

According to radial density function calculations, in the periodic table from Sc to Ge, the Laplacian dis-
tribution of the N shells becomes indistinguishable from that of the M ones [58], and the outermost atomic
shell charge concentration of transition metals are missing. Many methods have been considered to ex-
plore this problem and without exception they all have encountered the same situation, e.g. in Co [4,59],
Fe [10,59], Cr and Cd [10], Cu [25,60], W [60], Ti, Mn, Ni and Mo [59].

Fig.1 depicts the Laplacian distribution of bulk Cu [61] calculated from DFT-PAW based method that
shows a four shells structure corresponding to charge concentration and depletion, with the spherical

outermost valence shell regions of neighbouring atoms intersecting with each other and giving rise to an



interconnected valence shell charge concentration (VSCC) along the BP confined in a volume with a
convex lens shape. This highly delocalized network of valence regions is responsible for the binding in
the metallic system and for its conductive properties. The characteristics of metal-metal bond are then
fully displayed by the Laplacian distribution map.

Although from As to Kr the M and N shells are separated, the sign of the Laplacian indicates that the
outermost shell is charge depleted [4,58]. Similar trends of lacking the outermost charge concentration
region were observed for the subsequent rows [62]. Further investigations with the DFT-PAW method
show that the Laplacian distribution of both the nearest Se neighbours and second-nearest Se ones in
metalloid bulk Se [63] exhibits a separation of the outer valence regions into two shells (Fig.2). The charge
mostly corresponds to a localized accumulation slightly towards the inner shell, leading to inconspicuous
charge concentration in the outermost spherical shell and quite indeterminate sign of the Laplacian there.
Interestingly, the VSCC of nearest Se neighbours present a butterfly-type pattern around the BCP with a
continuous charge concentration at the BCP induced by nearby parts of two spherical valence regions,
reflecting a covalent character, and wings constituted of two localized valence regions. This bonding ex-
emplifies the fulfilment of the virial equilibrium (|Vs|/Gp=2, Tab.1) for a covalent bond dominated by the
potential energy in the whole interatomic region (Fig.2(a)). In the interaction between second-nearest Se
neighbours, the local charge accumulates along the BP though away from the BCP (Fig.2(b)), resulting
in extremely weakly negative Hy and |Vu|/Gy close to 1 (Tab.1). Combined with the dispersive H(r) dis-
tribution, it can be figured out to be a closed-shell interaction without charge transfer, and relatively stable
as dominated by the potential energy (Fig.2(b)). This interaction could be related to a key-lock arrange-

ment of the Se lone-pairs, similar to that reported in GeSe by Sist et al. [64].

Figure 1. Laplacian distribution of Cu-Cu metal bonding in bulk Cu. Green and blue contour curves stand

for positive and negative values, respectively. ‘b’ corresponds to the bond critical point.



Figure 2. Distributions of V2p(r) (top) and H(r) (bottom) of Se-Se bonding in bulk Se: (a) nearest neigh-

bours; (b) second-nearest neighbours. Colour code: see Figure 1.

The distributions of V2p(r) and H(r) have also been calculated for heavier elements of the fifth row by
DFT-PAW method. The outermost spherical valence regions are displayed for bulk metalloid Sb [65] in
Fig.3. The Laplacian distribution of nearest Sb neighbours shows some charge accumulation between
adjacent valence regions around the BCP (Fig.3(a)), while the positive values of V2py, and |Vy|/Gb<2 (see
Tab.1) are arguments against the classification of this bonding in the shared-shell interaction type. This
statement is confirmed from Fig.3(a), which allows us to suggest that the charge accumulation around the
BCP for the nearest Sb-Sb bonding does not originate from a real, shared charge density but from the
diffusion of very close outermost shell charge concentrations. Regarding the second-nearest Sb neigh-
bours (Fig.3(b)), in spite of a wide H(r) distribution between the atoms, the VSCCs are away from the
interatomic surface. This behavior is similar to that described above for Se: the charge density depletion
could be due to a key-lock arrangement of the lone-pairs. Moreover, the second-nearest Se-Se bonding
indicates a more contracted charge accumulation towards the BP than the second-nearest Sb-Sb bonding

despite the fact that both have very close values of pp (Tab.1).
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Figure 3. Distributions of V2p(r) (top) and H(r) (bottom) of Sb-Sb bonding in bulk Sb: (a) nearest neigh-

bours; (b) second-nearest neighbours.

The peculiar charge-shift bonding of O-O in H2O> molecule [66] is dramatically exhibited in Fig.4. This
bonding has the following remarkable characteristics: i) the whole VSCC is interrupted around BCP; ii)
the inner charge shifts towards outer shell charge concentration. These characteristics are well in agree-
ment with both the Pauli repulsion weakening the covalency of the bond and a large pressure exerted on
the electron density (large Hv/pb, Tab.1), leading to a decrease of the kinetic energy without significantly
affecting the potential energy (|Vu|/Gs slightly less than 2, line 6 of Tab.1). In addition both the V2p(r) and
H(r) distributions display localized electrons and/or non-bonded atoms bearing lone pairs (Fig.4) [67-69].




Figure 4. Distributions of V2p(r) (top) and H(r) (bottom) of O-O bonding in H>O> molecule.

All the above calculations have been performed using plane waves and the energy densities using the
Kirzhnits approximation. However, as shown in Ref [38], this approximation is weakly accurate for shared
interactions for in vacuo systems, the deviation reaching up to 300% in some cases. Therefore, in order
to validate our results, we have performed additional calculations for H2O> using localized molecular
orbital approach, which allows us to obtain nearly true energy densities. The results are given in Table 1.
The Laplacian value obtained with the state-of-the-art reference CCSD(T) method amounts to 0.017856
e.AS whereas that of B3LYP is intermediate between the latter and that obtained with PBE. This shows
that, the exact exchange interaction is an important ingredient to obtain accurate electron density curva-
tures. The Hartree-Fock level yields a negative Laplacian value at the BCP (O-OP and O-O¢ in Table 1),
which is obviously wrong and caused by the lack of electronic correlation. Compared to B3LYP (O-09),
PBE (0-0°) and CCSD(T) (O-O") energy densities, those obtained with the Kirzhnits approximation (O-
0O?) are about 100% off. However, the signs of the values given by this approximation agree with those of
the reference values, therefore qualitative interpretations of VSCC can be conducted with this approxi-
mation.

Due to the absence of shared interaction in the inorganic solids investigated hereafter, the energy densities

have been calculated in the realm of the Kirzhnits approximation.

Table 1. Energy density parameters at BCPs

Interac- Pb V2pb Gh Vo Ho Hyv/po Gv/po [Vbl/ Go Dis-

bu—Cu 0.040387 | 0.044567 | 0.019501 | -0.029949 | -0.010448 | -0.258697 | 0.482853 | 1.535767 5.552
Se-Se! 0.089750 | -0.045870 | 0.051443 | -0.103206 | -0.051764 | -0.576758 | 0.573181 | 2.006220 | 2.420
Se-Se? 0.020081 | 0.040622 | 0.011030 | -0.011904 | -0.000874 | -0.043524 | 0.549275 | 1.079238 | 3.235
Sb-Sb! 0.049389 | 0.005384 | 0.019986 | -0.038627 | -0.018640 | -0.377412 | 0.404665 | 1.932703 | 2.945
Sb-Sb? 0.020743 | 0.008917 | 0.005982 | -0.009736 | -0.003753 | -0.180929 | 0.288386 | 1.627549 | 3.444

0-0° 0.270780 | 0.146054 | 0.349791 | -0.663068 | -0.313278 | -1.156860 | 1.291696 | 1.895614 | 1.465
0-0° 0.328205 | -0.302567 | 0.227321 | -0.530284 | -0.302963 | -0.923091 | 0.692619 | 2.332754 | 1.396
0-0°¢ 0.344644 | -0.330036 | 0.226887 | -0.536284 | -0.309396 | -0.897727 | 0.658323 | 2.363657 | 1.386
0-0¢ 0.278853 | 0.066722 | 0.194687 | -0.372694 | -0.178006 | -0.638352 | 0.698170 | 1.914321 | 1.449
0-0°¢ 0.267436 | 0.127763 | 0.191311 | -0.350682 | -0.159371 | -0.595920 | 0.715353 | 1.833043 | 1.464
0-0f 0.270155 | 0.017856 | 0.183455 | -0.362446 | -0.178991 | -0.662548 | 0.679072 | 1.975667 | 1.460

! nearest neighbors. ? second-nearest neighbors.



Gpb, Vb and Hp are determined from the following methods: * Kirzhnits approximation. * HF/STO-3G. ©
HF/Def2-TZVPPD. ¢ B3LYP/Def2-TZVPPD. ¢ PBE/Def2-TZVPPD. f CCSD(T)/Def2-TZVPPD. The
units are: electrons/bohr’ for py, electrons/bohr’® for V2py, Hartree/bohr® for Vp, Gy and Hy and A for

distances.

II1.2. Analysis of chemical bondings using energy densities at the bond critical point

The energy density parameters Hv/pb, |Vb|/Gv, Gu/pb at bond critical points are referred in this work as
local properties. These parameters are linked together by eq.(4), which can be regarded, when Gy/py is
constant, as an affine equation y=ao+ai.x, with y= Hy/pp and x=|Vy|/Gp. Then the corresponding straight
line passes through the point (1, 0) and its slope satisfies the relation |ai|=a;= Guv/pp. Some examples for
bonds in molecules and complexes are given in Fig.5(a). As can be seen, the H-F bonds, both for isolated
molecule and in complexes, and Li-C bonds in methyllithium polymers obey this affine relation. Since
the number of electrons in bonding molecular orbital linearly decreases when the interatomic distance
increases (see Fig.5(b)), at least around the bond equilibrium state, the slope |ai| of these lines is related
to the evolution of the charge density, which corresponds to a deformation of the electronic shells. The
delineation of the electronic shell results from an accommodation between potential and kinetic energies
that can be regarded as a pressure exerted on an electron by the other electrons or by an electron on the
other ones, respectively. Therefore the slope |ai| reflects resistance to deformation of the electronic shells
(reciprocal of polarizability) under pressure and can be considered as the rigidity of the interaction be-
tween atoms. This statement agrees with the larger Gu/py ratio reported in literature for pure closed-shell
interaction [30, 38, 39, 57, 70]. Hence for a specific interaction that bears a specific polarization, the linear
characteristic of Huv/py vs [Vi|/Go reflects a linear evolution between deformation of charge distribution
and interatomic distance, the Gv/pyp ratio being related to the polarization of the interaction. Larger Gv/pp
ratio (Jai|) corresponds to greater charge separation and as a consequence to lower polarizability.

In general, the bonding environment is more complex in solids or crystals due to their complex structures,

not only related to bond lengths but also to other factors, such as coordination.
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Figure 5. (a) Hu/pov vs [Vb|/Gy for H-F and Li-C bonding; (b) number of electrons in bonding molecular

orbital (BMO) vs d(H---F). R? and a; are the regression coefficient and the slope of the fitted line, respec-

tively. The numerical data are from literature Ref. 57 and Ref. 59.

As can be seen in Fig. 6, the evolution of Hy/py versus |Vy|/Gy at the BCPs of As-O interactions in As>O3,
AsO; and As20Os is obviously deviating from the linearity. However, if one restricts to the closed-shell
interactions (Hy>0) of As-O, the Hy/py values are almost aligned. As mentioned above, in case of different
interactions (existing here in different compounds), the linearity is observed when the polarization of the
charge distribution is similar. This agrees with the fact that these interactions all correspond to interlayer
As-O ones which contribute to the formation of layered structures, with large interatomic distance (>2.9
A) and high directivity which can be related to their low rigidity (low |ai]).

As for the intralayer As-O interactions, since they belong to three different kinds of polyhedrons, namely
[AsO3] pyramid, [AsOs] octahedron and [AsOj4] tetrahedron, they can be divided into three groups (see
Fig.6). These three groups have very different bonding characteristics including bond length, bond angle

10



and coordination. Generally, the bond length increases from tetrahedron to pyramid then to octahedron,
this observation being in agreement with the corresponding increase of Hyv/py (Fig.6). The observed dis-
persion of the values at the BCPs for a same polyhedron is caused by the occurrence of different bond
lengths, which results from different polarizations of the charge distribution. Reversibly, since the shortest
two As-O bonds in the octahedron of As>Os have a Gu/py value close to that of As-O bonds in pyramids
(Fig.6) these bonds should have similar rigidity. In an energy domain fulfilling a linear evolution between
deformation of charge distribution and interatomic distance, similar Go/py for two different interactions

involving the same atoms should reflect similar polarization and as a consequence similar bonding envi-

ronment.
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Figure 6. Hv/pb vs |Vu|/Go for As-O bonding. The numerical data are from literature Ref. 18.

Ternary compounds bear even more complex interatomic interactions. We have investigated intermediate
compounds of the Cu-Sb-Se system, namely the well established CuSbSe, (space group Pnma, number
62) [71], CuzSbSe; (space group Pnma, number 62) [72], Cu3SbSes (space group [-42m, number 121)
[73] ones and the predicted CusSbSes (space group I-4, number 82), and Cui2SbsSeis (space group P2,
number 4) ones [74], hereafter named Se2, Se3, Se4, Se5 and Sel3, respectively. The Sb-Se interactions
characteristics, Huo/po vs |Vb|/Go, are plotted in Fig.7(a). It can be seen that they are linearly dependent and
the corresponding straight line passes through the point (1, 0). This result implies that the Sb-Se interac-
tions in Cu-Sb-Se ternary system have similar bonding environment almost determined by interatomic
distances, being consistent with the linear relationship between interatomic distances and the distances of
BCPs to the point (1, 0) (Fig.7(b)), despite the existence of both [SbSes] pyramid and [SbSe4] tetrahedron.

The maximal deviation from this line occurs for Se2 at point 3, which corresponds to a longer Sb-Se bond

11



(3.165 A) in the [SbSes] pyramidal unit. Moreover, one can see from the distribution of V2p(r) and H(r)
(Fig.8) that if charge transfer occurs at point 4, this feature hardly happens at point 3.

A comparison between interactions at point 1 and 2 (Fig.9), both dominated by the kinetic energy in the
bonding region (Fig.7 (a)), shows a more pronounced closed-shell character at point 1, being farther away
from the point (1, 0). Indeed the algebraic distance from BCP to the point (1, 0) in the map relating Hv/pp
to [Vu|/Gp corresponds to the degree of closed-shell interaction for the negative values and to the charge
sharing magnitude for the positive ones. In order to check that eq.(4) allows for detecting similar bonding
environments instead of depending only on the interatomic distance, we have also calculated the electron
density using the independent atom model (IAM) for CuSbSe: and determined the corresponding local
energies densities. The results are depicted in Fig. 10 together with those obtained with the relaxed elec-
tron density (SCF). As can be seen, for identical bond distances, the absolute value of the slope Gv/po

differs from SCF to IAM. This shows that, Gu/pp is solely related to the electron density.
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Figure 7. (a) Ho/py vs |Vu|/Gb of Sb-Se bonding in compounds of the Cu-Sb-Se system; (b) algebraic
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Figure 8. Distribution of V2p(r) (top) and H(r) (bottom) of Sb-Se bonding: (a) and (b) corresponding to

points 3 and 4 in Fig.7, respectively.
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Figure 9. Distribution of V2p(r) (top) and H(r)/p(r) (bottom) of Sb-Se bonding: (a) and (b) corresponding
to points 1 and 2 in Fig.7, respectively.
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Figure 10. Hy/py vs |Vu|/Gb for Sb-Se bonding in CuSbSe>. IAM and SCF stand for the independent atom
model and self-consistent field, respectively. The numerical values (in A) correspond to the related inter-

atomic distances.

IV. Conclusion

The complete Laplacian shell structure of heavy elements and transition metals has been obtained by
calculating the charge density using DFT-PAW approach. By combining the distributions of p(r) and H(r)
with local properties (energy densities at bond critical point) of interatomic interactions, the Cu-Cu metal
bonding, Se-Se bonding in bulk Se, Sb-Sb bonding in bulk Sb and O-O charge-shift bonding in H>O> have
been characterized in the real space. This analysis has also been done for chemical bonding in molecules,
binary oxides and ternary semiconducting compounds. Specific interactions in a system having similar
bonding environment solely determined by interatomic distance presents a linear characteristic of Hy/po
vs |Vb|/Gs, the slope Gu/pb being related to the polarizability of the charge distribution and hence to the
rigidity of the interaction between the atoms. Hence the energy density analysis at the bond critical point
can be used as a rapid method to determine characteristics of a chemical bonding, namely the bonding

state, the polarizability and the deformation of the charge distribution.
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