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Objetivo General

Objetivos Específicos

Brindar un análisis epistemológico de la TCAEM con el fin de 
determinar su papel en la definición de estructura molecular.

1. Analizar los conceptos fundamentales de la TCAEM y su aplicación 
en el estudio de sistemas químicos. 

2. Analizar la relación entre dichos conceptos y el lenguaje de la 
química estructural. 

3. Analizar si la TCAEM puede ser considerada una teoría o un 
modelo en el marco de la química estructural. 

4. Identificar y analizar que tipo de idealizaciones introduce la TCAEM 
para el estudio de la estructura molecular.
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Antecedentes
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1. Relación entre química y física 

2. Reduccionismo 

3. Teoría Cuántica de Átomos en Moléculas

4. Modelos en ciencia 

5. Modelos en química

CAA12-

ATOMS IN MOLECULES 9

Figure 8 Maps of the gradient vector field of the electron density along the reaction coordinate for the HCN isomerization illustrating the
conflict mechanism of structural change. The first three maps all have the structure H C N while the latter three have the structure C N H.
The unstable transitional structure is shown in Figure 6. (Reproduced with permission from J. Chem. Phys., 1981, 74, 5162)

one to assign a molecular graph, a unique network of atomic
interaction lines, to every X. The definition of molecular
structure makes use of an equivalence relation of vector fields,
equivalent vector fields possessing the same molecular graph.
The result of applying this relationship is a partitioning of

the complete geometrical space of a molecular system into a
set of stable structural regimes, neighboring structural regimes
being separated by boundaries associated with transitional
structures. These ideas are illustrated by following the thermal
isomerization of HCN to CNH.



Ecuación de Schröedinger
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1926 Schröedinger Ecuación de Onda
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Donde:

Schrödinger, E. (1926). “Quantization as a problem of proper values (part IV)” Annalen der Physik 81: 437-490.

y

Densidad electrónica



Observables en Mecánica Cuántica
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Experimento y observación

Fuerzas que definen el 
sistema y el hamiltoniano

Observables 
mecanocuánticos

Valores esperados

Teoremas

Predicción y comprensión

Bader, R. F. W. (2011). “Worlds Apart in Chemistry: A Personal Tribute to J. C. Slater” Journal of Physical Chemistry A 
115: 12667-12676. 
Bader, R. F. W. (2011). “On the non-existence of parallel universes in chemistry” Foundations of Chemistry 13: 1137. 

Heisenberg

Teoría Observación

Dirac: 
El objetivo de la teoría es 
entender y predecir  las 
propiedades observables de un 
átomo.

Transformación de Dirac

! " = # "

Ecuaciones de movimiento



El principio de acción cuántica
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SchwingerD i r a c e n c u e n t r a u n a 
expresión para formular la 
teoría cuántica mediante el 
método del lagrangiano.

Permite la extensión de la 
mecánica cuántica a un 
sistema abierto.

Schwinger, J. (1951). “The Theory of Quantized Fields. I” Physical Review 82: 914–927.

Dirac, P. A. M. (1933). “The Lagrangian in Quantum Mechanics” Physikalische Zeitschrift der Sowjetunion 3: 64-72. 

Función de transformación

Integral de acción

Principio de acción cuántica

Principio de acción estacionaria



Un sistema abierto: un átomo en una molécula
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Principio de 
Schwinger

Descripción 
cuántica

Sistema 
abierto

Teoría Cuántica de Átomos en Moléculas

Condición 
límite

Valor esperado 
(Observable de Dirac)

Operador de 
densidad electrónica

Bader, R. F. W. (1994). “Principle of stationary action and the definition of a proper pen system” Physical Review B 49: 
13348–13356.

para todos los puntos r sobre la 
superficie:



Teoremas de la mecánica cuántica
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Feynman, R. P. (1939). “Forces in Molecules” Physical Review 56: 340-343. 
Bader, R. F. W. (2010). “Definition of Molecular Structure: By Choice or by Appeal to Observation?” Journal of 

Physical Chemistry A 114: 7431-7444.
Slater. J. C. (1933). “The Virial and Molecular Structure” Journal of Chemical Physics 1: 687-691.

Fuerza de Feynman

Repulsión

Atracción

Fuerza de Ehrenfest

Fuerza que actúa en el núcleo Fuerza que actúa en un átomo

Teorema del Virial

Relaciona las fuerzas con la energía de la 
molécula y sus contribuciones cinética y potencial



El comienzo de la química cuántica
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Heitler, W. & London, F. (1927). “Interaction between neutral atoms and homopolar binding according to quantum 
mechanics” Zeitschrit für Physik 44: 455-472.
London, F. (1928). “On the quantum theory of homo-polar valence number” Zeitschrit für Physik 46: 156-174.

London:

“Con la ayuda de estas figuras, uno 
puede imaginar cómo en moléculas 
complicadas los átomos, que forman un 
enlace, están conectados por un puente 

de densidad electrónica ($*$), mientras 

los átomos restantes permanecen 
separados”

Distribuciones de densidad 
electrónica para la molécula de H 

Simétrica

Antisimétrica



La densidad electrónica
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Manifestación 
física de la materia

Topología

Átomo, enlace, estructura 
y estabilidad estructural

to an open system requires satisfaction of the constraint that the
open system be bounded by a zero-flux surface at every stage of
the variation. This constraint presents no problem in some partic-
ular instances such as a homonuclear diatomic molecule or a mon-
atomic solid where the interatomic surfaces are planar,
perpendicular to the bond path at its mid-point.

The first attempts to obtain solutions to Schrödinger’s equation
from a variation of the wave function over an open system were re-
stricted to a periodic lattice. The earliest attempt is that of Wigner
and Seitz in their classic paper on metallic sodium which they trea-
ted as a one-electron problem in a periodic lattice [153]. Each Na
atom in the bcc metal is bounded by the surfaces of a 14 sided
polyhedron. Because of translational symmetry, the derivative of
the ground state wave function must vanish perpendicular to each
boundary plane, the condition rw ! n = 0. In their calculation they
approximated the polyhedron with a sphere and imposed the
boundary condition that @w/@r = 0 Slater later applying the actual
polyhedric boundary [154]. The periodic boundary condition
rw ! n = 0 satisfied by the polyhedric Wigner–Seitz cell is the
defining condition for the cell. For a one-electron system, this
boundary condition is identical with the zero-flux boundary condi-
tion Eq. (11), making Wigner and Seitz the first to define an atom in
a molecule. The topology of the electron density for sodium metal
shows that each Na atom is linked by bond paths to 8 nearest
neighbours and to 6 next nearest neighbours and hence is bounded
by 14 zero-flux interatomic surfaces.

Slepian and Kohn considered more general methods for solu-
tions to the problem of finding one-electron solutions to Schrö-
dinger’s equation in a periodic lattice. Slepian [155] showed that
the variation of the one-electron open system integral
Ið/;XÞ ¼ h/bH/iX=h//iX with trial function /, yields

h//iXdIð/;XÞ ¼
Z

d/%ðbH/& Ið/;XÞ/Þdr

þ ð1=2Þ
I
ðr/d/% & /rðd/%ÞÞ ! dSþ cc ð37Þ

The surface integral vanishes for a Wigner–Seitz cell when d/ is
restricted to have the lattice periodicity. Thus the / for which I(/,
X) vanishes (denoted by w) yields Schrödinger’s equation with
E = I(w, X). Slepian showed that one can form the complete set of
eigenfunctions and eigenvalues for the total system with the inte-
grals to be varied bounded from below by the exact eigenvalues.
This minimum rather than just a stationary property is important
because any function with the lattice periodicity can be expanded
in the complete set of eigenfunctions. Kohn’s method obviates the
necessity of a periodic trial functions, but then the solutions ob-
tained no longer yield upper bounds to the energies [156].

One recognizes the surface integral in Slepian’s result as the
one-electron analogue of the surface integral in Eq. (14), the prin-
ciple of stationary action for an open system. Srebrenik [157] con-
sidered the variation of the open system functional

G0ð/;r/;XÞ ¼ hð1=2Þr/ !r/þ bV//iX=h//iX ð38Þ

where the open system X is bounded by a surface with the property
rw ! n = 0, w being the true ground state wave function. For a one-
electron system, this condition is equivalent to the zero-flux condi-
tion, Eq. (11). Srebrenik was able to prove that for the minimum,
one obtains / = w and G0ðw;rw;XÞ ¼ E. The advantage of Srebenik’s
approach over that of Slepian is that the open system X is not re-
stricted to a periodic lattice but may be any system bounded by a
zero-flux surface and correspondingly, the trial function / is arbi-
trary and does not have to be periodic or obey any constraint other
than it be square integrable and single valued. It could be applied to
a monatomic bcc or fcc metals where the topologies of the densities
define 14 and 6 bonded neighbours, respectively, the associated
planar interatomic surfaces of zero-flux being determined by the
crystal geometry.

9.2. Direct determination of the virial field

The changes in the attractive and repulsive contributions to the
energy of an atom encountered during chemical change largely
cancel to yield the resultant virial that determines the atom’s form
and energy. This observation begs the question as to why one does
not attempt to determine the change in the virial field directly
rather than proceeding through the laborious procedure of calcu-
lating individual contributions that largely cancel one another
out. The virial field is homeomorphic with the electron density,
yielding the same structure diagram [146]. A plot of the virial field
looks like a plot of the density, exhibiting the same critical points.
The calculation of the virial field V(r) may be accomplished
through a calculation of the kinetic energy density. Eq. (34) relates
V(r) to the trace of the stress tensor VðrÞ ¼ Tr r

$
ðrÞ, and the trace

may in turn be expressed in terms of the kinetic energy density
G(r),

Tr r
$
ðrÞ ¼ &2GðrÞ þ ð!h2

=4mÞr2qðrÞ

In classical mechanics it is possible to state the principle of least ac-
tion in terms of a variation of the kinetic energy T employing a gen-
eralized variation of the action integral of the form used by
Schwinger in his development of the principle of stationary action
in which the time and the state vector are both varied at the time
end points [158]. The classical generalized variation of the kinetic
energy T is expressed as

Fig. 3. Maps of the 0.001 au density envelopes of the pentane, hexane and octane molecules. The methyl and methylene groups are clearly discernible, a consequence of the
C|C interatomic surfaces intersecting the density envelope. No one viewing this picture can deny the existence of atoms in molecules nor question the role of the electron
density as the vehicle for the transmission of chemical information.

16 R.F.W. Bader / Journal of Molecular Structure: THEOCHEM 943 (2010) 2–18

Octano       Hexano    Pentano

Bader, R. F. W. (2010). “The density in density functional theory” Journal of Molecular Structure: TEOCHEM 943: 2-18.
Bader, R. F. W. (2011). “On the non-existence of parallel universes in chemistry” Foundations of Chemistry 13: 1137. 

Teoría de átomos en moléculas

Permite vincular el lenguaje de 
la química con el de la física

Propiedades 
magnéticas

+



Topología de la densidad electrónica
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Fuerza de atracción 
núcleo-electrón

Propiedad 
topológica universal

Topología

Campo vector gradiente

Trayectorias del vector gradiente

Bader, R. (1994). Atoms in molecules. A quantum theory. Oxford: Clarendon Press. 
Bader, R. F. W. (2011). “On the non-existence of parallel universes in chemistry” Foundations of Chemistry 13: 1137. 

The interatomic surfaces are surfaces of zero-flux in ∇F; that
is, they exhibit the important property of not being crossed by
any trajectories of ∇F. It is this “zero-flux” property of the
interatomic surfaces, expressed in eq 1, which serves as the
quantum boundary condition for an atom in a molecule.37,38

A region of space encompassed by a zero-flux surface or a
connected set of such surfaces is a proper open system, one
whose properties are defined and predicted by quantum mechan-
ics.39 Thus quantum mechanics predicts all properties not only
for the molecule but also for each of its constituent atoms,
recovering the experimentally measured values for atomic
properties in series of molecules that exhibit “additivity
schemes”.25,40 While the quantum definition is based upon the
variational derivation of the physics of an open system from a
fundamental statement of physics,39 a heuristic proof of the zero-
flux surface defining a spatial region subject to the theorems of
quantum mechanics is open to anyone possessing knowledge
of Schrödinger’s equation.41

Atoms in a molecule are clearly open systems and their
physics reflects this, their properties including a contribution
from the flux in property currents across their interatomic
surfaces. Thus the definitions of a bond path and hence
molecular structure are inseparable from the quantum
mechanical definition of an atom as a proper open system,
both of which are defined by the topological behavior
associated with the ubiquitous presence of a (3,-1) critical
point. It is the definition of the atom that is of paramount
importance. The presence of the bond path is but a useful

way of depicting and summarizing which pairs of atoms share
an interatomic surface. That this shorthand notation mimics
the way in which the same information is conveyed by the
classical structures that evolved from experimental chemistry
is surely one of the most powerful of all the physical
vindications of the zero-flux boundary condition. This
association of a chemical structure with a molecular graph,
the latter being determined by the pairs of atoms that share
an interatomic surface, is illustrated in Figure 3 for the pairing
of the guanine and cytosine bases in a structural unit of DNA.
The molecular graph in (b) extracts the essential structural
information from the fuller description of the atomic interac-
tions given in (c), in precisely the manner in which the same
information is summarized by the classical structure (a).
There is a clear mapping of the classical structure, including
the dotted lines employed to denote the presence of hydrogen
bonds, with the bonding determined by the topology of the
electron density, a determination of structure that transcends
all models.

IV. Why is the Topological Definition of Structure
Rejected by Some?

The recovery of all classical structures by corresponding
molecular graphs, both in theoretically and particularly in
experimentally determined densities, would appear to vindicate
the association of structure with the topology of the density.
The acceptance is, however, not universal for reasons that are
historically understandable in terms of past examples of
observation requiring the extension or modification of existing
models, requiring a change in the existing paradigms. Relating
structure to a topological property of the electron density
necessarily broadens the scope of the concept of structure,

Figure 2. Interatomic surfaces defining the basins of the H, C, and O atoms. A surface is defined by the set of trajectories of the gradient of the
density, ∇F(r), which terminate at the bond critical point. Also shown are the bond paths defined by the pairs of trajectories that originate at the
bond critical point and terminate at the adjacent nuclei. The shapes of the surfaces are characteristic for each atomic interaction.

∇F(r) ·n(r) ) 0 for all points r on the interatomic surface
(1)

7434 J. Phys. Chem. A, Vol. 114, No. 28, 2010 Bader

All interacting atoms, atoms that “touch” and thus share a
common interatomic surface, are linked by an atomic interaction
line, whether the interaction is attractive or repulsive. For
interatomic separations corresponding to motion within a bound
potential well, the forces on the nuclei are attractive and, as
such, return the system to its equilibrium geometry where the
forces vanish. In this situation, the atomic interaction line is
designated a bond path. Thus, for example, the approach of
two Ar atoms is initially attractive to yield a van der Waals
minimum of 0.012 eV at a separation of 7.1 au and the atoms
are linked by a bond path. The well depth is sufficient to support
three vibrational quanta above the zero-point energy level. For
energies in excess of this, the molecule is no longer bound and
will dissociate, the atoms now being linked by an atomic
interaction line.

It is at this point, where one has arrived at a physical mapping
of molecular structure onto an observable topological feature
of the electron density, that reference should be made once again
to a recent statement by Hoffmann:33 “Chemistry has done more
than well in creating a universe of structure and function on
the molecular level with just this ’imperfectly defined’ concept
of a chemical bond. Or maybe it has done so well precisely
because the concept is flexible and fuzzy.” This statement is
made in a paper entitled “A bonding quandary s a demonstra-
tion that scientists are not born with logic”.

The belief in the credo of science, that what one observes is
determined by the properties of the system one is observing,
provides an immediate counter argument to this statement; to
wit, “that chemistry has done so well precisely because the
models of bonding coupled with experimental observation were
in effect achieving a successful one-to-one mapping of ’chemical
bonds’ onto an observable physical property of a molecule -
that bonded atoms are linked by lines of maximum electron
density”. In a relatively short time this association was confirmed
by the topological analysis of experimentally measured electron
densities. It is well to recall at this point that there is no example
of a “bond” being assigned in the absence of a mirror image in
the density. Thus the mapping of a “classical molecular

structure” onto a molecular graph, whose existence is predicted
by theoretical studies of the electron density, is complete and
confirmed by observation. Chemistry does not advance through
“fuzzy thinking”, but rather by observation followed by appeal
to theory. There is a clear, logical connection between the
concept of a bond and an observable bond path.

The bond paths shown in Figure 1 are found only to link
pairs of atoms that are considered to be bonded to one another
in the classical structure. Fritz London was the first to draw
attention to this property of the density, and he did so in
1928 on the basis of the electron density distributions he
calculated for the ground state and the repulsive triplet state
of the hydrogen molecule using the Heitler-London wave
functions determined in the previous year.34 These were the
first calculated representations of molecular electron density
distributions and they have recently been reproduced by the
author.35 On the basis of these displays London made the
astute observation: “With the help of these figures, one can
imagine how in complicated molecules the atoms which form
a Valence are connected by such a bridge of Ψ*Ψ-density,
while all remaining atoms stay separate”, a prediction borne
out by the display of the density shown in Figure 1. London
was the first to define a bond path as a “bridge of density”
linking bonded atoms (atoms forming a valence) and to
foresee its role in the prediction and understanding of
chemical bonding. The presence of the same “bridge of
density” provides a vindication of Lewis’ homopolar electron
pair bond; the postulated presence an electron pair bond is
given physical realization in the presence of a “bridge of
density”.36

III.2. Atoms Linked by Bond Paths. One cannot have
bonding “between atoms” without first defining the atoms and
the formation of a (3,-1) cp fulfills this condition. The two
negative curvatures at the cp define a set of trajectories of ∇F,
all of which terminate at the cp, and define an interatomic
surface. This is illustrated in Figure 2 for the trajectories that
define the interatomic surfaces denoting the boundaries of the
atoms bonded to one another in the formaldehyde molecule.

Figure 1. Relief map of the density in the plane of the nuclei for CH2O. The nuclear maxima in the density at O and C have been terminated at
4 au (atomic units) and the map boundary at F ) 0.001 au. Note the presence of “saddles” in the density between bonded atoms. The presence of
a maxima in the density at the positions of the nuclei is the dominant topological feature of the electron density and is responsible for the atomic
form of matter.

Review Article J. Phys. Chem. A, Vol. 114, No. 28, 2010 7433
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Puntos críticos

12Bader, R. (1994). Atoms in molecules. A quantum theory. Oxford: Clarendon Press.

Característica topológica 
máximo, mínimo, silla

Donde:

Rango Signatura

(%, &)

(3, -3) Esta asociado a posiciones nucleares. 

(3, -1) Se encuentra entre dos núcleos enlazados químicamente.

(3, +1) Se encuentra en el interior de un anillo de átomos enlazados.

(3, +3) Se encuentra en el interior de una “jaula” de átomos 
enlazados.
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Bader, R. F. W. (2010). “Definition of Molecular Structure: By Choice or by Appeal to Observation” Journal Physical 
Chemistry A 114: 7431-7444. 

Bader, R. F. W. (2011). “On the non-existence of parallel universes in chemistry” Foundations of Chemistry 13: 1137. 

extending it beyond the models that were used in its develop-
ment. Just as the models of valence were expanded to meet the
new requirements of structure occasioned by the observation
of “novel structures”, so the topology of the density reveals the
presence of bond paths in situations where they were similarly
not predicted by the Lewis model or its extensions. Such a
finding should be anticipated, as all models provide but an
incomplete picture of the underlying physics, a situation
encountered throughout science.

IV.1. Example of the Density Explaining and Correcting
the Failure of a Model. A pertinent example of this is
provided by the VSEPR model of molecular geometry which
successfully accounts for the geometries of molecules based
on arguments of presumed preferred geometrical arrange-
ments of electron pairs in the vicinity of a central nucleus.42

A physical basis for the VSEPR model is provided by the
observation that the patterns of local charge concentrations
(CCs) defined by L(r), the negative of the Laplacian of F(r),
are in remarkable correspondence with the numbers, the
relative magnitudes, and arrangements of electron pairs
assumed in the VSEPR model.43,44 It is found, however, that

geometries of molecules containing a metal atom can differ
from those of the analogous main group molecule and thus
are not in accord with the VSEPR model. For example,
whereas CO2 and NO2

+ are linear and in accord with the
model, CaF2, BaH2, TiO2, VO2

+, and CrO2
+ are bent in clear

violation of the VESPR model.45,46 Since L(r) is a physical
property of a system and model independent, its topology
should differ between that for main group molecules and
those containing a metal atom to account for their differing
geometries, and this is indeed the case. In the latter cases it
is found that the outer core of the metal (with the shells of
the core density defined by L(r)) is polarized to create CCs
that unlike their adjacency to the ligands in main group
molecules, are diagonally opposed to the positions of the
ligands, giving rise to ligand-opposed CCs.45 This funda-
mental difference in the topology of L(r) between main group
molecules and their analogous metal molecules accounts for
their differing geometries, the ligand-opposed topology of
L(r) appearing in all cases where the VSEPR model fails,
accounting as well, for the differing chemistry of the
transition metals from their main group counterparts. It should
be noted that the topology of L(r) is determined by the
physics of the pair density. In all cases, L(r) is homeomorphic
with the topology of the Laplacian of the conditional pair
density.47 It thus provides a mapping of the essential aspects
of electron paring determined by the pair density determined
in six-dimensional space onto the three-dimensional space
of the electron density. Thus while models can fail, the failure
is predicted and accounted for when the underlying physical
basis of the model is known. Correspondingly, models of
structure can be extended to cases hitherto not encompassed
by the models when so indicated by the topology of the
density, the underlying physical basis for the definition of
structure.

IV.2. Uncoupling the Notion of a Lewis “Bond” from the
Concept of a Bond Path. A particular source of disagreement
over the use of a bond path to denote the presence of a bonded
interaction between atoms is the inability of some to dissociate
the concept of a “bond”, particularly in the Lewis sense, from
the presence of a bond path.35 The problems associated with
such an identification were anticipated from the beginning of
the theory, leading to the following statement in the treatise
Atoms in Molecules: A Quantum Theory: “It is to be stressed
that a bond path is not to be understood as representing a ’bond’.
The presence of a bond path linking a pair of nuclei implies
that the corresponding atoms are bonded to one another.”25

This distinction is not one of semantics, but of physics. A
bond path is a measurable property of a system that, following
on the theorems of quantum mechanics, denotes a bonded
interaction, while a “bond” is neither measurable nor susceptible
to theoretical definition and means different things to different
people. As has been amply demonstrated by appeal to physics,
the presence of a bond path linking a pair of atoms fulfills the
sufficient and necessary conditions that the atoms are bonded
to one another.48,49 This definition, which necessarily applies to
quantum mechanical densities, transcends all bonding schemes
and categories and proVides a unified physical understanding
of atomic interactions. Indeed, bond critical point data are widely
used and increasingly so, in the characterization of bonding
throughout all facets of chemistry,50 using both experimental
and theoretical densities.25,51

The concept of a bond is, in the minds of some, inseparable
from the Lewis model and hence from its limitations. Until that
time when the topological definition of structure and its physical

Figure 3. Representations of the molecular structure of the guanine-
cytosine base pair: (a) classical structure; (b) structure defined by the
bond paths that originate at the intervening bond critical points denoted
by the small red dots, ring critical points being denoted by yellow dots;
(c) contour map of F(r) overlaid with the bond path and intersection
of the interatomic surface associated with each bond critical point. The
classical structure is recovered in its entirety in the topology of the
electron density.

Review Article J. Phys. Chem. A, Vol. 114, No. 28, 2010 7435
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123(3, -1) enlace

640 F. Cortés-Guzmán, R.F.W. Bader / Coordination Chemistry Reviews 249 (2005) 633–662

Fig. 2. Molecular graphs of the carbonyl complexes of Cr, Fe and Ni in descending order on the left, and of the metallocenes of Fe, Al+ and Ge on the right.
The colour scheme identifying the critical points is as follows; red for (3, −1) or bond CP; yellow for (3, +1) or ring CP; green for (3, +3) or cage CP. The
nuclear maxima, denoted by larger spheres, are: red for oxygen; black for carbon; white for hydrogen. The alternating bond and ring CPs resulting from the
bonding of M to the carbons in the metallocenes denote a ring of almost constant density and a corresponding delocalisation of the bonding density over the
ring surfaces.
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(3, +1) anillo

(3, +1) anillo
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Enlace químico

Interacciones entre 
átomos y moléculas

Bader, R. F. W. (2009). “Bond Paths Are Not Chemical Bonds” Journal Physical Chemistry A 113: 10391-10396. 
London, F. (1928). “On the quantum theory of homo-polar valence number” Zeitschrit für Physik 46: 156-174.
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(-) Concentración de carga

(+) Reducción de carga

An very different situation is encountered in the Laplacian of a shared interaction where
the VSCC instead of having the spherical appearance found for fluorine in LiF, now
exhibits local concentrations of electronic charge for the participating atoms. The local
charge concentrations (abbreviated CCs) appear as maxima in the negative of the Lapla-
cian distribution.

Fig. 4 Envelope maps of the Laplacian of the density for the same molecules as in Fig. 3, for r2q(r) = 0.
The zero envelopes separate the regions of charge concentration, where r2q(r) \ 0, from regions of charge
depletion, where r2q(r) [ 0. The three surfaces encompassing each F nucleus indicate the presence of two
quantum shells: an inner shell and a valence shell, the two outermost envelopes defining the boundaries of
the valence shell charge concentration (VSCC). The Li, Be, and B atoms do not possess a VSCC, as each
exhibits but a single surface indicating the presence of only an inner shell. The VSCC of Si which would
appear in its third quantum shell is also absent. The three surfaces seen to encompass the Si nucleus define
the first and second quantum shells. Only the envelopes defining the VSCCs are shown for CH4 and NF3, the
inner shell of charge concentrations on C and on N being visible through the holes in their respective
VSCCs. The VSCCs of the ligands are joined to the VSCC of the central atom in these shared interactions.
The VSCC on N exhibits a pronounced non-bonded charge concentration (the map corresponding to each
molecule has its own scale)

268 R. F. W. Bader, C. F. Matta
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Bader, R.F.W., Matta, C.F. (2013) “Atoms in molecules as non-overlapping, bounded, space-filling open quantum 
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Schwinger: 
El operador de la integral de 
acción debe satisfacer la ley 
aditiva de composición.

Asegura que el operador de 
la integral de acción pueda 
expresarse como una suma 
sobre los operadores  para 
todos los sistemas abiertos 
(átomos) en una molécula.
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