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The charge on an atom in a molecule is defined by the quantum theory of atoms in molecules (QTAIM) as
the expectation value of the number operator, a Dirac observable. An atomic charge is measurable and it,
together with its change, contributes to numerous measurable properties: to all molecular moments, to molecular
polarizability, to intensities of electronic, infrared, and Raman absorption intensities, and to the polarization
of a dielectric. The properties resulting from an applied magnetic field parallel those induced by an electric
field, with the induced atomic charge being replaced by the atomic current. The phenomena of polarization
and magnetization, permanent or induced, have a common physical basis when described in terms of the
physics of an open system, all expressions exhibiting a single underlying structure in terms of their atomic
contributions. The paper points out that this physics and the appeal the experiment it affords are lost when

one employs other definitions of an atomic charge.

Atomic Properties as Quantum Expectation Values cally, many different definitions have been proposédThis

. ) statement is in disagreement with the known and experimentally

Quantum mechanics defines the average value of a pmpertydemonstrated hvsics of an open svsfeBuch statements

as the expectation value of a Dirac observable, a linear Hermitian ed phys! P yst .
together with possible arguments against the extension of

operator with a complete set of eigenstdteBxpectation - h
values may or may not be measurable, the expectation Valuequantum mechanics to an atom in a molecule are forestalled

of the Hamiltonian operator, the energy, being an example through the demonstration th_at atomic properties when measur-
of a property for which only differences can be obtained from able are in full agreement with those predicted by the physics
experimental observation. The generalization of quantum me- of an OPe” systgm. QTAIM predicts what can be measured.
chanics to an open system provided by Schwinger’s principle  Despite the wide acceptance and use of the theory of atoms
of stationary actiohextends the definition of the expectation N molecules by both chemists and physicists, a well-catalogued
value of an observable to an atom in a molecule to yield €xample being the dominant role it plays in the analysis of
QTAIM, the quantum theory of an atom in a molecdl&s expenmental c_ha(ge _dlstrlbuuoﬁ_szne finds statements in the _
with expectation values for the total system, only certain atomic literature questioning its use. Typical examples regarding atomic
properties are experimentally accessible, as delineated in thisPopulations are as follows: QTAIM charges are ‘exaggerdted’,
paper. Schwinger's work was characterized by a strict adherencere ‘larger than “commonly accepted” valuéd'the Bader
to the phenomenological approach to physics through his charges are not realistic, yielding too extreme vall!!ésdr
insistence that one appeal to and compare with experimental’-tend to be of high magnitudé€'These statements are in some
observation whenever possii&o this paper, since it follows ~ cases coupled with the criticism that the QTAIM atomic charges
his path to the physics of an open system, is offered with the Will not on their own reproduce a molecule’s dipole nor
caveat that it necessarily emphasizes the ties that link QTAIM duadrupole moment, nor yield a particularly good representation
with observation and measurement, an approach that will of the electrostatic potential, compargd to charges fitted to do
necessarily distance it from other definitions of an atomic charge. SO- For example, Brom et al. commenting on the QTAIM charge
A previous paper in this Journal uses the physics of an open©n Bin 'BF_), state ‘these large positive charges would seriously
system to counter arguments against the interpretation of a bong@verestimate the quadrupole moment of sBf* a remark
path, the principal structural element of QTAIM, as providing coupled W|th_the opening statement in their Discussion “Because
a universal indicator of bondinThe present paper serves a Partial atomic charges are not unique...”. Brom et al. use a
similar role in countering published assertions that atomic Parametrized mapping of charges obtained from a population
properties, atomic populations in particular, are neither unique @nalysis in a fitting of the point-charge model of a dipole
nor ‘observable’. This view is typified by the statement “Because Moment to the calculated dipole. The fitting of point charges
atomic charges do not correspond to any physical observablet0 & molecular dipole or higher moment, or to an electrostatic
quantity, and thus are not uniquely defined quantum mechani- field, is a procedure proscribed by physics and results in charges
that are not physically related to any measurable property. The
* Corresponding author phone: (905)525-9140 ext. 23499; fax: (905)- Point-charge model ignores the very atomic polarizations
522-2509; e-mail: bader@mcmaster.ca. dipolar and quadrupolatthat one is attempting to model,
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 University of Toronto. polarizations that must accompany any interatomic charge
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atomic polarizations are necessarily opposed to the direction
of charge transfer and thus reduce or, in some cases, overwhelm
the contribution to the dipole from the atomic charges. Thus
the magnitudes of QTAIM charges are necessarily larger than
those obtained by ignoring counter polarizations of the density,
since their use requires expressions that necessarily employ all
moments up to and including the moment in question. An early
argument that AIM charges exhibit a ‘size dependetoyas
countered by demonstrating that no charge transfer necessarily
occurs between atoms of different size, such as He ad#l Ar
and in the demonstration that ‘atomic size’ is a property
determined by the nuclear-electron potentfaQ TAIM atomic
moments reproduce all measurable molecular moments to the
accuracy of the density employed and reproduce the electrostatic
field to any desired degree of accurdéy® The QTAIM
electrostatic potential has recently been employed in the
dynamical simulation of the properties of liquid HF, obtaining
agreement with five important bulk properties from one and
the same modéP

f 0r-:—ahti(aa?r:/tee?éggtet:\]ge?@ésg‘sa?érﬁir;: 22?1&%3?&2 51”{;]%5[;? dtgre_ Figure 1. Contour die_lgra_ms of the electron de_nsity in_ LiH, LiF_, NaF,

. . . CO, and HCO overlaid with bond paths and with the intersections of
standing of measured properties, the point of departure for the the interatomic surfaces. These maps, obtained using the 6-861
discussion of atomic charge presented in this paper. Not only (3d,f;2p,d) basis set, are essentially superimposable with the corre-
is an atomic charge a measurable quantum expectation valuesponding near Hartree=ock STO densities displayed in “Atoms in
it appears in the expressions determining a wide range of l\/_lolecule_'s”.3 Note the .similarity in the_ charge distributions of the
experimentally measurable properties: atomic charges contribute'z:l'n c?tgfntqh:ano;;/geingto%':ilnvgtoh ;)r?ci)al;g“%?tsh ?igﬁivingcﬁ]zﬁﬁhs
to t.he'dlpqlar, quadrupolar, and all hlgher molecular momer.lts; of 1.33 and 1.24e. The outermost con’tour has the value 0.001 au and
their field induced changes appear in the measurable contribu-the remaining ones increase in value in the order 20, 4 x 107,
tions to the atomic polarizability and in the cell contributions and 8x 10" with n beginning at-3 and increasing in steps of unity to
to the polarization of a dielectric; their vibrationally induced a maximum value of 20.
changes appear in the expressions for infrared and Raman
intensities; the displacement of the atomic charges caused by @&nd magnetic properties of matter, cautioning against the use
molecule’s interaction with light as described by the relevant of the wave function (orbitals) for such a purpose. In following
transition density appears in the expression for the atomic Schralingers’s advice and using the electron density to define
contribution to the intensity of an electronic transition. The an atom in a molecule, we have the bonus of using a measurable
atomic charge or its change is not the sole contributor to any property of the system, one that describes the distribution of
of these properties, all being dependent upon the requisite dipolamegative charge in the presence of the pointlike nuclei in real
or quadrupolar atomic polarizations as well. space.

The property corresponding to the electric polarization in the ~ An atom in a molecule is defined as a region of space
presence of a magnetic field is the field induced atomic bounded by a surface i§(that exhibits the property of ‘zero-
magnetization, and this property plays a similar role in flux’, meaning that () is not crossed by any gradient vectors
determining the atomic contributions to the magnetic suscep- Of p(r), Figure 12 This condition is expressed in eq 1 where
tibility and chemical shielding? The atomic charge is paralleled  N(r) is a unit vector perpendicular to the surface at the point
in the magnetic case by the atomic current, the basin average )
of the field induced electronic velocity. Thus atomic charges  Vp(r)-n(r) = O for every pointr on the surface 8} (1)
and atomic currents that to some may appear to be ‘too big’ _ . . ) .
are not properties to be viewed in isolation but rather as essentialT NS zero-flux condition, one that is both defined and measurable

contributions to the values and understanding of measurablel" ré@l space, serves a dual purpose: it defines the boundary
properties, all recovered in their entirety by the physics of an condition for the applllcatlon of quantum mechanics to an open
open system. system-to an atom in a moleculea proper open systeth—

thus uniting the topological and quantum definitions of an atom.
The application of eq 1 to a molecular charge distribution yields
an exhaustive partitioning of a molecule into nonoverlapping
The theory underlying QTAIM has been presented on a atoms or of a solid into discrete cells, the latter generalizing
number of occasion®?122 The presentation here singles out the definition of a Wigner-Seitz celf.
the steps essential to the demonstration of the wide-ranging role The atomic property most directly related to the density is a
of atomic charges and currents in determining molecular population, the expectation value of the number operator. This
properties. Among the most important of the measurable operator counts the average number of particles in a given spatial
guantum expectation values is the dengif§). The density is region. It is defined in terms of a corresponding integral of the
the expectation value of the density operafdr), a Dirac density operator and, as previously detailed, is necessarily a
observable whose eigenstates are the complete set of coordinatBirac observablé.Thus the expectation value of the number
states|r 7 In his fourth paper in 1926, Schidimge#f? defined operator for atom A, denoted by N(A), obtained by integration
the electron density and the vector current density along with of the density over an atomic basin whose boundaries are
the equation of continuity relating them, stating that these are themselves defined for a proper open system is, like the density
the properties that should be used to understand the electricaitself, a measurable quantity. An atomic charge, the net of the

An Open System and Its Properties
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nuclear and electronic charges, is defined@§ = Z, — N(A). Atomic Charges, Molecular Moments, Static and Induced
An atomic population or charge, as defined within QTAIM, is
the measurable expectatiealue of a Dirac obserable and is

now routinely determined in accurate X-ray diffraction experi-

Essential points of QTAIM are introduced in the development
of the equations relating the atomic charge to measurable static
X T and field induced molecular moments. All of these involve
ments on crystalsh recent example is the determination of the oy e ctation values of a dipolar polarization density, the quantity
charges and their transferability between chemically equivalent —erp(r). The total density of charge resulting from the nuclei,

atoms comprising the backbones of a number of polypeptides. o5ch of charget-eZx with position vectorXa, and from the

Many examples from both experimént®® and _theor91*34 have electrons, with the electronic charge density givern-mp(r),
demonstrated the remarkable transferability of the charge is denoted bypi(r), expressed in eq 2

distributions and properties of chemical groups defined as open

systems, particularly of main chain and functional groups N=—eor)+ S .eZd8(r — X 2
common to the amino acids and polypeptides. The advent of AT o(r) ZA 20 ») @
the availability of synchrotron radiation sources and CCD tpe dipole moment is given by

detectors has greatly enhanced the accuracy of the experimen-

tally determined density and enabled charge-density studies on _ _

molecules of ever increasing size. The agreement between H= frpt(r)dr - efrp(r)dr * ezAZAXA ®)

3§$eer2:1tetutegpe(:ictgleggllcflatsilon%ar to the agreement betweenwith th_e electrpr_lic and nucle_ar position vectors refergnced to
- ) : ) o an arbitrary origin. The polarization of a dielecti defined
The difficulty some have in accepting QTAIM is illustrated 35 the dipole moment per unit volume, is also described by
by a recent statement in thkurnal of Chemical Education eq 3. In addition to the permanent dipole moment, a number
viz. “Most chemists would probably describe a molecule as of measurable properties are determined by dipolar polariza-
consisting of approximately spherical, overlapping atoms or tion densities induced by electric and magnetic fieRf:
ions.”? a model whose origins lie in early MO and VB theory, (a) The polarization density(r) induced by an external electric
certainly not with Dalton. Any modeling of atomic properties field, whose integral over all space yields the molecular
in terms of overlapping atoms, through the use atomic centeredpolarization o, is determined by the polarization density
basis functions or by the introduction of a promolecule density, —er p®)(r), wherep®(r) is the first-order electron density. The
as employed in the Hirshfeltland Voroni deformation density  field-induced change in density is expressed in terms of a sum
(VDD)!* atomic charges, fails in two respects. First, it is readily over states of contributions proportional to a product of the
demonstrated in a few lines beginning with Salinger’s transition densitynk(r) and a transition dipole matrix element
equation, that to apply physics to an atom in a molecule, the My, = —efrpni(r) dr, linking state k and the perturbed state n.
atom must be a bounded space-filling objettSecond, and (b) The transition probability A~ k induced by a molecule’s
most important with respect to experimental chemistry, such interaction with light is determined by-erpn(r)-Mnk, the
models are incapable of recovering the observation essential toproduct of the transition dipole density and the transition
all of chemistry, that atoms and functional groups can exhibit moment. (c) The magnetic susceptibility is determined by the
characteristic propertiedespite changes in their immediate magnetization density(r) induced by an applied magnetic field
ervironments This chemistry is lost when physics is replaced B. Itis also a polarization density dependent upon the position
by models of overlapping atoms. Consider the simple example operator and is expressible g§)-B = (1/2cy x j@)r), the
of the marked similarity in the QTAIM charge distributions of ~ Cross product of with the first-order induced current. The field-
a Li atom bonded to H in LiH and to F in LiF, Figure 1. The dependent properties are derived using second-order perturbation
Li atoms, because of this similarity in form, possess like theory for an open systeffi.

properties, as reflected in the charges, qéki}-0.94 (F) and Because of the presence of the electronic position vector, each
+0.91e (H) and in their energies that differ by only 8 kcal/ of these properties will necessarily generate origin dependent
mol2 This is in contrast to the use of overlapping atomic atomic or cell contributionsThe origin dependence of atomic

densities or basis functions that unavoidably assigns different cONntributions to these properties must, hoee be only
populations q(Li) in each of the two cases [LiF followed by apparent, since it is well established that one can experimentally
LiH]: Mulliken, 0.66, 0.19: VDD, 0.54, 0.46; Hirshfeld, 0.59 assign additve atomic and group contributions to measured

0.411* One further notes that models of overlapping atoms are dipole moments and electric and magnetic susceptibiliige.

. . - - hysics of an open system yields a single origin independent
incapable of yielding atomic charges that approach the limiting P . " . o . .
ionicpvalues ){:15 four?d experimentgally for thgﬁ:alides and oxidegs expression for the additive atomic contributions that is applicable

of alkali and alkaline earth metals. QTAIM is the only definition to all properties dependent upon the electronic position opera-

. C o T tor43
of an atom to recover atomic charges at the ionic limit. To expressu, the dipole moment of a molecule or the

There is 150 years of experimental chemistry underlying the pojarization of an extended system in terms of atomic or cell
realization that the properties of some total system are the sumcontributions, it is necessary to introduce a local coordinate
of its atomic contributions. Group contributions to the electric system for each atom into eq B;= ra + Xa Wherera is
polarization and volume were determined as early as the latereferenced to the nucleus of atom A with position coordinate
1800s, followed by demonstrations of group additivity for heats X .. As previously described, this substitution equates an atomic
of formatior?® and magnetic susceptibilityin the early 1900s.  contribution #(A) to a contribution from the polarization of
The concept of a functional group, consisting of a single atom the density within the atomic basiv (A) = —e/rap(r), and
or a linked set of atoms, with characteristic properties now forms an origin dependent termg(A)Xa. The definition of an
the cornerstone of chemical thinking of both molecules and atomic chargey(A) necessarily introduces a contribution from
crystals and additivity is well documented for thermodynatfic, the polarization of the atom’s densityl(A). The important
as well as molecular properties. The measured, additive groupstep—the one unique to an open systeis the removal of
contributions to these properties are recovered by QTAIM. the dependence qi(A) on the external origin definingKa
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through the introduction of surface terms that describe the or changes in the system but are rather changes with respect to
contribution to the dipole resulting from the transfer of charge an imagined arbitrary and unrealizable promolecule density. The

across each of the individual interatomic surfaces bounding atomdipole moment of a molecule or the polarization of a crystal do

A. The presence of surface terms is a distinguishing feature of
the physics of an open system.

indeed involve the transfer of charge from one atom or cell to
another, flows that are precisely described by the physics of an

Poisson’s equation relates the divergence of the molecularopen system.

electrostatic fielde(r) to the total charge densiiy(r) by the
expressiorV-E«(r) = 4mp(r), and integration of(r) over atom

A to obtainq(A), the charge on atom A will, by Gauss’ theorem,
be given by the flux inEy(r) through its atomic surfacgA).
The surfaceyA) is, in general, composed of a set of interatomic
surfacesS(A|B), there being one such surface for each group B
linked to atom A by a bond path and thgéd), for a neutral
system, may be expressed as

q(A) = —;CI(B) = (1/4ﬂ);fd5(AlB;rs)Et(fs)'nA(f) =
;Q(Al B) (4)

The charge transferred from A to a neighboring group B, across
the surfaceS(A|B), is denoted byQ(A|B). The dipolar contribu-

The atomic contributions to the second-order properties are
also given by eq 5 with the substitution of the appropriate first-
order contributions. Thus the atomic polarizatidtt)(A) and
surface transfer charg€¥V)(B|A) in the atomic expression for
the field induced electric polarizatian are expressed in terms
of the first-order induced density?(r). In this case, the sum
of the surface transfer charges equalg®(A), the charge
induced on atom A. In the expression for the atomic contribu-
tions to the probability of a transition from state-n k the
same terms are determined by the transition dengify).

The substitutionr = ra + Xa in the expression for the
magnetization density and its integration over the basins of the
atoms yields a result for the sum of atomic contributions to the
magnetic susceptibility, eq 6, which consists of a basin and a
surface contribution, in complete analogy with the corresponding
expression for the dipolar polarization, eq 5. In the magnetic

tions arising from the charge transferred across the surfaces ofcase, the basin average of the induced curr#@), replaces

A must, like the contribution from the density within the atomic
basin, M(A), be measured relative t&a. Thus Q(AB) =
—Q(BJA), the charge transferred across the surf8§@gB), is
weighted by the bonded radius of the atom enabling the dipole
moment to be expressed as a sum of atomic (or cell) contribu-
tions that is independent of the choice of external orjgas
shown in eq %44

B= ZF(A) = Z[M(A) + BZA[XC(AI B) — XAlQ(BIA)] (5)

whereX(A|B) is the coordinate of the bond critical point. The
contribution of an atom or cell to the dipole moment, the
quantityu(A) in eq 5, is given by two termsM (A) describing

the polarization of the density & relative to its nucleus and
the sum of the dipoles resulting from the flux in the electric
field through each of its interatomic surfac€¥B|A) is equal

to q(B), the charge transferred frofacross the surfac&A|B)

to groupB. ThusQ(BJA) in eq 5 describes the manner in which
the electronic charge lost or gained by A is shared with each of
its bonded neighbors.

The contribution to the polarization from the surface transfer
charge terms are present even if the group or cell is electrically
neutral. A unit cell in a centrosymmetric solid exhibits no
polarization. If compressed along a given axis it can undergo a
change in structure and become polarized, an example of
piezoelectric crystal. The compressed cell is still neutral, but
the compression results in a flow of electronic charge into the
cell through one surface and to an equal flow out across its
mirror image surfacé? All systems are open to study, including
a recent use of QTAIM in the study of the curvature-induced
surface polarization in nanotubes revealing a linear correlation
between the QTAIM dipoles and the curvattfe.

It is important to note that the charge flows described by the
surface polarization term®(A|B) however induced are deter-
mined by the relevant physics. Guerra etlatlaim that an
advantage of their approach is that their subtraction of the
density of a promolecule from the density previously partitioned
into Voronoi cells focuses on the density change in each cell in
going from the superposition of atomic densities to the final

g(A), and the origin dependent term correspondingi@|(A)
becomesXaxJ(A). This term, as in eq 5, is replaceable by a
sum of surface terms, each tef@{B|A) denoting the flux in
the position weighted flow of current through the surface
SA|B).44

2B= gx(ArB = Z[ Saraxi®ndr +
BZ[X°(A' B) — X,IC(BIA)] (6)

The atomic integral of the cross product x j@ is the
contribution toy arising from the magnetization of the density
within the basin of atom A, the term replacifg(A) in eq 5,
while C(A|B) describes the position weighted flow of current
through the surfac&A|B), the term replacind)(A|B). Thus
the form of the atomic contributions to the magnetic susceptibil-
ity is in complete analogy with the expressions for the atomic
contributions to the dipole moment, the polarizability and the
transition probability.

The phenomena of polarization and magnetization, permanent
or induced, have a common physical basis when described in
terms of the physics of an open system, the expressions for all
four cases exhibiting a single underlying structure in terms of
their basin and surface contributions. All involve contributions

a

from the atomic charges or currents or their change. There are
no restrictions as to the applicability of these expressions.

Atomic Properties and Experiment

The atomic properties determined by QTAIM necessarily
recover all molecular properties, since QTAIM is an extension
of the statement of the principle of stationary action to an open
system?! The single necessary and sufficient criterion for
determining their relevance to chemistry is provided by the
agreement of the predicted atomic and group contributions with
their measured valué$. This has been demonstrated and
documented for many properties in numerous systems: among
them, the experimental additive contributions to the heats of
formation$347 electric polarizability’®and magnetic susceptibil-

molecular density. But these changes, unlike the charge transfersty*4 of the homologous series of saturated hydrocarbons. The

described byQ(A|B), are not the result of real physical fields

two latter properties depend on the induced atomic charges and
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induced atomic currents, respectively, in addition to the associ- contribution to the induced dipole moment, while the changes
ated dipolar polarizations. in the atomic charges dominate in the more polar,SiFhe

The energies of a number of substituted homologous seriesintensities in CH, when fitted to an atomic charge-bond dipole
of hydrocarbon molecules have been determined by Neugebauefnodel with rigid following of the density, lead to the charge
and Hielinger who demonstrated linear fittings of the energies assignment CH*,>% a consequence of the model ignoring the
with the number of electrons at various levels of theéSiyhile dipolar relaxations of the charge density that are an essential
the intercept in the linear expressions was found to be dependengharacteristic of a vibrational displacement. Similarly, the
upon the nature of the substituent, all were found to possesschanges in the atomic polarizabilities, involving both the induced
the sameslope, the proportionality with respect to the number atomic charge and polarizations, have been shown to recover
of electrons. QTAIM partitioning of the molecular energies the intensities of Raman active mod€§! QTAIM has also
requires that the slope equals one-eighth of the enetgHy|), been applied to the electronic charge flows and Raman trace
the energy of the transferable methy|ene_ Since the popu|ati0nscattering intensities in alkan%ﬁ.3 The atomic contributions
of the methylene group is equal to 8.0800.001e at all levels O the electronic transition moments, when applied to the study
of theory5° one finds that eight times the slope is precisely ©f the ‘o-conjugation’ believed to underlie the bathochromic
E°(|CH_|).5! The identification of eight times the slope in the shift with an increasing _c_ham I(_ength in the oligosilanes,
regression analyses linear in N, with the energy of a region of demonstrate that each additional SiHakes a constant additive
space bounded by two|C zero-flux surfaces, obtained from contribution to the intensity of the transition, in agreement with
the expectation value of its electronic kinetic energy using the €xperiment* The origin of the contribution is understood in
open system virial theorem, is striking proof of the physical terms_of the induced charge and transition moment for each
relevance of the charges and energies defined by QTAIM.  atom in the group. _

Near perfect transferability is both anticipated and found in  1"€ guantum theory of atoms in molecules leads to a
the ‘building blocks’ of biological molecules, and one may take method of calculqtlng the induced current in a dl.vergence-free
advantage of this to construct a polypeptide by the simple manng?5 (the continuous set of gauge Fransformatlons or CSGT)
conjoining of the density distributions of amino acid residues €nabling for the first time the calcu!a_tmp and displays the field
|Aa| previously determined in the model tripeptide Gha/Gly". mduceql currents, mcludmg the ring currents_lnduced in
Here again, the atomic charge plays an essential role. The two@fomatic molecules by a field applied perpendicular to the
surfaces definingAa| form a pair ofcomplementary surfaces moleculgr plané® The mqgnetlc prqpemes calculated from thg
since ideally they are different sides of identical amidic surfaces, CSCGT divergence-free fields are in excellent agreement with
the concavity of the C-surface complementing the convexity €XPeriment and when used in the expression for the atomic
of the N-surface. Complementarity requires that the flux in the COntributions to the magnetic susceptibility, eq 6, yield atomic
electric field through the N-surface should be equal and opposite Ontributions that recover the experimental additive group
to the flux through the C-surface and thus the net charge on contn_butlons to the magnetic susceptl_blllty aSS|gne(_j by Pé&&cal.
each|Aa| residue must be zero, as a consequence of Gauss'The ring currents, whose presence in an aromatic system are
divergence theorefi? The magnitude of the average net charge clearly displayed in the CSGT calculated currents, lead to an

for the |Aa] residues equals 0.002e, a value that lies within the €nhancement in the measured susceptibilities being termed
integration error in the determination of the atomic populations, ‘aromatic exaltations’ by Pascal. The exaltation assigned to the

For a charged residue, such as(®isr Tyr) the net charge is benzene ring in Paspal’s exp.erimen.tal add.itiv?ty schemelis
found to equah-1.00 or—1.00e, respectively. Recovery of the x 10°° emu, and this value is precisely six times the amount
proper net charge, 0 at1 e are among the properties of the by which the calculated atomic susceptibility for a carbon atom

|Aa| residues that demonstrate the complementarity of the two !N Penzene exceeds that for a correspondingly conjugated atom

amidic surfaces and the consequent near perfect transferability"! Nonaromatic butadiene, the hydrogen atom contributions being

of the amino acid residues enabling their use in the construction dentical- To complete the picture, one notes that the QTAIM
of a polypeptidé? energy of the aromatic CH group is more stable than that of

. . . the butadiene analogue by one-sixth the resonance energy of
QTAIM atomic properties, because of their transferable g y 24

. . . ! . . nzené’
nature, find wide use in bialogical studies.The charge beThgsS examples demonstrate that the atomic expectation
separation index for an amino acid side chain, defined by P P

Collantes and Durf as the sum of the absolute charges of the vaIue_s obtained from the physics of an open system recover
atoms, provides an excellent descriptor of their experimental experimentally measurablt_e group cgntnbutlons. They _also
properties when the QTAIM charges are employed. These demonstrate that the atomic expectation value_s are appllca}ble
include the electrorestriction contribution to partial molar to any and gll measurable properties, as _reqUIred by physics.
volumes, energies of hydration, partition coefficient between The very existence O.f expe_rl_me_ntal_add|t|V|ty schemes de”_‘O”'
polar and nonpolar solvents, changes in protein stability upon strates that an atomic partitioning is both physically possible

single-point mutations and for correlating the second letter of and necessary.
the triplet genetic code with the degree of polarization of the
electron density of the encoded amino atid.

QTAIM has been employed in the determination of the  Criticims Based on Point-Charge Model. The criticism
dipole moments of the individual molecular constituents in voiced by Brom et a2 to the effect that QTAIM atomic charges
crystals of water, urea, anmgtnitroaniline to demonstrate the  seriously overestimate the quadrupole moment of d¥es not
enhancement of the moments caused by the intermolecularapply when the charges are employed in the quantum mechan-
interactions within the crysta~—>” QTAIM moments have ical expression for the quadrupole moment. The molecular
been used to determine the change in dipole moment responsibleguadrupole momen® is origin dependent and referenced to
for the infrared absorption intensities in GHethylene, and the center of mass. Substitution of the operator 12372
SiH4.58 The relaxation of the density of the carbon atom in into the expression for the total charge density, eq 2, followed
the antisymmetric stretch of GHmakes the largest single by the substitutiomr = ra + Xa yields ©zz(A), the atomic

Rebuttal of Criticisms of QTAIM Charges
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contribution to the diagonalized z component®f expressed
as a traceless tensor, eq 7

0,,(A) = (32,2 — RAQ(A)2 + 3Z,M(A) — RM (A) +
Q,(A)/2 (7)

whereQ,{A) = —efa(32 — ra)p(r)dr andRa = iXa + jYa +

kZa is a nuclear position vector. The atomic contributiorGo

is seen to depend on the monopole, dipole, and quadrupole
polarizations. Laidig applied the atomic expression to the
moments of benzene and its hexafluoro derivative that are of
similar magnitude but of opposite sign, to account for their role
in the formation of the 1:1 compleé®. All theoretical results
reported here are for restricted self-consistent calculations
coupled with scaling of the electronic coordinates, to satisfy
the virial theorem (RHF SCVS) using the 6-381G(3d,f;2p,d)
basis set. The calculated value &%, for BF; is 3.36 au,

compared to the best theoretical estimate reported to be 2.98
aul? Figure 2. The four NjC interatomic surfaces defining the Ni atom in

The atomic contributions to eq 7 in au, which necessarily Ni(CO). There is a bond path emanating from the bond critical point
recover the molecular value f@zz, are 2.578 for the monopole (bep), denoted by ared dot, in each®lsurface. The bond path links

- . a carbon nucleus, denoted by a black sphere, that is in turn linked to
term and—1.284 and—0.146, respectively, from the dipolar oxygen, the associated bcp being denoted by the second red dot. All

and quadrupolar polarizations for F, while the quadrupolar of the properties of this enclosed region of space are defined and make
polarization for B, its sole contribution, equalst®.075. The additive contributions to the properties of the complex. Note the
charge on F, q(F= —0.86, dominates®,; in this polar planarity of the NIC surfaces, an apparent characteristic of metal
molecule. The largest polarization contributions are from the carbonyl complexes, a result in line with the nearly equal sharing of
negatively charged F atoms that are dipole polarized toward (€ density between the two atoms, as determined by the exchange
o index. The principal source of bonding is from the electrostatic
the positively charged B atom. For very polar or closed-shell jyieraction of the electron density of the Ni atom with the nuclei of
type interactions (low value gf, andV?p, > 0), the atoms are  the ligands, with a smaller contribution from the charge transferred
quadrupole polarized so as to remove density from along the from Ni to the 7’ density on each carbon.
axis of approach, each -B- axis, and place it in a torus
encircling the axis causing the perpendicular contributions, the nuclear positions, the total charge dengify), eq 2, being
QzAB) andQ AF) in the present case, to be less than zero. This mapped onto the cells after the partitioning is complete. One
polarization facilitates the approach of the charged atoms by cannot extract more physics from a model than one puts into
reducing the closed-shell repulsions, a similar polarization it, and this model lacks any and all information pertinent to a
occurring in hydrogen bondirf. Thus the QTAIM atomic molecular charge distribution. Because of different possible
moments provide a physical understanding that is directly definitions of the promolecule density, its use yields a corre-
interpretable in terms of the charge distribution. sponding number of possible results. For example, in line with
In addition to equating dipole moments to atomic charges the concept of maximal conservation of information proposed
with the exclusion of the atomic polarizations, one finds the by Parr and NalewajskKP should Li in LiF be considered
opposite approach in descriptions of the polarization of a maximally similar to the free ion or to the neutral atom? This
dielectric. Textbooks on the solid st&téemploy the classical  question has no answer in physics, only in the mind of the
treatment of dielectric polarizatioid,one that relates it solely  questioner. The authors of VDD report the use of ground state
to the polarization of the density within each cell, an approach and “valence state” atoms in the promolecule density for the
shown to be inadequate in terms of the ‘modern theory of Niatom in Ni(CO), yielding g(Ni)= 0.18e for the &? ground
dielectric polarization”® Martin, in 197474 demonstrated that ~ state and 0.54e for its'® valence state. There is only one
one must include, in addition to the cell polarization, the ground-state charge distribution of Ni(COThe tetrahedral Ni
contribution to the dipole resulting from the transport of charge atom, bounded by its four INT interatomic surfaces, is displayed
across each of the surface elements bounding the cell, a resultn Figure 2. Its contributions tall of the properties of Ni(CQ)
in agreement with the expressions obtained using the physicsare defined, with g(Ni}= +0.51e. One may bridge aspects of
of an open system, eq 5. molecular orbital and QTAIM theory using the atomic overlap
Voronoi Cell Model. The Voronoi polyhedron when em-  matrix.”” This matrix shows that the Ni atom in the complex
ployed to define an atomic domain is defined as ‘the region of has a d orbital population of 9.09e.
space closer to that nucleus than to any other nucféus'. The criticism of QTAIM charges contained in the VDD
However, the resulting atomic domains are not used to define papet! exhibits a lack of knowledge of the forms and properties
an atomic population in terms of the corresponding integral of of molecular charge distributions, tlsle source of physical
the density. Instead another model, the promolecule density, isinput for any discussion of its properties. It is characteristic of
introduced to achieve that end, an atomic charge being definedpapers critical of QTAIM, that molecular charge distributiens
as the difference between the molecular and promolecule the objects of the inquiriesare never displayed, discussed, nor
densities integrated over the Voronoi cell, a result termed the analyzed. Concerning the QTAIM charges in CO, the VDD
Voronoi Deformation Density (VDD3)! The Voronoi cell is the authors state: “...the magnitude of the Bader charge (for
result of the partitioning of a geometrical space defined by the instance, for carbor-1.110 au in CO) is too large for the nature
nuclear position coordinates. This is the sole physical input to of the bond in these molecules. They falsely suggest an ionic
the model, one that is devoid of even the charges residing atbond in CO and the other isoelectronic diatomics.” One should
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charge from Li to F, the Li atom does not possess a VSCC,
and the structure of its Laplacian is isomorphic with that for a
Li* ion. In the corresponding map for CO, the inner core of
the carbon atom is seen to be enveloped by the pronounced
valence shell charge concentration extending into its nonbonded
region, the same shell totally encompassing the oxygen inner
shell. The Laplacian distribution, as well as reflects the
presence of the surface of zero-flux that determines the atomic
populations, the surface in CO coinciding with the bonded edge
of the shell of charge concentration on oxygen. Thus even
though both the charge and Laplacian distributions clearly
delineate the atomic boundary yielding atomic chargeshBe,

one cannot infer ‘ionic’ character for CO. Appeal to the physical
distribution of charge yields a clear and simple lesstrarge
transfer is indicatie of ionic bonding only when sufficient to
yield atomic distributions that approach the ionic limit, as occurs
in LiF and NaF, but not in COWhy should one have difficulty

in accepting that C transfers 1.3 of its four valence electrons to
O when the more electronegative oxygen has two vacancies in
its valence shell?

Figure 3. The zero envelopes of the Laplacian distributions for LiF Qonseque_nces of Counter PplarizatiorA s_ignificant degr_ee )
(F on the left) and CO. The zero envelopes separate the regions ofof interatomic charge transfer is accompanied by a polarization
charge concentratioVgp < 0) from regions of charge depletioR3p of the atomic densities in the counter directforihis effect is

> 0). The three surfaces encompassing each F nucleus indicate theyarticularly pronounced for C in CO, where the remaining
presence of two quantum shells: an inner shell and a valence shell,va|ence density is strongly polarized into the nonbonded region

the two outermost envelopes defining the valence shell charge . . o . . .
concentration (VSCC). The Li atom exhibits only an inner-shell charge to yield a diffuse distribution, its nonbonded radius exceeding

concentration as found for a‘tion. This distribution is to be contrasted  its free atom value by 0.15 au. Thus the near vanishing dipole
with that for CO where both atoms exhibit VSCCs, the nonbonded moment of CO is a result of the polarization of the nonbonded
charge concentration on C being particularly pronounced. density on C essentially nullifying the charge-transfer contribu-
tion to the molecular dipole, eq 5. A QCISD correlated density
recovers the correct signO". The atomic charges are reduced
to £1.22e from the RHF values of 1.35e to give a charge-
transfer contribution g(C)R equal to 2.603 au, while the
countering dipolar polarizations contributel.675 and—0.966

au for M(C) and M(O), respectively. These values yield
lu| = 0.037 au compared to the experimental value of 0.048

contrast this statement with the displays of the charge distribu-
tions in Figure 1. In LiF and NaF, the zero-flux surfaces clearly
define near spherical charge distributions anticipated for atoms
approaching the ionic, closed-shell limit. Only contours with
values less than 0.08 and 0.05 au, the bond critical point (BCP)
values for LiF and NaF, respectively, encompass both nuclei. au, (C 0%).8
These distributions are anticipated for the respective QTAIM T ) . o
charges of+0.937 and+0.944e, leaving all four atoms only Figure 1 also displays the charge distribution for CR®,
0.06e short of a closed-shell structure. There is no suggestionWhich has|u| = 1.11 au with the dipole directed as antici-
of such ionic-like behavior in the CO density, despite the zero- Pated, CO™. The QO interatomic surface is similar to that in
flux surfaces yielding QTAIM charges &f1.35e in CO. Density Co, and the properties of the oxygen atom are correspondingly
contours up to 0.51 au encompass both nuclei, and the chargeimilar, g(O)= —1.24 e andM(O) = —0.597 au. The charge
distributions are dominated by the valence density, in the amount©n C is approximately equal and opposite to that on O and hence
of 2.65e on C, enclosing the inner cores on C and O. Neither d(H) = 0.00. The only significant change in the CO andOH
the C nor the O distributions display any of the closed-shell distributions is the absence of the nonbonded charge density
characteristics associated with ionic bonding. on C, a consequence of C bonding with hydrogen, reducing its
The Laplacian of the electron density2p, also a measurable ~ atomic polarization te-0.912 au. Thus the presence of a charge-
quantity®8is known to recover the shell structure of an atom, transfer dipole in formaldehyde is seewot to be due to a
in agreement with that determined by the quantum conditional Significant change in the degree of charge-transferQ; one
pair density for all atoms, including transition met&ssigure that actually decreases somewhat in formaldehye, but rather to
3 displays the surfaces on whidi#p = 0, the surfaces that ~Pe a consequence of the reduction of 1.1 au in the atomic
separate the regions of charge concentration from those of chargdlarizations, particularly that of C. De Proft et®atate that
depletion. The fluorine atom in LiF exhibits three such surfaces the small dipole for CO suggests ‘a small charge separation,
denoting the presence of two quantum shells. The first defines that is only encountered in CHELPG and Hirshfeld’. Such
the boundary of the inner shell charge concentration centered Small’ charge assignments are incompatible with the similarities
on the nucleus, the second, the boundary of the inner shell€xhibited by charge distribution of the oxygen atom up to the
charge depletion, and the third, the boundary of the outer or C|O surface in CO, with a zero moment and in £LHwith the
valence shell charge concentration (VSCC) separating it from anticipated charge-transfer moment.
the outer shell of charge depletion which extends to infinity.  Because of the atomic polarization of C in CO, its VSCC
The surfaces appear spherical as anticipated for a fluoride ion.exhibits a pronounced nonbonded charge concentration (CC)
The Li atom exhibits only a single spherical surface that imparting to it the characteristics of a Lewis base. The topology
separates the inner shell charge concentration from the neigh-exhibited by the Laplacian of the electron density in real
boring shell of depletion, the pattern characteristic of a single space is a consequence of the electron pairing determined
quantum shell. Because of the extensive transfer of electronicby the conditional pair density in six-dimensional space, a
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Figure 4. The Laplacian envelope map for the Cr(G@pnor-addition

Bader and Matta

of the halides illustrated in Figures 2 and 4 nor with the success
of the ionic model in accounting for the cohesive energies and
other physical properties of alkali halide crystals, as documented
in texts on solid-state physi®%s’tor freshman chemistry texts,
for that matter. Some examples of ‘ionic’ properties are the
exceedingly narrow electronic bandwidths, as anticipated for
the small overlap of ionic charge distributions together with
the ready explanation of point defects in the ionic lattice that
account for the conductivity and properties of color centers.
Ashcroft and Mermiff present a display of the charge distribu-
tion of the NaCl lattice obtained from X-ray diffraction data,
as confirming the picture of an alkali halide as a set of slightly
distorted spherical ions, forms, and properties recovered in the
charge distributions of LiF and NaF, Figure 1. Applications of

complex. The nonbonded charge concentration on each ligand carbonQTAIM in defining atomic constituents of ionic crystals have

is directed at a ‘hole’, a region of charge depletion, in the VSCC of
the Cr atom.

result of the topology of the Laplacian of the density being
homeomorphic with the Laplacian of the conditional pair
density’® Thus the CCs displayed in LY = —V?p(r) signify

the presence akgions of partial pair condensation, that is, of
regions with greater than@erage probabilities of occupation
by a single pair of electrons, as determined by the quantum
pair density, thereby imparting properties attributed to a Lewis
base

The nonbonded CC on C that counters the charge transfer
dipole moment is demonstrably responsible for the remarkable

facility of CO to act as a ligand in metal carbonyl complexes.
Figure 4 presents a display of the Laplacian distribution for
Cr(CQO), showing how the nonbonded CC on each C is directed
at a region of charge depletion in the VSCC of the Cr atom, a
clear physical picture of the doneacceptor interaction re-
sponsible for the bonding in metal carbonyl compleXeghe
effect of complex formation on the atomic charge distribution

been published and correlated with their physical propeftigs.
The properties of the MgO lattice, with atomic charges of
+1.82e, and its surface defects were determined by QTAIM,
in a study of the activation of surface oxygen atoms in the
chemisorption of C33

There is a particular atomic expectation value that brings to
the fore the physics underlying the differences between shared
(i.e., ‘covalent’), polar and closed-shell, or in this case, ionic
distributions. This is the expectation value of the exchange
operator, termed the delocalization index. The spatial localiza-
tion/delocalization of electrons is a consequence of electron
exchange and is determined by the pair der®$i#yThe physical
picture underlying electron delocalization is exceedingly simple
it is determined by the extent to which the electrons on one
atom exchange with those on anothEne delocalization index
for a pair of atomsg(A,B), the integral of the exchange density
over two atomic basins, provides a determination of the number
of electrons that are exchanged or shared between them. It thus
provides a physical measure of a property that classical models
of bonding associate with covalency by determining the number
of o, pairs participating in the exchange between the atoms.

of C is made clear by the change in its quadrupole polarization.
In free CO, this moment is dominated by the presence of the
nonbonded CC and the axial contribution is negative. Upon

complexation, density is transferred from the metal to C causing ! ¢ ) o )
a reversal in the signs of its axial and equatorial moments, a "9 1O this reduction, the ‘spin exchange resonance’ of valence

result of the transferred density being distributed in the form Pond theory. Similarly, the integration of the exchange density
of a z-like torus of density encircling the axis, in the manner OVera single atomic b_asm A, determines the quallzatl_on_lndex
envisaged in the Chatt-Duncanson model af-g7* back- A(A), the extent to which t.he.glectrons are Iocallzed within the
bonding. The transfer of density to C from the metal reduces Pasin of the atom. The limiting value Gf(A) is N(A), the
q(C) and leads to a stabilization of 60 kcal/mol in the formation POPulation of A, signifying the limiting case of complete
of Cr(CO). Physics links the static and reactive properties of !ocah;a’uon of the electrons on A and the percent Iogallgatlon
the carbon atom in CO by appealing to three fields; the density, i defined as(A) = |A(A)I/N(A) x 100%. The exchange indices
the Laplacian of the density, and the conditional pair density. SUmM to N and thus account for all of the electrons, determining
The chemistry of CO is fully accounted for, including its the number localized on each atom and the number delocalized
contribution to the bonding energy. The VDD authors suggest OF €xchanged, between every pair of atoms.
that one employs the promolecule density in conjunction with ~ The increasing interatomic charge transfer in the progression
the zero-flux surfaces to reduce the atomic charges, leading toof bonding from shared to ‘polar’ to ‘ionic’ is paralleled by an
a value of£0.13e for CO. It is not clear what if any chemical increasing localization of the electrons within the atomic basins,
properties of CO are accounted for by such a charge assignmentcausing a reduction id(A,B). Thus three electrons are
The lonic Limit and Electron Exchange. As a final critique exchanged between the atoms in homopolafdWing a Lewis
of the VDD charges we comment on their rather extraordinary bond order of 3) compared to only 1.6 in the isoelectronic, but
finding that the alkali fluorides are not ionic but are rather polar molecule CO, a consequence of the interatomic charge
moderately polarized molecules, the VDD charges on Li, Na, transfer of 1.3e. In contrast, the close approach to ionic core
K, and Rb atoms in their fluorides ranging from a minimum distributions in LiF and NaF reduces the exchange between the
value of 0.544e in LiF to a maximum of 0.620 in NaF. They atoms to just 0.18e and the atomic localizatiti#g approach
dismiss the QTAIM atomic charges for the halides with the the idealized limit of localized core distributions: 95.5% and
remark “...the Bader charges are again quite high”. They make 99.1% in LiF and 99.5% and 98.7% in N&F.hus the ionic
no comment as to how their charges are to be reconciled with limit is characterized by an almost total localization of the
the properties exhibited by the charge and Laplacian distributionselectrons within the basins of the indiual atoms with a

The role of exchange in determining the energy is to reduce
the electror-electron Coulomb repulsion between a pair of
bonded atoms, and(A,B) counts the number of pairs contribut-
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minimal exchange between thehhis finding is in accord with
the exceedingly narrow bandwidths calculated for alkali halide
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