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The atomic charges derived from the extended electronegativity function, which includes the influence of
bonding, were examined. These atomic charges were found to conform to an intuitive notion of atomic charge
at the intermolecular, interatomic, and electronic levels. In addition, a new model for the core ionization
energy has been developed. This new model for the core ionization energy explicitly considers the various
relaxation processes, and relates the core ionization energy to the electronegativity function and the atomic
charges.

Introduction from the absolute electronegativities and the absolute hardnesses
A great deal has been written about electronegativity, since of the constituent atoms. The details are provided in previous

Pauling proposed the first modern definition nearly seventy years communications.”® ) ) o
ago! The continued importance of electronegativity arises from  The concept of an atomic charge is artificial in the sense that
the fact that it is an atomic property which determines the the atomic charge itself is not an experimentally measurable
integrated electron density (atomic charge) in a molecule. The quantity. This notwithstanding the influence of atomic charge
continuing interest in electronegativity is a result of its intrinsic ©n the chemical and physical properties of molecules is
importance and of the difficulty in devising an adequate Pervasive. Electronegativity methods aside, atomic charges may
formulation in the form of an electronegativity functidd.in be extracted from the molecular wave functions via a number
addition to its intrinsic importance as an atomic property, a ©f techniques?=# In addition, there have been a variety of
proper electronegativity and electronegativity function, even with indirect experimental measures or indicators of atomic charge.
the ready availability of semiempirical and ab initio molecular It is well-known that atomic charges obtained using these
orbital results, remains of practical importaricé. methodologies agree poorly among themselves, and may differ
Pauling’s original definition ties electronegativity intimately ~ even in sign and by as much as an order of magnitude. Yet in
to atomic chargé.According to this definition, essential to a asense these are all valid atomic charges. This notwithstanding,
proper electronegativity is that it be an actual atomic property- there should exist a set of atomic charges which corresponds
(s), and that it be sufficient to determine atomic charges in a to a simple intuitive notion of a molecule composed of
molecule. Reasoning that a proper electronegativity function identifiable atoms, each of which carries a charge. This
should be embedded within the Hartdéock model, an communication is concerned with such a set of atomic charges.
extended electronegativity functiop) has been formulated?
For an atomj, the absolute electronegativitg) and chemical Background
hardness k), which are part of the IckowskiMargrave
formulation, are major components of this extended electrone- The derivation and utilization of the extended electronega-
gativity function (eq 1)-° tivity function have been discussed in detail elsewHePeA
few special topics relevant to this communication are discussed
in more detail below.

Connectivity Potentials. The persistence in the derivation
of the extended electronegativity function of terms derived from
In addition, the extended electronegativity function contains a the bonds in the molecule point to the shortcomings of the earlier
connectivity potentialr(), which incorporates the influence of  formulations. These bonding terms in the electronegativity
bond formation on the electronegativity. The Sanderson Prin- function have the forni/Sq whereH, andSq are, respectively,
ciple requires that upon the formation of a stable molecule all the resonance and overlap integrals between orbitals k and |.
of the electronegativities equalize to a single global electrone- These give rise to the atomic connectivity potentiafs,
gativity, y*.11 This being the case, rearranging eq 1 and solving

1
L=t o + b, 1)

for the atomic charge yields 18 1 9 Hy
1 ri:_zru:_z— 3)
* _ g — . Q4 Q S
X o
4 b; @ HereQ; is the number of orbitals utilized by atonB; is number

of bonds to atori, andO; is the number of orbitals used to
The global electronegativity derives from the global absolute form bonds ta. In the second summation k is the orbital ion
electronegativitya*, and the global absolute hardnebs, and interacting with I. When the resonance integral is approximated
is a function of the molecular charge. These can be evaluatedby the Wolfberg-Helmholtz approximatioA? the atomic con-

10.1021/jp012886e CCC: $22.00 © 2002 American Chemical Society
Published on Web 03/09/2002



Electronegativity: Atomic Charge and Core lonization J. Phys. Chem. A, Vol. 106, No. 13, 2002149

nectivity potential becomes of interest, then eq 6 becomes
5 AIE; =g Ae,+ 1y Ae, ®)
n=_— Z(ai + @) (4) because;sand AE®* are equal for the neutral and core ionized
2Q 9 atom.

. . Molecular Relaxation Energy. If an isolated atom were
wherek is an adjustable parameter. The use of the absolute being ionized eqgs 6 and 8 would be sufficient. However, when

electronegativity in the WolfbergHelmholtz equation has been 5 ¢ore jonization occurs on an atom which is part of a molecule,
discussed previousH. . , the process is complicated by the response of the remaining
_ Charging Energies.The atomic charging energy of an atom - 5toms to the ionization. In a core ionization the deshielding of
in a molecule £, is the energy required to bring the atom to the jonizing atom’s electrons increases the effective nuclear
the charge that it carries in the molecule. To a very good charge experienced by its valence electrons, which in turn
approximation this is given by the quadratic energy charge j,creases the atom’s electronegativity and its hardness. Because

relationship. This is given for atombelow: the electronegativity of the core ionized atom now exceeds the
1 global electronegativity, there must be a redistribution of the
Eic(q) =ag + Ebiqi2 (5) electron density in order to restore electronegativity equalization.

The associated change in energy is part of the 1s core ionization
Duri hemical hvsical ch hich invol th energy, and is called the molecular relaxation energy. Because
uring a chemical or physical changé which INVOIVeS e s va|axation process results in little change in bonding, this

trﬁnsfer .Of _::ha;ge,_ eaﬁh aton|1:|n the ;notlecultt; must undergcz[ Arelaxation energy can be approximated quite well as the change
change in 1s atomic charge. =or each atom there IS associateg, charging energy for the redistribution of the molecule’s

with the change in the atomic charge a change in its energy. glectron density
This change in energy is its chan_ge in atqmic Chafgi.”g energy, Equation 5 may be used provided that the atomic charge of
AE=2In a molecule the change in charging energy is the sum each atom is known for both the core ionized and un-ionized

of éhe ckéa}nggs '”Eam”."c chfa'rg[lng er;\ergy fo:heach a't[om. molecules. These may be obtained using eq 2. Whereas the
ofrel md lng_d ?ergles ?. todms mong t? most SUC-— apsolute electronegativities and absolute hardnesses have been
cessiul and widely investigated experimental Measures orqiarmined for most elemerd®24 they are not available for

|nd|ca.torssof atolmlc dchlarﬁ]e h?)s begn tTe l; Cr?ri b'rt‘d'br?.gﬁore ionized atoms. The equivalent core approximation may be
energies. severa) models nave been developed which establislhsqy 1y the equivalent core approximatfdrihe nucleus and
the relationship between the core binding energies and the

) . K shell of the core ionized atom is approximated as the nucleus
atomic charges on atoms in molecutést® None of these has bp

. . ._and K shell of the next heaviest element. Thus if there/are
seemed to be entllrely ;atlsfactory, howe."e'f- An altelrnanve atoms in the molecule, the molecular relaxation enetdgf,o'sc,
model for the relationship between core binding energies and is thus
atomic charges can be developed from Slater's model for the
one-electron energies. role o 4 c A - A c

In the Slater model the dependence of the 1s core ionization AE™ = E"(M™) — E*(M) = zE i(M™) — ZE (M)
energy on atomic charge resides in the electronic relaxation of ! ! 9)
each of the remaining electrons. This relaxation is simply the
decrease in their one-electron energies resumng from beingWhere the summation is over all of the atoms in the molecule.
deshielded during the ionization. In this model the 1s core

ionization energy for an atom, A, is thus Computations
The energies arising from the Coulombic interactions between
IE; o= E(A™) — E(A) = —e;+ AE®™® + n Ae, + n, Ae, a metal ion and its octahedrally coordinated water molecules
(6) are computed from Coulomb’s law. The nuclear coordinates
are generated using a SYBYL molecular mechanics force ¥eld,
where the * indicates that a 1s electron has been ionixEepe* which yielded a bonded hydrogewnxygen distance of 1.07

is the relaxation energy for the core electrons (less the ionizeda@ngstroms. The metal ietoxygen distances were set at the
electron), and thée's are the relaxation energies of individual literature vaule¥ (Table 1). The charge of the metal ion was
valence electrons. The number of s and p valence electrons ardaken to be unity, and that of the hydrogen and oxygen were

ns and n,, respectively. The one-electron energies, are 0.263 and—-0.526, resp_e(_:tively. 'I_'hese were obtained from the
determined from the effective nuclear charges experienced byextended electronegativity function.
each electronz*: The revised rules for the computation of the effective nuclear
charges experienced by an atom’s electrons may be found
(Z-C)> 7.%2 elsewheré®2! The shielding constants were optimized using

€ = —1312 kJ/moF———= —1312 kJ/mol'—2 7 the simplex method to determine the shielding constants which
n; n; yielded the best least-squares fit between the computed and
experimental core ionization energies for the elements beryllium
whereC is the sum of the shielding constants for each of the through argon. The experimental core ionization energies were
remaining electrons. The total electronic energy is then the sumtaken from the literaturé’ =31 The core ionization energy
of these one-electron energies. optimized shielding constants may be found in Table 2. Only
What is particularly important is that for a given element three shielding constants are required to compute the core
AE®™™® Aes, and A¢p are independent of the atomic charge, ionization energies for all of these elements, and only two are
and can be readily evaluated using eq 7 for the core ionized required for the relative core ionization energies. The relaxation
and nonionized atoms using a very simple procedtitethe energy for an individual electrom\e (eq 8), was computed by
core ionization energies relative to the neutral atdit s, are taking the difference in its one-electron energy in the atom and
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TABLE 1: Metal —Water Interaction Energies

experimental computed

metak-oxygen interaction Coulombic solvation

ion distancé< enthalpyd  energie® enthalpy
lithium(+1) 2.08 —514 —435 —459
sodium(t+-1) 2.35 —403 —364 —444
potassium{-1) 2.79 —-333 —278 -360

2 Metal—oxygen distances in angstroni€nergies in kJ/mol° Tak-
en from ref 259 Taken from ref 32¢ Taken from ref 33.

TABLE 2: Slater’s Shielding Constants Optimized for the
Computation of 1s Core lonization Energies

Reed

dominate, the atomic charges extracted from the extended
electronegativity function yield charging energies in excellent
agreement with experimental results. Thus it would appear that
the atomic charges extracted from the extended electronegativity
function are able to yield excellent electronic energies for each
atom in the molecule, and are thus excellent candidates for the
intuitive atomic charges.

Solvation Energies.Like ions, partially charged atoms in
molecules interact electrostatically with partially charged atoms
in nearby molecules. The correlation of atomic charges extracted
from the extended electronegativity function with the acid and
base properties of molecules has been discussed prevfously.

description ?:rgﬁls?g]ngt In the case of the intermolecular Coulombic interactions between
shielding of two electrons in same shell 0.3926 molecules, the interaction can be reasonably modeled as the
shielding of s electron by an electron in next inner shell 0.6356 electrostatic interactions of point charges located at the nuclei
shielding of p electron by an electron in next inner shell 0.9418 of the participating atoms. The intuitive atomic charges should

correspond to these point charges. The solvation of ions of very

its core ionized cation. The reference molecules for carbon, |ow electronegativity, such as lithium, sodium and potassium,
nitrogen, and oxygen are, respectively, methane, dinitrogen, andshould be dominated by such Coulombic interactions. One way
dioxygen. to model such interactions is as the electrostatic interactions of

The details for the computation of charging energies and the atomic charges on the ion and on each of the atoms of the
atomic charges have been reported previotilfhe molecular solvent. These consist of the attractions and repulsions among
relaxation energy was taken to be the difference between thethe atoms of the ligand and the metal. For an ion which has six
charging energy of the molecule and its core ionized cation (eq water molecules arranged octahedrally about it, there are 154
9). The charging energies for a core ionized molecule was that nonbonded, noncovalent, solutsolvent, solventsolvent elec-
of its cation, where the absolute electronegativity and the trostatic interactions. The experimental enthalpies for binding
absolute hardness of the core ionized atom were replaced bysix water moleculeg the corresponding computed Coulombic
those of the next heaviest element. The absolute electronegaenergies, and the solvation enthal@fder lithium, sodium, and
tivities and absolute hardnesses are those developed by Hinzeyotassium may be found in Table 1.

and Jaffe24 In that the Coulombic interactions between a solvent and an
) ) ion can only account for a portion of the total interactiithe
Results and Discussion computed Coulombic energies are expected to be less than the

Because electronegativity is the property of atoms which experimental int(_araction energies. This is_, in fact_, the case. The
determines the electron distribution in a molecule, it has a cOMPuted energies are 880% of the total interaction energies
profound influence on the chemical and physical properties of O Pinding six water molecules. The actual solvation energies
molecules. The extended electronegativity function (egs 1 and derive from many additional interactions, and are thus signifi-
2) is quite satisfactory in its simplicity and its ability to provide Cantly larger. Although the Coulombic model is very simplistic,
atomic charges. These atomic charges, however, differ consider{1€ agreement with experiment is quite good. What is most
ably from those obtained via various more sophisticated and Significant, however, is that the charges extracted from the
more complex quantum mechanical computations. The validity extended electronegatlylt)_/ functlo_n are quite appropriate for_the
of each of these types of atomic charges notwithstanding, anhonbonded electrostatic interactions between atoms and ions.
unique set of atomic charges corresponding to the intuitve =~ Core Electron lonization Energy. Of the experimental
charges suggested by Pauling’s definition should exist. Thesetechniques which indicate atomic charge, eegéectron pho-
unique atomic charges would be the charges carried by toelectron spectroscopy would seem to be the most direct and
identifiable atoms in a molecule, and would manifest themselves least ambiguous indicator of atomic charge. What has been
via the various properties of these atoms. Previous work suggestdacking is an entirely suitable model which would permit the
that the charges yielded by the extended electronegativity €xtraction of atomic charges from the core photoelectron spectra.
function are such atomic charges. A number of models have been proposed which seek to

Charging Energies.One of the key presuppositions inherent establish a relationship between the core ionization energies of
in an intuitive atomic charge is the persistence of atoms in atoms and various atomic properties including atomic charge.
molecules. This being the case, the atom in the molecule would The models include ab initio and semiempirical molecular orbital
in many ways behave very much as the isolated atom would, if models, charge and valence potential models, and thermochemi-
it carried a charge equal to the atomic charge. It is well-known cally based models. These have been reviewed and evaluated
that the energy of an isolated atom can be approximated quiteby a number of investigators. The model which has been
well as a quadratic function of its charge. Thus the intuitive developed here partitions the core ionization energy into the
atomic charges should yield this energy for each atom in the energy acquired by the ionized electron, the relaxation energy
molecule. That portion of the molecule’s electronic energy of the remaining nonvalence electrons of the ionized atom, the
arising from the charges that its atoms carry has been called itsrelaxation energy of the valence electrons of the ionized atom,
charging energy (approximated by eq 5). There are a variety of and the relaxation energy of the valence electrons of all of the
physical and chemical processes for which the change in other atoms in the molecule. In the Slater model the one-electron
charging energy dominates the energetics or the relative energy of a 1s electron and the relaxation energy of the core
energetics of the process. A number of these have been explore@lectrons are independent of the number of valence electrons,
in detail in previous communicatiods-° The results suggest and hence the atomic charge. Thus, for the relative core
that for processes in which the charging energy is expected toionization energies (relative to the neutral atom) the first two
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partitionings cancel. As a result the relative core ionization TABLE 3: The Relative Experimental 1s Core lonization
energies are derived from only the valence electron and Energies for a Series of Simple Moleculés

molecular relaxation energies. Combining eqs 8 and 9, yields molecule relative core ionization energy (eV)
A A computed computed
molecule exptl (k=1.89 errof k=1.75) source
AIEL = 0 Ac,+ 0y A, + 5 ESM™) — 3 ES(M) — P ) ( )
: ; CH3CHs —-0.2 0.21 —0.41 0.21

NEen a0y S oL 9 ol ol

CH3CH,OH 0.2 041 -0.21 0.42

Here the computed core ionization energy of the reference CHCH 0.4 0.38 0.02 0.37
molecule for the element of interest has been subtracted. The CHCOCH 0.5 076  —0.26 0.73
charging energies are implicit functions of the atomic charges SE%'C")Z?_' 8'? f'gg :8'28 ?'g;
of all of the atoms and of the electronegativity function. It will CHiCHZOH 16 102 0.58 0.98
turn out that its contribution is quite small. Howevegandny CHsOH 1.6 0.93 0.67 0.93
are very much explicit functions of the charge on the core CHiCN 2.6 0.55 2.05 0.56
ionized atom. This constitutes the functional relationship HCN 2.6 1.92 0.68 191
between atomic charge and the core ionization energy. SES(F:N g-g f-éz g-gg f-gg
To evaluateAes andAe,, (for eq 7), effective nuclear charges CHiCOCHG 31 193 117 182
are required for the valence electrons. Recently Slater’s shielding H,co 3.2 2.50 0.7 2.42
constants have been expanded and reevaluated to yield fourCH;CHO 3.2 2.11 1.09 2.00
shielding constants for the light elements (through argon) and CHs;CO:H 4.7 2.97 1.73 2.85
four additional constants are needed to include the elements HCOH 5.0 3.50 1.50 3.42
through xenort®21 In this form Slater's model sucessfully CHAE gé z'gg é'g% g'gg
estimates the energies for the first, second and third valence coi 2 6.8 6.83 —0.03 6.67
electron ionizations. It reproduces the energies for sequential cr, 11.0 11.44 —0.44 11.07
ionizations of the same atom. It provides very viable estimates (CHs)sN —5.2 -327 —-193 327
of promotion energies and estimates of the energies for (CHs)NH -50 331 -169 314

electronic optical excitations. Thus the model appears to be both ﬁH3NH2 —4.8 —315 149 -3.16

versatile and reliable. Ha ~43 ~369  ~069  —3.63

OO0 0O0OO0O000000 Q00000 o0 Qo000 00D 0o0oD0oDUocoO0DUoDUoDooDo oD ooO0oooooO

. . . . NH2NH; —3.8 —3.05 —-0.75 —3.02
Of particular interest here is that using only three of these cH,cN -38 291 -0.89 -201
parameters, the 1s core ionization energies for atoms of the HCN -3.4 —2.56 -0.84 —254
elements lithium through argon can be estimated with an average NNO -14 -060 -080 —-0.51
absolute error of only 2.3%. Although this ability to yield 1s N g-g 2-32 0062 5-22 d
core ionization energies is impressive, these shielding constantsyo 26 397 :0:67 310 ’
were optimized for the first ionization of the valence elec- N, 30 374 —0.74 3.62 d
trons162'However, when these constants are optimized for the ONF, 7.1 785 —0.75 7.52
1s core ionizations, the average absolute error drops to only CH:CHO -55  —566 016 -5.62
0.27% for the elements beryllium through argon (Lithium yields H2CO —55 —-528 —-022  -523
an exceptionally large error). The model thus provides a viable 8:3&(_('3%%"' :i'g :ég? 2'82 :é'gg
means for the computation of the core ionization energies for HC?O)(%H —43  —462 032 —491
the isolated atoms of elements through argon (eqs 7 and 8). CH,OH —4.2 —5.48 128 —5.47
The core ionization optimized shielding constants may be found CHsCOCH;  —4.1 —5.80 1.7 —5.76
in Table 2. H.0 —3.4 —5.94 2.54 —5.84
Using the shielding constants which were optimized for the CHC(OOH  —3.1 —5.42 232 —540
R ; HC(O)OH —2.7 —4.98 2.28 —4.59
core ionization of isolated atoms and the absolute electronega- ., 23  -314 084 —309
tivities and hardnesses, the relative core ionization energies were NNO -19 -257 067 —254
computed for fifty core ionizations of carbon, nitrogen, and CO -1.0 —-3.00 2.00 —3.00
oxygen. The Wolfsberg Helmholtz was set to 1.75 which is O 0.0 0.0 0.00 0.0

the value set by Wolfsberg based on spectroscopic data. The aThe core ionization energies are relative to@st carbon, N for
molecular relaxation makes only a small contribution to the core nitrogen, and @for oxygen. The core ionized atoms are underlined.
ionization energy. For example when the 1s electron ofothe  ® Experimental values taken from ref 27Experimental values taken
carbon of acetic acid is ionized, the ionized electron acquires from ref 28.¢ Experimental values taken from ref 29The difference
427.62 eV, the valence electrons 10s81.15 eV as a result of ~ Petween the experimental and computéd= 1.89) relative core
the concomitant deshielding and the molecular relaxation energyIonlzatlon energies.
is —0.30 eV. Thus, the relative core ionization energy is ) o )
dominated by the valence electron relaxation energy. —0.292. The expenmental ionization energies would seem to
The experimental relative core ionization energies have beenhave an uncertainty on the order of tenths of an electronvolt
plotted against the computed relative core ionization energiesWhich cannot completely account for the scatter indicated in
in figure one. In Table 3 may be found the experimental relative Figure 1 and Table 3. Part of the scatter certainly arises from
core ionization energies and the relative core ionization energiesthe limitations of eq 2. This notwithstanding, the atomic charges
computed using the literature value fdér (1.75) and the extracted from the extended electronegativity function are able
optimized values fok (1.89). The correlation coefficient for  to yield quite reasonable estimates of core ionization energies.
both plots is 0.963 which is quite reasonable. All of the points Although the correlations are not completely satisfactory, the
are clustered about a line of unit slope and zero intercept. Thenew core ionization model does represent an improvement over
slope of the least-squares line is 0.928 and the intercept isprevious models. It considers each interaction in more explicit
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L A B L L influence of an atom’s charge on its own electrons. The atomic
charges which have been extracted from the extended elec-
tronegativity function are quite successful in each of these
domains. In addition, a new model has been developed which
a 1 relates the atomic charge to the 1s core ionization energy of
] atoms in molecules. The extended electronegativity function is

o 1 a very simple model from which quite reasonable atomic charges
8 = 1 and energy information can be obtained.
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