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The use of sophisticated methods for modeling complex systems is gaining ever more importance recently
because they allow the design of material with properties tailored to specific applications. However, problems
may arise from conflicts between different reaction pathways inherent in the wide variety of chemical elements
used. This is reflected by the impossibility of exactly solving the Schroedinger equation or of exactly describing
the exchange interaction in density functional theory when the system complexity increases. An alternative
is offered by the application of semiempirical methods because they strongly reduce system complexity.
Normally, this is accomplished by increasing the degree of the approximations to the detriment of the formalism
generality. This work is aimed to improve the semiempirical electronegativity equalization method. This is
accomplished by modifying the point charge Madelung potential with the introduction of covalent interaction
to better describe the chemical bonds.

1. Introduction hardnesseg must be calibrated to a set of known charges for
some model moleculés.

Apart from the heavy work required for a good calibration
(refer to the example application of the EEM to a set of
neuroleptic pharmaceutical molecu®sthe need for calibrated
values means a loss of generality in the EEM formalism.

In this paper we will demonstrate that, by modifying the
original EEM, it is possible to avoid calibrations. Following
the Mulliken'® and Part* definitions, the values of° and#°
for isolated atoms are easily estimated from the ionization
potential and electron affinity. These parameters can be obtained

The dream of creating high-technology materials with peculiar
properties for specific purposes is intimately linked to the ability
to model and predict their characteristics. Among these, electron
distribution is one of the most important factors in determining
the physical and chemical properties of the materials. Since the
beginning of the 1960s, this has led to increased interest in
developing reliable ab initio methods to obtain detailed informa-
tion about charge densities. In this respect, an alternative
framework to the traditional quantum-mechanical methods based

on molecular orbitals (MOs) is the density functional theory from high-precision experimental data reported in the litera-

(DFT). Its popularity in the past few decades has grown ture>16|n sections 2 and 3, the semiempirical EEM approach
dramatically because DFT-based approaches can be used in a_ . o . .

. s . IS illustrated and a new term describing the covalent interaction
variety of disciplines ranging from condensed matter to chem-

istry, biophysics and material science. It is the tight relation aimed to improve the predictive power of the EEM is introduced.

In section 4, we describe how these relations were applied in
beMeen DFT qnd thermodynamicéthat gllows DFT to be a the modified EEM (MEEM). Some experimental results are
suitable formalism for a wide range of time and length scales

; . . presented in section 5. Finally, section 6 includes the discussion
involved in system modeling.

4 . . and the conclusion.

However, increased system complexity results in severe
increases in the di.ffic.ullty of formulatipg a correct despription 2. Energy of an Atom in a Chemical Environment
and represents a significant computational load. For this reason,
other frameworks were developed in parallel to MO and DFT  As a starting point, we refer to the electronegativity equaliza-
formalisms in an attempt to simplify the modeling without loss tion method because it is thoroughly derived from DFT
of information. At the base of the alternative semiempirical concepts. In particular, the authors were able to write an
approaches is the equalization of electronegativity as in the €xpression for the energy of an atom in a complex system.
Pauling mode?. Among other popular semiempirical methods, Following this expression, the total molecular energy assumes
we can mention one based on thenciple of equalization of  the general forfh
the electronegatity developed by Sandersband one based
on thehard—soft acid-baseprinciple developed by Pearsén. E™ = E* + u*ANy+ n* AN + Zpso Zp/Rap (N

. J N J
Y

As described in ref 8, all of these techniques suffer from ~
problems. In the present work we discuss the application of the b
electronegatiity equalization method EEM) developed by (@) (b)

Mortier 210 With respect to the other methods, here the system . ) .

energy is better described through an additional term that Where term (a) describes the energ§"® representing the
represents the external potential generated by the surroundingtontribution of the interactions inside the atom, while term (b)
atoms. However, the EEM needs to be trained to a specific classdescribesE™®, namely, the atomatom interactions (see ref

of compounds. In particular, atom electronegativijieand the 10 for more details). Herg* = —y* = —(y"a + Aya), andy*
= n°« + Anq represent the energy, the chemical potential, and

* To whom correspondence should be addressed. E-mail: speranza@itc.itthe hardness of the atom in a non-neutral state. The parameters
Phone: ++39 0461 314487. Fax:+39 0461 810851. Ay and An, portray the changes in the size (charge density)
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and shape with respect 38, and#°, of the isolated atom that ~ mation of an ionic and a covalent contribution:
result from the presence of the molecular environment. Perform-

ing the calibration means determining the valué\gf, and Az, X = Xionic T Xcovalent 3)

If we derive eq 1 with respect to the electron chahge we

obtain the EEM equation for electronegativity: A similar expression may also be written for hardness:
Xo = (Xoa + AX&) + 2(77011 + A’?a)qa + Zﬁ¢a(qﬁ/Raﬁ)(2) 11 = Nionic + Mcovalent (4)

Computationally, similar terms may be introduced in an iterative

(see refs 9 and 10 for more details). To compute the chargeloop which updates the values pfand# until the electrone-
distribution in a generic material, a set of equations of type 2 gativity is equalized.
may be written for each atom, j, y, ... of the molecule. If we In DFT, the charge distribution in covalent bonds is described
force the electronegativitieg,, ys, x,, --- t0 be equalized, we  through an electron reorganization in selected regions, namely,
obtain the values of the charge distribution on the material atomsthe atomic and bond sites. Consequently, the contribution to
(see for an example ref 9). covalent energy is ascribed to two terms: the charge accumula-

One annotation concerns the simple form of eq 2. In DFT, a tion in the bond region and the interaction between unpaired
system ofN interacting particles of density(r) is mapped to  electrons. Here an index is added to the electron density to
another system oN fictitious noninteracting particles of the  indicate the up- and down-spin componeptgr) and ps(r),
same density but moving in an effective potenti@i(r,o(r)). which integrate to the respective number of electrbgsand
The explicit form ofVer(r,p(r)) is not known, and in this respect  N;. For generic electron distribution under a perturbing potential
the description of the exchange interactig is crucial. The 5V(r), we may describe the Corresponding Change in the
use of calibrateg* and * parameters is an elegant way to  chemical potential &8
solve this problem.

A second annotation is related to the applicability of EEM — 0 ' "N A
eq 2. Redistribution of electric charge am%?wg atorr¥s depends #a(r) = 56(1) + OV(N) + zyfn‘ly(r’r ) op, (1) ar' (5)
on differences in the values gf and * and on gradients of  \here the charge density vanishes outside regiohthe rth
the external potentiaV/(r) = 3 s=a(qs/Rap). In the case of &  5tom site u°,(r) andy°uq(r.r') and the cross termgus(r.r') of
homonuclear molecule such as,HD,, Ny, ..., there are no  the unperturbed system as wellagr) andzq(r.r') andqs-
gradients between the atoms’ electronegativities or hardnessegy 'y may be estimated by using the spin-polarized DFT
or in the external potential that can force the electrons from the formalism. Nonetheless, for bonded sites, it is possible to

atomic orbital into the molecular one. Thus, following the EEM  estimatey,(r,I) using the simple MatagaNishimoto formul®
approach, we cannot describe the formation of homonuclear

molecules. Nop(rr') = U[R+ y(r,r)] (6)

3. Energy and Covalent Interaction R=r—r1" and y(r,r)=2/[n°(r) + n°(")] @)

EEM eq 2 was obtained assuming a spherical symmetry for
the atomic electron densities. Moreover, it was assumed that
the extension of the atomic orbitals is low compared to the bond
length. As a consequence, the expression of the Madelung
potential (term b in eq 1) assumes the simple form of a
Coulomb-like potential of a point charge distribution. This
description can be suitable in the case of ionic materials where
the electric charge is located mainly on nuclei. However, this . S
does not hold in the case of covalent compounds, where thet() = —x(r) = °(r) +0V(r) + Z[’?(”) q(rnl +
valence electrons are placed mainly between the nuclei. In the zr'::r[’?(”') q(r,r] (8)

EEM, this effect is taken into account by calibrating the
electronegativities and hardnesses on a set of molecules withwhereN(r,r') = q(r,r") is the fraction of covalent electron charge
similar chemical bonds. accumulated on the bond between the atom amd the atom

Here we want to investigate the possibility of introducing a in r'. As stated in section 2 and as observed in expression 8,
new term to EEM eq 2 to estimate covalent interaction. There the covalent contribution to the electronegativity, namgly;,-
are two reasons for this: (i) to avoid the calibratioryainds; [n(r,r") q(r, r")], linearly depends on the charge accumulated
(i) to better describe the covalent composites. Parr and on the bond while the ionic contribution is described by an
Bartolottit” found that a geometric mean law for electronega- exponential decay as hypothesized by Paur.
tivity equalization implies an exponential decay of the atoms’  Now let us focus on hardness. From the definition;&f
energies with their charges. Following Mortiércharge rear-
rangements, i.e., electronegativity equalizations, during the n(r) = 2n°(r) f(r) + zr,ir[f(r')/R] (9a)
aggregation of an atom into a molecule lead to energy lowering.

This does not hold for homonuclear molecules where the energywheref(r) = 9p(r)/dN is the Fukui function relative to the atom
lowering stems from electron pairing. We hypothesized that the in r andR = r — r'. We may rewrite eq 9a as

covalent interaction is described by a quadratic function of the

chargeq. If this is true from eq 1, the corrective term to the 7(1) = Narorkr) T Nendl) (9b)
electronegativity is a linear function @f We will prove this

assertion in the next section. Concerning the estimation of This better describes the contribution to hardness due to changes
electronegativity and hardness, we adopt the view of Sandérson in the electron density of atomand that due to changes of the
and Huheey? who describe the electronegativity as the sum- electron densities of the environmental atoms. Considering that

where only spin-averaged entities are used. We observe that eq
6 gives the off-diagonal elements representing the perturbed
Madelung potential due to the rearrangement of the charge in
the molecular covalent bond. When the charge rearrangement
takes place, the values gfand» are modified depending on

the exchanged charge. Equation 1 may be rewritten as
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n(r) = [n(r,r") [Bp(r')/aN] dr' = (LIN) [7(r,r") p(r") dr’

we can rewrite eq 9a using atomic equivalents for the Fukui 4 - o
function f(r) = —aq(r)/oN(r) and substituting integrals with o

summations. Taking into account the covalent interaction
described by eq 6 and thg{r) = »°(r) whenq(r) = 0, we le
obtain g

n(r) = 2n°(r) [1/2 + q(n)/N] + (IN) . [a(r)/(R+
y(rr)] (10) 2 -

We observe thai(r') has the opposite sign with respeco),

and thus, the second term of eq 10 tends to lower the value of -4 | | | | |

5(r) in agreement with the rule of thumb (see ref 27), an “inverse ! 2 3 4 5 6

relation exists between the softness of an atom in a molecule Tonic charge

and the softness of its environment”. Figure 1. Trend of the differencé\n = (r) — 5(r') as a function of
The computation of the ionic and covalent contributiong to the atomic charge computed from the dipole moments of ionic diatomic

andy requires the amount of charge partitioned in the ionic Molecules.

?nd covalgnt frgt;:_tlonsr.] Th(ra]re are some works publlsdheq in t;'e On the other hand, simple differences in electronegativity

Iterature describing the change in system energy during the .56t pe taken as a general index for ionf€itglue to the

i —32
form_a_t|or|1 of a molfecrl]JIar syste?ﬁ. OF‘ the other hand, th? stabilization effect of the Madelung potential of the material. It
empirical nature of the equation obtained (Drago’s equation) js nown that the hardest elements are strong electron acceptors

or the diff.iculties to 'directly describe the covalept fraction of \while the atoms with a high donor character are softer. On this
the chemical bond in terms of and; made their use quite  pooic it is realistic to assume the differengdr) — 7°(r') is

complex. We preferred to follow a different approach based on |5t to the amount of charge transferred from ataim atom
the following considerations: (i) Covalent bonds are generally f, i.e., the ionicity. This is shown in Figure 1 for ionic bonds in

very stable, and this is in agreement W,ith the princiglze of some diatomic molecules obtained by combining elements
maximum hardness of Pearstin(ii) Following Gao et al’ belonging to the | and VII and Il and VI groups of the periodic

tl_1__e bond covalency is pr_oportional to the HOMOUMO gap. . table. On the basis of these considerations we hypothesize the
(i) In the pseudopotential theory of a covalent bond relative ionic fraction to be expressed as

to homopolar semiconductotsthe author found that the optical
gap is approximate_ly equ_al to twice the [111] matrix element fonicl") = [Ze(NIR(Y) — Zege(r YR [7(r) — 5(r")]
of the pseudopotential. This last term also represents the covalent 12)
energy in the hypothesis that the energy gap scales inversely

with the square of the bond length, a hypothesis which is In consideration that the ionic component of the hardness is an
consistent with the bond orbital theory. (iv) There is experi- €xponential function of the charge, eq 12 resembles the Phillip
mental evidence that the HOME@.UMO gap accounts for the  expression of ionicity obtained for crystalline salts. On the other
hardness of the covalent Compouzﬁd_v) In some selected hand, when the covalent Component of the hardness is non-
chemical reactions Gasquez efashowed that the Change in negligible, eq 12 should describe the ionic fraction in the case
the system energy may be expressedBs= N Au — (1/2)N? of intermediate or strongly covalent compounds. He{® and

An, where the first term may be associated with a covalent R(r") represent the atomic radii of atoms placedriandr’,
interaction while the second, dependent on the variation of the respectively. The values obtained using formulas 11 and 12 are
system hardness, resembles a Coulomb-like energy which maynot normalized in the range-L. With this goal, the following

be associated with Fhe_ ionic fract_ié?l(vi) Finally it is known fractions were introduced:

and reforances.therein and ref 38). On the basis of hees Feok) = Feod Mfeoll) + )] (130)

ih a given chemical % proportonal 1 the bond hardness. Fone?) = Fond Moo + fanc)]  (130)
f_ (r.r') = 0.5[(r) + v(r')] 7,,(r.r) (11) 4. lterative MEEM Program

In this section, we give some details concerning the iterative
wherennm(r,r') is the bond hardness defined by Ghanty éfal.  procedure used to compute the ECD. We will follow the
(the harmonic mean of the hardnesses of isolated atoams! program flow chart shown in Figure 2. Using the initial values
r') while »(r) and»(r') indicate the valences of atomsandr’. of atom electronegativities and hardnesses, the program works

Let us focus on the ionic fraction. In this case we know the out an initial estimation for the ECD. It then verifies whether
following: (i) Atoms characterized by highly different elec- the atoms’ electronegativities are equalized. If not, the following
tronegativities lead to ionic compounds. This is reflected by loop starts.

the definitions of the ionicity given by Pauling and Phiffip (i) Calculation of the covalent and ionic fractions of the
and by the MoserPearson plot? (i) The polarizability of a chemical bond using eqs 11, 12, and 13a,b.

given material is tightly bonded to its ionicity. After Nagfe, (ii) Modification of the Madelung potential. While in the
the polarizability may be interpreted in terms of the electrostatic EEM, the environment potential is a summation of point charges.
force exerted by a nucleus on its valence electrons,Z.g/R, Following Nalewajski® we may rewrite the Madelung potential

where Zg is the effective nuclear charge aidis the atomic asn(r,r') = >r=[1/[R + y(r,r)]]. The corrective termy(r,r')
radius. changes at each iteration since the initial diagonal elemgnts
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Figure 2. Flow chart of the MEEM program.
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TABLE 2: Values of Atom Charges Obtained for
Fluorinated Molecules via the MEEM, Hartree—Fock
6-31G** and Density Functional 6-31G** BLYP ab Initio
Methods, and Semiempirical PM3 Methods

molecule atom MEEM HF BLYP PM3
CH, C —-0.301 —-0473 —-0.431 -0.361
H 0.075 0.118 0.108 0.09
CHsF C 0.05 0.087 0.013 —0.149
H 0.192 0.107 0.093 -0.101
F —0.630 —0.407 —0.292 0.153
CHF; C 0.282 0.561 0.360 0.059
H 0.338 0.100 0.081 0.122
F -0.479 —-0.380 —-0.261 —0.151
CHR C 0.538 0.943 0.616 0.265
H 0.513 0.106 0.077 0.170
F -0.350 —-0.350 —0.213 —-0.145
CFK, C 1.012 1.313 0.853 0.492
F -0.2563 —-0.328 —-0.213 -0.123

described in ref 11. With the new ECD, atom electronegativities
can be updated and their equalization checked.

As an example, Table 1 summarizes the input data needed
for estimating the ECD of the CHOOH molecule (data from
refs 16 and 4345). Similar “cards” were composed for all the
molecules studied.

5. Results

To verify the reliability of the MEEM, we used a list of simple
molecules with known structure and charges characterized by
bonds having different ionic/covalent fractions. What follows
is an examination of the results compared with data from the
Computational Chemistry Comparison and Benchmark Data-
Base?®

generated by the electron distribution generated by an electric  Fluorinated Molecules.CH,, CHsF, CHF, CHF;, and Ch

charge arranged between atormendr’, i.e., on the molecular
orbital.

(i) Updating the atom electronegativity. This task is ac-
complished by applying eq 3. Here the ionic contribution is
equal to the conventional expression of electronegatisily
dq, assuming an exponential decay B(U): yionic = A exp-
(KGonic), wheregionic = (1 — Feov)q. Regarding the second term

is a set molecules in which the oxidation state of carbon
increases linearly as expected from XPS tfatath the number

of fluorine atoms in the molecule. On the contrary, the charge
on fluorine atoms should decrease linearly on going fromfCH

to Ck. This enables an easy test of the correctness of the charge
estimation. The results are summarized in Table 2 together with
the charge values computed with some ab initio methods. Figure

of eq 3, the covalent contribution corresponds to the covalent 3 shows the trend of the individual carbon, hydrogen, and

part of the Madelung potential. Then the expression for the
electronegativity as a function of the electric charge is

1= AeXPKGo) + ¥ rrltho/[R+ (1] (14)

(iv) Updating atom hardness by using eq 10. He(® and
q(r") are the total atomic charges without distinguishing between
ionic and covalent. In fact, hardness is linked to the total atom
charge.

Once the Madelung potential, the atomic electronegativities,

fluorine atom charges. In contrast to those calculated with ab
initio methods, the hydrogen charges increase with an increase
in fluorine atoms. This is consistent with the NMR shifts for
hydrogen obtained on this set of molecdless shown in Figure
3. Finally, the charge on fluorine atoms follows a perfect linear
trend characterized by a low slope, as expected.

lonic Compounds: NaCl, NaF. For NaCl, the values of
electric charge obtained using the MEEM correlate well with
the values obtained through ab initio methods, as reported in
Table 3. In contrast the semiempirical PM3 method gives the

and the hardnesses are updated, the ECD is re-estimated bgame values of charge for Na in NaCl and NaF.

solving the modified EEM system of equations. This can be
performed easily by inverting the EEM-modified matrix as

Hydrides: HCI, HF, H,S, SiHi;, PH3, AlH3. Again, the
agreement with the other ab initio methods is very good as can

TABLE 1: Physical and Chemical Parameters for the Chemical Elements of the Modeled Moleculés

x n A k Zes X y z N Ne Y R,
C 4.954 5.112 4.801 1.032 3.14 0.000 0.416 0.000 6 4 4 0.7
(0] 7.711 6.738 8.825 0.874 445 —-1.012 —0.434 0.000 8 6 2 0.6
(0] 7.711 6.738 8.825 0.874 4.45 1.141 0.107 0.000 8 6 2 0.6
H 3.660 7.444 1.800 2.034 1.0 —0.363 1.439 0.000 1 1 1 0.25
H 3.660 7.444 1.800 2.034 1.0 —0.669 —1.319 0.000 1 1 1 0.25

ax, y, andz are the spatial coordinates of the component atdss the atomic numbem\, is the number of electrons belonging to the most

external orbital,V is the valence assumed by a specific atom in reference to the number of chemical bonds formed in the chemical site of the

molecule, andr, is the atomic radius. The other symbols are defined in the text.
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TABLE 5: Values of Atom Charges Obtained for
Oxygen-Containing Molecules via the MEEM,
Hartree—Fock 6-31G** and Density Functional 6-31G**
BLYP ab Initio Methods, and Semiempirical PM3 Methods

molecule atom MEEM HF BLYP PM3
HO H 0.272 0.335 0.289 0.263
(0] -0.543 -0.671 —-0.579 —-0.526
HCOOH H 0.266 0.135 0.094 0.192
C 0.185 0.591 0.386 0.315
(0] —-0.374 —-0.521 —-0.382 —0.413
(0] —-0.365 —0.567 —0.403 —0.345
H 0.288 0.362 0.309 0.251
CH;OH C —-0.018 —-0.013 —-0.063 —0.129
H 0.143 0.093 0.079 0.070
H 0.143 0.093 0.079 0.070
H 0.143 0.126 0.110 0.104
(0] —0.585 —-0.634 —0.497 —-0.321
H 0.175 0.335 0.219 0.207

TABLE 6: Values of Bond lonicity for Some Chemical

Figure 3. Trend of carbon, hydrogen, and fluorine atomic charges for Compounds As Obtained by Applying the Pauling Formula
the set of fluorinated molecules examined. NMR shifts of hydrogen with Pauling Values of y (Column 2) and the Pauling
atoms are also shown (white symbols, left scale; black symbols, right Formula with y Values from the Exponential Fit (Column

scale). 3P

TABLE 3: Values of Atom Charges Obtained for lonic bond Pauling exp fiy eq 19
Molecules via the MEEM, Hartree—Fock 6-31G** and Na—F 0.9022 0.9995 0.9425
Density Functional 6-31G** BLYP ab Initio Methods, and Na—Cl 0.7115 0.9983 0.7225
Semiempirical PM3 Methods H-F 0.5471 0.9949 0.3992
H—CI 0.2058 0.9852 0.7344
molecule atom MEEM HF BLYP PM3 C—F 0.4002 0.9724 0.5998
NaCl Na 0.576 0.668 0.524 1.000 H-0 0.3191 0.3635 0.3126
Cl —0.576 —-0.668 —0.524 —1.000 Si—0 0.4473 0.114 0.3732
NaF Na 0.624 0.704 0.485 1.000 c-0O 0.1796 0.0709 0.3533
F —-0.624 —-0.704 —0.485 —1.000 C—H 0.0301 0.1486 0.1300
Si—H 0.0225 0.5789 0.0279
TABLE 4: Values of Atom Charges Obtained for Some Si—Cl 0.3275 0.9489 0.3200
Hydride Molecules via the MEEM, Hartree —Fock 6-31G** Si—F 0.6609 0.9794 0.6034
and Density Functional 6-31G** BLYP ab Initio Methods, S-0 0.1688 0.0654 0.0089
and Semiempirical PM3 Methods S—H 0.0354 0.5789 0.1709

molecule  atom  MEEM HF BLYP PM3 2 Column four gives values of bond ionicities from eq 19b.
HCI ﬁl 8:328 %_11%22 0(')1_1?8 0'3_714} 4 introduced by MortieP:lOCurrentIy, researchers rely on the spin-
HE E ~0380 -0387 -0344 —0.180 polarized version of DFT to model the rearrangement of electric
H 0.380 0.387 0.344 -0.180 charge on molecular orbitals. Nonetheless, DFT-based semiem-
H.S S -0.074 -0.134 -0.160 —0.071 pirical approaches based on traditional formalism offer an easier
H 0.037 0.067 0.080 0.035  method for modeling these charges. In agreement with refs 33
NHs H _8'%2 _%72%24 _066;%4 _0'8%127 35, we introduced contributions to the system energy that derive
PH P 0.241 0.160 —0.011 0623 from ionic and covalent interactions. Bond formation is modeled
H —-0.080 —0.053 0.004 —0.209 using charge flow from an atom to its counterpart. This process
SiH, Si 0.153 0.666 0.263 0.661 may be implemented in an iterative loop in whiglandz are
H —0.038 —0.167 -—0.066 —0.165
AlH; Al 0.228 0.601 0.328 0.824 12
H —0.076 —-0.200 -0.109 —0.275
1.0 4 le) o o O o O Q
be seen in Table 4. Only in the case ofHare the MEEM z ° L]
charge values lower with respect to those of the other methods.8 0.8 ° °
Oxygen-Containing Molecules: BO, HCOOH, CH3;0H. § ]
In this case, values gf(g) and#(q) obtained from exponential 2 06
decay are always meaningful, leadingy® < yc < yo. As a s ' L]
consequence, the program converges in correspondence to & 0.4 o
charge distribution that is in substantial agreement with those = .
worked out by the ab initio methods. The results are summarized o2 -
in Table 5. © o
®
0.0 —n | | | |
6. Discussion and Conclusion 0.0 0.2 0.4 0.6 0.8 Lo
Pauling Ionicity

x andy need to be cahbrate(_:i to apply the EEM’ V\(hereas_ It Figure 4. Bond ionicity obtained from the Pauling equation usjng
would be advantageous to estimate charge distribution relying ajyes from the exponential fit (white circles) and those obtained by
only on experimental data. To avoid calibration ofand 7, applying eq 14 (black circles) versus Pauling ionicity (data from
this paper aims to refine electronegativity and hardness asTable 1).
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modified on the basis of the actual atomic charge distribution. summation of two terms representing the atom and the
Parf4 demonstrated that changes in electronegativity cannot beenvironmental contributions. Modifications of the Madelung
computed directly using exponential decay because of its poorpotential are introduced through the Matagdédishimoto formula
predictive value. We modified this function, which represents as pointed out above. Concerning the atomic contribution, we
the pure ionic contribution to the electronegativity, in consid- observe that, fog(r) = 0, hardness should approach that of an
eration of a covalent term represented by eq 8. Equations 11,isolated atom. This is accounted for through the empirical term
12, and 13a,b describe the covalent and ionic fractions of the 2;°(r)[1 — q(r)/N]. During iterations, the hardness defined by
charge distributed on the molecular orbital. An absolute scale eq 9a maintains a local character. In other words, we do not
for bond ionicity is still not defined, and thus, it is not possible get a global value for hardness when electronegativity is
to directly check the correctness of our relations. lonicity, as equalized. This is consistent with the natural configuration of
computed by some authotd%48is mainly related to crystalline ~ chemical systems. The minimization of the system energy
systems. More recent works done on similar matéflalie also determines how given atoms bond together. This leads to an
related to crystalline systems. The applicability of these scales equalization of the chemical potential. Nonetheless, the com-
is neither immediate nor general, as pointed out by Catlow et pound formed may show different chemical reactivities in
al’% We need a more general expression for the covalent/ionic different sites.
fraction of a generic chemical bond which might range from  All these corrective terms can be easily introduced in the
ionic to covalent in both organic and inorganic compounds. traditional EEM equation with a low computational cost. In the
Further, we need expressions based on the general parametefd EEM, the initial values ofy® and#° obtained from experi-
used to describe the system, namelgndg. For these reasons, mental values of, AH®%;, and A are modified in relation to
starting from the chemical and physical properties of atoms A electric charge through an iterative procedure. The use of an
and B, a new definition for the covalent and ionic fractions of iterative process to obtain the ECD is not ne¥This procedure
a generic chemical bond-AB were written. To get a qualitative  follows the intuitive consideration that electrons move from the
estimate, we compared the ionic fraction as defined in eq 13b less to the more electronegative atom. Here we followed an
(fourth column) with that of Pauling (second column) for the approach similar to that proposed by Mendez and GaZ§uez
set of compounds listed in Table 6. Column three lists the where the formation of the chemical bond is described in two
Pauling ionicities obtained with the usual Pauling formula. In steps, the first describing the simple charge exchange between
Figure 4, data from the third and fourth columns are plotted atoms and the second related to the atomic charge reshuffling.
against the corresponding original Pauling ionicities. The In the same way we follow the formation of the chemical bond
correlation is absent if the Pauling ionicities are computed using through adiscretizationof the charge flow between atoms. The
% values from the simple exponential fit, while it is present when amount of charge exchanged is used to determine the variations
ionicities are computed with the new relation (eq 14). in the atoms’ electronegativities and then in their hardnesses.
Equation 8 describes how electronegativity changes as alhe iterative loop can describe this process once we describe
function of chargey°(r) + oV(r) represents the change of Now the system reacts to this charge flow. In other words, we
electronegativity due to modifications qfr) at ther atomic need to describe the dependencies of electronegativity, hardness,
site, S¢[n(r,r") o(r,r')] and those due to modifications of the &nd the Madelung potential on the charge. As a matter of fact,
electron charge density of the environment. In other words, the these terms account respectively for changes in the effective
first term may be modeled through exponential deBayhile nuclear electric field, the reshaping of the electron clouds during

the second can be modeled through a simplified empirical bond formation, and the modificati.on of the environment
Mataga-Nishimoto expression of the hardness kernel (in potential. All these factors are taken into account and updated,

traditional DFT formalismje It is worth considering whether ~ St€P-Dy-step, up to the convergence of the electronegativities
the exponential decay is the better function to describe the {0 the equalized value. The application of the MEEM to an
dependence of electronegativity on charge. On the basis of the€NSeémble of simple molecules gives estimates of the ECD in
principle of the geometric mean electronegativity equalization substant|al agreement with the traditional ab initio methods
principle, Parr concluded that exponentially decaying energy SNOWn in Tables 5. o o ,
E(q) is more reasonable than a simple quadratic dependence of N conclusion, our work is aimed to simplify and possibly
E on chargé® This also agrees with Pearson’s principle of Improve the predictive power of the semiempirical EEM to
maximum hardness which states that “a system at a given€Stimate the atomic charge in generic chemical systems.
temperature will evolve to a configuration of maximum hard- ESSential points achieved in this work are the following.
ness, provided the nuclear and the chemical potential remain (1) We verified the possibility of calculating the charge
constant”. This implies that, to satisfy this principle, the Q|str|but|on on atoms relying only.on chemlg:al parameters of
hardnesses of the component atoms will change with the Chargéso!ateo! atoms obtained from the literature without the need for
transfer during formation of a given compound. On the other calibration.
hand, a simple quadratic function for energy leads to a constant (i) The iterative procedure implemented permits recovery
value of(r). from possible inaccuracies in the initial parameters.

It is important to observe that the iterative process describes . (iii) The MEEM enabled us to estimate the charge distribution

the system evolution toward the condition of minimum system " simple moIe(_:uIes in_dependently from the ionic/covalent
energy, i.e., maximum hardness for constanand x. We character of their chemical bonds.

iteratively apply the EEM to obtain an estimation of charge
distribution which, on its turn, allows the atom’s electronega-
tivity and the hardness to be updated. During the iterative (1) Nalewajski, R. F.; Parr, R. G.. Chem. Phys1982 77, 399.
processu andn assume a local charactes: is not equalized (2) Ghosh, S. K.; Berkowitz, M.; Parr, R. ®roc. Natl. Acad. Sci.

through the system, and the hardness is still not maximized. U-S-(g)-lgi‘éfhl' gof(& Berkowitz, MO, Chem. Phys985 83, 2976
. . - . , S. K.; Berkowitz, MJ. Chem. Phy: , .
Finally, the expression of hardness was also modified. Again, (4) Nagy A. InReviews of Modern Quantum Chemistgen, K. D.,

eq 9a-which represents?E/0N?, the hardness definitionis the Ed.; World Scientific: Singapore, 2002; Vol. 1, p 414.
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