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Bond Energies and Hardness Differences

I. Introduction

According to density functional theohthe chemical potential
u, the electronegativifyy, the hardness;, and the softneésS

Josel. Gazquez
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Receied: June 13, 1997; In Final Form: September 9, 1997

An expression for the bond energy between two chemical species, A and B, in terms of the chemical potentials,
the hardnesses, and the condensed Fukui functions of the isolated species, and the hardness of the system AB
at equilibrium, is derived by dividing the total interaction energy into two contributions, one that corresponds

to the charge-transfer process between A and B, at constant external potential, and a second one that corresponds
to a reshuffling of the electronic density, at constant chemical potential, and by assuming that the softness of
the system AB when A and B are very far apart from each other is equal to the sum of the softnesses of A
and B when they are isolated from each other. The calculated bond energies agree rather well with the
experimental values and show that the chemical potential difference term is much smaller than the hardness
difference term. In addition, an expression for the bond energy only in terms of the chemical potentials and
the hardnesses of the isolated species is derived by making use of the arithmetic average principle for the
molecular softness. This expression also provides reasonable estimates of the bond energies. Finally, it is
shown that, in general, the reaction energy is negative when the sum of the hardnesses of the products is
greater than the sum of the hardnesses of the reactants, and it is positive when the opposite occurs, in agreement
with the experimental evidence. The overall situation seems to indicate that the bond energy is practically
determined by the hardnesses difference, a result that shows that the hardness and softness concepts play a
fundamental role in the description of chemical events and that provides strong support for a principle of
maximum hardness.

of two systems that come into interaction. For this purpose,
consider the general case in which A (an atom or a molecule)
interacts with B (an atom or a molecule) to form a bond.

of a chemical species are given by A+—A-B

n = (E/oN?), = (qu/oN), and S=1/y = (N/du), (2)

u = —y = (0E/oN), Q) According to density functional theofythe interaction energy
is given by

AE = Elpag] — Elp3] — Elpg] + Exg ©)

wherekE is the total electronic energid is the total number of

electrons, ana is the external potential generated by the nuclei
(the factor of 1/2 in the original definition of the global hardrfess
has been omitted here for convenience). These definitions hav:

wherepag(r) is the ground-state electronic density of the system
AB at the equilibrium distance (minimum energyg(r) and
e,o,‘_;,(r) are the ground-state electronic densities of the isolated

NN ;

allowed one to quantify these properi€s® and have provided ~ SYStemS, and,g is the nuclearnuclear repulsion energy at

a solid theoretical basis to the hard and soft acids and basedhe €quilibrium distance. The bond energy is equat toEin.
(HSAB) principle?—16 to the electronegativity equalization In a simple description, chemical binding may be viewed as
principle21718and to the maximum hardness principfé:-22 the result of redistribution and reorganization of electron density
Thus, through these principles and through the values of the @Mong the interacting species. Thus, it has been stithat
parameters associated with them, it has been possible iof the mteracn_on energy is divided into two steps, one may
understand the behavior of a wide variety of chemical systems XPress eq 3 in the form

under different circumstancés.

However, as Pearson has statttthe recent developments
in the hardness concept have not helped greatly in the evaluation
of bond energies”. The objective of the present work is,
precisely, to derive an expression for the interaction energy
between two chemical species in terms of the changes in the

AE, = AE, + AE, + Eny (4)
where

AE, = AE) + AED = E[p}] — E[p3] + E[pR] — E[3] (5)

chemical potential and in the hardness, to show that this and
expression provides reasonable estimates of bond energies.

Il. The Interaction Energy

AE, = E[pag] — ElpRs] = Elpas] — E[oA] — E[of]  (6)

Let us analyze the bond formation process from the point of ~ The energy change associated with the first staf,,
view of the changes that take place in the electronic structure corresponds to the charge transfer process between A and B

arising from the chemical potential equalization principle at

® Abstract published irAdvance ACS Abstractdjovember 15, 1997. constant external potential. That is, when A and B are located
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far apart from each other, their chemical potentialg,and one finds, using eqs 8 and 9, that

ug, change to reach a common valug;. Thus, A changes

from a state characterized by, Nz, _;4,‘;, and external potential AE, = — %NéAB(UAB — 1%8) + (EsordPas] — Ecord P2a])

vs, to a promoted state characterized @y NR, uhg, andey,

and B changes from an state characterizeghhyNg, #g, and (10)

v3, to a promoted state characterized gy NB, u2g, and 3. . _ o
The energy change associated with the second &t&p, wherenag is the hardness of the system AB in the equilibrium

corresponds to a reshuffling of the electronic density, and it is position, and the quantityl is the hardness of the system AB

basically a manifestation of the maximum hardness principle. when A and B are very far away from each other.

That is, A and B in their promoted states evolve, as a whole, To simplify the termEcord pas] — Ecord olag], first one may

from a state characterized bz = o + ob, Nag = N} + note that since the density functioh&[p] = T[p] + J[p] +

NB, P, and v, (the external potential generated by the Exdlpl, whereT[p] andEx][p] are the kinetic and the exchange

nuclei when the two systems are located very far away from correlation energy density functionals, ag] is the classical

each other), toward the equilibrium state characterizegaby Coulomb interaction energy density functional, then
Nag, uas, and vag (the external potential generated by the )
nuclei when the two systems are located at the equilibium _ O-Flp] 1 6°T(p] O Elpl 1)

position), through changes in the elec_tronic density of the glo_bal op(r) op(r) Cr=r'] op(r") op(r) — Sp(r') dp(r)

system AB produced by changes in the external potential. . - .

Assuming that?; ~ uag, this step occurs under conditions of NOWw, by assuming that the core densities of A and B remain

constant chemical potential and constant number of electrons,unchanged at any distance during the interaction,

sinceNjg = N2 + N§ = N3 + Ng = Nag. In eq 6 it has been -

assumed that when A and B are very far away from each other, pcAB(r) ~ pCA(r'REO) + pCB(r,Re[,) 12)

Elps] = ElpRl + Elog]- and
Now, one can show that the energy change due to the charge-

transfer process associated with the chemical potential equaliza-

P ~
tion at constant external potential is giventBy Peas(r) % pc, (1) + pe (1) (3)
WS — us)? whereReq means that the sum of the core densities is taken at
AE ~ — 1Wa — Ha) (7) the equilibrium distance and the sign means that the sum of
Y 2 nat g the core densities is taken when A and B are very far apart

from each other, one finds, using eqs 9 and-13 that
whereny andyg are the hardnesses of the isolated species, and ,
the approximate sign has been introduced because of the Pe, (N Regpc, (I, Reg) L

assumpnomﬁB ~ UAB- ECOerAB] - ECOerKB] ~ ffdr dr' |r _ rr|
On the other hand, the energy change due to the reshuffling . .
of the electronic density may be estimated from the energy fdr(pcA(r’Req)UB(r'Reo) + pcB(r’Req)UA(r'Reu)) +
6,20,22

formulat L g OX(Tlope] + Edops))

Eff rar PCAB(r) pCAB(r ] 6 (r:) 6 (r)
_ 1.2 PaB PaB
Elp] = Neu - ENe n+ Ecoer] 8) 2 p p

1 0 (Tlpael + Excloal)
Effdr dr' peag(r) peas(r) b i sp (14)

whereN: = N — N, represents an effective number of valence 0pps(r") Oppg(r)

electrons, and L )
If it is further assumed that the third and the fourth terms on

_ the right-hand side approximately cancel each other and that
Ecord ] = fdr pe(r) v(r) + there is practically no overlap between the core densities of A

1 5°Flp] and B at the equilibrium distance, then
3J Jardr pd(r) p(r')
o) Jardr o) e

50 0p(0)

Ecore{pAB] - Ecore{pf\B] ~ = Re
represents the core contribution to the total electronic energy. q
The functional F[p] is the universal functional of density
functional theory, the sum of the electronic kinetic energy
functional and the electrerelectron repulsion energy functional,
pc(r) = p(r) — N&f(r), f(r) = (3p(r)/dN), is the Fukui functior??
and pc(r) integrates td\.. To derive eq 8, one makes use of

NaNg

(15)

where it has been considered tiNat< N. Thus, one can see
that if A and B have zero net charge, then the t&md pas]

— Ecordphg] is approximately equal to the negative of the
average nucleamuclear repulsion energy.

the total electronic energy expressiBp] = F[o] + fdr p(r) The q_uantltynE\B in eq 10 may be estimated through the
u(r), its associated EuleiLagrange equation = 0F[p]/dp(r) expression

+ »(r), the properties of the hardness and softness ketitlets, 0, 0

second-order functional expanstérof F[p] in terms of its Mg =i% 1 _ "B (16)
functional derivatives, and the first-order functional expansion e StS mtue

of 0F[p]/dp(r) in terms of its functional derivatives to obtain

an expression in the energy that only contains terms up to seconcbecause, in view of eq 2 for the softness, it seems reasonable

order in the functional derivative d¥[p]. to assume that the total softness of a system is equal to the sum
Since the reshuffling process occurs under conditions of of the individual component$;?7-30 when there is practically

constant chemical potential and constant number of electrons,no overlap between them. Thus, one would expect the total
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TABLE 1: Parameters Used in Bond Energy Calculations TABLE 2: Molecular Hardness and Bond Energy for
. 2 N Y = Several Diatomic Molecules
atom or radical u i fai i
H 718 12.86 1,000 molecule  nas® —AEP eql? eq2F expt Ne®
Li 3.01 4.78 1.000 H. 17.40 0.00 1265 74.1 1042 091
C 6.27 10.00 1.000 F> 12.62 0.00 64.7 80.8 370 0.76
N 7.30 14.46 1.000 Cl, 9.20 0.00 52.1 54.0 5M3 1.05
] 7.54 12.16 1.000 Br, 8.00 0.00 43.6 48.7 435 1.02
F 10.41 14.02 1.000 [P 6.80 0.00 35.9 42.6 356 1.00
Na 2.85 4.60 1.000 HF 22.00 4.47 180.8 81.8 135.8 0.86
S 6.22 8.28 1.000 HCI 16.00 0.65 122.7 63.1 103.3 0.92
Cl 8.30 9.36 1.000 HBr 12.54 0.09 85.9 58.9 875 1.01
K 242 3.84 1.000 HI 10.60 0.10 68.3 54.2 713 1.02
Br 7.59 8.44 1.000 IF 11.64 7.18 85.6 62.9 67.0 0.87
Rb 234 3.70 1.000 ICI 9.34 1.63 61.7 49.2 50.3 0.90
| 6.76 7.38 1.000 IBr 7.28 0.50 38.6 45.9 42.4 1.05
Cs 2.18 3.42 1.000 LiH 9.74 1137 83.5 51.6 59.8 0.82
CH 5.94 9.40' 0.778 C LiF 12.22 33.58 133.4 74.7 136.8 1.02
CN 8.92 10.2 0.824 C LiCl 9.40¢ 22.82 94.7 59.3 1143  1.13
CHs; 4.96 9.74 0.453 C LiBr 8.08  18.30 76.3 53.5 1019 1.20
NH. 6.07 10.66 0.618 N Lil 8.78"  13.33 81.1 46.8 85.7 1.03
OH 7.50 11.34 0.800 o O, 11.80 0.00 65.9 70.1 119.2 134
aE . tal val in elect Its f f7 t as indicated S 7.70 0.00 41.0 47.7 102.4 1.58
. Xpel;lmen al values In elecC -I'-OnVO sSiTromre ,_excep as Inaicated. N2 17.80 0.00 121.9 83.4 226.0 1.36
The_oretlca_l va_Iues from ref 371 is the atom for which the condensed co 15.80 0.84 119.8 64.1 257.3 1.47
Fukui function is reported! From ref 29. cS 11.46 0.00 79.9 52.2 166.0 1.44
softnessSE\B to be roughly equal t(Sg\ + %; however, since a Experimental values in electronvolts from ref 7, except as indicated.

the global softness is quite insensitive to the number of bulsing_eqk7,|i/n kfﬁ;"mO'?‘;Viltg Ne=1,in KCZ'/mO"&EXpe”migta'
- , t as indicatedlsing eq to
electrons! one may consider the softness values of the values in kealimo? from re excep
o . reproduce the experimental bond energy vall&om ref 8.9 From
constitutive parts either before or after the charge transfer hasrelfo 29.h From ref 22. o

occurred, and therefoi®; may be estimated from the isolated

system values, as indicated in eq 16. _ ~ the absence of core terms, the cancellations that led to eq 17
Thus, substituting egs 7, 10, 15, and 16 in eq 4, one finds would not be strictly valid. On the other hand, in compounds

that the interaction energy may be expressed in the form where there are double or triple bonds, such a®ON,, the
. 2 . o value of Ne is, in general, greater than the value Mf for
AE. A~ — 1 (ua — mg _1le __TAlB (17) compounds with single bonds, as also could be expected, since
int 2 na+ng 2 Vers|7AB na + g @n these cases the effective number of valence electrons must
increase.
Since the bond energy is equal teAE;y, eq 17 provides a Now, it is interesting to test eq 17 in the case when A or B,

formula to estimate bond energies using the chemical potentialsor both, correspond to molecular fragments, because in these
and the hardnesses of the isolated species and the hardness ghses the interaction occurs through specific atoms of A and B.

the interacting species at the equilibrium position. It is precisely In this context, it seems reasonable to assume that the interaction
this quantity that contains the electronic information about the energy will be dominated by the local proper#ies® of the

equilibrium geometry. specific atoms when they are placed in the chemical environment
provided by molecules A and B, respectively, rather than by
ll. Calculation of Bond Energies the global properties of A and B. This is equivalent to the
Now, although in order to make use of eq 17 one needs to 25SUmption that only a specific atom of A and a specific atom
know the value of the parametk, it seems thaNe ~ 1 may of B participate in the charge transfer and in the reshuffling

provide a good starting point to test this formula, together with St€PS and that the changes in all the other atoms of A and B
the experimental values of the chemical potential and the &0 be neglected, which means that one should replace the global
hardness that may be obtained from the finite differences SOftneésses, andSs by the condensed local softnessgis =

approximations to the first and second derivatives of eqs 1 and < f ai @nd S, 23% fg;, wheref; andfg are the condensed
2, Fukui functiong? of the ith atom in A and thgth atom in B,

respectively, because these values characterize better than the
u=—(1+A)/2 and n=1—A (18) global values the behavior of the site at which the interaction
takes place. Thus, singg is the same for all the atoms in A,
wherel is the first ionization potential and is the electron andug is the same for all the atoms in B, one can express the
affinity of the reference system (Table 1). Indeed, one can see,interaction energy between tlhig atom of A and thgth atom
in Table 2, that eq 17 withNe = 1, together with the of B in the form
experimental values required in eqs 18, provides reasonable

estimates of bond energies, comparable to other estimates that 1S —ue? 1 oS
require more experimental information, such as the equilibrium AEi/;'tBJ ~— _H - = 2 (’7AB — %) (19)
distances, the polarizabilities of the interacting species, or the 2 mat i 2 e nai t i

dissociation energies of the homonuclear species associated with

the heteronuclear interacti@h®? In Table 2, one can also see  whereng; = na/f &, 7g; = 7g/f §;- To derive eq 19 from eq 17
the value of Ne that would be required to reproduce the by replacing the global properties by the local properties, one
experimental value. Thus, in general, one can see that hydrogershould recall that the condensed local softness is given by the
compounds require a value Nf slightly lower than 1, as could  product of the global softness and the condensed Fukui function
be expected, because fdg = 1, Ney = Ny — Ne = 0, and in and that the global softness is the inverse of the global hardness.
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TABLE 3: Molecular Hardness and Bond Energy for TABLE 4: Calculated Bond Energies in kcal/mol Using the
Several Polyatomic Molecules Arithmetic Average Principle and Eq 22 for the Effective
Number of Valence Electrons for the Alkaline Halides

molecule  7as? —AEP eql% eq2F expf N&

— a

CHs—Cl 1500 417 1019 794 830 0.90 molecule AE/ eq21 expt
CHz—I 9.40 1.29 46.3 64.6 549 1.09 LiF 33.6 113.4 136.8
CHs—OH  15.00 2.09 76.5 100.6 81.2 1.03 LiCl 22.8 91.7 114.3
CH3;—CN 15.00 5.34 87.7 95.9 87.8 1.00 LiBr 18.3 82.1 101.9
H—CN 16.00 1.38 113.1 74.1 97.2 0.93 Lil 13.3 70.6 85.7
CHz;—H 20.60 1.65 146.4 94.4 994 0.82 NaF 354 114.3 114.8
HO—H 19.00 0.04 141.4 77.8 110.8 0.89 NacCl 24.5 93.3 99.0
NH,—H 16.40 0.47 104.6 85.4 934 0.94 NaBr 19.9 83.7 88.8
CH-CH 14.00 0.00 91.8 69.7 189.0 1.44 Nal 14.7 72.2 72.2
a . . L KF 41.2 114.0 118.1
Experimental values in electronvolts from ref 7, except as indicated. KCl 30.2 95.8 101.6
bUsing eq 7, in kcal/mol¢ With N = 1, in kcal/mol.9 Experimental KBr 251 86.5 91.0
values in kcal/mol from ref 18Using eq 19 to reproduce the Kl 19.4 75.4 77.8
experimental bond energy valdezrom ref 8. RbF 42.4 113.9 115.7
RbCI 31.4 96.2 100.5
Note that eq 19 reduces to eq 17 whigh = fg; = 1, and RbBr 26.2 87.0 90.4
therefore, eq 17 may be considered as a particular case of eq Rbl 20.3 75.9 76.8
19. CsF 44.8 1135 116.2
Using the values of the condensed Fukui function given in gzglr gg'g gg'g 18%'8
Table 1, one can see, in Table 3, the bond energies predicted Csl 224 77.0 750

by eq 19 for several cases. Again, the results and the
conclusions are quite similar to those found in the diatomic

molecules. It is important to note that, in general, the contribu- . - :
tion from the first term on the right-hand side of eqs 17 or 19 represents the effective number of electrons that participate in

is almost negligible in comparison with that of the second term, the interaction, then in addition to the approximate value of 1,

except in those cases in which the chemical potential (elec- corresponding to the bpnd between the two interacting species,
tronegativity) difference is very large (see Tables 2 and 3). This ©N€ should also congder the number of electrons transferred
situation implies that the bond energy is dominated by the fTom one of the species to the other one, as part of the electrons
difference between the hardness at the equilibrium position andth@t participate in the interaction. Since at constant external
the hardness of the system when the interacting species are ver otential the number of electrons that are transferred is given

aUsing eq 7.° From ref 18.

far apart from each other. V2 ANa = —ANg = (ug — ua)/(17g; + 114i), then, in this context,
Now, the bond energy given by eq 19 depends on the . .
parameters associated with the isolated systems A and B and N~ 1+ lua — Hal 22)
e

on the global hardness of the system AB in the equilibrium
positionzyag. It would be interesting to express the latter also

in term_s of the isolated syste_m p_arameters to obtain an | Table 4, one can see that eq 22, when combined with eq 21,
expression for the bond energy just in terms of the properties . yides a rather good representation of the binding energy in
of the interacting fragments. This may be achieved by making he case of highly ionic compounds. Most of the expressions

use of the 'arithmetic.average principle for molecular softffess reported in the literatu?32to describe the dissociation energy
that establishes that in the case of a molecule composed by tWau highly ionic compounds require, in addition to the electrone-
liragments the softness may be approximated Sy ~ gativity (chemical potential) and the hardness, information about
1S + Sy); sincernas = 1/Sas, then the bond distance and the dissociation energy of the associated
o o homonuclear species, or the polarizability of the interacting
Nag A 2 _ 2141 (20) species. It is remarkable that, through the present approach,
AB TS+ K 2a T g the dissociation energy of highly ionic molecules may be
described only in terms of the chemical potentials and the
Substituting eq 20 in eq 19, one finds that hardnesses of the interacting species.
In general, the results based on the arithmetic average
. ° _ ;)2 ° po. principle for molecular softness indicate that eq 21 may be very
AE{:;B' ~ - %% —% iAB % (21) useful to analyze the inherent chemical reactivity of a given
"TAi T e TAi T Tej species, because it leads to reasonable estimates of the bonding

hich d d | th . fthe int i .__energy, and it also leads to a reasonable description of the
which depends only on the properties ot the Interacting Specie€s.io, jancies observed within a given family of compounds. Thus
The results corresponding to eq 21 are also reported in Tables

2and 3. O that the behavior i e similar to th teq 21 may provide information about the behavior of the
and 5. One can see that the behavior 1S quite simiiar 1o that g rant reactive sites of a chemical species with respect to
corresponding to eqgs 17 and 19, although, in general, egs 17

. . .~ "different reactants, from the knowledge of the properties of the
and 19 provide a better representation of the bond energies 9 prop

indicating that the information contained in the molecular isolated species.
hardness parameter is very important to take into account the
effects of the chemical bonding.

It is interesting to note that in the case of highly ionic species  The results derived may be applied to the calculation of
the charge-transfer term\E,, is on the same order of magnitude reaction energies, if a chemical reaction is viewed as a bond
as the hardness difference term, and also, the effective numbebreaking and bond formation process, because then one can
of valence electrons is greater than in the case of other single-break down a chemical reaction into several steps, and the
bond compounds in whicha ~ ug. If one considers thatle energy change associated with each one of these steps may be

At 18

IV. Reaction Energies
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Gaquez

determined through eq 19. For example, consider the reactionof products to reactants, it has been shown thgt,: < O if

A-B+C-D—A-C+B-D

in which two bonds are broken and two new bonds are formed.
This process may be divided into the following steps

A-B—A+B
C-D—C+D
A+C—A-—C
B+D—B-D

the sum of the softnesses of the products is lower than the sum
of the softnesses of the reactants &ffleac > O if the opposite
occurs®® Thus, one may conclude that, through a bond energy
analysis, the arithmetic average of the hardnesses of the reactants
and the products determines the sign of the reaction energy,
while from a transition-state energy analysis, the harmonic mean
of the hardnesses of the reactants and the products determines
the sign of the reaction energy. In general, both average values
will lead to the same results and provide a strong support to
the statement that reactions tend to go in the direction that
produces the hardest possible species.

and one can apply eq 19 to each one of these steps. Thus, iV. Concluding Remarks

this case the reaction energy is given by

__1.0 2 2 2
AE o= — E(NeAanC + N, 780 — Ne,as — Ne 7co) +
;(Nz e > MBMD o Al
2\ Pempitmy omg Ty emR g
o .0 ) 0}2 ) 012
2 Mallop | 1 (up —ue)” | (ug — up) B
feong; + WBJ' 2\ mat+ ’7?:1' ngi T 77°Dj
(up —up)® (g — up)
o o - o o (23)
Mai T gj ng t M

If one assumes th&fe ~ 1 in all the interactions, one can show

that there will be a great cancellation between the terms that

The overall situation indicates that eq 19 provides a rather
good representation of the bond energies as a function of the
chemical potential and the hardness. It is important to note
that, in general, the contribution from the first term on the right
hand side of eq 19, which has been associated with the charge-
transfer process, is almost negligible in comparison with the
second term. However, this should not be interpreted as if the
charge transfer, in general, is negligible, because the second
term in eq 19 may also include some of the charge transfer
associated with the bond formation. In this sense, the results
indicate only that the change of energy associated with the
second step, at constant chemical potential, represents the main
contribution to the bond energy.

It is important to mention that Pal, Roy, and Chart8teve

depend on the hardnesses of the A, B, C, and D species andlerived a different expression for the hardness in the separated

that also there will be a great cancellation between the termslimit, namely g ~

that depend on the chemical potential differences (in addition
to the fact that they are rather small in comparison with the

Ia — Ag. This expression is based on the
finite differences expression and on the assumption that in the
noninteracting limit the ground state of ABeparates into A

hardness dependent terms). Thus, if the second and third term&nd B, AB" separates into A and B and AB separates into A

of eq 23 are neglected, andNf ~ 1in all the interactions, one
finds that

1
AE o™ — E(nAC + 1gp — Mag — Mcp) (24)

and therefore AEeac < O if the sum of the hardness of the

and B. However, there may be other possibilities regarding
the separation of the different species that would lead to a
different expression. On the other hand, the numerical evidence
presented here, and in other wotR€7-30 seems to indicate that

the softness of a system in terms of its constitutive parts is
proportional to the sum of the softnesses of the constitutive parts
and that the proportionality constant is equal to 1 when the

products is greater than the sum of the hardness of the reactants;gnstitutive parts are very far away from each other, and it is
and AE,c > O if the opposite occurs. These statement is in gpproximately equal to 1 over the number of atoms when the
complete agreement with the experimental evidence that showschemical bonds between the atoms have been foffh&ince
that the exchange reactions almost always go in the direction yoth approaches are based on different assumptions, it will be
that produces the hardest molecule or the products of higheStnecessary to carry on additional studies to understand them
average hardne$s® better.

In general, if one assumes that there is a great cancellation Finally, it should be emphasized that even though the

between the terms that depend on the hardnesses of the A, Bprocedure developed here introduces an additional parameter

C, and D species and that also there is a great cancellation :
' . .~ Ng, the fact that the value that reproduces the experimental bond
between the terms that depend on the chemical potential ° b p

differences, then, if the second and third terms of eq 23 are
neglected, one finds that

1
AE o™ — E(N(zeAanC + N;DnBD - NiABWAB - N(ZaCDnCD)
(25)

where the effective number of valence electrons may play a
very important role to provide a quantitative description of the
reaction energies, and it may also provide the explanation to
those cases that cannot be explained through eq 24.

It is important to note that, through the analysis of the

difference between the activation energy corresponding to the

reaction in the direction of reactants to products and the
activation energy corresponding to the reaction in the direction

energies lies very close to what is expected from the theoretical
analysis,Ne ~ 1, seems to indicate that, indeed, the main
contribution to the bond energy comes from the change in the
hardness of the system. A similar result has been obtained in
relation with the description of activation energf@sAll these
results show that the hardness and softness concepts play a
fundamental role in the description of chemical events and
provide strong support for a principle of maximum hardness.
However, it will be necessary to carry out additional studies on
Ne, in order to derive a more accurate expression to predict the
bond energies.
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