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An expansion of the energy functional in terms of the total number of electrons and the normal
coordinates within the canonical ensemble is presented. A comparison of this expansion with the
expansion of the energy in terms of the total number of electrons and the external potential leads to
new relations among common density functional reactivity descriptors. The formulas obtained
provide explicit links between important quantities related to the chemical reactivity of a system. In
particular, the relation between the nuclear and the electronic Fukui functions is recovered. The
connection between the derivatives of the electronic energy and the nuclear repulsion energy with
respect to the external potential offers a proof for the “Quantum Chemical le Chatelier Principle.”
Finally, the nuclear linear response function is defined and the relation of this function with the
electronic linear response function is given. 2003 American Institute of Physics.
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I. INTRODUCTION =E[p,v]). Differential expansion of the electronic energy,

) ) ) 1 for these two energy functionals allows us to determine the
According to Density Functional TheorfDFT),” the v qjcay significance of the Lagrange multipligr, which is

electronic energy of a many-electron system is given by  ¢5nq to be the electronic chemical potential of the system,

that is,
Elp]=Flp)+ | w(p(ner, M
whereF[ p] is the universal Hohenberg—Kohn functional de- w= (E) , 3)
fined as the sum of the electronic kinetic energy functional, N/,

T[ p], and the electron-electron interaction energy functional,

Ved p], andw(r) is the external potential that for an isolated g g find that the density is the functional first derivative of

molecule is just the potential due to atomic nuclei, but iny,e energy with respect to the external potential at a constant
general it may also include contributions from external fieldsiyia) number of electrons. i.e.

or neighboring molecules. Minimization of the electronic en-
ergy with respect to the electron density with the constraint

of constant total number of electrond, leads to an Euler p(F):( oE ) ()
equation of the form ov(f) ]
. OF[p] o _
pu=v(F)+ W ) Second-order derivatives of the energy with respedt to

_ . ' . and v(f) also have clear physical meanirfgghus, the sec-
The solution to this equation yields the ground state electrognd derivative with respect to the number of electrons at a
density, from which one can determine the ground state erfixed external potentiak(f) is the hardness:
ergy.
Since the number of electrons and the external potential 5
. o J0°E
completely determine the Hamiltonian of the system, one can 7=\ == . (5)
write the electronic energy of the system as a function® of IN"/
and »(r) (i.e., E=E[N,v]). On the other hand, Eql) es-

tablishes that is a functional ofp(r) and v(r) (i.e., B \yhjle the second derivative with respect to the external po-
tential v(r) at a fixed number of electrons is the linear re-
dCorresponding author. Electronic mail: miquel.sola@udg.es sponse functiof,
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Su(F) ¢i= =F(N+1)=F,(N)=—-V,E(N+1), (12

dN

)=lfa(N>—lfa<N—1>=V;E(N—1>, (13)

14

IF,,
oN

r when the external potential of the system is locally per-¢ =
turbed atr’. Finally, the Fukui function, first defined by Parr
and Yang, is the second derivative with respect to external

which measures the variation of the electron density at point (

= \0

i JF 1. -
potential v() and the number of electrons, $°— @) _Z(F (N+1)—F,(N-1))
2 _ « | 6N 2
(= OB | [(dp(N)) [ ou 7 v
=\ oNsw ) = 7an | =\ 5o " ™

= %(ﬁaE(N—l)—ﬁaE(N+1)). (14)
The Fukui function describes the local changes in the elec-

tron density of the system, due to the perturbation in theThe last equality in Eqg12) and(13) is only valid when the
global number of electrons, so it reflects the character of & electron system of reference is at its equilibrium geometry
molecule to acceptdonate electrons from(to) an another [£_(N)=0].

system. For a molecular or atomic system, the density is @ ggekelandt via a Maxwell relation has shown that this

discrete function of the number of electrons. Because of thalFr can be interpreted as the conformational contribution to
Parr and Yangassociated different physical meanings to theiye change in the electronic chemical potential:

left, right, and central derivative of the density with respect

to N, corresponding to a reactivity index for a nucleophilic F1= 92E S
f*(F), electrophilicf (), and radicaf°(r) attacks, respec- ho= =— — | == — (15
tively. By applying a finite difference approximation to Eq. N/, INSR, R4/

(7), these three approximate Fukui functions can be Writteri:rom Eq.(15), three definitions of the NFF corresponding to

as the left, right, and central derivatives are also possible:
f5(F) = pnra(F) —pn(F), 8 5 .
J°E oA 58LUMO
(1) =pn(F) =~ py-1(P), (9) ¢e="\——=| =|=|="|—5 | @9
INGSR,, R, SR,
N N
and
#E |\ [ dl Se
1 - _ _ HOMO
fO(F)== ")~ pn-1(F)], 10 ¢’a:_( a) =<T) =—(—ﬁ) » (A7)
(r) 2[PN+1(") pn-1(M)] (10 INSR, SR, N SR, )
wherepy.1(F), pn(F), andpy_1(F) are the electronic den- 5,9
sities of the system wititN+1, N, andN—1 electrons, re-
. > 0
spectively. 0 J°E oo oy
Upon the course of a chemical reaction, molecules adjust =" | == Tl = (18
their number of electrons and their external potential. This INOR, ORa/ \ORa/

implies changes in both the electronic structure, characte
ized by the electron density(r), and the geometric struc-
ture dgfmed by the posmon vectof,} of the nuclei. TP operational approximations for the electronic chemical po-
describe the electronic changes, one can use the Fukui funféntial:

tion, the hardness, and the linear response function. These

are electronic indexes that measure the electron density and

electronic chemical potential responses to a chandé or 2= §(| +A), (19
v(F). A Kohn—Sham formulation of the chemical electronic

responses has been provided by S&et.describe the geo-

metrical changes, a set of nuclear reactivity indexes that A1~ 3 (ELTen).
characterize the response of the nuclei due to changé®m ] o
»(F) of the system have been recently defifédn particu- !t is remarkable the similarity between EqS) and (15.
lar, the nuclear Fukui functiofNFF) has been defined by Geerlings an(_j coworkers have computed NFFs for dlat(_)m|c
Cohen and coworkefss the electronic forcE acting on the ~Molecules using Eq$12) and(13), as well as from numeri-

Where the Koopmans’ theoréfrhas been used in EqEL6)
and (17), and u, and ., in Eq. (18) refer to the following

(20

nuclei due to the perturbation N at a constani(r): cal calculations of the negative derivative of the chemical
potential with respect to the atomic coordinafé&ss. (16)
aF, and(17)]° and with an approximate analytical metidde-
ba= IN (11 veloped in analogy with Komorowski and Balawend&’s

coupled Hartree—Fock approach to the electronic Fukui func-
In analogy with the electronic Fukui function, it is possible tion. They have found that analytical and numerical results
to define three NFFs corresponding to nucleophilic, electroshow a high correlation. Finally, it is worth mentioning that
philic, and radical attacks as the relationship between the NFFs and the Berlin's binding
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function® has been recently discus&€d*and new defini- i o
tions of nuclear/geometric reactivity indexes have been also AU:MA’\H'J P(V)AV(f)dHJ
put forward®!" These studiés!?1#~1’have reinforced the

5V(F))NAv(F)dF

idea that a complete representation of the total chemical re-
sponse to a given perturbation must involve the analysis of t3 77AN2 f f X(F, 7)) Av(M)Av(r)drdi’
both electronic and nuclear reactivity descriptors.

Because of the coupling between the electronic and Vin R I
nuclear responses to external perturbations, one can expect J J 5,,(r AV(r)AV( )drd

that relationships between nuclear and reactivity indexes ex-
ist. In the present paper we apply the general functional ex-
pansion scheme to expand the potential endgyand the

total electronic energy, of the systems in terms of the total
number of electronsN, and normal coordinates displace-

+ANf f(NAv(N)dr. (24

Let us now consider a molecule in an isotropic and homoge-

ments,{Q,}, to derive relationships between electronic angneous environment. In this case, the external potential de-
nuclear indexes that connect the electronic and nuclear ré)ends only upon the relative nuclear positions. These relative

sponses in front of a given perturbation. The energy expar‘oos'tIons Icanlbe speglﬂe(il u3|tr;]g a sett N'? (olr 3:]\1 > f(;r
sion is carried out within the canonical ensemble, for which!n€ar moecu escoordinates, the most natural choice being

the natural variables are the global variableand the local the use of the_ normal c_oordmate%Qk}. Given that thg
variable v(F). external potential for an isolated molecule can be defined

from a set of{Q,} coordinates, one can write the energy
of this system as a functional di and {Q}, i.e., U
=U[N,{Qy}]. In this functional form, a Taylor series expan-

Il. ENERGY REPRESENTATIONS sion of the total energy up to second order yields
In the Born—Oppenheimer approximation, the Potential JE SN-6 . 5U
Energy SurfacgPES of a system can be divided into an AU= (&N AN+ 21 (£> AQy
electronic €) and nuclear repulsion\,,) energy terms as rQuh B KN
) 3N-6 |, .5
Ulp,v]=E[p,v]+ Vo [v]. (21) +%(&WEZ) ANZ+ Y (%2) AQf
J . k=1 \dQy
As stated for the electronic energy, one can also write the 1Qd N
PES of the system as a functional Nf and v(F), i.e., U SN—6 2
=U[N,]: 2 (MQ )AQkAN (25
ULN, v]=E[N,v]+ V[ v]. (220 AQ, being the displacement of the normal mdd&om the

A Tavl ies f ional . f the PES d equilibrium position. It is worth noting that since the external
f aylor series ulnctlona_ exPansg)n 0 It € b ?rolun Ebotential can be written as a function of the normal coordi-
reference external potential(F) and total number of elec- nates, it is possible to transform the derivatives with respect

trons N, retaining terms up to se_cond order, acquires the[ the external potential to derivatives with respect to normal
form (note that the nuclear repulsion term does not depengooordinates by using the chain rule. In this way, it is also

onN) possible to derive Eq25) from Eq. (23).
JE SE If we take as the reference state a molecule in its equi-
AU=| — AN+f —| Avp(F)df librium geometry, then the term
oN EEGIN
v 3N-6
SV 1/ 2 > (ﬂ) AQ (26)
nn > > i 2 ~ (9 ks
+H5V(F)> Av(r)dr+2 aNz)VAN k=1 \dQu/
in Eqg. (25 and the term
Av(F)Av(F")drdr’ SuU
(5”(”5V( ) f ( ) Av(F)dF
ov(F) N
nn
Av(NAv(r")drdi’ SV
ZJH‘SV“)‘SV( ) :fp(r*)Ay(r*)dH”—”f Aw(F)dF, 27)
ov(r) N
E
+f (W)ANA v(r)dr. (23 in Eq.(24) are zero. We note in passing that E2j7) leads to

the following interesting relationship that holds for an iso-
Equation(23) is the same used by Ayers and Parr to explordated molecule in its equilibrium geometry:

the effect that changing the external potential has on chemi- SE SV
cal reactivity'® Now, substituting Eq¥3) to (7) into Eq.(23) (—»> =p(F)= —( ”ﬁ”) _ (28)
one finds that ov(F) ov(f)
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This equation is the result of the fact that, in the equilibriumtotal change in the potential energy due to nuclear rearrange-
geometry, the electronic energy change due to a perturbatiament. Equation (32) shows that this change can be
in v(r) equals the negative of nuclear repulsion energydecomposed in two parts: the first term,
change, providing a relation between electronic and nuclearl/2)f [ X(f,F")Av(F)Av(f’)drdr’, represents the change
reactivity descriptors. Further, it is a nice proof to the first-of the nuclear potential energy due to the distortion while the
order and within the framework of conceptual DfBf the  remaining term is the change in electronic energy.
“Quantum Chemical le Chatelier Principle” formulated by Equationg32) and(34) are the result of the Taylor series
Mezey some years ag8.This principle states that the elec- expansion of the PES functionals =U[N,»] and U
tronic energy change induced by an external perturbation iss U[N,{Q,}]. Similarly, one can expand the functionals of
compensated by a modification of the nuclear repulsion enthe electronic energiE=E[N,v] and E=E[N,{Q}]. Fol-
ergy by a similar amoun(in absolute valug in such a way lowing the same procedure one recovers B4) and also a
that the value of the total energy (electronicuclear) is modified version of Eq(32) that reads as
approximately conserved.

Now, from Eg.(25), using Egs.(3) and (5) and taking

1
into account that Ef fX(F’F,)AV(F)AV(F,)dFdF,

9’E ) (0Fk) g N-63N-6
=—l=N =~ (29 == (—) AQAQ;. 35
INIQy N/ on > gl = 150wl QkAQ (35
and Considering now the relation between the electronic energy
92U and the PES given by E@22), one obtains
—| =\, (30
(&Qi)N “ 1
EJ JX(F,F’)AV(F)Av(F’)dFdF’
one gets
3N—-6 13N76 13N763N76 ﬁZV
1 2 nn
- - 2.~ 2 =_ MNAOZ— =
AU-—MABL¥27ﬂSN‘+2 2; XWAQK 2 2;_ k Qk 2,2% =1 (ﬁkaQJN
3N-6 XAQAQ,. (36)
—AN Y $AQ. (31) , . .
k=1 This equation provides a way to compute the

Equation(31) holds for a molecule in its equilibrium geom- (1'/2)ffX(r,r’)Av(r)Av(r’)drdr’ integral from the evglu—
etry. In Eqs.(29) and(31), ¢, are the NFFs in terms of the ation of the other FW,O termg in E436). Remarkably, using
normal coordinates and, in Eq&0) and (31), \, are the Egs.(36) and (3_2), it is possible to compute numerically all
force constants of each normal mode. terms present in Eq24). By means of Eq(24), one could

A comparison of Eqs(24) and (31) leads to Eqs(32) carry out an energy decomposition analysis of the interaction

and(34). Equation(32) is obtained, considering the indepen- between two given system.s.. More resgarch on the va_lue of
dent terms with respect taN: such an energy decomposition analysis is underway in our
laboratory.

%f f X(F.F)Ap(F)A (7" )dFdF” Finally, from Egs.(32) and(36) one obtains Eq(37):

1
1 _ F el e 4 ¥’
+7f fX(r,r')Ay(r)Av(r’)drdr' szx(” JA(N)Av(F)drd
13N76 13N—6 3N-6 2 .
2 gl MAQK, (32) T2 & ;1 ﬁQkO”Q|)NAQkAQ|’ 37
and defining the nuclear linear response function as which provides a means to numerically compute the
52V (172)f fX(F,F")Av(F)Aw(r')didF’ integral.
X(F.P )= —™"__ 33 oming back to Eq(34), this equation represents a basic
(F,F") | (33 Coming back to Eq(34), thi i basi
ov(F)ov(r) ] expression that connects the electronic and nuclear Fukui

r{unctions. It is a quantitative expression for the coupling of
nuclear and electronic responses to perturbations. It was first
found by Baekelarftlin differential form and in a different
way, starting from the definition of the NFF and using the
f f(NAv(Mdi=— kZ D AQ. (34 chain rule to express the derivative of the electronic chemical
o potential with respect to the external potential. According to
Equation(32) affords a relation for the nuclear and elec- this author the term—33V;°¢,AQ, corresponds to the
tronic linear response functions. For sméf,} displace- nuclear-dependent part of the change in the electronic chemi-
ments, the term (1/2)2N7°\ AQZ in Eq. (32) gives the cal potential. Interestingly, we have recovered this important

while Eq. (34) appears matching the terms that depend o
AN:

3N-6
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TABLE I. The ¢, ¢, , and (1)2 nuclear Fukui functions for 13 diatomic calculated using the different approximations represented fy2Ets(14) and
(16) to (18). All values are given in atomic units.

s b %
Molecule LUmo? AP (6F 1gN)e  HOMO? I° (9F  1aN); © o u2® (9F , 19N)%
H, —0.004656 0.005600  0.005600 —0.164816 —0.152412 —0.152412 —0.084725 —0.073406 —0.073406
LiH 0.008700  0.009788  0.009789 —0.028850 —0.027875 —0.027878 —0.010075 —0.009045 —0.009045
BH 0.002550  0.007344  0.007344 0.014231 0.015300 0.015296 0.008396 0.011320 0.011320
NH ~0.006150  0.004069  0.004067 —0.006225 —0.027150 —0.027155 —0.006187 —0.011544 —0.011544
HF 0.011669  0.013050  0.013045 —0.055213 —0.085750 —0.085735 —0.021772 —0.036345 —0.036345
HCl 0.006694  0.008000  0.007973 —0.013766 —0.023050 —0.023055 —0.003537 —0.007541 —0.007541
N, 0.003209  0.003281  0.003280 —0.239375 —0.057675 —0.057678 —0.118075 —0.027199 —0.027199
F 0.104200  0.475250  0.475245 0.127350 0.135722 0.135722 0.115750 0.305483 0.305483
co —0.009500  0.016750  0.016738 0.067800 0.044200 0.044197 0.029153 0.030468 0.030468
NF 0114562  0.132250  0.132248 0.164812 0.146031 0.146037 0.139694 0.139142 0.139143
BF 0.009131  0.011438  0.011435 0.067762 0.068962 0.068962 0.038447 0.040198 0.040198
NO* 0302338  0.326063  0.326065 —0.039825 —0.136456 —0.136455 0.131250 0.094805 0.094805
LiF 0.015687  0.016000  0.016012 —0.058025 —0.058938 —0.058936 —0.021169 —0.021462 —0.021462

Calculated by evaluating, = — (8 ywo / OR.)n OF ¢, =—(Sepomo! SR -

PCalculated by evaluating = (SA/SR,)y of ¢, =(51/5R,)y .
‘Calculated using Eq¢12) to (14).

dCalculated using Eq$18) and (20).

€Calculated using Eq€18) and (19).

connection between electronic and nuclear Fukui functionsented by Eqs(12) to (14) and (16) to (18). The results
through a Taylor functional expansion of the energy as abtained are listed in Table I. It is remarkable to see that

functional of N and{Q,;}. calculations of the nucleophilic NFi? , by numerical dif-
ferentiation of GA/SR,)y or (JF,/dN); vyield practically

Ill. CALCULATION OF THE TERMS INVOLVED the same values providing reliability on the computed val-

IN THE RELATIONS BETWEEN NUCLEAR ues; while the calculation of, using the orbital approxi-

AND ELECTRONIC REACTIVITY INDEXES mation —(&;LUMO/&ﬁa)N results in somewhat different

Throughout this paper we have assumed that all Taylonumbers. The same is found for the electrophilic and radical
series converge. Moreover, we expect that if the externaNFFs. It is worth noting that the results obtained by Bala-
potential of the final system resembles that of the referencgiender and Geerliné%for ¢>; and¢, of H,, LiH, BH, HF,
state sufficiently closely, low-order truncations of theseHCI, N,, F,, CO, BF, and LiF at the HF/6-34+ G** are,
functional Taylor series will be accurate. Our aim in thisin general, in good agreement with those reported in Table I.
section is first to check this hypothesis by carrying outas already pointed out by Baekelafdind Geerlings and
calculations of the two terms of E¢(34). Second, the coworkers?'® NFF data can be related to the Berlin's
calculation of the (1/2)fx(F,r")Av(F)Av(F")drdi" and  fynctiorf!314to analyze bonding in molecules. Thus, in di-
(12)J JX(r,r")Av(r)Av(r')drdF’ integrals will be per-  atomic molecules a positive nucleophilic NFF is associated
formed for a series of diatomic molecules. to an increasing bond length upon the addition of an electron,

All calculaétilons have been carried c;gt with t88USS-  \hich increases the total electron density in antibonding re-
IAN 98 package” at the Hartree—FockdF)™ level using the  gigng All species studied show positive nucleophilic NFF as

aug-cc-pVQZ basis sét, except for the lithium atom, for . . >
which the cc-pVQZ has been used. The energy and gradieﬁndlcated by the values obtained from theA{5R,)y and

of the cationic and anionic doublet species has been con{—ﬁFa(’?N): derivatives. Likewise, a negative electrophilic
puted within the unrestricted methodology at the geometry ofVFF iS also related to an increase of the bond length during
the neutral systems, while the neutral singlet molecules hav@nization, which means a reduction of the total electron den-
been calculated using the restricted formalism. sity in bonding regions upon ionization. We found negative
The numerical differentiation of om0, €Lumo s &1 | electrophilic NFF for all species studied, except for BH, F
A, andu, needed to evaluate Eq&.6)—(18) has been car- CO, NF, and BF, for which positive electrophilic NFFs are
ried out performing displacements of the equilibrium geom_Obtained, indicating that the ionization should lead to a de-
etry of =(1,2,4,8,16,32,64%10 " (n=2 to 5 bohrs. Then, crease of the bond length in these molecules.
the smallest magnitude displacement that produced a stable Let us now numerically test the validity of E(B4). We
derivative has been selected using a Romberg methodave checked Eq34) for different displacements using the
triangle?* NFF obtained from Eq<12) to (14), although we only show
Before starting the evaluation of the 33N %¢,AQ,  in Table Il the results foAQ,=1X10"°X \u a.u., whereu
term in Eq.(34), we have checked for 13 diatomic moleculesis the reduced mass, because with this displacement the error
the consistency of the !, ¢, and¢3 nuclear Fukui func- percentage becomes stable. We note that, from(&g.the
tions calculated using the different approximations repredirst term appearing in Eq34) is
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TABLE II. The calculation of the two terms given in E(B4) for the three approximations of the electronic and nuclear Fukui functions for 13 diatomic
molecules. All values are given in atomic units.

Molecule 5 (HAARF — P AQP [ £~ (HAURIF — i AQE J 1N Ap(r)dP —$RAQP
H, —5.30x10°8 —5.60x10°8 1.52x10°° 1.52x10°° 7.34¢10°7 7.34x10°7
LiH —1.07x10°7 —9.79x10° 8 3.00<10°7 2.79<10°7 9.6510°8 9.0410°8
BH —7.91x10°8 —7.34x10°8 —1.09x10°7 —1.53x107 —9.41x10°8 —-1.1%10°7
NH —3.22x10°8 —4.07x10°8 2.80x10°7 2721077 1.2410°7 1.15¢10°7
HF —1.01x10°” —1.30x10° 8.61x10° 7 8.57x 107 3.8x10°7 3.6%10°7
HClI —5.20<10°8 —7.97x10°8 2.37x10°7 2.31x10°7 9.2510°8 7.5410°8
N, —1.79x10°8 —3.28x10°8 3.29x10°7 5.77x10°7 1.55%10° 7 2.7%1077
F, —3.44x10°° —4.75x10°® —1.21x10°® —1.36x10 ° —2.3%10°© —3.0510 ©
Cco —1.90x10°7 -1.67x10°7 —5.95x10 7 —4.42x10°7 —3.9%10°7 —3.0%10° 7
NF —1.15x10°° —1.32x10°° —1.26x10°° —1.46x10°° —-1.2x10°© —1.3%10°°
BF —9.55x10° 8 —1.14x1077 —7.3%10°7 —6.90x10° 7 —4.16x10°7 —4.0%10°7
NO* —3.10x10°°® —3.26x10°° 1.05x10°° 1.36x10°° —1.02x10°°® —9.48<1077
LiF —1.85x107" —1.60x10°7 6.53<10° 7 5.89x 107 2.34x10°7 2.15x10°7

2The values of nuclear Fukui functions are obtained using B3, (13), and(14). The AQ, employed in all these cases is<10™°X \u a.u., whereu is
the reduced mass.

L o the N+ 1 andN electronic density at the equilibrium geom-
f fr(MAv(r)dr etry. All integrals present in Eq38) have been obtained
from electron—nucleus potential energies computed with the
Ef (pﬂ,ﬂ(r*)—p%(r*))(v( F)— »O(F))dF GAUSSIAN 98program?>?° Equivalent expressions to E(R8)
can be used to evaluate the integrals contairfin¢f) and
().
=J P%H(F)V(F)dF—J pr-1 (1) vO(F)dF As can be seen in Table I, the difference between the
first and the second term of E@4) is usually quite small for
0/ o 1 0/ 0y 4o all systems studied and for the different nucleophilic, elec-
_f pN(r)V(r)dHf pn(NYAN)AT, (38) trophilic, and radical approximations to the electronic and
Wherepﬁ,(F) and pRHl(F) are the electronic density at the nuclear Fukui functiong. The similarity betwgen the valugs of
equilibrium geometry for a system with and N+ 1 elec- the NFF computed using the two most reliable approxima-
trons, respectively, while®() is the external potential at the tions make us confident about the accuracy of the calculated
equilibrium geometry and/(f) is the external potential ob- NFFs, while operational equations that provide the electronic
tained increasing or decreasing the equilibrium bond lengthfFukui function[Egs. (8) to (10)] are unavoidably approxi-
The [ p, 1(F) v2(F)dF and [ p%(F) v°(F)dF integrals are ex- Mate. Thus, in our opinion, the numerical errors that produce
plicitly the electron—nucleus potential energy of the systenihe differences observed may be larger in the computation of
with N+1 andN electrons at the equilibrium geometry, re- the integrals of the typgf () A »(7)dF than in the evaluation
spectively. Thefp%, (P »(7)dF and [pQ(F)»(7)dF inte-  of the — SN °4, AQ, term. Figure 1 depicts the good cor-
grals in Eq.(38) are the electron—nucleus potential energyrelation observed between thef ™ (F)Awv(r)di and the

introducing the modified external potentia{r), but using —Eﬁﬂ[ﬁ « AQ, values giving an equation with a slope very
2x10°—

1 [ Eav(@)d =-914x10"9, 4Q, - 9.98x10” o2

R?=0.98
1106 *NO+
5 4
)
E
= 0~ FIG. 1. A representation of the linear equation
I [ (A AV(F)dF=— ¢ AQ, for the 13 molecules
— studied.
-1x10°_|
-2x10¢ , : , : , : , |
2x10°® -1x10° 1x10% 2x10%

0
_d’k_AQk
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TABLE Ill. The calculation of the (1/2) [ x(7.F")Av(F)Av(F")dFd” in-  analytical expressions for the electronic linear response func-
tegral from the evaluation of the remaining two terms in 8%) for the 13 tion

diatomic molecules studied. All values are given in atomic uhits.

Molecule %AkAQﬁ %(%2” AQ? % I X(FF)AUD AU )dFdF IV. CONCLUSIONS

KN In this paper, we have derived a set of connections
H, 2.00x10°1  3.75x10 % —1.75< 101 among several nuclear and electronic indexes of reactivity in
LiH 3.40x10°*  1.07x10° ™ —7.34x10° % the framework of the conceptual Density Functional Theory
BH  1.08 10:i 4.08x 10:11 —3.00x 10:ﬁ by using an expansion of the energy functional in terms of
NH 2'30“0,11 9.89x 10,10 _7'6@(10,10 the total number of electrons and the normal coordinates
HF 3.62<10 1.85x< 10 —1.48<10 o : : : .
HCl  1.83x10°1  124x10°10 _106x10°10 within a canonical ensemble. The relations obtained provide
N, 1.08x10°1°  6.00x10 10 —4.92x10°10 explicit links between important quantities related to the
F, 2.88<10° 11 5.14x10° %0 —4.85<10° 10 chemical reactivity of a system.
CO 764107 531X107% —4.55¢107% First, we have demonstrated that the derivative of the
SE ;:;g 18,11 g:i;’i 18,10 :g:ig 18,10 electron.ic energy .wi.th respect to t.he external potentia_l of a
NO* 114x10°°  7.70x10°1° 6.56x10° 10 system in its equilibrium geometry is equal to the negative of
LiF 8.61x10° 12  1.07x10°10 —9.79x10 1 the nuclear repulsion derivative with respect to the external

potential, giving a proof up to the first order for the so-called
*The AQ, employed in all these cases ix10 °x \u au., wherguis the  “Quantum Chemical le Chatelier Principle.” Second, follow-
reduced mass. . . . . .
ing this particular approach, we have given an alternative
proof the relation between the nuclear and the electronic
Fukui functions, and, for the first time, we have numerically

close to 1, which is the expected value according to(B4) checked this relation. Finally, the nuclear linear response
’ P g ) function has been introduced and a relation of this function

Similar results are obtained for the analogous relations in- . - )
volving the nucleophilic and radical Fukui functions. We with the electronic linear response function and the force
have checked Ed34) using different basis sets and we have constant has been provided.

found that, in general, the correlation between the
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