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By introducing an electron bath that represents the chemical environment in which a chemical species is
immersed, and by making use of the second-order Taylor series expansions of the energy as a function of the
number of electrons in the intervals betwaé¢nr- 1 andN, andN andN + 1, we show that the electrodonating

(w™) and the electroaccepting{) powers may be defined as™ = (u™)%2y™, whereu™ are the chemical
potentials andy™ are the chemical hardnesses, in their corresponding intervals. Approximate expressions for
o~ andw™ in terms of the ionization potentidland the electron affinityA are established by assuming that

7~ =n"=n=u"— u". The functionsw™(r) = w™f 7(r), wheref 7(r) are the directional Fukui functions,
derived from a functional Taylor series for the energy functional truncated at second order, represent the
local electrodonating and electroaccepting powers.

1. Introduction from an initial reference state. The finite differences approxima-

Charge-transfer models based on the second-order TaylortIons to the derivatives of eq 1,

series expansion of the energy as a function of the number of w=—(+A)2 and p=1-A ©)
electrons, around a reference state, have proven to be very useful
to qualitatively describe and understand fundamental aspectsmply that the electrophilicity may be approximated by
of chemical interactions driven by doresicceptor processéstO
In these models, the energy chan§& due to the electron (I + A)2
transfer AN, when the external potentia{r)is kept fixed, is w~ ) (4)
approximated by
where it is clear that this global reactivity index depends not

AE=;¢AN+177(AN)2 (1) only on the electron affinityA, but also on the ionization
2 potentiall.

) ) ) However, it is important to note that due to the behavior of
where u = (9B/oN), is the chemical potential ang = the energy as a function of the number of electrons at zero
(0°E/oN?), is the chemical hardness. ) . temperaturé? the first derivativex evaluated at some integral

Following this approach, Parr, Von Szefifpaand Liu; value ofN will, in general, have one value when evaluated from
prompted by the work of Maynard et ak have defined the  he Jeft, and a different value when evaluated from the right.
electrophilicity index that measures the energy change of an Thatisu* = (9E/ON)" = —A andu~ = (9E/ON). = —I. Also

electrophile when it becomes saturated with electrons, by 54 ;614 temperature, the second derivative is 0 when the
.con3|d<_ar|ng|.the case when an electroph|I|c|speC|es IS Immersedye iy atives are taken from the right or the left, and it is infinite
in-an idealized zero-temperature .free electron sea of Z€ro\hen a central difference formula is used. However, Ayers and
chemical potential. In such situation, the species becomespang_g have shown that some information remains. because
saturated with electrons when its chemical potential becomes _ - '
equal to that of the electron sea. At this oi?nt the maximum M) _-('u+ KoM — N)_for N - . - M=N + L .

Iq for is gi - / >% d h In spite of the mathematical difficulties associated with the
electron transfer is given bNmax= —u/y » and the energy discontinuities, from the chemical perspective, it makes sense

change becomed\E = —u?2y < 0, which suggests the , jitterentiate the response of the system to charge donation,
definition of the electrophilicity as from the response to charge acceptance, a situation that indicates
) that the left and right derivatives of the energy with respect to
w = ul2y 2) the number of electrons could be different. However, although

such differentiation has always been recognized for the case of

Thus, although the electron affinity measures the capability of the Fukui functiong4 wheref ~(r) characterizes the sites for

al chemlhc_?l _sy_sterr|1 todaccEpt one electron fromfahdorlmr, theelectrophilic attack, andf *(r) characterizes the sites for
electrophilicity Is related to the maximum amount of the electron nucleophilic attack, it has not been considered, until recéhtly,

flow that may be either Ies;_or more than 1, and it is given in for the cases of the chemical potential and the chemical hardness.
terms of fundamental quantities that govern small changes away, studies of reactivity trends based on these quantities, as

- defined in density functional theory, a single value foand a
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t Universidad Autaoma Metropolitana. single value fory are used to describe charge donating and
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the linear interpolation mentioned above obliterates second-orderby?®17 dQT = dET — wupandN. For differential changes,
effects, so to include them, one makes use of a smoothdET = uxT dN, and due to the equilibrium and stability
interpolation around the reference point, like the quadratic one conditions, one has thatd = (u™ — upar) dN < 0O; therefore,
given by eq 1, that does not distinguish one response from thethe value ofupah determines the direction of the flow of charge.
other one. That is, whenupath > u™, the system accepts charge from the

The objective of the present work is to elaborate on the bath, increasing its chemical potential until it reaches the value
concept of electrophilicity, as another specific application of upamn and whenupam < u~, the system donates charge to the
the use of different response functions for the addition and bath, decreasing its chemical potential until it reaches the value
subtraction of charge, to show the importance of such distinction. upath

Thus, we will first establish, from a general point of view, Thus, because we are interested in the situation corresponding
through a simple charge-transfer model, the global response ofto small energy changes produced by the environment in which
a chemical species when it is immersed in an idealized bath the species is immerseg,anshould take a value that lies close
that may either withdraw or donate charge. Then, an alternativeto «~, when one measures the propensity to donate charge, and
quadratic interpolation for the energy as a function of the number it should take a value that lies close/itt, when one measures
of electrons will be proposed to evaluate the response of athe propensity to accept charge. Therefore, by noting that both
system to charge withdrawal or charge acceptance in terms ofu~ andu™ are negative quantities, one may assume that in the
the ionization potential and the electron affinity. Finally, through first caseupan= o ¢, wherea™ > 1 is a constant whose value
the use of a functional Taylor series for the energy functional, should be slightly greater than 1 to ensure that, < «~, and
the local response functions for charge withdrawal or charge in the second cas@amn = atu™t, wherea™ < 1 is a constant

acceptance will be derived. whose value should be slightly lower than 1 to ensure that
Ubath > u*.

2. Response of a System to Charge Donation and Charge Then, becausAQT = AET — uparAN, with AET given by

Acceptance eq 5 or 6, the equilibrium point may be obtained by minimizing

The first ionization potential and the electron affinity are e change in the grand potential with respect to the amount of
properties of a system that allow one to measure its prOpensitytransferred chzarge. Ttns proc?dl{re leads, for the charge donating
to donate or accept one electron. However, let us consider thatPrcess: 1AN™ = (a” — 1)u/7~, and to the energy change
we are interested in analyzing, through an energy change index, 2 2
the propensity of a given chemical species to donate or accept AE = M >0 (7)
fractional amounts of charge when it is immersed in a certain 2y
chemical environment. In this context, one may invoke the
second-order Taylor series expansion of the energy as a functiorPecausex~ > 1, indicating that the charge donating process is
of the number of electrons around a reference state, eq 1.energetically unfavorable. On the other hand, for the charge
However, to distinguish between the charge donating and theaccepting process, the above procedure lead\fto =
charge accepting situations, through the intrinsic properties of (™ — 1)u™/5*, and to the energy change
the chemical species that govern small changes away from an o o
initial reference state, we assume that for the interval between AE = (") = D)) <0 @)
N — 1 andN, eq 1 adopts the form 2,]+

AE~ =4 AN+ 117’(AN)2 (5) becausex* < 1, indicating that the charge accepting process is
2 energetically favorable.

) ) Now, becauset is a constant that characterizes the bath, one
whereas for the interval betwedhandN + 1, it takes the form can define, from eq 7, the electrodonating power as
AE * = 1" AN + (AN (6) _w)?

2 o =" ©)

2n

That is, in eqs 5 and 6 one explicitly recognizes that the first _
and second derivatives at the reference state can be differennd, from eq 8, the electroaccepting power as
when evaluated from the left or from the right. However, it is o
important to note that within the zero-temperature grand ot = M (10)
canonical ensemble formulation of density functional theory, 2,7+
the energy as a function of the number of electrons consists of
a series of straight lines connecting the ground state energiesAt this point, it is important to note that the same procedure
of integer numbers of particléd This situation implies that the  outlined to derive egs 9 and 10, could have been used with eq
second derivatives in eqs 5 and 6 are equal to 0. Nevertheless] instead of eqs 5 and 6. Because in such a gase; u™ =
because the second-order terms contain important informationu and = = ™ = 5, the original electrophilicity index is
from the chemical perspective, we assume that there exists arecovered,w™ = o™ = w = u?/25y. However, through the
quadratic interpolation between integer values of the number present approach, one can see that the definition of electrophi-
of electrons that differentiates between the left and the right licity is not necessarily linked to the point at which the species

derivatives. becomes saturated with electrops= upain= 0). That is, eq 2
Now, to simulate the chemical environment, one may use or eqs 9 and 10 establish that the electrodonating and the
the concept of an electron bath with chemical potentighin electroaccepting powers may be quantified in terms of the

which the chemical species is immersed. In this case, the chemical potential and the chemical hardness, independently
chemical species is an open system that can exchange electronsf the fractional amount of charge donated or accepted.
with the bath, and the change in its grand potential is given However, it is important to note that whereas in the case of the
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electroaccepting powekE < 0, so that the larger values imply

a larger capability to accept charge, in the case of the E
electrodonating powekE > 0, so that the smaller values imply

a larger capability to donate charge.

3. Alternative Interpolation of the Energy as a Function
of the Number of Electrons

The combination of eqs 1 and 3 corresponds to the case when
one carries out a smooth quadratic interpolation between the
pointsE(N — 1), E(N), andE(N + 1), which implies that the
energy and its derivatives are continuous functions of the number
of electrons aroundll. That is, in the case of eq 1 one has just
one parabola, where the two derivatives,and », may be
determined from the two conditio® N — 1) — E(N) = I, and
E(N) — E(N + 1) = A, leading to eq 3.

However, in the case of eqs 5 and 6 one has different
parabolas in the two intervals that have different slopesand -100 ; ' '
ut, and different curvatureg— and y* at N. Therefore, in 7 8 9 10 1"
addition to the energy differences related witmdA, one needs N
two additional relationships, to determine the values of the two Figure 1. Plot of the total energy as a function of the number of
slopes and the two curvatures. electrons for the fluorine atom. Straight lines represent the exact

Now, by taking into account that the differentiation of the values (ref 11), open diamonds correspond to the one parabola model,
response of the system to charge donation, from the responseqgs 1 and 3, and solid squares correspond to the two parabola model,
to charge acceptance is important from the chemical viewpoint, €ds 5, 6, and 11.
and that the direction of flow of charge is fundamentally driven
by the chemical potential, a new interpolation with these and that, the propensity to accept charge, or electroaccepting

-99.5 |

characteristics may be derived by assuming that #+ =7, power, is given by
and thaty = u™ — u~. Consequently, through the use of these
two relationships together with the energy differenced famd L W) (1+3A)2
A, one finds that w = ~ (13)
g 2n  16(0 —A)
n= 1(| -A  u=- 1(3| + A) ﬂ+ =— 1(| + 3A) In comparison with eq 4, eq 13 gives more emphasis to the
2 4 4 (11) electron affinity, indicating thab™ will have a better correlation

with A thanw. This situation is confirmed in Figure 2, where
; ; ; ; ; it may be seen that the™ values show less dispersion than the
Certainly, according to what we established in the previous ;
sections, the distinction betweeyr and 7+ would also be w values for the 61 atoms and 55 molecules reported in

desirable, but nevertheless, through these assumptions one calfre work of ',Da"’ Von Szenthg and Liu* The behavior of the .
see that the hardness remains proportional te &), and that, WO expressions, eq 4 and eq 13, may be analyzed by performing

although «~ (the chemical potential governing the charge & Pinomial expansion, assuming that A, and retaining the
donation process) gives more emphasis to the ionization zeroth- and first-order terms. This way one f+|nds that for eq 4,
potential than the electron affinity;™ (the chemical potential @~ (3/8)A+ (1/8)l + ..., whereas for eq 13)" ~ (7/16A +

governing the charge accepting process) shows the oppositd1/16) + ... Thus, one can see that the weight & lower in
behavior by giving more emphasis to the electron affinity than €9 13 thanin eq 4, and that the weight/ofs larger in eq 13
the ionization potential, in contrast with eq 3, which gives equal tan in €q 4, leading to a better correlation, specially in the
emphasis tol and A in both processes. Thus, through this €9ion whereA is small. _ N
approach one is able to differentiate, at least partially, charge Just asw andw™ are correlated with the electron affinity,
addition from charge subtraction, and at the same time, it is as©ne could expect, from the analysis presented in section 2, that
simple as the smooth one parabola interpolation in the sensew andw™ should also show some degree of correlation with
that it allows one to express all the parameters in terms of the the ionization potential. In Figure 3, one can see that indeed
ionization potential and the electron affinity. there is some correlation. Additionally, they both follow the

In Figure 1 one can see that the present interpolation schemeSame trends of. The behavior of the two expressions, eq 4
with three parameters, instead of two, is closer to the straight@nd €q 12, can also be analyzed in terms of the binomial
lines connecting the intege values. Hence, this procedure ~€xpansion foi > A, and retaining the zeroth- and first-order
not only allows one to differentiate the charge accepting from terms. In this case one finds that for eq 4, agairy (1/8)l +
the charge donating processes but also provides a reasonablE3/8)A + ..., whereas for eq 12y~ ~ (9/16) + (15/16A+ ...,
approximation to calculate small changes away from an initial Which shows that the slope will be greater for eq 12, as can be
reference state. observed in Figure 3, and that the dispersion for eq 12 will be

Now, with respect to the indexes expressed in egs 9 and 10,9reater be(_:aus_e it gives more weight to the _elec_tron affinity
using eq 11 one finds that the propensity to donate charge, orvalues, a situation that can also be observed in Figure 3.
electrodonating power, in the present interpolation is given by

4. Local Electrodonating and Electroaccepting Powers

—\2 2
o = () ~ @ +A (12) Although global reactivity criteria provide information of the
2y 160 — A) behavior of a chemical species as a whole, local reactivity
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potential vo(r) and exact ground-state denspy,(r), one has
that

Ellon, A0l = E, o] + [ Ton] Ap(r) dr +
S Togr 11 Ap() Ap(ry dr ' (15)
whereE,[pn,] is the exact ground-state energy,
#'Tpn] = (OELpyJ/op(r) ™ (16)

is the chemical potential and it is constant throughout the whole
space,

n+[pN0:r,r’] = (62E[pNJ/ dp(r) op(r"))* (17)
is the hardness kernel, and
AN = f Ap(r) dr >0 (18)

Now, Ayers and Pat#? have established that because for a given
value of AN, the first two terms in eq 15 are independent of
the position, then, the best way to add a fractisN of an
electron to a molecule is to add it to the place defined by the
function Ap(r) that minimizes the last term in eq 15. This way
they have shown that the minimizing function is the Fukui

function, f *[onyr] = (8pn(r)/N)", so that
Ap(r) = ANf "[py ;1] (19)
and they have recovered the known result
7 Ton) = [ Tonir 17 Tonr 'l dr’ (20)

Thus, substituting egs 19 and 20 in eq 15, the energy change
can be expressed in the form

AE" =E, [pgtAp] — Edlpy] =

S o aN+ 1 T JANP) [oygri dr 1)

and becausgf T[pn,;r] dr = 1, one can see that eq 21 reduces
to eq 6. However, eq 21 implies that one can define a local

ionization potential of 61 neutral atoms and 55 molecules (values in €Nergy change per unit volume associated with the addition of

electronvolts taken from ref 4), open diamonds correspond to eq 4,

and solid squares correspond to eq 12.

criteria provide information about the behavior of specific sites
within a molecule, which is very important to study reactivity
and selectivity trends.

Thus, to derive the local expressions associated with the
electrodonating and electroaccepting powers, let us analyze the?
energy change for the case in which the chemical species is

immersed in the electron bath, starting from the functional
Taylor series for the energy functional,

OE, [l
op(r)

1, OEJp
éffm Ap(r) Ap(r') dr dr' + ... (14)

E,[pitAp] = E,[od + [ Ap(r) dr +

a fractionAN of an electron given by
1
A1) = (1 TonJAN + 31 o JANT)f o] (22)

By an analogous reasoning, the local energy change per unit
volume for the removal of a fractioAN of an electron will be
iven by

A ()= (1 I JAN+ 51 [ JANT)f Ty @2)

Therefore, using the results of section 2 for the quantity in

parentheses in the right-hand side of eqs 22 and 23, one finds

that the local electrodonating powers may be expressed as
@)? -
ot w1 = 0 loyr)

w (r)= (24)

Now, we assume, as in the case of eqs 5 and 6, that one car@nd that the local electroaccepting power is given by
truncate the series at second order and differentiate between

the left and right derivatives. Thus, for the addition of a small
fraction of chargeAN, to theNp-electron system with external

2
o' () = o] = 0t o]
2

(25)
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and because the integral of the Fukui function is equal to  The third conclusion is related to the analysis performed to

1, thenfo™(r) dr = ™. derive the local reactivity indexes. The fact that the Fukui
It is important to mention that a local extension of the function appears as a consequence of a variational principle

electrophilicity index has been proposed by Cedillo and provides a strong support to the local philicity index. Addition-

Contrerag® by making use of the minimization procedure of ally, one can see that eqs 20 and 21 may turn out to be useful

Ayers and Parr, for the distribution of the charg®max = to describe, at the local level, doreacceptor processes.

—uln, however, they did not considered the functional expan-

sion. Also, an expression similar to eq 25 for the regional

electrophilicity, using the condensed Fukui, was proposed by

Paez et all® and its generalization, the philicity concept of
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