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Do the Local Softness and Hardness Indicate the Softest and Hardest

Regions of a Molecule?

Miquel Torrent-Sucarrat,**! Frank De Proft,”™ Paul Geerlings,”! and Paul W. Ayers™™

Abstract: In this work, we will show that the largest values of the local softness
and hardness do not necessarily correspond to the softest and hardest regions of

the molecule, respectively. Based on our results, we will argue that it is more
useful to interpret the local softness and the local hardness as functions that mea-
sure the “local abundance” or “concentration” of the corresponding global proper-
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ties. This new point of view helps reveal how and when these local reactivity indi-

ces are most useful.

Introduction

Density functional theory (DFT) based reactivity descriptors
provide a powerful framework to explain and predict the re-
activity and regioselectivity of the molecular systems.'™]
The most commonly used among these descriptors are the
chemical potential,¥! the Fukui function,>® the global hard-
ness,”! and the global softness® (which is merely the recip-
rocal of the global hardness). The overall type and intensity
of a molecule’s reactivity is determined by the global de-
scriptors (chemical potential, hardness, and softness). To go
beyond this and determine not just how a molecule reacts,
but where it reacts, requires local reactivity indicators. The
Fukui function is one such indicator. Other key local indica-
tors are the local hardness!™'” and local softness."®! The local
hardness and local softness provide pointwise representa-
tions of the corresponding global quantities and, naively,
should allow one to identify the “hardest” and “softest” re-
active sites in a molecule. One goal of this paper is to show
that this expectation is incorrect: one cannot reliably identi-
fy the hardest and softest places in a molecule based on the
local hardness and local softness alone. How, then, should
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the local hardness and local softness be interpreted? An-
swering that question is the second goal of this paper. Our
results suggest that that the local hardness and local softness
are best understood as mathematical representations for the
“local abundance” or “concentration” of the corresponding
global property.

The concept of chemical hardness was originally proposed
by Pearson to explain certain well-known trends in inorganic
chemical reactivity. He proposed classifying reagents into
two categories: a) hard, for reagents that are small, highly
charged, and relatively unpolarizable, b) soft, for reagents
that are large and polarizable.""¥ The hard/soft acid/base
(HSAB) principle-that hard acids prefer binding to hard
bases and soft acids prefer binding to soft bases-coupled
with information about acid/base strengths;**'°l then suf-
ficed to explain many experimentally observed reactivity
patterns in inorganic!''? and organic!'”’ chemistry.

The theory of chemical hardness was transformed in 1983,
when Parr and Pearson formulated a quantitative hardness
scale based on the realization that the hardness measured
the resistance of a molecule to changes in electronic struc-
ture. This led to the definition,"""

PE u
(58 (%),
ON? v(r) g v(r)

Here, u is the chemical potential;* the chemical potential is
minus one times electronegativity and measures the “intrin-
sic strength” of a Lewis acid or base.'" It is related to the
energy levels of the frontier Kohn-Sham orbitals.!'*?!
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The global softness, S, is simply the multiplicative inverse
of the global hardness,®

ON
S=pl= < ) 2
=7 o V(?) ( )

With these definitions it has been possible to motivate the
qualitative correlations of chemical hardness with physical
properties (molecular size,*?* polarizability,*>**? etc.)
and, more importantly, to provide mathematical justifica-
tions for the HSAB principle.'*?*?"2] The formulation of
the maximum hardness principle, the idea that high hardness
is ordinary associated with chemical stability, was inconceiv-
able before Parr and Pearson established a quantitative
hardness scale.[*=

In the original work of Pearson,'” he also proposed a
“local” HSAB principle that describes the regioselectivity of
ambident electrophiles and nucleophiles. Thus hard acids
tend to bind to the hardest reactive site of an ambident
base, while soft acids tend to bind to the softest reactive
site. Extending the mathematical description of the HSAB
principle to the local level requires a reactivity indicator for
the relative hardness/softness of a molecule’s different possi-
ble reactive sites. This motivated Parr, Yang, Ghosh, and
Berkowitz to define local versions of the hardness and the
softness. The local softness is defined by recalling that the
electron density, p(7’) is the distribution function for the N
electrons in a molecule. The “local” counterpart of the
global softness indicator [Eq. (2)], is defined as the local re-
sponse of the number of electrons to a change in chemical
potential,!

- (4.,

r)

The local softness is related to the Fukui function, f(7°),
using the chain rule,

o(7) = (apa(:)>v<7> B (a%(;))vﬁ’) <%%)v<?> = f(r)s

The Fukui function measures the propensity of a reagent to
accept (or donate) electrons from (to) another chemical
system.>*! Because the Fukui function is normalized to one,
the local softness is normalized to the global softness value,

S / S(F)dT 5)

Although the electron density is a probability distribution
function for the number of electrons, the local softness is
not a probability distribution function for the global soft-
ness. For example, the local softness can be negative (be-
cause the Fukui function can be negative).F**" This suggests
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that there may be some problem with interpreting s(7°) as
the “local representation” of the global softness.

The local hardness, #(7), is similarly defined. In Equa-
tion (1), replacement of the number of electrons by the elec-
tron density gives:*1018

1= ()7 ©

In analogy to the global quantities, 7(7") and s(7°) are also
interconnected with the following relationship:

/ n(7)s(7)dT7 =1 ™)

Notice that this relationship between local hardness and
local softness is fundamentally different from the simple in-
verse relationship between the global hardness and the
global softness [Eq. (2)]. In particular, #(7) is not equal to
1/s(7"). In addition, this definition of the local hardness
[Eq. (6)], does not define a unique function but, instead, de-
fines an (very large) equivalence class of functions.”' " The
main problem is that, according to the Hohenberg—Kohn
theorem, the variation in the chemical potential can be
determined completely from the variation in the electron
density, even without the constraint of constant external po-
tential.®! If, as in Equation (6), one then imposes the con-
straint that v(7") does not change, the possible variations of
the electron density become very limited, and it is impossi-
ble to determine the general response of the chemical po-
tential to an arbitrary change in the electron density from
this limited set of variations. The result is an inherent arbi-
trariness in the definition of the local hardness: every func-
tion which will correctly predict the change in chemical po-
tential associated with changes in density that do not change
v(7), but each of these functions give different (and typical-
ly incorrect) predictions when considering changes in the
electron density that do change v(7).*! One obvious way
to avoid this difficulty is to remove the constraint of fixed

external potential :**!

- )
1) =5 ®)

Unfortunately, it seems very difficult to compute this form
of the local hardness.!*!

It is most practical to compute the local hardness using
the relationship between the local hardness and the hard-

ness kernel, 5(7,7"),[1%1830

(7dr"

©)

[ 8Fp(F)]
n(r)f/ﬂ(r,r)g(r = [ s

The hardness kernel is the second functional derivative of
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the universal Hohenberg-Kohn functional, F[o(7")]. In
Equation (9), the inherent arbitrariness in the definition of
the local hardness is reflected by the fact that, according to
an identity derived by Ghosh, Harbola, Chattaraj, Cedillo,
and Parr, g(7) can be any normalized function.P*#:#31]
Again, most of possible choices of g(7’) are not chemically
interesting, and most of the work on the local hardness has
chosen g(7°) to be either the shape function,”™ g(7)=
o(T)INY or the Fukui function, f(7).*"% In a very
recent article®® it has shown that for polyatomic systems the
Fukui function is the best option to obtain reliable local
hardness profile and we will apply this approximation for
this work. Using the relationship between the Fukui func-
tion and the local softness, [Egs. (4) and (7)] can be rewrit-
ten as a relationship between the local hardness and the
Fukui function:

7= / n(F)E(T)AT (10)

Notice that in these definitions, 7(7") can be negative and
so it is not a distribution function for the global hardness. In
very recent works, some of the present authors have been
successfully applied Equations (9) and (10) to calculate the
global and local hardnesses for atomic and polyatomic sys-
tems using different approximations for the Fukui function
and hardness kernel.>*%!

The aim of the present paper is to analyze the concepts of
local hardness and softness in more detail. We have already
seen that the relationship between local hardness and local
softness [Eq. (7)], is not enough to define the local hardness
uniquely; this is fundamentally different from the simple in-
verse relationship between the global hardness and the
global softness [Eq. (2)]. We have also seen that, unlike the
electron density, the local softness and local hardness are
not probability distribution functions for the corresponding
global quantities. This raises questions about the utility of
s(7) and (7)) in the context of the local HSAB principle.

Finding an appropriate quantitative representation of the
local HSAB principle has been, and continues to be, one of
the largest areas of research in the DFT-based approach of
chemical reactivity. Much of our current understanding of
the issue can be attributed to Klopman, who was the first to
note that soft—soft interactions tend to be covalent in nature
and thus dictated by the shapes of the frontier orbitals.["!]
The Fukui function is the DFT analogue of the frontier orbi-
tals,®” and so the preferred site for chemical reactions be-
tween soft compounds is hypothesized to be the site with
the maximum Fukui function or, equivalently, the site with
maximum local softness, s(7°)=Sf(7").*% Gizquez and
Méndez were the first to suggest a “local softness matching
condition” (similar to the global HSAB rule), which would
indicate that a molecule’s most reactive site is the one that
resembles most closely the local softness of the attacking re-
agent.[l So the idea that the local softness should be largest
in the “softest” places in a molecule is considered to be gen-
erally reliable, even though there are other factors associat-
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ed with the softness of a reactive site (e.g., the size and po-
larizability of the electron cloud at the site) that are at best
imperfectly captured by the value of the local softness.?*

The question of how to identify the hard reactive sites is
much less clear.®%%! Li and Evans suggested that hard re-
actions tend to occur at the site with the smallest Fukui
function.™ This “minimum Fukui function rule” has been
broadly applied,®”"! but also criticized as overly simplis-
tic.””2 Klopman asserts that hard-hard interactions are
predominately ionic in nature, and so electrostatic effects
dominate and frontier-orbital effects are relatively unimpor-
tant. The minimum Fukui function principle captures the ir-
relevance of the frontier orbitals but misses the fact that
electrostatic interactions normally dominate hard-hard in-
teractions.**7 In contrast to the well studied local soft-
ness, few studies of the local hardness are reported in the lit-
erature, mainly by our group using the local hardness as an
indicator for charge concentration in studies on zeolite-cata-
lyzed reactions,”” noncovalent intermolecular interac-
tions,"** and local HSAB.®™ Then, one of the goals of this
work is to see if the local hardness is able to locate the hard-
est reactive sites in a molecule.

To obtain complete and quantitative description of the
local HSAB principle, one needs to combine a reactivity in-
dicator appropriate for soft reactive sites (associated with
frontier-orbital control) with a reactivity indicator appropri-
ate for hard reactive sites (associated with electrostatic con-
trol), as suggested earlier by two of the present authors.*
With an appropriate choice of and weight for the reactivity
indicators, then one can describe the whole gamut of chemi-
cal reactivity, ranging from strong frontier-orbital control
(for reactions between very soft reagents) to strong electro-
static control (for reactions between very hard reagents).
One of the authors recently formulated a “general purpose
reactivity indicator” of this type.***>%3 That study showed
that for reactions that are in the strong electrostatic control
regime, small values of the Fukui function are favourable;
for reactions in the weak electrostatic control regime, large
values of the Fukui function are favourable. In both cases,
however, the reactivity preferences are ordinarily governed
by electrostatic effects.

The purpose of mathematical definitions of a local hard-
ness and local softness is to provide a quantitative represen-
tation of qualititative concepts. If the mathematical defini-
tions are good ones, then they will agree with clear qualita-
tive trends based on “chemical intuition.” So our approach
is to compute the local hardness and local softness for sever-
al families of molecules in which “trends” in the local hard-
ness and local softness are well-known. The quantitative re-
sults can then be compared against the qualitative trends,
and the quality of the proposed definitions can be assessed.

The next section of the paper will summarize our compu-
tational methods; we present and interpret our results in the
Results settion. The Discussion section summarizes our find-
ings and our perspective on the local hardness and local
softness concepts.

Chem. Eur. J. 2008, 14, 8652 —8660
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Computational Details

All calculations were carried with 6-31+G(d) and 6-3114++G(2d,2p)
basis sets®®) at the B3LYPP**"! level using the Gaussian03 package.[®!
The calculations have been done within the restricted formalism except
for open-shell systems, where the unrestricted approach has been used.

There are many different approaches to computing the global hardness.
First of all, the Parr—Pearson formulal”! in terms of the vertical ionization
potential and the vertical electron affinity,

neI-A (11)
which can be approximated using Koopmans' theorem,*!

1 = €Lumo —€HoMO (12)

Here, eyomo and & yyo are the orbital energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), respectively. The global softness can be computed from the
Equation (2).

In addition the global hardness can be also evaluated from Equa-
tions (10) and (9), but approximations for the universal Hohenberg—
Kohn functional and the Fukui function are required to calculate the
global and local hardness. As we have done in our previous article,®! the
hardness kernel is approximated by the second functional derivative of
the Coulombic-Thomas—Fermi-'/,th Weizsicker-Dirac-Wigner ~density
functional. Since we are considering electrophilic attack on organic nu-
cleophiles, the Fukui function appropriate for nucleophiles is the “Fukui
function from below,”

£(7) 2 (7) = py(7)=px1 () = promo(7) = |Sromo (7)) (13)
For simplicity, we have chosen to approximate the Fukui function with
the orbital density of the highest-occupied Kohn-Sham orbital (HOMO).
This approximation is accurate whenever orbital relaxation effects can be
ignored, and it seems that orbital relaxation is negligible almost all of the
time.[>*! (This approximation certainly seems to be very reliable for
small organic molecules like the ones of interest in this paper.) One ad-
vantage of this approximation to the Fukui function is that it leads to
simpler figures, without the qualitatively insignificant, but visually confus-
ing, near-nuclear nodes associated with orbital relaxation.***!

Then the local hardness is evaluated by integrating the product of
Ouomo(7) and the hardness kernel, as in Equation (9) and the global
hardness is evaluated by integrating the product of pyomo(7) and the
local hardness, as in Equation (10). As in our previous works,**%! the in-
tegrals of Equations (9) and (10) have been evaluated numerically using
Becke’s multicenter integration scheme,” as implemented in a program
developed in our laboratory. In addition, the condensed atomic hardness
can be obtained by integrating Equation (10) atomic domains,

"= / ()T (14)

.Q.

For instance, using the “fuzzy Voronoi polyhedra”, which is the basis of
our integration method, one obtains

"= / wi(F)n(P)E(F)dT (15)

'Q.

where w;(7) is the “weight function” for the atomic integration; this
function is one in the interior of the atomic Voronoi polyhedron and falls
off smoothly to zero outside the atom. In a very similar way, one can
obtain the condensed local softness using the formula proposed by Gilar-
doni et al.,l”!
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5= [ w@sEar = s [T (16)

Then, applying the frontier orbital approximation to the global softness
and the Fukui function,

PSR S / wi(7)rovo(7)d T (17)

€Lumo —€HoMO

In addition, the global softness and condensed local softness can be eval-
uated using the finite difference approximation'®! and integrating over
regions with different population analysis techniques.

1
S = I—A (@in—Qin-1) (18)

where g;y and g, y_, are the charges on atom i with N and N—1 electrons,
respectively. In this work we will present results for Mulliken,”” Merz—
Kollman (MK),"! and natural population analysis (NPA).””) The Mullik-
en scheme is known to be generally unreliable for large, diffuse, basis
sets like the one used here. The Merz—Kollmann scheme is rather differ-
ent from the other two methods because it is based on choosing charges
to fit the electrostatic potential, not orbital analysis. Notice that the
Equations (15) and (16) are examples of what Bultinck et al.'"! refer to
as the “fragment of molecular response” approach to condensed reactivi-
ty indicators,™ while the Equation (17) is an example of the “response
of molecular fragment” approach.”!

Results and Discussion

In Figures 1 and 2, we plot the local hardness, local softness,
and Fukui function for a soft molecule (benzocyclobuta-
diene, 1.,(CgHg)=7.55eVI'"')) and a hard molecule
(water, 77.,(H,0)=19 eVI'"”l). Benzocyclobutadiene can be
seen as fusion of an aromatic benzene ring and an antiaro-
matic cyclobutadiene ring. Using the well-known relation-
ship between aromaticity and hardness, the six-membered
ring should be harder than the four-membered ring.'%!%!
However, Figure 1 shows that the largest values of the local
hardness are located on the four-membered ring. Even more
surprisingly, the largest values of the local softness are also
attained on the four-membered ring. The hardest and softest
rings are the same!

Lest the reader suppose that benzocyclobutadiene is ex-
ceptional, we provide analogous plots for a very hard mole-
cule (water) in Figure 2. In this case, the local hardness suc-
cessfully locates the hard reactive site (the oxygen atom).

a) b)

Figure 1. Three-dimensional contour plots of a) f(7") = pyomo(7) (0.003
aw), b) s(7) = puomo(T)eruomo—enomo (0.003 au.), and c)
7(7)Promo(77)] (0.3 a.u.) for the benzocyclobutadiene molecule evalu-
ated at B3LYP/6-31 +G(d,p). 7(7)[onomo(7 )] has been evaluated with
Eq. (9), where g(7) and 5(7,7") have been approximated using the
density of the HOMO and the second order derivative of the Coulom-
bic-Thomas-Fermi-'/,th Weizsicker-Dirac-Wigner functional with re-
spect to the density, respectively.
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However, the local hardness and local softness functions are
almost entirely located on the oxygen atom. Again, the
hardest reactive site and the softest reactive site are the
same.

a) b) )

Figure 2. Three-dimensional contour plots of a) f(7°) (0.05 a.u.), b) s(7°)
(0.05 a.u.), and ¢) 7(7)[ouomo(7")] (0.8 a.u.) for the water molecule
evaluated at B3LYP/6-31144-G(2d,2p) level. 5(7)[ouomo(7 )] has been
evaluated with Eq. (9), where g(7) and 5(7,7") have been approximat-
ed using the density of the HOMO and the second order derivative of
the Coulombic-Thomas-Fermi-'/,th Weizsicker-Dirac-Wigner functional
with respect to the density, respectively.

How can the local hardness and local softness be large in
the same places? First, recall that the Fukui function and
the local softness are strictly proportional to one another, so
they contain the same information about relative site reac-
tivity. For the Coulombic-Thomas-Fermi-'/,th Weizséicker—
Dirac-Wigner hardness kernel used here, previous studies
have shown that the Coulomb term is usually domi-
nant,?>1%1% although the contribution from the kinetic
energy term is occasionally comparable.””*® If one considers
only the dominant term, the Coulomb energy, then it follows
from Equations (9) and (10) that the local hardness is equal
to the Fukui potential,

/ P a7 = (7) (19)

and the global hardness is equal to the Fukui electrostatic
repulsion,

f(7)E(T) J7dT
n 7 = drdr =J; (20)

As first established by Berkowitz,/”! these expressions play
a key role in the density-functional theory of frontier-orbital
controlled reactions. It is unsurprising, then, that the Cou-

lombic contribution to the local hardness is closely related
to the Fukui function and, through Equation (4), the local
softness. We expect, then, that the profiles of s(7°) and
7(7) will be “similar.” In addition, a more severe approxi-
mation to the hardness kernel can be applied using the
Dirac delta function, 3(7,7)20(7 —7"), giving a direct
link between the Fukui function and local and global hard-
nesses

n(r) =1(r) (21)
y = / R(7)d7 (22)

It is worth noting that that the crude approximation of
Equation (22) has been successfully applied to a large set of
acid and base Lewis systems.'”!"! Once again, the local
hardness and local softness are predicted to be similar.
Therefore the similarity between the local softness, Fukui
function, and the local hardness that revealed by Figures 1
and 2 is not surprising.

In Table 1 and 2, the global hardness, local hardness, and
local softness values are computed for four families of mole-
cules: OR,, SR,, NR;, and PR;, with R denoting hydrogen
atoms and/or methyl groups. The trends in these molecules
are well known:’*"""""l the central atom becomes softer
when hydrogen atoms are replaced by methyl groups; for
example, the oxygen atom in water is harder than the
oxygen atom in methanol. Similarly, replacing oxygen with
sulfur or nitrogen with phosphorous results in a softer nucle-
ophilic reactive site; for example, the oxygen atom in meth-
anol is harder than the sulfur atom in methyl mercaptan.

In Table 1 we see that all of three definitions recover the
correct trends for the global hardness: the global hardness
decreases as hydrogen atoms are replaced by methyl groups
and the global hardness decreases when the oxygen atom is
replaced with sulfur. Although the different computational
approaches all give the same trends, the values they give for
the global hardness are rather different, with the local-hard-
ness-based formula, Equation (10), giving the largest values
and the frontier-orbital formula, Equation (12), giving the
smallest values.

Table 1. Global softness, S, global hardness, #, condensed local softness, sx, and condensed atomic hardness, #x, of oxygen and sulfur atoms for six select-

ed molecules evaluated at B3LYP/6-3114++G(2d,2p) level. All units are eV.

Skl st 77[1'] ﬂ[b] ’7[PHOM0(7)][C] So Or SN[d] Sop O1 SSM o OT 7le
Mulliken MK NPA

H,O 0.122 0.074 8.187 13.492 28.525 0.055 0.056 0.065 0.111 27.265
CH;0OH 0.135 0.086 7.390 11.568 21.743 0.043 0.052 0.053 0.095 18.650
CH;0CH; 0.143 0.094 6.994 10.621 19.661 0.036 0.041 0.052 0.090 16.355
H,S 0.148 0.091 6.751 11.006 15.228 0.067 0.078 0.084 0.140 14.724
CH,;SH 0.164 0.100 6.090 9.976 14.329 0.065 0.078 0.080 0.144 13.415
CH,;SCH; 0.422 0.145 2.370 6.889 12.144 0.080 0.089 0.084 0.280 8.817

[a] Calculated with the frontier orbital approximation, Eq. (11). [b] Calculated with the Parr-Pearson approximation, Eq. (12). [c] Global hardness ob-
tained from Eq. (10). For more details see ref. [60]. [d] Condensed local softness evaluated from Eq. (18). [e] Condensed local softness obtained from
Eq. (17). [f] Condensed atomic hardness obtained from the numerical integration of the Eq. (16). For more details see ref. [60].
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Table 2. Global softness, S, global hardness, #, condensed local softness, sy, and condensed atomic hardness, 7y, of nitrogen and phosphorus atoms for
eight selected molecules evaluated at B3LYP/6-311++ G(2d,2p) level. All units are eV.

. [d] ]

st st 7" 7" nlpronio( 7)1 S5 01 57 svors pgor g
Mulliken MK NPA
NH; 0.143 0.086 7.016 11.666 22.737 0.056 0.087 0.071 0.120 20.966
NH,CH; 0.158 0.097 6.341 10.300 19.500 0.044 0.095 0.062 0.113 16.795
NH(CH,), 0.168 0.105 5.944 9.487 17.997 0.032 0.090 0.060 0.110 15.019
N(CHj;), 0.176 0.112 5.695 8.951 16.983 0.020 0.068 0.061 0.107 13.870
PH; 0.137 0.089 7.311 11.227 13.634 0.049 0.085 0.065 0.111 12.063
PH,CH; 0.153 0.098 6.533 10.231 12.938 0.046 0.100 0.063 0.118 11.122
PH(CH,), 0.162 0.102 6.173 9.813 12.530 0.035 0.099 0.061 0.120 10.626
P(CH,); 0.169 0.107 5.926 9.372 12.234 0.005 0.103 0.064 0.122 10.291

[a] Calculated with the frontier orbital approximation, Eq. (11). [b] Calculated with the Parr-Pearson approximation, Eq. (12). [c] Global hardness ob-
tained from Eq. (10). For more details see ref. [60]. [d] Condensed local softness evaluated from Eq. (18). [e] Condensed local softness obtained from
Eq. (17). [f] Condensed atomic hardness obtained from the numerical integration of the Eq. (16). For more details see ref. [60].

The results in Table 2 are less clear-cut. Within the fami-
lies, NR; and PR, the correct trends are obtained: replacing
H with CH; reduces the global hardness. Between the fami-
lies, the results are less favourable. All three methods for
computing the hardness correctly predict that PHj; is softer
than NH;. However, the frontier molecular orbital formula
incorrectly predicts that PH,CHj; is harder than NH,CHs;,
and both the frontier-molecular orbitals formulae and the
Parr-Pearson approximation incorrectly predict that
PH(CH,), and P (CHj,); are harder than their nitrogen ana-
logues. Only the local-hardness-based formula, Equa-
tion (10), gives the correct result in all cases.

Tables 1 and 2 also contain the values of the condensed
local softness, Equations (17) and (18), and the condensed
atomic hardness, Equation (15), on the nucleophilic atoms
(O, S, N, and P). Condensed reactivity indicators are used to
provide a numerical—as opposed to a pictorial—representa-
tion for local reactivity indicators.?>**!"3114 Then, we can
examine whether these definitions of local hardness and
local softness are likely to suffice for the purposes of the
local HSAB principle. The condensed atomic hardness,
Equation (15), seems to perform very well. It successfully
predicts that the hardness of the nucleophilic site in OR,,
SR,, NR;, and PR; families decreases when a methyl group
replaces a hydrogen atom. It also correctly predicts that re-
placing a first-row heteroatom (N,O) with its second-row an-
alogue (P,S) decreases the hardness of the nucleophilic site.

Like the condensed atomic hardness, the condensed local
softness almost always reproduces our intuition about heter-
oatom substitution. The only exceptions are a) every
method for computing the condensed local softness errone-
ously predicts that the nitrogen atom in ammonia is softer
than the phosphorous atom in phosphine and b) the Mullik-
en population analysis predicts that the nitrogen atom in tri-
methylamine is softer than the phosphorous atom in trime-
thylphosphine.

Within families of molecules, the condensed local softness
does not recover the expected chemical trends nearly as
well. The effect on the condensed local softness of replacing
hydrogen with methyl groups is generally, but not always,
monotonic. For example, using the Merz—Kollman method,
the softness of the nitrogen atom in ammonia increases
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when one performs the first methyl replacement (to form
NH,CH,), but decreases when a second methyl group is
added. The condensed local softness approach of Equa-
tion (17) produces monotonic results. The overall trends of
all four methods of computing the condensed local softness
are broadly similar. The sulfur and phosphorous series give
results in agreement with chemical intuition: replacing H
with CH; increases the softness of the nucleophilic site. The
oxygen and nitrogen series give results that are exactly op-
posed to chemical intuition: replacing H with CH; decreases
the softness of the nucleophilic site. This suggests that the
local softness may not be a very reliable reactivity indicator
for hard molecules (like those in the OR, and NR; families),
though it seems to be generally satisfactory for softer mole-
cules.

The local hardness values agree with chemical intuition
even for the hard molecules, which leads to another para-
dox: in the oxygen and nitrogen series, replacing H with
CHj; decreases the softness of the nucleophilic site and de-
creases the hardness of the nucleophilic site. This counterin-
tuitive observation reinforces the fact that the local softness
and local hardness are not “inverse quantities” in the same
sense that the global softness and the global hardness are.

The basic strategy of this paper is in accord what Parr and
his research group have called the “noumenistic” nature of
chemical concepts.'*®) Chemical concepts like the “hard-
ness” and the “electronegativity” are, by their nature, im-
possible to define precisely and uniquely. Instead, one must
take what a mathematician would call an “axiomatic” ap-
proach: one defines what properties one wants a concept to
have, and then seeks to design a mathematical object that
reproduces those properties.'') Such a mathematical repre-
sentation represents one (of many) possible reifications of
that abstract chemical concept.*¥

In this paper we have examined different nucleophiles
where chemical intuition provides very clear expectations
for what the hard and soft reactive sites of a molecule
should be. We then computed the local hardness and local
softness as they are commonly defined, and examined
whether the usual definitions agreed with our chemical re-
quirements. Sometimes they did; often they did not. This
leads to the inescapable conclusion that the “mathematical”
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local softness and local hardness [cf. Egs. (3) and (9)] are
not adequate reifications for the “chemical” concepts of
local hardness and local softness.

How should we then interpret the “mathematical” defini-
tions for the local softness and the local hardness? We
would argue for a minimalist interpretation wherein the
local softness and the local hardness represent pointwise
measures of the “local abundance” of the corresponding
global quantity. In this interpretation, the fact that the local
softness value at the oxygen atom in water is large does not
mean that the oxygen atom in water is soft in a “chemical”
sense; it just means that the oxygen atom in water makes a
large contribution to the global softness of the molecule.
Similarly, the results in Table1 (sy(H,O0)=0.111eV and
5o(CH;0H) =0.095 eV) do not imply that the oxygen atom
in water is actually softer than the oxygen atom in methanol
in a chemical sense. Rather, one merely states that the
oxygen atom in water contributes 91% (=0.111/0.122 x
100%) to the global softness of the molecule while the
oxygen atom in methanol contributes just 70% (=0.095/
0.135%x100%) to the global softness of the molecule.

The corresponding “local abundance function” for the
local hardness is not the local hardness itself, but the hard-
ness density, f(7)5(7)* [see Eq. (10)]. But because the
local hardness typically resembles the Fukui function, simi-
lar statements about the local hardness are justifiable. So we
can say—with only a little imprecision—that the fact that
the largest values of the local hardness in benzocyclobuta-
diene occur on the four-membered ring does not mean that
the four-membered ring is harder in a chemical sense; it
only means that the contribution of the four-membered ring
to the global hardness is larger than the contribution of the
six-membered ring.

It is disappointing, of course, that the popular “mathemat-
ical” representations of local softness and local hardness
often do not correspond to the tried-and-true chemical ana-
logues. This is even more disappointing if one considers that
the same considerations almost certainly apply to the local
representations of other global reactivity indicators like, for
example, the local electrophilicity.'1¢-115!

Then, we can conclude that s(7°) and 5(7’) contain the
same potential “information” and they can be used to com-
pare site reactivity when the molecules have similar values
of the global property (global hardness or softness). In the
traditional context s(7°) and 5(7") can be only applied to
soft and hard systems, respectively, where the “local abun-
dance” interpretation of the local softness and hardness is
similar to the “chemical” interpretation. However in this
new framework, these indices become more general, be-
cause they can be applied both to hard and soft systems. In
a soft system s(7°) and 5(7") both describe the soft site of
the molecule, while in a hard system s(7°) and 5(7’) both
describe the hard site of the molecule. The difference is that
the integration of the former will result in the global soft-
ness, while the integration of f(7)n(7") will result in the
global hardness.
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Conclusion

In summary, it seems that the only universally acceptable in-
terpretation for the local softness and the local hardness is
that these functions are pointwise measures of the “local
abundance” of the corresponding global quantities. This
“mathematical” interpretation sometimes, but not always,
gives results that agree with “chemical” intuition about the
relative softness and hardness of reactive sites. Further work
is certainly warranted. In particular, the conditions under
which the “mathematical” and the “chemical” formulations
of the local softness and local hardness coincide need to be
precisely delineated. The extent to which the arguments in
this paper extend to other local reactivity indicators, like the
local electrophilicity, needs to be explored."*"® Finally,
and most ambitiously, the community of density-functional
theorists should examine whether there may be alternative
mathematical definitions for the local softness and the local
hardness that more faithfully model the eponymous chemi-
cal concepts.

Acknowledgements

M.T. thanks the European Community for financial help through the
postdoctoral grant MEIF-CT-2006-025362. P.G. and F.D.P are indebted to
the Fund for Scientific Research-Flanders (FWO) and to the Free Uni-
versity of Brussels for continuous support to their group. PW.A. thanks
NSERC, the Canada Research Chairs, and Sharcnet for research support.

[1] R. G. Parr, W. Yang, Density-Functional Theory of Atoms and Mol-
ecules, Oxford University Press, New York, 1989.
[2] H. Chermette, J. Comput. Chem. 1999, 20, 129-154.
[3] P. Geerlings, F. De Proft, W. Langenaeker, Chem. Rev. 2003, 103,
1793-1873.
[4] R. G. Parr, R. A. Donnelly, M. Levy, W. E. Palke, J. Chem. Phys.
1978, 68, 3801-3807.
[5] R. G. Parr, W.T. Yang, J. Am. Chem. Soc. 1984, 106, 4049 -4050.
[6] P. W. Ayers, M. Levy, Theor. Chem. Acc. 2000, 103, 353 -360.
[7] R. G. Parr, R. G. Pearson, J. Am. Chem. Soc. 1983, 105, 7512-7516.
[8] W.T. Yang, R. G. Parr, Proc. Natl. Acad. Sci. USA 1985, 82, 6723 -
6726.
[9] S. K. Ghosh, M. Berkowitz, J. Chem. Phys. 1985, 83, 2976-2983.
[10] M. Berkowitz, S.K. Ghosh, R. G. Parr, J. Am. Chem. Soc. 1985,
107, 6811-6814.
] R. G. Pearson, J. Am. Chem. Soc. 1963, 85, 3533-3543.
] R. G. Pearson, Science 1966, 151, 172-176.
] R. G. Pearson, J. Chem. Educ. 1968, 45, 581-587.
] R. G. Pearson, J. Chem. Educ. 1968, 45, 643 -648.
] R. G. Pearson, Inorg. Chem. 1972, 11, 3146-3154.
] P. W. Ayers, R. G. Parr, R. G. Pearson, J. Chem. Phys. 2006, 124,
194107.
[17] R. G. Pearson, J. Songstad, J. Am. Chem. Soc. 1967, 89, 1827-1836.
[18] The original definitions of the global, local, and non-local hardness-
es contain an arbitrary factor of 1/2.
[19] J. P. Perdew, M. Levy, Phys. Rev. Lett. 1983, 51, 1884—1887.
[20] J. P. Perdew, M. Levy, Phys. Rev. B 1997, 56, 16021-16028.
[21] P. W. Ayers, F. De Proft, A. Borgoo, P. Geerlings, J. Chem. Phys.
2007, 126, 224107.
[22] T. K. Ghanty, S. K. Ghosh, J. Phys. Chem. 1993, 97, 4951-4953.
[23] T. K. Ghanty, S. K. Ghosh, J. Phys. Chem. 1996, 100, 17429-17433.
[24] P. W. Ayers, Faraday Discuss. 2007, 135, 161-190.
[25] S. Hati, D. Datta, J. Phys. Chem. 1994, 98, 10451-10454.

[11
[12
[13
(14
[15
[16

Chem. Eur. J. 2008, 14, 8652 —8660


http://dx.doi.org/10.1002/(SICI)1096-987X(19990115)20:1%3C129::AID-JCC13%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1096-987X(19990115)20:1%3C129::AID-JCC13%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1096-987X(19990115)20:1%3C129::AID-JCC13%3E3.0.CO;2-A
http://dx.doi.org/10.1021/cr990029p
http://dx.doi.org/10.1021/cr990029p
http://dx.doi.org/10.1021/cr990029p
http://dx.doi.org/10.1021/cr990029p
http://dx.doi.org/10.1063/1.436185
http://dx.doi.org/10.1063/1.436185
http://dx.doi.org/10.1063/1.436185
http://dx.doi.org/10.1063/1.436185
http://dx.doi.org/10.1021/ja00326a036
http://dx.doi.org/10.1021/ja00326a036
http://dx.doi.org/10.1021/ja00326a036
http://dx.doi.org/10.1021/ja00364a005
http://dx.doi.org/10.1021/ja00364a005
http://dx.doi.org/10.1021/ja00364a005
http://dx.doi.org/10.1073/pnas.82.20.6723
http://dx.doi.org/10.1073/pnas.82.20.6723
http://dx.doi.org/10.1073/pnas.82.20.6723
http://dx.doi.org/10.1063/1.449846
http://dx.doi.org/10.1063/1.449846
http://dx.doi.org/10.1063/1.449846
http://dx.doi.org/10.1021/ja00310a011
http://dx.doi.org/10.1021/ja00310a011
http://dx.doi.org/10.1021/ja00310a011
http://dx.doi.org/10.1021/ja00310a011
http://dx.doi.org/10.1021/ja00905a001
http://dx.doi.org/10.1021/ja00905a001
http://dx.doi.org/10.1021/ja00905a001
http://dx.doi.org/10.1126/science.151.3707.172
http://dx.doi.org/10.1126/science.151.3707.172
http://dx.doi.org/10.1126/science.151.3707.172
http://dx.doi.org/10.1021/ic50118a065
http://dx.doi.org/10.1021/ic50118a065
http://dx.doi.org/10.1021/ic50118a065
http://dx.doi.org/10.1063/1.2196882
http://dx.doi.org/10.1063/1.2196882
http://dx.doi.org/10.1021/ja00984a014
http://dx.doi.org/10.1021/ja00984a014
http://dx.doi.org/10.1021/ja00984a014
http://dx.doi.org/10.1103/PhysRevLett.51.1884
http://dx.doi.org/10.1103/PhysRevLett.51.1884
http://dx.doi.org/10.1103/PhysRevLett.51.1884
http://dx.doi.org/10.1103/PhysRevB.56.16021
http://dx.doi.org/10.1103/PhysRevB.56.16021
http://dx.doi.org/10.1103/PhysRevB.56.16021
http://dx.doi.org/10.1063/1.2736697
http://dx.doi.org/10.1063/1.2736697
http://dx.doi.org/10.1021/j100121a015
http://dx.doi.org/10.1021/j100121a015
http://dx.doi.org/10.1021/j100121a015
http://dx.doi.org/10.1021/jp962092d
http://dx.doi.org/10.1021/jp962092d
http://dx.doi.org/10.1021/jp962092d
http://dx.doi.org/10.1039/b606877d
http://dx.doi.org/10.1039/b606877d
http://dx.doi.org/10.1039/b606877d
http://dx.doi.org/10.1021/j100092a012
http://dx.doi.org/10.1021/j100092a012
http://dx.doi.org/10.1021/j100092a012
www.chemeurj.org

Local Soft-/Hardness

[26] Y. Simon-Manso, P. Fuentealba, J. Phys. Chem. A 1998, 102, 2029—
2032.

[27] P. K. Chattaraj, H. Lee, R. G. Parr, J. Am. Chem. Soc. 1991, 113,
1855-1856.

[28] P. W. Ayers, J. Chem. Phys. 2005, 122, 141102.

[29] R. G. Pearson, J. Chem. Educ. 1987, 64, 561-567.

[30] R. G. Parr, P. K. Chattaraj, J. Am. Chem. Soc. 1991, 113, 1854—
1855.

[31] R. G. Pearson, W. E. Palke, J. Phys. Chem. 1992, 96, 3283-3285.

[32] R. G. Pearson, J. Chem. Educ. 1999, 76, 267-275.

[33] P. W. Ayers, R. G. Parr, J. Am. Chem. Soc. 2000, 122, 2010-2018.

[34] M. Torrent-Sucarrat, J. M. Luis, M. Duran, M. Sola, J. Am. Chem.
Soc. 2001, 123, 7951-7952.

[35] M. Torrent-Sucarrat, J. M. Luis, M. Duran, M. Sola, J. Chem. Phys.
2002, 117, 10651-10570.

[36] P. W. Ayers, Phys. Chem. Chem. Phys. 2006, 8, 3387-3390.

[37] P. Bultinck, R. Carbd-Dorca, J. Math. Chem. 2003, 34, 67-74.

[38] P. Bultinck, R. Carb6-Dorca, W. Langenaeker, J. Chem. Phys. 2003,
118, 4349-4356.

[39] P. W. Ayers, R. C. Morrison, R. K. Roy, J. Chem. Phys. 2002, 116,
8731-8744.

[40] J. Melin, P.W. Ayers, J. V. Ortiz, J. Phys. Chem. A 2007, 111,
10017-10019.

[41] M. K. Harbola, P. K. Chattaraj, R. G. Parr, Israel J. Chem. 1991, 31,
395-402; P. W. Ayers, R. G. Parr, Chem. Phys. 2008, 128, 184108.

[42] S. K. Ghosh, Chem. Phys. Lett. 1990, 172, 77-82.

[43] J. Garza, J. Robles, Int. J. Quantum Chem. 1994, 49, 159-169.

[44] W. Langenacker, F. De Proft, P. Geerlings, J. Phys. Chem. 1995, 99,
6424 -6431.

[45] L. Meneses, W. Tiznado, R. Contreras, P. Fuentealba, Chem. Phys.
Lett. 2004, 383, 181-187.

[46] P. Fuentealba, E. Chamorro, C. Cardenas, Int. J. Quantum Chem.
2007, 107, 37-45.

[47] L. Meneses, A. Araya, F. Pilaquinga, R. Contreras, P. Fuentealba,
Chem. Phys. Lett. 2007, 446, 170-175.

[48] P. Hohenberg, W. Kohn, Phys. Rev. B 1964, 136, B864.

[49] P. W. Ayers, Theor. Chem. Acc. 2001, 106, 271-279.

[50] M. Berkowitz, R. G. Parr, J. Chem. Phys. 1988, 88, 2554 -2557.

[51] P.K. Chattaraj, A. Cedillo, R. G. Parr, J. Chem. Phys. 1995, 103,
7645-7646.

[52] F. De Proft, P. W. Ayers, K. D. Sen, P. Geerlings, J. Chem. Phys.
2004, 120, 9969-9973.

[53] P. W. Ayers, Proc. Natl. Acad. Sci. USA 2000, 97, 1959-1964.

[54] R. G. Parr, L. J. Bartolotti, J. Phys. Chem. 1983, 87, 2810-2815.

[55] In ref. [41], Harbola, Chattaraj, and Parr show that when this defi-
nition of the local hardness is computed exactly, the local hardness
is a constant. This does not contradict the findings of this paper,
however, because while we are using accurate approximations to
the ground-state density and the Fukui function, our model for the
hardness kernel is only qualitatively correct.

[56] P. K. Chattaraj, D.R. Roy, P. Geerlings, M. Torrent-Sucarrat,
Theor. Chem. Acc. 2007, 118, 923-930.

[57] M. Torrent-Sucarrat, P. Geerlings, J. Chem. Phys. 2006, 125,
244101.

[58] M. Torrent-Sucarrat, P. Salvador, P. Geerlings, M. Sola, J. Comput.
Chem. 2007, 28, 574-583.

[59] A. Borgoo, M. Torrent-Sucarrat, F. De Proft, P. Geerlings, J. Chem.
Phys. 2007, 126, 234104.

[60] M. Torrent-Sucarrat, P. Salvador, M. Sola, P. Geerlings, J. Comput.
Chem. 2008, 29, 1064-1072.

[61] G. Klopman, J. Am. Chem. Soc. 1968, 90, 223 -234.

[62] W. Yang, R. G. Parr, R. Pucci, J. Chem. Phys. 1984, 81, 2862-2863.

[63] M. Berkowitz, J. Am. Chem. Soc. 1987, 109, 4823 —4825.

[64] J. L. Gazquez, F. Méndez, J. Phys. Chem. 1994, 98, 4591 -4593.

[65] Y. Li, J.N.S. Evans, J. Am. Chem. Soc. 1995, 117, 7756-7759.

[66] S. Damoun, G. Van de Woude, F. Méndez, P. Geerlings, J. Phys.
Chem. A 1997, 101, 886-893.

[67] P. K. Chattaraj, J. Phys. Chem. A 2001, 105, 511-513.

Chem. Eur. J. 2008, 14, 8652 —8660

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

[68] J.S. M. Anderson, J. Melin, P. W. Ayers, J. Chem. Theory Comput.
2007, 3, 358-374.

[69] F. Méndez, J. L. Gazquez, J. Am. Chem. Soc. 1994, 116, 9298-9301.

[70] Y. Li, J.N.S. Evans, Proc. Natl. Acad. Sci. USA 1996, 93, 4612—
4616.

[71] P. Pérez, Y. Simon-Manso, A. Aizman, P. Fuentealba, R. Contreras,
J. Am. Chem. Soc. 2000, 122, 4756-4762.

[72] J. Melin, F. Aparicio, V. Subramanian, M. Galvan, P. K. Chattaraj,
J. Phys. Chem. A 2004, 108, 2487-2491.

[73] A.M. Vos, K. H. L. Nulens, F. De Proft, R. A. Schoonheydt, P.
Geerlings, J. Phys. Chem. B 2002, 106, 2026-2034.

[74] P. Geerlings, A. M. Vos, R. A. Schoonheydt, J. Mol. Struct. (THE-
OCHEM) 2006, 762, 69-78.

[75] P. Mignon, P. Geerlings, R. A. Schoonheydt, J. Phys. Chem. C 2007,
111, 12376.

[76] P. Mignon, S. Loverix, F. De Proft, P. Geerlings, J. Phys. Chem. A
2004, 108, 6038—-6044.

[77] P. Mignon, S. Loverix, P. Geerlings, Chem. Phys. Lett. 2005, 401,
40-46.

[78] P. Mignon, S. Loverix, J. Steyaert, P. Geerlings, Nucleic Acid. Res.
2005, 33, 1779-1789.

[79] A. Olasz, P. Mignon, F. De Proft, T. Veszpremi, P. Geerlings, Chem.
Phys. Lett. 2005, 407, 504—-509.

[80] A.S. Ozen, F. De Proft, V. Aviyente, P. Geerlings, J. Phys. Chem. A
2006, 7110, 5860—-5868.

[81] J. Olah, F. De Proft, T. Veszpremi, P. Geerlings, J. Phys. Chem. A
2005, 109, 1608-1615.

[82] J.S. M. Anderson, J. Melin, P. W. Ayers, J. Chem. Theory Comput.
2007, 3, 375-389.

[83] J.S. M. Anderson, P. W. Ayers, Phys. Chem. Chem. Phys. 2007, 9,
2371-2378.

[84] W.J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56,
2257-2261.

[85] W.J. Hehre, L. Radom, P. v. R. Schleyer, J. A. Pople, Ab Initio Mo-
lecular Orbital Theory, Wiley, New York, 1986.

[86] A.D. Becke, J. Chem. Phys. 1993, 98, 5648 —5652.

[87] C.T. Lee, W.T. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785-789.

[88] Gaussian 03, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scu-
seria, M. A. Robb, J.R. Cheeseman, J. A. Montgomery Jr., T.
Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S.S. Iyengar, J.
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J.J. Dannen-
berg, G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. L. Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh,
PA, 2003.

[89] T. Koopmans, Physica (Utrecht) 1934, 1, 104.

[90] L.J. Bartolotti, P. W. Ayers, J. Phys. Chem. A 2005, 109, 1146-
1151.

[91] M. H. Cohen, M. V. Gandugliapirovano, J. Kudrnovsky, J. Chem.
Phys. 1994, 101, 8988—-8997.

[92] W. Langenacker, K. Demel, P. Geerlings, J. Mol. Struct. (THEO-
CHEM) 1991, 234, 329-342.

[93] A. Michalak, F. De Proft, P. Geerlings, R. F. Nalewajski, J. Phys.
Chem. A 1999, 103, 762-771.

[94] A.D. Becke, J. Chem. Phys. 1988, 88, 2547 -2553.

[95] F. Gilardoni, J. Weber, H. Chermette, T. R. Ward, J. Phys. Chem. A
1998, 102, 3607-3613.

[96] W. Yang, W.J. Mortier, J. Am. Chem. Soc. 1986, 108, 5708-5711.

[97] R.S. Mulliken, J. Chem. Phys. 1955, 23, 1833 -1841.

— 8659

www.chemeurj.org


http://dx.doi.org/10.1021/jp972733k
http://dx.doi.org/10.1021/jp972733k
http://dx.doi.org/10.1021/jp972733k
http://dx.doi.org/10.1021/ja00005a073
http://dx.doi.org/10.1021/ja00005a073
http://dx.doi.org/10.1021/ja00005a073
http://dx.doi.org/10.1021/ja00005a073
http://dx.doi.org/10.1063/1.1897374
http://dx.doi.org/10.1021/ja00005a072
http://dx.doi.org/10.1021/ja00005a072
http://dx.doi.org/10.1021/ja00005a072
http://dx.doi.org/10.1021/j100187a020
http://dx.doi.org/10.1021/j100187a020
http://dx.doi.org/10.1021/j100187a020
http://dx.doi.org/10.1021/ja9924039
http://dx.doi.org/10.1021/ja9924039
http://dx.doi.org/10.1021/ja9924039
http://dx.doi.org/10.1021/ja015737i
http://dx.doi.org/10.1021/ja015737i
http://dx.doi.org/10.1021/ja015737i
http://dx.doi.org/10.1021/ja015737i
http://dx.doi.org/10.1039/b606167b
http://dx.doi.org/10.1039/b606167b
http://dx.doi.org/10.1039/b606167b
http://dx.doi.org/10.1023/A:1025136721324
http://dx.doi.org/10.1023/A:1025136721324
http://dx.doi.org/10.1023/A:1025136721324
http://dx.doi.org/10.1063/1.1542875
http://dx.doi.org/10.1063/1.1542875
http://dx.doi.org/10.1063/1.1542875
http://dx.doi.org/10.1063/1.1542875
http://dx.doi.org/10.1063/1.1467338
http://dx.doi.org/10.1063/1.1467338
http://dx.doi.org/10.1063/1.1467338
http://dx.doi.org/10.1063/1.1467338
http://dx.doi.org/10.1021/jp075573d
http://dx.doi.org/10.1021/jp075573d
http://dx.doi.org/10.1021/jp075573d
http://dx.doi.org/10.1021/jp075573d
http://dx.doi.org/10.1016/0009-2614(90)87220-L
http://dx.doi.org/10.1016/0009-2614(90)87220-L
http://dx.doi.org/10.1016/0009-2614(90)87220-L
http://dx.doi.org/10.1002/qua.560490308
http://dx.doi.org/10.1002/qua.560490308
http://dx.doi.org/10.1002/qua.560490308
http://dx.doi.org/10.1021/j100017a022
http://dx.doi.org/10.1021/j100017a022
http://dx.doi.org/10.1021/j100017a022
http://dx.doi.org/10.1021/j100017a022
http://dx.doi.org/10.1016/j.cplett.2003.11.019
http://dx.doi.org/10.1016/j.cplett.2003.11.019
http://dx.doi.org/10.1016/j.cplett.2003.11.019
http://dx.doi.org/10.1016/j.cplett.2003.11.019
http://dx.doi.org/10.1002/qua.21021
http://dx.doi.org/10.1002/qua.21021
http://dx.doi.org/10.1002/qua.21021
http://dx.doi.org/10.1002/qua.21021
http://dx.doi.org/10.1016/j.cplett.2007.07.092
http://dx.doi.org/10.1016/j.cplett.2007.07.092
http://dx.doi.org/10.1016/j.cplett.2007.07.092
http://dx.doi.org/10.1007/PL00012385
http://dx.doi.org/10.1007/PL00012385
http://dx.doi.org/10.1007/PL00012385
http://dx.doi.org/10.1063/1.454034
http://dx.doi.org/10.1063/1.454034
http://dx.doi.org/10.1063/1.454034
http://dx.doi.org/10.1063/1.470284
http://dx.doi.org/10.1063/1.470284
http://dx.doi.org/10.1063/1.470284
http://dx.doi.org/10.1063/1.470284
http://dx.doi.org/10.1063/1.1729856
http://dx.doi.org/10.1063/1.1729856
http://dx.doi.org/10.1063/1.1729856
http://dx.doi.org/10.1063/1.1729856
http://dx.doi.org/10.1073/pnas.040539297
http://dx.doi.org/10.1073/pnas.040539297
http://dx.doi.org/10.1073/pnas.040539297
http://dx.doi.org/10.1021/j100238a023
http://dx.doi.org/10.1021/j100238a023
http://dx.doi.org/10.1021/j100238a023
http://dx.doi.org/10.1007/s00214-007-0373-8
http://dx.doi.org/10.1007/s00214-007-0373-8
http://dx.doi.org/10.1007/s00214-007-0373-8
http://dx.doi.org/10.1063/1.2406072
http://dx.doi.org/10.1063/1.2406072
http://dx.doi.org/10.1002/jcc.20535
http://dx.doi.org/10.1002/jcc.20535
http://dx.doi.org/10.1002/jcc.20535
http://dx.doi.org/10.1002/jcc.20535
http://dx.doi.org/10.1063/1.2741536
http://dx.doi.org/10.1063/1.2741536
http://dx.doi.org/10.1002/jcc.20866
http://dx.doi.org/10.1002/jcc.20866
http://dx.doi.org/10.1002/jcc.20866
http://dx.doi.org/10.1002/jcc.20866
http://dx.doi.org/10.1021/ja01004a002
http://dx.doi.org/10.1021/ja01004a002
http://dx.doi.org/10.1021/ja01004a002
http://dx.doi.org/10.1063/1.447964
http://dx.doi.org/10.1063/1.447964
http://dx.doi.org/10.1063/1.447964
http://dx.doi.org/10.1021/ja00250a012
http://dx.doi.org/10.1021/ja00250a012
http://dx.doi.org/10.1021/ja00250a012
http://dx.doi.org/10.1021/ja00134a021
http://dx.doi.org/10.1021/ja00134a021
http://dx.doi.org/10.1021/ja00134a021
http://dx.doi.org/10.1021/jp9611840
http://dx.doi.org/10.1021/jp9611840
http://dx.doi.org/10.1021/jp9611840
http://dx.doi.org/10.1021/jp9611840
http://dx.doi.org/10.1021/jp003786w
http://dx.doi.org/10.1021/jp003786w
http://dx.doi.org/10.1021/jp003786w
http://dx.doi.org/10.1021/ct600164j
http://dx.doi.org/10.1021/ct600164j
http://dx.doi.org/10.1021/ct600164j
http://dx.doi.org/10.1021/ct600164j
http://dx.doi.org/10.1073/pnas.93.10.4612
http://dx.doi.org/10.1073/pnas.93.10.4612
http://dx.doi.org/10.1073/pnas.93.10.4612
http://dx.doi.org/10.1021/jp037674r
http://dx.doi.org/10.1021/jp037674r
http://dx.doi.org/10.1021/jp037674r
http://dx.doi.org/10.1021/jp014015a
http://dx.doi.org/10.1021/jp014015a
http://dx.doi.org/10.1021/jp014015a
http://dx.doi.org/10.1021/jp072609t
http://dx.doi.org/10.1021/jp072609t
http://dx.doi.org/10.1021/jp049240h
http://dx.doi.org/10.1021/jp049240h
http://dx.doi.org/10.1021/jp049240h
http://dx.doi.org/10.1021/jp049240h
http://dx.doi.org/10.1016/j.cplett.2004.11.016
http://dx.doi.org/10.1016/j.cplett.2004.11.016
http://dx.doi.org/10.1016/j.cplett.2004.11.016
http://dx.doi.org/10.1016/j.cplett.2004.11.016
http://dx.doi.org/10.1093/nar/gki317
http://dx.doi.org/10.1093/nar/gki317
http://dx.doi.org/10.1093/nar/gki317
http://dx.doi.org/10.1093/nar/gki317
http://dx.doi.org/10.1016/j.cplett.2005.03.145
http://dx.doi.org/10.1016/j.cplett.2005.03.145
http://dx.doi.org/10.1016/j.cplett.2005.03.145
http://dx.doi.org/10.1016/j.cplett.2005.03.145
http://dx.doi.org/10.1021/jp0568374
http://dx.doi.org/10.1021/jp0568374
http://dx.doi.org/10.1021/jp0568374
http://dx.doi.org/10.1021/jp0568374
http://dx.doi.org/10.1021/jp0468556
http://dx.doi.org/10.1021/jp0468556
http://dx.doi.org/10.1021/jp0468556
http://dx.doi.org/10.1021/jp0468556
http://dx.doi.org/10.1021/ct6001658
http://dx.doi.org/10.1021/ct6001658
http://dx.doi.org/10.1021/ct6001658
http://dx.doi.org/10.1021/ct6001658
http://dx.doi.org/10.1039/b700960g
http://dx.doi.org/10.1039/b700960g
http://dx.doi.org/10.1039/b700960g
http://dx.doi.org/10.1039/b700960g
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.1677527
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1021/jp0462207
http://dx.doi.org/10.1021/jp0462207
http://dx.doi.org/10.1021/jp0462207
http://dx.doi.org/10.1063/1.468026
http://dx.doi.org/10.1063/1.468026
http://dx.doi.org/10.1063/1.468026
http://dx.doi.org/10.1063/1.468026
http://dx.doi.org/10.1021/jp982761i
http://dx.doi.org/10.1021/jp982761i
http://dx.doi.org/10.1021/jp982761i
http://dx.doi.org/10.1021/jp982761i
http://dx.doi.org/10.1063/1.454033
http://dx.doi.org/10.1063/1.454033
http://dx.doi.org/10.1063/1.454033
http://dx.doi.org/10.1021/jp980521x
http://dx.doi.org/10.1021/jp980521x
http://dx.doi.org/10.1021/jp980521x
http://dx.doi.org/10.1021/jp980521x
http://dx.doi.org/10.1021/ja00279a008
http://dx.doi.org/10.1021/ja00279a008
http://dx.doi.org/10.1021/ja00279a008
http://dx.doi.org/10.1063/1.1740588
http://dx.doi.org/10.1063/1.1740588
http://dx.doi.org/10.1063/1.1740588
www.chemeurj.org

CHEMISTRY—

M. Torrent-Sucarrat et al.

A EUROPEAN JOURNAL

[98] U.C. Singh, P. A. Kollman, J. Comput. Chem. 1984, 5, 129-145.
[99] A.E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899—

926.

[100] P. Bultinck, S. Fias, C. Van Alsenoy, P. W. Ayers, R. Carbé-Dorca,
J. Chem. Phys. 2007, 127.

[101] T. Koenig, D. Imre, J. A. Hoobler, J. Am. Chem. Soc. 1979, 101,
6466—6468.

[102] K. M. Broadus, S.R. Kass, J. Am. Chem. Soc. 2000, 122, 10697 -
10703.

[103] R. G. Pearson, Chemical Hardness: Applications from Molecules to
Solids, Wiley-VCH, Oxford, 1997.

[104] Z. Zhou, R. G. Parr, J. Am. Chem. Soc. 1989, 111, 7371-7379.

[105] F. De Proft, P. Geerlings, Chem. Rev. 2001, 101, 1451-1464.

[106] P. K. Chattaraj, A. Cedillo, R. G. Parr, J. Chem. Phys. 1995, 103,
10621 -10626.

[107] L. F. Pacios, Chem. Phys. Lett. 1997, 276, 381-387.

[108] S.B. Liu, F. De Proft, R. G. Parr, J. Phys. Chem. A 1997, 101,
6991-6997.

[109] M. Torrent-Sucarrat, M. Duran, M. Sola, J. Phys. Chem. A 2002,
106, 4632—-4638.

[110] M. Torrent-Sucarrat, J. M. Luis, M. Duran, M. Sola, J. Mol. Struct.
(THEOCHEM) 2005, 727, 139-148.
[111] A. Baeten, F. Deproft, P. Geerlings, Chem. Phys. Lett. 1995, 235,
17-21.
[112] A. Baeten, F. Deproft, W. Langenaeker, P. Geerlings, J. Mol
Struct. (THEOCHEM) 1994, 112,203 -211.
[113] P. Fuentealba, P. Perez, R. Contreras, J. Chem. Phys. 2000, 113,
2544 -2551.
[114] F. Deproft, W. Langenacker, P. Geerlings, J. Phys. Chem. 1993, 97,
1826-1831.
[115] R. G. Parr, P. W. Ayers, R. F. Nalewajski, J. Phys. Chem. A 2005,
109, 3957-3959.
[116] R. G. Parr, L. Von Szentpaly, S.B. Liu, J. Am. Chem. Soc. 1999,
121,1922-1924.
[117] P. K. Chattaraj, B. Maiti, U. Sarkar, J. Phys. Chem. A 2003, 107,
4973-4975.
[118] P. K. Chattaraj, U. Sarkar, D. R. Roy, Chem. Rev. 2006, 106, 2065—
2091.
Received: March 27, 2008
Published online: August 1, 2008

8660 ———

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2008, 14, 8652 —8660


http://dx.doi.org/10.1002/jcc.540050204
http://dx.doi.org/10.1002/jcc.540050204
http://dx.doi.org/10.1002/jcc.540050204
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/ja002352b
http://dx.doi.org/10.1021/ja002352b
http://dx.doi.org/10.1021/ja002352b
http://dx.doi.org/10.1021/ja00201a014
http://dx.doi.org/10.1021/ja00201a014
http://dx.doi.org/10.1021/ja00201a014
http://dx.doi.org/10.1063/1.469847
http://dx.doi.org/10.1063/1.469847
http://dx.doi.org/10.1063/1.469847
http://dx.doi.org/10.1063/1.469847
http://dx.doi.org/10.1016/S0009-2614(97)00846-4
http://dx.doi.org/10.1016/S0009-2614(97)00846-4
http://dx.doi.org/10.1016/S0009-2614(97)00846-4
http://dx.doi.org/10.1021/jp971263r
http://dx.doi.org/10.1021/jp971263r
http://dx.doi.org/10.1021/jp971263r
http://dx.doi.org/10.1021/jp971263r
http://dx.doi.org/10.1021/jp013249r
http://dx.doi.org/10.1021/jp013249r
http://dx.doi.org/10.1021/jp013249r
http://dx.doi.org/10.1021/jp013249r
http://dx.doi.org/10.1016/0009-2614(95)00084-H
http://dx.doi.org/10.1016/0009-2614(95)00084-H
http://dx.doi.org/10.1016/0009-2614(95)00084-H
http://dx.doi.org/10.1016/0009-2614(95)00084-H
http://dx.doi.org/10.1063/1.1305879
http://dx.doi.org/10.1063/1.1305879
http://dx.doi.org/10.1063/1.1305879
http://dx.doi.org/10.1063/1.1305879
http://dx.doi.org/10.1021/jp0404596
http://dx.doi.org/10.1021/jp0404596
http://dx.doi.org/10.1021/jp0404596
http://dx.doi.org/10.1021/jp0404596
http://dx.doi.org/10.1021/ja983494x
http://dx.doi.org/10.1021/ja983494x
http://dx.doi.org/10.1021/ja983494x
http://dx.doi.org/10.1021/ja983494x
http://dx.doi.org/10.1021/jp034707u
http://dx.doi.org/10.1021/jp034707u
http://dx.doi.org/10.1021/jp034707u
http://dx.doi.org/10.1021/jp034707u
http://dx.doi.org/10.1021/cr040109f
http://dx.doi.org/10.1021/cr040109f
http://dx.doi.org/10.1021/cr040109f
www.chemeurj.org

