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The validity of the maximum hardness and minimum polarizability principles has been tested for HNO and
CINO isomerization reactions. The former can be considered as a prototype of a two-state reaction and the
latter as an example of reaction involving a system with a strong ionic character. For HNO bé&th &mel

SA" states have been considered. The hardness values along the reaction paths have been calculated by
employing several working definitions and functionals in the framework of density functional theory. The
correspondence between the profiles of hardness, polarizability, and energy has been investigated as a function
of the reaction coordinate or the bond angle variation. The constancy of chemical potential has also been
taken into account. No obvious relation between hardness or polarizability and energy profiles and between
hardness and polarizability profiles has been observed.

1. Introduction principles involving the reactivity indices variation during the
reaction?52223

As motivated by a statement of Pearsdrf)t seems to be a
rule of nature that molecules arrange themselves so as to be as
hard as possible”, the molecular hardness can be conceived as
a measure of the stability of a system. As a consequence of
this maximum hardness principle (MHP)25since a chemical
species is most reactive at the transition state, hardness would
attain a minimum there, along a reaction path. The MHP has

to the number of electrons\f and then provide information received much recent attention, but it is still not completely
about the response of the whole system to a change in theunderstood. A formal statisticamechanical proof that demands

number of electrons at fixed external potentia{rf). For a the constraint of constant chemical potential has been given by
molecular or atomic system, these derivatives are difficult to P& and Chattardf. It has been further examined within the
evaluate, and therefore, to this purpose several operationalGYftopoulos-Hatsopoulos three-level modélbut a lack of
definitions have been proposed. Most of these working formulas, Universal validity of an unconstrained MHP has been at the same
in the framework of DFF36 as well of Hartree-Fock or time pointed ou’ Furthermore, a favorable viewpoint of MHP
semiempirical techniques, are based on the finite difference has been obtained by Liu and P&tin the meantime, a great
approximation, in which usually a change of an integer one deal of work has been devoted to the numerical study of the
electron is involved. Since the exact definition @fand 5 MHP 22232845 The main conclusion of these studies is that,

demands that the derivatives are taken for an infinitesimally Notwithstanding, the MHP is potentially a powerful tool, and
small change i, consideration oAN = =1, often leads to the conditions of its applicability and, then, of constructing a
chemically inconsistent interpretations, even when these quanti-hardness profile similar to an energy one are not well under-
ties are employed in a qualitative analy3i8.Although it is stood.
possible that, within Janak’s extension of DFT, a noninteger  The alternative response function to hardness corresponding
change of the electrons can be made. Using this theoreticalto the change of energy with respect to the external potential
background, computational schemes, dealing with fractional »(r) at fixed N represents the polarizability). It has been
occupation numbers for hardn&s$and for chemical potentid showrt847that the atomic softnesses are linearly correlated with
evaluation, have been proposed and applied in the rationalizationthe atomic polarizabilities. Since the softness is the inverse of
of various chemical and physical problefis?° An exhaustive  the hardness,an inverse relationship between hardness and
description of the phenomena for which the concepts of hard polarizability has been established through D¥Bnd as a
and soft are successfully applied can be found in the recentconsequence of the MHP, a minimum polarizability principle
monograph of Pearsc#. (MPP) has been formulatédIn analogy to the MHP, since a
The possibility to define rigorously and to assign numbers species is most polarizable at the transition state, polarizability
to the reactivity indicies has permitted the statement of several would attain a maximum there.

Qualitative concepts such as electronic chemical potepdial (
molecular softnessy{ and hardnessy,1? widely used intu-
itively by the chemists to rationalize and predict various
physicochemical phenomena, have found their rigorous theoreti-
cal definition within density functional theory (DFF)It has
been demonstrated by Parr and co-workénat the chemical
potential and the hardness represent the first- and the second
order derivatives, respectively, of the ener@y) (ith respect

10.1021/jp002350d CCC: $20.00 © 2001 American Chemical Society
Published on Web 12/15/2000



Isomerization Reaction of HNO and CINO J. Phys. Chem. A, Vol. 105, No. 2, 200443

The results of the numerous studies about the MHP have wherel is the first ionization potential and is the electron
pointed out that in many cases the hardness profile goes throughaffinity. We would like to note, that th¥, factor in the hardness
a minimum near the transition state along the reaction coordinatedefiniton is omitted in the IRHT working formula used fgr
and the constraint of constantis not a severe condition. On  calculations throughout this paper.
the other hand, on many occasions, no minimum has been found In the context of molecular orbital theory, by using Koopmans
near the transition state. Less numerous are the investi-approximation (HL), eqs 3 and 4 can be further simplified using
gations314+43.45.49ghout the relationship between hardness and for | andA, the negative of the eigenvalues 6f the highest
polarizability and the validity of the minimum polarizability  occupied (HOMO) and the lowest unoccupied (LUMO) orbitals.
principle. We would like to underline that if the hardness does The use ofeyomo and e ymo is hot recommended for species
not follow precisely the MHP at nonconstant chemical potential, with a close to zero HOMGLUMO energy gap and when it
it is highly probable that also the MPP is not obeyed. Differences is necessary to consider the influence of other orbitals, besides
in the behavior ofy anda could be ascribed to the different the HOMO and LUMO'’s. Furthermore, in the above formula
level of numerical approximation used for their calculations, the change of an integer one electron is considered and, as it
notwithstanding that finite difference formula are adopted for was already mentioned, an inconsistent behavior of the reactivity
obtaining both the quantities. Generally, much more experienceindicies can be observéd?®
has been accumulated for the polarizability calculatfSnehich Another point that needs to be considered is the fact that the
has led to refining the numerical procedures égrwhile for Kohn—Sham (KS) orbitals are different from the canonical
the hardness and softness often rough approximations have beemolecular orbitald. The meaning of the KS orbitals is a subject
used and only in the most recent literture more sophisticated of discussioPf~5¢ from the beginning of the utilization of DFT.
algorithms have been proposed and applfed®>1 However, Stowasser and Hoffmakhhave pointed out that, although the
much more work is needed to get knowledge of how the basis number, symmetry, properties, and shape of KS orbitals are
set quality and the level of exchange-correlation functionals correct, to go beyond a qualitative interpretation it is necessary
influence the reactivity index values. to apply a suitable scaling. This is also true for hybrid

Because of the aforesaid reasons and of the small number offunctionals. However, the working formula for the reactivity
applications to isomerization reactions occurring with mecha- indices calculation within DFT operates mostly with the orbital
nisms other than internal rotations, it is interesting to explore energy differences, and the computations provided by Stowasser
different situations such as isomerizations involving internal and Hoffmanf® have demonstrated that the relative spacing of
shifts. In this work, we have examined the variation of hardness, the electronic levels remains approximately constant for all the
calculated by using different work definitions, polarizability, wave functions and for all the exchange-correlation functionals
energy and chemical potential along the reaction path for the employed in their study.
isomerization reactions of HNO and CINO, with the aim to To calculate hardness in its “natural” DF framework, a
extend the previously started std@§° of the validity of the method®for the construction of the internally resolved hardness
MHP and MPP. Following the indications coming from a tensor (IRHT) in the framework of DFT formalism, yet proven
previous work on HNG® for this system we have considered successful, has been employed. Details of this method can be
both!A’ and®A" states. Since Parr and Gazgtfdmve pointed found in refs 23 and 37, but for easier reading, we will sketch
out that hardness is at an extremum at any point where bothbelow the main scheme of the IRHT algorithm.
electronic energyH)) and nuclear repulsion energy (Y reach The generalization of SlatePs transition state approach
respective extremum values, also the behavior of these twothrough the Janak’s theorem

guantities has been examined along the reaction coordinate. oE

P— — 5
2. Method K (ani)i—l,...N ©)

Incorporation of the concepts of hardness and softngss (
into DFT has led to the mathematical definition mpfas the
second derivative of the total energy with respect to the number
of electronsN:353

has introduced the possibility to extend DFT also for noninteger
occupation numbers and has provided the physical and math-
ematical justification for expanding the energy functional in a
Taylor series around the state characterized by the corresponding

FE set of occupation numben®® (n% nY, ..., n® and by the
= [—] (1) corresponding KS-eigenvalue8 = (/... ¢9). In this series,
IN?J) the first derivatives of the energy functional with respect to the
. occupation numbers have the meaning of the KS-eigenvalues
or, equivalently, (see eq 5), and the second derivatives
_[ou 2
n laN o(r) 2) aii;j = (6)

where the chemical potential, is the first derivative of the ) ] ] )
total energy relative to the electron number. Therefore, using 9ive the hardness matrix elements as defined by Liu ancPParr.
three-point finite difference approximation for the energy  Havingegs5and 6in mind, itis easy to express the hardness

derivatives, the chemical potential and the hardness may beMatrix elements as the derivatives of the KS-orbitals (i.e. the
ijth element of the hardness matrix can be now obtained as the

written as ) ET A
first derivative ofe; with respect tan;):1240
I +A
Pa =" "5 3) ¢
Ti = 3n (1)

1 —A !

Ma =~ (4) . . . o
2 and to approximate them numerically using the finite difference
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formula:

6-(n- - An) — e-(n-) 1.079“‘““»“‘&
= Arjwj — (8)

The latter expression takes into account the energy variation of
theith orbital due to thgth occupation number variation.

From the hardness matrix one can calculate the total hardness
value going through the calculation of the softness matrix. It is
noteworthy that the local hardness and softness are reciprocal
to each othérand the softness matrix is the inverse of the
hardness one:

[si] = [Uij]_l 9)
Since the total softness is obtained as an integral of the local Q

softness and the total softness is an additive functios{rdf S 1.040 ™%
is obtained from the following approximation:

S= ZS] (10)

Now the total hardness becomes

1 1

n= (11)

S Zsﬁ

Polarizability is calculated, according to the following equation, @
YW, [114.2]
o= 1/3((1XX+ (lyy+ (127) (12) 2-039“% 124.7 “W‘::::::‘u“2.335

cL
[121.3]

i
i

. 113.9 4
as the arithmetic average of the three diagonal elements of the[2.037] N _:_:Q @ == [2.295]

J

polarizability tensor, they; being obtained through the finite 1.156 1.136
field method®®
[1.102]
[1.125]
3. Computational Details @
The computational method used for geometry optimization ﬁ,vjj::““
and frequency calculations was density functional theory in its ,*“
B3LYPS6 formulation in conjunction with the 6-31-+G** 2810 7
basis set. To follow the variation of the energy, polarizability, [2.783] N:W
and the other quantities of interest along the reaction coordinate, “,g;ﬂl“’d [67.5]
intrinsic reaction coordinate (IRC) pathways have been con- 7 69.2,-
structed starting from the appropriate transition state. For some @ & @
selected point along the IRC, electronic properties have been 1.12
computed. All these computations have been carried out using [1.092]
th%r(];eargflsﬁgrgéigcs)geénd chemical potential profiles have beenFigure 1. PWP86 geometrical parameters for !—|NO and HON isor_n_ers,

' ! both A’ and3A" states, for CINO and CION isomers and transition
also constructed using the Perdew and Wang excliémagel states between them. In parentheses are reported B3LYP values. Bond
Perdew correlatidit functionals (PWP86) and the tripke- distances are in A and angles in degrees.
quality basis sets given by Goudbot efahs implemented in
a modified version of deMon cod€.To locate the extreme  method, where separate calculations are carried out for the
points on the potential energy hypersurface, the Broyden neutral species and its ions.

Fletcher-Goldfarb—Shanno minimization algorith® for the

minima. has been used.. For the saddle points search, they Results and Discussion

Abashkin and Russ$dalgorithm has been employed. The points

along the reaction paths have been obtained by fixing the The optimized PWP86 geometries of HNO and CINO isomers
appropriate geometrical parameter and optimizing all the others.and transition states for the isomerization reactions are reported
To use the IRHT approach, the calculations of the hardnessin Figure 1. In the same figure are reported optimized B3LYP
matrix elements and, consequently, of the absolute hardnessggeometrical parameters for species involved in the CINO
values have been carried out by taking into account only the isomerization reaction, while for HNO isomerization optimized
occupied valence orbitals and setting the variation of the geometries are summarized in ref 36. The DF structural
occupation numbehn; equal to 0.15. In both cases, the vertical parameters are in good agreement with available experimental
values ofl andA have been calculated by the energy difference dat#° 7! and close to the results obtained by the post-Hartree
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TABLE 1: B3LYP Total Energy ( E), Calculated Hardness
from HOMO —LUMO Energy Gap (nu), IP and EA Finite
Difference (a), and Polarizability (a)?

SyStem E HL NiA o
HNO(A") —130.511 528 1.878 4.718 10.438
TS —130.391 392 1.252 4.192 10.326
HONC(A") —130.446 685 1.415 4.184 10.667
HNOCA') —130.495 923 1.477 5.209 10.336
TS —130.423 988 2.056 5.796 10.512
HONCA") —130.479 451 2.252 5.852 10.074
CINO —590.157 027 1.994 5.383 23.678
TS —590.103 843 0.919 3.611 29.408
CION —590.116 364 1.329 4.065 29.674

aTotal energy is in au, hardness in eV, and polarizability in au.

TABLE 2: PWP86 Total Energy (E) and Calculated
Hardness from Internally Resolved Hardness Tensor#irut),
HOMO —LUMO Energy Gap (nuL), and IP and EA Finite
Difference (75)?

system E NIRHT MHL A
HNO(*A") —130.657 911 6.208 0.530 5.258
TS —130.545 498 6.184 0.040 4.640
HONC(A") —130.592 322 5.961 0.058 4.612
HNOFA™) —130.641 269 5.935 0.139 4.831
TS —130.572 145 5.527 0.620 5.338
HONCA') —130.621 267 5.989 0.872 5.478
CINO —590.447 220 2.884 1.078 5.175
TS —590.392 233 2.619 0.043 3.773
CION —590.409 170 2.740 0.385 4.140

aTotal energy is in au, and all the hardness values are in eV.

Fock method$1~74 As shown in Figure 1, the NO bond length
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calculated to be 75.38, 40.14, and 33.37 kcal/mol for HNO-
(*A"), HNOEA™), and CINO, respectively, while the isomer-
ization energies are 40.66, 10.34, and 25.52 kcal/mol, respec-
tively. The same quantities at the PWP86 level of theory are
70.54, 43.37, and 34.50 kcal/mol and 41.16, 12.55, and 23.88
kcal/mol (see Table 2). These values are in quantitative
agreement with previous theoretical resufts.

In Tables 1 and 2 are also reported the hardness, calculated
by using different methods, and polarizability values of minima
and transition states. The inspection of this table reveals that
the trend predicted for critical points on the basis of MHP holds
only for the CINO system, for which thevalues at the extrema
are close to one another. For the HNO system, in Batrand
SA" states, whatever the work definition is used for the
computation ofy, the relative stability of the isomers and
transition state is not correctly reproduced. Moreover, the values
obtained from the HOM@LUMO energy difference at PWP86
level are close to zero. Polarizability values, on the other hand,
do not follow any particular trend at the extrema.

It is also worth to note that th&\"" state for HNO is lower
in energy than théA' state, while the order is reversed in the
case of HON. Since the transition state for A& isomerization
is found to be lower than th®\’ one, the two surfaces must
cross to an angle HNO greater than 54 This two-state reaction
behavior will be taken into account to explain the relationship
between energy and reactivity indices profiles. To check the
hardness and the polarizability behavior along the whole reaction
path, the profiles ofy anda. for the above-mentioned reactions
have been constructed. Also, the variation of the chemical

increases in going from HNO to TS and then shortens from TS potential and of the electroni&g) and nuclear\(n,) components

to HON. The same bond length in the singlet state of minima of the total energy has been considered. At the B3LYP level,
and transition state is even shorter than that of the triplet statethe IRC tool has been used to draw the behavior of reactivity
counterparts. In the case of CINO, the NO bond is a minimum descriptors, while at the PWP86 level the reaction path for the

in the transition state structure and is larger in the CINO form.

isomerization of HNO and CINO has been conveniently

Concerning the energetical parameters, from the total B3LYP described by the variation of the HNO and CINO anghk. (

energy valuesE) reported in Table 1, the barrier heights are

From a comparison among the energy profiles reported in Figure
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Figure 2. Plots of PWP86 (a) relative energies (left scale) and hardness (right scale) and (b) chemical potential agairét &g@ for the

HNO(A") system.
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Figure 3. Plots of B3LYP (a) relative energies (left scale) and hardness (right scale) and (b) polarizability (left scale) and hardness (right scale)
against HNO @) angle of the HNOA') system.
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Figure 4. Plots of PWP86 (a) relative energies (left scale) and hardness (right scale) and (b) chemical potential agairét &fg@ for the
HNOEA") system.

2a and 3a, 4a and 5a, and 8a and 9a, it can be concluded that We first discuss the nature of tganda. profiles of thelA’
this approximation can be used for such relatively simple surface of HNO drawn in Figures 2a and 3a. The PWP86

situations. HOMO—-LUMO hardness profile is not reported because, as
The nature of the PWP86 profiles, reported in Figures 2b,  previously pointed out, the values are very close to zero. Except
4b, and 8b, calculated using both HL and-IPA approxima- the behavior ofyryt, Which is almost flat, all the other are

tions, reveals that this quantity changes significantly along the characterized by the presence of two maxima and one minimum.
reaction path during the isomerization reaction of HNO, in both They refer to HON and HNO minima and the transition state
its IA" and3A"" states, and remains quite constant in the case of between them and occur at or near the corresponding points
CINO. along the energy profiles. In all cases the minimum is shifted
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Figure 6. Plots of PWP86 (a) relative energies (left scale) and hardness (right scale) againstHal@lé for the minimum energy path of the
1A" and®A" states of HNO. These curves were simply obtained by linkingAieprofiles of Figure 4, fol® values ranging between 3and 86,
and the'A’ profiles of Figure 2, ford values ranging between 8@nd 120.

toward the HON isomer with respect to the energy maximum. is also a coincidence between the position of extrem&.in
The B3LYP polarizability profile, sketched in Figure 3b, goes andV,, profiles and those im s profiles.
through a minimum and a maximum that do not coincide with  Now, we focus our attention on ti#8"" surface of the HNO
the minimum and maximum of the potential energy surface. isomerization reaction. Notwithstanding that all the hardness
Also in this case the maximum in treeprofile appears closer  profiles, both at the B3LYP and PWP86 level, attain a minimum
to the HON side compared to the position of the transition state. value, these extrema correspond to bond angles that do not
Comparison betweemanda profiles shows that their changes match maxima of the potential energy surfaces (see Figures 4
do not follow the opposite trend, and it seems that the higher and 5). Moreover, the stability order of the two minima is
hardnesslower polarizability criterion does not hold in this reversed in all cases. Polarizability shows minimum and
situation. maximum values that do not coincide with extrema in the energy
To check the Parr and Gazquez stateniénhe PWP86 profile. Neverthless, from Figure 5b it is clear that hardness
electronic and nuclear energies as a function of the reactionand polarizability behaviors are opposite to each other along
coordinate, not shown, have been investigated. The extrema havehe reaction coordinate.
been found to be coincident in most cas&;, is a maximum Also, in this case a possible relationship between the hardness
at the point wherdsg is a minimum and vice versa. Indeed, and the electronic and nuclear energy profiles has been checked.
they are nearly perfect mirrors of one another. Moreover, there At the PWP86 level the electronic energy has extrema at the
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Figure 8. Plots of PWP86 (a) relative energies (left scale) and hardness (right scale) and (b) chemical potential againg) &g (or the
CINO system.

same points that nuclear energy does, but the electronic energymeaning since the reaction starts with the HON isomer in its
goes through a maximum, a minimum for nuclear energy, at triplet state and ends with HNO in its singlet state. None of the
= 43.2 that does not correspond to a maximum of the  hardness profiles, whatever the method used for their computa-
profiles. tion, has a behavior closer to that required by MHP. The
The MHP is strictly applicable to the change in a system polarizability variation also does not obey the minimum
when it evolves from the ground state of one form to the ground polarizability principle. Nevertheless, it noteworthy that between
state of another form. Due to the curve crossing between thethe changes ofjy. and polarizability an inverse relationship
1A and3A" states, neither the former nor the latter potential exists through the IRC path.
energy curve represents the ground state over the whole reaction The energetic and hardness profiles for the chlorine shift in
path. With the aim to examine the influence of crossing on the CINO are drawn in Figures 8a and 9a, as a function of the bond
hardness and polarizability profiles, the minimum energy profiles angle CINO. All they profiles are characterized by two maxima
for the twolA’ and3A" states, in Figure 6 at the PWP86 level and a minimum. They refer to CION, CINO, and the transition
and in Figure 7 at B3LYP level, have been reported. In the state structure, respectively, and occur almost at the correspond-
same figures the corresponding hardness and polarizabilitying points in the energy profile. In this case also the behavior
variations have been plotted. These curves have a physicalof the nryr profile follows the correct trend, but again the
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