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Global reactivity parameters like the softness and the polarizability and local reactivity parameters like the
Fukui function and the local hardness have been calculated for the grtsinahd several excited electronic
states {P, 1D, 'F) of various helium isoelectronic systems (He} LBe*t, B3, C**). Only the lowest energy

state of a given symmetry is chosen because of the validity of the excited state density functional theory
exclusively for this type of states. The softness varies linearly with the cube root of the polarizability for
both the ground and the excited states. It has been demonstrated for the first time for the systems studied
that a system is harder and less polarizable in its ground state than in any of its excited sRaekal
distributions of the charge density, the Fukui function, and the local hardness exhibit characteristic shell
structures in both the ground and the excited states.

Density functional theofy(DFT) has been quite successful

values at different sites of the system and hence is a better

in rationalizing popular qualitative chemical concepts. Elec- descriptor of the site selectivity in a molecule.

tronegativity (y) and hardness' () are two such cardinal
indices of chemical reactivity. Paulihintroduced the concept

There are some widely used electronic structure principles
based on these chemical concepts. According to Sanderson’s

of electronegativity as the power of an atom in a molecule to electronegativity equalization principlé,all the constituent
attract electrons to itself while the idea of hardness was given atoms in a molecule have the same electronegativity value given

by Pearsohin the context of the hardsoft acid-base (HSAB)

principle which states that “hard likes hard and soft likes soft”.

For anN-electron system with external potentigt) and total
energyE, electronegativity (y) and hardness(r) are respec-
tively defined as follows:

x = —u=—(0E/0N), )
and
1 BZE) 1(§‘L_t)
= -] — —_— 2
7 Z(E)N2 u(r) 2\oN u(r) @

In egs 1 and 2u is the chemical potential, the Lagrange
multiplier associated with the normalization constraint in Ealer

Lagrange equation of DFT.The hardness can equivalently be
expressed &s

n=nf[rE OO da @)

wheref(r) is the Fukui functio® 11 and the hardness kernel is

given by

_1_OFll
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whereF[p] is the HohenbergKohn—Shani? universal func-
tional of DFT. It may be noted that whilg and# are global

n(r, r) (4)

by the geometric mean of the electronegativity values of the
pertinent isolated atoms. An important principle based on the
hardness concept is the maximum hardness prir¢ipiaich
states that “there seems to be a rule of nature that molecules
arrange themselves so as to be as hard as possible”. Formal
proofs for the electronegativity equalizatishidHSAB 28 %and
maximum hardne$87 principles have been provided within
DFT.

For complete characterization of the many-particle wave
function one needs onlf andu(r). The response of the system
whenN is varied at fixedy(r) is described by andz. On the
other hand, polarizabilityo) measures the response of the
system wheny(r) changes at constaibt. A minimum polar-
izability principle!®1°can be stated as “the natural direction of
evolution of any system is toward a state of minimum
polarizability”. This principle can be thought of as a conse-
quencé® of the inverse relationshpbetweeno andy and the
validity of the maximum hardness principié. Pearsof! has
pointed out that “Actually this can be proved by the Parr-
Chattaraj method’@ The polarizability of a system is propor-
tional to fluctuations of the local polarization from the average
value. The variance is minimum for the equilibrium system”.
In order to know the actual relationship betweeandy, several
studied’ have been carried out and it has been finally observed
20cf for various atoms, molecules, and clusters that the softness
(S = 1/(2y)) correlates linearly with the cube root of the
polarizability ©/3).

All the studies described above have been restricted to ground
states. To our knowledge, hardly any attempt has been made

reactivity parameters defined for the system as a whole, the So far in extending these studies to excited states. In the present

Fukui function is a local index of the reactivity having different
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paper, we investigate the validity of the linear relationship
betweerSanda® for various excited states of different helium
isoelectronic systems. Since excited states are generally more
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reactive than the ground state, it is expected that the groundTABLE 1: Calculated Softness (au) and Polarizability
state would be hard®& and hence less polarizable than any Values (au) for the Ground States of the Atoms

excited state. This fact may as well be considered to be a natural atom S o
consequence of the maximum hardness and_mini_mum polafiz- H 1.76 4.50 (4.50)
ability principles. In the present study, we verify this prognosis He 1.51 1.86 (1.38)
through actual numerical calculation of these reactivity param- Li 5.20 48.37 (163.98)
eters. Be 5.02 25.73 (37.79)
For calculating the hardness from eq 3 one needs to know B 4.78 17.78 (20.45)
f(r) andx(r,r'). We propose a local modéi: for the Fukui (,\:l g'g’g 171'221 ((71%1'3)8)
function which was successfully made us&af monitoring a 1) 3.70 6.34 (5'.41)
time-dependent process in terms of the dynamics of various F 3.45 4.99 (3.76)
reactivity indices. For this purpose, we write the Hohenberg Ne 3.20 3.91(2.67)
Kohn—Shani2 universal functional as follows: Na 6.98 59.82 (159.26)
Mg 7.22 43.14 (71.53)
— Al 7.65 44.71 (45.89
Flp] = Tlel + Vedpl ©) Si 7.44 33.15((36.31))
In eq 5 the kinetic energy functional is taken as given by Ghosh g(iD) g_'gi zzgl.gg ((12355%)
and Del?* viz., Cl 6.43 16.17 (14.71)
Ar 6.08 13.11 (11.07)
p4/3/r

Tlp] = Tolp] + CXIW) aThe a values in parentheses are from ref 34.

' 3 TABLE 2: Calculated Softness (au) and Polarizability

C,= (4_)(3712)1’3 (6) Values (au) for the Ground and the Different Excited States
T

of the Helium Isoelectronic Systems

whereT[p] is the Thomas-Fermi functional given as _ electronic
atom/ion configuration state S o
_ 53 4. _ 3 223 He 18 S 1.51 1.86
Tolo] = C [ p(r)*°dr; G = 1037) @) He 1s2p 1p 6.89 117.92
He 1s3d D 13.09 728.71
and the total electronelectron repulsion energ¥ed o] is written H_e+ 1s4f 1F 21.95 3536.36
as follows in the spirit of the corresponding local formula '[:+ iip 1§ g;g 12-‘3
suggested by Paf Li* 1s3d 1D 6.48 100.29
. Li* 1s4f IF 10.76 441.43
Vedol = 4 [ p(r)* dr (8) Be2 12 15 0.49 0.16
Be?t 1s2p P 1.97 3.97
where/ is a parameter. Be?* 1s3d D 4.15 28.90
Substitution of thisF[p] (eq 5) in eq 4 gives the hardness Bet” 1:2‘” 12 g-gg 128-38
kernel 5(r,r") which in this local modéP-23 is related to the S3+ isZp P 1'33 159
local softness(r) as follows: B3+ 1s3d 1D 298 11.87
B3* 1s4f F 5.10 53.11
S(r) = o(r —r')2y(r,r') 9) cH 19 15 0.25 0.06
. . . C* 1s2 P 1.03 0.78
The Fukui function can now be expressed as the normalized P
s(r), i.e. We choose the parametein eq 8 to have a value 5 so that the
fr) = (r)/S (10) exact value of the dipole polarizability of the hydrogen atom is
reproduced by eq 13 in case its exact density is made use of.
whereSis the global softness given by It is important to mention that the above functionals were
originally proposed for the ground state. In this work, it is
S=1/2 = fs(r) dr (11) tacitly assumed that they are valid for the excited states as well,

since, to our knowledge, no functional is known till date which
It may be noted that the calculation 8here does not require is explicitly derived for the excited statés.Hohenberg-Kohn
the ionization potential and the electron affinity or the orbital theorems have only been proved for the ground sfatee
energy values as is the case with any standard apptadch lowest excited state of a given symmetfyand the ensemble

calculating it. of states® Excited state calculations within the ensemble
A local hardness can also be obtained by averaging pver formalisn?®*°and time-dependent density functional thé&#}
(r,r") a$19.23 have been reported in recent years. Change in reactivity for
different complexions of an ensembile is currently being studied
_1 N ey e — L P() in our laboratory.
nr) = N f n(r, 1) p(r) dr' = 2N 5(r) (12) In order to test the efficacy of the present scheme we first

calculate the softness and the polarizability values for the ground
We make use of the local softness to calculate the static electricstates of the atoms H through Ar using near-Hartigeck
dipole polarizability®?® for spherically averaged densities as densities (except S, for whickD density is used due to the
" nonavailability of the ground state density of the same quality)
o = (4n/3) ﬂ) s(r)r* dr (13) of Clementi and Roet#?2 Table 1 reports the softness and the
polarizability values for the ground states of these atoms. Miller
after carrying out the integrations over the angular variables. and Bedersoit have shown that the best recommended polar-
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plots have been obsen@dor these systems with an average
correlation coefficient greater than 0.9 for any period. We
calculate S and o values for different helium isoelectronic
systems S, P, 1D, and*F electronic states. While the ground
state densities'®) are taken from Clementi and Roéfithe
corresponding excited state densities of the near-Harffeek
quality are taken from Mukherjee et &l. It must be pointed

out that the excited state densities are not widely available. We
have chosen only those excited states which are of lowest energy
for a given symmetry. The excited state DFT is valid only for
this type of excited staté8. The softness and the polarizability
values of He, Li, Be?t, B3*, and CG* in various electronic
states {S, 1P, 1D, andF) are reported in Table 21D and!F
densities for " are not available in ref 38. Very large
polarizability values for the excited states are already kn\vit.

As expected, in a given electronic state b8tanda decrease

as the nuclear charge increases for the systems with same
number of electrons, studied in the present work. For all the

1/3
o'’

Figure 1. Plot of the softness (au) vs the cube root of the polarizability
(au) for the different electronic states of various He isoelectronic
systems.

systems studied, the ground state is the hardest and the least
polarizable. This may be treated as a new electronic structure
principle if not a consequence of the maximum hardness and
the minimum polarizability principles. It is quite unlikely that
this inference would change in case different functionals and/
atoms are within an error a£50%. Considering the problems ~ ©F better quality de?sities, if available, are _used. Figure 1 depicts
associated with the accurate theoretical or experimental deter-t€ plot of Svs a* for all the systems in all the electronic
mination of the polarizabilities and the simplicity of the scheme States. A beautiful linear correlation with a correlation coef-
adopted here, it is quite gratifying to note that the calculated ficient of 1.00 is easily discernible.

polarizability values in the present work compare so well with ~ Radial distributions of the charge density, the Fukui function,
the corresponding literature valu¥s.The calculated softness and the local hardness for He in four different electronic states
values also mimic the expected chemical trends in most as representative cases are presented respectively in Figures
cases$>36 On the average both andSdecrease along a period 2—4. The atomic shell structure in all these plots are very
and increase along a group. Therefore, for a given period the conspicuous. Other systems in different electronic states also
corresponding noble gas atom is the hardest and the leasexhibit shell structures (not shown here). It may be noted that
polarizable. This fact is expected because of the exceptionalthe Fukui function is positive everywhere. Although the radial
stability of any noble gas atom visws the maximum hardness  distributions ofp(r), f(r), and#(r) all exhibit shell structures,

and the minimum polarizability principles. Very go8ds o1/3 they are of different nature. It is worth mentioning that the

izability values (both experimental and theoretical) for many
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Figure 2. Radial distribution of the electron density (au) of the He atom in four different electronic states.
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Figure 3. Radial distribution of the Fukui function (au) of the He atom in four different electronic states.
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Figure 4. Radial distribution of the local hardness (au) of the He atom in four different electronic states.

shell structure in radial density does not necessarily imply the 4mr?;(r) plot looks more like &r2o(r). However, as it becomes
same for the radial distributions of all density-dependent softer with excitation the #r2;(r) behavior gradually changes
quantities. It is knowft that the hare-hard interactions are  toward that of 4r2f(r).

ionic in character and hence charge-controlled whereas the soft  In the present work we have calculated the Fukui function,
soft interactions are covalent in nature and hence frontier- the local hardness, the softness, and the polarizability values
controlled. It may be expected that for a hard species the radialfor the ground and the excited states of various helium
distribution of5(r) will resemble that ofo(r) while for a soft isoelectronic systems and have demonstrated for the first time
species it will resemble that dfr). It is quite heartening to  the following: (a) The softness varies linearly with the cube
note thatHe being a very hard species at the ground state its root of the polarizability also for the excited states, (b) for the
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systems studied in the present work the ground state of a system (17) (a) Parr, R. G.; Chattaraj, P. &. Am. Chem. S0d991, 113 1854.
is harder and less polarizable than any of its excited states(?) Chattaraj, P. K. Liu, G. H.; Parr, R. @hem. Phys. Letl1995 237,

171. (c) Pearson, R. @hemtracts Inorg. Chenl991 3, 317. (d) Liu, S.;

considered here, and (c) prominent atomic shell structures arepay, R. G.J. Chem. PhysL997 106, 5578. (e) For a recent review, see:

exhibited by the radial distributions of the charge density, the

Fukui function, and the local hardness in both the ground and

the excited states.
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