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and hardnesses using density functional methods
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The performance of two exact exchange methods is tested in the calculation of ionization energies,
electron affinities, electronegativities, and hardnesses using Dunning’s correlation consistent basis
sets. Comparison is made to experiment and other density functional methods, including the local
density approximation and two gradient corrected functionals. The obtained electronegativities and
hardnesses are also compared with high level coupled cluster results. Both the exact exchange
methods show an excellent performance in the calculation of all four properties, yielding mean
absolute deviations from experiment below 0.20 eV for all basis sets. ©1997 American Institute
of Physics.@S0021-9606~97!00906-9#
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I. INTRODUCTION

Since the beginning of the nineties, a growing inter
has existed for density functional methods as an alterna
to traditional ab initio MO methods. Density functiona
theory ~DFT!1–4 uses the electron densityr~r ! as the basic
variable of an atomic or molecular system instead of
wave functionC; due to the Hohenberg–Kohn theorems,5 at
the basis of the theory, atomic or molecular properties can
expressed as a functional of this electron density dire
from a minimization of the atomic or molecular energy fun
tional. Using a variational procedure minimizing the atom
or molecular energyE with the constraint that the integratio
of the electron density should yield the number of electro
N

dSE2mE r~r !dr D50, ~1!

the famous Euler equation is obtained

m5v~r !1E r~r 8!

ur2r 8u
dr 81

dT

dr
1vXC~r !, ~2!

with m the Lagrange multiplier called the electronic chemic
potential,v~r ! the external potential~i.e., due to the nuclei!,
T the kinetic energy functional andvXC~r ! the exchange cor
relation potential, being the functional derivative of the e
change correlation energyEXC with respect to the electron
density

vXC~r !5
dEXC

dr
. ~3!

Kohn and Sham6 turned this equation into a practica
calculation tool by introducing orbitals in the unknown k
netic energy functional. Among others, the performance
density functional methods in the calculation of atomic
molecular properties has received much attention in the
years~see, e.g., Refs. 7–9 and references in these pap!.

a!Author to whom correspondence should be addressed.
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The implementation of the Kohn–Sham equations in st
dard quantum chemical programs, together with the deve
ment of high-level exchange-correlation functionals,10 has
resulted in numerous studies employing this methodolog

An at least as important aspect of DFT, next to its co
putational advantages is, in our opinion, the fact that ma
commonly used chemical concepts receive a precise de
tion, permitting their nonempirical evaluation and accura
calculation. One of these concepts is the electron
ativity11–13~denoted hereafter asx!. Introduced by Pauling in
the 1930’s as the power of an atom in a molecule to attr
electrons to itself, this property was shown by Parret al. to
be the negative of the Lagrange multiplierm.14 Parr et al.
showed that

m52x5S ]E

]ND
v

. ~4!

In 1983, the chemical hardnessh was introduced by Par
and Pearson as15

h5
1

2 S ]2E

]N2D
v

. ~5!

The hardness measures a chemical species’ resistan
charge transfer, whereas the electronegativity expresse
initial attraction towards electronic charge. Both quantit
have been shown to be very important in the elucidation
interpretation of chemical reactivity,16 amongst other acid–
base reactions.17

Using a finite difference approximation and a quadra
relationship between the energyE and the number of elec
tronsN, both definitions~4! and~5! are transformed into the
following working equations:

x5
I1A

2
~6!

and

h5
I2A

2
, ~7!
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3271F. De Proft and P. Geerlings: Density functional methods
with I andA the ionization energy and electron affinity, r
spectively.

Calculation of the electronegativities and hardnesses
an atom, molecule or molecular fragment as presented b
in the past18,19 and used in reactivity studies in organic, i
organic, and biochemistry,17,20 thus requires the accurat
evaluation of the system’s ionization energy and elect
affinity. Both of these quantities are known to be large
influenced by the incorporation of electron correlation in t
calculation method and require the use of large ba
sets,21,22which becomes prohibitive for larger molecular sy
tems. In this aspect, DFT methods are very promising, si
they incorporate electron correlation at a much lower~and
affordable! cost than traditional wave function correlated c
culation methods, such as Mo” ller–Plesset perturbation theor
~MP!,23 configuration interaction~CI!,24 or coupled cluster
methods25 @e.g., the much used CCSD~T!26 method#.

TABLE I. Performance of the B3LYP functional with various basis sets
the calculation of ionization energies. All values are in eV.

Molecule cc-pVDZ cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ Expt.a

H 13.64 13.66 13.65 13.67 13.60
He 24.87 24.94 ••• ••• 24.59
B 8.76 8.74 8.76 8.74 8.30
C 11.52 11.53 11.57 11.54 11.26
N 14.57 14.69 14.69 14.66 14.54
O 13.92 14.09 14.14 14.14 13.61
F 17.44 17.66 17.78 17.74 17.42
Ne 21.32 21.62 21.81 21.73 21.56
Al 6.03 6.01 6.03 6.02 5.98
Si 8.11 8.11 8.13 8.12 8.15
P 10.37 10.62 10.41 10.39 10.49
S 10.49 10.55 10.55 10.56 10.36
Cl 13.03 13.06 13.10 13.07 12.97
Ar 15.79 15.79 15.86 15.80 15.76
CH4 12.33 12.46 12.39 12.45 12.62
NH3 9.86 10.08 10.17 10.19 10.18
OH 12.80 13.10 13.20 13.21 13.01
OH2 12.11 12.45 12.60 12.60 12.62
FH 15.52 15.91 16.10 16.07 16.04
SiH4 10.84 10.89 10.85 10.88 11.00
PH 10.15 10.17 10.19 10.18 10.15
PH2 9.89 9.93 9.94 9.93 9.82
PH3 9.77 9.82 9.83 9.82 9.87
SH 10.37 10.45 10.46 10.47 10.37
SH2~

2B1! 10.31 10.39 10.41 10.41 10.47
SH2~

2A1! 12.52 12.61 12.63 12.63 12.78
ClH 12.64 12.71 12.76 12.73 12.75
HCCH 11.08 11.23 11.18 11.24 11.40
H2CCH2 10.16 10.31 10.24 10.29 10.51
CO 14.06 14.15 14.21 14.18 14.01
N2~

2Sg! 15.61 15.78 15.80 15.83 15.58
N2~

2Pu! 16.42 16.61 16.56 16.65 16.70
O2 12.44 12.50 12.64 12.57 12.07
P2 10.75 10.74 10.82 10.76 10.53
S2 9.62 9.57 9.67 9.58 9.36
Cl2 11.48 11.39 11.51 11.40 11.50
ClF 12.61 12.57 12.76 12.64 12.66
SC 11.45 11.43 11.54 11.46 11.33

mean absolute deviation
0.18 0.15 0.18 0.15

aExperimental values taken from Refs. 27 and 28.
J. Chem. Phys., Vol. 106, N
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Popleet al. investigated the performance of the B-LY
exchange correlation functional in the calculation of atom
zation energies, ionization energies, electron affinities
proton affinities using the 6-31G(d), 6-311G(d), 6-311
1G(2d f ,p), and 6-3111G(3d f ,2p) basis sets.27 In a test on
the molecules of the well-known G2 thermochemical d
set,28 a mean absolute deviation of 0.195 eV for the ioniz
tion energies~42 molecules! and 0.137 eV for the electron
affinities ~25 molecules! was found for the largest basis se
Among the Kohn–Sham methods, a lot of interest recen
arose for the so-called exact-exchange methods e.g., B3
and B3PW91. Based on the adiabatic connection theore29

Becke introduced the following form for the exchange co
relation energy functional30

EXC5EXC
LSDA1a0~EX

exact2EX
LSDA!1aXDEX

B1aCDEC
PW91

~8!

with EXC
LSDA the uniform electron gas exchange correlati

energy,EX
exact the Hartree–Fock exchange energy based

Kohn–Sham orbitals andDEX
B andDEC

PW91 Becke’s 198831

and Perdew and Wang’s 199132 gradient corrections for ex
change and correlation respectively. The parametersa0, aX ,
andac were fitted to thermochemical data, consisting of
atomization energies, 42 ionization potentials, and 8 pro
affinities, thus making it a semiempirical theory. The valu
for a0, aX , andac were 0.20, 0.72, and 0.81, respectively

The basis set dependence of the B3LYP method in
calculation of atomization energies was recently studied
Bauschlicher, and a comparison was made with high le
ab initio MO methods. In a test on 55 atomization energ
of the G2 molecules, it was found that B3LYP yielded a
omization energies superior to CCSD~T! for smaller basis
sets, whereas for the larger basis set, CCSD~T! was
superior.33 Furthermore, it was found that B3P86 show
errors similar to B3LYP for geometries and zero-point en
gies as B3LYP but performed considerably less well than
latter for atomization energies.34

In this contribution, and as a sequal to our previous st
ies in which we concentrated on the performance of vari
DFT methods in the calculation of charge distributions,
pole moments, infrared properties, and reactivity desc
tors,35–37we will investigate the performance of the B3LY
and B3PW91 exchange correlation functionals in the cal
lation of ionization energies and electron affinities, usi
Dunning’s correlation consistent basis sets.38 For the largest
basis set, a comparison is made with results obtained u
the local density approximation~LDA !, and two gradient
corrected density functionals B-P86 and B-LYP. Final
electronegativities and hardnesses are calculated for ne
atoms and ions and compared with experiment and CCSD~T!
results using the same basis set.

II. COMPUTATIONAL DETAILS

All calculations were performed using theGAUSSIAN94
program39 running on the Cray J916/8-1024 of the Bruss
Free Universities Computer Centre. The DFT methods c
sidered were:
o. 8, 22 February 1997
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TABLE II. Performance of the B3PW91 functional with various basis sets in the calculation of ioniza
energies. All values are in eV.

Molecule cc-pVDZ cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ Expt.D~aug-cc-pVTZ! D~Becke!

B 8.73 8.71 8.73 8.71 8.30 0.41 0.41
C 11.58 11.58 11.61 11.58 11.26 0.32 0.32
N 14.72 14.76 14.81 14.78 14.54 0.24 0.24
O 13.79 13.92 13.97 13.96 13.61 0.35 0.34
F 17.37 17.53 17.65 17.59 17.42 0.17 0.16
Ne 21.32 21.54 21.73 21.62 21.56 0.06 0.04
Al 6.12 6.11 6.13 6.12 5.98 0.14 0.14
Si 8.25 8.25 8.26 8.25 8.15 0.10 0.10
P 10.56 10.58 10.58 10.56 10.49 0.07 0.08
S 10.45 10.48 10.48 10.49 10.36 0.13 0.12
Cl 13.04 13.03 13.07 13.04 12.97 0.07 0.07
Ar 15.83 15.79 15.87 15.79 15.76 0.03 0.04
CH4 12.30 12.38 12.33 12.38 12.62 20.24 20.15
NH3 9.84 10.02 10.10 10.11 10.18 20.07 20.06
OH 12.75 13.00 13.08 13.09 13.01 0.08 0.08
OH2 12.11 12.40 12.53 12.53 12.62 20.09 20.08
FH 15.55 15.86 16.04 15.99 16.04 20.05 20.05
SiH4 10.82 10.83 10.80 10.83 11.00 20.17 20.15
PH 10.30 10.30 10.32 10.31 10.15 0.16 0.16
PH2 10.01 10.03 10.03 10.03 9.82 0.21 0.21
PH3 9.75 9.77 9.78 9.78 9.87 20.09 20.06
SH 10.36 10.41 10.41 10.42 10.37 0.05 0.06
SH2~

2B1! 10.33 10.38 10.40 10.39 10.47 20.08 20.05
SH2~

2A1! 12.54 12.59 12.62 12.61 12.78 20.17 20.14
ClH 12.69 12.71 12.76 12.72 12.75 20.03 20.01
HCCH 11.10 11.21 11.16 11.21 11.40 20.19 20.17
H2CCH2 10.17 10.30 10.22 10.26 10.51 20.25 20.15
CO 13.97 14.03 14.07 14.04 14.01 0.03 0.04
N2~

2Sg! 15.61 15.73 15.75 15.76 15.58 0.18 0.19
N2~

2Pu! 16.47 16.61 16.56 16.63 16.70 20.07 20.07
O2 12.43 12.43 12.56 12.48 12.07 0.41 0.39
P2 10.82 10.78 10.85 10.79 10.53 0.26 20.12
S2 9.71 9.62 9.72 9.63 9.36 0.27 0.22
Cl2 11.53 11.39 11.51 11.39 11.50 20.11 20.15
ClF 12.64 12.54 12.73 12.58 12.66 20.08 20.11
SC 11.43 11.36 11.48 11.38 11.33 0.05 0.01

mean absolute deviation
0.20 0.15 0.17 0.15

aExperimental values taken from Refs. 27 and 28.
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~1! The local density approximation~LDA !, which actually
uses Slater’s expression for exchange (S)40 and Vosko,
Wilk, and Nusair’s expression for the correlation ener
of the uniform electron gas41 ~VWN!, parametrized us-
ing Ceperly and Alders quantum Monte Carlo results42

~2! The gradient corrected B-LYP and B-P86 functiona
using Becke’s 1988 gradient correction for exchang31

and Lee, Yang, and Parr’s43 or Perdew’s 198644 expres-
sion for the correlation energy functional.

~3! The exact exchange functionals B3LYP and B3PW9130

using the implementation of this functional in theGAUSS-
IAN94 program,45 which is a slightly altered expressio
as compared to the original proposed by Becke@Eq. ~8!#.

Ionization energies were calculated using the followi
basis sets: the cc-pVDZ~correlation-consistent polarized va
lence double zeta!, which is a [3s2p1d/2s1p] contraction of
a (9s4p1d/4s1p) primitive set, and the cc-pVTZ~cor-
J. Chem. Phys., Vol. 106, N

Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬t
,

relation-consistent polarized valence triple zeta!, a
[4s3p2d1 f /3s2p1d] contraction of a (10s5p2d1 f /
5s2p1d) primitive set.38 Next to these two basis sets, w
also considered the aug-cc-pVDZ and aug-cc-PVTZ ba
sets to calculate this property, where a diffuse function
each angular momentum is added to the original set.46 The
geometries of both the neutral systems and the ions w
fully optimized at all DFT levels and with all basis set
Furthermore, the zero-point vibrational energy obtained fr
a vibrational frequency calculation at the corresponding le
was included~using unscaled vibrational frequencies!.

Atomic and ionic electronegativities and hardnesses
nally were obtained using the the Pople 6-3
11G(3d f ,2p)47 and Dunning aug-cc-pVTZ basis sets. F
these quantities, also CCSD~T! calculations were performed
in which all the electrons were included in the correlati
treatment.
o. 8, 22 February 1997
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3273F. De Proft and P. Geerlings: Density functional methods
III. RESULTS AND DISCUSSION

A. Ionization energies

In a first part, the performance of B3LYP and B3PW
in the calculation of ionization energies is investigated, us
the molecules from the G2 thermochemical data set. An
troductory remark concerning this point has to be made. A
was stated in the introduction, the parametersa0, aX , andaC
were fitted to thermochemical data, among which are ion
tion energies of the molecules that will be studied in t
work. The reader might therefore rightly wonder whether o
results would not be a foregone conclusion. However,
results obtained by Becke result from numerical Kohn–Sh
orbitals and the performance of the methods using fin
Gaussian basis sets has to our knowledge never been in
tigated. Therefore in this work we will study the basis s
dependence and compare with Becke’s ‘‘basis set free’’

TABLE III. Performance of the different density functional methods w
the aug-cc-pVTZ basis set in the calculation of ionization energies.
values are in eV.

Molecule LDA B-P86 B-LYP Expt.

H 13.50 13.61 13.54 13.60
B 9.90 8.75 8.62 8.30
C 12.14 11.59 11.40 11.26
N 15.46 14.76 14.50 14.54
O 14.51 14.22 14.15 13.61
F 18.54 17.79 17.72 17.42
Ne 22.76 21.77 21.69 21.56
Al 6.46 6.15 5.87 5.98
Si 8.68 8.26 7.95 8.15
P 11.03 10.54 10.19 10.49
S 11.09 10.61 10.42 10.36
Cl 13.73 13.11 12.91 12.97
Ar 16.52 15.82 15.61 15.76
CH4 12.82 13.04 12.22 12.62
NH3 10.96 10.27 10.12 10.18
OH 13.91 13.27 13.17 13.01
OH2 13.45 12.68 12.54 12.62
FH 17.01 16.15 16.02 16.04
SiH4 11.29 10.79 10.62 11.00
PH 10.75 10.30 9.98 10.15
PH2 10.44 10.04 9.75 9.82
PH3 10.44 9.88 9.70 9.87
SH 11.08 10.51 10.32 10.37
SH2~

2B1! 11.08 10.46 10.25 10.47
SH2~

2A1! 13.18 12.64 12.44 12.78
ClH 13.43 12.77 12.56 12.75
HCCH 12.09 11.31 11.12 11.40
H2CCH2 11.01 10.34 10.15 10.51
CO 14.59 14.01 13.90 14.01
N2~

2Sg! 16.14 15.49 15.35 15.58
N2~

2Pu! 17.59 16.63 16.44 16.70
O2 12.85 12.37 12.30 12.07
P2 11.30 10.74 10.49 10.53
S2 9.96 9.54 9.30 9.36
Cl2 11.80 11.28 11.08 11.50
ClF 13.06 12.50 12.34 12.66
SC 11.96 11.42 11.25 11.33

mean absolute deviation
0.69 0.17 0.19

aExperimental values taken from Refs. 27 and 28.
J. Chem. Phys., Vol. 106, N
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merical results. Furthermore, since electron affinities w
not included at all in Becke’s analysis and consequently n
ther electronegativities nor hardnesses were calculated, t
properties definitely merit investigation.

Tables I and II list the obtained ionization energies f
the B3LYP and B3PW91 methods, for the four basis se
together with the experimental values, taken from Refs.
and 28. At the bottom of the Table, the mean absolute
viation from experiment is listed for each basis set. As can
seen from these Tables, the B3LYP and B3PW91 function
show a comparable performance in the calculation of
ionization energies. The cc-pVDZ and aug-cc-pVDZ bas
nearly show the same mean absolute deviation from exp
ment as do the cc-pVTZ and aug-cc-pVTZ basis sets. Ho
ever, some remarks should be made. Comparing with
other three basis sets, the cc-pVDZ basis sets performs
siderably worse for hydrogen fluoride. The absolute dev
tions of 0.52 for B3LYP and 0.49 eV for B3PW91 ar
among the largest of all species for this basis set. This fea
is also encountered for H2O, NH3, and OH. Finally, focusing
on the largest basis sets, the worst performances occu
the first row atoms and the diatomics N2, O2, P2, and S2, as
was also found in the original work by Becke. From the
results, it can however be decided, that, apart from so
exceptions, the cc-pVDZ basis set already gives reliable
sults in the calculation of ionization energies; extending
basis set tospd f quality further reduces the error. As com
pared to the native cc-pVXZ~with X5D or T! basis set,
introducing augmented functions has a minor influence.
ceptions to this statement are the first row hydrides HF, H2O,
OH, and NH3 for the cc-pVDZ and the aug-cc-PVDZ, wher
indeed the incorporation of augmented functions results
dramatic improvement of the ionization energy. This effec
much less pronounced for the cc-pVTZ and aug-cc-pV
basis set, an indication that the quantity is indeed converg
with respect to basis set extension. Finally, a comparis
can be made between B3LYP and B3PW91. Concentra
on the largest basis set, there really is not much to cho
between these two levels of theory. However, there are s
differences. B3PW91 seems to perform considerably be
for some molecules containing a triple bond, namely C
N2, CS, and O2, whereas B3LYP performs better for CH4
and NH3. No obvious reason exists for this behavior; ho
ever, in a previous study, we have already shown t
B3PW91 performs slightly better than B3LYP for charg
distributions where a considerable pile-up of electrons in c
tain molecular regions, such as e.g., triple bonds, occ
Finally, we list in Table II the deviation from experiment fo
the aug-cc-pVTZ basis set, together with theD values, the
deviations from experiment obtained by Becke from a n
merical implementation, which was then used to fit the th
‘‘ a’’ parameters. As can be seen, all deviations have
same sign as Becke’s, the only noticeable exception be
P2. Since the mean absoluted deviations are almost alw
equal to the ones obtained by Becke, it can thus be c
cluded that using a basis set ofspd f quality ~being the cc-
pVTZ or aug-cc-pVTZ basis set!, one has essentially arrive
at the point of basis set convergence. Moreover, the m

ll
o. 8, 22 February 1997
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TABLE IV. B3LYP and B3PW91 electron affinities of some selected molecules with the aug-cc-pVDZ
aug-cc-pVTZ basis sets. All values are in eV.

Molecule

B3LYP B3PW91

Expt.aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ

C 1.37 1.37 1.47 1.47 1.26
CH 1.36 1.36 1.43 1.43 1.24
CH2 0.80 0.79 0.63 0.62 0.65
CH3 0.11 0.11 0.00 0.00 0.08
CN 4.04 4.05 3.94 3.94 3.82
NH 0.46 0.50 0.31 0.34 0.38
NH2 0.75 0.76 0.63 0.64 0.74
NO 0.42 0.36 0.34 0.28 0.02
O 1.68 1.68 1.51 1.50 1.46
OH 1.85 1.84 1.72 1.71 1.83
O2 0.57 0.56 0.41 0.38 0.44
F 3.56 3.53 3.43 3.39 3.40
Si 1.35 1.35 1.49 1.48 1.39
SiH 1.29 1.28 1.40 1.39 1.28
SiH2 1.20 1.19 1.28 1.27 1.12
SiH3 1.65 1.62 1.56 1.54 1.44
P 0.93 0.64 0.82 0.86 0.75
PH 1.09 1.11 1.01 1.03 1.00
PH2 1.26 1.27 1.21 1.22 1.26
PO 1.36 1.28 1.38 1.31 1.09
S 2.21 2.21 2.15 2.13 2.08
SH 2.36 2.34 2.32 2.29 2.31
S2 1.77 1.71 1.73 1.66 1.66
Cl 3.72 3.68 3.69 3.64 3.62
Cl2 3.06 2.87 2.93 2.70 2.39
BO 2.61 2.60 2.47 2.46 2.84
N3 2.66 2.65 2.63 2.61 2.76

mean absolute deviation
0.15 0.12 0.13 0.11

aAll experimental values were taken from Refs. 27 and 28 except the ones for BO and N3 taken fromHandbook
of Chemistry and Physics, 75th ed.~CRC, Boca Raton, FL, 1995!.
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absolute deviation found in the work of Becke is 0.14 e
whereas, in this work and for the largest basis sets, 0.15
is found.

Table III lists the ionization energies for the species w
the largest basis set for the LDA method together with
B-P86 and B-LYP methods. The largest mean absolute
viation is found for the LDA method. For the B-LYP
method, a mean absolute deviation of 0.197 eV is fou
which is essentially the same as the 0.195 eV of Gill a
co-workers found for this functional using the 6-3111
1G(3d f ,2p) basis set. However, in their work, the add
tional systems He, Li, Be, Na, and Mg were consider
which were not calculated in the present work since corre
tion consistent basis sets have not been reported for t
atoms yet. The smallest mean absolute deviation howev
found for the BP86 method; it thus appears that the P
correlation functional is performing somewhat better in t
calculation of ionization energies than the LYP functiona

B. Electron affinities

In a second part, electron affinities were calculated
some selected atomic or molecular systems, again the
ecules from the G2 thermochemical data set, and two a
J. Chem. Phys., Vol. 106, N
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tional molecules, BO and N3. For this property, only the
aug-cc-pVDZ and aug-cc-pVTZ basis sets were conside
since it is generally accepted that the accurate calculatio
anionic systems demands for the inclusion of diffuse fu
tions. In Becke’s original work, electron affinities were n
considered due to the fact that the LSDA method does
bind negative ions.30 However, very recently, Galbraith an
Schaefer concluded in a study on F2 and F2 using DFT cal-
culation methods and Dunning’s correlation consistent ba
sets, that there was ‘‘no conclusive evidence to support
claims of negative ion instability.’’48 However, the perfor-
mance of DFT methods in the calculation of electron affi
ties remains relatively unstudied and it would be interest
to see if anionic instability occurs for other systems. T
results for B3LYP and B3PW91 with the aforemention
basis sets can be found in Table IV. As can be seen,
electron affinities are positive, indicating a more stable an
with respect to the neutral system. The differences occur
between the aug-cc-pVDZ and aug-cc-pVTZ basis set
minor, the only noticeable exception being Cl2. Looking at
the mean absolute deviations, it appears that B3PW91
forms slightly better than B3LYP, the mean difference on
being 0.02 eV. One can however conclude that the per
o. 8, 22 February 1997
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TABLE V. Calculated electron affinities~eV! for the LDA, BP86, and B-LYP levels.

Molecule

LDA BP86 BLYP

aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVDZ aug-cc-pV

C 2.21 2.22 1.63 1.63 1.34 1.34
CH 2.13 2.14 1.59 1.60 1.32 1.33
CH2 1.54 1.43 0.93 0.92 0.83 0.83
CH3 0.90 0.91 0.28 0.28 0.13 0.14
CN 4.47 4.49 3.90 3.90 3.75 3.76
NH 1.24 1.27 0.65 0.69 0.95 0.57
NH2 1.64 1.66 0.93 0.95 0.79 0.81
NO 0.86 0.82 0.43 0.39 0.32 0.28
O 2.55 2.63 1.89 1.90 1.80 1.81
OH 2.83 2.84 2.06 2.07 1.94 1.94
O2 1.01 1.02 0.59 0.59 0.55 0.55
F 4.64 4.63 3.78 3.76 3.69 3.67
Si 2.00 2.01 1.56 1.56 1.23 1.23
SiH 1.90 1.89 1.48 1.47 1.17 1.16
SiH2 1.76 1.75 1.37 1.36 1.08 1.07
SiH3 1.11 2.20 1.71 1.54 1.56 1.53
P 1.46 1.50 1.03 1.07 0.86 0.90
PH 1.71 1.74 1.19 1.22 1.01 1.04
PH2 1.94 1.96 1.37 1.38 1.17 1.18
PO 1.81 1.75 1.41 1.35 1.18 1.12
S 2.87 2.87 2.32 2.32 2.13 2.13
SH 3.07 3.06 2.47 2.45 2.27 2.25
S2 2.22 2.18 1.78 1.73 1.59 1.54
Cl 4.44 4.42 3.82 3.78 3.61 3.57
Cl2 3.15 2.97 2.99 2.81 2.95 2.79
BO 3.09 3.08 2.58 2.57 2.47 2.46
N3 3.54 3.55 2.81 2.80 2.62 2.62

mean absolute deviation
0.76 0.77 0.25 0.23 0.16 0.14
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mance of the exact-exchange functionals in the calculatio
electron affinities is exceptionally good, taking into cons
eration the fact that electron affinities werenot considered in
Becke’s data set for the determination of the three ‘‘a’’ pa-
rameters. Finally, the calculated electron affinities using
LDA, B-P86, and B-LYP methods using the aug-cc-pVT
basis set are depicted in Table V. Again, no negative elec
affinities are observed. LDA shows the worst performan
in this case, it is the B-LYP functional that yields overa
somewhat more accurate results than B-P86. Howe
B3LYP and B3PW91 show the lowest mean absolute de
tion from experiment.

The overall very good performance of the density fun
tional methods in the calculation of ionization energies a
electron affinities is obviously very promising for the acc
rate determination of electronegativities and hardnesses@cf.
Eqs.~6! and ~7!#, a problem that will be tackled in the nex
section.

C. Electronegativities and hardnesses

The calculation of electronegativities and hardness
subject to the following error sources:

~1! The finite difference approximation, due to the fact tha
J. Chem. Phys., Vol. 106, N
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a

numerical derivation with respect to the number of ele
trons can only be performed using a finite number
electrons~i.e.,DN561!.

~2! The form of the energy curveE5E(N) chosen; when
considering aN, N21, andN11 system, only a qua-
dratic and exponential curve can be fitted. Only wh
other systems with different~integralN! values are con-
sidered, other relationships can be looked for. The di
culty rises that almost all second electron affinities a
negative, so that the curve to theN11 electron side be-
comes less well described and that one usually stick
theN andN61 cases for proper balancing.

~3! The accuracy of the calculated energy values, due to
lack of a complete description of electron correlation
fects and basis set incompleteness.

It is only the last item that will be considered in th
section. Electronegativities and hardnesses for the first
second row atoms and some positive ions were calcula
using both the Pople type 6-31111G(3d f ,2p) basis set and
Dunning’s aug-cc-pVTZ basis. In addition, CCSD~T! calcu-
lations were performed on the same systems, in which all
electrons were correlated. The results are summarize
Tables VI–IX. Concentrating on the electronegativities o
tained with the 6-3111G(3d f ,2p) basis set, it can be see
that the worst performance is put in by the LDA method,
o. 8, 22 February 1997
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TABLE VI. Electronegativities calculated at the different DFT levels and with the CCSD~T! method, using the
6-31111G(3d f,2p) basis set, together with the experimental values. All values are in eV.

Atom/Ion LDA BP86 BLYP B3LYP B3PW91 CCSD~T! Expt.

H 7.38 7.29 7.17 7.27 ••• 7.07 7.18
Li 3.40 3.09 2.99 3.09 3.03 3.19 3.01
Be 4.85 4.52 4.34 4.45 4.41 4.40 4.9
B 5.08 4.68 4.49 4.57 4.59 4.21 4.29
C 7.18 6.60 6.36 6.45 6.52 6.20 6.27
N 8.10 7.56 7.38 7.41 7.38 7.05 7.30
O 8.54 8.03 7.94 7.88 7.71 7.32 7.54
F 11.56 10.75 10.65 10.61 10.48 10.24 10.41
Na 3.37 2.99 2.93 3.00 2.89 2.83 2.85
Mg 4.18 3.82 3.66 3.75 3.70 3.63 3.75
Al 3.71 3.37 3.07 3.20 3.31 3.13 3.23
Si 5.32 4.89 4.57 4.72 4.85 4.71 4.77
P 6.25 5.79 5.53 5.66 5.69 5.48 5.62
S 6.96 6.45 6.26 6.37 6.30 5.98 6.22
Cl 9.08 8.45 8.24 8.38 8.34 8.09 8.30
Li1 40.52 40.75 40.70 40.83 ••• 40.19 40.52
Na1 27.14 26.44 26.39 26.51 26.41 26.02 26.21
Be21 85.62 86.30 86.31 86.43 ••• 85.72 86.05
Mg21 48.58 47.81 47.84 47.98 47.84 47.34 47.59
Cl1 19.11 18.55 18.36 18.52 18.48 18.08 18.39
B31 147.72 148.91 148.96 149.05 ••• 148.32 148.65
Al31 75.26 74.46 74.56 74.71 74.54 73.99 74.22

mean absolute deviation
0.66 0.23 0.18 0.21 0.15 0.25

aExperimental values taken from Ref. 1.

TABLE VII. Hardnesses calculated at the different DFT levels and with the CCSD~T! method, using the
6-31111G(3d f,2p) basis set, together with the experimental values. All values are in eV.

Atom/Ion LDA BP86 BLYP B3LYP B3PW91 CCSD~T! Expt.

H 6.12 6.32 6.38 6.40 ••• 6.53 6.43
Li 2.47 2.46 2.53 2.53 2.52 2.57 2.39
Be 4.61 4.59 4.64 4.67 4.59 4.88 4.5
B 4.01 4.06 4.14 4.17 4.12 4.02 4.01
C 4.97 4.99 5.05 5.10 5.06 5.00 5.00
N 7.38 7.21 7.13 7.26 7.41 7.45 7.23
O 6.06 6.22 6.23 6.28 6.27 6.09 6.08
F 7.01 7.08 7.09 7.15 7.15 7.02 7.01
Na 2.40 2.34 2.43 2.42 2.38 2.29 2.30
Mg 3.98 3.89 3.97 3.97 3.84 3.95 3.90
Al 2.75 2.78 2.80 2.82 2.79 2.79 2.77
Si 3.35 3.36 3.38 3.40 3.39 3.37 3.38
P 4.77 4.74 4.65 4.72 4.86 4.96 4.88
S 4.11 4.15 4.15 4.18 4.18 4.10 4.14
Cl 4.65 4.66 4.67 4.69 4.69 4.62 4.68
Li1 34.65 35.20 35.19 35.22 ••• 34.42 35.12
Na1 21.37 21.10 21.04 21.09 21.14 20.90 21.08
Be21 66.94 67.93 67.80 67.83 ••• 67.58 67.84
Mg21 32.80 32.57 32.42 32.52 32.63 32.44 32.55
Cl1 5.39 5.45 5.45 5.45 5.45 5.37 5.42
B31 109.37 110.83 110.57 110.60 ••• 110.48 110.72
Al31 46.01 45.80 45.58 45.71 45.87 45.72 45.77

mean absolute deviation
0.21 0.05 0.09 0.08 0.08 0.13

aExperimental values taken from Ref. 1.
J. Chem. Phys., Vol. 106, No. 8, 22 February 1997
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TABLE VIII. Electronegativities calculated at the different DFT levels and with the CCSD~T! method, using
the aug-cc-pVTZ basis set, together with the experimental values. All values are in eV.

Atom/Ion LDA BP86 BLYP B3LYP B3PW91 CCSD~T! Expt.a

H 7.41 7.31 7.19 7.29 7.23 7.16 7.18
B 5.05 4.71 4.53 4.60 4.61 4.23 4.29
C 7.18 6.61 6.37 6.46 6.52 6.21 6.27
N 8.13 7.59 7.42 7.44 7.40 7.10 7.30
O 8.57 8.06 7.98 7.91 7.73 7.38 7.54
F 11.58 10.77 10.69 10.64 10.49 10.30 10.41
Al 3.74 3.40 3.12 3.24 3.34 3.18 3.23
Si 5.34 4.91 4.59 4.73 4.86 4.75 4.77
P 6.27 5.81 5.55 5.68 5.71 5.54 5.62
S 12.19 6.46 6.27 6.38 6.31 6.05 6.22
Cl 9.07 8.44 8.24 8.38 8.34 8.14 8.30
Cl1 19.12 18.56 18.37 18.53 18.49 18.14 18.39
B31 147.81 149.03 149.10 149.17 ••• 148.26 148.65
Al31 75.29 74.47 74.85 74.73 74.53 73.77 74.22

mean absolute deviation
1.15 0.27 0.20 0.20 0.14 0.19

aExperimental values taken from Ref. 1.
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could be expected. However, all gradient corrected meth
and the exact exchange methods perform better, compar
experiment, than the very powerful CCSD~T! method. The
lowest mean absolute deviation is found for the B3PW
method~which also showed the overall best performance
the calculation ofI andA!, followed by B-LYP. All of the
methods perform considerably less well in the calculation
ionic electronegativities; however, since these values
larger in magnitude anyway, the relative error is of the sa
magnitude as for the calculation of atomic electronegat
ties. Moreover, the general trend seems to exist that the
row atoms are considerably less well described than the
ond row atoms. This could be due to the fact that, due
their smaller size and thus larger effective nuclear charge
average external potential, the density falls off more rapid
giving rise to a higher density gradient, a situation that
J. Chem. Phys., Vol. 106, N
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perhaps less well described by the gradient corrected or
exact exchange functionals. Within the second row eleme
the electron density can be expected to behave much m
smoothly. In that case, the gradient corrected and exact
change methods may behave considerably better. As ca
seen, the performance of the DFT methods is around 0.05
worse than their average performance in the calculationI
and A. In most of the atomic cases, all the DFT metho
overestimate the ionization energy and the electron affin
thus giving rise to error amplification when the electroneg
tivity is calculated as the mean ofI and A. When this is
indeed the case, calculated hardnesses should be clos
experiment. It can be seen from Table VII that this is inde
the case. The mean absolute deviation for the local den
approximation is reduced to one-third as compared to
electronegativities; the best performance is now due
TABLE IX. Hardnesses calculated at the different DFT levels and with the CCSD~T! method, using the
aug-cc-pVTZ basis set, together with the experimental values. All values are in eV.

Atom/ion LDA BP86 BLYP B3LYP B3PW91 CCSD~T! Expt.

H 6.10 6.30 6.35 6.38 ••• 6.44 6.43
B 4.85 4.03 4.09 4.14 4.10 4.00 4.01
C 4.96 4.98 5.03 5.08 5.06 4.99 5.00
N 7.33 7.16 7.08 7.22 7.38 7.39 7.23
O 5.94 6.16 6.17 6.23 6.23 6.05 6.08
F 6.95 7.01 7.02 7.11 7.10 6.98 7.01
Al 2.72 2.75 2.75 2.78 2.78 2.76 2.77
Si 3.34 3.35 3.36 3.39 3.38 3.36 3.38
P 4.77 4.73 4.64 4.71 4.85 4.93 4.88
S 21.10 4.15 4.15 4.18 4.18 4.10 4.14
Cl 4.65 4.67 4.67 4.70 4.70 4.64 4.68
Cl1 5.39 5.45 5.45 5.46 5.45 5.37 5.42
B31 109.43 110.94 110.67 110.69 ••• 110.42 110.72
Al31 46.03 45.81 45.37 45.72 45.86 45.65 45.77

mean absolute deviation
0.61 0.06 0.09 0.06 0.06 0.06

aExperimental values taken from Ref. 1.
o. 8, 22 February 1997
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B-P86, followed by B3LYP, B3PW91, and B-LYP. Again
all the DFT methods perform better than the CCSD~T!.
These results are very hopeful indeed for calculating e
tronegativities and hardnesses to a very good accuracy a
acceptable computational cost. From the results obtaine
the calculation of electronegativities and hardnesses o
atoms and ions, B3LYP and B3PW91 emerge as the
DFT methods to calculate the properties, when a basis s
spd f zeta quality is used. Figures 1 and 2 show a plot of
B3LYP electronegativities and hardnesses with respect to
experimental values, showing indeed a very good corr
tion.

Tables VIII and IX summarize the results for the ele
tronegativities and hardness obtained using Dunning’s a
cc-pVTZ basis set, for a less extended set of atoms and i
Exactly the same conclusions can be drawn. For this basi
however, the CCSD~T! methods seems able to keep up t
performance with the DFT methods. This could be due t

FIG. 1. Correlation of the B3LYP/6-31111G(3d f,2p) electronegativities
with experiment~r 250.999 98,n522!.

FIG. 2. Correlation of the B3LYP/6-31111G(3d f,2p) hardnesses with
experiment~r 250.999 99,n522!.
J. Chem. Phys., Vol. 106, N

Downloaded¬12¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬t
c-
an
in
2
st
of
e
he
a-

g-
s.
set

a

more effective description of electronic correlation effec
with this basis set. The LDA method however performs co
siderable less well in the calculation of electronegativities
compared to the Pople type basis set. The same can be
for the hardnesses. The same general conclusions hold
the Pople basis set, the best overall performance being du
B3LYP and B3PW91.

IV. CONCLUSIONS

The performance of two exact exchange density fu
tionals B3LYP and B3PW91 in the calculation of ionizatio
energies and electron affinities was investigated using D
ning’s correlation consistent basis sets. Comparison
made with other DFT methods and experiment. In the cal
lation of ionization energies, there is not much to choo
between the two functionals, both giving a mean absol
deviation of 0.15 eV for a basis set ofspd f quality. How-
ever, mean absolute deviations of this magnitude are
found for the electron affinities, not previously included
Becke’s work. Finally, electronegativities and hardnes
were calculated for some atoms and cations using bot
Pople and Dunning type of basis set; the results were c
pared with both experiment and high level CCSD~T! calcu-
lations. Again, B3LYP and B3PW91 evolve as the metho
to be preferred in the calculation of these properties.

ACKNOWLEDGMENTS

F.D.P. wishes to acknowledge the Belgian Nation
Fund for Scientific Research~N.F.W.O.! for a postdoctoral
fellowship. P.G. thanks the N.F.W.O. and the V.U.B. f
continuous support. The authors wish to thank Dr. J. M.
Martin for stimulating discussions.

1R. G. Parr and W. Yang,Density Functional Theory of Atoms and Mo
ecules~Oxford University Press, New York, 1989!.

2Density Functional Methods in Chemistry, edited by J. Labanowski and J
Andzelm ~Springer, New York, 1991!.

3T. Ziegler, Chem. Rev.91, 651 ~1991!.
4Theoretical and Computational Chemistry, Vol. 2, Modern Density Fu
tional Theory; A Tool for Chemistry, edited by P. Politzer and J. Sem
nario ~Elsevier, Amsterdam, 1995!.

5P. Hohenberg and W. Kohn, Phys. Rev. B.136, 864 ~1964!.
6W. Kohn and L. J. Sham, Phys. Rev.140, 1133~1065!.
7J. Andzelm and E. Wimmer, J. Chem. Phys.96, 1280~1991!.
8B. G. Johnson, P. M. W. Gill, and J. A. Pople, J. Chem. Phys.98, 5612
~1993!.

9J. Baker, M. Muir, and J. Andzelm, J. Chem. Phys.102, 2063~1995!.
10For a very recent review of the different exchange correlation function
see e.g., R. Neumann, R. H. Nobes, and N. C. Handy, Mol. Phys.87, 1
~1996!.

11L. Pauling,The Nature of the Chemical Bond~Cornell University Press,
Ithaca, NY, 1960!.

12R. S. Mulliken, J. Chem. Phys.2, 782 ~1934!.
13For a detailed review of the different electronegativity scales, see e.g
Mullay, in Electronegativity (Structure and Bonding, Vol. 66), edited by
K. D. Sen and C. K. Jo”rgenson~Springer, Berlin, 1987!, p. 1.

14R. G. Parr, R. A. Donnelly, M. Levy, and W. E. Palke, J. Chem. Phys.69,
3801 ~1978!.

15R. G. Parr and R. G. Pearson, J. Am. Chem. Soc.105, 1503~1983!.
16R. G. Parr and W. Yang, Annu. Rev. Phys. Chem.46, 701 ~1995!.
17P. Geerlings, F. De Proft, and W. Langenaeker inDensity Functional
Methods: Applications in Chemistry and Materials Science, edited by M.
Springborg~Wiley, New York, 1996!.
o. 8, 22 February 1997

o¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



.

-

ic

em

ys

em

nal

P.
A.
G.
W.
L.
, M.
rgh,

hys.

e, L.

3279F. De Proft and P. Geerlings: Density functional methods
18F. De Proft, W. Langenaeker, and P. Geerlings, J. Phys. Chem.97, 1826
~1993!.

19A. Baeten, F. De Proft, and P. Geerlings, Int. J. Quantum Chem.60, 931
~1996!.

20P. Geerlings, W. Langenaeker, F. De Proft, and P. Geerlings, inTheoreti-
cal and Computational Chemistry, Vol. 3, edited by K. D. Sen and P
Politzer ~Elsevier, Amsterdam, 1996!.

21P. Carsky and M. Urban,Ab initio Calculations (Lecture Notes in Chem
istry 16) ~Springer, Berlin, 1980!, p. 74.

22J. Simons and K. Jordan, Chem. Rev.87, 535 ~1987!.
23C. Mo” ller and M. S. Plesset, Phys. Rev.46, 618 ~1934!.
24I. Shavitt, inModern Theoretical Chemistry: Vol. 3. Methods of Electron
Structure Theory, edited by H. F. Schaefer III~Plenum, New York, 1977!,
p. 189.

25R. J. Bartlett, J. Phys. Chem.93, 1697~1989!.
26K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon, Ch
Phys. Lett.157, 479 ~1989!.

27P. M. W. Gill, B. G. Johnson, J. A. Pople, and M. J. Frisch, Chem. Ph
Lett. 197, 499 ~1992!.

28L. A. Curtiss, K. Raghavachari, G. W. Trucks, and J. A. Pople, J. Ch
Phys.94, 7221~1991!.

29J. Harris, Phys. Rev. A29, 1648~1984!.
30A. D. Becke, J. Chem. Phys.98, 5648~1993!.
31A. D. Becke, Phys. Rev. A.38, 3098~1988!.
32J. P. Perdew and Y. Wang, Phys. Rev. B.45, 13244~1992!.
33C. W. Bauschlicher Jr. and H. Partridge, Chem. Phys. Lett.240, 533

~1995!.
34C. W. Bauschlicher Jr., Chem. Phys. Lett.246, 40 ~1995!.
35F. De Proft, J. M. L. Martin, and P. Geerlings, Chem. Phys. Lett.250, 393

~1996!.
J. Chem. Phys., Vol. 106, N

Downloaded¬12¬Jun¬2007¬to¬140.123.5.16.¬Redistribution¬subject¬t
.

.

.

36F. De Proft, J. M. L. Martin, and P. Geerlings, Chem. Phys. Lett.256, 400
~1996!.

37P. Geerlings, F. De Proft, and J. M. L. Martin, inTheoretical and Com-
putational Chemistry, Vol. 5. Recent Developments in Density Functio
Theory, edited by J. Seminario~Elsevier, New York, 1996!.

38T. H. Dunning, Jr., J. Chem. Phys.90, 1007~1989!.
39GAUSSIAN 94, Revision B.3, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G.
Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V.
Zakrzewski, J. V. Ortiz, J. B. Foresman, C. Y. Peng, P. Y. Ayala,
Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R.
Martin, D. J. Fox, J. S. Binkley, D. J. DeFrees, J. Baker, J. P. Stewart
Head-Gordon, C. Gonzalez, and J. A. Pople, Gaussian, Inc., Pittsbu
1995.

40J. C. Slater, Phys. Rev.81, 385 ~1951!.
41S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys.58, 1200~1980!.
42D. M. Ceperley and B. J. Alder, Phys. Rev. Lett.45, 566 ~1980!.
43C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B37, 785 ~1988!.
44J. P. Perdew, Phys. Rev. B33, 8822~1986!.
45P. J. Stevens, F. J. Devlin, C. F. Chablowski, and M. J. Frisch, J. P
Chem.98, 11623~1994!.

46R. A. Kendall, T. H. Dunning, Jr., and R. J. Harrison, J. Chem. Phys.96,
6796 ~1992!.

47For a detailed account on these type of basis sets, see W. J. Hehr
Radom, P. von Rague´ Schleyer, and J. A. Pople,Ab Initio Molecular
Orbital Theory~Wiley, New York, 1986!.

48J. M. Galbraith and H. F. Schaefer III, J. Chem. Phys.105, 862 ~1996!.
o. 8, 22 February 1997

o¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp


