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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 sets19@y American Institute

of Physics[S0021-96067)00906-9

I. INTRODUCTION The implementation of the Kohn—Sham equations in stan-

) o o o dard quantum chemical programs, together with the develop-
Since the beginning of the nineties, a growing interesinent of high-level exchange-correlation functionfihas

has existed for density functional methods as an alternativg,qited in numerous studies employing this methodology.

to traditional ab initio MO methods. Density functional An at least as important aspect of DFT, next to its com-
1-4 : . ,

theory (DFT)™™" uses the electron densip(r) as the basic , tational advantages is, in our opinion, the fact that many

variable of an faltomic or molecular system instead of the;qmmonly used chemical concepts receive a precise defini-
wave function¥; due to the Hohenberg—Kohn theorefra, o, permitting their nonempirical evaluation and accurate

the basis of the theory, atomic or molecular properties can bg,|cylation. One of these concepts is the electroneg-

expressed as a functional of this electron density direCt'%tivity“‘”(denoted hereafter 8. Introduced by Pauling in
from a minimization of the atomic or molecular energy func- 1o 1930's as the power of an atom in a molecule to attract

tional. Using a variational procedure minimizing the atomic gjactrons to itself. this property was shown by Retral. to
or molecular energf with the constraint that the integration o the negative 6]: the Lagrange multiplir® Parr et al.
of the electron density should yield the number of electrongpg\wed that

N
JE

E—Mf p(r)dr>=0, (1) “:_X:(TN)U' @

In 1983, the chemical hardnegswvas introduced by Parr
and Pearson &3

1

the famous Euler equation is obtained

m=v(r)+ dr’'+ —+ovyc(r), 2 e
IN?

Ir=r’| Sp =5

©)

with x the Lagrange multiplier called the electronic chemical
potential,v (r) the external potentidi.e., due to the nuclgi

T the kinetic energy functional angd,(r) the exchange cor-
relation potential, being the functional derivative of the ex-
change correlation enerdyy: with respect to the electron

The hardness measures a chemical species’ resistance to
charge transfer, whereas the electronegativity expresses its
initial attraction towards electronic charge. Both quantities
have been shown to be very important in the elucidation and
interpretation of chemical reactiviy,amongst other acid—

densit
Y base reaction¥.
_ OExc Using a finite difference approximation and a quadratic
vxc(r)= Sp ) relationship between the ener@yand the number of elec-

) o ] tronsN, both definitiong4) and(5) are transformed into the
Kohn and Shafhturned this equation into a practical following working equations:

calculation tool by introducing orbitals in the unknown Kki-
netic energy functional. Among others, the performance of _I+A

density functional methods in the calculation of atomic or X 2 ©®
molecular properties has received much attention in the last
years(see, e.g., Refs. 7-9 and references in these gapergn
I—A
a = "5 (7)
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TABLE |. Performance of the B3LYP functional with various basis sets in Popleet al. investigated the performance of the B-LYP
the calculation of ionization energies. All values are in eV. exchange correlation functional in the calculation of atomi-
Molecule cc-pvDZ cc-pVTZ aug-cc-pVDZ aug-cc-pvTz Expr.  Z&tion energies, ionization energies, electron affinities and
proton affinities using the 6-31@J, 6-31+G(d), 6-311

E 12?68‘; 1523 1365 13.67 241§é60 +G(2df,p), and 6-311%G(3df,2p) basis setd’ In a test on
B 576 8.74 876 8.74 8.30 thezénolecules of the weII—.kn.own G2 thermochemmgl Qata
c 11.52 1153 11.57 11.54 1126 Set:®a mean absolute deviation of 0.195 eV for the ioniza-
N 14.57 14.69 14.69 14.66 14.54 tion energieg42 moleculesand 0.137 eV for the electron
o) 13.92 14.09 14.14 14.14 13.61 affinities (25 moleculeswas found for the largest basis set.
F 1744 1766 17.78 17.74 1742 Among the Kohn—Sham methods, a lot of interest recently
Ne 21.32 21.62 21.81 21.73 21.56
arose for the so-called exact-exchange methods e.g., B3LYP
Al 6.03 6.01 6.03 6.02 5.98 ) ; X
Si 811 811 813 812 515 and B3PW91. Based on the adiabatic connection thefem,
P 10.37 10.62 10.41 10.39 10.49 Becke introduced the following form for the exchange cor-
S 10.49 10.55 10.55 10.56 10.36 relation energy function3l
Cl 13.03 13.06 13.10 13.07 12.97 LSDA . LsDA 5 owoL
Ar 15.79 15.79 15.86 15.80 15.76 Exc=Exe +ag(EX-Ex"") +ayAEy+acAEg
CH, 12.33 12.46 12.39 12.45 12.62 (8)
NH; 9.86 10.08 10.17 10.19 1018 LSDA i i
OH 12.80 13.10 13.20 13.21 13.01 With Exg ™" the uniform electron gas exchange correlation
OH, 12.11 12.45 12.60 12.60 1262 energy,ES®the Hartree—Fock exchange energy based on
FH 1552 1591 16.10 1607 1604 Kohn—Sham orbitals andES and AEZ"! Becke’s 1988"
SiH, 1084 10.89 10.85 10.88 1100 and Perdew and Wang's 1981gradient corrections for ex-
PH 10.15 10.17 10.19 10.18 1015 d lati tivelv. Th
PH, 0.89 9.93 0.04 9.93 982 Change and correlation respectively. The parametgrsy ,
PH, 9.77 0.82 9.83 0.82 987 anda. were fitted to thermochemical data, consisting of 56
SH 10.37 10.45 10.46 10.47 10.37 atomization energies, 42 ionization potentials, and 8 proton
SHZ(zBl) 10.31 10.39 10.41 1041 1047 affinities, thus making it a semiempirical theory. The values
SH(A) 1252 1261 12.63 1263 1278 {or 3, ay, anda, were 0.20, 0.72, and 0.81, respectively.
CH 12.64 12.71 12.76 12.73 12.75 The basi td q £ the B3LYP method in th
HCCH 11.08 1123 11.18 11.24 11.40 € basiS set dependence of the method In the
H,CCH, 10.16 1031 10.24 10.29 1051 calculation of atomization energies was recently studied by
co 14.06 14.15 14.21 14.18 14.01 Bauschlicher, and a comparison was made with high level
Nz(zzg) 15.61 15.78 15.80 15.83 15.58 ab initio MO methods. In a test on 55 atomization energies
N(Tl,) 1642 16.61 16.56 16.65 1670 of the G2 molecules, it was found that B3LYP yielded at-
0, 12.44 12.50 12.64 1257 12.07 i . ior to CCED ler basi
P, 10.75 10.74 10.82 10.76 1053 Omization energies superior to D for smaller basis
s, 9.62 9.57 9.67 9.58 936 Sets, _whgereas for the . larger basis set, CO3Dwas
Cl, 11.48 11.39 11.51 11.40 1150 superior’® Furthermore, it was found that B3P86 showed
CIF 12.61 12.57 12.76 12.64 12.66 errors similar to B3LYP for geometries and zero-point ener-
SC 1145 1143 11.54 11.46 1133 gjes as B3LYP but performed considerably less well than the
mean absolute deviation latter for atomization energi€s.
0.18 0.15 0.18 0.15 In this contribution, and as a sequal to our previous stud-

ies in which we concentrated on the performance of various
DFT methods in the calculation of charge distributions, di-

pole moments, infrared properties, and reactivity descrip-

35-37 o8 H
with | andA the ionization energy and electron affinity, re- ©0rS;~ e will investigate the performance of the B3LYP

spectively. and B3PW91 exchange correlation functionals in the calcu-
Calculation of the electronegativities and hardnesses foation of ionization energies and electron affinities, using

an atom, molecule or molecular fragment as presented by Jgunning’s correlation consistent basis s&t&or the largest
in the past®1®and used in reactivity studies in organic, in- basis set, a comparison is made with results obtained using

organic, and biochemist?/:2° thus requires the accurate the local density approximatiofLDA), and two gradient

evaluation of the system’s ionization energy and electrorfOrrected density functionals B-P86 and B-LYP. Finally,
affinity. Both of these quantities are known to be |arge|yelectronegat|V|t|es and hardnesses are calculated for neutral

influenced by the incorporation of electron correlation in the®t0ms and ions and compared with experiment and QT5D

calculation method and require the use of large basi€€Sults using the same basis set.

sets??2which becomes prohibitive for larger molecular sys-

tems._ In this aspect, DFT method; are very promising, sinCﬁ_ COMPUTATIONAL DETAILS

they incorporate electron correlation at a much lovieand

affordablg cost than traditional wave function correlated cal- All calculations were performed using tlBAUSSIAN94
culation methods, such as/Mer—Plesset perturbation theory prograni® running on the Cray J916/8-1024 of the Brussels
(MP),%® configuration interactiodCl),2* or coupled cluster Free Universities Computer Centre. The DFT methods con-
methodé® [e.g., the much used CC$D?® method. sidered were:

#Experimental values taken from Refs. 27 and 28.
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D

(2)

3

TABLE II. Performance of the B3PW91 functional with various basis sets in the calculation of ionization
energies. All values are in eV.

Molecule  cc-pVDZ cc-pVTZ aug-cc-pVDZ  aug-cc-pVTZ  Expt.A(aug-cc-pVTZ  A(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
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
CH, 12.30 12.38 12.33 12.38 1262  -0.24 -0.15
NH, 9.84 10.02 10.10 10.11 1018  —0.07 ~0.06
OH 12.75 13.00 13.08 13.09 13.01 0.08 0.08
OH, 12.11 12.40 12.53 12.53 12.62  —0.09 -0.08
FH 15.55 15.86 16.04 15.99 16.04  —0.05 —0.05
SiH, 10.82 10.83 10.80 10.83 11.00  -0.17 -0.15
PH 10.30 10.30 10.32 10.31 10.15 0.16 0.16
PH, 10.01 10.03 10.03 10.03 9.82 0.21 0.21
PH, 9.75 9.77 9.78 9.78 987  —0.09 ~0.06
SH 10.36 10.41 10.41 10.42 10.37 0.05 0.06
SH,(®B,)  10.33 10.38 10.40 10.39 1047  —0.08 —0.05
SH,(A,) 1254 12.59 12.62 12.61 12.78  -0.17 -0.14
CIH 12.69 12.71 12.76 12.72 12.75  —0.03 -0.01
HCCH 11.10 11.21 11.16 11.21 1140  —0.19 -0.17
H,CCH, 10.17 10.30 10.22 10.26 1051  —0.25 -0.15
co 13.97 14.03 14.07 14.04 14.01 0.03 0.04
No(%S,) 15.61 15.73 15.75 15.76 15.58 0.18 0.19
N,(3IT,) 16.47 16.61 16.56 16.63 16.70  —0.07 -0.07
0, 12.43 12.43 12.56 12.48 12.07 0.41 0.39
P, 10.82 10.78 10.85 10.79 10.53 0.26 -0.12
S, 9.71 9.62 9.72 9.63 9.36 0.27 0.22
cl, 11.53 11.39 11.51 11.39 1150  -0.11 -0.15
CIF 12.64 12.54 12.73 12.58 12.66  —0.08 -0.11
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

*Experimental values taken from Refs. 27 and 28.

The local density approximatiofiDA), which actually relation-consistent polarized valence triple 2etaa
uses Slater's expression for exchan@®*f and Vosko, [4s3p2d1f/3s2pld] contraction of a (165p2d1f/
Wilk, and Nusair's expression for the correlation energy5s2p1d) primitive set®® Next to these two basis sets, we
of the uniform electron g4 (VWN), parametrized us- also considered the aug-cc-pVDZ and aug-cc-PVTZ basis
ing Ceperly and Alders quantum Monte Carlo resfiits. sets to calculate this property, where a diffuse function of
The gradient corrected B-LYP and B-P86 functionals,each angular momentum is added to the originalf%&he
using Becke's 1988 gradient correction for exchange geometries of both the neutral systems and the ions were
and Lee, Yang, and Parf$or Perdew's 1988 expres-  fylly optimized at all DFT levels and with all basis sets.
sion for the correlation energy functional. Furthermore, the zero-point vibrational energy obtained from
The exact exchange functionals B3LYP and B3PWAL, 4 yiprational frequency calculation at the corresponding level

using the implignenyatio_n of this functional in tBeUSS- 55 includedusing unscaled vibrational frequendies
IAN94 program,” which is a slightly altered expression  A¢omic and ionic electronegativities and hardnesses fi-

as compared to the original proposed by Beide. (8)]. nally were obtained using the the Pople 6-311
lonization energies were calculated using the following++G(3df,2p)*’ and Dunning aug-cc-pVTZ basis sets. For

basis sets: the cc-pVD&orrelation-consistent polarized va- these quantities, also CC$D calculations were performed
lence double zejawhich is a [32p1d/2s1p] contraction of in which all the electrons were included in the correlation
a (9s4pld/4slp) primitive set, and the cc-pVTZcor- treatment.
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TABLE lll. Performance of the different density functional methods with merical results. Furthermore, since electron affinities were
the aug-cc-pVTZ basis set in the calculation of ionization energies. A”not included at all in Becke's analysis and consequently nei-
values are in eV. oL

ther electronegativities nor hardnesses were calculated, these
Molecule LDA B-P86 B-LYP Expt. properties definitely merit investigation.
Tables | and Il list the obtained ionization energies for

; lg’:gg 183.';"; 1:_'2’; l;fg the B3LYP and B3PW91 methods, for the four basis sets,
I 12.14 11.59 11.40 11.26 together with the experimental values, taken from Refs. 27
N 15.46 14.76 14.50 14.54 and 28. At the bottom of the Table, the mean absolute de-
0 14.51 14.22 14.15 1361 vijation from experiment is listed for each basis set. As can be
Ee ;252 Z?’; Zg Z‘;é seen from these Tables, the B3LYP and B3PW91 functionals
Al 6.46 6.15 587 508 show a comparable performance in the calculation of the
Si 8.68 8.26 7.95 8.15 ionization energies. The cc-pvVDZ and aug-cc-pVDZ bases
P 11.03 10.54 10.19 10.49 nearly show the same mean absolute deviation from experi-
S 11.09 10.61 10.42 1036 ment as do the cc-pVTZ and aug-cc-pVTZ basis sets. How-
E'r ig;g ig;; ié:gi ig:% ever, some remarks should be made. Comparing with the
CH, 12.82 13.04 12.22 12.62 other three basis sets, the cc-pVDZ basis sets performs con-
NH; 10.96 10.27 10.12 10.18 siderably worse for hydrogen fluoride. The absolute devia-
OH 13.91 13.27 13.17 13.01 tions of 0.52 for B3LYP and 0.49 eV for B3PW91 are
OH, 13.45 12.68 12.54 1262 among the largest of all species for this basis set. This feature
E:LA ﬂ.‘g; ig:%g ig:gs if:gg is also encountereql ford®, NH;, and OH. Finally, focusing
PH 10.75 10.30 0.98 10.15 on the largest basis sets, the worst performances occur for
PH, 10.44 10.04 9.75 9.82 the first row atoms and the diatomics ND,, P,, and S, as
PH, 10.44 9.88 9.70 9.87 was also found in the original work by Becke. From these
SH 11.08 10.51 10.32 10.37 yesults, it can however be decided, that, apart from some
SH,(?B)) 11.08 10.46 10.25 10.47 : : . .
SHy(?A,) 13.18 12.64 12.44 12.78 excepnons, the cc-pVDZ k_)as_|s s_et alread)_/ gives rellz_ible re-
CIH 13.43 12.77 12.56 12.75 sults in the calculation of ionization energies; extending the
HCCH 12.09 11.31 11.12 11.40 basis set tespdf quality further reduces the error. As com-
H,CCH, 11.01 10.34 10.15 10.51 pared to the native cc-pVXZwith X=D or T) basis set,
co 14.59 14.01 13.90 1401 introducing augmented functions has a minor influence. Ex-
No(%Sg) 16.14 15.49 15.35 15.58 . : ) .
N,CIL) 17.59 16.63 16.44 16.70 ceptions to this statement are the first row hydrides HQH
0, 12.85 12.37 12.30 12.07 OH, and NH; for the CC-pVDZ and the aug-cc-PVDZ, where
P, 11.30 10.74 10.49 10.53 indeed the incorporation of augmented functions results in a
S 9.96 9.54 9.30 9.36 dramatic improvement of the ionization energy. This effect is
Cl, 11.80 11.28 11.08 1150 much less pronounced for the cc-pVTZ and aug-cc-pVTZ
g'CF 1131'_%66 112;33 11132"; 1121632 bgsis set, an indicati_on that the ql_Jantity_ is indeed conve_rg_ing
with respect to basis set extension. Finally, a comparision
mean absolute deviation can be made between B3LYP and B3PW91. Concentrating
0.69 0.17 0.19 on the largest basis set, there really is not much to choose
aExperimental values taken from Refs. 27 and 28. between these two levels of theory. However, there are some

differences. BAPW91 seems to perform considerably better

for some molecules containing a triple bond, namely CO,
11l. RESULTS AND DISCUSSION N,, CS, and Q, whereas B3LYP performs better for GH
and NH;. No obvious reason exists for this behavior; how-
ever, in a previous study, we have already shown that

In a first part, the performance of B3LYP and B3PW91 B3PW91 performs slightly better than B3LYP for charge

in the calculation of ionization energies is investigated, usinglistributions where a considerable pile-up of electrons in cer-
the molecules from the G2 thermochemical data set. An intain molecular regions, such as e.g., triple bonds, occurs.
troductory remark concerning this point has to be made. As iFinally, we list in Table 1l the deviation from experiment for
was stated in the introduction, the parametgysay, anda:.  the aug-cc-pVTZ basis set, together with thevalues, the
were fitted to thermochemical data, among which are ionizadeviations from experiment obtained by Becke from a nu-
tion energies of the molecules that will be studied in thismerical implementation, which was then used to fit the three
work. The reader might therefore rightly wonder whether our* a” parameters. As can be seen, all deviations have the
results would not be a foregone conclusion. However, thesame sign as Becke’s, the only noticeable exception being
results obtained by Becke result from numerical Kohn—Shan®,. Since the mean absoluted deviations are almost always
orbitals and the performance of the methods using finiteequal to the ones obtained by Becke, it can thus be con-
Gaussian basis sets has to our knowledge never been inveduded that using a basis set ipdf quality (being the cc-
tigated. Therefore in this work we will study the basis setpVTZ or aug-cc-pVTZ basis sgtone has essentially arrived
dependence and compare with Becke’s “basis set free” nuat the point of basis set convergence. Moreover, the mean

A. lonization energies
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TABLE IV. B3LYP and B3PW91 electron affinities of some selected molecules with the aug-cc-pVDZ and
aug-cc-pVTZ basis sets. All values are in eV.

B3LYP B3PWI1
Molecule aug-cc-pvDZ aug-cc-pvTZ aug-cc-pvDZ aug-cc-pvVTZ  Expt.
Cc 1.37 1.37 1.47 1.47 1.26
CH 1.36 1.36 1.43 1.43 1.24
CH, 0.80 0.79 0.63 0.62 0.65
CH; 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
NH, 0.75 0.76 0.63 0.64 0.74
NO 0.42 0.36 0.34 0.28 0.02
(0] 1.68 1.68 1.51 1.50 1.46
OH 1.85 1.84 1.72 1.71 1.83
0O, 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
SiH, 1.20 1.19 1.28 1.27 1.12
SiH; 1.65 1.62 1.56 1.54 1.44
P 0.93 0.64 0.82 0.86 0.75
PH 1.09 111 1.01 1.03 1.00
PH, 1.26 1.27 1.21 1.22 1.26
PO 1.36 1.28 1.38 131 1.09
S 221 2.21 2.15 2.13 2.08
SH 2.36 2.34 2.32 2.29 231
S, 1.77 1.71 1.73 1.66 1.66
Cl 3.72 3.68 3.69 3.64 3.62
Cl, 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

2All experimental values were taken from Refs. 27 and 28 except the ones for BO,dakieN fromHandbook
of Chemistry and Physic§5th ed.(CRC, Boca Raton, FL, 1995

absolute deviation found in the work of Becke is 0.14 eV,tional molecules, BO and N For this property, only the
whereas, in this work and for the largest basis sets, 0.15 e¥ug-cc-pVDZ and aug-cc-pVTZ basis sets were considered
is found. since it is generally accepted that the accurate calculation of
Table Il lists the ionization energies for the species withanionic systems demands for the inclusion of diffuse func-
the largest basis set for the LDA method together with thajons. In Becke’s original work, electron affinities were not
B-P86 and B-LYP methods. The largest mean absolute desonsidered due to the fact that the LSDA method does not
viation is found for the LDA method. For the B-LYP ping negative iond However, very recently, Galbraith and
me_thoq, a mean absolute deviation of 0.197 eV is _foundSchaefer concluded in a study on Bnd F using DFT cal-
which is essentially the same as the 0.195 eV of Gill and;jation methods and Dunning’s correlation consistent basis
co-workers found for this functional using the 6-311 o5 that there was “no conclusive evidence to support the
+G(3df,2p) basis set. However, in their work, the addi- claims of negative ion instability*® However, the perfor-

tlonal systems He, Li, Be_, Na, and Mg were _con&deredmance of DFT methods in the calculation of electron affini-
which were not calculated in the present work since correla-. . : : . . .
. . . ties remains relatively unstudied and it would be interesting
tion consistent basis sets have not been reported for the

e ) o -
atoms yet. The smallest mean absolute deviation howeverl%g see if anionic instability occurs for other systems.. The
found for the BP86 method:; it thus appears that the P8 esults for B3LYP and B3PW91 with the aforementioned

correlation functional is performing somewhat better in the asls sets .cgn be found' .|n T'abI.e I\,/' As can be seen,' all
calculation of ionization energies than the LYP functional. electron affinities are positive, indicating a more stable anion
with respect to the neutral system. The differences occurring

o between the aug-cc-pVDZ and aug-cc-pVTZ basis set are
B. Electron affinities minor, the only noticeable exception being, CLooking at
In a second part, electron affinities were calculated fothe mean absolute deviations, it appears that B3PW91 per-
some selected atomic or molecular systems, again the molerms slightly better than B3LYP, the mean difference only
ecules from the G2 thermochemical data set, and two addbeing 0.02 eV. One can however conclude that the perfor-
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TABLE V. Calculated electron affinitieeV) for the LDA, BP86, and B-LYP levels.

LDA BP86 BLYP
Molecule aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ aug-cc-pvVDZ  aug-cc-pVTZ
C 221 2.22 1.63 1.63 1.34 1.34
CH 2.13 2.14 1.59 1.60 1.32 1.33
CH, 1.54 1.43 0.93 0.92 0.83 0.83
CH, 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
NH, 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
(0] 2.55 2.63 1.89 1.90 1.80 181
OH 2.83 2.84 2.06 2.07 1.94 1.94
O, 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
SiH, 1.76 1.75 1.37 1.36 1.08 1.07
SiH; 111 2.20 171 154 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
PH, 1.94 1.96 1.37 1.38 117 1.18
PO 1.81 1.75 141 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
S, 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
Cl, 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 calculation of
electron affinities is exceptionally good, taking into consid-

eration the fact that electron affinities waret considered in
Becke’s data set for the determination of the threg pa-

rameters. Finally, the calculated electron affinities using the
LDA, B-P86, and B-LYP methods using the aug-cc-pVTZ

basis set are depicted in Table V. Again, no negative electron
affinities are observed. LDA shows the worst performance;
in this case, it is the B-LYP functional that yields overall

somewhat more accurate results than B-P86. However,
B3LYP and B3PW91 show the lowest mean absolute devia-

tion from experiment.

The overall very good performance of the density func-(3)
tional methods in the calculation of ionization energies and
electron affinities is obviously very promising for the accu-

rate determination of electronegativities and hardnegses

Egs.(6) and(7)], a problem that will be tackled in the next

section.

C. Electronegativities and hardnesses

The calculation of electronegativities and hardness i

subject to the following error sources:

numerical derivation with respect to the number of elec-
trons can only be performed using a finite number of
electrons(i.e., AN==*1).

The form of the energy curv&=E(N) chosen; when
considering aN, N—1, andN+1 system, only a qua-
dratic and exponential curve can be fitted. Only when
other systems with differeriintegralN) values are con-
sidered, other relationships can be looked for. The diffi-
culty rises that almost all second electron affinities are
negative, so that the curve to thet+ 1 electron side be-
comes less well described and that one usually sticks to
the N andN =1 cases for proper balancing.

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

It is only the last item that will be considered in this

section. Electronegativities and hardnesses for the first and
second row atoms and some positive ions were calculated
using both the Pople type 6-31t1G(3df,2p) basis set and
Dunning’s aug-cc-pVTZ basis. In addition, CCED calcu-
lations were performed on the same systems, in which all the
electrons were correlated. The results are summarized in
Srables VI—IX. Concentrating on the electronegativities ob-
tained with the 6-313+G(3df,2p) basis set, it can be seen

(1) The finite difference approximation, due to the fact that athat the worst performance is put in by the LDA method, as
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TABLE VI. Electronegativities calculated at the different DFT levels and with the C@$Method, using the
6-311++G(3df,2p) basis set, together with the experimental values. All values are in eV.

Atom/lon LDA BP86 BLYP B3LYP B3PWO1 CCsa) 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
(0] 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
Li* 40.52 40.75 40.70 40.83 40.19 40.52
Na* 27.14 26.44 26.39 26.51 26.41 26.02 26.21
Be&?* 85.62 86.30 86.31 86.43 85.72 86.05
Mg?* 48.58 47.81 47.84 47.98 47.84 47.34 47.59
cI* 19.11 18.55 18.36 18.52 18.48 18.08 18.39
B3* 147.72 148.91 148.96 149.05 148.32 148.65
Al%* 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

#Experimental values taken from Ref. 1.

TABLE VII. Hardnesses calculated at the different DFT levels and with the GTSBethod, using the
6-311++G(3df,2p) basis set, together with the experimental values. All values are in eV.

Atom/lon LDA BP86 BLYP B3LYP B3PWO1 CcsO) 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
Li* 34.65 35.20 35.19 35.22 34.42 35.12
Na* 21.37 21.10 21.04 21.09 21.14 20.90 21.08
Be&?* 66.94 67.93 67.80 67.83 67.58 67.84
Mg?* 32.80 32.57 32.42 32.52 32.63 32.44 32.55
cI* 5.39 5.45 5.45 5.45 5.45 5.37 5.42
B3* 109.37 110.83 110.57 110.60 110.48 110.72
Al 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

8Experimental values taken from Ref. 1.
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TABLE VIIl. Electronegativities calculated at the different DFT levels and with the CO$Inethod, using
the aug-cc-pVTZ basis set, together with the experimental values. All values are in eV.

Atom/lon LDA BP86 BLYP B3LYP B3PW91 CCsQ) Expt?
H 7.41 7.31 7.19 7.29 7.23 7.16 7.18
B 5.05 4,71 453 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 5.34 491 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
cI* 19.12 18.56 18.37 18.53 18.49 18.14 18.39
B3+ 147.81 149.03 149.10 149.17 148.26 148.65
AlST 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
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#Experimental values taken from Ref. 1.

could be expected. However, all gradient corrected methodgerhaps less well described by the gradient corrected or the
and the exact exchange methods perform better, compared éxact exchange functionals. Within the second row elements,
experiment, than the very powerful CC8D method. The the electron density can be expected to behave much more
lowest mean absolute deviation is found for the B3PW91lsmoothly. In that case, the gradient corrected and exact ex-
method(which also showed the overall best performance inchange methods may behave considerably better. As can be
the calculation off andA), followed by B-LYP. All of the  seen, the performance of the DFT methods is around 0.05 eV
methods perform considerably less well in the calculation ofvorse than their average performance in the calculation of
ionic electronegativities; however, since these values arand A. In most of the atomic cases, all the DFT methods
larger in magnitude anyway, the relative error is of the sam@verestimate the ionization energy and the electron affinity,
magnitude as for the calculation of atomic electronegativithus giving rise to error amplification when the electronega-
ties. Moreover, the general trend seems to exist that the firdivity is calculated as the mean déf and A. When this is

row atoms are considerably less well described than the seaideed the case, calculated hardnesses should be closer to
ond row atoms. This could be due to the fact that, due texperiment. It can be seen from Table VII that this is indeed
their smaller size and thus larger effective nuclear charge anithe case. The mean absolute deviation for the local density
average external potential, the density falls off more rapidlyapproximation is reduced to one-third as compared to the
giving rise to a higher density gradient, a situation that iselectronegativities; the best performance is now due to

TABLE IX. Hardnesses calculated at the different DFT levels and with the QTSBethod, using the
aug-cc-pVTZ basis set, together with the experimental values. All values are in eV.

Atom/ion LDA BP86 BLYP B3LYP B3PW91 CcCcsa) 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
(0] 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 -1.10 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
cIt 5.39 5.45 5.45 5.46 5.45 5.37 5.42
B3* 109.43 110.94 110.67 110.69 110.42 110.72

AlSF 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

8Experimental values taken from Ref. 1.
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with experiment(r?=0.999 98,n=22).

B-P86, followed by B3LYP, B3PW91, and B-LYP. Again,
all the DFT methods perform better than the CQED

These results are very hopeful indeed for calculating elec
tronegativities and hardnesses to a very good accuracy at

more effective description of electronic correlation effects
with this basis set. The LDA method however performs con-
siderable less well in the calculation of electronegativities as
compared to the Pople type basis set. The same can be said
for the hardnesses. The same general conclusions hold for
the Pople basis set, the best overall performance being due to
B3LYP and B3PW9L1.

IV. CONCLUSIONS

The performance of two exact exchange density func-
tionals B3LYP and B3PW91 in the calculation of ionization
energies and electron affinities was investigated using Dun-
ning’s correlation consistent basis sets. Comparison was
made with other DFT methods and experiment. In the calcu-
lation of ionization energies, there is not much to choose
between the two functionals, both giving a mean absolute
deviation of 0.15 eV for a basis set spdf quality. How-
ever, mean absolute deviations of this magnitude are also
found for the electron affinities, not previously included in
Becke's work. Finally, electronegativities and hardnesses
were calculated for some atoms and cations using both a
Pople and Dunning type of basis set; the results were com-
pared with both experiment and high level CQ3Dcalcu-
#&tions. Again, B3LYP and B3PW91 evolve as the methods

acceptable computational cost. From the results obtained i e preferred in the calculation of these properties.
the calculation of electronegativities and hardnesses of 22

atoms and ions, B3LYP and B3PW91 emerge as the be
DFT methods to calculate the properties, when a basis set 0
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