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In the present paper, we validate and assess a correlation functional based on the so-called meta
generalized gradient approximation, whose form and parameters are entirely derived only from
first-principles criteria. In particular, we have carried out a detailed comparison with the most
common, parametrized correlation functionals. Next, we propose a new model in which the
correlation functional proposed by Kriger, Chen, lafrate, and Savin is integrated in a hybrid
Hartree—Fock/density functional theory scheme. In such approach only one, or two in the
G2-optimized version, parameters are adjusted on experimental data, all the others being derived
from purely theoretical considerations. The results obtained for a set of molecular proper-
ties, including H-bonded complexes, proton transfer mag8g?, reaction and magnetic properties,

are satisfactory and comparable, if not better, with those delivered by the most common func-
tionals including heavy parametrization. The way in which the whole functional is derived and
the few empirical parameters used make the new exchange-—correlation functional widely
applicable. ©2002 American Institute of Physic§DOI: 10.1063/1.1521432

I. INTRODUCTION compared to previous approximations, these meta-GGA

Density functional theoryDFT), combining good per- functionals are very pror_nlsmi;. , : _
formances and low computational costs, is nowadays one of TW? ext.reme stratggles can be defmgd m. de&gmng new
the most powerful and reliable tools of quantum chemistryAPProximations. The first approach consists in proposing an
for the computation of the electronic structure of atoms, mol-€MPirical formula containing some parameters fitted on ex-
ecules or solids.In the application of this theory within the Perimental data, with the related danger of obtaining func-
Kohn—Sham formalism, the total electronic energy can bdionals adapted only to the applications for which they have
expressed as a functional of the electron density, the onlpeen developed. The second way is represented by designing
contribution that needs to be approximated being thea mathematical form which satisfies sorteventually the
exchange—correlation teriFinding improved approxima- largest possible number)afigorous theoretical conditions of
tions to this contribution is therefore of vital importance in the exact exchange—correlation functional. This approach
chemical 4app|ications to obtain accurate molecularjoes not assure the “chemical” applicability of the devel-
properties: o oped functional. Of course the two philosophies are compat-

A large number of approximations have been developedy)a and can be mixed’

ranging from the simple local density approximatidrDA) In practice, any functional is arbitrarily separated into an

involving only the electron density to the generalized gra- . _— .
dient approximationéGGAS) where the gradient of the den- exchange and a correlation contributions, the approximated
pp 9 forms for each of them being often developed in an indepen-

sity Vp has been introduced to model the inhomogeneou:(sj ; A relatively | ber of imati h
character of molecular and real chemical systems. More rez€nt way. A relatively large number of approximations have

cently, a new generation of functionals, called meta-GGAL®en Proposed for the exchange term representing the major

and including the Laplacian of the density?p) and/or the Part of the combined contribution to the total electronic en-

kinetic energy density7), have attracted increasing atten- €rgy (see, for instance, Refs. 8-)12n contrast, relatively
tion. few forms have been proposed for correlation functionals,

Introducing more semilocal or nonlocal information perhaps due to the greater difficulty to represent this contri-
bution. Here we recall some of the most common correlation

dAuthor to whom correspondence should be addressed. Electronic maif.orms’ like those develope(ii by I_Derdew and co-workike
adamo@ext.jussieu.fr the P86, PW91 or PBE®"1 which are based on a GGA
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philosophy, while, only more recently, meta-GGA correla- molecular or atomic spectrum is made of discrete states
tions appearef—1° which are occupied up to the HOMO orbital and unoccupied
Aside from these expressions, all rooted on the freeup to the ionization threshold, followed by a continuum of
electron gas, several functionals based on the Colle—Salvettinoccupied states. It is therefore more judicious to model the
approach’ have been proposed, where the inhomogeneity otorrelation energy by starting from a uniform electron gas
the systems is introduced via the second-order reduced dewith a gap in the excitation spectrum roughly corresponding
sity matrix?1~22The most known derivation has been devel-to the difference between the HOMO energy and the ioniza-
oped by Lee, Yang, and Parr and it is one of the most comtion threshold of the real system. It has been chosen to ex-
mon and successful correlation functionalsually referred  press this gap as the simplest semilocal functional positive
to as LYP.%! everywhere and reducing to the ionization potential in the
In this context, Krieger, Chen, lafrate, and Savin havelarger limit:
recently proposed a new meta-GGA approéchreafter re- 2
ferred to as KCI% based on the idea of a uniform electron = 11Vl
Glpl=g —=— (4)
gas with a gap in the excitation spectrgfhf> The KCIS 8
functional is, in our opinion, particularly appealing since it is Furthermore ¢ S~ has been built so as to the three
built only from physical considerations, it preserves many ofPBE theoretical conditions are fulfilled by the KCIS func-
the know properties of the exact correlation energy and it hagonal. Besides, the second term in express®rensures the
no empirical parameters. Despite its promising features, theelf-interaction correctioSIC) of the functional which en-
KCIS functional has never been tested beyond atomic ogbles the correlation energy to vanish in the case of one-
small molecular systents. electron system& The details concerning the form of the
The aim of this paper is, therefore, to explore the limitsKCIS functional are reported in the appendix.
of the applicability of such a functional to chemical systems  Since, no specific form for exchange functional have
and to compare the KCIS performances with those providegeen proposed to be used in conjunction with the KCIS cor-
by the most common correlation functionals. To this end relation, we have tested in this work several combinations
several exchange functionals have been chosen as counigfing already existing exchange functionals. It is worth to
part either in pure DFT approaches or in a hybrid HF/DFTnotice that these tests are essential because the arbitrary as-
schemes! As in our previous works$;"* we have tested the sociation between an exchange and a correlation functional,
exchange-—correlation functionals obtained in these ways bjeveloped separately, can in principle lead to any kind of
computing properties concerning a number of chemical sysnumerical results. In fact, the quality of exchange—
tems or processes involving both covalent and weakorrelation functionals is almost always due to quite unpre-
interactions. dictable compensations of errors of each contribution.
Among the most common GGA approaches, we have chosen
the Perdew—Wang 91PW9J) functional®® the Perdew—
Burke—ErnzerhofPBE) form®® and the widely-used Becke
88 (B) exchangé.Concerning the meta-GGA approach, only
The KCIS correlation functional has the following the exchange part of the Perdew—Kurth—Zupan—Blaha
expression: (PKZB) model was testetf
Furthermore in this paper, the KCIS correlation func-
Ec[paapﬁ]:f F(ParPp: VP VPg,Ta,m)dr, (1)  tional has been also cast in a hybrid model of the general

1. EXCHANGE AND CORRELATION
FUNCTIONALS USED

formula>°
where Eszb: a( E)e(xact_ EE) + EE(I:(CIS. (5)
_ __GGAGAP,
F=psc (Parpp.Vp) The constant a can be fixedpriori to 1/4 by using nonem-
W pirical considerations, or fitted to experimental d¥f&?
P T” poeSChC R (b 0V p,). (2)  When using the Becke 88 excharfythe former approach
o=ap To willbe named BOKCIS, whereas, when using a fitted value

In Eq. (2), e$®*Pis the correlation energy per particle of a for a, will be referred as B1KCl$see below.
uniform electron gas with a gap in the excitation spectrum
and including gradient corrections, amﬁ is the Weizseaker

kinetic energy density Ill. COMPUTATIONAL DETAILS

1 |Vpu(r)|2 All the DFT computations have been carried out within
(r)= g”—). (3)  the unrestricted Kohn—Sham formalism as implemented in
Polr our development version of theaussiAN 99 package’> We

Correlation functionals usually transfer the correlationhave added the KCIS correlation functional, as well as its
energy from a uniform electron gas to the real system, everfirst and second derivatives with respect to all the required
tually adding some gradient corrections. However, these tweariables so that all the available exchange functionals as
systems are very different: the spectrum of the uniform elecwell as all the standard features of the packégegeometry
tron gas is a continuum of states which are occupied up toptimization, computation of excitation energies, magnetic
the Fermi level and unoccupied above. On the contrary, theropertie$ can be used in conjunction with KCIS.
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TABLE |. Exact correlation energies of atoms belonging to the first two rows of the periodic table and
differential energieghartre¢ computed with the 6-312G(3df,3pd) basis set and HF densities.

Atoms Exact PBE PW91 LYP PKzZB KCIS
H 0.000 —0.006 —0.007 0.000 0.000 0.000
He —0.042 0.000 —0.004 —0.002 —0.005 0.001
Li —0.045 —0.006 —0.012 —0.008 —0.009 —0.004
Be —0.094 0.009 0.000 0.000 0.001 0.008
B —0.125 0.013 0.001 0.000 0.008 0.014
C —0.156 0.012 —0.002 —0.002 0.008 0.013
N —0.188 0.009 —0.009 —0.004 0.005 0.008
(6] —0.258 0.023 0.001 0.001 0.017 0.020
F —0.325 0.033 0.006 0.003 0.022 0.023
Ne —0.391 0.040 0.009 0.007 0.028 0.024
MAE (H-Ne) 0.015 0.005 0.003 0.010 0.012
Na —0.396 0.024 —0.011 —0.013 0.013 0.005
Mg —0.438 0.027 —0.012 —0.021 0.013 0.002
Al —0.470 0.024 —0.019 —0.024 0.012 —0.001
Si —0.505 0.021 —0.026 —0.024 0.009 —0.006
P —0.540 0.014 —0.037 —0.026 0.003 —0.014
S —0.605 0.021 —0.035 —0.023 0.008 —0.009
Cl —0.666 0.022 —0.038 —0.024 0.007 —0.013
Ar —0.722 0.016 —0.048 —0.028 —0.001 —0.023
MAE (Na—An 0.021 0.028 0.023 0.008 0.009
Total MAE 0.018 0.015 0.012 0.009 0.011

®Reference 35.

A number of different basis sets have been u¥eh ~ A. Atomic correlation energies
particular, the 6-311G{,p) basis set of Pople and co-
workers has been used to optimize all the molecular strucy
tures, since previous experience showed that a polarized v elonging to the first two rows of the periodic taBfeAs can
lence tripled basis set generally provides nearly converge

ructural " by DET thods. A rended b e seen by the results obtained using HF densities, reported
structural parameters by Methods. An extended Dasty 1 e I, the accuracy of KCIS is at the same level as those
set, namely the 6-311+ G(3df,3pd) one, has next been

X ot of the most accurate correlation functionals, such as LYP,
used to evaluate all the energetic parametatsmization

. - ) . . PKZB, and PW9L1. This is a remarkable result, since these
and dissociation energied-inally, magnetic properties have last functionals all contain parameters adjusted to atomic
been evaluated with the EPR-Il basis set which has beeaata while this is not the case for the KCIS functional
purposely tailored for this kind of DFT applicatiorfs, Apart from this overall behavior, two points must be

When necessary for comparison purpose, some comp :

tations have been also carried out with standard DET mode tressed. First, it is noteworthy that the larger errors are ob-
ained with atoms having an occupationpobrbitals. Indeed,
such B3LYP, PBE, or PBEY nec i S naving upationpobrbitals

the correlation energy of this kind of electronic configura-
tions often involved contributions from virtual states which
IV. RESULTS AND DISCUSSION should be localized in the gap of the excitation spectrum but
which are totally neglected by KCI8.As second point, we
notice that although all the functional give similar errors, the
be done. As matter of fact, that it is not possibl@riori to mean average errdMAEs) for the atomic correlation ener-
gies are different for the first and second rows, the KICIS

predict the reliability of a chosen functional form in chemical dthe LYP f ional i bal dd .
applications and an investigation is then compulsory beforé" the qncnonas providing a more balanced descrip-
tion between first and second row atoms.

routine applications. For instance, the B3LYP functional can
be considered as an enlightening example for the large nu
ber of papers assessing its validigee for instance the test
cases reported in Ref).1Even if a large part of functionals In order to carry out a detailed selection of the numerous
have been tested only on thermochemigurging the stan- models that can be build with KCIS, we have computed for
dard G2 molecular data setsome of them have been the each functional the MAE with respect to experimental values
subjects of more detailed investigations on large number obn atomization energies of the molecules belonging to the
already well-known chemical systems or processds! standard G2-1(55 molecules and the extended G2148
Following this latter viewpoint, we have tested the quality of molecule$ sets®* > These sets can be considered as a DFT
results given by the new functionals including KCIS, con-“classical” test, representatives of covalently bonded
cerning thermodynamics, geometrical, spectroscopic andystems® Compared to the G2-1 set which contains small
magnetic properties on chemical systems including some trasaturated molecules, the G2 set includes larger nonsatured
ditional pathological cases for DFT methods. molecules.

The first step to assess the performances of the KCIS
ctional is to compare the correlation energies of the atoms

The validation of a functional is still a problematic
ground, where some arbitraf@and limited choices have to

nE. Atomization energies
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TABLE Il. Mean absolute error€MAE) and maximal errorgkcal/mo) for

the atomization energies of molecules belonging to the @&5Imolecules
and G2(148 molecules computed with the 6-31G(3df,2p) basis set
and MP2/6-31G geometries.

Toulouse, Savin, and Adamo

BKCIS functional. In fact, upon introduction of 25% of HF
exchange into this functionalleading to the BOKCIS
mode), the MAE falls to 3.0 kcal/mol for G2-1. The optimi-
zation of the percentage of exact exchange over the G2-1 set

G2-1 G2 (B1KCIS with 23.9% of exact exchangeloes not induce
MAE max. MAE max. significant improvementssee last line in Table )l These
good performances of BOKCIS, whereas the BOLYP func-
EEEB g'g fi"& ((g)g 11'5 75’70'75((;%:22)) tional is significantly less accurate, are, of course, to be cred-
PBEO 31 —107(Si0) 50 —217 (Sié‘) ited to the different correlatlon_. _
B3LYP 24 ~9.9(SQ) 31 -20.2(SiR) As last test, we have carried out some computations on
BOLYP 51 —20.6(SQ) 11.2  —30.1(SiR) the G2 set, without the SCF procedure, using HF or PBE
PBEKCIS 11.9 35.2(CQ 24.9 66.5 (GHsN) densities and only BOKCIS energy evaluation. This test is
EiigKigs 3‘}'91 ’1143";((%;'6) 18'2 B 25'28((2'&)0) particularly interesting, since some recent implementations
BKCIS‘”" 8.2 25'9(09) 14.6 39'6(,\@; of exchange—correlation functionals do not include the de-
. . . . S S
BOKCIS 30 —105(SQ) 53  —28.6(SiR) rivatives need for SCF proceduté® Our results(not re-
B1KCIS 3.0 —9.6(Si0) 54  —28.1(SiR) ported in Table I} show that with a PBE density the MAE is

9.1 kcal/mol and it rises up to 11.7 kcal/mol with the HF
densities. Both results are really far from the 3.0 kcal/mol
i obtained with the complete SCF procedure, thus warning
The results collected in Table II, show that, among the,y, i+ the importance of using an autocoherent procedure.
most common functionals, the reference is the hybrid B3LYP In the light of these first results, we have decided to
model, with a MAE of 2.4 kcal/mol over the G,Z'l set apd study in details the performances of the KCIS functional, and
3.1 kcal/mol for G2. In contrast, the PBEO functional, which especially those provided by the BOKICS model, which

has no empirical parameters, leads to a relatively small MAEseems to be very accurate for covalent systems, even if it

for this kind of system with 3._1 kca_l/mol for the G2-1 Set includes only one empirical parametén the exchange con-
The two most accurate model |ncIL_1d|ng the KCIS Correlatlontribution). The natural reference to compare this model is, in
are the PKZBKCIS and BKCIS with MAEs of 4.1 and 8.2 . qninion; the similar BOLYP functional, but, in order to

kcal/mol over the G2-1 and G2 sets, respectively. The optip e 3 more complete picture, we consider also the popular
mization of the parameter present in the exchang.e part gk vp and PKZB functionals.

PKZB (D=0.113)"® leads to the PKZR,KCIS functional
(Dop=0.104) which is not significantly better than the origi-
nal PKZBKCIS (MAE of 3.9 kcal/mol over the G2-1 sgt
Furthermore, the introduction of 25% of exact exchange As a first step, we have evaluated the total energies of
(PKZBOKCIS only deteriorates the quality of the results some atoms, H through Ar. The results are collected in Table
(MAE of 6.9 kcal/mol for G2-1. The construction of a more |ll and are compared with accurate post-HF val(iebeled
accurate model rather requires hybrid models with theas “exact” in the table.® It is interesting to evaluate the

C. Atomic total energies and geometry optimization

TABLE lIl. Exact total atomic energies and differential SCF enerdiesrtre¢, computed with the 6-311
+G(3df,3pd) basis set.

Atoms Exact PBE PBEO B3LYP BOLYP PKZB BOKCIS
H —0.500 0.000 —0.001 —0.002 0.002 0.004 0.002
He —2.904 0.014 0.011 —0.009 0.000 0.002 0.003
Li —7.478 0.018 0.012 -0.012 —0.003 0.004 0.002
Be —14.667 0.041 0.032 —0.004 0.006 0.019 0.015
B —24.654 0.045 0.037 —0.009 0.003 0.036 0.017
C —37.845 0.052 0.042 -0.012 0.000 0.056 0.015
N —54.589 0.060 0.049 -0.012 0.002 0.083 0.015
O —75.067 0.062 0.054 —0.024 —0.008 0.110 0.011
F —99.734 0.073 0.067 —0.028 —0.010 0.147 0.011
Ne —128.938 0.092 0.087 —0.022 —0.001 0.198 0.018
MAE (H-Ne) 0.046 0.039 0.013 0.004 0.066 0.011
Na —162.255 0.099 0.085 —0.032 —0.013 0.230 0.006
Mg —200.053 0.108 0.092 —0.040 —0.023 0.267 0.001
Al —242.346 0.119 0.098 —0.041 —0.024 0.308 —0.001
Si —289.359 0.134 0.108 —0.035 —0.020 0.351 —0.001
P —341.259 0.155 0.124 -0.023 —0.008 0.401 0.005
S —398.110 0.170 0.135 —-0.024 —0.010 0.446 0.005
Cl —460.148 0.189 0.150 —0.020 —0.006 0.495 0.007
Ar —527.540 0.209 0.165 -0.014 0.001 0.545 0.007
MAE (Na—An 0.148 0.120 0.029 0.013 0.380 0.004
Total MAE 0.091 0.075 0.020 0.008 0.206 0.008

*Reference 35.
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H Hgti H both essentially related to the asymptotic behavior of the
Ne—n CB:Ca/ @ exchange functiondf*! Here, instead, we focused on more
H/ H/ correlation-dependent properties/systems. In this context,
syn small H-bonded dimers are an invaluable test, both for their
methyl ‘ chemical role and for the difficulty to describe the subtle
vinyl physical effects(electrostatic, charge transfer, polarizajion
FIG. 1. Schematic structures and atom labeling of the methyl and vinylpresent' It is therefore interesting to estimate the quality of
radicals. DFT functionals on these kinds of systems. Table VI collects

geometrical parameters and interaction energies of three
. _ . ~ small H-bond dimers, namely @@),, (HCI),, and (HF).
accuracy of functionals concerning atomic total energieSrhe computed interaction energies have been corrected for

since this property has b_ee_n recently added to a wide trainingsse error which has an order of magnitude of about 0.2
set used to test and optimize DFT mod&l©ver these 18 | cai/mol for the first two dimers with the large 6-3t1

atoms, BOKCIS provides a MAE of 0.008 hartrees. This very , g(3q+ 3pd) basis set, while this error is even lower for
good result are equaled only by BOLYP containing though(HF)z_ For the three systems, only the global energy mini-

four extra fitted parameters in the correlation contribution.mum of G symmetry, has been investigated, even if other
We can also notice the astonishing accuracy of BOKCIS ovegtablé rearrangement,s could actually efst '

the second row of the periodic tatIAE of 0.004 hartre The water dimer has been studied in considerable detail

th AE.?: at?m|zat|on an% a}t?mlc engrgles, we ?avel tes;[e((jand the currently accepted values for the binding energy and
€ abiiity ot our hew model fo reproduce correct molecllah,e o5 gistance are 5t40.7 kcal/mol (not including ZPE
geometrical parameters. Figure 1 reports the MAEs over

. ; A4 o A .
bond lengths of 32 molecules belonging to the G2 set Com(_:orrectlon$ and 2.952 A, respectivefy™ Refined post-HF

puted with several functionals. With a MAE of 0.008 A, computations sugge_st that the mtergctlon energy 1s _close to
4.7 kcal/mol and give a shorter intermolecular distance

BOKCIS leads to about the same accuracy of other hybri 42,45 o
models PBEO, B3LYP, and BOLYP. In fact, it is a well- T2.025 3. As already well documentedsee, for in
stance, Ref. ]l the equilibrium geometry of the water dimer

known behavior: the introduction of a fraction of exact ex- s quite accurately reproduced by standard DFT methods, all

change in a functional generally leads tp very accurate r’nO({he predicted OO distances falling between 2.87 and 2.91 A,
els concerning bond lengths. Indeed, since bond lengths are

usually too short at the Hartree—Fock level and too long for:= close to the MP2 estimateOur results are reported in
Y g Table IV, and compared with experimental and post-HF

,S Oi'zzuer:fggg? 'S, hybrid models benefit from & compensay 42-a4' e most striking feature of these results is the
BOKCIS distance, which is slightly longe2.91 A than
other DFT values, but closer to the experimental vaRi85
A).*2 At the same time the binding energy is slightly under-
Even if the exchange—correlation term to be approxi-estimated(3.8 versus 4.7 kcal/mol for the beab initio
mated in the KS approach is usually decomposed in wellvalug. Interesting both B3LYP and BOLYP provide higher
separated exchange and correlation parts, it is difficult tonteraction energies and shorter intermolecular distances,
determine the dependence of molecular properties on jushus showing the correlation between these two quantities.
one of these contributions. Few exceptions are represented Similar trends are present for all the others two dimers,
by the van der Waals interactions and excitations energieshe BOKCIS providing always lower interactions energies

D. Other tests

TABLE |V. Dissociation energieskcal/mol) and main geometrical parametdd) for H-bond dimers. The
energies(corrected for BSSE errphave been computed with the 6-31% G(3df,3pd) basis set and the
6-311G{,p) geometries.

Best
B3LYP BOLYP PKZB BOKCIS ab initio? Expt.b
(H20),
d(00) 2.888 2.892 2.883 2.912 2.925 2.952
d(H-0) 1.926 1.931 2.364 1.952
AE 4.6 4.5 1.9 3.8 4.7 5#40.7
(HF),
d(FF) 2.707 2.710 2.888 2.734 2.76 2.73/2.74
d(H-F) 1.780 1.786 1.956 1.818
AE 4.7 4.7 3.0 3.8 4.6 4.2
(HClI),
d(CICl) 3.917 3.947 4.387 4.009 3.790 3.75/3.79
d(H-CI) 2.626 2.657 3.093 2.724
AE 1.2 0.9 0.8 0.8 2.0 1.4/2.0

aReferences 43, 45, and 46.
PReferences 44, 47, and 48.
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TABLE V. Complexation energies of the ion—molecule compled&(,,,), activation energiesAE”) and
energetic barriers relative to reagentsH;) for the consideredy2 reaction, computed at different levels of
approximation. All the energiegcal/mo) have been computed with the 6-31% G(3df,3pd) base set and
the 6-31H% G(d,p) geometries.

G2+ (MP2) B3LYP BOLYP PKZB BOKCIS Expf.
AE comp 10.6 9.8 9.7 9.6 8.4 1222
AE* 13.0 9.1 9.7 9.6 11.9 13132
AE gy, 2.5 -0.7 0.0 0.0 3.6 *1

®References 53 and 54.

and higher H-bridge distance than the B3LYP and BOLYPtransition stat& On the contrary, the BOKCIS, which is cor-
functionals. In the case of the hydrogen fluoride dimer, theected for self-interaction error in the correlation part, gives a
combined effects of shorter distance/lower energy results in t0o positive barrief3.6 kcal/mo) but reproducing the trend
better agreement with the experimental date Table IV’ of the MP2 computatioti2.5 kcal/mo). The comparison be-
This is not the case for (HCJ) where all the methods pro- tween the results given by BOLYP and BOKCIS clearly
vide a poor accord with experimerffsA detailed compari- shows the very strong influence of the correlation contribu-
son with literature data, suggests that more subtle effectsgion for these applications.
involving either exchange and correlation contributions, are  Proton transfer mechanisms are often of first importance
at work in such H-bonded dimefs. in chemical or biological processes. In spite of the apparent
The next test is represented by bimolecular nucleophilicsimplicity of this phenomenon, the theoretical description of
substitution reactions3y2), which have an important place proton transfer is a difficult problem for both post-Hartree—
in organic chemistry. The symmetric Walden inversion, inFock methods and DFT approaches. In particular, it is well
particular, an excellent well-characterized exarfipi& known that current functionals provide very low activation
Gl + CHyCl CICH, + CI- energie§.6‘58The situation is even more involved when the
motion of the proton is coupled with a rearrangement of the
This reaction has a double-well energetic profile, with twos electronic system, as happens in malonaldehyde. In fact,
minima corresponding to the formation of a pre- and a postthe enol form of this molecule is stabilized by an intramo-
reaction ion—molecule complex and a saddle p®® with  |ecular hydrogen bond, and it is possible to switch from a
D3, symmetry {Cl-CH;—CI] ™). The most significant ther- stable form to the other one by a proton transfer mechanism
modynamic quantities are the complexation energy of theia a transition state of £ symmetry?’ Table VI contains
ion—molecule complexXE.q,y), the activation energy, i.e., the most significant geometrical parameters as well as ener-
the relative energy of thB 3, saddle point with respect to the getic barriers for the minimum and the saddle point of mal-
ion—molecule complex AE*), and the overall barrier onaldehyde. Whereas BOLYP overestimates the energetic
(AE,,y), defined as the difference between these two enelbarrier with respect to the MP2 computatiof85 and 2.8
gies. The computed energies are collected in Table V. Apatkcal/mol, respectively BOKCIS gives geometrical and ener-
from PBEO which leads to a realistic reaction barrier, it isgetic parameters in good agreement with the reference val-
striking to notice that the more popular semiempirical ap-ues. Once again, the difference of 1 kcal/mol in the energetic
proaches, B3LYP or BOLYP, as well as more theoreticallybarrier given by BOLYP and BOKCIS shows the importance
developed functionals, like PBE or PKZB, lead to zero orof the correlation contribution and the better quality of KCIS
even negative values fa&vE,,,. Whereas the computation of over LYP for this kind of applications.
initial closed-shell reagents does not generate particular dif-  Finally, the last difficult playground is represented by
ficulties, the determination of the energy of the charged tranene of the physical constant derived from EPR spectroscopy:
sition state energyCl-CH;—ClI]™ by DFT approaches is the isotropic hyperfine coupling constant. The isotropic hy-
more involved’? In fact, the majority of functionals are not perfine coupling constant of an atam related to the inter-
corrected for the self-interaction error in the exchange part asction of the nuclear spin with an electronic spin by the
well as in the correlation part, which implies an exaggeratedontact Fermi mechanism depends on the electronic spin
delocalization of the electron density that overstabilized thejensityp3(r,,) at the position of the nucleus, :>°

TABLE VI. Main geometrical parametefd\) of the H-bond and relative energiéecal/mo) for the minimum
(M) and the saddle pointSP of malonaldehyde. The energies have been computed with the 6-311
+G(3df3pd) basis set and the 6-311g§) geometries.

MP2 B3LYP BOLYP BOKCIS
M SP M SP M SP M SP
d(00) 2.581 2.355 2.580 2.367 2.593 2.363 2.564 2.356
d(H-0) 1.678 1.197 1.687 1.208 1.711 1.207 1.666 1.202
d(OH) 0.991 1.197 0.999 1.208 0.992 1.207 0.996 1.202
AE 2.8 3.0 35 2.5
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0.020 4 tron being in ap orbital of zero density on the carbon atom,
. : the hyperfine coupling constants originate exclusively from
0.016 - spin polarization of electrons of thes@rbital for C or the 5
€ orbital for H. Concerning electrons of same spin, this inter-
£ 0012 action can only be treated properly with an accurate ex-
> 1B change functional like in PBE®. On the contrary, when a
i 0.008 - = less accurate exchange functional is used like B, results
W AR strongly depend on error compensation with the correlation
= 0.004- part. As a consequence, BOLYP overestimates the hyperfine
coupling constant of C in the methyl radical whereas
0.000 : : : 5 : _ _ BOKCIS underestimates it.
PBE  PBEO B3LYP BOLYP PKZB BOKCIS The case of nonsaturatedradicals like the vinyl radical

FIG. 2. Mean absolute errof81AEs, A) for the bond lengths of 32 mol- is more complicated to treat by DFT approaches as well as
ecules belonging to the G2 set. Computed with the 6-3#18(basis set. Dy post-HF methods since it involves both direct and indirect
contributions to hyperfine coupling constafftsNeverthe-
less, it is striking to notice the excellent value of hyperfine
8 coupling constant of ¢, dominated by the direct contribu-
an=3—hge,3e9n,3nps(rn), (6)  tion of the unpaired electron ina@orbital of nonzero density
on the nucleus, given by BOKCIS. The comparison of the
wheref,., B, are the electronic and nuclear magnet@s, results given by BOLYP and BOKCIS functionals suggests
dn the electronic and nuclearfactors, and is the Planck’s  the importance of the correlation contribution for this appli-
constant. The spin density can be easily obtained from dergation.
sity matrices of electrona and g, P, , and Pﬁ’v, and from
the basis atomic orbitalsp,,},
V. CONCLUSIONS
pS(ra) =2 (P =P8 )X (ra)e,(rn). @) In this work, we have tested the new meta-GGA
v parameter-free correlation functional KCIS. Concerning
This spin density on the nucleus can have two origins. The&tomic correlation energies, this functional is globally more
first direct origin is simply provided by a unpaired electron accurate than other theoretical or semiempirical correlation
in an orbital which has a nonzero density at the position ofunctionals like the correlation part of PBE or LYP, respec-
the nucleus. The second indirect origin is due to spin polartively. The search for the best exchange functional which can
ization of paired electrons, which have a nonzero presencleeen coupled to KCIS has lead us to a new hybrid model
probability on the nucleus, caused by the interaction with thevith the Becke 88(B) exchange functional: BOKCIS. This
unpaired electron under the effect of electronic correlatiormodel, including 25% of exact exchange and containing only
which acts differently depending whether the electrons havene parameter in the exchange part, has been tested over a
the same spin or opposite orfés. varied set of physicochemical properties and have turned out
In order to test BOKCIS, we have performed computa-to have performances better or at least equivalent to those
tions on the methyl and vinyl radicalsee Fig. 2 These provided by semiempirical exchange—correlation functionals
radicals can be considered as prototypercdind o organic  like B3LYP. In details, the use of BOKCIS instead of BOLYP
radicals, respectively. The computed values of hyperfine coubrings a significant improvement for properties where the
pling constants are collected in Table VII. correlation contribution plays an important role like for at-
First of all, it is striking to notice that for this property, omization energies, energetic reaction barriers and magnetic
DFT approaches are globally more accurate than very refinegroperties.
correlationab initio methods like CCSD(coupled-cluster While, in the present study we have searched for the best
single doublg®! For the methyl radical, the unpaired elec- suitable exchange functional, among those already available

TABLE VII. Isotropic hyperfine coupling constants,( Gaus$ for the methyl and vinyl radical computed with
the EPR-IIl basis set.

B3LYP BOLYP BOKCIS ccsmr)? Expt@
Methy a(C) 29.8 31.7 24.9 27.8 28.4
a(H) -23.3 —-24.3 -26.2 —-24.6 -251
Vinyl a(C,) 113.1 112.7 107.6 121 107.6
a(Cp) -58 -5.8 -52 -8 -86
a(H,) 17.8 17.7 12.3 9 13.3
a(Han) 419 419 407 28 342
a(Hsy 65.6 65.5 62.2 48 68.5
MAE 3.8 3.9 3.3 6.6

*From Ref. 60.
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“on the market,” to be used with KCIS, we believe that it

would be interesting to develop a new exchange functional
entirely adapted to KCIS in order to obtain an even more

accurate model. Work is in progress in such a direction.
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APPENDIX: THE ANALYTICAL EXPRESSION OF THE
KCIS FUNCTIONAL

This appendix contains the complete expression of th
KCIS correlation functional. The following seven variables

are involved in this meta-GGA functionab,, , pg, v,= ga
=|Vp.l% ¥5=95=1Vp4l% Yap=Vpu Vpg, 7., andrg,

E?C'S[pa,pﬁ]:f F(ParPp:Yar Vg Yap:TarTp)dI,

(A1)
whereF,
F= pSGGAGAP(pmpﬁ,g,é’)
p0'7g()')
- 2 e Mp,.09,.=1)  (A2)

o=a,B T

g
with p=p,+pg, 9 IVpl (Yot Y5+ 2Yap) " (= (pa

(= (pa—pg)lp, andr,'=g:/8p,.
sSCAGAP is the correlation energy per particle of a uni-

Toulouse, Savin, and Adamo

2(el)?— el

Cruni=C 2(Csé—882 '
260" —Cg”
Counp~ 2(28;,—_5:2: , (AB)
2(e ) —80 v
with C=0.064 8%Z obtained from second-order perturba-
tion theory, and the Fermi wave vectorkg

= (9743 (1) =(3m%p)~.

88 is the correlation energy per particle of the unpolar-
ized uniform electron gas &=0, computed using the local
part of the Perdew—Wang gPW9)) correlation functional

ed=eg "t (rg,(=0), (A7)

e, ande; are, respectively, the first and second derivatives
of &, with respect tadG at G=0, and can be calculated by the
expressions

3/2

ars A8
T a,r %+ agre+a rd? (A8)
and
7
el~>, byrl (A9)
with a;=0.04953, a,=1.07924, a;=0.07928, by
=-0.02504, b,=0.007026, bg=-0.001268, bg

=0.0001136,b,=—0.0000038421.
The coefficientsc; po(rs), Capors), and cspofrs) for

form electron gas with a gap, including gradient correctionsthe polarized case are simply evaluated from the coefficients

It can be obtained for any spin polarizatigmy the formula

SSGAGAP(pa !pB 1gy§)

=5 p,9) + (D[ (p,9) — "™ p,g)]
(A3)
with the polarization function
(1+ §)4I3+(l 5)4/3 2
2(27R-1)

f({)= (A4)

and the correlation energies of the unpolarized and polarized

electron gas,

e " p,0)

e d®MMrg,9)+ Crund T G(p,0)
1+ CZ,un;{rs)G(P1g)+C3,un;{rs)G(pag)2 ’

A5
£ ) 9
8 rg,9)+ 1 pof 19 G(p,0)
1+C2,po(rs)G(pyg)+C3,po(rs)G(P19)2’
where the Seitz local radius,=(3/4mp)*® and the gap,

G(p,9) = g%/8p?, have been introduced.
The coefficient€; y,{rs), Coundl's), andcs nfrs) have

of the unpolarized case
Cl,po( rs)= 0x7C1,un;(rs) )
C2,po|( re)= 113:2,un;{rs) )

C3,po|(rs):215g:3,un;{rs)-
The gradient correction in the correlation energies per par-
ticle of the unpolarized and polarized electron ga&®*u"P
andS®*P? s introduced by the expressions
0

&
SSGA,unp(rS’g): - 2) |

(A10)

t(rs,
1+8In 1+$
lecl

1 (A1)
£ CCAPOY €c

r s =
s g) 2 1/3( S’g)

lecl

whereB=0.066 725 is determined so as to satisfy the slowly
varying limit, t(rs,g) = (7*%3) (2)*° r?g and &} is analo-

gous t082 for the polarized uniform electron gas

el=et W1, r=1).

1+BIn| 1+

(A12)
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