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M. Gruning, O. V. Gritsenko, and E. J. Baerends*
Section Theoretical Chemistry, Vrije Umirsiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

Receied: Nawember 5, 2003; In Final Form: March 9, 2004

The performance of exchange and correlation (xc) functionals of the generalized gradient approximation
(GGA) type and of the meta-GGA type in the calculation of chemical reactions is related to topological
features of the electron density which, in turn, are connected to the orbital structure of chemical bonds within
the Kohn—Sham (KS) theory. Seventeen GGA and meta-GGA xc functionals are assessed for 15 hydrogen
abstraction reactions and 3 symmetrical Seactions. Systems that are problematic for standard GGAs
characteristically have enhanced values of the dimensionless gradient argiiweétit local maxima in the
bonding region. The origin of this topological feature is the occupation of valence KS orbitals with an
antibonding or essentially nonbonding character. The local enhancenshyigids too negative exchange
correlation energies with standard GGAs for the transition state of\fBee@ction, which leads to the reduced
calculated reaction barriers. The unwarranted localization of the effective xc hole of the standard GGAs, i.e.,
the nondynamical correlation that is built into them but is spurious in this case, wields its effect bs,their
dependence. Barriers are improved for xc functionals with the exchange functional OPTX as x component,
which has a modified dependence A Standard GGAs also underestimate the barriers for the hydrogen
abstraction reactions. In this case the barriers are improved by correlation functionals, such as the Laplacian-
dependent (LAP3) functional, which has a modified dependence on the Coulomb correlation of the opposite-
and like-spin electrons. The best overall performance is established for the combination OLAP3 of OPTX
and LAP3.

I. Introduction their TSs (refs 7, 9, 11, 16, and 17 and Tables81below).
Note, however, that according to the rule of ref 19, the cases of
(1.1) and (1.2) belong to different types. In the radical
Sabstraction reaction (1.1), a three-centar< 3) three-electron

(n = 3) bond is formed in its open-shell TS, so that with the
integer ration/m = 1 the TS belongs to “normal” systems.
cﬁmproved description of such systems does not require alteration

It is common practice in density functional theory (DFT) to
derive the functional form of its exchangeorrelation (xc)
functionals from the homogeneous/inhomogeneous electron ga:
model or from prototype atomic systems. Their performance
for molecular systems and chemical reactions then becomes, t
some extent, a matter of accident. In this typical situation, it is - ) A
essential to understand the factors which determine the quality© the dominant GGA exchange energy functioigf™"[p].
of molecular DFT calculations and to identify cases which are NStéad, it was recommended in ref 3 to @gdlfy the relatively
problematic for DFT functionals. Such cases have been identi- Small GGA correlation energy function&t (], more pre-
fied in the literaturé 18 and in ref 19, a qualitative rule has cisely, the dependence &°" on the local spin polarization
been put forward to predict success or failure of standard &(r) = [p*(r) — p#(r))/p(r). On the other hand, in the closed-
generalized gradient approximations (GGA%R3 Problematic ~ shell TS of the §2 reaction (1.2), a three-centen & 3) four-
molecular systems and transition states (TSs) of chemical electron (= 4) bond is formed. With the noninteger ration
reactions with a particular chemical bond have been identified = 4/3 this TS belongs to truly “problematic” systems, the proper
in ref 19 by a noninteger ratiwm of the numbern, of electrons ~ description of which requires improvement Bf .

involved in the bond to the numbem, of relevant fragment In this paper, a further step is made, and the performance of
orbitals. xc functionals is related to topological features of the molecular
The prototype cases discussed in the literature are radicalelectron density which, in turn, are connected with the orbital
abstraction reactions structure of chemical bonds within the KehBham (KS) theory.
Seventeen xc functionals are assessed for 15 hydrogen abstrac-
X'+ R-Y —=X-R+Y* (1.1) tion reactions and 3 symmetricaj&reactions. One group of

functionals considered are the standard GGAs and their recent
modifications, in which the local density approximations (LDAS)
for exchange and correlation are corrected with functions of
the dimensionless argumest containing the spin-density

Standard GGA methods tend to underestimate barriers of bothdradientVo,
reactions (1.1) and (1.2) due to the overestimated stability of

and the {2 reaction

X +2ZY —XZ+Y" (1.2)

_ 1 | Vo, (r) |
2(67'[2)1/3 Pg4/3(r)
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Another group of functionals are meta-GGAs, which depend
also on the KohaSham (KS) kinetic energy spin-density
75(r) in its gradient (rather than Laplacian) form:

N,

75(r) =% Z | Vio(r) I (1.4)

and/or on the Laplacian of the spin-dens¥§p,.

In Section Il of the paper, the behavior of the basic GGA
arguments,3(2) along the bond axig is analyzed for N, a
prototype molecule with covalent bonds, #ga prototype
problematic molecule with a two-center three-electron boid (
= 3/2), the TSs H-Cl---H of the hydrogen exchange and
H-H-H of the hydrogen abstraction reactions, and the TS
[F-+-CHz:--F]~ of the S2 reaction. The topology of the density
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Figure 1. &* (1.3) is plotted along the bond axis of the Molecule

in the problematic cases is characterized by a local maximum (line). € (1.3) for the atoms is plotted at the atomic positions (dots).

(or maxima) ofs,? in the bonding region. The orbital origin of
this topological feature is established: the occupation of KS
orbitals with an antibonding or essentially nonbonding character.
This allows us to rationalize the failure in the problematic cases
of the standard GGAs, for which terms wig? dominate the
gradient correction for the exchange functional. It also provides
an explanation of the improved performance for thg2 S
reactions (described in Section V) of modified GGA exchange
functionals, for which terms with the fourth powsy* of the
argumens, actually dominate the gradient correction. In Section
11, the behavior along the bond axis of the meta-GGA correction
factor f,, which is a function ofzi(r), is analyzed for the

abovementioned prototype systems. This analysis rationalizes

the improved performance of meta-GGAs for th@ $eactions.
In Section 1V, the results of calculations of the symmetrical
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S\2 reactions are presented. In agreement with the analysis ofFigure 2. s,2 (1.3) is plotted along the bond axis of the #eation
ref 19, alteration of the exchange functionals produces the mostdimer (line).s? (1.3) for the atoms is plotted at the atomic positions

substantial improvement of the calculated central and overall
reaction barriers. In Section V, the results of the GGA and meta-

(dots).

positive coefficient). In our paper, standard GGA exchange

GGA calculations of the hydrogen abstraction reactions are ,nctionals are represented with those of Becke (B88grdew

presented. In this case, as expected from ref 19, modified 5,4 Wang (PW913

12526 gnd Perdew, Burke, and Ernzerhof

correlation energy functionals produce substantial improvement PBE)?27

of the calculated forward and reverse reaction barriers. An
original combination, OLAP3, of the modified GGA exchange
OPTX functionat and ther}-dependent correlation functional
LAP3? shows the best overall performance for both hydrogen
abstraction and symmetricaly3 reactions. The chemically
important prototype reaction of hydrogen abstraction from the
water molecule

H,O + OH —OH' + H,0 (1.5)

A typical behavior ofs,? for a strong covalent bond is
presented in Figure 1, where it is plotted along the bond axis
of the N, molecule. Distinguishing features of the plot are the
divergence ofs,%(2) at the asymptotic$ z | — o and in the
bulk region, strong local maxima in the atomic regions, and
nearly complete vanishing &?(2) in the bonding region. The
strong peaks in the atomic regions within &.5 bohr of the
nuclear postions are clearly atomic in origin, as is obvious from
the plots of the atomis,?(2) (dotted curves). As was discussed
in ref 28, the change of,2 in the bond region|(z | < 0.5),

is a somewhat special case. OLAP3 gives a barrier of 3.69 kcal/ ¢, very large values in the atoms to practically zero in the

mol, which deviates by only 0.51 kcal/mol from the experi-
mental estimate of 4.2 kcal/mol of the activation energy,
although it differs considerably from the best theoretical estimate
of 10.1 kcal/mol from QCISD(T) calculations. In Section VI,
the conclusions are drawn.

II. Behavior of s,2 and Its Relation to the Orbital Nature
of the Chemical Bond

molecule, leads thg?-dependent GGAs to correct the overbind-
ing produced with LDA for covalent bonds. As was argued in
ref 29 for the LDA and in refs 3, 19, and 30 for the GGA,
these exchange functionals with their localized model exchange
holes represent effectively not only exchange but also nondy-
namical Coulomb correlation (or at least lefight correlation

in two-center bonds). According to ref 30, the GGA correction
of the exchange which is affected through $t8 dependence

To understand the abovementioned, uneven performance ofmakes the GGA “exchange” functionals represent exchange plus

the GGA exchange functionals for various types of systems,
we analyze the behavior of their basic argunsghfor prototype
systems. This approach is justified since standard GGA ex-

nondynamical correlation very accurately.
A typical behavior ofs,? (o is the major spin) for a
problematic molecule is presented in Figure 2, where it is plotted

change functionals can be considered as extensions of thefor He,™. In this case, unlike for B s,%(2) is clearly nonzero

gradient expansion approximation (GE&)yith the latter being
the LDA exchange functional corrected just witfs,? (3 is a

(positive) in the bonding region and, before going to the required
zero value due to the zero density gradient at the bond midpoint,
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Figure 3. & (1.3) is plotted along the bond axis of the TS of th S
reaction [F-CHz---F]~ (line). > (1.3) for the atoms is plotted at the
atomic positions (dots).

S.? increases with increasing distance from the nearest He
nucleus, so that it displays two symmetrical local maxima of
heights~ 0.6 atz ~ 4-0.25 au. Note that the atomsg? do not
exhibit the near-nuclear maxima that were observed for the N
atom, but are monotonically increasing from the nucleus
outward. This is a consequence of the single 1s shell of He. To
understand the topological feature of the density that is
represented with thg,? behavior in the bond region, we recall
that the two-center three-electron bond jHédes] ™ is repre-
sented, essentially, by double occupancy ofghe= (a + b)/
~/2+2S(Sis the overlap integral betweerandb) bonding KS
molecular orbital (MO) between 1s atomic orbitals (A@gnd

b on Hey and He and single occupancy of the antibonding
combinationg, = (a — b)/~/2—2S. In this case, a straightfor-
ward calculation of the correspondirsg?(z) for a pointz on

the axis between Heand He shows that it is proportional to
the following combination of the orbital densitigg.? andu.?

__ 1 X(2)
84 @] [x@ + 117°

S (2 (2.1)

wherex = ¢u?lpg? is the ratio of these densities and we have
used Voy(2) = —+/[(2—2S)/(2+2S)lpu(2). The second x-
dependent fraction of (2.1) displays two symmetrical local
maxima in the bonding region at= 3/5. Note that, in reality,

x decreases from its infinite (due to the more diffuse nature of
¢dua, Which is not reflected in our simplistic model leading to
eq 2.1) value at the asymptoties— « to x = 0 at the bond
midpoint, wherep,, has a node, so that= 3/5 is well within

the bonding region. The first fraction of (2.1) which increases
when going from the nuclei to the bond midpoint should then
shift the local maxima ofs,3(z) further toward the bond
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Figure 4. Orbitals participating in the four-electron three-orbital
interaction of the TS of the\& reaction [F-<CHa--F]".
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Figure 5. s,2 (1.3) is plotted along the bond axis of the prototype
hydrogen exchange TS [HCI---H] (line). §* (1.3) for the atoms is
plotted at the atomic positions (dots).

4). The highest occupied molecular orbital (HOM®@y is,
predominantly, the in-phase combination gfgubitals of the F
atoms,¢o =~ co[a(Fa) + o(Fs)], which is only very weaklyo
bonding within the fragment [f--Fg]~, due to the large
distance. The lower lying occupied M@ is actually the out-
of-phase combination af orbitals of [Fa-+-Fg]~, stabilized by
admixture of the porbital of the C atomg+ ~ ci+[o(Fa) —
o(Fg)] — C2+ pAC). The doubly occupiea. and ¢, together

are, except for theC) admixture, equivalent to two nonbond-
ing atomic p lone pairs. This nonbonding atomic orbital
character is reflected in a steady increass,d#ith decreasing

| z| in the bonding regions, i.e., in the intervals3| z| > 2.1

au beyond the inner shell structure of the F atoms. This increase
is similar to the increase @f? in the regions of the nonbonding
lone-pair orbitals on the outer sides of the F atoms (see Figure
3). Due to the bonding contribution of the grbital of the C
atom to the MOy, the bonding regions between the nodes of
s,2 and the inner shell structure of the C atom are characterized
with relatively low values 0§, attributed to covalent bonding.

midpoint. Thus, the expression (2.1) explains the appearanceCombination of the discussed features produces for the TS

of the local maxima 0&,%(2) in the bonding region of He as

the result of occupation of the antibonding orbigal,. Note
that this feature is related to the type of bond, in contrast to the
large peaks in Figure 1 that have an atomic origin.

[F++-CHg--F]~ the observed double local maxima &f(2)
around its zero points, with different heights at the F and C
sides.

In Figure 5,5%(2) is plotted for the hydrogen exchange TS

To see whether this topological feature appears also for the[H---Cl---H] which, according to the rule of ref 19, is another

considered problematic case of the TS of th@ &action, we
plot in Figure 3s,%(2) for the TS [F+CHz+*-F]". Indeed, besides
pronounced atomic shell structure for the two terminal F atoms
and the central C atom, Figure 3 displays also distinct local
maxima of heights 0.45 atz~ +2.1 au in the regions between
the F nuclei and the nodes sf2 They indicate essentially
nonbonding character of the orbitats and¢ participating in

the three-center four-electreninteraction F--C---F (see Figure

example of a normal system besides thenidlecule considered

in Figure 1. Note that the Cl atomic structuresp#(2) consists

of four peaks: a K shell doublet at= +0.1 bohr, and an L
shell doublet at 0.2% | z| < 1.1 bohr. Again in agreement
with this rule, the behavior o2 in the region of the H-Cl
bonds beyond the CI atomic shell structure is closer to the
vanishing pattern o§,2 in the N, bonding region (see Figure
1) than the behavior ;2 in the corresponding regions of ke
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0.6

In Sections IV and V, the performance of GGAs will be
assessed for theyd and hydrogen abstraction reactions. In this
assessment, the abovementioned exchange functional B88 is
taken in standard combinations: BLYP and BP with the GGA
correlation energy functionals of Lee, Yang, and Parr (L12?P)
and Perdew (P86Y. Also, the combination, OLYP, of the
exchange functional OPTX and the correlation functional LYP
is considered. GGA exchange functionals PW91, PBE, and
HCTH mentioned in this section are taken with “their own”
correlation functionals, so that their abbreviations in the
subsequent tables are extended to the corresponding exehange
correlation (xc) combinations.

An alternative way of improvement is offered by meta-GGAs
with their dependence orj, of (1.4). This will be analyzed in
the next section.
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Figure 6. s,2 (1.3) is plotted along the bond axis of the prototype
hydrogen abstraction TS fHH---H].

H

ll. Behavior of 75 and the Performance of Meta-GGAs
(Figure 2) and [F-CHgs:--F]~ (Figure 3). Indeed, as one can o ) )
see from Figure 5, in the bonding region between the pro-  The KS kinetic energy density} (1.4) is usually employed

nounced atomic shell structure of the Cl atom and the N Meta-GGAs as the denominator of the retjo
characteristic “plateau” around the H nucleus for the hydride

H atom, the argumeng,? is rather flat. It does not display t(r) = TESDA( ) (3.1)
pronounced maxima, and its values in these regions are much o () '
smaller compared to those in the bonding regions of the 7

problematic systems considered above. Figure 6 presgiits wherer:SPA

for the prototype hydrogen abstraction TS {HH---H]. Again,

besides the atomic peak around the central H atom and the LSDA() = (6n2)2’3 53y (3.2)

abovementioned plateaus around the terminal H atoms, there
are no local maxima in the bonding region, whexg(2)
decreases monotonically toward its bond-midpoint nodes (seeis the local spin-density approximation (LSDA) for the kinetic
Figure 6). energy density. The basic point of our further analysis is that

A characteristic topological feature of the density of prob- the meta-GGA argumert}; is actually closely related to the
lematic systems that emerges from this comparative analysis isSGGA argumens,. Indeed, the KS?, of (1.4) can be expressed
the enhanced values gf? with local maxima in the bonding as the sum
regions. The origin of this enhancement is the occupation of
valence orbitals with an antibonding or essentially nonbonding
character. In reality, as was argued in refs 18 and 19, occupation
of antibonding orbitals hampers nondynamical correlation. of the von Weiszeker 7\
However, the accompanying? enhancement leads to more
strongly negative energies from the GGA exchange functionals. W 11 Vo, () 2
The s, enhancement can be considered to build in spurious 7, ()= §W
correlation through the increased contributions of GGA gradient 7
corrections from the bonding regions. This causes the above-
mentioned overestimation by standard GGAs of the stability of
problematic systems. More enhanced values and higher maxima p,(r) No
of s,2 in the bonding region of H& compared to those for Z|
[F++-CH3---F]~ (compare Figures 2 and 3) correlate with larger
GGA errors for the former systepi®

The analysis performed in this section helps in understandingterms. In the region of localization of a certain occupied KS
the possibility of the improvement for problematic cases offered orbital ¢;,, where it dominateg,, the Pauli term (3.5) vanishes,
by the recent modified GGA exchange functionals, namely, the andzS turns to (3.4)
functional of the optimal exchange method (OPTX) of Cohen
and Handy and that of the method of Hamprecht, Cohen, Tozer,
and Handy (HCTH}Y! Unlike standard GGAs, both OPTX and ()~

() =1,(r) + 7o(r) (3.3)

(3.4)

and Paulit’

¢.g(r)

1/2

(1) = (3.5)

11Vp,(r) ? (3.6)

HCTH have as their zero-gradient limit theaXexchange
functional, in which the parameter is enhanced by ca. 1.05
compared to its standard LDA value. Another difference is that
both functionals effectively have the fourth powsf as the
leading power of their gradient corrections in the bulk region.
Since the values df; in the bonding regions are less than 1 for
all prototype systems considered (see Figures6)l the

contributions from the gradient corrections to the bond energy

are reduced in OPTX and HCTH, which might substantially
correct the relative over-stability of standard GGAs for prob-
lematic systems.

8 p,(r)

With (3.6), the meta-GGA argumetitbecomes just propor-
tional to the inverse 0§,%

_ 3
5s,(r)

(3.7)

11 Ve (0
8 (1)
When other orbitalg;-i,(r) have appreciable local contribu-

tions to p,(r), the argument, of (3.1) could be substantially
smaller than its estimate &£2 from (3.7). Still, the expression

)~ L (67, %(r)
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Figure 7. (a)f (3.9) is plotted along the bond axis of the idolecule. c
(b) f« (3.9) is plotted along the bond axis of the prototype hydrogen 03 L F ‘2 (I) é F oy
exchange TS [H-Cl---H]. ) ) )
z{(a.u.,

Figure 8. (a)f (3.9) is plotted along the bond axis of the Aeation
dimer. (b)f, (3.9) is plotted along the bond axis of the TS of theS
reaction [F--CHs--F]".

(3.7) provides a rough idea of the relation betwé&eand s,?
and of howt, could be employed in meta-GGAs.

The use oft, in meta-GGAs can be illustrated with the
dependent functiofy(t,), which is employed in the meta-GGA

exchange functional of Becke (BO8)as a correction factor: regions of problematic systems (see Figure 8a and b). With this,

the correction factof, should reduce the energy contributions
from the bonding regions, which are too strongly negative for
B;)O:f{l"‘afo[to(r)]}eifsg(r) dr (3.8) problematic sys%emgs with the uncorrected ?u%ctignals. As
BREY - ) follows from the construction (3.8)(3.10), from the ap-
In (3.8) €, is the energy density of the exchange func- proximate relation (3.7) betweenands,, and from the analysis
t|ona_| of Becke_ and Roussgl (BR89)_c_)bta|ned from a mgdel- of s, presented in the previous section, the abovementioned
localized Fermi ho anda is an empirical parameter, which  characteristic pattern df, with negative values in the bonding

in BOO is 0.14. The correction factdy is defined as follows:  regions can be traced to the occupation of orbitals with an
3 5 antibonding character in the problematic cases.
fo=w, —2w,” + w, (3.9) In the next sections, the performance of meta-GGAs will be

- _ _ ) assessed for they@ and hydrogen abstraction reactions. In this
where the auxiliary argument, is the following function of  assessment, the abovementioned exchange functionals BOO and

to: BR89 are taken in combinations BOOc and BR89c with the
correlation functional of Becke (Bc88}:3>Among other meta-
(r) = t,(r)—1 (3.10) GGAs considered are the xc functionals of Van Voorhis and
9 t(r)+1 ' Scuseria (VS98} and of Perdew, Kurt, Zupan, and Blaha

(PKZB).3” The exchange part of PKZB is also combined with

By the construction (3.8), positive values fgfr) make the the meta-GGA correlation functional of Krieger, Chen, lafrate,
energy E2° more strongly negative, while negativig(r) and Savin (KCIS¥® Other meta-GGA correlation functionals
considered are LAP3 of Proynov, Sirois, and Saldhard its
modified versionrl of Proynov, Chermette, and Salatii@hey
are taken in combinations Brh and BLAP3 with the (modified)
exchange functional B88. LAP3 is also combined in this paper
with the abovementioned modfied GGA exchange functional
OPTX (with leadings,* dependence, see previous section) to
form the xc combination OLAPS3.

makesES? less negative.

In Figures 7 and 8, the correction facfris plotted for the
prototype systems considered in the previous section. By its
design, the functiori,(2) oscillates in the molecular regions,
while it vanishes at the long-range asymptotics. Such an
oscillatory behavior is required in order to maintain the overall
energy balance achieved with the uncorrected functional BR89.
However, the oscillation patterns are different for normal
systems Mand [H--Cl---H], on one hand, and for problematic
systems Hg" and [F--CHz:--F]~, on the other hand. Indeed,
while f4(2) is generally positive in the bonding regions of normal The prototype §2 reaction considered in this paper is the
systems (see Figure 7a and b), it is negative in the bondingfollowing symmetrical substitution of the halide aniorm:X

IV. Assessment of GGAs and Meta-GGAs for §2
Reactions
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X~ + CHaX — XCH, + X~ (4.1)

where X=F, CI, or Br. The reaction goes through the formation
of an unsymmetrical iondipole intermediate complex (IC)
X~+++CH3X and symmetrical TS [%-CHgz---X] . The special E E
case for which X= F was considered in the previous sections.
These intermediates determine the key parameters of the reaction _u\
(4.1): the complexation energicmpx, Which is the energy X G—X
difference between IC and free reagents, the central b&gder 00 e
which is the energy difference between TS and IC, and the Figure 9. Schematic representation of the intermediates IC and TS,
overall barrierE,,,, the energy difference between TS and free the barriers, andemyx for the Q2 reaction (4.1).
reagents. The intermediates IC and TS, the barriers Eafgk
are schematically shown in Figure 9. the TS is slightly more stable than reagents for=¢, and it

All GGA and meta-GGA calculations have been performed iS slightly less stable for X= Cl and Br (see Table 1).
with the Amsterdam Density Functional (ADF) prografn®2 Conversely, LDA greatly overestimates the stability of the TS,
Geometries for reagents, IC, and TS were taken from ref 43. Which leads to the large negative values-8 to —10 kcal/
All self-consistent calculations have been performed with the mol of E;.* and small positive values of 3.5 kcal/mol for
BLYP xc potential, so that, for other functionals, the energies the central barrieEsoq.
Ecmpx Ecents @and Eowr have been calculated in the post-BLYP Standard GGAs reduce the already not very significant LDA
manner. The error of not calculating the energy self-consistently error for the complexation energy. Actually, PW91 and PBE
can be estimated to be of the order of a few tenths kilocalories yield the besE:mpx values among all functionals, with absolute
per mole. The reference data for these energies are the result@verage errors of only 0.8 and 0.9 kcal/mol, respectively.
of ab initio coupled-cluster CCSD(T) calculations for=XF*4 However, standard GGAs fail to reduce significantly the large
and experimental data for % Cl and Br#>-4 In Table 1 we LDA errors for the barriers. Indeed, the LDA average error of
also report alternative calculatéa@nd experimental valugs?0.51 9.72 kcal/mol for the overall barriers is reduced to-6927 kcal/
to give our chosen reference values a sense of proportion. Formol with BLYP, BP, PW91, and PBE, and only revPBE reduces
X =F, the values calculated with the G2(3 method are close it to somewhat smaller 4.56 kcal/mol. Moreover, standard GGAs
to or within the error bars of the results from the CCSD(T) fail to reduce appreciably the LDA average error of 7.34 kcal/
calculation&* (zero point vibrational energy and higher correc- mol for the central barriers; in particular, the BLYP error of
tions are also within these error bars). For=XBr, the G2- 7.52 kcal/mol is even slightly larger than that of the LDA (see
(+)* (with the use of effective core potentials for the core Table 3). Notice that, while our results for the complexation
electrons) calculated energies are again close to the experimenta¢nergy for X= F substantially agree with the calculations at
values. In the case where=X Cl, larger discrepancies are found the BLYP level of approximation reported in ref 53, they differ
between the two experiment&mpx*>*” while the G2-)* noticeably for X= F and Cl from the results obtained in ref
calculated value is between them. 54, where it was suggested that there is a sizable error of the

The calculations have been carried out in the tripleasis LDA/GGAs. We attribute the differences with the calculations
+ polarization functions (TZ2P) of Slater-type orbitals (STOs). in ref 54 to the different basis sets used for the halides. (As we
For X = F and for X= Cl, a larger basis set with very diffuse commented above, we use a very diffuse basis set for the halides,
basis functions is needed for the convergence of the bond energyvhile in ref 54 a TZ2P basis set has been used. The TZ2P basis
of the anion® In our calculations the available standard ADF Yields an energy for theTHon that is ca. 10 kcal/mol too high.
quadruplet (for valence orbitals) and doubfe-(for core Cf. also ref 52.)
orbitals) even-tempered basis set augmented with three polariza- An improved description of the barriers is achieved with the
tion functions (ETQZ3P) and the similar basis ET@AP (with modified GGAs and meta-GGAs (see Tables3). Since the
five polarization functions and, in addition, one set of tight and functional BOO has been analyzed in the previous section as an
one set of diffuse s and p STOs) have been used respectivelyexample of the meta-GGA correction (in this particular case,
for Cl and F. We estimate the remaining basis set error on the the functional BR89 is corrected), it is instructive to compare
reaction barriers of the order of 6:D.2 kcal/mol. Further,  the performance of the corresponding combinations BOOc and
neither zero point vibrational energy nor thermal corrections BR89c. Due to the destabilizing effect of the correction factor
are applied when our calculated data are compared with thefs of (3.8) and (3.9) on the TS, BOOc yields improved higher
experimental values. This also introduces an error of a few tenthscentral and overall barriers in all cases considered (see Tables

kilocalories per mole. 1 and 2). As a result, the average BR89c barrier ety
Absolute values of the calculated energi@p Ecens and = 5.71 kcal/mol andAEgne° = 6.48 kcal/mol are reduced in
Eow for X = F, Cl, and Br are compared with the reference B0Oc to AES0’® = 2.72 kcal/mol andAESo. = 4.15 kcal/mol,

data in Table 1. In Table 2, the corresponding errors of LDA, respectively.

GGAs, and meta-GGAs are shown. Table 3 presents the mean Combinations with the modified GGA exchange functional
average error for the three reactions considered. One can se®©PTX show the best performance. Indeed, the best overall
from these tables the important difference between LDA and barriers are produced with OLYP, with an average error of only
standard GGAs, on one hand, and modified GGAs and meta-1.81 kcal/mol (see Table 3). It is clear that this improvement is
GGAs, on the other hand. LDA reproduces satisfactorily the solely due to OPTX, since the combination BLYP with the same
reference complexation energEg.p. More precisely, it slightly standard correlation functional LYP produces much larger
overestimates the relative stability of the IC with the average average errorAE2.Y" = 6.74 kcal/mol. Note that another
error AEE,?@X = —2.65 kcal/mol (see Table 3). However, the modified GGA functional HCTH taken in combinations HCTH/
abovementioned, typical LDA tendency to overbind is much 93 and HCTH/407 produces nearly as good overall barriers as
more pronounced for the TS. According to the reference data, OLYP with the average error of 1.94 kcal/mol.
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TABLE 1: Calculated Energies Ecmpx, Eowr, @and Eceny (kcal/mol) for the Sy2 Reactions (X= F, Cl, and Br)

X=F X=ClI X =Br

xc functional Ecmpx Eovr Ecentr Ecmpx Eour Ecentr Ecmpx Eowr Ecentr
LDA —-16.0 -9.5 6.4 —-13.8 —-8.4 5.4 —13.3 —-9.7 3.5
PW91 —-13.7 —6.7 7.1 —12.2 —6.7 5.6 —-11.5 —7.8 3.8
BLYP —-12.6 —-5.6 7.1 —-10.9 —6.3 4.6 —-10.1 —6.9 3.2
BP —-12.4 —-5.2 7.1 —-10.7 —5.4 5.3 —10.2 —6.6 3.6
PBE —-13.3 -5.9 7.4 —-12.0 —6.1 6.0 —-11.3 —7.1 4.1
revPBE —-11.3 -3.2 8.1 —-10.5 —-3.9 6.6 —-9.8 —-5.1 4.7
OLYP —-9.2 0.8 9.9 —-9.1 -0.3 8.8 —-8.0 —-1.3 6.7
HCTH/93 —-9.2 1.1 104 —8.8 -0.1 8.8 —-8.0 —-15 6.5
HCTH/407 -11.3 -0.5 10.8 -10.5 —-0.7 9.8 —-9.6 —-2.5 7.1
KCIS —-11.2 -1.7 9.5 —-9.7 -1.0 8.7 —-9.3 —-2.9 6.3
PKZB —-11.0 -15 9.5 —-9.5 —-1.1 8.4 -9.1 —-29 6.2
VS98 —-17.6 -5.8 11.7 —-14.8 —-5.3 9.6 —14.2 7.1 7.1
Bmrl —-11.8 -1.9 9.9 —-10.8 -3.3 7.6 —-11.0 —-5.3 5.7
BLAP3 —-11.7 -1.7 9.9 —-10.6 —-2.9 7.8 —-10.8 —-4.9 5.9
OLAP3 —8.2 4.6 12.8 —8.9 3.2 12.0 —8.8 0.6 9.4
B0OOc —-11.9 -15 104 -10.2 —-1.9 8.3 —-9.5 -3.3 6.2
BR89c —12.8 —4.4 8.5 —10.5 —4.9 5.6 —10.3 —6.4 3.9
exp (refvalues) —12.2+ 22 14+1° 13.24+ 2.2 —-9.2+ 0% 1.3 11.2
exp (other) —8.6+ 0.2 25,31
calc (refralues) —13.7+£0.8 —-0.7 13.0+1.5
calc (other) —13.8 -1.9 12.0 —10.5 2.8 13.3 -9.8 1.4 112

aReference 46° Reference 45° Reference 474 Reference 48 Reference 49 Reference 519 Reference 50" Reference 44.Reference 43.

TABLE 2: Errors of the Calculated Energies AEcmpy, AEow, AEceny (kcal/mol) with Respect to the Reference Data for the &2

Reactions (X=F, Cl, and Br)

X=F X=ClI X =Br
XC funCtlonal AECme AEOV[ AEcenIr AECme AEOVT AEcenlr AECme AEOVI' AECGFIU
LDA -23 -8.8 —6.6 -1.6 -9.4 -7.8 -4.1 -11.0 -7.7
PW91 -0.0 —6.0 -5.9 -0.0 —=7.7 —=7.7 —-2.3 -9.1 7.5
BLYP 1.1 —-4.9 —6.0 1.4 —-7.3 —8.6 -0.9 —-8.2 -8.0
BP 1.4 —-4.5 -5.9 1.5 —6.4 —=7.9 -1.0 —-7.9 —7.6
PBE 0.4 -5.2 —5.6 0.2 -7.1 -7.3 -2.1 -8.4 -7.1
revPBE 2.4 —-2.5 —-4.9 1.7 —4.9 —6.6 —-0.6 —6.4 —-6.5
OLYP 45 15 -3.1 3.1 -1.3 -4.3 1.2 -2.6 —-4.5
HCTH/93 4.5 1.8 —-2.6 3.4 -1.1 —4.4 1.2 —-2.8 —-4.7
HCTH/407 2.4 0.2 -2.2 1.7 -1.7 -3.4 -0.4 -3.8 -4.1
KCIS 2.5 -1.0 -35 2.5 —-2.0 —-4.5 —-0.1 —-4.2 —-4.9
PKZB 2.7 -0.8 -3.5 2.7 -2.1 -4.8 0.1 -4.2 —5.0
VS98 —-3.9 -5.1 -1.3 —-2.6 —6.3 —3.6 -5.0 -84 —-4.1
Bmrl 1.9 -1.2 -3.1 1.4 -4.3 -5.7 -1.8 —6.6 —5.5
BLAP3 2.1 -1.0 -3.1 1.6 —-3.9 —5.4 —-1.6 —6.2 —-5.3
OLAP3 5.5 5.3 -0.2 3.3 2.2 -1.2 0.4 -0.7 -1.8
B0OOc 1.8 -0.8 —-2.6 2.0 —-2.9 —-4.9 -0.3 —-4.6 -5.0
BR89c 0.9 —-3.6 —-4.5 1.7 -5.9 —7.6 -1.1 7.7 —-7.3
TABLE 3: Mean Absolute Error (kcal/mol) for the S n2 1.06 kcal/mol is definitely lower than the errors of other
Reactions (X= F, Cl, and Br) functionals (see Table 3). This improvement is due to both
xc functional | ABcmpy | AEou| | AEcend OPTX and the meta-GGA correlation functional LAP3. Indeed,
LDA 57 9.7 73 change of the exchange functional from BLAP3 to OLAP3
BLYP 1.1 6.7 75 reduces the average error by 3.56 kcal/mol (from 4.62 to 1.06
BP 1.3 6.2 7.1 kcal/mol). The same change of exchange functional, but with
PWa1 0.8 7.5 7.0 LYP correlation, i.e., going from BLYP to OLYP, reduces the
PBE 0.9 6.9 6.8 average error for central barriers by 3.55 kcal/mol (from 7.52
revPBE 15 45 6.0 3.97 kcal/mol). The sub h f th lati
OLYP 29 18 4.0 to 3.97 kcal mol). The subsequent change of the correlation
HCTH/93 3.0 1.9 3.9 functional from OLYP to OLAP3 reduces the error further by
HCTH/407 1.5 1.9 3.3 2.91 kcal/mol to 1.06 kcal/mol. For the overall barriers, the
KCIS 17 2.4 4.3 OLAP3 error of 2.74 kcal/mol is somewhat larger than the
PKZB 18 2.3 4.4 abovementioned smallest error of 1.81 kcal/mol of OLYP.
VS98 3.9 6.6 3.0 . . . .
Bmrl 17 4.0 48 However, OLAP3 is the only method in which, in agreement
BLAP3 1.7 3.7 4.6 with the experiment, the overall barriers are present for X
OLAP3 3.1 2.7 1.1 Cl and Br, while in other methods they are absent, so that in
BOOc 14 2.7 4.2 the latter cases TSs are made artificially more stable than
BR89c 1.2 5.7 6.5

reagents (see Table 1). Somewhat larger OLAP3 errors for the

In turn, the combination OLAP3 yields the best central overall barrier and the complexation energy in the case K
barriers, which are the key parameters for the kinetics of the are due to the apparent overestimation of the electron correlation
S\2 reaction. The corresponding average OLAP3 error of only in the F~ anion by LAPS3.
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Considering the successful performance of OLAP3 for the TABLE 4: Reference Data for the Prototype Hydrogen
reaction barriers, it is interesting to note that neither OPTX nor Abstraction and Exchange Reactions (All Energies Are in

LAP3 was parametrized especially for problematic systems. keal/mol)?
Indeed, the simple form of the OPTX functional, reaction Eror Erev E
HCI+H—CI+ H; 5.6 8.7 —-3.1

EOPT™X = — [[1.0515%, + 1.4316@ %(r)]p,*3(r) dr (4.2 OH+H,—H+ H0 5.7(3.9) 22.0(18.5)—16.3 (-14.6)
o f[ = o (Oles (1) (4.2) CH3+HzgﬁH+CZH4 12.1(10.8) 15.0 (10.9) —2.9 (-0.1)

2 OH+CH;—CH; +H,O 6.7(47) 20.2 —-135
_ 7% () H+ H,— H, + H 9.6 9.6 0.0
U(N = ———— (4.3) OH+NH;—H,0+ NH, 3.2(1.4) 13.2 ~10.0
1+ yx,(r) HCl+ CH;—Cl+CH, 18 7.8 260
F+H,—H+HF 1.8 33.2 —31.4
wherex, = 2(679)3s,, ¢, = (3/4)(64r)3is the Dirac coefficient, OH+ CH;— O+ CH;, 7.8 13.7 -5.9
and y = 0.006, has been chosen in ref 1 to reproduce the H+ PHs—PH; + H; 3.2 255 —22.3
Hartree-Fock atomic exchange energies. In turn, the LAP3 H + CIH' = HCl + ' 18.0 18.0 0.0
functional contains the logarithmic and polynomial dependence S:‘_LHS__’_';'_'Z :?‘S 1g'é i;.i(8.8) —713'2
1213 LSDA ; 2 2 : : :
on the argumentt)~“p,°, wheret,, = 7,°""/t,, and ), is the O+ HCl— OH + Cl 9.8 9.9 —01
alternative to (1.4), the Laplacian-dependent form of the kinetic H,O0 + OH— OH+ H,O 10.1(8.6) 10.1(8.6) 0.0
energy density: a All data are from ref 55, except the last entry from ref 56. The
N data in parentheses are from ref 57, if available.
t(r)=—- zdﬁkﬁ(r)vqum(r) (4.4) TABLE 5: Calculated Values Ep,r and Errors AEpa,
245 (kcal/mol) with Respect to Reference Data (See Table 4) of
the Barrier Height for the Reaction (5.1)
The dependence Om'all./nglls has been parametrized in ref  yc functional Evar ~ AEnar xc functional  Epar  AEpar
_2 to reproduce the energles_of (dynamical) Coulomb correlatlc_)n DA 29 _125 KCIS 51 —45
in atoms and molecules with normal covalent bonds. In this py9q 33 63 PKZB 55 -43
sense, the successful performance of OLAP3 for th@ S BLYP 31 —65 VS98 56 —4.0
reactions seems to be accidental. However, with the analysis BP 09 -88 Bnrl 75 -21
of the previous sections in mind, one can understand that the PBE 3.7 =59 BLAP3 72 =24
true reason for the success of OLAP3 is the effectie rgl‘_’sEE ;g _g-g (B)cl)_gm Z-Z _é-g
dependence of OPTX and the molecular correction of LAP3 1 11105 71 —_25 BRsfac 62 _34
from 7/ as it has been discussed in the previous section. These H{cTH/407 74 —22

factors lead to the corrected lower stability of TSs and, as a

result, to the improved description of the reaction barriers with ~ All GGA and meta-GGA calculations have been performed
OLAP3. with the ADF progrant%-42The energieg, Es,r, andE., have

To conclude, the results of this section confirm the above- been calculated in the post-LDA manner in the TZ2P basis of
mentioned rule of ref 19, according to whichySreactions ~ STOs.
with the three-center four-electron bonds in their TSs were A pure assessment of GGAs and meta-GGAs for the three-
designated as truly problematic cases for standard GGAs. Incenter three-electron bond can be provided with the simplest
agreement with the conclusions of ref 19, better description of Symmetrical hydrogen abstraction reaction,
S\2 reactions has been shown to result from improvement of .
the GGA exchange functionals. H+H, —~H, +H (5.1)

The symmetrical TS H-H---H consists of just this bond.
Table 5 presents the calculated values of the barrier h&ight
(the reference value iBpar = 9.6 kcal/mol) for the reaction

The prototype hydrogen abstraction reactions considered in(5.1) together with the corresponding errak&pq,. At first
this paper are listed in Table 4. The reference data for the glance, the pattern of the performance of various functionals is
energies of reactions and the barriers of the forwai, and similar to that established for theySreactions in the previous
reversek,, reactions of the first 14 reactions in Table 4 have section. Again, LDA overbinds the TS with the large erdtya
been taken from the database of reactions proposed in ref 55= —12.49 kcal/mol, i.e., the TS is 2.89 kcal/mol more stable
The geometries of the reagents and products are obtained athan the reactants. Standard GGAs substantially reduce this error,
the quadratic single and double configuration interaction though the remaining GGA errors are close to their typical errors
(QCISD) level of ab initio theory® The barrier of the last  for the Sy2 reactions (compare Tables 3 and 5). Modified GGAs
reaction (also calculated with QCISD) has been taken from ref and meta-GGAs reduce further the barrier error.

56. In parentheses, we also report, if available, the careful However, there is a qualitative difference between these two
estimates for the energy barriers extracted from experimentaltypes of reactions in the importance of the exchange and
data, proposed in ref 57. However, these energies include zerocorrelation functionals for the observed improvement of the
point energy corrections and further corrections (tunneling calculated barriers. While for then3 reactions the major
corrections to canonical transition state theory applied to the improvement comes from modification of the exchange func-
experimental data) and, therefore, are not directly comparabletionals, this is not the case for the reaction (5.1). For example,
to our calculated energies and those from the database of refas was mentioned in the previous section, modification of the
55. The differences of the order of a few kilocalories per mole exchange functional BR89 to the functional BOO with the
between the two sets highlight the care that has to be taken todependent correction factéyrof (3.9) reduces significantly the
obtain appropriate reference data to assess, or to parametrizegrrors of the combination BOOc for they& reaction barriers
approximate DFT methods. compared to those of BR89c (see Table 3). On the contrary, in

V. Assessment of GGAs and Meta-GGAs for Hydrogen
Abstraction Reactions
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TABLE 6: Calculated Values E¢o, Eev, E and Errors AEx,,
A Ere\, AE (kcal/mol) with Respect to Reference Data (See
Table 4) of the Barrier Height for the Reaction HCI + H —

Cl + H,

xc functional  E, AEfor Erev AErey E AE
LDA -3.1 -87 -10.7 -19.4 7.6 10.7
PW91 0.0 —-56 —-1.6 -10.3 1.6 4.7
BLYP -23 -79 2.7 —-6.02 -50 -19
BP -2.8 -84 0.2 —-8.5 -3.0 0.1
PBE 0.7 -—-4.9 -1.2 -9.9 1.9 5.0
revPBE 1.1 —45 25 —-6.2 -14 1.7
OLYP -0.1 -5.7 4.0 —4.7 -4.1 -1.0
HCTH/93 1.8 —-3.8 5.1 —-3.6 -33 -0.2
HCTH/407 23 -33 3.8 —-4.9 -15 1.6
KCIS 25 =31 3.0 —5.7 -05 2.6
PKZB 0.0 -56 5.8 —-2.9 -58 —26
VS98 42 -14 3.1 —5.6 1.1 4.0
Bmrl 19 -37 7.1 —-1.6 -52 =21
BLAP3 1.9 -37 6.6 —-2.1 —47 —-16
OLAP3 41 -15 7.9 —-0.8 —-3.8 —-0.7
B0Oc 0.8 —48 4.2 —4.5 -34 -03
BR89c 08 —4.38 3.1 -5.6 -2.3 0.8

TABLE 7: Calculated Values E¢o, Erev, E and Errors A Eir,
A Ere, AE (kcal/mol) with Respect to Reference Data (See
Table 4) of the Barrier Height for the Reaction OH + CH3
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TABLE 8: Mean Absolute Error (kcal/mol) for the
Prototype Hydrogen Abstraction Reactions

xc functional | AEsor| |AEre] |AE]

LDA 18.6 18.5 6.3
PW91 9.9 10.5 2.7
BLYP 8.5 8.7 1.9

BP 9.9 10.3 1.6
PBE 9.5 10.2 2.7
RevPBE 6.8 7.5 1.2
OLYP 6.4 6.5 1.4
HCTH/93 5.1 5.1 1.1
HCTH/407 5.7 5.6 1.1
KCIS 5.4 6.6 1.3
PKZB 4.4 6.2 3.4
VS98 4.6 5.2 1.6
Bmrl 4.2 4.6 1.9
BLAP3 4.5 4.8 1.7
OLAP3 2.7 3.5 1.6
BOOc 5.3 5.8 1.2
BR89c 6.6 6.6 0.9

the reactants, the pattern of improvement due to the exchange
and correlation functionals is more complicated than for reaction
(5.1), though the general trend is the same. Standard GGAs
reduce the large LDA average absolute errors for barriers from

— O + CHq4 ca. 18.5 to 8.510.5 kcal/mol, with revPBE producing some-

xc functional  Err AEwr Eev  AEwy E AE what smaller errors of 6.75 and 7.46 kcal/mol E; andE,e.\,,
respectively (see Table 8). They also reduce the substantial LDA

LDA 94 -1r2 -96 —233 02 61 reaction energy error of 6.33 kcal/mol, in particular; the
PW91 —-0.8 -86 -02 -139 -06 53 . .
BLYP 18 6.0 22 _115 -04 55 correspond!ng.r.evPB.E error is only 1.16 kcal/mol. o
BP 06 -72 13 —-124 -07 52 Further significant improvement of the calculated barriers is
PBE -0.7 -85 02 -—135 -09 5.0 achieved with the use of the correlation functionals LAP3 and
revPBE 24 -54 41 96 -17 42 71. Indeed, a change of the exchange functional only, from B88
oLyp 80 48 66 -1 -36 23 to OPTX, reduced\Ei by 2.1 kcal/mol from 8.5 kcal/mol for
HCTH/93 27 -51 71 -66 —44 15 or I
HCTH/407 18 —6.0 62 —75 —44 15 BLYP to 6.4 kcal/mol for OLYP, which is actually close to the
KCIS 33 —45 71 —-66 -38 21 abovementioned value of 6.75 kcal/mol for revPBE. On the other
PKZB 44 34 88 —-49 -44 15 hand, a subsequent change of the correlation functional from
vS98 31 -47 79 -58 -—48 11 LYP to LAP3, i.e., going from OLYP to OLAP3, produces
Bmrl 55 -23 64 -73 -09 50 further error reduction by 3.73 kcal/mol and the resultant
BLAP3 5.2 —2.6 6.1 -77 -09 50 . av
OLAP3 65 —-13 104 -33 -39 2.0 smallest error among all functlonlalzs. o = 2.67 kcal/mol of
B0OO 33 —45 7.5 —-6.2 —42 1.7 OLAP3 (see Table 8). The combination OLAP3 also produces
BR89c 18 -60 60 -78 —42 17 the best reverse barriers, with the average enf, = 3.48

kcal/mol. The second best barriers are produced witht Bm
the case of (5.1), the same correction actually leads to a largeryith the average errora A — 4.18 kcal/mol andAEY, =

error of BOOc forEsar compared to BR89c (see Table 5). Note, 4,64 kcal/mol. Note that OLAP3 yields also reasonable reaction
as another example, that a change of the exchange functionaknergies with an average error of 1.6 kcal/mol.
from BLYP to OLYP reduce&Eban by onIy 0.5 kcal/mol. This Fina”y, we present in Table 9 the barridfsarr calculated
correlates with the normal behavior, established in Sections Il for a particular case, the chemically important prototype reaction
and Ill, of the GGA argumeng,? and the meta-GGA factdy (1.5) of hydrogen abstraction from the water molecule:OH
for the TS of the hydrogen abstraction reaction. + OH* — OH* + H,0. They are compared with the accurate
Unlike the S2 reaction, the major improvement for reaction calculated QCISD(T) value of 10.1 kcal/nfSlthe correspond-
(5.1) comes from modification of the correlation functional. ing errorsAEpa are given in the third column of Table 9. In
Indeed, independently of whether B88 or OPTX is employed fact, just these errors have been taken to calculate the contribu-
in the xc combination, a change of the correlation functional tion of this reaction to the overall accuracy of the functionals
from LYP to LAP3 reduce@\Ey, by 4.1 kcal/mol for BLAP3 in Table 8. All the methods hugely underestimate the barrier
or OLAP3 compared to the corresponding combination BLYP compared to the QCISD(T) reference and, though OLAP3 yields
or OLYP. In the latter case, this reduction produces the smallestthe least absolute errof AEpsr | = 6.41 kcal/mol, it is
error among all functional&Eyar= —1.94 kcal/mol for OLAP3 considerably larger than the average errors presented in Table
(see Table 5). A slightly larger (in absolute value) error-@f13 8. However, the experimental estimate of the barrier, the
kcal/mol is produced with the combination Bfn with the Arrhenius activation energy of 4.2 kcal/nfSlis also substan-
correlation functionatl, which, as was mentioned above, is a tially lower than the theoretical reference value. In this particular
modified version of LAP3. case, as was established in ref 56, the reason for the observed
In Tables 6 and 7 the calculated reaction endgggnd the large discrepancy of the conventional quantum chemistry
barriersE;, andE;, are presented with the corresponding errors potential energy barrier and the experimental activation energy
for two unsymmetrical hydrogen abstraction reactions, and Tableis the effective decrease of the activation energy compared to
8 presents the average errors of the functionals for all 15 the potential energy due to the H atom tunneling. The deviations

reactions. In general, because of the more complex nature of AE;, of the calculated barriers from the experiment are given
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TABLE 9: Calculated Values Ep,, (kcal/mol) for Various valence orbitals with an antibonding or essentially nonbonding

Functionals and the DifferencesAEg,r with Respect to the character. Such an electronic structure means that gt
Theoretical QCISD(T) Reference Data (See Table 4) and correlation is not so strong as in a normal two-center two-
AE., with Respect to the Experimental Arrhenius electron bond. However, the localized nature of the effective

Activation Energy at 300 K (See Text) of the Barrier Height . Lo
for It\r/1e|Reactior?)|/—|20 + OH-(—> OH°X+) H,0 ' 9 exchange-correlation hole of the GGAs, which is correct for

normal chemical bonds with significant nondynamical teft

xc functional Ebarr ABar ABSan right) correlation, persists in these problematic cases and causes
LDA —18.9 —29.0 —23.1 the GGAs to yield a too negative energy. We have connected
PWO1 7.5 —-17.6 —-11.7 the special electronic structure of the problematic systems to a
E'F‘,YP :g:g :ig:g __1%'_2 topological feature of the electron density that enters the
PBE -70 ~171 ~11.2 functional forms of the GGAs and causes them to exhibit the
revPBE —-2.7 —12.8 -6.9 too stabilizing behavior. This topological feature of the electron
OLYP -0.9 —11.0 -5.1 density is the local enhancementsf in the bonding region.
HCTH/93 —06 —10.7 —4.8 The way that the standard GGAs dependsghleads them to
HCTH/407 —L7 -118 —2.9 overestimate the stability of problematic systems. We have
KCIS —-0.7 —10.8 —-4.9 . . . .
PKZB 11 90 31 demonstrated that the behaviorsp# is also reflected in special
VS98 0.9 —92 -33 behavior of the topological features of the density that are being
Bmrl 0.7 -9.4 -35 used in meta-GGAs, such as the rdti@) (cf. eq 3.1) between
BLAP3 0.3 —9.8 -39 the LDA kinetic energy density;°(r) and the Kohr-Sham
gé_g\cpg i'.Z) _8:‘11 _g:g kin_etic energy density>(r) and the _related correction_ facﬁgr
BRS9C —24 ~125 6.6 This provides some understanding of why modified GGA

functionals that have a special dependence,8nsuch as the

in the last column of Table 9. It is to be noted that the calculated functionals OPTX and HCTH with a leadirg* behavior of
OLAP3 value of 3.69 kcal/mol is very close to the abovemen- the gradient corrections, or the meta-GGAs wiifr) depen-
tioned experimental value, so that the corresponding deviation dence, can improve on the standard GGAs for the problematic
is only —0.51 kcal/mol. Other functionals display considerably CaSes.
larger (in absolute value) deviations (see Table 9). One could The performance of 17 GGA and meta-GGA functionals has
exploit this curious property of the OLAP3 functional in MD  been assessed for the prototype problematic cases, the sym-
calculations, where the atomic motions are treated classically, metrical §2 reactions. Standard GGAs already reduce substan-
which is generally the case, even in E&arrinello-type MD tially the reaction barriers calculated by LDA, but they still have
calculations. (In general, of course, we do not wish to advocate barriers that are too low. Important further error reduction is
treating nuclear motion classically on an erroneous potential gained with the modified GGAs and meta-GGAs. The best
surface to approximate quantum molecular dynamics using anoverall performance has been observed for the combination
accurate potential.) OLAP3. The basis of this success is the dependence of the
In conclusion, just as in the case of thg2Sreactions exchange OPTX functional with the effective leadigg term
considered in the previous section, the original combination of its gradient correction. Another factor appears to be the
OLAP3 also shows the best overall performance for the dependence of the correlation LAP3 functional on the meta-
hydrogen abstraction reactions. However, unlike th2 &ac- GGA argument.
tions, the major improvement in the latter case is achieved with  The performance of GGA and meta-GGA functionals has also
a change of the correlation functionals. This is in agreement heen assessed for 15 hydrogen abstraction reactions. These
with the analysis of ref 3, according to which the improvement transition states have not been categorized as problematic in
in this particular normal case could be gained with the the same way as the transition state of th@ &actions, since
modification of the local spin density dependence of standard the hydrogen abstraction transition states have considerable
GGA caorrelation functionals. Apparently, such a modification  nondynamical correlation, which is in keeping with the localized
has been effectively undertaken in ref 2, where the correlation exchange-correlation hole of the GGAs. However, the GGA
energy functional LAP3 was constructed, explicitly taking into - correlation functionals in this case overestimate the dynamical
account the Coulomb correlation of the opposite- and like-spin correlation, which presumably could be remedied by exploiting

electrons. the local spin polarizatiofj(r).X° We find, indeed, for the present
. series of hydrogen abstraction reactions that standard GGAs,
V1. Conclusions even though they reduce substantially the large error in the

The goal of this paper has been three-fold. First, to assessreaction barriers calculated by LDA, still yield significant errors.
the quality of GGA and meta-GGA exchange and correlation However, further reduction is obtained, mainly due to the
functionals for the prototype,\a and hydrogen abstraction modified correlation functionals. Again, the best overall per-
reactions. Second, to establish the specific topological featuresformance has been observed for OLAP3. For the considered
of the electron density of problematic (for standard GGAs) Systems with nonzero spin-density the basis of the success of
systems and to relate them to the orbital structure of the chemical OLAP3 appears to be the modified structure of the correlation
bonds involved. Third, to try new xc combinations such as functional LAP3, which takes explicitly into account the
OLAP3 for the reactions. Coulomb correlation of the opposite- and like-spin electrons.

A characteristic topological feature of the density of prob-  The analysis of the behavior «f? and the meta-GGA
lematic systems has been established, which is the enhancedorrection factorf, confirms the qualitative rule of ref 19.
values of the basic gradient argumegftwith local maxima in Indeed, for the system H CIH, with the three-center three-
the bonding region. With the direct evaluation $f for the electron (/m = 1) bond,s,? andf, behave like the case of the
simple [He-He]" bond, the origin of this topological feature molecule N. On the other hand, for the problematic system
has been traced to the occupation in problematic systems of[F---CHs:--F]~ with the three-center four-electron/in = 4/3)
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(23) Becke, A.Phys. Re. A: At., Mol., Opt. Phys1988 38, 3098.

bond,s,? andf, behave like for the prototype problematic system
(24) Herman, F.; van Dyke, J. P.; Ortenburger, |.FBys. Re. Lett.

He,* with the two-center three-electron/(n = 3/2) bond. The
results of the GGA and meta-GGA calculations also confirm 1969 22, 807.

h h A (25) Perdew, J. P. Unified Theory of Exchange and Correlation beyond
the conclusions of ref 19, in the sense that for the problematic the Local Density Approximation. IBlectronic Structure of Solidgiesche,
case of the @ reactions, the improvement of the results has P-.(zEg)chPrlg,dH-, Est.I;DAkgﬁemle ngrla;g: Serlil(n, 1S99ﬁ lel-k K A

H H ifi 5 eraew, J. P.; evary, J. A.; VOSKO, o. ., Jackson, AL
be‘?” achieved with the modified exchange energy funCtlor.]als’ Pederson, M. R.; Singh, D. J.; Fiolhais, Rhys. Re. B: Condens. Matter
whllg for the normal case of the'hydroggn abstractllo'n reactions vater. Phys.1992 46, 6671.
the improvement has been achieved with the modified correla-  (27) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77,
tion energy functionals. 3865. .

On the basis of the assessment performed in this paper, We71§28) van Leeuwen, R.; Baerends, Elri. J. Quantum Chen1994 52
can r.ecommen.d the combination QLAPS for calculations of  (29) Cook, M.; Karplus, MJ. Phys. Chem1987 91, 31.
chemical reactions. For the considered prototype reactions, (30) Gritsenko, O. V.; Schipper, P. R. T.; Baerends, B. Chem. Phys.
OLAP3 produces the best overall reaction barriers, and it also 19?;1)1% 5007. HE A Gonen. A1 Tozer D. J.- Handv. N.@h

: . amprecnt, . A.; Conen, A. J.; 1ozer, D. J.; Ranay, A em.

repro.duces well the energies of thg hydro.gen abstraction Phys.1998 109, 6264.
reactions. On the other hand, OLAP3 is certainly not the best  (32) Becke, A. D.J. Chem. Phys200Q 112, 4020.
functional for thermochemical calculations. Our calculations for ~ (33) Becke, A. D.; Roussel, M. Rehys. Re. A: At., Mol, Opt. Phys.
the standard thermochemical G2 set of molecules show that the195(3§4)39ég;fe1-A D, Chem. Phys1688 85, 1053
quality of QLAPS for these ca}lculatlons is superior to th.at'of (35) Becke. A. Dint. J. Quantum Chem_y’Quamum Chem. Sy1894
BP, but it is somewhat inferior to that of BLYP, and it is 2g 625,
definitely worse than the quality of the meta-GGA functional (36) van Voorhis, T.; Scuseria, G. B. Chem. Phys1998 109, 400.
VS98. With this, OLAP3 can only be considered as yet another __(37) Perdew, J. P.;Kurth, S.; Zupan, A.; BlahaPRys. Re. Lett. 1999
approach to the unllversally.good xc functional. The challenge '(38) Krieger, J. B.: Chen, J.. lafrate, G. J.: Savin, A. Eectron
is to develop a functional which would then combine the quality correlations” and Materials PropertiesGonis, A., Kioussis, N., Eds.;
of OLAP3 for chemical reactions and that of VS98 for Plenum Press: New York, 1999.

hermochemistry. We h hat the analvsis and th ment (39) Proynov, E. I; Chermette, H.; Salahub, D.JRChem. Phys2000Q
thermoc e. st y e hope that the a. alysis and the assessment (40) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends, E. J.
performed in this paper can serve this goal.
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