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ABSTRACT: We have analyzed the performance of several widely used density functional theory procedures, namely B-P86, B-
PWO91, B-LYP, B3-P86, B3-PW91, and B3-LYP, for the E3 set of thermochemical properties. Each of these procedures employs a
local density approximation (LDA) functional and a gradient correction for the correlation energy. We find that the VWN3 LDA
functional in B-P86, B-PW91, B3-P86, and B3-PW91 leads to extremely large deviations from benchmark values for heats of
formation (as large as —455.6 kJ mol™" for the B-PW91(VWNS3) value for azulene!) and that VWN3 also gives significant errors
in the calculated ionization energies and electron aflinities. The PW91 gradient correction generally performs much better than
P86 for heats of formation, and we propose that this is because P86 severely violates a uniform scaling condition that PW91
almost satisfies. Thus, of the procedures that we have examined, we recommend the use of the VWNS or PW92 forms of LDA,
preferably in combination with the PW91 gradient correction. Our results confirm previous findings that VWN3 is a more
suitable LDA than VWNS for B3-LYP, and we attribute this to fortuitous error cancellation between understabilization of

molecules by LYP and overstabilization by VWN3.

B INTRODUCTION

Since the inception of Kohn—Sham density functional theory
(DFT), advances in DFT procedures have played a critical role
in driving computational quantum chemistry to become an
indispensable tool for chemists." Contemporary DFT proce-
dures are typically based on the local density approximation
(LDA) to the uniform electron gas (UEG). The exact LDA
exchange functional is the widely used Slater (S) functional,”
but the exact LDA correlation functional is not known and a
number of approximations, for example, VWN3,> VWNSs,?
PZ81,* and PW92,° are commonly employed. The LDA also
serves as a platform on which various refinements are built.
One of the most significant of these is the generalized gradient
approximation (GGA), in which information on the density
gradient is taken into account. Numerous further refinements
to the GGA model have been introduced, notably hybrid-
GGAs, which include a fraction of Fock exchange.

Among the many widely used GGA procedures is B-P86,
which combines the B88 exchange functional® and the P86
correlation functional,” using PZ81 as the underlying LDA
correlation functional. The corresponding three-parameter
hybrid-GGA, B3-P86, is also popular and, in the implementa-
tion of B3-P86 in the Gaussian program,® the VWN?3 functional
is employed as the underlying LDA correlation functional.
Despite the proven performance of B-P86 and B3-P86 for
many applications, it is known that, for some thermochemical
properties such as heats of formation (AHs), ionization
energies (IEs), and electron affinities (EAs), these functionals
are often less accurate”'® than analogous procedures that

-4 ACS Publications  © 2012 American Chemical Society

4899

employ the PW91'" or LYP'? correlation functionals, i.e., B-
PW91 and B3-PW91,"* and B-LYP'* and B3-LYP."

The uneven performance of B-P86 and B3-P86 across
thermochemical properties is of both fundamental interest and
practical importance because of their popularity with computa-
tional chemists. Motivated by this, we aim in the present
investigation to shed light on the factors that contribute to the
varying performance of these two procedures. We provide
guidelines in selecting procedures to try to help avoid pitfalls
that may otherwise lead to exceedingly large errors.

B COMPUTATIONAL DETAILS

Standard DFT calculations' were carried out with Gaussian 09°
and Orca 2.8."° All geometries were optimized using BMK'”
with the 6-31+G(2dfp) basis set. This level of theory has
previously been shown to provide a cost-effective means of
obtaining reliable geometries.'® Energies at 0 K incorporate
zero-point vibrational energies, obtained with scaled (0.9770)
BMK/6-31+G(2df,p) harmonic frequencies, while 298 K
enthalpies additionally include thermal corrections derived
from frequencies scaled by 0.9627.'®'” Unless otherwise noted,
single-point energies were obtained with the 6-311++G-
(3df,3pd) basis set. For Pd and Ru, the def2-TZVP basis set
was employed, together with the matching effective core
potential.zo We have examined the B-P86, B-LYP, and B-PW91
procedures, as well as their three-parameter hybrid variants B3-
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P86, B3-LYP, and B3-PW91,* exploring the performance of a
number of LDA correlation functionals, namely VWN3,
VWNS, PZ81, and PW92, within these procedures. We have
employed the E3 set”” of accurate experimental and theoretical
data®*>* as the benchmarks for testing the performance of the
DEFT procedures. All relative energies are reported in kilojoules
per mole, and total energies are in hartree. The full details of
the E3 set have been specified elsewhere,'®** but we provide a
summary of the test set in Table 1.

Table 1. Summary of the E3 Set and Its Subsets Employed in
the Present Study

test set property ref
E3 E2 + DSD’ 22
E2 E0 + G2/97" + E1 18
EO0 ‘W4/08 + DBH24 + HB16 + WI9/04 18
‘W4/08 atomization energies 23
DBH24 reaction barriers 24
HB16 hydrogen bonds 25
WI9/04 weak interactions 26
G2/97 G2/97" AH; + IE + EA + PA 18
G2/97" AH; heats of formation 18, 27
1IE ionization energies 27
EA electron affinities 27
PA proton affinities 27
El G3/99" AH; + ADD + ABS + PR8 18
G3/99" AH; heats of formation 18, 28
ADD radical addition energies 29
ABS radical abstraction energies 29
PR8 pericyclic reaction barriers 18, 30
DSD’ S22 + MBO08 + Pd + Grubbs 22
S22 weak interactions 31
MBO08 artificial molecules 32
Pd Pd-catalyzed reaction profiles 33
Grubbs Grubbs reaction profile 34

B RESULTS AND DISCUSSION

Performance of Pure-GGA Functionals B-P86, B-
PW91, and B-LYP. For the pure-GGA procedures, we have
focused mainly on B-P86 and B-PW91, since the gradient
corrections in the P86 and PW91 functionals can be paired with
a variety of correlation LDAs. The mean absolute deviations
(MADs) from benchmark values for the various pure-GGA
procedures for the E3 set and its subsets are shown in Table 2,
while the corresponding mean deviations (MDs) are listed in
Table 3. We first note that B-PW91(VWNS), B-PW91(PW92),
and B-LYP are the best performing methods, with MADs of
~30 k] mol™' for the complete E3 set. However, the
dependence of the MAD results on the underlying LDA
correlation functional is striking. For example, the B-PW9I-
(VWNS) value (29.2 kJ mol™) is less than half of the B-
PW91(VWN3) value (66.4 k] mol™!), and similarly, the B-
P86(VWNS) value (45.5 k] mol™) is much smaller than the B-
P86(VWN3) value (66.0 k] mol™).

Inspection of the results for the various subsets of E3 shows
that, while most of the DFT procedures examined in the
present study yield similar MADs for most thermochemical
properties, there are very large variations in their performance
for atomization energies (W4/08) and heats of formation (G2/
97" AH;and G3/99" AHj). For the G3/99’ AH;s, for which the
range of MADs is the largest among all the subsets, B-
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PW91(PW92) gives the smallest MAD (44.9 kJ mol™"), while
B-PW91(VWN3) yields the largest MAD of 219.5 kJ mol ™" and
the largest deviation for an individual molecule of —455.6 kJ
mol™ (for the AH; of azulene)! In addition, for IEs and EAs,
while most procedures give similar performance (MADs ~ 20—
30 kJ mol™' for IEs and 10—-20 kJ mol™' for EAs), B-
P86(VWN3) and B-PW91(VWN3) yield much larger MADs
(~40-60 k] mol™'). We note that our findings for B-
P86(PZ81) and B-PW91(PW92) for the G2/97' AH, G2/
97" 1IE, G2/97’ EA, and G3/99’ AH; sets are consistent with
those of Staroverov, Scuseria, Tao, and Perdew.”

We can see that for B-P86, the MADs for W4/08, G2/97’
AH, G3/99" AH, G2/97' IE, and G2/97' EA decrease with
the underlying LDA in the order: VWN3 > PZ81 > VWNS ~
PW92. We observe a similar dependence of the performance of
B-PW91 on the LDA, with the MADs for these five sets
decreasing in the order: VWN3 > VWNS ~ PW92. In fact,
when VWN3 is employed in either B-P86 or B-PW9Il,
extremely large deviations from experiment are observed for
AH;. For instance, the MADs for the G3/99' AH; set are
greater than 200 kJ mol™" in both cases. An inspection of the
MD values in Table 3 indicates that there is a systematic
underestimation of AH; values or, equivalently, overestimation
of atomization energies. We conclude that these functionals
overstabilize molecules relative to their constituent atoms.

On the Nature of the LDA Functionals and Gradient
Corrections. The four different LDA approximations, namely
VWN3, PZ81, VWNS, and PW92, differ from one another
primarily in the way that the Ceperley—Alder data® for the
UEG are interpolated (for intermediate densities) and
extrapolated (for densities outside the Ceperley—Alder
range). For these interpolations and extrapolations, PZ81
utilizes the von Barth—Hedin scheme®® and VWN3 employs
the “form III” expression of Vosko, Wilk, and Nusair,®> while
VWNS and PW92 use the “form V” expression.” In addition,
PZ81 includes self-interaction correction terms. In general, the
accuracy with which these four functionals model the energy of
the UEG improves in the order: VWN3 < PZ81 < VWNS ~
PW92. The observed trends in accuracy associated with the
various underlying LDA functionals for B-P86 and B-PW91 are
thus consistent with their intrinsic accuracies.

Although B-P86(PZ81), B-PS6(VWNS), and B-PS6(PW92)
give reasonable MADs for IEs (~23 k] mol™") and EAs (~17 kJ
mol™"), very large MADs of more than 120 kJ mol™" are still
observed for AHs (Table 2). In contrast, B-PW91(VWNS) and
B-PW91(PW92) perform much better, with AH; MADs
around 30—50 kJ mol™'. What feature of B-P86 is responsible
for this unexpectedly large difference?

In most cases, if an atom or molecule is compressed through
a uniform scaling of its coordinates, its correlation energy
becomes more negative. However, Levy’” has shown that, in
nondegenerate cases, it flattens out and approaches a limiting
value in the high-density regime. A respectable correlation
functional should therefore yield correlation energies that are
bounded from below under such a scaling.>” However, whereas
PWO1 is almost satisfactory in this regard, P86 fails to respect
this requirement,38’39 and we propose that the poor perform-
ance of the B-P86 procedure can be traced primarily to its
inflated correlation energies for high densities. When a
molecule is formed from atoms, its electron density is generally
more compact than it was in the free atoms,***' and P86
therefore tends to overstabilize molecules relative to their
component atoms. In contrast, because PW91 almost satisfies
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Table 2. Mean Absolute Deviations from Benchmark Values (kJ mol ™) for the B-P86, B-PW91, and B-LYP Procedures with a
Variety of Underlying Correlation LDA Functionals for the E3 Set and its Subsets®

procedure B-P86 B-PWI1 B-LYP
LDA functional VWN3 PZ81 VWNS PW92 VWN3 VWNS PW92

E3 66.0 S1.9 45.5 454 66.4 29.2 29.2 31.8
E2 80.6 60.2 50.8 50.7 80.8 27.3 27.3 29.1
EO S1.4 46.3 39.1 39.3 53.8 29.8 30.0 28.7
W4/08 67.4 59.9 49.1 49.4 71.4 36.7 37.0 30.1
DBH24 34.9 34.9 38.3 35.0 33.1 289 289 31.9
HB16 4.6 4.1 4.1 4.0 5.4 3.7 3.7 2.3
WI9/04 2.1 22 22 22 1.8 2.7 2.7 24
G2/97' 76.3 49.5 43.3 43.1 71.6 23.9 23.8 24.5
G2/97" AH; 119.3 97.6 81.3 80.8 121.2 32.1 32.1 29.9
1IE 47.6 22.3 232 23.1 40.2 25.1 24.9 29.5
EA 59.9 18.7 17.5 17.5 479 11.3 11.2 10.9
PA 54 5.7 S.6 5.6 6.2 5.9 5.9 6.0
El 122.1 96.5 78.5 78.0 129.2 30.8 31.0 41.6
G3/99" AH; 208.2 162.4 130.6 129.6 219.5 44.9 45.2 59.6
ADD 5.3 6.2 6.3 6.5 8.1 9.9 9.9 26.5
ABS 14.2 14.1 134 13.5 14.5 13.5 13.6 13.8
PR8 21.6 20.7 20.5 204 25.1 17.9 17.9 13.7
DSD’ 30.2 31.7 32.3 324 31.0 33.9 33.9 384
S22 14.7 158.7 15.8 15.8 12.5 20.0 19.9 18.8
MBO08 33.8 354 36.2 36.3 35.6 37.8 37.8 43.1
Pd 21.1 21.7 21.3 214 21.3 18.0 18.1 159
Grubbs 244 28.1 283 28.5 143 35.7 38.7 61.0

“The 6-311++G(3df,3pd) basis set was employed for all elements except Pd and Ru, for which the def2-TZVP basis set was used, together with the
matching effective core potential.

Table 3. Mean Deviations from Benchmark Values (k] mol™') for the B-P86, B-PW91, and B-LYP Procedures with a Variety of
Underlying Correlation LDA Functionals for the E3 Set and its Subsets”

procedure B-P86 B-PW91 B-LYP

LDA functional VWN3 PZ81 VWNS PW92 VWN3 VWNS PW92
E3 -16.3 —-19.7 -16.3 -16.3 -17.5 -3.3 -3.0 2.8
E2 —24.9 —28.4 —23.6 —23.3 —29.0 -3.8 -3.4 10.0
EO 39.3 33.6 28.7 26.0 419 13.1 13.1 9.0
W4/08 66.9 58.4 46.7 47.1 70.0 26.9 26.9 21.2
DBH24 —34.9 —-34.9 -35.3 -35.0 -33.1 —289 —289 -31.9
HB16 3.5 2.5 2.5 2.4 4.8 —0.4 —04 0.7
WI9/04 =21 22 22 22 -18 -2.7 =27 2.4
G2/97 —-16.0 -33.7 —28.1 —28.0 —22.3 —11.6 —11.3 -3.8
G2/97" AH; —118.7 -96.2 =79.2 —78.7 —120.4 —20.8 -19.9 10.0
1IE 42.3 —3.8 =5.0 =52 33.8 —-133 —13.5 —21.7
EA 59.9 17.6 159 15.9 47.9 3.7 3.8 11
PA 0.8 -1.6 -13 —-14 4.1 4.0 3.9 =59
El —115.0 —88.7 -70.9 =703 —122.6 -8.1 =71 37.7
G3/99" AH; —208.2 —162.4 —130.6 —129.6 —219.5 —20.5 —18.7 55.0
ADD 1.0 4.6 5.0 5.2 =57 9.7 9.8 26.5
ABS 14.2 14.1 13.4 13.5 14.5 13.5 13.6 13.8
PR8 -21.6 —20.7 —20.5 —20.4 =25.1 -17.9 -17.9 =59
DSD’ 4.7 1.6 13 0.9 10.8 -2.0 -19 —14.9
S22 14.7 18.7 15.8 15.8 12.5 20.0 19.9 18.8
MBO08 4.1 —0.2 —0.6 —-11 12.7 -5.6 =55 —23.6
Pd —8.2 —8.7 -8.5 —8.6 =79 -9.6 -9.6 =7.1
Grubbs 244 28.1 28.3 28.5 14.3 35.7 35.7 61.0

“The 6-311++G(3df,3pd) basis set was employed for all elements except Pd and Ru, for which the def2-TZVP basis set was used, together with the
matching effective core potential.

the Levy scaling theorem, B-PW91 largely avoids this problem. Energy Convergence Behavior with Respect to
Levy has made an analogous argument to explain the tendency Increasing Density. To explore further the energy con-
of the pure LDA to overbind.>”® vergence behavior with respect to electron density, we have
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calculated the correlation energies42 for the helium-like ions
H~, He, Li*, .., Ne® using P86(VWN3), P86(VWNS), and
PW91(VWNS), and these are compared with full CI energies in
Table 4. We find that, whereas the full CI energies approach

Table 4. Correlation Energies (hartree)” for Isoelectronic

“The cc-pCVQZ basis set is used.

Two-Electron Ions H™, He, Li, ..., Ne%*
method P86 P86 PW91 full CI
LDA functional VWN3 VWNS VWNS -
H™ —0.07684 —0.04343 —0.03862 —0.03292
He —0.08120 —0.04375 —0.04553 —0.04090
Li* —0.08558 —0.04610 —0.05066 —0.04195
Be?* —0.09062 —0.04996 —0.05400 —0.04290
B —0.09586 —0.05439 —0.05600 —0.04328
cH —0.10187  —0.05980  —0.05773  —0.04349
N+ —0.10822 —0.06569 —0.05914 —0.04363
o —0.11476 —0.07184 —0.06033 —0.04362
F™* —0.12138 —0.07815 —0.06137 —0.04358
Ne* —0.12801 —0.08450 —0.06229 —0.04362

—0.044 hartree® as expected from the scaling theorem, all three
DFT procedures overestimate the correlation energy at high
densities, with the extent increasing in the order: PWO9I-
(VWNS) < P86(VWNS) < P86(VWN3). The PW91(VWNS)
energies grow only slowly as the nuclear charge (and hence the
compression) increases, but the P86(VWN3) and P86(VWN5)
energies rise much more rapidly, with P86(VWN3) giving
larger deviations than P86(VWNS) because of the less accurate
description of the UEG by VWN3 when compared with
VWNS, as discussed in the previous section. The systematic
study by Jarzecki and Davidson drew the same conclusions.**
We note that the P86(VWNS) and PW91(VWNS) energies are
similar for H™, He, ..., C*', and one might therefore expect that
P86(VWNS) and PW91(VWNS) will yield similar total
energies for systems with intermediate densities. As we shall
see, this is indeed the case.

Table S shows the vibrationless total energies for selected
atoms and molecules, and the vibrationless atomization
energies for these molecules, according to the B-P86(VWN3),
B-P86(VWNS), and B-PW91(PW91) procedures. As the
nuclear charge increases, the atomic B-P86(VWNS) energies
fall slightly more rapidly than the B-PW91(VWNS) energies
and the B-P86(VWN3) energies fall even more rapidly. Similar
trends are found for the molecular energies as the number of
electrons increases. Although the differences between B-
P86(VWNS) and B-PW91(VWNS) are small (up to 0.02
hartree for F,), the differences between B-P86(VWN3) and B-
P86(VWNS) are generally very large (>0.1 hartree for the four
molecules other than H,).

These results are consistent with the observations in Table 4,
in that the P86 correlation energies at high densities are much
lower than the PW91 values, and the effect is magnified when
the VWN3 functional is used. The correlation energy
overestimation is more dramatic for molecules than for atoms
for B-P86, particularly B-P86(VWN3).

We note that the B-P86(VWN3) total energy for a given
species in Table S is more negative than that for B-
P86(VWNS) by approximately SO k] mol™" per electron, as
indicated by the A(B-P86) = [B-P86(VWN3) — B-P86-
(VWNS)]/n, values. An examination of the total energies for
the species in the E3 set shows that this is generally true
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Table 5. Vibrationless Total Energies (hartree) for Selected
Atomic and Molecular Species, Vibrationless Total
Atomization Energies (kJ mol™") for the Molecules, and
Differences in Total Energies Per Electron [A(B-P86), kJ
mol™*]?

GGA B-P86 B-P86 B-PW91 A(B-P86)“
LDA

functional VWN3 VWNS VWNS
total energy
H —-0.51777 —0.49996 —0.50403 —46.8
He —2.94261 —2.90520 —2.90646 —49.1
Li —7.53517 —7.48066 —7.48464 —47.7
Be —14.73182 —14.65847 —14.65892 —48.1
B —24.74401 —24.65121 —24.64961 —48.7
C —37.96130 —37.84906 —37.84562 —49.1
N —54.72912 —54.59771 —54.59271 —49.3
O —75.24253 —75.08789 —75.08050 —-50.8
F —99.93782 —99.75969 —99.75066 =520
Ne —129.16205 —128.96066 —128.95039 -52.9
H, —-1.21329 -1.17771 —1.17667 —46.7
CH, —40.72136 —40.53213 —40.52501 —49.7
N, —109.84910 —109.57458 —109.56255 =S1.§
O, —150.71371 —150.39840 —150.38115 -51.7
F, —199.95793 —199.59805 —199.57711 -52.5
atomization energy
H, 466.7 466.8 442.7
CH, 1808.9 1793.8 1741.4
N, 1026.2 99S.5 990.1
O, 600.3 584.5 578.0
F, 216.1 206.6 199.0

“A(B-P86) = [B-P86(VWN3) — B-P86(VWNS5)]/n..

(Supporting Information, Table S1). This is consistent with the
more positive (by ~45 kJ mol™") deviations for the IEs and EAs
for B-P86(VWN3) when compared with those for B-P86-
(VWNS), and likewise for B-PW91(VWN3) versus B-PW91-
(VWNS) (Table 3).

Performance of Hybrid-GGA Functionals B3-P86, B3-
PW91, and B3-LYP. We now turn our attention to the Becke
three-parameter hybrid functionals B3-P86, B3-PW91, and B3-
LYP. The B3-P86 and B3-PW91 functionals have the form'

Exc = 0.8Ey + 02Ey" + 0.72AER* + EY™N
+ 0.81AES% (1)
while B3-LYP is defined by"
Exc = 0.8Ey + 02Ey" + 0.72AE¢™® + 0.19E™N
+ 0.81ES"F @)

The MADs and MDs for the E3 set and its subsets for these
three procedures, with a variety of underlying LDA correlation
functionals, are shown in Tables 6 and 7, respectively. In
addition to examining the effect of the underlying LDA
functionals on the performance of B3-P86 and B3-PW91, we
have also investigated the influence of the supplementary LDA
correlation functional in B3-LYP.

In general, the hybrid functionals (Table 6), as expected,
perform better than their pure-GGA equivalents (Table 2), but
they show similar trends. Thus, the B3-PW91(VWNS) and B3-
PW91(PW?92) procedures yield the lowest MAD values of 17.3
and 17.1 kJ mol ™, respectively, for the E3 set. B3-LYP is almost
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Table 6. Mean Absolute Deviations from Benchmark Values (k] mol ™) for the B3-P86, B3-PW91, and B3-LYP Procedures with
a Variety of Underlying Correlation LDA Functionals for the E3 Set and its Subsets”

hybrid-GGA B3-P86 B3-PW91 B3-LYP

LDA functional VWN3 PZ81 VWNS PW92 VWN3 VWNS PW92 VWN3 VWNS PW92
E3 54.6 38.6 32.9 32.7 55.2 17.3 17.1 19.7 22.6 22.1
E2 66.3 44.4 35.8 3S8.5 66.1 14.3 14.0 16.7 20.6 20.0
EO 29.2 244 19.3 19.2 30.2 12.1 12.0 129 13.3 132
W4/08 37.7 30.7 23.0 22.8 39.5 13.5 134 14.6 15.0 15.0
DBH24 21.0 20.8 212 21.1 19.6 16.0 15.9 174 174 174
HB16 4.3 3.6 3.6 3.6 S.1 2.9 2.9 2.4 2.3 2.3
WI9/04 1.7 1.8 18 1.8 1.5 22 22 1.9 2.0 19
G2/97 68.8 38.4 32.5 322 64.8 18.5 152 14.6 18.2 17.1
G2/97" AH; 96.8 75.6 59.7 59.2 97.9 158.7 15.1 14.7 22.3 19.3

1IE 524 16.5 174 17.2 45.7 179 17.8 17.0 19.5 19.5

EA 574 16.1 15.2 15.2 48.0 13.0 12.8 12.1 11.5 11.6

PA 4.6 4.0 4.0 4.0 6.4 5.7 S.6 4.3 4.6 4.6

El 103.8 78.5 60.9 60.4 109.7 14.5 14.2 25.0 33.4 33.1
G3/99" AH; 177.9 133.6 102.7 101.7 186.6 20.2 19.8 36.2 50.7 50.5
ADD 7.9 5.5 5.2 S2 124 4.6 4.6 139 154 14.7
ABS 9.4 9.2 8.7 8.8 9.6 8.8 8.8 8.9 9.2 8.8

PR8 9.8 8.9 8.7 8.6 13.0 7.6 7.7 7.6 7.8 7.9
DSD’ 26.0 24.5 25.8 28.7 28.4 24.8 24.6 26.9 27.6 274
S22 11.9 12.9 13.0 13.0 10.2 16.3 16.3 14.9 18.3 15.2
MBO08 31.0 28.8 30.4 30.2 34.6 284 28.1 30.3 312 30.9

Pd 4.3 5.0 4.7 4.8 4.6 4.7 4.7 6.3 6.5 6.5
Grubbs 17.5 21.1 214 21.6 10.6 27.5 27.5 46.7 47.8 47.6

“The 6-311++G(3df,3pd) basis set was employed for all elements except Pd and Ru, for which the def2-TZVP basis set was used, together with the
matching effective core potential.

Table 7. Mean Deviations from Benchmark Values (k] mol ") for the B3-P86, B3-PW91, and B3-LYP Procedures with a Variety
of Underlying Correlation LDA Functionals for the E3 Set and its Subsets”

hybrid-GGA B3-P86 B3-PW91 B3-LYP
LDA functional VWN3 PZ81 VWNS PW92 VWN3 VWNS PW92 VWN3 VWNS PW92
E3 —144 —-17.9 —14.5 —144 —15.2 -39 -3.6 1.1 1.5 1.1
E2 -21.0 —24.7 —19.8 -19.6 —24.2 -3.8 -3.4 7.2 8.2 7.5
EO 20.0 14.3 6.3 6.6 21.9 -39 -3.8 —-4.7 -7.3 =72
W4/08 34.1 25.8 14.0 14.4 36.5 =21 =20 -3.0 —6.8 —6.7
DBH24 —-19.4 —-19.4 —19.8 —19.7 -17.9 —14.8 —14.7 -17.0 -17.0 -17.0
HB16 3.8 2.9 2.9 2.8 4.8 0.5 0.5 1.6 12 14
WI9/04 -17 -1.8 -1.8 -1.8 -LS5 -22 22 -19 -2.0 -1.9
G2/97 —4.3 —22.3 —16.6 —16.5 -9.2 -32 -29 54 4.3 3.1
G2/97" AH; —98.7 —-73.6 —56.4 —56.0 —96.8 -9.2 -84 8.8 19.5 16.3
1IE 52.2 6.0 4.8 4.6 454 -19 =2.0 0.0 -89 -9.0
EA 574 14.8 13.1 132 48.0 3.6 3.6 9.2 0.9 0.8
PA 23 —0.1 0.2 0.1 4.9 44 4.3 -3.0 =3.5 -3.4
El —99.6 =73.7 —55.8 —55.2 —10S.5 =5.0 —4.1 242 33.1 32.8
G3/99" AH; -177.9 —133.0 —100.9 —100.0 —186.6 —11.8 —10.2 354 50.7 50.4
ADD —6.8 =31 -2.8 =27 -12.3 0.8 0.9 13.9 154 14.7
ABS 9.4 9.2 8.7 8.8 9.6 8.8 8.8 8.9 9.2 8.8
PR8 -9.8 -89 —8.7 —8.6 —-12.7 —6.6 —6.6 32 3.6 3.5
DSD’ 19 -12 -1 -19 6.8 —4.1 —4.1 —13.8 —14.8 —14.6
S22 11.9 12.9 13.0 13.0 10.2 16.3 16.3 14.9 158.3 15.2
MBO08 0.3 -4.0 —44 —4.8 7.3 -84 —8.3 -219 —23.3 —23.0
Pd -17 -2.3 =21 -22 —-1.4 =3.0 -3.0 -0.7 —0.8 —0.8
Grubbs 17.5 21.1 214 21.6 9.4 27.5 27.5 46.7 47.8 47.6

“The 6-311++G(3df,3pd) basis set was employed for all elements except Pd and Ru, for which the def2-TZVP basis set was used, together with the
matching effective core potential.

as good, with MADs of ~20—22 kJ mol™". This is followed by (MAD = 552 kJ mol™), presumably because of the poor
B3-P86, with MADs spanning a range from 32.7 to 54.6 kJ
mol™". The worst-performing functional is B3-PW91(VWN3) performance of B-PW91(VWN3) (Table 2).
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Like the results for the pure-GGAs, the differences in
performance for the hybrid-GGAs on the E3 set are mainly
associated with large variations in the MADs for AH; values
and, to a smaller extent, IEs and EAs. For B3-P86, we see that
the MADs for atomization energies and AHg (Table 6)
decrease with the underlying LDA in the same order as for B-
P86 (Table 2), i.e., VWN3 > PZ81 > VWNS ~ PW92. Notably,
for the G3/99" AH; set, the MADs for the various forms of B3-
P86 are 177.9 (VWN3), 133.6 (PZ81), 102.7 (VWNS), and
101.7 (PW92) k] mol™'. Likewise, B3-PW91(VWN3) has
much larger MADs for AH;s than those for B3-PW91(VWNS)
and B3-PW91(PW92). For IEs and EAs, B3-P86(VWN3) and
B3-PW91(VWN3) have disproportionately large MADs (~45—
60 kJ mol ') when compared with the other procedures (~10—
20 kJ mol™"), and this is again in accord with the characteristics
of their pure-GGA counterparts (Table 2).

Examination of the MD values in Table 7 shows that the
large deviations in AHs for B3-P86(VWN3) and for B3-
PW91(VWN3) can be attributed to systematic overstabilization
of molecules relative to atoms. In addition, the IE and EA
values are consistently overestimated in these cases when
compared with other procedures. These variations in the MD
values are also consistent with the corresponding results for the
pure functionals (Table 3). An important message that emerges
from the results in Tables 6 and 7 is that both B3-P86 and B3-
PWO91 benefit from the VWNS or PW92 functionals, compared
with VWN3.

We now turn our attention to B3-LYP. In general, regardless
of the choice of the supplementary correlation LDA, B3-LYP
gives MAD:s for the subsets of E3 that are comparable to those
for the best performing functional examined in the present
study, namely B3-PW91(PW92) (Table 6). Notable exceptions
are the G3/99" AH; and the Grubbs sets, for which the MADs
for B3-LYP are larger than those for B3-PW91(PW92) by more
than 20 k] mol™'. We observe that B3-LYP(VWN3) has a
somewhat lower overall MAD for the E3 set than B3-
LYP(VWNS) and B3-LYP(PW92). This is consistent with
the findings of Hertwig and Koch.*®

On the Better Performance of B3-LYP(VWNS3) than B3-
LYP(VWNS5). The fact that B3-LYP favors the VWN3
functional contrasts starkly with the behavior of B3-P86 and
B3-PWO1 and is puzzling when one considers that VWNS is
generally believed to offer a more accurate model of electron
correlation in the UEG. However, the result can be rationalized
by noting that the P86 and PW91 functionals were constructed
as gradient corrections to the LDA and their performance
should therefore be expected to improve with the accuracy in
the underlying approximation to the UEG. On the other hand,
the LYP functional was developed from the Colle—Salvetti*®
correlation wave function and does not make reference to an
underlying LDA. Thus, the best LDA functional might not be
the most compatible partner for the LYP functional in B3-LYP
and, in fact, it is not.

What characteristics of VWN3 make it a better component
within B3-LYP than VWNS? To address this question, we re-
examine the results for the pure-GGAs. It can be seen from
Table 3 that B-LYP behaves differently for AH;s when
compared with B-P86 and B-PW91, with the former showing
a systematic overestimation of the AH; values, while the latter
two consistently underestimate AH; As evident from the
comparison of VWN3 and VWNS for B-P86 and B-PW91 for
the evaluation of AH; VWNS3 leads to greater underestimations
of AH; Presumably, the underestimation of AH; by VWN3,
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when scaled down (to 19%, eq 2) in the formulation of B3-
LYP, complements the overestimation by LYP. Through this
fortuitous cancellation of errors, B3-LYP(VWN3) ends up
performing better than B3-LYP(VWNS).

Practical Implications and Recommendations. We note
again that B-P86, by construction, employs the PZ81 functional
that is also the default setting in Gaussian, and it may benefit
from a switch to the more accurate VWNS5 or PW92
representation. In addition, we note that the default forms of
the B3-type hybrid functionals (as implemented in Gaussian)
are B3-P86(VWN3), B3-PW91(PW92), and B3-LYP(VWN3).
For B3-P86, we suggest that the use of the VWNS or PW92
forms of LDA is likely to be advantageous compared with the
default VWN3 functional. In the present study, we find that the
performance of the default procedures improves in the order
B3-P86 < B3-LYP ~ B3-PW91, which is consistent with the
general expectations for these functionals.”™ In general, we
recommend the use of the PW91 gradient correction over P86,
due to its demonstrated better performance, as well as its
superior behavior in the high-density regime.

B CONCLUDING REMARKS

We have re-examined and analyzed the performance of several
popular GGA procedures (B-P86, B-PW91, and B-LYP) and
their three-parameter hybrid variants (B3-P86, B3-PW91, and
B3-LYP) for the extensive E3 set of thermochemical properties.
In particular, we have investigated the dependence of their
performance on the underlying correlation LDA functional and
gradient correction. The following important points emerge
from the present study:

(1) For B-P86 and B3-P86, the overall performance
improves with the underlying correlation LDA in the
order: VWN3 < PZ81 < VWNS ~ PW92, which is
consistent with the accuracy with which these functionals
model the uniform electron gas. As with B-P86 and B3-
P86, the use of VWN3 for B-PW91 and B3-PW91 leads
to large overall errors for the E3 set, and exceedingly
large errors in some individual cases, e.g, —455.6 kJ
mol™! for the B-PW91(VWN3) AH; for azulene.

The variation in the overall performance of the various
DFT procedures stems largely from variations in their
MAD:s for AHgs and, to a smaller extent, for IEs and EAs.
For B-P86, B-PW91, B3-P86, and B3-PW91, the use of
VWN3 leads to a large overstabilization for molecules
relative to atoms. This leads to a large underestimation of
AHgs, especially for the larger molecules in the test set.
When an accurate LDA such as VWNS or PW92 is
employed, the use of the PW91 functional in place of
P86 generally yields substantially better agreement with
experiment for AHis. We ascribe this to the fact that,
whereas PW91 almost satisfies the Levy scaling theorem,
P86 grossly violates it. This argument is supported by an
analysis of the correlation energies for helium-like ions,
which demonstrates the serious errors of P86 at high
density.

Our results confirm that B3-LYP(VWN3) is more
accurate than B3-LYP(VWNS). As before, this is due
largely to superior AH; estimates from the B3-LYP-
(VWNS3) variant which, in turn, result from cancellation
between the understabilization of molecules relative to
their atoms by B-LYP and a compensating over-
stabilization by VWN3.

)

®3)

(4)
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(5) By default, B-P86 and B3-P86 (in Gaussian) employ the
PZ81 and VWNS3 functionals, respectively. It may be
preferable in these cases to use the more accurate VWNS
or PW92 functionals, but in general, we recommend the
use of the PW91 form of GGA over the less sophisticated
P86 functional.

B ASSOCIATED CONTENT
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Calculated BMK/6-31+G(2dfp) zero-point vibrational ener-
gies (ZPVE), enthalpy corrections at 298 K (AH,yg), electronic
energies for the various DFT methods, and comparison of B-
P86(VWN3) and B-P86(VWNS) electronic energies on a per-
electron basis (Table S1) and deviations from benchmark
values for the E3 set for these functionals (Table S2). This
material is available free of charge via the Internet at http://
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