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Abstract

The errors in the computed geometries. zero-point energies, and atomization energies of molecules containing only first
and second row atoms are compared for several levels of theory, including Hartree—Fock, second-order Mgller—Plesset
perturbation theory (MP2), and density functional theory (DFT} using five different functionals, including two hybrid
functionals. The 6-31G " and 6-311 + G(3df, 2p) basis sets are used. Overall, the B3LYP hybrid functional yields the best

results.

1. Introduction

Density funcfional theory (DFT) is an arca of
current interest. It has been known for some time
that DFT can yield reasonable vibrational frequen-
cies and geometries [1]. Recently DFT methods have
been implemented that include analytic second
derivatives [2]: this greatly expands the number of
systems for which vibrational frequencies can be
computed. In addition, hvbrid functionals [3], such as
B3LYP [4], yield good atomization energies [3.5] as
well as good geometries and frequencies.

We have found that B3LYP yields accurate re-
sults for many systems containing transition metal
atoms [6]. However. we have also found [7,8] two
cases where an older, non-hybrid, functional per-
forms better than B3LYP. Before trying to establish
which functional performs better for transition metal
containing systems, it seemed worthwhile to com-
pare two hybrid functionals with several older func-
tionals using the same basis set, same grid. and the
same program for systems containing only first and

second row atoms. It is also of interest to consider
the results for both a small and large sized basis set.

In this Letter we report on the calculation of
geometries, zero-point energies, and atomization en-
ergies for molecules containing first and second row
atoms using five different functionals. These DFT
results are compared with those obtained using
Hartree—Fock (HF) and second-order Mgller—Plesset
perturbation theory [9] (MP2). All calculations use
the same basis sets and all DFT calculations use the
same grid.

2. Methods

GAUSSIAN 92 /DFT [2] is used for all calcula-
tions. In all DFT calculations the ‘finegrid” option is
used. The 6-31G * and 6-311 + G(3df, 2p) basis sets
[10] are used, and the latter basis set is commonly
referred to as the big set.

The five functionals [11-15] used are defined in
Table 1. Note the functional denoted BP is somewhat
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Table 1
Definition of the functionals used
Functional Local Gradient

exchange correlation exchange correlation
BLYP Slater LYP[11] Becke {12] LYP
BP Slater VWN Becke Perdew86 [14}]
BP86 Slater Perdew81 [15] Becke Perdew86
B3LYP * Slater + HF LYP-VWN Becke LYP
B3P86 * Slater + HF VWN Becke Perdew86

* The coefficients weighting the different terms are taken from Becke [3].

non-standard in GAUSSIAN 92 /DFT, as it is in-
voked using IOP(5 /42), while the others are defined
by a method keyword. The BP and BP86 functionals
differ only in the choice of the local correlation
functional. Because we are interested in atomization
energies as well as geometries and vibrational fre-
quencies, we only consider functionals that include a
gradient correction for both exchange and correla-
tion. The recently proposed [3] hybrid functionals
differ from the older functionals in that some
Hartree—Fock exchange is included. We consider
two different hybrid functionals.

The results of the DFT calculations are compared
to those obtained using the Hartree—Fock and sec-
ond-order Mgller—Plesset perturbation theory ap-
proaches. In the MP2 calculations, all electrons are
correlated in the calculation of the geometries, but

Table 2

only the valence electrons are correlated in the calcu-
lation of the atomization energies.

3. Results and discussion

We first consider the errors in the computed
geometrical parameters. There are good experimental
results for the 55 G2 molecules [16], except for SiH,
and the *B, state of SiH,. This set of 53 molecules
includes 71 bond lengths, 26 bond angles, but unfor-
tunately only 2 dihedral angles. The geometry of the
'A, and 3B1 states of CH, is taken from Jensen and
Bunker [17], PH, from Herzberg [18], the diatomics
from Huber and Herzberg [19], and the remainder
from the tabulation of Hehre et al. [20]. (Note the

Summary of the average absolute error and maximum error for the geometrical parameters. The bond lengths are in A and the angles in deg.

The system with the maximum error is given in parentheses

Bonds Angle Dihedral

avg max avg max avg max
HF 0.020 0.134(Li,) 116 317(CH,'B,) 1.92 3.14(H,0,)
MP2 0.015 0.100Li,) 0.67 2.32(CH,’B,) 1.24 2.08(H,0,)
BLYP 0.026 0.090(Cl,) 13 2.83(CH,'A)) 0.89 1.45(H,0,)
BP 0.020 0.074(Li,) 0.91 2.79(CH,'A,) 0.27 0.27(H,0,)
BP86 0.022 0.09KLi,) 0.96 2.90(CH,'A ) 0.24 0.31(N,H,)
B3P86 0.010 0.067(Li,) 0.62 1.65(CH,'A ) 0.86 1.53(H,0,)
B3LYP 0.013 0.055(C1,) 0.62 L6HCH,'A ) 0.35 0.63(H,0,)
B3LYP(big *) 0.008 0.039(Na, ) 0.61 1.85(N,H,) 3.66 6.61(H,0,)

* Indicates that the 6-311 + G(3df. 2p) basis set is used.
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results for the inner and outer H atoms in N-H | are
reversed in Ref. [20] — sce Kohata et al. [21].)

The average absolute deviation and maximum
error are summarized in Table 2. For the calculation
of bond lengths, the hybrid B3LYP and B3P&6
functionals have the smallest average and maximum
errors. Improving the basis set reduces the error for
the B3LYP functional further. The average error tor
the HF and MP2 approaches is smaller than for
several of the functionals. but the maximum errors
are smaller for the DFT approaches. The bond angles
show slightly different trends. but the hybrid tunc-
tionals still have the smallest errors. Improving the
basis set actually increases the maximum error at the
B3LYP level of theorv. however this error is still
smaller than found for the HF. MP2. and non-hybrid
functionals. As for the bond lengths, the B3LYP and
B3P86 functionals in the 6-31G "~ basis set have the
smallest errors. All of the functionals using the
6-31G* basis set yield small errors for the two
dihedral angles. Unlike the bond lengths or bond
angles, the hybrid approaches do not have the small-
est errors. It is also unfortunate that improving the
basis set increases the error for the B3LYP approach
for the dihedral angle in H,O,. The potential is flat.
so small errors in the energy can result in larger
errors for the dihedral angles than for the bond
lengths or bond angles. In addition, with only two
dihedral angles, it is hard to draw any definitive
conclusions about the reliability of these approaches
for this geometrical property.

It appears that all of the functionals yield good
geometries for these 53 known systems. However.
we have previously found [22] that for ¢is-FONO the
B3LYP approach yields a structure in much better
agreement with the highest levels of theory than
BLYP. Thus there may be more difference between
the various functionals for systems that arc less well
described by a single reference.

We next consider the calculation of the zero-point
energy. We use 41 molecules for which the experi-
mental zero-point energy is well known. These in-
clude the 26 diatomic molecules from the G2 set of
dissociation energies and the 15 additional molecules
from Grev, Janssen and Schaeter [23]. The zero-point
energies for the diatomics are computed using the w,
and ,x, values from Huber and Herzberg [19].
while the zero-point energies for the remaining

Table 3

Summary of the average absolute error and maximum error, in
kcal /mol. Both the atomization energies (for the 55 G2 molecules)
and zero-point energies (for the 41 molecules described in the
text) are given

6-31G" Big *

7PE atomization atomization

ene ener.
scale  avg  max cnergy gy

avg  max  avg ~ max

HF 0.916 0.12 046 8052 1843 7450 170.0
mp2 * - - - 16.04 403 743 254
BP 1.012 009 042 821 258 1181 289
BLYP 1020 0.12 (52 531 188 495 1538
BP&6 1.O1% 009 045 723 240 1032 254
B3P86 (0,977 0.06 022 587 226 782 227

B3LYP" 0980 0.08 026 518 315 220 8.4

“ Indicates that the 6-311 + G{(3df, 2p) basis set is used.

® The geometry and scaled zero-point energies are taken from the
B3LYP 6-31G " results.

‘ Using the 6-311+ G(3df, 2p) basis set yields average and maxi-
mum error, respectively, for the zero-point of 0.05 and 0.28
kcal/mol and 2.22 and 8.1 for the atomization energy. The
scaling factor for the zero-point cnergy is 0.989.

molecules are taken from Grev, Janssen and Schae-
fer. We determine a single scaling factor for each
level of theory to minimize the average error. These
results are summarized in Table 3. (Note we do not
consider the MP2 level of theory for this property as
it can be prohibitively expensive for large molecules.)
The average and maximum error are small for all
levels of theory. As for the geometry, the hybrid
functionals have smaller errors than the HF or non-
hybrid functionals. Improving the basis set at the
B3LYP level reduces the average error, but increases
the maximum error slightly. We should note that
Grev. Janssen and Schaefer [23] have previously
recommended 0.91 for the HF scale factor.

The final property considered is the atomization
energy. The 55 G2 molecules are used and the
experimental values are those summarized by Pople
and co-workers [16]. We note that the big basis set
calculations are performed using the 6-31G ™ geome-
tries. as optimizing the geometry in the big basis set
is costly and does not significantly improve the
results [5]. In addition, the MP2 calculations are
performed at the B3LYP 6-31G ™ geometry, as these
values were obtained as part of another study [5).
Considering the similarity of the MP2 and B3LYP
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geometries and the poor quality ot the MP2 results. it
did not seem warranted to rerun the MP2 calcula-
tions at the MP2 6-31G ™ geometries.

The errors at the HF level are very large and
improving the basis set makes only a small improve-
ment. All of the remaining methods account for
electron correlation and have significantly smaller
errors. Using the 6-31G~ basis set, the BLYP.
B3P86, and B3LYP functionals would appear to be
the methods of choice. However, when the basis set
is improved the B3LYP method is clearly superior 10
the others, having the smallest average and maxi-
mum errors. It is interesting to note that improving
the basis set improves the MP2. BLYP, and B3LYP
results, but degrades the BP, BP86, and B3P8&6
results. The errors for the B3LYP approach in the
large basis set are consistent with those reported by
Becke [3] for his proposed hybrid functional. while
the B3P86 results are significantly worse. Since
Becke used a numerical basis set, his results should
be compared with those obtained using the big basis
set. Apparently, the Perdew and Wang gradient cor-
rection adopted by Becke works better than the older
Perdew correction used in the B3P86 functional.

On the basis of this study. the B3LYP would
appear to be the functional of choice for molecules
containing first and second row atoms. However. tor
systems containing transition metal atoms the choice
is not so obvious. We have found that for many
systems the B3LYP works well. This includes cases
such as Fe(CO); where BLYP works very poorly
[24]. For FeCO, FeCO*. and FeCO . the B3LYP
also appears to work better than BP for Fe-CO
binding energies, but similarly for vibrational fre-
quencies [24-26]. Unfortunately, this comparison is
not definitive as different grids, different basis sets
and different programs were used. In addition. we
have shown [7] that for Cr, the hybrid functionals
mix in too much exchange leading to only the ds-ds
well. This is even true of the B3P86 functional.
which leads to over binding for 55 G2 molecules.
However, BLYP, without the Hartree—Fock c¢x-
change, yields a reasonable bond length, but is over
bound. More recently, we have tound [8] that BP
appears to give better vibrational frequencies than
B3LYP for FeO,. Schaefer and co-workers [27] have
come to the same conclusion for other transition
metal containing systems. Thus for the calculation of

vibrational frequencies of transition metal containing
systems the choice of functional is not as straightfor-
ward as tor the non-transition metal systems.

4, Conclusions

We have compared the errors in the geometry,
zero-point energy, and atomization energy of
molecules containing only first and second row
atoms. Overall the B3LYP hybrid functional appears
to perform the best. The geometry and zero-point
energy are computed accurately using a 6-31G”
basis set. while the atomization energy requires a
larger basis set. The geometries and zero-point ener-
gies computed with the other functionals appear to
be acceptable, however, for more difficult systems
this might not be true. The results for the BP or
BP86 functionals, which may yield better results for
the vibrational frequencies of transition metal sys-
tems, suggest that they may suffer from an over
binding problem for the metal systems as well. The
B3P&6 hybrid functional, which has errors similar to
the B3LYP for geometry and zero-point energies,
has a significantly larger error for the atomization
energies.
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