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In search of the optimal combination of basis set and exchange-correlation potential, we have investigated

the dependence of the atomization energikg &nd reaction enthalpiedH) for a set of 44 molecules using
gradient-corrected density functional theory. Of the six functionals tested, those that include a portion of the
exact (Hartree'Fock) exchange perform best and yi€d values that generally lie within-35 kcal/mol of

the experimental value. For the functionals in which pure DFT exchange is employed, the eDgrare
instead on the order of-8L0 kcal/mol. Conversely, reaction enthalpies show slightly better agreement with
experimental results when pure DFT exchange is employed. ForDho#amd AH the four Gaussian basis
sets 6-31G(d,p), 6-311G(d,p), cc-pVDZ, and cc-pVTZ show similar behavior. The most accurate predictions

were obtained using the largest cc-pVTZ basis. There is a significant variation in these energies obtained

with the various functionals depending on the basis set employed.

I. Introduction cations. New exchange-correlation functional forms have
recently been introduced:3?

As yet, there seems to be no systematic approach for
eliminating errors in the DFT approaches. For all functionals
and basis sets tested, the mean absolute error in atomization
energy appears to be at best within3 kcal/mol (using B3
exchange). Some improvement is achieved with extremely large
. . | ) basis sets, in which case errors in atomization energies can be
scheme§1° and by the mcorpqraﬂon of DFT into widely used reduced toca. 2 kcal/mol. Such basis set extensions become
computational quantum chemistry prografs'? essentially computationally intractable for larger molecules. In

The performance of the various exchange and correlation addition, there exist few comparisons between the most popular
functionals has been extensively tested, in particular with respectfunctionals for a wide range of basis sets. Rather, one or two
to molecular geometries and to atomization enerfie¥. A functionals are selected for study, together with one or two basis
number of books that review various applications of DFT have sets. It may be difficult to obtain an overview of the exchange-
appeared recentf?2¢ The consensus at present appears to correlation functional and basis set that together are the most
be that the so-called hybrid, or adiabatic connection method appropriate.

(ACM), functionals containing a mixture of different exchange In the present work, we have chosen to investigate in detail
terms and gradient-corrected correlafimonstitute the most 5 large subset of the “G2” molecufdsconsisting of 44
accurate forms of DFT currently at hand. The accuracy of mojlecules. The molecules chosen include some from the
predicted atomization energies is typically withir-6 kcal/ standard set of 55 G2 molecules for which very accurate
mol, and bond lengths and bond angles are within a few percenteyperimental data are known, as well as additional molecules
of experimental values. The basis sets employed have usuallyfo; which experimental results are less accurate. This latter
been the 6-31G(d) or the 6-31G(d,p) families by Pagtlel® group of molecules also includes some species known to present

A few larger bases were tested in a recent sty the problems for theoretical methods. Thus, it can be expected that
performance of the BSLYP function&f. In subsequentwofk  the errors reported here would be larger than stdfiitsat

6-31G(d) and 6-31+G(3df,2p) bases were employed together employ only the standard G2 data set. Atomization energies
with alarger set of functionals. In acomparison, between the e calculated using 6 different frequently used exchange-
Becke-Wignef*°(BW) and BLYF*®functionals, the 6-3G- correlation functionals and 4 readily available Gaussian basis
(d) and 6-31%G(3df,2p) bases were used to Stme G2t _ sets for 24 levels of computation. We have employed the same
set of molecules. The 6-31G(d,p) and a numerical DNP basis 24 |evels of theory in calculating reaction energies for 14
were employed to study the effects on geometries of different yeactions involving reactants and products chosen from the set
functional contribution$? The TZ2P basis set has been U888 of 44 molecules. Our aim is to determine which functional and
in studies of the BLYP and the “Beck&Roussel®* exchange  pasis set combination is optimal for energetics before examining
functionals, respectively. Similar basis sets were empiyed important reactions in atmospheric chemistry. These atmo-
in a study of the performance of the B3 exchahgith different spheric reactions involve molecules containing only p-block
correlation corrections on the first row transition metal hydride glements but feature polar bonds, e.g=G8 The systems to

be studied will be much larger than those tested here, so the
€ Abstract published irAdvance ACS Abstract&ebruary 1, 1997. most computationally efficient method is required.
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The use of density functional theory (DFT) has increased
tremendously as a serious and competitive alternative to more
conventional ab initio approaches to molecular electronic
structures. This increased interest in DFT has been stimulated
by the formulation of a “HartreeFock type” formalism for
DFT!2 by the development of accurate gradient correction
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Il. Computational Methods Predictions made with the current data set of atoms and

All calculations of atomization energies and reaction energies m0|eCl.JIe.S should apply tq S|rT1|Iar spec!es. .
were performed using the Gaussian 94 progtarithe default Deviations of the atomization energies from experimental
grid for the numerical integrations was employed. For open Values, and the experimental values as quoted in ref 31, are
shell systems unrestricted wave functions were employed. Thediven in Table 1, and the mean and mean absolute deviations
basis sets employed are the 6-31G@,@nd 6-311G(d,5F are presented in Table 7’__13. No one method consistently gives
bases by Poplet al. and the correlation-consistent polarized the best agreement with experimental results, or even good
valence double and triple zeta (cc-pVDZ, cc-pVidases of agreement for all mo!ecules tested. Atomization energies are
Dunning et al. For some calculations (see below) diffuse ©ON average underestimated by B3LYP or B3PW91 and over-
functions are also incorporated, resulting in the 6-861d,p) estimated by the other functionals. When only mean deviations
and aug-cc-pVTZ bases, respectively. are considered, all functionals except BP86 give very satisfactory

Two sets of exchange functionals and three correlation a@greement with expe_rimental results. For most_fun_cti_onals the
functionals were used, yielding a total of six gradient-corrected "esults improve relatively when the basis set size is increased
combinations. The exchange functionals are those by Beckefor the Pople basis sets, but the opposite is true for the
(B88Y and the three-parameter adiabatic connection exchangecorrelation-consistent sets. There are exceptions for B3LYP
term (Becke3, or B3)as implemented in the Gaussian program. @nd B3PWO1 in both cases. The improved Pople basis set
The latter contains a linear combination of exact HF exchange, Stabilizes the molecules relative to the atoms by somé cal/
Slater exchang®, and B88 gradient-corrected exchange. For Mol onaverage, whereas with the cc-pVXZ£xD or T) bases,
the correlation functionals, we used the Perdew 1986 (P86), the relative stability found for the atoms is increased by ca. 5
Perdew and Wang 1991 (PW9Lgand the Lee, Yang, Parr  kcal/mol.
(LYP)® functionals, as implemented in Gaussian 94. In the Results for mean deviations can be skewed by fortuitous
notation used in Gaussian 94 the six combinations are BLYP, cancellation of errors, whereby a method that gives an excellent
B3LYP, BP86, B3P86, BPW91, and B3PW91. mean deviation still may give highly positive or highly negative

All geometries were optimized using the 6-31G(d,p) or cc- individual deviations. When mean absolute deviations are
pVDZ basis sets. The 6-31G(d,p) geometries are used for theconsidered, B3LYP/cc-pVTZ//cc-pVDZ clearly gives the best
6-311G(d,p) single-point calculations and the cc-pVDZ for the results of the methods used here, and when all basis sets are
cc-pVTZ single-point calculations. Zero-point vibrational ener- considered, B3LYP is the most accurate functional followed
gies and thermal corrections to enthalpies were taken directly closely by B3PW91. The poorest agreement with experimental
from the vibrational frequency calculations, which were per- data is given throughout by BP86. When the mean and mean
formed at the 6-31G(d,p) and cc-pVDZ levels. No scaling factor absolute deviations are compared, little difference is seen

was employed for the vibrational frequencies. between these for BP86. This indicates that this functional
almost always overestimates atomization energies, whereas the
Ill. Results and Discussion remaining functionals show a greater spread in terms of over-

A. Atomization Energies. Calculated atomic energies and underestimations. This consistent behavior might allow an

along with the exact atomic energies as determined by Davidsonempiric"leIy adjusted BP86_ method to yield a.ccurate predictions.
et al383are given in Table A of the Supporting Information. The mean absolgte deviations of the atomization energies seen
BLYP total atomic energies tend to be too high, with a few in Table 2b are still skewed by three species with unusually
exceptions for carbon and heavier atoms with the two larger !arge deviations from experimental results,50I0, and CCl,
basis sets. In contrast, B3LYP energies are too low, except forall of which are hypervalent. For S@nd CIQ, the poorest
nitrogen and heavier atoms with the two smaller basis sets. BPggresults are seen with methods that give good results for most
and BPW91 behave very similarly, giving energies that are either other species. Note that the prediction of the atomization energy
too high (smaller basis sets) or too low (larger basis sets). TheOof SO. presents a problem for other theoretical methods,
latter energies tend to give results closest to the exact atomicincluding the usually highly accurate G2 scheme. All methods
energie®®3° of the methods used. B3P86 consistently gives used here have large deviations for CCl. The experimental value
atomic energies that are much too low, with the discrepancy is quoted as 8@t 5 kcal/mol, but G2 theory, which for most
increasing with basis set size. Correspondingly, this functional SPEcies gives atomization energies accurate to within 3 kcal/
gave much lower total molecular energies than other functionals. Mol (and usually within 2 kcal/mol), predicts this value as 95.9
B3PWOL1 total energies are consistently too high for all atoms. kcal/mol. We suspect that the true value for this quantity is
The total energies of all Species studied herein decreasemuch closer to 95 rather than 80 kcal/mol. When these three
significantly (on the order of a few millihartrees) when the B3 species are excluded from the mean absolute deviation calcula-
rather than the B88 exchange functional is employed. The tion (Table 2c), the values improve, except for BP86.

PW91 correlation functional is exceptional and yields lower  For molecules containing GHyroups, atomization energies

energies in combination with B88 exchange. are about 10 kcal/mol higher with the cc-pVTZ versus the cc-
The total energies, zero-point vibrational energies, thermal pVDZ basis set and about 5 kcal/mol lower with the 6-311G-
corrections to the enthalpies, and atomization ener@igsare (d,p) in comparison to the 6-31G(d,p) basis set. As a result,

given in Tables B, C, D, and E, respectively, in the Supporting agreement with experimental results improves for the cc-pVTZ
Information. Some general preliminary comments can be madebasis set with the LYP and PW91 correlation functionals and
on the atomization energies. For any given species, the basisfor the 6-311G(d,p) basis set with the P86 correlation functional
set effect is nearly identical regardless of the exchange- but worsens with the LYP and PW91/6-311G(d,p) and P86/cc-
correlation functional used. Similarly, the effect of switching pVTZ combinations (see the discussion above). The same
from B88 to B3 exchange is essentially the same regardless ofqualitative trends in atomization energies (but not necessarily
the correlation functional. The effects on atomization energies agreement with experimental results) are noted for all species
of the different correlation functionals are nearly constant containing hydrogen. There are a few exceptions at certain
regardless of the exchange functional. The consistency of thesdevels of theory, usually involving the BLYP method with the
three trends indicates that the methods are well-behaved.Pople basis sets. For all species tested and for each functional,
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TABLE 1: Experimental Atomization Energies and Deviations at Various Levels of Theory (kcal/mol)

J. Phys. Chem. A, Vol. 101, No. 10, 1991029

species, expt basis set BLYP B3LYP BP86 B3P86 BPW91 B3PW91
H,, 103.3 6-31G(d,p) 15 8.4 3.9 3.9 —-2.2 -1.0
6-311G(d,p) —-0.4 0.3 1.8 21 —4.0 -2.6
cc-pvVDZ -2.1 -2.2 -0.2 0.1 —6.0 —-45
cc-pvVTZ -0.1 0.6 21 2.3 -3.8 -2.4
3CH,, 179.6 6-31G(d,p) 0.2 1.9 8.8 10.0 3.0 4.1
6-311G(d,p) -1.4 0.7 7.2 8.7 15 2.6
cc-pvVDZ —-47 2.7 45 6.0 -1.2 0.0
cc-pvVTZ -0.3 14 8.3 9.6 2.4 35
NH,, 170.0 6-31G(d,p) 47 25 10.2 7.9 11 -0.8
6-311G(d,p) 3.4 1.5 9.2 7.1 0.0 -1.8
cc-pvVDZ -0.5 -23 5.8 43 -33 -5.0
cc-pvVTZ 6.5 45 12.0 105 2.8 1.1
OH, 101.3 6-31G(d,p) 1.7 -1.4 3.6 2.2 -0.9 -25
6-311G(d,p) -0.3 -1.8 3.3 1.8 -1.3 -2.8
cc-pvVDZ -3.2 —-4.6 0.6 -0.8 -3.9 -5.4
cc-pvVTZ 1.8 0.2 5.2 3.6 0.6 -1.0
H,0, 219.3 6-31G(d,p) -5.7 -7.7 1.8 -0.3 —-6.7 -8.9
6-311G(d,p) —-6.3 -8.2 1.3 -0.6 -7.2 -8.9
cc-pvVDZ -11.4 —-13.1 -33 -5.2 -11.9 —-13.9
cc-pvVTZ —2.4 —4.4 5.0 2.8 -3.7 —6.0
HF, 135.2 6-31G(d,p) —6.6 -8.2 —-2.4 -4.0 —6.6 -84
6-311G(d,p) —5.4 -6.9 -1.0 -2.6 —-53 -7.1
cc-pvVDZ -9.1 —10.6 —-4.6 —6.1 -8.9 —10.6
cc-pvVTZ -2.0 -3.8 2.0 0.1 —2.4 —4.4
CN, 176.6 6-31G(d,p) 9.4 -3.4 14.4 1.9 9.6 -3.8
6-311G(d,p) 10.2 -2.6 16.7 2.4 10.0 -3.3
cc-pvDZ 7.9 -5.0 12.8 0.2 8.0 -55
cc-pvVTZ 11.5 -0.7 16.2 4.4 11.5 —-1.4
HCN, 301.8 6-31G(d,p) 5.7 -24 13.4 5.4 5.0 -4.0
6-311G(d,p) 16.0 -1.4 13.9 6.2 5.5 -3.3
cc-pvDz 2.0 —-6.0 10.0 2.0 1.6 -7.3
cc-pvTZ 8.6 0.7 15.5 8.3 7.1 —1.4
CH3NH,, 542.7+ 0.1 6-31G(d,p) 1.4 1.6 21.4 20.9 0.0 -0.7
6-311G(d,p) —4.1 -3.8 15.7 16.1 -5.2 -5.8
cc-pvDzZ —11.8 —-11.1 9.5 9.5 —-11.6 —-12.1
cc-pvVTZ -0.7 0.0 19.5 19.7 -2.0 2.4
CO, 256.2 6-31G(d,p) 1.2 —6.7 6.9 -0.9 2.7 —-6.3
6-311G(d,p) 2.3 -5.5 7.6 0.2 35 —-5.2
cc-pvDzZ 0.2 —-5.8 5.7 —-2.0 15 —-7.4
cc-pVvTZ 3.0 —4.2 8.4 1.6 4.2 —-4.0
HCO, 270.3 6-31G(d,p) 9.0 0.6 17.3 8.9 10.3 0.9
6-311G(d,p) 7.5 -0.5 15.9 8.2 9.1 0.1
cc-pvDzZ 5.2 —-29 14.0 5.7 7.0 —-2.2
cc-pvVTZ 9.1 1.6 17.5 10.2 10.5 2.0
H.CO, 357.2 6-31G(d,p) 6.3 -0.1 17.3 10.9 6.9 -0.5
6-311G(d,p) 25 -3.4 14.0 8.3 3.7 -3.2
cc-pvVDZ -0.8 —6.9 11.0 4.9 0.8 —6.4
cc-pVvTZ 4.6 -0.8 15.9 10.7 5.5 -1.0
CH;0H, 480.8 6-31G(d,p) 0.4 -1.0 17.6 15.8 0.5 -1.8
6-311G(d,p) -55 —-6.4 12.3 11.2 —-47 -6.7
cc-pvVDZ -11.5 —-12.3 7.0 5.7 -9.9 -11.9
cc-pvVTZ -2.0 -2.6 15.7 147 -15 -33
N, 225.1 6-31G(d,p) 6.2 -5.8 10.1 -1.6 3.0 -95
6-311G(d,p) 8.1 -3.6 11.8 0.4 4.7 -7.6
cc-pvVDZ 6.1 -5.8 10.1 -1.6 3.0 -95
cc-pvVTZ 111 0.1 14.9 4.2 7.7 -39
N2Ha, 405.4 6-31G(d,p) 3.9 -2.1 19.8 13.6 -0.8 -6.9
6-311G(d,p) 12 —4.6 17.1 11.3 -35 -95
cc-pvVDZ -5.5 —-11.1 11.3 5.4 -9.3 —15.2
cc-pvVTZ 5.6 0.1 21.6 16.0 0.9 —-4.9
NO, 150.1 6-31G(d,p) 20.2 -0.4 17.4 4.4 11.7 6.3
6-311G(d,p) 21.3 -0.7 16.6 4.1 11.0 -23
cc-pvVDZ 12.8 -0.3 17.4 45 11.6 -2.0
cc-pvVTZ 13.7 1.9 18.7 7.0 13.0 0.5
HNO, 198.7 6-31G(d,p) 10.1 -33 17.6 43 8.2 -5.6
6-311G(d,p) 7.9 -4.9 15.7 2.9 6.3 -7.1
cc-pvVDZ 7.5 -5.7 15.3 2.0 5.9 -7.9
cc-pvVTZ 10.4 -1.7 18.3 6.2 8.9 -39
CF, 128.3+ 2 6-31G(d,p) 12.2 4.8 16.0 8.8 12.9 5.0
6-311G(d,p) 8.4 15 124 5.7 9.3 1.9
cc-pvDZz 9.2 1.6 12.9 55 9.7 1.7
cc-pvVTZ 10.0 4.0 14.4 8.4 11.2 4.4
HCF, 210.2+ 7 6-31G(d,p) 1.8 -5.0 8.0 11 12 —6.0
6-311G(d,p) 2.7 -8.8 4.0 -2.0 -2.1 -9.3
cc-pvDZ -3.1 -9.9 3.4 -3.3 -3.2 —10.5
cc-pvVTZ —0.6 -6.0 135 0.8 -0.7 -6.7
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TABLE 1: (Continued)

species, expt basis set BLYP B3LYP BP86 B3P86 BPW91 B3PW91
CHgF, 397.4:8 6-31G(d,p) 3.7 1.9 16.3 14.2 3.6 1.0
6-311G(d,p) -25 -3.8 10.7 9.5 -1.9 —4.0
cc-pvVDZ —-6.5 -8.0 7.2 5.5 -5.3 -7.7
cc-pvVTZ 0.6 -0.3 13.8 12.9 1.0 -0.9
0,, 118.0 6-31G(d,p) 18.8 4.4 24.0 9.8 20.0 5.0
6-311G(d,p) 15.0 1.3 20.4 6.9 16.4 21
cc-pvVDZ 17.9 3.3 22.7 8.5 18.6 3.6
cc-pvVTZ 16.2 34 22.1 9.5 18.2 47
HO,, 161.1+ 2 6-31G(d,p) 20.0 7.3 27.7 15.2 19.5 6.5
6-311G(d,p) 16.4 4.2 24.2 12.2 16.0 34
cc-pvVDZ 16.5 3.8 24.1 11.6 15.8 2.8
cc-pvVTZ 19.1 7.4 27.4 15.9 19.1 7.0
H,0,, 252.3 6-31G(d,p) 105 —4.4 16.7 6.2 4.9 —6.1
6-311G(d,p) 31 -7.4 13.6 35 17 -9.0
cc-pvVDZ 0.0 —10.6 10.6 0.3 -1.3 -12.2
cc-pvVTZ 7.2 -3.0 18.0 8.2 6.0 —4.4
H,S, 173.2 6-31G(d,p) -3.7 -3.2 3.1 2.8 —-4.5 —-4.1
6-311G(d,p) —4.4 -35 2.9 2.9 —-4.8 —4.2
cc-pvDZ —-6.2 -55 12 11 —-6.3 -5.9
cc-pvVTZ -2.8 -2.0 4.4 4.4 -33 -2.8
HCI, 102.2 6-31G(d,p) -3.6 -3.4 0.7 0.4 -3.0 -3.0
6-311G(d,p) -3.1 -2.8 14 1.3 -2.3 -2.3
cc-pvDzZ —-4.8 —-4.9 —-0.1 —-0.2 —-3.7 —-3.7
cc-pvVTZ —-2.6 —-2.2 2.0 1.9 -1.8 -1.7
HOF, 151.9+ 1 6-31G(d,p) 9.1 -3.0 15.0 3.3 75 —4.6
6-311G(d,p) 4.4 -7.4 10.4 -0.9 2.9 -8.9
cc-pvDz 4.5 7.7 10.4 —-1.4 29 -94
cc-pvVTZ 7.7 —-35 14.3 35 6.7 —4.6
F,, 36.9 6-31G(d,p) 17.6 3.8 19.3 6.0 16.2 2.6
6-311G(d,p) 10.0 -3.7 11.8 -1.3 8.7 —-4.8
cc-pvDzZ 13.8 —-0.6 15.1 1.3 11.9 —-2.2
cc-pVvTZ 12.3 -0.4 14.9 2.8 11.8 —0.9
Cs, 169.5 6-31G(d,p) —2.4 —9.4 37 —-3.8 0.3 -7.9
6-311G(d,p) -2.9 —9.4 35 —-3.4 0.2 —7.6
cc-pvDzZ —2.7 —-9.8 3.2 —4.2 -0.2 —8.3
cc-pVvTZ -0.7 -7.0 5.4 -13 2.0 —-5.5
CO,, 381.9 6-31G(d,p) 21.7 —4.2 22.9 8.2 16.4 -11
6-311G(d,p) 10.7 —-3.8 22.6 8.8 16.3 —0.4
cc-pvDZ 8.6 —6.7 20.4 5.8 14.0 —-3.4
cc-pvTZ 12.0 —-1.4 24.1 11.4 17.6 1.9
SN, 110.7+ 6 6-31G(d,p) 4.9 —6.3 8.8 -2.3 3.7 —8.0
6-311G(d,p) 3.9 -7.1 7.9 -3.0 2.8 —-8.7
cc-pvDzZ 3.8 -7.9 7.5 —4.2 2.4 —-9.7
cc-pvTZ 9.2 -1.3 13.3 2.9 8.2 —-2.8
CCl, 80+5 6-31G(d,p) 17.3 12.1 22.8 17.5 14.4 19.3
6-311G(d,p) 15.2 10.6 21.3 16.4 13.5 19.1
cc-pvDz 17.6 19.4 23.2 17.7 14.8 20.8
cc-pvVTZ 18.8 14.4 25.0 20.3 17.3 22.7
SO, 1235 6-31G(d,p) 25 -7.8 6.8 -3.2 34 -7.5
6-311G(d,p) -0.9 -11.0 3.7 —6.0 0.3 —10.5
cc-pvVDZ 0.1 -11.0 41 -6.7 0.6 -11.0
cc-pvVTZ 6.6 -2.5 115 2.6 8.0 -1.9
03, 142.2+ 0.5 6-31G(d,p) 28.2 -5.9 38.3 47 29.9 -39
6-311G(d,p) 21.0 —12.2 31.2 -1.4 23.0 -11.0
cc-pvVDZ 26.2 —-8.4 35.5 15 27.1 -8.1
cc-pvVTZ 24.8 —6.5 36.2 5.3 27.9 —4.5
CHgCI, 371.0 6-31G(d,p) -1.3 0.0 13.4 14.0 14 16
6-311G(d,p) —6.1 —4.5 9.1 10.2 -2.9 —2.4
cc-pvVDZ —10.8 -9.0 5.1 6.1 —-6.7 —6.2
cc-pvVTZ —-45 —-2.6 11.0 12.2 -1.2 —0.6
SF,81.2+ 2.1 6-31G(d,p) 5.7 -1.9 8.0 0.9 5.1 —-2.6
6-311G(d,p) 0.3 -7.1 2.9 —-4.1 0.0 -7.7
cc-pvVDZ 3.3 -5.0 5.3 -25 24 —6.0
cc-pvVTZ 7.3 0.8 9.8 4.0 7.1 0.4
ClO, 63.3 6-31G(d,p) 4.8 —4.6 8.9 -0.3 5.9 —-4.0
6-311G(d,p) -0.1 -9.4 4.3 —-47 1.4 -85
cc-pvVDZ 3.1 —-6.9 6.9 -2.9 3.8 —6.5
cc-pvVTZ 7.6 -1.3 125 3.8 9.5 0.0
HOCI, 156.3 6-31G(d,p) 0.7 —6.6 8.0 0.9 12 —6.5
6-311G(d,p) -3.2 —10.4 3.0 0.3 —-2.6 —10.2
cc-pvDZ —-2.6 —10.1 4.8 —-2.6 -2.1 —10.0
cc-pvVTZ 3.0 —-35 114 4.6 4.2 —-3.0
OCS, 327. 7% 0.2 6-31G(d,p) 7.9 —-4.8 19.7 6.9 14.0 -1.0
6-311G(d,p) 6.0 —6.1 18.2 6.2 12.6 -1.8
cc-pvDz 6.4 —6.5 18.0 5.2 12.7 —2.7

CC-pVTZ 9.2 -19 215 105 15.9 23
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TABLE 1: (Continued)

species, expt basis set BLYP B3LYP BP86 B3P86 BPW91 B3PW91
S, 100.7 6-31G(d,p) 0.1 —5.8 5.3 -0.7 2.7 -39
6-311G(d,p) 3.2 -8.6 2.8 -2.8 0.4 —-6.0
cc-pvbDz 1.6 —4.3 6.9 0.7 4.3 —-2.3
cc-pvTZ 3.7 -1.0 9.9 4.9 7.4 1.8
SO, 254.0 6-31G(d,p) —11.5 —31.6 -0.9 —20.4 -7.9 —29.5
6-311G(d,p) —-17.1 —36.8 —6.1 —25.1 —-13.1 —34.6
cc-pvDz —22.3 —44.0 —-11.9 —33.0 —18.8 —42.0
cc-pvTZ —2.6 —19.4 8.2 -7.5 1.8 —15.0
SCI,57.1+ 4 6-31G(d,p) 6.8 2.6 11.1 6.1 8.9 4.1
6-311G(d,p) 3.8 -0.1 8.7 48 6.6 2.1
cc-pvDz 8.4 4.0 12.8 8.3 10.5 5.6
cc-pvVTZ 10.7 7.2 16.1 5.0 14.0 9.6
ClO,, 1215 6-31G(d,p) 0.2 —24.6 11.0 —-13.1 4.8 —21.2
6-311G(d,p) -9.9 —34.6 1.3 —22.6 —4.8 —30.7
cc-pvDz -7.1 —33.4 3.1 —22.5 -3.1 —-30.4
cc-pVTZ 9.3 —-11.9 21.8 1.0 15.7 7.2
Clp, 57.2 6-31G(d,p) —-5.4 —9.4 —-1.2 —-5.1 —-3.0 —-7.5
6-311G(d,p) -8.6 -12.2 -3.7 -7.2 5.4 -9.6
cc-pvDz —-3.7 —-7.8 0.6 —-3.5 —-1.3 —-5.9
cc-pvVTZ -1.3 —4.5 4.2 0.8 25 -1.6
CS;, 273.5+ 0.2 6-31G(d,p) 35 —6.4 15.9 5.5 11.1 -1.2
6-311G(d,p) 1.4 -7.8 14.5 4.8 9.8 -2.1
cc-pvDZ 11 —-9.1 13.2 2.6 8.3 —4.1
cc-pvVTZ 4.4 —-4.3 17.3 8.0 12.5 1.2
a Experimental uncertainties arel.0 kcal/mol unless otherwise specified.
TABLE 2 TABLE 3: C —0 Bond Distance for CO2
basis set BLYP B3LYP BP86 B3P86 BPW91 B3PW91l basis set BLYP B3LYP BP86 B3P86
(a) Mean Deviation in Atomization Energies (kcal/mol) 6-31G(d) 1.183 1.169 1.181 1.169
6-31G(d,p) 57 -3.0 12.5 4.1 54 —-3.0 6-311G(d) 1.174 1.160 1.173 1.158
6-311G(d,p) 29 538 9.9 2.0 2.9 —-5.5 cc-pvDzZ 1.182 1.167 1.180 1.165
cc-pvDz 1.4 —6.9 8.9 0.5 1.8 —6.8 cc-pvVTZ 1.174 1.160 1.172 1.158
cc-pVTZ 6.2 13 142 65 6.8 0.9 aExperimental value is 1.162 A (ref 40).
(b) Mean Absolute Deviation in Atomization Energies (kcal/mol)
6-31G(d,p) 7.6 56 127 6.7 7.0 5.6 P ; ;
6-311G(dp) 68 68 104 62 61 6.9 isr:;r;garllzlz)ésto BLYP and B3LYP, respectively, in almost all
cc-pvDzZ 7.3 8.5 9.9 5.4 7.2 8.4 ’ L .
cc-pVTZ 7.2 31 142 6.9 78 3.8 Overall, computed atomization energies are more accurate
(c) Mean Absolute Deviation in Atomization Energies (kcal/rhol) When.the hybrid |.33 exchgnge f_unct|ona_l IS employed, regard_less
6-31G(d,p) 74 43 128 59 6.8 43 of_ which _correlatlon functional is used, in partlcglar for species
6-311G(d,p) 6.3 52 104 5.0 5.8 5.3 with multiply bonded oxygen atoms. For a striking example,
cc-pvDZ 6.7 6.6 9.7 39 6.8 6.7 compare the results for especially for the P86 functional.
cC-pvTZ 6.5 21 139 67 7.5 3.0 The overall improved performance of the ACM functionals can

be thought of as a “cancellation of errors”. HF theory severely
underestimates bond dissociation energies, whereas these are
with very few exceptions the atomization energy increases when overestimated at the local density functional (LDA) theory level.
the basis set is increased to the triple zeta level for the The so-called nonlocal corrections to LDA in part, but not fully,
correlation-consistent basis sets. This trend is very consistentcorrect for this tendency of overbinding. If we finally mix in
for the B3LYP method, CN and CCI providing the only a small contribution from a method that seriously underbinds
exceptions. For the majority of species, the atomization energy (i.e., “exact” KS-exchange or HF) and then empirically adjust
decreases when the basis set size is increased to triply splithe balance between the various contributions, atomization
valence with the Pople basis sets. energies fairly close to experimental values result. The effects
By examination of the performance of the exchange-correla- of the ACM approach can be clearly seen in Table 2. Significant
tion functionals, BLYP tends to give more accurate energies improvements in data are observed when going from B to B3
for hydrogenated vs non-hydrogenated species, especially wherexchange, whereas the correlation functionals (in particular LYP
hydrogen atoms number half or more of the atoms in the and PW91) overall behave very similarly.
molecule. B3LYP gives at least satisfactory agreement with  For the CQ molecule, we reoptimized the structure using
experimental results for most molecules tested, except for SO the 6-311G(d) and cc-pVTZ basis sets for all six functionals.
and CIQ discussed above. There does not appear to be aUsing the larger basis set generally led to improved bond
distinct contrast in performance between different classes of distances (see Table 3). Improved agreement with the experi-
molecules. Although BP86 in general gives the worst agreementmental valué® is noted when the hybrid B3 exchange is
with experimental results, it does provide accurate energies foremployed. The atomization energies (see Table 4) are es-
most of the species containing sulfur atoms and those involving sentially unaltered compared with single-point calculations on
singly bonded oxygen atoms. B3P86 yields good agreementthe geometries obtained with the smaller bases. If we add
with experimental results for most non-carbon containing speciesdiffuse functions to the TZP optimized structures (i.e., 6-8G1
except those that are hypervalent or that have hitdups. For (d) and aug-cc-pVTZ), the atomization energies drop by some
carbon-containing species, it tends to perform better when therel—3 kcal/mol. Still, most functionals give deviations of between
are few or no hydrogens. BPW91 and B3PW91 behave very 10 and 20 kcal/mol compared with experimental results. Only

aExcluding CCI, S, and CIQ.
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functions also increases the computational time by a factor of
about 2-3.

TABLE 4: Deviations in Atomization Energies for CO,, at
Triply Split Valence Basis Sets

basis set BLyP  B3LYP  BP86  B3P86 B. Reaction Enthalpies. It has become almost standard to
6-311G(d) 9.7 -3.7 22.7 8.9 report atomization energies as the test for the accuracy of a
6-31G(dy 6.6 —6.5 19.5 6.9 theoretical method’s energetics. However, this use of mixed
cc-pVTZ 12.4 -1.3 24.3 11.5 wrestricted” molecul it icted” atomic dat A
aug-cc-pVT2 98 57 226 106 restricted” molecular and “unrestricted” atomic data may no

be consistent with many problems of real chemical inteist.
Therefore, further tests of the energetics of the DFT methods
presently under consideration are presented. Reaction enthal-
B3LYP lies close to the experimental value for all the basis set Pies,AHzgs are given in Table F of the Supporting Information.
combinations described. There are significantly increased Experimental values and deviations of the calculated reaction
computational times associated with the triply split valence basesenthalpies from them are given in Table 5, and the mean and
relative to the double valence sets. The addition of diffuse mean absolute deviations are presented in Table 6a,b. All

a Single-point energy calculation at 6-311G(d) geometrgingle-
point energy calculation at cc-pVTZ geometry.

TABLE 5: Experimental Reaction Enthalpies, AH,qs and Deviations at Various Levels of Theory (kcal/mol)

reaction, expt basis set BLYP B3LYP BP86 B3P86 BPW91 B3PW91
H, + CO—H,CO,—1.3 6-31G(d,p) -2.0 -2.8 -5.0 —-6.3 —4.6 -5.0
6-311G(d,p) 0.2 0.0 -2.7 —4.1 -2.3 -2.8
cc-pvDZ -0.3 -1.3 —-3.7 —-4.9 —-3.4 —-3.7
cc-pvVTZ 0.1 -1.0 -3.6 —-4.9 -3.2 -3.6
0; + H, — H,0,, —32.5 6-31G(d,p) 13.9 10.8 10.9 7.2 12.9 10.1
6-311G(d,p) 11.7 9.0 8.7 5.5 10.8 8.5
cc-pvDz 14.8 11.7 11.9 8.3 14.0 11.3
cc-pvVTZ 8.9 6.9 6.2 3.6 8.4 6.7
H, + S—H.S,—71.1 6-31G(d,p) 5.2 5.2 0.5 0.8 2.3 31
6-311G(d,p) 4.0 3.8 -1.1 -0.8 0.9 1.6
cc-pvVDZ 3.1 3.3 -14 -0.9 0.4 14
cc-pVTZ 2.7 2.6 -23 -2.0 -0.4 1.9
SO+ 1/20,— S0, —72.1 6-31G(d,p) 21.8 259 19.7 221 21.3 24.5
6-311G(d,p) 22.1 26.5 20.0 225 21.7 25.2
cc-pvVDZ 31.3 34.6 27.4 30.5 28.7 32.8
cc-pVTZ 17.3 18.6 13.7 14.8 15.3 17.4
CO+S—CO0S,—72.9 6-31G(d,p) —6.4 -1.7 -11.6 -7.6 -11.0 -5.1
6-311G(d,p) -35 0.9 —10.3 -5.8 -8.9 2.0
cc-pvVDzZ —6.0 -1.1 —-12.1 —-7.0 —10.6 —-4.5
cc-pVvVTZ —6.0 —-2.1 —12.8 —-8.7 —-11.5 —6.2
2CIO,—Cl; + 20, —-50.0 6-31G(d,p) -31.0 —47.7 —23.9 —39.8 —26.4 —43.9
6-311G(d,p) —40.6 —58.7 —33.6 -50.9 —36.1 —55.1
cc-pvVDZ —455 —64.7 —39.0 —57.4 —41.4 —61.2
cc-pvVTZ -11.8 —25.2 -4.0 —16.8 —6.6 —24.2
S+ F,—2SF,—245 6-31G(d,p) 6.0 14 8.4 3.3 8.4 3.6
6-311G(d,p) 5.9 15 8.6 3.7 8.8 4.2
cc-pVDZ 8.5 4.8 111 6.8 111 7.1
cc-pVvVTZ 1.1 —4.2 4.3 -0.7 4.7 -0.1
HOF+ O, —HF + O3, —7.5 6-31G(d,p) 6.4 15.6 3.3 12.6 4.2 13.8
6-311G(d,p) 4.1 13.1 0.8 10.0 1.8 11.3
cc-pvVDZ 5.5 14.7 2.3 11.7 3.3 13.0
cc-pVvVTZ 1.3 10.3 -1.6 7.7 -0.4 8.9
20H+ H;S— SO, + 2 H,, —84.7 6-31G(d,p) 54 21.6 4.2 19.9 6.1 22.4
6-311G(d,p) 12.9 29.2 11.9 27.4 13.8 30.0
cc-pvVDZ 155 334 14.9 32.2 16.6 34.4
cc-pVvVTZ 3.3 16.4 1.9 14.4 3.7 17.0
HCI + O3 — HOCI + O,, —29.8 6-31G(d,p) 4.9 7.2 6.8 5.8 5.7 —6.6
6-311G(d,p) 5.6 —6.1 7.8 4.4 6.7 -5.3
cc-pvDzZ 5.8 —6.2 7.7 4.6 6.7 —-55
cc-pvVTZ 29 8.7 4.8 -7.1 3.7 -8.0
CH, + HCI — CHsCl, —90.3 6-31G(d,p) -2.9 -2.3 -4.8 —-4.5 —-2.2 -15
6-311G(d,p) 0.7 12 -1.3 -1.1 11 1.9
cc-pvVDZ 0.3 0.9 15 -1.2 0.9 -2.3
cc-pvVTZ 0.8 0.9 -1.4 -1.6 1.0 2.0
CH, + H,O — CH;OH, —82.5 6-31G(d,p) -7.3 —6.2 —-8.4 -75 5.7 —4.5
6-311G(d,p) -3.8 -3.0 -5.2 —4.6 —-2.6 -1.6
cc-pvDZ —6.2 -5.0 -7.3 —6.4 —4.7 —-2.8
cc-pvVTZ -2.3 -1.9 -39 -3.8 -1.3 -0.1
HNO + O, — NO + HO,, —1.7 6-31G(d,p) 3.5 1.4 3.8 1.6 4.2 2.0
6-311G(d,p) 2.0 0.2 25 0.6 2.9 1.0
cc-pvVDzZ 3.4 1.3 3.7 1.6 4.2 2.0
cc-pvVTZ 1.0 -0.5 1.6 0.1 2.0 0.4
NH; + HCO— HCN + H0, —81.4 6-31G(d,p) 14.1 13.6 12.8 12.2 13.5 13.4
6-311G(d,p) 111 11.0 104 10.1 11.2 11.4
cc-pvVDzZ 14.7 14.3 13.6 13.1 14.4 14.4
cc-pVvVTZ 10.1 10.2 9.4 9.5 10.3 14.4

26-311G(d,p) energies are at the 6-31G(d,p) optimized geometries; cc-pVTZ energies are at the cc-pVDZ optimized geometries.
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TABLE 6
basis set BLYP B3LYP BP86 B3P86 BPW91 B3PW91
(a) Mean Deviation in Reaction Enthalpies (kcal/mol)

6-31G(d,p) 2.3 3.0 12 1.4 2.0 1.9

6-311G(d,p) 2.9 2.0 1.2 1.2 21 1.9

cc-pvDZ 3.2 2.9 2.2 2.2 2.9 2.6

cc-pVTZ 21 2.8 0.9 0.3 1.8 1.6
(b) Mean Absolute Deviation in Reaction Enthalpies (kcal/mol)

6-31G(d,p) 9.3 11.7 8.9 10.8 9.2 11.4

6-311G(d,p) 9.2 11.7 8.9 10.8 9.3 11.8

cc-pvDZ 115 141 11.3 13.3 115 14.0

cc-pvVTZ 6.7 7.8 51 6.8 5.2 7.7
(c) Mean Absolute Deviation in Reaction Enthalpies (kcal/fol)

6-31G(d,p) 6.6 6.2 6.9 6.3 6.8 6.2

6-311G(d,p) 4.8 45 5.4 4.6 5.3 5.0

cc-pvDZ 8.6 5.9 6.9 6.0 6.7 6.3

cc-pVTZ 34 45 4.7 45 43 4.4

a Excluding reactions involving Cl9and SQ.

reactions are written to be exothermic (according to the 2CIo,—Cl, + 20,
experimental enthalpies) in order to facilitate discussion.

Experimental values were derived from experimental heats peing roughly the same as the overestimated exothermicities
of formatiorf*-4?and for this purpose only from species whose of the two reactions involving SQ(vide infra). The revised
experimental uncertainty was2.0 kcal/mol, since accurate  gata for the mean absolute deviations are shown in Table 6¢. A
experimental values are required for comparisons. As with the striking feature of this table is the small range in the numbers.
atomization energies discussed above, there is an internalror each basis set, there is almost no variation with the different
consistency in the basis set and exchange-correlation functionakynctionals. Small improvements are seen when larger basis
as quantitative. Unlike the atomization energies, more generalg| yp/cc-pVTZ. Satisfactory performance can be obtained with

qualitative trends are not so readily apparent. _ either of the larger basis sets in combination with any of the
When mean deviations are considered, all methods give fynctionals.

excellent agreement with experimental results, especially when
the P86 correlation functional is employed. The B3P86/cc-
pVTZ//cc-pVDZ level of theory gives the best overall perfor-
mance. In general, little variation is seen with basis sets, with
all methods tending to underestimate reaction exothermicities
on average.

The mean absolute deviations are considerably larger, and
now there is no longer good agreement with experimental
results. All methods give mean absolute deviations on the order
of 10 kcal/mol. Little or no improvement is seen when basis
set size is increased for the Pople basis sets, whereas a significar‘ﬁm
improvement (5-6 kcal/mol less error) is obtained by increasing
the correlation-consistent basis set to the triple zeta level. In V. Conclusions
contrast to the atomization energies, there is no longer any o . . .
significant difference in the reaction energies when including . Atom|zat|on energies and reaction gn_thalples have bgen
the HF component to the exchange term. In fact, the B3 investigated for 44 small molecules containing atoms of the first

exchange functionals perform slightly worse than the “pure” "’“.‘d §econd row and 14 reactions |nquV|ng these molecules.
Becke 88 exchange. Regarding the correlation functionals, P86S|x different gradient-corrected DFT functionals (BLYP,_ B3LYP,
gives very minor improvements in thteH values compared to BP86, B3P86, BPW91, and B3PW91) and four basis sets (6-

LYP and PW91, which are virtually indistinguishable in their 31Gfd,p)(,j 6-311G(d.p), cc-pVDZ, and cc-pVTZ) have been
performance. The best overall agreement is found at the BPge/CMPIoyed. o ) )
cc-pVTZllcc-pVDZ level of theory. For atomization energies, the best overall performance is
seen for reactions involving S@nd CIQ. In these cases the ~ The B3LYP/cc-PVTZ (B3PW91/cc-PVTZ) mean and mean

best results are for the BLYP, BPW91, and BP86 functionals absolute deviations are1.4 (0.9) kcal/mol and 3.2 (3.8) kcal/
with the 6-31G(d,p) and cc-pVTZ basis sets, even extending to mol, respectively. The poorest overall agreement is observed

very good agreement with experimental results for the reaction With the BP86 functional, with both mean and mean absolute
deviations in the 914 kcal/mol range. The remaining func-

20H+ H,5S— SO, + 2H, tionals and basis sets fall in an intermediatec&@ kcal/mol

range for both the mean and mean absolute deviations. Overall,
If, by analogy with the data for the atomization energies listed the correlation-consistent basis sets yield better agreement with
in Tables 2, the three reactions involving Sénd CIQ are experimental results relative to the Pople basis sets but at the
removed, a dramatic improvement in mean absolute deviationsexpense of significantly increased computational times. The
is noted at all levels of theory. The mean deviations remain hybrid B3 exchange outperforms the pure B88 exchange, and
more or less unaltered. This is caused by a substantialof the correlation corrections the LYP and PW91 functionals
underestimation in exothermicity for yield essentially identical statistics.

We further note that all methods give very good agreement
with experimental results for reactions involving-€ or S—H
bond formation. Agreement is poorer when there is formation
or breakage of bonds to oxygen, and in these cases the B88
exchange functional usually outperforms B3.

Compared to the atomization energies, there tends to be a
more even performance of the various methods for individual
reaction enthalpies. For a given reaction, the differences in
performance for the various functionals and basis sets are usually
all.
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For reaction enthalpies, all methods and basis sets are found (6) Perdew, J. PPhys. Re. B 1986 33, 8822.

i it ithi (7) (a) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A;
to give excellent agreement for mean deviations (Wlthln 3 kcal/ Pederson. M. R.. Singh. D. . Fiolhas. hys. Re. B 1992 46, 6671 (b)
mol), whereas mean absolute deviations are considerably largefyig. 1992 48, 4978. (c) Perdew, J. Physica BL991 172, 1. (d) Perdew,

(up to 14 kcal/mol). In contrast to the atomization energies, J. P. InElectronic Structure of Solids ‘9ZZiesche, P., Eschrig, H., Eds.;

the B88 exchange functional consistently gives more accurateGﬁ%ﬁ%?iﬁsiﬁe\éerfg%iltsBef"n, 1991. (e) Perdew, J. P.; Burke, K.; Wang, Y.
data than does the B3 hybrid method. Of the three correlation (8) (a) Becke, A. D.J. Chem. Phys1993 98, 1372. (b) Becke, A. D.

corrections, P86 gives slightly better performance than LYP and j. Chem. Phys1993 98, 5648.
PW91, which are virtually identical in performance. (9) Lee, C.; Yang, W.; Parr, R. Ghys. Re B 1988 37, 785.

For both groups of basis sets, a clear trend is observed ingg(élgg)ss".am'ng’ G. J.; Termath, V.; Handy, N. G. Chem. Phys1993
improved statistics when going from a DZP to a TZP quality ™ (11) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.; Gill, P. M. W.;
basis. The improvement is in most cases in the& kcal/mol Johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-Gordon,

i ; M.; Repogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
range, although for some functionals larger improvements occur, S Gonzalez, G.. Martin. R. L.- Fox. D. J. DeFrees. D. J.. Baker, J.

or, in a few cases, agreement even becomes worse. A larg€siewart, J. J. P.: Pople, J. Saussian 92/DFTGaussian Inc.: Pittsburgh,
spread in terms of over- and underestimated energy differencesPA, 1993.

is noted irrespective of functional and/or basis set for both the | (12) Frisch, M. J.: Trucks, G W.; Schiegel, H. B.; Gill B M. W.;
atomization energies and reaction enthalpies. onnson, B. 7., Kb, I A, Lheeseman, . 1. 1eih, 1. A, F ererson, .

I _ A, Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrevwski,
The largest deviations are observed for the hypervalent speciesy. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
SO, CIO; and CCl. These systems are known to be the major Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;

ot ; ; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
sources of deviation in the highly accurate G2 scheme of Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

Ca|CU|ati0nS, and fOI’ CCI |t iS ||ke|y that the eXperimenta| data Gordon’ M.; Gonza|ez; P0p|e’ J. SAUSSIAN gARevision Al Gaussian
are in error. Hence, when these systems (or reactions containingnc.: Pittsburgh, PA, 1995.

ioti (13) Amos, R. D.; Alberts, I. L; Andrews, J. S.; Colwell, S. M.; Handy,
these as reactants 9r .prOdl.JCtS) ar? re.mOVEd fro.m t.he Statls'[ICSN. C.; Jayatilaka, D.; Knowles, P. J.; Kobayashi, R.; Laming, G. J.; Lee,
mean absolute deviations in atomization energies improve by o" ' Maslen, P. E.; Murray, C. W.; Palmieri, P.; Rice, J. E.; Simandiras,

up to 1.5 kcal/mol and in reaction enthalpies by&kcal/mol. E. D.; Stone, A. J.; Su, M.-D.; Tozer, D. CGADPAC6.0, The Cambridge

For the atomization energies, all methods but BP86 now lie in QUS'Y“CUDEW?S%%S Package Issue 6.0niversity of Cambridge: Cam-
. o ridge, U.K,, .
the 2-7 kcal/mol range in mean absolute deviations. B3LYP/ (14) Andzelm, J.: Wimmer, E. Them. Phys1992 96, 1280.

cc-pVTZ is the most accurate with a deviation of only 2.2 kcal/  (15) Johnson, B. G.; Gill, P. M. W.; Pople, J. A. Chem. Phys1993
mol. For the reaction enthalpies all methods generate mean98, 5612.

o ; ; (16) Oliphant, N.; Bartlett, R. 1. Chem. Phys1994 100, 6550.
absolute deviations of the improved set in the33kcal/mol (17) Bauschlicher, C. W., JEhem. Phys. Letfl995 246, 40,

range, with the best overall agreement at the BLYP/cc-pVTZ  (18) Bauschlicher, C. W., Jr.; Partridge, Ghem. Phys. Letf.995 240,
level (3.4 kcal/mol). 533.

; izati i i (19) Neumann, R.; Handy, N. @hem. Phys. Lettl995 246 381.
h ';0:1 the r?alcu'atlonh 0:; .atomlzatlon %n%r.gles’ uzl_ng .the BS;] (20) Eriksson, L. A.; Pettersson, L. G. M,; Siegbahn, P. E. M.; Wahigren,
ybrid exchange method is recommended in combination with 3" Chem. Phys1995 102, 872.

either the LYP or PW91 correlation functional. For the (21) Stewart, P. A.; Gill, P. W. MJ. Chem. Soc., Faraday Trark995

calculation of reaction enthalpies, none of the correlation 9l(§1§)37p-\n 1 A Handv. N. G- | s, V. B, J. Quant
. f mann, J. A.; Randy, N. C.] Ingamells, V. . J. Quantum
functionals can be ruled out, while for exchange a small Chem.1996 57, 533.

advantage can be realized by choosing B88. For either quantity, (23) Proynov, E. I.; Ruiz, E.; Vela, A.; Salahub, D. Rt. J. Quantum
of the basis sets tested here, the correlation-consistent set&hem. Sympl995 29, 61.

; (24) Barone, V.; Adamo, C.; Mele, Ehem. Phys. Letl.996 249, 290.
preferably at the triple zeta level are recommended. If (25) Density Functional Méthods in Chemistiyabanowski, J.. And-

computational time is a concern, the smaller Pople type basiszeim, 3., Eds.; Springer-Verlag: New York, 1991.
sets will also give satisfactory performance. (26) Theoretical and Computational Chemistry, Vol. 2, Modern Density

There are still unresolved problems in the use of DFT for Functional Theoy - A Tool For ChemistrySeminario, J. M., Politzer, P.,
. lculati | icul he i f bl . Eds.; Elsevier: Amsterdam, 1995.
energetics calculations. In particular, the issue of problems in (27) Recent Adances in Density Functional Methgd€hong, D. P.,

the case of hypervalent compounds needs exploration. It is alsoEd.; World Scientific Publishing: Singapore, 1995. _
apparent that if results of chemical accuracy are desired, the (28) Density Functional Methods: Applications in Chemistry and
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