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Increasing awareness that popular functionals fail to describe many energies accurately has ended expectations of black-box DFT usage. The
performance of nine density functionals, compared by computing the bond separation energies of 72 illustrative hydrocarbons with available
experimental data, reveals that only Zhao and Truhlar's recently proposed M05-2X functional, with a 2.13 kcal/mol average deviation from
experiment, performs satisfactorily. B3LYP and other functionals show larger deviations.
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Figure 2. (a—f) Mean absolute and mean signed deviations (in kcal/mol) of compounds containing: a benzene moiety (a), one or more
three-membered rings (b), one or more conjugated double bonds (c), complete saturation (d), isolated triple bonds (black), conjugated triple
bonds (red), and cumulenes (blue) (e). Mean absolute deviation (in kcal/mol) of increasingly larger molecular systems. Nearly constant
errors of most functionals indicate the average deviation does not increase with increasing system size (f).

establish the confidence of chemists toward the use ofrings (56); all are significantly higher than the MAD, which
computational methods to describe the energies of hydro-is 2.75 kcal/mol for the entire set of 13 compounds. Despite
carbons and other larger organic molecules. its difficulties describing unsaturated alkyl substituents,
Benzene Moiety.Thirteen compounds in the Figure 1 set B3LYP has the lowest MAD (2.47 kcal/mol, Figure 2a and
incorporate a benzene ring. Although this aromatic feature Supporting Information Table 22). M05-2X and MPW1PW91
is generally well described, substituents can introduce also perform satisfactorily. All other tested functionals
significant errors. For instance, deviations from experiment systematically overestimate the BSEs of molecules containing
for the MPW1PW91 functional are 3.9 kcal/mol for an benzene moieties, judging from their MSDs.
acetylene substituenb4), 4.0 kcal/mol for a 2-methylene- Three-Membered Rings.This structural feature is poorly
cyclopropyl 65), and 5.6 kcal/mol for fused four-membered described overall (Figure 2b and Supporting Information
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Table 23). Figure 2b shows the B1B95 and MPW1B95 unlike the saturated hydrocarbo¥i$.Indeed, the gHs set
performance to be the worst; both have large overall and has the largest MAD for the M05-2X functional. Several
systematic errors. M05-2X matches the experimental BSEsfunctionals show an alternating “zigzag”-like error trend as
most accurately. However, deviations from experiment for the system size increases. However, the performance of
[3]-radialene (M05-2X= —8.76 kcal/mol, B1B95= —0.72 functionals for systems containing 20 or more carbon atoms

kcal/mol) and the multistructural compouii@ (M05-2X = has yet to be tested and may potentially show larger
—6.52 kcal/mol, B1B95= 1.77 kcal/mol) are both smaller  deficiencies than the set of small hydrocarbons tested here.
for the B95 correlation functional and larger for the M05- General Performance.The M05-2X functional has the
2X functional. lowest MAD and is nearly free from systematic deviations

Double-Bond Conjugation.The 24 conjugated structures over the test set of 72 hydrocarbons (TOC Figure). Truhlar’s
include syn and anti configurations as well as cyclic and recent hybrid meta-GGA shows large deviations only for
acyclic units. These features can challenge their theoreticalspecific cases such as [3]-radialet8,(—8.8 kcal/mol), 1,2-
description. The conjugation of double bonds in linear chains divinylcyclobutene 44, —6.8 kcal/mol), and triquinaceng&3,
(i.e.,1and43) and in monocycles (i.€l4 and25) does not —6.0 kcal/mol). However, it should be noted that M05-2X
present major difficulties for DFT (the deviations are less is a highly parametrized functional, resulting in unexpected
than 2 kcal/mol). However, other structural patterns, such failures for some hydrocarbons. The B1B95 and MPW1B95
as fused cycloalkane ring2€ and 71), worsen agreement  functionals err in describing 3MRs, and the pure GGAs (PBE
with the experimental BSE. The overall performance of each and PW91) give poor results for cumulenes. B3LYP and
functional is still good; M05-2X is best (Figure 2c and B3PW91 compute the largest deviations for saturated
Supporting Information Table 24). Note that the M05-2X structural units. Benzene moieties and, more generally,
functional shows a particularly large deviation &}, —6.76 conjugation in linear chains or monocycles are reproduced
kcal/mol, the worst description by any functional. well by DFT. However, conjugated triple bonds are prob-

Saturated Compounds.The failure of density functionals  lematic. In agreement with a previous repbriye find
to evaluate the energies of saturated hydrocarbons is nowB3PW9L1 to be more accurate than B3LYP, albeit marginally
well documented and accept&d 9 The BSE performance  for the set of molecules and functionals compared in the
of most functionals is unsatisfactory (Figure 2d and Sup- present paper.
porting Information Table 25). Truhlar's M05-2X is an Finally, it is important to emphasize that the increase in
exception and provides an excellent energetic description forerror with increased system size, noted earlier for hydrocar-
such systems. The MPW1PW91 functional also performs bons using B3LYP! is not found for other functionals
well. (Figure 2f). Instead, their large errors depend on the presence

Miscellaneous Structural Features.Whereas isolated of particular structural and stereoelectronic features. We
triple bonds and hyperconjugation in alkynes are generally strongly discourage the uncritical black-box use of older
described well by DFT, conjugation in cumulenes and density functionals for computing the energies of organic
polyenes is overestimated strongly (Figure 2e and Supportingmolecules. The success of the new generation of functionals
Information Tables 2628). M05-2X overestimates the and the possibility of further improvement in computational
stabilization in these compounds but still perfoms best. The methods engender optimisth?
errors of other functionals are nearly twice as large. Surpris-
ingly, the M05-2X errors for59 (0.94 kcal/mol) and60 Acknowledgment. We acknowledge the Computer Re-
(—1.94 kcal/mol) are smaller than that for the simplest source Center at the University of Georgia for providing
analoguel 2 (4.9 kcal/mol). We attribute this to the cancel- computer time. NSF Grant CHE-0209857 supported  this
lation of errors due the overestimation of the conjugation of Work. C.C. acknowledges the support of the Swiss NSF Grant
the triple bonds iri2 and to the underestimation of the other PA002—115322/1.
structural patterns present &9 and 60.

System Size EffectsFigure 2f illustrates the effect of
molecular size on the functional performance. With the
exception of B3LYP, which shows a much greater mean
absolute deviation for the,gH; stoichiometric group, there
is little or no increase in error with increasing system size, OL070354W

Supporting Information Available: Calculated energies,
equations, and tabular data evaluating the 72 compounds
tested are available. This material is available free of charge
via the Internet at http://pubs.acs.org.
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