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ABSTRACT

Energies computed by B3LYP and other popular DFT functionals are flawed by systematic errors, which can become considerable for larger
molecules. These errors, predominately due to inadequacies in assessing longer-range nonbonded attractive effects (dispersion), are illustrate d
by the isodesmic stabilization energies of n-alkanes (based on methane and ethane, which have no stabilizing 1,3-alkyl group interactions).
Newer functionals, designed to describe weak interactions, give somewhat better agreement with experiment, but are not fully satisfactory.

Kohn-Sham density functional theory has become the
standard computational chemistry method. Based on its
superior performance in numerous energy assessments of
small molecules, B3LYP is the most widely used functional.
B3LYP reproduces the geometries of smaller and larger
molecules very well. Despite such successes, there is
increasing awareness that B3LYP can fail badly in describing
the energies of van der Waals molecules, hydrogen-bonded
systems, reaction barrier heights, and larger molecules.1

B3LYP computations of even the most basic organic mole-
cules, then-alkanes, result in systematic errors in the

predicted heats of formation2 and bond energies.3 Redfern
et al.4 reported increasing deviations between B3LYP and
G3 theory as then-alkane chain is lengthened (Figure 1).
Errors in B3LYP computations of experimental homolytic
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C-C bond-breaking energies of methyl-substituted ethanes
and the relative stabilities of isomers become more serious
as the molecules become larger.5 The “cumulative effect of
the errors in large molecules”2c “discourage the use of the
B3LYP model for reaction energy calculations of organic
compounds containing more than four carbon atoms.”5a

Possible origins of these shortcomings (e.g., dispersion) have
been considered,5a,c but the problems have not been over-
come.

We computed the isodesmic stabilization energies (eq 1)
of the linear conformations of then-alkanes in order to assess
and to help understand the errors given by numerous early
and more recent DFT functionals. Figure 2 compares the
results against the experimental data and emphasizes the poor
performance of most of the functionals with these basic
organic molecules.

Our computations with the Gaussian 98, Gaussian 03, and
Molpro programs6 employed one LDA functional (SVWN5),7

the widely used hybrid GGA, B3LYP,8 and several pure
GGA functionals (BP86,9 OLYP,8b,10 PBE,11 PW91,12 and
HCTH).13 In addition, we ascertained the performance of the

more recently proposed hybrid GGA’s (B97-113 and
mPW1PW91),14 the kinetic energy dependent meta-
GGA (TPSS),15 and the hybrid meta-GGA functionals
(TPSS1KCIS,15-17 PBE1KCIS,11,16,18 MPW1B95,14,19

MPWB1K,14,19 MPW1K,14,20 and B1B95).9,19a The
6-311+G(d,p) basis set was used with all these functionals
for uniformity. In addition, comparison with HF, MP2, G3,21

and CCSD(T) data were obtained (also included in Figure
2). The computed energies refer to the linear zigzagn-alkane
conformations and include zero-point vibrational corrections
for comparison with the experimental heats of formation at
0 K.22

We attribute the increasingly large discrepancies between
the computed and experimental energies apparent in Figures
1 and 2 to “protobranching”.23 Protobranching, defined as
the stabilizing interactions between two 1,3-disposed methyl
(or methylene) groups in propane, higher linear, and branched
alkanes, offers new insight into hydrocarbon stabilization.
Each homologation of linear alkanes results in a further
stabilization of ca. 2.8 kcal/mol, relative to methane and
ethane (evaluated using Pople’s isodesmic bond energy
(BSE) separation reaction, eq 1,24 wherem also gives the
number of protobranches). Topologically branched alkanes
such as isobutane and neopentane have more protobranches
and are stabilized to an even larger extent than linear
alkanes.23 These 1,3 stabilizations between geminal groups
can be attributed predominantly to attractive intramolecular
van der Waals interactions arising from London dispersion
forces25 (i.e., long-range R-6 electron correlation effects).
However, Grimme’s very recent analysis5c points instead to
the greater importance of medium-range electron correlation
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Figure 1. Error per bond in calculated enthalpies of formation for
n-alkanes. Reproduced from ref 4. Copyright 1998 American
Institute of Physics.

n-CH3(CH2)mCH3 + mCH4 f (m + 1)C2H6 (1)
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differences. Hartree-Fock (HF), B3LYP, and many other
functionals give unsatisfactory results (Figures 1 and 2) since
they strongly underestimate the 1,3 group-group stabilization
effects.

The Hartree-Fock approximation completely neglects
dynamic electron correlation. B3LYP as well as most well-
established density functionals only use local electron
densities to describe correlation and do not account for
medium5c and longer range dispersion interactions.26 How-
ever, the design of DFT functionals that perform well for
such interactions is the goal of much current research.5c,18,27

DFT energies are affected by additional sources of error.
For instance, correlation functionals that eliminate the “self-
exchange” problem are being sought.28 This error (not shared
by Hartree-Fock) arises from the spurious interaction of an
electron with itself.

Nearly all of the DFT functionals systematically under-
estimate the energies ofn-alkane chains (Figure 2). Shock-
ingly, the widely used B3LYP is among the worst functionals
and underestimates each protobranching stabilization by 1.33
kcal/mol on average. Note that this 40% underestimation is
comparable to the 47% of HF. OLYP, the poorest performer

in our set, underestimates the stabilizazion energy by 1.8
kcal/mol on average. Indeed, the exchange functional for
OLYP was fit with a restricted set of data which lacked
weakly bonded systems.10b Other functionals, including the
nonempirical TPSS meta-GGA and the semiempirical HCTH
GGA, underestimate branching; their mean absolute devia-
tions (MAD) range from 1.10 to 1.50 kcal/mol. Although
the LDA approximation generally strongly overestimates
weak interaction energies,2a,29 SWVN5 performs best here
(Figure 2). Similarly small errors have been reported before
for propane, butane, and isobutane,proVided that error-
canceling isodesmic eValuations (cf., eq 1) were employed.2c

Of course, caution must be excercised because of the well
documented deficiencies of LDA.2a,c,26

The PW91 and the closely related “parameter-free” PBE
exchange correlation GGA functionals describe the binding
in attractive van der Waals regions more accurately;30 their
MADs are 1.05 and 1.08 kcal/mol, respectively, per proto-
branch. Somewhat better results are given by the recently
developed hybrid meta-GGAs, MPW1B95 and MPW1B1K
of Zhao and Truhlar, designed partially for the description
of weakly interacting systems.27aNot surprsingly, these new
functionals outperform B3LYP and other early functionals.
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Figure 2. Deviations of various DFT functionals from experimental (0 K) protobranching stabilization energies. Negative values denote
underestimation. Stabilization energies are based on eq 1. CCSD(T) and MP2 refer to CCSD(T)/aug-cc-pVTZ//MP2/6-311+G(d,p) and
MP2/aug-cc-pVTZ//MP2/6-311+G(d,p), respectively, and include MP2/6-311+G(d,p) zero-point corrections. All other computations employed
the 6-311+G(d,p) basis set.
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However, signicant errors (which are cumulative, Figure 2)
still remain.

Unlike DFT, both MP2 and CCSD(T) results depend on
basis set size.31 The expected overestimation32 of the branch-
ing stabilization is found at MP2/aug-cc-pVTZ, but not at
the lower MP2/6-311+G(d,p) level. This suggests the
possible existence of an intramolecular basis set superposition
error. Similarly, CCSD(T)/6-311+G(d,p) results diverge
somewhat from experiment but aug-cc-pVTZ values parallel
those of experiment. Obviously, computational expense
precludes application to longern-alkane chains.

Figure 2 emphasizes the regularity of the increasingly large
deviations from the experimental BSE stabilizations as the
n-alkane chain is lengthened. Check and Gilbert5a also noted
regularities in the computed bond dissociation energies of
the central C-C bond of ethane as the number of methyl
substituents increases. The B3LYP error increases to 21.1
kcal/mol for 2,2,3,3-tetramethylbutane; its high degree of
branching enhances the long-range attractions. B3LYP fails
as a consequence. Indeed, most of the functionals in Figure
2 systematically underestimate weak long-range interactions.
Their poor performance appears to arise principally from their
inadequacies in accounting for long and medium range
electron correlation effects.5c,33

The accompanying paper by Schreiner et al.5b illustrates
the problems in reproducing the experimental relative ener-
gies of hydrocarbons, especially when isomers having a
different blend of single and multiple CC bonds are
compared, at various DFT and ab initio levels. The preferred
geometries of [n]annulenes were found earlier to depend
strongly on the level of theory employed.34

Curtiss et al.2c have noted that homodesmotic energy
evaluations improve the accuracy of B3LYP for large
molecules. However, for alkanes this only arises through
cancellation of the protobranching errors (eq 2, wheremalso
is the number of protobranches).

Linear and branched alkanes larger than ethane are
stabilized by intramolecular 1,3 “protobranching” interactions
between alkyl groups. The most commonly used DFT
functionals, notably B3LYP, underestimate the protobranch-
ing stabilization mainly due to their inadequate descriptions
of long-range nonbonded interactions. We join with others5b

to discourage the use of B3LYP energy data for larger
molecules. Unfortunately, the DFT alternatives are only
somewhat better but are not yet fully satisfactory.

The recent hybrid meta-GGA functionals of Zhao and
Truhlar, as well as other recently proposed van der Waals-
corrected DFT functionals27 with the correct R-6 asymptotic
behavior, may provide more accurate assessments of weakly
bound systems and better descriptions of intramolecular
nonbonded interactions at considerably less computational
cost than post-HF wave function methods. However, even
the best-performing MPW1B95 and MPWB1K hybrid meta-
GGA fuctionals14,19do not evaluate the energies ofn-alkane
chains accurately and only offer some improvement over
B3LYP for larger molecules. We hope that Check and
Gilbert’s pessimistic admonition that “a computational chem-
ist cannot trust a one-type DFT calculation”5a can be over-
come eventually.
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