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Popular Theoretical Methods Predict Benzene and Arenes To Be Nonplanar
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Remarkably, ab initio computations on benzeheat electron-
correlated MP2, MP3, CISD, and CCSD levels using a number of
popular basis setgive anomalous, nonplanar equilibrium struc-
tures. For example, planab§,) benzene has at least one sizable
imaginary vibrational frequency at MP2/6-311G (728171, byy),
MP2/6-311+G (1844 cm 2, by, 464 cm™2, e,)), MP3/6-3H+G-
(d,p) (862 cm2, byg), CISD/6-311G (190cm 1, byg), and CISD/
6-311++G(d,p) (511 cm, byg). Similar unexpected results at the
same levels of theory are found for other planar aromatic
molecules: naphthalen@)( the cyclopentadienyl3j and indenyl
anions 4), the tropylium cation §), anthracenef), and pyridine
(7) (Figure 1). In contrast, RHF, BLYP, and B3LYP computatibns
with the same basis sets exclusively yield real frequencies+far

Extensive frequency tabulations at numerous levels of theory are
provided as Supporting Information. These anomalous results serve .

as stark warnings for black-box ab initio studies of aromatic
hydrocarbons, particularly large, polycyclic species for which only
limited basis sets are feasible.

Much previous research has compared the established experi-

mental planar structur®g,) and vibrational frequencies of benzene,
the aromatic prototype, to computational results from Mgller
Plesset (MR),2~7 configuration interaction (CI,coupled-clus-
ter (CC)8 10 and complete-active-space self-consistent-field
(CASSCF}!wave functions (inter alia), as well as density functional
theory (DFT)#12Surprisingly, the wide-scale nonplanarity failures

reported here have not been documented previously. Some yearg,

ago, it was established that correlated wave functions with limited
basis sets often yield erroneously small (but real) vibrational
frequencies for the low-lying trans-bending modes of acetylene,
ethylene, benzene, and related molectie’s.Subsequently, Martin,
Taylor, and Le& studied benzene at the CCSD(T) level with large

spdf basis sets and found that two out-of-plane (OOP) bending

frequencieswa(byg) andws(byg), exhibited “pathological basis set
dependences due to basis set superposition error”.
workerg reported that the accuracy of computed MP2 frequencies
for benzene, furan, thiophengsbenzoquinone, ang-benzoquin-
odimethane depended strongly on carbon d functing) éxpo-

nents, especially for the normal modes with alternate OOP carbon

motions. Goodman et dlshowed that the disparity between the
experimental and MP2/6-311G(d,p) benzene @B,y frequency
exceeded 30%. Dkhissi and co-workéréound that the corre-
sponding pyridine frequencyb{) was 228 cm? lower than the
experimental value (745 cmy) at MP2/6-31-+G(d,p). Lampert

et al'” observed similar errors for phenol, benzaldehyde, and

salicylaldehyde OOP modes. Nonetheless, gross failures in predict-

ing imaginary OOP or linear bending frequencies feemirigid

molecules using popular theoretical methods have not been reported

to our knowledge.
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Figure 1. Arene nonplanarity failures of popular ab initio methods.

The spurious benzene imaginary vibrational frequencies princi-
pally correspond to out-of-plar®ss-symmetric chairlf,q) or Cs,-
symmetric boaté,) distortions. We have excluded several possible
causes of these computational anomalies: (1) When stringent
numerical precision requirements are imposed, the peculiar frequen-
cies are reproducible, generally to ca. 1 émwith different
computers, operating systems, and program packé&ges.The
anomalies are not due merely to deficiencies in MP2 theory but
also can result with higher-order CC, CIl, and MRlectron
correlation methods. (3) Because the RHF reference wave functions
for the correlated methods exhibit spatial orbital instabilities in
the immediate vicinity of th®g, structure of benzene, the spurious
vibrational frequencies are not attributable to nearby force constant
singularities caused by electronic symmetry breakfn@) Since
the imaginary-frequency modes can be followed smoothly to lower-
energy minima, variational wave function collapse upon distortion
om Dg, symmetry is not a problem. For example, the 1ildyh—?1
b,y mode at MP2/6-31+G leads smoothly to Bsq minimum 0.56
kcal mol* lower in energy, with a 58ring torsional angle and a
388 cn1? (g,) lowest frequency.

What is the origin of the benzene nonplanarity failures? Our
analysis has focused on MP2 theory for convenience. Table 1 lists
some basis sets (Group A) that yield imaginary OOP frequencies
for planar benzene at the MP2 level, as well as similar basis sets
(Group B) that give all real frequencies. Diffuse functions on
hydrogen -+ augmentation) are problematic, but several variations
of the 6-311G basis, including the often used 6-8G(d,p), give
imaginary frequencies without such spatially extended functions.
In contrast, the traditional Dunning basis sets of DZ- or TZ-t§fpe,
and also those of correlation-consistent (cc) construéfigmeld
planar benzene in MP2 computations.

Benzene OOP distortions along thg chair coordinatet) in-
creasethe Hartree-Fock (RHF) energy but make the MP2 electron
correlation energynore negatie. A Dg, imaginary frequency results
when the MP2 contribution (which favors nonplanarity) is spuri-
ously large and overcomes the RHF term (which favors planarity
and usually dominates).

' The MP2 correlation energy can be decomposed exactly into a
sum over all pair energies;() for correlating electrons in occupied
orbitalsi andj in the RHF reference wave function. The individual
€j quantities reveal that the predominant driving force for distortion
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Table 1. Basis Set? Classification According to MP2 Out-of-Plane
Vibrational Frequencies for Ds;, Benzene

Group A: At Least One Imaginary Frequency

3-21++G 6-3H+G(d,p) 6-31H#-G(d,p) [C(8STp)/H(7s)]
3-21++G(d,p) 6-311G 6-31++G
6-31++G 6-31H-G 6-31H+G(d) [C(8s7p6d)/ H(7s6p)]
6-31++G(d)  6-31HG(d) 6-314+G(d,p)

Group B: All Real Frequencies
3-21G 6-31G 6-311G DZVP(dft)
3-21G(d) 6-31G(d) 6-311G(d,p) TZVP(dft)
3-21G(d,p) 6-31G(d,p) Dz cc-pvDZ
3-21+G 6-31+G DzP aug-cc-pvVDZ
3-21+G(d) 6-3HG(d) DZP+ cc-pvVTZ
3-21+G(d,p) 6-3HG(d,p) TZ aug-cc-pVTZ

aBasis sets are specified in Supporting Information.

of benzene intoD3zy symmetry with Group A basis sets is an
artificially large, collective enhancement of the correlation energy
betweeno and & electrons. For example, among the 11 largest
differences between MP2/6-3tG (Group A) and MP2/DZ (Group

B) force constant componentg(z), 10 involvec— correlation,

Otherwise, the nuclear framework may distort from planarity to
mimic the effect of the missing higher polarization functions. This
problem is not limited to arenes and may arise whenever there are
multiply bonded moieties in carbon compourids!® The correla-
tion-consistent (aug)-cc-pZ basis sets! containing functions with

all angular momentum values allowed for principal quantum number
n, are fundamentally constructed to provide the necessary BSIE
balance. Atomic natural orbital (ANO) basis sets, which minimize
basis set superposition errors, are an even better choice in this
regardi®15
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Supporting Information Available: Tables of vibrational frequen-
cies, graphs of basis set incompleteness diagnostics, and complete
citations for ref 18. This material is available free of charge via the

and in all these cases the push toward nonplanarity is strongestarnet at http://pubs.acs.org.

with 6-311+G, by a factor of 8 on average. Distorting from
planarity improves the ability of the basis sets to recowvetr
electron correlation, an artificial effect severe enough in Group A
cases to overcome the usuaMO preference for planarity due to
electron delocalization.

We have employed a two-electron basis set incompleteness
diagnostic?? evaluated using our integral codes for performing
explicitly correlated R12 computatiodto document the nonpla-
narity phenomenon mathematically. As detailed in the Supporting
Information, this diagnostic confirms that the anomalous benzene
frequencies arise from an insidious intramolecular basis set
incompleteness error (BSIE) that varies strongly with OOP
geometric distortions, consistent with earlier observati8azOnly
correlated wave functions are susceptible to this two-electron BSIE.
Both HF and DFT are immune because they are fundamentally
one-electron theories.

The geometric sensitivity of the two-electron BSIE in benzene
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