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The wave function of benzene may be described in terms of two components corresponding to the
Kekulé structures. Theoretical evidence is presented which indicates that the optimal orbitals compris-
ing these structures form alternating single bonds and double bent bonds rather than the conventional o
and 7 bonds. Ab initio calculations which incorporate electronic correlation effects and explicitly treat
resonance demonstrate that the bent-bond description is energetically the better representation of the

ground state.

PACS numbers: 31.20.Tz

The nature of bonding in benzene, the prototypic
aromatic molecule, has intrigued scientists for over one
hundred years, ever since the tetravalent nature of the
carbon atom was realized. However, the most enduring
of the many models proposed for the structure and bond-
ing of this molecule is that of Kekulé’s “oscillating”
structures.! With the advent of quantum mechanics and
the subsequent development of valence-bond (VB)
theory, 2> this description of the benzene molecule began
to acquire a more concrete physical basis.® For benzene,
a single bonding structure is not adequate to describe the
system. At least two structures are required, symbolized
by the Kekulé structures 4 and B of Fig. 1(a). The mol-
ecule is not described by one structure or the other, but
partakes of some of the character of both. The anoma-
lous stability of this molecule is commonly ascribed to
the “resonance’ of these two structures.

An exact N-electron wave function is rarely realizable,
but an approximate wave function always may be writ-
ten as a finite sum:

\P'APPFOX =Z[ Clqll = \ycxact’ (l )

where the ¥; may be, but need not necessarily be, simple
determinants. It is desirable that W,pp0x have a simple
physical interpretation, and thus we might consider an
approximate wave function for benzene as a superposi-
tion of two terms, each corresponding to one of the
Kekulé structures.® What needs to be defined, then, is
the nature of ¥4 and ¥jp used to describe the individ-
ual VB structures. In the generalized-VB (GVB) ap-
proach,® each ¥; is written as a product of N overlap-
ping orbitals ¥/, each occupied by a single electron, with
a general N-electron spin function ©4, i.e., ¥; has the
form

viVB = Alylyly! - whO4]. ()
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This is the most general wave function that retains
single-particle-single-orbital interpretability. As ben-
zene is considered the canonical o,7 molecule, the usual
description would be a ring with six C—C o bonds and
three C—C r bonds as schematically depicted in Fig.
1(b). In this Letter, we present new results using corre-
lated ab initio wave functions, that can be interpreted
within the context of Egs. (1) and (2) and which suggest
a new spatial description of the underlying VB structure,
namely, the double bonds of benzene are best described,
by use of the variational principle, in terms of Q bonds’
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FIG. 1. Schematic representation for the many-electron
wave function of benzene. (a) Kekulé’s structures, 4 and B,
with alternating double and single bonds around the ring. (b)
With the ring unraveled (1 to 6) and o,7 symmetry on the or-
bitals enforced, the valence-bond representation of ¥4 (corre-
sponding to Kekulé structure 4) would have alternating single
bonds and double bonds, the double bond being composed of a
o and a 7 bond. (c) Symmetry restrictions on the orbitals
eliminated, the alternate description for ¥4 has Q bonds.
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(equivalent bent bonds®), schematically depicted in Fig.
1(c), instead of the usually assumed o and = bonds.

The notion of equivalent double bonds has had an in-
tuitive and aesthetic appeal for a long time, and within
molecular-orbital (MO) theory there has been much
speculation about the merit of localized orbitals and
equivalent orbitals for multiple bonds,® once directed
even toward benzene.' A unique interpretation of the
bonding, however, is not possible within MO theory be-
cause of an ambiguity inherent to any mean-field ap-
proach: The energy is invariant to any unitary transfor-
mation of the occupied orbitals. The canonical orbitals
of MO theory have ¢ and n symmetry, and therefore it
has become commonplace to divide the problem into o
and & subspaces,''~!* although the more sophisticated ab
initio investigations have questioned the validity of this
separation.'>"'*  With correlation effects explicitly in-
cluded in the wave function, the above invariance to a
unitary transformation no longer holds, and the merit of
different qualitative descriptions potentially can be as-
sessed quantitatively. Conventional configuration-inter-
action (CI) calculations [expansions of Eq. (1) in simple
orthogonal determinants] generally lack such simple in-
terpretability, however, and a complete CI, like the
mean-field result, cannot distinguish between the two
bonding descriptions. Thus, the approach used here,
while not the most general possible, incorporates a sub-
stantial amount of correlation in the wave function and
retains a simple bonding interpretation which allows an
energetic evaluation of the better bonding configuration.

The computational method we employ is the perfect-
pairing (PP) approximation of the GVB approach.® The
valence electrons of WfP are described as generalized
Heitler-London pairs:

D, =y 1yi2(ap—Ba), (3)

where the forms of the singlet-coupled, overlapping spa-
tial orbitals w; |,w;» are variationally determined, sub-
ject to the restriction that orbitals of different pairs be
orthogonal. ¥f¥ is the antisymmetrized product of these
pair functions:

vPP = glofo! - - of], 4)

which is clearly of the form of Eq. (2) and thus ¥} ap-
proximates VB of Eq. (2). If the pairs of electrons are
restricted to occupy the same orbital so that y; | =, 2,
Eq. (3) reduces to the Hartree-Fock (HF) form. For
benzene, the singly occupied orbitals of ¥, (dropping
the assumed PP label) will resemble those of the
schematic diagrams of Fig. 1(b) or 1(c), depending on
whether the orbitals of the double bonds are restricted to
have o,7n symmetry or not. We approximate the exact
wave function using two terms'>:

‘P[01=C(‘PA +WB), (5)

with the calculation carried out using the resonating-PP

(RPP) method.'®!" In this method, the orbitals of the
individual structures, ¥4 and Vg, are not allowed to
reoptimize in the presence of the resonance. The method
is analogous to a CI calculation except that ¥4 and ¥
are each multideterminant functions and are nonorthog-
onal. The extra energy stabilization given by ¥, with
respect to the individual energies of ¥4 and ¥j is
termed the resonance energy, i.e.,

Eres =El‘l - Elob (68)
Er ={¥;|H|¥p), I=A4,B, (6b)

and we note that E4 4 =FEp p.

The calculations for benzene were performed at the
experimental geometry'® (Dgy, Rc.c=1.397 A, Rc.n
=1.084 A). Standard valence double-zeta basis sets
were used for all atoms.'” A summary of the energies
for the various approximate wave functions from HF,
GVB-PP2 (and PPCI?'), and RPP?% calculations is
given in Table I. The designation of the approximate
wave functions and the extent of electronic correlation
included are as follows: (a) HF: no electrons are corre-
lated; (b) PP(3): the three C—C x bonds; (c) PP(9):
the nine C—C bonds of the carbon ring. The o,n-
bonded and Q-bonded PP descriptions of ¥4 are nearly
equivalent in energy. This equivalence may be more ap-
parent than real. Restrictions in the PP description with
respect to the full GVB result (particularly maintaining
orthogonality between orbitals of different pairs) bias it
against the €Q-bonded description vis-a-vis the o,m
description.?? For example, the o,n description of the
ethylene double bond is favored by use of PP?%; relieving
the orthogonality restrictions results in bent bonds,
while relieving the PP spin restrictions within the double
bond is not energetically important.?® Thus, with three
double bonds, evidence suggests that benzene should
prefer Q bonds even before one considers the mixing of
the two Kekulé terms. At the HF level, of course, the
two descriptions are identical because of the already not-
ed invariance in the wave function.

Focusing the discussion initially on the PP description
obtained by restriction of the orbitals to be of o and =«
symmetries, the energetically most important electron

TABLE 1. Total energies for o,n- and Q-bonded calcula-
tions for benzene. All energies are in hartrees.

Calculation o, 7 bond result Q bond result
HF —230.64037 —230.64037
PP(3) —230.68507 a
RPP —230.69691 a
PP(9) —230.75047 —230.748 37
PPCI(130) —230.75047 —230.748 37
RPPCI —230.762 36 —230.77755

3The PP(3 pairs) calculation for the Q-bonded structure is
undefined.
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pairs to correlate are those arising from the six 7 elec-
trons. The PP(3) description of ¥4 gains 0.41 eV/pair
over the HF description. Correlating the six C—C o
bonds in the PP(9) result gains an additional 0.30
eV/pair for each C—C o bond. Examining the contour
plots in Figs. 2(a)-2(c) for the orbitals of the PP(9) re-
sult reveals a close correspondence with the schematic
diagram of Fig. 1(b). The contour plots shown in Fig.
2(a) of the two orbitals comprising a 7 pair reveal that
the orbitals, each occupied by a single electron, are quite
localized, forming a = bond between neighboring sites,
while the o orbitals, shown in the contour plots of Figs.
2(b) and 2(c), clearly represent normal C— C o bonds.
The resonance energy, E s obtained by taking the su-
perposition of the PP results ¥ 3™ and ¥§” in the RPP to-
tal wave function [Egs. (5) and (6)] is 0.32 eV, regard-
less of whether the C-C o pairs are correlated. This
value represents but 20% of the experimental net reso-
nance stabilization of 1.6 eV.* A self-consistent RPP(3)
calculation for benzene!” (the orbitals are allowed to re-
lax in the presence of resonance) yields an improved res-
onance energy of 0.59 eV, a value which also should not
change when the C-C o pairs are correlated. Hence, the

(¢) (f)

FIG. 2. Orbital-amplitude contour plots from PP calcula-
tions for benzene, in a plane perpendicular to the molecular
plane along a C-C internuclear axis. Contours start at +0.10
a.u. and proceed in 0.05-a.u. increments. Solid lines denote
positive contours, dashed lines negative contours. Panels
(a)-(c) are from ¥3*. (a) The two orbitals comprising a =
pair. One orbital, occupied by a single electron, is localized on
the left carbon atom while the other is localized on the right,
forming a bond. (b) The C—C o bond of the double bond.
(c) The orbitals forming a neighboring C— C single o bond.
Panels (d)-(f) are from ¥$. (d),(e) The two pairs forming
the Q bonds between the two carbon atoms. (f) The orbitals
forming a neighboring C— C single bond.
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calculated resonance stabilization for a system divided
into o and r orbitals falls far short of the value which is
the key empirical observation about the stability of this
molecule.

When symmetry restrictions on the orbitals are re-
moved, a qualitative change occurs in the description of
the wave function. For the PP(9) result, the orbitals of
Figs. 2(d)-2(f) are obtained. Noting the schematic
description of Fig. 1(c), we observe that the orbitals have
adopted a form that corresponds to @ bonds [Figs. 2(d)
and 2(e)] and single o bonds [Fig. 2(f)], alternating
around the ring. In contrast to the sp2-hybridized car-
bon atoms of the symmetry-restricted calculation, each
carbon atom is approximately tetrahedrally coordinated,
with two of the hybrids on one center directed toward a
single neighboring carbon atom which, in turn, has two
hybrids directed toward the first atom in order to form Q
bonds.

While the PP(9) energy of ¥ approximately equals
that of ¥g", the resonance energy for the former is
dramatically larger, i.e., 0.79 eV, or 0.47 eV better than
for the analogous o,n calculation. This value is even
larger than the 0.59-eV self-consistent resonance energy
obtained for the r-electron [PP(3)] system.!”?” Hence,
Q-bonded benzene appears to be a good representation
of the individual Kekulé VB structures and, in any case,
is a better representation of the ground state than o,n-
bonded benzene, i.e., ¥ is 0.41 eV lower in energy than
Yt

We believe that the VB method has a significant ad-
vantage over MO theory or potentially more precise CI
calculations in that it retains an interpretability that
bears a direct relationship to the almost universally ac-
cepted concepts of structural chemistry while incorporat-
ing important correlation effects. The valence-bond ap-
proach provides a rationalization for why bond proper-
ties, such as energy, bond length, force constant, should
be transferable between different molecules,* and even
between molecules and solids.?® Here, however, the
transferability has been shown to penetrate one level
deeper: The atomic contributions to those bonds are
determined by the characteristic hybrids of the bonding
atoms, in this case tetrahedral carbon atoms. Approxi-
mate tetrahedral coordination for carbon has been exhib-
ited recently for carbon atoms involved in double bonds
(in CO,)7 and in triple bonds (difluoroacetylene).??
Here we have demonstrated that this behavior extends to
what usually has been considered a m-electron system of
sp 2-hybridized carbon atoms.
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