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Spin-Coupled Generalized Valence Bond Theory:
New Perspectives on the Electronic Structure of Molecules and Chemical Bonds

Thom H. Dunning,* Jr., Lu T. Xu, David L. Cooper,* and Peter B. Karadakov

ABSTRACT: Spin-Coupled Generalized Valence Bond (SCGVB) theory provides the foundation for a
comprehensive theory of the electronic structure of molecules. SCGVB theory offers a compelling orbital description
of the electronic structure of molecules as well as an efficient and effective zero-order wave function for calculations
striving for quantitative predictions of molecular structures, energetics and other properties. The orbitals in the
SCGVB wave function are usually semi-localized and, for most molecules, can be interpreted using concepts familiar
to all chemists (hybrid orbitals, localized bond pair, lone pairs, etc.). SCGVB theory also provides new perspectives
on the nature of the bonds in molecules such as Cz, Bez and SF4/SFs. SCGVB theory contributes unparalleled insights
into the underlying cause of the first-row anomaly in inorganic chemistry as well as the electronic structure of organic
molecules and the electronic mechanisms of organic reactions. The SCGVB wave function accounts for non-
dynamical correlation effects and, thus, corrects the most serious deficiency in molecular orbital (RHF) wave
functions. Dynamical correlation effects, which are critical for quantitative predictions, can be taken into account
using the SCGVB wave function as the zero-order wave function for multireference configuration interaction or
coupled cluster calculations.

1. INTRODUCTION

Orbital models of the electronic structure of atoms and molecules are universally used by chemists as a
means of understanding and explaining a broad range of atomic and molecular phenomena. Open any
textbook in physical chemistry, organic chemistry or inorganic chemistry and you will find an extensive
discussion of the role of atomic and molecular orbitals in chemistry. For example, in Ian Fleming’s 2010
book on Molecular Orbitals and Organic Chemical Reactions,' the author states:

Organic chemists with a serious interest in understanding and explaining their work usually
express their ideas in molecular orbital terms, so much so that it is now an essential component of

every organic chemist’s skills to have some acquaintance with molecular orbital theory.

Although there have been arguments about orbitals and orbital theories in both the chemical education
literature** and the chemical philosophy literature,”® few chemists today question the utility of orbital
theories. Molecular orbitals, and their quantitative realization in the restricted Hartree-Fock (RHF) wave
function, are considered by most chemists to be the foundation for the orbital theory of the electronic
structure of molecules. However, many molecules and molecular processes cannot be adequately described
by a single configuration RHF wave function. This list includes molecules such as singlet biradicals, Be;
and C; as well as making and breaking bonds and many chemical reactions and excited states. An accurate

zero-order description of these molecules or molecular processes requires a multiconfiguration wave
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function.

The most popular multiconfiguration approaches today are the Full Optimized Reaction Space’™!!
(FORS) and Complete Active Space Self-Consistent Field'*'* (CASSCF) methods. These methods define
a set of active orbitals, often the union of the valence orbitals on each of the atoms, and then construct all
possible configurations that can be formed using these orbitals (full configuration interaction for “N-
electrons in M-orbitals™). The orbitals and configuration coefficients are then optimized. These approaches
are extremely powerful and have many advantages, but they also have disadvantages. For one, the
computational cost of the associated full CI calculations increases dramatically as (N, M) increase, which
limits the use of these methods in calculations on large molecules. Although this problem can be addressed
by restricted FORS/CASSCEF calculations, which partition the active space into subspaces thereby limiting

1519 any partitioning of the active space is subjective.

the number of configurations generated in the full CI,
More recently, research has been reported on adaptive sampling methods as a means of efficiently reducing
the number of configurations included in the CASSCF wave function.? Finally, as noted by Xu and
Dunning,”' FORS/CASSCF calculations must be carefully monitored because the extraordinary flexibility

of these wave functions can lead to inconsistencies in the orbitals that define the active space.

In addition to their computational cost, FORS/CASSCF wave functions, with their sheer number of
delocalized orbitals, configurations and configuration coefficients, are difficult to interpret. In the landmark

1" asked the question: “Are Atoms

series of papers that introduced the FORS method, Ruedenberg et a
Intrinsic to Molecular Electronic Wavefunctions?,” answered the question affirmatively, and proposed
ways of extracting such information from the FORS wave function. More recently they refined the concepts
introduced in those papers by defining quasi-atomic orbitals (QUAOs)** and using the QUAO concept to
obtain insights into the bonding in molecules® and the orbital transformations involved in chemical
reactions.”* For CASSCF wave functions, Robb and coworkers,?>” Thorsteinsson et al.,”** and Hirao®
have discussed the transformation of these wave functions to valence bond wave functions as a means of
interpreting the results of CASSCF calculations. Despite the utility of these approaches for interpreting
FORS/CASSCF wave functions, the goal of developing a comprehensive orbital theory based on

FORS/CASSCF multiconfiguration wave functions is still in its infancy.

The Spin-Coupled Generalized Valence Bond (SCGVB) wave function®'=* is a multiconfiguration
wave function that also describes a broad range of molecules and molecular processes.” As a wave function
based on a single product of orbitals that are usually semi-localized, the SCGVB wave function can be
interpreted using concepts—hybrid orbitals, bond orbitals, lone pairs, etc.—that are familiar to all chemists.
In addition, applications of SCGVB theory have also led to new concepts, e.g., the recoupled pair bond*’

* In prior articles in the literature the Spin-Coupled Generalized Valence Bond wave function has usually been
referred to as the Spin-Coupled Valence Bond (SCVB) wave function or the full Generalized Valence Bond (full
GVB) wave function. These wave functions are identical; to prevent confusion, the authors have adopted the all-
encompassing SCGVB name.
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and recoupled pair bond dyad.’ The SCGVB wave function describes molecules in terms of orbitals that
are optimized at each geometry, allowing the atomic orbitals to change as a result of molecule formation.
In addition to the changes in the orbitals, optimization of the general spin function used in the SCGVB
wave function allows the spin function to change from that appropriate for the separated atoms or fragments
to that appropriate for the molecule. SCGVB theory addresses a major limitation of RHF theory, providing
an excellent zero-order description of molecules that require multiconfiguration descriptions, the
making/breaking of bonds, and many chemical reactions and excited states. For most molecules, the
SCGVB wave function captures the essential features of the FORS/CASSCF wave functions, with much
reduced complexity compared to these latter wave functions.

The SCGVB wave function contains the finite set of configurations that are required to describe the
non-dynamical correlation effects first identified by Sinanoglu.*’ Inclusion of non-dynamical correlation
effects corrects the most serious deficiency in the RHF wave function and, for many molecules,
dramatically improves the resulting prediction of molecular properties. However, dynamical correlation
effects must be taken into account in order to make truly quantitative predictions. Dynamical correlation
effects can be accounted for by using the SCGVB wave function as the zero-order wave function in a
multireference configuration interaction (MRCI) or coupled cluster (MRCC) calculation. Although MRCI
calculations can be performed using the non-orthogonal SCGVB orbitals, the transformation to orthonormal
natural orbitals enables use of the traditional, well optimized machinery for MRCI/MRCC calculations.
Because of the compact nature of the SCGVB wave function, these calculations are usually less
computationally expensive than the corresponding calculations based on FORS/CASSCF wave functions.

In this Perspective Article, we focus on the orbital description of the electronic structure of molecules
provided by SCGVB theory and illustrate the many ways this theory provides a compelling orbital
description of a broad class of molecules and molecular processes. In addition to describing the electronic
structure of molecules in terms that align well with traditional chemical concepts, SCGVB theory also
provides new perspectives that aid in the resolution of a number of puzzling problems in molecular
electronic structure theory such as the nature of the bonding in Be,, C,, SF4/SFe, and more. SCGVB theory
also provides new insights into the well-known first-row anomaly in inorganic chemistry as well as the
electronic structure of organic molecules and the electronic mechanisms of organic reactions. In a famous
after-dinner speech at the Boulder Conference in 1960, Coulson critiqued the nascent field of computational
chemistry, noting that it was becoming:

“... so remote from the normal natural conventional concepts of chemistry, such as bonds,
orbitals, and overlapping hybrids, as to carry the work itself out of the sphere of real

quantum chemistry.*®”

This is not the case for SCGVB theory. SCGVB theory provides a direct connection between quantum
mechanics and basic chemical concepts. In fact, SCGVB theory enables quantum chemists to better
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“understand these concepts and show what are the essential features in chemical behavior.*®”

The outline of the article is as follows. In Section 2 we provide a brief overview of the basic elements
of SCGVB theory as well as the extension of SCGVB theory to N-electrons in M-orbitals, which is
important for describing some classes of molecular species. We also provide a brief comparison of SCGVB
theory with other orbital theories of the electronic structure of molecules. Finally, we discuss the use of the
SCGVB wave function as the zero-order wave function in multireference configuration interaction (MRCI)
calculations. In Section 3, we discuss the insights SCGVB theory provides into the nature of chemical
bonds, the electronic structure of molecules, and the electronic mechanisms of chemical reactions. In the
fourth section we provide a few examples that illustrate the use of the SCGVB wave function in MRCI
calculations to provide more accurate predictions of molecular structures, energetics and other properties.
Finally, in the last section, we summarize our thoughts about the role that SCGVB theory has been playing
and will continue to play in our understanding of the electronic structure of molecules.

2. OVERVIEW OF SCGVB THEORY

In this section we provide a brief overview of SCGVB theory, including the generalization of SCGVB
theory to N-electrons in M-orbitals, which enables additional classes of molecules to be properly described.
We also discuss the relationship of SCGVB to other theories of the electronic structure of molecules.
Finally, we discuss the use of the SCGVB wave function as the zero-order wave function in multireference
configuration interaction calculations. Throughout this section, we use the N, molecule to illustrate the
application of SCGVB theory.*’

2.1. SCGVB Theory. Although the SCGVB wave function can take a number of different forms
depending on the number of singly occupied active orbitals in the wave function, the most common form
of the SCGVB wave function is:

\PSCGVB = (;¢cl el '¢cn5¢cnc¢vl¢vl a '¢vnv¢vnv¢al a '(Dana (Xﬁ' ’ aﬁaﬁ ’ aﬁega/\/ly (1)

In Eq. (1), the orbitals { ¢, , i = 1-n.} are the n. doubly occupied core orbitals, the {¢,,, i = 1-n,} are the
n, doubly occupied valence orbitals, and the {¢,, , i = 1-n,} are the n, singly occupied active valence
orbitals. The spin function is a product of &fF’s spin functions for each of the n. + 1, doubly occupied orbitals

Ng
S Mg >

well as the spin function in Eq. (1) are optimized in SCGVB calculations.

and a general spin function, © for the n, electrons in the active valence orbitals. All of the orbitals as

The orbitals in the SCGVB wave function are selected to describe the molecule or molecular process
of interest. For example, in the formation of N, from two ground state nitrogen atoms, *S(1s*2s?2p?), the
four N1s and N2s orbitals are the doubly occupied core and valence orbitals, while the six N2p orbitals are
the singly occupied active valence orbitals. At R = oo, the SCGVB orbitals are simply the RHF orbitals of
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the nitrogen atom. The active valence orbitals in Eq. (1) need not be orthogonal to one another. In N», the
2p orbitals on the two atoms overlap as R decreases, although the (o, m, 7,) orbital pairs in N> are orthogonal
to each other by symmetry. The active valence orbitals can be taken to be orthogonal to all of the doubly
occupied orbitals without any loss of generality—the antisymmetrizer, @ , eliminates any components of
the doubly occupied orbitals from the active orbitals in the SCGVB wave function. In N», this means that
the six active orbitals are orthogonal to the four doubly occupied orbitals. The SCGVB active orbitals are,
in general, semi-localized, corresponding to bond pairs, lone pairs, etc. in line with traditional chemical
concepts. The doubly occupied orbitals may be delocalized just as in RHF theory. These orbitals can be

transformed to semi-localized orbitals using any of the standard localization procedures.****

Optimization of the SCGVB orbitals at each molecular geometry enables the SCGVB wave function to
describe the changes in the atomic orbitals caused by molecule formation. Although the atomic orbitals
change in a number of ways, e.g., hybridization, polarization, delocalization, and contraction, they usually
retain a clear connection with the atomic orbitals from which they arose; see the plots of the valence orbitals
of N, in Figure 1 at R = oo and R.* (also included is the SCGVB orbital diagram used to represent the
formation of N from two ground state nitrogen atoms). In recognition of the intimate connection between
SCGVB atomic and molecular orbitals, we will use the original SCGVB atomic orbitals with a prime to
designate the SCGVB molecular orbitals, e.g., N2p." and N2p,,’ to denote the nitrogen ¢ and m., bond
orbitals in N,. This connection of the SCGVB molecular orbitals with atomic orbitals facilitates
interpretation of the SCGVB wave function using concepts familiar to chemists. However, applications of
SCGVB theory have also led to the development of new chemical concepts that provide insights into the
nature of the chemical bonds in a variety of unusual molecules (see the following section).

The overlaps of the o, (N2p.a’, N2p.s'), and 7., (N2p.a’, N2p.s'), orbitals of N» plotted as a function of
R in Figure 2. The overlaps increase monotonically from zero at R = oo to values approaching unity as R
decreases. This increase in the overlap of the SCGVB orbitals is a result of two factors: (i) the decrease in
R, which brings the orbitals closer together, and (i7) hybridization and delocalization of the orbitals.
Although there is not a simple correlation between bond orbital overlaps and the bond energy, strong bonds
tend to result from highly overlapping orbitals. At R. the ¢ bond orbitals in N, have an overlap of 0.89,
while the & orbitals have an overlap of just 0.69, in line with chemists’ intuition that ¢ bonds are stronger
than © bonds. The non-bonding orbitals are also changed by molecular formation. These changes are largely
a result of minimizing Pauli repulsion*® between the electron pairs. Thus, in Figure 2, the N2s,’ and N2sp'
lone pair orbitals in N> are seen to be polarized away from the newly formed (N2p:a’, N2p.s") -bond pair.

The spin function in Eq. (1), @;f’MS , ensures that the SCGVB wave function has the proper spin
symmetry. It is a linear combination of all of the linearly independent ways ( f;) of coupling the spins of
electrons in the n, active valence orbitals to yield a state with a given (S, Ms)*:
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Gngs = zcs,k@;flMs;k (2a)
k=1

with

W (@S+Dn!
s T G s D(in —5) (2b)

At the separated atom limit, the SCGVB spin function is that appropriate for the collection of atoms. For
example, in N, the spin function at R = co describes two nitrogen *S atoms with their spins coupled to yield
an overall singlet state. Optimization of the spin coupling coefficients as a function of the molecular
geometry, {csi}, ensures that the spin function appropriate for the atoms smoothly changes to that
appropriate for the molecule as the internuclear separations decrease. For most molecules near their
equilibrium geometries, the perfect pairing spin coupling, /5 (e - ) }/5 (o~ Por)---, is the dominant
spin coupling when the orbitals are ordered as sequential bond pairs. This spin coupling corresponds to the
classical valence bond (VB) definition of chemical bonds.

The spin coupling coefficients, {csi}, depend on the ordering of the orbitals in the SCGVB wave
function. As such, identification of the essential features of the electronic structure of a molecule may
require re-ordering the active orbitals. In addition, it is sometimes necessary to switch between different
types of spin functions. The three main types of spin functions employed in SCGVB theory were introduced

by Rumer,* Kotani,* and Serber’®*':

e The Rumer spin functions are products of npai- = Y21, — S singlet pairs, %/5 (af— Bar) , and 2S « spin
functions, where S is the total spin. Although straightforward construction of spin functions in this
way leads to more than f;* spin functions, the diagrammatic techniques developed by Rumer*
and extended to non-singlet states by Simonetta et al.>* can be used to determine a set of the linearly
dependent spin functions. Another option is to use the leading term algorithm,** which is better

suited to computer implementation.

o The Kotani spin functions are formed through successive coupling of individual electron spins
according to the addition rules for angular momenta. This is illustrated by the Kotani branching
diagram; see Figure 3. Each circle in this diagram corresponds to an allowed value of the total spin
S for a given number of electrons #.. The spin function is represented by the path which follows
the arrows connecting the sequence of points. The number of spin couplings, f;“, for a given
number of electrons (n,) and total spin, S, is shown inside the circle at (nq, S).

e The Serber spin functions are based on electron pairs and can be visualized by means of a Serber
branching diagram, similar to the Kotani branching diagram. In this case, the spins of successive
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electron pairs, (1,2)(3,4) -+, are coupled to be either singlet or triplet and these pairs are then used
to construct the n,-electron spin functions using the addition rules for angular momenta.

The three types of spin functions offer different insights into the nature of the SCGVB wave function.”

The Kotani spin functions are popular in SCGVB theory and have the advantage that the spin functions
are orthonormal and the squares of the spin coupling coefficients, (Cék ), represent the contribution, or
weight (wsy), of that spin coupling in the total SCGVB wave function. To provide a concrete example of
the use of the Kotani spin functions, we list the spin couplings in the Kotani representation for the singlet
state of N, in Table 1. For a six-electron singlet state there are five linearly independent spin couplings,
@8/0;,( , k= 1-5. These couplings are represented symbolically by the paths taken in traversing the Kotani
branching diagram: aaafpp, cafafp, afoapfp, aoffop, and afafap. The spin coupling weights for
these spin functions are plotted in Figure 4 as a function of R. The spin coupling weights are shown in
Figure 4(a) for the “molecular” ordering of the orbitals, i.e., as sequential bond pairs: (N2p_,’, N2p_,),
(N2p,,’,N2p "), and (N2p ', N2p ). With this ordering, the perfect pairing spin function, afafaf ( @3,0;5 ),
is the dominant spin function at R., with wos = 0.92, in line with chemists’ view that the N> molecule has a
triple bond. In Figure 4(b) the spin coupling weights for N, with the “atomic” ordering of the orbitals:
(N2p_,’, N2p ', N2p ") and (N2p_', N2p ', N2p ."). This plot shows that at large R, the wave function
approaches that for the Na(*S)xNp(*S) spin coupling, aaa 868 ( @8,0;1 ). Although we do not provide a plot
of the spin coupling weights for the orbitals ordered as (N2p_,’, N2p_") and (N2p_,’, N2p ', N2p ', N2p '),
see the middle row in Table 1, it is easy to understand why the largest contribution of the afaaff spin
function with this quasi-atomic ordering of the orbitals has its maximum value at intermediate R. At all R
these wave functions are equivalent—the SCGVB wave function does not depend on the ordering of the
orbitals—but each provides different insights into the electronic structure of the molecule: one at R.

(molecular ordering), one at R = o (atomic ordering), and the last at intermediate R (quasi-atomic ordering).

For molecules like benzene, use of the Rumer spin functions provides clear insights into the electronic
structure of the molecule. Five spin functions are also needed to describe the m system of benzene in
SCGVB theory. In this case, the five Rumer spin functions correspond to the two Kekulé structure and the
three Dewar structures. SCGVB calculations on benzene™ find that each of the Kekulé structures has a
coefficient of 0.41, while each of the Dewar structures has a coefficient of just 0.006, in line with chemists’
concept of the nature of the m bonding in benzene. (For the non-orthogonal Rumer spin functions, the
Chirgwin-Coulson® or Gallup-Norbeck™ formulas must be used to calculate the contributions of each spin
coupling in the SCGVB wave function.) The wave function for benzene can also be expressed in terms of
the Kotani spin functions, although in this case the coefficients are not so easily interpreted: co,; = -0.07,
co2=0.43, co3=-0.31, co4=-0.31 and co5 = 0.79. The true nature of the bonding in the 1t system of benzene
is not at all clear in the Kotani representation, despite the fact that the resulting wave function is exactly the

same as that in the Rumer representation.
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The Serber spin functions are orthonormal, just as the Kotani spin functions are. These functions are
used less often in SCGVB theory, although, in selected cases, they can provide valuable insights into the
electronic structure of the molecules of interest.”

Transformations between the representations of n,-electron spin functions in the Kotani, Rumer and
Serber spin bases can be carried out in a straightforward manner with the use of a specialized code for
symbolic generation and manipulation of spin functions; see the article on SPINS.® This code is also
capable of calculating the changes in the spin-coupling coefficients caused by a reordering of the active

valence orbitals.

2.2. SCGVB(N,M) Theory. There are obvious instances for which a single spatial configuration with
“N-electrons in N-orbitals”, as in Eq. (1), is not the most appropriate choice for the SCGVB wave function
for a given molecule. Consider, for example, the n-electron systems of the cyclopentadienyl anion, CsHs",
and the tropylium cation, C;H;". Both of these planar ring systems involve six 7 electrons but in one case
there are five carbon centers and in the other there are seven, so a conventional SCGVB calculation with
six active orbitals does not lead to a straightforward description of the electronic structure of these
molecules. Such considerations prompted Karadakov et al.”’ to develop the SCGVB(N,M) formulation in
which a subset of all possible “N-electrons in M-orbitals” spatial configurations is adopted, namely, those
in which as few active orbitals as possible, i.e. |N — M|, are doubly occupied (for N > M) or missing (for
N < M), with all others being singly occupied. In order to retain other essential features of the original
SCGVB model, each spatial configuration is combined with a flexible spin function which allows for all
possible modes of coupling the spins of the electrons in the M orbitals. The inactive orbitals, active orbitals,
spin coupling coefficients and the coefficients in front of each of the different orbital strings are fully
optimized in the SCGVB(N,M) wave function.

Other symmetry considerations can also dictate the use of a SCGVB(NV,M) wave function. For example,
Xu and Dunning®' showed that a SCGVB(4,5) wave function correctly describes the dissociation of the
ground states (X'~ ") of BH and BF into atoms with the resulting boron atom wave function fully accounting
for the 2s-2p near-degeneracy effect. In the SCGVB(4,4) wave function, only one of the 2pn* configurations
is included.

2.3. Relationship of SCGVB Theory to Other Orbital Theories. Since the orbitals in the SCGVB
wave function are variationally optimized, there is a close relationship to the RHF wave function, which is
also based on variationally optimized orbitals. In fact, the RHF wave function can be derived from the
SCGVB wave function by imposing three constraints: (i) restricting the spin function, @Z“MS , to be the
perfect pairing spin function; (i7) requiring the orbitals in different pairs to be orthogonal (strong
orthogonality); and (iii) requiring the singly occupied orbitals in each pair to be identical (double
occupancy). The limitations of the RHF wave function, including its inability to properly describe some
molecules and molecular processes and its tendency to break space and spin symmetry, are a direct

consequence of one or more of these constraints.
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There is also a close relationship between SCGVB theory and valence bond (VB) theory.*®*:> In
classical valence bond theory, the wave function is constructed from atomic orbitals and usually includes
the covalently bonded configuration plus the singly ionic configurations. In SCGVB theory the orbitals are
optimized to take into account the changes in the atomic orbitals and the singly ionic configurations are
largely accounted for by orbital delocalization.®® A step toward SCGVB theory was taken by van Lenthe
and Balint-Kurti,*"** who developed the VBSCF method. In this method the orbitals on each atom are
optimized but, unlike the fully optimized SCGVB orbitals, they are constrained to be localized on a specific
atom. The resulting orbitals can be regarded as the optimum atomic hybrid orbitals for a VB wave
function.®® Finally, in the Breathing Orbital Valence Bond (BOVB) method®*® the orbitals on each atom
are optimized using the same locality constraint as in the VBSCF method, but the orbitals are allowed to
be different in each of the configurations in the VB wave function, e.g., the orbitals in the covalent and
ionic configurations need not be the same. The BOVB wave function includes correlation effects beyond
those included in the SCGVB wave function. In fact, it has been argued that the BOVB wave function

includes the dynamical correlation required to describe molecular formation.*®’

The SCGVB method and the variational subspace valence bond method (VSVB) of Fletcher et al.®® are
also related, although not identical. The VSVB method optimizes the orbitals, just as in SCGVB theory,
but imposes constraints in the form of partially disjoint subspaces of basis functions for the VSVB orbitals.
These constraints prevent the variational collapse of the VSVB orbitals, a result which is achieved in
SCGVB theory through other means depending on the specific program being used (e.g., CASVB,? %
VB2000,”” and XMVB’"). VSVB calculations as well as SCGVB calculations result in semi-localized
orbitals. Although the VSVB method shares the same underlying concepts as the SCGVB method, the
VSVB wave function with its additional constraints is not the same as the SCGVB wave functions. One
advantage of VSVB theory, as implemented in the VALENCE software package,’” is that the calculations
are well suited for today’s large heterogeneous, multiprocessor computers.

Finally, there is a close relationship between the SCGVB wave function and the corresponding Full
Optimized Reaction Space (FORS) and valence Complete Active Space Self-Consistent Field (vVCASSCF)
wave functions. By rewriting the SCGVB wave function in its natural orbital (NO) form, see the following
section, the configurations in the SCGVB(NO) wave function can be shown to be a subset of the
configurations in the FORS or vCASSCF wave functions. In fact, the configurations in the SCGVB wave
function are usually the dominant configurations in the latter wave functions. As a result, SCGVB wave
functions capture the essential features of FORS and vCASSCF wave functions.

2.4. Dynamical Electron Correlation. Since the early days of quantum chemistry, it has been
recognized that there are two distinct types of electron correlation®”: non-dynamical correlation, which is a
result of the near degeneracy of configurations, e.g., the 2s* and 2p? near degeneracy in beryllium-, boron-

and carbon-like atoms as Z — oo and the o> and c,” near degeneracy in H, as R — oo, and dynamical
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correlation, which is a result of the intrinsic correlation of the electrons and often expressed as the
requirement that the wave function must vanish as the distance between any two electrons “i”” and “5”
vanishes, i.e., as r; — 0. The SCGVB and SCGVB(N,M) wave functions contain the finite set of
configurations needed to describe both types of near-degeneracy effects, i.e., they account for all of the

non-dynamical correlation effects.

Dynamical correlation effects are missing in the SCGVB wave function and must be taken into account
in order to make accurate predictions of molecular structure, energetics and other properties. Dynamical
correlation can be included in SCGVB-based calculations by using the SCGVB wave function as the zero-
order wave function in a multireference configuration interaction (MRCI) or coupled cluster (MRCC)
calculation. As noted in Section 2.1, the active orbitals in the SCGVB wave function, {(Dai} , are non-
orthogonal, although they are orthogonal to the doubly occupied core and valence orbitals, {9.,.®,,}. The
non-orthogonal SCGVB active orbitals have been used directly in MRCI calculations coupled with
excitations to sets of non-orthogonal virtual orbitals obtained as higher energy solutions of the SCGVB
one-electron operators similar to Fock operators.”>” Unlike the virtual orbitals from RHF calculations,
these virtual orbitals are concentrated in the region of interest and are, thus, well suited for MRCI
calculations; SCGVB-based virtual orbitals have also been optimized for use in the MRCI calculations.”
Although the resulting MRCI calculations were able to capture the essential feature of the electronic
structure of the molecules of interest, especially in studies of multiple states of the same symmetry,””’® the
use of non-orthogonal orbitals limited the number of virtual orbitals and configurations that could be
included in the calculations (see, however, the advances reported by Olsen’?).

To counter the non-orthogonality problem, the SCGVB wave function can be rewritten in its natural
orbital (NO) form:

NSCGVB

l{ISCGVB (¢C‘i ’¢vi ’(pai) = \PIS\I(?GVB (¢ci’¢vi’(p§io ) = Z qu)n (¢Ci’¢vi’(p§io ) (5)
n=1

where the {(DZO } are the orthonormal natural orbitals spanning the space of the non-orthogonal SCGVB
active orbitals, {@_, }, and the { @, } are the configurations that represent the SCGVB wave function in
terms of the natural orbitals. As an example of such expansions, Table 2 list the fourteen configurations, {
®, 1, in the SCGVB wave function of the N, molecule. ng‘SGVB can now be used as the zero-order wave
function in MRCI or MRCC calculations using the machinery associated with traditional MRCI/MRCC
calculations. The configurations in ‘PSNCOGVB are a subset of the configurations in the FORS/vCASSCF wave
function. Since Nscgve in Eq. (5) is, generally, smaller than the number of configurations in the
corresponding vCASSCF wave function (14 versus 176 configurations for N»), there is usually a reduction
in the associated computational cost. Furthermore, it has been found that ‘PIS\ICOGVB contains the most
important configurations in the valence CASSCF wave function, and, as we show in Section 4, the loss of

accuracy is minor.
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SCGVB-inspired MCSCF and CASSCF calculations are also possible. These calculations have the
advantage that they do not need to explicitly calculate the SCGVB wave function. In the SCGVB-inspired
MCSCF calculations, denoted by MCSCF(SCGVB), the SCGVB wave function is used to define the
configurations to be included in the MCSCF calculations. In the first implementation of this method, each
of the active electron pairs in the molecule is defined by three types of configurations, e.g., for a bond pair
this includes a bonding configuration, ¢,%; an antibonding configuration, ¢.%; and the cross configurations,
(@p0a — @ap). The configurations included in the MCSCF(SCGVB) wave function are then the products of
these three types of configurations for each of the electron pairs. For N this procedure produces the set of
configurations listed in Table 2. In general, the resulting MCSCF(SCGVB) wave function differs from the
full SCGVB wave function because (i) the orbitals in each bond pair are orthogonal to the orbitals in other
bond pairs (strong orthogonality), (i7) most modern MCSCF programs include all possible spin functions
associated with a set of multiple open shell orbitals, i.e., the singlet-coupled (¢@»@. + @) configuration is
included in the product in addition to the triplet-coupled (@»@. — @) configuration (in N, this increases
the number of configurations to 20), and (iii) the coefficients of configurations that are products of
configurations in the SCGVB wave function may not be exactly so. However, the differences are rarely
significant in the subsequent MRCI or MRCC calculations.

In the SCGVB-inspired CASSCF calculations, denoted by CASSCF(SCGVB), the SCGVB wave
function is used to define the active space for the CASSCF calculation. This set of orbitals is usually a
subset of the valence orbitals, e.g., it does not include any doubly occupied valence orbitals, {@,; }, in the
SCGVB wave function. This significantly reduces the number of configurations in the wave function,
which, in turn, reduces the computational cost of the subsequent MRCI or MRCC calculations. In addition,
Xu and Dunning”' found that the CASSCF(SCGVB) wave function eliminated the problems they
encountered in the full valence CASSCF calculations on the BF molecule. This problem occurs in many
other molecules.

2.5. Computational Methodology. Multiple programs, based on a range of different approaches, are
available for calculating SCGVB wave functions, with CASVB, VB20007° and XMVB”' (amongst others)
all being in the public domain. The current CASVB implementation of SCGVB theory***’ in MOLPRO®"*!
is based on the CASSCF methodology used in that program. This has significant advantages, but it results
in the same computational limitations as those for CASSCF calculations. Recently, highly efficient
implementations have been developed that use somewhat different algorithms to optimize the non-
orthogonal orbitals and spin-coupling coefficients in the SCGVB wave function, see, e.g., Ref. 79. This
latter technique can also be used for configuration interaction calculations using non-orthogonal orbitals.
We expect other algorithms for SCGVB and SCGVB-CI calculations to be developed in the future.

All of the new calculations presented in this study were performed with the MOLPRO suite of quantum
chemical programs (version 2010.1). The SCGVB calculations used the CASVB module referenced above.
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The full valence CASSCF, vCASSCEF, calculations included all of the configurations that can be formed
using the valence orbitals of the atoms involved; the configurations included in the MCSCF(SCGVB) and
CASSCF(SCGVB) calculations are as described herein. All of the new MRCI calculations reported here
used the internally contracted methodology implemented in MOLPRO,*®* denoted ic-MRCI and included
all single and double excitations from the zero-order wave function. All of the new calculations reported in
this article used the augmented quadruple zeta basis set.*>*¢ All other calculations used the programs,
methodologies and basis sets described in the original publications.

3. INSIGHTS INTO THE ELECTRONIC STRUCTURE OF MOLECULES

Despite the current pre-eminence of molecular orbital (MO) theory in chemistry, valence bond theory has
a long and distinguished history in chemistry. In fact, VB theory, which is the foundation for SCGVB
theory, is the basis for many of the concepts used every day by chemists—hybrid orbitals, covalent bond
pairs, lone pairs, resonance, and more. Although computational considerations favored the use of MO
methods over VB methods in the early decades of computational quantum chemistry, this is no longer the
case and, over the past couple of decades, applications of VB theory, including modern VB theories such

as SCGVB theory, have blossomed (see several recent reviews>"’; see also Olsen”).

SCGVB theory provides a comprehensive orbital theory of the electronic structure of atoms and
molecules. Since the SCGVB wave function is constructed to describe the making and breaking of chemical
bonds, it provides a direct connection between the electronic structure of the molecule and the electronic
structure of the atoms or fragments of which it is composed. SCGVB calculations enable us to understand
how the atomic orbitals and spin coupling change as a molecule is formed. As a result, the SCGVB wave
function provides a well-sourced description of the bonding in molecules, even in molecules with unusual
bonding motifs, such as Cs, Bez, and SF4/SFs. SCGVB theory also provides an explanation for the first-row
anomaly, a puzzle that pervades inorganic chemistry, as well as valuable insights into many phenomena in
organic chemistry, such as resonance in aromatic molecules and the electronic mechanisms of organic
reactions. Finally, analysis of the SCGVB orbitals has provided new information on basic chemical
concepts, such as orbital hybridization, one of the central tenants of organic chemistry.

3.1. New Insights into the Chemical Bond. SCGVB theory provides an appealing description of
traditional chemical bonds in most molecules as well as the unusual bonding motifs found in a broad range
of other molecules. As we saw in the previous section, the SCGVB wave function is based on a product of
orbitals with an associated spin function. The SCGVB method places no constraints on the form of the
orbitals other than those implied by the general form of the wave function, Eq. (1), allowing them to assume
their optimal shape in the molecule. At large internuclear distances the SCGVB orbitals are just the atomic
orbitals. As the molecule is formed, the SCGVB orbitals hybridize, polarize, delocalize, and contract.
Nevertheless, as we shall see, the SCGVB orbitals tend to be semi-localized, 1.e., concentrated on one atom
with small “tails” on a few surrounding atoms. Although the SCGVB wave function allows for all possible
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spin couplings for the n, electrons in the active orbitals, the perfect pairing spin function is dominant for
many molecules near their equilibrium geometry. However, this is not always the case and the deviations
represent potential new bonding motifs.

As examples of nearly non-polar covalent, polar covalent and ionic bonds, consider the two orbitals in
the SCGVB wave functions responsible for the bond in the ground (X '7) states of the BH, HF and LiF
molecules in Figure 5. In the separated atom limit, R = oo, the SCGVB orbitals are simply the atomic 2p.
orbitals of the boron and fluorine atoms and the 1s and 2s orbitals of the hydrogen and lithium atoms. At
the equilibrium geometries (R.) of these molecules, there are well defined changes in the atomic SCGVB
orbitals:

e In BH, the boron bond orbital, B2p.’, has become a 2s-2p hybrid orbital with a minor amount of
delocalization onto the hydrogen atom, while the hydrogen bond orbital, H1s', is a slightly modified
Hls atomic orbital. The relative lack of delocalization of the bond orbitals in BH is consistent with the
similar electronegativities of the boron and hydrogen atoms, x(B) =2.0 and y(H) = 2.2 and is indicative
of the formation of a nearly non-polar covalent bond.

e In HF, the changes in the bond orbitals reflect the formation of a polar covalent bond. Since the
electronegativity of fluorine, y(F) = 4.0, is much larger than that of hydrogen, the Hls' orbital
delocalizes onto the fluorine atom acquiring substantial F2p. character. This delocalization results in a
transfer of charge from the hydrogen atom to the fluorine atom.®” The fluorine bond orbital, F2p.’, on
the other hand has changed little.

e Finally, the electronegativity of the lithium atom, x(Li) = 1.0, is far less than that of the fluorine atom.
As aresult, the LiF bond is essentially ionic, Li'F~, and both of the orbitals in the bond pair are centered
on the fluorine atom, with one of the F2p.’ orbitals being more diffuse than the other F2p.’ orbital, as
would be expected for an F~ anion.*’

The changes in the SCGVB bond orbitals in BH, HF and LiF are consistent with chemists’ descriptions
of the nature of the bonding in these three molecules but provide the basis for a more quantitative
characterization of the bonding. For example, at R. the overlap of the bond orbitals in the three bond pairs
is 0.83 (BH), 0.82 (HF) and 0.87 (LiF), respectively, all of which are indicative of strong bonds. Analysis
of the SCGVB orbitals can further quantify the nature of the bond pairs. Using the projection technique
developed by Xu and Dunning,*® the boron bond orbital at R. in BH is found to be a sp"’® hybrid orbital at
R. with the B2s and B2p atomic orbitals accounting for 94.8% of the SCGVB orbital. This is in distinct
contrast to the fluorine bond orbital in HF at R., which is essentially a F2p. orbital with a very small

0.07

contribution from the F2s orbital, s""'p. These and other analyses help refine our understanding of covalent

and ionic bonds.
The SCGVB(2,2) wave functions for HF and LiF correspond to simple two configuration wave
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functions in MO theory. The SCGVB(4,5) wave function for BH is slightly more complicated with the extra
configurations arising from the need to fully describe the 2s-2p near degeneracy effect in the boron atom.
Despite the simplicity of these SCGVB wave functions, they offer significantly improved predictions over
those from the RHF wave functions, see Table 3, which also includes the relevant experimental data.¥*?
The calculated SCGVB dissociation energies are improved by 9.6 kcal/mol (LiF) to 14.5 kcal/mol (HF)
over those predicted by the RHF method. There are also improvements in the calculated values of the
equilibrium bond distances (R.) and fundamental frequencies (w.), especially for the HF molecule. The
errors in the SCGVB predictions relative to the experimental results in Table 3 are largely a result of the

neglect of dynamical electron correlation (see Section 4).

Consider now a diatomic molecule with multiple bonds: the nitrogen molecule, N>, which we used as
an illustrative example of the application SCGVB theory in Section 2. The calculated and experimental
spectroscopic constants for N> are given in Table 4. For N,, the SCGVB wave function is a major
improvement over the RHF wave function. The predicted dissociation energy (D.) for N, increases by 49.4
kcal/mol to 171.4 kcal/mol. There is also a significant improvement in the predicted R. and ®. from the
SCGVB calculations: R. increases by 0.030 A and is only 0.002 A shorter than the experimental value,
while . decreases by 359 cm™ and is just 11 cm™" larger than the experimental value. The more dramatic
improvements in N> are related to the low overlaps associated with the t bonds, 0.69; RHF theory assumes
these overlaps are exactly 1.0. The remaining error in the value of D. from the SCGVB calculations is
substantial, ~57 kcal/mol, although as we will show in Section 4, almost all of this error can be recovered
in an ic-MRCI calculation based on the SCGVB wave function.

There is another interesting phenomenon in N, that the SCGVB calculations can shed light on. In a

1.3 calculated the difference in the electron density for the N> molecule at

classic paper in 1967, Bader et a
R. relative to that of two nitrogen atoms at the same distance (see Figure 3 in Ref. 93). As expected, they
found an increase in the electron density around the midpoint of the bond. However, there was also a
depletion of density near the nuclei in the bonding region along with an increase in the density on the back
side of each nucleus. As noted in Section 2, as the N> molecule is formed, the N2s orbitals, which contain
electron pairs, polarize away from the N2p..'~N2p.s’ bond pair as a result of Pauli repulsion*® (see Figure
1). The polarization of the N2s’ orbitals out of the bonding region depletes the density near the nuclei in the
bonding region and increases the density on the back side of each of the nitrogen nuclei, leading to the

changes in the density reported by Bader et al.”

There are also chemical phenomena for which SCGVB calculations provide new insights. As noted by

1.,>* chemists sometimes use conflicting rationales to explain these phenomena. One of the

Bodner et a
inconsistencies they noted was the rationale used to explain the stability of N, and the reactivity of C;Ho.
In general chemistry the stability of the N, molecule is attributed to the presence of a strong triple bond,
while students in organic chemistry are taught that the relative reactivity of acetylene is a result of the

presence of a triple bond. These statements are made despite the fact that the triple bond in HC=CH (273
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kcal/mol) is stronger than that in N=N (228 kcal/mol). In an attempt to understand the root cause of this
inconsistency, Xu and Dunning®® examined the sequence of molecules: N», HCN and HCCH. Although the
triple bonds in these three molecules had many similar characteristics, there was one significant
difference—the weight of the perfect pairing spin coupling mode, which systematically decreased from
92% in Ny, to 88% in HCN and to just 82% in HCCH. This clearly indicates that the nature of the triple
bond in C;H; is not the same as that in N>—the bonds in C,H; are not as strongly coupled together as singlet
bond pairs as in N». Although further studies will be required to understand how this change in spin coupling
impacts the relative reactivity of HC,;H and N», the SCGVB calculations provide a promising first step in
identifying a potential cause of this difference.

Let us now consider another simple, but very unusual, homonuclear diatomic molecule: C,. Unlike No,
the C, molecule has a very complicated SCGVB wave function. Actually, the nature of the bonding in C,
has a long and controversial history. In 1939, Mulliken®® noted that the valence molecular orbital
configuration of C», 26,°26,* 1w 1my,%, indicated that it only has m bonds, since the doubly occupied
bonding and antibonding o orbitals would approximately nullify one another. However, this prediction has
to be taken with a grain of salt since the molecular orbital (RHF) wave function does not provide a proper
description of the electronic structure of C,,”” e.g., RHF calculations predict that C, is only bound by 18.3

1.”® More recently, the VB calculations of Su et al.”” and of Shaik et al.'® were interpreted to

kcal/mo
indicate that C, had a triple bond” or a quadruple bond.'*"'°' The SCGVB calculations on C, by Xu and
Dunning,”® followed by further SCGVB studies by Cooper et al.,'* suggest a very different interpretation

of the bonding in Co.

To understand the electronic structure of C,, it is critical to understand how the SCGVB wave function
for the carbon atom differs from the RHF wave function. In the RHF wave function the C2s orbital is doubly
occupied and the valence configuration is 2s*2p.'2p,'. In the SCGVB wave function there are two C2s lobe
orbitals, one concentrated on the left side of the nucleus (C2s-) and the other concentrated on the right side
of the nucleus (C2s-), i.e., the SCGVB configuration is [2s_',2s+']2p'2p,',**'* where the brackets indicate
that the spins of the electrons in the two orbitals are singlet coupled. The splitting of the C2s orbital into
(C2s. lobe orbitals is a direct result of the atomic 2s-2p near-degeneracy effect noted by Sinanoglu.’” The
overlap of the (C2s_, C2s+) orbitals is just 0.74 and, as a result, the SCGVB energy for the carbon atom is
12.0 kcal/mol lower than the RHF energy. More important than the energy lowering, however, is the
presence of the two singly occupied, weakly overlapping C2s. lobe orbitals, which implies that the carbon
atom is tetravalent (more on this later). The SCGVB orbital diagram illustrating the formation of C, from
two carbon atoms is given in Figure 6, along with the orbitals for C, at R = w0 and R.. The changes observed
in the C, orbitals are reminiscent of those in the N, molecule, although there are certainly quantitative
differences. As expected, the SCGVB wave function smoothly connects the C, molecule to two carbon

atoms at R = oo.

15



T. H. Dunning, Jr., L. T. Xu, D. L. Cooper, and P. B. Karadakov

The calculated spectroscopic constants for C, are given in Table 4. The SCGVB predictions are a
marked improvement over those from the RHF calculations with the predicted D. increasing by 94.3
kcal/mol. The results from the SCGVB calculations on C; also provide a measure of consistency that is
missing in those from the RHF calculations. For example, the difference between the experimental and
SCGVB D.’s for C, is 30.2 kcal/mol compared to 57.0 kcal/mol for N, a ratio that is consistent with the
difference in the number of electrons in these two molecules. Xu and Dunning”® also found that the SCGVB
calculations predict a bond length (1.244 A) intermediate between a double bond (1.345 A) and a triple
bond (1.209 A) and a bond energy (112.6 kcal/mol) between that for a single bond (80.9 kcal/mol) and a
double bond (150.5 kcal/mol), just as found experimentally. In fact, the calculated C, bond length is 74%
of the way from a double bond to a triple bond, compared to 69% for experiment, and the calculated bond
energy is 46% of the way from a single bond to a double bond, compared to 55% for experiment. All told,
the SCGVB description of C; is a major improvement over the RHF description, which is not too surprising
as a proper description of C, has long been known to require a multiconfiguration zero-order wave

function.'*

Xu and Dunning®® found that the C> molecule was very poorly described in the full SCGVB wave
function by four singlet-coupled electron pairs, i.e., by four traditional bond pairs. The perfect pairing spin
coupling had a weight of only 67% in the SCGVB wave function and restricting the spin function to only
this spin coupling increases the energy of C, by 20.4 kcal/mol. This is a clear indication that C, does not
have a traditional quadruple bond. Xu and Dunning found that the best single SCGVB configuration, i.e.,
combination of orbitals and given spin function, was one that had a traditional ¢ bond with the spins of the
remaining electrons on each of the carbon atoms, i.e., those in the (2sa-’, 2pay’, 2pa,’) and (2ss+', 2psx’, 2P5y")
orbitals, high-spin coupled with the two high-spin sets coupled overall to yield a singlet state (a “quasi-
atomic” configuration®). This configuration, which is illustrated in the orbital diagram in Figure 6, has a
weight of 82% in the SCGVB wave function. Although this weight is significantly larger than the perfect
pairing weight, it still indicates that the “quasi-atomic” configuration does not provide an adequate
description of C,.

Cooper et al.'” carried the study by Xu and Dunning one step further. They reported results for a two-
configuration wave function for C,, a wave function that combined the perfect pairing and quasi-atomic
configurations. This wave function yielded an energy just 5.7 kcal/mol above the full SCGVB energy if the
orbitals from the full SCGVB wave function were used unchanged. Re-optimization of the orbitals for this
two-configuration wave function decreased the error to just 0.06 kcal/mol. These results suggest that Cs
requires two SCGVB configurations to provide a satisfactory zero-order description of the molecule. C,
truly has an unusual bonding motif.

In spite of the obvious elegance of the SCGVB-based description of Cy, it is fair to say that the nature
of the bonding in this molecule remains controversial. For example, whereas magnetic shielding analysis

suggests that C, possesses a bulky but relatively weak quadruple bond,'?® there are other modes of analysis
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that appear to suggest a © double bond that is accompanied by weaker ¢ bonding.'°*!” There is no doubt
that C, will be revisited in due course with many other types of analyses in an attempt to better understand
the very unusual nature of the bonding in this molecule.

Another molecule with an unusual bonding motif is the Be, molecule.'”®!” As in the carbon atom, the
doubly occupied 2s orbital in the RHF wave function of the beryllium atom is described in the SCGVB
wave function by two lobe orbitals, (Be2s_, Be2s+); see the top row in Figure 7. This figure includes the
SCGVB orbital diagram for the formation of Be;, as well as the orbitals at R = o and R.. Although the
beryllium dimer is only weakly bound, D. = 2.66 kcal/mol and R. = 2.545 A, the bond is much stronger
than expected from a van der Waals interaction. Xu and Dunning''® found that the SCGVB wave function
for Be, was dominated by the perfect pairing spin function (88%) with an “inner” pair that resembles a
traditional o bond with a bond orbital overlap of S(Be2sa-',Be2sg ") = 0.83, and an “outer” pair that is only
weakly overlapping, S(Be2sa-',Be2sg+’) = 0.27. Thus, there are two electron pairs in overlapping orbitals
that occupy the same region of space in Be,. Pauli repulsion between the two pairs weakens what would
otherwise be a strong “inner” traditional ¢ bond and results in a very weakly bound Be, molecule.''"''? In
an attempt to estimate the intrinsic strength and length of the traditional ¢ bond in Bey, i.e., a ¢ bond
uncompromised by the “outer” pair, Xu and Dunning reported CCSD(T) calculations on the HBe,.1Be—
BeBe,.1H series. Extrapolating the results to n = oo, they concluded that the strength of the traditional o
bond in Be, was approximately 62-63 kcal/mol with a length of approximately 2.13-2.14 A. This estimate
indicates that Pauli repulsion decreases the bond energy by ~60 kcal/mol and increases the bond length by
~0.4 A. It has long been known that Pauli repulsion was substantial in Be,, e.g., from an energy

113

decomposition analysis (EDA), Frenking and Bickelhaupt - calculated the contribution of Pauli repulsion
to the bond energy to be 41.6 kcal/mol. Although the current value for the Pauli repulsion in Be; is

significantly larger than the EDA value, the two numbers may not be strictly comparable.

The dangling orbitals on each end of the Be, molecule in Figure 7, (Be2sa_', Be2sg+'), only weakly
overlap, which indicates that two ligands can be readily added to this molecule, forming a stable XBeBeY
species. The impact of the ligands on the strength and length of the Be—Be bond in XBeBeY is expected to
be largest when the ligands are very electronegative, as this will draw the (Be2sa-', Be2sg+') orbitals out of
the BeBe bonding region, decreasing Pauli repulsion with the electrons in the BeBe o bond. In CCSD(T)
calculations on FBeBeF, Cui et al.!'* found that D. = 76.9 kcal/mol and R. = 2.048 A, in line with this

expectation.

Many complexes have now been studied experimentally and computationally that feature strong BeBe
bonding and/or particularly short BeBe distances, with some authors suggesting unusual and surprising
bonding patterns. It has been claimed, for example, that the bonding motif in various Be,X4Y clusters, in

115-117

which (X,Y) are alkali metal atoms, involves Be=Be triple bonds whereas that in the octahedral

Bex(2-Li)s cluster features a Be=Be double © bond with no associated 6 component.''® A related example
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in the ongoing computational pursuit of potentially-stable beryllium complexes that feature ultra-short
BeBe distances arises from a suggestion that bridging H atoms can simulate the effect of a Be=Be triple
bond.'"” The resulting [NgBeH3;BeNg]" cations of D3, symmetry, in which Ng denotes a noble gas atom
used as a proxy for an inert gas matrix, have indeed been predicted to have remarkably short BeBe distances.

SCGVB theory offers a straightforward way to reveal the actual nature of the bonding patterns in
systems such as those above. In the particular case of the [NgBeH;BeNg]" cations,'?” CCSD(T)/cc-pVQZ
geometry optimizations together with SCGVB calculations using the same basis set indicate, as is to be
expected, that there are only relatively weak interactions with the Ng atoms. It is found that the bonding in
the central moiety is devoid of any significant direct BeBe bonding and the same turns out to be true if one
or both of the Be atoms are replaced by Mg. For all of these systems, with or without the capping Ng atoms,
the short metal-metal separations are found to arise instead from the positively-charged metal centers being
held closely together by the three negatively-charged hydrogens, with a stabilizing contribution from three
equivalent sets of highly polar 3-center, 2-electron M—H—M bonds (M = Be, Mg).

As can be seen from the brief survey above, SCGVB theory provides compelling descriptions of the
bonding in molecules with standard bonding motifs (BH, HF, LiF and N,) and those with non-standard
bonding motifs (C,, Be,, and Bes clusters). The descriptions of the chemical bond in molecules with
standard bonding motifs are consistent with traditional chemical concepts, while those with non-standard
bonding motifs provide new ways of thinking about the bonding in these molecules. In the next section we
will show how new bonding motifs also provide an explanation for the first-row anomaly.

3.2. Impact in Inorganic Chemistry. It is well-known in inorganic chemistry that the first-row main
group elements, lithium through neon, behave differently than the corresponding elements in subsequent
rows of the Periodic Table. As noted in Miessler and Tarr:

“The main group elements show the ‘first-row anomaly” (counting the elements Li through Ne as
the first row). Properties of elements in this row are frequently significantly different from
properties of the other elements in the same group. ... No single explanation accounts for all the

differences between elements in this row and other elements.'*"

One of the most dramatic, but certainly not the only manifestation of this difference is the formation of
“hypervalent” or “hypercoordinate” molecules by elements beyond the first row, e.g., PCls, SFs, and CIFs.
Pauling first invoked sp"d™ orbital hybridization as the underlying reason for the ability of the second and
third row elements to form additional bonds.'** Pauling later noted that the bonds involving fluorine and
chlorine would be very ionic and that resonance between the various ionic isomers, i.e., CLLP*—CI", would
stabilize the molecule.'”® The first rationale was ruled out by detailed molecular calculations in the late
1980s and early 1990s.'**'?® We will comment on the second rationale later. Another rationale—the (3-
center, 4-electron) bond—was put forward by Pimentel,'” Rundle'*® and Pitzer'® in the 1950s—-1960s (see
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also Coulson'*’). Rundle'*! noted that combining the three atomic o orbitals involved in a molecule like
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XeF», namely, the doubly occupied Xe5p:. and two singly occupied F2p. orbitals, would give rise to bonding,
non-bonding and antibonding molecular orbitals. Since there are four electrons in these orbitals, the bonding
and non-bonding orbitals would each have two electrons with none in the antibonding orbital, resulting in
a stable (3-center, 4-clectron) bond. We will show that the latter rationale as well as the revised rationale
by Pauling are consistent with our current understanding of the nature of the bonding in hypervalent
molecules, although both offer incomplete and somewhat misleading descriptions of the bonding in these

molecules.

The first step forward in gaining a modern understanding of the bonding in hypervalent molecules was
made by Cooper et al.,"*? who reported SCGVB calculations on a number of hypervalent molecules in 1994.
Based on the findings of that study, they argued that the bonding in hypervalent molecules could be
understood if the longstanding “octet rule” was replaced by the “democracy principle.” This principle states
that any electron can participate in the formation of a bond provided that the energetic incentive to do so is
sufficiently large. That paper was followed by a series of papers'**'3 that further explored the use of this
principle to describe the electronic structure of hypervalent molecules. In 2009, Woon and Dunning'*’ used
the CASSCF and CASSCF+1+2 methods as well as the CCSD(T) method to characterize the molecules in
the SF, (n = 1-06) series, considering the successive formation of these molecules from their fragments, i.e.,
SF,-1 + F — SF,. By recasting the CASSCF orbitals as SCGVB orbitals and examining how these orbitals
changed as a function of R(F,-1S—F), they showed that the stability of the first excited states of SF and SF
as well as the ground states of SF, (n > 3) was due to two new types of bonds—the recoupled pair bond
and/or the recoupled pair bond dyad. An exemplar model for the recoupled pair bond is the SF bond in the
a*Y” state of the SF molecule’>'"* and that for the recoupled pair bond dyad is the a 331 state of the SF,
molecule.**"*” Although the names for these two bonds are new, recoupled pair bonds were observed
decades earlier in, e.g., the @’ state of BH and the a*X~ state of CH by Goddard and coworkers'**'#*
and in the ground state, X °X", of BeH by Gerratt and Raimondi.”

When a recoupled pair bond is formed, the spin coupling changes from a configuration that singlet
couples the spins of the two electrons in a lone pair to a configuration that singlet couples the spins of the
two electrons in the bond. For example, in the X *¥" state of BeH, the spins of the electrons in the 2s lobe
orbitals, (Be2s_, Be2s.), of the beryllium atom are singlet coupled at large R and the spin of the electron in
the H1s orbital is free, giving rise to a " state. We will denote this configuration as [Be2s_,Be2s:]H1s,
since the spins of the electrons in the Be2s. orbitals are singlet coupled. At R., the configuration changes to
[H1s',Be2s:'|Be2s_, i.e., the singlet coupled pair has changed from the Be2s. lobe orbitals to the BeH bond
orbitals—a recoupling of the singlet pair. The overlap of the (Be2s.’, H1s') orbitals at R. is 0.81, which is
indicative of a strong bond, although the strength of the bond is weakened by Pauli repulsion between the
electron in the Be2s_' orbital and the bond pair. Thus, formation of the recoupled pair bond is a three-
electron process resulting in a two-center bond plus an electron in the remaining lone pair lobe orbital, in

this case, Be2s_'. That there are three electrons in three orbitals involved in the formation of a recoupled
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pair bond has important consequences, especially for hypervalent molecules (see below).

A similar situation is found for the carbon atom. Bringing a hydrogen atom up to the C2s. lobe orbitals
results in the formation of a [C2s.’, H1s'] bond pair in the CH(aY") state. Although the C2s ' orbital
overlaps the C2s;" and H1s’ bond orbitals, which leads to Pauli repulsion, the overlap of the (C2s_’, C2s")
orbitals has decreased from 0.74 at R = o to 0.51 at R, while the overlap of the (C2s_', H1s') orbitals is just
0.27. As a result, the strength of the recoupled pair bond in the CH (a *X7) state is 67 keal/mol, only 17
kcal/mol weaker than the strength of the covalent bond in the ground state X ’T1 of the CH molecule, 84
kcal/mol. However, this is not the case for hypervalent molecules like SF,.

The sulfur atom has the configuration, 3s*3p.*3p.3p,, in its ground state, so all of the 3p orbitals are
occupied and the formation of a S3s. lobe pair is not possible, i.e., the S3s orbital is doubly occupied. Woon
and Dunning'?’ found, as expected, that the ground state of SF was a Tl state, with a polar covalent S3p."—-
F2p.’ bond; the calculated D. was 83.3 kcal/mol (experimental value: 82.5 + 1.6 kcal/mol"*?). However,
they also found a low-lying excited state, the SF (a*Z") state, which was bound by 36.2 kcal/mol (see also
Yang and Boggs'*"). As they increased R for this state, they found that, in the CASSCF wave function, the
pair of electrons in the S3p. orbital of the sulfur atom was described by a pair of 3p lobe orbitals, (S3p.-,
S3p.+). These lobe orbitals are linear combinations of S3p. and S3d.» orbitals, although the S3d.- orbital is
very different from the 3d.» orbital in the excited states of the sulfur atom. The S3d.. orbital makes an
important, but not particularly large contribution to the (S3p.., S3p.+) orbitals, consistent with the
calculations in the late 1980s and early 1990s. The addition of a small amount of 3d.» character to the S3p.
orbital is important because it results in the formation of 3p.. lobe orbitals that are concentrated on the left
and right sides of the sulfur atom, just as in the carbon atom (see Figure 8 in Ref. 35). However, the overlap
between the two 3p.. orbitals is high, 0.86.%° Because of this, it is difficult for a ligand to form a bond with
the electron in the S3p.+ orbital without the bond pair having an unacceptably large overlap, and hence
substantial Pauli repulsion, with the electron in the S3p.-’ orbital. As a result, formation of a recoupled pair
bond with the electron in the S3p.: orbital is conditional, i.e., its formation depends on the nature of the

ligand. A key characteristic for the ligand is its electronegativity.'*!

If the ligand is very electronegative, as
are the fluorine and chlorine atoms or the hydroxyl radical, the sulfur-ligand bond will be very polar with
the S3p.+" orbital significantly delocalized onto the fluorine ligand, just as we saw for the H1s' orbital in
HF. This reduces the overlap with the S3p.-’ orbital, and hence the Pauli repulsion, between the sulfur-
ligand bond pair and the electron in the S3p._’ orbital. As an example, the overlap between the S3p._" and
S3p.+" orbitals decreases from 0.86 in the sulfur atom to 0.60 at R. in the SF (a*Z") molecule and the

overlap between the S3p.." and F2p.’ orbitals is just 0.19.**

A recoupled pair bond dyad is formed when a second bond is formed using the electron in the lobe
orbital left over from forming a recoupled pair bond, e.g., the S3p. ' orbital in the SF (a*X") state. If the
ligand is, again, a very electronegative element like the fluorine atom, delocalization of the S3p._' orbital in
the SF(a*Z") state onto the incoming fluorine atom will minimize the Pauli repulsion between the two
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bond pairs. As a result of this reduction, the F-SF bond in the SF»(@°B,) state relative to the F + SF(a*X")
limit is calculated to be unusually strong, 106.6 kcal/mol."*” For comparison, the energy of the second bond
in the ground state of SF, is calculated to be 91.0 kcal/mol relative to F + SF(X?IT). The net effect is that
the resulting SF» (@°B,) state is calculated to lie just 31.8 kcal/mol above the ground state (X'A,) of SF,
with the bonds in the recoupled pair bond dyad being, on average, only 16 kcal/mol weaker than the polar
covalent bonds in the ground state. The unusual strength of the recoupled pair bond dyad is the underlying
reason that hypervalent molecules are so stable.

In the ground states of SF and SF», the strengths of the bonds are similar, 83.3 kcal/mol (S-F) versus
91.0 kcal/mol (FS—F), as are their lengths, 1.601 A versus 1.592 A."*” Thus, the formation of the second
bond in the SF,(X'A,) state has a minor effect on the first bond [the difference in bond strengths is partly
due to the loss of the exchange coupling between the electrons in the 2p orbitals in the S(*P) state when the
first bond is formed'**]. However, in the excited states of SF and SF the two bonds are very different. The
S—F bond in the SF(a*X") state is very weak, 36.2 kcal/mol, while the FS—F bond in the SF,(a°B,) state
formed from F + SF (a*X") is very strong, 106.6 kcal/mol. Furthermore, the calculated lengths of the bonds
in the SF»(@°B,) state, 1.666 A, are much shorter than that in the SF(a*X") state, 1.882 A. Thus, unlike
the bonds in the SF2 (X 'A,) state, the two SF bonds in the SF, (@ °B,) state are strongly coupled.

Let us now consider the formation of SF3 and SF4. Normally, one would consider the formation of SF3
from SF» (X 1A1) + F, but the structure of the ground state of SF; is very different than that of the ground
state of SF» (see Figure 8). Consider instead the formation of SF; from SF»(@°B,) + F. The SCGVB wave
function for the SF, (a°B,) state has two singly occupied orbitals, one in the SF, plane (¢, ) and one in
the perpendicular plane (¢, ). Formation of SF3( X2A’) from F + SF»(@>B,) results in the formation of a
traditional polar covalent bond with the electron in the ¢, orbital with the calculated strength of the
resulting F2S—F bond being 87.8 kcal/mol,"*’ intermediate between the strengths of the polar covalent bonds
in the SF (X °II) and SF,(X'A,) states. The SCGVB wave function for SF; still has one free, singly
occupied orbital and formation of a second polar covalent bond leads to the ground state (X'A,) of SF,.
The evolution of SF, from SF to SF, is illustrated in Figure 8. As can be seen, the ground state geometries
as well as the bond energies of SF3 and SF4 can best be understood by focusing on the pathway from the
(@°B,) state of SF to the X ?A’ state of SF; and the X 'A, state of SF,"*’:

e In SF», the calculated bond angle is 162.7°; in SF; the corresponding (axial) bond angle is 163.4°. In
SF, the SF bond length is 1.666 A; in SF; the axial bond length is 1.657 A. Finally, the equatorial (polar
covalent) bond in SF; is, as expected, nearly perpendicular to the SF» plane (87.6°) with a bond length
of 1.566 A, compared to 1.592 A in the ground state of SF».

e In SF4, the axial bond angle has opened slightly to 172.1° and the bond length has decreased slightly to
1.645 A. The equatorial bond lengths are 1.548 A, slightly shorter than in SF3, and the equatorial bond
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angle is 101.4°, compared to 97.9° in SF2(X'A,). Finally, the angle between the equatorial fluorine

atoms and the axial fluorine atoms is 87.5°, essentially the same as in SF3.

In SF4, there is a recoupled pair bond dyad, two polar covalent bonds and a lone pair that arises from
the doubly occupied S3s orbital. The lone pair orbital is polarized away from the two equatorial SF bonds
as a result of Pauli repulsion. Formation of SFs from F + SF4(X 'A ) requires formation of a recoupled pair
bond. As a result, the calculated strength of the F4S—F bond, 41.1 kcal/mol, is much weaker than a SF polar
covalent bond and comparable to that of the recoupled pair bond in the SF(a*%") state. The calculations also
reveal a substantial change in geometry for SFs."*” Because of the remarkable stability of the recoupled pair
bond dyad and the relative weakness of the recoupled pair bond, it is energetically better to form two
recoupled pair bond dyads and a polar covalent bond in SFs than a recoupled pair bond dyad, two polar
covalent bonds, and a recoupled pair bond."*” Similar tradeoffs occur in other hypervalent molecules. SFs
results from forming a polar covalent bond with the electron in the remaining singly occupied orbital in SFs
that is nearly perpendicular to the two recoupled pair bond dyads. The geometry of SFs is an octahedron
with a bond length of 1.561 A. At 109.2 kcal/mol, the FsS—F bond is the strongest bond in the series.

As has been shown by Dunning and coworkers, the structures and energetics of all of the hypervalent
molecules that they studied—SF,,"” SF,.;.CL'* SCl,,'* PF,.,'* PF,.;CL,'* H(SO),147 S,F,, 148149 §0,, 150,151
C1,S0,"? CIF,,'* CIF,","** and CIF, "*>—follow the pattern observed above for SF, (see also Refs. 156,
157, and 158). In all of these molecules there are polar covalent bonds, recoupled pair bonds and recoupled
pair bond dyads with the most stable structures and the bond energies being determined by the interplay of
these three types of bonding. Dunning and coworkers'*” have also shown that the formation of a recoupled
pair © bond dyad is responsible for: (1) the HSO isomer being of lower energy than the SOH isomer, despite
the fact that an OH bond is inherently stronger than an SH bond by tens of kcal/mol; (2) the greater strength
and shorter length of the bonds in SO, as compared to the corresponding bonds in Os,' and (3) the NSF
isomer being of lower energy than the FNS isomer despite the fact that the reverse is true in the analogous
oxygen compounds.'**'®" A recoupled pair bond dyad is also responsible for the unusual T-shaped transition
states for inversion found for F,PH and PF3 as compared to the Ds;-like transition states in FPH, and
PH;.'"192 From these studies, it is clear that recoupled pair bonds and recoupled pair bond dyads involving
np lone pairs (n > 2) are not a rarity in chemistry: they are ubiquitous in compounds of the second and

third row elements and probably beyond.

So, how does the SCGVB description of the bonds in hypervalent molecules compare with the

traditional VB description of Pauling'® 127-1299

and the MO descriptions of Pimentel, Rundle and Pitzer
Consider the 513B1 state of SF,, one of the simplest molecules with a recoupled pair bond dyad. It is
certainly possible to envision the stability of this state as arising from resonance between the F,—S'F, and
F/S™F,” structures as argued by Pauling. On the other hand, in SCGVB theory the bonds in the recoupled
pair bond dyad are simply two very polar SF bonds. In regard to the (3-center, 4-electron) bond postulated

by Pimentel-Rundle-Pitzer, SCGVB theory provides a very different interpretation of the orbitals involved.
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The natural orbitals from the SCGVB wave function describing the two bonds in the recoupled pair bond
dyad for the SF» (a 3B1) state are plotted in the top row of Figure 9. As can be seen, the orbitals are localized
in the two SF bond regions (F~SF,, F;S-F,) and the occupation numbers of the natural orbitals are each
1.98. If we form symmetry orbitals, (@, , ¢, ), from these two bond orbitals, the resulting delocalized
molecular orbitals are simply the plus and minus combinations of the natural bond orbitals shown in the
middle row in Figure 9. The bottom row of this figure contains the orbital diagrams for both the SCGVB
description (left) and the Pimentel-Rundle-Pitzer description'®' (right). The SCGVB diagram shows the a;
and b orbitals arising from the two SCGVB natural bond orbitals are doubly occupied, while the Pimentel-
Rundle-Pitzer diagram has the a; and b, orbitals arising from the bonding and non-bonding combinations
of the three (S3p:, F2p.;, F2p.,) orbitals doubly occupied. These are two, very different views of the origins
of the two doubly occupied orbitals in SF>—one based on rigorous theoretical calculations, the other based
on informed, although speculative reasoning.

In summary, the SCGVB description of the recoupled pair bonds and recoupled pair bond dyads
accounts in a simple and straightforward manner for the origin of the bonding as well as the properties of
the SF, series, including the dramatic variations in the F,_;S—F bond strengths, the dramatic shortening of
the SF bonds in recoupled pair bond dyads in SF>—SFs (axial bonds), the presence of low-lying excited
states in SF and SF», and the structures of SF3—SFs as well as the excited states of SF-.

The interplay between covalent bonds and recoupled pair bonds also plays a significant role in Group
14 compounds. Even in the simple XH, series (X = C, Si, Ge; n = 1-4), significant variations can be

attributed to this interplay. Xu et al.'®®

showed that the change in the spatial and spin symmetry of the
ground state from CH,, which is a 3B, state, to SiH, and GeHa, which are 'A; states, is a direct result of the
weakness of the recoupled pair bonds in the excited a*X" states of SiH and GeH. Although the recoupled
pair bond in the CH (a¢*X") state is calculated to be quite strong, 66.6 kcal/mol, the recoupled pair bonds
in the SiH(a¢*X") and GeH (a*X") states are far weaker: 34.6 kcal/mol and 25.6 kcal/mol, respectively. As
a result, the ground states of SiH, and GeH; have two covalent bonds, while the ground state of CH> has a
recoupled pair bond dyad, further stabilized by 2s-2p hybridization. The difference in the spatial and spin
symmetry of the XH, ground states then affects the spatial symmetry of the XH; molecules. Formation of
a covalent bond with the electron in the singly occupied ¢, orbital in the CH, (X *B,) state leads to planar
CH; with three equivalent bonds. In the ground (X'A,) states of SiH, and GeH, there are two singly
occupied lone pair orbitals with electrons with singlet coupled spins in addition to the two covalent bonds.
One of the lone pair orbitals points below the molecular plane (¢, ), the other orbital points above the
plane (¢, ). When an electron in one of these orbitals is used to form a bond with a hydrogen atom, the
resulting SiH3; and GeHs molecules are pyramidal. Because the HoX—H bonds in SiH; and GeH3 are
recoupled pair bonds, the bond energies are calculated to be 42.3 kecal/mol (X = Si) or 52.2 kcal/mol (X =
Ge) weaker than the HC—H bond.
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Although the underlying reason for the relative weakness of the recoupled pair bond in the a 'Y states
of SiH and GeH could not be definitively established, Xu et al.'®® offered two possible explanations: (i) the
decrease in the overlap of the orbitals in the recoupled pair bond (CH: 0.83, SiH: 0.78, GeH: 0.77), which
directly weakens the bond, and/or (ii) the increasing overlap between the (ns_', ns:) orbitals at R. (CH: 0.51,
SiH: 0.56, GeH: 0.60), which leads to increased Pauli repulsion between the electron in the ns_’ orbital and
the bond pair.

3.3. Impact in Organic Chemistry. SCGVB also theory provides a compelling description of
molecules and molecular processes in organic chemistry. As an example, consider the benzene molecule,
the prototype aromatic molecule. In traditional VB theory the wave function for the electrons in the 7 system
of the benzene molecule is taken to be a combination of the two Kekulé structures involving the atomic
C2p: orbitals on each atom. Later, three additional configurations—the para-bonded (so-called Dewar)
structures—were added. In SCGVB theory the © system of benzene is described by an antisymmetrized
product of six optimized, semi-localized orbitals, one for each electron, with a linear combination of the
five spin functions that describe the six-electron singlet state. If the Rumer spin functions are used, these
five spin functions represent the two Kekulé configurations and the three para-bonded configurations, i.e.,
the SCGVB description of benzene automatically includes all of the configurations of importance in the
VB description of the © system of benzene.

The first SCGVB calculations on benzene were reported by Cooper et al. in 1986.'** They found that
each of the six m orbitals was localized on one of the carbon atoms with slight polarization toward the
neighboring atoms. They also found that the sum of the configuration weights for the Kekulé structures was
0.81 and that for the para-bonded structures was 0.19, in line with chemists’ expectations. Several follow-

up studies of benzene and related molecules were reported,'®>!"

including one that focused on the vertically
excited states of benzene,”” which showed that many of the low-lying excited states also had simple
descriptions in SCGVB theory, e.g., the first singlet excited state (S, 'Ba,) was simply the difference of the

two Kekulé configurations. As discussed below, this is an indicator of anti-aromaticity.

More recently, Xu et al.'”!

addressed the puzzling SCGVB prediction of a planar, but non-Dg;, structure
for the ground state of benzene (Small and Head-Gordon'"?). This study, like the other studies referenced
above, focused on the m-electron system and found that the SCGVB energy was 39.4 kcal/mol below the
RHF energy and only 4.8 kcal/mol above that of the corresponding CASSCF energy. Thus, the SCGVB
wave function accounts for 89% of the correlation energy accounted for in the full CI CASSCF wave
function with six electrons in six m-orbitals. Top and side views of one of the six & orbitals are pictured in
Figure 10. In agreement with the work of Cooper et al.,'* the C2p.’ 7 orbitals are each centered on one of
the carbon atoms but polarized toward the two neighboring carbon atoms. The shape of the orbital is
consistent with the dominance of the Kekulé configurations in the SCGVB wave function. Xu et al.'”! found
that the SCGVB prediction of a planar, but (slightly) non-hexagonal geometry was likely due to an

interaction between the Kekulé and para-bonded (Dewar) configurations and could be eliminated by adding
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doubly ionic configurations (ion=2) to the SCGVB wave function (singly ionic configurations are included
through optimization of the orbitals). However, they found it was critical to re-optimize the orbitals in the
SCGVB + (ion=2) wave function. The energy of the latter wave function was essentially the same as the
CASSCEF energy, so higher orders of ionicity are clearly unimportant at this level of theory.

SCGVB calculations have also provided insights into a key difference between aromatic, anti-aromatic
and non-aromatic molecules. The singlet ground state of square planar (D4;) cyclobutadiene, C4Hy, is an
exemplar for anti-aromatic molecules, even though the square planar geometry is not the optimum geometry
for the ground state of the molecule. It was initially thought that the SCGVB hallmark of anti-aromaticity
was the observation of so-called anti-pairs which, in the case of the ground ('Biy) state of CsHa, take the
form of in- and out-of-phase combinations of the C2p.’ orbitals across each diagonal, with the spins of the
electrons in each pair overwhelmingly triplet coupled with the two triplet pairs coupled overall into a singlet
state.!”® There is, however, an alternate SCGVB wave function with semi-localized active orbitals, similar
to those in benzene, with an energy that is less than 0.03 kcal/mol above the anti-pair solution.'’* This
alternate solution features C2p.’ orbitals across each diagonal with the spins of the electrons in these orbitals
being exclusively triplet coupled. As a consequence, the spin function reduces to just the first Kotani/Serber
spin coupling which, when transformed to the Rumer basis, corresponds to the difference rather than the
sum of the two Kekulé configurations. The idea that anti-pairs could be linked to anti-aromaticity was
completely abandoned when an SCGVB wave function with anti-pairs was observed in benzene while
investigating the mechanism of a particular hydrogen shift.'” It is now clear that the out-of-phase

combination of the two Kekulé configurations is the true signature of “anti-resonance.”

As noted in the previous section, the SCGVB(N,M) method was motivated by the need to be able to
properly describe the SCGVB wave functions for molecules such as the cyclopentadienyl anion (CsHs")
and tropylium cation (C;H7"). In the case of CsHs ", for example, the SCGVB(6,5) wave function provides
an accurate representation of the molecule as well as a remarkably clear model for the electronic structure
of this aromatic anion that closely resembles that of benzene; see Figure 11. The SCGVB wave function
for CsHs™ is dominated by the five Kekulé-type structures with the corresponding total weight being very
similar to that in benzene; the same is true for the para-bonded structures. Each of the symmetry-unique
SCGVB orbitals is localized on one of the carbon atoms, although, in this case, the orbital “tails” extend to
more distant atoms than in benzene, as expected for an orbital with partial anionic character. The
SCGVB(6,5) wave function accounts for 97% of the correlation energy predicted by a CASSCF(6,5) wave
function. Similar results were obtained using an SCGVB(6,7) wave function for C;H;" and, subsequently,
in analogous SCGVB(N,M) calculations for a range of aromatic annulene ions,'”® with high levels of
resonance being observed for all of the species with 4n+2 m electrons, clearly demonstrating their

aromaticity.

177

Karadakov and Cooper '’ also studied the local minima and transition-state geometries of species that
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have been considered to exhibit homoconjugation and homoaromaticity, providing new insights into the
electronic structure of these molecules and consistently recovering 95%-98% of the correlation energy
provided by the corresponding CASSCF wave function. In each case, analysis of the forms of the SCGVB
or SCGVB(N,M) orbitals, the magnitudes of the overlaps between them, and the compositions of the
associated resonance patterns provided compelling descriptions of the various bonding motifs. Much the
same was true for the SCGVB(8,9) wave function used to describe the n-electron system in the monocyclic
cyclononatetraenyl cation, CoHy", with the results confirming in detail Heilbronner’s ideas about the
electronic structure of such Mobius annulenes.'”™ As in benzene, many m-electron ring systems that are
aromatic in their ground (So) state become anti-aromatic upon vertical excitation to the first singlet excited
(S1) electronic state, with the monocyclic cyclononatetraenyl cation being no exception.'” Such a reversal
in behavior is easily detected in SCGVB theory by the observation of anti-resonance in the S; state, which
is characterized by the out-of-phase combination of Kekulé configurations as mentioned earlier. Analogous
behavior has been observed in various polycyclic fused aromatic compounds involving cyclopropenyl

rings.'*

Alongside the use of the full spin space, which proves so useful, for example, in distinguishing clearly
between aromatic, anti-aromatic and non-aromatic m-electron systems, a key feature of SCGVB theory is
the variational flexibility of the orbitals, given that they are expanded in the full molecular basis set without
any constraints. It has been shown (see Ref. 181 and references therein) that the relative energetic
importance of the different numbers of spin and orbital degrees of freedom leads, in some instances but not
in others, to a preference for bent bond descriptions over the corresponding 6-n separated solutions. Bent
bonds have also been observed in a somewhat different context, namely for the in-plane ¢ bonding in
strained ring systems. In studies of various such species, ranging from cyclobutane and cyclopropane to
aziridine and thiirane, Karadakov et al.'®*'®* found there was little to distinguish the bonding in these
species from that in alkane chains except that, due to the geometry of the nuclear frameworks, the
participating orbitals in these small rings bend in order to reduce the strain, while minimizing the loss of
bond orbital overlaps.

SCGVB theory has also provided important insights into the electronic mechanisms of a broad range
of organic chemical reactions (see Ref. 184 and references therein). In these studies, appropriate sets of
calculations were first carried out to locate the transition state (7.S) and then SCGVB calculations were
carried out at a sequence of geometries along the intrinsic reaction coordinate (/RC) connecting reactants
to products and passing through the transition state (7.S). The resulting SCGVB wave functions were
analyzed, with the analysis involving an examination of the changes in the SCGVB orbitals and their
overlaps as well as in the mode of spin coupling along the /RC. As an example, consider the SCGVB
description of the electronic mechanism of the Diels—Alder reaction between cis-butadiene and ethylene.'®
The SCGVB wave function for this reaction consisted of six active valence orbitals, chosen so as to
accommodate the six electrons in the 7 orbitals of butadiene and ethylene involved in the bond-breaking
and bond-formation processes, and a singlet spin function, 0, consisting of five spin couplings expressed
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in the Rumer spin basis.

Throughout the reaction, each valence orbital remains well-localized around one of the carbon atoms
and 05, is dominated by the two Kekulé-type Rumer spin functions: (1-2,3-4,5-6) and (1-6,2-3,4-5).
However, the valence orbital shapes, overlaps and spin-coupling pattern vary considerably along the
reaction path. Initially, the © bonds in cis-butadiene are formed by the symmetry-related pairs of orbitals
(@1, @2) and (@3, @4), while the pair (¢s, @¢) is responsible for the ethylene m bond (see the leftmost orbital
column, IRC = —0.6 amu”bohr, in Figure 12, which shows the symmetry-unique @i, @> and @s orbitals
before the 7). At this point the reactant-like spin coupling (1-2,3—4,5-6) has a very large weight. At the
TS (see the middle orbital column, /RC = 0, in Figure 12), the ¢ and ¢ orbitals are now distorted more
towards one another, while the @, orbital distorts towards its partner by symmetry, the ¢3 orbital. In parallel,
there is a decrease in the distortions (and overlap) linking the ¢ and ¢- orbitals. The overlaps between all
valence orbitals participating in breaking and forming bonds become very much the same as do the weights
of the (1-2,3-4,5-6) and (1-6,2-3,4-5) Rumer spin couplings, indicating benzene-like resonance and
aromaticity. After the TS (see the rightmost orbital column, IRC = +0.6 amu”bohr, in Figure 12), orbitals
@1 and @s appear to be much more sp’-like and become engaged in one of the two new ¢ bonds formed
during the reaction. Similarly, the pair of orbitals (¢2, ¢3) becomes responsible for the newly formed n
bond. At this point the product-like spin coupling (1-6,2—3,4-5) becomes the most important spin function.
The changes in the SCGVB wave function during the course of the Diels—Alder reaction between cis-
butadiene and ethylene strongly suggest that this reaction follows a homolytic mechanism that could
reasonably be described using six half curly arrows (‘harpoons’) to indicate the simultaneous breaking of
the three m bonds in the reactants and the formation of the three new bonds, two ¢ and one =, in the product,
instead of the traditional heterolytic mechanisms that are usually found in organic chemistry textbooks with
three full curly arrows for the supposed shifts of three electron pairs.

Analogous SCGVB descriptions are found for various other organic reactions, such as the markedly
asynchronous hetero-Diels—Alder reaction of acrolein (H,C=CH-CH=0) and ethylene '* and the
synchronous “aromatic” gas-phase retro-Diels-Alder reaction of bicyclo[2.2.1]hept-2-ene (norbornene) to
cyclopentadiene and ethylene.'®” Similarly, the gas-phase concerted 1,3-dipolar cycloaddition reaction
between methyl azide (CH3N3) and ethylene is found to follow a homolytic mechanism. It is characterized
by an almost simultaneous breaking of the two coplanar © bonds in methyl azide and of the = bond in
ethylene, and the subsequent reengagement of the orbitals initially involved in these bonds into two new
bonds, closing the triazole ring, and a lone pair on the central nitrogen in the product.'®® On the other hand,
heterolytic mechanisms, realized through the movement of electron pairs, are observed for 1,3-dipolar
cycloaddition reactions that involve 1,3-dipoles with more polar coplanar & bonds, such as fulminic acid
(HCNO) and diazomethane (CH,N,).'** ' The insights provided by this powerful SCGVB-based
methodology are also well demonstrated by a study of the “suprafacial with inversion” lowest-energy
pathway of a [1,3] sigmatropic rearrangement linking bicyclo[3.2.0]hept-2-ene and norbornene, for which
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the SCGVB approach reveals in a particularly clear cut way the singlet diradical character of the structure

along the plateau in the energy profile.'”!

We will close this subsection on organic chemistry by discussing the concept of orbital hybridization,
a concept that is considered one of the “ground truths” in organic chemistry (see, e.g., Refs. 192 and 193).
Hybrid orbitals were introduced by Pauling'** and Slater'*® in the early years of quantum chemistry, arguing
that these orbitals maximize the overlap of the orbitals involved in a bond, leading to stronger bonds. In
addition, the use of sp® hybrid orbitals for the carbon atom in methane accounted for the tetravalence of the
carbon atom and the tetrahedral structure of the molecule. Despite the ubiquitous use of hybrid orbitals in
chemical thinking, there were early concerns about the use of hybrid orbitals'*® and more recently there has
been a spirited discussion in the chemistry education literature about the role of hybrid orbitals in the
chemistry curriculum'®’% (see also Refs. 204 and 205).

In both the VBSCF and SCGVB wave functions, the orbitals are optimized, so these wave functions
offer an unbiased opportunity to assess the nature of the bond orbitals in these wave functions. Shaik et al.**
reported VBSCF calculations on methane and acetylene as well as a number of other molecules and used
the overlaps of the orbitals on the carbon atoms to compute the hybridization ratios (42p2s). They reported
that the overlap of the carbon hybrid orbitals is 0.674 in methane and 0.415 in acetylene, which corresponds
to a hybridization ratio, /2y, of 1.76 in methane and of 0.41 in acetylene. Although the trend is correct,
these values clearly differ significantly from the traditional hybridization ratios for these two molecules:
3.0 (CHy4) and 1.0 (C;H»). The deviations are sufficiently large that this analysis calls into question the
traditional VB concept of hybrid orbitals.

Xu and Dunning® developed a projection technique to determine /2,25 for SCGVB orbitals and reported
results for methane, ethylene and acetylene—the traditional models for sp*, sp® and sp hybrid orbitals. This
technique has the advantage that it provides /425 for each of the orbitals in the molecule, which means that
hopns for the carbon-centered CC o bond orbitals in ethylene and acetylene can be different than those for
the CH bond orbitals in those molecules. The projection technique also has the advantage that it provides a
measure of the total contribution of the atomic 2s and 2p orbitals to the SCGVB orbital (Pas+2,°) with values
close to unity indicating that the orbitals are predominately 2s-2p hybrid orbitals. Xu and Dunning
investigated three versions of the SCGVB wave function: the SCGVB(PP/SO) wave function in which the
spin function is constrained to be the perfect pairing spin function and the orbitals in different pairs are
required to be orthogonal, the SCGVB(PP) wave function in which the orbitals are permitted to be non-
orthogonal but the perfect pairing spin function is retained, and the SCGVB wave function which includes
the full set of spin functions and non-orthogonal orbitals. The VBSCF wave function used by Shaik et al.%*
is similar to, but not exactly the same as the SCGVB(PP) wave function.

The results of the analysis of Xu and Dunning are summarized in Table 5. They found that the carbon-
centered orbitals of the CH bonds from the SCGVB(PP/SO) wave functions were close to those from
traditional VB theory: 2.97 (CH4), 2.16 (C,H4), and 1.22 (C;H>). For the CC & bonds, the hybridization
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ratios for the SCGVB(PP/SO) wave functions were indeed different than those for the CH orbitals, being
1.49 (C;H4) and 0.77 (C;Hz). However, once the strong orthogonality restriction was lifted, these ratios
changed significantly. The hybridization ratio for the carbon-centered orbitals in the CH bonds in the
SCGVB(PP) wave function is 1.58 (CH4), 1.03 (C,H4), and 0.29 (C,H,). These ratios are close to, if
somewhat smaller than, those obtained by Shaik et al.** for CH4 (1.76) and C2H, (0.41). Eliminating the
restriction on the mode of spin coupling results in an even more dramatic change in A2p»s: 0.57 (CHa), 0.57
(C2Hy) and 0.76 (C>H,) for the carbon-centered CH bond orbitals and 0.39 (C>Hs) and 0.37 (C,H>) for the
carbon-centered CC o bond orbitals. Despite the fact that the optimized SCGVB orbitals do not correspond
to the hybrid orbitals of traditional VB theory, they are still hybrid orbitals as can be seen from the large
values of Pas,”. The carbon-centered orbitals in the CH bond are all well described as a combination of
carbon atom 2s and 2p orbitals with values of Pa2,” greater than 0.98. The carbon-centered orbitals in the
CC bond show somewhat larger differences from unity, 0.90 (C.Hs) and 0.93 (C;H>), although the values
are still very close.

So, what are we to conclude from the studies by Shaik et al.** and by Xu and Dunning®? First, the
VBSCF and SCGVB orbitals are indeed hybrid orbitals—Xu and Dunning explicitly demonstrated that
these orbitals are dominated by the carbon atom 2s and 2p orbitals in all of the molecules they considered.
However, the VBSCF and SCGVB orbitals are not the sp’, sp* and sp hybrid orbitals of traditional VB
theory. In nearly all cases the decrease in the energy resulting from relaxation of the constraints on the wave
function is associated with an increase in the 2s component of the hybrid orbitals. The observed increases
in the C2s contribution indicates inclusion of more of the carbon *P(2s?2p?) state and less of the *S(2s'2p?)
state in the SCGVB wave function, a result that is consistent with the fact that the *S excited state of the
carbon atom lies 96 kcal/mol**® above the *P ground state. (When Pauling and Slater proposed the use of
sp® hybrid orbitals in methane, the *S state was thought to lie only 35-40 kcal/mol above the *P state.'®)
However, inclusion of additional C2s character in the hybrid orbitals decreases the overlap of the carbon-
centered hybrid orbitals and the hydrogen bond orbital, which would be expected to weaken the CH bonds.
Thus, the optimum hybrid orbital appears to be the result of a compromise between the energy of the carbon
atom, which favors more C2s (*P) character, and the strength of the CH bond, which favors more C2p (*S)

character.

But, what about the use of sp? orbitals to define the tetravalence of carbon and the tetrahedral geometry
of methane? As we saw earlier, the SCGVB description of the ground state of the carbon atom involves
four singly occupied orbitals (C2s_, C2s+, C2p., C2p,). Although the (C2s_, C2s:) orbitals overlap, that
overlap is sufficiently small that each of these orbitals can form strong bonds to a hydrogen atom as in, e.g.,
the CH(a"X") state. On the surface, the SCGVB configuration of the carbon atom would be expected to lead
to two different types of bonds in CHa: two C2s:—H1s bonds and two C2p—H1s bonds. However, the energy
lowering associated with 2s-2p hybridization combined with Pauli repulsion between the resulting bond
pairs leads, instead, to the observed tetrahedral structure of methane with four equivalent bonds. Similar
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arguments apply to other organic molecules. Although SCGVB theory does not lead to the hybridization
ratios of traditional VB theory, which are often invoked to rationalize the structure of organic molecules,
the structures of these molecules do still follow from a straightforward application of quantum chemical
principles.

4. DYNAMICAL ELECTRON CORRELATION

Although the SCGVB wave function includes the finite set of configurations required to describe non-
dynamical correlation effects, it cannot describe dynamical correlation effects. The latter effects are
required for quantitative predictions of the structures, energetics and other properties of molecules.
Fortunately, they can be taken into account using either multireference configuration interaction (MRCI)
or multireference coupled cluster (MRCC) calculations based on the SCGVB wave function. To facilitate
calculations that include dynamical correlation, the SCGVB wave function, in which the active orbitals
(@ui) are non-orthogonal, can be recast, as noted in Section 2.3, as a multiconfiguration wave function,
SCGVB(NO), in terms of orthogonal natural orbitals, {¢,,9,,, @)}, and used in standard MRCI/MRCC
calculations. As also noted in the Section 2.3, SCGVB-inspired wave functions can also be used as zero-
order wave functions in subsequent MRCI/MRCC calculations.

The SCGVB-inspired approaches are based on using the SCGVB wave function, Eq. (1), to define
either (7) the configurations to be used in an MCSCEF calculation, denoted as MCSCF(SCGVB), or (ii) the
active orbitals to be used in a CASSCF calculation, denoted as CASSCF(SCGVB). In this section we will
report calculations on a few diatomic molecules using both of these latter approaches, given that these
alternatives to the SCGVB(NO) wave function, especially in the case of the MCSCF(SCGVB) method, are
less computationally expensive than the SCGVB(NO)-based approach. The results of the ic-MRCI
calculations with the SCGVB-inspired zero-order wave functions will then be compared to the results
obtained from ic-MRCI calculations using the full vCASSCF wave function as the zero-order wave

function.

There are significant variations in the number of configurations in the zero-order wave function for the
three types of ic-MRCI calculations. There are only two configuration state functions (CSFs) in the
MCSCF(SCGVB) wave functions for the bonds in HF, HCI, F», Cl, and CIF molecules versus three CSFs
in the CASSCF(SCGVB) wave function. The full vVCASSCF wave functions, on the other hand, contain 8
CSFs for HF and HCI, 10 CSFs for F» and Cl, (D), and 16 CSFs for CIF (C,,). The MCSCF(SCGVB)
wave functions for the N, P, and PN molecules are obtained by multiplying together the three
configurations describing each of the ¢ and two m bonds. This generates 27 spatial configurations for N
and P», but only 14 spatial configurations have the correct D»;, symmetry. As noted earlier, these fourteen
configurations are essentially equivalent to the SCGVB(NO) wave function if only one of the spin functions
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is used for the configurations with four open shells (see Table 2).”"" However, most modern computational

chemistry codes include all of the spin functions associated with a given open shell configuration, which
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increases the number of CSFs in the MCSCF(SCGVB) wave function to 20. The CASSCF(SCGVB) wave
functions have 55 CSFs for N, and P, (D2;) and PN (C,,), while the full vCASSCF wave function has 176
CSFs for N, and P> (D2:) and 328 CSFs for PN (Ca,). The increase in the number of CSFs in the zero-order
wave functions can be expected to result in increased computational costs for the corresponding ic-MRCI

calculations.

Table 6 lists the major spectroscopic constants (R, ®., D) for HF, HCI, F,, Cl,, CIF, N», P», and PN
from ic-MRCI calculations using the MCSCF(SCGVB), CASSCF(SCGVB) and full valence CASSCF
(vCASSCF) wave functions as the zero-order wave functions for an ic-MRCI calculation including all
single and double excitations from the zero-order wave functions. The potential energy curve for N
obtained from ic-MCSCF(SCGVB)+1+2 and full ic-vCASSCF+1+2 calculations is shown in Figure 13.

The first conclusion to be drawn from Table 6 is the close agreement between the full ic-vCASSCF+1+2
and ic-MCSCF(SCGVB)+1+2 and ic-CASSCF(SCGVB)+1+2 predictions for both R. and ®.. The values
of the R.’s are, in general, the same to 0.001 A or better and the values of the w.’s are the same to a few
wavenumbers (we will discuss the differences in the results for HF in the following paragraph). The
differences in the calculated values of the D.’s are more significant, ranging from 0.7 kcal/mol (HCI) to 2.4
kcal/mol (P»). Although the predictions of D. from the ic-MRCI calculations do not reach the level of
chemical accuracy, they are a substantial improvement over the SCGVB predictions, with the ic-
MCSCF(SCGVB)+1+2 calculations being less computationally expensive than the full ic-vCASSCF+1+2
calculations. It would be interesting to see if MRCC calculations would significantly reduce the errors in
the D. predictions. The second conclusion to be drawn from the data in Table 6 is that there is little reason
to use the ic-CASSCF(SCGVB)-based method. The differences between the values of the R.’s and w.’s
predicted by the ic-CASSCF(SCGVB)+1+2 calculations and the ic-MCSCF(SCGVB)+1+2 calculations are
negligible and the corresponding differences in the values of D.’s are just a few tenths of a kcal/mol. A
more comprehensive investigation of these two methods is currently underway by two of the authors (LTX
and THDIJr).

One interesting aside to note in Table 6 is the difference in the dissociation energies predicted by the
ic-MCSCF(SCGVB)+1+2 and full ic-vCASSCF+1+2 calculations for HF—the former is 1.0 kcal/mol
larger than the latter; it is the only negative number in the last column of Table 4. This is surprising since
the configurations in the MCSCF(SCGVB) wave function are a small subset of the configurations in the
full vCASSCF wave function. This difference is a direct result of the problems that can arise in full
vCASSCEF calculations, as discussed in detail by Xu and Dunning.21 At small R, the F1s’ orbital, a closed
orbital, mixes with the F2s’ orbital, an active orbital, in the full vVCASSCF wave function. Although this
mixing lowers the vVCASSCF energy, it increases the energy of the ic-vCASSCF+1+2 wave function by 1.0
kcal/mol, resulting in the observed decrease in the calculated dissociation energy. The MCSCF(SCGVB)
and ic-MCSCF(SCGVB)+1+2 calculations, which include the F2s' orbital in the closed space, do not have
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this problem. The mixing of the F1s" and F2s' orbitals also affect R. and m., where the differences are larger
than in the other molecules, 0.005 A (R.) and 8 cm™ (we).

The potential energy curves of N» plotted in Figure 13 illustrate the close agreement between the ic-
MCSCF(SCGVB)+1+2 and full ic-vCASSCF+1+2 calculations for all internuclear distances, R. The
differences in the potential energy curves are barely discernible, so the difference (A) between the two
curves has also been plotted. The small difference between the two potential energy curves is fully
consistent with the difference in D.’s given in Table 6.

5. CONCLUSIONS

From the results described herein and in many other studies in the literature, it is clear that SCGVB theory
is the foundation for a comprehensive theory of the electronic structure of molecules. SCGVB theory is an
orbital theory that explicitly includes the effects of non-dynamical correlation and, as a result, is able to
describe a broad range of molecules and molecular phenomena. SCGVB theory provides a wealth of
information on the nature of the chemical bond and the electronic structure of molecules, filling the gap
first noted by Charles Coulson in 1960.** Coulson voiced the concern that the connection between
computational chemistry and basic chemical concepts was being lost. This is not true for SCGVB theory,
where computational studies show that, for many molecules, traditional chemical concepts are well
founded, although, even for these molecules, SCGVB theory provides new avenues to explore, e.g., the role
of spin coupling as the cause for the difference in the reactivity of the triple bonds in N> and C,H» and the
nature of hybrid orbitals. For molecules, such as C,, Be,, SF,, anti-aromatic organic molecules, and the
excited states of both inorganic and organic molecules, SCGVB theory provides new concepts that extend
our basic understanding of the chemical bond and the electronic structure of molecules.

Because SCGVB theory can model the making and breaking of bonds, it explicitly describes the
changes in the electronic structure of a molecule as it is formed from its constituent atoms. As the molecule
is formed, the atomic orbitals smoothly transform into the molecular orbitals of the molecule and the spin
function smoothly changes from that appropriate for the collection of atoms to that appropriate for the
molecule. For most molecules, the SCGVB orbitals are semi-localized and resemble modified versions of
their atomic counterparts. The changes in the orbitals are largely consistent with traditional chemical
thinking—the bond orbitals polarize, hybridize, delocalize and contract. Hybridization of the bond orbitals
increases their overlap, which, in turn, increases the strength of the bond, and delocalization of the bond
orbitals implicitly builds ionic character into the wave function, the magnitude of which depends on the
relative electronegativities of the two atoms involved. Orbitals containing electron pairs that are not
involved in bonding also change as new bonds are formed, polarizing away from the new bond pairs to
reduce Pauli repulsion among the electron pairs. This polarization results in shifts in the charge density
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which, at first sight, may seem puzzling, as was the case in N, although these shifts are simply a

manifestation of the Pauli Principle.
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There is a clear distinction in SCGVB theory between the electronic structure of molecules containing
elements in the first row of the Periodic Table (Li—Ne) and those in subsequent rows (Na—Ar, K—Kr). This
difference is a result of the ability of the late main group elements in the second and third rows to form new
types of bonds—recoupled pair bonds and recoupled pair bond dyads—using the electrons in their #p lone
pairs (see Ref. 137 and subsequent papers). (The difficulty of forming bonds with 2p lone pairs was
discussed by Takeshita and Dunning.®®) However, the bonds formed with the electrons in the (np-, np-)
lone pairs are conditional, the bonds can only be formed if the element is very electronegative. This is a
direct result of Pauli repulsion. Recoupled pair bonds have been referred to as 2-center, 3-electron bonds*”’
and recoupled pair bond dyads have been referred to as 3-center, 4-electron bonds'* in the past. SCGVB
theory provides a simple, straightforward description of the bonds. A recoupled pair bond tends to be much
weaker than the corresponding covalent bond, while the second bond in the recoupled pair bond dyad tends
to be strong, at times even stronger than the corresponding covalent bond. The interplay between polar
covalent bonds and these two new types of bonds explains many of the differences in the structures and
energetics of compounds containing second- and third-row elements versus the first-row elements—the so-
called first-row anomaly. From the studies reported to date, it is clear that recoupled pair bonds and
recoupled pair bond dyads are not a rarity in chemistry—they are, in fact, ubiquitous.

SCGVB theory has also contributed to our understanding of the electronic structure of organic
molecules and the electronic mechanisms of organic reactions. Resonance in aromatic molecules such as
benzene are naturally described by the SCGVB wave function, with the five spin couplings associated with
the six electrons in the 7 system of benzene corresponding to the two Kekulé and three para-bonded (Dewar)
structures. SCGVB theory also provides succinct representations of many of the excited states of organic
molecules, e.g., the first valence state of benzene (S:) is described by an antisymmetric combination of the
two Kekulé structures. As shown by subsequent studies on square planar cyclobutadiene, the antisymmetric
combination of Kekulé structures is the hallmark of anti-aromaticity. SCGVB theory also shows that small
ring alkanes such as cyclopropane and cyclobutane have bent bonds, which are a result of balancing the
strain energy against the bond energy (orbital overlap). SCGVB theory has also provided important insights
into the electronic mechanisms of a broad range of organic chemical reactions. For example, SCGVB theory
shows that the Diels-Alder reaction of cis-butadiene and ethylene follows a homolytic mechanism that
should be described using six half curly arrows (‘harpoons’) to indicate the simultaneous breaking of the
three m bonds in the reactants and the formation of the three new bonds in the product, instead of the
traditional heterolytic mechanisms that are usually found in organic chemistry textbooks with three full
curly arrows for the supposed shifts of three electron pairs.

SCGVRB theory has also found, in the molecules studied thus far, that the carbon-centered bond orbitals
in organic molecules are 2s-2p hybrid orbitals. However, they are far from the hybrid orbitals of traditional
VB theory, e.g., in methane the bond orbital semi-localized on the carbon atom is an sp®*” hybrid orbital.
Nonetheless, the C2s and C2p atomic orbitals comprise 98.5% of the hybrid orbital. The optimum hybrid
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orbitals appear to be the result of a compromise between the energy of the carbon atom, which favors more
2s (°P) character, and the strength of the CH bond, which favors more 2p (*S) character. Furthermore,
SCGVB theory finds that the tetravalence of the carbon atom is a simple result of the fact that there are four
singly occupied orbitals, (C2s_, C2s+, C2py, C2p;), in the atom. Although the spins of the electrons in the
(C2s_, C2s4) orbitals are singlet coupled, the overlap of these orbitals is sufficiently small that the electrons
in these orbitals can form bonds with hydrogen and other elements. The tetrahedral structure of methane is
a result of two factors: an energetic imperative associated with 2s-2p hybridization and Pauli repulsion.
Although SCGVB theory does not lead to the traditional hybridization ratios, which are often invoked to
rationalize the structure of organic molecules, the structures of these molecules still follow from a
straightforward application of quantum chemical principles.

Since the early days of quantum chemistry, two distinct types of electron correlation have been
recognized: non-dynamical and dynamical correlation. The SCGVB(N,N) and SCGVB(N,M) wave
functions contain the finite set of configurations that describe non-dynamical correlation effects. By
including these effects, SCGVB theory corrects the major deficiency in molecular orbital (RHF) theory
and, as a result, SCGVB theory provides an excellent zero-order description of a broad range of molecules
and molecular processes. To account for the effects of dynamical correlation, the SCGVB wave function
can be used as the zero-order wave function in multiconfiguration configuration interaction (MRCI) and
coupled cluster (MRCC) calculations. Although the SCGVB active orbitals are non-orthogonal, which
complicates these calculations, this problem can be overcome by re-expressing the SCGVB wave function
in terms of its orthonormal natural orbitals. With this transformation, the existing machinery for MRCI or
MRCC calculations can be fully utilized. It is also possible to perform SCGVB-inspired MCSCF and
CASSCEF calculations, which have the advantage that they avoid the need for a prior SCGVB calculation.

In summary, Spin-Coupled Generalized Valence Bond (SCGVB) theory provides an appealing orbital
description of the electronic structure of molecules as well as a means, through MRCI/MRCC calculations,
for making quantitative predictions of molecular structures, energetics and other properties. Over the past
fifty years, applications of SCGVB theory, and its earlier incarnations as GVB and SCVB theory, have
shown that it is indeed possible, as Goddard and Palke first stated in 1969, to deduce

“concepts concerning molecular bonding based entirely on ab initio calculations starting with the

Schrédinger equation and independent of chemical prejudices.*'®”

In addition, SCGVB theory addresses the concern first raised by Coulson in 1969 about the disconnect
between computational chemistry and traditional chemical concepts. As we have shown, SCGVB theory
provides support for many traditional chemical concepts as well as new concepts about the electronic
structure of molecules and the nature of the chemical bond that transcend these concepts.
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Table 1. The complete set of Kotani spin functions for a six-electron singlet state. There are five linearly independent
spin functions for n, = 6 and S = Ms = 0. Note that each step in the path corresponds to adding one additional spin at
a time, according to the usual angular momentum coupling rules.

Symbol

K®6

0,0;1

0,0;2

0,0;3

0,0;4

0,0;5

Symbol

aaafpp

aofofp

apfacfip

aafifop

apapop

3/2

1/2

Path in
Branching Diagram

Relevance for N2

If the orbitals are arranged sequentially on each atom,
(N2p:za’, N2pxa’, N2pya’) and (N2p:zs’, N2p.s’, N2p,8'), this
spin coupling describes two *S nitrogen atoms with their
spins coupled to an overall singlet state.

If the orbitals are sequenced as (N2p:a’, N2p:s") and
(N2pxa’, N2pya', N2pss’, N2pys’), this spin coupling
couples the spins of the first two electrons into a singlet,
i.e., a traditional o bond, and the spins of the last four
electrons as in the nitrogen atom.

If the orbitals are sequenced as bonding pairs, (N2p:a',
N2p:s"), (N2pxa’, N2p.s'), and (N2pya’, N2p,8’), this spin
coupling is the perfect pairing spin coupling.
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Table 2. List of the configurations in the SCGVB wave function for the N2 molecule
in terms of the orthonormal SCGVB natural orbitals:

30— = N , — , 30_ = N , + ’
g Og ((pzpzA (PszB ) Y Ou (¢2PZA ¢2PzB )
1”»’”‘ = N”u (q)szA, + (pszB)) ln-xé’ = N”x ((szxA, h ¢2pr/)
lﬂyu = Nﬂ,, ((p2p)=A' + (pzpyB, ) lﬂ-xu - Nﬂ“ (q)ZpyA' - (szyBl )

The doubly occupied N1s core orbitals are represented by [...] in the configuration

list. The superscript “3” in the second column indicates that the electron spins are

triplet coupled.
[...] 262 20'5 17:511 1ﬂ§u 302 [...] 262 205 (17r)1m 17t)lcg )? (175;14 171:1yg ) 30'§
[...] 20'2 205 lﬂiu 1”;4 363 [...] 202 20‘5 (ln)lm 171')ng )? (171';14 1ﬂ;g )? 305
[.120}20,17;, 17,30, [.]20,20,(x),1,,) 175, (30, 30, )
[.]20;20,17;, 15,30, [.]20,20,1x}, (1), 17,,)* (30} 30,)°
[.120;20,17; 17,30,  [.]20,20,(1x},17,,)’ 17, (30, 30,)°
[.]20;20,17;, 15,30,  [.]20,20,1x;,(1x),17,,) (30} 30,)°

27 24212 5 2
[...]Zagzo'ulfrxglﬂyg30g

27 24212 5 2
[...]Zogzo'ulfrxglnygficu
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Table 3. Spectroscopic constants for the ground states (X'Z*) of the BH, HF and LiF molecules
from HF and SCGVB with an aug-cc-pVQZ basis set.

Molecule Method E(a.u.) Rc(A)) e(cm™)  De(kcal/mol)
BH HF -25.131428 1.2201 2487 64.32
SCGVB* -25.187009 1.2490 2287 77.40

Expt’1>¢ — 1.2324 2367 85.0

HF HF -100.069039 0.8973 4470 100.3
SCGVB -100.092107 0.9149 4129 114.8

Expt’1>4 — 0.9168 4138 141.2

LiF HF -106.991162 1.5545 942 93.66
SCGVB -107.006472 1.5683 931 103.3

Expt’1>¢ — 1.5639 910.3 138.8

“ To ensure that the SCGVB wave function describes the 2s-2p near-degeneracy effect in the
boron atom in full, an SCGVB(4,5) wave function was used; see Ref. 21.

" Ref. 89.

¢ Ref. 90.

¢ Ref. 91.

¢ Ref. 92.
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Table 4. Spectroscopic constants for the ground states (X'Z¢") of the N2 and
C2 molecules from HF and SCGVB calculations with an aug-cc-pVQZ basis

set.

Molecule Method Rc(A)  e(ecm™)  De(kcal/mol)
N2* HF 1.066 2729 122.0
SCGVB 1.096 2370 171.4
Expt’l 1.0977 2359 228.4
Cb HF 1.239 1904 18.3
SCGVB 1.244 1845 112.6
Expt’l 1.2425 1854.7 142.8

¢ Ref. 39.

b Ref. 98.

Table 5. Hybridization ratios (h2p2s) and total atomic (2s+2p) compositions (Pas+2p?) of the carbon-centered bond
orbitals from SCGVB calculations on methane, ethylene and acetylene with the aug-cc-pVQZ basis set (Ref. 88).

SCGVB(PP/SO)  SCGVB(PP) SCGVB
Molecule Bond hapis(VB) hapis hapis hapis Pasiap?
CHa4 CH 3.0 2.97 1.58 0.57 0.985
CoHy CH 2.0 2.16 1.03 0.57 0.982
CC 2.0 1.49 0.82 0.39 0.904
C:H: CH 1.0 1.22 0.29 0.76 0.983
CC 1.0 0.77 0.29 0.37 0.934
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Table 6. Spectroscopic constants for a selection of diatomic molecules from
MCSCF(SCGVB)+1+2, CASSCF(SCGVB)+1+2, and full vCASSCF+1+2 calculations with
an aug-cc-pVQZ basis set. For HF, HCIl, F2, Cl,, and CIF, the MCSCF(SCGVB) and
CASSCF(SCGVB) wave functions are the same. A is the difference between the
vCASSCF+1+2 and MCSCF(SCGVB)+1+2 results.

Molecule Method R (A) ®@e (cm™) De (kcal/mol)
HF MCSCF(SCGVB)+1+2 0916 4165 138.1
vCASSCF+1+2 0.921 4173 137.1

A 0.005 8 -1.0

HCI MCSCF(SCGVB)+1+2 1.276 2994 104.7
vCASSCF+1+2 1.276 2992 105.4

A 0.000 -2 0.7

F> MCSCF(SCGVB)+1+2 1.415 890 33.7
vCASSCF+1+2 1.416 895 34.5

A 0.001 5 0.8

Cl MCSCF(SCGVB)+1+2 2.000 550 53.5
vCASSCF+1+2 2.000 550 55.0

A 0.000 0 1.5

CIF MCSCF(SCGVB)+1+2 1.629 782 56.6
vCASSCF+1+2 1.631 782 57.5

A 0.002 0 0.9

N2 MCSCF(SCGVB)+1+2 1.100 2355 223.4
CASSCF(SCGVB)+1+2 1.100 2353 223.6
vCASSCF+1+2 1.101 2348 2249

A 0.001 -7 1.5

P> MCSCF(SCGVB)+1+2 1.906 774 109.4
CASSCF(SCGVB)+1+2 1.907 773 109.8
vCASSCF+1+2 1.906 775 111.8

A 0.000 1 2.4

PN MCSCF(SCGVB)+1+2 1.497 1330 140.7
CASSCF(SCGVB)+1+2 1.497 1329 141.0
vCASSCF+1+2 1.498 1329 142.7

A 0.001 -1 2.0
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NZSA szzA szxA NZSB szzB szxB
R =R,
NZSA' NZSB' szzA' szzB' szxA' szxB'

Figure 1. Orbital diagram representing the formation of N, along with contour plots of the
valence SCGVB orbitals for the ground (X12g+) state of the N, molecule at R = oo (separated

atoms) and R = R . Contours are shown from 0.025 to 0.25 in increments of 0.025.
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Figure 2. Overlaps of the (N2p_', N2p_") and
(N2p ', N2p ") bond orbitals as a function of the

internuclear distance R. A vertical line is drawn at Re
=1.101 A.
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Figure 3. Branching diagram for the Kotani spin
functions. The path to any (7., S) combination is
defined by the arrows. The number in the circle is the
number of linearly independent spin function for the

given (74, S) combination.
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Figure 4. The spin coupling weights, w,, = cg,k, for the Kotani spin functions of the
SCGVB wave function for N, as a function of R. The weight of the dominant spin coupling
is plotted in blue; those of the minor spin couplings are plotted in red. The spin coupling
coefficients are plotted for two different orderings: molecular and atomic; see the text. A
vertical line is drawn at R = 1.101 A.
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Figure 5. Contour plots of the bond orbitals for the ground (X'Z") states of the BH, FH

and LiF molecules. Contours are shown from 0.025 to 0.25 in increments of 0.025.
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Figure 6. Orbital diagram representing the formation of Cz along with contour plots of the
valence SCGVB orbitals for the ground (X'Z,") state of the C> molecule at R = oo and R =

Re. Contours are shown from 0.025 to 0.25 in increments of 0.025.
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Figure 7. Orbital diagram representing the formation of Bez along with contour
plots of the valence SCGVB orbitals for the ground (X!Z,") state of the Be:
molecule at R = © and R = Re. Contours are shown from 0.025 to 0.25 in

increments of 0.025.
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Figure 8. The SF sequence from SF to SF, Geometrical parameters from
CCSD(T)/RCCSD(T) calculations with the aug-cc-pVQZ basis set.
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Figure 9. The SCGVB natural orbitals (n_ = 1.98) describing the left (/) and right (r)
bonds in the SF,(a 3B1) state (top row) The corresponding delocalized orbitals are plotted
in the middle row. The SCGVB MO diagram describing these two bonds is pictured in the
bottom row where it is contrasted with the Rundle-Pimentel-Pitzer diagram.
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Figure 10. Contour plots of one of the six SCGVB =n
orbitals for benzene: (6a) top view of the orbital and
(6b) side view of the orbital. Contours are shown from
0.025 to 0.25 in increments of 0.025.
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Figure 11. Rumer diagrams and percentage weights for the cyclopentadienyl anion (CSH;
) molecule along with contour plots of one of the five SCGVB = orbitals. Contours are
shown from 0.025 to 0.25 in increments of 0.025.
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Figure 12. Contour plots of the symmetry-unique valence orbitals along the reaction path
(intrinsic reaction coordinate, /RC) for the Diels—Alder reaction between cis-butadiene and
ethene. Orbitals ¢,, ¢, and @, can be obtained from ¢,, ¢, and ¢, through reflections in
the o, plane passing through the midpoints of the ethylene and central butadiene C-C
bonds. Distances along the /RC in amu bohr. Contours are shown from 0.025 to 0.25 in
increments of 0.025.
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Figure 13. Potential energy curves for the ground state
of the N, molecules from MCSCF(SCGVB)+1+2
(blue) and full vCASSCF+1+2 (red) calculations with
the aug-cc-pVQZ basis set. The green curve (A) at the
top of the plot is the difference between the two

curves.
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