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The complete active space valence bond (CASVB) method is an approach for
interpreting complete active space self-consistent field (CASSCF) wave func-
tions by means of valence bond resonance structures built on atom-like local-
ized orbitals. The transformation from CASSCF to CASVB wave functions
does not change the variational space, and thus it is done without loss of infor-
mation on the total energy and wave function. In the present article, some
applications of the CASVB method to chemical reactions are reviewed follow-
ing a brief introduction to this method: unimolecular dissociation reaction of
formaldehyde, H,CO — H,+CO, and hydrogen exchange reactions, H,+X —
H+HX (X=F, Cl, Br, and I). :

1. INTRODUCTION

The complete active space self-consistent field (CASSCF) method is one of
the electronic structure theories that is employed most frequently in the study of
chemical reactions. This method is feasible and gives potential energy sur-
faces of good quality, and hence it is also used as a starting point for
higher-level multireference methods. In fact, the CASSCF method has many
advantages: (1) it is well defined on the whole potential energy surface of a
chemical reaction if an appropriate active space is chosen; (2) it is applicable to
excited states as well as the ground state in a single framework, and (3) it pro-
vides size-consistent results, etc. However, it often generates too many con-
figurations, and therefore there is a problem as to how we could extract a
chemical description from the lengthy CASSCF wave functions.

The complete active space valence bond (CASVB) method [1,2] is a solution
to this problem. Classical valence bond (VB) theory is very successful in pro-
viding a qualitative explanation for many aspects. Chemists are familiar with
the localized molecular orbitals (LMO) and the classical VB resonance concepts.
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If modern accurate wave functions such as CASSCF can be represented in terms
of such well-known concepts, chemists’ intuition and experiences will give a
firm theoretical basis and the role of computational chemistry will undoubtedly
expand.

The CASVB functions can be obtained by transforming the canonical
CASSCF functions without loss of energy. First we transform the CASSCF
delocalized MO to localized MO using the arbitrariness in the definition of the
active orbitals. Then we perform the full configuration interaction (CI) calcu-
lation again in the active space. Here, we also use the arbitrariness in the defi-
nition of the expansion configuration functions. The configuration functions
used are spin-paired functions based on the LMOs. This form of spin eigen-
functions plays a special role in the VB method. The CASVB wave functions
can be readily interpreted in terms of the well-known classical VB resonance
structures. The total CASVB wave function is identical to the canonical
CASSCF wave function. In other words, the MO description and the VB de-
scription are equivalent, at least at the level of CASSCF. The CASVB method
provides an alternative tool for describing the correlated wave functions.

With this method, we clarified the electronic structures of the ground and ex-
cited states of benzene, butadiene, methane, and hydrogen molecules [1,2].
We also applied the method to valence excited states of polyenes [3] and their
cations [4]. In previous studies, we put our focus on the formalism of CASVB
and its applicability to molecules in their equilibrium structures.

Even today, however, it is not a simple task to obtain chemical pictures at the
transition state (TS) or along a reaction path. Discussion on the nature of TS is,
for instance, often conducted using other features such as molecular structures
and energy profiles rather than the wave functions themselves: if the bond
length at TS is closer to that of the product than reactant, it is called a late TS,
or if the reaction is highly exothermic, this reaction is assumed to proceed via
an early TS. These discussions are qualitative and ambiguous. A more
quantitative and clear-cut chemical description is necessary.

In this article, we present applications of CASVB to chemical reactions: the
unimolecular dissociation reaction of formaldehyde, H,CO — H,+CO [5], and a
series of hydrogen exchange reactions, H,+X — H+HX (X=F, Cl, Br, and I).
The method in this article is based on the occupation numbers of VB structures
that are defined by the weights of the spin-paired functions in the CASVB func-
tions, so that we could obtain a quantitative description of the nature of elec-
tronic structures and chemical bonds even during reactions.

In Sec. 2, we briefly survey the CASVB method. In Sec. 3, the CASVB
method is applied to the unimolecular dissociation H;CO — H;+CO and the
hydrogen exchange reactions Hy+X — H+HX (X=F, Cl, Br, and I), and the
applicability to the reaction is discussed. Conclusions are given in Sec. 4.
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2. OVERVIEW OF CASVB METHOD

We have proposed two types of CASVB method. The first one is a method
where the valence bond structures are constructed from orthogonal localized
molecular orbitals (LMOs) [1], and the second is one from nonorthogonal lo-
calized molecular orbitals [2].

The idea of CASVB is based on the fact that the densities of variational wave
functions are invariant under the transformations which hold the variational
space unchanged. In the CASSCF case, a complete active space (CAS) is
invariant under the linear transformation of active orbitals and also that of con-
figuration state functions (CSFs).

We may re-define the active orbitals utilizing the invariance of the active or-
bital space. In the CASVB with nonorthogonal LMOs, we employ Rueden-
berg’s procedure of projected localized MOs [6-8] and obtain quasi-atomic
CASSCF MOs that have maximal overlaps with atomic orbitals (AOs) of the
free atoms. Consider an AO, y,, centered on a nucleus A. Diagonalizing the
matrix,

Rj=<‘//i|ZA><ZA'V/j> (1)

in the CASSCF MO basis, y,, and choosing the eigenvector with the largest
eigenvalue gives the LMO, ¢,, which has the maximum overlap with y,. Simi-
larly, we can define @3, ¢c, ... . The LMOs, ¢,, determined in this manner are
nonorthogonal to each other. These atom-adapted LMOs are Ruedenberg
orthogonalized, but we leave them as nonorthogonal. On the other hand, in the
CASVB with orthogonal LMOs, we use LMOs produced by a Boys’ localiza-
tion procedure as {¢;} [9].

The full configuration space that is spanned by all possible configurations
generated from these quasi-atomic CASSCF MOs is identical to that of full CI
space that is constructed from the canonical CASSCF MOs. Thus, we use
{¢,} as orbitals from which a CASVB wave function is constructed. To obtain
the corresponding VB structures, we project a canonical CASSCF wave func-
tion onto a VB wave function. The projection does not modify the original
wave function but simply re-expresses it in the VB language. Let POASSCE b
CASSCF wave function,

CASSCE _ Zciq)iCSF , OFF = pSF ({‘/’z}) @

1

where ®,°5F are the configuration state functions constructed by the orthogonal
orbitals set {y;} and C; are the known CAS-CI expansion coefficients. Simi-
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larly define the CASVB function in terms of spin-paired functions as

P =3 40", OF =0 ({e}) 3)

where ®@,"® are spin-paired functions constructed by LMOs. The number of
independent spin-paired functions is equal to the dimension of CAS, and the
spaces spanned by {d),-CSF} and {CD,-VB} are identical. Since Eqgs. (2) and (3) are
different expressions of the identical wave function, we may write

Y A0 =) Cof. @)
J J

Left-multiplying Egs. (2) and (3) by CI),-CSF and integrating the products, we get
plying bBq p g

30,4, =C, with Q;=(0|@), )
J

whose dimension is equal to the dimension of CAS. Solving this linear equa-
tion, we obtain CASVB wave function PCASVE
The occupation number (or weight) of a VB structure is calculated with

n=4Y A, (6)
i

where S; are overlaps between the structures i and j, defined by

S, =(@*|0}), %)

and satisfies the normalization,

2m =1 ®)

i

Note that the occupation number 7n; could be negative because of the nonor-
thogonality of resonance structures.

Fig. 1 is a schematic expression of coefficient A; and occupation number #; in
a two dimensional case.

Thorsteinsson et al. also investigated the transformations of CASSCF func-
tions to modern valence bond representations [10-12]. They examined trans-
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Fig. 1. Schematic expression of coefficient A; and occupation number »; in a two dimen-
sional case: ¥ =AD" +A,D)°.

formations for which the total wave function is dominated by some VB struc-
tures (e.g. covalent structures) built from common products of nonorthogonal
orbitals. This method was also named “CASVB method.” Some recent
works of their CASVB method can be seen in review articles [13-15] and refer-
ences therein.

To obtain more insight into CASVB functions, let us consider the hydrogen
molecule as an example [2]. Fig. 2 shows CASSCF, orthogonal localized,
nonorthogonal localized, and generalized valence bond (GVB) molecular orbi-
tals obtained for active space CAS(2,2) with correlation consistent valence
double zeta (cc-pVDZ) basis set [16] at a bond distance of 0.7 A. We observe
that the orthogonal LMO is deformed significantly from the atomic 1s function
and has a small tail on the other hydrogen atom due to the orthogonality con-
straint. The orthogonality requirement between LMOs forces small anti-bond-
ing admixture from orbitals on neighboring atoms into each LMO. On the
contrary, the nonorthogonal LMO looks very much like an atomic 1s function
(the overlap is 0.9859) and the LMOs overlap strongly with each other (0.7775).

The CASSCF wave function for the hydrogen molecule is written as,
|CASSCF) =0.99485" —0.10215**, )

This wave function is transformed to CASVB function with orthogonal LMOs,
|CASVBg,y0) =0.77995 | 0y, 0, (@ - B | /2

+0.4426( A | 9y, oy @B |+ | 9y, 0,08 ) (10)
=0.6082[H, —H,]+03918{[H; H;]+[H; H;]},



60
and with nonorthogonal LMOs,

CASSCF MOs

Nonorthogonal localized MOs

- mn e are e ——

T T T T

i L

Generalized valence bond MOs

Fig. 2. CASSCF, orthogonal localized, non-orthogonal localized, and generalized valence
bond molecular orbitals for the hydrogen molecule.
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|CASVB,00) = 0.912457 [ 9y, @4 (a8 — B} | /N2
+O.0503(&([¢HA(/)HAaﬂ:|+&([¢HB¢HBaﬂ]) (11)
=0.9122[H, -H,]+0.0878{[H, H;]+[H; H; ]},

where the numbers before the VB structures are occupation numbers n; (Eq. (6))
and <f denotes the antisymmetrizer. Nonorthogonal LMOs change the
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Fig. 3. CASVB description for the ground and 7—=* singlet excited states of benzene.
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picture of ionic-covalent resonance dramatically from CASVB with the or-
thogonal LMOs. Orbital relaxation increases the covalent character of the HH
bond and decreases the ionic character. Thus, the nonorthogonal description
seems more reasonable conceptually.

The GVB function is also an equivalent expression to the CASSCF and
CASVB functions in the CAS(2,2) case. In the GVB description, the wave
function is written by the covalent structure only,

|GVB) = ot [ 0, 0, (@B - fe) | /N2 =[H, -H,], (12)

and no ionic structure contribution. The orbitals are distorted compared to the
nonorthogonal LMOs due to this unphysical constraint.

For one more example, a CASVB description for benzene is given in Fig. 3.
See Refs. 1 and 2 for the computational details. The CASVB affords a clear
view of the wave functions for the various states. The excitation process is
represented in VB theory in terms of the rearrangement of spin couplings and

¢H2 (le

Fig. 4. The nonorthogonal LMOs at the equilibrium structure of H,CO determined with
Ruedenberg’s projected localization procedure.
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charge transfer. The former generates the covalent excited states and the latter
gives rise to the ionic excited states, in which the covalent bond is broken and a
new ionic bond is formed. Thus, the singly, doubly, ... , polar structures are
generated from their respective parent ground state covalent (nonpolar), sin-
gly, ... , polar structures.

The ground state is represented by two covalent Kekulé structures as ex-
pected. The lowest excited leu' state is again described by a combination of
the Kekulé structure. There are no significant contributions from the Dewar
structures or the corresponding orthopolar structures. The linear combinations
of the two equivalent Kekulé structures generate the plus and minus states.
Their positive combination gives rise to the totally symmetric lAzg" ground state,
while the negative combination yields the excited IBZ‘,' state. The second and
third z—=z* excited states are described by a number of ionic structures. There
is no contribution from the covalent structures. The ionic character of these
states can easily be found from a CASVB description. The highest valence
excited states are the covalent IEzg_ state. The state has a predominantly De-
war character with no contribution from the Kekulé structures. Thus, the Ke-

q)HZ (pﬁl

e s — uroes mesome —_

Fig. 5. The nonorthogonal LMOs at the TS structure of the H,CO — H>+CO reaction.
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kulé structures dominate the ground state and the singly excited 1B,, state
while the Dewar structures dominate the doubly excited degenerate lEzg_ states.
The states described by Dewar structures are described by doubly, triply, ...
excitations in an MO language.

In this article, we use only the CASVB description with nonorthogonal
LMOs. Thus, it is hereafter referred simply as CASVB functions.

3. APPLICATION TO CHEMICAL REACTIONS

In this section, we examine how the electronic structures of molecules during
chemical reactions are described by the CASVB method and how they are ana-
lyzed with the VB language. Two examples are shown: one is the unimolecu-
lar dissociation reaction of formaldehyde, H,CO — H,+CO [5], and the other is
the hydrogen exchange reactions, H,+X — H+HX (X=F, CI, Br, and I).

Table 1
Spin-paired functions and VB structures of formaldehyde (Normalization and phase
factors are omitted.)

Spin-paired function VB structure
e Pcr (O — P) -0, P (@ — Pr) H,—C—H, D
- Per P (B — P
P29 OB PorPuu H C—H, a
¢c1¢c1aﬂ'¢c2¢m(aﬂ_ ﬂa)
ap: @@ (aff = po)
¢H2 ¢H2 ct ¢H1 H; +C_H1 (II[)
Dy Puz aﬂ' Per P (aﬁ - ﬂa)
(af — fer) 9, P
P Per (AP — ) - 0cy 9, H, C °H, av)
P ¢c1(aﬂ_ :Ba) : (Dcz(oczaﬂ
(o - per)- Q
Py P (O — P - @y, P 0P } H,—C' H, W)
P Pci(af— PA) O Pt
P2 Per AP Py @i O H, C "H, (VD
P ¢Hzaﬂ'¢m¢maﬂ H; Ct _Hl % 1))
P P (0 — ) -0, 0, 2
O O (0 — ) - @, 0y (@B~ Par) ¢ H, C H,; (vi
¢m¢ﬂ1(aﬂ_ﬂa) '¢c1¢c1aﬂ
PP Oc9c(@f - fa) H; C H, (IX)
P P OB - PPy (@ = ) H, C 'H, X
Dy Pz aﬂ P Pen aﬂ
Pz P OB P 18 The other (doubly polarized) )

P2 Pea aﬁ O ¢Hlaﬂ
Dy ¢c1aﬂ' P P [lﬂ

structures
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3.1. Unimolecular dissociation reaction of formaldehyde H,CO — H, + CO

This reaction is Woodward-Hoffmann forbidden and proceeds via a highly
asymmetric TS structure. Diabatically H,CO (IAI) dissociates to H, (12g+) +
CO (IH), while H, (1Zg+) and CO (12+) interact repulsively and correlate with an
excited state of H,CO. An avoided-crossing of these two diabatic potential
energy surfaces gives rise to a barrier for dissociation on the adiabatic ground
state potential energy surface.

A qualitatively correct description of the dissociation process requires at least
four active electrons in the two CH bonds of H,CO. During the dissociation
process, two electrons, one from each CH bond, pair up to form the HH bond
while the other two form a lone pair on C in CO.

The basis set used is Dunning’s cc-pVDZ [16]. The CASSCF wave func-
tion was obtained with CAS(4,4). The geometries of the equilibrium and TS
structures were determined with this basis set and active space. The orbitals
were then localized in the active orbital space. The orbitals were transformed
so as to have maximum overlap with two carbon sp® orbitals and hydrogen 1s
orbitals. The sp” orbitals were used with the fixed hybridization ratio of 2s to
2p orbitals (1:2) and with a fixed angle of 120° relative to the CO axis

Equilibrium Transition state
H

N\, ' '
H/C— ] 0.3891 'H\’\=o
H\c r 7

0.6748

H, H*
+0.3506 =0 + Tt=o0 +0.1973 |y, +0.0442 |,
Wt / | -t==o0 Ne—=o0
[ H H, H 1
. N\ -
-0.0657 /c=c + =0 +0.0907 |y -00179 |,
. -
{ H H L \C=O 1 *C==0
[ H, H_ H+ H
+0,0057 T==0 .0.0186 t=o0 +00036 |, -0.0159 |,
3 H H -t==0 +€=O

rH R ;
-0.0111 C===0 +0.2232 H/

H_ H, H H
-0.0036 C=0 + C==0 +0.0544 | * +0.0041 |
Cc==0

Fig. 6. The CASVB descriptions at the equilibrium and TS structures. The numerical
values are occupation numbers.
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throughout the reaction. The resulting orbitals are shown in Figs. 4 and 5.
All the orbitals are well localized on the atomic centers, except LMOs on the
carbon atom, which have a small contribution from the oxygen 2p orbital.

There are 20 linearly independent spin-paired functions corresponding to the
dimension of CAS(4,4), which are listed in Table 1. Structures (I) to (VII) are
classified as CH bond structures and the structures (VIII) to (X) as HH bond
structures. Structure (XI) is classified as neither of the above, since these
structures can be regarded both as structures polarized further from one of (II)
to (V) and (IX) to (X).

The CASVB wave functions obtained for the equilibrium and TS structures
are given in Fig. 6.

In the equilibrium structure, the main VB structure is the covalent CH bonds
structure (I) as expected. The second most important are those where one of
the CH bonds is connected with a covalent bond and the other with an ionic
bond made by electron transfer from the hydrogen atom to the carbon atom, (II)
and (IV). In contrast, the contribution from the structures that describe elec-
tron transfer from the carbon atom to a hydrogen atom is small and negative.
The contribution from the HH bond structure (VIII) and ionic structures, (IX)
and (X), is very small. The total occupation number of CH bonds is 0.9654,
while that of HH bond is —0.0147. This indicates almost no bond formation
between two hydrogen atoms in the equilibrium structure.

In the TS structure, the main structure is still the covalent structure (I), al-
though the occupation number decreases. The structure (II), where the longer
CH bond is covalent and the shorter CH bond is ionic, is also important, but

1.0
e
S 0.8
E | o ,
c /
L o.4
=
(5]
o a5 —a—a—=
3
3 0.2
e X
© 0.0 os—uao-aF
-3.0 -2.0 -1.0 0.0 1.0

IRC / bohr(amu)'’?

Fig. 7. Changes in the occupation numbers of the covalent CH bonds (e), ionic CH bonds
(m), covalent HH bond (©), ionic HH bond (o), and the other (doubly ionic) (x) VB struc-
tures of H,CO along IRC. The origin of the horizontal axis corresponds to the TS and the
left end to the equilibrium structure of formaldehyde.
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their occupation numbers also decrease. One the other hand, the structure (IV),
where the shorter CH bond is covalent and the longer CH bond is ionic, is no
longer important. The total occupation number of CH bonds structures is
0.6893, which shows a decrease from the value in the equilibrium structure
0.9654, but it is still large. The total occupation number of HH bond struc-
tures is 0.2817. Much of it comes from the covalent contribution (VIII),
0.2232. The contribution from the CH bonds overwhelms the contribution
from the HH bond in the TS.

The occupation numbers of the covalent CH bonds, ionic CH bonds, covalent
HH bond, ionic HH bond, and the other (doubly ionic) structures are defined by

i
nCovalent CH = nI ’ n’Ionic cH = Z nS ’ (13)
S=1I
nCovalem HH — nVIII ’ n’IonicHH = nIX + nX > (14)
and
nDoubly Pol. — nXI . (15)

Using Eqgs. (13) and (14), we may further define the total occupation numbers of
the CH and HH bond structures,

o —0—9.

o e
2 0.8

£

=

Z 0.6

o

S 0.4
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s

2 0.2

o D aa

0.0 o
-3.0 -2.0 -1.0 0.0 1.0

IRC / bohr(amu)”2

Fig. 8. Changes in the occupation numbers of the total CH bonds (), total HH bond (0),
and the other (doubly ionic) (x) VB structures of HyCO along the IRC.
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Fig. 9. The structure where the total occupation numbers of the CH bonds and HH bond
valence bond structures are equal. The hydrogen atoms not bonded to the carbon atom
represent the position at the TS.

nCH = nCovaIent CH + n’]onic CH» n’HH = n’Covalent HH + n’Ionic HH - (16)

Fig. 7 shows the changes in the occupation numbers of the covalent CH
bonds, ionic CH bonds, covalent HH bond, ionic HH bond, and the other (dou-
bly ionic) structures along IRC. The origin of the horizontal axis corresponds
to TS and the left end of each curve to the equilibrium structure. The occupa-
tion numbers of CH and HH covalent bond structures change rapidly near TS
and the curves cross immediately after TS (0.1 bohr(amu)m), while the occupa-
tion numbers of CH and HH ionic bond structures change slowly.

Fig. 8 shows the changes in the total occupation numbers of the CH and HH
bond structures along the IRC. The crossing point is located after TS, 0.42
bohr(amu)'>. The structure at this point is given in Fig. 9. Compared to the
TS, the longer and shorter CH bonds have stretched by 0.14 and 0.06 A, respec-
tively, and the HH bond has become shorter by 0.18 A. These bond lengths
are 1.03, 1.62, and 1.80 times longer than the corresponding equilibrium CH
and HH bond distances. That point is the structure where the bonds switch; in
other words, the point is the transition state of chemical bond between the CH
bonds and HH bond.

The results here demonstrate the total occupation number defined in Eq. (16)
is a useful concept for studying quantitative description of chemical bonds at TS
and along reaction paths.
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3.2. Hydrogen exchange reactions H,+X — H+HX (X=F, Cl, Br, and I)

In the previous subsection, we applied the CASVB method to the unimolecu-
lar dissociation reaction H,CO — H, + CO, and examined how chemical bonds
and electronic structures are described along the chemical reaction path. Our
focus was on the chemical bond nature in the transition (TS) structure, that is,
which bonds are dominant in TS, the dissociating CH bonds or the forming HH
bond. The CASVB method shows that CH bonds are dominant in TS, based
on the contribution of the VB structure of each bond. This kind of question is
not easily answered using the CI picture with canonical molecular orbitals
(MOs), and hence this is an example that demonstrates CASVB as a useful tool
for analyzing electronic structures and chemical bond during chemical reactions.
However, in this reaction the dissociating and forming bonds are both of cova-
lent nature, that is, the bias of the charge is not so large, and thus the description
is relatively easy compared to the reaction including ionic bonds.

In the this subsection, we examine a series of reactions including ionic bonds,

H,+F — H+HF, (R1)
H,+Cl — H+ HC], (R2)
H, + Br —» H + HBr, (R3)
H,+1 —H+HL (R4)

The reaction for fluorine (R1) is highly exothermic, while the reactions for
chlorine (R2), bromine (R3), and iodine (R4) are endothermic. The heats of
these reactions are 30.8, —1.2, —16.7, and —32.7 kcal/mol for reactions (R1),
(R2), (R3), and (R4), respectively. According to Hammond’s postulate, reac-
tion (R1) should have an early TS, and reactions (R2) and (R3) should have late
TSs. On the other hand, the electronegativity (in Pauling’s definition) for
hydrogen, fluorine, chlorine, bromine, and iodine are 2.2, 4.0, 3.2, 3.0, and 2.7,
respectively. This suggests that all the reactions (R1)-(R4) might have early
TSs, since halogen atoms tend to receive an electron and form the bond with a
hydrogen atom at early stage. What the electronic states are during these reac-
tions, and how the CASVB method describes the electronic structure, are our
interests in this subsection.

We first determined IRC for each reaction and then obtained the CASVB
functions along IRC.

The basis sets used in the reactions including F and Cl are the augmented
correlation consistent polarized valence double zeta (aug-cc-pVDZ) sets [16].
In the reactions including Br and I, the relativistic effective core potential (ECP)
due to Stevens et al. [17,18] and their associated basis sets were used for Br and
I, and the cc-pVDZ set for H. The basis sets of Br and I were augmented by
adding a d polarization function with an exponent of 0.389 (Br) / 0.266 (I) and
sp diffuse functions with an exponent 0.03574 (Br) / 0.03007 (I). The diffuse
p polarization function of the aug-cc-pVDZ set of H was omitted for consis-
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tency with the Br and I basis sets.

The active spaces were constructed by distributing three electrons in three
orbitals consisting of H;(1s), Hy(1s), and X(2po), i.e. CAS(3,3). The dimen-
sion of the CAS is eight. According to this CAS, eight linearly independent
VB structures,

Gu, Ou, (@B~ B)-pea H,-H, X, ®
Pu, P, OB 0yt H, H, X, i)
Pu, P, 0B - Pyt H, 'H, X, am
Pu, @ Pu, Px(@f - Pa) ﬁA Hy -X, )
Pr, @ O, O, O H, H, 'X, V)
Py, O OxPxaf PiA Hy X, (VD)
P, - PP AB H, H, X, (VI
and
O, Pu O 0@ H, H, ‘X, (V)

were used to construct CASVB functions, where the normalization constants
and antisymmetrizers are omitted.

The contributions of the covalent HyHg bond, ionic HyHg bond, covalent
HpX bond, ionic HgX bond, and ionic HyX bond are defined by

Neovatent HH = Ty Pyonic B, 1, = M T P » 17
Peovatent Hgx = Ty » Ppnicupx = My + 1y, (18)
and

PionicH,x = v T Pym - (19)

Furthermore, the contributions of the total HyHg and HgX bond structures are
defined by the sums of the covalent structure (I)/(IV) and ionmic structures
(ID/(V) and (IID/(VI),

My, 1, = Meovatent HyHy T Monic H,Hy » yx = Meovatent HyX T+ Phonic HyX - (20)
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Table 2
Occupation numbers of the VB structures in the products

(H+) HF (H+) HC1 (H+) HBr (H+) HI
H H-X V) 0.538 0.710 0.752 0.786
H H X (V) -0.018 0.041 0.064 0.101
I:I H X (VD 0.480 0.249 0.184 0.113

Let us first examine the electronic structure at the TS structure of the four re-
actions as well as those at the reactant and product structures.

The nonorthogonal LMOs were determined in the same manner as in the pre-
vious subsection. The atomic orbitals used for the determination are two 1s
orbitals of the hydrogen atoms and 2p(o) orbitals of the halogen atom. All the
overlaps between the atomic orbital (AO) and the nonorthogonal LMO are
greater than 0.9 (0.9004 at minimum). The molecular orbitals are therefore
well localized.

The reactant in all the reactions is the system consisting of a hydrogen mole-
cule and a halogen atom. Since the hydrogen molecule is expressed with VB
structures as

¥, =0.889 oy, 0y, (@B SN2 |+0.111[ gy @y aB+00,00,08],  (21)

Table 3
Occupation numbers of the VB structures at the TS

H+H+F H+H+Cl H+H+CI H+H+Cl

H-H X O 0.485 0328 0217 0.172
H* “H X M 0.053 0.059 0.043 0.034
H *H X (D 0.017 ~0.022 ~0.023 -0.019
H H-X (V) 0.252 0.385 0.514 0.591
H Hx V) -0.005 0.018 0.042 0.073
H H X VD) 0.147 0.155 0.142 0.100
H H X (VD 0.006 0.013 0.011 0.010
H H "X (VI 0.045 0.064 0.053 0.039

HH bond 0.555 0.365 0.237 0.187

HX bond 0.394 0.558 0.698 0.764

Others 0.051 0.077 0.064 0.049
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the reactant is written as

Y =0.889[(I)] +0.111[(1T) + (LT)] (22)

Reactant

in all the reactions.

On the other hand, the products are the systems consisting of a hydrogen
atom and a hydrogen halide. The VB structures are summarized in Table 2.
As mentioned before, the electronegativities of all the halogen atoms are larger
than that of the hydrogen atom. In particular, the difference between the elec-
tronegativity of F and H atoms, 4.0 and 2.2, respectively, is rather large.
Hence, the bond nature of the HF molecule is thought to be ionic. However,
the covalent nature is found to be dominant in all the hydrogen halide in the
CASVB picture, even in the case of HF.

Table 3 shows the VB structure at the TSs of H,+X — H+HX. Just as for
the equilibrium structures, the covalent VB structures are dominant: the struc-
tures are well described by the superposition of the HH and HX covalent struc-

H2+F—>H+HF

H2+CI—>H+HCI
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Fig. 10. Changes in the occupation numbers of the total HH bond (e), total HX bond (0),
and the other (x) VB structures along IRC. The origin of the horizontal axis corresponds
to the TS.
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ture with small H'H and H'X" ionic contributions.

Using Eq. (20), these structures are further classified as the HH and HX
bonds, as shown in Table 3. For X=F, the contribution of the HH bond
(55.5%) is larger than that of the HX bond (39.4%). This relation is reversed
for X=Cl, Br, and I. The contribution of the HH bond increases as the halogen
atom becomes heavier (55.8 (Cl), 69.8 (Br), and 76.4% (I)). This means that
the TS of chemical bonds (that is, the point where the occupation numbers of the
two chemical bonds are equal) defined in the previous subsection is placed in
the reactant side in the X=F case and in the product side for the case of X=Cl,
and it shifts more to the product side as the halogen atom becomes heavier.

We now examine the bond nature during the reactions.

Fig. 10 shows the changes in the total occupation number of the HH and HX
bond structures along the IRC. Similarly to the previous reaction, the occupa-
tion numbers of the HH and HX bond structures change rapidly and the curves
cross near the TS. The crossing points are located at 0.07, —0.11, —0.25, and
—0.33 bohr(amu)"? for X=F, Cl, Br, and I, respectively, where a negative sign
means the crossing point is located before the TS and a positive sign after the
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Fig. 11. Changes in the occupation numbers of the covalent HH bond (e), ionic HH bond
(m), covalent HX bond (©), ionic HX bond (o), and the other (x) VB structures along the
IRC.
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TS. We can see the trend that the crossing point shifts from the reactant side
to the product side as the halogen atom gets heavier. (We can also consider
that the TS shifts from the product side to reactant side if we take the crossing
point as the origin.)

The changes in the contents of the HH and HX bonds are plotted in Fig. 11.
As expected in these reactions including ionic bonds, the contribution of ionic
bond increases as that of the covalent bond increases. This feature contrasts
with that in the dissociation reaction of H,CO, where the ionic bonds do not
change so much. However, the crossing point of HH and HX covalent bonds
are still close to that of the HH and HX bonds in Fig. 10. Thus, also in these
reactions, we can say that the covalent bonds are mainly responsible for deter-
mining the crossing points.

To analyze the crossing points, that is, the TS structures of the HH and HX
bonds, we further examine the geometrical changes of the HH and HX bonds
and the dipole moment of the systems.

Fig. 12 presents the difference of the HH and HX bond lengths from the
equilibrium lengths along the IRC. It is rather difficult to determine the point
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Fig. 12. Differences of the HH (¢) and HX (e) bond lengths from the equilibrium lengths
along the IRC.
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Fig. 13. Changes in dipole moment of the systems along the IRC.

that characterizes the TS. However, for qualitative discussion, the crossing
points of the curves are enough to be the characterizing points: they are located
at 0.20 (X=F), —0.02 (CI), —0.14 (Br), and —0.25 bohr(amu)'? (I). The trend in
these positions is similar to the crossing points of the HH and HX bonds. The
same can be seen in the changes in dipole moment of the systems plotted in Fig.
13. The curves are drawn so that either dipole moment value for HH+X or
H+H®X™® could be smooth. The crossing points are considered the points
where the charge transfer from H to X occurs (in other words, the points where
the electronic structure changes drastically). The points are located at 0.19
(X=F), 0.04 (C1), —0.04 (Br), and —0.13 bohr(amu)"? (1).

We have now another TS, the TS of the HH and HX bonds, besides the real
TS. What is the significance of this TS?

If we measure the crossing points in Figs. 12 and 13 from the crossing points
of the HH and HX bonds, the values become 0.13 (F), 0.09 (Cl), 0.11 (Br), and
0.08 (I) for geometrical change, and 0.12 (F), 0.15 (Cl), 0.21 (Br), and 0.20 (I)
for dipole moment. The ranges of the values are 0.05 for the former numbers
and 0.09 for the latter numbers. These are rather small compared to those for
the numbers measured from the real TS: 0.45 and 0.32. We may therefore say
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that the TS of chemical bonds reflects the geometrical and electronic structure
information more than the real TS. If we consider Hammond’s postulate,
probably we should not say that the TS of chemical bonds are shifted from the
real TS, but instead say that the real TS is shifted from the TS of chemical bonds
due to the systematic changes in heat of the reaction.

4. CONCLUDING REMARKS

In this article, we investigated the nature of bonds at TS and during the
chemical reaction using the CASVB method with nonorthogonal LMOs. The
nature of bond dissociation and formation can be viewed quantitatively by the
use of the occupation number of the VB structure, which is defined by the
weight of the spin-paired function of VB structure. The results in the previous
section demonstrate that the occupation number is a useful concept for studying
quantitative descriptions of chemical bonds at TS and along reaction paths.
This analysis is applicable to reactions involving excited states as well as just
the ground state. We believe that the CASVB occupation number analysis is a
useful tool for understanding chemical reaction mechanisms.
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