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Abstract

A complete active space valence bond (CASVB) method with orthogonal and non-orthogonal orbitals is applied to
the collinear exchange reaction H+ H, — H, + H and the unimolecular dissociation H,CO — H, + CO. The bond
nature during the reactions is analyzed using the occupation number (weight) of the valence bond resonance
structures. The CASVB descriptions with orthogonal and non-orthogonal orbitals give a similar picture, although the
ratio of covalent vs. ionic bonds are quite different. In the H,CO — H, + CO reaction, the CH bond dissociation
and HH bond formation occur after passing through the transition state. CASVB gives a clear understanding of
reaction mechanisms in terms of competing bonding schemes whose weights change along the intrinsic reaction
coordinate. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction tireference cluster expansion, and multireference

perturbation methods for PESs. Even today, how-

To understand chemical reaction mechanisms
it is crucial to obtain accurate potential energy
surfaces (PESs). At present we can choose from
methods at various levels, from Hartree—Fock to
multireference-based techniques such as multiref-
erence configuration interaction (MRCI), mul-
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ever, it is not a simple task to obtain chemical
pictures at the transition state (TS) or along a
reaction path. The modern electronic structure
theories mentioned above certainly yield PESs
with high accuracy, but their wave functions are
usually so complicated that we cannot easily ex-
tract a chemical picture from the wave functions.
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
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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.
Recently we have proposed a complete active
space valence bond (CASVB) method as a tool
for interpreting the complete active space self-
consistent field (CASSCF) wave function [1,2].
CASSCF is a method often used in examining
potential energy surfaces of chemical reactions.
In fact, this method is feasible and gives surfaces
of good quality, and is also used as a starting
point for higher-level multireference methods.
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 size-consistent; and
(3) it is applicable to excited states as well as the
ground state in a single framework. However, it
often generates too many configurations. There
is, therefore, a problem in extracting a chemical
description from the lengthy CASSCF wave func-
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tions. CASVB is a sotution to this problem. In the
CASVB method, the CASSCF wave functions are
transformed into the superposition of valence
bond resonance structure, composed of atomic-
like orbitals without any loss of the quality of
CASSCEF. The energies ECAS5CF and the densities
| WCASSCE |2 are unchanged in the transformation.

With this method, we clarified the electronic
structures of the ground and excited 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 the molecules in the equilibrium structures. In
this article, we present the application of CASVB
to chemical reactions. The main purpose of the
present article is to propose a quantitative mea-
sure of the chemical picture at TS and along the
chemical reaction paths.

In Section 2, we briefly survey the CASVB
method. We can obtain orthogonal and non-or-
thogonal atomic-like localized orbitals by applying
Boys’ localization procedure [S] and Ruedenberg’s
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Fig. 1. Orthogonal localized orbitals of H; at the reactant/product and transition state structures determined with Boys’

localization procedure.
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projected localization method [6—8], respectively.
In Section 3, the CASVB method with orthogonal
and non-orthogonal localized orbitals is applied
to the collinear exchange reaction H+ H, = H,
+ H and the unimolecular dissociation H,CO —
H, + CO, and the applicability to the reaction is
discussed. Conclusions are given in Section 4.

2. Brief overview of CASVB method with
orthogonal and non-orthogonal orbital sets

We have proposed two types of CASVB method
[1,2]. The first one is the valence bond structures
constructed from orthogonal localized molecular
orbitals (OLMOs), and the second is the struc-
tures written with non-orthogonal localized
molecular orbitals (NLMOQOs). These are hence-
forth referred to as OLMO-CASVB and NLMO-
CASVB, respectively.

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
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case, a complete active space (CAS) is invariant
under the linear transformation of active orbitals
and also that of configuration state functions
(CSFs).

We may re-define the active orbitals utilizing
the invariance of the active orbital space. In the
OLMO-CASVB method, the localized molecular
orbitals (LMOs) constructed by Boys’ localization
procedure are used [5]. If the active orbitals are
defined appropriately, the LMOs nearly always
turn out to be localized on a single atomic center
with small localization tails onto neighboring
atoms. In the NLMO-CASVB case, the atomic-
like orbitals are constructed by Ruedenberg’s pro-
jected localization procedure [6-8].

Let WEASSCE be a CASSCF wave function

WCASSCF — Y~ € CSF | OSF = pCSF({ o)) (1)

where ®5F are the configuration state functions
constructed by the orthogonal orbitals set {¢;}
and C,; are the known CAS configuration interac-
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Fig. 2. Non-orthogonal localized orbitals of H; at the reactant/product and transition state structures determined with Rueden-

berg’s projected localization procedure.
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tion (CD) expansion coefficients. Similarly define
the CASVB function in terms of spin-paired func-
tions as

WCASVE — ¥ 4 DVE ®YB = dYB({A,}) 2

1

where @B are spin-paired functions constructed
by LMOs. The number of independent spin-paired
functions is equal to the dimension of CAS. The
spaces spanned by {®F5F} and {®)®} are identical.
Since Egs. (1) and (2) are different expressions of
the identical wave function, we may write

T A0 = ¥ C;0°5F. 3)
i J

Left-multiplying Eqgs. (1) and (2) by ®SF and
integrating the products, we get

LO;A;=C with Q,;=(PFFIO®),  (4)
J

whose dimension is equal to the dimension of
CAS. Solving this linear equation, we obtain
CASVB wave function WASVE_ In the OLMO-
CASVB case, we can use the common set of
(Boys’) LMOs as {¢;} as well as {A;]} since the
LMOs remain CASSCF MOs. In that case, the
linear Eq. (4) reduces to a set of linear equations
for each orbital configuration, and the matrix )
for each linear equation becomes a triangular
matrix depending only on spin configurations. The
linear Eq. (4) can, therefore, be solved with ease,
compared with the NLMO-CASVB case.

The occupation number (or weight) of a reso-
nance structure is calculated with

n;=A; ZsijAj: (3
J

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

5, = (DYBIDYB) 6)

and satisfies the normalization,

Table 1
Spin-paired functions and resonance structures of H, (nor-
malization and phase factors are omitted)

Spin-paired function Resonance structure

ounun(aB— Ba) guca  Ha—Hp He ®
@i Pas 2B Pc @ HZ "Hg I:IC Y
‘PHA‘PHAC'B"PHCa H; +HB I:IC (IID
P Oy Pucl @ — Ba) l'.IA Hy-H¢ )
PHa @ Phip Pra @B H, Hp "Hc )
Plia @ Pric Py AP H, HE "Hc (VD
PHe @ PHC PHC af HE HB _HC (VID
Oha Pua OB Pup @ Hi Hy "H¢ (VIID

Yon,=1. @)

Note that the occupation number n; could be
negative because of the non-orthogonality of res-
onance structures.

Thorsteinsson et al. also investigated the trans-
formations of CASSCF functions to modern va-
lence bond representations (they also call it
CASVB) [9-11]. They examined transformations
for which the total wave function is dominated by
some VB structures (e.g. covalent structures) built
from a common product of non-orthogonal or-
bitals.
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Fig. 3. Changes in the occupation numbers of the covalent
H,Hy bond (e), ionic HyHy bond (M), covalent HyH,
bond (O), ionic HzgH¢ bond (1), and ionic HyH (X)
valence bond (VB) structures of H; along the intrinsic reac-
tion coordinate (IRC) in the OLMO-CASVB case. The origin
of the horizontal axis corresponds to the transition state.
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3. Application to chemical reactions
3.1. Collinear exchange reaction H + H, > H, + H

The first example is the collinear exchange
reaction H+ H, — H, + H, which proceeds via a
symmetric transition state.

A number of potential energy surfaces have
been obiained smce The early works by L and
co-warkers {12-15]. Recently benchmark calcula-
tions were carried out by Peterson et al. using the
multireference configuration interaction method
[16]. They obtained 9.62 kcal /mol for the barrier
height of the reaction, in very good agreement
with the quantum Monte Carlo value, 9.60
kead Sk 7 A vahance e anetied ahopiing
another philosophy has also been applied to the
electronic structure at TS of this reaction [18,19].

To obtain a CASVB description, we first carry
out a standard CASSCEF calculation. The basis set
used is Dunning’s correlation-consistent valence-
double-zeta plus polarization basis set {cc-pVDZ)
[20,21]. Three electrons are distributed among
three 1s orbitals of hydrogen to construct the
active space. The reactant, product, and TS struc-
ture of this reaction are determined with the
same method. The reactant and product struc-
tures of the H; sapersysiem are deduced from a
hydrogen molecule H, with a bond length of
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Fig. 4. Changes in the occupation numbers of the covalent
HpHy bond (e), ionic HyHy bond (M), covalent HgH
bond (Q), ionic HgH¢ bond (Q), and ionic HyH (x) VB
structures of H; along the IRC in the NLMO-CASVB case.

Qccupation Number

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
IRC / bohr(amu)' '*

Fig. 5. Changes in the occupation numbers of the total H, Hy
bond (e), total HgH¢ bond (O), and ionic H Hc (X) VB
stmchues, of. He., along the TRC in, the, QLMQCASVR, 2asa.,

0.7705 A and a hydrogen atom H. The HH dis-
tance is computed to be 0.9679 A for the TS. The
calculated barrier height is 16.38 kcal /mol, which
is remedied to 11.08 kcal/mol by taking into
account the dymamic electron correlation with
second-order multireference perturbation theory
{22-253. The fult CI values with the same basis set
is 10.247 kcal /mofi {16].

Fig. 1 shows orthogonal localized orbitals at the
reactant (product) structure and TS. Fig. 2 gives
non-orthogonal focalized orbitats. The overiaps
between the atomic orbital (AO) and non-or-
thogonal MO are 0.9889 on the atoms in the
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Fig. 6. Changes in the occupation numbers of the total H,Hy
bond (e), total HyH¢ bond (O), and ionic H ,H: (X) VB
structures of H; along the IRC in the NLMO-CASVB case.
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hydrogen molecule at the reactant /product struc-
ture, and 0.9942 and 0.9938 on the central atom
and the terminal atoms, respectively, at TS struc-
ture. The molecular orbitals are well localized.

There are eight spin-paired functions, corre-
sponding to the dimension of CAS(3,3), for this
system, which are listed in Table 1.

In Table 1, resonance structure (I) is a covalent
structure including the H, Hy covalent bond, and
(ID) and (III) are ionic structures where the H, H,
bond is polarized. These three structures may be
classified as HyH; bond structures. Structures
(IV), (V), and (VI) are classified as HyH bond
structures. Structures (VII) and (VIII) may not be
classified as either of the above.

Since the hydrogen molecule in its equilibrium
structure is written as

0.6133] oy, pu (@B — Ba) /V2 |
+0.3867[ oy, puy, @B + Pu, on, 2Bl (8)
by the OLMO-CASVB and as
0.8891] oy, @ur (@B — Ba) /V2 |
+0.1109[ ¢y, oy, @B + o3, o, @B] (9)

by the NLMO-CASVB [26], the reactant (prod-
uct) is written as

W e actan = 0.6133[(D] + 0.3867[(I1) + (IID)]
(10)

Equilibrium

H

115.2°
\/-\Atz A
122.4° &C

1.1809 A

O

H

(Wprogue = 0.6133[(IV)] + 0.3867[(V) + (VD])
(1D

in the OLMO-CASVB case and
W peactant = 0.8891[(D] + 0.1109{(I1) + (IID)]
(12)

(Wp,oguee = 0.8891[(IV)] + 0.1109[(V) + (VD))
(13)

in the NLMO-CASVB case. The numbers before
the structures represent the occupation numbers
defined by Eq. (5). The use of non-orthogonal
orbitals places a higher weight on covalent struc-
tures than when orthogonal orbitals are used.

In the TS structure, the wave function is writ-
ten as

Vs = 0.5350[(1) + (AV)] + 0.2386[(11) + (V)]
+0.1690[(I1D) + (VD]
+0.0574[(IV) + (VIID] (14)

in the OLMO-CASVB and as

W = 0.8316[(D) + (IV)] + 0.0935[(I1) + (V)]
+0.0126[(II1) + (VD]
+0.0623[(TV) + (VIID] (15)

in the NLMO-CASVB. The occupation number
of [(I) + (IV)] is given approximately by the aver-
age of the occupation numbers of structures (I) in
the reactant and structure (IV) in the product,

Transition State

H-... 138404

1.1024 A —H
V
1.7368 A
C

111.2°
1.1492 A

O

Fig. 7. The equilibrium structure of H,CO and transition state structure of the H,CO — H, + CO reaction determined with the

CASSCF method (CAS(4,4)).
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and similarly, the occupation number of [(II) +
(V)1/1dID) + (VD] is approximately the average of
the occupation numbers of structures (IT) /(IIT) in
the reactant and (V)/(VD) in the product. In
other words, TS is roughly described by the aver-
age of the reactant and product. Thus, the ten-
dency of the resonance structures in the equilib-
rium structure is true of those in the TS: the
covalent structures are still dominant although
the ratio of covalent to ionic structures decreases
a little. Of two types of ionic structure (the struc-
tures (I) and (V) where one terminal H is posi-
tive and the structures (II1) and (VI) where one
terminal H is negative), the former type con-
tributes slightly more than the latter. Mulliken
population analysis also shows that the central
atom is slightly negative: —0.02.

Fig. 3 shows the changes in the occupation
numbers of the competing bonds along the intrin-
sic reaction coordinate (IRC) in the OLMO-
CASVB case. The covalent H,H; bond, ionic

P

o v —_

H,Hp bond, covalent HgH bond, ionic HgH
bond, and ionic H,H valence bond (VB) struc-
tures of H; are defined by

Meovatent HyHp = P15 MlonicH, H, =i + A, (16)

nCovalentHBHC =hrvs  Mionic HgHc =nhy + Ry,

an
and
Rlonic HyHe = v T v (18)

This figure indicates that the main covalent
structures (I) and (IV) interchange rapidly. This is
true for the ionic structures generated from (I)
(i.e. (D) and (IID) and AV) G.e. (V) and (VD).
The contributions from the ionic bond between
terminal H, and H remain small over the entire
path.

Fig. 4 presents the changes in the occupation
numbers in the NLMO-CASVB case. We can

Puy

s omn —

Fig. 8. The orthogonal localized orbitals at the equilibrium structure of H,CO determined with Boys’ localization procedure.



62 H. Nakano et al. 7 Journal of Molecular Structure (Theochem) 461-462 (1999) 55-69

observe the same tendency, although the con-
tribution from the ionic structures is smaller com-
pared to the orthogonal case (< 0.12 on the whole
path). Note that the ionic occupation number is
the sum of two occupation numbers. Each one is
less than 0.07.

Figs. 5 and 6 describe the changes in the total
H,Hp and HgH. bond structures, which are
defined by the sums of the covalent structure
(an/(IV) and ionic structures (II)/(V) and
(I1D) /(VD), respectively:

Ny, Hy = MCovalent HyaHy T Monic HyHy?

nHBHC = Pcovalent HgH¢ + Pyonic HgHc® (19)
Both the orthogonal and NLMO-CASVB give

a quite similar picture, although the ratio of the

covalent and ionic contributions are quite differ-

ent. Similar to Figs. 3 and 4, the two occupation
numbers interchange rapidly in the TS region,

indicating the occurrence of the rapid H,Hyg
bond breaking and HgzH . bond formation in the
region.

This implies that the occupation number de-
fined by Eq. (19) can be used as an index measur-
ing the quantity of chemical bonds during chemi-
cal reactions. It is useful in order to discuss the
bond nature in the middle of a reaction, for
instance in TS.

3.2. Unimolecular dissociation reaction H,CO - H,
+CO

The next example is the dissociation reaction of
formaldehyde into a hydrogen molecule and car-
bon monoxide. Morokuma first studied this reac-
tion theoretically and stressed the necessity of
multireference treatment [27,28]. There have been
many subsequent theoretical studies on this sys-
tem [29-35].

P, Om
T T TT T
Dcr Pcy

Fig. 9. The orthogonal localized orbitals at the transition state structure of the H,CO — H, + CO reaction.
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This reaction is Woodward-Hoffmann forbid-
den and proceeds via a highly asymmetric TS
structure. Qualitative chemical considerations
based on a correlation diagram connecting H,CO
to dissociating products have been given by
Dupuis et al. [34]. Diabatically H,CO (‘A ) disso-
ciates to H, ('3})+ CO ('IT), while H, (‘%))
and CO (*3*) interact repulsively and correlate
with an excited state of H,CO. An avoided-cross-
ing of these two diabatic potential surfaces gives
rise to a barrier for dissociation on the adiabatic
ground state potential surface.

A qualitatively correct description of the disso-
ciation process requires at least four active elec-
trons 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 CASSCF wave function was obtained with

CAS(4,4). The basis set used is Dunning’s cc-
pVDZ. Six d-orbital components were used for
the polarization functions of the carbon and oxy-
gen atoms. The optimized equilibrium structure
and the TS are summarized in Fig. 7. The (classi-
cal) barrier height is computed to be 90.96
kcal /mol. This is improved further by taking into
account dynamic correlation with the second-
order multireference perturbation theory, as
shown in a previous publication [35].

The orbitals were then localized in the active
orbital space. In the NLMO-CASVB case the
orbitals were transformed so as to have maximum
overlap with two carbon sp? orbitals and 1s or-
bitals of the hydrogen atoms. 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 throughout the reaction.
So obtained orbitals are shown in Figs. 8-11. The

(pHZ (pHI
T T T T T T
(pCZ (pC 1

Fig. 10. The non-orthogonal localized orbitals at the equilibrium structure of H,CO determined with Ruedenberg’s projected

localization procedure.
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overlaps between the atomic orbitals and the
obtained localized orbitals in the non-orthogonal
case are

{AO(sp?)ILMO(sp?)) = 0.9426,

(20)
(AO(H)ILMO(H)) = 0.9710
at the equilibrium structure and
(AO(sp?)ILMO(sp3)) = 0.9050, 1)
(AO(sp)ILMOC(sp3)) = 0.8836
AO(H)ILMO(H,)) = 0.9868,
(AO(H ) (H,)» (22)

(AO(H,)ILMO(H,)) = 0.9635

at the TS. In all cases, 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. The LMOs in the
OLMO-CASVB case are quite similar in shape to
the non-orthogonal LMOs.

1 L

Fig. 11. The non-orthogonal localized orbitals at the transi-
tion state structure of the H,CO — H, + CO reaction.

There are 20 linearly independent spin-paired
functions corresponding to the dimension of
CAS(4,4), which are listed in Table 2. Structures
(I) to (VID) are classified as CH bond structures
and the structures (VIID to (X) as HH bond
structures, Structure (XI) is classified as neither
of the above, since these structures can be re-
garded both as structures polarized further from
one of (I to (V) and (IX) to (X).

The OLMO-CASVB wave functions obtained
for the equilibrium and TS structures are given in
Fig. 12.

In the equilibrium structure, the main reso-
nance structure is the covalent CH bonds struc-
ture (I) as expected. The second most important
are those where one of the CH bonds is con-
nected 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).
The third most important structures are (IIT) and
(V), where one CH bond is polarized by electron
transfer from the carbon atom to a hydrogen
atom. The difference between the second group,
(I1) and (IV), and the third group, (II) and (V), is
not so large, which is in good agreement with the
electronegativity of H and C (2.1 and 2.5 accord-
ing to Pauling’s definition). The contribution from
the HH bond structure (VIII) and ionic struc-
tures, (IX) and (X), is very small. The total occu-
pation number of CH bonds is 0.8786, while that
of HH bond is 0.0244. 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), although the occupa-
tion number decreases. The structures (II) and
(II1), where the longer CH bond is covalent and
the shorter CH bond is ionic, are also important,
but their occupation numbers also decrease. On
the other hand, the structures where the shorter
CH bond is covalent and the longer CH bond is
ionic, (IV) and (V), are no longer important. The
total occupation number of CH bond structures is
0.6994, which shows a decrease from the value in
the equilibrium structure 0.8786, but is still large.
The total occupation number of HH bond struc-
tures is 0.2370. Much of it comes from the cova-



H. Nakano et al. / Journal of Molecular Structure (Theochem) 461462 (1999) 55-69 65

Table 2

Spin-paired functions and resonance structures of formaldehyde (normalization and phase factors are omitted)
Spin-paired function Resonance structure

#r Pl @B — Ba) ¢cyemlaf — Ba) H,~C-H, Y
@2 P2 0B eciprla — BQ)> H," "C-H, (In
ec1eci B ez eui(aB — Ba)

P2 P2 @B o1 Pl f — Ba)} H,” "C-H, a1
P Pz @B ooz el @ — Bar)

Puy eealaB - Bﬂ)'(Pc]‘PcluB} H,-C™ "H, av)
o eol @B — Ba) ¢er ey af

e ecolaf — Ba)'<PH1‘PH1aB} H,-C*" "H, (8%
ez poilaB— Be) ey o aB

@2 P2 @B @cioc1aB H," "C” "H, (VD
@12 Pr2 B Py P 2B H,” "C* "H, (VID
e pur( @B — Ba)- ocy o 2

o (B — Bad- ooy peaf — Pa) H, C H, (VIII)
oz el e — Ba) ¢cieciaB

P o1 B ¢z eciaB — Ba) H," C7H, (Ix)
e P2 @B eca el aB — Ba) H,” C*C X)
©u2 P2 B 2 2 B

o P2 B @1 o B The other (doubly polarized) structures (XD

2o aB ey aP
®c1 2 B ey e aP

lent contribution (VIII), 0.1692. The contribution
from the CH bonds overwhelms the contribution
from the HH bond in TS.

The NLMO-CASVB wave functions in the
equilibrium and transition state structures are
also given in Fig. 12.

The same tendency can be seen in these wave
functions except that some ionic structures have
negative occupation numbers. The NLMO-
CASVB also shows that there is almost no HH
bond in the equilibrium structure and that the

contribution from the CH bonds is dominant in
TS.

Fig. 13 shows the changes in the occupation
numbers of the covalent CH bonds, ionic CH
bonds, covalent HH bond, ionic HH bond, and
the other (doubly ionic) structures along IRC in
the OLMO-CASVB case. These are defined by

VII

Pcovalent cH = P15 Plonic CH™ Z g, (28)
S=1
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Equilibrium
[ H
0.3363 \c____o
(0.6748)
- H/
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(+ 0.3506) L y / |
.- " .
+0.2123 c—o0 + \c=°
(- 0.0657) _t
[ H H
H, H_
+0.0395 ‘=0 +0.0236 tem—0
(+0.0057) | .~ (-0.0186) { _*
| H H
F H
+0.0174 c—o
(-0.0111)
| H
[ H_ H,
+0.0070 C==0 + Cc=—0
(-0.0036) | , _
L H H
+ ...

Transition State
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02231 | \c
0.3891) |"\ L __,
. Cw -
+0.1950 +0.0256 |
(+01973) |77 b—o | (+00442) | NGo—o
W - y .
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+00093 | +0.0156 "
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+0.1692 /
(+0.2232) |H
C==0
e - Y
+0.0666 | , +0.0012 | _
(+0.0544) | Y (+0.0041) | H
C=—=0 C==0
+ ...

Fig. 12. The orthogonal and NLMO-CASVB descriptions at the equilibrium and transition state structures. Values before the
valence bond structures are occupation numbers of OLMO-CASVB method and the values in the parentheses are those of the

NLMO-CASVB method.

R Covatent HE = Pviirs  Mlonic ai = Mix T Ax, (29
and
P poubly Pot. = Px1- (30)

The origin of the horizontal axis corresponds to
TS and the left end of each curve to the equilib-
rium structure. The IRC was not followed to the
product H, + CO, since CAS(4,4) is not appropri-
ate near the product. The occupation numbers of
CH and HH covalent bond structures change
rapidly near TS and the curves cross immediately
after TS (0.1 bohr(amu)!/2), while the occupation
numbers of CH and HH ionic bond structures
change slowly.

Fig. 14 illustrates the changes in the occupation
numbers in the NLMO-CASVB case.

Figs. 15 and 16 show the changes in the total
occupation numbers of the CH and HH bond
structures along the IRC,

Ry = Peovalent CH + Rionic CH»

Nyy = NCovalent HH + R ionic HH - (31)

It is noted that these two graphs are similar to
each other, although the components of occupa-
tion numbers are rather different. In particular,
near the transition state, the two cases are quite
similar.

The crossing point is located after TS, 0.42
bohr(amu)'/? in both graphs. The structure at
this point is given in Fig. 17. Compared to the TS,
the longer and shorter CH bonds have stretched
by 0.14 and 0.06 A, respectively, and the HH
bond has become short by 0.18 A. These bond
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Fig. 13. Changes in the occupation numbers of the covalent
CH bonds (e), ionic CH bonds (m), covalent HH bond (O),
ionic HH bond (0O), and the other (doubly ionic) (X ) valence
bond (VB) structures of H,CO along the intrinsic reaction
coordinate (IRC) in the OLMO-CASVB case. The origin of
the horizontal axis corresponds to the transition state and the
left end to the equilibrium structure of formaldehyde.

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 between the CH bonds and HH
bond.

The results here also demonstrate the total
occupation number defined in Eq. (31) is a useful

1.0

Occupation Number
(=]
E-

——a—a-

0.2 ;

0.0 = E e
-3.0 -2.0 -1.0 0.0 1.0

IRC / bohr(amu)'’?

Fig. 14. Changes in the occupation numbers of the covalent
CH bonds (e), ionic CH bonds (), covalent HH bond (O),
ionic HH bond (O), and the other (doubly ionic) (X) VB
structures of H,CO along IRC in the NLMO-CASVB case.
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Fig. 15. Changes in the occupation numbers of the total CH
bonds (e), total HH bond (C), and the other (doubly ionic)
(X) VB structures of H,CO along the IRC in the OLMO-
CASVB case.

concept for studying quantitative description of
chemical bonds at TS and along reaction paths.

4, Conclusions

In the present article, we investigated the na-
ture of bonds at transition states and during
chemical reactions using OLMO- and NLMO-
CASVB methods. First we examined the collinear
H + H, - H, + H reaction. The total occupation

1.0
; i W\.\.
2 0.8 : :
E ™
: X
2 90.4 Y
5 SN
2 B
8 0.0 ,9_8}"&‘/*)‘2*—)(——%——)(
. o
-3.0 -2.0 -1.0 0.0 1.0

IRC / bohr(amu)'’?

Fig. 16. Changes in the occupation numbers of the total CH
bonds (e), total HH bond (O), and the other (doubly ionic)
(X) VB structures of H,CO along the IRC in the NLMO-
CASVB case.
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Fig. 17. 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 transition state.

numbers are defined as a measure of bond nature
to trace the chemical bonds along the reaction
path. The two CASVB methods give a quite simi-
lar description for the bond natures during the
reactions. We also examined the unimolecular
dissociation reaction H,CO —» H, + CO. TS is
closer to the reactant H,CO than to the product
H, + CO. At TS the CH bond character is domi-
nant over the HH bond character. On the intrin-
sic reaction coordinate of the reaction, the point
where the contributions of the two bond charac-
ters become equal is 0.42 bohr(amu)'/? after TS,
and after that the HH bond character becomes
dominant. Generally, the bond formation or dis-
sociation occurs at an early stage or a late stage
on the reaction path and the location does not
coincide with TS in an asymmetric reaction.

The nature of bond dissociation and formation
can be viewed quantitatively by the use of the
occupation numbers of VB structures. This analy-
sis is applicable to reactions involving excited
states as well as the ground state. We believe that
the CASVB occupation number analysis is a use-

ful tool for understanding chemical reaction
mechanisms.
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