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a b s t r a c t

Pseudo-diabatic electronic states buried in Hartree–Fock (HF) wavefunctions are applied to describe bond
dissociation processes. The limited variational freedom of HF wavefunctions turns to their own advantage
to approximately describe the ‘‘diabatic’’ ionic-pair state or the diabatic biradical state. As an application
of the pseudo-diabatic states, CH-bond dissociation processes of normal alkanes and their branched iso-
mers are investigated. Reasonable relationships between the diabatic crossing energies and the number
of alkyl substituents on a radical center are obtained in accordance with hyperconjugation theory.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The limited variational freedom in Hartree–Fock (HF) wave-
functions is considered to be a deficiency to correctly describe
the dissociation of chemical bonds. Correlated wavefunctions, such
as the multi-configurational HF (MCHF), or the multi-reference CI
(MRCI) wavefunction, are required [1]. However, simple
orbital-pictures in HF wavefunctions have provided clear insight
into various chemical reactions [2].

In this work, we investigate the pseudo-diabatic electronic
states buried in HF wavefunctions to describe bond dissociation
processes. It is well-known that ‘‘diabatic’’ electronic wavefunc-
tions are defined as the basis that diagonalizes the nonadiabatic
coupling terms. However, there is no generally accepted unique
definition of the diabatic representation [3,4]. Compared with cor-
related wavefunctions, the limited variational freedom of HF wave-
functions turns to their own advantage to describe the diabatic
ionic-pair state or the diabatic biradical state while continuously
maintaining the electronic character in bond dissociation pro-
cesses. As an application of such pseudo-diabatic states, CH-bond
dissociation reactions of normal alkanes and their branched iso-
mers are investigated.

2. Pseudo-diabatic electronic states buried in Hartree–Fock
wavefunctions

The limited variational freedom of HF wavefunctions can
describe approximately the diabatic ionic-pair state or the diabatic
biradical state. For a qualitative description of the present idea, we
use a simple two-electron and two-orbital model for HF wavefunc-
tions [1].

The molecular orbitals for a spin-unrestricted HF (UHF) wave-
function jjwa

1awb
1bjj in the two-electron and two-orbital model are

constructed by occupied space-orbitals

wa
1 ¼ ðcos h/r þ sin h/r� Þ;wb

1 ¼ ðcos h/r � sin h/r� Þ; ð1Þ

and virtual space-orbitals

wa
2 ¼ ð� sin h/r þ cos h/r� Þ;wb

2 ¼ ðsin h/r þ cos h/r� Þ: ð2Þ

The space-orbitals /r and /r� are expanded by orthonormalized
atomic-orbitals vA and vB as

/r ¼
1ffiffiffi
2
p ðvA þ vBÞ;/r� ¼

1ffiffiffi
2
p ðvA � vBÞ: ð3Þ

Here, we rewrite the ‘‘spin-singlet’’ UHF wavefunction with diabatic
electronic states for bond dissociation as
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1 0WUHFðhÞ ¼ jjwa
1awb

1bjj;
¼ cos2 hjj/ra/rbjj � sin2 hjj/r�a/r�bjj
�

ffiffiffi
2
p

cos h sin hjj/r/r� ðabþ baÞ=
ffiffiffi
2
p
jj; ð4Þ

¼ 1
2

cos 2h jjvAavAbjj þ jjvBavBbjj
� ��

þ
ffiffiffi
2
p
jjvAvBðab� baÞ=

ffiffiffi
2
p
jj

þ 2 sin 2hjjvAvBðabþ baÞ=
ffiffiffi
2
p
jj

q i
;

¼ 1
2

cos 2h 1U½A�Bþ� þ 1U½AþB��

� �h

þ 21U½AB� þ
ffiffiffi
2
p

sin 2h3U½AB�

q i
: ð5Þ

Although the spin-symmetry is broken, the wavefunction 1 0WUHFðhÞ
can describe the bond dissociation adiabatically by changing the
weight of ionic-pair and biradical states with limited
variational-freedom h.

Conversely, we can extract pseudo-diabatic states from
1 0WUHFðhÞ by fixing h to specific values as follows. The value h ¼ 0
leads to a closed-shell spin-restricted HF (RHF) wavefunction as

1 0WUHFðh¼0Þ¼jjwa
1awb

1bjj ¼ jj/ra/rbjj ¼ 1WRHF ;

¼1
2
ðjjvAavAbjjþ jjvBavBbjjÞþ

1ffiffiffi
2
p jjvAvBðab�baÞ=

ffiffiffi
2
p
jj;

¼1
2

1U½A�Bþ� þ 1U½AþB��

� �
þ 1ffiffiffi

2
p 1U½AB�; ð6Þ

where the ratio ½ionic� pair� : ½biradical� ¼ 1
2

� �2 þ 1
2

� �2
h i

: 1ffiffi
2
p
� �2
� 	

¼

1 : 1. The RHF wavefunction, which has half ionic-pair character,
can be an approximate indication of the ionic-pair state. Although
the spin symmetry is broken, the biradical character is also obtained
with h ¼ p=4 as

1 0WUHFðh ¼ p=4Þ ¼ jjwa
1awb

1bjj ¼
1
2
jjð/r þ /r� Það/r � /r� Þbjj

¼ jjvAavBbjj;

¼ 1ffiffiffi
2
p 1U½AB� þ 1U½AB�

� �
¼ 1 0U½AB�: ð7Þ

On the other hand, the spin-triplet UHF leads to an open-shell
triplet spin-restricted HF (ROHF):

3WUHF ¼jjwa
1awa

2ajj ¼ jj/ra/r�ajj ¼ 3WROHF ;

¼� jjvAavBajj ¼ �1U½AB�: ð8Þ

The biradical state described by Eq. (8) has pure triplet
spin-symmetry.

To correctly describe the bond-dissociation process in adiabatic
calculations, we need a MCHF wavefunction. The MCHF in the
two-electron and two-orbital model can also be expanded by the
diabatic electronic states as

1WMCHF ¼c1jjvAavAbjj þ c2jjvBavBbjj þ c3jjvAvBðab� baÞ=
ffiffiffi
2
p
jj;

¼c1
1U½A�Bþ� þ c2

1U½AþB�� þ c3
1U½AB�; ð9Þ

where three variational parameters fdcigi¼1;3 with a normalization
condition and the variational freedoms dvA and dvB for orbitals
should be considered. The energies of the adiabatic and diabatic
electronic states are summarized in Appendix A.

Equations in this section are listed in order to show the under-
lying structure of the present work qualitatively in the
two-electron and two-orbital model. As the basis set vA and vB in
Eq. (3), it might be better to use the MCHF active orbitals after
the variational calculations with dvA and dvB in Eq. (9). The consis-
tent quality of the one-electron basis set will be kept along the

bond dissociation process within the MCHF active space.
However, one of the purposes of the present work is to show a
handy way for the diabatic picture. So, in the following calcula-
tions, we use only HF wavefunctions for the pseudo-diabatic states
although orbitals of each state are not unitary equivalent.

3. CH-bond dissociation of CH4

The abstraction of the H atom from saturated alkanes is consid-
ered as one of the elementary reactions leading to chain reactions
of complex combustion processes [5,6].

As schematically shown in Fig. 1, the adiabatic dissociation of a
covalent CH bond proceeds to biradical states along the
ground-state energy curve. In the diabatic picture, however, the
CH bond goes up along the energy curve to ionic-pair states while
continuously maintaining the electronic character. The biradical
dissociation path comes down from the singlet or the triplet
excited-state while continuously maintaining the electronic char-
acter. To follow the biradical dissociation path from the
ground-state, we should make a transfer to the biradical dissocia-
tion energy curve from the ionic-pair dissociation energy curve at
the pseudo-crossing point.

The adiabatic ground-state potential energy to biradical dissoci-
ation, without any energy crossing, can be calculated by the
spin-singlet UHF wavefunction (5). To describe the diabatic birad-
ical dissociation path from the excited state, the open-shell triplet
ROHF is applied. The wavefunction of the spin-restricted
closed-shell RHF is used to consider the diabatic ionic-pair state.
Results by RHF, however, should be interpreted as an approximate
indication of the ionic-pair state, which is only half included in Eq.
(6). To verify the adiabatic dissociation process, MCHF wavefunc-
tions with two electrons in two active orbitals /CH

r and /CH
r� were

also calculated by optimizing MCHF orbitals at each electronic
state. The basis functions for all calculations were DZV with
d-polarization and sp-diffuse functions in GAMESS [7].

The CH dissociation energy curves for CH4 are shown in Fig. 2.

The optimized bond length Requil
CH ¼ 1:084 Å was calculated by the

close-shell RHF to have a total energy of �40.207775 a.u. in Td

symmetry. As a simple reaction-coordinate for the CH dissociation,
one of the CH bonds was extended from 1.084 up to 3.000 Å within
C3v symmetry. Other CH bond lengths and HCH angles were fixed
to 1.084 Å and tetrahedral angles (109.47�), respectively.

The total energies and the amount of electrons on the
abstracted H atom by Mulliken population analysis at
RCH ¼ 3:000 Å are given in Table 1. As the dissociated
biradical-states, the energies from spin-singlet UHF, open-shell tri-
plet ROHF, and the ground singlet state MCHF are similar. The
amount of electrons from closed-shell RHF is an approximate
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Fig. 1. Schematic diagram of the adiabatic and diabatic energy curves for bond
dissociation.
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