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a b s t r a c t

Vibronic coupling constant (VCC) and density (VCD) defined for a pure state, which have been success-
fully applied for reactions of fullerenes and nanographenes as reactivity indices, are extended for a mixed
state. The extended VCC and VCD, thermodynamical vibronic coupling constant (ThVCC) and density
(ThVCD), are formulated in the finite-temperature grand-canonical ensemble. ThVCD can be applied for
charge transfer of a fractional number of electron. Based on the total differential of chemical potential,
the relationship between chemical potential, absolute hardness, and vibronic coupling in a bimolecular
reaction is discussed.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Vibronic coupling density (VCD) [1,2], which is the density form
of vibronic (electron–phonon) coupling (VC) [3,4], is a powerful
concept that helps us analyze and control vibronic couplings.
We have reported molecular designs for carrier-transporting
molecules [5,6] and light-emitting molecules [7–9] based on
VCD. VCD can also function as a reactivity index [2].

For a bimolecular reaction, donor (D) + acceptor (A)! product
(P), a charge-transfer (CT) interaction lowers the activation energy
in the initial stage of the reaction as shown in Fig. 1. Frontier
orbital theory is based on this lowering of activation energy, which
depends on the orientations of D and A [10]. In addition to a CT
interaction, the CT state undergoes structural relaxation that
originates from VC.

Based on the role of VC in a reaction, VCD has been applied for
elucidating the reactivities of Diels–Alder reactions of fullerenes
[11–16], metallofullerene [15], and nanographenes [16], whose
regioselectivities are difficult to explain based on conventional
frontier orbital theory, without considering the effect of VC.

In our previous study, VCD was defined for the electron density
qðrÞ of a pure state derived from the wave function WðR; rÞ as
follows [2]:

The molecular Hamiltonian HðR; rÞ is written as

HðR; rÞ ¼ TðRÞ þ TðrÞ þ VeeðrÞ þ VneðR; rÞ þ VnnðRÞ; ð1Þ
where

TðRÞ ¼ � �h2

2Ma
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i ; ð2Þ
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4p�0jRb � Raj ; ð3Þ

and

VneðR; rÞ ¼
XN
i¼1

vðriÞ; vðriÞ ¼
XM
a¼1

� Zae2

4p�0jri � Raj : ð4Þ

R and r denote a set of nuclear and electronic coordinates, Ra and ri,
respectively, TðRÞ and TðrÞ being the corresponding kinetic energies.
m and Ma denote the masses of an electron and a nucleus a,
respectively. Vee; Vnn, and Ven are the potential energies of
electron–electron, nucleus–nucleus, and electron–nucleus interac-
tions, respectively. �0 is the vacuum permittivity, and vðriÞ denotes
the attraction potential of all the nuclei acting on electron i. In the
initial stage of the reaction Dþ A ! P, the charge of the donor D is
transferred to the acceptor A. As in the frontier orbital theory, we
discuss the regioselectivity of the isolated D/A species. The
molecular geometry R of the CT state of D or A is deformed from
the equilibrium geometry R0 of a reference state by deformation n.
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The molecular Hamiltonian of a CT state WNðR; rÞ is expanded about
the R0 of a reference state WN0 ðR; rÞ (Hertzberg–Teller expansion):

HðR; rÞ ¼ HðR0; rÞ þ @H
@n

� �
R0

dnþ . . . : ð5Þ

The direction of deformation n, which is written as a sum of the
linear combinationsof normal vibrational coordinatesQa formodea

n ¼
XNv ib
a¼1

faQa; ð6Þ

can be regarded as the direction of the reaction path, where Nvib

denotes the vibrational degrees of freedom,

fa ¼ VaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
a0V

2
a0

q ; ð7Þ

and Va is vibronic coupling constant (VCC) of mode a [1,2] defined
later. These active vibrations couple to the electronic states to
stabilize the systems, D and A. In the frontier orbital theory, such
stabilization due to CT interaction is considered. VC is another
origin of the stabilization which is not taken into consideration in
the frontier orbital theory.

A VCC can be expressed in terms of VCD. For electron density
qN0�1ðrÞ derived from the wave function WN of a system having
N ¼ N0 � 1 electrons and for that of the reference system having
N ¼ N0 electrons, qN0

ðrÞ, the VCC is written as

V : ¼
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Z
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where the potential derivative wnðriÞ is defined by

wnðriÞ :¼ @vðriÞ
@n

� �
R0

; ð9Þ

and the electron density difference DqðriÞ is defined as

DqðriÞ :¼
qN0þ1ðrÞ � qN0

ðrÞ ðN ¼ N0 þ 1Þ;
qN0

ðrÞ � qN0�1ðrÞ ðN ¼ N0 � 1Þ:

(
ð10Þ

The sign of DqðriÞ for the donor system, N ¼ N0 � 1, is different
from that reported in our previous publications. Then, the VCD
gnðriÞ is defined by

gnðriÞ :¼ DqðriÞwnðriÞ: ð11Þ
Here we employedZ
qN0

ðriÞwnðriÞdri þ @Vnn

@n

� �
R0

¼ 0; ð12Þ

since R0 is the equilibrium geometry for qN0
. Hereafter ri is simply

denoted as r.
The VCD can be employed as a reactivity index, based on the

conceptual density functional theory. A ground-state energy func-
tional E ¼ E½N;v � is written as

E ¼ E½N;v � ¼
Z
qðrÞvðrÞdrþ F½qðrÞ�; ð13Þ

where F½q� is a universal functional. The total differential of
E ¼ E½N; v� is
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where l ¼ l½N; v� is the chemical potential defined by

l ¼ l½N;v � :¼ @E
@N

� �
v
: ð15Þ

The total differential of l ¼ l½N;v� is written as
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where g is the absolute hardness and f ðrÞ denotes the Fukui
function [17], which is approximated as:

f ðrÞ :¼ @qðrÞ
@N

� �
v
� �ðqN0�1ðrÞ � qN0

ðrÞÞ ¼ DqðrÞ: ð20Þ

The VCD for the deformation n is defined by

gnðrÞ ¼ DqðrÞwnðrÞ � f ðrÞwnðrÞ: ð21Þ
In this letter, we extend the definition of the VCD for the

grand-canonical ensemble density functional theory to obtain an
exact relation between the chemical potential and vibronic
coupling in place of Eq. (19) derived for a pure state in the ground
state theory.

2. Theory

2.1. Finite-temperature grand-canonical ensemble density functional
theory

Here we summarize the finite-temperature grand-canonical
ensemble density functional theory [18].

The grand-canonical ensemble density operator is defined by

bC :¼
X
N

X
iN

pNiN jWNiN ihWNiN j; ð22Þ

where pNiN denotes a statistical weight of an iNth pure state having N
electrons, jWNiN i.

The grand-potential functional for equilibrium electron density
qðrÞ with chemical potential l and temperature h ¼ kBT is defined
by

X½qðrÞ� :¼ FGC½qðrÞ� þ
Z
qðrÞðvðrÞ � lÞdr; ð23Þ

where FGC½qðrÞ� is the universal functional defined by

Fig. 1. Reaction profiles. (a) Both CT and VC are ignored. (b) CT is taken into
consideration but VC is not. (c) VC as well as CT is considered.

158 T. Sato et al. / Chemical Physics Letters 652 (2016) 157–161



Download English Version:

https://daneshyari.com/en/article/5378999

Download Persian Version:

https://daneshyari.com/article/5378999

Daneshyari.com

https://daneshyari.com/en/article/5378999
https://daneshyari.com/article/5378999
https://daneshyari.com

