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ABSTRACT: On the strength of the new quantum impedance Lorentz oscillator (QILO) model, a charge-transfer method in
molecular photon-absorption is proposed and imaged via the numerical simulations of 1- and 2-photon-absorption (1PA and 2PA)
behaviors of the organic compounds LB3 and M4 in this paper. According to the frequencies at the peaks and the full width at half-
maximums (FWHMs) of the linear absorptive spectra of the two compounds, we first calculate the effective quantum numbers
before and after the electronic transitions. Thus, we obtain the molecular average dipole moments, i.e., 1.8728 × 10−29 C·m (5.6145
D) for LB3 and 1.9626 × 10−29 C·m (5.8838 D) for M4 in the ground state in the tetrahydrofuran (THF) solvent. Then, the
molecular 2PA cross sections corresponding to wavelength are theoretically inferred and figured out by QILO. As a result, the
theoretical cross sections turn out to be in good agreement with the experimental ones. Our results reveal such a charge-transfer
image in 1PA near wavelength 425 nm, where an atomic electron of LB3 jumps from the ground-state ellipse orbit with the
semimajor axis ai = 1.2492 × 10−10 m = 1.2492 Å and semiminor axis bi = 0.4363 Å to the excited-state circle (aj = bj = 2.5399 Å). In
addition, during its 2PA process, the same transitional electron in the ground state is excited to the elliptic orbit with aj = 2.5399 Å
and bj =1.3808 Å, in which the molecular dipole moment reaches as high as 3.4109 × 10−29 C·m (10.2256 D). In addition, we obtain
a level-lifetime formula with the microparticle collision idea of thermal motion, which indicates that the level lifetime is proportional
(not inverse) to the damping coefficient or FWHM of an absorptive spectrum. The lifetimes of the two compounds at some excited
states are calculated and presented. This formula may be used as an experimental method to verify 1PA and 2PA transition selection
rules. The QILO model exhibits the advantage of simplifying the calculation complexity and reducing the high cost associated with
the first principle in dealing with quantum properties of optoelectronic materials.

1. INTRODUCTION
Molecular charge-transfer (CT) refers to a charge redis-
tribution process in space when an excited molecule or atom
transits from its initial stable or metastable state to the final
state. During this process, the electric dipole moment of the
microscopic particle will change to some extent, leading to
varying the electrical or optical properties of the molecular
material. CT is a common phenomenon in physical and
chemical reactions.1−4 Due to its rich dynamic behavior in
the study of chemistry and physics,5−10 charge-transfer plays
an important role in many basic research and technical
applications such as nanomanufacturing,11,12 catalytic reac-
tion,13,14 and plasma-surface interaction.15 Back in the 1950s,
Hagstrum opened up the CT research field by developing ion
neutralization spectroscopy and made a key discussion of CT
mechanisms and related kinetic processes.16 Since then,
building on earlier research achievements, considerable

progress has been made in CT studies. Some important
views on CT are briefly stated as follows.
The classical Marcus theory was originally used to study

the mechanism of electron transfer reactions in the outer
layers. Although the Marcus theory has had some success in
predicting charge transport in organic materials, it is not yet
suitable for low-temperature high-frequency or low-frequency
high-temperature conditions because it does not consider
quantum effects of the molecule or atom.17 In the early
1990s, Los et al. reviewed the general nature of CT
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research.18 Gauyacq and Borisov presented the CT process in
atom−metal surface collisions, focusing on the modifications
of this process induced by the presence of adsorbates on the
surface.19 Valeri and Monreal pointed out that Auger charge-
transfer is an inelastic two-electron tunneling process
accompanied by Auger electron emission.20,21 The photo-
induced charge-transfer22−25 is also one type of CT process.
The charge-transfer from the donor to the acceptor will occur
under light excitation, which is called intramolecular charge-
transfer (ICT). The donor part and acceptor part of a
molecule are usually connected by a covalent bond or a
conjugate bridge. The ICT mechanism is considered to be
the most basic and critical step in various photophysical and
photochemical processes.25−27 ICT is sometimes subdivided
into twisted intramolecular charge transfer (TICT) and
planar intramolecular charge transfer (PICT)15,28,29 for
organic molecules with different structures. In a quantitative
description on the CT process, the first principle based on
local density approximation (LDA) and general gradient
approximation (GGA) is a common and important
calculating method.30 Nowadays, it plays a key role in the
calculation of molecular charge-transfer despite facing draw-
backs like a complex calculation procedure and requiring
great time and cost. Currently, charge transfer along with
energy transfer is a focal point due to its universality and
complexity in physical and chemical reactions.
It is well known that the famous Lorentz oscillator model

is widely used qualitatively in many studies31−36 owing to its
clear physical images, easy mathematical treatments, and terse
explanation of the linear and nonlinear interactions of light
and matter. Unfortunately, it provides only a classical insight
into the light−matter interaction. The quantum impedance
Lorentz oscillator (QILO) model was recently established
and proposed,37,38 in which the classical Lorentz oscillator
had been quantized via the Bohr−Sommerfeld quantum
theory and 1- and 2-photon-absorption selection rules of
quantum mechanics. In QILO, all of its parameters including
the linear parameter, the nonlinear parameter, the damping
coefficient, and the oscillator strength have been expressed in
terms of the typical quantum physical quantity, such as
effective quantum number, Bohr radius, and the ground-state
energy of the hydrogen atom. Based on the QILO model, the
theoretical simulations of the 1PA spectra of atomic hydrogen
and lithium and 1PA and 2PA spectra of many organic
molecules turn out to be in good agreement with the
experimental ones.37

By means of the QILO model in this paper, we try to
figure out a charge-transfer image in molecular photon-
absorption via numerical simulations of 1PA and 2PA
behaviors of the two organic compounds of LB3 and M4.

In addition, we also suggest a theoretical formula of the
energy level lifetime, in which the microparticle collision idea
of thermal motion will be taken into account, in accordance
with the QILO model. The level lifetimes of the two
compounds at some excited states have been numerically
investigated in detail.

2. MOLECULAR CHARGE-TRANSFER AND LEVEL
LIFETIME BASED ON THE QILO MODEL

To our knowledge, the Lorentz oscillator is used to describe
the classical kinetic behavior of atomic electrons in the light−
matter interaction theory very successfully. The popular
model can be outlined by the following equation
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where Γ is the damping coefficient, ω0
2 is a linear parameter,

A is the second-order nonlinear parameter, B is the third-
order nonlinear parameter, ···, and E is the light electric field
acting on the moving electron with e charge and m mass. As
one of its applications, the outermost electronic motion of a
hydrogen-like atom is treated with a Lorentz oscillator. As we
know, a hydrogen-like atom may play a key role in molecular
formation because one kind of molecular chemical bond is
duplet shared by two adjacent hydrogen-like atoms in a
molecule. The Lorentz oscillator, however, is not available for
the quantitative description of light−matter interaction due to
its lack of quantum idea or more specifically because it does
not consider an energy level structure of any atom.
As a newly quantized Lorentz oscillator, the key idea of

QILO is that a spherical capacitor with quantum capacity Cij
is substituted for a hydrogen-like atom with the energy level
structure in view of their very same behavior of energy
storage during the outermost electronic transition process
from level i to j. Here, Cij is determined by the following
relation

E E e
a

e
a

e
C2

1
4 2

1
4 2ij j i

i j ij

2

0

2

0

2
= = =

(2)

where

C
a a

a a
4ij

i j

j i
0=

(3)

exactly represents the electric capacity of a spherical capacitor
with inside radius ai and outside radius aj. According to the
Bohr−Sommerfeld model of a hydrogen-like atom, in an
adiabatic approximation, the semimajor axis, the semiminor
axis, and the total energy of the atomic outermost electron in
eqs 2 and 3 are, respectively,

Figure 1. Quantum impedance acting on the driven outermost jumping electron between two energy levels of Ei and Ej. (a) Level i to j
transition orbits of the outermost jumping electron of a hydrogen-like atom. (b) Circuit diagram of quantum impedance Zij = Rij + 1/(i′ωCij)
on the jumping electron.
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where R1 is the Bohr radius, E1 is the ground-state energy of
the hydrogen atom, and n and nφ are, respectively, the
effective principal quantum number and the effective angle
quantum number, i.e., n and nφ can be a positive noninteger
quantum number in consideration of the quantum deficit
representing the situation of the penetrating orbits in a
hydrogen-like atom. Accordingly, the impedance on the
outermost jumping electron of a hydrogen-like atom during
its transition process from level i to j shown in Figure 1a is
Zij = Rij + 1/(i′ωCij). Its circuit diagram is shown in Figure
1b, where Rij is the quantum resistance and 1/(i′ωCij)(i′ =
√−1) is the quantum capacitance for the circular frequency
ω of the interactive light field E̅(t) = Ex(t)i ̅ = E(t)i ̅ along the
x (long-axis) direction.
Relative to the kernel at the origin O as the left focus of

the ellipse orbit of Figure 1a, the electronic movement along
the long axis (x direction) of Bohr−Sommerfeld orbits can be
treated as an anharmonic Lorentz oscillator. In addition, for a
circle orbit, its movement along the diameter can be regarded
as a harmonic one. Particularly, the electronic transition
process from level i to j can be considered a resonance one of
the damped forced vibration of the Lorentz oscillator with
the quantum impedance Zij under an external light field. As a
result of the energy transformation and conservation law, the
kinematic equation of QILO can be expressed as
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Thus, the transition process of a hydrogen-like atom can be
simply treated with a syntony behavior of QILO under the
electric field of light.
Based on the QILO model, all parameter expressions in eq

7 are summarized as follows. The damping coefficient
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where v̅ is the mean velocity of the electronic thermal motion
at a given temperature, N′ is the environment atom (or
molecule) number density, R′ is the effective radius of the
globe representing the environment atom or molecule
colliding with the jumping electron, and δ is an adjustable
constant depending on the state of matter. Usually, δ = 1 for
the gaseous state, and δ ∼ 0.9 for the liquid state in view of
the size exclusion between molecules. It should be noted that
in eq 7 the damping coefficient Γij = 0 when i = j. By way of

Taylor series expansion of the long-axis component of the
kernel’s Coulomb force acting on the moving electron as the
QILO restoring force, the linear parameter
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the second-order nonlinear parameter
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the third-order nonlinear parameter
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where jφ = j, j − 1, j − 2, ···.37
A possible orbit of the outermost electron of a hydrogen-

like atom at an excited state with the effective quantum
numbers j and jφ is schematically shown in Figure 2, in which

the coordinate origin O situates at the left focus of the ellipse
orbit, and O’ represents the ellipse center. The orbit equation
of the electronic movement is
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where c oo a bj j j
2 2= = represents the focal length of

the ellipse. The average charge distribution in space for a
hydrogen-like atom at the j level is just like an electric dipole

Figure 2. Electronic elliptic orbit of a hydrogen-like atom in the
bound state and its equivalent charge distribution in space.
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shown in Figure 2. Thus, the atomic electric dipole moment
can be estimated by using the following expression

ec e a bj j j j j
2 2= = =

(16)

Using eqs 4 and 5 in eq 16, we can get
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The vector expression of eq 16 is
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Equation 16 exhibits a new simple way of estimating the
atomic or molecular electric dipole moment.
The QILO model allows us to obtain a theoretical formula

of an energy level lifetime, incorporating the microparticle
collision idea of thermal motion. Generally speaking, the
width of the energy level of an excited atom is well known to
be closely related to the level lifetime. As far as we know, the
reciprocal of the level lifetime determined by the Heisenberg
energy-time uncertainty is empirically assumed to be the
damping coefficient in the framework of quantum mechanics.
However, in fact, just as Dapra ̀ et al.39 pointed out, only in
the absence of collisions, predissociation, or autoionization
can the lifetime reciprocal be considered as the damping
coefficient. As thus, in dealing with most material spectra
measured in room conditions, some empirical values of the
damping coefficient have to be used due to the lack of its
calculation formula on account of numerical simulation
requirements. Luckily, for the thermal-motion collision
situation, Figure 1b may indicate that there is a constant τj
= RijCij in the QILO model, which may represent the lifetime
of the transition electron at energy level j because of the
usual expression τ = RC as the decay time constant in a
typical RC series circuit. Thus, in light of the QILO model,
we assume that the energy level lifetime of an excited
hydrogen-like atom can be defined as
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where specific resistance ρij = mΓij/(e2Nij), in which Nij is the
number density of the jumping electron. It is worth noting
that the level lifetime based on the QILO model is
proportional (not inverse) to the damping coefficient or full
width at half-maximum (FWHM) Γij of an absorptive
spectrum of the material. It means that, for a given sample,
i.e., Nij, the larger the damping coefficient Γij, the longer the
excited-state lifetime according to the QILO model. This
result is somewhat beyond expectation. Moreover, this time
interval depends on not only the excited state j but also the
initial state i. As for a level lifetime of the ground state, τj =
τground → ∞ owing to Nij � 0 in eq 20. On the other hand,
on rewriting eq 20 as
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one may find that some sample content in the mixture may
be estimated by eq 21 through the measured FWHM Γij and
the excited-state lifetime τj. This formula might be helpful to
the elemental analysis, molecular reaction kinetics, environ-
mental monitoring, and so on.
Taking the Fourier forms of the coordinate x(t) and the

interactional light E(t) into eq 7, we can obtain the
expression of the first-order electric susceptibility of a
homogeneous medium as
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named the i → j transition atom number density in the
equilibrium situation between atomic emission and absorp-
tion under a light field.37 In eq 25, g(i) is the degeneracy at
state i. Equation 23 shows that the damping coefficient Γij
just represents the full width at half-maximum (FWHM) of
the 1PA spectrum. It can also be expressed in terms of
wavelength λ as

c2
ij

FWHM

peak
2=

where c is the light velocity in vacuum and ΔλFWHM is the
FWHM near the spectral peak wavelength λpeak. In eq 23, ωij
represents the transition eigenfrequency of the hydrogen-like
atom. The imaginary part and real part of the susceptibility
are, respectively,
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In the situation of the stable solution of eq 7 in the time
domain, we can obtain the relational expression among the
atom transition eigenfrequency ωij, the angular frequency
ωij

peak at a spectrum peak, and FWHM Γij as
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Equation 28 or 29 represents a spectral red shift or the

Stokes spectroscopy. Equations 28 and 29 show us a way of

estimating the transition eigenfrequency ωij of a hydrogen-

like atom according to the peak frequency ωij
peak and the

FWHM Γij of a material spectrum. By using eqs 2, 6, 8, and

1PA or 2PA selection rules of quantum mechanics, i.e., Δl =

±1 for 1PA or Δl = 0, ±2 for 2PA, where l = j − jφ
corresponding to s, p, d, f··· orbits for jφ = j, j − 1, j − 2, ···

respectively, one can obtain the effective quantum numbers

before and after the electronic transitions of the 1PA or 2PA

process.
For the second-order susceptibility of a medium, we have
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When ω1 = ω2 = ω, the real and imaginary parts of χ(2)(ω,

ω) are, respectively,

Figure 3. Experimental 1PA and 2PA (TPA) of LB3 and theoretical simulations based on the QILO model. (a) Molecular structure, (b) 1PA
spectrum, (c) fitting diagram of the 1PA spectrum using QILO, and (d) experimental 2PA cross section and its numerical simulation using the
QILO model (green line).
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and
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For the third-order susceptibility relating to the third

harmonic generation (THG), we have
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When ω1 = ω2 = ω3 = ω
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The real and imaginary parts of χ(3)(ω, ω, ω) are,

respectively,

e
m

N
B( , , )

1

1
1

9
1

3
1

3 3
1 1 1

9 9

1
1

9 3
1

3
1

3
1

1 1
9 9

i j i

i j

ij

A

j
ij ij

ij

ij ij

ij

ij

ij

ij ij

ij

ij ij

ij

ij ij

ij

ij

A

ij

ij

ij ij

ij

ij

ij

ij ij

ij

ij ij

ij

ij

ij ij

ij

ij

Re
(3)

4

0
3 8

2 4

4
2

4

2

2

2

2

3 2 2

4

2

2

2 2

2

2

2 3 3

6

2

2

2 2 2

4

3
2

2

2 2 2

4

4

4
2

4

2

2 2

2

2

2 3 3

6 2

2

2

3 2 2

4

2

2

2

2

2 2 2

4

3
2

2

2 2 2

4

j

ij ij

ij

ij

ij

j ij

ij

ij

ij

ij

2

2

2

2

2

2

2 2

4

2

4

2

2

2 2

4

= ×
+

+ +

+
+

+ +

>

l

m
ooooooo

n
ooooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

i
k
jjj y

{
zzz

i
k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

l
m
oooo
n
oooo

i

k
jjjjjj

y

{
zzzzzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

|
}
oooo
~
oooo

l
m
ooooo
n
ooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

|
}
ooooo
~
ooooo

i
k
jjj y

{
zzz

l
m
oooo
n
oooo

i

k
jjjjjj

y

{
zzzzzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

|
}
oooo
~
oooo

l
m
ooooo
n
ooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

|
}
ooooo
~
ooooo

|

}
ooooooo

~
ooooooo (35)

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01922
ACS Omega 2023, 8, 19950−19962

19955

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


e
m

N
B( , , )

1

1
1

9 3
1

3
1

3
1 1 1

9 9

1
1

9
1

3
1

3 3
1

1 1
9 9

i j i

i j

ij

A

ij

ij

ij ij

ij

ij

ij

ij

ij

ij ij ij

ij

ij ij

ij

ij

A

ij ij

ij

ij ij

ij

ij

ij

ij ij

ij

ij

ij

ij

ij ij

ij

ij

Im
(3)

4

0
3 8

2 4

4
2

4
j

2

2 2

2

2

2 3 3

6

2

2

ij
2

3 2 2

4

2

2

2

2

2 2 2

4

3
2

2

2 2 2

4

4

4
2

4

2

2

2

2

3 2 2

4

2

2 2 2

2

2

2 3 3

6

2

2

2 2 2

4

3
2

2

2 2 2

4

j

ij

ij

ij

ij

j ij

ij

ij

ij

ij

2

ij
2

2

2

2

2

2 2

4

2

4

2

2

2 2

4

= ×
+

+ + +

+
+

+ +

>

l

m
ooooooo

n
ooooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

i
k
jjj y

{
zzz

i
k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

l
m
oooo
n
oooo

i

k
jjjjjj

y

{
zzzzzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

|
}
oooo
~
oooo

l
m
ooooo
n
ooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

|
}
ooooo
~
ooooo

i
k
jjj y

{
zzz

l
m
oooo
n
oooo

i

k
jjjjjj

y

{
zzzzzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

|
}
oooo
~
oooo

l
m
ooooo
n
ooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjjj

y

{
zzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

|
}
ooooo
~
ooooo

|

}
ooooooo

~
ooooooo (36)

For another third-order electric polarizability relating to 2PA
and the nonlinear refractive index coefficient, we have
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The real and imaginary parts of χ(3)(ω, ω, −ω) are,
respectively,

e
m

N

B

( , , ) ( , , )

3

3 1

1

1

1 1

i j i
ij

i j i

i j

ij

A
j

A

Im
(3) (3)

Im

4

0
3 8

1

1

4 2

2 2 3

4
2 2

4
2

2
2 2 2 3

Aj

ij ij

ij

ij

ij

j

ij

ij

ij ij

ij

ij

ij

j

ij

ij

ij ij

ij

ij

ij

ij

ij ij

ij

ij

2 2

2
4 2

2

4 2

2

2
2
2

2

2

2 2

2

2

2

2 2

2

2 2

2

2 2

2

2 2

2

2 2

= [ ]

=

×

+

+

+

+ +

>

>

+

l

m

oooooooooooooo

n

oooooooooooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

i
k
jjj y

{
zzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÄ

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

|

}

oooooooooooooo

~

oooooooooooooo

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

(38)

e
m

N

B

( , , ) ( , , )

3

3 1

1

1

1 1

i j i
ij

i j i

i j

ij

A
j

A

Re
(3) (3)

Re

4

0
3 8

1

1

4
2 2

2 2 3

8
2

4
2

2
2 2 2 3

Aj

ij ij

ij

ij

ij

j

ij ij

ij

ij

ij

ij

ij

j

ij ij

ij

ij

ij

ij

ij ij

ij

ij

2 2

2
4 2

2

4 2

2

2
2
2

2

2

2

2

2 2

2

2 2

2

2

2

2 2

2

2 2

2

2 2

= [ ]

=

×

+

+

+ +

>

>

+

l

m

ooooooooooooooo

n

ooooooooooooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

i
k
jjj y

{
zzzi

k
jjj y

{
zzz

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

|

}

ooooooooooooooo

~

ooooooooooooooo

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

(39)

For the 2PA transition process, the molecular 2PA cross
section can be given by eq 40

Table 1. 2PA Cross-Section Deviations between the
Experimental Result and the QILO’s One

organic
molecules

σmax (experiment)
(GM)

σmax (theory)
(GM)

deviation
(%)

LB3 2250 (850 nm) 2228 (850 nm) −0.9
M4 726 (851 nm) 793 (851 nm) 10
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By means of the above equations, we have investigated a
charge-transfer image in molecular photon-absorption via
numerical simulations of 1PA and 2PA behaviors of the two
organic molecule compounds. We have also calculated the

energy level lifetime of the compounds. Some detailed results
are as follows.

3. RESULTS AND DISCUSSION
Cai et al.40 designed and synthesized many organic molecules
with the purpose of obtaining a large molecular 2PA cross

section, one of which is LB3, as shown in Figure 3. The black
solid line in Figure 3b represents the linear absorptive
spectrum of LB3. Through fitting the absorptive spectrum of
LB3 as is shown by the red solid line in Figure 3c using the
QILO model, we can obtain the damping coefficient Γij ≈
6.25 × 1014 s−1 near the absorptive peak wavelength 425 nm
corresponding to the peak angular frequency ωij

peak = 4.4329
× 1015 rad·s−1. Taking the values of Γij and ωij

peak into eq 29,
we can obtain the angular eigenfrequency ωij = 4.4439 × 1015
rad·s−1 (λij = 423.9 nm) of the 1PA jumping process of the
LB3 molecule around the spectral peak wavelength.
Considering that LB3 is a polar molecule in the ground
state and given the 1PA selection rules of quantum

Figure 4. Charge-transfer images in 1PA and 2PA processes of the compound LB3 in THF. (a) Ground state i = 1.5367, iφ = i-1 = 0.5367, ai =
1.2492 Å, bi = 0.4363 Å, and μi = 5.6145 D. (b) Final state after 1PA j = 2.1912, jφ = j = 2.1912, and aj = bj = 2.5399 Å. (c) Final state after
2PA j = 2.1912, jφ = j-1 = 1.1912, aj = 2.5399 Å bj = 1.3808 Å, and μj = 10.2256 D. (d) Comparison of the CT orbits between 1PA and 2PA
transitions.

Table 2. Level Lifetimes of LB3 and M4 in, respectively,
1PA and 2PA Processes

organic molecules τij
1PA (ps) τij

2PA (ps) relative difference (%)

LB3 32.6 16.5 49
M4 37.4 19.8 47
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mechanics Δl = ±1, we believe that the black line of the 1PA
spectrum near 425 nm in Figure 3b represents the 2p → 3s
transition process of the molecule. Using Γij = 6.25 × 1014

s−1, ωij = 4.4439 × 1015 rad·s−1, iφ = i-1, and jφ = j in eq 2
and eq 8, we can obtain the effective quantum numbers
before and after the electronic transitions, respectively, as i =
1.5367, iφ = 0.5367, j = 2.1912, and jφ = j = 2.1912 for the
eigenfrequency ωij = 4.4439 × 1015 rad·s−1 of LB3. According
to the transition selection rule Δl = 0 for 2PA, the effective
quantum numbers before and after the electronic transitions
of LB3 are, respectively, i = 1.5367, iφ = 0.5367, j = 2.1912,
and jφ = 1.1912 (= j-1) corresponding to the 2p → 3p for
the 2PA transition process, in which the damping coefficient
Γ2PA = 3.1685 × 1014 s−1 around the wavelength 850 nm. In
eq 8, the effective radius of the THF solvent molecule R’ =
3.0229 Å relating to the molecular number density N’ =
7.4168 × 1027 m−3, where the adjustable constant δ = 0.96.
According to eqs 11−14, we can obtain the second- and
third-order nonlinear effect parameters A2.1912 = 5.8430 ×
1041 SI and B2.1912 = 1.0115 × 1051 SI. Using eq 40, we have
calculated the 2PA cross section of LB3 as shown in Figure
3d (green line). Figure 3d exhibits that the theoretical 2PA
cross section of LB3 inferred by the QILO model turns out
to be in good agreement with the experimental one. The 2PA
cross-section deviation between the measured result and
QILO’s one at the peak wavelength of 850 nm is only about
−1.0%, as shown in Table 1. It needs to be explained that the

most important factor influencing the error is the damping
coefficient or FWHM Γij of the linear absorption spectrum.
Substituting the effective quantum numbers i = 1.5367 and

iφ = 0.5367 in the 1PA process near the peak wavelength 425
nm into eqs 4, 5, and 16, we can obtain that the semimajor
axis, the semiminor axis, and the average electric dipole
moment of the LB3 molecule in the ground-state orbit are,
respectively, ai = 1.2492 × 10−10 m = 1.2492 Å, bi = 0.4363
Å, and μi = 1.8728 × 10−29 C·m = 5.6145 D, as shown in
Figure 4a. For the 1PA process, in a similar manner, using j =
2.1912 and jφ = j = 2.1912 in eqs 4, 5, and 16, we can obtain
that the semimajor axis, the semiminor axis, and the average
electric dipole moment of the LB3 molecule at the related
excited-state orbit are, respectively, aj = 2.5399 Å, semiminor
axis bj = aj, and μj = 0, as shown in Figure 4b. In the 2PA
transition process near the wavelength 850 nm, using the
effective quantum numbers j = 2.1912 and jφ = j-1 = 1.1912
in eq 4, 5, and 16, we can obtain that the semimajor axis aj =
2.5399 Å, the semiminor axis bj = 1.3808 Å, and the average
electric dipole moment μj = 3.4109 × 10−29 C·m = 10.2256
D of the LB3 molecule in THF at the two-photon-excited j
state orbit as shown in Figure 4c.
Figure 4c indicates that, through the 2-photon-absorption

process, a great change of the molecular dipole moment of
LB3 from the ground state to the excited state has taken
place. This result is in keeping with the general conclusion of
the great increase of the molecular dipole moment from the
ground state to the excited state by two-photon excitation

Figure 5. Experimental 1PA and 2PA of M4 and theoretical simulations based on the QILO model. (a) Molecular structure, (b) 1PA
spectrum,47 (c) fitting diagram (blue line) of the 1PA spectrum using QILO, and (d) experimental 2PA cross section and its numerical
simulation using the QILO model (purple line).
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according to the time-dependent density functional theory
(TDDFT) in the literature.26,41,42 The compared final-state
orbits of LB3 between the 1PA transition near 425 nm and
the 2PA transition near 850 nm are exhibited in Figure 4d.
Figure 4 shows our abridged general view of the charge-
transfer images in molecular 1PA and 2PA processes of the
compound LB3 in the THF solvent on the basis of the QILO
model.
The measurement of an excited-state lifetime is nowadays a

relatively mature technology. Considering the QILO model,
the energy level lifetime is likely to provide valuable insights
into the comprehension of the CT image. For the
convenience of comparison in energy level lifetime calcu-
lations, we chose the LB3 sample concentration in the 1PA
process to be the same as the one in the 2PA process. For
the sample concentration C0 = 1.0 × 10−5 mol/L, we can
obtain the number density of transition electrons of LB3
molecules to be about Nij = 6.022 × 1021 m−3 in eq 20. Here,
we assume that only the outermost one electron of a
hydrogen-like atom of LB3 is excited under a light field.
Using Γij = 6.25 × 1014 s−1 near the absorptive peak
wavelength 425 nm for 1PA and Γ2PA = 3.1685 × 1014 s−1

around the wavelength 850 nm for 2PA in eq 20, we can
obtain the excited-state lifetimes of LB3 molecules,
respectively, through 1PA and 2PA excitations as shown in

Table 2. The calculated level lifetimes based on eq 20 are the
same order of magnitude (ps or ns) as the experimental
ones.43−46 Table 2 indicates that there is a big difference in
the level lifetimes between the two kinds of excitations (1PA
and 2PA) for a given sample. Considering the QILO model,
this difference should be owing to the different transition
selection rules of 1PA and 2PA in quantum mechanics. This
result may suggest that, by means of level-lifetime measure-
ment, perhaps one can test indirectly the transition selection
rule of quantum mechanics, which is a result of the pure
theoretical analysis of the frontier orbit symmetry in single-
and two-photon processes.
Using the same method as for the compound LB3, we have

also investigated the detailed behaviors of another polar
molecule M4 as shown in Figure 5a in the THF solvent, such
as the effective quantum numbers before and after the
electronic transitions near the 1PA and 2PA peak wave-
lengths, the molecular 2PA cross section, the Bohr−
Sommerfeld orbits of initial and final states, the excited-
state lifetime, and so on. The obtained results are,
respectively, indicated in Figures 5 and 6 and Tables 1 and
2. These results indicate that the optoelectronic behaviors of
the compound M4 are similar to the ones of LB3 in the same
solvent.

Figure 6. Charge-transfer images in 1PA and 2PA processes of the compound M4 in THF. (a) Ground state i = 1.5740, iφ = i-1 = 0.5740, ai =
1.3106 Å, bi = 0.4779 Å, and μi = 5.8540 D; (b) final state after 1PA j = 2.3001, jφ = j = 2.3001, and aj = bj = 2.7987 Å; (c) final state after
2PA j = 2.3001, jφ = j-1 = 1.3001, aj = 2.7987 Å bj = 1.5819 Å, and μj = 11.0742 D; (d) comparison of the CT orbits between 1PA and 2PA
transitions.
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As is known to all, the molecular spectrum is related to the
effect of the solvent. The effect can be shown partly through
the peak frequency and FWHM of an absorptive spectrum.
Since the effective quantum numbers before and after the
electronic transitions come from the solutions of eqs 2, 8,
and 29, the CT process of QILO could be used to explain
some results of the solvent effect in part. Furthermore, our
results indicate that the molecular charge transfer and level
lifetime in 1PA are obviously different from the ones in 2PA.
This result suggests that the QILO model might be helpful in
dealing with the structural design and synthetic strategies of
intramolecular charge-transfer compounds as well as their
potential applications by means of 1PA or 2PA excita-
tion.48−52

Besides the charge transfer and level lifetime in molecular
photon-absorption, we have investigated in detail the
nonlinear refractive index coefficient and the second or
third harmonic properties of some photoelectric materials on
the basis of the QILO model as well. Some expected results
have been obtained. The relevant research are in progress.

4. CONCLUSIONS
In summary, the quantum impedance Lorentz oscillator
(QILO) model provides us with such a charge-transfer image
in the molecular single-photon- or multiphoton-absorption
process that a hydrogen-like atomic electron of a molecule
transits among the different Bohr−Sommerfeld orbits that are
required to satisfy simultaneously the conditions of the
transition selection rules of quantum mechanics. It would
make the estimation of a molecular average dipole moment
very easy and simple. In addition, the level-lifetime formula
based on the microparticle collision idea of thermal motion
might offer a practical method to theoretically estimate the
excited-state lifetime in the electronic transition process
between two different energy levels. It may be helpful to deal
with material spectral behaviors measured in room-temper-
ature conditions. Our result suggests that the level lifetime of
QILO may be used for an experimental method to verify 1PA
and 2PA transition selection rules resulting from the pure
theoretical analysis of frontier orbit symmetry in quantum
mechanics. The QILO model exhibits the advantage of
simplifying the calculation complexity and reducing the high
cost associated with the first principle in addressing both
linear and nonlinear properties of optoelectronic materials.
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