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Abstract
Polycyclic aromatic molecules are of great interest owing to their many important
applications in chemistry and have therefore been the focus of investigations for
over half a century with spectroscopic techniques. This thesis is devoted to the
modeling of vibrationally resolved optical spectra of polycyclic aromatic molecules.
The general goal is to demonstrate the importance of nuclear motion on the
electronic spectra and provide reliable spectral assignments and spectral
fingerprints to distinguish different molecular isomers that are often not possible
to be identified by experiments alone. In this thesis, four sets of polycyclic aromatic
molecules have been systematically studied by using quantum chemistry methods.
The main results of these studies are briefly summarized below.
The vibronic absorption spectra of protonated anthracene isomers, labeled as
9H-An+ and 1H-An+, respectively, have been computed within the Franck-Condon
approximation. The simulated vibronic spectra are in good agreement with their
experimental counterparts, which enables to provide correct reassignments for the
electronic spectra. It is shown that assignments based on vertical excitation energy
alone can lead to incorrect identifications of the isomers.
The electronic spectra of protonated naphthalene isomers have been studied. The
simulated vibronic excitations show good agreement with the corresponding
experimental spectra, which makes it possible to provide reliable assignments for
the experimental electronic spectra and correct interpretation of their vibronic
features. The intramolecular proton transfer between two conformers, α-HN+ and
β-HN+, are also examined. It is found that the S1 state of α-HN+ is in favor of
fluorescence emission while the β-HN+ can easily overcome the barrier from a
metastable state to form α-HN+.
The effects of geometric structure and theoretical approximation on the quality
of simulated spectra have been examined using protonated pyrene (H-Pyrene+) and
protonated coronene (H-Coronene+) as examples. It is found that the calculated
absorption spectrum of H-Coronene+ is in excellent agreement with experiment
because of its sufficiently conjugated planar structure. It is also shown that the
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inclusion of Duschinsky rotation and vibrational frequency changes of the excited
state can result in significant changes of the spectral profile.
The coumarin molecule is an important unit for certain heterocyclic aromatic
molecules. The vibronic absorption and emission spectra of coumarin have been
simulated within the Franck-Condon approximation. It is found that the simulated
vibronic absorption spectra from time-dependent density functional theory well
reproduce the experimental counterparts, while the simulated spectrum based on
the CASSCF method gives a good agreement with the experimental fluorescence
spectrum. Based on the calculated results, the activity, intensity, and the density of
the vibronic transitions and their contribution to the experimental spectral profiles
have been discussed in detail.
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Chapter 1
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are the most important hydrocarbon
compounds in organic chemistry. PAHs are widely found in coal and tar deposits in
nature, and can also be produced by incomplete combustion of organic matter such
as wood, charcoal, grease and tobacco. Protonated polycyclic aromatic
hydrocarbons (H-PAH+s) are important derivatives of PAHs, which become σcomplexes by attaching protons to the aromatic rings of the PAHs. As special
carbenium ions, H-PAH+s play a vital role as intermediates in electrophilic
substitution reactions of PAHs, which have been used to explain the critical step of
C-H activation of aromatic rings.[1-7] As short-lived intermediates, H-PAH+s are
also involved in combustion flames of PAHs, [8-10] and responsible for the growth
of PAHs in soot formation.[11] In addition, from a point view of astrophysics, HPAH+s are also considered as potential sources of interstellar diffuse bands (DIBs)
and unidentified infrared emission bands (UIRs).[12-16]
To thoroughly understand the reaction mechanisms of PAH molecules and
detailed processes of soot formation, it is necessary to obtain knowledge of the
structure

and

chemical

properties

of

H-PAH+s.

Optical

spectroscopic

measurements play an important role in the detection and characterization of HPAH+s, as they are able to provide rich information on the ground and excited state
properties of H-PAH+s by a reliable comparison between the experimental data and
theoretical modeling. Several decades ago, H-PAH+s have been generated by
dissolving PAHs in strong acidic solutions and have been investigated using optical
spectroscopy.[ 17 - 21 ] However, the optical spectra are strongly influenced by the
liquid environment, which always show broad, and often structureless, bands
including just limited spectroscopic information. Therefore, the optical
spectroscopic data for H-PAH+s under isolated conditions are required. Firstly, gas
phase spectroscopy characterizes the H-PAH+s in a more realistic environment
1
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where combustion and flames of PAHs are addressed. Secondly, compared to the
condensed phase spectra, the corresponding gas phase spectra always show
changeful band shape that can be used to reveal the solvation effects of a chemical
reaction. Finally, the gas phase spectra also provide better spectroscopic data that
can be compared with theoretical studies.
Recently, a large number of experimental studies on the gas optical spectra of HPAH+s have been reported for protonated benzene,[
naphthalene,[ 24 - 26 ]

protonated

anthracene,[ 27 ]

22 , 23 ]

protonated

protonated phenanthrene,

protonated pyrene and protonated coronene.[28,29] When those gas optical spectra
have been analyzed, a major challenge arises as H-PAH+s have a lot of isomers
which occupy variable protonation sites in the aromatic rings. For example,
protonated naphthalene (HN+) have two isomers, α-HN+, and β-HN+; protonated
anthracene(H-An+) have three isomers, 1H-An+, 2H-An+, and 9H-An+; while, five
isomers have been detected for protonated phenanthrene. In most experimental
reports, the calculated vertical excitation energies have been used to assign the
experimental maximum peak and ground state vibrational frequencies have been
used to explain the vibrationally resolved bands of the electronic transitions.
However, for different isomers of one species, the ground state energies usually are
close and the vertical excitation energies are very similar. Therefore, it can be
dangerous to identify the optical spectra of protonated PAHs only under the vertical
approximation. For instance, the absorption bands of protonated anthracene have
been incorrectly assigned to a certain isomer based on the theoretical results of
vertical excitation energies calculation.[27]
It is obvious that treatment of vibronic transitions can be required because the
simulations of vibrationally resolved optical spectra make it possible to reproduce
the band profiles,[30-33] and help the assignment of optical spectra of these isomers.
Based on the right assignment, a lot of valuable information about the ground and
excited state properties can also be extracted from the experimental spectra. The
main work of this thesis has been devoted to theoretical modeling of vibrationally
resolved optical spectra of protonated PAHs molecules and to provide useful
suggestions to the experiments. Moreover, the effect of protonation site to the band
shape of H-PAH+ isomers has also been studied in this thesis.
When we were studying optical spectra of protonated polycyclic aromatic
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hydrocarbons, the photochemical properties of protonated naphthalene have
attracted our particular attention.[24] The two isomers of protonated naphthalene
possess very similar ground state equilibrium geometries, except that the proton
located on different sites of the naphthalene ring. Their absorption spectral bands
are also close and the band shapes have some similarities. However, the two
isomers have quite different luminescent properties. One isomer can emit
fluorescence while the other is free of radiation. This indicates that the site of the
proton on the naphthalene ring has a strong influence on the luminescence of
protonated naphthalene. Therefore, this is a nice molecular model that helps us
understand how the position of proton control molecular luminescence or
quenching. In addition, experimental spectroscopic studies have also revealed that
one isomer does not return to the ground state after a radiationless transition but
instead is converted to another isomer. An understanding of this process could give
useful suggestions to the design of optical switch molecules.[34-37] However, the
mechanism of this photo-induced process still remains unclear. In this thesis, we
have performed a detailed study on the photophysical and photochemical processes
of protonated naphthalene. Our results explain the different luminescence
properties of protonated isomers and explore the detailed photochemical pathways
along which protonated naphthalene is converted from one isomer to another.
Single molecule optical switches are important parts of molecular machines. An
important different kind of single molecular optical switch is based on the
photolysis of the molecules after absorbing light with certain wavelength.
Coumarins are widely used as this sort of single molecule optical switches. [38-41]
Such compounds generally have high photon yields and stability. The electronic
and optical properties of coumarins have been extensively measured and studied
over many years.[ 42 - 45 ] However, the optical spectra of coumarin, the parent
molecule of coumarin derivatives, are not well explained. This will inevitably affect
our understanding of the optical properties of coumarin derivatives. In this thesis,
we explore the electronic structure and excited state properties of coumarin and
explain its optical absorption and emission spectra, which provide the necessary
basis for the design of molecular switches based on coumarin.
The thesis is organized as follows. In Chapter 2, the theoretical background for
the simulation of vibrationally resolved optical spectra and the calculation of
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photochemistry pathway are introduced. The basic electronic structure methods
are given in Chapter 3. Chapter 4 is devoted to the simulation of the optical spectra
of polycyclic aromatic molecules. A short summary of the included papers is
presented in Chapter 5. Finally, we also give an outlook for the development of this
field in Chapter 6.
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Chapter 2
Optical spectra and photochemistry
The theoretical background on the optical spectra and photochemistry is
introduced in this chapter. In section 2.1, we focus on the simulations of
vibrationally resolved absorption and emission spectra based on the calculations of
Franck-Condon factors, which is the core work in this thesis. In section 2.2, we
present several important concepts on photochemistry pathways.

2.1 Simulation of optical spectra
2.1.1 Vibronic effect
Molecular optical spectra can be generated by electronic transitions between
different electronic states, which are mostly located in the regions of ultraviolet
(200<λ <400 nm) and visible (λ = 400~800 nm) light. The optical spectra
constitute an important tool in analytical chemistry, molecule physics, and
astrophysics, which can be used to determine molecule structures and excited state
properties of molecules. The molecule can be excited from the vibrational levels of
one electronic state to the vibrational levels of another electronic state, which is
known as the vibronic effect shown in Figure 2.1(a).[46-48] With the vibronic effect,
the electronic transitions may show the fine vibronic structure in the gas phase as
given in Figure 2.1(b). The intensity of vibronic transitions can be evaluated in the
framework of the Franck−Condon principle. This basic principle and the formula
for the vibronic structure calculations using this principle are given below.
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Figure 2.1 (a) Schematic illustration of the absorption and emission processes. (b)
The corresponding absorption and emission spectra.
2.1.2 Simulation of vibrationally resolved optical spectra: theory and
approximations
Born-Oppenheimer approximation
Within the Born-Oppenheimer approximation, the wave function of the molecule
can be expressed as the product of the separate electronic and vibrational wave
functions. For the initial state:
|𝑖⟩ = |𝑔, 𝑚⟩ = |𝑔⟩|𝑚⟩

(2.1)

|𝑓⟩ = |𝑒, 𝑛⟩ = |𝑒⟩|𝑛⟩

(2.2)

for the final state：
where |𝑔⟩ and |𝑒⟩ represent the pure electronic wave functions of the intial and final
states, and |𝑚⟩ and |𝑛⟩ represent the corresponding pure vibrational wave
functions.

Franck-Condon approximation
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After the molecule has been excited from the initial to the final state, the transition
dipole moments are expressed as follows:

𝑖,𝑓 = ⟨𝑖||𝑓⟩

(2.3)

The vibronic transition dipole moment is given by

𝑔,𝑚→𝑒,𝑛 = ⟨𝑚|⟨𝑔||𝑒⟩|𝑛⟩ = ⟨𝑚|𝜇𝑔,𝑒 |𝑛⟩

(2.4)

where μg, e represents the electronic transition dipole moment:
𝜇𝑔,𝑒 = ⟨𝑔||𝑒⟩

(2.5)

The electronic transition dipole moment can be expanded with a Taylor series in
the nuclear coordinates:
𝑘,𝑙
0
𝑘
𝜇𝑔,𝑒 = 𝜇𝑔,𝑒
+ ∑ 𝜇𝑔,𝑒
𝑄𝑘 + ∑ 𝜇𝑔,𝑒
𝑄𝑘 𝑄𝑙 …
𝑘

(2.6)

𝑘,𝑙

The first term is the Franck-Condon term and the second term is referred to as the
Herzberg-Teller term. As the second term usually gives small contributions to the
transition dipole moments, this problem can be simplified by introducing the
Condon approximation: the electronic transition dipole moment can be considered
as a constant.[49,50] Then, Eq(2.4) is simplified to：
0
0 ⟨𝑚|𝑛⟩
0
𝑔,𝑚→𝑒,𝑛 = ⟨𝑚|𝜇𝑔,𝑒
|𝑛⟩ = 𝜇𝑔,𝑒
= 𝜇𝑔,𝑒
𝑆𝑚,𝑛

(2.7)

where Sm,n represents the overlap integral between the initial and final vibrational
wave function. The intensity of the vibronic transition is given by the following
equation:
2

0
2
𝐼𝑔,𝑚→𝑒,𝑛 ∝ [𝜇𝑔,𝑒
] 𝑆𝑚,𝑛

(2.8)

2
𝑆𝑚,𝑛
is known as the Franck-Condon factors of the vibronic transitions. The

vibronic structure thus depends on the Franck-Condon factors, which is known as
the Franck-Condon principle.
Duschinsky transformation
If the molecular vibrational frequencies in the initial and final states are
substantially different, the Duschinsky transformation should be used. By the
Duschinsky transformation,[51] the normal modes of final state Qe can be projected
to the initial state normal coordinate Qg:
𝑄𝑔 = 𝐽𝑄𝑒 + 𝐾

(2.9)
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The rotation matrix J is named as Duschinsky matrix and K is a displacement
column vector. Then, J and K can be obtained using flowing formula:
𝐽 = 𝐿𝑔,−1 𝐿𝑒 ,

1

𝐾 = 𝐿𝑔,−1 𝑀2 ∆𝑋 .

(2.10)

Here, Lg and Le represent the mass-weighted normal modes of initial and final
states, M is the diagonal matrix of atomic masses and ∆𝑋 is the displacement of
the equilibrium geometries of two states. We can see that the calculation of J and K
require the input of the equilibrium geometries and normal coordinates of the
ground and excited states.
Calculation of FC integral
The basic tools to perform the calculation of FC integral can be provided by
recursion relationships as shown in 1964 by Sharp and Rosenstock within the
harmonic approximation.[52] In this thesis, we use those formulas proposed by
Ruhoff and Ratner [53,54], and developed by other authors.[30-33] Here, the reduced
𝑔

frequency 𝜔𝑘 /ħ and 𝜔𝑘𝑒 /ħ diagonal matrix element can be named as Γg and Γe and
the following vector and matrix elements are defined as:
Y = 𝐽 † Γ𝑔 𝐾

(2.11)

X = 𝐽 † Γ𝑔 𝐽 + 𝐽 † Γ𝑔 𝐾
† 𝑔

A = −2𝐾 Γ 𝐽𝑋

(2.12)

−1 𝑒,1/2

Γ

(2.13)

D = 2Γ 𝑒,1/2 𝑋 −1 Γ 𝑒,1/2 − 𝐼
† 𝑔,1/2

B = 2K Γ

(1 − Γ

𝑔,1/2

(2.14)
𝐽𝑋

−1 † 𝑔,1/2

J Γ

)

(2.15)

E = 2Γ𝑔,1/2 𝐽𝑋 −1 J † Γ𝑔,1/2 − 𝐼

(2.16)

F = 2 Γ𝑔,1/2 𝐽𝑋 −1 Γ 𝑒,1/2

(2.17)

FC integration of the 0-0 band is:
1/2

⟨0𝑔 |0𝑒 ⟩ = (𝑑𝑒𝑡Γ𝑔 𝑑𝑒𝑡Γ 𝑒 )1/4 (

2𝑁 𝑑𝑒𝑡𝐽
)
𝑑𝑒𝑡𝑋

1
1
× 𝑒𝑥𝑝 [− 𝐾 † Γ𝑔 𝐾 + 𝑌 † 𝑋 −1 𝑌].
2
2

(2.18)

The FC integrals from the 0-0 band to any vibrationally excited state n can be
calculated by a recursive relation as follows：
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⟨0𝑔 |𝑛⟩
=(

1 1/2
𝑛𝑘 − 1 1/2
) 𝐴𝑘 ⟨0𝑔 |𝑛 − 1𝑘 ⟩ + (
) 𝐷𝑘𝑘 ⟨0𝑔 |𝑛 − 2𝑘 ⟩
2𝑛𝑘
𝑛𝑘
1

𝑛𝑙 2
+ ∑ ( ) 𝐷𝑘𝑙 ⟨0𝑔 |𝑛 − 1𝑘 − 1𝑙 ⟩
𝑛𝑘

(2.19)

𝑙,(𝑙≠𝑘)

Based on these, all other FC overlap integrals can be calculated recursively as
⟨𝑚|𝑛⟩
1

1

1 2
𝑚𝑘 − 1 2
=(
) 𝐵𝑘 ⟨𝑚 − 1𝑘 |𝑛⟩ + (
) 𝐸𝑘𝑘 ⟨𝑚 − 2𝑘 |𝑛⟩
2𝑚𝑘
𝑚𝑘
1

𝑚𝑙 2
+ ∑ ( ) 𝐸𝑘𝑙 ⟨𝑚 − 1𝑘 − 1𝑙 |𝑛⟩
𝑚𝑘
𝑙,(𝑙≠𝑘)

1

𝑤𝑙 2
+ ∑ ( ) 𝐹𝑘𝑙 ⟨𝑚 − 1𝑘 |𝑛 − 1𝑙 ⟩
𝑚𝑘

(2.20)

𝑙

In summary, the calculation of FC factors requires geometries, vibrational
frequencies, and normal coordinates of initial and final states, which can be
obtained from electronic structure calculations. The corresponding electronic
structure methods are given in chapter 3.
The linear coupling model
Under the approximation of the equal vibrational frequencies in the ground and
excited states, J can be considered as the identity matrix I, which leads to the
simplified model of Franck-Condon factors that is called the linear coupling model
(LCM).[55, 56] The Franck-Condon factors can be calculated as a simple Poisson
distribution:
2

𝑘
[𝑆0,𝑛
] = 𝑒 𝑆𝑘

𝑆𝑘𝑛
𝑛!

(2.21)

Here Sk is the so-called Huang-Rhys factor defined as
𝑆𝑘 =

𝜔𝑘 𝐾 2
2ℏ

(2.22)

which is also called the vibronic coupling constant.
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Comparison between the experimental and simulated spectra
A comparison of experimental and theoretical spectra might require to perform
some treatment of the theoretical spectra. Firstly, stick lines are usually convoluted
with Gaussian functions in order to simulate various broadening processes. Then,
the simulated spectra are often obtained with the energy scale, while the
experimental spectra are often shown using the wavelength scale. Therefore, a
transformation from the energy scale 𝜈̅𝜅 to the wavelength scale 𝜆𝜅 is often called
for[57]:
(𝜈̅𝜅 ; 𝐼𝜅 ) ⟶ (𝜆𝜅 =

1
; 𝐼̃ = 𝐼𝜅 𝑁𝜅 )
𝜈̅𝜅 𝜅

(2.23)

where k denotes a grid point, and the renormalization factor Nk is defined by
𝑁𝜅 = (𝜈̅𝜅 2 −

𝑑2
)
4

(2.24)

where d is the interval width. Finally, for better comparison with experimental
spectra, the position of the 0-0 band of the computed spectrum should be uniformly
shifted to coincide with the band origin of experimental spectra.
An example: Coumarin C153
Coumarin C153 is a famous benchmark molecule for the calculation of vibrationally
resolved spectra. The stick absorption spectrum for coumarin C153 have been
computed and shown in Figure 2.2(a).[58] The convolution spectra with Gaussian
functions have been obtained to match the experimental bands. The line shapes and
positions of the calculated spectra show good agreement with the experimental
counterpart as demonstrated in Figure 2.2(b). This is an example that simulations
of the vibrationally resolved spectra can be able to provide direct comparisons with
experimental data so that the experimental peaks can be correctly identified based
on the simulated spectra.
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(a)

(b)

Figure 2.2 (a) Calculated stick spectrum of C153 and its assignment. (b) The
comparison with the experimental spectra. Figures are selected from ref. 58,
reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
2.1.3 Software tools
A series of tools have been developed to calculate the vibronic structure of the
optical spectra based on the Franck-Condon approximation during recent
years.[59,60] Here, we give an introduction to two software tools used in this thesis.
FCclasses
FCclasses v2.01 is a program developed by Fabrizio Santoro et al. for the calculation
of vibrationally-resolved electronic spectra.[59] This method is suitable for the
harmonic approximation, including the Herzberg-Teller effect, Duschinsky mixing,
and temperature effects. The program reads several quantum chemical parameters,
such as equilibrium geometries, normal modes and frequencies of the initial and
final state, which can be obtained by a suitable electronic structure method. This
program is now included in the widely used quantum chemistry package Gaussian
2016.
Dynavib
In the past few years, our group has developed a software called DynaVib [60] that
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can be used to simulate vibration-related spectra of various molecules, such as
vibrationally-resolved optical spectra, X-ray absorption spectra and resonant
Raman scattering spectra. The input to the program includes force constants,
geometries, and vibrational frequencies of the involved electronic states, which can
be obtained from quantum chemical program packages such as Gaussian, GamessUS, and ADF, and so on.

2.2 Photochemical processes
Most of the photoelectric materials are based on the reversible photochemical
reactions. Our understanding of the photochemical processes is critical to the
rational design of new molecular devices.[61-64]

In order to achieve such a goal, it

is important to explore the details of the photochemical reactions.
2.2.1 Thermal versus photo-induced reaction
In the past few decades, it has become possible to investigate chemical reaction
occurring in the ground state based on quantum chemical methods.[ 65 , 66 ] The
transition structure (TS) connecting the reactant (R) and the product (P) can be
located and the associated energy barrier can be calculated. In the potential energy
surface, reactant and product are the local minima while the transition state is a
saddle point as shown in Figure 2.3. While the ground state thermal reaction is
controlled by a single potential energy surface, a photochemical reaction includes
often at least two potential energy surfaces: the reactant locates on the excited state
potential energy surface while the product locates on the ground state potential
energy surface. The progressions in the excited state potential energy surfaces can
also be investigated with the method used in the ground state reactions.
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Figure 2.3 Schematic representation of transition state for a thermal chemical
reaction. (R, reactant; TS, transition state; P, product.)
2.2.2 Conical intersection
The main difficulty in the calculation of the photochemical reaction is to describe
how a molecule returns to the ground state from the excited state. A conical
intersection is the critical molecular structure controlling the channel that the
molecule decays from the excited state to the ground state.[67] It has a typical double
cone shape with two specific internal coordinates x 1 and x2 (Figure 2.4).[68] Vector
x1 is the gradient difference of the two states:
𝑥1 =

𝜕(𝐸1 − 𝐸2 )
𝜕𝑠

(2.25)

and the vector x2 is the non-adiabatic coupling
𝑥2 = 〈Ψ1 |

𝜕Ψ2
〉
𝜕𝑠

(2.26)

δs corresponds to an infinitesimal nuclear displacement vector.
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Figure 2.4 The conical intersection as a function of two branching spaces
2.2.3 Photochemical pathways
The photochemical reaction pathways can be constructed with the determination
of the conical intersections. Figure 2.5 depicts a sketch map of the photochemical
reaction pathway.[69,70] The motion of the molecule is controlled by some critical
points in the excited and ground state potential energy surfaces. The important
information about the processes of the radiative transition and internal conversion
and the formation of photoproducts can be obtained by computing the structures
and energies of those critical points along the photochemical pathways.
In this thesis, the photo-induced proton transfer process of pronated
naphthalene has been discussed. The photochemistry reaction pathway has been
described by searching the locations of the energy minima, transition states and the
conical intersections of the molecules in the ground and excited state potential
energy surfaces.
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Figure 2.5 The sketch map of the photochemical reaction path.
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Chapter 3
Electronic structure methods
Simulation of the vibronic transitions requires quantum chemical parameters, such
as equilibrium structures, vibrational frequencies, normal modes of ground and
excited state, the 0-0 transition energies and the transition dipole moments
between two involved electronic states, which can be obtained from the electronic
structure calculations. To explore the photochemistry pathway, the structures of
minima, transition state, and conical intersection in the potential energy surfaces
need to be searched and their relative energies also need to be obtained with the
electronic structure calculations. In this chapter, a brief introduction for the
electronic structure methods is given. Density functional theory (DFT) is
introduced in section 3.1, and complete active space self-consistent field theory
(CASSCF) is presented in section 3.2.

3.1 Density Functional Theory (DFT)
In 1964, Hohenberg and Kohn proposed: for the non-degenerate ground state of
the multi-electron system, the total energy is a unique functional of the electron
density.[ 71 ] Hohenberg-Kohn’s second theorem provides the energy variational
principle of the system: true ground state electron density gives the lowest ground
state energy. With the mean-field idea, the Kohn-Sham equation describes the
multi-body interaction using effective external potential 𝑣𝑒𝑓𝑓 (𝑟) , which can be
represented as follow[72]：
(−

ℏ2 2
∇ + 𝑣𝑒𝑓𝑓 (𝑟)) 𝜙𝑖 (𝑟) = 𝜀𝑖 𝜙𝑖 (𝑟)
2𝑚

(3.1)

𝜌(𝑟2 )
𝑑𝑟2 + 𝜐𝑥𝑐 (𝑟)
𝑟12

(3.2)

𝑣𝑒𝑓𝑓 (𝑟) = 𝑉(r) + ∫

wherein, 𝑉(r) represent the electron-nuclear attraction potential,

∫

𝜌(𝑟2 )
𝑟12

𝑑𝑟2 is

the electron-electron repulsion potential, 𝜐𝑥𝑐 (𝑟) is the exchange-correlation
potential . The total energy can be obtained as:
E[ρ] = 𝑇𝑠 [𝜌] + 𝐸𝑛𝑒 [𝜌] + J[𝜌] + 𝐸𝑥𝑐 [𝜌]

(3.3)
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wherein,

𝑇𝑠 [𝜌] is the Kohn-sham kinetic energy, 𝐸𝑛𝑒 [𝜌] is the nuclear-electron

interaction erergy, J[𝜌] is the electron-electron repulsive energy and 𝐸𝑥𝑐 [𝜌]
represents the exchange-correlation potential energy. The exchange-correlation
potential can be represent as follow:
𝜐𝑥𝑐 (𝑟) =

𝛿𝐸𝑥𝑐 [𝜌(𝑟)]
𝛿𝜌(𝑟)

(3.4)

The exchange-correlation potential and exchange-correlation potential energy are
unknown in the Kohn-Sham approach so that some approximation has been taken
into account. In 1965, Kohn and Sham proposed the local density approximation
(LDA) to deal with the exchange-correlation energy 𝐸𝑥𝑐 [𝜌(𝑟)].[72] Since the LDA
approximation is only able to deal with the systems in which the electron density
changes slowly, the effect is not good enough when the electron density of the
molecule systems have large change. Nowadays, a widely used functional is based
on the generalized gradient approximation (GGA). [ 73 ] In the GGA exchange
functional, the more often used expression are the Perdew-Burke-Ernzerhof
(PBE)[74] and Lee-Yang-Parr (LYP) functionals.[75] Since the ionization energy of
neutral atoms obtained from the HF method is too small compared with the
experimental energy value and the value obtained with GGA methods is too large,
it is possible to obtain satisfactory results if both methods can be combined.
Therefore, hybrid functionals, for instance, the B3LYP functional[76,77] and PBE0
functional[78-80] are now the most commonly used functional.
An extensive literature has shown that the B3LYP hybrid functional and PBE0
functional are able to provide satisfactory results for the geometry, vibrational
frequencies, and relative energies of ground state for small or medium molecules
systems, which have good agreement with the experimentally measured values. In
addition, the DFT calculations with hybrid functional can achieve a balance
between the calculation accuracy and time consumption. In this thesis, the PBE0
and B3LYP hybrid functions have been chosen to determine the geometries,
vibrational frequencies, relative energies and other properties of the ground state.
Time-dependent density functional theory (TD-DFT) is an extension of DFT that
can be used to perform excited states calculation. In 1984, Runge and Gross
deduced strict time-dependent density functional theory.[81] The most common
approach in quantum chemistry programs is the linear response density functional
18
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theory based on the Time-dependent Kohn-Sham approach.[82-84]
With this approach, the vast majority of TD-DFT investigations have been made
in the so-called vertical approximation: the excitation energies are computed
considering a frozen geometry and the oscillator strength of the system can also be
obtained. The optimization of excited state minima is reasonable with the first
analytical geometrical derivatives of TDDFT energy.[85-88] TDDFT method can also
provide an accurate calculation of the excited state frequencies and normal modes
with the implementation of the second geometrical derivatives.[89]
Here, we give an example of the calculation of the vibronic structure of the
absorption band using the TDDFT calculation and B3LYP functional for anthracene
in Figure 3.1.[90]

Figure 3.1 Comparison of the computed and experimental absorption spectra for
the electronic transition of pyrene. Figures are selected from reference 90, reprinted
with permission from American Institute of Physics.
Anthracene is a typical member of the polycyclic aromatic hydrocarbons family
and has interesting photophysical properties. The calculated spectrum shows a very
19
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good agreement with experiment. This indicates that the geometries, frequencies
and normal modes of ground and excited states have been reasonably described by
(TD)-DFT methods. As the structure and electronic properties of protonated PAHs
are very similar with the PAHs, we also performed the simulation of protonated
PAHs with (TD-)DFT method and B3LYP functional in this thesis.
TD-DFT also reaches a favorable balance between accuracy and computational
cost and has thus become a most popular calculation tool to explore the excitedstate properties of molecules. However, the TD-DFT formulation also has its
shortcoming. For instance, common TD-DFT is not able to deal with the excited
states with significant double excitation[91], multiconfiguration characteristic

[92],

and charge transfer [92]. The results from the TDDFT calculation also show a strong
dependence on the selected XC function. [93] The TD-DFT method is also unable to
calculate conical intersection, which is the central concept for the description of
photochemistry. In that case, the multi-reference ab initio method-Complete Active
Space Self-Consistent Field theory (CASSCF) gives better evaluation than the
TDDFT method and we therefore introduce the CASSCF method in section 3.2.

3.2 Complete active space self-consistent field theory (CASSCF)
Multi-configurational self-consistent field (MCSCF) uses a linear combination of
configuration state functions (CSFs) Φi to obtain the electronic wavefunction of a
molecule[94,95]
Ψ𝑀𝐶𝑆𝐶𝐹 = ∑ 𝐶𝑖 Φ𝑖

(3.5)

𝑖

where Φi can be expressed as determinants of molecular orbital 𝜙𝑗
Φ𝑖 =

1
√𝑁!

𝐷𝑒𝑡 [∏ 𝜙𝑗 ]

(3.6)

𝑗⊂𝑖

and 𝜙𝑗 is a linear combination of atomic basis function 𝜒𝑣
𝜙𝑗 = ∑ 𝐶𝑣𝑗 𝜒𝑣

(3.7)

𝑣

In the MCSCF calculation, the coefficients for the CSFs and basis functions can be
optimized simultaneously to obtain the total electronic wavefunction with the
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lowest energy. A particularly important MCSCF approach is the complete active
space SCF method (CASSCF), where the linear combination of CSFs arise from a
particular number of electrons in a particular number of orbitals. [96]
In the CASSCF method, the orbitals are divided into inactive, active, and external
orbitals. Inactive orbitals are doubly occupied and external orbitals are virtual
orbitals in all CASSCF configurations. The remaining electrons occupy active
orbitals. For example, one can define an active space CAS(8,6) for a molecule,
which means that all configurations can be constructed by distributing 8 electrons
in 6 active orbitals. The choice of active space represents a key problem in CASSCF
calculation, which depends on the chemical knowledge of the user. In order to
describe the complete reaction mechanism, the active space must not change along
the reaction coordinate. The active space should include the orbitals and electrons
that can describe the different electronic states involved in the physics or chemical
process. Usually, the highest occupied (HOMO) and lowest unoccupied (LUMO)
orbitals obtained from HF calculation can be considered as the most important
active orbitals. If there is the bond formation and breaking in the chemical process,
the relevant orbitals describing the bond should be included.

Figure 3.2 Molecular orbitals involved in the active space for (a) α- and (b) βprotonated naphthalene at the Hartree-Fock level (H: the highest-occupied
molecular orbital(HOMO); L: the lowest-unoccupied molecular orbital, LUMO).
Figures are selected from paper 2, reprinted with permission from Elsevier B.V.
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For instance, a reasonable active space has been selected for the protonated
naphthalene in our thesis. We have shown the selective active space in figure 3.2.
The selected active space includes three π orbitals and three π* orbitals, which also
includes two σ orbitals and two σ* orbitals located in the bond between the
hydrogen and carbon in the CH2 group for the α- and β-HN+, which are suitable to
describe the photo-induced proton transfer reaction.
The CASSCF method has analytical gradient and Hessians which can provide
reliable estimates for the structures of energy minima and transition states and
corresponding vibrational frequencies and normal modes for the ground and
excited states. Geometry determination of a conical intersection is also usually
performed at the CASSCF level. Extensive reports have shown that the CASSCF
method is able to describe the topography of the potential energy surfaces of ground
and excited states quite well.
It is clear that the CASSCF level is not able to provide accurate energies at the
critical points of ground and excited states with a lack of dynamic correlation. The
complete active space perturbation theory (CASPT2), which includes the effect of
dynamic electron correlation, can be used to improve the CASSCF approach.[97,98]
If it is done, the protocol is denoted as CASSCF/CASPT2, which stands for geometry
optimization at the CASSCF level and the energy calculation at CASPT2 level. This
method is able to reliably calculate ground- and excited state properties of the
molecule and can also deal with complex excited state chemical reactions.
The CASSCF/CASPT2 method has been implemented in commercial programs
such as Molpro software package.[99] In this thesis, the CASSCF method has been
employed to the optimization of energy minima, transition states and conical
intersections of protonated naphthalene and the geometries of ground and excited
state of coumarin, while the relative energies for those critical points have been
obtained under the CASPT2 level with the CASSCF optimized geometries.

22

Chapter 4
Optical spectra of polycyclic aromatic molecules
In this chapter, we discuss the optical spectra of polycyclic aromatic molecules with
vibronic structure simulation (Figure 4.1). In section 4.1, we discuss the optical
absorption spectra of protonated anthracene isomers. The simulated optical
absorption and emission spectra of protonated naphthalene are given in section 4.2
and the corresponding photo-induce conversion process is also presented. The
simulated optical absorption and fluorescence spectra for protonated pyrene and
coronene are discussed in section 4.3. Finally, the simulated electronic spectra of
coumarin, an important heterocyclic aromatic molecule, are given in section 4.4.

Figure 4.1 The schematic representation of selected polycyclic aromatic molecules
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4.1 Protonated anthracene
4.1.1 Motivation
The gas phase optical spectra of protonated anthracene have been measured in the
neon matrices at 6 K and are shown in Figure 4.2a.[25] The absorption bands of
protonated anthracene (H-An+) in the 400–550 nm range have been tentatively
assigned to electronic transitions of three isomers (Figure 4.2c) based on the
vertical excitation calculations. The first band with an onset located at 493.8 nm
has been assigned to the S0→S3 transition of 1H-An+ while the second band system
at 453.5 nm has been attributed to the S0→S2 transition of 9H-An+. Here, a problem
has been found when we compare this assignment to an earlier report.[27] In that
report, the vibrationally resolved photofragment spectra of protonated anthracene
were measured and shown in Figure 4.2b and the absorption spectrum starting at
491.43 nm has been assigned to an electronic transition of 9H-An+.[27]

(a)
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(b)

(c)
Figure 4.2 (a) The electronic absorption spectrum of protonated naphthalene in 6
K neon matrices. Figures are selected from ref. 25, reprinted with permission from
American Astronomical Society (b) Photofragment spectroscopy of protonated
naphthalene. Figures are selected from ref. 27, reprinted with permission from
American Chemical Society. (c) Three isomers of protonated anthracene.
As the onsets of the two electronic spectra around 490 nm are so close that the
two spectra should be assigned to the same isomer. However, the bands that the
onsets located around 491 nm have been assign to different isomer in two reports.
The question is: which assignment is right? It is obvious that the band shape of the
spectra should be simulated beyond the vertical approximation so that the spectral
bands in the 400–550 nm range are able to be assigned reasonably based on the
simulated spectra.
25
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4.1.2 Geometries and 0-0 transition energy analysis
From the optical spectra shown in Figure 4.2a, we can see that the band origin of
the first band resides at the same intensity with its vibronic progression peaks,
indicating a relatively large change of the molecular equilibrium geometry from the
ground state to the excited state. The intensity of the band origin of the second band
is very strong, far greater than other vibronic peaks, which indicates that the minim
energy structure does not change too much from the ground state to the excited
state. Here, we give the bond length variation of two isomers from the ground state
to the excited state in Figure 4.3. As can be seen from Figure 4.3, the bond length
variation of 9H-An+ is large while the bond length variation of 1H-An+ is small. In
addition, the computed gas phase 0-0 transition for 9H-An+ is 2.46 eV (504 nm)
while that value of 1H-An+ is 2.90 eV (427 nm). It also means that the electronic
spectra of 9H-An+ should be on the red side of the spectral band of 1H-An+.

Figure 4.3 The difference of bond length between the ground state and excited
state for protonated anthracene
4.1.3 Vibronic analysis of isomers
The simulated gas-phase absorption spectrum of 9H-An+ and 1H-An+ are shown in
Figure 4.4. The band origin of the simulated spectrum of 9H-An+ is at the same
intensity with its vibronic progression peaks so we can compare the simulated
vibronic spectra of 9H-An+ to the first experimental absorption band. The
calculated relative position of vibronic peaks has a good agreement with the first
experimental absorption band, which indicates that the first experimental
absorption band should be assigned to the vibronic transition of 9H-An+.
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(a)

(b)

Figure 4.4 The simulated vibronic absorption spectrum of (a) 9H-An+ and (b) 1HAn+
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Very different with 9H-An+, the 0-0 transition in stick spectrum of 1H-An+
exhibits the largest FC factor and the intensity of the band origin of the simulated
spectrum of 1H-An+ is far greater than other vibronic peaks. Therefore, we compare
the simulated vibronic spectra of 1H-An+ to the second experimental absorption
band. The band shapes of the simulated spectrum of 1H-An+ also show good
agreement with the experimental absorption spectrum. Therefore, we assign the
second experimental absorption band to the vibronic spectra of 1H-An+.
According to the above analysis, we can safely speculate that 9H-An+ is likely to
lead to the first absorption band and 1H-An+ likely leads to the second absorption
band. This conclusion renews the assignment of the experimental electronic spectra
of protonated anthracene where they assign the first absorption band to 1H-An+
and identify the second band to 9H-An+.

4.2 Protonated naphthalene
4.2.1 Motivation
Unlike protonated anthracene that has three isomers, protonated naphthalene has
two isomers, α-HN+ and β-HN+ (Figure 4.5a). Recently, the electronic spectra of
protonated naphthalene were measured in a neon matrix.[24] Related experiments
displayed the absorption and fluorescence spectra of α-HN+ (Figure 4.5b) and the
absorption spectrum of β-HN+ (Figure 4.5c). To explain the rich vibronic peaks of
the optical spectra of α-HN + and β-HN+, we have simulated the absorption spectra
of α-HN+ and β-HN+ and the emission spectrum of α-HN+. However, the
fluorescence spectrum of β-HN+ has not been observed in the experimental
measurement. According to the observed spectra, β-HN+ undergoes a radiationless
decay process and is converted to α-HN+. This is an important photo-induce proton
transfer reaction. In this thesis, we also explored the photochemical pathways
based on theoretical calculation. Our results show that β-HN+ reaches a ground
state stable point by crossing a conical intersection from the S1 state, and then
overcomes a small barrier to the more stable α-HN+ isomer, so that the fluorescence
of β-HN+ cannot be observed experimentally.
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(a)

(b)

(c)
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Figure 4.5 (a) Schematic representation of α- and β-HN+. (b) The absorption and
fluorescence spectra of α-HN+. Figure is selected from ref. 24, reprinted with
permission from the American Chemistry Society. (c) Absorption spectra of α- and
β-HN+ illustrating the observed photo induce proton transfer processes. Figure is
selected from ref. 24, reprinted with permission from American Chemistry Society.
4.2.2 Simulated absorption and fluorescence spectra of α-HN+
As shown in Figure 4.6a, we present the simulated gas phase vibronic stick and
broadening spectra of α-HN+. The relative positions of the vibrational peaks of the
simulated spectra are in good agreement with the experimental spectrum. The
overtone and combination transitions of mode 9 and 11 give the main contribution
to the simulated spectra. In order to explain the vibration progression in the
electronic spectrum, we also calculated the Huang-Rhys factors for selected normal
modes. Figure 4.6b shows the Huang-Rhys factors of the selected normal modes of
the first excited state of α-HN+. As can be seen from Figure 4.6b, the Huang-Rhys
factors of the mode 9 and 11 are 1.4 and 0.79, which are relatively large values that
can cause strong vibrational progression in the absorption spectrum.

(a)
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(b)
Figure 4.6 (a) Simulated gas-phase absorption spectrum of α-HN+ (b) The selected
normal modes for the first excited state with considerable Huang-Rhys factors.
Figures are selected from paper 2, reprinted with permission from Elsevier B.V.
In Figure 4.7a we present the simulated S0←S1 vibrational fluorescence of α-HN+.
The simulated emission spectrum exhibits a long vibrational progression and
reproduces the vibronic peaks of the experimental fluorescence spectrum. The
strongest transition is caused by mode 9. A single transition of mode 10 also
contributes a lot to this maximum peak. The overtone and combination transitions
of modes 9, 10 and 42 cause strong vibrational progressions beyond 520 nm. The
Huang-Rhys factors for the selected ground state normal mode of α-HN + are shown
in Figure 4.7b. For the emission spectrum, the corresponding Huang-Rhys factors
for mode 9 and 10 are 1.2 and 1.1, respectively, which are also sufficient to cause
strong vibrational progression. This results also explained why the 0-0 transition is
not the strongest band in the emission spectrum.
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(a)

(b)
Figure 4.7 (a) Simulated gas-phase fluorescence spectrum of α-HN+. (b) The
selected normal modes of the ground state of α-HN+ with considerable Huang-Rhys
factor. Figures are selected from paper 2, reprinted with permission from Elsevier
B.V.
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Here we also give the square of the Duschinsky matrix of the S 1←S0 transition of
α-HN+ in Figure 4.8. We can see that many non-diagonal elements have
considerable values, and that the diagonal elements are not close to the identity
matrix, which indicates that there is a strong mixing between ground and excited
state normal modes and a large change for the energy ordering of vibrational
frequencies. This also means that for α-HN+, the Duschinsky effect is significant so
that the mirror symmetry between the absorption and emission spectra is lost.

Figure 4.8 The squares of the Duschinsky matrix for the S1←S0 transition of α-HN+.
Figures are selected from paper 2, reprinted with permission from Elsevier B.V.
4.2.3 Simulated absorption spectra of β-HN+
We show the simulated vibrationally resolved electronic absorption spectra of βHN+ in Figure 4.9. The simulated spectrum is in good agreement with the
experimental spectrum. Similar to the experimental spectrum, the simulated
spectrum also shows a significant vibrational progression. The largest peak of the
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absorption spectrum is located at about 490 nm. This peak results from the single
transition of mode 8 (492.1 cm-1) and mode 9 (502.1 cm-1). The normal mode 8
corresponds to the stretching vibration of the entire molecule along the C 4a-C8a axis,
and mode 9 corresponds to the stretching vibration along the line connecting the
carbon atoms 3 and 7. The overtones of modes 8, 9 and the combination transitions
with mode 10 are the main contributors to the bands below 510 nm.

Figure 4.9 The simulated gas-phase absorption of β-HN+. Figures are selected
from paper 2, reprinted with permission from Elsevier B.V.
Figure 4.10 shows the selected normal modes of the first excited state of β-HN+,
which all have large Huang-Rhys factors. The Huang-Rhys factors of the normal
modes 8, 9 and 10 are 1.15, 0.6 and 0.19, respectively. The relatively large HuangRhys factor values indicate that these modes can cause strong vibrational
progressions and also explain why the 0-0 transition is not the strongest transition.
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Figure 4.10 The selected normal modes for the ground and first excited state of βHN+ with considerable Huang-Rhys factors and the corresponding vibrational
frequencies. Figures are selected from paper 2, reprinted with permission from
Elsevier B.V.
The square of the Duschinsky matrix of the S 1←S0 transition of β-HN+ is shown
in Figure 4.11. Similar to the Duschinsky effect of α-HN+, the square of the nondiagonal matrix elements of the Duschinsky matrix of β-HN + also have many large
values, which indicates that the Duschinsky effect is very remarkable for the S 1←S0
transition of β-HN+. This means that the frequency and normal mode changes from
the ground state to the excited state should be seriously considered in the
simulation of the absorption spectrum, just as we have done in this work.
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Figure 4.11 The squares of the Duschinsky matrix for the S1←S0 transition of βHN+. Figures are selected from paper 2, reprinted with permission from Elsevier
B.V.
4.2.4 The excited state decay pathway of α-HN+ and β-HN+
In order to clarify the excited state decay paths of α-HN + and β-HN+, we show the
relative energies of some critical points of the ground and first excited states in
Figure 4.12, which were calculated at the CASSCF/ CASPT2 level. As shown in
Figure 4.12, the α-HN

+

isomer is excited from the ground state to the S 1 state at

absorption of 429 nm. It quickly relaxes from the FC point to the minimum of the
excited state S1. We also searched the conical intersection (S0/S1)CI. Since the
relative energy of the conical intersection (S1/S0)CI is 11.6 kJ/mol higher than the
vertical excitation energy of the S0→S1 transition, the molecule will be unable to
reach the conical intersection, but vibrate around the minimum of the excited state
S1. Then, it emits fluorescence and returns to the ground state.
After the β-HN+ molecule is excited from the ground state to the S 1 state, the
molecule relaxes from the FC region to the minimum of the S1 state. We also search
the position of the conical intersection (S1/S0)CI. Since the vertical excitation energy
of the S0→S1 transition is much higher than the energy of the conical intersection
(S1/S0)CI, the molecule is able to easily pass the conical intersection, resulting in a
radiationless decay, which indicates a competitive process with the fluorescence
emission. We also searched for a stable structure from the vicinity of the conical
intersection (S1/S0)CI and obtained an intermediate in the ground state. This means
that the molecule will easily slip from the conical intersection to the intermediate.
We also found a saddle point structure between the β-HN+ intermediate and the αHN+ ground state equilibrium geometry along the reaction path. Since the energy
of the transition state is lower than the S 0→S1 vertical excitation energy of the βHN+ isomer, the molecule will easily pass the barrier and re-form α-HN+ molecule
by proton transfer of β-HN+.
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Figure 4.12 Relative CASPT2-energy profiles for the low-lying states of α- and βHN+. Figure is selected from paper 2, reprinted with permission from Elsevier B.V

4.3 Protonated pyrene and coronene
4.3.1 Motivation
Protonated pyrene and coronene (Figure 4.13a) have been considered as potential
sources of diffuse interstellar bands. Recently, the gas phase optical spectra of
protonated pyrene (Figure 4.13b) and coronene (Figure 4.13c) have been
investigated in a neon matrix.[28,29] The experimental authors have explained the
corresponding spectra using the ground state frequencies and vertical excitation
energies. As an improvement, we have simulated the vibrationally resolved optical
spectra of protonated pyrene and coronene to assign the corresponding
experimental spectra.
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(a)

(b)

(c)
Figure 4.13 (a) Schematic representation of H-Pyrene+ and H-Coronene+. (b)
Electronic absorption and fluorescence spectra of protonated pyrene in a neon
matrix. (c) Electronic absorption and fluorescence spectra of protonated coronene
in a neon matrix. Figures are selected from ref. 28, reprinted with permission from
Elsevier B.V.
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4.3.2 The simulated absorption spectra of H-Pyrene+
The simulated absorption spectrum of H-Pyrene+ is shown in Figure 4.14a. The
maximum of the simulated spectrum is assigned to the 0-0 band while the secondstrongest band, appearing at 472 nm, can be contributed to the single transition of
mode 17. Another strong peak is at 465 nm, resulting from a single transition of
mode 23. In the range of 420-460 nm, the profiles of the experimental and
simulated spectra do not match well. A strong absorption band should be detected
in this region according to the calculation of the vertical excitation energy. However,
this band has not been observed in the experimental spectrum. We guess that the
absorption bands resulting from the first and second electronic transition may
overlap in the region of 430-460 nm.
The simulated Franck-Condon absorption spectra and the experimental spectra
of H-Pyrene+ in gas and solvent are shown in Figure 4.14b. As we all know, the
vertical transition energies are usually used to compare with the maximum peak of
electronic spectra. However, in Figure 4.14b, we found that the vertical transition
energy of H-Pyrene+ in gas phase shows a large deviation from the maximum peak
of the spectra while the 0-0 band energy gives good agreement with the band origin
of the experimental spectrum. The vertical transition energies are still closer to the
maximum peak of experimental spectra in a solvent. It means that for the spectrum
that the maximum peak locates at the band origin, it is a better choice to compare
the 0-0 band energies to the band origin of the experimental spectra. For the
spectrum where the maximum peak locates at the middle position of the spectrum,
the vertical transition energy is still a good approximation.
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(a)

(b)
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Figure 4.14 (a) Simulated Franck-Condon absorption spectra (red line) and the
experimental spectra (blue line) of H-Pyrene+. (b) Simulated Franck-Condon
absorption spectra and the experimental spectra of H-Pyrene+ in the gas phase and
solvent. Figures are selected from paper 3, reprinted with permission from Elsevier
B.V.
4.3.3 Simulated fluorescence spectrum of protonated pyrene
The simulated and experimental vibronic fluorescence bands of protonated pyrene
have been given in Figure 4.15a. The theoretical fluorescence spectrum is in good
agreement with the experimental spectrum. We have examined the Duschinsky
effect on the simulated emission spectrum of the H-Pyrene+. In Figure 4.15b, the
spectrum computed with an approximated model where we neglected both Dusch.
Rotation and frequency changes have been shown. As we can see in the Figure 4.15b,
there are some changes to the profile of the spectrum, which indicate that the
frequency changes and rotation from the initial state to the final state should be
considered as we have done.

(a)
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(b)
Figure 4.15 (a) Simulated Franck-Condon fluorescence spectrum (red line) and the
experimental spectrum (blue line) of H-Pyrene+. (b) The simulated emission spectra
of the H-Pyrene+ with (red line) and without (green line) excited state frequencies.
Figures are selected from paper 3, reprinted with permission from Elsevier B.V.
4.3.4 The simulated absorption and emission spectra of protonated coronene
The simulated vibronic absorption and emission spectra and the experimental
spectra for protonated coronene are shown in Figure 4.16. The band shapes of the
calculated spectra are in good agreement with the experimental spectra. The rich
vibronic spectral features of the experimental absorption and emission bands have
been reproduced in the simulated spectrum. The simulated spectra of H-Pyrene+
are in agreement with the experimental spectra but still show some derivations
while the simulated spectra of H-Coronene+ are in perfect agreement with the
corresponding experimental spectra because of its larger conjugated planar
structure. It indicates that we can predict the vibronic spectra of larger protonated
PAHs molecules even if the corresponding experimental spectra have not been
measured. Therefore, this work is also a good test that the (TD-)DFT/B3LYP
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method is suitable to predict the vibronic features for larger protonated PAHs
systems.

(a)

(b)
Figure 4.16 (a) Simulated (red line) and experimental (blue line) absorption
spectrum of H-Coronene+ (b) Simulated (red line) and experimental (blue line)
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fluorescence spectra of H-Coronene+. Figures are selected from paper 3, reprinted
with permission from Elsevier B.V.

4.4 Coumarin
4.4.1 Why coumarin
Coumarin derivatives are widely used as fluorescent probes,[100] drugs,[101] and
laser dyes.[102] Coumarin is the basic building block of coumarin derivatives -- its
structure is shown in Figure 4.17a. The optical spectra of coumarin derivatives show
many similar characteristics in strength and distribution,[103] which may be traced
to the electronic transitions of coumarin itself. Many theoretical studies on optical
spectra of coumarin derivatives have been reported,[104-106] but discussions about
the simulated absorption and emission spectra of coumarin are still scarce. Only
the phosphorescence spectrum of coumarin has been simulated.[107] In order to
rationalize the spectral characteristics of coumarin derivatives, the optical
absorption and emission spectra of coumarin should be simulated.

Figure 4.17 (a) The schematic representation of coumarin.
4.4.2 The absorption spectrum of coumarin
Coumarin exhibits different band shapes in gas phase,[108] polar and non-polar
solvents.[ 109 ] For the experimental absorption spectra of coumarin, two strong
bands can be observed above 250 nm as shown in Figure 4.18.
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Figure 4.18 The experimental absorption spectrum of coumarin in methanol (solid
line), acetonitrile (dashed line) and cyclohexane (dotted line). Figures are selected
from ref. 109, reprinted with permission from Royal Society of Chemistry.
The simulated absorption bands are shown in Figure 4.19. The calculated bands
are in good agreement with the experimental spectrum. Similar to the experimental
spectrum, the maximum peak of the S0→S1 transition is about half of the S0→S3
transition. Compared with the ground state, the bond length of the lactone bond of
the S1 excited state of coumarin is much elongated, showing a large displacement.
Therefore, the normal modes associated with the lactone bond will exhibit large FC
factor. The vibration of mode 6 apparently caused the elongation of the lactone
bond so that mode 6 became the strongest transition in the stick spectrum.
However, mode 6 and the origin 0-0 band appear only as shoulders in the simulated
spectrum. In the short-wavelength region, although the intensities of the vibronic
transition lines are very weak, their densities are very high, so the maximum peak
of the simulated absorption spectrum appears at 312 nm, which is very consistent
with the experimental value of 310 nm. As shown in Figure 4.19, in the S0 →S3
transition, the 0-0 transition is the strongest line, contributing a very strong peak.
The largest peak then appears at 268 nm, which is contributed by mode 37, which
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is consistent with the strongest band appearing at 272 nm in the experimental
absorption spectrum. Between the 0-0 band transition and the strongest peak,
there is also a medium intensity peak, which is contributed by mode 12.

(b)
Figure 4.19 The simulated Franck-Condon S0→S1 and S0→S3 absorption spectra
of coumarin (dashed line) and the experimental spectra (solid line). Figures are
selected from paper 4, reprinted with permission from American Institute of Physics.
4.4.3 The fluorescence of coumarin
At a temperature of 77 K, the emission spectrum of coumarin in ethanol glass is
structureless.[110] At a temperature of 12 K, as shown in Figure 4.20a, two strong
vibronic peaks and one shoulder in the experimental spectrum can be observed.[111]
As shown in Figure 4.20b, at the B3LYP/6-31G(d) level, the simulated fluorescence
spectrum of coumarin is not able to reproduce the profile of the experimental
spectrum. As shown in Figure 4.20c, the calculated spectral bands using the
CASSCF method show a good agreement with the experimental spectrum,
reproducing two main peaks and shoulder peak very well. Since the density of the
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line spectra near the band origin is low, the maximum peak of the emission
spectrum does not appear in the 0-0 band, but at 365 nm. Those single mode and
combination transitions result in the largest peak of the emission band.

(a)

(b)
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(c)
Figure 4.20 (a) The fluorescence spectrum of coumarin in ethanol at 12 K. Figures
are selected from ref. 111, reprinted with permission from American Chemical
Society. (b) The Simulated Franck-Condon S0←S1 fluorescence spectrum of
coumarin in gas (point line), cyclohexane (dashed line), and water (solid line) by
B3LYP. Figures are selected from paper 4, reprinted with permission from
American Institute of Physics. (c) Simulated Franck-Condon S0←S1 fluorescence
spectrum of coumarin by CASSCF (dashed line) and the experimental spectrum
(solid line). Figures are selected from paper 4, reprinted with permission from
American Institute of Physics.
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Chapter 5
Summary of results
5.1 Assignment of optical absorption spectra of protonated
anthracene isomers: revisited
In paper 1, we simulated the vibrationally resolved optical absorption spectra of
9H-An+ and 1H-An+. The simulated spectra show good agreement with the band
profiles of the corresponding experimental spectra. Therefore, we have provided a
right assignment to the optical absorption spectra of protonated anthracene
isomers based on the simulated spectra as the assignments in the previous
experimental report are unreasonable based on the vertical excitation energies.

5.2

Vibronic

spectra

and

photo-induced

conversion

of

protonated naphthalene
In paper 2, we simulated the vibronic absorption and emission spectra of
protonated naphthalene isomers. The simulated vibronic spectra agree with the
corresponding experimental spectra, which provide solid evidence to the
assignment of electronic spectra of the protonated naphthalene isomers. We also
explored the photo-induced proton transfer from the S1 state of β-HN+ to the
ground state of α-HN+. The minim structure of the S1 state of α-HN+ can be
protected by conical intersection (S1/S0)CI, which explained why the S1 state of αHN+ has a strong fluorescence emission. For the β-HN+, a metastable state has been
obtained in the ground state after slipping off from the (S1/S0)CI and then it will
easily overcome the barrier and form the α-HN+ isomer by the proton transfer of βHN+, which explained the fluorescence quenching of β-HN+ isomer.
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5.3 Vibronic spectra of protonated pyrene and coronene
In paper 3, we simulated the vibrationally resolved electronic spectra of the
protonated pyrene and coronene. We found that the vertical transition energies of
protonated pyrene and coronene have a large deviation with the maximum peak of
spectra while the 0-0 band energies give good agreement with the band origin of
experimental spectra. It means that for the spectra that the maximum peak locates
at the band origin, it’s a better choice to compare the 0-0 band energies and the
band origin of experimental spectra. We have also examined the Duschinsky effect
on the emission spectra of the protonated pyrene. This effect can lead to the change
of the spectral profile. The simulated spectra of protonated pyrene have reproduced
part of the profiles of the experimental spectra but the simulated spectra of
protonated coronene are in perfect agreement with the experimental spectra
because of its large conjugated planar structure. It means that we can predict
precisely the vibronic spectra of even bigger protonated PAHs molecules even if the
corresponding experimental spectra have not been measured.

5.4 Vibronic spectra of coumarin
In paper 4, we simulated the optical absorption and emission spectra of coumarin.
The simulated absorption spectra of coumarin based on the TDDFT calculation
show good agreement with the experimental spectra for the S 0 →S1 and S0 →S3
transition, which can be used to interpret the formation of the vibronic peaks. The
simulated emission spectra of coumarin based on the TDDFT method are unable to
reproduce the profile of the experimental fluorescence spectrum. The simulated
emission spectra of coumarin based on the CASSCF method give a good agreement
with the experimental fluorescence spectrum, which indicates that the CASSCF
method gives more reliable geometries and normal modes for the first excited state
of the coumarin.
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Chapter 6
Outlook
In this thesis, the optical spectra of polycyclic aromatic molecules have been
theoretically studied, and good results have been obtained in agreement with the
experimental spectra. The band shapes of the experimental spectra have been
explained, and some new identifications for the corresponding optical spectra have
been made based on our theoretical work. Although we have done a lot of careful
work on the optical spectra of this sort of molecules, there are still many open
problems in this field.
Firstly, protonated phenanthrene has five isomers. The optical spectra of these
isomers are highly overlapping, exhibiting more complex spectral shapes. It is clear
that, based on previous results, it is not possible to distinguish these electronic
transitions using the calculated vertical excitation energy. This requires us to
perform a detailed theoretical study on the optical spectra of protonated
phenanthrene isomers, giving the correct identification to these optical spectra.
Then, combining the results of theoretical and experimental spectra, we can find
that the oscillator strengths of some isomers are very strong, but the intensity of
their bands in the spectra are very weak. At the same time, the oscillator strengths
of other isomers are very small, but they have strong peaks in the spectra. It is clear
that the intensities of these bands are also directly related to the molecular number
of these isomers. Considering the molecular number of these isomers for spectral
simulation will better reproduce the band shape of the spectrum. We will further
extend this idea to the simulation of the optical spectra of other protonated
polycyclic aromatic isomers.
Finally, the optical spectra of protonated benzene, protonated naphthalene, and
protonated anthracene all exhibit an unstructured and broad band shape for a
special electronic transition in low temperature and gas phase. According to the
crude explanation reported in previous literature, this can be contributed to the
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influence of the conical intersection between different electronic states. The conical
intersection causes the molecule to fail to reach the minimum of the excited state,
thereby rapidly decaying to another electronic state. However, how to simulate the
band shape of the optical spectra from the geometric parameters of the conical
intersection will be a very challenging task. This work will enable us to fully explain
the optical spectra of polycyclic aromatic molecules.
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