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Abstract
Kinetics on molecular excited states is a challenging subject in the field of
theoretical chemistry. This thesis pays attention to theoretical studies on kinetics of
photo-induced processes, including photo-chemical reactions, radiative and
non-radiative transitions (intersystem crossing and internal conversion) in molecular
and bio-related systems.
One- or multi- dimensional potential energy surfaces (PESs) not only provide
qualitative mechanistic explanation for excited state decay, but also make it possible
to perform kinetic simulations. We have constructed several types of PESs by using
computational methods of high-accuracy for a variety of systems of interest. In
particular, density functional theory (DFT) and couple cluster singles and doubles
(CCSD) method are employed to build PESs of the ground and lowest triple states.
For medium-sized molecules, the complete active space self-consistent (CASSCF)
method is used for constructing the PESs of excited states.
Various kinetic theories for the decay processes of excite states are briefly
introduced, in particularly adiabatic and nonadiabatic Rice–Ramsperger–Kassel
-Marcus (RRKM) approaches for the kinetics of nonradiative decay of excited
2-aminopridine molecule. Special attention has been devoted to Monte Carlo
transition state theory which can provide an efficient way to predict the rate of
nonradiative transitions of polyatomic molecules on multi-dimensional PESs.
Examples of Monte Carlo simulations on the intersystem crossing of isocyanic acid
and a model molecule of hexacoordinate heme, as well as internal conversion process
for 2-amininopyridine dimer and the adenine-thymine base pair are presented.
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1. Introduction
Light-induced process keeps a very close relation to human life: light as a source
of energy, light as the reactant in chemical synthesis, light as information in visual or
other biological processes. Despite its ‘positive’ roles to human beings, light can also
play ‘negative’ roles some time: ultraviolet light may modify or destroy the nucleic
acids and proteins.1 With the development of human culture and science, the relation
between photochemistry and human life has been extensively studied both
experimentally and theoretically. Photochemistry is an interdisciplinary field of
chemistry and physics, which concentrates on the photo-induced (from ultraviolet
light to visible light) chemical phenomena. The basic research and application of
photochemistry is important for the development of fundamental theories, and energy
utilization.
The prosperous development of experimental photochemistry started from the
late 1950’s, after the invention of laser technology. The 1967 Nobel Prize laureates,
Porter and Norrish developed the flash-photolysis technique in the 1950’s,2,3
providing a method for observing the transient molecules in the time resolution of
microsecond. Herschbach and Lee opened up a new field of chemical reaction
dynamics by using the crossed molecular beam technique4,5 and were rewarded the
Nobel prize in 1986. The technique of femto-second laser makes it possible to observe
the details of chemical reactions, therefore provides credible information for
mechanism of chemical reactions.6 It’s no exaggeration to say that the invention of
femto-second laser brought about a revolution in experimental photochemistry
research, and consequently accelerated the improvement of photo-chemical theories.
The basic framework of photo-chemical theory was established in the first half of
20th century, before the flourish of the experimental photochemistry. In the early 19th
century, Grotthus and Draper stated that only such radiation can act photo-chemically
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when it is absorbed by the substance, which was named the first law of
photochemistry or Grotthus-Draper Law. Stark and Einstein improved this law by
quantum theory, which was the famous photo-chemical equivalence law: a single
photo can excite only one electron. Subsequently, the presence of other general
photo-chemical rules such as Lambert-Beer law, Jablonski Diagram, Franck-Condon
rule etc. revealed that theoretical chemists already gained a good understanding of the
photo-chemical processes in a certain degree. The application of femto-second laser in
experimental photochemistry brought substantial comprehension on the mechanistic
photo-chemical processes for theoretical chemists. A good case in point is the
development of the theory about potential energy surface (PES) crossing. The
non-crossing rule states that potential energy curves (PECs) corresponding to
electronic states of the same symmetry cannot cross.7-9 Nevertheless, with the
development of experimental and theoretical studies, chemists discovered that the
non-crossing rule which was exact for diatomic molecules became invalid for
polyatomic compounds. In fact, it has been shown that low-lying intersections
(crossings) between the photo-chemically relevant excited state and the ground state
occur with a previously unsuspected frequency.10 PES crossing theory brings about
new understanding for the mechanistic photo-chemical processes. It can be concluded
that most photo-chemical reactions are nonadiabatic, in which PES crossing plays an
important role.
Although PES crossing can explain photo-chemical reactions qualitatively, the
nonadiabatic kinetics or dynamics have still been relied on to study photo-chemical
processes quantitatively. In the present thesis, the related statistic adiabatic and
nonadiabatic kinetic theories are used to investigate chemical reactions in molecular
excited states. The famous RRKM theory has been proved to be very efficient and
simple to calculate rate constants of unimolecular reactions.11 The RRKM calculation
provides a powerful tool to study the competition and selectivity of different
photo-chemical reaction pathways. On the basis of adiabatic RRKM theory, the
nonadiabatic RRKM theory was developed by assuming the minimum energy
crossing point (MECP) between two crossing adiabatic PESs as the “transition state”
2
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in the adiabatic reaction.12,13 For a nonadiabatic chemical reaction, whose transition
state is caused by a weak nonadiabatic interaction between different electronic states,
the nonadiabatic RRKM theory is necessary to calculate the reaction rate. In addition,
the nonadiabatic RRKM theory is also applicable to predict the rate constant of an
ISC transition, in which the nonadiabatic interaction refers to the spin-orbit coupling.
In this work, the nonadiabatic probability is obtained by the famous Landau-Zener
formula.14,15 Besides RRKM theory, another effective method in kinetic molecular
excited states is Monte Carlo transition state theory (MCTST).16 Monte Carlo method
is remarkably effective in high-dimensional problems. Instead of taking account of the
contribution of only one single point (the transition state or the MECP) to the reaction
rate in RRKM theory, MCTST includes the contribution of the N-1 dimensional
dividing surface to the reaction rate based on the N-dimensional PES. The
nonadiabatic MCTST17 both in the canonical and microcanonical ensemble will be
discussed in this thesis. The former is for thermal reaction rate calculation, and the
latter for photo-chemical systems.
To explain the mechanisms of photo-chemical processes scientifically, quantum
chemistry is absolutely the most powerful tool. With the increasing reliability of
quantum chemistry and the rising power of computers, the geometries of stationary
points and crossing points, the PESs in the ground and excited states of polyatomic
compounds can be accurately determined by advanced quantum chemical methods.
Quantum chemical calculations not only help chemists to understand the
photo-chemical processes in depth, but also provide preliminary information which is
necessary for the kinetic study of photo-chemical processes. In this thesis, DFT and
CCSD methods are adopted to build PESs of the ground and lowest triplet states, and
the CASSCF method is used for investigating the excited states for medium-size
molecules.
This thesis is organized in the following way: basic photo-physical and
photo-chemical processes both adiabatically and nonadiabatically are reviewed in
chapter 2; fundamental ab initio methods used in this work are introduced in chapter 3,
accompanied with three types of ab initio PESs; kinetic theories for investigating
3
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molecular excited states are outlined in chapter 4; finally, a summary of my
publications included in this thesis is given in chapter 5.

4

2. Basic Photo-physical and Photo-chemical Processes
The photo-chemical reactions are inevitable to compete with photo-physical
processes. The distinction between “photo-physical” and “photo-chemical” processes
depends on whether there is any “chemical change” during the processes. The
so-called chemical change must be involved in the breaking or creating of chemical
bonds. The first step of a photochemical reaction is the absorption of light, leading to
an excited molecule. Consequently, a photo-chemical reaction may take place in the
electronic excited state, or a ground state reaction occurs after the photo-excited
molecule decays to the ground state. The photo-physical processes include the
absorption and emission of light, and the non-radiative deactivation. The transition
between two electronic states with the same spin multiplicity is named internal
conversion (IC), otherwise called intersystem crossing (ISC). The principal
photo-physical and photo-chemical processes in photochemistry can be illustrated by
the Jablonski diagram (Fig. 2.1)1.
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nonradiative process

radiative process

Fig. 2.1: Jablonski diagram
a―absorption; f ―fluorescence; p―phorsphorescence;ic―internal conversion;
isc―intersystem crossing; ET―energer transfer; ELT―elctronic transfer;
chem.―chemical reaction.

2.1 Absorption and Emission of Light
Two fundamental laws of photochemistry were formulated in the very early years,
named Grotthus-Draper Law (First Law of Photochemistry) and Stark-Einstein Law
of Photochemical Equivalence (Second Law of Photochemistry). It is stated that only
light absorbed by a molecule can bring about a photo-chemical change, and each
molecule absorbs only one quantum of the radiation that causes the photo-chemical
reaction. Although there are exceptions of the two fundamental laws (e. g. the
multiphoton excitation), these laws are applicable to most photo-physical and
photo-chemical processes.18 According to the quantum theory, when a molecule
absorbs a photon, the light energy is given by
E  h  hc / 

(2.1)

where ν is the frequency and h is the Planck constant, c and λ are the velocity and
wavelength of the light.
6
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When a molecule is excited by a photon, the excess energy will decay via
radiative or nonradiative way. As a result, the molecule is deactivated and returns to
the ground state. A photon is released from the excited molecule accompanied with
luminescence, which is named radiative decay. The photon emission occurs only from
the lowest-energy excited electronic state of molecule according to the Kasha’s Rule.
As illustrated in Fig.2.1, the emission from the lowest singlet excited state is
fluorescence, which is a spin-allowed radiative transition (S1→S0). And it is
spin-forbidden if the luminescence originates from the transition from the lowest
triplet excited state to the ground state (T1→S0), which is defined as phosphorescence.
Generally, fluorescence is short-lived, with lifetime in the range 1ns to 1μs, while
phosphorescence lifetime goes from 1ms to many seconds or even minutes.1
Molecular absorption and emission spectroscopy provides a very powerful tool
to study excited molecules both in experimental and theoretical studies. The
molecular spectroscopy indicates numerous properties of a molecule for chemists. In
the present thesis, we focus on the following three aspects:
1. The strongest absorption peak corresponds to the vertical excitation according to
the Franck-Condon Principle, which states that an electronic transition is most likely
to occur without changes in the positions of the nuclei in the molecular entity and its
environment;
2. Emission is always of lower energy than absorption due to nuclear relaxation in the
excited state, with the gap between absorption and emission peaks called Stokes shift.
3. Emission spectrum is a mirror image of the lowest energy absorption band.
Due to the influence of the measuring instruments and environments, the “apparent”
emission spectrum usually looks different from the absorption spectrum in virtual
experiments. However, the mirror symmetry is still often used in theoretical spectra
simulation. An ideal diagram of the absorption and fluorescence spectroscopy
following above rules is shown in Fig. 2.2. It’s worthwhile to point out that the mirror
relationship of absorption and emission demonstrated here is relative to energy, while
the common spectrum is drawn versus wavelength (nm) which is inverse to energy
(e.g. eV).
7
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Fig. 2.2: Mirror relationship of absorption and fluorescence spectrum

2.2 Adiabatic/Nonadiabatic Photo-chemical Reactions
Photo-chemical reactions may be classified as adiabatic or nonadiabatic based on
whether the chemical change occurs on the same PES or not. When a molecule is
excited to a specific electronic excited state, the nuclear coordinate moves along the
reaction coordinate and reaches the product region. During this process, PESs of other
electronic states are “far away” from this PES. This is an ideal adiabatic
photo-chemical reaction. However, PES crossing is common for photo-excited
polyatomic systems, the character of electronic state often changes with the variation
of nuclear coordinate, which is absolutely nonadiabatic. Fig. 2.3 and Fig. 2.4 illustrate
typical adiabatic and nonadiabatic reaction profiles respectively. The former displays
the reaction pathway of intramolecular hydrogen transfer of 2-aminopyridine
molecule in its first singlet excited state.18 The latter provides a very interesting and
typical

example

for

nonadiabatic

photochemical

reactions,

photo-dissociation reaction of bromoacetyl chloride molecule.19
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S1TS
S1

hν

S1 P

S0 TS

S0 P
S0

Fig. 2.3: Hydrogen transfer reaction profile of excited 2-aminopyridine. (With
permission)

S2

nσ*CCl

S2

TSCCl

TSCBr

BrCH2CO+Cl

nπ*CO

C-Cl

nσ*CBr
Br+CH2COCl

S1

BrCH2COCl

C-Br

Fig. 2.4: Photo-dissociation reaction profile of BrCH2COCl (With permission)

In Fig. 2.3, the nuclei move along the hydrogen transfer reaction pathway in S1 state
adiabatically, without crossing with any other electronic states. The molecule keeps in
the same electronic configuration state in the whole reaction path. Fig. 2.4 shows two
reaction pathways: C-Br photo-dissociation reaction to the right and C-Cl cleavage to
the left. It even could be regarded as the most classical example to explain the
characteristic of nonadiabatic photo-chemical reactions. Along the C-Br or C-Cl
fission pathway, the electronic wavefunction changes dramatically from nOπ*CO to
nOσ*CBr or nOσ*CCl. The transition states TSCCl and TSCBr are formed because of the
9
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interaction of different electronic configurations, namely the nonadiabatic interaction.
Interestingly, the strong nOπ*CO/ nOσ*CCl interaction “push” the upper PES far away so
that the C-Cl fission reaction can be treated as adiabatic kinetically. In fact many
so-called “adiabatic” photo-chemical reactions are “quasi adiabatic’ like C-Cl
dissociation for the photo-induced BrCH2COCl. Nevertheless, the nonadiabatic effect
for C-Br dissociation couldn’t be neglected and causes a typical nonadiabatic
photo-chemical reaction. Unlike adiabatic reactions, the system can only reach the
product region with an appropriate probability named nonadiabatic probability, even
with sufficient energy to overcome the barrier.

2.3 Nonadiabatic Transitions
The nonadiabatic transitions described here are physically without chemical
changes. In the Jablonski diagram (Fig. 2.1), the nonradiative transitions include the
internal conversion between two states with equal spin multiplicity, usually Sx→Sx-1
or Tx→Tx-1, and the intersystem crossing between two states with different spin
multiplicity, namely between singlet and triplet states. The famous Kasha’s rule is
established because the internal conversion from higher excited state to the lowest
excited state decays very rapidly, comparing with the decay from S1 state to the
ground state. The IC process between S1 and S0 states often competes with the
chemical reactions in the S1 state and the fluorescence decay. An effective IC takes
place between the lowest vibrational state of S1 electronic state and the high
vibrational state of the electronic ground state due to the vibronic coupling, when the
energy gap between these two electronic states is small, as shown in Fig. 2.5(a). The
label “VR” in Fig. 2.5(a) represents the vibrational relaxation from the high
vibrational levels to the ground vibrational level, which is very rapid.

10
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T1
S1
IC

S1
2V12

CI

MECP

VR
S0

S0
(a) IC via vibronic coupling

S0

(b) IC via conical intersection

(c) ISC via spin-orbit coupling

Fig. 2.5: Nonadiabatic transitions in photochemistry

PES crossing has been proved to be common in photochemical reactions. When
two electronic states with equal spin multiplicity and space symmetry cross with each
other (among which S1/S0 intersection is the most important case), it’s called conical
intersection (CI). Extensive experimental and theoretical researches have revealed that
CI may play a significant role in the nonadiabatic transitions of photochemistry.10,21-25
Zimmerman and Michl described the role of CI in radiationless decay as a
“funnel”.24,25 The IC process can occur with 100% transition probability at the conical
intersection (the Landau-Zener probability is unit), the rate constant of a IC process
can even reach the scale of fs-1.25 Fig. 2.5(b) demonstrates the IC process via a conical
intersection. Considering only the intersection between S1 and S0 state, we simply
classify the conical intersections into two types: sloped intersection and peaked
intersection, as shown in Fig. 2.6 (a) and (b) respectively. The classification comes
from relative directions of the gradients and the minimum for the crossing states.26
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(a)

(b)

Fig. 2.6: Schematic conical intersections: (a). sloped intersection; (b). peaked
intersection

For the intersection case as in Fig. 2.6(a), the kinetics is generally determined by the
excitation energy and the energy of conical intersection. However, at a peaked
crossing as in Fig. 2.6(b), the reaction path is branched between going back to the
ground state and an excited product P. The branched ratio is dependent on the strength
of nonadiabatic interaction between two states.
As for the ISC, the similar transition phenomenon like the IC in Fig. 2.5(a) may
take place considering the vibronic spin-orbit coupling. It is efficient only if the
energy difference between two states is very small and the coupling matrix element is
significant. Otherwise, the ISC caused by the vibronic spin-orbit coupling is
incomparable to other deactivation ways. A probable fast ISC transition occurs when
the singlet and triplet PES cross with each other. It is obviously spin-forbidden, and in
the zero-order assumption one electronic wavefunction can’t feel the influence of
another one and merely “passes by” it. In other words, the singlet or triplet electronic
wavefunction will keep its adiabaticity independently without considering the
first-order spin-orbit coupling. However, once the spin-orbit coupling is considered,
the interaction between two states with different spin will lead to the avoided crossing,
as show in Fig. 2.5(c). Here V12 refers to the spin-orbit coupling matrix element,
which could be computed by a one-electron approximation with effective nuclei
charges in quantum chemistry.27,28
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V12  S Hˆ SOC T

(2.2)

And the label “MECP” in Fig. 2.5(c) represents the minimum energy crossing point.
As a result, the ISC may occur at the crossing point with a probability factor related to
V12, whose rate constants can even reach the scale of 108 s-1 or faster in some
systems.27,29
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3. Potential Energy Surfaces
3.1 Born-Oppenheimer Approximation
It’s impossible to perform a kinetic or dynamic study bypassing the concept of
the PES. The computational PES is obtained on the basis of the Born-Oppenheimer
approximation also named adiabatic approximation, which separates the nuclear
motion and the electronic motion in molecules. Since the mass of an electron is much
lighter than that of a proton and the electron moves much faster compared with the
motion of the nuclear, the electrons in a molecule can be assumed to move in a field
with nuclei nearly fixed at a specific configuration. It’s a good approximation, and
even can be treated as the center of quantum chemistry.
For a molecule with N electrons and M nuclei, the Hamiltonian operator of the
molecule is given as follows in atomic units
N
M
1
1 2 N M Z A N N 1 M M Z AZ B
 A  
    
Ĥ    i2 
.
i 1 2
A 1 2 M A
i 1 A 1 riA
i 1 j  i rij
A 1 A  B RAB

(3.1)

The energy and the wavefunction of the system satisfy the Schrödinger equation

Ĥ (ri , RA )  E (ri , RA )

(3.2)

where ri and RA is the coordinate of electron and nuclear respectively. Within the
Born-Oppenheimer approximation, the kinetic energy of nuclear motion is omitted,
and the repulsive energy between different nuclei can be regarded as constants. It is
well known that it will not change the eigenstate of an operator by adding a constant
to the operator, but increasing the eigenenergy. The Hamiltonian operator for N atoms
moving in the filed of M point charges, in other words, the Hamiltonian for a
N-atomic molecule in a specific configuration, can be expressed as
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N

N

N

1
Hˆ e   hˆi  
i
i j  i rij

(3.3)

where ĥi is defined as a one-electron Hamiltonian.

1
hˆi    i 
2


A

ZA
riA

(3.4)

Then the Schrödinger equation in the Born-Oppenheimer approximation becomes

Hˆ e  e  Ee  e

(3.5)

The energy and wavefunction of electrons are obtained by solving above equation.

Ee  Ee ( R A )

(3.6)

 e   e (ri , R A )

(3.7)

This wavefunction in Eq.(3.7) describes the electronic motion in a configuration with
fixed nuclei (RA). The total energy of the molecule in this configuration can be
obtained by adding the nuclear repulsive interaction VNN.

U( R A )  Ee ( R A )  VNN

(3.8)

For a given nuclear configuration, the total energy E is always available by solving
the electronic Schrödinger equation as in Eq.(3.5). In this sense, a field constituted by
the total energy E restricts the motion of nuclei. Therefore, the Schrödinger equation
for the nuclear motion can be given by

Hˆ N  N ( RN )  E N ( RN )
in which

M
1
Hˆ N  
 2A  U ( R A )
A1 2 M A

(3.9)
(3.10)

Finally, it’s clear that the potential energy U(RA) is represented as a function of the
nuclear geometry, which is of course called PES.

3.2 Basic Ab Initio Methods
On the basis of the Born-Oppenheimer approximation, theoretical chemists has
developed plenty of ab initio methods and programs to calculate the PESs, by solving
16
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the Schrödinger equation for multi-electron molecular systems as described in Eq.
(3.5). Here we just give a brief review about the methods we used for the molecules
interested in this thesis.
Hartree Fock (HF) method The HF method is also named “self-consistent field”
(SCF) theory, which is the central starting point of all other advanced ab initio
methods (namely post-HF methods). In HF theory, many-electron wavefunction in
Eq.(3.2) is represented by a Slater determinant composed by one-electron
wavefunctions.


 

 (r1 , r2 , rN ) 





1 (r1 ) 2 (r2 )   N (rN )



1 1 (r1 ) 2 (r2 )   N (rN )
N!








1 (r1 ) 2 (r2 )   N (rN )

(3.11)

To solve the one-electron wavefunctions, we return to Eq.(3.3). The electronic
repulsive interaction

1
is treated by the efficient mean-field potential. It gives the
r ij

Fock operator
N

1
Z
Fˆ (i )    i   A   ( Jˆ j  Kˆ j )
2
A riA
j 1

where

(3.12)

Ĵ j describes the Coulomb interaction between one electron (e. g. the

electron number 1 in the ith orbit ) and the average potential of another electron (e. g.
the electron number 2 in the jth orbit), namely the Coulomb operator. And K̂ j is
defined as the exchange operator.

1
Jˆ j i (1)   j (2)  j (2) i (1)
r12

(3.13)

1
Kˆ j i (1)   j (2) i (2) i (1)
r12

(3.14)


Thus the one-electron wavefunction k (ri ) in the Slater determinant is obtained by

solving the flowing so-called Hartree-Fock equation.


Fˆ (i )k (ri )   kk (ri )
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Hartree-Fock equations are series of complicated nonlinear equations, which can only
be solved numerically by iterative method. It gives rise to the name “self-consistent
field”. Since the electrons are treated as an “average” distribution in the HF
approximation, a relative error is inevitably introduced into the energy since the
electron-electron correlation interaction is absent. This limitation is addressed with
the subsequent “post-HF” methods by taking account of at least part of electron
correlation.
The configuration interaction (CI) method writes the wavefunction of a
many-body system as a linear combination of ground and excited Slater determinants,
which looks like23
CI  a0 0   aS  S   aD  D   aT T     ai  i
S

D

T

(3.16)

i

where 0 is the ground state HF wavefunction as shown in Eq.(3.11). The subscripts
S, D, T in Eq.(3.16) indicate determinants that are singly, doubly, and triply excited
relative to the HF configuration. For PESs of singlet excited states studied in this
thesis, we used the CASSCF method, which is a full CI method in the so-called active
space. How to select an active space is the soul of the CASSCF calculation. For a
specific chemical process of interest, the active space should definitely include all
those orbits that change significantly during the process. Although it’s tricky to
perform a “perfect” CASSCF study, the CASSCF method is still recommended for a
middle size system at the present computational level, especially involving excited
states
The coupled-cluster (CC) theory could be regarded as the most advanced of the
current post-HF methods. Unlike the linear combination in Eq.(3.16), the
coupled-cluster wave function is exponentially extended by Slater determinants.
ˆ

CC  eT  0
where  0

(3.17)

refers to the ground state HF wavefunction, and Tˆ is defined as an

excitation operator or named cluster operator.
Tˆ  Tˆ1  Tˆ2  Tˆ3  
18

(3.18)

3. Potential Energy Surfaces
Tˆi operator acting on  0

generates all ith excited Slater determinants. The CI

wavefunction in Eq. (3.16) can be rewritten by the excitation operator as

CI  (1  Tˆ1  Tˆ2  Tˆ3  )  0

(3.19)

In practice, CCSD method is in general applicable, since calculations with the order
larger than 3 is quite expensive even for very simple molecule.30 For CCSD method,
ˆ
Tˆ is truncated at the doubly excitation and the exponential operator eT is expanded

into Taylor series,

eT  1  Tˆ 
ˆ

2
2
Tˆ 2
Tˆ
Tˆ
   1  Tˆ1 Tˆ 2 1  Tˆ1Tˆ2  2  
2
2
2

(3.20)

It’s interesting to note that not only singly and doubly excitations are considered in the
CCSD calculation, as it “appears”, but also the triply excited states, which are
generated by the Tˆ1Tˆ2 operator in Eq. (3.20), contribute to the CCSD wavefunction

and energy as well.
Density Functional Theory It seems controversial to regard DFT method as ab initio,

since empirical data originated from experiments are employed in many functionals,
(e.g. the most popular hybrid functional B3LYP). Despite this, the derivation of the
DFT is exactly from the first principle. From this point, it is an ab initio method.
While the ground state energy is expressed in terms of molecular wavefunction in
molecular orbital theories like HF method, it’s treated as a functional of the total
electron density of the system in DFT.
E[  ]  Vne [  ]  T [  ]  Vee [  ]

(3.21)

where Vne is the nuclear-electron interaction, T is the kinetic energy of electrons, and
the last term Vee is electron-electron interaction. Within the famous Kohn-Sham theory,
which makes DFT practical in computational chemistry, the kinetic energy is divided
into two parts: kinetic energy of non-interacting electrons (TS), and that related to the
electron-electron interaction (TC).
T [  ]  T0 [  ]  TC [  ]

(3.22)

And correspondingly, Vee is also separated into two parts as in the following equation,
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where the former is pure Coulomb interaction between electrons, and the latter
corresponds to the exchange and correlation energy.
Vee [  ]  Vee  cl [  ]  VC [  ]

(3.23)

Finally, the total energy is written as
E[  ]  Vne [  ]  T0 [  ]  Vee  cl [  ]  Exc [  ]

(3.24)

Only the last term Exc [  ] is an unknown functional, called the exchange-correlation
functional, which calls for some kind of approximated form. A hybrid functional
named B3LYP has been proved to be the most powerful in numerous practices. In
addition, an improved functional called CAM-B3LYP with the consideration of the
long-range effects is highly recommended for cases associated with charge transfer.

3.3 Potential Energy Surfaces
In this section, we focus on the categories of PESs used for the kinetic studies in
this thesis. There are three types of PES appear in this work. First and the most
important as well, better called as the potential energy curve (PEC), is the one along
the minimum energy reaction coordinate. Although the PES as the function of 3N-6
internal coordinates for an N-atomic molecule is important, it’s only feasible to
construct a full dimensional PES for simplest molecules. For mechanistic studies in
photochemistry, it’s direct and relatively easy to build an ab initio PEC along a
specific reaction pathway, such as photodissociation, photoisomerization etc.
Technically, one needs to optimize the reactant, transition state, and product along a
specific reaction path. As is described in section 2.2, photochemical reactions often
occur in the excited state. At the present theoretical level, CASSCF method could
provide acceptable results for the optimized equilibrium and transition state
configurations and corresponding energies in excited states. Fig. 3.1 displays an
example for the PEC both on the first singlet excited state (S1) and the ground state
(S0) along a specific reaction pathway, which results from a hydrogen transfer
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reaction of 2-aminopyridine molecule by CASSCF calculations.19 The nature of
stationary and saddle points should be validated by Hessian calculations, where no
imaginary frequency for the stationary and only one imaginary frequency for the
saddle points.

Fig.3.1: Optimized structures of transition state (a) and product (b), as well as energy

profile (c), for hydrogen transfer reaction for excited 2-aminopyridine. (with
permission)
Nonadiabatic transitions are very common during photo-chemical processes. In
theoretical calculations, it often means a conical intersection between two adiabatic
states. The existence of the conical intersections sometime will change the mechanism
of a photochemical reaction. Therefore, to study a photochemical reaction accurately
and comprehensively, the structures and energies of the important conical
intersections can not be neglected. However, it’s still challenging at current
computation level to study the crossing point between two electronic states. The
so-called MC-SCF Lagrangian method in Gaussian program31 makes it possible to
optimize the geometry of the lowest energy point of the conical intersection of two
PESs.32,33 As shown in Fig. 3.2, which is the PEC of 2-aminopyridine along the ring
deformation pathway. The conical intersection between S1 and S0 state plays a
significant role in the radiationless decay of the excited 2-aminopyridine molecule.

21

3. Potential Energy Surfaces

Fig. 3.2: Optimized structure of the transition state (a) and S0/S1 conical interaction
(b), as well as the energy profile (c), for the ring-deformation reaction of excited
2-aminopyridine. (with permission)

If one wants to study the PEC in more detail, especially to run a Monte Carlo
simulation based on the minimum energy reaction pathway, the energy profile only
consists of the three stationary points (the reactant, transition state, and the product) is
far from enough. At this point, it’s necessary to perform stepwise optimizations along
a given reaction coordinate, which results in the second type of PES in this thesis. In
essence, these two types of PESs are same, but we distinguish them because they are
produced for different kinetic studies in this work. The first type discussed above is
for RRKM calculations, and the second is for Monte Carlo simulations. To be specific,
all other geometric parameters are fully optimized in the stepwise optimized PEC
except the reaction coordinate (usually a bond-length or a torsion angle), which is
fixed at each point. Fig. 3.3 shows an example for stepwise optimized PEC calculated
by CCSD method, which is the C-N dissociation reaction path of isocyanic molecule
(HNCO).29 The blue line represents the PEC of ground state, while the red line is the
first triplet state (T1). An analytic potential function usually could be fitted based on
the optimized energies for all points on the PEC, which is convenient for subsequent
kinetic studies.
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Fig. 3.3: PEC for C-N dissociation pathway of isocyanic acid molecule. (with
permission)

So far, we were talking about “potential energy curves”, in which only one
internal coordinate defined as the reaction coordinate was involved. As mentioned
above, the entire PES of an N-atomic molecule contains 3N-6 independent variables:
N-1 variables of bond length, N-2 parameters of bond angle, and N-3 variables for
dihedral angels. In most adiabatic cases the barrier heights for different reaction paths
can qualitatively explain the mechanistic photochemistry, and RRKM calculations
based one-dimensional model do result in rational rate constants. However, it has
been proved that only one-dimensional model is probably inadequate to describe an
electronically nonadiabatic transition, which is common in the excited states.34,35
Therefore, it’s necessary to build multi-dimensional PES for an accurate kinetic study
for mechanistic molecular excited states, which is the third type of PES we are going
to discuss in this thesis. We have built interesting 2-dimensional (2-D) PESs of the
ground state, the first triplet state and the first quintet state for a molecule of 55 atoms,
which was treated as a model system for the neuroglobine (Ngb) protein, as illustrated
in Fig.3.4.36
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Fig. 3.4: 2-D PES for ground and excited hexacoordinate heme (with permission)
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4. Kinetic Theories for Molecular Excited States
4.1 Adiabatic/Nonadiabatic RRKM Theory
4.1.1 Adiabatic RRKM Theory
After the improvement of more than thirty years, the famous RRKM theory has
been widely used to calculate the rate constants of unimolecular reactions. In 1922,
Lindemann put forward a first successful explanation for the first-order kinetics of
many unimolecular reactions.37 According to Lindemann theory, the mechanism of a
unimolecular reaction is given by
k

1
 A  A 
A*  A
k 1
AP 
k2
A* 
P


Lindemann theory assumes that the activated molecules all have the same lifetime,
irrespective of their degree of internal energy and consequently underestimates the
rate of activation. Hinshelwood theory offers a solution to this problem.38 He modeled
the internal modes of A by a hypothetical molecule having s equivalent simple
harmonic oscillators of frequency ν and used statistical methods to determine the
probability of the molecule hopping collisionally to a reactive state. Nevertheless,
Lindemann-Hinshelwood theory fails to take into account that a unimolecular reaction
specifically involves one particular form of molecular motion, and still underestimates
the unimolecular reaction rate. Rice, Ramsperger and Kassel (separately)38-41
introduced a new concept to the Lindemann mechanism, reads
k1

 A  A 
A*  A
k 1
A  P  * k (E )
k
2
 A 
 A 
P
where A is the transition state of the reaction. The corresponding rate theory is
so-called RRK theory, which assumes that energy can flow freely from one
vibrational mode to another. A unimolecular reaction occurs if only energy of one
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specific reactive mode reaches the transition state.
In 1952, based on the results of Lindemann-Hinshelwood and RRK theory,
Marcus introduced the Transition State Theory (TST) into RRK theory, called RRKM
theory,42 which has been proved to be quite accurate for calculations of unimolecular
reaction rates. The main goal of RRKM theory is to use quantum statistical mechanics
to calculate a unimolecular reaction rate from the reactant to the product via the
transition state. We make a brief summation for the strategy of RRKM calculation
used in this thesis. Fig. 4.1 displays a scheme for the relationship between different
energies in a RRKM calculation.

Fig. 4.1: Schematic PEC for adiabatic RRM calculation

For simplification, only vibrational degrees of freedom are taken into account here.
Within this assumption, the standard expression for the unimolecular rate constant of
an isolated molecule with total energy E is43
k E  

N E 

2N 0 E 

(4.1)

where N(E) and N0(E) are the number of vibrational states for the transition state and
the reactant with total energy E, respectively. N(E) and N0(E) can be obtained
efficiently via the direct counting procedure named Beyer-Swinehart algorithm.44,45
The derivative of energy in the denominator can be calculated by the numerical
difference method consequently.
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N E    h( E   n )

（4.2）

N 0 E    h( E   n )

（4.3）

n

n



Here h(x) gives the Heavyside step function, h(x>=0)=1 and h(x<0)=0. And  n and

 n are the vibrational energy levels of the transition state and reactant. They are
usually assumed to be given by oscillator approximation in practice. In this way, we
express the vibrational energy as
s

1
2

 n   i ( ni  )
i 1

（4.4）

s 1

1
2

 n  V0   i ( ni  )
i 1

（4.5）

where s is the degrees of vibrational freedom, s=3N-6 for a nonlinear N-atomic
molecule.  i  and i   are the vibrational frequencies of the reactant and transition
state respectively. V0 represents the reaction barrier, as shown in Fig. 4.1, the energy
difference between the transition state and the reactant usually includes the zero-point
energy (ZPE).
Miller modified Eq.(4.1) with considering the effect of tunneling along the
reaction coordinate.43 The Heavyside step function in Eq.(4.2) was simply replaced by
a cumulative tunneling probability,
N QM E    P ( E   n )
n

（4.6）

where P(E1) is the one-dimensional tunneling probability as a function of the energy
E1 in the reaction coordinate, in the classical limit with no tunneling P(E1)=h(E1).
Then the unimolecular rate constant incorporating tunneling effect is thus
k E  

 P( E  


n

)

n


2N 0 E 

（4.7）

To compute the tunneling probability, we choose the generalized Eckart potential
model, 43,46 for which the tunneling effect is given by
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P ( E1 ) 

where

sinh(a ) sinh(b)
sinh 2 ( a 2 b )  cosh 2 (c)

a

4
b

E1  V0 V01 / 2  V11 / 2

b

4
b

E1  V1 V01 / 2  V11 / 2

c  2

（4.8）





（4.9）





（4.10）

V0V1
1

2
(b ) 16

1

1

（4.11）

V0 is, as before, the barrier height relative to the reactant, and V1 is the barrier relative
to the product, also shown in Fig. 4.1.

4.1.2 Nonadiabatic RRKM Theory
For simple adiabatic unimolecular reaction, RRKM has shown its practicability
and validity without doubt. For nonadiabatic reactions (or transitions) as stated in
section 2.3, the so-called nonadiabatic RRKM theory developed by Lorquet12,13 and
also implemented by others47 was widely used to calculate the nonadiabatic rate
constants. The concept of the “transition state” is replaced by the “crossing point” in
nonadiabatic RRKM theory, and the reaction coordinate is defined as the normal
coordinate of the initial state that has the largest component of the nuclei velocity
orthogonal to the crossing seam. Although two PESs are involved in a nonadiabatic
reaction, only the initial state is related to the nuclei motion, while the final state is no
more than used to locate the crossing point.
To draw an analogy between the adiabatic and nonadiabatic RRKM theory, we
also present a PEC scheme for the nonadiabatic RRKM calculation in Fig. 4.2.
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Fig. 4.2: Schematic PEC for nonadiabatic RRM calculations

In Fig. 4.2, E is the total internal energy of the system, Ec is the “barrier height”, in
other words, it’s the energy of the crossing point in adiabatic picture. W1 (up) and W2
(down) are the adiabatic PECs (in black line), while V1 and V2 are the diabatic
potential energy curves (in red line). V12 is the nonadiabatic coupling element
between two interacted electronic states, which can be calculated in a diabatic picture.
Specially, for an intersystem crossing between singlet state and triplet state, V12 is the
spin-orbit coupling term. The final nonadiabatic RRKM rate constant is given as
k E  

2 Pnan ( E  Ec )
n


2N 0 E 

（4.12）

where Pnan ( E1 ) is the one-dimensional nonadiabatic hopping probability, which can
be calculated by the famous Landau-Zener formula.14,15 The factor 2 comes from the
fact that both the surface hopping along and against the reaction coordinate can
contribute to the transition rate constant.
The Landau-Zener nonadiabatic probability is widely used to calculate the
nonadiabatic hopping probability for its very simple formalism, which was invented
more than a half century ago, as shown in equation (4.13).14,15
 2V122 

PLZ  exp 
  | vF | 

（4.13）

v is the component of nuclei velocity along the direction of “reaction coordinate”, and
F is the magnitude of gradient difference between the two diabatic PECs at the
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crossing point, F 

V1 / q  V2 / q . Landau-Zener formula gives the hopping

probability from one adiabatic state to another through the crossing region. In other
words, it’s the probability of transition between the up and down PEC (W1, W2) in
Fig.4.2. If one is interested in the probability of hopping from a diabatic state to the

other, viz. the transition between V1 and V2 in Fig. 4.2, then probability is given by
psh  1  PLZ . For example, if one is studying the transition from a singlet state to a
triplet state via the crossing point between two PESs, the transition probability should
be considered as psh. In a practical computation, the velocity v is often calculated by
the effective kinetic energy. Therefore the diabatic surface hopping probability can be
computed by following equations,47

 2V122


Psh  1  exp 


F
E
E
|

|
2
(

)
c 

Psh 

or


2V122
 | F | 2( E  Ec )

（4.14）

（4.15）

where µ is the reduced mass of the normal mode whose direction is defined as the
“reaction coordinate”.

4.2 Monte Carlo Transition State Theory
The adiabatic and nonadiabatic quantum mechanical RRKM equations as shown
in Eq.(4.1), (4.7) and (4.12) allow rough and ready rate calculations based on the very
limited information of PES. It’s the advantage of RRKM theory; nevertheless, it’s also
a disadvantage as well. For nonadiabatic transitions, only the minimum energy
crossing point is related to the rate constant. However, the true crossing seam is
actually a complicated function of the nuclear coordinates considering the full PES. It
has been concluded that the approximation that the nonadiabatic rate constant is
completely determined by the MECP would likely lead to appreciable error for some
systems, especially for the intersystem crossing rate calculation.34 In this thesis, the
multidimensional Monte Carlo simulations were performed to compute the ISC rate
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constants based on our ab initio multidimensional PES for both thermal and photo
chemical system.

4.2.1 Monte Carlo Methods
Monte Carlo methods refer to a class of computational techniques with are
dependent on random sampling. In general, Monte Carlo method was invented for
evaluating complicated or high-dimensional integrals. Monte Carlo methods play a
particularly significant role in statistic mechanics.48 The most widely used Monte
Carlo method in statistic mechanics is the famous Metropolis algorithm,49 which has
been cited as among the top 10 algorithms having the "greatest influence on the
development and practice of science and engineering in the 20th century."50 The best
way to explain the application of Monte Carlo method in my kinetic studies is to write
out the programming procedure.
Suppose we need to solve the following integral

A   f ( x) g ( x)dx

（4.16）

where f(x) is defined as a normalized probability distribution function. The integral
A can be written as a form of Monte Carlo discrete sum,
A

1
 g ( xi )
N N

（4.17）

The Metropolis algorithm of solve above problem is as follows,
(1) A starting coordinate x0 with a reasonable large probability (often at the
equilibrium coordinate) is set up.
(2) A trial coordinate x is generated by a random move
x  x0  (0.5   )x

（4.18）

where  is a random number uniformly distributed on [0, 1]. A long period random
number generator of L’Ecuyer with Bays-Durham shuffle is strongly recommend by
“Numerical Recipes”.51 And x is the maximum displacement, which is usually
chosen so that approximately 50% of the trial moves are accepted.
31

4. Kinetic Theories in Photochemistry
(3) The probability distribution function f(x) is calculated and compared with the
previous value f(x0). The trial coordinate x either accepted or rejected is determined by
the following procedure:
If f ( x)  f ( x0) , accept the trial coordinate (x0=x); go back to step (2)
else, generate a random number   [0,1]
if f ( x) / f ( x0 )   , accept the trial coordinate (x0=x), go back to step (2)
else reject it, go back to step (2).
Step (2)- (3) are repeated N times, where N is the number of total Monte Carlo moves,
generating a Markov chain. Usually, in order to eliminate the influence of the initial
coordinate, Ninc random moves are first generated as an incubation period without
computing the sum. Typically, Ninc is set to 1 105 . After the incubation period,
Eq.(4.17) is calculated for all the accepted coordinates finally.
Nevertheless, above mentioned MC simulation method may probably fail when
the important samples which contribute to the integral significantly become rare
events according to the probability distribution f(x), especially with limited samples.
It’s schemed in Fig. 4.3(a) for what is meant by rare events in MC simulation.
Suppose only the samples in the blue ellipse region contributed to the integral in
Eq.(4.16), they are selected with less probability weight by the distribution function as
f(x) in Fig.4.3.

(a)

(b)

Fig.4.3: Schematic rare events simulation. (a) without importance sampling; (b) with

importance sampling

32

4. Kinetic Theories in Photochemistry
Importance sampling technique is highly recommended to solve this kind of
problem.52 At first, we rewrite Eq.(4.16) as
A

f ( x)
f 0 ( x) g ( x)dx
f 0 ( x)

（4.19）

Then the MC sum of A becomes
A

1
N


N

g ( xi ) f ( xi )
f 0 ( xi )

(4.20)

while the new probability distribution function looks like f 0 ( x) . As indicated in Fig.
4.3(b), the selected random samples within the new distribution lie in the “important

zone” with much higher probability than before.

4.2.2 Canonical Ensemble
As is well established, the rigorous quantum mechanical rate constant in the
transition state theory is defined as below53



ˆ
ˆ
ˆ
1
k  Z r tr e  H FˆeiHt /  hˆe  iHt / 



（4.21）

with F defined as the flux operator at the dividing surface S(Q)=0, which divides the
reactant and product configuration space.
F   [ S (Q )]

S PS

Q ms

（4.22）

Zr is the partition function of the reactants, H is the Hamiltonian of the system, and
the thermodynamic beta   1 / k BT .Ps and ms are the momentum component in the
direction of reaction coordinate, and the reduced mass of this freedom respectively.
The transcription of Eq.(4.21) from quantum to classical mechanics is also evaluated
by Miller.51 The quantum trace is replaced by the phase space integration, and the time
dependent Heaviside function is replaced by its classical analog. Therefore we have
the classical rate formula as following17
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P S
1
1
lim 3 N  dPdQe  H S
 [ S (Q )]h{S [Q (t )]}
t


Zr
h
ms Q

k

（4.23）

Since we are mainly interested in the ISC rate calculation, which is nonadiabatic,
h{S[Q(t )]} in Eq.(4.23) is substituted by the nonadiabatic surface hopping
probability Psh [ ES , S (Q)] .
P S
1 1
dPdQe  H S
 [ S (Q )]Psh [ ES , S (Q )]
3N 
Zr h
ms Q

k

（4.24）

The expression of hopping probability has been shown in Eq.(3.14) and (3.15), and its
variable Es is the translational energy component along the direction normal to the
seam surface S(Q). The partition function in canonical ensemble is given as

Zr 

1
dPdQe H
3N 
h

（4.25）

The phase space integral in Eq.(4.24) can be solved by separating the
Hamiltonian as H  TS  TP  V , where TS represents the effective kinetic energy
along the unique mode orthogonal to the crossing seam TS 

PS 2
2

, while TP is the

kinetic energy of the other (3N-7) modes. Considering a well-known integral
relation  e  ax dx 
2


a

, Eq.(4.24) can be expressed in configuration space,

1 1  2 
k


Z r h3 N   

( 3 N 1) / 2

 dQe

 V

S (Q)
 [ S (Q)] e ES Psh [ ES , S (Q)]dES
Q

（4.26）

Similarly, the momentum integral for the partition function can be gotten rid of by
separating variables, then the formula becomes
1
Zr  3N
h

 2

 





3N / 2

 dQe

 V ( Q )

（4.27）

Combine Eq. (4.26) with Eq.(4.27), we get

k


2

 dQe

 V ( Q )

S (Q)  E S
e
Psh [ ES , S (Q)]dES
Q 
 V ( Q )
 dQe

（4.28）

Until now, it’s possible to design a Monte Carlo simulation for the thermal rate
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constant k(T) in Eq.(4.28). If the distribution function f is defined as
f 

e  V ( Q )

（4.29）

 V (Q )
 dQe

it comes the Monte Carlo summation
k

S (Qi )  E
 1 1
i
e Psh [ ES , S (Qi )]dES

Qi 0
2 2 N i
S

（4.30）

Here 2ε is the chosen energy "shell" around S(Q) (used to approximate the delta
function (  [ S (Q)] ).  i  1 for states lying within    V1  V2   , and  i  0
otherwise. N is the total numbers of configurations generated randomly in Monte
Carlo simulation.
The statistical weight for Monte Carlo sampling can naturally be chosen as
W (Qi )  e V (Qi ) considering the distribution function in Eq.(4.29). It’s obvious that
most accepted configurations will be close to the minimum geometry with the above
statistical weight. However, the sampled configurations we are interested in are those
lying in the seam region, which become rare event in the Monte Carlo sampling
process. As a result, the importance sampling technique should be used in this case.
The importance weight is defined as16
P0 (Qi )  e V (Qi )

（4.31）

so that the Markov walk is performed with each move in the reactant configuration
space being weighted equally. To calculate the final Monte Carlo summation, each
selected configuration is then weighted by 1/P0, then Eq.(4.30) with importance
sampling becomes16

k



S (Qi )  ES
1
e Psh [ ES , S (Qi )]dEs  [ P0 (Qi )] 
 i

Qi 0
 1 1 i



N
2 2 N 
1

N 1  [ P0 (Qi )]


i



（4.32）

Eq.(4.32) is the final formula for us to execute the Monte Carlo calculation. To
eliminate the influence of initial state, a considerable number of random moves are
usually generated as an incubation period before calculating the Monte Carlo
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summation. For a given PES (one dimensional or multi-dimensional), which could be
calculated by various ab initio methods as shown in section 3.1, the reactant space is
defined at first. Then Monte Carlo samples are generated randomly in the reactant
space, with the unit statistic weight. For each sample lying in the seam region
determined by the “shell” 2 , the terms in the above summation are computed. In
our studies, the above Monte Carlo method is used to study the kinetics of a
nonadiabatic transition in the histidine dissociation process of hexacoordinate heme in
Ngb protein.36

4.2.3 Microcanonical Ensemble
The microcanonical ensemble is composed of isolated systems with identical
number of particles (N), the same volume (V) and the same energy (E). In theoretical
chemistry, a photo-excited system is described by a microcanonical ensemble, in
which the total energy of the system is defined as the light energy E  h . Therefore
the rate constant of an adiabatic unimolecular photochemical reaction can be
calculated by combining the RRKM theory as in Eq.(4.1) and the microcanonical
cumulative probability, which is also given by Miller.53,55
N ( E )  lim 2tr[ ( E  Hˆ ) Fˆhˆ(t )]
t 

（4.33）

For photochemical system, we are still interested in the nonadiabatic transition rate
calculation. Therefore, we can rewrite the nonadiabatic N(E) in classical mechanics
similar to above section.
N ( E )  2  2  h  F  dP  dQ [ E  H ( P, Q)] [ S (Q)]

S (Q) PS

 Psh [ ES , S (Q)]
Q ms
（4.34）

The meaning of the factor 2 is the same as the summarized formation in Eq.(4.12),
named re-crossing effect. The classical microcanonical density of states  (E ) is
given by
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 (E) 

1
dpdq [ E  H ( p, q )]
hF 

(4.35)

The phase space integral in Eq.(4.34) and (4.35) are also reduced to configuration
space integral by separating Hamiltonian. Note that the Laplace transformation of
delta function  [ E  H ( P, Q)] is17
 [ E  H ( P , Q )] 

1
2 i



s  i

s  i

e  [ E  T S  T   V ( Q )] d 

（4.36）

Inserting Eq.(4.36) into (4.34) and integrating over momentum components by
using  e  ax dx 
2



as we did before, it comes

a

N ( E )  2  h  F 1 (2 )

E 1
2

F 1

 ( m ) dQ [S (Q)]
i 1

S (Q) 1 s  i e  [ E  E S V ( Q )]
d
Q 2i s  i  ( F 1) / 2



  Psh [ Es , S (Q)]dES

（4.37）

0

Integrate over β, we obtain

(2 )
N (E)  h

E 1
2

 F 1

F 1



(

i 1
E 1
2

m
)

 dQ [S (Q)]

E 3
S (Q) E
2
dE
[
E

E
]
Psh [ ES , S (Q)]
S
S
 (Q) 0

（4.38）

where Г(x) is the gamma function. Similarly, Eq.(4.35) can be rewritten as
F 1

 (E) 

1
hF

(2 ) F / 2 m   m
i 1

( F2 )

 [ E  V (Q)]

F 2
2

dQ

（4.39）

Finally, the microcanonical rate constant is evaluated by combing Eq.(4.1), (4.38) and
(4.39).

k (E) 

( E )
2
 E21 
2mS  ( 2 )

 dQ [S (Q)]

E 3
S (Q) E
2
dE
[
E

E
]
Psh [ ES , S (Q)]
S
S
Q 0

 [ E  V (Q)]

The Monte Carlo sum approximating Eq.(4.40) is
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2 ( F2 ) 1 1
1
S (Qi )
i
k (E) 
E 2

F 1
2
Qi
2 ( 2 ) N | 2 | i [ E  V (Qi )]
E

  dES [ E  ES ]
0

F 3
2

（4.41）

Psh [ E S , S (Qi )]

with the distribution function defined as
f 

[ E  V (Q)]

F 2
2

F 2

 [ E  V (Q)] 2 dQ

.

（4.42）

All the parameters in the final expression for microcanonical Monte Carlo rate
constant for nonadiabatic reactions have the same meaning with the canonical case
Eq.(4.30). The Monte Carlo process is also similar as it in canonical ensemble, the
particular sampling method is not described in detail here. The S0→T1 intersystem
crossing rate constant of photoexcited isocyanic acid molecule was calculated by
Eq.(4.41), based on multi-dimensional ab initio PES. The calculated rate constant is in
good agreement with experimental findings.29

4.3 Internal Conversion Rate Theory
Internal conversion is defined as the radiationless transition between two
electronic states with the same spin multiplicity. The IC process could occur caused
the vibronic coupling as illustrated in Fig. 2.5(a), or via a conical intersection as
shown in Fig. 2.5(b). The kinetic studies for these two kinds of IC process are quite
distinct with each other, which are discussed below respectively.

4.3.1 IC via a Conical Intersection
The IC process is of course a nonadiabatic transition, but the transition
probability can approach 100% at the conical intersection, which means the
nonadiabatic Landau-Zener probability is unit in this case.10,56 The ultrafast IC
transition offers an efficient pathway for the deactivation of excited states,
nevertheless its very high rate constant usually indicates that the IC process is not the
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rate-determining step in the decay of excited states. In our previous kinetic studies, a
conical intersection between the S1 and S0 state of 2-aminopyridine molecule is
regarded as a product of a RRKM calculation19, which means the excited molecule
returns back to the ground state after overcoming the barrier without any delay. The
reaction pathway is shown in Fig. 3.2(c) However, there are some particular cases, for
which the “barrier” of the conical intersection is remarkable, and the kinetic energy is
not very high relative to the barrier. In the following par, we describe the method will
be described following is applicable for the kinetic study of this kind of IC process.
Fig. 4.4 schematically shows the IC transition for this case. The system has to

overcome a distinct “barrier” to transition from one electronic state a to the other b via
a conical intersection. The region of crossing seam is determined by the nonadiabatic
coupling matrix element V12, marked with the blue elliptic zone.

State a
2V12

State b

IC

Fig. 4.4: Schematic IC process via a conical intersection with distinct “barrier”

The Monte Carlo method is used to calculate the rate constant of the IC process
illustrated in Fig.4.4. The photochemical reaction is considered here, for which the
microcanonical ensemble is applicable. Then the microcanonical rate constant k is
given as:
k

1 N (E)
2 h ( E )

(4.43)

where  (E ) is the density of reactant states per unit energy, and N (E ) is the
cumulative

reaction probability. The factor comes from the fact that only one-way

crossing contributes to the rate constant. In the microcanonical ensemble, the density
of states is given by Eq.(4.35). The integral over momentum can be solved
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analytically by separating the variables as mentioned above, then the microcanonical
density can be written in configuration space as shown in Eq.(4.39). Similarly, the
probability distribution for the microcanonical ensemble is also given by Eq.(4.42).
Then the rate constant can be written in the form of summation of separated state
numbers, by using of the Monte Carlo method. The sampled configurations are
generated on State a, the PES of State b is only used for determining the crossing
region. It appears that there is a small window in the reactant PES, the configurations
lied in the window (the blue solid line in Fig. 4.4) jump to the product region with
100% probability. Finally, the nonadiabatic rate can be obtained by counting states
lying in the crossing seam  (S ) , where S is defined as the difference of the potential
energy of the reactant and product, S=V1-V2.
M

1
k (E) 
2

 h[ E  V (i)] (S )
1

i

i

h ( E )

(4.44)

The density of states ρ(E) is the derivative of state numbers with total energy E, which
could be obtained by the method of numerical difference. Practically the Monte Carlo
summation in Eq.(4.44) is obtained by using of the importance sampling technique.
This method is especially efficient for the simulation based on the multi-dimensional
PES. An application of this method will be discussed later.

4.3.2 IC by Vibronic Coupling
The above nonadiabatic transition kinetic theories involve the PES crossing
between different states. There is another important type of radiationless transition in
excited states decay, which is caused by vibronic coupling between low vibrational
level of higher electronic state (e.g. S1 state)and high vibrational level of low
electronic state (usually ground state), as shown in Fig. 2.5.(a). For a photo-excited
molecule, the radiationless decay between different excited states occurs very rapidly,
while the transition between excited and ground state probably determine the fate of
the excited molecule. It is reasonable to approximate that the deactivation of an
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excited molecule originates from the lowest vibrational level after ultrafast vibrational
relaxations.
Early in 1966, Lin evaluated the general formula to compute the radiationless
transition rate by using of time-dependent perturbation theory.57 In the later decades,
Lin and coworkers went in for making this theory applicable for real chemical
problems, with the help of quantum chemical calculations.57-61 We will briefly
summarize Lin’s theory especially the method for computing the radiationless rate of
real chemical systems.
In the Born-Oppenheimer approximation, the wavefunction is separated as

 av   ava , where a is the electronic wavefunction and  av is the F-vibrational
mode whose quantum number is given as  1 , 2 ,.. F  , F=3N-6 for a N-atomic
molecule. Considering a radiationless transition from a vibronic state au

to

another bv , the rate constant is given by time-dependent perturbation theory named
Fermi-Golden rule.57
2
2
 au Hˆ  bv   ( Eau  Ebv )


W (bv  au ) 

（4.45）

As mentioned above, we assume the S1→S0 IC transition originates from the zeroth
vibrational level of S1 state. Then the S1→S0 IC rate constant is written as

W (b  a) 

2


2

   au Hˆ  b0   ( Eau  Eb0 )

（4.46）

u

For the IC transition, the interaction Hamiltonian is proved solidly as
Hˆ  av  Tˆa av  aTˆ av

（4.47）

Express the kinetic energy operator by normal coordinates

we get

2 2
Tˆ  
2 Qi2

（4.48）

2
  av
Hˆ  av   2  a

2
i Qi Qi

 av
i

 2a
2
Qi

Then the matrix element of the interaction Hamiltonian in Eq.(4.45) becomes
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  au


b  b 0
 2 b 0 
1
2
ˆ

 a au b
H  b 0     a au

Qi Qi
Qi 
2
i 


（4.50）

depends only a so-called promoting mode

If we assume the wavefunction b

Qbi  Qai  Q pr , and we ignore the second-order term in Eq.(4.48), we obtain an
approximate matrix element.
  au Hˆ  b 0   2 a  / Qi b   au  / Qi  b 0

（4.51）

Inserting Eq.(4.51) into Eq.(4.46),
W (b  a ) 

2
2
2
Ri (ab)    au  / Qi b0   ( Eau  Eb 0 )

u

（4.52）

where Ri(ab) represents the coupling between two electronic wavefunctions,
Ri (ab)   2 a  / Qi b

（4.53）

The subsequent task is to assign the parameters in Eq.(4.52) by quantum
chemistry calculation, and then get the final rate constant. We start with the electronic
part Ri(ab). Only the final result is given here, and detailed evaluation can be found in
Lin’s works.57 To the lowest order, a  / Qi b

coupling.

a  / Qi b 

is determined by the vibronic

a 0 QV 0 b 0
i

E (a )  E (b )
0

0

（4.54）

The numerator of above fraction is the vibronic coupling, and the denominator is the
energy gap between two electronic states. The matrix element of vibronic coupling
can be approximately written as below61
 V
 a 
 Qi
0

atomselectrons
 0
 r
 b    Z  e 2  a 0  


0
 Qi


 r
  3 b 0
 0 r 

（4.55）

Eq.(4.55) is a one-electron integral and represents the electrostatic energy between the
set of dipoles due to the nuclear distortion and the electronic distribution. For direct
quantum chemistry calculations, Eq.(4.55) is rewritten as
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 V
 Qi

a 0 

atoms
 0
 b   Z  e 2  l j  iW

j x , y ,z
0

where
l j i 

j



（4.56）

( ab )

s j 
Qi

（4.57）

W j  (ab)  a

0

elecrrons




( sj  qj ) 0
b
3
r

（4.58）

Here s j  and q j are the Cartesian coordinates of the nucleus and the electrons
respectively. l j i determines the relationship between the Cartesian coordinates and
normal coordinates, which can be read from the output of vibrational analysis
calculations by Gaussian31 or other quantum chemical programs packages. It should
be noted that the ‘normal coordinates’ printed out by Gaussian are the Cartesian
displacement vectors normalized to unit distance, while the normalization factor is the
so-called ‘reduced mass’.62 Consequently, to obtain the l matrix element in Eq.(4.57),
we simply multiply the printed coefficients in Gaussian output by the inverse square
root

of

electrons

the

( s  q )


j

j

pertinent

reduced

mass,

1

mu ,i (i=1,3N-6).

The

operator

3
r
in Eq.(4.58) is the jth component of the electric field operator for

the nucleus σ. Thus Wj (ab) is the transition matrix element over the one-electron
electric field operator at the atomic center σ, which can be computer by ab initio
molecular orbital programs, for example Molpro.63 So far the electronic part Ri(ab) in
Eq.(4.52) can be solved by quantum chemistry calculations.
As regards the nuclei part   au  / Qi b0  in the IC rate formula, there are
series of formulae due to different approximate evaluations.57-61 In the case of the
single level transition, here we only show the simplest rate formation without
considering the mixture of different vibrational modes.60

43

4. Kinetic Theories in Photochemistry

W (b0  a ) 

1
2  
Ri (ab)  i 
2

 2 

2

S  e
i

exp[it * (ab  i )   Si (1  e it i )]
*

2 it *i
i

i

i

（4.59）

i is the frequency of the promoting mode, Si denotes the Huang-Rhys factor,
Si  (i / 2)Qi2

（4.60）

where Qi is the displacement of normal coordinates from the initial state b to final
state a. If the optimized geometries of S1 and S0 stated are available, Qi can be
computed by the following equation
1

Qi  La ,i M 1/ 2 ( xa  xb )

（4.61）

where L matrix is read from the vibrational analysis. At last t*, the saddle-point value,
is determined by the following relation ba  i   j S j j eit *i , where ωba is the
energy gap between zero vibrational levels of two electronic states. Practically, this
equation is unable to be solved analytically, so that the value of t* can only be
obtained numerically.

4.4 Radiative Transition
As a general approximation, we assume the absorption and the emission take
place from the vibrational ground state of the electronic ground state and excited state,
respectively, as indicated in Fig. 2.2. As the first step, we consider the absorption stick
spectrum. Theoretically, the intensity of a radiative transition between the two states

 i and  f is proportional to the square of transition dipole moment.
 ( )   | 0, w |2  ( E0  Ew   )

（4.62）

w

Within the Born-Oppenheimer approximation, the transition dipole moment from the
ground state  i 0 to the excited state  fw can be written as64,65

i 0 fw  i 0 ˆ  f  w   i 0 if (Q)  fw
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where if (Q) denotes the electronic transition dipole moment as a function of the
normal modes of initial state. It can be expanded in a Taylor series

if (Q)  if (Q) 0  
a

if
Qa  
Qa

（4.64）

where the subscript 0 refers to the equilibrium geometry of the electronic ground state.
Inserting Eq.(4.64) in Eq.(4.63), it becomes

i 0 fw  if (Q) 0  i 0  fw  
a

if
 i 0 Qa  fw  
Qa

（4.65）

The first term of above expression corresponds to the Franck-Condon
contribution to the transition, while the second term represents the Heisenberg-Teller
effect. For a strongly dipole allowed transition (with if (Q)0  0 ), truncation of
Eq.(4.65) after the first term namely the Franck-Condon approximation has been
proved to be sufficient for the description of the transition.64 In this work, the
vibrational intensity of the absorption spectra is determined by the Franck-Condon
factor, without further considering the first-order Heisenberg-Teller effect. For
simplicity, the transition dipole moment in Eq.(4.65) is written as 0, w  i , f  0 | w 
hereafter. The former is of course the electronic contribution to the transition electric
dipole moment i , f   i ˆ  f , which can be calculated by time-dependent DFT or
linear response theory. And the later is computed by the linear coupling model
(LCM)66,67 in this work.
With the harmonic oscillator approximation, the nuclear wavefunction of a
N-atomic system is a product of wavefunctions of 3N-6 harmonic vibrational normal
modes. The most important assumption in LCM is that the final state potential is
expressed as the linear expansion of the initial state. In other words, the initial and the
final state vibrational frequencies are the same, differing only in their equilibrium
positions. In this case, the Franck Condon factor in Eq.(4.65) takes the form67
FCF  0 | w

2

 0,0,... | n1 , n2 ,..., n3 N  6
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e
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where na is the vibrational quantum number for the ath vibrational mode, Sa is the
Huang-Rhys factor whose formation has been given in Eq.(4.60). With the value of Sa,
FCF can be directly computed by Eq.(4.66). To obtain the final absorption spectra
profile, the Lorentz function fitting is performed at the last step based on the
calculated stick spectra obtained by Eq.(4.61).
As illustrated in Fig. 2.2, we make the mirror image of absorption spectra to
obtain the emission spectra. The “mirror” is located at the theoretical origin band of
the transition between the ground state and the excited state. With all strategy
mentioned above, the LCM is used to study the radiative decay of anionic
−

hydroquinone (FADH ) both in aqueous solution and in DNA photolyase, on the basis
of our CASSCF and DFT calculations. The results will be discussed in the following
section 5.2.
In addition, the radiative lifetime of an excited molecule can be predicted by a
very simple but working formula



1.5003
fE 2

（4.67）

where f is the oscillator strength of the excited state (dimensionless), E is the
emission energy in the unit of cm-1. Then the lifetime τ in Eq.(4.67) yields the unit of
second. The oscillator strength is a measurement of electronic transition probably,
which is defined as
2
f   2
3

（4.68）

where μ is the electronic transition electric dipole moment, and  is the transition
energy between two electronic states.

46

5. Summary of Papers
5.1 Kinetic Studies: paperⅠ,Ⅱ, Ⅲ, Ⅵ
PESs from quantum chemical calculations provide qualitative explanations for
mechanistic deactivation of excited molecules, while statistical rate theories make it
possible to compare the calculated rates with the corresponding experimental lifetime
data. In other words, kinetic studies based on ab initio quantum chemical calculations
are realistically feasible to theoretically study the excited state systems both
qualitatively and quantitatively.
In Paper Ⅰ, the radiative and nonradiative decay of excited 2-aminopyridine
(2-AP) molecule is studied by combining of ab initio calculations and RRKM theory.
The 2-AP molecule and its dimer are important models to mimic DNA base pairs in
experimental photochemical studies. Pump-probe ionization spectroscopy studies68
indicated that, the excited-state population of the isolated 2AP monomer relaxed with
a lifetime of   1.5 ns , while the 2AP dimer showed a quite reduced lifetime of

  65 ps . In this work, our aim is to diagnose the fate of S1 state for 2-AP molecule.
The equilibrium geometries of the ground state and the lowest excited singlet state are
optimized by CASSCF method. The emission energy and oscillator strength are
calculated at different levels using Linear Response (LR) theory with the optimized S1
geometry. The fluorescent lifetime at CCSD-LR level is 19.7ns, which implies that the
short experimental lifetime for excited 2-AP molecule possibly comes from
nonradiative decay. PECs for possible nonradiative photochemical pathways are
obtained at CASSCF level as well, in which the ring deformation pathway provides a
possible nonradiative decay with a low-energy conical intersection. Fig. 5.1 shows the
energy profiles and schematic geometries for the ring deformation pathway.

47

5. Summary of Papers

(a)

(b)

Fig. 5.1: Energy profile (a) and schematic geometries (b) for the ring-deformation

reaction of excited 2-AP. (energy unit: eV) (with permission)

Table 5.1 Barrie heights and rate constants of three reaction pathways
Reaction Pathways

Barrier (eV)

Rate constant (s-1)

Hydrogen transfer

1.35

1.7910-5

Ring opening

1.4

1.57*10-37

Hydrogen detachment

1.65

~0

Ring deformation

0.14

8.69*1011 (1.17*1010)a

a

Excitation energy from CCSD-LR calculation

The barrier and RRKM reaction rates for different nonradiative pathways are
given in Table 5.1. The deactivation of the S1 state along the ring deformation
pathway via the S1/S0 conical intersection is predicted to occur with very short
lifetime, which is not comparable with experimental observation. And the theoretical
fluorescent lifetime could not compete with the fast nonradiative deactivation.
However, the RRKM calculation is sensitive to the barrier height and the vertical
excitation energy, consequently sensitive to the level of theory. For instance, when
CCSD excitation energy is used, the nonradiative lifetime becomes 8.5 ns.
In paper Ⅱ, the kinetics of the ISC process between S0 and T1 state of isocyanic
acid (HNCO) is studied by CCSD calculations and the microcanonical Monte Carlo
simulations. As a simple four-atomic molecule, the photodissociation of HNCO
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provides an intriguing example for understanding mechanism of photochemistry. We
are interested in its spin-forbidden photochemical process S1  S0  T1 3NH  CO
with a low available energy, in which the S0T1 ISC transition playes an important
role. Fig. 5.2 shows the PEC of HNCO along the C-N dissociation reaction coordinate
at CCSD level. And the optimized 2-D PES is given in Fig. 5.3, for which the
horizontal coordinates are C-N bond lengths and N-C-O angles.

Fig. 5.2: S0 and T1 PEC of HNCO (Vi represents the diabaticPEC, and Wi is adiabatic.
Lower right frame: The magnified crossing space). (with permission)

Fig.5.3: The 2-D adiabatic S0 and T1 PES of HNCO (Blue dotted line: the crossing
seam.) (with permission)

Our calculated S0→T1 ISC rates based on 1-, 2- and 3-dimensional PES are displayed
in Table 5.2, which are in good agreement with experimental findings.69 It gives us
reason to expect that the multi-dimensional Monte Carlo microcanonical nonadiabatic
rate theory is an effective method for calculating nonadiabatic transition rate of a
49

5. Summary of Papers
complicated polyatomic molecule. In the meantime, we conclude that the
multi-dimensional PES effect could have strong impact on the rate calculation of
intersystem crossing for polyatomic systems.
Table 5.2: The calculated S0→T1 ISC rate for HNCO with different PESs

a

CCSD/cc-pVDZ PES, b CCSD/cc-pVTZ PES

In paper Ⅲ, DFT and canonical nonadiabatic Monte Carlo transition state theory
are employed to study histidine dissociation process from the hexacoordinate heme in
Ngb protein. Fig. 5.4 shows the model molecule studied in the present work.

Fig.5.4: Model molecule for the hexacoordinate heme

Experimental studies have shown that the distal histidine side chain dissociates from
the porphyrin ring as the first and rate-determining step before Ngb binds to a small
ligand. However, distinct values of histidine dissociation rates (8200, 4.5, and 0.6 s-1)
were inferred by different experimental studies, although the experimental conditions
were similar.70-72 The dissociation of histidine is believed to be a nonadiabatic process,
in which the singlet (S0), lowest triplet (T1) and quintet (Q1) state are involved. The
optimal 1-, and 2-D PES of S0, T1, and Q1 states are built by DFT calculations with
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the B3LYP functional, in which the 2-D PESs are shown in Fig. 5.5. The two
horizontal coordinates are chosen as the distance between distal histidine and the
porphyrin ring (Fe-N), and the movement of iron atom out of plane (Fe-P).

(a)

(b)

Fig. 5.5: 2-D PES of hexacoordinate heme model. (a) S0/T1 ; (b) S0/Q (with

permission)
The nonadiabatic Monte Carlo simulation in canonical ensemble is used to
calculate the thermal rate constant of the histidine dissociation. The Arrhenius plots of
both adiabatic and nonadiabatic S0→T1 and S0→Q1 rates are shown in Fig. 5.6.
Comparing with the calculated rate based on 1-D PEC, 2-D PES increases the
nonadiabatic transition rate by several times. It can be seen that the ratio of computed
adiabatic and nonadiabatic rate is of 104, implying that the average magnitude of
Landau-Zener nonadiabatic probability is of 10-4. The S0→Q1 transition occurs more
quickly than the S0→T1 transition, therefore the quintet pentacoordinate heme is prior
to the triplet one as a product of histidine dissociation. At room temperature (T=300k),
the rate constant of the S0→Q1 transition is calculated to be 1.34×104 s-1 by the
nonadiabatic Monte Carlo simulation on the basis of the two-dimensional potential
energy surface, while the S0→T1 transition rate is predicted to be 1.99×103 s-1. The
calculated nonadiabatic rates agree with one of experimental histidine dissociation
rates for human Ngb70 in the order of magnitude, and also agree with previous DFT
study.73 The Monte Carlo simulations based the 2-D ab initio PES in this work
provides a quantitative description on the spin-forbidden histidine dissociation
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processes.

Fig. 5.6: Arrhenius plot of log k (in s-1) versus inverse T, computed for non-adiabatic

transition along histidine dissociation pathway. (with permission)

In Paper Ⅳ, we examine the relevance of 2-AP dimmer as a model for a
Watson-Crick Adenine-Thymine (AT) base pair on the aspects of photochemical
behaviors. The 2-D PESs along the two main hydrogen bridges for both two systems
are

built

by

time-dependent

Coulomb-attenuated

hybrid

density

functional

exchange-correlation

theory

functional

(TD-DFT)

with

(CAM-B3LYP).74

Microcanonical Monte Carlo simulations are used to study the kinetics of the internal
conversion transition between the first local excited (LE1) state and the first charge
transfer (CT1) state for both 2-AP dimer and AT base pair. The structures of these two
molecules are given in Fig. 5.7.

(a)

(b)

Fig.5.7: Schematic structures. (a) 2-AP dimer; (b) A-T base pair
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Depending on the optimized ground state geometries by scanning the two main
hydrogen bonds for the two molecules, we applied the TD-DFT method for further
study of the properties of excited states. PESs of the important excited states and
ground state of 2-AP dimer are shown in Fig. 5.8(a). The two lowest CT states with
1eV energy difference are identified by previous studies.75,76 Our TDDFT calculations
have reproduced these two CT state also with 1eV energy difference, marked as CT1
and CT2 in Fig. 5.8(a). The CT1 state is 1ππ* state, referring to that one electron in
the π orbit of one molecule is promoted to the π* orbit of the other molecule.
Symmetrically, the opposite electron transfer 1ππ* CT state of the 2-AP dimer is set as
CT1’. Different from the 2-AP dimer, in DNA oligomers, the base pair is bonded to
the sugar-phosphate backbone via covalent bonding with a defined intermolecular
distance. PESs of AT base pair with free and frozen N…N distance are shown in Fig.
5.8(b) and (c), respectively. As indicated by the comparison of Fig. 5.8 (b) and (c),

the constraint from the DNA backbone seems to have significant effects on the
potential energy surfaces, hence the ultrafast deactivation processes.

(a)

(b)

(c)

Fig. 5.8: PESs of 2- AP dimer (a) and A-T base pair with free (b) and (c) fixed N…N
distance

The given potential energy surfaces for both 2-AP dimer and the A-T base pair
provide a good opportunity to discuss and to compare deactivation mechanism
involved in these systems. It is clear that the electron-driven proton charge-transfer
state always plays an important role in the relaxation processes in the singlet excited
1

ππ* (LE). The height of the barrier which arises as a consequence of the LE/CT
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crossing along the proton-transfer coordinate is a decision factor in this
rate-determining step in the ultrafast deactivation process. In order to see how these
differences affect the actual decay rates, a subsequent microcanonical Monte Carlo
simulation is performed to calculate the rate constant of the internal conversion (IC)
process via the intersection seam between the local excited (LE) state and the charge
transfer (CT1) state. The determining deactivated pathway of the excited 2-AP dimer
or AT with long-wavelength photo-excitation is deemed to LE1 → CT1 → S0, as
illustrated in Fig.5.9.

CI 1
CI 2
LE1
CT1

274nm

Fig. 5.9: Schematic deactivated pathway of 2-AP dimer

Compare our 2D PES in Fig. 5.8 with the scheme in Fig. 5.9, the crossing between
CT1 state and the ground state (CI2 in Fig. 5.9) is not achieved in our DFT scanning
studies. The reason may lie in the insufficient hydrogen bonds extending in our DFT
scanning. As described in section 4.3.1, the nonadiabatic coupling matrix element V12
is an important parameter for the calculated rate constant. Unfortunately, the
calculations of the nonadiabatic coupling matrix element for 2-AP dimer and AT
molecule are far too complicated and beyond the capacity of the used programs.
Instead, we discuss the effect of the coupling by a set of parameters. Our calculations
indicate that the IC lifetime from the LE to the CT1 states is directly proportional to
the nonadiabatic coupling between the two states. The IC lifetime of the two systems
as a function of driving energy are shown in Fig. 5.10, when 2V12 (labeled as ims in
Fig. 5.10) is chosen as 0.002eV and 0.001eV respectively. The driving energy is

defined as the excess energy of the system after overcoming the barrier of the
minimum energy crossing point. It is noted that the present Monte Carlo simulation is
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based on the classical concept without considering the quantum tunneling effect,
which implies that the IC lifetime is infinity when the driving energy is less than zero.
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Fig. 5.10: Energy dependence of LE1→CT1 IC lifetime with low energy (a); and with
high energy (b);
From Fig. 5.10, we can see that the IC lifetime is very sensitive to the driving
energy. For clarity, the IC lifetime is presented into two regimes, at the low driving
energy [Fig. 5.10(a)] and the high driving energy [Fig. 5.10(b)]. For both systems, the
LE→CT1 IC lifetime decays very rapidly with the increase of the energy, as soon as
the energy is enough to overcome the ‘barrier’ of the crossing seam. For the 2-AP
dimer, the nonadiabatic transition from the LE to CT1 states is expected to occur in the
time scale of dozens of picoseconds even when the total energy is only 0.001eV higher
than the barrier. And the IC lifetime will be shortened to the scale of dozens of
femtoseconds in case the driving energy is higher than 0.01eV. The lifetime of the
excited state of a 2-AP dimer has been measured to be 65  10 ps by the femtosecond
time-resolved

mass

spectroscopy

experiment

with

274nm

(about

4.52eV)

excitation.75,76 Our simulations could lead to two possible mechanistic interpretations
for this experimental result: (a) the driving energy is sufficiently small in the
experiment, which can result in long decay time in the scale of ps; (b) there might be
another conical intersection due to the slow structural relaxation.
Comparing with the 2-AP dimer, the IC process between the LE and the CT1
states of the A-T base pair displays a very similar trend: long lifetime (scale of ps)
with very low excitation energy, and ultrafast decay (scale of fs) with the driving
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energy more than 0.01eV. Actually, due to the lower barrier, the LE state of the A-T
base pair decays more rapidly to the CT1 state than in the case of the 2-AP dimer with
the driving energy. It can also be found that the difference in the shape of the PES can
also lead to different decay rates in two systems.

5.2 Spectra: paper Ⅴ
In paper Ⅴ, LCM is applied to simulate the absorption and emission spectra of
two model molecules of anionic hydroquinone (FADH−) both in aqueous solution and
in protein environment, which helps to study the intra-molecule hydrogen bond effect
on the geometric and electronic structures of model systems for FADH− in DNA
photolyase. The significant difference between the studied two models lies in an
intro-hydrogen bond, as illustrated in Fig. 5.11. The conventional model (M-NHD)
has only the isoalloxazine ring, while the new model (M-IHD) includes the hydroxyl
alkyl to take into account the intra-hydrogen bond.

Fig. 5.11: Model molecules of FADH-

The geometries of these two systems are optimized at CASSCF(10e,8o)/6-31G(d)
level. Single point calculations for the ground and excited states were carried out
using a polarizable continuum model (PCM)77 with dielectric constant of 4 and 80,
respectively to mimic the protein and water environments. According to our
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calculated electronic structures, it can be clearly demonstrated that the inclusion of the
intro-hydrogen bond have significant impact on the geometry and energy profile of
the system. The electronic structures for both two models in photolyase and in
solution are shown in Fig. 5.12. For M-NHD ground state, there were two degenerate
states in protein, so-called convex and concave conformations bridged by a “butterfly
bending”,78 as shown in Fig.5.12 (a). However, when the intra-hydrogen bond was
included, i.e. the M-IHD model, the energy profile of the ground state is completely
changed, see Fig. 5.12 (c). The degeneracy disappears, and the convex bending
structure S01 is about 5kcal/mol lower in energy than another minimum S02 which has
much flat ring structure. Our calculations clearly demonstrated that the inclusion of
the intra-hydrogen bond can have significant impact on the geometry of the system.

(a)

(b)

(c)

(d)

Fig. 5.12: Electronic structures of M-NHD in photolyase (a) and in solution (b), and

M-IHD in photolyase (c) and in solution (d)

It was believed that the flexible butterfly bending motion in the solution
facilitates the excited-state dynamics of flavins to the time scale of picoseconds.78
However, our calculations indicate that the flexibility of the isoalloxazine ring itself
may not be the main deactivation factor. We calculate the emission spectra of the two
models in water solution and protein environment in order to highlight the importance
of the intra-hydrogen bond. Within the LCM approximation, the emission profile is
treated as a mirror image of the absorption. The theoretical emission spectra for
M-NHD and M-IHD models are shown in Fig. 5.13. The maxima of the spectral
profiles of M-NHD and M-IHD in the protein are calibrated with respect to the
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experimental maximum in the protein, while the results for other systems are shifted
accordingly with the same amounts.

Fig. 5.13: emission spectra of M-NHD and M-IHD models in protein and in solution

environment.
It is interesting to see that the calculated spectra for the M-IHD in the protein and
in the solution are in very reasonable agreement with the experimental ones with
respect to the general spectral shapes.79 As a good assistant tool, the LCM spectra
based on the high-level ab initio calculations help us to conclude that intra-hydrogen
bond between the 3’-OH group of the ribityl moiety and the N1 atom of the
isoalloxazine ring in the photolyase is very important for good descriptions of
chemical and photochemical properties of FADH− in DNA photolyase. We suggest
that such an intra-hydrogen bond should always be included in models systems for
flavoproteins.
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