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Chapter I

General Introduction

Light-induced phenomena and their use are found not only nature, but also in a wide range of

fields such as science, engineering, and medicine. For example, photosynthesis and vitamin

D synthesis, solar cells and light-emitting diodes (LED), phototherapy and cell imaging. On

the atomic scale, dissociation, isomerization, and/or redox, etc. of molecules occur. They can

also occur in thermal reactions, but the mechanism is often quite different in photoreactions.

A molecule interacting with light is excited to an electronic excited state and then, releases

the excess energy through one or both of those two processes. One is the radiative process, in

which the molecule relaxes from the electronically excited state to the ground state, releasing

energy as light in the form of fluorescence or phosphorescence emission. The other is the

non-radiative process, in which the molecule relaxes to the ground state via a non-adiabatic

transition while converting electronic energy to translational, rotational, and/or vibrational

energy.

The non-adiabatic transition occurs efficiently in regions where multiple adiabatic

potential energy surfaces are energetically close to each other. Landau [1] and Zener [2] are

very well known for their pioneering works on non-adiabatic transitions in 1932. Each of
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CHAPTER I. GENERAL INTRODUCTION

them independently proposed an formula to calculate a non-adiabatic transition probability

at potential energy crossing. Now it is known as the Landau-Zener formula presented here.

PLZ = exp

−2π

∣∣∣V12

∣∣∣2
v
∣∣∣F1 − F2

∣∣∣
 (1.1)

This Landau-Zener formula is still often used, but to elucidate the origin of photophysical

and photochemical properties, it is necessary not only to evaluate a non-adiabatic transi-

tion probability, but also to correctly simulate the entire dynamics, including deterministic

processes in excited states that occur during femtosecond or picosecond order.

A complete description of an isolated molecular system in a non-relativistic manner

is given by the time-dependent Schrödinger equation [3]:

iℏ
∂

∂t
Ψ (r,R, t) = ĤΨ (r,R, t) (1.2)

with the non-relativistic molecular Hamiltonian:

Ĥ = −
n∑
i

ℏ2

2me
∇i

2 −
∑

A

ℏ2

2MA
∇A

2

+
∑

i, j

e2

4πϵ0|r j − ri|
+

∑
i,A

−ZAe2

4πϵ0|RA − ri|
+

∑
A,B

ZAZBe2

4πϵ0|RB − RA|

= T̂e (r) + T̂N (R)

+ V̂ee (r) + V̂eN (r,R) + V̂NN (R)

(1.3)

including kinetic energy oprators for nuclei and electrons (T̂e and T̂N) and Coulomb interac-

tion operators of electron-electron (V̂ee), electron-nucleus (V̂eN) and nucleus-nucleus (V̂NN).

The total molecular wavefunction is expanded in terms of the time-independent electronic
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wavefunction, so called the Born-Huang expansion [4] as follows:

Ψ (r,R, t) =
∑

I

ΦI (r; R) XI (R, t) (1.4)

where the subscript I denotes the electronic state and Φ (r; R) is an electronic wavefunction.

Then, XI (R, t) is a nuclear wavefunction associated with the Ith electronic state. The elec-

tronic wavefunctions are obtained from time-independent electronic Schrödinger equation

for a given nuclear configuration:

Ĥe (r,R)ΦI (r; R) = EIΦI (r; R)

Ĥe (r,R) = T̂e (r) + V̂ee (r) + V̂eN (r,R)

(1.5)

Inserting Eq. ( 1.4 ) into the time-dependent Schrödinger equation ( 1.2 ), multiplyingΦJ (r; R)∗

from the left side, and integrating it over electron coordinates r leads to the following a set

of coupled equations of motion of a nuclear wavefunction.

iℏ
∂

∂t
XJ (R, t) =

∑
A

∑
I

− ℏ
2

2MA

[(
∇A

2
)

JI
+ 2

(∇A
)

JI∇A + δJI∇A
2
]
XI (R, t)

+
∑

I

(
Ĥe (r,R) + VNN (R)

)
JI

XI (R, t)
(1.6)

where

(∇A
)

JI = ⟨ΦJ (r; R)|∇A|ΦI (r; R)⟩ (1.7 a)(
∇A

2
)

JI
=

〈
ΦJ (r; R)

∣∣∣∇A
2
∣∣∣ΦI (r; R)

〉
(1.7 b)(

Ĥe (r,R) + V̂NN (R)
)

JI
=

〈
ΦJ (r; R)

∣∣∣Ĥe (r,R) + V̂NN (R)
∣∣∣ΦI (r; R)

〉
(1.7 c)
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CHAPTER I. GENERAL INTRODUCTION

Eq. ( 1.7 a) and ( 1.7 b) are the first and second-order non-adiabatic coupling vectors. Now

the term in Eq. ( 1.7 c) is equal to zero except for a diagonal term I = J because eigenfunc-

tions were chosen as the basis. In Eq. ( 1.6 ), the motion of Jth nuclear wavefunction could be

coupled with every other Ith nuclear wavefunction through non-adiabatic couplings. Under

the Born-Oppenheimer approximation [5], Eq. ( 1.6 ) is simplified by ignoring non-adiabatic

coupling terms of Eq. ( 1.7 a) and Eq. ( 1.7 b):

iℏ
∂

∂t
XJ (R, t) =

∑
A

− ℏ
2

2MA
∇A

2 + EBO
J (R)

XJ (R, t) (1.8)

where

EBO
J (R) =

(
Ĥe (r,R) + VNN (R)

)
JJ

(1.9)

Eq. ( 1.8 ) no longer contains interaction terms between different electronic states (JI com-

ponents). This means that the nuclear wavefunction associated with a given adiabatic state

will continue to be conserved within that adiabatic electronic state. Hence, non-adiabatic

transition refers to the process that causes a nuclear wave packet to move back and forth be-

tween or to branch into different adiabatic states. There are several ways to treat the chemical

reaction dynamics involving non-adiabatic transitions. A direct way is to solve Eq. ( 1.2 )

with full quantum treatment for nuclei and electrons. However, its applicability is very lim-

ited, with only a few atomic degrees of freedom. Therefore, various approximate approaches

have been explored. Multi configuration time dependent Hartree (MCTDH) [6, 7] is one of

the gold standards of the approximated quantum dynamics method, which expands nuclear

wavefunctions in terms of single-particle wavefunctions. MCTDH and its extension, multi-

layer MCTDH [8–10], can handle from a few tens to several hundred nuclear degrees of

4



freedom, which is significantly large for a quantum dynamics method, On the other hand,

one should represent an electronic Hamiltonian operator with analytic forms or perform a

global fitting for potential energy surfaces, which is generally difficult if your target sys-

tem is large and its potential energy surfaces are more complex. In the exact factorization

approach [11, 12], the total molecular wavefunction is represented exactly as a single prod-

uct of the time-dependent nuclear and electronic wavefunctions. MCTDH and the exact

factorization approach are highly accurate quantum dynamics methods, but they require po-

tential energy surfaces and interstate couplings for the target preliminary. Then if you use

quantum chemical calculations for them, the cost is enormous, limiting nuclear degrees of

freedom. Introducing classical treatment of nuclear degrees of freedom allows for a direct or

on-the-fly approach that does not require potential energy surfaces and interstate couplings

prior to dynamics calculations. The huge advantage of on-the-fly approach is that it can

be applied to any system, directly using accurate potential energy surfaces and interstate

couplings obtained from quantum chemical calculations for the time evolution of the tar-

get system. There are three types of methods for approximating nuclear wavefunctions by

multi-dimensional Gaussian functions (trajectory basis functions: TBSs): direct dynamics

variational multi-configuration Gaussian (DD-vMCG) [13], Multi-configurational Ehrenfest

(MCE) [14, 15], and full/ab initio multiple spawning (FMS [16, 17]/AIMS [18, 19]). TBFs

evolve in time, following variational quantum trajectories from the Dirac-Frankel variational

principle, mean-field Ehrenfest trajectory in the MCE method, and classical trajectories in

FMS/AIMS methods.

Mean-field (Ehrenfest dynamics) [20] and trajectory surface hopping (SH) [21, 22]

methods treat nuclear degrees of freedom by the classical equation of motion. In the Ehren-

fest method, nuclei move over a mean field average of potential energy surfaces. It is effective

in situations where many electronic states are close to each other, but it is difficult to under-
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CHAPTER I. GENERAL INTRODUCTION

stand the result intuitively. In the TSH method, nuclei move on a single potential energy

surface, and non-adiabatic transitions are represented by stochastically switching the poten-

tial energy surface on which the nuclei stay in a non-adiabatic region. The first method to

treat non-adiabatic transitions in a classical trajectory-based method was proposed by Bjerre

and Nikitin [23], in which a trajectory is bifurcated into two based on a Landau-Zener non-

adiabatic transition probability estimated at an intersection. Then, the prototype of the SH

method was proposed by Tully and Preston in 1971 [21], in which the Landau-Zener non-

adiabatic transition probability is compared with a random number to determine whether a

transition occurs or not. Later, Tully proposed the ”fewest switches” algorithm in 1990 [22].

Now, ab initio molecular dynamics (AIMD) combined with the SH method [24, 25] has be-

come widely used, considering non-adiabatic transitions with all nuclear degrees of freedom.

Non-radiative processes include internal conversion, which is a transition between

the same spin states, as well as intersystem crossing, which is a transition between differ-

ent spin states. Intersystem crossing is a spin-forbidden transition allowed by spin–orbit

relativistic effect. It is widely recognized that spin–orbit coupling is important in systems

containing heavy elements such as halogen atom (Br or I atom), transition metals and rare-

earth elements, but efficient intersystem crossing occurs in systems consisting only of light

elements [26]. The latter is threfore also important in photochemistry. As already men-

tioned, intersystem crossing is caused by spin–orbit coupling, not non-adiabatic coupling,

so in this sense, intersystem crossing is not a non-adiabatic transition. Non-adiabatic transi-

tion is, in general, used to refer to a transition between adiabatic states. However, it should

be mentioned that non-adiabatic dynamics simulation may include both internal conversion

and intersystem crossing, since methodologically they are treated in the same framework.

Given the electronic Hamiltonian of a molecular system, the adiabatic states are uniquely

determined as an eigenstate of the Hamiltonian. In this case, the off-diagonal terms of the
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electronic Hamiltonian matrix are zero, and there can be no interaction term between differ-

ent adiabatic states in an isolated system with no external field other than differential terms

of nuclear coordinates, Eq. ( 1.7 a) and Eq. ( 1.7 b). On the other hand, diabatic states are

defined in such a way that their characters remain constant with respect to the nuclear coordi-

nates, usually keeping the non-adiabatic coupling at zero. In this case, the electron Hamilto-

nian matrix is no longer diagonal. In short, the interaction between adiabatic states originates

from nuclear motions Eq. ( 1.7 a) and Eq. ( 1.7 b), whereas the interaction between diabatic

states originates from terms in the electronic Hamiltonian. Usually, in quantum chemical

calculations, the eigenstates (adiabatic states) of the non-relativistic electronic Hamiltonian

can be obtained. Adiabatic and diabatic states can be converted to each other if a transfor-

mation matrix is known, but in general, the transformation can not be uniquely determined.

In addition, it is generally impossible to define diabatic states so that non-adiabatic coupling

between them is zero over any nuclear configuration. Thus, it is not versatile except for some

special cases.

However, both diabatic and adiabatic states can be obtained in the case of intersystem

crossing. The spin–orbit coupling that causes intersystem crossing is a relativistic effect,

which is derived from the Dirac equation [27, 28]. Although relativistic quantum chem-

istry has made significant progress [29–35], One standard method to take into account the

spin–orbit coupling is to perturbatively incorporate relativistic effects into non-relativistic

Hamiltonian with the spin–orbit Hamiltonian:

Ĥe′ = Ĥe + ĤSO (1.10)

Here we can obtain the eigen (adiabatic) states of each Hamiltonian of Eq. ( 1.3 ) and

Eq. ( 1.10 ). The eigenstates of Eq. ( 1.3 ) are no longer eigen (adiabatic) states for Eq. ( 1.10 ),
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CHAPTER I. GENERAL INTRODUCTION

but diabatic states. In this thesis, the eigenstates obtained by using Eq. ( 1.3 ) are usually cal-

culated as spin eigenstates and are therefore referred to as spin-pure states. On the other

hand, the eigenstates for Eq ( 1.10 ) are no longer spin eigenstates, which means the states

are mixtures of different spin states and are hence referred to as spin-mixed states. Spin-pure

states are also called spin-diabatic states or MCH (molecular Coulomb Hamiltonian) states.

Spin-mixed states are also called spin-adiabatic states or diagonal states. Potential energy

surfaces of both spin-pure and spin-mixed states can be used in spin-inversion dynamics. A

full quantum dynamics simulation should yield the same results with either type of poten-

tial energy surface if it is possible. However, in the SH-AIMD method, which treats nuclei

classically, the results could differ depending on which potential energy surface is used.

(a) Spin-pure potentials (b) Spin-mixed potentials

Figure 1.1. Two types of potential energy surfaces

Proper description of electronic ground and excited states is a top priority in non-

adiabatic dynamics. In particular, special methods are required to handle cases where multi-

ple electronic states are close to each other or quasi-degenerate. There are two major frame-

works for electronic structure calculations: ab initio wavefunction theory (WFT) and density

functional theory (DFT). The Schrödinger equation for electrons cannot be solved analyti-
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cally except for hydrogen atoms (many-body problem). Hartree-Fock (HF) method [36, 37]

approximates an electronic ground state with a single Slater determinant, and the molecu-

lar orbitals (MOs) are determined according to the variational principle. HF method can

estimate 99% of the electronic ground state energy, but the remaining 1%, in other words,

electron correlation energy is important for chemical accuracy, so the purpose of the WFT

known as post-HF methods is to efficiently take into account for the electron correlation

energy and improve the wavefunction. Hence, HF today plays an important role as an ini-

tial guess for the post-HF methods. In a non-relativistic manner, the electron correlation

is defined as the difference between the HF energy and the full configuration interaction

(FCI) energy. In the FCI method, the electronic ground and excited states are represented

as linear combinations of any configuration, constructed from a set of HF MOs. This sim-

ple method gives an exact solution only where an infinite number of basis functions and an

infinite number of configurations are available, but in practice, as the number of electrons

and basis functions become large, the computation time becomes infeasible within practical

limits, enforcing to truncate the basis and configurations. Considering all excitation config-

urations, the computational cost of FCI is high. In truncated CI methods like CIS (CI with

all single excitation configurations), CISD (CI with all single and double excitation config-

urations), and others, the number of configurations to be considered is reduced, resulting

in a feasible computation time. The problem with a truncated CI method is that it is not

size-consistent, making it difficult to evaluate an interaction energy. While CI methods in-

volve the correlation energy by incorporating excitation configurations linearly, the coupled-

cluster (CC) methods [38] involve it by incorporating excitation configurations non-linearly.

The CC method is size-consistent and size-extensive and the CC with all single, double and

perturbatively triple excitation configurations (CCSD(T)) [39] is referred to as golden stan-

dard. As the CC methods for excited state calculations, the equation-of-motion (EOM-) CC

9



CHAPTER I. GENERAL INTRODUCTION

method [40,41], equivalent to symmetry-adapted cluster (SAC-) CI method [42–44], and CC

linear response (LR) method [45, 46] are also known. The many-body perturbation theory

(MBPT) method is a method of perturbatively incorporating the electron correlations, and

Møller-Plesset perturbation theory method [47] (MP2, MP3, and higher order MP method)

is widely used for ground-state calculations. The perturbation theory assumes that the zeroth

order wavefunction can describe most of the target system. Therefore, a single Slater deter-

minant, i.e., an HF wavefunction as a zeroth order wavefunction, is not accurate when an

excited state is close to the ground state, e.g., when dissociation occurs where the so-called

static correlation is important.

Multi-configurational self-consistent field (MCSCF) [48–50] is a method to optimize

MO and CI coefficients according to the variational principle, incorporating static corre-

lations absence in the HF method. One of the most important variants of MCSCF is the

complete active space self-consistent field (CASSCF). In the CASSCF method, the FCI and

SCF procedures are simultaneously performed using all configurations generated from a

selected active space which includes electrons and MOs to be important. There are also

other variants, restricted active space self-consistent field (RASSCF) [51] which restricts

excitation configurations within active space, and general active space self-consistent field

(GASSCF) [51], which is a more general form. The drawback of these methods is that

the choice of active space is entirely the responsibility of users, so they cannot be used in

a black-box fashion, putting off non-expert users. Additionally, when a chemical reaction

undergoes multiple steps and important MOs are different for each step, the user needs to

add all relevant MOs to the active space, which increases the computational cost. State-

averaged (SA-) CASSCF [49, 50] is used to describe the ground and excited states. In the

SA-CASSCF procedure, the variational principle is applied to the weighted (usually the

same weight for all states) average energy of the ground and excited states, optimizing MO

10



and CI coefficients of the ground and excited states. Despite the difficulty of selecting the

active space, the SA-CASSCF method has the advantage of allowing the consideration of

static correlations and treating the ground and excited states on equal footing. A method that

uses a single-determinant such as an HF wavefunction as a reference state is called a single-

reference method, whereas a method that uses an MCSCF wavefunction as a reference state

is called the multi-reference (MR) method. Multi-reference (MR) methods (e.g., MRCI,

MRCC, MRMBPT) incorporate dynamical electron correlations, which are absent in the

MCSCF, to achieve highly quantitative quantum chemical calculations. The MRCI method

considers additional excitation configurations outside the active space in the CASSCF. It is

generally more costly than the other MR methods. The MRCC method [52, 53] is more

complex in formulation and algorithm than other MR methods, and its implementation is

limited [54]. Complete active space second-order perturbation theory (CASPT2) [55, 56],

one of the MRMBPT methods, has recently made much progress. Although the CASPT2

method can be applied to excited states in a state-specific manner, it is no longer variational,

and in the situation where multiple electronic states are close to each other, quasi-degenerate

perturbation theory is required to describe the ground and excited states correctly. Thus,

several multi-state variants [57–60] have been developed. As other MRMBPT methods,

MRMP [61], multi-configurational quasi-degenerate perturbation theory (MCQDPT) [62]

and its multi-state variant [63], n-electron valence state perturbation theory (NEVPT) [64]

and its multi-state variant (quasi-degenerate NEVPT) [65], have also been developed.

The DFT method, so-called Kohn-Sham DFT [66–68], has grown to the point that

today, it surpasses ab initio methods in the number of uses in scientific research. The

DFT, as the name implies, is a method based on electron density, and its foundation, the

Hohenberg-Kohn theorem [69, 70], asserts that “electron energy or any physical quantita-

tively is a unique functional of electron density”. The Hohenberg-Kohn theorem guarantees

11
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that the exact functional of the electron density provides the exact electron energy. However,

exact functionals for exchange and correlation are not known [70]. Then, various exchange

and correlation functionals with a local density approximation (LDA) [66], a generalized

gradient approximation (GGA) [67,68,71], and a semi-empirical [72], or a machine learning

technique [73]. Various functionals have been developed for various purposes, and users

have difficulty in selecting an appropriate functional to their target system or reactions. De-

spite its difficulty, the DFT method has been used in many studies because of its inexpensive

computational cost comparable to the HF method, but with higher accuracy, and generality

that makes it easy to use even for non-experts. The DFT method is also extended to excited

state calculations as time-dependent (TD-) DFT [74,75]. The TD-DFT describes the excited

states using the ground state obtained from the DFT calculation as the reference state. There-

fore, it breaks down around a conical intersection region between the ground state and the

lowest excited state. Spin-flip (SF-) TDDFT [76] overcomes the limitation by using a high

spin state as a reference state, for example, the lowest triplet state for singlet ground and

excited states. However, the spin-flip method suffers from spin-contamination due to its spin

incompleteness [77], and it sometimes makes it difficult to perform geometry optimization,

reaction path calculation, or molecular dynamics simulation [78, 79]. Recently, Lee, Choi,

and co-workers have developed the mixed-reference SF-TDDFT (MRSF-TDDFT) [80, 81],

which avoids spin-contamination by using a mixed-reference reduced density matrix.

Given practical applicability to SH-AIMD simulations, electronic structure methods

must be able to efficiently calculate electronic energies where multiple electronic states are

close to each other as well as their gradients, non-adiabatic coupling, and spin–orbit cou-

plings. The SA-CASSCF method has long been used since the beginning of the SH-AIMD

study because it is superior in terms of a well-balanced description for electronic ground

and excited states and availability to compute non-adiabatic coupling vectors analytically.
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There are an increasing number of methods that can compute NAC vectors analytically. In

particular, the CASPT2 method, combined with the density fitting technique, provides fast

computations of analytic derivatives and has been applied to SH-AIMD simulations [82].

In the DFT framework, MRSF-TDDFT which overcomes the limitations of TDDFT and SF-

TDDFT has been developed and also applied to SH-AIMD simulations [83–85]. To compute

spin–orbit coupling, SA-CASSCF or MRCI is mainly used. Some software and third-party

programs in recent development can compute spin–orbit coupling at the TDDFT level. Thus,

we have more options for calculating SOC than before. One trend in calculating electronic

structure-based quantitie such as potential energy, its gradient, and interstate couplings is to

predict them using machine learning/deep learning techniques. In SH-AIMD simulations, a

large number of quantum chemical calculations are performed for each independent classi-

cal trajectory in an on-the-fly manner. However, all independent classical trajectories do not

travel in completely different regions but rather run in somewhat the same or neighboring

regions. thus, efficiently sampling the structure and learning potential surfaces and other

quantities can lead to significant resource savings. Attempts for excited states have been

limited, but there have been some successes.

The applicability of the SH-AIMD method has increased in recent years with the de-

velopment of quantum chemical methods and the advent of machine-learning techniques,

which play an important role in describing non-adiabatic dynamics via internal conversion

and intersystem crossing. As mentioned before, there are two types of potential energy sur-

faces that can be utilized for SH-AIMD simulations of intersystem crossing dynamics, but

the dependence of the SH-AIMD method on the type of potential energy surface has never

quantitatively been discussed in terms of spin–orbit coupling strengths yet. This thesis con-

sists of the following five chapters. Chapter 1 is a general introduction. In Chapter 2,

the dependency of SH-AIMD method on spin-pure (spin-diabatic) and spin-mixed (spin-

13
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adiabatic) potential energy surfaces was investigated using Tully’s fewest switches (TFS)

algorithm. In Chapter 3, a SH-AIMD code with Zhu-Nakamura (ZN) global switching al-

gorithm is developed. The code is applied to same systems in Chapter 2 and the result

is compared to that of the TFS algorithm. In Chapter 4, excited-state intramolecular pro-

ton transfer and subsequent dynamics of ortho-nitrophenol are investigated based on non-

adiabatic molecular dynamics using the SH-AIMD code develped in Chapter 3. Chapter 5

summarizes this thesis and describes future perspectives.
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Chapter II

Intersystem crossing dynamics based on

spin-pure and spin-mixed potential

energy surfaces with Tully’s fewest

switches algorithm

Abstract

Surface hopping ab initio molecular dynamics (SH-AIMD) simulations based on spin-pure

and spin-mixed states are performed for a series of XH2 (X = Si, Ge, Sn, Pb) molecules,

which have different spin-orbit coupling (SOC) strengths.
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2.1 Introduction

Ab initio molecular dynamics (AIMD) is a classical trajectory method that traces the time

evolution of nuclear motion using the nuclear force determined on the fly from ab initio

electronic structure calculations [24, 25]. The AIMD was extended with the surface hop-

ping (SH) method, the widely used Tully’s fewest switches (TFS) algorithm [22], to de-

scribe photochemical reactions proceeding in excited states with non-adiabatic transitions

between electronic adiabatic states [86, 87]. The method has been applied to discussions of

excited state lifetime and dynamic reaction pathways in photoisomerization reactions [88],

and solvent effects on non-adiabatic transitions of photoreactions in solution by a hybrid

quantum mechanics and molecular mechanics framework [89, 90]. These applications fo-

cused on the non-adiabatic transition between electronic states of the same spin-symmetry,

termed internal conversion (IC), induced by non-adiabatic coupling (NAC). The NAC term

is used in SH-AIMD simulations based on the TFS algorithm (TFS-SH-AIMD) to solve the

time-dependent Schrödinger equation for the electronic amplitude. In the early stages of the

TFS-SH-AIMD method, the NAC term, a matrix element of the nuclear coordinate deriva-

tive calculated analytically at the state-averaged complete active space self-consistent field

(SA-CASSCF) level, was used [49, 50]. In recent applications, however, instead of calcu-

lating the NAC term, a scheme that numerically calculates the matrix elements of the time

derivative with the electronic wavefunction at two geometries along the trajectory has also

been used [91, 92]. Nowadays, the NAC term can also be computed analytically by several

sophisticated methods [60, 93–96] and is employed in some applications to IC dynamics in

TFS-SH-AIMD simulations [82, 95, 97–99].

Recent theoretical developments have brought attention to the state transition between
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different spin-symmetry states, termed intersystem crossing (ISC), induced by spin–orbit

coupling (SOC). It is well known that the SOC is important in a system with a heavy element

because each spin-pure (spin-diabatic) state is individually meaningless, and the spin-mixed

(spin-adiabatic) state, a mixture of spin-pure states, is dominant. Namely, for molecular

systems containing elements located in period 4 or later of the periodic table, the discussion

should be based on spin-mixed states. To perform such SH-AIMD simulations based on spin-

mixed states, the SOC must be taken into account for the potential gradient and the NAC.

Unfortunately, there are only a few methods and programs that can analytically calculate the

gradient and NAC terms of the spin-mixed states [100–102], and their application to ISC

dynamics has not yet progressed. As one alternative solution, Kamiya et al. [103] developed

a TFS-SH-AIMD code utilizing numerically evaluated gradients and NAC terms of the spin-

mixed states and applied it to the photodissociation reaction of methyl iodide. As another

solution, Mai et al. developed a TFS-SH-AIMD method named SHARC [104, 105] with

approximated gradients and NAC terms of the spin-mixed states. Their approximate deriva-

tives do not include the derivative of the SOC term, but avoiding numerical differentiation

allows TFS-SH-AIMD simulations based on spin-mixed states to be performed at reasonable

computational costs. The development of these computational methods is important not only

for systems with large SOCs but also for those with small SOCs. As El-Sayed first pointed

out, ultrafast ISC of light-element molecules can occur even with small SOC [26], which

has also been demonstrated in theoretical studies using SHARC [106, 107]. This reminds us

that SOCs play an essential role in photochemical reactions, regardless of their size, and the

SH-AIMD method is expected to make a significant contribution to the elucidation of such

ISC processes in the future.

In studying the process of ISC by SH-AIMD simulations, there are two choices of

potential energy surface (PES): one in the spin-pure state and the other in the spin-mixed
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state. For systems with small SOC, the difference between the two PESs is not so large

that it is efficient to use the spin-pure state PESs from a computational cost viewpoint, and

SOC is only considered when evaluating SH probabilities [108–111]. However, for systems

with large SOC, it is necessary to use the spin-mixed PESs even in the time evolution of

the nuclei; SOC affects the nuclear motion via the potential energy gradient and the NAC

term. Granucci et al. [112] performed TFS-based trajectory surface hopping simulations

based on both types of PESs using a model with a large SOC (∼ 310 cm-1) and compared

them with quantum dynamics results, concluding that the use of spin-mixed PESs provides

more accurate results. Peng et al. [113] investigated the accuracy of the TFS-based trajectory

surface hopping method for intersystem crossing dynamics based on modified linear vibronic

coupling of rhenium(I) tricarbonyl complex by comparing the results of quantum dynamics

simulations using the multiconfigurational time-dependent Hartree (MCTDH) method. They

also compared the time evolution of the spin-adiabatic electronic populations obtained from

three different models with fixed SOC. However, no systematic study has yet been reported

on how the dynamics based on spin-pure and spin-mixed surfaces deviate depending on SOC

strength in real molecular systems.

Recently, there has been a gradual increase in the number of studies performing SH-

AIMD calculations for the intersystem crossing problems [103, 106–111], To discuss the

applicability of the SH-AIMD method to excited-state reactions with intersystem crossings in

molecular systems, we perform spin-pure and spin-mixed PES-based SH-AIMD simulations

for group 14 element dihydrides MH2 (M = Si, Ge, Sn, Pb) with different SOC strength.
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2.2 Tully’s fewest switches algorithm

In this section, Tully’s fewest switches (TFS) algorithm is briefly introduced. First, the time-

dependent electronic wavefunction is expanded in terms of time-independent electronic basis

{Φe (r; R)}I as follows.

Ψ (r,R (t)) =
∑

I

CI (t)Φe
I (r; R (t)) (2.2.1)

To obtain the time evolution of the electronic wavefunction, Eq. ( 2.2.1 ) is inserted into the

electronic time-dependent Schrödinger equation,

iℏ
∂

∂t
Ψ (r,R (t)) = ĤeΨ (r,R (t)) (2.2.2)

where He is the electronic Hamiltonian which can include the spin-orbit coupling or the laser

field term in addition to the Coulomb terms, and then, by multiplying Φe
J
∗ (r; R) from the left

and integrating over r, the following time-evolution equation for the electronic amplitude

CJ (t) is given by

iℏ
∂

∂t
CJ (t) =

∑
I

CI (t) (VJI (R) − iℏTJI) (2.2.3 a)

=
∑

I

CI (t)
(
VJI (R) − iℏṘ · dJI (R)

)
(2.2.3 b)
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VIJ (R) is a matrix element of the electronic Hamiltonian (He ) on the basis of elec-

tronic basis {Φe (r; R)}I as follows.

VIJ (R) =
〈
Φe

I (r; R)
∣∣∣Ĥe

∣∣∣Φe
J (r; R)

〉
(2.2.4)

TJI is a matrix element of time-differentiation term,
〈
Φe

J (r; R)
∣∣∣∂/∂t∣∣∣Φe

I (r; R)
〉
, which can

be transformed to the dot product of the nuclear velocity vector, Ṙ and the non-adiabatic

coupling vector, dJI (R).

TJI =

〈
Φe

J (r; R)
∣∣∣∣∣ ∂∂t

∣∣∣∣∣Φe
I (r; R)

〉
(2.2.5 a)

=

〈
Φe

J (r; R)
∣∣∣∣∣∂R∂t · ∂∂R

∣∣∣∣∣Φe
I (r; R)

〉

=
∂R
∂t
·
〈
Φe

J (r; R)
∣∣∣∣∣ ∂∂R

∣∣∣∣∣Φe
I (r; R)

〉

= Ṙ · dJI (R) (2.2.5 b)

Historically, Eq. ( 2.2.5 b) has been widely used in studies using the TFS algorithm and

algorithms and programs that can compute a non-adiabatic coupling vector have been devel-

oped acoordingly [60, 93–96]. However, recently the numerical evaluation of Eq. ( 2.2.5 a)

that computes an overlap of wavefunctions at two geometries along a classical trajectory is

also preferred as a simpler method for electronic structure methods where a non-adiabatic

coupling vector is not available [91, 92].

In the framework of the SH method, the electronic wavefunction, Ψ (r,R (t)) is repre-
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sented as a linear combination of all coupled electronic states, whereas nuclear coordinates

are propagated according to the gradient of a potential energy surface of a single electronic

basis. To describe non-adiabatic transitions, the electronic state where nuclei stay is stochas-

tically switched from one to another using the hopping probability which is based on the

time evolution of the electronic wavefunction.

gIJ (t) =
2ℏ−1 Im

[{
CJ (t) C∗I (t)

}∗
VJI (R (t))

]
− 2 Re

[{
CJ (t) C∗I (t)

}∗
Ṙ · dJI (R (t))

]
CI (t) C∗I (t)

∆t (2.2.6)

After the switching, the atomic velocities are scaled in the NAC vector direction to conserve

total energy.
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2.3 Results and Discussions

In order to investigate the influences of differences between spin-pure and spin-mixed poten-

tial energy surfaces on SH-AIMD simulations, dihydride molecules of 14 group elements:

MH2 (M = Si, Ge, Sn, Pb) except for CH2 were chosen as target molecules. The SOC of

MH2 increases with the period of the M atom. Potential energy surfaces of spin-pure and

spin-mixed states of MH2 and CH2 were investigated by Matsunaga et al. in 1996 [114].

According to their study, CH2 is unique as follows. The ground state of MH2 (M = Si, Ge,

Sn, Pb) is a singlet state, whereas that of CH2 is a triplet state, and singlet-triplet crossing

is located away from the equilibrium structure in the MH2 case, but located near the singlet

equilibrium structure in the CH2 case. Considering the order of electronic states and crossing

positions, MH2 systems represent general intersystem crossing than CH2 and are appropriate

as targets of this study. However, the special CH2 case is interesting and should be examined

in another study.

Electronic structure calculation SA-CASSCF calculations with the active space (6e,

6o) were performed to obtain the singlet (S0) and triplet (T1) spin-pure potential energies

of the group 14 dihydride MH2 (M = Si, Ge, Sn, Pb). Based on the SA-CASSCF wave

functions, SOC matrix elements [115] were calculated using the Breit-Pauli operator for SiH2

and SO pseudopotentials for GeH2, SnH2, and PbH2. Then, spin-mixed potential energies

were obtained by diagonalizing the SOC matrix. The cc-pVDZ basis sets were used for H

and Si, [116, 117] and the cc-pVDZ-PP basis sets for Ge, Sn, and Pb [118]. All electronic

structure calculations were carried out using Molpro2012.1 [119, 120].
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2.3.1 Geometries of equilibrium structure and MESX structure

Geometry optimization using numerical gradients by central difference scheme with a step of

0.005 Bohr were employed using Grrm17 [121, 122]. Table 2.1 shows geometrical param-

eters, the H–M bond length and the H–M–H bond angle, for minima on the spin-pure PESs

(S0-min, T1-min) and minimum on the seam of crossing (MESX) between S0 and T1 PESs for

the dihydride MH2 (M = Si, Ge, Sn, Pb). Every strucutre is in C2v symmetry. The minima

of S0 and T1 states are characterized by the H–M–H bond angle: about 92°for S0-min and

118°for T1-min. For MESX, the H–M–H bond angle is ranged from 126 to 145°. The SOC

between S0 and T1 states at MESX was calculated to be 54.66, 384.17, 918.05, and 3152.55

cm−1 for SiH2, GeH2, SnH2, and PbH2, respectively. Table 2.1 also shows geometrical pa-

rameters for minima on the spin-mixed PESs (1st
min, 4th

min), which correspond to S0-min and

T1-min, respectively. For PbH2 with the largest SOC, the difference in the bond angle is not

so small. Those results are in good agreement with those reported by Matsunagaet al. [114].

Figure 2.1. MH2 molecule
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Table 2.1. H–M bond length (r in Å) and H–M–H bond angle (a in degrees) at minima on
each PES (S0-min, T1-min, 1st

min, and 4th
min) and MESX between S0 and T1 PESs.

spin-pure states spin-mixed states

S0-min T1-min MESX 1st
min 4th

min

M r a r a r a r a r a

Si 1.554 93.3 1.510 117.8 1.498 126.5 1.554 93.3 1.510 117.7

Ge 1.620 92.3 1.559 118.8 1.537 131.7 1.620 92.3 1.560 118.5

Sn 1.805 91.9 1.743 117.8 1.710 135.2 1.804 92.1 1.746 116.5

Pb 1.887 90.9 1.815 119.9 1.744 145.3 1.882 91.9 1.830 116.0
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2.3.2 Potential energy curves for spin-pure and spin-mixed states

Figure 2.2 a shows the potential energy curves (PECs) of the S0 and the T1 states and their

SOC curves as a function of the H–M–H bond angle with the H–M bond length fixed at S0-min.

They show the Landau-Zener type of potential energy crossing in this one-dimensional pic-

ture. The SOC is nearly constant around the stable structure but decreases rapidly to zero in

the region where the HMH bond angle is close to 180°(linear geometry) due to symmetry

requirements, and is delocalized not only in the crossing region but also in a wide range.

Figure 2.2 b shows the PECs of the lowest (1st) and highest (4th) spin-mixed states. The

SOC induces avoided crossing features in the PECs. That is apparent for SnH2 and PbH2,

especially in the region where two potential energies are energetically close to each other

(non-adiabatic region). At the MESX in the spin-pure states, the energy gap between two

spin-mixed states was calculated to be 0.014, 0.095, 0.228, and 0.782 eV for SiH2, GeH2,

SnH2, and PbH2, respectively. The spin-pure and spin-mixed PESs could differ significantly

in the seam of crossing regions if a molecular system has a large SOC, e.g., 900 cm−1 for

SnH2 and 3000 cm−1 for PbH2. Contour plots of potential energy surfaces are also shown in

Fig. 2.3. The potential energy surfaces are smooth in the plotted range.
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Figure 2.2. Potential energy and SOC curves as a function of the HMH bond angle: (a) S0

and T1 spin-pure states and their SOC; (b) 1st and 4th spin-mixed states. The potential energy
values are given relative to the value at the 1st

min state.
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Figure 2.3. Contour plots of potential energy surfaces as a function of the HMH bond angle
and HM bond length: (a) S0 and (b) T1 spin-pure state and (c) 1st and (d) 4th spin-mixed
states. The potential energy values are given relative to the value at the 1st

min state. The
black dot: an equilibrium structure on each surface. The black dashed line: seam of crossing
between S0 and T1 states, The blue cross mark: MESX between S0 and T1 states,
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2.3.3 Spin-orbit coupling and non-adiabatic coupling

Figure 2.4 shows contour plots of (a) the SOC between S0 and T1 spin-pure states and (b)

the NAC term between 1st and 4th spin-mixed states with respect to the H–M–H bond angle,

computed on a two-dimensional coordinate space grid with H–M bond length and H–M–H

bond angle. The SOC is delocalized regardless of the seam of crossing (black solid line)

because it depends on the character of the electronic states, not on the energy difference. In

all cases, the SOC decreases sharply toward regions with a large bond angle and short bond

length due to the symmetry requirements. The nonlocality of the SOC affects the accuracy

of TFS-SH-AIMD simulations, as discussed in previous studies [112, 113]. The NAC term

dαβ between the αth and βth spin-mixed states with respect to the H–M–H bond angle θ was

calculated numerically according to the following formula obtained using polar coordinates,

dαβ =
1

Eβ − Eα

∑
µ,ν

(
U†)

αµ

(
1
r

[
1

cos θ
− 1

sin θ

]
∂

∂θ
HSO

)
µν

(
U
)
νβ (2.3.1)

where U denotes a spin-pure to spin-mixed state transformation matrix. Now, only one

singlet and one triplet state are considered, but in general, when considering multiple singlet

and/or multiple triplet states, NACs between the same spin states should also be considered,

refer to the ref [103] for the full formula. As shown in Fig. 2.4 b, the NAC is essentially

localized near the seam of crossing where the two states are energetically close. However, the

localization of NAC around the seam of crossing becomes weaker depending on the strength

of SOC. In the case of PbH2, the maximum of NAC is located in the region of large bond

angle and small bond length (upper left region), which is due to the large SOC gradient on

the same order as the energy difference between the two spin-mixed states.
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Figure 2.4. Contour plots of (a) the SOC between S0 and T1 spin-pure states and (b) the
NAC between 1st and 4th spin-mixed states with respect to the H–M–H bond angle on a two-
dimensional coordinate space grid with H–M bond length and H–M–H bond angle. A black
solid line indicates a seam of crossing between spin-pure S0 and T1 PESs.
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2.3.4 Tully’s fewest switches (TFS)-SH-AIMD simulations using spin-

pure/spin-mixed states

All spin-pure and spin-mixed PES-based TFS-SH-AIMD simulations were performed using

the Sharc program suite [104, 105]. In simulations of this study, the time-dependent elec-

tronic wavefunction (Eq. 2.2.1 ) is defined by a linear combination of four spin-pure states

(S0 and three sublevels of T1 state) in spin-pure PES-based simulations, and four spin-mixed

states in spin-mixed PES-based simulations. The energy gradient of the spin- state is approx-

imated by a linear combination of energy gradients and non-adiabatic coupling of spin-pure

states where the derivative of the SOC term is neglected.

2.3.4.1 Time evolution of electronic wavefunction along trajectories

In TFS-SH-AIMD simulations, nuclei move with state transitions on a single spin-pure or

spin-mixed state PESs, while the electronic wavefunction evolves according to the time-

dependent Schrödinger equation. Figure 2.5 shows a typical example of the time evolution

of the square of the electronic amplitude (= electronic population) of the triplet state (cal-

culated as the sum of the sub-levels of the T1 state) along a certain trajectory. The time

evolution of the electronic state in which the nuclei stay is indicated by the color of the pop-

ulation curve (T1: red, S0: blue). In the case of SiH2 (SOC ∼ 60 cm−1), the time evolution

of the electronic population from spin-pure and spin-mixed PES-based simulations is the

same for almost all trajectories. The nuclear motion basically follows the electronic state

determined stochastically from the electronic population. In the case of GeH2 (SOC ∼ 380

cm−1), the electronic population decreases with time, and small oscillations in the electronic

population are observed along with the overall decrease, while in the spin-pure simulation,

30



2.3. RESULTS AND DISCUSSIONS

the population increases again, showing a different behavior from the spin-mixed simula-

tion. In the case of large SOC SnH2 (SOC ∼ 900 cm−1) and the PbH2 (SOC ∼ 3000 cm−1),

the time evolution of the electronic population is quite different between the spin-pure and

spin-mixed PES-based simulations, indicating that the spin-pure PES-based simulations do

not work well except for SiH2.

Figure 2.5. A typical example of the time evolution of electronic populations for the T1

state in each molecular system, obtained from a given trajectory on (a) spin-pure PESs and
(b) spin-mixed PESs. Blue indicates that the trajectory stays on the singlet PES and red
indicates that the trajectory stays on the triplet PES (assigned to the spin state with greater
weight in the spin-mixed state).
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2.3.4.2 Time evolution of the fraction of the triplet state of trajectories

Figure 2.6 shows the time evolution of the fraction of T1 state (denoted by F3 (t)) of the

trajectories where the nuclei stay in the T1 state. [123] In order to compare the behavior of

the spin-pure and spin-mixed PES-based simulations, we evaluated F3 (t) for the spin-mixed

simulation by considering the contribution of the T1 component of the spin-mixed states

along the trajectories. The fraction of T1 state (gray dashed line for the spin-pure PES-based

simulation and black solid line for the spin-mixed PES-based simulation) decreases over

time, except for PbH2 in the spin-mixed PES-based simulation. First, notice that for PbH2

there is a clear difference between the spin-pure and spin-mixed PES-based simulations. In

the spin-pure simulation of PbH2, half of the trajectories (73/150) hop to the singlet ground

state followed by the dissociation channel, H2 + Pb. This surface hopping occurs with a large

energy difference between the T1 and S0 states, which can be understood from the large SOC

of PbH2. However, it is clear that this behavior is not physically correct, indicating that the

spin-pure method should not be used for TFS-SH-AIMD simulations of species with large

SOCs such as Pb.
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Figure 2.6. Time evolution of the fraction of trajectories staying in the T1 state calculated
from trajectory ensemble based on the spin-pure PESs (dotted gray line) and the spin-mixed
PESs (solid black line), calculated from TFS-SH-AIMD simulations. In the spin-mixed
PESs, F3 (t) is evaluated considering the contribution of T1 components in the spin-mixed
states. A dashed line represents the fitting regression curve of each F3 (t). R2 values for each
simulation (spin-pure, spin-mixed) are as follows: SiH2: (0.83, none), GeH2: (0.96, 0.95),
SnH2: (0.86, 0.75), and PbH2: (0.86, none).

To quantitatively discuss the F3 (t) decay, the kinetic analysis of each F3 (t) was per-

formed according to previous studies by Varganov et al. [123, 124].

Figure 2.7. Schematic picture of F3 (t) (dashed black line) and parameters used in kinetic
analysis. For F3 (t), a region of t t0 (denoted by green color) was used for the fitting in kinetic
analysis.

The rate constants k1 and k3 correspond to the ISC processes from S0 to T1 and T1 to
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S0, respectively, and τ represents the lifetime of the T1 state. The value of τ was evaluated

using first-order kinetics based on the following equation [123, 124].

F3 (t) =
[
F3(t0) − k1τ

]
exp

(
− t − t0

τ

)
+ k1τ

τ =
1

k1 + k3

(2.3.2)

The results of the kinetic analysis can be found in Table 2.2.

Table 2.2. Parameters obtained from kinetic analysis for T1 fraction decay

SiH2 GeH2 SnH2 PbH2

spin-

pure

spin-

mixed

spin-

pure

spin-

mixed

spin-

pure

spin-

mixed

spin-

pure

spin-

mixed

τ / fs 335 – 113 92.1 54.6 46.6 36.1 –

k1 / 1012 s−1 2.81 – 2.26 3.17 3.48 8.67 2.44 –

k3 / 1012 s−1 0.182 – 6.53 7.68 14.8 12.8 2.53 –

F3 (t0) 1.00 – 0.993 0.985 0.933 0.918 1.00 –

For SiH2, the lifetimes and rate constants (τ, k1, k3) were (335 fs, 2.81 × 1012 s−1,

0.182 × 1012 s−1) in the spin-pure PES-based simulation. Zaari et al. [123] performed TFS-

SH-AIMD simulations with spin-pure PESs for SiH2 and obtained twice longer lifetimes and

one-tenth rate constants (781 fs, 5.2 × 1011 s−1, 7.6 × 1011 s−1). The difference between their

results and ours comes from the initial conditions: their initial conditions are generated based

on the zero-point energy at T1-min, whereas our initial conditions are generated based on the

Wigner distribution of the vibrational ground state at S0-min. In the spin-mixed PES-based

simulations, the exponential fit fails due to slight fluctuations in F3 (t), but similar values are

expected from the similar behavior of F3 (t).
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Fedorov et al. [124] performed ab initio multiple spawning (AIMS) simulation for

GeH2 using spin-pure PESs and obtained lifetime and rate constants of (119 fs, 3.1 × 1012

s−1, 5.3 × 1012 s−1), which are similar to our TFS-SH-AIMD simulations with spin-pure

PESs (113 fs, 2.26 × 1012 s−1, 6.53 × 1012 s−1). As shown in Fig. 2.6, the time evolution of

the fraction in the spin-mixed PES-based simulation is similar to that of spin-pure PES-based

simulation as well as the lifetimes and rate constants (92.1 fs, 3.17 × 1012 s−1, 7.68 × 1012

s−1) obtained from the spin-mixed PES-based simulation are similar to those of the spin-pure

PES-based simulation.

In the case of SnH2, the lifetimes are relatively similar in the spin-pure and spin-

mixed PES-based simulations, 54.6 fs and 46.6 fs, respectively, but the decay rate at 500

fs is overestimated in the former simulation. The similarity in the lifetimes may be due to

the similar behavior of the decay in the first 60 fs, but the subsequent decay behavior is not

reproduced in the spin-pure simulation. This is evident in k1 and k3, where k1 for the spin-

pure simulation (3.48 × 1012 s−1) is less than half the value of the spin-mixed simulation

(8.67 × 1012 s−1), while k3 shows very similar values (14.8 × 1012 s−1, 12.8 × 1012 s−1). This

indicates that the ISC from S0 to T1 in the spin-pure PES-based simulation is slower than in

the spin-mixed PES-based simulation.

In the spin-pure PES-based simulation for PbH2 (SOC ∼ 3000 cm−1), F3 (t) shown in

Fig. 2.6 just decays fast. This rapid decay can be attributed to a large amount of unphysical

hopping due to a heavily delocalized SOC at geometries with large energy differences, lead-

ing to a conclusion that spin-pure PES-based simulations are not meaningful for PbH2. This

result is consistent with the results of TFS-based trajectory surface hopping simulations for

a linear vibronic coupling model (SOC ∼ 600 cm−1) by Peng et al. [113] In the spin-mixed

PES-based simulation, oscillations in F3 (t) are observed, which clearly show a different time

propagation than in the spin-pure PES-based simulation, making fitting to Eq. (7) impossi-
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ble. In addition, the trajectories stay in the upper spin-mixed state, indicating that there is

little surface hopping.
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2.3.4.3 Distribution of the number of surface hopping against energy

difference

Finally, we discuss the energy difference and frequency of surface hopping when it occurs in

spin-pure and spin-mixed PES-based simulations. Figure 2.8 shows the distribution of sur-

face hopping versus energy difference in the TFS-based simulations. This figure also shows

the frequency of surface hopping: in spin-pure simulation, the change from T1 to S0 (or vice

versa) is counted as surface hopping, whereas in spin-mixed PES-based simulations, surface

hopping between spin-mixed states is counted. In the spin-pure PES-based simulation (Fig.

2.8 a), the surface hopping occurred at points away from the crossing seam, with large en-

ergy differences. This is due to the fact that the SOC is widely delocalized, as shown in Fig.

2.4 a, which allows for a wide range of hopping in the TFS-based simulations. In contrast, in

the spin-mixed PES-based simulation (Fig. 2.8 b), surface hopping occurred where the two

spin-mixed states were energetically close together. This is because the NACs are localized

in energetically close regions, unlike the spin-pure PES-based ones. As the SOC becomes

larger, the energy difference increases to avoid crossing, making surface hopping less likely,

and the trajectories stay in the upper state (the values are small in the case of PbH2 in Fig.

2.8 b).
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Figure 2.8. The distribution of energy differences between states when surface hopping
occurs in simulations using the TFS algorithm, for (A) spin-pure PES-based simulations and
(B) spin-mixed PES-based simulations

2.4 Conclusion

In recent years, SH-AIMD calculations for chemical reactions involving excited states, such

as photochemical reactions, have been carried out to discuss reaction mechanisms at the

atomic level that cannot be clarified by experiments alone. First, theoretical development and

application studies of internal conversion between the same spin states preceded, followed

by theoretical development and application studies of intersystem crossing between different

spin states. In the case of intersystem crossing, unlike internal conversion, a result of SH-

AIMD simulation depends on whether spin-pure or spin-mixed states are used. Since the

SOC governing intersystem crossing becomes larger for elements lower on the periodic table,

38



2.4. CONCLUSION

the scheme based on spin-pure states gradually breaks down. However, there have been no

studies using molecular systems to determine how large the deviation between results of

spin-pure and spin-mixed PES-based SH-AIMD calculations becomes depending on SOC

strength, although there have been some reports of studies using models. In this study, we

performed SH-AIMD calculations using the TFS algorithms, based on spin-pure and spin-

mixed states for hydrides MH2 (M = Si, Ge, Sn, Pb) in group 14 of the periodic table with a

wide range of SOC, and systematically investigated the differences between the results given

by two schemes, depending on SOC strength. Based on the initial conditions generated

in the singlet ground state, we started trajectory calculations on PES of a triplet state and

investigated the dynamics of the transition from the triplet state to the singlet (and vice versa)

by evaluating the lifetime and rate constant of the fraction of the triplet state. First, the results

of the TFS-SH-AIMD simulations show that for SiH2 (SOC ∼ 60 cm−1), the trajectories in the

spin-pure and spin-mixed PES-based simulations exhibit similar behavior, with essentially

most of the trajectories staying in the T1 state. In the case of GeH2 (SOC ∼ 380 cm−1), the

time evolution of the fraction of trajectories in each simulation is almost the same, as well

as the lifetime, rate constant, and the electronic population. Of course, in the case of SnH2

(SOC ∼ 900 cm−1) and PbH2 (SOC ∼ 3000 cm−1), the SOC is higher than in the case of SiH2

and GeH2, and therefore the importance of using spin-mixed PESs is high, and the dynamics

for different PES types are very different, as shown in the simulation. In particular, unlike the

internal conversion, the SOC is constant over a wide coordinate space, which in the TFS-SH-

AIMD simulations leads to unphysical transitions that occur in regions far from the seam of

crossing in the PbH2 case. Thus, it is clearly shown that spin-mixed PES-based simulations

are essential for elementary processes involving intersystem crossings in systems containing

elements after the fourth period, even if they are computationally expensive.
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Chapter III

Intersystem crossing dynamics based on

spin-pure and spin-mixed potential

energy surfaces with Zhu-Nakamura

global switching algorithm

Abstract

Surface hopping ab initio molecular dynamics (SH-AIMD) simulations based on spin-pure

and spin-mixed states are performed for a series of XH2 (X = Si, Ge, Sn, Pb) molecules,

which have different spin-orbit coupling (SOC) strengths. Zhu-Nakamura (ZN) global switch-

ing algorithm was used to consider non-adiabatic transitions.
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3.1 Introduction

The pioneer works on the non-adiabatic transition by Landau and Zener date back to 1932.

Molecular dynamics methods were proposed in the 1950s and to date have been used to

predict phenomena in physics, chemistry, and biological systems. In molecular dynamics,

molecules are described by a classical equation of motion according to the gradient of a sin-

gle potential surface. Non-adiabatic transitions are quantum phenomena that are common in

molecular systems and can be found in various places. Surface hopping (SH) methods were

proposed in the 1960s and 1970s to treat non-adiabatic transitions in classical molecular dy-

namics. Bjerre and Nikitin et al. proposed a method of bifurcating the classical orbitals into

two in the non-adiabatic region in 1967. The SH method proposed by Tully and Preston in

1971 is the prototype of the widely known SH method, which determines whether a transition

is possible or not by comparing a Landau-Zener non-adiabatic transition probability and a

random number. However, during this initial stage, the TSH method faced a challenge when

applying the Landau-Zener formula to compute non-adiabatic transition probabilities [1, 2].

This issue could potentially result in artificial transitions between states.

In 1990, Tully developed the Fewest switches algorithm, which solves the Schrödinger

equation for the time-dependent wavefunction along a classical trajectory and calculates

non-adiabatic transition probability based on the time-dependent wavefunction. In the same

period, Zhu and Nakamura succeeded in obtaining a fully analytical quantum mechanical

solution of the scattering matrix for the Landau-Zener and non-adiabatic tunneling one-

dimensional two-state linear curve crossing models, which is known as the Zhu-Nakamura

(ZN) theory today. The Landau-Zener formula has restrictions on the energy of the molecule

or the size of the coupling strength between electronic states, while the ZN theory over-
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comes these ristrictions and gives an fully analytical solution that describes non-adiabatic

transitions including non-adiabatic tunneling.

The ZN theory which was originally developed for one-dimensional models has also

been applied to molecular dynamics, which is a multidimensional case. The ZN theory-

based SH-AIMD (ZN-SH-AIMD) method has also been developed. [125, 126] The ZN-SH-

AIMD method estimates transition probabilities based only on the shape of the PES crossing

regions without numerical solution of Schrödinger equation step by step along a trajectory.

Therefore, the computational cost is kept low, and there is potential for application to larger

molecules. Ishida, Nanbu, and Nakamura [125] developed a ZN-SH-AIMD method and

applied it to the cis-trans photoisomerization of retinal, a relatively large molecular system,

to discuss the dynamics of non-adiabatic transitions. Nanbu et al. [127] also developed a ZN-

SH-AIMD method that explicitly takes solvent effects into account. Yu and Zhu et al. also

developed a ZN-SH-AIMD method [126] and reported applications considering both internal

conversion (IC) and intersystem crossing (ISC) processes [128–130]. In 2018, Hanasaki et

al. [131] improved the algorithm for calculating the probability of surface hopping in the

ZN-SH-AIMD method of Yu et al. and performed several test calculations to address the

issues.

While its potential applicability is promising, the ZN algorithm is less standard than

the TFS algorithm. Yue et al.[46] applied the TFS- and ZN-SH-AIMD methods to the cis-

trans isomerization of azobenzene containing IC processes and obtained very similar results

for both methods. For the ISC process, the ZN-SH-AIMD method has only been applied to

the spin-pure state scheme, and no studies to compare the results from TFS- and ZN-based

SH-AIMD simulations focusing on ISC dynamics has not yet been reported. Therefore,

the purpose of this study is to determine the extent to which the ZN-SH-AIMD method can

reproduce the result of TFS-SH-AIMD metho for ISC dynamics based on spin-pure and spin-
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mixed potential energy surfaces through extensive comparisons between the two algorithms.
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3.2 Zhu-Nakamura Global Switching algorithm

In the Zhu-Nakamura theory, the probability of classically allowed non-adiabatic transition

for the one-dimensional two-state problem of Landau-Zener (LZ) and non-adiabatic tunnel-

ing (NT) type of energy crossing are given by following formulas [132, 133].

pZN = exp

− π

4
√

a2

√
2

b2 +
√
|b4 ± 1|

 (3.2.1)

A sign (+ or -) indicates LZ or NT type of energy crossing. Effective coupling (a2) and

Effective colisin energy (b2) parameters are given using diabatic quantities (V12, F1,2).

a2 =
ℏ2

2µ

√
|F2F1||F2 − F1|

(2V12)3

b2 = (Et − EX)
|F2 − F1|√
|F2F1| (2V12)

(3.2.2)

where F1 and F2 are the diabatic forces on two diabatic states, V12 is the diabatic coupling,

µ is the reduced mass, EX is the averaged potential energy at the crossing point, and Et

is the internal energy (the potential energy plus the kinetic energy). To extend the above

one-dimensional forms to the AIMD simulation, Yu and co-workers proposed formulas to

evaluate these two one-dimensional quantities using multi-dimensional quantities (diabatic

force vectors F1,2) as follows. [126]
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Then, a2 and b2 can be rewritten by using Γ and Ω as follows.

a2 =
ℏ2

2
Γ Ω (2V12)−3

b2 = (Et − EX)
Γ

Ω
(2V12)−1

(3.2.4)

An important issue remains to be addressed here. The above equations are defined in

terms of diabatic quantities, but in the usual use of a quantum chemistry program, diabatic

quantities cannot be obtained and the diabatization procedure is not uniquely determined.

Yu and co-workers proposed a method to get approximate diabatic forces (F1,2) and coupling

V12 using adiabatic quantities (potential energies of upper/lower adiabatic states U± and their

nuclear gradient), as follows.
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F iα
1 (t) =

−1
Riα (t3) − Riα (t1)

×
[
∂U−
∂Riα (t3)

(Riα (t) − Riα (t1))
∂U+
∂Riα (t1)

(Riα (t) − Riα (t3))
]

F iα
2 (t) =

−1
Riα (t3) − Riα (t1)

×
[
∂U+
∂Riα (t3)

(Riα (t) − Riα (t1))
∂U−
∂Riα (t1)

(Riα (t) − Riα (t3))
]

V12 (t) =
U+ (t) − U− (t)

2
(3.2.5)

The diabatic force estimation algorithm by Yu et al. is a simple linear interpolation of adia-

batic gradients along a given trajectory. Hanasaki et al. [131] also proposed

The method proposed by Yu and co-workers is denoted as Zhu-Nakamura global

switching (GS) algorithm [134]. After hopping, velocity adjustment for total energy con-

servation is done according to the usual SH procedure instead of the procedure by Yu et al.

(from eq. 13 to eq. 15 in ref [126]). In their procedure, velocity adjustment is performed in

the three-dimensional space of each atom. However, regular velocity adjustment in the SH

procedure is performed by scaling the component in the direction of a certain vector (usually,

non-adiabatic coupling vector) in the 3N-dimensional space of degree of nuclear freedom.
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3.3 Results and Discussions

Before starting a ZN-SH-AIMD simulation, a threshold of energy difference to judge non-

adiabatic transitions must be determined. Fig. 3.1 shows tha structure distribution where

the energy difference between two spin-pure or spin-mixed states is below a pre-determined

energy difference threshold, color-coded in yellow. For fairness, a threshold is set to 0.3,

0.3, 0.4, and 1.0 eV for SiH2, GeH2, SnH2, and PbH2, respectively, in spin-mixed PES-based

simulations so as not to limit possible transitions by a threshold, whereas it is set to 0.3 eV

in spin-pure PES-based simulations.

Figure 3.1. Structure distributions where the energy difference between two spin-pure or
spin-mixed states is below a pre-defined energy difference threshold, colored in yellow. The
value of threshold is shown at the lower right corner of the plot area in each graph.
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3.3.1 Time evolution of the fraction of the triplet state of trajectories

Figure 3.2 shows the time evolution of the fraction of T1 state (denoted by F3 (t)) of the

trajectories where the nuclei stay in the T1 state. [123] In order to compare the behavior of

the spin-pure and spin-mixed PES-based simulations, we evaluated F3 (t) for the spin-mixed

simulation by considering the contribution of the T1 component of the spin-mixed states

along the trajectories. The fraction of T1 state (the gray dashed line for the spin-pure PES-

based simulation and the black solid line for the spin-mixed PES-based simulation) decreases

over time, except for PbH2. The time evolutions of F3 (t) show qualitatively similar features

between the spin-pure and the spin-mixed simulations for each molecule.

Figure 3.2. Time evolution of the fraction of trajectories staying in the T1 state calculated
from trajectory ensemble based on the spin-pure PESs (dotted gray line) and the spin-mixed
PESs (solid black line), calculated from ZN-SH-AIMD simulations. In the spin-mixed PESs,
F3 (t) is evaluated considering the contribution of T1 components in the spin-mixed states.
A dashed line represents the fitting regression curve of each F3 (t). R2 values for each sim-
ulation (spin-pure, spin-mixed) are as follows: SiH2: (0.78, 0.98), GeH2: (0.98, 0.88), and
SnH2: (0.83, 0.92).

To quantitatively discuss the time evolution of the F3 (t), the kinetic analysis of each

F3 (t) was performed as done with TFS-SH-AIMD simulations.
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Figure 3.3. Schematic picture of F3 (t) (dashed black line) and parameters used in kinetic
analysis. For F3 (t), a region of t t0 (denoted by green color) was used for the fitting in kinetic
analysis.

The rate constants k1 and k3 correspond to the ISC processes from S0 to T1 and T1 to

S0, respectively, and τ represents the lifetime of the T1 state. The value of τ was evaluated

using first-order kinetics based on the following equation [123, 124].

F3 (t) =
[
F3(t0) − k1τ

]
exp

(
− t − t0

τ

)
+ k1τ

τ =
1

k1 + k3

(3.3.1)

For SiH2, as shown in Fig. 3.2, the F3 (t) curves show different decay features for the

spin-pure and spin-mixed PES-based simulations (decreasing to 0.90 and 0.75, respectively),

resulting in a large difference in lifetime (202 and 381 fs, respectively). This difference

However, from the comparison with the results of TFS-SH-AIMD simulations, a spin-pure

PES-based simulation is recommended in a ZN-SH-AIMD simulation for a small SOC sys-

tem such as SiH2. For SiH2, in the spin-pure PES-based simulation, the F3 curve of the

ZN-SH-AIMD simulation is quantitatively similar to that of the TFS-SH-AIMD simulation.
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In the case of GeH2, the F3 (t) curves from spin-pure and spin-mixed PES-based

simulations show similar behavior, but the lifetimes and rate constants obtained by fitting

show deviations as in the TFS-based simulations. For the spin-pure PES-based simulations,

the lifetimes and rate constants are (119 fs, 1.93 × 1012 s−1, 6.51 × 1012 s−1), while for

the spin-mixed PES-based simulations they are (67.5 fs, 4.24 × 1012 s−1, 10.6 × 1012 s−1),

resulting in a difference of one order of magnitude, especially for k3. The spin-pure PES-

based ZN-SH-AIMD simulations reproduce well the previous AIMS results (119 fs, 3.1 ×

1012 s−1, 5.3 × 1012 s−1) and the spin-pure PES-based TFS-SH-AIMD simulation (113 fs,

2.26 × 1012 s−1, 6.53 × 1012 s−1).

In the case of SnH2, the F3 (t) curves from the spin-pure PES-based simulations show

a sharp decrease in the first 60 fs, similar to the TFS-SH-AIMD simulations, followed by

a slow decrease with oscillations. Thus, the lifetime is relatively close to the results of the

TFS-SH-AIMD simulations. However, in the spin-mixed PES-based simulation, the fraction

decays gently with larger oscillations. The lifetimes are therefore much longer than those of

the spin-pure PES-based simulation.

In the case of PbH2, oscillations in F3 (t) are observed in both simulations. Therefore,

fitting the fraction curve to Eq. (7) cannot be achieved. In the spin-pure PES-based simula-

tion, each time the molecular system passes through the S0-T1 crossing seam, the trajectory

hops to another PES and the spin state changes, causing the fraction to oscillate. On the other

hand, in the spin-mixed PES-based simulations, surface hopping does not occur, but the T1

fraction shows oscillations due to the change in the mixing ratio of the different spin states.
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Table 3.1. Parameters obtained from kinetic analysis for T1 fraction decay

SiH2 GeH2 SnH2 PbH2

spin-

pure

spin-

mixed

spin-

pure

spin-

mixed

spin-

pure

spin-

mixed

spin-

pure

spin-

mixed

τ / fs 202 381 119 67.5 31.4 280 – –

k1 / 1012 s−1 4.48 1.76 1.93 4.24 14.6 0.634 – –

k3 / 1012 s−1 0.463 0.862 6.51 10.6 17.3 2.94 – –

F3(t0) 1.00 0.987 1.00 0.986 1.00 0.924 – –

3.3.2 Distribution of the number of surface hopping against energy dif-

ference

Energy differences at hopping points and the frequencies are discussed for spin-pure and

spin-mixed PES-based simulations. Figure 3.4 shows the distribution of surface hopping

versus energy difference for ZN-SH-AIMD simulations. In spin-pure PES-based simula-

tions, the TFS algorithm allows surface hopping at points away from the seam of crossing,

as shown in Fig. 2.8a. The TFS algorithm requires a large number of surface hopping, in-

cluding unphysical hopping, to reflect drastic changes in the electronic population in systems

with large SOC, for example, PbH2, as shown in Fig. 2.6, violating the“fewest switches”
concept [112, 113]. In contrast, the ZN-SH-AIMD method allows surface hopping only at

the crossing points of singlet and triplet, as shown in Fig. 3.4a (global switching algorithm).

Thus, the ZN-SH-AIMD algorithm avoids hopping with large energy differences that cause

unphysical dynamics. Naturally, in the spin-mixed PES-based simulations, the TFS-SH-

AIMD algorithm (Fig. 6b) and the ZN-SH-AIMD algorithm (Fig. 8b) show similar results,
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but in the ZN-SH-AIMD simulations, the hopping occurs in a narrower region.

Figure 3.4. The distribution of energy differences between states when surface hopping oc-
curs in simulations using ZN-SH-AIMD algorithm, for (a) spin-pure PES-based simulations
and (b) spin-mixed PES-based simulations.

3.3.3 ISC probability

Finally, we discuss the ZN hopping probabilities in SH-AIMD simulations based on spin-

pure and spin-mixed PES. The interpretation of the ZN probability is a probability a hop-

ping occurs once a classical trajectory passes through a crossing point. Fig. 3.5 shows ISC

probabilities at hopping points in spin-pure (gray) and spin-mixed (black) PES-based ZN-

SH-AIMD simulations. Except for PbH2, the probability of ISC is higher in spin-mixed

PES-based simulations than in spin-pure PES-based simulations. This subtle difference can

be attributed to the GS algorithm used in this simulation. The GS algorithm uses the diabatic

expression to determine the parameters a2 and b2, which are necessary for calculating tran-
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sition probabilities in the ZN theory. Zhu and Nakamura also proposed formulas to compute

the above two parameters based on adiabatic potential energy surfaces. However, multi-

dimensional formulations have not proposed so far. If the ZN adiabatic multi-dimensional

formula is available, more discussion of this issue would be possible.

Figure 3.5. ISC probability against the kinetic energy at a hopping point in spin-pure (gray)
and spin-mixed (black) PES-based ZN-SH-AIMD simulations. The highlighted dots indicate
that an ISC occurred.

3.4 Conclusion

In non-adiabatic molecular dynamics study, which began with the pioneering works of Lan-

dau and Zener, Tully’s fewest switches (TFS) algorithm based on the time evolution of the

electronic wavefunction has been widely used in the framework of SH-AIMD method, but in

recent years, the Zhu-Nakamura (ZN) theory-based (ZN) algorithm, which computes a tran-

sition probability based on the shape of potential energy surfaces, has been increasingly used.

The TFS algorithm is computationally expensive because it requires non-adiabatic couplings

and spin–orbit couplings along the time evolution of the nucleus each time to propagate the

electronic wavefunction, and it is often limited in its use by the limited number of electronic

structure calculation methods that can calculate the non-adiabatic coupling vector. On the
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other hand, the ZN algorithm estimates a transition probability using basically information

on the shape of potential energy crossing, thus the limitations and computational costs of

electronic structure calculations are clearly smaller that those of the TFS algorithm. Hence,

the ZN algorithm is expected to be applied for systems to which the TFS algorithm could not

be applied.

However, contrary to its potential applicability, the ZN algorithm is not standard com-

pared to the TFS algorithm. As far as internal conversion dynamics, it has been shown

that two algorithms give quite similar results, but no such report or investigation on inter-

system crossing dynamics. Extensive comparisons in this study show that TFS-SH-AIMD

and the ZN-SH-AIMD simulations basically show qualitative agreement for ISC dynamics

with a wide range of SOC, although the ZN-SH-AIMD method does not require a non-

adiabatic coupling term, significantly reducing the computational cost compared to the TFS-

SH-AIMD method. Furthermore, its versatility/simplicity that ZN algorithm basically re-

quires only the information of potential energy surfaces is a huge advantage, even consider-

ing the tradeoffwith quantitative accuracy. The present results suggest that the less expensive

ZN-SH-AIMD can be successfully utilized to investigate the dynamics of photochemical re-

actions based on quantum chemical calculations.

It is found that ZN algorithm has a certain accuracy with efficiency, but further quan-

titative improvements can be expected. The original ZN theory in one-dimensional model

provides two expressions to evaluate a transition probability: diabatic and adiabatic expres-

sions based on diabatic and adiabatic representations of potential energy surfaces respec-

tively. However, only the diabatic expression have been extended to multi-dimensional case

for the use in SH-AIMD simulations and approximate diabatic properties to determine a tran-

sition probability is required in SH-AIMD simulations with adiabatic representation. Those

diabatization could cause some numerical errors and it is more natural to obtain a transition
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probability from adiabatic expression in SH-AIMD simulation with adiabatic representation.

Therefore, the development of a scheme to obtain transition probabilities using the adiabatic

expression should be addressed in the future work.
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Chapter IV

Excited-State Intramolecular Proton

Transfer and subsequent dynamics of

ortho-nitrophenol

Abstract

Excited-state dynamics involving non-adiabatic transition of ortho-nitrophenol was investi-

gated.

4.1 Introduction

A 2-substituted benzene derivative has three distinct positional isomers (para, meta, and

ortho), according to the relative position of the two substituents. For nitrophenol, in the

ortho-nitrophenol (o-NP), where the hydroxy and the nitro groups are next to each other,

an intramolecular hydrogen bonding can be formed between the two substituents, which
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distinguishes o-NP from other nitrophenols (e.g., melting point, vapor pressure, reactivity,

and charge distribution).

The intramolecular hydrogen bonding contributes to not only the stability of the

ground state but also changes the properties of the molecule in the excited states. The A-

band absorption of o-NP is a unique new band, located around a lower range than those of

phenol, nitrobenzene [135] and other nitrophenols [136]. This A-band excitation is origi-

nated from an intramolecular charge transfer (ππ*) excitation mainly involving the π orbital

at the benzene ring and π* orbital at the nitro group, determined by using quantum chemical

calculations [135]. That is similar to those of the nitrobenzene, but each orbital of o-NP is

more delocalized over the entire molecule. Thus, intramolecular hydrogen bonding is not just

an interaction between functional groups but an interaction over the entire molecule, includ-

ing the benzene ring. It is also noteworthy that o-NPs with intramolecular hydrogen bonds

are isomerized by proton transfer in the excited state. This process is called excited-state

intramolecular proton transfer (ESIPT) and it is considered an important process in organic

electroluminescence (EL), photostability of drug molecules, and biochemical systems [137].

o-NP is one of the smallest and the most basic molecules that undergo ESIPT.

o-NP is also of interest in atmospheric chemistry. Nitrophenols are pollutants widely

abundant in a variety of environments (forest, rural, urban, and marine areas), both in gaseous

and condensed phases [138, 139]. Due to its strong absorption in a UV-A region, the pho-

todissociation of o-NP is considered as a source of nitrous acid (HONO) [140, 141]. HONO

is a precursor of OH radical [142, 143], a chemical species that is important as a basis for

chemical reactions in the atmosphere. Therefore, the photoreaction mechanism of the o-NP

molecule is essential for understanding atmospheric chemistry processes.

The photoexcitation reaction of o-NP has been investigated experimentally and the-

oretically. In particular, experimental studies using time-resolved techniques to capture ul-
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trafast excited dynamics are noteworthy. The work by Takezaki et al. [144] is the earliest

time-resolved study of excited-state dynamics of o-NPs and was the first to point out that

after excitation by UV light, the molecule relaxes to the first excited triplet state via intersys-

tem crossing (ISC). Based on their implication, the reaction pathway in the triplet potential

energy surface was theoretically investigated, and it was shown that HONO dissociation

is more likely to occur in T1 than at S0 state [145, 146]. Ernst et al. investigated the re-

laxation dynamics of o-NP by time-resolved photoemission spectroscopy (TRPES) in the

gas phase and transient absorption spectroscopy (TAS) in the liquid phase using ultravio-

let (UV) and visible laser pulses, and proposed fast relaxation via internal conversion (IC)

from S1 to S0 state and a HONO split-off in the triplet manifolds via ISC from S1 to T1

state [147]. Xu et al. [128, 148] theoretically investigated isomerization reaction, includ-

ing ESIPT in the ground and excited states, and showed relaxation processes through triplet

states to the ground state with/without ESIPT, while the mechanism of HONO dissociation

was not addressed. Nitta et al. investigated the A-band excitation dynamics using TRPES

and confirmed ultrafast HONO formation at 400 ∼ fs. In several time-resolved experiments

with quantum chemical calculations, several dissociation channels for different products have

been postulated in the triplet states [147, 149–153], however, the definitive mechanism re-

mains unclear.

Time-dependent density functional theory is widely used to study molecular or solid

systems. In conventional TDDFT, excited states were described as a response state referenc-

ing the ground state. Thus, it breaks down near a conical intersection between the ground

and the first excited states. Spin-flip (SF-) TDDFT overcomes the limitation by using a

high spin state as a reference state, for example, the T1 state for singlet ground and excited

states. However, the spin-flip method suffers from spin-contamination due to its spin in-

completeness [77], and it sometimes makes it difficult to perform geometry optimization,
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reaction path calculation, or molecular dynamics simulation [78, 79]. Recently, Lee, Choi,

and co-workers have developed the mixed-reference SF-TDDFT (MRSF-TDDFT) [80, 81].

MRSF-TDDFT avoids spin-contamination by using a mixed-reference reduced density ma-

trix and has been successfully applied to non-adiabatic molecular dynamics with Tully’s

fewest switches (TFS) algorithm [22] in the gas and liquid phase [83–85].

In this study, we perform non-adiabatic molecular dynamics simulation with the

MRSF-TDDFT and the ZN global switching algorithm for the excited state reaction of o-

NP. The excited state reaction of o-NP is complex, involving ESIPT, internal conversion

(IC), intersystem crossing (ISC), and dissociation processes in a very short period of time

(sub-picosecond). Previous studies have focused on reaction mechanisms on the triplet sur-

face, while the fast relaxation via IC between the S0 and the S1 state after ESIPT is also

predicted, and the reason for the competition between IC and ISC is unclear. Therefore, the

motivation for this study is the theoretical understanding of the ultrafast excited state dynam-

ics of o-NP, which has been assumed to involve ESIPT, IC, and ISC prior to the dissociation

process.

4.2 Computational Details

4.3 Results and Discussion

In this study, several electronic structure theories implemented in different electronic struc-

ture software were used. Gaussian 16 software revision C.01 [154] was used for Time-

Dependent (TD) DFT calculations with several functionals. Gamess(us) software version

2022 R2 [155] was used for mixed-reference spin-flip (MRSF) TDDFT [80,81] calculations

with Becke’s half-and-half exchange and Lee–Yang–Parr correlation (BHHLYP) functional.
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OpenMolcas version 23.06 [156] were used for extended multi-state complete active space

second-order perturbation theory (XMS-CASPT2) [58, 63] calculations. The computational

details will be noted each time the results are presented.

Figure 4.1 shows the molecular structure of o-NP.

Figure 4.1. ortho-nitrophenol
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4.3.1 Franck-Condon excited states

Table 4.1 shows the excitation energy and oscillator strength of the S1 state at the equilibrium

structure of the ground state.

Table 4.1. Vertical Excitation energy (Eexc) in eV and oscillator strength ( f ) of the
first excited state of ortho-nitrophenol.

Method APFDa CAM-B3LYPa ωB97XDa LC-BLYPa CASSCFb

Eexc / eV 3.51 3.89 3.91 4.12 4.35

f 0.0580 0.0926 0.0935 0.0000 0.0000

Method SCS-CC2c CC2c ωB97Xc M06-2Xc B3LYPc

Eexc / eV 4.08 3.97 4.07 4.00 3.38

f 0.0580 0.0926 0.0935 0.0000 0.0763

a 6-31G+(d)

b See ref. [148]

c See ref. [157]
Ab initio coupled-cluster method and DFT shown in Fig. 4.1 and ref. [157] basically predict

that the S1 state of o-NP has a ππ* excitation character while a few cases of DFT calcula-

tion predict nπ* excitation character. The mixed-reference spin-flip (MRSF) TDDFT using

GAMESS(US) and the multi-configurational perturbation theory (XMS-CASPT2) were also

employed to compute excitation energies and oscillator strengths of low-lying singlet excited

states. Geometry optimization in the S0 state was performed at each level of theory. Exci-

61



CHAPTER IV. EXCITED-STATE INTRAMOLECULAR PROTON TRANSFER AND
SUBSEQUENT DYNAMICS OF ORTHO-NITROPHENOL

tation energies and oscillator strengths are shown in Table 4.2. The optimized structure at

the MRSF-TDDFT level is in CS symmetry while the one at XMS-CASPT2 is in near CS

symmetry.

Table 4.2. Vertical Excitation energies and oscillator strengths of low-lying singlet excited
states of ortho-nitrophenol. cc-pVDZ basis set was used in both computations.

Method/STATE S1 S2 S3 S4

MRSF-TDDFT 4.43 (0.28) 5.18 (0.32) 5.51 (0.00) 5.78 (0.00)

XMS-CASPT2 4.05 (0.13) 4.28 (0.05) 4.82 (0.20) 5.96 (0.07)
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4.3.2 Excited-State Intramolecular Proton Transfer pathway

The reaction pathway from the Franck-Condon point in the S1 state was calculated using

MRSF-TDDFT/cc-pVDZ level of theory. Figure 4.2 shows profiles of electronic energies

and internal coordinates along the reaction pathway. r indicates a distance between two

atoms and a indicates torsion or rotation angle related to the HONO group. Angle a is

defined as a function of dihedral angle d as follows:

a = f (d) = sign (d) × 180 − d (4.3.1)

Three angles were chosen to characterize the excited-state reaction pathway and dynamics

of o-NP.

Twist of the HONO around the C-N bond: atwist, HONO = f (dC2C5N13O14)

Pyramidalization of the HONO: apyr, HONO = f (dC5N13O14O15)

Swing motion of the transferring proton: aswing, H = f (dO14N13O15H12)

(4.3.2)

The first step (Reaction coordinate 1.5 Åamu1/2) in the reaction pathway is associated with

the ESIPT of in-plane motion, whereas the second is associated with the HONO twist of out-

plane motion. Along the ESIPT process, the S1 energy decreases without a reaction barrier.

The previous study using the CASSCF//MRCI level of theory predicted an energy barrier for

proton transfer because the S1 state in their calculation is nπ state [148]. In our calculation,

the S1 state preserves its character as ππ∗ state through the ESIPT pathway. The energy

of S2 (nπ*) increases along the ESIPT pathway. From the reaction pathway calculation,

S1 state dynamics is expected to proceed fast along with the ESIPT coordinate while slow

along with the HONO twist coordinate. The reaction pathway from the Franck-Condon
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point at the MRSF-TDDFT level of theory is quite similar to that at CASPT2 [150]. Thus,

MRSF-TDDFT is expected to qualitatively reproduce the result of CASPT2 in dynamics

simulations.
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Figure 4.2. profiles of electronic energies and internal coordinates along the reaction path-
way from the Franck-Condon point in the S1 state at the MRSF-TDDFT/cc-pVDZ level of
theory.
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4.3.3 Minimum energy structure on the conical intersections

Optimized geometries on the conical intersection between S0 and S1 potential energy sur-

faces are shown in Figure 4.3. Potential energies were calculated by the MRSF-TDDFT/cc-

pVDZ level of theory. MECIs were optimized using Grrm17 interface to the Gamess(us)

version 2022R2. For the MECI-1, the twist around the C-N bond (atwist, HONO) is -85.7°and

the distance between the proton and the O atom of the carbonyl group (aO11H12 = 1.75 Å)

is kept within the hydrogen bonding distance (2 Å). A similar geometry to the MECI-1 was

reported in the previous study [147]. The last geometry on the reaction pathway in the S1

state (rO11H12 = 1.69 Å, rH12O15 = 0.991 Å, atwist, HONO = -82.8°, apyr, HONO = 26.7°, aswing, H =

76.3°) reaches nearby the MECI-1. Therefore, the MECI-1 could be a main decay pathway

from the S1 state to the S0 state. A geometry similar to the MECI-1 Fig. 4.3a was obtained

in the previous study [147]. On the other hand, for the MECI-2, the HONO group forms

almost cis-form (aswing, H = 176.6°), thus, the hydrogen bonding no longer exists.
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Figure 4.3. Local minima on the conical intersection between S0 and S1 states
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4.3.4 Non-adiabatic Molecular dynamics

Non-adiabatic molecular dynamics simulation was performed using the MRSF-TDDFT level

of theory. One hundred initial conditions were generated based on Boltzmann distribution at

300 K. Nuclear coordinates and velocities were evolved up to 500 fs using the velocity-Verlet

method with a time step of 0.5 fs. Non-adiabatic transitions were taken into account by using

Zhu-Nakamura global switching algorithm [126]. It is not easy to choose an appropriate

level of theory that can consider ESIPT, IC, ISC and dissociation with singlet and triplet

states at once. Thus, in this simulation, we first focus on ESIP and IC dynamics, which are

considered to occur in the early stage of this photoreaction [147, 150], and then consider the

involvement of triplet states afterward. In all trajectories, ESIPT occurred within the first 20

fs. After ESIPT, trajectories branched three types of pathways. A. Hop to the S0 state and

back to o-NP, B. Hop to the S0 state and keep the HONO group, and C. Stay on the S1 state

up to 500 fs. Some trajectories on the path A suddenly stopped due to the SCF convergence

error which cannot be solved so far. The branching ratio is 13:28:59. Fig. 4.4, 4.5, 4.6 shows

an example of the three types of classical trajectory, with energy profiles on the upper column

(S0: black, S1: red, S2: blue, highlighted line: the potential surface where nuclei stay) and

the internal coordinate variation (interatomic distance r and angles a) on the lower column

are shown. (See Eq. 4.3.1 and 4.3.2 for the meaning of each internal coordinate). In path

A, after ESIPT (as rH12O15 get close to 1 Å), the energy of the ground state increases by 2 eV,

and as the subsequent HONO twist proceeds (as atwist, HONO get close to 90 °), the energies

of the S1 and S0 states become close to each other. Then, a non-adiabatic transition from S1

to S0 state occurs at atwist, HONO ≈ 90 °, followed by back proton transfer. The average decay

time is 308 fs. In path B, processes are the same as in path A until a non-adiabatic transition

occurs. After the transition, the HONO keeps its bonding and continues the twist motion.
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The average decay time is 328 fs, slightly shorter than that of path A. (See Fig. 4.7) In path

C, a trajectory continues to stay in the S1 state and the motion of the transferring proton is

more pronounced than in other cases due to the switching S1 state from ππ* to nπ* excitation

character. The twist of the HONO group is relatively smaller than in other cases, thus o-NP

cannot reach to MECIs at atwist, HONO ≈ 90°.

69



CHAPTER IV. EXCITED-STATE INTRAMOLECULAR PROTON TRANSFER AND
SUBSEQUENT DYNAMICS OF ORTHO-NITROPHENOL

Figure 4.4. Time evolution of potential energies and internal coordinates along a trajectory
of type A. Black, red, and blue solid lines in the upper column represent the potential ener-
gies of S0, S1, and S2 states, respectively. The line covered with sky blue represents the state
where nuclei stay. Internal coordinates are shown in the lower column: Two interatomic
distances between the transferring H atom at the hydroxy group and two O atoms at the hy-
droxy and the nitro groups, respectively (gray dash-dot for rO11H12 and gray solid for rH12O15),
and three angles representing the HONO twist (red, atwist, HONO) the HONO pyramidalization
(blue, apyr, HONO) and the swing motion of transferring H atom (green, aswing, H)
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Figure 4.5. Time evolution of potential energies and internal coordinates along a trajectory
of type B. Black, red, and blue solid lines in the upper column represent the potential ener-
gies of S0, S1, and S2 states, respectively. The line covered with sky blue represents the state
where nuclei stay. Internal coordinates are shown in the lower column: Two interatomic
distances between the transferring H atom at the hydroxy group and two O atoms at the hy-
droxy and the nitro groups, respectively (gray dash-dot for rO11H12 and gray solid for rH12O15),
and three angles representing the HONO twist (red, atwist, HONO) the HONO pyramidalization
(blue, apyr, HONO) and the swing motion of transferring H atom (green, aswing, H)
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Figure 4.6. Time evolution of potential energies and internal coordinates along a trajectory
of type C. Black, red, and blue solid lines in the upper column represent the potential ener-
gies of S0, S1, and S2 states, respectively. The line covered with sky blue represents the state
where nuclei stay. Internal coordinates are shown in the lower column: Two interatomic
distances between the transferring H atom at the hydroxy group and two O atoms at the hy-
droxy and the nitro groups, respectively (gray dash-dot for rO11H12 and gray solid for rH12O15),
and three angles representing the HONO twist (red, atwist, HONO) the HONO pyramidalization
(blue, apyr, HONO) and the swing motion of transferring H atom (green, aswing, H)
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Figure 4.7. Distribution of decay time from S1 to S0 state.

One important point in the above dynamics simulation is that the decay to the ground

state takes about 300 fs. In the time-resolved photoemission spectra of Ernst et al. [147],

there is a spectral rise centered at 100 fs in the 1 eV range of photoelectron kinetic energy.

They also found a time constant of 130± 10 fs for this early rising peak, which is interpreted

as an internal conversion from the excited state to the ground state. Nitta et al. found a peak

in the photoelectron spectrum (5.55 7.41 eV) that rises within 100 fs and has a time constant

of 60 ± 10 fs, which roughly supports the fast internal conversion predicted by Ernst et al.

Nitta et al. also found a peak centered at 250 fs in the 10.85 11.30 eV range of photoelectron

kinetic energy. However, according to our calculations, the ESIPT occurs fast (around 20
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fs), whereas the relaxation to S0 takes around 300 fs. This is consistent with the fact that the

gradient of the HONO twist is very small while the gradient of the ESIPT process is steep

in the reaction path from the Franck-Condon point. In addition, the energy transfer between

the ESIPT (in-plane motion) and the HONO twist (out-plane motion), which are orthogonal

to each other, is difficult in terms of dynamics, resulting in the slow decay to the S0 state.

Therefore, a new interpretation is needed to fill the discrepancy between the experimental

interpretation and the computational results in this study.

Figure 4.8. Heatmap of the interatomic distance rO11H12

One of the main characteristics of this molecule is its strong hydrogen bonding. Fig-

ure 4.8 shows a heat map of the distance between the carbonyl oxygen and the transferring
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proton. 1) The first proton transfer occurs within 20 fs and the proton moves between the

oxygens until about 40 fs. 2) After that, the bond between the transferring proton and oxygen

at the nitro group is stabilized, keeping hydrogen bonding between the transferring proton

and carbonyl oxygen until approximately 240 fs. During this time, the number of classical

trajectories in which rO11H12 exceeds the hydrogen bonding distance of 2.0 Å (dotted line)

gradually increases. 3) After 240 fs, the strength of the heatmap within 2.0 Åweakens. The

first step is a proton transfer process which is a common process in every dynamics pathway.

The second one is considered a deterministic process after proton transfer. In this process,

an energy transfer to the HONO twist/pyramidalization or proton swing motion. After 240

fs ∼, trajectories branched into three dynamical pathways (A, B, and C).

Figure 4.9 shows the distribution of the time when rO11H12 first exceeds the hydrogen

bond distance of 2.0 Åfor each type of trajectory. For type A which returns to o-NP, in

a few trajectories (4 out of 12) rO11H12 hydrogen bond breaks then, recover the bond. A

trajectory of type B keeps the hydrogen bond for a long time, while a trajectory of type C

loses the hydrogen bond early after the ESIPT. The distribution of types B and C is clearly

different. The distribution of Type B in Fig. 4.9 is similar to that of the decay time to the

S0 state. The shortest hydrogen bond breaking time for Type C is 43 fs and the average is

181 fs. This shows that the bifurcation to pathway C occurs at an earlier stage than the other

pathways. As we have shown, rO11H12 is well suited to characterize the dynamic pathways

and is closely related to the hydrogen bonding that indirectly characterizes the ground state

of o-NP. Therefore, it is quite possible that a mechanism such as that discussed based on Fig.

4.8 and 4.9 appear in the experimental spectra.
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Figure 4.9. Distribution of hydrogen bond breaking time (when rO11H12 becomes larger than
2 Å) for each type of trajectory. Color blue, orange, and green represent trajectory types A,
B, and C, respectively. In Eight, one, and three trajectories of each type, the rO11H12 distance
is kept within 2 Å in the whole simulation time, thus data of them are not included in this
figure.

In the above non-adiabatic molecular dynamics simulation, only the singlet states

have been considered. The dissociation process of o-NP has been considered to involve

the triplet state [128, 144, 147, 148, 150]. Here, to investigate the possibility of intersystem

crossing in each type of trajectory. potential energies of triplet states were calculated along

the trajectory and shown in Figure 4.10. For ease of viewing, the singlet state is shown with

increased transparency, and the triplet state is shown in magenta. The lines covered with sky

blue represent the electronic states in which the nuclei stay as in Fig.4.10. In a trajectory
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of type A (top panel), the triplet state intersects only once after ESIPT before a transition to

the ground state. Nitta et al. [150] reported that the SOC of o-NP is very small, thus, the

possibility of intersystem crossing is infinitesimally small for a small number of crossings as

in Type A. In addition, a classical trajectory of type A decays to the ground state and then

back to the o-NP, so the possibility of a subsequent crossing to the triplet state is also small.

Therefore, the possibility of intersystem crossing in type A can be ignored.

In a trajectory of type B, the triplet state approaches the current electronic state (cov-

ered by sky blue) even before the transition to the ground state, and the singlet and triplet

states cross each other for some time. At this time, the hydrogen bond is gone. After a while,

the triplet state leaves the singlet state, but its structural factors are not clear. Nevertheless, a

classical trajectory of type B is more likely than that of type A to undergo interterm crossing.

In a trajectory of type C, triplet states approach the current electronic state of nπ*

excitation character after the hydrogen bond disappears. The T2 state, which is energetically

closest to the S1 state, also has a nπ* excitation character while the T1 state has a ππ* ex-

citation character. From the viewpoint of the El-Sayed rule, intersystem crossing between

singlet and triplet states with a similar character is less likely to occur. Two triplet states can

exchange their characters along dynamics, thus, in a trajectory of type C, intersystem cross-

ing may be the most likely to occur in the three types. To fully understand the photochemical

reaction of o-NP involving the dissociation process, it is necessary to perform non-adiabatic

molecular dynamics including both singlet and triplet states. The spin-orbit coupling (SOC)

is key for the ISC process, and a new MRSF-TDDFT code has been developed to calculate

the SOC and may be opened soon. The Zhu-Nakamura global switching algorithm has been

applied to the ISC dynamics [128, 130]. Therefore, non-adiabatic dynamics simulation with

singlet and triplet states will be addressed in the near future.
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Figure 4.10. Three types of time evolution of triplet (T1 and T2) potential energies along
given trajectories (top: Type A, middle: Type B, and bottom: Type C). Two lines covered
with magenta represent the potential energies of triplet states. The line covered with sky blue
represents the state where nuclei stay. For ease of viewing, the transparency of the line for
each singlet state is increased.
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4.4 Conclusion

With the development of experimental techniques, it has become possible to capture ultra-

fast excited state reactions in real time by time-resolved photoemission spectroscopy. On the

other hand, it is not easy to interpret time-resolved spectra originated from complex excited-

state reactions. Non-adiabatic molecular dynamics allows us to follow the excited state pro-

cesses of molecules at the atomic level and play an important role in elucidating the origin

of complex time-resolved photoelectron spectra. In the present study, we have simulated

the excited-state intramolecular proton transfer (ESIPT) and the subsequent ground- and

excited-state dynamics of o-NP by non-adiabatic molecular dynamics with MRSF-TDDFT

method and Zhu-Nakamura global switching algorithm. MRSF-TDDFT overcomes the spin-

contamination problem in the conventional SF-TDDFT method, applied to reaction path and

non-adiabatic molecular dynamics calculations. For o-NP, MRSF-TDDFT qualitatively re-

produces the reaction path from the Fanck-Condon point at CASPT2 level of theory [150],

although MRSF-TDDFT overestimates the vertical excitation energies. Thus, non-adiabatic

dynamics simulation by MRSF-TDDFT is expected to be in good agreement with the one by

CASPT2, reducing a much computational cost. Zhu-Nakamura global switching algorithm

evaluates a non-adiabatic transition probability based on the shape of the potential energy

surfaces at a crossing point. This method does not require solving the Schrödinger equation

along a classical trajectory as in Tully’s Fewest switches algorithm, thus, the simulation is

less expensive. This study achieves efficient nonadiabatic dynamics simulations using the

MRSF-TDDFT and the Zhu-Nakamura global switching algorithm.

This study presents non-adiabatic molecular dynamics simulations on the ultrafast

ESIPT and subsequent dynamics of o-NP before the photodissociation and new insights into
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the complex spectra observed in previous studies. From the simulation, the ESIPT process

completed fast within 40 fs, as previously expected, but the subsequent decay to the ground

state with the HONO twist takes about 300 fs, longer than expected before. Only one-third

of total classical trajectories relaxed to the ground state, and two dynamical pathways (type

A and B) are obtained, one of which returns to o-NP and the other keeps the HONO form in

the ratio of 1:2. Since two-thirds of the total classical trajectories (type C) stayed in the S1

state for up to 500 fs and frequently intersected with the triplet state, it is considered that the

HONO dissociation occurs after intersystem crossing to the triplet states in this dynamical

pathway.

Finally, we note two issues to be addressed in future research. The first is to perform

non-adiabatic molecular dynamics simulations that take into account the triplet state in order

to fully understand the photodissociation reaction of o-NPs. A code to calculate spin-orbit

coupling in MRSF-TDDFT has already been developed and will be available soon. Thus, this

problem will be solved in the near future. And, although not done in this study, photoelectron

spectrum simulations are needed for direct comparison with experimental data. Since several

previous studies have addressed this issue as well, the methodology is publicly available, and

the rest is a matter of technology.
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General Conclusion

This thesis is devoted to exploring non-adiabatic molecular dynamics in terms of dependence

on diabatic and adiabatic potential energy surfaces. In the present thesis, the following three

issues were discussed.

In Chapter 2, the dependence of the SH-AIMD method on two types of potential en-

ergy surfaces (PESs) namely, the spin-pure (spin-diabatic) and spin-mixed (spin-adiabatic)

potential energy surfaces, were discussed. Since the spin-pure and spin-mixed states are

transformed into each other by a unitary transformation, the results should be the same if

both nuclei and electrons are treated in a fully quantum manner. However, in the SH-AIMD

method, nuclei are treated by the classical equation of motion and govern by a single one

potential surface, thus the type of potential surface could affect the results. In this chapter,

Tully’s fewest switches (TFS) algorithm, which has been widely used to take state transitions

into account, was employed. The time evolution of the electronic wavefunction is different

between spin-pure and spin-mixed PES-based simulations for GeH2 and later. The fractions

of classical trajectories are similar for the SiH2 and GeH2 cases. On the other hand, for

SnH2 and PbH2, the fractions of classical trajectories differ significantly between spin-pure
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and spin-mixed PES-based simulations as well as the time evolution of the electronic wave-

function. In particular, in the case of PbH2, about a half of the classical trajectories in the

spin-pure PES-based simulation result in Pb + H2 dissociation after unphysical transitions

in large energy gap regions. This study specifically shows that the spin-mixed PES-based

SH-AIMD simulation is required for systems with large spin-orbit couplings.

In Chapter 3, the SH-AIMD code with ZN global switching algorithm whose use has

been growing recently was developed and applied to MH2 systems. The TFS algorithm es-

timates the nonadiabatic transition probability based on the time-dependent electronic wave

function along the classical trajectory and requires a non-adiabatic coupling vector for the

time evolution of the electronic wavefunction, which increases the computational cost and

limits the use of some electronic structure methods, while the ZN algorithm is superior in

terms of computational cost and versatility because it uses only information on potential en-

ergy surfaces to estimate a non-adiabatic transition probability. In this chapter, as in Chapter

2, the dependence of the SH-AIMD method on spin-pure and spin-mixed potential energy

surfaces was also discussed. The results of the ZN algorithm qualitatively reproduce those of

the TFS algorithm, indicating that it is a method with a good balance between computational

cost and accuracy.

In Chapter 4, the excited-state intramolecular proton transfer (ESIPT) and subse-

quent dynamics of ortho-nitrophenol (o-NP) are analyzed using the by non-adiabatic molec-

ular dynamics based on the ZN algorithm. o-NP is a constituent molecule of the air pollu-

tant PM2.5, and its photodissociation process has attracted attention as one of the important

sources of nitrous acid (HONO) in atmospheric chemistry. The HONO formation was ex-

perimentally confirmed to occurs about 400 fs after excitation by femtosecond time-resolved

photoemission spectroscopy. Previous experimental and theoretical studies have suggested

that this dissociation process is preceded via an intersystem crossing to the triplet state. The
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possibility of intersystem crossing was also demonstrated based on potential energy surfaces

at the CASPT2 level. On the other hand, the detailed dynamical mechanism has not yet been

clarified, such as the relaxation to the ground state that was expected to occurs after ESIPT.

In this chapter, the SH-AIMD code developed based on the ZN algorithm, combined with

the MRSF-TDDFT method, was successfully applied to the photo-reaction of o-NP, and then

the dynamical mechanism of the ESIPT and subsequent branching processes is clarified.

In this thesis, I developed a SH-AIMD program capable of simulating both internal

conversion and intersystem crossing in equal footing, followed by crosscutting and system-

atic validation of theory and method in non-adiabatic molecular dynamics and extension

of algorithm and codes, with applications to excited-state reactions including photoreaction

important in atmospheric chemistry. So far, simulations have been performed for molecular

systems in the gas phase, but chemical reactions generally occur in the condensed phase.

However, the non-adiabatic molecular dynamics study in the condensed phase is still not

common due to the inevitable increase in computational cost, which should be addressed in

future work.
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[7] M. H. Beck, A. Jäckle, G. A. Worth, and H.-D. Meyer, “The multiconfiguration time-

dependent Hartree (MCTDH) method: a highly efficient algorithm for propagating

wavepackets,” Physics Reports, vol. 324, no. 1, pp. 1–105, 2000.

[8] H. Wang and M. Thoss, “Multilayer formulation of the multiconfiguration time-

dependent Hartree theory,” The Journal of Chemical Physics, vol. 119, no. 3,

pp. 1289–1299, 2003.

[9] U. Manthe, “A multilayer multiconfigurational time-dependent Hartree approach for

quantum dynamics on general potential energy surfaces,” The Journal of Chemical

Physics, vol. 128, no. 16, 2008.

[10] H. Wang, “Multilayer multiconfiguration time-dependent Hartree theory,” The Jour-

nal of Physical Chemistry A, vol. 119, no. 29, pp. 7951–7965, 2015.

[11] A. Abedi, N. T. Maitra, and E. K. Gross, “Exact factorization of the time-dependent

electron-nuclear wave function,” Physical Review Letters, vol. 105, no. 12, p. 123002,

2010.

[12] A. Abedi, N. T. Maitra, and E. Gross, “Correlated electron-nuclear dynamics: Ex-

act factorization of the molecular wavefunction,” The Journal of Chemical Physics,

vol. 137, no. 22, 2012.

[13] G. Worth, M. Robb, and I. Burghardt, “A novel algorithm for non-adiabatic direct

dynamics using variational Gaussian wavepackets,” Faraday Discussions, vol. 127,

pp. 307–323, 2004.

85



BIBLIOGRAPHY

[14] D. V. Shalashilin, “Quantum mechanics with the basis set guided by Ehrenfest tra-

jectories: Theory and application to spin-boson model,” The Journal of Chemical

Physics, vol. 130, no. 24, 2009.

[15] D. V. Shalashilin, “Nonadiabatic dynamics with the help of multiconfigurational

Ehrenfest method: Improved theory and fully quantum 24d simulation of pyrazine,”

The Journal of Chemical Physics, vol. 132, no. 24, 2010.

[16] T. J. Martinez, M. Ben-Nun, and R. Levine, “Multi-electronic-state molecular dynam-

ics: A wave function approach with applications,” The Journal of Physical Chemistry,

vol. 100, no. 19, pp. 7884–7895, 1996.

[17] T. Martinez, M. Ben-Nun, and R. Levine, “Molecular collision dynamics on several

electronic states,” The Journal of Physical Chemistry A, vol. 101, no. 36, pp. 6389–

6402, 1997.

[18] M. Ben-Nun and T. J. Martı́ nez, “Ab initio molecular dynamics study of cis–trans

photoisomerization in ethylene,” Chemical Physics Letters, vol. 298, no. 1-3, pp. 57–

65, 1998.

[19] T. J. Martinez, “Insights for light-driven molecular devices from ab initio multiple

spawning excited-state dynamics of organic and biological chromophores,” Accounts

of Chemical Research, vol. 39, no. 2, pp. 119–126, 2006.

[20] A. McLachlan, “A variational solution of the time-dependent schrodinger equation,”

Molecular Physics, vol. 8, no. 1, pp. 39–44, 1964.

86



BIBLIOGRAPHY

[21] J. C. Tully and R. K. Preston, “Trajectory surface hopping approach to nonadiabatic

molecular collisions: the reaction of H+ with D2,” The Journal of Chemical Physics,

vol. 55, no. 2, pp. 562–572, 1971.

[22] J. C. Tully, “Molecular dynamics with electronic transitions,” The Journal of Chemical

Physics, vol. 93, pp. 1061–1071, 1990.

[23] A. Bjerre and E. Nikitin, “Energy transfer in collisions of an excited sodium atom with

a nitrogen molecule,” Chemical Physics Letters, vol. 1, no. 5, pp. 179–181, 1967.

[24] W. Chen, W. L. Hase, and H. Schlegel, “Ab initio classical trajectory study of H2CO

→H2+CO dissociation,” Chemical Physics Letters, vol. 228, pp. 436–442, 10 1994.

[25] T. Taketsugu and M. S. Gordon, “Dynamic Reaction Path Study of SiH4 + H－ →
SiH5 － and the Berry Pseudorotation Mechanism,” The Journal of Physical Chem-

istry, vol. 99, pp. 14597–14604, 10 1995.

[26] M. A. El-Sayed, “Spin̶Orbit Coupling and the Radiationless Processes in Nitrogen

Heterocyclics,” The Journal of Chemical Physics, vol. 38, pp. 2834–2838, 6 1963.

[27] P. A. M. Dirac, “The quantum theory of the electron,” Proceedings of the Royal Society

of London. Series A, Containing Papers of a Mathematical and Physical Character,

vol. 117, no. 778, pp. 610–624, 1928.

[28] P. A. M. Dirac, “The quantum theory of the electron. Part II,” Proceedings of the

Royal Society of London. Series A, Containing Papers of a Mathematical and Physical

Character, vol. 118, no. 779, pp. 351–361, 1928.

[29] M. Douglas and N. M. Kroll, “Quantum electrodynamical corrections to the fine struc-

ture of helium,” Annals of Physics, vol. 82, no. 1, pp. 89–155, 1974.

87



BIBLIOGRAPHY

[30] B. A. Hess, “Applicability of the no-pair equation with free-particle projection opera-

tors to atomic and molecular structure calculations,” Physical Review A, vol. 32, no. 2,

p. 756, 1985.

[31] C. Chang, M. Pelissier, and P. Durand, “Regular two-component Pauli-like effective

Hamiltonians in Dirac theory,” Physica Scripta, vol. 34, no. 5, p. 394, 1986.

[32] T. Nakajima and K. Hirao, “A new relativistic theory: a relativistic scheme by elim-

inating small components (RESC),” Chemical Physics Letters, vol. 302, no. 5-6,

pp. 383–391, 1999.

[33] J. Grotendorst, Modern Methods and Algorithms of Quantum Chemistry. NIC series,

John von Neumann Institute for Computing (NIC), 2000.

[34] W. Kutzelnigg and W. Liu, “Quasirelativistic theory equivalent to fully relativistic

theory,” The Journal of Chemical Physics, vol. 123, no. 24, 2005.

[35] H. A. Bethe and E. E. Salpeter, Quantum mechanics of one-and two-electron atoms.

Springer Science & Business Media, 2012.
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