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Chapter 1 General Introduction  

1.1 Excited state chemical reaction  

From understanding the Woodward-Hoffmann symmetry rules by “arrow pushing” 

to an initio quantum calculation, supposing where the electrons are (the occupancy of the 

orbitals, spatial and symmetry characteries) is a central problem of understanding and 

predicting chemical process, The validity of this view for reaction systems can be 

experimentally probed by examination of the chemistry of electronically excited state, by 

comparison of the reactivates of states having different orbital occupations (electron 

configuration). 

Basically, the chemical reaction is a process in which one or more substances 

(reactants) are converted to one or more substances(products) by rearranges the 

constituent atoms of reactants to created different substances products. in this 

rearrangement process need to be activated by some outer energy source such as chemical 

energy, heat energy, photo energy, or electric energy etc.  The chemical reactivity of 

variety reaction system can be understood by the occupancy of atomic and molecular 

orbital. the chemical reactions were regard as two types according to their occupancy of 

electrons in atomic or molecule orbital. The first types can be classified into electronic 

ground state reaction, in which stable molecules represent minima on the ground state 

potential energy surface (PES). In really word, a large number of chemical reactions take 

place in the electronic ground state. In primarily, the Arrhenius equation was widely used 

to describe a reaction, determining energy for the reaction barrier. However, the Arrhenius 

equation ignores microcosmic mechanistic considerations such as whether one or 

multiple reactivate intermates are involved in the reactions. With the development of 

chemical theory, in 1935, transition state theory (TST)1 was proposed simultaneously by 
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Henry Eyring, Meredith Gwynne Evans and Michael Polanyi, TST assumes that the 

reactivity of ground state reaction is controlled by a special type of chemical equilibrium 

(quasi-equilibrium) complex. However, word is colorful, in 2004, Scientists first 

discovered a wondering reaction mechanism in the dissociation reaction of formaldehyde 

(H2CO) named roaming reaction.2–4 Roaming reaction is a reaction mechanism in which 

products are formed via the reorientation motion in the long-range region of the potential, 

bypassing the reaction pathway of conventional TST. Therefore, more and more research 

are focused on such non-TST controlled reaction. 

Another class of chemical reactions can be classified into excited state reactions, 

these kinds of reaction are more complicated to study than the ground state reactions 

because of involving multiple PESs and electronic configurations. And it was involved in 

different biological and chemical reactions. For example, photoswitches5 and light-driven 

molecular motor6 utilize the photoinduced cis-trans(E-Z) isomerization of the double 

bond (C=C or C=N) between excited state and ground state to create a unidirectional 

motion of molecule. A most general photoswitch is azobenzene composed of two phenyl 

rings interconnected by a N=N bond, which are typically isomerized with UV light (350-

370 nm) to their cis form and with blue light (420-480 nm) to trans.7 This mean cis and 

trans isomer of the compounds can be switched reversibly with each other by allocation 

of light if a particular wavelength. This photochemical property of these compounds is 

the reason or the photoresponsive behavior and this make them suitable for use in various 

applications. Such as in the development of various sensor and dyes in various industries. 

Light-driven molecular motor as a kind of machines which can perform their functions in 

the microenvironments have been studied extensively. The first molecule able to undergo 

photochemically powered unidirectional ration around a double bond was presented by 

Ben L. Feringa in 1999. This kind of molecule can perform a 360° full rotation of the 

remaining part though absorbing light energy form the environment.8 The first-generation 

light-driven molecular motor perform a full rotation consisting of two steps of 
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photoisomerization and two steps of thermal helix inversion. Recently, some new 

designed light-driven molecular motor can perform a 360° full rotation though 2-step 3-

step working mechanism which can improve potential application in molecular machines 

field6. in theorical research of light-driven molecular motor, photoisomerization 

process undergo an excited state reaction which always draw researchers’ attention. For 

example, the factor of conversion efficiency for photoisomerization, relaxation time and 

the duration of excited state, etc. Therefore excited-state reaction theory and methodology 

is a useful tool to understand the reaction mechanism, helping the experimental designed 

photoswitches and light-driven molecular motor. 

Moreover, excited state reaction plays a key role in the formation of chemical 

substances in the interstellar medium. The interstellar medium is permeated by high-

energy radiation fields including UV radiation, the interstellar UV field has been known 

or inferred to be present since the dawn of modern astronomy. Some parts of the 

interstellar medium, so-called molecular clouds are shielded from the onslaught of 

external UV irradiation by interstellar dust particles that efficiently absorb UV and visible 

radiation. These cold clouds rich in molecules and ions, the presence of most molecules 

and ions can be explained by gas-phase chemical reactions, however, the rest of formation 

of molecules ions is difficult to describe simply by on ground state chemical reactions. 

Such as dissociative recombination reaction9, and the interstellar ice photochemical 

reaction.10 Dissociative recombination reaction is a chemical process in which a positive 

polyatomic ion combines with an electron, and the neutral molecule dissociates. In direct 

process of dissociative recombination reaction, the neutral molecules first stimulated into 

high excited state and then dissociated into two or more fragments, a typical example of 

dissociative recombination reaction in astrophysics is CH3+e-→CH2+H.11 Ice 

photochemistry provides an attractive explanation for the existence of complex organic 

molecules in interstellar sources, this view has been observed in series of laboratory 

experiments carried out in the 1970s and 1980s, the experimental group found that UV 
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irradiation of interstellar ice analogs resulted in the production of large abundances of 

large and complex organics.10  

In biology, biological molecules are macromolecules naturally present in cells and 

living organisms, as well as their man-made counterparts designed for specific 

functions.12 Biomolecules vary in size and are categorized into four main types: nucleic 

acids, carbohydrate, lipids, and proteins along with their smaller building-blocks, such as 

amino acids or nucleobases. the excited state reaction is important branch in 

photochemical and photophysics of nucleic acids (NAs) due to the potential 

photochemical events triggered by UV light.13 By excited state reaction study of nucleic 

acids building blocks. utilizing its photoactivated properties for designing new light-

response materials. Naturally, biomolecules are exposed to the sunlight, excited state 

reaction can give rise to the desired processes such as the energy conversion in light-

harvesting proteins or the undesired ones such as DNA damage by the UV irradiations. 

In addition, the light-matter interaction in biomolecules can be explored for the 

technology or medical applications such as energy storage, biosensing or photo-activated 

drug delivery. Moreover, excited state reactions occur in biochemical systems, such as 

the energy transfer between fluorophores in phycobiliproteins and during photosynthesis. 

The excited state reaction is also involved in chemiluminescence and bioluminescence 

process. The chemiluminescence or bioluminescence process is the emission of light due 

to transitions of electrons form molecular orbital of higher energy to those of lower energy, 

usually the ground state or the lowest unoccupied molecular orbitals. Bioluminescence is 

a chemiluminescence process taking place in living organisms, such as the most well-

known firefly. In bioluminescence process of firefly, luciferin can be generated by 

oxidation of substances in the activate site of an enzyme, which contribute to the emission 

of light. It is believed that this reaction leads to a critical peroxide intermediate, which is 

actual light emitter. Therefore, a detailed study on such bioluminescence can lead us to 

characterize the bioluminescence properties, such as the ability to transfer the system 
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from ground to excited state, the lifetime of excited state relaxation, and quantum yield, 

etc. All of these photochemical reactions are related to the electronic excited state. 

Therefore, the excited state reaction keeps a very closed relationship in different field in 

biology and chemistry. 

 

1.2 Photochemical reaction 

Photochemistry is an interdisciplinary field of chemistry and physics, which 

concentrates on the photo-induced (ultraviolet light to visible light) chemical phenomena. 

The research and application of photochemistry is important for the basic theories and 

green energy utilization. the basic research of photochemistry was starting from the 

invention of laser technology14 in late 1950s, providing a reliable method to observe the 

molecules in the microsecond scale. The development of femtosecond laser furthermore 

promotes the research of chemical reaction field, making it possible to observe the 

detailed intermediates in chemical reaction process, capturing the information for the 

mechanism of chemical reaction. Therefore, it is no double that the development of 

femtosecond laser carried a revolution in experimental photochemistry field, and 

consequently accelerated the improvement of photochemistry.15 The theoretical 

framework of photochemistry was established in the 20th century. In early 19th century, 

Grotthus and Draper give the first law of photochemistry, namely, only the light absorbed 

by a substance, or substances is effective in bringing about chemical change, since some 

of it can be re-emitted in the form of heat of light. Then, Stark and Einstein improved this 

law under the quantum theory, which can be described as: a single photo can excite only 

one electron. Based on previous theories, some general photochemistry such as Lambert-

Beer law, Jablonski diagram, Franck-Condon rule, etc. revealed that theorical chemist 

already give a good understanding of the photochemistry.  

Theoretically, after light absorption, some photophysical or photochemical 

deactivation mechanisms can compete, and the excess energy can be released through 
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light emission or radiationless decay process that convert it into vibrational energy in S0. 

the spectral position, shape, and width of the absorption or emission spectra will depend 

on all the competing event that dominate the short-timescale dynamics of the molecule. 

In order to systematic study the photochemical process we first to put it in relation to 

well-known photophysical and photochemical process. The photon energy result in 

excitation of an electron from the initial occupied orbital to an unoccupied higher orbital. 

Depending on the spin of the electrons, an electronic state can be noted as singlet and 

triplet, respectively.  

 

Figure. 1.1 The Jablonski Diagram of molecular absorbance and fluorescence 

Figure 1.1 shows the Jablonski diagram which a schematic of the transition of 

electronic state of a molecule during photochemistry.16 According to different spin and 

symmetry characteries, General photophysics and photochemical process refer to 

transition between different electronic states (ground state to excited state and vice versa), 

which can be classified as radiative and radiationless events. All of these phenomena 

occur through interactions between PESs. The most common radiative processes are (1) 

Spin-forbidden absorption (S0 → T1). (2) Spin-forbidden triplet-singlet emission (T1 → 

S0). (3) Spin-allowed singlet-singlet absorption (S0 → T1). (4) Spin-allowed singlet-

singlet emission (S1 → S0). While the most common radiationless processes are: (1) Spin-
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allowed transitions between two surfaces with the same spins (S1 → S0), which two 

surfaces are almost degenerated along all degrees of freedom. These spin-allowed 

transitions or internal conversion (conical intersections (CI)) are very important to 

characterize and understand nonadiabatic process. (2) Spin-allowed transitions between 

one state to another state of different spin (S1 → T1). These radiationless decays are 

known as intersystem crossings (ISC). However, Jablonski diagram does not provide any 

description of the course of a photochemical reaction at the microscopic level. the concept 

of intrinsic reaction coordinate (IRC)17,18 allows a stationary description of the most 

reactive molecular geometries followed along the reaction path from reactants to products. 

an IRC is derived as classical trajectories for motion of the nuclei whereby the kinetic 

energy is removed at each step. Thus, describing a thermal chemical reaction with an IRC 

that connects reactants and products via a transition state is a well-established tool in 

computational chemistry. In contrast, most photochemical reactions are ultrafast start 

from an excited initial condition and involves serval PES. To be able to explain the 

mechanism of a chemical reaction, a detailed description of the PES is required. The PES 

illustrates how the excited state is populated, whether the transformation is spin-allowed 

or spin-forbidden, etc. Using theoretical chemistry, one can, in principle, compute the 

chemical properties of any system in any state, and simulate whole dynamics process by 

full-quantum or classical-quantum mixed method. In this branch of study, the short-lived 

excited states can be treated using different electronic theoretical method.  
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Figure 1.2 one-dimensional representation for photochemical reactions involving two 

adiabatic electronic states along a certain reaction coordinate, dash line represents the 

adiabatic potential energy surface, while solid line is diabatic potential energy surface. 

 

We speak of a nonadiabatic photochemical process involving a between two 

electronic state potential energy surface as shown in Figure 1.2. Dash line represents the 

adiabatic potential energy surface, while solid line is diabatic potential energy surface. 

the nonadiabatic photochemical reaction can proceed through an avoided crossing, in 

which the excited state potential energy surface nearly touches. For a long time, people 

believe that electronic state with same symmetry do not cross because of non-crossing 

rule. However, this rule is only valid of for diatomic molecules, and it was demonstrated 
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by systematic quantum chemical investigations, and advances in laser spectroscopy 

enabling measurements of excited state lifetime in alkenes, polyenes, and aromatic 

compounds in the femtosecond scale. To understand the dynamics process of 

photochemical mechanism and demonstrate the relation to the experimental observations, 

one needs to apply the correct methodology for each specific system. In next chapter, we 

will introduce basic methodologies about nondiabetic dynamics simulation next chapter 

and how to analyze the result, which will allow us to answer the questions. 

Chapter 2 method 

2.1 AIMD nonadiabatic dynamics 

Nonadiabatic coupling are intense around molecular geometries where two 

electronic states are degenerate. This concept was first pointed out by Zener in 1932 and 

given the calculation method of nonadiabatic transition probabilities.19 Then, Teller 

extended the seminal work in 1937, and also demonstrated the possible existence of what 

he called conical crossing between PES.20 Zimmerman and Michl were the first to 

suggesting at a conical intersection were the key feature to understand certain 

photochemical mechanisms. Since, the 1970s, conical intersection21 have become an 

established paradigm for understanding reaction mechanisms in photochemical as 

important as transitions state in thermal chemistry.21–23 Considering the effect of 

Nonadiabatic coupling needs a quantum mechanical treatment of the time evolution of 

the molecular geometry and of the electronica populations (occupancies of the electronic 

states). Theoretically, the motion of nuclei can be seen as nearly instantaneously static 

compared to the motion of electrons because of the mass of electrons is less than nuclei 

(Theory of relativity effect), which also can be called Born-Oppenheimer approximation 

(BOA).24 It allows us to decouple the electronic and nuclear problem, defining the very 

concept of the potential energy surface. However, when chemical reaction which involves 

electronic excited state, nonadiabatic process led to the transition of electronic state 
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between different potential energy surface, corresponding to a breakdown of the BOA 

and demanding a treatment of both the nuclei and the electrons. There are large number 

of chemical problems that involve excited electronic state from photochemistry to 

chemical synthesis, with applications in renewable energy and bioimaging. Therefore, it 

is a major change in theorical field to describe the behavior of both electrons and nuclei 

in the context of nonadiabatic effects and excited state chemical reaction. 

In order to meet the change of simulating dynamics beyond the BOA, there are two 

kinds of strategy have been proposed in the decades. The first one is that both electron 

and nuclei are described using quantum mechanics method, which so called full quantum 

method, such as multi-configuration time-dependent Hartree (MCTDH)24 can provide 

numerically exact result at molecule level. however, this method requires a preconstructed 

potential energy surface and the limitation to relatively few degrees of freedom require a 

reduced dimensionality treatment for most molecules. That means some of the internal 

coordinates need to be frozen or the transformation coordinate system. Moreover, Todd J. 

Martínez proposed ab initio multiple spawning methods (AIMS)25, which can expand the 

nuclear wave function in terms of linear combination of traveling Gaussian basis function. 

One feature of AIMS is that it can easily calculated required electronic struct quantities, 

including electronic state energy, and gradients are calculated on the fly.  

Another method is that electron is described under quantum mechanics framework, 

while nuclei is treated classically. This most famous two methods are Ehrenfest 

dynamics26,27 and trajectory surface hopping dynamics28,29 method. In the former, nuclear 

forces are directly derived former the time-dependent propagation of an electronic wave 

function or density matrix, and trajectories evolve on a time-dependent average of the 

electronic states. In surfacing hopping dynamics, a set of electronic amplitudes are 

integrated together with the classical trajectories and dictate the probability that the 

trajectory will hop from one electronic state to other. There are two treatments of hopping 

probability, namely Tully’s Fewest Switches29 and Zhu-Nakamura method30. This thesis 
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focuses on nonadiabatic dynamics using trajectory surface hopping method. thus, Tully’s 

Fewest Switches and Zhu-Nakamura method will be given in this section. 

We start with a solving of the basic time-dependent Schrödinger equation (TDSE) 

for a molecular system as shown here: 

𝑖
𝜕𝛹(𝑟,𝑅,𝑡)

𝜕𝑡
= 𝐻̂(𝑟, 𝑅)𝛹(𝑟, 𝑅, 𝑡)            2.1.1 

Where 𝑟  and 𝑅  are the collection 3N electronic and 3N nuclear coordinates, 

respectively. the atomic units are used here and throughout this thesis, ℏ = me = 1. The 

molecular system Hamiltonian can be defined as: 

𝐻̂(𝑟, 𝑅) = 𝑇̂𝑛𝑢𝑐 + 𝑇̂𝑒 + 𝑉̂𝑒−𝑒(𝑟) + 𝑉̂𝑒−𝑛(𝑟, 𝑅) + 𝑉̂𝑛−𝑛(𝑅) 2.1.2 

𝐻̂(𝑟, 𝑅) = 𝑇̂𝑛𝑢𝑐 + 𝐻̂𝑒𝑙(𝑟, 𝑅)          2.1.3 

In the equation, Hamiltonian can be split into two parts, the first item represents the 

nuclear kinetic energy operator, and the second part is electronic Hamiltonian operator 

containing the electronic kinetic energy operator as well as all the coulomb operator 

involving electrons and nuclei. The electron is treated quantumly, the total electronic 

wave function is expanded in a complete basis as: 

Ψ𝑒𝑙(𝑟, 𝑡) = ∑ 𝑐𝑗(𝑡)𝜙𝑗(𝑟, 𝑅(𝑡))𝑗        2.1.4 

Where 𝜙𝑗(𝑟, 𝑅(𝑡))  is a diabatic wave function, and 𝑐𝑗  is the complex-valued 

expansion coefficients. we define matrix elements of the electronic Hamiltonian with 

respect to the basis functions. 

𝑉𝑖𝑗 = 〈𝜙𝑖(𝑟, 𝑅)|𝐻𝑒𝑙|𝜙𝑗(𝑟, 𝑅)〉        2.1.5 

Where as before brackets denote integration over electronic coordination only. 

Nonadiabatic coupling vector can be described as 𝑑𝑖𝑗(𝑅): 

𝑑𝑖𝑗(𝑅) =  〈𝜙𝑖(𝑟, 𝑅)|∇𝑅|𝜙𝑗(𝑟, 𝑅)〉        2.1.6 
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Where the gradient is defined with respect to the atomic coordinates 𝑅, we now assume 

that atomic motion can be described by some as yet unspecified trajectory. 

𝑅 = 𝑅(𝑡)            2.1.7 

𝑅(𝑡) is a continuous function of time. classical mechanical equations of motion can be 

the solution of motion. Some integral method is applied to solve the motion function such 

as Runge-Kutta and Velocity-Verlet method. In this thesis, only Velocity-Verlet was used, 

thus the nuclei are treated classically using Velocity-Verlet algorithm: 

𝑥(𝑡 + ∆𝑡) = 𝑥(𝑡) + 𝑣(𝑡)∆𝑡 +
1

2
𝑎(𝑡)∆𝑡2     2.1.8 

𝑣(𝑡 + ∆𝑡) = 𝑣(𝑡) +
𝑎(𝑡)+𝑎(𝑡+∆𝑡)

2
∆𝑡      2.1.9 

Assuming that Ψ𝑒𝑙(𝑟, 𝑡)obeys time-dependent Schrödinger equation: 

𝑖ℏΨ𝑒𝑙(𝑟, 𝑡) = 𝐻𝑒𝑙𝛹(𝑟, 𝑡)         2.1.10 

And substituting Eq4 in Eq10, multiplying with 𝜙𝑗(𝑟, 𝑅(𝑡))  and integrating over 𝑟 

gives: 

𝑖ℏ𝑐𝑖 = ∑ (𝑉𝑖𝑗(𝑅(𝑡)) − 𝑖ℏ𝑅 ∙ 𝑑𝑖𝑗)𝑐𝑗(𝑡)𝑗       2.1.11 

For any given trajectory 𝑅(𝑡), this set of coupled differential equations can be integrated 

numerically to obtain the amplitudes 𝑐𝑖  of each electronic state. there are two terms 

which promote transitions between electronic states, the off-diagonal elements of the 

electronic Hamiltonian 𝑉𝑖𝑗 and the nonadiabatic coupling 𝑅 ∙ 𝑑𝑖𝑗. The 𝑉𝑖𝑗 vanish if the 

electronic basis functions have been defined in adiabatic representation. 

Therefore, under the nonadiabaticity framework, the active surface 𝜆 can change 

depending on the rated of change of |𝑐𝜆|2, it can be shown: 

−
𝑑|𝑐𝜆|2

𝑑𝑡
= ∑ (2𝑅𝑒(𝑅𝑑𝜆𝑘𝑐𝜆

∗𝑐𝑘) −
2

ℏ
𝐼𝑚(𝑉𝜆𝑘𝑐𝜆

∗𝑐𝑘))𝑘    2.1.12 
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Each term in the summation in Eq 2.1.12 is interpreted as the rate of population transfer 

from state 𝜆 to state 𝑘, given by 2𝑅𝑒(𝑅𝑑𝜆𝑘𝑐𝜆
∗𝑐𝑘) −

2

ℏ
𝐼𝑚(𝑉𝜆𝑘𝑐𝜆

∗𝑐𝑘). Using a time step 

𝑑𝑡 much smaller than the time scale of hopping probability during the time interval 𝑑𝑡 

from state 𝜆 to state 𝑘 then is proportional to (2𝑅𝑒(𝑅𝑑𝜆𝑘𝑐𝜆
∗𝑐𝑘) −

2

ℏ
𝐼𝑚(𝑉𝜆𝑘𝑐𝜆

∗𝑐𝑘)) 𝑑𝑡. 

Normalizing with the current population in state 𝜆 gives the final hopping probability 

as: 

𝑃𝜆→𝑘 =
2𝑅𝑒(𝑅𝑑𝜆𝑘𝑐𝜆

∗𝑐𝑘)−
2

ℏ
𝐼𝑚(𝑉𝜆𝑘𝑐𝜆

∗𝑐𝑘)

|𝑐𝜆|2 𝑑𝑡      2.1.13 

If the hopping probability in Eq 2.1.12 is negative. That would signify a hopping form 

from state 𝑘 to state 𝜆. In the spirit of the fewest hops, these hops with negative hopping 

probability are ignored. Tully’s Fewest Switches provides one of the most successful 

methods to estimate the switching probability.  

Landau and Zener studied nonadiabatic transition in atomic collisions and the 

dissociation of diatomic molecules, which was reduced to a simplified two-state model, 

it also called the liner curve crossing model. In this model, a nonadiabatic dynamics is 

approximated as follows:31 (1) the relevant nuclear motion near the curve crossing point 

is one-dimensional, which is referred to as the reaction coordinate in the context. The 

reaction coordinate is denoted as X, which is the displacement from the curve crossing 

point. (2) diabatic potentials near the crossing point W1 and W2 are approximated as linear 

in X; W1 = -F1X and W2 = -F2X for state 1 and state 2, respectively. (3) the off-diagonal 

term in the diabatic representation is approximated as the constant V through the region. 

(4) during the transition, the system is assumed to move with a constant velocity v. in the 

diabatic representation, the wave functions of the tow electronic state can be represented 

by 𝜙1(𝑟, 𝑋)  and 𝜙2(𝑟, 𝑋) , respectively. thus, total wave functions are then can be 

expressed as: 

Ψ(𝑟, 𝑋, 𝑡) =  𝑐1(𝑡)𝜙1(𝑟, 𝑋) +  𝑐2(𝑡)𝜙2(𝑟, 𝑋)    2.1.14 



 

14 

 

Assumption 𝑋 = 𝑣𝑡, then the Schrödinger equation is reduced to a matrix equation: 

 𝑖ℏ
𝜕

𝜕𝑡
(

𝐶1(𝑡)
𝐶2(𝑡)

) = (
𝑊1(𝑋) 𝑉

𝑉 𝑊2(𝑋)
) (

𝐶1(𝑡)
𝐶2(𝑡)

)    2.1.15 

This equation is to be solved as an initial value problem under the conditions 𝐶1(−∞) =

0  and |𝐶2(−∞)| = 1 . Then the probability of the system undergoing a nonadiabatic 

transition is given by 𝑃 =  |𝐶2(+∞)|2 pre single crossing. The problem is reduced to a 

second order differential equation, whose solution is given by the Weber function, and 

Zener obtained the transition probability in the asymptotic namely: 

𝑃 = 𝑒𝑥𝑝 [−
𝜋

2ℏ𝜈

𝑉2

|𝐹1−𝐹2|
]         2.1.16 

Based on two-state Landau-Zener liner curve crossing model, Zhu and Nakamura was 

improved Eq 2.1.1632, and give an improved formula for transition probability valid up 

to the nonadiabatic transition region expressed as follows: 

𝑃 = 𝑒𝑥𝑝 [−
𝜋

4√𝑎2 √
2

𝑏2+√|𝑏4±1|
]        2.1.17 

Where ± corresponding to the situation of 𝐹2𝐹1 > 0 and 𝐹2𝐹1 < 0. In this algorithm, 

two linear diabatic potential energy surface curves and constant diabatic coupling are 

assumed at the avoided point, this switching probability can be formulated in terms of 

two unitless parameters, namely, effective coupling and effective collision energy as 

follows: 

𝑎2 =
ℏ2

2𝜇

√|𝐹2𝐹1||𝐹2−𝐹1|

(2𝑉12)3
          2.1.18 

And  

𝑏2 = (𝐸𝑡 − 𝐸𝑋)
|𝐹2−𝐹1|

√|𝐹2𝐹1|(2𝑉12)
        2.1.19 

In this formula, 𝐹1 and 𝐹2 are the forces on two diabatic potential energy surface, 𝑉12 

is the diabatic coupling, 𝜇 is reduced mass of molecular system, 𝐸𝑋 is energy at the 

crossing point and 𝐸𝑡 represents the summation of potential energy and kinetic energy 
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in the direction of the nonadiabatic coupling vector. In principle, Tully’s Fewest Switches 

is a local nonadiabatic transition probability computed at each integration time step along 

the propagation of trajectory. This means the trajectories can make an attempted hop at 

any time during the propagation of trajectory. However, Eq 2.1.17 should find the avoided 

crossing point, then we can calculate the transition probability in the avoided crossing 

region. it represents an average nonadiabatic transition probability along the trajectories, 

thus analytical equation 2.1.17 is a global switching probability. Thus, it’s similar to the 

Tully’s Fewest Switches, the trajectory surface hopping will occur when this switching 

probability is greater than a given uniform random number generated between 0 and 1. 

However, it requires a predetermined seam surface between two adiabatic potential 

energy surfaces instead of calculating the nonadiabatic coupling vector. Thus, it is 

difficult to applied for the general diatomic molecule. 

In 2014, Zhu etc33., report a new approach to generalize two parameters in Eq 2.1.18 

and Eq 2.1.19, it has applied in chapter 4 of this thesis. The position and velocity in 

Cartesian coordinates are propagated along the on-the-fly classical trajectories by 

integrating the Newtonian equation of motion with the velocity-Verlet method. We can 

detect the minimum adiabatic potential gap form three consecutive time steps; thus, 

multidimensional forces can be covert into one-dimensional forces in Eq 2.1.18 and Eq 

2.1.19: 

|𝐹2−𝐹1|

√𝜇
= √∑

1

𝑚𝑖
∑ (𝐹2

𝑖𝛼 − 𝐹1
𝑖𝛼)

2
𝛼=𝑥,𝑦,𝑧

𝑁
𝑖=1      2.1.20 

And  

√|𝐹2𝐹1|

√𝜇
= √|∑

1

𝑚𝑖
∑ 𝐹2

𝑖𝛼𝐹1
𝑖𝛼

𝛼=𝑥,𝑦,𝑧
𝑁
𝑖=1 |      2.1.21 

In Eq 2.1.20 and Eq 2.1.21, 𝑁 is number of nuclei in the molecular system with the 𝑚𝑖 

mass, and multidimensional diabatic forces can be calculated as: 

𝐹1
𝑖𝛼 = −

𝜕𝑉1

𝜕𝑅𝑖𝛼
 and 𝐹2

𝑖𝛼 = −
𝜕𝑉2

𝜕𝑅𝑖𝛼
       2.1.22 
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Where 𝑅𝑖𝛼 stands for x, y, and z components for the Cartesian coordinates for the ith 

nucleus. Thus, the diabatic potential energy gradient in on-the-fly dynamic simulation 

along a trajectory can be used to evaluate the multidimensional diabatic forces in Eq 

2.1.20 and Eq 2.1.21, it can simply make one linear connection of an upper adiabatic force 

at t1 with lower adiabatic force at t3 and another liner connection of a lower adiabatic 

force at 𝑡1 with an upper adiabatic force at t3. Thus, the fitting diabatic forces 𝐹1
𝑖𝛼 and 

𝐹2
𝑖𝛼 can be calculated as: 

𝐹1
𝑖𝛼(𝑡) = −

1

𝑅𝑖𝛼(𝑡3)−𝑅𝑖𝛼(𝑡1)
× [

𝜕𝑈−

𝜕𝑅𝑖𝛼(𝑡3)
(𝑅𝑖𝛼(𝑡) − 𝑅𝑖𝛼(𝑡1)) −

𝜕𝑈+

𝜕𝑅𝑖𝛼(𝑡1)
(𝑅𝑖𝛼(𝑡) − 𝑅𝑖𝛼(𝑡3))] 

              2.1.23 

And  

𝐹2
𝑖𝛼(𝑡) = −

1

𝑅𝑖𝛼(𝑡3)−𝑅𝑖𝛼(𝑡1)
× [

𝜕𝑈+

𝜕𝑅𝑖𝛼(𝑡3)
(𝑅𝑖𝛼(𝑡) − 𝑅𝑖𝛼(𝑡1)) −

𝜕𝑈−

𝜕𝑅𝑖𝛼(𝑡1)
(𝑅𝑖𝛼(𝑡) − 𝑅𝑖𝛼(𝑡3))] 

              2.1.24 

For three consecutive time steps 𝑡1 < 𝑡 < 𝑡2, and 𝑈+, 𝑈− are the adiabatic potential 

energy surfaces along a trajectory. Diabatic coupling involved in Eq 2.1.18 is given by 

2𝑉12 = 𝑈+(𝑡) +  𝑈−(𝑡) , By the above equations, we can calculate two unitless 

parameters 𝑎2  and 𝑏2  in the Eq 2.1.18 and Eq 2.1.19 at time t along an on-the-fly 

trajectory only depending on two potential energy surfaces and it gradients. In order to 

have an accurate fitting diabatic forces in Eq 2.1.21 and Eq 2.1.22, it should take a small 

integration time step. Moreover, we also need consider the hopping direction for nuclear 

motion. In this method, it takes a similar concept of Tully’s Fewest Switches, where the 

hopping direction depend on the adiabatic coupling 𝑅 ∙ 𝑑𝑖𝑗   because this direction 

indicates the maximum non-adiabatic transition probability in Eq 2.1.13, thus the hopping 

direction can be defined by a vector related to two diabatic forces as follows: 

𝑠𝑖𝛼 =
𝐹2

𝑖𝛼−𝐹1
𝑖𝛼

√𝑚𝑖
           2.1.25 

And the normalized vector as: 
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𝑛 =
𝑠

‖𝑠‖
             2.1.26 

The relation for classical momentum before and after hopping can be calculated by 

hopping direct vector 𝑛 , the momentum could be decomposed into parallel and 

perpendicular directions expressed as: 

𝑃∥ = (𝑃 ⋅ 𝑛)𝑛  and 𝑃⊥ = 𝑃 − (𝑃 ⋅ 𝑛)𝑛     2.1.27 

Perpendicular directions momentum is unchanged before and after hopping, thus we can 

conclude the relationship for parallel directions: 

𝑃⊥(𝑈+, 𝑡) = 𝑃⊥(𝑈−, 𝑡)         2.1.28 

And  

𝐸𝑡 = 𝑈+(𝑡) + ∑
𝑃𝑖∥(𝑈+,𝑡)

2𝑚𝑖

𝑁
𝑖=1 = 𝑈−(𝑡) + ∑

𝑃𝑖∥(𝑈−,𝑡)

2𝑚𝑖

𝑁
𝑖=1    2.1.29 

Where 𝑃𝑖∥(𝑈+, 𝑡) and 𝑃𝑖∥(𝑈−, 𝑡) is the momentum components on the upper and lower 

adiabatic potential surfaces at time t. then a simple scaling factor can be obtained from 

Eq 2.1.29 to rescale the change of parallel components of momentum. Finally, we can 

calculate the transition probability by this method, and it should note that if 𝑎2 is large 

than 1000, the transition probability should set up to unity (1, diabatic limitation) and if 

𝑏2 is smaller than 0.001, it should be zero (0, diabatic limitation)33, when 1000 > 𝑎2  >

0.001 the Eq 2.1.17 is actually preformed. 

 

2.2 Wavefunction method 

In above description of nonadiabatic dynamic simulation, we have introduced two 

type method that was used to compute the transition probability with the propagation 

along trajectories. Moreover, stationary electronic structure also needed in the 

nonadiabatic dynamics simulation. Thus, it is necessary to introduce the electronic 

structure method involved in thesis. The need for multiconfigurational method is often 
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motivated by an interest in systems where the electronic structure is not well-described 

by single determinant method. Any chemical reaction involves mixing the electronic 

wave function of the reactant and product and a large part of the reaction pathway should 

be better described by using more than one electronic configuration. Nonadiabatic 

reactions that involve conical intersection between an excited state and the ground state 

or states with significant double-excitation character should be studied with 

multireference methods. For nonadiabatic dynamic simulation, it is essential to 

computing nuclear gradients and derivative coupling by using multiconfigurational 

method34 whatever in Tully’s Fewest Switches-based methods or Zhu-Nakamura-based 

surface hopping. the framework of multireference theory aims at a generalization of 

construction of the electronic wave function beyond the single reference method. In 

principle, the concept is consisting of two types: (1) the multireference character is 

considered by a set of configurations as references, this aims primarily at the resolution 

of Quasi-degeneracies regarding orbitals and strongly coupled configurations (usually 

termed nondynamic, static or strong electron correlation)35. (2) orbital excitations from 

those references are constructed to improve the flexibility of the wave function, which is 

meant to include the remaining electron correlation as is done in the single reference 

configuration method. Basically, the methods can be divided into the ones that are based 

on multiconfigurational self-consistent field (MCSCF)36–38 and multireference 

configuration interaction (MRCI)39–42 and ones that based on perturbation theory 

(MRPT)43–46. A third area has emerged in more recent year which combines 

multireference approaches with DFT, specifically, the multiconfiguration pair-density 

function theory (MC-PDFT)47–54. And, some new algorithms have developed in recent 

years, including the density matrix renormalization group (DMRG)55,56 method and full 

configuration interaction quantum Monte Carlo (FCIQMC)57,58, which has attracted more 

and more attention the rapidly evolving fields. MCSCF and MRPT method has involved 

in the thesis, thus we just introduce them here. 
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In order to describe the MCSCF and MRPT method, we start from a review of full 

configuration interaction (FCI) method. The total electronic wave functions can be 

expressed as a linear combination of many-electron basis function |𝜙𝑖⟩: 

|Ψ⟩ = ∑ 𝑐𝑖|𝜙𝑖⟩𝑖            2.2.1 

Where the many-electron functions |𝜙𝑖⟩  are construct from molecular orbitals 

(MOs) either by means of individual determinants or as configuration state functions 

(CSFs). The latter are eigenfunctions of the spin operator 𝑠̂2 and 𝑠̂𝑧 by construction. 

The MOs must be computed before preforming an SCF or by any other appropriate 

method35. The FCI Hamilton matrix can be constructed by above process. If the 

configuration interaction expansion of the wave function includes all possible electronic 

configuration, the exact energies for a given basis set are calculated by diagonalization of 

the Hamiliton matrix using some iterative procedures. However, because of the highly 

computation cost of evaluating the complete determinant expansion, FCI just can be 

performed on small basis set and molecules. Therefore, it is essential to develop the 

approximation of FCI method.  

The MCSCF method is a variational procedure, which is based on the expansion of 

the expansion of the wave function in Eq 2.2.1, and both the CI coefficients and MOs are 

optimized. The situation is more difficult when several electronic states should be 

described at the same time. In this case, state average multiconfigurational self-consistent 

field (SA-MCSCF) is usually performed, in which the average energy of several states is 

optimized to obtain a balanced description of these state. The MCSCF method can be 

used as an approach of its own for calculating several electronic states of a molecule, but 

also as a procedure that only to create the Mos needed in the correlated multireference 

calculation for defining the many-electron expansion function |𝜙𝑖⟩  and to compute the 

Hamiltonian matrix H.  

A popular choice for the wave function used in the MCSCF methods is the complete 
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active space multiconfigurational self-consistent field (CASSCF). In this method, all 

possible configurations in a given orbital space and for a given number of electrons are 

constructed. It is essentially an FCI approach in the restricted space of active orbitals and 

electrons. Thus, the CAS is invariant under purely activate orbital rotations. This space is 

usually characterized as CAS (n electrons, n orbitals). Because of the factorial increasing 

of the size of the CAS with the number of active orbitals, this method also has a high 

computational cost when the target molecule with a large scale and large basis set. In 

principle, it is difficult to determine the actual size of these spaces because there are no 

straightforward rules on how to determine these spaces. Thus, when CASSCF method 

was performed in the calculation, it is better to recognize the orbital related to the excited 

state reaction or nonadiabatic process by visualizing the molecular orbitals (MOs) of 

target molecules. However, MCSCF method does not include dynamical correlation. So, 

the most accurate way to include multireference effects is to start with MCSCF and add 

dynamical correlation through configuration interaction (MRCI) or perturbation theory 

(MRPT) approaches.  

For multireference perturbation theory (MRPT), the application of perturbation 

theory in a contracted way to zero order wave function at the complete activate space 

level was developed by Roos, etc. giving rise to CASPT259, and implemented in 

OpenMolcas60,61 and Molpro61 package. it is the most widely used approach in high 

accurate method to deal with the excited state reaction. Although CASPT2 is very useful 

for describing excited state with the inclusion of both dynamical and dynamical 

correlation35, it is problematic around conical intersections since it uses perturbation 

theory correct one state at a time. The multistate CASPT2 (MS-CASPT2) was developed 

later, which considers coupling between states, and it thus more appropriate for conical 

intersections between excited states. In CASPT2, the reference wave function is an 

optimized MCSCF wave function. In most cases a CASSCF wave function can be for a 

single state or a state-averaged one. However, these methods are often much more 
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expensive, so until recently, in practice optimizations and dynamics were mostly done 

using CASSCF.  

 

2.3 DFT method  

Density functional theory (DFT) is widely used on ground state electronic 

calculation, couched in terms of the electronic density distribution62 𝑛(𝑟). Since its birth, 

it has become increasingly useful for the understanding and calculation of ground state 

chemical property of the molecular system, including ground electronic density, energy, 

and chemical reaction mechanism, etc. moreover, it also has been applied for solid matters, 

and large-scale materials63–73. Basically, DFT depends on the adequate knowledge of the 

exchange correlation energy function 𝐸𝑥𝑐[𝑛(𝑟)] , and though more and more accurate 

forms are constantly being developed, there is no know systematic way to achieve a high 

level of accuracy. Here, we just simply introduce the basic concept of the fundamentals 

of DFT. The Schrödinger equation can be described as: 

𝐻Ψ = 𝐸Ψ            2.3.1 

We assume that N nonrelativistic interacting electron with Hamiltonian as: 

𝐻 = − ∑
1

2
∇𝑖

2
𝑖 − ∑

𝑍𝐴

|𝑟𝑖−𝑟𝐴|𝑖𝐴 + ∑
1

𝑟𝑖𝑗
𝑖>𝑗       2.3.2 

The aim is to simply minimize the energy over all possible antisymmetric wave 

functions,Ψ(𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑁) for number of electrons N. where 𝑥𝑖 contains the spatial 

coordinate 𝑟𝑖  and spin coordinate 𝜎𝑖 , this enables us to find the minimizing 𝛹  and 

energy E. the basic foundation of DFT is the Hohenberg-Kohn theorem, which states that 

external potential is a functional of the ground state density. Thus, a relationship has been 

constructed between electronic density and interaction about the molecular system. In 

Kohn-Sham (KS) theory, the electron density of the KS reference systems is given by63: 

𝜌(𝑟) = ∑ |𝜙𝑖|
2

𝑖            2.3.3 
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And ground sate energy is expressed: 

𝐸[𝜌] = 𝑇𝑠[𝜌] + 𝑉𝑛𝑒[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶[𝜌]     2.3.4 

Where 𝑇𝑠[𝜌] is kinetic energy: 

𝑇𝑠[𝜌] = ∑ ⟨𝜙𝑖|−
1

2
∇2|𝜙𝑖⟩𝑖          2.3.5 

The nucleus electron potential energy, expressed in terms of the external potential due to 

the nuclei 𝑣(𝑟) = − ∑ 𝑍𝐴 (|𝑟 − 𝑅𝐴|⁄𝐴 ). 

𝑉𝑛𝑒[𝜌] = ∫ 𝜌(𝑟)𝑣(𝑟)𝑑𝑟           2.3.6 

And the classical electron-electron repulsion energy is: 

𝐽[𝜌] =
1

2
∬

𝜌(𝑟)𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟𝑑𝑟′           2.3.7 

For the remaining term exchange-correlation functional 𝐸𝑋𝐶[𝜌], it can be expressed in 

the constrained search formulation for density functionals. 

𝐸𝑋𝐶[𝜌] = (𝑇[𝜌] − 𝑇𝑠[𝜌]) + (𝑉𝑒𝑒[𝜌] − 𝐽[𝜌]       2.3.8 

However, it is difficult to get the exact formalism of 𝐸𝑋𝐶[𝜌] in Eq 2.3.8, there are many 

densities functional approximations has been developed for practical applications, which 

can be classify into three aspects. First is the simplest is local density approximation 

(LDA), the form of exchange part is given by: 

𝐸𝑥
𝐿𝐷𝐴[𝜌] =  −

3

4
(

3

𝜋
)

1 3⁄

∫ 𝜌4 3⁄ 𝑑𝑟         2.3.9 

While the functional for correlation was not derived from first principles, instead Monte 

Carlo simulation of the uniform gas. The LDA assumes that the density is the same 

everywhere, which tends to underestimate the exchange energy and overestimate the 

correlate energy. In order to correct for this error, it is common to expand in the terms of 

the gradient of the density to account for the non-homogeneity of the true electron density. 

Thus, generalized gradient approximation (GGA) as second type densities functional 
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approximations was proposed by researcher. For exchange part, takes the simple form of 

PBE: 

𝐸𝑋
𝑃𝐵𝐸 = − ∫ 𝜌4 3⁄ [

3

4
(

3

𝜋
)

1 3⁄

+
𝜇𝑠2

1+𝜇𝑠2/𝜅
] 𝑑𝑟    2.3.10 

In order to get more accurate exchange and correlation energy, Meta-generalized gradient 

approximation (Meta-GGA) include higher-order derivatives of the density Meta-GGA 

can give a form 𝐸𝑋𝐶
𝑀𝐺𝐴𝐴 = ∫ 𝜌4 3⁄ 𝐹(𝜌(𝑟), ∇𝜌(𝑟), ∇2𝜌(𝑟), 𝜏(𝑟) … ) 𝑑𝑟 , including the 

kinetic energy density 𝜏 =
1

2
∑ |∇𝜙𝑖|

2
𝑖  . Moreover, some functionals contain parts of 

Hartree-Fock exchange type terms and uses all the orbitals (both occupied and virtual)74. 

 

2.4 OM2/MRCI method 

Quantum-chemical ab initio method provide a convergent path to the exact solution 

of the Schrödinger equation and can therefore give more accurate answer for chemical 

reaction such as above introduction of DFT. However, because of the high computational 

cost, it is difficult to applied for largescale molecular system. Quantum-chemical 

semiempirical method are the simplest variant of electronic theory, involving integral 

approximations and parameterizations that limit their accuracy but make them very 

efficient, so that it can be utilized in a relatively large system.  

Orthogonalization models OM275 and OM2/MRCI76 method have been performed 

in this thesis, we thus, will introduce the OM2 simply here. In matrix notation, the basic 

equations of the model are as follows: 

Ψ = C𝜙            2.4.1 

𝐹𝐶 = 𝐶𝐸           2.4.2 

𝐹 = 𝐻 + 𝐺(𝑃)          2.4.3 

They start out from an ab inito formalism and then introduce rather assumptions to speed 
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up the calculations, typically by neglecting many of less important terms in the Eq 2.4.3 

Fock matrix. Orthogonalization corrections is included in the one electron terms and two-

center one-electron terms, which employ the HF SCF-MO77 treatment for the valence 

electrons with a minimal basis set of contracted Gaussian functions (STO-3G for 

hydrogen and ECP-3G for carbon, nitrogen, oxygen, and fluorine). These Empirical 

parameters are incorporated into the formalism and calibrated against reliable 

experimental or theoretical reference data to avoid the errors caused by those 

approximations. Based on the configuration of Hartree-Fock equation performed using 

OM2 calculation level, the excited state configuration can be defined and get the MRCI 

configuration by the linear combination of the obtained configuration.  

 

2.5 Dimensionality reduction method 

In computer science, datasets with many characteristics are called high-dimensional 

data, it has also received increasing attention from people. Massive and complex data 

contains a lot of useful information, but it also increases the difficulty to use the data 

effectively, and it also discover the essential characters of the data. For example, the 

problem called the “curse of dimensionality” appears due to the rapid and large-scale 

expansion of dimensions. Thus, researcher of computer science proposed a kind of 

method namely dimensionality reduction, which is a method for representing a given 

dataset using a lower number of features (dimensions), while still capturing the original 

data’s meaningful properties78. 

In the mathematical sense, suppose there is a n-dimensional vector: 

𝑋 = [𝑥1, 𝑥2, … 𝑥𝑛]          2.5.1 

𝑋 are mapped to m-dimensional vector 𝑌 through a map 𝑓: 

𝑌 = [𝑦1, 𝑦2, … 𝑦𝑚]          2.5.2 
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And 𝑚 ≪ 𝑛 , vector 𝑌 should contain the main features of vector 𝑋. Mathematically, 

the mapping function can be expressed as: 

𝑌 = 𝑓(𝑋)            2.5.3 

This process of feature extraction and selection can help people capturing the important 

features of the date sets. This mapping 𝑓 is the algorithm that we want to find for feature 

reduction. The choice of mapping 𝑓 differs depending on the pending problem. 

The dimensionality reduction methods are divided into two categories: linear and 

nonlinear, Linear methods are easier to calculate than nonlinear and they can be parse. 

However, many of the problems are related to nonlinear and time-varying systems, which 

attracts more and more attention. Principal component analysis (PCA)79 and classical 

multi-dimensional scaling (CMDS)78 are the most widely used linear algorithms, PCA 

allows the original complex variable to be represented by several integrated factors that 

reflect the information contained in the original variable as much as possible, and these 

factors do not relate to each other, to achieve the purpose of simplification. if there are 𝑛 

samples, the number of indicators measured by a single sample is 𝑝 , so there are total 

of 𝑛𝑝 data, but the indicators usually interact with each other, and the PCA is to study 

how to find the principal components from the indicators. the goal of CMDS is to find 

the multidimensional data projections in the lower-dimensional space (2- dimension or 3-

dimension) to maintain the similarity or inconsistency of the data. Steps of the CMDS 

algorithm includes construct the distance matrix 𝐷  according to original data sets, 

calculating the inner product matrix 𝐵, and then calculating the eigenvalues 𝜆1 ≥ 𝜆2 ≥

⋯ 𝜆𝑛  and eigenvector of B matrix. the new space can be constructed by product 

eigenvector and corresponding eigenvalue. It can be seen from above description that the 

CMDS and PCA are essentially the same, the difference is that the CMDS is based on the 

sample, and the PCA is based on variables. The Nonlinear dimensionality reduction 

methods such as isometric map (ISOMAP)80, local linear embedding (LLE)81, can re-set 

a set of data of dimensional space with some geometric features in low-dimensional space. 
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In this thesis, CMDS was involved, the details can reference the specific chapter.  

 

Chapter 3 Theoretical study of SiCH4 

3.1 Introduction 

Silaethylene and its derivatives are studied for their potential in creating new 

materials with unique electronic and mechanical properties82,83. It serves as a useful 

intermediate for synthesizing more complex organosilicon compounds83,84, which have 

applications in pharmaceuticals85, agrochemicals, and advanced materials. Also, it can 

participate in various chemical reactions, including cycloadditions and insertions, making 

it an important intermediate in organosilicon chemistry. Understanding the behavior of 

silaethylene can contribute to the development of new catalytic processes86, particularly 

in the field of silicon-based organic synthesis.87  

The dynamics of photoexcited π-bond is a very interesting and important 

phenomenon. In this context ethylene (C2H4) has been studied extensively including 

detail investigations of the characteristics of its reaction path, conical intersections and 

dynamics on these surfaces88–90. Silaethylene, formally known as silene, and represented 

by the molecular formula H2Si=CH2, is a chemical compound where one of the carbon 

atoms in ethylene (C2H4) is replaced by a silicon atom. This compound belongs to the 

broader class of organosilicon compounds, which are characterized by silicon atoms 

bonded directly to carbon atoms. Silaethylene (H2Si=CH2) features a double bond 

between a silicon atom and a carbon atom. In this structure, silicon (Si) forms a double 

bond with carbon (C),which is similar to the carbon-carbon double bond in ethylene. Thus, 

the properties of silicon-carbon double bonds are of considerable interest, as evidenced 

by large numbers of experimental and theoretical investigations, many of these studies 
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concentrated on the question of the strength of Si=C double bond in comparison to the 

C=C double bond in the ethylene. By estimating the heats of formation and the relative 

stability of silaethylene versus, Walsh et al. concluded that the C=C double bond is weaker 

than the Si=C double bond91–93. In order to give more information on the excited state of 

silaethylene, Pitonak et al. has a systematic studied of the energy surfaces, including the 

vertical excitations, equilibrium geometry, conical intersections and the comparation 

results between ethylene and silaethylene at multireference configuration interaction 

calculations with singles and doubles (MR-CISD) level. according to their result, there 

are four pathway was investigated and it is expected that after Frank-Condon excitation 

to the excited state, the conical intersection is immediately reached and rapid radiationless 

transition to the ground state will occur. However, such a mechanism does exist in the 

ethylene94. Then, Zechmann et al. has explored the excited sate dynamics process of 

silaethylene by the surface hopping combined with multireference configuration 

interaction methods. The evolution of the S0 and S1 state were investigated during the first 

100(fs) after photoexcitation. In contrast to expectations based on previous static 

calculation of potential energy surface, two mechanisms were found, corresponding to 

torsion and pyramidalization paths. In their calculation, state-average multiconfiguration 

self-consistent filed (SA-CASSCF) and multireference configuration interaction with 

single and double excitation (MR-CISD) calculation were carried out for the ground state 

and the S1 state of silaethylene. A CAS (2,2) complete activate space was chosen and the 

three states calculation at the MCSCF/6-31g* level had equal weights. Two distinct 

mechanisms for the relaxation from Franck-Condon region of the S1 state to the ground 

state. these two different mechanisms mainly due to the CSi stretching mode95. However, 

the different reaction was recognized in other same type of photodynamic processes such 

as CH2NH2
+96, C2H3F

97, and the research of silylenemethyl radical98. In previous studies, 

a small CAS space was chosen to perform the static calculation and dynamics. although, 

the MR-CISD method can consider more configuration correlation compared to SA-
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CASSCF and can give more accurate result. The small CAS space may lead an incomplete 

identification of the mechanisms for understanding the photodynamic of silaethylene.  

In this study, the reaction route map of silaethylene on the ground is explored using 

the using the ADDF method at B3LYP/def2-svp, six different paths have been searched, 

including two dissociation reaction paths and four proton-transform paths. then the 

photodynamic of silaethylene was investigated by means of Zhu-Nakamura based method 

surface hopping dynamics at MS-CASPT2/def2-svp level and six different paths was 

recognized. 

3.2 Computational Details 

The global switching trajectory surface hopping method have been performed to 

treat surface hopping occurred at an avoided crossing point adjacent adiabatic potential 

energy surface, usually located at conical intersection region. The global switching 

probability is calculated by Zhu-Nakamura-based Landau-Zener formula99, as follows: 

𝑃 = 𝑒𝑥𝑝 [−
𝜋

4√𝑎2 √
2

𝑏2+√|𝑏4±1|
]      3.2.1 

In which a2 is the effective nonadiabatic coupling constant and b2 is effective collision 

energy, these two constants can be defined as: 

𝑎2 =
ℏ2

2𝜇

√|𝐹1𝐹2||𝐹1−𝐹2|

(2𝑉12)3          3.2.2 

and 

𝑏2 = (𝐸𝑡 − 𝐸𝑋)
|𝐹2𝐹1|

√|𝐹1𝐹2|(2𝑉12)
       3.2.3 

Where F1 and F2 are forces along two diabatic potential energy surface, the diabatic 

coupling V12 can be directly calculated by the difference between two adiabatic potential 

energy surfaces at avoided crossing region, μ represents the reduced mass of a diatomic 

molecule, Et is the summation of potential energy and kinetic energy component along 

hopping vector direction, Ex is the potential energy at crossing point. It is noted that ± in 
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Eq 3.2.1 corresponds to F1F2 > 0 or F1F2 < 0. 

3.3 Results and Discussion  

3.3.1 The reaction route for SiCH4 

 

 

Figure 3.1 the reaction pathway on ground state of SiCH4, including four TSs, two 

proton-transform products P1 and P2, dissociative products P3 and P4. 

To systematically investigate the possible reaction pathways through electronic 

excited state for the photochemical reaction of SiCH4, the SiCH4 of minima and transition 

state geometries were located on the ground state potential energy surface by combining 

with ADDF100 and IRC calculations with B3LYP-D3 functionals and def2-svp basis set 

using Gaussian16 and developmental version of GRRM23.101 Figure 3.1 shows the 

reaction path for SiCH4 where two products (P1, P2) are connected by four TSs. Three 

TSs (TS1, TS2, TS3) are recognized that proton transform, which are examined by 

analyzing of frequencies. it is noted that planar reactant undergoes isomerization around 
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Si=C bond, passing through the TS4 before reverting back to the original reactant. 

Moreover, two new dissociation pathways also have been explored by GRRM program101, 

the original reactant is branched into two pathways due to the breaking of C=H bond and 

Si=H bond, formatting two dissociative products P3 and P4. Furthermore, the electronic 

structure calculations were carried out by active space (8,8) mulit-state second-order 

perturbation theory (MS-CASPT2) methods102 with def2-svp basis set, using the 

OpenMolcas program package.103 Figure 3.2 shows relative energies of related electronic 

state of SiCH4, the dissociative products CH2+SiH2, H+CH=SiH2, CH2=SiH+H, and the 

proton-transfer products CH=SiH3, CH3=SiH at CASPT2/def2-svp level. With the 

consideration of related electronic state of SiCH4, planar reactant is prompt to first excited 

state from ground state at FC region roaming in the environment with 5.60 eV of 

excitation energy differ to experimental value of 4.83 eV, excited SiCH4 molecules then 

is decay to ground state products. Figure 3.3 shows molecular orbital at equilibrium 

geometry of ground state at MS-CASPT2 level. The π orbital and σ orbital is involved in 

activate space so that all possible reaction pathway can be considered in calculation.   

In fact, on further optimization, three conical intersections are also located by 

OpenMolcas program at CASSCF/def2-svp between S0 and S1.There are three types of 

photochemical reaction processes, after exciting to the S1 state form FC region, One of 

pathway is that excited SiCH4 molecules dissociate into two cations CH2
+ and SiH2

+.Two 

pathways involve the excited SiCH4 molecules dissociating into two dissociative products 

H+CH=SiH2, CH2=SiH+H with the breaking of C=H and Si=H bonds. The potential 

curves obtained though linear interpolation coordinate and spanning from equilibrium 

geometry to a distance of 4.0 Å, are illustrated in Figure 3.4 (a) and Figure 3.4 (b). as 

the distance between C=H and Si=H bonds increase, two adjacent diabatic potential 

surface become degenerate, potentially leading to non-diabatic transitions during the 

photochemical dissociation process. Another two pathways involve excited SiCH4 

molecules undergoing proton-transfer from C atom and Si atom, respectively. the 
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potential curves obtained through linear interpolation coordinates, extending from the 

equilibrium geometry to a conical intersection, and subsequently proceeding to another 

equilibrium geometry, are depicted in Figure 3.4 (c) and Figure 3.5 (d).  A third 

pathway involves the excited SiCH4 molecules decaying to original ground state reactant 

by rotating the CH2 and SiH2 around C=Si bond. The potential curves obtained through 

linear interpolation coordinate, rotating along the torsional dihedral angle H-C-Si-H form 

equilibrium geometry to a conical intersection, and subsequently undergoing to another 

isomer, are displayed in the Figure 3.4 (e).  

 

Figure 3.2 Relative energies of the electronic states of SiCH4 and dissociative products CH2+SiH2, 

H+CH=SiH2, CH2=SiH+H, CH2=Si+H2, CH=SiH3, CH3=SiH at CASPT2/def2-svp level. 
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Figure 3.3 The natural orbitals of SiCH4, from orbital 9 to orbital 16, are selected as the 

active orbitals. 
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Figure 3.4 (a) Si-H dissociation starting from the equilibrium geometry to the distance of 

4.0 Å. Energies are relative to the equilibrium geometry. (b) C-H dissociation starting 

from the equilibrium geometry to the distance of 4.0 Å. Energies are relative to the 

equilibrium geometry. (c) proton-transfer string from the C1 to Si2 (d) proton-transfer 

string from the Si2 to C1 (e) the rotation of θH6-C1-Si2-H4 from 0° to 180° at MS-

CASPT2/def2-svp level. (f) the equilibrium geometry of SiCH4 with key atoms labeled 

by number. 
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3.3.2 Surface hopping AIMD simulation for dissociation process 

Trajectory surface hopping (TSH) simulation were systematically program to 

explore the photoisomerization process of SiCH4. State-averaged complete activate space 

multiconfigurational self-consistent filed (SA-CASSCF) and multireference second-

order perturbation (MS-CASPT2) method with def2-svp basis set were carried out for 

ground state(S0) and first excited state(S1) of silaethylene (SiCH4). A CAS (8,8) complete 

activate space was chosen and two states calculated at the SA-CASSCF and MS-CASPT2 

level with equal weights. All energies, gradients and nonadiabatic coupling vectors were 

calculated with the OpenMolcas package.103 Initial conditions were generated by winger 

distribution at 0 K. In total 500 trajectories were performed at MS-CASPT2 level, a period 

of 100 fs was chosen for each trajectory with a time step 0.5 fs. 

First of all, surface hopping AIMD simulations were conducted using both Tully’s 

fewest-switch surface hopping (FSSH) and Zhu-Nakamura surface hopping (ZNSH) 

algorithm at SA-CASSCF/def2-svp level. The Tully’s FSSH code was executed using the 

sharc program104, while the ZNSH code was implemented using pymd, a program 

developed internally. Figure 3.5 (a) illustrates the population of S1/S0 of SiCH4 obtained 

from FSSH at the SA-CASSCF/def2-svp level, where 400 trajectories were simulated, 

resulting in an approximate lifetime of 30.5 fs, on the other hand, Figure 3.5 (b) displays 

the population of S1/S0 of SiCH4 obtained from ZNSH at the SA-CASSCF/def2-svp level, 

with 500 trajectories simulated, and an estimated lifetime of approximately 30.5 fs. 

Moreover, as can be seen that the shape of the population of FSSH is similar to ZNSH 

result. Consequently, the ZNSH algorithm implemented in pymd is reliable according to 

obtained from FSSH at SA-CASSCF/def2-svp level. 

With consideration of the dynamical correlation effects, we ran 500 trajectories 

string form the S1 excited state at MS-CASPT2/def2-svp level. 4 trajectories can be 

classified into any pathway, thus,496 trajectories were included to estimate the branching 

ratio. Among them, 101 trajectories did not decay to the ground state account for 20%, 
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SiCH4 dissociate into two cations CH2
+ and SiH2

+ in 10 trajectories (2%), into dissociative 

products H+CH=SiH2 in 43 trajectories (9%), into dissociative products CH2=SiH+H in 

157 trajectories (32%). For the proton-transfer products CH=SiH3 and CH3=SiH in 10 

trajectories (2%) and 23 trajectories (5%), respectively. Furthermore, in the 

photoisomerization of SiCH4, the rotation of SiH2 and CH2 around the alkene Si=C 

skeleton was observed in 143 trajectories, accounting for 29% of the total trajectories. 

The SiCH4 also from the products of CH2 = Si+H2 account for 2%, the detail of branching 

ratio is summarized in the Table 3.1 Based on the simulated trajectories, Figure 3.5 (c) 

displays the population of S1/S0 of SiCH4, with 500 trajectories simulated, and a computed 

lifetime of approximately 48.5 fs. 

To deeply understand the overall photochemical mechanism of SiCH4 in details, the 

potential energy as function of time for seven example trajectories is presented in Figure 

3.6. The changes of potential energy of two cations CH2
+ and SiH2

+ along a propagation 

trajectory combined with the variation of distance between Si and C atom is presented in 

Figure 3.6 (a). as can be seen, with the dissociation of CH2
+ and SiH2

+, the distance 

between Si and C atom gradually increases from around 1.8 Å to more than 2.4 Å, while 

the diabetic potential energy surface is approaching until surface hopping occurs at t=96.5 

fs (S1→S0), the trajectory eventually reaches the ground state, which can be regarded as 

the dissociation of dissociation of CH2
+ and SiH2

+ pathway. 

For dissociative products H+CH=SiH2 and CH2=SiH+H, the changes of potential 

energy along example combined with the variation of distance between Si-C is presented 

in Figure 3.6 (b) and Figure 3.6 (c). with the progradation of trajectory, the distance 

between C-H, Si and H atom as function of time is shown beside potential energy curves. 

The molecules run on the excitation potential energy surface after prompting to S1 excited 

state. During the propagation of trajectory, Si-H and C-H distance increases from their 

initial stage. Molecules then decay to ground at 92.0 fs and 93.5 fs. For formation of CH2 

= Si+H2, the changes of potential curves illustrate in the Figure 3.6 (d), the distance of 



 

36 

 

H4-H5, Si-H4 and Si-H5 as function of time is shown beside potential curves, the distance 

of Si-H4 and Si-H5 increase from around 3.0 Å to around 4.0 Å, while the distance of H4-

H5 decreases from around 3.0 Å to around 1.0 Å, which can be considered as CH2 = Si+H2 

pathway. The surface hopping occurs at 63.0 fs. For proton-transfer products CH=SiH3 

and CH3=SiH, the change of potential energy combined with the variation of angle θSi2-

C1-H3 and θC1- Si2-H3 is shown in Figure 3.6 (e) and Figure 3.6 (f). The angle θSi2-C1-H3 and 

θC1-Si2-H3 gradually decreases, eventually decay to ground state at 22.5 fs and 48.0 fs, 

respectively. For photoisomerization pathway, then change of potential energy is 

presented in Figure 3.6 (g), with the propagation of example trajectories, the dihedral 

θH4-Si2-C1-H6 increases from negative to positive degree, While the molecule back to ground 

state at 86.0 fs. Thus, overall products of SiCH4 can be observed in the Zhu-Nakamura 

surface hopping simulation. 

 

Figure 3.5 (a) the electronic state population of SiCH4 at SA-CASSCF/def2-svp using 

Tully’s fewest-switch method in sharc program package, (b) at SA-CASSCF/def2-svp 

using Zhu-Nakamura method in our program (c) at MS-CASPT2/def2-svp using Zhu-

Nakamura method in our program. 
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Figure 3.6 (a) typical trajectory of Si-H dissociation (b) typical trajectory of C-H 

dissociation (c) typical trajectory of proton-transfer string from the C1 to Si2 (d) typical 

trajectory of proton-transfer string from the Si2 to C1 (e) typical trajectory of rotation of 

θH6-C1-Si2-H4 from 0° to 180° (f) the equilibrium geometry of SiCH4 with key atoms labeled 

by number. (f) 

Table 3.1 The branching ratio of various products at MS-CASPT2/def2-svp 

 MS-CASPT2  

CH2+SiH2 10 0.02 

H+CH=SiH2 43 0.09 

CH2=SiH+H  157 0.32 

CH2 = Si+H2 7 0.01 

CH=SiH3 10 0.02 

CH3=SiH 23 0.05 

CH2=SiH2 143 0.29 

other 4  

No Hopping  101 0.2 

total 500  

 

3.4 Conclusions 

In this study, ab initio dynamics simulation has been carried out for the multi-channel 

excited state reaction of SiCH4 at the MS-CASPT2 level to calculate the branching ratio 

of the dissociative and proton-transform path. The Zhu-Nakamura method is employed 

to calculate the transition of the electronic state along the propagation of trajectory. 

The complete the reaction pathway on the ground state, including four proton-

transform paths and two dissociative paths. 500 trajectories are simulated with the initial 

condition that Wigner sampling is given to the respective normal vibrational modes of 
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SiCH4 with random phases, and the molecule is stimulated to the S1 state of SiCH4. The 

rates of the respective dissociative products are estimated as CH2=SiH+H (0.32), 

H+CH=SiH2 (0.09), while the proton-transform products are CH=SiH3 (0.02) and 

CH3=SiH (0.05). this displays that our simulation with consideration of large CAS space 

(CAS (8,8)) and more dynamic correlation of MS-CASPT2 confirm more reaction 

channels. We believe that this work may deepen the insight and understanding of the 

photodynamic process of SiCH4. 

Chapter 4 Theoretical design of molecular motors 

4.1 Introduction  

Molecular motors105–107 have the remarkable ability to induce mechanical rotation 

through precise movements of their constituent components, triggered by electronic or 

chemical stimuli, particularly the influence of light. The prospect of harnessing light as a 

potent energy source for molecular motors has garnered growing interest in recent years. 

This interest stems from the unique advantages of light-driven molecular motors 

(LDMRMs), where specific wavelengths of light can control their operation without the 

need for physical contact or dependence on the surrounding environment, all while 

minimizing the generation of waste byproducts.4,5 LDMRMs operate through the 

photoisomerization of the alkene framework, with the two molecular motor 

subcomponents connected by a double C=C or C=N bond, enabling them to absorb 

activating light and achieve a full 360° rotation.108–111 

 Most LDMRMs traditionally rely on ultraviolet (UV, 100-400 nm) or visible (400-

750 nm) light for their excitation. This approach comes with several drawbacks: UV light 

is undesirable for constructing nodular photoresponsivity systems;107 UV light is less than 

ideal for constructing compact photoresponsive systems, and it can be detrimental to 

materials prone to degradation, while also posing a risk to cell health due to 
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photoreactions in some cellular components.112 Consequently, shifting the absorption 

band of the chromophore to the visible or near-infrared region of the electromagnetic 

spectrum has become a central concern within the LDMRM field. Various strategies have 

been explored to achieve a redshift of the excitation wavelength for well-established 

LDMRMs. Among these approaches, the most effective is believed to be the fine-tuning 

of the highest occupied molecular orbital (HOMO) - lowest unoccupied molecular orbital 

(LUMO) band gap through structural modifications of the molecular motor. In 2003, the 

Feringa group introduced a groundbreaking concept by proposing a donor-acceptor 

functionalized LDMRM, enabling the absorption of photons at 430 nm through the 

introduction of a push-pull system in the lower half of the molecular motor, facilitating 

photoisomerization.113 More recently, Leeuwen and colleagues114 introduced a class of 

LDMRMs based on the push–pull system. The incorporation of a benzofluorenyl moiety 

into a standard molecular motor resulted in a considerable bathochromic shift, with λmax 

transitioning from 395 nm of the parent motor to 420 nm due to enhanced π-conjugation. 

Pfeifer et al.115 further delved into the structural redesign of the second-generation 

LDMRM based on a push–pull system, achieving an even more pronounced redshift in 

the maximum absorption wavelength by altering substituents in the stator and rotor. In 

their study, three push-pull motors and a tricyano-substituted motor (1s, 2s, 6s refer to 

Figure 4.1) were prepared, allowing for a comparative analysis of the impact of push-

pull substitution on π-system extension by the CN-group in 6s.115 The results revealed 

maximum absorption wavelengths of 422 nm (1s), 453 nm (2s), and 421 nm (6s), with 

quantum yields ranging from approximately 0.15~0.12. These findings underscore the 

potential for achieving a redshift in absorption wavelength through strategic structural 

design, such as the introduction of substituent groups12,13. 
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Figure 4.1 The geometry of rotary motor 1s, 2s, 6s, and the newly designed Xs, as well 

as DDPYM. Some atoms are labelled by red numbers. 

 Feringa-type molecular motors exist in two main configurations: 4-stroke (involving 

two steps of photoisomerization coupled with two steps of thermal helix inversion 

(THI)),116,117 and 2-stroke (consisting of two photoisomerization steps only).118 The 

timescales for the photoisomerization and THI steps span from nanoseconds to days and 

femtoseconds to picoseconds, respectively.119,120 The rotation speed of a designed 

LDMRM is influenced by all the constituent steps in its rotation cycle, and the high energy 

barrier associated with the THI step hinders the overall rotation speed of LDMRMs. 

Hence, there exists considerable potential for enhancing the rotation speed by reducing 

the THI barrier.107 Recently, a new family of fulgide-based LDMRMS was reported by 

Filatov et al.121 They investigated the dynamics properties of these prototype molecules 

using a combination of quantum chemical calculations and trajectory surface hopping 
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(TSH) simulations with Tully's fewest switches algorithm.122 The TSH method is a highly 

effective technique for exploring the elementary processes of excited-state dynamics by 

calculating potential gradients through electronic structure calculations to determine the 

forces acting on atoms, deriving classical trajectories through numerical solutions of 

Newton's equations of motion, and considering transitions between electronic states due 

to non-adiabatic couplings.123,124 Theoretical simulations predicted a quantum efficiency 

of 0.55~0.68 for these prototype molecules, an ultrafast dynamics timescale of 200 to 300 

fs, and a thermal helix potential barrier of 13.6 kcal/mol.  

Several new designs of LDMRMs have been theoretically proposed to augment the 

rotation speed by minimizing the THI step. Filatov et al.125 reported a new class of 2-

stroke LDMRM capable of 360° rotation by reengineering the rotor blades and combining 

two photoisomerization steps. The TSH simulations predicted a photoisomerization 

process taking place within a timescale of 200 to 300 fs, demonstrating a notably high 

quantum yield of approximately 0.91-0.97. García-Iriepa et al.126 proposed a 2-stroke 

photoreaction-only LDMRM that eliminates the THI step and achieves rapid rotation by 

introducing a chiral hydrogen bond environment. More recently, Ma et al.127 introduced 

a new 3-stroke LDMRM capable of a full 360° rotation in two photoisomerization steps 

and one THI step, named DDIYs. TSH simulations at the semi-empirical OM2/MRCI 

level predicted ultrafast timescales (0.1 to 0.3 fs) for the two photoisomerization steps. 

They also designed an oxindole-based LDMRM, DDPYM,128 with a push–pull character 

and minimal steric hindrance near the rotation axis, leading to faster and more 

concentrated electronic decay of the S1 excited state compared to its parent molecule. 

 Consequently, significant research endeavors have been dedicated to shifting the 

absorption wavelength of molecular motors into the visible spectrum while upholding 

rotation speed and quantum yield. Drawing inspiration from the oxindole-based LDMRM, 

we introduce a new category of 4-stroke light-driven molecular motors, denoted as 2-

((2S)-5-methoxy-2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-yl)-3-oxo-2,3-



 

43 

 

dihydro-1H-dibenzo [e, g] indole-6,9-dicarbonitrile, or simply "Xs" (refer to Figure 3.1). 

Our molecule design draws from the second-generation LDMRMs established by Pfeifer 

et al.,115 focusing on tuning the HOMO-LUMO energy gap and minimizing the THI 

barrier. This adaptation enables a 360° rotation that encompasses two-step 

photoisomerization (EP to ZM and ZP to EM) and two-step thermal helix inversion. The 

primary aim was to conduct a comprehensive assessment of key attributes, including the 

UV-visible (UV-vis) spectrum, time-resolved fluorescence emission spectrum, the THI 

barrier, quantum yield, and average lifetime. These comparative analyses allowed us to 

evaluate and validate the performance of the designed LDMRM. Furthermore, we 

conducted a detailed comparative analysis with a recently conceived oxindole-based 

LDMRM named "DDPYM" (refer to Figure 3.1). We believe that this innovatively 

designed LDMRM will serve as a catalyst for further experimental and theoretical 

research in this domain. 

 

4.2. Computational Details 

 The equilibrium and transition state structures of LDMRMs 1s, 2s, 6s, and Xs in the 

ground state were optimized, and normal mode analyses were conducted through DFT 

calculations employing B3LYP-D3, CAMB3LYP-D3, M06-2X, and B97XD 

functionals along with 6-31G(d,p) basis sets. Additionally, the geometry optimization for 

isomers EP and ZP was carried out at the PBE0-D3/6-31G(d,p) level. UV-vis absorption 

spectra were calculated using TD-DFT at the same computational level. All DFT and TD-

DFT calculations were executed using the Gaussian09 program.129 

 The OM2/MRCI method, recognized for its computational efficiency and accuracy 

in exploring excited state dynamics, has been widely used in the investigation of 

photochemical reactions,130–141 as evident in benchmark papers.142–146 In this study, the 

OM2/MRCI method, implemented in the MNDO99 program,147 was utilized for excited-
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state calculations and dynamics simulations of LDMRMs 1s, 2s, 6s, and Xs. The 

Lagrange-Newton approach148 facilitated the identification of S1/S0 minimum energy 

conical intersections (MECIs) along the photoisomerization pathways. Multireference 

configuration interaction (MRCI) calculations were conducted for three reference states, 

encompassing the closed-shell ground-state, and single and double excitations from 

HOMO to LUMO. Considering the characteristics of ππ* electronic excitations and the 

convergence of the optimizations for MECIs, we selected active spaces (8,9), (10,10), 

(8,8), and (8,8) for the three substituent molecular motors, 1s, 2s, 6s, and Xs, respectively, 

in the OM2/MRCI calculations. To ensure the persistence of π orbitals within the active 

space throughout the calculation process, we identified and tracked the π-type population 

(PIPOP) using a threshold of 0.4. 

 The TSH simulations were conducted for molecular motors within the framework of 

the OM2/MRCI method utilizing Tully’s fewest-switches algorithm.122 Initial conditions 

were generated by the ground state equilibrium structure, with atomic velocities randomly 

distributed according to a Wigner distribution at 300 K. Geometries were selectively 

chosen using the filtering approach integrated into the MNDO program.147 In this filtering 

approach, transition probabilities are calculated for structures generated via Wigner 

sampling, and structures are then selected as initial conditions based on a comparison 

between these transition probabilities and random numbers.149 Wigner sampling is based 

on harmonic normal modes, and when it includes low-frequency modes, it samples 

structures that deviate from the equilibrium configuration. This can be problematic 

because in the actual potential energy surfaces of molecular systems, the effects of 

anharmonicity and mode coupling contribute, which reduces the accuracy of structural 

sampling along low-frequency modes. A simple workaround is to exclude these low-

frequency modes from the sampling. However, more precise methods such as the 

quantum thermostat technique have been devised recently, and comparisons between 

these methods and experimental data are being made.150 Although the molecular system 
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in the current study includes low-frequency modes, the purpose of the TSH simulations 

using OM2/MRCI is qualitative rather than quantitative, so we used conventional Wigner 

sampling to set the initial conditions. To enhance accuracy, the empirical decoherence 

correction proposed by Granucci et al.151 (0.1 au) was applied. The Newton equation of 

motion was resolved employing a time step of 0.1 fs through the velocity-Verlet 

algorithm,152 while the time-dependent electronic Schrödinger equation was solved with 

a time step 100 times smaller. 

 

4.3 Results and discussion 

4.3.1 Structures and potential energy profiles for molecular motor 

Concerning the geometries of 1s, 2s, 6s, and Xs, we adopt the helicity definition proposed 

by Karnik et al.153 According to conformation and helicity, two equilibrium geometries 

of different parent molecules, 1s, 2s, and 6s, are denoted as P and M, while four 

equilibrium geometries of Xs are labeled EP, ZM, ZP, and EM. Figure 3.1 depict the most 

stable geometries for 1s,2s,6s, DDPYM (P) and Xs (EP), respectively. Supplementary 

Figures 3.3, 3.5, 3.7, and 3.9 present all stable geometries of 1s, 2s, 6s, and Xs, with 

corresponding structural parameters calculated at different levels outlined in Tables 3.2, 

3.5, 3.8, and 3.11. It is evident that results from various calculation levels are in 

agreement with each other. The dihedral angles C40-C2-C1-C15 and C2-C1-C15-C17 are 

employed to characterize the steric bulkiness in the fjord region for 1s-P, 2s-P, 6s-P, Xs-

EP, and Xs-ZP. Tables S1, S2, S3 and S4 (refer to ESI) indicate that the dihedral angles 

for 1s-P, 2s-P, 6s-P are all smaller than those for Xs-EP and Xs-ZP, suggesting that the 

steric bulkiness in the fjord region is less pronounced for Xs-EP and Xs-ZP compared to 

1s-P, 2s-P and 6s-P. 

Figures 4.2, 4.4, 4.6 and 4.8 illustrate schematic diagrams of potential energy profiles 

for the rotation cycle of the molecular motors 1s, 2s, 6s and Xs, respectively. Table 4.13 
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presents the calculated energy barriers for 1s, 2s, 6s (between M and P), and Xs (between 

ZM and ZP and between EM and EP) in the ground state, calculated using the OM2/MRCI 

method. The optimized transition state geometries are depicted in Figures 4.3, 4.5, 4.7 

and 4.9, and corresponding structural parameters are provided in Tables 4.2, 4.5, 4.8, 

and 4.11. The OM2/MRCI results align well with those obtained through DFT 

calculations. As depicted in Figures 4.2, 4.4, 4.6, and 4.8, the molecular motor undergoes 

photoexcitation to the FC region (P isomer for 1s and EP and ZP isomers for Xs). 

Subsequently, the molecular motor rotates counterclockwise around the C=C double bond, 

decaying to the ground state via S1/S0 CIs, and eventually reaching stable M isomers for 

1s, 2s, 6s and ZM or EM isomers for Xs. Over time, the stable M isomers of 1s, 2s, 6s 

and ZM or EM isomers of Xs traverse the THI barrier and isomerize to P' of 1s, 2s, 6s 

and ZP of EP isomers for Xs. Table 4.13 reveals that the relative values of THI barriers 

for 1s, 2s, 6s, and Xs are consistent regardless of the method used. The THI barriers of 

the newly designed molecular motor Xs are notably lower than those of 1s, 2s, and 6s, 

suggesting a potentially higher rotational speed for Xs compared to 1s, 2s, and 6s. In 

comparison to DDPYM, the THI barriers of Xs are higher than DDPYM between ZM 

and ZP, while THI barriers between EM and EP are lower. This implies that the rotational 

speed of Xs may differ from DDPYM depending on the specific isomerization pathway, 

with Xs being faster for EM to EP and potentially slower for ZM to ZP. 
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Figure 4.2 The energy profiles of S0 and S1 states of a rotation cycle for the molecular 

motor 1s (P → M→ P' → M' → P) at the OM2/MRCI level; CI and TS denote conical 

intersection and transition state, respectively.  

Table 4.1 Energies of the relevant structures in the ground state for 1s, calculated by the 

OM2/MRCI method (in eV), and by the B3LYP-D3, CAMB3LYP-D3, M06-2X, and 

wB97XD methods with 6-31G(d,p) basis sets (in Hartree). The energies relative to P are 

also given in parenthesis (in kcal/mol). 

 OM2/MRCI B3LYP-D3 CAMB3LYP-D3 M062X B97XD 

P -5045.166 -1362.32954 -1361.56497 -1361.70764 -1361.82290 

M -5045.081 

(2.0) 

-1362.32354 

(3.8) 

-1361.55784 

(4.5) 

-1361.70076 

(4.3) 

-1361.81584 

(4.4) 

TS -5044.222 

(21.8) 

-1362.28838 

(25.8) 

-1361.52354 

(26.0) 

-1361.66602 

(26.1) 

-1361.78155 

(26.0) 
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Figure 4.3 Optimized structures of minima, one conical intersection, and one transition 

state along the reaction pathway of molecule 1s calculated at the OM2/MRCI level. 

Table 4.2. Geometrical parameters of optimized equilibrium and transition state 

structures in the ground state for 1s, calculated by the OM2/MRCI method, using the 

MNDO99 program,147 and by B3LYP-D3, CAMB3LYP-D3, M06-2X, and B97XD 

methods with 6-31G(d,p) basis sets, using the Gaussian09 program.129 The bond lengths 

are given in Å, while bond angles and dihedral angles are given in degrees. 

  OM2/MRCI B3LYP-D3 CAMB3LYP-D3 M06-2X B97XD 

P C1-C2 1.35804 1.36772 1.3547 1.35744 1.35552 

C40-C2-C1 126.9 126.535 126.386 126.096 126.427 

C2-C1-C4 125.904 124.632 124.769 124.59 125.032 

C40-C2-C1-C4 21.785 21.118 20.416 19.829 20.451 

C40-C2-C1-C15 -170.138 -169.548 -170.758 -170.663 -171.08 

C2-C28-C40-C1 -0.527 -1.359 -1.35 -1.507 -1.365 

C2-C1-C15-C17 40.462 40.548 41.468 40.602 42.032 

M C1-C2 1.36331 1.3761 1.36139 1.36391 1.36196 

C40-C2-C1 127.978 127.949 128.215 128.366 128.128 
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C2-C1-C4 124.41 124.504 125.061 124.928 125.402 

C40-C2-C1-C4 147.441 145.218 146.286 146.458 145.783 

C40-C2-C1-C15 -25.392 -29.015 -27.457 -26.842 -27.091 

C2-C28-C40-C1 -1.381 -1.183 -1.202 -1.38 -1.275 

C2-C1-C15-C17 -26.879 -27.786 -29.552 -29.826 -30.36 

TS C1-C2 1.36446 1.38357 1.36968 1.37336 1.37064 

C40-C2-C1 120.986 122.114 121.732 121.299 121.68 

C2-C1-C4 117.947 117.969 117.835 117.555 117.85 

C40-C2-C1-C4 -24.731 -24.094 -22.119 -21.646 -22.346 

C40-C2-C1-C15 142.51 139.727 144.791 145.794 144.687 

C2-C28-C40-C1 -9.315 -8.102 -8.168 -8.204 -8.312 

C2-C1-C15-C17 19.901 23.183 22.516 20.848 22.417 

P' C1-C2 1.35804 1.36772 1.3547 1.35744 1.35552 

C40-C2-C1 127.6 128.319 128.66 128.724 128.576 

C2-C1-C4 125.903 124.632 124.769 124.59 125.032 

C40-C2-C1-C4 -156.883 -155.427 -156.12 -156.326 -156.049 

C40-C2-C1-C15 11.203 13.907 12.706 13.182 12.419 

C2-C28-C40-C1 0.526 1.359 1.35 1.507 1.365 

C2-C1-C15-C17 40.461 40.548 41.468 40.602 42.032 

 

Table 4.3. Geometrical parameters of the CI structure between S0 and S1 states for 1s 

calculated by the OM2/MRCI method. The bond lengths are given in Å, while bond 

angles and dihedral angles are given in degrees.  

 

CI C1-C2 1.41331 

C40-C2-C1 96.940 

C2-C1-C4 115.996 

C40-C2-C1-C4 -112.117 

C40-C2-C1-C15 54.979 

C2-C28-C40-C1 -35.041 

C2-C1-C15-C17 19.312 
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Figure 4.4 The energy profiles of S0 and S1 states of a rotation cycle for the molecule 2s 

(P → M→ P' → M' → P) at the OM2/MRCI level; CI and TS denote conical intersection 

and transition state, respectively.  

Table 4.4 Energies of the relevant structures in the ground state for 2s, calculated by the 

OM2/MRCI method (in eV), and by the B3LYP-D3, CAMB3LYP-D3, M06-2X, and 

B97XD methods with 6-31G(d,p) basis sets (in Hartree). The energies relative to P are 

also given in parenthesis (in kcal/mol). 

 OM2/MRCI B3LYP-D3 CAMB3LYP-D3 M062X B97XD 

P -4882.130 -1340.04773 -1339.28776 -1339.44615 -1339.54261 

M -4882.057 

(1.7) 

-1340.04351 

(2.7) 

-1339.28239 

(3.4) 

-1339.44095 

(3.3) 

-1339.53729 

(3.3) 

TS -4881.165 

(22.3) 

-1340.00606 

(26.2) 

-1339.24581 

(26.3) 

-1339.40409 

(26.4) 

-1339.50077 

(26.3) 
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Figure 4.5 Optimized structures of minima, one conical intersection, and one transition 

state along the reaction pathway of molecule 2s calculated at the OM2/MRCI level. 

Table 4.5 Geometrical parameters of optimized equilibrium and transition state structures 

in the ground state for 2s, calculated by the OM2/MRCI method, using the MNDO99 

program,147 and by B3LYP-D3, CAMB3LYP-D3, M06-2X, and B97XD methods with 

6-31G(d,p) basis sets, using the Gaussian09 program.129 The bond lengths are given in Å, 

while bond angles and dihedral angles are given in degrees. 

  OM2/MRCI B3LYP-D3 CAM-B3LYP-D3 M06-2X B97XD 

P C1-C2 1.36244 1.37408 1.36111 1.36373 1.36217 

C40-C2-C1 127.136 126.811 126.682 126.466 126.733 

C2-C1-C4 125.498 124.365 124.468 124.204 124.61 

C40-C2-C1-C4 21.189 21.188 20.288 19.633 20.533 

C40-C2-C1-C15 -169.491 -167.68 -168.969 -169.132 -168.652 

C2-C28-C40-C1 -0.94 -1.486 -1.542 -1.686 -1.297 
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C2-C1-C15-C17 39.236 37.796 38.809 37.881 38.548 

M C1-C2 1.367 1.38365 1.3698 1.37196 1.37077 

C40-C2-C1 127.561 127.504 127.705 127.775 127.747 

C2-C1-C4 124.112 123.731 124.076 123.962 124.088 

C40-C2-C1-C4 146.833 144.009 145.301 145.919 145.078 

C40-C2-C1-C15 -26.653 -30.574 -29.107 -28.197 -28.967 

C2-C28-C40-C1 -1.713 -1.343 -1.319 -1.293 -1.425 

C2-C1-C15-C17 -26.159 -25.278 -26.561 -26.616 -26.635 

TS C1-C2 1.37 1.39052 1.37641 1.37956 1.37751 

C40-C2-C1 121.347 121.658 121.385 121.007 121.391 

C2-C1-C4 117.714 117.878 117.644 117.349 117.701 

C40-C2-C1-C4 -25.973 -25.947 -24.752 -23.953 -25.633 

C40-C2-C1-C15 140.72 139.347 142.667 143.871 141.809 

C2-C28-C40-C1 -9.361 -9.179 -9.323 -9.34 -9.508 

C2-C1-C15-C17 19.445 21.305 20.293 19.016 19.298 

P' C1-C2 1.36243 1.37408 1.36112 1.36373 1.36217 

C40-C2-C1 127.214 127.734 128.023 128.027 127.944 

C2-C1-C4 125.499 124.365 124.468 124.204 124.61 

C40-C2-C1-C4 -156.435 -155.071 -155.798 -156.111 -156.18 

C40-C2-C1-C15 12.872 16.061 14.945 15.125 14.636 

C2-C28-C40-C1 0.949 1.486 1.543 1.687 1.297 

C2-C1-C15-C17 39.256 37.796 38.809 37.88 38.547 

 

Table 4.6 Geometrical parameters of the CI structure between S0 and S1 states for 2s 

calculated by the OM2/MRCI method. The bond lengths are given in Å, while bond 

angles and dihedral angles are given in degrees.  

CI C1-C2 1.41136 

C40-C2-C1 116.416 

C2-C1-C4 118.624 

C40-C2-C1-C4 -115.421 

C40-C2-C1-C15 61.837 

C2-C28-C40-C1 -25.085 

C2-C1-C15-C17 3.152 
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Figure 4.6 The energy profiles of S0 and S1 states of a rotation cycle for the molecule 6s 

(P → M→ P' → M' → P) at the OM2/MRCI level; CI and TS denote conical intersection 

and transition state, respectively. 

Table 4.7 Energies of the relevant structures in the ground state for 6s, calculated by the 

OM2/MRCI method (in eV), and by the B3LYP-D3, CAMB3LYP-D3, M06-2X, and 

B97XD methods with 6-31G(d,p) basis sets (in Hartree). The energies relative to P are 

also given in parenthesis (in kcal/mol). 

 OM2/MRCI B3LYP-D3 CAMB3LYP-D3 M062X B97XD 

P -4718.473 -1317.75644 -1317.00065 -1317.17537 -1317.25304 

M -4718.389 

(1.9) 

-1317.75117 

(3.3) 

-1316.99421 

(4.0) 

-1317.16911 

(3.9) 

-1317.24659 

(4.0) 

TS -4717.522 

(21.9) 

-1317.71460 

(26.3) 

-1316.95834 

(26.5) 

-1317.13286 

(26.7) 

-1317.21080 

(26.5) 
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Figure 4.7 Optimized structures of minima, one conical intersection, and one transition 

state along the reaction pathway of molecule 6s calculated at the OM2/MRCI level. 

Table 4.8 Geometrical parameters of optimized equilibrium and transition state structures 

in the ground state for 6s, calculated by the OM2/MRCI method, using the MNDO99 

program,147and by B3LYP-D3, CAMB3LYP-D3, M06-2X, and B97XD methods with 

6-31G(d,p) basis sets, using the Gaussian09 program.129 The bond lengths are given in Å, 

while bond angles and dihedral angles are given in degrees. 

  OM2/MRCI B3LYP-D3 CAM-B3LYP-D3 M06-2X WB97XD 

P C1-C2 1.35898 1.36989 1.35707 1.35968 1.35804 

C40-C2-C1 126.835 126.579 126.42 126.241 126.426 

C2-C1-C4 125.955 124.703 124.834 124.667 124.999 

C40-C2-C1-C4 21.6 21.599 20.799 20.296 20.941 

C40-C2-C1-C15 -169.998 -168.293 -169.6 -169.462 -169.603 

C2-C28-C40-C1 -0.882 -1.347 -1.405 -1.44 -1.294 
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C2-C1-C15-C17 40.284 39.438 40.506 39.352 40.588 

M C1-C2 1.36383 1.3787 1.36441 1.36678 1.36501 

C40-C2-C1 127.85 127.689 127.928 128.025 127.857 

C2-C1-C4 124.585 124.304 124.786 124.65 125.075 

C40-C2-C1-C4 146.698 144.398 145.497 146.125 144.741 

C40-C2-C1-C15 -26.35 -29.937 -28.508 -27.649 -28.44 

C2-C28-C40-C1 -1.707 -1.211 -1.24 -1.191 -1.479 

C2-C1-C15-C17 -26.792 -26.783 -28.357 -28.262 -29.206 

TS C1-C2 1.36663 1.38642 1.37254 1.37609 1.37341 

C40-C2-C1 121.58 121.673 121.396 120.999 121.469 

C2-C1-C4 118.444 118.203 117.954 117.69 118.095 

C40-C2-C1-C4 -24.553 -25.939 -24.65 -24.364 -26.086 

C40-C2-C1-C15 140.401 138.229 141.927 142.268 139.706 

C2-C28-C40-C1 -8.77 -8.808 -8.871 -8.964 -9.125 

C2-C1-C15-C17 21.484 22.235 21.217 19.69 20.136 

P' C1-C2 1.35898 1.36989 1.36989 1.35968 1.35804 

C40-C2-C1 127.541 128.028 128.028 128.329 128.304 

C2-C1-C4 125.958 124.703 124.703 124.667 124.998 

C40-C2-C1-C4 -156.177 -154.997 -154.997 -156.057 -155.769 

C40-C2-C1-C15 12.228 15.112 15.112 14.186 13.688 

C2-C28-C40-C1 0.879 1.347 1.347 1.44 1.294 

C2-C1-C15-C17 40.287 39.438 39.438 39.353 40.588 

 

Table 4.9. Geometrical parameters of the CI structure between S0 and S1 states for 6s, 

calculated by the OM2/MRCI method. The bond lengths are given in Å, while bond 

angles and dihedral angles are given in degrees.  

C1-C2 1.41232 

C40-C2-C1 103.484 

C2-C1-C4 116.705 

C40-C2-C1-C4 -114.918 

C40-C2-C1-C15 55.426 

C2-C28-C40-C1 -32.841 

C2-C1-C15-C17 12.953 
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Figure 4.8 The energy profiles of S0 and S1 states of a rotation cycle for the molecular 

motor Xs (EP → ZM→ ZP → EM → EP) at the OM2/MRCI level; CI and TS denote 

conical intersection and transition state, respectively. 

Table 4.10 Energies of the relevant structures in the ground state for Xs, calculated by 

the OM2/MRCI method (in eV), and by the B3LYP-D3, CAMB3LYP-D3, M06-2X, and 

B97XD methods with 6-31G(d,p) basis sets (in Hartree). The energies relative to EP are 

also given in parenthesis (in kcal/mol). 

 OM2/MRCI B3LYP-D3 CAMB3LYP-D3 M062X B97XD 

EP -5823.673 -1584.97270 -1584.09429 -1584.26499 -1584.37052 

ZM -5823.81815 

(-3.4) 

-1584.97501 

(-1.5) 

-1584.10671 

(-7.8) 

-1584.27422 

(-5.8) 

-1584.38103 

(-6.6) 

TS1 -5823.645 

(0.7) 

-1584.96585 

(4.3) 

-1584.09820 

(-2.5) 

-1584.26679 

(-1.1) 

-1584.37327 

(-1.7) 

ZP -5823.935 

(-6.0) 

-1584.98174 

(-5.7) 

-1584.11394 

(-12.3) 

-1584.28305 

(-11.3) 

-1584.38954 

(-11.9) 

EM -5823.588 

(2.0) 

-1584.96833 

(2.7) 

-1584.10007 

(-3.6) 

-1584.26987 

(-3.1) 

-1584.37562 

(-3.2) 

TS2 -5823.499 

(4.0) 

-1584.95836 

(9.0) 

-1584.08996 

(2.7) 

-1584.25845 

(4.1) 

-1584.36531 

(3.3) 
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Figure 4.9 Optimized structures of minima, conical intersections, and transition states 

along the reaction pathway of molecule Xs calculated at the OM2/MRCI level. 

Table 4.11 Geometrical parameters of optimized equilibrium and transition state 

structures in the ground state for Xs, calculated by the OM2/MRCI method, using the 

MNDO99 program,147 and by B3LYP-D3, CAMB3LYP-D3, M06-2X, and WB97XD 

methods with 6-31G(d,p) basis sets, using the Gaussian09 program.129 The bond lengths 

are given in Å, while bond angles and dihedral angles are given in degrees. 

  OM2/MRCI B3LYP-D3 CAM-B3LYP-D3 M06-2X WB97XD 

EP C1-C2 1.36942 1.36419 1.35219 1.35451 1.3543 

C40-C2-C1 121.753 122.046 122.228 122.385 121.928 

C2-C1-C4 129.564 130.965 131.198 130.97 131.214 

C40-C2-C1-C4 10.601 10.096 9.477 8.684 9.52 

C40-C2-C1-C15 -177.726 -176.97 -177.985 -179.27 -178.09 

C2-C28-C40-C1 4.06 5.214 5.091 5.511 5.218 

C2-C1-C15-C17 30.966 30.427 31.366 31.89 32.103 

ZM C1-C2 1.36982 1.36793 1.35618 1.35758 1.35802 
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C40-C2-C1 123.841 126.638 127.098 123.916 123.588 

C2-C1-C4 125.563 130.516 130.624 125.645 126.056 

C40-C2-C1-C4 163.12 162.916 163.705 160.136 160.544 

C40-C2-C1-C15 -5.823 -7.113 -6.271 -9.365 -9.637 

C2-C28-C40-C1 -1.487 -0.683 -0.67 -1.135 -1.457 

C2-C1-C15-C17 -30.039 -13.217 -13.117 -29.498 -28.605 

TS1 C1-C2 1.37169 1.37165 1.36005 1.3624 1.36188 

C40-C2-C1 129.854 128.315 128.556 128.58 128.137 

C2-C1-C4 134.649 135.526 135.399 135.434 135.358 

C40-C2-C1-C4 -179.489 -177.662 -178.657 -179.469 -177.655 

C40-C2-C1-C15 -5.088 -4.575 -3.711 -2.785 -4.958 

C2-C28-C40-C1 -2.398 -3.361 -3.566 -3.971 -3.793 

C2-C1-C15-C17 17.746 12.818 13.355 12.946 14.367 

ZP C1-C2 1.36593 1.36178 1.35035 1.35287 1.35223 

C40-C2-C1 126.864 126.493 126.903 127.077 126.389 

C2-C1-C4 128.289 129.523 129.547 129.44 129.162 

C40-C2-C1-C4 -170.801 -168.852 -169.122 -169.133 -169.63 

C40-C2-C1-C15 -4.392 1.501 1.182 0.826 -0.04 

C2-C28-C40-C1 0.09 -1.672 -1.634 -2.086 -1.752 

C2-C1-C15-C17 33.045 27.369 27.583 27.084 28.015 

EM C1-C2 1.37008 1.36667 1.35423 1.35638 1.35703 

C40-C2-C1 124.427 124.101 124.568 124.636 124.16 

C2-C1-C4 125.925 127.795 127.852 127.672 127.634 

C40-C2-C1-C4 -15.286 -15.552 -14.147 -14.313 -15.487 

C40-C2-C1-C15 171.35 170.469 172.936 172.656 170.871 

C2-C28-C40-C1 -3.854 -4.841 -4.687 -4.786 -4.726 

C2-C1-C15-C17 -30.243 -30.551 -33.004 -33.14 -31.639 

TS2 C1-C2 1.38233 1.3852 1.37165 1.37442 1.37376 

C40-C2-C1 118.168 117.287 117.477 117.364 117.307 

C2-C1-C4 136.885 138.813 139.096 139.301 138.927 

C40-C2-C1-C4 -5.25 -8.432 -8.136 -7.905 -8.523 

C40-C2-C1-C15 171.155 170.772 171.432 172.254 170.103 

C2-C28-C40-C1 -2.147 -1.858 -2.007 -1.917 -2.227 

C2-C1-C15-C17 13.135 7.982 7.181 7.099 8.624 
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Table 4.12 Geometrical parameters of the CI1 and CI2 structures between S0 and S1 states 

for Xs, calculated by the OM2/MRCI method. The bond lengths are given in Å, while 

bond angles and dihedral angles are given in degrees. 

  OM2/MRCI 

CI1 C1-C2 1.40915 

C40-C2-C1 124.397 

C2-C1-C4 130.702 

C40-C2-C1-C4 -118.012 

C40-C2-C1-C15 74.254 

C2-C28-C40-C1 21.238 

C2-C1-C15-C17 -8.935 

CI2 C1-C2 1.40818 

C40-C2-C1 125.556 

C2-C1-C4 130.535 

C40-C2-C1-C4 118.805 

C40-C2-C1-C15 -76.244 

C2-C28-C40-C1 -20.878 

C2-C1-C15-C17 12.413 

 

Table 4.13 The THI barriers for 1s, 2s, 6s, and Xs at the levels of OM2/MRCI, B3LYP-

D3, CAMB3LYP-D3, M06-2X, and wB97XD. The energy is given in kcal/mol. 

  OM2/MRCI B3LYP-D3 CAMB3LYP-D3 M062X wB97XD 

1s M → P' 19.80 22.06 21.52 21.80 21.52 

2s M → P' 20.59 23.50 22.95 23.13 22.92 

6s M → P' 20.01 22.95 22.51 22.75 22.46 

Xs ZM → ZP 4.00 5.74 5.33 4.66 4.87 

 EM → EP 2.05 6.26 6.35 7.17 6.47 

DDPYM128 ZM → ZP 2.00     

 EM → EP 8.80     

 

4.3.2 Absorption spectrum 

To evaluate the performance of the newly designed Xs molecular motor, we conducted 

calculations of Ultraviolet-visible (UV-vis) absorption spectra using the TDDFT method. 
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These calculations were carried out for the optimized structures of 1s, 2s, 6s, Xs, and 

DDPYM at the PBE0-D3 level. The S0 → S1 excitation energy was homogeneously 

broadened with a full width at half maximum (FWHM) of 0.5eV using Gaussian function 

expansion. The absorption wavelengths (in nm) and excitation energies (in eV) for the S1 

state calculated by TDDFT and OM2/MRCI are shown in Table 4.14, and the 

corresponding absorption spectra derived from the excited states of S1 – S6 are depicted 

in Figure 4.10 (a), while the excited state energy are shown in Table 4.15. The 

corresponding experimental absorption spectra for 1s, 2s, and 6s115 are also presented in 

Figure 4.10 (b) for comparison. In Figure 4.10 (a), molecular motors 1s, 2s, 6s, and Xs 

exhibit absorption peaks ranging from 350 to 600 nm. The maximum absorption 

wavelengths for motors 1s, 2s, and 6s, calculated using TDDFT, are 445.28, 422.21, and 

425.22 nm, respectively. These values align well with the corresponding experimental 

data, even though the maximum absorption wavelengths for 1s and 2s have been reversed. 

We have also performed TDDFT calculations considering solvent effects on the excitation 

energy of the S1 state and compared these results with those obtained in the gas phase 

shown in Table 4.16. Conversely, the newly designed motor Xs shows maximum 

absorption wavelengths (EP and ZP) at 482.98 nm and 465.76 nm, respectively. Notably, 

these values represent a significant redshift when compared to the absorption wavelengths 

of 1s, 2s, and 6s. Furthermore, in comparison to the EP and ZP values of DDPYM, motor 

Xs exhibits a substantial redshift of 89.98 nm and 129.76 nm, respectively.  

The absorption spectra and overall UV-vis spectra generated from Wigner sampling 

at the OM2/MRCI level were also calculated and are shown in Figure 4.11 (a) and Figure 

4.11 (b), respectively, with maximum absorption wavelengths listed in Table 4.14. The 

absorption spectra of 1s, 2s, 6s, and Xs span from 250 to 550 nm, qualitatively aligning 

with TDDFT calculations. Notably, the maximum absorption wavelength of Xs (EP and 

ZP) is greater than that observed for 1s, 2s, and 6s, which can also be recognize in Figure 

4.11 (b). The consistency between the several sets of results indicates that the newly 
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designed motors exhibit a significant redshift in the UV-vis absorption spectrum. To 

further elucidate the reason for the redshift of Xs, we examined the relevant frontier 

molecular orbitals. As illustrated in Figure 4.12, the HOMO-LUMO energy gap of 

molecular motor Xs is notably low compared to the substituent motors 1s, 2s, and 6s. The 

structural modification of Xs has reduced the HOMO-LUMO energy gap by altering the 

HOMO and LUMO charge distribution. Consequently, the maximum wavelengths of the 

UV-vis absorption spectra of the newly designed molecular motor Xs were red-shifted to 

482.98 and 465.76 nm. 

 

Figure 4.10 (a) UV-Vis spectra and equilibrium structures of 1s, 2s, 6s, Xs, and DDPYM 

determined in the gas phase by TDDFT calculations at the PBE0-D3/6-31G(d,p) level. (b) 

The experimental spectra for 1s, 2s, and 6s, taken from Ref. 11 (Chem. Sci., 2019, 10, 

8768) (Solid lines: UV-vis spectra of 1s, 2s, and 6s in dichloromethane solvent. Dashed 

lines: UV-vis spectra after irradiation to photo-stationary states (PSS) with 420 nm (1s, 

6s) and 455 nm (2s) light). 
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Figure 4.11 The UV-vis spectra calculated for 1s, 2s, 6s, and Xs at the OM2/MRCI level: 

(a) generated from the absorption at the equilibrium structure; (b) generated from 200 

geometries around equilibrium structures from Wigner sampling. The S0→S1 excitation 

energy has been broadened to a full width at half maximum (FWHM) of 0.05 eV using 

the Newton-X 2.6 program154. By comparing panels (a) and (b), one can observe the 

extent to which the absorption spectra are influenced by molecules whose structures are 

distributed near the equilibrium structure via Wigner sampling. Although multiple peaks 

appear for each molecule, the peaks showing the maximum absorption intensity do not 

deviate significantly from the equilibrium structure. 
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Table 4.14 The absorption wavelengths (in nm) and excitation energies (in eV) for the S1 

state of the molecules 1s, 2s, 6s, Xs, and DDPYM, calculated using two methods: TDDFT 

with PBE0-D3/6-31G(d,p) and OM2/MRCI. The experimental data for 1s-P, 2s-P, and 6s-

P measured in dichloromethane (DCM) solvent115 are also presented. 

  TDDFT OM2/MRCI Exp. 

1s P 445.28/2.78 364.5/3.40 422/2.94 

2s P 422.21/2.94 362.5/3.42 453/2.74 

6s P 425.22/2.92 353.0/3.51 421/2.95 

Xs EP 482.98/2.57 395.0/3.14  

 ZP 465.76/2.66 382.5/3.24  

DDPYM EP 385.99/3.21   

 ZP 383.00/3.23   

 

Table 4.15 Excitation energies (in eV) and oscillator strengths of the electronic states, 

ranging from S1 to S6, for 1s-P, 2s-P, 6s-P, Xs-ZP, and Xs-EP, using the PBE0-D3/6-

31G(d,p) level of theory. Based on the oscillator strengths obtained, the primary excited 

state for is identified as S1.  

 1s-P 2s-P 6s-P Xs-EP Xs-ZP 

S1 2.78/0.4930 2.94/0.6858 2.92/0.6656 2.57/0.3928 2.66/0.4190 

S2 2.99/0.0553 3.39/0.0002 3.11/0.0005 2.90/0.2101 3.07/0.1746 

S3 3.55/0.1094 3.76/0.0258 3.46/0.0213 3.15/0.1635 3.17/0.0410 

S4 3.78/0.0453 3.84/0.0149 3.88/0.0298 3.39/0.0286 3.44/0.0109 

S5 3.90/0.0505 4.04/0.0006 3.99/0.0292 3.57/0.1123 3.52/0.0897 

S6 4.02/0.0026 4.15/0.0292 4.04/0.0185 3.74/0.0261 3.78/0.0284 
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Table 4.16 The absorption wavelengths (in nm) and excitation energies (in eV) for the S1 

state of the molecules 1s-P, 2s-P, 6s-P, Xs-EP, and Xs-ZP, calculated by TDDFT and 

TDDFT(DCM) with PBE0-D3/6-31G(d,p). TDDFT(DCM) refers to the values calculated 

using the Polarizable Continuum Model (PCM) to include the effects of the 

dichloromethane (DCM) solvent. The experimental data for 1s-P, 2s-P, and 6s-P measured 

in DCM solvents115 are also presented. When comparing the calculated values with 

experimental data, they generally align well. Specifically, for 2s-P, the results 

incorporating solvent effects show a particularly close match with experimental values. 

 TDDFT TDDFT(DCM)  Exp. 

1s-P 445.28/2.78 463.46/2.68 422/2.94 

2s-P 422.21/2.94 447.24/2.77 453/2.74 

6s-P 425.22/2.92 443.54/2.79 421/2.95 

Xs-EP 482.98/2.57 499.28/2.48  

Xs-ZP 465.76/2.66 487.28/2.54  
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Figure 4.12 The HOMO and LUMO of motor 1s-P, 2s-P, 6s-P, Xs-EP, and Xs-ZP, 

calculated at the PBE0-D3/6-31G(d,p) level with unit in eV. 

 

4.3.3 Trajectory surface hopping simulations 

Trajectory surface hopping (TSH) simulations were systematically conducted to 

explore the photoisomerization processes of 1s, 2s, 6s, and Xs. Initially, for each system, 

the CI of S1/S0 was optimized at the OM2/MRCI level. The relevant geometric structure 

data are summarized in Tables 4.3, 4.6, 4.9 and 3.12. Figures 4.3, 4.5, 4.7 illustrate that 

the obtained S1/S0 CI points for 1s, 2s, and 6s are distinguished by different dihedral 

angles θ4-1-2-28 and θ15-1-2-28. For Xs, the four S1/S0 CI points, denoted as CI1 and CI2, are 

identified based on the dihedral angles θ4-1-2-28 and θ15-1-2-28 (refer to Figure 4.1 for key 

atomic labels), as shown in Figure 4.9. The CI geometries obtained for 1s, 2s, 6s, and Xs 

all exhibit pronounced pyramidalization at the carbon atoms of the stator-axle, a 

phenomenon reported in other molecular motor studies.107,127,131,155,156 To directly observe 
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the pyramidalization phenomenon during dynamics simulations, the time dependence of 

the dihedral angles θ4-1-2-28, θ15-1-2-28, θ2-40-28-1 for 1s, 2s, 6s, and Xs in one representative 

trajectory is presented in Figures 4.13, 4.14, 4.15 and Figure 4.16.  

To deepen our understanding of the photoisomerization process in 1s, 2s, and 6s, we 

have detailed the behavior of crucial angles, specifically, θ2-40-28-1, θ4-1-2-28, and θ15-1-2-28, 

across characteristic trajectories. These figures reveal the dihedral angles θ4-1-2-28 evolving 

from initial setups to the conical intersection points at 1821.3, 1157.5 and 2949.1 fs, 

respectively, before hopping to the S0 state. Throughout this decay, the dihedral angle θ4-

1-2-28 shows a decrease marked by minor fluctuations, in contrast to the dihedral angle θ15-

1-2-28, which exhibits a steady increase. Approaching the conical intersection, the angle θ2-

40-28-1 shifts abruptly, showing dynamic shifts akin to precessional motion. After internal 

conversion to the S0 state, there's a sequential decrease in θ4-1-2-28 and increase in θ15-1-2-28, 

leading both angles to settle into slight oscillations within the M region - signaling the 

end of the photoisomerization journey. In molecular dynamics (MD) simulations, we use 

the velocity-Verlet algorithm, which largely preserves total energy if appropriate time 

steps are utilized. However, when performing TSH calculations for excited states based 

on multi-configurational and multi-reference wavefunctions, structural changes during 

MD calculations can cause the orbitals within the active space to swap with outer orbitals, 

or states included in the state averaging to swap with external states, which can potentially 

disrupt the conservation of total energy. In this study, using the OM2/MRCI method, we 

observe cases where energy conservation is compromised due to such reasons. Significant 

discrepancies are particularly evident for 1s. To gain a thorough insight into the 

isomerization mechanism of the Xs, we explore two representative trajectories, namely 

EP → ZM and ZP → EM, which represent pivotal transitions within the molecular motor's 

isomerization processes. Starting with EP → ZM, the journey begins as the EP isomer is 

energetically uplifted to the S1 state, setting the molecular motor on a path across the 

excited-state potential energy landscape until it descends back to the ground state at 713.9 
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fs. Illustrated in Figure 4.16 (b-d), this path witnesses the dihedral angle θ4-1-2-28, a critical 

link between the rotor and stator, ascend from its optimized EP form, experiencing 

fluctuations to stabilize at a 20° inclination by 713.9 fs. Concurrently, the dihedral angle 

θ15-1-2-28 exhibits a gradual decrement. Notably, the dihedral angle θ2-40-28-1 sees a swift 

increase, heralding the trajectory's venture into the CI region, alongside a pronounced 

pyramidalization at the carbon atom nestled within the stator-axle. The culmination of 

this photoisomerization sequence is signified by the dihedral angles θ4-1-2-28 and θ15-1-2-28 

achieving equilibrium. Turning our focus to the ZP → EM transition depicted in Figure 

4.16 (f-h), the narrative unfolds with the dihedral angle θ4-1-2-28 embarking from its initial 

stance, navigating through CI geometries at 1798.0 fs, before gracefully transitioning to 

the ground state. This relaxation phase sees the dihedral angle θ15-1-2-28 diminish from the 

ZP isomer's 170°, alongside a significant swell in the dihedral angle θ2-40-28-1, a movement 

that underscores the carbon atom's pyramidalization at the stator-axle. Impressively, the 

dihedral angle θ4-1-2-28 escalates from a modest 20° in ZP to a striking 170° throughout the 

ZP → EM isomerization, leading to a successful conclusion as the dihedral angles θ4-1-

2-28 and θ15-1-2-28 stabilize at predetermined coordinates, effectively charting the 

isomerization's course. Summarily, As the trajectories approach the CI region, the 

dihedral angle θ2-40-28-1 (1s, 2s, 6s) reaches about 30°, and the dihedral angle θ2-40-28-1 (Xs-

EP, Xs-ZP) also gradually increase to about 20°. This observation indicates that the 

pyramidalization of carbon atoms at the stator-axle becomes evident in the dynamic’s 

simulations. 

 For 1s, 2s, 6s, Xs (EP), and Xs (ZP), 400 structures were generated, respectively, using 

Wigner sampling. Through the filtering approach, about 70% of these structures were selected. 

From the chosen structures, 175, 242, 233, 220, and 179 structures, respectively, were selected as 

initial conditions for trajectory calculations, and we conducted TSH simulations from the S1 

excited state. The simulation times were 5.0, 2.5, 5.0, 1.5, and 3.0 ps for each molecular species. 

Isomerization to M was achieved for 1s, 2s, and 6s by counterclockwise rotation around the 
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central C=C double bond, with quantum yields of approximately 0.78, 0.6, and 0.67, respectively. 

For Xs, the photoisomerization process was investigated for EP and ZP starting from the S1 

excited state, with quantum yields of approximately 0.55 and 0.37 for EP → ZM and ZP → EM, 

respectively. In the case of DDPYM, the quantum yield for the transition from EP to ZM is 0.52, 

and for the transition from ZP to EM is 0.36. which is comparable to Xs. Figure 4.17 illustrates 

the time evolution of the S0 and S1 state populations for 1s, 2s, 6s, Xs-EP, and Xs-ZP. The average 

lifetimes of the S1 state for each molecular species are calculated to be 2.56, 1.16, 2.40, 0.85, and 

1.85 ps, respectively. Table 4.17 presents the number of trajectories, quantum yields, and 

lifetimes. The newly designed molecular motor Xs exhibits a slight decrease in the quantum yield 

of the photoisomerization reaction compared to 1s, 2s, and 6s. The time evolution of the 

population reveals that the average lifetime of the EP → ZM isomerization of Xs is extremely 

short compared to 1s, 2s, and 6s, and the ZP → EM isomerization reaction is also significantly 

shorter than that of 1s and 6s. Indeed, when comparing the simulated average lifetimes of 

DDPYM for the EP → ZM (0.27) and ZP → EM (0.44), it becomes evident that the lifetimes in 

DDPYM are significantly shorter than those in Xs. This suggests that Xs may exhibit longer-lived 

excited states compared to DDPYM.  
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Figure 3.13 (a) Variation of S0 and S1 energies and (b-d) variations of the dihedral angles 

θ2-40-28-1, θ4-1-2-28, and θ15-1-2-28, along a typical trajectory for 1s.  

 



 

70 

 

Figure 4.14 (a) Variation of S0 and S1 energies and (b-d) variations of the dihedral 

angles θ2-40-28-1, θ4-1-2-28, and θ15-1-2-28, along a typical trajectory for 2s. 

 

Figure 4.15 (a) Variation of S0 and S1 energies and (b-d) variations of the dihedral angles 

θ2-40-28-1, θ4-1-2-28, and θ15-1-2-28, along a typical trajectory for 6s.  
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Figure 4.16 (a) Variation of S0 and S1 energies and (b-d) variations of the dihedral angles 

θ2-40-28-1, θ4-1-2-28, and θ15-1-2-28, along a typical trajectory for Xs-EP; (e) Variation of S0 

and S1 energies and (f-h) variations of the dihedral angles θ2-40-28-1, θ4-1-2-28, and θ15-1-2-28, 
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along a typical trajectory for Xs-ZP.  

 

Figure 4.17 The average population of electronic states S0 and S1 over simulation time 

in the photoisomerization process starting from (a) 1s-P, (b) 2s-P, (c) 6s-P, (d) Xs-EP, 

and (e) Xs-ZP isomers. 

Table 4.17 The simulated quantum yields and average lifetimes for the 

photoisomerization of 1s, 2s, 6s, and Xs. 

  Number of 

trajectories 

Quantum 

yields 

Average lifetime 

(ps) 

1s P-M 175 0.78 2.56 

2s P-M 242 0.60 1.16 

6s P-M 233 0.67 2.40 

Xs EP-ZM 220 0.55 0.85 

 ZP-EM 179 0.37 1.58 

DDPYM128 EP-ZM 238 0.52 0.27 

 ZP-EM 221 0.36 0.44 

 

To provide further insight into the reduced lifetime of Xs-EP and Xs-ZP compared 
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to 1s, 2s, and 6s, we conducted nonadiabatic dynamics simulations of the 

photoisomerization process to compute the "dark state" duration. The dark state duration 

was determined based on the obtained average lifetime and the time-dependent 

fluorescence emission spectrum presented in Figures 3.18, 3.19, 3.20, 3.21, and 3.22, 

with the corresponding data listed in Table 3.18. It is important to note that the term "dark 

state" in this context does not refer to a new electronic state but rather signifies a "dark 

region" with low oscillator strength on the excited state.131 The computational details of 

the time-dependent fluorescence emission spectrum and a more comprehensive 

description of the computational results are described in this part. As indicated in Table 

4.18, the "dark state" durations for 1s, 2s, and 6s are 1.86, 0.90, and 2.06 ps, respectively, 

which are significantly longer than those for Xs-EP and Xs-ZP at 0.09 and 0.26 ps. This 

observation may elucidate why the average lifetime of the EP → ZM process for XS is 

extremely shorter than that for 1s, 2s, and 6s, and the ZP → EM process is also 

significantly shorter than that for 1s and 6s. The slightly higher average lifetime of ZP → 

EM process for Xs compared to 2s may be attributed to the steric bulkiness in the fjord 

region of Xs-ZP (C40-C2-C1-C15 is -4.4°, C2-C1-C15-C17 is 33.0° based on 

OM2/MRCI level), which is less than that of 2s-P (C40-C2-C1-C15 is 12.9° and C2-C1-

C15-C17 is 39.3° based on OM2/MRCI level). This difference in steric hindrance implies 

that the rotation from Xs-ZP to the CIs will take more time than for 2s, even though the 

"dark state" duration is significantly reduced for Xs-ZP compared to 1s-P. 

The time-resolved fluorescence emission spectrum during the P → M (1s, 2s, 6s) 

and EP → ZM, ZP → EM (Xs) photoisomerization processes were computed using 175, 

242, 233 trajectories for 1s-P, 2s-P, 6s-P, respectively, and 220 and 179 trajectories for 

Xs-EP and XS-ZP within our simulations. These calculations stem from nonadiabatic 

dynamics simulation outcomes, factoring in state energy, oscillator strengths, and the 

instantaneous electronic state of all trajectories throughout the simulation. To calculate 

the fluorescence intensity at each point in time, we employed a 10 fs time step, 
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aggregating the oscillator strengths of all trajectories that remained in the excited state at 

that moment. It's worth mentioning that this calculation approach is succinctly outlined 

here; for a more comprehensive theoretical framework, readers are encouraged to consult 

the works of Lan et al.157 and Jin et al.158 

The emission intensity I𝐼(𝜔, 𝑡)𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛at time t is calculated as follows: 

𝐼(𝜔, 𝑡)𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 ∝ 𝜔3 ∑ 𝑓(𝜔𝑖, 𝑡)𝛿(𝜔 − 𝜔𝑖)

𝑁1

𝑖=1

 

Here, 𝑓(𝜔𝑖, 𝑡) represents the oscillator strength of the ith trajectory at time t, and N1 is 

the number of trajectories remaining in the S1 excited state. The cumulative emissions 

over time and frequency domains are given by: 

𝐼(𝑡)𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = ∫ 𝐼(𝜔, 𝑡)𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑑𝜔 

and 

𝐼(𝜔)𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = ∫ 𝐼(𝜔, 𝑡)𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑑𝑡 

The two-dimensional contour plot displaying the fluorescence emission intensity across 

both time and frequency domains are shown in Figures 4.18 (a), 4.19 (a), and 4.20 (a) 

for 1s-P, 2s-P, and 6s-P, and in Figures 4.21 (a) and 4.22 (a) for Xs-EP and Xs-ZP. These 

plots reveal ultrafast quenching of fluorescence emissions before 700, 260, 340 fs for 1s-

P, 2s-P, and 6s-P, and 760, 1320 fs for Xs-EP and Xs-ZP, alongside a noticeable red-shift 

in the emission photon's wavenumber. Additionally, the figures include wavelength-

resolved fluorescence emission spectra at various times: 100-650, 50-250, 80-300 fs for 

1s-P, 2s-P, and 6s-P, and 100-750, 100-1200 fs for Xs-EP and Xs-ZP. Taking Figure 4.18 

(b) as an instance, the central wavenumber of the emission spectrum shifts from about 

1.50 × 104 cm−1 at 100 fs to roughly 0.25 × 104 cm−1 at 650 fs, with the intensity at the 

latter time point being significantly diminished (approximately one-sixth of its initial 

value). This observation underscores the red-shift and quenching of the fluorescence 
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emission spectrum. Given the fluorescence emission quenching times of around 700, 260, 

340 fs for 1s-P, 2s-P, 6s-P, and 760, 1320 fs for Xs-EP and Xs-ZP, which are considerably 

shorter than the lifetimes of the S1 excited state (2560, 1160, 2400 fs for 1s-P, 2s-P, 6s-P, 

and 850, 1580 fs for Xs-EP and Xs-ZP respectively), it is inferred that a "dark state" plays 

a role during the photoisomerization processes of these molecules. The durations of the 

"dark state" in the photoisomerization process, determined through nonadiabatic 

dynamics simulations for 1s-P, 2s-P, 6s-P, Xs-EP, and Xs-ZP, are detailed in Table 4.18. 

It's found that the "dark state" durations for 1s, 2s, and 6s span 1.86, 0.90, and 2.06 ps, 

markedly longer than the 0.09 and 0.26 ps for Xs-EP and Xs-ZP, respectively. 

 

Figure 4.18 The simulated time-dependent fluorescence emission spectrum of 1s: (a) a 
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two-dimensional contour plot that illustrates the emission intensity in relation to both the 

simulation time and the wavenumber of photons; (b) fluorescence emission spectrum at 

various times; (c) The oscillator strength between the ground state (S0) and the first 

excited state (S1). The hopping time is displayed by a red point. 

 

Figure 4.19 The simulated time-dependent fluorescence emission spectrum of 2s: (a) a 

two-dimensional contour plot that illustrates the emission intensity in relation to both the 

simulation time and the wavenumber of photons; (b) fluorescence emission spectrum at 

various times; (c) The oscillator strength between the ground state (S0) and the first 

excited state (S1). The hopping time is displayed by a red point. 
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Figure 4.20 The simulated time-dependent fluorescence emission spectrum of 6s: (a) a 

two-dimensional contour plot that illustrates the emission intensity in relation to both the 

simulation time and the wavenumber of photons; (b) fluorescence emission spectrum at 

various times; (c) The oscillator strength between the ground state (S0) and the first 

excited state (S1). The hopping time is displayed by a red point. 
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Figure 4.21 The simulated time-dependent fluorescence emission spectrum of Xs-EP: (a) 

a two-dimensional contour plot that illustrates the emission intensity in relation to both 

the simulation time and the wavenumber of photons; (b) fluorescence emission spectrum 

at various times; (c) The oscillator strength between the ground state (S0) and the first 

excited state (S1). The hopping time is displayed by a red point. 
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Figure 4.22 The simulated time-dependent fluorescence emission spectrum of Xs-ZP: (a) 

a two-dimensional contour plot that illustrates the emission intensity in relation to both 

the simulation time and the wavenumber of photons; (b) fluorescence emission spectrum 

at various times; (c) The oscillator strength between the ground state (S0) and the first 

excited state (S1). The hopping time is displayed by a red point. 

 

 

 

 

 



 

80 

 

Table 4.18 The average lifetime, the time of fluorescence emission quenching, and dark 

state duration for four motors. 

  Average lifetime 

(ps) 

Time of fluorescence 

emission quenching (ps) 

Dark state duration 

(ps) 

1s P 2.56 0.70 1.86 

2s P 1.16 0.26 0.90 

6s P 2.40 0.34 2.06 

Xs EP 0.85 0.76 0.09 

 ZP 1.58 1.32 0.26 

 

4.4 Conclusions 

In this study, we have introduced a novel molecular motor featuring unidirectional 

rotational motion through theoretical design. The comprehensive exploration began with 

the determination of all geometries encompassing conformational changes and the CI 

point during the photoisomerization rotation of molecular motors, namely 1s, 2s, 6s, and 

Xs, utilizing both OM2/MRCI and DFT calculations. The optimization of transition state 

geometries involved various theoretical methods, revealing the occurrence of two THI 

barriers during anticlockwise rotation. Significantly, the newly designed molecular motor 

Xs was identified to possess an exceptionally lower THI barrier compared to 1s, 2s, and 

6s, suggesting a substantial acceleration in its rotational speed in comparison to the 

aforementioned motors. The study further delved into the Uv-vis absorption spectrum and 

frontier orbitals, which were calculated at the PBE0-D3 level. The results indicated a 

noteworthy red-shift in the maximum absorption wavelength of the newly designed 

molecular motor Xs, consistent with OM2/MRCI results. Additionally, a conspicuous 

reduction in the HOMO-LUMO gap was observed, contributing to the overall red-shifting 

of the Uv-vis absorption spectrum.  

TSH simulations at the OM2/MRCI level were employed to investigate the 

photoisomerization process of 1s, 2s, 6s, and Xs. Remarkably, it was observed that the 

average lifetime of EP → ZM for Xs is shorter than that of 1s, 2s, and 6s molecular motors. 
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Similarly, ZP → EM is shorter than for 1s and 6s but slightly longer than 2s, with no 

significant impairment in the quantum yield of the newly designed molecular motor. 

Calculated time-dependent fluorescence emission spectrum results demonstrated that the 

"dark state" duration of 1s, 2s, and 6s is significantly longer than that of Xs-EP and Xs-

ZP.  

In summary, the computational results indicate that the newly proposed light-driven 

molecular rotary motor Xs exhibits a low thermal helix potential barrier and a 

simultaneous red-shift in visible light absorption wavelength. In comparison to DDPYM, 

improvements have been observed in both the UV-visible absorption spectrum and the 

THI barrier. This work is anticipated to stimulate further research into the design and 

synthesis of new families of molecular rotary motors. 
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Chapter 5 Theoretical study of NH2
+ 

5.1 Introduction  

Dissociative recombination (DR) is an essential process in astrophysical plasmas 

found in the upper atmosphere, interstellar medium, and planetary magnetospheres and 

plays a significant role in the evolution of ionization and chemistry in these environments. 

DR is a chemical reaction in which a positive molecular ion recombines with a free 

electron and breaks into two or more neutral atomic or molecular combinations. Therefore, 

studying the branching ratios of DR is essential for understanding the evolution of 

interstellar molecular species.159–161 DR reactions can be classified into direct and indirect 

processes.162 In the direct process, molecular ions are directly stimulated from the ground 

state of the cation to the dissociative excited states of the neutral species, while in the 

indirect process, molecules hop from the ground state of the cation to the dissociative 

excited state via the Rydberg excited state of the neutral species located below the ground 

state of the cation. These processes have been regarded as a tremendous challenge in 

experimental and theoretical studies because they proceed in highly-excited electronic 

states, including Rydberg and ionized continuum states.163 

 In theoretical studies, multichannel quantum defect theory (MQDT)164,165 can 

effectively describe the Rydberg state electrons involved in the DR reaction. Tashiro and 

Kato166 studied the DR of H3
+ using quantum dynamics and showed that the Rydberg state 

plays a pivotal role in the predissociation of H3. For H2O, Nkambule167 computed a 

combination of electronic structure and scattering calculations along with quasidiabtic 

potential energy surfaces for both bound Rydberg and electronic resonant states at the 

multireference configuration-interaction level to determine cross sections resulting from 

the indirect mechanism of the DR reaction. In dynamics applications, we have used 

surface-hopping ab initio molecular dynamics (SH-AIMD) simulations to study the 

branching ratios and nonadiabatic dynamics of the DR reactions for HCNH+168 H3O
+169 
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HD2O
+170 and CH3

+13 The study of HCNH+ + e- shows that the dissociation products HNC 

and HCN are produced at approximately the same branching ratio. This result suggests 

that HCNH+ is a precursor for both HNC and HCN in interstellar space, confirmed by 

quantum wave-packet simulations on the same system in two-dimensional configuration 

space171 In the study on H3O
+ + e-, two Rydberg excited states and three valence excited 

states were included in the SH-AIMD simulations, and the experimental branching ratios 

were qualitatively reproduced in the simulations.169 In addition, a similar approach was 

employed in the DR reaction of HD2O
+ to investigate isotope effects on branching ratios 

and dynamics.170 The simulations showed that the leaving D atom tends to have more 

considerable kinetic energy than the leaving H atom. In the latest study on the direct 

process of the CH3
+ DR reaction, 96% of the trajectories led to CH2 + H, while 4% to CH 

+ 2H, CH + H2, and C + H2 + H, which is different from the experimental observation. 

Then, by incorporating the Rydberg state's approximate potential energy surface into the 

indirect process simulation, we reproduced the experimental branching ratio of the 

products.172 

 Recently, dimensionality reduction methods such as linear algorithms like principal 

component analysis (PCA)173,174 and classical multidimensional scaling (CMDS)175,176 as 

well as nonlinear algorithms like ISOMAP177 and Locally Linear Embedding (LLE)178 

have been applied to analyze and visualize the trajectory evolution. Lan et al.179 employed 

the ISOMAP and CMDS methods to investigate the behavior of molecular motion in 

nonadiabatic dynamics simulations. Their study revealed the reactive coordinates that 

cause nonadiabatic decay for the CH2NH2
+ and PΦB systems. The results showed that 

ISOMAP and CMDS can compress information on patterns of molecular motion in 

nonadiabatic dynamics, taking symmetry into account. Le et al.180 applied PCA and 

UMAP181 methods to identify the reaction coordinates of solvent molecules involved in 

chemical reactions. This demonstrates that both PCA and UMAP can locate the 

appropriate water from the solution and the specific solvent molecules participating in the 
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reaction. In our previous work, we used the CMDS method to visualize intrinsic reaction 

coordinates (IRCs) and reaction path networks consisting of equilibrium and transition 

state geometries connected by IRCs of OH- + CH3F → CH3OH + F- and Au5 cluster;182 a 

reduced dimensional map shows the appropriate location in low-dimensional coordinate 

space for each structure to describe the reaction process. Based on this CMDS, the 

reaction space projector (ReSPer) method183 was developed, and the photoreaction 

dynamics of stilbene was studied using a “multi-state energy landscape" constructed with 

this method. This successfully explained the previously established photoreaction 

processes of cis-stilbene and 1,1′-dimethyl-cis-stilbene, providing valuable insights into 

photochemical reactions.184 

Moreover, Li et al.185 used the ISOMAP and LLE methods to analyze the reactive 

and non-reactive trajectories of the multichannel reaction NH+ + H2 → N + H3 / NH2
+ + 

H simulated by Quasi-classical-trajectory (QCT)186,187 calculations on potential energy 

surfaces. With the help of the trajectory analysis, it was shown that the competition 

between the two H-atom abstraction reactions is due to two different capture paths. 

Furthermore, the specificity of this reaction's vibrational and rotational modes was studied 

using the initial state-selected QCT method; the results showed that vibration and rotation 

could promote different channels by enhancing the effective capture of H-H bond 

stretching vibrations.188 Hence, the dimensionality reduction method is expected to be 

effective for analyzing factors affecting DR reaction products' branching ratio in the 

dynamics process. 

 The DR reaction of NH2
+ also plays a crucial role in interstellar chemistry. Relevant 

experimental results suggest that N + H + H is the primary dissociation product of NH2
+. 

The total branching ratios of the DR of NH2
+ for all the possible product channels are 

reported as follows189 

NH2
+ + e− → [NH2]∗ → {

N + H2        (0.00)
NH + H       (0.34)
N + H + H  (0.66)

 



 

85 

 

In this study, SH-AIMD simulations based on the Zhu-Nakamura method are 

employed to simulate the direct process of the DR reaction for NH2
+ and to discuss the 

branching ratio of NH2
+ in the electronic excited state. We first examine the mechanism 

of this reaction by calculating the energy diagrams of the relevant species in the ground 

and excited states. The momentum at the hopping points of all trajectories is then analyzed 

using CMDS to explore the relationship between the momentum distribution and the 

variational mode. This approach not only elucidates the role of the momentum 

distribution at the hopping points in the dynamic processes and enhance our 

comprehension of DR reaction but also marks the pioneering application of the CMDS 

method for analyzing momentum distribution. 

5.2. Computational Details 

5.2.1 Zhu-Nakamura-based SH-AIMD 

The Zhu-Nakamura-based SH-AIMD method has been applied in the exploration of 

photochemical reactions,190–196 and reported benchmark shows an excellent accuracy.197 

The avoided crossing point along trajectory propagation was detected and global 

nonadiabatic switching probability are given by: 

𝑃ZN  = 𝑒𝑥𝑝 [−
𝜋

4√𝑎2 √
2

𝑏2+√|𝑏4±1|
]      5.2.1 

Two unitless parameters effective coupling and effective collision energy can be 

expressed as follows: 

𝑎2 =
ℏ2

2𝜇

√|𝐹1𝐹2||𝐹1−𝐹2|

2𝑉12
3          5.2.2 

and 

𝑏2 = (𝐸𝑡 − 𝐸𝑋)
|𝐹2−𝐹1|

√|𝐹1𝐹2|(2𝑉12)
       5.2.3 

where F1 and F2 are the forces of two diabatic potential energy surfaces, V12 is the diabatic 

coupling, and µ is the reduced mass of the diatomic molecule. EX is the energy at the 
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crossing point, and it is the sum of potential energy and kinetic energy component in the 

direction of the nonadiabatic coupling vector. At the avoided crossing point, the 

multidimensional forces acting on the system are converted into one-dimensional forces 

in eq (2) and eq (3) given by: 

|𝐹2−𝐹1|

√𝜇
= √∑

1

𝑚𝑖

𝑁
𝑖=1 ∑ (𝐹2

𝑖𝛼 − 𝐹1
𝑖𝛼)

2
𝛼=𝑥,𝑦,𝑧        5.2.4 

and 

√𝐹2𝐹1

√𝜇
= √|∑

1

𝑚𝑖
∑ 𝐹2

𝑖𝛼𝐹1
𝑖𝛼

𝛼=𝑥,𝑦,𝑧
𝑁
𝑖=1 |       5.2.5 

where N is the number of nuclei in a molecule with the mass mi, a stand for x, y, and z 

component of Cartesian coordinates for the ith nucleus. Detailed description along with 

definition of hopping direction and momentum change can be found in ref.198 

5.2.2 CMDS method  

Dimension reduction converts the high-dimensional data set 𝐴𝑚𝑑′  into low-

dimensional data space 𝑧𝑚𝑑′ while preserving the original data distribution. 

𝐴 = [

𝑎11 ⋯ 𝑎1𝑑

⋮ ⋱ ⋮
𝑎𝑚1 ⋯ 𝑎𝑚𝑑

]         5.2.6 

𝑍 = [

𝑧11 ⋯ 𝑧1𝑑′

⋮ ⋱ ⋮
𝑧𝑚1 ⋯ 𝑧𝑚𝑑′

]         5.2.7 

where m is the number of data points, d is the dimension of the originally high-

dimensional space, and d’ is the dimension of the newly low-dimensional space (𝑑′ < 𝑑. 

In the present study, the originally high-dimensional data sets consist of the momentum 

at the surface hopping points. The 3N Cartesian coordinates, Cartesian coordinates 

momentum, normal coordinates, mass-weighted normal mode Cartesian coordinates 

momentum of the NH2
+ system constitute the row vector in matrix A, respectively. The 

input matrix A needs to be transformed into a distance matrix D, which can be expressed 
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as: 

[
𝑑11 ⋯ 𝑑1𝑑

⋮ ⋱ ⋮
𝑑𝑚1 ⋯ 𝑑𝑚𝑑

]         5.2.8 

where each element dij represents the distance between two coordinates or momentums 

of the original high-dimensional space, can be defined as: 

𝑑𝑖𝑗 = √∑ (𝑄𝑖
𝑘 − 𝑄𝑗

𝑘)
23𝑁

𝑘=1         5.2.9 

Qi
k and Qj

k denote the kth (mass-weighted normal mode Cartesian/Cartesian) coordinate 

or (mass-weighted normal mode Cartesian/Cartesian) momentum of the ith and jth 

geometry, and the distance of a pair of molecular (mass-weighted normal mode 

Cartesian/Cartesian) coordinate or (mass-weighted normal mode Cartesian/Cartesian) 

momentum Qi and Qj are estimated by the root-mean-square deviation (RMSD).  The 

orientation of coordinates and momentum are determined through use of quaternions 

algorithm199 , ensuring that both coordinates and momentum maintain the same 

orientation as the equilibrium structure. 

To get the inner matrix B, Yong-householder transformation (or double centering) was 

applied to calculate internal matrix B. 

𝐵 = −
1

2
(𝐸 −

1

𝑛
1) 𝐷2 (𝐸 −

1

𝑛
1)

𝑇

      5.2.10 

where E is the identity matrix (or unit matrix) for dimension n,1 is one's matrix. Since the 

inner matrix is a real symmetric, positive definite matrix, thus we know that it will have 

real eigenvalues. Then, the eigenvalues of matrix B are decomposed: 

𝐵 =∨∧∨𝑇=∨∧
1

2∧
1

2∨𝑇         5.2.11 

𝑍 =∧
1

2∨𝑇           5.2.12 

 This study reduced high-dimensional space (mass-weighted normal mode 
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Cartesian/Cartesian) coordinate and (mass-weighted normal mode Cartesian/Cartesian) 

momentum into two dimensions. Thus, the reduced coordinate and momentum 

components PC1 and PC2, related to the two largest eigenvalues and their eigenvectors, 

are the two most important dimensions in the reduced space Z; after the dimensionality 

reduction, the evolution with snapshots of each coordinate and momentum becomes a 

scatter distribution in the XY line plot. The distribution of data points in the reduced 

dimensional coordinate and momentum space can provide a direct view of the coordinate 

and momentum distinction in the original high-dimensional momentum space. All 

analysis codes were written in Python language. 

5.3 Results and discussion 

5.3.1 Electronic structure and energy diagram for DR reaction of NH2
+ 

+ e-  

In the DR process, NH2
+ captures a free electron roaming in the environment, 

formatting the excited states of NH2, then NH2 was dissociated into products. To 

investigate the possible reaction pathways through electronic excited states for the DR 

reaction of NH2
+ + e-, the electronic structure calculations were carried out by the full 

valence state-averaged complete active space multiconfigurational self-consistent field 

(SA-CASSCF) and multireference Rayleigh-Schrödinger second-order perturbation 

theory (CASPT2) methods200 with the SapporoTZP2012 basis set, using the Molpro 2012 

program package. It is shown that the ground state of NH2
+ is the triplet state, with the 

singlet state lying above approximately 1.46 eV at the CASPT2 level. Figure 5.1 shows 

electronic configurations of the triplet and singlet states with molecular orbitals at the 

equilibrium geometry of the triplet ground state of NH2
+ at the CASSCF level (r(NH) = 

1.057 Å and a(NHN) = 153.083 degrees). With the collision of an electron and NH2
+, the 

additional electron is captured by NH2
+ and entered one of the virtual valence orbitals of 

the NH2 molecule. The CASPT2 energies at the NH2
+ triplet geometry indicates that the 
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nine valence-excited states of NH2 are related to the DR of NH2
+. Figure 5.2 shows the 

relative energies of the related electronic states of NH2, NH2
+, and the dissociative 

products, N + H + H, NH + H, and N + H2 at the SA-CASSCF and CASPT2 levels, in 

which the energy of NH2 cation is zero. SA-CASSCF gives a poor estimation of the 

relative energy of NH2
+ and NH2 because of no consideration of the dynamical correlation 

effects. Regarding the electronic states of NH2, the SA-CASSCF energies are 

qualitatively in agreement with the CASPT2 energies, as shown in Figure 5.2. Therefore, 

SA-CASSCF method with the SapporoTZP2012 basis set was employed in the surface 

hopping AIMD simulations.  

 

Figure 5.1. The electronic configurations of the triplet and singlet states of NH2
+ with 

molecular orbitals. 
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Figure 5.2 Relative energies of (a) the electronic states of NH2 and NH2
+, and (b) the 

dissociative products N + H + H, NH + H, N + H2 at the SA-CASSCF and CASPT2 levels. 

 

4.3.2 Surface hopping AIMD simulation for dissociation process  

The DR reactions in interstellar space should occur under very low-temperature 

conditions. Therefore, initial conditions for the dynamic’s simulations were generated 

based on the ground state equilibrium structure, and atomic velocities were randomly 

obtained by a Wigner distribution at 0 K. The simulation starts from the ninth excited PES 

of neutral NH2, which corresponds to the NH2
+ cation, and transitions to the ninth excited 

state without a change of energy after capturing a free electron. The SA-CASSCF 

calculations were carried out, in which nine excited states are averaged with equal weights, 

and full-valence orbitals are included in the active space. The surface hopping AIMD 

simulations were performed for the excited states of the NH2 starting from 1000 initial 

conditions of C1 symmetry in which each trajectory was run over 100 fs with a fixed time 

step of 0.1 fs. In the present simulation, the trajectory propagation along the PES 
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sometimes encounters convergence problems because the character of significant orbitals 

and low-lying electronic states can change in different regions of the configurational 

space, which was restricted by the active space and the number of averaged states. The 

nine electronic states often come close to each other, resulting in no convergence in the 

SA-CASSCF calculation. To avoid the difficulty in the convergence along the trajectory, 

we reduced the number of averaged states in SA-CASSCF calculations after hopping to 

a lower excited state. The criterion was established for the dissociative products involved 

to determine the branching ratio of the final products as follows: 

(1) NH+H: One N-H bond exceeds 1.5 Å while the other N-H bonds are less than 1.5 Å. 

(2) N+H+H: Two N-H bond exceeds 1.5 Å while the H-H bond exceeds 1.5 Å. 

(3) N+H2: Two N-H bond exceeds 1.5 Å while the H-H bond is less than 1.5 Å. 

 Surface hopping AIMD simulations were systematically performed for the 

dissociation process of NH2 after capturing a free electron. We ran 1000 trajectories 

starting from the eighth excited state; 62 trajectories did not occur dissociation reaction; 

thus, 938 trajectories were included to estimate the branching ratio. Among them, NH2 

dissociates into NH + H in 234 trajectories (25%), into N + H + H in 648 trajectories 

(73%), and into N + H2 in 20 (2%). The branching ratio of the dissociative products has 

been quantitatively reproduced in the present simulation compared with experimental 

value189 NH+H (34%), N+H+H (66%), N+H2(0%), which can be used to discuss the 

dynamic tendency.  

To understand the dissociation process of NH2 in detail, The changes of potential 

energies of the ground state and eight excited states of NH2 → NH+H along one example 

trajectory are presented in Figure 5.3 (a), and the variation tendency of the distance 

between N1-H2, N1-H3, H2-H3 is plotted in Figure 5.3 (b). As can be seen, the surface 

hopping simulation was started from the eighth excited state, and the distance between 

N1-H2 and N2-H3 gradually increased from 1.2 Å and 2.0 Å to more than 8 Å while the 
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distance of N1-H3 was unchanged with slight oscillations. For the potential energy, with 

the approaching of the potential energy of excited states, the excited state transition occurs 

as an excited state at t = 32.6 fs (8 → 7), t = 42.6 fs (7 → 6), t = 43.2 fs (6 → 5) and t = 

44.4 fs (5 → 4) respectively. After hopping to the seventh excited state at 32.6 fs, the 

number of averaged states was reduced from 9 to 8, so the adiabatic energies are not 

continuous. The discontinuous point in adiabatic potential energy was also observed at t 

= 42.6 fs, where the character of the sixth excited state changes with the seventh excited 

state not included in the state average. The average states were reduced from 6 to 5 at t = 

43.2 fs because surface hopping occurred. The trajectory eventually reaches the fourth 

excited state at t = 44.4 fs, which can be considered the dissociation process for NH2 

forming of NH + H was accomplished. 

 

Figure 5.3 (a) The potential energy change for dissociating NH2 → NH + H reaction 

channel, (b) the N1-H2, H1-H2, H2-H3 interatomic distance along NH2 → NH + H reaction 

trajectory. 

 To illustrate the dissociation process of NH2 → N + H + H, we show the changes of 

potential energies along one example trajectory in Figure 5.4 (a), including the ground 

state and eight excited states. The distance between each atom as the function of time is 

shown in Figure 5.4 (b). For the dissociation process of NH2 → N + H + H, the molecule 

runs on the excitation potential energy surface when the NH2 is pumped to the eighth 
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excited state. During the trajectory propagation, N1-H2, N1-H3, and H2-H3 distance 

increases from their initial distance of 1.2, 1.2, and 2.0 Å to 3.4, 5.0, and 6.0 Å. Meanwhile, 

with the departure of H2 and H3, the potential energy difference between the eighth and 

seventh excited states is gradually decreased, and the surface hopping occurs at t = 24.1 

fs (8 → 7), t = 37.1 fs (7 → 6), t = 48.7 fs (6 → 5), respectively. After hopping to the 

seventh excited state at 24.1 fs, the number of average states was reduced from 9 to 8; 

thus, the discontinuous adiabatic potential energies point was observed at t = 24.1 fs, then 

the excited state transition occurs at t = 37.1 fs where the averaged states change with that 

the seventh excited state is not involved in the state average. The propagation of the 

trajectory eventually reaches the fifth excited state at t = 48.7 fs, and the dissociation 

process of NH2 → N + H + H was accomplished. One can see that the four adiabatic states 

of NH2 → N + H + H comes close to each other drastically, as shown in Figure 5.4 (a), 

which indicates that the electronic configuration was changed with the increase of 

distance between each atom for NH2, and residual states become degenerate in the final 

state of trajectory. The propagation of trajectories always gets a convergence problem at 

such degeneracy regions due to spin symmetry. 

 

Figure 5.4 (a) The change of potential energy for dissociating NH2 → N + H + H reaction 

channel, (b) the N1-H2, H1-H2, H2-H3 interatomic distance along NH2 → N + H + H 

reaction trajectory. 

 



 

94 

 

5.3.3 CMDS analysis for initial conditions and hopping points 

In present simulations, the experimental branching ratio of the NH2 dissociation 

reaction has been qualitatively reproduced, and the dissociation product N + H2 should be 

ignored because of its small proportion. First, the distribution pattern of all initial 

coordinates, initial momentum, initial normal coordinates, and initial normal mode 

momentum was investigated by the CMDS method, as shown in Figure 4.5 The blue and 

red point corresponds to products N + H + H and NH + H, respectively. It is observed that 

reduced dimensional coordinate and momentum displays a disorder distribution in low-

dimensional space; this suggests that random initial coordinates, initial momentum, initial 

normal coordinates, and initial normal mode momenta may not significantly contribute 

to the NH2 dissociation reaction, which also can be recognized by the density of 

distribution pattern along the PC1 and PC2. 

However, in further trajectory analysis, a fascinating distribution pattern in the low-

dimensional space spanned by two reduced dimensional momenta was presented by the 

CMDS analysis of the hopping point in the trajectory propagation, as depicted in Figure 

5.6 (a). The first hopping point of all trajectories was plotted after CMDS calculations, 

with the blue point representing the trajectory leading to product N + H + H and the red 

point corresponding to product NH + H. One can see that the reduced dimensional 

momentum of all hopping points has been classified into two regions by the density of 

distribution pattern along the PC1. In Figure 5.6 (b), the color map illustrates the 

distribution of reduced-dimensional momentum alongside kinetic energy. This 

visualization emphasizes the identification of two distinct regions within the reduced-

dimensional momentum. Specifically, the left region demonstrates lower kinetic energy 

compared to the right region. In Figure 5.6 (c), the reduced-dimensional momentum of 

the second hopping point is depicted. Similarly, the two distinct colors signify two 

different products, and the color map represents kinetic energy. Notably, the classification 

tendency is evident in the second hopping point across all trajectories. Moving on to the 
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analysis of the momentum for the third hopping point in all trajectories, the CMDS 

method was applied, as illustrated in Figures 5.6 (e) and 5.6 (f). The obtained reduced-

dimensional momentum for the third hopping point reveals a discernible classification 

tendency for all trajectories. Thus, it is evident that a certain factor influences the 

classification tendency of the hopping points along PC1. 

  

Figure 5.5 CMDS analysis of the (a) initial coordinate, (b) initial momentum, (c) initial 

mass-weighted normal mode coordinate, and (d) initial mass-weighted normal mode 

coordinate momentum. 
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Figure 5.6 (a, c, e) CMDS analysis of the 1st, second, and third hopping point momentum 

for dissociation reaction of NH2
++e-. (b, d, f) CMDS analysis of the 1st, second, and third 

hopping point momentum for dissociation reaction of NH2
++e- with kinetic energy. 
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Figure 5.7 (a) The X and Z direction of the N1 atom of momentum at first hopping points 

for the dissociation reaction of NH2
+ + e-, (b) the X and Z direction of the H2 atom of 

momentum at first hopping points, (c) the X and Z direction of H3 atom of momentum at 

first hopping points. (d) All first hopping points for dissociation reaction of NH2
+ + e- 

with a coordinate axis. 

 

Given that the classification tendency of the momentum for the first hopping point 

is more pronounced than that of the other two hopping points, the momentum of N1, H2, 

and H3 along Y and Z directions at first hopping point is presented in Figures 5.7 (a), (b) 

and (c), while equilibrium geometries are shown in Figure 5.7 (d). The coordinate and 

momentum of the X direction can be set to zero because the dissociation reaction occurs 

only on the plane. As shown in Figure 5.7 (a), (b) and (c) the Py axis indicates the 

momentum of the N1, H2 and H3 atom along the Y direction, and the Pz axis represents 

the momentum of the N1 atom along the Z direction, and Figure 5.7 (d) presents the 

orientation of angle H2-N1-H2 for equilibrium geometries. 
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The distribution of N1 atom momentum can be clustered in two centers, in which the top 

half of Figure 5.7 (a) represents the momentum of N1 along the Z positive direction, and 

the bottom half is the momentum of N1 along the Z negative direction. For the NH2 → 

NH + H reaction channel, when NH2 molecule run to the first hopping point if the 

momentum direction of N1 is orientated to the positive direction of Z, which is beneficial 

to N1 atom approach H2 or H3 of the positive orientation of hopping point geometries, and 

vice versa. For the NH2 → N + H + H pathway, when the NH2 molecule ran to the first 

hopping point if the momentum direction of N1 is orientated to the negative direction of 

Z, which is beneficial to N1 atom departure H2 and H3. 

The distribution of H2 and H3 in Figures 5.7 (b) and 5.7 (c) indicates a noticeable 

trend in classification. Specifically, the lower right corner of Figure 5.7 (b) and the lower 

left corner of Figure 5.7 (c) correspond to the momentum of H2 and H3 along the negative 

Z direction. Conversely, the upper left corner of Figure 5.7 (b) and the upper right corner 

of Figure 5.7 (c) depict the momentum in the positive Z direction. For the NH2 → NH + 

H reaction channel, an important observation arises during the NH2 molecule's movement 

towards the first hopping point. When the momentum directions of H2 and N1 coincide, 

indicating an approach towards each other, and concomitantly, the momentum directions 

of H3 and N1 diverge, signifying a movement away from each other, it proves 

advantageous for the formation of the NH + H product. For the NH2 → N + H + H pathway, 

When the momentum direction of N1 and H2 is pointing away from each other, and 

simultaneously the momentum direction of N1 and H2 is also oriented away from each 

other, which is beneficial to form N + H + H product. This insight underscores the 

significance of the momentum directions in influencing the reaction pathway and product 

outcome at the first hopping point.  

According to the obtained momentum distribution for these three atoms, the 

momentum distribution of the H2 and H3 atom is similar to the reduced dimensional 

momentum of Figure 5.6 (a), but the distribution direction. It implies that the momentum 
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direction of H2 and H3 can be regarded as the essential component of reduced dimensional 

momentum space according to the principle of the CMDS method. Thus, all trajectories' 

CMDS analysis hopping points extracted two significant momentum distribution patterns. 

This provides a straightforward way to build the primary momentum direction 

responsible for the dissociation product and the three atoms' momentum distribution at 

the first hopping point may contribute to one reason for the momentum direction 

distribution classification tendency. 
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Figure 5.8 (a, c, e) the distribution of normal mode coordinate momentum along three 

vibrational directions, (b, d, f) the distribution of normal mode coordinate momentum 

along three vibrational directions with kinetic energy. 

 

 

Figure 5.9 The ground state variational mode of NH2
 at equilibrium coordinate along 

L1(scissoring), L2(symmetric stretching), and L3(asymmetric stretching). 

Figure 5.8 presents the mass-weighted normal mode coordinates momentum of the 

first hopping point between each pair of modes. Additionally, Figure 5.9 corresponds to 

the ground state variational modes of NH2
+ at equilibrium coordinates along L1 

(scissoring), L2 (symmetric stretching), and L3 (asymmetric stretching). This visual 

representation provides a more intuitive perspective on the classification tendency of the 

hopping points. Similarly, it is observed that the mass-weighted normal mode coordinate 

momentum of the first hopping point is divided into two cluster centers along P2 in Figure 

5.8 (a), Figure 5.8 (e) because of obvious peak of density distribution along P2. 

Specifically, the internal motion L2 (symmetric stretching) of the NH2
+ molecule can 

influence the momentum direction of both H2 and H3 through symmetric stretching as it 

traverses the potential energy surface. This additional perspective offers another means 

of elucidating the observed classification tendency in momentum distribution at the 

hopping point. 

 

5.4 Conclusions 

In this work, ab initial surface hopping simulation has been carried out for the 
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dissociative recombine reaction NH2
+ + e- at the SA-CASSCF level to estimate the 

branching ratio of the dissociative products. The Zhu-Nakamura-based surface hopping 

has been applied to deal with the transition of the electronic state along the trajectory 

propagation, which simulates analytical nonadiabatic switching probability by the 

gradients of electronic adiabatic potential energy surfaces and their gradients. The energy 

diagram for the compounds, including the ground state of NH2
+, the ground and excited 

states of NH2, H + H + H, NH + H, and N + H2, have been calculated at CASSCF and 

CASPT2 levels. The CASSCF and CASPT2 methods give the qualitatively energetic 

except for the energy level of NH2
+. One thousand trajectories are simulated with the 

initial conditions that Wigner sampling is given to the respective normal vibrational 

modes of NH2
+ with random phases, and the molecule is stimulated to the eighth excited 

of NH2. The rates of the respective dissociative products are estimated as NH + H (25%), 

N + H + H (73%), and N + H2 (2%), while the corresponding experimental ratio was 

reported as NH + H (34%), N + H + H (66%), N + H2 (0%), which is qualitatively 

reproduced by directed trajectory simulations.  

 Moreover, the CMDS analysis of the hopping point was performed to explore the 

inner relation between the hopping point's momentum direction and the variational mode. 

While the CMDS method has traditionally been applied to analyze the conformation 

evolution of the coordinate in the ground state or nonadiabatic dynamics simulations. Our 

current work represents our initial efforts to use the CMDS approach to analyze the 

momentum distribution in nonadiabatic dynamics. This study displays that it is possible 

to build an inner connection between the momentum of hopping point and variational 

mode by extracting the molecule's primary momentum direction. The dimensionality 

reduction analysis of the hopping point’s momentum during NH2
+ dissociation reveals 

that several molecular momentums may contribute to the observed classification tendency, 

particularly the momentum direction of H2 and H3 at the hopping point. We believe this 

work may deepen the insight and understanding of the nonadiabatic dynamics process of 
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dissociative recombination reactions.  

Chapter 6 General conclusion  

Excited state reactions encompass a wide range of phenomena such as 

photochemical reactions and excited state dissociation reactions. When a chemical 

reaction involves electronic excited states, the nonadiabatic process leads to the 

transition of electronic state between different potential energy surfaces, corresponding 

to a breakdown of the Born-Oppenheimer approximation (BOA) and demanding a 

treatment of both the nuclei and the electrons. There are many chemical problems that 

involve excited electronic states from photochemistry to chemical synthesis, with 

applications in renewable energy and bioimaging. Therefore, it is a major challenge in 

the theoretical field to describe the behavior of both electrons and nuclei in the context 

of nonadiabatic effects and excited state chemical reactions. The trajectory surface 

hopping (TSH) dynamics can meet the challenge of simulating dynamics beyond the 

BOA, in which the electron is described under the quantum mechanics framework and 

nuclei is treated classically. The trajectories propagate on multi-state potential energy 

surfaces (PESs), resulting in complex changes in reaction processes along different 

degrees of freedom in geometries. This complexity makes it challenging to gain a deep 

understanding of the nature of excited state reactions and can lead to the omission of 

several crucial details of the dynamic processes. The classical Multidimensional Scaling 

(CMDS) method is a kind of dimensionality reduction method, which can be applied to 

analyze the trajectories of TSH for gaining a deeper understanding of dynamic processes. 

Chapter 1 provides a general introduction, outlining the background of this thesis. 

In Chapter 2, I present the fundamental theory and concepts of excited state reaction 

dynamics simulation and the CMDS method. 

In Chapter 3, the complete reaction route map of SiCH4 on ground state is explored 

by the ADDF method, identifying two new dissociative reaction paths at B3LYP/def2-
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svp level, including two dissociation reaction paths and four proton-transform paths. The 

photodynamic of SiCH4 was investigated by means of Zhu-Nakamura based method 

surface hopping dynamics at MS-CASPT2/def2-svp level. Atomic coordinates and 

velocities are sourced from the zero-point vibrational state of SiCH4, while the electronic 

state aligns with the S1 state of SiCH4.The resulting branching ratio of the dissociative 

products and proton-transform products shows different reaction paths, which can deepen 

the insight and understanding of the photodynamic process of SiCH4. 

In Chapter 4, the complete picture of the excited state chemical reaction of light-

driven molecular rotary is obtained by a systematic theoretical study. According to the 

dynamic simulation results, we have advanced the field of light-driven molecular rotary 

motors (LDMRMs) by achieving two pivotal goals: lowering the thermal helix inversion 

(THI) barrier and extending the absorption wavelength into the visible spectrum. This 

study involves the structural reengineering of a second-generation visible LDMRM, 

resulting in the synthesis of a novel class, specifically, 2-((2S)-5-methoxy-2-methyl-2,3-

dihydro-1H-cyclopenta[a]naphthalen-1-yl)-3-oxo-2,3-dihydro-1H-dibenzo[e,g]indole-

6,9-dicarbonitrile. This redesigned motor stands out with its two photoisomerization 

stages and two thermal helix inversions, featuring exceptionally low THI barriers (4.00 

and 2.05 kcal/mol at the OM2/MRCI level for the EM → EP and ZM → ZP processes, 

respectively). Moreover, it displays absorption wavelengths in the visible light range 

(482.98 and 465.76 nm for the EP and ZP isomers, respectively, at the TD-PBE0-D3/6-

31G (d, p) level), surpassing its predecessors in efficiency, as indicated by the narrow 

HOMO-LUMO energy gap. Ultrafast photoisomerization kinetics (approximately 0.8-1.6 

ps) and high quantum yields (around 0.3-0.6) are observed through trajectory surface 

hopping simulations. Additionally, the time-resolved fluorescence emission spectrum 

indicates a significantly reduced "dark state" duration (0.09 - 0.26 ps) in the newly 

designed LDMRMs compared to the original ones, marking a substantial leap forward in 

the design and efficiency of LDMRMs.  
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In Chapter 5, the direct process of the NH2
+ DR mechanism is studied. Dissociative 

recombination (DR) of NH2
+ is a chemical reaction in which a positive molecular ion 

NH2+ recombines with a free electron (e-) and breaks into two or more neutral atomic or 

molecular combinations. In this process, molecular ions are directly stimulated from the 

ground state of the cation to the dissociative excited states of the neutral species NH2 after 

capturing a free electron. Subsequently, the NH2 dissociates into several fragments. This 

process is an essential process in the evolution of ionization and chemistry in 

astrophysical environments. Consequently, understanding the evolution of interstellar 

molecular species require studying the branching ratios of the NH2
+ DR reaction. The 

dynamics of NH2
+ dissociative recombination (DR) is explored using surface-hopping ab 

initio molecular dynamics (SH-AIMD) simulations at the state-averaged complete 

activate space self-consistent field (SA-CASSCF) level. This study incorporates the Zhu-

Nakamura formalism to describe the potential energy curves crossing (nonadiabatic 

transitions between adiabatic electronic states) nature between the ground state and 

excited states of NH2. Initial atomic coordinates and velocities are sourced from the zero-

point vibrational state of NH2
+, while the electronic state aligns with the eighth excited 

state of NH2. The resulting branching ratio of the dissociative products, namely N + H + 

H and NH + H, shows a qualitative alignment with the experimental observations. The 

momentum at the hopping points of all trajectories is then analyzed using CMDS to 

explore the relationship between the momentum distribution and the variational mode, 

revealing the momentum at the hopping point is critically influenced by the variational 

mode, and enhance our comprehension of DR reaction.  

In this thesis, I develop the SH-AIMD simulation program based on the Zhu-

Nakamura algorithm. It is applied to investigate the photodynamics of SiCH4 and the 

dynamics of NH2+ dissociative recombination. Additionally, the momentum of NH2
+ 

along the trajectory is investigated using the CMDS method. Furthermore, a new type 

of molecular motor is proposed, and its performance is evaluated through theoretical 
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calculations. Combining SH-AIMD and CMDS approaches provides a powerful 

theoretical tool for investigating reaction mechanisms and dynamics, as well as for 

proposing new functional molecules, in photochemistry. In the future, with further 

advancements in computational speed and theory, theoretical chemistry approaches are 

expected to become increasingly powerful not only in elucidating the reaction 

mechanisms but also in making predictions ahead of experimental validation. 
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