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ABSTRACT 

In the past two decades, a number of artificial molecular motors 

have been constructed using organic molecules as components which can 

perform unidirectional motion. Among the best-known examples are the 

light-activated molecular rotary motors synthesized and analyzed in B. L. 

Feringa’s lab. Yet there is limited understanding of the 

photoisomerization and thermal isomerization processes that control the 

speed and energy conversion efficiency of these molecular devices. The 

present thesis work aims at: 1) developing a computational methodology 

to provide the atomic and electronic details that allow for quantitative 

descriptions of light-activated molecular motion, 2) improving the 

understanding of the physical principles governing photo- and 

thermal-isomerization processes in specific molecular systems, and 3) 

proposing a new strategy of molecule design to assist experimental 

investigations. 

A key component in our methodology is the calculation of the 

potential energy surface (PES) spanned by collective atomic coordinates 

using ab initio quantum mechanical methods. This is done both for the 

electronic ground state, which is relatively straightforward, and for the 

photo-excited state, which is more involved. Once the PES is known, 

classical statistical mechanical methods can be used to analyze the 

dynamics of the slow variables from which information about the 

rotational motion can be extracted. Calculation of the PES is 

computationally expensive if one were to sample the very high 

dimensional space of the atomic coordinates. A new method, based on 

the torque experienced by individual atoms, is developed to capture key 

aspects of the intramolecular relaxation in terms of angular variables 

associated with the rotational degrees of freedom. The effectiveness of 

the approach is tested on specific light-driven molecular rotary motors 

that were successfully synthesized and analyzed in previous experiments. 

Finally, based on the experience accumulated in this study, a new 

molecular rotary motor driven by visible light is proposed to reach MHz 
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rotational frequency. 
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1. Introduction 

 

Chapter 1 

 

Introduction  

 

1.1 Overview of molecular motors  

1.1.1 A brief historical note 

Nature has built a variety of molecular machines assembled from 

proteins that are vital to the running of a living cell. Well-known 

examples include the ATP synthase [Walker, J.E., et al., 1982] and 

bacterial flagellar motor [Blair, D.F., and Berg, H.C., 1990; Tu, Y. and 

Grinstein, G., 2005]. These fascinating biomolecular machines have 

stimulated great interest in the biophysics and statistical physics 

communities and have led to research aiming to decipher their structure 

and mechanisms of energy transduction. In recent years, the 

nanotechnology and nanoscience communities have advanced research 

on man-made molecular motors from organic molecules by providing 

tools for assembly, manipulation, and observation.  

The concept of artificial molecular motors was first proposed half a 

century ago by Richard Feynman [Feynman, R. P, 1960]. “He drew 

attention to the possibility of building small machines from atoms, and to 

the challenge of, for example, making an infinitesimal machine like an 

automobile.” [Nobelprize.org, 2016] Since then, molecular motors and 

switches that respond to external stimuli in the form of electric field, heat, 
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or light have been reported. Such nanodevices operate with an external 

source of energy and perform useful work.  

A particular class of molecular motors which has been studied 

extensively is the molecular rotor, whose prototype is known as the 

Feynman’s ratchet as illustrated in Figure 1 (a). [Feynman, R. P, et at, 

1966] Key to its design is an asymmetric torsional potential to facilitate 

directional rotation, accompanied by a pawl device. Feynman’s ratchet 

inspired further efforts to design molecular machines.  

 

Figure 1. (a) Schematic ratchet potential energy curve (PEC) and 

pawl device. [Feynman, R. P, 1966]; (b) PEC of the first 

synthetic molecular motor known as Kelly’s device [Kelly, 

T. R, et al., Nature, 401, (1999), 150] 

In 1994, Kelly and co-works created the first molecular rotary 

motor [Kelly, T. R. 1994]. This molecule contains a three-bladed 

triptycene and a helicene, as shown in Figure 1 (b). Kelly’s molecular 

rotor is capable of performing a unidirectional 120º rotation coupled with 

a chemical reaction to supply energy. Unfortunately, the design does not 

allow the 120º rotation to continue to reach a full 360° rotation cycle. 

[Kelly et al. 1997, 1999]  

Subsequently, various molecular machineries have been invented, 

and efforts are underway to control their behavior. The most famous 

molecular motor is the light-driven molecular rotary motor. The motor 
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was designed by Feringa and co-workers in 1999. [Koumura, N., 1999] 

Unidirectional motion was realized through a process known as 

photoisomerization. This work received the Nobel Prize in Chemistry in 

2016. 

 

1.1.2 The isomerization cycle 

In light driven molecular rotors, light absorption excites electrons in 

the linker region, which causes a charge imbalance that drives 

subsequent movement of the rotor unit against the stator unit. Figure 2 

shows a schematic of the molecular rotors studied in experiments. As 

Feynman pointed out, unidirectional rotation requires an asymmetrical 

potential (ratchet potential) as a function of the rotational angle. This is 

realized experimentally through a suitable choice of the molecular 

structure of the two units. 

 

 
Figure 2. Schematic design of a molecular rotor.  
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Figure 3 illustrates the coarse-grained energy diagram commonly 

used in the design of light-driven molecular rotors. It serves to highlight 

key physical and chemical processes in the photoexcitation and 

subsequent relaxation and thermal activation of the molecular rotor. The 

black curve gives the equilibrium free energy of the molecule against the 

rotational angle taken as the reaction coordinate. It has a global minimum 

at state P, the equilibrium state of the system. In addition, there exists a 

local minimum state M on the curve with an excess Gibbs free energy 

∆Greact above state P. The red curve, on the other hand, gives the free 

energy of the excited state whose electronic structure is adiabatically 

connected to the one after photo-excitation from state P. Strictly speaking, 

each point along the curve represents a collection of nearby quantum 

mechanical states due to the open environment as well as the existence of 

low-lying internal modes. Nevertheless, the diagram is convenient for 

organizing unidirectional rotation through photoisomerization into four 

major substeps: a), b), c) and d), and the thermal isomerization step e). 

These steps are described in detail below.  
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Figure 3. The full process of the light-driven molecular rotary 

motor. a) Franck-Condon excitation, b) Relaxation on 

excitation state, c) Decay d) Relaxation on ground state, e)  

∆Gact is the activation energy in reaction from state M to 

state P, and ∆Greact is the energy difference between two 

states. (two reactants)  

a) Franck-Condon excitation (light absorption)  

Since the mass of the nucleus is much heavier than the mass of the 

electron, a change in the electronic state is instantaneous compared to 

that of the nuclei. Light absorption thus follows the Franck-Condon (FC) 

principle. In this process, the selected electron moves to a higher energy 

level in about one femtosecond (fs). 

 

b) Relaxation of the excited state  

After the absorption, the excited molecule relaxes to the lowest 

vibrational state through the atomic motion with picosecond (ps) time 

scales.  

During this step, the structure of the molecule changes: the nuclei 

would respond to the force from the new electron distribution, more 

exactly, both affect each other. Force equilibrium is restored after one or 

more picoseconds in the excited state, S1,0. Details of the relaxation 

process can be affected by the motion of solvent molecules in the 

environment. 

  

c) Decay  

The system at S1 would quickly relax to the ground state S0. During 

this period, both radiational and radiationless decay is possible, 

depending on the intrinsic properties of the molecule and the thermal 
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environment. Some molecules relax via a radiationless pathway when a 

“conical intersection” of the ground and excited state energy surfaces 

takes place. This is believed to be the case for the light-driven molecular 

motors, where fluorescence is not observed. In contrast, molecules in 

organic light-emitting diode (OLED) materials show fluorescence by 

emitting a photon. [Tang, Ching W.,1987] Interestingly, there is a third 

type of molecules who can “select” the fluorescence, or nonradiative 

decay via a conical intersection which depends on the environment 

(phase) of the system, as found in aggregation-induced emission (AIE) 

materials discovered by Ben Zhong Tang in 2001. [J. Luo et al., 2001] 

The AIE organics “were non-emissive in dilute solutions but became 

highly luminescent when their molecules were aggregated in 

concentrated solutions or cast into solid films.” [Hong, Yuning, et al., 

2011]  

After coming down from the excited state, the molecule can either 

go back to the state P before excitation or arrive at a new state M, each 

with a certain probability. This is the crucial step to the “efficiency of the 

engine.” However, how efficiency can be increased remains unclear. 

Empirically, the probability of “going forward” may increase 

dramatically when the molecule is conjugated to an electron-withdrawing 

group on the topside of the rotor [Conyard, J., et al., 2014] or is anchored 

on a metal surface. [Ernst, K.H., private conversation]  

 

d) Relaxation along the ground state potential energy surface  

After the decay, the system will “go forward” or “go backward” to 

relax to a local minimum on the ground state potential energy surface. 
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This is accompanied by a change in the nuclear coordinates. This process 

also takes a picosecond to complete. 

 

e) Thermal inversion (thermal isomerization) 

Thermal isomerization occurs only in the ground state, which 

returns the “arm” of the rotor to an energetically more favorable structure. 

During this process, the helix of the molecule will change. Therefore, 

thermal inversion is also called the thermal helix inversion or thermal 

isomerization. This is the rate-determining step in the completion of a 

rotation cycle. After thermal inversion, the system returns to its initial 

conformation P or a symmetry-related one.  

 

1.2 Experiments on light-driven molecular rotary motors 

 

1.2.1 First-generation light-driven molecular rotary motors 

The first generation of light-driven molecular rotary motor is based 

on a symmetric biphenanthryl indene powered by light, as shown in 

Figure 4 (a). Two identical halves are linked by a carbon-carbon (C=C) 

double bond which acts as the axle of the motor. In addition, the 

substituents (methyl group) disrupt the planarity of the C=C bond. 

Because of these particular substituents, the whole molecule adopts a 

twisted conformation. As a consequence of the steric interaction, the 

aromatic groups and methyl groups overwhelmingly occur in one 

direction in the stable state (P, P-trans).  
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Figure 4. (a) The full rotation cycle of the first generation 

light-driven molecular rotary motor. (b) The potential 

energy profile for four states;  the blue line stands for the 

ground (S0), and red line represents the excited singlet 

states (Sn) [Koumura, N., et al., Nature, 401, (1999), 152]

  

A full rotation could be achieved following four steps as illustrated 

in Fig. 4 (b). Step 1 is the power stroke: through absorption of light, the 

rotor with the stable state (P, P-trans) undergoes photoisomerization to 

convert incident light energy into mechanical motion. The isomerization 

causes a rotation (almost 180º) of the upper half on the lower half around 

the C=C bond, resulting in a metastable structure (M, M-cis). This 

process is reversible. Step 1 is the thermal helix inversion step: the 

metastable isomer (M, M-cis) is a thermally less stable isomer (P, P-cis) 

because the methyl groups at the stereogenic center are forced to adopt 

an unfavorable orientation. Thus, the aromatic group and the methyl 

group of both halves need to slide past each other and reach another 

stable structure (P, P-cis), in which process the methyl group acts as a 

molecular switch to impose unidirectional motion. Step 3 is a second 

photochemical Trans-Cis isomerization upon irradiation of the stable 

structure. Finally, another thermal release back to the original stable 

structure (P, P-trans) occurs. With this final step, a full rotation is 

achieved. This kind of molecule was called the first-generation molecular 
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motor. 

For the first-generation light-driven molecular rotary motor, a full 

rotation needs two different wavelengths of light and two separate 

thermal environments. Thus, it is too complicated from an engineering 

point of view.  

 

1.2.2 Second-generation light-driven molecular rotary motors 

In 2000, a new type of light-driven molecular rotary motor was 

designed in which a C=C bond connects two non-identical halves. 

[Koumura, N., 2000] The upper half is similar to the first-generation 

molecular motors and fluorene or tricyclic group replace the lower half, 

as illustrated in Figure 5. Because the stator has a symmetric structure, 

the four steps can be combined into two identical processes. Therefore, 

one kind of incident light and the same thermal environment can be used 

to complete a full rotation. 

 

Figure 5. Chart of the second-generation light-driven molecular 

rotary motor [Koumura, N., et al., JACS, 122, (2000), 

6935]  
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Another hotspot is the Nano car, synthesized base on the 

second-generation light-driven molecular rotary motor in Feringa’s lab. 

[Kudernac, T., 2011] The four wheels of the car are similar to the 

molecular rotor. The structure and the paddlewheel of motion are shown 

in Figure 6. This four-wheeled Nano car can be “driven” by tips of 

scanning tunneling microscope (STM) on a Cu(111) surface to excite 

electrons by the applied voltage, at 7K in ultrahigh vacuum. The car 

moves forward with directional 6 nm in ten excitation steps. 

 

 
Figure 6. Four-wheeled-electrically-driven nano car. (a): Nano car 

moving on a Cu(111) surface; (b): The molecular 

structure of the Nano car; (c): Paddlewheel motions of the 

car. [Kudernac, T., et al., Nature 479, (2011), 208] 

Overcrowded alkene-based ligands may also function as molecular 

motors upon light activation. Conjugation with a (Ruthenium, Ru) metal 

complex shifts the light absorption into visible range. [Wezenberg, S. J. 

et al., 2015] The structure and energy barrier relative to thermal 

equilibrium state are shown in Figure 7 (a). The visible light (excitation 

wavelength shifted to 450nm) induces photoisomerization. Moreover, 

increased rotation speed was observed.  



 

11 

 

Figure 7. The structure and energy barrier relative to (a) the 

second-generation light-driven molecular rotary motor, 

and (b) the structure of visible-light-driven molecular 

rotary motor with relative energies between the unstable, 

stable and transition state geometries. The metal is 

Ruthenium. [Wezenberg, S. J. et al., Angew. Chem. Int. Ed. 

54, (2015), 11457] 

Recently, a novel visible-light-driven rotary motor with a 

dibenzofluorene lower half as stator was synthesized by Thomas van 

Leeuwen and co-workers. [Thomas van Leeuwen et al., 2017] The 

excitation wavelength of the molecular motor red-shifts to 490 nm 

without the metal complex present. This aromatic offered a new strategy 

that could be applied in the design of new molecular motors driven by 

visible-light. The structure is shown in Figure 8. 

 

 

Figure 8. Visible-light-driven molecular rotary motor. There is a  

red-shifting the excitation wavelength of molecular 

motors by extension of the aromatic core. [Thomas van 

Leeuwen et al., Org. Lett. 19, (2017), 1402] 
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1.3 Theoretical studies of light-driven molecular rotary motor 

 

1.3.1 Photo isomerization of stilbene 

In chemistry, isomerization is defined as a process by which a 

chemical compound is transformed into any other isomeric forms that 

have the same chemical composition but with different configuration and 

different chemical and physical properties. Photoisomerization is a 

special isomerization process induced by photo activation, such as the 

photoisomerization process of stilbene induced by ultraviolet light in 

Figure 9.  

 

 

Figure 9.   Illustration of photoisomerization of stilbene. 

Photoisomerization of an alkene system provides the power stroke 

of light-driven molecular rotary motors, in which photo excitation causes 

structural transfer between isomers. Once a photon is absorbed by a 

certain alkene molecule or a particular component of it, the electronic 

structure can be excited from a bonding orbital (π, π) to an antibonding 

orbital (π, π*) with higher energy, which could apply force on nuclei and 

lead to a conformation change of the molecule upon relaxation. The  

common examples are shown in Figure 10, in which a photon could 

induce a 180° rotation of the molecule around the C=C bond. 
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Figure 10. Photoisomerization of alkene system. 

This kind of cis-trans isomerization offers an opportunity to initiate 

molecular motion by light stimulation. However, the photochemical 

reaction takes place with a random directionality. It was suggested that   

a sequence of photoisomerizations might lead to continued unidirectional 

rotation. This resulted in the design of the first-generation light-driven 

molecular rotary motors.  

 

1.3.2 Construction of the potential energy surface: an example 

We consider now an example in this family, named “Motor 1” in 

this thesis: 

 

Many theoretical studies focus on this typical model, the 

well-known of which is “a combined quantum chemical and molecular 

dynamics study of the mechanism of the rotational cycle of the 

fluorene-based molecular rotary motor” by A. Kazaryan in 2010 and 

2011. The scheme of the rotational cycle is shown in Figure 11. 
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Figure 11. Components of the rotary cycle of Motor 1. 

Photoisomerization is induced by UV light with a 

wavelength of 313nm. Thermal isomerization occurs at 

25 °C. [A. Kazaryan, J. Phys. Chem. A 2010, 114, 5058–

5067] 

 

Figure 12. Energy profiles of the ground state (S0) and the 

excited state (S1) state. [A. Kazaryan, J. Phys. Chem. A, 

2010, 114, 5058–5067] 

A. Kazaryan and co-works calculated the potential energy surfaces 

(PES) of the ground and lowest excited state by DFT and TD-DFT. Their 

results are given in Figure 12. In the experiment, it is believed that the 

excited 1-P state on the upper PES relaxes to 1-M state on the lower PES 

without radiative decay. For this to happen, the two PESs must meet at a 

point, i.e., conical intersection. As seen in Figure 12, this does not occur 
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in their TD-DFT calculation. As a remedy, they developed a 

spin-restricted ensemble-referenced Kohn-Sham (REKS) method to deal 

with those regions (for 80° < θ < 110° and -30° <  < 30°, θ and  

defined in Figure 13 (a).) 

 

Figure 13. (a) Definition of dihedral angles (b) potential energy 

surface of the molecule on S0, the crosses mark the energy 

with the unit kcal/mol. [A. Kazaryan, J. Phys. Chem. 

2010, 114, 5058–5067] 

Base on the combined quantum chemical methods, the conical 

intersection, and the full PES was solved for Motor 1. The PES of the 

ground state is shown in Figure 13 (b), and total PESs is shown in Figure 

14.   

The above example illustrates that the DFT and TD-DFT may lead 

to erroneous results for regions of the potential energy surfaces where 

S0/S1 energy gaps are small, such as when close to the conical 

intersection area. The multi-configurations self-consistent field (MCSCF) 

method should then be considered instead. Unfortunately, these 

post-Hartree-Fock methods are computationally much more expensive. 
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Figure 14. Potential energy surfaces of Motor 1.[A. Kazaryan, 

J. Chem. Theory Comput. 2011, 7, 2189–2199] 

 

1.4 Organization of thesis 

The thesis is organized into six chapters. 

Chapter 1 gives a brief introduction to research on molecular motors, 

from Feynman’s idea to Kelly’s device, and to light-driven molecular 

rotary motors. Modern ideas on the design of the molecular device are 

described. Then, the experimental and theoretical progress of light-driven 

molecular rotary motor is presented.  

In Chapter 2, we describe methods of quantum chemistry 

calculation to study the ground state and excited state properties of a 

molecule. These methods generally fall into two classes: those starting 

from the wave function directly, e.g., the Hartree-Fock methods and 
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post-Hartree-Fock methods; and those based on the electron density, i.e., 

the density functional theory. The intramolecular torque analysis we 

developed will be introduced in the second part. At last, the geometry 

optimization procedure and transition state theory will be discussed. All 

of those will be employed in the following jobs.  

Chapters 3 to 5 contain our computational work on light-driven 

molecular motors. In Chapter 3, we consider the rotation of C=C of 

stilbene as a model to study photoisomerization of the twist of the 

carbon-carbon double (C=C) bond which plays a key role in light-driven 

molecular rotary motors. Three methods of analyzing electron density 

will be introduced, and the intramolecular torque analysis method is also 

applied on the stilbene. Additionally, the limitation of DFT calculation in 

our model will be discussed.  

Chapter 4 introduces a conventional fluorene-based light-driven 

molecular rotary motors. We present a straightforward and intuitive 

method in which the intramolecular torque is calculated to predict the 

direction and likelihood of the intramolecular rotation motion. Moreover, 

the PES shapes and Born-Oppenheimer molecular dynamics applied on 

the fluorene-based molecular rotor are discussed.  

In Chapter 5, we analyze transition states of the thermal 

isomerization step for a series of light-driven molecular rotors with 

electronic structure modification. Moreover, based on the prediction for 

the timescales of the period of rotation, we propose an MHz rotational 

visible light driven molecular rotary motor. 

Chapter 6 contains a summary of the main results of this work and 

perspectives for future study.  
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2. Computational theory and methodology  

 

Chapter 2 

 

Computational theory and methodology  

 

In this chapter, the basic concepts of ab initio calculation and 

density functional theory will be introduced; in section 2.2, the 

intramolecular torque analysis we developed will be presented. In 

addition, geometry optimization and transition state theory will be 

described. These methods will be used in performing computation on 

specific molecules.  

 

2.1 Ab initio Calculation and Density Functional Theory   

Although quantum mechanics provides a complete description of 

motion of the molecule to be studied, the amount of computation 

required is very demanding. Therefore, various approximation schemes 

have been introduced to make the computation feasible.  

The ab initio calculations for electronic states are derived directly 

from the Schrödinger equation with no (or a very few) experimental 

parameters. Other methods based on the knowledge of some empirical 

data or a set of parameters to solve the Schrödinger equation are called 

semi-empirical methods.  

The motion of atoms (i.e., nuclei coordinates) is usually described 

by molecular mechanics (MM) methods such as the Langevin’s equation 

or Newton's equation. This is adequate for treating molecules or systems 
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with many particles. 

In recent years, the hybrid QM/MM approach has attracted much 

attention. This method integrates the advantage of the accuracy of QM 

approach with the speed of MM approach. Thus, QM/MM method 

allows for the study of an extended system where quantum effects also 

play a role, such as in enzymatic reactions and in photosynthesis. 

  

2.1.1 Wavefunction methods 

a) Schrödinger equation. 

A molecule is composed of electrons and nuclei. Its energy 

eigenstates follow the time independent Schrödinger equation, 

   (2.1) 

Here H is the Hamiltonian operator for the molecule including 

contributions from electrons and nuclei, E is the total energy of the 

system, and  is the many-body eigenstate wavefunction. The 

Hamiltonian contains potential energy (V) and kinetic energy (T), 

  (2.2) 

in which the suffixes n and e mark the nuclei and the electrons, 

respectively. Specifically, 

 

Thus, the Hamiltonian for the number of M nuclei and the number 

of N electrons can be written explicitly as (in atomic units):  
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(2.3) 

In equation (2.3), MA is the ratio of the mass of nucleus A over the mass 

of an electron, ZA is the atomic number of nucleus A, and RAB, riA, and rij 

are distances between nucleus A and nucleus B, electron i and nucleus A, 

and electron i and electron j, respectively. Symbol 2 is the Laplacian 

operator with the subscript indicating the electronic or nuclear coordinate 

to be acted upon. 

 

b) The Born-Oppenheimer approximation. 

The Schrödinger equation with the Hamiltonian (2.1) can be solved 

only in simple cases such as the hydrogen atom. For systems with more 

than one electron, analytical solutions are not available. This leads to the 

development of various approximation schemes.  

The most fundamental approximation is the Born-Oppenheimer 

(BO) approximation introduced by Max Born and J. Robert 

Oppenheimer in 1927 [Born, M. and Oppenheimer, R., 1927]. The 

Born-Oppenheimer approximation was proposed based on the 

observation that the mass of nuclei is much larger than that of an electron. 

For instance, the proton is 1836 times heavier than the electron. Thus, 

from the viewpoint of an electron, the nuclei hardly move. However, 

alternatively, from the perspective of a nucleus, electrons run so fast that 

their effect can be considered in mean-field theories. 

Under the Born-Oppenheimer approximation, the total wave 

function can be written as a product of electronic and nuclear wave 

functions: 
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  (2.4) 

The nuclear part depends on the nuclear coordinates {RA}, and the 

electron part depends on both electronic coordinates {ri} and nuclear 

coordinates {RA}.  

From equation (2.1) - (2.4), we obtain  

 

  (2.5) 

  (2.6) 

where the electronic wave function  

  (2.7) 

and energy 

   (2.8) 

depends on the nuclei position {RA}. The nuclear Hamiltonian takes the 

form, 

  (2.9) 

The Schrödinger equation 

  (2.10) 

governs the nuclear wave function  

  (2.11) 

from which information about the translation, rotation, and vibration of 

the molecule can be extracted. 

The Born-Oppenheimer approximation yields an effective potential 
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energy function (2.8) for the nuclei coordinates whose dynamics can be 

studied classically. Thus, the key to solving the Schrödinger equation is 

to obtain the electronic part.  

  

c) Hartree-Fock approximation.  

For a system in state , the expected value of energy is given by, 

  (2.12) 

where quantities with subscript 0 refer to the ground state. Equation 

(2.12) forms the basis of the variational principle to find the ground state 

energy and wave function (VP, see Appendix II).  

A common approach based on the VP is to approximate the 

many-body wave function with the wave function of independent 

electrons satisfying the Pauli Exclusion Principle. Such a state is 

described by the Slater determinant, 

 

  (2.13) 

where i are the single electron wave functions expressed in terms of its 

spatial and spin coordinates. 

In the Hartree-Fock Approximation, the functions i are chosen to 

minimize the variational energy (2.12): 

  (2.14) 

Under the Hamiltonian (2.2), Equation (2.12) can be written as, 
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  (2.15) 

in equation (2.15), the first term describes the contribution of the kinetic 

energy and the electron-nucleus attraction, 

 

The second term of (2.14) is Coulomb integrals Jij and exchange 

integrals Kij, 

 

As shown in Appendix II, the equations satisfied by the single 

particle wave functions are given by,   

   (2.16) 

  (2.17) 

f(i) is called Fock operator. The first and the second terms are the kinetic 

energy and the potential energy from the nucleus-electron attraction, 

respectively. The third term vHF(i) is the Hartree-Fock potential, 

describing an average of repulsive potential experienced by the ith 

electron due to the effect of other electrons. 

 

d) Multi-configuration self-consistent field wave function.  

To construct a more general variational ansatz, one may express the 

many-electron wave function as a superposition of a large number of 
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Hartree-Fock states. Based on the variation principle, the orbitals should 

be iterated until the energy is minimized. This is the core idea in the 

so-called multi configuration self-consistent field (MCSCF) wave 

function calculations. [Hegarty, D. and Robb, M.A., 1979]  

Specifically, one writes the exact many-electron wave function in 

the MCSCF approach as a linear combination of all possible N-electron 

Slater determinants (configurations), 

 |MCSCF= cI |I (2.18) 

where the orbitals contained in |I are optimized together with the 

expansion coefficients cI.  

The complete active space self-consistent-field (CASSCF) wave 

function [Eade, R.H. and Robb, M.A., 1981] is a typical multi 

configuration self-consistent field method. In this approach, the occupied 

orbitals are divided into active orbitals and inactive orbitals. The inactive 

orbitals are doubly occupied in each Slater determinant in equation 

(2.18). All possible Slater determinants can be formed by distributing the 

remaining electrons in the active orbitals. The shapes of the active and 

inactive orbitals are determined by minimizing the electronic energy.  

In practice, the CASSCF calculation is only feasible for small 

systems, normally no more than ten atoms. The notation CASSCF (N, M) 

stands for a calculation where N electrons and M orbitals in the active 

space are considered. In other words, CASSCF calculation includes all 

configurations possibly formed by distributing N valence electrons into 

M orbitals, while keeping the total spin constant. In Chapter 3, we will 

use CASSCF (14, 14) to investigate the PES for stilbene (26 atoms) in 

the ground state.  
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The accuracy of the MCSCF depends on the size of the active space 

chosen. Small active space lead to a sterile solution, while large active 

space can be expensive computationally. These issues of MCSCF are 

circumvented in the density functional theory calculation, which will be 

discussed in the following section. 

 

2.1.2 Density functional theory  

The basic principles of the density functional theory (DFT) were 

laid down by Pierre Hohenberg and Walter Kohn in 1964 [Hohenberg, P. 

and Kohn, W., 1964]. Further developments of the theory have turned 

DFT into a powerful computational method to handle large systems. 

 

a) Electron density 

In the density functional theory, the ground state of a quantum 

mechanical many-body system is described in terms of its electron 

density ρ(r). The total number of electrons is then given by,  

  .  (2.19) 

The total energy of the system is also a functional of electron 

density ρ(r), 

  E[ρ] = Te[ρ] + Vext[ρ] + Uee[ρ] (2.20) 

Here the terms on the right-hand side of the equation correspond to the 

electrons kinetic energy Te, energy due to the external potential Vext(r), 

and the interaction energy of electrons Uee. The first Hohenber-Kohn 

theorem demonstrates that there is generally a one-to-one 

correspondence between ρ(r) and Vext(r) for a given system. 
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The second Hohenberg-Kohn theorem states that “the functional 

FHK(ρ) that delivers the ground state energy, provides the lowest energy if 

and only if the input density is the real density of ground state,” 

[Hohenberg, P. and Kohn, W., 1964] 

  (2.21) 

That means for any trial density �̃�, it has  

  E0  E [�̃�] = T [�̃�] + ENe [�̃�] + Eee [�̃�]  (2.22) 

b) Kohn-Sham equation 

In 1965, Kohn and Sham proposed to construct an expression for 

the functional FHK[ρ] in Eq. (2.21) by considering a fictitious system of 

noninteracting electrons whose density matches that of the interacting 

one [Kohn, W., and Sham, L.J., 1965]. Kohn and Sham suggested to 

write 

  F [ρ] = TS [ρ] + J [ρ] + EXC [ρ]. (2.24) 

In terms of the orbitals  i
 of the noninteracting system, the kinetic 

energy and electron density are given by, 

 

J [ρ] in Eq. (2.24) is the Coulomb interaction energy whose form is 

common for the two systems, while EXC is the so-called 

exchange-correlation (XC) energy defined as 

 .   

Here Eee[ρ] is the electron interaction (classical and nonclassical) for the 

real system, and T [ρ] is its kinetic energy. 
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Applying the variation on E[ρ] for the fictitious non-interacting 

system, we obtain, 

 

  (2.25) 

 

(2.26) 

This resulting equation is the Kohn-Sham (KS) equation, in which 

the exchange-correlation potential VXC = EXC / ρ, while the problem 

would focus on the functional VXC[ρ] with respect to the function ρ(r). 

 

c) Exchange-correlation functionals 

The Kohn-Sham theory does not contain a prescription to determine 

the exchange correlation functional VXC[ρ]. Many approximate forms 

have been proposed that allow the use of the density functional theory in 

specific situations. 

The simplest functional is the local density approximation. (LDA) 

[Parr, R.G., 1980] In LDA, the EXC can be written as, 

   (2.27) 

The EXC only depends on the value of the electron density at each 

point in space. The functional EXC[ρ] can be further decomposed into 

exchange and correlation contributions,  

   (2.28) 

the exchange energy is given by the energy of an electron in a uniform 

electron gas derived by Dirac, [Dirac, P. A. M., 1930] 
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  (2.29) 

No exact expression for the correlation part is available. Highly 

accurate numerical values have been obtained via the Monte-Carlo 

method by Ceperly-Alder in 1980. Later Vosko, Wilk, and Nusair 

provided a more precise result known as the VWN functional [S. H. 

Vosko, L. Wilk and M. Nusair, 1980]. Additionally, Perdew and Wang 

developed the PW92 functional in 1992 that has been used widely in 

recent years. [J. P. Perdew and Y.Wang, 1992] 

LDA is the basis of all other approximation of exchange-correlation 

functionals. Although LDA is a good approximation in uniform electron 

gas (-like), its ability to describe the non-homogeneity of electron density, 

such as metal systems, is poor. Subsequently, the generalized gradient 

approximation (GGA) functional [A. D. Becke, 1988; P. Perdew and Y. 

Wang, 1986; Perdew, J.P., Burke, K. and Ernzerhof, M., 1996] was 

developed to account for the non-homogeneity of the actual electron 

density,  

 . (2.30) 

It includes the LDA part and a supplement of the gradient contribution to 

the exchange-correlation energy. 

A popular approach is the Hybrid functional introduced by Axel 

Becke [A.D. Becke, 1993] in 1993, 

  (2.31) 

where EX
KS is the exchange-correlation energy calculated with the exact 

Kohn-Sham wave function, EGGA is the GGA part, and  is a fitting 

parameter. The most frequently used Hybrid functionals is B3LYP 
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(Becke, three-parameter, Lee-Yang-Parr) [K. Kim; K. D. Jordan, 1994; 

P.J. Stephens; F. J. Devlin; C. F. Chabalowski; M. J. Frisch, 1994; 

Stephens, P.J., et al., 1994].  

Despite these developments, current exchange-correlation 

functionals are inadequate for treating systems where the electron density 

varies sharply, as exemplified in “Van der Waals (vdW) interaction with 

non-overlapping systems,” or “electronic tails evanescing into the 

vacuum near the surfaces of bounded electronic systems.” [Juan Carlos 

Cuevas, 2017]  

 

2.1.3 Time-dependent DFT 

Energy of electronic excitations can be obtained in the linear 

response approach to the time-dependent DFT (TDDFT) based on the 

Runge-Gross theorem. [Runge, E. and Gross, E.K., 1984] Electrons 

moving in an external time-dependent field ʋ(r, t) follow the 

time-dependent Schrödinger equation, 

    (2.32) 

The term ʋ(r, t) creates a time dependent electron density. The 

electron density can be represented in terms of one-electron functions as, 

  (2.33) 

The orbitals are obtained from the time dependent Kohn-Sham 

equation, 
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(2.34) 

in which ʋxc(r, t) is the exchange-correlation potential approximated by 

the adiabatic expression, [Barone, V., Bencini, A. and Fantucci, P. eds., 

2002] 

   (2.35) 

The excitation energies can be obtained from the linear response 

theory. [Mahan, G.D., 1990] 

The TDDFT and its approximation can be successfully applied to 

analyze the spectra of molecules. 

 

2.1.4 Overview of ab initio calculation 

The main developments reviewed above for ab initio many-body 

electronic structure calculations are summarized in Figure 15. 

 

Figure 15. A flowchart illustrating main steps in computational 

chemistry. DOF stands for degree of freedom; PES stands 

for the potential energy surface, S. Eq. stands for the 

Schrödinger equation. Q.M. stands for the quantum 

mechanics, and M.D. stands for the Molecular dynamics. 

In the thesis work, we mostly use DFT methods to perform our 
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calculations. These include geometric optimization, transition state 

search, potential energy surface construction, and charge transfer along 

an isomerization path. In certain situations where DFT gives erroneous 

results, such as at the conical intersection, methods of higher precision 

such as the CASSCF are used instead. Time dependent density functional 

theory (TDDFT) [Bauernschmitt, R. and Ahlrichs, R., 1996] is used to 

compute properties of excited states.  

Computer codes to perform the calculations listed above are from 

the software package Gaussian 09 (M. J. Frisch et al., Gaussian 09, 

Revision C.01, Gaussian, Inc., Wallingford CT, 2009). 

 

2.2 Intramolecular torque analysis 

Once the electronic density for a given atomic configuration is 

known, one can easily compute the electrostatic force on the atoms. This 

information can be used to study the internal rotations of a molecule 

through a method we developed, known as the torque analysis.  

 

2.2.1 Introduction of intramolecular torque analysis 

We consider the classical motion of individual atoms and groups of 

atoms in a molecule of arbitrary complexity, induced by internal or 

external forces acting on the individual atoms. We shall distinguish 

between translational, rotational, and flexing motion of the molecule: 

these types of motion normally coincide but can be disentangled using 

classical mechanics. Translational motion is more based on the 

vibrational analysis, while rotational motion is of particular interest when 

examining rotor molecules. Flexing motion distorts a molecule or its 
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subunits beyond rigid translation and rigid rotation: flexing results not 

only from inhomogeneous forces but also from induced changes in the 

electronic structure during deformation. We shall introduce this effect 

further below through an iterative approach. For the present purpose, we 

neglect translational motion. 

Single point calculations of density functional theory (DFT) or 

time-dependent DFT (TD-DFT) can generate atomic force vectors, i.e., 

the analytical gradients of total energies with atomic coordinates, which 

can be used to further calculate the needed torques for rotation 

predictions according to the following scheme.   

Torque analysis is an intuitive and useful tool for exploring the 

rotation of a molecular machine since it provides a direct index to 

describe and to measure the rotation force felt. The total torque on a 

rotator (or on any molecule or subunit of a molecule) is obtained as the 

vector �⃗� = ∑ 𝑟 𝑖𝑖 × 𝐹 𝑖  , where i runs over all atoms of the rotator (or other 

subunit of interest), 𝐹 𝑖 is the total force acting on atom i due to all other 

atoms in the molecule, and 𝑟 𝑖 is the position of atom i relative to a 

reference point. 

  

2.2.2 Definition of intramolecular torque  

The torque on atoms in a molecule or subunit of a molecule be 

obtained as a vector, 

   (2.36) 

in which, i runs over all atoms of the rotator, and Fi is the total force 

acting on atom i due to all other atoms in the molecule, and ri is the 
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position of atom i relative to a reference point.  

 

2.2.3 Procedure of torque calculation 

For a certain configuration that only need do an SCF calculation, we 

can obtain the force act on each nucleus. Then, we can do the 

intramolecular toque. The basic procedure of torque calculation is as 

follows, 

a) Collect the position and force on each nucleus. 

Renormalize the coordinates system. In this step, the 

renormalization must ensure the force and position are in the 

same Cartesian coordinates.  

It should be noted that other geometries must be renormalized in 

this same Cartesian coordinate. 

b) And then, a reference point (RP) needs to be defined, such as the 

center of mass (CoM). 

c) Torque calculation, compute the cross product, 

          

d) Project torque onto the direction of a reference axis of 

interesting.  

The reference axis is typically defined on a chemical bond.  

Note that the choice of the reference point and axis are, in theory, 

arbitrary, however, in practice and for simplicity, in our code we 

set the reference point on the reference axis in step 2), and fix 

the X-direction as the reference axis direction in step 3) (a 
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certain chemical bond path). 

e) Define the rotor and stator part in the molecule and quantify the 

total torque to the Rotor & Stator in the molecule. 

As an SCF calculation has been done for each configuration, 

therefore the sum of the force and sum of the torque for each 

molecule must be zero. Following the conservation of angular 

momentum, we have, 

          

and as for the sign of torque, positive stands for anti-clockwise 

along the axis and negative stands for clockwise along the axis 

defined (by the right-hand rule).        

f) Results Output.   

 

Application of the above procedure to analyze the motion of 

specific molecules will be presented in later chapters. 

 

2.3 Geometry optimization  

The geometry of a molecule can be specified by the 3N Cartesian 

coordinates of nuclei {ri}. Alternatively, it can be described in terms of a 

set of lengths, angles and dihedral angles of the chemical bonds between 

the atoms.  

The potential energy surface (PES) E(r) of the molecule is a 

function of nuclear coordinates. Mathematically, geometry optimization 

is the process to solve the equation:  

 ∂E/∂r = 0 . (2.37) 
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At a local minimum of the PES, all eigenvalues of the Hessian matrix,  

 Hij = ∂∂E / ∂ri∂rj  (2.38) 

are positive.  

Figure 16 shows a flow chart to optimize the molecular geometry, 

followed by the optimization procedure. [Snyman, J.A., 2005]  

 

 

Figure 16. Flow chart of nuclear coordinates optimization. 

The simplest one is gradient descent (GD), with displacement in the 

direction opposite to the local gradient: 

   (2.39) 

the step size kn can be adjusted at each cycle,  

  (2.40) 

More accurate methods have been introduced, such as conjugate 
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gradients, which use the gradient history to make a better next step; the 

Newton-Raphson method and other quasi-Newton methods with BFGS 

(Broyden-Fletcher-Goldfarb-Shanno) update or DFP 

(Davidon-Fletcher-Powell) update. 

In our case, we use the GEDIIS (stands for Geometry optimization 

method using an Energy-represented Direct Inversion in the Iterative 

Subspace algorithm) which offers “A hybrid technique combining 

different methods at various stages of convergence.” [Li, X. and Frisch, 

M.J., 2006] 

Following the optimization flowchart, the optimization procedure 

terminates under a convergence criterion. In practice, the convergence 

criterion is typically defined by the threshold of the gradient of 

displacement and forces.   

Table 1. Criteria of convergence of geometry optimization. The 

RMS stands for root means square. Disp. is the displacement. 

All physical quantities are given in atomic units (a.u.): 1 a.u. 

= 1 Hartree = 327.15 kcal/mol, 1Bohr = 0.529 Angstrom.   

 

The first and second convergence criteria are based on force. The 

maximum force is the remaining force on one atom. RMS (root mean 

square) force describes the average effect on all atoms. The atomic unit 

of force is in Hartree/Bohr. (1 Hartree/Bohr = 8.23885e-8 N; 

0.00001Hartree/Bohr = 0.08 pN) 

Item

default tight verytight

 Max. Force 0.00045 0.00045 0.00045

 RMS Force 0.0003 0.00001 0.000001

 Max. Disp. 0.0018 0.0018 0.0018

 RMS Disp. 0.0012 0.0012 0.0012

Threshold
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The last two convergence criteria are based on the maximum 

displacement of structural change of one nucleus in each iteration, as 

well as the average effect of all parameters with the unit: Hartree. (1 

Hartree = 1 a.u. = 0.529 Angstrom; 0.018 a.u. = 0.00095 angstrom.)  

As shown in Figure 16, a self-consistent field (SCF) convergence 

must be reached for each cycle, and the change of energy must converge 

too. In this thesis, the convergence criteria of SCF energy < 1.0-6 a.u.  

0.0006 kcal/mol = 0.0026 kJ/mol.  

Table 2 lists the convergence criteria used in our work. 

Table 2. The convergence criteria of force, displacement, 

and energy used in our work.    

 

 

2.4 Transition state theory  

Transition state theory (TST) was proposed by Henry Erying in 

1935 [Eyring, H., 1935.] It gives the reaction rates in chemical reactions 

which assume a particular type of chemical quasi-equilibrium between 

reactants and products.  

The conventional TST reaction rate constant k expression 

[Fernández-Ramos, A., 2007] can be written as,  

  (2. 41) 

where σ is the number of reaction-path symmetry and T is the 

temperature; and kB is Boltzmann’s constant, h is Planck’s constant; 

Item convergence criteria

Force < 0.08 pN

Displacement < 0.001 Å

Energy < 0.0026 kJ/mol
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QTS(T) and ΦR(T) is the partition function describing transition state and 

reactant, respectively; V‡ is the height of energy barrier. Moreover, the 

equivalent thermodynamic form as, 

   (2. 42) 

where n is the number of the molecule plays in the chemical reaction, 

and n = n – 1. For the isomerization, we studied, n = 1.  

The core of TST is to obtain an accurate barrier of Gibbs free 

energy which takes the temperature and pressure and solvent effect into 

account.  

 ΔGact = GTS (T)  ̶ Gstate 1 (T) (2. 43) 

 

Figure 17. Thermal relaxation path. From isomer M to P’ 

through a transition state with the energy barrier ΔGact. 

(thermal isomerization process) 

The activation energy ΔGact is the height of Gibbs free energy 

barrier between the State 1 and transition state, see Figure 17. In our 

scheme, the Gibbs free energy is calculated using 

 G = Eelectron + ZPE + ΔG0T (2.44) 
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In equation (2.44), Eelectron is electronic energy on ground state, and 

ZPE is the zero-point vibrational energy, and ΔG0T is the thermal 

correction which stands for the contribution of thermodynamic quantity 

from the temperature increasing from 0 to T.  

There are many schemes to calculate the Gibbs free energy of 

system, and in this work, we adopt a conventional method. To obtain a 

numerical value, one needs to estimate the vibrational calibration factors. 

A good source of such information is Computational Chemistry 

Comparison and Benchmark Data Bases. (CCCBDB) [Web: 

cccbdb.nist.gov] 

Upon the reaction rate constant, the half-life of reaction process can 

be estimated as, 

  (2.45) 
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3. Photoisomerization of the Transition Trans- to 

cis-stilbene 

Chapter 3 

 

Photoisomerization of the Transition Trans- to 

cis-stilbene 

 

The photo activation inducing an alkene twisting around a 

carbon-carbon double bond (C=C) can be regarded as a natural motion in 

the light-driven molecular machines. [N. Koumura et al., 1999] Due to 

the relatively simple structure, the stilbene and its derivatives have 

attracted many theorists and experimental scientists over the years. [Hu, 

C.-M., et al., 1974; S. T. Repinec et al., 1991; Waldeck, D.H., 1991; M. 

Sajadi et al. 2010; I. N. Ioffe, and A. A. Granovsky, 2013] 

Stilbene (C14H12 = C2H2(C6H5)2) is a molecule with two distinct 

configurations that interconvert to each other through light excitation. 

The Trans-cis photoisomerization process along with the structures of the 

Trans- and Cis-stilbene is shown in Figure 18.  
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Figure 18. Equilibrium configurations of trans-stilbene and 

cis-stilbene. Upon photo excitation, its transfer to each 

other in a process known as photoisomerization.  

A multitude of experiments [S. T. Repinec et al., 1991] and our own 

calculations indicate that, at room temperature with gas-phase densities, 

the two configurations of stilbenes are separated by a significant barrier (> 

60 kcal/mol) along with a reaction path around the double bond. That is a 

very high barrier to be crossed through thermal fluctuations; however, 

upon the photoexcitation, Trans- or Cis- species could jump to high 

energy levels which offer a chance to overcome the barrier and isomerize 

to each other via a process known as the conical intersection (CI). During 

this process, both Tran- and Cis-stilbene undergo from π to π* electron 

excitation by ultraviolet light upon the twisting motion of the central 

C=C bond.  

This chapter aims to study the isomerization of stilbene focusing on 

minimum energy reaction path of photoisomerization around the C=C 

bond and sketch the features of isomerization on alkene systems, which 

will help us to understand the power stroke step of light-driven molecular 

rotary motors. This chapter is organized as follows. 

In 3.1, we will introduce the equilibrium geometries, Tran- and 

Cis-stilbene, potential energy surface (PES) and minimum energy 

reaction path of isomerization of stilbene. 

In 3.2, based on the MEP, three methods of analyzing electron 

density will be presented.  

In 3.3, we will present the intramolecular torque analysis methods 

which can describe the rotational trend behavior on an axis that is 

arbitrarily selected. 
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Finally, we comment on the fact that DFT and TD-DFT may lead to 

erroneous results for regions of potential energy surfaces where S0/S1 

energy gaps are small, such as close to the conical intersection region. 

 

 

3.1 Introduction of isomerization of stilbene 

The isomerization of stilbene is a reaction connecting two 

equilibrium geometries, Trans- and Cis-stilbene.  

In 3.1.1, the core concepts of geometry and geometry optimization 

will be introduced; and using the optimization method, we obtain the 

geometry of Trans- and Cis-stilbene. Through a transition state, it's hard 

to obtain the exact reaction path connecting Trans- and Cis-stilbene, 

therefore, in 3.1.2, we set two fundamental degrees of freedom (DoF) as 

functions and fix other DoFs to describe the PES. Based on the PES, we 

find the minimum energy path (MEP) of isomerization. The energy 

profile of MEP will be present in 3.1.3, and the results from DFT and 

CASSCAF calculation will be discussed. 

 

3.1.1 Equilibrium geometries of stilbene 

Following the introduction to geometry optimization in chapter 2.3, 

we use DFT calculation with functional CAM-B3LYP [T. Yanai et al., 

2004; V. Rostov et al., 2010; V. Rostov et al., 2012] and basis set 

6-311G(d), [D. McLean et al., 1980; [Krishnan, R.B.J.S., 1980] to study 

the equilibrium geometries of stilbene. In optimization, the “verytight” 

(defined in Table 1) criterion of convergence was used. The main 

parameters of the optimized structure of stilbene are shown in Figure 18, 
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and Table 3. 

Following the optimization flowchart, we obtain the equilibrium 

geometries of Cis- and Trans-stilbene by Gaussian 09.  

Table 3. The main parameters of optimized structure of 

Trans-/Cis-stilbene. The C=C stands for the length of C=C 

bond, the definition of dihedral angle to Twist and Rotation 

and C2-C3-C12 is shown in Figure 20. 

 

Optimization is sensitive to the initial geometries. Different initial 

guesses can lead to different optimized geometry.  

Take the stilbene as an example, besides the Trans- / Cis-stilbene, 

there are some other optimized geometries (isomers), such as 

dihydrophenanthrene (DHP), whose potential energy is 42.6 kcal/mol 

higher than trans-stilbene in the gas phase based on our search for 

optimization, as shown in Figure 19 (b). That means DHP is a very 

unstable state with little chemical abundance in standard condition. 

Figure 19 (a) demonstrates the isomer of stilbene with global minimum 

energy. 

 

Trans- Cis-

C=C 1.335 Å 1.335 Å

C-C 1.468 Å 1.476 Å

Twist 180° 5.46°

Rotation 180° 39.94°

C2-C3-C12 123.48° 122.34°
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Figure 19. The other two isomers of stilbene. (a) The isomer of 

stilbene with the global minimum energy (0.08kcl/mol 

lower than Trans-stilbene); (b) The structure of 

dihydrophenanthrene (DHP), in which a cyclization occur 

between two phenyl groups.  

 

3.1.2 PES of stilbene in two degrees of freedom 

Experiment and theoretical studies [Püttner, R, et al., 2017] 

elucidated that the degrees of freedom (DoF) of the twist of the C=C, and 

the rotation of phenyl groups are the main factors in the process of 

isomerization. In addition, the extensional deformation of the C=C bond 

is also a critical DoF. However, its energy contribution is much smaller 

than the contributions from the twist of the C=C bond and the rotation of 

phenyl groups. In this thesis, we set the length of the C=C bond as a 

constant. Other effects of deformation of the C=C bond will be reported 

in a later report. [Lei Chen, Ruiqin Zhang, et al., Intramolecular Torque - 

a novel strategy for the design of photoactive molecular motors with 

unidirectional rotation, 2017] 

Using internal coordinates, we take all the intramolecular distances, 

angles, and dihedral angles are fixed, except set the DoF of “twist” and 
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“rotation,” as independent variables to scan the PES. The definition of 

this two DoFs are presented in Figure 20. 

 

Figure 20. Definitions of two degrees of freedom.  (a) Twist 

(dihedral angle C16 - C14 - C12 - C3, blue line); (b) 

Rotation (dihedral angle C17 - C16 - C14 - C12, Red 

line). 

The single point energy (SPE) calculation will be used to scan these 

two DoFs. SPE is the potential energy of a molecule with fixed nuclear 

coordinates. During the whole scanning, C2 symmetry was kept for each 

configuration.  

For excited states, the TD-DFT is employed in the same 

configuration of the ground state. (FC excitation) As a result, the 

potential energy surfaces for the ground and excited state are shown 3D 

in Figure 21 and 2D in Figure 22.  
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Figure 21. Potential energy hypersurfaces. The lower layer 

stands for the ground state, and upper layer shows the first 

excited state. The arrows point the special structures for 

Trans, Cis, and transition state of stilbene.   

 

Figure 22. 2D Potential energy surface. (a) The ground state. (b) 

The excited state. A conical intersection line is seen at 

Twist=90°. (the green range for both) The minimum gap 

between the excited state  and ground state is 1.1 

kcal/mol at Twist=90° and Rotation=21°. The circles 

describe the minimum energy path in twist angle. 
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Potential energy surfaces could offer us a clear map for the feature 

of structure-energy information. The positions of Trans- and Cis-stilbene 

on PES are shown in Figure 21. It can be concluded that the reaction of 

isomerization on stilbene must overcome the high energy barrier. 

(>60kcal/mol)  

Under the PES, we searched for the minimum energy of each given 

twist angle (see the dots in Figure 22); Results give an indication of the 

minimum energy reaction path of the isomerization process. 

 

3.1.3 The minimum energy path of isomerization 

The minimum energy path (MEP) describes the reaction only in the 

ground state. Figure 23 shows the 2D PES of the excited state along the 

same path as that of the ground states.  

The difference of structures parameter and energy for Trans- / 

Cis-stilbene are shown in Table 4. In the Table, the “MEP-trans” and 

“MEP-cis” stands for the Trans and Cis structures come from the MEP 

we calculated; “Trans” and “Cis” stands for Trans and Cis structures 

originate from the geometry optimizations; “Global Mini.” stands for the 

global minimum energy structure. (shown in Figure 19 (a)) The energy 

difference between the Trans- / Cis-stilbene and MEP-trans / MEP-cis is 

smaller than 0.2kcal/mol. (1kBT=0.593kcal/mol) 
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Figure 23.  Energy profiles along the minimum energy path 

(MEP). ES represents the excited state, and GS represents 

the ground state which calculated by DFT and CASSSCF 

(14,14) methods respectively. The animation about the 

MEP is shown in https://youtu.be/QQtijvS7i-M.  

Experimentally, the fluorescence spectrum of cis-stilbene indicates 

the excitation at 267 nm (107kcal/mol) [M. Sajadi et al., 2010]. Our 

prediction (112kcal/mol) is consistent with the experimental 

observations. 

Table 4. Critical parameters and difference of energy for 

Trans- / Cis-stilbene. All values are respect to the global 

minimum from the optimization. Geometry optimization 

results noted by “Trans” and “Cis.” And the “MEP-Trans” 

and “MEP-Trans” stand for the structures come from the 

minimum energy path selected by scans.  

https://youtu.be/QQtijvS7i-M
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In order to get more accurate results, we recalculate the MEP using 

the post-Hartree-Fock method, CASSCF.  

The CASSCF calculation must be operated in a completely active 

orbitals space. In our case, during the absorption, the π orbitals all 

participate in excitation. Therefore, the full active space is the 14 π 

orbitals. The active space of a complete set of π orbitals is shown in 

Figure 24. 

The CASSCF result of energy profiles of the ground state is shown 

in Figure 23 with green line points. The result appears a continuous 

energy curve in the region of near conical intersection. In this region, the 

DFT gives an erroneous result. The range of application of DFT will be 

further discussed in section 3.4. 
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Figure 24. Active spaces illustrated by Cis-stilbene, (14,14) 

comprehends the complete set of π orbitals. 

 

3.2 The electronic structure of stilbene 

The electron transition occurs in the photoisomerization and plays a 

major role in the excitation and decay which is based on electron 

movement. [Koumura, N., 1999] 

The electron density ρ(r), in quantum chemical calculations, is a 

function of the coordinates, r. The ρ(r)dr is the number of electrons in a 
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small volume dr.  The electron density can be written as, 

  (3.5) 

where is orbital wave function, i is occupation number of orbital, Ci is 

a coefficient matrix, and  is basis functions. The element of ith row jth 

column corresponds to the expansion coefficient of orbital j respect to 

basis function i. Atomic unit for electron density can be written as 

|e|/Bohr3 explicitly. The gradient norm of electron density 

   (3.6) 

Moreover, the Laplacian of electron density 

  (3.7) 

 

3.2.1 Electron density difference 

Electron density difference (EDD) describes the spatial distribution 

of the difference between the reference of electron density and the 

measured electron density, usually comparing to same structures or same 

constituent of the molecule. Here, we illustrate the EDD between the 

ground state and excited state, which could indicate the electron density 

transformation during the excitation.  

Using the trans- and Cis-stilbene as an example, as in Figure 25, the 

blue color denotes a gain and the purple color a loss of electron density. 

It can be seen that the π bond has been destroyed at the position of “C=C” 

and two new π bond established at the “C-C” point after the absorption.    

https://en.wikipedia.org/wiki/Electron_density
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Figure 25. Electron density difference (EDD) between the 

excited state (S1) and ground state in Trans- Cis-stilbene, 

calculated by TDDFT. In the photoexcitation, the electron 

density transforms from “purple” region to “blue” region 

in the excitation from ground state to excited state with 

the iso-surface = 0.004 e/Bohr3. Figure (a) represents the 

results of Cis-stilbene and Figure (b)  stands for the 

condition of Trans-stilbene. The EDD of the whole 

process along the minimum energy path is shown on 

https://youtu.be/T4ya98zOxbw. 

An animation showing electron density difference between ground 

state to excited state along the minimum energy path can be found at 

https://youtu.be/T4ya98zOxbw. In the animation, the “Electron density” 

transforms from the purple region to the blue region in the excitation 

from ground state to excited state with the iso-surface =0.004 e/Bohr3. 

Near the equilibrium states, the main features are shown the fracturation 

of π bond in “C=C” position and re-establishment of π bond in C-C 

position with respect to the ground state as a reference. Whereas close to 

the conical intersection region, a π bonding to a π* antibonding 

transformation of the C=C bonds are expressed, also, with a large 

https://youtu.be/T4ya98zOxbw
https://youtu.be/T4ya98zOxbw
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transfer amount. 

The transfer amount of electron density is shown in Figure 26. Near 

the conical intersection area, a significant transfer of electron density was 

presented by DFT calculation. This erroneous is caused by the weakness 

of DFT.  

  

 

Figure 26. Change of the electron density along the reaction 

path spanned by the twist angle. The Y-heroization, 

transfer of electron density defined by the summing up 

negative (or positive) value and multiply differential 

element. 

In order to measure the character of π or σ bond, quantitatively, we 

will organize a topology analysis of electron density in the next section. 

 

3.2.2 Topology analysis of electron density 

Bader proposed a description of the chemical bond base on the 

topology of electron density in the 1960s, which is known as “the 

quantum theory of atoms in molecules” (QTAIM). This technique has 
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also been extended to other real space functions and many engineering 

applications, such as Silvi and Savin’s topology analysis of electron 

localization function for small molecules. [Silvi, B. and Savin, A., 1994] 

The points at where the gradient of electron density value is zero (𝛻𝜌(r) = 

0, except for infinity points) are called critical points (CPs).  

Hessian Matrix of electron density at CPs can be written as 

   (3.8) 

diagonalizing the Hessian Matrix 𝛻𝛻𝜌(r) = U-1Λ U (Aui=λiui), we have  

          (3.9) 

where λi is the eigenvalue with respect to eigenvector ui. CPs can be 

classified into four types consistent with how many eigenvalues of 

Hessian are negative, which could be classified according to their rank 

(ω) and signature (σ) and are symbolized by (ω, σ). [Bader, R.F.W., 1990] 

The (3, -3) stands for the three eigenvalues of Hessian matrix, which are 

negative, and that means 𝜌(c) is a local maximum, which is referred to as 

the nuclear critical point (NCP) (the number of NCP is equal to the 

number of atoms, generally); (3, -1) means that two eigenvalues of 

Hessian matrix are negative, which is called the bond critical point 

(BCP); and (3, 1) means that 𝜌(c) is a saddle point, which appears in the 

center of ring system and displays steric effect so is called the ring 

critical point (RCP); and none of negative eigenvalues of Hessian matrix 
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in (3, 3), where 𝜌(c) is a local minimum, which is named as cage critical 

point (CCP). An example for those characteristic values is shown in 

Figure 27. 

 

Figure 27. Critical points described by characteristic values of 

(ω, σ), parenthetically, this molecule may not be existent 

in nature. (from Wikipedia, Multiwfn) 

The BCPs are our concern to study the chemical bonds. For the 

diagonalization of Hessian Matrix, the ellipticity ε of a bond can be 

defined as, 

   (3.10) 

The ellipticity ε provides a measure of σ and π bond character; 

larger values (generally > 0.3) specify a π bond character and lower (< 

0.1) ε values indicate a σ bond character. The ellipticity of C=C bond 

related to the DoF of “twist” and C-C associated with the DoF of 

“rotation” upon the processes of photoisomerization are shown in Figure 

28. 
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Figure 28. Ellipticities of C=C and C-C bond for the process of 

photoisomerization. Generally, ε > 0.3 indicates the 

character of π bond and ε < 0.1 indicates σ bond character. 

[Bader, R.F.W., 1990] 

In the ground state, the ellipticity of C=C bond at 0.35 indicates a 

character of the double bond.  

The ellipticity of C=C bond decreases with the excitation 

dramatically, which implies the π bond was destroyed and transmutes to 

the characters of σ bond. The twist of C=C can still achieve the same 

effects but weaker than that of excitation. The C-C bond shows an 

opposite behavior during this process.  

Near the conical intersection region, the curve of ellipticity is 

discontinuous caused by the limitations of DFT calculation.   

 

3.2.3 Electrostatic potential energy 

Charge distribution generally determines the chemical properties of 

molecules. We studied the electrostatic potential (ESP) energy surfaces 

of the stilbene in the ground state and the excited states. The ESP [Bader, 

R.F.W., 1990] is given by KQ1Q2/r, where K is the Coulomb’s constant, 

Q is the charge of particle and r is the separation of particle 1 and 
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particle 2. It measures the work to move a charged particle from infinity. 

In our calculation, ESP is defined on the Van der Waals (vdW) surface, 

an iso-surface at ρ(r)=0.001 e/Bohr3. The wavefunction used in 

electrostatic potential analyses was employed for the MEP geometries 

via B3LYP/6-311G(d). The color mapping of iso-surface graphs of 

electrostatic potential is shown in Figure 29 and was rendered by the 

software package, Visual Molecular Dynamics (VMD) program. [E. 

Matito, P. Salvador et al., 2006] 

For Cis-stilbene, the ESP of ground and excited state results show 

that the most significant electron transfer occurs from the top of phenyl 

groups (blue spheres in Figure 29) to the connection area of two aromatic 

parts during the Franck–Condon (FC) excitation. This kind of transfer 

may be the cause of the photocyclization to molecule DHP. [Mallory, F.B. 

and Mallory, C.W., 1984.] 

 
Figure 29.  Electrostatic potential (ESP) mapped molecular 

vdW surface of Cis-stilbene. The unit is in kcal/mol. 

Significant surface local minima and maxima of ESP are 

represented as Blue and Red spheres and labeled by dark 
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blue and brown–red, respectively. Only the global minima 

and maxima on the surface are labeled. Cis-stilbene of 

ESP in the ground state is shown in the left part and 

excited state on the right part. 

3.3 Torque analysis on photoisomerization 

Following the procedure of torque calculation described in section 

2.2, we studied the photoisomerization process on stilbene. 

We set the bond path of the C=C bond as the reference axis; the 

definition of the rotor and stator are shown in Figure 30. The reference 

axis has been defined as the X-direction in the Cartesian coordinates 

system.  

 

Figure 30. Definitions of rotor part and stator part of stilbene. 

Here, setting the C=C bond as the reference axis with the 

direction defined from C12 point to C14. (as X-direction) 

Rotor part: C1, C2, C3, …, H13, and Stator part: C14, 

H15, C16, …, H26. 

Stilbene has two identical parts which can nevertheless be named 
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the Rotor and the Stator. Only one-part needs be studied. Projecting the 

torque onto the reference axis, the positive value implies 

counterclockwise rotation, and negative one stands for the clockwise 

rotation. Clockwise and counterclockwise rotation can be defined 

following the right-hand rule with the X-direction. These projected 

values of torque reflected the slope of the projected PES on the rotation 

coordinate. 

Figure 31 shows the results of torque to rotor part. The projecting 

torque of ground state and excited state presents the opposite signs, 

which demonstrates the C=C bond can rotate in different ways upon the 

photoexcitation. This feature allows stilbene to be a candidate as a 

molecular switch. [Fuß, W., et al., 2004] 

 

 

Figure 31. The torque of rotor in the ground state and excited 

state with setting the C=C bond as the reference axis. The 

chart only shows the torque project to X-direction.  

3.4 Remarks 

In this Chapter, we introduced the electron density difference (EED), 
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the topology of electron density analysis (so called QTAIM) and 

electrostatic potential energy (ESP) analysis to indicate the properties of 

the molecules. Each analysis has certain advantage and disadvantages. 

EED could display a distinguished transfer of electron density 

between states of ground and excited, but it is still difficult to do further 

analysis based on the transfer combining the chemical aspects. QTAIM 

can clarify the character of π or σ bond through the bond critical point, 

however, it can not give more valuable information beyond the critical 

bonds; ESP is a powerful weapon to reveal the fundamental features of 

molecule following the Hohenberg-Kohn Theorem I, which could be 

very useful to study the Van der Waals interaction system or cluster 

system or aggregation phase of organics but lack of description of the 

intramolecular properties. The above-mentioned analysis depends on the 

electron density from the DFT calculation. However, DFT is not always 

reliable such as the system located in degeneracy states (conical 

intersection). More fundamentally, Medvedev et al. point out that 

“electron densities ρ and energies E[ρ] computed with density functional 

theory does not always increase in accuracy together.” [Medvedev, M.G., 

Science, 355 (6320) 49, 2017] Even though this argument is 

controversial, it implies the problems of the accuracy of electron density. 

The post-Hartree-Fock method is an alternative to avoid this issue and 

obtain a more accurate electron density. 

Aside from the density analysis, we propose a methodology for the 

rotational system by intramolecular torque analysis. The intramolecular 

torque analysis gives a clear description of rotation, which depends on 

the choice of reference point or axis or division of rotor/stator parts. 
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Moreover, TD-DFT has been employed routinely to describe the 

excited states producing one direction of degeneracy-splitting, however 

for the conical intersection, its applicability is problematic, “the 

molecules are often described as biradicals at conical intersection points; 

thus, the single-reference theory is not appropriate,” [B. G. Levine et al., 

2006] the same problems and arguments are shown by Noriyuki 

Minezawa and Mark S. Gordon in 2009 and Kaduk, B. and Van Voorhis, 

T. in 2010.  R. Improta and F. Santorois suggested that “the reliable 

region of the PES where S0/S1 energy gaps larger than 2 eV.” [R. Improta 

and F. Santoro, 2005], they studied the higher states with a different 

environment, the result is shown in Figure 32. They ignored the middle 

area which includes the conical intersection.   

 

Figure 32.  Trans Cis-stilbene of S1 and S2 energy profiles by 

TD-DFT partial optimizations at fixed twist angle. 

[Improta, R. and Santoro, F., 2005] 

In order to avoid the problem caused by single-reference theory, 

multi reference methods such as complete active space (CAS) must be 

used.  

We plan to study the regions near the conical intersections by 

CASSCF method. However, the excited states request such a huge 
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computational resource to compete. Only the results of the ground state 

are shown in this chapter. 

Another alternative is hybrid calculations combining the DFT and 

wave function method together. However, this approach is still immature. 

[Fantacci, S., 2004; Vilarrubias, P., 2017] 
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4. Torque analysis: an expanded view 

 

Chapter 4 

 

Torque analysis: an expanded view 

 

In this chapter, we demonstrate the use of the intramolecular torque 

analysis introduced in Section 2.2 using motor 1 as an example. As 

discussed in Section 1.3.2, electronic properties of motor 1 have been 

reported previously. We have repeated the calculation using the 

CAM-B3LYP functional with a 6-31+G* basis set provided in Gaussian 

09. For a given set of atomic coordinates, the code returns forces on each 

atom, from which the torques can be calculated. We discuss how to use 

this information to predict the motion of angular variables associated 

with the rotational degrees of freedom. The method also indicates which 

atoms, if any, are predominant in causing the rotation, thereby helping to 

theoretically screen, or modify experimental designs. 

 

4.1 Structure and photoisomerization of Motor 1 

The structure of Motor 1 

(9-(2,4,7-trimethyl-2,3-dihydro-1H-inden-1-ylidene)-9H-fluorene)  

is shown in Figure 33. It comprises of a fluorene as “stator” linked to a 

“rotor” by the C=C “axle.” The molecule has been previously studied 

and is well-known. [Kazaryan, A., 2010, 2011].  
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Figure 33. The structure of molecular Motor 1 and the 

definition of Torsion with dihedral angle C1-C2-C3-C4 

and Pyramidalization with dihedral angle C3-C4-C7-C2. 

Under the geometry optimization (in section 2.3), two local 

minimum energies corresponding structures isomer P (P’) and isomer M 

(M’) are shown in Figure 35 (a). Because of the asymmetric stator, the 

isomer P’ (M’) is the mirror symmetry of isomer P (M) with the same 

potential energy. 

Upon the steric interaction between the methyl groups and fluorene 

of Motor 1, the isomer P overwhelmingly occurs when the two methyl 

groups of the rotor at the bottom appear on the same side of the stator. 

(Figure 35 (a) - P) Moreover, the isomer M occurs when the two methyl 

groups are performing on different sides of the stator. (Figure 35 (a) - M). 

The energy profiles of a half rotation cycle are shown in Figure 34. 

Comparing the energies of the isomer P and the isomer M, EM -EP = 

14.0kJ/mol shows that the isomer P is the more thermally stable structure 

than isomer M at room temperature. (1kBT = 2.481kJ/mol) 
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Figure 34. Sketch of energy profiles of a half rotation cycle. 

Selecting the stable isomer P the as starting point, electronic 

excitation localized on the C=C bond of isomer P leads to 

photoisomerization in which the rotor rotates with respect to the stator 

during a consequence of photochemistry processes and finally result to 

metastable isomer M. (or back to the isomer P, the probability depends 

on the intramolecular charge transfer and the environment [Conyard, J., 

2014] And then, if the relaxation time is long enough, the isomer M can 

overcome the thermal barrier. The methyl groups regain their preferred 

orientation, produces the isomer P’. Further photoisomerization (P’  

M’) and thermal inversion (M’ P) steps to complete a full rotation 

cycle. 

 

4.2 Intramolecular torque analysis of Motor 1 
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4.2.1 Coordinate system and torque calculation 

Base on the introduction of intramolecular torque analysis in section 

2.2, we studied the intramolecular rotation of Motor 1. 

The reaction path of isomerization will be calculated using quantum 

chemical method (here, using DFT method) by optimizing all degree of 

freedoms of the molecule with a dihedral angle of internal coordinates 

fixed: scanning the structure in the ground state with the torsion of the 

C=C bond (θ) as the coordinate with fixed dihedral angle C1-C2-C3-C4, 

see Figure 33.  

The choice of the reference point is arbitrary in general, but it will 

be useful to place it on the resulting rotation axis. At this stage the 

location and orientation of the rotation axis are undecided. Although 

there can be multiple axes in a molecule for the rotations of its 

components, there may be a principal axis of rotation which is chosen by 

the system (respecting mechanical conservation laws) and will result 

from the vector summation of the atomic torques in the system, but will 

also be affected by the constraints imposed by any rigidity of the linkage 

to a stator and by the different masses of the atoms, i.e. inertia. Some 

degree of insight is needed to choose the reference point. For colliding 

molecules or reaction fragments in a vacuum, the point could be located 

at the center of mass of each separate molecule or fragment, since a free 

object will rotate around its center of mass. For a molecule like “Motor 

1”, a relatively rigid bond connecting stator and rotator favors a reference 

point anywhere along that bond. 
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Figure 35. The full rotation cycle of Motor 1 and definition of 

the reference axis. (a) The rotation cycle, equilibrium 

geometries of isomer P and isomer M. The P’ (and M’) is 

the mirror symmetry of P (and M),  equilibrium 

geometries optimized the by a DFT method with 

functional B3LYP and basis set 6-31+G* (in short: 

B3LYP/6-31+G*); (b) Definition of reference axis, C=C 

axis or Z axis; (c) Definition of the direction of 

“clockwise” or “anticlockwise” with respect to the axis. 

For convenience and clarity, we shall in the following discussion 

assume that the stator has a fixed orientation, but that it can still deform 

somewhat during rotation of the rotator. This may be achieved strictly by 

fixing the mutual orientation of a particularly important triplet of atoms 

of the stator. In a free stator and rotator molecule, both stator and rotator 

will turn in opposite directions to conserve total angular momentum, so 

the designation of stator vs. rotator becomes arbitrary. If the stator is 

relatively vast and bulky or is itself rigidly attached to a larger mass, it 

will be nearly static. We also assume zero temperature, i.e., no thermal 

vibrations. 

If the total torque vector �⃗�  on a rotator is small (e.g. comparable to 
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or smaller than the average individual atomic torque), then there is only a 

weak tendency to rotate. This indicates that the atomic torques largely 

cancel each other out (while possibly leading to distortions within the 

rotator) or are individually small. This outcome shows that the molecule 

actually does not behave like a rotator in its assumed configuration and 

state: it may not be a suitable “rotor molecule”, so one may consider 

alternate molecules instead. 

Now consider the more interesting case where the total torque 

vector �⃗� is larger (e.g. significantly larger than individual atomic torques 

or dominated by a few atomic torques). If �⃗�  is found to be parallel to a 

fixed bond between stator and rotator, it is clear that the rotator will (at 

least initially) rotate around that bond axis, like a top spinning with a 

steady vertical axis on a table. The direction of rotation (clockwise or 

counterclockwise as seen from rotator to stator in this paper) will simply 

be given by the direction in which �⃗�  points (“up” vs. “down”). But if �⃗�  

is tilted away from that bond axis, there is also a torque component that 

will make the rotator tilt to the side, like a spinning top tilting sideways 

from the vertical on a table. The rotator may then process like a tilted top, 

but that motion will depend also on any other deformations taking place 

in the molecule during the subsequent rotation. 

For simplicity, a flexible axis along the C2=C3 bond of the “motor 1” 

is chosen for studying the rotation around it, and the reference point for 

calculating torques is set at the middle point of the C2=C3 bond. The 

notations are shown in Figure 36. The total calculated torque is projected 

onto the C2=C3 axis, see Figure 36. If we wish to inspect the effect of a 

tilt of the rotation axis away from the bond axis (resulting in a 
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constrained rotation about the fixed Z-axis), we may simply take the 

projection �⃗� 𝑧 of the total torque �⃗�  onto the Z axis and use it to predict 

the sense of rotation about that fixed direction. Also, our torque method 

easily provides the component of the total torque perpendicular to the 

bond axis, that perpendicular component shows the approximate 

direction in which this tilting would happen, and roughly how strong the 

tendency of such tilting is. 

 

Figure 36. A schematic representation of the stable (a) 

and metastable state (b) of the “Motor 1” molecule, with 

the labeling of the central atoms and definition of two 

dihedral angles θ and α and of the coordinate axes. The 

C6-C5 bond defines the X axis, with origin midway 

between C5 and C6, while the Z axis is perpendicular to 

X and passes through C3, and the Y axis is perpendicular 

to X and Z. Thus, the Pentagon of the stator is in the XZ 

plane, while the bond C3=C2 is approximately parallel to 

the Z axis.  

 

4.2.2 Results 

Motor 1 has two thermal equilibrium isomers: stable (1-P) and 
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metastable (1-M) conformers are shown in Figure 35(a). [Filatov, M. and 

Olivucci, M., 2014] In the initial lowest-energy stable state (1-P), there 

are no net forces on any atom, so the total torque on the rotator is zero. 

The photoexcitation to the excited state S1 first leads to the 

Franck-Condon (FC) state in which the atomic geometry has not changed 

while the electronic level occupation has changed. This causes non-zero 

net forces on most atoms and results, due to the chirality of the molecule, 

in a significant positive total torque on the rotator, as projected onto the 

C=C bond axis. The positive sign implies counterclockwise rotation, 

looking from the rotator toward the stator. This counterclockwise rotation 

is reflected by a negative slope of the PES surface of the S1 state (seen as 

a downward slope marked by arrows in Figure 37 (a)), driving the 

system in the counterclockwise direction. For further rotation, away from 

1-P, the torque method can efficiently simulate a simple rigid rotation of 

the rotator to explore qualitatively whether there is continued tendency to 

rotate counterclockwise. At this simplest level, we obtain the total torque 

(and total energy) is shown in Figure 37 (b) until a torsion angle of 85° 

(where the total energies of S0 and S1 states are closest). We see that the 

total torque on the rotator remains positive or close to zero, so the 

rotation can continue counterclockwise (the more accurate PES analysis 

of Refs. 28 and 29 confirms a continuous downward slope in the 

counterclockwise direction). We have calculated the FC state every 5° or 

1° for Figure 37 (with relatively rapid electronic optimization but 

without time-consuming geometric optimization). We could have 

skipped most of those points by using larger steps of 30°, for example, to 

save even more computation time. 
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Figure 37.  (a) Profiles of the energy E of the S0 and S1 PESs 

(The arrows show the expected counterclockwise system 

evolution.), (b) total torque TC=C (in units of piconewton × 

nanometer = 10-21 N•m) of the rotator of motor 1 projected 

onto the C=C bond as a function of the torsion angle θ from 

1-P to 1-M, assuming rigid rotation of the rotator until 85°, 

then optimized rotation beyond 85° (see text for details), (c) 

Profiles of the S0 and S1 total torques TZ (in units of 
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piconewton × nanometer = 10-21 N•m) of the rotator of 

motor 1 projected onto the Z direction, (d) tilting angle of 

the C=C axis relative to the Z direction as a function of the 

torsion angle (θ) from 1-P to 1-M, assuming rigid rotation of 

the rotator until 85°, then optimized rotation beyond 85°. 

The barrier for twisting the C=C bond in the ground state PES, as 

seen in Figure 37a, occurs near a torsion angle of 85°, causing high 

energies in that region. Also, near 85° the ground state S0 and the excited 

state S1 approach each other in energy (Figure 37a): this facilitates 

de-excitation to the ground state S0. Beyond 85°, we thus follow the 

further rotation in the ground state S0 until the metastable state 1-M 

(near 154°). Due to the timescale impact, we now allow the rotator (and 

stator) to be non-rigid in the ground state S0. This requires optimizing 

the structure at several fixed torsion angles (specified as particular 

dihedral angles involving the C=C bond), which we did every 1° or 5° 

for Figure 37. We observe a positive total torque again, approaching zero 

near the equilibrium state 1-M, as it should: so, the rotation continues in 

the counterclockwise direction (as also confirmed in a complete PES 

analysis. [Kazaryan, A., 2011] The sudden switch to optimized 

geometries causes the observed discontinuities near 85° in Figure 37, 

which is therefore not physical. Thus, the real geometric evolution might 

happen between the rigid and relaxed S0 PES in the range of 86°-90°. 

To examine whether tilting of the C=C axis could significantly 

change the effect of the torque described above, we project the torque of 

the rotator onto the Z direction (�⃗� 𝑍) to compare it with the above �⃗� 𝐶=𝐶. 

As shown in Figure 37 (c), TZ is almost the same as TC=C of Figure 37 (b), 

implying that the tilting effect on the axis is minor. Figure 37 (d) shown 

that the tilting angle of the C=C axis from the Z direction remains ~ 1.5° 
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before a torsion angle of 85° due to the rigid rotation and varies in the 

range of 0-21° for the relaxed geometries after a torsion angle of 86°.  

 

4.2.3 Conclusion of torque analysis 

Our method allows us to easily identify those atoms that dominate 

the unidirectional rotation, namely those atoms which are subject to the 

largest torques. Thus, our atomic torque profile can reveal the absolute 

preference of rotation direction so as to help judge whether 

unidirectionality in a molecular motor is favored or not. 

In conclusion, we have developed an approach to use torque from 

DFT and TD-DFT calculations to predict the rotational behavior of a 

molecular rotor. The approach is successfully applied in studying the 

photoisomerization of a light-powered molecular rotary motor twisting 

around its central C=C axis. The procedure is simplified by only 

calculating the torque to explore the feasibility of the intramolecular 

rotation; will is helpful for understanding the mechanistic origin of the 

photoisomerization. Through vector summation of the torques acting on 

each atom and projected onto the rotation axis, we can optionally inspect 

the impact of a certain part within a motor on the unidirectional rotation 

with explicit rotation direction and magnitude. The method illustrates 

clearly how, for this rotor molecule, the unidirectional rotation can be 

realized by switching from the S1 state to the S0 state. Additionally, our 

approach highlights that the significant atomic torques can be localized 

on a few atoms (here two C atoms attached directly to the C=C axis in 

the rotator). It is also seen that atomic torques with widely variable 

directions on multiple atoms after the photoexcitation are not favorable 
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for driving a unidirectional rotation in this molecule. Considering that the 

calculations involving photochemical reactions are usually complicated 

and time-consuming.  

Our work shows that the torque profile reveals the rotation direction, 

even though it is only an alternative expression of the ground and 

excited-state PESs. Since the potential energy is a scalar quantity, it 

cannot be decomposed and projected. In contrast, the calculated torque 

projected onto the rotational axis can clearly distinguish between the 

rotational directions in any configuration. This method can thus help 

experiments by designing motor molecules with better performance. The 

approach is constructive in our ongoing research to study the mechanical 

motions of other molecular motors. 

Our torque approach can also easily be applied to molecular 

collisions, chemical reactions, vibrations, or electronic excitations for 

given atomic positions (e.g. distortion of a molecule by a collision, by 

reaction with another molecule, by vibration or by excitation). A single 

total energy calculation can obtain the forces acting on each atom and 

therefore lead to the torque acting on any part of the molecule(s), thus 

predicting the presence and direction of a resulting rotation. 

 

(The part of Section 4.2 reproduced from Ref. Zhang, R.Q., Zhao, 

Y.L., Qi, F., Hermann, K. and Van Hove, M.A., 2016. Physical Chemistry 

Chemical Physics, 18(43), pp.29665-29672 with permission from the 

Royal Society of Chemistry.  

The reusing our own work in this thesis has been authorized by 

co-authors.)  
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5. Fluorene-based Molecular Rotary Motor 

 

Chapter 5 

 

Fluorene-based Molecular Rotary Motor 

 

In this Chapter, the potential energy surface (PES) of the 

fluorene-based molecular rotary motor will be discussed. Moreover, we 

assume the modification of electronic structure could affect the 

interaction in the fjord region of molecular rotors so that a convenient 

way to increase the speed of rotation to molecular rotors can be obtained. 

We collected a series of molecular rotary motors which has been 

synthesized in lab and analyzed the rate of rotation base on the transition 

states theory. Then taking the real condition (temperature, pressure, and 

solvent environment) into account, we predicted the timescales of the 

rotation period of molecular rotors. Finally, based on the above analysis, 

we proposed a new MHz rotation visible-light-driven molecular rotor. 

 

5.1 Photoisomerization of Motor 2 

5.1.1 Introduction  

We selected a molecular rotor shown in Figure 38(a) with the full 

name 9- (2-methy1-2, 3-dihydro -1H -cyclopenta[a] naphthalene-1 

-ylidene) -9H -fluorene. The rotor named “Motor 2” in this thesis, which 

comprises a fluorene group as the “stator” linked to the “rotor” by the 

C=C “axle.” Motor 2 also has been synthesized by Fringer’s lab as a 

wide-studied molecular rotor. [Conyard, J., 2012, 2014] 
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Figure 38. Schematic illustrates the geometries of Motor 2. (a)  

Structure of Motor 2 and definitions of the rotation and 

pyramidalization. (b) a complete cycle of light-driven 

molecular rotary motor 2.  

The overall rotation cycle could be described as in Figure 38(b) and 

Figure 39. Selecting the thermally stable isomer P as the starting point, 

the Gibbs energy difference, ΔG(M-P) = 0.17eV >> kBT = 0.02527eV,  

therefore, following the Boltzmann distribution, the significant 

probability of system traps in isomer P.  
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Figure 39. Energy profiles of Motor 2. A 180° rotation period 

shows from isomer P to isomer M to isomer P’. 

The illustration of half cycle energy profiles is provided in Figure 

39. The electronic excitation localized on the C=C bond leads to 

photoisomerization in which the rotor rotates with respect to the stator as 

a consequence of photochemical reaction and may lead to the thermally 

metastable state as isomer M (it may also return to the stable state as 

isomer P, the probability depending on the intramolecular charge transfer 

and the environment.) [Conyard, J., 2014] This photoisomerization 

process usually takes a few picoseconds. 
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Figure 40. 3D plots frontier orbitals using B3LYP/6-31G(d) 

method for Motor 2. (a) The lowest unoccupied molecular 

orbitals (LUMO); (b) The highest occupied molecular 

orbitals (HOMO). From HOMO to LUMO, the π  π * 

excitation of the C=C bond is expressed clearly. 

Using DFT method, geometry optimization obtains the isomer P and 

isomer M; and Franck-Condon (FC) excitation energy is estimated by 

TDDFT method with different functionals. The functionals and main 

geometry parameters of two isomers are shown in Table 5.   

Table 5. Franck-Condon (FC) excitation for both isomers. 

The parameters of C=C bond lengths, dihedral angles of twist, 

and pyramidalization, and the excitation energies for isomer P 

and isomer M computed by various of functional in DFT 

calculation. The experiment data applied dichloromethane 

(DCM) as a solvent. 

 

The experiment reveals the maximum absorption is 390 nm. Our 

result from functional PBE1PBE confirms the experimental evidence. In 
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the following work, we will adopt this functional to estimate the 

excitation energy. 

 

5.1.2 PES of Motor 2 

The potential energy surfaces (PES) were scanned by fixing the two 

degrees of freedom: Torsion and Pyramidalization, (as defined in Figure 

38 a) and optimizing the rest of degrees of freedom.  

PES of the ground state and excited state are shown in Figure 41, 

the upper map represents the PES of the excited state (ES), and the lower 

part stands for the PES of the ground state.  

On ground state, isomer P and isomer M are two attractors marked 

on the map. A higher energy asymmetric regain (line) with ~50kcal/mol 

are clear because of the asymmetric of the rotor part, which is an 

insurmountable barrier to thermal fluctuation. 

The PES of ES is the Franck-Condon excitation whose geometries 

come from the ground state. Starting from the global minimum, isomer P, 

the vertical excitation would jump to the FC state, marked by “FC” on 

the map. There are some convergence problems near the conical 

intersection. Thus, the map is not smooth with some jumps in the middle. 

However, we quantify that the FC state tends to move to the minimum 

region (rotates to go forward), which could cause the rotation as 

expected.  
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Figure 41. Potential energy surfaces (PES) of the 

photoisomerization step (from P to M) calculated by 

ωB97XD/6-31G(d), as a two-dimensional function of the 

rotation and pyramidalization dihedral angles (defined in 

Figure 38). Figure (a) shows the PES of the excited state 

(ES). Figure (b) shows the PES of the ground state, 

isomer P, isomer M and Franck-Condon (FC) excitation 

point marked on the map. 

 

5.2 Thermal isomerization of Motor 2 

The step of photoisomerization around a carbon-carbon double bond 

has been discussed in section 5.1. In this section, we focus on the other 

step of thermal isomerization. A sketch of the profile of free energy for 

this step is shown in Figure 42. 
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Comparing the thermal steps, the step of photoisomerization is 

extremely fast, such as the time scale of picosecond for Motor 2. 

Therefore, the bottleneck of the speed of rotational mechanism to the 

light-driven molecular rotary motor is the thermal isomerization step, 

which takes place with timescales from milliseconds to hours even years. 

[Chen, Jiawen, 2015] The rate of thermal isomerization step is strongly 

dependent on the steric interaction in the fjord region (the folding region 

between stator and rotor).   

In this section, we choose the B3LYP functional with 6-311G(d,p) 

basis set applied on C, H, O, N and LANL2DZ basis set [Hay, P.J. and 

Wadt, W.R., 1985] employed on metal atoms to achieve the calculations 

by consuming the Gaussian 09 code [Frisch, M.J.E.A., 2009].  

 

 

Figure 42. Thermal relaxation path. From isomer M to P’ 

through a transition state with the energy barrier ΔGact. 

(thermal isomerization process) 

The explicit solvent was enforced by “model of density solvent” 
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(SMD), [Marenich, A.V., 2009] in which solvent CH2Cl2 is carrying out 

the calculations. The Gibbs free energy is calculated by the methods 

described in Section 2.4 with temperature T =300K and 1 atm pressure.  

 

 
Figure 43. The structure of transition state computed by 

B3LYP/6-311G(d,p) method. The blue vectors show the 

force act on each atom at the transition state. 

 

Figure 44. (a) Intrinsic reaction coordinate (IRC) illustrates the 

thermal isomerization of isomer M and isomer P through 

the transition states (TS).  IRC was obtained by using 

B3LYP/6-311G(d,p) The inset shows the root meaning 

square (RMS) of forces on each atom with the unit as 

Hartree/Bohr. (b) Vibration analysis shows only one 
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imagination vibration model that means there is a saddle 

point on the PES. 

Figure 43 shows the transition state (TS) structure of Motor 2 in 

thermal isomerization. The vibration analysis shows only one 

imagination vibration mode in TS, as illustrated in Figure 44 (b). 

Additionally, in order to verify the TS whether the structure is assuredly 

connecting to both thermal equilibrium states, we operated an intrinsic 

reaction coordinate (IRC) [Fukui, K., 1981] analysis on the transition 

state. IRC is special reaction coordinates of the minimum energy path 

(MEP) with mass-weighted coordinates which connect the reactant, 

transition state, and product on PES. An IRC is generated by following 

the gradient downhill starting from the transition state structures along 

the normal mode associated with the imaginary frequency. The IRC 

analysis provided a reaction path with two directions on transition state 

with searching for the steepest descent path (SDP) on PES, as shown in 

Figure 44 (a). The top point associates the saddle point with the 

maximum energy, while the total force applied on atoms is zero, as 

shown in Figure 44 (a) inset figure. 



 

84 

 

Figure 45.  Thermal isomerization step of the Motor 2. The 

structure evolves along a minimum energy reaction path 

(IRC).  

The geometry evolution of Motor 2 in the reaction of thermal 

isomerization is shown in Figure 45. Moreover, the animation for this 

process also appears at https://youtu.be/SeGsCDbAgo0.  

 

5.3 Frequency of rotation on fluorene-based motors  

A new design of a synthetic rotary visible-light-driven motor based 

on the overcrowded alkene-based ligand and the corresponding 

ruthenium (II) complex was introduced by Feringa and co-works, in 

which the excitation wavelength could shift to the visible region. 

[Wezenberg, S.J., 2015] Base on this work, we divided a series of 

light-driven molecular rotors into four classes typed A B C D, as shown 

in Figure 46 (a). 

 

https://youtu.be/SeGsCDbAgo0
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Figure 46. (a) The typical structures of light-driven molecular 

rotors, the tBu stands for Tert Butyl group. (b) The scales 

of frequency and scales of half-life time for each 

molecular rotor listed on (a). 

Using the strategies of TS and IRC analysis with an SMD, CH2Cl2 

solvent model, we estimated the Gibbs free energy for isomer P and 

isomer M and TS for all the motors, as well as the scales of the frequency 

of rotation and the half-life of thermal isomerization. the methods have 

been introduced in Section 2.4. The results are shown in Figure 46 (b) 

and in Table 6. 

Table 6. The difference of free energy and half-life for each 

molecular motor illustrated in Figure 46 (b). Gact is the 

energy barrier between equilibrium metastable isomer M and 

transition state (called activation energy in chemistry); the 

stable isomer P has a lower energy Greact than the metastable 

isomer M; t1/2 is the half time of the thermal isomerization. 

The notation of the four classes of Rotors labeled as, B1: X=C, 

Y=Me, R=H; B2: X=C, Y=Me, R=Cl; B3: X=C, Y=Me, 

R=CN; B4: X=C, Y=Me, R=OMe; B5: X=C, Y=Me, R=NO2; 
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B6: X=C, Y=tBu, R=H; B7: X=N, Y= tBu, R= H; and C1: R= 

Me; C2: R=tBu; in which, Me is methyl group and tBu is Tert 

Butyl group. The definition of X, Y and R shows in Figure 

46(a). 

 
a Org. Biomol. Chem. 6, 507 (2008);  
b Chem. Commun., 47, 5910 (2005); 
c J. Am Chem. Soc. 128, 5127 (2006);  
d Angew. Chem. Int. Ed. 54, 11457   

 (2015). 

 

In chemistry, generally, the strength of electron inductive effect 

decreases in order of, 

-NO2 > -CN > -CI > -H > -OMe 

Set R = H, defined in Figure 46 (a), as a reference and is regarded as 

no electron inductive effect, the substituent -NO2 , -CN, and -CI, are 

electron withdrawing groups (EWG, acceptor), and the substituent -OMe 

is the electron donating group (EDG, donor).  

Effects of substitution with donor/acceptor in molecular motors are 

shown in Figure 47. Blue represents the negative charge region, and Red 

one represents the positive charge region.  

 

Figure 47. Electrostatic potential (ESP) mapped molecular 

Label of Rotor A B1 B2 B3 B4 B5 B6 B7

ΔG react (kJ/mol) 14.0 13.6 14.5 14.5 15.6 8.4 22.4 20.9

ΔG act (kJ/mol) 78.2 85.4 84.8 84.9 83.9 89.5 57.1 54.1

t 1/2 6s 104s 81s 83s 56s 540s 1.2ms 0.3ms

Ref. of  t 1/2 15s 
a

192s 
b - - - - 5.7ms 

c -

Label of Rotor C1 C2 D

ΔG react (kJ/mol) 8.9 24.7 33.7

ΔG act (kJ/mol) 80.1 50.7 42.4

t 1/2 12s 85ms 3ms

Ref. of  t 1/2 1.7s
d - -
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vdW surface of molecular motors. The unit is kcal/mol. 

Obviously, the substituent of the strength of electron 

inductive effect decreases in order -NO2 > -CN > -CI > 

-H > -OMe.   

 

Figure 48. Effects of substitution with donor / acceptor groups 

on the properties of thermal isomerization. Setting (a)  

Y=tBu, and (b) Y=Me. The X-horizontal stands for the 

interaction between Stator and Rotor by Coulomb law, 

also stands for the decreasing of the strength of electron 

inductive effect; the Y-vertical shows the time scales of 

rotation with exponent coordinate. The red trend lines are 

presented by the fitting equations inserted.   

The donor or acceptor substituent could affect the electron density 

distribution and then change the intermolecular interaction between each 

half of the molecule. 

It is not easy to quantify the electron inductive effect of substituents. 

Instead, the net effect of substituent induced will be detected directly. 

The charge distribution on each atom in the transition state has been 

estimated, base on which, the Coulomb interaction were calculated 

between the folded region of stator and rotor by Coulomb law kQ1Q2/r2 

for each molecular motor.  

Results show that the time scales and the intermolecular interaction 
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follows an exponential relationship. For the same substituent-Y of rotor 

part, Such as Y=Me, the results demonstrations the electron acceptors 

could impair the steric interaction and further decrease the energy barrier, 

shown in Figure 48 (b). For donor substituent, the situation is opposite. 

 

5.4 Motor 3: an MHz rotation of molecular rotary motor 

Base on the effects of substitution with donor / acceptor on 

thermal isomerization we studied, we set substitution Tert Butyl in the 

rotor part and Benzothiophene group as the rotor and the Ruthenium 

(II) complex as a stator, the new molecule was assembled, named 

“Motor 3” in this work. 

 
Figure 49.  The speed of rotation of molecular rotors.  

The optimized structures and transition state are shown in Figure 

50. The animation of minimum energy reaction path for thermal 

isomerization shows in https://youtu.be/7OETXLn3o1A. 
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Figure 50. The structures of Motor 3. (a) The isomer M; (b) 

The transition state; (c) The isomer P’. The structural 

coordinates attached in Appendix IV. 

In addition, we checked the photoexcitation process by TDDFT.  

In order to gain a more reliable excitation energy, the PBE1PBE0 

functional is adopted, [Perdew, J.P., 1996] which has a good reputation 

to deal with the excitation problems. Moreover, a more accurate mixed 

basis set 6-311+G(d,p)/LANL2DZ is employed to conduct the 

calculation. 

The UV-VIS spectra on stable state isomers P and metastable 

state isomer M are expressed in Figure 51. The absorption spectra of 

Motor 3 display that visible light could drive isomer P with 

wavelength 409 nm corresponding a high oscillator strength. 

(oscillator strength is a dimensionless quantity that expresses the 

probability of absorption) The orbital analysis for the excitation can be 

found in Appendix VI. 
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Figure 51. UV-VIS spectra of Motor 3 for stable state isomers 

p and metastable state isomer M, (a): isomer P, the peak is 

409 nm with Oscillation strength 0.51. (b): the peak is 

427 nm with Oscillation strength 0.38. 

TDDFT always underestimates the excitation energy for this kind 

of molecular motors. Therefore, we claimed that Motor 3 is a visible 

light-driven molecular rotary motor. 

In conclusion, we propose a new light-driven molecular rotary 

motor, “Motor 3”. The frequency of rotation for Motor 3 may reach to 

MHz, as shown in Table 6 and Figure 46. We hope this proposition can 

be helpful for future applications. 
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6. Summary and outlook 

 

Chapter 6 

 

Summary and outlook 

 

6.1 Summary 

In nature, biological machines are highly efficient in using chemical 

energy to achieve directed motion against thermodynamic forces. 

Specific molecular rotary motors have been synthesized and analyzed in 

previous experiments using organic molecules which can be driven by 

ultraviolet light excitation by B. L. Feringa’s group. These artificial 

motors are much simpler in structure than the biological motors, and 

hence are more amenable to more detailed and quantitative experimental 

and theoretical studies. 

In our work, theoretically and computationally, we investigated the 

two identical strokes that complete a cycle. The first is the power stroke 

on an excited state: a photoisomerization makes possible a rotation of the 

rotor respect to stator around a carbon-carbon double bond as the axis; 

and the second slower relaxation stroke: a thermal relaxation 

accompanying the chiral transformation, in which configuration of the 

molecular motor will return to the original ground state and prepare to 

the next power stroke.  

To gain quantitative insight into the rotational cycle, we analyze the 

geometry changes and the energy profiles through a detailed 

computational study of a class of structurally and chemically similar 
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light-driven molecular rotary motors. In the power stroke, the 

constrained structures are optimized by density functional theory on 

ground state and excitation. The π to π* orbital transition was predicted 

by TD-DFT theory calculation. Additionally, electron density changes 

and charge transfer and torque analysis during photoisomerization are 

discussed.   

The speed of rotation is determined by the relaxation stroke. We 

began from the transition state theory to find the transition structures and 

then evaluate the minimum energy reaction path which connects to the 

two thermal equilibrium structures. Moreover, based on the transition 

state analysis we estimated the chemical reaction rate and the speed of 

rotation for the molecular motors. During this relaxation stroke, the real 

environment (such as the solvent effect, temperature and pressure effect) 

is taken into account which matched the experimental results.  

Finally, based on the study of the speed of broad ranges of molecule 

motor structures and experiment results, we proposed an MHz rotational 

visible light driven molecular rotary motor. 

 

6.2 Outlook 

Coming back to the Figure 1, the unidirectional rotation requires an 

asymmetrical periodical potential (ratchet potential) based on an 

asymmetrical structure. The question is how to activate the stable state so 

as to overcome the energy barrier and go forward to the next period.  

The light driven molecular motor is a typical one following this 

strategy. Two states with an energy difference of ∆Greact constitute the 

ratchet potential, as shown in Figure 3.  
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For the first power stroke step, a necessary constraint is that the 

∆Greact must be much larger than the thermal energy kBT, which makes 

sure the system has a significant probability in State M to start the power 

stroke each time. Moreover, after the relaxation, the system may decay to 

go forward to State M, or back forward to State P. This is a probabilistic 

process. The key is how to control the distribution of probability through 

structural modification. For this process, both experiment and theoretical 

studies remain inconclusive.   

The second relaxation stroke step only involves the ground state. 

Till now, light-driven molecular rotary motors have been synthesized 

with a broad range of speeds that are fast enough to compete with 

Brownian motion. However, the faster speed may cause unsteadiness of 

rotation. We suggest that it should not increase the rate of thermal 

relaxation at the expense of the efficiency of photoisomerization. 

Therefore, the choice of “stator” should be soft enough to make a lower 

∆Gact, on the contrary, it should be stiff enough to gain a large enough 

∆Greact so as to balance the time scales of thermal- and photo- 

isomerization. These two steps may always couple together, but how 

optimization can be achieved remains to be answered.  
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APPENDIX  

I. The main energy conversion factors 

 

1KBT = 0.593kcal/mol = 0.02527eV = 2.481kJ/mol (T=300K) 
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II. Variational principle 

    A Hilbert space with Hermitian operator  and corresponding 

eigenfunctions and eigenvalues, the ith equation could be written as, 

  (II.1) 

with a set of exact solutions that follow in order: 

  (II.2) 

    The variational principle assures that the expectation value of an 

eigenstate is an upper bound to the ground-state value, 

  (II.3) 

  (II.4) 

    This conclusion can prove, suppose that we know the eigenstate 

that corresponds to 0, we consider a normalized wavefunction, 

 (II.5) 

in which, the equality is found only when 0 is considered. In the 

passage from the first to the second line, we used the completeness 

and orthonormal relations. The last passage combines these two 

relations again and can be written out explicitly. 

  (II.6) 

    From the variational principle, it follows that a lower energy is 

associated with a better wave function, or, in other words, that the 

energy related to an approximate wave function will always be too 
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high. In the specific case of the wave function composed by a single 

Slater determinant, we can vary the set of spin-orbitals {0} until the 

expectation value in Equation (II.1) reaches its minimum, which is 

higher or equal than the exact ground-state energy. 
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III. The comparison with experiments and prediction for excitation 

energy. 

Excited states may be obtained from density functional theory by 

time-dependent density functional theory (TDDFT) [Phys. Rev. Lett. 52, 

997 (1984)] TDDFT has become successful for its balance of economy 

and accuracy. [J. Chem. Phys. 144, 204125 (2016)] the numerical 

solution of the calculated TDDFT excitation energies largely depends on 

the configurations obtained by the ground-state DFT geometry 

optimization. [Phys. Rev. B, 80, 235110 (2009)] on the other hands, 

different functional lead to the different excitation.  

The “pure Hartree-Fock calculation underestimates the absorption 

maximum, the pure DFT leads to large overestimation. The accuracy of 

the prediction is highly dependent of the mix of HF and DFT.” Such as 

functional B3LYP (20% HF) PBE0 (25% HF) giving the closed match 

with the experimental value. [Pro. Comp. Sci. 4 1157 (2011)] 

In our work, the functional CAM-B3LYP has been used to estimate 

the stilbene and Motor 1 and Motor 2. (The PBE0PBE1 has been used to 

deal with the Motor 3.) Comparing the experiment, the summary of our 

TDDFT results show as follows. 

 

The excitation energies of calculation and experiment.  

a. Using the functional, cam-b3lyp. 

b. Chemical Physics Letters, 489,1, 44 (2010). 

c. Org. Biomol Chem., 6, 507 (2008). 

d. J. Am. Chem. Soc. 136, 9692 (2014). 

TDDFT 
a Experiment

stilbene 255nm 267nm
b

Motor 1 322nm 360nm
c

Motor 2 355nm 390nm
d
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IV. Structures of Motor 3 

 

X Y Z X Y Z X Y Z
C -1.6545 -0 .0372 -3 .0038 -1.8291 0 .1171 -2 .6533 -1.6800 0 .4364 -2 .8599
C -1.7301 -0 .1581 -1.6106 -1.8291 0 .1171 -1.2459 -1.7228 0 .1548 -1.4891
C -0 .5008 -0 .0744 -0 .9462 -0 .5442 0 .1171 -0 .6955 -0 .4785 0 .1861 -0 .8514
C -0 .4042 0 .1971 -3 .5741 -0 .6158 0 .2352 -3 .3280 -0 .4403 0 .7139 -3 .4394
C -2 .7600 -0 .4656 -0 .6018 -2 .8096 -0 .1032 -0 .1293 -2 .7403 -0 .1877 -0 .4588
C -2 .4238 -0 .5056 2 .0436 -2 .1399 -0 .2281 2 .4828 -2 .2225 -0 .9895 2 .0495
C -1.4122 -0 .3639 2 .9919 -1.0166 -0 .2275 3 .3092 -1.1418 -1.1538 2 .9178
C -0 .7046 -0 .2454 0 .4469 -0 .6269 -0 .0643 0 .7068 -0 .6273 -0 .1840 0 .5152
C -2 .0594 -0 .4941 0 .6903 -1.9663 -0 .2091 1.0930 -1.9718 -0 .4407 0 .7870
C -7.4915 -1.7271 0 .0182 -6 .9271 -2 .4979 -1.0661 -7.0820 -2 .0201 0 .5604
C -7.2668 -2 .6822 1.0103 -7.1950 -3 .1367 0 .1400 -7.2315 -1.5313 1.8628
C -5.9774 -3 .0925 1.3490 -6 .5811 -2 .7202 1.3174 -6 .3851 -0 .5564 2 .3873
C -6 .3620 -1.1307 -0 .5305 -5.9714 -1.4849 -1.0420 -6 .0097 -1.5185 -0 .1677
C -5.0534 -1.4126 -0 .0782 -5.2408 -1.1356 0 .1216 -5.0891 -0 .6182 0 .3979
C -4 .8382 -2 .5127 0 .7965 -5.6184 -1.7136 1.3531 -5.2966 -0 .0577 1.6686
C -6 .3340 -0 .2370 -1.7308 -5.6177 -0 .6222 -2 .2183 -5.6880 -1.7347 -1.6251
C -4 .1238 -0 .5690 -0 .8035 -4 .1683 -0 .2284 -0 .3667 -4 .0858 -0 .3344 -0 .6316
C -4 .8985 0 .3227 -1.7726 -4 .7687 0 .4727 -1.5711 -4 .7890 -0 .5090 -1.9598
C -4 .8671 1.8515 -1.3506 -5.5638 1.7713 -1.1468 -5.6008 0 .7511 -2 .4502
H -2 .5272 -0 .1139 -3 .6430 -2 .7289 0 .0113 -3 .2454 -2 .5632 0 .4377 -3 .4863
H -0 .3135 0 .3094 -4 .6486 -0 .6075 0 .2609 -4 .4119 -0 .3795 0 .9292 -4 .5002
H -3 .4573 -0 .6171 2 .3569 -3 .1117 -0 .2263 2 .9422 -3 .2146 -1.3018 2 .3542
H -1.6557 -0 .3841 4 .0483 -1.1448 -0 .2661 4 .3851 -1.3043 -1.5684 3 .9063
H -8 .1159 -3 .1737 1.4778 -7.9374 -3 .9290 0 .1774 -8 .0650 -1.8821 2 .4657
H -7.1005 0 .5383 -1.6933 -6 .5083 -0 .2497 -2 .7327 -6 .5806 -1.7987 -2 .2533
H -6 .5558 -0 .8368 -2 .6229 -5.0334 -1.1810 -2 .9621 -5.1222 -2 .6623 -1.7786
H -4 .4824 0 .2712 -2 .7845 -4 .0077 0 .8602 -2 .2387 -4 .0755 -0 .7716 -2 .7446
C -3 .4553 2 .4569 -1.3934 -4 .6521 2 .6646 -0 .2918 -4 .7748 2 .0339 -2 .2609
H -2 .7957 2 .0440 -0 .6251 -4 .4603 2 .2270 0 .6941 -4 .5773 2 .2294 -1.2005
H -2 .9831 2 .3199 -2 .3726 -3 .6837 2 .8317 -0 .7806 -3 .8147 2 .0004 -2 .7847
H -3 .5296 3 .5344 -1.2116 -5.1231 3 .6405 -0 .1361 -5.3268 2 .8924 -2 .6570
C -5.7120 2 .6439 -2 .3671 -5.9046 2 .5225 -2 .4451 -5.8840 0 .5462 -3 .9465
H -6 .7746 2 .3907 -2 .3372 -6 .5481 1.9327 -3 .1061 -6 .4521 -0 .3726 -4 .1293
H -5.6353 3 .7153 -2 .1562 -6 .4376 3 .4504 -2 .2138 -6 .4689 1.3814 -4 .3448
H -5.3542 2 .4808 -3 .3905 -4 .9979 2 .7894 -3 .0014 -4 .9538 0 .4862 -4 .5258
C -5.4294 2 .0411 0 .0660 -6 .8612 1.4910 -0 .3772 -6 .9367 0 .9571 -1.7147
H -6 .4428 1.6416 0 .1746 -7.5463 0 .8486 -0 .9403 -7.6136 0 .1035 -1.8175
H -4 .7947 1.5530 0 .8151 -6 .6786 1.0177 0 .5917 -6 .7981 1.1545 -0 .6478
H -5.4722 3 .1077 0 .3095 -7.3794 2 .4377 -0 .1914 -7.4466 1.8242 -2 .1475
N 0 .7107 0 .1568 -1.4619 0 .6402 0 .2246 -1.3108 0 .7232 0 .4427 -1.3753
C 0 .7542 0 .2969 -2 .7915 0 .6003 0 .3068 -2 .6433 0 .7370 0 .7130 -2 .6870
C -0 .0720 -0 .1883 2 .6180 0 .2752 -0 .1581 2 .7853 0 .1612 -0 .8136 2 .5404
N 0 .2890 -0 .1125 1.3322 0 .4742 -0 .0534 1.4675 0 .4311 -0 .3451 1.3149
C 5.9628 0 .2712 -2 .7720 5.7916 0 .1486 -3 .0873 5.9016 0 .8137 -2 .9045
C 5.3237 -0 .9077 -2 .4089 5.1564 -1.0135 -2 .6674 5.2759 -0 .4157 -2 .7392
C 4 .2259 -0 .8602 -1.5534 4 .1334 -0 .9359 -1.7257 4 .2274 -0 .5370 -1.8308
N 3 .7707 0 .3207 -1.0699 3 .7473 0 .2570 -1.2132 3 .8062 0 .5281 -1.1072
C 4 .3926 1.4556 -1.4195 4 .3650 1.3755 -1.6188 4 .4166 1.7112 -1.2654
C 5.4898 1.4766 -2 .2670 5.3895 1.3671 -2 .5529 5.4659 1.8983 -2 .1524
C 3 .0289 -4 .4201 -1.0394 2 .8990 -4 .4637 -1.0944 3 .0439 -4 .1372 -1.9339
C 1.9999 -4 .1666 -0 .1400 1.9282 -4 .1784 -0 .1414 2 .0474 -4 .0572 -0 .9682
C 1.7553 -2 .8541 0 .2350 1.7346 -2 .8570 0 .2326 1.8207 -2 .8371 -0 .3492
N 2 .4756 -1.8245 -0 .2317 2 .4496 -1.8485 -0 .2854 2 .5276 -1.7370 -0 .6430
C 3 .4835 -2 .0609 -1.1038 3 .3967 -2 .1154 -1.2152 3 .5011 -1.8041 -1.5812
C 3 .7777 -3 .3552 -1.5250 3 .6390 -3 .4203 -1.6369 3 .7772 -2 .9980 -2 .2430
C 1.7591 4 .8994 1.4332 2 .1435 4 .8697 1.5240 1.8890 4 .5086 2 .3792
C 2 .5372 3 .9965 2 .1474 2 .9436 3 .9228 2 .1514 2 .6698 3 .4735 2 .8791
C 2 .6051 2 .6696 1.7301 2 .9230 2 .6034 1.7064 2 .7374 2 .2685 2 .1842
N 1.9258 2 .2475 0 .6376 2 .1347 2 .2294 0 .6710 2 .0516 2 .0899 1.0307
C 1.1707 3 .1195 -0 .0450 1.3616 3 .1451 0 .0704 1.2994 3 .0903 0 .5517
C 1.0610 4 .4538 0 .3168 1.3368 4 .4749 0 .4632 1.1922 4 .3158 1.1919
C 4 .8862 0 .8284 4 .1341 5.3612 0 .6436 3 .8476 5.0780 -0 .0198 4 .0951
C 4 .7915 -0 .4429 3 .5803 5.1703 -0 .6133 3 .2857 4 .9928 -1.1396 3 .2760
C 3 .9963 -0 .6198 2 .4584 4 .2614 -0 .7437 2 .2469 4 .1767 -1.0815 2 .1565
N 3 .3144 0 .3847 1.8905 3 .5604 0 .2922 1.7648 3 .4669 0 .0096 1.8354
C 3 .3983 1.6273 2 .4229 3 .7386 1.5212 2 .3053 3 .5462 1.1079 2 .6245
C 4 .1821 1.8728 3 .5475 4 .6372 1.7202 3 .3505 4 .3478 1.1145 3 .7631
Ru 2 .1085 0 .2035 0 .1923 2 .1899 0 .1842 0 .1846 2 .1981 0 .1710 0 .1821
H 1.7251 0 .4874 -3 .2362 1.5477 0 .4083 -3 .1614 1.7015 0 .9222 -3 .1369
H 0 .7152 -0 .0906 3 .3579 1.1552 -0 .1627 3 .4196 1.0013 -0 .9408 3 .2149
H 6 .8187 0 .2457 -3 .4379 6 .5887 0 .1003 -3 .8212 6 .7179 0 .9196 -3 .6108
H 5.6874 -1.8534 -2 .7914 5.4636 -1.9688 -3 .0748 5.6108 -1.2686 -3 .3165
H 3 .9840 2 .3675 -0 .9998 4 .0127 2 .2985 -1.1732 4 .0377 2 .5241 -0 .6568
H 5.9591 2 .4202 -2 .5199 5.8577 2 .2980 -2 .8508 5.9268 2 .8745 -2 .2471
H 3 .2481 -5.4327 -1.3604 3 .0797 -5.4846 -1.4131 3 .2499 -5.0732 -2 .4419
H 1.3918 -4 .9671 0 .2650 1.3280 -4 .9611 0 .3076 1.4521 -4 .9209 -0 .6956
H 0 .9637 -2 .6000 0 .9308 0 .9909 -2 .5786 0 .9705 1.0548 -2 .7189 0 .4089
H 4 .5792 -3 .5411 -2 .2293 4 .3960 -3 .6310 -2 .3822 4 .5543 -3 .0489 -2 .9953
H 1.6982 5.9355 1.7482 2 .1514 5.9005 1.8614 1.8279 5.4521 2 .9110
H 3 .0800 4 .3317 3 .0227 3 .5736 4 .2188 2 .9810 3 .2144 3 .6118 3 .8049
H 0 .6473 2 .7185 -0 .9056 0 .7519 2 .7844 -0 .7502 0 .7758 2 .8858 -0 .3753
H 0 .4399 5.1222 -0 .2679 0 .6973 5.1794 -0 .0555 0 .5726 5.0962 0 .7658
H 5.4989 1.0083 5.0108 6 .0660 0 .7878 4 .6592 5.7059 -0 .0253 4 .9796
H 5.3219 -1.2871 4 .0052 5.7134 -1.4813 3 .6408 5.5460 -2 .0456 3 .4946
H 3 .8886 -1.5899 1.9874 4 .0770 -1.7011 1.7737 4 .0743 -1.9261 1.4850
H 4 .2505 2 .8677 3 .9699 4 .7804 2 .7045 3 .7788 4 .4105 1.9947 4 .3910
H -5.8595 -3 .9270 2 .0349 -6 .8902 -3 .1739 2 .2550 -6 .5997 -0 .1456 3 .3704
C -8 .8732 -1.3836 -0 .4693 -7.6590 -2 .8424 -2 .3356 -8 .0612 -2 .9878 -0 .0479
H -9 .0861 -0 .3164 -0 .3378 -8 .3121 -2 .0199 -2 .6511 -8 .6070 -2 .5221 -0 .8776
H -8 .9839 -1.6086 -1.5363 -6 .9634 -3 .0409 -3 .1586 -7.5545 -3 .8724 -0 .4483
H -9 .6375 -1.9464 0 .0719 -8 .2840 -3 .7288 -2 .2024 -8 .7980 -3 .3235 0 .6860
C -3 .5148 -3 .1944 1.0388 -5.1892 -1.2356 2 .7134 -4 .5127 1.1125 2 .2096
H -2 .8079 -3 .0090 0 .2259 -4 .3198 -1.7835 3 .0899 -3 .8930 0 .8372 3 .0719
H -3 .0349 -2 .8861 1.9738 -4 .9820 -0 .1618 2 .7085 -3 .8568 1.5510 1.4528
H -3 .6800 -4 .2734 1.1073 -5.9976 -1.3960 3 .4315 -5.2034 1.8905 2 .5493

isomer M transition state isomer P'
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V. The web of animations of this thesis 

1. Electron Density Difference between ground and excited 

state of stilbene, 

https://youtu.be/T4ya98zOxbw.  

2. Photoisomerization of stilbene, 

https://youtu.be/QQtijvS7i-M. 

3. An IRC reaction path of through a transition state 

connecting the DHP and Trans-stilbene, 

https://youtu.be/uZkVDw1nauE. 

4. Some transition states of stilbene, 

https://youtu.be/5aWtopcjVEw. 

5. Thermal isomerization of Motor 2, 

https://youtu.be/SeGsCDbAgo0. 

6. Thermal isomerization of the visible light-driven 

molecular rotary motor (Motor 3), 

https://youtu.be/7OETXLn3o1A. 

  

https://youtu.be/T4ya98zOxbw
https://youtu.be/QQtijvS7i-M
https://youtu.be/uZkVDw1nauE
https://youtu.be/5aWtopcjVEw
https://youtu.be/7OETXLn3o1A


 

101 

VI. The excitation of Motor 3  

Excitation to the thermal equilibrium state (isomer P): excitation 

energy is 3.0366 eV (408.29 nm) with oscillator strength f = 0.5103n 

The Orbitals corresponding π  π* of C=C bond are shown as 

follow. (account for 65%) 

   

The Black number notes the # of orbitals, and the Red number 

stands for the probability of the mode of excitation. Moreover, other 

transitions of orbitals account for 35%, does not show. 
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VII. Jabłoński diagram 

 

The Jabłoński diagram is sketching the electronic energy levels and 

vibration energy levels and the spectra. In the diagram, 

The solid arrows represent radiative transitions: absorption (with 

blue arrows) or emission (with green arrows for fluorescence and the red 

arrows for phosphorescence).  

The dashed arrows stand for non-radiative transitions:  

(1). Vibrational Relaxation (Vib. Rel.) which occurs in one 

electronic state with different vibrational states;  

(2). Internal conversion (Int. Con.) occurs when a higher electronic 

state via the radiationless to de-excited a lower electronic state 

with the spin multiplicity remains the same;  

(3). Intersystem Crossing (Int. Cro.) occurs a radiationless from a 

higher electronic state decay to a lower electronic but the states 

of spin changes.  
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Vib. Rel. and Int. Con. and Int. Cro all dissipates the higher level of 

energy into heat by vibration.  

The bottom curves are representing the spectra for absorption (blue 

curve), fluorescence (green curve), and phosphorescence (red curve).  
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VIII. Isomers of stilbene. 

The structures of isomers of stilbene are shown in the Figure. the 

isomerization process of transition from Trans-stilbene to DHP through a 

transition state is marked by red cycle. The animation of the structure 

evolution is shown on the web: https://youtu.be/uZk1nauE. 

 

 

The structures and energy of isomers of stilbene.  The line 

points show the minimum energy reaction path (MEP) of the 

cyclization form Trans-stilbene to DHP through a transition 

state. The inset shows the RMS force along the MEP. 

  

https://youtu.be/uZk1nauE
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Feringa, B.L. and Filatov, M., 2010. Understanding the dynamics 

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/


 

106 

behind the photoisomerization of a light-driven fluorene molecular 

rotary motor. The Journal of Physical Chemistry A, 114 (15), 

pp.5058-5067. 
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Feringa, B.L. and Filatov, M., 2010. Understanding the dynamics 

behind the photoisomerization of a light-driven fluorene molecular 

rotary motor. The Journal of Physical Chemistry A, 114 (15), 

pp.5058-5067. 

[93] Filatov, M. and Olivucci, M., 2014. Designing conical intersections 

for light-driven single molecule rotary motors: from precessional to 

axial motion. The Journal of organic chemistry, 79 (8), 

pp.3587-3600. 

[94] Chen, J., 2015. Advanced molecular devices based on light-driven 

molecular rotary motors. The University of Groningen. 

[95] Eyring, H., 1935. The activated complex in chemical reactions. The 

Journal of Chemical Physics, 3 (2), pp.107-115. 

[96] Fernández-Ramos, A., Ellingson, B.A., Meana-Pañeda, R., 



 

116 

Marques, J.M. and Truhlar, D.G., 2007. Symmetry numbers and 

chemical reaction rates. Theoretical Chemistry Accounts: Theory, 

Computation, and Modeling (Theoretica Chimica Acta), 118 (4), 

pp.813-826. 

[97] Marenich, A.V., Cramer, C.J., and Truhlar, D.G., 2009. Universal 

solvation model based on solute electron density and on a 

continuum model of the solvent defined by the bulk dielectric 

constant and atomic surface tensions. J. Phys. Chem. B, 113 (18), 

pp.6378-6396. 

[98] Fukui, K., 1981. The path of chemical reactions-the IRC 

approach. Accounts of chemical research, 14 (12), pp.363-368. 

[99] Pollard, M.M., Meetsma, A. and Feringa, B.L., 2008. A redesign of 

light-driven rotary molecular motors. Organic & biomolecular 

chemistry, 6 (3), pp.507-512. 

[100] Vicario, J., Meetsma, A. and Feringa, B.L., 2005. Controlling the 

speed of rotation in molecular motors. Dramatic acceleration of the 

rotary motion by structural modification. Chemical 

Communications, (47), pp.5910-5912. 

[101] Vicario, J., Walko, M., Meetsma, A. and Feringa, B.L., 2006. Fine 

tuning of the rotary motion by structural modification in 

light-driven unidirectional molecular motors. Journal of the 

American Chemical Society, 128 (15), pp.5127-5135. 

[102] Perdew, J.P., Burke, K., and Ernzerhof, M., 1996. Generalized 

gradient approximation made simple. Physical review letters, 77 

(18), p.3865. 

[103] Hay, P.J. and Wadt, W.R., 1985. Ab initio effective core potentials 

for molecular calculations. Potentials for K to Au including the 

outermost core orbitals. The Journal of Chemical Physics, 82 (1), 

pp.299-310. 

[104] Stone, A.J., 1978. The description of bimolecular potentials, forces 



 

117 

and torques: the S and V function expansions. Molecular 

Physics, 36 (1), pp.241-256. 

[105] Price, S.L., Stone, A.J. and Alderton, M., 1984. Explicit formulae 

for the electrostatic energy, forces and torques between a pair of 

molecules of arbitrary symmetry. Molecular Physics, 52 (4), 

pp.987-1001. 

[106] Maksić, Z.B., 1991. Theoretical Treatment of Large Molecules and 

Their Interactions: Part 4 Theoretical Models of Chemical Bonding. 

Springer Berlin Heidelberg. 

[107] Mukherjee, S. and Warshel, A., 2015. Dissecting the role of the 

γ-subunit in the rotary–chemical coupling and torque generation of 

F1-ATPase. Proceedings of the National Academy of Sciences, 112 

(9), pp.2746-2751. 

[108] Mukherjee, S., Bora, R.P. and Warshel, A., 2015. Torque, chemistry 

and efficiency in molecular motors: a study of the rotary–chemical 

coupling in F1-ATPase. Quarterly reviews of biophysics, 48 (4), 

pp.395-403. 

[109] Mislow, K., 2000. Molecular Machinery in Organic Chemistry. 

Chemtracts-Org. Chem. 1989, 2, 151-174. (b) Special Issues 

Photochromism: Memories and Switches. Chem. Rev, 100, 

pp.1683-1890. 

[110] Balzani, V., Gómez-López, M. and Stoddart, J.F., 1998. Molecular 

machines. Accounts of Chemical Research, 31 (7), pp.405-414. 

[111] Sauvage, J.P., 1998. Transition metal-containing rotaxanes and 

catenanes in motion: toward molecular machines and 

motors. Accounts of chemical research, 31 (10), pp.611-619. 

[112] Balzani, V., Credi, A., Raymo, F.M. and Stoddart, J.F., 2000. 

Artificial molecular machines. Angewandte Chemie International 

Edition, 39 (19), pp.3348-3391. 

[113] Michl, J. and Sykes, E.C.H., 2009. Molecular rotors and motors: 



 

118 

recent advances and future challenges. 

[114] Berg, H.C., 2003. The rotary motor of bacterial flagella. Annual 

review of biochemistry, 72. 

[115] Kim, M., Bird, J.C., Van Parys, A.J., Breuer, K.S. and Powers, T.R., 

2003. A macroscopic scale model of bacterial flagellar 

bundling. Proceedings of the National Academy of Sciences, 100 

(26), pp.15481-15485. 

[116] Zhang, R.Q., Zhao, Y.L., Qi, F., Hermann, K. and Van Hove, M.A., 

2016. Intramolecular torque, an indicator of the internal rotation 

direction of rotor molecules and similar systems. Physical 

Chemistry Chemical Physics, 18 (43), pp.29665-29672. 

[117] Zhao, Y.L., Wang, W., Qi, F., Li, J.F., Kuang, G., Zhang, R.Q., Lin, 

N. and Van Hove, M.A., 2017. Donor/Acceptor Properties of 

Aromatic Molecules in Complex Metal–Molecule 

Interfaces. Langmuir, 33 (2), pp.451-458. 

[118] Godinez, C.E., Zepeda, G., Mortko, C.J., Dang, H. and 

Garcia-Garibay, M.A., 2004. Molecular crystals with moving parts: 

synthesis, characterization, and crystal packing of molecular 

gyroscopes with methyl-substituted triptycyl frames. The Journal of 

organic chemistry, 69 (5), pp.1652-1662. 

[119] Klok, M., Boyle, N., Pryce, M.T., Meetsma, A., Browne, W.R. and 

Feringa, B.L., 2008. MHz unidirectional rotation of molecular 

rotary motors. Journal of the American Chemical Society, 130 (32), 

pp.10484-10485. 

[120] Medvedev, M.G., Bushmarinov, I.S., Sun, J., Perdew, J.P. and 

Lyssenko, K.A., 2017. Density functional theory is straying from 

the path toward the exact functional. Science, 355 (6320), pp.49-52. 

[121] Frisch, M.J.E.A., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., 

Robb, M.A., Cheeseman, J.R., Scalmani, G., Barone, V., Mennucci, 

B., Petersson, G. and Nakatsuji, H., 2009. Gaussian 09, revision a. 



 

119 

02, gaussian. Inc., Wallingford, CT, 200. 

[122] Snyman, J.A., 2005. New Gradient-Based Trajectory and 

Approximation Methods. Practical mathematical optimization: an 

introduction to basic optimization theory and classical and new 

gradient-based algorithms, pp.97-150. 

[123] Brooks, B.R., Lee, Y.S. and Cheatham, T.E., 2001, August. 

QM/MM techniques for examining enzyme mechanisms: Free 

energies by the Replica/Path method. In ABSTRACTS OF PAPERS 

OF THE AMERICAN CHEMICAL SOCIETY (Vol. 222, pp. 

U392-U392). 1155 16TH ST, NW, WASHINGTON, DC 20036 

USA: AMER CHEMICAL SOC. 

[124] Li, X. and Frisch, M.J., 2006. Energy-represented direct inversion 

in the iterative subspace within a hybrid geometry optimization 

method. Journal of chemical theory and computation, 2(3), 

pp.835-839. 

[125] Chai, Y., Yu, J., Tu, Y. and Tang, L., 2013. Switching Bacterial 

Flagella Motor. Biophysical Journal, 104 (2), p.641a. 

[126] Berg, H.C., 2003. The rotary motor of bacterial flagella. Annual 

review of biochemistry, 72. 

  



 

120 

 

PUBLICATIONS 

• Qi, Fei, Huan Liu, and Qing-Hu Chen. The European Physical 

 Journal B 86, no. 7 (2013): 325. 

 

• Zhang, Rui-Qin, Yan-Ling Zhao, Fei Qi, Klaus Hermann, and 

 Michel A. Van Hove. Physical Chemistry Chemical Physics, 18, 

 no. 43 (2016): 29665-29672. 

 

• Zhao, Yan-Ling, Weihua Wang, Fei Qi, Jian-Fu Li, Guowen 

 Kuang, Rui-Qin Zhang, Nian Lin, and Michel A. Van Hove. 

 Langmuir 33, no. 2 (2017): 451-458. 

  



 

121 

 

CURRICULUM VITAE 

Academic qualifications of the thesis author, Mr. QI Fei: 

 

•  Received the degree of Bachelor of Applied Physics from  

 Xinjiang University, July 2009. 

 

• Received the degree of Master of Condensed Matter Physics 

 from Zhejiang Normal University, July 2012. 

 

 

 

 

September 2017   

 

 


