
    

 

ABSTRACT 

JIN, TAO. Actuating Molecular Machines with Light. (Under the direction of Dr. Gufeng Wang). 

  In this dissertation, we used single molecular fluorescence microscopy to investigate the 

single molecular machines such as nanocars and unimolecular submersible nanomachines (USNs). 

The goal of this dissertation is two-fold: first, to explore the limit of the bottom-up approach in 

constructing nanomachines that can produce mechanical work with a controllable manner. Second, 

to develop and actuate nanomachines with light to produce useful work such as cargo 

transportation and killing cancer cells. This is a collaboration work with Tour’s group in Rice 

University where the synthetic work was done in Rice and optical observation and actuation work 

was achieved here in NCSU.  

 In order to monitor these nanomachines at ambient conditions, i.e., room temperature and 

exposed to air, we used confocal fluorescence microscopy to image these dye-attached single 

molecular machines. Currently, photobleaching remains the main challenge of producing 

sufficiently long trajectories in monitoring these nanomachines. In Chapter 2, we developed two-

dye-attached nanomachines and investigated their photostability. Surprisingly, we found that the 

two dyes in molecular machines showed high tendency of simultaneous photobleaching. A 

superoxide anion radical diffusion-and-destruction model was proposed to explain the single-step 

bleaching behavior.  

 In Chapter 3, to further improve the photostability of molecular machines, we attached 

triplet state quencher - cyclooctatetraene (COT) group to the dye molecule tagged on molecular 

machines. For both one-dye-tagged and two-dye-tagged molecules, the photostability showed an 

enhancement factor of > 2, which shows the potential and limit of this triplet state quencher 

approach. More interestingly, we found that in two-dye-tagged molecules, the photostability were 



    

 

further enhanced by the attaching of two COT groups, possibly because COTs decoupled the 

simultaneous photobleaching of the two dyes. These studies shed new light on designing more 

photo-resistant, fluorescently tagged single molecular machines. 

  Nanocars serve as an excellent model in studying how molecular motors convert photon 

energy into translational motions and produce work. In order to “drive” a nanocar under ambient 

conditions, it is important first to understand how they work. In Chapter 4, we investigated their 

moving mode(s) on a surface under the influence of thermal activities. In order to capture the 

details of their “quick” motions at room temperature, we developed the line-scan imaging method, 

which improved the time resolution from 60 s to ~0.2 s. We found that 4-wheeled nanocars diffuse 

on glass surface with a quasi-random 2D diffusion mode. That is, they have a high tendency to 

keep a linear diffusion trajectory, which is consistent with the wheel-rolling mode motion of the 

nanocar molecules. The nanocar molecules may lose the directionality over time, indicating that 

other modes, e.g., pivoted motion, may also contribute to the thermal diffusion at room temperature. 

The characteristic linear movement time for these nanocars is ~1.2 s. This work shows that 4-

wheeld nanocars is an excellent design that keeps their stability inmotion, which is a pre-requisite 

for driving these nanocars with a controlled manner.  

  In Chapter 5, to achieve the goal of driving nanocars, we equipped them with a Feringa 

motor, which absorbs light and produces uni-directional rotational motion. We showed that in the 

presence of UV light, Feringa motor-equipped nanocars diffuse twice faster at air-glass interface. 

A motor rotation-induced paddling model is proposed to explain the enhanced diffusion of the 

nanocar. Studies on different surfaces show that nanocars move by 1.5 ± 0.2 nm upon each 

effective motor actuation. More importantly, the tendency of nanocars diffusing on a linear 

trajectory is not significantly impacted by the UV actuation. This study shows that nanocars 



    

 

bearing a Feringa motor can be actuated in a controlled manner using light, which establishes a 

significant step toward “driving” these nano-vehicles in the microscopic world.  

  Current molecular motors can only be actuated using UV light, which limits their 

biological and biomedical applications. In Chapter 6, we explored the feasibility of using near IR 

light to actuate Feringa motor-equipped molecular machines through multi-photon excitation 

(MPE). First, using the nanocars as the model system, we show that motorized nanocars can be 

actuated, making them moving faster on glass surface under MPE. This demonstrates for the first 

time that Feringa motors can be actuated using less damaging near IR light. Second, in parallel, 

we studied MPE actuation of motor-equipped uni-molecular nanomachines (USNs). We showed 

that USN molecules can break synthetic lipid bilayer under MPE and release BODIPY dyes 

preloaded into the vesicles. Studies in our collaborators’ labs also showed that as a consequence, 

cancer cells can be killed through localized actuation of the motors that are tagged with molecular 

recognition units. The success of MPE excitation of Feringa motors may open up a new avenue in 

developing in vivo biological and biomedical techniques with molecular precision.   
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CHAPTER 1: An Introduction of Single Molecular Machines 

1.1   Overview of this study 

  In this study, we use single molecular fluorescence microscopy to investigate the single 

molecular machines such as nanocars and unimolecular submersible nanomachines (USNs). The 

goal of this dissertation is two-fold: first, to explore the limit of the bottom-up approach in 

constructing nanomachines that can produce mechanical work with a controllable manner. Second, 

to actuate these nanomachines with light to produce useful work such as cargo transportation and 

killing cancer cells. This is a collaboration work with Tour’s group in Rice University. Synthetic 

work was done in Rice and will no longer be specified in the dissertation. All optical observation 

and actuation work were achieved here in NCSU.  

1.2.  Overview of Single Molecular Machines 

1.2.1 Single molecular machines  

  In our daily life, we build and employ many types of machines that produce mechanical 

work, where a machine is “an apparatus for applying mechanical power, having several parts each 

with a definite function”.1 A machine outputs work by enforcing a part of itself performing a 

position change. A working machine can be characterized by these following six properties: the 

input energy that makes the machines to perform the movement, the type and the timescale of 

movement, how this movement is controlled and manipulated, can this movement be repeated, and 

results or benefits of this movement.  

  To accomplish work in the microscopic world, researchers have been trying to push the 

limits of machine constructions toward the smallest possible size. Biomolecular machines could 

perform a series of complex and intricate functions, which are at a much higher level than current 

artificial nanomachines. However, they are restricted in applications in vivo or ex vivo because of 
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the requirement of physiological environments. That is, they are only applicable in aqueous 

environments with specific buffer, temperatures, pHs, etc. In addition, due to their complex nature 

and poorly understood working mechanism, it is challenging to modify or redesign these biological 

nanomachines for specific needs. Thus, there is a need to design and synthesize synthetic systems 

which could not only tolerate a more diverse range of conditions, but also provide simpler 

functions in the nanoscopic world. Driven by this request, miniaturized machines of ever smaller 

size have been built in the microscopic world even down to the single molecule level. Single 

molecular machines (SMMs), which are the smallest possible machines, can be defined as “an 

assembly of a distinct number of molecular components that are designed to perform machinelike 

movements (output) as a result of an appropriate external stimulation (input)”.2 The key question 

of developing these SMMs is whether we can make these SMMs performing useful mechanical 

work in a controllable manner at ambient conditions.  

  To build a molecular machine, the first step is to design different functional components 

so that the function of the device is the consequence of their intended actions. The second step is 

to assemble all components together so that they work in whole as a machine. This step requires 

expertise from synthetic chemists. The third step is to supply external energy to produce 

translational or rotational motions of the components in the machine. This energy source could be 

electrical, chemical, or electromagnetic. Overall, this is a systematic work in which numerous 

challenges need to be overcome. The key challenges are: monitoring these molecular machines at 

individual molecule level, understanding the interactions between the working environment and 

molecular machines, and actuating these molecular machines in a controllable manner. In addition, 

because of the small size of the molecular machines, their thermal activity cannot be ignored, and 

their Brownian motion would interfere with the desired motor actions. This challenge has been 
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addressed by theoretical scientists with the objective of escaping from random noise or harnessing 

thermal activity for controlled motion.3,4  

  Our goal is to overcome these key challenges and achieve useful work from these 

molecular machines. We are mainly interested in two type of molecular machines: nanocars - 

machines working on a surface and potentially can transport cargoes, and unimolecular 

submersible nanomachines (USNs) – machines that work in solutions and bring mechanical work 

to the target system.     

1.2.2 Nanocars 

 In all nanomachines, nanocars are a series well-developed and successful molecular 

machines. Nanocars (Figure 1.1), like their name suggests, consist of a chassis made of fused 

aromatic rings or oligo(phenylene ethynylene)s (OPEs), alkynyl axles, and wheels that can roll on 

a surface.5 They were first proposed and synthesized to explore the limit of how far mechanistic 

analogies can go using a bottom-up approach in nanotechnology. Later, it was demonstrated that 

this design provides an excellent starting point for the exploration of controlling the motions of 

these molecular machines. It is envisioned that eventually they can serve the same role as their 

counterparts do in the macroscopic world: transporting cargoes across an engineered surface at 

ambient conditions.  
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 Figure 1.1. Nanocars diffusion on a metal surface observed with scanning tunneling 

microscopy (STM). Reproduced with permission from Ref. 5. 

 To accomplish this goal, several generations of nanocars with different shapes have been 

synthesized, such as four-wheeled nanocars,5,6 three-wheeled nanocars,5 curved nanocars,7 and 

nanodragsters etc.8 Some of these differently structured nanocars were designed to understand the 

passive diffusion motion of car-like nanomachines. For example, three-wheeled nanocars and 

nanocars with a curved axis (namely, curved nanocars) were observed to produce circular rolling 

motions on a surface5 as a contrast to four-wheeled nanocars, which produced mainly linear 

diffusion trajectories on a surface. Self-assembling reaction was successfully applied in 

synthesizing nanocars, which showed the potential of building a long chain of nanocars to form a 

nanotrain.9 The wheels are also upgraded from C60,
6,10 carborane,11,12 organometallic wheels,13 to 

adamantane14 to minimize wheel-surface interaction and curb motor-wheel energy transfer.  

 To drive nanocars, different energy sources such as the electrical energy, chemical energy, 

or photon energy were tested to enhance their mobility. Nanocars with a strong built-in dipole were 

synthesized to explore electric-field-induced rolling of nanocars.11 To drive nanocars with energy 

released from chemical reactions, Ru-based metathesis catalyst-equipped nanocars were designed 
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to take the advantage of the ring-opening metathesis polymerization activity to propel nanocars 

moving on a surface15.  

 The most recent progress includes incorporating a light-driven motor into the car body in 

hope that the nanocar can be driven by light.8,16,17 Here, a “light-driven motor” means a molecule 

or molecular part that can assimilate photonic energy and convert it into kinetic energy carried by 

translational or rotational motion. The most successful light-driven motor so far is reported by 

Feringa’s group, which has a rotor that produces 360° unidirectional rotation with respect to a 

stator (will be discussed later in details). After being incorporated into the nanocars, it has been 

shown that the motor’s rotational properties are unaffected in the solution.18 However, the light-

actuated movement of the motorized nanocars has not been observed yet. Current efforts are 

focused on using light to excite the molecular motors thus to “drive” these nanocars in a controlled 

manner. 

1.2.3 Molecular motors 

 As mentioned above, Feringa motor is a type of well-developed molecular machines that can 

assimilate photo energy to produce uni-directional rotation motions. A typical Feringa motor 

includes a rotor and a stator, with the rotor rotating along a carbon-carbon double bond through 

photo-induced isomerization.19,20 The first generation Feringa-type motors were synthesized in 

year 2000, which showed rotation but with an arbitrary direction upon external stimulus.21 In 2002, 

the most successful-second generation Feringa motor was created. This rotor showed a 360° uni-

directional rotation around the stator through two cis−trans isomerization reactions upon UV light 

irradiation (Figure 1.2), each followed by a thermal helix inversion.22 To increase the rotation rate 

of the motor, Feringa’s group designed different structured rotors, such as those with an added 

amine moiety on the rotor: the lone pair delocalization results in a large polarizing effect on the 
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olefinic bond, leading to fast rotation.23 By adding functional groups on the rotor, the rotation rate 

of the motor can be tuned. The fastest motor rotation rate reached MHz level.24 Further, to apply 

the motors in different chemical or biological systems, Feringa and coworkers developed many 

functional motors, such as motors that can alter its rotation direction,25 and motors can be actuated 

by visible light source,26,27 etc. Most recently, the third generation of molecular motors was 

designed (Figure 1.3). This generation of motors have two identical over-crowded alkene moieties, 

each maintaining unidirectional rotation. By modifying the core center with different groups, the 

rotation rate and direction can be altered.28 

 

  Figure 1.2. Second generation Feringa motor with uni-directional rotation. Reproduced 

with permission from Ref. 22. 
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  Figure 1.3. Third generation unidirectional rotation Feringa motor. Reproduced with 

permission from Ref. 27. 

  Molecular motors have been proven to be a powerful tool at the nano- to the micro-

scale.29-31 There are many examples that molecular motors were used for surface functionalization. 

The modified interface can control the adhesion, wettability, transport, molecular recognition, and 

friction, etc.32 Molecular motors may be grafted to quartz33 or gold films,34 on which the orientation 

thus the rotation of the rotor relative to the surface can be controlled.35,36 The light-driven 

molecular motors that are embedded in a liquid-crystal film can rotate macroscopic objects 

placed on the film; the size of the object can exceed the size of the motor by a factor of 10,000.29 

Molecular motors have been used to measure the microviscosity in living cells via fluorescence 

lifetime imaging.37,38 Researchers also introduced motors into a gel to operate under far-from-

equilibrium conditions; the work produced by the motor in the photostationary state is used to 
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twist the entangled polymer chains up to the collapse of the gel. It showed that the motor system 

has the potential to store energy.39 These studies demonstrate that these motors, through the tiniest 

but ordered motion at the molecular scale, can achieve mechanical work such as contraction of 

cantilevers,40 and rotation of microrods,29 up to the macroscopic movement of droplets.41  

1.2.4 Unimolecular submersible nanomachines 

  The other type of molecular machines we are interested in are unimolecular submersible 

nanomachines (USNs). As we know, nearly all biological processes are taking place in solution 

phase. Thus, designing nanomachines that work in the solution phase is important for developing 

biotechnological and biomedical tools. Dirven by this purpose, many nanomachines such as self-

propelled nanowires,42,43 microrockets,44 Janus-particle motors,45,46 enzymatic motors,47 and 

mineral micropumps48 powered by chemical reactions, bubble propulsion or difusioosmosis have 

been developed. USNs are one type of these nanomachines initially designed to function in a 

homogeneous solution driven by light (Figure 1.4). They consist of a uni-directional rotating 

Feringa motor and two wings. Fluorophores may be attached on the wings for optical observation 

and tracking.  

 

  Figure 1.4. USNs showed enhanced diffusion with UV light irradiation. Reproduced with 

permission from Ref. 29. 
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  It has been shown that USNs displayed enhanced diffusion in solutions when exposed to 

UV light.30 Further, we have demonstrated that the rotation of the rotor can drill holes on synthetic 

lipid bilayers and live cell membrane, showing the potential for developing a new tool for 

gene/drug delivery or simply killing cancer cells with UV light illumination.31 Compared to violent 

cell membrane opening techniques such as those using mechanical force (particle bombardment), 

electrical charge, or chemical perforation, etc., nanomachines can impart molecular recognition 

and specifically target a receptor on the cell membrane. Compared to passive endocytosis-based 

delivery, nanomachines are much more efficient and can reduce the amount of the drug used and 

the side effects of the drug on normal cells.  

  Most recently, to avoid the photo-damage caused by UV light in biological systems, near 

infrared light was tested to actuate the motor through multi-photon excitation. If successful, it 

could lead to a therapeutic tool deep inside tissue with high 3D spatial precision.   

1.3.  Detecting techniques for single molecular machines  

 The ultimate goal for developing these nanomachines is to have them to do useful work, 

such as transporting molecular cargos and functioning as real machines inside our body. As we 

delve into the arena of the nano-sized world, it beckons that we need to learn to manipulate these 

nanometer-sized machines in a controlled manner. To achieve this goal, we first need to be able to 

monitor the nanomachines at the individual molecule level in real time.  

1.3.1 STM 

 Scanning tunneling microscopy (STM) is one of the most used techniques in detecting 

and monitoring single molecule motions on a solid surface.49,50 STM is based on the concept 

of quantum tunneling. That is, when a conducting tip is brought very close to the sample surface, 

a bias (voltage difference) is applied between the sample surface and the tip, allowing electrons to 
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tunnel through the vacuum. The generated tunneling current is a function of the tip position, 

applied voltage, and the local density of states of the sample. With a tip scanning through an area 

on the sample surface, a two dimensional image is generated. STM have culminated in the ability 

to observe individual molecules at atomic-scale resolution. The motion of a nanoobject or a 

molecule on a variety of surfaces can be determined through measuring the tunneling current 

between the nanoobject/molecule and a STM tip.51,52 However, STM can only be used in high 

vacuum and on atomic flat metal surfaces. In addition, there is always a possibility that the 

potential bias on the tip interferes with the observation of single molecule movement. For example, 

C60 on a gold surface has been observed to deform strongly near the tip.53 Several studies have 

showed that the adsorbate activities were affected by STM, and different mechanisms were 

proposed to explain this phenomenon.54 Tunneling and field emitted electrons can excite the 

adsorbate vibrational states, leading to desorption.55 Rezaei and co-workers showed that instead of 

simple thermal effects, the desorption rate of the adsorbates has a quartic dependence on the 

applied electric field.56 Interestingly, the applied electric filed on the STM tip is frequently used to 

manipulate the movement of the adsorbates.57 

1.3.2 Single molecule fluorescence microscopy 

 Compared to STM, single molecule fluorescence microscopy (SMFM) is a non-intrusive 

method that provides sufficient spatial and time resolutions to detect and track single molecule 

movement at the air-solid interface at ambient conditions. In single molecule fluorescence-based 

applications, one or more fluorophore molecules serving as the “bulb” are usually attached to the 

molecule of interest to indicate its movement.  

 Single molecule fluorescence imaging can be achieved using either confocal 

fluorescence,58 epi-,59 or total internal reflection fluorescence (TIRF) microscopy.60 In these 
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imaging techniques, conventional epi-fluorescence microscopy can provide sub-micrometer 

spatial resolution and excellent temporal resolution to study the dynamics of single molecule on 

surface or in living cells. However, the largest disadvantage of epi-fluorescence microscopy is that 

it does not have any element other than the objective to discriminate background signals (including 

both scattering and fluorescence originated from out-of-focal plane fluorophores). When applied 

in a three-dimensional sample such as live cells, the image looks blurry due to the background 

signals. 

 In confocal fluorescence microscopy, a microscope objective is used to focus the laser 

beam into the tiniest possible spot inside the specimen and collect the emitted fluorescence. A 

pinhole is placed in front of the detector at the plane that is conjugated with the objective focal 

plane. The out-of-focus signal will be rejected. With this configuration, from which the term 

“confocal” stems, imaging of thin slices along the axial direction such as cells, or issue becomes 

possible. Compared with epi-fluorescence microscopy, the integration of a confocal pinhole on the 

detection light path is the decisive feature. The illumination of the specimen and the detection of 

the signal are both limited. Only the fluorescence signal generated closed to focal point will be 

detected, which results in a high signal to noise ratio. However, the time resolution is sacrificed 

due to the need for point-by-point scanning.  

 Total internal reflection fluorescence (TIRF) microscopy is another frequently used 

method in study of molecular dynamics at interfaces, and cellular organization/dynamic processes 

within cellular membranes. It relies on the excitation of fluorescent probes by a very thin 

evanescent wave near the total internal reflection interface, which leads to a significant reduction 

of the background. The evanescent electromagnetic field decays exponentially from the interface. 

Thus, only a thin slice of the sample (~100 nm) near the interface is excited. This give the high 
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S/N ratio of the images but leads to a very short working z-distance.  

 Both epi- and TIRF microscopes use CCD cameras for detecting single molecules, which 

has a low photon detection efficiency. Long exposure times are usually needed (~100 ms time 

scale) to obtain a high quality single molecule image. Thus, the detection suffers significantly from 

photobleaching. In this study, a home-built confocal fluorescence microscope was used in 

detecting nanomachines at the air-solid interface at ambient conditions. A new detection scheme 

was developed to increase the time resolution in imaging. 

1.3.3 Photobleaching in SMFM 

 In order to obtain as large a fluorescence signal as possible, the fluorophores used in single 

molecule measurement are desired to have a large absorption cross section, high fluorescence 

quantum yield, high photostability, and weak bottlenecks into dark states such as triplet states. 

Currently, SMFM suffers from low signal, photobleaching and blinking problems. One largest 

problems in single nanomachine observation is photobleaching of the fluorophores, which 

negatively impacts the observation and makes observation meaningless if it happens too fast. 

Photobleaching is the photochemical alteration of a fluorophore molecule such that it is 

permanently disabled to fluoresce. This is caused by cleaving of covalent bonds, or non-specific 

reactions between the fluorophore and surrounding molecules. Molecular oxygen is the primary 

reason for photobleaching, either through a direct interaction with the excited state fluorophore, or 

through an indirect pathway that involves a different radical species in the solution.61,62 Reducing 

the photobleaching probability is the key to a successful imaging experiment and allowing us to 

observe the molecular diffusion in a longer time period, which leads to a better understanding of 

the movement of SMMs. 

 The most used strategy to enhance the photostability of fluorophores is to remove the 
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active oxygen species. Enzymatic oxygen scavenging systems are the most widely used in 

solutions. For example, the most commonly used enzyme system is the glucose oxidase and 

catalase (GODCAT) in a buffer containing millimolar glucose. This system can reduce oxygen 

concentration to a few micromolar, which results in an enhanced photostability of dyes by several 

orders of magnitude. However, the biggest disadvantage of this system is that mismatched 

GODCAT activities can result in a buildup of hydrogen peroxide, a reactive oxygen species that 

may damage fluorophores and biomolecules.63 An alternative system is the protocatechuic 

acid/protocatechuate-3,4-dioxygenase system. This system can reduce the oxygen concentration 

further64 and does not induce pH drop over time as in contrast to the GODCAT system.65  

 Another strategy to overcome the photobleaching problem and obtain high signal-to-noise 

ratio images is to attach multiple dyes to the single molecular machines. The photobleaching rate 

of fluorophores determines the total amount of photons that can be detected for a single 

fluorophore, which sets the limit of the timescales that a single fluorophore can be observed. Thus, 

putting more dye molecules on the same molecular machine may hopefully extend their 

photobleaching lifetime significantly. However, for linked dye molecules or a group of dye 

molecules in close vicinity, to the best of our knowledge, there has not been a systematic study of 

how these dye photobleach in the literature. Further, for dye molecules on a solid surface exposed 

to air, either isolated or linked, the mechanism by which they are photobleached has not been well-

understood. In Chapter 2, we thoroughly studied the photobleaching kinetics of two conjugated 

and uncoupled dyes in a single molecular machine. Surprisingly, the two dyes showed a very high 

probability of single-step-like bleaching behavior. A model was proposed to explain the abnormal 

phenomenon.  

 As mentioned above, the photobleaching mainly involves the interaction between oxygen 
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species and the excited state of the fluorophore, which most likely is the triplet state. This indicates 

that there is another strategy to enhance the photostability, i.e., reducing the population of the 

triplet state of the fluorophores. This can be achieved by introducing a triplet state quencher (TSQ) 

into the system. Studies have shown that TSQs such as cyclooctatetraene (COT), nitrobenzyl 

alcohol (NBA), and Trolox can effectively extend fluorophores’ photobleaching lifetimes. They 

all quench the triplet state species but through different mechanisms. For examples, isolated COT 

molecules quench triplet state dye molecules through an energy transfer mechanism in 

solutions.66,67 The mechanism of NBA-mediated photostabilization is unclear yet but may be 

through redox cycles.68 For Trolox, studies of ATTO fluorophores suggest that Trolox restores the 

fluorophore to the ground state from the triplet state due to a combination of its reducing properties 

and a Trolox-quinone complex formed during the dissolving process.69 In Chapter 3, we studied 

the COT embedded molecular machines’ photostability at air-solid surface.   

1.3.4 Line-scan imaging 

  In tracking single molecules, current methods usually involve collecting images from a 

small area repeatedly and a movie is obtained. From the movie, we connect molecule positions 

into a trajectory. Using this area scanning method, we are able to obtain the two dimensional 

moving trajectories of single molecules. However, the frame time of this method is usually long 

(seconds to minutes) due to the raster scanning. It is not sufficient to detect fast motion of 

molecules or photophysical processes.  

 To improve the time resolution, e.g., to study the fast diffusion and photophysical 

processes, we developed a line scanning method. First, we image a small area to confirm the 

presence of the molecules. Then, we repeatedly scan one line of the image that contains 1 or 2 

molecules until the molecules were completely photobleached or diffused away. Thus, we 



15 
 

construct an image with one axis representing space coordinate x and the other representing time 

t. By connecting the fluorescence intensity of the same molecule, we will obtain the intensity vs. 

time trace for the same molecule, from which we can study the photobleaching of the dyed 

molecules (Chapter 2). Or, we can recover the molecule’s spatial positions and obtain a moving 

trajectory in the x-axis. The y-position information is hidden in the fluorescence intensity I. By 

using cross correlation analysis between the x and I, we can learn the diffusion mode of singe 

molecules (Chapter 4). Most importantly, the time resolution is drastically improved. Using the 

same integration time for each pixel as that used in continuous 2D image scanning, we can increase 

the time resolution from ~40 s to ~0.2 s. In practice, we can further reduce the line length and the 

pixel integration time to reach a time resolution of few ms. This will further give us the time 

resolution to study fast dynamics on surface if necessary. 

1.4.  Single molecular machine movement on surface  

1.4.1 Surface diffusion of small molecules 

  In order to see the actuated movement of nanocars or nanomachines, it must be decoupled 

from the thermal activities. However, at ambient conditions (room temperature), all molecules 

show significant thermal activities. On a solid surface, the adsorbed molecule can move laterally 

when the surface-adsorbate interaction is not strong enough to immobilize the adsorbate, which is 

name surface diffusion. The thermal diffusion of molecular adsorbates on the surfaces plays an 

important role in the physical and chemical processes such as heterogeneous catalysis, etc.. A good 

understanding of the adsorbate’s diffusion is required to comprehend these complex processes.  

  Current dominant views describe molecular diffusion on solid surfaces as multiple “hops” 

between adjacent adsorption sites with a molecular length scale. To achieve “hopping”, the 

molecule must overcome an energy barrier and desorb from the surface, either through thermal 
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activities (thermal desorption) or through collision from ambient gas molecules (collisional 

desorption). Under this model, the surface diffusion coefficient D can be estimated as: 

0 exp( / )aD D E RT                  (1.1) 

where Ea is the activation energy for desorption; T is the temperature; R is the gas constant; D0 
is 

the two-dimensional diffusion coefficient of the molecule in air, which follows the Einstein-Stokes 

equation: 

akTD 4/0                  (1.2) 

where η is the viscosity of air (1.983×10-5 Pa·s) and a is the radius of the molecule. This model 

works ideally for small molecules.  

  In the hopping model, these hopping events are Poisson processes. For this Poisson 

process, we can assume a mean hopping rate h, and the average jump length x. The mean square 

displacement <(ΔL)2> of one molecule in an observation time window t is given by: 

    
2 2( )L x ht                                               (1.3) 

Combine this with one dimensional Einstein Equation, we can obtain: 

      21

2
D h x                                              (1.4) 

If ht<<1, the probability of a molecule comes back to its original position P0 could be estimated as: 

      0
htP e                                          (1.5) 

  From Equations 1.3-1.5, we may be able to determine how these nanomachines move on 

the surface, i.e., their hopping rate and hoping distance. However, from Equation 4, we know that 

the hoping rate and hopping distance are associated in macroscopic measurements. Only when we 

can determine h from Equation 3, can we determine x. We know that the hopping distance x is at 

the molecular scale so that the hopping rate is usually very large. Thus, we need a very high time 
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resolution in the measurement in order to understand how these molecules move on the surface. 

Unfortunately, such a technique is not available currently. Thus, many conclusions are derived 

indirectly from macroscopic observations.  

1.4.2 Nanocar diffusion on a surface 

  For larger molecules like nanocars and USNs, the complete desorption and hopping of 

these molecules are less likely because the van der Waals attraction between the surface and the 

adsorbed molecule increases quickly with respect to the molecule mass. At the liquid-solid 

interface, a “crawling” mode motion is used to explain the surface diffusion of large molecules 

such as proteins and polymers. In the crawling model, portions of a molecule take turns to desorb 

and move in the space above, resulting in the displacement of the whole molecule on the surface. 

It is possible that large molecules can diffuse at the air-solid interface in a similar manner. In fact, 

pivoted motion, i.e., the molecule moves with one point attached on the surface, of nanocar 

molecules have been observed on a metal surface using STM. It can be understood that for large, 

rigid molecules, pivoted motion is a special form of the crawling diffusion.  

  How do single molecular machines like nanocars diffuse on surface? It is conjectured that 

for wheel-based nanocars, when they move on a surface, they would follow the original design 

and adopt a wheeling rolling model diffusion just like their macroscopic counterparts do. That is, 

the rotation of the wheels results in their translational motion on the surface. However, there are 

always arguments that there are other moving modes of nanocars on a surface including “hopping”, 

“crawlling”, or even “skidding”, i.e., the nanocar translates on the surface without the wheeling 

rotation, etc. It is important to understand this question because it is relevant to whether we are 

able to actuate nanocars’ motion with a controlled manner. 

  In the past studies with STM imaging, the fullerene wheels of nanocars were brightly 
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imaged and can provide a more definitive evidence about the nanocar orientation and moving 

direction. From STM images, Tour and coworkers observed that nanocars with fullerene wheels 

were inactive on a Au (1,1,1) surface under 170°C. When they were heated to be above 170° C, 

nanocars started to diffuse on the surface. There thermal activity kept increasing when the 

temperature was increased. The STM images also showed the diffusion mode for differently 

structured nanocars. Four-wheeled nanocars showed both translation motion and “pivoted” motion, 

i.e. the nanocar moves with a point kept stationary on the surface, which leads to an orientation 

change of the nanocar. Three-wheeled nanocar showed mainly pivoted motion, which is the reason 

they showed a much smaller macroscopic diffusion coefficient in the observation. These results 

indicate that wheeled-based nanocars move mainly due to the rolling of the wheels under STM 

conditions: under high vacuum, usually a low temperature, and on an atomically flat metallic 

surface.  

  Eventually, these nanocars are designed to work under ambient conditions, i.e., at room 

temperature, exposed to air, and on a glass surface. It is unclear how the nanocar movement can 

be impacted under these conditions. Especially, it was observed that they show random 2D-like 

diffusion mode on glass surface, which contradicts the wheel-rolling motion of nanocars. 

Understanding the mechanisms by which these molecular machines move is crucial for the design 

of their future applications. To understand this question, first, an accurate imaging method that 

allows us to track nanocar trajectories is needed. Link and coworkers used confocal fluorescence 

imaging to tracking these molecules and developed an analysis method for simultaneously 

determining multiple trajectories of single molecules from sequential fluorescence images in the 

presence of photoblinking. This method can successfully distinguish the immobilized and moving 

nanocar molecules. The diffusion coefficient of the nanocars were measured to be few hundred 
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nm2/s, which is consistent with the theoretical results.70 They further studied the diffusion of 

tetramethylrhodamine isothiocyanate (TRITC) dye-attached, four-wheeled nanocars on glass 

surface. Two diffusion modes were proposed and compared: the wheel rolling mode vs. the 

hopping mode. In these two modes, different activation energies are required to overcome the 

molecule-surface interactions for surface diffusion. By using equations described in Section 1.4.1, 

they estimated the activation energy for nanocars’ translational diffusion and suggested that wheel 

rolling motion is more likely to give a similar activation energy to the observed value thus is the 

dominant diffusion mode at an air-glass interface. Later, they showed that by modifying the surface, 

the diffusion speed of nanocars can be controlled. On an ion-etched surface, nanocars’ diffusion 

slowed down significantly while on an amine terminated surface, diffusion was enhanced. These 

studies show that the wheel-surface interaction plays a crucial role in controlling nanocars’ activity 

on a solid surface.  

1.4.3 Our studies using line-scan imaging 

  So far, Link’s group showed indirect evidence of wheel rolling mode of nanocars diffusion. 

What’s more, the discrepancy between the microscopic wheeling rolling mode motion and the 

macroscopically observed random 2D-like diffusion of nanocars has not be solved.  

 To obtain more direct evidence to understand how nanocars move on a surface, a line 

scanning image method was developed (Section 1.3.4) to improve the time resolution to 

millisecond scale, which provides more detailed information of nanocars diffusion at a shorter time 

scale. Through cross correlation analysis between the line intensity and x-position, we showed that 

nanocars diffuse through a quasi-random 2D diffusion model. That is, they have a high tendency 

to keep a linear diffusion trajectory for ~1.2s, but loses directionality at a longer time scale (~mins) 

due to pivoted motion or other possible moving mode. This study strongly suggests that nanocars 
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move mainly through the wheel-rolling mode and that the four wheel design is critical in achieving 

the controlled motion of nanocars. This study paves the way for actuating these nanocars with a 

controlled manner (Section 1.5).  

1.5   Actuation of SMMs   

1.5.1  Actuation of molecular machines with different energy sources  

  To make molecular machines work for us, we need to provide appropriate energy to 

actuate them. Most early generations of molecular machines are powered by chemical energy from 

chemical reactions. Feringa’s group demonstrated a reversible and unidirectional rotation 

molecular motor through a four-step processes: selective bond breaking, bond formation, bond 

breaking and bond formation.71 Whitesides and co-workers demonstrated that the decomposition 

of hydrogen peroxide generates a local oxygen gradient, which results in a directional move of the 

target object through a process called dielectrophoresis.72 Stoddart’s group developed molecular 

elevators, in which the platform component of the molecular elevators can move between two 

positions through deprotonation/reprotonation processes.73 Electrical energy has also been 

commonly used to actuate molecular machines. Sykes and his co-works developed a butyl methyl 

sulphide molecule that absorbs on copper surface; the lone pairs electrons of sulfur atom allows 

the control of its directional rotation.74  

  Light would be an ideal light source because it is clean and easy to deliver. One type of 

molecular machines are developed based on the photo-induced isomerization, which converts 

photon energy to mechanical motions. A typical example is the Feringa motor discussed in Section 

1.2.3. Light can also actuate molecular machines through indirect pathways such as photoinduced 

proton transfer75,76 or photon induced electron transfer,77,78 etc. 
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1.5.2 Motorized molecular machines actuated by UV light  

  Among these energy input schemes, actuating molecular machines with light is a viable 

choice. In this study, to “actuate” a molecular machine with light, a Feringa motor was incorporated 

into the nanocars (Figure 1.5) or USNs. Nanocars were mainly used to understand the actuation of 

these motors at ambient conditions, i.e., a dry surface at room temperature, and the impact of their 

output work. USNs were explored for their applications in the solution phase, e.g., on synthetic 

bilipid membrances and live cells. 

 

 

  Figure 1.5. Motorized nanocars. Reproduced with permission from Ref. 17. 

 Study of solution based USN molecules showed that USNs with a fast motor (rotating 

speed in MHz range) diffused faster with an enhancement of 26% when the motor is fully activated 

by UV light.30 This is the first successful study showing that UV light can introduce 

nanomechanical motion at single molecule level in solutions. Further, the nanomechanical motion 

was applied to biological systems. It has been shown that USNs can open synthetic lipid bilayered 

vesicles and induce the release of the encapsulated dye molecules. These studies can lead to 

nanomechanical action-based bioengineering tools (Chapter 6) 

 Nanocars provide an ideal model for studying the output work by the motor. Different 
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designs have been proposed and developed. However, none of the studies has shown that these 

nanocars could work as they were designed to using light actuation. Using the line-scan imaging 

with an increased time resolution, we show that nanocars equipped with a Feringa motor do move 

twice faster under UV actuation. A motor rotation-induced paddling model was proposed and the 

nanocar moves by 1.5 ± 0.2 nm upon each effective motor actuation. More importantly, their linear 

trajectory was not significantly affected and the characteristic linear diffusion time was still ~ 1.2 

seconds. This is the first study showing that nanocars can be driven using a light-actuated motor. 

It shows the promising future of employing nanocars for intended work. If we can suppress the 

thermal diffusion (including both the wheel-rolling and the pivoted motion) at low temperature, 

we will gain a uni-directional driving of the nanocars with a speed of ~60 nm s-1 at a relevantly 

low UV illumination condition. This moving speed is similar to protein motors in the biological 

world. 

1.5.3 Motorized molecular machines actuated by NIR light 

 UV light can cause damage to biological system. To overcome this potential problem, 

recent studies are focused on developing visible light-actuated motors and using low-energy 

photons to actuate the motors. Using near IR light to excite the motors through a two-photon 

excitation (2PE) process would be an ideal approach. However, so far, Feringa motors have not 

been demonstrated that they can be excited by 2PE.  

 Feringa motor-equipped nanocars are again an ideal for this purpose. We showed in this 

dissertation that they can be actuated and move faster on glass surface with NIR light irradiation. 

This is the first time demonstration that the motors can be actuated using less damaging near IR 

light (Chapter 6). Since 2PE is inherently confocal, localized actuation can be realized, which may 

be useful in biomedical applications. To examine this, USN actuation under NIR light irradiation 
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in synthetic bilayer vesicles were studied (Chapter 6). It was found that NIR light induced rotation 

of the motor can open the lipid vesicles and release the dye preloaded into the vesicles. Additional 

cell studies in our collaborator’s lab showed that USNs destroyed cell components like chromatin 

upon near IR light actuation, thereby slowing down metastasis of cancer cells. These results 

suggest that this 2PE approach could evolve into photodynamic therapies coupled with high 3D 

precision.  
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CHAPTER 2: Imaging Single Molecular Machines Attached with Two BODIPY Dyes at the 

Air-Solid Interface: High Probability of Single-Step-Like Photobleaching and Non-Scaling 

Intensity 
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2.1  Abstract 

 Single molecule fluorescence microscopy (SMFM) is a powerful technique in monitoring 

single molecular machine actions at ambient conditions. To improve the fluorescence intensity and 

photo-stability, one strategy is to attach multiple dyes to the same single molecular machine. 

However, it is unclear how the fluorescence property of the dyes will change when multiple dyes 

are compacted into the same molecule within a distance between them of ~2 nm. In this study, we 

investigated the photophysics of two types of single molecular machines that are each equipped 

with two BODIPY dyes with different distances. We found that at the air-glass interface, single 

molecules attached with two dyes have a high tendency to show a single-step-like photobleaching, 

making them to appear like a single dye. We propose that the product of the first photobleaching 

event, possibly a superoxide anion radical, is involved in the destruction of the neighboring dye. 

In addition, the fluorescence intensity of the two-dye system does not scale with the number of 

dyes attached. The non-scaling fluorescence intensity can be explained using a self-quenching 

model through an intra-molecular fluorescence resonance energy transfer (FRET) or/and singlet-

triplet annihilation process. This study discloses the fluorescence property of single molecules 

attached with two dyes and sheds new light on designing fluorescently tagged nanomachine 

molecules. 
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2.2  Introduction 

  In the past decade, many namesake nanomachines have been synthesized such as 

nanocars,79 nanomotors,80 shuttles,81 tweezers,82 and unimolecular submersible nanomachines 

(USNs), etc.83 Among these, nanocars and USNs are two series of nanomachines that are well-

developed and they demonstrate their potential in producing real work. Nanocars, like their names 

suggest, consist of a chassis, axles, and wheels. Several generations of nanocars with different 

shapes have been synthesized such as four-wheeled nanocars,79 three-wheeled nanocars,84 curved 

nanocars,85 etc.14,17,86 The wheels are also upgraded from C60 and carborane to adamantane to 

minimize wheel-surface interaction and curb motor-wheel energy transfer. The most recent 

progress includes incorporating a light-driven motor into the car body in hope that the nanocar can 

be driven by light.18 The other series of interesting nanomachines are USNs. The motivation of 

producing USNs is to drive the molecular machines using light in a homogeneous solution, which 

is relatively simpler to achieve than on a solid surface. The USNs have two hydrophilic dyes 

attached to the stator with aliphatic chains as the spacers. USNs with a fast motor showed enhanced 

diffusion in solutions when being exposed to UV light.83 The ultimate goal for these nanomachines 

is to have them do useful work, such as transporting molecular cargo on a surface or in solution. 

 To achieve this goal, we first need to be able to monitor the nanomachines at the individual 

molecule level. Scanning tunneling microscopy (STM) is one of the most used techniques in 

detecting and monitoring single molecule motions on a solid surface.17,49,85,87 However, STM can 

only be used in high vacuum and there is a possibility that the potential bias on the tip interferes 

with the single molecule movement. Compared to STM, single molecule fluorescence microscopy 

(SMFM) is a non-intrusive method that provides sufficient spatial and time resolutions to detect 

and track single molecule movement at the air-solid interface at ambient conditions.17,82,86,88 In 
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single molecule fluorescence-based applications, a fluorophore molecule serving as the “bulb” is 

usually attached to the molecule of interest to indicate its movement. Currently, SMFM suffers 

from low signal, photobleaching and blinking problems. One strategy to overcome these problems 

and obtain high signal-to-noise ratio images is to attach multiple dyes to the single molecular 

machines.  

  In our past studies, we noticed but have not reported two interesting phenomena when 

studying nanocars embedded with two boron-dipyrromethene (BODIPY) dyes. Unexpectedly, we 

found that most of these molecules showed single-dye-like photobleaching behavior at the air-

solid interface. That is, they appear to photobleach in one step. Photobleaching represents one of 

the most serious limitations of single molecule imaging, during which the dye molecules are 

irreversibly damaged by the excitation of photons. In SMFM, the photobleaching rate of 

fluorophores determines the total amount of photons that can be detected for a single fluorophore. 

Therefore, it sets the limit of the timescales that a single molecule can be observed. In solution 

phase, photobleaching of isolated dye molecules has been extensively studied. Molecular oxygen 

is the primary reason for photobleaching, either through a direct interaction with the excited state 

fluorophore or through an indirect pathway that involves a different radical species in the 

solution.14,89-95 For linked dye molecules or a group of dye molecules in close vicinity, to the best 

of our knowledge, there has not been a systematic study of concerted dye photobleaching in the 

literature. For dye molecules on a solid surface exposed to air, either isolated or linked, the 

mechanism by which they are photobleached has not been well-understood.  

  Second, we found that the fluorescence intensity of the molecules attached with two 

BODIPY dyes does not scale with the number of dyes attached. That is, the molecule intensity 

does not drop by half when one of the dyes is photobleached. Multi-dye labeling has been 
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frequently used in the literature to enhance the brightness of the molecules of interest. However, 

to the best of our knowledge, there has not been a systematic study on their brightness as a function 

of the number of dyes attached in close vicinity. There has been few reports of unexpected non-

scaling intensity for a molecule labeled with multiple dyes, e.g. multiple BODIPY dyes,96 in the 

solution phase. Indeed, the non-scaling intensity could happen since many different photophysical 

processes that lead to self-quenching could occur when two or more dye molecules are placed 

within a distance of molecular length scale.21,22 At low laser intensities, fluorescence resonance 

energy transfer (FRET)97,98 and singlet-triplet (ST) annihilation96,99,100 will occur. In these 

processes, excitation energy is transferred from the excited state of one dye to the ground state or 

the long-lived triplet state of the other dye, leading to a reduction in fluorescence emission. At high 

excitation intensity, complicated exciton-exciton annihilations, e.g., singlet-singlet (SS) 

annihilation101 and triplet-triplet (TT) annihilation,102 take place and cause self-quenching.  

  In this study, we carefully investigated the photobleaching and single molecule intensities 

of multi-dye systems exposed to air using confocal fluorescence microscopy. Two molecules are 

designed and studied, nanocar-1 and USN-3. In nanocar-1, two BODIPY dyes are embedded in 

the nanocar chassis and the two dyes are conjugated (Scheme 2.1). In USN-3 molecules, two 

BODIPY dyes are attached through an aliphatic spacer to the wings of a light-driven motor. The 

two dyes are not conjugated and are separated with a longer distance. As a control, individual 

BODIPY-2 dyes are also studied. A distance-dependent superoxide anion radical diffusion-and-

bleach model was proposed to explain the single-step-like photobleaching observed for most of 

the nanocar-1 and USN-3 molecules. The non-scaling intensity rule for the multi-dye molecules is 

explained with the ST or/and FRET model, which is also dependent on the dye-dye distance. 
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2.3  Experimental section 

2.3.1 Nanocar and USN molecules 

  Synthesis of Nanocar-1 and BODIPY-2 (Scheme 2.1) have been reported.14,86 USN-3 was 

synthetized using copper (I)-catalyzed azide-alkyne cycloaddition between motor-4 and the 

corresponding BODIPY-6 (See Supporting Information). The compounds were purified by column 

chromatography or by preparative TLC. The purified compounds were characterized using 13C-

NMR, 1H-NMR, and TLC. No free dye, side product, or significant contaminant can be visually 

detected, indicating the purity of these products was > 99%. The compounds were stocked in N2 

filled containers. Before experiments, fresh stock solutions were made, which last for several days. 

These measures were taken to guarantee that the compounds do not deteriorate (oxidized, 

photobleached, or decomposed) before experiments. 

2.3.2 Glass substrate preparation  

  We used high quality coverglasses from Corning as the substrate. To clean the coverglass, 

we sonicated the coverglass in soap water, DI water, and ethanol for 20 min each. The coverglasses 

were then boiled in 30% hydrogen peroxide solution for 20 min, rinsed with DI water, and dried 

with nitrogen flow.  

2.3.3 Confocal fluorescence imaging and data analysis  

  The schematic of the home-built confocal microscope103 is shown in Supplementary 

Figure S1.1. We used a 514 nm laser line from an air-cooled Ar ion laser (35-LAP-431-240, 

CVI/Melles Griot) as the excitation source. The laser beam was circularly polarized using a 

quarter-wave plates (QWP) (CVI/Melles Griot, ACWP-400-700-06-4) and expanded to overfill 

the back aperture of the microscope objective (Nikon, Plan Apo, 100 × /1.40–0.7, Oil). The 

fluorescence signal collected using the same objective was optically filtered through a long pass 
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dichroic mirror and band pass filters. The signal was detected by an avalanche photodiode (Perkin 

Elmer, SPCM-AQRH-15-FC) and counted with a computer board.  

  Sample scanning in all XYZ directions was achieved by a piezo-stage (PI Nano, Physik 

Instrumente, P-545, 1 nm precision) mounted on a manual XY translational stage. A home-written 

macro program was used to synchronize the stage and the detector and drive the stage. A home-

written NIH ImageJ plugin program was used to convert linear data to 2D images.  

 

  Scheme 2.1. Nanocar-1, BODIPY-2, and USN-3. 

2.4  Results and Discussions 

2.4.1 Single molecule observation 

  In this study, we used a home-built confocal fluorescence microscope to study the photo-

response of single molecules with two BODIPY dyes. As reported earlier, observing single 
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molecules at the air-glass interface is more challenging than at the water-glass interface.104 We 

focused our laser beam to the diffraction limited spot (~260 nm FWHM) to achieve the highest 

signal-to-noise ratio. The molecules at a very low concentration (0.4 nM) in methanol were drop-

casted on to the coverglass so that molecules were spatially well-separated. Since a large number 

of the molecules were actively moving on a freshly prepared glass surface, we usually waited 

for >3 h after which most of the molecules became immobilized on the surface.104 

  To study the photobleaching, we used a line scanning method. First, we imaged a 20 μm 

× 20 μm area to confirm the presence of the molecules. Figure 2.1A shows a sample image, where 

nanocar-1 molecules are well-dispersed on the surface. Then, we repeatedly scanned one 20 μm 

horizontal line of the image that contains 1 or 2 molecules until the molecules were completely 

photobleached (Figure 2.1B). The pixel integration time was 1.0 ms and each horizontal line 

contains 200 pixels. The total line time for scanning, moving the stage back to the origin, and the 

settling time was set at 0.238 s for each line. The fluorescence intensity of the molecule was 

integrated from 5 consecutive pixels within each line. Thus, the fluorescence intensity trace was 

constructed using an integration time of ~5 ms and a time interval of 0.238 s between adjacent data 

points. In studying the single molecule photobleaching traces, we only selected those permanently 

immobilized molecules so that the intensity change was not caused by diffusion. To achieve this, 

we calculated the molecule’s x-position in each line by fitting the line intensity profile with a 

Gaussian distribution function. The mobility of the molecule was checked so that the mean squared 

displacement (MSD) of the molecule in the horizontal direction was less than 1000 nm2 for a 

period >20 frames. Note that the laser beam was circularly polarized throughout in the experiments. 

Thus, the fluorescence intensity change due to the molecular orientation change can be excluded.  

  For nanocar-1 with two embedded BODIPY dyes, we initially expected that the two dyes 
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would be photobleached independently and sequentially, giving a staircase photobleaching profile 

as shown in Figure 2.1C. However, in practice, we found that the majority of the nanocar-1 

molecules show a single-step-like photobleaching profile as in Figure 2.1D. Table 2.1 shows the 

analysis from ~200 individual molecules photobleached at different laser powers, with >30 

molecules at each laser power. Overall, ~73% of the nanocar-1 molecules appeared to be 

photobleached in a single step. As a contrast, we also studied individual BODIPY-2 dyes. The 

majority of the BODIPY-2 dyes (>95%) were photobleached in one step (Associate contents Figure 

S2.2) with the rest showing more complicated photobleaching behavior, possibly because of 

aggregation of the dye molecules.  

  Since the two BODIPY dyes are conjugated in nanocars-1, it is possible that the two dyes 

are associated and show coordinated photobleaching. To determine whether this high tendency of 

single-step-like photobleaching is related to the conjugation, we also studied USN-3 molecules 

with two unconjugated BODIPY dyes (Scheme 2.1). Interestingly, we found again that the majority 

of the USN-3 molecules appear to photobleach in one step (Figure 2.1F), with the rest being 

photobleached in two steps (Figure 2.1E). An analysis from ~200 individual molecules 

photobleached at different laser powers shows that ~61% of the USN-3 molecules were 

photobleached in one step. 

  For both nanocar-1 and USN-3, part of them photobleached in two steps. The fluorescence 

intensity of the first dye seems to be always lower than the second dye (Figures 2.1C and 2.1E). 

This non-scaling property will be discussed later in this study. 
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  Figure 2.1. Single molecule imaging and intensity traces. (A) A sample image of single 

nanocar-1 molecules; (B) A line scanning image. Note the x-axis is the position while the y-axis is 

the time lapse. (C) and (D) Representative fluorescence intensity traces for nanocar-1 molecules; 

(E) and (F) representative fluorescence intensity traces for USN-3 molecules. (C) and (E) Two-

step photobleaching; (D) and (F) single-step-like photobleaching. 

2.4.2 Photobleaching kinetics 

  The above studies show that the photobleaching events of the two dyes close to each other 

are somewhat coupled. Photobleaching in solutions has been studied extensively in the literature.89-

94,105 Generally, molecular oxygen is the primary reason for single molecule photobleaching, either 

through a direct interaction with the dye, or indirectly through the interaction with a sensitizer. In 

the first mechanism,89-91 either the triplet state dye reacts with an oxygen molecule and forms a 

destructed dye and a superoxide anion radical ( 𝑂2
.−

) (Equation 2.1), or the reactive singlet oxygen 

formed through the interaction with a triplet species in solution (may or may not be the dye) 

destructs the dye. Similarly, a destructed dye and a superoxide anion radical ( 𝑂2
.−

) will form 
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(Equations 2.2 and 2.3).  

𝐷𝑦𝑒3 + 𝑂2  
             
→   𝐷𝑦𝑒 .+ + 𝑂2

.−
           (2.1) 

𝑇 + 𝑂3 2  
             
→   𝑆0 + 𝑂1 2              (2.2) 

𝐷𝑦𝑒 + 𝑂1 2

             
→   𝐷𝑦𝑒 .+ + 𝑂2

.−             (2.3) 

  In the second mechanism, a substrate sensitizer (Sens) such as benzophenone92 is involved 

in receiving photon energy and destructing the dye molecule (Equations 2.4 and 2.5):93,94 

𝐷𝑦𝑒 + 𝑆𝑒𝑛𝑠
             
→    𝐷𝑦𝑒 .+ + 𝑆𝑒𝑛𝑠 .− (𝑜𝑟 𝐷𝑦𝑒 .− + 𝑆𝑒𝑛𝑠 .+)3        (2.4) 

𝐷𝑦𝑒 .+ + 𝑆𝑒𝑛𝑠 .− (𝐷𝑦𝑒 .− +𝑆𝑒𝑛𝑠 .+) + 𝑂2
             
→   𝐷𝑦𝑒𝑂2 + 𝑆𝑒𝑛𝑠     (2.5) 

The dye first reacts with the sensitizer to form a cation radical and an anion radical. Then, the 

active radicals react with an oxygen molecule to release the sensitizer. 

  In air, the photobleaching is poorly understood. However, the sensitizer pathway is 

unlikely due to the lack of a sensitizer in air. To test whether molecular oxygen was involved, we 

did a control experiment where the nanocar-1 molecules were protected in a N2 flow (>99.9%) 

funneled to the coverglass surface loaded with the sample. The photobleaching rate decreased by 

a factor of ~2 when the molecules were protected from O2 in the atmosphere (Figure 2.2). The 

photobleaching rate was calculated as the inverse of the total exposure time of the molecule to the 

laser beam, where the exposure time of the molecule in each line scan was estimated to be ~5 ms. 

Note that the photobleaching was not completely suppressed in the N2 flow, possibly because of 

adsorbed O2 molecules on the sample surface. However, the O2 concentration-dependence shows 

that photobleaching through O2 pathway is an important process for the photo-destruction of the 

molecules. 
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  Figure 2.2. Photobleaching rates of nanocar-1 molecules at different oxygen 

concentrations. Air: ambient O2 concentration. N2 Flow: in the presence of 99.9% N2 flow.  

  To find out how photons are involved in the bleaching, we measured the photobleaching 

rate as a function of the laser power. Under normal imaging conditions, the molecules were excited 

using a laser power of 36 µW (corresponding to a power density of 24 kW/cm2). This level of 

excitation is below the saturation excitation level, which would be ~0.5 MW/cm2 for a two-state 

excitation model (S0-S1), or ~50 kW/cm2 for a three-state model (S0-S1-T) (Section 2.6.3.2). Here, 

BODIPY dyes were assumed to have a fluorescence lifetime of 4.0 ns and an absorption cross 

section of 1.0 × 10-16 cm2.106 In determining the photobleaching rate, the highest laser power was 

90 µW (59 kW/cm2), slightly above the three-state saturation level. Thus, we can assume that weak 

excitation conditions apply in most of the cases. Figure 2.3A shows the photobleaching rates of 

the first dye of nanocar-1 under different excitation laser powers. The photobleaching rate at low 

laser power increases linearly as a function of the laser power, indicating that under normal single 

molecule imaging experiments and up to a laser power of 50 kW/cm2, the single photon process is 

dominant in photobleaching these BODIPY dyes, which is consistent with early studies in 
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solutions.99 Similarly, the photobleaching rate of the first dye of USN-3 also shows a linearly 

increasing relationship versus laser power (Figure 2.3B). At high laser power range (close to or 

above the saturation level), the photobleaching rate curve does not show significant deviation from 

a straight line, possibly because of the high standard deviation in the photobleaching time 

measurements. 

 

  Figure 2.3. Photobleaching rate versus laser power for (A) nanocar-1 and (B) USN-3. 

  Next, we studied the laser power effect on the fraction of single-step-like photobleaching 

of nanocar-1 and USN-3. Under all laser power conditions, the fractions of the single-step-like 
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photobleaching process are almost a constant for both nanocar-1 and USN-3 (Table 2.1). Both 

molecules have a high tendency for single-step-like photobleaching behavior. Nanocar-1 has a 

relatively higher single-step-like photobleaching fraction at 73%, while USN-3 is at 61%. This 

result indicates that the photobleaching of the second dye after the first one is independent of the 

laser power, suggesting that the photon flux is no longer a rate limiting step in the destruction of 

the second dye at this excitation level. 

Table 2.1. Fractions of single-step-like photobleaching kinetics of nanocar-1 and USN-3 at 

different laser powers.  

Laser power (μW) 90.7 57.2 36.1 22.8 14.4 9.07 Average 

Nanocar-1 0.750 0.733 0.708 0.706 0.731 0.750 0.730 

USN-3 0.647 0.621 0.585 0.594 0.595 0.618 0.610 

 

2.4.3 Single-step-like and two-step photobleaching 

  Considering the data above, we conclude that the photobleaching of the two dyes are two 

associated events. That is, the photobleaching of the first dye will greatly enhance the probability 

that the second dye is photobleached. It implies that the downstream product of the first 

photobleaching reaction triggers or participates in the destruction of the second dye. USN-3 and 

nanocar-1 show slightly different probability that the two dyes are photobleached in a single step. 

One of the differences between the two molecules is that the two dyes are separated at a longer 

distance for the USNs. The dye center to center distance for nanocar-1 is estimated to be 2.28 nm 

using Gaussian program-optimized structures in vacuum. For USN-3, it has multiple stable 

conformations, corresponding to different local energy minima on the potential energy surface. 

The shortest dye-to-dye distance is 3.15 nm within these possible structures. Considering that 

photon flux is no longer a rate-limiting step for the destruction of the second dye, it is very likely 
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that mass transport of the downstream product from the first photobleaching reaction dominated 

the second bleaching reaction. In earlier photobleaching studies in solution, e.g., cyanine dyes 

YOYO,107 the proposed downstream product is usually a superoxide anion radical 𝑂2
.−

. In 

solutions, the superoxide anion radical will react with other species and decompose quickly. In our 

system, the superoxide anion radical will very likely diffuse to the second dye and cause 

destruction of the second dye.  

  Based on above information, we proposed a superoxide anion radical diffusion-and-

bleach model for the destruction of the second dye (Scheme 2.2). For the single–step-like 

photobleaching process, the oxygen molecule reacts with and photobleaches the first dye. The 

downstream product, the oxygen anion radical 𝑂2
.−

, starts free diffusion near the molecule. If the 

superoxide anion radical diffuses to the second dye within its natural lifetime (a few ps),108 it 

destroys the second dye immediately (Equation 6):  

𝐷𝑦𝑒3
1 − 𝐷𝑦𝑒2  + 𝑂2  

             
→   𝐷𝑦𝑒1

.+ − 𝐷𝑦𝑒2 + 𝑂2
.−              →   𝐷𝑦𝑒1

.+ − 𝐷𝑦𝑒2
.+ + 2𝑂.−  (2.6) 

Thus, the photobleaching of the two-dye system would appear as a single step process. However, 

if during the lifetime of the 𝑂2
.−

, it never reaches the second dye, the photobleaching of the second 

dye would be an independent event. 

  In this model (Scheme 2.2), the distance between the dyes is a key factor that modulates 

the probability of the single-step-like photobleaching kinetics. In nanocar-1, the two dyes are closer. 

So the two dyes are more likely to photobleach together. While in USN-3, due to a relatively larger 

distance between the two dyes, the fraction of single-step-like photobleaching is smaller than in 

that of nanocar-1. This model explains the high probability of the single-step-like photobleaching 

of molecules with two dyes except that the probability seems to be high: 0.73 for nanocar-1 and 

0.61 for USN-3. It is slightly counter-intuitive in that one would expect that the probability of the 
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anion radical finding the other dye should be smaller than 0.5. To find out whether it is possible 

for the probability to be > 0.5, we did a random walk simulation (Section 2.6.3.1) to model the 

destruction probability of the second dye by the oxygen anion radical. In the simulation, we 

assumed that the oxygen anion radical diffuses on the surface of the glass substrate and the nanocar 

molecule. Thus, it is continuously diffusing in the 2D plane until it reaches the end of its lifetime, 

or hits the other dye, which will be deemed that the second dye is successfully destructed. The 

diffusion coefficient of oxygen radical was assumed to be 2.08 × 10-5 m2/s,109 and the distance 

between the two dyes was 2.28 nm for nanocar-1 and 3.15 nm for USN-3. When the lifetime was 

assumed to be 1.0 × 10-12 s,108 the success rates were 0.553 for nanocar-1 and 0.485 for USN-3 for 

1000 simulated events, respectively. We realize that this is a highly simplistic model. There are 

multiple parameters that were not considered, for example, the effective reaction radii of the radical 

and the dye, which favors higher probability of the second dye destruction. However, the 

simulation data does show that the high probability (>0.5) of single-step-like photobleaching 

kinetics is possible and consistent with this proposed superoxide anion radical diffusion-and-

bleach model. 

 

  Scheme 2.2. Schematic of the diffusion of the superoxide anion radical on a two-dye 

system. R refers to the dye-dye distance. 
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  Besides this superoxide anion radical diffusion-and-bleach model, there are possibly other 

mechanisms leading to this single-step-like photobleaching behavior: (1) electron transfer from 

the unreacted dye to the destructed dye that leads to the simultaneous destruction of both dyes. 

This mechanism is likely for the conjugated dyes. However, we tested USN-3 with two 

unconjugated dyes, which also showed high tendency of single-step-like photobleaching behavior. 

Thus, there must be other mechanisms that are dominant for unconjugated dyes. (2) Energy transfer 

from the non-destructed dye to the destructed dye, making both dyes becoming quiet although only 

one of them is destroyed.110-112 This mechanism is possible especially in that a variety of chemical 

structures may form after photo-destruction. The fractions of single-step vs two-step bleaching 

events may reflect the fractions of the photo-reaction products that have high vs low tendencies 

for energy extraction from the neighboring dye. So far, we are unable to completely exclude this 

possibility. However, we deem this model is less likely because in USN-3, the relative orientation 

between the two dyes is random, which may result in different extent of energy transfer. Such a 

phenomenon was not observed in the experiments.   

2.4.4 Non-scaling single molecule fluorescence intensity 

  In the photobleaching experiments, we also noticed that for those nanocar-1 and USN-3 

molecules that were photobleached in two steps, the fluorescence intensity of the first dye always 

seems to be lower than in the second dye (Figures 2.1C and 2.1E). To exclude the possibilities that 

we were observing aggregates of molecules or detached dyes and that we thereby have a better 

characterization of the single molecule fluorescence intensities, we thoroughly studied of the 

fluorescence intensity of these molecules under comparable experimental conditions. 

  The ground state electronic absorption and emission spectra of nanocar-1, BODIPY-2, 

and USN-3 molecules in 50% acetonitrile and 50% chloroform are shown in Figure 2.4. BODIPY-
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2 and USN-3 have very similar absorption and emission spectra, indicating that the dyes are not 

significantly affected upon being incorporated into the nanomachines. The molar absorptivity of 

USN-3 at the peak position (508 nm, 159,000 L mol-1cm-1) is ~2 times that of the free BODIPY-2 

dyes (504 nm, 77,300 L mol-1cm-1). It is reasonable to directly compare their single molecule 

fluorescence intensities using the same experimental set up, i.e., the laser excitation and the 

detection range. However, for nanocar-1, both the fluorescence and absorption peaks red-shifted 

by ~ 70 nm, which may be caused by the large pi-conjugated system.14,113,114 Since it is challenging 

to match the excitation level using the same instrument for nanocar-1 to make a fair comparison, 

the nanocar-1’s single molecule fluorescence intensity was not compared with those from 

BODIPY-2 or USN-3. 
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  Figure 2.4. Bulk absorbance (A) and emission (B) spectra of the three molecules. The 

absorption spectra were measured at 6.3 μM, 5.0 μM, and 4.1 μM for BODIPY-2, Nanocar-1, and 

USN-3, respectively. The spectra were normalized to show their similarity and difference with 

clarification. The peak molar absorptivity: BODIPY-2 (504 nm, 77,300 L mol-1cm-1) and USN-3 

(508 nm, 159,000 L mol-1cm-1). The fluorescence spectra were normalized for presentation.  

  The single molecule intensity distributions of BODIPY-2 and USN-3 are shown in Figure 

2.5 and summarized in Table 2.2. The observed fluorescence intensity for each molecule is fairly 

constant and the intensity distribution gives us high confidence that we are imaging predominantly 

the single molecules rather than aggregates, detached dyes, or any other contaminants. In addition, 

we also found that the fluorescence intensities of isolated BODIPY-2 dyes and USN-3 do not 

follow the scaling rule at the single molecule level as we observed in the photobleaching 

experiments. The USN-3 molecule intensity is only ~1.5 times rather than 2 times of that from 
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individual BODIPY-2 dye molecule. This is consistent with the observation from the step-wise 

photobleaching experiments where the second dye always appears to be “brighter” than the first 

dye. Apparently, there is a self-quenching mechanism involved for the two-dye system. 

 

 

  Figure 2.5. Single molecule intensity distribution of BODIPY-2 and USN-3. 
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Table 2.2. Summary of individual molecule intensities and the rate constants for different self-

quenching models recovered from the non-linear least squares fittings. Standard deviation in the 

parentheses.   

Subscriptions. rd: radiative decay; isc: inter-system crossing; T: decay of the triplet state; ST: 

singlet-triplet annihilation; FRET: fluorescence energy transfer.  

  

2.4.5 Self-quenching kinetics  

  To find out which self-quenching process dominates the non-scaling intensity, we 

measured the fluorescence intensity of the three molecules in the bulk solutions at different laser 

powers. Note that the laser power at all conditions was lower than or close to the saturation 

excitation level.  

  For the single-dye system, the excited-state process can be satisfactorily described by the 

Molecules Nanocar-1 BODIPY-2 USN-3 

Single molecule intensity 42.6 (11.6) 45.4 (15.4) 66.4 (17.2) 

Self-quenching models ST FRET - ST FRET 

krd (ns-1) 0.240 0.181 0.194 0.226 0.153 

kisc (ns-1) 5.73 × 10-4 9.98 × 10-4 5.32 × 10-4 1.19 × 10-3 7.84 × 10-4 

kT (ns-1) 4.22 × 10-5 1.03 × 10-5 5.02 × 10-5 4.20 × 10-5 7.67 ×10-5 

kST (ns-1) 0.532 - - 0.273 - 

kFRET (ns-1) - 3.62 - - 0.619 

χ2  52 110 27 98 120 

Dye distance (nm) 

optimized using  

Gaussian 09 program 2.32 2.32 - 2.85 2.85 

Dye distance (nm) – 

Through fitting 2.28 1.59 

 

- 3.15 2.94 
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Jablonski diagram (Scheme 2.3A). By applying the steady-state approximation, we can list the 

derivative equations and solve for the fluorescence intensity as a function of the laser power and 

the rate constants (Section 2.6.3.2). The fluorescence intensity of BODIPY dyes slightly deviates 

from a straight line with respect to the laser power. The non-linear least squares (NLLS) fitting 

results by varying the rate constants are shown in Figure 2.6A and the parameters recovered from 

the fitting are listed in Table 2.2. The fitting is satisfactory and the rate constants are all reasonable.  

  For a two-dye system like USN-3, at low laser powers, the likely self-quenching processes 

include the intra-molecule FRET process (Scheme 2.3B), where the energy of the excited state S1 

of one dye is transferred to the ground state of the other dye S0, and the singlet-triplet annihilation 

(Scheme 2.3C), where the energy of the excited state S1 of one dye is transferred to the triplet state 

of the other dye T1. Note that the latter can happen at low laser power because of the long triplet 

state lifetime (µs time scale); excitation of the second dye during the triplet lifetime of the first dye 

is very likely. 
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  Scheme 2.3. Schematics of self-quenching. (A) Jablonski diagram for a one-dye system. 

(B) Intra-molecular FRET model, and (C) ST annihilation model for a two-dye system, 

respectively.  

  Again, applying the steady-state assumption (details are discussed in Section 2.6.3), we 

can solve for the fluorescence intensity as a function of the laser power and the rate constants for 

both FRET and ST models. By varying the corresponding rate constants, we obtained good fittings 

for both FRET and ST models for USN-3. The fitting results are shown in Figure 2.6B. The 

recovered fitting parameters are summarized in Table 2.2. In the fitting, krd ranging from 0.15 to 

0.33 ns-1,115-117 kisc from 3.33 × 10-4 to 1.54 × 10-3 ns-1,118 kT from 1.00 × 10-5 to 1.00 × 10-4 ns-1 119 
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were used for both nanocar-1 and USN-3. For kST and kFRET, we first calculated the Forster distance 

R0 for USN-3 according to the resonance energy transfer theory (Section 2.6.3), which is 5.23 nm. 

Assuming the dye distance can vary from 1 to 4 nm, we can estimate kST and kFRET to be ranging 

from 0.012 to 50 ns-1 for USN-3 (Section 2.6.3). For nanocar-1, the Forster distance R0 was 

estimated to be 4.16 nm using the same approach. The theoretical kST and kFRET falls in the same 

range for USN-3. So, kST and kFRET ranging from 0.012 to 50 ns-1 was also used in the fitting. It 

appears that both models can fit the data from USN-3 well. The ST model fits the data slightly 

better judging from the residual distribution and the χ2. However, the difference in the χ2 is not 

sufficient to discriminate one model against the other according to F-statistic. It is also possible 

that both processes take place and are responsible for the non-scaling intensity of USN-3.  

  For nanocar-1, it is more complicated because the two dyes are conjugated. 

Photobleaching experiments show that they can be destroyed in two steps, indicating that there are 

two types of fluorescing entities in this molecule. However, there is a question as to the identity of 

the two fluorescing bodies. One possibility is that the two BODIPY dyes fluoresce independently 

despite the conjugation. The other possibility is that the two conjugated BODIPY dyes work as 

one fluorophore; however, when photobleaching happens, one of the BODIPY structures is 

destroyed while the remaining still functions as a fluorophore. It is challenging to differentiate 

these two situations. From the fluorescence intensity vs. laser power curve, we cannot discriminate 

one possibility from the other. How nanocar-1 fluoresces still needs to be further studied. If we 

assume that the two BODIPY dyes function independently, we can analyze the intensity vs. laser 

power curve as we did for USN-3. The NLLS fittings are shown in Figure 2.6C. Again, both FRET 

and ST models fit the data well (Table 2.2) and neither can be rejected. Notably, in both these two 

self-quenching models, the dye-dye distance played a crucial role because the annihilation is 
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tightly related to the rate constants kFRET and/or kST, which change significantly as the dye-dye 

distance changes.120 Both rates, kFRET and kST, are proportional to 1/r6. So, the shorter dye distance 

results in more efficient self-quenching thus lower intensity. In both models, nanocar-1 always has 

a larger annihilation rate constant (kST or kFRET) than that of USN-3 (Table 2.2). This is consistent 

with their dye-dye distances within the molecule presented earlier. Again, this discussion is valid 

only when the two BODIPY dyes work independently in nanocar-1. How nanocar-1 fluoresces and 

what happens to the dye when photobleaching occurs need to be further investigated. Nonetheless, 

the self-quenching model can successfully explain the non-scaling property of the USN-3 

fluorescence.  
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  Figure 2.6. NLLS fittings of the bulk fluorescence intensity as a function of laser intensity 

using different self-quenching models. (A) BODIPY-2; (B) nanocar-1; (C) USN-3. 

2.5  Conclusions 

  To summarize, we used confocal fluorescence microscopy to study the photophysics of 

four-wheeled nanocar-1 and USN-3 molecules each with two BODIPY dyes at the air-solid 

interface. We found that nanocar-1 and USN-3 molecules with two dyes have a high tendency to 
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show single-step-like photobleaching behavior. In addition, their single molecule fluorescence 

intensity does not scale with the number of dyes attached. We proposed that the product of the first 

photobleaching event, possibly a superoxide anion radical, is involved in the destruction of the 

neighboring dye. The non-scaling fluorescence intensity can be explained using a self-quenching 

model through intra-molecular fluorescence resonance energy transfer (FRET) or/and singlet-

triplet annihilation process. Both phenomena are strongly dependent on the distance between the 

dyes within the same molecule.  

2.6.  Associated content 

2.6.1. Synthesis of three molecules 

  All glassware was oven-dried overnight prior to use. Reagent grade dichloromethane 

(CH2Cl2) was distilled from calcium hydride (CaH2) under N2 atmosphere. All reactions were 

carried out under nitrogen atmosphere unless otherwise noted. All other chemicals were purchased 

from commercial suppliers and used without further purification. Flash column chromatography 

was performed using 230-400 mesh silica gel from EM Science. Thin layer chromatography 

(TLC) was performed using glass plates pre-coated with silica gel 40 F254 0.25 mm layer thickness 

purchased from EM Science. 1H NMR and 13C NMR spectra were recorded at 600 and 150 MHz, 

respectively. Chemical shifts (δ) are reported in ppm from tetramethylsilane (TMS).   

 

2.6.1.1 BODIPY-6 

  An oven-dried 50 mL round-bottom flask equipped with a stir bar was charged with 

BODIPY-acid121 5 (360.1 mg, 0.973 mmol), propargyl alcohol (0.23 ml, 3.89 mmol), EDC (279.8 
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mg, 1.46 mmol) and DMAP (11.9 mg, 0.097 mmol) to which were added CH2Cl2 (11 mL). The 

mixture was stirred at ambient temperature for 17 h and concentrated under vacuum. The residue 

was purified by column chromatography (silica gel, CH2Cl2) to yield 6 as a red solid (272.7 mg, 

69%): 1H NMR (600 MHz, CDCl3) δ 8.13 (dd, J1 = 7.9, J2 = 1.3 Hz, 1H), 7.69 (td, J1 = 7.5, J2 = 

1.3 Hz, 1H), 7.59 (td, J1 = 7.7, J2 = 1.3 Hz, 1H), 7.36 (d, J = 7.6 Hz, 1H), 5.95 (s, 2H), 4.71 (d, J 

= 2.4 Hz, 2H), 2.55 (s, 6H), 2.39 (t, J = 2.5 Hz, 1H), 1.32 (s, 6H). 13C NMR (150 MHz, CDCl3) δ 

164.87, 155.11, 141.98, 140.94, 136.29, 133.30, 131.19, 131.10, 129.78, 129.66, 129.35, 121.08, 

75.19, 52.80, 14.60, 14.06. HRMS (ESI) m/z calculated for [M+Na]+ C22H22N2O2BF2 429.1561, 

found 429.1556. 

 

 

2.6.1.2 USN-3  

  A 2 mL vial charged with m o t o r  4 (21.94 mg, 0.039 mmol), BODIPY dye 6 (35 mg, 

0.086 mmol), CuSO4
.5H2O(s) (0.97 mg, 0.0039 mmol) and sodium ascorbate (1.62 mg, 0.0117 

mmol) was sealed with a rubber septum cap. A well degassed mixture of CH2Cl2 (0.1 mL) and 

water (0.1 mL ) was added to the vial, and the vial was shaken by a wrist-action shaking machine 

for 36 h. The mixture was partitioned between CH2Cl2 (5 mL) and water (5 mL). The organic 

phase was dried over anhydrous MgSO4, filtered, and the filtrate was concentrated under 
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vacuum. The crude product was purified by preparative TLC (silica gel, 4% MeOH in CH2Cl2) 

to afford the desired 3 as an orange solid (45 mg, 85%): 1H NMR (600 MHz, CD3CN) δ  8.00 

(dd, J1 = 7.9, J2 = 1.1 Hz, 2H), 7.85 – 7.79 (m, 2H), 7.79 – 7.76 (m, 1H), 7.71 (s, 1H), 7.69-7.62 

(m, 2H), 7.57 – 7.51 (m, 3H), 7.51 – 7.46 (m, 2H), 7.39 – 7.29 (m, 3H), 7.24-7.19 (m, 2H), 7.00 

(dd, J1 = 8.1, J2 = 1.8 Hz, 1H), 6.84 (ddd, J1 = 8.2, J2 = 6.6, J3 = 1.3 Hz, 1H), 6.77 (d, J = 8.4 Hz, 

1H), 6.59 (d, J = 1.7 Hz, 1H), 6.02 (s, 1H), 6.01 (s, 2H), 5.99 (s, 1H),  5.27 (s, 2H), 5.14 (d, J = 

3.9 Hz, 2H), 4.58 (t, J = 6.5 Hz, 2H), 4.36-4.30 (m, 1H), 4.30-4.24 (m, 1H), 4.20 (q, J = 6.7 Hz, 

1H), 3.68 (dd, J1 = 15.33, J2 = 6.11, 1H), 3.03 (t, J = 6.5 Hz, 2H), 2.71 (t, J = 6.5 Hz, 2H), 2.63 (d, 

J = 15.5 Hz, 1H), 2.49 (s, 6H), 2.48 (s, 3H), 2.47 (s, 3H), 1.25 (s, 6H), 1.24 (s, 3H), 1.23 (s, 3H), 

0.69 (d, J = 6.9 Hz, 3H); 13C NMR (150 MHz, CD3CN) δ 165.77, 165.76, 155.38, 155.33, 148.01, 

147.62, 143.11, 142.69, 142.66, 142.60, 142.16, 140.66, 138.08, 136.08, 136.00, 135.97, 134.72, 

134.08, 134.06, 133.61, 131.62, 131.57, 131.28, 131.10, 131.01, 130.30, 130.27, 130.24, 130.17, 

130.15, 129.83, 129.12, 128.71, 128.36, 128.33, 127.27, 125.88, 125.57, 124.94, 124.75, 124.72, 

124.67, 122.11, 121.74, 121.60, 87.21, 86.41, 82.76, 82.31, 59.12, 58.99, 49.19, 48.98, 39.88, 

38.47, 21.60, 21.31, 19.09, 14.35, 13.84, 13.82. HRMS (ESI) m/z calculated for [M+Na]+ 

C81H68N10O4B2F4S 1397.5184, found 1397.5210. 
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2.6.2. NMR spectra of precursor-6 
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2.6.3. NMR spectra of USN-3 
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2.6.4. Supplementary results and discussions 

2.6.4.1 Random walk simulation 

  In the simulation, the oxygen radical anion was assumed to walk randomly on a 2D plane. 

The radical stepped away from its original position with a step size L with a random angle θ after 

each dwell time t. The relationship followed:  

tnDL  22                 (S2.1) 

where n is the number of dimensions, and here n is 2. D is the diffusion coefficient of the radical 

in the air, which was assumed to be the same as that of oxygen (2.08 × 10-5 m2/s). The step size L 

was randomly generated using Matlab program so that it has a Gaussian distribution with a 

standard deviation of σ. The angle θ followed uniform distribution from 0 to π.  

The dyes are assumed to have a distance of 2.28 nm for nanocars and 3.15 nm for USNs. 

In the lifetime (10-12 s) of the radical, we assumed that the radical moved 1000 steps. The time 

interval was 10-15 s. Once the radical move into an area covered by the second dye, we will stop 

the simulation program and deem it as a successful event. For each simulation, we ran the program 

1000 times. The success rates were 0.553 for nanocars and 0.485 for USNs. 

2.6.4.2 Self-quenching for molecules attached with two dyes 

2.6.4.2.1.Single-dye system 

  In Jablonski diagram, the concentration of a species depends on its formation rate and 

destruction rate. Ground state S0 is excited by the laser to the singlet state S1. Some of them jump 

back to the ground state through a radiative decay or a non-radiative decay, where krd and knr are 

the rate constants, respectively. Some of them go through intersystem crossing (isc) to the triplet 

state T1 and then jump back to the ground state, where kisc and kT are the rate constants, respectively 

(Scheme 2.3A). By applying the stead-state approximation and the first-order reaction equations 
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(Equations S2.2-S2.5) for each species, we can derive the fluorescence intensity as a function of 

all rate constants mentioned above (Equation S2.6). For a single-dye system, the equations are:  

∂𝑆0

∂t
= −𝑘𝐴𝑏𝐼𝑆0 + 𝑘𝑟𝑑𝑆1 + 𝑘𝑇𝑇1                (S2.2) 

∂𝑆1

∂t
= 𝑘𝐴𝑏𝐼𝑆0 − 𝑘𝑟𝑑𝑆1 − 𝑘𝑖𝑠𝑐𝑆1              (S2.3) 

∂𝑇1

∂t
= −𝑘𝑇𝑇1 + 𝑘𝑖𝑠𝑐𝑆1                                                  (S2.4) 

𝐼𝑓𝑙 ∝ 𝑘𝑟𝑑𝑆1                                                          (S2.5) 

𝐼𝑓𝑙 ∝ 𝑘𝑟𝑑𝑘𝐴𝑏𝐼𝑘𝑇/((𝑘𝑟𝑑+𝑘𝑖𝑠𝑐)𝑘𝑇 + (𝑘𝑇+𝑘𝑖𝑠𝑐)𝑘𝐴𝑏𝐼)                          (S2.6) 

I is the excitation intensity; kAb is a constant proportional to the absorption cross section of the dye. 

All other symbols are defined in the legend of Table 2.2.    

The saturation excitation level IS for the single dye system in the absence and presence of 

the triplet state can be derived as:122 

𝐼𝑆 = ℎ𝜈/(2𝜎𝜏𝑓𝑙)                                       (S2.7) 

𝐼𝑆 =
ℎ𝜈

2𝜎𝜏𝑓𝑙
(
1+𝑘𝑖𝑠𝑐/𝑘𝑟𝑑

1+𝑘𝑖𝑠𝑐/𝑘𝑇
)                                     (S2.8) 

where h is the Planck constant; v is the frequency of the excitation light; σ is the absorption cross 

section; τ is the fluorescence lifetime, which is the inverse of krd. 

2.6.4.2.2.Two-dye systems 

  For a two-dye system, if no self-quenching process is involved, the fluorescence intensity 

should be twice of that of a single dye. However, single molecule intensity study showed an 

unexpected non-scaling law for the molecules attached with two dyes. So, the singlet state S1 must 

go through more complicated excited-state processes, where both dyes are involved.  

  Intra-molecular fluorescence resonance energy transfer (FRET) is a typical process 

(Scheme 2.3B) that could happen in multi-dye systems. In this process, the singlet state S1 of the 
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first dye transfers energy to the ground state of the second dye. We can calculate the relative Ifl of 

nanocars and USNs as a function of kAbI, krd, kT, kisc and kFRET from the two-dye Jablonski diagram 

(Equations S2.9-S2.13).  

  Note that the triplet state has a very long lifetime. The accumulation of the molecules in 

the triplet states enhances the probability of another quenching mechanism (Scheme 2.3C): singlet-

triplet annihilation.96 In this process, the singlet state of the first dye transfers energy to the triplet 

state of the second dye. We can also obtain the relative Ifl for this mechanisms (Equations S2.14-

S2.18). 

2.6.4.2.3.Fluorescence resonance energy transfer model:  

∂𝑆0

∂t
= −𝑘𝐴𝑏𝐼𝑆0 + 𝑘𝑟𝑑𝑆1 + 𝑘𝑇𝑇1 + 𝑘𝐹𝑅𝐸𝑇𝑆1𝑆0                              (S2.2.9) 

∂𝑆1

∂t
= 𝑘𝐴𝑏𝐼𝑆0 − 𝑘𝑟𝑑𝑆1 − 𝑘𝑖𝑠𝑐𝑆1 − 𝑘𝐹𝑅𝐸𝑇𝑆1𝑆0                                (S2.10) 

∂𝑇1

∂t
= −𝑘𝑇𝑇1 + 𝑘𝑖𝑠𝑐𝑆1                                                (S2.11) 

𝐼𝑓𝑙 ∝ 2𝑘𝑟𝑑𝑆1                                                        (S2.12) 

𝐼𝑓𝑙 ∝ 2(𝑘𝑟𝑑/(𝑘𝐹𝑅𝐸𝑇𝑘𝑇 + 𝑘𝐹𝑅𝐸𝑇𝑘𝑖𝑠𝑐))((𝑘𝐴𝑏𝐼𝑘𝑇 + 𝑘𝑖𝑠𝑐) + 𝑘𝑇(𝑘𝑟𝑑 + 𝑘𝑖𝑠𝑐 + 𝑘𝐹𝑅𝐸𝑇)) −

((𝑘𝐴𝑏𝐼(𝑘𝑇 + 𝑘𝑖𝑠𝑐) + 𝑘𝑇(𝑘𝑟𝑑 + 𝑘𝑖𝑠𝑐 + 𝑘𝐹𝑅𝐸𝑇))
2 − 4(𝑘𝐹𝑅𝐸𝑇𝑘𝑖𝑠𝑐 + 𝑘𝐹𝑅𝐸𝑇𝑘𝑇)𝑘𝑇𝑘𝐴𝑏𝐼)

1/2(S2.13) 

2.6.4.2.4.Singlet-triplet annihilation model: 

∂𝑆0

∂t
= −𝑘𝐴𝑏𝐼𝑆0 + 𝑘𝑟𝑑𝑆1 + 𝑘𝑇𝑇1 + 𝑘𝑆𝑇𝑆1𝑇1                               (S2.14) 

∂𝑆1

∂t
= 𝑘𝐴𝑏𝐼𝑆0 − 𝑘𝑟𝑑𝑆1 − 𝑘𝑖𝑠𝑐𝑆1 − 𝑘𝑆𝑇𝑆1𝑇1                               (S2.15) 

∂𝑇1

∂t
= −𝑘𝑇𝑇1 + 𝑘𝑖𝑠𝑐𝑆1                                                (S2.16) 

𝐼𝑓𝑙 ∝ 2𝑘𝑟𝑑𝑆1                                                       (S2.17) 

𝐼𝑓𝑙 ∝ 2(𝑘𝑟𝑑/(𝑘𝑆𝑇𝑘𝑖𝑠𝑐))(−(𝑘𝐴𝑏𝐼(𝑘𝑇 + 𝑘𝑖𝑠𝑐) + 𝑘𝑇(𝑘𝑟𝑑 + 𝑘𝑖𝑠𝑐)) + ((𝑘𝐴𝑏𝐼(𝑘𝑇 + 𝑘𝑖𝑠𝑐) + 𝑘𝑇(𝑘𝑟𝑑 +
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𝑘𝑖𝑠𝑐))
2 + 4𝑘𝑆𝑇𝑘𝑖𝑠𝑐𝑘𝑇𝑘𝐴𝑏𝐼)

1/2)                     (S2.18) 

2.6.4.3. Forster distance and the possible range for kST and kFRET  

  For the FRET and ST models, it is important to know the possible range for kST and kFRET 

in the NLLS fitting. Both kST and kFRET follow the same equation: 

𝑘 = 𝑘𝑟𝑑(
𝑅0

𝑟
)6                 (S2.19) 

where k could be kST or kFRET; r is the distance between the two dyes; R0 is the Forster distance. We 

estimated the value of kST and kFRET based on the fluorescence energy transfer theory. The spectral 

overlap between the donor emission and the acceptor absorbance is given by: 

4( ) ( ) ( )D AJ F d     



              (S2.20) 

where FD( ) is the normalized emission spectra of the donor and ( )A  is the extinction coefficient 

of the acceptor. With the overlap integral, we can estimate Forster distance R0, which is given by: 

2 4 1/6
0 0.211[ ( )]R n QYJ              (S2.21) 

where 2  is the relative orientation of the two dyes. For nanocar-1, 2  is 1. For USN-3, the two 

dyes can be viewed as randomly oriented. Thus, 2  is 2/3. n is the refractive index of the medium, 

which is 1 for air in our system. QY is the quantum yield of the dye. Based on Equations S2.20 and 

S2.21, we estimated the Forster distance to be 4.16 nm for nanocar-1 and 5.23 nm for USN-3. 

 For USN-3, we assume that r can range from 1 to 4 nm. The corresponding kST and kFRET can 

range from 0.012 to 50 ns-1. For nanocar-1, the Forster distance R0 was estimated to be 4.16 nm. 

The theoretical kST and kFRET falls in the same range for USN-3. So, kST and kFRET ranging from 

0.012 to 50 ns-1 was also used in the fitting. 
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2.6.5. Support figures 

 

 

  Figure S2.1. Scheme of the confocal fluorescence imaging system. 

 

  Figure S2.2. An example fluorescence intensity trace for photobleaching of single 

BODIPY dyes.  
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CHAPTER 3: Enhancing Photostability of Fluorescent Dye-Attached Molecular Machines 

at Air-Glass Interface Using Cyclooctatetraene  
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3.1.  Abstract  

Single molecule fluorescence microscopy at air-solid interface severely suffers from 

photobleaching. In this study, we evaluated using triplet state quencher cyclooctatetraene (COT) 

group to enhance the photostability of cy5 attached molecular machines. For single dye modified 

nanocars, the photobleaching lifetime of the dye was extended by 2.1 times after the attachment 

of the COT group. For two-COT-two-dye attached unimolecular submersible nanomachine (USN) 

molecules, both one-step and two-step photobleaching of the dyes were observed, similar to those 

cy5-USNs without COT protection. The fraction of one-step photobleaching events was nearly a 

constant under different laser powers, indicating one-step photobleaching is a single photon 

process and that the product of the first photobleaching event destroys the second dye. The COT-

cy5-USNs showed a larger fraction of two-step photobleaching events as compared to cy5-USNs, 

indicating that the COT group provides further protection for the second dye from the oxidative 

product generated in the first dye photobleaching process. Overall, the protected, doubly labeled 

COT-cy5-USN molecules have a total photobleaching lifetime extended by 2.4 times over 

unprotected cy5-USN molecules, or by 3.3 times over unprotected, single cy5-labeled molecules. 

This study shows the potentials and the limits of using triplet quencher COT to protect fluorescent 
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dyes at the air-glass interface.  

3.2.  Introduction 

  Many types of molecular machines have been designed and synthesized such as 

nanocars,79 nanomotors,80 shuttles,81 tweezers,82 and unimolecular submersible nanomachines 

(USNs)83 in the past twenty years. These molecular machines are designed and utilized in chemical 

and biological systems to perform their namesake functions. Among these, we focused on two 

series of molecular machines: nanocars and USNs. USNs are a series of nanomachines that contain 

a Feringa motor and designed to produce work in solutions. They have been demonstrated to move 

faster83 or drill through cell membranes upon light actuation of the motor.31 Nanocars are another 

series of nanomachines that work in a different environment: at air-solid surface. They have car-

like shapes, consisting of a chassis, axles, and wheels.14,17,50,79,84,86 They are able to travel on a 

solid surface, most likely through a wheel-rolling mode motion.123 In the future, it is hoped that 

these molecules can be used to transport cargoes at air-solid interface. Further work includes 

having a Feringa motor incorporated in the body of the nanocars, so that they can be driven by 

light.124-126 The mechanism by which these motorized nanocars work is currently under intensive 

investigation.   

  In order to achieve the goal to drive a nanocar, there needs to be a practical method to 

monitor them at the individual molecule level. We have demonstrated that single molecule 

fluorescence microscopy (SMFM) is a highly sensitive and high resolution technique that can be 

used to detect and track single molecules at air-solid interface at ambient conditions.14,123,127 In 

SMFM detection, a fluorophore (or, a dye molecule as frequently named) is attached to the 

nanomachine; the fluorophore is then excited by a light source and the emitted fluorescence is 

imaged to give the nanomachine’s trajectory.  
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 Currently, the performance of SMFM is compromised by the low signal and other 

undesired photophysical processes.128 One of the largest challenges is photobleaching of the 

fluorophores, which limits the total observation time of these single molecules. In addition, to 

reduce photobleaching, an irradiance much lower than the saturation excitation power needs to be 

used, which hurts the signal strength and signal to noise ratio. Even worse, at ambient conditions, 

there is ample oxygen around the molecules that can destroy the dye when they are excited. As a 

result, the photobleaching lifetime of single molecules at the air-solid surface is very limited. For 

example, in our past study, we found that the photobleaching time of individual dyes usually falls 

in the range of several tens to hundreds of ms when the excitation power density is several tens of 

kW/cm2.129 A very limited number of 2D images (~10) can be obtained from a single molecule, 

which limits the application of SMFM.  

 To extend the photobleaching lifetime of the molecules of interest, as well as to enhance 

their signals, we have tested attaching two dyes to the same single molecular machines.129 However, 

unexpectedly, we found that the photobleaching time was not extended by twice because most of 

the two dyes (> ~50%) were photobleached in one step. It is proposed that the product of first dye 

photobleaching will destroy the second dye. For example, the photobleaching time of the two-

BODIPY attached USN molecules is only 1.4 times compared to individual dye molecules (Figure 

S3.1). 

 Another solution to extend dye photobleaching time is to introduce a triplet state quencher 

(TSQ) to the dye. This is because the photobleaching of most of the fluorophores involves the 

triplet state of the fluorophore.68,130-134 Studies have shown that TSQs such as cyclooctatetraene 

(COT), nitrobenzyl alcohol (NBA), and Trolox can effectively extend their photobleaching 

lifetimes. They all quench the triplet state species but through different mechanisms. For examples, 
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isolated COT molecules quench triplet state dye molecules through an energy transfer mechanism 

in solutions.131,135,136 The mechanism of NBA-mediated photostabilization is unclear yet but may 

be through redox cycles.68 For Trolox, studies of ATTO fluorophores suggest that Trolox restores 

the fluorophore to the ground state from the triplet state due to a combination of its reducing 

properties and a Trolox-quinone complex formed during the dissolving process.137  

 

  Scheme 3.1. Nanomachines used in this study. 

 It has been shown that at solution/solid interface, the COT-cy5-USN molecules show a 

nearly two-fold increase of the photobleaching time as compared to unprotected cy5-USN.138 

However, it is unclear how these COT-protected molecules perform at the air-solid interface. In 

addition, it is also unclear how the two-dye-attached molecules compare to single-dye-attached 
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molecules if both of the dyes are protected by COT. In this study, we used a series of dye-attached 

molecular machines, both with and without COT protection, and studied their performance at air-

solid interface. These molecular are cy5-nanocar-1 vs. COT-cy5-nanocar-2, and cy5-USN-3 vs. 

COT-cy5-USN-4 , respectively (Scheme 3.1). The nanocars have one cy5 dye attached while the 

USNs have a pair of cy5 dyes attached.  

3.3.  Experimental section 

3.3.1 Nanocars and USN molecules 

  Cy5-nanocar-1 and COT-cy5-nanocar-2 are synthesized from precursor nanocar,123 cy5 

group,83 and COT-cy5 group138 (see the Supporting Information). Synthesis of cy5-USN-3 and 

COT-cy5-USN-4 have been published.83,138 The compounds were purified by column 

chromatography or by preparative thin layer chromatography (TLC). The purified compounds 

were characterized using 13C NMR, 1H NMR, and TLC. No free dye, side product (e.g., only one 

dye or one COT is attached for two-dye-labeled molecules), or significant contaminant can be 

visually detected, indicating that the purity of these products was >99%. The compounds were 

stocked in N2-filled containers. Before experiments, fresh stock solutions were made, which lasted 

for several days. These measures were taken to guarantee that the compounds did not deteriorate 

(oxidize, photobleach, or decompose) before experiments.  

3.3.2. Glass substrate preparation 

  High quality coverglass from Corning was used as the observation substrate. The 

coverglass was cleaned in soap water, DI water, and ethanol each for 20 min. After that, the 

coverglass was boiled in 30% hydrogen peroxide solution for 20 min, rinsed with DI water, and 

dried with nitrogen flow.  

  The molecules of interest were dissolved in methanol or chloroform as the stock solution 
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(~50 µM) and used in ~ 2 weeks of preparation. 7.0 µL of a freshly diluted solution in methanol 

(0.4~4 nM) were drop-casted onto a pre-cleaned coverglass. The solution would spread out and 

dry immediately. The sample slide was then thoroughly dried in nitrogen flow for ~ 1 min. To 

observe the immobilized molecules, the sample slide was usually aged for more than 3 hours before 

observation.  

  During the observation, the relative humidity of the room was maintained by first cooling 

the ventilated air to 12 °C and then heating back to 25 °C. The measured relative humidity was 37 

3.3.3. Confocal fluorescence imaging and data analysis 

  The home-built confocal fluorescence imaging system has been shown in past 

studies.83,127,129,139 In this study, an unpolarized 633 nm HeNe laser (Uniphase) beam was 

collimated to overfill the back aperture of the microscope objective (Nikon, 100× Plan 

Apo/1.40−0.7 oil-immersed). The laser beam was tightly focused to the diffraction limited spot (a 

measured FWHM of ~250 nm). The fluorescence signal was collected using the same objective 

and optically filtered through a 655 nm longpass dichroic mirror and a 675(60) nm bandpass filter. 

The signal was then detected by an avalanche photodiode (Perkin Elmer, SPCM-AQRH-15-FC) 

and counted with a computer board. Sample scanning in all XYZ directions was achieved by a 

piezo-stage (PI Nano, Physik Instrumente, P-545, 1 nm precision) mounted on a manual XY 

translational stage. A home-written macro program was used to synchronize the stage and the 

detector and drive the stage. 

3.4.  Results and discussions 

3.4.1. Single molecule imaging and photobleaching traces 

  To assess the photoresistance of the various dye-attached molecules, we used the line-

scan imaging method on our home-built confocal fluorescence microscope.129 Briefly, low 
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concentration of molecules of interest in methanol or chloroform were drop-casted on a clean 

coverglass surface. The solvent would evaporate instantaneously, leaving the molecules on the 

surface uniformly and well separated. The sample slide was aged usually for > 3 h when most of 

the molecules were immobilized.127 The sample slide was then scanned and imaged in a 20 μm × 

20 μm area to check if the surface concentration of the molecules was appropriate. Then a 20 μm 

horizontal line that contains few molecules was repeatedly scanned until all molecules were 

completely photobleached. In each line, 200 pixels were collected in 200 ms. That gives a pixel 

integration time of 1.0 ms and pixel size of 100 nm. The fluorescence intensity vs. exposure time 

trajectory was plotted (Figure 3.1). The fluorescence intensity was the integrated photon counts 

within each line and the exposure time of the molecule to the laser beam was estimated to be 5.0 

ms for each line. To exclude the possibility that the disappearance of the molecule was caused by 

molecular diffusion out of the beam, only permanently immobilized molecules were studied. The 

differentiation between diffusing and immobilized molecules was achieved using a procedure 

established earlier.129 Briefly, the mobility of the molecule was checked according to the 

molecule’s x-trajectory.123 A threshold mean squared displacement (MSD) of 1000 nm2 in 20 lines 

was applied to reject the diffusing molecules, corresponding to a diffusion coefficient D ~ 1.0 × 

10-16 m2 s-1. This D value is approaching the detection limit of the imaging method used in the 

manuscript. Although there is still a chance that the molecule is moving very slowly, the 

probability that the sudden disappearance of the molecule from the image is due to diffusion is 

extremely small. For example, a large diffusion step of 250 nm (i.e., ~ half of the beam size so that 

the molecule steps out of the laser beam completely in a single step) corresponds to 36 times of 

the standard deviation assuming the diffusion is Brownian and the size of the diffusion steps is 

normally distributed. Its probability can be ignored. 
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  Figure 3.1. Cy5-nanocar-1 and COT-cy5-nanocar-2 typical photobleaching traces and 

photobleaching time distributions. Typical single molecule photobleaching trace of (A) Cy5-

nanocar-1, and (B) COT-cy5-nanocar-2 at a laser power density of 47 kW cm-2. The intensity is 

defined as the absolute photon counts of the molecule in 5 ms. Photobleaching time distributions 

under different excitation power densities: (C) 120 kW cm-2, (D) 75 kW cm-2, (E) 47 kW cm-2, and 

(F) 30 kW cm-2. 

 



72 
 

3.4.2 Single-dye attached nanocar molecules. 

  To evaluate the performance of COT in protecting the cy5-dye at ambient conditions, we 

first studied Cy5-nanocar-1 photobleaching in the presence and absence of the covalently bonded 

COT group. As expected, both nanocars showed one step photobleaching process when being 

exposed to the laser beam (Figure 3.1). Generally, a significant extension of the photobleaching 

lifetime of cy5 can be noticed. For example, Figure 3.1E shows two selected examples of the two 

types of nanocars under 47 kW cm-2 633 nm laser illumination, where the COT-cy5-nanocar-2 

shows higher resistance toward photobleaching. A statistical study of ~30 molecules shows the 

photobleaching time was extended from 300 ± 130 ms to 630 ± 250 ms, an increase of 2.1 ± 1.2 

times in the presence of COT protection (Table 3.1). 

 

Table 3.1. Photobleaching time of cy5-nanocar-1 and COT-cy5-nanocar-2 under different 

excitation power density.  

Power (kW cm-2) Cy5-nanocar-1 COT-cy5-nanocar-2 

120 69 ± 16 ms 140 ± 39 ms 

75 140 ± 60 ms 300 ± 120 ms 

47 300 ± 130 ms 630 ± 250 ms 

30 460 ± 110 ms 960 ± 210 ms 

 

  We then varied the laser excitation power and studied their photobleaching times. The 

observed photobleaching time distributions of the two molecules are showed in Figure 3.1 and 

Table 3.1. The photobleaching time of COT-cy5-nanocar-2 are generally longer than parent cy5-

nanocar-1 at all laser powers. The photostability enhancement is relatively constant at all laser 

power conditions, giving an extended photobleaching lifetime of 2.1 ± 0.1 times for the COT-cy5-
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nanocar-2 at all laser power densities. This result is consistent with earlier studies for TSQ-coupled 

cyanine dyes in solution,130,140 and possibly indicates the potential and the limit of protection using 

COT for cy5 dye protection on air/solid interface.  

3.4.3. Photobleaching of an individual dye in the presence of COT group 

  To find out how COT group enhances the photostability of cy5 dyes, we studied the 

photobleaching rate of both cy5-nanocar-1 and COT-cy5-nanocar-2 under different laser powers. 

Figure 3.2 shows their photobleaching rate as a function of laser power. Both curves can be 

satisfactorily fitted with linear functions, with the COT-cy5-nanocar-2 having a smaller slope of 

0.076 s-1kW-1cm2 as opposed to 0.16 s-1kW-1cm2 for cy5-nanocar-1. The linear relationship 

between the photobleaching rate and laser power indicates that the photobleaching of cyanine dye 

is a single-photon process under normal single molecule imaging experiments (i.e., excitation 

power lower than or approaching the saturation excitation level), which is consistent with early 

studies.137,141  
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 Figure 3.2. Photobleaching rate versus laser power density. (A) Cy5-nanocar-1. (B) COT-cy5-

nanocar-2. 

 At air-glass interface, the triplet excited state and molecular oxygen are the primary reason 

for photobleaching.129 Scheme 3.2 shows the simplified Jablonski diagram, which summarizes the 

molecular processes at the excited states of the dye at low excitation conditions. Since the 

intersystem cross is a much slower process compared to absorption and fluorescence emission, the 

excited state concentration [S1] can be approximated as: 

1 1 1 0 0[ ] ( / ) [ ]S k k I S              (3.1) 

where k1 is the light absorption rate constant; k-1 is the excited state decay constant; I0 is excitation 

power density; [S0] is the ground state concentration. In the absence of the COT protection, the 

triplet state concentration change is:  
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2 1 3 4 2[ ] / [ ] [ ] [ ][ ]d T dt k S k T k O T            (3.2) 

where k2 is the intersystem crossing rate constant; k3 is the natural decay constant for the triplet 

state; k4 is the rate constant for the photobleaching reaction; [O2] is the oxygen concentration. 

Applying the quasi-static approximation, triplet state concentration can be calculated as:  

2 1 2 1
0 0

4 2 3 4 2 3 1

[ ]
[ ] [ ]

[ ] [ ]

k S k k
T I S

k O k k O k k

 
 

        (3.3) 

The dye photobleaching rate is: 
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g

      (3.4) 

This shows that in the absence of COT, the photobleaching rate of individual dyes is linearly 

proportional to the excitation power, which is consistent with the observation.  

  Similarly, in the presence of COT protection, the triplet state concentration change needs 

to include the additional decay channel introduced by the COT group:  

2 1 3 4 2 5[ ] / [ ] [ ] [ ][ ] [ ][ ]d T dt k S k T k O T k COT T          (3.5) 

where k5 is the rate constant for COT triplet state quenching; [COT] is the COT group 

concentration. Correspondingly, the triplet state concentration and the reaction rate can be solved:  

2 1
0 0

5 4 2 3 1

[ ] [ ]
[ ] [ ]

k k
T I S

k COT k O k k


 

         (3.6) 

  The dye photobleaching rate is: 

     4 2 2 1
0 0
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dt k COT k O k k





 
 

g

      (3.7) 

This shows that in the presence of COT, the photobleaching rate is still linearly proportional to the 

excitation power, which is again consistent with the observation.  
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  Scheme 3.2. Simplified Jablonski diagram for photobleaching of dye molecules. 

  According to rate laws obtained above, the photostability enhancement (i.e., the ratio of 

the photobleaching rates in the absence over in the presence of COT) is: 

     
5

4 2 3

[ ]
1

[ ]COT

k COTr

r k O k
 


            (3.8) 

This equation is consistent with our observation that the enhancement ratio is independent of the 

excitation power. In addition, our experimental results show that the photobleaching rate ratio is 

very close to 2, which suggests that k5[COT] is similar to k4[O2] + k3. While k4[O2] and k3 are 

relatively constant for a selected dye at normal conditions, further photostability enhancement 

would come from the k5[COT] term. That is, a more efficient quenching of the triplet state dye is 

required if further stability enhancement is needed.  

3.4.4. Two-dye-attached USN molecules. 

  We then studied the photobleaching of two-cy5-attached cy5-USN-3 and COT-cy5-USN-

4 molecules. Similar to our earlier study using BODIPY dyes,137 these two-dye-attached molecules 

showed a relatively high tendency for one step-like photobleaching when the two dyes were placed 

in such a short distance. Figure 3.3 shows selected examples of photobleaching traces of cy5-USN-

3 and COT-cy5-USN-4, both showing single-step (Figures 3.3A,C) and two-step photobleaching 

kinetics (Figures 3.3B,D). Generally, COT-cy5-USNs lasted longer than the unprotected cy5-
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USNs. 

 

  Figure 3.3. Typical photobleaching traces and photobleaching time distributions for cy5-

USN-3 and COT-cy5-USN-4 molecules. Typical photobleaching traces: (A) Cy5-USN-3 showing 

a single step photobleaching, (B) Cy5-USN-3 showing a two-step photobleaching, (C) COT-cy5-

USN-4 showing a single step photobleaching, and (D) COT-cy5-USN-4 showing a two-step 

photobleaching. Photobleaching time distributions for: (E) destroying both dyes, and (F) 

destroying the first dye. 

  To have a quantitative comparison, we studied the photobleaching times for both dyes, 

and for the first dye of cy5-USN-3 and COT-cy5-USN-4, respectively, under 47 kW/cm2 633 nm 

laser illumination (Figures 3.3E,F). Note when the two dyes were photobleached in one step, the 
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two times are equivalent. The total photobleaching times (for both dyes) were 410 ± 190 ms and 

980 ± 540 ms for cy5-USN-3 and COT-cy5-USN-4, respectively. The extension was 2.4 ± 1.7 

times, slightly larger than that for the single-dyed nanocars with the COT group (2.1 times). 

Interestingly, the photobleaching times for the first dye were 260 ± 150 ms and 540 ± 380 ms, 

respectively, for the two molecules. The enhancement for the first dye photostability was 2.1 ± 1.9 

times, consistent with those of the single-dyed and COT protected single-dyed nanocar molecules.  

  In principle, for doubly-dyed-doubly-protected COT-cy5-USN-4 molecules, if the COT 

only protects the dye to which it is attached, the extension of the photobleaching lifetime would 

be ~2.1 times that of the unprotected cy5-USN molecules. The assumption that COT only protects 

the adjacent dye is valid considering the distance from the COT to the other dye. However, here, 

we observed that the total bleaching time is slightly higher, 2.4 times, compared to the unprotected 

cy5-USNs. This indicates that the second dye obtained additional protection during its 

photobleaching.  

3.4.5. Photobleaching of the second dye in the two-dye-two-COT-attached COT-cy5-USN-4 

molecules 

  To find out why there are additional protections for the second dye, we studied the 

photobleaching kinetics of cy5-USN-3 and COT-cy5-USN-4 under different laser powers. Figure 

3.4A shows the photobleaching rates of the first dye for both molecules. Again, both curves can 

be satisfactorily fitted with a straight line, indicating that the photobleaching of the first cy5 is a 

single-photon process.  
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  Figure 3.4. Photobleaching rates and the fractions of molecules that are photobleached in 

two steps. (A) Photobleaching rates for the first dye versus laser power density. (B) Fractions of 

molecules that are photobleached in two steps for cy5-USN-3 and COT-cy5-USN-4 molecules.  

  For the destruction of the second dye, Figure 3.4B shows the fractions of the molecules 

were photobleached in two steps. Both cy5-USN-3 and COT-cy5-USN-4 show a nearly constant 

fraction of the two-step photobleaching, respectively. That is, the fraction of the one-step 

photobleaching is power independent, suggesting that the destruction of the second dye in one-

step photobleaching is not photon dependent. We have proposed that since the two dyes are so 

close to each other, the product of the first dye photobleaching reaction, possibly an active oxygen 

anion radical, can diffuse to the second dye and destroy it.129 Since this step is much shorter than 
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the pixel integration time (1.0 ms), the photobleaching behavior appears to be a single step process. 

If the reactive product generated in the first dye photobleaching interacts with other species or 

never diffuses to the second dye before it degenerates, the second dye will have to be destroyed by 

another photon and the photobleaching appears to be a two-step bleaching. This model well 

explains what we observed here. Note that the fraction of two-step photobleaching for cy5-USN-

3 (61%) is larger than that for BODIPY-USN (39%) reported earlier.129 This is possibly because 

the distance between the two cy5 dyes is larger than that between two BODIPY dyes.  

  Second, we found the fraction of two-step photobleaching of COT-cy5-USN-4 (0.74) is 

higher than that of cy5-USN-3 (0.61). This shows that the one-step photobleaching is less likely 

for the COT protected USNs. It possibly indicates that the COT group on the second dye provides 

further shielding for the second dye from the oxygen radical ion. A scheme was proposed to 

describe this process (Scheme 3.3), which can explain the increased fraction of two-step 

photobleaching and the observed longer photobleaching time (2.4 times opposed to theoretical 2.1 

times) for the entire molecule.  

 To summarize the COT groups in the two-dye systems: first, the presence of COT group 

depletes the triplet states and extends the photobleaching time of the first dye by a factor of 2.1 

times; second, the COT on the second dye can shield the destructive product from the first dye 

photobleaching, decreasing the chance of the single step photobleaching and further enhances the 

photostability of the second dye. The two combined gave COT-cy5-USN-4 an elongated 

photobleaching lifetime 2.4 times of unprotected cy5-USN-3, or 3.3 times of nanocar-1 with a 

single unprotected cy5.   
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  Scheme 3.3. Proposed role of COT in the photobleaching of doubly-tagged USN 

molecules. 

3.4.6. Effect of COT on nanocar diffusion 

  Finally, the purpose of adding the triplet state quencher COT group to the molecular 

machines is to extend their photobleaching lifetime while give little or no interference with the 

action of the molecular machines. To find whether the COT group interferes with the nanocar 

motion, we used a line scanning method to recover diffusion coefficients for the cy5-nanocar-1 

and the COT-cy5-nanocar-2 molecules on fresh glass surface.83,137 For ~50 molecules each, the 

diffusion coefficients were 8.6 ± 3.5 × 10-16 m2 s-1 and 7.9 ± 2.8 × 10-16 m2s-1 for cy5-nanocar-1 

and COT-cy5-nanocar-2, respectively (Figure 3.5). These two nanocars showed consistent 

diffusing coefficients, demonstrating that the presence of COT group does not interfere with the 

nanocar diffusion significantly.  
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  Figure 3.5. Diffusion coefficient distributions for nanocars in the presence and absence 

of COT group. (A) Cy5-nanocar-1. (B) COT-cy5-nanocar-2. 

3.5.  Conclusions 

  In this study, we investigated the photostability of dye-tagged molecular machines with 

and without the protection of triplet state quencher COT group(s). For one-dye-tagged molecules, 

COT-cy5-nanocar-2 showed 2.1 times enhancement of photostability compared to cy5-nanocar-1. 

For two-dye-tagged molecules, both one-step and two-step photobleaching of the dyes were 

observed for both cy5-USN-3 and COT-cy5-USN-4. The presence of the COT groups enhances 

the COT-cy5-USN-4 photostability by 2.4 times. More interestingly, the fraction of 2-step 

quenching increased, indicating COT decoupled the associated photobleaching of the two dyes. It 

indicates that the COT group provides further protection for the second dye from the oxidative 

product generated in the photobleaching of the first dye. With these understandings of the triplet 
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state quencher functions in single molecule photostability, we can develop new strategies to design 

nanomachine molecules. 

3.6.  Associated contents 

3.6.1. Synthetic methods 

  1H NMR and 13C NMR spectra were recorded at 400, 500 or 600 and 100, 125 or 150 

MHz, respectively. Chemical shifts () are reported in ppm from TMS. All glassware was oven-

dried overnight prior to use. Reagent grade dichloromethane (CH2Cl2) was distilled from calcium 

hydride (CaH2) under an N2 atmosphere. The reactions were performed under N2 unless otherwise 

noted. All chemicals were purchased from commercial suppliers and used without further 

purification. Flash column chromatography was performed using 230-400 mesh silica gel from 

EM Science. Thin layer chromatography (TLC) was performed using glass plates pre-coated with 

silica gel 40 F254 0.25 mm layer thickness. USN-3 and -4 have been reported previously.83,138 

Nanocar-1 and -2 were synthesized from precursors 5123, 683, and 7138 according to Scheme S3.1. 
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  Scheme S3.1. Synthesis of nanocars. 

3.6.1. Synthesis of Nanocar-1 

  An oven dried 10 mL Schlenk-tube equipped with a stir bar was charged with nanocar 5 

(25.5 mg, 0.0200 mmol), cy5 dye 6 (12.5 mg, 0.0240 mmol), N,N'-dicyclohexylcarbodiimide 

(DCC, 5.0 mg, 0.024 mmol) and 4-dimethylaminopyridine (2.6 mg, 0.024 mmol). CH2Cl2 (2 mL) 

was added, and the reaction was stirred at rt overnight in the absence of light. The mixture was 

purified by column chromatography (silica gel, 2% MeOH in CH2Cl2) to afford the cy5-tagged 

nanocar-1 as a blue solid (31.0 mg, 89%): 1H NMR (500 MHz, CDCl3) δ 8.09–8.01 (m, 2H), 8.00 

(d, J = 1.7 Hz, 0.5H), 7.97 (d, J = 1.7 Hz, 0.5H), 7.813 (d, J = 8.2 Hz, 0.5H), 7.806 (d, J = 8.2 Hz, 

0.5H), 7.78–7.73 (m, 1H), 7.66–7.60 (m, 2H), 7.57 (dd, J1 = 1.7 Hz, J2 = 0.6 Hz, 0.5H), 7.53 (d, J 

= 0.5 Hz, 0.5H), 7.50–7.47 (m, 1H), 7.46 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz 0.5H), 7.44 (d, J = 0.5 Hz, 

0.5H), 7.43–7.36 (m, 4.5H), 7.34 (d,  J = 0.6 Hz, 0.5H), 7.29 (d, J = 0.5 Hz, 0.5H), 7.29–7.20 (m, 

5H), 7.17 (d, J = 0.5 Hz, 0.5H), 7.15 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 0.5H), 7.15–7.06 (m, 2.5H), 
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6.91–6.86 (m, 3H), 6.73–6.63 (m, 1H), 6.25–6.15 (m, 2H), 4.34–4.27 (m, 1H), 4.29 (t, J = 6.8 Hz, 

1H), 4.25 (t, J = 6.8 Hz, 1H), 4.02–3.94 (m, 2H), 3.70–3.62 (m, 1H), 3.61 (s, 1.5H), 3.59 (s, 1.5H), 

2.84 (t, J = 6.8 Hz, 1H), 2.79 (t, J = 6.8 Hz, 1H), 2.69 (d, J = 15.7 Hz, 0.5H), 2.68 (d, J = 15.7 Hz, 

0.5H), 2.41 (t, J =  7.3 Hz, 1H), 2.38 (t, J = 7.3 Hz, 1H), 2.04–1.80 (m, 36H), 1.80–1.66 (m, 38H), 

1.55–1.46 (m, 2H), 0.81 (d, J = 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 174.04, 174.00, 173.52 

(overlapping of two signals, both quaternary carbons), 173.31, 173.28, 153.96 (overlapping of two 

signals, both CH carbons), 153.82 (CH), 153.79 (CH), 147.89, 147.88, 147.03, 146.93, 143.08, 

143.06, 142.37, 142.31, 141.66, 141.62, 141.39, 141.37, 140.78, 140.69, 138.37, 138.30, 137.04, 

136.76, 136.71, 136.41, 135.44 (CH), 135.15 (CH), 135.09 (CH), 135.05 (CH), 134.95 (CH), 

134.86 (CH), 134.63, 134.60, 133.56, 133.55, 132.20 (CH), 131.89 (CH), 131.72 (CH), 131.68 

(CH), 131.41 (CH), 131.28 (overlapping of two signals, both CH carbons), 131.11 (overlapping of 

two signals, both CH carbons), 131.05 (CH), 130.03 (CH), 129.99 (CH), 129.59 (CH), 129.53 

(CH), 129.08, 129.07, 129.03 (CH), 129.00 (overlapping of three signals, all CH carbons), 128.47 

(overlapping of two signals, both CH carbons), 128.31 (CH), 128.29 (CH), 128.17 (CH), 128.11 

(CH), 127.22, 127.18, 126.15 (CH), 126.13 (CH), 125.87, 125.74, 125.71 (overlapping of two 

signals, both quaternary carbons), 125.67 (overlapping of four signals, all CH carbons), 125.63, 

125.62, 125.60 (CH), 125.58, 125.57 (CH), 125.402, 125.398, 125.34 (CH), 125.32 (CH), 125.28, 

125.00, 124.93, 124.74 (CH), 124.71 (CH), 124.26 (CH), 124.20 (CH), 123.75, 123.51, 122.72 

(CH), 122.71 (CH), 122.60 (CH), 122.59 (CH), 122.09, 121.89, 121.82, 121.62, 111.02 (CH), 

111.00 (CH), 110.91 (CH), 110.90 (CH), 105.01, 104.78, 104.74, 104.72, 104.57, 104.48, 103.81 

(CH), 103.76 (CH), 103.68 (CH), 103.67 (CH), 100.95, 100.78, 94.44, 94.01, 93.03, 92.57, 92.03, 

91.86, 89.06, 88.76, 88.38, 88.11, 82.27, 80.22, 78.74, 78.66, 78.45, 78.23, 77.82, 77.78, 77.69, 

77.59, 62.60 (CH2), 62.56 (CH2), 49.864, 49.856, 49.75, 49.74, 44.62 (CH2), 44.59 (CH2), 43.31 
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(CH2), 43.25 (CH2), 43.18 (CH2), 43.15 (CH2), 43.14 (CH2), 43.11 (CH2), 43.08 (overlapping of 

two signals, both CH2 carbons), 40.07 (CH2), 40.06 (CH2), 38.44 (CH3), 38.40 (CH3), 36.73 (CH2), 

36.68 (overlapping of two signals, both CH2 signals), 36.67 (overlapping of three signals, all CH2 

signals), 36.66 (CH2), 36.63 (CH2), 34.20 (CH2), 34.19 (CH2), 30.911, 30.907, 30.83, 30.77, 30.75, 

30.73, 30.59, 30.53, 28.52 (overlapping of two signals, both CH carbons), 28.51 (overlapping of 

two signals both CH carbons), 28.50 (CH), 28.48 (CH), 28.47 (CH), 28.46 (CH), 28.21 

(overlapping of two signals, both CH3 signals), 28.20 (CH3), 28.18 (CH3), 28.07 (overlapping of 

two signals, both CH3 carbons), 27.47 (CH2), 27.43 (CH2), 26.77 (CH2), 26.72 (CH2), 24.95 (CH2), 

24.91 (CH2), 20.56 (CH2), 20.51 (CH2), 19.64 (CH3), 19.63 (CH3); HRMS (ESI) m/z calcd for [M–

Br]+ C127H125O2S 1741.9467, found 1741.9456. 

3.6.2 Synthesis of Nanocar-2 

  An oven-dried 50 mL round-bottom flask equipped with a stir bar was charged with 7 

(24.1 mg, 0.0279 mmol), Nanocar 5 (35.5 mg, 0.0279 mmol), EDC (7.0 mg, 0.0362 mmol) and 

DMAP (0.2 mg, 0.0016 mmol) to which were added CH2Cl2 (1.5 mL). The mixture was stirred at 

ambient temperature for 18 h and concentrated under vacuum. The residue was purified by column 

chromatography (silica gel, 10% MeOH in CHCl3) to yield 2 as a blue solid (41.6 mg, 70%): 1H 

NMR (600 MHz,CDCl3) δ 8.60 (s, 1H), 8.28 (s, 1H), 7.92 (d, J = 13.9 Hz, 1H), 7.82-7.70 (m, 4H), 

7.60-7.54 (m, 3H), 7.45-7.13 (m, 15H), 6.99 (m, 1H), 6.87-6.83 (m, 4H), 6.51 (t, J = 12.8 Hz, 1H), 

6.23 (t, J = 13.6 Hz, 1H), 5.77-5.67 (m, 6H), 5.58 (s, 1H), 4.29-4.23 (m, 3H), 4.14-4.10 (m, 2H), 

3.97-3.93 (m, 2H), 3.63 (br d, J = 12.8 Hz, 1H), 3.41 (s, 4H), 2.81 (t, J = 7.0 Hz, 1H), 2.77 (t, J = 

7.0 Hz, 1H), 2.65 (d, J = 13.2 Hz, 1H), 2.44-2.37 (m, 8H), 2.00-1.52 (m, 84H), 0.81 (d, J = 6.8 Hz, 

3H); 13C NMR (150 MHz, CDCl3) δ 174.1, 173.4, 173.3, 173.1, 173.01, 172.98, 171.86, 171.85, 

153.2, 153.1, 152.3, 147.4, 146.2, 146.1, 143.5, 142.1, 142.0, 141.8, 141.00, 140.98, 140.73, 
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140.69, 140.2, 140.1, 137.93, 137.85, 136.5, 136.1, 136.0, 135.6, 135.1, 134.81, 134.78, 134.7, 

134.6, 134.34, 134.31, 134.2, 133.1, 132.5, 132.0, 131.8, 131.6, 131.44, 131.37, 131.3, 131.0, 

130.84, 130.76, 130.7, 130.6, 129.6, 129.5, 129.2, 129.1, 129.0, 128.77, 128.75, 128.69, 128.68, 

128.3, 128.1, 127.83, 127.81, 127.53, 127.47, 126.83, 126.78, 126.6, 126.2, 126.12, 126.05, 125.81, 

125.79, 125.6, 125.5, 125.44, 125.40, 125.34, 125.28, 125.2, 125.1, 125.03, 125.00, 124.92, 124.88, 

124.85, 124.8, 124.7, 124.4, 123.7, 123.6, 123.2, 122.9, 122.2, 122.1, 121.9, 121.8, 121.6, 121.5, 

111.2, 110.32, 110.30, 104.7, 104.6, 104.3, 104.08, 104.05, 103.81, 103.79, 103.1, 100.3, 100.1, 

94.0, 93.6, 92.6, 92.2, 91.0, 90.7, 88.9, 88.6, 88.2, 88.0, 80.30, 80.26, 78.61, 78.58, 78.3, 78.1, 

77.63, 77.57, 77.5, 77.4, 62.28, 62.27, 49.41, 49.39, 49.0, 44.6, 44.03, 44.00, 42.93, 42.89, 42.82, 

42.80, 42.78, 42.76, 42.7, 39.7, 39.5, 38.0, 37.9, 36.4, 36.34, 36.30, 36.0, 35.6, 33.8, 33.6, 30.5, 

30.41, 30.35, 30.32, 30.31, 30.2, 30.1, 28.2, 28.1, 28.00, 27.98, 27.96, 27.10, 27.05, 26.9, 26.4, 

26.3, 26.1, 25.0, 24.53, 24.51, 20.20, 20.16, 19.6, 19.5. 
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3.6.2. Support figure 

 

 
  Figure S3.1. Photobleaching time for individual BODIPY dyes and two-BODIPY-

attached USN molecules. (A) Individual BODIPY dye photobleaching time 290 ± 130 ms. (2) 

Two-BODIPY-attached USN molecule photobleaching time 400 ± 180 ms. The laser power 

density was 24 kW cm-2 from Ar laser at 514 nm excitation. The doubly BODIPY-attached USN 

molecules show a 1.4 times enhancement of photobleaching lifetime against individual BODIPY 

dyes.   
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CHAPTER 4: Diffusion of Nanocars on Air-Glass Interface 
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4.1.  Abstract  

  At room temperature, four-adamantane-wheeled nanocars thermally diffuse on an air-

glass interface. A line-scan imaging method was developed to improve the time resolution in 

tracking their surface movement. The fast imaging technique disclosed that the 4-wheeled 

nanocars diffuse on glass surfaces in a quasi-random 2D diffusion manner. That is, they have a 

high tendency to keep a linear diffusion trajectory at a short time scale, which is consistent with 

the wheel-rolling mode diffusion. The nanocar molecules lose the directionality over time, 

indicating that other diffusion modes, e.g., pivoted movement, may also contribute to their thermal 

diffusion at room temperature. The characteristic linear movement times for the two types of 

nanocar molecules in this study were ~1.2 s, from which the activation energy for the nanocars to 

pivot away from the original direction was estimated to be ~65 kJ/mol. Finally, it was shown that 

using the line-scanning method, the diffusion coefficient of quasi-random 2D diffusing nanocars 

can be accurately estimated to be ~10.0 × 10-16 m2s-1.  

4.2.  Introduction 

  Driven by continued quests for miniaturized machinery in current scientific and 

technological fields, researchers synthesized a variety of “molecular machines” inspired by their 
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macroscopic counterparts such as motors,21,142-145 switches,146 turnstiles,147 barrows,148,149 

shuttles,150,151 and nanovehicles,18 etc. Among these molecular machines, some are designed to 

work in solutions, such as unimolecular submersible nanomachines (USNs).83,152 Another series 

of interesting nanomachines are nanocars.79,153 Like their names suggest, these molecules consist 

of a chassis, axles, and wheels, and are able to translate on a solid surface.79,154 Ideally, they can 

serve the same role as their counterparts do in the macroscopic world: transporting cargos across 

a dry, engineered surface at ambient conditions.  

  Continuous efforts have been made toward achieving this goal. First, to monitor these 

nanocars, fluorescent dye-tagged nanocars were developed and further observed using single 

molecule fluorescence microscopy (SMFM).15,27,28 Compared to scanning tunneling microscopy 

(STM), SMFM can be used at the air-solid interface at ambient conditions.17,82,86,88 It provides 

sufficient spatial and time resolutions to detect and track single molecule movement. Currently, 

SMFM suffers from low signal and photobleaching problems. To minimize the impact of these 

issues, multi-dye attached nanocars and photo-resistant-dye attached nanocars were being 

developed.155,156  

  Second, nanocars’ mobility is highly dependent on the car shape and the wheel-surface 

interaction. Differently shaped nanocars have been designed and studied, e.g., 3-wheeled, 4-

wheeled, 6-wheeled nanocars, and nanocars with an angled chassis, etc.157 To facilitate the 4-

wheeled nanocar movement, their wheels were upgraded from C60
79 and carborane,158 to 

adamantane.159 It was found that hydrophobic adamantane wheels have an optimal interaction with 

the hydrophilic glass surface, which allows the nanocar to move quickly.  

  Third, to “drive” a nanocar, a molecular motor was incorporated into the nanocars. Here, 

a motor refers to a molecule (or a part of the molecule) that can convert external energy, such as 
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electricity, heat, or light, to mechanical motions thereby fulfilling translational demands.160-163 For 

instances, Kudernac et al. recently designed a 4-rotary-motored nanocar that can be activated and 

driven directionally with a scanning tunneling microscopic tip.161 The most recent progress 

includes incorporating a light-driven motor into the car body in hope that the nanocar can be driven 

by light.124 So far, the effect of the light-actuated motor on the nanocar is still under investigation.  

  Fourth, to deliver work in the real world, a replicable, easy to manufacture, yet 

inexpensive solid substrate surface is required. We have tested the mobility of nanocars on various 

bare and chemically modified glass surfaces. It was found that properly designed nanocars can 

diffuse on a glass surface with a diffusion coefficient (D) on the order of magnitude of 10-16~10-15 

m2s-1 at room temperature.14,158,159,164 Interestingly, they slow down overtime, possibly because of 

increased resistance due to organic adsorbates on the substrate and on the nanocar when exposed 

to air.164  

  While there is compelling evidence that 4-wheeled nanocars move on atomic flat, metallic 

surface in high vacuum with a wheel-rolling mode,79 there are questions and debates on how 

nanocars move on glass surfaces at ambient conditions. The estimated apparent activation energy 

for nanocar diffusion suggested that the movement of the nanocars on a glass surface is more 

consistent with the wheel-rolling model.14 However, there lacks direct evidence to support this 

conclusion. Apparently, understanding this question is important to designing nanocars that can 

be actuated using a molecular motor.  

  Current dominant views describe molecular diffusion on solid surfaces as multiple “hops” 

between adjacent adsorption sites with a molecular length scale.165-167 To achieve “hopping”, the 

molecule must overcome an energy barrier and desorb from the surface, either through thermal 

activities (thermal desorption) or through collision from ambient gas molecules (collisional 
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desorption). Under this model, the surface diffusion coefficient D can be estimated as:168 

0 exp( / )aD D E RT                  (4.1) 

where Ea is the activation energy for desorption; T is the temperature; R is the gas constant; D0 
is 

the two-dimensional diffusion coefficient of the molecule in air, which follows the Einstein-Stokes 

equation: 

akTD 4/0                  (4.2) 

where η is the viscosity of air (1.983×10-5 Pa·s) and a is the radius of the molecule. This model 

works ideally for small molecules. However, for larger molecules like nanocars, the complete 

desorption of these molecules would be rare because the van der Waals attraction between the 

surface and the adsorbed molecule increases quickly with respect to the molecule mass. At the 

liquid-solid surface, a “crawling” mode motion is used to explain the surface diffusion of larger 

molecules such as with proteins and polymers. In the crawling model, portions of a molecule take 

turns to desorb and move in the space above, resulting in the displacement of the whole molecule 

on the surface. It is possible that large molecules can diffuse at the air-solid interface in a similar 

manner. In fact, pivoted motion, i.e., the molecule moves with one point attached on the surface, 

of nanocar molecules have been observed on a metal surface.79 It can be understood that for large, 

rigid molecules, pivoted motion is a special form of the crawling diffusion.  

  In the past studies, we were able to track 4-wheeled nanocars’ extended-time (hours to 

days) moving kinetics on air-glass interface.164 While it is highly likely that nanocars are diffusing 

in a wheel-rolling mode, we have not been able to observe their linear moving trajectories, possibly 

because of poor time resolution (frame time of ~1 min). Thus, the moving details, e.g. the 

directionality of the nanocar movement over a short time (ms ~ s), were completely lost and the 

nanocars showed 2D Brownian motion at an observation time resolution of ~ 1 min.  
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  Scheme 4.1. Nanocars and the control molecule.  

  In this study, we developed a new imaging method, i.e., line scan imaging, to study the 

trajectories with higher time resolution. Two rigidly structured nanocars were studied, both are 

equipped with 4 adamantane wheels and BODIPY dyes (nanocar-1 and nanocar-2, Scheme 

4.1).164,169,170 Adamantane wheels were used because they have a proper level of interaction with 

the glass surface so that the nanocars do not adsorb on the surface permanently yet they have 

sufficient van der Waals attraction to the surface to limit their translational degrees of freedom (i.e., 

desorption and skidding).14,164 Both nanocars were designed to have four wheels in hope that they 

have the stability to keep a linear diffusion trajectory during thermal diffusion. A control molecule 

USN-3 (Scheme 4.1), which has multiple single bonds and high flexibility in conformation change, 

was used as a wheel-free control.  

4.3.  Experimental section 

4.3.1. Synthesis of nanocars and the control molecule 

  Synthesis of nanocar-2 and USN-3 molecules have been reported.86,155 The synthesis of 
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Nanocar 1 is described in Scheme S4.1 in Supplementary Information. Reported procedures were 

followed for the synthesis of molecules 2,14 3,86 6,17 7,171 9,14 and 12121 as defined in Scheme S4.1.  

4.3.2. Glass substrate preparation  

  The glass substrates were high quality coverglasses from Corning. To obtain a clean and 

smooth surface, the coverglasses were sonicated in basic soap water (1% Contrex AL detergent 

solution), DI water, and ethanol for 20 min each. The coverglasses were then boiled in 30% 

hydrogen peroxide solution for 20 min, rinsed with DI water, and dried with nitrogen flow. 

According to earlier reports, Corning coverglass treated similarly has a root-mean squared 

roughness of ~0.17 nm characterized with high resolution atomic force microscopy. The roughness 

is much smaller than the size of the adamantane wheels.172 

  The synthesized nanocar/control molecules were dissolved in methanol or chloroform as 

the stock solution (~ 50 µM) and used in ~ 2 weeks. Before the surface diffusion experiments, 7.0 

µL of a freshly diluted solution in methanol (0.4~4 nM) were drop-casted onto a pre-cleaned 

coverglass. The solution would spread out and dry immediately. The sample slide was then 

thoroughly dried in nitrogen flow for ~ 1 min.  

  The relative humidity of the building was maintained by first cooling the ventilated air to 

12 °C and then heating back to 25 °C. The measured relative humidity was 37 ± 3% during these 

experiments.164 

4.3.3. Confocal fluorescence imaging and data analysis 

  Figure S4.1 shows the schematic of the home-built confocal fluorescence microscope.35 

Here, we used a 514 nm laser line from an air-cooled Ar ion laser (35-LAP-431-240, CVI/Melles 

Griot) as the excitation source. The laser beam was circularly polarized using a quarter-wave plate 

(QWP) (CVI/Melles Griot, ACWP-400-700-06-4) and then expanded to overfill the back aperture 
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of the microscope objective (Nikon, Plan Apo, 100 × /1.40–0.7, Oil). The fluorescence signal 

collected using the same objective was optically filtered through proper long pass dichroic mirror 

and band pass filters. The signal was detected by an avalanche photodiode (Perkin Elmer, SPCM-

AQRH-15-FC) and counted with a computer board.  

  Sample scanning in all XYZ directions was achieved by a piezo-stage (PI Nano, Physik 

Instrumente, P-545, 1 nm precision) mounted on a manual XY translational stage. A home-written 

macro program was used to synchronize the stage and the detector. A home-written NIH ImageJ 

plugin program was used to convert linear data to 2D images.  

4.4.  Results and discussion 

4.4.1. Single molecule line-scan imaging 

  To improve the time resolution, we developed a line-scan imaging method rather than 

using the raster-scanning of an entire 2D image to track the molecular motion. In the experiments, 

high quality coverslip made of glass (Corning) rather than other crystalline material such as mica 

was selected as the nanocar diffusion substrate. The latter (e.g. mica) can have a surface with 

atomic flatness but they frequently produce weak fluorescent background and artifacts due to 

birefringence. The selection of high quality glass surface is essential for detecting weak signals 

from individual nanocars at the air-solid interface, which is more challenging than detecting these 

molecules in water-solid interface. The coverglass surface was reported to have a root mean square 

roughness of ~0.17 nm, much smaller than the size of the adamantane wheels.172 Thus, it is an 

excellent substrate to study molecular surface diffusion. To observe the nanocar molecules on glass 

surface, their solution at a very low concentration (usually 0.4~4.0 nM) in methanol was drop-

casted on to the coverglass. The solvent dried almost instantaneously after being exposed to the 

air so that the molecules were spatially separated uniformly.  
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  To improve the time resolution, we did line-scan imaging rather than using the raster-

scanning of an entire 2D image to track the molecular motion. First, an area of several μm in size 

was imaged (Figure 4.1A) to confirm the presence of the molecules and that the surface 

concentration was appropriate. Then, a horizontal line within the image that contained a few 

molecules was scanned repeatedly until the molecules disappeared, either being photobleached or 

diffused away. In these experiments, the laser beam was focused to have a waist of ~300 nm and 

the pixel integration time was 1.0 ms. A line of ~20 μm was generally used (200 pixels with a pixel 

width of 100 nm), which leads to a total line time of 0.236 s including the collection time and the 

time to restore the stage position. The scanning was repeated and the horizontal lines were then 

stacked along the vertical direction to form a 2D image, with the x-axis representing the x-position 

while the vertical axis representing the time.   
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  Figure 4.1. Line scan imaging. (A) A conventional 2D image of single nanocar-2 

molecules on air-glass interface. (B) Examples of the line-scan images of two selected nanocar-2 

molecules. Molecule a is immobilized while Molecule b is moving on the surface. (C) Line 

intensity profile with respect to x of an arbitrarily selected line for Molecule b, and corresponding 

localization of the x-coordinate through Gaussian fitting. (D) Recovered x-trajectory over time for 

Molecule b. (E) MSD of Molecule b. (F) Recovered x-trajectory over time for Molecule a. (G) 

MSD of Molecule a.  
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  Figure 4.1B shows examples of the line-scan images of two nanocar-2 molecules. Both 

molecules (Molecules a and b) showed up on the top line of the image, indicating their presence 

in the beginning of the tracking. Molecule a was immobilized. Its x-position did not change. As a 

result, it showed as a straight line image over time with the center position on the x-axis not 

changing. Molecule b was a diffusing molecule. Its center moved along the x-axis over time during 

the image collection. Correspondingly, this molecule gave a jagged line image, indicating its x-

position varied over time. Note this molecule may also move in the y-direction on glass surface. 

However, the y-coordinate was sacrificed in line imaging to gain temporal resolution. Nonetheless, 

the y-position of the molecule is partially retained in the imaging intensity and will be discussed 

later. Both of the two molecules disappeared later, possibly because of photobleaching. Also note 

that the jagged line is not an artifact due to the mechanical instability of the imaging system. The 

immobilized and moving molecules can be observed in the same line-scan images (for an example, 

see Figure S4.2). 

  In each scanned line, the x-position of the molecule can be localized with a sub-diffraction 

limit precision by fitting the line intensity profile with Gaussian function (Figure 4.1C). The 

localization precision is 20~30 nm at a laser power of 36 µW and a 1-ms pixel integration time by 

measuring multiple immobilized nanocar molecules repeatedly. For moving molecules, by 

connecting its x-positions, the trajectory of the molecule in the x-axis can be constructed (Figure 

4.1D), where the error bar is the standard deviation reported from the fitting. Note again this is the 

trajectory of the molecule in one-dimension (1D) only. Or, equivalently, it can be viewed as the 

projection of its 2D trajectory on the x-axis.   

  Form the x-trajectory, the diffusion coefficient of the molecule in the x-direction Dx can 

be estimated using the Einstein equation: 
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2 2L nDt 
             

  (4.3) 

where <L2> is the mean squared displacement (MSD); n is the number of the dimensions (n = 1 

when the trajectory is observed only in one dimension); D is the diffusion coefficient; and t is the 

time. Figure 4.1E shows the MSD ~ t plot of the Molecule b, which gives a Dx of 15.1 × 10-16 m2s-

1. In the experiment, the mechanical stability of the scanning stage was frequently checked and it 

is generally not an issue for the observation over a few minutes. For example, Figure 4.1F shows 

the trajectory of Molecule a in the x-axis over time. The immobilized molecules usually give a flat 

MSD ~ t plot and the slope is smaller than 0.5 × 10-16 m2s-1 (Figure 4.1G), indicating that the 

drifting of the stage is negligible compared to molecular diffusion. 

4.4.2. Brownian diffusion coefficient determination in line-scan imaging  

  Many molecules, no matter with or without wheels, can diffuse on air-glass interface due 

to thermal activity at room temperature if the molecule-surface interaction is not strong enough to 

immobilize the molecule. The mechanism of surface diffusion for different molecules may be 

different and is the topic of this study. When the diffusion is isotropic, or, “Brownian”, i.e., no 

memory effect or directional preference for the molecule to make a new step, the Dx recovered 

from 1D observation and the Dxy measured in the two dimensions are equivalent. However, for 

nanocar molecules, when they adopt the wheel rolling mode diffusion, there is a tendency that they 

diffuse with a preferred orientation restricted by the wheels in a certain time period (i.e. 

characteristic linear movement time τL) as if they have a “memory”. In this case, defining and 

estimating their diffusion coefficients are more complicated. When these molecules are observed 

at a time scale much longer than the memory time τL, they will show as random 2D diffusion. We 

name this diffusion as quasi-random 2D diffusion and define the measured Dxy in the 2D plane at 

a long time scale as the apparent diffusion coefficient DApp.  
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  In this study, we will show that (1) in both cases: Brownian diffusion (i.e., random 2D 

diffusion), and quasi-random 2D diffusion (i.e., non-isotropic at a short time scale but isotropic at 

a long time scale), the 1D line scanning method can give an accurate estimation of their DApp when 

the total observation time is much longer than the memory time τL. (2) When the time resolution 

is high enough, the line scanning method can differentiate the random 2D and quasi-random 2D 

diffusions, and the characteristic linear movement time τL can be estimated.  

 

 
  Figure 4.2. Surface diffusion coefficient of USN-3 molecules. (A) Histogram of the Dx 

using line scanning method. (B) Dxy using 2D area scanning method. 

  For random 2D diffusing molecules, to confirm that the line scanning method is valid, we 

studied the D’s for multiple molecules on the glass surface using the 1D line scanning (Dx) and 2D 

imaging methods (Dxy). The two methods are generally consistent. For example, the diffusion 

coefficient of USN-3 molecules, which show typical random 2D diffusion as will be discussed 
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later, was measured to be Dx = 8.0 ± 4.3 × 10-16 m2s-1 from ~40 molecules. Correspondingly, the 

diffusion coefficient of the same molecules measured using 2D imaging method was Dxy = 7.7 ± 

3.1 × 10-16 m2s-1 from ~30 molecules (Figure 4.2). The two values are practically equivalent. Thus, 

using the line scanning method, we are able to determine the DApp for randomly diffusing molecules. 

4.4.3. Linearity of nanocars diffusion trajectory 

  For molecules like nanocars that may have a high tendency to deviate from isotropic 

diffusion, first, we show that the line-scan imaging can disclose their linear diffusion tendency 

when the imaging time resolution is shorter than the characteristic linear movement time τL. As 

stated earlier, using the line scanning method, we sacrifice the y-coordinate to gain time resolution 

in tracking the molecules’ x-trajectory. More interestingly, the y-position information is not 

completely lost but partially retained in the integrated molecular fluorescence intensity I in each 

line. As illustrated in Figure 4.3A, in which the dashed line represents the laser beam scanning line 

with respect to the stage and the shading represents the laser beam intensity, the relative y-position 

change of the nanocar can be reflected in the fluorescence intensity change as it moves on the 

surface (solid lines). For example, when the molecule moves in a linear trajectory in consecutive 

steps toward the center line from the left (Cases 1 and 2), both the x-coordinate (x) and the 

fluorescence intensity (I) will increase; when they move away from the center along the same 

trajectory (i.e. the inverse of Cases 1 and 2), both x and I will decrease. Thus, when the molecules 

are diffusing (moving back and forth randomly) along these trajectories, their x and I will change 

in a correlated manner (i.e., both increase/both decrease) in the observation window. Similarly, 

when the molecule is approaching the center line from the right (Cases 3 and 4), or leaving the 

center line along the same trajectory (inverse of Cases 3 and 4), their x and I will change in an anti-

correlated manner (i.e., one increases while the other decreases). As a contrast, if the molecule 
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moves randomly on the 2D plane (Case 5), their x and I will be uncorrelated in the observation 

window. Thus, combining the molecule’s x and I information in a line-scan image, we are able to 

know the linearity of their trajectories. Note that such relationship is no longer valid when the 

molecule moves across the center line. However, if we consider the laser beam waist (~300 nm), 

and the step size of the molecule diffuses within one frame (20~30 nm), we are still able to catch 

the linear trajectories in many consecutive steps. Note that the exemplary Cases 1-4 were drawn 

at exact 45º. The actual trajectory direction does not have to be 45º. As long as they are off the x- 

or y-axis direction, the x-I correlation pattern can be observed.  

 
  Figure 4.3. Linearity of molecular surface diffusion. (A) Schemes of the molecular 

surface diffusion in the line-scanning laser beam. The green shading depicts the laser intensity 

along the scanning line. Cases 1-4 show linear diffusion in which the molecule randomly traverse 

back and forth along a straight line. Case 5 shows random 2D diffusion in which the molecule 

change directions after each step. (B) Examples of line-scanning images of nanocar-1 molecules. 

(C-E) Examples of the x-trajectory and fluorescence intensity I of diffusing molecules. (C and D) 

Nanocar-1. (E) USN-3.  
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  Experimentally, these correlation relationships were observed and different patterns were 

found for different molecules. For example, Figure 4.3B shows several examples of selected line-

scan images of nanocar-1 molecules. Molecule c again was an immobilized nanocar-1 as the 

control; Molecule d was a diffusing molecule stayed in the laser beam for relatively long time; 

Molecule e diffused out of the laser beam gradually; Molecule f diffused into the laser beam and 

was photobleached later. The fluctuation of their total intensity clearly discloses that their y-

positions were changing.  

 To show the correlation or anti-correlation of the x-position and the fluorescence intensity 

I change, we plotted them in the same graph. Figure 4.3C shows a typical nanocar-1 trajectory. 

The trajectory has all 3 types of regions where x and I are correlated, anti-correlated, or 

uncorrelated, with the typical correlated patterns highlighted in blue. These highlighted patterns 

indicate that these molecules were not diffusing randomly but kept a trajectory similar to Cases 1 

or 2 in Figure 4.3A. Figure 4.3D shows another typical nanocar-1 trajectory that also contains all 

3 types of x-I relationships. This molecule showed a prominent anti-correlated pattern in the 

beginning (shaded in orange) and later changed to a prominent correlated pattern (shaded in blue). 

This possibly indicates that the molecule either changed moving direction by ~90º, or crossed the 

center line of the beam. 

 As a contrast, we also analyzed the trajectories of the wheel-free control molecule USN-

3. A typical plot of line intensity and x position as a function of time is shown in Figure 4.3E. The 

changes of the I and x are predominantly uncorrelated, indicating that the 2D diffusion of the USN-

3 is fairly random on the 2D plane. 

 Several qualitative conclusions can be drawn directly from the observation of the nanocar 

trajectories. (1) The correlated/anti-correlated x-I changing pattern over tens of nm distance 
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(Figures 4.3C and 4.3D) clearly indicates that nanocars are not diffusing randomly but following 

its “memory” to diffuse along its original direction. This tendency causes the trajectory to be 

“linear”. Note that it does not need a perfectly straight line to give a correlated/anti-correlated x-I 

pattern. Curved lines do, too. Still, the curved lines show that the molecules behaved significantly 

differently than random 2D motion. Such deviation must be caused by a different mechanism other 

than the conventional molecular “hopping” or “crawling” on the surface, which will lead to a loss 

of memory in moving direction thus the Brownian motion. In this specific case, it is highly likely 

that the memory of the original moving direction is provided by the wheels, which regulates the 

movement direction of the molecules. Here, we use the terminology “linear” to describe the non-

random trajectories being affected by the memory effect provided by, for examples, the wheel 

restriction.  

  (2) Sometimes, both the x-position and intensity I can go back to the original values, 

indicating that the nanocar is moving strictly on a straight line; however, sometimes, even when 

the changing pattern is still correlated/anti-correlated, the extent of the changes in x and I may be 

different, e.g., the nanocar goes back to the original x position but the intensity does not. This 

indicates that there is a small change in the orientation of the nanocar, leading to a trajectory 

slightly off the original one when it reverses its direction. (3) The x-I changing pattern may vary 

from correlated to anti-correlated, possibly indicating that the nanocar crossed the centerline of the 

beam, or more likely it diverted the moving direction by ~90 degrees. (4) Frequently, uncorrelated 

changing pattern can be identified between those correlated/anti-correlated patterns. Observations 

(2)-(4) combined suggest that other diffusion modes may also happen at room temperature, e.g., 

the pivoted motions. This will lead to the change of the molecular orientation thus its moving 

direction. (5) We observed that for every nanocar molecules, there are correlated or anti-correlated 
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pattern in their trajectories. The durations for correlated and anti-correlated motions have a ratio 

~1, indicating that the moving direction of the nanocar molecule is random.  

 Combining all these observations, we can conclude that the nanocar thermal diffusion at 

room temperature tends to have diffusion trajectories with a high linearity as opposed to USN-3 

molecules. This linearity in trajectory strongly supports that the nanocar moves through a wheel-

rolling mode; the loss of the linearity suggests that other diffusion modes may co-exist.  

4.4.4. Characteristic linear movement time and cross correlation analysis.  

  For how long will the nanocar molecules keep diffusing in a linear trajectory? To 

quantitatively study the characteristic linear movement time τL, we analyzed the fluorescence 

intensity I and the x-position using fluctuation cross correlation function (FCCF).173-175 FCC 

spectroscopy is a useful method in detecting correlated behavior of a pair of signals, for example 

emission from two different dye molecules involved in a binding event or a chemical reaction. The 

CCF G(τ) is defined as: 
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where Ia and Ib are the two signal channels being collected simultaneously. If the two contributing 

dye molecules move independently, the cross correlation function GCCF(τ) will quickly drop to 

zero and give a characteristic correlation time τC (i.e., the time that the two signals are correlated) 

near zero, indicating no correlated changing pattern for the dye pair. If the two dyes are attached 

to each other and move together permanently, GCCF(τ) will practically be reduced to the 

autocorrelation function (ACF) of one of the dyes:  
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  In the case that molecular diffusion is the only factor that causes the signal change, the 



106 
 

ACF will decay with the characteristic diffusion time τD of the complex to diffuse across the laser 

beam.83,176,177 If the two dye molecules are binding to each other dynamically, the CCF decay will 

be affected by both the binding dynamics (τC) and the molecular diffusion (τD), and will be 

dominated by whichever is shorter.173,178,179   

 Here, we calculated the CCF for each nanocar molecule using their x-position and the 

fluorescence intensity I with eq. 4. In principle, (1) when the nanocar’s characteristic linear 

movement time τL is much smaller than the observation time interval (~0.2 s), it will appear as a 

random 2D diffusion. The observed I and x will change independently (uncorrelated) and the CCF 

should drop quickly to zero. (2) When the nanocar diffuses on a linear trajectory at a time scale 

longer than the total observation time, the molecule is diffusing linearly. The intensity will change 

with respect to the x-position in a correlated/anti-correlated manner, giving a slow-decaying CCF 

curve; in the laser beam, the CCF decay will be dominated by the characteristic diffusion time τD 

for the molecule to cross the beam. (3) When the nanocar molecule diffuses on a linear trajectory 

at a time scale similar to or slightly longer than the observation time interval, the molecule diffuses 

in a quasi-random 2D manner. The intensity I will change with respect to the x-position in a 

correlated/anti-correlated manner for a few frames. The CCF decay will be dominated by 

characteristic linear movement time τL, or, the characteristic diffusion time τD, whichever is shorter. 

In this case, τL is τC during which the x and I are correlated/anti-correlated. 

4.4.5. Cross correlation analysis of simulated trajectories 

  To test the validity of this supposition, we simulated a series of trajectories for these 3 

models (Supplementary Information 2.1): the linear, quasi-random 2D, and random 2D diffusion 

models, respectively. Figure 4.4 shows the CCF and ACF analysis of a typical set of simulated 

data for the 3 models, each containing 50 arbitrarily selected trajectories. In the simulation, the 
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apparent 2D diffusion coefficient was assumed to be 10.0 × 10-16 m2/s and the time interval for 

each new step was 0.236 s to match the experimental conditions. For the quasi-random 2D 

diffusion, the molecules were assumed to have a 20% probability to change the moving direction 

after each step, which results in an average of 5 consecutive steps in the same direction during 

diffusion.  

 

  Figure 4.4. Simulated ACFs and CCFs for molecules diffusing with different modes. (A, 

B) 1D diffusion mode. (C, D) Quasi-random 2D diffusion mode. (E, F) Random 2D diffusion 

mode. (A, C, E) ACFs. The recovered characteristic decay times are 2.6 ± 1.2 s, 2.5 ± 1.4 s, and 

2.5 ± 1.2 s, respectively. (B, D, F) CCFs. The recovered characteristic decay times are 2.3 ± 1.8 s, 

1.2 ± 0.5 s, and 0.53 ± 0.36 s, respectively. 



108 
 

  Several conclusions can be drawn immediately. First of all, for all of the three conditions, 

the ACF curves are similar (Figures 4.4ACE), showing a characteristic decay time τ ~ 2.5 s, where 

τ is defined as the time the normalized CCF G(τ) drops to 1/e. This decay is caused by molecular 

diffusion near a Gaussian beam and the decay time τ is the characteristic diffusion time τD.180  

  However, their CCF curves are completely different (Figures 4.4BDF). (1) In the linear 

diffusion mode, the change of the x-position and the intensity I is correlated throughout. The CCF 

G(τ) curves decay slowly, with a decay rate similar to those of the ACF curves (Figure 4.4B). The 

recovered characteristic decay time is 2.3 ± 1.8 s, very similar to the corresponding diffusion time 

τD (2.6 ± 1.2 s) obtained from the ACF. This shows that in this situation, τ is dominated by τD in 

CCF analysis.  

  (2) For the quasi-random 2D diffusion mode, the x-position and the fluorescence intensity 

I are correlated/anti-correlated intermittently, within an average correlation time of 5 frames (τC = 

τL ~1.2 s). Correspondingly, the CCF G(τ) curves decay with a decay time τ = 1.2 ± 0.5 s (Figure 

4.4D). This decay time τ is consistent with the theoretical linear movement time in the simulation, 

indicating that the CCF decay is dominated by the time that x and I are correlated/anti-correlated 

(τL), which is shorter than the characteristic diffusion time (τD). Thus, the CCF decay gives a good 

estimation of the characteristic linear movement time τL.  

  (3) For the random 2D diffusion mode, the CCF G(τ) curves decay much faster, with a 

characteristic decay time of τ = 0.53 ± 0.36 s. This indicates that the correlation between the x and 

I is weak. Note even though we assumed random 2D diffusion for the third case, the characteristic 

decay time is not zero but a small number. This is caused by the nature of the CCF function and 

the limited time resolution in the simulation.   

 This set of simulation shows that CCF does tell the difference between the correlated/anti-
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correlated and uncorrelated movements and give a good estimation of the characteristic correlation 

time that the two variables x and I are correlated.  

4.4.6. Nanocar characteristic linear movement time. 

  With this knowledge, we then analyzed the ACF and CCF decay curves of nanocar-1, 

nanocar-2 and the control molecule, non-wheeled USN-3 molecules. Their ACF curves for all 3 

molecules decay slowly (Figures 4.5ACE), with a characteristic decay time τ falling between 

2.0~2.7 s. These values are similar to those from simulated curves, showing typical characteristic 

diffusion time τD for the molecule to move in the laser beam. Figures 4.5BDF show these three 

molecules’ CCF curves. As discussed earlier, USN-3 molecules show few correlated x ~ I regions 

in their trajectories. As a result, their CCF curves decay quickly (Figure 4.5F), giving a τC = 0.41 

± 0.23 s. This τC is similar to that of the simulated random 2D diffusion case. It indicates that USN-

3 molecules diffuse close to random 2D Brownian motion, consistent with the hopping or crawling 

mode diffusion.   

  As a contrast, the CCF curves for the nanocar-1 molecules decay relatively slower with a 

characteristic time of τC = 1.2 ± 0.7 s (Figure 4.5B). That is, the wheeled nanocar molecules keep 

the linear motion within a time scale of ~1.2 s (τL). Based on this characteristic linear movement 

time τL and its diffusion coefficient (see next section), we can estimate the distance that nanocar-

1 molecules keep linear diffusion to be ~50 nm, or, ~16 times of its own body length. However, 

this 1.2 s is short compared to the frame time of conventional 2D imaging. Thus, the short time 

linear motion was not observed in the past.   

 Similar results can be found for nanocar-2 molecules, which show a characteristic linear 

movement time τL = 1.3 ± 0.3 s (Figure 4.5B). To summarize, there are significant difference of 

the surface diffusion for wheeled nanocars and non-wheel molecules. The wheeled nanocar 
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molecules will keep the linear motion within ~ 1.2 s. It is highly likely that the 4 wheels on the 

nanocar are effective in confining the nanocar moving direction during its thermal diffusion, a 

molecular design that shows its advantage in controlling molecular movements.  

 

 
  Figure 4.5. Experimentally acquired ACFs and CCFs for nanocar-1, nanocar-2, and USN-

3. (A, B) Nanocar-1. (C, D) Nanocar-2. (E, F) USN-3. (A, C, E) ACFs. The characteristic decay 

times are 2.2 ± 0.9 s, 2.0 ± 1.7 s, and 2.7 ± 1.3 s, respectively. (B, D, F) CCFs. The characteristic 

decay times are 1.2 ± 0.7 s, 1.3 ± 0.3 s, and 0.41 ± 0.23 s, respectively. 

 This limited x-I correlation time (~1.2 s) indicates that in addition to the wheel-rolling mode, 
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other modes such as hopping or pivoted motion, may co-exist, leading to the loss of directionality 

in the longer time scale. Thus, the nanocars gives a picture of the mixed diffusion modes on glass 

surface at ambient conditions. Since the large size of the nanocar molecules, it is speculated that 

hopping is less likely as compared to pivoted motion.  

4.4.7. Diffusion modes of car-like molecules 

  From the linear movement time τL, we can estimate the activation energy for the nanocar 

molecule to partially leaving the surface and perform a pivoted motion. The rate constant k for the 

molecule to change direction, which is the inverse of the nanocar linear movement time τL, can be 

formulated according to the simple collision theory:181  

/aE RT
k e 
                                          (4.6) 

where v is the characteristic frequency that the molecule in whole vibrates with respect to the 

surface (external vibration) due to thermal activity: 

   2 /Fv k m                (4.7) 

where kF is the force constant and m is the mass of the attached molecule; Ea is the activation 

energy for the molecule to leave or partially leave the surface to achieve pivoted motion. The linear 

movement time τL is 1.2 s, leading to a desorption rate constant of k of 0.83 s-1. The characteristic 

frequency of external vibrations for adsorbed molecule is proportional to the square root of the 

force constant and the inverse of the square root of the molecular mass (Equation 3.7). While there 

is deficiency in the literature of these numbers such as the characteristic frequency or the force 

constant, we can do a rough estimation using the characteristic vibration wavenumber of methane 

on graphene surface ( v% = 73.5 cm-1, or v = 2.2 × 1012 s-1).182 The molecular mass of nanocar-1 is 

~1600 g/mol (~100 times that of methane), giving an external vibrational frequency v of the 

nanocar of ~2.2 × 1011 s-1. Putting these numbers into Equations 3.6 and 3.7, we obtain Ea to be 
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~65 kJ/mol (26 RT). This value is smaller than the covalent bond energy (~400 kJ/mol) but larger 

than the thermal energy (3.7 kJ/mol); it explains why the particle changing direction is relatively 

rare.   

  For USN-3 molecules, a similarly large diffusion coefficient as nanocars was also 

observed. It can be understood that the USN-3 molecular body is not as rigid as the nanocars. 

There are many single bonds so that molecular parts can move freely, leading to the desorption of 

a portion of the molecule. Since the molecular mass of the portions of the molecule is much smaller, 

a higher partial desorption rate is expected, leading to a “crawling” mode diffusion of USN-3 

molecules on surface. The crawling mode diffusion also explains the random diffusion 

(uncorrelated x-I) of USN-3 molecules.   

4.4.8. Measuring diffusion coefficient for the quasi-random 2D diffusion molecules 

  We have shown that the line-scan imaging discloses the high tendency for nanocars to 

linearly diffuse in a short time period. The linear movement time (~1.2 s) of the nanocars is shorter 

than the frame time in conventional 2D imaging. Thus, the nanocars appear to diffuse randomly 

but their diffusion belongs to the quasi-random 2D diffusion as we defined earlier. How will the 

linear motion impact on the diffusion coefficient DApp measurement using line scanning method? 
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  Figure 4.6. Diffusion coefficient distribution of nanocar-1 and nanocar-2 molecules. (A, 

B) Nanocar-1. (C, D) nanocar-2. (A, C) D acquired using the 2D area scanning method. (B, D) 

Line scanning method. 

 To find it out, we again did a series of simulations to estimate the systematic error 

(Supplementary Information 2.2). The results show that for the quasi-random 2D diffusion cases, 

Dx acquired from the line scanning method is consistent with the Dxy acquired using the 2D imaging 

method when the total observation time is much larger than the linear movement time.  

 Finally, to further prove the line-scanning method can correctly estimate diffusion 

coefficient for the quasi-random diffusion mode, we used both area scanning and line scanning 

methods to recover diffusion coefficients of nanocar-1 and nanocar-2 molecules. The diffusion 

coefficient distributions are showed in Figure 4.6. For nanocar-l, the recovered D’s were 9.8 ± 3.0 

× 10-16 m2/s and 9.9 ± 3.5 × 10-16 m2/s for area scanning (Dxy) and line scanning (Dx), respectively. 

For nanocar-2, the recovered D’s were 9.5 ± 3.0 × 10-16 m2/s and 10.3 ± 3.5 × 10-16 m2/s for area 
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scanning (Dxy) and line scanning(Dx), respectively. Both these two molecules showed consistent 

Dxy and Dx for different imaging methods. This demonstrates that the line-scanning method can 

accurately recover DApp’s of molecules diffusing with quasi-random 2D mode. 

4.5.  Conclusions 

  To summarize, we developed a line-scan imaging method to improve the time resolution 

of tracking single nanocar molecule diffusion on air-glass surface. This fast imaging technique 

disclosed that the 4-wheeled nanocars diffuse on glass surface with a quasi-random 2D diffusion 

mode. That is, they have a high tendency to keep a linear diffusion trajectory, which is consistent 

with the wheel-rolling mode motion of the nanocar molecules. The nanocar molecules may lose 

the directionality over time, indicating that other modes, e.g., pivoted motion, may also contribute 

to the thermal diffusion at room temperature. The characteristic linear movement time for both 

nanocar molecules used in this study is ~1.2 s, from which the activation energy for pivoted motion 

was estimated to be 65 kJ/mol. Finally, we showed that using the line-scanning imaging, the 

diffusion coefficient of molecules diffusing in quasi-random 2D mode can be accurately estimated. 

Actuation of the motor in nanocar-1 is currently being studied to see if indeed actuation can 

increase the D value over that obtained here.    
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4.6.  Associated contents 

4.6.1. Support figures 

 

  Figure S4.1. Home-built confocal fluorescence imaging microscope. 

 

  Figure S4.2. An example of the line-scan imaging of two nanocar-2 molecules. Molecule 

a is immobilized while Molecule b is moving. The line-scan image discloses that Molecule b’s 

displacement vector has a non-zero x-component.  
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  Figure S4.3. Diffusion coefficient determination for simulated quasi-random diffusion in 

which the nanocar molecule diffuses linearly but will change direction in an average of 5 steps. (A 

and B) Diffusion coefficient recovery using 2D imaging with a frame time of 1 min. (A) MSD plot. 

(B) Histogram. (C and D) Diffusion coefficient recovery using 1D line-scanning method with a 

line time of 0.236 s. (C) MSD plot. (D) Histogram. 

4.6.2. Theory and simulation 

4.6.2.1. Simulation of the diffusion trajectories in different diffusion modes  

  We did a series of simulations of the nanocar trajectories to test (1) whether the fluctuation 

cross correlation function (CCF) can differentiate different diffusion modes; and (2) whether the 

line-scan imaging method can recover their apparent diffusion coefficient.  

 Three diffusional modes were studied: (1) linear diffusion in which the nanocar molecule 

randomly traverses along a straight line following the 1D random walk model; the orientation of 

the line was randomly assumed for each simulated trajectory. (2) Quasi-random 2D diffusion in 

which the molecule diffuses linearly but changes moving direction randomly after a few steps. 
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This diffusion mode displays linear diffusion characteristic at a short time scale (a few frames) but 

appears as a 2D random diffusion at a longer time scale (t >> imaging time interval). (3) Random 

2D diffusion in which the molecule follows the 2D random walk model.  

 In the simulation, the apparent 2D diffusion coefficient D was assumed to be 10.0 × 10-16 

m2/s because the measured 2D diffusion coefficients for both adamantane-wheeled nanocars are 

close to this value. The apparent diffusion coefficient D is defined as the Dxy measured using 2D 

imaging method with a time interval >> the characteristic linear movement time τL using the 

Einstein equation:   

2 2L nDt 
      

         (S4.1) 

where <L2> is the mean squared displacement (MSD), n is the number of the dimensions (n = 2 

for 2D diffusion); D is the apparent diffusion coefficient; and t is the time. The time interval for 

each new step was 0.236 s to match the experimental conditions.  

  (1) In linear diffusion case, it requires that the 1D diffusion coefficient Dl for the nanocar 

diffusing on the linear trajectory to be 20.0 × 10-16 m2/s, which will give an apparent 2D diffusion 

coefficient of 10.0 × 10-16 m2/s because of the additional dimension introduced in the calculation 

using Equation S4.1. The steps were generated using a home-written Matlab program, which has 

a standard deviation following: 

2 2L lnD t                  (S4.2) 

where L is the step length in time interval t; n is the dimension (n = 1 for linear diffusion).  

  (2) In the quasi-random 2D diffusion case, the molecule is assumed to diffuse linearly 

with a diffusion coefficient Dl of 20.0 × 10-16 m2/s and n = 1. However, at the end of each step, 

there is a probability p that the molecule will change its direction. The angle change for the moving 

direction was assumed to be uniformly distributed between 0 and 2π. In the presented example, 
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the molecules have an average of 5 consecutive linear steps (p = 0.2) during diffusion. The 

apparent D, which is the Dxy measured using 2D imaging method with a long time interval, would 

be 10.0 × 10-16 m2/s. 

  (3) In the random 2D diffusion case, the 2D diffusion coefficient was assumed to be 10.0 

× 10-16 m2/s and the diffusion dimensionality n = 2. The angle change for the moving direction was 

assumed to be uniformly distributed between 0 and 2π. Note steps generated this way is equivalent 

to those assuming that the molecule is diffusing linearly with the time interval t (Dl = 20.0 × 10-16 

m2/s and n = 1) but randomly selecting a new direction after each step. In both case, the apparent 

D would be 10.0 × 10-16 m2/s. In each case, 1000 curves were simulated, each with 25000 steps. 

4.6.2.2. Diffusion coefficient measurements for quasi-random 2D diffusion in line-scan imaging 

  Because of the consecutive linear diffusion steps, the diffusion of the nanocars caused by 

thermal activity is no longer random 2D diffusion. In this manuscript, it is named quasi-random 

2D diffusion, which is characterized with short-term linear diffusion but appearing as random 2D 

diffusion at a longer time scale. How will the short time scale linear motion affect the diffusion 

coefficient measurement in both the 2D imaging method (Dxy) and the line scanning method Dx? 

To find it out, we again did a series of simulation to estimate the systematic error.   

  In the simulation, again, we assumed that the apparent diffusion coefficient is 20.0 × 10-

16 m2/s and the probability p = 0.2 that the molecule will change its direction after each step. The 

molecules will have an average of 5 consecutive linear steps during diffusion.  

  First, we tried to recover the apparent 2D diffusion coefficient Dxy assuming using a long 

acquisition time interval (1 min). This situation corresponds to the recovering of Dxy using 2D 

imaging method. The results show that the MSD recovered Dxy to be 10.1 ± 2.9 × 10-16 m2/s 

(Figures S4.3AB). Since the acquisition time interval is much longer than the average linear 
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movement time, the molecule diffusion will appear as a 2D random diffusion.    

  Then, we tried to recover the 1D diffusion coefficient Dx at a short acquisition time 

interval (t = 0.236 s) using the same trajectories. This situation corresponds to the recovering of 

the Dx using the line scanning method. A total 50 steps (>> consecutive linear steps) were used to 

calculate the MSD to approximate the experimental length of the trajectories. Figure S4.3C shows 

the MSD plots and 1000 simulated trajectories and the recovered Dx using the line scanning method 

(Figure S4.3D). The recovered D is 10.8 ± 9.4 × 10-16 m2/s, very similar to the apparent 2D 

diffusion coefficient Dxy.  

  Thus, the results show that for the quasi-random 2D diffusion cases, Dx acquired from the 

line scanning method is consistent with the Dxy acquired using the 2D imaging method when the 

total observation time is much longer than the characteristic linear movement time. 
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4.6.3. Synthetic methods 

  Scheme S4.1. Synthesis of nanocar-1 
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4.6.3.1. General Methods 

  1H NMR and 13C NMR spectra were recorded at 400, 500 or 600 and 100, 125 or 150 

MHz, respectively. Chemical shifts () are reported in ppm from TMS. FTIR spectra were recorded 

using a FT-IR Infrared Microscope with ATR objective with 2 cm-1 resolution. All glassware was 

oven-dried overnight prior to use. Reagent grade tetrahydrofuran (THF) was distilled from sodium 

benzophenoneketyl under N2 atmosphere. Triethylamine (NEt3), dichloromethane (CH2Cl2) and 

N,N-dimethylformamide (DMF) were distilled from calcium hydride (CaH2) under an N2 

atmosphere. The reactions were performed under N2 unless otherwise noted. All chemicals were 

purchased from commercial suppliers and used without further purification. Flash column 

chromatography was performed using 230-400 mesh silica gel from EM Science. Thin layer 

chromatography (TLC) was performed using glass plates pre-coated with silica gel 40 F254 0.25 

mm layer thickness. 
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4.6.3.2. Synthesis of Nanocar-1  

  An oven-dried 50 mL round-bottom flask equipped with a stir bar was charged with 

BODIPY acid 1240 (10.5 mg, 0.028 mmol), nanocar 11 (36.2 mg, 0.028 mmol), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide  hydrochloride (8.2 mg, 0.043 mmol) and DMAP (0.3 mg, 

0.0028 mmol) to which were added CH2Cl2 (1.0 mL). The mixture was stirred at ambient 

temperature for 17 h and concentrated under vacuum. The residue was purified by column 

chromatography (silica gel, CH2Cl2) to yield 1 as an orange solid (27.5 mg, 60%): 1H-NMR (600 

MHz,CDCl3) δ = 8.17-8.13 (m, 1H), 7.93 (d, J = 7.0 Hz, 1H), 7.76 (d, J = 8.0 Hz, 1H), 7.71-7.64 

(m, 2H), 7.61-7.54 (m, 4H), 7.44-7.39 (m, 2H), 7.37-7.32 (m, 2H), 7.25-7.12 (m, 5H), 6.87-6.82 

(m, 3H), 5.86 (s, 1H), 5.83 (s, 1H), 4.29-4.23 (m, 3H), 3.63 (dd, J1 = 15.4, J2 = 5.7 Hz, 1H), 2.64 

(d, J = 15.4 Hz, 1H), 2.60-2.56 (m, 2H), 2.56 (s, 3H), 2.54 (s, 3H), 1.71-2.00 (m, 60H), 1.32 (s, 

3H), 1.29 (s, 3H), 0.81 (d, J = 6.6 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ = 165.79, 165.75, 

155.12, 147.36, 146.18, 146.14, 142.08, 141.20, 141.17, 140.19, 140.12, 137.92, 137.87, 136.41, 

136.16, 135.88, 135.64, 135.30, 134.90, 134.80, 134.78, 134.66, 134.62, 134.36, 133.14, 133.06, 

133.03, 131.77, 131.47, 131.44, 131.36, 131.32, 131.28, 131.16, 131.15, 131.02, 130.88, 130.86, 

130.74, 130.71, 130.62, 130.25, 130.24, 129.58, 129.56, 129.33, 129.31, 129.19, 129.16, 128.69, 

128.14, 127.83, 127.80, 127.51, 127.47, 126.85, 126.83, 125.81, 125.57, 125.54, 125.43, 125.36, 

125.25, 125.12, 125.05, 124.97, 124.91, 124.77, 124.59, 124.44, 123.64, 123.62, 123.22, 122.92, 

121.87, 121.81, 121.67, 121.60, 121.16, 104.27, 104.09, 103.97, 103.88, 103.79, 103.62, 100.28, 

100.04, 93.92, 93.51, 92.67, 92.21, 90.99, 90.71, 88.85, 88.62, 88.18, 87.99, 80.02, 78.63, 78.61, 

78.26, 78.10, 77.64, 77.54, 77.50, 77.47, 63.39, 63.37, 42.94, 42.90, 42.78, 42.76, 42.73, 42.71, 

39.73, 37.94, 37.92, 36.42, 36.39, 36.35, 30.50, 30.36, 30.33, 30.32, 30.30, 30.18, 30.13, 29.71, 

28.01, 27.98, 27.96, 19.57, 19.47, 19.45, 14.62, 14.12, 14.10; ); H R - MS (MALDI) m/z calcd for 
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[M+Na]+ C115H105N2O2BF2Na 1649.7872, found 1649.7871. 

 

 

 

4.6.3.3. Synthesis of 2,5-Dibromo-4-(4-(tert-butyldimethylsilyloxy)but-1-ynyl)iodobenzene (5) 

  An oven-dried 25 mL round-bottom flask equipped with a stir bar was charged with 2,5-

dibromo-1,4-diiobenzene 4 (1.25 g, 2.60 mmol), Pd(PPh3)2Cl2 (42 mg, 0.06 mmol), and CuI (23 

mg, 0.12 mmol). THF (4 mL) and NEt3 (2 mL) were added, and the mixture was cooled to 0 °C. 

4-(tert-butyldimethylsilyloxy)-but-1-yne (0.41 mL, 2.0 mmol) was added at 0 °C. The 

reaction was stirred overnight while gradually warming up to rt. The resulting mixture 

was combined with saturated NH4Cl(aq) (20 mL) and partitioned between CH2Cl2 (30 

mL). The organic phase was dried over anhydrous MgSO4 and concentrated under vacuum. 

The crude compound was purified by column chromatography (silica gel; 4% to 7% CH2Cl2 

in hexanes) to afford the desired compound as a white solid (575 mg, 41%): m.p. 42–44 °C; 

FTIR 3080, 2950, 2928, 2882, 2856, 2236, 1470, 1444, 1424, 1384, 1326, 1252, 1216, 1100, 

1056, 1004 cm-1 (neat); 1H NMR (500 MHz, CDCl3) 8.02 (d, J = 0.2 Hz, 1H), 7.64 (d, J = 0.2 

Hz, 1H), 3.83 (t, J = 7.0 Hz, 2H), 2.66 (t, J = 7.0 Hz, 2H), 0.91 (s, 9H), 0.09 (s, 6H); 1 3 C NMR 

(125 MHz, CDCl3) 142.43 (CH), 136.00 (CH), 128.11, 127.30, 124.12, 100.54, 95.04, 78.61, 

61.46 (CH2), 25.87 (CH3), 24.05 (CH2), 18.32, −5.26 (CH3); MS (MALDI)  m/z  calcd  for 

[M+Na]+ 
C16H21Br2IOSiNa 564.9, found 565.2. 
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4.6.3.4. Synthesis of Nanocar precursor 8  

  An oven dried 10 mL Schlenk-tube equipped with a stir bar was charged with motor 639 

(138 mg, 0.330 mmol), iodoaxle 72 6  (338 mg, 0.650 mmol), the iodobenzene 5 (177 mg, 0.330 

mmol), Pd(PPh3)4 (30 mg, 0.026 mmol), and CuI (10 mg, 0.052 mmol). NEt3 (0.8 mL) and THF 

(2.5 mL) were added, and the mixture was stirred at 60 °C for 16 h. After cooling to rt, the 

mixture was partitioned between saturated NH4Cl(aq) (20 mL) and CH2Cl2 (30 mL). The organic 

phase was washed with water (30 mL), dried over anhydrous MgSO4, filtered, and the filtrate 

was concentrated under vacuum. The crude product was purified by column chromatography 

(silica gel, 20% to 30% CH2Cl2 in hexanes) to yield 8 as a yellow solid (155 mg, 39%): FTIR 

(neat) 2902, 2850, 2222, 1476, 1450, 1386, 1356, 1318, 1250, 1100, 1068 cm-1; 1H NMR (500 

MHz, CDCl3) 7.98 (d, J = 1.7 Hz, 0.5H), 7.92 (d, J = 1.6 Hz, 0.5H), 7.79–7.75 (m, 1.5H), 

7.79–7.69 (m, 1H), 7.67 (br s, 0.5H), 7.61–7.57 (m, 1H), 7.59 (dd, J1 = 1.7 Hz, J2 = 0.5 Hz, 0.5 

H), 7.57 (d, J = 0.3 Hz, 0.5H), 7.56 (d, J = 0.3 Hz, 0.5H), 7.53 (br s, 0.5H), 7.46–7.40 (m, 2.5H), 

7.34 (dd, J1 = 8.1 Hz, J2 = 0.5 Hz, 0.5H), 7.27–7.24 (m, 1H), 7.22 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 

0.5H), 7.22–7.16 (m, 1H), 7.19 (dd, J1 = 8.0 Hz, J2 = 0.5 Hz, 0.5H), 7.18 (dd, J1 = 8.0 Hz, J2 = 
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1.8 Hz, 0.5H), 7.13 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 0.5H), 6.88 (dd, J1  = 1.8 Hz, J2  = 0.4 Hz, 

0.5H),  6.88–6.82 (m, 2.5H), 4.30 (qd, J1  = Hz, J2  = Hz, 0.5H), 4.24 (qd, J1 = Hz, J2 = Hz, 

0.5H), 3.85 (t, J = 7.0 Hz, 1H), 3.82 (t, J = 7.1 Hz, 1H), 3.67 (dd, J1  = 15.5 Hz, J2  = 6.2 Hz, 

0.5H), 3.65 (dd, J1  = 15.6 Hz, J2  = 6.2 Hz, 0.5H), 2.71 (t, J = 7.1 Hz, 1H), 2.67 (t, J = 7.0 Hz, 

1H), 2.664 (d, J = 15.6 Hz, 0.5H), 2.657 (d, J = 15.5 Hz, 0.5H), 2.02–1.90 (m, 15H), 1.84–1.80 

(m, 3H), 1.76–1.64 (m, 12H), 0.92 (s, 4.5H), 0.90 (s, 4.5H), 0.84 (d, J = 6.9 Hz, 1.5H), 0.82 (d, 

J = 6.9 Hz, 1.5H), 0.11 (s, 3H), 0.09 (s, 3H); 1 3 C NMR (125 MHz, CDCl3) 147.64, 146,58, 

146.17, 146.09, 139.98, 139.94, 137.96, 137.53, 137.28, 136.60, 136.37 (CH), 136.09 (CH), 

135.96, 135.89 (CH), 135.49 (CH), 135.44, 134.72 (CH), 134.56 (CH), 134.47, 134.28, 133.16, 

133.12, 131.88 (CH), 131.75 (CH), 131.53 (CH), 131.31 (CH), 131.04 (CH), 131.01 (CH), 130.84 

(CH), 130.79  (CH),  130.64  (CH),  130.58 (CH),  129.60  (CH),  129.24  (CH),  129.23  

(CH), 129.18 (CH), 128.65, 128.16 (CH), 128.09 (CH), 127.90 (CH), 127.81 (CH), 127.52 

(CH), 127.46 (CH), 126.95, 126.58, 126.55, 126.46, 125.85, 125.82, 125.80 (CH), 125.78 (CH), 

125.56, 125.39, 125.38, 125.08, 124.97 (CH), 124.96 (CH), 124.91 (CH), 124.47 (CH), 124.46 

(CH), 123.78, 123.69 (CH), 123.65, 123.62 (CH), 123.58, 123.34, 123.21, 122.91, 121.89, 

121.86, 120.61, 120.50, 104.06, 103.76, 100.28, 100.04, 96.12, 95.67, 95.64, 95.31, 92.65, 

92.18, 88.91, 88.20, 87.49, 86.75, 79.17, 79.13, 78.61, 78.59, 78.27, 78.08; 61.55 (CH2), 61.54 

(CH2), 42.94 (CH2), 42.75 (CH2), 42.74 (CH2), 42.74 (CH2), 39.72 (CH2), 39.71 (CH2), 37.88, 

37.83, 36.41(CH2), 36.350 (CH2), 36.346 (CH2), 36.30 (CH2), 30.49, 30.29, 30.16, 30.11, 27.99 

(CH), 27.97 (CH), 27.96 (CH), 27.95 (CH), 25.89 (CH), 25.88 (CH), 24.13 (CH2), 24.08 

(CH2), 19.63 (CH3), 19.59 (CH3), 18.34, 18.32, –5.24 (CH3), –5.26 (CH3); MS (MALDI) m/z 

calcd for [M+H]+ C77H73Br2OSSi 1231.4, found 1231.1. 
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4.6.3.5. Synthesis of Nanocar 10  

  An oven dried 10 mL Schlenk-tube equipped with a stir bar was charged with nanocar 

precursor 8 (123 mg, 0.100 mmol), 1-ethynyladamantane (9)17 (64 mg, 0.40 mmol), 

Pd(PhCN)2Cl2 (3.8 mg, 0.010 mmol), CuI (3.8 mg, 0.020 mmol), and HPt- Bu3BF4  (5.9 mg, 

0.020 mmol). NEt3 (1 mL) was added, and the mixture was stirred at 45 °C for 16 h. After 

cooling to rt, the mixture was partitioned between saturated NH4Cl(aq) (20 mL) and CH2Cl2 (30 

mL). The organic phase was washed with water (30 mL), dried over anhydrous MgSO4, 

filtered, and the filtrate was concentrated under vacuum. The crude product was purified by 

column chromatography (silica gel, 20% to 30% CH2Cl2 in hexanes) to yield 10 as a yellow solid 

(128 mg, 92%): FTIR (neat) 2902, 2850, 2222, 1592, 1488, 1450, 1318, 1100 cm-1; 1H NMR (500 

MHz, CDCl3) δ = 7.94 (d, J = 1.7 Hz, 0.5H), 7.92 (d, J = 1.6 Hz, 0.5H), 7.79–7.75 (d, J = 8.2 

Hz, 1H, two sets of signals overlapping, the J value was measured as it appeared), 7.73–7.69 (d, 

J = 8.3 Hz, 1H, two sets of signals overlapping, the J value was measured as it appeared), 7.60–

7.55 (m, 2H), 7.58 (dd, J1 = 1.7 Hz, J2 = 0.6 Hz, 0.5H), 7.56 (d, J = 0.5 Hz, 0.5H), 7.46 (d, J = 

0.5 Hz, 0.5H), 7.44 (s, 0.5H), 7.43 (s, 0.5H), 7.42 (dd, J1  = 7.9 Hz, J2  = 1.8 Hz, 0.5H), 7.40 
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(dd, J1 = 7.8 Hz, J2 = 1.7 Hz, 0.5H), 7.34 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 0.5H), 7.31 (d, J = 0.4 

Hz, 0.5H), 7.25 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 0.5H), 7.24 (dd, J1 = 1.7 Hz, J2 = 0.6 Hz, 0.5H), 

7.217 (dd, J1 = 7.9 Hz, J2  = 1.7 Hz, 0.5H), 7.215 (d, J = 0.5 Hz, 0.5H), 7.21–7.16 (m, 1H), 

7.20 (dd, J1 = 7.9 Hz, J2 = 1.8 Hz, 0.5H), 7.19 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 0.5H), 7.13 (dd, J1 

= 8.0 Hz, J2 = 1.7 Hz, 0.5H), 6.88-6.81 (m, 3H), 4.32-4.22 (m, 1H), 3.88–3.79 (m, 2H), 3.67–3.60 

(dd, J1 = 15.5 Hz, J2 = 6.2 Hz, 1H, two sets of signals overlapping, the J value was measured as 

it appeared), 2.72–2.63 (m, 3H), 2.05–1.89 (m, 30H), 1.86–1.81 (m, 6H), 1.77–1.66 (m, 24H), 

0.92 (s, 4.5H), 0.90 (s, 4.5H), 0.81 (d, J = 6.7 Hz, 3H, two sets of signals overlapping, the J 

value was measured as it appeared), 0.10 (s, 3H), 0.08 (s, 3H); 1 3 C NMR (125 MHz, CDCl3) 

δ = 147.33 (overlapping of two signals), 146.15, 146.13, 140.16, 140.11, 137.89, 137.85, 136.33, 

136.15, 135.81, 135.63, 135.11 (CH), 134.79 (overlapping of two signals, both CH carbons), 

134.72 (CH), 134.65 (CH), 134.64 (CH), 134.34, 134.34, 133.12 (overlapping of two signals, 

both quaternary carbons), 131.75 (CH), 131.45 (CH), 131.41 (CH), 131.34 (CH), 131.01 (CH), 

130.87 (CH), 130.85 (CH), 130.72 overlapping of two signals, both CH carbons), 130.61 (CH), 

129.54 (CH), 129.52 (CH), 129.17 (CH), 129.13 (CH), 128.665, 128.660, 128.14 (CH), 128.13 

(CH), 127.81 (CH), 127.79 (CH), 127.49 (CH), 127.47 (CH), 126.822, 126.817, 125.80 (CH), 

125.78 (CH), 125.64, 125.56, 125.42, 125.36, 125.33, 125.23, 125.15, 125.08, 125.02, 124.89 

(overlapping of two signals, both CH signals), 124.85, 124.54, 124.43 (overlapping of two 

signals, both CH carbons), 124.38, 123.62 (overlapping of two signals, both CH carbons), 

123.19, 122.89, 121.83, 121.77, 121.69, 121.63, 104.16, 104.08, 103.86, 103.78, 103.75, 103.49, 

100.26, 100.02, 93.82, 93.40, 92.67, 92.22, 92.21, 91.94, 88.82, 88.66, 88.15, 88.02, 80.00, 79.77, 

78.61, 78.58, 78.24, 78.07, 77.67, 77.66, 77.62, 77.50, 62.08 (CH2), 62.06 (CH2), 42.91 (CH2), 

42.86 (CH2), 42.80 (CH2), 42.78 (CH2), 42.76 (CH2), 42.75 (CH2), 42.73 (CH2), 42.70 (CH2), 
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39.71 (CH2), 37.91 (CH), 36.39 (CH2), 36.38 (CH2), 36.35 (overlapping of four signals, all 

CH2 carbons), 36.32 (CH2), 36.31 (CH2), 30.48, 30.46, 30.38, 30.32, 30.31, 30.29, 30.16, 30.10, 

27.99 (CH), 27.96 (overlapping of three signals, all CH carbons), 27.96 (CH), 27.95 (overlapping 

of two signals, both CH carbons), 27.94 (CH), 25.91 (CH3), 25.90 (CH3), 24.06 (CH2), 24.02 

(CH2), 19.56 (CH3), 18.36, 18.34, −5.27 (CH3), −5.29 (CH3); MS (MALDI) m/z calcd for [M]+ 

C101H102OSSi 1390.7, found 1390.7. 

 

 

4.6.3.6. Synthesis of Nanocar 11 

  To an oven-dried 10 mL round-bottom flask charged with nanocar 10 (98 mg, 0.070 

mmol) was added TBAF (0.08 mL, 1 M solution in THF) and THF (5 mL). The reaction was 

stirred for 1 h at room temperature. The mixture was partitioned between water (30 mL) and 

CH2Cl2 (25 mL). The organic layer was dried over MgSO4, concentrated, and purified by column 

chromatography (silica gel, 50% CH2Cl2 in hexanes) to afford desired compound 11 as a pale 

yellow solid (67 mg, 74%): FTIR (neat) 3548, 2902, 2850, 2222, 1450, 1316, 1052 cm-1; 1H 

NMR (500 MHz, CDCl3) δ = 7.94 (d, J = 1.6 Hz, 0.5H), 7.93 (d,  J = 1.7  Hz, 0.5H), 7.77 
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(d,  J = 8.3 Hz, 1H, overlapping of two sets of signals, the J value was measured as it appeared), 

7.71 (d, J =  8.2 Hz, 1H, overlapping of two sets of signals, the J value was measured as it 

appeared), 7.61–7.55 (m, 3H), 7.48 (br s, 0.5H), 7.45–7.42 (m, 1H), 7.42 (dd, J1 = 8.1 Hz, J2 = 

1.7 Hz, 0.5H), 7.41 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 0.5H), 7.36-7.32 (m, 1H), 7.26 (dd, J1 = 8.0 Hz, 

J2 = 1.7 Hz, 0.5H), 7.24–7.23 (m, 1H), 7.23–7.17 (m, 2.5H), 7.13 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 

0.5H), 6.88–6.82 (m, 3H), 4.32–4.24 (m, 1H), 3.88–3.76 (m, 2H), 3.64 (dd, J1 = 15.5 Hz, J2 = 6.1 

Hz, 1H, overlapping of two sets of signals, the J value was measured as it appeared), 2.75 (t, J = 

6.1 Hz, 1H), 2.67 (t, J = 6.1 Hz, 1H), 2.66 (d, J = 15.5 Hz, 1H, overlapping of two sets of signals, 

the J value was measured as it appeared), 2.05–1.80 (m, 36H), 1.77–1.65 (m, 24H), 0.82 (d, J = 

6.8 Hz, 3H, overlapping of two sets of signals, the J value was measured as it appeared); 13C NMR 

(125 MHz, CDCl3) δ = 147.35, 147.34, 146.17, 146.13, 140.17, 140.10, 137.90, 137.84, 136.41, 

136.13, 135.90, 135.62, 135.12 (CH), 135.07 (CH), 134.93 (CH), 134.79 (CH), 134.71 (CH), 

134.65 (CH), 134.330, 134.329, 133.12 (overlapping of two signals, both quaternary carbons), 

131.76 (CH), 131.44  (CH),  131.42  (CH),  131.35  (CH),  131.02  (CH),  130.87  (CH),  

130.86  (CH), 130.74  (CH),  130.72  (CH),  130.62  (CH),  129.55  (CH),  129.53  (CH),  

129.18  (CH), 128.15 (CH), 128.66 (overlapping of two signals, both quaternary carbons), 128.13 

(overlapping of two signals, both CH carbons), 127.83 (CH), 127.80 (CH), 127.51 (CH), 127.47 

(CH), 126.82, 126.80, 125.79 (overlapping of two signals, both CH carbons), 125.55, 125.42, 

125.41, 125.33, 125.26, 125.14, 125.02, 125.00, 124.96, 124.90 (overlapping of two signals, 

both CH carbons), 124.83, 124.67, 124.57, 124.44 (overlapping of two peaks, both CH carbons), 

123.63 (CH), 123.61 (CH), 123.19, 122.90, 121.84, 121.78, 121.61, 121.56, 104.34, 104.08, 

104.04, 104.01, 103.78, 103.75, 100.27, 100.03, 94.00, 93.58, 92.66, 92.20, 91.79, 91.50, 88.83, 

88.56, 88.16, 87.93, 81.117, 81.111, 78.61, 78.58, 78.24, 78.07, 77.74, 77.70, 77.60, 77.42, 60.97 
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(CH2), 60.94 (CH2), 42.91 (CH2), 42.85 (CH2), 42.76 (CH2), 42.75 (CH2), 42.731 (CH2), 42.725 

(CH2), 42.70 (CH2), 42.69 (CH2), 39.71 (CH2), 37.92 (CH), 37.90 (CH), 36.40 (CH2), 36.37 

(CH2), 36.35 (CH2), 36.34 (CH2), 36.32 (overlapping of two signals, both CH2 carbons), 36.32 

(CH2), 36.30 (CH2), 30.48, 30.47, 30.42, 30.36, 30.31, 30.30, 30.16, 30.10, 27.99 (CH), 27.962 

(CH), 27.957 (CH), 27.955 (CH), 27.953 (CH), 27.946 (CH), 27.936 (CH), 27.93 (CH), 24.17 

(CH2), 24.14 (CH2), 19.57 (overlapping of two signals, both CH3 carbons); MS (MALDI) m/z 

calcd for [M+Na]+ C95H88OSNa 1299.7, found 1299.5. 
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4.6.3.7. 1H and 13C NMR spectra of precursor 5 
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4.6.3.8. 1H and 13C NMR spectra of precursor 8 
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4.6.3.9. 1H and 13C NMR spectra of precursor 10 
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4.6.3.9. 1H and 13C NMR spectra of precursor 11 
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5.1.  Abstract  

  It has recently been shown that at room temperature, four-adamantane-wheeled nanocars 

diffuse with a linear trajectory at air-glass interface with a characteristic linear movement time of 

1.2 s, or a linear distance of ~50 nm. In this study, it is shown that under 450 mWcm-2 UV light 

irradiation, Feringa motor-equipped nanocars diffuse twice faster at air-glass interface. A motor 

rotation-induced paddling of the nanocar is proposed to explain the enhanced diffusion. Studies on 

different surfaces show that nanocars move by 1.5 ± 0.2 nm upon each effective motor actuation. 

More importantly, the tendency of nanocars diffusing on a linear trajectory is not significantly 

impacted by the UV actuation. This study shows that nanocars bearing a Feringa motor can be 

actuated in a controlled manner using light, which establishes a significant step toward “driving” 

these nano-vehicles in the microscopic world.  

5.2.  Introduction 

  Driven by the increasing need for miniaturized machinery in many fields ranging from 

nanotechnology to biomedicines, researchers manufactured a variety of “molecular machines” 

inspired by their macroscopic counterparts such as motors,21,142-145 switches,146 turnstiles,147 

barrows,148,149 shuttles,150,151 and nanovehicles,18 etc. Among them are a type of nanomachines, 

namely nanocars,79 which consist of a chassis, axles, and wheels. They were first proposed and 
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synthesized to explore the limit of how far mechanistic analogies can go using a bottom-up 

approach in nanotechnology. Later, it was demonstrated that this design provides an excellent 

starting point for the exploration of controlling the motions of these molecular machines. It is 

envisioned that eventually they can serve the same role as their counterparts do in the macroscopic 

world: transporting cargoes across an engineered surface at ambient conditions.  

 To achieve this goal, several generations of nanocars have been developed. The earliest 

models include nanocars that did not have a power system. Under a scanning tunneling microscope 

(STM), some of these nanocars were found to be able to thermally diffuse, or to be passively 

pulled/pushed by the field gradient of an STM tip79,125,154 on atomically flat metal surfaces. It was 

found that these nanocars mainly diffuse along a linear trajectory through a wheel-rolling mode 

movement.79 At an air-glass interface under ambient conditions, the mobility of fluorescently 

labeled nanocars was highly dependent on the molecule-surface interactions, with some of them 

being able to diffuse at room temperature with a diffusion coefficient (D) at 10-16~10-15 m2s-

1.158,159,164,169 To minimize the wheel-surface interactions and facilitate the nanocar movement, 

their wheels were upgraded from C60
79 and carborane158 to adamantane,159 which permitted the 

most facile movement.164,169 It was found that for 4-wheeled nanocars, both wheel-rolling and 

pivoted motion/hopping, contribute to their thermal diffusion at air-glass interface.169 This leads 

to a quasi-random 2D diffusion mode of the nanocars, i.e., they diffuse on a linear trajectory for a 

short period of time (~1.2 s) but lose the directionality and appear to diffuse randomly in the 2D 

plane at a longer time scale (minutes).169  

  In order to “drive” the nanocars with a controlled manner using external energy, light-

driven motors were incorporated into each car body in hope that the nanocars couldbe actuated by 

light. Here, a “light-driven motor” refers to a molecule or a molecular part that can assimilate 
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photonic energy and convert it into kinetic energy carried by translational or rotational motions. 

The most successful motor so far is reported by Feringa’s group, which has a rotor that produces 

360° unidirectional rotation with respect to a stator upon UV light illumination.21,80,183,184 It has 

been proven to be a powerful tool at the nano- to the micro-scale.29,83,152  

 The first nanocar equipped with a light-driven motor was developed in 2006.18 It was 

proposed that this nanocar would be propelled by the rotation of the motor; meanwhile, linear 

motion would be maintained because the wheels dictate the moving direction of the nanocar 

molecule. The rotational properties of the motor were found to be unaffected in the solution after 

being incorporated into the nanocar.18 However, its light-actuated movement has not been observed 

yet. In 2011, Feringa’s group presented a different version of nanocars with a flat chassis and four 

motors serving as the wheels. It was shown that these nanocars can be driven to move with a linear 

trajectory by an electric voltage, which actuates the rotation of the motors and propels the entire 

nanocar.126 More recently, Saywell et al. demonstrated a two-wheeled “nanoroadster” equipped 

with a Feringa motor. Upon light irradiation, the roadster showed enhanced diffusion by STM on 

a Cu(111) surface, possibly through the motor rotation-induced “skipping” of the molecule on the 

surface. The movement direction so far appears to be random on the surface, possibly because of 

the small size of, and limited number of wheels on the vehicle, which are insufficient in defining 

the vehicle moving direction in the absence or presence of external stimulus. While both of above 

works were at ultra-low temperature and ultralow vacuum, they show that it is promising to use 

light as the energy source to move individual molecules in a controlled manner through mechanical 

action on a solid surface.171  

 In this study, we investigated the movement of a motorized nanocar with four adamantane 

wheels (nanocar-1, Scheme 5.1) at air-glass interface under UV light irradiation under ambient 
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conditions. This nanocar is equipped with one BODIPY dye so that it can be observed using a 

confocal single molecule fluorescence microscope (Figure S5.1).164,169 The nanocar has four 

adamantane wheels in hope that they have the stability to keep a linear diffusion trajectory during 

its thermal diffusion and actuated motion. A control molecule (nanocar-2) with four adamantane 

wheels and two BODIPY dyes for tracking, but no motor, was also studied. In addition, a BODIPY-

affixed, non-wheel-bearing control molecule (control-3), which has been shown to be able to 

thermally diffuse on glass surface, was used as a motorized control molecule. 

 

 

  Scheme 5.1. Molecules used in this study. 

5.3.  Experimental section 

5.3.1. Synthesis of the samples  

  The synthesis and characterization of nanocar-1,123 nanocar-2,86 and control-3155 have 

been reported previously. The purity of these products was estimated to be >99%. The compounds 
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were stocked in N2-filled containers at 4 ºC. Before experiments, fresh stock solutions were made 

and used in ~2 weeks. These measures were taken to guarantee that the compounds did not 

deteriorate (oxidize, photobleach, or decompose) before experiments.123  

5.3.2.  Glass substrate preparation and characterization 

  High quality coverglasses from Corning were selected as the substrates. The coverglasses 

were sonicated in soap water (1% Contrex AL detergent solution), DI water, and then ethanol for 

20 min each. The coverglasses were then boiled in 30% hydrogen peroxide solution for 20 min, 

rinsed with DI water, and dried with nitrogen flow. According to earlier reports, Corning 

coverglass treated in a similar way has a root-mean squared roughness of ~0.17 nm characterized 

with high resolution atomic force microscopy.172 This roughness is much smaller than the size of 

the adamantane wheels in nanocar-1 and nanocar-2. 

 The synthesized nanocar/control molecules were dissolved in acetonitrile or chloroform 

as the stock solution (~ 50 µM) and used in ~2 weeks. Before the surface diffusion experiments, 

10.0 µL of a freshly diluted solution in acetonitrile or chloroform (0.4~4 nM) were drop-casted 

onto a pre-cleaned coverglass. The solution would spread out and dried quickly. The sample slide 

was then thoroughly dried in nitrogen flow for ~ 1 min.  

 The relative humidity of the building was maintained by first cooling the ventilated air to 

12 °C and then heating it back to 25 °C. The measured relative humidity was 37 ± 3% during these 

experiments.164 

5.3.3. Confocal fluorescence imaging and data analysis 

  Figure S5.1 shows the schematic of the home-built confocal fluorescence microscope 

with wide field UV irradiation at 365 nm.83,164,170 514-nm laser line from an air-cooled Ar ion laser 

(35-LAP-431-240, CVI/Melles Griot) was used as the excitation source. The laser beam was first 
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circularly polarized using a quarter-wave plate (QWP, CVI/Melles Griot, ACWP-400-700-06-4) 

and then expanded to overfill the back aperture of the microscope objective (Nikon, Plan Apo, 100 

× /1.40–0.7, Oil). The fluorescence signal was collected using the same objective. The signal was 

filtered optically through a 550 nm dichroic long pass filter and a band pass filter (600 ± 30 nm). 

The signal was then detected by an avalanche photodiode (Perkin Elmer, SPCM-AQRH-15-FC) 

and counted with a computer board.  

 For the UV light actuation experiments, a gallium indium nitride UV LED was used. The 

LED emission was optically filtered using a 350 ± 25 nm optical filter and then focused by a 

microscope condenser from the opposite side of the microscope objective. The output of the LED 

(after filtration) was measured with a power meter (26 mW) and the irradiation area was measured 

with a ruler (2.7 mm). The low power was achieved by slightly defocusing the LED beam (3.8 

mm).      

 Sample scanning in all XYZ directions was achieved by a piezo-stage (PI Nano, Physik 

Instrumente, P-545, 1 nm precision) mounted on a manual XY translational stage. A home-written 

macro program was used to synchronize the stage and the detector/counter. A home-written NIH 

ImageJ plugin program was used to convert linear data to 2D images. ACF and CCF data analysis 

was done using home-written Matlab programs. The mechanical stability of the imaging system 

was checked every experimental day using the reported procedures by imaging immobilized 

molecules.123,185   

5.4.  Results and discussions 

5.4.1. Single molecule line-scan imaging  

To capture their quick movements, we used a newly developed line-scan imaging method.123 

Briefly, nanocar or control molecules at a very low concentration (0.4 to 4.0 nM) in acetonitrile or 
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chloroform were drop-casted onto a coverglass and quickly dried, leaving nanocar or control 

molecules well separated on the surface. The coverglass was from Corning, which has low 

fluorescence background and low roughness (root-mean-square roughness ~ 0.17 nm).123 Then, 

the excitation laser beam focused to the diffraction limited spot was repeatedly scanned across a 

horizontal line on the surface, capturing 1 or 2 molecules in the beam pass. The scanning was 

repeated and the horizontal line images were then stacked along the vertical direction to form a 2D 

images, with the x-axis representing the x-position and the vertical axis representing the time t. In 

this study, the laser beam (36 µW) waist was ~300 nm. 200 points were collected along a 20-m 

line, giving a pixel size of 100 nm and an integration time of 1.0 ms for each pixel. The total line 

time was 0.236 s including the collection time and the time to reset the stage.  
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  Figure 5.1. Estimation of 1D diffusion coefficient of nanocars using line-scanning 

method. (A) Examples of the line-scan imaging of nanocar-1 molecules. Molecule a is 

immobilized while Molecules b and c are moving in the absence and the presence of UV light, 

respectively. (B) Recovered x-trajectory over time for Molecule b. The error bar is the standard 

deviation form NLLS fitting. (C) MSD of Molecule b. (D) Recovered x-trajectory for molecule c. 

(E) MSD of molecule c.  

  Figure 5.1A shows selected examples of the line-scan imaging in tracking nanocar-1 
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molecules. Molecule a is an immobilized molecule and its x-position does not change, giving a 

straight line-image over time. Molecule b is a diffusing molecule. The center of the molecule 

moved along the x-axis over time during image collection, giving a jagged line-image. Note this 

molecule also moved in the y-direction on glass surface. However, in line imaging, the accurate y-

position is sacrificed to gain temporal resolution. Still, y-position information is partially retained 

in the image intensity (I) and its y-movement can be extracted from the x-I cross correlation 

analysis.123 Molecule b eventually disappeared permanently in the images, possibly because it 

diffused out of the laser beam or was photobleached.  

  From the line image, we can accurately recover the x-position of the molecules at each 

line through non-linear least squares (NLLS) fitting (Figure 5.1B). The diffusion coefficient of the 

molecule in the x-direction Dx can be estimated using the Einstein equation: 

2 2x nDt                 (5.1) 

where <x2> is the mean squared displacement (MSD); n is the number of the dimensions (n = 1 

when the trajectory is observed only in one dimension); and t is the time interval. Figure 5.1C 

shows the MSD ~ t plot of Molecule b, which gives a Dx of 8.9 × 10-16 m2s-1. 

  In our previous study,123 we have shown that: (1) for random 2D diffusing molecules, Dx 

is equivalent to two-dimensional diffusion coefficient Dxy. (2) For nanocar molecules diffusing 

with a quasi-random 2D diffusion mode, line scan imaging can recover the characteristic linear 

diffusion time L from x-I cross correlation analysis, as well as the apparent 2D diffusion coefficient 

Dxy (which is equivalent to recovered Dx in line imaging method).123 

5.4.2. Actuated diffusion of motorized nanocar-1 under UV illumination  

  With this knowledge and a time resolution of ~0.2 s in tracking single nanocar molecules, 

we studied the effect of UV light (365 nm) irradiation on the diffusion of motorized nanocar-1 on 
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a glass surface at room temperature (for irradiation scheme, see Figure S5.1). In general, it can be 

identified that nanocar-1 molecules were diffusing faster under UV irradiation by showing a more 

jagged line image over time. For example, Molecule c in Figure 5.1A is a typical nanocar-1 

molecule under UV light (450 mWcm-2). Figures 5.1D and 5.1E show its recovered x-trajectory 

and MSD, respectively. This molecule gives a Dxy of 26.7× 10-16 m2s-1.  

 

  Figure 5.2.  Diffusion coefficient distributions for nanocar-1 in the presence and absence 

of UV light illumination. (A,B,C) are for motorized nanocar-1 molecules on fresh glass surface 

under no UV, low UV (220 mWcm-2), and high UV (450 mWcm-2) irradiation, respectively. (D,E,F) 

are nanocar-1 molecules on aged glass surface under no UV, low UV, and high UV illumination, 

respectively. 
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  To have a quantitative comparison, we determined nanocar-1 diffusion coefficients in the 

absence and the presence of the UV irradiation from ~60 molecules each on several (3~6) glass 

substrates. In the experiments, the UV power was set at the high level (450 mWcm-2) and the low 

level (220 mWcm-2) to avoid fast photobleaching while was still sufficient to observe the enhanced 

diffusion.  

  Figure 5.2A shows the histogram of the nanocar-1 molecule diffusion coefficients in the 

absence of the UV light on fresh glass surfaces. The diffusion coefficient from ~60 nanocars was 

9.9 ± 3.5 × 10-16 m2s-1 in this study, which is also consistent with earlier studies.123 In the presence 

of high UV irradiation (450 mWcm-2), the diffusion coefficient increased by a factor of ~2, to 20.1 

± 6.5 × 10-16 m2s-1 (Figure 5.2C and Table 5.1), corresponding to a 98% confidence level that the 

diffusion is enhanced. Under low UV (220 mWcm-2), the diffusion was also enhanced but to a 

lower degree at 12.6 ± 4.5 × 10-16 m2s-1, ~30% enhancement (Figure 5.2B). 

 

Table 5.1. Apparent diffusion coefficients of nanocar-1 under different conditions (mean ± 

standard deviation). 

 Fresh, 

No UV 

Fresh, 

Low UV 

Fresh, 

High UV 

Aged, 

No UV 

Aged, 

Low UV 

Aged, 

High UV 

D (×10-16 m2s-1) 9.9 ± 3.5 12.6 ± 4.5 20.1 ± 6.5 5.6 ± 1.8 8.7 ± 2.7 14.0 ± 3.9 

Fraction of 

moving 

molecules 

0.53 0.52 0.56 0.28 0.25 0.27 

 

  To have a better understanding of how nanocar diffusion was enhanced by UV light 

irradiation, the diffusion coefficient was also measured on aged glass surface (for 20 hours). It has 

been shown that the aged glass is more hydrophobic and more nanocar molecules are permanently 

immobilized on the surface.164 For the moving molecules, the diffusion slowed down significantly 
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to give a diffusion coefficient of 5.6 ± 1.8 × 10-16 m2s-1. Under UV irradiation, the diffusion 

coefficient for the moving molecules also increased, to 8.7 ± 2.7 × 10-16 m2s-1 for low UV and 14.0 

± 3.9 × 10-16 m2s-1 for high UV, respectively. Interestingly, the fraction of the moving molecule did 

not increase significantly (Table 5.1) after UV actuation, indicating that nanocar-surface 

interaction is very strong for the immobilized molecules, so much so that motor actuation does not 

provide sufficient energy to break them apart.  

5.4.3. Actuation of control molecules  

  To exclude the possibility that the heating effect of the UV light causes the molecules to 

diffuse faster, control experiments were done using the nanocar-2 molecules that do not have a 

motor (Figure 5.3AB). In the absence of UV, their diffusion coefficient from ~50 molecules was 

10.0 ± 3.2 × 10-16 m2s-1, which was very similar to that of unactuated nanocar-1 molecules. In the 

presence of high UV light irradiation, D was measured to be 10.3 ± 3.5 × 10-16 m2s-1. Thus, the 

observed enhancement in the diffusion is not caused by the UV light heating.  
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  Figure 5.3.  Diffusion coefficient distributions for control molecules nanocar-2 (no 

motor) and control-3 (non-wheeled) in the absence and presence of UV light irradiation, 

respectively. (A, B) are for nanocar-2 molecules under no UV and high UV irradiation, respectively. 

(C,D) are for control-3 molecules under no UV and high UV irradiation, respectively.  

  In another control experiment, non-wheeled control-3 molecules were tested. This 

molecule has been shown to be able to diffuse on glass surface, possibly through a mode involving 

the partial desorption of the molecule components.123 The diffusion coefficient of control-3 

molecules in the absence and the presence of UV light (high UV) were measured to be 8.4 ± 3.1 × 

10-16 m2s-1 and 8.9 ± 3.4 × 10-16 m2s-1, respectively (Figures 5.3CD). The difference is insignificant 

(confidence level << 95%). Thus, contrary to nanocar-1 molecules, the actuation of the motor in 

control-3 at current UV level has little effect on their diffusion.  
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5.4.4. Linear diffusion under UV light illumination  

  In previous studies, we also showed that nanocars diffuse with a quasi-random 2D 

diffusion mode through auto- and cross-correlation analysis173,176 of their x-trajectory and 

fluorescence intensity I. How do UV actuation affect their diffusion mode? To quantitatively study 

their characteristic linear movement time τL, here again, we analyzed the auto-correlation function 

(ACF) and the cross-correlation function (CCF) of their fluorescence intensity I and x-positions 

using:  
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In line imaging, if molecular diffusion is the only factor that causes the fluorescence signal change, 

the ACF will decay with a characteristic diffusion time τD of the nanocars, which is a measure of 

how fast the nanocars diffuse across the laser beam. For CCFs, their decay time (or, namely the 

characteristic correlation time) τC is affected by both how fast the molecules diffuse (measured 

by τD) and how fast I and x lose correlation. The latter dynamics is determined by the characteristic 

linear movement time τL because only when the nanocar diffuses linearly will the x and I be 

correlated. When τL is longer than τD, τC is dominated by τD. When τL is shorter than τD, τC is 

dominated by τL. When τL is very small, the CCF will decay to 0 quickly; but in actuality, the 

recovered decay time is impacted by the time resolution (~ 0.2 s in this study).   

 For the experimental data (Figure 5.4), in the absence of UV light irradiation, nanocar-1 

ACF decayed with a decay time (defined as the time that normalized ACF drops to 1/e) of 2.2 ± 

0.9 s, which reflected the diffusion speed of nanocar-1 molecules. The CCF decay time was 1.2 ± 
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0.7 s, indicating that the de-correlation of x and I dominated the CCF decay, and the characteristic 

linear movement time τL was 1.2 s. These values are consistent with earlier reports for nanocar-1 

and nanocar-2 molecules.123 In the presence of UV light, the ACF decayed with a decay time τD of 

1.6 ± 1.2 s, indicating that nanocars were diffusing faster under UV light actuation. Interestingly, 

the CCF decay time was still 1.2 ± 0.7 s, indicating that the characteristic linear movement time τL 

did not change significantly. These experiments showed that under UV light actuation, the nanocar 

moved faster but without losing the tendency of moving with a linear trajectory. 

 As a non-wheeled control, the control-3 ACF decay times were 2.1 ± 1.2 and 1.9 ± 1.3 s 

for in the absence and in the presence of UV light, respectively. There is a small difference but the 

difference is, however, insignificant considering the standard deviations of the measurements. This 

showed that the diffusion speed of control-3 molecules were not changed significantly by the UV 

light irradiation. For their CCFs, the characteristic correlation times were 0.45 ± 0.2, and 0.41 ± 

0.23 s, respectively, for with and without UV light irradiation. These short linear movement times 

indicated that control-3 molecules did not move linearly whether with or without UV light 

actuation.  

 All these experiments showed that nanocar-1 molecules moved faster under UV light and 

still assumed the quasi-random 2D diffusion mode with a similar linear movement time τL. That 

is, the UV light actuation propelled the nanocars to move faster but without changing their 

tendency toward linear movement. Or, the motions that divert the nanocars’ moving direction, 

possibly pivoted motion or hopping, were barely affected by the motor actuation under UV light.  
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  Figure 5.4. Experimentally acquired ACFs and CCFs for nanocar-1 and control-3 in the 

absence and the presence UV light irradiation. (A, B, C, D) Nanocar-1. (E, F, G, H) control-3. (A, 

C, E, G) ACFs; the characteristic decay times are 2.2 ± 0.9, 1.6 ± 1.2, 2.1 ± 1.2, and 1.9 ± 1.3 s, 

respectively. (B, D, F, H) CCFs; the characteristic decay times are 1.2 ± 0.7, 1.2 ± 0.7, 0.45 ± 0.2, 

and 0.41 ± 0.23 s, respectively. (A, B, E, F) In the absence of UV light illumination. (C, F, G, H) 

In the presence of UV light illumination. 
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5.4.5. Movement of nanocars under UV actuation 

  How does the motor actuation propel the nanocar but maintain its moving direction? For 

this nanocar design, the rotor rotates in a plane parallel to the nanocar’s moving direction. In every 

two motor actuations, the rotor completes a 360º uni-directional revolution. However, due to the 

large size of the rotor, the lower half of the revolution is hindered by glass surface assuming that 

the nanocar body is rigid and fully attached on the surface. Thus, either the rotation of the motor 

will be stopped, or the forced rotation of the rotor will paddle the nanocar toward the other direction 

of the rotor motion by a distance of L (Scheme 5.2). Since an enhanced mobility of nanocars was 

observed, the second possibility (paddling) is more likely to occur in real situations. In this 

paddling process, however, it is unclear how paddling is achieved: whether the tip of the rotor 

slightly detaches the nanocar wheels and the nanocar “skips” forward, or the nanocar body deforms 

to allow the wheels attached on the surface while the rotor propels the nanocar to move forward. 

This needs to be further investigated.  
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  Scheme 5.2. Motor actuation paddles the nanocar moving on the surface.  

  Thus, the nanocar movement under UV light actuation is contributed from both self-

diffusion and the UV light actuated motion. That is, the nanocar thermally diffuses on the surface 

mainly through the wheel-rolling mode forward or backward along the nanocar orientation. 

Pivoted motion, however, will change its orientation and divert it from the original linear trajectory. 

Due to the limited number of pivoted motion, the nanocar retains its orientation and has a 

characteristic linear movement time of 1.2 s. Under UV light irradiation, the nanocar motor is 

actuated intermittently, leading to a rotor-propelled nanocar movement for a distance L after each 

actuation. Since the rotor rotation plane is perpendicular to the glass surface, the nanocar 

orientation keeps aligned with the original direction after each actuated movement. Thus, the 

tendency of the linear movement for the nanocar is retained (Scheme 5.2).  

 How much distance does each effective motor actuation move the nanocars? And why do 
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not control-3 molecules show such a large enhancement upon actuation as do nanocar-1 molecules? 

If we consider the UV actuation power, the nanocars would be actuated every 12 ms and 25 ms, 

respectively, for high UV and low UV excitation levels. This approximate UV power to motor 

excitation frequency relationship is consistent with our earlier studies83 and literature reports.80,186 

Since the motor is unidirectional and it requires 2 actuations for the rotor to complete a 360º 

revolution, the effective motor actuation time was estimated to be 24 ms and 50 ms, respectively. 

Taking high UV level excitation as an example, during each effective motor excitation cycle (24 

ms), the nanocar would diffuse ~9.8 nm on a linear trajectory (assuming the apparent Dxy = 10.0 × 

10-16 m2s-1, which is equivalent to DL = 20.0 × 10-16 m2s-1,123 where DL is the diffusion coefficient 

that the nanocar diffusing on the linear trajectory in the quasi-random 2D model). The motor 

actuated nanocar moving step size can be estimated to be on a 1-nm length scale from its actual 

size. If every motor-actuated step is random in direction with respect to the nanocar orientation 

(i.e., forward, backward, or arbitrary direction), according to Einstein’s Equation, the apparent Dxy 

in the presence of UV actuation is:  

2 22 xyD t x L                (5.4) 

where t is the effective motor actuation cycle time; x is the distance the nanocar moves by natural 

diffusion; and L is the distance the nanocar is stepped by the motor. The enhancement in the 

diffusion is:  

2

2

UVD D L

D x



                (5.5) 

where DUV represents the D measured in the presence of UV light irradiation. At the current 

excitation level, the enhancement would be negligible according to Equation 5.5.  

 In the experiments, we observed that the enhancement in control-3 diffusion is negligible, 

which is consistent the expectation. However, for nanocar-1 molecules, the observed DApp in the 
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presence of UV is much larger than Equations 5.4 and 5.5 predicted. Thus, this model does not 

apply to nanocars. The uniqueness of nanocars is that they have a fixed orientation in a short period 

of time; combined with the uni-directional rotation of the motor, the motor-actuated steps are 

accumulative within this short period of time before it diverts the moving direction. That is, in 

Equations 5.4 and 5.5, the accumulative motor steps should be used.  

 The CCF analysis shows that nanocar-1’s linear movement time is ~1.2 s, during which 

the motor can be actuated many times. Since this 1.2 s is an average value and each linear 

movement can have different length/time, there seems to be no simple equation to predict the 

apparent Dxy ~ L relationship. To better understand how the apparent Dxy is impacted by the L as 

well as the excitation frequency, we did a series of simulations to find out the apparent Dxy ~ L 

relationship using line imaging method.  

5.4.6. Actuation steps of nanocar-1  

  In the simulation, the quasi-random 2D diffusion model was assumed for the nanocar 

molecule, i.e., it diffuses on a linear trajectory back and forth along the nanocar molecule 

orientation for a few steps and then changes to a new arbitrary orientation for another round of 

linear diffusion. The probability of the nanocar changing its direction was set such that the average 

time for linear diffusion is 1.2 s.123 Practically, the probability the nanocar changes its direction 

after each step was set as tR/tL, where tR is the assumed time interval for each step, and tL is linear 

movement time. Under UV excitation, the nanocar will have an actuated step along the nanocar 

“head” direction (defined as the direction opposite to the rotor moving direction during its effective 

cycle) after each effective actuation. The linear diffusion time was always 1.2 s for with and 

without UV actuation as determined by the experiments. The apparent Dxy was then recovered 

from the simulated 2D trajectory using the line scanning imaging method.  
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  Figure 5.5. Recovered diffusion coefficient as a function of nanocar actuated step size L 

from simulated trajectories. (A, C) Nanocars on fresh surface under high and low UV, respectively. 

(B, D) Nanocars on aged surface under high and low UV, respectively. 

In practice, a small time interval of t = 2.4 ms was used. The natural diffusion steps were 

generated according to Gaussian distribution of Brownian diffusion steps using a home-written 

Matlab program: 

2 2nDt                 (5.6) 

where  is the standard deviation of the steps. The diffusion coefficient D of the nanocar in the 2D 

plane was from the experimentally determined value (Table 5.1). That is, 9.9 × 10-16 m2s-1 and 5.6 

× 10-16 m2s-1 for fresh surface and aged surface, respectively. The diffusion coefficient that the 

nanocar diffusing on a linear trajectory DL was twice of Dxy.
123 The motor was assumed to be 
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effectively excited every 24 ms, and 50 ms for high and low UV, respectively. The recovered Dxy 

values as a function of L is shown in Figure 5.5. Each Dxy value was acquired from 100 trajectories 

each with 10,000 steps. The D values were very consistent, giving a standard deviation of ~0.1% 

that is invisible in the figure.  

 From Figure 5.5A, when the actuated step size is 1.4 nm, we can obtain a Dxy of 20.1 × 

10-16 m2s-1 that is equivalent to the experimental result. Similarly, under the low UV excitation 

level, the step size is determined to be 1.6 nm (Figure 5.5C). We noticed that these distances are 

also similar in the order of magnitude to the linear distance that the rotor moves for half a circle 

upon actuation. Thus, the model for unidirectional actuated nanocar movement under motor 

actuation is consistent with our experiments.  

   For the aged surface, assuming that the slow diffusion is caused by the increased surface-

wheel interaction (see Supporting Information for details), the L’s can be similarly obtained. The 

recovered step size was 1.3 nm and 1.7 nm for high UV and low UV levels, respectively (Figures 

5.5BD). We deem that these estimated step sizes are consistent considering the error level in 

measuring single molecule diffusion coefficients. The recovered nanocar step size L is thus 1.5 ± 

0.2 nm.    

As a contrast, since the control-3 molecules do not have linear motion, their motor actuated 

steps are not accumulative. Thus, the enhancement in D is negligible under this excitation level, 

which is consistent with experimental observations.  

5.5.  Conclusions 

  To summarize, nanocars equipped with a light-driven motor diffuse faster on glass surface 

when exposed to UV light. A motor rotation-induced paddling of the nanocars is proposed to 

explain the faster diffusion. The effect of heating can be ignored through the use of control 
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molecules. The nanocar moves 1.5 ± 0.2 nm upon each effective motor actuation. Most importantly, 

the tendency of nanocars diffusing on a linear trajectory is not significantly impacted by the UV 

actuation.  

 This study shows a significant step toward driving nanocars on solid surface using light. 

Here, “drive” implies providing both “power” and “direction” control of the nanocars as in our 

macroscopic world. We show that equipping nanocars with a light-driven motor can realize the 

injection of power to the nanocars. In addition, the 4-wheeled design of the nanocars certainly 

helps to stabilize the moving direction of the nanocars. So far, controlling the nanocar moving 

direction is still challenging. Under current conditions, the movement of the nanocars is 

bidirectional due to thermal activities. However, it can be envisioned that at lower temperatures, 

or on a high-resistance surface, it is possible to reduce the self-diffusion and drive the nanocar 

toward one direction using the unidirectionally rotating motors. Especially, we noticed that there 

was a recent nanocar race in France.125 The record speed is ~100 nm per hour on metal surface and 

under low temperature (~5 K). At room temperature, the molecules are far more active due to 

thermal activities. For example, in our experiments, it takes ~1.2 s for the molecule to move 50 

nm linearly.123 Still, we are able to observe the effect of motor-actuation under this condition. 

Remarkably, the net movement caused by the motor is ~1.5 nm per 24 millisecond under 450 

mWcm-2 UV light irradiation. If we can suppress the thermal diffusion (including both the wheel-

rolling and the pivoted motion) at low temperature and achieve this level of UV illumination, we 

will gain a uni-directional driving of the nanocars with a speed of ~60 nm s-1, which would be 

similar to protein motors in the biological world. The limit of the nanocar speed is only constrained 

by the motor cycling time. Such achievement would greatly enhance our capability in controlling 

microscopic objects in the nano-world.  
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5.6.  Associated contents  

5.6.1. Diffusion model and UV actuation of nanocar-1 on aged glass surface  

  To have a better understanding of how the motor actuates the nanocar-1 molecules, we 

also tested nanocar actuation on aged glass surface (20 hours), which slows the nanocars down 

significantly.  According to our earlier studies using nanocar-2 molecules, after aging for 24 hours, 

the most majority of the nanocar-2 molecules became immobilized. For those molecules still 

moving, their diffusion slows down significantly.164 

Here, for nanocar-1 molecules, they showed similar slowing down after aging for 20 hours. 

The diffusion coefficient for those moving molecules dropped from 9.9 ± 3.5 × 10-16 m2s-1 to 5.6 

± 1.8 × 10-16 m2s-1 in the absence of UV light (Figure 5.2B). When UV light was applied, the 

diffusion of nanocars on aged surface also showed significant enhancement. At high UV level, the 

diffusion showed ~2.5-fold enhancement (corresponding to a 99% confidence level from Student’s 

t-test) to 14.0 ± 3.9 × 10-16 m2s-1. At lower UV level, the nanocars’ diffusion coefficient was 

enhanced by ~50% to 8.7 ± 2.7 × 10-16 m2s-1 (Figures 5.2D and 5.2F).  

With the increased time resolution used in the line scanning method, we know that the 

wheel rolling mode of diffusion contributes most to their thermal movement on glass surface. With 

this new piece of information, we re-examined the diffusion mechanism of the wheeled nanocars. 

Since the nanocar moves mainly through wheel-rolling, their movements can be broken down into 

many unit steps, in each of which the adamantane wheel rotates by 120º according to the 

adamantane molecular structure. From the molecular size of adamantane, each unit step size h can 

be estimated to be ~0.6 nm. Based on Einstein-Stokes equation, we can obtain: 

22 LnD t h                (S5.1) 

where n = 1 for 1D linear diffusion; DL is the 1D diffusion coefficient of the nanocars; and t is the 
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time for wheels to rotate by each unit step.  

The diffusion coefficient is dependent on how fast the wheels rotate. Apparently, the wheel 

rotation frequency (defined as f = 1/t) is dependent on the wheel-surface interactions. In order for 

the wheel to rotate, an activation energy Ea must be overcome. Thus, we can write the equation as:  

   
/

0
aE RT

f v e


                (S5.2) 

where R is the ideal gas constant; T is the temperature; free rotation frequency v0 is an extrapolated 

quantify which describes the wheel rotation frequency when the activation energy is 0.  

Combining Equations S5.1 and S5.2 and applying n = 1, we obtain: 
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               (S5.3) 

On aged surface, it is well-known that the surface becomes more hydrophobic by showing 

a larger water droplet contact angle. However, why this happens is still unclear and being 

investigated. The predominant views include: adsorption of hydrophobic molecules on the 

surface,187 surface chemical reaction involving surface hydroxyl groups condensation to form 

hydrophobic siloxane groups,188 and reorientation of surface adsorbed water molecules,189 etc. 

From the tendency that 4-wheeled nanocars keep a linear trajectory, it is expected that this slowing 

down is gradual and uniform on the surface due to the increased wheel-surface interactions. Thus, 

from the diffusion coefficient difference on fresh and aged (20 hours) surfaces, we can estimate 

the activation energy change caused by the increased wheel surface interaction using Equation 

S5.3: 

'

ln L
a

L

D
E RT

D
                (S5.4) 

where D’L and DL are the linear diffusion coefficients for aged and fresh surface, respectively. 
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According to the data obtained in this study, Ea is 1.4 kJ/mol, which is a reasonable number.  

According to this model, the UV-actuated step size on aged surface can be derived from 

the enhanced diffusion coefficient similarly to that on fresh surface as described in the text.  

5.6.2. Support figure 

 
  Figure S5.1. Scheme of the confocal fluorescence imaging and UV actuation system.  
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CHAPTER 6: Nanocars Actuation through Multi-photon Excitation  

 

Manuscript in preparation and USNs actuation part has been submitted to ACS nano  
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6.1.  Abstract 

  UV light-actuated Feringa motors have demonstrated great potentials in serving as the 

power system in miniaturized machines for biological and biomedical applications. However, high 

flux of UV light can damage biological tissue, which limits their use in human body. In this study, 

we explore the feasibility of using near IR light to actuate Feringa motor-equipped molecular 

machines. First, using the nanocars as the model system, we show that motorized nanocars were 

actuated under multi-photon excitation (MPE) conditions, making them moving faster on glass 

surface. This demonstrates for the first time that Feringa motors can be actuated with less damaging 

near IR light through MPE. Second, in parallel, we studied MPE actuation of motor-equipped uni-

molecular nanomachines (USNs) using near IR laser. We showed that USN molecules can break 

synthetic lipid bilayer under near IR light irradiation and release BODIPY dyes preloaded into the 

vesicles. Studies in our collaborators’ labs showed that as a consequence, cancer cells can be killed 

through localized actuation of the motors that are tagged with molecular recognition units. The 

success of MPE excitation of Feringa motors may open up a new avenue in developing in vivo 

biological and biomedical techniques with molecular precision.   

6.2.  Introduction 

  Inspired by the idea of miniaturizing machinery for chemical and biological systems, 

researchers have successfully designed and synthesized a number of single molecular 
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machines82,190. Nanocars are a type of single molecular machine that were first proposed and 

synthesized to explore the limit of how far mechanistic analogies can go using a bottom-up 

approach in nanotechnology5. They consist of a chassis, axles, and wheels, just like their 

macroscopic counterparts don. The ultimate goal is to use them transporting cargoes across an 

engineered surface at ambient conditions. To achieve this goal, continuous efforts have made in 

designing these nanocars and corresponding observation techniques6,12.   

  The earliest models of nanocars did not have a power system. These nanocars were found 

to be able to thermally diffuse, or to be passively pulled/pushed by an STM tip5, on atomically flat 

metal surface. Studies showed that they diffuse along a linear trajectory through a wheel-rolling 

mode movement. Their mobility was highly dependent on the molecule-surface interactions. So 

their wheels were upgraded from C60
45 to adamantane14, which gives them the most facile 

movement at air-glass interface due to the weak interactions between the hydrophobic wheels and 

the hydrophilic surface.  

To power up the nanocars, Feringa motors were equipped into their bodies. Here, Feringa 

motors refer to a specific molecule that have a stator and a rotor, just like a macroscopic motor 

has22. They can absorb UV light (365 nm) and produce a continuous 360° unidirectional rotation 

for the rotor with respect to the stator. Feringa motor-equipped molecular machines have shown 

their potentials in producing mechanical work at both the molecular and macroscopic levels, 

including enhancing molecular mobility (Chapter 5), moving a millimeter-sized objects29, and 

opening up cell membrane and killing cancer cells under UV light illumination31. 

However, due to the high energy of UV photons and their inherent destructive nature to 

biological samples, UV light is not an appropriate light source to actuate the motors in vivo, which 

limits their biomedical applications. In order to overcome this problem, motors that can be excited 
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with visible to near IR light are needed and under investigation. Practically, using near IR light 

with two-photon or multi-photon excitation (MPE) as the excitation source is a viable solution. So 

far, there has not been any report that Feringa motor can be excited through MPE processes. The 

success of developing a safer excitation scheme of molecular motors would open new avenues for 

their biological and biomedical applications. Unlike single photon excitation (SPE) microscopy, 

multi-photon excitation microscopy requires that multiple photons are absorbed nearly 

simultaneously by one fluorophore due to the lack of an intermediate state. For this reason, MPE 

processes usually have very small absorption cross sections. For example, typical two-photon 

absorption cross sections (σ) of fluorescent dyes fall in the range of 10-47-10-49 cm4s/photon191,192. 

An extremely high instantaneous excitation intensity (~100 GW/cm2), which is achieved by tightly 

focusing a pulsed laser through a high NA objective to the diffraction limit. The general advantages 

of MPE fluorescence imaging includes excellent axial sectioning and lateral resolutions, and less 

photo-damage in out of focal point region,  

 In this work, we explored actuating Feringa motor using the MPE scheme. Since there is 

no effective method to monitor the rotation of the motors, nanocars equipped with a fast rotating 

Feringa motor (Scheme 6.1, nanocar-1) was used as the model system and their diffusion was 

monitored at air-glass surface in the presence and absence of the near IR light irradiation. A 

confocal fluorescence microscope with 514 nm excitation was used to image the diffusion of 

BODIPY-attached nanocars (Scheme 6.4). In the experiments, the near IR 2PE laser (730 nm) and 

the green fluorescence excitation laser were co-aligned when scanning the sample. A control 

molecule, nanocar-2, equipped with a slow rotating motor (1 revolution per hour) was also studied 

to exclude the heating effect of the lasers.  

 In parallel, we also tested using 2PE scheme to excite the USN molecules (Schemes 6.2 
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and 6.3) through opening bilipid membranes, where USNs are another type of molecular machines 

initially designed to function in a homogeneous solution driven by light. This is a collaboration 

work in which cell experiments were completed in collaborator’s lab.  

 

 

  Scheme 6.1. Nanocars and Feringa motor used in this study.  
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  Scheme 6.2. USNs and BODIPY dye used in this study.  

 

  Scheme 6.3. Control USN molecule used in this study. 

6.3.  Experimental section 

6.3.1. Chemicals 

  The synthesis of nanocar-170, USN-4190, BODIPY-5193, and Feringa motor molecule has 

been published. Nanocar-2, were synthesized by our collaborator from Rice University. The purity 

of these products was estimated to be >99%. The compounds were stocked in N2-filled containers 

at 4 ºC. Before experiments, fresh stock solutions were made and used in ~2 weeks. These 

measures were taken to guarantee that the compounds did not deteriorate (oxidize, photobleach, 

or decompose) before experiments. 

6.3.2.  Glass substrate preparation and characterization  

  High quality coverglasses from Corning were used as the substrates. To clean the glass 
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surface, we sonicated coverglasses in soap water (1% Contrex AL detergent solution), DI water, 

and ethanol for 20 min each. Then, the coverglasses were boiled in 30% hydrogen peroxide 

solution for 20 min, rinsed with DI water, and dried with nitrogen flow. According to previous 

reports, Corning coverglasses treated in a similar way has a root-mean squared roughness of ~0.17 

nm characterized with high resolution atomic force microscopy.172 This roughness is much smaller 

than the size of the adamantane wheels in nanocar-1 and nanocar-2. 

 The synthesized nanocar/control molecules were dissolved in acetonitrile or chloroform 

as the stock solution (~ 50 µM) and used in ~2 weeks. Before the surface diffusion experiments, 

10.0 µL of a freshly diluted solution in acetonitrile or chloroform (0.4~4 nM) were drop-casted 

onto a pre-cleaned coverglass. The solution would spread out and dried quickly. The sample slide 

was then thoroughly dried in nitrogen flow for ~ 1 min.  

 The relative humidity of the building was maintained by first cooling the ventilated air to 

12 °C and then heating it back to 25 °C. The measured relative humidity was 37 ± 3% during these 

experiments.164 

6.3.3. Multiphoton excitation of the motor and confocal fluorescence imaging 

 Scheme 6.4 shows the schematic of the home-built single photon excitation and 

multiphoton excitation confocal fluorescence microscope.83,164,170 Here, multiphoton excitation 

was provided by a fs Ti-Sapphire laser (Chameleon, Coherent, Inc., ~140 fs pulse width). The laser 

beam was first circularly polarized using a quarter-wave plate and then expanded to overfill the 

back aperture of the microscope objective (NA 1.49). The beam waist was measured to have a 

FWHM of ~350 nm using scattering 40 nm Au nanoparticles. MPE was employed mainly for the 

excitation of the motors in this study.  
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  Scheme 6.4. Experimental setup. 

   For single molecule fluorescence imaging, a 514-nm laser line from an air-cooled Ar ion 

laser (35-LAP-431-240, CVI/Melles Griot) was used as the excitation source. The laser beam was 

also circularly polarized using a quarter-wave plate (QWP, CVI/Melles Griot, ACWP-400-700-

06-4) and then expanded to overfill the back aperture of the microscope objective. The two laser 

beams (730 nm and 514 nm) were delivered to the sample through a set of optical filters and co-

aligned at the focal plane. The fluorescence signal excited by the 514 nm laser was collected by 

an avalanche photodiode (Perkin Elmer, SPCM-AQRH-15-FC) and counted with a computer 

board.  

 Sample scanning in all XYZ directions was achieved by a piezo-stage (PI Nano, Physik 

Instrumente, P-545, 1 nm precision) mounted on a manual XY translational stage. A home-written 

macro program was used to synchronize the stage and the detector/counter. A home-written NIH 

ImageJ plugin program was used to convert linear data to 2D images. ACF and CCF data analysis 

was done using home-written Matlab programs. The mechanical stability of the imaging system 

was checked every experimental day using the reported procedures by imaging immobilized 
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molecules.123,185   

6.3.4.  Preparation and opening of synthetic bilipid membranes 

  Premixed and dried synthetic phospholipid blend [1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE): 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS): 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) at a ratio of 5:3:2] were stored in a -20 °C freezer 

before use. To prepare the large unilamellar vesicles (LUVs), the lipids were remixed using 

chloroform and dried with nitrogen gas flow. 5 mL 0.5× phosphate buffered saline (PBS) at pH 7.4 

was added to swell the lipids solution (lipid concentration was 0.5 mg/mL). Then 10 μL of 200 

μM BODIPY-4 dye and 2 μL of 50 μM USN-3 were added to the solution. The final concentration 

of BODIPY-4 was 20 nM and the USN-3 concentration was 1.0 nM. In the control experiments, 

no USN-3 was added. After incubation for 1 h at room temperature with occasional vortexing, the 

lipids formed a cloudy suspension. The resulting LUVs were examined using dark-field optical 

microscopy and the average size of the vesicles were estimated to be ~700 nm. The LUV 

suspension was used immediately. The vesicles were then immobilized on a piece of cover-glass. 

Excessive BODIPY-4 and USN-3 were washed off using fresh 0.5× PBS before the releasing 

experiments. The vesicles were then observed using a home-built confocal fluorescence 

microscope at 514 nm excitation and 600 ± 30 nm emission.  Due to the highly non-polar nature 

of the USN-3, it prefers to be sorbed in the bilipid membrane. The vesicles were then immobilized 

on a piece of cover-glass for the UV activation and releasing experiments. The 2PE excitation was 

provided by a fs Ti:Sapphire laser at 730 nm with an intensity of 9.0 mW (FWHM 350 nm, 140 fs 

pulse width). The fluorescence intensity of the BODIPY dye molecules in single vesicles was then 

monitored using a confocal fluorescence microscope by continuously scanning a small area (20 × 

20 μm2). This process was repeated. Note only the top half of the image was irradiated by the near 
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IR laser. During each scan, the total exposure time of the vesicle to the laser beam was estimated 

to 50 ms.    

6.4.  Results and discussions 

6.4.1. Motor equipped USNs opening synthetic bilipid membranes 

  In our previous study, we demonstrate that with UV light irradiation, the rotation of the 

Feringa motor can open cell membranes. However, UV light can cause severe damages to cells, 

which is not favored in biological system. Here, we used USN-4 excited under MPE conditions to 

release boron-dipyrromethene (BODIPY-5) dyes (Scheme 6.2) that were co-encapsulated in the 

synthetic bilipid vesicles (Synthetic details in 6.3.4). USN-4 was used because it is conjectured 

that the two hydrophilic wings can latch on the lipid vesicle surface with the hydrophobic rotor 

buried in the membrane; the rotation of the rotor can disrupt the lipid membrane. 

  Before the exposure to near IR light, the fluorescent images of BODIPY dye filled vesicles 

were taken using a 514 nm excitation at 24 kW/cm2. The vesicles were then scanned by a 

Ti:Sapphire laser beam (730 nm, ~140 fs, focused to a FMHM width of 350 nm, 9 mW) at only 

top half of the image. The fluorescence image (signal from BODIPY) was monitored using the 

same confocal fluorescence microscope with the 514 nm laser excitation. This process was 

repeated for many times. During each near IR laser scanning, the total exposure time of each 

vesicle to the near IR laser was estimated to be ~50 ms.  

  From Figure 6.1A, we can see that for USN-4-attached vesicles, their intensity (from 

BODIPY) decreased significantly after laser exposure (Figure 6.1A, top half of the images). In the 

same images, the area that were not exposed to laser beam (the bottom half) showed a much slower 

intensity drop, possibly because of photobleaching by the near IR laser and the fluorescence 

excitation laser. Figure 6.1C shows the normalized fluorescence intensity drop of 15 vesicles. Since 
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the absolute intensity of the vesicles varied from vesicle to vesicle, we normalized all the traces 

according to their initial intensities and analyzed the percent intensity drop. The error bar stands 

for the standard deviation of the normalized intensities. The average fluorescence intensity drop 

of 20 vesicles was 79 ± 5% in the first 250 ms near IR light exposure. Note that this is an 

observation based on many motor and dye molecules on individual vesicles. As a control, the 

vesicles in the same image but were not exposed to laser light showed a much smaller intensity 

drop: 18 ± 4% in the first 250 ms, possibly because of the photobleaching by the fluorescence 

excitation laser.   
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  Figure 6.1. MPE-actuation of USN-4 motor and the releasing of BODIPY-5 dyes from 

USN-4 attached bilipid vesicles. (A,B) Example images of BODIPY-doped vesicles after being 

exposed to near IR laser irradiation. The images were acquired from BODIPY signal using a 

confocal fluorescence microscope at 514 nm excitation. Scale bar: 8 m. (A) Vesicles containing 

20 nM BODIPY and 1.0 nM USN-1 molecules. Only the top half of the image, as indicated by the 

blue line, was scanned with the near IR laser, which shows an apparent decrease of BODIPY 

intensity. The lower half of the image shows a much slower decrease of BODIPY intensity possibly 

because of photobleaching by the near IR laser and the excitation laser. (B) Control experiments 

with vesicles containing 20 nM BODIPY only. Again, only the top half of the image were scanned 

with the near IR laser. (C) Normalized vesicle intensity (from BODIPY) decay after being exposed 

to near IR laser for the USN-4-attached vesicles. The error bar was from 15 vesicles from 4 slides 

each. (D) Normalized vesicle intensity for the control experiments.  
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  To exclude the possibility that the large fluorescence intensity drop was caused by near 

IR laser photo bleaching on BODIPY molecules, we also did control experiments where USN-4 

was not present or replaced by a slow motor USN (Scheme 6.3). Figure 6.1B shows the 

fluorescence intensity drop of the BODIPY in the absence of USN-4 molecules. The fluorescence 

intensity dropped again much slower for both areas that were exposed and not exposed to near IR 

laser. The average fluorescence intensity drop was 23 ± 4% and 17 ± 4% for near IR light exposed 

and not exposed vesicles, respectively, for the first 250 ms near IR light exposure. Thus, USN-4 

disturbs the lipid membrane upon near IR light multiphoton-activation through a molecular 

mechanical effect, which allows smaller BODIPY dye molecules to pass through the membrane. 

  These experiments show that the intensity drop of BODIPY is caused by the release of 

BODIPY from the vesicle, suggesting nanomechanical disruption of the vesicle bilipid membranes 

by the motors under MPE excitation condition. This part of work has been submitted for 

publication194. 

6.4.2. MPE of molecular motors monitored using weak fluorescence from the motor 

We have shown that using two-photon excitation (2PE) with near IR light, molecules 

bearing a Feringa motor can drill holes on synthetic lipid membrane and cell membrane (Section 

6.4.1). It has been measured in our collaborators’ lab that Feringa motors have a multiphoton 

excitation cross-section of ~5.0 GM (5.0 ×10-50 cm4/s). The motor molecules are weakly 

fluorescent at 710 nm. Here, we used a fs Ti:Sapphire laser beam (730 nm, 9.0 mW average output) 

to excite the motor molecules in 15 M solution at different excitation powers. The fluorescence 

below 694 nm was collected and plotted in Figure 6.2. The fluorescence intensity showed a 

quadratic relationship with respect to laser power density, indicating that the motors were promoted 

to the excited states through multiphoton excitation process, followed by radiative decays from a 
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fraction of the excited motor molecules. So far, it is unclear how the motor decay constants, 

including the radiative decay constant, the isomerization constant that leads to the motor rotation, 

and other non-radiative constants, vary as a function of the excitation power. However, it is 

reasonable to assume that the branching ratio keeps a constant so that both motor fluorescence 

emission and motor actuation frequencies are linearly proportional to the motor excitation 

frequency during the MPE process.  
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  Figure 6.2. Fluorescence intensity of motor-3 as a function of 730 nm laser. The x-axis is 

the mean power of the pulsed laser.  

6.4.3. Tracking nanocars using line-scan imaging  

 We used the line-scan imaging method to track the diffusion of nanocars’ movement on 

the air-solid surface.123 Briefly, we drop-cast 10 L of 0.4 to 4.0 nM nanocar molecules on to a 

coverglass and let it dry quickly so that they are well dispersed on the surface. The 514 nm 

excitation laser beam focused to the diffraction limit was scanned over a small area, confirming 

the existence of the BODIPY-attached nanocar molecules and their surface density is appropriate. 

Then, the focused laser beam was scanned across a single horizontal line repeatedly on the surface, 
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capturing 1 or 2 molecules in the beam pass until they are photobleached. In the MPE studies, the 

nanocar molecules are exposed to the near IR laser and the green excitation laser simultaneously. 

Note that nanocar molecules are not being actuated all the time.  

 After multiple scans, the horizontal line images were then stacked along the vertical 

direction to form a 2D images, with the x-axis representing the x-position and the vertical axis 

representing the time t. In current study, the laser beam (0.901~9.01 mW) waist was ~350 nm. 200 

points were collected along a 20-m line, giving a pixel size of 100 nm and an integration time of 

1.0 ms for each pixel. The total line time was 0.236 s including the collection time and the time to 

reset the stage.  

 Figure 6.3A showed selected examples of the line-scan images of nanocar-1 diffusion on 

the surface. As a control example, molecule a is a fixed molecule while molecules b, c and d are 

moving along x-direction with different power density near IR irradiation. The center of these three 

molecules moved along the x-axis over time during image collection and showed jagged line-

images. Compare the trajectories of b, c and d, we can see that they give more and more jagged 

pattern. With these line-scan images, we can estimate the diffusion coefficient of the molecules. 

First we can accurately recover the x-position of the molecules at each line through non-linear least 

squares (NLLS) fitting (Figure 6.3B). Using the Einstein equation, we can estimate the diffusion 

coefficient of the molecule in the x-direction Dx: 

2 2x nDt                 (6.1) 

where <x2> is the mean squared displacement (MSD); n is the number of the dimensions (n = 1 

when the trajectory is observed only in one dimension); and t is the time interval which is 0.236 s 

in the line-scan method. Figure 6.3C showed the MSD ~ t plot of Molecule b, which gives a Dx of 

10.0× 10-16 m2s-1. 
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  We have shown in our previous study123 that the recovered Dx from line-scan method is 

equivalent to two-dimensional diffusion coefficient Dxy for both random 2D diffusion or quasi-

random 2D diffusion.   

 

  Figure 6.3. Line scan imaging method and estimation of 1D diffusion coefficient. (A) 

Examples of the line-scan imaging of nanocar-1 molecules. Molecule a is immobilized while 

Molecules 2-4 are moving. Molecules b, c, d are under 0, 1.42, 9.01 mW near IR light irradiation, 

respectively. (B) Recovered x-trajectory over time for Molecule b. The error bar is the standard 

deviation form NLLS fitting. (C) MSD of Molecule b. (D) Recovered x-trajectory for Molecule d. 

(E) MSD of Molecule d.  
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6.4.4. Enhanced diffusion of nanocars under 2PE 

  With the line scanning method and a time resolution of ~0.2 s, we studied the diffusion of 

motorized nanocars in the presence and absence of near IR laser irradiation using the setup in 

Scheme 6.4. The near IR laser power was attenuated using neutral density filter sets and measured 

using a power meter before being expanded.  

  First, we can immediately identify that with the near IR light irradiation, nanocar-1 

diffused much faster than without near IR irradiation by showing more jagged line images. As 

shown in Figure 6.3A, Molecule b, c, and d were exposed to 0, 1.42, and 9.01 mW near IR laser 

beam. In the presence of the near IR light, the background becomes noiser, possibly because of the 

scattered light. It is apparent that molecules 3 and 4 showed more “jagged” line images. Molecule 

d in Figure 6.2A is a typical nanocar-1 molecule under near IR light (9.01 mW). Figures 6.1D and 

6.1E show its recovered x-trajectory and MSD, respectively. This molecule gives a Dxy of 18.7× 

10-16 m2s-1. 

  To have a quantitative comparison, we determined nanocar-1 diffusion coefficients in the 

absence and the presence of various near IR laser powers from ~50 molecules each on several (3~6) 

glass substrates. In the experiments, the near IR laser power was set at 0~ 9.01 mW. Figure 6.4A 

shows the histogram of the nanocar-1 molecule diffusion coefficients in the absence of the near IR 

light. The diffusion coefficient from ~50 nanocars was 9.39 ± 3.1 × 10-16 m2s-1 in this study, which 

is consistent with earlier studies. In the presence of near IR irradiation, the diffusion coefficient 

showed enhancement at different power levels (Figure 6.4). As we can see at all power levels, 

nanocars diffuse faster in the presence of near IR light. At highest power level (9.01 mW), diffusion 

enhanced by a factor of ~2.3, from 9.39 × 10-16 m2s-1 to 21.2 ± 6.5 × 10-16 m2s-1 (Figure 6.4I and 

Table 6.1), which corresponds to a 98% confidence level that the diffusion is enhanced. Under 
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lowest power level (0.90 mWcm-2), the diffusion is also enhanced but to a much lower degree at 

10.8 ± 4.5 × 10-16 m2s-1, ~14% enhancement (Figure 6.4B). And the enhancement degree for other 

levels are listed in Table 6.1. These results showed that near IR light can make nanocars move 

faster on surface.  

Table 6.1. Nanocar-1 diffusion coefficient distribution at different power levels.   

Laser power (mW) 0 0.90 1.43 1.80 2.26 2.85 4.12 5.18 7.49 9.01 

Diffusion Coefficient 

(× 10-16 m2s-1) 9.39 10.75 11.76 12.72 14.19 16.05 18.85 19.94 21.14 21.63 

Enhancement 0% 14% 25% 35% 51% 71% 101% 112% 125% 130% 

 

  Figure 6.4. Diffusion coefficient distributions for nanocar-1 in the absence and presence 

of near IR laser illumination at different power levels, respectively. From (A) to (J) are 0, 0.90, 

1.43. 1.80, 2.26, 2.85, 5.18, 7.49, 9.01 mW.  
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 To exclude the possibility that the heating effect of the near IR light causes the molecules 

to diffuse faster, control experiments were done using the nanocar-2 molecules that equipped with 

a slow motor (Figure 6.5). In the absence of near IR light their diffusion coefficient from ~50 

molecules was 10.3 ± 3.2 × 10-16 m2s-1, which was very similar to that of unactuated nanocar-1 

molecules. In the presence of high near IR light irradiation (9.01 mW), D was measured to be 11.3 

± 3.5 × 10-16 m2s-1 which is about 13% enhancement. This is way lower compare to the 2.3 times 

enhancement of faster-motor nanocar-1. From this result, we can conclude that the observed 

enhancement in the diffusion of nanocar-1 is not caused by the near IR light heating.  

 

  Figure 6.5. Diffusion coefficient distributions for control molecules slow-motor nanocar-

2 in the absence and presence of near IR laser (9.01 mW), respectively. (A) In the absence of near 

IR light. (B) In the presence of 9.01 mW near IR laser.  

6.4.5. Linear diffusion under near IR light illumination   

  To understand the correlation between x-trajectory and fluorescence intensity I in line-

scanning images, we studied auto- and cross-correlation analysis173,176 of nanocars in the past. The 

results indicated that nanocars diffuse with a quasi-random 2D diffusion mode: in a long time scale 

(minutes), nanocars showed random 2D diffusion, but at a short time scale (~ 1.2s), nanocars 

showed linear diffusion. This leads to a quasi-random 2D diffusion mode of the nanocars, i.e., they 
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diffuse on a linear trajectory for a short period of time (~1.2 s) but lose the directionality and appear 

to diffuse randomly in the 2D plane at a longer time scale (minutes).169 With UV light actuation, 

nanocars still kept this quasi-random 2D diffusion property.  

  How does near IR light impact this diffusion mode? To quantitatively study the diffusion 

mode of nanocars under near IR laser irradiation, and whether their characteristic linear movement 

time τL has been changed or not, we analyzed the auto-correlation function (ACF) and the cross-

correlation function (CCF) of their fluorescence intensity I and x-positions using:  
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  First, for ACF, it decays with a characteristic time τD of nanocars when the molecular 

diffusion is the only factor causes the line intensity change, which is the case in our experimental 

condition. This characteristic time τD indicated how fast the nanocars are diffuse across the laser 

beam. The decay time (or, namely the characteristic correlation time) of CCFs τC is affected by 

two factors: (1)how fast the molecules diffuse (measured by τD), and (2) how fast I and x lose 

correlation. Only when nanocars linear diffuse on the surface, will I and x be correlated, and this 

correlation time is determined by the characteristic linear movement time τL. In short, for CCF 

decays, when τL is longer than τD, τC is dominated by τD, when τL is shorter than τD, τC is dominated 

by τL. When τL is very small, the CCF will decay to 0 quickly; but due to the experimental time 

resolution (~ 0.2 s in this study), the recovered decay time is ~0.4 s.   

 We estimated the ACFs and CCFs of nanocar-1 in the presence and absence of 5.18 mW 

near IR light irradiation. The results are showed in Figure 6.6. Without near IR light irradiation, 
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nanocars ACFs decayed with a decay time (defined as the time ACF drop to 1/e) of 2.1 ± 0.7 s, 

and the CCF decay time in the absence of near IR light was 1.2 ± 0.7 s, which shows that the de-

correlation of x and I is dominated the CCF decay with a characteristic linear movement time τL 

of 1.2 s. This is consistent with earlier reports for nanocar molecules.123  

 With near IR light irradiation, the correspond ACF decay time is 1.5 ± 0.4 s. The faster 

decay indicates that the nanocars are diffusing faster under near IR light, and this is consistent with 

the recovered diffusion coefficient mentioned above. The decay time of CCF is 1.1 ± 0.7 s. The 

characteristic time is similar to those without near IR light irradiation. The similar characteristic 

linear movement times τL in the presence and absence of near IR light irradiation indicates that 

near IR light actuation did not interference the linear diffusion significantly.  

 

  Figure 6.6. Experimentally acquired ACFs and CCFs for nanocar-1 in the absence and 

the presence of near IR laser irradiation. (A, C) ACFs; the characteristic decay times are 2.1 ± 0.7, 

and 1.5 ± 0.4, respectively. (B, D) CCFs; the characteristic decay times are 1.2 ± 0.7, and 1.1 ± 0.6, 

respectively. (A, B) In the absence of near IR light. (C, D) In the presence of near IR light.  
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 These experiments show that nanocar-1 molecules moved faster under near IR light and 

still kept the quasi-random 2D diffusion mode with a similar linear movement time. That is, the 

near IR light actuation propels the nanocars to move faster but not changing its tendency of linear 

movement. Or, the diverting of the nanocars’ moving direction, possibly caused by pivoted motion 

or hopping, is barely affected by the near IR actuated motor motion. 

6.4.6. Enhanced diffusion as a function of laser power 

  Under near IR light actuation, it can be envisioned that nanocars are actuated similarly 

but only the excitation source is changed. The apparent D has a relationship with respect to the 

laser power (Figure 6.7). From this figure, we can tell that the diffusion showed enhancement at 

all levels and the enhancement increase non-linearly in the beginning as the power level increase. 

The enhancement levels off at the laser power reach ~ 9 mW.  

 

  Figure 6.7. Measured diffusion coefficient as a function of laser power. 

  According to the past study, under UV light irradiation, the nanocar motor is actuated 

intermittently, leading to a rotor-propelled nanocar movement for a distance L after each effective 

actuation (i.e., every two actuations). When the actuation source changed to near IR light, the 

rotation of the rotor propelled the nanocars move a similar distance L. According to Einstein’s 

Equation the apparent Dxy, NIR in the presence of near IR actuation is:  
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2 2

,2 ( )xy NIR SD t x mL               (6.2) 

where tS is the time to scan one line; x is the distance the nanocar moves by natural Brownian 

diffusion; L is the distance the nanocar is stepped by the motor for each actuation; and m is number 

of effective actuations when the laser beams scan across the nanocar molecule in each line scan. 

In our previous study, we demonstrated that the motor rotation caused diffusion is uni-directional 

while the Brownian motion is bidirectional. These explained why such a small actuation distance 

L (1.5 nm) can make nanocars move two times faster. In this case, the effective actuation number 

can be estimated from:  

   21/ 2 Pulse Pulsem I t               (6.3) 

where IPulse is instantaneous laser intensity at the pulses;  is MP excitation cross-section; tPulse is 

total time when the laser is at the peak intensity; ½ is there because there is only one in two 

actuations is effective as the motor needs to rotate 360 degrees to complete a cycle.   

  The enhancement in the diffusion is: 
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              (6.4) 

Thus, at low laser levels, the enhancement of D will increase non-linearly.   

   Interestingly, as the laser power increases, the enhancement seems to level, possibly 

because it reaches the saturation motor actuation. Assuming the L is 1.5 nm and during each line 

scan, the molecule is exposed to near IR laser for 3 ms, we can estimate that the motor is being 

excited ~36 times per exposure at 9.01 mW. Putting all numbers to Equation 6.3, and assuming 

yita ~ 1, we can calculate that the effective actuation number m ~700 per line scan, which is not 

too far from earlier estimations. This possible shows the saturation motor actuation rate under 2PE 

excitation.  
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6.5.  Conclusions 

  In summary, in this study we investigated the Feringa motor actuation with near IR light 

through two-photon excitation process. First, we found nanocars equipped with Feringa motor 

show enhanced diffusion at an air-solid surface due to the rotation of the motor. Under near IR 

light, nanocars kept the tendency of moving on linear diffusion trajectory. These results 

demonstrated that motorized nanocars can be actuated, making them moving faster on on linear 

trajectory on glass surface under 2PE. In parallel, we studied 2PE actuation of motor-equipped 

USNs. USNs can open synthetic lipid bilayer membrane and release BODIPY dyes preloaded into 

the vesicles. The success of 2PE excitation of Feringa motors showed their potential applications 

in biological system such as opening cell membrane for drug delivery and simply killing cancer 

cells. 
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Chapter 7: Concluding Remarks 

  In summary, the study reported in this document demonstrates our interest in developing, 

monitoring, actuating single molecular machines at ambient conditions and in biological systems. 

Our results show that we can use UV light and NIR light to excite molecular motor-equipped 

nanocars and “drive” them to move faster at an air-solid surface. We can also use both UV and 

near IR light to operate USN molecules to open cell membranes and kill cancer cells. 

 In this study, we used confocal fluorescence microscopy to image single molecular 

machines. To understand how molecular machines move on surface, we need to observe them as 

long as possible. Molecular machines with high photostability are desired. To develop more 

photoresistant, fluorescently tagged single molecular machines, first, we investigated the 

photostability of two-dye-tagged molecular machines. The two dyes in nanocars and USNs showed 

very high tendency of simultaneously bleaching. It is proposed that the product of the first dye 

bleaching reaction – a superoxide anion radical, diffuse and destroy the second dye. The single-

step bleaching behavior was supported by simulations. After this, we added triplet state quencher-

COT group(s) to the dye(s) in molecular machines. The photostability of COT attached molecular 

machines showed more than two times enhancement for both one-dye-tagged and two-dye-tagged 

molecules. These studies disclose the fluorescence property of single molecules attached with one 

or two dyes and sheds new light on designing more photoresistant fluorescently tagged single 

molecular machines. 

  To drive molecular machines on a surface, first, we need to understand how they naturally 

diffuse on surface. We investigated the diffusion mode of these molecular machines on surface. 

Current imaging techniques are too slow for the fast nanocar dynamics on the surface. We 

developed a fast scanning method-line scanning method, to improve the time resolution from ~60 
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s to 0.2 s. With this method, we found that 4-wheeled nanocars diffuse on glass surface with a 

quasi-random 2D diffusion mode. That is, they have a high tendency to keep a linear diffusion 

trajectory, which is consistent with the wheel-rolling mode motion of the nanocar molecules. The 

characteristic linear movement time for nanocars is ~1.2 s, after which the nanocar may change 

direction due to pivoted motion. This directional diffusion property provides an opportunity of 

manipulating them with a controlled manner on surface. 

  Furthermore, to actuate these molecular machines in chemical and biological system, an 

energy input systems is required. We equipped the nanocars with a Feringa motor to serve as the 

engine. In the presence of UV light, the nanocars diffuse two times faster while keep the linear 

diffusion property. The rotor paddling model was proposed to explain the enhanced diffusion of 

nanocars under UV light actuation. The movement of nanocars is the combined result of the 

thermal diffusion (Brownian motion) and motor actuated motion. If we can suppress the thermal 

diffusion (including both the wheel-rolling and the pivoted motion) at low temperature, we can 

reduce the self-diffusion to a negligible extent. At the same time, if we use UV light to actuate the 

motor, we will gain a uni-directional driving of the nanocars with a speed of ~60 nm s-1, which 

would be similar to protein motors in the biological world. 

  Lastely, we used NIR light to excite the Feringa motor in molecular machines because 

UV light is not desired and can induce potential damage in biological systems. We showed that 

NIR light can successfully excite the motor through a two-photon excitation process and make 

nanocars moving faster while keeping the linear diffusion tendency. We also found that NIR light 

induced rotation of the motor can open the lipid vesicles and release the dye preloaded into the 

vesicles. Additional cell studies in collaborators’ lab show that USNs induce destruction of cell 

components like chromatin upon near IR light actuation, thereby slowing metastasis of cancer cells. 
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  To conclude, we have shown that nanocars are an excellent model system. They prefer to 

diffuse on a linear trajectory despite that thermal activity derails them from time to time; UV or 

near IR light actuation of the equipped motor drives them to move faster but linear movement 

tendency is not disrupted. In the future, to drive them like a macroscopic car, we need to suppress 

the thermal motions either through lowering the temperature, or (2) modifying the surface so that 

pivoted motion is less frequent.  

In the practical applications side, we show that motor-equipped nanomachines such as USNs 

can output mechanical work at the molecular scale. They may be used for biomedical purposes 

using the safer near IR light actuation scheme. In short, it is just the beginning of the molecular 

machine era.  
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