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Chapter 5 
 

Towards Utilizing Unidirectional Molecular 

Motion for Controlling Microscopic Particle 

Movement 

Part II: Visualization of propulsive motion 

 

In this chapter, the light-triggered propulsive behavior of motor-functionalized 

microparticles is described. Under optical microscope, the microparticles modified 

with an ultrafast motor were observed to propel slowly towards the light source 

while sedimenting at the solid-liquid interface. The particles in the liquid phase 

were measured by Nanosight and both the trajectory and the calculated average 

mean square displacement (MSD) upon irradiation exhibited directional movement. 

This propulsive motion was also found to be dependent on the half-life of the 

thermal helix inversion (THI) of the molecular motor. Our strategy demonstrates 

the possibility to use light to direct the movement of a microscopic object based on 

a single layer of photoresponsive molecules. More importantly, it emphasizes that 

the collective dynamic rotation of small molecular motors can perform work.    
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Chapter 5 

5.1 Introduction 
 

Artificial self-propulsive devices have been seen remarkable advances in the past 

decades. 1-22 There are numerous designs of microsized swimmers using different 

energy input, e.g., electromagnetic force, chemicals, and heat, and the propulsion 

mechanisms are based on different mechanisms, e.g., diffusiophoresis, 16- 18 

thermophoresis, 4, 10 and bubbling to produce thrust. 3, 19, 22 Recently, light was 

employed as external stimulus for self-propulsive systems in order to achieve 

spatial and temporal control over the propulsion.7, 8, 23-29 In brief, the principle of 

these photoresponsive swimmers is based on the generation of a local gradient 

using light, which induces a slip flow near the surface to propel the object. Among 

these light-induced gradients, the most commonly studied are self-generated 

electric field gradients, solute concentration gradients, and temperature gradients, 

which leads to different propulsion mechanisms such as light-induced electrolyte 

diffusiophoresis and electrophoresis, 23 non-electrolyte diffusiophoresis, 25 

thermophoresis, 26 and bubble propulsion.27  

Light-induced electrolyte diffusiophoresis and electrophoresis are based on 

asymmetric distribution of photocatalytic reactions (e.g. TiO2 
30 and Pt/ZnO 31 as 

photocatalysts in the decomposition of H2O2) on the swimmer surface, which can 

produce unbalanced ion-induced electric field and double layer polarization. 32 This 

asymmetric field creates a slip flow near the particle surface and provides a 

hydrodynamic force to enable the propulsion. In principle, electrolyte 

diffusiophoresis and electrophoresis depend on long-range Coulomb interaction 

between the charged solid surface and oppositely charged Debye layer 32 (Figure 

5.1), which can extend hundreds of nanometers from the surface to the solution 

(Figure 5.1). On the contrary, light-driven non-electrolyte diffusiophoresis depends 

on the generation of a concentration gradient of neutral species which is also 

attributed to asymmetric distribution of photochemical reactions at a surface. 4 

Consequently, the concentration gradient can provoke a pressure gradient which 

arises from steric exclusion of the solutes near the surface, resulting in the self-

propulsion. Comparing to electrolyte diffusiophoresis, the propulsive force 

generated by non-electrolyte diffusiophoresis is usually lower, and its propulsive 

direction is mostly towards lower non-electrolyte concentration. 4, 16 Some light-

driven microswimmers rely on thermophoresis whereby a local temperature 

gradient is generated due to different absorption of materials based on Janus 

architectures or due to limited light penetration depth. 29, 33 Generally, 

thermophoretic mobility is related to short-range interactions, e.g. van der Waals 

force, leading to only several layers of interfacial molecules being involved (Figure  
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Figure 5.1 Illustration of the propulsive interaction region. Reproduced wih permission from Ref. 32. 

Copyright 2018 American Chemical Society. 

 

5.1). 32 Finally, photoresponsive bubble propelled swimmers are dependent on 

photocatalytic reactions with the generation of a jet of bubbles, which provokes a 

recoil force. 27 

So far, most of the photoresponsive swimmers rely on the utilization of metals 

which may lower the biocompatibility. Meanwhile, the most effective bubble 

propelled swimmers, even though being triggered with light, are reported to show 

no obvious regulated trajectories. 28 Thus, the challenge for alternative light-

powered systems with biocompatibility and in particular allowing directional 

control is still pressing. Recently, self-propulsive systems using organic catalysts 

have drawn increasing attention for their potential applications in, e.g., the 

biological field. 34, 35 Furthermore, recent studies also revealed that photoswitches 

modified particles could create a light-induced interfacial tension gradient that 

drives a fluid flow from a low tension region to a high tension region. 28, 36, 37 Such 

tension gradient is based on photochromic reactions which are manipulated at the 

molecular level and are different from the typical propulsion mechanisms. In 

addition, attempts are being made to develop photoswitches using near-infrared 

(NIR) irradiation, 38-40 indicating that the utilization of photoswitchable molecules 

offers attractive prospects for fabrication of future photoresponsive biocompatible 

microswimmers. 
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Alkene-based molecular motors belong to the photoswitch family, however, are 

distinctive not only due to their multi-stage switching ability but also due to their 

dynamic unidirectional 360o rotation. 41-42 Especially, the continuous unidirectional 

rotation is non-reciprocal, demonstrating a high potential of molecular motors as 

effective molecular propellers at low Reynolds number. In this chapter, we 

demonstrate the propulsive behavior of microparticles modified with light-driven 

molecular motors at their surface (Figure 5.2, for synthesis and fabrication, see 

Chapter 4). Upon irradiation, molecular propulsion has been achieved while the 

stator of the motor is immobilized on the particle surface. In addition, due to an 

asymmetric distribution of molecular propulsion on the particle surface, a slip flow 

near the particle surface can be created. Change in the rotary speed of molecular 

motor via structural modification of the motor unit 43 allows understanding of the 

propulsion mechanism, distinguishing the role of molecular propulsion and typical 

thermophoresis.  

 

 

Figure 5.2 Silica microparticles MP-1, MP-2, and MP-3 (d=5 μm) with motor 4.1, 4.2, and 

compound 4.44, respectively, functionalized on the surfaces. (n ≈ 9)  
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5.2 Results and Discussion 
 

5.2.1 Testing the function of the swimmer under optical 

microscope 

 

The microscopic size of the motor-functionalized particles enables them to be 

studied using optical microscopy. To prevent the generation of undesired fluid 

flows due to solvent evaporation, MP-1 and MP-2 (see Figure 5.2) were dispersed 

in the media (THF, DCM, methanol, or water) and placed in a sealed 1mm-thick 

cuvette with a mask where 365 nm light was incident at the boundary of the mask 

(Figure 5.2).    

 

 

Figure 5.3 Illustrations of the experimental setup to detect the propulsive motion of microparticles 

using optical microscope. (A) Schematic description of the prepared sample. Microparticles are 

dispersed in solvents and placed in a sealed cuvette. A mask is used to cover half of the cuvette to 

form a boundary, where 365 nm light is incident with a tilted angle from the right direction. (B) The 

image of microparticles under optical microscope while focusing on the boundary. Media: THF; scale 

bar: 100 µm.     

 

We started with the investigation of movement in THF, a solvent in which 

molecular motor 4.1 and 4.2 could be dissolved. As shown in Figure 5.3, particles 

MP-1 at the inner wall of the cuvette (a solid-liquid interface) are well dispersed 

without major clustering/aggregation in THF (Figure 5.3). Upon the irradiation 

with 365 nm light, these particles at the interface remained stationary even when 

the irradiation was extended to 3 min (Figure 5.4). Regarding other good solvents 

for the motor 4.1 and 4.2, e.g., DCM and methanol, the same phenomenon 
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occurred that particles MP-1 and MP-2 appeared well dispersed in the media and 

did not show obvious propulsive motion upon the treatment with 365 nm UV light. 

We hypothesized that this observation might be caused by the gravity of the 

particle and strong adhesive force between the particle MP-1 and MP-2 with the 

inner wall of the quartz cuvette.  

 

Figure 5.4 Optical images of microparticles MP-1 dispersed in THF. (A) Before irradiation; (B) 

After 3 min of irradiation with 365 nm light from the right direction. Scale bar: 20 µm. 

 

Water is not a good solvent for motor 4.1 and 4.2 and we observed a lot of 

clustering of particles MP-1 and MP-2 when water was employed as the medium. 

However, MP-1 and MP-2 can be well dispersed into water with 2 wt% Triton X-

100 as the surfactant. In particular, when microparticles MP-1 were dispersed in 

water with this surfactant, directional movement was observed with 365 nm UV 

irradiation from the right direction. As indicated in circles (both the yellow and the 

red) in Figure 5.5, while most of the particles exhibit no motion, several particles 

show directed translational motion towards the light source. The velocity of this 

light-induced motion was low with a value of roughly 7 µm/min.  
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Figure 5.5 Optical images of microparticles MP-1 modified with motor 4.1 in water with 2 wt% 

Triton X-100. (A) Before irradiation; (B) After 3 min of irradiation with 365 nm light from the right 

direction. Scale bar: 20 µm. 

 

We also performed the same experiments using microparticles MP-1 modified 

with enantiopure motor 4.1 (the counter-clockwise rotating (R)-4.1, for structures 

see Chapter 4) and MP-2. The former was seen to display similar directional 

movement, however, we did not observe any obvious enhancement of velocity of 

the light-induced motion comparing to MP-1 functionalized with racemic 4.1. On 

the other hand, MP-2 with motor 4.2 modified on the surface showed only 

Brownian motion rather than light-triggered directional movement (Figure 5.6, 

representative particles are indicated in red/yellow circles). Overall, the occurrence 

of directional movement of the particles MP-1 by irradiation with 365 nm light 

was still less clear and the velocity of translational motion was slow comparing to 

other light-powered swimmers 29, 33 (based on light-induced thermophoretic self-

propulsion).  Different from other systems, 29, 33 our particles are of larger size and 

were studied using optical microscope which focused on particles sedimented at 

the liquid-quartz interface. Due to gravity of the particles, adhesive force, and the 

friction between the particle and quartz surfaces, we assume that these forces may 

lead to a lower velocity of the motion. Encouraged by these initial observations, 

but in order to overcome the limitation using optical microscope which can only 

focus at the liquid-quartz interface (while particles in the media move up and down 

thus it is hard to study their trajectories), we next employ a tracking system based 

on laser-scattering technology which allows more systematic studies of the 

movement of particles in the aqueous media. 
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Figure 5.6 Optical images of microparticles MP-2 modified with motor 4.2 in water with 2 wt% 

Triton X-100. (A) Before irradiation; (B) After 3 min of irradiation with 365 nm light from the right 

direction. Scale bar: 20 µm. 

 

5.2.2 Testing the function of the swimmer under Nanosight 

 

To gain more insight into the movement of the particles, including their velocities 

and trajectories, Nanosight (see Experimental Section 5.5.3) was utilized. 

Nanosight is a tracking system based on laser-scattering technology, which allows 

simultaneous recording of coordinates of multiple particles. 22, 44-46 From these 

coordinates, the average mean square displacements (MSDs) can be calculated. In 

a short time scale, if the movement is random Brownian motion, MSD shows a 

linear correlation which can be fitted using MSD=4D∆t. When the motion is 

endowed with directionality, MSD becomes a parabolic curve and is fitted using 

MSD=v2(∆t)2 + 4D∆t. 22, 33, 44, 47 These two fitting equations are based on the self-

diffusiophoretic model proposed by Golestanian and co-workers, 47 4D∆t is the 

contribution from Brownian motion where D is the diffusion constant of the 

particle, and v the is the propelling velocity. 29 

In our study, we focused on water with surfactant as the media because the 

Nanosight setup only allows aqueous systems to be measured. A sample of 

particles in 500 µL of water with 2 wt% Triton X-100 was measured each time at 

20 oC, and 100-150 particles in two dimensions were used to plot the average MSD. 

From Figure 5.7A, MSDs of bare silica microparticles show linear correlations 

with/without UV irradiation, indicating the presence of only Brownian motion. 47 

In addition, MSDs with/without UV irradiation do not significantly differentiate 

from each other, demonstrating that the Brownian motion is not enhanced by  



 

139 

 

 

 

Towards Utilizing Unidirectional Molecular Motion 

for Controlling Microscopic Particle Movement 

 

Figure 5.7 Average MSDs of the microparticles (d= 5 µm) before and after irradiation  with 365 nm 

UV light, measured in water with 2 wt% Triton X-100 by Nanosigh LM10. (A) MSD plots of bare 

silica microparticles; (B) MSD plots of MP-1 modified with motor 4.1 (d= 5 µm). MSDs were 

calculated from the coordinates of 100-150 particles, and fitted using the equations v2(∆t)2 + 4D∆t for 

directional motion and 4D∆t for Brownian motion. Error bars are the standard deviation of MSDs of 

100-150 particles.  

 

irradiation which can be rationalized by the absence of absorption at 365 nm for 

silica. The same experiments were conducted with 4.1-functionalized 

microparticles MP-1. Without 365 nm light, MSD only shows a typical linear 

shape indicating Brownian motion, 47 which is similar with that of the non-

functionalized silica microparticles (green line in Figure 5.7B). However, with 365 

nm irradiation, MSDincreases and the fitted curve suggests a parabolic 

characteristic (red curve in Figure 5.7B), indicating that there is more directionality 

of the movement comparing to the non-irradiated particles. The velocity was 

calculated to be 8.83 µm/s. This velocity is quite slow comparing to the self-

propulsive systems based on long-range interactions (e.g., the electrophoretic and 

bubbling swimmers, of which the velocity can be higher than 50 µm/s 22, 23, 30, 31, 44), 

however, comparing to other silicon-based swimmers (Au-silica Janus particles) 29, 

33 which rely on short-range interactions (e.g., thermophoresis), the velocity of 

MP-1 is in the same range.    

To further demonstrate the difference of movement between the functionalized 

and non-functionalized particles, their trajectories were recorded. Regarding the 

non-functionalized silica microparticles, the motion exhibited random walk no 

matter with or without 365 nm irradiation (Figure 5.8A and 5.8B). Similarly, 

without irradiation, the motor-functionalized particle showed typical Brownian 

motion (Figure 5.8C). Nevertheless, with 365 nm UV light incident from the left, 
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these particles started to move with a certain degree of directionality which is 

exemplified in Figure 5.8D. We found that, in presence of strong Brownian motion, 

the displacement was biased with longer distance on the horizontal axis which was 

towards the direction of the light source from left. 

According to these observations, we propose that the directional movement of 

microparticles MP-1 can be induced via two possible mechanisms, namely, light-

induced thermophoresis and molecular stirring. Considering the former mechanism, 

molecular motor 4.1 at the irradiated surface absorbs 365 nm light of an intensity I 

with an absorption efficiency ɛ. Due to the limited light penetration depth, the 

generated heat due to absorption is asymmetrically distributed at the particle 

surface. Thus, a temperature gradient will be created which may drive a slip flow 

near the particle surface. Generally, the propulsive velocity is linearly proportional 

to temperature gradient, which can be expressed with an equation v= -DTT. DT 

represents thermophoretic mobility which depends on the interaction between the 

particle and fluids, 48, 49 illustrating that the directionality of mobility depends on 

both the temperature gradient T and mobility DT. Studies have proven that the 

sign of DT could also be inverted by adding surfactants, such as Triton X-100, 50 

indicating that surfactants might change the movement either towards or away 

from the light source. Thus, we hypothesize that the movement in our system may 

result from a synergistic effect of the light absorption by the motor and the 

surfactant Triton X-100 based on light-induced thermophoresis. Even though large 

silica particles were reported to move away from the hot region where an external 

large temperature gradient was present, 49 the observations on non-modified silica 

particles in our system did not show the same phenomenon (Figure 5.7A, 5.8A and 

5.8B) probably because the temperature gradient in the media generated by the 

built-in 642 nm laser and external 365 nm laser might be small. From the 

aforementioned, we can assume that, if based on light-induced thermophoresis, a 

local temperature gradient is generated by the single molecular layer of motor 4.1. 

The direction of movement towards the light source might be attributed to both the 

interfacial motor and Triton X-100 (because Triton X-100 can affect DT which 

determines the direction of thermophoretic self-propulsion as aforementioned).   
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Figure 5.8 Representative examples of trajectories of the microparticles during 4 sec of movement in 

water containing 2 wt% Triton X-100 using Nanosight. (A) Non-functionalized silica microparticles 

without 365 nm irradiation; (B) Non-functionalized silica microparticles with 365 nm irradiation; (C) 

Particles functionalized with motor 4.1 without UV irradiation; (D) Particles functionalized with 

motor 4.1 with 365 nm irradiation. The incident light is from the left.   
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On the other hand, as non-electrolyte diffusiophoresis and thermophoresis 

involve only several molecular layers extended from the particle surface 4, 32 and 

noting the previously reported self-propulsion of active enzymes,53-55 we also 

assume that molecular rotation may attribute to the directional movement. 

According to Purcell’s theory, 51 a net propulsion can be achieved only by non-

reciprocal motion where viscous forces are dominant over inertial forces (at low 

Reynolds number). With light-triggered non-reciprocal unidirectional rotation, 

motors tethered on the silica surface may produce molecular propulsion by 

interaction with the surrounding molecules, namely, water and Triton X-100, to 

generate enhancement in diffusion of the surrounding molecules. Thus, combined 

with the separation of a dark and a bright face on the particle surface due to limited 

light penetration, an asymmetric distribution of the diffusion rate of surrounding 

molecules is prone to generate a slip flow which can drive the microparticle 

moving towards the light source. 
To test which mechanism plays the major role, we conducted MSD studies on 

particles MP-2 and MP-3 modified with control compounds, namely, a relatively 

slower motor 4.2 and compound 4.44 which is merely the lower stator half of 

motor 4.1 (see Figure 5.2). Because heat generation is dependent on the light 

intensity I and absorption efficiency ɛ, 29 motor 4.1, 4.2 and compound 4.44 with 

similar structures and comparable absorption at 365 nm wavelength (Figure 5.9) 

are likely to exhibit comparable thermophoretic movement under the same 

condition. However, we found that MP-3 modified with control compound 4.44, 

while absorbing 365 nm UV light, showed neither obviously enhanced MSD nor 

parabolic fitted curve (Figure 5.10B). Additionally, Figure 5.10A shows that 

particles MP-2 modified with motor 4.2, which is also a molecular motor, exhibits 
 

 

  

 

Figure 5.9 Absorption spectra of different compounds in THF. (A) Motor 4.1; (B) motor 4.2; and (C) 

control compound 4.44. The concentration of all compounds is approximately 8 X 10-6 M. 
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no significant difference of MSDs with or without 365 nm irradiation. These 

results demonstrate that light does not induce directional propulsion to the 

microparticles MP-2 and MP-3 modified with 4.2 and 4.44, respectively, 

indicating a less important role of light-induced thermophoresis. Moreover, 

regarding motor 4.2, the difference comparing to motor 4.1 lies in a slower half-life 

time of thermal helix inversion (THI), which is within 10-3 s range while that of 

motor 4.1 is 10-7 s scale. Assuming that the molecular propulsion is based on steric 

exclusion of the solvent/surfactant near the surface via motor rotation, and taking 

into account the rotary speed motor 4.1 can rotate more cycles within a fixed time. 

Also, considering the diffusion coefficient of water which is 2.0 µm2/ms at 20 oC, 52 

the 10-7 s half-life and nanometer size of motor 4.1 show a molecular displacement 

which is comparable with water diffusion, indicating that the molecular rotation is 

likely to disturb water flow near the particle surface. It is noteworthy to point out 

that active enzymes move towards a higher substrate concentration correlated with 

a higher diffusion rate, indicating the similar propulsive direction with MP-1. 53-55 

In addition, this enhanced diffusive transport of an active enzyme could also drive 

the motion of passive tracer particles (d=50 nm and 100 nm). 56 More importantly, 

the enhanced diffusion is assumed to be associated with the significant 

conformational change of active enzymes as they bind substrates and release 

products while catalyzing reactions. 55, 57-59 Generally, the enzymatic turnover of 

substrates is in 103-107 s-1 range, 60-62 which is also in accordance with the ~10-7 s 

range for the half-life of THI of motor 4.1 (even though motor 4.2 has a half-life of 

THI in 10-3 s range, the molecular size is much smaller than enzymes, e.g. glucose 

oxidase, 53 which might lead to a weaker effect of enhanced diffusion of the 

surrounding molecules via conformational change). Taken together, we propose 

that the directional movement of microparticles emerges from the modified single 

molecular layer of rotary motor, and this hydrodynamic motion shows a 

dependency on the half-life of THI of molecular motors.  
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Figure 5.10 Average MSDs of the microparticles MP-2 and MP-3 before and after irradiation  with 

365 nm UV light, measured in water with 2 wt% Triton X-100 by Nanosigh LM10. (A) MSD plots of 

4.2-functionalized particles MP-2; (B) MSD plots of microparticles MP-3 modified with compound 

4.44. MSDs were calculated from the coordinates of 100-150 particles, and fitted using the equations 

4D∆t for Brownian motion. Error bars are the standard deviation of MSDs of 100-150 particles.  

 

5.2.3 Janus particles fabrication 

 

Recently, studies on Au-silica Janus particles revealed that they could perform self-

propulsion under irradiation, i.e., NIR and infrared (IR). 29, 33 The self-propulsion of 

these Janus particles were based on light-triggered thermophoresis, because the 

metal-coated side absorbed light which created a temperature gradient, inducing a 

slip flow to propel the particle. Especially, in water with surfactant Triton X-100, 

Au-silica Janus particles would propel towards the light source. 29 Noting the 

propulsive behavior of the Janus particles, we anticipated that an Au-silica Janus 

particle MP-4 (Figure 5.11) with motors tethered at the silica side should be able to 

allow dual control over its movement. In brief, red light can trigger the Au side to 

generate a temperature gradient and conduct thermophoretic movement towards the 

light source. Meanwhile, motor 4.1 on the silica side can respond to UV light and 

generate a hydrodynamic force to propel towards the UV light source. 

Theoretically, when a red and a UV light source are incident from opposite 

directions (Figure 5.11), the particle MP-4 may rotate to a state with the Au side 

facing the incident direction of the red light source while the silica side facing the 

opposite UV light source. Note that the thermophoretic force via absorption on the  
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Figure 5.11 Illustration of a Au-silica Janus particle MP-4 modified with motor 4.1 on the silica side. 

By irradiation with two different incident light sources, both sides can respond to different 

wavelength. (n≈9)  

 

Au side and the hydrodynamic force on the motor-functionalized side are of 

opposite directions and can cancel each other. Thus, a regulation over the 

propulsive motion of Au-silica Janus particles might be achieved via the function 

of molecular motor 4.1 as a brake to cancel the thermophoretic motion.     

As demonstrated in Figure 5.12A, Au-silica Janus microparticles were 

fabricated from commercially available silica particles which were spread on a 

mica slide forming a monolayer. 63 To increase the affinity of Au and silica, a thin 

layer (~ 5 nm thickness) of Cr was deposited as an adhesive layer before the 

coating of Au. 64 After depositing 100 nm thick layer of Au, the particles were 

released by washing with water. The successful fabrication of Au-silica Janus 

particles was verified using scanning electron microscopy (SEM), showing clear 

Au-silica boundaries (Figure 5.12B).   
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Figure 5.12 The fabrication method of Au-silica Janus particles (d= 5 μm). (A) Illustrative 

procedures of the fabrication. Silica particles (d= 5 µm) were aligned on a mica substrate, followed by 

the deposition of a thin layer of Cr  as an adhesive layer (roughly 5 nm thickness, indicated with grey 

color). To the Cr-deposited layer of particles, a layer of Au (100 nm thickness, indicated with yellow 

color) was deposited. Finally, the Janus particles were washed off the substrate. (B) TEM images of 

the fabricated Au-silica Janus particles. 

 

The attachment of molecular motor 4.1 onto the Janus particles was conducted 

using the same method as described in Chapter 4, except for that an extra washing 

step using KCN after the click chemistry (see Experimental Section 5.5.4). This 

extra washing step was conducted to remove any motor 4.1 binding to the Au side 

via alkyne-Au complexation. 65 The Janus property was retained during the 

tethering process which was verified by SEM images (Figure 5.13). 
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Figure 5.13 TEM images of the Au-silica microparticles with (A) azido groups and (B) motor 4.1 

(particle MP-4) attached on the silica side. 

 

The experiments were carried out on bare Au-silica Janus particles without the 

modification of motor 4.1 and 4.1-modified MP-4 with an external light source 

(365 nm or 660 nm) in the same/opposite direction with the built-in 642 nm light 

source (Figure 5.14A). Different from MP-1, MP-2, and MP-3, Janus MP-4 

contains the Au component which would absorb the built-in 642 nm light to 

generate thermophoretic propulsion, 33 thus an external 660 nm light source was 

employed as a control to study the effect of red light on MP-4. The results are 

shown in Figure 5.14. Regarding bare Au-silica Janus particles,  the average MSD 

curve (the black curve in Figure 5.14B) with the treatment of only the built-in 642 

nm light shows a parabolic component, indicating a light-powered thermophoretic 

movement as reported for other Au-silica Janus particles. 33 Nevertheless, by 

adding an external 365 nm/660 nm light source on the opposite or the same  side 

with the built-in 642 nm light,  the average MSD curves are all parabolic and have 

similar velocity values comparing to that with only the 642 nm light (Figure 

5.14B). These observations demonstrate that the external 365 nm/660 nm light do 

not significantly affect the existing thermophoretic movement of the bare Au-silica 

Janus particles, which may be rationalized by the weaker power of the external 

light sources (max. 20 mW comparing to 40 mW of the built-in 642 nm light, 

however, the external 365 nm light source was able to power MP-1 as in Figure 

5.7B).   

 



 

148 

 

 

 

Chapter 5 

 

Figure 5.14 Motion analysis of Au-silica Janus microparticles (d= 5 μm) using Nanosight. (A) 

Illustrative scheme indicating the direction of the external light source comparing to the built-in 642 

nm laser. ‘O’ indicates the external 365 nm/ 660 nm light source is incident in an opposite direction 

from the built-in 642 nm light, while ‘S’ indicating the same incident direction of the external and 

built-in light sources. Average MSD curves of (B) Au-silica Janus microparticles without 

modification of molecular motor and (C) MP-4 modified with motor 4.1 on the silica side. The 

measurements were conducted with only built-in 642 nm laser, or external 365 nm/660 nm and built-

in 642 nm light from opposite directions, or external 365 nm/660 nm and built-in 642 nm light in 

same direction. All measurements are conducted in water with 2 wt% Triton X-100. 

 

Next, we investigated the propulsive behavior of MP-4 modified with motor 4.1 

on the silica side. As illustrated in Figure 5.14C, even with 365 nm light on the 

opposite side with the 642 nm light source, the average MSD curve of MP-4 (the 

red curve in Figure 5.14C) and the fitted velocity do not display obvious 

differences with that of the bare Au-silica Janus particles (the red curve in Figure 

5.14B). In addition, all the average MSD curves of MP-4 are very similar to those 

of the bare Au-silica particles, indicating a minor effect of the motor 4.1 on the 

propulsive movement of MP-4.  Hence, our design, which aimed to utilize motor 

4.1 to control the thermophoretic propulsion of Au-silica Janus particles, did not 

work. We rationalized that the red-light-induced thermophoretic propulsion might 

outcompete the UV-triggered enhanced diffusion via rotary motor, which can be to 

some extent reflect the velocities of particles based on either of the two 

mechanisms (regarding MP-1 based on rotary motor: 8.83 μm/s, see Figure 5.7B; 

bare Au-silica particles based on thermophoresis: 9.58 μm/s, see Figure 5.14B).  
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5.3 Conclusions 
 

In summary, silica microparticles modified with ultrafast molecular motor 4.1 were 

found to respond to 365 nm irradiation and propelled towards the light source. This 

photoresponsive propulsion showed a dependency on the half-life time of the THI 

step of the molecular motor, demonstrating that only motor 4.1 with ultrafast THI 

induces the propulsive movement of the microparticles. The microparticles 

modified with motor 4.2 with a relatively shorter half-life of THI and a control 

compound 4.44 with only the stator part of 4.1, however, did not exhibit any self-

propulsion upon irradiation with 365 nm light. Such UV-propelled microswimmer 

exhibits the cooperativity attributed to the collective action of a single layer of 

molecular motors and highlights the dynamic unidirectional rotation at the 

molecular scale, shedding light on the development of future light-powered self-

propulsive systems. An initial attempt was made to use the molecular motor to 

control the thermophoretic movement of Au-silica Janus particles, however, the 

movement did not exhibit strong dependence on the rotary motor. Possibly, the 

thermophoretic movement of Au-silica Janus particles outcompete the effect of the 

rotary motor. To improve, Janus particles without Au might be fabricated to avoid 

the strong thermophoretic self-propulsion. Future studies will focus on these 

systems, by attaching a more rigid filament with built-in helicity rather than a 

flexible PEG group, we may fully mimic the movement of natural flagella which 

can distinguish their propulsive behavior by clockwise and counter-clockwise 

rotary motion. We believe that our design can ultimately help to obtain a better 

understanding of the natural propulsive systems, i.e., flagella and active enzymes.    
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5.5 Experimental Section 

 

5.5.1 General remarks 
 

For general comments, see chapter 2. 

For preparation of molecular motors and particles, see also Chapter 4. 

 

5.5.2 Visualization using optical microscope 

 

Microsized particles were dispersed in water with 2 wt% Triton X-100 in sealed 

quartz cuvette with 1mm thickness. After adding a mask, the cuvette was placed 

for 5 min before irradiating with 365 nm light in order to avoid the undesired 

drifting motion of particles during the sample preparation process. The irradiation 

was incident from a roughly 45o angle and focused at the boundary of the mask. 

Using optical microscope, the movement of particles at the media-cuvette interface 

were recorded at r.t. The irradiation source is a Thorlab model M365F1 high-power 

LED (4.1 mW).    

 

5.5.3 Visualization using Nanosight 

 

A Nanosight LM10 coupled with a 642 nm laser (40 mW) and a CCD camera was 

employed for the tracking analysis (for details, see Ref. 22 and 44). The 

microparticles were dispersed in water with 2 wt% Triton X-100 and measured 

after injection of 500 µL of suspension per time. External irradiation of 365 nm and 

a control 660 nm were incident from either the same side or the opposite as the in-

built 642 nm laser. The fitting of MSD was based on self-diffusiophoretic model 

proposed by Golestanian. 47 While MSD showed a linear relation with time, 

equation MSD=4D∆t was employed which indicated Brownian motion. If the 

motion was directional propulsion, MSD showed a parabolic component which 

was fitted using the equation MSD=v2(∆t)2 + 4D∆t. External irradiation (both 365 

nm and 660 nm) were conducted using MAX-303 Xenon Light Source (max. 20 

mW). 
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5.5.4 Janus particles fabrication 
 

Commercially available silica microparticles (d= 5 µm) were pretreated with 5% aq. 

HCl (3 mL) by heating together at 90 oC for 4h. After washing with water, the 

particles were dispersed in water and dropcasted onto a mica substrate to form a 

densely packed thin layer. A layer of 5 nm thick Cr was first thermally deposited 

onto the SiO2 microparticles at a rate of 0.5 Å/s in vacuum. A layer of 100 nm 

thick Au was sequentially deposited onto the samples at a rate of 0.5 Å /s in 

vacuum. After completion, the particles were washed off the mica substrate by 

water and isolated by centrifugation. 

For the modification of the abovementioned Janus particles with motor 4.1 on 

the silica side to yield particles MP-4, the procedures were the same with particles 

MP-1 (see Chapter 4), thus we assumed that MP-1 and MP-4 would have 

comparable surface coverage. Au-silica Janus particles were treated with 3-

(azidopropyl)triethoxysilane in DMF at 80 oC for 16 h. After completion, the 

particles were washed and sonicated with DMF, water and MeOH. Next, the azido 

Janus particles (10 mg) and motor 4.1 (5 mg) were mixed together in DMF (3 mL) 

and the resulting mixture was added with a suspension of CuSO4·5H2O (0.06 mg) 

and sodium ascorbate (0.10 mg) in DMF (10 µL). After stirring at 40 oC for 24 h, 

the solids were isolated by centrifugation, followed by extensive washing with 

DMF (2 × 3 mL), water (2 × 3 mL), Na2EDTA (1 M, 2 × 3 mL), water (2 × 3 mL), 

and MeOH (2 × 3 mL). The obtained motor-tethered Janus particles were further 

treated with aqueous KCN/THF (3 mL, 1 mg/mL in THF/water, 5/1), aiming to 

remove any motor 4.1 binding to the Au side via alkyne-Au complexation. After 30 

min, the particles were washed with water (2 × 3 mL) and MeOH (2 × 3 mL) and 

characterized by SEM. 

 

 

5.6 References 

 
(1) Zhao, X.; Gentile, K.; Mohajerani, F.; Sen, A. Acc. Chem. Res. 2018, 51 (10), 

2373–2381.  

(2) Wang, W.; Duan, W.; Ahmed, S.; Sen, A.; Mallouk, T. E. Acc. Chem. Res. 

2015, 48 (7), 1938–1946.  

(3) Mei, Y.; Solovev, A. A.; Sánchez, S.; Schmidt, O. G. Chem. Soc. Rev. 2011, 

40, 2109−2119. 



 

152 

 

 

 

Chapter 5 

(4) Wang, W.; Duan, W.; Ahmed, S.; Mallouk, T. E.; Sen, A. Nano Today 2013, 

8, 531−554. 

(5) Katuri, J.; Ma, X.; Stanton, M. M.; Sánchez, S. Acc. Chem. Res. 2017, 50 (1), 

2–11. 

(6) Karshalev, E.; Esteban-Fernández De Ávila, B.; Wang, J. J. Am. Chem. Soc. 

2018, 140 (11), 3810–3820.  

(7) You, M.; Chen, C.; Xu, L.; Mou, F.; Guan, J. Acc. Chem. Res. 2018, 51 (12), 

3006–3014. 

(8) Dong, R.; Cai, Y.; Yang, Y.; Gao, W.; Ren, B. Acc. Chem. Res. 2018, 51 (9), 

1940–1947.  

(9) Wang, J.; Gao, W. ACS Nano 2012, 6 (7), 5745–5751. 

(10) Wang, H.; Pumera, M. Chem. Rev. 2015, 115 (16), 8704–8735. 

(11) Ismagilov, R. F.; Schwartz, A.; Bowden, N.; Whitesides, G. M. Angew. 

Chem. Int. Ed. 2002, 41 (4), 652–654. 

(12) Gao, W.; Sattayasamitsathit, S.; Manesh, K. M.; Weihs, D.; Wang, J. J. Am. 

Chem. Soc. 2010, 132 (41), 14403–14405. 

(13) Sengupta, S.; Ibele, M. E.; Sen, A. Angew. Chem. Int. Ed. 2012, 51 (34), 

8434–8445. 

(14) Sengupta, S.; Patra, D.; Ortiz-Rivera, I.; Agrawal, A.; Shklyaev, S.; Dey, K. 

K.; Córdova-Figueroa, U.; Mallouk, T. E.; Sen, A. Nat. Chem. 2014, 6 (5), 

415–422. 

(15) Peyer, K. E.; Tottori, S.; Qiu, F.; Zhang, L.; Nelson, B. J. Chem. Eur. J. 

2013, 19 (1), 28–38.  

(16) Staffeld, P. O.; Quinn, J. A. J. Colloid Interface Sci. 1989, 130 (1), 69–87. 

(17) Paxton, W. F.; Kistler, K. C.; Olmeda, C. C.; Sen, A.; St. Angelo, S. K.; Cao, 

Y.; Mallouk, T. E.; Lammert, P. E.; Crespi, V. H. J. Am. Chem. Soc. 2004, 

126, 13424−13431. 

(18) Fournier-Bidoz, S.; Arsenault, A. C.; Manners, I.; Ozin, G. A. Chem. 

Commun. 2005, 441−443. 

(19) Howse, J. R.; Jones, R. A. L.; Ryan, A. J.; Gough, T.; Vafabakhsh, R.; 

Golestanian, R. Phys. Rev. Lett. 2007, 99, 048102. 

(20) Pantarotto, D.; Browne, W. R.; Feringa, B. L. Chem. Commun. 2008, No. 13, 

1533–1535. 

(21) Stock, C.; Heureux, N.; Browne, W. R.; Feringa, B. L. Chem. Eur. J. 2008, 

14 (10), 3146–3153. 

(22) Wilson, D. A.; Nolte, R. J. M.; van Hest, J. C. M. Nat. Chem. 2012, 4, 

268−274. 

(23) Duan, W.; Liu, R.; Sen, A. J. Am. Chem. Soc. 2013, 135, 1280−1283.  



 

153 

 

 

 

Towards Utilizing Unidirectional Molecular Motion 

for Controlling Microscopic Particle Movement 

(24) Tansi, B. M.; Peris, M. L.; Shklyaev, O. E.; Balazs, A. C.; Sen, A. Angew. 

Chem. Int. Ed. 2019, 58 (8), 2295–2299.  

(25) Chen, C.; Mou, F.; Xu, L.; Wang, S.; Guan, J.; Feng, Z.; Wang, Q.; Kong, L.; 

Li, W.; Wang, J.; Zhang, Q. Adv. Mater. 2017, 29 (3), 1603374.  

(26) Simoncelli, S.; Summer, J.; Nedev, S.; Kühler, P.; Feldmann, J. Small 2016, 

12 (21), 2854–2858.  

(27) Li, Y.; Mou, F.; Chen, C.; You, M.; Yin, Y.; Xu, L.; Guan, J. RSC Adv. 2016, 

6, 10697−10703. 

(28) Xu, L.; Mou, F.; Gong, H.; Luo, M.; Guan, J. Chem. Soc. Rev. 2017, 46 (22), 

6905–6926. 

(29) Jiang, H. R.; Yoshinaga, N.; Sano, M. Phys. Rev. Lett. 2010, 105 (26), 1–4. 

(30) Hong, Y.; Diaz, M.; Cordova-Figueroa, U. M.; Sen, A. Adv. Funct. Mater. 

2010, 20, 1568−1576. 

(31) Dong, R.; Wang, C.; Wang, Q.; Pei, A.; She, X.; Zhang, Y.; Cai, Y. 

Nanoscale 2017, 9, 15027−15032.  

(32) Wang, J.; Xiong, Z.; Zheng, J.; Zhan, X.; Tang, J. Acc. Chem. Res. 2018, 51 

(9), 1957–1965. 

(33) Xuan, M.; Wu, Z.; Shao, J.; Dai, L.; Si, T.; He, Q. J. Am. Chem. Soc. 2016, 

138 (20), 6492–6497. 

(34) Marin, M. L.; Santos-Juanes, L.; Arques, A.; Amat, A. M.; Miranda, M. A. 

Chem. Rev. 2012, 112, 1710−1750. 

(35) Günther, J. P.; Börsch, M.; Fischer, P. Acc. Chem. Res. 2018, 51 (9), 1911–

1920. 

(36) Abid, J. P.; Frigoli, M.; Pansu, R.; Szeftel, J.; Zyss, J.; Larpent, C.; Brasselet, 

S. Langmuir 2011, 27 (13), 7967–7971. 

(37) Li, W.; Wu, X.; Qin, H.; Zhao, Z.; Liu, H. Adv. Funct. Mater. 2016, 26 (18), 

3164–3171. 

(38) Wegener, M.; Hansen, M. J.; Driessen, A. J. M.; Szymanski, W.; Feringa, B. 

L. J. Am. Chem. Soc. 2017, 139 (49), 17979–17986. 

(39) Dong, M.; Babalhavaeji, A.; Collins, C. V.; Jarrah, K.; Sadovski, O.; Dai, Q.; 

Woolley, G. A. J. Am. Chem. Soc. 2017, 139 (38), 13483–13486. 

(40) Cabré, G.; Garrido-Charles, A.; Moreno, M.; Bosch, M.; Porta-de-la-Riva, 

M.; Krieg, M.; Gascón-Moya, M.; Camarero, N.; Gelabert, R.; Lluch, J. M.; 

Busqué, F.; Hernando, J.; Gorostiza, P.; Alibés, R. Nat. Commun. 2019, 10 

(1). 

(41) Koumura, N.; Zijlstra, R. W.; van Delden, R. A.; Harada, N.; Feringa, B. L. 

Nature 1999, 401 (6749), 152–155. 



 

154 

 

 

 

Chapter 5 

(42) Koumura, N.; Geertsema, E. M.; van Gelder, M. B.; Meetsma, A.; Feringa, 

B. L. J. Am. Chem. Soc. 2002, 124 (18), 5037–5051. 

(43) Klok, M.; Boyle, N.; Pryce, M. T.; Meetsma, A.; Browne, W. R.; Feringa, B. 

L. J. Am. Chem. Soc. 2008, 130 (32), 10484–10485. 

(44) Tu, Y.; Peng, F.; Sui, X.; Men, Y.; White, P. B.; Van Hest, J. C. M.; Wilson, 

D. A. Nat. Chem. 2017, 9 (5), 480–486.  

(45) Tian, X.; Nejadnik, M. R.; Baunsgaard, D.; Henriksen, A.; Rischel, C.; 

Jiskoot, W. A.  J. Pharm. Sci. 2016, 105 (11), 3366–3375.  

(46) Mun, E. A.; Hannell, C.; Rogers, S. E.; Hole, P.; Williams, A. C.; 

Khutoryanskiy, V. V. Langmuir 2014, 30 (1), 308–317.  

(47) Golestanian, R. Phys. Rev. Lett. 2012, 108 (3), 1–5. 

(48) Chakraborty, D. J. Chem. Phys. 2018, 149 (17), 1–8. 

(49) Weinert, F. M.; Braun, D. Phys. Rev. Lett. 2008, 101 (16), 15–18. 

(50) Braibanti, M.; Vigolo, D.; Piazza, R. Phys. Rev. Lett. 2008, 100 (10), 1–4. 

(51) Purcell, E. M. Am. J. Phys. 1977, 45 (1), 3–11. 

(52) Holz, M.; Heil, S. R.; Sacco, A. Phys. Chem. Chem. Phys. 2000, 2 (20), 

4740–4742. 

(53) Sengupta, S.; Dey, K. K.; Muddana, H. S.; Tabouillot, T.; Ibele, M. E.; 

Butler, P. J.; Sen, A. J. Am. Chem. Soc. 2013, 135 (4), 1406–1414.  

(54) Zhao, X.; Gentile, K.; Mohajerani, F.; Sen, A. Acc. Chem. Res. 2018, 51 (10), 

2373–2381.  

(55) Astumian, R. D. ACS Nano 2014, 8 (12), 11917–11924.  

(56) Zhao, X.; Dey, K. K.; Jeganathan, S.; Butler, P. J.; Córdova-Figueroa, U. M.; 

Sen, A. Nano Lett. 2017, 17 (8), 4807–4812.  

(57) Sakaue, T.; Kapral, R.; Mikhailov, A. S. Eur. Phys. J. B 2010, 75, 381−387. 

(58) Cressman, A.; Togashi, Y.; Mikhailov, A. S.; Kapral, R. Phys. Rev. E 2008, 

77, 050901 (1−4). 

(59) Golestanian, R. Phys. Rev. Lett. 2010, 105, 018103 (1−4). 

(60) Willner, I.; Baron, R.; Willner, B. Biosens. Bioelectron. 2007, 22 (9–10), 

1841–1852.  

(61) Richard, J. P. J. Am. Chem. Soc. 2019, 141 (8), 3320–3331.  

(62) Hagen, J. in Industrial Catalysis: A Practical Approach, 3rd ed; Wiley-VCH, 

Weinheim, 2015. 

(63) Takei, H.; Shimizu, N. Langmuir 1997, 13 (7), 1995–1998.  

(64) Isiyaku, A. K.; Ali, A. H.; Ramly, N. F. Mater. Today Proc. 2019, 7, 692–

696.  

(65) van Delden, R. A.; Ter Wiel, M. K. J.; Pollard, M. M.; Vicario, J.; Koumura, 

N.; Feringa, B. L. Nature 2005, 437 (7063), 1337–1340.  


	Chapter 5



