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Chapter 1 

Photoresponsive Molecules in Confinement 

Light as an energy source is noninvasive, clean and allows both spatial and temporal 

control in photoresponsive materials. In chemistry, artificial photoswitches have 

been developed and widely studied over the past decades. Aiming to achieve more 

sophisticated responsive functions, photoswitches were incorporated into larger 

assembled systems which resulted in the emergence of many photoresponsive smart 

materials. These materials hold great promise for applications in supramolecular 

chemistry, nanotechnology and catalysis in confined space. In this chapter, we 

describe several artificial photoresponsive molecules as well as the corresponding 

strategies for their integration into larger architectures. Moreover, their applications 

in the fields of cargo-release, wetting/dewetting surfaces, catalysis, optomechanics, 

and electronic devices, are demonstrated. Despite major progress, the behavior of 

photoswitches embedded in a confined environment remains profound, which could 

be crucial for advancing the diversity and complexity of future functional materials.  
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Chapter 1 

1.1 Introduction 
 

Nature has intrigued us with its beauty, complexity, and remarkable functions. The 

concept of mimicking nature to understand and to achieve the same or even better 

functions continues to fascinate scientists.  Inspired by Nature, there are major 

advances over the past decades in the design of biomimetics, such as the utilization 

of light energy to control function.   

Regarding light harvesting, attempts have been made towards the development 

of many photoresponsive molecules. 1 However, most of their studies are carried out 

in solution, leaving far fewer reports on the functioning of these molecules in more 

confined space. Especially, several studies have revealed that not only the 

photoresponsive unit but also its surrounding environment is very important. As 

illustrated with the natural visual pigments, the visualization is initialized by the 

isomerization of 11-cis retinal. As shown in Figure 1.1, 11-cis retinal is attached to 

its binding site in protein via a protonated Schiff’s base. Triggered by light, 11-cis 

retinal isomerizes locally and selectively to its all-trans state with a high quantum 

yield, whereas in solution the product is a mixture of different isomers obtained with 

low quantum yield. 2, 3 This remarkable selectivity is attributed to the inner 

confinement which exerts longitudinal restriction on all the double bonds of retinal 

except for its 11-cis position. 4 On the other hand, the retinal isomerization leads to 

a series of motions of the coupled protein which ultimately generates visual signals.3  

The studies of this natural photoreceptor certainly shed light on the essence of 

photoswitches and their coupling to the environment. Thus, scientists are motivated 

to incorporate artificial photoresponsive molecules into larger and more confined 

environments, aiming to obtain cooperative function or amplification by their mutual 

interaction. Here, we mainly introduce four of the most commonly studied 

photoresponsive molecules and highlight some of their most promising applications 

while being integrated into higher dimensional architectures. In addition, the 

advantageous attributes of these coupled systems that are distinct from the properties 

of individual components, are addressed.  
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Photoresponsive Molecules in Confinement 

 
Figure 1.1 The structure of 11-cis retinal (color: black) and its binding pocket of rhodopsin. 

Reproduced wih permission from Ref. 2. Copyright 2004 National Academy of Sciences.  

 

 

1.2 Artificial Photoswitches 

 
To utilize the advantages of light, scientists have developed many artificial 

photoswitches over the past decades.1 Amongst those the most commonly studied 

are spiropyrans, 5-7 diarylethenes, 23- 31 azobenzenes,32-34 and overcrowded alkenes 

(molecular motors). 35-37 Upon irradiation at the proper wavelength, all of them can 

switch from one state to another while the molecular motor can act as a multistage 

switch and can even operate with continuous unidirectional rotation. The 

photoswitching behavior render them quite promising for the incorporation into bulk 

materials to endow the materials with photoresponsive properties. 

 

1.2.1 Spiropyrans 

 

Spiropyrans (SPs) are a dinstinctive class of stimuli-responsive molecules. 5-7 The 

structure contains an indoline and a chromene moiety which are connected by a spiro 

junction, featuring two π-systems perpendicular to each other. As illustrated in 

Figure 1.2, SPs are able to undergo reversible isomerization by various stimuli, e.g. 

light, pH value, and mechanical force, to generate its merocyanine (MC) form. The 

mechanism of the transformation starts with a cleavage of the spiro C-O bond to 
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yield a transient cis-MC, followed by a fast rotation of the C-C bond which gives the 

ultimate trans-MC.8-10 After removal of the irradiation source, the backward 

isomerization will occur spontaneously following first-order kinetics. 11 

The large structural difference between SP and MC forms endows them with 

remarkably distinct properties. Firstly, the dipole moment of the MC form is much 

larger than its original state due to the charge separation, leading to their different 

affinities towards polar/nonpolar molecules. 7, 12-14 Additionally, the separate charge 

in the MC form is beneficial for the development of photoresponsive conductive 

systems.15-17 Secondly, the volume occupied by the molecule is unequal whereby the 

SP form is smaller. 18 This property has been utilized in the fabrication of responsive 

polymers which exhibit volume phase transition. 19, 20 Thirdly, the photochromic 

properties show major differences for both forms: SP normally absorbs in the 

ultraviolet region and has no emission, whereas MC absorbs in the visible region and 

shows strong emission centered at ~650 nm, making them unique as colorimetric 

sensors. 7, 21 Finally, the MC form shows higher basicity which can be used in 

biological studies, such as the binding with amino acids. 22 

      

 
Figure 1.2 Different isomerization pathways of SPs. Reproduced wih permission from Ref. 7. 

Copyright 2014 the Royal Society of Chemistry. 
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1.2.2 Diarylethenes 

 

In the past decades, diarylethenes, pioneered by Irie and co-workers, have been 

widely studied. 23- 31 Related to stilbene, the diarylethene generally has two 

heterocyclic (furan or thiophene) rings connected by a cis ethylene bridge locked by 

a five- or six- membered ring to prevent cis-trans isomerization. The methyl groups 

at the 2-position of the heterocycles prevent oxidation of the ring-closed form. 

Meanwhile, two conformations are present for the ring-open state, namely, parallel 

and antiparallel conformers (Figure 1.3). Triggered with UV light, only the 

antiparallel conformer is able to undergo the photocyclization process. It is 

noteworthy to point out that, comparing to the non-fluorinated analogues, the 

fluorinated diarylethenes are faster, more efficient and fatigue-resistant in the 

photoswitching process.  

In the dark, both ring-open and ring-closed forms are thermally stable and their 

conversion are substantially reversible with high quantum yield (which is close to 1 

for the ring-closing process). For photochromism of the diarylethene, the ring-open 

form usually absorbs UV light because π-conjugation is localized in each thiophene 

ring. However, after photocylization, the π-conjugation is delocalized throughout the 

molecule, resulting in a smaller HOMO-LUMO gap and the corresponding red-shift 

of absorption spectrum. Additionally, the photo-induced color change could also 

occur in crystals, which is attributed to small structural change during the switching 

process verified by X-ray crystallographic analysis. 24, 28 Besides the change in 

optical properties, the difference in electronic delocalization between these two 

isomers enables diarylethenes in the application as photoresponsive molecular 

wires.29-31    

 
Figure 1.3 The structures of the two conformations of the ring-open diarylethene and the resulting ring-

closing pathway. Reproduced wih permission from Ref. 27. Copyright 2004 the Royal Society of 

Chemistry. 
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Chapter 1 

1.2.3 Azobenzenes 

 

Azobenzenes belong to diazene derivatives which can undergo trans-to-cis 

isomerization upon treatment with stimuli, i.e., UV light, mechanical force, and 

electricity (Figure 1.4). 32-34 The photochemically generated cis isomer is usually not 

thermodynamically stable (for stable cis-isomers, see ref. 32) which will isomerize 

backward spontaneously in the dark. The two isomers of azobenzene shows great 

difference in geometry, dipole moment, and photochromism, making it a widely used 

class of photoswitches.  

  

 
 

Figure 1.4 The reversible isomerization of azobenzene. 

 

 

1.2.4 Molecular motors based on overcrowded alkenes 

 

Light-driven molecular motors developed by our group have attracted great attention 

for the past decades due to their unique properties. 35-37 Based on overcrowded 

alkenes, the molecular motor has a central C=C double bond and is able to undergo 

continuous 360o unidirectional rotation which consists of two photochemical and two 

thermal steps (Figure 1.5). Amongst those the thermal ones, namely, thermal helix 

inversions (THIs) are irreversible, thus ensure the unidirectionality of the rotation. It 

is noteworthy to mention that the rotary direction is dictated by the methyl group(s) 

at the stereogenic center(s) which results in opposite rotary directions of two 

enantiomers.  
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Photoresponsive Molecules in Confinement 

 
 

Figure 1.5 Rotary cycles of the (A) first generation and (B) second generation of molecular motors. 

Adapted from Ref. 35 and 36. 

 

 

Depending on the symmetry, molecular motors are classified into two generations. 

The first-generation motor has two identical parts on both ends of the central double 

bond, while the second-generation has different upper and lower parts as shown in 

Figure 1.5. The first-generation has advantages such as higher quantum efficiency, 

while the disadvantages are its difficulty in structural modification, high energy 

barrier of THI, and the resulting long rotation time.  On the other hand, the second-

generation motor can be easily modified where the inherent thermal half-life can also 

be tuned. Figure 1.6 shows the half-lives of different second generation motors 

ranging from years to nanoseconds. 38, 39 Generally, a six-membered ring in the upper 

half has longer thermal half-life but the analogous change in the lower half has the 

opposite effect. Consequently, the fastest motor has a five-membered upper half and 

a six-membered lower half, rendering a half-life for THI in the nanoseconds range.  

 

 

Figure 1.6 The half-lives of THI of different second-generation molecular motors.  
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1.2.5 Other Photoswitches 

 

Besides the aforementioned photoswitches, there are other photochromic 

compounds, such as stilbenes, 1, 25, 40 fulgimides, 41, 42 hemithioindigos, 43, 44 

hydrazone-based switches 45- 47 and donor-acceptor stenhouse adducts (DASAs). 48-

50
 These photo-responsive molecules, which are not discussed in detail here, also 

show unique properties and have attracted recently considerable attention. The 

studies so far were carried out mainly focusing on their photochromism, stability 

improvement and quantum efficiency enhancement.  

  

 

1.3 Photoswitches in Confinement 

 
To achieve measurable functions, molecules are assembled or incorporated into 

nanoscale, mesoscopic, microscale or even macroscopic architectures. Via collective 

action, the functions of photoswitches can be amplified due to their orderly 

arrangement in the architectures. Moreover, the synchronization between the 

embedded photoswitching units and host architectures may generate cooperative 

effects which differentiate the assembled systems from simple molecular 

photoswitches. As demonstrated by recent studies the environment might influence 

the properties of embedded molecules, such as phase transition behavior, 51, 52 

molecular alignment, 53-55 and dynamic movement. 56- 59 These properties offer great 

opportunities to fabricate photoresponsive smart materials. In this section, we 

highlight some of the most illustrative and promising examples which incorporate 

photoswitches into confined environment and their application in the areas of cargo-

release, artificial muscles, and catalysis in confined space. Meanwhile, we will also 

focus on the cooperativity between photoswitches and their surrounding 

environment, showing the advantages of confining responsive molecules in higher 

dimensional space.  

 

1.3.1 Micelles and vesicles 

 
Amphiphilic molecules in water can self-assemble into various kinds of 

supramolecular structures. 60 Among those structures, the most widely studied are 

micelles and vesicles. As shown in Figure 1.7, micelles are small monolayer 

assemblies with a hydrophobic core, whereas vesicles are bilayer structures which 
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have an internal volume containing aqueous solution. 61 The free volume in the 

layer(s) render these structures capable of entrapping small molecules. Via the 

incorporation of photoswitching units, the assemblies can be controlled by light, 

leading to different permeability or even disassembly, which facilitates the 

development of cargo-release systems. 62-71   
 

 

 
Figure 1.7 Schematic structures of a micelle and a vesicle (blue balls: polar head; yellow tails; 

hydrophobic chains).  Reproduced wih permission from Ref. 61. Copyright 2013 the Royal Society of 

Chemistry. 

 

Regarding photoresponsive cargo-delivery micelles/vesicles, to the best of our 

knowledge, examples only exist of the use of spiropyrans and azobenzenes as 

switches. 62-71 The release mechanisms of these two photoresponsive systems are 

different. The release in SP-based systems are attributed to the great difference in 

polarity and hydrophobicity/ hydrophilicity between the SP and MC forms. 62, 63 As 

illustrated by Liu’s work, SP is attached on the side chain of an amphiphilic diblock 

copolymer which can form bilayer vesicles in THF/water mixtures (Figure 1.8). 63 

Upon irradiation, the SP unit in the vesicles undergoes a ring-opening process to 

generate MC, which is more polar and hydrophilic. Thus, the permeability of the 

bilayer is elevated, initiating the release of small hydrophilic molecules monitored 

by fluorescence spectroscopy. Interestingly, it was also observed that the thermal 

backward MC-to-SP isomerization was greatly inhibited in the bilayer comparing to 

that in THF solution (22 h vs. 10 min). This phenomenon was rationalized by the 

preorganization of SP during the self-assembling process, leading to the stabilization 

of MC by cooperative noncovalent interactions, e.g., hydrogen bonding interactions, 

π- π stacking interactions.   

 

 

Micelle                                           Vesicle 
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Figure 1.8 Schematic illustration of light-triggered release from spiropyran-based polymersome. 

Reproduced wih permission from Ref. 63. Copyright 2015 American Chemical Society.     
 

 

So far most of the azobenzene-based release systems rely on photo-induced 

disassembly of supramolecular architectures, which is triggered by host-guest 

dissociation. 66-71 For instance, Scherman and co-workers reported a well-defined 

bilayer network at the water/chloroform interface utilizing flow-chemistry (Figure 

1.9). 67 By employing cucurbit[8]uril (CB[8]) as the host, an azobenzene-

functionalized dendritic copolymer and a methyl-viologen-functionalized (MV) 

copolymer are crosslinked to form a self-assembled capsule (Figure 1.9A). Due to 

its partial dendritic property, this bilayer capsule is able to entrap small molecules 

into the layers, such as a fluorescent dye. Upon irradiation at 365 nm, trans-

azobenzene isomerizes to its cis- isomer which does not tolerate the heteroternary 

complexation in CB[8] anymore, leading to the disassembly of the capsule and the 

inherent release of the entrapped dye (Figure 1.9C and D).   
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Figure 1.9 The release of a dye from azobenzene-based copolymer vesicles. (A) Complexation and 

decomplexation between host CB[8] and guests azobenzene and MV; (B) Schematic illustration of the 

assembling and disassembling of vesicle; (C) Images of dye-loaded vesicles under fluorescent 

microscope; (D) Release curves of the dye-loaded vesicles with and without UV irradiation. 

Reproduced wih permission from Ref. 67. Copyright 2014 Springer Nature. 

 
Furthermore, the development of these photoresponsive release systems have 

stimulated attempts towards their applications in the biological field by using drugs 

or amino acids as the loaded cargos. 63, 68, 71 However, there are still several issues to 

overcome to enhance the biocompatibility of those systems, such as their solubility, 

transportation through cell membranes, and cytotoxicity applying UV irradiation. 

Even though azobenzenes using deeper penetrating near-infrared radiation (NIR) 

have been developed, 72-74 major efforts for these photoresponsive release systems to 

be suitable for applications in clinic studies are needed. 
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1.3.2 One-dimensional confinement 

 

One-dimensional confinement occurs specifically in linear architectures such as 

linear polymers and self-assembled fibers. By incorporating photoresponsive 

moieties into the linear architectures, scientists have developed several 

photoactuators based on the culmination of molecular motion. Typically, the 

presence of azobenzenes in a linear polymer backbone (for photoswitching moieties 

on the side chain of polymers, see Ref. 133-139) could perform mechanical 

stretching and contracting movement due to the collective effect of isomerization of 

azobenzene units in the ensemble. 75-77 As shown in Figure 1.10, a linear poly- 

azobenzene peptide is covalently coupled between an atomic force microscope 

(AFM) tip and a supporting glass slide while being soaked in DMSO. 75 By altering 

420 nm or 365 nm irradiation, the linear polymer reversibly stretched or shortened, 

respectively. After fitting the contour length, the total length change was 2.8 nm 

comparing to the original 88 nm of approximate 47 azobenzene units. This minor  

 

 

Figure 1.10 The single-molecule optomechanical movement based on an azobenzene polymer. (A) The 

chemical structure of azobenzene-based linear polymer; (B) The force extension traces of a single 

polymer. The experiments started with mixed trans and cis state (black curves). By 420 nm irradiation, 

it transfers to the trans state (red curves), then at 365 nm, to the cis state (blue curves). inset: schematic 

description of the device. Reproduced wih permission from Ref. 75. Copyright 2002 the American 

Association for the Advancement of Science. 
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change was lower than expected, which was assumed to be caused by the partial 

isomerization of the azobenzene units. In addition, the authors also pointed out that 

the external mechanical force might be another reason which impeded both the 

photochemical and thermal isomerization process. 

Besides linear polymers, another example of one-dimensional confined 

environment is focused in supramolecular fibers. It should be emphasized that it 

remains a major challenge to achieve the amplification of molecular motion into a 

macroscopic scale via non-covalent interaction like is the case in the human muscle. 

As reported by Giuseponne and coworkers, polymer network crosslinked with light-

driven rotary motors could perform macroscopic contraction because the continuous 

rotation of motors produced a twisting of pairs of polymer chains. 78, 79 Pioneering 

work was reported by our group in 2018.80 While forming self-assembled nanofiber 

in water, an amphiphilic molecular motor was aligned to a bundled hierarchical 

structure (Figure 1.11) taking advantage of electrostatic interaction with Ca2+ and 

shear flow during sample preparation. Upon treatment with 365 nm light, the  

 
 

Figure 1.11 The artifical muscle using amphiphilic molecular motor. (A) Illustrations of the motor 

structure and the self-assembled architectures; (B) The rotary cycle of molecular motor; (C) The photo- 

and thermal actuation of supramolecular string, scale bar: 0.5 cm. Reproduced wih permission from 

Ref. 80. Copyright 2018 Springer Nature. 
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assembled string is able to fast bend towards the light source with a flexation angle 

of 90o due to the photochemical isomerization of molecular motor. The resulting 

string after bending can further be restored to the original state by heating and the 

time to return to the initial state is related to the motor’s THI. The bending direction 

was demonstrated to be caused by the light gradient. In situ small-angle X-ray 

scattering (SAXS) measurements revealed that the diameter of nanofibers on the 

irradiated side increases, leading a contraction in length in order to remain the total 

volume. As the nanofibers on the nonirradiated side remain not affected, the overall 

string bends towards the light. This artificial muscle based on hierarchical 

supramolecular assembly performed fast and large-amplitude photoactuation both in 

water and air, showing its potential towards future applications in soft robotics. 

 

1.3.3 Two-dimensional confinement 

 

Harnessing photoswitches on two-dimensional surfaces are expanding its 

applications. Besides cargo release 81, 82 and optomechanics 83, 84 in the 

aforementioned systems, advances have also been achieved in the fabrication of 

wetting/dewetting interfaces and confined space catalysis. Since Ichimura reported 

in 2000 that an azobenzene-modified silica surface could move liquid droplets by a 

gradient of light, 85 the number of studies on photoresponsive surfaces have soared 

over the past years. Notably, SPs, 86-88, 94 diarylethenes, 26, 89, 90 azobenzenes, 85, 91, 95 

and molecular motors 92, 93 all have shown promising applications in this area.  

Surface wettability and adhesion is an important parameter for various biological 

process, e.g., protein adsorption. 26, 88, 96 By grafting photoswitches onto surfaces, 

responsive interfaces with wetting/dewetting properties are fabricated. Changing 

surface wettability by utilizing SPs and azobenzenes can share a similar mechanism, 

namely, the polarity difference between their isomers. 85-89 Diarylethenes, on the 

other hand, operate due to another working principle which is based on the change 

of surface roughness.81-83 As reported by Irie and co-workers, a thin film of silane-

attached diarylethene could perform photoresponsive surface dewetting. 90 Via drop 

casting onto a brass substrate, the ring-open isomer undergoes photoisomerization to 

generate the ring-closed form which creates fibrils on the surface (Figure 1.12). 

Importantly, this surface transformation contains an intermediate melting state. 

Consequently, the increasing surface roughness results in a rise in the surface 

hydrophobicity, verified by an increase in the water contact angle (WCA) from 120o 

to 163o.  
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Figure 1.12 The wettability change of diarylethene-based surface. (A) the chemical structures of the 

isomerization process; (B) The surface morphologies change of a diarylethene single crystal by 

scanning electron microscope (SEM), scale bar:10 µm; (C) WCA change before and after 254 nm 

irradiation. Reproduced wih permission from Ref. 90. Copyright 2006 Wiley-VCH. 

 

In 2005, our group reported that molecular motor retained its rotary functional 

while being self-assembled onto a gold surface. 92 Inspired by this result, a second-

generation motor was modified with a perfluorobutyl group and attached onto a gold 

surface via a rigid tripod. 93 As shown in Figure 1.13, two different states of the 

motor render the hydrophobic perfluorobutyl group pointing inward/outward the 

surface, resulting in different WCA values. By irradiation, the isomers of motor 

convert from one to another, thus alter the surface wettability with a change of WCA 

up to 16o. Here we only use motor as a multi-stage switch, whereas it is still a great 

challenge to utilize interfacial motors’ dynamic rotation to achieve specific function 

which is pertinent to this thesis. 
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Figure 1.13 Tripodal molecular motor on gold substrate. The surface grafted with trans motor exhibits 

a WCA of 82o while that of the cis isomer is 60o. Reproduced wih permission from Ref. 93. Copyright 

2014 American Chemical Society.  

 

Apart from the wetting/dewetting application, photoswitch-coated particles can 

also perform reversible assembling and disassembling behavior. 94 Based on this 

observation, photoresponsive ‘nanoflasks’ were developed by Klajn and coworkers 

in 2016.95 By irradiation with 365 nm, trans-azobenzene locally isomerizes to the 

cis- isomer on the particle surface, inducing the self-assembly of particles via dipole-

dipole interaction (Figure 1.14). Moreover, the little cavities created by the 

assembled particles are able to entrap and release small molecules by assembly and 

disassembly, respectively, which can act as a confined nanoreactor. In their work, 

the ‘nanoflask’ can result in a more selective process in the UV-triggered 

dimerization of anthracene, preventing the formation of the oxidation product as seen 

in solution. More remarkably, the confined reaction prefers the thermodynamically 

less stable syn product, with more than 80% syn-to-anti ratio comparing to that of 
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Figure 1.14 The ‘nanoflasks’ based on azobenzene-coated nanoparticles. (A) Schematic representation 

of the light-induced assembly and disassembly of particles; (B) TEM images of the assembled gold 

nanoparticles; (C) 365 nm-induced dimerization of an anthracene derivative. Reproduced wih 

permission from Ref. 95. Copyright 2016 Springer Nature. 

 

less than 2% in solution. This preference is contributed to the preorganization of 

anthracenes inside the cavities. Their strategy certainly extended the application of 

photoresponsive surfaces, which also inspired the development of other surface-

confined catalysis. 97, 98 
The diversity of surface-attached photoswitches have greatly evolved over the 

past decade. Nevertheless, there are still several issues to address, such as the 

anchoring methods, the effect of steric hindrance on the surface to control the 

switching process, the inhibition of switching by surface plasmon resonance, inverse 

photochromism, and change of redox potential. 99  

 

1.3.4 Three-dimensional confinement 

 

Three-dimensional confinement, such as present in liquid crystalline and bulk 

crystals, holds control over molecular properties in all directions, leaving less 

freedom for individual molecules. On the other hand, the highly ordered arrangement 

in these architecture might enable amplification of small molecular changes by their 

collective action.   

Diarylethene derivatives are known to undergo isomerization in the crystalline 

phase due to the corresponding small geometric rearrangement. 26 Such actuating 

crystals were reported to perform optomechanical deformation (Figure 1.15).  100  
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Figure 1.15 Photochemical isomerization of two diarylethene crystals and the corresponding 

photochromism and optomechanics. Reproduced wih permission from Ref. 100. Copyright 2007 

Springer Nature.  

 

Interestingly, the quantum yield of photocyclization in crystals is usually much 

higher than that in solution, which is attributed to the corresponding preference of 

the antiparallel conformation. 24 

Nevertheless, SPs, azobenzenes and molecular motors which operate as a result 

of of trans-cis isomerization, are usually hard to function properly in solid state due 

to the tight molecular packing. There is only limited literature on the behavior of 

these photoswitches in the crystalline form. 101-107 So far for solid state SPs, the 

isomerization was achieved mainly by three methods: irradiating at low temperature, 
101 applying external forces, 102 or introducing nonplanar groups to avoid tight 

packing. 103  

For azobenzene derivatives, the first trans-to-cis isomerization in the crystalline 

phase was reported by Uchimoto and co-workers. 104 Modified with a dimethylamino 

group at its 4-position, the azobenzene unit can undergo photoisomerization in a thin 

crystal which bends away from light (Figure 1.16A). Combining X-ray diffraction 

(XRD) and AFM analysis, it was found that the original trans isomer exhibited a 

planar conformation which is arranged almost perpendicularly to the (001) surface. 

After photoisomerization, the generated cis isomer adopted an increased torsional 

conformation with a dihedral angle of 64o, leading to the expansion of unit cell along 

the b axis near the (001) crystal surface. As there was no change of unit cell 

dimensions on the non-irradiated surface, the crystal bent away from the light source. 

Next, Barrett and coworkers reported the reverse photochemical cis-to-trans 

isomerization in crystals (Figure 1.16B). 105 By perhalogenating azobenzene, the 

half-time of its cis isomer was extensively prolonged which enables the formation of  
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Figure 1.16 Bending of crystals of (A) trans-4-(dimethylamino)azobenzene by 365 nm light, scale bar 

represent 20 µm and (B) fluorinated cis-azobenzene by 457 nm light. Reproduced with permission from 

Ref. 104 and 105. Copyright American Chemical Society. 

 

its single crystals. Interestingly, upon irradiation, the cis-azobenzene crystal also 

bent away from the light source. This same bending direction with that of the trans-

to-cis isomerization 104 was explained by sacrificing the Br…Br interaction for the 

locally generated trans isomer, leading to the expansion along the b axis in the 

corresponding crystal lattice as well. 

So far there is no example of molecular motors showing rotary behavior in their 

crystalline phase due to their large geometric rearrangement during rotation. Overall, 

the tight packing in the crystal phase significantly limit photoswitching of their 

chemical structures and applicability. To solve the mechanical impedance in the 

crystalline phase, the photoswitches were incorporated into other three-dimensional 

architectures to form hybrid systems such as in liquid crystals (LCs) and metal-

organic-frameworks (MOFs) (vide infra), which have large internal free volume to 

facilitate the molecular reorientation.   

The liquid crystalline phase is a mesophase of which the orientational order and 

anisotropy are between liquid and crystalline phases, hence, the confinement exerted 

on embedded molecules is also between liquid and solid. Either being covalently 

copolymerized with a mesogen or non-covalently doped inside, photoswitches have 

been integrated into three-dimensional LC architectures, yielding responsive 

materials with distinctive properties. Remarkably, those LCs could perform a variety 

of tasks, e.g. mechanical movement, color change, etc. Azobenzene-based LC 

copolymers have been extensively studied. 108-111 In LC copolymers, the mechanical 

strain is correlated with the orientation of mesogens. The occurrence of 
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photoisomerization in the polymer network alters the orientation of the aligned LCs, 

leading to the macroscopic deformation. In 2014, Katsonis and coworkers reported 

a LC polymer spring which had polymerizable azobenzenes embedded in the host 

matrix (Figure 1.17A).108 Upon irradiation, the spring achieves winding, unwinding, 

and helix inversion according to different cutting directions of LC films. Another 

photomechanical LC copolymer, which was reported by Broer and co-workers, 

could respond to light to generate a mechanical wave (Figure 1.17B). 111 In this study, 

the azobenzene was modified with push-pull groups, resulting in a major decrease 

of the thermal relaxation time. Thus, the light-induced mechanical deformation on 

 

 
 

Figure 1.17 Examples of photoswitch-incorporated LCs. (A) Azobenzene-based LC copolymer spring 

performing winding and unwinding; (B) LC matrix copolymerized with azobenzene to generated 

mechanical wave by light; (C) LC doped with enantiopure first-generation molecular motor to vary the 

reflected color; (D) LC doped with enantiopure second-generation molecular motor to rotate a glass rod 

on top of it, scale bar: 50 µm; (E) LC doped with BINOL-attached diarylethene to operate three-

dimensional manipulation of the LC alignment. Adapted from Ref. 108, 111, 113, 114 and 116. 
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the LC film was almost simultaneously recovered by self-shadowing, leading to the 

generation of a wave.   

Besides copolymerization with mesogens, an easier way for incorporation of 

photoswitching molecules into LC networks is by non-covalent doping. Especially, 

while being doped with chiral photoswitches, nematic LC can be transferred into a 

chiral nematic phase, which has a long-range orientational order with a helical pitch 

(defined as the distance over 360o rotation of the LC director). When the doped 

photoswitch is activated, its chirality might change, or sometimes even invert. 

Driven by the overall chirality of the dopant, the LC texture alignment and helical 

pitch will change coherently, leading to a corresponding different texture patterns 

and colors, respectively. 113, 115-117 Approaches based on highly efficient chiral 

dopants including first-generation rotary molecular motors (Figure 1.17C) and binol-

derived diarylethenes (Figure 1.17E) have been studied. Additionally, the dynamic 

LC reorientation could even drive a microscopic object on top of it, causing it to 

rotate (Figure 1.17D). 112, 114  

While the aforementioned soft LCs hold free volume for the photoswitching 

behavior, crystalline materials are also in demand due to their remarkably ordered 

arrangement of molecules. MOFs hold great promise for future design of smart 

materials due to their crystalline nature equipped with mesoporosity and 

multifaceted modularity. Combining MOFs with photoreswitchable building blocks, 

notable advances have been achieved toward responsive solid materials. 118-128 Due 

to their mesoporosity and embedded responsive units, typical applications harness 

the switching behavior to perform photoresponsive gas adsorption. Starting from 

2012, MOFs integrated with azobenzene moieties have been developed, showing 

alteration of CO2/N2 adsorption according to different designs. 118-120 In 2014, a 

diarylethene MOF, which is composed of diarylethene pillars, biphenyl-4,4’-

dicaboxylic acid, zinc salt and solvent, was reported to achieve local photochromism 

and could capture or release CO2 gas by UV or visible light irradiation, respectively 

(Figure 1.18A). 125 The reason for different CO2 adsorption was assumed to be local 

difference in the framework flexibility induced by the isomers of diarylethene. In 

other words, the ring-closed form had lower framework flexibility which led to 

higher adsorption. Subsequently in 2017, an azobenzene MOF based on zirconium 

also showed photoresponsive CO2 adsorption (Figure 1.18B).127
 In this study, it was 

initially hypothesized that the more polar cis isomer would adsorb more CO2 due to 

an enhanced dipole/quadrupole interaction. Surprisingly, an opposite observation 

occurred which was explained by the different packing modes of gaseous molecules 

within different nanochannels walls. It is evident from the aforementioned 
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examples,118, 120, 125, 127 that there are several questions remaining on the mechanism 

of photoresponsive gas adsorption which requires more comprehensive studies.  

Apart from gas adsorption, MOFs integrated with photoswitching molecules also 

show responsive modulation of conductivity which could be used in optoelectronics. 

Recently, Heinke reported that a MOF with SP embedded in the pores could enhance 

its conductance by one order of magnitude upon irradiation (from 4.1 × 10-9 Sm-1 to 

4.1 × 10-8 Sm-1). 128 This enhancement was attributed to an increased delocalization 

of frontier orbitals and a decrease of their spatial separation after the 

photoisomerization, which was based on density functional theory (DFT) 

calculations. As a consequence, the internal charge hopping was enhanced, leading 

to the higher conductivity. Following the study of Heinke, Shustova and coworkers 

developed a MOF with SP attached to the framework as pillars, which also showed 

photoresponsive enhancement of conductivity under UV light (Figure 1.18C). 129 

Stimulated by 365 nm irradiation, the charge-separated MC form was generated 

Figure 1.18 Examples of MOFs incorporated with different photoswitable molecules. (A) a pyridine-

attached diarylethene MOF exhibits local photochromism. It can capture or release CO2 by 365 nm or 

650 nm, respectively. (B) an azobenzene MOF shows different CO2 adsorption with and without 

irradiation. (C) a SP MOF is conductant upon UV irradiation. Adapted from Ref. 125, 127, and 129. 



23 

Photoresponsive Molecules in Confinement 

which was verified by UV/vis absorption. Two-probe conductivity measurements 

proved that the conductance of a single crystal increased by approximately 5% upon 

3 min of irradiation.  

Besides SPs, diarylethenes, and azobenzenes, a molecular motor MOF was 

recently designed and successfully fabricated by our group (Figure 1.19). 130 Via a 

solvent-assisted linker exchange, 131 the original pillars in the framework were 

replaced by a motor, which was verified by XRD. Raman spectroscopy ascertained 

the unidirectional rotation of motor inside the MOF and showed a similar energy 

barrier for the THI step compared to that in solution, indicating an unhindered 

unidirectional rotation. This design provides perfect three-dimensional order of 

molecular motors in a solid-state material while the rotation of motor is 

uncompromised, which holds great opportunities for the development of devices, 

such as molecular dynamos, responsive membranes, or delivery systems, which 

demand for well-organized molecular rotary motion in condensed three-dimensional 

environment.     

Figure 1.19 A molecular motor MOF. Reproduced wih permission from Ref. 130. Copyright 2019 

Springer Nature. 
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1.4 Conclusions

To conclude, four of the most commonly studied photoswitches and their 

incorporation into large architectures, namely, micelle/vesicles, one-dimensional 

polymers/fibers, two-dimensional surfaces, and three-dimensional bulk materials, 

are demonstrated. Comparing to mere switching behavior in solution, the 

photoswitches embedded in confined environment operate collectively and exhibit 

cooperativity which would be advantageous for novel functions, for instance, cargo-

release, optomechanical movement, surface wetting/dewetting, catalysis in confined 

space, and optoelectronics.  These intelligent functions are highly promising in the 

advance of photoresponsive materials. On the other hand, the confined environment 

may in return alter the switching behavior of photoresponsive molecules to avoid 

circumstances such as fast backward isomerization, 26, 62, 119 providing opportunities 

for externally controlling molecular actions as nature does in rhodopsin.     

Until now, continued efforts are being made, aiming to design novel artificial 

photoswitches with better stability, higher efficiency and greater performance. 132 

Meanwhile, scientists are exploring various environments and length scales, i.e. 

using oligonucleotide sequences and proteins, 1, 133-139 trying to obtain truly impactful 

applications of photoswitch-incorporated systems. Moreover, new applications of 

photoswitching molecules in photopharmacology, 140, 141 which try to solve existing 

problem of long-term antibiotic treatments, extend the architectures further into 

biological area such as in proteins. Overall, the incorporation of photoswitches into 

large architectures directs studies from molecular level to macroscopic and show 

impressive promise in the fabrication of responsive materials.  

1.5 Outline of the thesis 

This thesis is mainly focused on confining molecular motors into different 

environments, e.g., aggregates and surfaces.  Via the collective action of molecular 

motors, we aim to obtain cooperativity which can achieve specific functions, such as 

modulation of diffusion rate and control over microscopic movement. 

Chapter 2 describes a bulky first-generation molecular motor while being 

confined in bowl-shaped aggregates in THF/water mixture. The aggregates could 

shrink or swell by adding water or THF, respectively, which could be used to tune 

the extent of inside confinement. Addditionally, the rotary behavior of motor was 

altered at high confinement, namely, the occurrence of a thermal backward cis-to-

trans isomerization. This study provides evidence that confinement might change 
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the rotary behavior of molecular motor by a thermal backward pathway rather than 

simply blocking the THI step. In addition, it reveals a possible method, namely, via 

formation of bowl-shaped aggregates, to have molecular motors functioning in 

water-containing environment. 

Chapter 3 takes advantage of bowl-shaped aggregates to achieve specific 

application in tuning the diffusion rate of loaded cargo from the aggregates. In this 

chapter, we design a bulky motor with a second generation core which has smaller 

geometric rearrangement and lower thermal barrier during rotation, facilitating the 

rotary motion in the aggregates. 1H NMR studies reveal the bulky second generation 

motor retains its rotary behavior even with high extent of confinement. In addition, 

preliminary experiments indicate that, via motor’s collective action, we achieve a 

cooperative effect such that the rotation of molecular motor can accelerate the 

diffusion rate of load fluorescent dye from the aggregates to the aqueous solution, 

showing its potential in cargo-release systems.   

It is always a great challenge to induce directional movement of microscopic 

objects by overcoming Brownian motion. Existing examples using bottom-up 

nanotechnology achieved jet propulsion which could be triggered by adding 

chemical fuels, however, challenges remain due to the lack of control over their 

directionality. Chapter 4 and Chapter 5 take up this challenge by grafting a single 

molecular layer of ultrafast molecular motors onto the surface of microsized particles. 

Upon irradiation, the microparticle in situ form bright and dark sides due to limited 

light penetration depth. On the bright side, the collective and non-reciprocal 

movement of molecular motors disturbs the surrounding molecules by momentum 

transfer, which creates a slip flow near the particle surface to drive the whole particle 

towards the light source. Chapter 4 focuses on the synthesis, fabrication methods, 

and inherent characterizations. Chapter 5 reveals the initial results of the propulsive 

behavior using different methods.   

In chapter 6, a second-generation molecular motor pended with a crown ether is 

presented. By confining different cations into the binding moiety, the rotary behavior 

of motor can be modulated. 
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Chapter 2 

Solvent Mixing to Induce Molecular Motor 

Aggregation into Bowl-Shaped Particles: 

Underlying Mechanism, Particle Nature and 

Application to Control Motor Behavior 

 

The control over dynamic functions in larger assemblies is key to many molecular 

systems ranging from responsive materials to molecular machines. Here we report a 

molecular motor that forms bowl-shaped particles in water and how confinement of 

the molecular motor effects rotary motion. Studying the aggregation process in a 

broader context we provide evidence that in the case of bowl-shaped particles the 

structures are not the product of self-assembly, but a direct result of the mixing a 

good solvent and a (partial) non-solvent and highly independent of the molecular 

design. Under influence of the non-solvent, droplets are formed, of which the 

exterior is hardened due to the increased glass-transition temperature by the external 

medium, while the interior of the droplets remains plasticized by the solvent resulting 

in the formation of stable bowl-shaped particles with a fluid interior, a glass-like 

exterior and a very specific shape; dense spheres with a hole in their side. Applying 

this to a bulky first-generation molecular motor allowed us to change its 

isomerization behavior. Furthermore, the motor shows in situ photo-switchable 

aggregation-induced emission (AIE). Strong confinement prohibits the thermal helix 

inversion step while altering the energy barriers that determine the rotary motion, 

such that it introduces a reverse trans-cis isomerization by heating. These studies 

show a remarkable control of forward and backward rotary motion by simple 

changing solvent ratios and extend of confinement. 

 

This chapter has been published:  

L. E. Franken*, Y. Wei*, J. Chen, E. J. Boekema, D. Zhao, M. C. A. Stuart and B. 

L. Feringa, J. Am. Chem. Soc., 2018, 140 (25), 7860–7868. 

*equal contribution 
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Chapter 2 

2.1 Introduction 

 

The design of functional small molecules that can assemble into larger dynamic 

structures such as gels, vesicles or nano-capsules has undergone rapid advances in 

recent years.1-4 Illustrative are the development of new functional systems such as 

responsive5-8 and self-healing materials9-12 nano-carriers,13-16 catalysts in confined 

space17-19 and artificial muscles.20,21 A variety of structures has been introduced with 

increasing control over properties such as morphology,22-24 (dis-) assembly,25 

rheology,26,27 orthogonality28 and size.29  

As part of our studies on molecular rotary motors in dynamic molecular systems 

we address the challenge how rotary motors will operate in confined space in 

aqueous media. In this context one particular morphology has drawn our attention as 

it is both very specific in its shape and very general in its occurrence. Its nano-size 

structure comprises a dense, spherical aggregate with a small portion of material, a 

hole, missing from the surface. This morphology has been coined hollow spheres,30-

32 dimple-like aggregate,33 dimpled beads,34 cup-like aggregate35 and bowl-shaped 

particles.32,36,37 We avoid introducing yet another name and follow the term bowl-

shaped particles. These aggregates have been indicated as (large compound) 

micelle38-41 or vesicle.31,42-48 The peculiar hole makes that the structure is easily 

mistaken for a (collapsed) vesicle. When only scanning electron microscopy (SEM) 

is used without transmission electron microscopy (TEM), the two morphologies 

cannot be distinguished.32  

Although this morphology is as specific as a double membrane-layer, it is found 

in connection with a very wide range of molecules: amphiphiles,36,42,44 pseudo-

amphiphiles,47 hydrophobic molecules,30,40 block copolymers31,35-38,41,43,45,46 and 

many others structures.33,34,39 Yet the fundamental principle behind the formation of 

these bowl-shaped aggregates, the method of solvent mixing and the understanding 

of the morphology have, to our knowledge, not yet been elucidated.  

We discovered that the novel molecular motor 2.1 (Figure 2.1) can aggregate into 

bowl-shaped particles in water and that their size and thereby molecular motor 

confinement can be controlled. This allowed us to study the rotary behavior of 

molecular motor 2.1 in confined spaces and provides a unique way to control forward 

or backward rotary motion. These findings also allow us to address in a broader 

context some of the fundamental issues regarding formation of bowl-shaped 

aggregates. 
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Underlying Mechanism, Particle Nature and Application to Control Motor Behavior  

Careful inspection of all studies that obtained bowl-shaped particles lead to the 

observation that the most commonly used method is the induction of aggregation by 

the mixing of solvents.34-39,43-46 Tuning self-assembly of amphiphilic block 

copolymers into various morphologies by selective solvent mixtures has been 

successfully shown.24,49-52 Typically the amphiphilic or hydrophobic molecule is 

dissolved in a solvent favoring the hydrophobic components of the molecule, 

followed by addition of a selective (non-) solvent, such as water, to induce 

aggregation.  

At this stage we consider it appropriate to refer to self-assembly 25 being defined 

as processes that involve pre-existing components (separate or distinct parts of a 

disordered structure), are reversible, and can be controlled by proper design of the 

components. “Self-assembly” is thus not synonymous with “formation.”53 Applying 

this to the various compounds that show bowl-shaped morphologies in water, it 

appears that the molecular design of the components is not the controlling factor in 

the assembly. Instead, the aggregation is most probably mainly solvent driven and 

we use here, besides motor 2.1 some other non-amphiphilic molecules to shed light 

on the mechanism of this bowl-shaped aggregation. Furthermore, our cryo-TEM 

images contradict a hollow nature of the bowl-shaped spheres. 

In order to explore the nature of the small molecule nano-aggregates and the 

potential of the bowl-shaped morphologies, we applied solvent mixing and our novel 

molecular motor 2.1 as a model system. Compound 2.1 belongs to a unique class of 

light-responsive molecules, which are able to undergo 360o unidirectional rotation.54-

56 Powered by light, the central carbon-carbon double bond undergoes trans-cis 

isomerization, followed by the energetically downhill process of thermal helix 

inversion (THI). These photochemical and thermal steps induce a rotation of 180o of 

one half of the motor relative to the other. By repetition, continuous unidirectional 

rotary motion is achieved. Importantly, the rotary direction is dictated by the methyl 

group(s) at the stereogenic center(s) next to the central double bond, which causes 

the enantiomers to display opposite rotary directions with respect to each other.  

To date, most molecular motors were studied in solutions or on surfaces, 

revealing that the surrounding environment, for example solvent viscosity, can affect 

the rotary motion of a molecular motor.57,58 Compared to solution systems, natural 

stimuli-responsive molecules such as photo-responsive peptides usually work in a 

more confined environment, where the isomerization processes can occur with 

enhanced selectivity.59,60 At the extreme, a complete solid state can have major 

influence on the performance of many photo-responsive molecules.61-65 Here we 

shed light on the nature and formation of bowl shaped particles and show the control 

of rotation of motor 2.1 due to aggregation in water into such bowl-shaped structures.  
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Figure 2.1 The chemical structure of molecular motor 2.1. The molecular motor contains a rotary core 

(green) and two bulky aromatic groups (orange), linked by amide groups.  

 

2.2 Results and Discussion 

 

2.2.1 Synthesis 

 

Our design of molecular motor 2.1 comprises a first-generation light-driven motor 

core with two pending hydrophobic and rigid conical shaped trisbiphenyl units 

linked via amide moieties (Figure 2.1). Its synthesis is illustrated in Scheme 2.1. 

The synthesis started with McMurry coupling of cyclic ketone 2.2, which can be 

prepared according to a reported procedure 66,67, to form the central olefin bond, 

giving the dibromo motor as a mixture of trans- and cis- isomers in 3:1 ratio. 

Palladium-catalyzed carbonylation, as reported 68, was employed to introduce esters 

onto both sides of the motor. At this stage, the two isomers could be separated with 

a total yield of 80% (60% for trans-2.4 and 20% for cis-2.4). The hydrolysis of 2.4 

in the presence of base resulted in the dicarboxylic acid 2.5 with almost quantitative 

yield. Compound 2.5 was then treated with oxalyl chloride with a catalytic amount 

of DMF, and the corresponding carbonyl chloride was directly used in the next step 

without any purification. After addition of the aniline 2.6, of which the synthesis was 

already reported 69, the desired molecular motor 2.1 was isolated and fully 

characterized by NMR and high-resolution mass spectroscopy (HRMS).  
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Underlying Mechanism, Particle Nature and Application to Control Motor Behavior  

 

Scheme 2.1 Synthesis of bulky molecular motor 2.1. i) Zinc powder, TiCl4, THF, reflux, 3 d; ii) 

Pd(dppp)2Cl2, K2CO3, MeOH, NMP, CO (7.5 bar), 110 oC, 2 d; iii) 1M aq. NaOH, MeOH, THF, 65 oC, 

18 h; iv) ① oxalyl chloride, DCM, THF, DMF, 0 oC, 1 h; ② DCM, triethylamine, r.t., 18 h. 

 

2.2.2 Solvent mixing with various molecules 

 
Besides molecular motor 2.1 several hydrophobic molecules, i.e., poly-styrene, Nile 

Red, styrofoam, and polyvinyl chloride were initially tested to see if in general bowl-

shaped particles can be obtained by first solubilizing the molecule in tetrahydrofuran 

(THF) and subsequently mixing the solution with water (Figures 2.2 and 2.3). After 

optimization of molecule concentration and volume fraction of water (ƒw), the 

characteristic bowl-shaped particles were obtained through this method for all tested 

molecules. The bowl-shaped particles range roughly from 100-500 nm in size and 

the majority has only one hole in its surface although in rarer occasions, multiple 

holes were observed.  
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Figure 2.2 TEM images of bowl-shaped aggregates from several molecules stained with 2% 

Uranylacetate (UAc). A) 1 mg/ml polystyrene PS174 in THF at 50% ƒw. B) 0.5 mg/ml Nile Red at 75% 

ƒw. C) 0.5 mg/ml Styrofoam in 50% ƒw. D) 0.5 mg/ml polyvinyl chloride PVC17 at 66% ƒw. Reported 

are the starting concentration of the molecule in THF prior to mixing with water and the THF-water 

volume ratio after mixing, which were optimized for each sample to generate bowl-shaped particles. 

While samples A, C and D had hole in the surface of nearly every particle, in B they were visible in 

only 20-40% of the particles. Scale bars represent 500 nm and arrows indicate examples of holes in the 

exterior.  

 

In addition to THF-water, two other mixable solvents were tested: tertiary-

butanol with water and chloroform with methanol. Although particles were formed, 

the holes in the exterior were found more rarely, indicating an influence of solvent-

type on hole formation and/or size of bowl-shaped particles.30 Mixing of toluene and 

water has also been reported, but due to lack of miscibility, multiple steps are needed. 

30 Our results indicate that bowl-shaped particles can be obtained directly when 

solvents are used that are mixable like THF in water.  
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2.2.3 Characterization of bowl-shaped particles 

 

The spheres from the rotary motor 2.1 were imaged using three different TEM 

preparation techniques: drying, negative staining and cryo-TEM (Figure 2.3).70 

Dense, not hollow, particles with holes are observed with all three techniques 

demonstrating that the particles are stable, excluding a relation between morphology 

and the TEM preparation and showing that particles are present in solution.  

In order to test the stability over time, molecular motor 2.1 particles were 

prepared using a 60% and 90% ƒw and left for 4 days (Figure 2.3E&F). At 90% ƒw, 

the particles remained unchanged in time (Figure 2.3F), while in the larger spheres 

that were created using only 60% ƒw molecular motor 2.1 slowly crystallized in time 

(Figure 2.3E). Another distinct property of the bowl-shaped particles is their 

difference in size at different ƒw. Dynamic light scattering (DLS) data show that the 

particle size shrinks with increasing ƒw. At 60% ƒw, a particle radius of 392 nm with 

a polydispersity of 64% is measured, whereas at 90% ƒw the radius is 130 nm with a 

polydispersity of 35% (Figure 2.4). The shrinking/swelling of the aggregates is 

reversible by adding water or THF, respectively. 

 

 

Figure 2.3 Spheres from the molecular motor 2.1 imaged by TEM: (A)drying preparation method, 

(B)(E)(F) negative staining method and (C) (D) cryo-TEM. Panels (A)(B)(E) are imaged at 60% ƒw and 

(C)(D)(F) at 90% ƒw for reasons of particle size. (E) and (F) are samples after 4 d of aging. Scale bars 

represent 1 μm (black) and 100 nm (white), respectively. Motor concentration was 10-4 M in total. 
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Figure 2.4 DLS measurements of particle size distribution of trans-stable 2.1 in THF/water mixture 

with ƒw = 60% and ƒw = 90% (c =1 x 10-4 M) by DLS measurements. 

 

The stability of the bowl-shaped particles allowed us to wash them by pelleting 

and resuspension in D2O in order to remove all traces of THF and water from the 

surrounding medium prior to solubilizing the particles in CDCl3 for NMR analysis 

(Experimental section 2.5.3). TEM observations confirm the unaffected nature of the 

spheres after washing, while NMR confirms the presence of THF in the spheres 

(Figure 2.5). The practices of washing, stirring overnight or dialysis to remove the 

initial solvent are commonly used.24,32,35-39,52 However, our experiments show that in 

our bowl-shaped aggregates, and likely in related systems, solvent remains inside the 

spheres, even after extensive washing. 

 

Figure 2.5 1H-NMR spectrum (CDCl3) of bowl-shaped particles from molecular motor 2.1 at 10-4 M 

at ƒw 90% after excessive washing with D2O. Insert: TEM image after washing the particles. Arrows 

point to absorptions corresponding to THF. Scale bar equals 200 nm.  
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2.2.4 Proposed mechanism and particle nature 
 

The driving forces behind the formation of bowl-shaped particles can be found in the 

field of amphiphilic block-copolymer self-assembly, in particular in the work of 

Eisenberg et al.24,36,49-52 The results with macromolecules show major consistency to 

our own observations with small molecules and identify the same parameters.36 In 

stark contrast to our findings stands the fact that the large majority of their systems 

(exempted36) display various morphologies in response to altered solvent ratios. In 

those systems, each block of the amphiphilic molecules responds differently to the 

solvent changes. The corresponding molecular reorganization is thus driven by self-

assembly and dependent on molecular design.24,49-52 Besides self-assembly, 

Eisenberg et al. identify two key factors that govern the obtained morphologies: 

thermodynamics versus kinetics.24 As long as the thermodynamics of the molecular 

response to the changing medium is faster than the change in kinetics, the structures 

are in equilibrium before they become kinetically frozen by high water content. 

Kinetical freezing of a structure at a certain stage of reorganization is achieved by 

adding a large amount of selective solvent (non-solvent), 36 which causes (part of) 

the molecular assembly to go below the glass transition temperature (Tg).
52   

This observation can be extrapolated to other systems, such as hydrophobic small 

molecules. Since hydrophobic molecules don’t have partial, but complete repulsion 

from the selective solvent, this non-solvent causes phase-separation, but does not 

induce self-assembly. Bowl-shaped particles are formed when the spheres are 

kinetically frozen before self-assembly could take place. This can be due to a high 

Tg of the molecule in relation to the solvents, or the slow kinetics of the combined 

system. In order to verify this assumption, we used Nile Red fluorescence to monitor 

the polarity dependent fluorescence maximum in different solvent-water mixtures to 

study the phase-separation (Figure 2.6). Measurements started at pure solvent 

methanol, propanol, tert-butanol and THF, followed by stepwise addition of water. 

Only in methanol-water the absorption maximum keeps shifting linearly towards 660 

nm (close to pure water). In the other solvents at critical water content (CWC), the 

fluorescence spectrum suddenly broadened, showing a second population of Nile 

Red that experienced a much lower polarity. The hydrophobic Nile red does not 

tolerate the polarity of the water and initiates phase separation into droplets. As soon 

as the concentration of Nile Red is increased for TEM measurements, however, the 

CWC seems specific for the nature and concentration of the molecule and the nature 

of the initial solvent, rather than the water content. The fact that Nile Red does not 

cause precipitation into droplets in methanol underlines that not only the non-solvent, 

but also the solvent quality plays a role. While infinitely diluted Nile-Red results in 
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droplets from the solvent being gathered around the hydrophobic Nile-Red, higher 

concentrations of Nile-Red in THF-water result in bowl-shaped particles at 75% ƒw 

(Figure 2.2B), indicating the role of hydrophobic interactions as well as a strong 

effect of molecular concentration.  

The fact that non-amphiphilic molecules can form (bowl-shaped) spheres seems 

distinct from descriptions such as ‘micellation’, self-assembly, micelle or large 

compound micelle (LCM). Those terms imply reorganization as a consequence of 

molecular properties which does not seem to be the driving force of bowl-shaped 

particles where solvent is key. This is also true for several weak amphiphiles, which 

may be too slow to reach thermodynamic equilibrium and get kinetically frozen prior 

to self-assembly.24 

 

 
 

Figure 2.6 Nile Red fluorescence maxima, which change with polarity, of different solvent-water 

mixtures. Water acts as precipitator for Nile Red in all mixtures except methanol-water, inducing low-

polarity droplets. At the CWC, the fluorescence spectra cannot be explained with a single peak and are 

solved with convolution into two peaks at different wavelengths (1 and 2), each peak representing a 

sub-population of the Nile Red. 

 

We propose a mechanism of formation of bowl-shaped spheres as shown in 

Figure 2.7 that does not include self-assembly and provides new insights into the 

nature of the spheres and their derivatives. Upon addition of a critical amount of 

selective solvent, initial aggregation of the material occurs into amorphous, 

unorganized droplets of the molecule with initial solvent. Their viscosity can vary 

depending on the properties of the initial solvent (plasticizer effect) 71 and the starting  
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Figure 2.7 Schematized formation and sequence of morphologies upon increased amount of non-

solvent (A-D). Up to a critical water content, the molecule remains soluble in the medium (A), after 

which phase separation into droplets occurs (B). The solvent at the exterior of the droplet mixes with 

the medium (black arrows) and the Tg of the exterior increases, leading to a hardened particle (glassy-

shell) (C). The shrinking particle builds pressure (blue arrows) against the plastized solvent-containing 

interior and the particle bursts at its weakest point leaving a hole. While stable, over time these 

plasticized particles are still able to change. With more non-solvent, the particles keep shrinking and 

the unfavorable medium causes the particles to hold on tighter to the solvent leading to a balanced 

mixture of morphologies (D).  
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concentration of the molecule. The selective solvent causes the shrinking of the 

exterior droplets by release of solvent to the water. Loss of solvent increases the 

particles Tg and the exterior of the droplet hardens, whereas the inside remains fluid. 

The shrinkage causes continued release of solvent, but as the droplet exterior is less 

permeable, the hole in the particle is formed as the solvent bursts through the weakest 

part of the glass-shell. At this stage, the balance between interior fluidity under 

plasticizer strength against increase of Tg due to the unfavorable medium allows the 

bowl-shaped particles to still reorganize over longer time scales. At large amounts of 

selective solvent (e. g. H2O), further compression squeezes solvent through the hole, 

which is the weakest part of the shell (Figure 2.7). In contrast to the method described 

by Im et al., 30 this mechanism is highly dependent on the mixability of the two 

solvents and the bowl-shaped particles that are generated are not necessarily solid 

due to the plasticizing effect of internal solvent. In fact increase of the Tg by the non-

solvent leads to the solidification of the exterior. As the exterior shrinks faster than 

the interior, the pressure increases until the point that the shell bursts, leaving a hole 

in the side of the glass-like droplet. The ready formation, stability, the presence of 

solvents inside the bowl-shaped particles and the reversibility of their size offer an 

excellent platform to study dynamic functions in confined space. 

 

2.2.5 Rotary behavior in solution 

 

First the rotary behavior of the bulky molecular motor 2.1 was investigated in 

solution. Figure 2.8A shows the 360° unidirectional rotary cycle typical for first-

generation motors. This includes two photo-isomerization and two thermal 

isomerization steps. 54, 68 Upon irradiation with 312 nm UV light, trans-stable 2.1 

undergoes a trans-cis isomerization, yielding a less stable isomer. This is indicated 

by the downfield shift of the aliphatic ring protons in the 1H NMR spectra (Figure 

2.8B). 1H NMR shows an excellent photostationary state (PSS); the ratio between 

the two isomers is 95% cis-unstable 2.1 and 5% trans-stable 2.1. Circular Dichroism 

(CD) spectroscopy using enantiopure trans-stable 2.1 also confirms this light-

triggered trans-cis isomerization process with concomitant helix inversion (the 

emergence of a new positive CD band at 350 nm, Figure 2.8C). 
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Figure 2.8 The rotary behavior of the bulky molecular motor 2.1 in solution. (A) The schematic 360° 

rotary cycle of molecular motor 2.1 starting from trans-stable 2.1. (B) 1H NMR spectra (CDCl3) of 

trans-stable 2.1, cis-stable 2.1 by irradiating trans-stable 2.1 with 312 nm UV light, and the subsequent 

cis-stable 2.1 by heating at 50°C for 12 h. (C) CD spectra of trans-stable and cis-unstable isomers of 

2.1 in THF ([2.1]= 10-5 M). 
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Conducting a subsequent THI by heating cis-unstable 2.1 at 50 oC for 12 h yields 

the stable cis- isomer as confirmed by 1H NMR (Figure 2.8B). Importantly, this 

thermal process is the rate-determining step and its kinetics and thermodynamic 

parameters were investigated by UV/vis, which indicates the standard Gibbs energy 

of activation and the half-life of cis-unstable 2.1 to be 102.2±4.2 kJ•mol-1 and 26 h 

at 298.15 K, respectively (Figure 2.9). The effectiveness and selectivity of the photo-

isomerization and the parameters of the thermal conversion step in solution coincide 

with other first-generation molecular motors with amide linkers 68, showing that the 

bulky groups do not interfere with the motor rotation. This lack of steric hindrance 

is due to the relative flexibility of the amide linker, which allows both bulky groups 

to point away from each other. 

 

 

Figure 2.9 Kinetic measurements of the thermal isomerization (step 2 in Figure 2.2A) in THF. (A) 

UV/vis spectral changes during heating at 55oC. (B) The linear fitting of ln (k/T) by 1/T using Erying 

equation . The rate constants of the first-order decay k were obtained 

from equation A/Ao= e-kt, at 55 oC, 57.5 oC, 60 oC, 62.5 oC, and 65 oC. (C) The calculated standard 

enthalpy Δ‡Ho, entropy Δ‡So, Gibbs energy Δ‡Go of activation, and the half-life of cis-unstable 2.1 at 

298.15 K. 
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2.2.6 Rotary behavior in confinement 
  

In contrast to solution, in the solid state, both the photo-chemical and thermal 

isomerization pathways of 2.1 are blocked. Irradiating the powder of trans-stable 2.1 

extensively over time did not yield cis-unstable 2.1 indicated by 1H NMR (Figure 

2.10A). Also, solid cis-unstable 2.1 did not undergo THI (Figure 2.10B). It appears 

that the tight packing in the solid state does not create enough space for 

conformational rearrangement. An intermediate state of confinement can be found 

in the bowl-shaped aggregates. Use of solvent/non-solvent mixing (THF-H2O) in 

different ratios gave control over the confinement of motor 2.1 and concomitantly 

its fluorescence and rotary behavior. With increasing ƒw the concentration of the 

motor into bowl-shaped aggregates resulted in aggregation-induced emission (AIE) 

upon UV irradiation (Figure 2.11).72-76 

 

 
Figure 2.10 (A) 1H NMR spectrum of the powder of trans-stable 2.1 after 2 h irradiation with 312 nm 

UV light. No cis-unstable 2.1 is observed. (B) 1H NMR spectrum of solid cis-unstable 2.1 after 48 h. 

Trans-stable 2.1 in CDCl3 was irradiated to its PSS with 312 nm UV light. After fast evaporating the 

solvent, the solid was placed at 50 oC for 48 h which was then used for NMR. No significant cis-stable 

2.1 is observed. 
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Figure 2.11 Fluorescence images and spectra of (A) trans-stable 2.1 and (B) cis-unstable 2.1 in 

aggregates formed in THF/water with different water fraction ƒw. The total concentration of 2.1 in the 

mixtures was maintained at 10-4 M and λex = 312 nm.  

 

As shown in Figure 2.11A, trans-stable 2.1 displays no fluorescence in pure THF. 

When ƒw is increased to ~60%, bowl-shaped particles are formed (Figure 2.3) and 

the motor shows fluorescence, which intensifies as the water concentration increases. 

Similar AIE behavior is also displayed by the other isomers (Figure 2.11B). The 

fluorescence quantum yield is moderate: for cis-unstable, it increases from 0.3% at 

ƒw =0 to 2.7% at ƒw = 90%. Due to the distinct electronic structures of the isomers, 

the purplish blue fluorescence of trans-stable 2.1 (λmax 482 nm) shifts to greenish 

blue for the cis-unstable 2.1 (λmax 490 nm) (Figures 2.11). Electron microscopy data 

indicate no difference in morphology or size of the aggregates of the isomers of 2.1. 

To determine the photochemical isomerization process in situ in the aggregates, 

the fluorescence of trans-stable 2.1 in ƒw = 90% was monitored while irradiating 

with 312 nm UV light (Figure 2.12A). While morphologically the aggregates do not 

change, the broad emission band gradually becomes narrower accompanied with a 

disappearance of the shoulder at 415 nm and a slight red-shift of the whole spectrum, 

which indicates the formation of cis-unstable 2.1. The clear isosbestic point 

demonstrates that there is a selective isomerization process during the irradiation.  

The photoisomerization process is also indicated by CD analysis using 

enantiopure compound 2.1 (Figure 2.12B). The aggregates of trans-stable 2.1 are 

CD-silent at >350 nm, however, a positive Cotton effect emerges at 362 nm upon 

irradiation with UV light, which confirms the generation of cis-unstable 2.1. In 
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Figure 2.12 (A) Fluorescence spectral change on irradiating aggregated trans-stable 2.1 in THF/water 

at ƒw = 90%, and (B) its corresponding CD spectral change. ([2.1] = 10-5 M) 

 

contrast to the CD spectra in solution, there is a red-shift of the Cotton effect in the 

aggregated state which is attributed to light scattering of the aggregates. To confirm 

the photochemical conversion, 1H NMR analysis was used. After reaching its PSS at 

ƒw = 90%, a ratio of 33% trans-stable 2.1 and 67% cis-unstable 2.1 was established 

(Figure 2.13B). A lower ƒw led to faster formation of the PSS as well as higher 

conversion, e.g. at ƒw = 60% the PSS ratio (cis-unstable: trans-stable = 95:5) is 

similar to that in solution (Figure 2.13A). 

To analyze the THI of 2.1 in confined space compared to the isomerization in 

solution, trans-stable 2.1 was irradiated to cis-unstable 2.1 in THF, and subsequently 

mixed with water (ƒw  = 90%) to obtain the aggregates. In contrast to its thermal 

behavior in solution, cis-unstable 2.1 in the aggregated state was unable to undergo 

THI (Figure 2.8A, step 2). Even in the case of prolonged heating, 1H NMR analysis 

showed there was mainly cis-unstable 2.1 (Figure 2.14). While the photochemical 

isomerization to cis-unstable isomer 2.1 is uncompromised (Figure 2.2A step 1, 

Figure 2.10B), the absence of cis-stable 2.1 indicates that at ƒw = 90% the THI step 

is blocked by the confined space of the nano-spheres. 
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Figure 2.13 1H NMR spectra (CDCl3) of PSS after irradiating trans-stable 2.1 aggregates at (A) ƒw = 

60 % (B) ƒw = 90 %. 

 

 

 

Figure 2.14 1H NMR spectrum of cis-unstable 2.1 in the aggregates (ƒw = 90%) after heating.  Trans-

stable 2.1 was irradiated to PSS in THF which was followed by adding water. The resulting mixture 

was heated at 50 oC for 48 h. The aggregates were then centrifuged and dissolved in CDCl3 for NMR. 
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Further study of the thermal relaxation inside the aggregates uncovered an 

intriguing alternative thermal pathway for in situ generated cis-unstable 2.1. To our 

surprise, the proportion of trans-stable 2.1 increased after heating while there was 

no presence of cis-stable 2.1 (Figure 2.15B, comparing to Figure 2.13B).  

 

 
Figure 2.15 1H NMR spectra (CDCl3) of THI in the aggregates after heating at 50 oC for 48 h at (A) ƒw 

= 60 % (B) ƒw = 90 %.  PSS was reached by irradiating trans-stable 2.1 aggregates for 30 min or 1 h, 

respectively. 

 

To elucidate this phenomenon, quantitative 1H NMR analysis was conducted by 

adding an internal reference compound 2.6 (Figure 2.16, structure of 2.6 see Scheme 

2.1). Before thermal relaxation, the ratio of cis-unstable 2.1 and trans-stable 2.1 is 

1:0.79. After heating, an increased amount of trans-stable 2.1 is observed 

accompanied by a corresponding decrease of cis-unstable 2.1, changing the ratio to 

0.72:1.07. While the THI step is blocked (Figure 2.8A, step 2), in situ generated cis-

unstable isomers can undergo a thermal cis-trans isomerization (Figure 2.8A, step 1 

reversed). This process has usually a much higher energy barrier in the molecularly 

A 

B 



 

52 

 

 

 

Chapter 2 

dissolved state than the THI process. Remarkable, in contrast to the aggregates at ƒw 

= 90%, in the systems at ƒw = 60%, THI does occur (Figure 2.15A).  

Apparently, the increased confinement at high ƒw changes the motor behavior and 

allows the rotary motor to switch back to regenerate trans-stable 2.1. These results 

demonstrate an intriguing discovery i.e. the ratio of solvent and co-solvent and the 

extent to which nanosphere confinement takes place can dictate forward versus 

backward motion in a light–driven rotary motor. 

 

Figure 2.16 1H NMR spectral change of the thermal relaxation in the aggregates. The mixture was 

prepared by adding water (54 ml) to trans-stable 2.1 (6 × 10 -3 mmol) and compound 2.6 (3 × 10 -3 

mmol) in THF (6 ml), followed by irradiating it with 312 nm UV light for 1 h. (A) Half of the mixture 

was separated and centrifuged; (B) the other half was heated at 50 oC for 48 h and then centrifuged.  
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2.3 Conclusions 

 

In summary, based on the discovery of bowl-shaped aggregates obtained from a 

molecular motor, we showed how and why weak amphiphiles and hydrophobic 

molecules can assemble into bowl-shaped particles under influence of solvent 

mixing. We demonstrate that the spheres are neither hollow, vesicular nor micellar. 

The dense spheres with a fluid interior and a glass-like shell can be made from 

various materials, which suggest that this aggregation behavior should not be termed 

self-assembly, but solvent-driven assembly. The aggregates can shrink and swell 

reversibly by adding non-solvent or solvent, respectively, giving control over the 

extent of confinement inside the spheres.  

We use this aggregation phenomenon to control the rotary behavior of the bulky 

molecular motor 2.1 by influencing the photochemical and thermal isomerization 

processes. Upon confinement, the energy barriers that determine the rotary motion 

of the motor change, blocking cis-unstable 2.1 forward isomerization, while 

allowing a thermal backward isomerization i.e. reversal of cis-unstable to trans-

stable state. In the aggregated state, molecular motor 2.1 exhibits also photo-

switchable AIE behavior as the fluorescence can switch from purplish blue to 

greenish blue.  

We expect that the elucidation of the actual nature of bowl shaped aggregates and 

the proposed mechanism of their formation will open the door to a wide range of 

applications taking advantage of their controllable size and fluid interior which 

allows loading, compartmentalization and confinement. The remarkable control of 

forward and backward rotary motor in light-driven motor by simply changing solvent 

ratio’s and thus extent of confinement is a fine example of several fascinating 

opportunities ahead of us for tuning of dynamic function at the nanoscale. 
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2.5 Experimental Section 

2.5.1 General remarks 

Reagents were purchased from Aldrich, Acros, Merck or Fluka. Solvents were 

reagent grade and were distilled or dried before use according to standard procedures. 

Reactions were conducted under nitrogen atmosphere. Analytical TLC was 

performed with Merck silica gel 60 F254 plates and the visualization was done with 

UV light. Column chromatography was performed on silica gel (Merck silica gel 60, 

230-400 mesh). NMR spectra were recorded using a Varian Mercury Plus, operating 

at 399.93 MHz for 1H-NMR and 100.57 for 13C-NMR. Chemical shifts were denoted 

in δ-units (ppm) relative to HCCl3 (
1H-NMR: δ= 7.26 ppm; 13C –NMR: δ= 77.16 

ppm). For 1H-NMR spectroscopy, the multiplicity is designated as follows: s 

(singlet), d (doublet), t (triplet), q (quatet), hept (heptet) m (multiplet), dd (doublet 

of doublets). HRMS spectra were obtained on a LTQ Orbitrap XL mass spectrometer 

with ESI ionization. UV-vis spectra were recorded on a Hewlet-Packard HP 8543 

Diode Array Photospectrometer or a Jasco V-630 spectrophotometer in a 1 cm 

pathlength quartz cuvette. Optical rotations were measured in CH2Cl2 with a 10 cm 

cell (c given in g/100 mL) and Schmidt+Haensch polarimeter (Polartronic MH8). 

CD spectra were recorded using a Jasco J-815 CD spectrophotometer. Fluorescence 

measurements were performed on a Jasco FP-6200 spectrophotometer. The UV 

irradiation experiments were conducted using a Spectroline model ENB-280C/FE 

lamp (8-watt) at 312 nm. DLS was performed using a Dynapro nanostar, the results 

were analyzed with dynamics software, version 7 taking into account the viscosity 

of the THF-H2O mixtures.  

TEM and cryo-TEM images were made using two electron microscopes 

depending on availability. A Philips CM120 electron microscope (FEI, Eindhoven, 

the Netherlands) operated at 120 keV or a Tecnai  G2  T20  electron microscope 

(FEI, Eindhoven, the Netherlands) operated at 200 keV. Both microscopes are 

equipped with an LaB6 cathode and 4K slow-scan CCD camera (Gatan, Pleasanton, 

CA, USA). Images were recorded using low-dose conditions. Three microliters of 

the sample solution was pipetted on glow-discharged copper grid coated with a 

continuous carbon film for negative staining with 2% uranyl acetate or drying 

(stability experiments). For cryo-TEM, the sample was applied to holey carbon film 

(quantifoil 3.5/1) and plunge-frozen with a Vitrobot (FEI, Eindhoven, The 

Netherlands) in liquid ethane after blotting for 5 s. The specimen was then inserted 

into a cryo-transfer holder (Gatan model 626). Each micrograph was cropped and 

had adjustments of levels, brightness, and contrast in Adobe Photoshop CS6. 
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2.5.2 Synthesis 

 

Compound 2.3 67 

 

To a suspension of zinc powder (2.0 g, 31.3 mmol) in dry THF (60 mL), TiCl4 (1.63 

mL, 14.8 mmol) was added at 0 oC. The resulting mixture was stirred at 65 oC for 2 

h. After cooling down to room temperature, compound 2.2 (2.0 g, 8.0 mmol) was 

added and the resulting mixture was heated at reflux for another 3 days. The cooled 

mixture was poured onto silica and washed with DCM to remove the solids. After 

evaporation of the solvents, the crude product was purified by column 

chromatography using pentane / DCM (3:1) to give a trans/cis-mixture of compound 

2.3 (1.6 g, 3.5 mmol, 86 % yield, trans:cis = 3:1) as a white solid. 

Trans-2.3: 1H NMR (400 MHz, Chloroform-d) δ 7.27 (s, 2H), 2.98 – 2.75 (m, 2H), 

2.57 (dd, J = 14.7, 5.7 Hz, 2H), 2.45 (s, 6H), 2.22 (d, J = 11.1 Hz, 4H), 2.16 (s, 6H), 

1.09 (d, J = 6.6 Hz, 6H). 

Cis-2.3: 1H NMR (400 MHz, CDCl3) δ 7.25 (s, 2H), 3.39 –3.29 (m, 2H), 3.04 (dd, 

J = 15.3, 6.4 Hz, 2H), 2.40 (d, J = 15.3 Hz, 2H), 2.23 (s, 6H), 1.51 (s, 6H), 1.08 (d, 

J = 6.1 Hz, 6H). 

 

Compound 2.4 68 

 

Dry methanol (2 mL) was added to the mixture of compound 2.3 (400 mg, 0.85 mmol, 

trans:cis = 3:1), potassium carbonate (258 mg, 1.87 mmol), Pd(dpppr)Cl2 (50 mg, 

0.08 mmol), and NMP (10 mL). The mixture was placed in autoclave under 7.5 bar 

CO, and heated at 110 oC for 2 days. After cooling to room temperature, the resulting 

mixture was diluted with water (10 mL) and then extracted with ether (2 × 20 mL). 

The combined organic layer was further washed with water (3 × 20 mL), brine (20 

mL), and dried over Na2SO4. After evaporating the solvent in vacuo, and the residue 

was purified using column chromatography (pentane:ethyl acetate = 10:1) to give 

trans-stable 2.4 (222 mg, 0.52 mmol, 61 %) and cis-stable 2.4 (68 mg, 0.16 mmol, 

19 %) as white solids. 

Trans-stable 2.4: 1H NMR (400 MHz, Chloroform-d) δ 7.64 (s, 2H), 2.95 – 2.78 (m, 

2H), 2.70 – 2.56 (m, 8H), 2.30 – 2.15 (m, 8H), 1.09 (d, J = 6.5 Hz, 6H). 

Cis-stable 2.4: 1H NMR (400 MHz, Chloroform-d) δ 7.59 (s, 2H), 3.83 (d, J = 1.3 

Hz, 6H), 3.44 – 3.35 (m, 2H), 3.12 (dd, J = 15.5, 6.5 Hz, 2H), 2.48 (d, J = 15.5 Hz, 

2H), 2.28 (s, 6H), 1.65 (s, 6H), 1.08 (d, J = 6.7 Hz, 6H). 
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Compound 2.5 68 

 

Compound trans-stable 2.4 (150 mg, 0.35 mmol) was dissolved in THF (2 mL), 

Methanol (2 mL), and aqueous NaOH (1M, 2 mL), followed by heating at 65 oC for 

18 h. After cooling to room temperature, the mixture was titrated using HCl solution 

(1 M) to pH 3. Then the mixture was concentrated in vacuo, and the residue was 

dissolved in THF. The organic phase was collected of which the solvent was 

removed. The resulting white solid provided trans-stable 2.5 (142 mg, 0.35 mmol, 

99%) without further purification. 1H NMR (400 MHz, Methanol-d4/DCM) δ 7.76 

(s, 2H), 3.04 – 2.93 (m, 2H), 2.73 (s, 8H), 2.39 (d, J = 14.9 Hz, 2H), 2.31 (s, 6H), 

1.19 (d, J = 6.5 Hz, 6H). 

Cis-stable 2.5 (99 % yield) as a white solid was synthesized following the same 

procedures. 1H NMR (400 MHz, Methanol-d4) δ = 7.62 (s, 2H), 3.52 – 3.38 (m, 2H), 

3.13 (dd, J = 15.4, 6.4 Hz, 2H), 2.56 (d, J = 15.4 Hz, 2H), 2.30 (s, 6H), 1.65 (s, 6H), 

1.09 (d, J = 6.8 Hz, 6H). 

 

Molecular motor 2.1.  

 

To a solution of trans-stable 2.5 (200 mg, 0.5 mmol) in THF (5 mL), DCM (5 mL), 

and DMF (1 drop) was add oxalyl chloride (0.21 mL, 2.5 mmol) at 0 oC under 

nitrogen. After warming up to room temperature, the mixture was stirred for another 

1 h. The resulting solution was concentrated to yield acid chloride, which was 

subsequently dissolved in dry DCM (20 mL) and triethylamine (0.14 mL, 1 mmol). 

To the aforementioned solution of acid chloride, compound 2.6 (620 mg, 1.1 mmol) 

was added at 0 oC. After stirring at room temperature for 18 h, the resulting solution 

was washed with water (20 mL), brine (20 mL), and dried over Na2SO4. The solvents 

was evaporated in vacuo, and the resulting residue was purified by column 

chromatography (pentane:DCM = 1:1) to yield trans-stable 2.1 (449 mg, 0.3 mmol, 

60 %) as a white solid. 1H NMR (400 MHz, Chloroform-d) δ 7.66 – 7.50 (m, 30H), 

7.48 – 7.30 (m, 34H), 7.20 (s, 2H), 2.98 – 2.90 (m, 2H), 2.66 (dd, J = 14.8, 5.7 Hz, 

2H), 2.56 (s, 6H), 2.31 – 2.20 (m, 8H), 1.08 (d, J = 6.4 Hz, 6H). 13C NMR (101 MHz, 

Chloroform-d) δ 168.76, 155.32, 145.72, 144.77, 142.70, 142.48, 141.84, 140.46, 

138.60, 136.12, 135.79, 131.71, 131.58, 131.40, 129.40, 128.72, 127.21, 126.92, 

126.20, 118.88, 63.93, 42.12, 39.00, 19.95, 18.79 , 18.15. HRMS (ESI+, m/z) 

calculated for C112H91N2O2 [M + H]+ 1496.7109, found 1496.7127. 

Cis-stable 2.1 was obtained as a white solid with the same procedures and had a yield 

of 65 %. 1H NMR (400 MHz, Chloroform-d) δ 7.86 – 7.80 (m, 2H), 7.69 – 7.60 (m, 

4H), 7.56 – 7.49 (m, 12H), 7.48 – 7.27 (m, 46H), 7.23 (s, 2H), 3.50 – 3.34 (m, 2H), 



 

57 

 

 

 

Solvent Mixing to Induce Molecular Motor Aggregation into Bowl-Shaped Particles:

Underlying Mechanism, Particle Nature and Application to Control Motor Behavior  

3.16 (dd, J = 15.5, 6.2 Hz, 2H), 2.51 (d, J = 15.5 Hz, 2H), 2.29 (s, 6H), 1.12 (d, J = 

6.6 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ168.60 , 146.21 , 145.81 , 142.55 , 

142.29 , 141.18 , 140.52 , 138.46 , 136.10 , 131.43 , 131.30 , 130.18 , 128.74 , 128.66 , 

127.41 , 127.12 , 126.95 , 126.16 , 126.04 , 119.43 , 63.93 , 41.01 , 39.06 , 20.12 , 

19.12 , 18.22. HRMS (ESI+, m/z) calculated for C112H91N2O2 [M + H]+ 1496.7109, 

found 1496.7127. 

(R,R)- (P,P)-trans-2.5 and   (R,R)- (P,P)-cis-2.5 were prepared following a previous 

reported procedure.44 Then, the same process was employed to synthesize (R,R)- 

(P,P)-trans-2.1 and (R,R)- (P,P)-cis-2.1 as that of the racemic material. 

(R,R)- (P,P)-trans-2.1: 96% ee, [α]𝐷
20  = -13.0 (c 0.2, CH2Cl2). 

(R,R)- (P,P)-cis-2.1: 96% ee, [α]𝐷
20 = -15.2 (c 0.5, CH2Cl2). 

 

2.5.3 Solvent in aggregates 

The aggregates were prepared by adding 27 mL D2O to the solution of 5 mg trans-

stable 2.1 in 3 mL THF. The resulting mixture was then centrifuged (3000 rpm, 10 

min) to separate the solids from the aqueous phase. To the isolated aggregates, D2O 

(3 × 30 mL) was added, and the mixture was further sonicated and centrifuged until 

no THF was detected in D2O by 1H NMR. The washed aggregates were mounted 

into a NMR tube and dissolved with d-chloroform.  
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Chapter 3 
 

Continuous Rotary Motion in Aggregates: A Bulky 

Second-Generation Molecular Motor and the 

Application for Controlling Cargo-Release Rate 
 

 

The concept of incorporating stimuli-responsive molecules into larger assemblies is 

of great interest for the development of functional materials. The molecular 

performance in those assemblies is usually impeded by the inner confinement. We 

have reported that a bulky first-generation molecular motor ceased to rotate within 

bowl-shaped aggregates formed from THF/water due to the corresponding 

confinement. Here, we carefully design a second-generation molecular motor with 

two bulky groups pending to its stator part. With lower energy of activation and 

smaller size of rotor, this motor retains its photochemical isomerization as well as 

the thermal helix inversion (THI) in the aggregates even at ƒw =100%. Furthermore, 

triggered with light, the aggregated molecular motor is able to enhance the release 

rate of an incorporated fluorescent dye at ƒw =90%. Our system demonstrates the 

possibility of continuous rotation of aggregated molecular motors in water and 

provides a novel insight into performing a specific function via the utilization of the 

rotary motor. 
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3.1 Introduction 
 

Artificial photoswitches, i.e. diarylethenes, azobenzenes, spiropyrans, and molecular 

motors, have been reported to function in confined environment such as gels,1-5 thin 

films,6-9 liquid crystalline,10-13 and bulk crystals 14-17 which inspired the development 

of a variety of smart materials such as confined catalysts,18-21 cargo delivery 

systems,22-27 electronics,28, 29 as well as artificial muscles.30, 31 However, the molecular 

behavior exerted with confinement might differ from that in solution.14, 32, 33 Our 

earlier investigation revealed that a bulky first-generation molecular motor formed 

bowl-shaped aggregates in THF/water mixture which showed shrinking or swelling 

reversibly by adding non-solvent or solvent, respectively.34 Recent studies have also 

revealed that particles with diameter < 1 µm could be potential drug carriers due to 

their effective uptake by cells. 35-38 Moreover, aggregates have been widely studied 

as drug carriers, 39-46 however, controlling the release process of aggregate-based 

systems is mainly by pH and reduction/oxidation. 40-42, 44 In particular, 

photopharmacology has attracted increasing attention 47-49 because light as an energy 

source is noninvasive, clean, and allows remote control. Combined aggregate-based 

carriers with light-powered molecules, an aggregated molecular motor might be a 

strong candidate for the application in photoresponsive cargo-release systems. 

Especially, the continuous conformational change of molecular motor during 

unidirectional rotation is non-reciprocal which holds great promise to produce 

molecular propulsion at low Reynolds number where the viscous force dominates, 50 

which may help in the release process. Nevertheless, the previously reported bulky 

first-generation motor ceased to rotate in water due to the high extent of confinement, 

leading to a corresponding blocking of the thermal forward rotary step. 34 So far, 

achieving continuous molecular rotation in aggregates and use this behavior to do 

work, i.e., accelerate a cargo-release process, have not been demonstrated. 

Here, we design a new molecule which comprises a second-generation motor core 

with two pending bulky groups. Compared to the first-generation motor, the second-

generation benefits from its asymmetric structure with a smaller rotor. Furthermore, 

the energy barrier of the thermal helix inversion (THI) of the new design is lower 

than that of the first-generation motor. Thus, we successfully address the 

phenomenon that this new motor retains its photochemical isomerization as well as 

THI in aggregates with high extent of confinement in water. Furthermore, by loading 

a fluorescent dye into the aggregates of rotary motor, we achieve an acceleration 

over the dye release when the aggregates are continuously triggered using UV light. 

 



 

65 

 

 

 

Continuous Rotary Motion in Aggregates: A Bulky Second-Generation  

Molecular Motor and the Application for Controlling Cargo-Release Rate 

3.2 Results and Discussion 
 

3.2.1 Molecular design and synthesis 
 

The design of molecular motor 3.1 is depicted in Figure 3.1. It consists of a second-

generation molecular motor as the rotary core which has five-membered rings at both 

ends of the central double bond. This motor backbone has a half-life of THI within 

min range at room temperature, 51 which is moderately fast however still affords the 

characterization of its rotary behavior at room temperature. The bulky groups are 

exploited to avoid the stacking of the motor core and facilitate the formation of bowl-

shaped aggregates in THF/water. 34 Importantly, both bulky groups are attached on 

the lower stator to minimize the space demanded for the geometric rearrangement of 

the rotor during rotation. Based on the design, we hypothesize that the upper rotor is 

to some extent shielded by the bulky moieties, reducing the interference with the 

surrounding environment.  

 
 

Figure 3.1 The chemical structure of bulky molecular motor 3.1. The rotary core is a second-generation 

molecular motor (green); two bulky aromatic groups (orange) are appended onto the lower part of motor 

with amide linkers. 

 

The synthesis of molecular motor 3.1 is depicted in Scheme 3.1 (for details, see 

Experimental Section 3.5.2). It started with a dibromo fluorenone 3.2 which was 

treated with hydrazine monohydrate under reflux to yield the hydrazone 3.3. After 

oxidizing it using MnO2, we obtained diazo 3.4 which would subsequently be used 

in the coupling step. For the synthesis of the upper half, cyclic ketone 3.5 was 

converted to thioketone 3.6 by treating with Lawesson’s reagent, which was further 

reacted with diazo 3.4 in toluene for a Barton-Kellogg cross-coupling. The following 

addition of PPh3 resulted in the desulfurization to obtain the dibromo motor 3.7. 

Next, two ester substituents were introduced via Pd-catalyzed esterification to give 

compound 3.8, which was followed by hydrolysis under basic condition to provide 

carboxylic acid 3.9. Compound 3.9 was subsequently treated with oxalyl chloride  
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Scheme 3.1 Synthesis of bulky second-generation molecular motor 3.1. 

 

with a catalytic amount of DMF, and the corresponding carbonyl chloride was mixed 

with the aniline 2.6 (also see Chapter 2), 52 to afford the target motor 3.1. 

 

3.2.2 Rotary behavior in solution 
 

To ascertain its rotary function, 3.1 was first studied in solution via 1H NMR and 

UV/vis analysis. The rotary cycle of molecular motor 3.1 is depicted in Figure 3.2A. 

Upon irradiation with 365 nm UV light, the central double bond undergoes a trans-

cis isomerization to generate a metastable isomer. This process is indicated by the 

downfield shift of all aliphatic protons in 1H NMR spectra (Figure 3.2B) as well as 

the red shift in UV/vis spectra (Figure 3.3). From Figure 3.2B, we also identify a 

photostationary state (PSS) which comprises stable and metastable 3.1 with a ratio 

of 58: 42. Following photochemical isomerization, an irreversible THI occurs while 

two halves of motor sliding past each other. As a consequence, it regenerates stable 

3.1 due to the symmetry of the lower half, which is proven using 1H NMR spectrum 

whereby a full recovery to stable 3.1 is observed after heating (Figure 3.2B). The 

thermodynamic parameters of THI were investigated using kinetic UV/vis study, 

which gave the standard Gibbs energy of activation to be 88.8±4.4 kJ •mol-1 as well 

as a half-life of approximate 7 min at 298.15K (Figure 3.3). As anticipated, the rotary 

speed of motor 3.1 is not significantly decreased compared to its parent without 

substituents on the fluorene moiety which has a half-life of 3 min. 36 A similar half-
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life may be attributed to the same rotor, hence its inherent similar geometric 

rearrangement. In addition, the bulky groups are each spaced by an amide linker, 

avoiding interference with the fjord region (the space between the rotor and stator). 

 

 

Figure 3.2 The rotary cycle of molecular motor 3.1. A) Schematic rotary cycle; B) 1H NMR spectral 

change from stable 3.1, to PSS by irradiating with 365 nm UV light at -20 oC, then back to stable 3.1 

after warming up to room temperature for 2 h. All the spectra were recorded in d8-THF, at -20 oC. 
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Figure 3.3 Kinetic measurements of the thermal isomerization of 3.1 in DCM. (A) UV/vis spectral 

changes during THI at 0 oC. (B) The linear fitting of ln (k/T) by 1/T using Erying equation 

. The rate constants of the first-order decay k were obtained from equation 

A/Ao = e-kt, at -10 oC,  -5 oC, 0 oC, 5 oC,  and 10 oC. (C) The calculated standard enthalpy Δ‡Ho, entropy 

Δ‡So, Gibbs energy Δ‡Go of activation, and the half-life of metastable 3.1 at 298.15 K. 

 

3.2.3 Rotary behavior in confined space 

 

Having verified 3.1 as a functioning rotary motor in solution, we turned our 

attention to its behavior in confined environment. However, the 1H NMR analysis 

reveals that 3.1 ceases to rotate in solid state (Figure 3.4 and 3.5). Since we failed to 

obtain single crystals of 3.1, the studies were conducted by irradiating a thin layer of 

the powder of motor 3.1 over excessive time. The result showed that there was no 

obvious signal of the metastable isomer (Figure 3.4). Furthermore, heating the 

powder containing both stable and metastable 3.1 did not lead to the increase of the 

stable isomer (Figure 3.5). These results indicate that both photoisomerization and 

THI were prohibited which is attributed to the lack of free volume in the solid state. 
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Figure 3.4 1H NMR spectrum (CD2Cl2) of 3.1 after irradiating a thin layer of solid powder of 3.1 at -

50 oC for 6 h. The NMR sample was prepared by dissolving the irradiated solids at -20 oC followed by 

measurement at 0 oC. 

 

 

 

 
 

Figure 3.5 1H NMR spectra (d8-THF) of 3.1 for THI at solid state. (A)The solids of a mixture of stable 

and metastable 3.1. The solids were prepared by irradiating stable 1 in DCM at -20 oC for 1 h, followed 

by fast evaporation of the solvent in vacuo at 0 oC; (B) The solids in (A) after being placed at r.t. for 48 

h. Both NMR samples were prepared by dissolving the solids in d8-THF at -20 oC and the NMR 

measurements were conducted at -20 oC. 
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Since both photochemical and thermal rotary steps were blocked in the solid 

powder, we next investigated these steps in aggregates by dispersing the bulky motor 

3.1 into THF/water mixture, 34 where the extent of confinement inside aggregates 

can be adjusted by adding water or THF. Similar to our previous results, 34 aggregates 

were obtained by initially dissolving motor 3.1 in THF followed by the addition of 

water. UV/vis studies showed that motor 3.1 started to aggregate from 50% water 

volume fraction (ƒw), which was indicated by the emergence of a scattered baseline 

(Figure 3.6). Transmission electron microscopy (TEM) images also verified the 

formation of bowl-shaped aggregates at both 50% and 90% ƒw, as shown in Figure 

3.7. The average radius of aggregates was determined using dynamic light scattering 

(DLS), revealing a value of 224 nm at 50% ƒw and a shrinking to 65 nm at 90% ƒw 

(Figure 3.8). In addition, the stability of the bowl-shaped aggregates was checked 

using TEM (Figure 3.7). After 2 d of aging, the morphologies showed no significant 

deformation at both 50% and 90% ƒw. 

 

 
 

Figure 3.6 UV-vis absorption spectra of 3.1 in THF/water mixture with different ƒw ([3.1] = 1 × 10-5 

M). 
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Figure 3.7 Spheres from the molecular motor 3.1 imaged by negative staining TEM. (A)(C) at 50% ƒw 

and (B)(D) at 90% ƒw. (C) and (D) are samples after 2 d of aging. Scale bars represent 500 nm (black) 

and 100 nm (white), respectively. ([3.1]=10-4 M) 

 

 

 

 

Figure 3.8 The size distribution of aggregated 3.1 in THF/water with different ƒw using DLS 

measurements, [3.1]=10-5 M. (A) At 90% ƒw, the radius is 65nm, with a polydispersity of 21.9%; (B) 

At 80% ƒw, the radius is 68nm, with a polydispersity of 25.0%; (C) At 70% ƒw, the radius is 72nm, with 

a polydispersity of 22.6%; (D) At 60% ƒw, the radius is 81nm, with a polydispersity of 25.8%; (E) At 

50% ƒw, the radius is 224nm, with a polydispersity of 66.1%.  
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To investigate the rotary behavior inside the aggregates, we started with the 

photochemical isomerization. 1H NMR spectrum (Figure 3.9A) showed that the 

aggregated motor was still able to respond to light to generate its metastable isomer 

when the extent of confinement was raised to 100% ƒw as in water (for details, see 

Figure 3.9 caption). This result suggests that the photoisomerization in the 

aggregates is not substantially prohibited at high ƒw values, which is similar with the 

bulky first-generation motor 2.1 (see Chapter 2). 34  

On the other hand, for the study of THI, the aggregates were prepared from the 

solution of stable/metastable 3.1 mixture. After being kept at room temperature for 

24 h, the isolated aggregates resulted in merely the stable isomer even at 100% ƒw 

(Figure 3.9B). Note that the preparation method of metastable-3.1-containing  
 

 
Figure 3.9 1H NMR spectra (d8-THF) showing the rotary behavior in aggregates of 3.1 at 100% ƒw.  (A) 

The aggregated 3.1 after in situ photochemical isomerization. The sample was prepared by adding 9 

mL D2O to 1 mL solution of stable 3.1 (5 mg) in d8-THF, followed by twice of centrifugation and 

washing with D2O (2 mL). After decanting the clear solution, the precipitates were redispersed in D2O 

(2 mL). The resulting mixture was irradiated with 365 nm for 1 h at 5 oC. After centrifugation of the 

mixture, the aggregates were isolated for NMR analysis. (B) The study of THI of the post-aggregated 

metastable 3.1 at 100% ƒw. A solution of stable 3.1 (5 mg) in d8-THF (1 mL) was irradiated with 365 

nm at -20 oC for 1 h, followed by adding D2O (9 mL, 5 oC) and fast centrifugation. After washing with 

D2O (2×2 mL, at 5 oC) and centrifugation, the clear solution was decanted and the aggregates were 

redispersed in D2O (2 mL). The resulting suspension was placed at r.t. for 24 h, which was centrifuged 

to obtained the aggregates. NMR measurements were conducted at 0 oC. 
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aggregates for the studies of photochemical isomerization and that of THI were 

different. The former was prepared by in situ irradiation of the aggregates of stable 

3.1, while in the latter case the irradiation was performed in solution. This difference 

of operation was due to the fact, for the latter study, we wanted to circumvent a 

thermal backward isomerization (also see Chapter 2) 34 which needed in situ 

photochemical isomerization in aggregates as a prerequisite. These findings revealed 

that both the photochemical isomerization and THI of motor 3.1 were not precluded 

in aggregates even at 100% ƒw, which was distinct from the first-generation motor 

2.1 (see Chapter 2) of which THI was blocked at >90% ƒw. 34  

The half-life of metastable 3.1 in aggregates was estimated using kinetic UV/vis 

studies (Figure 3.10). Interestingly, the results showed that the half-life time was not 

greatly prolonged until 100% ƒw where a drastic increase occurred, with a value of  

 

 
Figure 3.10 Kinetic measurements of the thermal isomerization at 298.15K of 3.1 in aggregates at 

(A)(B) 90% ƒw ([3.1] = 2 × 10-5) and (C)(D) 100% ƒw. The rate constant of the first-order decay k was 

obtained as 0.000844 at 90% ƒw and 0.000176 at 100% ƒw, by fitting the absorbance at 410 nm. The 

samples were prepared by irradiating the solution of 3.1 in THF, followed by adding water at 5 oC until 

90% ƒw. After centrifugation, the precipitated aggregates were redispersed in THF/water mixture for 

UV/vis measurements. 
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66 min comparing to that of 14 min at 90% ƒw (7 min in DCM). This deceleration 

indicates that, at 100% ƒw, the confinement inside aggregates will affect motor’s 

rotation more than that at 90% ƒw, which can be rationalized by the higher extent of 

confinement in aggregates at higher ƒw. 34 

Taken together, we assume that the retained photoisomerization and THI in 

aggregates are due to not only the existing THF in aggregates, 34 but also the 

relatively lower ∆G of THI as well as the smaller size of rotor comparing to those of 

the bulky first-generation motor. 34 The similar half-life (when ƒw ≤ 90%) is also 

consistent with our earlier hypothesis that the rotor could be to some extend shielded 

by the bulky groups. The photochemical and thermal isomerization of aggregated 

3.1 at 90% ƒw were performed repeatedly, with the change in absorbance monitored 

at 410 nm (Figure 3.11). The excellent reversibility of the spectral change showed 

that there was no obvious fatigue for the photoisomerization and THI at 90% ƒw, 

indicating a continuous rotation of motor 3.1 in the corresponding aggregates. 

Overall, our studies provided evidence that 3.1 could still function as a rotary motor 

in aggregates with high extent of confinement, showing a perspective for the 

application as a photoresponsive carrier in cargo-release systems. 

 

 
 

Figure 3.11 The absorbance of aggregated 3.1 at 410 nm during five cycles of photochemical and 

thermal isomerization. The photochemical step was done by irradiation with 365 nm for 10 min (the 

white region) while the thermal isomerization was performed by placing the sample at r.t. for 2 h (the 

gray region). (ƒw= 90%)   
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3.2.3 Acceleration of cargo-release 
 

With photoisomerization and THI of motor 3.1 retained in the aggregates, we 

hypothesized that the overall rotary motion would accelerate the release of loaded 

cargo from the aggregates. According to Purcell’s theory, only non-reciprocal 

movement, such as motor’s rotary motion, can make net propulsive movement at 

low Reynolds number. 50 Additionally, active enzymes can enhance the diffusion of 

surrounding molecules via momentum transfer, 53-56 which is assumed to be caused 

by catalysis-driven conformational changes. 55, 57-59 Based on these theories, we 

assumed that the rotary motion of motor 3.1 in aggregates would transfer momentum 

to the encapsulated/co-aggregated molecules (the cargo), leading to an enhancement 

of diffusion of the cargo out of the carrier.  

Instead of covalently binding to the carrier, 40-42 the cargo was encapsulated by a 

co-aggregating process. 46 In our system, fluorescein was used as a cargo because it 

dissolves in THF as well as water, and contained an aromatic moiety which could 

aid in the encapsulation due to the π-π interaction of fluorescein and motor 3.1. In 

brief, fluorescein and motor 3.1 were dissolved together with a weight ratio of 1:1 in 

THF, and the co-aggregates were formed by gradually adding water. We assumed 

that by steady increasing ƒw a shrinkage of spheres would occur and an inherent 

decrease of free volume inside the co-aggregates could trap the fluorescein inside. 

Then, by redispersing the co-aggregates into THF/water mixtures, a reswelling 

process would lead to the release of loaded fluorescein. The preparation of the 

fluorescein-loaded aggregates of motor 3.1 was described in Experimental Section 

3.5.3. After extensive washing of the co-aggregates with D2O, we observed a 

successful loading of fluorescein in aggregates with a loading capacity of 44 wt% 

using 1H NMR spectrum (Figure 3.12).  
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Figure 3.12 1H NMR spectrum (d8-THF) of the aggregates of motor 3.1 loaded with fluorescein after 

excessive washing. The NMR sample was prepared from aggregates formed by adding 9 mL D2O to 1 

mL solution of 3.1 (3 mg) and fluorescein (3 mg), which was then washed with 6×2mL D2O, until no 

obvious fluorescein was detected by NMR. The integration corresponding to one proton in fluorescein 

is 2.59 while that of motor 3.1 is 1.00, thus the weight ratio of fluorescein/motor 3.1 is calculated to be 

0.44: 1 (calibrated).  

 

 

Next, the dye-loaded aggregates were subjected to a dialysis bag 46 with a 

molecular weight cut-off of 3500Da and the release of fluorescein with/without 

irradiation using 365 nm light in THF/water mixtures was monitored using 

fluorescence (FL) spectroscopy (for sample preparation and experimental setup, see 

Experimental Section 3.5.3). The results are shown in Figure 3.13. Without UV 

irradiation, diffusion of fluorescein from the aggregates occurs at all ƒw due to the 

reswelling of aggregates (since there is no reswelling process at 100% ƒw, the 

increase of FL intensity might be due to a leakage of fluorescein from the aggregates 

into the aqueous environment, which reached an equilibrium in approximately 10 h). 

Regarding the co-aggregates with irradiation of 365 nm light in the first 30 min of 

the release process, comparing to those without irradiation, no obvious increase of 

FL intensity was observed in all release aliquots except for that at 90% ƒw. As seen 

in Figure 3.13B, the FL intensity with 365 nm light (the black curve) increases faster 

than the one without irradiation (the red curve) within the first 10 h, whereas the 

difference in FL intensity will be gradually compensated during the following 38 h.  
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Figure 3.13 Release of fluorescein from the dye-loaded aggregates of motor 3.1. Release curves by 

monitoring the FL maxima at (A) 100% ƒw, (B) 90% ƒw, and (C) 80% ƒw over 48 h of release; (D) 70% 

ƒw, (E) 60% ƒw, and (F) 50% ƒw over 24 h of release. 

 

To further verify this phenomenon, we investigated the release process as a 

function of the irradiation time. To avoid photobleaching of fluorescein, we adjusted 

the irradiation time of 365 nm light to 10 min and 5 ×10 min in the first 10 h. As 

illustrated in Figure 3.14, with only 10 min irradiation in the beginning, the FL 

intensity of the release aliquot (the black curve) increases faster than that without 

irradiation (the red curve) in the first 10 h, similar as in Figure 3.13B. In addition, 

when the irradiation time was extended to 5 × 10 min in the first 10 h, the release 

rate is further accelerated (the grey curve in Figure 3.14), indicating that this 
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acceleration of release is a light-triggered phenomenon. However, there was a delay 

of the responding time for the acceleration process comparing to the half-life time of 

THI of motor 3.1. Namely, based on the rate of isomerization within 1 h, more than 

90 % of light-generated metastable 3.1 would recover to its stable state. On the other 

hand, the acceleration of release lasted for approximately 10 h (the black curves in 

Figure 3.13B and Figure 3.14). We assume that this delay is due to the equilibration 

time of the dialysis bag. Namely, the simultaneously generated extra amount of 

fluorescein, which is triggered by rotary motor, will transport through the dialysis 

membrane over hours to reach the equilibrium. Nevertheless, the dialysis bag is 

necessary because it facilitates the FL measurements of the release process by 

excluding the strong FL signals from the co-aggregates.  

 
 

 
Figure 3.14 The release curves as a function of different irradiation time at 90% ƒw. The corresponding 

irradiation time for ‘Irradiation 1’ is 10 min at 0 h, and for ‘irradiation 2’ is 5 × 10 min at 0 h, 2 h, 4 h, 

6 h, and 8 h.   

 

Except for 90% ƒw, the light-triggered acceleration of release was obscure in all 

the other release aliquots (Figure 3.13A, 3.13C, 3.13D, 3.13E, and 3.13F). This 

observation can be rationalized by the competition between molecular rotation and 

the built-in diffusion rate. At 100% ƒw, due to no reswelling of the aggregates, only 

limited fluorescein molecules can be affected by rotary motor and get released. In 

addition, the free volume in the aggregates at 100% ƒw is limited, leading to 

inefficient rotation of motor 3.1 which is also reflected in a much longer half-life 

time of THI (Figure 3.10D). Regarding ƒw< 90%, e.g., at 80% ƒw, the aggregates 

reswell to a higher extent where the diffusion becomes too fast to be accelerated by 

the rotary motor with a half-life time of THI in min range, leading to a negligible 

difference of the FL intensity with/without UV light (Figure 3.13C, 3.13D, 3.13E, 

and 3.13F). To compare the diffusion rate at 80% and 90% ƒw, we characterized the 

amount of fluorescein remained in aggregates after 48 h of release. 1H NMR spectra  
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Figure 3.15 1H NMR spectra (d8-THF) of the dye-loaded aggregates after 48h of release at (A) 90% ƒw 

and (B) 80% ƒw. The aggregates were isolated by centrifuging the suspension in the dialysis bag, 

followed by drying in vacuo. The integrations corresponding to one proton in fluorescein are 1.21 at 

90% and 0.43 at 80% ƒw, thus the weight ratios of fluorescein/motor 3.1 are calculated to be 0.21: 1 

and 0.04: 1, respectively (calibrated).  

 

 

showed that the remaining amounts of fluorescein were 21 wt% at 90% ƒw and 4 wt% 

at 80% ƒw, respectively (Figure 3.15). The lower remaining amount of dye in 

aggregates represents a higher release amount within the same period of time, 

indicating a higher diffusion rate at 80% ƒw which supports our hypothesis. 

To assure the role of rotary motor and exclude the effects of thermal heating, 60-62 

we conducted release studies on a control compound 3.10 (Figure 3.16A, for 

synthesis, see Experimental Section 3.5.2). Without the rotor part of motor 3.1, 

compound 3.10 cannot perform unidirectional rotation, however, it can form co-

aggregates with fluorescein in THF/water mixtures visualized via TEM (Figure 

3.16B and 3.16C). After irradiation with 365 nm light in the first 30 min, the release 

rate of the fluorescein from the 3.10-containing co-aggregates did not show an 
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acceleration at 90% ƒw comparing to the aliquot without irradiation (Figure 3.17), 

indicating an insignificant effect of the local heating by the absorption of 365 nm 

light. On the other hand, to exclude release by the collapse of the aggregate carrier, 

63-65 the morphologies of dye-loaded co-aggregates before and after the release 

process were also investigated using TEM and DLS (Figure 3.18). While the TEM 

images showed no clear deformation of the aggregate particles (Figure 3.18A and 

3.18B), DLS data exhibited that the particle size decreased from 144 nm to 109 nm 

in radius after the release process (Figure 3.18C). Furthermore, the solution outside 

the dialysis bag contains no motor 3.1 based on NMR analysis (Figure 3.19). The 

TEM images, DLS analysis, and NMR spectrum indicated that there was no 

thermodynamic disassembly of the aggregate-based carriers.  

 

 

 

 
 

Figure 3.16 Compound 3.10 and corresponding aggregates loaded with fluorescein in THF/water at ƒw 

= 90%. (A) The chemical structure of compound 3.10.TEM images of (B) freshly prepared aggregates 

of 3.10 loaded with fluorescein and (C) the aggregates after 2 d of release. Scale bars represent 500 nm 

(black) and 100 nm (white), respectively. (ƒw = 90%) 
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Figure 3.17 Release curves of fluorescein and compound 3.10 coaggregates over 24 h at 90% ƒw. The 

irradiation was performed using 365 nm during the first 30 min of release. 

 

 

 

 
 

Figure 3.18 Morphologies of aggregated motor 3.1 loaded with fluorescein. TEM images of (A) freshly 

prepared dye-loaded aggregates and (B) the aggregates after 2 d of release (ƒw = 90%). Scale bars 

represent 100 nm (white). (C) The size distribution of dye-loaded aggregates of motor 3.1 before and 

after 48 h of release at 90% ƒw using DLS measurements. Before release, the radius is 144 nm, with a 

polydispersity of 35.8%; after release, the radius is 109 nm, with a polydispersity of 38.3%. 
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Figure 3.19 1H NMR spectrum of the release solution of dye-loaded aggregates of motor 3.1 outside 

the dialysis bag after 48 h of release at 90% ƒw (d8-THF). 

 

 

Taken together, we have shown that, upon irradiation with 365 nm light, the 

fluorescein-loaded co-aggregates underwent an acceleration of release, which was 

correlated with the duration of UV irradiation. In addition, this acceleration of 

release seems to have negligible dependence on the local heating indicated by 

conducting a control experiment on the lower part of motor 3.1. Finally, our studies 

also indicated that this acceleration was not caused by the collapse of carrier. Thus, 

we assume that the rotary motion of molecular motor 3.1 lead to this phenomenon 

by enhancing the diffusion of loaded cargo out from the carrier, which might point 

to a  related effect similar as observed for continuous conformational changes of 

active enzyme that can enhance the diffusion of surrounding molecules. 55, 57-59 

 

 

3.3 Conclusions 
 

In summary, we have designed a bulky second-generation molecular motor. With a 

small rotor and relatively low THI energy barrier, this motor retains its continuous 

rotary motion within the aggregates formed in THF/water even with high extent of 

confinement. By incorporating the aggregated motor with a fluorescent dye, we 

successfully achieved a photoresponsive acceleration of the release of loaded dye at 

90% ƒw. It is proposed that this acceleration effect is caused by the rotation of 

molecular motor, via momentum transfer to the loaded cargo. Our study also shed 
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light on the ability to perform work via dynamic non-reciprocal movement at the 

molecular level, which might distinguish the molecular motor from other 

photoresponsive molecules. Future work can focus on carriers using faster motor and 

aim to achieve more efficient enhancement of the release process.  
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3.5 Experimental Section 
 

3.5.1 General remarks 
 

For general comments, see chapter 2. 

 

3.5.2 Synthesis 
 

Compound 3.3 66 

 

To a suspension of compound 3.2 (336 mg, 1 mmol) in methanol (10 mL), 1 mL 

hydrazine monohydrate was added. The mixture was heated at reflux for 3 h. After 

cooling, the solvents were removed in vacuo and the residue was purified by column 

chromatography (DCM : methanol = 10: 1) to yield 3.3 as a yellow solid (300 mg, 

86 %). 1H NMR (400 MHz, Chloroform-d) δ 8.03 (d, J = 1.3 Hz, 1H), 7.86 (d, J = 

1.8 Hz, 1H), 7.65 – 7.53 (m, 2H), 7.51 – 7.40 (m, 2H), 6.53 (s, 2H). This data is in 

accordance with Ref. 66. 

 

Compound 3.4  

 

Compound 3.3 (300 mg, 0.86 mmol) was dissolved in 10 mL THF. MnO2 (300 mg, 

3.45 mmol) was added and the mixture was stirred at room temperature for 1 h. After 

completion, the reaction mixture was filtered over celite and the celite was then 

washed with DCM. The filtrate was dried by rotary evaporation and the crude 3.4 

(300 mg, 0.86 mmol) was used in next step without further purification. 1H NMR 

(400 MHz, Chloroform-d) δ 7.76 (d, J = 8.3 Hz, 1H), 7.64 (s, 1H), 7.44 (d, J = 8.3 

Hz, 1H). 
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Coumpound 3.7  

 

Lawesson’s reagent (2.02 g, 5 mmol) was added to a solution of compound 3.5 [3] 

(392 mg, 2 mmol) in toluene (30 mL) and the resulting mixture was heated at reflux 

for 3 h. The mixture was concentrated in vacuo, after which the residue was purified 

using flash column chromatography (pentane:  EtOAc=10: 1) to give 3.6 as a green 

solid. Compound 3.4 (696 mg, 2 mmol) and the aforementioned compound 3.6 were 

dissolved in toluene (30 mL) and the mixture was heated at 70 oC for 16 h. PPh3 

(1.05 g, 4 mmol) was added and the mixture was stirred at 110 oC for another 2 h. 

After cooling down to room temperature, the solvent was removed in vacuo and the 

crude product was purified by column chromatography (pentane:  EtOAc=10: 1) to 

yield 7 as a yellow solid (704 mg, 70 %). 1H NMR (400 MHz, Chloroform-d) δ 8.08 

(d, J = 1.7 Hz, 1H), 7.98 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.1 Hz, 1H), 7.64 – 7.56 

(m, 3H), 7.55 – 7.49 (m, 2H), 7.45 – 7.37 (m, 1H), 7.33 (dd, J = 8.1, 1.7 Hz, 1H), 

6.74 (d, J = 1.7 Hz, 1H), 4.34 – 4.21 (m, 1H), 3.60 (dd, J = 15.2, 5.6 Hz, 1H), 2.82 

(d, J = 15.2 Hz, 1H), 1.41 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) 

δ 154.47 , 148.41 , 141.40 , 138.55 , 137.90 , 137.33 , 135.48 , 132.81 , 132.13 , 

129.84 , 129.70 , 129.59 , 129.17 , 129.12 , 128.14 , 127.27 , 127.17 , 127.09 , 125.78 , 

124.06 , 121.21 , 121.01 , 120.24 , 120.20 , 45.37 , 42.11 , 19.49. HRMS (ESI+, m/z) 

calculated for C27H19Br2 [M + H]+ 547.0219, found 547.0212.  

 

Compound 3.8  

 

To a solution of 3.7 (300 mg, 0.6 mmol), Pd(P(t-Bu)3)2 (31 mg 0.06 mmol), and 

trimethylamine (333 µL, 2.4 mmol) in toluene (5 mL), phenyl formate (653 µL, 6 

mmol) was added. The resulting solution was stirred at 85 oC for 24 h. After cooling 

down to room temperature, the mixture was poured into water and extracted with 

EtOAc. The combined organic layers were washed with brine and dried over Na2SO4. 

The solvents were removed in vacuo and the residue was purified using column 

chromatography (pentane:  EtOAc=3: 1) to give 3.8 as a yellow solid (219 mg, 62 %). 
1H NMR (400 MHz, Chloroform-d) δ 8.95 (s, 1H), 8.33 (d, J = 8.0 Hz, 1H), 8.12 (d, 

J = 8.0 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 7.93 (d, J = 8.6 

Hz, 2H), 7.72 (d, J = 8.4 Hz, 1H), 7.63 – 7.57 (m, 2H), 7.52 – 7.43 (m, 3H), 7.41 – 

7.28 (m, 7H), 7.19 (d, J = 7.5 Hz, 1H), 6.86 (d, J = 7.5 Hz, 2H), 4.53 – 4.43 (m, 1H), 

3.64 (dd, J = 15.3, 5.6 Hz, 1H), 2.86 (d, J = 15.3 Hz, 1H), 1.52 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 165.68 , 165.05 , 155.14 , 151.24 , 150.84 , 

148.69 , 143.16 , 142.54 , 140.78 , 137.95 , 135.53 , 132.87 , 132.27 , 129.87 , 129.66 , 

129.24 , 129.13 , 128.94 , 128.90 , 128.87 , 128.33 , 127.94 , 127.92 , 127.17 , 127.05 , 
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126.26 , 126.05 , 125.69 , 125.61 , 124.07 , 121.89 , 121.59 , 120.64 , 119.97 , 45.54 , 

42.12 , 19.62. HRMS (ESI+, m/z) calculated for C41H29O4 [M + H]+ 585.2060, found 

585.2051. 

 

Compound 3.9  

 

Compound 3.8 (100 mg, 0.17 mmol) was dissolved in a mixture of THF (2 mL), 

Methanol (2 mL), and aq. NaOH (1M, 2 mL), followed by heating at 65 oC for 16 h. 

After cooling to room temperature, the mixture was titrated using aq. HCl (1 M) to 

pH 3, followed by extraction with EtOAc. The combined organic layers were washed 

using brine and dried over Na2SO4. After concentration in vacuo, the residue was 

purified by column chromatography (DCM: MeOH=96: 4). The resulting yellow 

solid provided 3.9 (71 mg) with 96 % yield. 1H NMR (400 MHz, Methanol-d4) δ 

8.78 (s, 1H), 8.13 (d, J = 8.0 Hz, 1H), 8.05 – 7.95 (m, 3H), 7.93 (s, 2H), 7.72 – 7.59 

(m, 2H), 7.45 (t, J = 7.6 Hz, 1H), 7.41 (s, 1H), 7.28 (d, J = 8.2 Hz, 1H), 4.49 – 4.33 

(m, 1H), 3.63 (dd, J = 15.3, 5.6 Hz, 1H), 2.86 (d, J = 15.3 Hz, 1H), 1.46 (d, J = 6.7 

Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 169.07, 168.53, 153.85, 147.93, 

142.33, 141.92, 140.09, 137.45, 135.22, 132.53, 131.47, 129.73, 129.42, 128.43, 

128.40, 128.23, 127.98, 127.33, 126.52, 126.43, 125.38, 125.03, 123.48, 119.76, 

119.04, 45.10, 41.55, 18.78. HRMS (ESI+, m/z) calculated for C29H21O4 [M + H]+ 

433.1434, found 433.1433. 

 

Compound 3.1  

 

To a solution of 3.9 (53 mg, 0.12 mmol) in THF (2 mL), DCM (2 mL), and a drop 

of DMF was added oxalyl chloride (0.2 mL, 2.5 mmol) and the resulting mixture 

was stirred at 0 oC for 1 h. After fully removing the solvents and excess amount of 

oxalyl chloride, the acid chloride was subsequently dissolved in dry DCM (5 mL). 

To the aforementioned solution of acid chloride, compound 2.6 51 (152 mg, 0.27 

mmol) and triethylamine (0.1 mL) were added at 0 oC. After stirring at room 

temperature for 16 h, the resulting solution was washed with water, brine, and dried 

over Na2SO4. The organic solvents were evaporated in vacuo, and the resulting 

residue was purified by column chromatography (pentane: DCM=1: 3) to yield 3.1 

as a yellow solid (126 mg, 0.08 mmol, 69 %). 1H NMR (400 MHz, Chloroform-d) δ 

8.54 – 8.44 (m, 2H), 8.05 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 8.3 Hz, 1H), 7.89 – 7.80 

(m, 3H), 7.76 – 7.67 (m, 4H), 7.63 – 7.58 (m, 13H), 7.57 – 7.50 (m, 14H), 7.45 – 

7.38 (m, 24H), 7.36 – 7.27 (m, 10H), 7.26 – 7.22 (m, 2H), 7.01 (s, 1H), 6.51 (s, 1H), 

4.32 – 4.20 (m, 1H), 3.32 (dd, J = 15.5, 5.5 Hz, 1H), 2.65 (d, J = 15.5 Hz, 1H), 1.37 
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(d, J = 6.6 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 166.55, 165.99, 153.95, 

149.39, 145.94, 143.13, 142.73, 141.92, 141.48, 140.70, 140.65, 138.81, 138.79, 

137.30, 136.29, 135.93, 135.58, 134.57, 132.93, 132.85, 132.14, 131.95, 131.59, 

131.54, 129.74, 129.44, 128.92, 128.90, 127.94, 127.80, 127.42, 127.38, 127.13, 

127.12, 126.72, 126.41, 126.39, 125.89, 125.43, 124.96, 123.82, 123.17, 120.33, 

120.17, 119.72, 119.31, 64.11, 45.37, 42.02, 19.51. HRMS (ESI+, m/z) calculated 

for C115H83N2O2 [M + H]+ 1524.6483, found 1524.6464. 

 

Compound 3.10  

 

To a solution of 9-fluorenone-2,7-dicarboxylic acid (28 mg, 0.1 mmol) and 2.6 51 

(123 mg, 0.22 mmol) in DMF (3 mL), were added EDCI (57 mg, 0.3 mmol), HOBt 

(40 mg, 0.3 mmol), and DIEA (39 mg, 0.3 mmol). The resulting mixture were stirred 

at room temperature overnight. After evaporating the solvent in vacuo, the residue 

was dissolved in DCM and washed with water and brine, then dried with Na2SO4. 

After removing DCM, compound 3.10 (62 mg, 0.046 mmol, 46 %) was obtained by 

column chromatography (pentane: EtOAc = 1: 1) as light yellow solids. 1H NMR 

(400 MHz, Chloroform-d) δ 8.12 (d, J = 7.9 Hz, 2H), 8.04 (d, J = 10.7 Hz, 4H), 7.67 

– 7.58 (m, 18H), 7.54 – 7.49 (m, 12H), 7.44 – 7.31 (m, 34H). 13C NMR (151 MHz, 

Chloroform-d) δ 164.41, 146.31, 145.83, 143.64, 140.67, 138.85, 136.65, 135.70, 

135.21, 134.72, 132.02, 131.58, 128.90, 127.40, 127.13, 126.42, 122.30, 121.59, 

119.70, 108.10, 64.17. HRMS (ESI+, m/z) calculated for C101H71N2O3 [M + H]+ 

1360.5493, found 1360.5424. 

 

3.5.3 Dye-release 
 

The dye loaded samples were prepared by dissolving the carrier molecules (motor 

3.1 or control compound 3.10, 3 mg) and fluorescein (3 mg) in THF (1 mL), followed 

by adding water (9 mL). The resulting suspension was centrifuged, followed by 

decanting the upper layer of the clear solution. The obtained aggregate particles were 

further washed with water (2 × 3 mL) and redispersed into water (3 mL). The 

suspension was then placed in a dialysis bag (regenerated cellulose, with a molecular 

weight cut-off of 3.5kD, from Spectra/Por) which was put in water (50 mL). For 1H 

NMR studies, deuterated solvents were used as indicated.  

For the preparation of release aliquots, the abovementioned suspension (0.5 mL) 

was disperse into THF/water mixtures (4.5 mL) with varying ratio to reach the final 
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ƒw= 100%, 90%, 80%, 70%, 60%, and 50%. Then two 2 mL suspensions were placed 

into two dialysis bags separately, which each were immersed into THF/water 

mixture (50 mL) with the same ƒw value inside the dialysis bag. The sample during 

irradiation has an optic fiber (connected with 365 nm LED) inserted into the dialysis 

bag. After the irradiation, the bag was sealed with a clip. During release, the outside 

solution was stirred at r.t. and the glass bottle was closed with a lid. The molecular 

porous membrane tubing (dialysis bag, made from regenerated cellulose) with a 

molecular weight cut-off (MWCO) of 3.5kD was purchased from Spectra/Por. The 

irradiation experiments were carried out using a Thorlab model M365F1 high-power 

LED (4.1 mW). 

The release curves were recorded monitoring the emission maxima at different 

ƒw values, namely, 512 nm, 514 nm, 517 nm, 518 nm, 520 nm, and 521 nm for ƒw= 

100%, 90%, 80%, 70%, 60%, and 50%, respectively. 
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Chapter 4 
 

Towards Utilizing Unidirectional Molecular 

Motion for Controlling Microscopic Particle 

Movement 

Part I: Design, synthesis and fabrication 

 

 

Brownian motion rules at the micro- and nano- scale and the control of motion by 

introducing directional movement has always been a great challenge. Even though 

notable advance has been made in the field of self-propulsion, the necessity of 

designing systems with easy and precise control over directionality is highly 

desired. Molecular motors based on overcrowded alkenes can undergo continuous 

360o unidirectional rotation which is non-reciprocal mimicking rotary motion of 

natural flagella. In addition, the incorporation of molecular motors into larger 

architectures enables the development of various photoresponsive materials, i.e., 

artificial muscle. Here, we report microsized motor-functionalized particles that are 

designed to propel towards a light source due to the collective action of a single 

layer of molecular motor. The aim is that upon irradiation with UV light, the 

motor-functionalized microparticles are separated with a bright and a dark face 

because of the limited light penetration depth. The molecular motors on the bright 

face are triggered by UV light and start to rotate, enhancing the diffusion of the 

surrounding molecules (water or surfactant) via momentum transfer. As the 

molecular motors on the dark side remains inactivated, a slip flow may emerge 

which can drive the microparticle moving according to the light source. In this 

chapter, we will focus on the design, synthesis, surface modification and 

characterization.     

 

  



 

92 

 

 

 

Chapter 4 

4.1 Introduction 
 

In nature, continuous unidirectional rotation is ubiquitous, such as in the ATPase 

and flagellum (motor) propulsion systems. Based on their rotary behavior, various 

sophisticated functions are derived.1-5 Among these functions, propulsive (e.g., 

translational) motion is of major importance because motility is vital for the 

survival of many organisms. As in bacteria, the rotation of flagella relative to the 

cell body produces a ‘corkscrew’ movement (Figure 4.1A), leading to efficient 

propulsion. According to Purcell’s theory, 6 only geometrically non-reciprocal 

movement can produce net displacement at low Reynolds numbers in a non-

Newtonian fluid where the objects experience viscous force of several orders of 

magnitude higher than the inertial forces. On the other hand, reciprocal movement, 

e.g. scallop motion, would only produce displacement forward and backward in the 

same environment (Figure 4.1B).  

 

 

Figure 4.1 Two modes of propulsive motion. (A) ‘Corkscrew’ swimming motion of bacteria flagella. 

When the flagella rotate counter-clockwise, the bacteria will move forward. (B) The propulsion of a 

scallop. A scallop opens its shells slowly and closes them quickly, thus it produces a thrust which can 

propel itself forward. Reproduced wih permission from Ref. 7. Copyright 2014 Springer Nature. 
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Towards Utilizing Unidirectional Molecular Motion 

for Controlling Microscopic Particle Movement 

So far, scientists have developed many systems operating at low Reynolds 

number. Most of these systems are based on ‘jet’ propulsion by ejecting bubbles or 

backward flows. 8-15 Nevertheless, the stimuli for these ‘jet’ swimmers are usually 

‘fuel’ chemicals which lacks spatial control, leading to the propulsion in all 

directions. Even though non-reciprocal rotary movement is known to be efficient 

for self-propulsion at low Reynolds number, there are few examples utilizing rotary 

motion, which are, however, based on top-down nanofabrication and require large 

setup 16-18 (e.g., devices for magnetic field generation) to achieve rotary function. 

Hence, the challenge still remains since the control over directionality and ease of 

operation are so far difficult to achieve simultaneously for propulsive systems. 

Nevertheless, the study whether propulsive systems can be achieved based on 

artificial rotor smaller than the micrometer-sized magnetic rotor, 16-18 i.e., at 

molecular scale, is also intriguing.  

The alkene-based molecular motor 19, 20 developed in our group is a good 

candidate to take up this challenge since it uses light as the energy input which can 

be controlled spatially via the incident direction. In addition, comparing to other 

photoswitches 21-25 the light-driven motors can undergo continuous 360o 

unidirectional rotation which is non-reciprocal. As aforementioned, only the 

geometrically non-reciprocal movement can produce net displacement at low 

Reynolds number. 6 Recent studies also revealed that active enzymes could propel 

upwards a gradient of substrate concentration via interacting with their immediate 

surroundings and causing enhanced diffusive transport of molecules or particles 

during catalytic reaction. 26-29 Hypothesis has been made that this enhanced 

diffusion may be caused by non-reciprocal conformational changes of active 

enzymes during substrate turnover, 28, 30-32 generating force and transfer 

‘momentum’ to the surrounding. Molecular motors, as distinct from natural 

enzymes (based on catalytic reactions), use light as the energy source and undergo 

well-defined continuous conformational changes. By combining the collective 

motion of molecular motors being part of a microscopic object, cooperative effects 

may be generated to direct a microscopic motion.  

Here, we design a novel propulsive system in water which aims to exhibit 

controlled directional propulsion at low Reynolds number. By grafting molecular 

motors onto the surface of a silica microparticle, a separation of a distinct active 

irradiated side and an inert non-irradiated side will be present and due to limited 

light penetration depth, endowing the particle with Janus properties. We 

hypothesize that the locomotion of surrounding molecules (solvents or surfactants) 

can be enhanced via momentum transfer from rotary motors on the irradiated side, 

creating a gradient (i.e., of fluid pressure, osmotic pressure) near the particle 
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surface. Consequently, this gradient is expected to induce a slip flow near the 

surface, thus direct the movement of the microparticle. This design is an attempt to 

achieve photoresponsive directional propulsion via non-reciprocal rotation at the 

molecular level. In this chapter, we will focus on the design, synthesis, surface 

grafting method and corresponding characterization. 

 

     

4.2 Design of the propulsive particle 
 

The design of our photoresponsive propulsive particle was based on the notion that 

symmetry breaking of a particle occurs by the separation of irradiated and non-

irradiated faces even though the particle is uniformly modified. As illustrated in 

Figure 4.2, similarly with the Earth’s terminator, a particle can be divided by light, 

forming a Janus particle with bright and dark faces. Because only motors on the 

bright side could be triggered by light, we expected to achieve a cooperative effect 

by the collective molecular rotation and its asymmetric distribution. We 

hypothesized that the rotation of motor would disturb the surrounding solvent near 

the irradiated surface, generating enhanced diffusion on this side which could 

further create a slip flow to propel the particle. For example, due to rotation the 

solvent diffusion is enhanced near the irradiated side via momentum transfer, a 

simultaneous gradient of diffusion rate of the solvent will occur. Thus, similar to 

the case of active enzymes, 26-29 the particles will propel to the direction of the 

irradiated side (towards the light source) which is assumed to have higher rate of 

diffusion of the surrounding molecules.  

 

 
 

Figure 4.2 Illustrative images of the propulsive particle. (A) The light source divides a spherical 

object into two faces, namely, a bright and a dark one. With molecular motors attached on the whole 

surface, only the bright face is active by irradiation. (B) A cartoon demonstrates the separation of two 

faces on a particle, showing Janus property. 
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for Controlling Microscopic Particle Movement 

We employed commercially available silica particles (from Sigma-Aldrich) 

with a diameter of 5 µm as the substrate. The advantages of silica include that it 

has widely been applied in surface modification which avoids undesired surface 

plasmon effects 33 compared to gold substrates. The size of the particle is in micron 

range for the benefit of visualization with an optical microscope. In addition, when 

d >> λ, Rayleigh scattering by which the whole particle surface is evenly irradiated 

can be avoided, 34, 35 thus it facilitates the asymmetric distribution of irradiation on 

the particle surface. To functionalize silicon-based substrates with photoswitches, 

interfacial reactions are increasingly used. 21-24, 36-43Among these approaches, 

copper (I)-catalyzed azide-alkyne click reactions 44 are the most widely employed 

due to its advantageous properties such as mild reaction conditions (i.e. room 

temperature), stable products, high yield, and easy detection (i.e. the characteristic 

signals of azido groups in X-ray photoelectron spectroscopy). Furthermore, our 

earlier studies 39-43 have demonstrated that molecular motors were still able to 

function on the silicon-based substrates after being covalently bound to the surface 

via click reactions. Thus, in this study, we also tethered molecular motors onto 

silica particles via click reactions and in order to conduct this method, the surface 

was modified with azido groups.    

For the molecular design, the structure consists of four parts: a rotary motor 

core, a rigid handle, a poly ethylene glycol (PEG) chain, and bipodal legs (Figure 

4.3). Regarding the rotary core, we chose two second-generation motors with fast 

half-lives of THI due to natural flagella have rotary frequencies within 10-106 Hz. 
45-47 As depicted in figure 4.3, motor 4.1 has a motor core which usually shows a 

half-life of THI in 10-7 s scale, while that of motor 4.2 is usually in the range of 10-3 

s. 48 It is noteworthy to point out that motor 4.1 has a sulfur atom, which facilitates 

the characterization of the motor using element analysis. The rotor was elongated 

with a phenylacetylene handle because a previous study revealed that a long and 

rigid rotor would enhance the interaction between molecular motor and 

surrounding solvent. 49 We employed a PEG chain tethered at the end of the rigid 

handle, aiming to increase the interaction with the medium, i.e., water. Finally, the 

legs were attached to the motor moiety via an ether linker. They contain a C8 

spacer in order to prevent undesired effects from the particle surface, e.g., 

interference with the surface and avoiding steric hindrance, and a terminal alkyne 

which is ready for surface attachment. It is also noteworthy to mention that the 

two-leg design was aimed to prevent the molecule from undergoing uncontrolled 

motion around a single bond.    
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Figure 4.3 Design of molecular motors for surface anchoring: chemical structures of molecular 

motors 4.1 and 4.2. PEG400 is used as the terminal polymer chain (n≈9).  

 

                         

4.3 Results and Discussion 

 

4.3.1 Synthesis 
 

The approaches towards the synthesis of motor 4.1 and 4.2, which comprise the 

synthesis of PEG chain, the leg, the rigid linker and the motor cores are described 

in this section. 

For the PEG chain, commercially available monomethyl ether 4.3 with an 

average molecular weight of 400 was used. The derivalization of its terminal 

hydroxyl group via tosylation was achieved under basic condition, 50 which allows 

product 4.4 to be used in the attachment to the rigid linker via ether bond formation 

(Scheme 4.1).  

 

 
 

Scheme 4.1 Tosylation of PEG400 monomethyl ether. 
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for Controlling Microscopic Particle Movement 

As illustrated in Scheme 4.2, the synthesis of the leg started from 1,8-octanediol, 

which was treated with sodium hydride and then propargyl bromide to yield a 

monopropargyl ether 4.6. The hydroxyl group at the other end was further modified 

with a tosyl group to give 4.7. 51 In addition, the terminal alkyne was protected with 

a triisopropylsilyl (TIPS) group to avoid undesired byproducts during the synthesis 

of compound 4.27 via a Sonogashira coupling.  

 

 
 

Scheme 4.2 Synthesis of the leg 4.8. 

 

The motor core of 4.1 contains a six-membered lower part and a five-membered 

upper half structure. For the synthesis of the lower ketone 4.14, a literature 

procedure was followed. 52 As depicted in Scheme 4.3, disulfide 4.10 was prepared 

from the oxidation of thiophenol 4.9. Meanwhile, an amide 4.12 was synthesized 

from an acid 4.11 which was treated with oxalyl chloride, followed by the addition 

of diethylamine. Subsequent ortho-lithiation of 4.12 and addition of disulfide 4.10 

generated compound 4.13, which was treated with diisopropylamine (LDA) to 

yield ketone 4.14 via a cyclization.      

 

 

 
 

Scheme 4.3 Synthesis of the ketone 4.14. 
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Regarding the upper rotor, the synthesis started with a one-pot Friedel-Crafts 

acylation/ Nazarov cyclization by mixing 1-bromonaphthalene and methacrylic 

acid in polyphosphoric acid (115% H3PO4 basis) 53 at elevated temperature 

(Scheme 4.4). The generated cyclic ketone 4.16 was heated at reflux together with 

Lawesson’s reagent (LR) in toluene, providing the thioketone 4.17.  

 

 
 

Scheme 4.4 Synthesis of the upper thioketone 4.17.  

 

Next, cyclic ketone 4.14 was treated with LR in toluene at reflux, followed by 

quenching with hydrazine monohydrate to produce hydrazone 4.19, which was 

further oxidized using MnO2 to diazo compound 4.20 (Scheme 4.5). Thioketone 

4.17 was then reacted in a Barton-Kellogg cross-coupling together with the diazo 

4.20 to yield episulfide 4.21.  After desulphurization of episulfide 4.21 by heating 

at 60 oC with tris(dimethylamino)phosphine (HMPT) in toluene, 4.21 was 

converted to overcrowded alkene 4.22. Regarding the elongation of the rotor part, a  

 

 
Scheme 4.5 Synthesis of the motor core 4.25 before coupling with legs and PEG chain.  
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Sonogashira coupling was conducted to substitute the original bromo group with a 

trimethylsilylacetylene to form 4.23, followed by removal of the trimethylsilyl 

group using tetra-n-butylammounium fluoride (TBAF) solution. Subsequently, a 

demethylation of 4.24 was performed using MeMgI under neat condition.54 By 

carefully controlling the reaction time and temperature, compound 4.25 with two 

free hydroxyl groups was obtained in modest yield.   

Using the two hydroxyl groups in compound 4.25, two legs were installed by 

alkylation of 4.25 with 4.8 in CH3CN under basic condition, giving compound 4.26 

as a yellow oil with 80% yield. (Scheme 4.6). Then, the rotor was further elongated 

by coupling a phenol group onto the terminal acetylene of 4.26 via another 

Sonogashira reaction, yielding compound 4.27 with a terminal hydroxyl group for 

connection with the PEG chain. Finally, 4.27 was alkylated with the tosylated PEG 

chain 4.4 under basic condition and the generated 4.28 was subsequently treated  

 

 
Scheme 4.6 Final steps in the synthesis of the goal motor 4.1 by installation with legs and PEG chain 

(n≈9).  
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with a TBAF solution for the deprotection of TIPS group. The relatively low yield 

of the last two steps might result from the loss during chromatography due to the 

high affinity between PEG and silica gel. NMR analysis and high-resolution mass 

spectrum (HRMS) demonstrated that the ultimate motor 4.1 was successfully 

synthesized in 22 steps with an overall yield of 0.4%.     

Comparing to motor 4.1, for the synthesis of 4.2 a similar route was followed 

except for its seven-membered stator. For the seven-membered stator part, a cyclic 

ketone 4.31 was first synthesized via a Parham cyclization of a carboxylic acid 

4.30, which was prepared via lithiation of 4.29 and subsequent addition of CO2 

using a literature procedure 
55 (Scheme 4.7).  

 

 
 

Scheme 4.7 Synthesis of seven-membered ketone 4.31. 

 

With the ketone 4.31 in hand, the remaining of the synthesis of 4.2 was similar 

with that of 4.1, except for the last two steps where we deprotected the TIPS group 

before attaching the PEG chain (Scheme 4.8 and 4.9). This change in order of 

reactions was attempted to decrease the loss of PEG-containing compounds during 

column chromatography. Motor 4.2 was, as in the case of motor 4.1, characterized  

 

 
Scheme 4.8 Synthesis of the motor core 4.39 bearing seven-membered lower stator part before 

coupling with legs and PEG chain. 
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Scheme 4.9 Final steps in the synthesis of the target motor 4.2 by installation with legs and PEG 

chain (n≈9).  

 

 

using NMR spectroscopy and HRMS, with an overall yield of 0.2% in a 20-step 

synthesis route. 

Finally, we synthesized a control compound which only bears the lower stator 

part of the motor 4.1. This control compound will undergo thermal relaxation after 

absorbing 365 nm light instead of unidirectional rotation. The synthesis of control 

compound 4.44 is shown in Scheme 4.10. It started with the demethylation of 

compound 4.14, which was achieved by treatment with BBr3 in DCM. 52 After 

thioxanthone coupling with 4.7, thioxanthone 4.44 was obtained in 60% yield 

which was ready for surface attachment. 
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Scheme 4.10 Synthesis of control compound 4.44.  

 

Motor 4.1 and 4.2 are derivatives of ultrafast molecular motors with half-life 

time of THI in 10-7s and 10-3s range, respectively. 48 Our earlier studies indicated 

that alkylation of motor via an ether bond formation did not significantly affect its 

rotary speed. 41-43 Even though the modification of molecular motor with a rigid 

phenyl-ethynylene group on the rotor part would increase the solvent displacement 

which would lead to a longer half-life time of THI, 49 this elongation of half-life is 

less than twice in a non-viscous solvent (THF) and six-times in a viscous solvent 

(THF/glycerol mixture) according to our previous study. 49 Therefore, we assume 

our motor 4.1 and 4.2 possess half-life time similar to their parent motors, 48 

namely, in the 10-7s and 10-3s range, respectively. For more accurate measurements 

of the rotary behavior, transient spectroscopy will be employed. 48  

 

4.3.2 Enantiomers assignment 
 

The biological flagella differentiate their moving behavior by opposite rotary 

directions, namely, clockwise and counter-clockwise, and the bacteria can move 

forward only when flagella rotate counter-clockwise. 56-58 Even though this 

behavior is assumed to be correlated to the built-in helicity in the filament protein, 
56 the necessity to obtain enantiopure motor which rotates merely 

clockwise/counter-clockwise will afford comprehensive understanding of our 

system. Therefore, enantiomers of compound 4.27 were separated using 

preparative chiral stationary phase HPLC (see Experimental Section 4.6.3) and 

assigned to the absolute R- or S- configuration according to density functional 

theory (DFT) calculations 59 (see Experimental Section 4.6.4). In brief, the obtained 

enantiomers of 4.27 were characterized with circular dichroism (CD) spectroscopy 

whereby the measured CD spectra were compared with the calculated ones. As 

depicted in Figure 4.4B, the calculated CD spectrum of a clockwise rotary motor 

(from a top view) has a redshift comparing to the measured spectrum of one 
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enantiomer (black line in Figure 4.4C), however, their major bands (for calculated 

spectrum: 420 nm, 380 nm, and 330 nm; for measured spectrum: 394 nm, 345 nm, 

and 305 nm) share similar sign of Cotton effect, indicating that the measured CD 

spectrum (black line in Figure 4.4C) is in accordance with a clockwise rotating 

isomer (S)-4.27. The remaining part of the synthesis towards enantiopure 4.1 was 

conducted following the same method as for the racemic material shown in Scheme 

4.6, and the products were characterized by NMR analysis and their optical 

rotations.  

 

 
 

Figure 4.4 Enantiomers of molecular motor. (A) The structures of two enantiomers of motor 4.27; (B) 

the calculated CD spectrum of the clockwise rotating isomer 4.27 (right one in (A)) using TD-DFT at 

B3LYP/6-31G(d, p) level; (C) Measured CD spectra of two enantiomers of 4.27 separated using 

preparative chiral HPLC (solvent: DCM). 

 

 

4.3.3 Surface attachment and characterization 
 

Immobilization of the molecular motors 4.1 and 4.2 and the control compound 4.44 

onto the silica microparticles (d= 5 µm, from Sigma-Aldrich) is depicted in 

Scheme 4.11. Before the attachment, the particle surface was pre-functionalized 

with a monolayer of azidosilanes. Driven by in situ formation of polysiloxane 

connecting to the original Si-OH groups on surface, 60 a monolayer of azido-

terminated silanes was formed by treating the microparticles with 3-

(azidopropyl)triethoxysilane in DMF at 80 oC. Finally, compounds with terminal 

alkyne groups (4.1, 4.2, or 4.44) were grafted onto the azido-functionalized surface 

via a Cu(I)-catalyzed azide-alkyne click reaction. The detailed fabrication method 

is given in Experimental Section 4.6.5.    
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Scheme 4.11 Attachment of alkyne-terminated compounds onto azido-functionalized silica 

microparticles (n≈9). 

 

To verify the successful modification of these silica microparticles, X-ray 

photoelectron spectroscopy (XPS) analysis was performed on three types of 

particles: bare silica microparticles (S1), azido-functionalized ones (S2) and 

microparticles immobilized with motor 4.1 (S3). Figure 4.5 displays the C 1s, N 1s, 

Si 2p, and S 2p spectra among which the N 1s and S 2p regions are most 

characteristic. Figure 4.5A shows the N 1s spectral region which is fitted with three 

components assigned to N-H/N-R (399.0 eV), N-(400.9 eV), and N+ (404.4 eV). 61-

63As demonstrated in the N 1s spectrum of S2 (the lower spectrum in Figure 4.5A), 

a well-separated N+ component represents the central nitrogen atom in the azido 

group, which is very characteristic and coexists in two mesomeric forms, 64 

indicating the successful connection of azido groups on SiO2 support. On the other 

hand, the disappearance of N+ component in S3 (the upper spectrum in Figure 

4.5A), together with appearance of the broad feature at 398-403 eV (characteristic 

of N-H, N-R, and N=N), suggesting that the azido group is transformed into a 

triazole moiety after the click reaction. To further verify the incorporation of the 

motor 4.1 on the surface, we also analyzed the S 2p region of the XPS spectrum of 

S3 (Figure 4.5D). A typical doublet signal (S 2p3/2 and S 2p1/2) of sulfur atom is 

observed, 65 demonstrating the presence of sulfur-containing species (motor 4.1) on 

the particle surface.   

 



 

105 

 

 

 

Towards Utilizing Unidirectional Molecular Motion 

for Controlling Microscopic Particle Movement 

 

 
   

Figure 4.5 XPS spectra of (A) N 1s; (B) Si 2p; (C) C 1s; and (D) S 2p. Samples: bare silica 

microparticles (S1), particles functionalized with azido groups (S2), and particles after the 

click reaction with motor 4.1 (S3).  

 

Furthermore, we analyzed the Si 2p and C 1s spectra (Figure 4.5B and C), 

which also support the successful modification of azido groups and motor 4.1 of S2 

and S3, respectively. Specifically, in Si 2p region, modification of the bare SiO2 

particles (103.1 ± 0.1 eV) with 3-(azidopropyl)triethoxysilane results in formation 

of an additional doublet in Si 2p spectra (see S2 and S3 in Figure 4.5B) which can 

be attributed to functionalized Si-OR groups (101.7 ± 0.1 eV), where R is 

azidopropyl group (S2 and S3 in Figure 4.5B). Meanwhile, regarding C 1s spectra, 

all samples contain typical components of adventitious carbon: 284.8 eV (C–C, C–

H), 286.3 eV (C-OC, C-OH, C-NC, C-NH), 287.8 eV (C=O) and 288.8 eV (O=C–

OR, O=C–OC). They can also originate from organic molecules present in the 

samples. However, C 1s spectrum of S3 reveals a mere increase of the component 
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with the BE of 286.3 eV, which may be attributed to C-NR and C-OR bonds of the 

attached motors, where R = C or H. 

Having proved the successful modification of motor 4.1 on silica microparticles, 

we next studied their corresponding surface coverage. Thermogravimetric analysis 

(TGA) and UV/vis spectroscopy are widely used methods to characterize surface 

coverage of modified surfaces. 42, 43, 61, 66-68 However, the former method is usually 

utilized for mesoporous or small particles with a high surface-to-volume ratio, 66-68 

while the latter one is for transparent quartz substrate. 42, 43, 61 Since there is, to the 

best of our knowledge, no characterization method to study the surface coverage of 

these compounds on microsized silica particles, the surface grafting density δ was 

measured on two other analogous materials, namely, 4.1-functionalized silica 

nanoparticles (which have high surface-to-volume ratio) and quartz surface (for 

both of the fabrication methods, see Experimental Section 4.6.5). Regarding 4.1-

functionalized silica nanoparticles (d= 10-20 nm), the TGA study was carried out 

by heating the nanoparticles under a nitrogen atmosphere from room temperature 

to 800 oC at a rate of 10 oC per minute. The results are shown in Figure 4.6 where δ 

can be calculated using the equation below: 

 

                                                                         (1) 

 

Typically, the weight loss below 200 oC is associated with the volatilization of 

adsorbed water and residual organic solvent. 65, 66 Therefore, the weight loss for 

organic components on azido-functionalized and motor-functionalized 

nanoparticles are estimated to be 8.2% and 21.8%, respectively. With the size (d= 

10-20 nm) and density (2.4 g/cm3), δ (azido) and δ (motor) were calculated to be 

about 3.0-6.0 groups/nm2 and 0.3-0.6 motor/nm2, respectively. Even though these 

results indicated that only 20% of azido groups were converted after the click 

reaction, it should be noted that the δ values and azido conversion of our system 

are quite comparable with reported click-functionalized silica materials 

(mesoporous silica particles, silica nanoparticles). 65-67  
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Figure 4.6 TGA data of azido-functionalized (black line) and motor 4.1-functionalized (red 

line) silica nanoparticles. 

 

An alternative method to obtain the δ value is by measuring the absorption 

spectrum on a large and flat surface. By grafting motor 4.1 onto a quartz substrate, 

the absorption of the interfacial single molecule layer was characterized using 

UV/vis spectroscopy. By comparing the absorbance of the motor-attached quartz 

with that of a solution of motor 4.1 whose concentration was known (Figure 4.7), 

surface coverage was calculated via an equation deduced from Beer-Lambert law:  

                                                     1 1

2 2 2

A

A c L


=                                                    （2） 

where A1 and A2 are the absorbance of the quartz slide and the solution, 

respectively, and c2 is the concentration of solution while L2 is the optical path 

length. Thus, δ (motor) was found to be approximately 0.7 motor/nm2 on quartz, 

which is in the same range as the aforementioned value of motor-functionalized 

nanoparticles characterized via TGA.     

 

 
Figure 4.7 UV/vis absorption spectra of (A) a quartz slide with motor 4.1 modified on both 

sides and (B) solution of motor 4.1 in THF with a concentration of 8 X 10-6 M.   
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The series of characterization using XPS, TGA, and UV/vis spectroscopy 

demonstrated motor 4.1 was successfully grafted onto azido-functionalized silica 

surface with moderate surface coverage. It is noteworthy to point out that the 

surface coverage of motor 4.1 is beneficial for the next stage of study considering 

the size of individual motor (roughly 1 nm in diameter from Figure 4.4A), 

indicating neither extremely tight packing nor sparse grafting of the motor. Using 

similar methods (Experimental Section 4.6.5), motor 4.2 and control compound 4.4 

were tethered onto silica microparticles and quartz substrates, and the UV/vis 

studies revealed that the δ values (for motor 4.2: δ = 0.6 motor/nm2; for compound 

4.44: δ = 0.7 motor/nm2) were in similar range with motor 4.1 on quartz (Figure 

4.8). 

 
Figure 4.8 UV/vis absorption spectra of quartz slides functionalized with (A) motor 4.2 

and (C) compound 4.44 on both sides, and the solution of (B) motor 4.2 and (D) compound 

4.44 in THF with a concentration of 8 X 10-6 M.   
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4.4 Conclusions 

 
Molecular motors which were designed for the fabrication of light-driven 

microswimmers, were successfully synthesized. Furthermore, the enantiomers of 

motor 4.1 were separated and the configuration was assigned based on 

experimental and calculated CD spectra. Via Cu(I)-catalyzed azide-alkyne click 

reaction, motor 4.1 was grafted onto silica microparticles as verified by XPS 

analysis. TGA and UV/vis measurements on analogous motor-functionalized silica 

surfaces reveal a moderate surface coverage. The studies in this chapter 

demonstrate successful fabrication of the desired system, which help us obtain a 

better understanding of surface properties and lay the foundation for the next step 

of propulsive studies as described in Chapter 5.   
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4.6 Experimental Section 

 

4.6.1 General remarks 
 

For general comments, see chapter 2. 

 

4.6.2 Synthesis 

 

Compound 4.4 50 

 

To a solution of PEG400 monomethyl ether (1.2 g, ~3 mmol) in THF (10 mL) and 

1 M aq. NaOH (10 mL), TsCl (855 mg, 4.5 mmol) was added at 0 oC. After stirring 

at r.t. for 24 h, the reaction mixture was quenched with water (100 mL), following 

by extraction with ethyl acetate (2 X 50 mL). The organic phase was further 

washed with water (3 × 100 mL), brine (100 mL) and dried over Na2SO4. Being 
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concentrated in vacuo, the crude product was purified using column 

chromatography (DCM: MeOH= 95: 5) to give 4.4 (859 mg, 1.5 mmol, 49 %) as a 

colorless oil.  1H NMR (400 MHz, Chloroform-d) δ 7.74 (d, J = 7.9 Hz, 2H), 7.31 

(d, J = 7.9 Hz, 2H), 4.10 (t, J = 4.7 Hz, 2H), 3.66 – 3.48 (m, 34H), 3.32 (s, 3H), 

2.40 (s, 3H). This 1H NMR data is in accordance with Ref. 50. 

 

Compound 4.6 51 

 

To a suspension of NaH (480 mg, 20.0 mmol) in anhydrous DMF (40 mL) was 

added dropwise a solution of 1,8-octanediol (2.92 g, 20.0 mmol) in anhydrous 

DMF (10 mL) at 0 oC. After stirring for 1 h, propargyl bromide (2.8 mL, 80 wt% in 

toluene, 16.0 mmol) was added dropwise. The resulting mixture was stirred at r.t. 

for another 24 h. After quenching with water (100 mL), the reaction mixture was 

extracted with ethyl acetate (2 × 30 mL). The combined organic layers were 

washed with brine (100 mL) and dried over Na2SO4. After removing the solvents in 

vacuo, the residue was purified using column chromatography (pentane: ethyl 

acetate = 3: 1) to afford compound 4.6 (2.25g, 12.2 mmol, 61 %) as a clear liquid. 
1H NMR (400 MHz, Chloroform-d) δ 4.08 (s, 2H), 3.57 (t, J = 6.6 Hz, 2H), 3.46 (t, 

J = 6.7 Hz, 2H), 2.39 (s, 1H), 1.96 (s, 1H), 1.63 – 1.43 (m, 4H), 1.40 – 1.16 (m, 

8H). This 1H NMR data is in accordance with Ref. 51. 

 

Compound 4.7 51 

 

To a solution of compound 4.6 (1.78 g, 9.7 mmol) in DCM (30 mL) was added 

Et3N (5 mL, 35.9 mmol). After being stirred for 30 min, TsCl (2.75 g, 14.4 mmol) 

was added and the resulting mixture was allowed to stir for another 16 h at r.t. 

After quenching with water (100 mL), the mixture was extracted with DCM (30 

mL). The organic layer was extensively washed with water (4 × 100 mL), brine 

(100 mL) and dried over Na2SO4. After removal of the solvent, the residue was 

purified using column chromatography (pentane: ethyl acetate = 5: 1) to give 

compound 4.7 (1.84 g, 5.4 mmol, 56%) as a clear oil. 1H NMR (400 MHz, 

Chloroform-d) δ 7.77 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 4.11 (d, J = 2.4 

Hz, 2H), 4.00 (t, J = 6.5 Hz, 2H), 3.47 (t, J = 6.5 Hz, 2H), 2.43 (s, 3H), 2.40 (t, J = 

2.4 Hz, 1H), 1.70 – 1.49 (m, 4H), 1.34 – 1.17 (m, 8H). This 1H NMR data is in 

accordance with Ref. 51. 
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Compound 4.8 

 

To a solution of compound 4.7 (1.5g, 4.4 mmol) in anhydrous THF (20 mL) was 

added n-BuLi (1.6 M in hexane, 2.75 mL, 4.4 mmol) and the resulting mixture was 

allowed to stir at -78 oC for 1 h. Then triisopropylsilyl chloride (TIPSCl, 1.03 mL, 

4.8 mmol) was added and the reaction mixture was warmed slowly to r.t. and 

stirred for another 16 h. After quenching with NH4Cl (aq., 100 mL) solution, the 

mixture was extracted with ethyl acetate (2 × 30 mL), followed by washing with 

brine (100 mL) and drying over Na2SO4. After evaporating the solvents, the crude 

product was further purified using column chromatography (pentane: DCM = 9: 1) 

to give compound 4.8 (1.56 g, 3.2 mmol, 72%) as a clear oil. 1H NMR (400 MHz, 

Chloroform-d) δ 7.78 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 4.16 (s, 2H), 

4.01 (t, J = 6.5 Hz, 2H), 3.52 (t, J = 6.5 Hz, 2H), 2.44 (s, 3H), 1.67 – 1.49 (m, 4H), 

1.34 – 1.18 (m, 8H), 1.07 – 1.05 (m, 21H). 13C NMR (101 MHz, Chloroform-d) δ 

144.74, 133.40, 129.92, 128.02, 103.85, 87.27, 70.76, 69.75, 58.87, 29.59, 29.29, 

28.99, 28.94, 26.18, 25.40, 21.76, 18.70, 17.83, 12.42, 11.30. HRMS (ESI+, m/z) 

calculated for C27H47O4SSi [M + H]+ 495.2959, found 495.2951.  

 

Compound 4.10 52 

 

To a suspension of CuSO4·5H2O (12.5 g, 50.0 mmol), KMnO4 (12.5 g, 80.0 mmol), 

and tetraoctylammonium bromide (2.5 g, 4.5 mmol) in DCM (300 mL) was added 

2-methoxybenzenethiol 4.9 (5 g, 35.0 mmol) and the resulting mixture was allowed 

to stir for 3 h at r.t. The reaction mixture was filtered over celite and the filtrate was 

purified using column chromatography (pentane: ethyl acetate = 5: 1) to yield 

compound 4.10 (3.76 g, 13.5 mmol) as a white solid.  1H NMR (400 MHz, 

Chloroform-d) δ 7.52 (dd, J = 7.8, 1.6 Hz, 2H), 7.22 – 7.15 (m, 2H), 6.94 – 6.88 (m, 

2H), 6.86 (d, J = 8.1 Hz, 2H), 3.90 (s, 6H). This 1H NMR data is in accordance 

with Ref. 52. 

 

Compound 4.12 52 

 

To a solution of 3-methoxybenzoic acid (9.5 g, 63.0 mmol) in DCM (50 mL) and 

THF (50 mL), a drop of DMF and oxalyl chloride (16 g, 126.0 mmol) were added 

and the mixture was allowed to stir at r.t. for 1 h. After being placed in vacuum, the 

residue was dissolved again in DCM (50 mL). The solution was kept at 0oC, 

followed by the addition of diethylamine (6.8 mL, 65.0 mmol) and trimethylamine 

(9.0 mL, 65.0 mmol). After being stirred at r.t. for 18 h, the reaction mixture was 
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quenched with water (100 mL), followed by extraction with ethyl acetate (2 × 30 

mL). The combined organic layers were washed with 10% aq. HCl (2 × 100 mL) 

and 1M aq. NaOH (2 × 100 mL) solutions. After removal of the solvents, the crude 

product was purified by column chromatography (DCM: MeOH = 10: 1) to give 

4.12 (10.1 g, 49.1 mmol, 78%) as a yellow oil.  1H NMR (400 MHz, Chloroform-d) 

δ 7.21 – 7.10 (m, 1H), 6.83 – 6.70 (m, 3H), 3.67 (s, 3H), 3.47 – 3.00 (m, 4H), 1.24 

– 0.84 (m, 6H). 1H NMR data is in accordance with Ref. 52. 

 

Compound 4.13 52 

 

To a solution of TMEDA (0.96 mL, 6.6 mmol) in THF (50 mL) was added s-BuLi 

(1.4 M in cyclohexane, 4.7 mL, 6.6 mmol) at -80 oC. After stirring for 30 min, a 

solution of compound 4.12 (1.24 g, 6.0 mmol) in THF (2 mL) was added slowly at 

-80 oC and the resulting mixture was allowed to stir for another 1 h. Compound 

4.10 (2.5 g, 9.0 mmol) was dissolved in THF (10 mL) and added to the yellow 

suspension while keeping the temperature at -80 oC. After slowly warming to r.t., 

the resulting mixture was stirred for 20 h. The reaction mixture was then quenched 

with water (100 mL), followed by extraction with ethyl acetate (2 × 30 mL). The 

combined organic phase was then washed with water (2 × 100 mL), brine (100 mL), 

and dried over Na2SO4. After removal of the solvents, the residue was purified 

using column chromatography (pentane: ethyl acetate = 2: 1) to give 4.13 (1.43 g, 

4.1 mmol, 69%) as a white solid.  1H NMR (400 MHz, Chloroform-d) δ 7.43 (d, J 

= 7.8 Hz, 1H), 7.06 – 7.00 (m, 1H), 6.95 – 6.90 (m, 2H), 6.79 (d, J = 8.2 Hz, 1H), 

6.75 – 6.69 (m, 1H), 6.68 – 6.65 (m, 1H), 3.87 (s, 3H), 3.75 (s, 3H), 3.72 – 3.59 (m, 

1H), 3.39 – 3.26 (m, 1H), 3.16 – 3.05 (m, 1H), 3.04 – 2.92 (m, 1H), 1.18 (t, J = 7.1 

Hz, 3H) 0.97 (t, J = 7.1 Hz, 3H). 1H NMR data is in accordance with Ref. 52. 

 

Compound 4.14 52 

 

To a solution of 4.13 (518 mg, 1.5 mmol) in THF (20 mL) was slowly added LDA 

solution (2M in THF/heptane/ethylbenzene, 3.8 mL, 7.5 mmol) and the mixture 

was stirred for 1 h at r.t. The dark solution was quenched with water (50 mL) and 

extracted with ethyl acetate (2 × 50 mL). After washing with brine (50 mL) and 

drying of the organic solution over Na2SO4, the resulting solution was concentrated 

in vacuo and crystallized from ethyl acetate to give 4.14 (367 mg, 1.4 mmol, 90%) 

as yellow needle-shaped crystals. 1H NMR (400 MHz, Chloroform-d) δ 8.25 (dd, J 

= 8.1, 1.1 Hz, 2H), 7.45 (t, J = 8.0 Hz, 2H), 7.14 (d, J = 8.0 Hz, 2H), 4.06 (s, 6H). 
1H NMR data is in accordance with Ref. 52. 
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Compound 4.16 53 

 

To mechanically stirred polyphosphoric acid (200 g) was added 1-

bromonaphthalene (20.4 mL, 146 mmol) at 80 oC. After 10 min, methacrylic acid 

(37 mL, 650 mmol) was added and stirred at 100 oC for 10 h. Upon completion, the 

mixture was cooled to r.t. and poured onto ice, the viscous mixture was further 

dissolved by extensive water. The aqueous phase was extracted with ethyl acetate 

(2 × 300 mL). The resulting organic phase was further washed with aq. NaOH (1M, 

200 mL), brine (100 mL) and then filtered over celite. After concentrating in vacuo, 

the crude product was purified using column chromatography (pentane: ethyl 

acetate = 10: 1) to give ketone 4.16 (1.4 g, 5.2 mmol, 4%) as a white solid.  1H 

NMR (400 MHz, Chloroform-d) δ 9.19 (d, J = 8.2 Hz, 1H), 8.29 (d, J = 8.4 Hz, 

1H), 7.86 (s, 1H), 7.75 – 7.59 (m, 2H), 3.46 (dd, J = 18.1, 8.0 Hz, 1H), 2.86 – 2.74 

(m, 2H), 1.38 (d, J = 7.3 Hz, 3H). 1H NMR data is in accordance with Ref. 53. 

 

Compound 4.17 

 

Ketone 4.16 (602 mg, 2.2 mmol), Lawesson’s reagent (1.8 g, 4.4 mmol) were 

dissolved together in toluene (60 mL) and the mixture was heated at reflux for 4 h. 

After cooling to r.t., the solids were filtered and washed with DCM. The filtrate 

was concentrated in vacuo and purified using column chromatography (pentane: 

ethyl acetate = 95: 5) to give dark purple oil which was immediately used in the 

next step.   

 

Compound 4.19 

 

To a solution of ketone 4.14 (1.5 g, 5.5 mmol) in toluene (50 mL), Lawesson’s 

reagent (5.6 g, 13.8 mmol) was added. The resulting mixture was heated at reflux 

for 1 h. After cooling to r.t., the precipitates were filtered and washed with DCM. 

The filtrate was concentrated in vacuo, and the residue was dissolved in THF (10 

mL). To the green solution was added 4 mL of hydrazine monohydrate and the 

resulting mixture was stirred for 1 h until the color completely disappeared. After 

concentrating in vacuo, the crude product was purified using column 

chromatography (DCM: MeOH = 95: 5) to give hydrazone 4.19 (1.4 g, 4.9 mmol, 

89%) as a pale yellow solid.  1H NMR (400 MHz, Chloroform-d) δ 7.65 (d, J = 7.9 

Hz, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.36 – 7.26 (m, 2H), 6.90 (d, J = 8.1 Hz, 1H), 

6.84 (d, J = 8.0 Hz, 1H), 5.86 (s, 2H), 3.97 (s, 3H), 3.94 (s, 3H). 
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Compound 4.20 

 

To a solution of 4.19 (572 mg, 2 mmol) in THF (20 mL) was added MnO2 (1.7 g, 

20 mmol). After stirring at 0 oC for 1 h, the mixture was filtered over celite and the 

filtrate was immediately used in the next step without further purification. 

 

Compound 4.21 

 

The aforementioned 4.17 and 4.20 were mixed together in THF (30 mL) and stirred 

at r.t. for 16 h. Upon completion, the mixture was concentrated in vacuo, and the 

residue was purified by column chromatography (pentane: ethyl acetate = 3: 1) to 

give 4.21 (325 mg, 0.6 mmol, 30%) as a white solid. 1H NMR (400 MHz, 

Methylene Chloride-d2) δ 9.07 (d, J = 8.0 Hz, 1H), 7.98 (d, J = 8.8 Hz, 1H), 7.57 – 

7.50 (m, 2H), 7.36 – 7.24 (m, 4H), 6.92 (t, J = 8.0 Hz, 1H), 6.88 (dd, J = 7.6, 1.7 

Hz, 1H), 6.42 (dd, J = 8.2, 1.1 Hz, 1H), 3.94 (s, 3H), 3.65 (s, 3H), 3.46 (dd, J = 

15.4, 6.5 Hz, 1H), 2.38 (d, J = 15.4 Hz, 1H), 1.54 – 1.47 (m, 1H), 1.04 (d, J = 7.0 

Hz, 3H). 13C NMR (101 MHz, Methylene Chloride-d2) δ 155.91, 155.53, 143.94, 

140.39, 136.20, 132.68, 132.53, 130.94, 128.37, 127.39, 127.03, 126.70, 126.03, 

125.86, 125.25, 125.08, 124.48, 123.74, 123.54, 122.84, 121.42, 119.01, 109.29, 

108.92, 71.82, 62.53, 56.48, 56.27, 41.39, 38.30, 21.58. HRMS (ESI+, m/z) 

calculated for C29H24BrO2S2 [M + H]+ 547.0219, found 547.0212.  

 

Compound 4.22 

 

Episulfide 4.21 (300 mg, 0.55 mmol) and HMPT (0.3 mL, 1.65 mmol) were 

dissolved in toluene (5 mL) in a sealed schlenk tube. After being stirred at 60 oC 

for 18 h, the reaction mixture was cooled and concentrated in vacuo. The crude 

product was purified using column chromatography (pentane: DCM = 3: 1) to give 

4.22 (246 mg, 0.48 mmol, 87%) as a slightly yellow solid. 1H NMR (400 MHz, 

Chloroform-d) δ 8.10 (d, J = 8.5 Hz, 1H), 7.75 (s, 1H), 7.39 (d, J = 7.8 Hz, 1H), 

7.33 – 7.23 (m, 2H), 6.94 (d, J = 8.5 Hz, 1H), 6.86 (t, J = 7.5 Hz, 1H), 6.80 (d, J = 

8.1 Hz, 1H), 6.61 – 6.53 (m, 2H), 6.34 – 6.28 (m, 1H), 4.37 – 4.19 (m, 1H), 3.98 (s, 

3H), 3.97 (s, 3H), 3.61 (dd, J = 15.6, 6.2 Hz, 1H), 2.57 (d, J = 15.5 Hz, 1H), 0.75 

(d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 156.69, 156.36, 145.93, 

145.10, 140.61, 138.28, 136.05, 130.95, 130.21, 129.08, 128.10, 126.93, 126.91, 

126.85, 126.77, 125.62, 125.42, 124.14, 123.97, 123.53, 121.36, 120.19, 108.16, 

107.76, 56.29, 56.15, 39.60, 38.03, 19.50. HRMS (ESI+, m/z) calculated for 

C29H24BrO2S [M + H]+ 515.0498, found 515.0491.  
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Compound 4.23 

 

Compound 4.22 (220 mg, 0.43 mmol), CuI (4 mg, 5 mol%), Pd(PPh3)2Cl2 (8 mg, 

2.5 mol%), and (i-Pr)2NH (1 mL) were dissolved in degassed and anhydrous DMF 

(5 mL) and the mixture was stirred at 60 oC for 10 min. Ethynyltrimethylsilane 

(0.19 mL, 1.36 mmol) was then added and the resulting mixture was allowed to stir 

at 90 oC for 18 h. The reaction mixture was quenched with aq. NH4Cl solution (1M, 

30 mL) and extracted with ethyl acetate (2 × 10 mL). The combined organic layers 

were washed with water (3 × 30 mL), brine (30 mL), and dried over Na2SO4. After 

removal of the solvents in vacuo, the residue was purified with column 

chromatography (pentane: ethyl acetate = 9: 1) to give 4.23 (127 mg, 0.24 mmol, 

56%) as a yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 8.21 (d, J = 8.1 Hz, 

1H), 7.66 (s, 1H), 7.39 (d, J = 7.6 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 7.28 – 7.26 (m, 

1H), 6.93 (d, J = 8.4 Hz, 1H), 6.87 – 6.81 (m, 1H), 6.80 (d, J = 7.9 Hz, 1H), 6.63 – 

6.49 (m, 2H), 6.29 (dd, J = 7.3, 1.5 Hz, 1H), 4.34 – 4.24 (m, 1H), 3.98 (s, 3H), 3.97 

(s, 3H), 3.58 (dd, J = 15.4, 6.1 Hz, 1H), 2.56 (d, J = 15.5 Hz, 1H), 0.74 (d, J = 6.8 

Hz, 3H), 0.33 (s, 9H). 13C NMR (101 MHz, Chloroform-d) δ 156.64, 156.35, 

145.54, 144.62, 140.64, 138.29, 137.22, 132.93, 129.32, 129.02, 128.70, 126.88, 

126.79, 126.64, 125.98, 125.16, 125.12, 124.01, 123.51, 121.79, 121.49, 120.19, 

108.18, 107.75, 103.86, 100.30, 56.29, 56.15, 39.51, 37.83, 19.56, 0.26. HRMS 

(ESI+, m/z) calculated for C34H33O2SSi [M + H]+ 533.1964, found 533.1947.  

 

Compound 4.24 

 

To a solution of compound 4.23 (40 mg, 0.08 mmol) in THF (5 mL) was added 

TBAF (1 M in THF, 0.2 mL) and the resulting mixture was allowed to stir at 0 oC 

for 1 h. After quenching with aq. NH4Cl solution (1M, 20 mL), the reaction 

mixture was extracted with ethyl acetate (2 × 10 mL). The combined organic phase 

was further washed with water (2 × 20 mL), brine (20 mL) and dried over Na2SO4. 

After removal of the solvent in vacuo, the residue was purified by column 

chromatography (pentane: ethyl acetate = 9: 1) to give 4.24 (33 mg, 0.07 mmol, 

96%) as a yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 8.23 (d, J = 8.4 Hz, 

1H), 7.68 (s, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.31 (d, J = 7.9 Hz, 1H), 7.29 – 7.26 (m, 

1H), 6.94 (d, J = 8.5 Hz, 1H), 6.85 (t, J = 7.5 Hz, 1H), 6.80 (d, J = 8.1 Hz, 1H), 

6.62 – 6.53 (m, 2H), 6.34 – 6.29 (m, 1H), 4.37 – 4.24 (m, 1H), 3.98 (s, 3H), 3.97 (s, 

3H), 3.60 (dd, J = 15.4, 6.2 Hz, 1H), 3.51 (s, 1H), 2.58 (d, J = 15.5 Hz, 1H), 0.75 

(d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 156.66, 156.36, 145.44, 

144.58, 140.59, 138.25, 137.50, 133.02, 129.49, 129.11, 129.01, 126.89, 126.84, 
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126.68, 125.86, 125.24, 125.18, 124.01, 123.52, 121.46, 120.85, 120.19, 108.20, 

107.77, 82.61, 82.53, 56.29, 56.15, 39.52, 37.85, 19.54. HRMS (ESI+, m/z) 

calculated for C31H25O2S [M + H]+ 461.1570, found 461.1563.  

 

Compound 4.25 

 

To a powder of compound 4.24 (100 mg, 0.22 mmol) in a Schlenk tube under 

nitrogen were added 3 drops of THF, followed by addition of MeMgI (3M in Et2O, 

0.36 mL, 1.10 mmol). The temperature was raised to 160 oC until all the solvents 

were removed in vacuo and the temperature was maintained for another 1 h. After 

cooling, the reaction mixture was quenched using cooled aq. NH4Cl solution (1M, 

10 mL) and the resulting suspension was extracted with ethyl acetate (2 × 10 mL), 

followed by washing with water (20 mL), brine (20 mL) and drying over Na2SO4. 

The solvents were evaporated in vacuo and the residue was purified using column 

chromatography (DCM: Methanol = 9: 1) to give 4.25 (65 mg, 0.15 mmol, 69%) as 

a yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 8.25 (d, J = 8.4 Hz, 1H), 7.71 

(s, 1H), 7.38 (d, J = 7.7 Hz, 1H), 7.32 – 7.27 (m, 2H), 7.03 (d, J = 8.3 Hz, 1H), 

6.95 – 6.90 (m, 1H), 6.88 (dd, J = 8.0, 1.1 Hz, 1H), 6.67 (dd, J = 8.0, 1.2 Hz, 1H), 

6.58 (t, J = 7.8 Hz, 1H), 6.31 (dd, J = 7.5, 1.2 Hz, 1H), 4.40 – 4.23 (m, 1H), 3.62 

(dd, J = 15.6, 6.3 Hz, 1H), 3.53 (s, 1H), 2.62 (d, J = 15.6 Hz, 1H), 0.83 (d, J = 6.8 

Hz, 3H). HRMS (ESI-, m/z) calculated for C29H19O2S [M - H]- 431.1100, found 

431.1113.  

 

Compound 4.26 

 

Compound 4.25 (75 mg, 0.17 mmol), 4.8 (257 mg, 0.51 mmol), and K2CO3 (234 

mg, 1.70 mmol) were mixed in 3 mL CH3CN and the mixture was allowed to stir at 

80 oC for 16 h. Upon completion, the reaction mixture was quenched with water 

(30 mL) and extracted with ethyl acetate (2 × 10 mL). The combined organic layers 

were washed with water (20 mL), brine (20 mL) and dried over Na2SO4. After 

removal of the solvents in vacuo, the desired product 4.26 was obtained using 

column chromatography (pentane: DCM = 3: 1) as a yellow oil (146 mg, 0.14 

mmol, 80%). 1H NMR (400 MHz, Chloroform-d) δ 8.24 (d, J = 8.4 Hz, 1H), 7.68 

(s, 1H), 7.38 (d, J = 7.8 Hz, 1H), 7.30 – 7.22 (m, 2H), 6.97 (d, J = 8.5 Hz, 1H), 

6.89 – 6.81 (m, 1H), 6.78 (d, J = 8.0 Hz, 1H), 6.60 – 6.49 (m, 2H), 6.30 (dd, J = 7.4, 

1.4 Hz, 1H), 4.36 – 4.27 (m, 1H), 4.23 – 4.11 (m, 6H), 4.09 – 3.98 (m, 2H), 3.65 – 

3.54 (m, 5H), 3.51 (s, 1H), 2.57 (d, J = 15.4 Hz, 1H), 1.99 – 1.87 (m, 4H), 1.68 – 

1.55 (m, 8H), 1.48 – 1.36 (m, 12H), 1.21 – 1.02 (m, 42H), 0.75 (d, J = 6.7 Hz, 3H). 
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13C NMR (101 MHz, Chloroform-d) δ 156.02, 155.77, 145.06, 144.46, 144.09, 

140.22, 137.84, 137.61, 132.95, 129.67, 129.05, 128.96, 126.69, 126.56, 126.52, 

125.78, 125.15, 125.07, 124.69, 124.37, 121.34, 120.67, 119.92, 109.65, 108.87, 

103.87, 87.16, 82.58, 69.82, 69.25, 69.02, 58.84, 39.49, 37.78, 29.67, 29.57, 29.54, 

29.50, 29.34, 29.27, 26.33, 26.31, 26.13, 26.09, 19.48, 18.70, 11.25. HRMS (ESI+, 

m/z) calculated for C69H100O4SSi2N [M + NH4]
+ 1094.6906, found 1094.6918.  

 

Compound 4.27 

 

Compound 4.26 (98 mg, 0.09 mmol), 4-iodophenol (40 mg, 0.18 mmol), CuI (2 mg, 

10 mol%), Pd(PPh3)2Cl2 (3 mg, 5 mol%), and (i-Pr)2NH (1 mL) were dissolved in 

degassed and anhydrous DMF (3 mL) and the mixture was allowed to stir at 40 oC 

for 24 h. The reaction mixture was quenched with aq. NH4Cl solution (1M, 30 mL) 

and extracted with ethyl acetate (2 × 10 mL). The combined organic layers were 

washed with water (3 × 30 mL), brine (30 mL), and dried over Na2SO4. After 

removal of the solvents in vacuo, the residue was purified with column 

chromatography (pentane: ethyl acetate = 3: 1) to give 4.27 (40 mg, 0.03 mmol, 

38%) as a yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 8.29 (d, J = 8.4 Hz, 

1H), 7.68 (s, 1H), 7.52 (d, J = 8.6 Hz, 2H), 7.38 (d, J = 7.8 Hz, 1H), 7.28 (s, 2H), 

6.96 (d, J = 8.5 Hz, 1H), 6.89 – 6.81 (m, 3H), 6.80 – 6.74 (m, 1H), 6.59 – 6.47 (m, 

2H), 6.32 (dd, J = 7.5, 1.4 Hz, 1H), 5.11 (s, 1H), 4.35 – 4.29 (m, 1H), 4.21 – 4.11 

(m, 6H), 4.09 – 4.00 (m, 2H), 3.64 – 3.52 (m, 5H), 2.58 (d, J = 15.5 Hz, 1H), 1.98 

– 1.87 (m, 4H), 1.65 – 1.57 (m, 8H), 1.44 – 1.37 (m, 12H), 1.09 – 1.05 (m, 42H), 

0.76 (d, J = 6.8 Hz, 3H). HRMS (ESI+, m/z) calculated for C69H100O4SSi2N [M + 

NH4]
+ 1094.6906, found 1094.6918.  

 

Compound 4.28 
 

Compound 4.27 (20 mg, 0.02 mmol), 4.4 (18 mg, 0.04 mmol), and K2CO3 (25 mg, 

0.18 mmol) were mixed in 3 mL DMF and the mixture was allowed to stir at 80 oC 

for 18 h. The reaction mixture was poured into water (20 mL) and then extracted 

with ethyl acetate (2 × 10 mL). The combined organic layers were washed with 

brine (20 mL) and dried over Na2SO4. After removal of the solvents, the crude 

product was purified using column chromatography (ethyl acetate: MeOH = 95: 5) 

to give 4.28 (10 mg, 0.007 mmol, 39%) as a yellow oil. 1H NMR (400 MHz, 

Chloroform-d) δ 8.29 (d, J = 8.2 Hz, 1H), 7.68 (s, 1H), 7.55 (d, J = 8.7 Hz, 2H), 

7.38 (d, J = 7.8 Hz, 1H), 7.29 – 7.26 (m, 2H), 6.97 – 6.90 (m, 3H), 6.84 (t, J = 7.2 

Hz, 1H), 6.78 (d, J = 8.1 Hz, 1H), 6.59 – 6.48 (m, 2H), 6.32 (dd, J = 7.4, 1.3 Hz, 

1H), 4.36 – 4.27 (m, 1H), 4.19 – 4.12 (m, 8H), 4.07 – 4.01 (m, 2H), 3.88 (t, J = 4.8 
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Hz, 2H), 3.77 – 3.51 (m, 49H), 3.38 (d, J = 2.7 Hz, 5H), 2.58 (d, J = 15.5 Hz, 1H), 

1.97 – 1.84 (m, 4H), 1.64 – 1.58 (m, 8H), 1.43 – 1.37 (m, 12H), 1.08 (d, J = 2.5 Hz, 

42H), 0.76 (d, J = 6.8 Hz, 3H). HRMS (ESI+, m/z) calculated for C94H142NO14SSi2 

[M + NH4]
+ 1597.9723, found 1597.9731. 

 

Compound 4.1 

 

To a solution of compound 4.28 (10 mg, 0.007 mmol) in THF (3 mL) was added 

TBAF (1 M in THF, 0.1 mL) and the resulting mixture was allowed to stir at 0 oC 

for 1 h. After quenching with aq. NH4Cl solution (1M, 20 mL), the reaction 

mixture was extracted with ethyl acetate (2 × 10 mL). The combined organic phase 

was further washed with water (3 × 20 mL), brine (20 mL) and dried over Na2SO4. 

After removal of the solvent in vacuo, the residue was purified by column 

chromatography (ethyl acetate: MeOH = 95: 5) to give 4.24 (6 mg, 0.005 mmol, 

76%) as a yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 8.29 (d, J = 8.3 Hz, 

1H), 7.68 (s, 1H), 7.55 (d, J = 8.7 Hz, 2H), 7.38 (d, J = 7.7 Hz, 1H), 7.29 – 7.26 (m, 

2H), 6.97 – 6.91 (m, 3H), 6.84 (t, J = 7.7 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 6.59 – 

6.49 (m, 2H), 6.32 (dd, J = 7.4, 1.4 Hz, 1H), 4.37 – 4.27 (m, 1H), 4.20 – 4.11 (m, 

8H), 4.09 – 4.00 (m, 2H), 3.88 (t, J = 4.8 Hz, 2H), 3.78 – 3.47 (m, 28H), 3.37 (s, 

2H), 2.58 (d, J = 15.5 Hz, 1H), 2.42 (t, J = 2.4 Hz, 2H), 1.97 – 1.84 (m, 4H), 1.65 – 

1.59 (m, 8H), 1.43 – 1.37 (m, 12H), 0.76 (d, J = 6.8 Hz, 3H). 13C NMR (151 MHz, 

Chloroform-d) δ 159.09, 156.10, 155.84, 145.35, 144.81, 140.48, 138.08, 136.80, 

133.19, 132.74, 129.35, 129.16, 127.89, 126.75, 126.57, 126.55, 126.03, 125.04, 

124.95, 124.87, 124.53, 122.28, 121.51, 120.05, 115.98, 114.92, 109.80, 109.00, 

95.17, 87.18, 80.23, 74.20, 72.08, 71.03, 70.79, 70.73, 70.71, 70.65, 70.41, 69.81, 

69.39, 69.15, 67.68, 67.66, 61.92, 59.16, 58.15, 39.60, 37.83, 29.67, 29.56, 29.53, 

29.51, 29.39, 29.33, 26.24, 26.22, 26.17, 26.13, 19.58. HRMS (ESI+, m/z) 

calculated for C76H102NO14S [M + NH4]
+ 1284.7016, found 1284.7038. 

 For (S)-4.1, [α]𝐷
20 = +23.3 (c 0.5, CH2Cl2); for (R)-4.1, [α]𝐷

20 = -23.1 (c 0.5, CH2Cl2). 

 

Compound 4.31 55 

 

To a solution of compound 4.29 (11 g, 40 mmol) in anhydrous THF (100 mL) at -

100 oC was slowly added n-BuLi (2.5M in hexane, 16 mL). After 1 h of stirring at -

100 oC, dry ice (roughly 5 g) was added and the reaction mixture was allowed to 

warm to r.t. over 2 h. The excess amount of CO2 was removed by three times of 

free-pump-thaw. The reaction mixture was cooled to -100 oC again and n-BuLi 

(10.4 mL, 26 mmol) was added. After slowly warming to r.t., the mixture was 

stirred for another 16 h. Upon completion, the reaction mixture was quenched with 
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water (200 mL) and extract with DCM (2 × 50 mL). The combined organic layers 

were washed with aq.10% HCl (2 × 100 mL), aq. 1M NaOH (2 × 100 mL) solution, 

brine (100 mL) and dried over Na2SO4. After evaporating the solvents in vacuo, the 

crude product was purified using column chromatography (pentane: ethyl acetate = 

3: 1) to yield 4.31 (820 mg, 3 mmol, 15%) as a white solid. 1H NMR (400 MHz, 

Chloroform-d) δ 8.16 (d, J = 8.8 Hz, 2H), 6.84 (dd, J = 8.8, 2.6 Hz, 2H), 6.69 (d, J 

= 2.7 Hz, 2H), 3.85 (s, 6H), 3.13 (s, 4H). 1H NMR data is in accordance with Ref. 

55. 

 

Compound 4.33 
 

To a solution of ketone 4.31 (220 mg, 0.8 mmol) in toluene (5 mL), Lawesson’s 

reagent (1 g, 2.5 mmol) was added. The resulting mixture was heated at reflux for 1 

h. After cooling to r.t., the solids were filtered and washed with DCM. The filtrate 

was concentrated in vacuo, followed by adding THF (10 mL). To the blue solution 

was added 1 mL of hydrazine monohydrate and the resulting mixture was stirred 

for 1 h until the color completely disappeared. After concentrating in vacuo, the 

crude product was purified using column chromatography (DCM: MeOH = 95: 5) 

to give hydrazone 4.33 (210 mg, 0.7 mmol, 91%) as a white solid.1H NMR (400 

MHz, Chloroform-d) δ 7.58 (d, J = 8.6 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 6.86 (d, J 

= 2.6 Hz, 1H), 6.77 (ddd, J = 11.5, 8.5, 2.6 Hz, 2H), 6.58 (d, J = 2.6 Hz, 1H), 5.46 

(s, 2H), 3.81 (s, 3H), 3.76 (s, 3H). 

 

Compound 4.34 

 

To a solution of 4.33 (210 mg, 0.7 mmol) in THF (10 mL) was added MnO2 (600 

mg, 7.0 mmol). After stirring at 0 oC for 1 h, the mixture was filtered over celite 

and the filtrate was immediately used in the next step without further purification. 

 

Compound 4.35 

 

Compound 4.17 (prepared from 204 mg of 4.16) and 4.34 (prepare from 210 mg 

4.33) were mixed together in THF (30 mL) and the solution was stirred at r.t. for 

16 h. Upon completion, the mixture was concentrated in vacuo, followed by 

column chromatography (pentane: ethyl acetate = 3: 1) to give 4.25 (265 mg, 0.5 

mmol, 66%) as a white solid. 1H NMR (400 MHz, Chloroform-d) δ 8.50 (d, J = 8.8 

Hz, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.68 (s, 1H), 7.64 (d, J 

= 8.5 Hz, 1H), 7.28 – 7.22 (m, 1H), 7.04 – 6.98 (m, 1H), 6.69 (dd, J = 8.7, 2.8 Hz, 

1H), 6.60 (dd, J = 8.5, 2.7 Hz, 1H), 6.57 (d, J = 2.7 Hz, 1H), 6.11 (d, J = 2.6 Hz, 
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1H), 3.75 (s, 3H), 3.57 (s, 3H), 3.35 (dd, J = 16.0, 7.1 Hz, 1H), 3.27 – 3.16 (m, 1H), 

2.95 – 2.82 (m, 1H), 2.75 – 2.59 (m, 2H), 2.04 – 1.95 (m, 2H), 1.16 (d, J = 7.1 Hz, 

3H). HRMS (ESI+, m/z) calculated for C31H28BrO2S [M + H]+ 542.0988, found 

542.0962. 

 

Compound 4.36 
 

Episulfide 4.35 (265 mg, 0.49 mmol) and HMPT (0.27 mL, 1.5 mmol) were 

dissolved in toluene (5 mL) in a sealed Schlenk tube. After being stirred at 60 oC 

for 18 h, the reaction mixture was cooled and concentrated in vacuo. The crude 

product was purified using column chromatography (pentane: DCM = 3: 1) to give 

4.36 (240 mg, 0.48 mmol, 96%) as a white solid. 1H NMR (400 MHz, Chloroform-

d) δ 8.12 (d, J = 8.7 Hz, 1H), 7.75 (s, 1H), 7.43 (d, J = 8.5 Hz, 1H), 7.29 (d, J = 7.5 

Hz, 1H), 7.20 (d, J = 8.3 Hz, 1H), 6.97 – 6.89 (m, 1H), 6.86 (d, J = 2.6 Hz, 1H), 

6.76 (dd, J = 8.3, 2.6 Hz, 1H), 6.66 (d, J = 2.7 Hz, 1H), 6.47 (d, J = 8.5 Hz, 1H), 

6.06 (dd, J = 8.5, 2.7 Hz, 1H), 3.82 (s, 3H), 3.77 (dd, J = 13.6, 4.4 Hz, 1H), 3.68 – 

3.60 (m, 4H), 3.58 – 3.47 (m, 2H), 3.15 – 3.00 (m, 1H), 2.82 (dt, J = 13.5, 4.1 Hz, 

1H), 2.50 (d, J = 15.7 Hz, 1H), 0.75 (d, J = 6.9 Hz, 3H). 13C NMR (151 MHz, 

Chloroform-d) δ 158.75, 158.56, 145.60, 143.85, 140.27, 137.67, 137.37, 135.80, 

134.41, 133.76, 131.18, 130.65, 130.03, 128.35, 128.32, 127.13, 127.11, 125.59, 

125.24, 123.57, 116.36, 113.30, 111.35, 111.25, 55.41, 55.28, 39.52, 39.36, 34.31, 

31.81, 19.00. HRMS (ESI+, m/z) calculated for C31H28BrO2 [M + H]+ 511.1267, 

found 511.1166. 

 

Compound 4.37 

 

Compound 4.36 (120 mg, 0.24 mmol), CuI (2 mg, 5 mol%), Pd(PPh3)2Cl2 (4 mg, 

2.5 mol%), and (i-Pr)2NH (1 mL) were dissolved in degassed and anhydrous DMF 

(3 mL) and stirred at 60 oC for 10 min. Ethynyltrimethylsilane (0.07 mL, 0.48 

mmol) was then added and the resulting mixture was allowed to stir at 90 oC for 18 

h. The reaction mixture was quenched with aq. NH4Cl solution (1M, 30 mL) and 

extracted with ethyl acetate (2 × 10 mL). The combined organic layers were 

washed with water (3 × 30 mL), brine (30 mL), and dried over Na2SO4. After 

removal of the solvents in vacuo, the residue was purified with column 

chromatography (pentane: ethyl acetate = 9: 1) to give 4.37 (96 mg, 0.18 mmol, 

76%) as a yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 8.23 (d, J = 8.5 Hz, 

1H), 7.66 (s, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.30 – 7.26 (m, 1H), 7.20 (d, J = 8.3 Hz, 

1H), 6.92 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 6.86 (d, J = 2.6 Hz, 1H), 6.76 (dd, J = 8.3, 
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2.7 Hz, 1H), 6.65 (d, J = 2.7 Hz, 1H), 6.45 (d, J = 8.5 Hz, 1H), 6.03 (dd, J = 8.6, 

2.7 Hz, 1H), 3.82 (s, 3H), 3.77 (dd, J = 13.6, 4.4 Hz, 1H), 3.67 – 3.59 (m, 4H), 3.58 

– 3.51 (m, 1H), 3.46 (dd, J = 15.6, 6.6 Hz, 1H), 3.08 (ddd, J = 17.9, 14.1, 4.4 Hz, 

1H), 2.81 (dt, J = 13.5, 4.1 Hz, 1H), 2.48 (d, J = 15.6 Hz, 1H), 0.73 (d, J = 6.8 Hz, 

3H), 0.33 (s, 9H). HRMS (ESI+, m/z) calculated for C36H37O2Si [M + H]+ 529.2558, 

found 529.2461. 

 

Compound 4.38 

 

To a solution of compound 4.37 (400 mg, 0.76 mmol) in THF (20 mL) was added 

TBAF (1 M in THF, 2 mL) and the resulting mixture was allowed to stir at 0 oC for 

1 h. After quenching with aq. NH4Cl solution (1M, 20 mL), the reaction mixture 

was extracted with ethyl acetate (2 × 10 mL). The combined organic phase was 

further washed with water (2 × 20 mL), brine (20 mL) and dried over Na2SO4. 

After removal of the solvent in vacuo, the residue was purified by column 

chromatography (pentane: ethyl acetate = 9: 1) to give 4.38 (345 mg, 0.76 mmol, 

99%) as a yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 8.25 (d, J = 8.4 Hz, 

1H), 7.68 (s, 1H), 7.43 (d, J = 8.6 Hz, 1H), 7.30 – 7.27 (m, 1H), 7.20 (d, J = 8.3 Hz, 

1H), 6.97 – 6.90 (m, 1H), 6.86 (d, J = 2.6 Hz, 1H), 6.76 (dd, J = 8.3, 2.6 Hz, 1H), 

6.66 (d, J = 2.6 Hz, 1H), 6.47 (d, J = 8.5 Hz, 1H), 6.05 (dd, J = 8.6, 2.7 Hz, 1H), 

3.83 (s, 3H), 3.77 (dd, J = 13.7, 4.4 Hz, 1H), 3.70 – 3.60 (m, 4H), 3.58 – 3.44 (m, 

3H), 3.15 – 3.01 (m, 1H), 2.82 (dt, J = 13.6, 4.1 Hz, 1H), 2.50 (d, J = 15.6 Hz, 1H), 

0.74 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 158.73, 158.56, 

144.22, 140.27, 137.68, 137.37, 137.22, 134.97, 133.75, 133.29, 130.73, 129.39, 

128.76, 128.29, 127.02, 126.05, 125.20, 125.00, 120.42, 116.31, 113.27, 111.33, 

111.22, 82.63, 82.39, 55.39, 55.26, 39.34, 39.24, 34.32, 31.79, 19.03. HRMS (ESI+, 

m/z) calculated for C33H29O2 [M + H]+ 457.2162, found 457.2066. 

 

Compound 4.39 

 

To a powder of compound 4.38 (100 mg, 0.22 mmol) in a schlenk tube under 

nitrogen were added 3 drops of THF, followed by addition of MeMgI (3M in Et2O, 

0.36 mL, 1.10 mmol). The temperature was raised to 160 oC until all the solvents 

were removed in vacuo and the temperature was maintained for another 1 h. After 

cooling, the reaction mixture was quenched using cooled aq. NH4Cl solution (1M, 

10 mL) and the resulting suspension was extracted with ethyl acetate (2 × 10 mL), 

followed by washing with water (20 mL), brine (20 mL) and drying over Na2SO4. 

The solvents were evaporated in vacuo and the residue was purified using column 
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chromatography (DCM: Methanol = 9: 1) to give 4.39 (78 mg, 0.18 mmol, 83%) as 

a yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 8.23 (d, J = 8.5 Hz, 1H), 7.68 

(s, 1H), 7.42 (d, J = 8.3 Hz, 1H), 7.30 – 7.26 (m, 1H), 7.14 (d, J = 8.2 Hz, 1H), 

6.99 – 6.92 (m, 1H), 6.79 (d, J = 2.5 Hz, 1H), 6.69 (dd, J = 8.1, 2.5 Hz, 1H), 6.60 

(d, J = 2.7 Hz, 1H), 6.41 (d, J = 8.3 Hz, 1H), 5.96 (dd, J = 8.3, 2.7 Hz, 1H), 3.85 – 

3.68 (m, 1H), 3.68 – 3.58 (m, 1H), 3.49 – 3.39 (m, 3H), 3.12 – 2.95 (m, 1H), 2.81 – 

2.71 (m, 1H), 2.49 (d, J = 15.8 Hz, 1H), 0.76 (d, J = 6.9 Hz, 3H). HRMS (ESI-, 

m/z) calculated for C31H23O2 [M - H]- 427.1703, found 427.1614.  

 

Compound 4.40 

 

Compound 4.39 (78 mg, 0.18 mmol), 4.8 (225 mg, 0.46 mmol), and K2CO3 (248 

mg, 1.80 mmol) were mixed in 3 mL CH3CN and the mixture was allowed to stir at 

80 oC for 16 h. Upon completion, the reaction mixture was quenched with water 

(30 mL) and extracted with ethyl acetate (2 × 10 mL). The combined organic layers 

were washed with water (20 mL), brine (20 mL) and dried over Na2SO4. After 

removal of the solvents in vacuo, the desired product 4.40 was obtained using 

column chromatography (pentane: DCM = 3: 1) as a yellow oil (138 mg, 0.12 

mmol, 69%). 1H NMR (400 MHz, Chloroform-d) δ 8.25 (d, J = 8.5 Hz, 1H), 7.68 

(s, 1H), 7.43 (d, J = 8.5 Hz, 1H), 7.29 – 7.26 (m, 1H), 7.18 (d, J = 8.4 Hz, 1H), 

6.96 – 6.90 (m, 1H), 6.85 (d, J = 2.5 Hz, 1H), 6.74 (dd, J = 8.3, 2.6 Hz, 1H), 6.65 

(d, J = 2.6 Hz, 1H), 6.45 (d, J = 8.5 Hz, 1H), 6.03 (dd, J = 8.5, 2.7 Hz, 1H), 4.19 – 

4.16 (m, 4H), 3.96 (t, J = 6.6 Hz, 2H), 3.80 – 3.63 (m, 4H), 3.55 – 3.43 (m, 7H), 

3.12 – 2.99 (m, 1H), 2.83 – 2.74 (m, 1H), 2.49 (d, J = 15.6 Hz, 1H), 1.82 – 1.75 (m, 

2H), 1.64 – 1.53 (m, 10H), 1.36 – 1.29 (m, 12H), 1.07 (d, J = 4.1 Hz, 42H), 0.74 (d, 

J = 6.8 Hz, 3H). HRMS (ESI+, m/z) calculated for C71H104O4Si2N [M + NH4]
+ 

1090.7498, found 1090.7291.  

 

Compound 4.41 
 

Compound 4.40 (138 mg, 0.12 mmol), 4-iodophenol (138 mg, 0.63 mmol), CuI (2 

mg, 10 mol%), Pd(PPh3)2Cl2 (3 mg, 5 mol%), and (i-Pr)2NH (1 mL) were dissolved 

in degassed and anhydrous DMF (3 mL) and the mixture was allowed to stir at 40 
oC for 24 h. The reaction mixture was quenched with aq. NH4Cl solution (1M, 30 

mL) and extracted with ethyl acetate (2 × 10 mL). The combined organic layers 

were washed with water (3 × 30 mL), brine (30 mL), and dried over Na2SO4. After 

removal of the solvents in vacuo, the residue was purified with column 

chromatography (pentane: ethyl acetate = 3: 1) to give 4.41 (52 mg, 0.04 mmol, 
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35%) as a yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 8.33 (d, J = 8.4 Hz, 

1H), 7.68 (s, 1H), 7.56 – 7.50 (m, 2H), 7.44 (d, J = 8.6 Hz, 1H), 7.30 – 7.26 (m, 

1H), 7.20 (d, J = 8.3 Hz, 1H), 6.97 – 6.90 (m, 1H), 6.88 – 6.83 (m, 3H), 6.75 (dd, J 

= 8.3, 2.5 Hz, 1H), 6.66 (d, J = 2.6 Hz, 1H), 6.48 (d, J = 8.5 Hz, 1H), 6.04 (dd, J = 

8.5, 2.6 Hz, 1H), 5.32 (s, 1H), 4.18 (d, J = 7.1 Hz, 4H), 3.96 (t, J = 6.6 Hz, 2H), 

3.82 – 3.63 (m, 4H), 3.58 – 3.46 (m, 6H), 3.13 – 3.00 (m, 1H), 2.80 (dt, J = 13.4, 

4.1 Hz, 1H), 2.51 (d, J = 15.6 Hz, 1H), 1.84 – 1.71 (m, 2H), 1.70 – 1.47 (m, 10H), 

1.38 – 1.30 (m, 12H), 1.08 (dd, J = 5.6, 2.5 Hz, 42H), 0.75 (d, J = 6.8 Hz, 3H). 

HRMS (ESI+, m/z) calculated for C77H108O5Si2N [M + NH4]
+ 1282.7760, found 

1282.7554.  

 

Compound 4.42 

 

To a solution of compound 4.41 (20 mg, 0.017 mmol) in THF (3 mL) was added 

TBAF (1 M in THF, 0.1 mL) and the resulting mixture was allowed to stir at 0 oC 

for 1 h. After quenching with aq. NH4Cl solution (1M, 20 mL), the reaction 

mixture was extracted with ethyl acetate (2 × 10 mL). The combined organic phase 

was further washed with water (3 × 20 mL), brine (20 mL) and dried over Na2SO4. 

After removal of the solvent in vacuo, the residue was purified by column 

chromatography (pentane: ethyl acetate = 3: 1) to give 4.42 (15 mg, 0.017 mmol, 

96%) as a yellow oil. 1H NMR (400 MHz, Chloroform-d) δ 8.32 (d, J = 8.4 Hz, 

1H), 7.68 (s, 1H), 7.55 – 7.50 (m, 2H), 7.44 (d, J = 8.6 Hz, 1H), 7.30 – 7.26 (m, 

1H), 7.20 (d, J = 8.2 Hz, 1H), 6.97 – 6.91 (m, 1H), 6.88 – 6.82 (m, 3H), 6.75 (dd, J 

= 8.3, 2.6 Hz, 1H), 6.66 (d, J = 2.6 Hz, 1H), 6.48 (d, J = 8.5 Hz, 1H), 6.04 (dd, J = 

8.5, 2.6 Hz, 1H), 4.14 (d, J = 2.4 Hz, 2H), 4.13 (d, J = 2.4 Hz, 2H), 3.96 (t, J = 6.7 

Hz, 2H), 3.80 – 3.63 (m, 4H), 3.56 – 3.44 (m, 6H), 3.13 – 2.99 (m, 1H), 2.84 – 2.75 

(m, 1H), 2.51 (d, J = 15.6 Hz, 1H), 2.42 (t, J = 2.4 Hz, 1H), 2.40 (t, J = 2.4 Hz, 1H), 

1.84 – 1.75 (m, 2H), 1.71 – 1.47 (m, 10H), 1.37 – 1.29 (m, 12H), 0.75 (d, J = 6.8 

Hz, 3H). HRMS (ESI+, m/z) calculated for C59H68O5N [M + NH4]
+ 870.5092, 

found 870.4890.  

 

Compound 4.2 

 

Compound 4.42 (15 mg, 0.017 mmol), 4.4 (19 mg, 0.034 mmol), and K2CO3 (23 

mg, 0.17 mmol) were mixed in 3 mL DMF and the mixture was allowed to stir at 

80 oC for 18 h. The reaction mixture was poured into water (20 mL) and then 

extracted with ethyl acetate (2 × 10 mL). The combined organic layers were 

washed with brine (20 mL) and dried over Na2SO4. After removal of the solvents, 
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the crude product was purified using column chromatography (ethyl acetate: 

MeOH = 95: 5) to give 4.28 (16 mg, 0.012 mmol, 73%) as a yellow oil. 1H NMR 

(400 MHz, Chloroform-d) δ 8.34 (d, J = 8.3 Hz, 1H), 7.68 (s, 1H), 7.55 (d, J = 9.0 

Hz, 2H), 7.44 (d, J = 8.4 Hz, 1H), 7.30 – 7.26 (m, 1H), 7.19 (d, J = 8.3 Hz, 1H), 

6.97 – 6.90 (m, 3H), 6.85 (d, J = 2.5 Hz, 1H), 6.74 (dd, J = 8.3, 2.6 Hz, 1H), 6.65 

(d, J = 2.6 Hz, 1H), 6.48 (d, J = 8.5 Hz, 1H), 6.04 (dd, J = 8.6, 2.6 Hz, 1H), 4.14 (d, 

J = 2.4 Hz, 2H), 4.12 (d, J = 2.4 Hz, 2H), 3.96 (t, J = 6.6 Hz, 2H), 3.88 (t, J = 4.9 

Hz, 2H), 3.79 – 3.60 (m, 47H), 3.57 – 3.45 (m, 11H), 3.41 – 3.37 (m, 5H), 3.11 – 

3.01 (m, 1H), 2.83 – 2.75 (m, 1H), 2.51 (d, J = 15.6 Hz, 1H), 2.41 (t, J = 2.4 Hz, 

1H), 2.40 (t, J = 2.4 Hz, 1H), 1.84 – 1.73 (m, 2H), 1.66 – 1.58 (m, 10H), 1.46 – 

1.32 (m, 12H), 0.75 (d, J = 6.8 Hz, 3H). HRMS (ESI+, m/z) calculated for 

C78H106O14N [M + NH4]
+ 1280.7608, found 1280.7395.  

 

Compound 4.43 

 

To a solution of compound 4.14 (200 mg, 0.74 mmol) in anhydrous DCM (50 mL) 

was slowly added BBr3 (0.3 mL, 3.7 mmol) at 0 oC. After warming up to r.t., the 

reaction mixture was allowed to stir for another 18 h, followed by quenching it 

with ice water (100 mL). The aqueous phase was extracted with ethyl acetate (3 × 

50 mL) and the combined organic phase was washed with brine (100 mL) and 

dried over Na2SO4. After removal of the solvents, the crude product was purified 

using column chromatography to give 4.43 (152 mg, 0.62 mmol, 83%) as a green 

solid.  1H NMR (400 MHz, DMSO-d6) δ 7.95 (d, J = 8.0 Hz, 2H), 7.40 (t, J = 8.0 

Hz, 2H), 7.22 (d, J = 7.8 Hz, 2H). 

 

Compound 4.44 

 

Compound 4.43 (20 mg, 0.082 mmol), 4.8 (121 mg, 0.246 mmol), and K2CO3 (113 

mg, 0.82 mmol) were mixed in 3 mL DMF and the mixture was allowed to stir at 

90 oC for 24 h. Upon completion, the reaction mixture was quenched with water 

(30 mL) and extracted with ethyl acetate (2 × 10 mL). The combined organic layers 

were washed with water (20 mL), brine (20 mL) and dried over Na2SO4. After 

removal of the solvents in vacuo, the pure product 4.40 was obtained using column 

chromatography (pentane: ethyl acetate = 3: 1) as a pale yellow solid (28 mg, 0.049 

mmol, 60%). 1H NMR (400 MHz, Chloroform-d) δ 8.23 (d, J = 8.2 Hz, 2H), 7.42 (t, 

J = 8.0 Hz, 2H), 7.12 (d, J = 7.9 Hz, 2H), 4.19 (t, J = 6.5 Hz, 4H), 4.15 – 4.10 (m, 

4H), 3.51 (t, J = 6.6 Hz, 4H), 2.40 (t, J = 2.4 Hz, 1H), 2.00 – 1.87 (m, 4H), 1.67 – 

1.56 (m, 8H), 1.48 – 1.35 (m, 12H). 13C NMR (101 MHz, Chloroform-d) δ 180.59, 
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154.54, 130.18, 128.55, 126.00, 121.46, 113.26, 80.19, 74.20, 70.37, 69.59, 58.16, 

29.65, 29.53, 29.38, 29.15, 26.21, 26.10. HRMS (ESI+, m/z) calculated for 

C35H45O5S [M + H]+ 577.2982, found 577.2991. 

 

4.6.3 Enantiomers separation 

 

The separation of enantiomers of compound 4.27 was performed on a Shimadzu 

LC-10ADVP HPLC equipped with a Shimadzu SPD-M10AVP diode array 

detector and FRC-10A Fraction Collector, using Chiracel AD-H column (n-

heptane : i-PrOH = 96 : 4), 1.0 mL/min, 40 oC, injection volume: 10 µL, detection 

at 402 nm. 

 
Figure 4.9 Chiral HPLC chromatogram of compound 4.27. 

 

4.6.4 DFT calculations 

 

Density functional theory (DFT) (DFT at B3LYP/6-31G(d, p)) was used to 

optimize the structure, followed by a time-dependent DFT (TD-DFT) calculation to 

obtain the CD spectrum of clockwise rotating (S)-4.27 (the long alkyl legs was 

replaced with shorter methyl groups for easier calculation process). A CH2Cl2 

solvation model was chosen. 
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4.6.5 Surface modification 
 

Azido-functionalized silica microparticles 

 

The azido-functionalized silica microparticles were prepared following literature 

procedures. 63 20 mg silica microparticles (d= 5 µm, from Sigma-Aldrich) were 

pretreated with 5% aq. HCl (3 mL) by heating together at 90 oC for 4h. The 

resulting mixture was centrifuged and redispersed into water (2 × 3 mL), and the 

solids were isolated and dried in oven at 90 oC for 10 min. To a suspension of the 

abovementioned microparticles in DMF (3 mL) was added 3-

(azidopropyl)triethoxysilane (50 µL) and the resulting mixture was heated at 80 oC 

for 16 h. After cooling to r.t., the solids were centrifuged out and washed with 

DMF (3 × 3 mL), water (2 × 3 mL), and MeOH (2 × 3 mL), followed by drying in 

oven at 90 oC for 10 min.   

 

Motor-functionalized silica microparticles 

 

10 mg azido-functionalized microparticles and 5 mg of compounds 4.1, 4.2 or 4.44, 

respectively, 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 particles were dried in a glass vial in vacuo at r.t.   

 

Azido- and motor- functionalized silica nanoparticles 

 

Started with 20 mg silica nanoparticles (d= 10-20 nm, from Sigma-Aldrich), the 

rest of the preparation was the same with microsized particles. 

 

Motor-functionalized quartz 

 

Quartz slides (Micro to Nano) were cut into pieces to fit into the reactor. The 

quartz substrates were initially heated in piranha solution (aq. 98 % H2SO4 and aq. 

30% H2O2 with a volume ratio of 7: 3) at 90 oC for 2 h. These samples were then 

washed with water, MeOH, and dried with N2. Similar with the abovementioned 

procedures of silica microparticles, these samples were treated with HCl, 3-

(azidopropyl)triethoxysilane, and motor, to obtain the motor-attached quartz.  
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4.6.6 XPS measurements 
 

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a K-

Alpha XP spectrometer (Thermo Scientific), equipped with a monochromatic 

small-spot (400 μm) X-ray source (Al Kα  =  1486.6 eV). The measurements were 

conducted at background pressure of ~8·10–8 mbar reaching maximum of 3·10–7 

mbar during the measurements due to the flow of low energy Ar+ ions involved in 

the charge neutralization process. High-resolution spectra of core levels were 

recorded with a pass energy of 50 eV and wide-range survey spectra were recorded 

with a pass energy of 200 eV. Powder samples were dispersed on conductive 

carbon tape. Charge correction was done by referencing the binding energy of C-C, 

C-H component in C 1s spectral region to 284.8 eV. For each sample, N 1s spectra 

were collected at first in order to avoid possible degradation of the azido groups 

upon prolonged exposure to X-rays.63 
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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  



 

133 

 

 

 

Towards Utilizing Unidirectional Molecular Motion 

for Controlling Microscopic Particle Movement 

     

 

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  
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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).   
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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. 
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Chapter 6 

 

Cation-Modulated Rotary Speed in a Light-Driven 

Crown Ether Molecular Motor 

 

The design and synthesis of an overcrowded-alkene based molecular motor 

featuring a crown ether integrated in its structure has been accomplished. The 

photostationary state ratios and rotational speed of this motor can be modulated by 

cation coordination to the crown ether moiety, which can be reverted upon the 

addition of a competing chelating agent thus achieving a dynamic control over the 

rotational behavior of the motor. 
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6.1 Introduction 

The ability to control the dynamics of molecular and supramolecular systems at the 

nanoscale is ultimately central to the development of the future generation of smart 

materials, as well as to the control of complex systems mimicking biological 

functions.1-7 In the last decades, both macroscopic machines and biological 

machinery have inspired the design and synthesis of a number of artificial 

molecular machines,8-13 which are able to achieve the conversion of chemical,14-16 

photochemical,17, 18 or electrical stimuli19, 20 into mechanical motion. 

Overcrowded alkene-based molecular motors, developed in our group, have 

proven to efficiently undergo controlled unidirectional rotary motion upon 

irradiation at a certain wavelength and temperature, being the olefinic bond the 

axle of rotation.21, 22 This rotational behavior and the mechanism of operation of a 

second-generation molecular motor is illustrated in Scheme 6.1. The rotation 

process starts with the photochemical isomerization of the double bond in (P)-

stable 6.1, which gives rise to an unstable conformation (M)-unstable 6.1. 

Subsequent relaxation of this species through a thermal helix inversion (THI) leads 

to the energetically favored more stable form after sliding of the upper half over the 

lower half and concomitant reorientation of the methyl group at the stereogenic 

center from a pseudoequatorial to a more stable pseudoaxial position. The 

continuous repetition of this sequence of photochemical and thermal isomerizations 

translates into a 360º unidirectional rotary motion.  

 

 

Scheme 6.1 Rotary cycle of a light-driven second-generation molecular motor. 
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Cation-Modulated Rotary Speed in a Light-Driven 

Crown Ether Molecular Motor 

The dynamic control of the rotational speed of molecular motors is one of the 

contemporary challenges faced in the emerging field of molecular machines. 

Therefore, the development of strategies for the regulation of the rotary speed of 

these systems is essential for their implementation as the key components in 

nanodevices. Since the development of the first unidirectional light-driven 

molecular motor in 1999, 21 much effort has been devoted to the regulation of the 

rotational frequency, which is typically achieved through structural modifications 

that often require tedious synthetic work.23-25 We have recently reported an 

alternative approach for the in situ regulation of the rotary speed of a molecular 

motor that contains a 4,5-diazafluorenyl motif relying on the reversible non-

covalent binding of different transition metals to the coordinating moiety in the 

motor.26, 27 Metal complexation induced the contraction of the diazafluorenyl lower 

half and concomitantly caused a reduction of the steric hindrance in the fjord 

region of the motor, which resulted in an enhancement of its rotational speed. 

Furthermore, we have also shown that a molecular motor functionalized with a 

biphenol moiety can be slowed down through reversible covalent and non-covalent 

bonds.28 

In our efforts towards multiresponsive molecular motors, we became intrigued 

by the possibility of regulating the rotational speed of an overcrowded alkene-

based motor by means of supramolecular host-guest interactions. Synthetic 

macrocyclic polyether hosts have played a key role in the development of 

supramolecular architectures assembled through noncovalent interactions.29, 30 

Furthermore, cation-macrocycle interactions have been applied for the regulation 

of stimuli-responsive systems such as gating membranes31 and fluorescent probes,32 

as well as to trigger cation-promoted transformations on metal complexes.33-35 

Herein, we report the synthesis, characterization, and isomerization behavior of a 

second-generation molecular motor 6.2 with a crown ether motif integrated in its 

lower half (Scheme 6.2). We also demonstrated that the speed of rotation of 6.2 can 

be dynamically modulated by reversible coordination of simple alkali and earth 

alkali metal cations to the crown ether moiety. 
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Scheme 6.2 Rotational speed regulation of 6.2 by cation coordination. 

 

6.2 Results and Discussion 

6.2.1 Synthesis 

The synthesis of 6.2 is outlined in Scheme 6.3. We envisioned that the key 

transformation in the synthesis of 6.2 would be the Barton-Kellogg diazo-

thioketone coupling of the two halves of the motor, which has been extensively 

used to construct the overcrowded alkene axis in structurally related second-

generation molecular motors taking advantage of the gradual increase of steric 

strain throughout the sequence. However, the direct coupling of previously 

reported hydrazone 6.4 36 and the thioketone derived from 6.537 proved to be 

challenging under various reaction conditions typically used in Barton-Kellogg 

couplings.22,38 Therefore, an alternative coupling partner 6.7 was prepared from 6.5 

by initial cleavage of the methyl ethers and acetylation of the resulting free 

hydroxyl groups in 6.6 (Scheme 6.3). Treatment of 6.7 with Lawesson ś reagent 

afforded thioketone 6.8 in quantitative yield, which was directly coupled with the 

diazo compound 6.9 that results from the treatment of 6.4 with PhI(OTf)2. This 

transformation gave rise to episulfide 6.10 in 28% yield together with 70% of 

unreacted 6.8, which could be recycled for a subsequent coupling step. Treatment 

of 6.10 with HMPT led to the formation of the desired overcrowded alkene with 

concomitant partial cleavage of the acetate groups, which was completed by 

methanolysis of the resulting crude mixture to form 6.11 in 73% yield over the two 

steps. Final etherification of 6.11 allowed the assembly of the crown ether fragment 

and therefore gave rise to the target molecular motor 6.2. 
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Crown Ether Molecular Motor 

 

Scheme 6.3 Synthesis of motor 6.2. 

 

6.2.2 Rotary behavior  

The photochemical and thermal isomerizations of 6.2 were initially monitored by 

UV/Vis spectroscopy. Irradiation of a solution of 6.2 in CH3CN with 312 nm light 

at 20 °C resulted in a hypsochromic shift of the absorption spectrum with a clear 

isosbestic point at  = 306 nm indicative of a unimolecular isomerization process 

(Figure 6.1). Subsequent thermal helix inversion of the metastable species at  

 



 

160 

 

 

 

Chapter 6 

 

Figure 6.1 UV/Vis spectra of 6.2 before and after irradiation (λ=312 nm) at 20°C in degassed CH3CN 

(2·10-4 M). The inset shows the change in UV/Vis absorption at  = 330 nm during several 

irradiation/heating cycles. 

 

ambient temperature led to the reestablishment of the original spectrum thus 

indicating the completion of a 180° rotation cycle. The irradiation-thermal 

relaxation sequence could be repeated over several cycles on the same motor 

sample without any signs of fatigue (Figure 6.1, inset). 

The light-induced isomerization process was also analyzed by 1H NMR 

spectroscopy. After irradiation (λ = 312 nm) of a solution of 6.2 in CD3CN at 

−40°C a PSS312 ratio of stable: metastable = 65:35 was determined by relative 

integration of the peaks corresponding to the methyl groups at the stereogenic 

center in both the stable and metastable species. This signal is shifted downfield for 

the metastable isomer, which features the methyl group in a pseudoequatorial 

position (Figure 6.2).  
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Figure 6.2 Aliphatic region of the 1H NMR spectra of 6.2 before (top) and after (bottom) irradiation 

measured at −30 °C (CD3CN).  

 

Once the rotary cycle of 6.2 had been established, its cation complexation 

ability was examined by UV/Vis and 1H NMR spectroscopy. The cations of choice 
39 were ammonium, lithium, sodium, potassium, and calcium, and for this study we 

used the corresponding salts with non-coordinating anions hexafluorophosphate 

(NH4
+, Li+, Na+, K+) and trifluoromethanesulfonate (Ca2+).39 Initial UV/Vis studies 

revealed that upon addition of an excess of these salts to a solution of 6.2 in 

CH3CN, the corresponding host-guest complexes were formed as evidenced by a 

change in the UV/Vis spectrum for all the cations examined except for Li+ (Figure 

6.3). These results are in line with those obtained for the parent monothia-18-

crown-6 ether, for which no significant interaction with lithium cation was 

observed.39 Therefore, cations NH4
+, K+, Na+, and Ca2+, which showed a positive 

interaction with 6.2, were selected for further investigations. The formation of 

complexes 6.2-M upon addition of those cations to 6.2 was also clearly evidenced 

by 1H NMR. Thus, most of the resonances of 6.2 are downfield shifted in the 

presence of the cationic species, which becomes particularly evident for the signals 

corresponding to the crown ether moiety (3.5 to 4.5 ppm region) and the one 

corresponding to the methyl group at the stereogenic center (0.4 to 0.7 ppm region) 

(Figure 6.4). 1H NMR titration studies conducted by monitoring the shifts of the 

latter signal with increasing amounts of cationic species allowed the determination 

of the cation-binding affinities of 6.2 (Table 6.1), which are comparable to those of 
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monothia-18-crown-6 ether 39 with the same cations. Furthermore, irradiation of a 

solution of complexes 6.2-M in CD3CN at 312 nm and analysis of the resulting 

mixture by 1H NMR allowed as in the case of 6.2 for the determination of the 

PSS312 ratios, which were significantly improved with respect to 6.2 upon binding 

of the cations to the crown ether moiety.   

 

 
Figure 6.3 Changes in the UV-Vis spectrum of a solution of motor 6.2 in CH3CN (c = 3 x 10-4 M, 

1mm cuvette) upon addition of 50 equiv of the corresponding salts. 

 

 

 

Table 6.1 Binding constants of 6.2 with different cations and PSS ratios after irradiation at 312 nm.  

MxXy (6.2-M) Ka [x103 M-1]a PSS312 

None (6.2) - 65:35 

NH4PF6 ([6.2NH4][PF6]) 0.92 ± 0.03 92:8 

NaPF6 ([6.2Na][PF6]) 1.53 ± 0.04 >95:5 

KPF6 ([6.2K][PF6]) 2.15 ± 0.09 >95:5 

Ca(OTf)2 ([6.2Ca][OTf]2) 4.03 ± 0.11 >95:5 

a Determined using BindFit software.40 

6.2 (+ LiPF6) 
6.2 + NH4PF6 
6.2 + KPF6 
6.2 + NaPF6 
6.2 + Ca(OTf)2 
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Figure 6.4 Titration curve for 6.2 with increasing amounts of (a) NH4PF6, (b) NaPF6, (c) KPF6, and 

(d) Ca(OTf)2 by monitoring the shift of the methyl group at the stereogenic center (CD3CN).  
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The thermal isomerization of the photoisomerized metastable species generated 

after irradiation of 6.2 and 6.2-M was studied by UV/Vis spectroscopy monitoring 

the kinetics of the process at 5 different temperatures between 5 and 25 °C in the 

presence of an excess of cationic species in order to ensure full complexation. The 

kinetic profiles were obtained by following the increase in the absorption at 330 

nm, and thus the activation thermodynamic parameters were determined applying 

the Eyring equation (Table 6.2). Notably, the Gibbs free energy of activation for 

the thermal helix inversion is decreased for complexes 6.2-M with respect to 6.2. 

Thus, taking into account that the thermal helix inversion is known to be the rate-

limiting step in the rotational motion of molecular motors, the speed of rotation of 

6.2 could be modulated by cation coordination obtaining up to double speed of 

rotation in the presence of Ca(OTf)2 in an acetonitrile solution. 

 

Table 6.2 Selected thermodynamic parameters for the thermal helix inversion of 6.2 and 6.2-M.  

 
Δ⧧G (20°C) 

[kJ·mol-1] 

t1/2 (20°C)  

[min] 

6.2 89.0 13.9 

[6.2NH4][PF6] 88.8 12.4 

[6.2K][PF6] 88.0 9.1 

[6.2Na][PF6] 87.6 7.6 

[6.2Ca][OTf]2 87.4 7.1 

 

We next examined if the metal coordination could be reversed in the presence 

of a stronger competing coordinating system in order to prove if we could achieve 

dynamic control on the rotary speed of 6.2. We selected to this aim as a model 

system the formation of [6.2Ca][OTf]2, for which the strongest effects on the 

rotational speed had been observed, and studied the complexation and 

decomplexation event by 1H NMR spectroscopy. Figure 6.5 shows the shifts 

observed in the aromatic region of the 1H NMR spectrum. The protons of the lower 

half of 6.2, which exhibit a downfield shift upon cation coordination, have been 

highlighted. To a solution of 6.2 in CD3CN 20 equivalents of Ca(OTf)2 were 

initially added in order to ensure complete formation of 6.2-Ca (Figure 6.5b). 

Subsequent addition of an excess of crypt-222 induced the decomplexation of the 

metal cation from the thiacrown ether moiety and therefore led to the restoration of 

the original spectrum of 6.2 (Figure 6.5c). Furthermore, kinetic studies on the  
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Figure 6.5 (a) 1H NMR spectrum of 6.2 (1.5·10-3 M solution in CD3CN); (b) 1H NMR spectrum after 

the addition of 20 equiv Ca(OTf)2 to the solution in (a); (c) 1H NMR spectrum after the addition of 50 

equiv crypt-222 to the solution in (b).  

 
thermal helix inversion of photoisomerized 6.2 in the presence of both Ca(OTf)2 

and crypt-222 after irradiation revealed a reestablishment of the rotational speed of 

the motor prior to cation complexation (Δ‡G (20 °C) = 89.1 kJ·mol−1, t1/2 (20°C) = 

14.0 min). 

 

6.3 Conclusions 

 

In summary, we have developed a novel second-generation molecular motor that 

features a crown ether moiety integrated in its lower half. The rotational speed of 

this motor as well as the PSS ratios could be modulated by complexation with 

different alkaline and alkaline earth cations, which could be reverted by addition of 

a competing ligand. This work represents the first example of dynamic control over 

the rotational speed of a molecular motor by means of host-guest interactions, 

which constitutes a new approach towards the control of the rotational properties of 

molecular motors and opens up new possibilities in the development of light-driven 

multiresponsive rotors. 
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6.5 Experimental Section 

6.5.1 General remarks 

For general remarks on the synthesis and characterization of compounds, see 

Chapter 2.  

Acetronitrile used for spectroscopic studies was of spectroscopic grade (UVASOL 

Merck) and was degassed prior to the spectroscopic measurements. Irradiations 

were performed using a spectroline ENB-280C/FE lamp (λ max = 312 nm). 

Prior to UV/Vis and 1H-NMR studies, any possible traces of alkali ions were 

removed by washing with 2.2.2-cryptand. To do so, compound 6.2 was dissolved 

in toluene followed by the addition of distilled water and 2 equivalents of 2.2.2-

cryptand. After stirring for 15 min the organic phase was separated, washed with 

distilled water (x5), and the volatiles were subsequently removed under reduced 

pressure. Complete removal of the 2.2.2-cryptand was verified by 1H-NMR. 

 

6.5.2 Synthesis 

Compound 6.7  

 

AcCl (1.4 mL, 20.47 mmol) was slowly added to a mixture of diol 6.6 41 (1.00 g, 

4.09 mmol), DMAP (50 mg, 0.41 mmol), and Et3N (5.7 mL, 40.94 mmol) in 

anhydrous CH2Cl2 (50 mL) at 0 oC under N2 atmosphere. The reaction mixture was 

allowed to reach rt, stirred for 1 h, and then quenched by the addition of an aqueous 

solution of HCl (10% v/v, 40 mL). The aqueous phase was extracted with CH2Cl2 

(40 mL) and the combined organic layers were dried over MgSO4, filtered, and 

concentrated under reduced pressure. Purification by column chromatography 

(pentane: CH2Cl2 3:7) afforded the product as a white solid (1.22 g, 3.72 mmol, 

91%). 

M.p. = 248-250 oC. 1H NMR (400 MHz, CDCl3) δ 8.51 (dt, J = 7.7, 1.4 Hz, 2H), 

7.57 – 7.47 (m, 4H), 2.47 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 168.2, 145.9, 



 

167 

 

 

 

Cation-Modulated Rotary Speed in a Light-Driven 

Crown Ether Molecular Motor 

144.0, 130.2, 129.5, 127.3, 126.3, 126.0, 20.8. HRMS (ESI+) m/z calc. for 

C17H13O5S [M+H]+: 329.0478. Found: 329.0482. 

 

Compound 6.8  

 

Lawesson’s reagent (2.29 g, 5.68 mmol) was added to a solution of ketone 6.7 (933 

mg, 2.84 mmol) in anhydrous toluene (120 mL) and the mixture was stirred at 90 
oC for 2 h, then cooled down to rt and the volatiles were removed under reduced 

pressure. Purification by column chromatography (pentane: CH2Cl2 1:1 to 2:8) 

afforded the product as a green solid, which was directly taken to the next step (966 

mg, 2.80 mmol, 99%). 

M.p. = 232-234 oC. 1H NMR (600 MHz, CDCl3) δ 8.82 (dd, J = 8.0, 1.7 Hz, 2H), 

7.49 – 7.44 (m, 4H), 2.47 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 210.7, 168.2, 

146.0, 138.8, 130.5, 126.6, 125.1, 124.5, 20.8. HRMS could not be obtained due to 

the oxidation of 6.8 to the corresponding ketone under the measurement conditions. 

 

Compound 6.10  

 

A solution of PhI(OTf)2 (748.3 mg, 0.74 mmol) in anhydrous DMF (20 mL) 

precooled to -50 oC was added to a solution of hydrazone 6.4 42 (390 mg, 1.74 

mmol) in anhydrous DMF (100 mL) at -50 oC under N2 atmosphere and the 

resulting mixture was stirred at that temperature for 30 s. A solution of thioketone 

6.8 (600 mg, 1.74 mmol) in anhydrous DMF (100 mL) precooled to -50 oC was 

subsequently added and the reaction was stirred for 16 h while allowed to reach rt. 

After dilution with EtOAc (150 mL) the mixture was washed with water (2x100 

mL) and brine (100 mL) and then dried over MgSO4, filtered, and concentrated 

under reduced pressure. Purification by column chromatography (pentane:EtOAc 

9:1 to 85:15) afforded the product as a pale yellow solid (112 mg, 0.21 mmol, yield 

= 28%). Flushing of the column with CH2Cl2 allowed the recovery of unreacted 

starting thioketone 6.8 (419 mg, 1.22 mmol, 70%). 

M.p. = 203-205 oC. 1H NMR (600 MHz, CDCl3) δ 9.21 (d, J = 8.9 Hz, 1H), 7.89 

(dd, J = 8.0, 1.2 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.43 (ddd, J = 8.6, 6.7, 1.5 Hz, 

1H), 7.38 (d, J = 8.2 Hz, 1H), 7.35 (t, J = 7.9 Hz, 1H), 7.30 (ddd, J = 7.9, 6.7, 1.1 

Hz, 1H), 7.14 (dd, J = 8.0, 1.2 Hz, 1H), 7.10 (dd, J = 8.1, 1.2 Hz, 1H), 6.98 (d, J = 

8.2 Hz, 1H), 6.53 (dd, J = 8.0, 1.2 Hz, 1H), 6.34 (t, J = 8.0 Hz, 1H), 3.47 (ddd, J= 

16.4, 8.8, 7.4 Hz, 1H), 2.58 (ddd, J = 16.3, 6.6, 4.6 Hz, 1H), 2.40 (s, 3H), 2.29 (s, 

3H), 1.97 (dtd, J = 13.7, 6.9, 4.4 Hz, 1H), 1.82 (dtd, J = 12.7, 7.7, 4.6 Hz, 1H), 1.10 
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(d, J = 6.9 Hz, 3H), 1.06 (ddt, J = 9.2, 6.6, 3.4 Hz, 1H). 13C NMR (151 MHz, 

CDCl3) δ 168.5, 168.2, 146.6, 145.7, 141.2, 135.0, 134.2, 134.0, 132.4, 128.9, 

128.1, 128.0, 127.8, 127.4, 127.4, 126.3, 126.0, 125.4, 125.1, 124.5, 123.9, 123.7, 

121.2, 120.3, 66.7, 61.4, 37.4, 28.7, 28.6, 22.3, 20.7, 20.6. HRMS (ESI+) m/z calc. 

for C32H26O4S2Na [M+Na]+: 561.1165. Found: 561.1161. 

 

Compound 6.11  

 

A solution of episulfide 6.10 (180 mg, 0.34 mmol) and HMPT (0.18 mL, 1.01 

mmol) in anhydrous toluene (34 mL) was heated at 80 ºC for 16 h. After cooling to 

rt the mixture was diluted with EtOAc (25 mL), washed with an aqueous solution 

of HCl (10% v/v, 50 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. The resulting crude was directly dissolved in MeOH: CH2Cl2 2:1 

(30 mL) and treated with solid NaOH (40 mg, 1.01 mmol). After stirring at rt for 1 

h an aqueous solution of HCl (10% v/v, 40 mL) was added and the product was 

extracted with EtOAc (2x30 mL). The combined organic layers were dried over 

MgSO4, filtered and concentrated under reduced pressure. Purification by column 

chromatography (pentane:EtOAc 8:2 to 1:1) afforded the product as a white solid 

(105 mg, 0.25 mmol, 73% over 2 steps). 

M.p. = 237-239 oC. 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.2 Hz, 1H), 7.63 

(d, J = 8.2 Hz, 1H), 7.57 (d, J = 8.5 Hz, 1H), 7.36 (d, J = 8.2 Hz, 1H), 7.29 (t, J = 

7.9 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H), 7.16 (t, J = 7.5 Hz, 1H), 7.05 (t, J = 7.6 Hz, 

1H), 6.90 (d, J = 7.8 Hz, 1H), 6.38 (t, J = 8.1 Hz, 1H), 6.32 (t, J = 7.7 Hz, 1H), 

5.88 (d, J = 7.4 Hz, 1H), 5.53 (s, 1H), 5.29 (s, 1H), 4.02 – 3.90 (m, 1H), 3.09 – 

2.91 (m, 2H), 2.63 – 2.52 (m, 1H), 1.54 – 1.43 (m, 1H), 0.69 (d, J = 6.9 Hz, 3H). 
13C NMR (151 MHz, CDCl3) δ 152.9, 151.9, 141.9, 139.9, 139.6, 138.6, 133.5, 

132.0, 131.8, 130.1, 128.0, 127.5, 127.4, 127.0, 125.5, 125.2, 125.0, 124.3, 121.3, 

121.2, 120.8, 119.4, 113.3, 112.4, 31.3, 30.6, 29.0, 21.8. HRMS (ESI+) m/z calc. 

for C28H23O2S [M+H]+: 423.1435. Found: 423.1413. 

 

Compound 6.2  

 

K2CO3 (355 mg, 1.09 mmol) and solution of ((oxybis(ethane-2,1-

diyl))bis(oxy))bis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate)21 (122 mg, 0.24 

mmol) in MeCN (2 mL) were added to a solution of 6.11 (92 mg, 0.22 mmol) in 

MeCN (20 mL) at rt and the resulting mixture was stirred under reflux overnight. 

After cooling to rt the volatiles were removed under reduced pressure and the crude 

product was suspended in CH2Cl2 (30 mL) and washed with aqueous HCl (10% v/v, 
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30 mL). The organic layer was dried over MgSO4, filtered, and concentrated under 

reduced pressure. Purification by column chromatography (CH2Cl2: MeOH 1:0 to 

99:1) and trituration of the resulting foam with pentane gave a yellowish solid, 

which was washed with MeOH to afford the product as a white solid (64 mg, 0.11 

mmol, 50%). 

M.p. = 182-184 oC. 1H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 8.2 Hz, 1H), 7.64 

(d, J = 8.1 Hz, 1H), 7.49 (d, J = 8.5 Hz, 1H), 7.37 (d, J = 8.2 Hz, 1H), 7.31 (t, J = 

7.9 Hz, 1H), 7.27 (d, J = 7.7 Hz, 1H), 7.16 (t, J = 7.4 Hz, 1H), 7.02 (t, J = 7.6 Hz, 

1H), 6.82 (dd, J = 7.9, 1.2 Hz, 1H), 6.36 – 6.29 (m, 2H), 5.93 (d, J = 7.1 Hz, 1H), 

4.32 – 4.25 (m, 2H), 4.15 – 3.87 (m, 15H), 3.11 – 3.01 (m, 1H), 3.00 – 2.93 (m, 

1H), 2.63 – 2.54 (m, 1H), 1.48 (td, J = 11.8, 11.4, 4.5 Hz, 1H), 0.62 (d, J = 6.8 Hz, 

3H). 13C NMR (151 MHz, CDCl3) δ 155.4, 154.7, 139.3, 138.6, 138.5, 137.1, 

134.2, 131.9, 131.3, 130.1, 127.3, 127.1, 126.1, 125.5, 125.4, 125.2, 125.1, 125.0, 

124.1, 123.9, 121.5, 121.0, 108.7, 108.6, 71.5, 71.3, 70.5, 70.3, 69.3, 69.2, 69.1, 

69.0, 30.9, 30.7, 29.1, 21.8. HRMS (ESI+) m/z calc. for C36H37O5S [M+H]+: 

581.2356. Found: 581.2387. 
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Summary 

 

Light-driven molecular motors are unique photoresponsive molecules which can 

undergo continuous 360o unidirectional rotation. However, most of the studies on 

molecular motors thus far have been conducted in solution and focused on their 

multi-stage switching behavior. On the other hand, existing reports on 

photoswitches have revealed that cooperative effects may arise via incorporation 

into host architectures, which differentiate the assembled systems from simple 

photoswitching molecules. So far, various functions have been achieved by these 

photoswitch-combined systems which are exemplified in Figure 1 and discussed in 

Chapter 1.     

 

Figure 1. Examples of photoswitches incorporated in host architectures and their applications. 

 

Aiming to obtain specific functions of motor-based systems, this thesis 

predominantly focuses on the functionalization of molecular motors into confined 

space, in aggregates and on particle surfaces. While studying the rotary behavior of 

motors, we also focus on the cooperative effects that these assembled systems 

generate. In addition, in these systems, we have made initial attempts to utilize the 

dynamic rotary motion of molecular motors to perform work.  
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Chapter 1 describes the properties of the most commonly studied photoswitching 

molecules, namely, spiropyrans, diarylethenes, azobenzenes and overcrowded-

alkene-based molecular motors. While being incorporated into large architectures, 

such as micelle/vesicles, one-dimensional polymers/fibers, two-dimensional 

surfaces, three-dimensional liquid crystals and bulk crystals, the photoswitches 

may generate cooperativity with the host architectures and endow the combined 

systems with novel functions. These functions include cargo release, 

optomechanical movement, surface wetting/dewetting, catalysis in confined space 

and optoelectronics (Figure 1), which are highly promising in the advance of 

photoresponsive materials.    

Chapter 2 focuses on a bulky first-generation molecular motor which forms bowl-

shaped aggregates in a THF/water mixture (Figure 2). In this system, the 

aggregates could shrink or swell by adding water or THF, respectively. Via this 

shrinking/swelling process, the extent of the confinement inside the aggregates was 

tuned. While retaining its unidirectional rotary motion at a low extent of 

confinement at 60% water volume fraction (ƒw), the molecular motor ceased to 

rotate at a high extent of confinement at 90% ƒw due to the blocked thermal helix 

inversion. Nevertheless, at 90% ƒw, an unusual thermal backward cis-to-trans 

isomerization occurred, which was verified by NMR studies.   

 

 

Figure 2. Bowl-shaped aggregates from a bulky first-generation molecular motor. 

 

Following the study of the bowl-shaped aggregates, Chapter 3 aims to achieve 

continuous rotary motion in aggregates at a high extent of confinement by 

designing a bulky second-generation molecular motor. With smaller geometric 

rearrangement and a lower thermal barrier during rotation, the second-generation 

motor was able to undergo both photochemical and thermal isomerization even at 
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100% ƒw. Combined with the swelling behavior of the aggregates by decreasing ƒw, 

the release rate of dye-loaded aggregates was studied on upon UV irradiation. The 

preliminary results showed that the release rate could be accelerated via the rotary 

behavior of motor.  

Chapter 4 and Chapter 5 describe a propulsive system of silica microparticles 

with ultrafast molecular motors grafted on the surface. Using light as the fuel, the 

particles could move towards the light source. The control experiments were 

conducted using the lower half of the motor and a relatively slower motor, showing 

the propulsion’s dependency on the half-lives of thermal helix inversion of motors. 

Furthermore, Au-silica Janus particles with the ultrafast motor attached on the 

silica side were also investigated, revealing a minor effect of the motor on these 

Janus particles. Chapter 4 demonstrates the successful synthesis and the 

fabrication of swimmers. Chapter 5 focuses on the observation of the propulsive 

behavior using the optical microscope and the tracking system Nanosight.  

In Chapter 6, we design a novel second-generation molecular motor featuring a 

crown ether in the lower part of motor. By complexation with different cations to 

the crown ether moiety, the PSS ratio of the photochemical isomerization and the 

half-life of the metastable isomer could be modulated.   

Overall, the results presented in this thesis show molecular motors incorporated 

into aggregates and on silica particle surfaces. In the confined space, molecular 

motors may exhibit different rotary behavior due to the confinement, as is in the 

case of the bulky first-generation motor. Furthermore, phenomena such as 

complexation of ions may also lead to a change of rotary behavior. The most 

important insight gained in our studies is that the dynamic rotary motion of motors 

can be utilized to perform work, e.g. acceleration of the cargo-release and 

induction of particle movement. Moreover, these novel functions arise from the 

cooperativity of the embedded molecular motors and their corresponding host 

architectures. With the discoveries in this thesis, I believe that they exhibit some 

inspiration for the fabrication of future photoresponsive systems with the goal to 

utilize the dynamic rotation of molecular motors. Finally, I hope future studies 

focus more on the motors in orderly arranged architectures, such as in metal-

organic frameworks (MOFs), to uncover novel functions and to find true impact 

applications of molecular motors.         

 





   

Samenvatting 

 

Lichtgedreven moleculaire motoren zijn unieke fotoresponsieve moleculen die een 

continue 360o unidirectionele rotatie kunnen ondergaan. De meeste onderzoeken 

naar moleculaire motoren zijn tot nu toe echter in oplossing uitgevoerd en gericht op 

hun schakelgedrag in meerdere stadia. Aan de andere kant hebben bestaande 

onderzoeken over fotoschakelaars onthuld dat coöperatieve effecten kunnen ontstaan 

door opname in gastheerstructuren, die de geassembleerde systemen onderscheiden 

van eenvoudige foto-schakelmoleculen. Tot dusverre zijn verschillende functies 

bereikt door deze gecombineerde systemen met fotoschakelaars, die worden 

geïllustreerd in Figuur 1 en besproken in Hoofdstuk 1.    

 

Figuur 1. Voorbeelden van fotoschakelaars die zijn opgenomen in host-architecturen en hun 

toepassingen. 

 

Dit proefschrift is gericht op het verkrijgen van specifieke functies van 

motorgebaseerde systemen en richt zich voornamelijk op de functionalisering van 

moleculaire motoren in een beperkte ruimte, in aggregaten en op 

deeltjesoppervlakken. Bij het bestuderen van het rotatiegedrag van motoren, richten 

we ons ook op de coöperatieve effecten die deze geassembleerde systemen genereren. 

Bovendien hebben we in deze systemen eerste pogingen gedaan om de dynamische 

rotatiebeweging van moleculaire motoren te gebruiken om werk uit te voeren. 
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Hoofdstuk 1 beschrijft de eigenschappen van de meest bestudeerde 

fotoomschakelingsmoleculen, namelijk spiropyrans, diarylethenes, azobenzenen en 

moleculaire motoren gebaseerd op sterisch gehinderde alkenen. Hoewel ze zijn 

opgenomen in grote architecturen, zoals micellen/blaasjes, eendimensionale 

polymeren/vezels, tweedimensionale oppervlakken, driedimensionale vloeibare 

kristallen en bulkkristallen, kunnen de fotoschakelaars samenwerking met de 

gastheerstructuren genereren, wat leidt tot gecombineerde systemen met nieuwe 

functies. Deze functies omvatten ladingvrijgave, optomechanische beweging, 

bevochtiging/ontwatering van het oppervlak, katalyse in een beperkte ruimte en 

opto-elektronica (Figuur 1), die veelbelovend zijn in de vooruitgang van 

fotoresponsieve materialen.  

Hoofdstuk 2 richt zich op een omvangrijke moleculaire motor van de eerste 

generatie die komvormige aggregaten vormt in een THF/water-mengsel (Figuur 2). 

In dit systeem kunnen de aggregaten krimpen of zwellen door respectievelijk water 

of THF toe te voegen. Via dit krimpende/zwellende proces werd de mate van 

incorporatie in de aggregaten afgestemd. Terwijl de unidirectionele rotatiebeweging 

met een lage mate van insluiting bij 60% watervolumefractie (ƒw) werd gehandhaafd, 

stopte de moleculaire motor met een hoge mate van insluiting bij 90% ƒw vanwege 

de geblokkeerde thermische helixinversie. Niettemin trad bij 90% ƒw een 

ongebruikelijke thermische achterwaartse cis-naar-trans-isomerisatie op, die werd 

geverifieerd door NMR studies. 

 

 

Figuur 2. Komvormige aggregaten van een omvangrijke moleculaire motor van de eerste generatie. 

 

Na de studie van de komvormige aggregaten, beoogt Hoofdstuk 3 een continue 

roterende beweging in aggregaten met een hoge mate van opsluiting te bereiken door 

een omvangrijke moleculaire motor van de tweede generatie te ontwerpen. Met 

kleinere geometrische herschikking en een lagere thermische barrière tijdens rotatie, 

kon de motor van de tweede generatie zowel fotochemische als thermische 

isomerisatie ondergaan, zelfs bij 100% ƒw. Gecombineerd met het zwelgedrag van 

de aggregaten door ƒw te verminderen, werd de afgiftesnelheid van met kleurstof 
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geladen aggregaten bestudeerd bij UV-bestraling. Uit de voorlopige resultaten bleek 

dat de afgiftesnelheid kon worden versneld via het rotatiegedrag van de motor. 

Hoofdstuk 4 en Hoofdstuk 5 beschrijven een voortstuwingssysteem van 

siliciumdioxide-microdeeltjes met ultrasnelle moleculaire motoren geënt op het 

oppervlak. Met behulp van licht als brandstof konden de deeltjes naar de lichtbron 

bewegen. De controle-experimenten werden uitgevoerd met behulp van de onderste 

helft van de motor en een relatief langzamere motor, waaruit de afhankelijkheid van 

de aandrijving blijkt van de halfwaardetijden van thermische helixinversie van 

motoren. Verder werden Au-silica Janus-deeltjes met de ultrasnelle motor bevestigd 

aan de silica-zijde ook onderzocht, waardoor een klein effect van de motor op deze 

Janus-deeltjes werd onthuld. Hoofdstuk 4 toont de succesvolle synthese en de 

fabricage van zwemmers. Hoofdstuk 5 richt zich op de observatie van het 

voortstuwingsgedrag met behulp van de optische microscoop en het volgsysteem 

Nanosight. 

In Hoofdstuk 6 ontwerpen we een nieuwe moleculaire motor van de tweede 

generatie met een kroonether in het onderste gedeelte van de motor. Door 

complexering met verschillende kationen tot de kroonetherrest, kon de PSS-

verhouding van de fotochemische isomerisatie en de halfwaardetijd van het 

metastabiele isomeer worden gemoduleerd. 

Over het geheel genomen laten de resultaten in dit proefschrift zien dat moleculaire 

motoren zijn verwerkt in aggregaten en op oppervlakken van silicadeeltjes. In de 

besloten ruimte kunnen moleculaire motoren verschillend rotatiegedrag vertonen 

vanwege de opsluiting, zoals in het geval van de omvangrijke motor van de eerste 

generatie. Verder kunnen fenomenen zoals complexatie van ionen ook leiden tot een 

verandering van rotatiegedrag. Het belangrijkste inzicht verkregen in onze studies is 

dat de dynamische rotatiebeweging van motoren kan worden gebruikt om 

werkzaamheden uit te voeren, b.v. versnelling van de ladingvrijgave en inductie van 

deeltjesbeweging. Bovendien komen deze nieuwe functies voort uit de 

coöperativiteit van de ingebedde moleculaire motoren en hun overeenkomstige 

gastheerarchitecturen. Met de ontdekkingen in dit proefschrift geloof ik dat ze enige 

inspiratie vertonen voor de fabricage van toekomstige fotoresponsieve systemen met 

als doel de dynamische rotatie van moleculaire motoren te benutten. Tot slot hoop 

ik dat toekomstige studies zich meer richten op de motoren in geordende 

architecturen, zoals in metal-organic frameworks (MOF's), om nieuwe functies te 

ontdekken en echte impacttoepassingen van moleculaire motoren te vinden. 
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