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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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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. 
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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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