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Abstract: Photo-controlled self-assembly of nanoparticles (NPs) is an advanced and promising
approach to address a series of material issues from the molecular level to the nano/micro scale,
owing to the fact that light stimulus is typically precise and rapid, and can provide contactless spatial
and temporal control. The traditional photo-controlled assembly of NPs is based on photochemical
processes through NPs modified by photo-responsive molecules, which are realized through the
change in chemical structure under irradiation. Moreover, photoexcitation-induced assembly of NPs
is another promising physical strategy, and such a strategy aims to employ molecular conformational
change in the excited state (rather than the chemical structure) to drive molecular motion and
assembly. The exploration and control of NP assembly through such a photo-controlled strategy can
open a new paradigm for scientists to deal with “bottom-up” behaviors and develop unprecedented
optoelectronic functional materials.

Keywords: photo controlled; nanoparticles; self-assembly; photoresponsive molecules; photoexcitation;
excited state

1. Introduction

Molecular self-assembly is the most common phenomenon in nature, where small
molecules spontaneously combine to form large, ordered structures [1,2]. Through molec-
ular self-assembly, ordered aggregates with sizes ranging from nanometers to microm-
eters can be obtained, such as protein, colloids, nanoparticles (NPs), and double helical
DNA [3-5]. NP self-assembly has emerged as one of the most important concepts in
nanoscience and nanotechnology, which are widely regarded as the mainstream tech-
nologies of the 21st century, focusing on observing and manipulating substances at the
nanoscale [6-8]. Although NP self-assembly has been extensively studied, achieving pre-
cise regulation of molecular self-assembly through effective means remains challenging.
Researchers have made tremendous efforts to conveniently construct assembled NPs with
novel structures and functions [9-12]. Therefore, significant research achievements and
progress have been made in exploring the nanoworld.

A promising strategy for exploring the self-assembly of NPs is to introduce external
stimuli to regulate the self-assembly environment or molecular structure [13-15]. In this
regard, numerous self-assembled NPs that can respond to various external stimuli, such
as temperature, light, pH, solvent polarity, electrical currents, magnetism, and ions, have
been developed [16-21]. Among these stimulus-responsive nanosystems, light has been
proven to be a unique and effective regulation approach because of its unique, clean, and
non-invasive properties. Light has obvious advantages as a means of regulation. First,
the intensity and wavelength of light can be flexibly adjusted according to the system
characteristics. Second, light can be transmitted to the target location remotely in a non-
contact manner, which can be easily and quickly used and removed [22-25]. Therefore, in
the field of self-assembly technology, photo-driven NP self-assembly has become a smart
and key strategy for adjusting assembled structures and functions, which can effectively
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achieve precise control of the assembled nanostructures and properties, and has attracted
increasing attention from researchers in recent years [26-30].

In the past few years, two main methods of photo-controlled self-assembly with re-
versible behavior have been developed: self-assembly based on photochemical processes
and self-assembly based on photophysical processes [31]. The most studied and widely
used method is the introduction of photoresponsive molecules into nanosystems based
on photochemical processes, which can endow NPs with photoresponsive properties [32].
Such photochemical process-induced self-assembly is typically achieved through photore-
action, photocyclization, and photoisomerization, including chemical structural changes
to photochromic molecules in single or multi-component material systems. Generally,
changes in the molecular structure before and after photochemical reactions induce the
self-assembly process of the entire molecular system in two states. The other type of photo-
controlled self-assembly is achieved based on photophysical processes [31]. Compared with
photochemical processes, photophysical processes have unique advantages. Photophysical
processes do not require the presence of photoresponsive groups or structural changes in
molecules. Therefore, photophysical processes may apply to most molecular systems as
such molecules are easier to design and synthesize, more environmentally friendly, and
easier to control.

Previous reviews are mostly focused on the self-assembly of NPs controlled by the pho-
tochemical process and, therefore, the self-assembly of NPs controlled by the photophysical
process is rare. Moreover, there has been no review on the self-assembly of NPs controlled
by photochemical and photophysical processes. Therefore, in this review, we summarize
the two together to better interpret the concept of photo-controlled NP self-assembly in
recent years. First, we introduce the photochemical process-controlled self-assembly of NPs
modified through photochromic systems and illustrate the development of NP assemblies
from such photoresponsive compounds. Second, we discuss the photophysical process and
the photo-controlled self-assembly of NPs modified through polyphenylthiobenzene based
on excited state conformational changes. Then, we provide a summary and outlook for
further development of photo-controlled NP self-assembly.

2. Photochemical Process-Controlled Self-Assembly of NPs Based on
Photochromic Molecules

2.1. Introduction to Photochemical Process

Photochemical process-controlled self-assembly is achieved by combining photochromic
molecules with biomacromolecules, NPs, polymers, etc., through covalent or non-covalent in-
teractions, using the structural changes to photochromic molecules as the driving force [23,32].
Up to now, the extensively studied photochromic molecular systems mainly include azoben-
zenes, spiropyrans, and diarylethylenes (Figure 1) [33-35]. These systems use the formation
and breaking of chemical bonds under light to form new molecular structures through pho-
tochemical reactions, such as isomerization, addition, open/closed ring, and redox, thereby
driving the self-assembly process of the entire system. Three main, effective, photoswitch
self-assembly systems are introduced in this review, due to the wider research scope, potential
applications, and more effective design ideas associated with these systems. During the
reversible isomerization of these photoswitches, their properties, including polarity, appear-
ance, luminescence, or bondability with ions, typically change, resulting in differences in the
functionality and structure of the assembly.
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Figure 1. The most commonly used photoswitches based on the photochemical process. (a) Azoben-
zene, (b) spiropyran, (c) dithienylethene.

2.2. Photo-Controlled Self-Assembly of Nanoparticles

NPs have been widely studied in various scientific fields because of their unique
properties, which can be tuned by controlling the size and surface chemistry, leading to
their widespread application [36,37]. The directional regulation of the self-assembly of
NPs is a fundamental challenge and has significant implications for developing the next
generation of advanced structural and functional materials. Functionalized NPs, using
the aforementioned photoresponsive molecules, will endow NPs with photoresponsibility,
thereby realizing self-assembly controlled through light. Although the use of photore-
sponsive molecular functionalization to modify NPs has achieved significant success, this
method is not the only way to obtain photoresponsive NPs. In contrast, in recent years,
various creative methods have been developed that utilize light to control NP self-assembly.
These methods include photo-induced reversible covalent bond formation, protonation
and deprotonation of NP-bound ligands using small molecular photoacids and photobases,
photo-controlled deposition and desorption of optical switch molecules on NPs, phase
transition of thermal responsive polymers bound to NPs induced by plasma NPs, and
photo-induced electron transfer between the NP core and ligand [38,39].

2.2.1. Azobenzene-Functionalized Nanoparticles

Azobenzene (azo) is an extensively studied photoresponsive molecule that can un-
dergo cis-trans photoisomerization with fast switching (Figure 1a). Trans-azobenzene
is a planar molecule with zero dipole moment that can switch to the cis isomer that is
nonplanar and has a dipole moment of 3 D after ultraviolet (UV) irradiation. Meanwhile,
cis-azobenzene can return to a trans-isomer with visible light (460 nm) irradiation. This per-
formance can be regulated through changes in the core substituents of azobenzene and the
selection of solvents [40,41]. It is the structural changes before and after isomerization that
provide the basis for developing photoresponsive self-assembly systems using azobenzene.

Azobenzene is highly suitable for inducing the reversible self-assembly of NPs because
of the following reasons. First, its derivatives can be easily synthesized and have good
compatibility with various surface functional groups of inorganic NPs, providing a founda-
tion for binding with NPs. Second, changing the substituents on the azobenzene core can
significantly impact the photoisomerization wavelength, isomerization molecular structure,
and dipole moment. In particular, significant changes in the molecular structure (from the
trans-planar and elongated structure to the cis three-dimensional structure) play a key role
in the process of photo-controlled self-assembly [42]. At present, azobenzene derivatives
are widely used in the development of photo-controlled NP self-assembly, biomolecular
self-assembly, and polymer phase transition [43,44].
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The self-assembly of noble metal NPs, such as gold (Au) and silver (Ag) NPs, has
been widely explored because of the astonishing properties of these NPs, especially their
size-dependent properties, which can be achieved through the assembly or aggregation of
NPs [45-47]. Tuning the self-assembly process of noble metal NPs using the photorespon-
sivity of azobenzene molecules is simple and effective.

Grzybowski et al. demonstrated the photo-controlled dynamic non-equilibrium,
reversible self-assembly of Au NPs modified with an azobenzene derivative named trans-
MUA (Figure 2a) [48]. In the initial state, MUA on the surface of the NPs exists in the trans
form with a small dipole moment. In this case, the attractive interactions between the NPs
were weak, resulting in the inability of the NPs to effectively self-assemble and exhibit
dispersed morphology (Figure 2b). Under UV irradiation, the initial trans-MUA can switch
to cissMUA, accompanied by a significant increase in the dipole moment (from 1 D to 5 D).
Thus, the attractive interaction between the NPs is strengthened, and the NPs can self-
assemble to form aggregated NPs (Figure 2c). Once the cis-MUA returns to the trans-MUA,
the aggregated NPs can recover to the pristine state, exhibiting good reversibility.
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Figure 2. (a) Trans—cis isomerism structural formula for 4-(11-mercaptoundecanoxy)azobenzene.
(b) Schematic illustration of the photoisomerization process of gold nanoparticles modified with MUA
and dodecylamine (DDA). (c) Photo-controlled aggregation of NPs through photoisomerization [48].
(d) Structural formulas of the thiolated azobenzenes (trans-NMUA). (e) Reversible photoisomerization
of trans-NMUA on the surface of the NPs. (f) TEM images of the photo-controlled assembly (right)
and disassembly (left) of the Au NPs functionalized by trans-NMUA [49].

Nevertheless, it is more meaningful to obtain NPs with visible light-controlled self-
assembly. Many studies have shown that through an effective substituent modification,
the absorption wavelength of photoresponsive molecules can be regulated from the UV
region to the visible light region. Klajn et al. prepared Au NPs and modified the surface
with different substituted azobenzenes (MUA and NMUA, Figure 2d), which can respond
to visible light [49]. By introducing dimethylamino into the para position of MUA, the
dipole moment of NMUA can significantly increase, with the trans formula being 4.65 D
and the cis formula being 6.7 D, indicating that NPs decorated with NMUA can undergo
self-assembly in nonpolar solvents. Meanwhile, the introduction of dimethylamino groups
enables molecules to exhibit absorption in the visible light range. Therefore, NPs decorated
with NMUA can exhibit visible light-controlled self-assembly (Figure 2f). The obtained
NPs decorated by trans-NMUA can form 2.5 nm Au NPs, whereas the trans-NMUA
can switch to cissNMUA under 420 nm irradiation, further triggering the self-assembly of
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aggregates of the 2.5 nm Au NPs to form larger aggregated Au NPs (Figure 2f). Interestingly,
when NPs are decorated with NMUA and MUA, the driving force of the self-assembly
for NPs can be driven by the isomerization of NMUA and MUA, respectively. Under
365 nm irradiation, cis-NMUA can transform to trans-NMUA and trans-MUA can transform
to cis-MUA; thus, the trans—cis isomerization of MUA triggered the assembly of NPs.
Meanwhile, under 420 nm irradiation, trans-NMUA can transform to cis-NMUA and
trans-MUA exhibits no response; thus, the trans—cis isomerization of NMUA triggered
the assembly of NPs. Therefore, modifying NPs using multi-component compounds with
multi-stimuli-responsive properties is expected to be a new approach for developing novel
nanostructures and multifunctional materials.

NP self-assembly based on photo-induced cis-trans isomerization of azobenzene has
been used to construct well-ordered three-dimensional superstructures, such as crystals
and supraspheres of various sizes with optically reversible or irreversible behavior. Such re-
versible performance can be determined by the dipole-dipole interaction strength between
the NPs and covalent binding of the NPs. Temps et al. obtained a series of azobenzene and
alkyl thiol modified Au NPs by changing the length of the alkyl chain. They found that
the short-chain azobenzene in the long-chain thiol matrix can effectively undergo photoi-
somerization, but does not promote NP self-assembly [50]. In addition, the concentration
of dithiol ligands can have a significant impact on the assembly of NPs. The assembled
three-dimensional crystals have high reversibility and can switch between disordered and
crystalline states when the surface concentration of dithiol ligands is low. In contrast,
the NP assemblies can maintain high stability because they can be cross-linked because
of higher concentrations of dithiol ligands [51]. Klajn et al. proved that by decorating
Au NPs with azobenzenes, photo-controlled directional dynamic self-assembly to form
nanoflasks can be achieved (Figure 3). As shown in Figure 3b, the dipole moment of
azobenzene increased after trans-to-cis isomerization under UV irradiation, and attractive
dipole—diploe interactions can form among the functionalized NPs. Once the dipole-dipole
interaction force can overcome the repulsions among the NPs, the NPs self-assemble to
form nanoflasks (Figure 3d). During the self-assembly process, various molecules in the
surrounding bulk solution can be captured (Figure 3c), and under visible light irradiation,
nanoflasks can de-assemble to release the captured molecules back into the bulk solution,
only in the case of cis-azobenzene nanoparticle aggregation, and the trapping of water is ob-
served (Figure 3e,f). These studies provide a new approach for the direct photo-controlled
synthesis of nanostructures and multifunctional devices.

Regarding azobenzene ligand-modified NPs, the introduction of host—guest interac-
tions is also an effective way to achieve photo-controlled self-assembly [52]. Zhao et al.
designed a host—guest supramolecular catalyst consisting of a Zn-coordinated 3-CD dimer
host and an Au NP guest decorated by azobenzene (Figure 4a). In the initial state, the 3-CD
rings are occupied by the trans-azobenzene unit and catalytic activity is passivated because
the supramolecular catalyst cannot be recognized by the reaction substrate (Figure 4b). Once
the trans-azobenzene transforms to cis-azobenzene after UV irradiation, cis-azobenzene
cannot bind well with 3-CD, thereby activating the catalyst activity to achieve a hydrolysis
reaction of the catalytic substrate (Figure 4c). Meanwhile, cis-azobenzene can recover to
trans-azobenzene under visible light irradiation, terminating the catalytic process. Such
a catalytic process can be switched on/off by controlling the trans—cis isomerization of
azobenzene, which provides a foundation for exploring next-generation photoresponsive
catalytic materials. By utilizing the interaction between the host of the Au NPs coated with
a-CD and the guest of azobenzene, Tan et al. achieved photo-controlled reversible phase
transfer between toluene and an aqueous phase [53]. A trans-azo ligand with hydrophobic
alkyl chains that can effectively dissolve in toluene and Au NPs with good water solubility
coated with «-CD were designed (Figure 4d). Initially, the trans-azo ligand can bind well
with -CDs due to the host-guest interaction, resulting in the formation of a reverse micelle-
like structure because of the presence of hydrophobic alkyl chains and the conversion of
the Au NPs from hydrophilic to hydrophobic, thereby transferring from water to toluene.
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(Figure 4f) In contrast, when the trans-azo switches to a cis-azo ligand after UV irradiation
(Figure 4e), a host—guest interaction cannot be effectively formed between cis-azo and
x-CDs, leading to the dissociation of cis-azo from the Au NPs. In this case, the hydrophilic
property of Au NPs will recover, thereby promoting the transfer of Au NPs from toluene to
water (Figure 4f). As a result, photo-controlled reversible toluene-water phase transfer was
achieved, paving the way for the development of photo-controlled functional hydrophilic
and hydrophobic transition materials.

= Azobenzene-
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@ = Nonpolar solvent
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Figure 3. (a) TEM images of photoresponsive Au, Fe304, and SiO; nanoparticles (left to right)
used to generate dynamically self-assembling nanoflasks. (b) Structural formulae of ligands 1-3
used to modify the NPs. (c) Schematic illustration of the reversible trapping of polar molecules
through photo-controlled self-assembly of NPs. Photo-controlled aggregation of NPs through photoi-
somerization. (d) Electron micrographs (at different magnifications) of colloidal crystals prepared
through UV irradiation of Au NPs modified with 1. (e) Snapshots from atomistic simulations of
trans-1-functionalized and (f) cis-1-functionalized Au NPs in toluene saturated with water [51].

In addition, using azobenzene to modify magnetic NPs, biomacromolecules, and
chiral molecules to realize optically controlled self-assembly is an effective and feasible
approach [54-59].

2.2.2. Spiropyran-Functionalized Nanoparticles

Spiropyran derivatives are another type of molecular switch that can transition from
nonpolar to polar metastable states under light induction and can undergo photochemical
cleavage of the C-O bond under UV irradiation, resulting in the transformation of the
initial colorless state into a colored zwitterionic planar merocyanine form, which can
promote the self-assembly of NPs in nonpolar media. The closed-ring spiropyran (SP
in Figure 1b) transforms into the corresponding open-ring isomer (“subcyanidin”; MC)
after UV irradiation. The polar MC isomer can recover to SP in the dark because it is
unstable in nonpolar solvents. Meanwhile, the MC isomer can recover to SP under visible
light. This characteristic provides the possibility to achieve photo-controlled self-assembly
of NPs modified by SP. Light-controlled self-assemblies of supramolecules or NPs with
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Figure 4. (a) Structures of the supramolecular catalyst bCDZn, the ligand components, L1 and L2, and
the proposed mechanism and schematic representation of the phototriggered interparticle host—guest
competitive binding for switchable catalysis. (b) TEM images of Au@L1L2 and (c) after the addition
of 20 equivalent bCDZn through the phototriggered assembly/disassembly process in water at
298 K [52]. (d) Structures of the host per-6-thio-«-CD and guest trans-azo ligand. (e) Photoreversible
inclusion of the azo ligand in a-CD-coated Au NPs. (f) Photo-controlled phase transfer of «-CD-
capped Au NPs by azo ligands between water and toluene [53].

Klajn et al. used an SP photoswitch to modify the surface of Au and Ag NPs, obtaining
anovel type of photoresponsive NPs [64]. The SP-decorated NPs can self-assemble to form
spherical aggregates in nonpolar solvents under UV irradiation, which is caused by the
transformation of nonpolar SP into polar MC form (Figure 5a). The aggregated NPs can
disassemble quickly following the removal of UV irradiation, due to the recovery of the
SP form. By introducing other long alkyl chains, the assembly behavior can be tuned. The
concentration of NPs can determine the size of aggregates, and the surface concentration
of SP on NPs can control the life of dynamic NP aggregates (Figure 5b). Notably, the
assembled NPs are easily disassembled when exposed to blue light.

When the SP form isomerized to the MC form after UV irradiation, a phenolate group
is generated, which can easily combine with metal ions to form a coordination bond. Such
coordination bonds can be dissociated under visible light due to the return of the MC form
to the SP form [65]. Jiang et al. proposed a new strategy for realizing photo-controlled
self-assembly based on SP~Au NP and Cu?* complex systems (Figure 5c). The pristine Au
NPs modified by alkanethiol terminated in SP and alkanethiol terminated in triethylene
glycol exist in a dispersed state, and in this case, Cu?** cannot form a coordination bond
with SP. After UV irradiation, the SP form returns to the MC form that can coordinate with
Cu?, resulting in the formation of cross-linked structures and aggregated NPs through
coordination bonds (Figure 5d). Other metal ions can also cause the aggregation of NPs, but
certain concentration conditions need to be met. Therefore, the MC form exhibits selectivity
for Cu?* at low concentrations. This can be attributed to the higher water exchange rate
constant of Cu?* than other ions, indicating that kinetically, Cu** has more opportunities
to combine with MC isomers. This phenomenon can be well used in the application of
photo-controlled reversible aggregation in logic gates.
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Figure 5. (a) Switch between MCH" and SP-coated Au NPs under light in toluene. (b) TEM
images of assembly/disassembly of NPs controlled by light [64]. (c) Proposed mechanism for
the aggregation of Au NPs through photo-controlled formation/dissociation of Cu-coordination
bond. (d) TEM images of photo-controlled assembly/disassembly of Au NPs through coordination
bond formation/dissociation. Structures of host per-6-thio-«-CD and guest trans-azo ligand [65].
(e) Mechanism for phototriggered reversible aggregation/dispersion of AuNPs modified with SP.
(f) TEM images of photo-controlled aggregation of SP-Au NPs and (g) dispersion of aggregated
SP-Au NPs in toluene upon UV irradiation with time increasing [66].

After transitioning from the SP form to the MC form, the dipole moment underwent
significant changes, from a small dipole moment to a large dipole moment with a charge
separation form. Therefore, the electrostatic repulsion/attraction may be controlled through
this strategy [66]. Hirai et al. proved the feasibility of this strategy in photo-controlled
aggregates of Au NPs modified by thiol-terminated spiropyran (Figure 5e). The initial NPs
can form particles with a 5 nm diameter, whereas with an increase in the UV irradiation time,
larger NP aggregates can form gradually, and aggregates with a 330 nm diameter are formed
after 30 min irradiation (Figure 5f). Meanwhile, the aggregates with a 330 nm diameter can
gradually dissemble to form 5 nm particles under 90 min visible light irradiation (Figure 5g).
The MC isomer formed here has a large dipole moment under UV irradiation, which can
promote the stacking interaction and association with each other. This phenomenon not
only suppresses the recovery of MC to SP, but also maintains the electrostatic attraction
between Au NPs. Therefore, the disassembly process of aggregated NPs requires visible
light irradiation. The strategy proposed here may help in designing a more effective photo-
induced self-assembly method for NPs and open up a new approach for the advanced
processing of metal NPs.

The transformation of spiropyran from the SP form to the MC form can be controlled
by light, which can realize the formation and dissociation of coordination bonds and control
the formation and dissociation of hydrogen bonds through photo-induced proton release
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or capture, thereby controlling the self-assembly process. Klajn et al. used photoacid re-
sponsive NPs in a “photoresponsive medium” (a dilute solution of spiropyran in methanol)
to achieve NP assembly through the formation and dissociation of hydrogen bonds under
photo stimuli [26]. The MC isomer of spiropyran can transform to a protonated MCH*
form under acidic conditions. Meanwhile, the MCH™" form can return to the SP form
and release protons under visible light (Figure 6a). This transition provides the possibil-
ity to achieve photo-controlled hydrogen bonding self-assembly. Au NPs modified by
11-mercaptoundecanoic acid (MUA) can aggregate in various solvents due to interparti-
cle interactions, because of multiple hydrogen bonds of COOH groups. Such hydrogen
bonds are broken in the presence of acid, and the aggregated NPs disassemble to form
individual particles. When NPs modified by MUA combine with MCH?, they transform
to the SP form and release H* ions under visible light. The released H* ions can combine
with COOH groups at the NP surface to form hydrogen bonds. Therefore, the assembled
NPs disassemble to form individual particles (Figure 6b). Meanwhile, the SP form can
recapture the H* ions when the excitation source is removed, causing the re-assembly
of individual NPs. This strategy proves that introducing photoresponsive groups into
non-photoresponsive NP systems can effectively improve the photoresponsivity of NPs,
providing a new direction for developing more photo-controlled self-assembly systems.
This strategy is used only in organic solvents; however, controlling the self-assembly of
NPs in aqueous solutions remains of great significance.
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Figure 6. (a) Photoswitchable between MCH™ and SP-coated Au NPs that controlled the assembly
state of NPs in organic solvent. (b) TEM images of NPs that switch between dispersed (left) and
aggregated (right) state controlled by light [26]. (c) Photo-controlled assembly of MHA-coated NPs
in water. (d) TEM images of dispersed (left) and aggregated (right) state of NPs controlled by light
in water [67].

To achieve photo-controlled self-assembly of NPs in aqueous solutions, Klajn et al.
modified NPs with 6-mercaptohexanoic acid (MHA) by replacing the MUA (Figure 6c) [67].
The shorter length of MHA promotes attractive interactions between NPs. Through the
addition of tetramethylammonium hydroxide (TMA*OH™), COOH groups can deproto-
nate to form the COO™ group, making the interaction between NPs disappear and dissolve
in water. Therefore, the MCH* and NP systems can disperse well in aqueous solutions.
Under visible light irradiation, MCH* can transform into the SP form and release H* ions.
The released H* ions can combine with the COO™ group to reform the COOH group,
causing the enhancement of the interaction between NPs. Accordingly, NPs re-assemble to
form aggregated NPs. Once the NP aggregates lie in the dark, SP transforms into MCH*
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by capturing the protons of the COOH group, accompanied by the disassembly of NPs
(Figure 6d).

2.2.3. Diarylethene-Functionalized Nanoparticles

Diarylethene (DAE) derivatives can undergo reversible transformation between a col-
orless ring-open form and a colored ring-closed form induced by light, and have received
increasing research interest because they are highly fatigue resistant and have excellent ther-
mal stability (Figure 1c). Typically, the side cis—trans isomerization of styrene is suppressed
by the introduction of a small ring skeleton. Thus far, research interest has mainly focused
on the modification of side aryl rings [68]. Therefore, the absorption wavelengths can be
modified to the visible light region using substituents, such as the extension of a conjugated
system or the connection of a triplet sensitizer. Up to now, chiral molecules, nucleosides,
and metallacycles modified with DAEs have been proven to be effective and promising in
fabricating photo-controlled self-assembly systems [69]. There are significant changes in
the photophysical properties before and after photoisomerization. Numerous efforts have
been made to study the isomerization mechanism of DAEs. The switch reversibility and
fatigue resistance can be improved through the substitution pattern of ethene bridges and
aryl groups. Due to the significant structural differences between isomers, DAE molecules
undergo self-assembly behavior in aggregates or solids, resulting in ordered nanostruc-
tures. Compared with other photoswitch molecules, research on the photo-controlled
self-assembly of NPs modified by DAE:s is rare. As a result, there is a little introduction in
the following content. However, DAEs are widely used for surface functional modification
of NPs [70,71], iron complexes [72], and host-guest self-assembly [73-76].

3. Photophysical Process-Controlled Self-Assembly of NPs
3.1. Photophysical Process

Photophysical processes are environmentally friendly and easy to control, and have
attracted extensive research attention in recent years. In particular, photophysical pro-
cesses based on spatial conformational changes to excited states have unique advantages.
First, a molecule can quickly change from the ground to excited states under light exci-
tation, and this change can be quickly recovered when the excitation source is removed,
providing a basis for realizing real-time and in situ regulation. Second, changes in the
spatial conformation between the ground and excited states of the molecule belong to a
photophysical process, and the molecular structure remains unchanged. This prevents the
formation of by-products and the problem of incomplete reaction conversion, which can
effectively reduce the existence of assembly defects. Finally, the entire process is based
on the excited state conformational change, which does not require the introduction of
traditional photoresponsive molecules; thus, it is more conducive to the development of
molecular systems. More attention has been paid to the regulation of molecular structures
and properties in the excited state, and some material systems based on conformational
changes in the excited state have been developed [77-80]. Up to now, photo-controlled
crystal growth, photo-regulated luminescence, and photo-controlled aggregation have been
realized in multiple molecular systems by tuning the excited state conformation [81-83].
Among these, the most systematic research has been conducted on the photo-controlled
behavior of polyphenylthiobenzene molecules.

3.2. Photo-Controlled Behavior Polyphenylthiobenzene Derivatives

Previous studies have demonstrated that polyphenylthiobenzene derivatives have
rich and easily controlled optical properties, as well as molecular crystals under different
self-assembly driving forces. Therefore, these compounds have various external stimuli
(light, pH, ion, force, and solvent)-responsive behavior, exhibiting reversible changes in
optical properties and molecular configurations under stimuli [84-89]. Polyphenylthioben-
zene derivatives are a type of “star-shaped” twisted molecules with flexible and rotatable
C-S-C bonds, which is conducive of the obvious difference between their molecular ex-
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cited and ground state conformations. The multiple non-covalent interactions (including
C-H...m m... 7w S-S5, and hydrogen halide bonds) formed between molecules can fur-
ther drive self-assembly. Moreover, the heavy-atom effect of polysulfide endows these
molecules with a long-lived excited state, which guarantees the aggregation and self-
assembly of excited molecules through motion and collision on a time scale. Based on
these characteristics of polyphenylthiobenzene molecules, photo-controlled molecular ag-
gregation in solution, photo-controlled crystal growth and realignment, photo-induced
block copolymer directed self-assembly in organic phases, photo-regulated microphase
separation-recognized circularly polarized luminescence, and photo-tuning phase transfor-
mation have been achieved [90-92].

3.2.1. Photo-Controlled Molecular Aggregation

Zhu et al. designed a polyphenylthiobenzene molecule (compound 1, Figure 7a) that
can effectively dissolve in aqueous solutions [93]. Theoretical calculations indicate that
the equilibrium geometry of the ground and excited states of this molecule differ signifi-
cantly, which plays a decisive role in achieving photo-controlled molecular aggregation.
In the ground state, torsion 1 = 120°, whereas torsion 1 = 90° in the excited state. During
the transition from ground to excited states, the conformation of compound 1 changes
significantly, and the structure of the excited state is significantly more regular than that
of the ground state. As a result, the 7t---7r interactions among the excited state molecules
tend to be strengthened, leading to the molecules being parallel to each other and forming
ordered stacking. Another key factor driving molecular aggregation is the transition of
molecular hydrophilicity and hydrophobicity. The space between the molecular side chains
in the ground state structure is calculated as 5.0 A and is more compatible with H,O
molecules (4.0 A, Figure 7b). In this case, compound 1 behaves as hydrophilic molecules.
The molecules in the ground state can be well dispersed in water, with a particle size not
exceeding 10 nm. However, the space becomes smaller and is calculated as 4.1 A in the
excited state, which cannot be well matched with H,O molecules. In this case, compound
1 behaves as hydrophobic molecules. Based on these factors, compound 1 can form ag-
gregates through photo irradiation. As the irradiation time increases, aggregates with
a 200-nm diameter are formed (Figure 7c). These aggregates can disperse into aqueous
solutions again when photo irradiation is removed because compound 1 recovers to be
hydrophilic. The entire process of photo-controlled aggregation is a photophysical process
based on the transformation of excited state conformation, which provides a reference for
controlling excited state conformation to realize photo-controlled molecular self-assembly.

To further study the photo-controlled molecular aggregation caused by the change
in excited state conformation in organic solvents, an oil-persulfurated arene molecule
(compound 2, Figure 7d) was used in the research [94]. The theoretical calculation results
show that there are obvious changes between ground and excited state conformations.
Torsion 1 can change from 118° to 80°, whereas torsion 2 can change from 44° to 15°, proving
that these molecules have significant spatial conformational conversion capabilities. The
transmission electron microscopy images show that the particle size gradually changes
from a few nanometers (10 nm) to hundreds of nanometers (120 nm), which is consistent
with the dynamic light scattering results (Figure 7d). Therefore, this type of molecule is
proven to have the ability of obvious spatial conformation transformation, which opens the
possibility of photo-regulating molecular assemblies. By utilizing this feature, not only can
the reversible aggregation of light-driven molecules be achieved, but also photo-controlled
crystal growth and realignment can be achieved [95,96].
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Figure 7. (a) Schematic illustration of the proposed conformational change upon photoexcitation
of compound 1. (b) Equilibrium geometry of the GS and ESI1 state of compound 1. (c) DLS results
(top) and TEM images (bottom) of compound 1 in water before and after irradiation for 5 min [93].
(d) Calculated conformational change upon photoexcitation of compound 2. (e) TEM images of
compound 2 in organic solvent before and after irradiation [94].

3.2.2. Photo-Controlled NP Aggregation

Inspired by the unique photoexcited, controlled aggregation properties of persul-
furated benzenes, if such molecules are used to modify NPs, excited state-controlled
self-assembly may be realized [97]. Zhu et al. prepared Au NPs with ligand 1 to modify
the surface (Figure 8a). Through the theoretical calculation results, after the conformation
change from the ground state to the excited state, torsion 1 (C1-C2-S-C3) can change from
118° to 80°, whereas torsion 2 (C2-5-C3-C4) can change from 44° to 15°. The excited state
conformation promotes molecular aggregation of NPs as an assembly driving force. The
initial Au NPs can disperse well in toluene solution and form particles with a diameter not
greater than 10 nm, whereas these Au NPs particles can self-assemble into large size NP
aggregates with a 1 um diameter after photo irradiation for 3 min (Figure 8b,c). This study
proves that molecular aggregation caused by the excited state conformational change can
be used as a driving force to drive the self-assembly of NPs, further enriching the molecular
assembly system controlled by photophysical processes.

Ground State of Ligand 1

-
Ligand 1: X=0 . o
e Torsion 1 (C,-C,-5-C;) ~ 118
Ligand Z:X =NH Torsianz(c‘z- 54Cy-C,) ~ 44° Q \)
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Figure 8. (a) Chemical structure of ligand 1 and 2, and the calculated conformational change upon
photoexcitation. (b) Schematic illustration of photo-induced self-aggregation of 1 Au NPs. (¢) TEM
images of 1 Au NPs under 365 nm light irradiation for 3 min [97].
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4. Summary and Outlook

In this review, we categorized studies on photo-controlled molecular self-assembly
into two distinct approaches: (1) photo-controlled self-assembly based on photochemi-
cal processes, mainly realized through molecular structure changes to photoswitchable
molecules; (2) photo-controlled self-assembly based on photophysical processes, mainly
realized through excited state conformational changes to non-traditional photoresponsive
molecules. The corresponding advantages and disadvantages of photo-controlled self-
assemblies based on these two processes were introduced. Based on these two different
photo-controlled self-assembly processes, the self-assembly of photo-controlled NPs was
introduced in detail.

Photochemical processes based on traditional photoresponsive molecules were first
introduced according to the type of photoreaction. Therefore, three types of photochromic
molecules, namely azobenzene, spiropyran, and DAE, typically used to modify NPs to
achieve photo-controlled self-assembly of NPs, were discussed. Through covalent bonds
or supramolecular interactions, the changes in the structure of photoswitches can further
induce the self-assembly of NPs. The reversibility of photoswitch changes can endow the
self-assembly of NPs with reversibility. However, several issues still need to be addressed
urgently for photochemical processes: (1) self-assembly systems based on photochemical
processes mostly rely on UV irradiation. Self-assembly systems controlled by visible
light, infrared light, and near-infrared light need to be developed urgently. (2) Effectively
avoiding side reactions in photochemical reactions to improve the reversibility and cycles
of the self-assembly process is a key factor restricting photo-controlled self-assembly.
(3) Current research mainly focuses on photo-induced self-assembly of NPs in solution,
and achieving photo-controlled self-assembly in other environments, such as solid and
colloidal states, has important research value in in situ and precise regulation.

Meanwhile, self-assembly controlled using photophysical processes is realized by
the transformation of excited state conformation; thus, it does not need the introduc-
tion of traditional photoresponsive molecules. Polyphenylthiobenzene derivatives were
introduced as a kind of molecule with obvious excited state conformational change. Photo-
controlled molecular aggregation and photo-controlled NP aggregation based on excited
state conformation were summarized. Compared with photochemical processes, research
on photophysical processes is nascent; therefore, formidable challenges still exist and con-
tinuous efforts are still required. For example, first, developing self-assembled molecular
systems driven by molecular spatial conformations is needed. It is crucial to explore the
self-assembly of driving molecules based on spatial conformational transformation to
achieve the regulation of material structures and function, and meet the growing demand
for materials. Second, further understanding of the switch mechanism of molecular spatial
conformation in the excited state is required to realize the controllable transformation of
spatial conformations. This is of great significance for achieving controllable self-assembled
structures, wavelength-dependent responsiveness, and functional design.

In summary, during the past few decades, photo-controlled self-assembly has demon-
strated obvious advantages in achieving self-assembly of NPs. Self-assembly controlled
using both photochemical and photophysical processes shows great potential in realizing in
situ and reversible self-assembly of NPs. In addition to photo-controlled NP self-assembly,
further application of photo-controlled technology in fields such as chiral self-assembly;,
crystal growth, and biomacromolecule self-assembly will have additional research signifi-
cance. Photo-controlled self-assembly has always been and will continue to be a hot topic
in the fields of supramolecular chemistry, nanoscience, and biology, which may lead to the
emergence of reconfigurable and programmable materials with more complex structures
and functionalities.
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