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Abstract This article presents a brief overview of recent advances in azo-containing supramolecular systems. In literature, it has been
shown that azo supramolecular polymers and their composite materials exhibit fast and intelligent responses to various external stimuli,
such as temperature, pH change, redox reagents, ligands, coupling reagents, efc. In applications, these systems are widely used for
molecular motors, shape memory, liquid crystal, solar thermal energy storage, signal transmission, intelligent encryption, and other
purposes. Furthermore, these systems can function as key components for device upgrade processing. However, the design and rules of
azo supramolecular polymers are still not supported by an exact theory. Information about the relationship between the spatial structure
and behavior is lacking, and new supramolecular materials cannot be designed by adding functional moieties to known azo polymers.
Based on the current research status, this review mainly summarizes the structural design principles as well as structures and applications
of known azo supramolecules; meanwhile, it highlights the emerging development fields, recent advances, and prospects in fabricating
self-assembling intelligent supramolecular systems with azo supramolecular polymers as responsive units. The goal of this review is to
bring new inspiration to researchers who want to optimize the chemical structure, steric conformation, electrostatic environment, and
specific molecular functionalization.
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INTRODUCTION

Design, manufacture, and application of functional materials
based on non-covalent chemistry have become important
topics in the research of material synthesis for many years.
Supramolecular chemistry, as a new field, has attracted great
attention from many researchers in the field of self-assembly
for composite molecular design.l' 3] In development, as one
of the most effective strategies for constructing ordered
nanostructures among various types of methods, supramole-
cular self-assembly has been successfully applied for energy
storage,I*3] intelligent drive,!® and biomedicine® purpo-
ses. Further, supramolecules have many unique and attractive
features, such as networks that can be reshaped reversibly,[1"]
low density and high free volume fluid properties,!' '] mole-
cular density,['?! excellent elasticity and machinability,!'3!4
and so on.

Azobenzene, a representative molecular model of trans-cis
photo-responsive isomerization, is the most popularly used
photo-responsive compound in many applications due to its
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simple synthesis, rapid response, high efficiency isomeriza-
tion, and photobleaching resistance.l'>20] The photo-re-
sponsive isomerization of azobenzene was first discovered in
1937, nearly 32 years before the crown ether was found by
Peterson.[2!] After years of research and development, scient-
ists have discovered that azobenzene derivatives undergo
significant structural changes through frans-cis isomeriza-
tion under ultraviolet and visible light irradiation.?2] Azo-
benzene and its derivatives are small molecules capable of
reversible photochemical transformation between two differ-
ent isomers under environmental changes. In order to im-
prove the applicability and functional diversity of materials,
azo units and polymers are often used in combination. Poly-
mers not only can manipulate the movement of molecules,
but also have a fast, gentle, and reversible effect.[?3] For ex-
ample, researchers have developed azobenzene/f-cyclodex-
trin ($-CD) supramolecular polymer materials, which could
modulate the binding ability of f-CD.[24] This is the first time
that azo molecules have been used in supramolecular sys-
tems. It paved the way for the development of multi-type azo
supramolecular materials, as well as the development of a
variety of applications, such as liquid crystal (LCs) optical
equipment, data storage, intelligent biomimetic polymers, and
so on.[23] Other polymers commonly include polymethacry-
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lates, peptides, polyisocyanates, etc.[26-27], An azo supramole-
cular polymer can be obtained by incorporating an azo unit
having a photoresponsive function to a polymer. However,
these polymers have relatively low 7,, and consequently,
they are only used in some relatively soft special materials.

All applications are based on the special properties of
photoisomerization and photo-reorientation of azo groups in
polymer supramolecular chains. The introduction of photo-
responsive compounds into supramolecular systems (supra-
molecular nanostructures) can effectively impart light-respon-
sive behavior to materials and facilitate the fusion with other
irritating responses.[281 It has also been found that an ordered
supramolecular material (structure) with a stimulating respon-
se can transform a signal, thus “amplifying” the photo-con-
trolled isomerization and generating more complex func-
tions. At this stage, azo-containing supramolecules have be-
come a hot topic for researchers. Multiple applications of azo
supramolecules are expanded, mainly including molecular
motors, encoding and reading, shape memory devices, solar
thermal energy storage, and signal sensors, efc.[2930] Simil-
arly, functionalization of the azo structure on a graphene sur-
face has also facilitated applications in energy storage and
regulation of band gaps.[3!1 Research directions and methods
are developing rapidly, while the research results on azo supra-
molecules lack uniform design principles, mechanisms, and
concepts in terms of materials. This brings great challenges
to our design of materials and scientific research. Therefore,
this paper summarizes the progress and viewpoints of the
work from existing literature and further suggests a method
for the design of azo supramolecules.

Herein, we mainly cover the molecular structure design
principles, intermolecular forces, structures, and some recent
applications of azo supramolecular systems. This review is
structured as follows. Section 1 describes the design prin-
ciples and reasons for supramolecules. In Section 2, we dis-
cuss three sorts of intermolecular interactions of supramole-
cular polymers, namely, host-guest interactions, hydrogen
bonding (H-bonding), and electrostatic interactions. Section
3 concerns the molecular structures of azo supramolecular
polymers, including main chains, side chains, and dendritic
structures. Section 4 presents the recent applications and fu-
ture development prospects, focusing on multi-function actu-
ators, sensors, detectors, and energy storage. Finally, based
on the results of our group and other research teams, the per-
spectives, development directions, and challenges in this area
are suggested in Section 5.

AZO-BASED SUPRAMOLECULAR DESIGN

The development of azo supramolecular materials with
multifunctional and structural properties should be based
on rational design from multiple stimulating responses and
application properties. Fig. 1 is the basic content of azo
supramolecular material design. The multi-stimuli response
application can be subdivided into physical and chemical
stimulation. Physical stimuli usually include light, electricity,
heat, and magnetism, while the chemical ones usually in-
volve redox reactions, acid-base reactions, ion transport, and
enzymes.[3233]

Supramolecular combinations of azo units and polymers
can exert macroscopic effects by means of photoinduced mo-
lecular horizontal motion (photoisomerization), such as the
photoelectric control of molecular alignment, self-assembly
of block copolymer nanostructures, and photoinduced mo-
lecular patterning of polymers.[34 The responsive applica-
tion of azo supramolecules should be based on physicoche-
mical properties, and then the appropriate structural design
should be selected as needed. Many results have also proven
that the design of supramolecular materials can be used as a
guideline for the construction, performance optimization,
and function regulation of photo-responsive azo-based poly-
mers.!:3:34] In addition, the photophysical and chemical pro-
perties of the photo-responsive material systems can be well
tuned by varying the type and strength of bonding between
the polymer and azo units.[33-3¢] In the following sections, we
will review the research progress of azo supramolecules, and
objectively comment on several common supramolecular
design strategies: H-bonding, z-7 interactions, ionic bonding,
etc. The design of these photo-responsive supramolecular
materials is simple and versatile, and the structural design of
the following examples is convincing.

AZO-BASED SUPRAMOLECULAR
INTERACTIONS

In recent decades, the field of azo supramolecular polyme-
rization has been significantly developed, and polymer sys-
tems are constructed using (reversible) noncovalent interac-
tions (H-bonding,[*”-38 ionic bonds,**! halogen bond (D---X-
X, X = I, Br),#04!1 metal-ligand coordination,*” z-7 stack-
ing,! efc.) between macro-monomer units (Fig. 2).

The first example of introducing H-bonding into the pre-
paration of side chain azo supramolecular polymers was pub-
lished in 2007.144 Subsequently, H-bonded azo supramolecu-
lar polymers have been greatly developed. Due to the stabil-
ity, directionality, and saturation of H-bonding, intermolecu-
lar H-bonded interactions have received much attention in
material science and life science, and are crucial in determin-
ing the properties of complexes and the design of novel com-
plexes.37 Cui et al.[43] synthesized an azopyridine side chain
polymer, which can be easily converted into two H-bonding
based supramolecular liquid crystal polymers (aliphatic or
aromatic carboxylic acids) under appropriate conditions.
Shibaev et al.[*6] reported a H-bonding based polymer com-
posite material with a frozen cholesteric structure that can re-
spond to pH variation, and they proved that the azopyridine
small molecules are stably present under H-bonding. And
when studying H-bonded type azo supramolecules, Zettsu
et al*7l found that the r-junction (remoulding molecular
binding sites) between the photoactive unit and the polymer
matrix is a necessary prerequisite for the formation of sur-
face relief structure of the azo supramolecular polymers in
liquid crystals compared with nonbonded or poorly bonded
mixtures. Similarly, some metal-ligand coordination, z-7 sta-
cking, and other related azo supramolecular polymers have
been confirmed to exhibit a #-z stacking effect, such as
graphene grafted with azobenzene, carbon nanotube/azo
polymer composite, and others.[*8730] In preparation, 7-7
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Fig. 1

Structural design and multi-stimulus response application of azo supramolecular materials (Reprinted with permission from Ref.

[42]; Copyright (2015) The Royal Society of Chemistry) (Reprinted with permission from Ref. [43]; Copyright (2011) The Royal Society of
Chemistry) (Reprinted with permission from Ref. [96]; Copyrlght (2019) Wiley) (Reprinted with permission from Ref. [100]; Copyright
(2018) American Chemical Society) (Reprinted with permission from Ref. [112]; Copyright (2015) The Royal Society of Chemistry)

stacking effect materials require the selection of a suitable
solvent, followed by simple mechanical mixing and then dry-
ing.[31°2] The z-7 interaction exists widely in the field of azo
supramolecular. Due to the relatively complicated mechan-
ism of action and limited experimental facts, the understand-
ing of it is not comprehensive and thorough.

For ionic bonded supramolecular polymer materials, the
preparation procedures are cumbersome, sometimes requi-
ring modification of the molecular structure of the polymer

(e.g., quaternization) and typically the elimination of origin-
al counterions to drive the formation of the desired ionic
bonding. The advantage of ionic bonding is that it can
achieve high photoinduced anisotropy in the same materials
and some of the products are water-soluble. However, the
fabrication of ionic bonding supramolecular polymer materi-
als requires more careful selection of a solvent compared to
the one involving H-bonding.3%:33] In recent years, halogen-
bonded azo supramolecules have been developed and ap-
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Fig. 2 The interactions of azo supramolecular polymers: (a) Molecular structure of ionic bonding by supramolecular polymers (Reprinted
with permission from Ref. [39]; Copyright (2017) The Royal Society of Chemistry); (b) H-bonding based ortho-tetrafluorobenzene
azobenzene supramolecular polymer structure (Reprinted with permission from Ref. [38]; Copyright (2017) The Royal Society of
Chemistry); (c) Supramolecular polymer based on metal-ligand coordination (Reprinted with permission from Ref. [42]; Copyright (2015)
The Royal Society of Chemistry); (d) Azo supramolecular polymer based on halogen bonding (Reprinted with permission from Ref. [41];
Copyright (2014) The Royal Society of Chemistry); (¢) Azo supramolecules with z-z interaction (Reprinted with permission from Ref. [43];

Copyright (2011) The Royal Society of Chemistry)

plied in liquid crystal materials.[*!1 It is easy to introduce and
improve the interaction between supramolecules by chan-
ging halogen substitution. So, a series of halogen-bonded azo
derivatives have been successfully synthesized, and the sta-
bility of mesophase and the interaction between molecules
are significantly enhanced. Since the halogen bonding pro-
cess is complicated and excessive heating or drying can re-
duce the content of azobenzene units, it is more straightfor-
ward to establish H-bonding with different degrees of com-
plexing to realize the interactions between azo supra-

molecules.

Additionally, these supramolecular polymer materials can
create a balance between high and low molecular weight ma-
terials, which sets a direction to develop a new matrix of
properties. The balance ability to “calibrate” a system de-
pends on the nature of the (macro)molecules of the high and
low molecular weight materials, along with the structural
properties determined during supramolecular polymer as-
sembly.[54] For example, azo units are assembled with differ-
ent types of polymers to give supramolecular polymers with

https://doi.org/10.1007/s10118-019-2331-z
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Table 1 The advantages and limitations for azo-based supramolecular interactions employing H-bonding, ionic bonding, halogen bonding,

7-r stacking, and metal-ligand coordination

Interaction type Advantages

Limitations

H-bonding

by selective solvation

Ionic bonding
Phase separation independent of the

chromophore content; Partial water solubility
Easy preparation; High strength; Enhanced stability of
mesophase and intermolecular interaction
Establishment of azo supramolecular skeleton; Easy
interaction with two-dimensional material

Halogen bonding

7-r Stacking

Metal-ligand
coordination

Easy preparation; Moderate strength; Stability, directionality
and saturation; Low chromophore content; Dynamics
and reversibility; Easy elimination of azo molecules

High strength; High photoinduced anisotropy;

Easy preparation; High strength; Directionality; Stability

Environmental sensitivity; Strict requirements for
temperature, pH, efc.; Decreased azo content
under higher temperatures

Molecular aggregation or phase separation at
higher content of chromophore

Complicated bonding process; Decreased azo content under
high temperatures; Environmental sensitivity
Low strength; Low preparation efficiency; High demand for
solvent applicability for azo supramolecules; Ineffective
stacking and low structural stability
High requirements for temperature, pH, efc.;
Environmental sensitivity

different balance functions, such as beneficially irritating or
environmentally sensitive “smart” materials.[3>-38] From an-
other perspective, the establishment of the dynamic balance
of azo supramolecular materials can lead to both self-as-
sembly of nanostructures and stimulus responsiveness.[>*]
These two unique properties are difficult to attain with stand-
ard covalent polymers, so they have been extensively stud-
ied in many fields. The stimulating response of nanostruc-
tures is a hot trend in recent research, and those responsive
stimuli (temperature, chemistry, pressure, light, efc.) affect
the dynamic balance of supramolecular polymers.l9%-611 For
ease of understanding, Table 1 lists the advantages and dis-
advantages of different non-covalent bonds.

Of course, the response to external stimuli is a typical fea-
ture that has been applied to many traditional polymers, such
as shape memory polymers, electroactive polymers, liquid
crystal materials, phase change gels, and magnetorheologic-
al fluids.[62-641 However, the sensitivity of conventional poly-
mers to external stimuli varies widely, and they are not ideal
stimuli-responsive materials. For self-assembly, any environ-
mental stimuli can affect the interaction between the supra-
molecular polymer units, which in turn affects the degree of
polymerization and the strength of polymer. Many results
show that the supramolecular system can be heavily affected
by the changes of temperature and molecule concentra-
tion.[37:55:38] And the future research must be combined with
the above factors.

AZO-BASED SUPRAMOLECULAR POLYMER
STRUCTURE

Supramolecular polymers are referred to as “polymers be-
yond the molecule”, which are products of conformational
polymers assembled by noncovalent interactions within a
system. Similarly, azo supramolecular polymers can be des-
cribed as polymer systems beyond molecules, and noncova-
lent interactions between molecules are used to identify their
assembly forms and molecular conformations.[®*] The incor-
poration of azo-containing units into supramolecular poly-
mers systems may endow the fabricated complexes with an
optical response. The former can improve the mesophase
stability, and the fluorination in the latter can enhance the

halogen-bonding interaction.[*”] If the description of supra-
molecules must take into account the structure of the supra-
molecules, it is known that azo supramolecular polymers can
be roughly classified into three structures: main chain azo
supramolecular polymers, side chain azo supramolecular
polymers, and dendritic azo supramolecular polymers.

Main Chain Azo Supramolecular Polymers

In a main chain supramolecule, the polymer main chains are
formed by noncovalent interactions, and thus the obtained
supramolecular aggregates also have the characteristics of
partial polymers. It mainly includes: (i) establishment of a
balancing process between monomer, oligomer, and polymer
under an ideal state; (ii) controlled aggregation of internal
sequence coding by the synergistic effect of molecular sub-
units. In addition, the liquid azo supramolecules with meso-
morphic units in the main chain have good thermal dimen-
sional stability and are prone to molecular chain orientation
in the external force field, but the disadvantage is that the
main chain azo supramolecular has low viscosity and strong
rigidity. So, compared with other structures, internal sequen-
ce and dynamically controlled azo supramolecules possess
many special properties and functions. For example, part of
the reversible photoisomerization of azo unit can destroy or
repair the curvature of the main chain polymer segment,
which can externally control the supramolecules’ conforma-
tion. This property has been applied to optoelectronic devi-
ces, actuators (switches), and energy storage functions,[%0~68]
Another property of the supramolecular structure in which
the azo is located in the main chain is that the azo moiety has
a relatively small geometry and can thus be filled with a
plurality of macrocyclic cavity materials, such as photo-
chromic compounds.[®]

In other words, if the azobenzene and its derivatives are
the guest molecules of a main chain supramolecular system,
they will be the most important and effective tool for build-
ing photo-responsive supramolecular assemblies. In special
main chain supramolecular polymer systems, the main mac-
rocyclic compounds can “amplify” the E/Z isomerization of
geometric structure to control some other properties, such as
hydrophobic or hydrophilic conversion, circular dichroism
(CD), and separation conversion.[’9] Bortolus et al.l’!l first

https://doi.org/10.1007/s10118-019-2331-z
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reported in 1987 that azobenzene-cyclodextrin complexes
have multiple types of photochemical behaviors and found
that the hydrophobicity and spatial adaptability of trans-
azobenzene simultaneously promote the formation of host-
guest inclusion complexes in cyclodextrin (a-CD, f-CD, and
y-CD) in water. The cis-azobenzene has a large geometry,
and the bulky molecules are not suitable for the a-CD cavity
due to steric repulsion. For f-CD, the trans isomer has a high
bonding constant, and it cannot be fully isomerized into cis-
azo molecules sufficiently. Correspondingly, Yao et al.[52]
also reported a host-guest photo-responsive complex based
on azobenzene derivatives/pillar aromatics. The size of the
trans azo structure is small, and it can be left in the cavity of
the column aromatic hydrocarbon to form a composite ma-
terial. However, the trans azo structure can isomerize to cis
under UV irradiation and the size increase is detached from
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the aromatic column. If such a composite is irradiated with
450 nm light for a sufficient period of time, the cis structure
will again become trans, reforming the initial composi-
te.132.72.73]

For a linear supramolecular structure, the supramolecular
polymers containing cis-azo have the advantage of straighter
structures than supramolecular polymers containing trans-
azo. It has been reported that a supramolecular polymer with
a linear single helix structure has been observed by cryogen-
ic transmission electron microscopy (cryo-TEM) under nat-
ural conditions. This polymer has a length of 300 nm in wa-
ter, and the dynamic self-assembly behavior of light-driven
single-spiral supramolecular polymers can be observed in the
same manner.l’4l As shown in Fig. 3(a), Nie et al.[] utilized
intermolecular H-bond interaction to join the backbone of
synthetic acrylate-type azo monomer to obtain a polymer
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Fig. 3 Main chain azo supramolecular polymers: (a) Main chain LCP supramolecular polymer with H-bonding interaction prepared by
Michael addition method (Reprinted with permission from Ref. [75]; Copyright (2017) The Royal Society of Chemistry); (b) Molecular
structures of H-bonded donors for azo supramolecules 5a—5c¢ and 6a—6d and H-bonded complexes 4/5, 4/62, and 7/5 (Reprinted with
permission from Ref. [76]; Copyright (2008) Taylor & Francis); (c) Donors and acceptors for H-bonding of azo supramolecular backbone
(Reprinted with permission from Ref. [77]; Copyright (2006) Taylor & Francis); (d) Schematic diagram of structure and self-assembly of
main chain azo supramolecular bis-SC4A based on monomer M, a-CD, and f# (Reprinted with permission from Ref. [78]; Copyright (2013)

American Chemical Society)
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supramolecule. Similarly, Toh et al.[76] synthesized a series
of azopyridine-containing H-bonding acceptors with flexible
spacers of oligo(methylene) (Fig. 3b). Rogness et al.l’7] fab-
ricated a series of main chain liquid crystalline polymers
through intermolecular using H-bonding between a function-
alized bisazopyridine phenol and aromatic bisacids (Fig. 3c).
In addition to using H-bonding to construct a backbone azo
supramolecular polymer, Sun et al.l’8] prepared a photore-
sponsive azobenzene supramolecular polymer by recogni-
tion of host-guest molecules in water (Fig. 3d). Most of the
complexes displayed reversible thermotropic nematic phase.
Further, the characteristic that the main chain supramolecu-
lar polymer is reversible makes the main chain supramolecu-
lar polymer material a research hotspot and suggests many
other new features.[1:7275] Although this research is very pop-
ular, and many examples and concepts have been reported in
the past 30 years (such as stimulus response materials, nano-

components, efc.), an actual application has not been real-
ized.[21.36:43]

Supramolecular Polymers with Azo Units in the Side
Chains

The side chain type azo supramolecular polymer refers to a
type of supramolecular polymer whose mesogenic units are
located on the side chain of the polymers. The flexibility of a
polymer is determined by the strength of side chain group
structure interaction and steric hindrance effect. Compared

b
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with the main chain type azo supramolecules, the properties
of side chain azo supramolecular polymers depend to a large
extent on the azo units, but are less affected by the properties
of polymer main chain. The azobenzene side-chain polymer
supramolecules have larger molecular weight than main-
chain azo supramolecular polymer, and their structure is
affected by the flexibility of amorphous chain; these features
are conducive to achieving more effective light-driven mass
transport in applications (Fig. 4a).”1 To date, a large number
of side chain azo supramolecules have been prepared. The
side chain azo supramolecules can be divided into five cate-
gories according to their main chains: poly(methyl methacry-
late), polyester, polystyrene, polyurethane, and polysiloxane.

According to our survey, many researchers have attemp-
ted to realize light-driven mass transfer in the host-guest sys-
tem at this stage.[30:791 The typical method is to embed azo
dye molecules into the polymer film. However, surface un-
dulation of the system during cis/trans photoisomerization is
very small (< 10 nm). More interestingly, the concentration
of the dye is closely related to the ability of light to drive
mass transfer (Fig. 4b).[801 A low concentration makes it dif-
ficult to achieve practical results, which has great limitations
for scientific research. Haque et al.[¥1] believed that the func-
tionalized side chain polymers can effectively improve the
solubility of azo molecules by surface-initiated ring-opening
double-decomposition polymerization of liquid crystalline
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azo polymers in supramolecular systems (Fig. 4c). Capobi-
anco et al.[%2] designed an azobenzene supramolecular mater-
ial for lanthanide doped upconverting nanoparticles (Ln-
UCNPs) and showed that NIR responsive LiYF,:Tm3"/Yb3*
upconversion nanoparticles can induce a gel-sol transition in
azobenzene/cyclodextrin supramolecular hydrogel systems.
LiYF,:Tm3"/Yb3" Ln-UCNPs have good upconversion effi-
ciency in the UV region and can be used to isomerize side
chain azo supramolecules from trans to cis, as well as to in-
duce dissociation of azo unit from the cyclodextrin cavity. In
conclusion, the translation and rotation limits of side-chain
azo supramolecular polymers are controllable, and one of the
future research goals is to obtain side-chain azo supra-
molecules with the same behavior as corresponding small
azo molecules.

Dendritic Azo Supramolecular Polymers

The dendritic azo supramolecular polymer is a special kind
of dynamic polymer aggregate formed by self-assembly of
non-covalent bonds between molecules. This type of assem-
bly system has some special advantages because it can be
controlled by changing temperature, pH, or other conditions
and is dynamically reversible. The repeating unit of a den-
dritic azo supramolecular polymer consists of two parts: a
linear main chain and a dendritic side group.[®” Furthermore,
dendrimers are a booming area in supramolecular chemistry.

As shown in Fig. 5(a), Stoffelen er al.l[%%] prepared a mo-
lecular structure diagram of dual-stimulation self-assembled
supramolecular nanoparticles. A dendritic ternary charge
transfer complex between cucurbit[8] uril (CB), methyl viol-
ogen (MV), and azo moieties allowed supramolecular nano-
particles to be formed with controllable particle sizes. These
nanosized azo supramolecular polymers have been develo-
ped for various applications, such as drug targeting, new ma-
terials, coolant additives, and conductive polymers. At this
stage, many dendritic structures can initiate the formation of
molecular hydrogel polymers under visible light to form
space structures such as polyamines, polyphenyl ethers,
polyamidoamines, carbosilanes, phosphorus-containing den-
drimers, and polynuclear metal complexes (Fig. 5b).182] Tt is
gratifying that some of these supramolecular systems have
been commercialized and widely used in the fields of cata-
lyst carriers, electronic materials, biosimulations, efc.[83785]
The following will focus on some recent research efforts.

To demonstrate remote-controllable actuators, Kim et a/.[34]
designed and synthesized a new dendritic supramolecular
polymer with norbornene as the main body and azobenzene
as the guest (Fig. 5¢). Based on the ring-opening metathesis
polymerization of azobenzene monomer, the uniaxially ori-
ented polynorbornene serves as a skeleton, and the azoben-
zene molecules are side chains distributed parallel to the nor-
mal direction of the skeleton. The subtlety of this experi-
ment is that the addition of azobenzene molecules helps to
construct a layered superstructure with anisotropic and re-
versible photoisomerization fine adjustments. This experi-
ment provides a great deal of reference for the design, deve-
lopment, and application of dendritic azo supramolecular
polymers. Apart from this, Lee et al.[#3] designed self-as-
sembly of tris(4-((E)-phenyldiazenyl)phenyl)-benzene-1,3,5-
tricarboxamide (Azo-1) in aqueous organic solvent systems

(Fig. 5d). The results of this investigation show that the com-
bination of supramolecular-favorable unit molecules and
photoresponsive moieties (azobenzene) could serve as a
foundation for the unique strategies for designing stimulus-
responsive functional supramolecules.

Many types of heat-sensitive dendrimers have recently
been reported, and most of them are constructed by attach-
ing azo supramolecular thermal response units to the “sur-
face” of these dendrimers.3¢] Their chemical molecular
structures contain a linear backbone surrounded by a dense
monodisperse and a linear skeleton surrounded by regular
branch unit layers. These polymers could eventually develop
into a variety of unprecedented thermally responsive materi-
als with unique structures. Li et al.[87] synthesized the first
two generations of dendritic polymethacrylate (PMMA) de-
rivatives with pendant oligoethylene glycol (OEG) groups,
and their azo supramolecules displayed thermal responsivity.
It was found that these polymers could dissolve completely
in water at room temperature, and their solubility decreased
at high temperatures. Roeser et al.38] also synthesized a
series of azo supramolecular dendrimers with oligomeric
(vinyloxy) peripheral branches. Liu et al.[%] reported the pre-
paration and thermoresponsive behaviors of two novel types
of structural azo supramolecular dendronized polymers,
which consisted of PMMA and dendritic side groups separ-
ated by linear hydrophobic alkyl or hydrophilic OEG units.
These polymers showed fast transition and small hysteresis
in performance. Their work also indicated that the phase
transition temperature of the material ranged from 24 °C to
34 °C, independent of concentration. Moreover, in terms of
polymer composition, both molecular weight and terminal
groups of the side chains are affected by dendrimers with
low critical solution temperatures. On the whole, the future
research direction of dendritic azo supramolecules is the
simple preparation of materials and the promotion and ap-
plication of biological, energy, and intelligent materials.

RECENT APPLICATION

Azo molecules have two different photoswitchable mole-
cular states that enable linear orientation and molecular
transformation under UV or blue light induction.[®*27-%01 The
azo supramolecular polymer has higher thermodynamic
stability than the azo small molecule, and heating can change
the cis-trans structure of azo.[?*2] The molecules do not
produce by-products during isomerization, and the supramo-
lecular research is developing rapidly with many attractive
and wide applications reported for azo supramolecules. In
addition, due to the high spatial and temporal control in azo
supramolecular systems, light shows a strong attraction and
stimulation for energy storage, mechanical drives, medical
equipment, and intelligent conduction applications. Now,
based on the latest research results, we will highlight several
applications in different fields and provide an outlook on
their prospects.

Multi-functional Actuators

Scientific research shows that the photoisomerization of azo
compounds is one of the cleanest photoreactions known; it
has been intensively proven from experimental and theo-
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retical point of views.[”’] As azo molecules can be easily and
reversibly photo-isomerized, azo supramolecular polymer
systems have been used to construct photo-switchable de-
vices for many years. In 1996, Kato et al.”3! demonstrated
that the optical switch of azobenzene can drive the nematic-
isotropic phase transition in hydrogen bonded azobenzene
liquid crystals.

By practical application, Wiedbrauk showed that these
systems undergo similar £-Z isomerization under light irradi-
ation and have the ability to form host-guest complexes with
macrocyclic compounds. At the same time, it can also be
used as a photoresponsive unit in supramolecular self-as-
sembly system, and the reversible cyclization/oxidation reac-
tion occurs in the photolysis of cis/trans stilbene, so it is suit-
able for multicycle switching. Hemithioindigo is an emer-
ging optical switch without much exploration to date.[®¥ It is
an asymmetric molecule containing thioindigo linked to the
Astragalus fragment by a central double bond. The hemith-
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ioindigo has a central double bond that can be photo-iso-
merized under visible light at 400410 nm (Z-E) and
480—490 nm (E-Z). Due to the relatively high energy barrier
of the thermal £/Z isomerization (typically > 112.86 kJ/mol),
thermal E-Z reisomerization is usually very slow. Although
there are few studies on hemithioindigo in supramolecular
self-assembly systems, its properties will certainly attract
more attention in the future.[%3!

Fig. 6(a) shows the molecular structure unit of a cholester-
ic azo supramolecular polymer, which can exchange guest
molecules at different light wavelengths. Moreover, the poly-
mer molecule has been successfully applied to light-con-
trolled intelligent switches (Fig. 6b).[¢] Chiral azo can be
used as an optical switchable dopant to control the supra-
molecular helix. However, poor thermal stability of the cis
isomers compromises the lifetime of the supramolecular
helixes generated by light. Huang et al.[%71 demonstrated a
thermostable and axial chiral azobenzene switch that can be
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Fig. 6 (a) Application of azo supramolecular polymer in driving chemical structure of hydrogel 1 as well as molecular structural unit (2, 3,
and 4), and diagram of guest molecule exchange in hydrogel 1 in different wavelengths of illumination; (b) Application in single ion
supramolecular hydrogels (Reprinted with permission from Ref. [96]; Copyright (2019) Wiley); (¢) Schematic diagram of the combined
effect of hydrophilic-hydrophobic balance caused by vesicle transformation (Reprinted with permission from Ref. [98]; Copyright (2018)
American Chemical Society); (d) High performance optical drive actuator film based on azobenzene/polymer supramolecular polymer
(Reprinted with permission from Ref. [86]; Copyright (2015) The Royal Society of Chemistry); (e) Structure and film formation process of
tetracarboxy azobenzene/polymer supramolecular assembly (Reprinted with permission from Ref. [101]; Copyright (2017) American
Chemical Society); (f) Spiral supramolecular structure applied to fluorination lithography switch (Reprinted with permission from Ref. [97];

Copyright (2018) American Chemical Society)
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used as a chiral dopant to produce supramolecular helices
(Fig. 6f). Their trans-cis photoisomerization results in a 60%
change in helical twisting force. These results indicate that
the combination of ortho-fluorination and axial chirality in
molecular optical switches constitutes an effective strategy
for promoting long-lived helix states. In order to provide a
new way for design of stimuli-responsive polymers, Ren et
al.8] reported an unusual thermoresponsive behavior of a
poly(N-isopropylacrylamide) based diblock copolymer con-
taining carboxylic azo moieties, and it achieved a unique
separation of microscopic dehydration and macroscopic
phase transition (Fig. 6¢). The uniqueness is that the ionized
end-group prevented macroscopic phase separation of the
block copolymer aqueous solution under basic conditions,
leading to the absence of cloud point at high temperature.

Qin ef al.13¢] noncovalently grafted an azobenzene chro-
mophore (azo) with a disulfo group onto the side chain of the
cationic polymer poly(diallyldimethylammonium chloride)
(PDAC) by electrostatic interaction (Fig. 6d). The supra-
molecule of crosslinked azo/PDAC exhibited reversible iso-
merization by UV light and a good cycle stability. In addi-
tion, a variety of azo supramolecular materials have been de-
veloped, such as self-repairing azo supramolecular driving
materials,[83:99:1001 az0/PDAC supramolecular film materi-
als,[101.102] gfe. (Fig. 6¢€). Chu et al.[8] first prepared a concen-
trated solution of A5/B8 functionalized 2.5 nm Au in water.
Due to the different ligands, the hydrophobic azobenzene
groups self-assembled into two different structures of supra-
molecular polymers. Azobenzene units adsorbed on the sur-
face of inorganic nanoparticles (NPs) have better photoswi-
tchability and are considered to be a better medical driving
material.

Sensors
Since the first report by Goodman,[!9] optical induction of
chiral supramolecules containing azo has been extensively
studied. After irradiation with a certain wavelength of polar-
ized light, portion of the azo is reoriented by reversible trans-
cis photoisomerization. At the same time, under the inter-
ference of laser irradiation, surface relief grating (SRQG) is
formed on the azo polymer films, and different reliefs
correspond to different incident light modes, which controls
the properties such as intensity and polarization.[47-104]
Researchers often use a one-step physical blending meth-
od to obtain commercial products, such as humidity memory
materials. Another approach is to apply azo supramolecular
materials to the surface of various objects, causing signific-
ant color changes. This color change is very intense, red to
orange, but can be reversibly recovered as needed after mod-
erate heating. Similarly, by using a red azo dye guest and a
host polymer matrix to form a reversible supramolecular ma-
terial, orange reversible dye aggregation can be made to turn
red and used as a sensor.[62:105] On this basis, much work has
been done. Drotlef ef al.l1%] invented a method for prepar-
ing novel and effective circularly polarized light (CPL)-in-
duced chiral supramolecules to adjust the optical flow con-
trol media by using weak incoherent ultraviolet-visible light
and multiple CPL lights. In principle, most researchers be-
lieve that designing and manufacturing supramolecular ma-
terials with single or double responsiveness is very simple.

However, for dual-responsive azo supramolecular materials,
it is necessary to balance the structural and noncovalent in-
teractions between polymers while maintaining the self-as-
sembly ability between the azo-stimulated response portion
and the polymer. In the application of optical induction,
light-induced azo supramolecule chromophores undergo chi-
ral orientation on amorphous polymer films. Many articles
have suggested that chiral structure depends on the energy of
the light, and chiral induction is caused by the gradual rota-
tion of azo group under illumination.['96-108] The future ap-
plications for azo supramolecular optics require a detailed
understanding on the optically induced chiral upper struc-
ture and practical use of this very high optical rotation for
chiral amplification.

Liquid Crystal Gel

Liquid crystalline polymers (LCPs) have been extensively
studied as smart materials because of their excellent mole-
cular synergy, anisotropy and elasticity of liquid crystalline
networks, and reversible deformation under external stimu-
13.130:1991 When a photoresponsive group (such as azobenzene
and its derivatives) is introduced into the liquid crystal poly-
mer, the photodeformation property can be imparted, and the
light energy can be directly converted into mechanical en-
ergy. Through reasonable design of molecular structure and
orientation, liquid crystal polymers can be subjected to va-
rious forms of photodeformation such as stretching, bending,
twisting, vibration, etc., and used for construction of various
light-controlled flexible actuators.l''%"112] They possess uni-
que advantages and broad application prospects in the fields
of artificial muscles, micro-robots, and micro-liquid mani-
pulation. Stimulus-responsive gel materials are popular can-
didates in sensors, actuators, and biomedical applications due
to their dynamic and controllable properties. As a combi-
nation of the two, the multi-responsive azo supramolecular
organogel is often used as a novel intelligent soft material
because it can undergo significant phase transitions in re-
sponse to external stimuli.

Chen et al.['3] prepared a multi-response reversible liquid
crystal gel with a carboxylic acid azo polymer (PM6Az-
COOH) in dimethyl sulfoxide (DMSO), and the obtained
gel showed multiple response behaviors to various stimuli
(Fig. 7a). When heated, added with a less polar solvent, or ir-
radiated with ultraviolet light, the responsive gel can be des-
troyed, but re-formed by a reverse process. In addition, it is
difficult to construct a suitable crosslinking point in oil or-
organic materials due to the linear vinyl polymer for most
purposes. By improvement, Ni et al. first prepared a meso-
genic organogelling agent using a nitrogen-containing het-
eropyridine-based polymer and oleic acid by self-assembly
(Fig. 7b).l''4 Oleic acid is an important component in the
construction of mesogenic gels and also acts as a solvent em-
bedded in the three-dimensional (3D) network gap of physic-
al cross-linking. In performance, the azo supramolecular li-
quid crystal gel exhibited macroscopic gel-sol transitions and
holographic grating switching upon external triggering of
temperature, light, and organometallic ions. In order to ob-
tain mesophase-stable liquid crystals, Du et al.[*0] and Chen
et al.l*] have successfully prepared a series of photosensit-
ive halogen-bonded LCPs using molecular halogens and azo-
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Fig. 7 Application of azo supramolecular polymer in liquid crystal gel: (a) An illustration of multiresponsive reversible gels
formed with PM6AzCOOH in DMSO (Reprinted with permission from Ref. [113]; Copyright (2010) The Royal Society of
Chemistry); (b) Azo supramolecular structure unit, photothermal response diagram, and physical diagram (Reprinted with
permission from Ref. [114]; Copyright (2019) Americal Chemical Society); (c) The picture and process map obtained during
and after 80 s of UV irradiation (Reprinted with permission from Ref. [41]; Copyright (2014) The Royal Society of Chemistry);
(d) Light response behavior of compound I-A12AzPy in its liquid crystal phase and halogen bond linkages of azo
supramolecules (Reprinted with permission from Ref. [40]; Copyright (2019) Taylor & Francis); (e) Color control of new
cholesteric liquid crystals and their process of patterning (Reprinted with permission from Ref. [115]; Copyright (2017) Wiley)

pyridine compounds, which showed interesting properties of
photoinduced phase transition under ultraviolet irradiation
(Figs. 7¢ and 7d). Qin et al.l'’3] have designed and deve-
loped a supramolecular material composed of novel piece-
wise controlled cholesteric liquid crystals. The photonic
crystal of this material had a wide range of color control and
could display different color patterns on a black background,
even on the same background.

At present, most of the liquid crystalline supramolecular

organogels are composed of small molecules of gelation
factor. For most linear polymers, they can usually be used as
gelation factors of hydrogels, but it is difficult to form stable
crosslinks or three-dimensional networks in organic solvents
or oils. Therefore, the study of supramolecular organogels
with linear polymers as gel factors is still limited and needs
urgently. It is easier and easier to get them.

Photothermal Energy Storage
Azo supramolecular polymers have special photo-responsive

https://doi.org/10.1007/s10118-019-2331-z


https://doi.org/10.1007/s10118-019-2331-z

Yu, H. T. et al. | Chinese J. Polym. Sci. 2019, 37, 1183—1199 1195

groups and have been continuously developed and applied
in many fields. It has been found that dendritic azo supra-
molecular polymers can exhibit similar isomerization proper-
ties to azo monomers. Moreover, increasing the size of
dendrimer and the number of azo groups has no effect on the
space and yield of photoisomerization of the polymer. Archut
et al.l® first attempted to use dendritic azo supramolecular
polymers for holographic materials. They first prepared a
polymer using a poly(propyleneimine) dendrimer and an N-
hydroxysuccinimide ester, and then grew a cascade of 32
azo groups in the periphery. It has been found that the full £
azo dendrimer unit can achieve a Z-form/E-form reversible
conversion by light and radiation (heating) of a suitable
wavelength. Moreover, when the diffraction efficiency is as
high as 20%, the holographic grating can be completely re-
corded in the film of the azo dendrimer.

Solar thermal fuel can store the energy of radiation
through structural and bond rearrangement of the photoact-
ive material and then release the energy in the form of
heat.[109] Solar energy conversion and energy storage can be
completed through reversible cycles in a single material sys-
tem.[109:116] Moreover, solar fuel has the advantages of no
emissions, easy transportation, reproducibility, and control-

lability. As a new type of photo-responsive material, azoben-
zene and its derivatives have received great attention in sol-
ar energy storage. According to the survey, researchers have
designed a variety of azo supramolecular materials for the
solar thermal fuels.[30-80.109-111.116] Among them are pure azo
supramolecules, nanomaterialized azo supermolecules, and
azo supramolecular polymers. In this section, we will present
the applications of azo supramolecules in heat storage under
different design schemes.

Azo supramolecules store solar energy by means of photo-
chromism.['!7] Han et al.l''8] doped azo compound into the
PCMs and changed the intermolecular kinetics by lowering
their crystallization temperatures (7,) to achieve heat storage
at lower temperatures (Fig. 8a). Kolpak et al.[l19] have also
developed azo supramolecular polymer materials by attach-
ing azo chromophore to a nanotemplate as a solar thermal
fuel, the high functional density, intermolecular H-bonding,
and adjacently induced interactions generated by interplane
binding can improve the storage capacity and lifetime
(Fig. 8b). Scientists in Feng’s group have designed a variety
of nanotemplates for solar thermal fuels (Fig. 8c). The gener-
al measure is attaching the high-density azo molecules cova-
lently to the surface of methoxy or carboxyl functionalized
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Fig. 8 Application examples of azo supramolecules in solar energy storage: (a) Optically controlled thermal energy storage and release
mechanism and examples (Reprmted with permission from Ref. [1 18]; Copyright (2017) American Chemical Society); (b) Light-convertible
azo supramolecules in different regions (Reprinted with permission from Ref. [119]; Copyright (2011) American Chemical Society); (c)
Diazo/mixed template modular solar thermal fuel (Reprinted with permission from Ref. [121]; Copyright (2016) The Royal Society of
Chemistry); (d) Solar energy storage capacity of self-assembled supramolecules (Reprinted with permission from Ref. [120]; Copyright
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charged in solution that demonstrate heat release from cis-to-trans isomerization presented in the first heating (Reprinted with permlssmn

from Ref. [122]; Copyright (2016) The Royal Society of Chemistry)
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nanosheets. The advantage is that the nanotemplate can gen-
erate intermolecular H-bonds to deal with the adjacently in-
duced interactions, effectively increasing the storage capa-
city and storage life of the system (Fig. 8d).['2] This bund-
ling effect is critical to optimizing the thermal storage capa-
city and spatial coordination of azo supramolecular materi-
als of the nanomaterial template. Feng et al.['21] prepared a
reduced graphene oxide/azo supramolecular material (RGO-
bis azo) that shows a high energy density (~80 Wh/kg), with
the maximum power density of approximately 2230 W/kg. In
order to improve the effective energy storage of materials,
Saydjari et al.['22] developed an integrated device that could
efficiently store both UV and visible light under fullspec-
trum solar irradiation (Fig. 8¢). The equipment consisted of
two different active layers, and the two active layers were
different azopolymers. It comprised a UV (PAzo) absorbing
polymer and a visible light (PmAzo) absorbing polymer,
which could store energy by isomerization of the chromo-
phores on the polymer side chains from the lower energy
trans isomers to the higher energy cis isomers.

CONCLUSIONS AND PERSPECTIVES

We have reviewed recent papers on the design and related
applications of azo supramolecular materials containing pho-
tochromic compounds. Azo supramolecular polymer mater-
ials have good photo-responsive properties, and many scient-
ists are increasingly interested in these materials. Although
many systems and concepts are still in their infancy, their
applications have broad prospects. They can be used not only
for traditional multi-functional actuators and solar thermal
fuels, but also for biopharmaceutical delivery, functional
surface modification, photoresponsive polymer smart gels,
light control catalysts, and other aspects.

We consider the future aspects of processing, application,
and development are as follows. First, in structural proces-
sing, future research on supramolecular polymers will focus
on easy processing, high strength, and facile adjustment. The
design of materials should be combined with multi-function-
al intermolecular forces to coordinate applications, and there
are long-term research prospects in bioswitches, optical ali-
gnment, liquid crystal, and optomechanical drives. However,
because traditionally bonded azo polymer materials cannot
achieve reversible unbonded and aggregated behavioral
transitions, the related research has been limited to soft-bon-
ded supramolecular polymer systems. In the applications of
smart sensing, a system that provides dynamic photo-re-
sponses, as reported in azo-containing organic gels, solvate
discoloration, photochromism, catalysis, and humidity sens-
ing, can be developed in the future.

Today’s non-fossil energy development is getting faster
and faster, and the research on solar energy is progressing
rapidly. Azo supramolecular solar thermal storage and the
efficient conversion of light into heat is an emerging field
with great potential in practical applications. Unfortunately,
its development is still hampered by low storage capacity
and short storage lifetimes, and there are still many diffi-
culties to be faced in future explorations and applications.
Nevertheless, with the fast growing of computer science,

computer simulations combined with experimental and the-
oretical studies can lead to a better understanding of azo
supramolecular systems and the development of more types
of materials and applications. Although there are many stud-
ies on azo supramolecular polymers, we hope that this re-
view will inspire more research innovations and experiment-
al design ideas for more researchers.
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