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The photoisomerization properties of azo derivatives have been widely used in the fields of materials and
biology. One serious restriction to the development of functional azo-based materials is the necessity to
trigger switching by UV light, which damage the corresponding surfaces and penetrate only partially
through the matter. Therefore, developing the visible and near-infrared light activated azo switches can

solve this problem. This review provides a summary of molecular design strategies for driving the
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isomerization of azo derivatives with visible light and near-infrared light: (1) smart design directly
excited by visible light, (2) the addition of upconversion nanoparticles, (3) the employment of two-
photon absorption, (4) indirect excitation in combination with metal sensitizer.
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1. Introduction

Azo compounds are organic compounds that contain N=N
double bonds. Azobenzene is the simplest aromatic azo compound
and its synthesis can be traced back to 1834. However, it was only
in 1937 that Hartley used UV light to irradiate azobenzene [1], and
then the photoisomerization performance of azo compounds
gradually gained importance.

With the development of azo compounds, some crucial
parameters were used to assess their isomerization. The photo-
switching performance is mainly characterized by the following
four properties [2]: (i) Addressability. Including maximum
absorption wavelength (Aq.x), the gap between the maximum
absorption wavelengths of cis- and trans-isomers (A\N), and molar
extinction coefficient (¢). (ii) Thermal stability. This can be
expressed by the thermal half-life (7;)2) of the unstable isomer
under certain conditions. Based on to the magnitude of 7y,
photoswitches can be divided into T-type (i ranging from
milliseconds to seconds) and P-type (no or very slow thermal
isomerization). (iii) Efficiency. This property is characterized by the
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number of the photons used for isomerization (¢) and the degree of
conversion in the photostationary state (PSS). (iv) Reliability. This
measures how often a photoswitch can isomerize without
significant degradation under adverse side reaction conditions.

The above-described properties of azo compounds can be
effectively modified by changing the substituents to obtain
compounds that are suitable for applications in different fields.
For example, materials for optical data storage require high
thermal stability [3]. For application in real-time information
transmission, push-pull azobenzenes that display fast thermal
conversion from cis-isomer to trans-isomer are often used, in order
to avoid the second light stimulation of the sample [4], while a
combination of bridged azobenzenes and pharmaceuticals is
favored in photopharmacology [5].

To date, azo compounds have been widely investigated in
materials science [6] and biology [7,8]. Although azo compounds
have shown excellent switchable performance, most azo com-
pounds still need to be activated by UV light. Unfortunately, the UV
light necessary to activate azo switches occupies only a small
portion of the UV-vis absorption spectra, and short-wavelength
UV light also has display high scattering and weak penetrability
[9,10]. In addition, high-energy UV light can cause great damage to
the surface of the substance [11,12]. Therefore, the construction of
azo compounds for which photoisomerization occurs in the visible
and near-infrared regions is an important research direction. To
date, four approaches have been mainly used to obtain azo
compounds activated by visible and near-infrared light: (1)
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modification of azo compounds to enable their direct excitation by
visible and near-infrared light, (2) the addition of upconversion
nanoparticles, (3) the employment of two-photon absorption, (4)
indirect excitation in combination with metal sensitizer. In this
review, we summarize the recent progress in the development of
visible and near-infrared activated azo compounds using these
approaches.

2. Direct visible light excitation

Based on the excitation characteristics of the n—z* and 7—7*
transitions, azo compounds can be roughly divided into three
categories of azobenzenes, aminoazobenzenes, and pseudostil-
benes (Fig. 1) [13,14].

For aminoazobenzenes, their 7—* transition redshifts and
overlaps with the absorption due to the n—x* transition, and the
difference in the molar extinction coefficient between the two
bands is small. The energies of the 7—7* and n—z* transitions in
pseudostilbenes are similar and both transition occur in the
visible-light region. The energy of the m—m* transition can be
adjusted to become even be lower than that of the n—* transition
by either raising the n—7* energy (protonated azobenzenes, BF,
azobenzenes) or by lowering the m—nm* energy (push-pull
azobenzenes). For the latter two types of azo compounds, the
—* and n—* bands tend to overlap, and thermal isomerization
is fast. It is often difficult to selectively irradiate one isomer and
achieve a highly enriched PSS.

The m—m* band of trans-azobenzene without any substituents
is located in the UV region (Apax = ~320nm, & = ~22,000
L mol~'cm™1), and its n—7x* band is found in the visible region
(Amax = ~450nm, & = ~400L mol~!cm™!). Compared to trans-
azobenzene, the m—m* transitions of cis-azobenzene (Amax =
~270nm, ¢ ~5000L mol~'cm™') are weaker, and n—m*
transitions (Amax = ~450 nm, &€ = ~1500 L mol~! cm~!) are stronger
[13]. The difference between the 7—* bands of the cis- and trans-
isomers is greater than that between their n—* bands. Therefore,
UV light is used instead of visible light to achieve trans-to-cis
photoswitching. Reverse (cis-to-trans) photoswitching can be
accomplished with blue light or by thermal relaxation. The
photophysical properties of the molecules involved in the photo-
switching are shown in Figs. 2 and 3.

2.1. o-Haloazobenzenes

In 2012, Hecht et al. found that azobenzene 1 containing four
electron-withdrawing fluorine atoms on ortho positions of azo
unit could reduce the n-orbital energy of cis-isomer, leading to the
blue-shift of n—nx* in cis-1. In acetonitrile, the maximum
absorption of 1 was found at 458 nm while that of the cis-1
isomer was found at 414 nm. The separation of n—* transition is
42 nm, so green light (> 450 nm) and blue light (410 nm) could be
used to drive the trans-to-cis and cis-to-trans photoisomerizations,
respectively. Moreover, cis-1 displayed a long thermal half-life that
was as high as 700 days in DMSO [15]. Subsequently, Hecht et al.
further explored the effect of para-substituents for the photo-
isomerization and investigate azobenzene 2 containing two
electron-withdrawing groups (-COOEt) in the para positions with
the electron-withdrawing groups cooperating with four fluorine
atoms [16]. Compared to azobenzene 1, the maximum absorption
of trans-2 redshifted to 469nm, and the conversion rates
(PSSg_.z=90%, PSSz_=97%) were greatly improved.

In addition to fluorine, other halogens (chlorine and bromine)
also showed a strong effect on the photoisomerization of azo
compounds such as o-chloroazobenzene (3) and o-bromoazoben-
zene (4) [17]. The flexible conformation of azobenzenes 3 and 4 led
to the extension of their absorption bands to 600 nm. Therefore, 3
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Fig. 1. The UV-vis absorption spectra of three types of azobenzenes. Copied with
permission [14]. Copyright 2019, John Wiley and Sons.

and 4 could be excited to carry out photoisomerization by red light
in the 625-652 nm wavelength range. In 2019, Ochsenfeld et al.
found that the absorption band of 5 extended to 650 nm and trans-
to-cis isomerization was driven by red light at 660 nm when two
chlorine atoms of 3 were replaced by fluorine atoms to form
azobenzene 5 [18]. And Ochsenfeld et al. explained the effect of
electrons and geometry on the photophysical properties of o-
chloroazobenzenes by calculation. When the ortho position of the
azo bond contains two or more chlorine atoms, due to steric
hindrance, o-chloroazobenzenes are flexible and contain a variety
of conformations. Red light is used to drive conformations at the
end of the absorption spectrum. Because of the continuous
conversion between conformations of o-chloroazobenzenes, cou-
pled with the small spectral overlap of the cis- and trans-isomer at
tail bands, long-term exposure to red light can gradually
accumulate high cis-content PSS [18].

Accordingly, o-haloazobenzenes are a typical class of azo
compounds activated by visible light, facilitating their application
in biological systems.

2.2. Bridged azobenzenes

In the previous century, it was reported that when weak
electron-donating alkyl groups are introduced on the ortho
positions of the azo unit, the formed azobenzenes can only
undergo photoisomerization upon irradiation with UV light [19].
Bridged azobenzenes can be regarded as a special type of
substituted azobenzenes with an alkyl at the ortho position of
the azo unit [20]. When they were subjected to the changes in ring
tension, the deformable macrocyclic azobenzenes exhibited
unconventional characteristics such as visible light-driven photo-
isomerization, thermally stable cis-isomers, high quantum yield,
and high photoconversion rate [21].

In 2009, Temps et al. first discussed the photoisomerization
property of bridged azobenzenes. Compound 6 is the simplest
bridged azobenzene and in n-hexane, the maximum absorption
wavelength of its trans-isomer was found at 490 nm while the
maximum absorption wavelength of cis-6 was found at 404 nm.
Irradiation at 385 nm leads to the conversion of more than 90% of
cis-6 to the trans-form, and trans-6 can then be quantitatively
converted to cis-isomer by irradiation with green light.
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Fig. 2. Irradiation wavelength for isomerization of different types of azo compounds.
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Fig. 3. Irradiation wavelength for isomerization of different types of heterocyclic azobenzenes.

The cis-isomers of most bridged azobenzene derivatives
exhibit similar photophysical properties, and their maximum
absorption wavelengths are generally located in the vicinity of
400 nm. The cis-to-trans isomerization of bridged azobenzenes is
often excited by 385—440 nm light [22-24]. Based on the excellent
performance of azobenzene 6, some attempts mainly such as
substitution on the benzene ring, and substitutions on the middle
bridge ring have been carried out to extend the maximum
absorption wavelengths of trans-isomers of bridged azobenzenes
in recent years.

Trauner et al. [22] and Staubitz et al. [23] introduced different
types of substituents on the benzene ring of the azobenzene unit
that could induce the shift of the maximum absorption wave-
lengths of the trans-isomers to approximately 490 nm, enabling
their excitation by green light. When a strong electron-donating
group was introduced on the para position of the azo unit, the
absorption bands of both the cis- and trans-isomers red-shifted. For
example, two amino groups were simultaneously introduced on
the para positions of the azo unit to form azobenzene 7 [22]. The
maximum absorption of trans-7 was observed at approximately
520 nm while that for cis-7 in DMSO was observed at approxi-
mately 420 nm. Moreover, it was shown that illumination at 520
and 440 nm could drive the trans-to-cis and cis-to-trans isomer-
izations, respectively.
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Starting with azobenzene 6, in 2020 Herges et al. fused two five-
membered rings with the ethylene bridge and two benzene rings
to form meso molecule 8 and racemic molecule 9, respectively
[25]. In this case, each isomer had only one conformation. The
maximum absorption wavelengths of trans-8 and trans-9 blue-
shifted to 468 nm and 478 nm, respectively. Interestingly, both 8
and 9 achieved trans-to-cis isomerization under irradiation at
530 nm.

In consideration of the small red shifts obtained by the above
method, Herges et al. subsequently used heteroatoms (e.g., O, S,
and N) to replace the carbon atom of the bridge ring. When an
oxygen or sulfur atoms replaced a carbon of the bridge ring, the
absorption of the trans-isomer showed a clear red-shift in
comparison to 6 and both compounds had a maximum
absorption wavelength of 525nm. In particular, the trans-10
absorption band extended to wavelengths higher than 700 nm and
therefore, trans-to-cis isomerization could be achieved with
660 nm red light [21]. When one carbon atom on the bridge ring
was substituted by a methylamino group, the absorption bands of
trans-11 extended to the wavelengths in the vicinity of 800 nm,
enabling photoisomerization under near-infrared (740 nm) irradi-
ation. In various aza-bridged azobenzenes, acetamidosubstituted
bridged azobenzene (12) showed good water solubility, and its
maximum absorption was observed at 502 nm in water, enabling
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cis-to-trans isomerization by the irradiation of green light.
Therefore, 12 was identified as a promising candidate for
applications as a photoswitch in biochemistry and photopharma-
cology [26].

2.3. o-Methoxyazobenzenes

In 2011, Woolley et al. reported azobenzene 13 containing four
electron-donating methoxyl groups on the ortho positions of the
azo unit [27]. In DMSO, the maximum absorption of trans-13 was
found at 480 nm while the maximum absorption wavelength of cis-
13 was observed at 444 nm. Photochromism was driven by green
light (530—-560 nm) and light at 460 nm for the trans-to-cis and cis-
to-trans isomerizations, respectively. However, azobenzene 13 was
easily reduced by glutathione. Compared to 13, the absorption of
sulfur-containing azobenzene 14 red-shifted to wavelengths
higher than 500 nm, and 14 showed good anti-reducing behavior
in the presence of glutathione. Subsequently, the para-substituent
of 14 was modified to afford azobenzene 15 for which the
absorption band extended to 600 nm, allowing photoisomeriza-
tion triggered by red light (635 nm) [28].

2.4. Aminoazobenzenes

Azobenzenes with one or more amino or hydroxyl substituents
at the para- or ortho-positions of the azo unit are called
aminoazobenzenes. The number of substituents, degree of amino
alkylation, and polarity of solvents can affect their absorption.
Generally, para- and ortho-substitution were found to have
stronger influence than meta-substitution. When the amino or
hydroxy substituents were not completely alkylated, they easily
formed intramolecular hydrogen bonds with the azo group,
causing the loss of photochromic activity [13].

Woolley [29] and Priimagi [30] introduced a series of amine
groups on the ortho position of the azo unit. The maximum
absorption wavelength of pyrrole substituted azobenzene 16 was
462 nm. It was found that as the number of electron-donating
groups increases, the absorption shifts to the green region.

2.5. Push-pull azobenzenes

By introducing an electron-withdrawing group on one benzene
ring and an electron-donating group on the other benzene ring, a
push-pull azobenzene can be formed, redshifting the maximum
absorption wavelength to the visible light region [31]. However, in
many cases, the thermal stability of metastable isomers drops
sharply and PSS of push-pull azobenzenes has low contents for
each isomer (PSSg_.z < 82%, PSS;_g < 95%) [32]. Therefore, without
a specialized laser flash photolysis apparatus, it may be difficult to
observe photoisomerization of some push-pull azobenzenes. In
addition, due to their good nonlinear optical properties, push-pull
azobenzenes can be used with near-infrared two-photon absorp-
tion, and thus can be used in practical applications with deeper
penetrating near-infrared light [33].

2.6. Protonated azobenzenes

Protonation can further redshift the absorption of azo
derivatives. Generally, the pKa value of azo ions is between 1.5
and 3.5 [34], but the pKa values of heterocyclic azobenzenes may
be slightly higher (azoimidazole: pKa=4.7 [35]). In a near neutral
biological environment, azo ions are often absent or their content
is low. In this case, protonated o-methoxy azo compounds achieve
cis-trans isomerism in near neutral environments.

Woolley et al. conducted a preliminary examination of the
apparent pKa value of 13. It was found that due to the
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intramolecular hydrogen bond between o-methoxy and the
nitrogen atom on the azo bond, and the resonance stabilization
of azo ions, the apparent pKa value increased compared to other
types of azo compounds, and protonation occurred at pH 3 [27].
The realization of protonation under physiological conditions lays
the foundation for the use of azo derivatives in cells and
even living bodies. Following this principle, the four methoxy
groups in the ortho position were retained, and a strong electron-
donating group was introduced at the para position to
form azobenzene 17 with a further increased alkalinity and the
apparent pKa of 7.2 [34]. The maximum absorption wavelength of
17 was 560nm, and 17 was sensitive to red light under
physiological conditions. Then, through the introduction of
the second auxiliary chromophore on the meta position, the
absorption could be further red-shifted [36]. In the structure of 18
(Amax = 630 nm), the two ortho methoxy groups were moved to the
meta position. However, the presence of the meta substituent
forced the para-piperazine to rotate, and the removal of the o-
methoxy group reduced the azo ion resonance stability, so that the
ability of the para electron donation decreased and the pKa value
decreased. Based on this, the author further synthesized azoben-
zene 19 by forming dioxane to limit the collision between the meta
and para positions, and introducing a five-membered ring at the
para position to avoid the collision of the H on the ring with
dioxane in space [37]. Thus, the maximum absorption wavelength
of 19 was obtained as 697 nm, and the isomerization of 19 could be
driven by 720nm near infrared light under physiological
conditions.

2.7. BF5 azobenzenes

In 2012, Aprahamian et al. found that azobenzene 20 for which
the azo group complexed with BF, can not only achieve cis-trans
isomerization in the visible region, but also has a longer half-life of
12.5h compared to other pseudostilbenes [38]. In dichloro-
methane, the N\q.x values of trans-20 and cis-20 were 530 nm
and 480nm, respectively. To further redshift the absorption
wavelength by extending the conjugate system of 20, Aprahamian
et al. synthesized 21 that shows a slight redshift in its maximum
absorption wavelength from that of 20 [39]. The half-life of the
switch 21 could be adjusted by adjusting the concentration of self-
aggregation, allowing half-life varying from a few seconds to a few
days. Moreover, in 2014, the author continued to design a series of
BF, azobenzene to introduce an electron-donating group on the
para-position or ortho-position, and pointed out that the para-
position substituent exerts a stronger effect than the ortho-
position substituent [40]. After para-substitution, the absorption
band of the BF, azobenzene was transferred to the red or even
near-infrared region, so that the isomerization could be directly
and effectively activated using near-infrared light. The maximum
absorption wavelength of six-membered ring or acyclic substituted
BF, azobenzene 22 is in the region of 652—681 nm. When the para
position is substituted with pyrrole, the maximum absorption
wavelength of the formed azobenzene 23 is further red-shifted to
690 nm, and the photoswitch 23 can be activated with 730 nm
near-infrared light.

2.8. Heterocyclic azobenzenes

In addition to substitution by different substituents on
azobenzene, the benzene ring can also be replaced with other
heterocycles. While the use of heteroatoms often leads to
unexpected properties [41], the photoisomerization of heterocyclic
azobenzenes has only recently begun to attract attention with
studies of heterocycles such as pyridine [42,43], imidazole [44-
46], pyrrole [3,47], indole [48], indazole [49], pyrimidine [50,51],
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pyrazole [3,52,53], and thiazole [54]. Compared to azobenzenes,
heterocyclic azo compounds can also adjust the energy barrier
through hydrogen bonds or coordination bonds [48,55,56], and
their half-life values range from picoseconds to thousands of days.

To date, most heterocyclic azobenzenes have shown the A2« in
the 310—362 nm range with illumination at 340 nm used to drive
the trans-to-cis isomerization [3,44,46,55,57]. The type and
number of heterocycles, as well as the substituents on the
heterocyclic azobenzene will affect the photophysical properties
of the heterocyclic azobenzenes.

When one of the benzene rings is replaced by a heterocyclic
ring, due to the influence of the characteristics of the heterocyclic
ring, the formed heterocyclic azobenzene may be driven by visible
light. For example, when a benzene ring is replaced by pyrrole or
indole, molecules 24 [3] and 25 [48] are formed, respectively. Since
for both of these, the \,,ax is approximately 380 nm, 24 and 25 can
also be excited by illumination at approximately 400 nm. When a
benzene ring is replaced by 6-azopurine (26), A ax is in the range of
520-580 nm and photoisomerization of trans-26 occurs under the
irradiation of 530 nm light [58].

In addition, replacement of two benzene rings with heterocycle
of the same type (27, 28, 29) [59] or with different types of
heterocycles (30, 31, 32) [54] can also lead to a redshift of the
maximum absorption wavelength to the visible light region.
Addition of appropriate substituents can also modify the
corresponding heterocyclic azobenzenes to enable excitation by
visible light. In the structure of 33, the naphthalene ring replaces
the benzene ring in the original azoimidazole [45]. As the
conjugated system increases, the absorption is redshifted to
390 nm. In molecules 34 and 35, strong electron-donating amino
groups are introduced into the structure, also causing the
absorption wavelengths of these molecules to redshift [53,60].
Taking into account the electron-withdrawing or electron-donat-
ing properties of the heterocyclic ring itself, additional push-pull
azo derivatives can also be constructed to achieve the same effect.
Pyrrole can be regarded as an electron-donating group, and an
electron-withdrawing nitro group is introduced on the other side
of the benzene ring to obtain 36, leading to the redshift of the A ,ax
of 36 to the green light region [54]. While pyridine salt can be
regarded as an electron-withdrawing group, an amino group is
introduced on another benzene ring (37), and the \ .5 of 37 is red-
shifted to 560 nm [43].

3. The addition of upconversion nanoparticles

Upconversion is the continuous emission of light with a
wavelength shorter than the excitation wavelength under the
excitation of long-wavelength light and is an anti-Stokes type
emission [61]. The upconversion nanoparticles can absorb near-
infrared light and transfer the excited state energy to the azo core
through energy transfer to promote the isomerization of the
azobenzene. The introduction of upconversion nanoparticles
endows the corresponding azo derivatives with the potential for
indirect excitation by near-infrared light, thereby providing greater
convenience for treatment and imaging [62].

Juetal. reported on an azobenzene modified with upconversion
nanoparticles (UCNPs), UCNPs-LAa,oBCa,o/DOX-TAT-HA (ULa,,TH/
DOX). Under 980 nm near infrared light illumination, UCNPs
emitted UV light and blue light to promote the continuous
photoisomerization of azobenzene, and azobenzene acted as an
impeller pump to trigger circulating DNA hybridization or
dehybridization to control doxorubicin (DOX) release (Fig. 4a).
In a relatively short period of time, the system showed 86.7% DOX
release that in turn gave rise to a good inhibitory effect on tumors
(Fig. 4b) [63].
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Cheng et al. proposed UCNPs@PAA-Azo [64]. In this case, UCNPs
emitted 365 nm UV light and 475 nm blue light as well as 1345 nm
NIR-II light under the excitation by 808 nm laser (Fig. 4c). The PAA-
Azo simultaneously absorbed blue and UV light, and exhibited
reversible trans-cis photoisomerization. In principle, UV light and
blue light can be converted into inherent vibration and heat that
helped to enhance the photoacoustic signal (PA). The PA signal of
UCNPs@PAA-Azo was six times higher than that of the correspond-
ing unmodified UCNPs. Compared to the use of UCNPs only, this
approach enabled high-resolution imaging of the hind limb
vasculature by dual NIR-II imaging (Fig. 4d) and PA imaging
(Figs. 4e-g).

4. The employment of two-photon absorption

In traditional optics theory, excitation is achieved by absorbing
resonant single photon energy. Two-photon absorption means that
the energy of the photon absorbed to the excited state is half of the
energy of the corresponding single-photon transition that can
achieve three-dimensional control of the same process [12,65].
And using two-photon technology, visible light or even near
infrared light can be used to promote the photoisomerization of
azo derivatives. Therefore, optimization of azobenzenes that can
effectively respond to two-photon excitation has received exten-
sive research attention. Specifically, the optimization of two-
photon absorption usually is based on either one of two methods:

(1) Push-pull azobenzenes. The combination of azobenzene
derivatives and two-photon technology has long been reported in
biological research. The near-infrared two-photon excitation
process can be used to replace the short wavelength single-
photon absorption to realize trans-to-cis isomerization of this type
of azobenzenes. For example, azobenzene derivatives can be
introduced into photoconversion tethered ligands (PTLs) to
construct light-gated glutamate receptors (LiGluR) that can
regulate neurons under the action of near-infrared two-photon
excitation. The most classic structure constructed by this method is
the maleimide-azobenzene-glutamate photoswitch (MAG, 38).
Under the stimulation of 380 nm single-photon absorption or
800 nm two-photon absorption, trans-38 is transformed into cis-
38. The cis-38 of the system brings the ligand close to the binding
site and induces glutamate recognition, leading to the opening of
the ion channel and ultimately produces a light-induced neuronal
excitatory potential. Subsequently, the metastable cis-isomer
allows the process of reversal and the restoration of the original
closed channel (Fig. 5a). Then, the researchers replaced the amide
group on 38 with an amino group to obtain 39 that also displays a
sufficiently strong push-pull behavior to enhance its two-photon
absorption cross-section. 39 can be driven by 425nm single-
photon absorption or 900 nm two-photon absorption. Based on
these results, an additional two-photon absorption antenna was
introduced in 40 in an attempt to further enhance its two-photon
absorption. Although the two-photon cross-section of 38 is smaller
than those of 39 and 40, due to its thermal stability, 38 (7,2 =
25.5 min) displays a higher long-term two-photon response than
39 (71,2 = 118 ms) and 40 (74, = 96 ms) (Fig. 5b) [66].

Therefore, ensuring the thermal stability of azobenzene
derivatives is a prerequisite for further improving their two-
photon response characteristics. In compound 41, a weak electron
donating group and a weak electron withdrawing group are
introduced at the para positions of the azobenzene structure. To
further increase the charge asymmetry and maintain the thermal
stability, a fluorine atom is introduced at the ortho position,
thereby forming molecule 42 that is a push-pull azobenzene with
slow thermal isomerization. The 780 nm near-infrared two-photon
response and the 405 nm single-photon response 0f42 are almost the
same in cells and tissues (Fig. 5¢), and 42 can return to the trans
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Fig. 4. (a) Schematic diagram of UCNPs-LAAzoBCAzo/DOX-TAT-HA (ULAzoTH/DOX). The ULAzoTH/DOX is fabricated with azobenzene-functionalized DNA strands for
efficient and controllable drug release through the photoisomerization of azobenzene fueled by simultaneous UV and blue emissions of UCNPs under 980 nm irradiation. (b)
Histological observations of tumor tissues after treatment with saline, DOX, UCNPs-LABC/DOX-TAT-HA(ULTH/DOX) and ULAzoTH/DOX and then near-infrared light
irradiation. (a and b) Copied with permission [63]. Copyright 2019, John Wiley and Sons. (¢) The main mechanism of UCNPs@PAA-Azo, the UCNPs simultaneously emit UV and
blue light as well as NIR-II light under excitation from an 808 nm laser. The absorption of UV and blue light leading to the cis-trans isomerization contributes to an
enhancement in PA intensity, and the NIR-1I emission at 1345 nm can be used for biological imaging with high sensitivity. (d) NIR-Il image of C57BL/6 mouse in vivo. (e) Digital
photograph of C57BL/6 mouse showing region photographed in NIR-II windows. (f) 3D volume rendering of PA of the vasculature of the hind limb of a mouse after injection
UCNPs in 30 min. (g) 3D volume rendering of PA of the vasculature of the hind limb of a mouse after injection UCNPs@PAA-Azo in 30 min. (c-g) Copied with permission [64].

Copyright 2019, John Wiley and Sons.

structure after illumination at 514 nm or in the dark. At the same
time, in the C. elegans in vivo experiment, a single pair of the PLML/R
tactile receptor neurons near the tail of C. elegans can be
differentially activated by this method (Fig. 5d), paving the way
for the future imaging of a complete three-dimensional neural
circuit [67].

(2) Introduction of two-photon absorption chromophore. To
obtain a suitable two-photon absorption antenna, generally the
emission of the chromophore must overlap with the absorption of
the azobenzene core, and the two-photon absorption cross-section
must be high.

Triarylamine is a traditional two-photon antenna, Hecht et al.
extended its maximum absorption wavelength to 380 nm by
extending its conjugate system. The modified triarylamine was
then connected to the meta position of tetra-o-fluoroazobenzene
to ensure the decoupling of the ground state. These two
components of 43 showed different selective excitation and
spectral properties (Fig. 5e) [68], and the triarylamine emission
and the cis-43 nuclear absorption spectrum overlapped, favoring
the realization of energy transfer and allowing the use of low-
energy near-infrared two-photon (750 nm) absorption to achieve
cis-to-trans isomerization. Then, trans-43 could be quantitatively
isomerized using single-photon visible light (510 nm). The thermal
half-life of 43 at room temperature exceeded 500 days.

5. Indirect excitation in combination with metal sensitizer

In addition, if a metal sensitizer is introduced into azobenzene,
the molecule will have some unique properties. On the one hand,
coordination can improve the thermal stability of the metastable
state. On the other hand, in addition to the direct stimulation of the
azo group, cis-trans isomerization can also be performed by
external stimulation (photo/electron) of metal ligands.
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Here we mainly introduce two examples of azo derivatives
containing metal sensitizers, namely record player azobenzene
and ferrocene azobenzene.

Herges et al. reported Ni-porphyrin azopyridine (44), a record
player azobenzene, that showed trans-to-cis and cis-to-trans
isomerization with illumination at 500 nm and 435 nm, respec-
tively [69,70]. The isomerization mechanism of 44 was different
from that of other azobenzenes. The authors attributed this
redshift of the excitation wavelength to an energy transfer from the
" excited state of the porphyrin (Q band) to the 7—* state of
the azopyridine. cis-44 was stabilized by pyridine coordination
with nickel porphyrin and was stable for several weeks (Fig. 6a).

Ferrocene is introduced into azobenzene to obtain structure 45,
and the corresponding isomerization process involves the modifi-
cation of the oxidation state of ferrocene [71]. The metal-to-ligand
charge transfer transition of 45 occurred at the wavelength of
approximately 450 nm, and 45 was irradiated with 546 nm green
light to achieve trans-to-cis photoisomerization. Subsequently, the
Fe2" in the ferrocene group was oxidized to Fe>*, and cis-to-trans
isomerization occurred under illumination with the same green
light (Fig. 6b).

6. Conclusion

Azo derivatives are photoswitches with wide tunability of
structure and properties that have been long investigated in order
to optimize their external stimulation conditions (excitation
wavelength, light intensity, lighting time) and internal response
performance (addressability, thermal stability, efficiency, reliability)
to meet the needs of different fields. Current research has tended to
focus on the use of different types of dyes for the near infrared region
of the electromagnetic spectrum [72-78], so that they can be excited
by visible light or even near infrared light to meet the needs of
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biological imaging. Therefore, here we summarized the structural
characteristics of the azo derivatives driven by visible light that have
been explored in recent years. We found that there are four
approaches for achieving visible light azo photoswitches: (1)
modification of different substituents to enable direct excitation
by visible light or near-infrared light to produce compounds such as
o-halogen azobenzene, bridged azobenzenes, o-methoxy azoben-
zene, push-pull azobenzenes, protonated azobenzene, heterocyclic
azobenzenes, and BF, azobenzene, (2) the addition of upconversion
nanoparticles, (3) the employment of two-photon absorption, (4)
indirect excitation in combination with metal sensitizer.

Each method has its own advantages and disadvantages.
Generally, when azobenzene is directly modified using different
substituents, both the thermal stability and excitation wavelength
of the metastable state of the obtained azo derivative can be
enhanced, while when a combination with nonlinear optical
method, although longer excitation wavelengths can be obtained
for example through the near-infrared two-photon absorption, the
thermal relaxation rate is relatively high and most of the properties
of the photoswitch are not as good as those obtained for single-
photon excitation. Therefore, different types of azo derivatives can
be selected according to the needs of different fields. Several
problems still remain and must be solved urgently to enable the
further use of azobenzene photoswitches. For example, the
structure of heterocyclic azobenzene often has special properties,
the existing research on the structure of heterocyclic azobenzene is
not sufficiently thorough, and further research is needed to explore
its characteristics. Additionally, further design of azo photo-
switches using near-infrared light is necessary to achieve two-way
steady-state modification. These issues require in-depth explora-
tion in future research.
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