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1. Introduction

Adsorption, as an interfacial phenomenon, is widely involved in the
separation [1-3], puri cation [4-6], and catalytic processes [/-9]. Con-
ventional adsorption is generally spontaneous; thus, chemical or energy
input is required to achieve desorption. Functional materials that can be
structurally switchable by external stimuli such as heat [10,11], redox
potential [ 12,13], pH [ 14,15], or light [ 16-22] have aroused wide in-
terests. Among these stimuli, light (particularly concentrated sunlight) has
been prioritized because of merits such as by-product-free production,
environmental friendliness, and the abundant availability of sunlight [ 23].
Therefore, light-response adsorption and desorption are exciting strategies
for drug delivery, gas separation, and even sample pretreatment p4-29].
MOFs have substantial advantages in the elds of gas, heavy metal, dyes
and antibiotics adsorption due to their ultra-high speci ¢ surface area (up
to Langmuir surface areas of 10400 m"/g), tunable pore size, and
designable functional structures [30,31]. To date, many MOFs with
excellent adsorption properties have been developed for ultra-ef cient
pollutant removal. Our group designed and synthesized a novel,
graphene-like 2D-MOF BUC-17, which could adsorb Congo red (CR) with
an adsorption capacity of 4923.7 mg/g at 298 K [ 32]. Our group adopted a
post-modi cation strategy for producing defective NH»-UiO-66 to boost its
adsorption activity toward Pb b aided by the construction of hierarchical
pores [5]. In addition, we proposed to eliminate and recover noble Ag(l)
from simulated silver-plating wastewater, adopting NH ,-MIL-125(Ti) as an
effective adsorbent, which could be desorbed to regenerate NH-MIL-125
or calcined to produce a Ag/CITiO , photocatalyst [6].

The fabrication strategies of light-responsive adsorption-desorption
MOFs and their composites can be divided into four categories:) MOFs
being modi ed by azobenzene (azo) ligands with excellent light-response
performances; ) MOFs being synthesized from ligands with light-
responsive molecular switches; ) MOF composites being fabricated
from pristine MOFs and a secondary component with light-response
adsorption/desorption properties; and ) MOFs containing light-
responsive guest molecules in their pores B3,34].

Ligands with light-responsive properties like azo and azo derivatives,
as well as photo-responsive molecular switching ligands such as
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spiropyran and diarylvinyl ligands, were often used to design and syn-
thesize light-responsive MOFs B5,36]. Currently, the light-responsive
adsorption and desorption by light-responsive MOFs mainly depend on
the cis-transisomerization caused by photoisomerized ligands modi ed
on the inner surface or the surface of MOFs, in which the photo-
isomerization can adjust the pore size distribution and internal electron
con guration of the MOFs [37]. However, reports on the use of photo-
isomerized ligands as MOF skeletons to regulate the adsorption and
desorption of MOFs are rare [38]. Depending on the different strategies
for using azo functional groups in MOFs, these light-responsive MOFs can
be divided into three generations (Fig. 1) [39]. The rst generation
mainly uses light-responsive guest molecules to achieve light-response
adsorption and desorption. For example, azo dye molecules are loaded
in MOF channels [33]. The second generation mainly comprises MOF
materials modi ed with a light-responsive linker side chain in the MOF
channel to regulate the internal pore size and electron distribution of
MOFs; the third generation mainly includes the skeleton of MOFs
designed with light-responsive linker backbones, such as azo ligands and
trans-1,2-bis(4-pyridyl)ethylene (4,4 “bpe) [40]. With the development
of light-responsive MOFs, researchers have not only realized the
light-responsive adsorption and desorption of small gas molecules (e.g.,
CQO,, ethane, and propylene) [41-43] but also extended the light stimu-
lation conditions from the UV region to the visible and near-infrared
regions (Table 1) [44,45]. Some researchers even used the magnetic ef-
fect of materials to cooperate with light-responsive MOFs and thereby
improve their desorption capacities [46]. Other researchers have used
light-responsive MOF materials for light-responsive adsorption and
desorption of environmental pollutants in water, such as sulfamethoxa-
zole and CR [47,48]. Researchers preferred to extend the excitation
wavelength of light-response MOFs to longer regions, mainly because of
the renewable and unlimited energy of visible light from the sun [ 44,45].
In addition, visible and infrared lights are less destructive than UV light,
which improves the application prospects of light-responsive MOFs for
controlled drug release in the medical industry [ 44,48,49]. However, to
date, the research of light-responsive MOFs in light-responsive adsorp-
tion and desorption has mainly focused on light-responsive gas adsorp-
tion and desorption processes 1-43]. Meanwhile, the light-responsive

//N@ photoresponsive guest
< >—N

photoresponsive
linker side chain

o OH

N
7N\ 7/ \ v

photoresponsive
linker backbone

Fig. 1. Three generations of light-responsive MOF materials based on azo functional groups. Reprinted with permission from Ref. $9] (Copyright 2015 American

Chemical Society).
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Table 1
Recently published light-response MOF materials and their applications.
MOF Switchable Component Switching Mechanism Light Applications Reference
PCN-123 2-(phenyldiazenyl)terephthalate Cis-transisomerization uv CO, storage and release 1]
Cu,(F,AzoBDC)(dabco) (E)—2—((2,6—di uorophenyl)diazenyl) Cis-transisomerization Visible H,/hydrocarbon separation [50]
terephthalic acid ligand
Zn(L)-(bpdc) solvents Diarylethene derivative ligand Ring-opening/closing uv CO, storage and release B6]
Azo-IRMOF-74-11I Azo ligand Cis-transisomerization uv Dye (propidium iodide) [51]
storage and release
CAU-5 Dipyridylazobenzene ligand Cis-transisomerization uv Gas storage/release b2]
PSZ-1 Imidazolate-based Diethienylethene Ring-opening/closing uv Aromatic hydrocarbon Iter [53]
ligand
Cuy(AzoBPDC)(AzoBiPyB) SURMOF 2-phenyldiazenyl-4,4 Cis-trans isomerization uv H,/CO, separation [54]
biphenyldicarboxylic acid and
dipyridylazobenzene ligands
ECIT-20 4,4-bpe ligand [2 b 2] reaction uv Allyl alcohol removal, [55]
conversion, and release
Zn(AzDC)(4,4-BPE) 5 4,4%bpe and azo ligands Cis-transisomerization uv CO;, storage/release [56]
Uio-67 Azo guest Cis-transisomerization uv H,/CO, separation [57]
Az0-UiO-66 2-phenyldiazenyl terephthalic acid Cis-transisomerization uv N,/CO, separation [58]
PCN-250 3,9,5,5%az0 tetracarboxylic acid Cis-transisomerization uv CO, storage/release [38]
mPCN 3,%5,5%azo tetracarboxylic acid Cis-transisomerization uv CO, storage/release [46]
Ui0-68-Azo 2%ptolyldiazenyl-1,1:4,4-terphenyl-4,4- Cis-trans isomerization uv RhB [48]
dicarboxylic acid and the interaction with
-CD
[Zny(terephthalate) (triethylenediamine)] ,  Azo guest Cis-trans isomerization uv CO, storage/release [33]
Uio-66 5- uorouracil N.A. Near- 5- uorouracil storage/ [49]
infrared release
UiO-66-NH,/Ag sPO, composites AgPO, Redox Visible Sulfamethoxazole storage/ [47]
release
UiO-66-NH,/Ag ,CO5 Ag,COs Redox Visible Sulfamethoxazole, [44]
sul soxazole, and
sulfamethazine storage/
release
Co,L,(AzoD), 2DMF 3,3%azodibenzoic acid Cis-transisomerization uv CO,, CHy, Oy, CO, and N [59]
separation
GO@MIL-101 Integration of MIL-101 with graphene Light-induced localized UV-vis or ethyl acetate adsorption and [45]
oxide nanosheets heat UV-vis-near-  release
infrared
Ag/UiO-66 Ag nanocrystals Light-induced localized Visible CO, storage/release [60]
heat
UiO-67 Membrane Azo guest Cis-transisomerization uv CO, storage/release [61]
T/Zr-PDI N,N%di-(4-benzoic acid)-1,2,6,7- Nonradiative relaxation Near- Ethane storage/release B2]
tetrachloroperylene-3,4,9,10- process infrared
tetracarboxylic acid diimide and
perylenediimide
HKUST-1 Azo and o-tetra uoroazobenzene guest Cis-transisomerization UV and butanediol storage/release [62]
visible
Mg-IRMOF-74-11I Azopyridine Cis-transisomerization uv CO, and N, separation [63]
Ag@ZIF-8 Ag nanocubes Light-triggered heating Visible Propylene storage/release 43]
UiO-66-NH, 4-(5-Methoxy-1,2-dimethyl-1H-indol-3- Ring-opening/closing uv H, adsorption/desorption [ 64]
yl)-3-(2,5-dimethylthiophen-3-yl)-4-
furan-2,5-dione
Coumarin-modi ed Zn-MOF-74 Coumarin Photodimerization uv U ion storage/release [65]

MOF materials in water have rarely been studied, which substantially
limits their practical application potentials. However, light-responsive
adsorption and desorption in an agueous environment have important
practical signi cances and values for sewage treatment and medical de-
livery, such as enrichment and regeneration of pollutants in sewage or
controlled release of drugs in organisms [48]. Therefore, the adsorption
and desorption processes of light-responsive MOF materials in an
aqueous environment will be an important research content for
light-responsive MOFs. The development for MOF materials with good
water stability, stable molecule structures, and excellent light-responsive
adsorption—-desorption capabilities in the visible or near-infrared light
region might be appreciated.

In recent years, light-responsive MOF adsorbents have attracted
increasing attentions from researchers, as the adsorption/desorption
process can be controlled by light [34,57]. This article presents a brief
review of the current design strategies for MOFs with light-induced
desorption. In particular, discussion and comments are provided for
MOFs with high water stability, aiming to accomplish the light-response
release of target substances in an aqueous environment.

51

2. MOFs containing azo groups

Azo (-N=—N-), as a popular light-responsive organic functional group,
can achieve ef cient reversible photoisomerization because the azo bond
can transform between cis and trans modes upon irradiation with
different wavelengths of light (trans max 370 nm; cis max 460 nm)
[66—68]. This isomerization leads to a distance alteration between the
para-carbon atoms in an azo molecule from 0.9 nm in thetransisomer to
0.55 nm in the cisone [69]. Recently, three popular strategies have been
proposed to introduce azo into the structure of MOFs [37,70,71]: () the
azois modi ed on the linker as a side branch [41,72]; ( ) the azo ligand is
directly used as the linker in the as-prepared MOFs [38,73]; and ( ) the
azo guest molecule is introduced into the structure of MOFs during
synthesis or post-synthesis $2,70,74]. Adopting azo ligands as a
connector in MOF skeletons for optical absorption stripping is chal-
lenging because a lack of free space or the destruction of the lattice may
occur during the cis-transisomerization of azo [70].

Modifying an azo group to the side chains of the linkers to adjust the
pore structure of light-responsive MOFs is one of the most popular methods
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for light-responsive adsorption and desorption [41,72]. Zhou and co-
workers [75] solvothermally synthesized the rigid MOF PCN-123 (PCN
represents porous coordination networks) using 2-(phenyldiazenyl) tere-
phthalate and Zn(NQOs), 6H,0 as precursors. In a typical reaction, the azo
functional groups in the 2-(phenyldiazenyl) terephthalate are mainly trans
isomerized (Fig. 2a), in which the UV -visible absorption peaks at 320 nm
and 430 nm can be ascribed to - * and n- *, respectively (Fig. 2b and c).
Under UV (302 or 365 nm) irradiation, absorption peaks at 320 nm and
430 nm gradually decreased and increased, respectively, indicating that
UV-photoinduced cis-trans isomerization occurred (Fig. 2a). The cubic
cavities in PCN-123 are occupied by many azo functional groups, resulting
in photoinduced structural rearrangement in the process of
photo-stimulation of azo cis-trans isomerization. This photoinduced
structural rearrangement also enables the potential for photoinduced gas
adsorption and desorption. The absorption capabilities of PCN-123 toward
CO; decreased from 22.9 cn¥/g (1 bar) to 16.8 cm /g (1 bar) before and
after exposure to UV light for 60 min (a 26.6% decrease). Interestingly,
when the adsorption capacity was retested at the same temperature, the
overall adsorption capacity of PCN-123 to CGQ decreased by 53.9%
compared to the initial PCN-123 (Fig. 2d). The alternation of adsorption
capacity under UV irradiation contributed to the steric hindrance of azo
functional groups near the cubic cavities in PCN-123.

Compared with fresh PCN-123, the CQ adsorption capacity of heat-
treated PCN-123 wrapped in aluminum foil under 60 C for 20 h
increased by 13.3% (Fig. 2d). However, the complete trans-PCN-123
(synthesized in the dark) did not show the same CQ uptake increase
when heated and regenerated, indicating that the removal of residual
organic small molecules in the pores by heating did not cause the in-
crease in CQ adsorption ability. Hence, the cis-transisomerization of azo
functional groups in the pores of PCN-123 resulted in the change in CQ
adsorption capacity. The powder X-ray diffraction (PXRD) peak positions

Environmental Functional Materials 1 (2022) 4%6

of the transisomer of PCN-123 (before UV irradiation) and the cisisomer
(after UV irradiation) were identical; however, the peak intensities were
obviously different. The structure envelopes from the PXRD data
revealed that the electron density of the cisisomer near the ZnyO cluster
was higher than that of the trans isomer, implying that gaseous CQ
accessed and occupied the space of the cluster with difculty [ 76,77].
Furthermore, the pore size distribution reached a peak at 1.0 nm and 1.1
nm before and after UV irradiation, respectively (Fig. 2e). The pore size
distribution curves of the pristine PCN-123 sample and the regenerated
one via heat treatment were identical, demonstrating that the variation in
pore size distribution is caused by the isomerization of organic ligands.
PCN-123 could be adopted as a smart adsorbent for photoinduced C®
desorption, which might facilitate developing a facile routine of sorbent
regeneration or stimuli-response drug delivery [41].

Ladewig et al. [58] prepared different azo-UiO-66 MOFs from 2-phe-
nyldiazenyl terephthalic acid (L 1) and terephthalic acid (L) in different
proportions (25:75, 50:50, and 75:25). In this work, azo functional
groups were introduced into the pores of UiO-66 by substituting the
organic ligand linkers, which provided a new idea for the application of
light-responsive MOFs for light-response adsorption and desorption. The
light-responsive azo ligand linker in azo-UiO-66 affected the CO,
adsorption and CO,/N ; selectivity. As shown in Fig. 3a and b, all the
synthesized azo-UiO-66 MOFs possessed a crystalline structure similar to
UiO-66. The mixed-linker in azo-UiO-66 was con rmed by 'H nuclear
magnetic resonance {H NMR), UV-vis, and attenuated total re ectance
Fourier-transform infrared (ATR-FTIR) spectroscopy. The ligand ratio
calculated based on NMR spectral data was different from that under
synthetic conditions, which might have contributed to L 1 having a larger
structure than L, during the coordination process. The steric hindrance
led to L; having more dif culties than L, in interacting with the metal
clusters. The pore volume and BET surface area decreased with an

Fig. 2. (a) Transto-cis isomerization of 2-(phenyl-
diazenyl)terephthalate in PCN-123 resulting from UV

N irradiation and heat treatment; (b) UV —vis absorption

%N spectrum of PCN-123 every 30 s during exposure to

UV light (365 nm); (c) UV —vis absorption spectrum of
PCN-123 after every 10 min heating at 60 C; (d) CO,
sorption isotherms of PCN-123 under various condi-
tions (triggered by UV irradiation or heating); (e) the
pore size distribution of PCN-123 before and after UV
irradiation and heating. Reprinted with permission
from Ref. [75] (Copyright 2011 American Chemical
Society).
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Fig. 3. (a) Hypothetical structural units of UiO-66 with different proportions of mixed
of UiO-66 and azo(X)-UiO-66. Reprinted with permission from Ref. [58] (Copyright

increasing number of azo ligands (Fig. 3c) because the azo with a larger
molecular size could occupy the pore in the framework. The pore size of
azo (66.7)-Ui0-66 and azo (100)-UiO-66 (about 0.9 nm) is larger than

that of UiO-66 (about 0.7 nm), probably as a result of the framework

stretching to accommodate more azo. However, the addition of an azo
ligand in a certain range (0-33.3%) has no obvious effect on CQ
adsorption capacity compared with UiO-66.

Despite many studies on the use of azo-modied MOFs to achieve light-
response adsorption, desorption, and separation of gas targets in the
environment, few studies are available on using azo photoisomerization to
achieve light-controlled release of targets in an aqueous environment. If
light-responsive adsorption and desorption can be performed in an
aqueous environment, it will not only greatly expand the scope of the
research eld but also enhance its potential value in future practical ap-
plications, such as pollutant removal in wastewater, light-response drug
delivery, and resource recycling. Yaghi et al. [51] synthesized an azo
functionalized isoreticular azo-IRMOF-74-11l [Mg 2(C26H1606N2)] and used
it in light-response absorption and desorption of the luminescent dye
propidium iodide in water. Under different light stimulations, azo ligands
of azo-IRMOF-74-I1l underwent cis-trans isomerization, leading to a sub-
stantial change in the molecular length and, therefore, the
one-dimensional pore size of azo-IRMOF-74-lll Fig. 4a). After the propi-
dium iodide dye was introduced into azo-IRMOF-74-11l, no desorption of
the luminescent dye was detected under ambient conditions (ig. 4b—d).
However, triggered by 408-nm light, the dye was released from the holes
in the azo-IRMOF-74-11l because of the rapid oscillations caused by the
repeated isomerization of azo functional groups. The size of this dye
molecule free of counterionswas 8 11 16 A, which matches well with
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ligands; (b) the PXRD patterns; and (c) N , adsorption and desorption isotherms
2019 Royal Society of Chemistry).

the pore size of azo-IRMOF-74-1ll (0.83-1.03 nm). This photoinduced
cargo release process was achieved by adjusting the conformation of azo
driven by an appropriate wavelength of light. This report indicated that
azo-MOF could store dye molecules and release them through a photo-
isomerization process in an agueous system.

The design of stimulus-response MOFs with high water stability of
photo-responsive release in the liquid phase is essential for light-response
drug delivery. Meng et al. [ 48] synthesized a novel azo-MOF (UiO-68-azo)
with good water stability and light-response ability. UiO-68-azo can act as
a platform to construct interactions between the -cyclodextrin ( -CD) and
its sur cial azo side chain (Fig. 5a). The obtained UiO-68-azo-MOF can
perform light-response release of the loaded drug under UV light and can
achieve sustained release by adding guest rival molecules. UiO-68 was
synthesized with 2%ptolyldiazenyl-1,1:4,4-terphenyl-4,4-dicarboxylic acid
and then loaded with the cargo rhodamine B (RhB), which was then sealed
with -CD as a gate. Because the ahity of -CD andtrans-azo is consid-
erably higher than that of cis-azo in water, it can induce the azo groups in
the side chain of the ligand to undergo cisisomerization by UV light, which
in turn makes the closed door open to release the RhB. Interestingly, this
desorption process can be triggered by introducing competing binding
agents, such as amantadine. The experimental results showed that the
release of RhB could be further achieved by using adhesive to desorb a part
of the drug and then turning on the light, which provided more options for
drug release in complex environments (Fig. 5b).

The third generation of light-responsive MOFs is synthesized by using
light-responsive ligands directly as the “backbonée’ of the MOFs and is
considered the most promising and challenging light-responsive MOF
materials [39]. Compared with the rst two generations of
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light-responsive MOF materials, the third generation can most directly
affect the skeleton itself, thus allowing the maximum and most direct
photoinduced isomerization of materials [ 39]. Considering that the pillar
ligand trans-1,2-bis(4-pyridyl)ethylene (4,4 “bpe) in a metal complex can
demonstrate cis-trans photoisomerism [78-80], 4,4%bpe along with
azo-4,4dicarboxylytic acid (AzDC) were introduced to bond with Zn 2
to form the interpenetrated Zn(AzDC)(4,4%bpe)o 5 [ 40]. Compared with
the previous light-responsive azo-MOFs, the cis-trans isomerized
azo-groups in Zn(AzDC)(4,4-bpe)y 5 are like the skeleton of MOFs (the
third generation of light-responsive MOFs) rather than the modi ed
groups in the pores of the MOFs B1]. The light-responsive investigation
results revealed that AzDC and 4,4-bpe ligands in Zn(AzDC)(4,4bpe)o 5
can be converted into cisisomerism under UV light (200-500 nm) exci-
tation, in which they can revert to the trans-state when UV stimulation is
stopped. The trans and cis isomerism of AzDC can be detected from
excitation spectra at 455 and 390 nm, which were attributed to the n- *
and - *transitions, respectively (Fig. 6a). Notably, the transisomer of 4,

()
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o

o OH
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4-bpe in Zn(AzDC)(4,4%bpe)y 5 demonstrated the overlapping excitation
bands of (metal-to-ligand charge transfer (MLCT) and ligand-to ligand
charge transfer (LLCT) in the region of 310-375 nm, resulting in its
trans-cis isomerization upon irradiation in this region ( Fig. 6b). Inter-
estingly, the free 4,4-bpe ligand did not display photoactivity in the solid
state. Zn(AzDC)(4,4-bpe)y 5 exhibited an open topology with a strong
adsorption capability toward hydrogen and CO, (Fig. 6¢) [82].
Zn(AzDC)(4,4%bpe)y s performed an excellent dynamic switching
(un ltered light in the wavelength range of 200 -500 nm and continuous
switching on at an approximately 10 min interval) in CO , uptake
(Fig. 6¢). The CQ, desorption capacity of Zn(AzDC)(4,4%bpe)o 5 under
static and dynamic light irradiation are 42% and 64%, respectively, as
the light irradiation increased the Zn(AzDC)(4,4 “bpe)o 5 surface energy
to decrease the interactions between CQ and the MOF surface for trig-
gering the CO, desorption. A series of control experiments further
con rmed that the dynamic light response of the MOF was not caused by
arti cial or minor localized heating of the material in the experiment.
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Fig. 6. (a) Excitation spectra of the AzDC linker in Zn(AzDC)(4,4%bpe), 5 and the individual AzDC linker at emission wavelengths of 370 nm (red) and 460 nm (blue);
(b) the excitation spectra of 4,4%bpe ligand in Zn(AzDC)(4,4%bpe)y 5 at emission wavelengths of 250 nm (blue) and 370 nm (blue); (c) reversible adsorption toward
CO, of the light-responsive MOF Zn(AzDC)(4,4-bpe), 5 under dynamic photo-switching. Reprinted with permission from Ref. [ 40] (Copyright 2013 WILEY-VCH).
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The Fourier-transform infrared (FTIR) spectrum showed that the peak
intensities at 550 cm ! (C-C-C and G-C-N bonds) and 537 cm * (C-C—N
bonds) increased noticeably after light irradiation, indicating the change
in the bending mode of the corresponding functional groups of AzDC
ligands [83]. These changes may lead to an increase in the surface energy
of the MOF and, in turn, cause the release of adsorbed C@ The 1516
cm ! peak (N=N bonds) of the free AzDC ligands changed after a slight
change in light irradiation, indicating that the stretching mode of the
cis-N=N structure has higher bond energy [84]. This transformation was
not observed in the framework, suggesting that AzDC was restricted in
the structure, which was further con rmed by no change in XRD of

(a) o) 0
HO OH
N, N
HO OH
0 (o)
+
Fe,Co

Light on

Light off
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Zn(AzDC)(4,4%bpe)y 5 before and after light illumination. In addition,
trans-AzDC andcis-AzDC linkers in the structure of the framework were
found to oscillate periodically between the two isomers in a comple-
mentary manner under continuous irradiation of 365 nm or 460 nm. CO »
could be desorbed upon irradiation by either light source (365-nm
Itered and un ltered light with the wavelength range of 200 —-500 nm),
in which the ltered light of 365 nm is more ef cient than un Itered
light. This effect is more substantial under high partial pressures. Un |-
tered light in the combustion recovery stream also obtained a very
comparable response. This study is the rst case to establish an experi-
mental protocol for low-energy CO, adsorption and desorption using the
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Fig. 7. (a) Crystal structure of PCN-250 and the absorption and desorption diagram of CQ in PCN-250 under UV light through reversibly suppressed bending of the
ABTC ligand; (b) the light-response adsorption and desorption isotherms of CQ by PCN-250 were illuminated intermittently under different intensities of 365-nm
light, without light, and with continuous irradiation of 365-nm light at 298 K; (d) photoinduced CO , adsorption and desorption isotherms of PCN-250 under
un Itered light (1050 mW/cm 2) and 365-nm light at 298 K. Reprinted with permission from Ref. [ 38] (Copyright 2016 WILEY-VCH).
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light-responsive adsorption—desorption property of an MOF.

The construction of the reported light-response MOFs for gas release
mainly depended on weak electrostatic interactions between metal ions and
carboxylate linkers, which demonstrated structural instability [ 38,85,86]. It
is challenging and desired to construct photo-responsive MOFs with good
water stability and chemical resistance for light-response desorption of gas
in a natural environment. Hill et al. [ 38] reported a light-responsive
PCN-250 with a robust structure using a 3,35,5%azo tetracarboxylic acid
ligand and Fe;,Co( 3-O)(CH3COOQO) metal clusters (Fig. 7a). PCN-250 was
structurally stable in agueous solution and organic solvents. Similar to the
results of previous reports, PCN-250 maintained its structural integrity in
water for more than six months [85]. This stable structure is mainly
attributed to the Fe,Co( 3-O)(CH3COOQO) metal clusters providing hard
Lewis acid sites for carboxylic acid ligands. ABTC ligand, as a derivative of
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azo, presentedcis-transisomerism under UV light. Hence, the structure of
PCN-250 can present nonperiodic bending under UV light to realize
light-triggered CO», desorption.

As showninFig. 7b, PCN-250 displayed light ux-dependent desorption
capacities for CQ, with 365-nm light. The desorption capacities of PCN-250
under 710 mW/cm 2 and 350 mW/cm? at 580 mbar are 36.2% and 23.2%,
respectively, which are 62.9% and 40.3% of that under 1050 mW/cm 2
respectively. In addition, under the same optical power (1050 mw/cm 2)
and atmospheric pressure (580 bar), the CQ desorption capacity (57.5%) of
the 365-nm light source is better than that of the broadband light source
(36.4%), further indicating that the higher light  ux led to a stronger CQ,
desorption capacity of PCN-250 (Fig. 7c and d). The BET data showed that
the photoinduced gas desorption process took less than 5 min for each
switching cycle. The CO; release induced by 365-nm UV lightand un Itered
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light increased the sample temperature by ~2.1 C and ~5.5 C, respec-
tively (1050 mW/cm 2, 5 min). The desorption capacity of PCN-250 toward
CQ; at 298 K was only 2.2% lower than that at 300 K, indicating that UV
light was the main cause of CQ desorption from PCN-250.

For highly ef cient light utilization, light-responsive desorption, and
regeneration of MOF materials, suf cient space is desired for light
transmission to MOFs for large-scale engineering applications. Therefore,
a single stimulus response may result in reduced use of infrastructure
volume. Introducing double or multiple stimulito  ne-tune the stimulus
release behavior of substances is also an effective method and has
attracted the attention of researchers in recent years B7]. Light induc-
tion swing adsorption (LISA) and magnetic induction swing adsorption
(MISA) are the adsorption and desorption processes controlled by alter-
nating light and alternating magnetic  elds, respectively [60,88]. LISA is
also known as the light-response adsorption and desorption alternating
process. MISA is a strategy for inducing MOF adsorption and desorption
using alternating magnetic elds. The MISA process involves the intro-
duction of magnetic nanoparticles into the MOFs as a local nanoheater
for local heating and desorption [46]. The combination of the LISA and
MISA processes (MaLISA) can effectively improve the desorption ability
of materials and the adaptability of materials to speci ¢ environments in
practical application [46]. Li and coworkers [46] reported a
dual-stimulus-response MOF magnetic PCN-250 (mPCN), which exhibi-
ted a dual response to UV light and magnetism (ig. 8a). mPCN was
obtained by integrating magnetic nanoparticles (Fe304 NPs) with MOFs.
Magnetic nanoparticles exposed to alternating magnetic elds acted as
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nanoheaters to generate local heat. In mPCN, UV light and magnetism
synergically achieved a high desorption ef ciency (96.8% CO,, 1 bar)
through a MaLISA process, which ensured a low-energy and effective
strategy for regenerating large-scale MOF adsorbents. Magnetic elds
could penetrate the MOFs to regenerate the adsorption dose on a large
scale.

The researchers also introduced different mass percentages of mag-
netic FesO4 NPs to produce magnetic PCN-250, named mPCN-L (1.3 wt
%), MPCN-M (2.4 wt%), and mPCN-H (7.3 wt%). The local temperature
of mMPCN-H increased by 97.0 C after being exposed to a magnetic eld
(17.6 mT at 279 kHz) for 8.0 min, which was higher than those of mPCN-
L (17.4 C), mPCN-M (32.5 C) and PCN-250 (0 C). In addition, mPCN
and the pristine PCN-250 only increased 3.13.6 C under 365-nm UV
light (1.05 W/cm 2). The BET surface area of mpCN-H was 18.9% lower
than that of pristine PCN-250 because of the introduction of more
nonporous MNPs into the MOF matrix [85,88]. The CO, adsorption ca-
pacity of PCN-250 and MPCN-H at 298 K (1 bar) are 75.6 and 61.9 cn:f/g,
respectively, because their specic surface areas differ Fig. 8b and c).
mPCN-M performed different CO, desorption effects under different
stimuli with 30% (90 mbar, 5 min) desorption ef  ciency of adsorbed CQ
under UV irradiation and 62.2% (178 mbar, 2 min) desorption ef ciency
of adsorbed CQ under an alternating magnetic eld. Interestingly,
mPCN-M being rst exposed to UV light and then switched to the alter-
nating magnetic eld increased the CQ desorption ef ciency to 62.2% in
2 min. However, as the magnetic eld was shut off and then the UV lamp
was turned on, the desorption ef ciency of CO, decreased to 31.9% in 5

Fig. 9. (a) Structure and photochemical trans-
formation of the diarylethene derivative (L) upon UV
and visible light irradiation; (b) photochromic reac-
tion of single-crystal Zn(L)-(bpdc) solvents exposed to
UV and visible light; (c) absorption spectra of solid
Zn(L)-(bpdc) solvents under UV irradiation for 1 min
and unirradiated, respectively ( : under UV light for
1 min, : pristine sample); (d) luminescence spectrum
of solid Zn(L)-(bpdc) solvents under UV light and
visible light (the spectra were recorded under UV or
visible light irradiation every 5 s); (e) the static and
dynamic CO, isotherms of Zn(L)-(bpdc) solvents
under different external stimuli ( : under UV light,

: under ambient conditions : adsorption under UV
light, desorption under visible light, : adsorption
under UV light, desorption under ambient CO,, 298
K). Reprinted with permission from Ref. [ 36] (Copy-
right 2014 WILEY-VCH).
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min, and the adsorption capacity of CO, returned to its original state after
the UV light was turned off. Evidently, the dual stimulation of the mag-
netic eld and UV light accelerated the desorption of CO, and increased
the CO, desorption capability. Under the dual action of UV light and a
magnetic eld, mPCN-H signi cantly increased the CQ desorption ca-
pacity up to 96.8%, which further illustrated the promoting effect of dual
stimulation on CO, desorption (Fig. 8c). Compared with mPCN-H,
PCN-250 only responded to UV stimulation (Fig. 8b and c). Regarding
the adsorption isotherms of CO, and the individual magnetic eld
stimulated desorption process, the minimum regenerative energy re-
quirements of MPCN-H were 2.01 MJ/kg CO,, comparable to the energy
consumption of Mg-MOF-74 (2.2-2.3 MJ/kg CO5) [89]. Notably, the
energy requirement was reduced by approximately 10-20% through
synergies with light.
Because of the excellent performance of azo-derived modied MOFs

in light-response desorption of CO, and separation of alkane pollutants, a
series of azo-derived modi ed MOFs were developed for adsorption and
light-response desorption studies [#7,75]. However, the azo-derived
heterogeneous process was often limited by UV light excitation. UV
light is well known for breaking down organic molecules, and the pho-
toisomerization process needs to activate the light conversion reaction,
which substantially limits the broad application of light-controlled,
intelligent materials. The nondestructive nature of near-infrared wave-
length light has a great practical application prospect for the loading and
directional photoinduced release of medical drugs [90]. Therefore,
photoisomerization induced by visible light has attracted extensive
research attention. By designing the azo ligands, smart MOFs with pho-
toisomerization under visible light conditions have been obtained. Ac-
cording to previous reports, changing the electron distribution near and
around azo bonds or adjusting the degree of bulkiness of the pendant
ligand can affect the wavelength of the switch, the integrity of the
switching, and/or the amount of blocking around the metal clusters or
pores [91]. However, such studies are insuf cient thus far, and similar
investigations are still warranted to understand the visible light-response
adsorption and desorption process; introducing highly electronegative

uorine atoms to the central azo bond may affect the electron
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distribution near and around azo bonds or adjust the degree of bulkiness
of the pendant ligand and adjust the response wavelength of the
switching [ 91,92].

Using di uoronated azo derivatives as ligands, Knebel et al. P2]
designed a photoisomerized MOF Cu(F,azoBDC)(dabco), which has
switching behavior after being exposed to green or violet light. In addi-
tion, visible light can increase the isomerization yields by avoiding the
competition with LMCT resulting from UV light in Cu-paddle-wheel
structures. The Cuy(F,azoBDC)(dabco) Im on mesoporous ALbOs sup-
ports could separate H/hydrocarbon mixtures while failing to separate
the Ho/CO, matrix. Therefore, the modulation of H o/hydrocarbon sep-
aration upon visible light irradiation was used to tap the pore open-
ing/blocking effects of the cis-transisomers of F,azoBDC.

Modifying MOFs with azo dyes is also an effective approach to con-
structing light-responsive MOFs. Ladewig et al. [93] introduced methyl
red (MR) to modify Mg-MOF-74 and MIL-53 (Al) to adsorb CO, after
exposure to visible light. MR-modi ed Mg-MOF-74 can achieve 84%
uptake change upon visible light irradiation due to the low-energy
alternative for CO, adsorption.

2.1. Photoreactive molecular switch MOFs

Another promising strategy for constructing light-responsive MOFs is
to attach a photoreactive molecular switch onto the open metal sites of
the MOFs. Luo and coworkers 6] developed a distinct strategy for
constructing a diarylethene Zn(L)-(bpdc) solvents (L % diarylethene;
Hobpdc Y4 biphenyl-4,4%dicarboxylic acid). As shown in Fig. 9a, the
diarylethene derivative unit displayed open-ring and closed-ring isomer
responses under UV and visible light, respectively. Generally, the pho-
toisomerization of diarylethene derivatives is produced from the mutual
transformation of its structure between open-ring and closed-ring forms.

The single crystal of Zn(L)-(bpdc) solvents appeared blue under UV
irradiation but orange under visible light, which might originate from the
photoisomerism of the L ligand (Fig. 9b). A similar change in the UV-vis
absorption spectrum further con rmed this hypothesis (Fig. 9c). Zn(L)-
(bpdc) solvents showed a similar CQ desorption capacity (75-76%)

Fig. 10. (a) Schematic illustration of trans-AB and cis-AB under different light stimulation conditions; (b) the XRD patterns of 1,1 AB,1 AB(UV), solid 1 AB(UV)
(after heating at 120 C), and the adduct of 1 with cis-stilbene; (c) *H NMR spectra of CQ,Cl, solutions of AB isolated from 1 AB,1 AB(UV), and the solid 1 AB(UV)
(after heating at 120 C); electron-beam diffraction patterns in a TEM for single particles of (d) 1 AB and (e)1 AB(UV); (f) the N, adsorption isotherms of 1 AB and
1 AB(UV) at 77 K. Reprinted with permission from Ref. [ 33] (Copyright 2012 American Chemical Society).
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under static and dynamic irradiation, respectively (Fig. 9d and e).
Interestingly, Zn(L)-(bpdc) solvents showed a very large adsorption ca-
pacity for CO, when exposed to UV light (20.1 cm3/g, 298 K), which was
4-fold greater than the adsorption capacity under the same conditions
without UV irradiation (5.0 cm 3/g, 298 K). The PXRD patterns and TGA
experiments were used to investigate whether the skeleton was well
retained after the UV and visible light irradiation. The results revealed
that even after being heated at 300 C, the skeleton was still well
maintained, implying that no noticeable framework expansion, reduc-
tion, or XRD peak shift occurred during structural transformation. The
authors also carried out an in situ dynamic CO,-adsorption experiment to
investigate the CO, release under ambient conditions. In the experiment,
the adsorption and desorption segments were performed under UV
irradiation and ambient light, respectively. Under these conditions, a
24% desorption capacity was observed. The results demonstrated that
the CO, desorption capacity of Zn(L)-(bpdc) solvents was modulated
under distinct triggers.

2.2. MOFs with light-responsive guests

A change in guest molecule structure might lead to a change in the
host crystal framework [32]. Loading the photo-responsive heteroge-
neous guest molecules with suitable size into the exible MOF framework
is also an effective strategy for achieving light-response desorption and
desorption [33]. Kitagawa et al. [ 33] constructed a host-guest trans-
mission system by packing the transazo (AB) into exible MOFs
[Zn,(terephthalate) ;(triethylenediamine)] ,, (1) to form a composite of
1 ABat120 C (Fig. 10a). Using the Le Bail tting analysis of the PXRD
data, the crystal structure changed from the original square of the pristine
1 to a diamond of the as-preparedl AB (Fig. 10b). In 1 AB, a stretching
vibration peak at 690 cm in the FTIR spectra was detected, which was
ascribed to trans-AB [94]. After UV irradiation, the FTIR spectrum of
1 AB displayed the characteristic cis-isomer peaks of AB at 697 nm,
indicating that the isomerization occurred under ultraviolet light. No
characteristic peaks of cis-AB were present in the FTIR and IH NMR
spectra of 1 AB before UV irradiation, indicating that the AB in 1 AB
basically exists as thetrans-isomer before UV irradiation. The 'H NMR
spectrum was used to quantify the cis-trans isomer ratio (38:62) of AB
after UV irradiation ( Fig. 10c). TEM results indicated that the diffraction
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pattern of the particle from 1 AB is due to the orthogonal form of host 1,
and the transformation of the host structure occurred in the entire par-
ticle rather than the crystalline part of the particle ( Fig. 10d and e). As
shown in Fig. 10f, 1 AB hardly adsorbed N, in the absence of UV radi-
ation, while the adsorption capacity of 1 AB toward N after UV radia-
tion was 45 mL/g. According to previous reports, when AB was combined
with the rigid mesoporous material, AB isomerism did not affect the N ,
adsorption capacity [33,95,96]. Therefore, the main factor causing the
change in N, adsorption capacity was AB isomerism leading to a change
in the N, host structure. After a treatment at 120 C, the adsorption ca-
pacity of the 1 AB (UV) pair of nitrogen was substantially reduced,
indicating that bidirectional control of N , adsorption performance was
achieved by external stimulation. This methodology provides a simple
and ef cient way to combine exible MOFs with a variety of
stimulus-response molecules to construct a variety of unconventional,
smart, and porous materials.

Diarylethene (1,2-bis(2,5-dimethyl-thien-3-yl)-per uorocyclopentene,
DTE) is a molecule with good spectral response, thermal stability, and
excellent distinct spectral response P7]. Under UV and visible light con-
ditions, the structure of DTE appeared to be closed and open, and its color
was red and colorless, respectively. Benedict et al. 7] reported the  rst
MOF [Zn;(terephthalate)»(triethylenediamine)] ,-attached DTE (DMOF-1)
as guest molecules. DMOF-1 appeared red under UV irradiation. However,
once the UV irradiation stopped and the visible light irradiation opened,
DMOF-1 returned to colorless. Common light-responsive guest molecules
are summarized in Scheme 1

Hill and coworkers [ 49] prepared an optical ber coated with stable
UiO-66, in which a sublimation method was developed to encapsulate
5- uorouracil (5-FU) into the pores of dense UiO-66 Im. The 5-FU
wrapped in the optical ber UiO-66 Im can realize the directional
desorption of 5-FU under the trigger of the light from the optical ber
(Fig. 11a). The optical berwas obtained by impregnating the berinto a
precursor solution of UiO-66. Scanning electron microscopy (SEM) of the
terminal face of optical ber Im indicated that the thickness of the
UiO-66 Im is between 1.6 and 2 m (Fig. 11b). The intermolecular
forces between UiO-66 and 5-FU involved hydrogen bonding and -
interactions. Dispersion-corrected semi-empirical DFT-D2 modeling and
calculations were introduced to judge the optimized location of 5-FU
within UiO-66. The simulation results revealed that the preferential

Fig. 11. (a) Schematic of 5-FU encapsulation into ber coated with UiO-66 and a photoinduced drug delivery system; (b) SEM images of the terminal face of an optical
ber coated with UiO-66; (c) DFT-D2 optimized location of 5-FU in the pore structure of UiO-66 and the interaction distance between 5-FU and UiO-66; (d) absorbance

of solution around UiO-66 optical
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ber Im at 265 nm under different wavelengths of light. Reprinted with permission from Ref. [ 49] (Copyright 2016 WILEY-VCH).
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positions were located around the triangular pore window of the tetra-
hedral cage, followed by octahedral cages Fig. 11c) [99,100]. The pore
size distribution alteration of unmodi ed UiO-66 and 5-FU-loaded
UiO-66 con rmed that 5-FU was anchored mostly into the tetrahedral
cages and partly into the octahedral cages. The release of 5-FU into the
solution was studied using light of different wavelengths (Fig. 11d).
According to density functional theory (DFT) calculations, the binding
energy of 5-FU and UiO-66 is approximately 100 kJ/mol, being equiva-
lent to 1197-nm light. No 5-FU release was found upon irradiation with
wavelengths of 800 and 1550 nm. By changing the wavelength to 1050
nm, UiO-66 containing 5-FU was suf ciently activated to exceed the
adsorption enthalpy between 5-FU and UiO-66 to accomplish the in situ
5-FU adsorption. Approximately 1.10 10 * M of 5-FU can be delivered
within 60 s from one ber coated with UiO-66, in which the light with a
suitable wavelength through the ber could trigger 5-FU desorption as a
new approach to localized drug administration. This study provided an
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ingenious way to load the cancer drug 5-FU into porous UiO-66 using
light as a trigger to deliver the cancer drug on demand.

2.3. MOF composites

Compositing light-sensitive nanoparticles (NPs) on the surface of
MOFs also realized light-control adsorption/desorption of the target
pollutants. AgsPO; NPs as a semiconductor photocatalyst exhibited
excellent photooxidative capabilities under visible light irradiation [ 101,
102], suffering photo-corrosion by the photogenerated electrons [103],
and the Agb ions in AgzPO, NPs were reduced to Ag? (Eqg.(1))[101,104].

4Ag,PO,p 6H,0p 120P p 12 12Agp 4HPO, b 30, (1)

Wang and coworkers [47] rst proposed an in situ deposi-
tion/precipitation approach to fabricating UiO-66-NH ,/Ag 3P0, com-
posites for light-stimuli desorption of SMX (UAP-X, X represents a

Scheme. 1. Types of photoisomerized molecules. Reprinted with permission from [98] (Copyright 2018 Royal Society of Chemistry).

61



C.-Y. Wang et al.

Environmental Functional Materials 1 (2022) 4%6

Fig. 12. SEM images of (a) AgPOy; (b) UAP-50 after adsorption of SMX; and (c) AgPOy; (d) UAP-50 after desorption of SMX by visible light. (e) Adsorption and
desorption mechanisms of UAP-50 toward SMX. Reprinted with permission from Ref. 47] (Copyright 2018 Elsevier).

UiO-66-NH; mass of 20, 35, 50, 120, and 200 mg in the composites). The
results indicated that the individual Ag 3PO,; and UiO-66-NH, MOFs did
not perform light-triggered desorption activity toward SMX. However,
once UiO-66-NH, was introduced into AgzP0O,, UAP-X showed obvious
light-triggered desorption behavior toward SMX. SMX adsorption and
desorption test results indicated that UAP-50/120 performed excellent
desorption activities under visible light (about 66.9/73%).

Compared with AgzPO,; NPs, the characteristic PXRD diffraction
peaks (38.11,44.30 ,64.44 ,77.39 ,and 81.54 )ongO appeared in the
UAP-50 spectrum after light-triggered desorption. Furthermore, the SEM
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images of AgsPO, and UAP-50 with SMX adsorption showed strip-like
SMX, indicating the successful adsorption of SMX Fig. 12a and b). As
illustrated in Fig. 12c¢ and d, more AgD appeared on the surface of
SMX@UAP-50 than on the surface of SMX@AGPO, upon visible light
irradiation for 2 h, indicating that introducing UiO-66-NH , promoted the
reduction of Agb. In addition, the XPS peaks (374.6 and 368.6 eV) of Aé’
appeared in the UAP-50 spectrum with SMX adsorption after visible light
irradiation. Therefore, the conclusion was drawn that the light-triggered
desorption activity of UAP-X composites might be due to the reduction of
Agp in Ag3zPO; NPs to the element Ad’ under visible light irradiation
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Fig. 13. (a) DFT calculation models for the optimal coordination of —NH, and AgP; (b) desorption mechanism of UAP-X composites toward SAs under visible light.
Reprinted with permission from Ref. [ 44] (Copyright 2018 American Chemical Society).

(Fig. 12e) [104,105].

Ag3POy, AgsVO,, AgoCrOy, and Ag,CO; are well known for possess-
ing excellent photosensitive performance, in which Ag'D can be converted
to Ag0 under light irradiation [ 106,107]. Wang and coworkers [44]
further fabricated UiO-66-NH,/Ag,CO; (UAC-X) composites for
visible-light-controlled release of different sulfonamides (SAs), such as
sulfamethoxazole (SMX), sul soxazole (SIX), and sulfamethazine (SMT).
The results indicated that UAC-150 performed good dark adsorption
activities and excellent desorption toward various SAs upon visible light
illumination (with desorption ef ciencies of 80.8% for SMX, 66.7% for
SIX, and 43.7% for SMT). The desorption performance of UAC-X com-
posites toward SMX was controlled by the mass content of UiO-66-NH in
the UAC-X composites. As the content of UiO-66-NH increased, the
desorption ratio of SMX increased from 0% for UAC-20 to 80.8% for
UAC-150 under the same condition. The corresponding desorption rate
was also positively correlated with the content of UiO-66-NH . This
phenomenon is observed because SMX wrapped on UAP-X composites
prevents these composites from obtaining light, thus inhibiting the con-
version of Ag® to Ag®. Furthermore, increasing the proportion of
UiO-66-NH; in UAC-X composites was found to reduce the particle size of
AgoCOs. The smaller size of AgCO; NPs accomplished stronger
light-capturing capability and accelerated the reduction activity of Ag b
An analysis of XPS, TEM, and FTIR results shows that SMX was suc-
cessfully adsorbed on UAC-X composites, in which the adsorption
mechanism contributed to the coordination interaction between Agb in
Ag,CO3 NPs and —NH; in SMX. A DFT calculation revealed that the
adsorption activity of UAC-X toward SMX was primarily chemical

63

adsorption (bonding energy ¥ 0.925 eV) (Fig. 13a). The Ey value of
Ag,CO3 was 2.3 eV [108], indicating that the photoinduced electron
process can be accomplished under light with a wavelength below 539
nm [44]. The light-triggered desorption process can be explained as the
reduction of Agb in UAC-X composites to Aé’ by capturing photo-
generated electrons under visible light excitation, resulting in the
breaking of the interaction between —NH, (SAs) and Ad’ (UAC-X com-
posites) (Fig. 13b). This work provides a new strategy for applying
light-response desorption materials in a water environment, further
broadening the applicability of the composite material based on a silver
salt semiconductor and UiO-66-NH, as an effective photocontrolled
adsorption—desorption material for sulfonamide antibiotics, and it pro-
vides a new path for photocontrolled drug delivery and environmental
pretreatment.

3. Conclusion

In conclusion, the design strategy, light-operated methods, and po-
tential applications of light-response MOFs were discussed. The different
strategies of light-response adsorption and desorption were classied and
compared. The full realization of their potential anticipates a bright
future in adsorption, controlled release, and drug delivery. The oppor-
tunities provided by light-response MOFs have been summarized for
future applications in gas adsorption, catalysis, optical, and biomedical
applications. The future development directions of optical response
MOFs should target the following aspects. () It is essential to design and
synthesize the third generation of light-responsive MOFs, which can alter
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the characteristics of the pore size and pore shape for smart adsorption
and desorption of targeted molecules. () Developing visible and/or near-
infrared light-responsive adsorption—desorption MOF materials is
necessary to achieve practical applications. () The light-response
adsorption and desorption performance and mechanism of light-
responsive MOFs in an aqueous environment must be explored for
wastewater puri cation and sample pretreatment. ( ) Light-response
MOFs can be combined with other stimulus-response switches (such as
magnetism, temperature, pressure, etc.) to achieve the synergistic effect
of multiple stimuli. Furthermore, many challenges, including environ-
mental tolerance, physiological toxicity, physiological compatibility, the
construction of practical devices, and their use in practical engineering,
need to be addressed. Further developments of light-response MOFs will
play important roles in the eld of smart materials.
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