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Margarita Viniegra, c N. Martı́n-Guaregua,c Michael T. Huxley,*d

Diego Solis-Ibarra, *a Ilich A. Ibarra *a and Christoph Janiak *e

Developing technology that can precisely monitor specific air pollutants in diverse settings is essential to

control emissions and ensure safe exposure limits are not exceeded. Metal–organic frameworks (MOFs)

are crystalline organic–inorganic hybrid materials, which are promising candidates for SO2 detection.

Their chemically mutable periodic structure confers outstanding surface area, thermal stability, and a

well-defined pore distribution. Moreover, MOFs have exhibited extraordinary performance for SO2 cap-

ture. Therefore, research has focused on their possible applications for SO2 sequestration due to the

selective and robust chemical and physical interactions of SO2 molecules within MOFs. The variable SO2

affinity presented by MOFs enables the adsorption mechanism and preferential adsorption sites to be

resolved. However, for MOF-based SO2 detection, selective SO2 capture at shallow partial pressure

(0.01–0.1 bar) is required. Thus, capturing SO2 at low concentration is crucial for SO2 detection, where

textural properties of MOFs, mainly the pore-limiting diameter, are essential to achieve selective detec-

tion. In this review, we discuss the fundamental aspects of SO2 detection in MOFs, providing a step-by-

step methodology for SO2 detection in MOFs. We hope this review can provide valuable background

around SO2 detection in MOFs and inspire further research within this new and exciting field.

1. Introduction

The environmental and health implications of volatile pollu-
tants pose major technological and economic challenges to
modern society. The role of anthropogenic CO2 and methane
emissions in promoting an enhanced greenhouse effect is no
doubt the most publicized example, yet lesser known pollutants
such as carbon monoxide (CO), tropospheric ozone (O3),
ammonia (NH3), volatile organic compounds, hydrogen sulfide
(H2S), and sulfur dioxide (SO2) are harmful and prevalent in
their own right.1 These toxic gases contribute to poor health
outcomes, crop damage, acidification of soils and waters, and

the loss of biodiversity.2,3 Therefore, targeting emissions and
remediating contaminated areas remains a principal goal of
governments worldwide.

The developed world’s accelerating demand for energy,4

which is still predominantly satisfied by fossil fuels, represents
the major anthropogenic source of volatile pollutants.5 Natural
sources, such as volcanic activity, are a further contributing
factor.6 For example, México hosts several of the world’s largest
and most frequently active volcanoes. Volcanic gas emissions
from these and other volcanoes are damaging to both the
environment and human health in localized areas.7,8

Of the pollutants identified above, SO2 is particularly hazar-
dous due to a combination of toxicity and its ubiquity in flu gas
emissions and various industrial settings. SO2 is a colourless,
irritating, and non-flammable gas with a strong odor that can
be absorbed through the respiratory system or dermal contact.9

It is classified as one of the most hazardous gases: exposure can
to concentrations exceeding 100 ppm can be fatal in minutes.10

However, even at lower concentrations, inhalation can cause
severe respiratory complications.11,12 The maximum daily aver-
age concentration for human exposure to SO2 is 20 mg m�3

(8 ppb). Therefore, based on environmental and human health
considerations, it is necessary to enforce stringent SO2 emis-
sion regulations and prioritize the detection of SO2 in both
ecological and workplace settings.13
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1.1 Physicochemical properties of SO2

To understand the challenges associated with the capture and
detection of SO2, the chemical and physical properties of the
compound must be considered.14,15 Valence shell electron pair
repulsion theory predicts SO2 to possess a bent geometry with an
approximately 1201 angle between the central sulfur and peripheral
oxygen atoms (Fig. 1a). The bonding in SO2 can be described with
mesomeric bonds: a covalent SQO double bond and an ionic S+–
O� bond (Fig. 1b). The molecule is polar (dipole moment 1.63305 D
or 5.4473� 10�30 C m) and is therefore soluble in water (Fig. 1c).16

The S–O bond length in SO2 is 1.43 Å, commensurate with the
bonding models described above.17

1.2 Sources of SO2 pollution

The SO2 pollution is directly related to industrial activities
associated with burning fossil fuels and biomass by power

plants and chemical industries. This can include metal extrac-
tion from mines, locomotives, vehicles, and volcanos.18 In
general, power plants generate electricity via combustion,
which releases SO2 because the feedstocks contain sulfur
compounds.

Therefore, industrial cities are confronted with an SO2

pollution problem. Jion et al.19 reported that 27.6% of SO2

emissions in Asian countries arise from coal burning, while
industry accounts for 20.7%, fossil fuel and biomass burning
13.8%, power plants and brick kilns 10.3%, and domestic
production 3.4%. The increase in SO2 pollution is related to
industrialization, urbanization, and economic development.
Specifically, the SO2 concentration observed in several Asian
countries is relatively high. For example, at Langkawi Island,
Malaysia, the concentration is 14 ppb (data from 1999–2011)20

while in Lahore City, Pakistan, it is 19.11 � 6.18 ppb.21 For
Longfengshan, Shangdianzi, Houma, Huaian, Lin’an, kaili,
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Chenzhou, Meixian, Dianbai of China is 23.59 � 23.97 ppb
(data from 2010).22 In rural sites in China is 21.06 � 9.23 ppb
(data from 2007–2008).23 Furthermore, Mousavi et al.24

reported an analysis of the SO2 concentration arising from
flares at the Maroon gas refinery located in the suburb of
Ahvaz, Iran. It was found that the SO2 concentration rises to
82.1 ppb during the cold season.

1.3 Industrial uses for SO2 and existing capture technologies

SO2 finds multifarious industrial uses. For example, the
remarkable antiseptic and antioxidant properties of SO2 have
led to its frequent use as a food and beverage preservative,25

particularly in winemaking, where it acts as an antimicrobial
agent during the aging and storage of wine.26 In the chemical
industry, SO2 is an intermediate in the production of sulfuric
acid (H2SO4). The industrial synthesis of H2SO4 takes place by
first transforming sulfur into SO2 using O2 as an oxidant,
followed by the conversion of SO2 into sulfur trioxide (SO3)
using vanadium and alkali oxides.27 The resulting SO3 is
dissolved in 98 wt% H2SO4 solution to generate a 99.7 vol%
H2SO4 solution.28 SO2 is also employed as a bleaching agent29

and was a first-generation refrigerant due to its high heat of
evaporation.30

Indeed, industrial demand for SO2 and inadvertent emission
from coal-fired power stations necessitates strict control for
safety and environmental reasons. Considering the need to
limit anthropogenic SO2 emissions, significant investment
has been expended toward SO2 capture at point sources such
as coal-fired power stations. The first SO2 capture system, the
spiral-tile packed tower, was developed in the early 1930s31–33

but is highly inefficient due to the consumption of vast quan-
tities of water during its operation. The process also produces
large quantities of sulfuric acid contaminated water.34

SO2 scrubbing, also known as flue-gas desulfurization
(FGD).35 FGD is employed using either a once-through or
regenerative process. In the former, the spent sorbent (which
is calcium sulfate) can be used in the construction industry or
otherwise disposed. The regenerative process is more desirable
because the sorbent is re-activated, and SO2 is recovered for use
in chemical industries. Despite this process being widely
applied and largely successful in mitigating the worst impacts
of acid rain, FGD systems still release significant quantities of
SO2 into the atmosphere.36 Therefore, interest has been gar-
nered by alternative processes such as the use of ceramic

Fig. 1 (a) Valence bond resonance SO2 structure, (b) scheme displaying
the molecular orbital bonding model for SO2, (c) SO2 dipole moment.
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hollow fiber membranes filled with various aqueous solutions
to capture SO2.37–40 Finally, various ‘wet-sulfuric acid’ processes
have been used extensively for sulfur removal since the 1980s,41

motivated in part by the generation of valuable byproducts.42

1.4 Emerging technologies for SO2 capture

The aforementioned processes generate large quantities of
wastewater, corrode pipelines, impose significant economic
costs, and leave residual traces of SO2.43 Thus, as an alternative,
solid-state adsorbents have received growing interest. For
example, zeolites and metal oxides have been investigated for
SO2 uptake.44,45 Zeolites are widely used as adsorptive materi-
als, ion exchangers, and catalysts.46 Zeolites present attractive
qualities in adsorption applications, including low-cost synth-
esis, relatively high surface area, microporosity, and thermal
and mechanical stability.47 However, zeolites exhibit drawbacks
associated with their regeneration process. In some cases, the
strong host–guest interaction between a zeolite and gas mole-
cule invokes chemical bonding,48 necessitating thermal activa-
tion (200 1C) under vacuum to regenerate the adsorbent and
increasing operating costs.49 Similarly, metal-oxides offer
advantageous properties for adsorption applications but often
form non-reversible interactions with gases of interest.50

Therefore, new porous materials have been investigated with
a focus on sustainable development and real-world
applications.51,52 This includes a new generation of organic or
hybrid organic–inorganic adsorbent materials such as metal–
organic cages (MOCs),53 porous organic cages (POCs),54 and
metal–organic frameworks (MOFs).55 The latter are crystalline,
typically microporous materials constructed from metal ions
interconnected by organic linkers, forming two or three-
dimensional coordination networks.56,57 MOFs feature tunable
physicochemical properties due to reticular design principles,
narrow pore size distributions, high surface areas, and in some
instances, chemical and thermal stability.58,59 Their metal and
linker building blocks allow the design of a tremendous range
of different MOFs which can be tuned via reticular synthesis to
suite specific applications. These properties have conferred
significant advantages in adsorption,60–63 catalysis,64–66 drug
delivery,67,68 separation,69,70 and proton conductivity71,72

applications.
Only a limited number of chemically stable MOFs have so-

far exhibited promising SO2 adsorption properties. This paucity
reflects the often-poor stability of coordination clusters –
central to the structural integrity of MOFs – towards SO2

exposure.73 During adsorption, SO2 molecules interact with
MOFs via chemical or physical adsorption, depending on the
nature of the binding sites available in the framework. The
stability of MOFs towards SO2 is dependent on the strength of
the metal–ligand coordination bond (ranging between 300 kJ
mol�1 to 600 kJ mol�1 for carboxylate linkers) and coordination
number of the metal node.74,75 Displacement of metal-linker
bonds by SO2 leads to decomposition of the MOF sorbent. Since
linkers are classified as electron-donating species and metal
ions are electron-accepting species,76 Pearson’s hard-soft acid–
base (HSAB) concept provides a rationale for the stability of

MOFs. Hard bases establish stronger bonds with hard acids
and soft acids with soft bases.77

Based on these principles, a range of chemically stable
MOFs have been synthesized and found to exhibit high SO2

uptakes.78 Chemical stability is, however, only one of the
challenges facing chemists as they work to establish an indus-
trial role for MOFs. Criticism frequently centers around the
high cost of MOF linkers as well as the scalability of MOF
synthesis, leading to questions about the economic feasibility
of industrial-scale SO2 capture (and that of other gases such as
CO2) using MOFs.79 Indeed, the feasibility of adsorptive SO2

capture with MOFs at scale remains uncertain. However,
laboratory scale results for MOF-based SO2 removal suggest
that other applications that require smaller quantities of adsor-
bent, particularly SO2 detection rather than capture, are pro-
mising avenues for MOF research.

1.5 Principals for SO2 detection

Detecting a specific molecule relies on stimulating a specific
response in the sensor, which, when measured, gives either a
quantitative or qualitative measure of the concentration (or
presence) of the analyte.80,81 Since MOFs are naturally suited to
sensing applications due to their intrinsic porosity and func-
tional versatility, a wide range of MOF based sensing techni-
ques have been envisaged.82 These include MOF-based
chemiresistive sensors,83 luminescent sensors,84 colourimetric
sensors,85 and magnetic sensors.86 MOF-based chemo resistive
materials are based on the change in resistance in response to a
chemical surface reaction or adsorption of a guest molecule.87

Sensors based on luminescence response employ the change in
luminescence properties of certain MOFs, which generate a
turn-on or, more often, turn-off fluorescence response.88,89

Furthermore, some MOFs exhibit a characteristic shift in their
emission wavelength(s) when exposed to specific molecules
such as ammonia.90 Colourimetric detection is used for sim-
plicity and can be performed via visual analysis.91 Additionally,
the spin-crossover (SCO) effect has gained interest in the
scientific community for its applications in magnetic sensors.
In MOFs for instance, exposure to external stimuli such as
temperature, pressure or magnetic field can induce measurable
changes in the spin state of framework metal ions (typically
Fe(II) framework nodes).92,93 However, guest molecules can also
induce a spin transition, which can be exploited for the purpose
of detection.94 These techniques have been combined to detect
various small molecules, including organic solvents,95 aqueous
pollutants,96 greenhouse gases,97 and acidic solvents.98 How-
ever, SO2 detection has received limited attention.

Presently available SO2 detectors employ an electrochemical
system based on a solid polymer, usually polycarbonate. In
such devices, an electrochemical reaction occurs, generating an
electron in the working electrode, which produces an electrical
current that is proportional to the SO2 concentration. The SO2

detection range is from 0 to 20 ppm with a response time of 30
s.99,100 Such devices are frequently used in coal mines and the
petroleum and chemical industries where SO2 is encountered.
However, drawbacks associated with existing SO2 detectors,
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including interference from other gases, and sensitivity towards
temperature and humidity fluctuations which lead to low
sensitivity and accuracy.101–103

SO2 detectors can be improved by introducing new solid-
state materials with increased selectivity towards SO2. There-
fore, considering the promising SO2 adsorption properties of
MOFs, SO2 detection is a logical next step. SO2 tolerant MOFs
have shown moderate to high SO2 uptake. Intuitively, materials
with a high SO2 affinity – interpreted as evidence for an
enhanced interaction between SO2 and the MOF framework –
could be promising candidates for detection applications.104 To
exploit this potential, it is necessary to understand the funda-
mental interactions between SO2 molecules and the MOF. By
transforming these host–guest interactions into measurable
signals, the presence and, in some cases, concentration of
SO2 can be reliably determined. To meet this goal, researchers
must draw on the vast wealth of research which has character-
ized the structure–property relationships of MOFs and opti-
mized their mechanical and chemical stability – both crucial
properties for real-world applications where MOFs are incorpo-
rated into functional devices. The accelerated development of
MOFs to improve their properties for gas detection is crucial for
building functional devices.

Thus, this review provides a comprehensive summary and
analysis of MOF-based SO2 detection strategies. To provide a
suitable background, seminal examples of MOF-based detec-
tion of sulfur compounds other than SO2 (and also in solution)
are also provided. We emphasize the relationship between
specific characteristics of porous materials (i.e., surface area,
pore volume, pore diameter, and functionalisation), which
combine with the molecular properties of SO2 to provide a
means for reliable detection. The primary techniques with
which SO2 detection is studied in MOFs are discussed in detail.
We aim to encourage further investigation into the exciting
field of MOF-based environmental remediation and sensing
applications.

2. MOFs for SO2 capture

One of the primary purposes of this review is to explore existing
– and postulate promising – MOF candidates for detecting SO2.
Therefore, the characteristic properties shared by MOFs that
exhibit a high affinity towards SO2 must be examined so that
these desirable properties can be refined for SO2 detection
applications.

2.1 Main interactions of the SO2 molecule within MOFs

The host–guest interaction between SO2 molecules and MOFs
provides a fundamental basis for understanding the applica-
tion of MOFs in SO2 detection. Considering the chemical
diversity of MOF pores, it is necessary to establish the potential
modes by which SO2 can interact with adsorbents.

The adsorption of gases on surfaces is divided into two
limiting processes: (i) physisorption, that is, physical adsorp-
tion, which displays weak gas–sorbent interactions comprising

van der Waals forces, reversibility and a low heat of adsorption
(o50 kJ mol�1); and (ii) chemisorption, that is, chemical
adsorption, which exhibits comparatively strong interactions
characteristic of chemical bonding, a high heat of adsorption
(450 kJ mol�1), and less facile reversibility.105 From this point
of view, SO2 adsorption processes are governed by the chem-
istry of available adsorption sites within a MOF, which deter-
mines the type and strength of interactions.

Preferential adsorption sites within MOF structures (Fig. 2a)
can include hydroxyl/amino groups, open metal sites (including
defects and missing linkers), and halogen/methyl groups.106

Thus, the extraordinary chemical diversity available in MOFs
gives rise to a range of possible interactions with polar SO2

molecules (Fig. 2b), including hydrogen bonding, direct coor-
dination to framework metal ions, sulfur–halogen bonding, S–p
interactions, and other electrostatic interactions.107–109

When coordinating to metal centres, such as open metal
sites in MOFs, an SO2 molecule can exhibit multiple binding
modes that employ both oxygen and sulfur donors. Typical SO2

coordination modes are summarized in Fig. 2c and include
(i) Z1-SO2, planar and S-bonded, (ii) Z1-SO2, pyramidal and
S-bonded, (iii) Z2-SO2, both S and O-bonded, and (iv) Z1-SO2,
O-bonded.111 These metal–SO2 coordination modes have been
exploited to improve SO2 adsorption in MOFs at open metal
centres.

Fig. 2 (a) Main adsorption sites in MOF, (b) summary of possible SO2–
MOF interactions, and (c) metal bonding modes of the SO2 molecule
depicted schematically. Based on ref. 106,110.
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Metal centres do not comprise the only sites with which SO2

can interact within MOFs. Hydrogen bond donors are a com-
mon preferential adsorption site in MOFs, particularly in the
form of hydroxyl and amine moieties. The hydroxido, hydroxo,
or hydroxy group is an intrinsic characteristic of numerous
MOFs bearing cluster-based SBUs, where, for instance, the
m-OH moieties bridge two or three metal centers.112 Amino
groups on the other hand are provided via suitably functiona-
lized organic linkers.113 The interaction between SO2 molecules
and hydroxy sites in a MOF was first directly identified in 2012
by Yang et al.114 in NOTT-300(Al) (later renamed MFM-300(Al),
linker BPTC)115 using in situ powder X-ray diffraction (PXRD),
inelastic neutron scattering, and grand canonical Monte Carlo
(GCMC) simulations. The NOT-300(Al) structure features m-OH
groups, which bridge between Al(III) ions to form infinite 1D
chains that extend along the MOF pores and are bridged by
BPTC moieties. Comprehensive analysis revealed that SO2

molecules engage in hydrogen bonds (SO2(O)� � �H(OH) =
2.376(13) Å) with m-OH sites (Fig. 3a), supported by comple-
mentary interactions with aromatic C–H sites of adjacent
linkers. Five hydrogen bond interactions were observed
between the host framework and bound SO2. Furthermore,
the SO2 molecules bound to the framework interact via
dipole–dipole S� � �O interactions (S� � �O = 3.34(7) Å) with sec-
ondary SO2 molecules located within the MOF pore (Fig. 3b). A
follow-up study published in 2020 established the long-term
stability of NOT-300(Al) towards SO2, NH3, and NO2. This study
highlighted the capacity of diffraction techniques to precisely
elucidate the interaction mechanisms behind SO2 adsorption
in robust, crystalline adsorbents.

MFM-300(Sc), which is isostructural to MFM-300(Al) (pre-
viously named NOT-300(Al) as described above), exhibits infi-
nite 1D [Sc2(m-OH)] chains interconnected by BPTC moieties.
SO2 interactions were elucidated using GCMC simulations,
which revealed that SO2 molecules engage in hydrogen bonding
with m-OH sites situated along the inorganic node.116 The
indium analog MFM-300(In) displayed high selectivity for SO2

over N2, CH4, and CO2. In situ PXRD revealed similar behavior

to that observed in MFM-300(Al): SO2 occupies two adsorption
sites. One molecule interacts with a bridging hydroxyl group
[SO2(O)� � �H(OH) = 3.17 Å] while at the same time, a second SO2

molecule is supported in the MOF pore via dipole–dipole S� � �O
interactions with the bound SO2 molecule. Inelastic neutron
scattering experiments probed the interaction between N2, CO2,
and SO2 gas molecules and m-OH sites. A substantial shift in
signals associated with wagging/bending modes of aromatic
C–H bonds and bridging m-OH sites was observed upon expo-
sure to SO2. A less significant shift was observed upon CO2

adsorption, confirming that SO2 adsorption is associated with
stronger hydrogen bonding interactions with these framework
sites.117 Further spectroscopic evidence for the hydrogen bond-
ing interaction was provided by monitoring the n(OH) band
at 3657 cm�1. These studies validate the role of hydrogen
bonding between SO2 and inorganic hydroxyl sites and inter-
molecular SO2–SO2 interactions in stabilizing adsorbed SO2 in
robust MOFs.

Similar interactions have been described for various m-OH
bearing MOFs. For example, rigid MIL-53(Al)-TDC (TDC = 2,5-
thiophenedicarboxylate) and the flexible MIL-53(Al)-BDC dis-
played this characteristic interaction.118 DFT simulations were
employed to probe the SO2/MOF host–guest chemistry. SO2 was
observed to interact through hydrogen bonding with the m-OH
group of both MIL-53(Al)-TDC and MIL-53(Al)-BDC (with a
mean SO2(O)� � �H(OH) separation distance of 2.05 Å and
1.78 Å, respectively). The shorter hydrogen bonding interac-
tions observed in the more flexible framework were related to
adsorption-induced decrease in pore size in the flexible frame-
work, facilitating stronger hydrogen bonding interactions. Mul-
tiple steps in the SO2 adsorption isotherm supported this
flexible behavior. Furthermore, the strong affinity for SO2

molecules at the m-OH site leads to a remarkable selectivity
over a wide range of gases. Another framework bearing bridging
m-OH groups, DUT-4119 (with the linker NDC), displays rela-
tively high SO2 adsorption (13.6 mmol g�1 – compared to
8.9 mmol g�1 for MIL-53(Al)-TDC and 0.8 mmol g�1 for MIL-
53(Al)-BDC) at 298 K and 1 bar).118 DFT studies show that SO2

interacts with the m-OH group and the linker (distance of 2.9
and 2.7 Å, respectively). The affinity towards the m-OH group
contributed to selective adsorption of SO2 over CH4. Further-
more, the m-OH bearing framework, Mn-CUK with the linker
PDCA = 2,4-pyridinedicarboxylate, contains a [Mn3(m3-OH)2]
cluster and displays moderate SO2 adsorption capacity
(5.51 mmol g�1) at 298 K and 1 bar.120 Variable-temperature
SCXRD studies suggested that SO2 binds via hydrogen bonding
with the m3-OH sites.

MIL-160 (with the linker FDCA = 2,5-furandicarboxylate) is a
furan-based MOF with a moderate SO2 uptake (7.2 mmol g�1) at
293 K and 0.97 bar.121 However, the framework displays high
selectivity towards SO2 over CO2, CH4, N2, and H2. The feasible
binding sites for SO2 in MIL-160 were identified by DFT
calculations using geometry optimization of SO2 within the
pores (Fig. 4a–c). Three main interactions were found to occur
between MIL-60 and SO2: dipole–dipole bonding at furan
oxygen sites (SO2(S)� � �O(furan) distance 3.27 Å), hydrogen

Fig. 3 (a) View of the crystal structure of NOTT-300�4.0-SO2 obtained
from Rietveld refinement of data on SO2-loaded material at 1.0 bar. The
adsorbed SO2 molecules in the void are highlighted using a ball-and-stick
represention. The sulfur atom of the second site of SO2 is highlighted in
blue. (b) Detailed view of the OH and CH contact with SO2 molecules in a
distorted pocket-like cavity. (Aluminum, green; carbon, grey; oxygen, red;
hydrogen, white; sulfur, yellow.) (Reprinted (adapted) with permission from
ref. 114 Copyright (2012) Springer Nature).
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bonding at m-OH (SO2(O)� � �H(OH) distance 2.10 Å), and finally,
dipole–dipole bonding between SO2 and two furan units (dis-
tances of 3.15 and 3.36 Å). The short SO2(O)� � �H(OH) hydrogen
bond contact implies a high affinity between SO2 and the
hydroxyl sites which contributes to the outstanding selectivity
toward SO2.

Similarly, CAU-23 (with the linker TDC) displays cis and
trans-m-OH sites in the inorganic building unit (Fig. 4d–g) and
has been evaluated for gas sorption properties.122 CAU-23
shows a relatively high SO2 adsorption capacity (8.4 mmol
g�1, at 1 bar and 293 K) and low CO2 and CH4 adsorption
capacity (3.97 mmol g�1 and 0.89 mmol g�1, respectively, all at
1 bar and 293 K). Moreover, the presence of cis and trans-m-OH
groups imparts a high affinity towards polar SO2 molecules over
CO2, H2, and CH4. Further to the behavior described above,
adsorbed SO2 can also interact favorably with the p-system and
S atom from the linker.

Coordinatively unsaturated sites can be generated in
MOFs at the framework nodes when coordinated solvent (i.e.,
water) is dissociated during thermal activation, leaving behind
an accessible Lewis acidic metal site.123,124 This attribute has
drawn considerable interest in the adsorption and catalysis

fields.125,126 M-MOF-74 (with the linker DHTP = 2, 5-
dihydroxyterephthalate) (M = Zn and Mg) is one such material
and displays strong interactions between adsorbed SO2 and
open metal sites generated during activation.127 Using in situ
infrared spectroscopy and ab initio DFT calculations, the first
preferential adsorption site was identified as a direct SO2(O)–M
interaction. Another MOF, MFM-170, features well-defined
Cu(II) sites which also interact directly with SO2. MFM-70
consists of a [Cu2(O2CR)4] (O2CR = 40,40 0 0-(pyridine-3,5-
diyl)bis([1,10-biphenyl]-3,5-dicarboxylate) dimer with four linker
carboxylate moieties occupying the equatorial sites and one
linker N-pyridyl donor coordinating to one of the two axial
sites of the dimer (the second being available for guest
coordination).128 This available Cu(II) coordination site facil-
itates reversible SO2 capture, while the structure remains
stabile even towards exposure to wet SO2. Using in situ SCXRD,
FTIR microspectroscopy, and inelastic neutron scattering, the
open Cu(II) sites were confirmed to act as SO2(O)–Cu adsorption
sites. The Cu(II) framework, MFM-190 (linker: 5,50-(pyridine-2,5-
diyl)diisophthalate), also exhibits open Cu2+ sites which form
the primary adsorption site for SO2.129 Furthermore, an S–p
interaction was observed between SO2 and delocalized p sys-
tems of the two neighboring phenyl rings. In situ neutron
powder diffraction, inelastic neutron scattering, and synchro-
tron infrared microspectroscopy studies revealed the location
of host–guest binding. The MOF MIL-101(Cr)-4F(1%) is a
partially fluorinated MOF from the MIL-101(Cr) family.
This Cr(III)-based MOF was synthesised by mixing BDC and
2,3,5,6-tetrafluoro-1,4-benzenedicarboxylate (BDC-4F), thereby
doping the structure with fluorine (MIL-101(Cr)-4F(1%) =
[Cr3O(BDC)2.91(BDC-F4)0.09]Cl).130 The presence of fluorine
modulates the pore-surface electron density leading to consid-
erably improved SO2 capture due to the enhanced dipole–
dipole interactions with the pore surface.

Defect sites in MOFs – such as missing linker or missing
cluster defects, which are prominent in Zr(IV) frameworks,
among many others131,132 – are correlated with a decrease in
the chemical stability of the framework but provide new
interaction sites for adsorbate molecules, including SO2.133

The MOF [Ni8(OH)4(H2O)2(BDP_X)6],134 (where H2BDP_X =
1,4-bis(pyrazol-4-yl)benzene-X with X = H (1), OH (2), NH2 (3))
(Fig. 5a), was post-synthetically modified by placing the materi-
al‘in ethanolic solutions of potassium hydroxide to generate the
defect rich frameworks K[Ni8(OH)3(EtO)3(BDP_X)5.5] (1@KOH,
3@KOH) and K3[Ni8(OH)3(EtO)(BDP_O)5] (2@KOH). The
defective frameworks were soaked in aqueous Ba(NO3)2,
leading to exchange of extra-framework potassium ions for
Ba(II), giving Ba0.5[Ni8(OH)3(EtO)3(BDP_X)5.5] (1@Ba(OH)2, X =
H; 3@Ba(OH)2, X = NH2), and Ba1.5[Ni8(OH)3(EtO)(BDP_O)5]
(2@Ba(OH)2). The logical basis for this extensive post-synthetic
modification was to imbue the defective frameworks with a
greater capacity to interact with SO2. Possible SO2 interactions
were evaluated by DFT calculations (Fig. 5b–e). The preferential
SO2 adsorption sites in 1@Ba(OH)2 are the crystal defects where
SO2 coordinates in a bidentate fashion with Ba(II) ions. This is
contrasted with 1@KOH wherein SO2 coordinates through a

Fig. 4 DFT-simulated binding sites of SO2 in MIL-160. (a) Ofuran� � �SSO2

interaction, (b) OHAl-chain� � �OSO2
interaction, and (c) Ofuran/carboxylate� � �SSO2

interaction. (Reprinted with permission from ref. 121 Copyright (2019)
American Chemical Society). Crystal structure of CAU-23: (d) Al3+, 2,5-
thiophenedicarboxylate (TDC2�) and hydroxide ions as building blocks,
(e) TDC2� linker coordination to {AlO6} octahedra, (f) chains composed of
alternating segments of four helical cis- and four trans-corner sharing
{AlO6} octahedra, (g) section of the packing diagram with the {AlO6} chains
connected by the TDC2� linkers to yield square-shaped channels.
(Reprinted with permission from ref. 122 Copyright (2022) with permission
from John Wiley & Sons).
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less favourable monodentate mode with potassium ions. Ba(II)
ions are therefore associated with enhanced interactions
between SO2 and the framework. The formation of missing
linker defects, where hydroxide displaces framework linkers,
also contributes since the hydroxyl moieties interact favorably
with SO2. Thus, this novel defect engineering methodology
facilitated improved adsorption performance by producing
defect sites with a high affinity towards SO2 and improving
the accessibility of the framework to sorbate due to the
presence of missing linker defects.134,135

Finally, the installation of halogen atoms on organic linkers
can enhance the gas capture performance of MOFs. For exam-
ple, the HHU-2-X (X = Cl, I, and Br) family are halogen
functionalized MOF-801 derivatives, which are composed of
halofumarate linkers which bridge 12-connected [Zr6O4(OH)4]
clusters.136 These materials display moderate SO2 uptake com-
pared to pristine MOF-801 which shares the same fcu topology
but an unfunctionalized fumarate linker. HHU-2-Cl for instance
displayed an SO2 adsorption capacity of 9.69 mmol g�1 at 296 K
and 1 bar, while MOF-801 reaches only 8.00 mmol g�1 at 296 K
and 1 bar. Halogen functionalisation increases the polarity of the

MOF pores, improving the affinity towards polar SO2 molecules
over CO2.

Thus, it is evident that the chemical functionality of MOFs
directly affects their SO2 affinity by modulating the SO2

interaction mechanism. Preferential SO2 adsorption sites
range from m-OH moieties involved in hydrogen bonding
to coordinatively unsaturated metal centres where coordina-
tion chemistry can take place.117,120 The studies highlighted
so far have focused on SO2 adsorption at relatively high
pressure (1 bar). However, systems that detect SO2 must
possess strong and selective affinity towards the gas at much
lower pressures.

2.2 Selective capture of SO2 in MOFs

An important consideration for the effective MOF-based detec-
tion of SO2 is high selectivity. The modular nature of MOFs
provides opportunities to tune their frameworks via the incor-
poration of specific functional groups that preferentially inter-
act with SO2 over other molecules. One of the earliest
investigations into selective SO2 adsorption in MOFs was
reported in 2008 by Britt et al.137 Using kinetic breakthrough
measurements the authors calculated the dynamic SO2 adsorp-
tion capacity of MOF-5, IRMOF-3, MOF-74, MOF-177, MOF-199,
and IRMOF-62. Remarkably, the pore functionality (i.e., unsa-
turated metal sites and amino functionality) was found to play a
dominant role in determining the dynamic SO2 adsorption
performance. Later, it was reported that the incorporation of
urea within Zn(II)-based MOFs (achieved using the linker 6-oxo-
6,7-dihydro-5H-dibenzo[d,f][1,3]diazepine-3,9-dicarboxylate),138

provided enhanced hydrogen-bonding interactions with SO2

over other gas molecules such as CO2.
Savage et al.117 demonstrated the utility of the hydroxo

functional group (–OH) in promoting high SO2 selectivity in
MFM-300(In). The material exhibited remarkable selectivity
(SO2/CO2 60, SO2/CH4 425, and SO2/N2 5000) under ambient
conditions (i.e., 50 : 50 mixture at 1 bar and 298 K). The origin of
this behavior was investigated by combining crystallographic
and spectroscopic techniques including inelastic neutron scat-
tering; which revealed that enhanced supramolecular binding
interactions – especially hydrogen bonding by the –OH func-
tional group – are directly responsible for observed affinity
towards SO2. Using in situ synchrotron X-ray diffraction experi-
ments, the same authors established the role of m3-O and m3-OH
functional groups in the remarkable SO2/CO2 and SO2/N2

selectivity observed in MFM-601 (with the linker PPTA =
4,40,400,40 0 0-(1,4-phenylenebis(pyridine-4,2,6-triyl))tetrabenzoate).139

The dipole moment of SO2 interacts favorably with the m3-O and
m3-OH groups within the pores of MFM-601, which explains the
affinity between MFM-601 and polar SO2 over non-polar CO2

or N2. MIL-160 is an Al(III)-based MOF which also exhibits
high SO2 uptakes at low pressures (p o 0.01 bar) and a
remarkable selectivity towards SO2 over CO2 due to the
presence of furan moieties which provide preferential binding
sites for SO2(O(furan)� � �S(SO2)).121 Recently, the SO2/CO2 selec-
tivity of NH2-MIL-101(Cr), Basolite F300 (Fe-1,3,5-BTC), HKUST-1,
ZIF-8 and ZIF-67 was evaluated in comparison to non-MOF

Fig. 5 (a) Schematic representation of the successive post-synthetic
modifications, from pristine nickel pyrazolate [Ni8(OH)4(H2O)2(BDP_X)6]
(H2BDP_X = 1,4-bis(pyrazol-4-yl)benzene-4-X with X = H (1), OH (2), NH2

(3)) frameworks to yield the missing linker defective K[Ni8(OH)3(EtO)3-
(BDP_X)5.5] (1@KOH, 3@KOH) and K3[Ni8(OH)3(EtO)(BDP_O)5] (2@KOH)
and subsequently, the ion-exchanged Ba0.5[Ni8(OH)3(EtO)3(BDP_X)5.5]
(1@Ba(OH)2, X = H; 3@Ba(OH)2, X = NH2), and Ba1.5[Ni8(OH)3(E-
tO)(BDP_O)5] (2@Ba(OH)2) materials. Organic linker (grey bar), potassium
(purple), barium (cyan). Sulfur dioxide interaction with crystal defect sites.
DFT structure minimization of the molecular configuration of one (b) and
(c) and two (d) and (e) adsorbed SO2 molecules on 1@KOH (left) and
1@Ba(OH)2 (right) materials. (Reprinted (adapted) with permission from ref.
134 Copyright (2017) Springer Nature under a Creative Commons CC BY
license).
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adsorbents Zeolite Y, SAPO-34, silica gel 60 and CTF-1,140

concluding that Zeolite Y and CTF-1(600) showed the most
promising SO2/CO2 selectivity results with an ideal adsorbed
solution theory selectivity in the range of 265–149 and 63–43
with a mole fraction of 0.01–0.5 SO2 at 293 K and 1 bar.

Using solid-state cationexchange, Mon et al.141 post-
synthetically modified a Ni(II)-based MOF (with the linker
MPBA = N,N0-2,4,6-trimethyl-1,3-phenylenebis(oxamate)) to
increase its N2/SO2 selectivity considerably. By soaking the
MOF crystals in a saturated aqueous solution of Ba(NO3)2 for
48 hours, Ni(II) ions hosted within the framework were
exchanged for hydrated Ba(II) ions. Using X-ray crystallography
and theoretical calculations the authors identified that the
hydrated barium cations act as preferential adsorption sites
for SO2. Then, Chen et al.142 observed high SO2/CO2 selectivity
(325) and ultrahigh selectivities for SO2/N2 (41.0 � 104) and
SO2/CH4 (41.0 � 104) in M-gallate MOFs, which was attributed
to particularly favourable pore apertures and chemical func-
tionality. In a similar vein, excellent SO2/CO2 selectivities have
been achieved by optimising the pore aperture to approximate
the size of SO2. For instance, by modulating methyl group
densities at the benzenedicarboxylate linker in [Ni2(BDC-
X)2DABCO] (BDC-X = mono-, di-, and tetramethyl-1,4-benzene-
dicarboxylate/terephthalate; DABCO = 1,4-diazabicyclo[2,2,2]octane)
the pore size can be precisely tuned.143 Indeed, the highly selective
SO2 adsorption by these methyl-functionalized DMOFs was accre-
dited to the numerous non-covalent interactions between the small
methyl-functionalized pore and SO2 molecules, which was revealed
by DFT calculations (this work is described in further detail below).
This strategy was also investigated in ECUT-77, a Co(II)-based MOF
composed of 4-(4H-1,2,4-triazol-4-yl)benzoate linkers, which exhi-
bits a SO2/CO2 selectivity of 44 due to its small pore aperture
(approximately 3 Å).144

Thus, as outlined above, by tuning the MOF pore aperture
and allocating appropriate chemical functionality to the mole-
cular components,145 high SO2 selectivities can be achieved.146

Indeed, SO2 adsorption based applications benefit significantly
from the modular and chemically mutable nature of MOFs.147

2.3 Low-pressure capture of SO2 in MOFs

Considering that concentration intervals for SO2 detection are
at the ppm level (or sometimes even the ppb level depending on
the application), it is SO2 adsorption in the low-partial pressure
range that is of interest. Thus, total SO2 uptake at ambient
pressure becomes irrelevant. Instead, the most important
metric for MOFs intended for SO2 detection applications is
SO2 adsorption capacity at low pressure (p { 0.1 bar). For
example, after scrubbing, SO2 concentrations in flu gas lie
between 150–450 ppm, corresponding to a shallow partial
pressure (0.0005 bar)148 and trace concentrations in the atmo-
sphere can be considered to be under 1000 ppm. That is, SO2

exerts a partial pressure of around 0.001 bar.149 Ideally, a MOF
should exhibit high SO2 adsorption and affinity in a pressure
range from 0.001 to 0.05 bar to be considered a candidate for
SO2 detection. Furthermore, high selectivity towards SO2 over
other atmospheric gases such as O2, NOx, CH4, and CO2 is vital.

This low-pressure range could be ideal for SO2 detection since
only a few SO2 molecules interact with the adsorption sites
within the material.60

Some specific factors which influence SO2 uptake in MOFs
at low pressure include the SO2 interaction mechanism and
affinity (as described above) and the physical properties of
MOFs, particularly the pore diameter. Indeed, the pore limiting
diameter (PLD), the smallest diameter of a pore or window
present in a framework, pore volume, and chemical functiona-
lization thereof can directly influence the low-pressure SO2

adsorption capacity. These effects can be elucidated experimen-
tally by comparing the adsorption behavior of MOFs with
diverse physicochemical properties.

In a comparative study the MOF-based (NH2-MIL-101(Cr),
Basolite F300(Fe-1,3,5-BTC), HKUST-1, ZIF-8 and ZIF-67) non-
MOF-based adsorbents (Zeolite Y, SAPO-34, silica gel 60 and
CTF-1, and Basolite F300) were investigated on account of their
small pore diameters.140 The prototypical MOFs listed above
possess a robust structure and high chemical stability, which
make them feasible for real-world applications, including gas
adsorption/detection. However, ZIF-8 and ZIF-67 show low SO2

adsorption capacity under the same conditions, which was
attributed to their pore window diameter (3.4 Å) being smaller
than the kinetic diameter of SO2 (4.1 Å).140 Thus, below the
gate-opening pressure (0.3 bar), SO2 cannot enter the pore,
which significantly retards the low-pressure adsorption capa-
city. At 0.01 bar, the highest uptakes were 5.0 mmol g�1 for
Zeolite Y, 2.2 mmol g�1 for CTF-1(400), 2.0 mmol g�1 for
HKUST-1, and 1.9 mmol g�1 for SAPO-34. HKUST-1 displays
the highest SO2 adsorption at 0.1 bar among these materials
(10.1 mmol g�1 at 293 K).140 The outstanding performance of
HKUST-1 is attributed to the presence of open metal sites in
combination with an optimal PLD (5–11 Å).123,150 The highest
affinity towards and uptake of SO2 at low partial pressures
(0.01–0.1 bar) were registered for materials featuring pore
diameters of E4–8 Å (Fig. 6) and aromatic nitrogen atoms
(i.e., CTF frameworks).140

Fig. 6 Surface specific SO2 at 0.01 bar (squares) and 0.1 bar (circles) vs.
the pore limiting diameter. For silica gel 60, CTF-1, and Ketjenblack, only
the smallest pore diameter is indicated, and these materials have a broad
pore size distribution. (Reprinted with permission from the author of
ref. 140 Copyright (2021) John Wiley & Sons under the Creative Commons
CC-BY-NC-ND license).
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Dispersion forces between a gas molecule and the pore surface
are optimized when the pore diameter (defined by the Connolly
surface, which is the accessible surface for a probe molecule of
given size) approximates the length of the gas molecule. As alluded
to above, an optimal pore aperture for SO2 at low pressure is in a
range from E4–8 Å. The upper limit of this range (B8 Å = 2 � 4 Å)
is approximately double the length of an SO2 molecule and arises
due to favorable dipole–dipole interactions between two SO2 mole-
cules bound to adjacent pore walls.151

Data presented in Table 1 substantiates these points.
These findings support the prioritization of frameworks that
feature an optimal PLD (4–8 Å), which can significantly improve
SO2 uptake at low pressure range pertinent to detection
applications.

The family of isostructural M-gallate MOFs (M = Mg, Co, and
Ni) exhibit record SO2 adsorption at low pressure (0.002 bar).142

The pore structure within these MOFs displays three-
dimensional interconnected zigzag channels with a size again
approximating the kinetic diameter of SO2 (Fig. 7a–g), leading to
solid confinement of SO2. The Co, Mg, and Ni derivatives exhibit
SO2 adsorption capacities of 3.99, 4.65, and 2.67 mmol g�1,
respectively, at 0.002 bar and 298 K. DFT calculations indicate that
the synergistic combination of hydrogen bonding interactions
involving SO2 and the unique microstructure of the MOF pores
directly contribute to the high SO2 uptake observed at low pressure.

Based on the idea that an ideal PLD can significantly
enhance low-pressure SO2 capture, the pore environment
of a Ni(II)-based MOF, Ni2(BDC-X)2DABCO (X = mono-, di-
and tetramethyl) was systematically modified via methylation
to modulate the low-pressure SO2 adsorption properties
(Fig. 8).143 In this case, four homologous MOFs were compared,
where different methyl functionalization was introduced: the
parent MOF (DMOF) as well as reticular frameworks composed
of BDC based linkers substituted with one (M), two (DM) or four
(TM) methyl groups. The BDC-TM framework (DMOF-TM)
displayed the greatest low pressure SO2 uptake (3.79 mmol g�1 at
293 K and 0.01 bar). This was attributed to increased steric
hindrance and hydrophobicity arising from the extensive
methyl substitution, leading to changes in the physicochemical
properties of the framework, particularly the pore aperture.143

Notably, the SO2 capacity at 0.97 bar decreased with greater
methyl substitution due to the systematic decrease in pore
volume and BET (Brunauer–Emmett–Teller) surface area. The
excellent low-pressure SO2 adsorption capacity conforms to the
expected relationship between PLD and low-pressure adsorp-
tion capacity since DMOF-TM exhibits a PLD value of E4.5 Å
(close to the kinetic diameter of SO2) and high uptake at low
pressure (in contrast to the other methyl-DMOFs). When con-
fined within pores that approximate the SO2 kinetic diameter,
the SO2 molecules engage in extensive dispersion interactions
with the pore surface, leading to enhanced uptake.187,188

2.4 Relationship between low and high-pressure SO2

adsorption and in the textual properties of MOFs

As mentioned above, different framework properties influence
SO2 capture at low and high pressures. The results described so

far indicate that BET surface area and the pore volume are the
main factors contributing to high SO2 adsorption capacity at
high pressure. Fig. 9 presents the relationship between BET
surface area (Fig. 9a) and pore volume (Fig. 9b) with total SO2

uptake at 1 bar. The data indicates that MOF-808, MIL-100(Al),
and NH2-MIL-101(Al) display high SO2 uptakes in this pressure
regime due to their high surface areas. This effect is related to
their micro and mesopore distribution, which improves the SO2

uptake for MIL-100(Al) and NH2-MIL-101(Al), associated with
the large BET surface area.151 The framework NU-1000 exhibits
a mixture of micro and mesopores (B12 and B29 Å) and is an
outlier in the surface area/pore volume relationship observed in
other frameworks (Fig. 9b). It is known that saturation is not
achieved under these experimental conditions (at 1 bar and
room temperature).154 The pore volume represents a limit for
the maximum SO2 capacity for a MOF.189 Zr-fum and NH2-MIL-
53(Al) show a low SO2 uptake associated with the low surface
area and pore volume. These results clearly illustrate the effect
of surface area and pore volume on SO2 uptake at higher
pressures.

However, unlike high-pressure SO2 adsorption, SO2 uptake
within the low-pressure range is unrelated to surface area and
pore volume. Instead, the uptake at low pressure correlates with
the affinity between SO2 and the MOF pore surface. This can be
mediated by chemical functionalization and/or by tuning the
pore diameter using reticular synthesis techniques. Pore dia-
meters only slightly larger than the 4.1 Å kinetic diameter of the
SO2 molecule afford high-affinity interactions at low pressure. A
clear correlation can be observed by plotting the surface-
specific uptake at 0.1 bar divided by the BET surface area
against PLD (Fig. 9c).190 As discussed above, pore diameter in
the B4 and 8 Å range is optimal for high SO2 uptake at low
pressure, which correlates well with the SO2 kinetic diameter
(4.1 Å) and is supported by GCMC simulations. A PLD size
within this range optimizes dispersive interactions between
adsorbed SO2 molecule and the pore surface.

To supplement this discussion, SO2 adsorption capacities at
pressure increments between 0.01 and 1 bar are summarized in
Table 1 in conjunction with crucial framework metrics, includ-
ing surface area, pore diameter, and pore volume. As expected
from the points elaborated on above, this data confirms a
relationship between the physical metrics of MOF pores and
the observed SO2 uptake. For example, as the BET surface area
(Fig. 10a) and pore volume (Fig. 10b) increase, so does SO2

adsorption capacity at 1 bar. For instance, MFM-101 exhibits a
high BET surface area (2300 m2 g�1) and an outstanding
adsorption capacity (18.7 mmol g�1) at 1 bar and 298 K.129

UR3-MIL-101(Cr) shows a BET surface area of 1900 m2 g�1 and
SO2 capture of 13.9 mmol g�1 at 1 bar and 293 K.158 MFM-422
shows a BET surface area of 3296 m2 g�1 and SO2 capture of
13.6 mmol g�1 at 1 bar and 298 K.171 Ni(BDC)(TED)0.5 displays a
BET surface area of 1783 m2 g�1 and SO2 capture of 9.97 mmol g�1

at 1 bar and 293 K.183 In the case of pore volume, CB6@MIL-101-Cl
displays a high pore volume of 1.0 cm3 g�1 with the uptake of
17.0 mmol g�1 at 1 bar and 298 K.157 MIL-53(Al) with a high volume
of 0.706 cm3 g�1 and uptake of 10.5 mmol g�1 at 1 bar, and
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Table 1 Comparison of SO2 adsorption in MOFs

Material
BET SA
(m2 g�1)

Vp

(cm3 g�1)
Pore
diameter (Å)

SO2 uptake (mmol g�1) at different pressure (bar)

T (K) Ref.0.01 0.05 0.1 1

NH2-MIL-101(Cr) 2290 1.16 15.4 1.2 2.9+ 4.1 16.7 293 140
Fe(BTC) 1070 0.49 18 0.6 1.5+ 2.4 9.5 293
ZIF-8 1820 0.80 3.4 0.1 0.4+ 0.7 8.2 293
ZIF-67 1980 0.69 3.4 0.1 0.5+ 0.9 11.0 293
HKUST-1 1490 0.61 5 2.0 7.2+ 10.1 13.8 293
HKUST-1 1400 3.86 8.4 298 152
YIL0.5@HKUST-1 5.10 7.54 298
PIL0.5@HKUST-1 5.15 7.73 298
HIL0.5@HKUST-1 5.45 8.06 298
HIL1@HKUST-1 600 5.71 8.33 298
MOF-177 4100 1.51 10.6 0.3 0.5+ 1.0 25.7* 293 121
NH2-MIL-125(Ti) 1560 0.651 5 3.0 4.95+ 7.9 10.8 293
MIL-160 1170 0.460 5 4.2 4.8+ 5.5 7.2 293
Zr-Fum 600 0.290 4.8 1.2 2.4+ 3.1 4.9 293 151
MOF-808 1990 0.749 4.8 2.1 2.9+ 3.6 14.6 293
DUT-67(Zr) 1260 0.544 8.8 0.7 1.55+ 2.3 9.0 293
NH2-MIL-53(Al) 620 0.358 7.3 2.0 3.7+ 4.3 8.0 293
Al-Fum 970 0.447 5.8 1.0 3.1+ 4.1 7.5 293
CAU-10-H 600 0.258 6 1.2 3.1+ 3.7 4.8 293
MIL-96(Al) 530 0.237 1.2 2.2+ 3.7 6.5 293
MIL-100(Al) 1890 0.824 25 0.4 1.4+ 2.5 16.3 293
NH2-MIL-101(Al) 1770 1.001 25 1.5 2.7+ 3.6 17.3 293
NU-1000 1740 1.196 12 0.6 1.5+ 2.6 12.2 293
NU-1000 1970 2.1 10.9 298 153
[Ir]@NU-1000. 1842 2.4 10.6 298
[RuGa]@NU-1000 1796 0.5 2.2 7.5 298 154
MIL-53(Al)-BDC 1450 0.706 8.5 0.4 2.45+ 3.3 10.5 293 151
MIL-53(Al)-BDC 1210 0.51 8.5 0.65 0.95 10.8 298 118
MIL-53(Al)-TDC 1000 0.415 8 0.6 3.6+ 5.0 6.9 293 151
MIL-53(Al)-TDC 1260 0.45 8 4.7 8.9 298 118
DUT-67-HCl 1349 0.509 6 3.0+ 9.3 298 155
DMOF 1956 0.76 7 0.25 0.9+ 7.21 13.09 293 143
DMOF-M 1557 0.63 7 0.46 1.8+ 6.40 12.15 293
DMOF-DM 1343 0.52 7 1.0 3.0+ 5.70 10.40 293
DMOF-TM 900 0.43 6 3.79 5.1+ 6.43 9.68 293
HHU-2-Cl 852 0.41 2.9+ 3.6+ 4.5+ 9.69 293 136
HHU-2-Br 620 0.31 1.7+ 2.3+ 3.0+ 6.07 293
MOF-801 939 0.43 2.1+ 2.9+ 3.9+ 8.00 293
nanoCB6-H 441 0.22 6 2.3+ 2.9+ 3.4+ 4.98 293 156
MIL-101 3217 1.54 29 0.6 1.5+ 4.4+ 24.4 298 157
CB6@MIL-101-Cl 2077 1.0 2.0 3.0+ 5.2+ 17.0 298
UR1-MIL-101(Cr) 1700 0.98 0.9+ 1.8+ 2.7+ 8.2 293 158
UR2-MIL-101(Cr) 1360 0.82 1.3+ 1.7+ 2.4+ 6.9 293
UR3-MIL-101(Cr) 1900 0.96 1.8+ 2.9+ 4.0+ 13.9 293
UR4-MIL-101(Cr) 1340 0.68 1.3+ 2.4+ 3.3+ 11.0 293
CAU-23 1176 0.51 7.6 0.9+ 4.5+ 6.0+ 8.4 293 122
CCIQS-1 398 4.2 1.3 298 159
Bz@InOF-1 5.4 6.3 298 160
CAU-10 630 0.25 7 3.9 4.47 298 161
Co-URJC-5 233 8.9 0.8 1.48* 298 162
DUT-4 1348 0.71 8 2.4 5.1 13.6 298 119
SU-101 412 6.8 2.2 298 163
MFM-300(Sc) 1360 0.56 8.1 7.0 9.4 298 116
UNAM-1 522 7.3 1.1 3.5 298 164
MIL-101(Cr)-4F(1%) 2176 1.19 4.6 18.4 298 130
NiBDP 1220 9 1.52 8.48 298 165
IL/MIL-0.7 3 0.14 1.68 4.87 13.17 298 166
HBU-23 384.2 6.8 2.42 298 167
HBU-20 1551.1 7.0 6.71 298 145
ECUT-100 688 0.27 5.5 4.95 298 168
DUT-5 1611 0.9 11 2.17 298 169
PCN-250 (Fe) 1495 0.48 7.93 11.21 298 170
PCN-250 (Fe2Co) 1583 0.51 8.06 11.92 298
PCN-250 (Fe2Ni) 1619 0.52 8.64 12.44 298
PCN-250 (Fe2Mn) 1483 0.47 7.70 11.14 298
PCN-250 (Fe2Zn) 1560 0.50 8.21 12.11 298
Zr-bptc 960 0.34 4.5 2.5+ 5.1+ 6.2 7.8 298 171
UiO-66-Cu(II) 1068 0.54 7.3 0.6+ 2.1+ 3.0 8.2 298
UiO-66-NH2 1037 0.52 7.3 0.8+ 2.9+ 3.7 8.8 298
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293 K.151 DUT-4 shows a high pore volume of 0.71 cm3 g�1 with the
uptake of 13.6 mmol g�1 at 1 bar and 298 K.119 MFM-133 shows a
high pore volume of 0.96 cm3 g�1 with an uptake of 8.9 mmol g�1

at 1 bar and 298 K.171

We note that for studies whose sole ambition is to contend
the MOF SO2 adsorption record, a high BET surface area and
high pore volume is optimal. However, such characteristics are
largely irrelevant to detecting low concentrations of SO2.
Instead, selectivity and adsorption capacity at low pressure
must be prioritised.

When optimizing the low-pressure SO2 adsorption capacity,
the pore diameter becomes arguably the most essential prop-
erty of MOF. At 0.01 bar, high SO2 adsorption (3–5 mmol g�1) is
strongly correlated to a pore diameter between 4 to 10 Å (Fig. 11),
which is in good agreement with the above discussion. For
example, SIFSIX-2-Cu-I with the linker 4,40-dipyridylacetylene

possesses a narrow pore diameter (5.2 Å) and a high SO2 adsorption
(4.16 mmol g�1) at 0.01 bar and 298 K.174 This is because the
kinetic diameter of the SO2 molecule (4.1 Å) is close to the pore
diameter, thereby maximizing dispersion forces between SO2 and
the pore walls. In the case of SO2 adsorption experiments, to
increase the intermolecular interactions, the adequate diffusion
of the SO2 gas through the MOF pores is necessary to achieve
adsorption successfully.191

3. MOFs applied in SO2 detection

Although the detection of SO2 using MOFs remains poorly
explored, various techniques that leverage the advantageous
features of MOFs are currently under investigation for this
purpose. In principle, the presence of an analyte can be

Table 1 (continued )

Material
BET SA
(m2 g�1)

Vp
(cm3 g�1)

Pore
diameter (Å)

SO2 uptake (mmol g�1) at different pressure (bar)

T (K) Ref.0.01 0.05 0.1 1

Zr-DMTDC 1345 0.68 7.3 0.8+ 2.4+ 3.1 9.6 298
UiO-66 1221 0.55 7.3 0.3+ 1.7+ 2.1 8.6 298
MFM-133 2156 0.96 10.4 0.1+ 0.8+ 1.2 8.9 298
MFM-422 3296 7.7 0.2+ 1.0+ 1.8 13.6 298
MFM-190(F) 2538 1.041 11 1.6+ 3.4+ 6.0+ 18.3 298 129
MFM-190(NO2) 2304 0.962 11 1.8+ 7.1+ 10.0+ 12.7 298
MFM-190(CH3) 2550 1.011 11 0.6+ 3.1+ 6.9+ 15.9* 298
MFM-100 1445 0.68 6 1.0+ 2.8+ 4.5+ 7.6* 298
MFM-101 2300 0.885 11 2.4+ 3.1+ 8.1+ 18.7 298
MFM-102 2873 1.138 15 1.0+ 2.2+ 3.8+ 12.1* 298
MFM-126 965 0.47 12 2.0+ 4.8+ 5.3+ 7.3 298
MFM-300(Cr) 1360 7.0 7.9 298 172
MFM-300(Al0.67Cr0.33) 1305 8.5 9.5 298
MFM-170 2408 0.87 15.9 4.9+ 6.2+ 17.5 298 128
MFM-305 779 0.373 6.2 6.99 298 173
MFM-305-CH3 256 0.181 5.2 5.16 298
MFM-600 2281 9 3.0 5.0 298 139
MFM-601 3644 12 7.9 12.3 298
MFM-300(In) 1071 0.419 7.5 5.9 7.1+ 8.28 298 117
MFM-300(Al) 1370 0.375 6.5 4.65 7.03 7.69 293 114
Ni-gallate 455 0.154 4.85 3.37 3.79 4.49 298 142
Co-gallate 494 0.186 4.85 4.16 4.51 5.30 298
Mg-gallate 576 0.213 4.85 4.87 5.19 5.81 298
SIFSIX-1-Cu 1178 8.0 3.43 8.74 11.1 298 174
SIFSIX-2-Cu-i 503 5.2 4.16 6.01 6.90 298
SIFSIX-3-Zn 250 4.2 1.68 1.89 2.10 298
SIFSIX-3-Ni 368 4.2 2.43 2.55 2.74 298
SNFSIX-Cu-TPA 1169 3.33 8.09 298 175
MAF-66 1226 6 308 176
F-Ce-MOF-SC-18.1@1.0PA 52.1 0.11 8.9 15.3 298 177
NbOFFIVECu-TPA 1179 0.50 2.0 3.8 6.3 298 178
TaOFFIVECu-TPA 1041 0.43 1.43 3.5 6.0 298
ELM-12 706 0.26 4.3 0.72 1.95 2.73 298 146
CPL-1 335 0.125 4.1 0.47 1.06 2.0 298 179
Zr-TPA-HAc 2150 19.6 298 180
Zr-TPA-FA 2190 22.7 298
men-MIL-101(Cr) 2377 1.2 2.1 3.0 298 181
18-UiO-66-cyanoacetic acid 1375 0.76 11.91 298 182
Ni(BDC)(TED)0.5 1783 0.74 7.8 4.54 9.97 298 183
Zn(BDC)(TED)0.5 1888 0.84 7.8 4.41 298
DZU-17 1307.9 0.68 4 14.11 298 184
Co6-MOF-3 1905.4 0.99 5 16.40 298
CPL-11 1182 6.7 5.29 298 185
BUT-78 2031 15 13.8 298 186

BET SA: BET surface area, Vp: pore volume, T: temperature, +taken from isotherm *structure collapse after SO2 uptake.
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confirmed by monitoring characteristic MOF properties that
are altered after an external stimulus (in this case, the SO2

interaction). This is the fundamental principle upon which
MOF-based sensors are premised. The response to the host–
guest interaction provides a probe for qualitative and quanti-
tative sensing or detection applications. Only a few MOFs have
been employed for SO2 detection and these have been based on
(i) analyte-induced changes in their luminescent properties
(generating an energy transfer), (ii) changes in the electroche-
mical properties (changes in electrical resistance), (iii) changes
in spin-crossover (SCO) behavior (change in the spin state), and
(iv) a change in the sample mass. To supplement this discus-
sion, the MOF-based materials applied for SO2 detection are
summarized in Table 2 in conjunction with crucial parameters,
including sensing technique, sensitivity, and selectivity.

3.1 MOFs for luminescent SO2 detection

Luminescence behavior has been extensively studied in the
MOF field.215 Generally, such materials are called luminescent
metal–organic frameworks (LMOFs) and have been used in
optical, medical, and detection applications.216–218 Different
strategies have been developed to construct luminescent MOFs,
which are based on the ‘‘signal-off’’ or ‘‘signal-on’’ response
strategies (in other words, the so-called turn-on and turn-off
effect).219 The emission centers in such materials may consti-
tute the metal ions, organic linkers, and guest species.
The organic linkers typically present p-conjugated systems,
facilitating a fluorescence response due to accessible p–p*
transitions.220 In the case of metal centers, the lanthanide
family – particularly Tb3+ and Eu3+ – are frequently employed
due to the accessible transitions between 5D0–7Fj states.221

Considering these properties, MOFs are excellent candidates
for the detection of not only SO2 but also multiple analytes

Fig. 7 (a) Illustration of the preparation process and local coordination
environments of metal atoms and the ligands. (b) The structure along the
c axis displaying the main channels and the periodic branched channels
leaning against the main channels. (c) Accessible Connolly surface deter-
mined by using a probe with a radius of 1.0 Å. (d) Molecular size of the
sulfur dioxide molecule. (e) 3.58 � 4.85 Å2 for Mg-gallate, (f) 3.68 � 4.95 Å2

for Co-gallate, and (g) 3.52 � 4.85 Å2. (Reprinted with permission from ref.
142 Copyright (2021) American Chemical Society).

Fig. 8 Top row: Sections of the packing diagram of DMOF showing the
channel structures along the b- (and identical a-) axis and along the c-axis.
Bottom row: The building blocks of the Ni2 cluster, DABCO, and BDC/
BDC-X in DMOF/DMOF-X. X represents the monomethyl (M), 2,5 dimethyl
(DM), or 2,3,5,6 tetramethyl (TM) substituents. (Reprinted from ref. 143
Copyright 2021 with permission from John Wiley & Sons under the
Creative Commons CC-BY-NC-ND license).

Fig. 9 SO2 uptake (1 bar, 293 K) vs. (a) BET-surface area and (b) total pore
volume. The dashed line is a trend line as a guide to the eye, (c) surface-
specific SO2 uptake at 0.1 bar (293 K), which is the uptake at this pressure
divided by the BET-surface area vs. the pore limiting diameter (PLD).
(Reprinted with permission from ref. 151 Copyright (2021) American
Chemical Society).
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using luminescent properties.96 Notably, the rational construc-
tion of LMOFs that exhibit energy transfer properties can tune
the luminescence.222,223

LMOFs can be synthesized with a tremendous diversity of
organic linkers and metal clusters (including pristine MOFs or
with linker modifications), providing a wide range of energy
transfer LMOFs (ET-LMOFs),224 affording multiple detection
options depending on the target analyte.225 Additionally, chromo-
phores can be regularly aligned and carefully ordered inside the
crystalline LMOF lattice, providing a basis for understanding the
short- and long-distance energy transfer mechanisms.226 The high
crystallinity and periodicity of MOFs are advantageous for compu-
tational models and calculations that aim to elucidate the lumines-
cence mechanism of LMOFs.227,228

LMOFs have been intensely studied for solar cells,229

photocatalysis,230 scintillators,231 X-ray and NMR imaging,232

and for detecting analytes pertinent to gas pollution.84 The

possible luminescent centers and charge transfer processes in
LMOFs (Fig. 12) are classified as (Fig. 12a) linker-centered
emission, guest-centered emission, and metal-centered emis-
sion, and (Fig. 12b) linker-to-linker, metal-to-metal, metal-to-
linker, the linker-to-metal, guest to host, and host to guest.233

Herein, we will not specifically discuss each case since this
would constitute a significant departure from the stated aim of
this contribution. However, we provide a brief description when
necessary and encourage readers to consider several relevant
contributions.234,235 Aside from possessing suitable lumines-
cent behavior, the first essential requirement for an LMOF to be
considered for SO2 detection applications is demonstrable
chemical stability towards SO2 under ambient conditions
(including humidity), as previously mentioned (vide supra).

For example, Chen and Wang reported a Ce4+/Tb3+ MOF, Ce–
PA–Tb MOF, with the linker PA = m-phthalate, with promising
attributes for SO2 detection.195 The design of this novel MOF
was inspired by the advantages of lanthanide luminescent
properties, which include a long luminescence lifetime.236

The MOF is a bimetallic material with Ce4+ and Tb3+ centers
coordinated with PA linkers. To assess the detection prowess of
the material, the authors generated SO2 gas in situ using ‘Kipp’s
device’ – a chamber wherein sodium sulfite (Na2SO3) is com-
bined with sulfuric acid (H2SO4) under a N2 atmosphere to
generate the SO2 gas (Fig. 13). Samples containing SO2 were
analyzed using three separate methods: Ce–PA–Tb MOF probed
by luminescence, Ce–PA–Tb MOF incorporated into a test strip,
and formaldehyde absorbing pararosaniline spectrophotome-
try (FAPA). The limit of detection (LOD) was found to
be 0.006 mg mL�1 (0.093 mM), 0.5 mg mL�1 (7.8 mM), and
0.05 mg mL�1 (0.78 mM) for the respective detection methods.
Notably, the luminescence-based measurement is ten times
more sensitive to SO2 than the Ce–PA–Tb-MOF test strip
method or FAPA. The mechanism involves the SO2-induced
reduction of Ce4+ to Ce3+; subsequent irradiation with 250 nm
photons induces an energy transfer from Ce3+ to the adjacent
Tb3+ ion. An electronic transition within the Tb3+ ion leads to
emission at 545 nm, which is measured. Crucially, the energy
transfer does not occur from Ce4+ to Tb3+. The presence of Ce3+

was confirmed using XPS spectroscopy. It was not stated if the
sensor is re-usable.

The use of luminescent MOF-based SO2 sensors was recently
expanded with the development of a DNA-based Tb-MOF
composite for SO2 detection.196 Briefly, single-stranded DNA
(ssDNA) was combined with Tb3+ to form ssDNA-Tb3+ which
was combined with IR-MOF-3 MOF in an ethanol suspension to
form a composite. A test strip was fabricated using the DNA-
based Tb-MOF composite in this case. The authors used Kipp’s
device to generate SO2 for the purpose of assessing the perfor-
mance of the composite sensor. The results indicate a LOD
value of 0.02 ppm of SO2, a low value which confirms that the
material provides a promising platform for SO2 detection. The
DNA-based Tb-MOF composite exhibits a weak PL emission
and displays an apparent turn-on effect after interaction with
SO2 and analogues thereof. The authors suggested that the
material operates via a charge transfer mechanism: the amino

Fig. 10 Relation between SO2 uptake at 1 bar and 298 K and (a) BET
surface area and (b) pore volume. For references to the individual MOFs,
see Table 1.

Fig. 11 Relation between SO2 uptake at 0.01 bar with PLD. For references
to the individual MOFs, see Table 1.
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groups present in DNA–Tb-MOF function as electron-donors
from the perspective of the Tb3+ ions. When SO2 and its
analogues such as HSO3

� interact with the amino group, it
negates the typical energy transfer between the amino group
and Tb3+ ions, generating a PL turn-on effect at 491, 546, 585,
and 620 nm upon irradiation at 290 nm. These investigations
confirm that Tb-MOFs exhibit luminescent properties which
form a promising basis for SO2 detection.

Interestingly, apart from the mechanisms already discussed,
changes in luminescence may also be induced by the inter-
action between SO2 and the structural linkers. A Cu(II)–metal–
organic polyhedron (MOP-CDC, CDC = 9H-carbazole-3,6-
dicarboxylate) displays a turn-off effect in its fluorescence after
SO2 adsorption.197 At low pressure (0.05 bar), MOP-CDC exhi-
bits an SO2 uptake of 1.0 mmol g�1 at 298 K. Under 440 nm

excitation, MOP-CDC exhibits strong fluorescence emission at
540 and 639 nm. After the SO2 exposure, these bands are
quenched, providing a convenient probe for the presence of
SO2. DFT calculations demonstrate that the SO2 molecule
interacts with the carbazole NH site through hydrogen-
bonding [N–H� � �OQSQO]. Due to this strong host–guest inter-
action, SO2 adsorption induces fluorescence quenching. Nota-
bly, CO2 adsorption (a potential interfering gas) had no
apparent effect on fluorescence intensity.

However, in some cases, energy transfer processes involving
the organic linker result in a turn-on effect. For instance,
Mg2DOBPDC (DOBPDC = 4,4-dioxidobiphenyl-3,3-dicarboxylate),
which shows high SO2 adsorption at low pressure (0.05 bar,
6 mmol g�1 at 298 K).198 At an even lower pressure of 0.002 bar,
the material displays an SO2 uptake of approximately 2.4 mmol g�1.

Table 2 Comparison of SO2 detection in MOFs

Material Method Matrix Selectivity
SO2 concen-
tration range

SO2 detec-
tion level Mechanism Ref.

Eu-BDC-NH2
film

Luminescence MOF film Over N2, CO2, O2, NH3,
HCHO, H2O, and H2S

0–200 ppm 0.65 ppm Turn-off effect by energy
transfer

192

MOF-303 Luminescence Solid state
(powder)

Over CO2, CH4, and H2O Up to 0.1 bar Turn-on effect 193

CYCU-3 Luminescence Solid state
(powder)

Over CO2, and H2O Up to 0.1 bar Turn-on effect by energy
transfer

194

Ce–PA–Tb Luminescence Solid state
(powder)

0–70.4 ppm 0.093 mM Turn-on effect by energy
transfer

195

DNA–Tb-MOF Luminescence Test paper 0.2–1.6 ppm 0.02 ppm Turn-on effect by energy
transfer

196

MOP-CDC Luminescence Solid state
(powder)

Up to 0.1 bar Turn-off effect 197

Mg2DOBPDC Luminescence Solid state
(powder)

Up to 0.1 bar Turn-on effect 198

Ni2(dobpdc) Luminescence Solid state
(powder)

Over CO2, and H2O Up to 0.1 bar Turn-on effect 199

MIL-53(Cr)-Br Luminescence Solid state
(powder)

Over CO2, and H2O Up to 0.1 bar Turn-on effect 200

MUF-16 Luminescence Solid state
(powder)

Over NO2, CO2, H2O, H2S,
O2, N2, and CH4

Up to 0.1 bar Turn-on effect 201

THF
suspension

1–250 mM 80.72 ppm

MOF-5-NH2 Luminescence Test paper Over NO2, NH3, N2, CO2,
H2S, and CS2

0–3 ppm 0.05 ppm Turn-on effect 202

UTSA-16(Zn) Luminescence THF
suspension

1–5 mM 114.6 ppm Turn-off effect 203

Ni3BTC2/OH-
SWNTs

Electrochemical Microelectrode Over NO2, CH4, CO, and
C2H2

4–20 ppm 4 ppm Electron transfer 204

CoZn-NCNTs Electrochemical Solid state
(powder)

Over NO2, MeOH, acetone,
NH3, CO, H2, and EtOH

0.5–30 ppm 0.5 ppm Increase of hole density 205

Ni-MOF/-OH-
SWNTs

Electrochemical Solid state
(powder)

Over NO2, NH3, and CO 0.5–15 ppm 0.5 ppm Electron transfer 206

UiO-66-NH2/
PVDF NM

Electrochemical Nanofibers
membrane

1–150 ppm Interaction with NH2 groups 207

PAN@UiO-66-
NH2 NM

Electrochemical Nanofibers
membrane

Over CO, CH4O, C2H6O,
C3H8O, and C3H6O

1–125 ppm Interaction with NH2 groups 208

UiO-66-THB/
PAN-based

Electrochemical Electrode Over CO2, H2S, NO2, NO,
CO, NH3, C3H6O, and
C2H6O

1–125 ppm 0.1 ppm Hydrogen bonding 209

TM-Ag@NU-901 Electrochemical MOF film 10–200 mM 0.1 ppm Interaction with CQC
groups

210

UiO-66-NH2 Electrochemical Solid state
(powder)

1–10 ppm 1 ppm Formation of a charge-
transfer complex

211

MFM-300(In) Electrochemical Electrode Over CH4, H2, CO2, C3H8,
C7H8, and NO2

75–1000 ppb 75 ppb Capacitance 212

Fe(PZ)[Pt(CN)4] Magnetism Solid state
(powder)

Over CO2, and CS2 Stabilization of the LS state 213

KAUST-7 Gravimetric QCM Over H2O 0–500 ppm 5 ppm Mass change 214
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This value is comparable to record low pressure SO2 adsorption
exhibited by M-gallate MOFs142 and several frameworks listed
in Table 1. GCMC simulations revealed that SO2 preferentially
adsorbs at open Mg2+ coordination sites in a monodentate fashion
(SO2(O)–Mg = 2.17 Å). Nevertheless, the coordinated SO2 also
engages in hydrogen bonding with the adjacent DOBPDC linker,
thereby modulating the luminescent properties of the material.
Thus, during SO2 exposure under 320 nm irradiation, the broad

photoluminescence band at 437 nm shifts to 461 nm, concomi-
tantly increasing the band’s intensity (Fig. 14).

In addition, the isostructural framework Ni2(DOBPDC) was
investigated for application in SO2 detection.199 Under 350 nm
irradiation, Ni2(DOBPDC) exhibits a broad emission band at
450 nm. After the sample is exposed to SO2, the emission peak
shifts to 405 nm with a 61% increase in emission intensity. This
behavior was observed even at low SO2 pressure (0.1 bar). To
investigate the luminescent mechanism, a time-resolved photo-
luminescence (TRPL) experiment was performed using a
340 nm picosecond-pulsed LED as the excitation source. The
results revealed that the average decay lifetime increases from
2.14 to 2.47 ns upon SO2 exposure. This suggests that inter-
action between the SO2 and Ni2+ centers within the framework
nullifies the organic linker’s molecular motion, minimizing the
non-radiative decay pathways available and thereby causing the
fluorescence lifetime to increase.

MOF-303 is composed of Al(III) centers which are intercon-
nected by PZDC linkers (PZDC = 1H-pyrazole-3,5-dicarboxylate)
and was recently evaluated for SO2 detection.193 MOF-303 dis-
plays one of the highest low pressure SO2 adsorption capacities
so-far reported (6.21 mmol g�1 at 298 K and 0.1 bar). At 298 K,
the first adsorption step occurs at 0.05 bar and corresponds to
5.44 mmol g�1 of SO2, confirming a high affinity between SO2

and MOF-303. In situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) experiments revealed the prefer-
ential adsorption sites to be m2-OH and linker N–H sites, which
interact with SO2 through hydrogen bonding. In this material, a
hydrogen-bonded dimer forms via adjacent pyrazole groups
within the pore, generating hydrophilic pockets that bind small
molecules, here SO2. Considering the fluorescent properties of
the PZDC linker in several coordination compounds, the lumi-
nescent properties of MOF-303 were investigated. However, in
MOF-303, the linker fluorescence is quenched because the
absorbed energy is released through non-radiative pathways.
However, exposure to SO2 under 248 nm irradiation resulted in

Fig. 12 Schematization of (a) possible luminesce centers and (b) charge
transfer processes. Based on ref. 233.

Fig. 13 Determination of SO2 gas by the methods of standard formalde-
hyde absorbing pararosaniline (FAPA) spectrophotometry, Ce–PA–Tb
luminescence and Ce–PA–Tb test strip with a 254 nm UV lamp. (Reprinted
from ref. 195 Copyright 2020 with permission from Royal Society of
Chemistry).

Fig. 14 Emission spectra of Mg2(dobpdc) before (blue) and after (pink)
exposure to SO2. Both samples were excited with 320 nm UV light.
(Reproduced from ref. 198 Copyright 2022 with permission from Royal
Society of Chemistry).
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a fluorescence turn-on effect with emission at 299 nm (Fig. 15).
This represents an approximately 125 nm shift in emission
relative to that of the linker. No apparent change in emission
was observed in the presence of the common interfering gases
CH4 or CO2. The authors suggest that the physisorption of SO2

within MOF-303 leads to a rigidification of the structure which
suppresses non-radiative decay pathways, thereby intensifying
emission.

Similarly, CYCU-3, also an Al(III)-based MOF but composed
with SDC linkers (SDC = 4,40-stilbenedicarboxylate), was
assessed for SO2 detection and capture applications.194 CYCU-
3 shows a total uptake of 11.03 mmol g�1 at 1 bar and 298 K.
The interaction between SO2 and the pore surface was eluci-
dated using in situ DRIFTS experiments and theoretical calcula-
tions. Bridging hydroxyl moieties within the inorganic cluster
were identified as preferential interaction sites for SO2. The
fluorescence spectra of both CYCU-3 and solid H2SDC were
recorded. Under 343 nm irradiation, H2SDC produces a fluores-
cence emission peak at 450 nm. However, the fluorescent
emission from CYCU-3 is blue shifted and less intense than
that of the free ligand due to charge transfer between the
organic linker and Al(III) centres. After the sample is exposed
to SO2 under irradiation at 343 nm, the emission at 450 nm
increased in intensity. This performance was attributed to an
enhanced ligand-centered p* - p electronic transition.

Cr(III)-MOFs have also been applied for SO2 adsorption and
detection, including MIL-53(Cr) (linker: BDC) and the novel
reticular analogs MIL-53(Cr)-Br and MIL-53(Cr)-NO2 with the
linkers BDC-Br and BDC-NO2 respectively.200 In the presence of
SO2, these MOFs show a turn-off effect under irradiation at 300,
360, and 350 nm, respectively, corresponding to a decrease in
the emission intensity at 415, 420, and 507 nm, respectively.
The intensity decrease was associated with a charge transfer
process involving the organic linker. MIL-53(Cr) displays a
slight red shift, suggesting metal-to-linker charge transfer while
MIL-53(Cr)-Br shows a change in the emission peak from 450 to
436 nm.

MUF-16 is a Co(II) based framework composed of 5-
aminoisophthalate (AIP) linkers, formula [Co(AIP)2], which
was explored for the selective detection and capture of SO2.201

The SO2 adsorption isotherm shows an uptake of 2.2 mmol g�1

at 298 K and 1 bar. Employing FTIR, DFT calculations, and
GCMC simulations, SO2 was found to engage in favorable
hydrogen bonding interactions with the amino groups which
decorate the framework. An increased fluorescence response is
observed in the presence of SO2 compared to the other com-
mon gases such as CO2, NO2, N2, O2, CH4, and water vapor
(Fig. 16a and b). The LOD was calculated using a THF solution
of SO2 and was found to be 1.26 mM (B81 ppm). A fluorescence
mechanism was proposed using TRPL analysis.201

The amino-functionalized derivative of MOF-5, IR-MOF-3,
was incorporated into a test strip for rapid and selective sensing
of SO2 and its derivatives via a luminescence enhancement
turn-on effect.202 The test strip offers real-time detection of SO2

with a detection limit of 0.05 ppm. Within IR-MOF-3 the amino
groups donate electron density to the metal centres which
quenches the luminescence. However, when SO2 (or HSO3

2�)
interacts with the amino group, a complex is formed which
disrupts the linker-to-metal charge transfer process, turning on
the characteristic luminescence of the linker. XPS spectroscopy
confirms the formation of N–S interactions between amino
groups within IR-MOF-3 and SO3

2�. Test strips containing
MOF-5 and IR-MOF-3 were exposed to SO2 gas generated using

Fig. 15 Solid-state emission spectra of PZDC linker (black line), activated
MOF-303 (green line), after exposure to: CH4 (red line); CO2 (orange line);
H2O (purple line); and SO2 (blue line). The excitation wavelength was set at
248 nm. (Reproduced from ref. 193 Copyright 2022 with permission from
American Chemical Society).

Fig. 16 (a) Comparison of solid-state emission spectra of MUF-16
exposed to different gases, and (b) comparison of solid-state emission
spectra of MUF-16 exposed to different SO2 pressures (Reproduced from
ref. 201 Copyright 2024 with permission from American Chemical Society
Under CC-BT 4.0 license).
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a Kipp apparatus (Fig. 17a–c). Notably, unfunctionalized MOF-5
exhibits no response to SO2. The test strip impregnated with
MOF-5-NH2 was found to be stable after exposure to SO2,
suggesting that the system is reusable for detecting SO2 with
a particularly short 15-second response time. The LOD was
calculated to be 0.05 ppm for the test paper. It is worth
mentioning that the chemical stability of MOF-5 should be
considered when evaluating its suitability for SO2 detection.
The material has for instance proven unstable to water.237

A technique, named in situ secondary growth, allows MOFs
to be deposited on membranes. Qian et al.192 reported a MOF
film based on a Eu(III) MOF with BDC-NH2 linkers. First, the
authors prepared a hydroxyl functionalized glass surface using
‘piranha’ solution (H2SO4/H2O2 solution). Then, UiO-66-NH2

was synthesized in situ on the functionalized glass. Subse-
quently, the Eu-MOF was grown by solvothermal synthesis to
form a layer which acts as a fluorescence probe for SO2.
Exposure to SO2 leads to quenching of the fluorescent solid
emission due to the 5D0 - 7F2 transition of Eu3+. The decay
curves for N2 and SO2 indicate a reduced emission lifetime of
381.8 ms in 1% SO2, suggesting the involvement of a charge
transfer process between the linker and SO2 molecules. The
LOD value was reported to be 0.65 ppm with a response time of
as short as 6 s.

3.2 MOFs for electrochemical SO2 detection

Besides the luminescence-based sensors described above, elec-
trochemical processes have also been widely used for small
molecule detection and quantification. The operation of elec-
trochemical sensors depends on electron transfer events that
occur during interactions between the surface of the material
and analyte gas molecules.238 The transfer of electrons accom-
panying analyte interactions leads to a change in resistance,
which can be measured. This change in resistance, and there-
fore the sensor’s sensitivity, depends to a considerable extent
on the nature of the material with which the analyte
interacts.239 Materials commonly employed in electrochemical

sensors include metal oxides, carbons, nitrides, sulfides, and –
to a growing extent – MOFs. The most important parameters to
consider in achieving optimal performance are selectivity,
response and recovery speed, and stability.240 The surface area
and the reactivity of the surface towards the analyte strongly
influence the response. A high response factor can be accom-
panied by a low LOD, the minimum analyte concentration to
which the sensor is sensitive. Various interfering species may
be present in the environment besides the analyte of interest.
Thus, selectivity is crucial for accurate and reliable detection
and is usually evaluated by cross-sensitivity comparison
wherein the senor is exposed to various interfering species at
fixed concentrations. Selectivity is affected by many factors
related to the environment, such as humidity and temperature,
the nature and composition of the sensor, the affinity between
the gas molecules, and the properties of the sensor material.241

Electrochemical techniques are now being implemented for
SO2 detection using MOFs. For example, a composite based on
nickel benzene-tricarboxylate (Ni3BTC2) and OH-functionalized
single-walled carbon nanotubes (OH-SWNTs) was investigated
for this purpose.204 After the composite was exposed to SO2, the
measured change in voltage was successfully related to the SO2

concentration. A response time of 4.59 s with a recovery time of
11.04 s was achieved with a low SO2 concentration (15 ppm).
This behavior was attributed to an electron transfer from the
composite to the SO2 molecule. In this case, the composite is a
p-type material, where a transfer of electrons from the compo-
site to the SO2 molecule (an electron acceptor) occurs. The
selectivity of the composite sensor is maintained in the
presence of NO2, CH4, CO, and C2H2, typical interfering gases
in nature.

Moreover, the relative change in electrical resistance can
also be leveraged for small molecule sensing. For example, in
2018 Li et al.205 reported a composite material derived from
pyrolysis of Zn/Co bimetallic ZIF-67 which undergoes a 53%
change in resistance in the presence of SO2 (100 ppm). A cross-
selectivity test was performed using NO2, MeOH, acetone, NH3,
CO, H2, and EtOH vapor. The material shows high selectivity
over these gases even at low SO2 concentrations (30 ppm). The
response and recovery times are reportedly 88 and 900 s,
respectively, with a limit of detection for SO2 equal to 0.5 ppm.

The changes in the electrical resistance of a Ni-MOF com-
posite (Ni-MOF/-OH-SWNTs) allowed a rapid response time of
10 s with a fast recovery time of 30 s for SO2 (1 ppm).206 This
function is maintained even in the presence of NO2, NH3, and
CO. It is known that holes form the major charge carrier within
the Ni-MOF composite in the absence of SO2. However, since
SO2 acts as an electron donor it acts to reduce the population of
holes via recombination. Because holes are the major carrier
within the composite the presence of SO2 leads to a quantifi-
able increase in resistance.

Building on these developments, Zhang et al.207 reported a
capacitive sensor composed of UiO-66-NH2 incorporated into a
nanofiber membrane composed of polyvinylidene fluoride and
carbon nanotubes. The composite material was employed as a
sensing layer for real-time monitoring of SO2. The amine

Fig. 17 (a) and (b) Schematic diagrams of the device for detecting SO2 gas
using MOF-5 and MOF-5-NH2 luminescent test paper, respectively.
(c) Luminescence response photographs of MOF-5-NH2 luminescent test
paper after exposure to various gas species under a 365 nm UV lamp. The
final concentrations of SO2, NO2, NH3, N2, CO2, and H2S were 2 ppm,
while CS2 gas was saturated vapor of liquid-state CS2. (Reproduced from
ref. 202 Copyright 2018 with permission from American Chemical Society).
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functional groups interact strongly with SO2 inside the sensor,
leading to a change in conductivity (Fig. 18a–d). The detection
response time was reportedly 435 s and 185 s towards 150 ppm
and 1 ppm SO2, respectively. Importantly, the SO2 concen-
tration and change in capacitance are strongly correlated,
which was attributed to the adsorption capacity of UiO-66-
NH2. The sensor also shows high reproducibility for 100 ppm
SO2 over ten consecutive cycles. A long-term study was con-
ducted over the course of 20 days in which 10 and 50 ppm SO2

samples were measured, the change in conductivity was
retained B89% of its original value over this time. The SO2

sensing performance is stable towards moderate temperature
changes, dropping only 22% in going from 30 to 70 1C.

To improve the response time of the nanofiber membrane,
the authors also designed a new flexible gas sensor in which
UiO-66-NH2 was incorporated into electrospun polyacrylonitrile
(PAN) nanofibers.208 The device was equipped with carbon
nanotube electrodes. The high surface area and porosity of
UiO-66-NH2 make it particularly useful in an electrochemical
detection device since the analyte can rapidly diffuse into
the MOF. Crucially, the well-established flexibility of the
membrane provides exceptional long-term stability.242 The
sensor reportedly to operates with a 1 ppm LOD for SO2, and
the porous MOF platform facilitates rapid SO2 diffusion within
the material with a fast response time of 255 s.

In a separate investigation from the same research group,
the MOF UiO-66-NH2 was incorporated into a nanofiber
membrane which was modified to improve SO2 adsorption
and thereby improve the limit of detection.209 UiO-66-NH2

was loaded onto a PAN nanofiber membrane and modified
with 2,3,4-trihydroxybenzaldehyde (THBA). The composite was
synthesized by using imine condensation to cross-link the
amine and aldehyde groups to form a Schiff base and obtain
a UiO-66-NQC-THB/PAN-based capacitive gas sensor. This

design achieved a lower SO2 detection limit of 0.1 ppm. Based
on DFT calculations, hydrogen bonding between SO2 and the
THB hydroxyl groups resulted in a high adsorption affinity.
Considering the potential of MOF-based membranes in SO2

detection applications, NU-901 (with the linker TBAPy =
4,40,400,40 0 0-(pyrene-1,3,6,8-tetrayl)tetrabenzoate) was embedded
in a silica film.210 This film was modified with thiol-magenta
(TM) and Ag nanoparticles (TM-Ag@NU-901). SO2 was detected
by surface-enhanced Raman scattering, a new alternative strat-
egy for detecting SO2.

The UiO-66 analogs UiO-66-NH2 and UiO-66-OH were
employed as chemoresistive sensors for SO2, NO2, and
CO2.211 Archetypal UiO-66 does not exhibit a change in resis-
tance after exposure to any of the acidic gases listed above.
However, UiO-66-NH2 responds with a 22 � 3% change in
resistance to the presence of 10 ppm SO2, with a 1 ppm LOD
(corresponding to a 3.2 � 0.2% response). This performance
was attributed to the formation of a charge-transfer complex
when SO2 interacts with the amine-functionalized linker.

As discussed already, MFM-300(In) exhibits outstanding
properties for SO2 sorption and sensing applications due to a
high SO2 uptake at low pressure and excellent stability. Build-
ing on previous work, MFM-300(In) was applied as an electrode
for SO2 detection.212 The In(III)-based MOF was coated on
interdigitated electrodes, and the capacitance changes that
occur in response to SO2 were measured. This sensor displays
one of the highest sensitivities to SO2 and excellent selectivity
over interfering gases such as methane, hydrogen, carbon
dioxide, nitrogen dioxide, propane, and toluene at 1000 ppb.
SO2 concentration was successfully measured from 75 to 1000
ppb with a detection limit of 5 ppb. The electrochemical
response was attributed to the interaction between SO2 and
the m2-OH groups in the MOF node (through hydrogen bonds),
with further dipole–dipole interactions between adsorbed SO2

molecules. The resulting electrostatic changes perturb the
capacitance of the electrode.

3.3 Other detection techniques

In addition, MOFs have been employed in alternative SO2

detection systems that use magnetic and mass change sensors.
These provide an opportunity to exploit the diverse physico-
chemical properties of MOFs that do not find utility in the
sensing techniques explored so-far. However, only a few exam-
ples have been reported, and we therefore emphasize the
opportunity these methodologies present for future sensing
applications.

In general, for magnetic gas sensors involve analyte-induced
changes to the magnetic properties of the sensing material.
Such changes can be measured through a range of sophisti-
cated techniques that are beyond the scope of this review.243

Magnetic gas sensors offer advantages over other gas sensors;
for example, they can be designed to operate in a wide tem-
perature range, do not require an electrical current source
(therefore, the risk of explosion or fire is reduced), and the
response time is much reduced compared to chemosensitivity
sensors.244,245 Various materials are employed as sensing

Fig. 18 (a) Detection of SO2 in the range of 1 to 150 ppm concentration
and linear response for the testing range of the inset; (b) reproducibility for
the detection of 100 ppm SO2; (c) response ability for the sensor at 10 and
50 ppm SO2 within 20 days; (d) temperature influence on the sensor
performance. (Reproduced from ref. 207 Copyright 2021 with permission
from John Wiley & Sons).
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materials in magnetic gas sensors, recently this has included
MOFs.246,247

Spin-crossover has emerged as an essential chemical phe-
nomenon upon which magnetic gas sensors can be designed.
Recently, MOFs that exhibit spin-crossover behavior have been
studied. These typically exhibit structural nodes with 3d4–3d7

transition metals in an octahedral coordination geometry.
The spin-crossover phenomenon involves stimuli-induced
switching between a low-spin and high-spin electronic
configuration.248,249 Of relevance in gas sensors, this change
can be induced by the interaction between an analyte gas and
the sensing material.

For example, Pham et al.213 undertook a highly explorative
study to demonstrate in principal that spin-crossover (SCO)
behavior in a MOF can be exploited for SO2 detection.
{Fe(PZ)[Pt(CN)4]} (PZ = pyrazine) was used to explore
how adsorption of SO2 affects the population of high and low
spin states. Differences between the SCO properties of
{Fe(PZ)[Pt(CN)4]} during the adsorption of various gases point
to specific guest–framework interactions, which appear to be
sensitive to the physicochemical properties of the guest mole-
cule. In this case, the gas molecules stabilized the LS state of
the framework. The material was exposed to CO2, SO2, and CS2

during the heating process in both experimental and simulated
settings (Fig. 19). The SO2 molecule was found to stabilize the
LS state, leading to a 20 K shift in temperature caused by
changes in the Fe–N bonds within the framework.

Mass change gas sensors which employ a quartz crystal
microbalance (QCM) are popular and widely used in industry.
QCM sensors exploit the quantitative relationship between the
change in frequency of a quartz crystal resonator and the mass
change resulting from the adsorption of analyte gas molecules
on the QCM.250 Crucially, the quartz surface can be coated with
an appropriate film to enhance the sensitivity and selectivity of
the sensor.251,252 The advantage of QCM sensors is that they are
susceptible to mass changes in the nano-gram range. However,
fragility can present challenges.253 Porous materials such as
silicas and MOFs have been used as coatings on the quartz
surface to improve the performance of QCM sensors.234 How-
ever, it is worth mentioning that gravimetric detection exhibits
drawbacks related to low selectivity.

For example, the isostructural fluorinated MOFs KAUST-7
([Ni(NbOF5)(pyrazine)2]�2H2O) and KAUST-8 ([Ni(AlF5(OH2))-
(pyrazine)2]�2H2O) were employed as coatings on QCM based
SO2 sensors.214 The difference between these materials is the
presence of (NbOF5)2� versus (AlF5(OH2))2� within the frame-
work. The authors noted that KAUST-7 exhibits a high affinity
for SO2, SCXRD confirms that SO2 interacts with two electro-
negative fluorine atoms of the adjacent (NbOF5)2� moiety via
the electropositive sulfur atom, while four C–H� � �O contacts
stabilize the interaction. Meanwhile, in KAUST-8, the SO2

molecule only interacts with four C–H� � �O from two neighbor-
ing pyrazines. Based on these properties, the materials were
studied for SO2 detection in the presence and absence of
humidity to mimic atmospheric conditions. Following the
change in frequency of the quartz crystal resonator, SO2 was

successfully detected at concentrations between 0 and 500 ppm in
balance with nitrogen. The system exhibited with high stability and
reproducibility. Both MOF-coated materials show a nonlinear
decrease in sensitivity with the increased SO2 concentration. The
lowest detection limit was estimated to be about 100 ppb with noise
drift in the resonance frequency of �1.5 Hz. However, the experi-
mental lowest detection limit was 5 ppm.

4. Overview of SO2 detection
methodology

Considering the discussion above, it is evident that metal–
organic frameworks and coordination polymers are well suited
for application in gas sensors and detectors. Notably, and
unlike many other applications proposed for MOFs, high sur-
face area or elevated gas uptake is not imperative for sensing.
Thus, materials deemed unsuitable for ‘‘traditional’’ adsorp-
tion applications may find utility in sensing and detection
processes where chemical robustness and functionality are
prized over uptake capacity. As discussed in this review, the
ideal MOF for sensing is stable under relevant working condi-
tions and exhibits a precise and reproducible physical response
upon interaction with the analyte at environmental concentra-
tions. Considering these metrics, various devices designed for
SO2 detection were discussed (Fig. 20). These were primarily
based on (i) nanofiber membranes, (ii) electrodes, and (iii) test
strips.

Below (Fig. 21), the most relevant characterization techni-
ques are evaluated for their potential in gas sensing
applications.

(a) Fluorescence measurements: given the broad applicabil-
ity, high selectivity, and potential for use in super-resolution
experiments, fluorescence is one of the most commonly used

Fig. 19 Temperature dependence of wMT calculated from MC/MD simu-
lations of {Fe(PZ)[Pt(CN)4]} with no adsorbed guest molecules (MOF) as
well as upon adsorption of CO2 (CO2@MOF), SO2 (SO2@MOF), and CS2

(CS2@MOF). The theoretical values of the SCO temperature (T1/2) are
compared in the inset with the experimental values. (Reproduced from
ref. 213 Copyright 2018 with permission from American Chemical Society).
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chemo-sensing techniques.254 Some fluorescence measure-
ment techniques which are frequently encountered include:

(i) Fluorescence spectroscopy: this technique involves mea-
suring the emission spectrum of a MOF before and after gas
adsorption. The change in fluorescence intensity or wavelength
can be used to detect and quantify the presence of gas mole-
cules and determine the selectivity of the MOF towards the
analyte of interest.255

(ii) Time-resolved fluorescence spectroscopy: this technique
involves measuring the decay time of the fluorescence emission
of a MOF after excitation. The change in decay time upon gas
adsorption can be used to detect and quantify the presence of
gas molecules and determine the selectivity of the MOF towards
the analyte of interest.196

(b) Electrochemical measurements: another possible physi-
cal response that can be used to sense or detect gaseous
molecules is the change in the material’s conductivity (or
resistivity). The sorption of gas molecules can alter the elec-
trical conductivity of MOFs, which can be measured to detect
(and even quantify the concentration of) specific gas molecules.
MOFs provide an ideal platform for gas sensing and detection
using this technique.256 However, it must be noted that most
MOFs and coordination polymers have very high resistivity and,
thus, are not amenable to this kind of measurement. Some of
the commonly used conductivity measurements are:

(i) Two and four-point probe measurements: this technique
involves applying a voltage to the MOF and measuring the
current flowing through it. Thus, the resistivity and conductiv-
ity of the MOF can be calculated from the measured values. The
measurement can be performed in single crystals, films, or
pellets of polycrystalline materials. However, special care must
be taken to ensure that the contacts do not interfere with gas
sorption and that a reproducible contact is made between the
sample and electrodes.257,258

(ii) Impedance spectroscopy: this technique involves apply-
ing an AC voltage to the MOF and measuring the impedance of
the MOF as a function of frequency. The frequency-dependent
impedance can provide information about the charge transport
properties of the MOF. Similarly, the measurement can be
performed in single crystals, thin films, or press pellets. Once
again, changes in these properties can be induced by the
sorption of the analyte, providing a probe for the detection
and quantification of analyte gases.259,260

(iii) Field effect transistors (FETs): when a MOF is used as
the active material in a FET, changes in the conductivity of the
framework upon gas adsorption can be measured using the
FET. However, unlike the previous techniques, this measure-
ment is not amenable to polycrystalline samples; instead, MOF
single crystals or films are required, which, depending on the
material, could pose a synthetic bottleneck.261,262

(c) Magnetism measurements: this technique is premised on
the fact that the magnetic properties of certain materials will
change during sorption of analyte molecules. Changes in magnetic
properties can be measured using a variety of sophisticated tech-
niques and related to the concentration of analyte gas.263,264

(d) Mass-change: the change of mass that a material, such as
a MOF, experiences after the adsorption of a specific gas can be
used to evaluate the presence and/or concentration of that gas.

Fig. 20 MOFs applied in different assembled devices for SO2 detection.

Fig. 21 MOFs applied in different characterization techniques for SO2

detection.
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(e) Other techniques: other techniques are used case-by-case
to evaluate, study, and apply MOFs as sensors. Some examples
are UV-vis absorption, calorimetry, and many others.265,266

A comprehensive understanding of these techniques is
essential to designing and optimizing MOF-based gas sensors
and detectors.

Conclusions

A select class of Metal–organic Frameworks possess high sur-
face area, well-defined pore distribution, and high thermal and
chemical stability. In light of these properties, it is not surpris-
ing that MOFs have recently garnered significant interest in
detection and sensing research. Of particular interest is the
detection of SO2, a hazardous gas to which several chemically
stable MOFs have demonstrated promising compatibility. Most
SO2 related MOF research has concentrated on SO2 adsorption
capacity, emphasizing the highest uptake capacity. This is
typically reported in conjunction with comprehensive compu-
tational and experimental studies that aim to elucidate the
specific chemical and physical interactions between SO2 and
the framework with a view to identifying the preferen-
tial adsorption sites. This approach has been success-
fully used for a wide range of materials, yielding valuable
insight into the nature of SO2 adsorption in porous materials.
However, in the context of SO2 detection, both the SO2 affinity
of the framework and the SO2 adsorption capacity at low
pressure must be considered – rather than overall uptake at
high pressure. Thus, it is necessary to explore characteristics
of MOFs pertinent to SO2 detection, which typically diverge
from those that promote large SO2 uptake at high pressure.
Higher SO2 uptake at low pressure reflects stronger SO2

interactions within the framework; this is critical to the
operation of SO2 detectors under environmental conditions
since relatively low SO2 concentrations of r5000 ppm are
typically relevant for sensing. Analysis of the most effective
MOFs for SO2 capture has demonstrated a clear correlation
between SO2 capture at low pressure (0.01 bar) and the pore-
limiting diameter.

We have provided an overview of techniques used to perform
SO2 detection in MOFs and evaluated which MOF candidates
are likely to perform best. In addition to a high adsorption
capacity at low pressure and requisite chemical stability, MOFs
require distinct characteristics to selectively detect specific
analytes such as SO2. MOF-based analyte detection is predi-
cated on quantitative (or, in some cases, qualitative) measure-
ment of the response to a particular environmental stimulus
(i.e., SO2 adsorption). As we have outlined, the response typi-
cally consists of changes in luminescence, electrochemical
properties, or magnetism. Examples of MOF based SO2 detec-
tion using these methodologies have been reported and out-
lined in detail in the main text. Cruicially, advancement in
materials processing combined with excellent chemical stabi-
lity allow select MOFs to be incorporated into detectors based
on nanofiber membranes, electrodes, and test strips.

This review provides a broad overview of the significant role
that chemically stable MOFs will play in the expanding field of
SO2 detection. The extraordinary diversity of physiochemical
properties displayed by MOFs provides space for chemists to
further refine MOF-SO2 interactions, guided by new character-
isation techniques and supported by advanced computational
tools. The insights garnered from this process will inform the
design of future MOF-based detectors for SO2 and other volatile
compounds.

List of abbreviations

AIP 5-Aminoisophthalate
ATT 3-Amino-1,2,4-triazole-5-thiol
ADC Acetylenedicarboxylate
BET Brunauer–Emmett–Teller
BTC Benzene-1,3,5-tricarboxylate, trimesate
BDC 1,4-Benzenedicarboxylate, terephthalate
BDC-Br 2-Bromoterephthalate
BDC-NH2 2-Aminoterephthalate
BDC-CHQCH2 2-Vinylterephthalate
BDC-NO2 2-Nitroterephthalate
BDC-4F 2,3,5,6-Tetrafluoro-1,4-benzenedicarboxylate
BPDC 4,40-Biphenyldicarboxylate
BPTC Biphenyl-3,30,5,50-tetracarboxylate
BTEC 1,2,4,5-Benzenetetracarboxylate
BDP 1,4-Bis(4-pyrazolyl)benzene
CPE Carbon paste electrode
CDC 9H-Carbazole-3,6-dicarboxylate
CD Carbon dot
CYCU Chung-Yuan Christian University
CAU Christian-Albrechts-University
CUK Cambridge-University-KRICT
CNT Carbon nanotubes
DFT Density functional theory
DUT Dresden University of Technology
DOBPDC 4,4-Dioxidobiphenyl-3,3-dicarboxylate
DABCO 1,4-Diazabicyclo[2,2,2]octane
DHTP 2,5-Dihydroxyterephthalate
DRIFTS Diffuse reflectance infrared Fourier transform

spectroscopy
ETTA 4,40,400,40 0 0-(Ethene-1,1,2,2-

tetrayl)tetrabenzoicate
ET-LMOF Energy transfer LMOFs
GCMC Grand canonical Monte Carlo
GAL Gallate
FTIR Fourier transform infrared
FDCA 2,5-Furandicarboxylate
Fum Fumarate
FGD Flue-gas desulfurization
HS High-spin
HSAB Pearson’s hard-soft acid–base theory
HHTP 2,3,5,6,10,11-Hexahydroxytriphenylene
HATP 2,3,6,7,10,11-Hexaaminotriphenylene
HKUST Hong Kong University of Science and Technology
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LMOFs Luminescent metal–organic frameworks
LOD Limit of detection
NDC-(NO2)2 4,8-Dinitronaphthalene-2,6-dicarboxylate
NDC 1,4-Naphthalenedicarboxylate
NOTT Nottingham University
NU Northwestern University
IRMOF Isoreticular metal–organic framework
MOCs Metal–organic cages
MOFs Metal–organic frameworks
MIL Matériaux de l’ Institut Lavoisier
MFM Manchester framework material
MUF Massey University Framework
MPBA N,N0-2,4,6-Trimethyl-1,3-

phenylenebis(oxamate)
OTf Trifuoromethanesulfonate
THBA 2,3,4-Trihydroxybenzaldehyde
TBAPy 4,40,400,40 0 0-(Pyrene-1,3,6,8-tetrayl)tetrabenzoate
TCPP meso-Tetrakis(4-carboxylphenyl)porphyrin
TDC 2,5-Thiophenedicarboxylate
TBA 4-(4H-1,2,4-Triazol-4-yl)benzoate
TRPL Time-resolved photoluminescence
LS Low-spin
LOD Limit of detection
TATB 2,4,6-Tris(4-carboxyphenyl)-1,3,5-triazine
TDC 2,5-Thiophenedicarboxylate
SDC 4,40-Stilbenedicarboxylate
SCO Spin-crossover
ppm Parts per million
ppb Parts per billion
POCs Porous organic cages
PAN Polyacrylonitrile
PAC meso-Tetrakis(4-carboxylphenyl)porphyrin
PA m-Phthalate
PDDB 4,40-(Pyridine-2,6-diyl)dibenzoate
PHEN 1,10-Phenanthroline
PBTA 4,40400,40 0 0-(4,40-(1,4-Phenylene)bis (pyridine-6,4,2-

triyl))-tetrabenzoate
PCN Porous coordination network
PPTA 4,40,400,40 0 0-(1,4-Phenylenebis(pyridine-4,2,6-

triyl))tetrabenzoate
PXRD Powder X-ray diffraction
PDCA 2,4-Pyridinedicarboxylate
PLD Pore limiting diameter
PVDF Polyvinylidene fluoride
PTBA 4,40,400,40 0 0-(1,4-

Phenylenebis(azanetriyl))tetrabenzoate
PZDC 1H-Pyrazole-3,5-dicarboxylate
UiO Universitetet i Oslo
SCXRD Single-crystal X-ray diffraction
ZIF Zeolitic imidazolate framework
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31 S. Piché, F. Larachi and B. P. A. Grandjean, Ind. Eng. Chem.
Res., 2001, 40, 476–487.

32 F. W. Adams, Ind. Eng. Chem., 1933, 25, 424–428.
33 B. Hanley and C. Chen, AIChE J., 2012, 58, 132–152.
34 M. Reda and G. R. Carmichael, Atmos. Environ., 1982, 16,

151–159.
35 R. K. Srivastava, W. Jozewicz and C. Singer, Environ. Prog.,

2001, 20, 219–228.
36 D. B. Gingerich, E. Grol and M. S. Mauter, Environ. Sci.:

Water Res. Technol., 2018, 4, 909–925.
37 P. Luis, A. Garea and A. Irabien, J. Membr. Sci., 2009, 330,

80–89.
38 Y. Sun, J. Xie, W. Huang, G. Li, S. Li, P. Cui, H. Xu, Z. Qu

and N. Yan, Fuel, 2021, 288, 119714.
39 Q. Xin, C. Zhang, Y. Zhang, Q. Liang, L. Zhang, S. Wang,

H. Ye, X. Ding and Y. Zhang, Sep. Purif. Technol., 2021,
259, 118222.

40 P. Luis, A. Garea and A. Irabien, J. Chem. Technol. Biotech-
nol., 2008, 83, 1570–1577.

41 H.-K. Lee, B. R. Deshwal and K.-S. Yoo, Korean J. Chem.
Eng., 2005, 22, 208–213.

42 Y. A. Husnil, R. Andika and M. Lee, J. Process Control, 2019,
74, 147–159.

43 W. Liu, R. D. Vidic and T. D. Brown, Environ. Sci. Technol.,
2000, 34, 154–159.

44 H. Yi, H. Deng, X. Tang, Q. Yu, X. Zhou and H. Liu,
J. Hazard. Mater., 2012, 203–204, 111–117.

45 H. Fu, X. Wang, H. Wu, Y. Yin and J. Chen, J. Phys. Chem. C,
2007, 111, 6077–6085.

46 Y. Li, L. Li and J. Yu, Chem, 2017, 3, 928–949.
47 S. Beyaz Kayiran and F. Lamari Darkrim, Surf. Interface

Anal., 2002, 34, 100–104.
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M. Schröder and S. Yang, J. Am. Chem. Soc., 2022, 144,
13196–13204.

130 E. Martı́nez-Ahumada, M. L. Dı́az-Ramı́rez, H. A. Lara-
Garcı́a, D. R. Williams, V. Martis, V. Jancik, E. Lima and
I. A. Ibarra, J. Mater. Chem. A, 2020, 8, 11515–11520.

131 O. V. Gutov, M. G. Hevia, E. C. Escudero-Adán and
A. Shafir, Inorg. Chem., 2015, 54, 8396–8400.

132 M. Szufla, J. A. R. Navarro, K. Góra-Marek and D. Matoga,
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Zamora, A. Martı́nez, P. Leo, C. Martos, I. A. Ibarra and
G. Orcajo, Eur. J. Inorg. Chem., 2021, 4458–4462.

163 E. S. Grape, J. G. Flores, T. Hidalgo, E. Martı́nez-Ahumada,
A. Gutiérrez-Alejandre, A. Hautier, D. R. Williams,
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I. K. Torres, E. Martı́nez-Ahumada, P. Carmona-Monroy,
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