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Three-dimensional porous coordination polymers, which are known as metal-organic frameworks
(MOFs), have drawn considerable attention owing to their properties, such as highly crystalline and
ordered structures, inorganic—organic-hybrid nature, tunability of chemical functionality, high porosity
and surface area and moderate-to-high stability. Due to these properties, MOFs are applied extensively as
probes for the detection of large varieties of organic molecules. In this line, different MOF-based instru-
mental and material-based methods along with different strategies have been developed to study and
extend our information about the capabilities of MOFs as sensing probes for the detection of organic
molecules as well as improving and developing their detection limits, selectivity and sensitivity toward
specific analytes. Considering these points, we have presented and classified the content of this review
based on the chemical structures of organic analytes in three categories, including (I) nitroaromatic
explosives and energetic materials, () small organic molecules, such as solvents and volatile organic
compounds, and (Ill) organic amines. For each group of these analytes, different material and instrumental
methods using MOFs have been explained, with illustrations of remarkable examples. Finally, we compare
the methods for the detection of each group of analytes and discuss which instrumentation is more
effective for each group of analytes.

Received 10th December 2019,
Accepted 8th January 2020

DOI: 10.1039/c9qi01617a

rsc.li/frontiers-inorganic

Organic molecules such as organic solvents, volatile
organic compounds (VOCs), explosive nitroaromatic com-

1. Introduction
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Metal-organic frameworks (MOFs) are a subclass of coordi-
nation polymers and porous materials with microporosity/
mesoporosity and highly regular crystalline frameworks."” In
recent decades, MOFs have become the center of attention of
numerous scientists, particularly chemists and material engin-
eers. MOFs show very practical, interesting and unique charac-
teristics, such as regular structures with high crystallinity,
porous frameworks with high surface areas, hybrid structures
with organic-inorganic natures, functionalizable structures
with tunability of host-guest chemistry and tolerable frame-
works with moderately high stability. The advantages of the
combination of all these characteristics in one framework lead
to wide application of MOFs in different fields, such as gas
adsorption and separation,® removal®**® and separation’ of
hazardous materials, catalysis® and photocatalysis,” electro-
chemical applications,'® bio-related applications,"* and par-
ticularly, the detection of dangerous chemicals."”
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pounds (NACs) and energetic heterocyclic molecules have criti-
cal negative effects on human safety and environmental pro-
tection. As a result, wide efforts are being conducted to detect
and discriminate organic molecules in different media. Taking
advantage of the chemical and physical properties of MOFs,
they are among the groups of materials that are applied exten-
sively for detection of many types of organic molecules using
different instrumental methods, such as photoluminescence,
electrochemical, photonic, optical and gravimetric instrumen-
tal methods.

Because MOFs are porous, the accessible pore volumes
inside their frameworks can function as cages to capture and
interact with analyte molecules. Due to their functionality, the
host-guest chemistry between MOFs and organic molecules
with different functional groups can be controlled and opti-
mized. Their hybrid nature causes wide variation in signals,
mechanisms and responses (change in the signal in the pres-
ence of analyte) to different analytes. Their ordered crystalline
frameworks lead to particular responses with appropriate rep-
etition. Finally, due to their stability, they can be used repeat-
edly to detect particular analytes.

Despite these advantages, the term “signal transduction” is
a very critical limitation for the development of MOF-based
sensors in different instrumental methods. We will see that
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due to the high consistency between the n-extended aromatic
structures of MOFs and the origins of the signal transduction
of MOFs in photoluminescence methods, MOFs are widely
applied in photoluminescence methods. However, in the case
of electrochemical methods, due to limitations of MOFs such
as low conductivity and redox activity, their application is
not extended as greatly as in photoluminescence methods.
However, considering some critical points in the design and
modification of MOFs, their limitations in electrochemical
methods can be eliminated. These points regarding the advan-
tages and disadvantages of MOFs in different instrumental
methods will be discussed precisely in the next sections.
Considering these points, such as structural advantages of
MOFs and their limitations or extension in signal transduction
in different instrumental methods, we attempted to write
this review with a different approach. Most reviews of
MOF-based sensors focus only on luminescence™™ or
electrochemical®** methods or principles of designing MOF-
based sensors>* ™ for all kinds of analytes. Although each one
of these reviews is useful for its related purpose, the approach
of this review is different. First of all, in this review, we focus
only on organic molecules; to this end, we classified the
organic analytes in three different groups, including (I) nitro-
aromatic explosives and energetic molecules, (II) organic
amines, and (III) small organic molecules, such as organic sol-
vents and volatile organic compounds. Then, we discuss the
application of MOFs in different instrumental methods for the
detection of each group of these organic analytes. This discus-
sion of MOF-based instrumental methods provides us with the
opportunity to evaluate and compare the efficiency of each
instrumental method in the detection of specific organic ana-
lytes. Finally, we compare the successes achieved by each
method. This approach is not presented in other reviews.

2. Explosives and energetic materials

Nitroaromatic compounds (NACs) are organic molecules which
contain at least one electron withdrawing nitro group (-NO,)
attached to an aromatic or aliphatic molecular skeleton. The
high electronegativity of the nitro group is based on the com-
bined action of the two electron-deficient oxygen atoms
bonded to the partially positive nitrogen atom. When the nitro
group is attached to the aromatic ring, both conjugation and
resonance mechanisms are involved in the delocalization of
electrons of the aromatic ring, resulting in the n-deficient
nature of NACs. Due to this electron deficiency and their mole-
cular structures, NACs are categorized as secondary explosives,
especially TNT (2,4,6-trinitrotoluene). The majority of these
compounds are synthetic, and they are used in chemical
industrials for the synthesis of many products, including dyes,
polymers, pesticides, and explosives. Also, some biologically
produced NACs have been identified; however, they are rela-
tively rare in nature. NACs are introduced into the environment
mainly by human activities. Unfortunately, their extensive use
has led to environmental contamination of soil and ground-
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water. Due to their hazardous nature to human health, they
are registered in the U.S. Environmental Protection Agency’s
list of priority pollutants for environmental remediation.
Therefore, real-life and in-field detection of nitroaromatic com-
pounds is essential for environmental safety and human pro-
tection due to their explosivity and high toxicity.

With the aim to detect NACs, various instrumental analyses
have been applied, such as chromatography coupled with
mass spectrometry, surface enhanced Raman spectroscopy,
cyclic voltammetry, ion mobility spectrometry, colorimetric
immunoassays, nuclear quadrupole resonance, and energy dis-
persive X-ray diffraction. However, these methods are very
expensive, poorly portable and require frequent calibra-
tion.”®>° On the other hand, the vapour phase sensing of
nitroaromatics is not always efficient because of the very low
vapour pressures of the nitroaromatics. Therefore, rapid and
facile detection methods along with probe materials are
needed to address these concerns.

Because of the presence of electron-withdrawing nitro
groups, NACs have a high degree of electron deficiency,
which endows them with oxidative nature and electron-
accepting character. Because MOFs are constructed based on
conjugated aromatic ligands and organic functional groups
containing heteroatoms with non-bonding electrons, they can
interact with NACs through multiple host-guest interactions,
such as hydrogen bonding and (n-deficient)-(n-rich) inter-
actions. On the other hand, due to the consistency between
the photophysical properties of MOFs and the signal trans-
duction in PL methods (based on photo-induced = to n* and
n to ©* electron transitions), MOFs are extensively applied as
probes in the detection of hazardous chemicals by PL
methods. As a result of this great matching between the
chemical characteristics of MOFs with the electron-deficient
nature of NACs and the signal transduction in PL methods,
detection of NACs by MOFs has been extensively investigated
by PL methods.

The pioneering work in this area was carried out by Li and
coworkers.’>*  They synthesized [Zn,(oba),(bpy)]-DMA
(1, Hyoba = 4,4"-oxybis(benzoic acid); bpy = 4,4"-bipyridine;
DMA = N,N-dimethylacetamide) and applied it in the detec-
tion of NACs, especially nitrobenzene (Fig. 1).*° The PL results
reveal that 1 acts as a fluorescence quencher in the presence of
NACs. The observed quenching efficiency for the selected
nitroaromatics is nitrobenzene (NB) > 1,3-dinitrobenzene (1,3-
DNB > 2-nitrotoluene (2-NT) =~ 1,4-dinitrobenzene (1,4-DNB) >
2,4-dinitrotoluene (2,4-DNT). This order is based on the trends
of the electron-withdrawing groups and vapor pressure of each
analyte. The authors proposed that this PL quenching is based
on a donor-acceptor electron-transfer mechanism. Upon exci-
tation, electrons are transferred from the conduction band of
1’ to the LUMO of the analyte, leading to a quenching effect.
Also, cyclic voltammetry measurements showed that NACs
have more positive reduction potentials than 1’, and there is a
large overlap between the conduction band of 1’ and the
LUMO of nitrobenzene based on band structure calculations.
Thus, 1’ acts as an electron donor toward NACs.
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Fig. 1 Application of [Zn,(oba),(bpy)]:DMA (1) in the detection of NACs. (a) Percentage of fluorescence quenching after 15 min by five different NAC
analytes at room temperature. (b) Schematic of the electronic structure of the fluorescence quenching process by NAC analytes containing elec-
tron-withdrawing functional groups. (c) Simulated structure of 1 with nitrobenzene. Reproduced with permission from ref. 30.

In other work, the same authors reported that
[Zn,(bpdc),(bpee)] (bpde = 4,4-biphenyldicarboxylate; bpee =
1,2-bipyridylethene) is capable of very fast and fully reversible
detection of both 2,4-dinitrotoluene (DNT) and 2,3-dimethyl-
2,3-dinitrobutane (DMNB) in the vapor phase.*'

Since the publication of these two pioneering studies by
Li and coworkers in 2009 and 2011, extensive amounts of
research have been conducted on the detection of NACs
by MOFs. Based on a review of the published papers in
this area, most papers focus on the detection of nitrobenzene
in the presence of other small organic molecules and
solvents®*®* as well as the detection of 2,4,6-trinitrophenol
(TNP).>8333440.79,857175 1 other examples, efficient quenching
responses were achieved toward other NACs, such as 2,4,6-tri-
nitrotoluene (TNT),"”®'** 4-nitrophenol (4-Np),>%!1>136,184-193
2,4-dinitrophenol (2,4-DNP),>*'**%7 4-nitrotoluene (4-NT),"*%'*°
2-nitrotoluene (2-NT),>*?°°72°> 4-nitroaniline (4-NA),>**7>'¢ 1,3-
dinitrobenzene (1,3-DNB),*”*'”7>** 3 4-dinitrotoluene (3,4-
DNT),**"**? 2 4-dinitrophenylhydrazine,”** nitromethane,*****>¢
2,3-dimethyl-2,3-dinitrobutane,*"**”  3,4-dinitrotoluene (2,4-
DNT),**®?*° 1,3 5-trinitrobenzene (1,3,5-TNB),>*° 4-nitrophenyl-
hydrazine,”””  2,4-dinitrophenylhydrazine,”' 4-nitrobenzoic
acid,””® methyl-4-nitroaniline,>'*>*** 2-nitrophenol (2-NP)>**
and 2,4-dinitrophenol (2,4-DNP).>** Also, in some cases, MOFs
can deteCt different NACS-44746,49,51,64,87,119,131,173,176,218,2367274
On the other hand, although NACs low vapor
pressure, some papers focus on the detection of NACs
in the Vapor phase‘115,218,224,237,2427244,2757280 To gain
deeper insight into the detection mechanism of NACs,
some researchers have conducted computational simula-

tions to compare the energy levels of NACs and
MOFs2:50:52,57,61,67,87,96,111,114,128,131,224,243,262,268,281-293

have

and
recognize possible host-guest interactions>®>%*29472%,

As a result of these studies, some successes have been
gained, including selective detection of nitrobenzene in the
liquid phase in the presence of other small organic mole-
cules and selective detection of TNP in the liquid phase.
Also, because there are many investigations of TNP, we can
compare the Stern-Volmer constants of the applied MOFs to
evaluate which structure is useful for the detection of TNP.

However, there are serious challenges in this area, including
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selective detection of NACs in the presence of each other
and selective detection of NACs in aquatic media and
the vapor phase. In this section, we intend to summarize
these successes and suggest possible solutions to these
challenges.

Nitrobenzene (NB) is the simplest NAC; it is applied
extensively in industry for the production of aniline, other
NACs and paint solvent. Because NB is highly toxic and
can be absorbed through skin, it should be detected
rapidly. Therefore, selective detection of NB against other
small organic molecules with different functionalities has
been extensively studied using MOFs. For this purpose,
different MOFs have been applied. Because NB is an elec-
tron deficient molecule containing nitro groups, two strat-
egies can be useful for its PL-based detection by MOFs,
including: (I) decoration of MOFs with electron rich groups
that can interact with NB through n-n interactions®*’ and
() functionalization of MOFs with hydrogen bond donor
groups such as urea®'® to interact with nitro groups though
hydrogen bonding.

Moon and coworkers synthesized a well-designed MOF
with the formula [Li;[Li(DMF),](CPMA),]-4DMF-H,0, where
H,CPMA is bis(4-carboxyphenyl)-N-methylamine (Fig. 2).>°”
The ligand H,CPMA is functionalized with electron-donor
methyl groups, which are potentially useful for the detection
of electron-deficient analytes. Applications show that this MOF
presents a distinctive color change from yellow to red and com-
plete quenching in the presence of nitrobenzene, while there
is no specific change in the UV-vis or PL spectrum in the pres-
ence of benzene or toluene. Based on computational simu-
lations, these sharp changes in the UV-vis and PL spectra after
exposure to nitrobenzene are due to charge-transfer transitions
between the aromatic rings of the electron-rich CPMA®~ mole-
cules and the electron-deficient nitrobenzene due to strong
(CPMA® )r---n(NB) and (CPMA>7)C-H---n(NB) interactions
between trapped nitrobenzene molecules inside the pores,
where two benzene rings belonging to neighboring CPMA*~
linkers provide situations in which electron-deficient nitro-
benzene can act as an electron acceptor for the photo-excited
electrons of the MOF, resulting in electron transfer from the
MOF to nitrobenzene.

This journal is © the Partner Organisations 2020
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Fig. 2 Application of the [Liz[Li(DMF),](CPMA),]-4DMF-H,O framework in the detection of nitrobenzene. (a) Schematic structure of the organic
ligand H,CPMA. (b) Color change of the MOF in the presence of nitrobenzene. (c) Fluorescence spectrum of nitrobenzene@MOF. (d) X-ray structure
of nitrobenzene@MOF, in which t—r and C—H---x interactions are emphasized by orange ball-and-stick representations (color scheme: C, white;

O, red; N, blue; Li, light blue). Reproduced with permission from ref. 297.

In other work, Chang and coworkers synthesized a MOF,
[NH,(CH3),]5[Cd4-(L)12(m?*-H,0),(DMF),(H,0),]-S (S indicates
solvent), where the HzL ligand is 2,4,6-tris[1-(3-carboxyl-
phenoxy)ylmethyl Jmesitylene, for detection of NB molecules in
the vapor phase.*'® Nitrobenzene quenches the emission by as
much as 77.5% in a time of 490 s. Also, the quenching
phenomenon in the solid state is consistent with that realized
in the liquid sensing process; this indicates that the quench-
ing mechanism is based on the nature of the complex rather
than the testing environment.

In other work, we applied a functionalization strategy
for selective detection of NACs over other molecules
(Fig. 3).>" In this line, we synthesized urea-decorated TMU-31
(Zn(L,)(L,)]DMF) and TMU-32 ([Zn(oba)(L,)]-2DMF-H,0)
frameworks (H,L,, H,L, and H,OBA are 4,4"-(carbonylbis(aza-
nediyl))dibenzoic acid, 1,3-di(pyridin-4-yl)urea and 4,4"-oxybis
(benzoic acid), respectively) and then applied them in the
detection of NACs. Selective NACs detection was achieved
through enriched host-guest chemistry by urea(NH)--
(O-N=O0)NAC hydrogen bonding. This is an example of selec-
tive detection of NACs in the presence of other organic mole-
cules by a functionalization strategy.

A summary of the results of computational simulations of
host-guest interactions between NB and MOFs shows that
n-deficient (NB)---w-rich (MOF) and = (NB)---(C-H)MOF inter-
actions play critical roles in the host-guest chemistry of
NB and the host MOFs. On the other hand, simulation
calculations reveal that the LUMO energy level of NB lies
below the energy levels of the conduction bands of
the MOFs,">>0°201,162,176,243281,282  Alq - cyclic voltammetry
measurements demonstrate that the reduction potential of NB

This journal is © the Partner Organisations 2020

is more positive than that of MOFs, indicating that the MOFs
can act as electron donors and NB can act as an electron
acceptor.’®*® These well-matching experimental data and
simulation calculations can help us to propose a general
mechanism for the detection of NB by MOFs.

Theoretical and experimental results demonstrate that the
nitro group is the main cause of the quenching effect in the
detection of NACs. Due to the presence of nitro groups, the n*
lowest unoccupied molecular orbitals (LUMOs) of nitro-
benzene are stabilized through conjugation effects so that the
LUMO of nitrobenzene usually lies lower than the LUMO of
the m-rich aromatic ligand or the MOF network. Generally
speaking, for electron-deficient NACs, their LUMO energy
levels lie between the conduction band and valence band of
the MOFs. Due to possible n-r and n-(CH) host-guest inter-
actions, the MOFs and NB can interact with each other, and
overlap is possible between the conduction band of the MOF
and the LUMO of nitrobenzene.’>*** After irradiation of light
photons and migration of electrons from the valence band of
the MOF to the conduction band, these excited electrons trans-
fer from the conduction band of the MOF to the LUMO orbi-
tals of NB through a photo-induced electron transfer (PIET)
process. As a result, the PL spectrum of the MOF presents
quenching signal transduction in the presence of NB.

2,4,6-Trinitrophenol (TNP) is another NAC that is widely
applied in metallurgy and in the pharmaceutical industry as
an antiseptic. Moreover, TNP is widely used in dyes, fireworks,
matches, and the glass and leather industries. TNP is one of
the most acidic phenols; it is explosive, like other highly
nitrated organic compounds. As a result, TNP is another NAC
whose detection has been widely investigated in the literature.

Inorg. Chem. Front., 2020, 7,1598-1632 | 1601
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Fig. 3 Application of TMU-31 and TMU-32 in the selective detection of NACs. Representation of the three-dimensional structure, the coordination
environment around Zn(i), and the internetwork hydrogen bonding of TMU-31 (a) and TMU-32 (b). (c) Relative fluorescence responses of TMU-31
and TMU-32 to 60 ppm of different organics in toluene. (d) Possible host—guest chemistry between urea-decorated TMU-31 and TMU-31 frame-

works and NACs. Reproduced with permission from ref. 219.

Ghosh and coworkers synthesized [Cd(NDC), 5(PCA)]-G,
(G is the guest molecule, H,NDC = 2,6-napthalenedicarboxylic
acid, and HPCA = 4-pyridinecaboxylic acid) for selective detec-
tion of TNP over other NACs in aquatic media (Fig. 4).°°
Computational calculations of the HOMO and LUMO orbital
energies of the NACs were in good agreement with the
maximum quenching observed for TNP. The order of the
observed quenching efficiency is not fully in accordance with
the LUMO energies of other nitro compounds. This indicates
that photoinduced electron transfer is not the only mechanism
of quenching. Non-linear Stern-Volmer plots display that reso-
nance energy transfer (REnT) can occur from MOFs to NACs.
The combination of the emission spectrum of the MOF and
the absorption band of TNP reveals a noticeable overlap
between them, which confirms the possibility of simultaneous
PIET and RENT processes.
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It is necessary to mention that PL quenching by host-guest
interactions between the fluorophores in MOF hosts and the
NAC analytes is based on two different mechanisms: reso-
nance energy transfer (REnT) and photoinduced electron
transfer (PIET). The extension of REnT depends on the dis-
tance between the electronic excited state of the MOF and
analyte as well as the spectral overlap between the emission
spectrum of the MOF and the absorption band of the analyte,
in which the excitation is transferred from a donor (MOF) to
an acceptor (analyte) molecule without emission of photons.
RENT is observed only when the emission spectrum of the
MOF overlaps with the UV-Vis absorption band of the analyte.
In these cases, REnT is probable, as well as the PIET mecha-
nism. Also, there is another way to determine whether the
RENT mechanism is possible. If the percentage of quenching
in the presence of analyte shows the same trend as the energy
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Fig. 4 Application of [CA(NDC)q 5(PCA)]-G, in the detection of TNP. (a) Percentage of fluorescence quenching obtained for different analytes at
room temperature. (b) HOMO and LUMO energies for explosive analytes arranged in descending order of LUMO energy. (c) Spectral overlap
between the absorption spectra of the analytes and the emission spectrum of the MOF in MeCN. Reproduced with permission from ref. 95.
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levels of the LUMO orbitals of the analytes, the probability of
RENT is low. Otherwise, the possibility of this mechanism
should be investigated.

Kwon and coworkers applied (DMF),(H,0),@[In(OH)
(H,DOBDC)] (1; H,DOBDC is 1,4-benzenedicarboxylic acid) for
the detection of NACs in chloroform solutions and aquatic
media (Fig. 5).""* Framework 1 shows quenching responses
toward TNP in both aquatic and chloroform solutions, with
Kgy values (Stern-Volmer constants) of 1.65 x 10> M and
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833 x 10™ M™' in chloroform and water, respectively.
Structural analyses and optimized simulation calculations
reveal that a combination of hydrogen-bonding interactions
(between the nitro and phenolic groups of TNP and the p,-
hydroxyl group ligated to indium metal) and n-n stacking
interactions (between n-deficient TNP and the n-rich DOBDC?*~
linker) are responsible for fluorescence quenching in chloro-
form. Using computational calculations and possible host-
guest interactions, it is concluded that a ground-state
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Fig. 5 Application of (DMF),(H,0),@[In(OH)(H,DOBDC)] in the detection of TNP. (a) Quenching in chloroform. (b) Stern—Volmer equation in chloro-
form. (c) Quenching in water. (d) Stern—Volmer equation in water. Correlation graphs for comparison of the trends of the K, values and the energy
differences between the LUMO of the MOF and the LUMOs of the different analytes in chloroform (e) and water (f). Reproduced from open access

ref. 114.
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TNP@MOF complex is formed in chloroform in which the
highest occupied molecular orbital (HOMO) resides only on
the MOF fluorophore, whereas the LUMO resides mainly on
the TNP. This observation shows that PIET probably operates
in chloroform for the quenching of MOFs. Based on these
results, the efficiency of the PIET not only depends on the
energy difference between the LUMOs of the MOF and analyte,
but also depends on the overlap of orbitals between the fluoro-
phore and the analyte. However, spectral overlap between the
emission band of the MOF and the UV-Vis absorption band of
TNP reveals that REnT is involved in quenching of the MOF as
well as the PIET process, which is in accordance with the low
linearity of the Stern-Volmer equation in water. The authors
illustrated a graph based on the Kgy values and the difference
in energy levels of the LUMO orbitals of the MOF and analytes
(Enabte _ pMOF - (ev). It is clear that with increasing magni-
tude of the energy difference, Kgy increases.

Using electron-rich MOFs decorated with different Lewis
basic functions, such as azine, amine, guanidine, triazole and
pyridine, is a good strategy for selective detection of picric
acid. This is because in the chemical skeleton of picric acid:
(I) the presence of three nitro groups leads to high electron
deficiency of the aromatic ring and good electron-accepting
ability during the formation of charge transfer donor-
acceptor adducts; and (II) the presence of -OH groups
enriches the host-guest chemistry and establishes hydrogen
bond interactions with the Lewis base-decorated MOFs.
Ghosh and coworkers applied adenine-based bio-MOF-1
([Zng(adenine),(BPDC)sO,Me,NH,]-G, where H,BPDC is bi-

Free H-bonded

$ Amine complex
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phenyl dicarboxylic acid) in the selective detection of picric
acid, among other NACs (Fig. 6).2°® The reason for this selec-
tive response to picric acid over other NACs is based on hydro-
gen bond host-guest interactions between the (-OH) group of
picric acid and the (-NH,) group of bio-MOF-1. Also, they
noted that in addition to hydrogen bonding, the overlap
between the absorption band of picric acid and the emission
band of bio-MOF-1 is effective in sensitization of the frame-
work toward picric acid through possible resonance energy
transfer.

Designing functional MOFs is highly beneficial for detec-
tion of NACs, especially those containing functional groups
such as (-OH) in phenolic NACs and (-NH,) in aniline NACs as
well as the -NO, groups in the molecular skeletons of all
NAGs. Investigations reveal that (I) replacement of the benzene
moiety of the ligand by a more extended motif, such as a
naphthalene,®® anthracene, or pyrene moiety, for better n-n
stacking interactions, (II) decoration of the framework with
electron-rich groups such as methyl groups for better donor-
acceptor interactions, and (III) introduction of a functional
group capable of strong hydrogen-bonding interactions with
the analyte, such as urea and amine, are powerful approaches
for further enhancing the sensing efficiency of MOFs toward
NACs.

One of the most important factors that a sensor is evaluated
by is its Stern-Volmer constant (Kgy). Investigations of the
values of Kgy for the detection of TNP by MOFs show that
this value is usually in the range of 10™ to 10™” M™". In
some cases, such as triazine-functionalized [Cd(ATAIA)]-4H,0O

100 TNP
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3
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Fig. 6 Application of bio-MOF-1 in the selective detection of picric acid. (a) Crystal structure of bio-MOF-1 showing 1D channels along the c crys-
tallographic direction and a plausible H-bonding interaction between adenine and picric acid. (b) Quenching efficiency of bio-MOF-1 for different
nitro analytes. (c) Spectral overlaps between the absorption bands of the analytes and the emission band of bio-MOF-1. Reproduced with permission

from ref. 296.
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(H,ATAIA = 5-((4,6-diamino-1,3,5-triazin-2-yl Jamino)isophthalic
acid)**® and triazole-functionalized [Me,NH,],[Zn6(qptc)s(trz),]-
6H,0 (H,qptc = terphenyl-2,5,2'5-tetracarboxylic acid, trz =
1,2,4-triazole),'*® the Kgy values reached levels of 107 to 1077,
These examples clearly show that construction of MOFs based
on d'° metal ions and Lewis basic functional ligands is a very
practical strategy for selective detection of TNP. Similar
results were observed in the case of the TNP detection limit.
Usually, the detection limit of MOFs toward TNP is in the
range of 10~ to 10~® M. However, in cases with d'’-metal
ions and Lewis basic functional groups, such as adenine-
decorated [Zn(p,-1H-ade)(p,-SO,4)] (1H-ade is adenine)'®® and
[Zng(ad),(BPDC)sO,Me,NH,]-G (where G is the guest, ad is
adenine and H,BPDC is biphenyl dicarboxylic acid)’**’ and
amine-decorated [Cd(ATAIA)]-4H,O  (5-((4,6-diamino-1,3,5-
triazin-2-yl)amino)isophthalic acid),’®® the detection limit
reaches 10™° M. These observations of the detection limit and
Ksy for the detection of TNP show that Lewis basic functiona-
lized MOFs with d'° metal centers are promising probes for
the luminescent detection of TNP.

In the above, we mentioned and summarized some suc-
cesses achieved in the detection of NB and TNP using MOFs or
functional MOFs by PL methods. However, some challenges
still require more investigation. The most important challenge
is the detection of NACs in the presence of other NACs. Some
strategies applied to overcome this challenge include (I) fabri-
cation of sensitized MOFs or MOF-based composites toward a
specific NAC, (II) synthesis of MOFs sensitive to a specific
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group of NACs and (III) synthesis of multi-responsive MOFs to
different NACs.

For highly selective and sensitive detection of TNP
in the presence of other NACs and VOCs, we sensitized
azine-decorated TMU-5 ([Zn(OBA)(BPDH), 5],-1.5DMF, where
H,0BA and BPDH are 4,4'-oxybis(benzoic acid) and 2,5-bis(4-
pyridyl)-3,4-diaza-2,4-hexadiene), with rhodamine dye to
obtain a dual emissive Rhb@TMU-5 composite (Fig. 7).'°®
Rhb@TMU-5 contains two emissive components, namely Rhb
at 583 nm and TMU-5 at 485 nm. Because Rhb@TMU-5 is
dual emissive from different centers, it was applied as a ratio-
metric sensor for detection of TNP by definition of the ratio
of (Iss3rnb)/lass(rmu-5) as the signal. Due to hydrogen
bonding between the azine functional groups of TMU-5 and
the hydroxyl group of TNP, the PL emission centered at 483
related to TMU-5 experiences quenching, while there is no
specific change in the PL emission of Rhb centered at
583 nm. Therefore, as a 2D response toward TNP, the Isg3/I455
ratio increased from 2.3 to 5.1 (2.2 times higher). It is necess-
ary to mention that the TMU-5 framework presents different
responses in the presence of NACs. Considering the selective
response of Rhb@TMU-5 toward TNP, it can be concluded
that the encapsulation of Rhb dyes by TMU-5 is a beneficial
strategy for the sensitization of MOFs toward specific NACs.
The same strategy was applied by our group for the detection
of 4-nitroaniline over other NACs.?°® In other work, the same
strategy was applied for selective detection of TNP in the pres-
ence of other NACs.”!

Intensity
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>
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Fig. 7 Application of RnB@QTMU-5 composite in the 2D detection of picric acid. (a) Azine-decorated pores of TMU-5 and hydrogen bonding inter-
actions between TNP and TMU-5. (b) Emission spectra of TMU-5 and Rhb@TMU-5 dispersed in acetonitrile upon excitation at 355 nm. Comparisons
of the responses of TMU-5 (c) and RhB@QTMU-5 (d) in the presence of different nitroaromatic analytes at different concentrations. Reproduced with

permission from ref. 108.
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Encapsulation of Rhb dyes by TMU-5 is beneficial for dis-
crimination between response and sensitivity as well as selec-
tive sensitization toward TNP. In most luminescent MOF
sensors, the response is based on quenching or enhancement
of the emission intensity upon guest adsorption. The resulting
sensor response can be observed by introduction of any
analyte to any compound as a sensor; this is usually insuffi-
cient for accurate and sensitive detection of a specific analyte.
However, only selectivity and not sensitivity can be achieved by
this type of signal transduction.'® In MOF-based sensors, the
response (quenching efficiency) is usually defined with eqn (1)
as follows:'%®

Quenching efficiency = (I —I) /I (1)
whereas the sensitivity is defined with eqn (2):'°®
Sensitivity = (R — Ry) /Ry (2)

In these two equations, I and I, are the PL intensities
before and after addition of analyte; R, is the initial response
of the sensor and R is the response of the sensor in the pres-
ence of the desired analyte.

For RhB@TMU-5, R and R, are Isgs/Ligs and I5,/I%-, which
are equal to 5.1 and 2.3, respectively. Therefore, the sensitivity
toward TNP is equal to 1.2. Because there is no specific change
in the PL intensity of Rhb@TMU-5 in the presence of other
NACs, R and R, are equal to 2.3 for other NACs. Thus, the
sensitivity toward other NACs is equal to 0. However, based
on TMU-5, NACs present different quenching efficiencies.
Therefore, for TMU-5, the sensor responses with respect to the
analyte concentration remain irregular. Thus, it is clear that
direct application of I and I, will result in low accuracy and
precision. I and I, can be changed to R and R, by self-cali-
bration relative to another emissive component by rendering
the singular emissive LMOF as a dual emissive ratiometric
sensor. This work is among the extremely rare examples which
clearly explain the difference between response and sensitivity.'*®

It is necessary to mention that PL signal transductions and
responses in the presence of analytes can be classified in two
groups: 1-dimensional (1D) response and 2D response
(Scheme 1). 1D responses are based on changes only in the

[ Change in Wavelength

[ Change in Intensity

Combination of
1D Responses
2 Dimensional

Scheme 1 Different responses of MOFs in the presence of different
organic analytes.
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intensity or in the wavelength of the PL emission of the host
MOF. A 2D response can be observed based on two different
strategies. The first strategy is based on using dual-emissive
MOFs with different PL emissive centers as self-calibrating
ratiometric sensors. The second strategy is based on a combi-
nation of 1D responses (such as changes in intensity and wave-
length) in different 2D maps.

Owing to complexities in the skeletons of NACs because of
complicated effects of the number and position of nitro
groups as well as the effects of other groups, such as -OH,
-NH, and -CHj;, on the host-guest chemistry and molecular
energy levels of NACs, it is almost impossible to find a general-
ized trend in the quenching response toward NACs. Li and co-
workers applied a novel strategy for the selective detection of
NACs among each other based on the construction of two-
dimensional (2D) intensity-wavelength curves. This 2D curve
illustrates the changes in the intensity and shifts in the wave-
length of the of PL emission peak of the host MOF (Fig. 8).>*”
The MOF [Zn,(ndc),P-xG], where ndc is 2,6-naphthalenedi-
carboxylate and P is 1,2-bis(4-pyridyl)-ethylene, exhibit a two-
dimensional signal response (changes in both intensity and
wavelength) toward the analytes of interest in the vapor phase,
including aromatic and aliphatic high explosives. Because the
LUMO levels of the NAC analytes are lower in energy than the
conduction band of the MOF, the interaction between the NAC
and MOF will push the conduction band up, leading to a
small increase in the band gap and, thereby, a blue shift in the
PL emission. MOFs with different structures have different
energy levels, and the extent of their interactions with different
analytes will vary. Also, the degree of quenching in the pres-
ence of NACs is related to their interaction strength and the
efficiency of photo-induced MOF-to-NAC electron transfer.

Another strategy for selective detection of a specific NAC is
the colorimetric method. For example, [Li],[Cd;Li,(BDC)e]
(H,BDC = terphthalic acid) is a selective colorimetric
sensor toward trinitrobenzene®*® and [Zn(bpeb), s(tcpb)y.s]-G
(G stands for guest, (bpeb = 1,4-bis [2-(4-pyridyl)ethenyl ]benzene
and Hytepb = 1,2,4,5-tetrakis(4-carboxyphenyl)benzene) is a
selective colorimetric sensor toward TNP.”’ Some papers
reported MOF-based sensors which can selectively detect
specific groups of NACs, such as phenolic®**?°*% and
toluene-based®* NACs.

Designing multi-responsive MOFs toward NACs is another
interesting methodology to overcome the challenge of selective
detection of NACs among each other.?”">**?> Construction of
these MOF-based sensors requires the right choice of organic
linker and metal ion. Su and coworkers developed a 2D MOF
based on flexible 4,4’,4"-((2,2',2"-(nitrilotris(methylene))tris(1H-
benzo[d|imidazole-2,1-diyl))tris(methylene))tribenzoic acid
ligand (H;L) and Cd(u) metal ions, named NENU-503, with the
formula [Cd,Cl(H,0)(L)]-4.5DMA (Fig. 9).*” A flexible ligand
was chosen because ligand flexibility can facilitate efficient
excitation migration between MOFs and electron-deficient
NACs. A d"* metal ion was selected because the selected metal
ion cannot interfere in the PL behavior of the ligand.
NENU-503 shows a ligand-based PL emission peak which is
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Fig. 8 Application of [Zn,(ndc),P-xG] in luminescent 2D sensing of
NACs. (a) Illustration of the 2D intensity-wavelength curve. (b) Ball and
stick model of the paddle-wheel SBU (Zn: aqua; O: red; N: blue; C: gray).
(c) A 2D (color-coded) map of analyte recognition. Reproduced with
permission from ref. 227.

highly dependent on the solvent. Investigations showed that
NENU-503 shows complete quenching behavior in nitro-
benzene. This fluorescence quenching arises because of elec-
tron transfer from the electron-donating framework to the
highly electron-deficient nitrobenzene molecule due to the
presence of nitro groups. In next steps, NENU-503 was applied
in the detection of other NACs, including 1,3-dinitrobenzene
(DNB), 2,4-dinitrophenol (DNP), 2,4,6-trinitrotluene (TNT) and
2,4,6-trinitrophenol (TNP), in DMA solvent. The lowest concen-
trations of complete quenching were 300 ppm for DNB and
DNT and 400 ppm for TNT and TNP. Interestingly, NENU-503
showed a color change upon exposure to TNT, which can be
ascribed to the formation of charge-transfer complexes
between NENU-503 and TNT. The PL measurements show that
the emission peak of NENU-503 experienced a 13 nm blue-
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Fig. 9 Application of NENU-503 in the selective detection of NACs. (a)
Quenching of NENU-503 in the presence of nitrobenzene. (b)
Colorimetric detection of TNT. (c) PL emission shifts in the presence of
TNP, DNB and NB. Reproduced with permission from ref. 87.

shift and an 84 nm red-shift in the presence of DNB and TNP,
respectively. The shifts of the PL spectra may be due to the for-
mation of exciplexes (excited complexes) by the interaction of
the analytes and MOFs in excited states. Due to these different
responses, including color changes and changes in intensity
and wavelength, NENU-503 can sense NACs with different
methods; this can be considered as an interesting strategy for
the selective detection of one NAC in the presence of other
nitro-containing analytes.

Here, we have described some strategies for the selective
detection of specific NACs against other NACs, such as fabrica-
tion of multi-responsive MOFs, colorimetric MOF-based
sensors and sensitized MOFs toward specific NACs. However,
more investigation in this regard is needed to address the
mentioned challenges.

Numerous investigations have been conducted to under-
stand the nature of the quenching response of MOFs toward
NACs. However, there are some misunderstandings in this
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area. Here, we summarize the findings from these mechanistic
studies. As mentioned, for NACs, the LUMO is a low-lying mn*-
type orbital, and its energy is below the conduction band of
the host MOF. This allows charge transfer from the MOF to the
analyte upon photoexcitation, leading to fluorescence quench-
ing, which is a very normal response in the detection of NACs.
Also, this turn-off behavior can be explained using experi-
mental methods such as cyclic voltammetry. Cyclic voltamme-
try studies show that NAC analytes have more positive
reduction potentials than the host framework. As a result, the
host framework acts as an electron donor in the case of NACs.

After diffusion of NACs into the pores of the MOF and inter-
action with possible guest interactive sites, an NAC@MOF
complex can be formed. Based on computational calculations,
the HOMO of the complex resides only on the fluorophore
MOF, whereas the LUMO resides mainly on the analytes. The
higher overlaps between the orbitals of the fluorophore MOF
and the NAC result in a more efficient PIET mechanism. The
overlap of orbitals that leads to efficient PIET is better when
the complexation between the MOF and analyte is stronger.
Another effective parameter affecting the efficiency of the PIET
mechanism is the difference in the energy levels of the LUMOs
of the MOF and analyte. If the order of observed quenching
efficiency is fully in accordance with the LUMO energies of
other nitro compounds, it can be deduced that PIET is the
only mechanism of quenching.

Another mechanism that may be involved in the quenching
response of MOFs toward NACs is REnT or competitive adsorp-
tion. If the emission spectrum of the MOF overlaps with the
UV-Vis absorption band of the NAC, REnT is possible, and if
the excitation spectrum of the MOF overlaps with the UV-Vis
absorption band of the NAC, competitive absorption is poss-
ible. In this situation, the quenching efficiency is not fully in
accordance with the LUMO energies of other nitro
compounds.

Other mechanisms that must be discussed are based on
static (ground state complex-formation) and dynamic (colli-
sional) mechanisms. Quenching occurs when the excited
fluorophore contacts an atom or molecules that can facilitate
non-radiative transitions to the ground state. Collisional
quenching of fluorescence is described by the Stern-Volmer
equation (I/I = 1 + Ksy [M]). In the static mechanism, quench-
ing can also occur as a result of the formation of a nonfluores-
cent ground-state complex between the fluorophore and
quencher. When this complex absorbs light, it immediately
returns to the ground state without emission of a photon.
Static quenching of fluorescence is described by a formula very
similar to the Stern-Volmer (SV) equation (I/I, = 1 + K [M]).
Therefore, it can be concluded that good matching of fluo-
rescence data with the SV equation is not evidence of a
dynamic mechanism; however, it indicates that only one
mechanism, static or dynamic, is involved. However, if the SV-
linearity is not good, it can be concluded that both static and
dynamic mechanics are involved. A powerful method for differ-
entiation between static and dynamic mechanisms is PL life-
time spectroscopy. For the static mechanism, the average PL
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lifetimes are very similar before and after exposure to the
analyte; meanwhile, for the dynamic mechanism with turn-off
response, the average lifetime will decrease after exposure to
the analyte. This is because in the static mechanism, for-
mation of the analyte (quencher)-fluorophore complex leads
to a non-fluorescent complex. Therefore, the observed fluo-
rescence arises from the non-fluorescent complex. However, in
the dynamic mechanism, the collision between the analyte
and fluorophore depopulates the excited state, which results in
decreased lifetime decay.

The presence of electron-withdrawing nitro groups in the
molecular skeleton and the electron accepting nature of NACs
endows the NACs with an oxidizing nature in electrochemical
methods, as do electron acceptor guests in photoluminescence
methods. Therefore, MOFs or MOF-based composites can be
applied in electrochemical detection of NACs. Although some
research has been conducted in this regard,>*®*%” this field
clearly requires more investigation.

Gunasekaran and coworkers applied ZIF-8 ([Zn(Melm),],
where MeIM is 2-methylimidazolate) for electrochemical detec-
tion of TNT in aquatic media (Fig. 10).>*°” Using cyclic voltam-
metry (CV), they showed that TNT is initially adsorbed at the
surface-active sites of a ZIF-8-modified electrode by a
diffusion-controlled electrocatalytic process. Also, an ampero-
metric response (i-t) was applied to select the detection poten-
tial based on the reduction peak current (i-t method) of TNT
by the ZIF-8-modified electrode. The results revealed that
applied potentials ranging from —0.40 to —0.85 V accelerated
the reduction current, providing the best TNT reduction
values. The maximum response current with a good signal/
noise ratio was achieved at —0.8 V. Thus, a constant potential
of —0.8 V was chosen for further amperometric investigations.
Electrochemical pulse amperometry of the ZIF-8 modified elec-
trode at the fixed potential (—0.8 V) exhibited that the peak
reduction current density was proportional to the TNT concen-
tration. The differential pulse voltammetry (DPV) voltammo-
grams revealed three well-defined redox processes at —0.40,
—-0.59, and —0.76 V, reflecting the stepwise reduction of the
three nitro groups present in TNT. After the reduction of the
first nitro group, the parent symmetry of the TNT molecules
will change. This is reflected in the characteristic DPV signals,
where each successive peak appears at a more negative poten-
tial. The first DPV signal at —0.40 V, displaying the most favor-
able characteristics, was selected to construct the TNT detec-
tion calibration plot. The DPV data were also used to deter-
mine the linear range (1 to 460 x 10~° M), sensitivity (6.94 pA
nm™' em™?) and limit of detection (LOD) (346 x 10™** M) of
the ZIF-8 sensor. The interaction between the electron-
deficient aromatic core of TNT and the electron-rich ZIF-8 is
considered to favor the occurrence of a donor-acceptor elec-
tron-transfer mechanism, and the electron conductivity of
ZIF-8 facilitates the effective reduction of TNT.

Comparison of the limits of detection of TNT achieved by
photoluminescence and electrochemical methods reveals that
although PL methods are easier to operate, electrochemical
methods afford lower detection limits.
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Fig. 10 Application of a ZIF-8-modified electrode in TNT detection. (a) Pulsed amperometric responses (n = 3) of the ZIF-8-modified electrode to
different TNT concentrations (E1 = 0 V for 5s, E2 = —-0.8 V for 55, and E3 = 0 V for 5 s). (b) DPVs with varying concentrations of TNT at a ZIF-8-
modified electrode. The inset displays the calibration curve [/ (1A) = —0.0174 to 0.6249 Cryr (x10~° m), R? = 0.9981]. DPV parameters: peak width =
0.2 s; pulse period = 0.5 s; increment = 10 mV. (c) Schematic of the charge transfer complex interactions between ZIF-8 and the TNT molecule.
Reproduced with permission from ref. 307.

Overall, MOFs are applied for the detection of NACs using
photoluminescence and electrochemical methods. NACs are
compounds that contain electron withdrawing groups, which
results in electron deficiency in the molecular structures of the
NACs. As a result of this electron deficiency, NACs can act as
electron acceptors in both electrochemical and photo-
luminescence methods. On the other hand, due to their conju-

result, NACs have been detected using MOFs by both of these
methods. However, due to their facile operation, PL methods
are applied extensively for the detection of NACs. However, the
results of electrochemical methods clearly show that these
methods have very great potential to achieve very low detection
limits in the selective and sensitive detection of NACs. At any
rate, more investigations are necessary to detect NACs by

gated m-extended aromatic frameworks, MOFs can be applied electrochemical methods as well as to remove the barriers of
in electrochemical and photoluminescence methods. As a selective detection of NACs in PL methods.
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Another group of energetic materials are based on
N-heterocyclic azole molecules, such as RDX (1,3,5-trinitro-
1,3,5-triazinane). These molecules are explosive because they
have high amounts of C-N, C=N, and N=N energetic bonds.
Therefore, MOFs have been applied to detect these energetic
molecules using PL methods.??%>%

Commonly, the luminescence behavior of MOFs is based
on signals such as ligand-based emission, metal-based emis-
sion, antenna effects and energy transfer. Some other signals
are aggregation-induced emission (AIE), excimer and exciplex
emission and adsorption-enhanced emission. In the AIE
mechanism, a fluorophore shows a weak emission peak (or no
emission) in dilute solution; however, upon aggregation the
peak becomes bright, with strong emission. This is a very ben-
eficial strategy for turn-on luminescence detection procedures.
Using the AIE strategy, Wang and coworkers applied
TABD-COOH ligand (4,4'-((Z,2)-1,4-diphenylbuta-1,3-diene-1,4-
diyl)dibenzoic acid) with different metal ions (Mg(u), Ni(u) and
Co(u)) to synthesize luminescent MOFs (Fig. 11).>°® In the case
of Mg(u), the synthesized TABD-MOF-1 is strongly emissive (@
= 38.5%), while the incomplete d subshells yield the barely
fluorescent ~and  completely  non-fluorescent  MOFs
TABD-MOF-2 and TABD-MOF-3, respectively. These MOFs were
applied in selective sensing of five-membered-ring energetic
heterocyclic compounds (5-MR-EHCs). 5-MR-EHCs contain
C=N and N=N bonds, which can lead to dissociation of the
carboxylate-metal bond inside the structure of the MOF; this
results in release of the highly emissive TABD-COOH ligand
and luminescence turn-on behavior. When TABD-MOF-3 with
central Co(n) metal is exposed to 5-MR-EHCs (5-nitro-2,4-
dihydro-3H-1,2,4-triazole-3-one), it shows turn-on behavior.
Selectivity tests show that there is no obvious change in
TABD-MOF-3 emission in the presence of common organic
compounds. This turn-on behavior, in which a new peak arises
from a dark background, is a method with high detection
limits and selectivity and improved accuracy because dis-
tinguishing a strong new peak from the background noise is
easier than distinguishing a quenched emission peak.

3.  Small organic molecules

Small organic molecules include a large variety of molecules,
such as volatile organic compounds (VOCs), conventional or
non-conventional organic solvents and other molecules.
Considering their diverse variations in functionality and mole-
cular structure, small organic molecules show different chemi-
cal properties. Considering the variations in the chemical
structures of small organic molecules and the chemical pro-
perties of MOFs, MOFs have been applied for the detection of
small organic molecules with different types of instrumental
methods, such as photoluminescence, colorimetric, electro-
chemical, gravimetric, optical and photonic methods. In this
section, we explain, illustrate and compare these methods to
evaluate their capability.
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Gravimetric methods have been applied for the detection of
organic molecules, especially in the gas phase. In this method,
the analyte gas is absorbed by a chemical layer on the mechan-
ical resonator (such as a resonant cantilever or quartz crystal
microbalance). Then, the change in mass of the resonator by
the adsorbed gas can be translated into an electrical signal
transduction (such as shifts frequency). If the chemical affinity
of the layer to the gas molecules is known, the frequency shift
can be related to the gas concentration. Therefore, changes in
the concentration of adsorbed gas result in changes in the
adsorbed mass, and the changes in the adsorbed mass cause a
change in the detected frequency (AC ~ Am and Am =~ Af).
Using eqn (3), the shift in frequency can be converted to the
change in the mass:

Af = —K(fo/m)Am (3)

where K is a constant, f, and m are the resonant frequency and
mass, respectively, of the resonator without adsorbed analyte.
Based on eqn (3), decreasing the device dimensions results in
Af enhancement because the ratio of f; to m increases with
decreasing resonator size. However, this miniaturization
suffers from the fact that it is more difficult for smaller resona-
tor scales to detect gas analytes because of the decreased
capture area. This increases the time required for a given mass
of analyte to accumulate on the sensor surface. Another
method is to increase Am (i.e., the number of analytes at the
sensor surface). Clearly, analyte adsorption in the gas phase
can be improved by maximizing the accessible pore volume
and surface area of the sensor using porous materials. Also,
functionalization of the applied porous material is a good
strategy for sensitivity and selectivity enhancement of the reso-
nator toward a specific analyte. Due to this limitation of gravi-
metric sensors and the advantages of MOFs in this regard,
MOFs are potentially good candidates as sensing probes for
the detection of gas molecules by gravimetric methods. In this
line, some papers have been published about the application
of MOFs in the detection of organic molecules by gravimetric
sensors.>'°'* In addition to shifts in frequency, the changes
in the mass of the resonator can be transduced to changes in
the work function (the energy difference between the Fermi
level and the vacuum level of the semiconductive material) as
a detectable signal.*'®3'®

Li and coworkers applied HKUST-1 for gravimetric detec-
tion of trace-level xylene molecules (Fig. 12).>** To this end,
they loaded as-prepared HKUST-1 ink on a mass-gravimetric
resonant cantilever with 1.5 Hz pg™' mass-sensitivity using a
commercial available inkjet printer and exposed it to xylene
vapors. The resonant-gravimetric sensing experiments revealed
that trace-level p-xylene of 400 ppb can be detected, which is
lower than the human olfactory threshold of 470 ppb. Using
other MOFs, such as ZIF-8, MOF-5 and MOF-177, revealed that
HKUST-1 presents the highest response toward xylene mole-
cules. Clearly, this is related to the preferred host-guest chem-
istry between the HKSUT-1 framework and the xylene mole-
cules. Simulations showed that there are two adsorption sites
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Fig. 12 Application of HKUST-1 in gravimetric detection of BTEX molecules. (a) Responses of the HKUST-1 sensor to 12 different vapors for selecti-
vity evaluation. (b) Resonant-gravimetric sensing results of four different MOFs to xylene vapor with identical concentrations of 50 ppm. (c) Materials
Studio simulation results showing two different para-xylene adsorbing sites in HKUST-1 crystal. Reproduced with permission from ref. 311.

of HKUST-1 for xylene molecules: Cu(u) and the benzene ring
building blocks. Selectivity tests showed negligible sensor
responses toward interfering gases (ethanol, acetone,
ammonia, ether, or formaldehyde). However, remarkable
sensor responses were observed in the cases of benzene,
toluene, and ethylbenzene vapors; this may be due to their
similar host-guest interactions with the HKUST-1 sensing
material. Due to the smaller molecular weights of benzene and
toluene than of xylene, the sensor showed lower responses to
benzene and toluene than to p-xylene at identical concen-
trations. In general, the HKUST-1 based sensor can be utilized
to detect benzene homologues, which are generally categorized
as BTEX (i.e., benzene, toluene, ethylbenzene, and xylene).
Gravimetric sensing is a detection method with high sensi-
tivity that is operable at room temperature and has simple
packaging requirements and low power consumption.
However, it is necessary to use sensor-stabilization methods to
achieve higher sensitivity and stability of the response of the
sensing material through high control over its uniformity and
surface properties. In this line, Bahreyni and coworkers pre-
pared a set of reference sensors by depositing an HKUST-1
layer on the surface of quartz crystal microbalances (QCMs)
through drop-casting and vertical electrospraying of an
HKUST-1 suspension (Fig. 13).*"* The uniform thin film of
HKUST-1 deposited on the QCMs surface using the electro-
spraying method showed improved response to organic
vapours. Through a formula, the change in the mass (Am)
after exposure to the analyte vapors can be transformed
directly into a change in frequency (Af (Hz)). Considering the
higher uniformity of deposition of HKUT-1 on QCMs using the
electrospraying method, the response of the electrosprayed

This journal is © the Partner Organisations 2020

film is greatly improved compared to that of the drop-casted
film. Through this method, thin films of HKUST-1 can detect
vapors of tetrahydroforan, acetone and isopropyl alcohol.

Another strategy that is applied for the detection of small
organic molecules is electrochemical methods.
Electrochemical sensors are recognized to be promising
technologies for specific and sensitive detection of targeted
VOCs because they can be used for fast, simple, direct, and
sensitive analysis even in a complex sample matrix.
Fundamentally, potentiometric, amperometric, and conducto-
metric (or chemoresistive) electrochemical sensors are particu-
larly well-suited for environmental and health applications.

MOFs present very unique characteristics in some detection
methods, such as photoluminescence and gravimetric-based
methods; however, their drawbacks, including their poor elec-
trical conductivity and redox activity, restrict the applications
of MOFs in electrochemical detection. Therefore, signal trans-
duction is a major challenge for MOF-based electrochemical
sensors. However, their potential physicochemical features
have encouraged scientists to achieve highly specific and sensi-
tive MOF-based electrochemical detection.*'? ¢

MOFs normally present poor electrical conductivity because
their porous nature offers poor concentration and mobility of
free charge carriers. High conductivity originates from facile
electron-hole separation, high concentration and mobility of
free charge carriers and long-range charge movement (through
bonds or space). In most cases, “through-bond” charge trans-
portation in MOFs is hindered by the metal cluster nodes.
Also, the large distance between building blocks in the MOF
skeleton is a deterrent factor for the “through-space” charge
transportation mechanism. Therefore, improvements in the
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Fig. 13 Application of HKUST-1 thin film in the detection of volatile
molecules by gravimetric sensing. (a) The response of the drop-casted
film to 5% IPA. (b) Response of the electrosprayed film to IPA. Responses
of the sensor with electrosprayed film to different concentrations of (c)
acetone and THF. Reproduced with permission from ref. 313.

conductivity and design of redox-active MOFs are still required
to enhance their properties to satisfy the requirements for real
applications of MOF-modified electrodes.

These limitations and barriers to the application of MOFs
in electrochemical sensors can be eliminated by two different
strategies, namely synthesis of redox-active conductive MOFs
and synthesis of redox-active conductive MOF-based hybrid
materials. Through “function-application” and “structure-
signal” approaches, it is possible to synthesize a redox-active
conductive MOF.**” For example, it is possible to synthesize a
conductive MOF through functionalization of the pore walls of
the MOF with electroactive groups, which can participate in
the charge transfer process between the donor and acceptor
centers.”®” Using organic ligands with extended n-systems is
another helpful strategy for improvement of both the “through
space” and “through bond” conduction mechanisms. Also,
introduction of electroactive metal ions into certain architec-
tures is very helpful for long-range charge delocalization
through either bonds or space (ie., via p-p-stacking inter-
actions). In another strategy, it is possible to composite MOFs
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with other conductive or redox-active materials to overcome
the mentioned challenges. These MOF composites/hybrids
have the advantages of both MOFs (high porosity with ordered
crystalline pores) and other active materials (electrical and
catalytic properties), and their electrochemical performance is
enhanced.

As mentioned, control over chemical properties through the
right choice of metal ions and aromatic ligands is of special
importance to achieve conductive MOFs. In this line, Dincd
and coworkers applied arrays of 2D structurally analogous con-
ductive MOFs as sensors that could discriminate five different
categories of VOCs with different functional groups
(Fig. 14).°*° Dinci and coworkers used different metal ions (Cu
(1) and Ni(u)) and different aromatic ligands (2,3,6,7,10,11-hex-
ahydroxytriphenylene (HHTP) and 2,3,6,7,10,11-hexaiminotri-
phenylene (HITP)) to synthesize MOFs with different conduc-
tivities, including Cuz(HHTP), (0.002 S cm™"), Cu,(HITP), (0.2
S em™") and Niz(HITP), (2 S cm™"). They applied these three
MOFs as array sensors for VOC detection based on changes in
conductance as the relative response (AG/G,) upon 30 s
exposure to 200 ppm of VOC vapors. The results show that
each MOF often displays a difference in the direction and/or
the magnitude of response, which varies with the type of
analyte. These data were treated with different statistical
methods. Principal component analysis (PCA) was used to
study the methods applied for the discrimination of VOCs.
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Fig. 14 Application of 2D MOFs as chemoresistive materials in VOC
detection. (a) Chemical structures of the conductive 2D MOFs. (b) PCA
of the responses of the MOF sensor array to VOCs. Reproduced with
permission from ref. 320.
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Using PCA analysis, it is possible to group data based on their
similarity without any prior knowledge. Based on the PCA
method, the VOCs were classified in five groups based on their
functionality.

Another electrochemical sensing method is based on
capacitive sensors. Capacitive sensors have some benefits,
such as less power use, low cost, miniaturization, facile signal
treatment and instrumentation, high selectivity and reproduci-
bility, quick response time and good linearity. Changes in the
dielectric constant are the basis of signal transduction in
capacitive sensors. Because MOFs benefit from insulating
effects, they can be applied as dielectric layers in capacitance
sensors. Capacitive sensors were fabricated in a sandwich
form or parallel plate using copper plate as the back electrode,
an MOF layer as the dielectric layer, and interconnected silver
spots as the upper electrode of the capacitor. In general, the
dielectric layer used in a parallel-plate capacitance sensor
should be thick enough to prevent touching or connecting of
the two parallel electrodes, which can result in a short-circuit.
The response of the capacitance sensor presents the changes
in capacitance, measured by an LCR meter. Considering the
advantages of capacitance sensors and the potential of MOFs
as a dielectric layer, Zeinali and coworkers applied HKUST-1
nanoparticles as a dielectric layer in capacitance sensors for
the detection of volatile compounds such as methanol,
ethanol, isopropanol and acetone in a moderate environment
(10% relative humidity and 25 °C) (Fig. 15).**! Signal transduc-
tion in this method is based on adsorption of gas molecules
inside the HKUST-1 pores, which changes the capacitance of
the sensor. Because of the rigidity of the nanoporous Cu-BTC
layer, changes in the capacitance of the sensor upon exposure
to analytes are only related to the changes in dielectric con-
stant of the dielectric material. The results show that adsorp-
tion of analytes with higher polarity causes a greater capaci-
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tance change. The same results can be achieved for higher
concentrations of a special analyte. Overall, the changes in
capacitance depend on the polarity, concentration and adsorp-
tion tendency of the analyte on the MOF framework. The
sensor showed the most sensitivity for methanol because
methanol has the highest dielectric constant and, conse-
quently, the greatest adsorption tendency onto the Cu-BTC
layer due to its lowest chain length, lowest kinetic diameter,
and lowest mass. To study the selectivity of the proposed
sensor, the surface was exposed to both polar and non-polar
analytes; it showed suitable selectivity for polar analytes.
Similar to explosive organic molecules, photoluminescence
methods have been applied extensively for the detection of
small organic molecules, such as solvents and VOCs. MOF-
based luminescent sensors have been applied for the detection
such as aldehydes and
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Investigations reveal that most papers reporting the detec-
tion of small organic molecules focus on acetone. This is
because this molecule has a strong absorption band in the
range of 220 to 330 nm, and many MOFs have excitation or
emission bands in this wavelength region. As a result, the
overlap mechanism between the absorption band of acetone
and the emission or excitation band of the MOF results in
resonance energy transfer or competitive adsorption mecha-
nisms. Zhang and coworkers reported a Eu(u)-based MOF with
coordinated DMF molecules (1, [Euz(bpydb);(HCOO)(p;-
OH),(DMF)]-(DMF);-(H,0),, where H,BDC is benzene-1,4-
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Fig. 15 Application of Cu-BTC MOF nanoparticles in capacitance sensors for the detection of polar VOCs. Real-time capacitive response of the Cu-
BTC-based sensor after exposure to vapors of (a) methanol, (b) ethanol, (c) isopropanol and (d) acetone with different concentrations of 250, 500,
1000 and 1500 ppm under ambient conditions with relative humidity below 20% and a frequency of 1 MHz. Reproduced with permission from ref.
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DMF, ethanol, ethyl acetate, methanol and tetrahydrofuran. (c) PL spectra of activated 2 samples that were introduced into various pure solvents.

Excitation: 320 nm. Reproduced with permission from ref. 370.

dicarboxylic acid and H,bpydb is (4,4'-(4,4"-bipyridine-2,6-diyl)
dibenzoic acid) which transforms into another compound (2,
[Eus(bpydb);(HCOO)(13-OH),(H,O)]-(x-solvent)) by  single-
crystal-to-single-crystal transformation involving replacement
of the coordinated DMF ligands by aqua ligands (Fig. 16).””°
Upon excitation at 362 nm, the emission spectrum of activated
2 reveals well-resolved peaks centered at 593, 615, 650, and
699 nm, corresponding to the f-f electronic transitions (°D, —
’F;, J =1 to 4) of Eu(m) ion, with the hypersensitive °D, — 'F;
transition dominating the spectrum. A broad emission band
centered at 450 nm, originating from the organic ligands, is
observed; however, it is much weaker than the metal-based red
emission. The activated 2 shows solvent dependent-PL behav-
ior upon dispersion in different organic solvents. The most sig-
nificant quenching is observed in the presence of acetone.
Acetone has an observable absorption intensity at 320 nm,
while no other solvents absorb at this wavelength. Therefore,
there is competition between the absorption of acetone and
the excitation of activated 2, resulting in a decrease (even
quenching) of the PL intensity.

In some cases, it is reported that strategies such as using
2D maps’®™* and synthesis of MOF-based ratiometric
sensors’ %197 are effective for discriminating and differen-
tiating between organic molecules. In this regard, Wu and co-
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workers synthesized a ratiometric dye@MOF platform to
realize the probing of different volatile organic molecules by
tuning the energy transfer efficiency between two different
emissions (Fig. 17).*°* They synthesized CZJ-3 ([CdL
(H,0)]-4DMF-2H,0, where H,L is (E)-4-(2-carboxyvinyl )benzoic
acid); then, taking advantage of the porosity of CZJ-3,
Rhodamine B molecules were inserted into its pores to form
the luminescent material Rho@CZJ-3. The Rho@CZJ-3 compo-
site presents emission peaks of both Rhodamine B (595 nm)
and CZJ-3 (420 nm), which originate from the n—-n* transitions
of the L>” linker (excited at 340 nm). The best composition of
Rho@CZJ-3 was achieved when the ratio of Rhodamine B was
12 wt%. After exposing Rho@CZ]J-3 to different organic mole-
cules, these solvent molecules were easily distinguished by
monitoring the emission peak-height ratios of L to those of
the dye moieties. The results clearly indicate that Rho@CZ]J-3
is an excellent sensor for probing different volatile organic
molecules. The unique solvent-dependent emission of
Rho@CZJ-3 can be rationalized by the guest-dependent energy
transfer from L to the dye moieties. Using ratiometric sensors
as self-calibrating probes is more reliable because the single-
emission intensity is variable depending on many uncontrolla-
ble factors, whereas the peak height ratio is almost constant
for each molecule. Therefore, this luminescent sensor for

40 -

Relative Emission

Fig. 17 Application of Rho@CZJ-3 in the detection of volatile organic molecules. (a) Emission peak heights of the L (dark bars) and dye (light bars)
moieties. (b) The emission peak-height ratios between L the and dye moieties in Rho@CZJ-3-f after adsorption of 4-methylphenol, acetophenone,
phenol, benzyl alcohol, and pyridine molecules excited at 340 nm in the solid state at room temperature. Reproduced with permission from ref.

404.
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probing a range of solvent molecules is remarkable because it
does not require any additional calibration.

Luminescent sensing of organic solvents using MOFs
shows that the non-polar, polar, protic and aprotic natures of
these analytes have very important effects on the PL signal
transduction. Generally, protic and aprotic solvents show
different behaviors.**®**'* Also, solvent polarity plays a very
important role in determining the type of signal transduction.

Nanotubular MOF [(WS,Cuy)L,(dptz);] 3DMF (1), where
dptz = 3,6-di-(pyridin-4-yl)-1,2,4,5-tetrazine, was applied as a
tetrazine-functionalized probe for colorimetric detection of
solvent molecules (Fig. 18).*"" After exposure of framework 1 to
different organic solvents, the colors of the solvent@1 samples
differed significantly. Investigations showed that the band-
gaps of the solvent@1 samples show excellent linear corre-
lation with Reichardt’s solvent polarity parameter (EY).
However, the band-gap (eV)-(EY) differs for protic and aprotic
solvents. This solvatochromic behavior of framework 1 is
related to the labile electronic states of tetrazine groups, the
different MLCT and LLCT transitions, and tetrazine-solvent
interactions because of the strong m-acceptor properties of tet-
razine and the polarity of the solvent.

In other work, [Cd,(TPPBDA)(bpdc)s/(H,0),]-(COs)1/2,
renamed compound 1, where TPPBDA is N,N,N’,N-tetrakis (4-
(4-pyridine)-phenyl) biphenyl-4,4-diamine and H,bpdc is
bipyridine dicarboxylic acid, were synthesized and showed
solvent polarity-based PL behavior (Fig. 19)."°° The solid-state
emission spectrum of compound 1 exhibits a broad peak at
573 nm, which is likely due to intraligand transition. Solvents
with different polarities and protic natures interact differently
with compound 1. With increasing dielectric constant of the
solvent guests, the maximum emission peaks are red-shifted,
showing a positive correlation effect for non-protonic solvents
and a negative correlation effect for protonic solvents. Control
experiments show that the emission position of TPPBDA
ligand is not related to the dielectric constant or protonic char-
acter of the solvent.

In addition to the polarity and protic/aprotic natures of sol-
vents or small molecules, their electron-rich or electron-
deficient natures have remarkable effects on the PL signal trans-
duction of MOFs. A [Th,(p*-OH),(BPDC);(BPDCA), 5(H,0)6]C1O,-
5H,0 framework (BPDC?>” = 3,3'-dicarboxylate-2,2-dipyridine
anion and BPDCA>~ = biphenyl-4,4"-dicarboxylate anion) was
synthesized and applied in the detection of small organic
molecules (Fig. 20).>*> This Tb(m)-based MOF shows very
noticeable quenching and enhancement in the presence of
acetone and benzene, respectively, when the Tb-MOF is dis-
persed in EtOH as the standard suspension. Definitely, these
changes in the PL behavior of this Tb-MOF are related to
changes in the efficiency of LMEnT (ligand to metal energy
transfer) due to interaction of the guest molecules with
the framework. Therefore, it can be noted that the different
signal-transductions are related to different mechanisms.
Investigations show that there is an overlap between the UV-vis
spectra of the aromatic ligands and benzene, which increases
the efficiency of the ligand (*zn*) — ligand (*zn*) — Tb* energy

This journal is © the Partner Organisations 2020
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Fig. 18 Application of [(WS4Cuy)l>(dptz)s] 3DMF (1) in the colorimetric
detection of solvent molecules. (a) Structural representation. (b)
Representation of tetrazine groups responsible for the solvatochromic
behavior. (c) Kubelka—Munk functions of the solvent@l samples and
related colors. (d) Band-gap (eV)—(EY) curves for the solvent@l samples.
Reproduced with permission from ref. 411.

transfer. In the case of acetone, due to the intermolecular
interactions between the ligands and acetone, a decrease in
the LMENT efficiency can be observed. When comparing the
luminescence lifetimes, benzene clearly increases the lifetime
of the activated Thb-MOF, whereas acetone shows the opposite
effect.

One strategy in designing MOF-based sensors is the colori-
metric approach, in which the color of the MOF changes after
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exposure to the analyte. This type of signal transduction is very
practical because there is no need for instrumentation if the
color change can be achieved selectively. Usually, the colori-
metric detection procedure is performed in two different ways:
() a selective color change in the presence of a specific
analyte414,415
different analytes.

Considering this strategy, we developed TMU-34, with the
formula [Zn(OBA)(H,DPT), 5], where H,DPT and H,OBA are
(3,6-di( pyridin-4-y1)-1,4-dihydro-1,2,4,5-tetrazine) and (4,4
oxybis(benzoic acid), respectively, as a promising solid-state

and (II) versatile color changes in the presence of
416-423

naked-eye visual chemosensor for the detection of chloroform
in the presence of a large variety of analytes (Fig. 21).*"
TMU-34 is decorated with redox-active stimuli-responsive
dihydro-tetrazine functional groups, which after exposure to
chloroform in both liquid and gas phases can be converted

1616 | /norg. Chem. Front., 2020, 7, 1598-1632

into tetrazine groups. As a result, the color of TMU-34 changes
from yellow to pink. TMU-34 can detect chloroform in liquid
and gas phases up to 2.5 x 107> M. TMU-34 is reversible by
exposure to DMF molecules. Selectivity is one of the most
important characteristics when designing sensors. TMU-34
shows unique selectivity toward chloroform. In comparison
with other MOF-based sensors, which present color changes in
the presence of different analytes, the color of TMU-34 only
changes in the presence of chloroform.

In other work, Zang and coworkers synthesized a functional
silver-cluster-based material ([(Ag12(S'Bu)s(CF3CO0)4(bpy)s)]»
(Ag1,bpy), in which bpy is 4,4'-bipyridine) which shows turn-
off PL behavior triggered by O, and multicolored turn-on
PL behavior triggered by volatile organic compounds.**?
The results of exposing Agi,bpy (in vacuum) to the VOCs
reveal that the color of Ag;,bpy changes instantly in the pres-

This journal is © the Partner Organisations 2020
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influence of benzene and acetone on LMENT. (e) and (f) The luminescence lifetime curves of Tb-MOF in the presence of benzene and acetone.

Reproduced with permission from ref. 355.

ence of various VOCs with different emission colors, from
green to yellow-orange, at room temperature (solvatochro-
mism or vapochromism). Also, in protic or aprotic solvents
and VOCs, Ag;,bpy uniformly exhibited positive solvatofluor-
ochromism, that is, a bathochromic shift of the emission
band with increasing solvent polarity. 1., exhibited an excel-
lent linear correlation with the empirical parameters of the
solvent polarity values for protic and aprotic VOCs, demon-
strating that Ag,,bpy can function as a visual indicator of
VOC polarity. The difference in the luminescence behaviour
of Agy,bpy in the presence of polar protic and aprotic VOCs

This journal is © the Partner Organisations 2020

can be attributed to their hydrogen-bond donor abilities. In
the case of EtOH, the fluorescence intensity increased
approximately 26-fold relative to air in less than 1 s. A low
ethanol pressure (0 to 0.133 kPa) caused great changes in the
emission intensity. The emission intensity saturated and
shifted from 507 to 520 nm when the pressure increased to
1.33 kPa, which suggests that the number of incorporated
EtOH molecules finely tunes the emission intensity of
Ag,bpy in the low pressure range (0 to 1.33 kPa). Other
VOCs, including CHCI;, C¢Hy, and CH3CN, exhibited similar
performance to EtOH.
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Fig. 21 Application of TMU-34 in colorimetric detection of chloroform. (a) 3D structures of TMU-34 and dihydro-tetrazine decorated pores. (b)
Color changes of TMU-34 in the presence of VOCs. (c) Solid state color change of TMU-34 after exposure to chloroform. (d) Mechanism of the

color change. Reproduced with permission from ref. 415.

Cheng and coworkers synthesized isostructural Ln-MOF-1
([Tby(FDA);]) and Ln-MOF-2 ([Euy(FDA);]) frameworks, where
H,FDA is furan-2,5-dicarboxylic acid, with a bi-luminescent
center strategy (Fig. 22)."*' Because H,FDA is an excellent
“antenna” ligand for building luminescent Ln-MOFs, Ln-MOF-1
and Ln-MOF-2 present green and red emission, respectively,
based on the characteristic peaks of Tb(m) (emission peaks at
488, 546, 588, and 623 nm, which can be assigned to the *D, —
’F; (J = 6, 5, 4, and 3) transitions) and Eu(m) ions (emission
peaks at 593, 616, 653, and 703 nm from the °D, — "F; (J = 1, 2,
3, and 4) transitions) when excited at 300 nm. The quantum
yields are 6.86% and 12.86% for the strongest emissions of Ln-
MOF-1 at 546 nm and Ln-MOF-2 at 616 nm, respectively. They
attempted to synthesize a dual emissive bimetallic Ln-MOF exhi-
biting characteristic emission peaks of Tb(ur) and Eu(m) ions by
adjusting the Eu(m)/Tb(m) ratio ([Eu,Tby_,(FDA);]). All the bi-

metallic Ln-MOFs simultaneously showed the characteristic
emission peaks of Tb(ur) and Eu(m) ions. The authors claim that
the emission of Eu(m) ions in the [Eu,Tb(;_(FDA);] framework
can be further sensitized by Tb(um) ions with 488 nm UV light
within the same framework by Tb(ur)-to-Eu(m) REnT between the
excited states °D, (for Tb(m) at 546 nm) and D, (for Eu(m) at
616 nm) with maximum emissions. They stated that almost all
bimetallic Ln-MOFs can be seen to have shorter °D, lifetimes
than Ln-MOF-1 and longer Dy lifetimes than Ln-MOF-2, which
implies the presence of Tb(u)-to-Eu(m) REnT in the
[Eu,Tb(;_(FDA);] frameworks. Due to the solvent-dependent PL
behavior of [EuysTb; 5(FDA);], it presents both a more linear
relative intensity-to-volume ratio of 1,4-dioxane in glycol and a
higher slope of the working curve (indicative of higher accuracy)
compared to the other frameworks, including Eu,Tb(;_,(FDA);,
where x is the opposite of 0.5, Ln-MOF-1 and Ln-MOF-2.
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Fig. 22 Structure-signal relationships in [Eu,Tb_,(FDA)s]. (@) Luminescence emission spectra of [Eu,Tb_,)(FDA)3], Ln-MOF-1 and Ln-MOF-2 when
excited at 300 nm and corresponding images of their luminescence colors under a 254 nm UV lamp. (b) The °D4 and °Dg lifetimes of
[Eu,Tbz_x(FDA)3] with various amounts of x. (c) Luminescence images of [Eug sTb; 5(FDA)s] under 254 nm UV light. Reproduced with permission

from ref. 420.
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Some other methods, such as optical and photonic instru-
mentation, have been applied for the detection of small
organic molecules in addition to gravimetric, electrochemical,
colorimetric and photoluminescence methods.”****' These
methods involve the refractive index (RI or n). The key to
chemical sensing is the tunability of n. In optics, the refractive
index or index of refraction of a material is a dimensionless
number that is calculated from the ratio of the speed of light
in a vacuum to that in a second medium of greater density.
This approach is based on the distinctive readout of the
changes observed in the refractive index (RI), which depend on
the RI and amount of the guest. Studies have revealed that
light-matter interactions are highly sensitive to structural and
RI changes and can be individually exploited for signal trans-
duction; this provides unique opportunities for optical sensors
using ultrathin MOFs. ZIF-8 and HKUST-1 are the most
applied MOFs in this area.

4. Organic amines

Organic amines are well-known because of their harmful nega-
tive effects on the human respiration system and corneal sube-
pithelial cells as well as many other problems. Despite these
dangers, organic amines are applied in industry. Therefore,
detection of organic amines at low concentrations is of critical
importance to the control of food standard levels, human safety
and environmental protection. MOFs are among the materials
applied for the detection of organic amines. MOFs have been
applied for discrimination between aromatic and aliphatic

:NE + 1 ‘
g erbn(bﬂ)n
O0“ “OH =
H,BTDB (1)
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35,354,447-449 o

amines®*? and selective detection of aliphatic amines
aromatic amines,**>**® especially aniline.
material-based sensors, MOFs have been applied for colori-
metric detection of organic amines.*****' Some other
approaches, such as gravimetric'® and chemoresistive**?
methods, have been applied for the detection of aniline.
Differentiation between aliphatic and aromatic amines
depends on the structural and chemical properties of the
organic amines and the MOF structure. Eddaoudi and co-
workers designed a thiadazole-functionalized Uio-68 framework
(Zr-BTDB-fcu-MOF) by incorporating a m-conjugated, electron-
deficient, thiadiazole-functionalized ligand, H,BTDB (H,BTDB
= 4,4'-(benzoic[i-1,2,5]-thiadiazole-4,7-diyl)dibenzoic  acid)
(Fig. 23)."*> The PL behavior of Zr-BTDB-fcu-MOF is based on
ligand-based n—r* transitions. This MOF can discriminate ali-
phatic and aromatic amines through PL quenching and
enhancement behaviors. Quenching in the presence of aromatic
amines can be observed, suggesting an electron transfer process
that can also quench fluorescence. To understand the nature of
the increase in the fluorescence intensity in the presence of ali-
phatic amines, they measured the PL behavior of the MOF at
different pH values; first they suggest that the enhancement in
the presence of methyl amine is based on the amine basicity
and changes in the pH or chemical properties of methyl amine.
Based on the PL results, only a negligible enhancement in fluo-
rescence intensity was observed, corroborating that the change
in sensitivity was not related to pH. Application of an anthra-
cene core instead of a thiadazole core showed no specific
changes in the PL spectra of the anthracene-decorated frame-
work, confirming that aliphatic amines strongly interact with
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Fig. 23 Application of Zr-BTDB-fcu-MOF in amine detection. (a) Schematic of the synthesis of Zr-BTDB-fcu-MOF. (b) PL spectra of the MOF (red)
and linker (black). Fluorescence intensities of MOF aqueous suspension upon addition of 3 pM increments of methylamine (c) and aniline (d) (Amax =

515 nm). Reproduced with permission from ref. 432.
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the thiadiazole core. Their investigation showed that hydrogen
bonding between the thiadazole N-atom and protonated methyl-
amine (alkylamines can be protonated in water) induces struc-
tural changes of the BTDB>~ linker, resulting in reduction of
the non-radiative recombination pathways.

Among the important different characteristics of aliphatic
and aromatic compounds are their basicities and aromatic

View Article Online
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structures. Due to the basicity of aliphatic amines, the change
in pH in aquatic media is considerable. In this line, using
H-donor functional groups such as hydroxy groups can be
effective for selective detection of aliphatic amines. Based on
this strategy, Wang and coworkers constructed a dual emissive
MOF as a ratiometric sensor for detection of organic amines
(Fig. 24).**® They applied the fluorescent organic linker H,-
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Fig. 24 Application of UiO-68-osdm in amine detection. (a) Synthesis and structure of UiO-68-osdm. (b) Emission spectra of the MOF UiO-68-
osdm dispersed in chloroform (0.02 mg mL™) upon titration with diethylamine (0 to 0.1 mM, e, = 370 nm). Inset: The relative emission ratio (/517 nm/
I463 nm) Varies as a function of diethylamine concentration. (c) The changes in the emission ratio of UiO-68-0sdm (Als17 nm/las3 nm) in the presence
of different amines (0.1 mM): 1, diethylamine; 2, triethylamine; 3, propylamine; 4, piperidine; 5, N-methyl piperidine; 6, cyclohexylamine; 7, pipera-
zine; 8, N,N-dimethylpiperazine; 9, diisopropylamine; 10, N,N-diisopropylethylamine; 11, pyrrolidine; 12, N-methyl pyrrolidine; 13, aniline; 14, pyri-
dine. (d) Tautomeric forms of H,-ostpdc linker and its typical resonance process and 0d deprotonated form in the presence of diethylamine. (e)
Fluorescence photographs of UiO-68-osdm (0.2 mg ml™?) in chloroform after addition of various amines (#1-14, 0.1 mM) and other VOCs (#15-23,
1 mM) under a UV lamp (365 nm). 1: diethylamine; 2: triethylamine; 3: propylamine; 4: piperidine; 5: N-methyl piperidine; 6: cyclohexylamine; 7:
piperazine; 8: N,N-dimethylpiperazine; 9: diisopropylamine; 10: N,N-diisopropylethylamine; 11: pyrrolidine; 12: 1-methylpyrrolidine; 13: aniline; 14:
pyridine; 15: nitrobenzene; 16: butyraldehyde; 17: methanol; 18: acetone; 19: tetrahydrofuran; 20: acetonitrile; N,N-dimethylformamide; dimethyl-
sulfoxide; 23: benzene. Reproduced with permission from ref. 433.
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ostpde, 4,4'-(6,7-dioxo-5,6,7,8-tetrahydro-[1,2,5]thiadiazolo[3,4-
glquinoxaline-4,9-diyl)dibenzoicacid for the construction of a
luminescent MOF in the UiO-MOF topology, which was named
UiO-68-osdm. This MOF shows dual PL emissive bands in
chloroform which are centered at 458 and 490 nm. This dual
emissive signal is based on lactam-lactim tautomerization of
the H,-ostpdc organic ligand, in which the second signal can
be attributed to the emission from a small amount of tauto-
meric lactim form. It was found that the emission at 458 nm
from the lactam form of UiO-68-osdm rapidly decreased upon
addition of diethylamine; meanwhile, a new red-shift peak at
515 nm arising from the deprotonated species gradually
appeared, with an isoemission point at 493 nm. Also, the
detection of diethylamine by UiO-68-osdm can be clearly and
easily observed by the naked eye under a portable 365 nm UV
lamp. Moreover, application of UiO-68-osdm toward a range of
amines shows that this MOF can differentiate secondary alkyl-
amines from other amines (including tertiary, primary and
aromatic amines) via significant fluorescence changes.
Because aromatic amines are electron-rich spices, decoration
of MOFs with electron-deficient groups is a practical strategy for
selective detection of this type of organic analyte. In this situ-
ation, electron-rich organic amines as donors can form donor-
acceptor complexes with electron-deficient functional groups
inside the skeletons of MOFs. Consequently, the photophysical
properties of MOFs can be changed, which results in changes
in the PL emission spectrum and UV-Vis adsorption band of
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l1 4 ppm ls.4 ppm

Working temperature: 28'C
Atmosphere: air

Frequency shift (Hz)

View Article Online
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the host MOF. Banerjee and coworkers synthesized a naphtha-
lene diimide-decorated Mg-NDI framework for colorimetric
detection of aniline in the presence of other aromatic com-
pounds.**® Electron-rich organic amines can form charge trans-
fer complexes with the NDI moieties within the framework,
resulting a change in color. Treatment of Mg-NDI with various
organic amines, such as aniline, hydrazine, ethylene diamine,
triethylamine, dimethylamine, 1,3-propanediamine, ethyl-
amine, and methylamine, showed a distinct color change (to
black) compared to other functionalized analytes, such as chlor-
obenzene, toluene, benzene, phenol, 4-nitrophenol, nitro-
benzene, and 4-bromotoluene. This color change is extremely
rapid and very prominent and can be easily detected by naked
eye inspection. Mg-NDI is able to detect the presence of amines
from a very low concentration (10~> M) in the solid state. Due to
the presence of the chromophoric NDI moiety, Mg-NDI is
capable of sensing organic amines in the solid state.

In addition to PL methods, gravimetric methods have been
applied for the detection of aniline. Li and coworkers syn-
thesized MOF-5 and applied it in the gravimetric detection of
aniline using a typical micro-gravimetric transducer of a res-
onant microcantilever (Fig. 25).*>* Inkjet printing technology
was used to deposit MOF-5 material onto the lab-made res-
onant microcantilever for mass-type sensor fabrication. Then,
the fabricated sensor was placed inside the testing chamber at
room temperature to evaluate its vapour sensing performance.
Upon exposure of MOF-5 to aniline vapors, adsorption of the
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Fig. 25 Application of MOF-5 in gravimetric detection of aniline. (a) Micro-gravimetric sensing curve of the MOF-5 based microcantilever sensor

for aniline vapor with concentrations in the range of 1.4 to 10.8 ppm; (b)

relationship between aniline concentration and sensing response, which

can be well fitted with the function of the Langmuir equation; (c) cross-sensitivity of the sensor to nine different interfering gases (each with a con-

centration of 50 ppm). Reproduced with permission from ref. 452.
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Fig. 26 Application of [Co(im),], as a chemoresistive sensor for detection of TMA. (a) A view of the sensor substrate and the [Co(im),], sensor. (b)
Image of the operating principle. (c) Sensitivity of the [Co(im),],, sensor to 100 ppm of various gases in the temperature range of 50 °C to 175 °C.
Response of the [Co(im),], sensor to different concentrations of TMA at 75 °C. (d) The inset presents the linear dependence of the response on the
TMA concentration between 2 and 50 ppm. Reproduced with permission from ref. 453.

aniline caused a mass increase of the MOF-5 sensing material;
this led to a frequency decrease in the sensor, as indicated by
the sensing curve (frequency change versus aniline concen-
tration). Although humidity has negative effects on aniline
detection, when the sensor is operated in air atmosphere with
stable humidity, the sensor is suitable for detection of low con-
centrations of aniline, equal to 1.4 ppm. Simulations showed
that aniline molecules prefer to be adsorbed onto the building
block of 1,4-benzenedicarboxylic (BDC) ligand rather than on
the Zn(u) center inside the pores of MOF-5; the isosteric heat
of aniline adsorption is equal to 35.9 k] mol™", which is indica-
tive of physisorption of aniline molecules.

Trimethylamine (TMA) is a small organic amine that is
hazardous to the human respiratory system; its detection is
very important in the food industry to evaluate the freshness
of seafood. Therefore, selective and sensitive detection of TMA
is very beneficial for human safety. Zhang and coworkers
applied a [Co(im),], (im = imidazole) sensor to the detection
of TMA in the vapor phase (Fig. 26).*>* To fabricate the sensor
on the electrode, a paste was prepared from ground [Co(im),],
with an appropriate amount of ethanol; then, the paste was
coated on the interdigital electrodes (five pairs of Ag-Pd inter-
digitated electrodes) of the sensor substrates with a tiny brush.
The coated sensors were heated at 80 °C in a furnace to elimin-
ate ethanol and then were calcined at 200 °C for 1.5 h. The
response value of the [Co(im),], sensor is depicted as Ry/R,,
where R, and R, are the resistance in the target gas and air,

1622 | /norg. Chem. Front.,, 2020, 7, 1598-1632

respectively. The response time was defined as the time
needed for the sensor to obtain 90% of the total resistance
change in the response. The responses to 100 ppm of diverse
gases were measured as a function of the sensor temperature,
and the results show that the optimum operating temperature
of the [Co(im),], sensor for TMA was defined as about 75 °C.
By increasing the concentration of TMA, the response
increased to 20.4 at 500 ppm TMA. The high sensitivity of [Co
(im),], to TMA is due to the optimized host-guest interaction
and size-selective diffusion. Compared to the electron-rich
O-atoms of other gases, such as methanol, the N atom of TMA
possesses higher electron density because of the presence of
three electron-donating methyl groups. In combination with
trimethylamine, there may be slightly more steric hindrance in
(CH3CH,);N than in (CHj);N. Therefore, the response to
(CH3CH,);N is slightly lower than that to (CH3);N. Thus, the
[Co(im),], sensor could measure TMA at concentrations as low
as 2 ppm, and the response was 2.5 at 75 °C.

5. Conclusions and outlook

The aim of this review is to investigate the detection of organic
molecules by MOFs using different instrumental methods,
such as photoluminescence, electrochemical, gravimetric,
optical and photonic methods. To this aim, we classified
organic compounds in three categories, including nitroaro-
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matic and heterocyclic energetic molecules, small organic
molecules, such as solvents and VOCs, and organic amines.
Investigations reveal that each instrumental method has some
benefits and limits for the detection of organic molecules,
which we will discuss here to provide a different and distinc-
tive conclusion of our review.

Due to the presence of nitro groups in the molecular struc-
tures of NACs, they are highly electron deficient, which endows
them with rn-deficient natures and reducibility (oxidizer agent)
in redox reactions. Due to possible n-n interactions and hydro-
gen bonding between the MOF frameworks and NACs, photo-
luminescence is applied extensively for the detection of NACs.
However, this method has achieved some important successes
and demonstrated some limitations to date. In the case of the
detection of nitrobenzene in the presence of other organic
molecules (without nitro groups) and selective detection of
2,4,6-trinitrophenol,  photoluminescence  methods show
effective rules. Especially in the case of detection of 2,4,6-trini-
trophenol by PL methods, a summary of the published results
in the literature reveals that MOFs based on d'®-metal centers
(zn(n) and Cd(u)) and functional ligands with Lewis basic
groups (especially amines and adenine) are very promising.
However, the photoluminescence method is not very successful
for the detection of specific NAC molecules in the presence of
other NACs. This may be because the presence of nitro groups
in the structure of NACs results in competitive interactions
between the MOF and NACs; thus, there are multiple signal-
transductions in the presence of different NACs. However, some
successful strategies have been investigated in this line.

Another strategy applied for the detection of NACs is based
on the development of MOF-based electrochemical sensors.
Although MOFs suffer from low conductivity and redox activity,
their porous and functionalizable natures help remove these
barriers when designing MOF-based electrochemical sensors
by the synthesis of MOFs with redox-active organic ligands and
metal centers and the synthesis of MOF-based composites
using additional conductive components. NACs can participate
in redox reactions through reduction of nitro groups. Because
each nitro group in the molecular skeleton of an NAC has a
particular reduction potential, and the reduction of nitro
groups to nitrous or amine groups requires at least 6 electrons,
it appears that current-based electrochemical methods such as
amperometric methods are very sensitive for the detection of
nitro NACs. Potentially, because each NAC molecule has a
specific reduction potential, construction of MOFs with desir-
able potentials is beneficial for the selective detection of
desired NACs and discrimination between NACs.

Small organic molecules include molecules with large var-
ieties of functional groups and molecular skeletons; thus, they
can interact with MOF skeletons through different host-guest
chemistry. This is very helpful for the detection of this group
of organic molecules, in the sense that we can develop specific
MOFs with specific functionalities for the detection of desired
small organic molecules through specific host-guest chem-
istry. This rule is practical for almost all possible detection
methods. For example, in photoluminescence-based methods,
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different host-guest chemistry results in different signal-trans-
ductions of the luminescence of the host MOF, which can be
specialized for specific analytes. In gravimetric methods,
higher affinity between the MOF and organic molecules results
in much higher diffusion and adsorption of organic molecules
into the pores of the MOF; this results in a greater change in
the mass of the resonator and higher sensitivity and shifts in
the frequency as detectable responses. In electrochemical
methods, different structures of organic analytes result in
different interactions between the MOF and analytes, which
can lead to different resistances or conductivities for the
analyte@MOF complex compared to the pristine MOF.
Therefore, different host-guest chemistry between the MOF
and organic analytes results in different conductivity or resis-
tance in chemoresistive and conductometric methods. Also,
organic molecules with different structures and functions have
different physical properties, such as different refractive
indices. Because the refractive index is highly sensitive to
changes in the chemical structure of the host in optical detec-
tion methods, the pristine MOF and analyte@MOF complex
present different refractive indices, which results in different
signal transductions in optical sensors. Therefore, optical
sensors are another successful strategy for the detection of
small organic molecules.

Organic amines are electron-rich and Lewis basic. These
two characteristics effectively rule the host-guest chemistry of
organic amines. When designing MOF-based sensors for
detection of organic amines, these two points should be con-
sidered. Therefore, a suitable MOF for detection of organic
amines must be electron deficient and acidic. In this regard,
construction of (-OH) and naphthalene diimide or pyridi-
nium-functionalized MOFs has been very successful for colori-
metric or luminescence-based detection of organic amine
molecules as well as discrimination between aromatic and ali-
phatic amines.

In this review, we attempted to clarify and discuss the effec-
tiveness of instrumental methods for the detection of organic
molecules using MOFs. We hope that this review will be
helpful for anyone who takes the time to read it.
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