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Introduction

During the past two decades, metal–organic frameworks
(MOFs), also known as porous coordination polymers (PCPs),

have experienced explosive growth. MOFs exhibit a wide varie-

ty of potential applications in catalysis, gas storage and separa-
tion, luminescence, and drug delivery,[1] owing to their specific

features, such as structural diversity, flexibility and tailorability,
high porosity, large surface area, and extraordinary adsorption

affinities. Among different MOF applications, the MOF-based
chemical sensor is clearly a promising application because

MOFs can exhibit different degrees of luminescent enhance-

ment or quenching in response to interactions between insert-
ed guest species and the framework. Special features of MOFs

include 1) high surface areas would concentrate analytes to
high levels, which enhances detective sensitivity; 2) specific

functional sites (open metal sites, Lewis acidic/basic sites, and
tunable pore sizes) that can realize specific recognition with

unprecedented selectivity through host–guest interactions or

size exclusion; and 3) flexible porosity or frameworks that
enable the reversible uptake and release of substrates to in-

crease regeneration and recycling. In addition to the unique
optical properties of MOFs, MOFs as electronic or optoelec-

tronic sensors also exhibit numerous advantages, but this field
is still in its infancy and limited examples have been reporte-

d.[2a] A few semiconducting frameworks, or those with redox-

active molecules introduced into their pores, are known, such

as HKUST-1 and ZIF-8. MOFs with ordered structures, as deter-
mined by the coordination geometry of the metal and the top-

ology of the linkers, can be obtained through rational design.
The synthetic flexibility of MOFs allows their intrinsic electrical

and optical properties to be tuned, which has been suggested

to be easier through theoretical predictions. To date, four kinds
of MOFs-based materials have been used as sensors: crystalline

MOF materials, MOF-based functional composites, nanoscale
MOFs (NMOFs), and MOF membranes. Several general growth

methods for the four materials have been developed in recent
years, and several excellent review articles on this topic are

available.[2] Herein, we have searched through most current

studies to summarize the sensing applications of MOFs. In
each part, different mechanisms of responsive signals are dis-

cussed based on two visible changes that are induced by the
guest molecules adsorbed within the cavity of the MOFs:

1) shift of the emission spectrum or a change in the emitting
color; and 2) change in the fluorescence intensity, including lu-

minescent enhancement or quenching, which is defined as

“turn-on” and “turn-off” responses, respectively. Recent discov-
eries and examples of MOF-based sensors are discussed. MOFs

are successful in the detection of small molecules, cations, and
anions, and to changes in pH, humidity, and temperature. In

addition, luminescent MOFs have also been used in the biolog-
ical field, as exemplified by biosensing and bioimaging applica-

tions.[3]

Applications of MOF Sensors

Small-molecule sensing

The luminescence detection of trace vapor molecules is always

a significant, but challenging task because the vapor pressures
of common small organic molecules are usually very low at
room temperature. As a result, much less successes have been
achieved in the vapor phase than in the corresponding solu-
tion. In addition, turn-on response is also more intriguing with

more sensitivity and applicability than turn-off.

DMF[4]

N,N’-Dimethylformamide (DMF) exposure through skin contact

and inhalation in various industries can cause serious health
concerns for workers, such as hepatotoxicity, embryotoxicity,

and carcinogenesis. Song et al. reported a [Eu2L1
3(H2O)4]·3 DMF

compound (L1 = 2’,5’-bis(methoxymethyl)[1,1’:4’,1’’-terphenyl]-

Metal–organic frameworks (MOFs) as chemical sensors have
developed rapidly in recent years. There have been many

papers concerning this field and interest is still growing. The
reason is that the specific merits of MOFs can be utilized to en-

hance sensitivity and selectivity by various energy/charge
transfers occurring among different ligands, ligand, and metal
centers, such as from ligands to metal centers or metal centers

to ligands, as well as from MOF skeletons to guest species.

This review intends to provide an update on recent progress
in various applications of different MOF-based sensors on the

basis of their luminescent and electrochemical responses to-
wards small molecules, gas molecules, ions (cations and

anions), pH, humidity, temperature, and biomolecules. MOF-
based sensors function by utilizing different mechanisms, in-

cluding luminescent responses of “turn-on” and “turn-off”, as

well as electrochemical responses.
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4,4’’-dicarboxylate) (see Scheme 1 for the structures of the li-
gands mentioned in this review). After the DMF molecules lo-

cated in the channels were exchanged by water molecules, its
luminescence became very weak. The water-exchanged frame-

work exhibited the capability of selectively sensing DMF vapor
with an efficient approximately eightfold turn-on luminescence

response.[4a] Ligand–analyte interactions explain such a turn-on
mechanism, which opens up the possibility of building new
MOF sensors by designing a suitable ligand. Ye et al. reported

another DMF sensor with clear luminescent enhancement

caused by reversible crystal-to-crystal transformations com-
pared with other solvents, such as methanol, ethanol, acetone,

acetonitrile, tetrahydrofuran, and ethyl acetate.[4b]

Amines[5]

Sun et al. detected amine vapors by using a EuL2 compound
(L2 = 4-(pyrimidin-5-yl)benzoic acid).[5a] An in situ solid-state lu-

minescent sensor setup was designed to test the sensing abili-
ty and response rate. EuL2 exhibited significant fluorescent

quenching for all target amine vapors, such as NH3·H2O,

CH3NH2, C2H5NH2, C3H7NH2, (C2H5)2NH, (C2H5)3N, and aniline,
among which the fluorescence quenching of aniline was fast-

est with a quenching of more than 90 % in 10 s. The efficiency
of ligand–metal energy transformation affects the emission of

the lanthanide compound. The mechanism of the quenching
effect can be verified by UV/Vis absorption spectra.

Dincă and co-workers prepared a device by using a new

electrically conductive 2D MOF, Cu3(HITP)2 (HITP = 2,3,6,7,10,11-
hexaiminotriphenylene), with a bulk conductivity of

0.2 S cm¢1.[5b] As a reversible chemiresistive sensor, it successful-
ly realized the detection of sub-ppm levels for ammonia vapor

through an electrical response. This provides another promis-
ing approach to construct new sensing materials through ra-

tional syntheses of conductive MOFs.

Volatile organic compounds (VOCs)

Most examples for the recognition of small solvent molecules

were reported based on guest-dependent luminescent re-
sponses for MOFs;[6] these can be divided into two categories
based on the shift of emission spectrum[7, 8] and a change in
the luminescent intensity.[9–11]

Shift of the emission spectrum

A class of molecules, such as differently functionalized aromat-

ics, can be distinguished by MOF sensors acting as a molecular

decoding host with the corresponding readout. Kitagawa and
co-workers reported the novel entangled porous zinc-based

MOF [Zn2(bdc)2(dpNDI)]n (1) (bdc = 1,4-benzenedicarboxylate;
dpNDI = N,N’-di(4-pyridyl)-1,4,5,8-naphthalenediimide),[7a] in

which dpNDI and bdc moieties are used to enhance the prefer-
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Figure 1. Multicolor luminescence of 1@VOCs (left) and height-normalized
luminescent spectra of 1@VOCs (right). Reprinted with permission from
Ref. [7a] . Copyright 2011 Nature Publishing Group.
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ential p···p stacking interactions. This MOF can decode multiple

analytes into a corresponding luminescent signal (Figure 1)
through particular host–guest interactions based on the crys-

tal-to-crystal transition from a distorted to an undistorted
structure. Dong and co-workers prepared another series of

photoinduced supramolecular complexes, Gn�CdL3
2 (L3 = 4-

amino-3,5-bis(4-pyridyl-3-phenyl)-1,2,4-triazole; Gn = different
substituted aromatics, namely, 2-furaldehyde, 3-furaldehyde, 2-

thenaldehyde, 3-thenaldehyde, o-toluidine, m-toluidine, p-tolui-
dine, and aniline), with different crystal colors in a similar

single-crystal to single-crystal manner through guest–host in-
teractions.[7b]

Scheme 1. Structures of the ligands mentioned in this review.

Figure 2. The coordination environment of the WS4Cu4
2 + unit (left), the per-

spective view of the nanotubular structure (middle), and the UV/Vis spectra
and photographs of 2�solvent (right). Adapted with permission from
Ref. [8a] . Copyright 2011 American Chemical Society.

ChemPlusChem 2016, 81, 675 – 690 www.chempluschem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim678

Reviews

http://www.chempluschem.org


For the recognition of various VOC molecules, the nanotub-
ular MOF {[(WS4Cu4)I2(dptz)3]·3 DMF}n (2) (dptz = 3,6-di(pyridin-

4-yl)-1,2,4,5-tetrazine; Figure 2) was explored by Zheng et al.
MOF 2 exhibited different colors, depending on the solvent

guests (Figure 2, right).[8a] Dong et al. reported a solvatochromic
sensor with visual color and luminescence responses towards

small, polar VOCs.[8b] The naked-eye and luminescent detection
limitations for these VOCs are 5 and 1 ppm, respectively. An-
other interesting Mg-NDI MOF sensor was prepared by Bane-

rjee and co-workers with a naphthalenediimide (NDI) chromo-
phoric unit (H4NDI = N,N’-bis(5-isophthalic acid)naphthalenedii-
mide),[8c] which displayed instant and reversible solvatochromic
behavior in the presence of solvents with different polarity,

such as dimethyl sulfoxide (DMSO; brown), N,N’-diethylforma-
mide (DEF; dark red), N,N’-dimethylacetamide (DMA; red), ace-

tonitrile (orange). This MOF, with an electron-deficient frame-

work, can also selectively recognize electron-rich organic
amines over other functionalized analytes, such as chloroben-

zene, toluene, benzene, phenol, 4-nitrophenol, nitrobenzene
(NB), and 4-bromotoluene, with an extremely rapid rate at

a very low concentration (10¢5 m). This fact indicated that the
interactions between the incorporated solvent and framework

were short range and weak, which allowed the external sol-

vents to easily replace the core solvent inside the porous
framework.

Change in fluorescence intensity

Chen et al. synthesized a EuMOF sensor, Eu(BTC)(H2O)·1.5 H2O

(BTC = 1,3,5-benzenetricarboxylate), with open metal sites.[9a]

This MOF exhibits the most significant enhancing and quench-

ing effects towards DMF and acetone, respectively. The charac-
teristic emission intensity of Eu3 + versus the volume ratio of

acetone could be well fitted with a first-order exponential

decay. Davydovskaya et al. utilized a Cu-BTC thin film to suc-
cessfully detect different alcohols (methanol, ethanol, 1-propa-

nol, and 2-propanol) at very low concentrations (2–50 ppm)
through mass-sensitive (quartz crystal microbalance (QCM))

and work-function-based (Kelvin Probe) readouts.[10a] A 1,1’-bi-
2-naphthol (BINOL)-based chiral CdMOF,

[Cd2(L4)(H2O)2]·6.5 DMF·3 EtOH (L4H4 = (R)-2,2’-dihydroxy-1,1’-bi-
naphthyl-4,4’,6,6’-tetrakis(4-benzoic acid)),[10b] displayed the

ability to act as an enantioselective sensor for 2-amino-3-
methyl-1-butanol (AA) with unprecedentedly high Stern–
Volmer (SV) constants of up to 31 200 m¢1 and an enantiomeric

quenching ratio, KSV(S)/KSV(R), of 3.12. Based on the linear rela-
tionship between the fluorescence signal and the enantiomeric

excess (ee) of the analyte, the enantiomeric ratio of a mixture
of (S)- and (R)-AA can be determined in comparison with the

calibration curve. The CuMOF-199/single-wall carbon nanotube

(SWCNT)-modified electrode, as a novel electrochemical sensor,
was fabricated for the simultaneous determination of hydro-

quinone and catechol, with very low detection limits of 0.08
and 0.1 mmol L¢1, respectively. Other reports of sensors for ace-

tone,[9] alcohol,[10] phenol, and aldehyde,[11] as well as other
small molecules,[12] can be found in the references. We aimed

to be comprehensive, but there must have been other studies
that were not included herein.

Explosive compounds

Li and co-workers made a very important contribution to lumi-

nescent sensors for explosive and explosive-like molecules.[13]

They provided a donor–acceptor electron-transfer mechanism

on the basis of MO and band structure calculations and also

published a good review on MOF-based sensors for explosive
compounds.

On the basis of the above theory, Yi and co-workers report-
ed an ultrastable CdMOF (3) luminescent switch (see Figure 3,

top) with the flexible H6L ligand (hexa[4-(carboxyphenyl)oxa-

methyl]-3-oxapentane acid),[14] which showed high selectivity
and sensitivity for detecting trace amounts of benzene
([D6]benzene) and NB explosives in the vapor phase through

a luminescence enhancement and quenching response, re-
spectively (Figure 3 b). The time-dependent enhancing and

quenching efficiencies show that the response rate for ben-
zene vapor is 56 s and it exhibits an approximately eightfold

fluorescence enhancement in 2–3 min and the fluorescence

quenching for NB reaches a maximum in 1 min (Figure 3 b).
This MOF, with a flexible framework, also exhibits an excellent

breathing effect with reversible adsorption behavior for ben-
zene vapor.

It is very intriguing but rather difficult to achieve the selec-
tive detection of one specific nitro-explosive molecule in the

Figure 3. Top: Schematic illustration of a luminescent switch for benzene
and NB. Bottom: a) The luminescence spectra and b) the related lumines-
cence intensity of 3. Reprinted with permission from Ref. [14]. Copyright
2015. The Royal Society of Chemistry.
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presence of other aromatics.[15] Ghosh and co-workers synthe-
sized the new ZnMOF [(CH3)2NH2]+[Zn4(m4-O)(NTB)2(NO2-

bdc)0.5]·3 DMA (4) (NTB = 4,4’,4’’-nitrilotrisbenzoic acid, NO2-
bdc = 2-nitro-4-benzenedicarboxylic acid), based on the consid-

eration of energy transfer with a long-range process.[15a] MOF 4
can selectively detect 2,4,6-trinitrophenol (TNP) in the presence

of other nitro compounds, such as 2,4-dinitrotoluene (2,4-
DNT), 2,6-dinitrotoluene (2,6-DNT), 1,3-dinitrobenzene (DNB),
NB, and nitroaliphatic compounds in CH3CN through fluores-

cence quenching at a low concentration (4 mm ; Figure 4). Elec-
tron- and energy-transfer mechanisms, as well as electrostatic

interactions between the fluorophore and TNP, explain such se-

lectivity and provide new insights into the design of MOF-
based explosive sensors. They improved the water stability and

selectivity of the MOF through amine functionalization to form

bio-MOF-1 ([Zn8(ad)4(BPDCA)6O·2 Me2NH2]·G; G = DMF and
water ; ad = adeninate; BPDCA = biphenyl dicarboxylic acid),[15b]

which could recognize TNP accurately in aqueous media in the
presence of other nitro compounds. These sensors are very im-

portant to practical security and environmental applications.

Ion sensing

Cations

Lanthanide cations

MOFs can act as a host and antenna to provide a rigid scaffold
that can protect lanthanide cations from solvent quenching

and also sensitize them to form tunable fluorescence.[16] Dong

et al. explored a compound of {[(GdIII
2L6

4)Mn(H2O)6]·x(H2O)}n

with encapsulated [Mn(H2O)6]2 + cations,[16a] which could sense

Eu3+ and Tb3 + , with their characteristic emission spectra,
through reversible and controllable cation exchange. Petoud

and co-workers utilized bio-MOF-1 as a host to sensitize visible
and near-IR-emitting lanthanide cations in water.[16b] Yan and

Zhou fabricated a tunable white-light-emitting material based
on the Al-MIL-53 nanocrystal with lanthanide(III) cations encap-
sulated in its channels.[16c] The groups of Sun and Liu reported
the success of Tb3+ sensing by using CdMOFs with high sensi-

tivity and selectivity;[16d,e] Liu et al. found that MgMOF could
detect Eu3 + .[16e]

Transition-metal cations

Some transition-metal cations are essential in living biological
systems, such as copper(II),[17] iron(III),[18] and zinc(II),[19] but

some are toxic and can even cause serious damage to health

and the environment, such as chromium(VI), mercury(II), and
lead(II).[20, 21] The efficient, straightforward, and real-time detec-

tion of trace amounts of transition-metal cations is helpful and
much in need.

The pyrene-functionalized microsized MOF particle CPP-16
can selectively detect Cu2+ among many other metal ions

through a turn-off response (Figure 5).[17a] [Eu(-

pdc)1.5(DMF)]·(DMF)0.5(H2O)0.5 (pdc = pyridine-3,5-dicarboxylate),

with Lewis basic pyridyl sites,[17b] and

Eu2(FMA)2(OX)(H2O)4·H2O[17c] (FMA = fumarate; OX = oxalate),

with mixed ligands, were synthesized by Chen et al. for the
sensing of Cu2 + in both DMF and aqueous solution. Yang and

co-workers fabricated a terbium succinate MOF thin-film
sensor through a one-step electrodeposition method; this

MOF could sense Cu2 + with high sensitivity and selectivity.[17d]

Additionally, the sensing of Fe3 + was achieved by Zhao et al.

with {[Tb(BTB)(DMF)]·1.5 DMF·2.5 H2O}n (BTB = benzene-1,3,5-tri-
benzoate) based on a drastic fluorescence quenching effect
with a high detection limit of 10¢5 mol L¢1 over other various

cations, such as Li+ , Na+ , K+ , Cs+ , Mg2 + , Ca2 + , Sr2 + , Ba2 + , Pb2 +

, Zn2 + , Mn2+ , Cd2+ , Co2 + , Ni2 + , Fe2 + , Cr3 + , and Cu2 + .[18a] The re-

lationship between the concentration of Fe3 + and the quench-
ing effect could not be well fitted by the SV equation, which

indicated the coexistence of dynamic and static quenching

processes. A EuMOF, [H2N(CH3)2][Eu(H2O)2(BTMIPA)]·2 H2O
(H4BTMIPA = 5,5’-methylenebis(2,4,6-trimethylisophthalic acid)),

was constructed by Sun et al. that was able to selectively
sense Fe3 + and Al3 + ions from 19 other ions through fluores-

cence quenching and enhancement, respectively, based on
cation exchange between [H2N(CH3)2]+ ions and metal ions.[18b]

Figure 4. Top: A schematic illustration of the use of MOF-based sensor 4 for
the selective detection of target nitro-explosives in the presence of other
nitro compounds. The percentage of fluorescence quenching obtained for
different analytes (bottom left), and the HOMO and LUMO energies for ex-
plosive analytes (bottom right) are shown. Reprinted with permission from
Ref. [15a] . Copyright 2013 Wiley-VCH.

Figure 5. a) Fluorescence intensity changes to CPP-16 after reaction with
various metal ions. b) Digital photograph with UV irradiation and c) fluores-
cence microscopy images of CPP-16 before and after reaction with various
metal ions. Adapted with permission from Ref. [17a] . Copyright 2014 Ameri-
can Chemical Society.
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In addition, more turn-on luminescence responses were ob-
served for other metal ions, such as Zn2 + ,[19] Cd2 + ,[20] Hg2+ ,[21]

Ag+ ,[22] Pb2 + ,[23a,b] Ca2 + ,[23c] Cr3 + ,[23d] Mg2 + ,[23e–g] Mn2 + ,[23h–i] and
Al3 + .[23g–m] Two 3 d–4 f heterometallic coordination polymers

([Ln(PDA)3Mn1.5(H2O)3]·3.25 H2O; PDA = pyridine-2,6-dicarboxylic
acid) were utilized to recognize Zn2 + with significant lumines-
cent enhancement;[19a] this might have resulted from more ef-
fective intramolecular energy transfer from the PDA ligand to
the Ln3 + centers with the addition of Zn2+ through a photoin-

duced electron-transfer (PET) process. A lanthanide-functional-
ized MOF with encapsulating Eu3+ cations in the pores of UiO-
66(Zr)-(COOH) could recognize Cd2 + in aqueous solution with
an eightfold luminescent enhancement, excellent sensitivity (a

detection limit of 0.06 mm), and fast response speed
(�1 min).[20a] Adenine-based lanthanide coordination polymer

nanoparticles (NPs) showed significant luminescent enhance-

ment for Hg2 + with excellent selectivity and ultrahigh sensitivi-
ty up to a 0.2 nm detection limit.[21a] A robust MOF, Eu3+@MIL-

121 (MIL-121 = Al(OH)(H2btec)·H2O, H2btec = pyromellitic acid),
showed excellent selective luminescent enhancement for Ag+

in aqueous solution with fast detection times (<5 min) and
high sensitivity (detection limit, 0.1 mm).[22a] A DNA-functional-

ized iron–porphyrinic MOF as an efficient electrochemical

sensor could detect Pb2 + accurately through an amplified elec-
trochemical signal with a detection limit of 0.034 nm (Fig-

ure 6).[23a] Lanthanide anionic MOFs of
{K5[Ln5(IDC)4(ox)4]}n(20 H2O)n (IDC = imidazole-4,5-dicarboxylate;

Ln = Gd, Tb, and Dy) can sense Ca2 + through exchange with
K+ in the channels.[23c] The sensing of Cr3 + was achieved by

a microporous anionic ZnMOF,[23d] namely, [Zn(ABTC)0.5(NO3)]

[(CH3)2NH2]·DMA·3 H2O (H4ABTC = 3,3’,5,5’-azobenzenetetracar-
boxylic acid). A detailed analysis of the sensing mechanism

was conducted based on various measurement results, such as
those from inductively coupled plasma (ICP), energy-dispersive

X-ray spectroscopy (EDS), X-ray photoelectron spectrometry

(XPS), and UV/Vis spectroscopy, which showed that the coordi-
nation of Cr3 + with the carboxylate oxygen atoms of the

framework through d–d transitions was the main reason for se-
lective detection. A UiO-66 optical sensor with hydrophobic

chromophore probes (dithizone (DZ)) realized fast kinetic and
quantitative detection towards bismuth(III), lead(II), zinc(II),

mercury(II), and cadmium(II) at specific pH values.[23k]

Anions

Various anions, including halogen ions, CN¢ , NO2
¢ , CO3

2¢,
PO4

3¢, CrO4
2¢, and Cr2O7

2¢, have been successfully detected by
MOF-based sensors.[24, 25] Tb(BTC) with open metal sites,

through removing terminal solvent molecules from MOF-76,
can recognize F¢ with a fourfold luminescent enhancement.[24a]

F¢ can also be detected with the lanthanide MOF

[Ln2(BPDC)(BDC)2(H2O)2]n (Ln = Eu and Tb; H2BPDC = 2,2’-bipyri-
dine-3,3’-dicarboxylic acid) with mixed ligands based on a sig-

nificant decrease in fluorescence.[24b]

The sensing of CO3
2¢ was achieved by Yang et al. with a lan-

thanide mucicate coordination polymer ([Tb(mucica-

te)1.5(H2O)2]·5 H2O}n) through the greatest luminescence en-
hancement over other anions.[24c] Strong hydrogen-bonding in-

teraction between the numerous OH groups in the mucic acid
and CO3

2¢ reduced vibrational quenching and enhanced the

fluorescence. They also synthesized lanthanide MOF-based
thin-film materials through electrodeposition in an anhydride

system, which was also able to selectively sense CO3
2¢ from

other various anions, such as SO4
2¢, PO4

3¢, HPO4
2¢, ClO4

¢ ,
BrO3

¢ , IO3
¢ , and halide ions, in aqueous solution through

a turn-off response.[24d]

Two cationic hetero-MOF luminescent probes for I¢ ions,

namely, [Ln2Zn(L7)3(H2O)4](NO3)2·12 H2O)n (Ln = Eu, Tb; L7 = 4,4’-
dicarboxylate-2,2’-dipyridine anion), were reported; these

acted through a turn-off response with NO3
¢ counteranions in

the channels. The probe exhibited high selectivity and sensitiv-
ity (an extremely low detection limit of 0.001 ppm) as well as

a fast response time of 10 s.[24e]

Another heterobimetallic luminescent sensor for CN¢ based

on the turn-on response was investigated by Lam and co-
workers with a RuII–CuII donor–acceptor complex
({RuII(tBubpy)(CN)4[CuII(dien)]2}(ClO4)2 ; tBubpy = 4,4’-di-tert-
butyl-2,2’-bipyridine; dien = diethylenetriamine).[24f] The lumi-

nescence properties of the compound could be restored in the
presence of CN¢ under a very low detection limit of 1.2 mm
(0.03 ppm) in aqueous DMF (Figure 7). Spectroscopic and mass

spectrometric studies confirmed that the cyano bridge be-
tween RuII and CuII was cleaved, assembled to the CuII centers,

and thus produced the luminescent response. Heterobimetallic
donor–acceptor complexes can be fine-tuned to produce sen-

sitive chemodosimetric responses to specific analytes.

Cheng and co-workers utilized cationic lanthanide MOFs
([Ln4(m3-OH)4(BPDC)3(BPDCA)0.5(H2O)6]ClO4·5 H2O}n ; Ln = Tb, Gd)

to sense toxic CrO4
2¢ with significant quenching over other

anions,[24h] such as F¢ , Cl¢ , Br¢ , I¢ , SO4
2¢, CO3

2¢, NO3
¢ , and

OAc2¢. This is very important and practical because CrO4
2¢ and

Cr2O7
2¢ ions are prevalent toxic heavy-metal ions in wastewater

Figure 6. A) Preparation of the GR-5/(Fe-P)n-MOF probe. B) Electrochemical
detection of Pb2 + . Adapted with permission from Ref. [23a] . Copyright 2015
American Chemical Society.
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that can accumulate in living organisms; lead to cancer, de-

formity, and gene mutation; and pose a significant threat to
the environment. The detection of trace amounts of Cr2O7

2¢

was realized through a 2D CdMOF
([Cd(TPTZ)(H2O)2(HCOOH)(IPA)2]n ; TPTZ = {4-[4-(1H-1,2,4-triazol-

1-yl)phenyl]phenyl}-1H-1,2,4-triazole; IPA = isophthalic acid)

with similar luminescent quenching.[24i] Yi and co-workers syn-
thesized a series of flexible CdMOFs for the fast and sensitive

turn-off detection of all tonic CrVI ions containing CrO4
2¢ and

Cr2O7
2¢ in aqueous media.[16d] The cationic fluorene-based

CuIIMOF of [CuL8
2(H2O)0.5](NO3)2·3.25(CH2Cl2)·(CH3OH)·0.5 H2O

was synthesized by Dong et al. ;[25a] this exhibited related char-

acteristic colors in response to specific anionic species

(Figure 8), such as Cl¢ , Br¢ , I¢ , SCN¢ , and N3
¢ , by exchanging

counteranions with anionic species. This MOF is an excellent

naked-eye colorimetric anion sensor. In addition, it can com-
pletely separate Cl¢/Br¢ , Br¢/I¢ , and SCN¢/N3

¢ anions. Another

visual luminescent sensing behavior for various anions was ob-

served with a CuIMOF through an anion-exchange process.[25e]

Ghosh et al. prepared a homochiral cationic framework ZnMOF,

{Zn(TCPP)(OH2)2}(NO3)2·x G]n (H4TCPP = 4,4’-(ethane-1,2-diyl)-
bis(N-(pyridin-2-ylmethylene)aniline; G = solvents), which

showed interesting anion-dependent tunable luminescence
and variable sorption by selective anion-exchange behavior.[25b]

Gas sensing

Chemical sensors for gas molecules, such as O2,[26a–e] CO2,[26f,g]

H2S,[27a–d] NO,[27e,f] and NH3,[27g–j] among others,[27k–m] were devel-

oped owing to the importance of environmental monitoring.
Lin et al. constructed three heterobimetallic porous coordi-

nation frameworks (5, 6, and 7) by introducing [Ir(ppy)3] (ppy =

2-phenylpyridine) derivatives with highly efficient phosphores-
cent molecules into a ZnMOF.[26a] Among them, framework 5
could reversibly sense O2 based on luminescent quenching be-
cause the metal to ligand charge transfer (3MLCT) phosphores-

cence from facile intersystem crossing could be readily
quenched by molecules with a triplet ground state. Similarly,

four lead(II)–iridium(III) heterobimetallic coordination frame-
works synthesized by Ho et al. could rapidly detect oxygen

with a response time of 50 s and a recovery time of 24 s.[26b] Lu

et al. utilized the methyl viologen cation (MV2 +) as a
fluorescent material to fabricate the CdMOF

(Me2NH2)3(MV)1.5[Cd9(TTCA)8]15EtOH (TTCA = triphenylene-
2,6,10-tricarboxylate), which could stably and selectively sense

oxygen within 5 s through a color change detectable by the
naked eye (Figure 9).[26c]

The detection of carbon dioxide is very difficult in the pres-
ence of other competing gas such as oxygen, water vapor, etc.

Jeong et al. selected CDMOF-2 (a g-cyclodextrin-derived mate-
rial) with many free primary hydroxyl groups to realize the de-

tection of CO2 molecules, owing to the reaction of between

gaseous CO2 and the framework carboxylated functionali-
ties.[26f]

Tang et al. presented the porous nanoscale CuMOF {CuL[A-
lOH]2}n (H6L = meso-tetrakis(4-carboxylphenyl)porphyrin) to real-

ize the real-time in situ detection of H2S fluctuations in living
biological specimens with a rapid response, excellent selectivi-

Figure 7. a) Spectroscopic responses and b) UV/Vis spectroscopic titration re-
sults and photographs of colorimetric and luminescent responses (bottom).
Adapted with permission from Ref. [24f] . Copyright 2004 American Chemical
Society

Figure 8. Color changes resulting from anion exchange and anion selectivity.
Reprinted with permission from Ref. [25a] . Copyright 2012. The Royal Society
of Chemistry.

Figure 9. a) Photographic images of the thermo- and photochromic behav-
ior of the CdMOF. b) Photographs of the bleaching process from black to
dark yellow by O2 within 5 s. Reprinted with permission from Ref. [26c] .
Copyright 2013. The Royal Society of Chemistry.
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ty, and hypotoxicity.[27a] All test results demonstrated that the
sensitive biocompatible NMOF fluorescence probe of H2S pro-

vided a great opportunity for the development of probe-based
luminescence imaging techniques. Recently, the malonitrile-

functionalized ZIF-90 (MN-ZIF-90) was designed and synthe-
sized for quantitative fluorescent detection of H2S in HeLa cells
through significant fluorescence enhancement.[27b] The nitro-
functionalized MOF (UiO-66@NO2) synthesized by Ghosh et al.
also showed a fast and selective fluorescence turn-on response

towards H2S under physiology-mimicking conditions, even in
the presence of potentially interfering chemical species, based
on reaction-based fluorescence (Figure 10).[27c] The detection

limit is the range of H2S concentrations in biological systems. A
similar mechanism was applied by these authors to the detec-

tion of NO molecules. They prepared another amine-decorated

luminescent MOF UiO-66@NH2,[27e] which presented a fast re-
sponse towards NO with high selectivity and sensitivity in an

aerated aqueous medium owing to a deamination reaction of
aromatic amines in the presence of NO. The fluorescence of

the MOF gradually quenched along with the incremental treat-
ment of NO, even in the presence of other reactive nitrogen

species/reactive oxygen species. The limit of detection was
0.575 mm, which was close to the relevant cellular range of

NO. A CuII–TCA MOF (H3TCA = tricarboxytriphenylamine) with
thiphenylamine emitters was assembled by Duan and co-work-

ers.[27f] The characteristics of such a Cu–TCA are that its emis-
sion is very weak, but its fluorescence can be enhanced to ap-

proximately 700-fold towards NO, even in the presence of
other reactive species, including H2O2, NO3

¢ , ONOO¢ , ClO¢ ,
and O2. Such luminescent recovery in aqueous solution is at-

tributed to the reducing reaction from quenching CuII centers
to CuI ions because of NO coordinated to CuII centers. The
dual emitters from lanthanide and triphenylamine emission
make it a ratiomeric luminescent sensor towards NO.

The turn-on detection of NH3 at high temperature was ach-
ieved by Dincă et al. with ZnMOF and MgMOF sensors of

Zn2(TCPE) (TCPE = tetrakis(4-carboxyphenyl)ethylene) and

Mg(H2DHBDC) (H2DHBDC2¢= 2,5-dihydroxybenzene-1,4-dicar-
boxylate) ;[27g] these displayed a significant shift in the emission

maximum. The electrochemical response for formaldehyde was
reported by using a traditional semiconducting ZIF-67 with

a fast response at a low operating temperature (150 8C) and
a low detection limit of 5 ppm.[27j]

Biosensing

As mentioned previously, MOF-based sensors have proved to
be an effective method to sense NO and H2S under biological

conditions. This section focuses on the sensing of biological

molecules, such as human serum albumin, bacterial endo-
spores, and cancer cell apoptosis.[28, 29]

Lin et al. assembled a series of new core–shell nanocompo-
sites with a NMOF core[28a] and a silica shell through four steps:

first, the synthesis of the Ln(BDC)1.5(H2O)2 NMOF 8 (Ln = Eu3 + ,
Gd3 + , or Tb3 +) ; second, construction of poly(vinylpyrrolidone)

(PVP)-functionalized Ln(BDC)1.5(H2O)2 NPs (9) ; third, silica-

coated NMOF (10) with the desired shell thickness was
formed; and fourth, further functionalization of the silica sur-

face with a silylated Tb–EDTA monoamide (Tb-EDTM; EDTA =

ethylenediaminetetraacetic acid) derivative formed the 10’-Tb-

EDTM monoamide composite. The final NMOF composite ex-
hibited a turn-on luminescent response towards dipicolinic
acid (DPA; a major constituent of many pathogenic spore-
forming bacteria) owing to the formation of the Tb-EDTM-DPA

complex. Such ratiomeric sensors also display excellent selec-
tivity in the presence of other biologically prevalent interfer-
ences. Another NMOF of Eu2(FMA)2(OX)(H2O)4·4 H2O (FMA = fu-

marate, OX = oxalate) was synthesized by Qian and co-work-
ers;[28b] this NMOF also achieved the highly selective, sensitive,

and instant detection of DPA through a significant luminescent
enhancement by approximately 90 times for 2 ppm DPA

(Figure 11).

A MOF-based biosensor for double-stranded DNA (ds-DNA)
in vitro was developed,[28c] in which N,N-bis(2-hydroxyethyl)di-

thiooxamidatocopper(II) (H2dtoaCu) MOF was a platform to
absorb a dye-labeled triplex-forming oligonucleotide (TFO)

probe to quench its fluorescence owing to a PET process. Nev-
ertheless, the fluorescence could be recovered once the target

Figure 10. Top: Illustration of a nitro-functionalized MOF as a fluorescence-
based turn-on probe for H2S. a) Time-dependent fluorescence turn-on re-
sponse upon the addition of Na2S in HEPES buffer. b) Comparison of the
fluorescence turn-on response towards Na2S and competing biomolecules.
Reprinted with permission from Ref. [27c] . Copyright 2015 Wiley-VCH.
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ds-DNA was added because the TFO probe was released from

the MOF platform and interacted with DNA. It is a simple, cost-

efficient luminescent sensor that can recognize ds-DNA with
high sensitivity and selectivity. An amine-functionalized MOF

(UiO-66-NH2) was employed by Jiang et al. as an effective fluo-
rescent sensing platform for DNA detection.[28d] They also

found that the MOF could distinguish complementary and mis-
matched DNA sequences with high selectivity and sensitivity.
Hydrogen-bonding interactions between the MOF host and

single-stranded DNA (ssDNA) might explain such DNA detec-
tion. In addition to fluorescence sensors, a MOF-based electro-
chemical sensor was also designed for DNA detection. Lei et al.
fabricated FeTCPP@MOF composites (Figure 12),[28e] in which
iron(III) meso-5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin
chloride (FeTCPP) was encapsulated into HKUST-1 (Cu3(BTC)2),

then conjugated with a recognition element for streptavidin
(SA) in a one-step process. The composites could detect target
DNA down to 0.48 fm through the enhancement of the elec-

trochemical signal. Lei and co-workers adopted a similar as-
sembly method to construct another PS@MOF nanocomposi-

te,[28f] in which a porphyrin derivative, tetrakis(1-methylpyridini-
um-4-yl)porphyrin (TMPyP), and the photosensitizer (PS) were

incorporated into the cage of HKUST-1. The PS@MOF as

a nanoprobe achieved high efficiency in cancer therapy and in
situ therapeutic monitoring with caspase-3 activation. Addi-

tionally, electrochemical sensing for nonenzymatic glucose was
also reported with nickel(II)-based metal–organic coordination

polymer nanoparticle (NICPNP)/reduced graphene oxide (rGO)
nanocomposites.[28g]

Sensing of humidity

MOF-based sensors operating through changes to fluorescence

or electrochemical signals have also been successfully applied
to humidity measurements.[30] Dong et al. reported a naked-

eye colorimetric sensor for humidity with CuMOF.[30a] The color
of these crystals changed to red–brown from bright yellow

above 33 % relative humidity (RH), and the luminescent intensi-
ty was gradually quenched by encapsulated water molecules

after different times owing to nonradiative energy transitions
(Figure 13). Another LnMOF humidity sensor was also synthe-
sized by them with the heteroatom-rich mixed-ligand system

of pyridyl-4,5-imidazole dicarboxylic acid and oxalic acid.[30b]

The switching on and off of fluorescence for Ln3 + emitters can

be controlled by adsorbed and desorbed water based on O¢H
vibrational quenching.

A thin film of HKUST-1 was prepared by the groups of

Qiu[30c] and Robinson[30d] to be applied for the detection of
water vapor. Qiu et al. utilized a method of homogenous nu-

cleation to prepare a large-scale continuous thin film of
HKUST-1 on a polished copper slice (Figure 14 a–d).[30c] The film

sensor exhibited high sensitivity and repeatability based on
the humidity capacitance signal in the reverse order of humid-

Figure 11. a) The intensities of a solution of NMOF 8 hexagonal nanoplates
in ethanol with 1.0 ppm of different analytes. b) Photoluminescence spectra
of a solution of NMOF 8 in ethanol with the addition of different concentra-
tions of DPA. Reprinted with permission from Ref. [28b] . Copyright 2012.
The Royal Society of Chemistry.

Figure 12. A) Scheme for the synthesis of the FeTCPP@MOF-SA composite.
B) Electrochemical DNA sensing through allosteric switching of hairpin DNA.
C) Differential pulse voltammetry (DPV) responses of FeTCPP@MOF-SA to
target DNA at concentrations of 0, 10 fm, 100 fm, 1 pm, 10 pm, 100 pm,
1 nm, and 10 nm (from top to bottom). D) Calibration curve of current inten-
sity versus the logarithmic value of DNA concentration. Adapted with per-
mission from Ref. [28e] . Copyright 2015 American Chemical Society.
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ification and desiccation processes for RH values of 11.3, 32.8,
57.6, 75.3, and 84.3 %, with a rapid response and recovery time

(Figure 14 e). Robinson and co-workers prepared a MOF-func-
tionalized electrochemical sensor by growing a Cu-BTC film on

a surface acoustic wave (SAW) by using a layer-by-layer (LBL)

growth procedure to achieve the detection of water vapor at
sub-ppm concentrations.[30d]

Ruan et al. reported that amine-functionalized titanium MOF
NPs (NH2-MIL-125(Ti)) were coated on interdigitated electrodes

for humidity sensing based on the changes to the impedan-
ce.[30e] Manos et al. reported that MgMOF as an efficient sensor
capable of rapidly detecting traces (0.05–5 % v/v) of water in

different organic solvents based on the sensing mechanism
turn-on fluorescent enhancement.[30f]

pH sensing

The pH plays an essential role in regulating cellular behavior.

Fluorescence-based pH probes are highly desirable because
they may rapidly monitor minor pH changes in biological envi-
ronments and are usually nondestructive to cells.[31] Rocha

et al. reported a luminescent pH sensor composed of
[Eu3(C14H6N2O4)4(OH)(H2O)4]·2 H2O with a linear photolumines-

cence response within the pH range of 5–7.5.[31a] The most in-
teresting thing was that as a miniaturized pH sensor it ach-

ieved the self-calibration of the emitting signal.

An exceptionally stable porphyrinic zinc MOF (PCN-225 =

Zr6(m3-O)4(m3-OH)4(OH)4(H2O)4(H2TCPP)2) as a promising pH

sensor was synthesized by Jiang et al. with exceptional chemi-
cal stability in aqueous solutions over a wide pH range from

1 to 11.[31b] The luminescence intensity rose with increasing pH
over the whole experimental range (0–10.2). In particular, over

the pH range of 7–10, the fluorescence intensity exhibited
a close correlation with pH variation. Additionally, visual pH

sensing was achieved with another water-stable zirconium por-
phyrin MOF (PCN-222) based on a distinct reversible colorimet-
ric and fluorescent turn-off/turn-on pH response over the

range of 0–6.[31c] UiO-66-N=N-ind (UiO-66-N=N-ind1h and UiO-
66-N=N-ind3h) materials were synthesized by a postsynthetic

modification (PSM) diazotization strategy to improve UiO-66-
NH2. The UiO-66-N=N-ind3h sample exhibited a pH-dependent
fluorescence over the wider range of 1–12, compared with
a range of 1–9 for UiO-66-NH2.[31d] Lin et al. first used a new F-

UiO NMOF, in which fluorescein isothiocyanate (FITC) was con-
jugated to the bridging ligands of UiO NMOF by covalent
bonds, to give exceptional real-time intracellular pH sensing in

live cells.[31e] This provided an excellent tool for studying
NMOF–cell interactions.

Temperature sensing

The temperature-dependent luminescence is a very common
phenomenon, which has been utilized to develop luminescent

thermometers. The change of fluorescence intensity of MOFs
as the temperature varies is one method. Another method is

to construct dual-emitting MOFs with codoped lanthanide
compounds or introducing fluorescent materials such as dye

Figure 13. Left: Photographs showing the color changes of the bulk crystal
samples of CuIMOF in different atmospheres with different RH. Right: The
corresponding solid-state emission spectra of CuIMOF in different atmos-
pheres with different RH (33–78.5 %). Reprinted with permission from
Ref. [30a] . Copyright 2014 The Royal Society of Chemistry.

Figure 14. Top: a–d) Photographs and SEM images of an as-prepared film of
Cu3(BTC)2. Bottom: Temporal response to different RH values of the film
sensor. Reprinted with permission from Ref. [30c] . Copyright 2011 The Royal
Society of Chemistry.
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molecules as ratiometric thermometers. Qian et al. made
a prominent contribution to this field and summarized the

progress of MOF-based thermometers.[32] Some of the latest re-
ports have been updated in review articles.[33, 34]

The temperature-dependent luminescent behavior based on
mixed lanthanide MOFs, namely, Eu0.0069Tb0.9931-DMBDC

(DMBDC = 2,5-dimethoxy-1,4-benzenedicarboxylate), was re-
ported by Chen et al. ,[33a] in which the luminescent intensity of
the Tb3 + center decreases, but that of Eu3 + increases as the

temperature increases. All luminescent intensities of Tb3+ and
Eu3+ decrease gradually in Tb-DMBDC and Eu-DMBDC with in-
creasing temperature owing to the thermal activation of non-
radiative decay pathways. Since then, more mixed-lanthanide

MOFs have been constructed as luminescent thermometers for
different temperature ranges based on similar luminescent be-

havior.[33] The use of codoped LnMOFs as ratio- and colorimet-

ric luminescent thermometer is unquestionable because they
are not restricted by the concentration of luminescent centers

or optoelectronic drifts of the excitation source and detector.
Additionally, Wolfbeis and co-workers found that a single

LnMOF could also act as an excellent luminescence thermome-
ter based on changes to the luminescence intensity, which

might be easily detected.[34a] They prepared terbium tris[(2-hy-

droxy-benzoyl)-2-aminoethyl]amine (Tb-THBA) NPs. The lumi-
nescent intensity exhibited a significant temperature depend-

ence over the range of 20–65 8C (Figure 15). EuMOF NPs (Eu

tris(dinaphthoylmethane)–bis(trioctylphosphine oxide)) were
also synthesized by Wolfbeis et al. with decreasing fluores-
cence intensity as the temperature increased from 10 to
50 8C.[34b] The sensing resolution could be up to approximately
0.3 8C through the combination of fluorescence intensity and

lifetime data because it is known that only intensity-based
measurements might suffer from variation of the sensor con-

centration and drifts of the optoelectronic system (lamps and

detectors).
Apart from the above mixed- and single-lanthanide MOFs,

ratiometric temperature sensing may be achieved by dual
emitters composed of organic dyes and lanthanide ions be-

cause energy transfer between luminescent guest species and
lanthanide ions can be theoretically tuned through the inclu-

sion of different luminescent guest species based on spectral
overlap. A ZJU-88�perylene composite (ZJU-88 =

[Eu2(QPTCA)(NO3)2(DMF)4]·(CH3CH2OH)3) ; QPTCA =

1,1’:4’,1’’:4’’,1’’’-quaterphenyl-3,3’’’,5,5’’’-tetracarboxylic acid)

was fabricated by Qian et al. ;[34c] this composite exhibited high
sensitivity towards temperature owing to its unique energy

transfer between perylene molecules and lanthanide centers.
The linear relationship between the intensity ratio of Eu3+ ions
and perylene, as well as temperature, could be observed over

the range of 20 to 80 8C.
Transition-metal MOFs can also detect temperature. A

ZnMOF ([Zn3(TDPAT)(H2O)3] ; TDPAT = 2,4,6-tris(3,5-dicarboxyl-
phenylamino)-1,3,5-triazine) was constructed by Shi et al.[34d] to

quantitatively detect temperature from 164 to 276 K; the lumi-
nescence intensity increased with cooling temperature. Sun

and co-workers constructed a AgI
6¢ZnII

2 heterometallic aggre-

gate, (NH4)2{[Zn2(phen)2(H2O)4][Ag6(mna)6]}·2 H2O·2 CH3CH2OH
(H2mna = 2-mercaptonicotinic acid, phen = 1,10-phenanthrolin-

e),[34e] which exhibited interesting temperature-dependent pho-
toluminescence behavior, including gradual redshifts from l=

544 to 565 nm in the emission position and a dramatic en-
hancement in luminescent intensity from 298 to 77 K.

Summary and Outlook

The objectives of this review were to provide a summary and
classification for various MOF-based sensors operating under

different mechanisms of luminescent and optoelectronic re-

sponses (Table 1).
It is well known that luminescent MOFs show great promise

as various types of sensor owing to their remarkable structural
diversity and tunable luminescent properties. The majority of

luminescent-based MOF sensors operate by the turn-off mech-
anism of fluorescent quenching, and much fewer reports are

based on the turn-on mechanism, including the luminescent

enhancement or shift of the emission (color change). The turn-
on detection is more sensitive with lower detection limits be-

cause the naked eye can quickly recognize the strong emission
and color change in the visible range from a previously dark

background or originally low- and non-emitting MOF. In addi-
tion, it also exhibits better selectivity because the shift of the

emission peak is frequently specific towards target guest mole-
cules based on guest–host chemistry. More sensors can be fab-
ricated for the turn-on mechanism by designing a host materi-

al with stronger interactions towards a particular analyte. Elec-
tron and energy transfer between the analyte molecule and re-

lated MOF frameworks is the major contribution for lumines-
cent and electronic responses. Theoretical calculations can
effectively predict host–guest interactions and improve the
design of the structure of MOFs.

Apart from luminescent responses, some new emerging op-

portunities were found for using MOFs as electronic or optoe-
lectronic sensors through transduction mechanisms because

the features of long-range order and synthetic flexibility of the
MOF in a predetermined spatial orientation could be tuned for
specific properties. MOFs with good electric conductivity are
still very few because of the poor conductivity of organic link-

Figure 15. Luminescence spectra as a function of temperature and a photo-
graph of Tb-THBA NPs in an aqueous dispersion. Adapted with permission
from Ref. [34a] . Copyright 2010 American Chemical Society.
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ers in the MOF structures. However, MOF-based thin films or

NPs deposited on a variety of substrates, as well as incorporat-

ing other conductive materials into the channels, may improve
their conductivity. Some MOF-based sensors discussed herein

have been successfully applied as electrochemical sensors with
excellent results. However, the field of MOF-based electro-

chemical sensors is still very new, and related reports are very
limited.

To further improve the detecting ability and directional se-

lectivity of sensors, various functional MOFs have been suc-

cessfully constructed, such as MOF NPs, MOF thin films, and
functionalized MOFs modified by specific organic groups. The

in-depth analysis of the sensing mechanism is the most funda-
mental thing to achieve the controllable syntheses of MOF

sensors with high selectivity for target compounds. Some rela-
tionships between structure and luminescent behavior have

Table 1. A summary of the luminescent or electrochemical response and sensing applications of selected MOFs.

Response mechanism MOFs Ligands Target Ref.

turn-on shift of
emission

[Zn2(bdc)2(dpNDI)]n bdc, dpNDI functionalized
aromatics

[7a]

CdL3
2 L3 = 4-amino-3,5-bis(4-pyridyl-3-phenyl)-1,2,4-triazole [7b]

[Zn3(OH)2(btca)2]·DMF·4 H2O H2btca = benzotriazole-5-carboxylic acid [7c]
OH-MOF-74 (E)-3-(2-hydroxyl-phenyl)acrylic acid) [7d]
[Cd(ClO4)2(L3)2]·2 CH2Cl2 L3 = 4-amino-3,5-bis(4-pyridyl-3-phenyl)-1,2,4-triazole) [8k]
{[(WS4Cu4)I2(dptz)3]·3 DMF}n dptz VOC molecules [8a]
H2O�Cu2(L10)2I2 L10 = 1-benzimidazolyl-3,5-bis(4-pyridyl)benzene [8b]
[Zn7(ip)12](OH)2 Hip = 1H-imidazo[4,5-f][1,10]phenanthroline [8d]
NUS-1a 4,4’-(2,2-diphenylethene-1,1-diyl)dibenzoic acid [8g]
[Zn4O(benztb)(btb)2/3] benztb = N,N,N’,N’-benzidinetetrabenzoate [8f]
[Zn4(dmf)(ur)2(ndc)4] ndc = 2,6-naphthalenedicarboxylic acid, ur = urotropin [8h]
[In2(OH)2(TBAPy)]·(guests) TBAPy = 1,3,6,8-tetrakis(p-benzoic acid)pyrene [8j]
Zn2(C30H16O8)(H2O)2·4 DEF C30H16O8 = tetrakis(4-carboxyphenyl)ethylene organic amines [8e]
Mg–NDI NDI [34c]
[Cd8(p-ClPhHIDC)12(4,4’-bipy)6] p-ClPhH3IDC = (4-chlorophenyl)-1H-imidazole-4,5-dicarboxylic acid pyridine [12q]
{[Cu(pytpy)]·NO3·CH3OH}n pytpy = 2,4,6-tris(4-pyridyl)pyridine different ions [25e]

increasing
luminescent
intensity

[Eu2L1
3(H2O)4]·3 DMF L1 = 2’,5’-bis(methoxymethyl)-[1,1’:4’,1’’-terphenyl]-4,4’’-dicarboxy-

late
DMF vapor [4a]

{[Ln(OAc)2(H2O)(OBPT)]·3 H2O}n HOBPT = 4,6-bis(2-pyridyl)-1,3,5-triazin-2-ol DMF solution [4b]
{[Me2NH2]0.125[In0.125(H2L11)0.25]·x DMF}n H4L11 = 4,8-disulfonyl-2,6-naphthalenedicarboxylic acid Tb3+ [16l]
CdMOFs H6L5 = hexa[4-(carboxyphenyl) oxamethyl]-3-oxapentane acid Tb3+ [16d]
{[La2(PDA)3(H2O)4]·H2O}1 H2PDA Pb2 + , Ca2+ [20c]
Zn(btdb)(DMA)·H2O btdb = 4,4’-(benzothiadiazole-4,7-diyl)dibenzoate Cd2 + [20d]
Eu3 +@UiO-66(Zr)(COOH)2 bdc Cd2 + [20a]
{RuII(tBubpy)(CN)2[(CN)CuII(dien)L]2}2 + tBubpy, dien CN¢ [24f]
[Zr6O4(OH)4(NO2-bdc)6]n NO2-bdc H2S [27c]
Cu-TCA H3TCA NO [27f]

turn-off luminescent
quenching

{[EuL2
2(H2O)3](NO3)} HL2 = 4-(pyrimidin-5-yl) benzoic acid amine vapors [5a]

[Eu3(bcbp)3(NO3)7(OH)2]n H2bcbp·2 Cl = 1,1’-bis(4-carboxyphenyl)(4,4’-bipyridinium) dichlor-
ide

amine solutions [5h]

[Li2(H2pml)]·C4H8O2 H4pml = 1,2,4,5-benzenetetracarboxylic or pyromellitic acid NB [8i]
[Eu(BTPCA)(H2O)]·2 DMF·3 H2O H3BTPCA = 1,1’,1’’-(benzene-1,3,5-triyl)tripiperidine-4-carboxylic

acid
Fe3+ [18g]

{[Tb(BTB)(DMF)]·1.5 DMF·2.5 H2O}n BTB Fe3+ [18a]
[Ln(BTATB)(DMF)2(H2O)]·DMF·2 H2O H3BTATB = 4,4’,4’’-[benzene-1,3,5-triyltris(azanediyl)]tribenzoate Zn2 + [19d]
MIL-53(Fe) bdc Hg2 + [21b]
UiO-66@NH2 bdc NO gas [27e]

electrochemical
response

ZnO@ZIF-8 nanorods 2-methylimidazole H2O2 [12r]

GR-5/(Fe-TCPP)n-MOF TCPP = 5,10,15,20-tetrakis(4-carboxyl)-21H,23H-porphyrin Pb2 + [23a]
MOF-5 thin films bdc ascorbic acid [25j]
HKUST-1-GO composites BTC ammonia [27i]
ZIF-67 2-methylimidazole formaldehyde

gas
[27j]

Cu(bdc)·x H2O bdc humidity [30j]
NH2-MIL-125(Ti) NH2-bdc = 2-aminoterephthalic acid humidity [30e]

ChemPlusChem 2016, 81, 675 – 690 www.chempluschem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim687

Reviews

http://www.chempluschem.org


been revealed through theoretical methods. Based on theoreti-
cal results, the direction of charge/energy transfer between

MOFs and analyte can be confirmed, so it will be feasible to re-
alize controlled luminescent changes through adjusting the

electronic structure with specific functional groups, and further
achieve MOF sensor materials through rational design. This is

a very important yet challenging issue because of the difficulty
in forming target products because these are affected by vari-

ous factors. In addition, some issues during practical applica-

tions still need to be improved; these include the stabilities of
recycling, the cost of materials, and portability. Therefore, con-

tinuous efforts will be invested in this field, especially for MOF-
based electrochemical sensors based on MOF NPs and mem-

branes, which are still in their infancy.
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Swager, M. Dincă, Angew. Chem. Int. Ed. 2015, 54, 4349 – 4352; Angew.
Chem. 2015, 127, 4423 – 4426; c) G. Giancane, V. Borovkov, Y. Inoue, L.
Valli, J. Colloid Interface Sci. 2012, 385, 282 – 284; d) K. Sel, S. Demirci,
O. F. Ozturk, N. Aktas, N. Sahiner, Microelectron. Eng. 2015, 136, 71 – 76;
e) Y. Lin, C. Wang, Y. Pan, L. Xiang, Y. Liu, Chem. Lett. 2015, 44, 887 – 889;
f) R. Fu, S. Hu, X. Wu, CrystEngComm 2011, 13, 6007 – 6009; g) S.-M. Hu,
H.-L. Niu, L.-G. Qiu, Y.-P. Yuan, X. Jiang, A.-J. Xie, Y.-H. Shen, J.-F. Zhu,

Inorg. Chem. Commun. 2012, 17, 147 – 150; h) J.-J. Liu, Y.-F. Guan, M.-J.
Lin, C.-C. Huang, W.-X. Dai, Cryst. Growth Des. 2015, 15, 5040 – 5046.

[6] B. Chen, S. Xiang, G. Qian, Acc. Chem. Res. 2010, 43, 1115 – 1124.
[7] a) Y. Takashima, V. M. Mart�nez, S. Furukawa, M. Kondo, S. Shimomura, H.

Uehara, M. Nakahama, K. Sugimoto, S. Kitagawa, Nat. Commun. 2011, 2,
168; b) Q.-K. Liu, J.-P. Ma, Y.-B. Dong, J. Am. Chem. Soc. 2010, 132, 7005 –
7017; c) J. Xiao, Y. Wu, M. Li, B.-Y. Liu, X.-C. Huang, D. Li, Chem. Eur. J.
2013, 19, 1891 – 1895; d) G.-l. Liu, Y.-j. Qin, L. Jing, G.-y. Wei, H. Li, Chem.
Commun. 2013, 49, 1699 – 1701.

[8] a) Z.-Z. Lu, R. Zhang, Y.-Z. Li, Z.-J. Guo, H.-G. Zheng, J. Am. Chem. Soc.
2011, 133, 4172 – 4174; b) Y. Yu, J.-P. Ma, C.-W. Zhao, J. Yang, X.-M.
Zhang, Q.-K. Liu, Y.-B. Dong, Inorg. Chem. 2015, 54, 11590 – 11592; c) A.
Mallick, B. Garai, M. A. Addicoat, P. S. Petkov, T. Heine, R. Banerjee,
Chem. Sci. 2015, 6, 1420 – 1425; d) X.-L. Qi, R.-B. Lin, Q. Chen, J.-B. Lin, J.-
P. Zhang, X.-M. Chen, Chem. Sci. 2011, 2, 2214 – 2218; e) N. B. Shustova,
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