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Abstract. The metal–organic frameworks (MOFs) or porous coordination polymers (PCPs) are a class of
porous, crystalline material with numerous possibilities of real-world applications including storage, separation, catalysis, sensing etc. The possibility of intrinsic crystallinity and virtually inﬁnite metal/metal-oxo
nodeandorganiclinkercombinationmakeitaperfectmaterialforphotophysicalstudies.Inthelastdecade,
luminescentMOFshaveemergedasanexcellent modularmaterialforvariousopticalapplications,andhere,
we have disDusTed about its design strategies. In this review, with relevant examples we have highlighted
therational design approach, possible applications (light emitting diodes, sensing) and future directions
inluminescent MOFs.
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1. Introduction
Crystalline metal–organic frameworks (MOFs) or
porous coordination polymers (PCPs) have gained
popularity over the years due to its intrinsic porosity,
astonishingly high surface area and structural modularity.1–5 By connecting the metal or metal–oxo node
to the functionalized organic linkers, virtually inﬁnite
number of structures can be constructed and the current library of MOF structures have exceeded
70,000.6–8 The increasing interest in MOF research is
stimulated by the enormous possibility of applications
in diverse ﬁeld of materials science. Apart from the
gas storage and separation applications,9–11 MOFs
have also been explored in catalysis,12,13 sensing,14,15
drug delivery,16,17 photoswitch,18 optics,19 electronics20 etc. As MOFs are crystalline with regular structures and most of the optically active organic
chromophores (as linker) or metal ions (rare-earth) can
be integrated in it, the optical properties of MOF have
gained massive popularity (Figure 1).
Luminescent MOFs can be regarded as an excellent
platform for studying the photophysics and to explore
new optical properties. This is because of the
*For correspondence

following reasons: (i) crystallinity or periodicity of
MOFs can strongly reduce nonradiative paths and
enhance luminescence efﬁciency; (ii) optical properties are sensitive to molecular geometry and environment, in MOF metal and linker, geometries are welldeﬁned and hence modulation and structure-property
correlation is straight forward; (iii) isoreticular synthesis approach can be used to construct numerous
MOF structures without changing the structural
topology, i.e. different organic chromophores (linkers)
or metals can be assembled with identical spatial
disposition; (iv) intrinsic porosity of MOFs allows
encapsulation of luminescent chromophores as well as
solvent molecules as guests that can inﬂuence MOF
emission properties leading to potential sensing
applications. Based on these features, a number of
optical properties and related applications have been
explored in MOFs in last decade and a handful of
review articles have highlighted the state-of-art
research in this ﬁeld (Figure 1). 77,78,80 In this review,
we have focused on the design strategies undertaken to
construct luminescent MOFs and their applicability.
A photoexcited electronic state of organic chromophore or rare-earth metal can have multiple paths of
relaxation. In certain cases of organic chromophores,
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Figure 1. Schematic showing three possible strategies in
constructing luminescent MOFs and their possible
applications.

conformational change and chemical bond formation
or cleavage are also possible outcomes. However, a
majority of the absorbed photon energy is released via
non-radiative or radiative pathways. The radiative
energy is observed as luminescence and its timescale
can vary from 1 to 10-12 s. For organic chromophores,
typical singlet excited state lifetimes are in the
nanosecond range, while triplet state lifetimes can
reach up to millisecond (phosphorescence). In the case
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of rare-earth metals, typical life-time of the excited
state is always in microseconds or above. The other
important parameter, quantum yield, is however related to non-radiative vs radiative rates and can vary
largely from system to system.
To introduce similar luminescent or optical properties in MOF structures, the following three strategies
have demonstrated: (A) linker-based, (B) guest-based,
and (C) node or metal-based (Figure 1). In the ﬁrst two
approaches (A and B), the organic chromophores such
as naphthalene, anthracene, pyrene etc. are functionalized (–COOH, –OH, NH2 etc.) for metal coordination or encapsulated in the pores as guest via
noncovalent interactions. By this approach, luminescence is directly achieved from the linker, guest, or
linker-guest pair. Coordination of linkers to the metal
center can also lead to metal-to-ligand or ligand-tometal charge transfer (MLCT or LMCT respectively),
21,22
which is an alternative path for obtaining luminescence. To illustrate on the development of A and B
approaches, we have listed all the major ﬁndings with
relevant chemical structure of the linkers/guests at the
end of section 3 (Table 1).
In approach C rare-earth metals such as terbium
(Tb), europium (Eu), samarium (Sm), dysprosium
(Dy), neodymium (Nd) etc., are the source of luminescence. However, the coordination by organic linkers is very important towards the rare-earth-based
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luminescence, since the organic linkers act as the light
absorbing antenna. Further discussion on the antenna
effect is detailed in the relevant section. In the following sections, we introduce three approaches of
designing luminescent MOFs and also discuss their
potential applications in the ﬁelds of sensing, display
technology, luminescent thermometers, etc.

2. Linker-based luminescence
In this section, we review the basic concepts that are
used to synthesize luminescent MOFs with high lifetime and quantum yield. In general, the luminescent
organic linkers are a straight forward choice to construct luminescent MOFs. However, the luminescent
property can be remarkably improved and tuned by
integrating organic linkers in MOF structure. Structural periodicity and well-deﬁned geometry of the
linkers (chromophores) allow easy manipulation and
prediction of the luminescence characteristics.
In the pristine, non-coordinated form of the organic
luminescent chromophores, their packing arrangement
and possible luminescence are highly unpredictable.
For example, anthracene is intense blue emissive in
solvated state (monomer), while in solid state cyan
emission is observed due to formation of excimer. On
the other hand, perylene in solvated state (monomer)
has bright green emission, but is non-emissive in the
solid powder state due to aggregation caused
quenching (ACQ) phenomena or can also show red
emission due to excimer formation. The solid-state
assembly of such chromophores can be rationalized by
integrating them as a linker in metal–organic frameworks. Rosseinsky et al. 23 demonstrated this approach
by using a linker based on luminescent pyrene chromophore (1,3,6,8-tetrakis(p-benzoic acid)pyrene =
TBAPy). They could crystallize a 3D porous InTBAPy MOF which showed linker-centered bright
blue emission with a ﬂuorescence quantum yield of
6.7%. The maximum emission for MOF (471 nm) was
found to be blue shifted (higher energy) compared to
the non-coordinated TBAPy linker in solid state (529
nm), which suggests that the linkers are spatially
separated in the MOF structure. Further, the emission
lifetime increased up to 0.110 ms from 0.089 ms for
the noncoordinated TBAPy linker. This reinstated that
metal-coordination reduces nonradiative deactivation
process and enhance ﬂuorescence intensity and lifetime. This result supported the earlier investigation by
Allendorf et al.19 on a stilbene-based MOF structure,
in which coordination induced rigidity enhanced the
ﬂuorescence intensity of the MOF (or linker). 24 In the
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later years, an extension of this concept resulted
‘‘coordination
induced
emission’’
in
tetraphenylethylene (TPE) based MOFs (Figure 2a).25–27
Dincă et al. 25 synthesized tetracarboxylate functionalized TPE-based MOFs in which the rotational freedom of the phenyl groups around the C–C bond is
restricted. This rigidiﬁed TPE linker showed turn-on
emission, while the non-coordinated monomer state
(solvated) is completely non-emissive due to lack of pconjugation and free rotation of the phenyl rings which
open up the non-radiative pathways. Restriction of
rotational freedom of TPE in MOF state reduced the
nonradiative decay rates, but quantum yield of emission did not enhance appreciably (*2% after removal
of guest solvents). This is attributed to low energy
barrier (11.3 ±2 kcal/mol) of phenyl group rotation in
the MOF structure. Later, Zhou et al.2 improved the
ﬂuorescence quantum yield up to *100% (inert
atmosphere), by further modiﬁcation of the TPE-linker
and integrating in a Zr-based 3D MOF structure.28
Note that this concept of CIE is similar to the existing
concept of ‘‘aggregation-induced emission (AIE)’’,
very often explored in other areas of organic materials.
Further investigations were also done by Li et al.9 on
TPE-linker based MOFs29 and very recently thin ﬁlms
of TPE-based MOF was also realized having ﬂuorescence quantum yield of *34% at ambient condition.30
Inter-linker interaction (dipole–dipole interaction) is
also an important parameter that affects emission
properties in MOF. Two types of aggregations, H-type
and J-type, are result of face-to-face and head-to-tail
dipole–dipole interaction, respectively.31 Among
which J-aggregated state is emissive. But, occurrences
of this emissive state in organic supramolecular
assemblies are less frequent and mostly serendipitous.
Using MOF, it has been possible to construct ﬂuorescent J-aggregated assembly of perylene32 and coresubstituted naphthalenediimide (cNDI). 33 For perylene, a K-based 3D framework ([K8(PTC)2(H2O)1.54H2O]; PTC = perylenetetracarboxylate) was
synthesized using tetracarboxylate-functionalized
perylene linker and a red emissive J-aggregated state
was realized (Figure 2b). For ﬂuorescent cNDI J-aggregate formation, a de novo crystal engineering
strategy was implemented, and detailed theoretical and
spectroscopic analyses were performed.
Another type of linker-based ﬂuorescence was
investigated in our research group based on excited
state intramolecular proton transfer (ESIPT) 34 process. ESIPT is a process of excited state relaxation
through tautomerization by transfer of proton (keto–
enol tautomerization) and materials with such feature
ﬁnd applications in optical sensing, photochromics and
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Table 1. Chemical structures of the linkers and guest chromophores used in luminescent MOF construction by approach
A and B.
Chemical structure of linker/guest chromophores

Emission/photophysical properties

Reference

Linker-based emission

23

Linker-based emission

24

Linker-based emission; guest loading and
dual emission

64

Coordination induced emission

25–27

Coordination induced emission;
Guest-based emission

28

Coordination induced emission

30

J-aggregated emission

32

52
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Table 1. (contd)
Chemical structure of linker/guest chromophores

Emission/photophysical properties

Reference

J-aggregated emission

33

ESIPT-emission

34

TADF-emission

41

Linker-based emission, strut-to-strut FRET

44
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Table 1. (contd)
Chemical structure of linker/guest chromophores

Emission/photophysical properties

Reference

Linker-based emission, FRET, anisotropic energy transfer

46

Photon upconversion, triplet-triplet annihilation

48

MLCT emission

21

LMCT emission

22

Guest-based phosphorescence

50
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Table 1. (contd)
Chemical structure of linker/guest chromophores

Emission/photophysical properties

Reference

Guest-based emission, white light emission

53

Guest-based emission, gas detection

55

Guest and linker-based dual emission, VOC sensing

64

Guest and linker-based dual emission, solvent sensing

65
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Table 1. (contd)
Chemical structure of linker/guest chromophores

Emission/photophysical properties

Reference

Charge transfer emission with aromatic guests, molecular
decoding

66

Charge transfer emission, emission ampliﬁcation by energy
transfer, amine recognition

70

Pre-associated exciplex and energy transfer ampliﬁed
emission

74
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Table 1. (contd)
Chemical structure of linker/guest chromophores

white-light emissive display.34 By using a 2,5-dihydroxytherepthalate (DHT) linker as the ESIPT active
unit, a porous Mg-DHT MOF was synthesized, which
exhibited solvent polarity dependent luminescence
(blue to yellow) feature (Figure 3, a&b).35 A blue
emission was observed in ethanol corresponding to the
enol form, whereas in DMSO and water, a bright green
ﬂuorescence was observed indicating characteristic of
ESIPT process. In the following years, using the same
MOF or same DHT linker-based MOFs, several
sensing applications were realized, e.g., trace amount
water sensing,36 ammonia sensing,37 metal ion sensing38,39 and a few of those are discussed further.
Free –OH group (Lewis basic site) and a conﬁned
pore structure in the Mg-DHT MOF was found to be
ideal for sensing applications. This feature was
explored for selective Cu2? sensing in DMSO.39
Among the other transition metals and metals with d10
and p6 outer-shell conﬁguration, it was revealed that
Cu2? can effectively stop ESIPT-based ﬂuorescence.
While Cu2? did not show such quenching effect on the
DHT-linker alone, which supports the fact that

Emission/photophysical properties

Reference

CT emission ampliﬁed by energy
transfer, Al3? sensing

75

CT emission ampliﬁed
by energy transfer

76

conﬁned pores with free –OH group is the key to such
sensing process. In another example, Mg-DHT MOF
showed distinct ﬂuorescence red shift in the presence
of NH3 gas selectively.37 In situ IR studies revealed
that the primary interaction occurred with Mg2? but
not with –OH in the framework. As the permanent
porosity and solvent responsive, optical change are
ideal towards efﬁcient sensing material fabrication and
ESIPT-based luminescent MOFs which can be the
potential material to fulﬁll the material demand.
As MOFs with suitable processibility can be used in
solid state lighting (SSL) technology, enhancement of
ﬂuorescence quantum yield of MOF has received
substantial attention. One emerging photophysical
process, temperature assisted delayed ﬂuorescence
(TADF) has gained signiﬁcant interest in this regard,
as employing TADF-based chromophores electroluminescent material can be fabricated.40 Adachi et al.
41
recently reported a Zr-MOF structure based on
TADF-active organic linker (Figure 3c). Detail photophysical characterization of the non-coordinated
linker and the MOF revealed that the delayed
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2. (a) 2D structure of the MOF;25 (b) diffused
reﬂectance (dotted lines) and emission (solid lines) spectra
of H4TCPE (blue), 1 (red), and 2 (green). (inset) An
epiﬂuorescence microscopy image for a crystal of 2.
Reproduced with permission from ref.25. Copyright 2011
American Chemical Society. (c–d) (i–iv) coordination
environment of K(I), view of K(I)–O layer, and 3D
structure from different crystallographic axes; (e) (left)
J-type packing of perylenetetracarboxylate linkers in a K?based 3D framework, (right) absorption and emission
proﬁles of the free linker (black) and MOF (red).32
Reproduced with permission from ref.32. Copyright 2016
American Chemical Society.

b Figure

ﬂuorescence lifetime is decreased in MOF environment to 180 ls and the ﬂuorescence quantum yield
was found to be *30% under inert condition. Evidently, further investigations on TADF-type linkerbased MOFs are necessary that can open up a new
direction towards SSL technology.
The other intriguing feature of the linker-based
luminescence in MOFs is the study of energy transfer
process, one of the fundamental steps in artiﬁcial
photosynthetic system. Two primary mechanisms for
energy transfer are Förster and Dexter processes,
where the ﬁrst is controlled by non-radiative pathways,
and the other by the electron transfer pathways,
respectively. MOFs are ideal platform to study those
photophysics, as the spatial geometry and distance are
well-deﬁned in the periodic lattice of MOFs. Moreover, the structural modularity allows the possibility of
integrating different donor–acceptor chromophores in
the crystalline lattice as a linker (strut) or guest (discussed in the following section of guest/guest-linker
based luminescence). Readers are encouraged to follow the reviews by Shustova et al.,42 and Farha et al.
43
which elaborate on the further advantages of MOFs
to study energy transfer related photophysics. In the
current discussion, we have only described design
strategies adopted to efﬁciently harvest photon energies and possible applications.
Among those demonstrated strategies to achieve
energy transfer in MOFs, a strut-to-strut energy transfer
in pillared-layer MOF using boron dipyrromethene
(donor) and zinc metalated porphyrin (acceptor) as
FRET pair by Hupp et al.44 was found to be an elegant
method (Figure 4a). This is because the spatial geometry of the FRET pair is well-deﬁned in MOF. Following
this approach, Shustova et al.45 realized an efﬁcient
energy transfer process in a FRET pair of methyl-2-(4(2,5-di(pyridin-4-yl)benzylidene)-2-methyl-5-oxo-4,5dihydro-1H-imidazol-1-yl)acetate (DPB-BI, donor)
and tetrakis(4-carboxyphenyl)-porphyrin (H4TCPP,
acceptor), which are bio-mimic of a didomain protein
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made from a green ﬂuorescent protein variant (EGFP)
and a heme-binding protein, cytochrome b562, respectively. Later, in another example of strut-to-strut energy
transfer, a MOF-on-MOF strategy was implemented to
demonstrate the anisotropic energy transfer in a periodic
stack of diphenylanthracene chromophoric linkers (Figure 4b).46 To demonstrate the energy transport
directionality, a layer-by-layer (lbl) liquid-phase
heteroepitaxy method was used to grow heterostructured donor–acceptor surface-anchored MOF. Strut-tostrut strategy was also explored to demonstrate switch
on–off energy transfer by incorporating a photoswitch
bis(5-pyridyl-2-methyl-3-thienyl)cyclopentene
(BPMTC) as energy accepting linker.47 Compared to
FRET process, the study on DEXTER process is limited
in MOFs. A notable example of triplet energy transfer
was reported by Howard et al.48 Using a lbl approach
heteroepitaxial MOF-on-MOF structure was constructed and DEXTER process was observed across the
organic–organic interface among porphyrin and
diphenylanthracene linkers.
Non-linear optical response is another aspect of
linker-based luminescent MOFs. Apart from the previous example of triplet–triplet annihilation, multiphoton absorption and stimulated emission in MOFs
have also been demonstrated. For more information,
readers are encouraged to follow the review by Fischer
et al. 49
Charge transfer between metal-to-linker (MLCT)
and linker-to-metal (LMCT) are the other possible
mechanism of luminescence in MOFs. A possibility of
MLCT arises with easily oxidizable metal ions, such
as Cu(I) or Ag(I) or very easily reducible organic
linker. On the other hand, examples of LMCT emission in Zn(II)/Cd(II) (ﬁlled d-shell) are very frequent.
In these cases of MLCT or LMCT, the emission
quantum yield or lifetime has not been substantially
improved in comparison with the previously described
cases of aggregation/ESIPT/TADF/energy transfer
etc.21,22

3. Guest or guest-linker-based luminescence
The intrinsic modular porosity in MOFs provides an
opportunity to encapsulate guest chromophore of
choice. Encapsulation can be selective based on pore
size or pore functionality. The resultant host–guest
structure can either show only guest-based emission
feature or new host–guest emission from newly
formed excimer, charge transfer state or due to energy
transfer (FRET). In this section, we discuss these two
possibilities with relevant exemplary cases.
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Figure 3. (a) Crystallographic structures of Mg-DHT MOF and (b) its luminescence color in different solvents;35
Reproduced with permission from ref.35. Copyright 2010 Royal Society of Chemistry. (c) 3D porous structure of Mg-DHT
MOF with –OH groups for metal encapsulation and ﬂuorescence quenching in presence of Cu2?;39 Reproduced with
permission from ref.39. Copyright 2012 American Chemical Society. (d) Schematic structure of Zr-tpdc MOF and HOMOLUMO electron density map of the linker; (e) absorbance and photoluminescence spectra of the non-coordinated linker
(H2tpdc-dpa) and MOF (UiO-68).41 Reproduced with permission from ref.41. Copyright 2018 Royal Society of Chemistry.

Encapsulation of luminescent guest in MOF pores is
a straightforward approach to obtain luminescent
solid. One predictable advantage of encapsulation is
that the non-radiative energy loss can be controlled in
the conﬁned nanospace. As an example, long-lived
phosphorescence was achieved by coronene dye
encapsulation in the pores of ZIF-8 (zeolitic imidazolate framework) (Figure 5a).50 To achieve longlived phosphorescence, it is important to minimize
non-radiative decay rates and any other energy transfer
or quenching process. By encapsulation of coronened12 (molecular size 1.17 nm) inside the ZIF-8 pores
(pore diameter 1.16 nm), inter-coronene interaction
and lattice vibrations were reduced and as a result
long-lived phosphorescence (22.4 ± 0.05 s) from the
triplet excited state of coronene was observed.
Advantage of pore conﬁnement is reinstated by
Shustova et al.51 and it was demonstrated that ﬂuorescence of benzylidene imidazolidinone core in the
artiﬁcial porous scaffold of MOF is similar to that

obtained by the protein ß-barrel structure (green ﬂuorescent protein). Later, Howard et al.52 showed
another approach to obtain efﬁcient luminescence by
conﬁned-guest chromophore in MOF. Instead of
coordination-based approach (vide supra), tetraphenylethylene chromophores were encapsulated in a
surface-anchored MOF and the phenyl ring rotation
was suppressed to achieve a ﬂuorescence quantum
yield of *50%. These examples clearly establish the
advantage of encapsulation or conﬁnement-induced
ﬂuorescence in MOF and a future direction to achieve
bright emissive solid-state material.
In another approach of guest encapsulated MOF
emission by Li et al.53, an yellow emissive Ir-complex
([Ir(ppy)2(bpy)]?; ppy = 2-phenylpyridine, bpy = 2,20 bipyridine) was encapsulated in a blue emissive MOF
(Figure 5b). This resulted in a white light emissive
phosphor with quantum yield of *20.4%. Encapsulation of such inorganic complex-based phosphors in
the MOF pores54 is evidently an effective method to

J. Chem. Sci. (2020)132:99

Figure 4. (a) Strut-to-strut energy transfer MOF;44 Reproduced with permission from ref.44. Copyright 2011 American Chemical Society. (b) schematic structure of a
SURMOF-2 type Zn-ADB structure showing 1D energy
transport.46 Reproduced with Creative Commons License
from ref.46.

achieve high ﬂuorescence efﬁciency and the later
section of metal-based emission highlights the further
advantages.
Using the concept of encapsulated guest-based
emission, Kitagawa et al.55 reported a potential gas
sensor material. In this report, ﬂuorescent distyrylbenzene (DSB) was encapsulated in ﬂexible MOF
([Zn2(terephthalate)2(triethylenediamine)]) to make a
emissive porous host for CO2 gas sensing. Intrinsic
ﬂexibility in the DSB@MOF allowed diffusion of CO2
in the remaining void space, and structural rearrangement of the DSB chromophores resulted in different emission color. This easy readout gas sensing
approach using guest@MOF approach is intriguing
and validates the potential of luminescent MOFs for
sensing application.
Host–guest energy transfer by FRET mechanism is
another exciting aspect. Encapsulation of suitable guest chromophore, i.e. a chromophore having
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absorption proﬁle that overlaps with the framework
emission spectrum can efﬁciently harness the host
energy. This is a popular approach to study FRET
process and achieve tunable emission color, and for
sensing applications. Considering the large number of
such reports56–62 and the existing review articles providing in-depth discussions,43, 63 in this review we
took only a few examples that demonstrated new
applications based on this approach. Wang et al.64
reported a host–guest energy transfer approach to
achieve two-color emission (blue/red) which was
explored for volatile organic chromophores (VOC)
sensing. In this approach, 4-(dicyanomethylene)-2methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM)
chromophore was encapsulated in a blue emissive
MOF to obtain two color emission. Photophysical
characterization revealed a FRET process from blue
emissive host to red emissive DCM. Exposure to
VOCs tuned this FRET process, leading to a change in
blue/red emission ratio and revealed distinct color for
each solvent (methanol, acetone and toluene). In the
recent report, a ﬂexible supramolecular MOF was used
as a host to encapsulate ﬂuorescein (ﬂ).65 The
ﬂ@MOF exhibited a FRET from MOF to ﬂ, and a
bright dual emission feature (blue/green) was
observed. Interestingly, ﬂ@MOF contained signiﬁcant
void space for solvent vapor diffusion, as realized by
vapor adsorption experiments. Hence, ﬂ@MOF upon
exposure to solvent vapors (DMF, methanol, benzene,
DMSO and acetonitrile) exhibited distinct emission
color (changed blue/green ratio) due to different FRET
efﬁciency among host–guest. Such ﬁngerprint color
sensing mechanism is a promising method for further
utilization of luminescent MOFs in optical sensing
purposes.
In the context of molecular sensing, a new approach
was demonstrated by Kitagawa et al.66 to decode guest
molecule by emission color. A 3D, two-fold interpenetrated, ﬂexible porous framework containing NDI
as an electron efﬁcient core was used as host.
Encapsulation of aromatic guests such as toluene
resulted in a speciﬁc interaction with the NDI-linker of
the framework (charge transfer, CT). This CT complex
emission color varied according to the nature of
interaction, and resulted in speciﬁc color for each
aromatic guests. Similar CT state formation by host–
guest interaction was also explored by other research
groups,67–69 but such molecular decoding phenomenon
was intriguing.
In 2014, Maji et al.70 presented a new ﬂuorescent
supramolecular host structure, which featured adaptable nanospace capable of encapsulating different
aromatic amines and exhibited characteristic emission
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Figure 5. (a) (left) Structure of coronene encapsulated
ZIF-8 pores; (right) photographs of coronene encapsulated
ZIF-8 crystal under UV light illumination and immediately
after switching off UV-light;50 Reproduced with permission
from ref.50. Copyright 2016 Wiley and Sons. (b) Crystal
structure of the blue emissive MOF, [(CH3)2NH2]15.
[(Cd2Cl)3(TATPT)4]
(TATPT=
2,4,6-(2,5-dicarboxylphenyl-amino)-1,3,5-triazine) and emission colors
after encapsulation of [Ir(ppy)2(bpy)]?.53 Reproduced with
Creative Commons License from ref.53.

color (Figure 6a). Using naphthalenedicarboxylate
(ndc) and 1,10-phenanthroline (o-phen) linkers as
chromophoric units, a 1D coordination polymer was
synthesized, which contained a supramolecular pocket
accessible to aromatic guests like aniline, N-substituted aniline and N-substituted toluidine. Encapsulation into the supramolecular pocket is driven by
noncovalent interactions, and intrinsic ﬂexibility of the
MOF. Flexibility and guest (like CO2, benzene vapor)
uptake were also examined by in situ adsorption-XRD,
and vapor adsorption measurements. Such guest-induced ﬂexibility is a special feature in crystalline MOF
system and has been explored extensively.71–73 Interestingly, guest amines (donor) and o-phen (acceptor)
formed emissive charge transfer (CT) state and the CT
emission was further ampliﬁed by a FRET process
from the ndc-chromophore of the host. The crystal
structure determination of the amine encapsulated host
structures revealed the p–p stacking of aromatic amine
and o-phen and close distance spatial arrangement of
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the energy donor ndc. A similar photophysical process
was studied earlier in Mg-based metal–organic complex having pyrene and o-phen chromophores.74 The
FRET-assisted CT emission of the amine encapsulated
frameworks provided characteristic emission,
depending on the CT state energy (i.e., ionization
energy of the donor chromophore amines). This provided an excellent amine recognition system based on
intense luminescence color and intensity.
In the following years, Maji et al.75,76 reported a
few more similar photophysical processes. In one
example, pyrene:o-phen and anthracene:o-phen, CT
emission was realized in two Cd(II)-based complexes
(Figure 6b).75 In both cases, the CT emission was
ampliﬁed by pyrene and anthracene, respectively.
Later in a Zn(II)-based complex anthracene:bipyridophenzine, CT emission was realized and ampliﬁed
by FRET from residual anthracene (Figure 6c).76
These FRET assisted or ampliﬁed CT emission
remarkably enhanced the emissive state lifetime in all
the observed examples and can be considered as an
alternative strategy to enhance luminescence efﬁciency of solid state emitters.
In a unique work, speciﬁc sensitization of guest EuIII
was realized in an anionic MgII-based anionic MOF by
capturing lanthanide cations.98 We synthesized an
anionic MOF {[Mg3(1,4-ndc)2.5(HCO2)2(H2O)] [NH2Me2]2H2ODMF} [1,4-ndc: 1,4-naphthalenedicarboxylate]
(Mg-1,4-ndc)
which
contains
dimethylammonium (DMA) (CH2NH2?) cation in
order to maintain charge neutrality (Figure 7a). In the
structure, three crystallographically independent hexacoordinated MgII center are bridged by formate ions to
form 1D chains. These 1D chains are further bridged by
two sets of ndc linkers to construct the overall 3D
structure. Within the pores of the framework along the
b direction, DMA cations are present that can be
exchanged with other extra framework cations (Figure 7b). The MOF shows selective sequestration of CuII
over other transition metals like CoII, NiII, ZnII, etc.,
showing a visible colour change from white to green
(Figure 7c). The ndc-based natural blue emission of the
pristine framework is quenched upon the inclusion of
CuII and the intensity of emission is gradually quenched
as the concentration of CuII solution is increased (Figure 7d). This shows that the guest inclusion can initiate
selective turn-off sensing in luminescent MOFs. Also,
the pore surface in this MOF is ﬂanked by hard oxygen
centers which can coordinate with hard lanthanides
while replacing the DMA cations. The desolvated MOF
was thus immersed in solutions of EuIII, TbIII, DyIII and
SmIII and in all cases 60–70% exchange with the lanthanides were observed. Owing to antenna effect, we
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Figure 6. (a) Schematic of adaptable amine responsive nanospace and the emission color observed in presence of
different guest aromatic amines.70 (b–d) Interactions between the stacked guest aromatic amines and the o-phen subunit.
Reproduced with permission from ref.70. Copyright 2014 Wiley and Sons. (e) Dual emission assisted by energy transfer,
and possible mechanism of Al3? sensing in a anthracene-based coordination complex.75 Reproduced with permission from
ref.75. Copyright 2016 American Chemical Society. (f) FRET-assisted anthracene : bipyridophenzine CT emission in a
coordination complex.76 Reproduced with permission from ref.76. Copyright 2018 American Chemical Society.

expected to see the typical lanthanide emissions in all
the LnIII included MOF samples. However, only the
typical emission peaks corresponding to EuIII is
observed in the emission spectra and not in case of the
other species (Figure 7e). This is further condoned by

the colour of the samples under UV lamp, which is red in
case of EuIII and the original blue colour of the MOF in
all the other cases (Figure 7f). This is a unique speciﬁc
sensitization of guest EuIII which is rarely observed and
can be attributed to the energy level matching of the
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Figure 7. (a) Coordination environment of MgII in the anionic MOF. (b) 3D network of the anionic MOF along the
crystallographic b direction showing the DMA cations within the pore channels. (c) Colour change after the incorporation of
CuII. (d) Quenching of MOF emission after the incorporation of CuII. (e) Speciﬁc EuIII sensitization. (f) Colours of samples
containing different LnIII ions under UV lamp. Reproduced from ref.98. Copyright 2014 Royal Society of Chemistry.

excited state of the MOF with that of EuIII, which is not
facile in case of the other lanthanides.98

4. Metal-based luminescence
One popular approach to synthesize luminescent
MOFs is with lanthanide ions as the metal node.
Lanthanide ions with electronic conﬁgurations [Xe]4fn
(n= 0–14) conﬁgurations generate a wide variety of
electronic energy levels thus producing intricate optical properties. Under normal conditions, LnIII ions are
less sensitive to the surrounding chemical environment
since the 4f orbitals are well shielded by the ﬁlled
5s25p6 subshells. In addition, the lanthanide ions are
weakly absorbing in nature since f–f transition is forbidden and hence direct excitation of the metal to
produce emission is rather futile.77 However, when a
MOF is formed, the organic linker can itself absorb the
energy and transfer it to the LnIII excited state, thereby
acting as an antenna.78,79 This forms the basis of the
much celebrated ‘‘luminescence sensitization’’ or

‘‘antenna effect’’ (Figure 8).80 The electronic energy
levels in LnIII are well deﬁned and each ion exhibits
sharp characteristic 4f–4f transitions. The EuIII, TbIII,
SmIII, and TmIII emit red, green, orange, and blue
light, respectively, while the YbIII, NdIII, and ErIII
exhibit near-infrared luminescence (Figure 9). Further,
the guest molecules within the MOFs can induce or
emit luminescence, while metal-ligand charge transfer
related luminescence can also be observed within
MOFs. In some luminescent MOFs, the permanent
porosity has allowed the reversible storage and release
of guest substrates and provided the differential
recognition of thesesubstrates by acting as sensing
species. MOFs can act as rigid or ﬂexible hosts for the
encapsulation of the guest luminescence species such
as lanthanide ions or ﬂuorescent dyes. The MOF
scaffold can sensitize the encapsulated LnIII ions using
the antenna effect and also protects them from the
outside chemical environment.77 Using this principle,
Luo et al. prepared the EuIII and TbIII doped MOFs,
which exhibit tunable luminescent properties and can
sense metal ions.81,82
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Figure 8. Schematic representation of energy absorption,
migration, emission, and processes in MOFs. A, absorption;
F, ﬂuorescence; P, phosphorescence; L, lanthanide-centered
luminescence; ISC, intersystem crossing; ET, energy transfer; IC, internal conversion; S, singlet; T, triplet. Plain
arrows indicate radiative transitions; dotted arrows indicate
non-radiative transitions.

Figure 9. Summary of electronic excited state energy
levels of LnIII ions. Reproduced with permission from
ref.80. Copyright 2009 American Chemical Society.

In an interesting work, Maji et al.83 demonstrated
tunable emission ranging from red to green in
mixed EuIII–TbIII framework by varying their proportions. Initially, two 3D porous TbIII mucicate
frameworks {[Tb2(Mu2-)3(H2O)2] • 4H2O}n (1) and
{[Tb(Mu2-)(Ox2-)0.5(H2O)] • H2O}n (2) were synthesized via a pH responsive hydrothermal reaction. Both
1 and 2 crystallizes in triclinic P1 space group. In 1,
each Tb center is nine-coordinated and connected with
three different Mu2- moieties and one coordinated
water molecule. The alternate bidentate and tridentate
fashion of binding of the Mu2- moieties in 1 gives rise
to a 1D zigzag chain along the crystallographic c direction. These chains are pillared diagonally by
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Mu-2_c and the syn-antibridged carboxylate O atoms
and OH connected to TbIII center gives rise to the
overall 3D structure (Figure 10a). In the structure of 2,
each TbIII center is eight-coordinated and connected to
two Mu2- moieties, one Ox2- and one coordinated H2O
molecules (Figure 10b). The coordination of Mu2-_b
and Mu2-_d in the bc plane gives rise to a 2D sheet, the
coordination of which along the crystallographic a direction by Ox2- forms the overall 3D structure. Two
isostructural frameworks were also synthesized using
EuIII. Further, seven different TbIII–EuIII mucicate
frameworks were synthesized having EuIII contents of
50, 24, 15, 7, 4, 1.24 and 0.6 atom%. TbIII and EuIII are
a well-known donor–acceptor pair, with the green
emissive TbIII acting as a donor and red emissive EuIII
acting as an acceptor. Moreover, these two lanthanides
have similar charge and ionic radii, and hence EuIII
can easily replace TbIII in its MOF, and the emission
colour can be tuned in the resultant framework by
varying the concentration of the dopant EuIII through
an energy transfer process. It was observed that the
emission gradually moves from green to red with the
increasing concentration of EuIII. Moreover, mucicate
acts as an efﬁcient organic antenna in these cases,
thereby overcoming the poor emission intensities of
the pristine lanthanides. The mixed lanthanide frameworks show peaks at 485, 545, 589 and 615 nm, with
the most intense peaks appearing at 545 and 615 nm
(Figure 10c). The intensity of the 545 nm peak
decreases with the percentage of EuIII, whereas that of
the 615 nm peak increases. The presence of FRET in
the mixed lanthanide frameworks is established by the
increase and decrease in the lifetime of the 5D0 (EuIII)
and 5D4 (TbIII) states respectively in the doped sampled from the pure one. However, FRET is weak in the
doped compounds owing to the long distance (6 Å)
between the donor and acceptor centers as well as a
low concentration of the acceptor.
Such mixed lanthanide frameworks can be used for
several interesting applications, one of them being a
luminescent thermometer.84 Chen et al.84 reported a
mixed-lanthanide
MOF
(EuxTb1-x)2(DMBDC)3
(H2O)4DMFH2O (EuxTb1-xDMBDC; DMBDC = 2,5dimethoxy-1,4-benzenedicarboxylate) where an additional peak at 613 nm corresponding to 5D0 ? 7F2 of
EuIII is observed besides the original 545 nm peak for
5
D4 ? 7F5 in TbIII. Here, the temperature dependant
luminescent intensity ratios ITb/IEu can be optimized by
varying the concentration of EuIII. The mixed lanthanide MOF with the ratio Eu0.0069Tb0.9931-DMBDC
acts as a luminescent thermometer over a very wide
range. In such thermometers, organic ligands with a
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Figure 10. (a) 3D structure of 1. (b) 3D structure of 2. (c) Emission spectra and photographs under UV light of different
samples containing different percentages of EuIII doping (kex =315 nm): (a) 50%; (b) 24%; (c) 15%; (d) 7%; (e) 4%;
(f) 1.24%; (g) 0.6%.83 Reproduced with permission from ref.83. Copyright 2012 American Chemical Society.

triplet state energy ranging from 22,000 to 27,000 cm-1
are required to sensitize both EuIII and TbIII centers. The
sensitivity of these thermometers based on temperature
dependent luminescence of the 5D0?7F2 transition of
EuIII at 615 nm and the 5D4?7F5 transition of TbIII at
546 nm can be altered by employing different organic
ligands of varying triplet energy state T1. This is because
the T1 of the organic ligands can modulate the transition
efﬁciency as well as the kinetics of non-radiative tran5
III
sitions of 5D0 to T1 for EuIII (kEu
1 ) and D4 to T1 for Tb
Tb
(k1 ). This, in turn, affects the kinetics of the radiative
transitions of the 5D0?7FJ transitions of EuIII (kEu
DF) and
5
85
D4?7FJ (kTb
)
(Figure
11a).
In
case
of
Eu
DF
0.0069Tb0.9931-DMBDC, the T1 of DMBDC is 23,306 cm-1,
which is not much higher than that of 5D0 of EuIII
(17,200 cm-1) and 5D4 of TbIII (20,500 cm-1), which

leads to the comparable radiative transition kinetics of
Tb
kEu
DF and kDF and hence poor sensitivity.
However, the introduction of an organic ligand with
a very high T1 will create a signiﬁcant difference
between the radiation transition kinetics of kEu
DF and
and
hence
lead
to
a
different
temperature
depenkTb
DF
dent luminescence with much higher sensitivity. This
concept was realized in another mixed lanthanide
MOF Tb0.9-Eu0.1PIA [H2PIA = 5-(pyridin-4-yl)isophthalate], where the organic ligand H2PIA has T1=
25,866 cm-1(Figure 11, b–d).86 Because of the high
energy difference between the T1 of H2PIA and 5D0
emitting level of EuIII, the thermally driven depopulation is prohibited and hence the emission intensity
and lifetime of EuIII decreases much more slowly. In
the 100–300 K temperature range, the emission
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Figure 11. (a) Schematic representation of energy absorption, migration, emission, and processes in luminescent mixedlanthanide MOF thermometers. S, singlet; T, triplet; A, absorption probability; ISC, intersystem crossing; k, radiative or
nonradiative transition probability. The solid arrows represent singlet-singlet absorption and radiative transitions; dotted
arrows indicate nonradiative transitions. (b) Coordination environments around Tb3? in TbPIA. (c) 2d network in TbPIA.
(d) 3D framework of TbPIA seen along b axis. (e) Emission spectra of Tb0.9Eu0.1PIA between 14 and 300 K (kex= 360 nm).
Reproduced with permission from ref.86. Copyright 2013 American Chemical Society.

intensity of TbIII decreases, whereas it increases for
EuIII. This mixed Ln MOF thermometer shows nine
times better activity than Eu0.0069Tb0.9931-DMBDC,
with an enhanced sensitivity of 3.53% per K and a
much broader range of 100–300 K (Figure 11e).
This kind of mixed lanthanide MOFs are particularly useful for tuning the emission by altering the
stoichiometry of the different lanthanide dopants. The
optimum mixture of different lanthanides can give rise
to white light emission, which is extremely important
for the development of cost-effective luminescent
devices and LEDs. Zheng et al.94 have recently
reported a series of isostructural luminescent lanthanide
MOFs
[Ln(BTPCA)H2O]2DMF3H2O
(BTPCA= 1,10 ,100 -(benzene-1,3,5-triyl)tripiperidine-4carboxylate, Ln = La3?, Sm3?, and Tb3?) and their
mixed metal analogues for the generation of white

light emission (Figure 12a). In all cases of frameworks, each LnIII center is eight-coordinated from six
different BTPCA ligands and one water molecule
(Figure 12b). The MOF containing 99.5 mol% of Tb?3
and 0.5 mol% Eu?3 shows CIE coordinate of (0.3264,
0.3308), which is very close to that of pure white light
(0.3333, 0.3333), with a quantum yield of 46.15%
(Figure 12c). Here the combination of the blue emission from BTPCA ligand, green emission from Tb?3
and red emission form Eu?3 occur simultaneously
giving rise to white light emission. Similarly,
La-BTPCA was found to emit blue light but by doping
10 mol% Eu?3 and 30 mol% Tb?3 it was possible to
get white light emission with CIE coordinates (0.3161,
0.3212) with a quantum yield of 47.33%. Several other
such mixed metal lanthanide frameworks have also
shown white light emission by carefully controlling
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Figure 12. (a) Coordination environment of LaIII in La-BTPCA. (b) Solid-state emission spectra of Eu-BTPCA, TbBTPCA and La-BTPCA (kex= 365 nm). (c) Emission spectrum and (d) CIE coordinates of mixed La–Eu–Tb MOF. (e) CIE
coordinates of Eu–Tb MOF. Reproduced with permission from ref.94. Copyright 2014 American Chemical Society.

the concentration of the dopant lanthanide (Figure 12,
d&e).95–97
Besides lanthanide MOFs, MOFs containing certain
metal clusters are also known to show luminescence
based on the interaction between these metal clusters.
Cu(I) cluster is one such metal cluster which is well
known for its remarkable luminescence. While Cu4I4
clusters are prominent for their thermochromic luminescence, Cu6S6 clusters manifest near-IR (NIR) emissions, crucial for sensing and imaging. Two different
H-bonded supramolecular framework based on hexanuclear Cu(I) clusters [CuI3(4-ptt)3]23DMF3H2O (3) and
[CuI3(4-ptt)]68DMF7H2O (4) (4-Hptt= 5-(pyridine-4yl)-1H-1,2,4-triazole-3-thiol, DMF= N,N0 -dimethylformamide) have been synthesized (Figure 13a).87
H-bonding between the triazole and pyridine from the
4-ptt ligands help in the extension of the monomer
clusters to 3D supramolecular frameworks. In 3, Cu6S6
units are packed in a polydirectional array, whereas in 4,
they extend in a 1D chain and connect the planes of

adjacent ligands to enhance the delocalization of p
electrons. The different Cu–Cu interaction and individual packing modes modulates the luminescence and
thermostability of these compounds. Cluster 3 shows an
unusually long emission wavelength at 900 nm, which
can be attributed to a triplet cluster-centered excited state
(3CC) transition, with the distance between the Cu centers being around 3 Å. In 4, the emission splits in two
bands with decreasing temperature, showing an interesting thermochromic NIR emission and can be attributed to a mixture of 3CC and MLCT transitions. In
another instance, Hong et al.88 introduced two metal
clusters Cu4I4 and Cu6S6 as functional connecting nodes
to construct a novel multi-metal cluster MOF [(CuI4I4)3(CuI6S6)2(3-ptt)12]n24nDEF12nH2O (5) with the
inherent luminescent properties of both clusters induced
by the respective metal–metal interactions (Figure 13b).
These two clusters work as a functional lumophore in the
MOF, manifesting exceptional dual emission with thermochromic NIR character. Cluster 5 shows a broad
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Figure 13. (a) Structure of the multi-metal cluster MOF along the [1 1 1] direction, pink octahedra represent Cu6S6 and
yellow tetrahedral represent Cu4I4. (b) The geometrical conﬁguration of 5 containing both Cu4I4 and Cu6S6 clusters. The
emission spectra of 5 at (c) kex=275 nm at room temperature and kex=323 nm at cryogenic temperatures and (d) kex=370 nm
at room temperature and kex=365 nm at cryogenic temperatures. Black, measured spectra; red, Gaussian ﬁtting result; green
and pink, Gaussian ﬁtting peaks. Reproduced with permission from ref.94. Copyright 2013 Royal Society of Chemistry.

emission with a band at 790 nm, which can be deconvoluted as the overlap of a high-energy (HE) band at
about 770 nm and a low energy (LE) one above 800 nm
(Figure 13c). While the HE emission can be attributed to
the 3CC transition in Cu6S6, the LE ones correspond to
3
CC of Cu4I4 mixed with its iodide-to-copper charge
transfer transition (XMCT). The individual photophysical behaviors of these clusters can be ascertained to their
large separation and about 50 nm shift in their emission
wavelengths. Under cryogenic conditions, at 77 K, the
HE peak blue shifts to 590 nm, whereas the LE red shifts
to 840 nm (Figure 13d). The hypsochromic shift of the
HE emission is attributed to the charge transfer transition
(XLCT) of iodide to ptt ligand in Cu4I4, whereas the LE
emissions at 830 nm is assigned to 3CC of Cu6S6, which
undergo a bathochromic shift and slight quenching upon
decreasing the temperature. This thermochromic luminescence is characteristic of the Cu4I4 clusters which
involve a change in electron transitions as a function of
the temperature. The change in the NIR emission of

Cu6S6 occurs since the metal center adopts a ﬂattened
coordination geometry as a result of which a distortion
occurs in the 3CC excited state. The non-radiative decay
associated with ﬂattening of the excited state results in
the reduced energy gap and luminescence quenching.
A cationic MOF {[Cu6I5(L1)2](OH)3DMF2.5MeOH}n, containing a Cu cluster {L1= [(NHAQ)3P=S];
(AQ = 3-quinolinyl)} also shows an unusual thermochromic behavior emitting a blue luminescence at
298 K, owing to the AQ chromophore and an orange
yellow phosphorescence at 77 K for the [Cu6I5]? unit.89

5. Conclusions
With the growing demand for new optical materials
for SSL, sensing, nonlinear optics etc., necessity of
novel ordered and modular materials which can cater
to speciﬁc applications are evident. In this context,
luminescent MOFs have emerged as promising
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materials, which can be easily functionalized and
tuned to tailor for different applications. The methods
and design to obtain luminescent MOFs with intrinsic
porosity that are discussed in this review are
straightforward and it makes them much more
lucrative for practical applications. The past two
decades have seen remarkable advancement in the
ﬁeld of luminescent MOFs which have emerged
among the frontrunners on novel luminescent materials. We have tried to capture the essence of these
exciting new developments in this review. Luminescence in MOF can be achieved along with inherent
porosity using luminescent linkers, metal clusters or
lanthanides or by guest inclusion mediated by various
charge transfer methods, radiative pathways and
antenna effect. The suitable design of MOFs can
make them some of the best materials to be used for
white light emission, LEDs, sensing, luminescent
thermometers, to name a few. Apart from the conventional demands, crystalline MOFs are also a
unique platform to study organic photophysics and
realize exciting optical/electronic processes including
photoinduced electron transfer, photon-up conversion
/ down conversion, lasing etc. Crystalline arrangement of chromophores in MOFs makes an ideal
experiment model system to study such photophysical
processes. Nevertheless, it is a real challenge to
integrate MOFs in devices for real-world applications.
Morphological heterogeneity and poor surface adhesion in MOFs restricts its full potential use and these
challenges need to be overcome to deﬁne these
materials for practical uses. New fabrication approaches of luminescent MOFs using chemical vapor
deposition, liquid-phase epitaxy, interfacial synthesis
etc.90–93 will be an important direction of future
research to reduce the technology gap in luminescent
MOF-based materials.
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