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Metal–organic frameworks (MOFs) display a wide range of luminescent behaviors resulting from

the multifaceted nature of their structure. In this critical review we discuss the origins of MOF

luminosity, which include the linker, the coordinated metal ions, antenna effects, excimer and

exciplex formation, and guest molecules. The literature describing these effects is comprehensively

surveyed, including a categorization of each report according to the type of luminescence

observed. Finally, we discuss potential applications of luminescent MOFs. This review will be of

interest to researchers and synthetic chemists attempting to design luminescent MOFs, and those

engaged in the extension of MOFs to applications such as chemical, biological, and radiation

detection, medical imaging, and electro-optical devices (141 references).

1. Introduction

The luminescent properties of metal–organic frameworks
(MOFs) have attracted attention for some time, although
these types of materials were frequently referred to as metal
coordination polymers in the literature before the term
‘‘MOF’’ was widely adopted. MOFs may be defined as
supramolecular solids that consist of ‘‘strong bonding
providing robustness, linking units that are available for
modification by organic synthesis, and a geometrically well-
defined structure. The latter property further implies that these
solids should be highly crystalline.’’1 The first reports of
luminescence, in which the structure was termed ‘‘MOF’’ that
we are aware of, appeared in 2002. Since then, nearly 200
articles have appeared reporting light emission byMOFs and a

few reviews covering certain aspects of MOF luminescent
properties have been published.2–5 The title of this review uses
the word ‘‘luminescent’’ rather than ‘‘fluorescent’’ to encom-
pass the complete range of observed emissivity properties of
MOFs. Although not always fully characterized, it is clear that
not only fluorescence, but also phosphorescence and scintilla-
tion (the emission of light on nanosecond timescales in re-
sponse to ionizing radiation) have been observed. In fact, the
hybrid nature of MOF materials, which include both an
organic ligand and a metal ion within a (typically) porous
structure, enables a wide range of emissive phenomena found
in few other classes of material. In particular, we include in
this article:
! Linker-based luminescence, including ligand-localized

emission as well as ligand-to-metal charge transfer (LMCT)
and metal-to-ligand charge transfer (MLCT).
! Metal-based emission.
! Antennae effects.
! Adsorbate-based emission and sensitization.
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! Excimer and exciplex emission.
! Surface functionalization.
! Scintillation.
MOFs offer a unique platform for the development of solid-

state luminescent materials as they have a degree of structural
predictability, in addition to well-defined environments for
lumophores in crystalline form. Although intermolecular
interactions between linkers (the term used to denote the
organic ligands connecting metal ions within the framework)
undoubtedly play a role, these are often weaker than the more
dominant metal–organic coordination between metal clusters
(Lewis acids) and the linkers (Lewis bases). MOFs can be
considered as materials constructed from secondary building
units (SBUs), from which multidentate ligands extend in space
to form the supramolecular structure of the MOF. The SBU
concept was presented by Yaghi et. al.,6 which led to the
identification of conditions that result in particular SBUs from
which a series of MOFs with rigid linkers was made. These
structures are readily tunable through variation of the linker,
metal, and/or the growth conditions.7 As MOFs are built on
the inherent strong coordination of the linker to the metal
centers, a wide variety of structures are accessible, depending
on the linker and the coordination geometry adopted by the
metal ion. In addition, this strong coordinative bond often
results in rigid, stable, crystalline materials amenable to
applications development.

While MOFs are a class of supramolecular coordination
complexes, the possibility of permanent porosity in these
materials leads to luminescence features not observed for
traditional inorganic complexes. First, the ability to adsorb
molecules into the pores allows the species to be immobilized
in close proximity to luminescent centers. The properties of the
emission may be affected by these guests, leading to wave-
length shifts, intensity changes, or even new emission as a
result of excimer or exciplex formation. Second, the rigidity
imposed by the lattice in MOFs constrains the linkers in ways
that are not typically observed for a free complex in solution,
which can lead to increased fluorescence lifetimes and

quantum efficiencies. Finally, the fact that MOFs exist solely
in the condensed phase creates the potential to functionalize
their surfaces. Thus, MOFs can not only incorporate all of the
luminescence features expected in traditional coordination
chemistry, but also new properties that create the potential
for quite different optical behaviors.
This rich variety of effects has led to much speculation that

MOFs could be useful as small-molecule sensors. The
potential advantage of MOFs over other luminescent
materials in this context includes the combination of synthetic
flexibility with respect to both the organic and inorganic
components, coupled with very high surface areas and
structural flexibility. These features enable the electronic nature
of the material to be tailored for a particular application by
varying the lumophore type, SBU, and their relative spatial
arrangements. In addition, since MOFs with open coordina-
tion sites can reversibly bind analytes, the co-location of a
bright emitter such as a lanthanoid ion with a strongly
absorbing antenna molecule for efficient energy transfer
affords a sensor transduction mechanism. Finally, the struc-
tural flexibility of MOFs, which can lead to dramatic changes
in local coordination environment and thus emissive properties,
could be used for molecular detection.
The field of luminescent MOFs is at an early stage of

development. The majority of the literature reports are limited
to the presentation of luminescence spectra, although
discussions of guest-dependent response are growing and
rational design of MOFs for specific sensing applications is
beginning to emerge. Detailed spectroscopic analyses, includ-
ing excitation spectra, lifetimes, or quenching rate constants,
for example, are still rare at this point. However, as synthetic
control continues to improve, these advanced studies are
beginning to be realized. Of necessity, the scope of materials
included in this review must be limited. Many classes of
MOFs, including non-porous ones, will be discussed.
However, we will not fully review the literature concerning
inorganic coordination polymers, but only as they are speci-
fically related to MOF materials.
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2. Luminescence concepts

We define luminescence as the emission of light stimulated by
the absorption of energy. Although the excitation energy is
most typically in the form of photons, it could also be
generated by an electric field or by ionizing radiation. A
photovoltaic effect has been demonstrated8 as well as a
photoinduced charge-transfer effect,9 although no examples
of electroluminescence in MOFs have been reported to the
best of our knowledge. However, measurements demons-
trating that certain MOFs composed of trans-4,40-stilbene
dicarboxylate (SDC) linkers can scintillate in response to
high-energy protons or alpha particles were recently
reported.10 In all cases, the nature of the ground and lowest-
lying electronic excited states of the linker and metal consti-
tuents play an important role. Recent textbooks are available
that provide a foundation for understanding lumines-
cence,11,12 so we provide only a brief overview here.

There are two basic types of luminescence: fluorescence,
which is spin-allowed and has typical lifetimes on the order of
1 ns; and phosphorescence, which is spin-forbidden and has
lifetimes that can be as long as several seconds. The schematic
shown in Fig. 1, known as a Jablonski diagram,11 is drawn to
represent the electronic structure typical of organic lumo-
phores, in which spin–orbit coupling is unimportant. The
linker plays a critical role in MOF luminescence (as we will
discuss below) since, for example, lanthanide-based lumines-
cence is typically weak or requires an antenna molecule in the
framework for energy transfer. Linker excitation typically
occurs through the allowed singlet–singlet transition and in
many cases most of the emission occurs from the lowest singlet
excited state (1A), unless efficient non-radiative transfer to
lower-lying states, for example the linker-based triplet state
(3A) or states localized on the metal unit, occurs. Lumines-
cence from lanthanoid ions is governed by various selection
rules, often leading to weak and long-lived emission that could
be termed phosphorescence because it is typically spin-
forbidden (see Section 4 below). The Stokes shift, which is
the difference between the excitation and emission maxima, is
an indication of the extent of electronic overlap between the
ground and excited state of the absorbing species. Within a

MOF, the orientation and separation of conjugated linkers
has an important influence upon the luminescence spectrum,
since p–p stacking between adjacent rings or between the
MOF and guest molecules can increase the Stokes shift and
broaden the emission profile, shifting to the red compared to
the emission spectrum of the ‘monomeric’ lumophore(s).
By Kasha’s rule, a photo-excited electron decays to the

lowest vibrational level of the first excited singlet, or to the
lower-lying triplet via intersystem crossing, from which lumi-
nescence occurs. The line shape is determined by Franck–
Condon (FC) overlap factors with the ground state.13 From a
spectroscopic point of view, the resulting progression in a
totally symmetric vibrational mode can be used to determine
the force constant of the ground state, as well as to determine
the extent of any distortion of the excited state relative to the
ground state. In solids this shift is characterized by the
Huang–Rhys factor, S, which describes the coupling between
the luminescent center and the lattice. FC overlap factors are a
function of this value. Small values of S lead to most of the
intensity in the zero phonon line, as is typical of lanthanoid
luminescence (f–f transitions), while larger values broaden
the spectrum and shift it further to the red,14 as in MOFs
exhibiting linker-based luminescence.
We will consider five modes for generating luminescence in

MOFs, each of which is addressed in this article and depicted
schematically in Fig. 2:
1. Linkers: luminescent groups, typically conjugated organic

compounds, absorb in the UV and visible region. Emission
can be directly from the linker, or can involve a charge transfer
with the coordinated metal ions or clusters.
2. Framework metal ions: Transition-metal ions with

unpaired electrons can be efficient quenchers. However,
lanthanoid ions (Ln(III)) emit sharp, but weak luminescence
from transitions that are forbidden by electric dipole selection
rules. Proximity to an organic fluorophore, either within the
framework or adsorbed within the pore, can produce an
antenna effect and a pronounced increase in the luminescence
intensity.

Fig. 1 Jablonski diagram displaying schematically the electronic

states of the organic linker involved in luminescence phenomena.

Fig. 2 Representation of emission possibilities in a porous MOF,

wherein metal clusters (blue octahedra) are linked by organic linkers

(yellow rectangles) with an incorporated guest (red circle).
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3. Adsorbed lumophores: MOF nanopores provide an
opportunity to entrap luminescent molecules in an otherwise
non-emissive MOF.

4. Exciplex formation; p–p interactions between adjacent
conjugated linkers or between a linker and a guest molecule
can produce an excited complex that typically exhibits broad,
featureless luminescence.

5. Lumophores bound to the MOF surface: this represents a
largely unexplored opportunity to create multifunctional
MOFs.

Examples of fluorescent linkers are abundant. Organic
linkers, typically those with p-conjugated backbones, have
little spin–orbit coupling, so selection rules are determined
by the symmetry of the singlet ground and excited states.
Hence, the strongest emission is usually from the lowest
excited singlet state to the singlet ground state (fluorescence).
Such transitions are either p - p* or n - p* in nature. By
Hund’s rule a lower-lying triplet state must exist, which can be
accessed by non-radiative energy transfer. However, in the
case of organic species, the triplet state is non-emissive as the
spin selection rules cannot be relaxed in the absence of strong
spin–orbit coupling.

Luminescence from MOFs containing transition-metal ions
in the framework is typically centered on the linker rather than
on the metal, but can also involve charge transfer between the
metal and linker. Emission from paramagnetic transition-
metal complexes is usually not strong because ligand-field
transitions (d–d) may lead to strong reabsorption and/or
quenching of fluorescence generated from the organic
molecule, which can occur via electron or energy transfer
through the partially filled d-orbitals (examples will be shown
in Section 3).15 However, MOFs with transition-metal ions
without unpaired electrons, especially those having d10

configurations, can yield linker-based highly emissive
materials. Metal-based luminescence is most often seen when
lanthanoid ions are incorporated in the framework. This
phenomenon is also observed in actinide-containing MOFs.5

A wide range of organic linkers have been employed in
MOF chemistry, many based on rigid backbones substituted
with di- or multi-carboxylate groups for metal coordination.
Related hetero-substituted linkers such as pyridine-containing
species are also commonly used. A full discussion of the linker
types is outside the scope of this review, however the linkers
mentioned explicitly in the text are shown in Table 1 alongside
their common name and abbreviation used in this text. Note
that the structures in Table 1 are typically the acidic form of
the linker, while MOFs usually contain the deprotonated
form. For example, 1,4-benzene dicarboxylate (1,4-BDC) is
depicted in Table 1 as 1,4-H2BDC.

3. Linker-based luminescence

Importance of fluorescence from organic molecules in the solid
state

The photophysical properties of organic compounds in the
solid state is a rich area of study; see for example the work of
Bredas et al. and Bazan et al.16,17 Recent work on organic
solid-state devices has renewed interest in photoabsorption

and emission from thin films, monolayers, and matrices of
these compounds.18–22 Organic lumophores in the solid state
often differ in their emission behavior compared to the mole-
cule in solution as a result of inter-lumophore interactions.23

Organic structures with a significant degree of conjugation are
often strongly absorbing and emissive, and electronic transi-
tions involving the extended p system are typically responsible
for these properties. By the same token, these structures are
often particularly susceptible to p-stacking in the solid state.
Fused-ring p-conjugated organic compounds are commonly
used as linkers in MOFs, owing to their rigidity. In the solid
state, molecular interactions can bring lumophores close
together, enabling electronic interactions between the lumo-
phores (e.g. ligand-to-ligand charge transfer (LLCT)), which
can cause spectral shifts, broadening in the emission, loss of
vibronic structure, and increased emission lifetimes. Control-
ling these ligand–ligand interactions is important for applica-
tions that involve charge transport and to obtain tunable
emission colors. In molecular solids, the multitude of weak
interactions, such as p stacking and hydrogen bonding, make
it difficult to predict the crystal structure a priori. A potential
advantage of MOFs in this context is that that they offer a
degree of predictability to the structure in a defined, crystalline
network that can be useful for extracting structure–property
relationships.

Types of linker-based luminescence

Metal–organic materials with well-defined spatial arrange-
ments of lumophores can give rise to a number of interesting
luminescence properties in the material. Various effects have
been reported, which include: metal-centered luminescence,
MLCT, LMCT, LLCT, ligand-centered luminescence, and
metal-to-metal charge transfer (MMCT). In some cases, more
than one competing effect can be seen.24 The resulting
emission depends on the MOF structure, which dictates the
spacing and orientation between linkers, the HOMO–LUMO
gap of the organic linker(s) versus the accessible states of the
metal units, the electronic configuration of the metal and the
bonding geometry. Metal-based luminescence usually involves
lanthanide complexes and rare earth metals that are sensitized
by a LMCT-type process and this will be discussed in more
detail in Section 4.
A variety of transition metals have been used in cases where

linker-based luminescence is observed. The most commonly
reported structures are for Cd(II) and Zn(II), which have filled,
core-like d-orbitals and thus no d–d transitions are possible.
Depending on the metal’s electronic configuration and relative
metal and linker orbital energies, the metal ion can have
varying degrees of influence on the emission. Similar structures
that differ only in the linker can exhibit a range of emission
characteristics. The cubic IRMOF series offers an instructive
example.6 Crystals of the prototypical IRMOF-1, Zn4O(1,4-
BDC)3, consisting of basic zinc acetate units linked by benzene
are reported to emit at 525 nm, which is the result of LMCT
(here, linker-based emission would be in the ultraviolet).25

Ab initio studies of the IRMOF-1 electronic structure indicate
that the highest occupied valence orbitals are dominated
by p-orbitals of the aromatic carbon atoms, with a small

This journal is "c The Royal Society of Chemistry 2009 Chem. Soc. Rev., 2009, 38, 1330–1352 | 1333



Table 1

Linker (common name)
Abbreviation
used in text Structure Mechanism Ref.

1,2-Benzene dicarboxylic acid
(phthalic acid)

1,2-H2BDC LMCT 39, 44

1,3-Benzene dicarboxylic acid
(isophthalic acid)

1,3-H2BDC LMCT 37, 39, 44, 75

1,4-Benzene dicarboxylic acid
(terephthalic acid)

1,4-H2BDC LMCT, Ln-antenna,
sensing

8, 9, 25, 29, 30,
34, 37, 39, 87, 113,
123, 124, 135, 136

2,3,5,6-Tetrafluoroterephthalic acid Ln-antenna 113

2-Amino-1,4-benzenedicarboxylic
acid (2-aminoterephthalic acid)

LMCT 38

1,3,5-Benzenetricarboxylic acid
(trimesic acid)

1,3,5-H3BTC LMCT, linker-based,
Ln-antenna

8, 30, 31,
34–36, 114

1,2,4-Benzenetricarboxylic acid 1,2,4-H3BTC LMCT, MLCT 32, 43, 90

cis,cis-1,3,5-Cyclohexane
tricarboxylic acid

LMCT 33

4,5,9,10-Tetrahydropyrene
2,7-dicarboxylic acid

Linker-based This work

2,7-Pyrene dicarboxylic acid Linker-based This work

2,6-Anthracene dicarboxylic acid Linker-based, excimer 71b

4,40-Bipyridine 4,40-bipy LMCT, MLCT,
non-linear optics,
Ln-antenna, exciplex,
sensing

34, 40, 41, 90,
92, 116, 117,
119, 120, 127

2,20-Bipyridine 2,20-bipy LMCT, MLCT,
non-linear opics

38, 43, 90, 93
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Table 1 (continued )

Linker (common name)
Abbreviation
used in text Structure Mechanism Ref.

1,10-Phenanthroline LMCT 38

2,9-Dimethyl-1,10-phenanthroline MLCT 66

4-Amino-3,5-bis(4-pyridyl)-
1,2,4-triazole

BPT Linker-based 39

Imidazole-4,5-dicarboxylic acid LMCT 40, 41

4-Aminocinnamic acid LMCT, linker-based 42

4,40-Biphenyl dicarboxylic acid LMCT, linker-based 44

Dipyrido[3,2-d:20,30-f]quinoxaline Linker-based 44

2,6-Di-(4-triazolyl)pyridine LMCT, linker-based 45

5-(2-Pyridyl)-1,3,4-oxadiazole-2-
thione

LMCT, linker-based 46

4-Pyridinecarboxylic acid
(isonicotinic acid)

Linker-based,
Ln-antenna

60, 112

trans-4,40-Stilbenedicarboxylic
acid

H2SDC Linker-based,
sensing, scintillation

10, 65, 71a

1-Ethyl-6-fluoro-4-oxo-7-
piperazin-1-yl-1H-quinoline-3-
carboxylic acid (norfloxacin)

HNorf Linker-based 66
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Table 1 (continued )

Linker (common name)
Abbreviation
used in text Structure Mechanism Ref.

1,4-Bis(imidazol-1-
ylmethyl)benzene

BIX Non-linear optics 72, 95

5-Sulfosalicylic acid H3SSA Linker-based 72

4,40400-Nitrilotrisbenzoic acid H3NTB Linker-based, sensing 73, 74

Tetra(4-pyridyl)thiophene Linker-based, sensing 75

2,3-Bis(triazol-1-
ylmethyl)quinoxaline

BTMQ Linker-based 78

3,5-Bis(1H-imidazol-1-
yl)methyl)-2,4,6-
trimethylphenyl)methane

Linker-based 79

1H-Pyrazole-3,5-dicarboxylic
acid

MLCT 85

3-(3-Pyridyl)acrylic acid MLCT 86

2,4,6-Tris(4-pyridyl)-1,3,5-
triazine

TPT Linker-based 76

Oxalic acid Ln-antenna, sensing 112, 133
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Table 1 (continued )

Linker (common name)
Abbreviation
used in text Structure Mechanism Ref.

Fumaric acid Ln-antenna, sensing 133

Triazine-1,3,5-(4,40400-trisbenzoic
acid)

Ln-antenna,
guest-induced

121

1,6-Bis(4-imidazol-10-
ylmethylphenyl)-2,5-diazahexane

Supporting ligand 77

Bis(biphenylene-diethylenetriamine)
macrocycle

Linker-based 77

Pyridine-2,6-dicarboxylic acid
N-oxide

Linker-based,
non-linear optics

80, 95

4-(2-Pyrimidylthiomethyl)benzoic
acid

LMCT, MLCT 84

1,4-Naphthalenedicarboxylic acid Non-linear optics 91

2,20,3,30-Oxydiphthalic acid H4ODPA Non-linear optics 92

4,40-Oxydiphthalic acid Non-linear optics 93

4-[2-(4-Pyridyl)ethynyl]benzoic acid Non-linear optics 94
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Table 1 (continued )

Linker (common name)
Abbreviation
used in text Structure Mechanism Ref.

S-N-(Phosphonomethyl)proline Ln-antenna 108

1,6-Hexanedioic acid (adipic acid) Ln-antenna 116, 117

2,5-Pyridinedicarboxylic acid Ln-antenna 118

1,4-Phenylenediacetic acid Ln-antenna 118

3-Nitrophthalic acid Ln-antenna 102

Nitrilotrisacetic acid Ln-antenna 115

Pyrene Exciplex 119

Mucic acid Ln-antenna, sensing 129

4,40-Ethyne-1,2-diyldibenzoic
acid

H2EDDB Linker-based,
Ln-antenna, sensing

28

5,6-Diphenyl-1,2,4-triazine-
3-thiol

Linker-based, sensing 122

(4,40-Hexafluoroisopropylidene)-
bis(benzoic acid)

Ln-antenna, sensing 125

4-Aminobenzoic acid LMCT, sensing 127

Pyridine-2,6-dicarboxylic acid Ln-antenna, sensing 130
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contribution from the carboxylate atoms.26 Electronic-
structure modeling suggests that their bandgaps can be altered
by changing the degree of conjugation in the linker. Other
related studies suggest that the band gap in IRMOF-1 remains
unchanged when the Zn atom is replaced by Be, Mg, Ca, or
Cd.27 Hence, the absorption process occurs on the ligand, as
confirmed by the excitation spectrum of IRMOF-1, which
resembles that of the linker.

Interestingly, cubic MOFs with similar topologies to
IRMOF-1 featuring linkers with a greater degree of
p-conjugation, including IRMOF-11 (Zn4O(4,5,9,10-tetra-
hydropyrene 2,7-dicarboxylate)3), IRMOF-13 (Zn4O(2,7-
pyrene dicarboxylate)3) and Zn4O(SDC)3) show emission
spectra similar to the linker alone. Here, the increased
conjugation of these linkers compared to benzene results in a
decrease in the p–p* energy gap, and therefore the pathway
for energy transfer to metal-based states becomes less efficient
or is removed entirely, localizing the emission on the linker,
as shown in Fig. 3. Note that this energy transfer efficiency
may also be affected by the relative spatial orientations of
linker and metal unit, although these are essentially the
same for all the cubic MOF examples discussed above. The
similarity between the emission spectra of these MOFs and
their respective linker in solution indicates that there is little
influence of the zinc cluster on the electronic structure of the
linker, and also no significant interaction between ligands in
the structure, a result of the organic lumophores being present
in a low-density environment. The precise spectral location of
the emission depends on interactions between the cubic units,
as these are interpenetrated structures.

As an extreme example of the influence of relative linker and
metal energy state ordering on emission type, two structures
containing 4,40-ethyne-1,2-diyldibenzoate (EDDB) linking
either dinuclear Eu(III) clusters or dinuclear Zn(II) clusters
have been studied. The former displays red luminescence
typical of the low-lying emissive states of Eu(III), populated
via energy transfer from the ligand, while the latter shows a
blue–green essentially linker-based emission.28

Ligand-to-metal charge transfer (LMCT)

LMCT is exhibited by a range of Zn(II) and Cd(II) MOFs,
primarily in structures containing benzene derivatives, wherein
a green colored emission is commonly reported. For example,
upon excitation at 292 nm, a Cd ribbon-candy-like supra-
molecular architecture with two-fold interpenetration and
1,4-BDC linkers emits intensely at 474 nm.29 Variations in
the MOF structure can influence whether the emission is
linker-based or the result of LMCT in many of these cases,
and MOFs containing BDC and benzene tricarboxylate (BTC)
linkers illustrate this point. Zn3(1,4-BDC)(1,3,5-BTC)2
(NH(CH3)2)2(NH2(CH3)2)2, which possesses a three-
dimensional framework with trinuclear zinc clusters linked
by BDC and BTC units, emits at 430 nm with LMCT
character, and has been reported to display a weak photo-
voltaic effect.8 A shoulder at 370 nm from BTC linker emission
is also observed, indicating that energy transfer to Zn(II)-based
states competes with emission from the linker. Similarly, a Cd
MOF containing both 1,4-BDC and 1,3,5-BTC exhibits two
emission peaks attributed to a transition localized on
the linker and to LMCT.30 In contrast, two MOFs incorpo-
rating only BTC linkers, Zn3(1,3,5-BTC)2(DMF)3(H2O)#
(DMF)(H2O) and Cd4(1,3,5-BTC)3(DMF)2(H2O)2#6H2O,31

exhibit linker-based luminescence at 410 nm and 405 nm,
respectively. This change in character may be due to the
increased number of carboxylate substituents in BTC
compared to BDC, raising the HOMO energy and lowering
the LUMO energy with respect to the metal valence states.
Subtle changes in the linker further demonstrate the influence
of structure on the transition between LMCT and linker-based
emission. For example, altering the linker from 1,3,5-BTC to
1,2,4-BTC yields a 3-D pillared MOF, Cd3(1,2,4-BTC)2-
(H2O)6#3H2O with strong blue luminescence (lmax = 436 nm
with 328 nm excitation) that is likely due to LMCT32 instead
of being purely linker based. Interestingly, MOFs lacking a
conjugated linker can produce similar emission to that
observed for the conjugated analog in certain cases. For

Fig. 3 Left: emission spectra of three cubic MOFs consisting of Zn4O units linked by dicarboxylates of stilbene, 4,5,9,10-tetrahydropyrene, and

pyrene. The arrow indicates the position of the emission of IRMOF-1.25 Right: depiction of relative energies of linker and metal-based states as the

degree of p-conjugation is increased.
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example, two Cd MOFs containing cis,cis-1,3,5-cyclohexane-
tricarboxylate exhibit LMCT emission at 543 and 557 nm
upon excitation at 391 and 394 nm, respectively, suggesting
that the n - p* transition localized on the carboxylate groups
is also important here.33

Other MOFs containing benzene-based carboxylate linkers
that exhibit LMCT include a Cd framework containing 1,4-
BDC, 1,3,5-BTC, and 4,40-bipyridine (4,40-bipy) with emission
peaks at 360, 416, 481 and 513 nm (lex = 311 nm).34 The same
research group also reported three Cd MOFs containing 1,3,5-
BTC with various topologies that also emit with LMCT
character.35 A 3-D MOF based on tetranuclear heterometallic
clusters, Cd2Na2(1,3,5-BTC)2(H2O)4, shows LMCT as well
(emission maximum lmax = 424 nm with excitation lex =
314 nm).36 Finally, a lead complex containing octanuclear
Pb(II) centers linked by 1,3-BDC also displays LMCT with
emission at 424 nm.37

MOFs based on heteroatom-substituted linkers have also
been reported to show luminescence. Two frameworks with
similar structures based on an amino-functionalized benzene,
Cd(2-aminoterephthalate)(1,10-phenanthroline)(H2O)#H2O
and Zn2(2-aminoterephthalate)2(2,2

0-bipy)2(H2O)2 emit with
maxima at 538 nm (lex = 385 nm) and 553 nm (lex = 335 nm),
respectively.38 A series of Zn and Cd MOFs containing
dipyridyl linker 4-amino-3,5-bis(4-pyridyl)-1,2,4-triazole
(BPT) and one each of the three BDC isomers were shown
to exhibit both linker-centered luminescence (dominated by
the BPT) and LMCT.39 A series of three Cd MOFs containing
4,40-bpy and imidazole-4,5-dicarboxylate also show LMCT-
type emission at 437, 441, 455 nm.40 Additionally, both a Cd
and Zn MOF containing imidazole-4,5-dicarboxylate and
4,40-bipy building blocks emit at 555 nm (lex = 467 nm)
and 564 nm (lex = 470 nm), respectively.41

As discussed above, LMCT may compete with linker-based
luminescence, resulting in two emission bands. Additional
examples include the case of CdMOFs with 4-aminocinnamate,42

Zn with 1,2,4-BTC and 2,20-bipy,43 Cd with 1,2-BDC,
1,3-BDC, biphenyl-4,40-dicarboxylate and dipyridoquinoxaline.44

An intriguing example of how MOF luminescence can be
tuned is provided by Huang et al., who demonstrated that
emission can be toggled between linker-based and LMCT
processes in the hydrated versus dehydrated crystals of
[Cd3(2,6-di-(4-triazolyl)pyridine)6](BF4)2(SiF6)(OH)2#1312H2O.45

Here, water in the lattice prevents efficient energy transfer
from the linker to metal centers, resulting in linker-centered
luminescence in the UV (382 nm). Upon dehydration, the
emission shifts to 438 nm as a result of LMCT. In a similar
vein, Wang and co-workers showed that observation of either
LMCT or linker-based luminescence depends on the metal ion
radius and coordination geometry in MOFs containing Cd(II),
Zn(II), and Hg(II) and the linker 5-(2-pyridyl)-1,3,4-oxadia-
zole-2-thione.46

Luminescence from linkers

As shown in Fig. 3, increasing the conjugation of the linker
beyond benzene for cubic Zn4O-based MOFs can result in
emission that is dominated by the linkers. Generalizing this
observation can yield, with judicious choice of the metal,

frameworks in which the inorganic complexes conceptually
provide the struts organizing emissive organic lumophores in
space. Increased linker rigidity due to metal coordination
often results. This decreases the non-radiative decay rate and
increases the fluorescence intensity of the linker,44,47–63 while
allowing vibrational fine-structure to be observed, as
demonstrated in Fig. 3. Reducing the efficiency of non-
radiative pathways is often accompanied by an increase in
the fluorescence lifetime and quantum yields.42,64–67 Although
there are reported cases of an intensity decrease,68,69 an
enhancement in emission intensity is usually observed. For
example, a mixed-metal complex containing Zn(II) and Cu(I)
[Zn3Cu2(isonicotinate)8] emits strong blue luminescence from
a linker that is weakly fluorescent in solution.60 The size of the
metal, the structure of the SBU, and the orientation of the
linkers all affect the degree of isolation of the linkers from
each other in the structure, which has a significant effect
on the emission properties of the material (intralinker or
interlinker-based).
Incorporation of the same linker in two different MOF

geometries has been shown to result in changes in emission
color, and this can be related directly to the degree of
p-overlap of the organic linkers in the structure.70 Zinc MOFs
based on a flexible and luminescent linker molecule,
stilbene (SDC) illustrate the ability of MOFs to support
linkers in defined spatial arrangements.65 Both a 2-D net
(Zn3(SDC)3(DMF)2) and a cubic 3-D framework
(Zn4O(SDC)3) structure were formed via alterations to the
synthetic conditions, and both structures display distinctive
linker-based emission in the solid state. A comprehensive
study of the physical properties of these MOFs showed that
the optical properties can be related directly to the local linker
environment determined by their crystal structures. The
stilbene linkers are well separated and have minimal short-
range cofacial distances within the low-density 3-D crystals,
leading to minimal inter-lumophore interactions. A bright
purple–blue emission, and a monoexponential fluorescence
decay is observed with increased lifetime compared to the
linker in solution. The 2-D structure, on the other hand, has
shorter cofacial distances between the stilbene linkers, result-
ing in a red-shifted emission and a biexponential decay with
two characteristic lifetimes, indicating contributions of both
monomeric and interacting stilbenes to the emission. The
microporous nature of the 3-D structure allows significant
interaction of the linkers throughout the crystal with guest
molecules, potentially enabling high sensitivity to adsorbates
in these types of materials, and this is discussed in Section 6.
Both the 2-D and 3-D MOFs have also been shown to exhibit
impressive stability to radiation, allowing for use as a scintilla-
tion material, as discussed below in Section 7.10

The metal centers in the 2-D structure can be altered to
probe the affect of the metal ion on the luminescence
properties.71a Related Cd(II) and Mn(II) compounds were
prepared having the same structure as the 2-D Zn MOF
described above. The d10 Cd(II) ion, yielded a bright crystalline
compound while the structure containing high-spin d5 Mn(II)
displays significantly quenched emission (Fig. 4). However, all
emission spectra are very similar in shape and position,
showing that the emission properties are dominated by
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through-space overlap of the linkers, and the coordination to
metals of different Lewis acidities plays only a minor role.

Another feature of certain MOFs is the ability to ‘isolate’
linkers in space, producing ‘solution-like’ emission from the
linker. Interactions between linker lumophores in the structure
is minimized in open, low-density structures, removing the
broadening and red-shifts typically observed for solid samples
of the ligands themselves. An example is shown in Fig. 5,
where emission from the disodium salt of the linker in solution
is compared to that of the 3-D cubic zinc MOF containing the
SDC linker. Here, a narrow emission band is observed for
the MOF, with well-resolved vibrational fine-structure due to
the increased rigidity of the linker.

Several studies have compared ligand-based fluorescence
in closely-related structures, allowing the luminescence prop-
erties to be correlated with structural features of the frame-
work. For example, the MOFs Zn(Norf)2#4H2O (1) and
Zn(H-Norf)2(NO3)2#2H2O (2) result from the reaction of
Norfloxacin (H-Norf) with Zn(OH)2 and Zn(NO3)2#6H2O,
respectively. In both cases, the excitation spectrum overlaps
with the absorption spectra and the emission is assignable to
fluorescence. Emission lifetimes of 1.2 ns (lmax = 420 nm)
with a quantum efficiency (y) of 26% for 1 and 2.0 ns (lmax =
440 nm) with y = 23% for 2 are found, compared to the free

ligand with lmax = 350 nm, t = 1.0 ns, y = 11%. The
increased p–p interactions between the linkers in the second
structure account for the increased lifetime and the red-shifted
emission.66

Linker-based emission has been reported from the com-
plexes Cd3(BIX)3(SSA)2(H2O)4 and Mn(BIX)2(HSSA)#2H2O
(where BIX denotes 1,4-bis(imidazol-1-ylmethyl)benzene),
each exhibiting luminescence originating from the sulfosalicylate
lumophore (SSA). A significant enhancement of the fluores-
cence intensity was observed for the Cd(II) complex, which is
approximately three to four times that of the free H3SSA
ligand. However, the emission intensity of the Mn(II) complex
is reduced due to quenching by the paramagnetic Mn(II) ion.
Similar structures containing Co(II) and Ni(II) did not display
measurable emission, presumably due to quenching and/or
reabsorption effects. MO calculations support the assignment
of the luminescence to be linker-based (Fig. 6).72

Guest-dependent linker-based luminescence has been shown
for Zn4O(NTB)2#3DEF#EtOH (where NTB = 4,40,400-nitrilo-
trisbenzoate), in which (3,6)-connected nets are doubly inter-
penetrated to generate curved three-dimensional channels. The
interactions between the nets are affected by solvation,
changing the relative contributions of LLCT and intraligand
luminescence. Removal of the coordinated solvents results in
more free space and allows for a reversible rotation of the
linkers and increased face-to-edge p–p interactions, causing a
red-shift from 433 nm to 463 nm. Guest-dependent lumines-
cence was shown for methanol, pyridine, benzene, and
dodecane.73 A related fluorescent structure, Zn3(NTB)2(EtOH2)#
4EtOH that exhibits reversible ethanol binding and corres-
ponding structural and spectral changes74 was also described
by the same group of researchers. Similar phenomena were
reported by Lin et al., who described a shift in emission
wavelengths upon desolvation of two structures containing
Cd(II) and tetra(4-pyridyl)thiophene and 1,3-BDC linkers.75

and Bauer et al., who demonstrated a red-shift upon drying of
cubic Zn4O(SDC)3 structures due to the closer proximity of
the linkers upon solvent removal.65

Although Cd(II) and Zn(II) MOFs are the most commonly
reported luminescentMOFs, there are a few reports of those based
on Ag(I). The MOF structure [Ag(H-TPT)NO3]NO3#4H2O
(where TPT = 2,4,6-tris(4-pyridyl)-1,3,5-triazine), in which
Ag(I) is trigonally coordinated by two pyridyl N and one
nitrato O to form a 1-dimensional zigzag chain, exhibits
linker-based luminescence76 at nearly the same wavelength
as for the free ligand (lmax = 430 nm vs. lmax = 469 nm).
The 1-D chain structure [Ag2(L)(L

0)] (ClO4)2, which contains
both a macrocyclic bis(biphenylene-diethylenetriamine) linker
(L) and linear linker (L0=1,6-bis(4-imidazol-10-ylmethylphenyl)-
2,5-diazahexane), shows linker-centered luminescence at
413 nm upon excitation at 350 nm, which is dominated by
the free macrocyclic ligand L (lmax = 417 nm).77 Additionally,
five structures based on the same linker, 2,3-bis(triazol-1-
ylmethyl)quinoxaline (BTMQ), were shown to emit similar
luminescence.78 These structures have empirical formula:
Zn(BTMQ)Cl2, Zn(BTMQ)2(NO3)2, [Zn(BTMQ)2(H2O)2]-
(ClO4)2(CH3COCH3)2, [Cd(BTMQ)2(H2O)2](ClO4)2(H2O)6
and [Ag(BTMQ)](ClO4)(H2O)1.5. Although the structures
differ, the common factor is a d10 metal and an emissive linker.

Fig. 4 Fluorescent images of SDC MOFs demonstrating change in

color and/or intensity with the metal ion identity and/or structure.

From left to right, 3-D Zn4O(SDC)3 emits an intense purple–blue

color, 2-D Zn3(SDC)3(DMF)2 and 2-D Cd3(SDC)3(DMF)2 emit

intense blue, and 2-D Mn3(SDC)3(DMF)2 emits a weak blue color.

Fig. 5 Emission of Zn4O(SDC)3 in a DMF environment (blue) and

Na2SDC in 100 : 1 water–DMSO (red).
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Analogous structures with Mn(II) metal centers exhibit no
emission, presumably due to quenching effects as described
earlier. All complexes were excited at ca. 287 nm, and the main
emission bands of the complexes were located at ca. 394 nm.
These emissions may be assigned to intralinker (n - p* or
p - p*) emission because similar emissions are observed at
396 nm for the free BTMQ ligand when excited at 290 nm.

Metal-perturbed, linker-based luminescence is seen in some
cases. A 3-D metal–organic framework with interpenetrating
nets, [Ag8(3,5-bis(1H-imidazol-1-yl)methyl)-2,4,6-trimethyl-
phenyl)methane)4](NO3)8#4H2O, displays emission at lmax =
495 nm upon excitation at 364 nm. The free ligand exhibits
fluorescence at lmax = 466 nm (lex = 380 nm). The red-shifted
emission is ascribed to Ag–Ag interactions.79 A 2-D network
[Ag2(pyridine-2,6-dicarboxylate N-oxide)] was also shown to
have enhanced fluorescence. Here, cooperative association of
Ag–Ag contacts and the p–p* intraligand interactions lead
to intense emission.80 Ag–Ag metal-perturbed, linker-based
luminescence (MPIL) was also shown for a range
of Ag(I)–Schiff-base structures, which produce intense
luminescence.67

Metal-to-linker charge transfer

Excitation by charge transfer from the metal centers to the
linker is commonly observed in d10 Cu(I)- and Ag(I)-based
MOFs. The d electrons are in the valence orbitals of these
metals, which enables MLCT, while in Zn(II) and Cd(II) these
are core-like orbitals. In contrast, paramagnetic d9 Cu(II)
incorporated into MOFs can quench ligand-based lumines-
cence, as seen in comparisons between many Zn(II) and/or
Cd(II) MOFs and similar copper(II) complexes.39,48,51,76,77,81–84

Cu(II) can also quench metal-based emission. For example,
compare the uranyl complex UO2(C5H2N2O4)#H2O with its
Cu(II)-doped analogue UO2(3,5-pyrazole dicarboxylate)(H2O).85

The former exhibits characteristic UO2
2+ emission spectra

when either the linker or uranyl units are excited, whereas the
addition of copper in the second compound results in no
emission, regardless of excitation wavelength. Similarly, the
heterometallic MOF Cu3(trans-3-(3-pyridyl)acrylate)6Nd2(NO3)6

and the homometallic Nd(C8H6NO2)3H2OMOFs have similar
absorption spectra, but the presence of Cu(II) in the former
quenches the luminescence.86

A rich diversity of structures is possible with copper
coordination compounds as Cu can adopt three-, four-, five-,
or six-coordinate geometries. For example, Cu(2,9-dimethyl-
1,10-phenanthroline)2(1,4-BDC)1/2(1,4-H2BDC)1/2#2H2O emits
at 626 nm with excitation at 375 nm.87 Coordination of copper
with cyanide offers an additional degree of versatility, as it can
act as a bridging ligand with one to four coordination sites.
Cyano-bridged copper(II)–copper(I) mixed-valence polymers
[Cu(1,2-propanediamine)2][Cu2(CN)4] and [NEt4][Cu2(CN)3]
exhibit MLCT emission assigned to copper-to-cyanide transfer,
which is much stronger for the latter species.88 A family of
copper coordination polymers containing different N-hetero-
cyclic linkers were shown to luminescence with varying degrees
of intensity,89 also assigned to a Cu - CN process. The
complex Cu(1,2,4-BTC)(2,20-bipy) exhibits intense emission
blue emission with a lifetime of 13.62 ns.90 These mixed-
valence complexes also exhibit intervalence charge transfer
(IVCT).
A few cases of luminescent silver MOFs have been reported

in which charge-transfer character in the emission was
observed. Excitation of the 2-D layered structure Ag(4-(2-
pyrimidylthiomethyl)benzoate) at l = 370 nm produces an
intense green emission with peak maximum at 530 nm, the
origin of which was assigned to LMCT and/or MLCT
modified by metal-centered (ds/dp) states having Ag–Ag inter-
actions.84 The complex [Ag(4,40-bipy)]n[Ag(1,2,4-HBTC)]n
exhibits an intense fluorescent emission band with a maximum
at 502 nm (lex = 410 nm) due to MLCT.90 Finally, the main-
group metal complex Pb4(1,2-BDC)3(m4-O)(H2O) exhibits a
strong emission peak at 424 nm originating from LMCT
between the delocalized p bonds of 1,2-BDC carboxylate
groups and the p-orbitals of Pb(II) centers.37

Non-linear optics

Non-linear optical processes have also been demonstrated
for emissive MOFs. As crystal engineering is possible,

Fig. 6 Optical properties for four M(II) sulfosalicylate MOFs are shown on the left. The free linker is shown in black, the Cd(II) MOF in red,

Mn(II) MOF (which is significantly quenched) in green. Both Co(II) (light blue) and Ni(II) (dark blue) MOFs are essentially non-emissive. The

origin of emission on the linker is supported by density functional theory (DFT) calculations on the experimental geometries, as shown on the

right. Reproduced with permission from ref. 72.
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non-centrosymmetry can be imposed on MOFs, which is a
prerequisite for efficient second harmonic generation (SHG) in
the solid state. Several examples of MOFs exhibiting SHG
have been reported. A series of ten Pb(II) complexes were
prepared by Yang et al., all of which emit in the red region of
the spectrum.91 Their emission can be assigned to a metal-
centered transition involving the s and p-orbitals of the metal.
However, this luminescence is sensitized by bridging linkers,
particularly conjugated linkers, which facilitate energy transfer
via the interaction of the p-orbitals of the linker with the
p-orbitals of the metal. The SHG efficiencies observed can be
compared favorably to some well-known SHG materials. For
example, the chiral structure Pb(1,4-naphthalene dicarboxylate)-
(N,N-dimethylacetamide) produces an SHG signal that is
slightly less intense than that produced by potassium
dihydrogenphosphate (KDP) powder. Two other chiral MOFs,
Zn2(ODPA)(4,40-bipy)(H2O)3#2H2O and Cd2(ODPA)(4,40-
bipy)(H2O)3#2H2O (where ODPA = 2,20,3,30-oxydiphthalate)
also display modest powder SHG efficiencies of approximately
1 and 0.8 times that of urea, respectively.92 Non-linear optical
measurements show that Zn4(4,4

0-oxydiphthalate)2(2,2
0-

bipy)2(H2O) displays an SHG response 0.5 times that of
urea.93 Finally, a strong SHG signal was observed (1.53 times
of urea) for the structure Zn(4-[2-(4-pyridyl)ethenyl]benzoate)2,

94

while Zn(pyridine-2,6-dicarboxylate N-oxide)(BIX) exhibits
an SHG response 0.9 times that of urea.95

4. Lanthanoid luminescence and the antenna effect

Lanthanoid luminescence

For many years, a popular strategy for generating highly
luminescent sensors has been to incorporate lanthanoid (Ln)
ions into a functional supramolecular scaffold. Ions such as
Eu(III) and Tb(III) are attractive lumophores because of their
spectrally narrow emission, even in solution. Because the
electronic transitions which give rise to photon emission are
shielded by the 5d shell, there is little broadening due to
solvation. Furthermore, lanthanoids are inherently ‘‘hard’’
acids; as a result, diffuse interactions, which often lead to line
broadening, are unfavorable. Unfortunately, Ln electronic
transitions are forbidden by parity (Laporte) selection rules,
leading to weak absorbance and low quantum yields.
A common way to circumvent this problem is by complexation
of the desired lanthanoid with a strongly absorbing linker. In
the presence of strong vibronic coupling between the linker
and metal, direct energy transfer from the more readily
accessed linker excited state to the appropriate metal energy
level is achievable. This coupling leads to a large increase in
luminescence and is widely known as the ‘‘antenna’’ effect.96

The lanthanoid ions most commonly used in sensing applica-
tions are Eu(III) and Tb(III) due to their strong visible lumines-
cence in the red and green regions, respectively.

In complexes involving Eu(III), the 5D0 - 7FJ transition
series is the most readily observable transition, with the
5D0 -

7F2 and
5D0 -

7F1 transitions being both the strongest
and most useful for structural determination and sensing. The
5D0 - 7F1 transition contains a prominent magnetic dipole
and is relatively unaffected by the local environment.

However, transitions such as 5D0 -
7F2 in Eu(III) complexes

with DJ = $ 2 are hypersensitive to the coordination environ-
ment due to their strong electric dipole character.97 This
disparity allows the use of the relative intensities of these
transitions to probe the nature of the linker environment.97

The strongest Tb(III) emission comes from the 5D4 - 7FJ

and 5D4 - 7F5 transitions, giving rise to the strong green
luminescence at 540–555 nm characteristic of Tb(III) com-
plexes. Unfortunately, this ion does not possess any hyper-
sensitive transitions, although the intensities of the 7F6,

7F4,
and 7F2 are sensitive to the coordination environment. Fine
structure exhibited by some transitions can also be indicative
of the symmetry and structure of the crystal field surrounding
the ion, although this may also be due to sample heterogeneity.97

While Eu(III) and Tb(III) are often chosen for luminescence
studies, nearly all of the lanthanoids exhibit photoluminescent
properties. The energy levels of some commonly used lantha-
noids are shown in Fig. 7a. Apart from Gd, the highest labeled
energy level for each element is the level from which lumines-
cence occurs. In all cases, the photon-emitting transition
involves a change in spin angular momentum and is thus

Fig. 7 (a) Energy level diagram of the emissive states for several

commonly used lanthanoid (III) ions; adapted from ref. 98. (b) A

schematic of the antenna effect adapted from ref. 96.
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forbidden. Because of this fact, the lifetimes of nearly all
lanthanoid emissive transitions are very long, on the order
of hundreds of microseconds. This prevents their use in
applications requiring fast emission, such as scintillation and
displays. When the luminescence is sensitized through the
antenna effect, the lifetime is even longer, usually close to a
millisecond.

As mentioned above, efficient lanthanoid luminescence in
organometallic complexes is typically accomplished through
the use of antenna linkers that efficiently transfer the energy
gained through photon absorption to the Ln ions in the
complex. The process is shown schematically in Fig. 7b. In
the majority of Ln-complexes, the important energy transfer
occurs from the linker triplet excited state to the Ln-emissive
state.96 This fact has significant ramifications for the choice of
linker (L), in that intersystem crossing within the linker must
be efficient. The antenna effect in many cases involves
three sequential spin-forbidden transitions: L–1PJ - L–3PJ,
L–3PJ - Ln–XYJ, and finally the emissive relaxation to the
lanthanoid ground state. The consequences of this forbidden
cascade are the aforementioned long lifetimes, as well as
typically low quantum efficiencies. Even though the lumines-
cence of the metal is enhanced by the antenna linker, the
inherent inefficiencies of the individual energy-transfer steps
combine to limit the overall quantum yield. However,
quantum yields as high as 39% have been recorded for
Ln-based MOFs, which is comparable to published quantum
efficiencies for organic fluorophores such as anthracene.99 The
antenna effect therefore is potentially useful for a variety of
sensing applications in which luminescence is either induced by
antenna complexation or quenched by antenna disruption.
Examples of both are discussed in this section, as well as the
use of Ln-luminescence in structural determination and selec-
tive sensitization by choice of antenna linker.

Isostructural lanthanoid MOF series

As remarked above, the vast majority of luminescent
lanthanoid-based MOFs that have been reported are
structures that contain either Eu(III) or Tb(III). However, in
many cases an isostructural series of Ln-containing MOFs was
synthesized, in which the luminescence properties of only the
Eu and/or Tb analogues were investigated.40,100–111 In addi-
tion to their strong coupling to most organic antennae, the red
and green emission of these ions is economically more
attractive since the long-wavelength emission generated by
many other lanthanoids, particularly Er, Gd, Nd, cannot be
detected using standard fluorimeters. However, a few instances
of MOF-sensitized luminescence from these less common
metals have been reported.

Cheng et al. reported a series of lanthanoid based frame-
works with a mixed isonicotinate–oxalate linker system that
show differing crystal morphologies depending on the ionic
radius of the particular metal.112 Using Cu(II) as an oxidizer,
the oxalate linker is generated in situ by the oxidation–
hydrolysis of orotic acid to form, in the case of the larger ions
(La, Pr, Nd), a bimetallic 3-D framework incorporating
Cu(I) and exhibiting rare eight-coordinate SBUs. Although
synthesized under similar oxidative conditions, the smaller

metal ions give homometallic structures with Sm, Eu, and
Gd producing a two-dimensional sheet structure, while Tb,
Dy, and Er give a pillared-layer type 3-D network. Lumines-
cence data were obtained for the Nd, Sm, Eu, and Tb materials
and each showed significant and characteristic emission pro-
files. The Nd structure shows characteristic emission at 1061
nm and is of particular interest due to the presence of Cu(I) in
the framework material, which is relatively rare in MOFs.
There is evidence that Cu(II) centers can provide a non-
radiative decay pathway that quenches the metal-based lumi-
nescence in both Ln-86 and actinide-antenna85 complexes, and
Cu(II) complexes in solution are typically not luminescent.15

Thus, the observation of sensitized luminescence in this case is
notable.
Chen and co-workers reported the synthesis and near-IR

luminescence of two Er(III)-based MOFs formed using
1,4-H2BDC and 2,3,5,6-tetrafluoroterephthalic acid, respectively.113

Luminescence studies of the partially evacuated structures
showed a nearly 4-fold enhancement in the Er-based emission
for the perfluorinated framework over the tetrahydro-
structure. This enhancement was achieved by removing a
resonant second-order C–H vibrational mode in the fluori-
nated structure leading to more efficient energy transfer to the
Er luminescing state.
Serre et al. synthesized a series of single-metal isostructural

analogous MOFs using the lanthanoid elements Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Y, and Er with 1,3,5-BTC linkers. Two doped
versions of the Y(1,3,5-BTC) structure were also synthesized
using Tb and Dy to partially substitute for Y. The series of
doped MIL-78 compounds gives strong red, green, and blue
luminescent materials for the Eu, Tb, and Dy dopants,
respectively (Fig. 8), although no spectra were reported for
the Tb and Dy doped materials.

Luminescence spectroscopy to probe the MOF coordination
sphere

As discussed above, Eu luminescence can be a very sensitive
probe of the metal coordination sphere. In particular, the ratio
of the intensities of the (5D0 -

7F2) : (
5D0 -

7F1) transitions
is very sensitive to the symmetry of the Eu(III) centers. Since
the 7F2 electric dipole transition is hypersensitive to the ligand
environment while the 7F1 magnetic dipole is nearly
completely insensitive, it is possible to discern some symmetry
elements of a framework even in the absence of single-crystal
X-ray data. To illustrate this effect, two interesting examples
can be found among lanthanoid-based MOFs (a third example
is discussed in the next section on antenna effects). The first

Fig. 8 Luminescence fromMIL-78(Y/Eu)-red, MIL-78(Y/Tb)-green,

and MIL-78(Y/Dy)-blue under 252 nm irradiation. Reproduced with

permission from ref. 114.
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example is the Eu-doped version of MIL-78 described in the
previous section.114 This structure aligns as one-dimensional
inorganic columns of eight-coordinate polyhedra connected by
bridging trimesate linkers to give an open framework.
Luminescence measurements reveal a near equivalency in the
intensity of the 5D0 -

7F2 and
5D0 -

7F1 transitions (Fig. 9).
As is confirmed by analysis of the single-crystal diffraction
data, this arises from the high degree of symmetry in the linker
environment about the Eu centers.

In the second example, a quite different aspect of the MOF
structure—chirality—plays an important role in the
luminescence. Yue et al. reported the synthesis of a series of
homochiral Ln–phosphonate frameworks derived from enantio-
merically pure S-N-(phosphonomethyl)proline (Ln = Tb, Dy,
Eu, Gd).108 Due to the chiral nature of the organic linker, the
framework forms as a series of 1-D triple-stranded helices of
the Ln(III) ions connected by the phosphonate linkers. The
helices are stacked through hydrogen bonding networks to
generate an open framework with tubular channels along the
c-axis. The channels are occupied by a secondary helix of

ordered water molecules. Photoluminescence spectra for both
the Tb and Eu analogues were reported. Though Tb(III)
luminescence is not as sensitive to the symmetry aspects of
the ligand environment as is Eu(III), there is significant
splitting in 5D4 - 7F6,

5D4 - 7F5, and
5D4 - 7F4 signals,

indicating a strong crystal field. The relative intensities of the
emission bands of this Eu spectrum are quite unusual and are
unique among the reports known to us. In systems where a
certain degree of symmetry is present, the 5D0 - 7F0 transi-
tion is strictly forbidden. However, like most quantum
mechanically forbidden transitions, it is usually observable,
although its intensity is quite weak (see Fig. 9). In this case, the
Eu center is placed in a fundamentally asymmetric environ-
ment due to the chiral linker system. As a result, not only is the
7F2 :

7F1 ratio quite large, but the 7F0 transition surpasses the
7F1 as the second most intense line (Fig. 10).

Antenna effects

The antenna effect can also be used as a probe of energy
transfer within the MOF, since this is a synergistic pheno-
menon involving the absorbing ligand and the emitting lantha-
noid ion. The following examples show that the linker serving
as the antenna can have important effects on the luminescence
properties of the resulting MOF. Huang et al. reported the
hydrothermal synthesis of five isostructural three-dimensional
Ln–(3-nitrophthalic acid) MOFs (Ln = Pr, Eu, Gd, Tb,
Dy.)102 Of these, only the Eu complex exhibits lanthanoid
emission, while the other four compounds exhibit fluorescence
attributable primarily to the linker. The energy gap between
the linker triplet state and the emitting Ln excited state
DE(3L–Ln) (Fig. 7) plays an important role in the transfer of
energy from the antenna. To estimate this gap, Huang et al.
assumed that the emission lmax of the Gd complex represents
E(3L), since this complex exhibits the highest phosphorescence–
fluorescence ratio of the various Ln complexes examined.
Furthermore, Gd(III) is a known phosphorescence sensitizer,
functioning in effect as a reverse antenna. This is surely an
underestimate, since the 0–0 vibronic transition must lie at a
higher energy. Nevertheless, combining E(3L) with the known
energy spacings of the various Ln ions provide an estimate of
DE(3L–Ln). For all complexes, this energy was found to be
higher than the resonant energy levels of Eu, Tb, and Dy.
Interestingly, however, DE(3L–Ln) for the Eu complex was
nearly a factor of 3 larger than for the Tb complex, and over a
factor of 4 larger than for the Dy complex. Thus, the simplified
notion that the energy transfer rate is proportional to the
energy gap is not sufficient to explain the observations in this
case. Additional factors, such as the extent of FC overlap
between the two excited states, must be important. Unfortu-
nately, this makes it more difficult to design MOFs with
linkers and Ln ions matched for efficient luminescence.
A novel MOF including Eu as a red emitter and a second

(or even third) type of Ln ion to emit at a different wavelength
could potentially be useful as a chemimetric detector.
However, due to the fact that Eu(III) has a low-energy emissive
state relative to higher frequency emitters such as Tb, Dy, or
Sm, it would seem a difficult task to achieve any luminescence
at energies above Eu(III) emission. Chen et al. demonstrated

Fig. 9 Photoluminescence spectrum of MIL-78(Y/Eu) showing equal

intensities for the 7F1 and
7F2 transitions, indicating high ligand field

symmetry. Reproduced with permission from ref. 114.

Fig. 10 Photoluminescence spectrum of Eu[S-N-(phosphonomethy)-

proline]3#2H2O showing an unusually strong contribution from the
5D0 -

7F0 transition. Reprinted with permission from ref. 108.
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the feasibility of this concept using nitrilotrisacetate linkers to
produceMOFs from the lanthanoids Eu, Tb, Ho (two structures),
and Tm.115 The Eu compound is a 2-D structure of linked
alternating left- and right-handed helices, while the Tb and the
one of the Ho structures consist of a double layer 2-D sheet.
The Tm and second Ho structures are 3-D porous frameworks
of interlinked left- and right-handed helices. Luminescence
studies were conducted on all of the compounds, but only the
Tb MOF exhibits efficient sensitization. Chen et al. surmise
that there is an optimal energy difference between the linker
triplet state and the resonant emissive lanthanoid energy level,
and here the optimum energy for Eu seems to have been
exceeded, though not for Tb.

Cahill and co-workers have reported that the antenna need
not be a participating ligand of the lanthanoid in order to
generate sensitized luminescence. Among a series of papers
dealing with guest-templated MOF synthesis, two instances of
Ln–adipate frameworks templated by guest 4,40-bipy mole-
cules have shown well sensitized luminescence from Eu and Tb
frameworks.116,117 Initially, two Pr–adipate structures were
synthesized by using non-ligating guests as framework
templates.116 One was templated by excess adipic acid, desig-
nated GWMOF-3, while the second utilized 4,40-bipy to
produce larger pores (GWMOF-6). Both guest-templates do
not coordinate the metal centers but rather show hydrogen
bond participation with metal-bound water molecules. To test
whether through-space sensitization would occur, a Eu
analogue of GWMOF-6 was synthesized. The critical distance
for efficient energy transfer for Eu–antenna interactions has
been estimated as large as 10 Å, whereas Tb is roughly
3–4 Å.97 Indeed, the Eu GWMOF-6, when excited at
236 nm, shows enhanced luminescence in the characteristic
580–620 nm range, whereas Eu(NO3)3 shows no luminescence.
Removal of guest and bound water molecules gave a dramatic
increase in the luminescence output as would be expected by
the loss of O–H vibrational quenching.

In a second report, two isostructural 4,40-bipy templated
frameworks were reported using Tb and 1 : 1 Eu–Tb.117 As in
the Eu system reported earlier, these structures exhibit efficient
through-space sensitized luminescence. Despite the smaller
distance constraints, the Tb structures showed even greater
efficiency than the Eu structure with a reported quantum yield
of B32% versus B22% for the Eu sample. Intriguingly, the
mixed Tb–Eu material showed an interesting metal-to-metal
antenna effect. In this case, the Tb luminescence was nearly
completely quenched and dominated by the Eu output. Based
on this observation and an increase in the quantum yield to
nearly 39%, it was determined that, in addition to the bipyridine-
to-metal energy transfer, there is further energy transfer from
the higher energy Tb 5D4 state to the Eu 5D0 state.
Similarly, Soares-Santos et al. have reported a set of mixed-
linker (2,5-pyridine dicarboxylate and 1,4-phenylenediacetate)
lanthanoid frameworks with Eu, Tb, and two non-equivalent
mixtures of Eu and Tb.118 All of the structures showed
sensitized luminescence, while the mixed-metal frameworks
showed Tb-to-Eu energy transfer. For mixed-metal frame-
works, this energy transfer is another useful structural probe,
indicating that there is sufficient dispersity of the metals
throughout with little to no clustering of one metal.

5. Exciplexes and excimers

Formation of exciplexes (a heterodimer in an excited state) or
excimers (a dimer in an excited state) inMOFs is possible by two
routes: (1) by the orientation of two linker groups within the
framework such that an excited-state complex forms upon
absorption of a photon, or (2) by the interaction of the frame-
work with a guest molecule. The result is often a broad,
featureless emission at wavelengths red-shifted from the mono-
mer(s). This emission is highly dependent on the orientation of
the component molecules or groups. Cofacial arrangements are
generally thought to be favorable to excimer formation, but
electronic structure modeling indicates a strong dependence on
separation distance.23 Strong face-to-face interactions are
predicted in stilbene dimers, for example, when distances are
less than B5 Å. The nature of the interaction also depends on
the angle between ring planes and the offset of their centers. We
have observed a combination of monomer and excimer emission
in cubic 2,6-anthracene-dicarboxylate MOFs.71b

Exciplexes in MOFs have been observed in a few cases.
Zaworotko and co-workers synthesized MOFs in which
aromatic molecules are intercalated within the framework in
such a way as to allow exciplex formation. In one case, 4,40-
bipy and pyrene form a coordination polymer with the for-
mula {Zn(4,40-bipy)1.5(NO3)2#CH3OH#0.5pyrene}n in which
the 4,40-bipy linker assumes a cofacial arrangement with the
incorporated pyrene molecule.119 The pyrene molecules are
not coordinated to the zinc ions, but are trapped within the
matrix to form a 2 : 1 4,40-bipy–pyrene exciplex. The vibronic
structure of a weak monomer fluorescence band reflects the
polarity of the solvent environment (in this case, the coordi-
nated CH3OH). The results suggest the possibility of using
both excimer formation and the emission of the monomer as
an internal probe of adsorbed guest molecules.
In a related work,120 McManus et al. prepared other Zn(II)-

4,40-bipy MOFs having 1-D ladder and 2-D square grid
topologies. Here, the identity of the aromatic solvent molecule
determines the structure that results. Both the wavelength and
the lifetime of the fluorescence are influenced by the structure.
The emission of the 1-D structures is shifted to the red of the
2-D emission and displays a shorter lifetime. These features
are attributed to exciplexes in a face-to-face orientation in the
1-D case, but in an edge-to-face orientation in the 2-D
structures. This work is the most detailed analysis to date of
the exciplex phenomenon in MOFs and demonstrates the way
in which MOFs can be used as a platform to systematically
perturb the identity and orientation of exciplex components.

6. Guest-induced luminescence

The porosity that many MOF structures display allows for
incorporation of emissive molecules for the purposes of
molecular detection and structural probing. Thus far, how-
ever, there are few examples and only one case in which the
luminescence was examined. The structure and luminescence
spectra of a mesoporous MOF derived from a superstructure
of Tb(III) ions, triazine-1,3,5-(4,40,400-trisbenzoate), and
dimethylacetamide are shown in Fig. 11.121 The crystal struc-
ture shows two distinct pore shapes, one with a 3.9 nm
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diameter and the other with a 4.7 nm diameter. Upon evacua-
tion, the material shows a Langmuir surface area of
3855 m2 g%1 and gives a bright green sensitized luminescence
characteristic of Tb(III). Due to the large pore sizes and small
entryways, this material is attractive for a number of applica-
tions involving small molecule storage and delivery. To test the
uptake of guests, vapor phase ferrocene was introduced to the
structure under elevated temperature and reduced pressure.
Section (c) of Fig. 11 shows a picture of the ferrocene-included
framework. The color change to a dark brown and loss of Tb
luminescence are indicative of ferrocene inclusion. The weak
emission spectrum is derived from the guests and further
suggests that the included ferrocene adds a non-radiative
energy-transfer pathway to quench the Tb emission. Elemental
analysis of the infused material reveals uptake of roughly 65
ferrocene molecules per formula unit or 4420 per pore. Removal
of the guest under vacuum and high temperature leads to
recovery of the framework luminescence, though as can be seen
in the figure, the crystals remain slightly discolored.

7. Luminescent MOFs as sensors

The wide variety of fluorescent MOFs described above and the
synthetic versatility inherent in these materials would seem to
make them ideal for molecular recognition. Although lumi-
nescent MOFs have yet to be incorporated into actual sensing
devices, several recent reports illustrate their potential to be
used as chemical sensors.65,73,120,122–130 For a MOF to serve as
a useful sensor it must possess several properties: (1) it must

exhibit some change in response to an interaction with an
analyte; (2) this change must have some analyte specificity; (3)
optimally, the response should be reversible (this is desirable
but not required in all cases); and (4) the change must be
detectable. Luminescent MOFs displaying some or all of these
characteristics have been reported and will be discussed in the
ensuing paragraphs. Detectability makes luminescence more
attractive than light absorption as this is more sensitive and
even small numbers of photons can be detected using photon-
counting techniques, particularly in the absence of a large
background signal. Molecular detection based on lumines-
cence has reached a high state of sophistication, with near
single-molecule detection limits attained using laser-based
excitation sources.131 Consequently, non-fluorescent MOFs
displaying a color change upon molecular absorption are more
difficult to implement as sensors.
Several potential transduction mechanisms are possible in

fluorescent MOFs. These are: (1) solvochromatic shifts; (2)
alteration of the electronic structure via changes in the
coordination sphere; (3) fluorescence quenching by adsorbed
species; and (4) exciplex formation. Examples of each are
found in the literature and are discussed in turn below.
The solvatochromatic effect, although generally described as

a wavelength shift in an absorption band observed when the
polarity of the solvent is changed, can also be found in
fluorescence emission spectra.132 In the case of MOFs, which
do not dissolve, the effect is the result of changes in the
polarity of adsorbed guest molecules. Lee et al. observed this
in a porous MOF with formula Zn4O(NTB)2#3DEF#EtOH, in
which the presence or absence of p–p interactions (desolvated
versus solvated form, respectively) between interpenetrated
nets leads to a red-shift in the luminescence maximum.73 The
magnitude of the shift depends on the identity of the guest
molecule, with lmax (pyridine)olmax(methanol)olmax

(benzene). Bauer et al. observed a similar effect in a porous
Zn4O(SDC)3.

65 In this case, the luminescence maximum is
furthest to the blue when the pores are infused with hexane,
moving successively further to the red with chloroform and
toluene. The direction and magnitude of the shift does not
correlate with the polarity of the guest, indicating that specific
solvent–MOF interactions are at play.
Changes in the coordination sphere can produce more

substantial changes in the luminescence spectrum than simple
uptake of guest molecules. Lanthanoid-containing MOFs are
effective for sensor applications since their coordination
sphere is large (coordination numbers up to 12 are known)
and the coordination geometry is not rigid, enabling Ln(III)
ions to coordinate guest molecules even if the lanthanoid is
part of the framework. Reineke et al., who synthesized the
terbium MOF Tb2(1,4-BDC)3#(H2O)4 (MOF-76) suggested
that such MOFs could be used in chemical sensing.128 In this
MOF, the water molecules are exchangeable and exposure to
NH3 results in complete replacement of the four coordinated
waters and decreases the luminescence decay constant. Two
more recent examples involving Tb(III) and Eu(III) frameworks
demonstrate that binding organic molecules to the lanthanoid
can either increase or decrease the luminescence intensity.
Chen et al. used the Eu analogue of MOF-76 to show that
modulations in MOF luminescence can be used as a detection

Fig. 11 Transmission and fluorescence microscope images and lumi-

nescence spectra for (a) single crystal, (b) bulk, (c) ferrocene included,

and (d) after removal of ferrocene of the MOF in part (a). Reprinted

with permission from ref. 121.
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method. In this case, the luminescence increases when exposed
to DMF, but decreases when exposed to acetone.124 In con-
trast, luminescence quenching is observed when the MOF
Eu2[(4,4

0-hexafluoroisopropylidene)bis(benzoate)]3 is exposed
to ethanol in air.125 In all three cases, the observed effects can
be attributed to the exchangeable coordination sites on the
metal ion that are occupied by solvent in the as-synthesized
state, which are replaceable by other ligands. It is thought that
differences in the strength of vibronic coupling between the
coordinating molecule and the lanthanoid ion resulting from
ligand exchange cause the changes in luminescence intensity.
The magnitude of the change depends on the frequency of the
oscillator in the newly coordinated molecule. Molecules
containing –OH groups are particularly effective quenchers
of lanthanoid luminescence.96

Luminescence modulated by the coordination of metal
cations at exchangeable positions represents a potential method
for the detection of these cations. Liu et al.126 demonstrate that
the ions Cu(II), Zn(II), Cd(II), and Hg(II) quench the fluorescence
of an amino acid–Eu(III) MOF NaEuL(H2O)4#2H2O, in which
L is a tetra(amino acid) linker. In contrast, Ag(I) enhances the
intensity of the hypersensitive 5D0 -

7F2 transition by almost a
factor of 5, while diminishing the 5D0 - 7FJ (J = 1, 4)
transitions to the point that they are unobservable. This
behavior is surprising, particularly in light of the fact that,
while one might expect Cu(II) to quench the fluorescence, the
other ions all have full d shells and complexes of these ions in
solution are often fluorescent. Zhao et al., for example, find that
Zn(II) increases the emission intensity from a Eu(III) MOF with
pyridine-2,6-dicarboxylate linkers, while Fe(II), Co(II), and
Ni(II) ions quench the fluorescence.130 There is some evidence
that coordination of Ag(I) increases the framework’s rigidity
and may alter the paramagnetic spin state. Nevertheless, this
behavior is unprecedented and warrants further investigation.

Four examples illustrate that adsorbed guests can modulate
the luminescence intensity through indirect interactions with
metal ions in a framework. Both increases and decreases in
luminescence intensity are observed and the mechanisms for each
are far from clear. In the case of anions, it is speculated that
anion size, hydrogen-bonding ability, and the structure of the
MOF itself contribute to the observed effects. The first example
MOF-76b,123 in which guest MeOH occupy the exchangeable
sites on the Tb(III), exhibits increased luminescence upon expo-
sure to solutions of a range of anions. Halide ions, in particular
F%, increase the luminescence intensity by as much as a factor of
four over the MOF in the absence of anion. Hydrogen-bonding
interactions between the F% and axially coordinated methanol
are thought to affect the O–H stretching frequency of the
methanol, reducing its ability to quench the fluorescence.

In the second example, a Tb–mucicate framework reported
by Wong et al., Tb(mucicate)1.5(H2O)2#5H2O,129 responds to
halides as well, but CO3

2% and CN% produce even greater
luminosity enhancements. In contrast, very little enhancement
is produced by NO3

%, suggesting that hydrogen bonding is not
the primary factor in this case (the pKa of CO3

2% and NO3
%

obviously being quite different), even though the mucicate
linker has four –OH groups. Concentration-dependent
enhancements are also observed when the MOF Zn2(4,4

0-
bipy)3(H2O)8(ClO4)2(4-aminobenzoate)2#2(4,40-bipy)#4H2O is

exposed to ethanolic solutions of PF6
%.127 In this case, how-

ever, the luminescence changes are the result of replacement of
the coordinated ClO4

2% ions. Br%, NO3
%, and NO2

%, decrease
the luminescence rather than increase it.
In a third example, Pham et al. describe the synthesis of a

3-D Eu(III) framework linked with EDDB (described in com-
parison with its Zn(II) analog in Section 3).28 Luminescence
studies show the characteristic Eu lines corresponding to the
5D0 - 7FJ transitions. In contrast to the previous two
examples, introduction of a neutral guest, in this case iodine,
induces luminescence quenching. The mechanism of quench-
ing arises from the formation of a charge-transfer complex
between the conjugated linker and the iodine guest. The
alternate energy-transfer pathway reduces the probability of
antenna action by the ligand. Removal of the iodine showed
nearly quantitative recovery of framework luminescence.
Finally, Bai et al. found that aromatic molecules in water

could be detected by their quenching of the luminescence from
a two-dimensional porous MOF containing Cu(I) ions.122 This
MOF incorporates a Cu6L6 cluster (L = 5,6-diphenyl-1,2,4-
triazine-3-thiolate), in which the Cu(I) ions are coordinated by
two thiolate sulfur atoms and one triazine nitrogen. Toluene,
nitrobenzene, aniline, and various methylbenzenes all quench
the fluorescence to some degree. The magnitude of the quench-
ing is not strongly influenced by the presence of electron-
donating or electron-withdrawing groups on the aromatic
ring. Size is evidently also not a factor. Instead, the authors
suggest that varying degrees of p–p stacking lead to changes in
the Cu–Cu distance.
In contrast to several of the previous examples in which

restriction of O–H vibrational resonance enhances the lumi-
nescence of the given lanthanoid, Zhu et al. reported a system
in which hydration of a Ln–MOF induces luminescence.133

A mixed linker framework of Ln–fumarate (Ln = Eu, Tb)
sheets pillared by oxalate moieties was synthesized and studied
for its luminescence properties. The as-synthesized frame-
works display strongly sensitized luminescence in the charac-
teristic Eu and Tb ranges (Fig. 12) When the framework is

Fig. 12 Emission spectra of Ln2(fum)2ox#4H2O MOFs showing

unusual turn-off behavior upon the removal of water. Rehydration

results in nearly complete recovery of luminescence. Reprinted with

permission from ref. 133.
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dehydrated under reduced pressure and elevated temperature,
the luminescence is almost completely quenched. Based on
powder X-ray diffraction analysis, this quenching is likely the
result of framework collapse. However, the framework returns
to its former crystallinity upon re-exposure to water and the
luminescence returns. This is a very rare example of water or
any hydroxyl ligand inducing lanthanoid luminescence.

Lanthanoid ions are often used as contrast agents in
magnetic resonance imaging (MRI) applications due to their
highly paramagnetic nature. This paramagnetism helps to
increase the relaxation rate of water protons in the tissues
being imaged.134 Reiter et al. have reported the synthesis of
nanoscale MOFs (NMOFs) of Gd(1,4-BDC)1.5 using a micro-
emulsion method by which the shape and size of MOF
nanorods can be controlled.135 Alteration of the water–
surfactant ratio, w, in the reverse microemulsion matrix gives
rise to the greatest control over the length and breadth of the
nanorods. The presence of a high density of Gd(III) centers in
the NMOFs prompted the authors to test the relaxivity
enhancement of water proton signals for use as an MRI
contrast agent. It was found that these materials were much
more effective enhancers of water signals than many commer-
cially available contrast agents, such as OmniScan shown in
Fig. 13. In addition to the Gd complexes, analogues doped
with 5 mol% Eu and Tb were also synthesized. The lumines-
cence of ethanolic suspensions of these materials relative to the
Gd material is evident in Fig. 13. The visible luminescence of
these NMOFs invites the possibility of their use as multimodal
MRI contrast agents.

Surface modification

In an unusual twist, the Gd-NMOFs have been used as
templates to generate core–shell and hollow–shell nanoparticles
for both controlled core-release and luminescent sensing
applications.136 The template NMOF rods were synthesized
as in the previous report followed by surface modification with
polyvinylpyrrolidone (PVP). The PVP-coated nanorods were
then coated with a silica shell of controlled thickness through a
sol–gel process with tetraethyl orthosilicate in a basic ethanolic
solution. Thicknesses of up to 8–9 nm were achieved by
varying the reaction time. It was found that when the silica-
coated NMOFs were placed in an acidic solution, a gradual
release of the template nanorod was achieved leaving a hollow
silica shell (Fig. 14). Because the morphology of the NMOF
templates can be controlled during synthesis by exploiting

differences in the surface energetics of various crystallographic
faces, new types of nanoshell morphologies may be accessible
via this route.
More pertinent to this review, the 5 mol% Eu-doped

NMOF material described above served as a template for this
process for use in chemical sensing. The process by which the
Eu-NMOF is coated first with PVP, then with the silica
nanoshell, is illustrated in Fig. 14. Subsequent surface
modification of the silica with a Tb-bound EDTA mono-
siloxylamide (Tb-EDTM) yields a dual lanthanoid competitive
sensor. Tb(III) ions and Tb(III) complexes have been exten-
sively utilized in the detection of various bacterial spores
because of a particular affinity for dipicolinic acid, which
makes up a significant portion of a spore’s dry mass.137–140

Because the EDTM ligand is a poor antenna, the initial host
(30-Tb-EDTM in Fig. 14) is dominated by the Eu-emission
from the NMOF core. Upon exposure to dipicolinic acid, the
Tb-luminescence turns on due to complexation with an effi-
ciently absorbing antenna. In contrast, the silica-shielded Eu-
NMOF emission remains constant allowing for ratiometric
analysis of the Tb and Eu signals versus the dipicolinic acid
concentration. The authors report the feasibility of the assay
in buffered solutions as well as in the presence of other
physiological species such as amino acids.

8. Scintillating frameworks

Many conjugated molecules are known to scintillate (that is,
emit light on short time scales) when irradiated with ionizing
radiation such as gamma rays, neutrons, or alpha particles.141

Since conjugated linkers are quite common among MOFs, one
might expect that MOFs could also function as scintillators.
We recently demonstrated that this is feasible,10 using the
Zn–SDC-based MOFs65 described above in Section 3. Experi-
ments were conducted in which MOF-S1 (3-D porous struc-
ture) and MOF-S2 (2-D dense structure) were subjected to a
3 MeV beam of protons. This simulates the interaction of
neutrons with a hydrogen-containing material, which causes
so-called ‘‘recoil protons’’ to be produced. Luminescence
occurring as a result of the beam’s interaction with the MOFs
was produced with an efficiency comparable to some commer-
cial organic scintillators. An intriguing observation is that the
Stokes shift of the beam-induced luminescence relative to the
photon-induced fluorescence excitation spectrum is very
large for MOF-S1 (5620 cm%1), while the shift for MOF-S2

Fig. 13 Left: T1-weight MR images of Gd-NMOFs of different sizes

in aqueous suspensions with 0.1% xanthan gum versus the commercial

OmniScan contrast agent. Right: UV-light irradiated ethanolic sus-

pensions of 5 mol% Eu- and Tb-doped NMOFs in contrast with the

100% Gd-NMOF. Reprinted with permission from ref. 135.

Fig. 14 Schematic describing the silica coating and subsequent Tb-

EDTM surface modification of the Eu-NMOF for sensing of dipico-

linic acid. Reprinted with permission from ref. 136.
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(3415 cm%1) is intermediate between MOF-S1 and the H2SDC
precursor. The reasons for this are not completely clear.
However, the spectroscopy suggests that ionization of the
material by the high-energy protons temporarily alters the
extent of interlumophore coupling within the MOF. This may
allow different excited states to be accessed and possibly
excimer formation to occur. Like the examples of Zawortko
et al.119,120 discussed above (Section 5), the order imposed by
the MOF structure upon the scintillating groups provides an
opportunity to systematically probe the phenomena
responsible for scintillation. In addition, the unique properties
of MOFs, in particular their porosity and synthetic flexibility,
open the possibility to develop a new class of scintillators
whose properties are tailored for specific radiation detection
applications.

9. Concluding remarks

While luminescent MOFs are still at an early stage of devel-
opment, it is evident from the examples cited above that these
materials represent a promising avenue of research. The
combination of organic and inorganic components, synthetic
versatility, and nanoporosity create a breadth of possibilities
available in few other classes of materials. Both the metal and
the linker can be used to create luminescence, and can
furthermore interact via antenna effects to increase the quan-
tum efficiency of otherwise weakly emitting lanthanide ions.
As a result, chemical sensing is clearly a viable application.
Moreover, the high surface areas available in some MOFs
suggest the potential to create hybrid materials that serve as
both a preconcentrator and a detection medium. The recent
discovery of scintillating MOFs extends their utility beyond
the realm of chemical detection to that of radiation detection.
From a fundamental point of view, the ordered nature of
MOF structures suggests their use as a platform for research
on energy transfer and other photophysical effects. It is there-
fore likely that these young materials will be the genesis of
many technological and scientific advances in this rapidly
growing field.
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