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Abstract 

Metalïorganic frameworks (MOFs) are a class of porous materials prepared by the self-

assembly of metal ions or clusters with organic ligands. The unique characteristics of MOFs, 

including structural tunability, high surface areas, low densities and tailored pore surface 

functionalization, have made them leading contenders as high-performance porous materials, 

alongside the established zeolites and activated carbons. Consequently, the permanent 

porosity of MOFs has been extensively exploited for gas capture and separation and catalysis. 

In recent years, the field has been expanded towards new applications and many studies of 

MOFs are venturing into unexplored avenues. A large number of studies have been focused 

on photoluminescent, upconversion luminescent, and nonlinear optical MOFs for applications 

in areas such as white-light emission, bioimaging, sensing, and photocatalysis. Within the 

first half of this tutorial review, we present the fundamental principles of luminescence, 

including detailed scientific discussions on the luminescence origin of different materials 

such as organic dyes, transition metal complexes, quantum dots, and lanthanide compounds. 
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Principles and important parameters for the applications of luminescent MOFs are 

introduced, followed by a summary of recent interesting publications for each application. In 

the second half, we introduce nonlinear optical effects including second harmonic generation 

and two-photon absorption, and upconversion of luminescence, followed by detailed 

examples of MOFs that exhibit these phenomena. Finally, insights about the remaining 

challenges and future directions are discussed. 
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1. Introduction 

Light is an electromagnetic radiation, with wavelengths in the optical range (100 nm ï 1 mm) 

of the electromagnetic spectrum. Visible (Vis) light has wavelengths between 400 and 700 

nm and can be seen by human eyes. Light with wavelengths shorter than 400 nm falls in the 

ultraviolet (UV) region, which is further divided into UV-A, UV-B, and UV-C ranges. 

Similarly, light with wavelengths longer than 700 nm are infrared (IR) radiations; this region 

is also subdivided into IR-A, IR-B and IR-C ranges.  

What happens when light interacts with matter? The answer to this question depends on the 

nature of the material and the wavelength of the light. For example, at the surface of a rough 

wall, light is scattered; through a green leaf, light is partially absorbed and partially reflected; 

whilst through an interface between two transparent media such as glass and water, light is 

refracted. Light with shorter wavelengths are scattered much more than the light with longer 

wavelengths. The blue color of the sky is a typical example of light scattering, mainly for the 

shorter wavelengths. Without the scattering, the sky would appear black to our eyes. 

Some materials not only absorb light but also emit light with a longer wavelength; this 

phenomenon is called photoluminescence. There are also materials that absorb long-

wavelength light and emit light with a shorter wavelength; due to nonlinear interactions with 

light or the upconversion of luminescence. These light-emitting phenomena are quite 

fascinating and the materials emitting light can be employed in numerous applications such 

as in lighting, imaging, sensing, or solar light harvesting. While photoluminescence is more 

popular and can be observed in many organic and inorganic materials, in proteins and 

quantum dots, upconversion of luminescence is rather rare and mainly observed in 

lanthanide-doped nanoparticles. Recently, there is a growing interest in studying these light-

emitting phenomena on a relatively new and unique class of materials: metal-organic 

frameworks (MOFs). 
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MOFs are a class of crystalline microporous materials that were initially introduced in the 

1990s [1], which comprise metal ions or clusters linked by organic ligands via coordination 

bonds forming 1-, 2- or 3-dimensional networks. MOF materials often exhibit high porosities, 

with several MOFs displaying the highest volume and surface area, and the lowest crystal 

density among all porous materials known to date [2, 3]. Another fascinating feature of 

MOFs is their high structural tunability, i.e. by changing the metal ion and/or the organic 

ligand, different structures with a variety of properties can be synthesized [4, 5]. This makes 

MOFs strikingly different from other porous solids such as zeolites, silica, or activated 

carbon, and allows them to be used in a wide range of applications.[6-8] Besides being 

excellent candidates for gas capture, storage and separation [9-14], MOFs have also been 

employed in areas such as catalysis [15-20], sensing [21-23], nonlinear optics [24], 

ferroelectricity [25], magnetism [26], electrical conductivity [27-30], and drug delivery [31-

34]. In recent years, light-emitting MOFs have been in the limelight and in fact, there have 

already been many great reviews on photoluminescent and nonlinear optical MOFs [24, 35-39]. 

While these reviews have excellently provided the current status of the research on light-

emitting MOFs, we believe that a tutorial review providing fundamental photophysical 

principles of luminescence and nonlinear optical effects, and focusing on mechanistic aspects of 

each application of these materials would be valuable to a general audience and will be an 

important addition to the other reviews. In the following sections, we discuss in detail the 

mechanisms and important parameters of photoluminescence and nonlinear optics, the 

applications of light-emitting MOFs, and then conclude with our visions about the field in the 

near future.  
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2. Photoluminescent Metal-organic Frameworks 

2.1 Photophysics of Photoluminescence 

Luminescent materials are compounds that emit light, mostly in the visible and near infrared 

(NIR) regions, through the conversion of the excitation energy into an electromagnetic 

radiation. The light emission can be caused by many types of excitation energies such as the 

energy of a chemical reaction (chemiluminescence), the energy when passing an electric 

current through a substance (electroluminescence), the energy as a result of a mechanical 

action (mechanoluminescence), or the energy due to absorption of photons 

(photoluminescence). In this section, we will discuss photoluminescence (hereafter 

luminescence) and photoluminescent (hereafter luminescent) materials based on organic, 

transition metal and lanthanide compounds and quantum dots, although photoluminescence 

has also been observed in proteins [40] and inorganic pigments [41]. For an exhaustive 

technical description of other types of luminescence, readers are directed to several articles 

that have been authored on the topic [42-44]. 

Luminescence is often divided into two categoriesðfluorescence and phosphorescenceð

depending on the nature of the excited state. The mechanism of these two phenomena can be 

illustrated by a Jablonski diagram shown in Figure 1. Fluorescence occurs when electrons in 

excited singlet states (S1) return to the ground state (S0) via photon emission. Since both the 

excited state and the ground state have the same spin, the process is spin allowed according to 

the spin selection rule; hence, fluorescence occurs rapidly with the typical lifetime in the ns 

range. Phosphorescence involves the relaxation of electrons from triplet excited states (T1), 

which can be populated via intersystem crossing from the singlet excited states. Transitions 

between states with different spins are spin forbidden; therefore, phosphorescence lifetimes 

are typically in the range of ms - ms and even up to s or minutes. Accordingly, 

phosphorescence continues even after the radiation causing it has ceased. In addition, 
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phosphorescence emission from T1 is generally shifted to longer wavelengths (lower energy) 

relative to the fluorescence (Figure 1). It is interesting to note that several luminescent 

compounds were misleadingly named; for example, white phosphorous - from which the term 

ñphosphorescenceò originally derived, does not actually exhibit phosphorescence, its ability 

to exhibit green glow in the dark upon exposure to oxygen is due to a chemiluminescent 

mechanism. 

 

 

Figure 1. A Jablonski diagram illustrating light absorption and emission processes. The rate 

of excited state decay is of 106 ï 109 s-1 for fluorescence and 10-2 - 102 s-1 for 

phosphorescence. 

 

The important characteristics for luminescent materials include the quantum yield (f), molar 

absorptivity (Ң) (also called molar extinction coefficient), luminescence lifetime (Ű), and 

Stokes shift. Quantum yield is the ratio of the number of emitted photons to the number of 

absorbed photons. In other words, quantum yield gives the measure of the efficiency to 

convert the absorbed photon energy into light; therefore, it has been a key criterion for the 

selection of luminescent materials in many applications such as laser and lighting. Direct 
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measurement of quantum yield as an absolute quantity can be obtained by using an 

integrating sphere but this method is often challenging and requires sophisticated 

instruments; the more common method (but less reliable) for determination of quantum yield 

is by comparison with a standard of known quantum yield, e.g. quinine bisulfate, fluorescein, 

or rhodamine 6G. The quantum yields of these standards are mostly independent of excitation 

energy; hence, these compounds can be used in a wide range of wavelengths as long as they 

have effective absorption. Most materials exhibit quantum yields smaller than unity due to 

non-radiative transitions, e.g. internal conversions, intersystem crossing, and vibrational 

transitions (Figure 1), which compete with the radiative transitions and give up energy to the 

surroundings. These non-radiative transitions can be very sensitive to the local environment; 

therefore, the quantum yield can sometimes be used as a probe of environment near the 

luminescent molecules. Several organic compounds such as rhodamines and BODIPY dyes 

exhibit near-unity quantum yields and are very bright luminophores. Most quantum dots 

display high quantum yields of ~ 50 %, whereas luminescent transition metal complexes 

exhibit lower quantum yields, e.g. the quantum yield of [Ru(bpy)3]
2+ (bpy = 2,2ô-bipyridine) 

in aqueous solution is ~ 4.2 % [45]. For lanthanide compounds, the total quantum yield varies 

depending on the nature of the lanthanide ions; furthermore, it is strongly affected by 

multiphonon relaxations, particularly for those emitting in the NIR region, and the efficiency 

of the energy transfer process between the organic ligands and the lanthanide ions (vide 

infra).  

 

Molar absorptivity measures how well a luminophore absorbs a given wavelength of light 

and is one of the two factors along with quantum yield contributing to the luminescence 

intensity of the material. Ordinary (one-photon) absorption follows the Lambert-Beer law 
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(equation 1), which relates the absorbance of the material sample to its molar absorptivity, 

concentration, and thickness,  

ὃ ὰέὫ   ὰ ὅ     (1) 

where A is the absorbance of the sample; I0 and I are the intensity of light entering and 

emerging from the sample, respectively; Ң is the molar absorptivity; l is the thickness of the 

sample; and C is the sample concentration. It is worth noting that deviations from the 

Lambert-Beer's law can occur in solutions of aggregates or macromolecules due to light 

scattering. Most organic dyes and luminescent transition metal complexes absorb light 

efficiently, with Ң in the range of 105 - 106 M-1 cm-1. The molar absorptivity of quantum dots 

is also in the 105 - 106 M-1 cm-1 range but it is strongly dependent on the size of the particles 

[46]. On the other hand, lanthanide ions themselves are poor absorbers, with Ң often lower 

than 10 M-1 cm-1, resulting in low luminescence intensity. When a chromophore with a high 

molar absorptivity is attached to the lanthanide complex, the photon energy absorbed can be 

transferred from the chromophore to the lanthanide ion, which significantly improves the 

overall brightness of these complexes. This phenomenon is called the ñantenna effectò and 

will be discussed in the following part of this section. 

  

Luminescence lifetime is the average time the luminophore stays in its excited state before 

emitting a photon and is mathematically expressed as the time required for the luminescence 

intensity to decay to 1/e (~37%) of the original intensity (equation 2), 

Ὅ Ὅ Ὡ
Ⱦ               (2) 

where It and I0 are luminescence intensity at time t and t = 0, respectively; and Ű is the 

lifetime. In practice, lifetime can be measured by either a time-domain or a frequency-domain 

technique, with the former often providing the estimate of Ű with lower uncertainty [47]. 

Generally, fluorescence lifetimes of organic chromophores are < 10 ns, e.g. fluorescein 
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isothiocyanate has a lifetime of 3.9 ns at pH = 7.2, with several exceptions such as pyrene 

and coronene displaying lifetimes > 100 ns. Quantum dots display lifetimes of dozens of ns 

while lanthanide compounds typically exhibit much longer lifetimes in the ms ï ms range due 

to the forbidden nature of f-f transitions. Luminescent transition metal complexes of d6, d8, 

and d10 metals are another class of long-lifetime emitters, which can display lifetimes of few 

hundreds ns[48, 49]. Similar to quantum yield, the lifetime of a luminophore highly depends 

on the local environment but is independent of its concentration; therefore, measuring the 

lifetime can provide a sensitive measure of local conditions, especially for uses when 

luminophores might not be evenly distributed, e.g. in biological cells or tissues. For practical 

applications, lifetime is an important characteristic of luminescence materials as it determines 

the timescale of experiments. For example, in conventional fluoroimmunoassays, background 

fluorescence from serums, solvents, cuvettes, and the sample has been one of the major 

problems. When a long-lived luminophore is used to illuminate cells or tissues, by delaying 

the measurement of fluorescence after a flash excitation of the sample, i.e. time-resolved 

experiment, all background fluorescence is excluded and the only background signal 

observed is due to nonspecific binding of the tracer. 

Stokes shift, named after the physicist George G Stokes, is the difference between the peak 

excitation and the peak emission wavelengths of the same electronic transition. If the 

excitation and emission of the material are not from the same electronic transition, the shift is 

called pseudo Stokes shift. In ordinary cases with one-photon absorption, the peak emission 

is almost always at longer wavelength (lower energy) than the one of excitation. Organic 

compounds typically display small Stokes shifts (< 100 nm), e.g. cyanine dyes such as Cy3 

and Cy5 can be excited at wavelengths of 550 nm and 650 nm and emit fluorescence at 570 

nm and 670 nm, respectively. In addition, the magnitude of these organic-fluorophore Stokes 

shifts also depends on the polarity of the solvent; the more polar solvent often leads to larger 
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Stoke shifts due to the ability of these solvent molecules to reorient themselves in the 

proximity of the fluorescent molecules to compensate for the dipole moment of the 

fluorophore after photoexcitation and as a consequence, fluorescence emits from a state of 

lower energy. Luminescent transition metal complexes display relatively large Stokes shifts, 

e.g. [Ru(bpy)3]
2+ can be excited at ~ 450 nm and emits phosphorescence at ~ 620 nm [50]. 

Lanthanide compounds exhibit large pseudo Stokes shift, e.g. ErIII  ion displays NIR emission 

at ~ 1550 nm, hence the Stokes shift is of ~ 1100 nm if the compound is excited at 400 nm. 

For quantum dots, the emission wavelength is dependent on the dimensions of the particles; 

therefore their Stokes shifts can be tuned by controlling the size of the dots.  Stokes shift is 

important not only for luminescent measurements, since the redshift allows the use of 

appropriate optical filters to block the excitation light from reaching the detector so that 

fluorescence detection is measured against a very low background, but also for many 

practical applications. For example, fluorescent organic dyes have been utilized in 

luminescent solar contractor (LSC) to produce electricity from solar radiation. Dyes with 

large Stoke shift are ideal for this application since the re-absorption of the emitted light due 

to the overlap of absorption and emission significantly limits the light collecting efficiency of 

the device [51]. 

 

Among the luminescent materials, organic dyes are probably the most widespread 

fluorophores and many are commercially available. Organic dyes can be divided into 

resonant dyes and charge-transfer (CT) dyes, of which the fluorescence emission originates 

from an electronic state delocalized over the whole chromophore for the former and from 

intramolecular charge-transfer transitions for the latter. CT dyes often exhibit lower molar 

absorptivities and fluorescence quantum yields compared to resonant dyes, and display a 

strong solvent-polarity dependence of their photophysical properties in solution. The most 
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common resonant organic fluorophore families are fluoresceins/rhodamines, BODIPYs, 

indocyanines, porphyrines, and phthalocyanines [52], whilst coumarins and dansyl 

fluorophores are representatives for CT dyes. Despite the great availability, moderate-to-high 

quantum yields, and large molar absorptivity, organic dyes exhibit several serious drawbacks 

compared to quantum dots and transition metal and lanthanide compounds. Besides the 

above-mentioned short lifetimes and small Stokes shifts, which often requires significant 

efforts to disentangle the absorption and emission processes in practical applications, many 

organic dyes exhibit fast photobleaching caused by the cleaving of covalent bonds or non-

specific reactions between the fluorophore and surrounding environment leading to the 

complete loss of fluorescence in a short period of time. Although some organic dyes such as 

the Alexa dyes have been designed to enhance the photostability in comparison to the first-

generation fluorophores such as fluorescein[53], their uses are still limited to applications 

with low excitation-light intensities and in short terms. Anti-fade reagents can be used to 

reduce photobleaching and preserve the fluorescence signal intensity over longer period of 

time[54]; however, this extra step is rather inconvenient for practical usages. For applications 

in biological fluorescent imaging, due to the high hydrophobicity of most organic dyes, 

chemical modifications to increase water solubility are often needed; for example, 

modifications with sulfonate or saccharide functions to improve water solubility have been 

proposed [55, 56]. 

 

Transition metal compounds of d6, d8 and d10 metals exhibiting luminescence have been 

known since the 70ôs of the last century, beginning with the d6 complexes of RuII 

polypyridine, e.g. [Ru(bpy)3]
2+ [57]. In contrast to organic dyes, which are mostly singlet 

emitters and display fluorescence, these complexes exhibit phosphorescence emission due to 

the metal-to-ligand charge transfer (MLCT) involving the oxidation of RuII to RuII I and the 
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reduction of the polypyridine ligand (Figure 2). Similar bpy-based complexes with OsII have 

also been extensively studied [58], which display lower emission energy and shorter 

luminescence lifetime due to the lower energy gap between the dˊ orbital of OsII and the ˊ* 

orbital of the polypyridine ligand. ReI tricarbonyl polypyridines, e.g. [Re(CO)3(bpy)]+, are 

another d6 MLCT system that attracts wide interest since these complexes display intense and 

long-lived luminescence [59-61]. Ir III  polypyridine complexes are also known for a long time 

[62] but most studies on these complexes have exploited the catalytic activity of the Ir III  ion 

rather than the photophysical property. Recently, numerous luminescent IrIII  polypyridine 

complexes have been synthesized and studied [63-65]. Interestingly, several IrIII  polypyridine 

complexes emit phosphorescence not originated from the MCLT states but rather from 

ligand-to-ligand charge-transfer (LLCT) [66] and sigma-bond-to-ligand charge-transfer 

(SBLCT) [67] states that were observed in these systems. For d8 luminescent complexes, PtII 

terpyridines, e.g. [Pt(terpy)L]n+, have been extensively studied mainly due to their potential 

applications as biological probes and as antitumor drugs [68, 69]. The nature of the ligand L 

significantly affects the luminescence emission of the PtII ion; for example, the complex 

[Pt(terpy)Cl]+ is non-emissive in solution at room temperature due to the presence of a low-

energy d-d ligand field whereas the complexes [Pt(terpy)(CſCR)]+ exhibit intense 

luminescence in the same condition. In addition, the complexes with the electron-rich R 

groups exhibit low emission energies while those with electron-poor groups display high 

emission energies, which is consistent with the MLCT mechanism [70]. Luminescent d10 

complexes of CuI, AgI and AuI have also been reported in the literature [69]. The d10 metals, 

particularly AuI, display strong non-covalent metal-metal interactions, i.e. aurophilicity [71], 

and often form complexes containing more than one metal atom. Large complexes such as 

dodecanuclear, and octadecanuclear AuI sulfide clusters have been known to exhibit orange 

to red luminescence, which is often attributed to the triplet ligand-to-metal charge-transfer 
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(LMCT) states mixed with metal-centered states modified by AuI···AuI interactions [72, 73]. 

Near-infrared (NIR) luminescent emission was also observed in AuI selenide clusters 

although the origin of such low energy emission is not clear [74]. Overall, with high quantum 

yields and relatively long lifetimes, luminescent transition metal complexes have enjoy 

widespread promising applications in sensing [75-77], biological imaging [78, 79], organic 

light-emitting diodes (OLEDs) [80-84], and renewable energy [85-91]. 

 

 

Figure 2. Metal-to-ligand charge transfer dˊ6 Ÿ (dˊ5ˊ*1) upon photon absorption. 

 

Semiconductor quantum dots (QDs) are nanometer-scale particles, which were first reported 

by Brus and coworkers in 1982 [92]. QDs contain atoms of group II and VI elements (e.g. 

CdSe, CdTe) or group III and V elements (e.g. InP, InAs, InGaP) with the size ranging from 

2 - 10 nm. Due to their nanoscale sizes, QDs possess properties between bulk materials and 

molecules [93, 94]. When QDs are excited by photon energy, the separation between the 

excited electron and hole is smaller than their Bohr radius; hence, the exciton is confined in a 

small space with high energy leading to fluorescence emission. Consequently, QDs emit 

intermittent fluorescence when absorbing photons with energies higher than the band gap. 

The emission wavelength is dependent on the size of the QDs, with larger QDs exhibiting a 

smaller energy band-gap and red fluorescence, whereas smaller QDs emit blue fluorescence 

(Figure 3). This effect allows for tuning the colors of QDs by controlling their size, with their 

hn
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emission covering the spectral range from the ultraviolet (UV) to the infrared (IR) having 

been reported in the literature [95-97]. Although QDs exhibit short luminescence lifetimes 

(ns) like organic dyes, one advantage of using QDs is their insusceptibility to photobleaching 

[98, 99]. For example, QDs have shown to be 100 times more stable and 20 times brighter 

than Rhodamine 6G [100]. However, due to the surface irregularities of the core structure, 

emission irregularities like blinking are often observed. Another significant drawback of 

QDs, especially for those containing CdII, is their high reactivity and toxicity [101], which 

might limit their practical applications. Capping the core of QDs with a high-bandgap 

semiconducting materials, e.g. ZnS, can improve their luminescence properties and decrease 

the release of toxic ions such as Cd2+, Se2- or Te2- into the environment [102, 103]. For 

biological applications, a second coating with silica [104], phospholipid micelles [105], or 

oligomeric ligands [106] is required to ensure solubility and stability in biological media. 

 

 

Figure 3. Schematic illustration of the band gap of bulk crystal and QDs. 

Luminescence emission from lanthanide compounds has been the subject of research for 

nearly a century, with some of the early articles describing the complexity of lanthanide 

optical spectra back in the 30ôs [107]. Lanthanide ions have the general electron 

configuration of [Xe]fn (n = 0 - 14) and the ionic radii decrease along the series from LaIII  

Bulk crystal QDs

CB

VB

Band Gap
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([Xe]f0) to LuIII  ([Xe]f14), which in some cases leads to a change in the coordination number 

from nine in large lanthanides to eight in smaller ones. The 4f orbitals are ñinner orbitalsò due 

to the shielding by the Xenon core and the larger radial expansion of the 5s25p6 subshells; 

therefore, 4f electrons are not involved in bonding and most lanthanide ions in complexes 

behave similarly as free ions, which is important for the spectroscopic properties of these 

ions. Luminescence emission of lanthanide ions originates from f-f transitions (except for 

CeIII), which involve a rearrangement of the electrons in the 4f subshell. Except for LaIII  and 

LuIII , which have zero and completely filled f electrons and hence no f-f transitions, all other 

lanthanide ions are luminescent and the emission wavelength ranges from UV (GdIII) to 

visible (blue TmIII , green TbIII , orange SmIII , red EuIII) to NIR (PrIII , NdIII , ErIII , YbIII). DyIII  

exhibits luminescence in both visible and NIR regions while CeIII  luminescence emission is 

based on a 5d-4f transition and is hence strongly affected by the environment around the CeIII  

ion due to the strong crystal-field effects on the 5d1 excited state. Since f-f transitions are 

spin-parity forbidden according to the Laporteôs rule, they display faint intensities, negligible 

Stokes shifts, long-lifetime emission, sharp emission lines, and insensitivity to the 

environment around the lanthanide ion. The last three characteristics make lanthanide 

luminescence easily recognized and therefore lanthanide ions are ideal candidates for optical 

probes; the first two characteristics can be significantly improved by employing the ñantenna 

effectò. To increase luminescence intensity, lanthanide compounds can be modified with one 

or several organic chromophores, which often have large molar absorptivities (ὑ > 105 M-1 

cm-1), to play the role of antennas for the lanthanide ions. These antennas can efficiently 

absorb photon energy and transfer to the lanthanide emitting states to induce luminescence 

emission. The overall mechanism of lanthanide luminescence therefore involves light 

absorption, energy transfer, and light emission processes (Figure 4) and become quite 

complex with several mechanisms and energy levels associated [108]. The main energy 
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migration path after light absorption is believed to involve an intersystem-crossing from the 

singlet excited state S1 to the long-lived ligand-centered triplet state T1, from which energy 

transfer occurs (Figure 4, right). The direct energy transfer from the S1 state is also possible 

but with lower probability due to the short lifetime of S1. Two mechanisms of energy transfer 

were proposed and theoretically modeled: a double-electron exchange (Dexter) and a dipole-

dipole (Förster) mechanism [109]. The former occurs when the chromophore ligands are in 

close distance to the lanthanide ions while the latter operates even with the distance between 

them of up to ~10 nm, i.e. through-space energy transfer. The efficiency of the Förster energy 

transfer is inversely proportional to the sixth power of the distance between the 

chromophores and the lanthanide ions. The overall luminescence quantum yield of a 

lanthanide compound depends on the efficiencies of the intersystem-crossing and the energy-

transfer processes, and on the intrinsic quantum yield of the lanthanide ion, as shown in 

equation 3, 

f h h f               (3) 

 

where  f  and f  are the total and the intrinsic quantum yields, respectively; and h  and 

h  are the intersystem-crossing and energy-transfer efficiencies, respectively. It is worth 

mentioning that besides the increasing of luminescence intensity, large ñpseudoò Stokes shifts 

are also observed as the consequence of the antenna effect.   

Non-radiative multiphonon relaxation of lanthanide luminescence caused by the presence of 

high-energy C-H, O-H, and N-H vibrators near by the lanthanide ion, is a major concern in 

the design of highly luminescent lanthanide compounds [110-112]. Coordinating solvent 

molecules such as H2O and MeOH significantly quench luminescent emission leading to low 

quantum yields and short lifetimes, particularly for lanthanide ions emitting in the NIR 

region. Besides efforts to design lanthanide compounds that do not contain coordinating 
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solvents such as a recent report by our group [113], attempts to minimize the C-H quenching 

in NIR lanthanide complexes by utilizing fully fluorinated ligands were also performed [114-

116]. Ligand-to-metal distance is another parameter that needs to be optimized since a too 

short distance can give rise to luminescent quenching while a large distance leads to poor 

electron transfer and reduced luminescent intensity. Several recent studies demonstrated that 

by placing a lanthanide ion within diamagnetic metallacrowns, the lanthanide center is well 

protected from coordinating solvents while at the same time the ligands are at an optimum 

distance to the lanthanide ion leading to high quantum yields and long lifetimes [117-120]. 

 

  

 

Figure 4. Mechanism of lanthanide luminescence (left) and a simplified Jablonski diagram 

illustrating the electronic states, the energy-transfer pathways, and the transitions within a 

EuIII  complex (right). 

2.2 Applications of Luminescent Metal-Organic Frameworks 

MOFs exhibiting luminescence are promising for a wide range of applications such as white-

light emission, biological fluorescent imaging, optical thermometry and chemical sensing. 
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Development of MOFs as solid-state luminescent materials takes advantage of their structural 

predictability, high crystallinity, high porosity, and reusability compared to traditional 

luminescent compounds. Luminescent MOFs can be designed by tailoring their structures 

with fluorescent organic ligands or lanthanide ions, or by introducing guest molecules such as 

organic dyes, transition metal complexes, or quantum dots into their frameworks. This 

synthetic flexibility of the organic and inorganic components, the host framework, and the 

voids within MOFs offer ample possibilities for tuning their photophysical properties. A 

complete list of luminescent MOFs has been provided in several previous review articles [35-

38, 54, 121-127]. The scope of this section is not about giving a summary of all reported 

luminescent MOFs but to discuss the potential applications of luminescent MOFs with the 

focus being the fundamental principles and some recent interesting studies in each 

application. The list of MOFs reviewed in this part is provided in Table 1. 

 

Table 1. Structural information and photophysical properties of luminescent MOFs. 

 MOF Organic 

Luminophore/ 

Ligand 

Photophysical Properties Ref 

(Year) 

 White-light Emission    

1 [Cd(tzphtpy)2] 

Htzphtpy = 4-(tetrazol-5-yl)phenyl-

2,2ᾳ:6ᾳ,2ᾴ-terpyridine 
 

ɚex = 386 nm 

ū = 2.3 % (ɚex = 326 nm) 

Ű1 = 9.89 ns, Ű2 =8.26 ns 

CIE coordinates: (0.33, 0.36)  

CIE Ra = 77, CCT = 5328 K  

[128] 

(2016) 

2 [PbL] 

H2L = 2,5-bis((2-hydroxylpropyl) 

thio)-1,4-benzene dicarboxylic acid 
 

ɚex = 300, 350, and 400 nm 

ū = 2 ï 3 % 

CIE coordinates: (0.27, 0.30); 

(0.25, 0.29); (0.24, 0.28) for 

[129] 

(2012) 
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respective excitation wavelength 

3 [AgL]  

HL= 4-cyanobenzoate  

ɚex = 349 and 350 nm 

ū = 10.86 % (ɚex = 349nm) 

CIE coordinates: (0.33, 0.34)  and 

(0.31, 0.33) for respective 

excitation wavelength 

[130] 

(2009) 

4 Eu-doped [In(BTB)2/3(OA)(DEF)3/2] 

H3BTB = 4,4ǋ,4ǋǋ-benzene-1,3,5-

triyl -tris(benzoic acid) 

H2OA = oxalic acid 

DEF = diethylformamide 

 

 

 

ɚex = 350, 360, 380, 394 nm 

ū = 4.3% (ɚex = 330 nm) 

CIE coordinates: (0.369, 0.301), 

(0.309, 0.298), (0.285, 0.309), 

and (0.304, 0.343) for respective 

excitation wavelength 

CIE Ra = 90, CCT = 3200 K 

[131] 

(2012) 

5 [Eu0.3Tb2.7(BDC)4.3875(L)0.1125(S)a] 

H2BDC = terephthalic acid 

H2L= 2-(pyrene-1-carboxamido) 

terephthalic acid 

S= solvent 

 

 

 

ɚex = 304 nm 

CIE coordinates: (0.302, 0.342) 

[132] 

(2016) 

6 [(EuxTbyDy1-x-y)(HL)(H2O)(DEF)] 

(1) x= 0.0667, y= 0.0667, z= 0.8666 

(2) x= 0.0666, y= 0.4667, z= 0.4667 

H4L = p-terphenyl-2.2ᾴ,4,4ᾴ-

tetracarboxylic acid 

 

ɚex = 336 nm 

(1) CIE coordinates: (0.32, 0.25) 

at 100 K, (0.30, 0.32) at 50 K 

(2) CIE coordinates: (0.31, 0.25) 

at 200 K, (0.30, 0.30) at 150 K 

[133] 

(2017) 
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7 C460@ 

[(Eu0.05Tb0.95)(BTP)4(DMF)2(H2O)8] 

H3BTP = biphenyl-3,4ᾳ,5-

tricarboxylic acid 

 

 

 

ɚex = 325 nm 

ū = 43.32 % 

CIE coordinates: (0.32, 0.34) 

CIE Ra = 90, CCT = 6034 K 

LER = 7.9 lm/W 

[134] 

(2016) 

8 RhB@[Al(OH)(DBA)] 

H2DBA = 9,10-anthracenedibenzoic 

acid 

RhB = Rhodamine B 

 

 

 

ɚex = 395 nm 

ū =  12 % 

CIE coordinates: (0.32, 0.30) 

CCT =  6085 K 

 

[135] 

(2017) 

9 DSM/AF@[In3(BTB)4](Me2NH2)3 

DSM = 4-(p-dimethylaminostyryl)-

1-methylpyridinium 

AF = acriflavine 

H3BTB = 4,4ǋ,4ǋǋ,-benzene-1,3,5-

triyl -tris(benzoic acid) 

 

 

ɚex = 365 nm 

ū = 17.4 % 

CIE coordinates: (0.34, 0.32) 

CIE Ra = 91, CCT = 5327 K 

 

[136] 

(2015) 
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10 R/G/B dyes@ 

[Zn(L)(BDC)·(H2O)5.5] 

L= 1,2-bis(4ǋ-pyridylmethylamino) 

ethane 

H2BDC = terephthalic acid 

 

 

ɚex = 365 nm 

ū = 26 % 

CIE coordinates: (0.31, 0.32) 

CIE Ra = 90, CCT = 6638 K 

 

[137] 

(2017) 

11 [Ir(ppy)2(bpy)]+@ 

[(Cd2Cl)3(TATPT)4][(CH3)2NH2]15
 

Hppy = 2-phenylpyridine 

bpy = 2,2'-bipyridine 

H6TATPT = 2,4,6-tris(2,5-

dicarboxylphenylamino)-1,3,5-

triazine 

 

 

 

ɚex = 370 nm 

ū = 20.4 % 

CIE coordinates: (0.31, 0.33) 

CIE Ra = 80, CCT = 5900 K 

[138] 

(2013) 

12 Alq3@[(Zn4O)3(TPA)4(TDA)3 

(H2O)6][(Zn4O)(TPA)2]2 

H3TPA = 4,4ô,4ôô-nitrilotribenzoic 

acid 

H2TDA = thiophene-2,5-

dicarboxylic acid 

 

 

 

  

ɚex = 370 nm 

ū = 11.4 % 

CIE coordinates: (0.291, 0.327), 

CCT = 7796 K 

[139] 

(2016) 

 Biological Fluorescence Imaging    
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13 Gd-pDBI-2 

(chemical formula was not 

determined) 

pDBI = 1,4-bis(5-carboxy-1H-

benzimidazole-2-yl)benzene 

 

ɚex = 300-400 nm 

ɚem = 415 nm 

[140] 

(2016) 

14 NCP-2 

(chemical formula was not 

determined) 

L2-
 = [Ru{5,5ǋ-(CO2)2-bpy}(bpy)2] 

 

ɚem = 630 nm 

ū = 0.8 % 

Ű =107 ns 

 

[141] 

(2011) 

15 [Yb(PVDC)3/2(DMF)] 

H2PVDC = 4,4ǋ-[(2,5-Dimethoxy-

1,4-phenylene)di-2,1-

ethenediyl]bis(benzoic acid) 

DMF = dimethylformamide  

 

ɚex = 450 nm 

ɚem =  980 nm (Yb) 

ū1 (H2O) = (1.0 ± 0.3) × 10-4; Ű1 = 

7.01 Ñ 0.07 Õs; Ű2 = 1.51 ± 0.01 

µs 

ū2 (Hepes) = (5.2 ± 0.8)× 10-5;  

Ű1 = 4.6 Ñ 0.1 Õs; Ű2 = 1.04 ± 0.02 

µs 

[142] 

(2013) 

16 BODIPY-grafted 

[Fe3(µ3-O)Cl(H2O)2(NH2-BDC)] 

H2BDC = terephthalic acid 

 

 

 

 

 [143] 

(2009) 
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17 [Ru(bpy)3]2+ 

@[Zr6O4(OH)4(BPDC)6]  

H2BPDC = 2,2Ω-bipyridine-5,5ᾳ- 

dicarboxylic acid 

 

 

 

ɚem = 621 nm 

Ű1 = 203.9 ns (34 %) 

Ű2 = 808.7 ns (66 %)  

ū = 5.5 % 

[144] 

(2017) 

 Luminescent Sensing    

 Temperature Sensing    

18 [(CH3)2NH2][Zn(BTB)2/3(ATZ)]  

H3BTB = 4,4ǋ,4ǋǋ-benzene-1,3,5-

triyl -tris(benzoic acid) 

ATZ = 5-amino-1-H-tetrazolate 

 

 

 

ɚex = 330 nm 

ɚem = 377, 477, 510, 544 nm 

ū = 22.11 % 

 

 

[145] 

(2016) 

19 [Me2NH2][EuxTb1-xL(H2O)2] 

H4L = 2,6-di(2ᾳ,4ᾳ-

dicarboxylphenyl)pyridine 

 

ɚex = 335 nm 

ɚem = 612 nm (Eu), 542 nm (Tb) 

 

[146] 

(2017) 

20 [(Nd0.577Yb0.423)                       

(BDC-F4)3(DMF)(H2O)] 

H2BDC-F4 = tetrafluoroterephthalic 

acid 

 

ɚex = 808 nm 

ɚem = 980 nm (Yb), 1060 nm (Nd) 

 

[147] 

(2015) 

21 [Dy(cpia)(DMF)2] 

H3cpia = 5-(4-carboxyphenoxy) 

isophthalic acid 

 

ɚex = 324 nm 

ɚem =  455 nm and 485 nm (Dy) 

 

[148] 

(2017) 
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22 perylene 

@[Eu2(QPTCA)(NO3)2(DMF)4] 

H4QPTCA= 1,1ǋ:4ǋ,1ǋǋ:4ǋǋ,1ǋǋǋ-

quaterphenyl-3,3ǋǋǋ,5,5ǋǋǋ-

tetracarboxylic acid 

 

 

 

ɚex = 388 nm 

ɚem = 615 nm  (Eu); 503, 473 and 

450  nm (perylene) 

ū = 13.12 % 

 

[149] 

(2015) 

 pH Sensing    

23 1-Methylindole grafted 

[Zr6O4(OH)4(NH2-BDC)] 

NH2-H2BDC = aminoterephthalic 

acid 

 

ɚex = 350 nm 

ɚem = 428 nm 

[150] 

(2014) 

24 [Al 3O(OH)(H2O)2(NH2-BDC)3] 

NH2-H2BDC = aminoterephthalic 

acid 

 

ɚex = 396 nm 

ɚem = 451 nm 

[151] 

(2016) 

25 [Tb4(ɛ3īOH)4L3(H2O)7]5+              

Cl0.63(NO3)4.37 

H2L+Cl- = 1-(3,5-dicarboxybenzyl)-

4,4ǋ- bipyridinium chloride 

 

ɚex = 336 nm 

ɚem = 542 nm (Tb) 

 

[152] 

(2015) 
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26 EuIII@[Zr6O4(OH)4(bpydc)6] 

H2bpydc = 2,2ǋ-bipyridine-5,5'-

dicarboxylic acid 

 

ɚex = 336 nm 

ɚem = 615 nm (Eu) 

 

[153] 

(2018) 

27 [Cd1.5(EDDA)]-H3O+ 

H4EDDA = 5,5ǋ-(ethane-1,2-

diylbis(oxy))diisophthalic acid 

 

ɚex = 310 nm 

ɚem = 350, 410 nm 

[154] 

(2016) 

28 [Eu2xTb2-2x(fum)2(ox)(H2O)4]  

H2fum = fumaric acid 

H2ox = oxalic acid  

 

 

ɚex = 340 nm 

ɚem = 618 (Eu), 545 (Tb) nm 

[155] 

(2017) 

 Sensing of Metal Ions    

29 [Me2NH2][Mg 3(ndc)2.5(HCO2)2 

(H2O)] 

H2ndc = 1,4-

napthalenedicarboxylic acid 

 

ɚex = 317 nm 

ɚem = 410 nm 

[156] 

(2014) 
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30 [Zr6O8(H2O)8L4]  

H2L = succinamide-p,pᾳ-

terphenyldicarboxylic acid 

 

ɚex = 330 nm 

ɚem = 390 nm 

[157] 

(2014) 

31 [Me2NH2][Tb(bptc)] 

H4bptc = biphenyltetracarboxylic 

acid 

 

ɚex = 310 nm 

ɚem = 545 nm (Tb) 

[158] 

(2016) 

32 [Ln(L) (BPDC)1/2(NO3)] 

Ln = Eu (32-Eu) and Tb (32-Tb) 

H2L = 2,5- di(pyridin-4-yl) 

terephthalic acid 

H2BPDC = biphenyl-4,4ǋ- 

dicarboxylic acid 
 

 

ɚex (32-Eu) = 338 nm 

ɚem (32-Eu) = 618 nm (Eu) 

Ű1 and Ű2  (32-Eu) = 32.88 and 

112.29 µs, respectively  

ɚex (32-Tb) = 327 nm 

ɚem (32-Tb) = 545 nm (Tb) 

Ű1 and Ű2  (32-Tb) = 709.02 and 

1201.01 µs, respectively  

 

 

 

[159] 

(2017) 

33 QDs&CDs@[Zn(mim)2]  

Hmim = 2-methylimidazole 

 

ɚex = 370 nm 

ɚem = 430 and 620 nm 

 

[160] 

(2017) 
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34 [Al(OH)(bpydc)] 

H2bpydc = 2,2ǋ-bipyridine-5,5ǋ-

dicarboxylic acid 

 

ɚex = 390 nm 

ɚem = 545 nm 

Ű = 8.19 Õs 

ū = 31 % 

 

 

 

[161] 

(2014) 

35 [Zn2(dbtdcO2)2(tppe)] 

H2dbtdcO2 = dibenzo[b,d] 

thiophene-3,7-dicarboxylic acid-

5,5-dioxide  

tppe = 1,1,2,2-tetrakis(4-(pyridine-

4-yl)phenyl)ethane 

 

 

 

 

ɚex = 365 nm 

ɚem = 464 nm 

[162] 

(2016) 

36 [Zn3L2(bpy)] 

H3L = 4',4''',4'''''-nitrilotris(3-

methoxy-[1,1'-biphenyl]-4-

carboxylic acid  

ɚex = 375 nm 

ɚem =  482 nm 

t1 = 0.23 ns (48%), t2 = 0.84 ns 

(38 %), and t3 = 2.80 ns (14 %) 

[163] 

(2017) 

37 [Co2( dmimpym)(nda)2] 

dmimpym = 4,6-di(2-methyl-

imidazol-1- yl)-pyrimidine 

H2nda = 1,4-

naphthalenedicarboxylic acid 

 

 

ɚex = 290 nm 

ɚem =  398 nm 

ū = 1.5 % 

 

 

[164] 

(2017) 
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38 Eu@[Al(OH)(H2btec)] 

H4btec = 1,2,4,5-

benzenetetracarboxylic acid 
 

ɚex = 254 nm 

ɚem = 614 nm (Eu)  

Ű = 0.31 ms 

ū = 6 % 

[165] 

(2014) 

 Sensing of Anions    

39 38-1 [[Cd3(L)(bpy)2(DMA) 4] 

38-2 [Cd6(L)2(bib)2(DMA) 4] 

38-3 [Cd3(L)(tib)(DMF)2] 

H6L =  hexa[4-

(carboxyphenyl)oxamethyl]- 

3-oxapentane acid 

bpy = 2,2ᾳ-bipyridine 

bib = 4,4ᾳ-di(1H-imidazol-1-yl)-

1,1ô-biphenyl 

tib = 1,3,5-tri(1H-imidazol-1-

yl)benzene 

 

 

ɚex = 324, 290, and 301 nm for 

38-1, 38-2,  and 38-3, 

respectively 

ɚem =  427, 364, and 375 nm for 

38-1, 38-2,  and 38-3, 

respectively 

[166] 

(2015) 

40 [Ln4(OH)4(BPDC)3(BPDCA)0.5(H2

O)6]ClO4 

H2BPDC = 2,2-dipyridine-3,3ǋ-

dicarboxylic acid 

H2BPDCA = 1,1'-biphenyl-4,4'-

dicarboxylic acid 

 

 

ɚex = 300 nm 

ɚem =  544 nm (Tb)  

[167] 

(2014) 

41 [Tb2Zn(L)3(H2O)4](NO3)2 

H2L = 2,2ᾳ-dipyridine-4,4ᾳ-

dicarboxylic acid 

 

ɚex = 343 nm 

ɚem =  545 nm (Tb)  

 

[168] 

(2015) 
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42 [Eu2(bop)3(H2O)2] 

H2bop = 5-boronoisophthalic acid 

 

ɚex = 275 nm 

ɚem =  366 nm (bop2-) and 625 nm 

(Eu)  

 

[169] 

(2017) 

 Sensing of Gases and Organic 

Molecules 

   

43 [Zn2(bpdc)2(bpee)] 

H2bpdc = 4,4'-biphenyldicarboxylic 

acid 

bpee = 1,2-bipyridylethene 

 

 

 

ɚex = 280 nm 

ɚem =  460 nm 

[170] 

(2017) 

44 [Eu2(bpydc)3(H2O)3] 

H2bpydc = 2,2'-bipyridine-5,5'-

dicarboxylic acid 

 

ɚex = 395 nm 

ɚem =  557 nm (bpydc2-),  

           614 nm (Eu) 

[171] 

(2016) 

45 [(CH3)2NH2]2[Eu6(ɡ3-OH)8(BDC-

NH2)6(H2O)6] 

H2BDC-NH2 = 2- aminoterephthalic 

acid 

 

ɚex = 370 nm 

ɚem = 615 nm (Eu) 

[172] 

(2018) 

46 [(Ag12(StBu)8(CF3COO)4(bpy)4)]  ɚex = 365 nm 

ɚem = 507 nm 

ū = 12.1 % 

Ű = 0.2 µs 

[173] 

(2017) 

47 [Zn5(DpImDC)2(DMF)4(H2O)3] 

H5DpImDC= 2-(3,5-

Dicarboxyphenyl)-1H-imidazole-

4,5-dicarboxylic acid 

 

ɚex = 325 nm 

ɚem = 366 nm 

[174] 

(2018) 
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48 (Me2NH2)[In(BCP)]2.5DEF 

H4BCP = 5-(2,6-bis(4-

carboxyphenyl) pyridin-4-yl) 

isophthalic acid)  

ɚex = 300 nm 

ɚem =  372 nm 

 

[175] 

(2018) 

49 (Me2NH2)0.6{[CeIV(TPTC)]0.4- 

[CeIII(TPTC)]0.6}  

H4TPTC = 1,1':4',1''-terphenyl-

2',4,4'',5'-tetracarboxylic acid 

 

ɚex = 316 nm 

ɚem =  380 nm 

Ű1 = 2.14 ns (TPTC4-) 

Ű2 = 0.84 ns (Ce) 

[176] 

(2017) 

50 [Eu0.1Tb0.9BTC] 

H3BTC = 1,3,5-

benzenetricarboxylic acid 

 

ɚex = 287 nm 

ɚem =  547 nm (Tb), 619 nm (Eu) 

 

[177] 

(2018) 

 

2.2.1 White-light Emission 

2.2.1.1 Fundamental principles 

White light is the type of light with the most universal applications, both indoors and 

outdoors. Nowadays, the majority of white-lighting devices are incandescent and fluorescent 

lamps. An incandescent bulb produces light by heating a tungsten filament to high 

temperature, which emits white light of less than 5 % efficiency [178]. The remaining energy 

is converted into heat. A fluorescent lamp is normally a long narrow glass tube that is filled 

with a noble gas and low-pressure mercury gas. When a high voltage is applied to the 

electrodes at the ends of the tube, some electrons are accelerated, collide and transfer energy 

to the mercury atoms, whose electrons are promoted to an excited state. When these excited 

electrons return to the ground state, the transition produces a UV light of 254 nm, which is 
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further used to excite the phosphor powder coated on the inner surface of the glass tube and 

eventually produces a near white light. Although fluorescent lamps are more efficient than 

incandescent lamps for converting energy into useful light, their efficiencies are still quite 

low, of ~ 20 %. In addition, fluorescent lamps contain mercury, which complicates their 

disposal. In recent years, white light emitting diodes (LEDs), which are typically made from 

a blue LED with part of its light converted to green and red by utilizing one or several 

phosphor compounds, have been developed. They have advantages over the traditional lamps 

such as small size, long lifetime, and high efficiency; however, one of their remaining 

disadvantages is the lack of high white light quality. 

 

In general, a light source for lighting is evaluated based on three main criteria: the 

Commission internationale de l'éclairage (CIE) coordinates, the luminous efficacy of the 

radiation (LER), and the color quality. The CIE coordinates are calculated from the spectral 

power distribution of the light source using the CIE color-matching functions, and are used to 

determine the color of the light based on the chromaticity diagram, as shown in Figure 5. 

High-quality white-light illumination requires a source with CIE coordinates of (0.333; 

0.333). 
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Figure 5. A typical CIE-1931 chromaticity diagram. The region of all perceptible colors is 

encompassed by a horseshoe-shaped curve contain the spectral colors. Reproduced with 

permission from reference [129]. 

 

LER (lm/W) is a parameter describing the brightness of the radiation perceived by the 

average human eye and can be obtained from the emission spectrum, as shown in equation 4, 

ὒὉὙφψσ
᷿

᷿
              (4) 

where Iɚ and Vɚ are the radiometric power and the eye sensitivity curve at wavelength ɚ, 

respectively. The theoretical limit of LER (683 lm/W) is obtained from a monochromatic 

green radiation at 555 nm, which has the maximum spectral sensitivity of the human eye 

under daylight conditions. For white light, which primarily requires the combination of green, 

red, and blue lights, the LER value is lower than 683 lm/W.  The LER of a typical 

incandescent, fluorescent, and LED bulb is of ~12 lm/W, ~ 80 lm/W, and ~150 lm/W, 

respectively [179]. A good light source should have not only a maximum LER but also high 

color quality, which is characterized by the color rendering index (CRI). The concept of CRI 

is based on comparing the color of test objects to the colors of these objects illuminated by an 

infinite number of reference sources. At first, the spectrum of the test light source is 



34 
 

compared to the one of a black body radiator allowing for determination of its correlated 

color temperature (CCT). For light sources with CCT above 5000 K, i.e. cool light, a standard 

daylight spectrum of the same CCT is used, whereas for those with CCT below 5000 K, i.e. 

warm light, the reference source is a black body radiator. The general color rendering index 

Ra is calculated as in equation 5, 

Ὑ ρππτȢφ   В ЎὉ              (5) 

where n is the number of test objects, usually n = 8; æEi is the difference between the color of 

the test object i illuminated with the test and reference light source. The theoretical CIE 

Ra value is 100, and would only be given to a source identical to standardized daylight or 

a black body. Normally, light sources with CIE Ra above 95 are regarded as giving high color 

rendering quality. 

 

2.2.1.2 White-light emitting MOFs 

White light can be obtained from materials that exhibit multiple-color emissions, e.g. a 

combination of red, green, and blue emissions with proper proportions between them can 

give white light. MOFs emitting white light can be designed by utilizing intra- and/or 

interligand charge transfer, ligand-to-metal charge transfer (LMCT), metal-to-ligand charge 

transfer (MLCT), doping with lanthanides, or by encapsulating luminescent organic dyes and 

metal complexes. An example of a ligand-based luminescent MOF emitting white light based 

on intra- and interligand charge transfers was reported by Li et al. [128]. The Cd MOF (1: 

entry 1 in Table 1) was synthesized based on the ligand tzphtpy- (Htzphtpy = 4-(tetrazol-5-

yl)phenyl-2,2ᾳ:6ᾳ,2ᾴ-terpyridine), which coordinates to CdII ions through one N of the 

tetrazole group and one N from the terpyridine group to generate a 1D pearl-necklace-like 

chain. The supramolecular 3D framework is formed through ī́́  interactions between the 

adjacent 1D chains. Luminescence studies on 1 at room temperature revealed that the MOF 

https://en.wikipedia.org/wiki/Black_body
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displays two broad emissions centered at 454 and 567 nm when excited at 386 nm, with their 

respective lifetimes of 8.26 and 9.89 ns typical for fluorescence. The intensities of both 

emissions are comparable when varying the excitation wavelengths between 286 and 386 nm 

suggesting that the dual emissions originate from different luminous centers. Density-of-state 

(DOS) calculation showed that CdII ions make little or no contribution to the absorption, and 

the emissions of 1 stem from ligand-centered transitions. In addition, the emission spectrum 

of Htzphtpy in MeOH shows only one emission band centered at 422 nm suggesting that the 

lower emission band at 567 nm in the solid state originates from interligand charge transfer 

associated with the ˊī́  interactions between the 1D chains. White-light emission of 1 was 

obtained when the MOF was excited at 326 nm, (Figure 6) with CIE coordinates of (0.33, 

0.36), a CIE Ra of 77, a favorable CCT magnitude of 5328 K, and a relatively low quantum 

yield of 2.3%.  

  

Figure 6. Emission spectra of the Cd MOF (1). Inset: the CIE-1931 chromaticity diagram and 

optical images of the powdered samples of 1. Reproduced with permission from reference 

[128]. 

 

He et al. reported a Pb MOF (2) that emits white light based on both ligand-centered and 

LMCT emissions [129]. 2 was obtained from a solvothermal synthesis using 2,5-bis((2-

hydroxylpropyl)thio)-1,4-benzene dicarboxylic acid. The structure builds on a rod-packing 
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motif with the Pb-carboxylate rods linked by the aromatic moieties into a 3D framework. 

Under UV radiation at room temperature, the solid sample of 2 exhibits a bright, white 

luminescence with a high energy band maxima at 459 nm and a weaker low energy band 

tailing into the red region beyond 600 nm, which was attributed to the LMCT between the 

aromatic ˊ systems and the p orbitals of the PbII centers. The quantum efficiency of 2 is rather 

low, of 2-3 %; the CIE coordinates are (0.27, 0.30), (0.25, 0.29), and (0.24, 0.28) with 

excitations at 300, 350, and 400 nm, respectively. These coordinates are all falling within the 

white gamut of the CIE-1931 color space chromaticity diagram. 

 

Wang et al. utilized 4-cyanobenzoate ligand to construct a 2D Ag MOF (3) that emits white 

light based on the combination of intraligand and MLCT emissions [130]. The 2D 

frameworks stack in parallel without interpenetration to generate the 3D structure, in which 

Ag···Ag interactions and ́-ˊ stacking interactions are present among the layers. The solid-

state sample of 3 displays broad emissions centered at Ḑ427 and Ḑ566 nm when excited 

under 355- and 330-nm UV radiation. While the high energy emission has a lifetime of 0.87 

ns typical for fluorescence and was assigned to the ́-ˊ* intraligand transition, the low energy 

emission exhibits a long lifetime of 2.60 ms suggesting a phosphorescence characteristic. 

This emission was explained by the presence of a MLCT transition between the Ag 4d 

electrons and the ́* orbitals of the ligand. When adjusting the excitation light to 349-350 nm, 

the emission peaks at 427 and 566 nm are comparable in intensity, which results in a white-

light emission with a quantum yield of 10.86%. The CIE coordinates are (0.31, 0.33) and 

(0.33, 0.34) for the excitation at 350 and 349 nm, respectively.  

 

Doping with lanthanides emitting in visible regions is a common and efficient method to tune 

luminescence emissions to obtain white light. Sava et al. reported an In MOF (4, also known 



37 
 

as SMOF-1) synthesized from a solvothermal reaction utilizing benzene-1,3,5-triyl 

trisbenzoate (BTB3-) and oxalate as ligands [131]. Luminescence studies revealed that 4 emits 

a ligand-based emission centered at 390 nm after being excited at 330 nm and a broad-band 

emission when the material is excited between 350 and 380 nm, which was attributed to the 

BTB3-ŸInIII  LMCT. This results in direct white-light emission with CIE Ra values within the 

range of 81ī85, but with very high CCTs (21642ī33290 K). To improve the color properties, 

the authors doped 4 with EuIII  in different amounts reaching 10 % of the total mol of InIII . The 

10 % Eu-doped material emits high-quality white light with CIE Ra Ḑ 90 and CCT Ḑ3200 K. 

The CIE coordinates vary with excitation wavelengths; when the sample is excited at 350, 

360, 380, and 394 nm, the coordinates are (0.369, 0.301), (0.309, 0.298), (0.285, 0.309), and 

(0.304, 0.343), respectively (Figure 7). A modest quantum yield of 4.3% was obtained when 

the sample was excited at 330 nm; however, the material exhibits a fairly long lifetime of 600 

µs due to the long-lifetime characteristic of the EuIII  ion. It is worth noting that doping ligand-

based luminescent MOFs with more than one lanthanide ion for obtaining white light 

emission is also possible. An example was the work by Mondal et al., who reported the co-

doping of both EuIII  and TbIII  into a Zn-based zeolitic imidazolate framework (ZIF) [180], 

which exhibits white emission. However, the quantum yield was not reported for this 

material.  
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Figure 7. Emission spectra of 10% Eu-doped 4 at different excitation wavelengths. Inset: CIE 

chromaticity diagram. Reproduced with permission from reference [131]. 

 

Park et al. designed a mixed lanthanide MOF (5) incorporated with a small amount of the 

blue-emitting 2-(pyrene-1-carboxamido)terephthalate ligand (L2-) to obtain white light 

emission [132]. The authors presented a nice and systematic procedure to find the optimal 

amount of each component of the MOF, i.e. EuIII , TbIII , and L2ī, responsible for the red, 

green, and blue color emissions. To find the optimized amount of L2ī for effective blue 

emission, a series of Gd-analog MOFs [Gd3(BDC)4.5īx(L)x(S)a] with various BDC2ī : L2ī 

ratios were prepared. The ratio of 0.975 : 0.025 was found to display the highest blue 

emission. Similarly, to find the optimized amount of the lanthanide ions, a series of 

[Eu3īyTby(BDC)4.5(S)a] MOFs were investigated by varying the ratios of EuIII  : TbIII. The 

ratio of 0.1 : 0.9 gave the ideal yellow emission, which in theory can combine with the blue 

emission from L2ī to give white-light emission. The excitation of the MOF 

[Eu0.3Tb2.7(BDC)4.3875(L)0.1125(S)a] at different wavelengths in the range of 300ï310 nm led to 

emissions with CIE coordinates changed from (0.341, 0.400) to (0.223, 0.223). The 
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coordinates of (0.302, 0.342), which are close to those of pure white light (0.333, 0.333), 

were obtained with the excitation at 304 nm. 

  

Gai et al. demonstrated white-light emission from a three-lanthanide MOF (6) prepared from 

p-terphenyl-2.2ᾴ,4,4ᾴ-tetracarboxylic acid (H4L) and a mixture of sulfate salts of EuIII , DyIII , 

and TbIII  [133]. By varying the ratio of the lanthanide ions, the mixed lanthanide MOFs, 

[EuxTbyDy1 x y(HL)(H2O)(DEF)] show emission peaks with intensities changing as the EuIII , 

TbIII , and DyIII  concentrations changed. The main emissions are from the emissive states of 

EuIII  and TbIII  ions together with a relatively weak emission band around 380ī450 nm 

stemming from the HL ligand. The optimized MOF [Eu0.0667Tb0.0667Dy0.8666(HL)(H2O)(DEF)] 

does not exhibit white-light emission at room temperature; however, when the temperature is 

decreased to a value between 100 and 50 K, the emission possesses CIE coordinates of (0.32, 

0.25) at 100 K and (0.30, 0.32) at 50 K that are very close to those of the pure white light 

(0.33, 0.33). Similarly, the MOF [Eu0.0666Tb0.4667Dy0.4667(HL)(H2O)(DEF)] also exhibits 

white light emission when the temperature varies between 200 K and 150 K, with the CIE 

coordinates being (0.31, 0.25) at 200 K and (0.30, 0.30) at 150 K. 

 

The encapsulation of organic dyes in lanthanide-based MOFs is another method for tuning 

the emission in order to obtain white light. Song et al. demonstrated this strategy in a 

EuIII /TbIII-mixed MOF (7) that encapsulates the blue-light emitting dye coumarin 460 (C460) 

into the pores by the in situ synthesis [134]. The optimized ratio of EuIII  and TbIII  in the 

[(EuxTb1-x)(BTP)4(DMF)2(H2O)8] MOF was found to be 0.05 : 0.95 to give a yellow emission 

when excited under UV light. The composite 7 with different contents of C460 was subjected 

to emission measurements, which showed that the broad emission band of C460 around 460 

nm was enhanced with the increase in dye content, while the intensity of the characteristic 
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lanthanide ion emissions was reduced. The composite of 1.02 wt% of the coumarin dye 

exhibits an emission with the CIE coordinates of (0.32, 0.34), which is very close to those of 

ideal white light (0.33, 0.33). Moreover, 7 possesses a quantum yield of 43.42%, a CIE Ra 

value of 90, and a CCT of 6034 K. The authors went further to fabricate the white-light-

emitting diode (WLED) by coating the composite 7 on a commercial 365 nm UV-LED chip 

(Figure 8). The prototype WLED emitted bright white light with a LER value of 7.9 lm/W 

when a 3 V bias was applied. 

 

 

Figure 8. Photographs of a prototype WLED fabricated with 7 when it was turned on (right) and 

off (left). Reproduced with permission from reference [134]. 

 

For MOFs formed from metal ions other than lanthanides, utilizing luminescent emissions 

from ligands and encapsulated organic dyes or luminescent transition metal complexes is also 

a feasible approach to obtain white-light emission. Recently, Wang et al. reported a dye-

encapsulated MOF (8) to build a warm-white-light emitting diode for fast white-light 

communication [135]. 8 was synthesized based on the employment of 9,10-

anthracenedibenzoic acid (H2DBA) and hence the MOF itself (Al -DBA) exhibits a blue 

emission originated from the DBA2- ligand, with a maximum wavelength at 468 nm. 

Encapsulation of RhB leads to a material that exhibits both RhB yellow and blue DBA2- 

emissions, with the ratio between the two depending on the dye loading level. At 0.019 mol 
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% loading, warm-white emission was achieved with the CIE coordinates of (0.32, 0.30), a 

CCT of 6085 K, and a quantum yield of 12 %. Since the RhB emission decays back to the 

ground state with a t1/2 of 5.4 ns, which is much faster than that of the yellow Y3Al 5O12:Ce3+ 

(YAG-Ce) phosphor, 8 is ideal for use in white-light communication. 

  

Similarly, Cui et al. presented a two-dye-encapsulated MOF (9) for warm-white LED with 

high CIE Ra value [136]. The MOF itself (called ZJU-28), formed by using 4,4ǋ,4ǋǋ-benzene-

1,3,5-triyl -trisbenzoate (BTB3-), exhibits a blue emission centered at 415 nm that was 

attributed to the emission derived from the ligand. Encapsulation of the DSM and the AF 

dyes led to composites that display red and green colors, respectively. Therefore, the authors 

utilized both dyes for tuning the emission of the composite. The optimal white-light emission 

was realized when the concentration of DSM and AF was adjusted to 0.02 wt% and 0.06 

wt%, respectively. High-quality light was achieved; the CIE coordinates of (0.34, 0.32), a 

CCT value of 5327 K, a CIE Ra value of 91, and a quantum yield of 17.4% were reported. A 

WLED device was fabricated by simply coating the composite as phosphor at the curved 

surface of the UV-LED chip. The resultant device exhibits bright white color when the chip 

was connected to the electric source of 3.8 V. 

 

The encapsulation of up to three organic dyes within a MOF (10) for white-light emission 

was also reported [137]. 10 (also called HSB-W1) is a Zn-based MOF and comprises two 

ligands: BDC2- and 1,2-bis(4ǋ-pyridylmethylamino)ethane (L). The MOF is featured by its 

high accessible void of 55.4% and easy encapsulation of linear organic dyes. When the three 

dyes including DCM (0.03 wt%), C6a (0.02 wt%), and CBS-127 0.02 wt% were combined 

and inserted into the MOF, and excited at 365 nm, the resulting material displayed white 

light, with CIE coordinates of (0.31, 0.32), CIE Ra of 90, a CCT value of 6638 K, and a 
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quantum yield of 26.0 %. Interestingly, the method is quite versatile as changing dyes such as 

DSM for DCM, C6 for C6a, or KSN for CBS-127 still leads to materials that exhibit white-

light emission. A WLED was also fabricated by simply coating the solid of dye-doped 10 on 

the surface of a commercially available ultraviolet LED chip (3 mm, 365 nm). The resultant 

WLED device emitted bright white light at a voltage of 3.8 V. 

 

Departing from the organic dye encapsulation, Sun et al. reported the white-light emission 

from a Cd MOF (11) that encapsulates an iridium polypyridine complex [138]. 11 was 

synthesized using the ligand 2,4,6-tris(2,5-dicarboxylphenylamino)-1,3,5-triazine (TATPT6-) 

and it emits a blue emission at 490nm. The formed MOF, with the formula of 

[(CH3)2NH2]15[(Cd2Cl)3(TATPT)4], contains ammonium counter-cations that can be 

exchanged with positively-charged metal complexes. The author chose to encapsulate an Ir III  

complex, [Ir(ppy)2(bpy)]+, due to its strong yellow emission originating from its 

characteristic 3MLCT. The composite samples maintain their crystallinity with the 

concentrations of encapsulated IrIII  complex reaching 8.8 wt% with respect to CdII. For the 

sample of 3.5 wt% encapsulated IrIII  complex, the emission obtained at an excitation 

wavelength of 370 nm has the CIE coordinates of (0.31, 0.33). A CIE Ra value of 80, a CCT 

value of 5900 K, and a quantum yield of 20.4% were also obtained for this sample. WLED 

assemblies using the composite 11 were fabricated by coating the sample either on an UV-

LED or an InGaAsN chip, which proves the potential use of this composite for practical 

lightning applications. 

 

Xie et al. utilized the same approach as for 11 but using a yellow-emission main-metal 

complex, Alq3 (tris(8-hydroxyquinoline)aluminium), as the encapsulant since it is much 

cheaper than the IrIII  complex [139]. The blue-emitting MOF (called NENU-521) was 
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synthesized using 4,4ᾳ,4ᾴ-nitrilotribenzoate (TPA3-) and thiophene-2,5-dicarboxylate (TDA2-) 

as the ligands. Similar to TATPT6- mentioned above, the TPA3- ligand also emits blue light at 

~450 nm ensuring the blue emission of the MOF. The composite 12 (Alq3@NENU-521) 

with different concentrations of Alq3 exhibits tunable fluorescence emission from blue to 

green-yellow. At the optimal concentration of 4.14 wt%, the emission possesses CIE 

coordinates of (0.291, 0.327), a CCT value of 7796 K, and a quantum yield of 11.4%. WLED 

assemblies were fabricated by coating this material over ultraviolet LEDs. White light was 

observed at a voltage of 3.8 V; more interestingly, the WLED can maintain illuminating 

bright white light when continuously turned on for one month. 

 

In all examples mentioned above, the white light emitter is based on a single MOF, which is 

chemically modified by doping and encapsulating components that exhibit commensurate 

colors of emission. Fang et al., however, utilized a simple mechanical mixing approach in 

which two MOFs were employed to form a two-component white light emitting material 

[181]. The blue phosphor 1D-Cu2I2(tpp)2(bpp) (tpp = triphenylphosphine, bpp = 1,3-bis(4-

pyridyl)propane) was blended with either the yellow- or orange-emitting Cu4I4-based 2D and 

3D compounds to produce composites that emit white emission with very high quantum 

yields, ranging from 70 - 82%. These phosphors could also be deposited on a thin resin film, 

which was then coated onto the inner surface of a UV lamp to make a prototype lighting 

device. 

 

In summary, a large number of MOF-based white light emitting materials have been reported 

in recent years. Compared to the commercially available WLEDs, which display low 

quality of white light (CIE Ra usually < 75), the MOF-based compounds often have quite 

higher CIE Ra values. However, the white light emitted from the MOF-based compounds 
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is still limited to cool light (CCT > 5000 K), which is not ideal for indoor illumination. In 

addition, most studies do not investigate the luminous efficacy of the prototype MOF-based 

WLEDs, which is an important parameter for the practical applications of these WLEDs. 

Nevertheless, we believe that MOF-based WLEDs are still in their infancy, and with 

further development they might have the potential to replace the current commercially 

available WLEDs in the future. 

      

2.2.2 Biological Fluorescence Imaging 

2.2.2.1 Fundamental principles 

Biological fluorescence imaging is a qualitative sensing technique that utilizes fluorescence 

microscopes to visualize biological objects such as cells and tissues. These objects can be 

imaged by utilizing the autofluorescence exhibited by themselves, which occurs due to the 

presence of aromatic compounds such as NADPH, collagen, riboflavin, or amino acids, or by 

tagging with exogenous fluorescent probes. A suitable probe for biological fluorescence 

imaging should be conveniently excitable and detectable, and should exhibit high 

luminescence intensity. Cultured cells and tissues require physiological environment, e.g. 

mammal cells need to be preserved in a buffer solution at 37oC and pH = 7.4; therefore, 

fluorescent probes used for imaging of these cells and tissues need to be stable in such 

conditions. Additional considerations include the possibility to deliver the probes into cells 

and their potential toxicity, e.g. for imaging of live cells, the probes must maintain the 

physiological and structural integrity of the cell; in other words, they must be non-toxic.    

 

Fixed-cell imaging normally involves five steps: i) fixing and permeabilizing the cells of 

interest, ii) labelling, iii) detecting, iv) protecting, and v) imaging. The first step is used to 

protect and stabilized the cell structures and is often performed by utilizing a fixative agent 
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such as formaldehyde to lock the cell, followed by using detergents to remove cellular 

membrane lipids to allow large fluorescent probes to get inside the cell. Labelling cells with 

the fluorescent probes allows for detecting the fluorescence signals in cells and separates 

these signals from the autofluorescent background. In some cases, when the fluorescent 

probes are prone to photobleaching leading to fast decreasing of fluorescence signals, 

antifade reagents can be used to protect the photostability of these probes. The final step of 

imaging involves the use of a fluorescence microscope to capture the images of the cells. The 

most commonly used fluorescence microscopes are the epifluorescence and confocal 

microscopes, with the latter being more advanced due to the employment of point laser 

illumination and a pinhole in front of the detector to block out-of-focus photons; therefore, 

their optical resolution and contrast is significantly increased compared to the epifluorescence 

ones. 

  

2.2.2.2 MOFs for biological fluorescence imaging 

Luminescent MOFs in the nano-regime can be an effective agent for biological imaging 

applications. Several advantages of nanoparticles over small-molecule imaging agents 

include their high payloads, tunable sizes, tailorable surface properties, and improved 

pharmacokinetics [182]. Recently, Kundu et al. reported a GdIII-based MOF Gd-pDBI-2 (13) 

for the potential application as a bimodal imaging agent [140]. The motivation behind this 

work is to generate a MOF displaying fluorescence emitted by the organic ligand in 

combination with the magnetic resonance imaging (MRI) property of the GdIII  ion. 13 was 

formed from the reaction between the fluorescent ligand 1,4-bis(5-carboxy-1H-

benzimidazole-2-yl)benzene (pDBI) and Gd(OAc)3 in an open conical flask at 120 oC for 3 

hours. Due to the very small sizes of the crystals of 13, the single-crystal structure was not 

determined; however, the PXRD pattern of 13 was obtained to confirm the high crystallinity 
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of the sample. The SEM and TEM images displayed spindle-like particles with dimensions of 

~1 µm in length and ~0.3 µm in width. The MOF can be dispersed in water without affecting 

its stability, as verified by PXRD and FTIR studies. Luminescent studies showed that 13 

exhibits a blue emission centered at 415 nm when excited under UV radiation; the maximum 

emission intensity was obtained with the 340 nm excitation light. Prior to bioimaging 

experiments, an MTT assay of 13 on MCF7 cell lines was performed giving the cellular 

viability of 88%, which confirmed the low cytoxicity of the sample for imaging purposes. 

When MCF7 cells were incubated with 13 and observed under a confocal microscope, most 

of them exhibited bright blue-colored fluorescence at an excitation wavelength of 405 nm 

(Figure 9, c). The merged image (Figure 9, b) indicated the presence of 13 within the 

cytoplasm of the MCF7 cells. It is worth mentioning that although 13 also displays a modest 

longitudinal relaxivity T1 for the MRI application, the small-quantity leaking of Gd ions in an 

aqueous solution observed by the inductively coupled plasma optical emission spectrometry 

(ICP-OES) analysis showed that MOFs with higher stability are needed for practical 

applications. 

 

  

Figure 9. Confocal microscopic images of MCF7 cells incubated with 13 at an excitation 

wavelength of 405 nm; bright-field image (a), merged image (b), fluorescence image (c). 

Reproduced with permission from reference [140]. 

 

Liu et al. reported a coordination polymer (14) constructed from the reaction between ZrCl4 

and the phosphorescent ligand [Ru{5,5ǋ-(CO2)2-bpy}(bpy)2] in a microwave-heating 

synthesis [141]. 14 is amorphous based on PXRD studies; SEM and TEM images showed 
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that the spherical particles have an average diameter of 85 nm, which agrees with the sizes 

obtained from dynamic light scattering (DLS) measurements. 14 exhibits a quantum yield of 

0.8% and an average luminescence lifetime of 107 ns. Due to the instability of 14 in 

phosphate-buffered saline solution at 370 oC, the authors developed a method to coat the 

particles with a thin layer of silica to improve their biocompatibility. Silica coatings also 

provide surface silanol groups for further functionalizations; therefore 14@SiO2 samples 

functionalized with polyethylene glycol (PEG) and anisamide-PEG (AA-PEG) were also 

prepared. Anisamide is a targeting ligand that has moderate affinity for sigma receptors; 

therefore, its attachment can improve the delivery of the particles to prostate and lung cancer 

cells [183]. Incubation of H460 cells with 14@PEG-SiO2 and 14@AA-PEG-SiO2 for 24 

hours did not lead to appreciable cell death. Confocal fluorescence microscopy studies 

showed that a phosphorescent signal was observed in the image of H460 cells incubated with 

14@AA-PEG-SiO2 whilst the signal of 14@PEG-SiO2 was seen not only in the cells but also 

in the media as expected for the non-targeted 14@PEG-SiO2.  

 

Foucault-Collet et al. designed a nanoscale Yb-based MOF (15) exhibiting NIR luminescence 

for imaging of living cells [142]. The nanoparticles were synthesized based on the reverse-

microemulsion method using 4,4ǋ-[(2,5-dimethoxy-1,4-phenylene)di-2,1-ethenediyl]bis-

benzoate (PVDC2-) as the ligand. SEM images showed that 15 appears as block micro-

crystals with dimensions of 0.5 (Ñ0.3) ɛm (length) by 316 (Ñ156) nm (width) by 176 (Ñ52) 

nm (thickness). The bulk material was also obtained for single-crystal X-ray studies. The 

secondary building unit is an infinite chain of YbIII  ions, which are octacoordinated with six 

carboxylates from three ligands and two oxygen atoms from two DMF molecules. 

Photophysical studies gave the quantum yield values for 15 of (1.0 ± 0.3) × 10ī4 in water and 

(5.2 ± 0.8) × 10ī5 in 0.1 M Hepes buffer (pH 7.3) when the samples were excited at 450 nm. 
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These quantum yields are quite low, probably due to the exchange of DMF solvents by water 

molecules that quench the luminescence through multi-phonon processes. Nevertheless, 

photobleaching tests in combination with PXRD and SEM studies indicated that 15 is stable 

in these solutions and also in cellular media. In addition, cytotoxicity of 15 for HeLa and NIH 

3T3 cell lines was investigated and revealed that a concentration of 30 ɛg/mL of the 

nanoparticles give the cellular viability of 90 %, thus it can be used for bioimaging of these 

cells. Emission signals in the visible region originated from the chromophore PVDC2- and in 

the NIR region stemmed from YbIII  were clearly observed by epifluorescence microscopy 

(Figure 10), which supports the argument of the authors that using a MOF system to 

maximize the number of chromophores and lanthanide cations can reduce the negative effect 

of the low quantum yields. 

 

 

Figure 10. Visible and NIR microscopy images of 13 in HeLa cells (top) and NIH 3T3 cells 

(bottom) (ɚex = 340 nm). Bright-field (A), PVDC2- emission (ɚex = 377/50 nm, ɚem = 445/50 

nm) (B), and YbIII  emission (ɚex = 377/50 nm, ɚem = long pass 770 nm) (C) images are 

shown. Reproduced with permission from reference [142]. 

 

Taylor-Pashow et al. reported a nanoscale Fe-based MOF (called MIL-101(Fe)) 

functionalized with amino groups to covalently graft the BODIPY dye through a post-

synthetic modification [143]. The BODIPY-loaded particles (16) can have dye loading 
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reaching 11.6 wt %. 16 is non-emissive due to luminescence quenching by the d-d transitions 

of the paramagnetic FeIII  centers. However, when these particles are put in a biological 

media, the BODIPY dye is released due to the degradation of the particles and the solution 

exhibits a fluorescence signal characteristic of the BDC-NH-BODIPY species. The rate of 

this release is quite fast, with a t1/2 of Ḑ2.5 h in 8 mM PBS buffer at 37 °C. To reduce this 

rate, the author coated 16 with a layer of silica; the resulting 16@silica has the BODIPY-

release t1/2 of Ḑ16 h in PBS buffer at 37 oC, which is long enough for biological imaging 

experiments. Confocal microscopy images of HT-29 human colon adenocarcinoma cells 

incubated with particles of 16@silica showed fluorescence signals that are attributed to the 

BDC-NH-BODIPY dye slowly increasing its concentration in the cells. Interestingly, control 

studies with the BDC-NH-BODIPY dye itself without the MOF particles showed no 

fluorescence, presumably due to its inability to cross the cell membrane. Therefore, the 

nanosized particles of 16 are efficient carriers for delivering a fluorophore in vitro.  

 

Encapsulation of phosphorescent metal complexes within MOFs can lead to luminescent 

composites for optical imaging. Chen et al. reported the preparation of UiO-67-type MOF 

nanoparticles (17) via a solvothermal reaction that can encapsulate [Ru(bpy)3]
2+ complexes 

up to 13.85 % of their weight [144]. SEM and TEM images of the MOF itself showed 

spherical nanoparticles with an average diameter of ~ 92 nm. Incorporation of the Ru 

complex inside the pores of these nanoparticles does not significantly change their sizes. The 

composite 17 exhibits a broad luminescent emission centered at 621 nm, which is blue-

shifted from that (631 nm) of the free Ru dye probably due to the interaction between the dye 

molecule and the MOF. The quantum yield of 17 is twice as high compared to value 

measured for [Ru(bpy)3]
2+, which was attributed to the large separation of the dyes within the 

MOF and the constraint of molecular motions that effectively decrease the quenching effects. 
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Interestingly, 17 displays two-photon luminescence when is excited at 880 nm. The MMT 

essay was performed to examine the cytotoxicity of 17 on A549 pulmonary cancer cells. The 

NPs show good biocompatibility at low concentrations; therefore, they were subjected to 

biological imaging experiments. Confocal laser scanning microscopy studies showed that the 

cells incubated with the NPs of 17 display clear red fluorescence when excited at 880 nm, 

while those without the NPs only exhibit blue fluorescence. This result suggests that this 

composite can be used for two-photon luminescent imaging of biological objects. 

  

2.2.3 Luminescent Sensing 

2.2.3.1 Fundamental principles 

Luminescent sensing is based on changes in photophysical properties of the sensor, which 

plays the role as a ñsignalingò unit that provides a signal after ñbindingò to the analyte of 

interest or after a change in a physical parameter such as temperature or pressure. The most 

commonly observed change is the luminescence intensity, although lifetime-based sensors 

have also been reported. In fact, the measurement of changes in luminescence lifetime is 

more robust since it does not depend on the concentration of the luminophore used in the 

sensor; however, the instrument needed for lifetime-based sensors is often more complicated.   

  

Three important parameters of chemical sensors are the limit of detection, selectivity, and 

time of response. The limit of detection (LOD) is the lowest quantity of the analyte that can 

be distinguished from its absence, i.e. the blank value, with 99% confidence. It is the function 

of both signal strength (sensitivity) and signal stability, and is frequently used 

interchangeably with sensitivity. The LOD value can be determined from the equation: LOD 

= 3ů/S, in which ů is the standard deviation of the blank sample that is obtained by a large 

number of measurements of luminescence intensity in the absence of the analyte, and S is the 
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slope of the calibration curve. The LOD/sensitivity of a sensor strongly depends on its 

affinity to the analyte. Selectivity is the ability of a sensor to measure a concentration of an 

analyte in the presence of other interfering substances. Time of response is the time required 

for a sensor output to change from its previous state to a final settled value within a tolerance 

band of the correct new value. A fast response time is required for a sensor to have a practical 

application. 

 

Temperature luminescent sensors are often designed to have either a single or a double 

luminescent center. The former approach is based on the decrease of the luminescence 

intensities and lifetimes when the temperature is increased (or the increase of luminescence 

intensities and lifetimes upon cooling). This is due to the Boltzmann distribution, as at higher 

temperatures more vibration levels are available and hence more non-radiative decays can 

occur. The thermal quenching effect can be applied to almost all luminescent materials. 

However, the disadvantage of having a single luminescence center is that the dependence of 

luminescence intensity on the probe concentration, excitation, or detection efficiency and 

hence leading to poor accuracy. The latter is based on the principle of ratiometric 

luminescence that often involves an energy transfer between the two luminescent centers and 

has been demonstrated as the superior approach for luminescent thermometers. A good 

temperature luminescent sensor should have: i) high sensitivity, i.e. a large change of 

luminescence intensity or lifetime with temperature and ii) high thermal stability and photo-

stability for long-term uses. 

 

Luminescent sensors for analytes can be based on either quenching or enhancing of the 

luminescence intensity, leading to ñturn-offò and ñturn-onò sensors, respectively. In many 

cases, the quenching or enhancing effect can be attributed to the electronic nature of the 
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analyte being detected. Paramagnetic metal cations such as Cu2+, Fe3+, or Mn2+ are well-

known quenchers for luminescence since they can induce LMCT or MLCT processes, which 

allow non-radiative relaxation of the excitation energy. Electron-poor organic molecules such 

as nitro explosives are also strong luminescence quenchers since their low energy unoccupied 

ˊ* orbitals have high electron affinity leading to electron transfers of the excited electrons 

and hence decreasing the density of excited electrons without luminescent emission. On the 

contrary, electron-rich molecules can sometimes enhance luminescence due to their ability to 

donate electrons to the excited states of the luminescent sensor material. Several ñturn-onò 

sensors can be designed based on the photo-induced electron transfer (PeT) effect. These 

sensors are also termed ñreactive probesò since they operate based on irreversible chemical 

reactions between the sensor and the targeting analyte. These reactive probes often exhibit 

higher sensitivity and selectivity compared to sensors based on non-covalent interactions 

owing to the structural changes from the chemical conversion. 

 

2.2.3.2. MOFs for luminescent sensing 

2.2.3.2.1 MOFs as optical thermometers 

Temperature sensors are among the most common sensors used in both scientific and 

industrial fields. MOF thermometers have been fabricated based on the principle of 

ratiometric luminescence. These MOFs exhibit dual emission from the combination of two 

organic luminophores or two lanthanide ions or by encapsulating organic dye molecules 

within lanthanide frameworks. Recently, Zhang et al. reported a Zn-based MOF (18) 

constructed from the mixture of two ligands, BTB3- and ATZ (5-amino-1-H-tetrazolate) 

[145]. 18 displays temperature-dependent emission behavior under near-UV excitation, with 

LLCT emission bands of the ATZ ligands at 477, 510, and 544 nm appearing while the ILCT 

emission band of the BTB3- ligand at 377 nm maintains its intensity when lowering the 
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temperature to 10 K (Figure 11, top). A linear relationship between the intensity ratio and 

temperature from 30 K to 130 K was established: T = 10.80 (IHE/ILE) + 11.52 (Figure 11, 

bottom). In addition, the absolute and relative sensitivities, defined as Ὓ   and Ὓ

 
Ⱦ

Ⱦ
 , are 0.0926 K-1 and 5.29% K-1 at 30 K, which are quite high, indicating that 18 can 

be used as a luminescent thermometer for the cryogenic temperature range (30-130 K). 

 

 

Figure 11. (Top) Emission spectra of 18 recorded between 10 and 130 K under excitation at 

330 nm. Inset: the temperature-dependent integrated intensity of the HE and LE emissions. 

(Bottom) The linear-fitted line for the temperature-dependent intensity ratio of the HE and 

LE transitions. Reproduced with permission from reference [145]. 

 

Yang et al. designed a doped EuxTb1-x MOF (19) that was formed from the use of 2,6-

di(2ᾳ,4ᾳ-dicarboxylphenyl)pyridine for temperature sensing [146]. With low concentration of 
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EuIII , (x = 0.0066 and 0.0089), the emission intensity of TbIII  at 542 nm decreases 

dramatically while that of EuIII  at 612 nm increases significantly at the same time over the 

temperature range of 77 ï 450 K. A linear relationship between the temperature and the 

emission intensity ratios was established, ITb/IEu = 13.516 ï 0.0319T and ITb/IEu = 9.107 ï 

0.0207T for x = 0.0066 and 0.0089, with the corresponding relative sensitivities at 450 K of 

3.76 % K-1 and 2.71 % K-1, respectively. Although these values are not excellent, this work 

illustrated the potential of 19 as a luminescent thermometer for a pretty wide range of 

temperature, including the cryogenic region (100ï298 K), the physiological temperature 

(298ï320 K), and the high temperature range (320ï450 K). Interestingly, the authors also 

investigated the ternary mixed lanthanide MOF by doping with GdIII . The doped MOF with 

the ratio of Eu : Tb : Gd of 0.013 : 0.060 : 0.927 display the maximum relative sensitivity of 

6.11 % K-1 at 430 K. This relatively high sensitivity suggests that tertiary lanthanide MOFs 

might be the future targets for ratiometric luminescent thermometers with high performance. 

 

Lian et al. adapted the concept of using mixed lanthanide MOFs as luminescent 

thermometers but employed NIR lanthanide ions in place of the common visible luminescent 

EuIII /TbIII  ions. Optical thermometers based on NIR luminescence will be practically very 

useful because NIR emission will have high permeability through biotissues and no 

competing fluorescence from the background [147]. The MOF (20) was prepared by reacting 

Nd(NO3)3·6H2O and Yb(NO3)3·5H2O with tetrafluoroterephthalic acid (H2BDC-F4) to obtain 

the product with the formula of [(Nd0.577Yb0.423)2(BDC-F4)3(DMF)(H2O)]·DMF. The mono 

lanthanide MOFs, [Nd2(BDC-F4)3(DMF)(H2O)]·DMF (20-Nd) and  [Yb2(BDC-

F4)3(DMF)(H2O)]·DMF (20-Yb) were also obtained. Upon laser pumping at 808 nm, 20-Nd 

exhibits emissions at around 890 nm, 1060 nm and 1340 nm, which are the characteristic f-f 

transitions of NdIII . 20-Yb does not absorb light at 808 nm and therefore no emission was 
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observed. The mixed lanthanide MOF (20), however, displays emissions of both NdIII  and 

YbIII , implying that energy transfer from NdIII  to YbIII  occurred (Figure 12). When 

temperature is increased from 293 to 313 K, the intensity of the 980 nm emission of YbIII  

(2F5/2 - 
2F7/2) also increases rapidly while the intensity of the 1060 nm emission of NdIII  (4F3/2 

- 4I11/2) remains the same until 308 K and then slightly increases afterwards. A linear 

relationship between the INd/IYb ratio and the temperature was found, T = 434.67 -

143.27INd/IYb, and the maximum relative sensitivity is of 0.816 % K-1 at 313 K. The 

calculated temperature resolution is 0.029 K, suggesting the potential use of 20 for 

biomedical diagnosis since the temperature difference between pathological cells and normal 

surrounding cells is around 0.5ï3.3 K [147].  

 

      

Figure 12. Energy transfer from NdIII  to YbIII  upon laser pumping at 808 nm. Reproduced 

with permission from reference [147]. 

 

Although mixed lanthanide MOFs such as 19 and 20 are good candidates for luminescent 

thermometry, Xia et al. argued that these MOFs will lose the sensing ability at elevated 

temperatures due to the saturation of the energy transfer between the lanthanide ions [148]. 

They proposed that dual emissions can be generated from the two thermally coupled energy 

levels (TCELs) of a single lanthanide ion. A Dy-based MOF (21) was synthesized from the 
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reaction between 5-(4-carboxyphenoxy)isophthalic acid (H3cpia) and Dy(NO3)3·6H2O via a 

solvothermal method. 21 exhibits main emissions at 487, 574, and 661 nm which are 

characteristic f-f transitions of DyIII . Upon increasing the temperature, the intensity of the 

transition at 455 nm (4I15/2 - 
6H15/2) increased while the intensity of the emission at 485 nm 

(4F9/2-
6H15/2) slightly decreases. Based on the TCEL theory, in which the population of the 

two TCELs is governed by the Boltzmann distribution law, the relationship between the 

intensity ratio of the luminescence originating from these two TCELs and temperature is 

given by the equation: I1/I2 = 4.65 exp(-1837.1/T) + 0.091. The absolute sensitivities are 

found to be 2.02×10-4 K-1 at 298 K and 7.85×10-4 K-1 at 473 K whilst the maximum relative 

sensitivity is 0.42 % K-1 at 473 K.  Although these sensitivities are pretty low, the author 

demonstrated the repeatability of 21 as a luminescent thermometer for at least 12 heating-

cooling cycles (Figure 13), which is not often seen in other reports [148]. 

 

 

Figure 13. The reversible emission intensity ratio of the 4I15/2 - 
6H15/2 transition to the 4F9/2 - 

6H15/2 transition between 298 K and 473 K. Reproduced with permission from reference 

[148]. 
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Departing from the use of mixed lanthanide MOFs, Cui et al. employed the encapsulation of 

the organic dye perylene within a Eu-based MOF to obtain a dual-emitting composite (22) for 

temperature sensing [149]. The MOF (also called ZJU-88) was formed from the use of 

1,1ǋ:4ǋ,1ǋǋ:4ǋǋ,1ǋǋǋ-quaterphenyl-3,3ǋǋǋ,5,5ǋǋǋ-tetracarboxylate as the ligand. The composite 22 

features a red emission of EuIII  at 615 nm and a blue emission around 473 nm of perylene 

dyes when excited at 388 nm. The emission peak profile of perylene dye in 22 is similar to 

that of the perylene solution but is significantly different from the one in the solid state, 

suggesting that the dye is distributed in the void channels of the MOF as free isolated 

molecules. When 22 is subjected to the variable temperature luminescence measurement in 

the range of 20-80 oC, the luminescence intensity at 473 nm of the dye substantially decreases 

while the intensity of the 615 nm emission of EuIII  increases. This can be attributed to the 

energy transfer from the dye molecules to the EuIII  ions, as evidenced from the concomitant 

increase of the luminescence lifetime of the EuIII  ions and the decrease of the luminescence 

lifetime of the perylene dye within 22. A linear relationship between the temperature and the 

emission intensity ratios at 615 nm (EuIII) and 473 nm (perylene) was established, T = 57.53 

ī 78.01I615/I473, with the maximum relative sensitivity of 1.28 % C-1 at 20 oC. Although the 

working temperature range is rather narrow, 20 ï 80 oC, the authors suggested that 22 might 

still be useful in the biomedical diagnosis due to its low toxicity and good biocompatibility.  

 

2.2.3.2.2 MOFs as pH meters 

The measurement of pH value is crucial in a wide range of applications from environmental, 

industrial to biomedical fields, especially for monitoring pH changes in biological 

environments. Different from electrochemical sensors, luminescent pH sensors are non-

destructive to cells. They often contain a weak acidic or basic group that undergoes reversible 

changes in the optical properties upon protonation and deprotonation. For example, Aguilera-
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Sigalat et al. realized that the well-known MOF UiO-66-NH2, which is formed by linking Zr6 

clusters with the ligand 2-aminoterephthalate (NH2-BDC), displays the pH-dependent 

fluorescence up to pH = 9. This pH-dependent fluorescence is due to the easy pronation of 

the group-NH2 to ïNH3
+. To increase the MOF stability in the basic media, the authors 

partially incorporated indole moieties (~70 %) into the framework by post synthetic 

modification via diazotization of the amino groups (23) [150]. 23 exhibits high stability and 

maintains its crystallinity and porosity up to pH = 12, which were attributed to the extended 

delocalization of the arylazo group. Fluorescence measurements revealed that the intensity 

increases with increasing pH (Figure 14) allowing 23 to be potentially used as a pH sensor. 

 

 

Figure 14. Normalized fluorescence emission of 23 vs. pH. Inset: exponential correlation 

between the fluorescence response of 23 and pH (ɚex = 350 nm, ɚem = 428 nm). Reproduced 

with permission from reference [150]. 

 

Xu et al. employed a similar strategy as above by using Al -MIL -101-NH2 (24) for sensing pH 

in aqueous environments [151]. 24 exhibits good stability in water and remains intact in both 

basic and acidic aqueous solutions. When excited at 396 nm, the crystalline powder of 24 

displays a bright blue luminescence (ɚem = 451 nm), which can also be observed when these 
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powder samples are dispersed in NaOH or HCl aqueous solutions with pH ranging from 7.7 

to 4.0. The fluorescence intensity rises along with pH increase and a linear relationship 

between them were established: I = 2.33pH + 26.04. The author also investigated the 

possibility of using 24 to measure the pH of phosphate buffered saline solutions and of a 

water sample obtained from a nearby lake. A good pH-fluorescence intensity linear 

relationship was observed for the former case suggesting that 24 is promising for uses in 

biological samples. However, in the latter case, no good relationship was obtained, which 

was attributed to the presence of metal ions such as FeIII , MnII, CrII  in the lake water sample 

that can bind to the ïNH2 groups of the MOF and alter its fluorescence property. 

 

Lanthanide-based MOFs are often quite stable in aqueous solutions; therefore, they are good 

candidates as pH sensors. Li et al. utilized the organic ligand derived from 1-(3,5-

dicarboxybenzyl)-4,4ǋ-bipyridinium chloride (H2L
+Clī) to synthesize a luminescent Tb-based 

MOF (25) in which the pyridyl nitrogen atoms can undergo protonation under acidic 

conditions [152]. 25 remains intact in aqueous solutions with pH ranging from 2 to 7; 

therefore, the powdered samples of 25 were subjected to the examination of pH influences on 

the luminescence intensity. The solid-state emission of the acid-treated samples gradually 

decreased in intensity when lowering the pH, with a linear response I = 0.0596×pH + 0.5871 

being observed within the range of pH = 2 ï 7. The luminescent sensitivity to the pH was 

attributed to the change in the electron withdrawing ability of the pendant viologen group, 

which may be responsible for the decrease of intensity of luminescence at low pH. 

 

Incorporating a lanthanide ion into a water-stable MOF is another strategy to construct pH 

sensors. Zhang et al. reported the formation of a Eu@UiO-67-bpydc MOF (26) by simply 

heating the mixture of UiO-67-bpydc with Eu(NO3)3.6H2O in MeOH at 60 oC [153]. A small 
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fraction of the bipyridine groups coordinates to EuIII  ions; the remaining bipyridines are free 

and can be protonated in acidic solutions (Figure 15). The crystalline powder of 26 exhibits 

luminescent lines characteristic of the EuIII  ion, and the luminescence intensity is strongly 

correlated with the pH value of the solution that it is dispersed in. Similar to the above 

examples, the most acidic solution (pH = 1.06) gave the weakest luminescence while the 

highest intensity is obtained with pH = 7.6 solution.  The author also performed the MTT 

assay by incubating pheochromocytoma (PC12) cells with 26 at doses ranging from 5 to 100 

µg/mL for 24 h. In all cases, the cell viability is still above 80%, indicating the potential of 26 

for pH sensing in biological samples. 

 

   

Figure 15. The post-synthetic EuIII  functionalization of UiO-67-bpydc, and protonation and 

deprotonation processes of nitrogen involved in UiO-67-bpydc framework in experimental 

acidic and basic media. Reproduced with permission from reference [153]. 

   

Wang et al. suggested that pH probes utilizing the changes of the intensity of a single 

emission have low accuracy due to the environmental interferences such as fluctuations in the 




















































































































