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Abstract Nanoscale luminescent lanthanide-based

metal–organic frameworks (NLLn-MOFs) possess

superior optical and physical properties such as higher

luminescent lifetime, quantum yield, high stability,

high surface area, high agent loading, and intrinsic

biodegradability, and therefore are regarded as a novel

generation of luminescent material compared with

bulk lanthanide-based metal–organic frameworks

(Ln-MOFs). Traditional luminescent Ln-MOFs have

been well studied; however, NLLn-MOFs taking the

advantages of nanomaterials have attracted extensive

investigations for applications in optical imaging in

living cells, light-harvesting, and sensing. In this

review, we provide a survey of the latest progresses

made in developing NLLn-MOFs, which contains the

fundamental optical features, synthesis, and their

potential applications. Finally, the future prospects

and challenges of the rapidly growing field are

summarized.

Keywords Lanthanide-based metal–organic

frameworks � Luminescence � Sensing

Introduction

Metal–organic frameworks (MOFs) are built from

metal ions (or clusters) and organic ligands through

strong coordination bonds and are currently under

intensive investigation as hybrid materials (An et al.

2011; Deng et al. 2010; Meek et al. 2011; Zhou et al.

2012). MOFs have emerged as interesting functional

materials due to their tunable structures with high

thermal stability, organic functionality, large pore

sizes, high surface areas, and open metal sites in the

skeleton. A wide range of applications including

heterogeneous catalysis (Alaerts et al. 2006; Corma

et al. 2010; Dybtsev et al. 2006; Farrusseng et al. 2009;

Horike et al. 2008; Lee et al. 2009; Luz et al. 2010; Sun

et al. 2009; Wu and Lin 2007; Yoon et al. 2011), gas

storage and adsorption (Farha et al. 2010; Li and Yang

2007; Ma and Zhou 2010; Mulfort and Hupp 2007;

Murray et al. 2009; Suh et al. 2011; Zheng et al. 2013),

drug delivery and release (Horcajada et al. 2006, 2008,

2009; Taylor-Pashow et al. 2009), multimodal imag-

ing (Rieter et al. 2006), and sensing (Achmann et al.

2009; Chen et al. 2007, 2008, 2009, 2010; Jiang et al.

2010; Kreno et al. 2011; Lu and Hupp 2010; Lu et al.

2011; Xie et al. 2009; Zhu et al. 2013) have been

reported. A number of luminescent MOFs have been

synthesized by taking advantage of the intrinsic

fluorescence of organic bridging ligands or lumines-

cent behaviors of the metal nodes (Chen et al. 2008;

Liu et al. 2013; Wu et al. 2012). MOFs offer a platform
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for the development of solid-state luminescent mate-

rials that are different from traditional inorganic

complexes, because they can not only adsorb ions or

molecules into the pores to allow the species to be

immobilized in close proximity to luminescent cen-

ters, but also constrain the linkers inside the rigid

lattice of them to increase the fluorescence lifetimes

and quantum efficiencies. Therefore, luminescent

MOFs are a promising class of materials that expand

the applications of luminescent functional materials

(Chen et al. 2007; Kuppler et al. 2009; Lee et al. 2011).

The lanthanide MOFs (Ln-MOFs) fabricated by

lanthanide ions and organic linkers are a crucial

member of MOFs especially luminescent MOFs. They

have attracted great attention due to their good

coordination characteristics and excellent optical

properties, such as intense, sharp, and long lifetime,

which arising from their 4f electrons (Zheng et al.

2012). Much attention has been paid to the design,

synthesis, characterization, and application of Ln-

MOFs. However, most of Ln-MOFs are bulk crystal

obtained from several micrometers to millimeters, and

could not always meet the practical applications. For

example, most of the bulk crystals are in solid state,

and this might limit the sensing in solution. Besides,

the bulk sizes restrict luminescent material to interact

with cells and the application in biomedicine is greatly

limited (Lu et al. 2014).

With the rapid development of nanotechnology and

biotechnology, especially the advances of new meth-

ods for nanomaterials synthesis, there is increasing

interest in the synthesis, optical properties, and

applications of nanoscale luminescent Ln-MOFs

(NLLn-MOFs). Composition, structure, shape, size,

spatial arrangement, and distribution of nanomaterials

have great effect on the optical properties. It is

certainly that NLLn-MOFs will exhibit new or supe-

rior properties due to the nanoscale effect, as com-

pared to their bulk counterparts (Wang and Song

2006). By virtue of the size-dependent novel proper-

ties, it is desperately anticipate that versatile applica-

tions can be established. For instance, NLLn-MOFs

provide sufficient small sizes to get into cells for

biomedical imaging (Liu et al. 2011; Rieter et al.

2008). Besides, the high surface areas of NLLn-MOFs

intensively influence and improve the photocatalysis,

ion exchange, and sensing abilities. The more signif-

icant is that the small size makes it possible to design

architectures with uniform sizes and well-defined

materials and stable dispersion in aqueous media for

improving biocompatibility or recognition capabilities

(Carne et al. 2011; Horcajada et al. 2011; Keskin and

Kızılel 2011; Rowe et al. 2009; Xu et al. 2011).

Therefore, developing NLLn-MOFs is of great signif-

icance for biomedical and sensing applications (Hor-

cajada et al. 2009; Liu et al. 2011; Tan and Chen 2011;

Tan et al. 2012b; Taylor-Pashow et al. 2009).

However, miniaturization Ln-MOFs materials

down to nanoscale is a considerable strategy to

develop a new class of luminescent nanoscale mate-

rials combining the diversity of structures, properties,

and compositions of classical luminescent MOFs with

the obvious virtues of nanomaterials. Preparation of

NLLn-MOFs is still at the early stage of development,

and great efforts have been devoted to synthesize them

(Lu and Yan 2014a; Vilela et al. 2014; Yi et al. 2011).

As the synthesis parameters, including reactant com-

positions, solvents, pH, concentration, and physical

conditions can influence size, crystal, and morphology

of MOFs, controlling the products on the nanometers

with desired properties is still a challenge. For

example, You et al. demonstrated that the change of

synthesis parameters such as concentration, molar

ratio of reactants, surfactant, and solvent ratio led to

various morphologies such as spherical, sheaf-like,

wheatear-like, flower-like, taill-ike, bundle-like and

nanorods with different sizes (Liu et al. 2010b).

Over the years, great attention was paid on the topic

of nanomaterials and luminescent MOFs. Many sig-

nificant advances have been made regarding the size

and morphology control and optical performance for

their applications in the fields of multimodal imaging,

targeted drug deliver and treatment, light-emitting

devices, and chemical sensors, as has been summarized

in the recent reviews (Allendorf et al. 2009; Carne et al.

2011; Cui et al. 2011; Lin et al. 2009; Zhang et al.

2011). Although many of them have already been

reviewed, it is worth underlining that this review is

aimed at offering a complete review of the latest

progresses of luminescent Ln-MOFs on the nanoscale

regime. As shown in Fig. 1, NLLn-MOFs taking the

excellent properties of luminescent Ln-MOFs and

nanomaterials have demonstrated superior properties,

and great efforts have devoted in their synthesis and

applications. Therefore, our review focus is on their

superior properties and delicate controlled synthesis of

NLLn-MOFs; making use of the good dispersity,

nanoscale processability, permanent porosity and high

310 Page 2 of 21 J Nanopart Res (2015) 17:310

123



surface area to sensitively detect guest species, and

local environment; and taking advantages of the

nanometer scale and biocompatibility of NLLn-MOFs

to expand their usage in optical imaging. Considering

the various advantages of NLLn-MOFs, they are

destined to be widely investigated for practical appli-

cations in the following years.

Luminescent principle and size-dependent

properties

NLLn-MOFs assembled from lanthanide ions and

ligands provide a platform to generate luminescent

materials upon ultraviolet excitation. As the f–f transi-

tions of lanthanide ions are forbidden, it is hard to make

use of the direct excitation of the lanthanide ions to

generate luminescence. Ligands usually contain con-

jugated p moieties and it will sensitize the lumines-

cence of lanthanide ions to induce metal-centered

emission. Thus, the emission of NLLn-MOFs can be

divided into three processes. (1) By coupling the

lanthanide ion with organic linkers, the linkers absorb

energy to immigrate from singlet state to triplet state.

(2) Energy transfer from ligands to excited state of

lanthanide. (3) Metal-centered emission of lanthanide

ions. It is of great importance that the electronic energy

level of the lowest triplet state of antenna organic

linkers must be equal to or above the resonance level of

the lanthanide ions to sensitize the luminescence of

lanthanides. NLLn-MOFs demonstrate almost the

same emission routes as that of bulk luminescent Ln-

MOFs. It should be noticed that NLLn-MOFs is not to

simply reduce the size of bulk luminescent Ln-MOFs,

but is a kind of size-dependent nanomaterial whose

luminescent properties are greatly changed. Generally

speaking, NLLn-MOFs exhibit new or enhanced

luminescent properties depending on the nanoscale

effect and surface defects. NLLn-MOFs demonstrate

stronger luminescence intensity, longer lifetime, and

higher quantum yields. For instance, Zhao et al.

reported that nanoscale Tb(BTC)�6H2O revealed the

characteristic emission peaks at 491, 545, 590, and

624 nm, which were assigned to 5D4 ? 7F6,
5D4 ? 7F5, 5D4 ? 7F4, and 5D4 ? 7F3 transition of

Tb3?, respectively (Ma et al. 2010). The emission

peaks were at the same position with that of bulk

counterpart, but demonstrated much stronger lumines-

cence intensity. It was ascribed to the unique size-

dependent optical properties of NLLn-MOFs. Nanos-

cale Tb(BTC)�6H2O showed longer lifetime because

of the quenching by the proximity of surface defects

(Williams et al. 1998). However, the luminescence can

also reveal the contrary results for the nonradiative

mechanism compete with radiative mechanism. Liu

et al. found that Eu-BTC bulk crystals have the

strongest luminescence intensity of red light emission

of Eu3?, while the nanocrystals have the weakest

luminescence intensity. Because the bulk crystals have

fewer surface defects, and the defects in nanocrystals

Fig. 1 Summarize of the

properties, synthesis

methods, and applications of

NLLn-MOFs
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form quenching centers to decrease the luminescence

intensity (Xu et al. 2012a). Besides, both the bulk and

nanocrystal had a long lifetime of 0.67 and 0.66 ms,

respectively, which were longer than the Eu3?-doped

inorganic luminescent materials. Therefore, the vari-

ation of the size and structure of the crystals leads to the

great changes of the optical properties of substances.

Synthesis routes for NLLn-MOFs

The precise architectural manipulation of NLLn-

MOFs with well-defined morphologies and accurate

tunable sizes remains a research focus. A detailed

exploration of Ln-MOFs crystallization and growth

processes is vital for developing a rational synthesis

protocol for NLLn-MOFs (Shekhah et al. 2009). The

nucleation rate of crystal growth process can be

affected by reaction parameters, such as solvents,

concentration of precursors, pH, temperature, and

reaction time. Slight change in the parameters may

lead to the varying of size and morphology. Therefore,

it deserves trials to find the major influence factors that

will facilitate the synthesis processes.

The synthesis routes for NLLn-MOFs are demon-

strated in Fig. 2, and they can be divided into three

routes. Firstly, by carefully choosing lanthanide ions

and ligands to emit luminescence, we can take the

advantages of the synthesis strategies of nanoscale

MOFs to formulate NLLn-MOFs and it is called

straightforward synthesis. Secondly, the self-assembly

of merely metal ions and organic linkers sometimes

cannot produce luminescent or the luminescent is very

weak, due to the low coordination ability of organic

linkers. Guest molecules such as fluorescent dyes,

nanoparticles, or luminescent quantum dots (QDs) can

be encapsulated into MOFs either before or after

synthesizing them to generate NLLn-MOFs. Finally,

nanoparticles such as gold nanoparticles and silica

nanoparticles act as template to form core–shell

structure or the template is removed to form hollow

nanostructure, which will further improve the disper-

sity and surface area of nanomaterial.

Straightforward synthesis of NLLn-MOFs

Straightforward synthesis methodologies for the fab-

rication of NLLn-MOFs are to confine the precipita-

tion of Ln-MOFs on the nanometer scale during the

nucleation and growth process, with the help of poor

solvents, thermal, ultrasounds, emulsion, microwaves,

surfactants, and capping agents. As the size control of

Ln-MOFs is complex, in some case, more than two

conditions are employed in the synthesis process. For

example, capping agents can be used in regulating the

nucleation of NLLn-MOFs under heating condition

(Xu et al. 2012a). Table 1 summarizes the common

strategies for the straightforward synthesis of NLLn-

MOFs.

Poor solvent-induced precipitation

Poor solvent-induced precipitation is a widely used

approach for the synthesis of NLLn-MOFs or

nanoscale luminescent coordination polymers. The

strategy is that two precursors are dissolved in

different solvents individually and then the precursors

are mixed to induce precipitation. The other case is

that the precursors are dissolved in a solvent, in which

precursors and the resulted MOFs are soluble, and then

a second solvent is introduced into the above system

that induces the precipitation of NLLn-MOFs.

Recently, Zhang et al. fabricated NLLn-MOFs

Tb(BTC)(H2O)6 with the former strategy in a facile

environment and rapid way. Tb(NO3)3�6H2O aqueous

solution was added into H3BTC ethanol solution under

vigorous stirring at room temperature and a large

amount of white precipitate occurred immediately

(Yang et al. 2012). Tb3? coordinated with three oxygen

atoms from the carboxylate group of H3BTC and six

aqueous ligands to exhibit a one-dimensional ribbon-

like structure, then a three-dimensional supramolecularFig. 2 Schematic of synthesis strategies of NLLn-MOFs
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network was fabricated by p–p stacking and hydrogen

bonding. SEM and X-ray diffractions were then used to

characterize the crystal which exhibited a straw-sheaf-

like crystals morphology with a diameter of 50 nm and a

length of about 5 lm and showed a similar structure

with that of simulated Ln(BTC)(H2O)6. And in the other

method, the poor solvent is firstly used to mix the

building blocks. The as-prepared coordination polymer

Table 1 List of straightforward synthesis method of NLLn-MOFs and their sizes and shapes

Synthesis

method

NLLn-MOFs Size Shape Precursor References

Poor solvent-

induced

precipitation

Eu/AMP Nanonet Eu(NO3)3�5H2O,

adenosine-5’-

monophosphate

Tan et al.

(2012b)

Tb(BTC)(H2O)6 500 nm in length Straw-sheaf-

like

Tb(NO3)3�6H2O,

H3BTC

Yang et al.

(2012)

Eu-based MOF 200 nm in length and 50 nm

in diameter

Block-like Eu(NO3)3�5H2O,

H3BTC, sodium

acetate

Choi et al.

(2010)

Tb(1,3,5-BTC)(H2O)

�3H2O

Several to several hundred

mm in length, 70–600 nm

in width, and 10–100 nm

in thickness

Nanobelt Ln(NO3)3, H3BTC Liu et al.

(2010a)

Solvothermal

synthesis

Tb/Ad/DPA 50 nm Spherical Tb(NO3)3, DPA,

adenine

Tan et al.

(2012a)

Eu(BTC)(H2O)DMF Urchin-like

ball crystals

Eu(NO3)3�5H2O,

H3BTC

Liu et al.

(2009)

Eu(BTC)(H2O)6 50–100 nm in width,

10–20 nm in thickness,

and several hundred nm in

length

Nanorod Eu(NO3)3�5H2O,

H3BTC

Xu et al.

(2012a)

Ultrasonic

irradiation

synthesis

Tb(BTC)(H2O)6 30 in diameter and 300 nm

in length

Nanowire Tb(NO3)3�6H2O,

H3BTC

D’Vries

et al.

(2012)

Coordination-

modulated

synthesis

Dy(BTC)(H2O) 50 nm Spherical Dy(NO3)3, H3BTC,

sodium acetate

Guo et al.

(2012)

Eu1-xTbx-MOF 90 nm in length, 75 nm in

width

Bean-shaped

nanocrystals

Eu(NO3)3�5H2O,

Tb(NO3)3�6H2O,

H3BTC

Cravillon

et al.

(2011)

Eu(BTC)(H2O)DMF 125 ± 25 nm Belt-like and

spherical

Eu(NO3)3�5H2O,

H3BTC, sodium

acetate

Lin et al.

(2009)

Microemulsion

synthesis

Eu(FMA)2(OX)(H2O)4 200–400 nm Hexagonal Eu(NO3)3�5H2O,

CTAB, fumarate acid,

oxalate acid

Xu et al.

(2012b)

Eu(BDC)1.5(H2O) 100 nm in diameter Nanorod EuCl3�6H2O, H2BDC Rieter

et al.

(2006)

Tb(BDC)1.5(H2O)2 300 nm in length and 30 nm

in diameter

Nanorod Tb(NO3)3�6H2O,

H2BDC,

Eu(NO3)3�5H2O,

CTAB, fumarate acid,

oxalate acid

Cadiau

et al.

(2013)

Eu2(BDC)3(H2O)2(H2O)2 Less than 100 nm in length Nanorod EuCl3�6H2O, H2BDC Wang

et al.

(2012b)
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particles are with spherical morphology, which take the

advantage of small surface to minimize the interfacial

free energy between the particles and solvent, and

exhibit an average diameter between 1 nm and several

microns, relying on the specific reactions (Barrett et al.

2012; Choi et al. 2010; Cravillon et al. 2009; Lin et al.

2009; Oh and Mirkin 2006; Tan and Chen 2011; Yang

et al. 2012; Zhang et al. 2011).

The latter method was reported by Choi et al.

(2010), who constructed NLLn-MOFs Eu-MOF with

200 nm in length and 50 nm in diameter by slowly

adding triethylamine to methanol solution containing

Eu(NO3)3�5H2O and H3BTC. Poor solvent-induced

fast precipitation strategy provides a relatively simple

and rapid synthesis method, during which the reaction

condition is easily realized to tune morphologies,

sizes, and compositions of particles, and this process

usually completes within hours at room temperature.

However, the prepared materials are generally amor-

phous rather than crystalline, which prevents the

detailed investigation of their inner structures.

Solvothermal method

Solvothermal method, as a typical solution-based

approach, has been proven to be an effective and

convenient process in preparing various materials with

diverse controllable morphologies and architectures

(Clausen et al. 2005; Li et al. 2008a; Wang et al. 2006).

Liu et al. (2009) initially prepared well-dispersed

Eu(BTC)(H2O)6 nanorods under high temperature and

polar solvent. They confirmed that the formation of

nanostructures was a result of the balance between the

inner force and external force. The growth habit of

crystal and phase structure of H3BTC, as well as the

polar solvent and high temperature contributed in the

oriented nucleation, lead to the anisotropic growth of

nanorods. The method is easily controllable reaction

conditions, relatively large scale and high yield in

terms of the quantity of desired products. It can also

minimize the problem of ligand solubility, as well as

enhance the reactivity of reactants, which is good for

efficient molecular building during the crystallization

process under forcing conditions (D’Vries et al. 2012).

In addition, the method can be finely tuned so as to

lead to the isolation of desired single crystals.

With the same strategy, Xu et al. (2012a) synthe-

sized Eu(BTC)(H2O)DMF hierarchical architec-

tures with urchin-like balls, straw-sheaf, bulk, and

nanocrystals by solvothermal treatment at 60 �C for

3 days. Solvents were also reported to play a key role in

the synthesis of Eu-MOFs. In the presence of co-

solvent H2O, the size can be well tuned upon variation

of the DMF/H2O molar ratio. H2O not only acted as a

reactant coordinated to metal ions, but also as a solvent

to adjust the solubility of metal salts in the co-solvents

in the nucleation process and crystal growth process.

However, the limitation of the method is that the

processes are usually time-consuming (days to weeks),

bulk equipment, and heavy energy consumption.

Ultrasonic synthesis

Ultrasonic synthesis is a simple, efficient, and eco-

nomic approach, which has been widely used for

organic synthesis and the preparation of nanomaterials,

comparing with solvothermal method (Ge and Li 2003;

Kim et al. 2011; Luche and Cintas 1999). Besides,

several chemical reactions that were previously hard to

realize by other traditional methods can consider

ultrasonic irradiation. NLLn-MOFs of nanosheets,

nanorods, nanowires, and nanobelts have been synthe-

sized (Li et al. 2008b, 2009; Qiu et al. 2008).

Hu and co-workers initially presented a facile,

rapid, and environmental friendly strategy to synthe-

size highly one-dimensional NLLn-MOFs Tb(BTC)

(H2O)6 with tunable size and shape under ultrasound

irradiation at 70 �C and atmospheric pressure by

varying the reaction time (Hu et al. 2012). Nanopar-

ticles with a diameter of 50–100 nm were obtained

when reacted for 5 min. However, when the time was

prolonged to 30 min and even 90 min, the nanoparti-

cles change into nanowires with a diameter of

30–50 nm along with a length of 300–500 nm

(Fig. 3A) and nanorods with a diameter of 30–50 nm

(Fig. 3D). All these variation are due to high transient

temperatures and pressures of ultrasound irradiation

condition. It accelerates the activation and the coordi-

nation reaction between lanthanide ions and H3BTC to

confine the particles in nanometer regime. Besides, the

yields of nanocrystals increased from 78.2 to 83.5 %,

indicating that ultrasonic method has significantly

paved an efficient and rapid way to synthesize NLLn-

MOFs (Li et al. 1998). Additionally, the structures of

the nanocrystal were characterized by X-ray diffrac-

tion pattern, which were consisted with the simulated

one, to confirm the successfully formulation of the

nanorods.
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Ultrasound-vapor phase diffusion technique is a

newly technique to accelerate the reaction rate as

compared with ultrasound-assisted strategy. Qiu and

co-workers used an ultrasound-ethylamine (TEA)

phase diffusion technique to efficiently acquire three

dimension (3D) Tb(1,3,5-BTC)n nanocrystals with

yields of 65.7 % in 30 min (Xiao et al. 2013). A

mixture of Tb(NO3)3�6H2O, H3BTC, DMF, ethanol,

and H2O was stirred for 2–4 h in a breaker and a vial

filled with TEA and H2O was placed in the breaker.

Then, the reaction was conducted under ultrasonic

irradiation at a frequency of 50 kHz at 60 �C and

atmospheric pressure for several minutes. However,

they used the ultrasound-assisted method only pro-

duced a low yield of 0.6–7.2 %. This was ascribed to

the addition of deprotonation agent, TEA, which

shortens the reaction time. Figure 3E describes vari-

ous synthesis routes of Tb-based MOFs and found that

Tb(1,3,5-BTC)n nanocrystals could change from 3D

to one dimension (1D) when the ultrasonic irradiation

time was long enough. Because ultrasonic could not

only accelerate the chemical processes, but also may

cause thermodynamic instability of the formed struc-

ture, leading to the formation of a new phase.

Coordination modulation synthesis

The coordination modulation method is a newly

established and promising method for the fabrication

of NLLn-MOFs. This method utilizes the strategy of

modulating the coordination equilibrium by adding

capping agents with the same chemical functionality

as the linkers to impede the coordination interactions

between metal ions and organic linkers, which gener-

ates a competitive situation that regulates the rate of

framework extension and crystal growth and finally

allows the control over the size and morphology of the

resulting crystals. NLLn-MOFs of various shapes and

sizes can be constructed by controlling the ratio of

metal ions, organic linkers, solvents, and capping

agents (Cravillon et al. 2011; Diring et al. 2010; Guo

et al. 2010, 2012; Long et al. 2012; Nune et al. 2010;

Pham et al. 2011; Tsuruoka et al. 2009; Wessels et al.

2010).

Guo et al. (2012) presented a brilliant example that

illustrates how powerful can coordination modulation

approach be. Combining coordination modulation

with acid–base adjustment allowed the fabrication of

Dy(BTC)H2O with varying sizes and shapes. As the

description of proposed Dy(BTC)H2O crystal forma-

tion mechanism in Fig. 4A, proper acid–base envi-

ronment of the reaction medium and capping agent

that inhibiting crystallites from growing were two

essential parameters for miniaturizing the size of Ln-

MOFs crystals to nanometer scale. The efficiency of

coordination modulation route to prepare NLLn-

MOFs was reported by Zhang and co-workers

(Guo et al. 2010). NLLn-MOFs Ln(BTC)(H2O) was

Fig. 3 SEM images of [Tb(1,3,5-BTC)(H2O)6]n synthesized

using ultrasonic method for various reaction times: A 30, B 60,

C 90, and D 140 min. E Illustration of the synthesis of terbium-

based metal–organic framework crystals by various methods:

a [Tb(1,3,5-BTC)]n 3D framework and b [Tb(1,3,5-BTC)(H2-

O)6]n 1D framework
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prepared by heating a solution containing Ln(NO3)3-

5H2O (0.1 mol), BTC (0.1 mol), sodium carboxylate

(0–0.3 mol), DMF (8 mL), and H2O (4 mL) in a

sealed beaker at 60 �C for 12–72 h. Sodium carboxy-

lates (sodium formate, sodium acetate, or sodium

oxalate) were used as capping reagent to control the

resulting crystal size and morphology. In the absence

of a capping reagent, Ln-MOFs were pillar-like rods

with a length of 60 ± 10 lm (Fig. 4B—a). With the

addition of the capping reagent, both the shape and

size of Ln-MOFs were drastically changed. Addition

of sodium formate results in fairly uniform bean-

shaped nanocrystals with a length and width of

125 ± 25 and 100 ± 15 nm, respectively (Fig. 4B—

c, d). Smaller crystals, 90 ± 15 nm in length and

75 ± 10 nm in width were obtained, when sodium

acetate was used as additive (Fig. 4B—e, f). However,

sodium oxalate, led to the needle-shaped crystals

(Fig. 4B—b) and the length of the crystals with

lengths between 30 and 60 lm. These phenomena

indicated that carboxylic salts played a crucial role in

modulating the coordination interactions between

lanthanide ions and organic linkers, thus provided a

facile and effective way to scale down the size of Ln-

MOFs.

Guo et al. described another example for the

instruction of luminescent Eu-MOFs nanocrystals with

different size and morphology (Xu et al. 2012a). The

addition of sodium acetate from 0.1 to 0.4 mmol make

the product change from belt-like and gel-like crystals

to spherical monodisperse nanocrystals with a

diameter of 125 ± 25 nm. And further increased of

capping agent led to the aggregation of bean-like

nanocrystals.

Microemulsion

Reverse or water-in-oil microemulsion technique can

also adjust the dimensions of material to nanoscale,

due to the well-defined volume of the underlying

microreactor micelle, with sizes ranging from 50 nm

to 1 lm, which was established by water to surfactant

ratio (W) and assists in controlling the kinetics of

particle nucleation and growth (Dwars et al. 2005;

Rieter et al. 2006; Taylor et al. 2008).

Recently, Xu et al. (2012b) synthesized nanoscale

luminescent Eu2(fumarate)2(oxalate)(H2O)4 by a

water-in-oil microemulsion method from Eu(NO3)3,

fumarate acid, oxalate acid, and different amounts of

surfactants cetyltrimethylammonium bromide

(CTAB) at 150 �C. Surfactants functioned as stabi-

lizer and dispersant prevented the aggregation of

nanocrystals (Ding et al. 2011; Yuan et al. 2011). As

shown in Fig. 5, with the increasing amount of

surfactant, the particles change from rhombus trun-

cated bipyramidal morphology to hexagonal nano-

plates. Bravais–Friedel–Donnay–Harker (BFDH)

method was applied for simulating their crystal growth

and morphology control, and the addition of surfactant

CTAB significantly slowed down the crystal growth

rate of the particles, leading to the formation of smaller

micro- and nanocrystals. With the same strategy, by

Fig. 4 A Proposed Dy(BTC)H2O crystal formation mechanism. B SEM images of Ln-MOFs crystals synthesized: a without capping

reagent; with addition of b sodium oxalate, c, d sodium formate, and e, f sodium acetate

310 Page 8 of 21 J Nanopart Res (2015) 17:310

123



dissolving LnCl3 and H2BDC in the (CTAB)/isooc-

tane/1-hexanol/water microemulsion system, respec-

tively, Lin et al. prepared Ln2(BDC)3(H2O)4 nanorods

in high yield (Rieter et al. 2006). By varying W from 5

to 10, the sizes of the nanorods could be tuned from

approximately 100–125 nm in length and 40 nm in

diameter to 1–2 lm in length and 100 nm in diameter.

Higher W values lead to larger particles because the

number of nucleation sites within the microemulsion

decreases. They also demonstrated that the increase of

reactant concentrations leads to the formation of

smaller particles, because more micelles were occu-

pied by the reactants to generate more nucleation sites.

Therefore, the use of microreactor micelle stabilized

by surfactant provides a thermodynamic means to not

only control the morphology during the nucleation and

growth of NLLn-MOFs but also increase the stability

and avoid agglomeration. The success approach to

synthesize NLLn-MOFs was also confirmed by

Cadiau, who fabricated Tb(BDC)1.5(H2O)2 nanorod

with a diameter of 30 nm and a length of 300 nm

recently. Besides, Wang prepared Eu2(BDC)3(H2O)2

nanorod with a length less than 100 nm (Wang et al.

2012b). However, the main problem of the method is

that the remove of the surfactant is time-consuming,

which needs hard condition to collect the nanoscale

solid. During the process, the nanoparticles may be

destabilized and lead to extensive agglomeration of as-

prepared primary particles.

Template-assisted synthesis of NLLn-MOFs

Template-assisted strategy takes advantage of the

template core to purposely and selectively control the

growth of particles, providing an excellent method to

fabricate desired NLLn-MOFs or core–shell NLLn-

MOFs (Hu et al. 2008; Huczko 2000; Jung et al. 2009;

Shekhah et al. 2007; Perry et al. 2011; Yanagishita

et al. 2005; Yang et al. 2011). Particles such as Au

nanoparticles, polystyrene, and silica nanoparticles

could act as templates to grow Ln-MOFs on the

surface of the materials. However, the synthesis of

NLLn-MOFs by template-assisted route is still rare.

Recently, Qiu et al. demonstrated template-assisted

method that immobilized organic molecules onto the

mercaptoacetic acid (MAA)-functionalized Fe3O4

NPs to construct novel Fe3O4@Tb-BTC core–shell

structures. Fe3O4 NPs with a diameter of about

Fig. 5 SEM images of morphologies synthesized under the

addition of different amounts of the CTAB modulator. a Large

rhombus truncated bipyramid crystals synthesized without

CTAB. b Ln-MOF elongated micrometer plates synthesized

with CTAB w = 30. c Elongated hexagonal nanoplates

synthesized with CTAB w = 20. d Hexagonal nanoplates

synthesized with CTAB w = 15
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200 nm were added to ethanol solution of Tb(NO3)3

and H3BTC for 30 min at 70 �C, respectively

(Fig. 6a). And these processes were repeated for

several cycles to obtain core–shell NLLn-MOFs

(Fig. 6b). Carboxylate groups on Fe3O4 NPs surface

interact with Ln3? and initiated the growth of

nanocrystals, then this interaction would induce a

regular growth of Tb-BTC (Liu et al. 2012).

Encapsulation of NLLn-MOFs

Encapsulation of guest molecules into nanoscale

Ln-MOFs

The highly regular channel structures and controllable

pore size of nanoscale Ln-MOFs permit the encapsu-

lation of luminescent guest molecules inside Ln-MOFs

and provide another strategy to synthesize NLLn-

MOFs. For example, QDs had been incorporated into

Gd/AMP NCPs to formulate core–shell NLLn-MOFs

(Nishiyabu et al. 2010) (Fig. 7). The shell thickness

can be tunable by varying the concentration of QDs to

obtain the desired sizes of particles. Luminescent QDs,

metal NPs, and fluorescent dyes could be incorporated

into the porous nanoscale Ln-MOFs to promote the

luminescent properties of guest molecules, such as

improved fluorescence intensity, efficient energy

transfer, and higher quantum yields (Juan-Alcañiz

et al. 2012; Tsuruoka et al. 2011; Turner et al. 2008;

Wang et al. 2012a; Xiang et al. 2011). Nishiyabu et al.

reported the successfully encapsulation of fluorescent

guest in the coordination networks of nucleotides and

lanthanide ions by electrostatic and hydrophobic

interactions between molecules (Nishiyabu et al.

2009a, b, 2010). Firstly, they exploited the strategy to

encapsulate three water-soluble anionic fluorescence

dyes into the AMP/Lu nanoparticles (Nishiyabu et al.

2009a). Cyanine dye showed improved luminescent

yields of 49 % after incorporated in the metal–organic

materials comparing with 1 % of the pure dye. Besides,

the luminescent intensity was greatly enhanced

because the conformational rotation of the dye was

restricted by Ln-MOFs to exhibit efficient energy

transfer. Thus, the encapsulation of guest molecules

into nanoscale Ln-MOFs might provide potential

application for biomedical and material science. As

for platinum porphyrin, the barrier properties of Ln-

MOFs prevented the dye from oxygen quenching to

exhibited high phosphorescence intensity to show

light-harvesting functions. Another guest perylene dye

also demonstrated strong fluorescence emission for the

efficient energy transfer among ligand AMP.

Encapsulation of lanthanide ions into nanoscale

MOFs

The self-assembly of merely lanthanide ions and organic

linkers is sometimes nonemissive or the luminescent is

very weak, due to the low coordination ability of organic

linkers which allows the molecules containing high

energy O–H, N–H, and C–H vibronic to compete for the

coordination with lanthanide ions. Unfortunately, this

prevents the further application of Ln-MOFs in optical

application. However, lanthanide ions can be encapsu-

lated into NMOFs to make lanthanide luminescence

more efficiently and construct a new class of NLLn-

Fig. 6 a Schematic illustration of the fabrication process of Fe3O4@Tb-BTC nanospheres. b TEM image of Fe3O4@Tb-BTC

nanospheres
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MOFs. This strategy was recent demonstrated by Yan

and co-workers (Zhou and Yan 2014). The highly

crystalline, noncoordinating carboxyl group, as well as

the high chemical and thermal stabilities of NMOFs Al-

MIL-53-COOH, was good to incorporate lanthanide

ions to construct Ln@Al-MIL-53-COOH. They served

as a host and an antenna for sensitizing and protecting

the luminescence of lanthanide ions (Fig. 8a), therefore

leading to the high luminescence, high quantum yields,

and long lifetime of NLLn-MOFs. In addition, emission

was easily tunable by incorporating different concen-

trations of lanthanide ions or adjusting the excitation

wavelength to induce white-light-emitting materials,

which were different from the traditional lanthanide ion-

doped inorganic materials, nanomaterials, and organic

polymers (Fig. 8b). Another example was demonstrated

by Zhou and co-workers. A MIL-type NMOFs,

In(OH)(bpydc)(bpydc = 2,20-bipyridine-5,50-dicar-

boxylic acid), in the nanoscale range of 40–140 nm

were prepared. Then NMOFs were immersed into DMF

solution of chlorine salts of Eu3? and Tb3? to formulate

Tb3?/Eu3?@NMOFs (Zhou et al. 2014).

Applications of NLLn-MOFs

As mentioned above, NLLn-MOFs exhibited superior

properties, such as high surface areas, good dis-

persibility, and porosity, which paved the way for their

applications in many fields, such as sensing, optical

imaging, light emitting, etc. Particularly, increasing

interest has focused on sensing of environmental or

Fig. 7 a Formation of

nanoparticles from AMP

and Gd3? ions. b Formation

of QD@AMP/Gd3? core–

shell nanoparticles by

adaptive self-assembly of

AMP/Gd3? networks on the

surface of the QDs

Fig. 8 a Encapsulation routes for Ln@Al-MIL-53-COOH. b Representation of the generation mechanism of the white-light emission

of Eu3?@Al-MIL-53-COOH
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biological system in recent years, owing to the

combination of permanent porosity, enhanced lumi-

nescent properties, and nanometer regime (Lu and Yan

2014b).

For example, the dispersible nature and higher

surface areas of nanoscale luminescent Eu2(BDC)3

(H2O)2(H2O)2 combining with the porosity of MOFs

made a close contact between nanoscale MOF and

solvent molecules, thus provided an excellent as well

as straightforward strategy to meet the requirements of

sensing for environment substances and significantly

enhance the sensitivity level. While, it will be

complicated to use the bulk macroscopic Ln-MOFs

for sensing due to the several tedious steps including

activation, incorporation of the analytes and collenc-

tion of solid Ln-MOFs. Besides, the fluorescence

response rate over nanocrystals and bulk luminescent

Ln-MOFs are dramatically different. It usually takes

about 1 day for bulk luminescent to reach equilibrium

comparing with the nanoscale luminescent Ln-MOFs

only in several minutes (Tan et al. 2014). In another

case, it takes about 250 s for nanocrystals to reach

equilibrium, while the bulk crystals need 1500 s

(Yuan et al. 2011). Nanocrystals possess a great

number of porosities owing to their smaller sizes,

larger surface areas as compared with their bulk

crystals. The large surface areas means more reactive

sites exposed to the guest molecule, as a consequence,

the response rate enhanced. On the other hand, NLLn-

MOFs qualify the small size for their biocompatibility

to interact into cells to expand the potential applica-

tions of luminescent MOFs in optical imaging, drug

delivery, etc.

Sensing

NLLn-MOFs have used as sensing platform resulting

from their good luminescent properties, large surface

area, good dispersibility, and porosity. The permanent

porosity of porous NLLn-MOFs made it possible to

selectively recognize guest species. While the special

bonding sites such as open metal sites, Lewis acidic or

basic sites provided different interactions with guest

species will enhance the sensing sensitivity. As we

have discussed above, the luminescent properties of

nanoscaled Ln-MOFs were related with the coordina-

tion environment, structure of lanthanide ions, the

interaction bonds with guest molecules, and the pore

size. All these provided platforms to develop NLLn-

MOFs for highly sensitive and selective sensing. Most

of the NLLn-MOFs sensors exhibited stable, straight-

forward sensing property rather than the complicated

sample pretreatment such as surface modification and

functionalization, owing to so much activation sites of

nanomaterial. Up to now, the novel materials have

successfully applied in the detection of cations, such

as Cu2?, Ag?, and Hg2?, as well as molecules such as

nitroaromatic explosive, aromatic amine, acetone,

ciprofloxacin, dipicolinic acid (DPA), tetracycline,

etc. Besides, NLLn-MOFs have been applied to detect

temperature in biological recently. However, the

example of NLLn-MOFs for anions detection is still

rare.

Sensing of cations

The different binding interactions between free Lewis

basic/acidic sites on the pore surface and metal ions

incorporated into the fixed small pore of NLLn-MOFs

provided a highly selective and sensitive way for the

sensing of metal ions. On the other hand, the

interaction between the guest species and ligands

decreased the energy transfer efficiency from ligands

to lanthanide ions within Ln-MOFs, leading to the

decrease of fluorescent intensity.

The first example of stable porous NLLn-MOFs for

Cu2? sensing in aqueous solution and simulated

physiological condition was reported by Xiao et al.

(2010). The products exhibited a 3D framework

structure with two types of micropores of about

4.0 9 5.0 Å along the a-axis and 3.8 9 3.8 Å along

the b-axis, respectively, and a take-up of water vapor

as high as 38 cm3 g-1. The optical study found the

emission spectrum of dehydrated Eu2(FMA)2(-

OX)(H2O)4�6H2O (FMA = fumarate, OX = oxalate)

exhibited the characteristic transitions of Eu3? when

excited at 394 nm. Then the effects of different cations

Na?, K?, Mg2?, Ca2?, Cd2?, Zn2?, Pb2?, Cd2?,

Co2?, Ni2?, and Cu2? on the fluorescence spectrum

showed that Cu2? had the most significant quenching

effects, thus indicated the highly selectivity of the

materials. Besides, the nanostructure Ln-MOFs had a

six times weaker fluorescence intensity when

immersed in 0.01 M Cu(NO3)2 as compared with

nonmetal-ion incorporated counterpart, accompany-

ing with the lifetime reduced from 394.60 to 30.45 ls.

Additionally, the fixed small pores within MOF

enhanced the recognition of Cu2? by interacting with
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the terminal water or the carboxylate Lewis basic sites,

leading to a remarkable highly sensitivity with a

quenching coefficient of 528.7 M-1, which was so

much higher than that of 89.4 M-1 for bulk Eu-MOF

for Cu2? sensing. What’s more, the nanostructure

could be applied to sense Cu2? in the simulated

physiological condition due to their good dispersibil-

ity, and exhibited a comparable result with that of pure

aqueous solution, which provided the potential for the

forward, real time and trace amount sensing of Cu2? in

biological system. Another stable and dispersible

nanocrystals Tb(BTC)(H2O)6 also exhibited excellent

sensitive and selective sensing of Cu2? (Yang et al.

2012). When the nanocrystal was dispersed in Cu2?

aqueous solution, the fluorescence intensity of the

sample had a remark decrease at 544 nm for
5D4 ? 7F5 transitions of Tb3?, accompanying the

emitted green light significantly darker under UV light

and the lifetime reduced from 0.62 to 0.37 ms.

In the other case, the fluorescence intensity of Ln-

MOFs demonstrated a weak light emitting if the

interaction between the ligand and lanthanide ion was

too weak to be quenched by O–H oscillators of water

molecules. Tan et al. reported a luminescent sensor

based on metal-to-ligand charge transfer fluorescence

for sensing of Ag? (Tan and Chen 2011). The network

nanostructure Tb/AMP (AMP = adenosine

monophosphate) exhibited weak luminescence, due

to the weak interaction between Tb3? and AMP which

allowed water molecules to coordinate with Tb3?. The

addition of Ag? induced 8 times fluorescent intensity

enhancement as compared with that of Tb/AMP,

because the metal ions could not only interact with

AMP to build a stable rigid structure to alter the excited

state of AMP but also cause a more efficient

intramolecular energy transfer from ligands to lan-

thanide ions. The fluorescence lifetime of Tb/AMP

increased from 1.023 to 1.164 ms in the presence of

Ag? further confirmed that Ag? was involved in the

coordination site to replace the water molecules to

cause a metal-to-organic charge transfer. Besides, the

sensors not only exhibited fast detection time with only

7 min to reach a constant value, but also had a good

linear range from 60 nM to 100 lM, along with a

superior detection limit of 60 nM. The fluorescent

sensor was applied in the sensing of environmental

water as well, which showed a detection concentration

of 80 nM and recoveries of more than 97 %. Addi-

tionally, the sensor exhibited good luminescence

stability for more than 1 month, which was potential

for biosensing application. The same authors demon-

strated another rare luminescent nanoscale Ln-MOFs

sensor based on photoinduced electron transfer (PET)

for recognition and sensing of Hg2? (Tan et al. 2012a).

The NLLn-MOFs exhibited great selectivity and

sensitivity for the sensing of Hg2?, with the detection

limit of 0.2 nM on the basis of a signal-to-ratio of 3:1

and a linear fluorescence response to in the concentra-

tion range of 0–100 nM (Fig. 9).

Sensing of molecules

NLLn-MOFs have found wide applications in detec-

tion of molecules. Xu et al. (2011) reported a stable

and well-dispersed nanoscale luminescent Eu2(-

BDC)3(H2O)2(H2O)2 for straightforward and highly

sensitive sensing of nitroaromatic explosives in

ethanol solution. In contrast, nitroaromatic explosives

including nitrobenzene, 2,4-dinitrotoluene, and 2,4,6-

trinitrotoluene demonstrated an outstanding fluores-

cence quench effect. They discussed the possible

detection mechanism was that the small pores within

NLLn-MOFs stopped large aromatic from connecting

with the binding sites. Besides, large surface area,

good dispersibility and the pore confinement to fix the

analytes within the molecular-sized cavities of nano-

materials have facilitated fast, strong, and direct

interaction between analytes and nanoscale lumines-

cent Ln-MOFs. The luminescence emission of Ln-

MOFs was resulted from the antenna effects. BDC

absorbed the energy and transferred to Eu3? through

vibronic coupling between Eu3? and BDC. They

explained that addition of nitroaromatic compounds

caused a competition for absorption of the light source

energy between the analytes and linkers. As a

consequence, the energy absorption of ligands were

decreased and at the same time the energy transfer

from BDC to Eu3? also was decreased, leading to the

quenching of Eu3? luminescence. Therefore, this

strategy provided a promising avenue for the detection

of small molecules if only we used different ligands to

fabricate NLLn-MOFs to match a competition absorp-

tion with analytes.

The luminescent intensity of Ln-MOFs has also

been reported to be largely dependent on the additive

molecules. Usually, acetone exhibited the most sig-

nificant quenching effect. The above-mentioned

nanocrystal Tb(BTC)(H2O)6 showed a gradual
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luminescence decrease and red-shifted upon addition

of acetone. The luminescence intensity of 5D4 ? 7F2

transitions of Tb3? at 544 nm versus the volume ratio

of acetone was well fitted by a first-order exponential

decay. The suggested mechanism of quenching effects

was that the physical intermolecular interaction

between acetone and BTC caused energy transfer

from BTC to acetone. Hu et al. (2012) reported the

specific recognition functionality in Tb(BTC)(H2O)6

for aromatic amines. The sensing mechanism was that

the strong supramolecular interactions such as hydro-

gen bonding and p–p stacking effects between the

analyte molecules and ligands BTC played a crucial

role in the luminescence quenching.

The nanoscale nature of NLLn-MOFs could not

only easily disperse into the solvent but also signif-

icantly enhance the sensitivity level for sensing, thus

exhibited great potential for trace amount detection of

biomolecules. Besides, the free open luminescent

lanthanide sites, such as Tb3? and Eu3?, played an

important role in the molecular recognition, due to the

binding with the substrates to cause the energy transfer

from the ligands to lanthanide ions to enhance the

luminescent intensity. Xu et al. (2012b) have demon-

strated a luminescent Eu2(FMA)2(OX)(H2O)4�4H2O

sensor for the detection of DPA, the main component

of the bacterial endospores. Adding merely 2 ppm

DPA to the ethanol solution of nanomaterials

obviously and instantly enhanced the fluorescence

intensity and the sensitivity improved up to 90 times

comparing with their bulk counterpart MOFs. They

also found that the luminescent lifetime of Eu3?

increased with the addition of DPA, due to the binding

interaction of the open Eu3? sites with DPA to enforce

the intramolecular energy transfer. The effects of

different molecules to nanomaterial were examined,

and the sensor demonstrated highly selectivity as only

DPA dramatically enhanced the fluorescence inten-

sity, while other molecules such as sodium benzoate,

riboflavin, isophthalic acid, phthalic acid, and differ-

ent ions were basically unchanged. This nanoscale

MOFs exhibited highly sensitive, instant ‘‘turn-on’’

and selective sensing property, thus provided a

straightforward strategy for developing new func-

tional NLLn-MOFs for biosensing.

Recently, biology molecules such as ciprofloxacin

and tetracycline have been recognized based on the

open lanthanide binding sites. The nanoscale Tb/Ad

not only provided high surface-to-volume ratio but

also offered multiple binding sites for ciprofloxacin

sensing with high detection sensitivity of 60 nM (Tan

et al. 2013b). Another nanoscale Eu/AMP-Cit coor-

dination polymer showed a fast, easy detection

process as well and had a linear correlation to

tetracycline from 100 nM to 20 lM (Tan et al.

2013a). It was of great significant that they had used

Fig. 9 Fluorescence

emission spectra of Tb-

MOFs in the presence of

different concentrations of

Hg2? solution (0, 0.2, 6, 20,

40, 60, 100, 200 nM). Inset

Linear relationship between

the fluorescence intensity of

nanoscale Tb-MOFs at

545 nm and Hg2?

concentration
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the nanoscale luminescent for the practical applica-

tions with good recoveries.

Sensing of temperature

Luminescent Ln-MOFs have shown versatile for the

thermal detection recently. The first ratiometric lumi-

nescent Ln-MOFs thermometer sensor was demon-

strated by Cui et al. (2012). The sensor demonstrated a

linear correlation between luminescent and tempera-

ture in the range 50–200 K. However, cryogenic

temperature and bulk particles limited the sensor for

potential application in intracellular sensing.

Recently, Cadiau et al. (2013) demonstrated the first

stable ratiometric luminescent Ln-MOFs nanother-

mometer Tb0.99Eu0.01(BDC)1.5(H2O)2, which exhib-

ited a excellent performance in the physiological

temperature range (300–320 K) with high sensitivity

of 0.37 % K-1. The presence of other transition of

Tb3? as well as the emission-decay curves of 5D0 and
5D4 proved energy transfer from Tb3? to Eu3? with

energy-transfer efficiency of 23.1 %. The thermal

activation of nonradiative-decay pathways resulted in

the decrease of luminescent intensity of Tb3? and

Eu3?. Therefore, the temperature dependence transi-

tions of Tb3? 5D4 ? 7F5 at 545 nm and Eu3?

5D0 ? 7F4 at 698 nm provided a ratiometric thermo-

metric parameter (Fig. 10). Another ratio of excellent

luminescent thermometry Eu3?/Tb3?@NMOFs was

reported by Zhou et al. (2014) based on the same

mechanism. The ratiometric nanosensor showed a

temperature range of 10–60 �C with the thermal

sensitivity of 4.97 % �C-1. Therefore, the self-refer-

encing nanosized thermometers with high sensitivity

provided the potential applications in biomedicine to

measure physiological temperatures.

Optical imaging

Optical imaging is extensively used in biological

studies, which uses visible light to excite dye within a

tissue. However, the fluorescence of dye is easy to be

photobleached at longer wavelength and the technique

is limited by poor tissue penetration in vivo applica-

tions (Wessels et al. 2010). MOFs with the nanoscopic

dimensions offer materials of sufficiently small sizes

to get into cells to provide potential application in vitro

imaging. It is noted that though several luminescent

MOFs have been synthesized, most of them are limited

by their low quantum yields, low fluorescence life-

time, and nonoptimal absorption properties.

NLLn-MOFs have been applied in the optical

imaging; however, the examples for nanoscale lumi-

nescent Ln-MOFs were few. Lin et al. (2011) reported

nanoscale Zr-MOFs with a luminescent quantum yield

of 0.8 %, an average luminescence lifetime of 107 ns,

and with extremely high dye loading of 57.4 %. Then

Zr-MOFs were coated with silica shell to prevent rapid

release from the nanoparticles and further surface

modification with PEG or PEG-anisamide (AA-PEG)

to be PEG-SiO2@Zr-MOFs or AA-PEG-SiO2@Zr-

MOFs. Laser scanning confocal fluorescence micro-

scopy studies on H460 cells were performed to inves-

tigate in vitro imaging contrast efficiency and targeting

capacity. PEG-SiO2@MOFs were proved to be efficient

optical imaging contrast agents and exhibit cancer

specificity, thus provided a novel platform for the design

of luminescent Ln-MOFs for optical imaging.

Besides, Nishiyabu et al. (2009b) reported that

fluorescent dye was incorporated during the synthesis

of 50-AMP/Gd nanoparticles to monitor their localiza-

tion in cells and tissues by fluorescent microscopy

in vivo. Liver toxicity result examined by enzymatic

assay for aspartate aminotransferase and alanine

aminotransferase indicated that the particles are non-

toxic to liver, thus demonstrated the potential of dye-

doped nucleotide/lanthanide nanoparticles for biolog-

ical applications, especially as imaging agent for liver.

Light-emitting devices

The tunable and structural diversity of luminescent

Ln-MOFs exhibited applications in white and near-

infrared light emitting; however, nanoscale lumines-

cent Ln-MOFs found applications in white and tunable

light-emitting devices only in recent years. Liu et al.

discussed nanobelt luminescent Tb-MOFs doped with

different concentrations of Eu3? ions to exhibit

tunable color change from green to green-yellow,

yellow, orange, and red-orange due to the energy

transfer from the Tb3? to Eu3? ions (Liu et al. 2010a).

The emission spectra gradually presented the charac-

teristic emissions of Tb3? to Eu3? when the concen-

tration increased from 0.1 to 10 mol %. Guo et al.

(2010) also reported the fluorescent intensity of

nanoscale Eu1-xTbx-MOF changed with the ratio of

lanthanide ions and demonstrated potential applica-

tion in light-emitting devices.
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Besides, Kajsa et al. used different lanthanide ions

and p-conjugated alkyl ligand (L) with different

lengths and side chain to explore the light-harvesting

properties of luminescent nanoscale Gd-MOFs (Zhang

et al. 2011). The light-harvesting antenna Gd-L1-L2

was achieved by energy transfer from Gd-L1 to H2L2

fabricated by doping the Gd-L1 with H2L2. However,

when Gd-L1 was mixed with Gd-L2 or ester, no

apparent energy transfer emission was observed,

which confirmed that proper organization of the donor

and the acceptor could promote the energy transfer.

These results have shown the excellent light-harvest-

ing properties of nanoscale luminescent Ln-MOFs and

provided strategies to enhance the optical properties of

luminescent Ln-MOFs for light-emitting devices.

Conclusions and perspectives

Although the progress of NLLn-MOFs is at the

infancy stage, the recent advances in this field have

been illustrated and it will be convinced of a glorious

future for this novel class of luminescent nanoscale

materials. This review has summarized the properties,

synthetic strategies, and potential applications of

NLLn-MOFs. An important issue to consider is the

deliberate chosen of organic linkers and metal ions to

make sure the formulation of MOFs with luminescent.

However, the compositions of metal ions are limited in

Tb and Eu atom and organic linkers are limited in

those simple linkers. It will be of challenge to apply

more kinds of metal ions and linkers to build novel

composite for practical applications. Another problem

is to precisely control the size and morphology of

luminescent Ln-MOFs on the nanometer regime for

the construction of NLLn-MOFs.

From the perspective of applications, NLLn-MOFs

are not only synthesized in large quantities with a

desired composition, reproducible dimension, shape,

and structure but also are prepared and assembled

using green, environmentally responsible methodolo-

gies. So steering the size, composition, and morphol-

ogy of NLLn-MOFs with exceedingly convenient and

economic synthetic methodologies will be of interest.

Fig. 10 Emission spectra of 1 in a the solid state and b aqueous

suspension (0.36 g L-1) in the physiologic temperature range

excited at 320 nm. Temperature dependence of the normalized

integrated intensity of the 5D4 ? 7F5 (Tb3?, green) and
5D0 ? 7F2 (Eu3?, red) transitions in c the solid state and

d aqueous suspension. (Color figure online)
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There have been a number of achievements, including

the fabrication of luminescent nanostructure with

varied shapes, sizes, and compositions via different

synthesis routes and controlled growth of metal–

organic materials. Besides, the self-assembled prop-

erties of Ln-MOFs to encapsulate guest molecules will

expand the usage of NLLn-MOFs and pave new

avenue to construct multifunctional materials. Fur-

thermore, guest molecules can be added into NLLn-

MOFs, whose luminescence was quenched or very

weak, and lead to the enhanced fluorescence intensity.

All these are promising to improve the optical

properties to develop optical devices and biological-

related applications, such as light-emitting devices,

optical imaging, sensing or biosensing, and so on.

However, these explorations are far beneath the

demand of practical utilization, especially in biolog-

ical application. The high tunable merits of NLLn-

MOFs in terms of formulations, morphologies, sizes,

internal structures, and properties enable the rational

design for specific applications. While the main

challenge is to develop more controllable synthetic

methods or further understand the existing methods to

sufficiently exploit the disadvantages of materials to

create novel architectures with desired properties. In

addition, more biological building blocks should be

taken into account in the organization of luminescent

nanomaterials, because the combining of biological

molecules allows the biocompatibilization and easily

accessing to cell-specific targets for optical imaging

and biosensing of nanoscale luminescent Ln-MOFs.
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