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Materials for the Photoluminescent Sensing of Rare Earth 
Elements: Challenges and Opportunities
Scott E. Crawford,*a Paul R. Ohodnicki, Jr. a and John P. Baltrus a

Rare earth elements (REEs) are widely used in high-performance technologies including wind turbine magnets, electronic 
vehicle batteries, lighting displays, circuitry, and national defense systems. A combination of projected increasing demand 
for REEs, monopolistic economic conditions, and environmental hazards associated with the mining and separation of REEs 
has led to significant interest in recovering REEs from alternative sources such as coal waste streams. However, rapidly 
locating high-value waste streams in the field remains a significant challenge primarily because of slow analytical methods, 
and existing techniques with low limits of detection such as inductively-coupled plasma mass spectrometry suffer from high 
equipment and operating costs and a lack of portability.  Alternatively, luminescence-based sensors for REEs present a 
potential path for sensitive, portable, low-cost detection. The development and design of materials suitable for the 
luminescence-based detection of REEs are crucial to realizing this potential.  Here, we review a broad range of materials 
used (or that have the potential to be used) for REE luminescence-based detection, including organic compounds, 
biomolecules, polymers, metal complexes, nanoparticles, and metal-organic frameworks. A general overview of REE 
optoelectronic properties and luminescent sensing protocols is first presented, followed by analyses of material-specific 
sensing mechanisms, emphasizing sensing figures of merit including sensitivity, selectivity, reusability and portability.  The 
review concludes with a discussion of remaining barriers to luminescent REE sensing, how each sensor class may be best 
deployed, and directions for future material and spectrometer design. Taken together, this review provides a broad overview 
of sensing materials and methods that should be foundational for the continued development of high-performance sensors.

1. Introduction
Rare earth elements (REEs) are broadly defined as the 14 
lanthanides (Ce-Lu, characterized by a partially filled 4f 
subshell), along with lanthanum, scandium and yttrium.1,2 REEs 
are essential to advanced technologies, including electronics, 
high-performance magnets and turbines, optical displays, and 
national defense systems.1,3-8 Despite their relatively high 
abundance within the earth’s crust, REE production is hindered 
by economic and environmental challenges:5,9-11 extracting and 
isolating individual REEs is tedious and expensive, requiring 
multiple extraction steps using harsh solvents.5,6,11,12 Mitigating 
the environmental effects of REE mining has rendered REE 
production unprofitable in many nations, contributing to 
monopolistic conditions in the global market.9,11,12 

Diversification of REE sources is one potential path for 
circumventing the economic and environmental challenges 
associated with REE mining. In particular, strategies involving 
REE recycling and recovery from natural water sources,13,14 
waste streams such as coal refuse,3,15,16 fly ash,1,16 acid mine 
drainage,10,17,18 and industrial wastewaters,19 and REE-rich end-

of-life products (such as magnets, electronics, etc.) are being 
explored.20-23  A key step in enhancing the economic feasibility 
of REE extraction from waste streams is the ability to locate high 
value streams prior to engaging in tedious extraction 
processing, and to characterize downstream production and 
refining steps.24-26  There is thus a critical need to develop 
sensors capable of rapid REE detection and quantification 
within waste and recycling streams.24,27

Atomic emission techniques, such as inductively-coupled 
plasma mass spectrometry (ICP-MS) or optical emission 
spectroscopy (ICP-OES), are the most commonly-used 
techniques for analyzing REE content in waste streams due to 
their high sensitivity (down to part-per-billion or part-per-
trillion concentration levels) and ability to distinguish individual 
elements. Despite these advantages, significant drawbacks to 
ICP techniques include high instrumentation (~$100,00 or 
higher) and operation costs, specialized operator training, and 
a lack of portability, which substantially lengthens the amount 
of time required for sample processing.24,28 

A promising alternative to replace (or to complement) ICP is 
to use luminescence-based sensors for REE detection.24,26-28 
Advantages to luminescent techniques include significantly 
lower instrumentation costs (particularly for home-built 
fluorescence spectrometers), simpler operation, and the ability 
to design portable systems for field deployment. Luminescence 
sensing methods would considerably lower both the monetary 
and time costs associated with identifying high-value waste 
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Figure 1. Schematic illustrating steady-state luminescence-based sensing techniques for REEs, with sample luminescent spectra readouts and calibration curves for 
each method. For probe-centered mechanisms, a material exhibits a luminescent signal that is modified by interactions with REEs. This can include either a signal 
enhancement or reduction, enhancements/reductions in two different peaks (i.e. ratiometric sensors), or a shift in the emission energy as a function of analyte 
concentration. Conversely, the chemical probe may transfer energy to luminescent REEs, which exhibit distinct, element-specific emission profiles with concentration-
dependent emission intensities

streams, thus improving the economic viability of REE recovery. 
Notably, the luminescence-based detection of REEs is almost 
exclusively conducted in solution. The techniques outlined in 
this review may thus be directly used to rapidly identify high 
value liquid streams of REEs, such as natural waters,13,14 acid 
mine drainage,17,18,29 and industrial wastewaters.19 Additionally, 
the processing steps (i.e. extraction, purification, and 
concentration) associated with REE recovery from solid state 
sources are usually solution-based.16,30-32 Hence, luminescence-
based techniques also present a rapid, low-cost method for 
characterizing downstream REE processing steps relative to ICP. 
This review begins with a discussion of general luminescent 
sensing approaches and REE optoelectronic properties, 
followed by more specific descriptions of different materials 
that have been used for REE detection (organic molecules, 
biomolecules, polymers, metal complexes/nanoparticles, and 
metal-organic frameworks) and their associated sensing 
mechanisms. The review concludes with a brief overview of 
portable luminescent spectrometer designs and a framework 
for future innovations that may advance the field.

2. REE Sensing Techniques
Steady-state luminescence-based detection of REEs can occur 
through two different mechanisms (Figure 1). In the first process, 
which will be referred to here as “Probe-centered,” the sensor 
selectively interacts with specific REEs, causing changes in the 
emission profile of the probe itself, such as emission quenching,33 
enhancement,26 and/or a shift in the emission energy.34 A 
“ratiometric” response in which changes in the intensity ratio of two 
different luminescence peaks are monitored as a function of analyte 
concentration35 may also be used for REE detection.36 The use of two 
peaks for detection 

Figure 2.  Partial energy diagrams for the lanthanide aquo ions, where the main 
luminescent transitions are drawn in red and the fundamental energy level is in 
blue. Reprinted with permission from ref. 44. Copyright 2005, the Royal Chemical 
Society. 
may enable the sensor to be used over a wider concentration 
range and can sometimes provide an internal calibration against 
matrix interference effects, providing advantages over simpler 
“turn off” or “turn on” sensors.37 Additionally, multivariate 
sensing techniques38-40 have recently been developed in which 
the response of multiple optical variables (i.e. luminescence, 
absorption, etc.) are measured for the sensor in the presence of 
each element of interest, and, by comparing the aggregate data, 
unique responses may be observed that differentiate individual 
elements.41 Potential drawbacks of “probe-centered” 
approaches is that these sensors often have the ability to only 
identify one element per sensor (for element-specific 
sensors),42 or, if the sensor responds to multiple REEs, the 
inability to distinguish signal from individual REEs, making it 
challenging to determine the true value of a waste stream26 
(N.B. certain REEs are considered more economically important 
than others, with the five most valuable being Eu, Nd, Tb, Dy, 
and Y, according to a 2011 US Department of Energy Report.)43 
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Figure 3. Normalized emission spectra of luminescent lanthanide complexes in solution, exhibiting characteristic, element-dependent, sharp emission bands with minimal overlap 
with respect to one another (N.B. the intensity and quantum yield of individual elements will vary significantly in water). Reprinted with permission from Ref. 45. Copyright 2010, 
Elsevier Masson SAS, all rights reserved.

In the second mechanism, the probe transfers energy to REEs, 
followed by REE-centered emission in a process dubbed 
“sensitization.” This “REE-Centered” approach exploits the 
inherent luminescent properties of certain trivalent REEs, 
including Gd, Tb, Sm, Dy, Eu, Ho, Tm, Yb, Pr, Nd, and Er (Figure 
1). These 11 elements exhibit unique electronic transitions 
arising from f-orbital transitions (Figure 2)44 which are shielded 
from the external environment by outer s and p-orbitals, 
producing characteristic line-like emission bands (Figure 3).45 
Importantly, the intrinsic quantum yields of individual REEs 
varies significantly by element type; the most emissive REEs 
have the largest energy gap between the highest energy ground 
state and lowest energy emissive state.44,46 Wide energy gaps 
reduce the likelihood of emission quenching via non-radiative 
energy loss. Hence, emission is most frequently observed from 
Tb and Eu, whereas the aqueous sensitization of other REEs such 
as Pr and Er is seldom observed.44  Because the f-f transitions 
are parity forbidden, direct excitation of the REEs produces only 
weak emission.44,47 To circumvent this, a sensitizer material may 
first be excited, followed by energy transfer (typically via the 

sensitizer triplet state) to the REE and subsequent REE-centered 
photoluminescence.44,48-51 This energy-transfer process may 
occur through space by donor-acceptor dipole-dipole coupling 
(i.e. Förster resonance energy transfer), a simultaneous 
through-bond electron exchange between the donor and 
acceptor (Dexter energy transfer), or via a photoinduced, redox-
mediated pathway (Scheme 1).52 In general, sensitization 
requires the chromophore and REE to be in close proximity 
(~100 Å or less for a Förster process and a few angstrom or less 
for a Dexter mechanism), as well as spectral overlap between 
the energy donor and acceptor.52   Hence, a sensor material with 
suitable emission energy and in close proximity to an REE may 
be used to sensitize REE-centered emissions, allowing individual 
emissive REEs to be distinguished from one another.24,25 
Solution-based REE sensitization can be challenging because 
REE-centered emission is susceptible to quenching from high-
energy vibrational stretches (e.g. O-H, N-H, and C-H) which 
reduce emission signal, particularly in aqueous systems.44,53,54 
However, this barrier may be circumvented by creating a bulky 

Scheme 1. Illustration and summary of the three REE sensitization pathways: a through-space Forster resonance energy transfer, a through-bond Dexter energy transfer, and a 
photoinduced electron transfer followed by back electron transfer and REE-centered emission.
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chelation environment around the REE, protecting the REE from 
solvent. This is often achieved by using sensitizer materials with 
multidentate chelation sites or porous structures capable of REE 
encapsulation. A drawback of sensitization-based approaches  is 
that non-luminescent REEs (e.g. Sc, Y, La, Lu, etc.) cannot be 
detected (although these REEs may still be detected using the 
“probe-centered response” approach shown in Figure 1).25 The 
sensitization approach does enable detection of 4  of the 5 most 
economically critical REEs (Nd, Eu, Tb, and Dy).43 The most 
complete picture of a waste stream’s value may best be 
obtained using both probe-centered and REE-centered 
approaches in tandem. 

It is worth noting that time-resolved techniques may also be 
theoretically applied to improve REE detection, although such 
studies are less common relative to steady-state sensing 
experiments. Here, emission intensity as a function of time is 
measured either at the emission maximum of the sensing 

material (for probe-based approaches) or at the emission 
maximum of sensitized REEs (for REE-centered approaches) as 

a function of time, enabling discernment and detection.55 
Because emissive lanthanides typically have long (microsecond 
or longer) emission lifetimes compared to potential interfering 
species, time-resolved techniques can be highly sensitive.46,56 
Individual REEs may be distinguished by measuring the lifetime 
at the emission maximum for each REE, or by using time-gated 
techniques, in which the emission spectrum is recorded after a 
brief (i.e. tens of nanoseconds to microseconds) delay following 
pulsed excitation. During this delay, emission from other 
interfering species will often fully decay due to their shorter 
emission lifetime. The time-gated technique has been applied 
to characterize REE content in solids.55 Table 1 compares 
potential advantages and disadvantages of steady-state and 
time-resolved luminescent REE sensing approaches. For 
convenience, Table 2 summarizes REE sensor properties 
including the detection limit, sensing mechanism, and 
selectivity from various studies in the literature.

Table 1. Comparison of Steady-State and Time-Resolved Luminescent REE Sensing Techniques

Method Advantages Disadvantages
Probe-
Centered

Only method that can detect non-luminescent REEs such as Y, Sc, 
Lu, etc.

Can only detect one element per sensor, or can detect total REE 
content without information on individual REE concentrations

REE-
Centered

Can detect multiple elements simultaneously Cannot detect non-luminescent REEs such as Y, Sc, Lu, etc.

Time-
Resolved

May be more robust against background emission, particularly for 
sensitized REEs with long-lived emission. Can also be used on solid-
state samples

Requires more sophisticated equipment than steady-state 
approaches and is best suited for species with long-lived emission 
(i.e. luminescent REEs)

Table 2. Summary of Properties for Reported Luminescence-Based Rare Earth Element Sensors

REE
Detection 

Limit 
(ppb)

Material Solvent Mechanisma Portable?b Reusable?c # of Interfering 
Ions Screenedd

Response 
Time (s)e Ref.

Sc 0.8 Organic Ligand Water Turn-On No No 21 600 57

0.15 Organic Ligand Water Turn-On No No 42 0 58

0.2 Organic Ligand Water Turn-On No No 59 0 59

0.12 Organic Ligand Water Turn-On No No 36 600 60

Y 0.013 Organic Ligand THF Turn-On No No 11 0 61

889 Metal Complex Benzonitrile Turn-On No No 12 N/A 62

La 65 Organic Ligand Ethanol Turn-On No Yes 18 N/A 63

1.53 Organic Ligand Water Turn-Off No No 9 N/A 64

16 Organic Ligand Water Turn-On No Yes 18 N/A 65

0.2 Organic Ligand Water Turn-Off No Yes 11 120 66

6.2 Nanoparticle Water Peak Shift No No 14 N/A 67

Ce 29 Organic Ligand Water Turn-On No No 18 0 68

24 Organic Ligand Water Turn-On No No 15 N/A 69

1.54 Organic Ligand Water Turn-Off No No 9 N/A 64

2 Organic Ligand Water Turn-On Yes No 16 0 41

0.94 Metal Complex Water Sensitization No No 14 0 70
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31 Nanoparticle Water Turn-Off No No 15 0 71

9 Nanoparticle Water Ratiometric No No 14 1800 72

Ce(IV) 11,200 Organic Ligand Water Turn-On No No 14 300 73

96 Organic Ligand Water Ratiometric No No 20 60 74

.0001 Organic Ligand Ethanol Turn-On No No 60 300 75

117 Nanoparticle Water Turn-Off No No 16 60 76

Pr 11 Organic Ligand Water Turn-On No No 18 0 77

Nd 100 Metal-Organic Framework Water Sensitization No No 2 ~300 25

Sm 0.2 Organic Ligand Water Sensitization No No 16 600 78

3800 Metal Complex Water Sensitization Yes No 0 N/A 24

44 Nanoparticle Water Turn-Off No No 14 N/A 67

360 Metal-Organic Framework Water Sensitization No No 2 ~300 25

Eu 1500 Organic Ligand THF Turn-On No No 3 N/A 79

30 Organic Ligand Acetonitrile Ratiometric No No 18 N/A 37

131 Organic Ligand Water Turn-On No No 13 N/A 80

11 Organic Ligand Water Turn-On Yes No 16 0 41

61 Organic Ligand Water Sensitization No No 21 0 81

7.3 Organic Ligand Water Sensitization No No 5 600 82

2 Organic Ligand Water Sensitization Yes No 5 92 83

0.88 Organic Ligand Water Sensitization No No 8 300 28

0.22 Organic Ligand Water Sensitization No No 29 600 84

0.2 Organic Ligand Water Sensitization No No 15 N/A 85

0.02 Organic Ligand Water Sensitization No No 16 600 78

50 Metal Complex Water Sensitization Yes No 0 N/A 24

0.3 Metal Complex Acetonitrile Sensitization No No 19 60 86

0.33 Metal Complex Acetonitrile Sensitization No No 21 60 87

0.8 Nanoparticle Water Turn-On No No 18 N/A 88

43 Metal-Organic Framework Water Sensitization No No 2 ~300 25

130 Metal-Organic Framework Water Sensitization No No 0 120 4

<150 Metal-Organic Framework Water Sensitization No No 1 N/A 89

Gd 2.2 Biomolecule Water Multivariate No No 16 2400 90

Tb 22.4 Organic Ligand Acetonitrile Turn-Off No No 19 N/A 91

10 Organic Ligand Water Turn-Off No Yes 19 45 92

86 Organic Ligand Water Sensitization No No 10 N/A 93

143 Organic Ligand Water Sensitization No No 21 0 81

0.46 Organic Ligand Water Sensitization Yes Yes 16 30 94

79 Metal Complex Water Sensitization Yes No 0 N/A 24

90 Metal-Organic Framework Water Sensitization No No 2 ~300 25

160 Metal-Organic Framework Water Sensitization No Yes 10 120 95

0.3 Metal-Organic Framework DMF Sensitization No No 15 60 96

16 Metal-Organic Framework Water Sensitization No No 7 1800 97

<16 Metal-Organic Framework Water Sensitization No No 1 N/A 89

Dy 0.01 Organic Ligand Water Turn-Off No Yes 19 35 98

2000 Metal Complex Water Sensitization Yes No 0 N/A 24
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*No reported fluorescence-based detection limits for Ho, Er, and Tm sensors. DMF: Dimethylformamide; DMSO: dimethylsulfoxide. N/A indicates that this information 
was not explicitly stated. aRefer to Figure 1 and Section 2 for illustrations of each mechanism; note that “Turn-on” refers to the emergence of an emission peak 
corresponding to the sensor material, whereas “sensitization” refers to the emergence of an REE-centered emission peak.  bPortability indicates the sensing experiments 
were conducted on home-built instruments capable of field deployment, such as those described in Section 10. cReusable sensors have been demonstrated to undergo 
multiple REE loading and unloading cycles (see Table 2).  dRefers to the total number of cations and anions added (along with the REE of interest) to determine whether 
these ions impact the sensor efficacy eResponse times of 0 indicate studies in which measurements were conducted immediately upon the exposure of the sensor 
material to REEs

3. Properties of an Ideal REE Sensor
As with any sensor, certain characteristics are essential: high 

selectivity and sensitivity, stability under relevant conditions, 
rapid response times, etc. Desirable sensor characteristics as 
well as experimental approaches for impactful evaluations of 
sensor performance are summarized in Table 3, and sample 
data is included in Figure 4 to illustrate experimental “best 
practices” for evaluating potential REE sensors. Sensitivity and 
selectivity are particularly important for environmental REE 
detection, which may require evaluation in harsh matrices. One 
targeted area for REE detection includes acid mine drainage 
(AMD), which we emphasize as an example due to the extreme 
challenges such a harsh matrix presents: as demonstrated by 
Table 4, AMD waters often have REE content in the low part-
per-million or part-per-billion range, and the concentration of 
interfering metal cations is often several orders of magnitude 
higher than the REE content, with pH values as low as 2. For 
sensors based on REE sensitization, quenching effects from 
water must also be mitigated, an additional challenge. 

In this Review, we will discuss an array of materials that have 
been evaluated for their luminescent response to post-
synthetic additions of REEs, ranging from relatively well-studied 
systems such as organic molecules to emerging, less-studied 
materials including nanoparticles. The sensing performance of 
each material class will be discussed in detail in the context of 
the criteria outlined in Table 3. A general overview of each 
material, with a list of advantages and disadvantages typically 
encountered in each material class, is summarized in Scheme 2, 
with more detailed discussions in the individual sections. While 
Scheme 2 illustrates that clear advantages and challenges may 
be observed from each material class, we emphasize here (and 
throughout this Review) that opportunities exist for designing 
composite materials comprised of multiple materials, which 
may synergistically combine the advantageous properties of the 
individual materials. For example, the selectivity of MOFs for 
REEs may be improved by functionalizing the MOF surface with 
REE-selective organic molecules,105 producing a highly sensitive 
and selective sensor. 

Figure 4.  Recommended experiments for evaluating potential REE sensors. A. The limit of detection (which can be evaluated using the equation in the inset), B. cross-
sensitivity against potential interfering elements (which can be evaluated using a Stern-Volmer plot), C. recyclability tests, and, for sensors that are only stable in organic 
media, D. demonstrating that the sensor may be used on REEs extracted from aqueous media. 

510 Metal-Organic Framework Water Sensitization No No 2 ~300 25

1800 Metal-Organic Framework DMF Sensitization No No 15 60 96

Yb 990 Organic Ligand Acetonitrile Turn-On No Yes 8 600 99

21 Organic Ligand Acetonitrile Ratiometric No No 18 0 100

120 Nanoparticle DMSO Sensitization No Yes 0 ~60 101

260 Metal-Organic Framework Water Sensitization No No 2 ~600 25

Lu 150 Organic Ligand Water Turn-On No No 20 N/A 42

9 Organic Ligand Water Turn-On No No 16 0 41

14 Nanoparticle Water Turn-On No No 20 N/A 102

7 Nanoparticle Water Turn-On No No 18 N/A 103

All 7 Organic Ligand Water Turn-Off No No 0 N/A 104

REEs 2 Biomolecule Water Ratiometric No Yes 5 60 26
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4. Organic Molecules
Organic molecules represent the most commonly-studied class 
of REE sensors, ranging in complexity from simple, commercially 
available compounds to rationally designed molecules that 
require multiple synthetic steps. As shown in Scheme 3, organic 
REE sensors typically include two components: an REE chelation 
site and an adjacent luminescent group that will provide a 
fluorescent response upon REE chelation. The REE chelation site 
is often either a macrocycle that binds to specific REEs based 
upon ionic size, or a functionality with a high binding affinity for 
REEs, such as a Schiff base (vide infra). The chromophoric group 

may exhibit enhanced or quenched emission following REE 
chelation, or, conversely, may transfer energy to adjacent REEs 
and act as a sensitizer.  In this section, we describe several 
classes of organic molecule REE sensor classes, including crown 
ethers, calixarenes, inclusion complexes, and Schiff bases (Table 
5). The use of organic molecules in multivariate sensing 
techniques are also described.  Note that in this section, we only 
consider organic complexes that have been demonstrated to 
spontaneously sensitize REE emission when added to REE-
containing solutions, which would be necessary for use as a 
sensor. Hence, REE complexes that are first pre-formed and 
purified prior to photoluminescence characterization will not be 
discussed here but have been reviewed extensively djklsfa 
slkf[faewimgoi3elsewhere.44,117-119 It should be noted that 

Table 3. Important Considerations and Approaches for REE Sensor Design

Property Description Experimental Approach
Sensitivity Detecting low quantities of a given analyte. Environmental 

streams often have low ppm or ppb REE levels (Table 4) 10,17,29

Estimate limits of detection and quantification for sensors 
(Table 2), typically taken as 3 times and 10 times the ratio of 
the noise:sensitivity (Figure 4-A).106

Selectivity Detecting an analyte of interest even in harsh matrices. For 
example, AMD waters may have > 100x higher concentrations 
of other metals than REEs with pH levels as low as 2 (Table 4) 14, 

15, 74, 75

Evaluate the sensor in environmentally relevant matrices and 
conditions and conduct cross-sensitivity studies. Stern-Volmer 
plots provide quantitative information on both quenching 
dynamics and mechanisms (Figure 4-B).107

Scope Establishing which REEs can be detected with a given sensor Evaluate sensor on all REEs (in the case of a sensitization 
approach, evaluate on all emissive REEs)

Ease-of-Synthesis Avoiding multiple and/or tedious synthetic steps, expensive 
materials or processes, and long synthesis times

Work with low-cost, commercially available materials and 
minimize tedious synthetic steps if possible

Water-Compatible Maintaining stability when exposed to water. Most 
environmental sensing of REEs will be in aqueous conditions, 
unless REEs are first extracted into organics. 108-111 In some cases 
surfactants may aid sensing performance in water.84

Evaluate sensing material in water and over extended time 
frames, or demonstrate sensor efficacy in organics following 
REE extraction from water (Figure 4-D)

Incorporation with 
Sensor 
Components

Depositing thin films of the sensor material onto sensor 
components, typically optical fibers, for portability and/or 
remote monitoring. 112

Use materials with practical protocols for thin film formation 
will facilitate development of portable REE detection 
systems.83,113,114

Response Time The time required to attain maximum signal---ideally on the 
order of seconds/minutes instead of hours/days83

Measure signal as a function of time until signal stabilizes

Recyclability The ability to load and unload REEs from the sensor across 
multiple sensing cycles

Following REE exposure, remove REEs using fresh solvent,115 a 
chelating agent,66 and/or a salt solution95 (Figure 4-C)

Non-Toxic Materials that will not cause health or environmental harm Avoid the use of toxic chemicals in sensor design when 
possible

Table 4. Reported Rare Earth Element Concentrations and Other Characteristics of Acid Mine Drainage 

Location pH Total REE (ppm) Fe (ppm) Al (ppm) Ca (ppm) Mg (ppm) Ref.

Sitai Mine, China 3.61 .0612 4.73 8.83 249 1.03 29

Clarion, PA 4.4 1.134 385 9.1 149 236 17

Pittsburgh, PA 6.3 0.00029 22 0.1 66 20.1 17

Germany 4.8 0.073 0.01 4.01 405 193 116

Germany 3.8 4.7 404 88.2 57.8 1,139 116

Romania 3.0 1.58 1500 237 402 88.3 116

Romania 3.0 0.38 538 74.8 386 141 116

Sweden 3.2 0.035 6.3 1.10 396 57.4 116

Page 7 of 32 Journal of Materials Chemistry C



Journal Name  ARTICLE

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

numerous organic molecules are known to sensitize multiple 
visible and NIR-emitting REE simultaneously and are likely 

strong candidates for REE detection applications.47-49,120-125 

Scheme 2. General overview of the advantages and disadvantages of each material class used for REE detection based on existing literature (N.B. there are, of course, individual 
exceptions to the designations presented here; for example, while most organic compound REE sensors are used in organic conditions, several water-compatible compounds have 
been reported). Shortcomings of individual sensing materials may be overcome via the design of composite sensors, in which the advantageous properties of the constituent 
materials may be synergistically combined to improve performance.

Scheme 3. Overview of organic molecule-based detection of REEs. Typically, a strongly 
chelating species, such as a Schiff base or macrocycle, will selectively interact with the 
REE based on ionic radius or formation constant. The chelator is modified with 
chromophores that respond to the REE via emission enhancement, quenching, or a 
ratiometric response. Conversely, the REE may be sensitized. General advantages and 
disadvantages are listed.

However, because REE detection was typically not a focus of 
these studies, data on chelation kinetics, selectivity, and 
sensitivity are often not reported. Further studies are thus 
needed for existing sensitizers to evaluate their sensing efficacy.
Macrocyclic and Cavitand Compounds

A common strategy for designing highly selective REE sensors is 
to use macrocyclic or cavitand compounds such as crown 

ethers, calixarenes, and inclusion complexes. Such compounds 
form chelating rings or cavities that interact with specific metals 
as a function of ion size. Chromophoric molecules are attached 
to the macrocyclic chelating group, enabling either REE 
sensitization or a probe-centered response (i.e. sensing is based 
on the enhancement and/or quenching of the molecule’s 
emission, Figure 1). The latter is typically caused by electronic 
interactions between the chromophore and the chelated metal 
(energy transfer to the REEs, electron withdrawing effects, etc.).  

Crown ethers are macrocyclic structures in which ether 
groups form rings with inward-facing oxygen atoms, providing a 
well-defined coordination site for REE cations. An example of a 
crown-ether based REE sensor is shown in Figure 5A. Here, a 
1,4-diphenylethynyl-benzene chromophore with 18-crown-6 
structures attached to either side for REE chelation selectively 
chelates Ce, Pr, and Nd (ionic radii: 112-114 pm), producing a 
“turn-off” response.33 Another crown ether design exhibits a 
“turn on” response to Eu, Nd, and Pr (ionic radii ranging from 
109 to 113 pm), where REE chelation prevents electronic 
donation between the chromophore and crown ether.79 Cyclen 
and cyclam macrocycles, which have amino groups in the ring 

Table 5. Classes of Organic REE Sensors

Molecule Type Selective Based 
Upon:

Elements Detected

Crown Ethers/Cyclens Ionic Radii Ce,33 Pr,33,79 Nd,33,79 
Eu,79 La,126 Y126, Tb81

Inclusion Complexes Ionic Radii Sc,58 La,64 Ce64

Calixarenes Ionic Radii & Binding 
Affinity

Yb,127,128 Nd,129 
Tb,129 Eu,129 Y,130 
La63,130

Schiff Bases/Imines Binding Affinity Sc,57,59,60 Eu,80,131 Y,61 
Yb,99 Tb,91,93 La,65 
Pr,77 Lu,42 Ce(IV)73,74
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interior instead of oxygen, have been used to selectively detect 
the non-emissive REEs La and Y,126 and to sensitize Tb and Eu.81 

Similar chelation effects have also been produced by adding two 
or more compounds, which can cooperatively chelate the REE.84

Figure 5. Examples of organic molecules used to sense REEs. A. The 18-crown-6-based sensor for Ce, Pr, and Nd developed by Schmehl and Li. Reprinted with permission from Ref. 
33. Copyright 2000, Elsevier Inc.  B. Schematic depicting the interaction between a calix[4]arene capped with aminopolyamide bridges with REEs, as well as the energy transfer from 
the calixarene to the REEs. Reprinted with permission from Ref. 129. Copyright 2006, American Chemical Society.  C. Example of a Schiff base compound chelating the rare earth 
element yttrium(III). Reprinted with permission from Ref. 61. Copyright 2009, Elsevier. 

Inclusion complexes, in which one molecule interacts with 
the cavity of another chemical structure via Van der Waals 
forces, also sense analytes based upon atomic radii. For 
example, a highly selective “turn on” sensor for Sc(III) was 
developed using quinzarin embedded in the cavity of β-
cyclodextrin, (detection limit: 15 ppb).58 The complex was most 
effective in basic conditions and was tolerant to a wide range of 
potential interfering ions.58 Similarly, a  complex formed from 
tetramethylcucurbit[6]uril and 2-(4-methoxyphenyl)-1H-
imidazo[4,5-f][1,10]phenanthroline can detect 1.5 ppb of 
aqueous Ce(III) and La(III) via a quenching mechanism.64 

Calixarenes contain hydrophobic chalice-like cavities 
capable of encapsulating analytes of interest and are formed via 
hydroxylation between phenol and aldehyde groups.132 The 
chelation environment inside the calixarene may be developed 
to selectivity interact with specific analytes. An example of a 
calixarene-based sensor is shown in Figure 5B.  Here, a 
calix[4]arene base is capped by aminopolyamide bridges that 
chelate REEs. This calix[4]arene sensitizes Tb, Eu, and Nd, with 
particularly efficient emission from Tb (quantum yield: 12%).129 
Other calixarenes have been developed that exhibit selective 
“probe-centered” emission quenching or enhancement in the 
presence of Y(III), 130 La(III) 63,130, and Yb(III). 127,128 
Schiff Bases, Imines, and Related Compounds 

Schiff bases, which consist of RC=NR’ groups, and related 
compounds, have also been widely investigated as selective 
fluorescent sensors for REEs (Figure 5C). Schiff base and related 
chelators exhibit high selectivity for REEs based upon the 
formation constant of the Schiff base-metal complex. One 
remarkable example is 1-(2-hydroxy-3-methoxybenzaldehyde)-
4-aminosalicylhydrazone (HMB-ASH), which was exposed to 
1000 ppm of 31 different metal cations in water. Luminescence 
was only observed in the presence of Sc(III), with a detection 
limit of ~0.8 ppb.57 Other Schiff bases have been used to 
selectively detect Eu(III),131 Y(III),61 Yb(III),99and Tb(III)91 with 
ppb-level detection limits in organic solvents, using either “turn-
on” or “turn-off” sensing mechanisms. 

Schiff-based sensors have also been designed for use in 
water. For instance, aqueous, selective, and sensitive (16 ppb 
detection limit) sensing of La(III) under biologically relevant 

conditions was enabled by an 8-hydroxyquinoline conjugate of 
amino-glucose. Complexation with La(III) produced a 60-fold 
enhancement of complex quantum yield, observable to the 
naked eye. The sensor did not exhibit any response to other 
metals tested and could also be recycled: phosphate or fluoride 
anions could be added to turn off emission, which could then be 
turned on once again via the addition of La. The compound was 
integrated into filter paper for test strip detection and was also 
used for intracellular La imaging (Figure 6).65  Schiff bases have 
also been developed to selectively detect ppb-level 
concentrations of Pr(III),77  Eu(III),80 and Lu(III)42  in water. 

Figure 6.  (a) Photograph of the sensor N-[3-methyl]-2-[pyridine-2-amido] phenyl] 
pyridine-2-carboxamide deposited on Whatman cellulose filter paper exposed to 
increasing concentrations of La under 365 nm UV light. (b) Corresponding spectra 
obtained in fluorescence titration of the sensor (λex = 360 nm) with La3+ on cellulose filter 
paper. (c) Plot of intensity vs [La3+]/[Sensor] mole ratio at 510 nm. Inset: The linear 
concentration region for the intensity vs [La3+] for the sensor L. Reprinted from Ref. 65 
with permission from American Chemical Society, 2015. 

In addition to the REEs listed above, Schiff bases have been 
designed to target Ce(IV) in water. Cerium is distinct among the 
REEs in that it can be tetravalent, while the other REEs are 
typically trivalent in solution; this unique redox property 
provides an additional pathway for selective sensor design using 
organic molecule sensors. A “turn on” sensor using a rhodamine 
derivative with a N,N-dimethylaniline moiety was developed 
that could be selectively oxidized by Ce(IV), causing both a 
colorimetric and luminescent response. An 11 ppm detection 
limit was observed in acetonitrile, while no optical response was 
observed in the presence of other trivalent REE, including 
Ce(III).73 A 100-fold improvement in the detection limit was 
later obtained using two rhodamine groups linked by a 
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carbazole molecule, which was then integrated into TLC plates 
for simple colorimetric “dip-stick” studies.74 Remarkably, recent 

work has exploited the oxidative properties of Ce(IV) to produce 
a sensor capable of picomolar limits of detection.75

Figure 7. Schematic illustrating REE luminescent detection using an array of anionic surfactants and cationic bispyrene derivatives (left). REE-dependent responses are observed for 
each bispyrene monomer and excimer emission, making it possible to distinguish individual REEs based upon the fluorescent response (right). Reprinted from Ref. 134 with 
permission from the American Chemical Society, copyright 2014.

In addition to luminescent enhancement and quenching 
mechanisms, ratiometric Schiff base sensors have been used to 
detect La(III),36  Yb(III) (21 ppb limit of detection)100 and Eu(III)  
(30 ppb limit of detection),37 even in the presence of interfering 
ions. While less common, there are also a few examples of Schiff 
bases and related compounds that sensitize REE emission. For 
example, tetrasodium-4,4’,6,6’-tetracarboxy-2,2’-bipyridine 
spontaneously sensitizes Eu, Nd, Gd, and Tb in water, suggesting 
that this molecule might be well-suited for sensing 
applications.133 Sensitization of Tb(III) has been observed using 
the commercially available compound thiabendazole. A 
fluorescence response was only observed when Tb was present, 
and the method was successfully used on Tb-spiked river water 
samples, with an 86 ppb detection limit.93 
Multivariate Organic Sensors

Multivariate sensing techniques, in which multiple types of 
sensor responses are analyzed to identify, distinguish, and 
quantify different analytes, have more recently been developed 
for REEs, primarily using organic compounds.  In 2014, Ding and 
co-workers developed a sensor array consisting of assemblies of 
anionic surfactants and three cationic bispyrene derivatives (S1-
S3), which exhibit both excimer and monomer emission peaks. 
The intensities of the monomer and excimer peaks each behave 
differently (i.e. quenched, enhanced, or not impacted) 
depending upon the REE being analyzed. By comparing the 
aggregate data, it was possible to distinguish La, Pr, Nd, Eu, Ho, 
and Er in solution (Figure 7). Importantly, divalent metals did 
not interfere with the observed signal.134  In 2018, a sensing 
protocol for all 14 lanthanides was developed measuring the 
absorption and emission properties of curcumin, an 
inexpensive, commercially available, naturally occurring 
compound. Measurements were conducted at different pH 
values before and after chelation with each lanthanide, and 

distinct responses were found for each element. As a proof-of-
concept, colorimetric experiments were conducted in a 
pondwater matrix (pH of 6.5) using curcumin from over-the-
counter turmeric powder, a UV flashlight, and a smart phone 
camera equipped with a spectrophotometer, providing a low-
cost, portable method for REE sensing.41 Similarly, a 
combination of three different cavitand host molecules and two 
guest fluorophores have been used to sense heavy metals, 
including REEs, where chelation of metal ions produced distinct 
enhancement or quenching behaviors for each fluorophore, 
enabling the differentiation of metals at micromolar levels.135

Organic Molecules Embedded in Polymer Membranes

One pathway towards the development of portable sensors 
is to immobilize the sensing molecule of interest into a polymer 
membrane. These “optode membranes” may then be 
integrated onto a sensor device, typically via deposition on an 
optical fiber tip, enabling remote detection.136 For example, a 
quenching-based sensor was developed for Dy(III) by 
integrating the sensor molecule, 5-(dimethylamino)-N-(furan-2-
yl-methylene)-naphthalene-1-sulfonohydrazide, into a 
polyvinylchloride (PVC) membrane, enabling detection limits as 
low as 0.01 ppb, with successful tests in spiked river water 
matrices.98 Similar sensors have been developed for Tb(III)92 
and La(III),66 providing rapid (45-120 seconds) detection times 
and low (tens of ppb) detection limits. Significantly, the La(III) 
sensor could be reused by soaking the sensor in a solution of 
EDTA, which removed the La from the sensor.66 

Sensitization-based optical membranes have also been 
produced: immobilization of 2-pyridone, a commercially 
available molecule, into a polystyrene membrane enabled the 
selective detection of down to 0.46 ppb Tb(III) in 30 s.94 A 
tridentate bis(phosphinic acid)phosphine oxide sensor 
embedded in a Nafion membrane was developed in 2012 that 
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exhibited high selectivity for Eu(III), with a 5 minute response 
time in aqueous solutions and a detection limit of 0.88 ppb.28 
Similar results for Eu(III) have also been attained using a PVC 
membrane,82 which was later incorporated into a portable, 
fiber-based sensor for Eu-detection (see Section 10).83 

5. Polymers
Similar to organic molecules, polymeric materials typically 

include rigid, aromatic structures for light harvesting and 
tunable chelation environments to bind to REEs. However, 
polymers can be rationally designed for enhanced rigidity, 
solubility, chelation sites, photostability, and light absorption 
capacity relative to low-molecular weight molecules, and these 
advantages make polymers an attractive material  for REE 
sensitization (Scheme 4).137-139 Polymeric coatings are also 
often applied to optical fibers, creating a natural path for 
polymer-based sensitizers to be integrated into portable 
systems.140. However, polymer-based REE detection has not 
been studied extensively, nor have these materials been 
evaluated for detection limits, response time, or selectivity. 
Water compatibility can also be a challenge for certain 
polymers. Given the high performance of REE sensitization from 
porous materials such as metal-organic frameworks (MOFs, 
Section 9), further investigation into porous polymeric REE 
sensors is clearly warranted and will likely aid in the discovery 
of new sensors and high-performance emissive materials. 
Dendrimers

Polymer-based sensitization of REEs typically involves 
dendrimers, which are bulky polymers consisting of repeating branch 
units. In 2002, Balzani and Vögtle sensitized Nd, Er, and Yb using a 
dendrimer comprised of a benzene core with (dialkyl)-carboxamine 
linkers coupled to six aliphatic amide groups for REE chelation and 
eight 5-(dimethylamino)-1-naphthalenesulfonyl (dansyl) units, which 
act as light harvesters.141 Protonation of the dansyl units also enabled 
sensitization of Tb and Eu at 77 K.142 The authors later modified the 
dendrimer system by introducing molecular “clips” consisting of two 
anthracene molecules linked to a benzene ring with two sulfate 
groups. Combining Nd, the dendrimer, and the molecular clip led to 
spontaneous self-assembly of the components, leading to Nd-
centered emission that was resistant to oxygen quenching.143

Scheme 4. Overview of polymer-based sensing of REEs. Of the few examples of polymer-
based REE sensors, all have used a sensitization mechanism, in which sites within the 
polymer chelate the REEs, and chromophoric structures in the polymer are used to 
sensitize the REE emission. General advantages and disadvantages are listed.

Nd has also been sensitized by a dendrimer with a 
macrocyclic 1,4,8,11-tetraazacyclotetradecane core with 
polyamidoamine (PAMAM) branches, terminated by dansyl 
groups. The authors observed that increasing the number of 
branches (and, by extension, chromophoric dansyl groups) led 
to more efficient REE sensitization, which may aid in the design 
of future polymer-based REE sensors.144 Petoud and co-workers 
used a PAMAM dendrimer containing 60 internal amine groups 
for REE chelation and 32 external 2,3-naphthalimide groups as 
light harvesters for Eu(III) sensitization in DMSO (Figure 8A-B), 
with sufficiently strong emission for naked eye detection.145

Porous Organic Polymers (POPs)

Porous organic polymers, as their name implies, are a class 
of porous polymeric materials characterized by high surface 
area and tunable structure (Figure 8C-D). Such structures may 
be advantageous for REE detection: chromophoric monomers 
can sensitize REEs, tunable pore sizes may promote selectivity 

Figure 8. Examples of polymer-based REE sensitizers. A) Structure of the PANAM dendrimer with 60 internal amine groups for REE chelation and 32 external 2,3-naphthalimide 
groups as light harvesters for Eu(III) sensitization, with B) photograph of Eu sensitized by PANAM in DMSO under UV light. Reprinted from Ref. 145 with permission from the American 
Chemical Society, 2004. C) Structure of POP-1 (Inset: Photograph of POP-1/Eu powder under UV illumination) and D) scanning electron microscope (SEM) image of POP-1/Eu. 
Reprinted from Ref. 146 with permission from Centre National de la Recherche Scientifique (CNRS) and the Royal Society of Chemistry, Copyright 2018.
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for certain ions, and encapsulation may also protect REEs from 
solvent-based quenching. Despite these potential advantages, 
POPs have not yet been widely studied for REE sensing 
applications. An exception is POP-1, comprised of melamine 
and 5,5’-bis(bromomethyl)-2,2’-bipyridine.  While not 
evaluated directly for REE detection, POP-1 could both 
encapsulate and sensitize Eu. Upon excitation with UV light, Eu-
centered emission could be observed visibly in both water and 
in the solid state, which was then used to sense other 
analytes.146

6. Biomolecules
Biomolecules, such as peptides, proteins, and bacteria, can 

exhibit high selectivity for REEs and have emerged as an 
impactful class of REE sensors (Scheme 5).151,152  Indeed, it has 
been demonstrated REEs contribute to biological processes in 
harsh, REE-rich environments such as volcanoes. For example, 
growth of Methylobacterium extroquens can be enhanced by 
adding certain REEs to its growth media, and it is known that 
REEs contribute to their ability to catalytically oxidize 
methanol.151 Biomolecules that bind selectively to REEs have 
been used in the design of “probe-based” sensors, which rely 
on chelation-induced gene expression147 or Förster resonance 
energy transfer (FRET) mechanisms for sensing.26 Research in 
the field of bio-chelation has also spurred the design of 
“lanthanide binding tags (LBTs),” which are peptides that 
exhibit high selectivity for REEs.147,150,152-155  These LBTs have 
been incorporated into “sensitization-based” sensors. DNA has 
also been exploited for REE detection.90,148

Clear advantages of biomolecule-based REE sensors include 
high selectivity for REEs over possible interferants, in addition 
to being water-tolerant. High performance sensors have been 
developed to give total REE concentrations,26 or to sensitize 
specific REEs.150 Integration of biomolecules onto optical fiber-
based sensors has also been previously demonstrated, 
indicating that there is potential for the development of 
portable, biotechnology-based REE sensors for field use.156 
Disadvantages may include sophisticated syntheses and/or 
scalability challenges. Table 6 summarizes the experimental 

approaches used with biomolecules for REE detection, and 
more detailed discussions are included in this section.

Scheme 5. Overview of biomolecule-based sensing of REEs.  Selective peptide binding 
sequences or proteins interact selectively with REEs, and depending upon the sensor, 
this can promote fluorescent signal via gene expression, a FRET mechanism, or 
sensitization of the REE itself via a nearby chromophore.  General advantages and 
disadvantages are listed.

Gene Expression Techniques

One bio-based sensing strategy is to use gene expression for 
REE detection. In a 2013 study the iron(III)-binding motif used 
by Salmonella to detect extracellular iron (III) via a two-
component PmrA/PmrB system was replaced with a LBT. The 
system was engineered such that, in the presence of REE ions, a 
gene encoded with a green fluorescent protein (GFP) was 
expressed, and the GFP emission could be monitored to detect 
REE content within the cell (Figure 9A).  The signal was 
selectively enhanced by sub-micromolar REE concentrations 
(using Tb as a representative REE), whereas other common 
extracellular metal ions such as iron, copper, zinc, and calcium 
did not impact the emission signal, highlighting the high 
selectivity of this method.147

FRET-Based Techniques

More recently, Cotruvo et al. designed a REE sensor using the 
protein lanmodulin (LanM), which exhibits a high binding 
affinity (Kds of 5-25 pM) for REEs. Here, LanM was used as a 
bridge between enhanced cyan fluorescent protein (ECFP) and 
the fluorescent yellow protein citrine, which act as a FRET pair. 
Upon REE chelation, LanM undergoes a conformational change, 
decreasing the distance between the ECFP and citrine and 
hence leading to FRET. The system acts as a ratiometric sensor, 
where emission from the ECFP centered at 475 nm decreases 
while the signal from the citrine at 529 nm is enhanced. 
Minimal interference was observed when other secondary 
metals were tested (Figure 9B). Signal was obtained within 1 

Table 6. Summary of Biomolecular REE Sensing Approaches

Technique Approach

Gene Expression
REE chelation "turns on" expression of luminescent 
gene147

FRET
REE chelation-induced conformational change turns 
on FRET signal26

RNA Cleaving
DNAzyme with REE co-factor cleaves fluorescently 
labelled RNA90

Multivariate 
DNA-Based 
Sensor

Statistical analysis of changes in the time-gated 
luminescence response of different emissive DNA 
complexes in the presence of various metal ions148

Sensitization
LBTs that chelate REEs are excited via tryptophan 
groups or appended chromopohores149,150
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Figure 9.  Examples of biotechnology-based detection of REEs. A. 1) The Fe(III)-binding loop in Salmonella is replaced with an LBT and engineered to express a gene encoded with 
GFP. Images show the sensor before (2) and after (3) the chelation of Tb. Reprinted with permission from Ref. 147. Copyright 2013, American Chemical Society. B. Schematic 
illustrating the FRET-based luminescent sensing of REEs using LaMP1. (lanmodulin-based protein sensor 1).  Here, the REE binding group LanM selectively interacts with REEs and 
folds, bringing the citrine and enhanced cyan fluorescent protein (ECFP) into close proximity, enabling FRET (4). The fluorescent response of the LaMP1 sensor as a function of 
increasing REE content (1 to 4 equivalents) is shown in plot 5, while the selectivity of the sensor is shown in plot 6: REEs produce a ~7-10 fold enhancement of emission whereas 
interfering metals exhibit only a ~1-3 fold enhancement. Reprinted from Ref. 26 with permission from the American Chemical Society, 2019. C. Example of a peptide sequence 
modified with a chelating agent for selective REE chelation and sensitization. Here, terbium is chelated by an ethyldenediamine triacetate functional group, and is sensitized via 
energy transfer from an excited tryptophan molecule. Reprinted with permission from Ref. 149. Copyright 2012, American Chemical Society.

minute of aqueous REE exposure at concentration levels as low 
as 10 nM (~2 ppb depending upon the REE being analyzed). The 
sensor is particularly well-suited for applications in which 
information on the total REE content is desired, as it cannot be 
used to differentiate between individual REEs.26 
DNA-Based Sensors

DNAzymes refer to DNA-based biocatalysts that can cleave RNA in 
the presence of certain metal ion cofactors. The ability of certain 
REEs to act as DNAzyme cofactors has enabled the development of 
selective sensors for REEs. For these experiments, RNA was modified 
with a fluorescent molecule at one terminus and a quenching 
molecule on the other. As the DNAzyme cleaved the RNA as a 
function of REE concentration, emission from the released 
fluorescent molecule could be tracked, and the technique could 
detect down to 2.2 ppb Gd.90 A multivariate sensor comprised of 5 
different DNAzyme arrays was developed to distinguish between 14 
individual REEs in water at sub-micromolar concentrations.90 A 
second multivariate sensor based upon the time-gated luminescence 
signal from Tb sensitized by DNA has also been developed to 
distinguish metal ions, including individual REEs.148

Bio-based REE Sensitizers

A fourth type of bio-inspired REE sensor uses LBTs modified with 
sensitizer molecules and/or chelating groups. These sensors 
have the ability to distinguish individual REEs while maintaining 
a high degree of selectivity. One such example has been 
demonstrated by Bonnet and Gunnlaugsson, who modified the 
calcium-binding loop of the parvalbumin protein by attaching a 
1,8-naphthalimide functionality to the N-terminus.150 The 
sensor can excite both Tb(III) and Eu(III) upon photoexcitation 
of 1,8-naphthalimide, with signal obtained at micromolar 
concentrations in aqueous 0.1 M NaCl at pH 7. Importantly, the 
modification to the peptide did not alter its binding affinity for 
REEs. Selectivity for REEs was demonstrated over Zn(II), Cu(II), 
and Ca(II).150 Similarly, Delangle’s group functionalized a 
peptide backbone with ethylenediamine triacetate for REE 
chelation (Figure 9C).149 Tb(III) sensitization was demonstrated 
by exciting a nearby tryptophan residue at 280 nm, and no 
difference in the emission intensity was observed in water or 
deuterium oxide, indicating that the REE is completely 

protected from solvent. REE affinity down to femtomolar 
concentrations was estimated for the peptide sequence.149

7. Metal Complexes
Transition metal complexes have been widely explored for their 
remarkable luminescent properties, which often include high 
quantum yields, strong absorption, long lifetimes, and triplet-
state emission, typically through metal-to-ligand charge 
transfer states.157 Pioneering work by van Veggel in the early 
2000s demonstrated that NIR-emitting lanthanides could be 
sensitized using transition metal complexes such as ferrocene 
and [Ru(bipy)3]2+ derivatives, which has since spurred significant 
research in this area, leading to the development of transition-
metal complex-based  sensors for REEs (Scheme 6).158,159

Scheme 6. Overview of metal complexes as REE sensors. Typically, at least one organic 
ligand on an emissive metal complex is modified with an REE chelating group to hold the 
REE in close proximity to the emissive complex. Photoexcitation of the complex initiates 
energy transfer to the REE, followed by REE-centered emission. General advantages and 
disadvantages are listed.

Despite the fact that a multitude of metal complexes have 
been investigated for REE sensitization,160 studies evaluating 
their sensing efficacy have been limited. Significant 
advancements in the effectiveness of metal complex-based REE 
detection could be achieved via synthetic modifications to the 
organic ligands to enhance selectivity for REEs---for example, 
using macrocyles, Schiff bases, or lanthanide-binding tags (vide 
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supra). Further, the development of new water-compatible 
emissive metal complexes is needed, as most evaluations of REE 
sensitization reviewed here were conducted in organic solvent 
(N.B. aqueous sensitization has been conducted with gold-
cyanide complexes, but cyanide is highly toxic).
Ru/Os Bipy Complexes

Successful sensitization of REEs using transition metal complexes 
requires both a highly emissive metal complex and available sites for 
REEs to interact with the complex. In one design, a dendrimer 
containing a cyclam chelating group was found to spontaneously 
assemble with the emissive complex [Ru(bpy)2(CN)2] in the presence 
of Nd, leading to sensitized Nd emission.161 The Ward group similarly 
used [Ru(bipy)3]2+ and [Os(bipy)3]2+ as REE sensitizers by modifying 
one bipy ligand with an aza-18-crown-6-macrocylce group for REE 
chelation (Figure 10). The Ru complex sensitized Nd, while the Os 
complex sensitized both Yb and Nd in acetonitrile.162 Several 
compounds containing a ruthenium(II) bipyridine complex coupled 
with different calix[4]arenes (vide supra) were developed by Maestri 
and co-workers for the detection of Nd, Eu, and Tb.163 Different 
luminescent responses were observed for each element: Nd was 
sensitized, Tb enhanced Ru(bipy) emission due to a reduction in 
vibrational quenching, and Eu3+ generally quenched emission from 
the complexes tested.163

Figure 10.  Structure of the Ru or [Os(bipy)3]2+ modified with an aza-18-crown-6-
macrocylce group for REE chelation. Energy transfer was demonstrated to the NIR-
emitting Yb(III) and Nd(III). Reprinted with permission from Ref. 162. Copyright 2009, 
Royal Society of Chemistry. 

d10 Metal-Cyanide Compounds

Clusters formed from coinage metals (Cu, Ag, and Au) in the 
+1 oxidation state with cyanide (e.g. [Au(CN)2

-]n, where n ≥ 2) 
exhibit unique emissive properties due to metal-metal bonded 
excimers and exciplexes that are sensitive to both the number 
of monomer units (n) and cluster geometry. Emission from 
these complexes can be efficiently transferred to luminescent 
REEs. Indeed, energy transfer from d10-cyanide complexes to 
REEs was demonstrated by Patterson and co-workers, who 
optimized the concentration of K[Au(CN)2] in aqueous solution 
to sensitize Tb emission.164 Later, clusters of Cu, Ag, and Au with 
cyanide were shown to sensitize both Tb and Eu emission in 
organic media.165 Notably, during the evaluation of a portable 
spectrometer (Section 10) for aqueous REE detection, d10-

cyanide complexes were used to sensitize REEs: concentrations 
as low as 3800 ppb (Sm), 2000 ppm (Dy), 79 ppb (Tb), and 50 
ppb (Eu) were detected.24

Zinc Complexes

Complexes of zinc with REE chelators such as porphyrin or 
Schiff bases have been developed for selective detection of 
specific REEs. In 2004, Fukuzumi’s group developed a zinc 
porphyrin-quinone dyad (ZnP-CONH-Q) that exhibited selective 
emission enhancement following chelation of the non-
luminescent REE Y(III). Excitation of the zinc-porphyrin complex 
resulted in rapid electron transfer to the quinone group, 
quenching its emission. Chelation of Y prevented this energy 
transfer process, leading to enhanced emission from the zinc-
porphyrin complex. The selectivity of the system for Y was 
ascribed to a combination of Lewis acidity and ionic radii 
factors: metal ions with weaker Lewis acidity than Y, such as Lu, 
Eu, Yb, and others, did not interact strongly enough with the 
quinone group to influence the energy transfer rate, and 
elements such as iron, copper, and scandium, which have higher 
Lewis acidity than Y, were too small to interact with both 
quinone carbonyl oxygens (Figure 11). No detection limits were 
reported, but signal was observed for 889 ppb Y in 
benzonitrile.62

A zinc-based luminescence enhancement system containing N-
(3-methoxysalicylidene)-2-aminopyridine (a Schiff base), 1,10-
phenanthroline and zinc detected Eu content as low as 0.3 ppb in 
acetonitrile. Combining Eu with all three chemicals dramatically 
enhanced the intensity of Eu-centered luminescence, and each 
chemical contributed to the enhanced emission. The sensor was 
tested in the presence of interfering ions and in different matrices, 
with high selectivity and sensitivity for Eu signal.86 Subsequent work 
using N-o-vanilin)-1,8-diaminonaphthalene as the Schiff base also 
produced an Eu sensor that was resistant to metal cation 
interferants.87

Figure 11.  Fluorescence/based detection of trivalent yttrium using the zinc 
porphyrin/quinone dyad (ZnP-CONH-Q), which shows a unique luminescent response to 
Y relative to a variety of other secondary metals. The response is lost when the zinc 
porphyrin is linked to quinone via the NC connection (ZnP-NHCO-Q) versus the CN 
connection. Reprinted with permission from Ref. 62. Copyright 2004, American Chemical 
Society. 

8. Nanoparticles
Nanoparticles, loosely defined as materials with at least one 

dimension between 1 to 100 nm in size, exhibit unique optical 
properties that are not observed in their bulk counterparts.166 A 
diverse range of nanomaterial classes have been developed, 
including noble metal (e.g. gold, silver, etc.) particles, carbon-
based materials (e.g. graphene), semiconducting metal 
chalcogenides (e.g. CdSe), metal oxide particles, polymeric 
nanoparticles, and silica, to name a few. The optical properties 
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arising at the nanoscale range from field enhancement effects 
via localized surface plasmon resonances (which can enhance 
the luminescent signal of nearby luminophores)167 to intense, 
tunable band-gap based emission.166 Further, these optical 
properties can typically be tuned by alterations to the particle 
size, shape, composition, and surface chemistry: in considering 
luminescence, critical to REE sensitization, the emission energy 
of CdSe quantum dots can be tuned with size,166 the emission 
energy of InP quantum dots can be altered via changes to 
surface composition,168 and gold nanoclusters exhibit 
luminescent properties that are sensitive to core geometry169 as 
well as both the identity and structure of the stabilizing surface 
molecules (often referred to as “capping ligands”).170 

As shown in Scheme 7, nanomaterials typically consist of a 
particle core as well as capping ligands that passivate the 
particle surface. Both the core and ligands may play a role in the 
sensing mechanism. For instance, the core may transfer energy 
to REEs that either intercalate into the core itself or are held in 
the ligand shell, or it can simply serve as a scaffold for organic 
or polymeric sensitizers. Conversely, the ligand and/or core may 
exhibit emission properties that are enhanced or quenched 
following interaction with an REE, enabling a diverse array of 
nanoparticle-based sensing strategies. Table 7 provides a 
summary of core and ligand properties facilitate nanoparticle-
based REE sensitization: high energy, intense emission from the 
core can sensitize REEs, and short, bulky, REE-chelating ligands 
facilitate Dexter and Förster energy transfer processes.

The tremendous diversity in strategies for tuning nanomaterial 
emission properties and the multitude of available organic ligands for 
surface functionalization has spurred significant interest in exploring 
nanoparticles for REE sensitization. The inherent stability of hard 
inorganic particles may also aid in the development of recycling 
strategies for re-use across multiple sensing cycles.171 Unlike more 
mature sensitizer classes, such as organic molecules, nanomaterials 
have not been extensively evaluated as sensor materials for REEs, 
and further development is needed in this area: simply 
screening other high-performance emissive nanomaterials such as 
InP quantum dots and perovskites for post-synthetic 

REE sensitization should advance the field of nanoparticle-
based REE sensing. Future designs using ligands with high 
selectivity for REEs (such as macrocylic ligands or lanthanide 
binding tags) could be an intriguing path for producing selective 
nanoparticle-based sensors. This section will not cover emissive 
REE-containing upconversion nanoparticles such as NaYF4:Yb 
because the REEs are added during synthesis, however these 
materials are reviewed elsewhere.172-174

Metal-Chalcogenide Semiconductor Nanoparticles

Semiconductor metal-chalcogenide nanoparticles, often referred to 
as “quantum dots,” exhibit band-gap emission that is directly 
correlated to particle size, and can produce high energy emission 
with quantum yields approaching unity, meeting the criteria listed in 
Table 7.175 There has thus been interest in designing quantum dot-

based systems for REE sensitization, which would combine the broad 
absorption features of quantum dots with the narrow emission 
bands of REEs.176-178 This has often been accomplished by doping REE 
ions into the quantum dots such as CdS179 during the nanoparticle 
synthesis. However, recent progress has been made in the post-
synthetic sensitization of REEs using quantum dots, which is more 
relevant for REE sensing applications. 

Scheme 7. Overview of nanoparticle-based REE detection. Sensing may be “probe-
based,” where core or ligand emission properties are enhanced or quenched following 
REE chelation. Additionally, the nanoparticle core and/or organic ligands may sensitize 
REE emission. A wide range of core and ligand structures may be accessed 
experimentally. General advantages and disadvantages are listed.

Work from Waldeck and Petoud demonstrated that ZnS and 
CdS could sensitize Tb and Eu added post-synthetically, 
following REE intercalation into the particle (Figure 12).180 This 
work was followed up by Mukherjee, who screened CdSe and 
ZnS against ten different emissive REEs using the post-synthetic 
addition technique. It was found that CdSe was capable of only 
sensitizing Tb and Eu, while ZnS could sensitize Tb, Eu, and Yb.181 

Rather than intercalating into the particle core, REEs may 
also be sensitized upon chelation by the ligand shell. Ana de 
Bettencourt-Dias’ group demonstrated that water-soluble CdS 
nanoparticles can sensitize Eu, Nd, and Yb bound to 3-
mercaptopropionic acid (3-MPA) ligands (Figure 13),182 a short 
chelating ligand (Table 7). Infrared and 1H nuclear magnetic 
resonance (NMR) spectroscopy techniques confirmed that the 
REEs were coordinated to the terminal carboxylates of the 
ligand shell. Energy transfer efficiencies of ~0.01% were 
observed in water.182 The same group conducted analogous 
experiments on MPA-capped ZnS nanoparticles.183 It is 
important to note that MPA alone cannot sensitize REE 
emission, hence the core itself must be the sensitizer. 

However, there are instances where the ligand alone does 
act as the sensitizer. In these cases, the nanoparticle simply acts 
as a scaffold for ligand-REE interactions. Such an example was 
demonstrated with thiosalicyclic acid-capped ZnS and CdS.  The 
excitation spectrum of Tb interacting with free ligand was 
compared to the excitation spectra of Tb in the presence of the 
ligand-capped quantum dots, and no difference was 
observed184 leading the authors to conclude that sensitization 
was coming from the ligand alone. Interestingly, some 

Table 7. Core and Ligand Properties Needed for Sensitization

Core Properties Ligand Properties
 High Energy Emission  Short Length 
 Intense Emission  Bulky 

 Sites for REE Chelation
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differences in the Tb lifetime and intensity as a function of the 
quantum dot core were observed, and these differences were 
attributed to different coordination modes of the thiosalicyclic 
ligand on the NP surface, highlighting the importance of both 
ligand identity and arrangement for REE sensitization. In fact, 
disruptions to the ligand shell as a result of REE binding can 
induce a “turn-off” response, which has been exploited with ZnS 
quantum dots in the development of a selective Ce(III) sensor.71

Figure 12. Schematic illustrating the post-synthetic sensitization of REEs using energy 
transferred from ZnS (top). REEs added to ZnS post-synthetically intercalate into the 
spherical particles, enabling sensitization. Excitation (black, monitored at 545 nm) and 
emission spectra (red) recorded before and after Tb(III) addition are shown at the 
bottom. Reprinted with permission from Ref. 180. Copyright 2013, American Chemical 
Society. 
Carbon Nanomaterials

Carbon nanodots and related compounds are an emerging 
class of nanomaterials comprised of pseudospherical sp2-
conjugated carbon cores often passivated by an organic ligand 
or polymer, usually with sub-10 nm diameters.185,186 Carbon 
nanodots are often relatively polydisperse in terms of their size 
and shape,187 making it a challenge to establish structure-
property correlations or to even classify the material.188 
However, advantages including tunable excitation/emission 
properties, ease of functionalization and synthesis, high 
stability, water solubility, and low cost (using abundant 

precursors such as folic acid67 and acetic acid189) have motivated 
the study of carbon nanodots as REE sensitizers. 

Work from Ana de Bettencourt-Dias’ group demonstrated 
energy transfer from crystalline, ~4-5 nm carbon dots to Tb and 
Eu ions in acetonitrile. Fourier transform infrared spectroscopy 
(FT-IR) indicated the presence of surface carbonyl and 
carboxylato groups, which chelated REE cations added post-
synthetically.189 Tb(III) sensitization has  also been observed in 
water using both carbon nanodots187 and graphene quantum 
dots.190 Huang and co-workers demonstrated that cysteine-
functionalized carbon nanodots spontaneously formed 
hierarchical structures following the addition of Eu(III) in 
aqueous media. Eu(III)-centered emission visible to the naked 
eye was detected under UV illumination (Figure 14a-f).34  

In addition to acting as an REE sensitizer, carbon 
nanomaterials have also been used to detect REEs via 
quenching or wavelength shifts in response to specific REEs. An 
oxygen-rich, N-doped, blue-emitting graphene quantum dot  
has been developed that exhibits selective quenching in the 
presence of Ce(IV) in water, with detection limits as low as 117 
ppb.76 Similar quenching-based sensing mechanisms have been 
observed in negatively charged nitrogen-doped carbon 
nanodots: in response to the emissive REEs (Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Yb, and Tm), quenching alone was observed. 
However, when non-emissive La, Y, and Lu REEs were tested, a 
20 nm red-shift in emission was observed during the quenching 
process.67 Using Sm and La as representatives of the quenching 
and wavelength shift mechanisms, respectively, the authors 
measured detection limits of 6.3 ppb for La and 44 ppb for Sm. 
The response of the sensor to non-REE metals was not 
reported.67 “Turn-off” detection of Sm and Eu has also been 
demonstrated with carbon nanodots functionalized with the 
metal chelator 2-thenoyltrifluoroacetone.191

Silica Nanomaterials

Mesoporous silica (SiO2) nanoparticles functionalized with 
chromophores have been analyzed for the detection of Lu and 
Eu by Hosseini and co-workers.88,102,103 SiO2 is relatively 
inexpensive and easy to functionalize, providing a convenient 
material for REE detection. Further, the rigidity of the SiO2 walls 
can improve emission performance relative to free 
chromophores in solution. High transparency to visible light and 

Figure 13.  Schematic illustrating the synthesis of 3-mercaptopropionic acid (3-MPA)-capped cadmium sulfide nanocrystals. Trivalent lanthanides (Ln3+) added post-synthetically bind 
to the terminal carboxylate group on the 3-MPA ligand, holding them near the CdS surface and enabling energy transfer and sensitization. Reprinted with permission from Ref. 182. 
Copyright 2018, Royal Society of Chemistry.
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Figure 14.  a) transmission electron image (TEM) of the L-cysteine-functionalized carbon quantum dots, b) photograph of the carbon quantum dots in water under UV illumination, 
c) high resolution image of the carbon quantum dots (scale bar 0.5 nm), d) TEM of the Eu@carbon quantum dots, e) photograph of the Eu@carbon dots in water under UV 
illumination, and f) wideout TEM image of the Eu@carbon nanodots (scale bar: 4 µm). Reprinted from Ref. 34 with permission from the American Chemical Society, 2019. G) 
Scanning electron micrograph of the hexagonally structured mesoporous SiO2 functionalized with 8-hydroxyquinonline. Inset shows a photograph of the sensor under UV 
illumination with (right) and without (left) Lu added.  Reprinted with permission from Ref. 103. Copyright 2013, Elsevier.

ease of integration into optical fibers also make SiO2 
nanoparticles attractive for fluorescence sensing applications. 

The detection of Lu was accomplished using the 
chromophoric molecule 8-hydroxyquinoline grafted onto 
mesoporous SiO2 (LUS-1)102 and the hexagonally structured 
mesoporous SiO2, SBA-15.103 For both systems, Lu chelation 
with the 8-hydroxyquinoline “turned on” emission at ~480 nm, 
enabling detection limits of 14 ppb Lu in water for LUS-1102 and 
7 ppb for the SBA-15 (Figure 14g).103 The sensor was selective 
for Lu and was successfully applied to soil and fly ash, although 
the source of selectivity is unclear. A similar strategy in which 
cinchonidine molecules were grafted onto SiO2-coated 
magnetite (Fe3O4) was used to detect down to 0.8 ppb Eu.88

Gold Nanoparticles

Gold nanoparticles (AuNPs) with diameters in the ~1-3 nm 
range can exhibit relatively weak visible or near-infrared 
emission that is known to be sensitive to the identity and 
structure of surface capping ligands used to stabilize the 
particle.170,192 Emissive AuNPs are intriguing for applications 
such as biological imaging due to high molar absorptivity in the 
UV-visible range, biologically relevant near-infrared emission, 
and biocompatibility, but suffer from broad emission 
peaks.101,170 To circumvent this, Millstone and co-workers 
investigated emissive AuNPs as REE sensitizers, focusing 

specifically on Yb(III), which absorbs near-infrared light and has 
one emission band. Yb(III) was titrated into a solution 
containing ortho-mercaptobenzoic acid (oMBA)-functionalized 
AuNPs in DMSO (Figure 15), leading to a decrease in AuNP-
centered emission at 875 nm coupled with an increase in the Yb 
peak at 980 nm, indicative of efficient energy transfer.101  The 
structure of the ligand was once again essential to the energy 
transfer process, as shorter ligands produced more efficient 
sensitization via a Dexter mechanism. Additionally, Yb emission 
was rapidly quenched using straight-chain ligands versus bulkier 
aromatic ligands (Table 7).101 The sensitization process could 
also be reversed by adding a chelating agent. While the 
detection limit was not evaluated, spectral features 
corresponding to Yb-centered emission were observed at 
concentrations as low as 120 ppb Yb.101  

It is worth noting that the unique, visible plasmonic features 
of larger AuNPs have also been exploited for colorimetric 
sensing applications. For example, Hutchison’s group 
functionalized plasmonic gold nanoparticles with a 
tetramethylmalonamide binding group that selectively binds 
trivalent lanthanides, causing chelation-induced aggregation 
and a corresponding red-shift and broadening of the localized 
surface plasmon resonance peak.193 Similar strategies have 
been employed to develop a AuNP-based La(III) sensor194 and a 
AgNP-based Yb(III) sensor.195 

Figure 15. Excitation/emission contour plots of ortho-mercaptobenzoic acid-capped gold nanoparticles in the presence of increasing concentrations of Yb3+ ions in DMSO. The AuNP 
peak at 870 nm gradually weakens, while the Yb-centered peak emerges at 980 nm during the energy transfer. Reprinted from Ref. 101 with permission from the American Chemical 
Society, copyright 2017.
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9. Metal-Organic Frameworks/Coordination 
Polymers
Metal-organic frameworks (MOFs) are crystalline, ordered, 
highly porous materials consisting of metal centers linked by 
organic ligands.196 MOF structural variables such as pore size 
can be precisely tuned via careful selection of the linker or by 
post-synthetic modifications, making them attractive as 
selective sensors. Further, a nearly limitless combination of 
metal centers and organic linkers can be used for the design of 
MOFs, enabling a range of exciting properties that can be 
optimized for applications including gas capture/separation, 
drug delivery, and sensing.196 Along with structural tunability, 
the optical features of the MOF may also be controlled by 
judicious choice of the linker and metal centers, facilitating their 
use as REE sensitizers.197,198 

REEs can either be encapsulated into the pores of MOFs via 
post-synthetic addition (Scheme 8) or they can be used as metal 
centers during MOF synthesis. The latter strategy has been 
exploited to design high-performance luminescent MOFs,199,200 
but this Review will focus only on MOFs capable of sensitizing 
REEs post-synthetically. Following REE encapsulation, 
chromophoric linkers on the MOF are excited, followed by 
energy transfer to the REE and REE-centered emission.25 

MOFs may offer many advantages for REE sensing 
applications. Their well-defined pores often provide a rigid 
environment around the REE, reducing vibrational quenching 
and interaction with solvent molecules such as water.53 
Consequently, REEs can be sensitized in a variety of solvents.25 
While some MOFs require custom-synthesized linkers, many 
MOFs can be synthesized from commercially available, 
inexpensive chemicals with relatively simple reaction protocols. 
MOFs can also be synthesized using non-toxic chemicals, which 
is advantageous relative to, for example, metal cyanide 
complexes or CdSe quantum dots described earlier (vide supra). 
Numerous strategies have been developed to integrate MOF 
films onto sensor components including optical fibers, making 
them well-suited for field deployment or remote sensing with 
portable instrumentation.113,114,201,202 Finally, many MOFs can 
rapidly sensitize multiple REEs simultaneously, even at part-per-
billion concentration levels,4,25,53,96,203-206 while other MOFs 
have been designed to selectively sensitize individual REEs.207 
These properties, taken together, point towards MOFs as a 
particularly promising sensor class for luminescent REE 
detection. While most reports on MOF-based REE sensitization 
have not directly evaluated REE sensing efficacy (i.e. reporting 
sensitization kinetics, detection limits, selectivity, etc.), Table S1 
summarizes over 75 reports on MOF-based sensitization of 
REEs, each of which may be useful for REE detection. 

There are, however, multiple challenges that must be 
overcome for the development of a robust MOF-based sensor. 
Many MOFs are not stable in water, or at the low pH levels in 
which REEs are often extracted. MOFs that do require custom-
made linkers can be expensive both in terms of material cost 
and in the number of synthetic steps required. For 
environmental applications, such as deployment in acid mine 

drainage where secondary metal concentrations are orders of 
magnitude higher than REE content, highly selective sensors will 
be needed (Table 4).3 One promising avenue for enhancing the 
selectivity of REE uptake is the post-synthetic functionalization 
of the MOF with chelating groups that have a high affinity for 
REEs, as demonstrated by Ahn and co-workers.105 Comparable 
materials such as covalent organic frameworks (COFs) may also 
emerge as an equally intriguing sensor platform.208 Like MOFs, 
COFs are highly ordered, porous structures, but rather than 
being linked by metal centers, organic molecules are instead 
linked through covalent bonds. A recent strategy of post-
synthetic encapsulation of Eu with a COF was demonstrated, 
suggesting that COFs may also have utility as REE sensors.208

Scheme 8. Overview of REE sensing using metal-organic frameworks (MOFs). Anionic 
MOFs, such as the zinc-adeninate series, may encapsulate REEs via a cation-exchange 
process, whereas other MOFs such as the UiO and MIL series, utilize linkers with extra 
chelation sites that bind REEs. Following REE encapsulation, the REEs are sensitized 
through the chromophoric linkers in the MOF structure, enabling detection. A nearly 
limitless combination of metal centers and linkers may be used for MOF formation. 
General advantages and disadvantages are listed.

Zinc-Adeninate MOFs

One of the first examples of an anionic MOF post-synthetically 
encapsulating an REE was demonstrated by Rosi and Petoud 
using the zinc-adeninate MOF dubbed “bioMOF-1.” The MOF, 
comprised of zinc metal centers with adenine (ad) and 
biphenyldicarboxylate (BPDC) linkers, is anionic with 
dimethylammonium cations residing in its pores (structural 
formula = [Zn8(ad)4(BPDC)6O·2Me2NH2, 8DMF, 11H2O].)53 The 
dimethylammonium cations exchange with REE cations via 
incubation in DMF, leading to efficient sensitization of Tb(III), 
Sm(III), Eu(III), and Yb(III), even after dispersion in water.53 Since 
this ground-breaking study, REE@bioMOF-1 systems have been 
developed for use as sensors,209-212 solid-state white lighting 
displays,211 and optical barcodes.213 To date, bioMOF-1 is known 
to sensitize Tb, Sm, Eu, Yb, and Nd. The related anionic MOF 
JXNU-4 (structural formula = {(Me2NH2)2[Zn6(μ4-
O)(ad)4(BPDC)4]}n) also sensitizes Tb emission.214
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Inspired by the bioMOF-1 and JXNU-4 work, we investigated 
the REE sensing efficacy of bioMOF-100, which contains the 
same metal and linkers as bioMOF-1/JXNU-4 but forms the 
mesoporous structure Zn8(ad)4(BPDC)6O2·4Me2NH2, 49DMF, 
31H2O.215 We hypothesized that the high porosity of bioMOF-
100 would facilitate rapid REE uptake and sensitization, even 
when evaluated directly in water (Figure 16). BioMOF-100 was 
screened for sensitization of 10 emissive REEs , producing part-
per-billion limits of detection for Tb, Dy, Sm, Eu, Yb, and Nd in 
water (Table 2).25 Kinetics studies revealed maximum emission 
signal was obtained within ~5 to 10 minutes, depending upon 
the REE. Additionally, the sensor performance was evaluated in 
matrices containing metal interferants (FeSO4) and acid to 
simulate conditions expected from environmental samples. 
Signal was still obtained at sub-3 pH and >100 ppm Fe, however 
quenching effects were clearly observed, indicating that 
interferant mitigation strategies will be needed for successful 
field work. One potential strategy would be to first use an 
extracting agent to separate the REEs from interferants in the 
field. As a proof-of-concept, Eu and Nd in water were extracted 
into hexanes using trioctylphosphine oxide (TOPO), and signal 
was obtained in hexanes using bioMOF-100.25

UiO MOFs

The UiO (University of Oslo) family of MOFs have been 
extensively explored for REE sensitization due to their stability 
even in relatively harsh aqueous conditions such as high or low 
pH.216 Typically, REE uptake into UiO is facilitated via 
functionalization of the linker with extra amine or carboxylate 
sites to provide interaction sties. Interestingly, reports on UiO-
based sensitization of REEs have mainly focused only on Eu(III). 

UiO-66, made up of terephthalic acid linkers and zirconium 
metal centers, has been modified in several different ways to 
facilitate Eu sensitization, summarized in Table 8. Interestingly, 
Yan’s group found that the sensitization of Eu by UiO-66 
modified with 1,2,4,5-benzenetetracarboxylic acid could be 
enhanced following exposure to Cd ions. This emission 
enhancement was attributed to either a) reduced vibrational 
quenching from Cd chelation, b) enhanced intermolecular 
energy transfer from the linker to Eu(III) due to the “heavy 
atom” effect, and/or c) Cd-mediated alterations to the excited 
state energy of the ligand, leading to better energy matching 
between the linker and Eu.217 These results suggest that pre-
incubating MOFs in solutions of “heavy atoms” such as Cd could 
improve MOF-based detection of REEs. Similarly, Bai and Liu 
modulated the number of carboxylate groups available for Eu 

Figure 16. Schematic illustrating sensitization of REEs by BioMOF-100. Aromatic, luminescent linkers in BioMOF-100 are first excited by UV light, followed by energy transfer to REEs 
encapsulated within the pores of BioMOF-100, leading to REE-centered emission. A: image of BioMOF-100 in water under 365 nm illumination. B: image of BioMOF-100 in an aqueous 
solution of 8 ppm Tb3+ under 365 nm illumination. C: normalized emission spectra of BioMOF-100 in water, excited at 310 nm. D: normalized emission spectra of the Tb3+ excited at 
310 nm. E: scanning electron micrograph of BioMOF-100. Reprinted with permission from Ref. 25. Copyright 2019, American Chemical Society.
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binding by varying the terephthalic acid:isophthalic acid ratio 
used in the synthesis; increasing the isophthalic acid content 
created defect sites in the MOF to which the Eu and Tb could 
bind. Finally, UiO-66/REE interactions can be promoted by 
introducing an amine group instead of a carboxylate 
functionality by using 2,6-pyrindedicarboxylic acid as the linker. 

An intriguing use of UiO-66 for REE uptake was 
demonstrated by Wang and co-workers, who integrated UiO-
66-2COOH with polyacrylonitrile nanofibers and monitored 
their ability to absorb Tb and Eu in solution. Loadings of up to 
60% by weight were recorded, with sensitized emission 
observed from Tb, Eu, and a combination of Eu/Tb (Figure 17). 
Remarkably, the absorbent could be regenerated via incubation 
in HCl, indicating the material can be recycled and reused.221 

Similar modifications have been made to UiO-67, consisting 
of zirconium metal centers linked by biphenyldicarboxylates. 
For example, Cui and Qian introduced nitrogen groups into their 
linker by using 2,2-bipyridine-5,5-dicarboxylic acid (bpydc) in 
the MOF synthesis, providing additional sites for Eu interaction 
Eu could be sensitized even at sub-2 pH levels, highlighting  the 
stability of the UiO system in acidic conditions.222 
MIL MOFs

The MIL (Materials of Institut Lavoisier) series of MOFs have also 
shown promise for REE sensitization. Like the UiO series, the 
bulk of experiments involving REE functionalization have 
focused on using sensitized REE emission to detect other 
analytes, rather than using the MOF to detect the REEs 
themselves. Modified linkers with additional functional groups 
for REE binding are again often used during the MIL synthesis. 
However, unlike the UiO system that was evaluated only on Tb 
and Eu, the MIL systems have been demonstrated to sensitize 
Tb, Dy, Sm, Eu, Yb, Nd, and even Er.204,205

Al-MIL-53-COOH, comprised of aluminum metal centers and 
trimellitic acid, was used by the Yan group for Eu and Tb 
sensitization. The trimellitic acid linker provides an extra 
carboxylate site for REE absorption, facilitating REE uptake.223 A 
composite material consisting of carbon dots (vide supra) 
encapsulated in Al-MIL-53-COOH has also demonstrated 
efficacy in sensitizing Eu.224 Other MIL Eu(III) sensitizers are 
summarized in Table 9, which includes two examples of REE 
detection using MOFs in the solid-state: thin films of MIL-
124(In) sensitize Eu, while MIL-100 solvothermally grown onto 
silicon225 and indium tin oxide226 substrates sensitizes Tb, Sm, 
Eu, and Dy. Such studies are important for portable sensing 
work, as the MOFs may be immobilized onto optical fibers.114

Among the intriguing innovations in MIL-based REE 
sensitization is the use of silver ions to enhance REE emission 
intensity. Similar to the “heavy atom” effects observed in the 
UiO-66 system loaded with Cd ions (vide supra), post-synthetic 
addition of Ag+ to REE-loaded MIL MOFs significantly enhanced 
the luminescence signal. For example, MIL-121, comprised of Al 
metal centers with 1,2,4,5-benzenetetracarboxylic acid linkers, 
can sensitize Tb and Eu by itself.227 However, adding Ag+ post-

Figure 17. A. Schematic illustrating the colloid electrospinning-based production of UiO-66-(COOH)2 nanofiber membranes with (B) and SEM image of the MOF-coated 
fibers. Carboxylate groups in the MOF bind REEs, enabling MOF-based REE sensitization upon UV excitation. The inset are photographs of nanofiber films exposed to 
Tb (C) and Tb, Eu, and Tb/Eu (D) under UV excitation. Reprinted with permission from Ref. 221.  Copyright 2019, Elsevier, Inc.

Table 8. Modifications of UiO-66 to Facilitate Eu Uptake

Ligand Binding Site Ref.

1,2,4-benzenetricarboxylic acid Extra -COOH 218

1,2,4,5-benzenetetracarboxylic acid 2 Extra -COOH 218,217

terephthalic acid/isophthalic acid Defect Sites 216,219

2,6-pyrindedicarboxylic acid Extra Amine 220
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synthetically to Eu@MIL-121 enhances Eu emission 5-fold 
(Figure 18),234  Sm emission 30-fold, Dy emission 20 fold, and 
enables sensitization of the NIR-emitting elements Yb, Nd, and 
Er.234 Further, addition of Ag+ to MIL-61 (gallium metal, 1,2,4,5-
benzenetetracarboxylic acid linker) enhances sensitization of 
Yb, Nd, Er, Sm, Tb, Dy, and Eu.204

Taken together, MIL represents a powerful class of MOF-
based REE sensitizers, capable of sensitizing up to 7 different 
REEs. While it is not clear if adding Ag+

 prior to REE exposure will 
enhance the sensitization process, the use of heavy atoms to 
improve sensor sensitivity is an intriguing strategy that warrants 
further investigation. It has also been shown with MIL-101 that 
the MOF can be functionalized with selective chelating groups 
for REE extraction, and coupling this strategy with luminescent 
sensing experiments may improve selectivity for REEs.105 
Other MOF-based REE Sensitizers

While the three MOF classes described above have been 
extensively studied for their ability to sensitize REE emission, 
there are other MOFs that exhibit intriguing REE sensitization 
properties. Here we highlight MOFs that show promise in their 
demonstrated ability to sensitize multiple REEs, detect low 
quantities of an REE, and/or rapidly obtain signal following REE 
exposure. Many of these MOFs are included in Table 10, with a 
more comprehensive list of over 75 MOFs capable of post-
synthetic REE sensitization included in Table S1 (N.B. because 
many of these MOFs were not designed specifically for REE 
sensing, long loading times were often used to ensure complete 
REE loadings. However, based on the performance of MOFs that 
have been evaluated for REE sensing, it is likely that significantly 
shorter times may be used).

Several MOFs have been evaluated directly for their efficacy 
in detecting REEs via luminescence-based techniques. Notably, 
in 2015 Sun and co-workers developed a series of cadmium 
MOFs with hexa[4-(carboxyphenyl)oxamethyl]-3-oxapentane 
acid linkers, modified with different space-directing N-donors, 
including the V-shaped 2,2-bipyridine (bipy), I-shaped 4,4’-
di(1H-imidazol-1-yl)-1,1’-biphenyl (bib), and Y-shaped 1,3,5-
tri(1H-imidazol-1-yl)benzene (tib) (Figure 19).97 Each of the 
three MOFs were screened as sensors for 9 different REEs in 
water, and selective sensitization of Tb was observed in all three 
cases. The MOF containing the Y-shaped tib ligand yielded a 

detection limit of ~16 ppb for Tb, whereas the bib and bipy 
linkers had detection limits of ~1600 ppb. Kinetics studies 
indicated that Tb signal could be observed within half an hour, 
with gradual increase in intensity over the course of 72 hours.97 
This work highlights the importance of correlating MOF 
structure with sensitization efficacy, an area not widely studied 
to date. A separate study found that the MOF linker could be 
used to tune selectivity for Eu versus Tb: an indium and 5′,5″-
oxybis(2′-methoxy[1,1′:3′,1″-terphenyl]-4,4″-dicarboxylic acid) 
could sensitize  Tb emission at concentrations as low as 10-7 M 
(~16 ppb), with Eu emission observed at ~10-6 M (~150 ppb) in 
water.89 Using 5′,5″″-oxybis([1,1′:3′,1″-terphenyl]-4,4″-
dicarboxylic acid) as the linker decreased the MOF’s ability to 
sensitize Tb by several orders of magnitude but led to an order 
of magnitude increase in Eu sensitization, again highlighting the 
importance of the MOF structure for REE sensing.89

Figure 18. Luminescent response of Eu@MIL-121 exposed to 10 mM concentrations of 
different ions. The signal is enhanced 5-fold in the presence of Ag+, with no response or 
quenching in the presence of other ions. Inset: photograph of each sample under 254 
nm illumination, where characteristic red Eu-based emission is clearly observed only 
with Ag+. Reprinted with permission from Ref. 234. Copyright 2014, Royal Society of 
Chemistry. 

Figure 19.  Schematic illustration of MOF structures evaluated for REE detection with 
hierarchical free-pore volumes and interesting topological nets constructed by (Cd2+)3 
secondary binding units (SBUs), extendable hexatopic ligands (H6L), and different N 
donors (i.e., V-shaped bipy, I-shaped bib, and Y-shaped tib ligands). Linker-induced 
structural changes in the MOF structure impacts the ability of the MOF to sensitize Tb. 
Reprinted with permission from Ref. 97. Copyright 2015, John C. Wiley and Sons, Inc.

Table 9. MIL Series MOFs for REE Sensitization

Name Metal Linker Sensitized 
REE

Ref.

MIL-124 Ga 1,2,4-
benzenetricarbxoyltate

Eu 228,229

MIL-125 Ti 2-aminoterephthalic acid Eu 230

MIL-116 Al benzenehexacarboxylate Eu 231

MIL-140C Zr biphenyl-4,4’-dicarboxylic 
acid

Eu 232

MIL-124 In 1,2,4-
benzenetricarbxoyltate

Eu 233

MIL-100 In benzene-1,3,5-
tricarboxylate

Tb, Sm, 
Eu, Dy

225,226
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Table 10. Summary of MOF-Based REE Sensitizers

Name
Elements
Sensitized

Loading
Solvent

Loading 
Time

Measured
Solvent

Ref.

([Cd(4,4′-bipy)(H2O)(L)]·(4,4′-bipy)·11(H2O)) Tb, Eu, Nd H2O 1.5 hours N/A 235

[(CH3)2NH2][In(L)]·CH3CH2OH Tb, Eu, Dy, Sm DMF 72 hours N/A 236

[Cd3(L)(tib)(DMF)2] Tb, Dy, Eu H2O 0.5 hours H2O 97

[Cu(HCPOC)2]n Tb H2O 0.5-72 hours H2O 237

[Cu2(3,3′-dpdc)2(bpp)] Tb, Eu H2O N/A H2O 238

[Cu2(3,4-pydc)2(H2O)5]n.2nH2O Tb H2O 1 minute H2O 95

[HDMA]2[Zn2(BDC)3(DMA)]·6DMF Eu, Tb, Sm, Dy, Nd, Yb DMF 72 hours N/A 206

[NH4]2[ZnL]·6H2O Eu, Tb H2O N/A H2O 239

[Pb2(TZI)(μ3-OH)(H2O)·(H2O)]n Tb, Eu, Sm, Dy H2O 48 hours N/A 240

[Zn(O-OBA)(BPP)]·0.5H2O Tb, Eu, Dy, Sm H2O 72 hours H2O 241

[Zn(μ-L)(μ-1,3-dpp)] Tb, Eu H2O ~5 minutes H2O 242

[Zn2(btb)2(bbis)](Me2NH2)2·6DMF Tb, Eu, Sm, Dy EtOH 48 hours Various Organic 243

[Zn21(BTC)11(μ3-OH)3(μ4-O)3(H2O)18]·21EtOH Tb, Eu EtOH 2 hours N/A 244

[Zn3(Hbptc)2(DMF)2]⋅2DMF Tb, Sm, Eu, Dy Acetone 72 hours N/A 245

[Zn3(L)2(4,4′-bipy)(DMF)2]·2H2O}n Tb, Eu H2O 24 hours N/A 246

[Zn7L6]·(H2NMe2)4·(H2O)45 Tb, Eu Acetonitrile 35 seconds Acetonitrile 225

{(Me2NH2)[Zn(L)(H2O)]·DMF}n Tb, Eu, Sm, Dy DMF 48 hours N/A 247

{[(CH3)2NH2]2 [Zn5 (TDA)4 (TZ)4].4DMF}n Tb, Eu MeOH 24 hours H2O 248

{[In(FDA)(HFDA)(H2O)4]·2H2O} Eu, Dy H2O 2 min H2O 4

{[Me2NH2]0.125[In0.125(H2L)0.25]·xDMF}n Eu, Dy, Sm, Tb EtOH 48 hours N/A 203

{[Zn(H2thca)0.5(tib)]·5H2O}n Eu, Tb H2O 48 hours H2O 249

Al-MIL-53-COOH Eu, Tb EtOH 48 hours H2O 223

BioMOF-1 Tb, Eu, Sm, Yb, Nd DMF 72 hours H2O, DMF, D2O 53,210-213

BioMOF-100 Tb, Eu, Dy, Sm, Yb, Nd H2O 5 minutes H2O 25

Cd(ii)-MOF Eu, Tb H2O 2 to 8 hours N/A 250

C-dots@MIL-53-COOH Eu EtOH N/A H2O 224

COK-15 Eu, Tb, Sm, Dy EtOH/H2O 48 hours N/A 251

HNU-25 Tb, Dy DMF 1 minute DMF 96

HPU-14 Tb, Eu H2O 0.5 hours N/A 252

IFMC-10 Eu, Sm, Tb DMF 48 hours DMF 115

IFMC-2 Tb, Dy, Eu DMF 48 hours N/A 253

IFMC-3 Tb, Dy, Eu, Sm DMF 48 hours N/A 254

IRMOF-3 Nd, Eu, Tb EtOH 72 hours N/A 255,256

JXNU-4 Tb, Eu H2O 12 hours H2O 214,257

Mg-MOF Eu, Tb H2O 30 seconds H2O 207

MIL-100 Eu,Tb,Dy,Sm DMF 48 hours N/A 225,258,259

MIL-116 Eu EtOH 48 hours H2O 231

MIL-121 Sm, Dy, Nd, Yb, Er H2O 24 hours H2O 227,234,260

MIL-124 Eu EtOH 24 hours H2O 229,233

MIL-125-(Ti)-NH2-AM Eu MeOH 6 hours Various Organic 230

MIL-140C Eu DMF 24 hours H2O 232

MIL-61 Eu, Dy, Sm, Tb, Er, Nd, Yb H2O 24 hours H2O 204,261,262

MOF-808 Tb Ethanol 6 hours Various, incl. H2O 263

MOF-SO3- Tb, Eu H2O 12 hours H2O 264

NENU-522 Eu, Tb, Sm, Dy DMF 48 hours DMF 265

Ni-BTC Tb, Dy, Sm, Eu EtOH 12 hours H2O 266,267

Pb2L2 Eu, Tb H2O 3 hours H2O 268

Sc-MOF Eu EtOH 10 hours H2O 269

UiO-66(DPA) Eu H2O 24 hours H2O 220

Uio-66(Zr)-(COOH)2 Eu EtOH/H2O 20 hours H2O 217,270,271

UiO-66-COOH Eu EtOH 24 hours N/A 218,221

UiO-66-IPA Eu, Tb H2O 24 hours H2O 216,219

UiO-67 Eu MeOH 12 hours H2O 226

UiO-67(Bypdc) Eu MeOH 120 hours H2O 222
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Zn-Hbtc-BPY Tb, Eu EtOH 24 hours H2O and others 272

*EtOH: Ethanol; MeOH: Methanol; DMF: Dimethylformamide;  DMA: Dimethylacetamide. N/A indicates that this information was not provided or that the 
measurements were conducted in the solid state. Highly sensitive (0.3 ppb detection limit) sensors for Tb(III) were developed by Pan’s group using MOFs 
comprised of zinc metal centers with tetrazole and 5-[bis(4-carboxylbenzyl) amino] isophthalic acid ligands (HNU-25 and HNU-26).96 REE binding was 
achieved through both tetrazole nitrogen atoms and oxygen atoms from the carboxylic acid, enabling Tb to be detected within 1 minute of exposure. Weak 
sensitization was observed in the presence of Dy, and no sensitization was observed for the other REE.96 More recently, a copper(II) 3,4-pyridine dicarboxylic 
acid MOF was developed for Tb detection.95 The MOF underwent a cation exchange where Tb displaced Cu in the MOF structure. Signal could be obtained 
within 1 minute, and although no limits of detection were reported, clear signal was obtained at 1 µM concentrations (~160 ppb) in water. Importantly, the 
sensor could be regenerated by incubating the MOF in copper nitrate; the Cu cations would exchange with Tb(III), producing MOF crystals with the same 
XRD pattern as the original Cu-MOF. Other emissive REEs were not evaluated.

Figure 20. Sensitization of Eu(III) using {[In(FDA)(HFDA)(H2O)4]·2H2O}.(A) Photographs of the MOF-Eu composite under UV light with Eu concentration ranging from 0 µM to 1.6 µM 
moving from left to right. (b) Emission profile of the MOF-Eu composite as a function of Eu concentration; with increasing Eu, the MOF-centered emission peak at 408 nm decreases 
while the Eu-centered peak at 617 nm increases. (c) Emission profile of the MOF-Eu composite as a function of time after Eu addition. Over 50% maximum signal is obtained within 
2 minutes. Reprinted with permission from Ref. 4. Copyright 2017, the American Chemical Society.

The exploration of MOF-lanthanide interactions have often 
been motivated by the development of white-light emitting 
materials, and these studies have also uncovered promising 
REE-sensor materials.4,246,249,265,273,274 For instance,  an indium 
and furan-2,5-dicarboxylic acid MOF was demonstrated to 
sensitize both Dy(III) and Eu(III) in water, with a 130 ppb 
detection limit for Eu.4 Significantly, kinetics studies revealed 
that intense Eu signal could be observed within 2 minutes, with 
a gradual increase in intensity over 2 days (Figure 20).4 Similarly, 
Ni and co-workers investigated MOF/REE composites for white-
light applications by encapsulating Tb and Eu using MOF 
microspheres comprised of zinc, benzene-1,3,5-tricarboxylate 
(BTC), and 4,4’-bipyridine (bipy). REE emission could be 
detected in a multitude of solvents and across a range of pH 
values, and the MOF could be synthesized at room temperature 
and ambient atmosphere, an advantage for mass-production272  

Several MOFs (in addition to the MIL and zinc-adeninate 
structures described above) can simultaneously sensitize 
emission from multiple REEs beyond Tb and Eu. Three such 
MOFs have been developed at the Institute of Functional 
Materials Chemistry (IFMC) for lanthanide sensitization. IFMC-
2, comprised of zinc and 4,5-di(1Htetrazol-5-yl)-2H-1,2,3-
triazole) linkers, is unique in that it is one of the few to 
efficiently sensitize Dy emission in addition to Tb (Figure 21).253 
IFMC-3, made up of zinc, 5-methyl-1H-tetrazole and phosphoric 
acid,  sensitized emission from Eu, Tb, Dy, and Sm, although 
emission from the latter two REEs was weak.254 Reversible 
sensitization of Tb, Eu, and Sm was achieved within 30 minutes 
using IFMC-10 (zinc and 4',4'',4'''-(2,4,6-trimethylbenzene-
1,3,5-triyl)tris(methylene)tribiphenyl-4-carboxylate linkers). 
Interestingly, the Eu could be removed from the IFMC-10 by 
incubation in DMF for 24 hours, indicating recylcability.115 
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Figure 21. Emission spectra of IFMC-2 and REEs encapsulated by IFMC-2 (top left). 
Maximum intensity at the characteristic emission wavelength for each REE following 
encapsulation by IFMC-2 (top right). Photographs of MOF powders illuminated by UV 
light before and after exposure to each REE.  Reprinted with permission from Ref. 253. 
Copyright 2014, John C. Wiley and Sons, Inc. 
The Yan group demonstrated that an anionic zinc-benzene-1,4-
dicarboxylate MOF could sensitize emission from both visible 
and near-infrared REEs, including Tb, Dy, Sm, Eu, Yb, and Nd via 
a cation-exchange mechanism.206 Given the rapid uptake of 
REEs reported for anionic MOFs,25 the zinc-benzene-1,4-
dicarboxylate’s ability to sensitize multiple REEs makes it a 
promising candidate for further sensing-based evaluations, 
including investigating its loading kinetics, water stability, REE 
selectivity, and detection limits. Many other MOFs have been 
evaluated as sensitizers for the visible-emitting REEs, with the 
ability to induce emission from Tb, Dy, Sm, and Eu using a single 
material.240,241,243,245,247,265 Among these, a zinc MOF with 2,2’-
oxybix(benzoate) and 1,3,-di(4-pyridyl)propane linkers 
underwent both REE loading and emission measurements in 
water, an important consideration for sensing in environmental 
systems such as e-waste processing streams,241 as did a 
cadmium(II) MOF with a custom-designed ethylene glycol 
ether-bridging dicarboxylate ligand and 4,4’-bipyrinde 
linkers.235 A Ni-BTC coordination polymer exhibited intense 
sensitization of Tb and moderate sensitization of Dy, Sm, and 
Eu.266 Following Tb sensitization, the MOF exhibited resistance 
to quenching in the presence of 1 mM concentrations of a 
variety of secondary metals, including several that would be 
encountered in AMD systems such as Fe(II), Al(III), and Ca(II). 
Quenching was observed with Cu(II) and Fe(III). Such studies are 

critical for evaluating “real world” systems in which sensors can 
be practically deployed (Figure 22A).266 

Conversely, some MOFs have been reported to selectively 
sensitize Eu(III) but no other visible-emitting REEs.207,275,276 This 
selectivity may be useful in situations where only one REE is 
targeted, particularly if the MOF is robust against other cationic 
interferants. A MOF made of magnesium and (4,4′-(pyrazine-
2,6-diyl)) dibenzoic acid not only showed selectivity for Eu 
sensitization, but also produced signal within 30 seconds in 
water. Further, the Eu emission was robust across a range of pH 
values (3 to 9), and in the presence of equal concentrations of 
interfering cations such as Fe and Cu (Figure 22B-C).207 

10. Portable Luminescent Sensors
A key advantage of luminescence-based sensors over the more 
commonly-used ICP-MS characterization (in addition to cost 
savings) is the portability of fluorescence spectrometers. Small, 
simplistic sensor designs have been developed with low power 
requirements, enabling them to be carried into the field to 
characterize REE-rich streams, providing significant time savings 
over competing techniques. Portable designs typically involve a 
light source, such as a broadband lamp or light-emitting diode 
(LED), a detector, and optical fibers to direct exciting light to the 
sample and/or emitted light to the detector. 
One such example is shown in Figure 23. Here, the tip of an 
optical fiber was coated with a PVP membrane containing a 
bis(phosphinic acid)phosphine oxide sensitizer, producing an 
inexpensive and portable Eu(III) sensor with a 92 second 
response time and a 2 ppb detection limit.83 In this set-up, an 
external UV lamp is used, enabling sensing in solution or in air 
after Eu exposure.  A similar design has been introduced using a 
280 nm LED excitation source, with an optical fiber to guide 
emitted light from the sample cuvette to a detector. In this case, 
the sensitizer is pre-mixed with the solution, rather than being 
deposited on the fiber itself.27

In a separate design, a Y-shaped bifurcated optical fiber bundle 
is used, in which two separate fiber cables meet at a single tip. 
In this study, the bifurcated fiber tip was placed in an REE-
containing solution along with the sensitizer material. One end 
of the fiber was connected to a 365 nm LED source, and the 
other end connected to a portable commercial spectrometer 

Figure 22. Quenching studies of REE@MOFs in the presence of metals and acids. A) Emission intensity of Tb encapsulated by Ni-BTC in the presence of aqueous 1 mM concentrations 
of different cations. The inset shows the corresponding photographs of each Tb@Ni-BTC sample under UV illumination. Strong quenching is observed only from Cu(II) and Fe(III). 
Reprinted with permission from Ref. 266. Copyright 2020, Elsevier, Inc. B) Plot of maximum Eu emission sensitized by a Mg-MOF intensity with and without the presence of equal 
concentrations of transition metal cations and C) as a function of pH. Insets show a photograph of each sample under UV light. Reprinted with permission from Ref. 207. Copyright 
2014, Royal Society of Chemistry.
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 (Scheme 9).24 When a gold-cyanide sensitizer was used, 
part-per-billion detection of the visible-emitting REEs (Tb, Eu, 
Sm, and Dy) were achieved. Such a set-up may be modified to 
accommodate different sensitizers, light sources, and 
detectors, providing a versatile platform for REE detection. 

As described in Section 2, time-resolved luminescent techniques 
show promise for REE detection.55,277 Several portable time-resolved 
designs have been developed over the past two decades,278,279 
including one that used signal from Eu to detect trace amounts of 
pharmaceuticals.56 These spectrometers consist of a pulsed 
excitation source (e.g. xenon flash lamp, overdriven pulsed LEDs, 
and/or pulsed laser diodes), and a photomultiplier tube is often used 
as the detector. Such designs may be useful for deployment in the 
field to sense REEs. 

Figure 23.  Experimental set-up for the optical fiber-based detection of Eu luminescence 
in (a) aerial and (b) solution using the PhPO-(C6H4POPhN(CH(CH3)2)2)2 sensor embedded 
into a PVP membrane. Reprinted with permission from Ref. 83. Copyright 2012, Elsevier, 
Inc. 

Scheme 9. Schematic of an optical fiber-based portable luminescent sensor equipped 
with an LED excitation source. Reprinted with permission from Ref. 24. Copyright 2017, 
Institute of Electrical and Electronics Engineers.

11. Conclusions and Opportunities
Monopolistic global economic conditions, environmental concerns, 
and the projected increase in demand for REE-intensive technologies 
has spurred interest in the recovery of REEs from various non-
conventional sources.5,25 A key challenge to attaining a stable, 
sustainable REE supply is the development of rapid, quantitative, and 

inexpensive methods for locating high value REE-containing streams 
in the field. Fluorescent sensors exploiting the unique optoelectronic 
properties of REEs have emerged as a promising avenue for meeting 
this challenge.24-26,79,191 As demonstrated in this Review, advances in 
the field of materials science have spurred an array of high-
performance materials that are promising for REE detection. While 
relatively mature sensor technologies have been developed for 
probing total REE content26 or individual REEs28,42,66,126 with high 
degrees of selectivity and sensitivity, the ability to simultaneously 
detect and distinguish multiple REEs within the complex matrices of 
environmental samples remains challenging.25 This is compounded 
by the fact that many materials which show promise in sensitizing 
REE emission are often not evaluated for their sensing efficacy. 
Additionally, studies that do evaluate sensor performance are often 
not evaluated under environmentally-relevant conditions. Included 
here are recommendations for sensor evaluations, spectrometer 
development, and next steps in material design that we anticipate 
will advance the field of REE sensor development:
1. Evaluate Prospective Sensors for the Criteria Outlined in 
Table 2 and Figure 4: researchers in the REE field will benefit 
greatly from having information on the sensitivity, selectivity, 
and operating conditions of potential sensors. This information 
will enable the researcher to choose the optimal sensor while 
establishing trends upon which other sensors may be designed.

2. Choose Appropriate Sensors Depending on Experimental 
Task REE sensing techniques are needed across a range of 
processing steps, from identifying valuable waste streams to 
characterizing extraction, concentration, and purification steps 
of REE samples. In each case, ideally the simplest, most cost-
effective sensor possible should be used. For characterizing 
waste streams, which typically will have challenging matrices, 
highly selective sensors are needed, such as biomolecules. 
However, during processing steps in which REEs are purified and 
concentrated, simpler sensors can likely be used. Table 11 
provides examples of REE processing steps and the types of 
sensors best suited for each task. 
3. Integration of Sensors with Portable Systems: maximum 
benefit in terms of time and financial costs will be obtained 
using portable spectrometers that can be taken directly to REE 
sources. As outlined in Section 10, several low-cost designs have 
already been reported, which typically rely on low-powered LED 
light sources and optical fibers connecting the sample with the 
excitation source and/or detector.24,27 Improved signal from 
portable spectrometers may be obtained by immobilizing the 
sensor material onto the optical fiber itself.83 Therefore, 
continued development of chemical strategies will be needed 
to integrate a diverse array of sensing materials onto optical 
fibers. Conducting evaluations of REE sensing materials on 
portable systems will also provide results that are more 
meaningful for field deployment. Finally, evaluating the 
performance of portable time-resolved spectrometers for REE 
sensing applications represents an exciting opportunity for 
future development in the field.
4.  Develop Sensors for Near-Infrared Emitting REEs: The 
detection of near-infrared emission can be challenging in part 
due to higher equipment costs. However, several economically 
important REEs, including Nd and Yb, emit strongly in the near-
infrared region. Few, if any, studies have investigated the 
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sensitization-based detection of Er, Pr, Tm, and Ho, which emit 
in the near-infrared.  Materials capable of sensitizing these 
elements would facilitate their recovery and would also create 
new markets for these REEs by exploiting their emission 
properties.120,121,123 While most REE sensitizers are only 
evaluated on Tb and Eu, it is worthwhile to also screen the other 
emissive REEs using the sensitizer: Sm, Dy, Tm, Pr, Ho, Yb, Nd, 
and Er. Equally important is the integration of near-infrared 
detectors with portable spectrometer systems. 
5. Design of Composite Materials: As highlighted throughout 
this Review, each material class has advantages and 
disadvantages for REE detection. Developing composite 
materials may yield sensors that synergistically combine the 
advantageous properties of individual materials. For instance, 
functionalizing nanoparticles with peptide lanthanide binding 
tags could combine the strong light-harvesting properties and 
recyclability of nanoparticles with the high REE selectivity of the 
peptide. In general, regardless of sensing mechanism, high-
performance sensors require a strongly-emitting chromophore 
that responds to REE interactions, and a chelating group that 
selectively interacts with REEs. Table 12 summarizes 
potentialcombinations of chromophores and REE binding 
groups that may potentially be used in the development of new 
composite REE sensor materials.

6. Computational Modeling to Design Selective REE Sensors: in 
tandem with experimental approaches, computational 
modeling of material interactions with REEs will significantly aid 
in the screening and discovery of new high-performance sensor 
materials.280 Indeed, computational simulations have played a 
crucial role in engineering biomaterials,281 ligands,280,282 
inorganic layered materials,283 surfactants,284 and other 
materials for selective REE interactions. The continued 

development of new techniques in quantum computation is 
expected to facilitate further progress in the design of highly 
selective materials for REE binding,285 while machine learning 
methods are being increasingly used to optimize sensor design 
and performance.286,287

REE detection by luminescence-based techniques, 
particularly in harsh environments such as acid mine drainage, 
remains a challenge that requires innovations in both material 
development and spectrometer design. Such innovations will 
have benefits not only in REE recovery and processing, but also 
in the design of new luminescent materials, improved, low-cost 
luminescence sensing platforms, and in the detection of other 
valuable ions in waste streams. Significant progress has been 
made recently in the design of low-cost REE sensors, however 
overcoming remaining barriers for practical field deployment 
will require additional research from the materials science and 
photonics communities alike.
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Table 11. Recommended Sensors for Various REE Processing Steps

Experimental Task Key Sensor Properties Recommended Sensor
Probe total REE content in a waste 
stream

Scope, selectivity, sensitivity, water 
compatibility

Sensors that probe "All REEs" from Table 1

Probe individual REE content in a 
waste stream

Selectivity, sensitivity, water 
compatibility

Biomolecules or water-compatible organic sensitizers

Probe "high value" REE content post-
purification

Scope, response time, ease-of-
synthesis

MOFs or simple organic sensitizers

Differentiate between REEs post-
purification

Scope, selectivity Multivariate sensors

Quantify a specific REE Selectivity, sensitivity Sensors with "probe based" response for specific element (or 
sensitizers of specific elements), listed in Table 1

Characterize purified REEs Ease-of-Synthesis, Response time, 
Recyclable

MOFs, Nanoparticles, simple organic molecules, particularly if they 
can be regenerated

Table 12. Core and Ligand Properties Needed for Sensitization

Chromophore REE Binding Group
-Aromatic Organic Molecule -Schiff Base
-Emissive Nanoparticle -Macrocyclic Compound
-Metal Complex -Lanthanide Binding Tag
-MOF
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A range of materials are evaluated for their ability to detect and quantify rare earth elements 
via luminescence techniques.
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