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Preface

These elements perplex us in our reaches [sic], baffle us in our speculations,
and haunt us in our very dreams. They stretch like an unknown sea before
us – mocking, mystifying, and murmuring strange revelations and possibilities.

Sir William Crookes (February 16, 1887)

Volume 47 of the Handbook on the Physics and Chemistry of Rare Earths
adds five chapters to the series, covering quite different, yet exciting subjects

ranging from fundamental to applied sciences. Featured themes encompass

lanthanide-organic chromophores for telecommunications, semiconductor

nanoparticles, inorganic–organic hybrid materials, microscopic thermody-

namic descriptors in complexation processes, and upconversion nanoparticles

for bioimaging, medical diagnosis, and therapy.

The first chapter (Chapter 269) is devoted to infrared emitters based on

materials containing trivalent lanthanide ions such as Nd3+, Er3+, or Yb3+.

These materials are of great interest for lasers, telecommunications, and other

photonic applications due to their high monochromaticity at the silica trans-

parency windows. Their use for amplifying optical signals traveling through

fibers in the so-called erbium-doped fiber amplifiers is widespread in long-

distance broadband data transmission. However due to poor light-absorption

properties, purely inorganic amplifying materials require high excitation

power. A remedy to this situation could be to turn to organic complexes.

Yet the presence of high-energy vibrations in the surroundings of the emitting

ions has detrimental consequences on the emission lifetimes and efficiencies

that offset the advantage earned by the antenna effect, i.e., excitation in the

ligand electronic levels. Replacement of hydrogen atoms with halogen groups

has been therefore suggested to enhance emission properties of organic-based

lanthanide optical materials. The review describes fundamentals and recent

progress while paying particular attention to the implication of this strategy

on the design of such materials; perspectives for enhanced and/or novel

photonic applications such as on-chip telecommunication devices are

discussed.

Intrinsic magnetic semiconductor nanoparticles containing europium chal-

cogenides EuX (X¼O, S, Se, and Te) are the subject of Chapter 270. These

materials are being investigated from the viewpoints of fundamental

condensed matter science and also of practical applications, for instance, in

spintronics and magneto-optic devices. The quantum-size and
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quantum-confinement effects found in europium chalcogenides are especially

remarkable and engender new photophysics arising from both ferro- and anti-

ferromagnetic spin configurations. The review first focuses on preparation

methods that largely depend on the progress achieved in nanotechnology. In

particular, high-quality nanoscale EuO, EuS, and EuSe materials can be suc-

cessfully prepared by the reaction of a Eu(III) complex used as single-source

precursor. As far as properties are concerned, nano-sized structures of mag-

netic semiconductor europium chalcogenides lead to the formation of

single-domain nanocrystals, while aggregates of sphere-shaped EuX nanopar-

ticles exhibit superparamagnetic and superantiferromagnetic behaviors. More-

over, enhancement of ferromagnetic properties for aggregates of cube-shaped

EuS nanoparticles has been observed. These observations make magnetic

semiconductor nanocrystals containing Eu(II) ions promising materials for

next-generation photonic components such as optical isolators and spintronic

devices.

Chapter 271 deals with crystalline hybrid materials. These materials com-

bine a substrate (organic or inorganic) with active metal ions or complexes

that are blended on the molecular scale. They are found in a number of

systems and can be broadly divided into sol–gel (glasses, silica, organically

modified xerogels), porous (metal-organic frameworks), mesoporous (sili-

cates, zeolites), polymeric, intercalation (layered double hydroxides), and

nanocomposite (nanoparticles) materials. The review explores polymeric

and molecular lanthanide hybrid materials with special emphasis on covalent

and noncovalent means of assembly. The chapter first takes a detailed look at

the structures and properties of Ln hybrids featuring various linkers accompa-

nied by chelating N-donor ligands as well as at molecular lanthanide materi-

als. Structural trends and common building units are highlighted along with

assembly processes via noncovalent interactions. The chapter culminates with

an insight into where the field of crystalline lanthanide hybrid materials will

be heading next. New synthesis methods are needed for gaining precise

control over Ln3+ nuclearity and for optimizing the properties of hybrid mate-

rials. Deepening our understanding of the material properties and subse-

quently delineating structure/property relationships and manifestations

thereof are the next challenges to tackle.

Importance of coordination chemistry is reflected in the 20 or so chapters

devoted so far to the subject in the Handbook series. Chapter 272 brings a new

insight into the field by focusing on thermodynamic models for rationalizing

the complexation mechanisms. The review first puts the matter into historical

perspective, showing how interest for lanthanide complexes stemmed from

needs generated by extraction and separation of the rare earths and resulted

in showing how the coordination chemistry of rare-earth ions differs consider-

ably from that of d-transition metal ions. The lanthanide series features a
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homogeneous set of elements with properties varying smoothly with the

atomic number, an ideal situation for developing models aiming at rationaliz-

ing the numerous stability constants collected. Initial efforts concentrated on

macroscopic aspects, with Choppin’s two-step desolvation/complexation

mechanism and Ford’s model for entropy/enthalpy compensation. The advent

of supramolecular chemistry then added a whole new dimension to the prob-

lem and novel concepts were proposed including the site-binding model, the

principle of maximum occupancy, and microscopic thermodynamic descrip-

tors. This contribution reports on the most important innovation brought by

these novel ideas for the design, the stability, and the rationalization of rare

earth complex formation.

The final chapter (Chapter 273) discusses the role of upconverting nano-

particles (UCNPs) in biology and medicine. Lanthanide-doped UCNPs

have large anti-Stokes shifts, sharp emission bands, and are not subject to

photobleaching. Furthermore, when they are used as bioprobes in an

NIR(excitation)–NIR(emission) mode, high penetration depths can be attained

in biological tissues and autofluorescence from the sample is minimized.

UCNPs can also be conveniently stabilized in biological media and bioconju-

gated. Therefore, they appear as being strong alternatives to existing organic

bioprobes despite low quantum yields and some unknowns about their cyto-

toxicity. The authors first put UCNPs in perspective with respect to other

types of bioprobes and give an overview of upconversion processes before

concentrating on the synthesis and surface modification of these nanoparti-

cles. A careful choice of host and dopants is essential and depends on the tar-

geted application. Increasing upconversion efficiency is a real challenge but

several possibilities are at hand and start to yield interesting results. The last

two sections are devoted to biosensing, imaging, and drug delivery: sensing

cell temperature, immunoassays, in vitro and in vivo bioimaging, and photo-

dynamic and photothermal therapy of cancer are some of the current applica-

tions of UCNPs.

CHAPTER 269: ORGANIC CHROMOPHORES-BASED
SENSITIZATION OF NIR-EMITTING LANTHANIDES: TOWARD
HIGHLY EFFICIENT HALOGENATED ENVIRONMENTS

Ignacio Hernandez* and William P. Gillin†,{

*Dpto. CITIMAC, Universidad de Cantabria, Facultad de Ciencias,

Santander, Spain
†Materials Research Institute and School of Physics and Astronomy,

Queen Mary University of London, Mile End Road, London, United Kingdom
{College of Physical Science and Technology, Sichuan University,

Chengdu, People’s Republic of China
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Infrared emitters based on materials with lanthanides, and especially those

containing Yb3+, Nd3+, and Er3+, are of great interest for laser, telecommuni-

cation, photonic and biological applications due to the high monochromatic-

ity, and potential long emission lifetimes at the silica transparency windows

around 1, 1.3, and 1.5 mm. In particular, their use for amplifying optical sig-

nals traveling through fibers in the so-called erbium-doped fiber amplifiers

is widespread and has had important consequences for long-distance broad-

band data transmission. Nevertheless, due to the poor light-absorbing proper-

ties of these ions and the low solubility in most matrixes, devices based on

inorganic compounds require high excitation power. Organic complexes of

these rare earth ions offer the possibility of indirect excitation (sensitization)

through highly absorbing organic-based chromophores, fine tuning of the con-

centrations, and enhanced processability. These properties, coupled with elec-

tric pumping capability, open up new approaches for integrating organic

materials into silicon substrates and developing optoelectronic devices. How-

ever, the presence of O–H, N–H, and C–H bonds in the surroundings of these

ions quenches the excited states. The use of halogenated compounds has

therefore been suggested and the chapter reviews the fundamentals and recent

progresses in the field. The strategic choice of organics and lanthanides deter-

mines the working wavelengths and conditions to allow for effective pumping

of the lanthanides with the challenge of keeping high quantum yields. Focus is

made on Nd3+, Er3+, and Yb3+ emitters and a number of organic chromo-

phores and ligands to illustrate the physical mechanisms and implications in

the performance. The possibilities for enhanced operations offer exciting pro-

spects for novel photonic and biological applications, especially for on-chip

telecommunication and laser devices.
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CHAPTER 270: EUROPIUM CHALCOGENIDE NANOPARTICLES

Yasuchika Hasegawa and Takayuki Nakanishi

Division of Materials Chemistry, Faculty of Engineering, Hokkaido

University, Japan

Magnetic semiconductor nanoparticles containing europium chalcogen-

ides EuX (X¼O, S, Se, and Te) are being targeted from the viewpoints of

fundamental condensed matter science and of practical application for spin-

tronics and magneto-optic devices. Until now, various types of magnetic

dopants in II–VI or III–V semiconductor nanoparticles have been investi-

gated and it turns out that the quantum-size and quantum-confinement

effects found in europium chalcogenide materials are providing new photo-

physics arising from both ferro- and antiferromagnetic spin configurations.

Therefore, magnetic semiconductor nanocrystals containing Eu(II) chalco-

genides are promising materials for designing next-generation photonic

devices.

The review begins with a brief history of divalent europium semiconduc-

tors and their nanoparticles, the properties of which have come into focus

since the 1960s and 1990s, respectively. The chapter then describes the vari-

ous preparation methods of europium chalcogenide nanoparticles that have

been dramatically improved during the past decade thanks to progress in

nanoscience and technology: liquid ammonia method, photochemical reac-

tions, single-source precursor, electrochemical deposition, and vapor-phase

conversion. In particular, high-quality nanoscale EuO, EuS, and EuSe materi-

als can be successfully prepared by the reaction of a Eu(III) complex used as

single-source precursor. The synthesis of polymeric and silica glass materials

is also described. As far as physical properties are concerned, nanosized struc-

tures of semiconductor europium chalcogenides lead to the formation of

single-domain nanocrystals. Further, aggregates of sphere-shaped nanoparti-

cles exhibit superparamagnetic and superantiferromagnetic behaviors, while

those of cube-shaped EuS nanoparticles display enhancement of ferromag-

netic properties. EuX nanoparticles with giant magneto-optical efficiency

are expected to be useful in applications such as optical isolators and spintro-

nic devices. The last part of the chapter concentrates on characteristic struc-

tures and nanostructures.
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CHAPTER 271: HYBRID MATERIALS OF THE f-ELEMENTS
PART I: THE LANTHANIDES

Korey P. Carter and Christopher L. Cahill

The George Washington University, Washington, DC, USA

Hybrid materials combine a substrate (organic or inorganic) with active

metal ions or complexes that are blended on the molecular scale.

Lanthanide-containing hybrid materials have garnered significant interest

due to their rich structural diversity, as well as owing to the unique magnetic

and spectroscopic properties of these ions. They have proven particularly

attractive for a wide array of applications including gas storage, heteroge-

neous catalysis, magnetism, luminescence, and bioanalyses. In this review,

polymeric and molecular lanthanide hybrid materials are explored with a spe-

cific focus on both covalent and noncovalent means of assembly. The review

is restricted to compounds for which an X-ray crystal structure could be estab-

lished. Challenges remain with these materials regarding control over Ln3+

nuclearity and the resulting secondary building units in hydro/solvothermally

synthesized systems. Subsequently, the delineation of structure/property rela-

tionships and manifestations thereof remains ripe for exploration.

After a general introduction of lanthanide hybrid materials, the chapter

takes a deeper look at the structures and properties of lanthanide hybrids fea-

turing aliphatic and aromatic carboxylic acid linkers, phosphonate linkers,

carboxylic acid linkers accompanied by chelating N-donor ligands, and finally

molecular lanthanide materials. Where possible, structural trends and common

building units are highlighted and in the molecular lanthanide section a
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detailed look at assembly via noncovalent interactions (i.e., hydrogen and hal-

ogen bonding) is provided. The chapter concludes with an outlook at where

the field of crystalline lanthanide hybrid materials may go next considering

new synthesis techniques and optimization and enhanced understanding of

material properties. Work on these materials has now moved beyond the ser-

endipitous discoveries to a more crystal engineering centric approach where

efforts to rationally design materials with specific topologies and properties

are being realized.

CHAPTER 272: MICROSCOPIC THERMODYNAMIC
DESCRIPTORS FOR RATIONALIZING LANTHANIDE
COMPLEXATION PROCESSES

Claude Piguet

Department of Inorganic and Analytical Chemistry, University of Geneva,

Geneva, Switzerland

While some transition d-block elements are known and used since millen-

niums, the first f-block analogues were discovered after the French revolution.

Their reluctance toward reduction forced the early chemists to develop sepa-

ration techniques relevant to what will become coordination chemistry at the

turn of the nineteenth century. In absence of satisfying model for rationalizing

the trends in the associated thermodynamic complexation processes, the coor-

dination chemistry of trivalent rare earth remained exploratory and empirical

for a long period. In a seminal review published in the first set of four

volumes of the Handbook, Thompson elegantly highlighted the gap between

the demanding requirements of separation processes and the limited under-

standing of simple lanthanide–ligand interactions (Thompson, L.C., 1979.

Complexes. In: Gschneidner Jr., K.A., Eyring L. (Eds.), Handbook on the

Physics and Chemistry of Rare Earths, vol. 3. North-Holland Publishing
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Company, pp. 209–297). During the past 35 years, the well-established main

stream approach focused on the systematic characterization and isolation of

rare earth complexes with myriads of novel ligands benefited from the parallel

development of enthalpy/entropy correlations and of supramolecular

chemistry.

The chapter starts with a short historical overview of rare-earth coordina-

tion chemistry and its first landmarks. It then describes the thermodynamics

parameters governing complexation with monodentate and multidentate

ligands, in relationship with extraction/separation processes and with solva-

tion and hydrolysis. These first sets of systematic data triggered interest; mod-

els were proposed to rationalize them, including Choppin’s two-step

mechanism and Ford’s model for entropy/enthalpy compensation during com-

plexation. The review then focuses on metallosupramolecular chemistry that

opened a new dimension in coordination chemistry. The concepts of intermo-

lecular affinity, allosteric cooperativity, chelate cooperativity, and interannu-

lar cooperativity are rationalized within the frame of the principle of

maximum occupancy and using microscopic thermodynamic descriptors.

CHAPTER 273: NEAR-IR-TRIGGERED PHOTON
UPCONVERSION: IMAGING, DETECTION, AND THERAPY

Diana C. Rodriguez-Burbano*, Rafik Naccache†, and John A. Capobianco*
*Department of Chemistry and Biochemistry and Centre for NanoScience

Research, Concordia University, Montreal, Canada
†Institut National de la Recherche Scientifique—�Energie, Matériaux et

Télécommunications, Université du Quebec, Varennes, Quebec, Canada

Upconversion is a multiphoton process that converts NIR light to higher

energy light such as UV, visible, or even NIR (with a wavelength shorter than

the excitation source). Several lanthanide ions are ideal for designing com-

pounds featuring this phenomenon because they have numerous electronic

levels some of them equally spaced. This is in particular the case of Er3+

entering in the composition of the ubiquitous NaYF4:Yb,Er upconversion

phosphor and the corresponding nanoparticles (UCNPs). The review first

presents lanthanide-doped upconverting nanoparticles with a focus on the
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mechanisms of upconversion and the various synthetic approaches for their

preparation: thermal decomposition, hydrothermal method, coprecipitation,

sol–gel method, combustion method, and flame synthesis. The choice of the

host material and of the lanthanide dopant ions is crucial to the targeted appli-

cation. The authors then describe the different strategies to achieve surface

modifications for rendering the nanoparticles hydrophilic and for bioconjugat-

ing them as required for targeting specific biological markers. The two

subsequent sections are devoted to applications in bioanalysis, medical imag-

ing, and drug release. Lanthanide-doped upconverting nanoparticles have

indeed found widespread use for the sensing of cell temperature and as optical

probes for metal ions analysis as well as in immunoassays. More recently,

they have been part of the strategy for developing cell and small organism/

animal imaging, including multimodal bioimaging. Finally, beacons based

on upconverting nanoparticles have been constructed with the aim of inducing

in situ drug release or energy transfer for triggering the formation of singlet

oxygen. This is of interest in photodynamic and photothermal therapy of can-

cer. The last section provides the reader with clues on the challenges faced in

order to turn lanthanide-doped upconverting nanomaterials into versatile plat-

forms for the generation of the nanotheranostic agents needed in

nanomedicine.

Jean-Claude G. Bünzli

Vitalij K. Pecharsky
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48. E. Parthé and B. Chabot, Crystal structures and crystal chemistry of ternary rare
earth–transition metal borides, silicides and homologues 113

49. P. Rogl, Phase equilibria in ternary and higher order systems with rare earth elements
and boron 335

xx Contents of Volumes 1–46



50. H.B. Kagan and J.L. Namy, Preparation of divalent ytterbium and samarium
derivatives and their use in organic chemistry 525

Subject index 567

VOLUME 7

1984; ISBN 0-444-86851-8

51. P. Rogl, Phase equilibria in ternary and higher order systems with rare earth elements
and silicon 1

52. K.H.J. Buschow, Amorphous alloys 265

53. H. Schumann and W. Genthe, Organometallic compounds of the rare earths 446

Subject index 573

VOLUME 8

1986; ISBN 0-444-86971-9

54. K.A. Gschneidner Jr and F.W. Calderwood, Intra rare earth binary alloys: phase
relationships, lattice parameters and systematics 1

55. X. Gao, Polarographic analysis of the rare earths 163
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263. Joaquim Marçalo and John K. Gibson, Gas-phase ion chemistry of rare earths and
actinides 1

264. Gerd Meyer, Symbiosis of intermetallic and salt: Rare-earth metal cluster complexes
with endohedral transition metal atoms 111

265. Markus P. Hehlen, Mansoor Sheik-Bahae, and Richard I. Epstein. Solid-state optical
refrigeration 179

266. Wenliang Huang and Paula L. Diaconescu, Rare earth arene-bridged complexes
obtained by reduction of organometallic precursors 261

Index 331

VOLUME 46

2015; ISBN 978-0-444-63260-9

267. Philippe Goldner, Alban Ferrier, and Olivier Guillot-Noël, Rare Earth-Doped Crystals
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1 INTRODUCTION

1.1 Motivation and Background

Infrared emitters based on materials with lanthanides, and especially those con-

taining Nd3+, Er3+, and Yb3+, are of great interest for telecommunications,

photonic, optoelectronic, and biological applications due to the high monochro-

maticity and potential long emission lifetimes in the near infrared (NIR) range,

and in particular in the biological media and silica low-loss windows. A strong

effort has been devoted to the research of compounds based on these emitters,

particularly for potential use in lasers and amplifiers. At the current time, the

success of infrared lasers and amplifiers based on these emitters is proved in

fields such as manufacturing and telecommunications, but extending their

potential is still a very active field involving multidisciplinary research.

Most fibers used in photonic devices, conventional fiber lasers, and mod-

ern optical telecommunications are typically made of silica (SiO2) glass. Eco-

nomic and historic reasons based on the performance of available lasers and

detectors, together with its advantageous properties, have motivated this. Sil-

ica is extraordinarily transparent in the visible and NIR range which favors its

generalized use in fiber applications, but losses are even smaller in a number

of so-called windows in the infrared range (Fig. 1).

The first NIR transparency window for silica fibers is 800–900 nm and

was originally used taking advantage of GaAs/AlGaAs-based laser diodes

and light-emitting diodes (LEDs) and silicon photodiodes. However, due to

the fact that the absorption losses are still relatively high and the lack for suit-

able optical amplifiers, this window is only employed for short-distance fibers

and telecommunications.

The silica losses are greatly reduced at around 1–1.3 mm and the fibers’

chromatic dispersion is at a minimum. This minimizes dispersive broadening

and facilitates high data rates. This second window was originally employed

for long-distance telecommunications.

Modern silica fibers show an enhanced transparency in the third window at

around 1.5 mm with the lowest losses in the so-called C-band and the closest

sub-bands S, L and U. Low losses, together with the high performance and the

development of erbium-doped amplifiers, have contributed to its extensive use

in telecommunications.

Despite the phenomenally low losses obtained at these wavelengths

(�0.3 dB/km) with modern manufacturing techniques, regeneration of the
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optical signal is still required every 100 km or so. In addition to these intrinsic

absorption losses, there are other situations such as fiber splices and optical

splitters, which reduce signal intensity and hence require amplification of

the optical signal. In early telecommunication systems, this regeneration

required the translation of the optical signal back to an electrical signal before

pulse shaping and retransmission by a new laser. However, all optical ampli-

fiers (and in particular erbium and lanthanide fiber amplifiers) were intro-

duced resulting in a considerably better performance in terms of speed and

signal/noise.

The variety of narrow intraconfigurational (f–f ) transitions of the trivalent

ions of the lanthanides, whose energies show little dependence on the host

matrix, and the long lifetimes for spontaneous recombination have favored

the use of some of them, such as Nd3+, Er3+, Yb3+ (Figs. 1 and 2), Pr3+,

Tm3+, and Ho3+ in optical amplifiers for the NIR windows relying on stimu-

lated transitions between levels in excited ions within a length of optical fiber.

1.06 mm Nd3+ lasers and amplifiers were proposed in the 1960s (Koester and

Snitzer, 1964); they initially captured the attention of researchers (Becker

et al., 1999) and are still being used, mainly for laser applications. It was

the development of the Er3+-doped fiber and the idoneity of transmission in

the third band that favored the triumph of the technology of the erbium-doped

fiber amplifier after 1987 (Meats et al., 1987), which has allowed for the rapid

proliferation of long-distance fiber-optic telecommunications operating at a

wavelength of 1.5 mm of erbium. Importantly, Yb3+ also was found to show
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amplification and laser action at �1.0 mm (Hanna et al., 1988; Lacovara et al.,

1991) and thus widely used in diverse high power-related (mainly laser)

applications.

Amplification of the optical signal, and similarly laser action, occurs when

the stimulated emission from the emitter’s states is induced by the incoming

photons (signal), resulting in a coherent (in phase) replication of the optical

signal (Fig. 3). Apart from optical considerations regarding the cavity (mate-

rial medium in which the photons are produced), a population inversion of the

emitting centers is required for the amplification, meaning that a majority of

the emitters must be in the emitting excited state to allow for the subsequent

resonant emission of photons identical to the signal present in the cavity.

The stimulated emission probability, given by the corresponding B Einstein

coefficient, is proportional to the spontaneous radiative decay of the emitting

state (given by A Einstein coefficient), depending mainly on (material) para-

meters describing the excited and ground states and their coupling to the radi-

ation (see below (Section 3) for a more elaborate description of the emission

processes). Importantly, the inversion is achieved upon sufficient population

of the excited state via absorption of the pump, and therefore very much

dependent on the absorption cross-section, sAbs, related to the absorption

coefficient, e, as sAbs¼ e�N, with N the density of absorbing centers. The

potentially long-lived, relatively narrow-band intraconfigurational f–f transi-

tions of lanthanides are ideal excited states for producing the population

inversion and stimulated emission in the presence of a pump and signal, and

these have been successfully employed in lasers and amplifiers for a long

time. Commercial devices based on the amplifying properties of many lantha-

nide systems (and particularly Nd3+, Er3+, and Yb3+) are exploited not only in
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communications but in other fields like, for instance, lasers for manufacturing

or sensor applications.

Other interesting prospective applications of NIR-lanthanide (organic)

materials due to their low-energy excitation and emission properties (includ-

ing potential visible emission, via upconversion) include luminescence-related

applications in biological media, for instance in imaging, such as markers,

probes, for therapy, etc. (Bünzli, 2004; Bünzli and Eliseeva, 2013; Faulkner

et al., 2005). Due to the nature of the surrounding medium and common stra-

tegies for sensitization, high-efficiency (long lifetime) phenomena, and even

upconversion of radiation, much of the phenomenology of organics-based

NIR-lanthanide emitters described in this chapter applies to NIR-lanthanide

emitters for biological applications, too.

Novel secret-ink-related applications have been proposed (White et al.,

2009b) for NIR emitters, which add to those of upconverting materials with

NIR-absorbing and/or emitting lanthanides (Meruga et al., 2012). Besides

the biological applications (Chatterjee et al., 2008; Nyk et al., 2008), NIR-

based upconverters have been thought to be of interest for photonic purposes
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FIGURE 3 (A) Three- and four-level laser scheme and some related processes and magnitudes,

including the absorption (and corresponding cross-section, sAbs), nonradiative decays (with asso-

ciated rate constants knr), and probability of stimulated emission, given by the corresponding

Einstein coefficient B (which is proportional to the spontaneous emission probability, kem, given

by the Einstein coefficient A). Note that the stimulated emission involves a different level than

the absorption. (B) Schematic representation of an optical amplifier or fiber laser.
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(Lenth and Macfarlane, 1992), illumination (Milliez et al., 2006), and solar

power conversion for photovoltaic applications (Trupke et al., 2002).

A dedicated chapter for solar energy applications of lanthanide-based materi-

als exists in this series of books, which reviews properties of NIR-emitting

lanthanides for optical downshifting, upshifting, and other solar energy-

related uses (Bünzli and Chauvin, 2014).

The lanthanide atoms show a general electronic configuration given by [Xe]

4fn�15d16s2 or [Xe]4fn5d06s2. In the trivalent ions, the 4f orbitals, mainly deter-

mining their optical properties, are occupied from 4f1 to 4f14 and the outer

shells 5s25p6 are fully filled. In a free lanthanide ion, the 4f electrons are only

affected by the nuclear attraction, interelectronic repulsion and weak spin–orbit

coupling. It is complicated to describe rigorously the electronic configuration of

the lanthanides, particularly in solids and molecules, considering the interac-

tions between the many electrons, and subjected to the symmetric external

interactions. However, since the screening of 4f electrons by the outer levels

is significant, we observe that the relative energies of the multiplets are always

within given ranges and show little dependence when doped in different

matrixes (Fig. 2). The electronic fingerprint of the f–f electronic transition

allows for a relatively easy assignment, on the bases of previous measurements,

such as the Dieke diagram or measurements in other matrixes (Dieke and

Crosswhite, 1963). Upon given electronic excitations of the lanthanides, a num-

ber of (partially forbidden) f–f emissions (radiative decay) can occur in the

infrared range, not only from excited to ground state but also from a excited

state to a lower-lying excited state, as can be observed in Fig. 2.

An innumerable amount of lanthanide-doped inorganic crystalline and

glassy matrixes, from silica and alumina to other oxides and fluorides, chlor-

ides, phosphates, borates, tungstates, etc., have been proposed and success-

fully employed to attain enhanced lanthanide luminescence properties, laser

and amplification action, more and more tending toward an on-chip solution

(waveguide amplifier or laser) (van den Hoven et al., 1996), which can be

of interest in areas such as optoelectronics, biology and sensing. The search

for a suitable matrix is not only a matter of improved optical properties of

the lanthanide dopants but, importantly, related to the concentrations of these

ions, as it can be observed that for the characteristic low absorption coeffi-

cients (e�1 cm�1), higher concentrations (in principle) result in better optical

performance (see Fig. 4). Thus, in principle, it would be desirable to obtain

high concentrations of optically active lanthanide ions, but (a) they are rela-

tively insoluble in most matrixes, and (b) segregation at increased concentra-

tions causes a decrease in their optical properties, even in defect-free

compounds due to energy transfer between the ions (ion–ion interactions)

resulting in strong cross-relaxation and the extinction of excitations. The con-

centration of the lanthanides in inorganic matrixes is, in fact, a critical issue

in the sense that concentrations in the order of �1020 ions/cm3 coupled with

the typically low absorption cross-sections arising from the parity and spin
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forbidden f–f transitions (10�21 cm2) would require relatively long working

distances and high pumping powers in order for the amplifier to produce the

desired stimulated emission and amplification (Fig. 4).

YAG (yttrium aluminum garnet) and ZBLAN (Zr–Ba–La–Al–Na fluoride

glass) are canonical matrixes for enhanced performance of Nd3+, Er3+, and

Yb3+, with extended commercial uses. However, currently the record amplifi-

cation to our knowledge is held by the KGdLu(WO4)2 matrix lattice-matched

doped with 47.5% Yb3+, with values up to nearly 1000 dB/cm at 981 nm

(excitation 932 nm), which underlines the importance of good dispersion

and heavy doping in lanthanide-doped systems (Geskus et al., 2012).

Interestingly, some of the studied inorganic matrixes show remarkable NIR

luminescence properties in the bulk and also as nanoparticles. The improved

understanding and quality of production of NIR-emitting lanthanide-doped

materials, and particularly nanoparticles, have also benefited the range of pos-

sibilities for amplification, and particularly in organic environments, by
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FIGURE 4 Estimate of gain as a function of Er3+ concentration and pumping power for a typical

inorganic compound with pumping at 1.48 mm and emission at 1.54 mm. Realistic values (fiber

core radius: 2 mm, lifetime of the excited state: 11 ms, absorption cross-sections: 3�1021 cm2 (sti-

mulated), 1.5�1021 cm2 (stimulated); emission cross-sections: 1.5�1021 cm2 (stimulated),

0.5�1021 cm2 (stimulated), spectral overlap 1) were employed for characterizing the medium.

Calculation are based on the simple model (Xia et al., 1998) for the gain of an erbium amplifier

derived from the dynamic equations describing the population and depopulation of the emitting

Er3+ state upon pumping. Only one-photon interactions have been included for simplicity. The

inclusion of other processes like excited state absorption, or energy transfer would result in a

decreased value for the given pumping power, mainly at the higher pumping powers.
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means of the incorporation of lanthanides into polymer waveguides (Zhang

et al., 2007a). The lanthanide-doped nanoparticles activate the polymers,

and despite the necessary cautions for transparency, they offer the possibility

of synergizing some of the organics’ and lanthanides’ properties (efficiency,

control, processing, integration, mechanical and thermal properties, etc.). Still,

this approach is out of the scope of this review which focuses on the intrinsic
advantages of the NIR lanthanides in organic environments, and mainly those

derived from the organic-lanthanide interaction. Importantly, nanoscale NIR

lanthanide-based materials allow for enhanced properties toward biological

applications too. Lanthanide-doped nanosized phosphates and fluorides are

among the most used materials (typically with organic functionalization and

coatings to enhance solubility), with NaYF4 being one of the most promising

and employed matrix (Heer et al., 2004), due to its high efficiency and synthetic

control (size, structure, morphology, doping, and coating), and the interplay

between visible and NIR states, including upconversion. Despite maybe in

organic environments, these purely inorganic nanosystems are not the subject

of this chapter save when an organic–inorganic sensitizing interaction exists,

conforming hybrid systems.

A possibility for overcoming the deficiencies of inorganic materials

involves the use of lanthanides in combination with organics. The advantages

of organics-based lanthanide materials for optical applications are twofold.

On the one hand, organic ligands can chelate the lanthanide ions and polymers

dissolve them, thus allowing a fine control of the concentration, either by

making pure lanthanide compounds and controlling the distance and architec-

ture by engineering the chemical nature of the ligands or by diluting the lantha-

nide complexes with optically inactive complexes or in polymer matrixes. This

strategy increases the solubility of the lanthanides, solves the problem of aggre-

gation/segregation, and provides very interesting possibilities based on NIR-

lanthanide complexes and pseudo-ions for biological applications. A number

of interesting polymer matrixes have been proposed for fibers and waveguides

(Ma et al., 2002). On the other hand, and even more importantly, lanthanides in

organic environments allow indirect excitation of the lanthanide ion through the

organics, involving energy transfer to the lanthanides’ states from allowed exci-

tations in the ligands and providing orders of magnitude higher excitation rates,

a phenomenon called sensitization from the organics. This is also beneficial for

optical applications of enhanced NIR-based lanthanides in biological systems.

The main drawbacks of lanthanides in organic media include the fact that in

general the lanthanides’ states can be relatively sensitive to vibrational quench-

ing, which becomes important in the case of states in the infrared range and in

an organic environment or matrix. This phenomenon is a consequence of the

so-called gap law (see Section 3.2) which relates the vibrational quenching

probability with the number of overtones of the vibrational modes needed to

bridge the gap to lower-lying states. In NIR-emitting lanthanides in organic

environments, it is typical that few overtones are required due to the high
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energy of hydrogenated vibrational modes and the reduced energy gap. This

results in a considerable decrease of the lanthanide emission efficiency and life-

time, due to this predominant quenching channel. The use of heavier ligands, in

which hydrogen atoms are substituted by deuterium or heavier atoms such as

fluorine, has been proposed as strategy to improve the lanthanide performance

in organic media (see Section 4).

1.2 Organic-Based NIR-Emitting Lanthanide Photonic Devices

Despite the difficulties in keeping the long lifetimes, amplifier and lasers based

on Nd3+ and Er3+ emitters in organic material environments have been pro-

duced, although at present none of them take advantage of sensitization. Apart

from the ones that include nanoparticles in organic matrixes, all of them incor-

porate Er3+ or Nd3+ complexes in organic polymer matrixes, to allow for

increased solubility and concentrations higher than 1020 ions/cm3 conferring

them with gain and laser activity in devices that are a few centimeter in length.

Importantly, the optical features of the host polymer are critical to confine the

light and minimize the losses in the desired range. A number of polymers have

been proposed as hosts (Ma et al., 2002). The first amplifiers based on Nd3+

involved high concentration Nd(III) chloride-doped polymers (Chen et al.,

1993; Karve et al., 2000) allowing for amplification in channel waveguides

upon high power 800 nm excitation. Relative control of the vibrational quench-

ing via fluorination or deuteration (see below) allowed for gain in systems

based on the fluorinated b-diketonate Nd3+ complex [Nd(hfa)3]

(hfa¼hexafluoroacetylacetonate) in polyimide matrix and the deuterated

[Nd(hfa-d)3] in perdeuterated PMMA (polymethyl methacrylate) matrixes

(Fig. 5) for Nd3+ direct excitation (Kuriki et al., 2000). More recently, the

b-diketonate [Nd(tta)3phen] complex (tta¼ thenoyl-trifluoroacetonate,

phen¼1,10 phenanthroline) in the partially fluorinated cross-polymer of 4,4-

(hexafluoroisopropylidine) diphthalic anhydride (6FDA) and 3,4-epoxycyclo-

hexylmethyl-3-4-epoxycyclohexane carboxylate (UVR) showed an enhanced

behavior with limited quenching capable of producing 1.4 dB/cm gain at 1.06

and 0.5 dB/cm gain at 0.87 mm in channel waveguides with cycloaliphatic

epoxy prepolymer as side cladding (Yang et al., 2009, 2010). The same material

allowed for the implementation of an integrated continuous wave solid-state

Nd-polymer laser above a threshold of 50 mW of absorbed pump power at

800 nm direct excitation (Grivas et al., 2010). Similarly, Nd(III) trifluoroacetate

[Nd(CF3COO)3] in DMA (N,N-dimethylacetamide) also produced laser action

in a 13-mm-long liquid laser cavity with a threshold of 86.4 W, which has been

considerably reduced by employing polymer poly(hexamethylene

p-phenylenediacryl amide) as the host (Yoshioka et al., 2011, 2012).

Er3+-based organic amplifiers have also been proposed, as late as 2005,

based on Er3+ b-diketonates (Fig. 5) dissolved in polymers such as epoxy

Novolac resin SU8. The low performance upon direct excitation of Er3+ at
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1450 and 980 nm has promoted the use of Yb3+/Er3+ codoping to enhance the

pump due to the larger absorption cross-section of the Yb3+ and by exploiting

Yb3+-to-Er3+ energy transfer (see below), a strategy which is also used

in inorganic matrixes. With Er3+ concentrations of 1% and 10% Yb3+,

1.6 dB/cm gains have been obtained at 180 mW pumping (Wong et al.,

2004, 2005b). PMMA doped with QB-Er, erbium(III) tris-nitrato-tris-

[4-[4-(3-triethoxysilylpropoxy)-phenylazo-oxyide]-phenyl-diphenylphosphine,

shows 1.34 dB gain for 1.6 cm length (Le Quang et al., 2006). Interestingly,

Er3+–Yb3+–pure organic polymeric medium [Er1.2Yb0.8(PBa)6(phen)2],

PBa¼4-pentylbenzoate, 1.2 cm waveguides with SU8, and PMMA-GMA
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FIGURE 5 Schemes of some polymer matrixes and coordination complexes with organic

ligands of Nd3+ and Er3+, which have been employed for organics-based amplifying waveguides

and lasers upon direct excitation on the lanthanides’ states.
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(GMA¼glycyl-methacrylate) cladding yield gains of 5.2 and 6.5 dB, when

pumped at 976 nm (Chen et al., 2009).

As we have previously commented, this report emphasizes on the prospec-

tive of NIR-based organic materials incorporating the lanthanides as constitu-

ents, and particularly including chromophores to take advantage of enhanced

indirect excitation. In the following sections, we therefore develop the bases

and progress of the field of organics-based NIR-emitting containing lantha-

nides with the focus on sensitization and creation of an efficient lanthanide

environment, together with other related relevant processes that may contrib-

ute to the enhanced optical performance.

2 SENSITIZATION OF NIR-EMITTING LANTHANIDES

Sensitization of infrared-emitting lanthanide ions (and particularly Er3+) for

optical amplification has been pursued in inorganic materials by a number

of strategies, particularly lanthanide doping in semiconductors, with the aim

of exciting the lanthanides’ luminescence properties upon pumping involving

the enhanced optical transitions in the semiconductor bands (Daldosso et al.,

2005; Han et al., 2001; Wojdak et al., 2004). However, lanthanides’ solubility

in most inorganic semiconductors is very poor, which makes synthesis of the

doped materials challenging, often requiring ion implantation. Furthermore,

importantly, the extremely short spontaneous recombination time of the exci-

tons in semiconductors causes severe difficulties in sensitization, this mecha-

nism being extremely favored in the competition with the sensitization

deactivation channel. Alternatives include controlled codoping of the optically

active lanthanides with other ions, acting like (longer lived or more energeti-

cally favored) intermediating excitation traps to excite the lanthanides

(Fukushima et al., 2005; Xiao et al., 2012).

Importantly, organic sensitization has emerged as an interesting strategy

for enhancing indirect excitation of NIR emitting lanthanides. Organic

chromophores-mediated sensitization of lanthanides shows a number of

advantages (see below) which we discuss in this chapter and has been studied

for more than 70 years, when it was first observed in UV-excited Eu3+ che-

lates, in which the lanthanide was encapsulated and excited indirectly via

b-diketonate organic ligands (Weissman, 1942). However, the organics-based

sensitization of NIR-emitting lanthanides involves a number of challenges,

mainly derived from the presence of the lanthanide in an organic environ-

ment, but also due to the coupling of the chromophore and lanthanide states.

2.1 Electronic Configuration of Organic Molecules
and Semiconductors

Typically, either considered molecularly or extendedly, organic compounds

or coordination complexes with organic ligands present a diamagnetic
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ground-state configuration arising from the discrete HOMO2n–LUMO0 con-

figuration in which typically all the individual spins are paired, resulting in

a total spin 0, S¼0, singlet state, S0. Thus, the first electronic excitation lead-

ing to the HOMO2n�1–LUMO1 constitutes the first excited state with S¼1, a

triplet state T1. The second excitation results typically in a singlet S1 with

paired electrons, and it is the allowed S0!S1 the first intense absorption that

should be observed in the optical absorption spectrum. This is due to the fact

that to a first approximation, only transitions between states with the same

spin quantum number are allowed, S0!T1 being spin forbidden. Recipro-

cally, the emission spectrum typically occurs from the S1!S0 (fluorescence)

process. The molar extinction coefficients for these allowed transitions are

considerably high, in the order of 104 cm�1, and thus, the spontaneous decay

times are in the order of nanoseconds. Employing these high oscillator

strengths, one can potentially substantially enhance the absorptivity of lantha-

nides toward photoluminescence (PL) applications (and particularly for NIR,

in the case of Yb3+, Er3+, Nd3+).

Importantly, it is usual that the fluorescence spectrum of the organics

occurs at longer wavelengths with respect to the absorption spectrum. This

is called the Stokes shift and it is a consequence of the redistribution of elec-

trons and resulting rearrangement of atoms in the electronic excited state in a

vibrating molecular environment (Atkins, 1976; Di Bartolo, 1968). The ener-

gies and dynamic properties of electronic states of color centers in a vibrating

environment are contributed by the matrix’s vibrations. This causes the con-

sideration of vibronic (electronic, together with vibrational) states for a com-

plete description of the dynamic system. In the so-called Born–Oppenheimer

approximation, the electronic rearrangement times are orders of magnitude

faster than the nuclear rearrangement times, and the electrons immediately

follow the moving nuclei. Under this condition, it can be shown that the vibra-

tional part of the wave-function, w, can be separated (Di Bartolo, 1968). As a

consequence, the electronic state, c, can be considered as split in a set of

vibrational replicas, associated to the corresponding levels of the quantum

states of the different symmetry oscillations (modes) of the environment

(Fig. 6). Thus, the vibronic states can be considered as a quasicontinuous

set due to the rich vibrational density of states. The vibrational levels are

populated according to the temperature and the electronic transitions can

involve the creation and destruction of vibrational modes, which results in

broad bands, of typically more than a hundred nanometers (�3500 cm�1,

�0.4 eV) when measuring the absorption and emission spectra. This is the

appearance of the envelope curve that involves all possible vibronic transi-

tions at the given temperature.

Importantly, the coupling between structure and electronic cloud in the mol-

ecule may be such that the electronic excitation can cause an intrinsic structural

rearrangement (represented by the horizontal (mode coordinate) displacement

of the excited states, cex, and the ground state, cgr, in Fig. 6). This occurs as a
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consequence of the change in the electronic distribution for the reaccommoda-

tion of the new hole/electron configuration in the molecular orbitals upon this

electronic excitation, which causes a different electrostatic potential for the

charged nuclei. These geometric differences between the ground and excited

states, together with the most likely occurrence of the vertical transitions (in

which the structure is “frozen” at departing state equilibrium coordinate and

only the electron initially changes state) for a minimal creation or destruction

of vibrational overtones (see Figure 6) causes the absorption and emission at

different energies (Stokes shift) (Atkins, 1976; Di Bartolo, 1968).

In this vibronic scheme for the description of the optical processes,

the change of energy along vibrational deexcitation within an electronic

state, or by changing the electronic state, is possible in the absence of light

interactions (curly arrows in Fig. 6). Electronic relaxations along vibrational

states (Fig. 6) are rapid and efficient at ambient and low temperatures, so

the process can be as short as 10�13 to 10�11 s for allowed relaxations within
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FIGURE 6 Schematic representation of the electronic configuration of an arbitrary organic chro-

mophore and potential optical processes within it. The vertical axis represents the energy and the

abscissa axis is the distortion in the mode coordinate (only one vibrational mode is represented,

for simplicity). Absorption, fluorescence, and phosphorescence vibronic transitions are represented

by solid vertical arrows. The predominance of the vertical vibronic transitions (without change in

the coordinate Q, from the electronic equilibrium state (corresponding curve minima)) causes the

Stokes shift, DEStokes, implying the emission at lower energies than absorbed (notwithstanding this,

other transitions from/to different vibrational states involving the creation or destruction of a differ-

ent number of overtones of the given mode are possible (some of them represented in gray)). From

the graph, it is observable that larger displacements of the excited electronic state, cex, configu-

rational curve, implying larger electron–phonon coupling, cause larger Stokes shift. Nonradiative

transitions can be vibrational (represented by curly arrows), even involving changes between elec-

tronic states, or intersystem crossing (ISC, dotted arrow, between the electronic states).
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the same electronic states, and somewhat longer if a quantum forbidden tran-

sition or a connection between different nature electronic states must be taken

into account (for example, multiphonon nonradiative relaxation from a

excited state to a lower-lying electronic state or ground state (Fig. 6)). Impor-

tantly, it is found that for this type of nonradiative quenching, the rates are

exponentially dependent on the effective number of phonons of given energies

necessary to bridge the electronic energy gap (see below for a more explicit

derivation in the case of a lanthanide state, which is also subjected to

these rules).

The T1 state (first excited state) may not be completely transparent, and

in some cases, it can be photoexcited and subsequently decay radiatively

(phosphorescence) through the relaxed spin forbidden transition from/to ground

state. Nonetheless, due to the (in principle) spin forbidden nature of the

transition, the lifetime of a triplet state is long (approx. in the 10�4–10 s range),

which is considerably longer than the typical lifetime of fluorescence processes

(typically nanoseconds). (Note that phosphorescence is a different phenomenon

to delayed fluorescence, which occurs at the S1!S0 energy, but with delayed

dynamics.) In organic semiconductors, T1 can typically be more efficiently

excited by the injection of charges (electrons and holes) in organic diodes,

and in general by an enhanced interaction mixing spin states, including external

fields, for instance, which allows the creation of triplets upon singlet excitation.

The process of creation of triplets from singlets is called intersystem crossing

(ISC). This involves an electron spin interaction mixing the singlet and triplet

states that allows that a number of (optically) excited singlets decay nonradia-

tively to triplets. The ISC requires approximately 10�8 to 10�7 s for such a non-

radiative spin forbidden transition, which is the same order of magnitude as the

typical lifetime of an excited singlet state. Therefore, ISC can be completed to a

certain degree in the timescale of fluorescence. In general, the triplet’s low

emission probability and its relatively low-energy gap with respect to the

ground state in comparison with the singlet cause a considerable higher proba-

bility of nonradiative quenching, either by multiphonon radiationless phenom-

ena or by cross-relaxation mechanisms such as triplet–triplet annihilation

resulting in singlet repopulation. Phosphorescent processes, derived from direct

emission from the triplet are thus typically limited in organic semiconductors

unless ISC, resulting in a large population, and subsequent increase of

T1!S0 radiative decay, is enhanced. A number of triplet emitters, some of

them incorporating heavy transition metal ions that can favor ISC through large

spin-orbit coupling, have been proposed.

In the case of metal complexes with organic ligands, and depending where

in the space defined by the molecule the ground and electronic state’s wave-

function lies, the nature of the singlet and triplet transitions can involve metal-

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

ligand-to-ligand charge transfer (LLCT), or being simply intraligand transi-

tions. In general, it is possible that several of these processes lie within a
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similar energy range, as a consequence of the small energy differences

between the corresponding molecular orbitals and multielectron states, and

multiple states with singlet and/or triplet character may overlap (in terms of

electronic energies alone or, in general, in vibronic terms) for a given mole-

cule. This rich structure and possible interactions between the states may com-

plicate very much the electronic configuration of the chromophores.

Interestingly, if the states involved in the excitation or deexcitation of the

metal complex encompass a wave-function lying on or nearby the metal, the

ISC or singlet–triplet mixing may be enhanced due to the heavy metal ion

effect. Higher atomic numbers provide increased spin–orbit interaction, capa-

ble of relaxing the pure S¼1/S¼3 character of the electronic states.

Importantly when the lanthanide is coordinated to the organic ligands or

organic moieties, the interactions arising from the ligand-lanthanide bond or

the change in geometry with respect to the isolated state may affect the elec-

tronic levels and result in a different overall electronic configuration of the

metal-ligand complex itself with respect to that of the organic ligand alone.

This is particularly important in general in organo-metallic or coordination

complexes, and if the presence of the lanthanide determines that the transi-

tions between states involve MLCT or vice versa, but can also be the case

in LLCT states. The electronic configuration of the complex itself and the dif-

ferences when unbound can be measured by comparing the optical properties

of the ligand alone and the metal complex. Trivalent lanthanide f levels are

typically internal and independent of the bond. The complex’s absorption is

in general not very dependent of the lanthanide and an optically inactive (rare

earth) ion such as Gd3+, La3+, Lu3+, or Y3+, not providing states in the optical

range are typically employed to gain access to the magnitudes relating to the

purely organic transitions without new intermediate states, but in a realistic

configuration for the chromophore. The energies of the chromophores may

depend on the packing or environment as a consequence of p–p or other

aggregation-dependent molecular interactions (Hernández and Gillin, 2009),

and thus it is usual that solutions, different conformations (isomers), or differ-

ent polymorphs show different energies and associated spectra.

2.2 Electronic Configuration of Lanthanides in Material
Environments

As we have previously said, the relative energies of lanthanides’ multiplet

states arising from the f–f electronic configuration are not significantly depen-

dent on the host matrix. These states are typically described in the Russell–

Saunders scheme for coupling, focusing on the overall angular momenta

(see for instance Ronda, 2007). Strictly speaking, the Russell–Saunders model

is not fully adequate for the lanthanides since in heavy atoms the interaction

between electrons is strong but it is largely used in the lanthanides in the view

of simplicity. In the Russell–Saunders coupling scheme, L is the quantum
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number that accounts for the total orbital angular momentum that defines the

energy state for a system of electrons in the presence of orbit–orbit coupling.

L¼0, 1, 2, 3, 4, 5, and 6 correspond to the term letters S, P, D, F, G, and H,

respectively, as the atomic states. The total spin is S and the total angular

momentum is J, with the spin–orbit coupling determining the condition jL�Sj
�J�L+S. When the 4f orbitals are less than half filled, J¼jL�Sj, and other-

wise, J¼L+S. The electronic states arising from the 4f configurations are

described by the Russell–Saunders symbols 2S+1LJ (2S+1GJ, L�G when in a

material medium). Each 2S+1GJ term is split further into a (2J+1) multiplicity.

For instance, the ground term of Yb3+ is split into 2F7/2 and
2F5/2 (in increasing

order of energy). Moreover, the J of the ground level is given by J¼Jmin if

n< (2l+1) or J¼Jmax if n> (2l+1), with n being the number of electrons in

the orbital l and thus if n< (2l+1), the energy of the levels increases with

increasing values of J, while if n> (2l+1), the opposite is observed. For

instance, the ground Nd3+ (4f3) term is split into 4I9/2,
4I11/2,

4I13/2, and
4I15/2,

and for Er3+ (4f11) into 4I15/2,
4I13/2,

4I11/2, and
4I9/2, both in increasing order

of energy.

When a lanthanide ion is inserted into a fixed ligand environment, the

spherical symmetry of its electronic structure is broken and the remaining

(2J+1) degeneracy of its electronic states is partially lifted depending on

the symmetry for the ion site or the shape of the coordination polyhedron

(G€orller-Walrand et al., 1998). Due to the shielding of the outer electrons,

the 4fn electronic wave-function observes a weak influence of the outer fields

and a weaker mixture with the surrounding orbitals, resulting in a minor influ-

ence of the 2S+1GJ state splitting (a few hundreds of cm�1) as a consequence

of the ligand coordination. This perturbation of the ligand environment is

still responsible for observable fine spectral structures. In a simplified

ligand-field model, the ligand-field term in the electronic Hamiltonian can

be expressed as X
k,q, j

BkqCkq (1)

where the summation involves j, for all 4f electrons, Bkq represents each of the

ligand-field parameters (commonly treated as phenomenological parameters)

and Ckq represents the corresponding component of the tensor operators trans-

forming like spherical harmonics. The Bkq parameters depend on the charac-

teristics of 32 crystallographic symmetry groups, which can be evaluated by

k and q with q�k in any case.

Although the splitting caused by the ligand field in the f states is relatively

small in comparison to the splitting of less screened electrons like, typically,

d-block ions, it can be measured. In fact, this splitting can be used to build a

three-level laser or amplifying system, by using field states 2S+1GJM as pump-

ing levels for the corresponding emissions from lower-lying levels, 2S+1GJM0

(typically with E(2S+1GJ<
2S+1GJM0)), for instance in Yb3+ (excitation at
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980 nm for emission at 1050 nm) or in Er3+ (excitation at 1480 nm for emis-

sion at 1540 nm).

J-mixing in the ligand field means that J can no longer considered a pure

valid quantum number, and relaxes transition rules relying on conditions

about J. This fact, together with the limitations of the Russell–Saunders cou-

pling scheme, causes that J is considered an “approximate” quantum number

or label, which describes phenomenologically field states.

The accurate measurement of the crystal field parameters can be difficult

in a solid environment because it is often the case that upon high concentra-

tions, lanthanides occupy various positions in the matrix, or slightly distorted

sites in the case of softer materials. Thus, different coordination polyhedra

caused by the presence of these multisites or tensions result in an inhomoge-

neous broadening that often masks the ligand-field structure in the optical

spectra. Importantly, this different field experienced by NIR-emitting lantha-

nides in the matrix can affect the corresponding emission probability.

It is important to remark that the energies of the f states of the lanthanides

are described above as relative to the corresponding lanthanides’ ground-state

energy, analogously to the case of an isolated ion if it were in vacuum. How-

ever, in a semiconductor material environment, we must consider that the

ground state may be at a different energy than the top of the valence band

(Dorenbos, 2003). Equivalently, in an organic environment understood as an

extended organic semiconductor or a molecular chromophore, the lantha-

nides’ ground states are not in general aligned with the S0 ground state of

the organics, which in turn may be affected by the presence of the lanthanide

ion. In other words, considered in absolute terms with respect to vacuum or in

relative terms with respect to the ground-state energy of the organics, they

may appear shifted to higher or lower energies depending on the nature of

the organics and the lanthanide ion. This has been thoroughly studied in the

case of lanthanide impurities in inorganic matrixes where despite the fact that

many of the states can be considered intra-gap due to their relative energy, the

absolute energetic position relative to the valence and conduction band will

significantly affect many of the sensitization and back-transfer properties

(Dorenbos and van der Korlk, 2008). This phenomenon is illustrated in

Fig. 7A. However, to represent the electronic configuration and consider more

simply energy exchanges, these states are typically represented in relative

terms to the ground state in the so-called Jablonski diagrams (Fig. 7B).

While, as we have previously stated, the molecular chromophore states

are typically strongly coupled to vibrations and broad bands and large Stokes

shifts occur, the shielding of the f levels of the lanthanides prevents a large

energetic dependence with the solid or molecular (or complex) vibrations.

Thus, although vibrational broadening of the absorption and emission bands

is observed, the lanthanides’ states show significantly smaller Stokes shift

(weak vibrational couplings). Notwithstanding this, it is also observed that

lanthanides in molecular/organic environments show a considerably more
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stretched and rich vibrational contributions than in inorganic matrixes, in

which the contribution of few phonons or specific complex vibrations causes

a well-delimitated vibronic progression of the lanthanides’ states, sometimes

appreciable, particularly at low temperatures. Relaxations are also possible

along the corresponding vibrational sublevels of the electronic states of the

lanthanides in the (organic) environment, which are produced by the creation

or destruction of vibrational modes (overtones), and importantly, vibrational

relaxations can occur between different electronic states.
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FIGURE 7 (A) Representation of the electronic configuration of an NIR-emitting lanthanide in

an arbitrary organic environment with the corresponding organic chromophore configuration, as

given by Fig. 6. The corresponding electronic states 2S+1GJ are slightly split due to crystal field,

although not represented. (B) Jablonski diagram showing some radiative and nonradiative pro-

cesses, including the energy transfer from the organic states to the lanthanide states (sensitization).

The represented energy transfers result in the excitation and subsequent NIR emission of the lan-

thanide upon absorption in the organic chromophore.
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2.3 Sensitization of NIR-Emitting Lanthanides through Organic
Chromophores

Sensitization of a lanthanide (acceptor, A) via organic chromophore (donor, D)

states occurs when a nonradiative electronic interaction Hint connecting the

lanthanide and the organic-based states results in an excitation of the lantha-

nide to an excited state at expenses of the organic’s electronic energy, which

relaxes to the ground state. We must bear in mind that a radiative reabsorp-

tion of an organic chromophore emission by the lanthanide could also

occur, resulting in the corresponding lanthanide emission, but this is not the

subject of this consideration of sensitization. Such a radiative process could

be treated independently and modeled in a way in which the radiative and

nonradiative dynamics of the absorbent and emitter states are not affected

(Di Bartolo, 1968).

A first mathematical approximation to describe sensitization may be

reached through Fermi’s golden rule, expressing the probability (per time

unit), kET, of such a nonradiative electronic transition from the organics’

(donor) states into the lanthanides’ (acceptor) ones, and explicitly representing

the physical/dynamic connection between acceptor and donor:

kET ¼ 2p
ℏ

D, A*
� ��Ĥint D*, Aj i�� ��2ð

E

gD Eð ÞgA Eð Þ dE

¼ 2p
ℏ

Chr, Ln*
� ��Ĥint Chr*,Lnj i�� ��2ð

E

gChr Eð ÞgLn Eð Þ dE
(2)

where ℏ is the reduced Planck constant (h/2p), the asterisk denotes that the

subsystem is in an excited state, and gChr(E) and gLn(E) are the spectral line-

shapes for the chromophore (donor) and lanthanide (acceptor) transitions. It

must also be considered that, in principle, organic sensitization from the lan-

thanide excitation should also be possible. If the final subject of an excitation

is the organic chromophore, this is called back transfer. This can be consid-

ered similarly to this development, but reversing the roles of the acceptor

and donor correspondingly.

The nature of the electronic interaction, Hint, must be such to mix the

organic chromophore-based states, jChri, and the lanthanides’ ones, jLni.
The bracket captures all the symmetry and quantum number conditions neces-

sary for the overlap of the projected state Hint jChr*, Lni on the final state

jChr, Ln*i, but there is also an energy resonance condition given by the over-

lap of the spectral lineshapes, arising from the energy conservation laws.

Importantly, the energy overlap must be considered in terms of the vibronic

wave-function; thus, vibrational assistance can be important.

Dipolar/multipolar energy transfer (F€orster type) and exchange-based

mechanisms (Dexter type) have been proposed as the connecting Hint interac-

tions allowing for sensitization. For energy transfer from an excited singlet or
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triplet state to the 2S+1GJ levels of lanthanide ions the selection rules for

energy transfer are:

jDJj¼0, 1 (J¼J0 ¼0 excluded) for a Dexter mechanism or

jDJj¼2, 4, 6 for a F€orster mechanism.

Importantly, to theoretically analyze the transfer from the organic chromo-

phore to the lanthanides, the transfer to all possible vibronic states in a lantha-

nide multiplet from the corresponding vibronic states of the chromophore

should be considered (which allows a large span of the density of states).

For an analytical formulation of the Dexter- or F€orster-type interaction Hamil-

tonians, Hint, a general text book can be sought (Henderson and Imbusch,

1989). Importantly, it must be taken into account that due to the undefinition

of the J quantum number in a real environment as a consequence of limited

validity of Russell–Saunders approach, or J-mixing in a ligand field, for

instance, these rules may be relaxed and apparent prohibitions can be over-

come (Lazarides et al., 2008).

Dexter mechanism is strongly dependent on the spatial overlap between

the donor and acceptor’s wave-function and decreases exponentially with

the distance between the optical centers. Consequently, the interactive dis-

tances are very small and Dexter mechanism operates in a short distance

<3 nm. F€orster’s multipolar interactions extend over longer distances and a

corresponding power law with the inverse of the distance is employed for

describing the magnitude, the exponent depending on the multipolar nature

of the interaction (dipole–dipole varying as R�6, and higher order interactions

involving higher exponents).

The dominant specific transfer interactions may vary with the materials,

and also the dominating states involved in the transfer. It has been demon-

strated that singlet and triplet states of an organic chromophore may be

involved and Dexter and F€orster interactions may occur (Hebbink et al.,

2002; Klink et al., 1999; Lazarides et al., 2008; Reinhard and Güdel, 2002).

However, in a number of examples transfer occurs mainly from the triplets

and the commonly accepted picture is that the majority of sensitizations occur

via organic excited states with S¼1 (Crosby et al., 1961), either by Dexter or

by F€orster transfer. This is because not only they can take up the major prob-

ability constant due to electronic (interaction) reasons, but also because the

transfer rates in the case of singlets may not be sufficiently significant to com-

pete with other decay mechanisms (including radiative and nonradiative deex-

citations; Klink et al., 1999).

Besides the (electronic) symmetry, the energetic overlap between donating

and accepting states is also a considerable modulation of the energy transfer

probability, as represented by the integral factor in Eq. (2). Importantly, we

must remark that the overlap involves the energy of the relaxed organic state

and that of the lanthanide’s excited state which correspond, respectively, to

the chromophore’s emission density of states and the lanthanide’s absorption
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density of states. Due to the small crystal field and vibrational coupling lead-

ing to the small Stokes shift, the lanthanides’ absorption density of states is

similar to the emission profile. The resonance condition is critical to the

extent that often sensitization is considered a resonance energy transfer pro-

cess. However, we must bear in mind that the overlap is considered over

vibronic states, and therefore, vibrational assistance can occur. In vibration-

ally assisted energy transfer, it is possible to bridge the energy gap between

the donor’s and acceptor’s states by the involvement of vibrations. In other

words, the nonradiative electronic transitions may occur at a high vibrational

state in the accepting ion, which subsequently relaxes. This probability

depends on the vibrational density of states, as contained in the integral factor,

and thus, importantly, on the temperature. This factors are critical for back

transfer from the lanthanide’s states to the chromophore’s ones.

In summary, for efficient sensitization, it is typically assumed that the

lanthanides and organic chromophores must be spatially close, and that must

present high ISC, and the triplet energies typically in the order of

1200–2000 cm�1 higher in energy than the lowest accepting level of the lan-

thanide ion. This is to avoid back energy transfer, which is typically a ther-

mal/vibrationally assisted process.

Importantly, accepting states of the trivalent lanthanide with lower reduc-

tion potential (like Yb3+) may involve charge transfer (CT) from soft donor

ligands (Horrocks et al., 1997), the sensitization involving a photo-redox pro-

cess. Thus, an LX-Yb3+ (L¼organic ligand including a ligand-based chromo-

phore) may be photoexcited via a ligand-based transition to LX*-Yb3+ (where
the asterisk represents being in an excited electronic state) and the energy sub-

sequently transferred involving transitory ligand-to-metal CT, L(X�1)-Yb2+,

decaying to LX-Yb3+*, which then decays radiatively to produce sensitized

lanthanide-based NIR emission. For this to happen, the localization of the

CT states of the LX-Yb3+ system, E[L(X�1)-Yb2+] must be in the range of

the gap between the ground state of the Yb2+ ion in the complex and the

top of the ligand-based valence band (Dorenbos, 2003; Liu et al., 2006). Since

Yb3+ has only the possibility of accepting at 2F5/2, with an energy �1.26 eV

(10,200 cm�1), the energy mismatch between the chromophore’s donating

state and the Yb3+ excitation energy may be large. This makes the previously

described mechanism a competing one with conventional vibrationally

assisted for sensitization of the Yb3+ from high energy chromophores, if the

ligand, Yb3+ and CT energies fulfill the described conditions (Gonçalves

e Silva et al., 2002; Reinhard and Güdel, 2002; Fig. 8).

The sensitization of the NIR-emitting lanthanide ion can be assessed from

the excitation spectrum of the corresponding f–f transition. While in the

absence of sensitization mechanisms, the absorption bands of the lanthanide

(typically above the emitting state) are the only ones yielding the IR transi-

tion, in a sensitized process, new broad bands, originating in organic-related

transitions, will be observed. To prove sensitization, the excitation spectrum
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(recorded in nonoptical saturation conditions) of a lanthanide material should

be compared with the absorption spectrum of the coordinated organic chromo-

phore, due to the predominance of the organic state-based transitions. The

magnitude of the organics-related excitation bands with respect to the lantha-

nides’ transitions (which should still occur in the spectrum) and their compar-

ison with the absorption spectra yields information on the participating states

and degree of sensitization.

Energy transfer to an oxygen (O2) molecule (oxygen sensitization) is an

important channel of triplet deactivation that must be taken into account for

some chromophores. It is known that dioxygen is a paramagnetic molecule

with a fundamental triplet state 3Sg, and the first excited state at �0.1 eV

(7882 cm�1) corresponds to a 1Dg singlet.
3Sg can accept the excitation from

organic dyes acting as sensitizers from transfer through the chromophore’s

triplet state [(3T1,
3Sg)! (1S0,

1Dg)]. This results in the quenching of the

phosphorescence and can be measured. This process must be taken into

account in the presence of the lanthanide: not only is it a competing mecha-

nism to lanthanide sensitization, but it can be employed to assess the magni-

tude of the transfer to the NIR-emitting lanthanide from the chromophores’

triplets (Klink et al., 1999; Werts et al., 1997). Besides, oxygen singlets are
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FIGURE 8 (A) Schematic configurational diagram showing photo-redox excitation of Yb3+

from a soft donor, in which the charge transfer (CT) states occur at the energy range allowing

excitation of Yb3+ after temporary photo-oxidation/reduction of the ligand to L+ Yb3+ to Yb2+.

The nonradiative transitions from ligand, complex, and Yb-based states occur via (vibrationally

assisted, when necessary) tunneling between the parabolae. (B) Conventional, vibrationally

assisted energy transfer mechanism involving excitation on a ligand-based chromophore to sensi-

tize Yb3+ NIR emission. The nonradiative energy transfer causing the Yb3+ sensitization is repre-

sented with a diagonal dashed arrow. The curly gray arrow represents vibrational intrastate decay.
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extremely long lived (t�72 min in gas phase) and, chemically very active,

thus can diffuse and result in a degradation (burning) of the organics. In fact,

they are deliberately produced in photodynamic therapy to kill cancer cells.

Importantly, oxygen singlets can also be produced by the lanthanides through

upconversion in a sort of reverse process to that described above. This is inter-

esting for (biomedical) applications involving photodynamic therapy applica-

tions (Zhang et al., 2007d).

2.4 Sensitized NIR-Emitting Lanthanides in Organic
Environments

From the point of view of the functionalities, the possibilities offered by

organic sensitization of the lanthanides are the following:

– The organics can be chemically tailored in order for their excited states to

be matched to the NIR-emitting ions allowing for much higher absorption

coefficients and broader absorption bands to be used to excite the lantha-

nides. This is particularly interesting in applications oriented to low con-

centration of lanthanides or solutions. Moreover, this involves a control

of the optical excitation energy range, to match the emission of low power

lasers and LEDs.

– Broader emissions as a consequence of the organics’ vibrational environ-

ments could result in broader bandwidth (typically larger than 50–60 nm).

– A high concentration of active ions (>1021 ions/cm3) in the solids which,

together with their enhanced absorption in the presence of sensitization,

could allow improved performance in applications like optical amplifiers

in the order of centimeter length scales, or smaller.

– Processability via wet and relatively low-temperature vacuum methods

allows for cheap and versatile production methods, in phosphor, optoelec-

tronic, and on-chip applications. Moreover, molecular or functionalized sen-

sitized lanthanides may find new or improved applications in liquid phases

for instance in biology as a consequence of solubility or compatibility.

– The charge transport properties of conjugated organic semiconductors

potentially permit the fabrication of electrically pumped devices. This

couples with the advantage of greater creation of triplets via electrical

pumping which should favor enhanced sensitization.

In principle, for infrared applications such as optical amplifiers in telecommu-

nications, the desired sensitization energy range should be related to the exist-

ing technologies for high-power LEDs and lasers (as well as conventional

optics) which would be employed as pumps, typically in the visible range

and below. From the point of view of energy losses, the longest possible

wavelengths would be desirable. An optimum match of the organic with the

useful emitting states of the lanthanides (Nd3+, Er3+, and Yb3+) should mini-

mize losses of energies in nonradiative (multiphonon) processes, avoiding
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other relaxations such as those mentioned above. This is not only interesting

from the point of view of the energy efficiency but also avoiding the asso-

ciated residual heating on the device. It is common that the intrinsic perfor-

mances of the lanthanides are diminished upon temperature increases. For

other applications, such as biological labels, dyes, and probes, low-energy

excitations are also in principle desired, due to the increased transparency

ranges. A sensitization range at lower wavelengths also favors the chemical

stability of the organic part of the material as a consequence of minimization

of the photodegradation of the organics (although the creation of oxygen sing-

lets must not be forgotten).

A vast literature of sensitizing agents and configurations has been pro-

duced over the years reporting innumerable instances of infrared-emitting

lanthanides in organic environments, particularly for Nd3+, Er3+, and Yb3+

in molecular mononuclear coordination complexes-based architectures.

Indeed, some of the most studied chromophore–lanthanide arrangements

include coordinating and chelating ligand–lanthanide complexes in which

sensitization is achieved from the organic ligands-based excitations. Some-

times, it is possible to include the chromophores as functionalizations of the

chelating ligands, in order to keep them in close interaction with the lantha-

nide (which is critical, as the energy transfer is very dependent on the chromo-

phore–lanthanide distance). Some configurations include polynuclear species,

either with lanthanides or with other metals, in which other energy transfer

pathways, like ion–ion or ligand–metal–lanthanide interactions, are involved.

Some of these lanthanide complexes have been also implemented as

lanthanide-based NIR-emitting layers in organic LEDs (OLEDs), with the

suitable electric operation providing electroluminescence (EL). Considera-

tions about the influence of the energies and dynamics of the chromophores’

states (in relation to the lanthanides’) are critical. One of the main aims is to

quantify or estimate the efficiency of the sensitization, �sens, and the overall

efficiency of the NIR emission, �tot:

�tot ¼ �sens�Ln ¼ �S -Ln + �ISC�T-Lnð Þ�Ln � �ISC�T-Ln�Ln (3)

where �Ln represents the lanthanide NIR emission efficiency, �ISC the ISC

efficiency, and �S-Ln and �T-Ln are the efficiencies of the transfer from singlet

and triplet to the lanthanide (efficiency is understood as fractional number of

excitations undergoing the given process).

Optical absorption measurements can easily grant access to the energies

of the excited state configurations of the singlets (if ISC is significant and

there is a considerable singlet–triplet mixing, depending on the intensity and

sensitivity, the triplet absorption can also be measured). Luminescence spec-

troscopy allows access to the relaxed singlet and triplet configuration, and

time-resolved techniques, to their dynamic behavior, and in particular, the

ISC and nonradiative quenching probabilities, quantities of interest for
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considering the magnitude and mechanisms of organic-to-lanthanide energy

transfer. Although it is expected to occur at lower energies, the separation

of the phosphorescence component of the chromophore can be difficult if it

overlaps significantly with the spectral region of the singlet emission. Since

singlet to ground-state transitions are spin allowed and triplet to ground-state

transitions are, in principle, spin forbidden, it will be masked and the singlet

will dominate if ISC is limited. However, different radiative and overall life-

times are expected for each component (microseconds to milliseconds or sec-

onds, for phosphorescence, vs. nanoseconds, for fluorescence). Thus, a natural

way to separate the singlet and triplet in the spectrum can be the measurement

at different times after the illumination period in time-resolved emission spec-

troscopy experiments. Luminescence spectroscopy in the visible and NIR

range also grants access to the lanthanide efficiency �Ln (as explained below).

The efficiency of the lanthanide sensitization from the chromophore, �sens,
is a critical magnitude for applications because it is the one that can compen-

sate for the typically low �Ln that is usually achieved in organic environments.

Its exact derivation may be difficult, but it can be estimated by the change in

the materials properties in the absence and the presence of the sensitized lan-

thanide. Particularly if new NIR emissions corresponding to the lanthanide

appear at the expense of the fluorescence or phosphorescence of the organic,

the existence of sensitization can be inferred. To demonstrate unambiguously

that this is the case, it is recommended to observe new, organics-based exci-

tation bands of the lanthanides’ emission which can match the organics states’

energy. The lifetime of the singlet and triplet will provide information of the

sensitization probability and efficiency. If a singlet and triplet decay with

given time constants tS and tT, respectively, in the absence of a lanthanide

and the inclusion of a lanthanide provides different lifetimes tS-Ln and tT-Ln,
it can be inferred that the change of the inverse lifetimes is due to the inclu-

sion of the nonradiative decay channel that implies sensitization of the lantha-

nide and from the given states, and thus numerical value of the sensitization

from each level, �s-Ln and �T-Ln. The enhancement of this nonradiative proba-

bility explains the associated reduction of fluorescence or phosphorescence

and, actually, can be quantified from it.

Ideally, the measurements should be done in the same configuration (solid,

solution, dispersion, etc.) and in the presence of a transparent trivalent rare

earth, like Y3+, Gd3+, La3+, Lu3+, …, with no electronic states capable of

accepting excitation or interfering with the states associated with the organic,

both for the measurement of the energies of the organics’ singlet and triplet

states and the dynamic regime, but providing a similar geometry and physi-

cal–chemical conditions, incorporating heavy atom and intermolecular effects,

for instance. The measurements in the presence of a transparent, nonemitting

lanthanide, compared with the measurements of the sensitized lanthanide, and

in particular those of the singlet and triplet intensities and lifetimes, carry

qualitative and quantitative information on the states participating in the
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sensitization process, and the corresponding efficiencies. Together with the

structural information (distances and geometries), information about the sen-

sitization mechanisms can be inferred. However, inferring directly from com-

pounds with no lanthanides may hamper the accurate determination due to

changes in geometry, masses, distances, and maybe other interactions, such

as magnetic interactions or spin–orbit coupling which can affect the dynamic

processes, such as ISC. For instance, in azulene-based lanthanide complexes,

it has been observed that the inclusion of Gd3+ activates organics-based phos-

phorescence, while in the free ligand it is undetectable. Thus, although triplet-

lanthanide sensitization may be an important sensitization channel, it could

have been concealed in the comparison of the dye and the NIR-active com-

plex (Zhang and Petoud, 2008).

Moreover, in an extended solid or concentrated solution, it is possible that

long-lived states such as triplets are transferred from a molecule to a nearby

molecule in the ground state (similar to sensitization of the lanthanide center),

which allows for diffusion of the excitation that may favor reaching relatively

distant regions or color centers (Ern et al., 1971; Pope and Swnberg, 1982;

Sternlicht et al., 1963). This route may affect the efficiency of the sensitiza-

tion, which in principle could be limited by the interactions between lantha-

nide and nearest chromophores (Quochi et al., 2010). However, it can also

cause triplet–triplet interactions, cross-relaxations, and quenching in nonradia-

tive traps, resulting in an overall loss of excitation and, thus, a diminished

efficiency.

2.4.1 Representative Ligands and Chromophores

Chemical considerations about lanthanide complexes with organic ligands

include the consequences of low participation of the valence levels of the

lanthanides determining an essentially ionic character of the bond (extremely

polar), with no significant covalency (although the outer 5 and 6 level orbitals

may somewhat participate in the bond) leading to the fact that coordination is

mainly determined by packing and steric hindrance considerations. Thus, the

number of atoms in the first coordination sphere of the lanthanide depends on

the lanthanide radius and ligand nature, typically in the range 6–12, with 8 or

9 being among the most common. Trivalent lanthanides are generally consid-

ered relatively hard Lewis acids, and while in inorganic environments typi-

cally bind oxygen and halogen ions, in relation with organic moieties these

will bind with Lewis bases with oxygen or nitrogen donors, preferentially,

over softer donors such as sulfur or phosphorous which can also come in

the coordination. The binding is thus done through “donating” sites or

“dents” of the ligands or deprotonated acids (conjugate bases). Importantly,

ligand functionalizations reducing the basicity of the corresponding conjugate

base of a potential chemical to be used as a ligand (like fluorination) may

reduce the binding potential to the lanthanides. Although neutral ligands can

be employed, the charge balance of the trivalent lanthanide should be
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provided by at least three negatively charged ligands in stoichiometric rela-

tion, although nonstoichiometric configurations of binding charged ligands

can be produced, by the use of corresponding counterions, for overall neutral

charge (these counterions could be atoms or charged molecular species).

Classical chelating ligands like polyaminocarboxylates can be employed

for complexating the lanthanides although, by themselves, they do not offer

the possibility of sensitization from organic chromophores (Aime et al.,

1997). However, aminocarboxylate units can be tailored in more intricate

units with chromophores in which the carboxylates provide the chelation of

NIR-emitting lanthanides.

Among chelating ligands, b-diketonate (1,3-diketonate) ligands have been

classically employed since the discovery of lanthanide sensitization in 1942.

An exhaustive review of the chemical implications, properties, and applica-

tions of lanthanide b-diketonates, including those of NIR-emitting lanthanides

such as Nd3+, Er3+, and Yb3+, exists in this series of books (Binnemans,

2005). b-Diketonates (Fig. 9A) are good, oxygen donor, chelating ligands,

chemically stable and allowing for a rich chemistry at the nonbinding posi-

tions (Fig. 9B). They allow a considerable degree of fluorination in many of

the constituting groups, which provides them with relatively high efficiencies.

However, the simpler ones usually only show absorption wavelengths in the

UV region of the spectrum. Simple diketonate ligands employed in combina-

tion with other ancillary Lewis (typically nitrogenated) bases-based ligands

(Fig. 9C) providing higher delocalization of the electron over distributed

p-orbitals, or more elaborate diketonates, including cyclic diketonates (like

9-hydroxyphenalen-1-one) (Van Deun et al., 2006) (Fig. 10) or incorporating

aromatic functional groups and dyes (like anthracene) (Nah et al., 2006) to

provide redshifted absorptions have been proposed as sensitizers. It is possibly

the versatility, together with the well-known chemistry that has allowed for

myriads of configurations, including mononuclear and polynuclear com-

plexes. Moreover, the organic semiconducting properties of lanthanides with

b-diketonate ligands have favored their use in OLEDs. Diketonates allow a

fine control of the incorporation of the lanthanide-emitting centers in host

polymer and inorganic matrixes, providing an easy way to avoid aggregation

and thus achieving high concentrations, which also make them potentially

attractive in applications from the point of view of direct absorption at the

lanthanides’ states or in NIR-emitting lanthanides complexes-doped

polymer-based OLEDs.

Tropolone (cycloheptatriene) can be considered a particular case of a

cyclic diketone. Either alone, functionalized or within azulene-derivatives,

cycloheptatriene-based ligands have also succeeded in sensitizing NIR lantha-

nides from the absorptions in the chromophore states around 300–450 nm

(Zhang and Petoud, 2008; Zhang et al., 2005). Mononuclear and polynuclear

tropolonato complexes can be made. The tris-mononuclear forms do not fully

chelate the lanthanide (Fig. 10) and could allow for the inclusion of other
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neutral ligands and chromophores, including solvent DMF (4,40-dimethylfor-

mamide) and tetrakis and other multinuclear forms require corresponding

counterions to provide charge balance, and typically trap (DMF) solvent

molecules in the structure (Zhang et al., 2007b). The presence of the heavy

lanthanide ion is thought to stimulate ISC and enhance transfer from the trip-

let bands in the red-NIR region of the spectrum (Zhang and Petoud, 2008).

Other chelating, sensitizing ligands with typically redshifted states include

quinolinates and derivatives. Similar to Alq3 (q¼ tris-8-hydroxyquinolinate)

which allowed for the first OLED, Erq3 allowed for the first Er-based NIR

OLED (Gillin and Curry, 1999), showing a corresponding 1.5 mm transition

in the NIR region of the spectrum, apart of the ligand-based yellow-green

emission at 520 nm. Nd3+ and Yb3+ analogues have been shown to provide

the corresponding NIR bands (Khreis et al., 2000, 2001). The electric excita-

tion of the lanthanide involves as a first step the creation of excitons in the

emitting material, either by the application of an electric field or by injection

of electrons or holes (extraction of electrons) via assisting layers with suitable

band structures (see Section 2.5). Excitons correspond to localized hole–

electron pairs and, depending on their electronic nature, have a singlet and

triplet nature, similar to the equivalent photoexcitation. Excitons can produce

the sensitization of the NIR-emitting lanthanide via energy transfer, as

described above. This technique can be exploited in other organic semicon-

ductors with lanthanides, the lanthanide complex being either a dopant or

the major constituent of the emissive layer (see Section 2.5). Traditionally,

these chelants have attracted the attention of researchers, and numerous con-

figurations and functionalizations of the basic 8-hydroxyquinoline ligand have

been produced: hydrated, anhydrous, halogenation of the quinolone (Albrecht

et al., 2007; Artizzu et al., 2011; van Deun et al., 2003), introduction of car-

boxamides to yield tridentate ligands, benzidimidazoles, and more complex

OOH
O

OH

Tropolone

9-Hydroxyphenalen-1-one 

Azulene

K[Ln(trop)3]DMF
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C

FIGURE 10 (A) 9-Hydroxyphenalen-1-one ligand. (B) Tropolonate and azulene

(cycloheptatriene-based ligand and chromophores). (C) Structure of a lanthanide tetrakis com-

pound with corresponding charge-balancing counterion, K+, and a neutral DMF molecule.

Redrawn from Zhang et al. (2005).
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variations including those based on aminopropyl-ethyleneamines, amidoqui-

nolinates, etc. (Albrecht et al., 2008; Artizzu et al., 2011) some of them result-

ing a so-called helicate structure (Albrecht et al., 2008). Polynuclear

complexes have been observed of some of the combinations ligand–

lanthanide (Albrecht et al., 2008; Artizzu et al., 2005, 2011), as well as tris

and tetrakis configurations (Artizzu et al., 2011; van Deun et al., 2004;

Fig. 11).

Macrocyclic ligands are attractive as chelating agents with sensitization

possibilities. Since the beginning of macrocyclic chemistry, cryptands- and

coronands-based lanthanide complexes have received particular attention for

chemical and transport reasons and soon were studied from the point of view

of sensitization properties. Macrocyclic ligands like phthalocyanines and por-

phyrins are among the ones showing a particular interest due to the fact that

their extended delocalized p orbitals provide low-energy absorptions to sensi-

tize the IR-emitting lanthanides. In particular, these systems show the

so-called S and Q bands (of singlet nature), the latter in the lower energy

region of the visible �600 nm to the NIR up to �800 nm. However, because

of this, it has been challenging to avoid back transfer, particularly because IR

levels of the lanthanides occur at close energies. Phthalocyanines can encap-

sulate the lanthanide ions in homoleptic bis(phthalocyaninato) configuration

as double-decker sandwich mononuclear complexes by direct combination

of two rings to the lanthanide or, in heteroleptic monophthalocyaninates, in

combination with other ligands, and halogens to complete the coordination;

dinuclear triple-decker compounds have also been reported (Bo et al., 2008;

Smola et al., 2012). Some of the compounds in this family have been

observed to produce lanthanide Er3+ and Yb3+ NIR emission when sensitized
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through the phthalocyanine ligands. But it has been observed that the mono-

phthalocyaninato complexes show higher PL properties than the double-

decker ones. A number of NIR-emitting lanthanide-based porphyrins have

also shown successful in sensitizing NIR-emitting lanthanides in similar

homoleptic and heteroleptic architectures (Bulach et al., 2012; Zhu et al.,

2011). The very rich chemistry of these and other macrocyclic architectures

such as cryptands, calixarenes, crown ethers, and azacrowns allow for chela-

tion of the lanthanides and incorporation of classic and metal-based chromo-

phores to sensitize NIR emission (Comby and Bünzli, 2007; Zhu et al., 2011).

Many of the chelants do offer the possibility of halogenation at different posi-

tions (Fig. 12).

Acyclic and cyclic m-terphenyl trivalent ligands (Fig. 13) have also been

extensively studied and known to complex the lanthanides (Wolbers et al.,

1998) in a number of configurations (typically coordination 7–10, for 1:1

L-Ln3+ stoichiometry, through the three carboxylate units and nearby oxy-

gen). Variations allow for the inclusion of several chromophores incorporated

typically as functionalization of the ligands in diverse positions (Klink et al.,

1999). This is a strategy that has also been used in polyaminocarboxylates and

other podands to bring classic dyes in close contact with the lanthanide in a

molecular unit for sensitization through a number of wavelengths. Dendrimer

ligands and architectures based on branched organic moieties and capable of

incorporating chromophores within their structures are also a possibility
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employed to sensitize the lanthanides in molecular environments (Comby and

Bünzli, 2007).

In general, direct coordination of the lanthanide to functionalized chromo-

phore units by corresponding deprotonated hydroxides and carboxylic, phos-

phonic, or sulfonic acid versions of many organic dyes is possible.

However, most frequently derivatives of classic dyes are employed either in

functionalization of chelating ligands such as polyaminocarboxylates, macro-

cyclic ligands, and terphenyl ligands or as extra monodentate or polydentate

units to coordinate in the presence of inorganic (Ziessel et al., 2006) or

organic chelating ligands such as those above or diketonates, tropolonates,

and nitrogenated organic bases. In all cases, the idea is to fill the coordination

of the lanthanide and provide close contact of the lanthanide with the light-

harvesting unit to produce energy transfer upon absorption in the desired

energy range. Sometimes, the optical properties of the dye are affected by

the coordination to the functional groups, to the ligand or by the lanthanide

itself, which may result in changes in the electronic configuration (energies)

or dynamics (radiative and nonradiative processes (including ISC), etc.). Innu-

merable classic dyes have been employed in NIR-emitting lanthanide sensiti-

zation, including polyaromatic dyes; xylenol derivatives; anthracene,

anthraquinone, xanthene, and coumarin derivatives; azo-dyes; pyrazo- and

pyridine derivatives; phenanthroline derivatives, etc. Interestingly, the impor-

tant application of NIR-emitting lanthanides as luminescent (and magnetic)

probes and markers for biological applications has motivated a considerable

research of functionalization and chelates of NIR-emitting lanthanides with

protein derivatives. In fact, lanthanides have been shown to bind directly at
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Ca2+-binding sites of natural proteins and the tryptophan amino acid has also

been shown to serve as a chromophore of visible and NIR-emitting lantha-

nides (Horrocks et al., 1997).

A thorough review of results concerning multiple chromophores and dyes

in relation with NIR-emitting lanthanides, together with an extensive review

of ligands and strategies for functional molecular lanthanide edifices, is

included in the Comby and Bünzli (2007) review in this series.

Metal organic frameworks (MOFs) are polymeric hybrid material networks

with different dimensionalities, typically porous and allowing for a precise tuning

of the nature of the network and small pores through the adequate choice of metal

ions, organic and inorganic linkers. Depending on the chemical nature and struc-

ture, MOFs can be used for a number of optical, magnetic, catalytic, gas storage,

sensing applications, etc. NIR-emitting lanthanide ions can be included in the

framework and in the pores and exhibit direct excitation emission, if the Ln3+

absorption bands are excited, or sensitized emission from surrounding chromo-

phores. Typically, these chromophores are aromatic-based, organometallic, or

organic and inorganic metal complexes.ManyNd3+, Er3+, and Yb3+-basedMOFs

have been produced. However, NIR emitters in MOFs are mostly inefficient, due

to the abundant presence of highly quenching groups (typically, H2O and various

hydrogenated solvent molecules), and visible emitters or magnetic lanthanides-

based MOFs are more attractive than those for optical applications in the NIR

range. Desolvated MOFs show considerably better emissions, for example, in

Yb-BPT (BPT¼biphenyl-3,40,6-tricarboxylate) (Guo et al., 2011), which shows
a considerably more efficient sensitized emission. However, often desolvation

implies a break of the framework structure as grown desolvated materials are dif-

ficult to obtain. Nevertheless, exceptional behaviors based on rigid carboxylate

units such as Yb3+ with 4,40-[(2,5-dimethoxy-1,4-phenylene)di-2,1-ethenedyyl]--

bisbenzoate, which shows a network of oxalate-spaced Yb3+ ions along chains,

have shown favorable luminescence properties, including relatively high effi-

ciency and (relatively) redshifted excitation wavelengths (White et al., 2009a).

Althoughmaybe not strictly an organic environment, sensitizedNIR emission

can be obtained fromvisible andNIR excited endohedral erbium fullerenes C82 or

C84 (in Er@C8x and carbide, Er2C2@C8x, configurations (Ito et al., 2007)) and

Er3�xScxN@C80 systems (Xiaoya et al., 1997; Hoffman et al.; 1995). The perfor-

mance is however poor, involving very low efficiencies, although a higher inten-

sity fromEr2C2@C82, isomer III (Ito et al., 2007), is observedwith respect to other

isomers and configurations, due to the wider gap in the fullerene cage, reducing

back transfer. The Er3+ quantum yield in the C80-Er/Sc caged is also poor, in

the order of 10�4.

2.4.2 Organic Chromophores Based on Transition Metal
Complexes

Direct absorptions on (much more sensible to material environment) transition

metal ions are typically more allowed than in the lanthanides. Interestingly,
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direct sensitization from nearby transition metal ion-centered states of NIR-

emitting lanthanides is possible. This strategy has been employed in inorganic

environments by codoping of lanthanides and transition metal ions and in

organic environments, in molecules or compounds with both kind of metals

(Fig. 14). However, it is frequent that transition metal ion complexes show

strong transitions associated with the presence of organic ligands, which can

be exploited for sensitization of the lanthanides. Transition metal ion coordi-

nation complexes can be strongly colored due to MLCT transitions and, also

LMCT or ligand-centered charge transfer (LLCT, and intraligand (ILCT)),

depending on the nature of the metal and the ligands. Importantly, the

d-metal provides a strong spin–orbit coupling that favors ISC, which can also

favor sensitization. In fact, numerous transition metal ion complexes have

been employed in OLEDs for taking advantage of the triplets, either as triplet

emitters or as triplet harvesters. Transition metal ion organometallics and

coordination complexes have been used in combination with NIR-emitting

lanthanides to produce sensitization, benefiting of the combined high ISC

rates and low-lying triplets in the visible-red region of the spectrum, energet-

ically favorable for the accepting states of Nd3+, Er3+, and Yb3+. A varied

chemical architecture has been employed, focused mainly in molecular

bimetallic/polymetallic complexes or extended polymeric frameworks.

A commonly employed strategy involves the use of functionalized
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34 Handbook on the Physics and Chemistry of Rare Earths



nitrogenated bases like 2,20-bipyridine (bpy), 1,10-phenanthroline (phen),

bipyrimidine, and terpyridine (tpy) to coordinate the metal complexes as

ancillary ligands in b-diketonates or other chelated lanthanide complexes.

This structure involving ligands that can complex a metal from different sites

has also been employed in producing dinuclear lanthanide complexes. Addi-

tionally, the transition metal complexes can be tailored as functionalization

acting as chromophores in other ligands chelating the complexes (Fig. 15).

Many of the metal complexes include or can include fluorination or halogena-

tion at many sites, very often near the lanthanide complex.

Cr3+ states allow sensitization from the metal states to Nd3+, Er3+, and Yb3+

in various bimetallic and trimetallic complexes, typically through the ligand and

through the doublet states of the Cr3+ ion, which act as reservoirs, and can be

populated upon excitation of the more allowed transitions at higher energies.

Among the possible architectures, the (multicharged) Nd3+-, Yb3+-, and Er3+-

based dinuclear and trinuclear helicates with Cr3+ (Fig. 14) and highly fluori-

nated counterions can be highlighted (Cantuel et al., 2006; Imbert et al.,

2003). These double- and triple-stranded helicates allow not only the sensitiza-

tion but, interestingly, the increase in the PL lifetime caused in the lanthanide-

based NIR emission as a consequence of the modulation of the lanthanide

decay by the energy transfer from the Cr3+ states (Imbert et al., 2003). These

helicates-based architectures have also been employed in Ru2+–Ln3+ combina-

tions with no changes in the lifetime (Torelli et al., 2005).
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Ruthenium(II) tris(2,20-bipyridine (Ru[(bpy)3]
2+) and ferrocene (iron(II)

bis-cyclopentadiene, (C5H5)2Fe) were first employed as functionalizations of

the m-terphenyl ligands at the amide position and showed sensitization of

Nd3+ and Yb3+ (Klink et al., 2000). In the case of the Ru(bpy)3 chromophore,

it was demonstrated that the sensitization occurred via 3MLCT triplet states.

Ferrocene was also been introduced as a functionalization in 1,10-

phenanthroline and in thenoyl-trifluoroacetonate for Nd3+ and Yb3+ com-

plexes with the corresponding inclusion in the phenanthroline or diketonate

ligand (Yuan et al., 2007). Ru(bpy)3 units have also been incorporated in

calixarenes and Ru(bpy) and Ru(bpy)2 and in other architectures, including

bridging configurations in which a linker based on a modified nitrogenated

base like 4,4-bipyridine or bipyrimidine allows for incorporation to lanthanide

complexes with other ligands (Beer et al., 2004; Pope et al., 2005). Thus, the

inclusion of the metal complex as ancillary ligand in b-diketonates (hfa, tta,
for instance) is done taking advantage of the affinity for the nitrogenated

bases and corresponding N-donors. These units can retain the electronic prop-

erties of the metal complex at its site, which can be employed to modulate the

NIR-emitting properties (Lazarides et al., 2008). For instance, a Ru2+

acetylide-bipyridine heterodinuclear complex with Yb3+ allows redox-

modulated sensitization of the NIR Yb3+ emission: it occurs normally via

excitation into the Ru2+-MLCT band at 450 nm, but it can be canceled

through reversible electrochemical or chemical oxidation to Ru3+, the band

disappearing in the higher oxidation state (Wei et al., 2012). Another strategy

involves the production of mononuclear, dinuclear, and trinuclear Ru2+ com-

plexes with CN ligands and nitrogenated bases, Lxp, xp¼bpy, phen, bipyrimi-

dine, etc., in which the lanthanides are incorporated in a range of coordination

polymers or MOFs, through Ru2+–CN–Ln3+ architectures. Ru(Lxp)(CN)4 units

show sensitization of Nd3+ and Yb3+ (Herrera et al., 2006, 2007).

Osmium(II) complexes analogous to the modified [Ru(bpy)3]
2+ ones have

also been employed in 1,4,7,10-tetraazacyclododecane-1,4,7-triacetate

(DO3A), showing sensitization for Nd3+ and Yb3+ (although minor for Er3+)

(Pope et al., 2004), and in the trimetallic complex with an amine-based open

ring modification of the ligand, dtpa (diethylene triamine pentaacetic acid), as

in the case of Ru2+, but showing better sensitization properties (Pope et al.,

2005). Similar to other metals, it is postulated that 3MLCT deactivation is

involved in the transfer mechanism to the NIR-emitting lanthanides. Os2+

bipyridimine–bipyridine modifications analogous to the Ru2+ ones have also

been employed in lanthanide b-diketonate configuration (see Fig. 15).

Re+ and Pt2+ transition metal ion chromophores have also been employed

in combination with NIR-emitting lanthanide b-diketonates, typically through

nitrogenated bases, bpy, phen, tpy (tpy¼ terpyridine) configurations (some-

times including ClCO3 as additional ligands) (Kennedy et al., 2007;

Shavaleev et al., 2003). Some of the compounds have allowed different dis-

tances to the fluorinated lanthanide (tta/hfa/bta (benzoyltrifluoroacetonate))
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b-diketonate complexes, thus studying the distance-dependent energy transfer

from the 3MLCT states to the NIR-emitting lanthanides Er3+, Nd3+, and Yb3+

(Xu et al., 2008). Some of the Pt2+-functionalized bases, like tpy, allow for

coordination to dtpa to form trinuclear complexes (Glover et al., 2003), and

acetylide-functionalized phen, bpy, or pyridine also allow for multinuclear

complexes or extended networks (Ronson et al., 2006).

Iridium(III) tris(2-phenylpyridinato), Ir(ppy)3, and modifications are

classically employed as phosphorescent emitters in OLEDs (Yersin, 2008). Deri-

vatives and particularly those with difluorinated ppy have been widely used with

Eu3+ for white emission combining the iridium blue and Eu3+ red emissions

(Coppo et al., 2005), including high fluorination dinuclear complexes (Chen

et al., 2008). A 2-(5-phenyl-4H-[1,2,4]triazol-3-yl-based carboxylic acid modifi-

cation incorporating Ir(ppy)2 was used to sensitize Yb
3+ in tris-tetranuclear com-

plexes (Mehlstäubl et al., 2008). Interestingly, using a 1,4-phenylene spaced bis-

bpy functionalization and 1,10-phenanthroline modifications allows for the

incorporation of b-diketonates for forming dinuclear complexes (Fig. 16A–C)

showing NIR-sensitized emission in the visible range, in solution and solid

forms. This strategy has been employed for attaining different spacings and thus

study the distance-dependent energy transfer (Tart et al., 2010). Pyrimidine-

imidazole-based ligands can be employed to link bis-difluoro-ppy Ir3+ complex

and tris-diketonate- or other ligands-based lanthanide complexes, like the Nd3+

tris(1-phenyl-3-methyl-4-isobutyryl-5-pyrazolone) complex (Fig. 16D), resulting

in the effective sensitization of the Nd3+, and that has been used in OLED config-

urations (see below) (Chen et al., 2010a,b).

Pd2+ chromophores based on porphyrins have been employed with NIR-

emitting lanthanides in dtpa, cyclene, and dtpy (pyridine-thiol) ligands. This

strategy is based on using the metal porphyrins as light harvesting units and
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binding the lanthanides off the center via functionalization of the ligand. This

allowed for sensitization upon excitation in the visible range via triplet related

with metal-ligand states of the prophyrin complex (Beeby et al., 2000). Inter-

estingly, the Nd3+ ion can be also placed on top of the center of the porphyrin

center (Eckes et al., 2010) with four chelating hydroxyquinolinyl monoanio-

nic units. Transfer is reported to occur from excitation of the Soret

(S) band. Au+ has been used to sensitize Yb3+ through Au-organic-based

transitions in architectures based on macrocyclic tetragold complexes with

acetylide-functionalized modified bpy units and involving two [Yb(hfa)3] com-

plexes, and in similar open versions with digold architecture with acetylide-

modified bpy or tpy linking to [Yb(hfa)3] (Fig. 15) (Li et al., 2010, 2012).

Zn2+ has been used as a stabilizer in lanthanide structures (particularly

including Schiff bases) (Comby et al., 2012; Wong et al., 2002). Typically,

Nd3+, Er3+, and Yb3+ dinuclear complexes with quinolone derivatives showed

NIR emission and some intense sensitization upon visible excitation, but

ligand-based (p-based) states (Albrecht et al., 2008) are mostly involved.

Interestingly, [(Znq2)](m-CH3COO)][Ln(hfa)2] (q¼8-hydroxyquinolinato)

trinuclear complexes with Ln3+¼Nd3+, Er3+, and Yb3+ show typical NIR

emission upon corresponding excitation in the light-harvesting unit (which

showed quenched visible emission in comparison with Znq2) (Xu et al.,

2010a) (Fig. 17). A similar behavior has been observed in the 2-methyl-8-

hydroxyquinoline (Mq) tetranuclear analogues with terpyridin-4-phenol,

which employs a similar approach to a successful one used exploiting the

Al(Mq)3 units as chromophores (Xu et al., 2010b). (Znq2)4, similar to Alq3,

are promising high luminance OLED materials. Sensitization wavelengths

up to 440 nm of the NIR-emitting ions involve the Zn2+ quinolinate units as

the color centers, although not involving Zn2+-based states (Xu et al.,

2010a,b). However, it is important that these states are different than those

in the q ligand alone, as the p–p-stacking interactions produce a considerable

{[Zn2(Mq)2(tpyO)2][(Ln(hfa)3]2} 

HMq = 2-methyl-8-hydroxyquinoline
tpyOH = [2,2�:6�2�]terpyridin-4�-ol 
hfa = hexafluoroacetylacetonate

{(Znq2)2(μ-CH3COO)[Ln(hfa)2}

Hq = 8-hydroxyquinoline
hfa = hexafluoroacetylacetonate

FIGURE 17 Zn2+-8-hydroxyquinoline derivatives-based multinuclear complexes with NIR-

emitting lanthanide hexafluoroacetylacetonato diketonates. Redrawn from Xu et al. (2010a,b).
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variation (redshift) with respect to the isolated ligand. Other configurations

including these and other transition metal ions (like Co3+) exist, mostly follow-

ing the general rules of direct coordination of the metal complex to a chelating

ligand or to a charged or neutral ligand in coordination with the NIR-emitting

lanthanide (Fig. 15), and sometimes employing the transition metal a stabi-

lizer of the multinuclear edifices (Chen et al., 2010a,b; Comby and

Bünzli, 2007).

2.5 NIR-Emitting Lanthanides OLEDs

OLEDs exploit EL of organic molecules in diode-layered structures favoring

injection of excitons in the luminescent materials. The field of OLEDs has

quickly developed after the creation of the first small-molecule OLED in

1987 (Tang and VanSlyke, 1987) based on the aluminum(III)

8-hydroxyquinolinate complex, Alq3, as an emitter, and the alternative

polymer-based OLEDs in 1990 (Burroughes et al., 1990). The incorporation

of NIR-emitting lanthanides to OLEDs to exploit the metal-based f–f transitions

was exploited as early as 1999 with the production of Erq3-based OLEDs, sim-

ilar to Alq3 devices, showing 1540 nm emission (Gillin and Curry, 1999), and

Nd3+ b-diketonate, [Nd(dbm)3bath] (dbm¼dibenzoylmethanato, bath¼batho-

phenanthroline) (Kawamura et al., 1999), showing the characteristic 870,

1060, and 1300 nm emissions. Lanthanide-based OLEDs (and in NIR-emitting

ones, containing Nd3+, Er3+, and Yb3+) are advantageous to overcome the

lanthanides’ poor solubility and sensitization in inorganic LEDs. Besides, other

advantages include the high monochromaticity of the f–f transitions together

with the ease of processability of organics (by low-temperature evaporation in

vacuum and wet methods). However, it must be noted that, mainly due to the

low emission efficiencies of the NIR-emitting lanthanides in organic environ-

ments, the performances obtained for NIR-emitting lanthanide-based OLEDs

are significantly poorer than those measured in visible-emitting lanthanide-

based OLEDs such as those containing Eu3+.

A general structure of an OLED is represented in Fig. 18A. Some of the

organic materials employed as emitters in OLEDs may not have very good

carrier injection or transport properties. In this case, a single layer is not

enough and a multilayer structure is needed, with each layer having a specific

role so that the emissive material is only used as the emissive layer where

electrons and holes are injected and transported from other materials. The

need for transport layers is the usual case in OLEDs, and in the more general

case, sometimes a hole (or electron)-blocking layers (Fig. 18B) is also needed

between the emissive layer and the electron transport layer (or hole transport

layer) to confine the excitons to the emitting material (as represented in

Fig. 18A). Figure 19A shows the band structure for a three-layer OLED

involving electron and transport layers apart from the emitting layer. The

energy difference between the Fermi levels of the electrodes in the OLED
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determines the built-in potential of the device, representing the barrier for

charge injection into the organic layer, electrons in the LUMO or holes in

the HOMO (electron extraction). In the short circuit (Fig. 19B), the Fermi

levels of the electrodes readjust, relative to the vacuum level, and become

equal which causes the creation of a potential gradient across the OLED.

The application of a forward bias allows the reduction of the barrier, and

when the applied voltage reaches the built-in potential, a flat band structure

occurs, the low work-function cathode can inject electrons into the LUMO,

and the high work-function anode may inject holes into the HOMO. Charge

diffuses along the potential gradient toward the opposite electrode, creating

excitons (bound electron–hole pairs on a molecule) in the organic layer, which

in turn can deactivate radiatively from the corresponding multielectron states.

Figure 19C represents the charge injection and formation of excitons in a mul-

tilayer OLED. In the NIR-emitting lanthanide-based OLEDs, the emission

occurs for recombination of the excitons in the lanthanide-centered states,

yielding NIR f–f emission (Fig. 19D). In general, the interplay between

layers’ chemical nature and thicknesses is critical for the efficient injection

of the OLED and, in turn, for good working conditions (turn-on voltage, effi-

ciency, etc.). These layers and thickness need to be carefully selected as a

function of the emissive layer electrical properties. Importantly, the optical
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FIGURE 18 (A) General structure of an OLED. (B) Some materials used as assisting layers for

injection, transport, or blockage of holes and electrons.
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transmission of the layers must be selected for the corresponding emission

range, so light can travel across the multiple heterolayered structure. Typi-

cally, a transparent electrode (usually the anode) made of a transparent metal

like ITO (indium tin oxide), AZO (aluminum-zinc-oxide), fluorine-tin-oxide

(FTO), and polyaniline is used. This is to be taken into account as some of

the compositions which are employed in visible-emitting OLEDs present a

loss transparency toward the infrared range.

Since the first devices, NIR OLEDs based on NIR-emitting lanthanides in

the emissive layer have been predominantly explored with Nd3+, Er3+, and

Yb3+ quinolinates and b-diketonates-based chelates. Chemical variations

include configurations involving functionalization of the ligands in both the

quinolinates and diketonates and the incorporation of ancillary ligands (such

as triphenylphosphine, TPP, or bathophenanthroline, bath), mainly in the lat-

ter case. Other lanthanide complexes incorporated as emitting units in NIR

OLEDs include terphenyl-based chelates, pyrazolone derivatives, porphyri-

nates, and benzoxyazole/benzoxythiazole-phenolates (see Table 1). As in the

case of photosensitization, the organic chromophores present in these materi-

als can act as exciton traps to subsequently transfer the excitation to the lan-

thanide emitters. Interestingly, NIR-emitting lanthanide complexes can be

used either as the emissive layers in depositions made by wet or vapor

FIGURE 19 (A–C) Representation of the band structure of an OLED as a function in the open

circuit and at different applied voltages, showing the injection of carriers above the built-in poten-

tial, resulting in the creation of excitons in the emitting layer. (D) Schematic representation of the

electroluminescent processes in the NIR-emitting lanthanide containing organic layer.
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TABLE 1 Some Representative NIR-Emitting Lanthanides-Based OLED Configurations and Corresponding Compositions of the

Anode, Hole Transport Layer (HTL), NIR Emissive Layer, Hole-Blocking Layer (HBL), Electron Transport Layer (ETL), Electron

Injection Layer (EIL), and Cathode (for Other Abbreviations, see Abbreviations List)

Anode HTL Emissive Layer HBL ETL EIL Cathode References

ITO TPD Erq3 Al Gillin and Curry (1999)

ITO TPD Ndq3 Al Khreis et al. (2000)

ITO TPD Ybq3 Al Khreis et al. (2001)

ITO TPD Er(dbm)3(bath) BCP MgAg Ag Kawamura et al. (1999)

ITO TPD Nd(dbm)3(bath) BCP MgAg Kawamura et al. (2000)

ITO TPD Yb(dbm)3(bath) BCP MgAg Ag Kawamura et al. (2001)

ITO NPB Er-pyrazolone-deriv./TPP BCP Alq LiF Al Li et al. (2008)

ITO PEDOT F8VBt:Nd(lissamine-terphenyl) CaAl Slooff et al. (2001)

ITO PVK:Er(acac)3(phen) LiAl Ag Sun et al. (2000)

ITO PEDOT PVK:Nd(9hydroxyphenalen1one)3 CaAl O’Riordan et al. (2006)

ITO PEDOT PVK:Nd(dichloroquinolinate)4 CaAl O’Riordan et al. (2008)

ITO PEDOT:
PSS

PPP-OR11:Yb/porph/acac CaAl Harrison et al. (2001)

ITO NPB Ir(Fppy)2Nd(pyrazolone-deriv.)3 BCP Alq MgAg Ag Chen et al. (2010a,b)

ITO TPD Nd/Er/Yb(benzoxyazol/thiol-
phenolate)6

bath Yb Katkova et al. (2011)



methods, or in guest–host systems, in which they are doped in polymers,

which is often favorable in terms of processability, but worse in terms of

efficiency.

Interestingly, spin statistics considerations about the injection of

carriers imply that the ratio of excitons created with a singlet and triplet

character should be near 25–75%. The large number of triplets could, in

principle, favor lanthanide sensitization, and the singlets could be converted

or transfer directly. The field of triplet-based OLEDs is gaining relevance,

and the NIR emitters can benefit from the conversion properties of common

materials employed as phosphorescent emitters or triplet harvesters

(Yersin, 2008).

Transition metal ions in combination with lanthanides have been employed

for enhanced EL performance in the NIR. Interestingly, mixtures of [Ir(ppy)3]

with [Er(dbm)3(bath)] produced a considerable increase in both the PL and EL

(Zhang et al., 2008). Also, bimetallic complexes have been employed for EL

from Ir3+ fluorinated phenylpyridine (Chen et al., 2010a,b). These materials

benefit from the sensitization caused by the Ir3+ phosphorescent species, involv-

ing the intermolecular/interspecies energy transfer.

3 THE NIR-EMITTING EFFICIENCY OF LUMINESCENT
LANTHANIDES

As we have previously implied, quantification of the lanthanides’ emission

efficiencies is critical for describing the performance of the lanthanide in

the given organic environment. Once the NIR-emitting lanthanide is excited,

the system can relax in a number of ways, apart from back transfer, which

we have previously commented, and is described in similar terms to the sen-

sitization process. These include radiative deexcitation (emission of NIR

photons), nonradiative vibrational quenching (vibrational relaxation), and

nonradiative energy transfer (which involves other lanthanides present in the

material and thus is strongly concentration dependent, or backtransfer to the

organic).

3.1 The NIR-Emitting Lanthanides’ Radiative Probability and
Judd–Ofelt Formalism

Quantifying the radiative transition probabilities for f–f transitions of the lan-

thanide, referring the probability of the emission of a photon from an excited

state, is extremely important for optical applications and for determining the

lanthanide and overall efficiencies. It is known that in a luminescent (sponta-

neous) process, an electromagnetic interaction acting on the excited state may

result in a deactivation to the ground state (or in fact to other low-lying state),

the excess of electromagnetic energy being carried by a photon. The transition

probability for this process, krad, is given by
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kradex!gr ¼
2p
ℏ

Cexh jĤrad

int Cgr

�� ���� ���2r Eð Þ¼Aex!grr Eð Þ (4)

with r(E) being the density of states (number of overlapping states at the tran-

sition energy per energy unit), A representing the Einstein coefficient for

spontaneous emission transition, and Hint is the interaction Hamiltonian.

When the interaction mechanism is expanded through multipolar expansion,

the major component is expected to be the electric dipole. We have previously

commented that f–f optical transitions are spin and Laporte (parity) forbidden,

and mechanisms mixing the initial or final states with suitable other parity, J,
or spin components, typically crystal field components, or vibrational states,

are usually small due to the strong shielding. Thus, oscillator strengths are

typically small. The radiative probabilities for electronic transitions to the

ground state can be measured directly from the absorption spectrum given that

the emission transition probability is proportional to the stimulated absorption

probability, which is the reciprocal process, kgr!ex¼Bgr!exr(E) with Bgr!ex

the Einstein coefficient for stimulated absorption,

Bgr!ex ¼Aex!gr

1

16pℏ
l3 (5)

This is the easiest way to characterize the radiative properties of lantha-

nide such as Yb3+, with only one absorption band. If the line strength, S, for
a 2S+1GJ! 2S0+1G0

J0 transition is given by

S J! J 0ð Þ ¼ 3cnℏ 2J + 1ð Þ
4pe2l

9

n2 + 2ð Þ2
" # ð

band

e lð Þdl (6)

where c is the speed of light, n refractive index, e the electron charge, l the

transition wavelength (barred meaning, average), and e the absorption coeffi-

cient (e¼N�s, with s the absorption cross-section and N the ion density),

and the decay probability can be estimated (G€orller-Walrand et al., 1998) as

A J! J 0ð Þ ¼ 32p3e3cn

3ℏ 2J + 1ð Þl
n2 + 2ð Þ2

9

" #
S J! J 0ð Þ (7)

In the general case, a large number of radiative transitions are possible with

different probabilities and energies, not all of them accessible in conventional

spectroscopic experiments: for instance, in Nd3+, typically only the ground state
4I9/2 to the 4F3/2 at 0.87 mm is accessible through absorption, while other lines

are observed in the emission apart from the reciprocal 4F3/2 to 4I9/2, such as

the 4F3/2 to
4I11/2 (1.1 mm), 4F3/2 to

4I13/2 (1.3 mm), or 4F3/2 to
4I13/2 (1.8 mm).

Moreover, the sample or the environment might prevent good accessibility to

these transitions, due to lack of crystallinity, providing spurious absorptions.

Although a general description of the line strengths is usually complicated,

independently Judd (1963) and Ofelt (1962) proposed a theoretical model
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framework for the calculation of induced electric dipole transitions (also

extended to magnetic dipole). The basic idea of Judd–Ofelt theory is that the

admixture of states of opposite parity can relax the Laporte forbidden 4f electric

dipole transitions. The odd part of the ligand-field potential is considered as the

perturbation mixing states of different parity. The line strength, which in turn

depends the probability of a transition, is parametrized in a number of elements

relating to the transitioning lanthanide configuration and thus, depending on the

chemical nature of the lanthanide and ligands, the geometrical arrangement.

It is firstly considered a single spectral line in an oriented (field) system.

Given an initial state and final states in the l configuration of wave-functions:

Cgr

� ��¼ l ncJMh j, Cexcj i ¼ l nc 0JM 0j i (8)

where c, c0 are the additional quantum numbers defining uniquely the state

(in the Russell–Saunders coupling scheme, they represent L or S) and M is

the quantum number of the projection Jz of the total quantum momenta J [ln

denotes that the transition occurs between the levels of the same configura-

tion, l¼3 for f–f transitions], and dipole transitions are driven by the electric

dipole operator through the corresponding induced dipole matrix elements

Cgr

� ��m̂ED Cexcj i (9)

with

m̂ED ¼�e
X
j

r̂j ¼�e
X
j

rĈj (10)

where r is the position vector of the electron j and Ĉj represents the irreduc-

ible tensor operator (in the ligand field) containing the angular coordinates

of the electron j.
The wave-function of the initial state can be described as a linear combi-

nation of all components of the ground levels of the ln configuration:

Ch j ¼
X
M

lncJMh jaM (11)

in which c is a ligand-field state and aM represents the corresponding weight

arising from the ligand-field mixing. Similarly, the final state is given by

C 0j i ¼
X
M 0

l nc 0J 0M 0j ia 0
M (12)

As we have previously discussed, according to Laporte’s selection rule,

the electric dipole transition is only allowed between two states of the oppo-

site parity; thus, no intraconfigurational 4f transition could occur through the

electric dipole as given in Eqs. (4) and (9) since there is no change in the

dipole moment of ion at the same ln configuration. However, they can occur

(and are denominated induced electric dipole transition) as a consequence of

the perturbing admixture of C and C0 with available states (typically of higher
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energy) from the configurations of the opposite parity to the ln due to nonsym-

metrical ligand-field components. In the case of the lanthanides, the 4fn�15d

configuration is typically considered (so-called f–d mixing). Upon mixing

with C00 states given by ln�1 and quantum numbers represented by c00, J00,
and M00, the resulting (perturbed) C and C0 states must be considered,

respectively

Ch j ¼
X
M

lncJMh jaM +
X

l n�1c 00J 00M 00� ��b
C 0j i ¼

X
M 0

a 0
M lnc 0J 0M 0j i+

X
b 0 l n�1c 00J 00M 00� �� (13)

where

b¼

X
M 0

aM lncJMh jV̂odd l n�1c 00J 00M 00�� �
E cJð Þ�E c 00J 00ð Þ

b 0 ¼

X
M 0

a 0
M 0 l nc 00J 00M 00h jVodd l n�1c 0J 0M 0�� �

E c 0J 0ð Þ�E c 00J 00ð Þ

(14)

and where the operator Vodd represents the odd symmetry part of the ligand-

field Hamiltonian, Eq. (1) (k¼odd) (G€orller-Walrand et al., 1998).

Then, the matrix elements in the electric dipole transition operator given

by expression (9), for the mixed states C and C0, may now be different

from zero.

Solving exactly the matrix elements in expression (9) for calculating the

line strength is challenging and several approximations are considered, the

validity of which will depend on lanthanide and field configuration.

– First approximation: No ligand-filed splitting of the perturbing configura-

tion C00 (jln�1c00J00M00i) is considered so J00 and M00 are degenerate. This is
the case when the splitting of S+1GJ00 within one scheme of the perturbation

level can be negligible compared to the energy difference between the

energy of the perturbation level and ground level. Also, the spin–orbit

coupling is neglected in this perturbation level.

– Second approximation: The energy of the level E(c0J0) is set to the mean

energy of the corresponding configuration so that it assumes that the band

of each transition is symmetric. Also, it is considered invariant with

respect to the c00 and J00, which means that the lanthanide ion that has a

very broad energy level of the 4fn�15d configuration might not be

described perfectly by Judd–Ofelt theory.

– Third approximation: The perturbing configurations lie far above the

states for the 4f transitions. If the highest levels of the 4fn configuration

are close to the average energy of the perturbing configuration, the mixing

of the perturbing configuration and 4fn configuration is canceled.
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More elaborate versions of the Judd–Ofelt theory including J-mixing, spin–

orbit, and vibronic corrections exist to describe more accurately the micro-

scopic behavior of the system in cases where the basic approximations fail.

In all, the final expression of the line strength of the induced electric

dipole transition between states c and c0 is given by

SED ¼
X

l¼2,4,6
Ol C U lð Þ�� ���

Ci�� ��
SED J! J 0ð Þ ¼

X
l¼2,4,6

Ol S,L,J U lð Þ�� ���
S 0, L 0, J 0i�� ��2 (15)

where the term l (l even and 0<l�6) is introduced during the calculation of

the matrix elements following selection rules for electric dipole transitions

regarding S, L, and J quantum numbers:

jDLj � 6; jDJj � 6; jDJj ¼ 2,4,6 if J¼ 0 or J 0 ¼ 0; jDSj ¼ 0

It is noteworthy that the selection rules of △L and △S are only applicable

in the Russell–Saunders coupling scheme. If J remains a relatively good quan-

tum number (the J-mixing is weak), the selection rule for △J is harder to be

broken than in the opposite case (G€orller-Walrand et al., 1998; Hatanaka

and Yabushita, 2009).

In the above expression, U(l) represents the corresponding irreducible ten-

sor form of the electric dipole operator and the Ol parameters are the phenom-

enological Judd–Ofelt parameters. The reduced hS, L, JjjU(l)jj S0, L0, J0i values
can be considered as essentially geometric for the corresponding configurations

given by the S, J, L numbers in the field geometry, while the Judd–Ofelt para-

meters can be interpreted as carrying all the physics of the lanthanide–matrix

interaction. The solutions of the (lanthanide in ligand field) electric dipole

matrix elements [U(l)]¼hCjjU(l)jjC0i are crucial to estimate the Judd-Ofelt

parameters through experimental methods, but complicated. The reduced

matrix elements hS, L, JjjU(l)jjS0, L0, J0i for lanthanide ions in both aqueous

solution and LaF3 crystals are typically employed to account for these factors.

Given the reduced matrix elements [U(l)]2 and the phenomenological

Judd–Ofelt parameters, the whole set of optical transitions can be then ana-

lyzed, including the radiative probabilities and branching ratios even if the

transitions are not accessible in the spectra. Judd–Ofelt parameters can be

obtained from fitting the experimentally measured line strengths to the theo-

retically calculated line strengths. Typically, this is done from the absorption

spectrum, although it can be done with reflectivity measurements or other

techniques, including combination with luminescence data if direct access to

a reasonable estimate of the radiative lifetime can be achieved in, for instance,

cases in which we know low nonradiative quenching rates are expected

(Cantelar et al., 2014) or at low-temperature experiments.

If a suitable energy range is employed, the measured line strengths from

absorption spectroscopy can provide the three Judd–Ofelt parameters. The
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Ωl values are determined by minimizing the deviation between the calculated

line strength (Eq. 15) as a function of the Os and the measured line strength,

Sme (from the corresponding absorption coefficient of the electronic transition,

Eq. 6) via a standard least-squares method:

D calc�measj j ¼
Xn
i¼1

S ið Þ
me�S

ið Þ
calc

� �2

(16)

with i representing every 2S+1GJ! 2S0+1G0
J0.

Leading in practical terms to the linear set of equations that can be written

in a matrix form:

Xn
i¼1

U
2ð Þ
i

h i4 Xn
i¼1

U
2ð Þ
i

h i2
U

4ð Þ
i

h i2 Xn
i¼1

U
6ð Þ
i

h i2
U
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i

h i2
Xn
i¼1

U
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i

h i2
U
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i

h i2 Xn
i¼1

U
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i

h i4 Xn
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i

h i2
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h i2
Xn
i¼1

U
2ð Þ
i

h i2
U

6ð Þ
i

h i2 Xn
i¼1

U
4ð Þ
i

h i2
U

6ð Þ
i

h i2 Xn
i¼1

U
6ð Þ
i

h i2

0
BBBBBBBB@

1
CCCCCCCCA

O2

O4

O6

0
@

1
A

¼

Xn
i¼1

U
2ð Þ
i

h i2
S

ið Þ
me
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ið Þ
me
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U
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me

0
BBBBBBBB@

1
CCCCCCCCA

(17)

Importantly, the more bands the fit/comparison includes, the more represen-

tative Judd–Ofelt parameters are obtained. However, Eq. (17), together with

Table 2, shows that the tensor U(l) components in the corresponding irreducible

form provide, in fact, a weighing of the corresponding Ol for the corresponding

transitions. So reciprocally, for determining the given parameters, some bands

are more representative than others.

The relation of the phenomenological Judd–Ofelt parameters with the

lanthanides and ligands nature (including systematic changes like halogena-

tion) and structure has been the subject of numerous studies (G€orller-
Walrand et al., 1998; Koeppen et al., 1997; Kuriki et al., 2002), mainly in

inorganic matrixes (Hehlen et al., 2013; Reid and Richardson, 1984). And

several relations have been studied. For instance, it is well established that

O2 is intimately related to the radiative probabilities of the so-called hypersen-

sitive transitions of the Ln3+, which are the lanthanides’ f–f transitions most

dependent on the environment (4I15/2! 2H11/2 (520 nm) and 4I15/2! 4G11/2

(378 nm) for Er3+ and 4I9/2! 4G5/2 (580 nm) for Nd3+). It and the

corresponding line strength for those transitions decrease considerably when

the lanthanide is immersed in a more symmetrical environment, representing
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TABLE 2 Squared Reduced Matrix Elements [U(l)]2 for the Given

Transitions of Er3+ and Nd3+ in the Range of Wavelengths up to 375 nm,

for the Given Transitions from the Ground States (4I15/2 for Er3+;
4I9/2 for Nd3+) to the Corresponding Excited State 2S0+ 1GJ0 (S

0J0L0)

Er3+

4I15/2! 2S0+1G0
J0 [U(2)]2 [U(4)]2 [U(6)]2

4I13/2 0.0195 0.1173 1.4316

4I11/2 0.0282 0.0003 0.3953

4I9/2 0 0.1733 0.0099

4F9/2 0 0.5354 0.461

4S3/2 0 0 0.2211

2H11/2 0.7125 0.4125 0.0925

4F7/2 0 0.1469 0.6266

4F5/2 0 0 0.2232

4F3/2 0 0 0.1272

2G9/2 0 0.0189 0.2256

4G11/2 0.9183 0.5262 0.1172

Nd3+

4I9/2!2S0+1G0
J0 [U(2)]2 [U(4)]2 [U(6)]2

4I11/2 0.0194 0.1073 1.1652

4I13/2 0.0001 0.0136 0.4557

4I15/2 0 0.0001 0.0452

4F3/2 0 0.2293 0.0549

4F5/2 0.0010 0.2371 0.3970

2H9/2 0.0092 0.0080 0.1154

4F7/2 0 0.0027 0.2352

4S3/2 0.0010 0.0422 0.4245

4F9/2 0.0009 0.0092 0.0417

2H11/2 0.0001 0.0027 0.0104

4G5/2 0.8979 0.4093 0.0359

2G7/2 0.0757 0.1848 0.0314

Continued
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the stronger forbidden character of the transitions when a very symmetric

environment disfavors Laporte relaxation. Besides, it is usually called the

covalency parameter to emphasize that its value is also strongly dependent

on the covalency as determined by the polarizability of the electronic cloud

of the ligands binding the lanthanide. Due to these reasons, the change in

O2 can be employed to elucidate changes in coordination of the lanthanide,

for instance, ligand displacements, nonsubstitutive or different sites within

the matrix, etc. (Jørgensen and Reisfeld, 1983; Karraker, 1967). Also, it can

be observed from Table 2 and Eq. (15) that the radiative probability of the

1.5 mm emission depends mainly on O6, so the determination of this parame-

ter is critical for characterizing the radiative probability of this level.

The determination of the Judd–Ofelt parameters in the presence of organic

ligands may be challenging. The parameters are representative of the geometry,

so in principle, it would be desirable to obtain them in the working geometry, in

the presence of all the ligands and chromophores. However, the absorption of

colored ligands may considerably mask the absorption of the lanthanides’

states. In the case of characterizing the lower levels of NIR-emitting lantha-

nides, this is less of a problem, given that the optical transitions of the lantha-

nide ligand will occur under the gap of the organics, but in NIR-emitting

lanthanides showing emissions from the excited state occurring at higher ener-

gies than the organic environment, this could be a problem. In general, even in

TABLE 2 Squared Reduced Matrix Elements [U(l)]2 for the Given

Transitions of Er3+ and Nd3+ in the Range of Wavelengths up to 375 nm,

for the Given Transitions from the Ground States (4I15/2 for Er3+;
4I9/2 for Nd3+) to the Corresponding Excited State 2S0 + 1GJ0 (S

0J0L0)—Cont’d

Nd3+

4I9/2!2S0+1G0
J0 [U(2)]2 [U(4)]2 [U(6)]2

2K13/2 0.0068 0.0002 0.0312

4G7/2 0.0550 0.1570 0.0553

4G9/2 0.0046 0.0608 0.0406

2K15/2 0 0.0052 0.0143

2G9/2 0.0010 0.0148 0.0139

2D3/2 0 0.0188 0.0002

4G11/2 �0 0.0053 0.0080

2P1/2 0 0.0367 0

2D5/2 �0 0.0002 0.0021

After Carnall et al. (1968).
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Er3+ and Nd3+, an overall characterization involving the upper states would be

desired, to account for energy transfer and sensitization probabilities.

Interestingly, the framework of the Judd–Ofelt theory can be employed in

describing the sensitization process from the organic chromophore. The energy

exchange rate, Eq. (2), can be written as a function of the corresponding O
parameters in the case of an electric dipole interaction (and the corresponding

reduced tensor operators, U(l) for the interaction); however, the previous

remarks on the validity of the approximations are still in force, and the other

nondipole mechanisms must be taken into account (G€orller-Walrand

et al., 1998).

The most important parameter for characterizing the emission properties

of NIR-emitting lanthanides is possibly the radiative probability of the emit-

ting state or its reciprocal quantity, the radiative lifetime, trad¼1/krad, which,
together with the nonradiative probability, yields the lanthanide efficiency.

Note that Yb3+, involving an f13 configurations, shows a single possible

excited state, 2F5/2 (which, in turn, shows relatively large crystal field coupling)

at 1.26 eV (1020 cm�1) and, therefore, the radiative characterization of the
2F5/2! 2F7/2 transition just requires the measurement of the corresponding

reciprocal absorption band 2F7/2! 2F5/2, so the Judd–Ofelt formalism is typi-

cally not employed with this ion. However, Nd3+ requires the characterization

of the branching parameters for the possible decays from the 4F3/2 state (see

Fig. 2), and thus the Judd–Ofelt formalism becomes very important.

It is important to remark that ideally, the absorption experiments leading

to a characterization of radiative processes should be done in similar condi-

tions to the emission conditions. Often, lanthanide complexes’ absorption

spectra are measured in the solution phase, even for solid-state applications,

which may lead to inaccurate measurements. Two factors may affect the reli-

ability of the so obtained radiative deexcitation probabilities. On the one hand,

in the solution phase, it is possible that solvent molecules solvate the lantha-

nide complex, even coordinating directly to the lanthanide by displacing

partially or totally one or various ligands. In this case, the molecule geometry

and forces may be affected and thus the measured line strengths and Judd–

Ofelt parameters may be influenced, leading to inaccurate description of

radiative processes. On the other hand, most of the common solvents present

strong absorptions in the NIR range, which impede measuring the lanthanide’s

absorptions in the range (particularly for Er3+). This way, Judd–Ofelt para-

meters Ol determined from the absorption spectrum available in the visible

or NIR range can lack representativity for specific NIR transitions, and thus

the oscillator strengths inferred from them for the given NIR transitions

through Eq. (17) may not be accurate to describe the corresponding emissions.

The difficulty in measuring the line strengths or krad through absorption

spectroscopy experiments, particularly in the infrared range, has motivated

an extensive use of generic, approximate trad values around 250–500 ms for

Nd3+, 8–14 ms for Er3+, and �2 ms for Yb3+. The use of these values or
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approximate values as derived from the optical absorption in the visible

range may mask the absolute values of the efficiencies. Thus, particular

attention and care must be employed in the direct comparison of the values

obtained in real measurements and in estimates through different measure-

ments as published in the literature, especially when radiative lifetimes, line

strengths and Judd–Ofelt parameters have been shown to strongly depend on

geometry and composition specially in the case of changes of ligand and

environment (Hasegawa et al., 1998). This is so for the Nd3+ and Er3+ even

only changing the ancillary ligand (Wang et al., 2012), and slight changes in

functional groups, particularly for fluorinated materials (Iwamuro et al.,

2000; Ye et al., 2013b).

3.2 The NIR-Emitting Lanthanides’ Nonradiative Vibrational
Quenching

Similar to nonradiative vibrational quenching of organic states mentioned

above, the lanthanides’ states are sensitive to radiationless phenomena asso-

ciated to multiphonon deexcitation. The nonradiative probability for a given

vibronic level of the lanthanide is given in terms of the nonradiative electronic

interaction Hamiltonian,

wn,m
ex!gr nrð Þ¼ 2p

ℏ
Cm

ex

D ���Ĥnr

int C
n
gr

��� E
r Eð Þ¼ 2p

ℏ
cexw

exð Þ
m

D ��Ĥnr

int cgrw
gð Þ
n

�� E
r Eð Þ

¼ 2p
ℏ

cex

D ���Ĥnr

int cgr

��� E
w exð Þ
m j w gð Þ

n

D E
r Eð Þ¼Pnr

electronic w exð Þ
m j w gð Þ

n

D E (18)

where C represents the corresponding vibronic state, decomposable in the

electronic and vibrational part under the Born–Oppenheimer approximation,

ci and wi, respectively, where ci represents the lanthanide 2S+1GJ multiplet

electronic wave-function and wim,n represents the vibrational part

corresponding to the given mode at levels n and m (overtones), and r(E)
the corresponding density of states (Henderson and Imbusch, 1989).

The partial probabilities thus relate through an electronic coefficient

(accounting for the involved electronic interaction) to the corresponding

Frank–Condon factors, hwmjwni, representing the tunneling probability

between the corresponding vibrational states n, m in different electronic

states. At finite temperature, this is modulated by the partition function,

accounting for the thermal population of the vibrational levels. The energy

conservation introduces the condition n¼p+m for the correspondence of

the vibrational levels in the excited and ground states, p being the number of

overtones required for the bridging the electronic energy gap, p¼ (Eexc–

Egr)/ℏo, with o the mode fundamental frequency. For the small vibrational

coupling, which is characteristic of the lanthanides, the overall Franck–Condon

factors are smaller for larger overtones; thus, it can be demonstrated that the

nonradiative multiphonon transition at 0 K for a mode corresponds to a
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negative exponential with the number of overtones of the given mode required

for bridging the gap between the excited state and the final state, which in

turn is known as the gap law. Sometimes, a slightly modified law applies,

when only some vibrations intervene in the deexcitation (van Dijk and

Schuurmans, 1983). Moreover, anharmonic effects can be important and have

significant consequences on the Franck–Condon factors and thus in the vibra-

tional relaxation probability (Doffek et al., 2012a). It has been shown that

gaps smaller than p¼3–5 overtones for the highest fundamental energy

phonon result in a predominant nonradiative deexcitation of the lanthanide

(Henderson and Imbusch, 1989; Weber, 1968). This can be particularly impor-

tant in NIR-emitting lanthanides, in which the gap to lower-lying levels is

necessarily small.

The small mass of hydrogen atoms confers the stretching vibrational modes

of hydrogen-containing groups a high vibrational energy. In the graph (Fig. 20),

the energies of the corresponding overtones of O–H, N–H, and C–H oscillators

are represented compared to the gaps of the emitting states for Nd3+, Er3+, and

Yb3+. Thus, the abundant presence of hydrogen-containing groups determines

that nonradiative processes are dominant for NIR-emitting lanthanides in

organic environment. The magnitude to derive the importance of nonradiative

quenching is typically the lanthanide quantum yield, or lanthanide emission

efficiency �Ln, ultimately representing the number of emitted photons upon

nominal excitation of the lanthanide. It can be demonstrated that for an emitting

process described by a lifetime t,

�Ln ¼ t=trad (19)

where t is the overall decay time, which relates to the partial radiative and

nonradiative probability:

t�1 ¼ trad�1 + tnr�1 ¼ trad�1 + tmpnr
�1 + tnr 0�1 (20)
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corresponding gaps.
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where tnr0
�1 represents other nonradiative mechanisms (like back transfer, or

transfer to other lanthanides or quenching centers, etc.). The predominance of

the multiphonon decays causes a large value of tmprnr
�1 in comparison to

trad
�1 resulting in typically low efficiencies, in the order of lower than a per-

cent for the majority of the NIR-emitting lanthanides in organic environments.

As Eqs. (19) and (20) represent, the competition between the radiative and

nonradiative mechanisms determines how luminescent (or efficient) an NIR

lanthanide is in the given molecular/organic environment.

The most important challenge for the development of NIR-emitting

lanthanides in organic environments has been (and probably still is) the

development of environments in which the lanthanides do not suffer from

multiphonon quenching. Thus, the magnitude of the quenching has been

studied as a function of the structure and chemical nature of lanthanide

complexes, and new strategies for minimizing the quenching have been

proposed. Typically, the overall contribution of the multiple oscillators

can be modeled by a quasicontinuous medium (Quochi et al., 2006).

The electronic interactions involved in the purely electronic part of nonradia-

tive vibrational deexcitations are typically distance dependent, and thus,

the importance of the presence of the hydrogen-containing oscillators will

be affected by a number of electronic interaction issues, including the dis-

tance to the lanthanide center. General rules explored (Hasegawa et al.,

2004) to minimize the quenching produced by vibrating nearby groups

include:

– Filling the coordination sphere of the lanthanide with multidentate ligands,

so no hydrogen-rich solvent molecules are in the first coordination sphere

of the lanthanide. This is particularly important for organic ligand-based

complexes in solutions or produced by wet methods. Sometimes, this

requires employing additional neutral or charged ligands than in a purely

stoichiometric charge neutralization configuration. The creation of a

“caged” ligand in a lipophilic bulky environment contributes to a decrease

of the nonradiative quenching rates.

– Eliminating O–H groups in the immediacies of the complex. O–H groups

are the most efficient quenchers for lanthanides, typically above other

common groups in organic moieties such as C–H and N–H groups; thus,

the avoidance of O–H containing solvents or ligands is going to be critical.

O–H groups provide important multiphonon quenching channels, even for

visible-emitting lanthanides showing a large gap, such as Eu3+ or Tb3+. It

has been observed that the nonradiative decay constant of aqueous-derived

quenching of lanthanide ions (measured by comparison of substitution of

water for heavy water) is proportional to the number of water molecules

in the first coordination sphere of the lanthanide, q:

q¼A kH� kDð Þ�B (21)
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where kH¼1/tH is the inverse of the lifetime in hydrogenated medium and kD
is 1/tD, in deuterated medium and A is a constant depending on the ion, with

values �0.29 or �2 ms (for Nd3+ and Yb3+) (Beeby et al., 1999, 2002; Davies

et al., 2005).

– Eliminating the presence of C–H and, in general, hydrogenated groups in

the successive coordinating spheres of the lanthanide. Although the effect

of C–H oscillators is in general smaller than O–H oscillators, which is also

contributed by the narrower band profile, their presence (and also that of

N–H oscillators and other hydrogenated groups) in the surroundings

of the lanthanide, either as a constituent of the solvent or the ligands, is

frequent in organics environments. In particular, as we have previously

discussed, it has been shown that in general, a closer distance to the

lanthanide center bears stronger quenching effects, but relatively long-

distance interactions have also shown to quench NIR-emitting lanthanides’

excitation.

Figure 20 represents the energies of the O–H, N–H, C–H, O–D, C–D, and

C–F overtones in comparison to the energies of the NIR-emitting lanthanides’

multiplets, to illustrate the considerable quenching capability of most of them,

in terms of the few overtones that can bridge the corresponding gaps to lower-

lying states.

4 STRATEGIES TO DECREASE MULTIPHONON-QUENCHING
OF THE NIR-EMITTING LANTHANIDES

4.1 Deuteration

Possibly the easiest way to systematically suppress hydrogen-containing

groups without, in principle, requiring significant changes in the chemical

processes involves the use of deuterated or perdeuterated species. This has

extensively been done for solvents and also for ligands coordinating to the

NIR-emitting lanthanides, and it is a simple way of preserving the electronic

properties of the involved chromophores. The substitution of hydrogen for

deuterium decreases the energy of the oscillators due to the increased mass,

and therefore, higher overtones are needed to bridge the gap, resulting in a

decrease of multiphonon decay probability.

The effects of deuteration at different positions of hydrogenated chelating

ligands have been studied. Interestingly, when multiple oscillating groups

occur in the vicinity of the ligand, it is sometimes possible to describe the

global effect by a superposition of deactivation mechanisms based on each

vibrating group. Through progressive deuteration, partial deactivation rates

can be determined from the actual change in the total quenching rate, and thus

study the influence the influence of the geometric factors (including distance),

and even nonharmonic effects in the nonradiative deexcitation probability of
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NIR lanthanides (Bischof et al., 2010; Doffek et al., 2012a,b; Hebbink et al.,

2001; Tan et al., 2006; Winkless et al., 2006).

In general, as expected, it has been observed that the effect of deuteration

in closer positions to the ligand contributes more to enhance the lifetime, and

higher degrees of deuteration provide longer lifetimes, which is ascribed to

the decrease of the vibrational energy, and cause an increase of the emission

efficiency of the lanthanide.

Although the vibrational energies of the O–H, C–H, and N–H oscillators

decrease and thus a larger number of vibrational quanta are needed to bridge

the gap between a lower-lying and an NIR-emitting excited state (see Fig. 20),

the vibrational quenching caused by O–D, C–D, and N–D is still significant,

particularly for Er3+ complexes or in organic environments, even upon

perdeuteration.

4.2 Fluorination

A more efficient way to increase the efficiency through the systematic

elimination of hydrogenated oscillators (particularly C–H) in the surround-

ings of the lanthanide is by including halogens instead of hydrogen in the

organic environment of the lanthanide, mainly by the use of halogenated

ligands which can often be halogenated versions of previously existing

ligands. Inclusion of halogens substituting hydrogen or the design and use

of halogenated ligands may require some complex chemistry and may have

other consequences apart from the decrease in energy of the vibrational

levels.

Fluorination has been particularly studied and rendered significant

increases of the lanthanide emission quantum yields. In b-diketonates, which
allow for a simple environment to produce a significant change of the degree

of hydrogenation near the lanthanide, the inclusion of fluorine has been done

through functionalization with fluorinated groups. High degrees of fluorina-

tion can be introduced (Binnemans, 2005). In general lines, it has been

observed that a larger degree of fluorination contributes more to an enhance-

ment of the lanthanide lifetime with respect to the hydrogenated counterparts,

and that large fluorinated groups create a more favorable shell around the lan-

thanide resulting in protective effects with respect to quenching caused by

residual hydrogens in the environment, or in solutions. The success of the par-

tial fluorination strategy to increase the lifetime of NIR-emitting lanthanides

allows the remarkable PL lifetime of 130 ms (radiative lifetime 473 ms in

PMMA; Wang et al., 2012) that has been obtained for the NIR (1060 nm)

emission of the Nd chelate [Nd(tta)3phen], when diluted in a fluorinated poly-

mer 6FDA/epoxy matrix (6-fluorinated-dianhydride) (Yang et al., 2009). The

favorable properties of this complex have allowed amplification and laser

action of the Nd3+ ions in the system upon direct excitation at 0.8 mm
(Grivas et al., 2010; Yang et al., 2010).
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Fluorination of MOFs has also proved as a good strategy to enhance the

NIR-emitting lanthanide properties in extended systems (Chen et al., 2006).

Interestingly, a combined use of deuteration and fluorination can produce

advantageous physical effects in the lifetime and somewhat simplify the

chemistry, and a number of instances have employed it to increase the NIR

lifetimes or quantum efficiencies of lanthanides in organic environments

(Kuriki et al., 2002). Quantification of the role of C–H vibrational oscillators

on the emission of Nd3+, Yb3+, and Er3+ has been made by using the simple tet-

rakis lanthanide diketonates CsLn(hfa)4 and the corresponding totally and par-

tially deuterated analogues (when a variable number of ligands are deuterated

(at position 3) and the rest are not). The deuterated ligands produce nearly

two orders of magnitude increase in the Er3+ lifetime to 0.1 ms, 6-fold in the

Nd3+ and 14-fold in the Yb3+ analogues (Tan et al., 2006). Calculations of

the effective rate constant for erbium deexcitation due to a single C–H bond

as a function of the distance from the emitting ion in the deuterated environ-

ment demonstrate that any hydrogen within at least 20 Å of an Er3+ ion will

produce sufficient quenching to discourage its use as an optical gain medium

(Winkless et al., 2006) and similarly in the Nd3+ case (Tan et al., 2006).

In these conditions, while deuteration/perdeuteration or partial fluorination

may produce significant enhancement of the optical properties of NIR-

emitting lanthanides, perfluorination of the organic species surrounding the

lanthanide offers possibly the best conditions to achieve a significant quantum

efficiency for NIR emission of lanthanides in organic ligand-based complexes

and materials, and particularly for Er3+-based emitters at 1.5 mm toward opti-

cal amplifier applications.

4.3 Perfluorination

4.3.1 Perfluorinated Ligands and Lanthanide Environments

Possibly due to the considerable chemical difficulties, including the reduced

acidity of the binding precursors, and consequent difficulties to coordinate

to the lanthanides, few perfluorinated ligands have been proposed. Nearly in

all cases, they have been shown to provide remarkably long PL lifetimes,

although sometimes not as good as expected by comparison to partially fluori-

nated complexes.

Perfluoroalkyl carboxylic acid ligands partially complex the Er3+ and Nd3+

ions, in mono-, di-, and trinuclear structures, and with ancillary ligands (Gao

et al., 2009; She et al., 2008; Ye et al., 2013b). In comparison with the hydro-

genated alkylcarboxylates, it has been observed that the perfluoro-octane Er3+

carboxylate yields a considerably longer NIR luminescence lifetime (up to

hundreds of ms) than the Er3+ alkylcarboxylates (in the order of ms)
(Li et al., 2005). Interestingly, laser action upon 800 nm excitation of a

Nd(tfa)3 (tfa¼ trifluoroacetate) complex in liquid and polymer solution has

been observed despite the considerable amount of remaining quenching
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oscillators (Yoshioka et al., 2011, 2012). Benzoate and pentafluorobenzoate

ligands do not fully chelate the Er3+ complexes, but compounds based on

the latter ligands also show an enhancement of the optical properties of the

Er3+ ion (Roh et al., 2004). Similar to these acids, the perfluorohydroxy-

monodentate ligand also can be employed to bind to NIR-emitting lantha-

nides. Interestingly, recently, a series of Ln3+, including Nd3+, Er3+, and

Yb3+, pentafluorophenolates with phenanthroline (Pushkarev et al., 2014)

have been produced and implemented in OLEDs, showing organic-based vis-

ible EL and lanthanide-centered NIR-EL in the case of Nd3+ and Yb3+.

Fluorinated dendrimers based on the pentafluorophenyl carboxylic acid

(zero generation) have also been employed to produce NIR-emitting lantha-

nides in the various generations (increased branching though acetate) (Pitois

et al., 2003, 2005) although no data about efficiency are presented. The

perfluoroaryl moiety can excite the lanthanides in generations 2 and 3.

The perfluorinated (hepta-fluoro-) version of the acetylacetonate

b-diketonate ligand (Fig. 21) in which all the hydrogens, including the one

remaining for the hexafluoro-acetylacetonate ligand binds to the Er3+ ion to

form the tris-diketonate, bis-perfluorotriphenylphosphine perfluorinated com-

plex in which the coordination sphere of the lanthanide is full. This compound

shows a relatively with extended NIR emission lifetime (�17 ms) (Monguzzi

et al., 2008).

A series of fluorinated and perfluorinated bis-perfluoroalkylsulfonylaminates,

perfluoroalkylsulfonyl-perfluoroalkylaminates, and perfluoroalkyl sulfonates

(Hasegawa et al., 2000, 2004) have been studied as ligands for Nd3+ and com-

pared to deuterated perfluorofluoroalkyl-diketonates. These materials provide

considerably long lifetimes, even in solutions as a consequence of the protection
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against oscillators in the solvent molecules around the coordination sphere, par-

ticularly in the anhydrous compounds. It has been observed that the tris com-

plexes of lanthanides with chelating bis(perfluoroalkylsulfonylaminate) ligands

with longer chains are anhydrous and provide good efficiencies as a consequence

of the absence of water and the protection against the hydrogenated and deuter-

ated solvents.

Lanthanide perfluoroalkylsulfonates are highly hygroscopic, which

severely affects their lifetimes in solid phase. However, dry version of the

as-grown solids can yield extremely high luminescence lifetimes.

Er(triflate)3 has an stretched exponential lifetime of �50–150 ms depending

on the drying conditions. The butane and octane derivatives show even longer

lifetimes (see Section 5.1), up to 1.4 and 2.6 ms for the dry Er(PFBS)3 (per-

fluorobutanesulfonate) and Er(PFOS)3 (perfluorooctanesulfonate) compound

even when the drying conditions are kept mild (120 °C, 10�4 mbar) to avoid

degradation. These waxy materials are highly soluble in water and allow sim-

ple processing (via spin-coating, for instance).

Interestingly, a polymeric form of Nafion with perfluoalkylsulfonic acid

terminations can be employed to bind Er3+ and allow for long-lived lifetimes

higher than 100 ms, upon heating at 300 °C for some hours (Song et al., 2010).

These polymers are also processable by wet methods in dimethylacetamide

solvent.

Another family of perfluorinated ligands include perfluorobisphenylphosphi-

nates (Fig. 21B, bottom). Similar to the hydrogenated analogues, tris complexes

of perfluorobis(phenylphosphinate) (PF2PP) of Yb3+, Er3+, and Nd3+ (Song et al.,

2008; Zheng et al., 2009) and those composed with functionalized ligands at the

p-position of the perfluorophenyl ring (Tan, 2008) arrange in insoluble coordina-

tion polymers, apparently along long fibers (Hernández et al., 2009; Tan, 2008).

The strong hydrophobic character of the ligands allows for a very efficient elimi-

nation of solvent molecules in the fiber structure, leading to long luminescence

lifetime, even in the hydrogenated case. So they allow for the longest PL lifetime

for an as-grown (nonprocessed) Er3+ perfluorinated environment (Hernández

et al., 2009). The family has been studied in Yb3+–Er3+ and other NIR-emitting

lanthanides mixed with Y3+ (codoping) (Hernández et al., 2009; Song et al.,

2008; Tan, 2008). Functionalizations at the p-position of the ligand

include perfluoromethyl and perfluorophenyl groups, resulting in perfluoro-

bis-p-tolyl-phosphinate (PF2TP) (Tan et al., 2008), perfluoro-p-phenyl-
diphenylphosphinate (three rings, PF3PP), and perfluorobis-p-
diphenylphosphinate (four rings, PF4PP) (Tan, 2008; see Fig. 21B). Nearly all

of the complexes show NIR emissions with nonexponential decay curves involv-

ing extremely long average lifetimes and/or components, in the range of

220–780 ms for Er3+, 200 ms to 1.8 ms for Yb3+, and 20–150 ms for Nd3+, increas-
ing when the NIR-emitting lanthanide complex is diluted with the analogue Y3+

complex, which proves energy transfer (see below). The hydrogenated analogue

bis(phenylphosphinate) compounds are also similarly structured and present

considerably smaller lifetimes (5.3 ms for Er3+) (Tan, 2008).
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Perfluoro-tetrakisphenyl-imidodiphosphinates, F-tpip, [(C6F5)2P(O)2]2N
�

(Fig. 22), are also extremely favorable ligands for NIR luminescence of

lanthanides. Even in the hydrogenated form (tpip¼ tetrakisphenyl-

imidodiphosphinate, [(C6H5)2P(O)]2N
�), Ln(tpip)3 complexes show remark-

able luminescence lifetimes (Bassett et al., 2005) due to the protective shell

of 12 phenyl rings around the lanthanide and even though the total coordination

of the lanthanide is z¼6 (Fig. 22). The lanthanide structure resembles that of

the bis(alkylsulfonylamides) and the bis(arylphosphinates) and produces a

strong steric hindrance, preventing that even relatively small hydrogenated

molecules come in close contact with the lanthanide. OLEDs were tried for

the NIR-emitting lanthanides, but no lanthanide-based NIR emission was

observed (Katkova et al., 2009).

When three perfluorinated F-tpip ligands form a tris-lanthanide complex,

providing 12 perfluorophenyl rings, the lifetime is even more dramatically

increased (t�40 ms for Nd3+, 150–750 ms for Er3+, 580 ms to 1.1 ms for

Yb3+) (Glover et al., 2007; Mancino et al., 2005). It is important, however,

to remark that while as-grown solid samples offer various component
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erbium(III) with the hydrogenated (tpip) and perfluorinated (F-tpip) ligands.
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lifetimes resulting in an average lifetime in the order of 100–200 ms for the

Er3+, a considerable increase is produced by high temperature, vacuum subli-

mation of the complexes at 260 °C (Mancino et al., 2005). Thus, the com-

pound results in a very pure form with nearly no volatile hydrogenated

species which could be otherwise residually trapped in the structure. The total

elimination of hydrogenated oscillators following this process provides a con-

siderably reduced multiphonon quenching of the central NIR-emitting lantha-

nide and lifetimes higher than 200–300 ms for the Er(F-tpip)3 compounds. The

energy transfer between lanthanides in the as-grown and pure compounds (see

Section 5.1) is also responsible for the multiple different lifetimes reported as

well as for the enhancement upon dilution in dry and deuterated solvents.

From instances published in the literature, it is observed that perfluori-

nated complexes in which binding to the lanthanide is done through RPO�

or RSOn
� units show longer lifetimes than those binding at RCO� or RCN

units. Besides other possible causes, including electronic effects, hydrogen

affinity and rigidity, the higher efficiency may be associated to an increase

of the mass in the first coordination sphere of the lanthanide and that of the

ligand, favoring the decrease in the corresponding mode frequencies. Thus,

the overall probability of vibrational tunneling between excited and ground

levels is diminished, which favors an overall dominance of radiative deexcita-

tion. Also, in general, more massive (highly fluorinated) complexes show a

trend to provide an enhanced behavior, maybe due to increased hydrophobi-

city and protection against nearby hydrogenated species, but also to this phe-

nomenon (even in the case of partial fluorination, such as is the case of the

thenoyl-trifluoroacetonate ligand).

Regarding the optical properties of fluorinated lanthanide complexes, and

particularly sensitization, it is important to mention that the strongly withdrawing

properties of fluorine can cause changes in the electronic levels of the organic

chromophore (Babudri et al., 2007). Interestingly, fluorination of aromatic

ligands can cause both the negative inductive effect (electron withdrawing) and

the positive mesomeric effect (electron releasing). In Alq3, for example, substitu-

tion at the C-6 position does not have conjugation effect, but only negative induc-

tive effect occurs, which decreases the HOMO and yields an increased band gap

and a blue-shifted emission. When F substitution is made at the C-5 position

which is far from the large electron density at O atom, the positive mesomeric

effect is dominating and thus results in an increased HOMO and redshift com-

pared to the parent Alq3 (Shi et al., 2006). When F substitution is made at the

C-7 position which is ortho- to the O atom, both negative inductive effect and

positive mesomeric effect are contributing to the electron density, so the HOMO

does not change substantially (Shi et al., 2006), see Fig. 23. Fluorination has also

been applied on phosphorescent materials, such as Ir3+ complexes. Fluorinated

phenylpyridine-type ligands (Ragni et al., 2006) utilize the electron-withdrawing

property of fluorine atoms to decrease the HOMO energy level and increase the

HOMO–LUMO energy gap, thus obtaining blue phosphorescent complexes,

[Ir(2Fppy)3], (2Fppy¼2-[2,4-bis(fluorophenylpyridine)]).
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Most of the proposed perfluorinated ligands show no sensitization properties

in the visible range even though some of them do show sensitization by

ligands through the UV-based perfluorophenyl chromophores, at �300–350 nm

(Glover et al., 2007). Although providing a PL lifetime of several hundreds of

microseconds up to nearly 1 ms for NIR-emitting lanthanides, perfluoroaromatic

and polyaromatic ligands such as perfluoro-phenylphosphinates, perfluoro-

polyphenylphosphinate ligands, perfluoro-tolylphosphinates, and tetrakis(phenil

imidodiphosphinates) only show sensitization for wavelengths shorter than

350 nm. Fluorination can be thus disadvantageous in terms of the sensitization

of NIR-emitting lanthanides for visible or low energy-based excitation applica-

tions. To the best of our knowledge, few colored perfluorinated chromophores

have been produced.

Pentakis complexes of bidentate tetrafluoro-2-nitro phenoxide (CF4NO2)
�

and Yb3+, Nd3+, and Yb3+ with two Cs+ counterions are shown to provide NIR

luminescence with poor sensitization from lower-lying states from the ligand in

the 400–570 nm range (Zheng et al., 2008). The lifetimes are in the order of 20 ms.
Perfluorinated nitrosopyrazolone (Fig. 24A) is the perfluorinated analogue

of nitrosopyrazolone, which has been proved to chelate and sensitize the Er3+

ions. The NdOd, C]O groups chelate the lanthanide, and the rest of the

ligand conform a more extended conjugated structure providing a long tail to

perfluoro-phenyl absorption which reaches up to 560 nm. Corresponding com-

plexes of the ligand in various configurations, including heteroligand ternary

complexes completing the coordinating sphere with perfluorotriphenylpho-

sphine (FTPPO) monodentate ligands, allow for solution-processable NIR-

emitting (1.5 mm) compounds (Beverina et al., 2009). The authors explain that

the absence of visible PL is due to sensitization, causing the presence of NIR

luminescence at 1520 upon 355 nm excitation. The lifetime in these systems,
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reaching from 5 to 14–16 ms, is considerable in comparison with hydroge-

nated samples, but still limited with respect to the potential of fluorination,

possibly due to water and residual hydrogens and/or lack of postprocessing

to eliminate these.

Bidentate 2-acylphenoxide complexes are structurally somewhat compara-

ble to b-diketonates. Acylated and polycyclic ligands have been produced and

homoleptic tetrakis complexes of Er3+ and Yb3+ based on these ligands with

Cs+ counterions show a certain degree sensitization in the visible range, as

derived from the PL excitation spectrum. Acylated ligands show relatively

low sensitization, at �475 nm, but extending up to 540 nm (Peng et al.,

2014). Estimating the sensitization by the rate of chromophore-based excitation

with respect to the Er3+ direct excitation from the quotient of the areas in the

excitation spectrum, values of up to 19% are obtained. Tricyclic ligands

(Fig. 24B–D) show an enhanced sensitization, with values in the order of

50% for the areas quotient, and extending at higher wavelengths in the visible,

reaching excitation wavelengths longer than 550 nm, up to 650 nm, in the case

of the 2-hydroxy-perfluoroanthraquinone ligand (Peng et al., 2014). The decay

curves of erbium emission at 1.54 mm of the as-grown samples are consider-

ably nonexponential for this family of compounds, with average decay times
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varying in the range of 7–16 ms. Similar to previous cases, the unexpectedly

low value for a perfluorinated compound is ascribed to residuals of hydrogen

either in the structure or in the trapped solvent molecules.

4.3.2 Other Effects of Highly Fluorinated and Perfluorinated
Ligands and Environments

Perfluorination, and in general fluorination, may strongly affect the process-

ability of the materials, due to changes in the noncovalent forces and the com-

petition of stabilization forces within the material and the solvent, as a

consequence of the fluorine extreme electronegativity. For instance, although

the C–H…F forces and F…F interactions are small, the electropositive center

of a perfluorinated ring tends to have an electrostatic attraction pF-F with

electronegative fluorine atoms (Schwarzer and Weber, 2008).

Fluorination causes a significant decrease of the solubility in most of the

common solvents. It also typically increases stability and resilience of materi-

als to external perturbations, making them more difficult to melt. Also, if the

interactions are important (depending on the packing, if insulated units or

polymers are favored), heating may result in degradation instead of evapora-

tion (Berger et al., 2011).

The changes in the HOMO and LUMO and the stacking of the materials as

a consequence of fluorination may also produce changes in the charge trans-

port properties, and thus, the electronic properties of the materials for OLED

applications (Gurge et al., 1997; Katz et al., 2000; Milián Medina et al., 2007;

Sakamoto et al., 2004). Also, the typical downshift of the states caused by

fluorination may have favorable effects on the stability of the organic parts

through the enhancement of photoreduction potentials.

It has been shown that fluorination has also consequences in the radiative

behavior of lanthanides (Ye et al., 2013a). Fluorination in organic environ-

ments may affect the geometry as a consequence of noncovalent interactions

or steric hindrances. Changes in geometry of the surroundings of the lantha-

nide cause differences in the corresponding line strengths for the lanthanide

states and thus the f–f deexcitation probabilities. This can be particularly sig-

nificant in the so-called hypersensitive transitions. This phenomenon can be

analyzed in terms of the Judd–Ofelt parameters that are employed for

phenomenologically describing the radiative behavior. In particular, O2 has

been shown to be strongly dependent on the geometry and covalency

(Hehlen et al., 2013; Jørgensen and Reisfeld, 1983; Karraker, 1967). Even if

the changes in geometry of complexes upon fluorination may be relatively

small, due to its extraordinary electronegativity, fluorine may have a strong

electron withdrawal effect which may be a considerable perturbation in the

covalent components. Judd–Ofelt analysis in the fluorinated and perfluori-

nated analogues of Nd3+ and Er3+ complexes shows changes in O2 upon

fluorination for analogue ligands (Hasegawa et al., 1998; Ye et al., 2013a).
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Also, importantly, reported measurements of O2 for organic complexes of

lanthanides show a strong dependence for Er3+ and Nd3+ with the solvent,

which represents an important proof of the interaction of the solvating mole-

cules with the lanthanide geometry.

The measurements of O6 and the line strength of the NIR emission

at 1.54 mm, which is strongly dependent on it, show a considerable en-

hancement upon fluorination and perfluorination with respect to the hydroge-

nated analogues, as observed for Er(acac)3/Er(hfa)3 and Er(tpip)3/Er(F-tpip)3
(hfa¼hexafluoroacetylacetonate; acac¼acetylacetonate) in crystals. This is

interpreted as a consequence of the withdrawal of electrons at the donor site,

allowing for an expansion and mixing of the lanthanide states for enhanced

overcoming of Laporte’s rule. The radiative lifetimes, either as calculated from

the Judd–Ofelt analysis or as measured from the absorption of the crystals, are

strongly reduced upon fluorination or perfluorination with values nearly halved

for the fluorinated compounds with respect to the hydrogenated analogues

(Ye et al., 2013a). Thus, fluorinated compound Er(F-tpip)3 yields a radiative

lifetime �12 ms, while the hydrogenated compound Er(tpip)3 shows a value

up to 18 ms. If partial or total fluorination implies changes in geometry or co-

ordination changes, the radiative lifetime may also show significant variations for

the different configurations. The values of radiative lifetime range from 23 ms

in the mostly centrosymmetric fluorinated environment for Er3+, Cs[Er(hfa)4] in

which the erbium shows a very symmetric octacoordinated environment with

four hfa ligands to values of �10 ms in the more distorted coordination sphere

in fluorinated structure Er(hfa)3, which also shows a considerable reduction

with respect to the hydrogenated analogue. The difference in radiative life-

times must be taken into account when estimating the PL quantum yield of

the lanthanide complex in the fluorinated environment. The decrease in radi-

ative lifetime causes an additional increase in the overall efficiency calculated

as t/trad and which can be ascribed to the effect of fluorination (Table 3).

TABLE 3 Radiative Decay Rate for Cs[Er(hfa)4], [Er(acac)3(H2O)2],

[Er(hfa)3(H2O)2], [Er(tpip)3], and [Er(F-tpip)3] (Ye et al., 2013a)

Material (Solid Form) hti (Measured) trad (Measured) hLn (%)

CsEr(hfa)4 1.8 ms 23.4 ms 0.0086

Er(hfa)3(H2O)2 1.8 ms 9.5 ms 0.0190

Er(acac)3(H2O)2 60 ns 16.9 ms 0.0004

Er(tpip)3 5 ms 18.4 ms 0.026

Er(F-tpip)3 200 ms 12.6 ms 1.5
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Importantly, the inclusion of heavier atoms such as fluorine and/or other

halogens can also have an effect on the ISC, affecting the fluorescence, phos-

phorescence, and energy transfer properties from the organic chromophores to

the lanthanides (Zheng et al., 2008).

4.4 Other Halogens

Besides fluorination, the replacement of hydrogen for other halogens such as

chlorine or bromine may also contribute to the decrease of multiphonon non-

radiative properties as a consequence of the mass effect. However, it has been

shown that the reduction of multiphonon quenching through chlorination

might be potentially less effective than through fluorination, due to the anhar-

monicity of the oscillators involving the softer chlorine atoms (Doffek et al.,

2012a; Monguzzi et al., 2009).

Bromination of porphyrin-derivative ligands in erbium complexes shows

that the lifetime increases from 1.5 ms in the hydrogenated [Er(acac)(TPPor)]

(TPPor¼5,10,15,20-tetraphenylporphyrin) complex to 2.5 ms in the fluori-

nated version [Er(acac)3(FTPPor)] (FTPPor¼5,10,15,20-tetrakis-(pentafluor-

ophenyl)-porphyrin) and to 3.5 ms in the brominated version in which all the

remaining hydrogen atoms in the porphyrin rings were replaced for bromine

(Pizzoferrato et al., 2003). 5,7-Dihalo-8-hydroxyquinolinates (halo¼chloro,

bromo, or iodo) have shown to provide more favorable environments for

Nd3+, Er3+, and Yb3+ (van Deun et al., 2003). However, mononuclear and

polynuclear complexes have been observed for this family of compounds,

so further considerations may be required to analyze the effects (Artizzu

et al., 2011). In the case of carboxamide functionalization in the 2-position

to produce the tridentate ligand, it is observed that higher degree of bromina-

tion shows enhanced quantum efficiency (Albrecht et al., 2007). Eosin and

erythrosine are tetra-brominated and tetra-iodinated analogues of the fluores-

cein chromophore which have been used in terphenyl-based ligands (Hebbink

et al., 2003) and polyaminocarboxylates (dtpa) (Werts et al., 1997). In the

case of dtpa, bromination offers an increase of the lifetimes for all three ions.

In the terphenyl-based complex, halogenation results in a slight increase in the

Yb3+ lifetimes but no improvement in the other cases. However, the halogena-

tion from fluorescein to erythrosine redshifts significantly the chromophore

states, which disfavors sensitization for Nd3+, Er3+, and Yb3+ in the case of

the terphenyl complex (Hebbink et al., 2003), while no significant changes

occur for the dtpa complexes. Interestingly, the iodinated (at position 3) ver-

sion of the BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) chromo-

phore sensitizing the Yb3+ NIR luminescence when functionalizing

quinolinate-based ligands (6-iodo-8-hydroxyquinolinate, for the iodinated

BODiPY) also shows an excitation redshift with respect to the perhydroge-

nated version. In this case, the iodinated compound enhances ISC

(Section 4.5) and provides longer lifetimes than the noniodinated analogues
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(note that the BODIPY is difluorinated, and the quinoline ligand is also iodi-

nated in this work). In this case, DFT calculations relate the redshift with

iodine-enhanced stacking interactions (He et al., 2012).

The highly brominated (but highly hydrated) dimetallic compound of Nd3+

with tetrabromoterephthalic acid [Nd2(TBTA)3(H2O)10] has been recently

produced (Wei et al., 2014) and shows the characteristic Nd3+ NIR emission

upon excitation at 356 nm.

Perchlorinated tropolonates (Fig. 25) are the perchlorinated analogues of

the well-known tropolonates, which include the tropolone chromophore to

sensitizing NIR-emitting lanthanides in the 300–420 nm range (see above).

Tetrakis tropolonates of Er3+, Yb3+, and Nd3+ show lifetimes of up to �5,

12, and 1 ms, respectively, in solutions of the potassium salt K[Ln(trop)4] in

deuterated DMSO (Zhang et al., 2005, 2007c). Some of the perchlorotropolo-

nate (pctrop)-based complexes, such as Cs[Ln(pctrop)4], have been produced.
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The as-grown solid compounds of the tetrakis Yb3+ (Fig. 25C) and Er3+ com-

plexes provide a PL lifetime in the order of 20 ms, which is still reduced for a

perhalogenated sample, and may include the effects of surrounding hydrogen

atoms or solvent molecules. Interestingly, the tris-perchlorotropolonate Yb3+

and Er3+ complexes, in which the coordination sphere is completed by two

DMF molecules (Fig. 25), have been studied in solid phase and in solutions

incorporating DMF as a solvent (Hernández et al., 2013). The lifetimes of

the solids are similar to the tetrakis case for the Er3+ complex. Solutions of

[Yb(pctrop)3(DMF)2] in deuterated DMF feature a lifetime t�10 ms, which
is smaller than the observations of the detuerated DMSO solutions of the tet-

rakis hydrogenated compound. This smaller value is possibly associated to

the smaller quenching effect of the deuterated oscillators in the DMSO sol-

vent when measured for the tropolonate sample. However, the solid form

incorporating the deuterated DMF as a ligand shows a dramatic increase of

the NIR PL lifetime to values up to 180 ms, representing a 15% lanthanide

quantum yield and thus, the most efficient nonfluorinated complex of an

organic ligand (Hernández et al., 2013). All of the tetrakis and tris-

perchlorotropolonate complexes show sensitization in the UV–Vis range.

The perchlorotropolone ligand absorption is very similar to that of the Yb3+

tris complex in DMF and peaks at around 450 nm, with a tail extending over

580 nm (Fig. 25B); the visible absorption of the solid materials experiences a

redshift with respect to the solutions, reaching longer than 620 nm

(Hernández et al., 2013). Excitation of the Yb3+ NIR emission in these com-

pounds reproduces the corresponding organics-based absorption. Although an

important increase of the PL intensity is observed upon organics-based exci-

tation in the solutions and in the solid, a visible luminescence at the same

wavelength as the one present in the Y3+ analogue is also observable, with

lifetime in the order of nanoseconds, showing that the sensitization is not

100% efficient (Hernández et al., 2013). Similar tris complexes with only

one perchlotropolonate, two C6Cl5CO2
� and three DMF in coordination with

the trivalent lanthanide show comparable sensitization and lifetime

properties.

4.5 Other Effects of Halogenation

We have already mentioned (particularly in the case of the fluorination) the

effect on the HOMO and LUMO of the chromophore. For the other halogens,

this can occur too, which may affect strongly the stabilization of the com-

plexes (Plata-Iglesias et al., 2000) and sensitization of the lanthanides (as,

for instance, observed in the fluorescein, eosin, and erythrosine series;

Hebbink et al., 2003). Moreover, the inclusion of heavy atoms like halogens

may have an important effect on the organics states’ energies and dynamics

with consequences on the sensitization mechanisms and efficiencies, includ-

ing ISC (as in iodinated BODIPY (He et al., 2012; Yogo et al., 2005)).

68 Handbook on the Physics and Chemistry of Rare Earths



As we have said, changes in the composition may cause the energy shift of

the HOMO and LUMO orbitals with respect to the hydrogenated analogues

resulting in a change of the singlet and triplet energies. Thus, the energy res-

onance conditions with the lanthanides’ states may become altered with

respect to the hydrogenated analogue. This phenomenon can be employed to

elucidate the main sensitization mechanisms as well as donating states of

the chromophore and accepting states of the NIR-emitting lanthanide. For

instance, the enhanced fluorescein sensitization of Er3+ with respect to the

heavier atom analogues implies an excitation transfer to higher-lying levels

(Hebbink et al., 2003). But halogenation may also have an effect on the

dynamics and thus the excited state lifetimes, which can also affect the overall

sensitization process, for instance, regarding the vibrational quenching of

the singlet and triplet states themselves after the changes in mass and

harmonicity.

Importantly, halogenation can affect the ISC rates, which should change

the corresponding chromophore’s states lifetimes and also the sensitization

channels. As we have previously commented in Section 2, the long lifetime

and quantum numbers of the triplet mean that very often much of the sensiti-

zation from the organics states is produced through the triplet states, lying at

lower energy than the singlet states and populated via nonradiative transitions

changing spin and known as ISC. First, if the gap between singlet and triplet

states is affected, the ISC rates may be affected as a consequence of the

changes in the energy barrier. Second, ISC involves a magnetic interaction

mixing the spin singlet and spin triplet states so that the nonradiative transi-

tion from a state with eminently total spin number S¼0 to a state with emi-

nently triplet spin state is possible. The enhancement of magnetic

interactions such as spin–orbit coupling, x, has been proved to strongly influ-

ence ISC processes. It is well known that heavier atoms provide enhanced

spin–orbit interaction as consequence of the increased total spin of the heavier

nucleus; thus, the spin–orbit interaction shows a monotonous increasing

dependence with Z ranging from x�Z to x�Z2 and higher dependences

(Dehmer, 1973; Landau and Lifshitz, 1977; Montalti et al., 2006). The influ-

ence of a high Z atom due to the inclusion of the lanthanide or transition metal

ions in the chromophore does increase the ISC. The influence of the heavy ion

over the ISC depends on its distance to the valence electron. Therefore, spin–

orbit coupling due to lanthanides or metal ions will be important in the chro-

mophore if the electronic states involve MLCT or LMCT, or if the electronic

wave-function has a significant spatial distribution over the metal. If the

organic states involve LLCT or ILCT, the electronic wave-function mainly

based on given organic-based fragment or ligands, the heavy metal ions will

have less influence on the ISC, but heavy-atom substitutions on the ligands

are expected to have more consequences. Thus, the use of halogenated ligands

in organic chromophores can provide an enhanced singlet–triplet mixing.

Enhanced singlet–triplet mixing can increment the total number of triplets at
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expenses of the singlets via nonradiative transition (or vice versa, if the energy

barrier can be overcome) which should cause an increase of the phosphores-

cence at expenses of the fluorescence and an overall decrease of the

corresponding lifetimes. But importantly, in the presence of mixing interac-

tions, spin quantum number can no longer be considered an accurately describ-

ing number, and spin rules allowing and permitting radiative transitions are

relaxed. Thus, less pure singlet and triplet character of the excited states of

the organic will provide increased oscillator strength to the ground-state to first

excited-state radiative transition. This way, the corresponding band in the

absorption spectrum may be enhanced and, if transfer to the lanthanide is pre-

dominantly done through the lower lying or more triplet-character states, it will

be even more significant in the PL excitation spectrum. This is the model that is

consistent with observations in lanthanide complexes of perchlorinated and

perfluorinated ligands which show unexpected bands below the main organic-

based absorption peaks (Hernández et al., 2013; Zheng et al. 2008).

Also interestingly, the enhancement of the triplet absorption can be used to

extend the sensitization energy range. The inclusion of sensitization from

optically excited triplets can downshift the photoexcitation wavelengths con-

siderably (up to 150 nm). Also, if an electronic method is employed for excit-

ing the lanthanide in NIR OLED configurations, in which an initially 25–75%

singlet-to-triplet ratio is expected, the enhanced ISC interactions in haloge-

nated compounds with respect to the hydrogenated analogues must be taken

into consideration to correctly describe the system.

The efficient lanthanide complexes obtained by (per)fluorination or haloge-

nation allow sometimes to observe PL (even sensitized, upon chromophore

excitation), from the higher-lying levels of some NIR-emitting lanthanides. This

is unusual in the general case of Er3+ or Nd3+ in organic environments because

the potential blue/green/red or NIR-emitting transitions occur from levels

showing small gaps with respect to the lower-lying ones (see Fig. 2) and thus

are strongly quenched by molecular vibrations. Due to the decrease in the

quenching probability as a result of the substitution of hydrogenated oscillators

(particularly by fluorination), emissions may be observable. Green/red/980 nm

emissions from the 4S3/2,
4F9/2, and

4I11/2 states, respectively, can be measured

in Er3+ (and also some visible emissions for Nd3+, although more difficultly) at

very high excitation powers and high concentrations (either in the solid or in

very concentrated solutions in solvents), particularly in the case of highly fluori-

nated and perfluorinated compounds. The visible emissions of NIR-emitting

lanthanides can be also masked by the visible luminescence of the organic chro-

mophores. It is well known that NIR-emitting lanthanides are poor visible emit-

ters in organics, and visible lanthanide emission research is typically focused on

Eu3+ and Tb3+. Other lanthanides like Sm3+, Pr3+, and Dy3+ may also emit in

the NIR and visible ranges (although with relatively low yields, due to similar

reasons to Nd3+ and Er3+), so could also benefit from the ligands and environ-

ments showing high efficiency as described above.
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5 ENERGY TRANSFER BETWEEN LANTHANIDES

Similar to the energy transfer between the organics-based states and the

lanthanides, energy exchanges can occur between lanthanides if the multiple

competing mechanisms and interactions between ions allow for them. The

exchange of energy between an excited lanthanide ion and another lanthanide

ion (which may be identical or of a different nature, in the ground or in an

excited state) is described similar to the sensitization processes referred in

Section 2.3. In this case, the sensitizer is the excited lanthanide which is trans-

ferring part or all of its energy to another lanthanide, and the acceptor is the

one being promoted to the (higher) excited state.

Energy transfer phenomena between lanthanides are generally termed

cross-relaxation, if partial energy transfer between ions or energy transfer to

an excited state. [special cases include sensitization (energy transfer from a

lanthanide to a different nature lanthanide in the ground state) and energy

transfer upconversion (ETU) if the acceptor is in an excited state and the

new excitation promotes it to an even higher state resulting in emission at

higher energies than excitation] and excitation hopping or energy migration

(when the total excited energy is transferred to an identical ion in the ground

state to the same excited state as the original). Figure 26 represents these

energy transfer processes in pairs of NIR-emitting lanthanides of the same

or different nature. As in the general case, a number of (more or less relaxed)

quantum rules apply, and the energy transfer is importantly dependent on the

distance between the lanthanides, and the resonance conditions are very

important, although nonresonant and vibrationally assisted energy transfers

are known to occur (Reinhard and Güdel, 2002). The times for the occurrence

Er3+Nd3+

4I15/2
4I13/2
4I11/2
4I9/2 4I
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FIGURE 26 Cross-relaxations resulting in a loss of the excitation, excitation migration pro-

cesses (dotted lines) and sensitization in pairs of NIR-emitting lanthanides, Nd3+, Er3+, and Yb3+.
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of energy transfer, as derived from the inverse probabilities per unit time, are

generally in the order of some nanoseconds to microseconds and depend con-

siderably on the transfer mechanism and distances between centers. There-

fore, these processes will be observable when their probabilities or

associated times are comparable to other dynamic processes, mainly in the

case of the long-lived states. Given that higher thermal factors typically

increase the quenching probability due to the enhancement of the population

of higher vibrational states and the consequent effect in the vibronic tunneling

probability (see Section 3.2), emission of NIR-emitting lanthanide from

higher-lying states has a better chance to be observed at lower temperatures.

5.1 Cross-Relaxation and Energy Migration

Very often, the occurrence of energy migration and cross-relaxations results in

a loss of excitations and thus a decrease of the efficiency of NIR-emitting mate-

rials. This can be either a consequence of excitation of upper levels—resulting

either in ETU or energy losses in subsequent nonradiative deexcitations in the

acceptor- or, in the case of energy migration, because the excitation is led to

nonradiative impurities in the material. However, sensitization of NIR-emitting

lanthanides from other lanthanides has been exploited in inorganic matrixes for

enhancing the desired emission (and also exploited for upconversion (UC), see

Section 5.2). Particularly, the high oscillator strength of the 2F7/2! 2F5/2 of the

Yb3+ ion at 0.98 mm provides efficient pumping which, with subsequent energy

transfer to an unexcited Er3+ 4I15/2 ion, results in the promotion to the resonant

Er3+(4I11/2) and then emission from Er3+(4I13/2) at 1.5 mm.

Lanthanide–lanthanide energy transfer has been observed for various

lanthanides (mainly Er3+ toward NIR emission) in inorganic complexes and

in directly excited NIR lanthanides in polymers (Chen et al., 2009; Wong

et al., 2004) and frameworks (White et al., 2009a), as well as in directly

and indirectly excited polynuclear complexes. With the objective of enhanc-

ing NIR emission, sensitization from other lanthanides has been done mostly

by Yb3+–Er3+ transfer (Artizzu et al., 2013; Tanaka and Ishibashi, 1996;

Zhong et al., 2006) but also for Tb3+–Yb3+ (Faulkner and Pope, 2003) and

in hybrids for Eu3+–Er3+ and Eu3+–Yb3+ (Biju et al., 2013). Even though life-

times are small in a highly hydrogenated environment, hetero-trinuclear

hydroxyquinoline complexes containing Yb3+ and Er3+ ions in DMSO

reported considerable sensitization. The proximity of the ions and the strong

resonance condition between Er3+ and Yb3+ causes a strong energy transfer,

upon direct excitation and excitation on the ligands.

When the PL lifetimes of the NIR lanthanides in organic environments are

enhanced, long-distance cross-relaxation and energy transfer processes can be

important. Highly fluorinated [Yb(hfa)3(TPPO)2], TPPO¼ triphenylphosphine

oxide, shows a 89 ms lifetime for the 0.98 mm emission, and the cocrystalline

[Er1/2Yb1/2(hfa)3(TPPO)2] shows a 84 ms lifetime for the same emission. This,
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together with the considerably enhanced Er3+ emission either under ligand or

IR excitation, demonstrates the occurrence of strong Er3+ sensitization from

the long-lived Yb3+ ions (Zhong et al., 2006).

Sensitization of the Er3+ 1.54 mm emission from excitation in the Yb3+

0.98 mm absorption has been employed in “transparent” perfluorinated phenyl-

phosphinate compounds showing no organic-mediated visible or infrared sensi-

tization (Song et al., 2008). When the Yb3+ lifetime is of the order of 400 ms in
the pure compound, Yb3+-to-Er3+ energy transfer allows for a considerable

increase of the emission at the telecommunication line. The decrease of

cross-relaxation mechanisms also explains the enhancement of the lifetime of

the Er3+ emission in the codoped 0.5Yb3+–0.5Er3+ systems (Song et al., 2008).

A study of the lifetime of Er3+, Nd3+, and Yb3+ perfluorobis(p-
phenylphosphinates), perfluorobis(p-tolylphosphinates) (PF2TP), and other

PFXPP of the same family (Fig. 21B, bottom) upon dilution of the NIR-

emitting lanthanide with Y3+ in [LnxY1�x[PF2PP]3] and [LnxY1�x[PF2TP]3]

shows that energy transfer is responsible for the decrease of the lifetime for

upon increasing the Ln3+/Y3+ content from 0.1% to 100% (Hernández et al.,

2009; Tan, 2008; Tan et al., 2008; see Table 4). The behavior of the decay

curves has been found to be strongly nonexponential for most of the lantha-

nides, especially at high concentrations. It has been described by a modified

exponential function (Lindsey and Patterson, 1980)

I tð Þ¼ I0 exp � t=tð Þb
h i

(22)

The function is referred to as William–Watt or stretched exponential dis-

tribution, where I0 is the initial intensity and 0<b�1 is the stretching func-

tion. Using this stretched exponential function, it is possible to define a

lifetime distribution function and calculate an average relaxation time in

which different decay constants are accounted for, on the basis of the contin-

uous distribution of lanthanide ions transferring and decaying with different

probabilities. Interestingly, in parallel to the increase of the Ln3+ average life-

time upon dilution, the decay becomes more exponential, to finally turn into

monoexponential (b¼1) at low NIR-emitting lanthanide concentrations. The

distribution of lifetimes has also been found to depend on the fiber morphol-

ogy (Hernández et al., 2009).

For the Er3+ compounds, it has been possible to demonstrate that the

decrease in the lifetime is due to hopping and cross-relaxations between the

lowest-lying excited states. Donating Er3+ ions in the 4I13/2 state are capable

of transferring their energy to neighboring Er3+ ions in the ground state or

to excited erbium atoms in the I13/2 state, thus promoting the latter to the

I11/2 state. The subsequent nonradiative deactivation of this short-lived state

as a consequence of the vibrational decay to the lowest-lying state (I13/2)

results in the loss of a photon (Hernández et al., 2009), which has been estab-

lished through experiments varying temperature and pressure.
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TABLE 4 Summary of Nd/Er (PF2PP)3/(PF2TP) Average Lifetimes (in microseconds) as a Function of Ion Concentration, x (Tan,

2008)

Material

Ion Concentration (x)

100% 97% 93% 90% 85% 80% 70% 50% 30% 10%

ErxY(1�x)(PF2PP)3 343 437 540 606 556 597 629 659 717 707

ErxY(1�x)(PF2TP)3 222 187 230 312 393 434 496 576 677 669

NdxY(1�x)(PF2PP)3 38 42 46 49 46 53 63 67 68 85

NdxY(1�x)(PF2TP)3 76 81 91 99 103 101 117 132 132 154



A comparable increase of lifetime upon dilution of the NIR-emitting lantha-

nide compound with the Y3+ analogue has been observed for Nd3+ and Yb3+.

However, it must be noted that quenching of Yb3+ compounds does not involve

cross-relaxation but only hopping and transfer to excitation killing (nonradia-

tive) sites. This results in a different thermal behavior (Hernández et al., 2009).

Dry Er3+ tris-perfluoromethanesulfonate (triflate, PFMS), Er(PFMS)3,

Er(PFBS)3 (PFBS¼perfluorobutane sulfonate), and Er(PFOS)3 (PFOS¼ per-

fluorooctanesulfonate) show longer lifetimes as the perfluoroalkyl chain is

increased: from �60 ms to 1.4 ms and 2.6 ms, respectively. This alone could

be a consequence of the increased hydrophobicity; however, dilution of the

Er3+ content with Y3+, to form the [ErxY1�x(PFXS)3], X¼M (methane),

B (butane), O (octane) compounds, shows an extraordinary increase of the

1.5 mm lifetime for the same chain length (Fig. 27), along with an increase of

the intensity for the same excitation conditions. This is as a consequence of

the increase of the average distance between the lanthanides in the polymer

which decreases the importance of energy transfer mechanisms.

This section demonstrates that enhancement of the lifetime of NIR-

emitting states causes an increase in energy transfer mechanisms, so efficient

organic environments are not free from the occurrence of these mechanisms,

which are in principle undesired for NIR applications, as is the case in inor-

ganic environments. However, the enhanced concentration of excited states

in the lower-lying levels of the NIR-emitting lanthanides due to the enhanced
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FIGURE 27 Evolution of the average decay time (as obtained from a stretched exponential

function) for dry Er3+ perfluoroalkane sulfonates as a function of the Er/Yb content along

[Y1�xErx(PFXS)3], X¼M (methane), B (butane). The decrease of the lifetime upon increase of

the Er3+ concentration is ascribed to cross-relaxation and hopping processes involving excited

levels in the Er3+ (Fig. 26).
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cascade deexcitation from higher-lying cases favors a smaller number of

energy transfer-related quenching routes. Besides, they offer an enhanced pos-

sibility to control the aggregation, lanthanide concentrations, and geometries

so that energy transfer mechanisms in solid-state or high concentration appli-

cations are minimized.

5.2 Energy Transfer Upconversion

Cross-relaxations resulting in UC in long-lived NIR-emitting materials may

be undesirable for infrared applications as it represents a loss of NIR emis-

sion. Therefore, optimization of the concentrations may be important to guar-

antee a reduction of such a nonradiative quenching resulting in a smaller

efficiency. However, NIR-to-visible UC applications may be pursued and

constitute, indeed a considerable field of research. UC finds its use in

biological applications, such as labeling, imaging, and therapy, and in photo-

nic and phosphor applications including lasers, lighting, solar conversion for

photovoltaics, photocatalysis, etc.

Conversion of infrared photons into visible can occur though a number of

mechanisms. The most relevant processes for such light conversion are sum-

marized in Fig. 28. In a simplified view, in all processes, two incident

low-energy photons (typically in the NIR range) are converted into an emitted

photon of higher energy (typically in the visible). These processes include, in

order of increasing efficiency, second harmonic generation (SHG), two-

photon absorption (TPA), excited state absorption (ESA), and ETU. TPA

and SHG are nonlinear processes (the interaction Hamiltonian depending

quadratically on the electric field of the incident radiation) and including

SHG TPA Cooperative emission
(pair emission)

Dimer state

ESA ETU

Energy
transfer 

Energy
transfer 

Virtual state

Virtual state Virtual state

FIGURE 28 Most relevant processes to convert low-energy incident radiation into higher energy

emitted radiation, in inverse probability order (equivalently, in decreasing excitation powers

needed), namely second harmonic generation (SHG), two-photon absorption (TPA), emission of

pairs through a virtual (dimer) state (this process is favored if the emitting centers are preferably

arranged in pairs), excited state absorption (ESA), and energy transfer upconversion (ETU).
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virtual intermediate levels, being proportional to the squared pumping power.

This implies that the two excitation photons must coincide (and also be coher-

ent for SHG, since the emitting level is also virtual), which makes these pro-

cesses very unlikely, and high-power thresholds are required.

Pair emission, ESA, and ETU are linear processes with the radiation, in

the sense that the depend only on the first power of the electric field and thus

involve only creation or destruction of one photon at a time, although they are

nonlinear with the number of excited states required for populating the emit-

ting state, given that UC depends on a real intermediate state. This state must

have a finite lifetime that is long enough for an excitation to be stored there,

for such a time as to allow a second photon to further excite the phosphor into

a higher-lying excited state (Auzel, 2004). Since UC only involves real energy

levels, very high excitation powers are no longer necessary. The excitation

power thresholds for UC are typically about 6–11 orders of magnitude lower

than those required for SHG or TPA, depending on the absorption coefficients

and optical properties of the color centers (Suijver, 2008). It is also worth

mentioning that no coherent excitation source is required for UC (Fig. 28).

An analysis of the population and depopulation mechanisms yields that the

emission intensities also result in a power law with the pump power, with

exponent 2, if the linear emission from the reservoir states dominates. If the

UC rate dominates, however, and the reservoir is comparatively quickly fed,

a linear dependence with the pumping power is observed (Pollnau et al.,

2000). Higher exponents can also observed in the case of so-called avalanche

effects, in which absorption is nonresonant, but resonant cross-relaxations

populating intermediate states are in place (Auzel, 2004; Joubert, 1999) or

changes of UC routes are in place (Sivakumar et al., 2007).

In lanthanides in organic environments, conversion of NIR radiation to

visible has been mainly produced by means of TPA processes. These pro-

cesses take advantage of the highly delocalized electrons in the chromophores

and the sensitization of visible lanthanide emitters such as Tb3+ or Eu3+ (Fu

et al., 2005; Wong et al., 2005a).

In inorganic compounds, ETU is mainly produced by 980 nm excitation in

Yb3+/Er3+ pairs or trimers by the resonant energy transfer from Yb3+(2F5/2) to

photoexcited Er3+(4I11/2) or, due to the enhanced oscillator of the Yb3+, most

likely by two consecutive energy transfers from Yb3+(2F5/2)!Er3+(4I15/2) and

Yb3+(2F5/2)!Er3+(4I11/2) and/or the nonresonant but significant Yb3

+(2F5/2)!Er3+(4I13/2), resulting in the population and green luminescence

from the 2H11/2,
2S3/2, or red luminescence from 2F9/2, respectively, directly

or after multiphonon relaxation (Auzel, 2004).

The main drawback of lanthanides with NIR-emitting levels in organic

environments toward UC applications resides not only in the relatively short

lifetimes of the NIR-based levels but mainly in the high quenching rates for

the visible emission levels, as explained above in preceeding sections. Visible

emission from Nd3+ and Er3+ in organic environments upon infrared excitation
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may be detected at sufficiently high powers, due to ESA (Xiao et al., 2005) and

ETU, but even for excitation at higher energies (downconversion configuration)

is expected to be unlikely and inefficient due to the enhanced probability of

multiphonon deexcitations (Reinhard and Güdel, 2002), particularly in hydroge-

nated environments as caused by the small gap between visible-emitting states

and the lower-lying IR-emitting states (see Section 3.2). Visible emission has

been observed through ETU upon 980 nm excitation in rigid Yb3+/Er3+-

codoped frameworks (Ma et al., 2013; Sun et al., 2009) and (moderately

intense) in perfluorinated polymers of the perfluorophosphinate families, by

our group. Low temperatures favour these emissions, as a consequence of the

corresponding decrease in multiphonon quenching. Even Transition metal

ion-mediated ETU has been measured at very low temperature in efficient

Cr–Er–Cr trinuclear helicate complexes in which highly fluorinated species

are used as counterions, by taking advantage of the NIR Cr3+–Er3+ sensitization

upon NIR excitation (Aboshyan-Sorgho et al., 2011).

Tb3+ and Eu3+ are the main lanthanide emitters in the visible used in organic

environments, for blue/green and red luminescence, respectively. Due to their

wide gaps from the 5D4 and
5D0 states to the lower-lying state, correspondingly,

the visible emission is significant even in the presence of hydrogen-based oscil-

lators. However, the lack of intermediate levels in the IR range discourages

their use in UC applications. Notwithstanding this, the use of highly efficient

NIR-based Yb3+ dry perfluorobutanesulfonates in combination with the

analogue Tb3+ and Eu3+ complexes has allowed intense 980 nm to visible and

UV range UC, in [Yb1�xTbx(PFBS)3] and [Yb1�x�yYyTbx(PFBS)3] coordina-

tion polymers, which is observable to the naked eye (Fig. 29B) for

[Yb0.7Tb0.3(PFBS)3], [Yb0.8Tb0.2(PFBS)3], and [Yb0.9Tb0.1(PFBS)3]

(Hernández et al., 2010). The mechanism of cooperative energy transfer visible

UC, in which two excited Yb3+ ions simultaneously transfer the excitation to

the Tb3+ or (nonresonantly) Eu3+, has allowed for the observation of the UC

phenomenon when the lifetime of the Yb3+ complexes is large (Fig. 29A).

Importantly, this cooperative energy transfer steps are considerably more likely

processes than pair emissions, even in the nonresonant case, since it is a real

accepting state of the lanthanide emitter in the Yb3+–Tb3+–Yb3+ trimer or

Yb3+–Eu3+–Yb3+ trimer the one which is responsible for the visible emission.

Due to the long lifetime of the Tb3+, higher than 3 ms, a third ETU step can

occur to yield even UV emission (Hernández et al., 2010). Moreover, the high

concentration of Yb3+ complexes allows for long-distance diffusion of the

excitation via hopping and thus the possibility for reaching the corresponding

emitting sites. Similar observations have taken place with other complexes of

perfluorinated ligands, based on PFXPP (perfluoro-p-poly-phenyl phosphinate),
[Yb1�xTbx(PFXPP)3], and perfluoro-di-p-tolyl phosphinate ligands, [Yb1�-

xTbx(PF2TP)3] and in some of the Eu3+ analogues. Processing (drying) is not

needed for these series the UC being observable in the as-grown samples,

although considerably less intense than in the PFBSs. In this case, we believe

that the polymer structure prevents a full three-dimensional diffusion of the
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excitation which, despite the comparable lifetimes with respect to the PFBS

compounds, results in the difficulty in the excitation to simultaneously reach

the acceptor in the span of the reservoir (Yb3+, 2F5/2) lifetime. The increase

of the blue band at (490 nm) assigned to pair emission (Fig. 28C) arising from

the statistically significant number of close-lying Yb3+ ions supports this inter-

pretation which suggests that geometry and dimensionality play a very impor-

tant role in the UC mechanisms.

For NIR-emitting applications, UC mechanisms should ideally be sup-

pressed. The corresponding energy transfer rates should therefore be mini-

mized, which could be done by means of engineering the optimum

concentration and geometries, particularly in the presence of sensitizers.

6 COMPOSITE MATERIALS WITH IR-BASED LANTHANIDE
SENSITIZATIONS THROUGH ORGANIC CHROMOPHORES

The complicated chemistry of highly fluorinated compounds makes it difficult

to pursue efficient optical properties and quantum yields in NIR-emitting

lanthanides by the classical approach of incorporating sensitizers in lanthanide

complexes for infrared applications. Two novel strategies have been recently

suggested to produce highly efficient sensitized NIR-lanthanide emitters,

based on composite materials1 in which one component provides a high

FIGURE 29 (A) Cooperative energy transfer upconversion processes resulting in visible emis-

sion of Tb3+ and Eu3+ with efficient Yb3+ sensitization in coordination polymers (Hernández

et al., 2010). (B) Emission spectra of the corresponding [Yb0.7Tb0.3(PFBS)3] and

(C) [Yb0.7Tb0.3(PF4PP)3] compounds. The inset in (B) represents the image through a filter cut-

ting at 520 nm. Panel (B): Redrawn from Hernández et al. (2010).

1. As referred to in discussion with Prof. J.C.G. Bünzli, private communication.
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emission efficiency environment for the lanthanide and the other one sensiti-

zation. One involves the use of hybrid environments in which the lanthanide

is present in an inorganic compound and organic chromophores allow for

the sensitization, and the other one involves a use of a very efficient perfluori-

nated ligands-based molecular environment for the Er3+, and the juxtaposition

of a perfluorinated molecular chromophore.

6.1 Hybrid Organic–Inorganic Materials

The use of hybrid organic–inorganic frames for incorporation of lanthanides

in a controlled environment from sol–gel and their comparably easy synthetic

routes have been discussed over the past few years and applied in a number of

visible-emitting lanthanides (mainly Tb3+ and Eu3+, which do not suffer from

the strong quenching by residual hydrogen) and also in NIR-emitting-based

lanthanides. The resultant materials could be implemented in potential device

applications, such as planar waveguides, directly or incorporated into poly-

mers (Binnemans, 2009; Escribano et al., 2008).

Zeolites are inorganic aluminosilicate frameworks of typically alkaline

metals with a periodic porous structure of diverse size and geometry, often

with channels interconnecting the whole framework. Incorporation of lantha-

nides in the zeolite frame is easily done by exchange of the metals at mild wet

conditions after growth (Fig. 30). It has been shown that incorporation of

lanthanides by wet methods involving exchange with framework atoms and

(often) “ship in a bottle” functionalization with organic ligands (or complexa-

tion) is possible as well as introduction of the lanthanide complexes during or

after growth for a number of lanthanides, although mainly visible-based

FIGURE 30 Schematic representation of an inorganic zeolite, with an exchanged NIR-emitting

lanthanide in a pore, either (A) chelated by an organic ligand or (B) in the presence of a decafluor-

obenzophenone chromophore.
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emission is sought (Binnemans, 2009). Regarding NIR-emitting lanthanides,

Nd3+ has been introduced in the large pores (12 Å) of faujasite (Zeolite-Y)

at high exchange by wet methods and the small bidentate bis(perfluoromethyl-

sulfonyl)aminate functionalization leads to relatively long PL lifetimes,

100 ms, in the presence of the organic, which is extremely high, but the

organic does not produce sensitization (Wada et al., 2000). It has been also

shown that Nd3+–Nd3+ energy transfer is possible in this high loading config-

uration. Sensitization of lanthanide-exchange zeolites with perfluorinated

chromophores has been more recently demonstrated. Zeolite-L incorporating

5% Er3+ was thoroughly dried at high temperatures in vacuum and annealed

to remove the maximum possible hydrogenated groups,

and decafluorobenzophenone was loaded in its pores. Excitation in the absorp-

tion band of the perfluorinated chromophore at 370 nm yields sensitized 1.5 mm
Er-based emission with no chromophore emission (Mech et al., 2010).

Another organic–inorganic hybrid alternative for exploiting organic

chromophores for lanthanide sensitization includes the surface functionalization

of lanthanide-doped inorganic nanoparticles with organic chromophore-

containing ligands (Fig. 31). The incorporation of photoluminescent NIR-

emitting lanthanides in inorganic matrixes at various sizes nanoparticle

morphology is relatively well known. In particular, a great effort has been done

in the control of the polymorphism and size distribution of a number of hosts in

FIGURE 31 Schematic representation of an inorganic (NaYF4) nanoparticle doped with NIR-

emitting lanthanides with external organic functionalization including chromophores. Typically,

these nanoparticles have small sizes <20 nm and are oleylamine and/or oleic acid-functionalized

for dispersion and solubilization, as represented. Tropolone and IR-806 chromophores employed

for sensitization of Nd3+, Yb3+, and Er3+ NIR luminescence (and upconversion, for Yb3+, Er3+

codoping, in the second case), in cubic and hexagonal NaYF4.
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the presence of various concentrations of Yb3+, Er3+, Nd3+, etc. Among them, b
(hexagonal)-NaYF4 is one of the most studied because upon 20% Yb and 10%

Er, it shows the highest measured upconversion efficiency (Heer et al., 2004),

which has made it attractive for a number of phosphors and biological applica-

tions. The a (cubic) polymorph is somewhat easier to obtain, especially at the

nanoscale, and allos for efficient optical properties too. The incorporation of

tropolonate chromophores on the outside of small (�6 nm) a-NaYF4 nanopar-
ticles doped with 20% Yb or 20% Nd allows the (2F5/2! 2F7/2) 980 nm emis-

sion of the Yb3+, or the 4F3/2! 4I9/2,
4I11/2,

4I13/2 emissions of Nd3+ at 870,

1060, and 1350 nm, respectively, upon excitation at 340 nm in the tropolonate

absorption band (Zhang et al., 2007c). The nonexponential decays yield life-

times for the Yb3+ in the order of 55 ms and for Nd3+ in the order of 5 ms in

DMSO solution. Although shorter than in conventional Yb- and Nd-doped

NaYF4 nanoparticles these values are much longer than in the corresponding

tetrakis Yb and Nd (trop)4 complexes, which demonstrates that the inorganic

nanoparticles protect the long-lived character for the NIR emission from the

solvent and organic environment quenching.

Interestingly, the functionalization of Yb3+/Er3+-doped nanoparticles

with NIR-based chromophores has been also proved successful for UC.

b-NaYF4: 20% Yb, 2% Er capped with IR-dye 806 (4-mercaptobenzoic

acid-functionalized IR-780 dye) shows sensitization of the Yb3+ and Er3+ in

the 700–850 nm range. Most importantly, these chromophore-capped particles

show sensitized visible emission through ETU upon excitation in the

IR-absorbing chromophore, with 3000-fold increase of the excitation with

respect to 980 nm excitation as the PL and excitation spectra demonstrate

(Zou et al., 2012). This proves that with decreased multiphonon quenching,

as guaranteed in the protective inorganic environment of the nanoparticle,

external functionalization allows for significant chromophore to lanthanide

energy transfer resulting in NIR and visible emissions.

For processability and devices, the sensitized composite zeolites and nano-

particles could be incorporated in polymer matrixes or electrochemical cells

for optical and/or optoelectronic applications, which in principle, given the

protective function for the inorganic components, would not suppose a

decrease of their properties, and could be assimilated as in existing polymer

devices doped with NIR-emitting lanthanides-doped LaF3 or NaYF4 nanopar-

ticles (Dekker et al., 2004; Liu et al., 2009; Zhai et al., 2013; Zhang et al.,

2007a). Also, the functionalized nanoparticles (and particularly those with

upconversion properties) could be employed for biological applications.

6.2 Composite Organic Materials

The all-organic alternative to incorporate sensitized highly efficient NIR

lanthanides in sensitizing organic environments for amplifying devices at

1.5 mm has been to separate the sensitizing (chromophore) and emitter (Er3+

complex) units and combine the two perfluorinated materials in an organic-
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based composite. This allows simple direct growth in to thin-film devices.

A perfluorinated Zn(II) molecular organic semiconductor [Zn(F-BTZ)2]

(F-BTZ¼perfluorobenzothiazole) (Li et al., 2013) was employed as a sensi-

tizing unit in the visible range lmax¼480 nm and [Er(F-tpip)3] was selected

as the erbium complex due to its high efficiency and ease of processing.

The composite material 70% [Zn(BTZ)2] and 30% [Er(F-tpip)3] was grown

as a thin film on SiO2 on silicon at high-vacuum conditions by vapor deposi-

tion and with doping control by means of the evaporation rates (Fig. 32). The

excitation spectrum of the NIR emission at 1.5 mm follows closely that of the

absorption of the Zn(II) complexes, demonstrating outstanding sensitization,

as derived from the comparison with the equivalent [Er(F-tpip)3] spectrum.
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FIGURE 32 (A) Schematic amplification experiment showing 3.4 dB/cm apparent enhancement

of the probe at 1.5 mm upon pumping in the visible, as due to the sensitization of [Er(F-tpip)3] by

a Zn2+ bis-perfluorobenzothiazole chromophore. (B) Scheme of an OLED and EL in the doped

and undoped material, showing NIR emission and the absence of the phosphorescence due to

triplet-lanthanide sensitization. Reproduced with permission from Ye et al. (2014) © Nature
Group 2014.
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The Er3+ emission lifetime, �860 ms, is enhanced in the composite with

respect to the pure erbium compound as a consequence of the decrease of

cross-relaxation and energy transfer mechanisms. Moreover, the semiconduct-

ing properties of the material allow for implementation of NIR-emitting

OLEDs, the [Er(F-tpip)3]-doped OLEDs, showing NIR emission and extraor-

dinary quenching of the [Zn(F-BTZ)3] phosphorescence (Ye et al., 2014). The

spectral overlap of the relaxed singlets and triplets, together with the dynamic

analysis of the 1.5 mm emission, suggests that even though singlets do contrib-

ute to sensitization, transfer from the relaxed triplet of the [Zn(F-BTZ)2]

(peaking at 680 nm) to Er3+ resulting in excitation of the 4F9/2 states is the

most relevant mechanism. This material achieves population inversion at

low power pumping, allowing for an �50% enhancement of a probe signal

(Ye et al., 2014) via sensitization of the Er3+ complex (Fig. 32).

7 CONCLUDING REMARKS

In this report, we have shown that the motivation, fundamentals, and related

recent result toward the sensitization of Nd3+, Er3+, and Yb3+ via organic

chromophores for advanced applications in the NIR range. We have put the

emphasis in explaining the need for very efficient environments near the lan-

thanide, exclusive of radiationless deactivation channels, and thus requiring

high degrees of halogenation. In particular, we have shown the advantages

of (per)fluorination and phenomena related with the increased lifetimes, in

particular energy transfer and NIR-to-visible UC. New strategies based on

composite materials have emerged as potential candidates for taking advan-

tage of organics-mediated sensitization in combination with efficient environ-

ments, including an all-organic pathway that exploits sensitization from an

additional metal complex-based chromophore of independent nature.

A realistic perspective of the potential of organics-based sensitized NIR-

emitting lanthanides for devices and applications must take into account the

challenges derived from the organic environment in which the NIR-emitting

lanthanides must be immersed for efficient sensitization to take place. Some

of them are:

– Lanthanide efficiencies are still typically small due to multiphonon

quenching even in the most optimized materials to date, compared to inor-

ganic hosts. Even though for some luminescence and amplification appli-

cations the effect of the enhanced pumping obtained if sensitization

efficiencies are kept high would allow to balance it for moderate powers,

other applications in phosphors and molecular devices may be frustrated.

However, it is possible that further research minimizes this issue, and

improved performances are not at all unexpected.

– A good matching between absorbed and emitting wavelengths is difficult,

and considerable pumping power losses may be in place as a consequence

of the downshift. Although applications as phosphors may not necessarily
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require this, undesired heating can occur. Redshifts of the organic chromo-

phores will be required with respect to the best instances now available to

minimize this, although the nature of the electronic processes involved

may result in natural limit due to energy separation requirements for opti-

mal performance.

– The heavy loading of intermediate states with a variety of symmetries and

lifetimes may result in bleaching and actual photodegradation or chemo-

degradation processes of the organics, including oxygen-related degrada-

tion. This can be overcome with careful encapsulation of the devices as

has been used for OLED displays.

– Highly efficient organics are not free from lanthanide–lanthanide energy

transfer interactions resulting in quenching, as in inorganic matrixes.

However, they offer an enhanced possibility to control the geometry and

concentrations so that these mechanisms are minimized. Moreover, con-

centration of excited states in the lower-lying levels of the NIR-emitting

lanthanides due to the enhanced quenching from higher-lying cases

diminishes the number of deexcitation routes. Alternatively, this may

allow for UC applications.

– Large absorption coefficients of the organic chromophores may cause

excitation difficulties due to the small penetration depth of the pump.

Careful selection of the right pumping sources, in terms of wavelength

(like polychromatic sources) and device geometry, is to be required to

maximize the pumping of the chromophores.

The development of several instances of NIR-emitting lanthanides with

advanced properties in organic environments, even for direct excitation and

in relatively unoptimized configurations, together with the perspective of suc-

cessful realization of the sensitization of organic light-harvesting units keeps a

moderate optimism toward realizable applications in a number of fields.
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ABBREVIATIONS AND SYMBOLS

acac acetylacetonate or 2,4-pentanedionate

bath bathophenanthroline

BCP bathocuproine

BODIPY 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
CT charge transfer

dbm 1,3-diphenyl-1,3-propanedionate or dibenzoylmethanate

DMA N,N-dimethylacetamide

DMF N,N-dimethylformamide

dtpa diethylene triamine pentaacetic acid
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EBL electron transport layer

EIL electron injection layer

EL electroluminescence

ESA excited state absorption

ETL electron transport layer

ETU energy transfer upconversion

F-tpip perfluoro-tetrakisphenyl-imidodiphosphinate

FTPPor 5,10,15,20-tetrakis-(pentafluorophenyl)-porphyrin

HBL hole-blocking layer

HIL hole injection layer

HTL hole transport layer

hfa hexafluoroacetylacetonate or 1,1,1,5,5,5-hexafluoro-2,4-

pentanedionate

HOMO highest occupied molecular orbital

ISC intersystem crossing

ITO indium tin oxide

LED light-emitting diode

LUMO lowest unoccupied molecular orbital

MOF metal organic framework

NIR near infrared

NPB N,N0-di(1-naphthyl)-N,N0-diphenyl-(1,10-biphenyl)-4,40-diamine

OLED organic light-emitting diode

pctrop perchlorotropolonate

PEDOT poly(3,4-ethylenedioxythiophene)

PFBS perfluorobutanesulfonate

PFOS perfluorooctanesulfonate

PF2PP perfluorobis(phenylphosphinate)

PF3PP perfluoro-p-phenyl-diphenylphosphinate
PF4PP perfluorobis-p-diphenylphosphinate
PF2TP perfluorobis(p-tolylphosphinate)
pip perfluoro-tetrakisphenyl-imidodiphosphinate

PL photoluminescence

PMMA polymethyl methacrylate

Porph porphirine

PSS poly(4-styrenesulfonate)

PVK poly(9-vinylcarbazole)

q 8-hydroxyquinolinate

SHG second harmonic generation

tfa trifluoroacetate

tta thenoyl-trifluoroacetonate or 4,4,4-trifluoro-1-(thiophen-2-yl)

butane-1,3-dionate

TPA two-photon absorption

TPD N,N0-bis(3-methylphenyl)-N,N0-diphenylbenzidine
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TPP triphenylphosphine

TPPO triphenylphosphine oxide

TPPor 5,10,15,20-tetraphenylporphyrin

trop tropolonate

UC upconversion

UV ultraviolet
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1 INTRODUCTION

1.1 General Introduction

For the past few decades, considerable attention has been focused on the prep-

aration and properties of magnetic semiconductors from the viewpoints of

fundamental condensed matter science and also of practical applications for

spintronics and magneto-optic devices (Furdyna, 1988). In order to tune their

magnetic and magneto-optic properties, various types of structured magnetic

materials have been prepared (Gaj et al., 1978; Jungwirth et al., 1999;
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Ohno et al., 1996, 1999). Preparation of semiconductor nanoparticles with

magnetic dopants has also been studied, and stochastic control for a number

of magnetic dopants in II–VI or III–V semiconductor nanoparticles has been

investigated (Wang et al., 1991). However, the characteristic magnetic proper-

ties of the semiconductor nanoparticles using transition-metal ions such as

Zn(II), Cd(II), and Ti(IV) ions may not have been studied extensively because

there are few classes of materials that exhibit both intrinsic magnetic and

semiconducting properties (Beaulac et al., 2008; Erwin et al., 2005; Jun

et al., 2002; Norberg et al., 2004; Norris et al., 2001; Schwartz et al., 2003;

Stowell et al., 2003).

On the other hand, various types of magnetic materials containing lantha-

nide ions have been reported. The exceptional electronic and spin configura-

tion in 4f orbitals is responsible for distinctive magnetic properties, which

in turn allows one to create functional magnetic materials. One of the most

important series of intrinsic magnetic semiconductors is europium chalcogen-

ides, EuX (X¼O, S, Se, and Te). Europium chalcogenides have localized nar-

row 4f orbitals that exist as the degeneracy levels between the conduction

band and the valence band. In the next sessions, brief histories of EuX bulk

and nanomaterials are introduced.

In this chapter, focus is given on magnetic europium chalcogenide nano-

crystals and nanoparticles. Their preparation is described along with their

electronic, magnetic, photophysical, and magneto-optical properties. The last

section concentrates on characteristic structures and nanostructures.

1.2 Brief History of Europium Semiconductors

First, a brief history of bulk europium chalcogenides composed of divalent

Eu(II) ions (EuX: X¼O, S, Se, and Te) is introduced in this section.

The first study on europium oxide (EuO) was reported by Matthias and

Bozorth (1961) who were working on ferromagnetic intermetallic rare earth

compounds. In their studies, they described that EuO becomes ferromagnetic

at 77 K. They suggested the presence of exchange interaction between 4f elec-

trons in EuO to explain its ferromagnetic properties. The ferromagnetism of

europium sulfide (EuS), europium selenide (EuSe) and europium telluride

(EuTe) were discovered by McGuire in 1962 (MacGuire et al., 1963). The fer-

romagnetic Curie temperature of an EuS crystal was found to be smaller than

that of an EuO crystal. Moruzzi and Teaney reported dominant exchange

interaction between nearest neighboring Eu(II) ions in EuS (Moruzzi and

Teaney, 1963). The detail magnetic properties of EuSe were also described

by Morris in 1964 (Busch et al., 1964). The interaction is not only confined

to a single (111) plane, but extends over neighboring (111) planes.

EuSe presents a ferromagnetic coupling in the bulk EuSe lattice. The char-

acteristic magnetic behavior of EuSe results in both ferromagnetic and antifer-

romagnetic properties. The characteristic parameters for the magnetic phase
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transition of EuSe were measured on a single crystal by neutron diffraction

under low temperature (Fischer et al., 1969). Their large ferromagnetic cou-

pling has been attributed to the NNSS spin structure. NS denotes opposite fer-

romagnetic order in adjacent (111) planes. Generally, antiferromagnetic spin

interaction is generated by NNSS or NSNS spin configuration. Spin configura-

tion in EuSe provides NNSS spin structure, which is including ferrimagnetic

NNS spin configuration. Morris also described the antiferromagnetic behavior

of EuTe in 1964 (Busch et al., 1964). The general preparation of bulk EuO by

thermal reduction of Eu2O3 above 1000 °C was reported in 1965 (Shafer 1965).

EuX crystals exhibit semiconductor behavior with conduction band and

valence band. Europium chalcogenide semiconductors are characterized by

narrow 4f orbitals as degenerate levels. The conduction band and the valence

band are composed of 5d orbitals of Eu(II) and p orbitals of O2�, S2�-, Se2�,
or Te2�, respectively. The 4f–5d electron transition of EuX crystals leads to

unique optical, magnetic, and electronic properties (Fig. 1).

The 4f–5d electronic transitions and the energy gaps of EuX crystals

depend on the nature of the chalcogenides. Photoemission studies for unravel-

ing the electronic structure of EuO, EuS, EuSe, and EuTe were described by

Eastman in 1969 (Eastman et al., 1969). Then, the optical, electrical, and

magnetic properties of EuX were summarized by Wachter in 1972. Crystal-

field splitting of the 5d orbitals affects the 4f–5d electronic transitions of

EuX crystals. In a simple point charge model, the splitting energy can be

expressed by
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FIGURE 1 Energy block diagram of the Europium chalcogenides. The origin of the energy scale

is the bottom of the valence band of EuO. Reproduced from Wachter (1972), © 1972 North

Holland.
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where r and R are the mean radius of the orbitals and the distance to the

ligands, respectively. In the europium chalcogenides, the lattice parameter

increases from EuO to EuTe. Therefore, the crystal-field splitting is largest

in EuO and smallest in EuTe. The fundamental data for EuX bulk crystals

are summarized in Table 1.

These europium chalcogenides (EuO, EuS, EuSe, and EuTe) were

intensely studied in the 1970s and continue to be of both theoretical and

experimental interest. In particular, the 4f–5d electronic transition and spin

configuration of EuX crystals lead to specific magneto-optical properties,

Faraday and Kerr effects. Greiner and Fan reported effective magneto-optical

Kerr effect in EuO and EuS crystals at 12 and 8 K, respectively (Greiner and

Fan, 1966). Suits and coworkers also presented magneto-optical properties of

EuSe the same year (Suits et al., 1966). The magneto-optical effects of EuX

crystals are extremely large. For instance, the Faraday rotation angle of EuSe

under 2 T at 4.2 K is 1�105 deg/cm, making it is one the top-choice com-

pound for magneto-optical materials. However, the giant magneto-optical

effect is nor operative at room temperature. Enhanced magnetic properties

of EuO doped with Gd and Fe ions (Ahn, 1972) were also reported. The Far-

aday rotation angle of EuO crystal with Gd and Fe ions at 77 K under 0.02 T

was estimated to be 1.4�105 deg/cm.

Kasuya and Yanase reported anomalous transport phenomena of EuX crys-

tal in 1968 (Kasuya and Yanase, 1968). The anomalous large negative

magneto-resistance and other optical properties were explained by the specific

magnetic exciton in which a hole in the 4f conduction band and an electron

(for optically active magnetic exciton) in the 5d conduction band combine into

a bound state. Molner predicted that the magnetic exciton or magnetic polaron

might be expected to form at around the Curie temperature (Molnar and

Kasuya, 1970). Study on the bound magnetic polaron and the insulator–metal

TABLE 1 Crystal, Magnetic, and Electronic Data for Europium

Chalcogenides (Wachter, 1972)

a0 (Å)

Magnetic

Order

Ionicity

(%) TC,N (K)

Abs. Edge

(eV)

EuO 5.141 Ferro 35 64.2 1.12

EuS 5.968 Ferro 27 16.5 1.65

EuSe 6.195 Ferro

Antiferro

25 2.8

4.58

1.80

EuTe 6.598 Antiferro 23 9.64 2.00

TC,N, Curie or Néel temperature.
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transition in EuO were also reported by Torrance (Torrance et al., 1972). The

interaction between the specific magnetic exciton and phonons was presented

as a magnetic polaron by Takahashi and Kasuya (1983). Presently, the presence

of magnetic exciton in EuX crystals continues to stir discussions in the field of

physics.

In order to increase the performance temperature of the magneto-optical

effect of EuX, various types of EuX with magnetic dopants, e.g., Gd(III)

(Kaldis et al., 1971; Mauger et al., 1980), Co(II) (Fumagalli et al., 1996), have

been reported. The large Faraday effect of EuO microcrystals in borate glass

have also been reported by Tanaka et al. (1997). Electron-spin polarization in

the tunneling current in metal-EuS-metal functions, and spin-filter effect of

EuS tunnel barriers were observed by Hao et al. (1990). Characteristic

magneto-optical properties of EuX crystals are expected to open up new field

of spintronic engineering.

1.3 Brief History of Europium Chalcogenide Nanoparticles

Presently, there is hefty interest in the synthesis of semiconductor nanoparti-

cles as nanoscale powders dispersible in aqueous or nonaqueous media. The

photophysical properties of semiconductor nanoparticles are dominated by

their band gaps and their electronic structure related to size, shape, and the

environments surrounding the crystals. Such materials have also potential

applications including use in displays, biological tagging materials, next-

generation photovoltaics, and lasers (Bruchez et al., 1998; Coe et al., 2000;

Klimov et al., 2000; Pickett and O’Brien, 2001).

Various types of nanoparticles including lanthanide ions have been

reported for several decades during studies on luminescent materials. The first

nanocomposites of EuS with cobalt prepared from mechanical alloying of

powders of EuS and Co were prepared in 1998 (Tang et al., 1998). In 2000,

Chen reported a luminescent EuS nanocluster embedded into zeolite-

Y(USY); a similar nanocluster of EuS in zeolite-Y was also prepared by

mechanical mixing of the powders of EuS and zeolite (Chen et al., 2000).

However, information about particle size and crystallinity of the EuS–Co

nanocomposites and EuS–zeolites-Y was not given.

The history of semiconductor nanoparticles containing lanthanide materi-

als such as EuX, starts in 2001. Thongchant and Hasegawa prepared the

first EuO single nanoparticles (Thongchant et al., 2001). The EuO nano-

particles displayed spindle-shaped forms (mean length¼280 nm, mean

width¼95 nm). They were synthesized by oxidation of europium metal in liq-

uid ammonia at low-temperature. The superparamagnetic property of

spindle-shaped EuO nanoparticles was also described for the first time.

Quantum-sized EuO nanoparticles (average diameter¼3.4 nm) were obtained

the following year by photochemical reaction of europium nitrate with urea in

methanol (Hasegawa et al., 2002). Indeed, irradiation of trivalent europium in
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methanol in the charge transfer band is known to lead to the formation of

Eu(II) ( Jørgensen and Brinen, 1963; Kusaba et al., 1992). The quantum-sized

EuO nanoparticles showed remarkable blue shift of the absorption and the

emission bands due to the quantum-size effect.

Thongchant and Hasegawa also prepared EuS nanoparticles in liquid

ammonia by reaction of europium metal with hydrogen sulfide (Thongchant

et al., 2003a,b,c). The synthesis of EuS nanoparticles can be improved by

starting from an Eu(III) complex as the single-source precursor (Hasegawa

et al., 2005; Mirkovic et al., 2005; Regulacio et al., 2005; Zhao et al.,

2005). The single-source precursor method has become a standard procedure

for the preparation of EuS nanoparticles at the present time. The EuS nanopar-

ticles show effective Faraday rotation in the visible spectral range. For this

reason, EuS nanoparticles are promising candidates as optical isolators in

the field of next-generation fiber-optic telecommunication systems. EuS nano-

particles doped with Gd ions (Kar et al., 2010; Selinsky et al., 2010) or

transition-metal ions (Hasegawa et al. 2013) have been synthesized and char-

acterized by several authors with the aim of obtaining enhanced magnetic and

magneto-optical properties, respectively. Alkali metal-doped EuS nanoparti-

cles are also known (Boncher et al., 2012).

The first EuSe nanoparticles were reported by Hasegawa and O’Brien in

2008 (Adachi et al., 2008; Hasegawa et al., 2008). An enhanced Faraday

effect for EuSe nanoparticles with an average diameter of 20 nm was

observed at around 500 nm. Dickerson reported the first EuTe nanoparticles

(average diameter¼6.5 nm) having super-antiferromagnetic properties

(He et al., 2011). The authors showed that the magnetic properties of EuTe

can be tuned by changing the nanoparticle diameter.

Tetravalent Tb ion, Tb(IV), also features 4f–5d electronic transitions under

photon irradiation. From this view point, Tb(IV) is expected to form semicon-

ductor materials such as TbX2 (X¼O, S, Se, and Te). Unfortunately, the

Tb(IV) state is unstable under air. Lanthanide semiconductor nanoparticles

composed of Tb(IV) ions have not been reported yet. For this reason, it seems

that europium chalcogenide nanoparticles, EuO, EuS, EuSe, and EuTe, are the

only magnetic semiconductor nanoparticles with 4f-5d electronic transitions.

In Sections 2 and 3 of this chapter, various preparation methods of EuX

nanoparticles and nanocrystals are introduced: liquid ammonia method,

photochemical reaction, single-source precursor method, electrochemical

deposition, vapor phase conversion, preparation of glass materials, among

others. The electronic (absorption, emission, and magnetic exciton) and

magneto-optical properties of EuX nanoparticles are detailed in Sections 4

and 5. In the last section, characteristic aggregation structures composed of

EuX nanoparticles and crystals, nano-aggregation, nano-arrangements, nano-

hybrids, and nano-attachments, are presented. These materials are helpful

for studying electronic structures and for enhancing magnetic and magneto-

optical effects.

106 Handbook on the Physics and Chemistry of Rare Earths



2 PREPARATION METHODS

2.1 Liquid Ammonia Method

Generally, bulk EuO and EuS materials are prepared by solid phase reactions

of europium metal (or Eu2O3) and chalcogenides (oxygen or sulfur sources) at

high temperature (>1000 °C) (Shafer, 1965). However, chemical and physical

instability of their surface constitute an obstacle to the synthesis and isolation

of europium chalcogenide nanoparticles. Consequently, liquid phase reactions

proved useful for preparing nanoscale semiconductors because the solvent and

the surfactant prevent aggregation of the particles and allow a good control of

crystal growth (Ahmadi et al., 1996; Manna et al., 2000).

Initially, attempts have been made to prepare EuO and EuS nanoparticles

by liquid phase reaction of europium metal in liquid ammonia (Thongchant

et al., 2001, 2003a,b,c). In liquid ammonia, the Eu metal is transformed into

solvated electrons e�
ammonia

� �
and meta-stable Eu(II) ions. The corresponding

equations for the formation of EuO nanoparticles are described in Fig. 2.

Europium metal is added to liquid ammonia under nitrogen atmosphere.

The color of the solution turns to deep blue because of the generation of sol-

vated electron (Catteral and Symons, 1965; Warf and Korst, 1956). Oxygen

diluted with argon is then introduced into the solution through bubbling. After

disappearance of the blue color, the system is warmed to room temperature to

remove the excess ammonia. The crude product is washed with HCl solution,

deionized water, and methanol, and subsequently dried under vacuum to yield

a grayish-white powder.

This preparation method produces spindle-typed EuO nanoparticles (mean

length¼280 nm, mean width¼95 nm). Hasegawa suggested the following

reaction mechanism. First, europium metal dissolves in liquid ammonia to

give a solvated europium precursor. The strong coordination of ammonia

molecules due to the presence of the 5d orbitals of Eu(II) affects the orienta-

tion of the solvated precursor so that this compound reacts with oxygen to

yield spindle-shaped EuO nanocrystals.

The first preparation of EuS nanoparticles was achieved using the liquid

ammonia method with addition of hydrogen sulfide (Thongchant et al.,

2003a,b,c). The formation of anionic sulfide by reaction of the latter with liq-

uid ammonia is fast and favored (Fig. 3).

In order to prepare EuS nanoparticles, hydrogen sulfide, H2S, gas is intro-

duced into the liquid ammonia solution containing europium metal through

Eu(0) + NH3

2e–
ammonia + 1/2 O2

Eu(II) + 2 e–
ammonia

O2– + 2NH3
(1)

Eu(II) + O2– Eu(II)O

FIGURE 2 Reaction scheme for the formation of EuO nanoparticles in liquid ammonia.
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bubbling until the color of the solution turns yellow. Liquid ammonia is

removed by evaporation at room temperature in 1.5 h. The resulting product

is a purple-black powder.

The preparation method using liquid ammonia provided EuS nanoaggre-

gates composed of EuS nanoparticles with various crystal sizes. The average

grain size, as estimated from X-ray diffraction (XRD) spectra, was 20 nm.

The particle size of EuS nanoparticles synthesized by the liquid ammonia

method can be controlled by addition of pyridine (Thongchant et al.,

2003a,b,c) or thiourea (Kataoka et al., 2005). The additional molecules bind

the Eu(II) ions as ligands and play important role in inhibiting or promoting

the growth of the crystal grain. Addition of pyridine leads to an increase in

crystal grain from 20 to 36 nm. In contrast, addition of thiourea promotes

the inhibition of the crystal growth and the size decreases from 20 to 7 nm.

2.2 Photochemical Reactions

An advanced synthetic method for obtaining smaller EuO nanoparticles (aver-

age diameter: 3.4 nm) has been reported by Hasegawa et al. (2002). In this

protocol, the EuO nanoparticles are synthesized by photochemical reduction

of an adduct of europium nitrate with urea in methanol. The corresponding

reaction scheme is shown in Fig. 4.

Irradiation into the charge transfer band between an oxygen atom of meth-

anol and the Eu(III) ion induces photoreduction to give Eu(II) and the radical

HOCH2 ( Jørgensen and Brinen, 1963; Kusaba et al., 1992). The radical inter-

mediate HOCH2 reacts with nitrate to give OH� and formaldehyde. EuO is

formed by dehydrocondensation of Eu(OH)2 (Izaki and Omi, 1997). The

growth of EuO nanoparticles is coupled with the polymerization of the coor-

dinated urea with photogenerated formaldehyde to give polyurea-modified

EuO nanoparticles. The adduct of Eu(NO3)3 with urea can therefore be

regarded as a simple Eu(III) source complex.

A high-pressure mercury arc lamp (500 W) is used for the photochemical

crystal growth of EuO nanoparticles; however, this does not result in nanopar-

ticles with clear lattice fringes. Formation of EuO with high crystallinity is

desirable for optomagnetic applications. In 1996, molecular crystal growth

using laser flash has been reported (Garetz et al., 1996). Crystalline structures

can be obtained by irradiating a supersaturated solution with laser light.

Hasegawa reported the formation of EuO nanoparticle under ArF laser

Eu(0) + NH3

H2S + NH3

HS– + NH3
NH4

+ + e–
ammonia

Eu(II) + S2–

Eu(II) + 2 e–
ammonia

HS– + NH4
+

S2– + NH4
+

2NH3 + 1/2H2

Eu(II)S

(1)
(2)
(3)
(4)
(5)

FIGURE 3 Reaction scheme for the formation of EuS nanoparticles in liquid ammonia.
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irradiation (lex¼193 nm, 130 mJ, repetition rate 1 Hz) in 2003 (Hasegawa

et al., 2003). Clear lattice fringes of the EuO nanoparticles could successfully

be observed. The average size of the EuO nanoparticles was found to be

4.7 nm. Laser irradiation is advantageous in nanocrystal growth. Garetz has

reported that laser-induced crystal growth depends on the electric-field-

induced effect in saturated solution (Garetz et al., 1996). The laser-induced

electric field helps organizing the existing prenucleating cluster, resulting in

fast nucleation and growth of the nanoparticles. Crystal growth of EuO nano-

particles does not occur when a KrF excimer laser (248 nm) is employed.

These results indicate that direct laser excitation at the charge transfer bands

(ca. 195 nm) between the oxygen atom of methanol and the Eu(III) ion is

needed to obtain effective reduction of Eu(III) into Eu(II).

Hasegawa also reported EuO nanomaterials with zeolite prepared by pho-

tochemical reaction in methanol (Thongchant et al., 2004). In this synthetic

procedure, first, europium(II)-exchanged zeolite-X is prepared by ion

exchange of NaX with Eu(II), itself obtained by a photochemical reaction.

Emission and XPS spectra of Eu(II)X indicated that Eu(II) ions are indeed

incorporated into the cavity of zeolite-X. When Eu(II)X is exposed to the

atmosphere, EuO crystals having an average size of 4.2 nm form on the outer

surface of zeolite-X through oxidation of Eu(II) in the cavities (Fig. 5).

Hasegawa reported that the surface structure of the crystals influenced by

the surrounding environments should affect their magnetic properties. Fur-

thermore, photoemission and photoresponse magnetic properties were

observed in the EuO nanocrystals.

2.3 Single-Source Precursor Method

EuS nanoparticles were also prepared using dithiocarbamate Eu(III) com-

plexes, and the structures of which are shown in Fig. 6. These Eu(III)

FIGURE 4 Preparation scheme of EuO nanoparticles using a photochemical reaction. Repro-

duced with permission from Hasegawa et al. (2002), © 2002, Wiley-VCH Verlag.
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complexes are called “single-source precursors (SSP).” They have been uti-

lized for the synthesis of nanoparticles derivatized with a suitable capping

reagent (Green and O’Brien, 1998; Revaprasadu et al., 1999).

Stoll and Scholes group reported the formation of EuS nanoparticles by

thermal reduction of an Eu(III) dithiocarbamate ternary complex with phenan-

throline (phen),[Eu(S2CNEt2)3(phen)] at around 300 °C (Mirkovic et al.,

2005; Regulacio et al., 2005; Fig. 6A). The same procedure was used by

4Eu3+  + 2O2-

+ (n-6)Eu2+  + 2Eu2+

nEu2+ + O2

O2

2O2- EuO

2mEu2+    + 2mO2- 2mEuO(out) (2)

Eu2+
Eu2+

Eu2+

Eu2+

Eu2+

Eu2+
Eu3+

Eu3+

Eu3+

Eu2+

Eu2+

Eu3+

Eu2+
Eu2+

Eu2+

Eu2+

Eu2+

Eu3+

Eu3+

Eu3+

Eu3+

Eu2+
Eu3+

Eu3+

Eu3+

Eu3+

(1)
(in) (in)

(in)

(out)

(out)

FIGURE 5 Postulated reaction mechanism for the oxidation of Eu(II)X and the formation of

EuO nanocrystals (Eun+(in)¼a europium ion located inside the cavity of zeolite-X, Eun+(out)¼a

europium ion on the outer surface of zeolite-X). Reproduced with permission from Thongchant

et al. (2004), © 2004, Chemical Society of Japan.

FIGURE 6 Chemical structures of [Eu(S2CNEt2)3(phen)] and Na[Eu(S2CNEt2)4].
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Gao (Zhao et al., 2005) who also reported monodisperse cubic-shaped EuS

nanoparticles (Zhao et al., 2006a,b). On the other hand, Hasegawa and

O’Brien successfully prepared quantum-sized EuS nanoparticles using Na

[Eu(S2CNEt2)4] as starting material and photoirradiation; the obtained aver-

age particle size was 9 nm (Hasegawa et al., 2005; Fig. 6B).

Hasegawa also reported the crystal growth of EuS nanoparticles starting

from Eu(III) dithiocarbamate with tetraphenylphosphonium counterion,

(PPh4)[Eu(S2CNEt2)4] (Fig 7), as precursor and using microwave irradiation

(Hasegawa et al., 2006a,b). Indeed, the previous single-source precursor used

by Hasegawa, Na[Eu(S2CNEt2)4], causes incorporation of impurity of Na+

cation into EuS, damaging the EuS photophysical properties. Therefore, the

SSP has been improved by exchanging the Na+ cation with a bulky organic

cation. This single-source precursor provides quantum-sized EuS nanoparti-

cles with clear lattice fringes (average size¼8 nm).

The reaction mechanism postulated by the authors for the thermal reduc-

tion of the Eu(S2CNEt2)n unit is described in Fig. 8. The formed EuS nanopar-

ticles might be coordinated by by-products such as organic compounds or the

Eu(III) complex itself. Evidence for coordination of organic compounds was

supported by IR, FAB-MS, 1H- and 31P-NMR measurements (Hasegawa

et al., 2006a,b). The thermal reaction of the SSP gives EuS nanoparticles

and the organic radical (SCN(Et)2) which may react with itself to produce a

FIGURE 7 Chemical structure of PPh4[Eu(S2CNEt2)4]. PPh4
+, tetraphenylphosphonium.

FIGURE 8 Suggested reaction mechanism for the formation of EuS nanoparticles from the

PPh4[Eu(S2CNEt2)4] precursor. Reproduced with permission from Hasegawa et al. (2006a,b).

© 2006, American Chemical Society.
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dimer, (Et)2NC(S)-(S)CN(Et)2 and/or a thiopolymer. The EuS nanoparticle

surface might then be covered with the dimer or the polymer.

These synthetic routes open the way to the creation of nanostructures with

specific architecture and avoid the use of high temperatures such as a thermal

reduction of Eu2O3 bulk materials. The single-source precursor method for

preparing EuS nanoparticles may be used in the fabrication of EuS thin films

by decomposing the SSP in a suitable chemical vapor deposition (CVD)

process.

EuSe nanoparticles were also prepared by thermal reduction of europium

chloride with potassium diphenylphosphinediselenide or tetraphenylphospho-

nium diphenylphosphinediselenide in hexadecylamine at 330 °C (Fig. 9;

Adachi et al., 2008; Hasegawa et al., 2008). EuTe nanoparticles were obtained

by the reaction of precursor europium triethanolamine compounds with

sodium telluride in ethylene glycol at room temperature, resulting in precipi-

tation of EuTe nanoparticles (He et al., 2011). These preparation methods are

based on reactions using europium complexes with organic ligands as

precursors.

The single-source precursor method is also adequate to produce europium

chalcogenide nanoparticles containing dopant metal ions. Stoll and Jin

prepared EuS/Gd nanoparticles using Eu(III) and Gd(III) dithiocarbamate

complexes (Kar et al., 2010; Selinsky et al., 2010). Hasegawa described

EuS nanoparticles containing transition-metal ions such as Fe(II), Co(II), or

Mn(II) and synthesized from dithiocarbamate complexes (Hasegawa et al.,

2013; Fig. 10). On the other hand, preparation method of alkali metal-doped

EuS nanoparticles cannot be achieved from the single-source precursor

method. Mixed powders containing Eu2O3 and sodium hydroxide are heated

at temperature between 350 and 900 °C for 2 h under hydrogen sulfide atmo-

sphere, resulting in Eu1�xNaxS nanomaterials (Boncher et al., 2012).

FIGURE 9 Reaction schemes for the synthesis of EuSe nanoparticles.

112 Handbook on the Physics and Chemistry of Rare Earths



Hasegawa also reported on the crystal growth of nano-scaled EuSe crystals

by using specific additives, namely oleic acid and oleylamine (Tanaka et al.,

2009a,b; Fig. 11). The crystal growth of EuSe nanocrystals 1 was achieved by

reacting europium nitrate with an organoselenium compound,

n-hexadecylamine (HDA), and the additives. The shape and average particle

size were evaluated using transmission electron microscope (TEM) data.

The shape of EuSe nanoparticles prepared from EuCl3, HDA, and Se source

was cubic, and their average size was found to be 23 nm using TEM, consis-

tent with size determination by XRD (20.5 nm). The characteristic cubic

shapes might be due to the NaCl-type fcc-structure of the EuSe lattice. On

the other hand, nanoparticles 2 prepared from basic sources with oleic acid

and oleylamine sustained anisotropic crystal growth and they had characteris-

tic tetrapod shapes. The average size was found to be 200 nm. These results

indicate that the EuSe nanocrystals 2 were built by concentration of EuSe

nanocrystal blocks (grain size¼50 nm).

Carboxyl groups of oleic acid play an important role in stabilizing the

Eu(III) precursor complexes. The coordination ability of the carboxyl group

is stronger than that of HDA. Oleylamine would also support the stabilization

of the Eu(III) precursor in HDA. The crystal growth of EuSe nanocrystals 2 is

Oleylamine,

EuS:M nanocrystals

N
S

S

4

NEu(III)
S

P
+

S

M
n

6 h 300 °C

FIGURE 10 Reaction scheme for the synthesis of transition-metal-doped EuS nanoparticles.

EuCl3• 6H2O, HDA

EuCl3• 6H2O, HDA
oleylamine, oleicacid

330 °C, 6 h.

330 °C, 6 h.

Se complex

EuSe nanocrystals 1

EuSe nanocrystals 2

Se

Se
P K

FIGURE 11 Reaction schemes for the synthesis of EuSe nanocrystals having specific shapes.
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due to formation of stable Eu(III) precursor complexes as a result of adding

oleic acid and oleylamine.

2.4 Electrochemical Deposition

Electrochemical deposition by reduction of a single-source precursor, namely

an Eu(III) complex, is also a useful method for the preparation of nanostruc-

tured EuS thin films. Hasegawa reported on thin films prepared by electro-

chemical deposition of EuS nanoparticles on a glass electrode using Eu(III)

dithiocarbamate complex as single-source precursor, as shown in Fig. 12

(Hasegawa et al., 2012).

The standard reduction potential of Eu(III)/Eu(II) equilibrium in water has

been reported to be Eo¼�0.35 V (SCE), as determined by cyclic voltamme-

try (Biedermann and Silber, 1973). The reduction potential depends on the

solvent and the electron donating ability of the organic ligands in the

Eu(III) complex. For the Eu(III) dithiocarbamate complex, an irreversible

reduction current was observed during the first cycle around �1.5 V (SCE).

The irreversible reduction current was assigned to the potential for the reduc-

tion of the Eu(III) ion to the Eu(II) ion in the Eu(III) dithiocarbamate com-

plex. The potential shift in the less-noble direction and irreversible current

of the Eu(III) dithiocarbamate complex are due to the coordination of dithio-

carbamate ligands. The Eu(III) dithiocarbamate complex may be unstable

under cathodic polarization, which would lead to decomposition of the

ligands. A decrease of the reduction current was observed during the second

cycle, which was due to the formation of products with Eu(II) ions on the

tin-doped indium oxide (ITO)-coated glass electrode. These results indicate

that the ITO-coated glass working electrode is covered with amorphous

Eu(II) compounds.

The amorphous thin film composed of Eu and S elements on the ITO elec-

trode was heat-treated to form a crystalline EuS lattice structure. After heat

treatment at 300 ° C for 3 h in an Ar atmosphere, the color of the thin film

changed from white to brown, as shown in the laser scanning microscope

image of Fig. 13.

The electron diffraction patterns of EuS tiny nanoparticles obtained by

TEM measurements were found to be in good agreement with those of

Electrochemical
deposition

Eu(II) thin film

on ITO electrode
4

N
S

S

–EuP+

FIGURE 12 Schematic representation of the synthesis of a EuS nanoparticle thin film on an

ITO-coated glass electrode. Reproduced with permission from Hasegawa et al. (2012), © 2012,

the American Chemical Society.
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corresponding (111), (200), (220), and (311) planes of NaCl-type EuS.

Hasegawa estimated that the average crystal grain size using TEM and laser

scanning microscopy was less than 7 nm. Using electrochemical reduction

techniques, EuS nanoparticle thin films with wide band gap and giant Faraday

rotation efficiency were successfully prepared on ITO-coated glass electrodes.

The Faraday rotation efficiency of the EuS nanoparticle thin film was approx-

imately 10 times larger than that previously reported for EuS nanoparticles.

The enhanced magneto-optical efficiency of the EuS thin film is attributed

to magnetic interaction between EuS nanoparticles without organic surface

stabilizers.

2.5 Vapor Phase Conversions

Nano-structural transformation can be an effective synthetic method. Various

types of materials synthesized with morphological control such as galvanic

replacement, oxidation, diffusion, or cation and anion exchanges have been

FIGURE 13 Laser scanning microscope images of an EuS thin film after heat treatment at 300 °C.
(A) Color (black and white in the print version) image and (B) three-dimensional image. Inset:

electron diffraction pattern image of the thin film using TEM measurement. Reproduced with

permission from Hasegawa et al. (2012), © 2012, the American Chemical Society.
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reported (Buha et al., 2007; Gao et al., 2003; Hu et al., 2003; Lokhande and

Bhosale, 1997; Moon et al., 2011; Son et al., 2004; Vasquez et al., 2008;

Yan and Xue, 2006). The morphological transformation is also effective for

the formation of nanomaterials with specific sizes and shapes. Dloczil

described hexagonal ZnS nanotubes obtained by chemical conversion of crys-

talline ZnO columns; the ZnS tubes have the same surface morphology as the

parent structure (Dloczik et al., 2001).

Stoll reported EuO and EuS nanowires prepared by vapor phase conversion

of europium sesquioxide, Eu2O3 (Boncher et al., 2014). First, they converted

Eu(OH)3 single-crystal nanowires to Eu2O3 single-crystal nanowires. The latter

were investigated as a starting material for the controlled-morphology synthesis

of EuO, EuS, and EuSe nanoparticles with gas phase reagents.

The transformation method is an important tool for producing europium

chalcogenide nanomaterials with characteristic shapes and sizes. In particular,

extended studies on the nanorods composed of europium chalcogenides would

provide new insights and applications in the field of photo- and magneto-

physics, photonics and spintronics, and material sciences.

3 GLASS MATERIALS

3.1 Polymeric Materials

Europium chalcogenides have characteristic photophysical, magnetic, and

magneto-optical properties. Optically transparent thin films or glassy materi-

als such as polymeric thin films containing europium chalcogenide nanoparti-

cles are expected to be useful in applications such as future optical isolators

and optomagnetic devices because of their unique photophysical and magnetic

properties. From the point of view of opto applications, the EuX/glass hybrid

materials are expected to lead to enhancement of the photophysical properties

because of effective modification of the EuX surface.

The first report on EuX/polymer hybrid nanomaterials may be EuO/

polyurea nanoparticles prepared from the polymerization of urea with photo-

generated formaldehyde on EuO surface (Hasegawa et al., 2002). Surface

modification with polyurea proved to be effective for enhancing the lumines-

cence properties of the EuO nanoparticles.

Transparent glass materials with EuS nanoparticles were prepared by cast-

ing the polymer solutions containing dispersed EuS nanoparticles on glass

substrates (Thongchant et al., 2003a,b,c). In order to prepare transparent poly-

mer thin films containing europium chalcogenide nanoparticles, the prepared

nanoparticles were added into a 2-propanone (Thongchant et al., 2003a,b,c) or

chloroform (Hasegawa et al., 2008) solution of polymethylmethacrylate

(PMMA) and well dispersed under ultrasonic treatment for 1 h, giving the col-

loidal suspension. The PMMA thin films were prepared on a glass substrate

from the colloidal suspension via spin-coating or casting methods.
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Trindate also reported EuS/polystyrene nanocomposites (Pereira et al., 2008).

The EuS polymer nanocomposites were prepared by miniemulsion polymeriza-

tion of styrene in the presence of the EuS/oleylamine (OA) nanoparticles. As a

first step, a stable aqueous miniemulsion was prepared by dispersing the hydro-

phobe (HD) and the EuS/OA nanocrystals in the styrene droplets. This organic

phase was then dispersed in an aqueous solution of surfactant (SDS) and sheared

using an ultrasound probe. The polymerization was then carried out under con-

ventional free radical conditions using azobis(isobutyronitrile) (AIBN) or potas-

sium persulfate (KPS) as the initiators and under a nitrogen flow.

Generally, glass transition temperatures of PMMA and polystyrene are

approximately 70 and 100 °C, respectively. Polymer thin films containing

europium chalcogenides are promising materials for use under room

temperature.

3.2 Silica Glass Materials

Composite materials with europium chalcogenides thermally stable under

500 °C are expected to be useful for photonic isolators in high-power laser

systems. Nakanishi focused on the silica glass materials as the matrix for ther-

mally stable isolators (Nakanishi et al., 2013). Indeed, silica matrixes are ther-

mally stable and optically transparent in the visible spectral range.

Silica glass with EuS nanoparticles was prepared by the sol–gel method

with a ligand exchange process. The ligand exchange reaction employed is

presented in Fig. 14. In the first step, the initial oleylamine ligands on the

EuS nanoparticles (compound A) are exchanged by partially hydrolyzed tetra-

methylorthosilicate (TMOS, compound B). In this reaction, the EuS nanopar-

ticles silanization is performed in toluene with TMOS. The hydrolysis of

TMOS proceeds slowly because of the small amount of water dissolved in tol-

uene. The resulting silanols ((CH3–O)3Si–OH) obtained by partial hydrolysis

of TMOS are coordinated onto the EuS surface. This is because the coordina-

tion ability of OH groups is stronger than that of the NH2 groups of oleyla-

mine. In the second step, major residential TMOS are hydrolyzed with EuS/

silica particles by the addition of water and ethanol due to formation of mono-

lithic silicate glass (Fig. 14).

The obtained uniform purple gel is slowly dried and used to prepare the

EuS/silica nanoglass composite. Silanol modification of the EuS nanoparticles

might be a key factor for preparing bulk silica with uniformly dispersed EuS

nanoparticles.

The thermal stability of the EuS/silica glass hybrid was evaluated by

TG–DTA analysis, as well as its optical properties. Weight losses for the

EuS-nanoparticles/PMMA film occur at ca. 100 °C and 290 °C. In contrast,

the silica glass exhibits excellent thermal stability (Fig. 15). The surface of

the EuS/silica glass hybrid composite was smooth and did not degrade after

a thermal resistance test performed at 150 °C for 5 h, whereas the surface of
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FIGURE 14 Schematic illustration of the preparation of an EuS/silica nanoglass via two-step

reaction with ligand exchange process; Step 1, ligand exchange reaction from alkylamine group

(�NH2) to silanol group (�OH); Step 2, hydrolysis and dry process. Reproduced with permission
from Nakanishi et al. (2013), © 2013 Elsevier B.V.
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the EuS-nanoparticles/PMMA thin film was physically ragged. Excellent

transparency was observed in visible spectral range for the EuS/silica glass

hybrid (80% transmission at 800 nm). The silica glass phase is an effective

matrix for EuS nanoparticles because the tight inorganic framework induces

thermal resistance.

4 ELECTRONIC AND PHOTOPHYSICAL PROPERTIES

4.1 Absorption and Emission Spectra

Europium chalcogenide semiconductors are characterized by narrow 4f levels

that are degenerate and lie between the conduction band and the valence band

(Wachter, 1972). The electronic transitions between the 4f levels and the con-

duction band are allowed. The absorption and the emission bands of the lantha-

nide semiconductor nanoparticles are influenced by the energy gap between 4f

levels and the conduction band, the so-called quantum-size effect (Fig. 16).

According to the magnetic polaron model, an electron and a hole are cre-

ated after the 4f-5d absorption transition; the excited electron lies in the nar-

row conduction band while the hole is localized in the 4f levels. The electron

interacts with the magnetic field (henceforth its name “magnetic polaron”)

and recombines with the hole, leading to photon emission with a wavelength

depending on the band gap. Luminescence enhancement due to quantum-size

confinement occurs when the radius of the semiconductor particle becomes

close to that of the exciton Bohr radius, a0:

a0 ¼ℏ2e
e2

1

me

+
1

mh

� �

4f-5d transition

Degenerate 4f  orbital

Eu2+ ion

5d

4f

p

EuX
EuX

nanocrystal
EuX

crystalX2-

C.B.

V.B.

FIGURE 16 Degenerate 4f level lying between conduction (C.B.) and valence (V.B.) bands in

europium chalcogenides. Reproduced with permission from Hasegawa et al. (2013), © 2013,

The Chemical Society of Japan.
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e is the dielectric constant, me and mh (mh≫me) the effectives masses of the

electron and hole, respectively. For EuS, the effective mass is estimated at

1–2 (Chen et al., 2000). Therefore, the electron Bohr radius is calculated to

be 0.75–0.35 nm. EuS nanoparticles with smaller size (diameter<2 nm)

would be strongly affected by the quantum-size effect, strongly. The elec-

tronic transitions of EuO, EuSe, and EuTe materials are also influenced by

the quantum-size effect. Europium chalcogenides with smaller particle size

provides larger energy gap, and consequently shorter wavelength of the elec-

tronic transition. The absorption spectrum of EuO nanoparticles dispersed in

methanol is shown in Fig. 17 (Hasegawa et al., 2002). The particle size using

TEM measurements is estimated be 1–4 nm. The band at 280 nm corresponds

to the exciton band between the 4f and 5d orbitals. The large Stokes’ shift of

the exciton bands indicates that the electronic structure or spin state of EuO

nanoparticles is significantly different from that of EuO bulk crystals.

When the sample was irradiated at the exciton band, the emission spec-

trum exhibited a peak at around 357 nm (Fig. 17). The emission quantum

yield of the polyurea-modified EuO nanoparticles in methanol was 49�5%

at 300 K (Hasegawa et al. 2002). Interestingly, the quantum yield of EuO

nanoparticles without polyurea modification only reached 5�0.5% at

300 K. These results suggest that the emission quantum yields of the EuO

nanoparticles depend on their surface conditions. Wakefield reported that

luminescence efficiency of Eu2O3 composed of Eu(III) ions is increased by

a factor of five as the particle size drops below 10 nm related to confinement

of the long lifetime Eu(III) excitation in the nanoparticles covered with TOPO

molecules (Wakefield et al. 1999). Hasegawa proposed that the presence of

FIGURE 17 (a) Absorption spectra of EuO nanoparticles in methanol. The absorption below

l¼250 nm can be assigned to polyurea and methanol, and that above l¼250 nm to the exciton

band of the EuO nanoparticles. (b) Excitation spectrum of the EuO nanoparticles in methanol,

monitored at l¼340 nm. (c) Emission spectrum of the EuO nanoparticles in methanol (excitation

at l¼290 nm). All spectra are corrected for detector sensitivity and lamp emission intensity.

Reproduced with permission from Hasegawa et al. (2002), © 2002 Wiley-VCH Verlag Weinheim.
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polyurea on the quantum-sized EuO surface promotes effective reduction in

excitation migration to quenching sites on the EuO surface.

Emission properties of small EuS nanoparticles have been also reported

(Hasegawa et al., 2006): nanoparticles with 8-nm size display a blue-shifted

spectrum compared with bulk EuS crystals. Their emission quantum yield

was found to be 27�5% at room temperature and their larger energy gap

was attributed to the quantum-size effect. An effective blue shift of the emis-

sion spectrum of EuS was also reported by Dickerson for nanoparticles with

2-nm size (Redigolo et al., 2007). Band-gap tuning in the strong quantum con-

finement regime was also described by Fumagalli for EuS thin films

(Paulopoulos et al., 2012).

4.2 Photo-Induced Magnetic Properties

The 4f–5d electron transition and spin configuration of EuO crystal leads to

unique optical-magnetic properties. The photo-magnetic phenomenon was

described as “photo-magnetic polaron” (Kasuya and Yanase, 1968) and a the-

oretical approach to understand the properties of the photo-magnetic polaron

was proposed (Takahashi and Kasuya, 1983).

A dramatic increase in magnetization of EuO nanoparticles under UV irra-

diation at room temperature was observed by photo-magnetic measurements

using a superconducting quantum interference device (SQUID) magnetometer

fitted with an optical fiber (Hasegawa et al., 2002). The T–w curve of the EuO

nanoparticles under irradiation was shifted towards high w values from that of

EuO in darkness. This increase in magnetization under UV irradiation can be

explained by the occurrence of a d–f exchange interaction of conductive elec-

trons in the 5d band (Umehara, 1995). Hasegawa suggested that the increase

in magnetization may be attributable to the presence of an exciton band in

the UV region in agreement with the highly efficient luminescence from the

polyurea-modified EuO nanoparticles. The photo-magnetic response of

quantum-sized EuO nanoparticles would support the physical theory of the

magnetic exciton model with superinteraction between spins in the 5d band

and 4f orbitals (Kasuya and Yanase, 1968). The exciton bands should be

related to the excited electron in the d orbital and this is in good agreement

with the understanding of the photo-magnetic properties. The special interac-

tion between d and f orbitals, i.e., the photo-induced localized magnetic exci-

ton bound by the 4f hole produced in the photoexcitation is an acceptable

explanation, as reported for EuTe (Umehara, 1995).

Hasegawa also reported integration curves of EPR signal of EuO nanopar-

ticles under irradiation showing the formation of photoactive species. Evolu-

tion of the integration curves with temperature might be linked to an

increase in magnetic susceptibility of the EuO nanoparticles under UV irradi-

ation itself due to an exchange interaction of conduction electrons in the 5d

band, i.e., to the magnetic exciton (Hasegawa et al., 2006a,b).
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5 MAGNETIC AND OPTOMAGNETIC PROPERTIES

5.1 Magnetic Properties

Bulk europium chalcogenides show ferromagnetic (EuO and EuS) and antifer-

romagnetic (EuSe and EuTe) properties at low temperature. In this section,

magnetic properties of EuX nanoparticles are introduced.

Generally, the spin configuration of paramagnetic metal ions is described

with the concept of the effective magnetic moment. First, the effective mag-

netic moment in Bohr magneton (BM) p is given by

p¼ g J J + 1ð Þ½ �1=2,
where the total angular momentum J for the Eu(II) ground electronic config-

uration is 7/2. If the gyromagnetic ratio g is equal to 2, the theoretical effec-

tive magnetic moment for Eu(II) is calculated to be 7.94.

The effective magnetic moment for the EuO nanoparticles was estimated

to be 7.98 by SQUID measurements (Hasegawa et al., 2002). Thus, the exper-

imental p for EuO nanoparticles agrees well with the theoretical value esti-

mated for the 4f7 configuration of Eu(II). Magnetic properties of europium

chalcogenides, Curie or Néel temperatures and hysteresis curves including

magnetic moments and coercive fields, are also extracted from SQUID mea-

surements. Spindle-shaped EuO nanoparticles (mean length¼280 nm, mean

width¼95 nm) have two magnetically active phases and Curie points were

observed at 70 and 150 K (Thongchant et al., 2001). These Curie points were

similar to the values reported for EuO films with a thickness between 0.5 and

1 mm and having oxygen vacancies (Borukhovich and Bamburov, 1985). The

appearance of a second Curie point at 150 K originates from a large amount of

oxygen vacancies that form magnetic impurity states. The number of oxygen

vacancies of the described EuO nanoparticles would be as high as in micro-

sized EuO films (5–7%) (Borukhovich and Bamburov, 1985; Samokhvalov

et al., 1978).

The effective magnetic moment of the EuO nanoparticles was estimated to

be 8.27, that is larger than that of Eu(II), 7.94. The correlation between mag-

netic field and magnetization of the EuO nanocrystals gave a hysteresis curve

from which a coercive field Hc¼8.72�10�3 T could be calculated.

Hasegawa also found that the EuS nanoparticles turned into the ferromag-

netic phase at 16.6 K (Thongchant et al., 2003a,b,c; Fig. 18), consistent with

the Curie point of bulk EuS. However, the value of the magnetic moment

per Eu(II) ion at 5 K was 4.1 BM, smaller than the expected value of 7.0

BM for the 8S7/2 state of Eu(II) at 0 K. Ferromagnetic nanoparticles with

diameter in the range of 10–100 nm are usually composed of a single domain

structure (Tonomura et al., 1980). A diameter of 20 nm is probably ideal for

effectively generating a single domain structure in the EuS nanoparticles.

However, the complicated morphology of these nanoparticles is considered
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to affect the magnetic moment value, because the disorderly arrangement of

tiny crystals on the surface of the nanoparticles possibly decreases the

exchange interaction between Eu(II) ions.

EuSe nanoparticles display antiferromagnetic behavior (Néel point:

TN¼4.6 K). (Hasegawa et al., 2008). This Néel point agrees with that of bulk

EuSe (Wachter, 1972). The saturation magnetization of EuSe nanoparticles

normalized by concentration of EuSe at 1.8 K was found to be 4.6. This value

is quite similar to that of corresponding EuS nanoparticles with 36-nm and

21-nm crystal sizes, 4.1 and 2.6 BM, respectively. The experimental effective

magnetic moment for the EuSe nanoparticles was found to be 5.58. Note that

the EuSe nanoparticles contain organic compounds. The percentages of inor-

ganic Eu compounds in EuSe nanoparticles determined by microwave-

induced plasma atomic emission spectrometry (MIP-AES) and energy disper-

sive X-ray spectrometry (EDX) analyses is estimated to be 70%. Taking this

estimation into consideration leads to an effective magnetic moment for inor-

ganic Eu compounds in the nanoparticles is found to be 7.97. Thus, the exper-

imental p for EuSe nanoparticles also agrees perfectly well with the

theoretical value for the 4f7 configuration of Eu(II).
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FIGURE 18 EuS nanoparticles: (A) Correlation between magnetization (M) and temperature (T)

under magnetic field of 0.1 T, (B) correlation between magnetization (M) and magnetic field (H)

at 5 K. Reproduced with permission from Thongchant et al. (2003a,b,c), © 2003 the American
Chemical Society.
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Magnetic properties of EuTe nanoparticles were reported by Dickerson

(He et al., 2011). Nanoparticles with crystal size of 6.5 nm showed a pro-

nounced super-antiferromagnetic transition between 2 and 20 K. The Néel

temperature was estimated to be 9.6 K.

Moruzzi and Gambino indicated that the magnetic specific heat of Gd(III)

ion doped into EuS bulk microcrystals is shifted to higher temperature

(Gambino et al., 1992; Moruzzi et al., 1968). Stoll and Jin have also studied

the enhancement of the Curie temperature of nano-sized Gd(III)-doped EuS

(Kar et al., 2010; Selinsky et al., 2010). From these reports, Gd(III) ion can

be regarded as an effective dopant for enhancing the magnetic properties of

EuS nanoparticles.

Hasegawa observed that the coercive field of the EuS nanoparticles is

enhanced by the addition of transition-metal ions in the EuS crystal lattice.

In particular, the coercive field of the EuS:Mn nanoparticles (70 Oe at 5 K)

is approximately three times larger than that of the EuS nanoparticles

(25 Oe at 5 K). In the case of semiconductor nanoparticles doped with

transition-metal ions, the coercive field is strongly dependent on the ferro-

magnetic dipole interaction between metal ions. The larger coercive field of

observed for EuS nanocrystals doped with transition-metal ions might be

due to a strong magnetic dipole interaction between Eu(II) and the

transition-metal ions (Hasegawa et al., 2013).

5.2 Magneto-Optical Properties

The optical Faraday effect causes rotation of the plane of polarized light,

which is linearly proportional to the component of the magnetic field in

the direction of propagation (Fig. 19). This effect is important for the con-

struction of optical isolators for fiber-optic telecommunication systems

(Furdyna, 1988).

The optical Faraday effect of EuS nanoparticles, was measured in

poly(methylmethacrylate) thin films (Thongchant et al., 2003a,b,c). The

FIGURE 19 Image of Faraday rotation for fiber-optic telecommunications system. Reproduced

with permission from Hasegawa et al. (2013), © 2013 The Chemical Society of Japan.
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PMMA thin films were prepared on a glass substrate from a colloidal suspen-

sion via cast method for Faraday rotation measurements. The corresponding

Faraday spectrum at room temperature under magnetic field has clear positive

and negative peaks as shown in Fig. 20 and arising from contribution of

4f�5d transitions (4f7 (8S7/2)!4f6 (7FJ)5d(t2g, eg)) of the EuS nanoparticles.

The Verdet constant, which indicates the strength of the Faraday rotation effi-

ciency, is estimated by

V¼ y=H� l,

where y, H, and l are the Faraday rotation angle (deg), the external magnetic

field (15,000 Oe), and the thickness of the thin film (cm), respectively. Veldet

constant of PMMA-EuS nanoparticles was estimated to be 1.5�10�3 deg/

cm Oe (concentration of EuS nanoparticles: 5.3 wt%) at 580 nm.

The particle-size dependence of the Faraday rotation peak wavelength is

also shown in Fig. 21. The crystal size was determined with help of the Scher-

rer equation. The EuS sample of smaller particle size showed a blue shift in

the Faraday rotation because of the increased energy gap. This physical rela-

tionship between the particle size and the peak wavelength of the Faraday

rotation can be understood considering the quantum-size effect.

FIGURE 20 (A) Absorption spectrum and (B) Faraday rotation spectrum of EuS nanoparticles.

Reproduced with permission from Kataoka et al. (2005), © 2005, The Royal Society of Chemistry.
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The wavelength of Faraday rotation peak of PMMA containing EuSe

nanoparticles is the shortest recorded for magneto-optic materials based on

europium chalcogenides. The energy gap estimated by the threshold of the

Faraday rotation spectrum was found to be 2.0 eV. It clearly shows that

PMMA-EuSe is blue shifted in comparison with bulk EuSe crystals (1.8 eV)

(Wachter, 1979). The level of the conduction band constructed from 5d orbi-

tals would be affected by the surface compounds through coordination effects

(Xavier, 1967). The Verdet constant was found to be 2.4�10�3 deg/cm Oe,

(Hasegawa et al., 2008).

Hasegawa has also carried out calculations of concentration-normalized

Verdet constants of PMMA-EuSe nanoparticles for comparison with previous

determinations for bulk EuSe crystals and PMMA-EuS nanoparticles. The den-

sity of PMMA, EuSe, and EuS is 1.2, 6.5, and 5.7 g/cm3, respectively. The con-

centration of organic compounds on the EuSe nanoparticle surface was found to

be about 1 g/cm3. The volume percentage of the EuSe nanoparticles in PMMA

is estimated to be 0.10 vol%. Consideration of the volume percentage of EuSe

nanoparticles in PMMA gives large Verdet constants (EuSe nanoparticles,

2.40 deg/cm Oe), which is bigger than the Verdet constant of bulk EuSe

(0.16 deg/cm Oe at room temperature) (Suits and Argyle, 1965; Suits et al.,

1966). The concentration-normalized Verdet constant of PMMA-EuSe is 5.3

times larger than that of the PMMA-EuS film (0.45 deg/cm Oe). The large Far-

aday effect of the EuSe nanoparticles might be attributed to their characteristic

spin structure. It has been shown that bulk EuSe displays an antiferromagnetic

NSNS spin structure at a low temperature (T<1.8 K), ferromagnetic NNS spin

FIGURE 21 Particle-size dependence of the peak maximum wavelength of the Faraday rotation

spectrum recorded for PMMA-EuS film. Reproduced with permission from Kataoka et al. (2005).

© 2005, The Royal Society of Chemistry.
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structure (1.8 K<T<4.6 K), and antiferromagnetic NNSS spin structure close

to the Curie-transition temperature Tc¼4.6 K (Rumpf et al., 2004). Note that

the EuSe nanoparticles possess a wealth of Eu(II) ions on the surface which

are capped by organic and inorganic compounds such as EuSe2. We expect that

effective magneto-optical properties of EuSe nanoparticles are largely domi-

nated by the special ferromagnetic phase of Eu(II) ions on the surface. It is also

proposed that the spin–spin interaction in the EuSe lattice is affected by the

Eu(II) ions lying on the nanoparticle surface. Hsu reported that the surface

anisotropy dominates the magnetodynamics in the magnetic nanoparticles

(Hsu et al., 2005). The surface-modification effect on the EuSe nanoparticles

embedded into a PMMA thin film is considered to be an additional factor

resulting in a large Faraday effect for this system.

6 CHARACTERISTIC STRUCTURES

6.1 Aggregations

Construction of superlattice structures (SLSs) by aggregating nanoparticles by

means of a self-assembling procedure is effective for enhancing their mag-

netic properties. Accordingly, enhanced magnetic properties of SLSs com-

posed of FePt, g-Fe2O3, Fe, and e-Co nanoparticles have been studied

(Lisiecki et al., 2007; Nunes et al., 2006; Parker et al., 2007, Sachan et al.,

2006). Chaudret and coworkers reported on an electron holography approach

for investigating the magnetic properties of cube-shaped magnetic Fe nano-

particles (Snoeck et al., 2008). Their enhanced magnetic properties are due

to magnetic dipole interactions between the nanoparticles. Characteristic

properties of SLSs assembled with II–VI or III–V semiconductor nanoparti-

cles have also been reported (Talapin and Murray, 2005; Urban et al.,

2006). In particular, Urban found that the SLSs composed of semiconductor

nanoparticles showed remarkable electronic properties because of characteris-

tic exciton coupling between the nanoparticles (Coe et al., 2000). In view of

the peculiar magnetic and electronic properties of SLSs, well-organized SLSs

of magnetic semiconductor cube-shaped EuS nanoparticles are thus expected

to exhibit enhanced spin polarization and magnetic properties.

Hasegawa has attempted to self-assemble three-dimensional (3D) SLSs

composed of EuS nanoparticles with cubic shapes (Tanaka et al., 2009a,b,

2010). SLSs of 3D EuS nanoparticles were prepared by slow evaporation

(0.08 mL/h) of a toluene solution with EuS nanoparticles prepared with oley-

lamine onto the TEM grid substrates and transparent polymer films under

room temperature. The fine structures of the 3D SLSs were characterized by

TEM and small angle XRD measurements (Fig. 22).

The center-to-center distance between nanoparticles and calculated

according to Fitzmaurice’s model from 2D fast Fourier transform images cor-

responds to d100¼17.0 nm for SLS of EuS nanoparticles (Korgel et al., 1998).
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The face-to-face distance between EuS nanoparticles was estimated to be

about 3 nm. On the other hand, the length of oleylamine was estimated to

be about 2.3 nm by DFT calculations. From these estimations, oleylamines

might align in a bilayer manner between the EuS nanoparticles and with some

interdigitation. Small-angle XRD analyses also indicated 3D arrangements of

EuS nanoparticles on polymer films in cubic superstructure. The magnetic

properties of the SLSs on polymer films were investigated and the authors

FIGURE 22 Reconstruction 3D images of transmission electron tomography analysis of EuS

nanoparticle SLSs. Reproduced with permission from Tanaka et al. (2010). © 2010 the American
Chemical Society.
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observed that the coercive fields of SLSs on the films were two times larger

than those of EuS nanoparticles powder (Korgel et al., 1998).

Stable colloidal particles of aggregated EuS nanoparticles in alcohol solu-

tion have also been successfully prepared. The aggregates have cubic-type

superlattice structures with tunable aggregation size and interparticle distance,

thus, the lattice constant can be adjusted by varying the length of the alkyl chain

of alcohols used as solvents (Tanaka et al., 2011; Fig. 23). The molecular struc-

ture of the solvent alcohols may influence the structure of the superparticles

since an exchange process occurs at the surface of the nanoparticles. The opti-

cal band gap and the active wavelength of the magneto-optic properties of EuS

nanocrystal-aggregates showed a characteristic red shift with respect to the par-

ent material.

Magneto-optical thin films built by aggregation of europium sulfide (EuS)

nanoparticles on a ITO glass electrode have also been reported (Hasegawa

et al., 2012). The thin films are prepared by electrochemical reduction of a

single-source precursor, an Eu(III) dithiocarbamate complex. The Faraday

rotation spectrum indicates that the EuS nanocrystal thin film is blue shifted

in comparison with 7-nm diameter EuS nanoparticles (2.2 eV). The Verdet

constant of the thin film is 11 m deg/cm Oe at 525 nm, which is approxi-

mately 10 times larger than that of previously reported PMMA thin films con-

taining EuS nanoparticles.

6.2 Arrangements

The 3D optical manipulation of small particles, such as polystyrene latex

spheres (Ashkin et al., 1986; Grier, 2003; Sasaki et al., 1991), metal nanopar-

ticles (Sugiura and Okada, 1998; Sugiura et al., 1997; Svoboda and Block,

1994), semiconductor nanoparticles (Pauzauskie et al., 2006), and biological

cells (Ashkin et al., 1987) has been widely studied using laser-trapping
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FIGURE 23 Size distributions of EuS aggregates in alcoholic solutions (1-octanol, 1-hexanol,

and 1-pentanol) evaluated with DLS measurements. Reproduced with permission from Tanaka

et al. (2011), © 2011 the American Chemical Society.
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techniques. A number of small nanoparticles can be trapped in the focal zone

resulting in the formation of aggregated particles. Masuhara and coworkers

have demonstrated light-induced assembling of several polymers and nano-

particles (Hosokawa et al., 2005; Hotta et al., 1996; Ito et al., 2002; Misawa

et al., 1991; Yoshikawa et al., 2004).

With respect to lanthanide semiconductor nanoparticles, Hasegawa

reported the first demonstration of the manipulation of optomagnetic EuS

nanocubes in the aggregated structure using laser-trapping techniques

(Tanaka et al., 2007). EuS nanoparticles were prepared by thermal reduction

of a single-source precursor, the so-called SSP method. The average size of

the EuS nanoparticles was 11.3 nm. The size distribution of the EuS aggre-

gates in methanol was evaluated from dynamic light scattering (DLS) mea-

surement. The distribution of the particle size exhibited a major contribution

of about 328 nm. These results indicate that the cubic-shaped EuS nanoparti-

cles form characteristic self-aggregates in methanol.

The EuS self-aggregates of about 330 nm in diameter are expected to be

amenable to manipulation by laser trapping because the refractive index of

the EuS crystals (n¼2.43) (Bachmann and Wachter, 1969) is considerably

larger than that of surrounding methanol (n¼1.33). A 1064-nm fundamental

beam from a Nd:YAG laser was used for the optical trapping. The Nd:YAG

laser was introduced into an optical microscope and focused into the suspen-

sions via a microscope objective. The prepared suspensions were dropped into

a 1-mm-deep well on a glass slide and covered with a coverslip of 0.17-mm

thickness. To observe the laser trapping of the EuS aggregations, a He–Ne

laser aligned collinearly with the 1064-nm beam was used for probing light

scattering properties. The scattered light from the EuS aggregates trapped at

the focal point was detected by a photomultiplier and a charge-coupled device

(CCD) camera/video recorder system (Fig. 24).

The typical temporal profile of the scattered light intensity is shown in

Fig. 25. The scattering intensity increases with irradiation time and reaches

a plateau value, indicating that EuS aggregates of 328-nm diameter are assem-

bled and fill up the focal spot. The stepwise increase in the scattering light

intensity was attributed to increase in the number of EuS aggregates in the

focal spot. In the temporal profile shown in Fig. 25, the total number of aggre-

gates assembled in the focal spot was estimated to be six.

Hasegawa demonstrated the formation of 3D arrangements of EuS

nanoaggregates on glass substrates. The CCD image of these arrangements

obtained from laser-trapping experiments is shown in Fig. 26. The assemblies

of EuS nanoaggregates were successfully patterned as “E” and “T” shapes on

the glass substrate. These results indicate that EuS aggregates in methanol can

be independently manipulated using laser-trapping techniques.

3D arrangements of EuS nanoaggregates having optomagnetic properties

are expected to open up pioneering fields in microscaled magnetics, optics,

and materials science.
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6.3 Nano-Hybrids

Formation of hetero-nanostructures composed of multiple materials leads to

enhancement or modulation of electric, optical, and magnetic properties of

nanoparticles (Costi et al., 2010; Donegá, 2011; Nonoguchi et al., 2011;

Scholes, 2008; Teranishi et al., 2009).
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FIGURE 24 Schematic diagram of experimental setup for laser trapping. Reproduced with

permission from Tanaka et al. (2007), © 2007 the Japan Society of Applied Physics.
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Scholes and coworkers reported the first integration of magnetic semicon-

ductor EuS nanoparticles with CdS nanoparticle in an attempt to produce a

bifunctional nanocomposite with broken band alignment (Mirkovic et al.,

2011). EuS–CdSe heterostructures were synthesized via selective deposition

of EuS tips on cadmium chalcogenide nanoparticles by thermal decomposi-

tion of a single-source precursor. The nanometric heterostructure has broken

band alignment, which leads to the quenching of the luminescence of the ini-

tial cadmium chalcogenide nanorods following the growth of EuS tips and the

formation of the interfacial heterojunction (Fig. 27).

FIGURE 26 Scattering intensity profile of EuS aggregates in methanol. CCD images of three-

dimensional arrangements of EuS aggregates by laser trapping. Reproduced with permission from

Tanaka et al. (2007), © 2007 the Japan Society of Applied Physics.

FIGURE 27 TEM image of EuS nanoparticles formed upon the addition of an EuS precursor to

preformed anisotropic CdSe nanocrystals. Reproduced with permission from Mirkovic et al.

(2011), © 2011 the American Chemical Society.
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Nakashima also reported a PbS/EuS heterostructure obtained by means of

the formation of a core/shell configuration (Nakashima et al., 2012). PbS/EuS

heterostructures have also been studied as nonmagnetic/magnetic all-

semiconductor multilayers (Aharonyan, 2010; Story, 2003). PbS/EuS core/

shell nanoparticles were synthesized via the thermal decomposition of a

single-source precursor of EuS on the core PbS nanoparticles. The EDS line

scan of the nanoparticles clearly demonstrated the core/shell configuration

of the heterostructure, and XRD study indicated the epitaxial growth of EuS

layer on the PbS core. The magnetic circular dichroism (MCD) spectrum

clearly confirmed the formation of the heterostructure and the spin-polarized

semiconducting band of EuS shell (Fig. 28).

Gao (Zhao and Gao, 2008; Zhao et al., 2006a,b) and Dickerson (He et al.,

2012) reported europium oxysulfide nanoplates and nanorods, respectively.

The thermal decomposition of the europium precursor, the Eu(III) dithiocar-

bamate complex, provided europium and sulfur sources to form Eu2O2S

(Zhao and Gao, 2008; Zhao et al., 2006a,b). Europium oxysulfide nanorods

FIGURE 28 TEM image of EuS PbS/EuS core/shell nanoparticles. Reproduced with permission
from Nakashima et al. (2012), © 2012 the Chemical Society of Japan.
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were synthesized by hot injection of the sulfur precursor, diethylammonium

diethyldithiocarbamate, into a europium oleate, oleylamine, dodecanethiol,

and phenanthroline mixture at 320 °C (He et al., 2012). These materials prob-

ably contain Eu(III) ions with a small amount of Eu(II) ions. Dickerson

observed the superparamagnetic properties of europium oxysulfide nanorods.

Eu(II) ions in semiconductor nanoparticles are also an effective source for

luminescent materials. First Eu(II)-doped CaS and SrS nanoparticles were

reported by Meijerink (Zhao et al., 2014) in the field of lanthanide phosphors.

The EuS material in CaS/SrS nanoparticles plays an important role in bright

luminophores for construction of red-emitting solid-state luminescent devices.

6.4 Attachments

Optical and magnetic interactions between EuS nanoparticles are based on the

formation of nano-assembled structures. In order to analyze the optoelectronic

and magnetic interactions in EuS nano-assemblies, linking specific functional

molecules with the EuS nanoparticles is required. Hasegawa focused on

photo-functional naphthalenedithiol (NpDDT) as a linker for forming the

EuS nano-assemblies (Kawashima et al., 2013a; Fig. 29). The naphthalene

moiety displays photoluminescence with high emission quantum yield, which

is dependent on parameters from the surrounding of this entity, such as the

dielectric constant of the matrix (Berlman, 1971). The dithiol unit has often

been used as an ideal linker for chemical connection between semiconductor

nanoparticles and organic molecules. The NpDDT molecule is therefore

expected to be a sensing linker unit for analyzing the optoelectronic properties

of EuS nano-assemblies.

EuS nano-assemblies were formed by adding NpDDT dissolved in THF to

a solution of oleylamine-capped EuS nanoparticles (EuS–OA) dissolved in

THF. After stirring at room temperature for 20 min (EuS–NpDDT-20 min)

or 3 h (EuS–NpDDT-3 h), the resulting solution was centrifuged at

4000 rpm for 10 min. The precipitate was added to chloroform and EuS

nano-assemblies were obtained. The obtained EuS nano-assemblies were

added to a chloroform solution of polymethyl methacrylate and well dispersed

under ultrasonic treatment, giving the colloidal suspension. For measurements

of photophysical properties, PMMA thin films were prepared on a glass sub-

strate from the colloidal suspension using the drop-cast method.

The emission intensity of the PMMA thin film with EuS–NpDDT-3 h is

much smaller than that with corresponding EuS–NpDDT-20 min. The

FIGURE 29 Chemical structure of naphthalenedithiol (NpDDT).
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emission quantum yield of NpDDT excited at 330 nm in chloroform was

found to be 16%. On the other hand, the emission quantum yields of PMMA

thin films with EuS–NpDDT-20 min and EuS–NpDDT-3 h were estimated to

be 11% and 6%, respectively. The excited state of naphthalene units in

NpDDT may be quenched by adsorption of EuS nanocrystals because of their

broad absorption bands at around 400 nm. The emission quantum yield of

NpDDT might be related to the size of EuS nano-assemblies. Stoll reported

on the properties of EuS nanoparticles functionalized with 1-pyrene carbox-

ylic acid (Kar et al., 2011).

Furthermore, Hasegawa synthesized EuS nanoparticles attached to gold

nanoparticles (Kawashima et al., 2013b). The brilliance of gold materials is

known to be due to localized surface plasmon resonance (LSPR) leading to

unique and unusual photophysical enhancement (Zayats et al., 2005), and

has recently been a main focus in the areas of photophysics, materials chem-

istry, biological science, and advanced photonics, in a quest of improving

properties such as enhanced luminescence and photo-catalytic properties

(Katz and Willner, 2004; Kulakovich et al., 2002; Lee et al., 2004; Li et al.,

2005; Tian and Tatsuma, 2005). Artemyev and coworkers revealed that exci-

tation of the LSPR band of gold nanoparticles promotes efficient lumines-

cence of neighboring CdSe nanoparticles (Kulakovich et al., 2002). Small

magneto-optical enhancements in Bi:YIG (YIG: Yttrium Iron Garnet,

Y3Fe5O12) and iron oxide crystals covered with a gold layer or a thin film

have also been investigated (Fujikawa et al., 2008; Jain et al., 2009; Li

et al., 2005; Ozaki et al., 2009; Wang et al., 2014). In order to analyze and

estimate the magneto-optical signal amplification by LSPR, precise control

of gold particle size and of the distance between the gold and the magnetic

materials is be required.

To construct the EuS–Au nanosystems, cubic EuS, and spherical Au nano-

particles were coupled by a variety of organic linkers, for instance 1,2-

ethanedithiol (EDT), 1,6- hexanedithiol (HDT), 1,10-decanedithiol (DDT),

1,4-bisethanethionaphthalene (NpEDT), or 1,4-bisdecanethionaphthalene

(NpDDT) (Figs. 30 and 31). The distance between the EuS and Au nanopar-

ticles in EuS–EDT–Au, EuS–HDT–Au, EuS–DDT–Au, EuS–NpEDT–Au,

and EuS–NpDDT–Au is estimated to be 0.4, 1.0, 1.5, 1.4, and 3.2 nm,

respectively.

EuS
nanocrystals

Dithiol

chloroform

Au
nanoparticles

EuS–Au
nanosystems

FIGURE 30 Synthesis of EuS–Au nanosystems. Reproduced with permission from Kawashima

et al. (2013b), © 2013 Wiley-VCH Verlag.
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The magneto-optical properties of the EuS–Au nanosystem were charac-

terized by using Faraday rotation spectroscopy. The Faraday rotation angle

of the EuS–Au nanosystem revealed to be dependent on the Au particle size

and the distance between EuS and Au nanoparticles (Fig. 32). Enhancement

of the Faraday rotation of the EuS–Au nanosystems was also observed. The

study and development of magneto-optical enhancement of EuS assisted by

LSPR is expected to open up a new field of photophysics and photonic

science.

7 CONCLUSION AND OUTLOOK

In this chapter, intrinsic magnetic semiconductor nanoparticles containing

europium chalcogenides have been presented and discussed. The specific

properties of such magnetic semiconductor nanoparticles are now being tar-

geted from the viewpoints of fundamental condensed matter science and also

of practical application for spintronics and magneto-optic devices. At the

present stage, various types of magnetic dopants in II–VI or III–V semicon-

ductor nanoparticles have been investigated. Europium chalcogenides may

become the most popular magnetic semiconductors in the future. The

quantum-size and quantum-confinement effects found in europium chalcogen-

ides is indeed providing new photophysics arising from both ferro- and anti-

ferromagnetic spin configurations.

7.1 Preparation

Preparation methods of europium chalcogenide nanoparticles are linked to the

progress of modern nano-science and technology. They have been dramati-

cally improved by several research groups all over the world. In particular,

high-quality nanoscale EuO, EuS, and EuSe materials were successfully

prepared by the reaction of an Eu(III) complex used as a single-source

100 nm 20 nm

BA

EuS EuS

Au Au

FIGURE 31 (A) and (B) TEM images of EuS–Au nanosystems. Reproduced with permission

from Kawashima et al. (2013b), © 2013 Wiley-VCH Verlag.
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precursor. Electrochemical deposition and vapor phase conversion of EuX

nanomaterials are also important for fabricating magneto-optical devices.

7.2 Magnetic Properties

Nano-size structures of magnetic semiconductor europium chalcogenides lead

to the formation of single domain of magnetic moment in the nanocrystal.

Aggregates of sphere-shaped EuX nanoparticles exhibit superparamagnetic

and super-antiferromagnetic behaviors. In contrast, enhancement of ferromag-

netic properties for aggregates of cube-shaped EuS nanoparticles has been

observed. The enhanced magnetic properties may be due to specific magnetic

interactions between single-domain EuS nanocrystals. Study on the aggrega-

tion of nano-magnetic materials leads to understanding of the formation of

magnetization arising from single-domain crystals.
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7.3 Magneto-Optical Properties

Characteristic photophysical and magneto-optical properties of europium

chalcogenide nanoparticles are expected to open up new perspectives in photo-

physics and chemistry. Quantum-size and quantum-confinement effects of

intrinsic semiconductor nanomaterials provide novel aspects and advanced

performances for future photo-functional materials. Detailed analysis and under-

standing of predictable magnetic excitons and polarons in EuX nanoparticles

are also important for improving the fabrication of newmagneto-optical devices.

Finally, EuX nanoparticles with giant magneto-optical efficiency are

expected to be useful in applications such as optical isolators and spintronic

devices. Intrinsic magnetic semiconductor nanocrystals containing Eu(II) ions

under the form of EuX are therefore promising materials for next-generation

photonic devices.

ABBREVIATIONS

AIBN azobis(isobutyronitrile)

BM Bohr magneton

CVD chemical vapor deposition

DDT 1,10-decanedithiol

DFT density functional theory

DLS dynamic light scattering

EDT 1,2-ethanedithiol

HD hydrophobe

HDT 1,6-hexanedithiol

ITO tin-doped indium oxide

MCD magnetic circular dichroism

MIP-AES microwave-induced plasma atomic emission spectrometry

NpDDT 1,4-bisdecanethionaphthalene

NpEDT 1,4-bisethanethionaphthalene

OA oleylamine

Phen phenanthroline

PMMA polymethylmethacrylate

PPh4 tetraphenylphosphonium

S2CNEt2 diethyldithiocarbamate

SCE saturated calomel electrode

SDS sodium dodecyl sulfate

SLSs superlattice structures

SQUID superconducting quantum interference device

SSP single-source precursor

TEM transmission electron microscope

TMOS tetramethylorthosilicate

TOPO trioctyl phosphine oxide

XRD X-ray diffraction
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1 INTRODUCTION

The study of lanthanide-containing hybrid materials has garnered significant

interest over the past decade due to their rich structural diversity and distinc-

tive optical and magnetic properties. Hybrid materials may be broadly defined

as consisting of both organic and inorganic moieties blended on the molecular

scale (Kickelbick, 2007). Hybrid materials are found in a number of different

systems that span a wide array of material including highly ordered coordina-

tion polymers (CPs), amorphous sol–gel compounds, and materials with or

without interactions between the inorganic and organic units. Ln hybrids in

particular have presented a range of materials meeting this definition includ-

ing doped polymers, molecular species, and the rapidly evolving field of

CPs and metal–organic frameworks (MOFs). For the purpose of this review,

we will focus on crystalline materials only, that is, compounds that crystallize

as periodic, ordered arrays for which X-ray crystal structures have been

reported. Considering the rate at which these materials continue to appear in
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the literature, a comprehensive review would be nearly impossible. Rather, we

will highlight representative materials that exemplify some of the key struc-

tural features of these classes of materials. Lanthanide CPs and MOFs were

previously addressed in this forum in 2004 (Guillou and Daiguebonne,

2004), so we will focus on compounds synthesized in the last 10 years while

highlighting earlier works where appropriate. We will also primarily highlight

materials made via hydro/solvothermal methods (Rabenau, 1985; Sheets et al.,

2006), as it is this synthesis technique that has yielded most of the known lan-

thanide CPs and MOFs. We will unfortunately not treat cluster materials,

defined by Cotton (1966) as a “finite group of metal atoms held together

mainly or at least to a significant extent, by bonds directly between metal

atoms, even though some non-metal atoms may also be intimately associated

with the cluster,” as they have been reviewed in this forum by Zheng (2010)

and in the literature by Powell and collaborators (Kostakis et al., 2010; Sessoli

and Powell, 2009) and others (Andrews et al., 2013; Kremer et al., 2005).

The first group of materials to be discussed—CPs/MOFs can be more

clearly defined as assemblies of Ln(III) metal centers (polynuclear or

otherwise) polymerized through organic linker molecules to result in diverse

topologies of higher dimensionality, making them particularly attractive for

applications including sensing (cation, anion, or molecular) (Chen et al.,

2008; Cui et al., 2014; Guo et al., 2011), gas storage (He et al., 2013b; Roy

et al., 2014; Xue et al., 2013), heterogeneous catalysis (Corma et al., 2010;

Gándara et al., 2008; Ren et al., 2011; Vilela et al., 2013), magnetism (Black

et al., 2009; Tian et al., 2013; Xu et al., 2013), etc. At this point, we should

comment on the distinction between a CP and a MOF. A MOF has been

defined as framework-like material displaying permanent porosity by the Inter-

national Union of Pure and Applied Chemistry (IUPAC; Batten et al., 2013),

while a CP refers more generally to extended structures (in one, two, or three

dimensions) that continuously extend through coordinative bonds (Batten

et al., 2012). Readers may note the overuse of the MOF distinction throughout

the literature, as well as some inconsistencies in light of the recent IUPAC def-

inition. We have been guilty of this ourselves and going forward in this contri-

bution, most polymeric species will be CPs, strictly speaking.

CPs and MOFs with d-block metal compositions have been studied and

reviewed comprehensively (Devic and Serre, 2014; James, 2003; Janiak,

2003; Kuppler et al., 2009; Li et al., 2013b; Stock and Biswas, 2011;

Tranchemontagne et al., 2009; Wang et al., 2013a). One may argue that the

chemistry and applications of d-block materials are better developed, perhaps

due to a propensity for formation of true MOFs and therefore gas storage/sep-

aration and catalytic applications. As such, we point the reader to some of

many excellent reviews in this arena, particularly the early pioneering work

of Robson and colleagues (Abrahams et al., 1994; Hoskins and Robson,

1989, 1990) that highlights the structural and topological perspectives of these

materials. Turning to polymeric materials with lanthanide compositions,
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however, a number of recent reviews by Allendorf (Allendorf et al., 2009),

Chen (Cui et al., 2012), Almeida Paz (Almeida Paz et al., 2012; Rocha

et al., 2011), Müller-Buschbaum (Heine and Müller-Buschbaum, 2013;

Meyer et al., 2014), and Bünzli (Bünzli, 2014) as well as the earlier work

of Férey (Devic et al., 2005; Férey, 2001), Yaghi and coworkers (Eddaoudi

et al., 2001; Ockwig et al., 2005; Reineke et al., 1999; Rosi et al., 2005), Chen

(Ye et al., 2005), and our group (De Lill and Cahill, 2008) have captured the

“state of the science” with respect to more Ln(III) centric criteria—namely

coordination chemistry preferences and luminescent and magnetic properties.

In light of these publications, one may ask (fairly): what will be the contribu-

tion of this chapter? This will be an admittedly selfish presentation where we

utilize the evolution of both materials and mindset within our own group to

provide context and a path forward. Presented will be some early examples

of materials from our group that served as inspiration for more recent devel-

opments. Moreover, we will support our sentiments with examples from other

groups that highlight synthetic or structural consistencies. Finally, we note

that our own efforts have proceeded (somewhat) in contrast to the evolution

of lanthanide chemistry in general. Historically speaking, development of

the coordination chemistry of molecular species has preceded efforts targeting

polymeric compounds. As we will present, our group began by exploring CPs,

yet concluded that there were some challenges regarding control over Ln3+

nuclearity in hydrothermally synthesized systems, and that these were perhaps

better addressed with some insight from the molecular community. This, cou-

pled with an emergence of the targeted use of noncovalent interactions in

crystal engineering (e.g., halogen bonding), has provided a forum for the

design of molecular hybrid materials with tunable structural motifs and prop-

erties. As such, we present a pathway from polymeric lanthanide hybrids with

an overall focus on global topology and influence thereof to an emphasis on

controlling the first coordination sphere and directed assembly of molecular

species.

2 Ln HYBRID MATERIALS

Bonding in lanthanide materials is not directly analogous to that of main

group or transition metals and the unique nature of the Ln3+ ions is one main

reason that lanthanide materials have proven to be a rich topic of study. The

4f orbitals of the lanthanides are shielded from external perturbations by the

5s and 5p orbitals and thus the interactions of the 4f orbitals with ligand orbi-

tals are minimal. This results in bonds (in Ln3+ materials) that are only weakly

covalent and stereochemistry that is directed by ligand sterics as ligand-field

effects are minimal (ligand-field effects for the Ln3+ ions are ca. 6 kJ/mol

compared to transition metals ca. 120–360 kJ/mol) (Bünzli, 2014). The first

coordination sphere of the lanthanide metal centers is spherical in geometry

and with little direction provided by anything other than ligand sterics, large

Hybrid Materials of the f-Elements Part I Chapter 271 149



coordination numbers (8–12) are common and the coordination sphere is often

completed by binding small molecules or anions (e.g., H2O, Cl
�, OH�; Piguet

and Bünzli, 1999). Lanthanide cations are considered hard acids and show

clear preference for hard bases (i.e., carboxylates; Pearson, 1963, 1990) and

these pairings generate strong ionic bonds.

We will first look at the extensive family of lanthanide carboxylate mate-

rials due to the known oxophilicity of the Ln3+ ions (Chesman et al., 2007).

The literature is rich in Ln-carboxylate CPs and MOFs and whereas these

materials are limited in their thermal stability as at temperatures >500 °C,
they are prone to decomposition (Müller-Buschbaum et al., 2007; compared

to say Ln-imidazole CPs), the synthesis of these materials is much more

accessible as it can be done via hydro/solvothermal synthesis or at ambient

conditions. Overall, these materials can be split into two groups: (1) those that

feature aliphatic linkers and (2) those that feature aromatic linkers and we

begin with a look into the former. Ln3+-aliphatic carboxylate materials are

arguably one of the richest systems studied in recent years. For the first part

of our discussion (on CPs), we look to GWMOF-1 (Borkowski and Cahill,

2004b; a Nd-adipate three-dimensional (3D) framework) as a material that

illustrates many of the structural aspects we intend to highlight and the

description of this material will be used as the foundation for further explora-

tion of the rich area of materials that are lanthanide CPs. We note that this is

an example on our part of describing a material as a MOF when it only meets

the requirements of a CP, yet we will not attempt repair the nomenclature in

this review for consistency with the literature.

2.1 Ln-O Hybrid Materials: Aliphatic Linkers

GWMOF-1, [Nd2(C6H8O4)3(H2O)2], is composed of edge-shared NdO9 poly-

hedra that run along the [100] direction that are further linked by adipic acid

chains in the [010] and [001] directions to form a 3D framework (Fig. 1).

Around each metal center are nine oxygen atoms, eight from three crystallo-

graphically unique adipic acid ligands, and one bound water molecule, which

form an overall NdO9 polyhedra. Adipic acid chains in GWMOF-1 coordinate

to the Nd3+ centers in two different ways: either chelating bridging or a com-

bination of chelating bridging and monodentate coordination (Scheme 1).

A polyhedral chain of edge-sharing NdO9 polyhedra propagates in the [100]

direction via a series of M–O–M linkages in GWMOF-1, and this result

demonstrates that the completion of the lanthanide coordination sphere

requires both edge sharing and decoration via solvent molecules.

These results warrant a further discussion of metal cation hydrolysis

before proceeding. In the hydrothermal synthesis of lanthanide CPs,

‘hydrolysis’ in the strictest sense is usually not occurring. By definition,

metal-ion hydrolysis involves the formation of a metal–water complex and
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FIGURE 1 Polyhedral representation of GWMOF-1. Adipic acid molecules are labeled with

their connectivity mode consistent with Scheme 1. Gray polyhedra represent neodymium metal

centers, whereas black lines are adipate linkers. Reproduced with permission from Borkowski
and Cahill (2004b). Copyright Elsevier 2004.
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SCHEME 1 Coordination modes of adipic acid molecules in GWMOF-1. Labels IV and V are

consistent with nomenclature of Duan et al. (2004b). Reproduced with permission from

Borkowski and Cahill (2004b). Copyright Elsevier 2004.
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the subsequent deprotonation of bound water molecules to promote hydroxo-

containing polynuclear species as shown in Eq. (1).

M OH2ð Þm
� �n+> M OH2ð Þm�h OHð Þh

� � n�hð Þ+
+ hH+ (1)

The degree of cation hydrolysis (h) in Eq. (1) is principally determined by

the cation charge (n) to radius ratio and is of course a function of concentra-

tion, temperature, pH, etc. Once formed, hydrolyzed polynuclear metal com-

plexes can condense to result in secondary building units (SBUs) in the

crystalline solid state. Ln(III) ions exhibit this behavior above pH 6 as shown

in Eq. (2) (Baes and Mesmer, 1976), yet complex formation with organic

ligands competes with hydrolysis to give rise to either polynuclear SBUs or

polynuclear cluster species as recently reviewed in this forum by Zheng

(2010). These cluster species often utilize either olation or oxolation pathways

to form hydroxo- and oxo-bridges, which are rare in lanthanide hybrid mate-

rials, although they are more common in actinide hybrid materials where

hydrolysis often occurs at lower pH values (Knope and Soderholm, 2013).

Ln3+ + H2O>Ln OHð Þ2 + + H+ (2)

Turning to hydrothermal synthesis of Ln(III) bearing CPs, hydrolysis as

described above may contribute to metal-ion speciation and observed building

units, yet as we will demonstrate there are likely more complex mechanisms,

such as ligand- and crystal-packing influences, at play in the promotion of

polynuclear SBUs. Examples of these polynuclear building units include the

edge-sharing NdO9 polyhedra of GWMOF-1 and in fact, we will demonstrate

that within Ln-aliphatic hybrid materials edge-sharing hydrated polyhedra are

the norm, a trend which also continues (for the most part) when we transition

to aromatic linkers. This structural motif, edge-sharing LnOn polyhedra that

propagate via M–O–M linkages, exemplifies the general philosophy of CP

and MOF construction, which is to assemble metal centers (inorganic building

units) into extended architectures through the use of multitopic organic linkers

(Cahill et al., 2007).

Another early example of an Ln-MOF from our group featuring the ali-

phatic carboxylate adipic acid is GWMOF-2: (Borkowski and Cahill,

2004b) [Nd2(C6H8O4)3(H2O)2]�H2O, a material very similar to GWMOF-1

with differences in adipic acid conformation leading to a change in overall

topology from GWMOF-1 (see Fig. 2 for a complete depiction of aliphatic

linkers). Once again, each Nd(III) center is bound to nine oxygen atoms,

one bound water molecule, and eight from adipate anions. The Nd(III) centers

polymerize to form chains along the [010], which are cross-linked to again

form an overall 3D structure. More recently, Dalai and colleagues

(Chowdhuri et al., 2013) have extensively reviewed the topological aspects

of several lanthanide-adipate compounds and found that SBUs in this class

of materials encompass the one-dimensional (1D) chains seen in GWMOF-1
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(and GWMOF-2), dimers, and two-dimensional (2D) layers of hydrated Ln

polyhedra (Fig. 3). A closer look at these SBUs evokes two additional com-

ments: one is that coordinated water molecules seem to fill out the coordina-

tion spheres of the larger Ln ions. Interestingly, we do not see adipate species

reported for Ln ions smaller than Er3+ and therefore hesitate to comment fur-

ther as to the role of bound water molecules in influencing coordination

spheres. Perhaps more interesting, however, is that the chains themselves

are oligomerized through varying combinations of bridging carboxylate

anions. In other words, there are no hydroxide groups present in the edge shar-

ing of LnO polyhedra.

Following the work that yielded GWMOF-1 and -2, our group continued

our exploration of the Ln-adipate system and the first follow-up result was

GWMOF-3 ([Pr2(C6H8O4)3(H2O)4]�(C6H8O4)�4H2O (De Lill et al., 2005b).

The Ce3+ analogue of GWMOF-3 had been produced previously via sol–gel

synthesis (Sun et al., 2002), yet the potential of this material remained mostly

unrealized. A 3D framework made up of 1D chains of PrO10 polyhedra that

propagate along the [100] direction that are then cross-linked by adipic acid

backbones in the [001] and [010] directions, GWMOF-3 shares many struc-

tural similarities with both GWMOF-1 and -2 (Fig. 4). The difference between

GWMOF-3 and our two earlier results can be found in the channels of the

GWMOF-3 framework where there are two water molecules and an intact,

FIGURE 2 Pictorial representations of the linkers used in the aliphatic-based CPs described in

Section 2.1.
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FIGURE 3 Polyhedral representations highlighting the diversity of Ln-adipate species as deli-

neated by Chowdhuri et al. (2013). Clockwise from top left: 3D structure assembled from two

independent 1D Eu-O chains, 3D network composed of 1D chains of Nd3+ M–O–M linkages with

lattice water molecules included, 2D layer of linked Eu3+ dimers, and layered 3D structure of 1D

Ce-O chains with lattice water molecules included. Red (gray in the print version) polyhedra rep-

resent Eu3+ metal centers, whereas orange (light gray in the print version) represent Nd3+, and yel-

low (white in the print version) represent Ce3+ metal centers, respectively. Red (dark gray in the

print version) spheres represent oxygen atoms and black lines are adipate linkers.

FIGURE 4 Extended framework structure of GWMOF-3 viewed down the [100] direction.

Green (gray in the print version) polyhedra represent Pr3+ metal centers, whereas black lines rep-

resent adipic acid ligands and guest molecules. Reproduced with permission from De Lill et al.

(2005b). Copyright 2005, American Chemical Society.



neutral, adipic acid molecule. The protonated adipic acid molecule features

bond lengths and angles that are consistent with those in pure adipic acid

(Thalladi et al., 2000), yet are markedly kinked as a result of rotation around

the C11dC12 bond, presumably as a result of being confined to the channel

region. The formation of the GWMOF-3 framework around the adipic

acid molecules suggested that these free organic species may be acting as a

structure-directing agent and served as the direct inspiration for the

GWMOF-6 family of materials that is to be discussed in the following

paragraphs.

GWMOF-6, [Pr2(C6H8O4)3(H2O)2]�(C10H8N2), features many of the

structural motifs seen in the GWMOF materials discussed thus far, including

edge-sharing PrO9 polyhedra that form a 1D chain of M–O–M linkages that

are further cross-linked by adipic acid chains to form an overall 3D frame-

work. Design principles are usually retroactively applied to a material when

attempting to explain observed structural features (including in GWMOF-3),

yet GWMOF-6 marks our first effort to design a material a priori. Utilizing
the hard–soft acid–base preferences (Pearson, 1963, 1990) of Ln3+ cations,

4,40-bipyridine was selected as a template molecule with the expectation that

it would not coordinate to the Pr3+ metal centers and would instead remain

neutral in the channels and interact with the framework via hydrogen-bonding

interactions. A look at GWMOF-6 (Fig. 5) reveals channels which host neu-

tral 4,40-bipyridine molecules that are interacting with the neutral Pr-adipate

framework via O–H���N hydrogen-bonding interactions. These 4,40-bipyridine
molecules act as templating molecules, as anticipated, which direct the forma-

tion of the Pr-adipate framework around them.

The concept of templating originates in the zeolite field and has been cate-

gorized comprehensively by Davis and Lobo (1992). They define templating

in a framework material as “the phenomenon occurring during … the nucleat-

ing process whereby the organic species organizes … polyhedra into a geo-

metric topology around itself and thus provides the initial building blocks

for a particular structure.” Kitagawa and Tanaka have more recently expanded

the discussion of templating in MOFs by describing two types of template

effects that can take place, either primary or secondary (Tanaka and

Kitagawa, 2008). The primary template effect occurs during the synthesis pro-

cess when an organic guest molecule is self-included into a host framework

by noncovalent interactions functioning as placeholder to prevent interpene-

tration of the framework. The secondary template effect is a dynamic process

that only occurs when an appropriate guess molecule acts as a template and

induces a reversible phase transformation. In GWMOF-6, 4,40-bipyridine
was chosen and likely operates via the primary template effect. The Pr3+

cations in GWMOF-6 coordinate to the adipic acid linkers which allow the

4,40-bipyridine molecules to remain neutral and uncoordinated (De Lill

et al., 2005b). The rigid 4,40-bipyridine is approximately the same length as

an adipic acid chain and the nitrogen atoms at the 4 and 40-positions hydrogen
bond to the coordinated water molecules on the Pr3+ cations.
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Templating of a lanthanide MOF as shown in GWMOF-6 is an idea that in

our opinion remains underexplored in the lanthanide CP and MOF literature.

Further work from our group explored templating with 1,2-bis(4-pyridyl)pro-

pane acting as a template for an Nd-adipate framework (GWMOF-9; Cahill

et al., 2007), 4,40-bipyridine again acting as a template, this time within a

Pr-suberate framework (GWMOF-10) (Cahill et al., 2007), and 1,2-bis(4-

pyridyl)ethane serving as a template in a Pr-adipate framework (GWMOF-

11; De Lill and Cahill, 2007; Fig. 6). Common structural features of all these

templated materials are neutral frameworks and neutral guests, hydrogen-

bonding interactions between nitrogen atoms on the template and bound

framework water molecules, and 1D SBUs (of M–O–M linkages) within an

overall 3D structure. The importance of the hydrogen-bonding interactions

between the template (guest) and framework (host) is apparent in the end

product and is likely important during the self-assembly process as well,

although this remains a topic that has yet to be explored in depth. Other stud-

ies on templated lanthanide CPs and MOFs have focused on alkali metal

FIGURE 5 Extended framework structure of GWMOF-6 viewed down the [010] direction. Sim-

ilar to Fig. 4, green (gray in the print version) polyhedra represent Pr3+ metal centers and black

lines represent adipic acid ligands. The ball-and-stick figures represent 4,40-bipyridine (black

spheres are carbon and blue (light gray in the print version) spheres are nitrogen). Reproduced
with permission from De Lill et al. (2005b). Copyright 2005, American Chemical Society.
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cations (Plabst et al., 2010) or small aromatic molecules (i.e., pyridine, tolu-

ene, benzene, etc.; Bernini et al., 2011) and similar to our results in the

GWMOF series, these other groups have found that a complementary relation-

ship between the template and framework is necessary. Templating appears to

rely on the idea of size matching, as the size of the template molecule and the

resulting available space (the pores) need to be complementary. This creates

favorable interactions that stabilize the structure (i.e., hydrogen bonding),

without (these interactions) the templating will not be observed.

The 4,40-bipyridine template (of GWMOF-6) features a delocalized

p-electron system (a result of its aromaticity), which allows for it to serve

as a chromophore, in concert with its function as a templating agent. This is

of note as each of the 14 lanthanide metals, except lanthanum and lutetium,

has a characteristic emission spectrum. The shielding of the 4f orbitals, which

affects Ln bonding, as discussed earlier, also manifests in the optical proper-

ties of these metals. Intraorbital 4f–4f transitions are only minimally sensitive

FIGURE 6 Templated Ln-adipate series. Structures (clockwise from top left): GWMOF-3 with

adipic acid and water as template; GWMOF-6 with 4,40-bipyridine as template; GWMOF-11 with

1,2-bis(4-pyridyl)ethane as template; GWMOF-9 with 1,2-bis(4-pyridyl)propane as template.

Green (light gray in the print version) polyhedra represent Pr3+ centers while purple (gray in

the print version) polyhedra represent Nd3+ metal centers. Reproduced with permission from De
Lill and Cahill (2007). Copyright 2007, American Chemical Society.
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to the surrounding chemical environment and the energetic positions of the Ln

ground and excited states (and their corresponding transitions) stay consistent

in all materials in which they are included. Generally speaking, selection rules

render 4f–4f transitions forbidden and the most prominent consequence of this

result is that molar absorption coefficients of the Ln3+ ions are small. As the

4f wave functions are not completely separate, these selection rules are not

strict and thus direct excitation is possible although the characteristic emission

of the corresponding Ln3+ ions is either minimal or not observed (Binnemans,

2009). Emission of the lanthanide ions ranges from the UV (Gd) to the visible

(Sm, Eu, Tb, Dy, Pr, and Tm) to a broad range of the near-IR (NIR) (Pr, Nd,

Sm, Dy, Ho, Er, Tm, and Yb) and generally proceeds via indirect excitation

(better known today as the antenna effect).

First reported in 1942 (Weissman, 1942), the antenna effect utilizes a

ligand that does not suffer from parity-forbidden transitions to absorb incom-

ing light before transferring it to the excited states of an Ln3+ ion. As the 1S*
singlet states are often short-lived, it is the 3T* triplet states of antenna ligands

(which have longer lifetimes) that sensitize the lanthanide ions. The first step

of the antenna effect involves intersystem crossing between the 1S* and 3T*
and this process is optimized when the energy gap between the two ligands

states is ca. 5000 cm�1 (Scheme 2). The optimal energetic gaps for energy

SCHEME 2 Jablonski diagram showing basic photophysical processes; S, singlet states; T, tri-

plet states; IC, internal conversion; ISC, intersystem crossing (both are nonradiative processes).

Reproduced with permission from Meyer et al. (2014). Copyright 2014, Royal Society of

Chemistry.
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transfer between the 3T* and the lanthanide excited states have been outlined

by Latva et al. (1997) and vary depending on the Ln3+ ion, yet all fall approx-

imately in the 2000–3500 cm�1 range. Smaller energy gaps will lead to

back-energy transfer, thereby reducing the efficiency of the antenna effect.

Luminescent antennas are not limited to organic species, as Ward and collea-

gues have shown with d-block metal centers as Ln3+ sensitizers proving to be

especially well suited for sensitization in the NIR region (Lazarides et al.,

2008a,b; Shavaleev et al., 2003; Ward, 2007). Further, recent efforts have

shown that the use of multiple organic antennas can provide greater enhance-

ment than a single antenna when prudent selection of organic ligands is made

(Lima et al., 2013). When selecting antenna ligands or d-block metals, there

are two things to avoid as they will lead to diminished luminescence: (1)

the number of high-energy oscillators in the first coordination sphere should

be minimized (C–H, O–H, N–H, etc.) as they provide means for nonradiative

decay and (2) separation of Ln3+ metal centers should be increased to prevent

energy loss via concentration quenching.

The luminescence of GWMOF-6 was not investigated for Pr3+ in the visi-

ble region, as this emission, even with an antenna, is not very prominent.

Rather, the Eu analogue of GWMOF-6 was synthesized so the luminescent

properties of the framework could be investigated. In the case of the

GWMOF-6, the 4,40-bipyridine template molecule also acts as a luminescent

antenna and transfers energy to the Eu3+ ions (Fig. 7). Luminescence in

lanthanide CPs and MOFs is well known (Cui et al., 2012, 2014; Devic

et al., 2005; Hasegawa and Nakanishi, 2015; Ma et al., 1999; Reineke et al.,
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FIGURE 7 Emission spectrum of europium analogue of GWMOF-6. Reproduced with permis-

sion from De Lill et al. (2005b). Copyright 2005, American Chemical Society.
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1999), but sensitization of an Ln3+ ion via template molecule represents a new

pathway to achieve luminescence in this class of materials. Utilizing the sim-

ilar nature of the Ln3+ ions has allowed for sensitization of the isomorphous

Tb3+ GWMOF-6 material (Spencer et al., 2013) and the mixed Eu3+/Tb3+

GWMOF-6 material (De Lill et al., 2007) where energy was transferred from

the 4,40-bipyridine to the Tb3+ metal center and then onto the Eu3+ metal cen-

ter, although emission from the isomorphous Sm3+ GWMOF-6 material was

likely hindered by concentration quenching.

As demonstrated in the GWMOF family of materials, an attractive charac-

teristic observed in lanthanide materials is the potential for isomorphous sub-

stitution. The International Union of Crystallography defines crystals as

isomorphous if they both have the same space group and unit-cell dimensions

and the types and the positions of atoms in both are the same except for a

replacement of one (or more) atoms in one structure with different types of

atoms in the other. As all 14 lanthanide metals feature spherical coordination

geometry and are stable in the +3 oxidation state, it is only the ionic radii that

vary across the series. This is the well-known lanthanide contraction and the

total decrease in size from La3+ to Lu3+ is ca. 16% (compare that to the ca.

26% difference in ionic radius between Na+ and K+; Shannon, 1976). In the

case of the GWMOF-6 family of materials, isomorphous substitution was suc-

cessful with all lanthanides from cerium to europium (except promethium).

Moving on from adipates to other aliphatic linkers, we begin with the sim-

plest member of this family, the oxalates. Found almost exclusively adopting

the bridging bidentate coordination mode, the C2O4
2� anion promotes a range

of topologies. Figure 8 shows an example of a Nd-oxalate CP where mono-

meric NdO9 polyhedra are polymerized through oxalate linkages to form

six-membered rings that are covalently assembled into a neutral, porous sheet

(Zhang et al., 2009b). The local Nd3+ coordination sphere of this material fea-

tures three oxalate linkers for every two Nd3+ centers with three bound water

molecules completing the first coordination sphere of each Nd3+ metal center.

In this example, we see many of the themes developed in the GWMOF family

and like in those materials, isomorphous substitution with a range of Ln3+

metal centers was observed (Ollendorff and Weigel, 1969). Similar local

geometry with varying topologies and degrees of dimensionality is observed

in the many Ln-oxalate materials that populate the literature (Kahwa et al.,

1984; Rong-Hua and Han-Guo, 2007; Trombe and Mohanu, 2004; Wang

et al., 2013b; Yang et al., 2005).

Increasing the length of the aliphatic carbon chain from two atoms to four

yields succinic acid, and the chemistry of lanthanide-succinate materials has

proven quite rich. Recent interest in this class of materials began with the syn-

thesis of the Pr3+ framework MIL-17 by Serpaggi and Férey (1999a) (Fig. 9)

featuring edge-sharing Ln metal centers (similar to the GWMOF family)

and has continued as these materials have shown interesting catalytic

(Perles et al., 2004), luminescent (Cui et al., 2005), and magnetic properties
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FIGURE 8 Polyhedral representation of Nd-oxalate sheet from Zhang et al. (2009b) shown

in the (101) plane. Interlayer water molecules have been omitted for clarity. Orange (light gray

in the print version) polyhedra represent Nd3+ metal centers, whereas red (gray in the print

version) spheres are oxygen atoms and black lines are oxalate linker species.

FIGURE 9 Polyhedral representation of Pr-succinate framework MIL-17 from Serpaggi and

Férey (1999a) shown in the (101) plane. Green (light gray in the print version) polyhedra repre-

sent Pr3+ metal centers, whereas black lines are succinate linker species.
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(Manna et al., 2006). Unlike the shorter oxalate anion, which almost exclu-

sively adopts the bridging bidentate coordination mode, succinate linkers

can adopt a variety of coordination modes including monodentate, bridging

bidentate, and chelating-bridging bidentate.

Aliphatic carboxylates that are longer than adipic acid include suberates

and sebacates. Lanthanide CPs with these longer chain aliphatics have not

been studied to the same extent as the oxalates, succinates, or adipates yet

one can draw parallels between the materials formed with suberic and sebacic

acid and those described previously. Lanthanide-sebacates, in particular, are

rare with only six known structures (Borkowski and Cahill, 2004a; Wang

et al., 2010; Xie et al., 2010) in the Cambridge Structural Database (CSD,

v. 5.36, Nov. 2014; Allen, 2002). Polymerization of lanthanide primary build-

ing units into multidimensional structures (chains, slabs, frameworks, etc.) is

still common as is observed in the isomorphous lanthanum (Benmerad

et al., 2004) and praseodymium (Huang et al., 2006) suberate frameworks that

feature the characteristic 1D chains of M–O–M linkages first highlighted in

our discussion of GWMOF-1. Another result of note can be seen in Fig. 10,

which highlights a Eu-suberate CP made in our group (De Lill et al., 2009)

where edge-sharing Eu2O16 dimers are tethered together by suberate anions

in the [100] and [001] directions to form a 2D sheet. The sheets are

FIGURE 10 Extended network of Eu(III) suberate CP viewed down the [100] direction. Gray

polyhedra represent (EuO9)2 dimers, the SBU that is polymerized into 2D sheets via suberate

anions (black lines). The inset shows the sheet viewed down the [010] direction. Reproduced with

permission from De Lill et al. (2009). Copyright 2009 Elsevier.
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alternatively stacked in an ABAB fashion and this staggered motif is stabi-

lized by strong hydrogen-bonding interaction between bound water molecules

and suberate oxygen atoms. Illustrating the similarities between adipates and

suberates is the nearly analogous (to the material in Fig. 10) 2D sheet that

results from the synthesis of Dy3+ and adipic acid (De Lill et al., 2005a).

2.2 Ln-O Hybrid Materials: Aromatic Linkers

Ln CPs featuring aromatic carboxylic acids are nearly as diverse of a field as

the Ln-aliphatic compounds described previously. This class of materials is

dominated by benzene-carboxylate (and related) species, which are attractive

linkers due to their planarity, rigidity, and delocalized p-electron rings that

allow them to function as antenna ligands for Ln3+ sensitization and Fig. 11

contains a depiction of each of the aromatic carboxylates that will be dis-

cussed throughout this section. Yaghi and colleagues (Reineke et al., 1999)

synthesized one of the first materials featuring Ln3+ metal centers and 1,4-

benzenedicarboxylic acid (BDC; MOF-6) and since this first result research

on these materials (Ln CPs featuring BDC or a BDC derivative) has exploded.

In fact, a search of the Cambridge Structural Database (CSD, v. 5.36, Nov.

2014; Allen, 2002) reveals that 462 Ln-BDC CPs have been synthesized

in the 15 years since Yaghi and colleagues’ initial findings. MOF-6,

[Tb2(C8H4O4)3(H2O)4], features two unique Tb3+ metal centers that are each

coordinated to six BDC anions and two bound water molecules (Fig. 12).

The BDC anions each adopt the bridging bidentate coordination mode and

thus each Tb3+ metal center is polymerized into non-edge sharing pseudo-

chains that propagate along [010]. This material also exhibited promising

sorption and catalytic properties while proving to be thermally robust after

the removal of the coordinated water molecules.

Manipulating syntheses procedures and functionalizing the BDC ligand

have resulted in a diverse array of observed topologies and further allowed

for the optimization of properties (including luminescence, sorption, and

catalysis) in Ln-BDC CPs. Utilizing the smaller Er3+metal center, instead of

Tb3+, Zheng and colleagues (Pan et al., 2001) were able to produce two

CPs: one that is isomorphous with MOF-6 and a second, [Er4(C8H4O4)6
(H2O)], which features four unique Er3+ metal centers adopting three unique

coordination environments likely due to the additional coordination diversity

displayed by the BDC linkers. By extending the synthesis time and increas-

ing the synthesis temperature and pH, Serre and colleagues synthesized

MIL-51 (Serre et al., 2002). This 3D structure differs from MOF-6 as it is

constructed from 2D inorganic networks that are tethered together by the

BDC linkers to create a pillared 3D structure. The 2D inorganic layers are

made up of europium polyhedra that face share as a result of m3-OH groups,

an unusual observation in Ln3+ CPs. Metal cation hydrolysis and subsequent

condensation can lead to oligomerized products (Baes and Mesmer, 1976),
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yet this is more often observed in uranyl hybrid materials (Andrews and

Cahill, 2013) and lanthanide cluster complexes (Zheng, 2010). Working

with a larger Ln3+ cation can also lead to a new CP as illustrated by You

and colleagues (Han et al., 2010) who were able to produce a new 3D frame-

work, [Ln6(C8H4O4)9(DMF)6(H2O)3�3DMF]n with La, Ce, and Nd as well as

MOF-6 isomorphs with Eu, Dy, and Y. This new material features six unique

Ln3+ cations that adopt three different coordination numbers: one is seven-

coordinate, two are eight-coordinate, and three are nine-coordinate. The mate-

rial features two different 1D metal-carboxylate SBUs and via cross-linking

by additional BDC ligands, these 1D chains are assembled into a 3D frame-

work (Fig. 13). Finally, changing the synthesis medium to an ionic liquid

(Cao et al., 2014) yields BDC frameworks that feature very different topolo-

gies than those observed for MOF-6 and other materials discussed above.

Functionalization of the BDC linkers with fluorine allows for the optimi-

zation of Ln3+ luminescent properties in both the visible and near-IR regions

as shown by Chen (Chen et al., 2006), Noftle (Macneill et al., 2011), and

Ruschewitz (Seidel et al., 2012) by reducing the number of high-energy

FIGURE 12 Polyhedral representation highlighting MOF-6 from Reineke et al. (1999) shown in

the (011) plane. Green (light gray in the print version) polyhedra represent Tb3+ metal centers,

whereas red (gray in the print version) spheres are oxygen atoms.
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oscillators in a material. Halogen-BDC linkers with the larger X atoms (Cl,

Br, I) have not been extensively explored, yet the few literature examples

have yielded complexes that show promising sorption (Xu et al., 2004) and

near-IR luminescent properties (Wei et al., 2014). The use of amino-

functionalized BDC linkers in Ln3+ CPs has been shown by Reedijk and col-

leagues (Black et al., 2009) to yield structurally intriguing materials which

also happen to show interesting magnetic properties, while additional efforts

by both the Reedijk group (Costa et al., 2008) and others (Chen et al.,

2005; Haitao et al., 2003; Xu et al., 2003) have shown that the Ln3+ hybrids

with amino-BDC (and other similar ligands) adopt an array of versatile topol-

ogies. Hydroxy-functionalization of the BDC linker results in a very diverse

suite of results as illustrated by Liu and colleagues (Wang et al., 2012b) where

the 2,5-dihydroxy-BDC ligand adopts 15 different coordination modes in the

6 materials they characterized (Fig. 14). With La3+ and Pr3+, a 3D framework

assembled from a 1D SBU of tubular chains, made of Ln dimers, was

observed. Moving to the slightly smaller Nd3+ resulted in a 2D-layered net-

work based on Ln dimers. With Eu3+ as the lanthanide cation of choice a

1D zigzag chain was observed, while the materials featuring Gd3+ and Dy3+

are 3D frameworks assembled from 1D chains of M–O–M linkages, the same

structural motif we introduced in the GWMOF family.

The addition of conjugation to the BDC linker, in the form of a second

benzene ring, yields naphthalenedicarboxylic acid and the two main deriva-

tives of this ligand, 1,4-naphthalenedicarboxylic acid (1,4-NDC) and 2,6-

naphthalenedicarboxylic acid (2,6-NDC), have garnered significant interest

for use in the construction of lanthanide hybrid materials. Of the two, 2,6-

NDC has received the greater share of attention, although both ligands are

FIGURE 13 Polyhedral representation of the two independent La3+ 1D chain SBUs and result-

ing 3D network synthesized by Han et al. (2010). Teal polyhedra (light gray in the print version)

represent La3+ metal centers, whereas blue (black in the print version) spheres represent

nitrogen atoms.
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promising for the construction of Ln3+ hybrid materials as they are rigid

ligands capable of establishing multiple bridges between lanthanide metal

centers. The first Ln3+ hybrid materials with 2,6-NDC were synthesized by

Min and Lee (2002a) and You and colleagues (Wang et al., 2002) in 2002,

via hydro- and solvothermal methods, respectively. Soon after these initial

results (featuring Eu and Tb), Almeida Paz and Klinowski (2003) synthesized

a ytterbium 3D framework with 2,6-NDC that features Yb3+ metal centers

with coordination numbers of six and seven. The two unique metal centers

of this material, CUmof-9, form 1D chains of pseudo paddlewheels that prop-

agate in the [001] direction that are then cross-linked via additional 2,6-NDC

linkers (Fig. 15). Jin and colleagues (Zheng et al., 2004a) continued the study

of this class of materials and synthesized three similar porous MOFs, with

changes as a result of the lanthanide contraction, which remained stable up

to 430 °C. Almeida Paz and Klinowski synthesized the Ho3+ analogue

(Almeida Paz and Klinowski, 2008a) of Jin and collaborators complex 2 (with

Eu3+) as well as a 2D Ho3+ CP that features three bound water molecules in

the first coordination sphere (Almeida Paz and Klinowski, 2008b). Loiseau

FIGURE 14 Polyhedral representations highlighting the structural diversity of Ln3+-2,5-

dihydroxy-BDC materials synthesized by Wang et al. (2012b). Clockwise from top left: La3+

3D framework featuring tubular 1D chain SBUs, 1D zigzag chain of Eu3+ metal centers featuring

terminating NO3
� anions, Dy3+ 3D network assembled from 1D chains of M–O–M linkages and

layered 2D network of Nd3+ dimers. Teal (light gray in the print version) polyhedra represent La3+

metal centers, whereas red (gray in the print version) represent Eu3+, blue (dark gray in the print

version) represent Dy3+, and orange (light gray in the print version) represent Nd3+ metal centers,

respectively.
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and colleagues (Rodrigues et al., 2011) explored a series of Nd3+-2,6-NDC

CPs, two of which included the additional linkers oxalate and formate. In

the CP containing solely 2,6-NDC, there exists both terminal and bridging

bound water molecules, and while the oxalate anions partially replace the first

coordination sphere water molecules, it is with formate that a water free spe-

cies is formed. The third phase is then considered for use in the catalytic poly-

merization of isoprene and shows promising initial results. Finally, recent

results from Xie et al. (Lu et al., 2014a) continue to illustrate the rich diversity

of this system as small changes to their synthesis procedure, solvothermal

synthesis with dimethylacetamide, have yielded five novel 2D networks.

Jin and colleagues also did some of the seminal work on Ln3+-1,4-NDC

hybrid materials. When they included sodium acetate in their hydrothermal

reaction, the result was a 3D framework assembled from the first

[Ln7(m3-OH)8]
13+ clusters, and it was also the first instance of this SBU being

observed in a CP structure (Zheng et al., 2004b). Without sodium acetate in

the reaction mixture, the result was [Eu2(1,4-NDC)3(H2O)2]�2H2O (Zheng

et al., 2005b), which is a 3D CP made up of EuO9 polyhedra exhibiting 1D

chains of M–O–M linkages that propagate along the [001] direction

(Fig. 16). Additional 1,4-NDC ligands cross-link the 1D chains to form a

3D CP with square channels, yet these channels are mostly filled by the bulky

1,4-NDC ligands which partially occupy the void space and lattice water

molecules that are participating in hydrogen-bonding interactions with the

bound water molecules of the framework. Solvothermal synthesis of 2D CPs

featuring the lanthanide metal centers Eu3+, Nd3+, and La3+ yielded materials

FIGURE 15 Polyhedral representation of Cumof-9 from Almeida Paz and Klinowski (2003) in

the (110) plane. Turquoise (light gray in the print version) polyhedra represent Yb3+ metal centers.

Lattice water molecules have been omitted for clarity.
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that show interesting upconversion potential (for Nd3+) as well as illustrating

that 1,4-NDC can function as an efficient sensitizer of both visible and near-

IR luminescence (Yang et al., 2006). Finally, changing the synthesis medium

to an ionic liquid (Tan et al., 2012), as was explored with BDC previously,

yields Ln3+-1,4-NDC materials with topologies unlike those observed via

other, more traditional methods.

Increasing the distance between carboxylate functional groups, when com-

pared to 1,4-BDC, allows for the use of 4,40-biphenyldicarboxylic acid

(BPDC) and this linker has produced a diverse of array of hybrid materials.

Jin and colleagues synthesized some of the first examples of Ln3+-BPDC

hybrids (Wang et al., 2004c) and the observed 3D topology is generally the

norm for this class of materials. A selection of additional examples of Ln3+-

BPDC hybrids exhibiting 3D topologies can be found in the works of Liu

FIGURE 16 Polyhedral representation of three-dimensional Eu-1,4-NDC CP from Zheng et al.

(2005a) in the (110) plane. Red (gray in the print version) polyhedra represent Eu3+ metal centers.

Lattice water molecules have been omitted for clarity.
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(Guo et al., 2005), You (Han et al., 2008), Singh-Wilmot (Min et al., 2012),

and Hou (Jia et al., 2013). Materials exhibiting other dimensionalities are

not unknown as shown by Xie and colleagues (Lu et al., 2014b) who used

dimethylacetamide, which functioned as a coordinating solvent, with the

net effect of limiting BPDC coordination to only two dimensions. Functiona-

lization of the BPDC linker is not as mature as with 1,4-BDC, yet initial

results utilizing BPDC analogues in lanthanide hybrid material synthesis

have yielded some very interesting structures which may also show great

application potential. One such example was synthesized by Bharadwaj and

colleagues (Das et al., 2012) and features tetranitroBPDC (2,20,6,60-4,40-
biphenyldicarboxylic acid). With this ligand they synthesized a Gd3+ CP,

featuring edge-sharing Ln3+ dimers that are cross-linked by tetranitroBPDC

linkers to form a 3D network highlighted by two unique 1D channels

(Fig. 17). The authors found that the Gd-tetranitroBPDC CP was an excellent

FIGURE 17 Polyhedral representation of 3D framework of the Gd-tetranitroBPDC material

described in Das et al. (2012) shown in the (011) plane. Purple (gray in the print version) spheres

represent Gd3+ metal centers and lattice water and DMF molecules have been omitted for clarity.
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heterogeneous catalyst for the cyanosilylation and Knoevenagel condensation

reactions and that when the reactants were put inside the 1D channels of

the Gd3+ CP they spontaneously underwent both of these reactions at

room temperature and atmospheric pressure. Further, these reactions were

then monitored via X-ray crystallography as the crystallinity of the

Gd-tetranitroBPDC CP was maintained throughout and the results represent

one of the first examples of a successful condensation reaction within the

pores of a lanthanide CP.

The pyridinedicarboxylic acids are another class of linker molecules that

have proven quite effective for use in the construction of hybrid materials.

Due to its heterofunctional nature (i.e., the presence of two distinct functional

groups: carboxylate and pyridyl), pyridinedicarboxylic acid inclusion in

transition metal, lanthanide, and actinide hybrid materials is well known.

2,3-Pyridinedicarboxylic acid (2,3-PYDC) is the least reported of these mate-

rials and this may be due to the tendency of 2,3-PYDC to decarboxylate at the

2-position to become nicotinic acid under hydrothermal conditions (Chen

et al., 2003). One interesting material featuring 2,3-PYDC was synthesized

by de Lill and colleagues (Ramirez et al., 2012) and features edge-sharing

Ln dimers that stack in the [100] direction that are further linked by additional

2,3-PYDC linkers to form a 2D sheet. While structurally intriguing, de Lill

et al. also found that the 2,3-PYDC is not a very effective luminescent

antenna in their material and the combination of this information, along with

the tendency of 2,3-PYDC to undergo decarboxylation, may explain the rela-

tive scarcity of these hybrid materials in the literature. Similar to 2,3-PYDC,

2,4-pyridinedicarboxylic acid has not been extensively studied in Ln3+ hybrid

materials (Chang et al., 2013; Min and Lee, 2002b; Shen and Lush, 2012).

Instead, the multifunctional 2,4,6-pyridinetricarboxylic acid (2,4,6-PYTC) is

preferred as it has the ability to chelate Ln3+ metal centers via the pyridine

N atom and the carboxylates at the 2- and 6-position while further linking

via the carboxylate at 4-position to promote the formation of a higher dimen-

sional CP (Gao et al., 2005; Ghosh and Bharadwaj, 2005; Jin et al., 2012; Li

et al., 2008a; Ren et al., 2010; Wang et al., 2007a).

The most widely used pyridinedicarboxylic acid derivative in lanthanide

hybrid materials is 2,6-pyridinedicarboxylic acid (2,6-PYDC), which has been

shown to form materials of one-, two-, and three-dimensions (Duan et al.,

2004a; Gao et al., 2006; Liu et al., 2008; Song et al., 2012; Yang et al.,

2011; Zhao et al., 2014). The versatility of 2,6-PYDC, and its ability to form

such a diverse suite of materials, is presumably a result of the tridentate, che-

lating nature of the ligand (like 2,4,6-PYTC), and the many coordination

modes it is capable of adapting. The very similar 2,5-pyridinedicarboxylic

acid (2,5-PYDC) linker has also garnered extensive attention from research-

ers, as it, like 2,6-PYDC, is capable of promoting a wide range of SBUs

and topologies. Ln-2,5-PYDC CPs have formed from monomeric SBUs

(Decadt et al., 2012; Huang et al., 2007; Qin et al., 2005; Wang et al.,
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2009; where no metal-ion oligomerization has occurred), dimeric SBUs (Shi

et al., 2009; Soares-Santos et al., 2008), and even tetra- (Shi et al., 2009;

Silva et al., 2013) and hexameric clusters (Shi et al., 2009; Zhang et al.,

2012). Taking a closer look at the lanthanide hybrids featuring tetrameric

clusters, we will highlight two materials from the recent work of Almeida

Paz and colleagues (Silva et al., 2013). Complex 1 is a 3D framework assem-

bled from heptanuclear Er3+ metal clusters, which are in turn a result of

the coalescence of two tetranuclear cubane-like [Er4(m3-OH)4]
8+ clusters.

The heptanuclear clusters are interconnected to form a 1D cationic lanthanide

hydroxide chain (Fig. 18), and these chains are surrounded by 2,5-PYDC

FIGURE 18 (Top) Schematic and polyhedral representation of the heptanuclear cluster of 1

along with polyhedral representation of cationic 1D chain of 1 where hydrogen atoms have been

omitted for clarity. (Bottom) Ball-and-stick representation of 2D inorganic network of 2. Both

figures have been adapted with permission from Silva et al. (2013). Copyright 2013 American

Chemical Society.
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linkers, which coordinate via three unique coordination modes: bridging, che-

lating monobridging, and chelating bisbridging. By increasing metal concen-

tration at the time of synthesis, Almeida Paz et al. were able to isolate

compound 2, [Er3(OH)6(2,5-PYDC)Cl], which forms a 2D cationic inorganic

network in the (110) plane (Fig. 18). The unique 2,5-PYDC ligand pillars

together adjacent 2D layers via coordination to four Er3+ metal centers to

result in a densely packed 3D framework.

Continuing with heterofunctional linkers that feature both nitrogen atoms

and carboxylate functional linkers, we look now at pyrazinedicarboxylic

acids, which differ from the pyridinedicarboxylic acids in the number of sites

for potential coordination (six vs. five). Increasing linker functionality is

a topic of interest as it provides researchers one route to increase the

dimensionality of hybrid materials, which then expands the suite of possible

applications of the synthesized materials. Transition metal complexes with

2,3-pyrazinedicarboxylic acid (2,3-PZDC) have been well characterized

(O’Connor et al., 1982; Smith et al., 1995; Wenkin et al., 1997; Zou et al.,

1999), yet it was not until 2002 when Jin and colleagues synthesized the first

hybrid material that featured lanthanide cations and 2,3-PZDC (Zheng et al.,

2002). A follow-up study, also from Jin and colleagues (Weng et al., 2007),

produced three new 2D materials, different from the 3D frameworks synthe-

sized in their first study, and via spectroscopic characterization of these 2D

materials the researchers found (when they codoped two Ln3+ cations (Yb

and Er)) the hybrid network showed promise as an upconversion material.

Carlos and collaborators (Soares-Santos et al., 2010) were also interested in

the photoluminescent properties of Ln3+ hybrid material with 2,3-PZDC and

synthesized a series of seven 2D materials, also featuring the oxalate anion

that was formed in situ, which showed that 2,3-PZDC is an effective antenna

for both visible and NIR luminescence. More recently, Liu and colleagues

(Yang et al., 2012b) have synthesized the first anionic framework featuring

Ln3+ cations and the 2,3-PZDC linker, which features charge-balancing

ammonium cations in the channels and topology that differs from the neutral

Ln3+-2,3-PZDC materials that have been characterized previously.

Changing the ring size, while keeping the number of N atoms constant,

yields the pyrazoledicarboxylic acid linker, which has not been studied to

the same level as the six-membered pyrdine- and pyrazinedicarboxylic acid

groups. Li and colleagues were the first to use the asymmetric 3,5-

pyrazoledicarboxylic acid (3,5-PYZDC) in the synthesis of lanthanide hybrid

materials (Pan et al., 2000). They found that the coordination modes of the

3,5-PYZDC linker could be controlled depending on reaction acidity and by

also utilizing the lanthanide contraction. As a result, they synthesized six

new materials featuring three unique topologies where 3D frameworks were

made of either single- or double layers depending on the size of the Ln3+ cat-

ion. The structural variability of Ln-35-PYZDC hybrid materials has also

been demonstrated by Cheng and colleagues (Xia et al., 2007) who observed
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three unique structure types in the series of nine materials they hydrother-

mally synthesized (Fig. 19). With the larger lanthanide cations (Pr, Nd,

Sm), a 3D framework was observed where Ln3+ cations are linked via 3,5-

PYZDC ligands and with further dimensionality achieved via coordination

of additional 3,5-PYZDC linkers. The second structure type (with Eu, Gd,

and Tb) observed by Cheng et al. was a double-decker 2D network where

1D layers are bridged by 3,5-PYZDC linkers to form on overall 2D network.

Water molecules in the first coordination sphere along with chelation effects

prevent further connectivity in the overall structure. With the smaller Ln3+

cations (Dy, Ho, Er), we once again see a 1D chain SBU of M–O–M linkers

that are further cross-linked by a second 3,5-PYZDC linker to form an overall

2D structure. The effects of the addition of oxalic acid to the synthesis of

FIGURE 19 Polyhedral and ball-and-stick representations highlighting structural diversity of

Ln-35-PYZDC materials synthesized by Xia et al. (2007). Clockwise from top left: 3D framework

assembled from Nd3+ dimers, 2D network featuring 1D chains of M–O–M-linked Ho3+ metal cen-

ters, and 2D Eu3+ layer constructed of 1D chain SBUs. Orange (light gray in the print version)

polyhedra represent Nd3+ metal centers and blue (light gray in the print version) polyhedra repre-

sent Ho3+ metal centers. Light red (gray in the print version) spheres represent Eu3+ metal centers,

whereas red (dark gray in the print version) spheres represent oxygen atoms, blue (dark gray in

the print version) spheres represent nitrogen atoms, and black spheres represent carbon atoms.

Ball-and-stick representation used for the Eu3+ material due to disorder in the published CIF.
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Ln-35-PYZDC hybrid materials were explored recently by Han and collabora-

tors (Zhang et al., 2009a), and they found that this route yielded 3D CPs fea-

turing a unique topology and large, open channels filled with lattice water

molecules.

Moving now to five-membered heterofunctional linkers where only the

carboxylate groups coordinate, we highlight the furan-2,5-dicarboxylic acid

(FDC) and thiophene-2,5-dicarboxylic acid linkers (TDC). The latter has been

characterized more extensively, yet we will first look at a few Ln-FDC

hybrids to better inform the later discussion of Ln-TDC materials. FDC

(and TDC) has two carboxylate groups with a “V-shaped” configuration and

is known to adopt a number of coordination modes. One reason that FDC is

less utilized than the analogous TDC is that it has a tendency to partially

decompose into oxalate under hydrothermal conditions (Shi et al., 2013).

When solvothermal conditions are used the 2,5-FDC ligand remains intact

(Akerboom et al., 2012; Li et al., 2013a), although both synthesis methods

yield exclusively 3D materials. Hu and colleagues synthesized two series of

Ln-FDC-oxalate 3D materials that varied with the size of the Ln3+ cation

and differed slightly in their crystal packing (Wang et al., 2012a). Cheng

and collaborators also synthesized a 3D Ln-FDC material (with Tb) and it fea-

tured robust 1D honeycomb channels that showed very promising sorption

properties, including the selective sorption of CO2 over both N2 and CH4

(Li et al., 2013a).

Since Yaghi and colleagues (Rosi et al., 2005) first synthesized MOF-75,

there has been a sustained period of interest in Ln-TDC hybrid materials. In

the past decade, 11 papers featuring Ln-TDC hybrid materials have been pub-

lished (Calderone et al., 2013; Chen et al., 2009; Huang et al., 2009; Macneill

et al., 2010; Marques et al., 2012, 2013; Tsai et al., 2013; Wang et al., 2008,

2011; Xu et al., 2011; Zhan et al., 2012) in which 42 new Ln-TDC materials

were characterized. All of these materials feature 3D hybrid networks and

unlike FDC, 2,5-TDC does not partially decompose to the oxalate anion

regardless of the conditions used (hydro-, solvo-, or ionothermal). Su and col-

leagues (Xu et al., 2011) did include oxalate as a starting material in their

work and the result was two very similar 3D materials that varied based on

lanthanide ionic radii, a very similar result to that observed by Hu et al. with

FDC and an in situ-formed oxalate anion (Wang et al., 2012a). While much of

the recent interest in Ln-TDC hybrids likely stems from the interesting lumi-

nescent (Calderone et al., 2013; Marques et al., 2012, 2013; Wang et al.,

2008) and magnetic (Chen et al., 2009; Huang et al., 2009) properties dis-

played by these materials, it certainly is notable that with the TDC (and

FDC) linker there seems to be some sort of propensity for 3D materials.

The mechanism for this propensity is one topic that remains underexplored

in this class of materials.

Concluding our survey of Ln-O hybrid materials with aromatic linkers, we

look now at materials featuring aromatic ligands that feature more than two
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carboxylate functional groups. Likely the best-known member of this class of

ligands is 1,3,5-benzenetricarboxylic acid (1,3,5-BTC) which was first

incorporated into a lanthanide hybrid material by Yaghi and collaborators

(MOF-76; Rosi et al., 2005). Solvothermal synthesis (in DMF) by Cheng

and colleagues (Wang et al., 2004a) yielded a 2D network with Nd3+ and

1,3,5-BTC and showed that while 1,3,5-BTC was a rigid and stable ligand,

the dimensionality of the resulting hybrid material was still dependent on

the solvent used in synthesis. More recent investigations of Ln-1,3,5-BTC

hybrid materials have focused on their great potential for applications includ-

ing sensing (Chen et al., 2007; Yang et al., 2012a), catalysis (Gustafsson

et al., 2010), and gas sorption (Jiang et al., 2010; Xie et al., 2011).

The addition of three more carboxylate moieties to 1,3,5-BTC yields

mellitic acid and this ligand is the most functionalized ligand we will discuss.

The reactivity of lanthanide cations with mellitic acid has been explored

(Chui et al., 2001; Li et al., 2006; Liang Ping et al., 1996; Tang et al.,

2008), and throughout these investigations one structure continues to appear.

First mentioned by Williams and coworkers (Chui et al., 2001) with La3+,

then by Yue and colleagues (Tang et al., 2008) with Nd3+ and Ho3+ and most

recently by Loiseau and collaborators (Volkringer et al., 2012; with Ce3+), the

Ln-mellitate hybrid material features monomeric LnO9 polyhedra that are

connected by carboxylate functional groups of the mellitate anions into a

narrow MOF with narrow channels that are delimited by terminal water mole-

cules (Fig. 20).

2.3 Ln-Phosphonate Hybrid Materials

Phosphonate-containing Ln3+ CPs represent an underdeveloped area of lantha-

nide material synthesis when compared to carboxylate-containing Ln3+ CPs.

The group of Rocha, Almeida Paz, and others has had some recent success

FIGURE 20 (Left) Polyhedral representation of Ce-mellitate hybrid from Volkringer et al.

(2012) showing connection of mellitate anions with discrete Ce3+ polyhedra. (Right) Polyhedral

representation of Ce-mellitate hybrid highlighting narrow channels delimited by bound water

molecules. Yellow (white in the print version) polyhedra represent Ce3+ metal centers.
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with the syntheses of these materials, yet their efforts have been tempered by

poorly crystalline materials that are the result of a rate of crystal nucleation

and growth that may be too fast for single crystal formation (Almeida Paz

et al., 2014). As such, much of the structural analysis conducted by Rocha,

Almeida Paz, and others has been via full Rietveld refinement from powder

X-ray diffraction, which is somewhat uncommon for lanthanide hybrid materi-

als. In fact, these materials may represent a hard-soft acid-base (HSAB) pairing

that is too good as the ‘hard’ Ln3+ pair so well with the “hard” phosphonate

groups that the crystallization process proceeds too quickly. Even with the out-

lined complications, the nature of the phosphonate group has yielded some very

interesting materials as first shown by Serpaggi and Férey (1998, 1999b) in

their syntheses of MIL-11 and MIL-19. Following the initial findings of Férey

and Serpaggi, Zheng and colleagues (Cao et al., 2005) hydrothermally synthe-

sized a 1D CP with Gd3+ and hydroxy(4-pyridyl)methylphosphonic acid that

features a Gd3+ metal center with a coordination number of six, which is

unusual for lanthanide hybrid materials containing O-donor linkers, yet surpris-

ingly common within the Ln-phosphonate class of materials.

Almeida Paz, Rocha, and others stated that their interest in Ln-

phosphonate hybrids stems from the phosphonate moiety’s ability to chelate

a Ln3+ cation while also possessing three oxygen atoms in a tetrahedral

molecular geometry, which can mimic the building units of zeolites (Silva

et al., 2011). Zeolites (and similar materials) possess building units that are

capable of anchoring to a wide range of metals and often induce formation

of networks with high thermal and mechanical robustness (an important pre-

requisite for many CP and MOF applications). Using a phosphonate linker

very similar to 1,3,5-BTC (benzene-1,3,5-triyltris(methylene)triphosphonic

acid{H3bmt}), Almeida Paz and coworkers (Vilela et al., 2012) synthesized

four MOFs (with Ln]LadNd) where chains of edge-sharing LnO8 polyhedra

(assembled via M–O–M linkages) are further assembled in three dimensions

via multiple phosphonate linkers (Fig. 21). These MOFs are thermally robust,

show characteristic luminescence (with the Eu and Tb analogues), and

showed promise as a heterogeneous catalyst for the ring opening of styrene

oxide with methanol. When using this same phosphonate ligand with smaller

Ln3+ cations, and slightly different synthesis conditions, Almeida Paz and col-

leagues (Almeida Paz et al., 2014) were able to synthesize eight isomorphous

zeolite-like materials that feature lanthanide cations with a coordination num-

ber of six (as seen previously in the 1D CP synthesized by Zheng and colla-

borators (Cao et al., 2005)). More recently, the same group functionalized

the benzene-1,3,5-triyltris(methylene)triphosphonic acid ligand with fluorine

to form 2,4,6-trifluorobenzene-1,3,5-triyltris(methylene)triphosphonic acid and

the result of including this ligand with La3+ was a 2D CP with heptacoordinated

La3+ cations (Vilela et al., 2014). As these highlights have really only scratched

the surface on this burgeoning class of hybrid materials, we point the reader to

two excellent reviews from Rocha, Almeida Paz, and others on phosphonate
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ligand design for MOF synthesis (Almeida Paz et al., 2012) as well as the

many potential applications of Ln-phosphonates hybrids (Rocha et al., 2011).

2.4 Ln-O Hybrid Materials with Chelating Ligands

The use of ancillary ligands in lanthanide CPs serves a twofold purpose. First,

it can change the dimensionality of the lanthanide CP by chelating part of the

lanthanide first coordination sphere, thereby limiting the space with which

linking ligands have to coordinate. Second, the use of an ancillary ligand

reduces interpenetration, which results in an increase in pore volume and

overall thermal stability. As many of the ideal applications of porous CPs

are determined almost exclusively by the porosity and stability of the CP, it

is of the utmost importance to control interpenetration, which often leads to

partial collapse of the CP upon guest molecule removal, a first step in many

of the aforementioned application processes. HSAB preferences are taken into

account when selecting a chelating ligand for lanthanide hybrid material

synthesis, as one would require a ligand with moderate affinity for Ln3+ cat-

ion, yet not one with such a strong affinity or sterics hindrance that it will

prevent further coordination by O-donor ligands. The best-known example

of a chelating ligand that adopts the described role is the bidentate N-donor

FIGURE 21 (Left) Polyhedral representation of fragment of 1D chain SBU of M–O–M linkages

in La-H3bmt material synthesized and characterized by Vilela et al. (2012). (Right) Crystal pack-

ing of La-H3bmt material shown in the (101) plane. Teal (light gray in the print version) polyhe-

dra represent La3+ polyhedra, whereas yellow (dark gray in the print version) polyhedra and

spheres represent phosphorus atoms.
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1,10-phenanthroline (phen) which has proven over time to be a versatile start-

ing material for inorganic and supramolecular synthesis (more on this later).

Phen is a rigid, planar, electron-poor heteroaromatic system with nitrogen

atoms ideally placed for binding of large cations (Bencini and Lippolis,

2010; Hancock and Martell, 1989). In aqueous solution, phen behaves as a

weak base and displays a moderate affinity for Ln(III) cations likely due to

its preorganization (Hancock, 2013). Additionally, phen and other chelating

coligands are excellent luminescent antennas, as their delocalized p-electron
systems allow for efficient absorption of incident light and corresponding

sensitization of the Ln3+ excited states via ligand to metal energy transfer.

Jin and colleagues did some of the pioneering work in this area of hybrid

material development with the chelating ligand phen and both aliphatic

(Huang et al., 2004) and aromatic O-donor linkers (Wan et al., 2003; Zhang

et al., 2003; Zheng et al., 2004c, 2005a). Chen and colleagues (Liu et al.,

2002) were one of the first groups to utilize 2,20-bipyridine (2,20-BPY)
in the synthesis of CPs with terbium and characterized two materials, a 2D

CP and an MOF, containing the O-donor linker 4,40-oxy(bis)benzoic acid

and 2,20-BPY with the different materials a result of changing the base

used during synthesis. Comparing these results to another work of Jin and

coworkers (Wang et al., 2004b) on the synthesis of Ln-4,4-oxy(bis)benzoic

acid-phen hybrid materials highlights the differences between 2,20-BPY and

phen as coligands in Ln hybrid material synthesis. The materials characterized

by Jin and colleagues are 1D chains that are further assembled into an overall

3D structure via a combination of hydrogen-bonding and p–p stacking inter-

actions that are facilitated by the phen coligands. This same motif is seen in

the hybrid materials synthesized by Zheng and collaborators (Li et al.,

2009) with 1,3-adamantandedicarboxylic acid and phen and to some extent

by Song and colleagues (Song et al., 2008) with 3,4-pyridinedicarboxylic acid

and phen, and by Jin and colleagues (Liu et al., 2004) in hybrid materials

synthesized from 2-aminoBDC and phen, although in these latter two exam-

ples we see further assembly of 2D sheets (Fig. 22). Structural variability

based on synthesis conditions was also observed in lanthanide hybrids with

1,3-benzenedicarboxylic acid (1,3-BDC) and 2,20-BPY that were character-

ized by Natarajan and collaborators (Thirumurugan and Natarajan, 2006) yet

Zhang did not observe similar results when he used a functionalized version

of 1,3-BDC and 2,20-BPY in the synthesis of a novel Gd3+ material

(Zhang, 2011).

Enhancing the application potential of an Ln hybrid material via the inclu-

sion of a chelating ligand is a topic of continued interest as researchers work

to increase the porosity of MOFs by reducing interpenetration, while concur-

rently enhancing thermal stability. The group of Sun and Zhou (He et al.,

2010) solvothermally synthesized Ln MOFs with a similar topology to

MOF-6, which featured 1,4-BDC linkers and H2O and DMF molecules. They

then replaced the coordinated solvate molecules with phen ligands to form a
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more stable MOF and then enhanced it further (in terms of reducing interpen-

etration) by replacing the 1,4-BDC linker with the functionalized 2,3,5,6-

tetramethylBDC. The resulting MOF featuring the tetramethylBDC and phen

demonstrated adsorption selectivity of CO2 and H2 over N2 and Ar. Further

study by Sun and colleagues (He et al., 2013a) on this same system yielded

three new MOFs featuring either 1,4-BDC or tetramethylBDC and phen

although gas sorption properties of these materials did not show further

enhancement from their first study.

Finally, we look at the results of a recent study by Li and collaborators

(Cha et al., 2014) on lanthanide hybrid materials featuring 3-fluorophthalic

acid and phen. Three isomorphous 2D networks were characterized and they

feature nine-coordinate Ln metal centers (La, Eu, Tb) that are chelated by

phen moieties and then linked via bridging bidentate 3-fluorophthalic acid

ligands (Fig. 23). Beyond the characteristic emission spectra of the Eu and

Tb isomorphs, Li and colleagues prepared a doped La complex (with Eu

and Tb) that displayed white-light emission upon excitation at the absorption

maxima of the phen chromophore.

3 MOLECULAR LN MATERIALS

As we have attempted to demonstrate, lanthanide CPs and MOFs represent a

rich class of materials featuring a diverse suite of materials highlighted by an

array of interesting structural topologies. Whereas the rich structural diversity

FIGURE 22 Polyhedral representations highlighting the SBUs of lanthanide hybrid materials

featuring both an aromatic O-donor linker and the chelating N-donor phen. Clockwise from top

left: 2D sheet of Tb-3, 4-pyridinedicarboxylic acid-phen material from Song et al. (2008), 2D

sheet of Er-2aminoBDC-phen material from Liu et al. (2004), 1D chain of Eu-1,3-

adamantanedicarboxylic acid-phen material from Li et al. (2009). Green (light gray in the print

version) polyhedra represent Tb3+ metal centers, whereas light green (gray in the print version)

and red (gray in the print version) polyhedra represent Er3+ and Eu3+ metal centers, respectively.
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of these materials has proven fruitful for exploration, the ability to direct the

formation of a specific building unit under hydrothermal conditions remains

challenging and elusive. Within our GWMOF series, and other similar

Ln-aliphatic studies, 1D chains of edge-sharing hydrated polyhedra were

found to be a reoccurring SBU, yet when a more rigid linker (i.e. an aromatic

carboxylate) is used in Ln hybrid material synthesis, an increased variety of

resulting SBUs are observed. These variations can likely be attributed to the

limitations of utilizing linkers based on HSAB preferences and the effects

of chelation on Ln3+ bonding (and extended coordination). Whereas hydroly-

sis is certainly at play, although not in the strictest sense, the absence of

hydroxyl and oxide species so often observed with the uranyl (and other acti-

nide) species (Andrews and Cahill, 2013; Knope and Soderholm, 2013) sug-

gests that lanthanide oligomerization proceeds via a slightly different

mechanism. As such, one may look to the extensive work done on the coordi-

nation chemistry of molecular lanthanide compounds to better understand

mechanisms for controlling the first coordination sphere and disrupting oligo-

merization processes. Motivations for such a strategy in molecular chemistry

include the delineation of structure–property relationships so that one may

selectively tune the properties of a material such as luminescence via the

FIGURE 23 Polyhedral representation of two-dimensional structure of Tb-3-fluorophthlate-phen

material from Cha et al. (2014) shown in the (011) plane. Green (gray in the print version)

polyhedra represent Tb3+ metal centers, whereas yellow (light gray in the print version) spheres

represent fluorine atoms. Lattice water molecules have been omitted for clarity.
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reduction of high-energy oscillators (Bischof et al., 2010; Doffek et al., 2012;

Wahsner and Seitz, 2013), maximizing magnetic anisotropy of a material

(Cucinotta et al., 2012; Hutchings et al., 2014; Yanagida et al., 1998), or lan-

thanide/minor actinide separations in nuclear waste reprocessing (Drew et al.,

2000; Kolarik, 2008). Our own efforts have made use of this approach, yet

with a crystal engineering focus, wherein we are also interested in the promo-

tion of extended structures with desired geometries via the use of noncovalent

interactions. We will therefore review molecular lanthanide materials through

both the traditional coordination chemistry lens, as well as our own mindset

where greater attention will be paid to crystal engineering and assembly of

molecular species.

The coordination chemistry of lanthanide molecular complexes has been

studied rather extensively and we will thus not present an in-depth treatment.

Much of the early work in this area has been reviewed quite thoroughly by the

Bünzli and Piguet groups (Bünzli, 2006; Bünzli and Piguet, 2002, 2005;

Piguet and Bünzli, 1999), and aspects have been reviewed on multiple occa-

sions in this forum (Binnemans, 2005; Comby and Bünzli, 2007; Nief,

2010; Nishioka et al., 2007; Piguet and Bünzli, 2010; Shinoda et al., 2005).

Additionally, in-depth treatments of features of Ln coordination chemistry

can be found in the more recent works of Bünzli (Bünzli and Piguet, 2002;

Bünzli et al., 2010; Eliseeva and Bunzli, 2010), Wong (Wong et al., 2007),

Bulach and colleagues (Bulach et al., 2012), Gunnlaugsson (Bradberry

et al., 2014), and Bettencourt-Dias (De Bettencourt-Dias, 2007; De

Bettencourt-Dias et al., 2014). More recent efforts have also explored the

promising applications of molecular lanthanide materials which include elec-

troluminescent materials (Katkova and Bochkarev, 2010; Kido and Okamoto,

2002; Lima et al., 2014), materials displaying nonlinear optical properties

(Andraud and Maury, 2009; Sénéchal-David et al., 2006; Tancrez et al.,

2005), those used in medical imaging (Bradberry et al., 2014; Bünzli, 2009,

2010; Reddy et al., 2013), and as single-ion and single-molecule magnets

(Feltham and Brooker, 2014; Habib and Murugesu, 2013; Luzon and

Sessoli, 2012; Woodruff et al., 2013). Precise control over the first coordina-

tion sphere is critical for harnessing the aforementioned properties and has

also allowed for the study of supramolecular assembly in the lanthanide solid

state. Whereas a challenge in the hydrothermal synthesis of CPs and MOFs

is largely promoting a single SBU of choice, an analogous challenge for

molecular materials is in directing desired arrangements.

Many efforts to control Ln(III) coordination have traditionally incor-

porated chelating N-donors such as 2,20-BPY, phen, or 2,20:60,2"-terpyridine
(terpy). Beyond the structural contributions, these ligands can also function

as antennae molecules (Bekiari and Lianos, 2000, 2004; Mürner et al.,

2000). With their work on the complexation of Ln3+ cations with aliphatic

carboxylates and chelating N-donors, White and coworkers (Kepert et al.,

1994, 1999; Semenova and White, 1999; Semenova et al., 1999) pioneered
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work in this arena and Cotton et al. (2003a,b) continued work in this area by

synthesizing Ln molecular complexes featuring terpy and various anions

(NO3
�, SCN�). In each of these materials, the authors utilized the strong

binding affinity that terpy exhibits for Ln3+ cations, which may assist the crys-

tallization process (Hancock, 2013). Our perspective on these results is that

the terpy ligands are interrupting oligomerization as the terpy moieties lock

up (cap) one part of the coordination sphere, which then directs further coor-

dination of additional ligands and solvent molecules. This same behavior is

observed in lanthanide molecular coordination complexes with functionalized

terpy ligands that have shown great promise for a number of applications

(De Bettencourt-Dias et al., 2014).

Moving now to the very similar pyridine-bis(oxazoline) (Pybox) class of

chelating ligand, Bettencourt-Dias and colleagues have shown that this hetero-

functional N-donor can play a very similar role to terpy. Featuring both oxa-

zoline and pyridine functional groups, the ligands are tridentate, stable, and

likely good antenna molecules due to their electronic absorption properties.

After first synthesizing a thiophene derivative of Pybox and finding that it

was a highly efficient sensitizer of both Eu(III) and Tb(III) (De Bettencourt-

Dias et al., 2007), De Bettencourt-Dias et al. (2010) prepared a series of

para-derivatized Pybox ligands and then used them in the synthesis of a series

of new lanthanide complexes. Of note in the resulting materials was complex

3, [Eu(C11H6BrN3O2)(NO3)3(H2O)], which features a 10-coordinate europium

metal center bound to a bromo-Pybox ligand as well as three nitrates and a

bound water molecule (Fig. 24). The europium units are then assembled via

FIGURE 24 Polyhedral representation of two molecules of complex 3, [Eu(C11H6BrN3O2)

(NO3)3(H2O)], from De Bettencourt-Dias et al. (2010) highlighting delocalized Br–p interactions

that link neighboring Eu3+ monomers. Red (light gray in the print version) polyhedra represent

Eu3+ metal centers, whereas brown (black in the print version) spheres represent bromine atoms.

Hydrogen atoms have been omitted for clarity.

Hybrid Materials of the f-Elements Part I Chapter 271 183



a synergistic combination of hydrogen-bonding and halogen–p interactions.

The latter interaction is of note as it is one of the few examples of this supra-

molecular synthon in a lanthanide molecular complex. The authors then went

on to look at the luminescent properties and stability constants of the Pybox

derivatives without looking further into the means of assembly they observed.

A follow-up from the Bettencourt-Dias group (De Bettencourt-Dias et al.,

2012) continued to look at lanthanide complexes with Pybox derivatives, this

time with an ethylene glycol ethyl ether functional group, and found that in

the resulting materials the Pybox derivative was an efficient sensitizer in both

the visible and near-IR regions in a range of solvents. Similar to the terpy

complexes discussed previously, Pybox and its derivatives are another class

of ligands capable of controlling the lanthanide first coordination sphere.

The assembly of the Eu(III) complexes with bromo-Pybox illustrated that with

judicious choice of synthons at the periphery of the first coordination sphere,

it is also possible to control the lanthanide second coordination sphere.

Whereas the assembly strategies of other researchers discussed thus far are

generally implicit as they focus on other properties of the materials they have

synthesized, we attempt to make explicit the simultaneous control of the lan-

thanide first coordination sphere via use of a capping ligand, while judicially

placing synthons at the periphery (e.g., halogens) to explore the assembly of

molecular structures with desired arrangements. Moreover, we make use of

the mindset discussed thus far, wherein hydrothermal synthesis is used to gen-

erate oligomerized species and then a chelating N-donor is used to promote a

single polynuclear building unit. Once the building unit has been “selected,”

we build on this by looking into the assembly thereof via noncovalent interac-

tions originating from synthons at the periphery of the coordination sphere.

Before we delve into our work on promoting extended molecular structures

with desired arrangements, however, a brief discussion of supramolecular

assembly and crystal engineering is in order.

Crystal engineering is a branch of supramolecular chemistry that attracts

attention from a broad spectrum of chemists. Crystal engineering is

concerned with the nature and structural consequences of intermolecular

forces and the ways in which these interactions are utilized for controlling

the assembly of molecular building blocks into extended architectures. Suc-

cinctly summarized by Braga as “making crystals by design” (Braga, 2003),

crystal engineering is an understanding of intermolecular interactions in the

context of crystal packing and metal–ligand coordination, which can allow

for one to address some of the challenges associated with the diverse speci-

ation profile of the lanthanide cations manifested in hydrothermally pro-

duced hybrids. The challenge evolves to forming reproducible units

(tectons) decorated with appropriate synthons, described by Desiraju

(1995) as “structural units within supermolecules which can be formed

and/or assembled by known or conceivable synthetic operations involving

intermolecular interactions.” This is a concept that has been explored for
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transition metal chemistry (Alexeev et al., 2010), the actinide series

(Andrews and Cahill, 2013; Baker, 2012; although not to the same extent),

and by our group with the lanthanide series (Carter et al., 2014a,b).

From our perspective, once a reliable tecton is presented one can then

focus on functionalization for supramolecular assembly. More specifically,

we have focused on supramolecular assembly via halogen bonding, defined

by IUPAC (Desiraju et al., 2013) as “the net attractive interaction between

an electrophilic region associated with a halogen atom in a molecular entity

and a nucleophilic region in another, or the same, molecular entity.”

Halogens can participate in a number of favorable acceptor–donor pairings

with other halogens, cations, and anions and thus represent a particularly

attractive class of synthons. Couple this with the wide array of possible appli-

cations of supramolecular assembly in the solid state, which include drug

design (Lu et al., 2009; Wilcken et al., 2013), catalysis (Knowles and

Jacobsen, 2010; Tang et al., 2013), and nanomaterials (Dinolfo and Hupp,

2001; Kudernac et al., 2009), and one may imagine a field with great poten-

tial. In molecular lanthanide systems, most of the attention regarding supra-

molecular interactions has been focused on hydrogen-bonding and p–p
stacking interactions (Bünzli and Piguet, 2002; Liu et al., 2004; Thuéry,

2012; Ye et al., 2008), yet assembly via primarily halogen bonding remains

an area that has not been explored as comprehensively. Additionally, as we

have mentioned earlier, we have also made explicit the strategy explored

implicitly by others where we set out to synthesize materials that would allow

for the exploration of the criteria for the promotion of extended structures

with desired arrangements.

To highlight this approach, we expanded on four previous one-structure

studies (Jin et al., 1996; Li et al., 2008b; Song et al., 2013; Wang et al.,

2007b) by synthesizing the complete series of rare earth molecular materials

with the organic ligands p-chlorobenzoic acid and phen (Carter et al.,

2014b). As we moved across the entire rare-earth series, we observed an

evolution in the local structure of the binuclear units that was a result of

the lanthanide contraction, which resulted in changes in modes of assembly

in the second coordination sphere (Fig. 25). Complex 1, [La(C12H8N2)

(C7H4ClO2)3(H2O)]2, with lanthanum, featured a nine-coordinate La3+ metal

cation which was chelated by phen and then further coordinated to

p-chlorobenzoic acid ligands adopting three coordination modes: chelating-

bridging bidentate, bridging bidentate and monodentate, and a bound water

molecule. A pair of moderately strong (Mooibroek et al., 2008) Cl–p interac-

tions between a p-chlorobenzoic ligand on one unit with phen moieties on

neighboring units facilitated assembly of the binuclear tectons of 1 into a

supramolecular 1D chain. Halogen–p interactions are defined as moderate to

strong lone pair–p interactions by Reedijk and collaborators (Mooibroek

et al., 2008) based on whether they are less than or equal to the corresponding

sum of the van der Waals radii (3.450 Å for chlorine and carbon). Further
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FIGURE 25 Polyhedral representations of R-p-chlorobenzoic acid-phen materials highlighting variations in supramolecular assembly modes structure types

I–III. Clockwise from top left, we have 1D chain assembled via combination of Cl–p interactions, 1D chain linked via Cl–p interactions between p-chlorobenzoic

acid ligands, and 1D chain tethered via bifurcated hydrogen-bonding interactions. Further assembly via slightly offset p–p interactions in all structure types I–III

not shown. Adapted with permission from Carter et al. (2014a). Copyright 2014, Royal Society of Chemistry.



assembly of 1 into a 2D sheet is a result of slightly offset p–p interactions that

are a constant throughout this series. Moving to the right yielded a second

binuclear tecton (with Ce-Nd) where the lanthanide cations were chelated

by the phen molecules and then coordinated to bridging bidentate and mono-

dentate p-chlorobenzoic acid ligands and a bound water molecule. Assembly

into a 1D chain was facilitated by bifurcated hydrogen-bonding interactions

before slightly offset p–p interactions once again linked the tectons into a

2D sheet (Fig. 25). The third structure type in the series that was observed

for the rare-earth cations ranging from Sm3+ to Y3+ was also a binuclear tec-

ton was very similar to structure type II (with Ce-Nd) except the first coordi-

nation sphere was devoid of a coordinated solvent molecule. As the first

coordination sphere molecular geometry was now different we once again

observed assembly of the binuclear tectons into a 1D chain via halogen–p
interactions before the chains were further tethered via slightly offset p–p
interactions into a 2D sheet (Fig. 25).

Moving on to a similar series of materials featuring the p-chlorobenzoic
acid ligand and the tridentate terpy, we saw a similar evolution in modes of

supramolecular assembly that was coupled with some variance in lanthanide

building unit that is correlated to a decrease in lanthanide ionic radii (Carter

et al., 2014a). Binuclear tectons were once again observed with the larger

Ln3+ cations (Pr-Eu) and these units utilized either slightly offset p–p or

type II halogen–halogen interactions for assembly into 1D chains (Fig. 26).

Halogen–halogen interactions tend to adopt one of two geometries in order

to minimize the overlap of regions of negative charge density (Awwadi

et al., 2006; Brammer et al., 2008) and the interactions used to link together

the neodymium tectons in Fig. 26 meet the criteria described by Desiraju

and collaborators (Desiraju and Parthasarathy, 1989; Mukherjee et al., 2014)

for a type II halogen–halogen interaction. Mononuclear tectons were observed

with the smaller rare-earth cations (Gd-Y) and were also observed with Sm3+

and Eu3+ at higher (>150 °C) synthesis temperatures. These mononuclear

units were linked via hydrogen-bonding interactions to become supramolecu-

lar dimers and then were further assembled via a combination of halogen–p
and offset p–p interactions, similar to the Ln-p-chloro-phen materials

described above, into a 2D sheet (Fig. 26).

The preference for binuclear (or larger) SBUs with larger Ln3+ cations

seen in our first two works has been confirmed in a series of follow-up studies

that are, at present, still ongoing. Additionally, the tendency of phen to pro-

mote binuclear tectons has been observed independent of the benzoic acid

ligand, yet the mechanism for this result remains elusive. Establishment of a

hierarchy of donor–acceptor pairings is also still ongoing and will require

additional results before any definitive results can be reported. Halogen bond-

ing does seem to play an important role in lanthanide supramolecular assem-

bly, however, and further understanding of the processes involved will likely

be a process that involves both modeling and experiment.
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FIGURE 26 Polyhedral representations of R-p-chlorobenzoic acid-TPY materials highlighting variations in supramolecular assembly modes structure types

I–III. Clockwise from top left, we have 1D chain assembled via slightly offset p–p interactions, 2D sheet that results from linking via bifurcated hydrogen-bonding

interactions and further tethering via delocalized Cl–p interactions between p-chlorobenzoic acid and TPY ligands, and 1D chain assembled via type II halogen–

halogen interactions. Adapted with permission from Carter et al. (2014b). Copyright 2014, Royal Society of Chemistry.



4 SUMMARY AND OUTLOOK

The past decade has been a very productive period for the further develop-

ment of lanthanide hybrid, both extended and molecular materials. Work

has moved beyond the serendipitous discoveries that yielded some of the early

lanthanide materials to a more crystal engineering centric approach where

efforts to rationally design materials with specific topologies and properties

are being realized. As both lanthanide hybrid and molecular materials have

shown promise in a wide array of applications, research in this area continues

to generate excitement and interest.

Significant progress notwithstanding, there is still tremendous potential for

further development in both of the main areas of lanthanide materials we have

highlighted. Whereas the syntheses of transition metal and main group hybrid

materials can for the most part be controlled and predicted, this is still a chal-

lenge for the lanthanides as the consistent formation of predictable primary

and SBUs remains challenging, even with development of new synthesis tech-

niques (i.e., microwave- and ultrasound-assisted synthesis; Khan and Jhung,

2015). Further, while applications of these materials have shown promise, only

gas sorption has really reached an advanced level of understanding. Lanthanide

hybrid materials for catalysis require additional study to determine their

mechanical stability, long-term stability, and to better elucidate the mechanism

of Ln CP-catalyzed reactions (Gascon et al., 2013). Very little is currently

known about the mechanical properties of lanthanide hybrid materials, which

has implications for catalysis as well as separations where these materials

would likely encounter abrasive conditions (Allendorf and Stavila, 2015).

Regarding molecular materials, the challenges going forward in the design

of materials primarily of a synthetic origin. Harnessing luminescent and mag-

netic properties often requires specific metal-ion symmetry and coordination

environments so precise control over the first coordination sphere is a matter

of the utmost importance. Similar to lanthanide-extended structures, control

over the lanthanide coordination sphere remains a challenge, as metal–ligand

bonding is dependent on a large number of variables. Two routes are

emerging for the synthesis of lanthanide molecular materials with desired

properties going forward. Many researchers are focusing on ligand design

as a means of synthesizing a lanthanide molecular material of choice, which

is a method with promise, although it often does require multistep organic

synthesis. The second route, which has been the focus of our group, is to

utilize noncovalent interactions, specifically halogen-bonding interactions, as

a means of assembling molecular materials. In the organic solid state, this

method has shown significant promise (Metrangolo and Resnati, 2012;

Meyer and Dubois, 2013; Priimagi et al., 2013) and further efforts within

the realm lanthanide materials will hopefully prove equally rewarding.

We have attempted to demonstrate throughout this chapter that synthesis

and characterization of lanthanide hybrid materials is a rich field that warrants
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further research efforts. Where possible we have highlighted the intriguing

structural aspects of these materials and reported on their promise in many

different applications. We feel confident in predicting that over the course

of the next decade, research efforts in lanthanide hybrid materials chemistry

will continue to grow as materials are optimized and many useful applications

of this class of materials that have yet to be realized come to fruition so as to

require another chapter in this forum.
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ABBREVIATIONS

1,3,5-BTC 1,3,5-benzenetricarboxylic acid

1,3-BDC 1,3-benzenedicarboxylic acid

1,4-BDC 1,4-benzenedicarboxylic acid

1,4-NDC 1,4-naphthalenedicarboxylic acid

1D one-dimensional

2,20-BPY 2,20-bipyridine
2,3-PYDC 2,3-pyridinedicarboxylic acid

2,3-PZDC 2,3-pyrazinedicarboxylic acid

2,4,6-PYTC 2,4,6-pyridinetricarboxylic acid

2,5-PYDC 2,5-pyridinedicarboxylic acid

2,6-NDC 2,6-naphthalenedicarboxylic acid

2,6-PYDC 2,6-pyridinedicarboxylic acid

2D two-dimensional

3,5-PYZDC 3,5-pyrazoledicarboxylic acid

3D three-dimensional

BPDC 4,40-biphenyldicarboxylic acid

CPs coordination polymers

FDC furan-2,5-dicarboxylic acid

H3bmt benzene-1,3,5-triyltris(methylene)triphosphonic acid

MOFs metal–organic frameworks

Phen 1,10-phenanthroline

Pybox pyridine-bis(oxazoline)

SBUs secondary building units

TDC thiophene-2,5-dicarboxylic acid

Terpy 2,20:60,2"-terpyridine
tetranitroBPDC 2,20,6,60-4,40-biphenyldicarboxylic acid

190 Handbook on the Physics and Chemistry of Rare Earths



REFERENCES

Abrahams, B.F., Hoskins, B.F., Michail, D.M., Robson, R., 1994. Assembly of porphyrin building

blocks into network structures with large channels. Nature 369, 727–729.

Akerboom, S., Fu, W.T., Lutz, M., Bouwman, E., 2012. Crystal structure and luminescence

of complexes of Eu(III) and Tb(III) with furan-2,5-dicarboxylate. Inorg. Chim. Acta

387, 289–293.

Alexeev, Y.E., Kharisov, B.I., Garcı́a, T.C.H., Garnovskii, A.D., 2010. Coordination motifs in

modern supramolecular chemistry. Coord. Chem. Rev. 254, 794–831.

Allen, F., 2002. The Cambridge structural database: a quarter of a million crystal structures and

rising. Acta Crystallogr. B 58, 380–388.

Allendorf, M.D., Stavila, V., 2015. Crystal engineering, structure-function relationships, and the

future of metal-organic frameworks. CrystEngComm 17, 229–246.

Allendorf, M.D., Bauer, C.A., Bhakta, R.K., Houk, R.J.T., 2009. Luminescent metal-organic fra-

meworks. Chem. Soc. Rev. 38, 1330–1352.

Almeida Paz, F.A., Klinowski, J., 2003. Hydrothermal synthesis of a novel thermally stable three-

dimensional ytterbium-organic framework. Chem. Commun., 1484–1485.

Almeida Paz, F.A., Klinowski, J., 2008a. Poly[[[m]2-aqua-tetraaquahexakis([m]4-naphthalene-2,6-
dicarboxylato)tetraholmium(III)] 1.75-hydrate]. Acta Crystallogr. Sect. E 64, m336–m337.

Almeida Paz, F.A., Klinowski, J., 2008b. Poly[hexaaquabis([m]3-naphthalene-2,6-dicarboxylato)([m]
2-naphthalene-2,6-dicarboxylato)diholmium(III)]. Acta Crystallogr. Sect. E 64, m140–m141.

Almeida Paz, F.A., Klinowski, J., Vilela, S.M.F., Tome, J.P.C., Cavaleiro, J.A.S., Rocha, J., 2012.

Ligand design for functional metal-organic frameworks. Chem. Soc. Rev. 41, 1088–1110.
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1 INTRODUCTION

1.1 Coordination Chemistry: f-Block Elements Follow d-Block
Elements

At the death of Napoleon the First in 1821, when Chateaubriand wrote Bona-
parte rendit à Dieu le plus puissant souffle de vie qui jamais anima l’argile
humaine, 80% of the natural d-block elements was already discovered (among
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the 30 transition metal elements of columns 3–12 of the periodic table, only

scandium, technetium, ruthenium, lanthanum, hafnium, and rhenium were

missing), while only 11% of the natural f-block elements, i.e., cerium and ura-

nium had been identified (Fig. 1; Weeks, 1960). Because of their reluctance

toward reduction, the discovery of the f-block elements is inextricably linked

to the separation of “complexes,” sometimes referred to as “earths” when

combined with oxide or hydroxide anions, a topic which will become relevant

to coordination chemistry in the early stage of the twentieth century.

Rare earth coordination chemistry indeed began when Gadolin (1794), a

Finnish chemist, separated a novel earth, i.e., a metallic oxide named yttria,

by precipitation of the hydrated ions from an acidic solution (Szabadvary,

1988). Using the same strategy, cerium oxide referred to as ceria was discov-

ered in 1804 (Hisinger and Berzelius, 1804; Klaproth, 1804), but it was

Mosander (1839), a pupil of Berzelius, that made a major discovery for rare

earth coordination chemistry when he reported that lanthanum oxide, a third

novel rare earth, was more basic than cerium oxide and was therefore slightly

more soluble in cold dilute nitric acid. This crucial report initiated 70 years of

intense chemical activity, during which the pH-controlled precipitation and

the related fractional crystallization of the double salts and the adducts of rare

earth were exploited for the separation of the different elements (Moeller,

1967). However, the formation of coordination complexes was only inciden-

tal, and the first planned preparation of a rare earth chelate can be attributed

to Urbain (1896), who used acetylacetonates in a separation procedure

(Binnemans, 2005). At the same time, Werner (1893) indeed realized that

the controversial maximum valency of the carbon atom, eventually fixed to

four by Abegg (1904) and Lewis (1916) is not a general trend, and that many

other possibilities (in modern language, other coordination numbers, CN)

could be found for the various elements of the periodic table. With this con-

cept in mind, coordination chemistry rapidly evolved toward a well-

recognized part of chemistry dealing with variable coordination numbers

(CN¼2–6), but clearly dominated by octahedral geometry thanks to the dis-

covery of the exceptional stabilities and kinetic inertness of the complexes

formed between trivalent d-block cations and (poly)amine ligands

(Constable and Housecroft, 2013). Because of their kinetic lability and partial

hydrolysis upon reaction with polyamine ligands, the related trivalent rare

earth complexes cannot benefit from the isolation of their geometric isomers

(Werner, 1893) and the chiral resolution of their diastereoisomeric salts

(Werner and Vilmos, 1899) for elucidating their structure. Whereas d-block

cations were known to prefer coordination numbers between 4 and 6, the

coordination numbers of rare earths was the subject of considerable debate

until the number of 9 emerged from the structure of the aqua complex

[R(H2O)9]
3+, which was established by X-ray diffraction in the late 1930s

for samples of solid ethylsulfates R(C2H5OSO3)3�9H2O (Ketelaar, 1937) and

bromates Nd(BrO3)3�9H2O (Helmholz, 1939). Though these hydrates were
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found to have a tricapped trigonal prismatic structure, simple molecular

mechanics calculation predicts only a marginal destabilization for the alterna-

tive capped square antiprism geometry adopted in [R(H2O)8]
3+ (Choppin,

1989). Since the exact structures, thermodynamic and kinetic properties of

the hydrated ions were crucial for rationalizing and optimizing separation pro-

cesses in aqueous solution (Hulet and Bodé, 1972; Powell, 1979), myriad of

analytical techniques such as X-ray scattering and absorption, neutron diffrac-

tion, ultrasonic absorption, Raman spectra, multinuclear NMR data, and calori-

metric titrations (Rizkalla and Choppin, 1991, 1994) were combined with

theoretical calculations (D’Angelo and Spezia, 2012) to get a global picture,

in which the nine-coordinate and eight-coordinate aquo ions were found to be

close in energy and dominate the speciation in aqueous solution along the com-

plete lanthanide series (Ciupka et al., 2010; Kuta and Clark, 2010). A noticeable

breakthrough in rare earth coordination chemistry only occurred after the sec-

ond world war when the chelate effect was recognized as a major contribution

to the thermodynamic stability of d-block complexes (Martell, 1966; Motekaitis

et al., 1994; Schwarzenbach, 1952). The transfer of this strategy toward triva-

lent f-block cations resulted in the use of multidentate ligands containing

both soft N-donor and hard O-donor atoms such as 2,20,200-nitrilotriacetic acid

(NTA; Anderegg, 1960), 2,20,200,2000-(ethane-1,2-diyldinitrilo)tetraacetic acid

(EDTA; Schwarzenbach, 1957), diethylenetriaminopentaacetic acid (DTPA;

Anderegg et al., 1959), or 1,4,7,10-tetraazacyclodoecane-1,4,7,10-tetraacetic

acid (DOTA; Bianchi et al., 2000) for the efficient sequestration of rare earths

in aqueous solution (Fig. 2). The report by Hoard and his coworkers of the crys-

tal structures of NH4La(EDTA)�8H2O (Lind et al., 1965) and of HLa(EDTA)�
7H2O (Hoard et al., 1965), whereby lanthanum(III) is, respectively, nine- and

ten-coordinated, unambiguously established that valencies beyond six are com-

mon for rare earth complexes, an observation which transformed into a rule

during the next decade (Moseley, 1975).

1.2 Scope of the Review

In this chapter, we identify and highlight some breakthrough or crucial trends

in rare earth coordination chemistry which occurred during the past 35 years,

i.e., since the seminal review of Thompson (1979) which appeared in the ini-

tial set of four volumes of the Handbook. It is worth mentioning here that, in

the same set of volumes, Powell (1979) summarized more than a hundred

years of intense efforts focused on the separation of rare earths, a procedure

which was at the origin of the interest for rare earth coordination chemistry,

and Jørgensen (1979) reminded the basis in rare earth theory, with special

emphasis on the rational effects produced by local environment on the elec-

tronic structures of both the ground state, which controls the magnetic proper-

ties of the coordination complexes (Reuben, 1979 and Reuben and Elgavish,

1979) and of the excited states, which induce the optical properties of rare
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earth cations in solution (Carnall, 1979). With this in mind, the subsequent

exploitation of lanthanide-centered paramagnetism for the design of NMR

probes and of contrast agents in solution (Bottrill et al., 2006; Caravan

et al., 1999; Forsberg, 1996; Peters et al., 1996; Piguet and Geraldes, 2003;

Sharp, 2001; Terreno et al., 2010) together with the recent emergence of

intense activities in the design of single-molecular magnets (Feltham and

Brooker, 2014; Ishikawa et al., 2003; Rinehart and Long, 2011; Sorace

et al., 2011; Woodruff et al., 2013) appears as the straight heritage of these

theoretical considerations applied to the modeling of the ground state quadru-

polar distribution of the 4f-shell electrons in nonspherical environments

(Bleaney, 1972; Helm, 2006; Mironov et al., 2001; Orbach and Stapleton,

1972). Similarly, the yearly report of innumerable lanthanide-centered lumi-

nescent complexes undergoing indirect sensitization cannot be considered as
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FIGURE 2 Classical rare earth coordination chemistry at the time of the publication of the first

volume of the Handbook on the Physics and Chemistry of Rare Earths dedicated to rare earth non-

metallic compounds in 1979.
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real breakthrough in rare earth coordination chemistry (Comby and Bünzli,

2007; Sabbatini et al., 1996). The stepwise infiltration of the supramolecular

semantics, originally initiated by Lehn (1995) for alkaline and alkaline earth

complexes into the field of rare earth coordination chemistry, is more

intriguing and eventually led to a revolution in the design of sophisticated

polynuclear rare earth complexes (dos Santos et al., 2008; Piguet and

Bünzli, 2010; Winpenny, 1998). This review therefore aims at highlighting

the novel trends brought by the merging of coordination chemistry with supra-

molecular chemistry using rare earth cations. The first consequence resulted

in the report of an impressive amount of thermodynamic data collected in

aqueous (Bianchi et al., 2000; Choppin, 1989; Choppin and Rizkalla, 1994;

Kremer et al., 2005; Nash, 1994) and in organic solvents (Arnaud-Neu,

1994; Bünzli, 1987; Bünzli and Milicic-Tang, 1995; Di Bernardo et al.,

2012; Ishiguro et al., 2002; Kolarik, 2008; Liu et al., 2000; Panak and

Geist, 2013) with the ultimate goal of getting an improved understanding of

the structure and of the stability exhibited by solvated cations in the presence

of multidentate ligands. The second noticeable step is indebted to Choppin

(1989), who realized that the biologically famous enthalpy/entropy compensa-

tion scheme can be used as a guide for understanding rare earth complexation

processes (Liu et al., 2000). Finally, the extension of rare earth coordination

chemistry toward multivalency forced coordination chemists to reactivate

the concept of thermodynamic cooperativity for rationalizing the formation

of polynuclear lanthanide assemblies (Ercolani and Schiaffino, 2011; Piguet,

2010). Please note that the extension of rare earth coordination chemistry

toward organometallic compounds (Schumann and Genthe, 1984) and toward

lower oxidation state complexes (Evans, 2007; MacDonald et al., 2013; Nief,

2010) is not considered here. For comprehensive reviews of the coordination

chemistry of rare earth covering the 1980–2010 period excluding multiva-

lency, the reader should consult the collective works edited by Saez Puche

and Caro (1998), Sastri et al. (2003), and Huang (2010).

2 THE MAIN STREAM IN RARE EARTH THERMODYNAMICS

2.1 The Separation of Rare Earths and Actinides

The first 150 years of rare earth chemistry were dominated by the separation

of macroscopic amounts of individual elements by using fractional crystalliza-

tions, but the small difference in solubility along the lanthanide series

required hundreds or even thousands of repetitions to achieve a satisfying

purity for the elements (Moeller, 1963; Powell, 1979). The further need for

actinide/lanthanide separation initiated during the second world war led to

the rapid development of ion exchange and solvent extraction techniques,

which offer the opportunity to exploit a variety of minor chemical effects

mainly arising from the well-known ionic radius contraction which
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accompanies the increase in their atomic number (Hulet and Bodé, 1972;

Nash, 1994). These procedures are built around some standard ligand

exchange process (Eq. 1), for which a wide range of empirical solvation/

adsorption/affinity effects are exploited to enhance separation (Kolarik,

2008; Panak and Geist, 2013).

R H2Oð Þx
� �3 +

+ n L H2Oð Þy
h iz�

Ð R Lð Þn H2Oð Þ x+ ny�pð Þ
h i 3�nzð Þ

+ pH2Ob
R,L
1,n (1)

It is important to note that energy differences of only 0.4–1.8 kJ/mol are

sufficient for a successful extraction or ion exchange separation process

(Nash, 1994), which probably explains the regular publications of thermody-

namic data collected along both the lanthanide and actinide series for myriads

of different ligands (Kolarik, 2008; Kremer et al., 2005; Panak and Geist,

2013; Sastri et al., 2003). Tables 1–3 and Fig. 3A illustrate such research

approach applied to simple multidentate ligands.

Inspired by the success of the ligand-field theory in explaining the thermody-

namic Irving–Williams series for transitions metals (Figgis and Hitchman, 2000),

TABLE 1 Stability Constants log(b1,n
R,L) of Rare Earth Complexes with

2-Hydroxycyclohepta-2,4,6-Trien-1-on-3 (Tropolone: LH) in Water

(Campbell and Moeller, 1969)

Metal Ionic Strength T (°C) log(b1,1
R,L) log(b1,2

R,L) log(b1,3
R,L)

La3+ 0.1 M KNO3 25 6.19 11.12 15.31

Ce3+ 0.1 M KNO3 25 6.56 11.76 16.12

Pr3+ 0.1 M KNO3 25 6.61 11.94 16.39

Nd3+ 0.1 M KNO3 25 6.77 12.21 16.61

Sm3+ 0.1 M KNO3 25 6.91 12.59 17.19

Eu3+ 0.1 M KNO3 25 7.10 12.81 17.62

Gd3+ 0.1 M KNO3 25 7.04 12.90 17.72

Tb3+ 0.1 M KNO3 25 7.15 13.18 18.00

Dy3+ 0.1 M KNO3 25 7.23 13.38 18.40

Ho3+ 0.1 M KNO3 25 7.40 13.60 18.80

Er3+ 0.1 M KNO3 25 7.54 13.91 19.15

Tm3+ 0.1 M KNO3 25 7.60 13.99 19.39

Yb3+ 0.1 M KNO3 25 7.85 14.35 19.83

Lu3+ 0.1 M KNO3 25 7.69 14.33 19.77
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TABLE 2 Stability Constants log(b1,n
R,L) of Rare Earth Complexes with 2,6-

Pyridinedicarboxylic Acid (Dipicolinic Acid: LH2) in Water (Grenthe, 1961)

Metal Ionic Strength T (°C) log(b1,1
R,L) log(b1,2

R,L) log(b1,3
R,L)

La3+ 0.5 M NaClO4 20 7.98 13.79 18.06

Ce3+ 0.5 M NaClO4 20 8.34 14.42 18.8

Pr3+ 0.5 M NaClO4 20 8.63 15.1 19.94

Nd3+ 0.5 M NaClO4 20 8.78 15.5 20.56

Sm3+ 0.5 M NaClO4 20 8.86 15.88 21.23

Eu3+ 0.5 M NaClO4 20 8.84 15.98 21.49

Gd3+ 0.5 M NaClO4 20 8.74 16.06 21.83

Tb3+ 0.5 M NaClO4 20 8.68 16.11 22.03

Dy3+ 0.5 M NaClO4 20 8.69 16.18 22.13

Ho3+ 0.5 M NaClO4 20 8.72 16.23 22.08

Er3+ 0.5 M NaClO4 20 8.77 16.39 22.13

Tm3+ 0.5 M NaClO4 20 8.83 16.54 22.04

Yb3+ 0.5 M NaClO4 20 8.85 16.61 21.73

Lu3+ 0.5 M NaClO4 20 9.03 16.8 21.48

TABLE 3 Stability Constants log(b1,n
R,L) of Rare Earth Complexes with

2,20,200,2000-(Ethane-1,2-Diyldinitrilo)Tetraacetic Acid (Ethylenediamine

Tetraacetic Acid, EDTA: LH4) in Water (Wheelwright et al., 1953)

Metal Ionic Strength T (°C) log(b1,1
R,L)

La3+ 0.1 M KCl 20 14.72

Ce3+ 0.1 M KCl 20 15.39

Pr3+ 0.1 M KCl 20 15.75

Nd3+ 0.1 M KCl 20 16.06

Sm3+ 0.1 M KCl 20 16.55

Eu3+ 0.1 M KCl 20 16.69

Gd3+ 0.1 M KCl 20 16.70

Tb3+ 0.1 M KCl 20 17.25

Continued
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similar attempts were made for correlating the minor thermodynamic changes

affecting the thermodynamic formation constants along the lanthanide series

with the crystal-field effects produced by ligands around the trivalent cations

(Sastri et al., 2003).

As a first step toward this goal, the free energy change accompanying the

complexation reaction in Eq. (1) was tentatively modeled with Eq. (2), which

simply balances the electrostatic energies produced by the replacement of

p molecules of water in the aquo-ion [R(H2O)x]
3+ (monopole–dipole interac-

tion: e is the elementary charge, ri is the ionic radius of the rare earth, rw is the

radius of water, m is the dipole moment of water, NAv is Avogadro number)

with n molecules of ligand Lz� in R Lð Þn H2Oð Þ x + ny�pð Þ
h ið3�nzÞ+

(monopole–

monopole interaction: rL is the ligand radius, Sp is the intramolecular interligand

repulsion). The C constant takes into account the changes in solvation energies

between the reactants and products (Yatsimirskii and Kostromina, 1964).

D0GR,L
1,n

NAv

¼ p
3em

ri + rwð Þ2�n
z 3�Sp
� �

e2

ri + rLð Þ �C (2)

Given that the lanthanide contraction is regular along the series, D0G1,n
R,L

smoothly varies and any deviation of the experimental complexation energies

DGR,L
1,n ¼�2:303RTlog bR,L1,n

� �
is assigned to an extra-stabilization energy

�DE0 ¼ 2:303RTlog bR,L1,n

� �
�D0GR,L

1,n produced by the crystal field effects

(Fig. 3B). Applied to the debatable choice of an octahedral coordination for

[Ln(EDTA)]� complexes, the latter approach eventually estimated crystal field

strengths in the 300–600 cm�1 range along the lanthanide series

(3.6–7.2 kJ/mol, Yatsimirskii and Kostromina, 1964). More realistic treatments

TABLE 3 Stability Constants log(b1,n
R,L) of Rare Earth Complexes with

2,20,200,2000-(Ethane-1,2-Diyldinitrilo)Tetraacetic Acid (Ethylenediamine

Tetraacetic Acid, EDTA: LH4) in Water (Wheelwright et al., 1953)—cont’d

Metal Ionic Strength T (°C) log(b1,1
R,L)

Dy3+ 0.1 M KCl 20 17.57

Ho3+ 0.1 M KCl 20 17.67

Er3+ 0.1 M KCl 20 17.98

Tm3+ 0.5 M NaClO4 20 18.83

Yb3+ 0.5 M NaClO4 20 18.85

Lu3+ 0.5 M NaClO4 20 19.03
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FIGURE 3 (A) Typical trends for the thermodynamic formation constants log bLn,L1,1
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collected

for multidentate ligands in water along the lanthanide series (squares, tropolonate; diamond, dipico-

linate; triangles, EDTA; Tables 1–3) in function of the inverse of their ionic radii in nine-coordinate
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� �
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1,1
(see text). The dotted traces are only guides for the eyes.
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of the lanthanide coordination spheres using larger coordination numbers

indeed showed that these effects are often dominated by spin-pairing energies

( Johnson, 1982), which require a deeper insights into the electronic distribution

in the 4f-orbitals for being quantitatively modeled ( Jørgensen, 1973). Conse-
quently, the specific thermodynamic trends reported for various ligands along

the lanthanide series usually escapes rationalization with the standard tools used

with d-block transition metals (Sastri et al., 2003). We, however, note that the

consequent lack of planning for the design of thermodynamic stabilities was

not considered as a severe handicap when profitable lanthanide/actinide separa-

tions and extractions are foreseen, and several thousands of stability constants

and/or separation coefficients were carefully collected along the last three dec-

ades for overcoming the theoretical limitations (Kolarik, 2008; Panak and Geist,

2013). In the modern context of the treatment of contaminated nuclear wastes

which requires some selective two-phase aqueous/organic extraction processes,

uncharged ligands with low affinities for trivalent lanthanides or actinides have

found a renewal of interest when used in anhydrous organic solvents (Ishiguro

et al., 2002; Drew et al., 2004). Consequently, some impressive tabulations of

thermodynamic formation constants collected for simple ligands (Bünzli

and Milicic-Tang, 1995) or for sophisticated podands and macro(poly)

cylic receptors (Arnaud-Neu, 1994; Bünzli, 1987; Di Bernardo et al., 2012;

Liu et al., 2000) with trivalent cations in alcohol, in acetonitrile, in

N,N0-dimethylformamide, in dimethylsulfoxide, and in propylene carbonate

now complete the original set of data collected in water.

2.2 Solvation and Hydrolysis

Since the formation constants, i.e., the free energy change, cannot be rationa-

lized in terms of simplistic factors, the close examination of the thermody-

namic origin of the free energy changes accompanying the complexation

reaction DGR,L
1,n ¼�RT ln bR,L1,n

� �
¼DHR,L

1,n �TDSR,L1,n in terms of enthalpy

(DH1,n
R,L) and entropy (DS1,n

R,L) changes was thought to bring crucial clues to this

challenge. Since most of the systems studied implied aqueous solution, initial

efforts were focused on the rationalization of the rare earth hydration process

as shown in Eq. (3) (Rizkalla and Choppin, 1991), which is considered as one

of the most simple coordination processes leading to the formation of rare

earth–ligand dative bonds (Ciupka et al., 2010).

R3+
gð Þ ��!H2O

R3+
aqð Þ DGR

hyd ¼DHR
hyd�TDSRhyd (3)

Since Eq. (3) violates the principle of electroneutrality ( Johnson, 1982),

the thermodynamic hydration energies are not experimentally accessible and

only the global hydration processes involving ion pairs in Eq. (4) can be

approached by using a thermodynamic cycle, which combines the oxidation

energies of rare earths by halides (DGox
R,X) and the electrode potentials
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monitored for the electrochemical cells R sð Þ
			R3+

aqð Þ



H+

aqð Þ
			H2 gð Þ (DER,H

0 ) and

H2 gð Þ
			H+

aqð Þ



X2 gð Þ

			X�
aqð Þ (DEH,X

0 ) (Fig. 4A and Eq. 5).

R3+
gð Þ + 3X�

gð Þ !R3+
aqð Þ + 3X�

aqð Þ DGR
hyd + 3DGX

hyd (4)

DGR
hyd + 3DG

X
hyd ¼�DGR,X

ox �3F DE0
R,H +DE0

H,X

� �
(5)

The precise constancy of the figures for RF-RCl, i.e.,

DGR
hyd + 3DG

F
hyd

� �
� DGR

hyd + 3DG
Cl
hyd

� �
, as R varies indeed justifies the

assignment of a unique DGhyd
R to each individual ion as expressed in Eq. (3),

according to that an absolute values can be attributed to a reference cation. This

limitation is closely related to the use of the reduction of H+
aqð Þ (Eq. 6) as a ref-

erence for the electrochemical series, and the associated free energy change

DGred
H was similarly selected for arbitrarily fixing the zero scale of the hydration

energies ( Johnson, 1982).

H+
aqð Þ + e

�
gð Þ ! 1

2
H2 gð ÞDGH

red (6)

Since the experimental free energy of oxidation of R(s) in acidic medium to

give R3+
gð Þ (DGf,gas

R ) and R3+
aqð Þ + 3

�
2H2 gð Þ (3FDER,H

0 ) is experimentally accessible,

the single ion hydration energies DGhyd
R can be deduced from the thermody-

namic cycle depicted in Fig. 4B and summarized in Eq. (7) ( Johnson, 1982).

DGR
hyd ¼ 3FDE0

R,H�DGR
f,g�3DGH

red (7)

Many attempts have been made to obtain reliable values for DGred
H , but all of

them involve assumptions that cannot be unambiguously substantiated, and we

will refer to DGH
red ¼�458 kJ=mol reported by Gomer and Tryson (1977) for

computing the hydration free energies DGhyd
R illustrated in Fig. 5. Similar

reasoning applies for the calculation of the hydration enthalpies changes DHhyd
R ,

from which the entropic contributions can be deduced TDSRhyd ¼DHR
hyd�DGR

hyd

(Marcus, 1994). The free energies and the enthalpies of hydration of the

R(s) 2(g)

0
R,H3F E

R,X
oxG

3
2

R(aq)
3+ +

R(g)
3++ X + X(g)

–3

(aq)
–3X

hyd 3

(aq)
+3H

H2(g)
3

2

0
H,X3F E

A

R(s) +

0
R,H3F E

R(aq)
3+

+ 3eR(g) (g)
3+

+H(aq)
+3 H2(g)

3
2

B

hyd 3
R X

hydG G R H
redG G

+ (aq)
+3H

R
f,gG

–

FIGURE 4 Born–Haber thermochemical cycles used for estimating (A) the experimentally mea-

surable free energy of hydration of rare earth halides and (B) the calculated single-ion hydration

energies of trivalent rare earths. F is the Faraday constant and the gaseous halides are taken in the

standard state.
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trivalent lanthanides have an approximately linear dependence with the inverse

of the ionic radii, a trend in line with a pure electrostatic model. The two minor

bumps in the Ce-Nd and Er-Tm regions have been attributed to a combination

of crystal-field and spin pairing energies (Morss, 1971). The solvation enthalpy

change dominates the hydration process, while the entropy contribution only

counts for 3–5% of the overall free energy change (Fig. 5A). It is worth noting

that (i) DHR
hyd < 0 are favorable whereas �TDSRhyd > 0 fight against the lantha-

nide solvation process and (ii) the latter two opposite contributions are roughly

linearly correlated within experimental errors (Fig. 5B). The latter behavior has

been reported for innumerable intermolecular association processes occurring in

chemistry (Leung et al., 2008; Searle et al., 1995) and in biology (Williams
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FIGURE 5 (A) Standard molar single-ion hydration free energies DGhyd
Ln , enthalpies DHhyd
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Ln reported for trivalent lanthanides (Marcus, 1994) and (B) entropy–enthalpy plot

for which DShyd
Ln refers to aqueous solutions at infinite dilutions (Marcus, 1994).
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et al., 2004), and it is referred to as enthalpy/entropy compensation (Piguet,

2011). Its justification relies on the straightforward and easy-to-accept concept

that the unfavorable change in dynamics accompanying a simple intermolecular

association between partners A and B �TDSA,Basso > 0
� �

is correlated with the

strength in bonding DHA,B
asso < 0

� �
. Applied to hydration process, the lack of

countable water molecules (i.e., of ligands) directly bound to the metallic center

in R3+
aqð Þ represents a severe handicap for the molecular interpretation of the

energy changes accompanying this reaction, which is usually limited to the

application of the Born equation ( Johnson, 1982) or some modified versions

of it (D’Angelo and Spezia, 2012; Kumar, 1992; Murakami et al., 2014). Inter-

estingly, major efforts were focused during the last three decades of the twenti-

eth century for addressing the composition, structure, and lability of rare earth

cations in solution (Billard, 2003; David et al., 2001; Helm and Merbach,

2005; Richens, 2005; Rizkalla and Choppin, 1991, 1994). A common picture

slowly emerged for R3+
aqð Þ as being made primarily of inner sphere

R OH2ð Þn
� �3 +

complexes surrounded by more or less organized outer sphere

interactions. The coordination number stepwise decreases from n¼9 for the

larger rare earth cations adopting a tricapped trigonal prismatic geometry

toward n¼8 for the smaller rare earth cations adopting a square antiprismatic

geometry. In the middle of the series, noninteger coordination numbers reflect

rapid dynamic equilibria between the two extreme values of n. The exact mech-

anism of water exchange processes was at the origin of intense debates, but, as

far as thermodynamic is concerned, the introduction of the concept of localized

LndO bonds existing in a defined molecular entity R OH2ð Þn
� �3 +

is sufficient

to roughly interpret the hydration process in Eq. (8).

R3+
gð Þ + nH2O lð Þ ! R OH2ð Þn

� �3 + DGR
hyd ¼DHR

hyd�TDSRhyd (8)

Assuming a thermodynamic equilibrium for Eq. (8), the associated stability

constants bR,H2O
1,n ¼ exp �DGR

hyd=RT
� �

can be broken down into a statistical fac-

tor KR,H2O
1,n,stat, which takes into account the change in rotational entropy between

the reactants and products (Ercolani et al., 2007), and a chemical factor

KR,H2O
1,n,chem measuring the electronic and bonding reorganization produced by the

chemical reaction (Piguet, 2010). KR,H2O
1,n,stat is estimated by using the symmetry

number method (Benson, 1958) and only slightly varies in going from the tri-

capped trigonal prismatic R OH2ð Þ9
� �3 +

KR,H2O
1,9,stat ¼ 1=6

� �
to the square antipris-

matic R OH2ð Þ8
� �3 +

KR,H2O
1,8,stat ¼ 1=4

� �
. Consequently, the more negative free

energy of hydration observed along the lanthanide series reflects the increase

in the sum of the LndO bond energies in Ln OH2ð Þn
� �3 +

. Using the simple rela-

tionship DGLn
hyd ¼�RT ln bLn,H2O

1,n,chem

� �
��RT ln KLn,H2O

1,n,chem

� �
, one can assign

“bonding energies” of �440 Ln¼Luð Þ�DGR
hyd=n ��350 kJ=mol Ln¼Lað Þ
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for the Ln–OH2 interaction. Once the affinity for water has been established, the

same concept can be deduced for other monodentate ligands by using the ther-

modynamic transfer functions DGtr
R and DHtr

R of the ions from a solvent to

another (Di Bernardo et al., 2012). Experimental data for lanthanides in

organic solvents are scarce and scattered, but a nearly complete dataset has

been reported for the transfer of trivalent lanthanide from water to DMSO

showing DHR
tr,water!DMSO≪0 and the preference of Ln3+ for binding the oxy-

gen atom of a DMSO molecule rather than that of a water molecule (Clark

and Bear, 1969). Because of their importance in separation processes, the

hydrolysis of R OH2ð Þn
� �3 +

shown in Eq. (9) was the subject of several ther-

modynamic investigations (Rizkalla and Choppin, 1991, 1994). However,

the extreme complexity of the speciation of polynuclear polyhydroxo

complexes (Zheng, 2001) prevents thermodynamic modeling, which limits

this field to the systematic reports of hydrolysis constants explored under

different conditions for each identified Rq OH2ð Þn�p OHð Þp
h ið3�pÞ+

complex.

q R OH2ð Þn
� �3 + Ð Rq OH2ð Þn�p OHð Þp

h ið3�pÞ +
+ pH+ bR,OHq,p (9)

2.3 Complexation Using Monodentate and Multidentate Ligands

The strong rare earth–water interactions measured by the hydration free ener-

gies combined with their quasi-linear dependence on the inverse of the ionic

radii are evidence that rare earth complexation in aqueous solution can be

interpreted in terms of an electrostatic model. In other words, trivalent rare

earth cations behave as typical “hard” acids and interact preferentially with

hard bases such as fluorides, carboxylates, or phosphates rather than with

softer bases such as amines or phosphines. Since complex formation in aque-

ous solution most frequently involves the replacement of RdO(water) bonds

with RdO(ligand) bonds (Eq. 1), the minor degree of covalency present in

the two types of bonds would be likely to be about the same and the energy

balance driving the thermodynamic process arises from the differences in

the electrostatic interactions and in the interligand steric constraints

(Choppin, 1989). Reminding that the H+
aqð Þ cation is included among the hard

acid species, straightforward correlations are therefore expected and indeed

observed (Fig. 6) between the affinity of the hydrogen ion for the ligand

measured by its acid constants (bH,L1,1 ¼ 1=K1
a , Eq. 10) and by its formation

constant with the trivalent rare earth cations (b1,1
R,L, Eq. 11).

H+
aqð Þ +LÐ LH½ �+ bH,L1,1 ¼ 1=K1

a (10)

R3+
aqð Þ +L Ð LR½ �3 + bR,L1,1 (11)

Large deviations from the electrostatic trend are thus considered as the

signature of additional effects, which cannot be taken into account by the
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simple electrostatic model. Figure 7 illustrates this point for the chelate com-

plexation of dicarboxylic acids, in which an intermolecular binding process is

replaced with its intramolecular counterpart. In this case, the formation of

five-membered chelate rings is well known to be preferred for large cations

such as trivalent lanthanides (Motekaitis et al., 1994). Consequently, modern

sophisticated multidentate ligands designed for the implementation of fash-

ionable magnetic or optical properties in the resulting polycyclic lanthanide
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complexes usually do not follow the electrostatic trend and standard thermo-

dynamic discussions are usually restricted to some comparisons between the

formation constant of the novel complex and those recorded for structurally

related receptors (Fig. 8). In the absence of reliable theoretical modeling

catching the origins of the deviations from the simple electrostatic trend, the

thermodynamic characterization relies on the systematic determinations of
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equilibrium constants of novel multidentate ligands with the trivalent cation

along the lanthanide series (Martell and Smith, 1989; Sastri et al., 2003).

3 ENTHALPY–ENTROPY CORRELATION

3.1 Two-Step Choppin’s Model for Rare Earth Coordination

In aqueous solutions (Choppin, 1989), but more generally speaking in polar

solvents (Liu et al., 2000), the complexation reaction summarized in Equilib-

rium 12 (S is a solvent molecule) surprisingly displays linear enthalpy–

entropy correlations (Fig. 9), whereas this behavior is intuitively expected
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only for a simple intermolecular association process occurring in the absence

of solvent expulsion as depicted in Eq. (13) (Searle et al., 1995).

R Sð Þx
� �3 +

+ L Sð Þy
h iz�

Ð R Lð Þ Sð Þp
h ið3�zÞ +

+ x+ y�pð ÞSbR,L1,1 (12)

R Sð Þx
� �3 +

+ L Sð Þy
h iz�

Ð R Lð Þ Sð Þx+ y
h ið3�zÞ +

bR,Lasso (13)

Beyond the justified Jencks’ claim that the entropic cost �TDSR,Lasso

� �
accompanying the decrease in translational degrees of freedom for an inter-

molecular association involving two independent partners is a constant frac-

tion of 50–60 kJ/mol within a series of similar binding processes ( Jencks,

1981), further modulations link a strong bonding between the metal and the

ligand characterized by DHR,L
asso≪0 in R Lð Þ Sð Þx + y

h i 3�zð Þ+
with a decrease in

the randomness of the system DSR,Lasso≪0 (Williams et al., 1993). Though the-

oretically justified when dealing with the isobaric–isothermal treatment of

hidden thermodynamic cycles (Starikov, 2013; Starikov and Norden, 2007),

the recurrent observation of innumerable linear positive correlations between

DHasso
R,L and DSasso

R,L (a>0 in Eq. 14) supports the latter chemically intuitive

statement, which is often referred to as H/S compensation since the addition

of opposite contributions tends to minimize changes in DGasso
R,L along the series

(Ford, 2005a).

DHR,L
asso ¼ a �DSR,Lasso + b (14)

The slope of each correlation has Kelvin units and is called the compen-

sation temperature a¼ Tcomp
asso (Leffler, 1955). At this temperature, any varia-

tion in the standard enthalpy of association DHasso
R,L across the series of

investigated compounds is balanced by an exact compensating variation in

the standard entropy DSasso
R,L , thus leading to complexation processes display-

ing the same exergonicities, which are given by the intercepts of the linear

correlations b¼DGcomp
asso . However, Choppin (1989) unambiguously pointed

out that the complexation of ligands to solvated rare earth cations as written

in Eq. (12) indeed combines two successive processes. Firstly, the partners

undergo partial desolvation (Eq. 15) followed by their bimolecular associa-

tion (Eq. 16).

R Sð Þx
� �3 +

+ L Sð Þy
h iz�

Ð R Sð Þx�p

h i3 +
+ L Sð Þy�q

h iz�
+ p+ qð ÞSDGR,L

desolv (15)

R Sð Þx�p

h i3 +
+ L Sð Þy�q

h iz�
Ð R Lð Þ Sð Þx + y�p�q

h ið3�zÞ +
DGR,L

asso (16)

Since each step corresponds to a simple intermolecular breaking (Eq. 15)

or binding (Eq. 16) process, opposite enthalpic and entropic contributions

are intuitively expected for each reaction with DHR,L
desolv > 0 and DSR,Ldesolv > 0
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for the dissociation process (Eq. 15) and DHR,L
asso < 0 and DSR,Lasso < 0 for the

binding process. The free energy change controlling the global complexation

process DG1,1
R,L corresponds to Eq. (17), in which both enthalpic and entropic

contributions are the balances of two opposite trends.

DGR,L
1,1 ¼DGR,L

desolv +DG
R,L
asso ¼ DHR,L

desolv +DH
R,L
asso

� �
�T DSR,Ldesolv +DS

R,L
asso

� �
(17)

For outer-sphere complexes, the primary solvation sphere is minimally

perturbed, a situation characterized by a global exothermic enthalpy

DHR,L
1,1 < 0 DHR,L

desolv

		 		≪ DHR,L
asso

		 		� �
and a negative entropy DSR,L1,1 < 0

DSR,Ldesolv

		 		≪ DSR,Lasso

		 		� �
resulting from the predominance of the association

process (Khalili et al., 1988). This reasoning assigned an outer-sphere char-

acter to the formation of [RL]2+ complexes with L¼Cl�, Br�, I�, ClO3
�,

NO3
�, RSO3

� in water (Choppin and Rizkalla, 1994). For inner-sphere com-

plexes, the desolvation process dominates, particularly in water, and the global

complexation reaction is endothermic DHR,L
1,1 > 0 DHR,L

desolv

		 		≫ DHR,L
asso

		 		� �
and

entropically driven DSR,L1,1 > 0 DSR,Ldesolv

		 		≫ DSR,Lasso

		 		� �
, as observed for the for-

mation of [RL]2+ complexes with L¼F�, IO3
�, and SO4

2�. Choppin (1989)

eventually suggested that H/S compensation observed in water (Fig. 9A) indeed

originated from a negligible free energy change DGR,L
desolv ’ 0, which lets the

bimolecular association characterized by DGR,L
asso ¼DHR,L

asso �TDSR,Lasso as the only

decisive factors controlling the global free energy of the complexation

process. This intuition also justified the emergence of the electrostatic trend

for a given ligand along the lanthanide series because the minor variation

expected for DSasso
R,L in going from one lanthanide to its neighbor along the series

will be dominated by the enthalpic change DHasso
R,L produced by the contraction

of the trivalent cations R3+ (Fig. 3A). Taken linear H/S compensation (Eq. 14)

as granted for the dissociation and association processes depicted in Eqs. (15)

and (16), Piguet (2011) wrote

DHR,L
desolv ¼ Tcomp

desolv �DSR,Ldesolv +DG
comp
desolv (18)

DHR,L
asso ¼ Tcomp

asso �DSR,Lasso +DG
comp
asso (19)

The introduction of Eqs. (18) and (19) into Eq. (17) yielded

DHR,L
1,1 ¼ Tcomp

asso DSR,L1,1 +DSR,Ldesolv Tcomp
desolv�Tcomp

asso

� �
+ DGcomp

desolv +DG
comp
asso

� �
(20)

A close scrutiny at Eq. (20) indicates that the operation of a linear H/S cor-

relation for the global complexation process in solution occurs when DSR,Ldesolv ¼
constant along the series of reactions under investigation. Compared with intui-

tive Choppin’s suggestion claiming that DHR,L
desolv��TDSR,Ldesolv and which lacks

of theoretical support, the latter requirement has deep physical roots

(Matyushov, 2004; Onsager, 1936) and it is usually obeyed for limited
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perturbations affecting the complexation process along the series ( Jensen

et al., 2010).

3.2 Ford’s Model of Enthalpy–Entropy Compensation

In order to rationalize H/S correlations characterizing bimolecular association

processes, Ford (2005b) followed the formalism of molecular association pro-

posed by Luo and Sharp (2002) that is traced back to Bjerrum’s model. Let us

fix the rare earth cation R3+ at the origin while the ligand L is approaching at

a distance r and with an angle O (Fig. 10).

The equilibrium constant Kasso
R,L for the association process leading to [RL] is

given by Eq. (21), whereby b¼ (kbT)
�1 is the thermal factor with kb being

Boltzmann’s constant and T being the temperature, o is the potential mean force

between R and L, and H(r, O) is a bonding function that is H(r, O)¼1 when

complex [RL] exists and H(r, O)¼0 otherwise (Ford, 2005b). The reference

concentration of the standard state (cy) takes into account that the number of

particles decreases for a bimolecular association process (Munro, 1977).

KR,L
asso ¼

RL½ �j j
Rj j Lj j ¼

cy

8p2

ð
H r,Oð Þ � e�bo r,Oð ÞdrdO (21)

Neglecting any specific internal structure and considering R3+ and L as

purely spherical, the potential mean force simplifies to o(r, O)¼u(r) and only

depends on the scalar distance r between the centers of mass. Moreover, Ford

(2005b) assumes that u rð Þ¼ uR,Lmin + kR,B=2ð Þr2 is a straightforward harmonic

potential with the energy minimum umin
R,L located at r¼0 (Fig. 10) and with

a force constant kR,L. Following Luo and Sharp (2002), H(r, O)¼1 over all

space since the Boltzmann’s factor e�b u
R,L
min

+ kR,B=2ð Þr2ð Þ in Eq. (21) will vanish

for high-energy configurations anyway (i.e., unbound states with large r dis-
tance). With these assumptions, the integral in Eq. (21) can be solved to give

(Ford, 2005b)

KR,L
asso ¼ cy

2p
bkR,L

� 
3=2

e�buR,L
min (22)

The use of the van’t Hoff equation transforms the association constant into

its associated free energy (NAv is Avogadro number).

LR

R,LKasso

x

y

z

r
W

R

L

FIGURE 10 Schematic illustration of Bjerrum’s model for the intermolecular association pro-

cess involving a rare earth cation (R3+) and a ligand (L).
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DGR,L
asso

NAv

¼�kbT ln KR,L
asso

� �¼�1

b
ln cy

2p
bkR,L

� 
3=2

e�buR,L
min

" #

¼ uR,Lmin � kbT ln cy
2p

bkR,L

� 
3=2
" #

(23)

Taking into account the change in the number of translational degrees of

freedom accompanying the association process, application of the Gibbs–
Helmholtz relationship to Eq. (23) yields

DHR,L
asso

NAv

¼ uR,Lmin +
3

2
kbT (24)

DSR,Lasso

NAv

¼ kb ln cy
2pe
bkR,L

� 
3=2
" #

(25)

In complete agreement with chemical intuition, the enthalpic contribution

DHasso
R,L only depends on the well depth of the interaction (umin

R,L in Eq. 24),

while the entropic contribution DSasso
R,L depends on the original choice of the

standard state (cy in Eq. 25) and on the stiffness of the intercomponent con-

nection as measured by its force constant (kR,L in Eq. 25). The emergence

of H/S correlations further requires some dependence of well depth umin
R,L on

the force constant kR,L or vice versa. If a perturbation is applied to the molec-

ular [RL] pairs such that umin
R,L and kR,L move in the opposite direction, for

instance, umin
R,L becomes more negative while kR,L increases, the result will

be H/S compensation with, in this specific case, DHasso
R,L and DSasso

R,L both

decreasing. When umin
R,L and kR,L move in the same direction, anticompensation

occurs. To the best of our knowledge, there is however no fundamental or a
priori principle of weak interactions that dictates the relative dependence of

well depth umin
R,L and force constant kR,L, hence justifying a special thermody-

namic relationship between DHasso
R,L and DSasso

R,L . The next step of the reasoning

establishes a relationship between the physical forces responsible for the for-

mation of the molecular [RL] pair (derived from a simple harmonic potential)

and the use of a Lennard–Jones (12,6) potential VLJ for modeling the chemical

intermolecular interaction (Atkins and De Paula, 2010; Fig. 11). The intermo-

lecular interaction therefore resorts to only two parameters: (i) the absolute

minimum of the attractive well depth e and (ii) the minimum intermolecular

R���L distance r0 at which the potential of the interaction is zero and which

fixes the minimum of the curve for rmin¼21/6r0 (Eq. 26 and Fig. 11).

VLJ rð Þ¼ 4e r0=rð Þ12� r0=rð Þ6
h i

(26)

The superimposition of the harmonic and Lennard–Jones potentials

describing the interaction in [RL] provides a trivial correlation between the

well depth and the harmonic potential: e¼�uR,Lmin (Fig. 11). Application of
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the Hooke’s law for a special extension A¼ r0� rmin ¼ r0 1�21=6
� �

of the

intermolecular interaction provides an extra energy kR,LA2/2 which exactly

matches the potential depth e (Eq. 27 and Fig. 11).

e¼ kR,LA2

2
¼ kR,L r0 1�21=6

� �� �2
2

) kR,L ¼ 2

1�21=6
� �2 � e

r0ð Þ2 (27)

Equation (27) eventually transforms into Eq. (28) if we remind that

e¼�uR,Lmin .

kR,L ¼� 2

1�21=6
� �2

r0ð Þ2
� uR,Lmin ¼�f � uR,Lmin with f ¼ 2

1�21=6
� �2

r0ð Þ2
> 0

(28)

For a minor structural perturbation affecting a series of R and L partners,

the minimum contact distance r0 is constant within the resulting [RL] pairs

and Ford’s model (Eq. 28) predicts that the force constants kR,L (that affect

the entropy changes, Eq. 25) are linearly correlated with the potential well

depths umin
R,L (that measure the enthalpy change, Eq. 24). Since the coefficient

f ¼ 2= 1�21=6
� �2

r0ð Þ2 is positive, a larger cohesive energy between R and L

in the [RL] pair, i.e., umin
R,L and DHasso

R,L become more negative, produces an

increase in the force constant kR,L and hence a larger vibration frequency in

the deeper potential. Since DSR,Lasso=NAv∝�3=2 ln kR,L½ � in Eq. (25), larger

values of kR,L induce more negative association entropies and H/S compensa-

tion occurs. This model is nothing but the Einstein model for crystals

(Einstein, 1907; Rogers, 2005), from which Lindemann (1910) postulated that

the melting of a solid occurs when the amplitude of the atomic thermal

P
ot

en
tia

l e
ne

rg
y

r0

21/6r0

0
r

FIGURE 11 Representation of a Lennard–Jones (12,6) potential (full trace) with the interpreta-

tion of e and r0 parameters, and its harmonic approximation modeling the intermolecular interac-

tions responsible for the formation of a [RL] complex. Reproduced with permission © 2011, The

Royal society of Chemistry 2011. Reproduced from Piguet (2011) with permission from The Royal

Society of Chemistry.
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vibrations reaches some critical fraction of the equilibrium lattice spacing.

Introducing Eq. (28) into Eq. (24) provides a simple correlation between the

enthalpy change of the association process and the force constant in the bound

state (Eq. 29; R¼kbNAv is the ideal gas constant). Further introduction into

Eq. (25) gives the searched (logarithmic) dependence between DHasso
R,L and

DSasso
R,L (Eq. 30).

DHR,L
asso

NAv

¼�kR,L

f
+
3

2
kbT) kR,L ¼ f

NAv

3

2
RT�DHR,L

asso

� 

(29)

DSR,Lasso ¼R ln cy
� �

+
3

2
ln

2peRT
f

� 

�3

2
ln

3

2
RT�DHR,L

asso

� 
� �
(30)

For a series of similar complexes, the force constant kR,L does not span a large
domain and it can be approximated by a first-order Taylor series around its

average magnitude k0
R,L. Consequently, ln 3

2
RT�DHR,L

asso

� �
in Eq. (30) can be

replaced with ln 3
2
RT�DHR,L

asso,0

� �
+ DHR,L

asso,0�DHR,B
asso

� �
= 3

2
RT�DHR,L

asso,0

� �
,

where DHasso,0
R,L is the average association enthalpy in the series (Dutronc et al.,

2014). Linear H/S eventually results, while larger perturbation requires higher-

order Taylor series (Searle et al., 1995).

We are now in a position to reconsider the two-step Choppin’s model

(Eqs. 15 and 16) with more pertinent theoretical tools. Since both steps, i.e.,

desolvation and association reactions, correspond to simple intermolecular

connection processes, the linear H/S correlations proposed in Eqs. (18) and

(19) are justified as long that each process is characterized by a constant value

for the minimal contact distances r0 separating the partners in the [R(S)x]
3+,

[L(S)y]
z�, and [R(L)(S)x+y-p-q]

(3�z)+ complexes. These conditions are easily

fulfilled when one selected metal reacts with various ligands of the same fam-

ily as illustrated in Fig. 9, but the situation is less obvious when a given ligand

interacts with different rare earth cations of variable sizes although the total

15% contraction along the complete series remains small (see Section 3.3).

Finally, the conditions fixing r0 for both desolvation and association steps

must be combined with the third criteria emerging from Eq. (20), i.e.,

DSA,Sdesolv ¼ constant. The very minor variation of DShyd
R detected along the lan-

thanide series (Fig. 5A) subscribes to this requirement, a trend further substan-

tiated by the small change in free energies, hence in entropies, accompanying

the desolvation of large neutral ligands (Matyushov, 2004).

3.3 Dimerization in Rare Earth Complexes

The dimerization of lipophilic 1:1 complexes [Ln(L1a–j)(NO3)3] occurring in

dichloromethane (Equilibrium 31 and Fig. 12) has been intentionally designed

by Jensen et al. (2010) for testing the pertinence of Ford’s model for rationa-

lizing a simple complexation process within the frame of the two-step
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Choppin’s model summarized in Eq. (20). During the dimerization reaction,

the metallic coordination number increases by one unit with the formation

of a novel lanthanidedO(nitrate) bond and the perturbations applied to the

series involve peripheral ligand substitutions on one hand and changes in

the lanthanide ionic radii (Ln¼Pr, Eu) on the other hand.

2 Ln L1a�j
� �

NO3ð Þ3
� �Ð Ln2 L1a�j

� �
2
NO3ð Þ6

� �
DGLn,L1a

dim (31)

The classical Onsager’s approach predicts that the solvation free energy

change DGsolv produced by a neutral dipolar molecule in a solvent with a rel-

ative dielectric permittivity er depends on both the solute dipole moment mdip
and its molecular volume Vmol (Eq. 32; Matyushov, 2004; Onsager, 1936).

DG0
solv ¼�Nav

e0
� mdip

2

Vmol
3
� er�1

2er + 1

� 

(32)

R

R

DG0
dim

DH0
dim

DS0
dim

[Ln(L1a–j)(NO3)3] [Ln2(L1a–j)2(NO3)6]

2

R

R

R

R

Ln

Ln

Ln

A

B

CO2 (CH2)10 O CO2

CO2

CO2

(CH2)10 O

(CH2)10 O

CO2

CO2

CN

CN

A

A

CO2 (CH2)10 O

CO2

CO2

CN

A      B C

CN

B   CA

CO2 (CH2)10 O CO2 CN

A      B C
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A = CH3 : L1b 
R = 
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O
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FIGURE 12 (A) Schematic dimerization of [Ln(L1a–j)(NO3)3] occurring in dichloromethane

(Eq. 31) and (B) chemical structures of the pseudodendrimeric complexes [Ln(L1a–j)(NO3)3]

( Jensen et al., 2010).
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Since no drastic variations in dipole moments or in molecular volumes are

expected for solvation processes within the series of compounds collected in

Fig. 12B, one can reasonably assume that the change in desolvation entropies

DSLn,L1
a

desolv for the dimerization reaction is constant whatever the ligand for a

given metal. The emergence of H/S compensation therefore only depends on

the global invariance of the minimal contact distances r0 separating the inter-

acting partners in the dimers [Ln2(L1
a–j)2(NO3)6] (Eq. 28).

The thermodynamic data collected for the dimerization of [Ln(L6a–j)(NO3)3]

(Fig. 13) indeed display exact H/S compensations along the complete series of

ligands in agreement with Eq. (20), but with different slopes for each specific

metal (Ln¼Pr, Eu; Fig. 13). Since the slopes of the DHLn,L1a
dim versus DSLn,L1

a

dim

correlation plots correspond to the compensation temperature Tasso
comp (Eq. 20),

a parameter which can be theoretically rationalized by using Ford’s model as

Tcomp
asso ¼ 1�21=6

� �2
r0ð Þ2k0=3kb (Eq. 30; Piguet, 2011), we deduce that the

observed trend Tcomp

asso, Ln¼Pr ¼ 329 17ð ÞK> Tcomp
asso, Ln¼Eu ¼ 278 7ð ÞK can be

assigned to a logical decrease of the minimum intermolecular contact distance

r0 for the smaller europium(III) cation. It is worth noting here that the peripheral

structural changes imposed by the ligand strands have no detectable impact

on the H/S compensation along each series because they do not affect the inter-

component contact distance in the dimers. However the different substituents

in the complexes [Ln(L1a–j)(NO3)3] provide DSLn,L1
a

dim

D
;DHLn,L1a

dim

E
couples dis-

persed over a considerable domain with �60�DHLn,L1a
dim � 0 kJmol�1 and

�170� SLn,L1
a

dim � 50 Jmol�1K�1 (Fig. 13).
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FIGURE 13 DHLn,L1a
dim versus DSLn,L1

a

dim correlation plots for the dimerization of [Pr(L6a–j)(NO3)3]

(red (light gray in the print version) diamonds and red trace) and [Eu(L6a–j)(NO3)3] (black stars

and black trace) in dichloromethane.
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4 THE METALLOSUPRAMOLECULAR REVOLUTION

According to the principle of maximum site occupancy (Lehn and Eliseev,

2001), the combination of a rare earth cation R possessing n binding sites with

a ligand L possessing m binding sites produces a saturated complex [RpmLpn]

(Eq. 33), where p is a coefficient, often referred to as the complexity of the

assembly, needed to account for the stoichiometry of R and L in the complex

(Ercolani, 2003).

pmR+ pnLÐ RpmLpn

� �
bR,Lpm,pn (33)

The final complex [RpmLpn] contains N¼pm+pn components joined by

B¼pmn connections, among which N�1¼pm+pn�1 are intermolecular

and B�(N�1)¼pmn�pm�pn+1 are intramolecular (Fig. 14). The asso-

ciated cumulative stability constant bpm,pn
R,L is given in Eq. (34), whereby each

pair of parallel vertical lines refers to molar concentrations and cy is the ref-

erence molar concentration in the standard state (Motekaitis et al., 1994).

bR,Lpm,pn ¼
½RpmLpn�
		 		=cy� �

Rj j=cyð Þpm � Lj j=cyð Þpn ¼
½RpmLpn�
		 		
Rj jpm � Lj jpn � cy

� � pm+ pn�1ð Þ
(34)

The application of the van’t Hoff equation DG0 ¼�RT ln bð Þ gives

Eq. (35).

DG°R,L
pm,pn ¼�RT ln bR,Lpm,pn

� �
¼�RT ln

½RpmLpn�
		 		
Rj jpm � Lj jpn

� 

�RT pm+ pn�1ð Þ ln cy

� �
(35)

Usually, coordination chemists implicitly refer to the convenient one

molar standard state (i.e., cy¼1 M), a choice that we will obviously adopt

for the rest of our discussions, but one should keep in mind that the latter

choice arbitrarily fixes a specific reference for the absolute entropy change

�TDS°R,Lpm,pn contributing to DG°R,L
pm,pn ¼�RT ln bR,Lpm,pn

� �
(Munro, 1977).

Once bpm,pn
R,L has been estimated by using Eq. (34) with the help of the

experimental speciation obtained under thermodynamic equilibrium, its trans-

formation into free energy with Eq. (35) is at the origin of the additive free

energy model proposed by Ercolani (2003), who assigned single-event free

energy contributions DgR,Linter ¼�RT ln f R,Linter

� �
and DgR,Lintra ¼�RT ln f R,Lintra

� �
to

each type of heterocomponent connection (Eqs. 36 and 37 and Fig. 14).

DG°R,L
pm,pn ¼�RT ln oR,L

pm,pn

� �
� pm + pn�1ð ÞRT ln f R,Linter

� �
� pmn�pm�pn+ 1ð ÞRT ln f R,Lintra

� �
(36)

bR,Lpm,pn ¼oR,L
pm,pn f R,Linter

� �pm + pn�1

f R,Lintra

� �pmn�pm�pn+ 1
(37)
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Let us stress here that Dginter
R,L corresponds to the desolvation/association

balance previously modeled with Eqs. (15) and (16), and for which H/S com-

pensation is expected according to Eq. (20). Dgintra
R,L refers to the same process

according to that the entering cation is already bound to the receptor by a

second connection point (chelate effect). Both intermolecular f inter
R,L and intra-

molecular binding f intra
R,L affinities involve similar bond breaking (desolvation)

and bond formation (association) events, but the intramolecular character

of the latter process limits the spatial exploration (entropic contribution)

and induces internal constraints (enthalpic contribution) with respect to the

closely related intermolecular association (Mandolini, 1986). Whereas the

R,L2b1,3

R,L3b 2,3

p = 1
m = 1
n = 3

D3

[R(L2)3]3+

N = 1·1+1·3 = 4 components

A
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N – 1 = 3 intermolecular

B–(N –1) = 0 intramolecular
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N
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FIGURE 14 Distribution of inter- and intramolecular heterocomponent connections joining the

N¼pm+pn components in saturated [RpmLpn] complexes. Note that each metal–ligand interaction

is considered as a single connection point. Formation of (A) a three-bladed propeller (Renaud

et al., 1997) and (B) a binuclear triple-stranded helicate (Martin et al., 1998).
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consequences on the entropic contribution produced by an intramolecular

binding event can be theoretically approached for a freely joint chain linking

the two connecting atoms ( Jacobson and Stockmayer, 1950; Kuhn, 1934), the

enthalpic benefit/penalty intimately depends on the specific molecular struc-

tures, and one therefore prefers to introduce the concept of effective molarity

(EM) which empirically correlates f inter
R,L and f intra

R,L with the help of Eq. (38)

(Piguet, 2010).

f R,Lintra ¼ f R,Linter �
EM

cy

� 

(38)

EM has thus molar concentration unit and its effect on the free energy

changes accompanying the replacement of an intermolecular binding process

with its intramolecular counterpart DgR,Lconn ¼DgR,Lintra�DgR,Linter ¼�RT ln EM=cy
� �

depends on the choice of the cy, a phenomenon at the origin of lively debates

during the 1960s when attempting to define some absolute chelate effects in

coordination chemistry (Motekaitis et al., 1994; Schwarzenbach, 1952). Finally,

the initial factor opm,pn
R,L in Eq. (37) takes into account the pure statistical

(i.e., entropic) contribution due to the change in the molecular rotational degen-

eracies (Lin, 1996) occurring when the reactants are transformed into products

(Ercolani et al., 2007). Once the point groups of each partner contributing to

the self-assembly are at hand, opm,pn
R,L can be calculated with Eq. (39) by using

their symmetry numbers stot (Bailey and Monahan, 1978; Benson, 1958).

oR,L
pm,pn ¼

sRtot
� �pm sLtot

� �pn
sRpmLpn

tot

� � (39)

The external symmetry number sext of a molecule is defined as the total

number of permutations of identical atoms than can be arrived at by simple

rotations of the entire molecule (excluding improper axis) or by rotations

about single bond within a molecule. If a species is chiral and present as a

racemic mixture, the symmetry number must be multiplied by schir¼1/2 to

account for the entropy of mixing of the two enantiomers (Ercolani et al.,

2007). Let us illustrate this method for the calculation of the symmetry

number associated with a tricapped trigonal prismatic [R(CH3CN)9]
3+ cation

displaying D3h symmetry (Fig. 14). Because of the existence of a principal

threefold axis with three perpendicular twofold axes, there are sext¼3�2¼6

possible simple rotations of the entire molecule which simply permute identi-

cal atoms. Since the molecule is not chiral, schir¼1. We, however, notice that

each methyl group of the acetonitrile molecules can rotate along the CdC

bond according to local threefold axes, thus leading to the additional concept

of an internal symmetry number. For [R(CH3CN)9]
3+, there are sint¼39

possible internal rotations which do not affect the geometry of the molecule.

The global symmetry number for [R(CH3CN)9]
3+ can be computed as
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stot¼sext�sint�schir¼6�39�1¼118’098. Applying this technique to each part-

ner of the assembly followed by their introduction into Eq. (39) provides

the statistical factors gathered in Fig. 14. In conclusion, any complexation

constant, even that associated with the sophisticated assembly process

depicted in Fig. 15 (Hamacek et al., 2008), can be modeled with the resort

to two microscopic thermodynamic descriptors f inter
R,L and f intra

R,L , and one statis-

tical factor as proposed by Ercolani (2003).

R,
4,4

L4

p = 4/3
m = 3
n = 3

T

[R4(L4)4]12+

N = 4/3 · 3 + 4/3 · 3 = 8 components

B = 4/3 · 3 · 3 = 12 connections
N−1 = 7 intermolecular

B−(N−1) = 5 intramolecular
Macropentacyclic

pm [R(CH3CN)9]
3+

D3h

R

R
tot 6 •39 3 •23 •37

12 •328 •212R4(L4)4 1
2tot

+9pm CH3CN
S
tot 3

7 5 12 5R, R, R, R, R,
4,4 inter intra inter17496 17496f f f EML4 L4 L4 L4 L4

+ pn

C3v

L4

tot
L4

N

O
N

NH
O

N

O N

NH

O
N

O

HN

N O

FIGURE 15 Assembly of a tetrahedral [R4(L4)4]
12+ pentacyclic cluster illustrating the distribu-

tion of inter- and intramolecular heterocomponent connections joining the N¼pm+pn compo-

nents (Hamacek et al., 2008).
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4.1 Intermolecular Affinities and the Allosteric Cooperativity

The simple complexation of three successive terdentate neutral ligands L2

with a trivalent lanthanide cation in acetonitrile is summarized in Eq. (40)

(for the sake of clarity, we only consider nine-coordinate lanthanide centers)

and the associated cumulative stability constants are collected in Fig. 16A

(Renaud et al., 1997).

Ln CH3CNð Þ9
� �3 +

+ nL2Ð Ln L2ð Þn CH3CNð Þ9�3n

� �3 +
+ 3nCH3CN bLn,L21,n (40)

The modeling of the associated thermodynamic formation constants with

the help of Ercolani’s model (Eq. 37) leads to Eqs. (41)–(43), which are ideally

suited for extracting a specific intermolecular affinity f inter
Ln,L2 for each trivalent

cation along the series by using linear least-square processes (Escande et al.,

2009). Expressed as free energy changes DgLn,L2inter ¼�RT ln f Ln,L2inter

� �
in

Fig. 16B (left), these data confirm the operation of the electrostatic trend sug-

gested by Choppin’s model with a stepwise larger affinity for cations of

decreasing sizes.

bLn,L21,1 ¼ 6f Ln,L2inter (41)

bLn,L21,2 ¼ 12 f Ln,L2inter

� �2
(42)

bLn,L21,3 ¼ 16 f Ln,L2inter

� �3
(43)

The excellent match between the experimental formation constants and

those recalculated using Eqs. (41)–(43) agrees with the operation of a statisti-

cal binding of L2 to the various trivalent lanthanides. On the contrary, the

same approach applied to the successive fixation of dipicolinate dianions

[L5-2H]2� to trivalent lanthanides in water (Eq. 44; Grenthe, 1961) essen-

tially fails as ascertained by the large uncertainties affecting Dginter
Ln,L5-2H along

the series (Fig. 16B, right) and by the poor match between experimental and

recalculated stability constants (Fig. 16C, right).

Ln H2Oð Þ9
� �3 +

+ n L5-2H½ �2� Ð Ln L5-2Hð Þn H2Oð Þ9�3n

� �ð3�2nÞ +
+ 3nH2O bLn,L5�2H

1,n

(44)

A careful inspection of the correlation shown in Fig. 16C right shows that

the computed formation constants for the successive binding of dipicolinate

dianions to the trivalent cation are severely underestimated for b1,1
Ln,L5-2H, they

are slightly better for b1,2
Ln,L5-2H, and overestimated for b1,3

Ln,L5-2H. In other

words, the absolute affinity f inter
Ln,L5-2H of the ligand for the metallic center

decreases upon the successive fixation of dipicolinate ligands to the metal ion,

a phenomenon known as allosteric cooperativity, which can be quantitatively
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FIGURE 16 (A) Experimental thermodynamic cumulative formation constants for the triple-

helical [Ln(L2)3]
3+ (left, Renaud et al., 1997) and [Ln(L5-2H)3]

3� complexes (right, Grenthe,

1961), (B) intermolecular affinities DgLn,Linter ¼�RT ln f Ln,Linter

� �
fitted with Eqs. (41)–(43) (the

dashed traces are guides for the eyes), and (C) thermodynamic constants recomputed using

Eqs. (41)–(43) with respect to the experimental data (the dashed traces are linear correlations).
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defined as the ratio an of the absolute affinities for the nth binding event with

respect to the first binding process taken as the noncooperative reference

(Eq. 45, Ercolani and Schiaffino, 2011).

an ¼
f Ln,Linter, n

f Ln,Linter,1
(45)

The introduction of the concept of allosteric cooperativity (Eq. 45) within

the frame of successive intermolecular binding events transforms Eqs. (41)–

(43) into

bLn,L5-2H1,1 ¼ 6f Ln,L5-2Hinter,1 (46)

bLn,L5-2H1,2 ¼ 12a2 f Ln,L5-2Hinter,1

� �2
(47)

bLn,L5-2H1,3 ¼ 16a2a3 f Ln,L5-2Hinter,1

� �3
(48)

For each set of three cumulative constants measured for a given lanthanide

cation, Eqs. (46)–(48) assign a noncooperative intermolecular affinity

f inter,1
Ln,L5-2H (Fig. 17A), which is further modulated by the empirical allosteric

factors a2 and a3 characterizing the free energy penalty, i.e, negative coopera-

tivity (a2<1 and a3≪1, Fig. 17B) accompanying the coordination of the

second and the third dianionic dipicolinate ligand, respectively. Obviously,

the stability constants recomputed with Eqs. (46)–(48) exactly match the
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FIGURE 17 (A) Experimental noncooperative intermolecular affinities DgLn,L5-2Hinter,1 ¼�RT

ln f Ln,L5-2Hinter,1

� �
and (B) allosteric cooperativity factors an fitted with Eqs. (46)–(48) for the successive

complexation of dipicolinate dianions [L5-2H]2� to trivalent lanthanides in water. The dashed trace is

only a guide for the eyes. The abrupt decrease of a2 for the smallest lanthanide cation Lu3+ is asso-

ciated with an abrupt increase of its affinity Dginter,1
Lu,L5-2H, a trend in line with a more compact arrange-

ment around the metal produced by a decrease of the coordination number.
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experimental data (three equations for three parameters!), but the physical ori-

gin of the allosteric cooperativity remains elusive.

This limitation has been overcome with the help of the site-binding model,

which was developed for rationalizing multiple protonation reactions

operating in proteins and polyelectrolytes (Borkovec et al., 2001; Koper and

Borkovec, 2010) or metal loadings of polymeric receptors (Borkovec et al.,

2004; Koper and Borkovec, 2001). Applied to lanthanide coordination chem-

istry, the site-binding model aims at modeling the successive intermolecular

metal–ligand binding process summarized in Eq. (49) and Fig. 18 with the

help of two parameters: the noncooperative affinity of site i for intermolecular

association f inter,i
Ln,L and the free energy of interaction occurring when two adja-

cent sites i and j are occupied DEi, j
Ln,Ln (Borkovec et al., 2006). Obviously, the

labels for metal and ligands can be exchanged, and the same model can be

used for the loading of a multisite ligand L with lanthanide cations (Eq. 49

and Fig. 18A) or for the loading of a multisite lanthanide metals with several

ligands (Eq. 50 and Fig. 18B).

mLn3+ +LÐ LnmL½ �3m+ bLn,Lm,1 (49)

Ln3+ + nLÐ LnLn½ �3 + bLn,L1,n (50)

Any macrospecies [LnmL]
3m+ is composed of numerous microspecies

{si}�[LnmL]
3m+, all possessing the same number m of metals bound to the

receptor, but differing on their exact location in the various sites as described

by the state vector {si} for which each element si¼1 indicates that a metal is

BA

Ln

Ln

Ln

Ln

Site i Site i

Site j Site j

L

L

L

L

L
Ln

f inter,i

ΔE Ln,Ln
i,j

ΔE L,L
i,j

f Ln,L
inter,j

f Ln,L
inter,i

Ln,L

f inter,i
Ln,L

FIGURE 18 Thermodynamic models for the successive intermolecular connections of

(A) lanthanides Ln to a multisite receptor L and (B) ligands L to a multisite lanthanide Ln. f inter,i
Ln,L

and DgLn,Linter, i ¼�RT ln f Ln,Linter, i

� �
are the (noncooperative) intrinsic affinity, respectively, free energy

of connection between the site i and the metal, while DEi, j
Ln,Ln and DEi, j

L,L are the free energy of inter-

action occurring when two adjacent sites i and j are occupied.
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bound to site i and si¼0 when no metal is coordinated. The Lenz-Ising model

limited to nearest-neighbor interactions associates a binding free energy

DGm,1
Ln,L{si} (Eq. 51) and thus a stability microconstant bm,1

Ln,L{si} (Eq. 52) to

each {si}�[LnmL]
3m+ microspecies for a ligand L possessing a total of N

available binding sites.

DGLn,L
m,1 sif g¼�RT

XN
i¼1

ln f Ln,Linter, i

� �
si +

1

2
�
XN
i¼1

XN
i 6¼j

DELn,Ln
i, j sisj (51)

bLn,Lm,1 sif g¼
YN
i¼1

f Ln,Linter, i

� �si �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiYN
i¼1

YN
j 6¼i

exp �DELn,Ln
i, j

RT

 !" #sisjvuut (52)

Application of Eq. (52) to the formation of [Ln(L5-2H)n(H2O)9�3n]
(3�2n)+

(n¼1–3, Eq. 44) leads to Eqs. (53)–(55), where uL5-2H,L5-2HLn ¼ e�DEL5-2H,L5-2H
Ln

=RT

is known as the Boltzmann factor accounting for the interaction operating

between two adjacent ligands bound to the same lanthanide (Escande et al.,

2009).

bLn,L5-2H1,1 ¼ 6f Ln,L5-2Hinter,1 (53)

bLn,L5-2H1,2 ¼ 12 f Ln,L5-2Hinter,1

� �2
uL5-2H,L5-2HLn (54)

bLn,L5-2H1,3 ¼ 16 f Ln,L5-2Hinter,1

� �3
uL5-2H,L5-2HLn

� �3
(55)

The comparison of Eqs. (53)–(55) with Eqs. (46)–(48) immediately

assigns any cooperative effects to homocomponent interactions (Piguet,

2010). A fit of the experimental stability constants (Fig. 19A) to the

site-binding model (Eq. 53–55) satisfyingly reproduces the data (Fig. 19C)

with the help of the intermolecular affinities and homocomponent interactions

gathered in Fig. 19A and B. Again, the noncooperative free energies of

complexation DgLn,Linter,1 ¼�RT ln f Ln,Linter,1

� �
follow the electrostatic trend along

the lanthanide series (Fig. 19A), but the successive fixation of negatively

charged dipicolinate dianions [L5-2H]2� to any Ln3+ cation in water is antic-

ooperative with a drift in free energy of 5�DEL5�2H,L5�2H
Ln � 10 kJ=mol for

each additional interligand interactions operating in the first coordination

sphere of the metal (Fig. 19B).

The extension of this approach to similar complexation processes involv-

ing the terdentate neutral ligands L2, L6, and L7 in acetonitrile shows a

decrease of both intermolecular affinities and interligand interactions by a

few kJ/mol compared with [L5-2H]2�, but the successive binding of the

ligands remains systematically (weakly) anticooperative (Fig. 20). On the

contrary, the successive loading of multisite ligands L8 or L9 with the neutral

lanthanide carriers Ln(NO3)3 or Ln(hexafluoroacetylacetonate)3 (Ln(hfac)3)
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displays variable allosteric cooperativities, which strongly depend on the

nature of the counteranions and on the intersite distances (Fig. 21).

A rational programming of allosteric cooperativity is required for the con-

trol of the facial ( fac)-[ML3]$mer-[ML3] isomerization process, which is

crucial for implementing predetermined physicochemical properties (volatil-

ity, optical response) in pseudo-octahedral d-block complexes where L is an

unsymmetrical bidentate chelate ligands (Katakura and Koide, 2006).

Its counterpart in lanthanide coordination chemistry has been addressed

only once for the fac-[Lu(Lk)3]
3+$mer-[Lu(Lk)3]

3+ (Lk¼L10–L12)
isomerization process involving nonsymmetrical terdentate chelates of

increasing bulkiness (Fig. 22A, Le Borgne et al., 2004). Application of the

site-binding model (Eq. 52) to the fac$mer equilibrium constant KLu,L
fac!mer

gives (Fig. 22B)
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FIGURE 19 (A) Experimental noncooperative intermolecular affinities DgLn,L5�2H
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and (B) interligand interactions DEL5�2H,L5-2H ¼�RT ln uL5-2H,L5-2Hð Þ fitted with

Eqs. (53)–(55) for the successive complexation of dipicolinate dianions [L5-2H]2� to trivalent lantha-

nides in water (the dashed traces are a guide for the eyes). (C) Thermodynamic constants recomputed

using Eqs. (53)–(55) with respect to the experimental data (the dashed trace is a linear correlation).
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KLu,L
fac!mer ¼ 3

uL,Lcis,mer

uL,Lcis, fac

 !2

(56)

where DEL,L
cis, fac ¼�RT ln uL,Lcis, fac

� �
and DEL,L

cis,mer ¼�RT ln uL,Lcis,mer

� �
are the

free energy of interligand interactions operating between two adjacent ligands

adopting either head-to-head (DEcis, fac
L,L ) or head-to-tail orientations (DEcis,mer

L,L ).

When DEL,L
cis, fac ¼DEL,L

cis,mer , the binding of a ligand L to the central lanthanide

is isoenergetic whatever its relative orientation, and a statistical constant of

KLu,L
fac!mer ¼ 3 is expected (Aboshyan-Sorgho et al., 2014). Minor deviations

from the statistical 75% mer-[Lu(Lk)3]
3+/25% fac-[Lu(Lk)3]

3+ speciation

were indeed observed in acetonitrile leading to KLu,L10
fac!mer ¼ 10:4,

KLu,L11
fac!mer ¼ 4:9, and KLu,L12

fac!mer ¼ 4:0 at room temperature in acetonitrile.

Applying the van’t Hoff equation to Eq. (56) provides

�1:5� DEL,L
cis,mer�DEL,L

cis, fac

� �
��0:4 kJ=mol, which can be summarized by

a cooperativity process at room temperature favoring the formation of the

meridional (mer) isomer (DEL,L
cis,mer <DEL,L

cis, fac; Le Borgne et al., 2004). Inter-

estingly, the enthalpic and entropic contributions deduced from the depen-

dence of KLu,L
fac!mer on the temperature obey H/S compensation despite the
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N
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FIGURE 20 Application of the site-binding model to the successive complexation of neutral ter-

dentate ligands to Eu(ClO4)3 in acetonitrile.
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completely different behavior observed for the bulky L12 ligand, for which

the meridional isomer mer-[Lu(Lk)3]
3+ is affected by a large enthalpic penalty

of DHLu,L12
fac!mer ¼ 21 2ð Þ kJ=mol due to some unfavorable intramolecular interli-

gand packing (Fig 22C, Le Borgne et al., 2004).

4.2 Intramolecular Connections and the Chelate Cooperativity

The different nature of intermolecular (modeled with f inter
R,L ) and intramolecular

(modeled with f intra
R,L ) binding events is related to each other with the help of

the EM (Eq. 38), which is commonly defined as EM¼ f R,Lintra =f
R,L
inter upon

N
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N
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FIGURE 21 Application of the site-binding model to the successive complexation of neutral

lanthanide carriers Eu(NO3)3 or Eu(hfac)3 to the linear multiterdentate receptors L8 and L9 in

organic solvents.
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fixing cy¼1 M for the concentration of the reference standard state

(Mandolini, 1986). It is thus tempting to assume that in the absence of chelate

cooperativity EM¼1 M, whereas EM>1 M and EM<1 M would indicate

positive, respectively, negative cooperativity brought by the intramolecular

process (Calderone and Williams, 2001; Mammen et al., 1998). However, this

assumption is inconsistent since EM has units of concentration and its numer-

ical value depends on the choice of the standard state. Hunter and Anderson

(2009) proposed the product f R,Linter EM¼ f R,Lintra as a measure of chelate coopera-

tivity, but (i) its identification with a single intramolecular binding interaction

whereas cooperativity factor is necessarily a ratio of two equilibrium con-

stants, (ii) its independence on the ligand concentration, and (iii) its limiting

L10
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FIGURE 22 (A) Chemical structures of ligands L10–L12, (B) schematic fac-[Lu(Lk)3]
3+

$mer-[Lu(Lk)3]
3+ isomerization process, and (C) DHLu,L

fac!mer versus DSLu,Lfac!mer plot for the

isomerization reaction occurring in acetonitrile (Le Borgne et al., 2004).
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value of zero instead of one in the absence of chelate cooperativity precludes

its further consideration. An elegant and adequate derivation of the chelate

cooperativity based on the competition between intra- and intermolecular

complexation processes has been reported by Ercolani and Schiaffino

(2011). It is illustrated in Fig. 23 for bidentate ligands reacting with metal

ion possessing two binding sites.

In the absence of chelate cooperativity, the fixation of the second ligand is

strictly intermolecular (Fig. 23, right) and the equilibrium constant is given by

Knoncooperative ¼ ML2½ �j j
ML½ �open
			 			 L½ �j j

¼oM,L
inter f

M,L
inter (57)

In the presence of chelate cooperativity, the saturation of the receptor

results either from the chelate-binding process leading to [ML]closed or from

the intermolecular reaction leading to [ML2], a reaction summarized by the

apparent constant Kcooperative for the formation of the saturated receptor start-

ing from the partially bound open complex [ML]open.

Kcooperative ¼
ML2½ �j j+ ML½ �closed

		 		
ML½ �open
			 			 L½ �j j

¼oM,L
inter f

M,L
inter +oM,L

intra f
M,L
inter

EM

L½ �j j

¼oM,L
inter f

M,L
inter 1 +

oM,L
intra

oM,L
inter

EM

L½ �j j

 !
¼Knoncooperative 1 +

oM,L
intra

oM,L
inter

EM

L½ �j j

 ! (58)

Intramolecular

M

M M

[ML2] [ML2]

[ML]

1
[ML]closed

[ML]open

[ML]closed

[ML]closed
EM

L

+

Intermolecular

L

+

M,L M,L 2

open[ML]open

[M ]
f

L
EM

L

[L]inter inter
M,Lf inter w

M,L
interw
M,L
intraw

M,L
intraw

FIGURE 23 Competition between intermolecular and intramolecular complexation processes in

the formation of coordination complexes.
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The factor b0 ¼ 1 +
oM,L

intra

oM,L
inter

EM

L½ �j j ¼
Kcooperative

Knoncooperative

corresponds to the searched

cooperativity index. It tends to b0 ¼1 in the absence of chelate effect (EM¼0)

or in large excess of ligand L½ �j j!1ð Þ. Moreover, b0 �1 and chelate coopera-

tivity can only be positive as far as the overall binding is concerned. According

to Fig. 23 (bottom), the factor b¼oM,L
intra

oM,L
inter

EM

L½ �j j ¼
ML½ �closed
		 		

ML2½ �j j is the contribution

of the intramolecular pathway to the cooperativity factor b0. It therefore measures

the benefit/drawback produced by the chelate interaction with respect to the

intermolecular binding. When the concentration of the bidentate ligand is equal

to L½ �j j ¼ oM,L
intra =o

M,L
inter

� �
EM, the chelate interaction is noncooperative (b¼1)

and produces equal amounts of [ML]closed and [ML2] complexes. Positive

(b>1), respectively, negative (b<1) chelate cooperativity results when

L½ �j j< oM,L
intra =o

M,L
inter

� �
EM, respectively, L½ �j j> oM,L

intra =o
M,L
inter

� �
EM. Obviously,

the higher the value of the EM, the larger the ligand concentration range over

which positive chelate cooperativity operates. The successive fixation of three

nonsymmetrical terdentate binding units similar to L7, but held together

by a covalent tripod in L13, to trivalent rare earth cations to give

[Ln(L13)]3+ are good candidates for investigating chelate cooperativity in

lanthanide coordination complexes because the initial intermolecular

association process (Kinter
Ln,L13) is followed by two related, but intramolecular

binding events (Kintra,1
Ln,L13 and Kintra,2

Ln,L13 in Fig. 24, Canard et al., 2008).

The cumulative thermodynamic constants for the formation of [Ln(L13)]3+

(Eq. 59) is the only experimentally accessible data, whereas its modeling within

the frame of the site-binding model requires three parameters: the noncoopera-

tive Ln-terdentate binding unit affinity f inter
Ln,N3, the allosteric cooperativity

brought by interligand interaction uN3,N3Ln ¼ exp �DEN3,N3
Ln =RT

� �
, and the EMLn

measuring the chelate cooperativity (Eq. 60)

L13+Ln3
+ Ð Ln L13ð Þ½ �3 + bLn,L131,1 (59)

bLn,L131,1 ¼ 12 f Ln,N3inter

� �3
EMLnð Þ2 uN3,N3Ln

� �3
(60)

A satisfying approximation assumes that the set of thermodynamic para-

meters f inter
Ln,N3 and uLn

N3,N3 also holds for modeling the successive fixation of

the terdentate side arms L7 to Ln3+ to give [Ln(L7)n]
3+ (Fig. 19 and

Eqs. 53–55). The simultaneous consideration of four thermodynamic con-

stants b1,1
Ln,L13, b1,1

Ln,L7, b1,2
Ln,L7, and b1,3

Ln,L7 eventually provides a complete set

of three microscopic parameters DgLn,N3inter ¼�RT ln f Ln,N3inter

� �
, DEN3,N3

Ln ¼�RT

ln uN3,N3Ln

� �
, and EMLn for each lanthanide by using linear least-squares tech-

niques (Table 4, Canard et al., 2008).
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FIGURE 24 Successive complexation reactions leading to the formation of [Ln(L13)]3+ in ace-

tonitrile and associated thermodynamic constants deduced by using the site-binding model

(Canard et al., 2008). The point groups considered for the calculation of the statistical factors

are mentioned; S stands for solvent (]CH3CN).

TABLE 4 Microscopic Thermodynamic Parameters Obtained for the

Successive Complexation of 2,6-Bis(Benzimidazol-2-yl)Pyridine Units to

Ln3+ to Give [Ln(L7)n]
3+ and [Ln(L13)]3+ in Acetonitrile (0.1 M nBu4ClO4;

Canard et al., 2008)

Microscopic Parameters La Eu Lu

Dg inter
Ln,N3kJ/mol �35(1) �49(2) �51.3(5)

Dg Ln,N3
intra ¼DgLn,N3

inter �RT ln EMLnð ÞkJ=mol �8(1) �8(1) �8.5(4)

DE Ln
N3,N3kJ/mol 5(1) 10(2) 9.8(5)

EMLn M 10�4.8(2) 10�7.3(3) 10�7.63(8)
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The monotonous decrease of Dginter
Ln,N3 along the lanthanide series is reminis-

cent of the expected electrostatic effect, a trend minimized by the operation of

both negative allosteric cooperativity 0<DEN3,N3
La <DEN3,N3

Eu � DEN3,N3
Lu

� �
and unfavorable chelate interaction (EMLu≪EMEu<EMLa<10�4.8 M,

Table 4). According to the competitive reaction pathway proposed by Ercolani

and Schiaffino (2011, Fig. 23) for the thermodynamic rationalization of chelate

cooperativity, positive chelate cooperativity operates for the formation of

[Ln(L13)]3+ when bLn ¼
oM,L

intra

oM,L
inter

EMLn

L13½ �j j ¼
2

3

EMLn

L13½ �j j> 1 (Fig. 25). In other words,

minute free ligand concentrations L13½ �j j< 2=3ð ÞEMLn, i.e., smaller than

10�5 M for [La(L13)]3+ and smaller than 10�8 M for [Lu(L13)]3+, are required

for the intramolecular chelate pathway to become dominant for saturating the

central cation, thus leading to the preferred formation of the mononuclear

macrobicyclic complexes [Ln(L13)]3+closed. Translated for a stoichiometric 1:1

mixing of L13 and Ln3+, positive chelate cooperativity only occurs for total

ligand concentrations smaller than 4�10�3 M (Ln¼La) and 2�10�8 M

(Ln¼Lu) in acetonitrile.

The extreme reluctance of [Ln(L13)]3+ for intramolecular macrocyclization

was assigned by Ryan et al. (2009) to severe constraints occurring within the

sulfur-containing organic tripod. This drawback can be turned into an advantage

for the selective complexation of lanthanide cations with different sizes in

the samemolecular complex [Ln2(L14)]
6+ (Eq. 61 and Fig. 26, Ryan et al., 2012).

L14+mLn3+ Ð Lnm L14ð Þ½ �3m+
bLn,L14m,1 (61)

In the absence of interannular cooperativity (see Section 4.3), the thermo-

dynamic modeling of the cumulative formation constants leading to the

podates [Ln(L14)]3+ and [Ln2(L14)]
6+ can be summarized with Eqs. (62)

and (63) (Fig. 26).

bLn,L141,1 ¼ 12 f Ln,N3inter

� �3
uN3,N3Ln

� �3
EM

prox
Ln

� �2
+ 12 fLn,N2Ointer

� �3
uN2O,N2OLn

� �3
EMdist

Ln

� �2
(62)

bLn,L14
2,1 ¼ 72 fLn,N3

inter

� �3
fLn,N2O
inter

� �3
uN3,N3
Ln

� �3
uN2O,N2O
Ln

� �3
EM

prox
Ln

� �2
EMdist-2

Ln

� �2
uLn,Ln

(63)

No fewer than eight microscopic thermodynamic parameters are required

in Eqs. (61) and (62), while only two experimental stability constants are

available. However, the successive complexation processes leading to

[Ln(L7)3]
3+ and [Ln(L10)3]

3+ are easily modeled with Eqs. (53)–(55) and

they can be used for independently estimating f inter
Ln,N3 and f inter

Ln,N2O (Fig. 27B)

as well as uLn
N3,N3 and uLn

N2O,N2O (Fig. 27D). Among the three different effective

molarities required to model the formation of [Ln(L14)]3+ and [Ln2(L14)]
6+,

that associated with the macrocyclization process involving the N3 binding
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FIGURE 25 Competition between intermolecular and intramolecular complexation processes in the formation of podate [Ln(L13)]3+.



units in [Ln(L14)]3+, EMLn
prox is closely related to EMLn observed for

[Ln(L13)]3+ (Eq. 60) and three unknown parameters remain to be fitted:

EMLn
dist and EMLn

dist-2, which are the effective molarities for the macrocycliza-

tion involving the terminal N2O binding units in the absence, respectively,

in the presence of a lanthanide cation in the proximal N9 coordination site

and uLn,Ln ¼ exp �DELn,Ln=RTð Þ, which represents the intermetallic interac-

tion operating in [Ln2(L14)]
6+. An ultimate approximation considers that each

ligand strand in the tripod ligand L14 acts as a freely joint chain of length d
bridging the two units bound to the same metal. In this context, Kuhn’s theory

predicts that EM∝d�3=2 (Kuhn, 1934; Piguet, 2010) and a simple inspection

of the molecular structures shown in Fig. 26 (bottom) implies that EMLn
prox is

correlated with an end-to-end distance of d¼2�7¼14 Å, EMLn
dist-2 corre-

sponds to d¼ 2�9¼18 Å, whereas EMLn
dist

involves a much larger separation

L14
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FIGURE 26 Complexation reactions leading to the formation of [Ln(L14)]3+ and [Ln2(L14)]
6+

in acetonitrile and associated thermodynamic constants deduced by using the site-binding model

(Ryan et al., 2012). The point groups considered for the calculation of the statistical factors are

mentioned.
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of d¼2� (7+9)¼32 Å. Altogether, the missing effective molarities can be

therefore deduced from EMLn
prox since EMdist-2

Ln =EMprox
Ln ¼ 18=14ð Þ�3=2 ¼ 0:69

and EMdist
Ln =EM

prox
Ln ¼ 32=14ð Þ�3=2 ¼ 0:29 and the contributions of the various

intramolecular processes to the formation of [Ln2(L14)]
6+ become accessible

(Fig. 27C). Finally, the intermetallic interaction can be deduced with Eq. (63)

(Fig. 27E).

The global complexation reaction leading to [Ln2(L14)]
6+ exhibits an

unusual antielectrostatic trend along the lanthanide series (Fig. 27A), which

result from the operation of a standard electrostatic trend found for the inter-

molecular intercomponent affinity (Fig. 27B), which is overcome by an oppo-

site increase in the interligand (Fig. 27D) and intermetallic (Fig. 27E)

repulsions for the smallest cations (i.e., negative allosteric cooperativities).

The reluctance of these tripods for macrocyclization with trivalent lanthanides

is confirmed by the (very) limited contributions of the intramolecular binding

to the overall complexation process (Fig. 27C), but its global invariance along

Ln Ln
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FIGURE 27 Thermodynamic contributions in kJ/mol accompanying the complexation process

leading to [Ln2(L14)]
6+. (A) Global free energy change, (B) sum of the two Ln–ligand intermo-

lecular connections, (C) sum of the four intramolecular Ln–ligand connections, (D) sum of the

six interligand interactions (allosteric cooperativity), and (E) intermetallic interaction (Ln¼La,

Eu, Lu; CH3CN/CH2Cl2 (9:1)+10
�2 M NBu4ClO4, 298 K, Ryan et al., 2012).
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the series makes these complexes good candidates for the size-selective com-

plexation of trivalent lanthanides. The latter set of microscopic thermody-

namic parameters can be used for predicting the stability of the two

heterometallic microspecies for the La/Lu pair, where La(III) either occupies

the proximal N9 coordination site in [LaLu(L14)]6+ (Eq. 64 and Fig. 28, top

center) or the distal N6O3 coordination site in [LuLa(L14)]6+ (Eq. 65 and

Fig. 28, bottom center).

bLa,Lu,L141,1,1 ¼ 72 f La,N3inter

� �3
f Lu,N2Ointer

� �3
uN3,N3La

� �3
uN2O,N2OLu

� �3
EM

prox
Lað Þ2 EM

prox
Luð Þ2 0:69ð Þ2uLa,Lu (64)

bLu,La,L141,1,1 ¼ 72 f Lu,N3inter

� �3
f La,N2Ointer

� �3
uN3,N3Lu

� �3
uN2O,N2OLa

� �3
EM

prox
Lað Þ2 EM

prox
Luð Þ2 0:69ð Þ2uLu,La (65)

Following the concept of the mixing rule (Borkovec et al., 2004), the inter-

metallic interaction operating in the heterometallic complexes can be esti-

mated as the arithmetic mean DELa,Lu ¼DELu,La ¼ 1=2ð Þ DELa,La +DELu,Luð Þ.
This translates into uLa,Lu ¼ uLu,La ¼ e� DELu,La=RTð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uLa,LauLa,La

p
¼ 0:059

for the heterometallic Boltzmann factors, which are finally introduced into

Eqs. (64) and (65) in order to predict log bLa,Lu,L91,1,1

� �
¼ 14:36 for [LaLu

(L14)3]
6+ and log bLu,La,L91,1,1

� �
¼ 12:20 for [LuLa(L14)3]

6+. The speciation

computed in solution at millimolar concentrations for the competitive filling
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FIGURE 28 Predicted (DEmix ¼ 2DELu,La� DELu,La +DELu,Lað Þ¼ 0) ligand distributions in the

microspecies [LaxLu2�x(L14)]
6+ during the titration of L14 with La3+ and Lu3+ in the absence

of ligand dissociation (lutetium mole fractions xLu ¼ Luj jtot= Laj jtot + Luj jtot
� � ¼ 0�1).
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of the two sites of L14 with the La3+/Lu3+ pair shows the predominance

(>90%) of the [LaLu(L14)]6+ isomer for an equimolar mixture of the two

cations (Fig. 28), a prediction in line with the detection of a single heterobi-

metallic complex in the experimental NMR spectra (Ryan et al., 2009).

4.3 Multivalency and the Interannular Cooperativity

Interannular cooperativity is a logical consequence of multivalency (Mulder

et al., 2004), since it arises from the interplay of two or more intramolecular

binding interactions (Ercolani and Schiaffino, 2011). This phenomenon can be

illustrated by the reactions of a single-stranded receptor [M2L] with an excess

of chelating ligands to successively give the double-stranded [M2L2] and

triple-stranded [M2L3] complexes (Fig. 29).

The first ligand molecule L binds to form a ring in [M2L2] that hampers

internal rotation. The connection of a second ligand to give the macrobicyclic

complex [M2L3] may benefit or suffer from the freezing in internal rotation

(entropic contribution) and/or some preorganization of the two remaining bind-

ing sites (enthalpic+entropic contributions), thus leading to either positive or

negative cooperativity. This type of cooperativity is not due to an increase/

decrease of the affinity of the binding site measured by the interligand interac-

tions parameter DEM
L,L (i.e., allosteric cooperativity), but it is the result from an

increase/decrease of the EM controlling the closure of the second ring with

respect to that of the first ring. When the ratio g¼EM2/EM1¼1, no

L

2 2M,LEM1 f inter EM1

M M

[M2L]

M M

M M

[M2L3]

[M2L2]

+ 2

L

+ 

u M
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2 4M,LEM2 f inter EM2u M
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FIGURE 29 Binding of a divalent ligand L to a tetravalent metallic receptors for highlighting

the operation of interannular cooperativity (EM1 6¼EM2). The associated thermodynamic con-

stants are deduced by using the site-binding model.
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interannular cooperativity occurs, but EM2/EM1>1 or EM2/EM1<1 corre-

sponds to positive, respectively, negative interannular cooperativity.

The formation of the polynuclear lanthanide triple-stranded helicates

[Ln2(L15)3]
6+ (Piguet et al., 1993), [Ln2(L16)3]

6+ (Ryan et al., 2013), and

[Ln2(L17-2H)3] (Terazzi et al., 2009) is ideally suited for exploring the emer-

gence of interannular cooperativity since the thermodynamic data systemati-

cally show the formation of an intermediate double-stranded helicate

(a macrocyclic edifice characterized by EM1), followed by that of the final

triple-stranded helicate (a macrobicyclic edifice characterized by EM1�EM2,

Fig. 30). The fit of the thermodynamic stability constants collected for the

complexation of L15, L16, and [L17-2H]2� with Lu(CF3SO3)3 shows that
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FIGURE 30 Application of the site-binding model to the successive complexation of bis-

terdentate ligands to Lu3+ to give binuclear triple-stranded helicates in the absence of interannular

cooperativities (g¼EM2/EM1�1).
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the ratio g¼EM2/EM1 is close to 1.0, and no evidence for interannular coop-

erativity could be detected whatsoever the changes in the rigidity of the ligand

strand (L16 and L17) or the choice of the solvent (Fig. 30). It is worth stres-

sing here that the removal of the covalent tripod found in L14 to give L15

significantly favors the macrocyclization processes since the EM measured

for [Lu2(L14)]
6+ (EML14

Lu ¼ 10�8:0 4ð Þ M, Ryan et al., 2012) increases by four

orders of magnitude in the helicate [Lu2(L15)3]
6+ (EML15

Lu ¼ 10�4:1 4ð Þ M,

Riis-Johannessen et al., 2009).

The situation drastically changes when a rigid aromatic phenyl ring separates

the two terdentate binding unit in L18 instead of the methylene bridge used in

ligands L15–L17 (Fig. 31, Lemonnier et al., 2010). Titration of L18 with

Lu(CF3SO3)3 shows the exclusive formation of the macrocyclic binuclear

double-stranded helicate [Ln2(L18)2]
6+ (crystallized as the cation

[Ln2(L18)2(CF3SO3)4]
2+, Fig. 31), in which the EM amounts to EML18

Lu,1 ¼
10�5:5 3ð Þ M. The extreme reluctance of [Ln2(L18)2]

6+ to bind an additional ligand

to give [Ln2(L18)3]
6+ at millimolar concentration implies that EML18

Lu,2 �
10�12:9 M, which leads to an impressive anticooperative index of g�10�12.9/

10�5.5¼10�7.4 (Lemonnier et al., 2010). A thorough analysis of the crystal

structure observed for the binuclear helicate [Ln2(L18)2(CF3SO3)4]
2+ suggests

that the addition of a third ligand would require severe steric constraints within

the bridges, which are not compatible with the rigid phenyl spacers.

+ 2Lu3+ 

CH2Cl2

3
N N

N

N N

O ON N

N

CH3CN

+ L18

EMLu,L18 = 10–5.5(3) M

EMLu,L18 £ 10–12.9 M

DEL18,L18 = 0(1) KJ/mol

L18

[Lu2(L18)2(CF3SO3)4]2+

[Lu2(L18)3]6+

Lemonnier et al. (2010)

Lu

2

1

FIGURE 31 The successive complexation of two terdentate ligands L18 with Lu3+ gives the

binuclear helicate [Lu2(L18)2]
6+ with negative interannular cooperativity (g�10�12.9/

10�5.5¼10�7.4, Lemonnier et al., 2010).
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5 CONCLUSIONS AND PERSPECTIVES

There is no doubt that the large majority of thermodynamic contributions to

lanthanide coordination chemistry corresponds to main stream activity, in

which stability constants are collected for novel multidentate ligands and

compared with closely related partners displaying minor structural/electronic

variations. Systematic measurements along the complete lanthanide series

are often tedious and time consuming and nowadays scarcely published in

broad-scope journals. According that the profitable aspects linked with tech-

nological applications in medicine, in bioanalytical chemistry, and in separa-

tion sciences require precise and accurate knowledge of the thermodynamic

behaviors, the methodical determination of lanthanide formation constants

in complicated mixtures still remains very active in lanthanide coordination

chemistry. Interpretation of the data is usually limited to the consideration

of the electrostatic trend, and any deviation is analyzed in terms of molecular

specificities, which may be a posteriori justified by theoretical calculations

within the frame of ab initio or DFT methods (Petit et al., 2007). The consid-

eration of the complexation reaction as a two-step process (desolvation

followed by association) in Choppin’s model, combined with the estimation

of both enthalpic and entropic contributions to each process (Eqs. 15–17),

represents an important milestone for rationalizing coordination reactions,

especially in rare earth chemistry where covalent effects are limited. Its main

support arises from the myriad of stability constants empirically gathered by

main stream research, but a theoretical justification to the remarkable axiom-

atic intuition fixing some exact H/S compensation for the desolvation process

was delayed for more than a decade (Ford, 2005a,b; Piguet, 2011; Starikov,

2013; Starikov and Norden, 2007), while its experimental demonstration by

Castellano and Eggers (2013) is only available for the formation of

[Ca(EDTA)]2� in water (DGCa,EDTA
desolv ¼ 1354�3:637T in kJ=mol, where T is

the absolute temperature in Kelvin). To make a long story short, let us say that

any bimolecular complexation process involving a rare earth carrier (solvated

cations, unsaturated complex, etc.) and a ligand binding unit is expected to

display H/S compensation as long as (i) the desolvation entropy is constant

and (ii) the minimum contact distance between the interacting partners (the

rare earth–solvent and the rare earth–ligand pairs) is constant along the

imposed perturbation. The most obvious consequence in lanthanide coordina-

tion chemistry concerns the recurrent minor changes in complexation free

energies (i.e., in stability constants) obtained when (chelate) ligands are

reacted with the trivalent cations along the lanthanide series.

A breakthrough in coordination chemistry arose with the emergence of multi-

step complexation processes, which were thought to shake up classical ther-

modynamics (Pfeil and Lehn, 1992). Thanks to Ercolani (2003), the

different energetic contributions to multistep metal–ligand assembly processes

(statistics, intermolecular, and intramolecular binding) could be judiciously
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addressed, thus leading to the implementation of the extended site-binding

model (Hamacek et al., 2005a,b), which was expanded during the following

years (Hamacek and Piguet, 2006; Hamacek et al., 2006; Piguet, 2010;

Steed and Atwood, 2009). Some deviations from statistical binding rapidly

emerged, but clear-cut concepts rationalizing the different sources of cooper-

ative effects brought by multivalency in supramolecular assembly only

appeared in 2011 (Ercolani and Schiaffino, 2011). The manipulation of

the EM proved to be attractive for controlling both selectivity and moleculari-

ties over large energy domains. Its common roots with the chelate effects

should greatly help coordination chemists to exploit the EM for the design

of sophisticated assemblies. On the other hand, the allosteric cooperativity pro-

duced by interligand (DEL,L) and/or by intermetallic (DEM,M) interactions in

solution is currently underexploited because (i) of its limited magnitude

(Babel et al., 2014) and (ii) of its counterintuitive correlation with classical

coulombic trends (Fig. 32A, Dalla Favera et al., 2010). The use of Born–Haber

thermodynamic cycles for rationalizing the reorganization of the multinuclear

triple-stranded helicates [Lum(L19)3]
3m+ (Fig. 32B) shows that DEM,M indeed

corresponds to a delicate balance between coulombic repulsion and favorable

solvation effects (Eqs. 66–68 where e is the elementary charge, NAv is Avoga-

dro number, and e0 is vacuum permittivity), which are either globally favorable

DELu,Lu
1�3

� �
or unfavorable (DELu,Lu

1�2 and DELu,Lu
1�4 , Fig. 32A, Riis-Johannessen

et al., 2009).

DELu,Lu
1�2 ¼NAv9e

2

4pe0
� 1

dLu,Lu1�2

�2DsolvG
0
Lu L19ð Þ3 +DsolvG

0
Lu2 L19ð Þ3 + 3DsolvG

0
L19

(66)

DELu,Lu
1�3 ¼NAv9e

2

4pe0er
� 1

dLu,Lu1�3

�2DsolvG
0
Lu2 L19ð Þ3 +DsolvG

0
Lu3 L19ð Þ3 +DsolvG

0
Lu L19ð Þ3

(67)

DELu,Lu
1�4 ¼NAv9e

2

4pe0er
� 1

dLu,Lu1�4

�2DsolvG
0
Lu3 L19ð Þ3 +DsolvG

0
Lu4 L19ð Þ3 +DsolvG

0
Lu2 L19ð Þ3

(68)

Building on these results, attempts to modulate DELn,Ln in the related het-

erometallic complexes [La4�xLux(L19)3]
12+ displayed deviations from statis-

tics since the geminal heterometallic La���Lu interaction was found to be

less repulsive than the average of the homometallic ones

(DELa,Lu
1�2 � DELa,La

1�2 +DELu,Lu
1�2

� �
=2 ¼ 2 kJ=mol, Dalla Favera et al., 2007).

Its amplification with an increasing number of metallic cations in the tetranuc-

lear helicate favored the alternating filling of the binding sites to give LaLu-

LaLu and LaLuLuLa as the most stable species for a L19:La3+:Lu3+¼3:1:1

stoichiometric mixture in acetonitrile.
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As far as thermodynamics is concerned, the metallosupramolecular revolu-

tion successfully gathered together different aspects which were previously

addressed separately. The concept of EM is indebted to polymer and material

sciences, while allosteric cooperativity has deep roots in biochemistry and

chelate effects is well known in coordination chemistry. Applied to lanthanide

Attraction

Repulsion

A

B

+

+

2

2

2

ΔELu,Lu = −8 KJ/mol1–3

ΔELu,Lu = +4 KJ/mol1–2

ΔELu,Lu = +18 KJ/mol1– 4

tc-[Lu2 (L19)3 ]
6+
gas

tc-[Lu2 (L19)3 ]
6+
sol

tcc-[Lu3 (L19)3 ]
9+
gas

tcc-[Lu3 (L19)3 ]
9+
sol

t-[Lu (L19)3 ]
3+
gas

t-[Lu (L19)3 ]
3+
sol

ΔsolvG
0  Lu2 (L19)3

ΔG0  sol

ΔG0  gas

ΔsolvG
0  Lu3 (L19)3

ΔsolvG
0  Lu (L19)3

NAV9e2

4πe0

1
d Lu,Lu

1–3

= ΔELu,Lu
1–3

=

FIGURE 32 (A) Intermetallic interactions DELu,Lu measured for the tetranuclear helicate

[Lu4(L19)3]
12+ in acetonitrile and (B) Born–Haber cycle highlighting the physical origin of

DELu,Lu
1�3 (Riis-Johannessen et al., 2009).
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coordination chemistry, the metallosupramolecular approach paves the way

for the rational design of sophisticated discrete objects such as the helicates,

wheels, and clusters. We also note that the minor energy differences produced

by cooperativity in supramolecular assemblies have been exploited for prepar-

ing dynamic combinatorial libraries, in which several microspecies rapidly

interconvert under thermodynamic equilibrium conditions (Albrecht, 2000;

Cougnon and Sanders, 2012; Li et al., 2013; Smulders et al., 2013). The selec-

tion of one particular species via the introduction of a minor thermodynamic

drift is reminiscent of the biological assembly of superstructures (Greig and

Philp, 2001) and this concept is thought by Lehn (2015) as a major issue

for the development of adaptive chemistry. Lanthanide coordination chemis-

try is currently not concerned by this perspective, but the kinetically fast

exchange processes combined with the large variety of controllable coopera-

tive effects which can be implemented are fully compatible with a possible

evolution of the field along this line.

ABBREVIATIONS

cu reference concentration of the standard state

DFT density functional theory

DOTA 1,4,7,10-tetraazacyclodoecane-1,4,7,10-tetraacetic acid

DTPA diethylenetriaminopentaacetic acid

E elementary electrostatic charge

EDTA 2,20,200,2000-(ethane-1,2-diyldinitrilo)tetraacetic acid

EM effective molarity

fac facial

kb Boltzmann’s constant

mer meridional

NAv Avogadro number

NTA 2,20,200-nitrilotriacetic acid

R ideal gas constant

«r relative permittivity or dielectric constant

«0 vacuum permittivity
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1 INTRODUCTION

Fluorescent probes are classically defined as molecules, which emit a specific

spectroscopic response following stimulus with irradiation of a specific wave-

length of light. In recent years, this definition has been expanded to include

nanomaterials and nanoparticles that can serve the same role. The aim of the

fluorescent probe is to detect a specific target, which is typically quantified

by photometry, or qualitatively visualized through microscopy ( Johnson,

1998). Although organisms are known to contain endogenous fluorophores,

such as NADH, flavins, and porphyrins to name but a few (Brandes and
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Bers, 1996), they are not necessarily ideal for most situations. In fact, the poten-

tial of detection or imaging of any given method is, to a great extent, deter-

mined by the physicochemical properties of the fluorophore used (Waggoner,

2006). Thus, the design, synthesis, and application of exogenous fluorescent

probes have become a research area that has garnered significant interest in

the past few decades.

In the design and selection of exogenous fluorescent probes, several cri-

teria must be addressed, particularly taking biological systems and related

applications into consideration (Johnson, 1998; Resch-Genger et al., 2008):

l Delivery: the probe has to be biocompatible in chemical nature and size

with the target and must be dispersible and stable in buffers, cell culture

media, and bodily fluids. It must also be introduced without damaging the

structural and physiological conditions of the target or harming its integrity.

l Targeting: the probe must interact selectively with the targeted entity;

therefore, it is required to possess functional groups for site-specific label-

ing allowing for the discrimination of the region of interest versus the sur-

rounding environment.

l Detectability: the probe must be conveniently excitable, without simultaneous

excitation of the biological matrix, which would otherwise induce autofluor-

escence. It must also be detectable with conventional instrumentation.

l Fluorescence response: the emission of the probe must possess a high

molar absorption coefficient at the excitation wavelength and a high fluo-

rescence quantum yield. Interaction with the target must be detectable

either by imaging or via a spectroscopic response, such as a fluorescence

intensity change or a spectral shift.

There exists a number of fluorescent probes that offer nanometer scale resolu-

tion and which can address some or most of the requirements outlined above.

We discuss these fluorescent probes in detail in the next section.

1.1 Luminescent Probes

1.1.1 Organic Fluorophores

Organic fluorophores are molecules that absorb light of a specific wavelength

and emit light of a different, typically longer, wavelength (a process known as

fluorescence). Examples of organic fluorophores are:

l Molecular systems with a defined chemical structure such as small organic

dyes including rhodamine, fluorescein, and indocyanine green (Waggoner,

2006; Zhang et al., 2002)

l Fluorophores of biological origin like phycobiliproteins and genetically

encoded fluorescent proteins (Shaner et al., 2005)

The optical properties of the organic fluorophores such as the organic dyes

depend on the electronic transitions involved (Table 1; Resch-Genger et al.,
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2008). The emission may originate from an optical transition delocalized over

the whole chromophore (resonant dyes), or from intramolecular charge trans-

fer transitions (CT dyes) (Resch-Genger et al., 2008). Resonant dyes such as

the fluorescein, rhodamine, 4,40-difluoro-4-bora-3a,4a-diaza-s-indacenes, and
cyanine families are typically characterized by several distinct features

including a slightly structured features where the absorption and emission

bands are considered to be comparatively narrow. They also possess a small

Stokes shift that is insensitive to the solvent polarity. These dyes have a typi-

cally high molar absorption coefficient and a moderate/high quantum yield

TABLE 1 Comparison of the Optical Properties of Organic Dyes and QDs

Property Organic Dyes QDsa

Absorption
spectra

Discrete bands, FWHMb

35 nmc to 80–100 nmd
Steady increase toward UV
wavelengths starting from
absorption onset; enables free
selection of excitation
wavelength

Molar
absorption
coefficient

2.5�104–2.5�105 M�1 cm�1

(at long wavelength absorption
maximum)

105–106 M�1 cm�1 at first
excitonic absorption peak,
increasing toward UV; larger
(longer wavelengths) QDs
generally have higher
absorption

Emission
spectra

Asymmetric, often tailing to
long-wavelength side; FWHM,
35 nmc to 70–100 nmd

Symmetric, Gaussian profile;
FWHM 30–90 nm

Stokes shift Normally <50 nmc, up to
>150 nmd

Typically <50 nm for visible -
emitting QDs

Quantum
yield

0.5–1.0 (visiblee), 0.05–0.25
(NIRe)

0.1–0.8 (visible), 0.2–0.7
(NIR)

Fluorescence
lifetimes

1–10 ns, mono-exponential
decay

10–100 ns, typically multi-
exponential decay

Two-photon
action cross
section

1�10�52–
5�10�48 cm4 s photon�1

(typically about
1�10�49 cm4 s photon�1)

2�10�47–
4.7�10�46 cm4 s photon�1

aEmission wavelength regions for QDs (approximate): CdSe, 470–660 nm; CdTe, 520–750 nm; InP,
620–720 nm; PbS>900 nm; and PbSe>1000 nm.
bFWHM, full width at half height of the maximum.
cDyes with resonant emission such as fluoresceins, rhodamines, and cyanines.
dCT dyes.
eDefinition of spectral regions used here: visible, 400–700 nm; and NIR, >700 nm (Resch-Genger
et al., 2008).
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associated with their fluorescence. In contrast, CT dyes, such as those belong-

ing to the coumarin family, show well separated but broader absorption and

emission bands in polar solvents. These features are also structureless.

A large Stokes shift is also observed and is sensitive to the solvent polarity

impacting their spectroscopic properties. Their quantum yield is moderate or

high although CT dyes absorbing or emitting in the near-infrared (NIR) region

of the spectrum typically have low fluorescence quantum yields.

Organic fluorophores have been widely used as fluorescent probes for

in vitro assays and in vivo imaging (Yuste, 2005). Green fluorescent proteins

have allowed systematic imaging studies of protein localization in living cells

and the structures and the functions of subcellular components (Tsien, 1998).

Rhodamine, fluorescein, cyanine, and dipyrroylmethane have been used as core

structures in tracking changes in intracellular pH or ions (e.g., Ca2+ and Zn2+)

(Han and Burgess, 2009). Although organic dyes have been and continue to

be used successfully, many significant limitations persist (Chen et al., 2014b).

Dye-based imaging is usually limited in its detection power due to a pro-

cess known as autofluorescence, whereby both the analyte and the surround-

ing environment are concomitantly excited resulting in multiple emissions

and limited detection sensitivity. Another significant problem related to the

use of organic dyes lies in the fact that organic molecules tend to undergo

photobleaching (or photodegradation) over a period of time due to the interac-

tion with the excitation radiation (typically UV or visible light). As the

organic fluorophore degrades with time (over the course of the analysis), its

optical response deteriorates resulting in decreased detection sensitivity and

reliability, as well as in the decrease of the signal-to-noise ratio. Moreover,

most small organic dyes, such as fluorescein isothiocyanate for example, are

strongly phototoxic, and produce reactive oxygen species in the excitation

process, which in turn can result in the unwanted oxidation of several

biological components in the system under study. Moreover, the large major-

ity of these organic fluorophores are hydrophobic. As such, dispersibility and

transport in aqueous media is very challenging. This problem may be

addressed via the use of hydrophilic fluorophores; however, these dyes may

still demonstrate a poor ability in crossing cellular membranes. Finally, with

respect to targeting and drug delivery, organic fluorophores lack the structure

necessary to develop a scaffold system capable of multimodal functionalities

for targeting (example with antibodies, peptides, or nucleic acids), diagnos-

tics, and therapeutics. The chemical modification and purification may thus

become relatively sophisticated.

1.1.2 Quantum Dots

With the emergence of nanomaterials, much of the work over the last two dec-

ades has focused on alternatives to organic dye-fluorescent labels and princi-

pally on QDs. Quantum dots are inorganic semiconductors with electronic
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properties that are deemed to fall in between the bulk and molecular phases.

These nano-scaled inorganic materials are typically composed of groups II–VI

or III–V elements (CdSe or CdTe for example) (Alivisatos, 1996). They pos-

sess unique optical properties, which stem from the fact that their physical

dimensions (typically 2–10 nm) are smaller than the exciton Bohr radius

(the distance between an electron in the conduction band and the hole it leaves

behind in the valence band) (Han and Burgess, 2009). Excitation using a pho-

ton promotes some of the electrons, in the valence band, to higher excited

energy states, in the conduction band. Following de-excitation and the return

of an electron to its ground state, a photon of a frequency equivalent to the

band gap is emitted. As the QD size changes so does the band gap, meaning

that the optical properties are directly related to the QD size (Table 1). This is

known as the quantum confinement effect (Han and Burgess, 2009). The fluo-

rescence emission of QDs can be tuned from near ultraviolet to near infrared

by varying their size and composition.

QDs possess broad excitation profiles yet show relatively narrow emission

spectra in comparison to organic dyes. They also possess large Stokes shifts

that reduce autofluorescence and increase sensitivity (useful for multiplexing

analysis under excitation of single wavelength) (Han et al., 2001). These QDs

also show a very high quantum yield and are �10–20� brighter than organic

dyes. They are highly resistant to photobleaching due to their stable inorganic

composition. Finally, their surfaces may be modified relatively easily, allow-

ing for the introduction of additional functionality exploiting the surficial

chemical groups available from capping ligands or on the surface of a silica

shell for example (Chan and Nie, 1998).

Owing to their optical properties, QDs have attracted considerable atten-

tion, as fluorescent probes, for in vitro and in vivo applications, in engineered

biosensor development, as photodynamic therapy agents or sensitizers and in

theranostic platforms (Biju et al., 2010; Ho and Leong, 2010; Zrazhevskiy

et al., 2010). For example, Gao et al. reported a clinically translatable fluores-

cent nanoprobe for tumor imaging in living mice with targeting peptide

RGD2-modified Dendron-coated InP/ZnS core/shell QDs. The nanoprobe fea-

tured NIR emission, good biocompatibility and stability, reasonable size, and

renal clearance. This nanoprobe fulfilled most of the requirements for clinical

translation; so, it was recommended as a potentially useful nanoplatform for

preclinical biomedical research (Gao et al., 2011). In vivo imaging of the gas-

trointestinal tract of living mice was performed using poly(lactic-co-glycolic

acid) (PLGA) microparticle-encapsulated CuInSexSe2�x/ZnS QDs as a dis-

tinct visible fluorescent marker (Panthani et al., 2013). This assembly was

conjugated with an oral vaccine and applied in mice for tracking.

Advances in the development of QDs have made possible the synthesis of

QDs with emission in the NIR-I (750–900 nm) to NIR-II (1100–1400 nm)

regions of the spectrum allowing scientists to image in the first and second

biological optical windows, respectively. As a consequence, the imaging
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depth has been improved down to 10–100 mm (Dong et al., 2013). Per-

fluorocarbon (PFC)/[CdSe/ZnS QDs] nanocomposite emulsions were used

by Lim et al. as biomarkers to label immunotherapeutic cells for detection

and localization of labeled cells in living mice. It was demonstrated that

a combination of optical/magnetic resonance imaging (MRI) leads to the

differential visualization of macrophages, dendritic cells, and T cells (Lim

et al., 2009).

For single-particle imaging and tracking applications, QDs are superior to

most organic fluorophores due to photostability, which allows single-

fluorophore tracking for much longer times than with organic fluorophores

(Resch-Genger et al., 2008); the intermittence in emission (also referred as

“blinking”) before considered a drawback for single-molecule applications

was addressed by Ren et al. The authors demonstrated that by controlling

the structure and concentration of thiol ligands on the surface of QDs, the

blinking may be eliminated. This elimination is attributed to the suppression

of QDs surface traps by thiol ligands (Dong et al., 2014).

One of the main concerns in using QDs is the toxicity of the heavy metal

ions that comprise this type of nanoparticles. In this regard, a significant body

of research has been dedicated to the potential degradation and breakdown of

the QDs and possible leakage of these elements from the nanocrystals over

time, upon illumination or oxidation (Hoshino, 2004; Ma, 2006; Zhang

et al., 2006b). Moreover, the chemical toxicity of the QD itself is not the only

aspect in question. Safety concerns need to be addressed regarding the

ligands, coatings, or capping agents used as they may as well contribute to

undesirable effects and could increase the cytotoxicity of the QD probe

(Lewinski et al., 2008). It is noteworthy that in the latter case, the concern

for potential toxicity of the molecules functionalized onto the surface could

probably be extended to all nanoparticle systems.

1.1.3 Lanthanide-Doped Nanoparticles

In the past decade, lanthanide-doped nanoparticles have emerged as an attrac-

tive alternative to current imaging probes. Unlike organic dyes, they do not

suffer from photobleaching; hence, the optical signal measured throughout

the course of an analysis remains constant. Unlike semiconducting QDs,

lanthanide-doped inorganic nanoparticles are insulators implying that they

possess an extremely wide band gap and hence the quantum confinement

effect is not observed in contrast to QDs (Hecht, 1993).

A change in size of these lanthanide-doped nanoparticles does not impart

drastic changes in their luminescence behavior, which typically yields a vary-

ing spectrum of emission colors in QDs. Instead, size-related effects result in

changes to the crystal phase, morphology, or the extent of surface defects

(Suljoti et al., 2008). The luminescent behavior can be tailored to emit from

the UV to the IR region of the electromagnetic spectrum via dopant selection

and concentration.
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Generally, luminescent probes rely on single photon excitation using UV

light (high energy light) resulting in emissions at lower energies (Stokes emis-

sion). Multiphoton excitation may be possible with dyes or QDs; however, it

requires a very high photon density as opposed to lanthanide ions. The latter

can be excited using NIR light (low energy) and emit in the UV, VIS, or NIR

regions (higher energy light known as anti-Stokes emission) using low power

densities (Auzel, 2004). This multiphoton process is known as upconversion.

With respect to biologically oriented, and especially in vivo, applications,
upconversion is highly interesting (Chatterjee et al., 2008; Lim et al., 2005,

2009; Wang and Li, 2006) as it can circumvent the requirement for UV or vis-

ible light as principle source of excitation of the optical probe. In addition,

NIR light does not excite the surroundings virtually eliminating autofluores-

cence. Furthermore, in contrast to UV light, NIR light offers significantly bet-

ter penetration depth in tissue systems (K€onig, 2000), does not impart damage

to the sample under study, and is less prone to scattering. Unlike most other

two-photon absorption (TPA) materials where emission occurs via “virtual”

excited states, excitation of Ln3+ ions such as Er3+ or Tm3+ proceeds via

“real” electronic states of long lifetimes and thus high power, ultrafast lasers

are not required for efficient excitation. In fact, excitation can be carried out

using commercially available cheap continuous wave NIR diodes.

Lanthanide-doped nanoparticles therefore offer a significant advantage rela-

tive to current imaging probes and may offer a succinct advantage in biologi-

cally oriented applications (Chen et al., 2015; Zheng et al., 2015).

1.2 Upconversion

The fundamentals of the studies in upconversion began in 1959 through the

work of Bloembergen, who proposed the idea to construct a device capable

of detecting and counting IR photons using an upconverting material in a solid

matrix (Bloembergen, 1959). During 1960s, Auzel extensively studied upcon-

version processes and proposed a mechanism, which occurs via energy trans-

fers between excited state ions. Auzel reported a detailed review on the

history and fundamentals of upconverting materials in 2004 (Auzel, 2004).

Conventionally, lanthanide luminescence, in both micro- and nano-sized

materials, is observed upon direct excitation into an excited state followed

by emission and return of the excited ion to its ground state. A suitable exci-

tation source such as a laser, of a wavelength resonant with the energy gap

separating the ground and excited states, is required. High energy light ema-

nating from the excitation source (UV or visible for example) is therefore con-

verted to UV, visible, NIR, or IR light, light of lower energy than the source.

This process is shown for the erbium ion in Fig. 1. A 488 nm excitation source

(an argon gas laser for example) is used to excite the erbium ion and promote

it to the 4F7/2 excited state after which a non-radiative decay to the lower lying
2H11/2 and 4S3/2 energy states occurs, which is followed by green emission
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upon relaxation of the ion to the ground state. This non-radiative decay is

mediated by phonons (lattice vibrations). A second possibility involves further

non-radiative decay to the lower lying 4F9/2 state resulting in red visible emis-

sion. Additional non-radiative decay pathways may result in the population of

the 4I11/2 and
4I13/2 states and subsequent NIR and IR emissions, respectively.

An alternative method to achieve lanthanide emission is through a pro-

cess known as upconversion. In its simplest definition, upconversion is a

process where low energy light such as NIR is converted to higher energy

light such as UV, visible, or even NIR (with a wavelength shorter than the

excitation source). Hence, following excitation, a system relaxes via the emis-

sion of photons of higher energy than those absorbed through the excitation

process (Auzel, 1966a, 1973, 2004; Scheps, 1996). It is a multiphoton process

involving at least two photons. Unlike other multiphoton processes, absorp-

tion of the photons is sequential and not simultaneous. One of the most impor-

tant requirements is the presence of a metastable absorbing state, located

between the ground and emitting states, that acts as a population reservoir

(Scheps, 1996).

Upconversion offers an interesting alternative to conventional direct exci-

tation for a myriad of reasons. First, upconversion luminescence may be

achieved using highly compact, commercially available, and cheap semicon-

ductor diodes. In fact, in some cases, upconversion may be observed using

sub 20 mW cm�2 surficial powered diodes similar to those found in laser

pointing devices. Second, in order to achieve upconversion, a NIR source is

typically used. The use of NIR light to generate emission spanning the
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FIGURE 1 Erbium ion emission following direct excitation into the 4F7/2 energy level (single

photon absorption) using an excitation wavelength of 488 nm.
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UV-NIR region of the electromagnetic spectrum is of great interest and

importance as it opens up novel avenues in multiple research areas. One

such area is in the field of display devices where upconverting nanophos-

phors can be used to replace their conventional micro-sized counterparts.

The requirement for compact diode sources for excitation provides the

advantage of the miniaturization of the technology rendering possible thinner

and lighter displays and resulting in a significant reduction of materials

required for manufacturing. It can also potentially render the research and

development, production and recycling/recovery processes more “green” and

ecologically oriented.

There are four major mechanisms by which upconversion may occur,

namely, excited state absorption, energy transfer upconversion, cooperative

upconversion, and photon avalanche upconversion. These mechanisms may

occur alone or simultaneously and have been widely studied (Auzel, 2004;

Gamelin and Gudel, 2001).

1.2.1 Excited State Absorption

Excited state absorption (ESA) involves the sequential absorption of two or

more photons promoting an ion from the ground to an excited state

(Bloembergen, 1959; Scheps, 1996). This process results in upconversion fol-

lowing the radiative relaxation of the ion back to its ground state. In Fig. 2,

ion X is in its ground state. An incoming pump photon of a wavelength reso-

nant with the energy gap separating ground state G and excited state E1 will

promote the ion to this excited state (step ①). A second incoming pump pho-

ton promotes the ion to a higher excited state, E2 (step ②), followed by emis-

sion (green for example) and relaxation of the ion to its ground state.

Assuming the energy gap separating G!E1 and E1!E2 are equal, the same

pump wavelength may be used otherwise multi-pumping sources are required.

Ion X

G

E1

E2

hn

hn

2

1

FIGURE 2 A general mechanism for excited state absorption upconversion.
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In this case, there may be requirements to mitigate certain issues pertaining to

beam alignment and differing pump efficiencies. The rate equation for ESA

can be summarized as follows:

WG,E1
nG ¼ WE1,E2

nE1
+
nE1

tE1

(1)

where WG,E1
and WE1,E2

are the pump rate coefficients from the G to E1 and

E1 to E2 levels, respectively. The terms nG and nE1
are the populations of the

ground state, G, and the intermediate excited state, E1, respectively. Finally,

tE1
is the lifetime of the E1 energy level. In the case of fixed pump intensities,

the metastable state (E1 in this case) population caries directly with the meta-

stable state lifetime (Scheps, 1996).

ESA is considered to be the least efficient among the four major mechan-

isms (Auzel, 2004); however, Chen et al. demonstrated the obtention of a lumi-

nescence quantum yield of approximately 1.2% in LiYF4:Er
3+ upconverting

nanoparticles. A value comparable to those exhibited by Er3+/Yb3+ co-doped

materials (Chen et al., 2011a).

1.2.2 Energy Transfer Upconversion

Energy transfer upconversion (ETU) occurs via the transfer of energy between

a neighboring pair of ions where one ion acts as a donor of energy, while the

second acts as an acceptor of energy. The donor ion concentration usually

ranges from 10X to 50X that of the acceptor concentration. This upconversion

process requires only a single pump wavelength and hence alignment and

pump efficiency issues are not relevant. The existence of a metastable state

is very important in ETU processes as the intermediate energy levels act as

population reservoirs. A simplified mechanism of energy transfer upconver-

sion is summarized in Fig. 3.

In this upconversion process, an incoming pump photon, corresponding to the

energy gap separating states G and E1, promotes both donor ions Y (usually an

ion with a high absorption cross section) to the intermediate excited state E1 (step

①). In the second step (step ②), a non-radiative energy transfer from the donor

ion Y to the acceptor ion X results in the promotion of the latter to its excited

state E1 after which a second energy transfer promotes the acceptor ion to excited

state E2 (step ③). This non-radiative energy transfer may occur in two ways:

(a) If the energy difference between the G and E1 states of the donor is reso-

nant with the E1 to E2 transition of the acceptor, then the energy transfer

occurs before the donor relaxes radiatively to its ground state G.

(b) If there is an energy mismatch between G and E1 and E1 as well as E2,

then the energy transfer must be phonon-assisted in order to meet the res-

onance absorption condition.

Following the energy transfer, the donor ion relaxes to their ground state

while the acceptor ion, now in E2, undergoes a radiative decay with emission
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and returns to its ground state. The upconversion emission rate in ETU can be

expressed as follows:

2gn2E1
+
nE1

tE1

¼ WG,E1
nG (2)

where g is the ion pair cooperative upconversion rate coefficient, and nE1
and

tE1
are the population density and lifetime of the E1 intermediate energy level,

respectively. The factor of 2 in Eq. (2) accounts for the fact that two energy

quanta from intermediate excited state E1 are required to produce an ion in

level E2. For a given pump intensity, the emission rate of the ETU process

increases with an increase in the metastable transition lifetime (Scheps, 1996).

The energy transfer in this mechanism occurs through dipole–dipole inter-

actions and can occur as long as there is a columbic overlap between the two

electronic systems. This is dependent on the overall dopant ion concentration

due to the increased proximity of neighboring ion pairs that facilitate the

energy transfer process. In fact, the energy transfer rate varies as r�6, where

r is the separation distance between two ions.

The ETU mechanism efficiency is also influenced by the choice of donor

and acceptor ions, as well as their respective concentrations (Auzel, 1966a,b;

Scheps, 1996). This not only affects the upconversion process efficiency, but

can also serve to tailor the optical signature of the materials. This was docu-

mented earlier in the past decade. For example, varying the concentrations of

the dopant ion pairs, Er3+ and Yb3+, in Y2O3 nanoparticles could be used to

fine-tune the green to red emission ratio in erbium (Capobianco et al., 2002).

This work was also reported in colloids where the blue, red, or NIR emissions

of LiYF4 co-doped with Tm3+/Yb3+ could be modulated by design to enhance

certain transitions at the expense of others (Mahalingam et al., 2009).
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FIGURE 3 A general mechanism for energy transfer upconversion.
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The ETU mechanism is prominent in co-doped systems; however, ESA

cannot be completely ruled out. In fact in many cases, both mechanisms

may be operative with a strong emphasis on ETU in co-doped materials.

Upconversion through ETU will result in an appearance of a rise time attrib-

uted to the non-radiative energy transfer between donor and acceptor in time-

resolved measurements.

1.2.3 Cooperative Upconversion

Cooperative upconversion, a mechanism distinguished by second-order elec-

tronic transitions, occurs between a pair of ions and a third, single ion in an

upconverting material (Fig. 4). In this process, two ions Y are both excited from

the G to the E1 excited energy level (step ①). In the second step ②, a non-

radiative energy transfer occurs between ions Y and X due to their close prox-

imity, causing ion X to be excited to E1 and ion Y to be de-excited to the

ground state non-radiatively. Then, the second Y ion still in its excited state

can simultaneously transfer its energy causing the excitation of ion X to the

E2 energy level (step ③), followed by a radiative emission from the latter in

the visible region. This mechanism is observable only when the pump intensity

is as high as 105 W cm�2 by using a cw laser confining the light in an optical

waveguide with a 1–10 mm mode diameter (Sivakumar and Veggel, 2007).

1.2.4 Photon Avalanche

This mechanism is characterized by three nonlinear behaviors: transmission,

emission, and rise time. Photon avalanche upconversion is dependent on the

pump power and shows slow response times (Joubert, 1999; Scheps, 1996).

Ion X
G

E1

hn hn

Ion Y
G

E1
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Ion Y

1 1

2

3

FIGURE 4 A general mechanism for cooperative upconversion.
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Figure 5 shows the diagram for the general mechanism. In this process, an elec-

tron of ion X is promoted from the ground state G to the second metastable

excited state, E2 (step ①). In the second step (step ②), a relaxation of this elec-

tron from E2 to E1 results in: (i) excitation of an electron in G to the E1 state in

the same ion or (ii) the excitation of an electron from G to E1 in a neighboring

ion X via ion pair relaxation energy transfer processes. The energy of the irradi-

ation is absorbed by the electrons populating the E1 energy level resulting in the

promotion to the E3 level, followed by a non-radiative relaxation and a ion pair

relaxation energy transfer, promoting electrons from the G to E1 in the same or

in the neighbor ion (step ③). This latter process of excitation is repeated, result-

ing in an exponential increase of the population of the E3 energy level and a

radiative relaxation from the E3 to the G state (Auzel, 2004). The basic under-

lying principle of this mechanism is the production of two ions due to photon

absorption and subsequent energy transfer, by one ion in the metastable state.

Two ions will produce 4 ions and 4 ions will produce 8 ions and so on resulting

in an avalanche of photons. It is noteworthy to mention that the avalanche pro-

cess requires a power threshold below which the mechanism cannot be

observed. The emission rate for this process can be described as follows:

Wth
E1,E3

¼ WE1,G kq + WE3

� �
kq� xWE3

(3)

where kq is the cross relaxation coefficient and Wth
E1,E3

is the threshold rate

coefficient. A low threshold in the avalanche mechanism is associated with

Ion XIon X
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FIGURE 5 A general mechanism scheme for photon avalanche.
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high ion pair relaxation rate coefficients and a long metastable state lifetime.

Due to its unusual nature, the presence of an operative photon avalanche

mechanism is usually easily verified and is observed as a threshold in the

upconversion emission intensity at one specific pump power. A pump

power-upconversion emission study would also show a change in the upcon-

version luminescence intensity with a break in the slope and a quadratic

increase.

2 UPCONVERTING NANOPARTICLES

Upconverting nanoparticles (UCNPs) are lanthanide-doped nano-sized crys-

tals that possess the unique optical property of converting low energy light

(NIR) into a higher energy counterpart (UV or visible) through the sequential

absorption of multiple photons or via energy transfer processes. The agents

responsible for this conversion are predominantly lanthanide ions introduced

as dopants in inorganic hosts (Auzel, 2004).

2.1 The Choice of Host and Lanthanide Dopant Ions

2.1.1 Choice of Host

The host plays a very important role in the upconversion (UC) process, partic-

ularly as it can dictate the luminescence efficiency. In fact, an ideal host needs

to possess high chemical stability in order to ensure that the physical integrity

of the nanomaterial is preserved. It should ideally possess low lattice phonon

energies in order to minimize non-radiative processes including non-radiative

decay and return to the ground state, while maximizing the radiative emission

component (Wang and Liu, 2009). To date, UC processes at the nanoscale have

been studied in a myriad of host matrices including fluorides (e.g., NaYF4,

NaYbF4, NaGdF4, NaLaF4, LaF3), oxyfluorides (e.g., GdOF), oxides (e.g.,

La2O3, Lu2O3, Y2O3), halides (e.g., BaCl2, CsCdBr3, Cs3Y2I9), oxysulfides

(e.g., Y2O2S), phosphates (e.g., YPO4), and vanadates (e.g., YVO4) (Güdel

and Pollnau, 2000; Zhang et al., 2010c; Zhou et al., 2012). Upon comparison

of the aforementioned matrices, chloride, bromide, and iodide hosts exhibit very

low phonon energies (�300 cm�1), which is ideal for higher efficiencies of the

UC process; however, they are chemically unstable. As such, they are not gen-

erally regarded as suitable hosts. Moreover, being prone to chemical degrada-

tion suggests that these hosts may not be suitable in display and lighting

applications, or in biology. In contrast to the halides, oxides exhibit high chem-

ical stability accompanied with phonon energies larger than 500 cm�1,

a phonon energy that is considered to be relatively high. Fluoride hosts offer

an acceptable compromise. They possess low phonon energies (�350 cm�1)

and high chemical stability. It is in this regard that the fluorides have garnered

significant attention particularly in biological applications of UCNPs (Chen

et al., 2015; Zhang et al., 2014; Zhou et al., 2012).
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Heer et al. reported the dependence of the UC emission efficiency in

NaYF4 on the crystal phase of the host matrix. Hexagonal NaYF4 was shown

to exhibit UC efficiency emission of about one order of magnitude greater

than cubic NaYF4 (Heer et al., 2004). This dependece was addressed by

Renero-Lecuna et al. The authors stated that the symmetry reduction from

cubic to hexagonal host, offers a more highly disorder structure accompanied

by a vast site distribution, that favours the electronic coupling between 4f

energy levels and higher electronic configuration. Thus, increasing f-f transi-

tion probabilities of dopant ions. (Renero-Lecuna et al., 2011)

Core–shell systems using fluoride hosts significantly increase the UC effi-

ciency. Huang et al reported the synthesis of LiLuF4:Ln
3+@LiLuF4 core–shell

upconverting nanoparticles with values of quantum yields of 5% and 7.6% for

Er3+ and Tm3+, respectively. This higher UC efficiency is attributed to the

isolation of the active emissive centers using a shell (Huang et al., 2014).

2.1.2 Single Ion Dopant

Lanthanide ions such as Er3+, Tm3+, and Ho3+ have multiple metastable excited

energy levels that favor UC processes (Fig. 6) (Wang and Liu, 2009)). In order

to generate UC emission, the following conditions need to be met:

(a) The ion must have almost equally spaced energy levels to facilitate

excited state absorption (ESA) (see Section 1.2.1). Wang et al. discussed

an example that facilitates the understanding of this requirement. The

energy level diagram of Er3+ is shown in Fig. 6. It can be estimated that

the energy difference between the 4I11/2 and 4I15/2 ground state in Er3+

amounts to �10350 cm�1. This energy gap is almost equal to the energy

gap separating the upper excited state, 4F7/2, and the intermediate state,
4I11/2 (�10370 cm�1). Thus, upon 970-nm excitation, it is possible to

excite the ion from the ground state to the intermediate level via ESA,

followed by a second photon absorption, which will further excite the

ion to the 4F7/2 followed by radiative UC emission (Wang and Liu, 2009).

(b) To have a low probability of non-radiative multiphonon relaxation transi-

tions. This process is represented by dotted arrows in Fig. 6. The rate of

these non-radiative transitions (knr) is a parameter that depends on an

empirical constant of the host (b), the energy gap between the populated

level and the next low-lying energy level of Ln3+ (DE), and the highest

vibrational energy mode of the host lattice (ℏomax) as expressed in

Eq. (4) (Van Dijk and Schuurmans, 1983).

knr ffi e �b DE
ℏomax

ð Þ (4)

Thus, based on this equation, the multiphonon relaxation rate decreases

exponentially with increasing energy gap. Among the lanthanides, both

Er3+ and Tm3+ possess relatively large gaps separating intermediate

or excited states from the ground state thus lowering the probability of

Near-IR Triggered Photon Upconversion Chapter 273 287



20

15

10

5E
/(

10
3  

cm
–1

)

0

Tm3+

Ho3+

Er3+

4F3/2

2H11/2
4S3/2

4F9/2

4I9/2

4I11/2

4I13/2

4I15/2

1G4
20

15

10

5

0

20

15

10

5

0

5/2
7/2

3F2

3H4

3H5

3F4

3H6

5F5

5F4,5S2

5F1,5G8

5I4
5

6

7

5I8

2
3

E
/(

10
3  

cm
–1

)
E

/(
10

3  
cm

–1
)
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non-radiative transitions. As a result, both ions are typically incorporated

as dopants in the host matrix (Wang and Liu, 2009).

(c) To maintain low concentration of the dopant ion. This is necessary in

order to control the distance separating neighboring ions to avoid cross-

relaxation processes that may occur, and which are non-radiative in

nature. These processes are typically responsible for emission quenching

and ultimately a decrease in the UC efficiency (Wang and Liu, 2009).

2.1.3 Multiple Ion Doping: The Activator–Sensitizer System

The majority of the lanthanide ions exhibit low absorption cross sections and

consequentially, they do not show high pump efficiency. Thus, the overall UC

efficiency for singly doped nanocrystals is generally low (Wang and Liu,

2009). In order to enhance the UC efficiency, co-doping with a second ion

in the host crystal is generally utilized. In this case, this second ion must have

a high absorption cross section that will allow it to build a population reser-

voir, which can be used for energy transfer processes to the other ion. The

ion with the high absorption cross section will act as a sensitizer, while the

emitting center to which the energy transfer will act as the activator.

Co-doping favors the more efficient ETU mechanism (see Section 1.2.2)

due to the necessary energy transfer that must occur from the sensitizer to

the activator. Among the lanthanides, the Yb3+ ion has an absorption band

with a high absorption cross section (largest among the lanthanide ions) at

approximately 980 nm and corresponding to the 2F7/2! 2F5/2 transition.

The 2F7/2 ! 2F5/2 transition is the only one in Yb3+ and as such there exist

no other transitions where non-radiative decay can play a major role. The

energy gap separating the two levels of ytterbium is resonant with the f–f tran-

sition of many activator ions (e.g., Er3+ and Tm3+). In Fig. 7, the visible and

NIR emissions that can be obtained following UC, via an ETU process, using

Yb3+ as the sensitizer ion and Er3+ and Tm3+ as activator ions are shown. It is

important to remark that both ion couples show the highest upconversion effi-

ciency when introduced in hexagonal phase NaYF4. The concentration of the

sensitizer is typically selected to be between 18 and 25 mol% and it is usually

10–50� higher than the concentration of the activator (0.5–2 mol%) (Haase

and Schafer, 2011; Wang and Liu, 2009).

Other approaches to enhance the UC efficiency such as core–shell struc-

tures, the introduction of other dopants such as Gd or Lu, and the use of metal

plasmonic materials have been reported and are addressed in Section 3.

2.2 Synthesis

Various synthetic methods have been developed in order to prepare

lanthanide-doped UCNPs with the aim of obtaining high luminescence effi-

ciencies. Indeed, great efforts have been oriented to optimize the synthesis

procedures for UCNPs that would allow for their integration in biological
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applications. UCNPs used in this type of applications (e.g., in vitro and in vivo
imaging, drug delivery, therapeutics) must fulfill certain requirements such as

being mono-dispersed, possessing a narrow size distribution, be monophasic,

and finally be dispersible in aqueous media (e.g., water, saline solution,

phosphate-buffered saline (PBS)).

Among the synthetic routes for preparing UCNPs, the most widely used

methods are thermal decomposition, hydro(solvo) thermal, and coprecipita-

tion. These aforementioned syntheses are discussed in detail in

Sections 2.2.1–2.2.3. We also discuss some of the other synthetic routes pre-

viously reported. For the sake of brevity, a general overview is provided in

Table 2 (Dacosta et al., 2014), and a list of the advantages and disadvantages

of the nanomaterials is prepared using other not so common synthetic

approaches.

2.2.1 Thermal Decomposition Method

This method is one of the most commonly used procedures for the preparation

of alkali lanthanide tetrafluoride UCNPs such as NaYF4 (Boyer et al., 2006,

2007), NaGdF4 (Vetrone et al., 2009), NaLuF4 (Liu et al., 2011b), LiYF4
(Liu et al., 2013b), and KGdF4 (Wong et al., 2011).

The general procedure for the preparation of alkali lanthanide tetrafluoride

UCNPs starts by the preparation of lanthanide trifluoroacetate precursors from

the reaction between lanthanide oxides and trifluoroacetic acid. The alkali
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TABLE 2 General Overview of Some Synthetic Methods of Lanthanide-Doped UCNPs (Dacosta et al., 2014)

Synthetic Strategy Process Advantages Disadvantages Materials Prepared

Arrested
precipitation

Poorly soluble;
product
precipitated
within a template
or confined space

Simple and fast
reaction, cost-
effective, does not
require high
temperatures or
pressure

Little control over
particle shape and
size, aggregation is
typical, high
temperature post
reaction annealing/
calcinations step
required resulting in
aggregation

LuPO4

YbPO4

NaYF4

BaYF5

Y3Al5O12

Y2O3

LaPO4

NaGdF4

Microwave-assisted
synthesis

Uses
0.3–300 GHz
microwave
irradiation to heat
reaction mixtures

Increased reaction
rates, milder reaction
conditions,
decreased energy
consumption, high
reproducibility

Requires specialized
microwave
irradiators, limited
solvent choice (must
be effectively heated
by microwaves)

Y2O3

InGaP

InP

M2O3 (M¼Pr, Nd, Sm, Eu, Gd, Tb, Dy)

NaYF4

LiYF4

GdF3

Microemulsion or
reverse micelle
method

Uses the interior
aqueous
environments of
reverse micelles in
organic solvents
as nano-scale
reactors

Very versatile,
reproducible,
produces
homogeneous
monodisperse
materials, control
over size, and
morphology of
produced materials

Organic solvents
being used, very
limited production
capacity since relying
on amount of
aqueous phase that
can be solubilized,
and precursor
concentrations

NaYF4

Y2O3

Gd2O3

YVO4

XO2 (X¼Ce, Sn, Zr)

SrTiO3

Sr2TiO4

Ba2TiO4

XZrO3 (X¼Sr, Ba, Pb)



trifluoroacetate is dispersed in a mixture of a high boiling point solvent

(1-octadecene containing the capping ligand, oleic acid, or oleylamine). The

resulting solution is then heated to approximately 150 °C under vacuum with

stirring for 30 min to remove residual water and oxygen. The temperature of

the mixture is then increased under a flow of argon to reach a value slightly

above the decomposition temperature (>300 °C). Simultaneously, the lantha-

nide precursors, which are well dispersed in the same mixture of organic sol-

vents, are heated to 125 °C and injected at a constant rate to the previously

described solution (Boyer et al., 2006). Once the lanthanide trifluoroacetate

precursors are injected, a rapid nucleation burst occurs due to the fast decom-

position of the precursors with temperature (Dacosta et al., 2014). The growth

kinetics mechanism of the UCNPs follows LaMer mechanism, which implies

that delayed nucleation occurs first; subsequently, the nanoparticles start to

grow by monomer supply. This is followed by the dissolution of the nanopar-

ticles resulting in size reduction and finally aggregation to produce the final

material (Fig. 8) (Mai et al., 2007; Wang and Liu, 2009).

The presence of the capping ligand (oleic acid or oleylamine) assists in the

dispersion of the growing nanoparticles via coordination of the polar heads

toward the surface through electrostatic interactions while the hydrophobic

chain interacts with the solvent molecules. Thus, the ligand prevents aggrega-

tion through repulsive interactions and controls the growth of the UCNPs (Lin

et al., 2012). The ligand dictates the hydrophobicity or hydrophilicity of the

UCNP dispersion. Hence, UCNPs capped with oleic acid or oleylamine are

typically hydrophobic.

Other parameters such as temperature, rate of injection of the lanthanide

trifluoroacetate precursors, and reaction time also need to be controlled in

order to control the growth of the nanocrystals and to obtain high quality

mono-disperse UCNPs of narrow size distribution (Boyer et al., 2007). Once

the reaction is complete, the UCNPs are precipitated by the addition of

hexane/acetone and isolated via centrifugation. In order to purify the particles,

the UCNPs are washed several times with ethanol, dispersed in a minimum

amount of chloroform, and precipitated again with excess ethanol. The col-

lected UCNPs exhibit nonpolar dispersibility and colloidal stability for pro-

longed periods (Boyer et al., 2007).

Na(CF3COO)
OA/OM/ODE

RE(CF3COO)3

250 °C
NaF

Grow Dissolve Aggregate

a-NaYF4:Yb,Er

a-NaYF4:Yb,Er

a-NaYF4:Yb,Er
Nuclei

Stage I Stage II Stage III Stage IV

FIGURE 8 Schematic illustration of the growth stages of cubic NaYF4:Er
3+/Yb3+ nanoparticles.

Reproduced with permission from Mai et al. (2007), © 2007 American Chemical Society.
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Mai et al., first reported the synthesis of NaReF4 nanoparticles (Re¼Pr to

Lu, Y) co-doped with Er3+/Yb3+ and Tm3+/Yb3+. They demonstrated that they

could obtain high quality cubic phase NaNdF4, NaEuF4, NaYF4, and NaYbF4
(Fig. 9) and the hexagonal phase of NaYF4, NaNdF4, NaEuF4, and NaHoF4
nano-sized materials (Fig. 10) (Mai et al., 2006). Boyer et al. further improved

this procedure and they reported a synthetic procedure with few preparatory

steps toward obtaining pure cubic phase NaYF4 nanoparticles with an average

particle size of 25 nm (Boyer et al., 2007). Later on, Ostrowski et al. reported

the synthetic conditions necessary to prepare hexagonal phase NaYF4 with an

average particle size of 10 nm (Ostrowski et al., 2012). Clearly, controlling

the reaction parameters allows for tailoring the particle size, morphology,

and crystal phase of the synthesized UCNPs.

Generally, the thermal decomposition method requires high reaction tem-

peratures, organic solvents, air-sensitive precursors, and inert atmosphere.

This method provides control over particle size and yields high-quality

FIGURE 9 Transmission electron microscopy (TEM) and high-resolution transmission electron

microscopy (HRTEM) images of cubic phase of (A) NaNdF4, (B) NaEuF4, (C) NaYF4, and

(D) NaYF4 nanocrystals. Reproduced with permission from Mai et al. (2006), © 2006 American

Chemical Society.
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mono-dispersed nano-sized materials. However, the obtained nanocrystals

require further surface modification for biological applications. These meth-

ods are discussed in Section 2.3.

2.2.2 Hydro(solvo)thermal Method

The hydro(solvo)thermal method is a solution-based approach that operates at

pressures and temperatures above the critical point of the solvent (Chen et al.,

2012b; Dacosta et al., 2014; Wang and Liu, 2009). By using supercritical sol-

vents, the solubility of the precursors is increased and therefore it favors the

FIGURE 10 TEM and HRTEM of hexagonal phase of (A) NaYF4 nanorods in 1:1 toluene/

hexane and in (B) 1:1:0.48 toluene:hexane:ethanol, (C) NaYF4 nanoplates, (D) NaNdF4 nanorods,

(E) NaEuF4 nanorods and (F) TEM and HRTEM (inset, upper: lying flat on the face; lower: stand-

ing on the side face from the highlighted square) images of hexagonal phase NaHoF4. Reproduced

with permission from Mai et al. (2006), © 2006 American Chemical Society.

294 Handbook on the Physics and Chemistry of Rare Earths



rate at which the nanoparticles grow. The experimental setup is based on a

reaction vessel embedded into a thick steel walled construction, hermetic

seals, and protective inserts made of Teflon® or titanium to avoid corrosion

brought about by the use of certain solvents (Lin et al., 2012).

Li et al. extensively studied the synthesis of hexagonal phase NaYF4:

Er3+/Yb3+ by the hydro(solvo)thermal method. Solvents such as distilled

water, acetic acid, and ethanol along with mediator capping ligands including

cetyltrimethylammonium bromide (CTAB), ethylenediamine tetraacetic acid

(EDTA), and trisodium citrate (cit3�) were evaluated as parameters to tune

the morphology and size of UCNPs. The authors found that using water as

solvent and by varying the pH conditions, most of the particles obtained

showed needle morphology; however, no particle size control could be

achieved (Fig. 11) (Li et al., 2007).

FIGURE 11 Influence of pH values on the morphology of NaYF4 microcrystals with NH4F as

fluoride source. (A and B) pH 3, (C and D) pH 7, and (E and F) pH 10. These samples were

hydrothermally treated at 180 °C for 24 h (1:1 molar ratio for trisodium citrate:Y3+). Reproduced

with permission from Li et al. (2007), © 2007 American Chemical Society.
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Later on, the same group found that the morphology and size of the nano-

particles may be tuned by controlling cit3�/Ln3+ ratio. Low ratios promoted

the formation of larger particles and conversely high ratios resulted in the for-

mation of smaller crystals (Fig. 12) (Mai et al., 2007).

Wang et al. reported a one-step hydro(solvo)thermal synthesis method to pre-

pare water-soluble NaYF4:Er
3+/Yb3+ nanoparticles that are surface functionalized

with organic polymers. The reaction uses Ln3+ stearates ((C17H35COO
�)3Ln

3+),

NaF, and biocompatible polymers such as polyvinylpyrrolidone (PVP), poly-

ethylene glycol (PEG), polyethylenimine (PEI), and polyacrylic acid (PAA).

A mixture of water (10 ml)/ethanol (15 ml) was used with a reaction time of

24 h at 180 °C. The authors demonstrated that under these conditions, the hex-

agonal phase of NaYF4 could be obtained with an average particle size of

40 nm. Using PAA and PEI opens the possibility for further functionalization

of the UCNP surface with covalently bonded targeting ligands by the intro-

duction of carboxylic or amine terminal groups (Wang et al., 2009b).

FIGURE 12 Scanning electron microscopy (SEM) images of hexagonal phase of NaYF4:Tb
3+

samples prepared with different molar ratios of cit3�/Tb3+. (A) Without cit3� (B) 1:2, (C) 1:1,

(D) 2:1, (E) 4:1, and (F) 8:1. All of the samples were hydrothermally treated at 180 °C for

24 h. Insets are higher magnification images for the corresponding samples. Reproduced with per-

mission from Mai et al. (2007), © 2007 American Chemical Society.
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In order to favor the formation of the more efficient hexagonal crystal

phase by solvothermal method, Zhang et al. demonstrated that the introduc-

tion of Gd3+ (3 mol%) ions favors the transition from cubic to hexagonal

phase (Zhang et al., 2012b).

2.2.3 Coprecipitation Method

Although this method employs significantly less complicated experimental

assemblies, it is mostly used to prepare ultra small UCNPs with a particle size

of 2–10 nm (Liu et al., 2013b; Wang and Liu, 2009). In contrast, thermal

decomposition and hydro(solvo)thermal syntheses are commonly used to pre-

pare NPs in the size range of 10–100 nm.

Van Veggel pioneered the use of the coprecipitation method to synthesize

LaF3:Ln
3+ (Ln3+¼Eu3+, Er3+, Nd3+, and Ho3+) nanoparticles. In the synthesis

procedure reported by the authors, di-n-octadecyldithiophosphate was used as

the capping ligand as it had previously been shown to control the particle

growth and favor the production of monodispersed nanoparticles. The authors

report the formation of single crystals without ideal spherical morphology and

diameters between 5 and 10 nm (Stouwdam and Van Veggel, 2002). Later on,

optimization of the reaction conditions to obtain hexagonal phase LaF3:Ln
3

+/Yb3+ (Ln3+¼Er3+, Tm3+ and Ho3+) with an average particle size of

5.4�0.9 nm was reported by Yi and Chow (2005).

Heer et al. first reported the synthetic procedure for obtaining cubic phase

NaYF4:Er
3+/Yb3+ and Tm3+/Yb3+ nanoparticles by the coprecipitation method.

They demonstrated by TEM that UCNPs could be obtained with a broad parti-

cle size distribution (5–30 nm) (Heer et al., 2004). Subsequently, Yi et al.

reported significant improvements to the synthesis. The optimized procedure

involved the fast injection of Ln3+–EDTA complexes into a vigorously stirred

aqueous solution of NaF in order to induce the homogeneous formation of

spherical NaYF4 nuclei with an average size diameter of approximately

40 nm. The generation of nanoparticles by the coprecipitation method also fol-

lows the LaMer growth mechanism model. The key point in the achievement to

produce monodispersed nanoparticles with narrow size distribution is the sepa-

ration of the nucleation and growth steps (Fig. 8). The chelation of Ln3+ by

EDTA facilitates the particle growth without incurring further nucleation

events. Therefore, the synthesis of the UCNPs may be tuned by varying the

concentration of EDTA. The authors demonstrate that a low EDTA/Ln3+ molar

ratio resulted in large NaYF4:Er
3+/Yb3+ nanoparticles and when the EDTA/Ln3+

ratio is above 1, the size of the nanoparticles was not significantly affected

(Yi et al., 2004). Polymers such as polyols (glycol, diethylene glycol, and glyc-

erol), PEI, and PVP have also been employed as stearic barriers to control the

nanocrystal growth. Polymers adsorb and desorb dynamically during the crystal

growth, providing simultaneous stabilization and steric repulsion. The higher

the steric hindrance obtained the smaller the nanoparticle’s average size obtained

(Wang and Liu, 2008; Wang et al., 2006; Wei et al., 2008).
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The low crystallinity of the final product is the principal disadvantage of

using this synthetic method. Therefore, most of the procedures are comple-

mented with high temperature heat treatments such as annealing or calcination

(400–700 °C) (Dacosta et al., 2014; Wang and Liu, 2009). In the quest of

improving the crystallinity of the final product, reducing the particle size dis-

tribution, and increasing the luminescence efficiency, Wang et al. proposed a

“high-temperature coprecipitation method” using 1-octadecene as the solvent

and oleic acid as the capping ligand. In this procedure, small amorphous

NaYF4 crystals were produced at room temperature conditions. An increase

in temperature to �300 °C was used in order to facilitate particle growth

and generate monodisperse nanocrystals via Ostwald ripening mechanism.

The authors reported the production of NaYF4:Er
3+/Yb3+ and Tm3+/Yb3+

where the morphology and size were tuned by varying the concentration of

oleic acid used in the reaction (Wang and Liu, 2008). Zhang et al. further

modified the procedure to synthesize hexagonal phase NaYF4:Ln
3+@NaYF4

core–shell with an average particle size range of 25–30 nm (Li and Zhang,

2008). Other core–shell nanosystems based on hosts such as NaGdF4,

NaTbF4, and CaF2 have been synthesized using this modified coprecipitation

method (Chen et al., 2012b; Gai et al., 2012).

2.2.4 Sol–Gel Method

The sol–gel synthesis is a wet chemical technique used for the synthesis of

micro and nanocrystals, especially oxides, which are useful in thin film coatings

and glass materials applications. This method is usually carried out in two steps.

The first step is the hydrolysis and polycondensation of metal alkoxide (or

halide)-based precursors. This step provides a homogeneous material that will

be further calcinated. In the second step, at high temperatures in order to

improve the crystallinity of the product allowing for an increase in the lumines-

cence efficiency (Li and Zhang, 2015). Patra et al. developed a modified sol–

gel method that uses reverse micelles formed in emulsions. These micelles

act as reactors to grow ZrO2:Er
3+ nanocrystals (Patra et al., 2002). Other upcon-

verting nanocrystals such as BaTiO3:Er
3+ (Patra et al., 2003), ZnO:Er3+ (Wang

et al., 2004), Lu3Gd5O12:Er
3+ (Venkatramu et al., 2008), NaNbO3: Tm

3+/Er3

+/Yb3+ (Kumar et al., 2012), and SrMO4: Ho
3+/Tm3+/Yb3+ (Fig. 13) (Li et al.,

2013b) have also been synthesized by the coprecipitation method. Nanocrystals

suitable for biological applications are not generally synthesized using this

method due to lack of particle size control and high degree of aggregation

brought about by the heat treatment step (Li and Zhang, 2015).

2.2.5 Combustion Method

This is a rapid synthesis method based on oxidation–reduction reactions

occurring through a series of controlled explosions, forming nano and micro

upconverting particles (Vennerberg and Lin, 2011).
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Metal and rare-earth nitrates are used as oxidizing agents, and organic

compounds such as urea or glycine are used as reducing agents, as well as fuel

(Chang et al., 2014). Usually, an organic solvent such as ethanol is introduced

as an assistant fuel. Its role is to dissolve the nitrates, therefore facilitating the

rapid formation of the host (Luo et al., 2006). Oxide and oxysulfide upcon-

verting nanomaterials such as Y2O3:Er
3+/Yb3+ (Fig. 14) (Martı́n-Rodrı́guez

et al., 2009; Vetrone et al., 2004), Y2O2S:Eu
3+ (Luo et al., 2006),

Gd3Ca5O12Tm
3+/Yb3+ (Pandozzi et al., 2005), and G2O3:Er

3+ (Xu et al.,

2008) have been synthesized via the combustion method.

2.2.6 Flame Synthesis

This method is almost exclusively limited to the production of oxide-based

upconverting nanomaterials. The flame synthesis method offers several

advantages including high production rates, short reaction times, broad tem-

perature controllability, and low cost (Chang et al., 2014). The procedure

FIGURE 13 (A) TEM image and (B) Selected Area Electron Diffraction (SAED) pattern of

SrMO4: 0.2 mol% Ho3+/0.3 mol% Tm3+/2 mol% Yb3+ nanocrystals. Reproduced with permission

from Li et al. (2013b) © 2013 Elsevier B.V.

FIGURE 14 (A) TEM image of Y2O3: 2 mol% Er3+/1 mol% Yb3+ nanocrystals prepared via

combustion method and (B) HRTEM image. The interplanar distance (0.330 nm) corresponds

to the (2 2 2) crystal plane. Reproduced with permission from Martı́n-Rodrı́guez et al. (2009)

© 2009 Elsevier B.V.
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consists of the use of a precursor-evaporating chamber, where precursors are

dissolved; a co-flow burner and a combustion chamber where nuclei forma-

tion occurs; an electrostatic precipitator where particles grow; and a cooling

and filtering system (Qin et al., 2007). The synthesis of Y2O3: Er
3+/Yb3+ by

flame synthesis has been reported by Qin et al. (2007). Later on, the same

group used the same method to synthesize Re2O3: Er
3+/Yb3+ (Re¼La, Gd)

(Kong et al., 2010). Mangiarini et al. reported the synthesis of Re2O3: Er
3+

where the final product showed greater uniformity and less aggregation sug-

gesting that these particles may be used in field display applications

(Mangiarini et al., 2010).

2.3 Surface Modification of Ln-Doped Upconversion
Nanoparticles

In many cases, the synthetic methods that yield high-quality nanoparticles

with high monodispersibility and crystallinity, as well as good luminescence

efficiency, also possess the disadvantage of producing nanoparticles that are

hydrophobic (see Section 2.2.1). This is the case with the thermal decomposi-

tion synthesis for example. In order to use UCNPs for biological applications,

such as bioimaging, these nano-sized materials must show high luminescence

efficiency, biocompatibility, sub-100 nm sizes, a narrow size distribution and

dispersibility, and compatibility in biologically relevant media (Chang

et al., 2014).

Different strategies have been developed in order to render UCNPs hydro-

philic and biocompatible along with efforts to maintain or enhance the upcon-

version luminescence efficiency in aqueous environments. These strategies

are ligand oxidation and ligand removal (Sections 2.3.1 and 2.3.2), ligand

exchange (Section 2.3.2), silane coupling agents (Section 2.3.3), and polymer

coating (Section 2.3.4).

2.3.1 Ligand Oxidation and Ligand Removal

This technique is based on the oxidation of the unsaturated carbon–carbon

bonds present in the capping ligands of hydrophobic UCNPs. Oxidizing agents

such as the Lemieux-von Rudloff reagent (Chen et al., 2008) and ozone (Zhou

et al., 2009) are among those typically used as they generate terminal carbox-

ylic acid groups. The presence of these functional groups renders UCNPs dis-

persible in aqueous media and provides reactive sites that facilitate the

coupling of biological molecules to the UCNP surface (Chang et al., 2014).

Chen et al. demonstrated the conversion of hydrophobic UCNPs into

water-dispersible, carboxylic acid-functionalized nanoparticles by directly

oxidizing the oleate ligands using the Lemieux-von Rudloff reagent. The oxi-

dation caused the generation of hydrophilic nanoparticles, which were surface

functionalized with azelaic acid (Fig. 15). Additionally, it was shown that the

oxidation process does not impact the morphology, crystal phase, and
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chemical composition of the nanocrystals. Furthermore, functionalization with

a DNA sensor based on streptavidin was reported by the authors (Chen et al.,

2008) relying on UCNPs prepared using this approach.

Capobianco and colleagues showed that water-dispersible and ligand-free

UCNPs can be obtained by tuning the pH. After inducing the protonation of

the oleate ligands, the surface of the Ln-OA (OA: oleate) is modified to

Ln-OH. Different acids such as HCl, HF, and H3PO4 were studied, showing

an enhancement of the red emission at low pH (Fig. 16) (Bogdan et al., 2011).

One modified approach to this surface modification method was devel-

oped by Hu et al. The authors reported an epoxidation strategy and further

coupling with polyethylene glycol monomethyl (mPEG) ether to convert

hydrophobic UCNPs into amphiphilic mPEG-UCNP. The authors demostrated

low cytotoxicity, good cell membrane permeability, and dispersibility in polar

and non-polar media (Hu et al., 2008).

2.3.2 Ligand Exchange

In this method, the hydrophobic capping ligands of the UCNPs are displaced

by other ligands that possess a stronger coordination to the surface-lying lan-

thanide ions. Among the most used hydrophobic ligands are oleic acid

(�COOH) and oleylamine (�NH2). The carboxylic and amine chemical func-

tions coordinate with the Ln3+ ions of the surface. In order to render the

UCNPs water dispersible, the nanocrystals are dispersed in the presence of

a hydrophilic ligand with a much higher affinity for the Ln3+ ions (Yang,

2014). Chow and coworkers demonstrated the production of water-dispersible

NaYF4:Er
3+/Yb3+ and Tm3+/Yb3+ nanoparticles. The nanoparticles were initi-

ally capped with oleylamine ligands. They were further modified via ligand

exchange with polyethylene glycol diacid (MW¼600) (Yi and Chow, 2006b).

Lemieux-von Rudloff
reagentUCNP

HO2C

HO2C

HO2C

HO2C
HO2C

CO2H

CO2H

CO2H

CO2H

CO2H
CO2H

CO2H

UCNP

FIGURE 15 Scheme of the synthesis of carboxylic acid-functionalized UCNPs from oleate-

capped UCNPs. Reproduced with permission from Chen et al. (2008) © 2008 American Chemical

Society.
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Naccache et al. reported a ligand-exchange procedure using PAA

(MW¼1800). The hydrophilic nanoparticles produce a clear and transparent

solution in water (1 wt%) with moderate upconversion emission, slightly

brighter in comparison with hydrophilic nanoparticles obtained via ligand oxi-

dation (Fig. 17) (Naccache et al., 2009).

Boyer et al. reported that NaYF4:Er
3+/Yb3+ and Tm3+/Yb3+ nanoparticles

capped with PEG phosphate could be synthesized following ligand exchange.

The authors described quenching of the luminescence intensity of the hydro-

philic nanoparticles when dispersed in water; therefore, they developed a core/

shell system to enhance the upconverting luminescence (Boyer et al., 2009).

Other ligands, such as hexanedioic acid (Wang et al., 2009b), dimercapto-

succinic acid (Chen et al., 2011c), mercaptosuccinic acid (Chen et al., 2011c),

citrate (Zhou et al., 2011), poly(amidoamine) (Bogdan et al., 2010), polyethy-

lenimine (Yi et al., 2011), thioglycollic acid (Zhang et al., 2010b), and

maleimide-PEG-COOH (Raphaela et al., 2012), also render hydrophobic

UCNPs hydrophilic via ligand exchange.

2.3.3 Surface Silanization

This is one of the most important and often used surface functionalization

methods. It involves the growth of an amorphous silica shell on the surface

of UCNPs via hydrolysis and condensation of siloxane monomers (Feng

et al., 2006). Silica is considered to be an attractive coating due to its biocom-

patibility, chemical stability, and optical transparency. Moreover, its chemis-

try and reactivity are well understood (Vennerberg and Lin, 2011).

FIGURE 17 Upconversion emission of NaGdF4:Ho
3+/Yb3+ nanoparticles (A) dispersed in etha-

nol, (B) dispersed in water following oxidation of oleic acid, and (C) dispersed in water following

exchange of oleic acid ligand with PAA (lexc¼980 nm). Reproduced with permission from

Naccache et al. (2009) © 2009 American Chemical Society.
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The most often used procedures to graft uniform silica shell on the surface

of UCNPs are the St€ober and the microemulsion methods. In the St€ober-type
reactions, the silica coating is grown directly on the surface by the hydrolysis

of tetraalkoxysilanes. The microemulsion method uses a silane-coupling

agent, such as tetraethyl orthosilicate (TEOS), that first disperses the nanopar-

ticles in an aqueous media, followed by the hydrolysis and controlled growth

of the silica shell (Li and Zhang, 2008).

One of the most important advantages of using silica shells is the possibil-

ity of grafting various modified silanes such as aminopropyl trimethoxysilane

(Zako et al., 2009) and (3-aminopropyl) triethoxysilane (Wang et al., 2009b)

to the surface of the UCNPs. This facilitates the conjugation of other mole-

cules, especially biological molecules that may have some reactivity toward

carboxylates, amines, or thiols.

Feng et al. reported the grafting of a silica shell on the surface of PVP-

stabilized NaYF4:Er
3+/Yb3+ and Tm3+/Yb3+, as well as the parameters to con-

trol the thickness of the shell in the range of 2–10 nm (Feng et al., 2006). This

group also reported the synthesis of monodisperse SiO2-coated UCNPs by

using a microemulsion method (Li and Zhang, 2008). Silanization of TEOS

conjugated to PEG linkers with NHS ester-activated carboxylic acid and func-

tionalities on the terminal end affords a biocompatible surface useful to the

conjugation of proteins to UCNPs as it was demonstrated by Wolfbeis and

colleagues (Wilhelm et al., 2013).

2.3.4 Polymer Coating

Another approach to render hydrophobic UCNPs hydrophilic is through the

adsorption of an amphiphilic polymer onto the surface of the nanoparticles

through the hydrophobic–hydrophobic attraction between the hydrophobic

ligand and the hydrocarbon chains of the polymer (Sperling and Parak, 2010).

Chow used PAA to prepare water-dispersible NaYF4:Er
3+ (Tm3+)/Yb3+/

Yb3+@NaYF4 core–shell nanoparticles (Yi and Chow, 2006a). Wang et al.

modified the surface of the UCNPs with PEG. The pegylated UCNPs were

loaded with a chemotherapy therapeutic agent, doxorubicin (DOX), by physi-

cal adsorption via a supramolecular chemistry approach for intracellular imag-

ing and drug delivery (Fig. 18) (Wang et al., 2011a). Other block copolymers

that have been used include PEG-block-poly(caprolactone), PEG-block-

polylactic-coglycolic acid, octylamine-modified, PAA and PEG–

phospholipids in order to coat the surface of the nanoparticles and improve

the UCNP water dispersibility (Dacosta et al., 2014).

3 ENHANCING UPCONVERSION

UCNPs have been touted as useful and efficient luminescent probes in

biological applications owing to their attractive optical properties. UCNPs

show large anti-Stokes shift, high photostability, finely tuned multicolor
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emissions, and narrow absorption and emission bands (Yang, 2014). How-

ever, UCNPs do not offer high luminescence quantum yield (LQY). LQY is

defined as the ratio of photons absorbed to photons emitted. Higher values

of LQY translate into an improvement of the signal-to-noise ratio in the opti-

cal imaging technique and allow for ease in detection and lower detection lim-

its (Zhou et al., 2012). van Veggel and colleagues reported LQYs in the range

of 0.005–0.3% for NaYF4:Er
3+ (2 mol%)/Yb3+ (20 mol%) nanoparticles with

particle sizes ranging from 10 to 100 nm. These LQYs are considerably low

in comparison with the LQY of 3% of bulk samples (Boyer and Van

Veggel, 2010).

The low LQY is related to two effects: (i) the non-radiative decay of the

surface emitting centers by the presence of surface defects and

(ii) vibrational deactivation from solvents and capping ligands when UCNPs

are dispersed in solution. As the size of the nanoparticles is decreased, there

is a significant increase of the surface area, as well as an increase in the num-

ber of surface defects and higher number of capping ligand molecules, caus-

ing the decrease in the luminescence efficiency. This was demonstrated by

Wang et al. in the study of the surface quenching effect observed in different

sizes (10, 15, and 25 nm) of NaGdF4:Tm
3+/Yb3+ nanoparticles (Wang et al.,

2010b). Larger size nanoparticles offer higher efficiencies; however, they

are no longer suitable for in vivo imaging.

The highest upconversion efficiencies have been reported for the

hexagonal-phase NaYF4 host. Different approaches to induce transformation

of the cubic phase to the hexagonal counterpart have been reported based

on the control of the temperature, reaction time, or annealing treatments

(Mai et al., 2006; Wei et al., 2006; Zhang et al., 2009). An alternative

FIGURE 18 Scheme of a polymer-coated UCNP-based drug delivery system: (A) oleate-capped

UCNPs, (B) C18PMH-PEG-FA-functionalized UCNPs, (C) DOX loading, and (D) release of

DOX from UCNPs triggered by decreasing pH. Reproduced with permission from Wang et al.
(2011a) © 2011 Elsevier B.V.
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technique to induce the phase transition from cubic to the hexagonal structure

is through the introduction of Gd3+ and Ti4+ dopant ions that disrupt the sym-

metry and favor the hexagonal crystal growth (Wang et al., 2010a; Zhang

et al., 2011). Other efforts have focused on the development of nano-sized

upconverting hosts. For example, Prasad and colleagues demonstrated that

NaYbF4:Tm
3+ nanoparticles showed NIR upconversion with an intensity

3.6� higher (per nanoparticle) than the analogue in size NaYF4:Tm
3+/Yb3+

nanoparticles due to the larger number of donor ions (Yb3+) (Wang

et al., 2010a).

3.1 Core–Shell Structures

As previously mentioned, emitting centers located at the surface of the nano-

particle are quenched through non-radiative decay pathways via the high

vibrational phonons of the capping ligands and solvent molecules, as well

as by the presence of surface defects. It was demonstrated by Ghosh et al. that

by using a shell to cover the surface emitting ions, this type of quenching is

significantly decreased (Ghosh et al., 2008).

Several methods have been developed for the preparation of core–shell

nanostructures in the efforts to enhance luminescence efficiency of the UCNP

emissions:

(a) Seed-mediated shell growth

In this method, a homogeneous inorganic shell is grown onto core

nanoparticles. In order for this core–shell growth process to occur, core

“seed-particles”, which are isotropic in geometry, must have a small lat-

tice mismatch with the shell material. In contrast, if the lattice mismatch

is too large, non-epitaxial growth will occur resulting in hybrid structures,

also referred to as nanocomposite materials (Feng et al., 2013). The limi-

tation of this method is related to independent nucleation events. The

shell may present an anisotropic growth (Liu et al., 2013b).

(b) Self-focusing by Ostwald ripening

This epitaxial growth technique is based on the physical phenomenon

of ripening in colloids to grow shells. In this method, small sacrificial

nanocrystals (SNC, � 5 nm) are injected as shell precursors into a hot

solution of larger core nanocrystals (>15 nm). The rapid dissolution of

the SNCs favors the rapid deposition of material on the larger core parti-

cles (self-focusing) and the yield of core–shell nanostructures. Shell

thickness may be tuned via optimization of the concentration of SNCs

(Johnson et al., 2012).

(c) Shell formation via surface cation exchange

van Veggel and colleagues first reported the use of this method to syn-

thesize GdF3/LnF3 (Ln¼La3+, Eu3+) core–shell structures. The process is

based on the exchange of Gd3+ in GdF3 with Ln3+ cations present in the

reaction solution. This process is favorable for Ln3+ ions since they have
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high hydration energies and the diffusion of Ln3+ in the fluoride hosts is

almost inhibited due to the high lattice energies of the lanthanide fluor-

ides. This method offers the possibility to generate shells in the range

of a monolayer thickness (Dong and Veggel, 2009).

Subsequently, the same group introduced improvements to the procedure. The

authors reported the synthesis of multifunctional NaYF4:Tm
3+/Yb3+@NaGdF4

core–shell nanoparticles that exhibit upconverting and magnetic properties

with a shell thickness that is tunable to sub-nanometer dimensions (Johnson

et al., 2012).

3.1.1 Homogeneous Core@Shell

A homogeneous core@shell nanostructure consists of an undoped shell sur-

rounding a doped upconverting core. Both core and shell are prepared with

the same material (Dacosta et al., 2014). Lezhnina et al. reported the synthesis

of LnF3:Ho
3+, Yb3+ (Ln¼La3+, Gd3+, Lu3+)@LaF3/La0.8Yb0.2F3 and demon-

strated the conservation of the luminescence properties in the presence of the

shell (Lezhnina et al., 2006).

Chow and colleagues developed NaYF4:(Er
3+/Tm3+),Yb3+@NaYF4

core@shell nanoparticles with an average particle size of 11 nm and a shell

thickness of 1.5 nm on average. It was demonstrated that an enhancement

effect by a factor of 7.4 was observed in co-doped Er3+/Yb3+ NPs. This

enhancement factor increased to 29.6 for Tm3+/Yb3+ co-doped particles

(Yi and Chow, 2006a). The LQY of the NaYF4:Er
3+/Yb3+@NaYF4 core–shell

(30 nm) NPs was determined to be 0.3%, following 980 nm excitation

(150 W/cm2), approximately 3� higher than the value observed for the

core-only NPs (Boyer and Van Veggel, 2010).

Typically, the formation of core–shell structures is characterized by an

increase in the size distribution by TEM and dynamic light scattering

(DLS), enhancement of the absolute intensity, and longer decay times (Chen

et al., 2014a).

3.1.2 Heterogeneous Core@Shell

A heterogeneous core–shell nanostructure consists of an undoped shell and a

doped core. Moreover, the core and the shell comprised different materials. In

order to grow a heterogeneous layer, the shell host matrix requires having a

small lattice mismatch with the core host matrix (Chen et al., 2014a).

Using heterogeneous core–shell nanostructures opens the possibility to

carry out two types of imaging modalities such as MRI and optical imaging

(OI) using the same core@shell luminescent probe as, for example, in the case

of NaYF4:Er
3+ (Tm3+)/Yb3+@NaGdF4. The doped core provides the capabil-

ity to carry out luminescence for OI purposes, while the large number of Gd3+

present on the shell surface can be used in MRI imaging (Chen et al., 2011b;

Johnson et al., 2012).
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Xu et al. reported the enhancement of the luminescence of NaYbF4:Tm
3+

(Ho3+) using CaF2 as a shell host matrix (Fig. 19) (Xu et al., 2012). It was

found that using CaF2 results in higher upconverting emissions as the shell

provides better separation from aqueous media.

This type of core–shell structure can be characterized by TEM due to the

difference in contrast given by the heterogeneity of the materials comprising

the core and the shell.

3.1.3 Active-Core@Active-Shell

Another approach to enhance upconversion luminescence is by introducing

lanthanide dopant ions in the shell layer. The most common dopant ion

used for this purpose is Yb3+. Using a doped shell not only minimizes

the non-radiative deactivation brought about by surface defects, but also

enhances the luminescence via energy transfer from the dopant ions in

the shell as was demonstrated by Capobianco and colleagues, who reported

the synthesis of NaGdF4:Er
3+/Yb3+@NaGdF4:Yb

3+ active-core@active-

shell nanoparticles. A significant enhancement of the luminescence was

achieved in comparison with NaGdF4:Er
3+, Yb3+@NaGdF4 (active-core/

inert shell) and NaGdF4:Er
3+, Yb3+ nanoparticles (Fig. 20) (Vetrone

et al., 2009).

Other systems such as LaPO4:Er
3+@LaPO4:Yb

3+ nanorods (Ghosh et al.,

2008), BaGdF5: Er
3+, Yb3+@BaGdF5: Yb

3+ (Yang et al., 2011), and BaF2:

Ln3+@ SrF2: Ln3+ (Ln3+¼Tm3+, Yb3+, Nd3+, Gd3+) (Chen et al., 2012a)

nanoparticles have been investigated showing significant enhancement of

upconversion luminescence due to the active shell doping approach.
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FIGURE 19 (A) Emission spectra of NaYbF4:Tm
3+ and NaYbF4:Tm

3+/CaF2 under 975-nm irra-

diation. Inset: absorption spectra normalized to the 2F7/2! 2F5/2 transition of Yb3+ ion.

(B) Photography of luminescence of (left) core NaYbF4:Tm
3+ and (right) NaYbF4:Tm

3+/CaF2
in hexane under 975-nm irradiation. Reproduced with permission from Xu et al. (2012), © 2012
MDPI AG.
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3.2 Metal Enhancement

The use of surface plasmon resonance (SPR) effects present in nano-sized

metallic structures has been proposed to enhance the upconversion lumines-

cence of UCNPs. SPR is the collective oscillation of electrons at the interface

of metallic structures produced by the electromagnetic interaction of the metal

with an incident light of a specific wavelength ( Jain et al., 2008). SPR is a

small particle effect and is not observed in single metal atoms or in their bulk

forms. SPR of metallic nanoparticles give rise to strong electromagnetic fields

that when coupled with UCNPs may be boost the efficiency of the upconver-

sion process (Darvill et al., 2013; Han et al., 2014).

Three approaches have been reported to achieve enhancement of upcon-

version luminescence:

(a) Lanthanide-doped UCNPs have been deposited on metallic films, dense

metal nanoparticles (Ag or Au), or on 3D plasmonic antennas. By using

these deposition methods, the upconversion luminescence may be

enhanced by a factor of 5 to 310 (Paudel et al., 2011; Saboktakin et al.,

2012; Zhang et al., 2011).

Core-only
(vi)

(v)
Active-core/inert-shell
Active-core/active-shell

(iv)

(ii)(i) (iii)

500 600 700

Wavelength (nm)

In
te

ns
ity

 (
a.

u.
)

800 900400

(vii)
(viii)

(ix)

FIGURE 20 Upconversion luminescence spectra of NaGdF4:Er
3+, Yb3+ (Core-Only), NaGdF4:

Er3+, Yb3+@ NaGdF4 (active-core@inert-shell), and NaGdF4:Er
3+, Yb3+@NaGdF4: Yb

3+ (active-

core@active-shell) nanoparticles dispersed in toluene (lexc¼980 nm). Labeled emissions:

(i) 4F5/2! 4I15/2, (ii) 4P3/2! 4I11/2, (iii) 4F7/2! 4I15/2, (iv) 2H11/2! 4I15/2, (v) 4S3/2! 4I15/2,

(vi) 4F9/2! 4I15/2, (vii)
2H9/2! 4I11/2, (viii)

4I9/2! 4I15/2, and (ix) 4S3/2! 4I13/2. Reproduced with

permission from Vetrone et al. (2009), © 2009 Wiley VCH.
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(b) Covalently bonded or self-assembled metallic nanoparticles onto the sur-

face of lanthanide-doped UCNPs have also been investigated (Kannan

et al., 2013; Zhang et al., 2010b; Zhao et al., 2012). Schietinger et al.

demonstrated that coupling of NaYF4:Er
3+/Yb3+ with Au nanoparticles

resulted in an enhancement of 3.8� of the absolute luminescence inten-

sity (Schietinger et al., 2010).

(c) Development of metallic/silica/UCNPs or UCNPs/silica/metallic core/shell/

shell nanoparticle systems resulted in enhancement of the overall intensity

amounting to 4- to 10-fold may be observed (Ge et al., 2013; Xu et al.,

2012; Zhang et al., 2010a). Plasmon-induced enhancement is attributed to

the increase of the radiative rate and/or the excitation intensity of the surface

plasmon resonance. However, there are reports of plasmon-induced quench-

ing due to resonance energy transfer and/or the absorption by the metallic

nanoparticle of the light emitted by the UCNP. This quenching is mostly

observed when both nanostructures are in direct contact or are within a crit-

ical distance apart, less than 5 nm. Therefore, the introduction of a spacer,

such as a silica shell, and the control of the distance separating the UCNP

and the metallic nanoparticle are required (Dulkeith et al., 2002).

4 BIOASSAYS AND BIOSENSING

The excellent upconversion luminescence properties observed upon NIR irra-

diation of lanthanide-doped nanoparticles have attracted the attention of dif-

ferent research fields including biology, biochemistry, and medicine.

UCNPs have been proposed as optical sensors since the luminescence is acti-

vated at excitation wavelengths that do not induce the fluorescence of other

biological species in tissue and organs (Fig. 21), hence circumventing the

autofluorescence phenomenon. This facilitates the identification of biochemi-

cal entities and molecular targets, as well as the monitoring of fundamental

physiological process that may be targeted by UCNPs.

4.1 Biosensing

UCNPs have been investigated as biosensors in order to detect change-based

variation of the luminescence intensity in biological environments. This was

carried out in samples at different temperatures, or via F€orster resonance

energy transfer (FRET) mechanisms occurring between UCNPs and indicator

dyes conjugated to biochemical entities such as enzymes, antibodies, or poly-

nucleotides (Chen et al., 2014a).

4.1.1 Nanothermometry: Sensing the Temperature of Cells

As mentioned above, UCNP luminescence properties are sensitive to temper-

ature, as in the case of Er3+, a commonly used activator ion. The intensity

ratio between the 2H11/2! 4I15/2 (centered at �520 nm) to the 4S3/2! 4I15/2
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(centered at �550 nm) transitions is highly sensitive to changes in tempera-

ture. The relation governing the I520/I550 intensities ratio and the temperature

is given in Eq. (5), where kB is the Boltzmann constant, DE is the energy gap

between the two excited levels, and A is a constant that depends on the life-

times of both levels.

I520
I550

¼Ae
� DE

kBT

� �
(5)

Vetrone et al. first reported on the use of UCNPs as nanothermometers

based on the ratiometric relationship between these two levels in the erbium
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FIGURE 21 (A) Absorption spectrum of human skin. It shows the first, second, and third

biological window and potential NIR excitation (980 nm) and NIR emission wavelength ranges

(Ho3+:1.2 mm, Er3+: 1.55 mm). (B) Image of the viscera of an athymic nude mouse taken immedi-

ately after sacrifice. The arrows indicate the location of gall bladder (GB), small intestine (SI),

and bladder (Bl). Tissue autofluorescence was imaged using three different excitation/emission

filter sets; (C) (460–500/505–560 nm); (D) (525–555/590–650 nm); and (E) Near-infrared (NIR)

(725–775/790–830 nm). Panel (A) reproduced with permission from Hemmer et al. (2013) ©
2013 Royal Society of Chemistry. Panels (B–E) reproduced with permission from Frangioni

(2003) © 2003 Elsevier B.V.
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ion. PEI-coated NaYF4:Er
3+/Yb3+ nanoparticles were incubated with HeLa

cervical cells. The authors showed that it was possible to determine the inter-

nal temperature of cancer cells, through spectroscopic measurements, in the

biological range of 25–45 °C (Vetrone et al., 2010b).

Wolfbeis and colleagues showed that core–shell NaYF4: (2 mol%) Er3+/

(20 mol%) Yb3+@NaYF4 can also be used as a temperature sensor with

higher brightness and the capacity to resolve temperature differences lower

than 0.5 °C in the same biological range (Sedlmeier et al., 2012).

4.1.2 Detection of Metal Ions

Due to the availability of a large number of ligands for surface modification to

the UCNPs, conjugation of organic dyes to the UCNPs can be carried out and

opens up the possibility for imaging and detection of metal ions such as Hg2+

for example. This detection capacity is based on a FRET mechanism between

UCNPs (donor) and an ion-detector organic dye (acceptor). In the presence of

the targeted ion, the upconversion luminescence intensity will change due to

the energy transfer to the organic dye (Chen et al., 2014a).

Mercuric ion, Hg2+, is the most stable form of mercury that is converted

by microbial biomethylation into methylmercury in aquatic sediments. This

toxic heavy metal is then included in the food chain, and its accumulation

in the human body has been proved to cause damage to the central nervous

system (Cotton et al., 1999). Liu et al. reported the conjugation of ruthenium

complex N719 (C58H86N8O8RuS2) to the surface of NaYF4: (0.4 mol%)

Tm3+/(1.6 mol%) Er3+/(20 mol%) Yb3+ to detect and image Hg2+ in aqueous

solutions and in living cells, reporting a level of detection as low as

1.95 ppb. This achieved limit of detection is lower than the maximum level

(2 ppb) of Hg2+ established by the U.S. EPA (Liu et al., 2011a).

The development of sensors based on UCNPs for the detection of ions is

illustrated by many examples: Cr3+, in urine, as a biological marker to envi-

ronmental exposure (Liu et al., 2013a), Cu2+ as essential trace element for

many biological processes and a significant environmental pollutant (Zhang

et al., 2012a), and ions with important roles in biological functions such as

Na+ and Ca2+ (Xie et al., 2012).

4.2 Bioassays

Bioassays are biochemical tests that are used to detect the presence and mea-

sure the concentration of biomolecules. Different organic dyes have been

used for the development of these bioassays; however, they do not offer

the same advantages as offered by upconversion luminescence in UCNPs.

Using the latter, the signal of the background luminescence is greatly

reduced, offering lower limits of detection (Chen et al., 2014a; Dacosta

et al., 2014).
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There are two types of assays (Chen et al., 2014a):

(a) Heterogeneous assays: In this type of assay, biofunctionalized capture

molecules are immobilized on a solid substrate. They involve multiple

steps, namely, analyte addition, washing, and separation steps.

(b) Homogeneous assays: These assays are prepared by mixing the analytes

and receptors in the same solution; this approach, based on FRET, is con-

sidered to be faster and simpler.

4.2.1 Heterogeneous Assays

These assays are subdivided into two categories (Chen et al., 2014a):

(a) Noncompetitive or “sandwich” assays: The immobilized capture mole-

cules are able to detain the analyte, followed by the conjugation with

functionalized UCNPs present in the solution. Following removal of all

free non-captured species, measurement of the luminescence intensity

may be related to the concentration of UCNPs coupled with the analyte

and hence the concentration of the analyte (Fig. 22A). The optical

response is therefore proportional to the concentration of the analyte.

(b) Competitive assays: In these protocols, competition between free ana-

lytes and UCNPs conjugated with analytes is initiated. Based on a cali-

bration curve reflecting the intensity of the upconversion luminescence

versus the concentration of the analyte, the concentration of the latter

can be determined (Fig. 22B). The optical response is inversely propor-

tional to the concentration of the analyte.
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UCNPs Capture
molecule
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molecule
Functionalized

wafer NIR Ex UC PL

FIGURE 22 Scheme of heterogeneous assays based on UCNPS: (A) noncompetitive assay and

(B) competitive assay schema. Reproduced with permission from Chen et al. (2014a) © 2014

American Chemical Society.
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Submicrometer-sized upconverting particles were first used to develop hetero-

geneous assays for the detection of biomolecules such as prostate-specific

antigen (Zijlmans et al., 1999), human chorionic gonadotropin (Hampl

et al., 2001), DNA (Corstjens et al., 2001), and nucleic acids (Rijke et al.,

2001). Later on, Li reported the use of sub 50-nm NaYF4:Er
3+/Yb3+ for the

detection of DNA with a limit of detection of 10 nM without polymerase

chain reaction (PCR) amplification (Wang and Li, 2006).

Duan et al. reported the detection of Salmonella typhimurium and Staphy-
lococus aureos with limits of detection of 5 and 8 cfu mL�1 respectively,

using NaYF4 UCNPs and amine-functionalized Fe3O4 nanoparticles. The

authors reported that with magnetic separation and concentration effect of

Fe3O4 nanoparticles, as well as the high sensitivity of UCNPs and the differ-

ent emission lines, this method had higher sensitivity and selectivity for the

two types of bacteria in comparison with the currently used plate-counting

method (Duan et al., 2012).

4.2.2 Homogeneous Assays

Homogeneous assays operate on a distance-dependent FRET mechanism

between the capture-conjugated UCNP energy donor and an acceptor mole-

cule for detection of analytes in solution. When both species are located

within a distance greater than 10nm, no detectable FRET signal can be

observed. Upon entering in close proximity (distances<10 nm), the FRET

mechanism is favored, and the optical signal can be related to the identifica-

tion and concentration of the analytes in solution (Chen et al., 2014a).

First, homogeneous arrays made use of micro-sized upconverting particles

(Kuningas et al., 2005). However, this system was not stable in aqueous envir-

onments and particles were observed to precipitate during analysis. Zhang

et al. showed that the use of small-sized oligonucleotide modified UCNPs

to detect DNA can be successfully carried out with a reported limit of detec-

tion of 1.3nM (Zhang et al., 2006a).

Kumar et al. reported an improved homogeneous assay for the detection of

DNA hybridization based on NaYF4:Tm
3+/Yb3+ and an intercalating dye

SYBR Green I. Detection of perfectly matched target DNA with a detection

limit of 20 fmol could be achieved, as well as the ability to distinguish targets

with single-nucleotide variations (Kumar and Zhang, 2009).

5 APPLICATIONS IN IMAGING

5.1 Imaging

Imaging is an important biomedical tool that has been shown to be useful for

early detection, screening, and image-guided therapies of various types of dis-

eases (Prasad, 2003). UCNPs offer multiple advantages over other available

luminescent probes previously discussed. The excitation wavelengths of
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UCNPs lie within the first biological optical transparency window—

650–1000 nm (see Fig. 21A) allowing deeper light penetration, reduced light

scattering, and lower autofluorescence in tissues (Chen et al., 2014a,b;

Dacosta et al., 2014). Due to these attractive properties, an increase in the

number of UCNP publications and review articles has been observed, partic-

ularly in areas concerned with cellular and whole animal body imaging (Chen

et al., 2014a,c, 2015; Han et al., 2014; Lim et al., 2015; Liu et al., 2014a,b;

Sun et al., 2014; Van Veggel, 2014; Wang and Zhang, 2014; Wei et al.,

2014; Zhang et al., 2014; Zhou et al., 2015).

5.1.1 In vitro Imaging

In vitro imaging of living cells is dependent on the cellular uptake of the

UCNPs by the cells. There are three active processes in which nanoparticles

may be uptaken by living cells, namely, phagocytosis, pinocytosis, and

caveolin-dependent endocytosis, also referred as clathrin-mediated endocyto-

sis (Zhu et al., 2013). The latter is most commonly reported as the main cel-

lular uptake mechanism observed (Chen et al., 2014a).

The cellular uptake of nanoparticles is dependent on their physicochemical

properties including their charge, size, and the nature of the capping ligands

(He et al., 2010). Since the cellular membrane has a net negative charge,

the uptake of nanoparticles with positively charged surfaces is usually

favored. In terms of size, nanoparticles smaller than 50nm are usually uptaken

in a more efficient manner ( Jin et al., 2008). In addition, the nature of the

ligand may also facilitate cellular uptake. The use of peptides, aptamers, affi-

bodies and antibodies favor receptor-mediated endocytosis. Other factors such

as purity, chemical composition, aggregation, nanoparticles–protein interac-

tions, nanoparticles–cell incubation conditions, cell types, and cell treatment

need to be taken into account in the studies of cellular uptake of nanoparticles

(Chen et al., 2014b).

In addition, one must consider that once the nanoparticles trespass the

membrane barrier, the capping ligands need to possess chemical characteris-

tics that prevent the nanoparticles from being discarded in the lysosomes,

the waste disposal systems of eukaryotic cells. This can be achieved by using

ligands such as cationic polymers, transcriptional activators, and amphiphilic

peptides for example (Varkouhi et al., 2011).

Chatterjee et al. were pioneers in demonstrating the potential of UCNPs as

in vitro luminescent probes with the aim of carrying out cellular imaging. The

authors used PEI-coated NaYF:Er3+/Yb3+ nanoparticles conjugated with folic

acid to target HT29 adenocarcinoma cells and human OVCAR3 ovarian car-

cinoma cells. Both cancer cell lines possess significantly higher numbers of

folate receptors on the cellular membrane. The authors demonstrated high

fluorescent detection sensitivity of the nanoparticles using continuous-wave

infrared laser stimulation (Chatterjee et al., 2008).
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UCNPs with no targeting functionalization have also been used to image

breast cancer cells (SKBR-3 and MCF-7) (Park et al., 2009), HeLa cells

(Cao et al., 2010; Vetrone et al., 2010a), AB12 mouse mesothelioma (Shan

et al., 2008), HUH-7 liver cancer cells (Hirotada et al., 2010), and MB49 blad-

der cancer cells (Zhengquan et al., 2010), which all reported cellular uptake of

UCNPs via endocytosis. However, Jin et al. demonstrated that cellular uptake

efficiency is improved by using positively charged PEI-coated UCNPs due to

the higher charge affinity to the cellular membrane (Fig. 23) ( Jin et al., 2011).

Later on, targeted functionalized UCNPs were reported for imaging of differ-

ent cancer cell lines. UCNPs functionalized with bimolecular recognition moi-

eties such as folic acid were used to image human HT29 adenocarcinoma

cells, human cancer colon cells, HeLa cells, and OVCAR3 ovarian carcinoma

cells (Chatterjee and Yong, 2008; Liu et al., 2012b; Wang et al., 2011a; Xiong

et al., 2009b). Other target moieties used were rabbit anti-CEA8 antibodies for

carcinoembryonic antigen and HeLa cells (Wang et al., 2009a) and RGD peptide

for human glioblastoma (Zako et al., 2009). These approaches represent a great

potential in the improvement of the early detection of cancer in living subjects.

FIGURE 23 UCNP-PEI (FITC-labeled) uptake through clathrin-mediated endocytosis. HeLa

cells transfected with RFP-tagged clathrin for 24 h. After transfection, UCNP-PEI was added sub-

sequently to the culture, and live-cell imaging was started on the motorized stage of the Zeiss

Axiovert microscope. Reproduced with permission from Jin et al. (2011) © 2011 American Chem-

ical Society.
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Liu et al. developed multifunctional PEG-NaYF4:Er
3+, Yb3+/NaGdF4

nanoparticles possessing a surface modified with TAT peptide (transactivator

of transcription of human immunodeficiency virus) and loaded with DOX, an

anticancer drug that targets the cancer cellular nucleus, and proved the possi-

bility of DOX delivery to the nucleus. The authors showed simultaneous

magnetic resonance (MRI) and upconversion fluorescence imaging (Fig. 24)

(Liu et al., 2012a). For DOX-UCNPs-PEG, UCNPs could be found within

the cytoplasm, but not in the nucleus, and DOX accumulated mostly within

the cytoplasm with a negligible DOX fluorescence within nuclei in 24 h of

incubation. Only after further incubation for another 24 h, DOX could be

found diffused into the cell nuclei from the cytoplasm where it is released.

For DOX-UCNPs-PEG/TAT, the fluorescence microscopic images show the

significant internalization of UCNPs by HeLa cells in 12 h and strong fluores-

cent emissions from both UCNPs and DOX can be found mostly emanating

from the nuclei in 24 h, indicating the effective internalization of the NPs into

the cell nucleus.

FIGURE 24 In vitro confocal observations of UCNPs and DOX in HeLa cells incubated with

DOX-UCNPs-PEG (A) and DOX-UCNPs-PEG/TAT (B) for varied time durations. The blue (gray

in the print version) fluorescence is from DAPI used to stain the nuclei. The green (light gray in

the print version) and red (dark gray in the print version) emissions (second and third column from

the left) are from UCNPs under 980-nm laser excitation, while DOX emits red (gray in the print

version) fluorescence (fourth column from the left) under 488-nm laser excitation. DOX loadings

are 5 mg/ml for all the particles. Scale bar: 20 mm. Reproduced with permission from Liu et al.
(2012a) © 2012 Elsevier B.V.
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5.1.2 In vivo Imaging

The optical properties of UCNPs have attracted considerable attention in the

development of novel applications and therapeutic approaches in medicine

and biology where they have been principally studied as luminescent probes

for in vivo imaging. Cheng et al. found that although water-dispersible QDs

show quantum yields in the order of 40%, the in vivo lowest limit of detection

is only 5 nM due to the auto-fluorescence background from biological tissues

following excitation with visible light (Cheng et al., 2010). In vivo imaging

using UCNPs as luminescent probes is typically oriented toward the small ani-

mal model. Several studies have made use of mice and rat models to study

tumor-targeted imaging, lymphatic and vascular imaging, as well as cell

tracking (Zhou et al., 2012).

One important parameter to consider when using UCNPs for in vivo imag-

ing is the biodistribution of the luminescent probes inside the body. Austin

and colleagues were pioneers in reporting UCNPs as biocompatible lumines-

cent probes. The authors used Y2O3:Er
3+/Yb3+ UCNPs (50–150 nm) to inocu-

late live nematode C. elegans worms. Two photon images show the UCNPs

visible in the intestines, pharynx, and the rectum (Fig. 25) (Lim et al., 2005).

FIGURE 25 In vivo images of C. elegans. Red (dark gray in the print version) represents the

bright field and green (light gray in the print version) the phosphor emission. Images taken at

(A) 0 h, (B) 4 h, and (C) 24 h. Reproduced with permission from Lim et al. (2005) © 2005

American Chemical Society.
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Xiong et al. reported the long-term in vivo distribution of PAA-coated

NaYF4: Tm
3+/Yb3+ upconverting nanoparticles (PAA-UCNPs�11.5 nm) in

athymic nude mice. A concentration of 15 mg/kg body weight of PAA-

UCNPs was injected through the tail vain. The results obtained showed that

PAA-UCNPs were mostly uptaken and retained in the liver and the spleen.

The mice survived up to 115 days without any adverse effect to their health.

A slow rate of excretion from the body was also noted. Histological, hemato-

logical, and biochemical analysis proved no overt toxicity due to

PAA-UCNPs in mice even after the long UCNPs, administration periods

(Xiong et al., 2010).

UCNPs have also played a major role in the development of luminescent

probes for tumor diagnostics and therapy. Advances in targeted imaging have

led to the surface modification of UCNPs with folic acid (FA), antibodies, and

peptides. FA is one of the most reported ligands to target tumors. This acid is

highly stable, has a non-immunogenic character and may be conjugated with a

wide variety of molecules. Moreover, it has been reported that folate receptors

are overexpressed in many types of cancer cells (see Section 5.1.1) (Zhou

et al., 2012).

Xiong et al. used FA to functionalize 6-aminohexanoic acid-coated

NaYF4:Er
3+/Yb3+ nanoparticles through EDC chemistry (EDC: 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide). Folic acid and non-FA-functionalized

nanoparticles were injected in athymic nude mice bearing HeLa tumors

(tumor size: 0.4–0.6 cm, doses: 160 mg of nanoparticles per animal) through

a tail vein injection. After 24 h, a strong upconversion signal was observed

following 980 nm irradiation at the tumor site, whereas no obvious signal

was observed in the control mouse injected with non-functionalized FA-

UCNPs (Xiong et al., 2009b).

The argentine-glycine-aspartic acid (RGD) peptide has a high affinity for

the avb3 integrin receptor. This receptor has been related to tumor angiogene-

sis (Chen et al., 2004). Li and colleagues conjugated RGD to the surface of

PEG-modified NaYF4: Tm3+ (0.2 mol%)/Er3+ (1.8 mol%)/Yb3+ (20 mol%)

nanoparticles to image a nude mouse inoculated with human glioblastoma

U87MG tumors that overexpress avb3. The authors reported the detection of

an upconversion signal 1 h post injection of the probes and an achievement

of a tumor signal-to-noise ratio of 24 (Xiong et al., 2009a). Antibodies such

as antiHer2 and rabbit CEA8 have also been conjugated to UCNPs@SiO2

and proved to be good targeting and imaging agents of HeLa cells (Shan

et al., 2009; Wang et al., 2009c).

An important route for the metastasis of cancer cells is the local lymphatic

drainage. It has been postulated that the identification and blocking of sentinel

lymph nodes could lead to the prevention of cancer metastasis (Fidler, 2003).

Kobayashi et al. demonstrated two-color imaging of mouse lymph nodes

without autofluorescence using CTAB and PEG surface-functionalized

NaYF4:Er
3+ (Tm3+)/Yb3+, revealing the potential of the UCNPs to identify
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only affected lymph nodes (Kobayashi et al., 2009). UCNPs have also been

used for vascular imaging. Vascular abnormalities are associated with cardio-

vascular, kidney, and pulmonary disease (Carmeliet, 2003). To prove the

potential of UCNPs for imaging the vascular system, Idris et al. reported the

use of NaYF4:Er
3+/Yb3+@SiO2 to track live myoblast cells for the imaging

of mouse ear blood vessels (Idris et al., 2009).

5.2 Multimodal Imaging

Clinical imaging is a noninvasive tool used for the diagnosis of diseases, char-

acterization of damaged tissues, and the evaluation of treatment efficiencies

(Naumova et al., 2014). The following are currently approved and commonly

used clinical approaches where UCNPs can find integration and potentially

have a strong impact both as luminescent probes and contrast agents

(Naumova et al., 2014):

l MRI: uses magnetic fields (0.5–7 T) to polarize the hydrogen nuclei of

water molecules in human tissues. Using time-varying gradient magnetic

fields and radio frequency pulses is possible to map the spatial distribution

of the protons and construct multidimensional images.

l Positron emission tomography (PET): produces images through the detec-

tion of biologically active positron-emitting radio tracers (for example:
18F) conjugated to low-molecular-weight biocompatible molecules.

l X-ray computed tomography (CT): uses computer-processed X-rays to

produce tomographic images.

In Table 3, a summary of these aforementioned applications, their respective

contrast agents, main characteristics, depth of penetration, sensitivity, resolu-

tion, and disadvantages are presented (Naumova et al., 2014).

5.2.1 Upconversion Luminescence and MRI

Multimodal imaging agents are developed in order to combine the advantages

of two or more imaging techniques. The use of UCNPs for optical imaging

offers high sensitivity but poor tissue penetration depth. In contrast, MRI,

an approved clinical imaging technique, offers moderate sensitivity but a lim-

itless penetration depth and high spatial resolution. Based on this, imaging

research efforts have been oriented toward the development of nano-sized

probes that show both upconverting and magnetic properties. These probes

are touted as being advantageous for obtaining simultaneous MRI/optical

images (Zhou et al., 2012).

Two types of contrast agents are used in MRI: T1-weighted agents that

change the spin–lattice relaxation of the protons of water in tissues, usually

appearing in images as white zones (positive contrast). In this case, the
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TABLE 3 Characteristics of Clinical Imaging Modalities (Naumova et al., 2014)

Modality Applications

Contrast

Agents

Main

Characteristics

Depth of

Penetration Sensitivity

Image

Resolution

(voxel size) Disadvantages

MRI Anatomy,
pathology,
metabolism,
chemical
exchange,
physiology,
function,
intervention,
cellular,
molecular

Iron oxide
nanoparticles,
Gd3+ chelates,
Microcapsules
with fluorine
sodium carbon,
Ferritin, Lysine-
rich protein,
protamine

Versatile, high soft
tissue contrast,
metabolite
concentrations,
perfusion,
characterization
of the
microenvironment,
short- and medium-
term cell tracking,
graft size

No limit Moderate <1–3 mm3 Not compatible
with patients
with implants.
Acoustic noise.
Specialized
coils (19F,
23Na, 13C)

PET Metabolism

Physiology

Function

Cellular

Molecular

18FDG, 18FHBG,
18FDOPA

Graft proliferation,
tissue viability,
inducible cell
death, longitudinal
serial imaging, and
differentiation
possibilities.

No limit High 3–5 mm3 Ionizing
radiation, bio-
hazardous
labels

CT Anatomy

Pathology

Intervention

Vascular
delivery

Biopsy

Microcapsules,
Barium, Gold
Nanoparticles

Multimodal paring
with PET, SPECT,
bone, lung

No limit High <1 mm3 Ionizing
radiation, not
suitable for soft
tissue imaging



intensity is dependent on the concentration of water molecules. The second

class of agents is T2-weighted agents that change the spin–spin relaxation

time. This is observed in MRI images as darkened zones (negative contrast).

The importance of Gd3+ ions in MRI imaging is evident through the fact

that several Gd3+chelates have been developed for imaging in the hospital

and clinical settings. In order to develop T1-weighted MRI/optical imaging

agents, three strategies have been proposed:

(a) Use of Gd3+-based hosts

While the host provides the magnetic properties, dopants such as Er3+

and Tm3+ offer the optical emission centers. Das et al. reported the syn-

thesis of upconverting Gd2O3:Er
3+/Tm3+/Yb3+ nanorods with T1 and spe-

cific relaxivity, r1 of 665 ms and 1.5 s�1 mM�1, respectively. The authors

report a good T1-weighted MRI contrast, comparable to the T1 contrast

agents commercially available (Das et al., 2010).

Naccache et al. reported the synthesis of water-dispersible small

(�25 nm) and ultra-small (<5 nm, US) citrate-capped NaY(Gd)F4:

Tm3+/Yb3+ nanoparticles. The authors demonstrated that US-NaY(Gd)

F4:Tm
3+/Yb3+ show superior properties for MRI imaging due to lower

relaxometric ratios r2/r1¼1.18. US-NaY(Gd)F4:Tm
3+/Yb3+ also evi-

denced long blood retention time in mice (>90 min) and they were elimi-

nated from the body through the reticuloendothelial and urinary systems

(Naccache et al., 2013).

(b) Gd3+ as dopant

Kumar et al. showed that NaYF4:Gd
3+/Tm3+/Yb3+ nanoparticles not

only possess upconverting luminescence properties but magnetic proper-

ties as well that are suitable for MRI. The authors reported a specific

relaxivity r1¼0.14 s�1 mM�1 (Kumar et al., 2009).

Optimization of the concentration of Gd3+ dopant ion in NaYF4:

Gd3+/Er3+/Yb3+ was carried out and the authors reported an r1 value of

0.41 s�1 mM�1 when using 60 mol% of the Gd3+ dopant ion (Zhou

et al., 2011)

(c) Core/Gd3+-based shell nanoparticles

Different core/Gd3+-based shell nanoparticles have been reported as

luminescent probes for optical imaging. Using a Gd3+-based shell also pro-

vides the required magnetic properties to use these probes as MRI contrast

agents. Examples of MRI/Optical hybrid imaging probes are NaGdF4:

Er3+/Yb3+@NaGdF4 (r1¼1.05–1.40 s�1 mM�1) (Park et al., 2009),

NaYF4:Er
3+/Yb3+@NaGdF4 (r1¼0.48 s�1 mM�1) (Hai et al., 2010), and

NaYbF4:Tm
3@NaGdF4 (r1¼2.6 s�1 mM�1) (Chen et al., 2011b).

In terms of the second class of MRI contrast agents (T2-weighted), the

coupling of superparamagnetic iron oxide nanoparticles with UCNPs has

opened up the possibility to develop T2-weigthed MRI/optical imaging

agents. Chen and colleagues reported a facile approach for synthesizing
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Fe3O4(18.4 nm)@SiO2@Y2O3: Er
3+/Yb3+ (3.3 nm) nanoparticles with a

saturation magnetization of 7.22 emu g�1, r2 value of 186.2 s�1 mM�1,

and upconversion luminescence. The amorphous silica shell provides

water dispersibility to the iron oxide core maintaining its robust magnetic

responsive properties (Yu et al., 2011). Other core–shell systems devel-

oped as T2-weigthed MRI/optical imaging agents include NaYF4:Er
3+/

Yb3+@Fe3O4@Au (Cheng et al., 2011) and Fe3O4/NaLuF4: Tm
3+/Er3+/

Yb3+ (Zhu et al., 2012).

5.2.2 Upconversion Luminescence and PET

PET is a nuclear medicine-based imaging technique for the detection of g-rays
emitted indirectly by a positron-emitting radionuclide usually conjugated to

small organic molecules. The most used radionuclide is 18F. PET produces

three-dimensional images of the whole body with detection sensitivity below

the picomolar range. However, it offers low spatial resolution (�mm) (Hoff

et al., 1996). UCNPs could offer the needed improvement in resolution for

getting more anatomical and physiological details (Dacosta et al., 2014;

Park et al., 2015; Zhou et al., 2012). The synthetic procedure is based on

the inorganic reaction between rare earth cations and fluoride ions. The 18F-

NaYF4:Tm
3+/Yb3+ nanoparticles were evaluated using PET imaging monitor-

ing their in vivo distribution as well being able to carry out lymph imaging.

The authors state that this facile 18F-labeling method overthrows the conven-

tional 18F-labeling methods (Sun et al., 2011).

5.2.3 Upconversion Luminescence and X-ray CT

CT is an imaging technique based on computer-processed X-rays to produce

tomographic images of specific areas of the body. The use of lanthanide-based

nanoparticles as X-ray contrast agents may result in improving the X-ray

attenuation coefficient to enhance CT images, due to their higher atomic num-

bers and K-edge values within the X-ray spectrum (Chen et al., 2014a).

Sun et al. reported the synthesis of US water-dispersible NaGdF4:

Er3+(Tm3+,Ho3+)/Yb3+ (�5 nm) using a two-phase system via an ionic

liquid-based reaction. These nanoparticles proved to be effective contrast

agents for in vivo optical/CT imaging (Sun et al., 2011). The same group

developed FA-conjugated silica-modified LaF3:Tm
3+/Yb3+ nanoparticles for

simultaneous targeted optical/CT imaging (Ma et al., 2012).

Yb3+-based UCNPs have K-edge energies (�61 keV) located at the higher

intensity edge of the X-ray spectrum at the commonly used voltage in clinical

CT (120 KVp) (Chen et al., 2014a). The same group developed folic acid-

conjugated, silica-modified LaF3: Tm
3+/Yb3+ nanoparticles for simultaneous

targeted optical/CT imaging (Ma et al., 2012). They also demonstrated that

PEG-NaYbF4:Er
3+ has higher X-ray absorption in comparison to Lobitridal

and Au-, Pt-, Bi-, or Ta-based nanoparticles (Liu et al., 2012c).
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5.3 Drug Delivery and Release

5.3.1 Chemotherapy

The international Agency for Research on Cancer (IARC) has estimated that

by 2030 the number of new cases of cancer reported each year will be around

21.4 million and the number of cancer-related deaths will amount to about

13.2 million (Allen and Cullis, 2004). Nowadays, one of the most used treat-

ments of cancer is chemotherapy. This method employs synthetic molecules

and natural products as anticancer agents.

Despite the considerable advances that have been realized in the develop-

ment of efficient chemotherapeutic agents, challenges still exist concerning

drug delivery and release to the body. The main drawbacks of chemo-

therapeutic agents are their rapid clearance and short blood circulation half-

life. As a consequence, the concentration of the agents in the tumors cannot

be maintained for long durations (Iyer et al., 2013). Reports have also

shown that anticancer drugs lack selectivity to tumor tissues and cells fol-

lowing administration as the drugs diffuse across all types of blood ves-

sels irrigating healthy and tumor tissues causing undesired side effects

(Hortobagyi, 1997).

The aforementioned drawbacks underscore the need to develop targeted

delivery systems that offer full protection against degradation of chemother-

apy agents in the blood stream. The use of UCNPs has been proposed as a

potential avenue to explore improved approaches toward drug delivery. There

are two major methods of UCNP-mediated drug delivery: (i) Change in pH

medium and (ii) bond cleavage by UV light produced in situ by the emission

of UCNPs (Shanmugam et al., 2014).

In the first method, the chemotherapeutic drug is accommodated on the

surface of the UCNPs or encapsulated inside a mesoporous silica shell grafted

on the surface of the nanoparticles. The drug is retained by the interaction

with the surface ligand capping the UCNPs. Through a change in pH (espe-

cially to low pH), the drug can be protonated, and consequently released.

Thus, UCNPs can be used as the drug carrier and drug delivery can be moni-

tored and its release image-guided (Dong et al., 2011; Hou et al., 2011; Li

et al., 2013a; Tian et al., 2012). Some examples of this drug release approach

are described below.

Tian et al. reported the synthesis of NaYF4: Er
3+/Mn2+/Yb3+. Introducing

Mn2+ resulted in enhancing the red emission of Er3+ due to changes in the sur-

roundings of the rare-earth ion and in the cross-relaxation energy between

Er3+ and Mn2+. Thus, they improved the imaging ability of the upconverting

nanoparticles. NaYF4: Er
3+/Mn2+/Yb3+ UCNPs were loaded with Doxorubicin

(DOX), a chemotherapy drug, through hydrophobic interaction with the

oleate-capped UCNPs and coated with poly(ethylene glycol)-conjugated

phospholipid (DSPE-PEG 2000) in order to render them water dispersible.

The nanoparticles were injected into mice and in vivo imaging was
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demonstrated (Fig. 26). Drug release experiments were conducted, in vitro,
under two pH conditions. For the simulation of the intracellular cancer cell

environment, a pH of 5 was used while a pH of 7.4 was used for the healthy

cell counterpart. A slow DOX release of approximately 19.1% was observed

after 48 h at pH 7.4, whereas a release of 50.5% was measured at pH 5.

Finally, A549 cells were treated with DOX-loaded NaYF4: Er
3+/Mn2+/Yb3+

nanoparticles. The cells exhibited 10% viability while the survival rate was

30% for the administered free DOX (Tian et al., 2012).

Wang et al. reported the loading of DOX on PEGylated NaYF4:Er
3+/Yb3+

for simultaneous imaging and therapy. They reported the loading of DOX by

physical adsorption and its release under slightly acidic pH conditions (Wang

et al., 2011a). The same group described the encapsulation of UCNPs together

with iron oxide nanoparticles and fluorescent dye and/or DOX via a

microemulsion method relying on an amphiphilic block copolymer,

poly(styrene-block-allyl alcohol) (PS16-b-PAA10). Using this multifunctional

FIGURE 26 In vivo imaging study using DSPE-PEG-DOX-NaYF4: Er
3+/Mn2+/Yb3+. The nano-

particles were injected in (A, D, E) translucent foot; (B, E, H) below skin of back and (C, F, G)

thigh muscle of mice. Images (A–C) correspond to Kunming mouse with 100 mL of 2.0-mg/mL-

modified UCNP; images (D–F) correspond to Kunming mouse with 100 mL of 0.5-mg/mL-

modified UCNPs; images (G–I) correspond to S.D. rat with 100 mL of 2.0-mg/mL-modified-

UCNPs. Reproduced with permission from Tian et al. (2012) © 2012 Wiley VCH.
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nanocomposite system, upconversion luminescence/down-conversion fluores-

cence and MRI in vitro and in vivo, as well as, in vivo cancer cell tracking in

mice were demonstrated (Xu et al., 2011; Zhang et al., 2011).

In the second method, the chemotherapy drug is bonded to a photocleava-

ble group. The drug release is carried out via bond cleavage by the in situ UV

emission from the UCNPs. The main advantage of this method is that it elim-

inates the direct exposure to UV light and the photocleavable molecule is used

to mask the therapeutic agent preventing unwanted early release and possible

side effects (Dacosta et al., 2014; Fan et al., 2012).

Paudel et al. reported the proof-of-concept release of a hydrophobic group

by the use of the UV emission (360 nm) of NaYF4:Tm
3+/Yb3+ nanoparticles.

They demonstrated the photoinduction of the cleavage of o-nitrobenzyl group
from poly(ethylene oxide)-block-poly(4,5-dimethoxy-2-nitrobenzyl methacrylate)

upon 980 irradiation (Paudel et al., 2011). Similarly, Carling et al. described

the release of a hydrophilic group (acetic acid) from 30,50-di(carboxymethoxy)

benzoin cage by using the UV emission of NaYF4:Tm
3+/Yb3+-NaYF4 core–

shell nanocrystals. The core–shell nanocrystals were surface functionalized

with 30,50-di(carboxymethoxy) benzoin cage. This cage exhibits an absorption

maximum at 282 nm. The authors demonstrated the release of acetic acid

following 980 nm irradiation via UV generation in situ from the nanocrystals

and by using direct 313 nm UV irradiation (Carling et al., 2010).

In another study, SiO2 and 3-aminopropyltriethoxysilane (APTES) coated

NaYF4:Tm3+/Yb3+ nanoparticles were synthesized. The terminal amine groups

were conjugated with a homobifunctional PEG(HOOC-PEG-COOH) and thio-

lated DOX using N-succinimidyl 3-(2-pyridyldithio)-propionate (SPDP) to

form a DOX-PEGylatedUCNP@SiO2 nanocomposite. In order to include a tar-

geting ligand, the carboxyl groups in folic acid were masked using the photo-

sensitive cage 2-nitrobenzylamine to form caged folates. Furthermore, the

terminal amines of the cages were conjugated with DOX-PEGylatedUCNP@-

SiO2 to obtain the caged folate-DOX-PEGlyted UCNP@SiO2. The uptake of

the nanosystem was evaluated with HeLa cells (folate receptor-positive) and

A549 (folate receptor-negative). The authors demonstrated that by using

980 nm irradiation with a power density of 11 W cm�2, the uptake of the nano-

system in HeLa cells was 2.5� greater than in A549. In vitro chemotherapy

tests showed HeLa cell apoptosis occurred when treated in presence of the

nanosystem upon 980-nm excitation. When no irradiation was administered,

the cell viability was maintained above 90% (Fig. 27). Finally, the nanosystem

was tested in vivo following a tail vein injection in mice bearing HeLa cell

tumors. A decrease in tumor size was observed in the treated mice after light

exposure in comparison with nonirradiated mice (Chien et al., 2013).

5.3.2 Photodynamic Therapy

Photodynamic therapy (PDT) is a clinical therapeutic modality that causes the

death of cancer cells by producing lethal singlet oxygen species in situ. This
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highly reactive species is generated as a consequence of the excitation

of a photosensitizer (PS) with high-energy light such as UV light. Four

types of photosensitizers have been approved by the U.S. Food and Drug

Administration for clinical use: (i) porphyrin derivatives, (ii) chlorins,

(iii) phthalocyanines, and (iv) porphycenes. However, this therapeutic

approach method is limited to superficial pathologies due to the poor tissue

penetration depth of UV light (Koo et al., 2007; Lucky et al., 2015; Wang

et al., 2011b; Yang, 2014).

Significant attention has been directed toward the development of PDT-

capable nanoplatforms based on lanthanide-doped UCNPs. Different methods

to conjugate PDT agents to UCNPs have been proposed and include the use of

(i) electrostatic interactions between carboxyl ligands and the positively

charged surface of the UCNPs; (ii) coating a mesoporous silica shell; (iii) -

alpha-cyclodextrin; (iv) PEI or PEG adsorbed onto the surface of UCNPs;

and (v) chitosan derivatives (Yang, 2014).

Capobianco and colleagues reported the development of nanoconstructs

built from LiYF4:Tm
3+/Yb3+ UCNPs and a chlorine-based photosensitizer

5,10,15,20-tetra(m-hydroxyphenyl)-chlorin4–6 (m-THPC, Foscans, Temopor-

fin) conjugated via electrostatic interactions (Fig. 28B). The authors demon-

strated the generation of singlet oxygen using the blue light emitted

following NIR excitation of the UCNPs. In vitro analysis was carried out in

HeLa carcinoma cells to confirm the effect of the nanoconstruct on the cells

in the absence and presence of irradiation at 980 nm (Fig. 28A). It was found

that the nanoconstruct was not toxic towards cells not exposed to light;

FIGURE 27 Scheme of the uptake of caged folate-DOX-PEGlyted UCNP@SiO2 by HeLa cells

(folate—receptor-positive). The targeting folic acid groups were masked by a UV photocleavable

2-nitrobenzylamine cage to enable the nanosystem to enter into the cells after 980-nm irradiation.

Reproduced with permission from Chien et al. (2013) © 2013 American Chemical Society.
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however, upon 980-nm excitation, the nanoconstruct caused cell death up to

70% (Yu et al., 2014).

Similarly, Wang et al. conjugated b-carboxyphthalocyanince zinc PS to

LiYF4:Er
3+/Yb3+. The authors demonstrated an energy transfer efficiency of

96.3% accompanied by a high production rate of singlet oxygen species upon

26 min of NIR irradiation at a power density of 1 W cm�2. They also demon-

strated the efficiency of this nanoconstruct to inhibit tumor growth in vitro
and in vivo (Wang et al., 2014).

The major disadvantage of using electrostatic interactions between UCNPs

and PS are associated with the low number of PS molecules on the surface and

the usually easy release from the surface along with PS degradation in the body

prior to reaching the targeting site. Zhang and colleagues proposed the encapsu-

lation of PS in a mesoporous silica shell (mSiO2) grafted on the surface of

NaYF4:Er
3+/Yb3+. The shell provides protection for the PS and allows for a

higher loading of PS molecules. The multicolor emission of UCNPs activates

the PS contained in the mSiO2 shell, resulting in enhanced generation of singlet

oxygen. In vivo studies in melanoma tumor-bearing mice revealed that

PS-mSiO2-NaYF4:Er
3+/Yb3+ nanoparticles caused tumor growth inhibition in

PDT-treated mice by direct injection of the nanoparticles into melanoma tumors

and by intravenous injection of FA-PS-mSiO2-NaYF4:Er
3+/Yb3+ nanoparticles

(Idris et al., 2012). Qian et al. reported the synthesis of mSiO2-NaYF4 nanoparti-

cles. The mSiO2 shell had a large surface area of approximately 770 m2 g�1 with

an average pore size of 2 nm. This shell was used to encapsulate zinc phthalocy-

anine. The authors demonstrated the efficient production of singlet oxygen as evi-

denced that the PS loaded was not released from the mSiO2 at any point of the

irradiation process (Qian et al., 2009).
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FIGURE 28 (A) Viability of HeLa cancer cells following incubation with the nanoconstructs

and in the presence and absence of NIR irradiation (1-h irradiation; bottom x-axis: concentration
of the nanoconstruct; top x-axis: equivalent concentration with respect to the photosensitizer)

(B) schematic illustration of the nanoconstruct. Reproduced with permission from Yu et al.

(2014) © 2014 The Royal Society of Chemistry.
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The use of a-cyclodextrin-modified NaYF4:Er
3+/Yb3+ has been proposed

for loading chlorine e6 (Ce6), zinc phthalocyanine (ZnPc), and methylene

blue (MB). In vitro studies demonstrated efficient generation of singlet oxy-

gen upon NIR irradiation via resonance energy transfer from the nanoparticles

to the PS (Fig. 29). Furthermore, the authors proposed the use of this system

as a combination therapeutic approach with DOX and Ce6 (Tian et al., 2013).

Another approach for the conjugation of photosensitizers to UCNPs

involves the use of polymers such as PEI and PEG. These polymers are biocom-

patible, may be chemically modified, provide water dispersibility, and allow

the penetration of O2 and diffusion of singlet oxygen (Ungun et al., 2009).

For instance, poly(ethylene glycol-bock-(DL)tartaric acid) block copolymer-

coated NaYF4:Er
3+/Yb3+ nanoparticles conjugated to meso-tetraphenyl
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FIGURE 29 Results of the in vitro studies: (A) concentration-dependent cell viability of A-549

cancer cells incubated with Ce6/ZnPc/MB-a cyclodextrin UCNPs (power density: 1 W cm�2; irra-

diation time: 5 min); (B) viability of A-549 cells incubated with Ce6/ZnPc/MB-a cyclodextrin-

UCNPs as a function of irradiation time intervals (power density: 1 W cm�2; concentration:

100 mg mL�1). Reproduced with permission from Tian et al. (2013) © 2013 Wiley VCH.
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porphyrin (TPP) showed efficient HeLa cervical cancer cell-killing activity

upon 980 irradiation (Shan et al., 2011).

Finally, chitosan derivatives are also good candidates as linkers between

PS and UCNPs due to their good biocompatibility and the resultant water dis-

persibility. Cui et al. used folate-modified amphiphilic chitosan to coat the

surface of NaYF4:Er
3+/Yb3+ for anchoring ZnPc. In vivo studies demonstrated

efficient tumor targeting and therapeutic efficacy with a tumor inhibition rate

50% higher than visible-light-activated PDT (Cui et al., 2013).

5.3.3 Photothermal Therapy

This type of therapy is based on heat-generating probes after being exposed

to light irradiation. The local temperatures generated reach values as high as

80 °C, the temperature at which tissue ablation occurs. This has been used

for thermal ablation of cancer cells.

UCNPs possess a low extinction coefficient, therefore low capability to

generate heat. However, by coupling UCNPs with metallic nanostructures, it

is possible to develop nanosystems for theranostics proposes in photothermal

therapy (PTT; Chen et al., 2014a).

For instance, NaYF4:Er
3+/Yb3+@Ag nanoparticles were incubated with

HepG2 cells from human hepatic cancer and BCap-37 cells from human

breast cancer. After 980 nm, irradiation-induced death of the cancer cells

was observed (Dong et al., 2011) demonstrating the ability of these UCNPs

as PTT agent.

Cheng et al. proposed a core@shell@shell system using NaYF4:Er
3+/Yb3+

as a core, Fe3O4 (IONP) as a shell, and an Au layer as the outer shell. The

UCNP@IONP@Au nanoparticles were coated with PEG to improve the bio-

compatibility of the system in physiological solutions. The authors demon-

strated in vivo dual modal optical/MRI imaging of 4T1 tumor-bearing

Balb/c nude mice, after injection of PEG-coated UCNP@IONP@Au. Total

tumor elimination was reported following NIR laser irradiation (Cheng

et al., 2012).

Moreover, the synthesis of NaYbF4:Er
.3+/Gd3+@SiO2-NH2 nanoparticles

decorated with CuS nanoparticles was developed for synergistic PTT and

radiotherapy. Following injection of the nanoparticles in 4T1 tumor-bearing

Balb/c nude mice, and upon 980-nm irradiation, the tumors were eradicated

without visible recurrence in 120 days (Xiao et al., 2013).

6 CONCLUSIONS AND PERSPECTIVES

The past decades have seen an exponential increase in the number of publica-

tions in the field of upconverting nanomaterials attesting to the importance

that the research community has placed on this area. The potential for inte-

gration in a broad range of applications, specifically in nanomedicine, has

stoked the allure. In this chapter, we have provided an account of
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lanthanide-doped upconverting nanoparticles with a focus on the mechanisms

of upconversion, the choice of the host material and the lanthanide-dopant

ions, the various synthetic approaches for their preparation, the different stra-

tegies to achieve surface modifications to accomplish hydrophilicity, and

finally targeting of specific diseases. We have also presented some innovative

examples that have been developed to enhance upconversion including core/

shell architectures.

Lanthanide-doped upconverting nanoparticles offer significant advantages

in bioscience and nanomedicine due to their unique ability to convert NIR

light to higher energy light such as UV, visible, or even NIR (with a wave-

length shorter than the excitation source). Upconversion is a multiphoton pro-

cess involving the sequential absorption of at least two photons unlike other

multiphoton processes that require the simultaneous absorption of two

photons. This has an effect on the efficiency of upconversion. For example,

in lanthanide-doped nanomaterials, the efficiency is of the order of 10�3 for

ETU and 10�5 for ESA, whereas for two-photon absorption, it is of the order

of 10�13. Also, it can be achieved using commercially available cheap contin-

uous wave NIR diodes versus high power, ultrafast lasers, which are required

for excitation in two photon absorption experiments. In addition, lanthanide-

doped upconverting nanoparticles show excellent photo and chemical stabil-

ity, sharp f–f absorption, and emission peaks with distinguishable fingerprints,

non-blinking, non-bleaching, and optical properties that are not sensitive to

size. These properties and the use of NIR excitation, which allows for deeper

tissue penetration, minimized autofluorescence and reduced photodamage in

comparison to UV excitation makes them highly promising candidates for

applications in bioscience and nanomedicine. Due to the aforementioned

properties, lanthanide-doped upconverting nanoparticles have found wide-

spread integration in novel applications including bioassays, biosensing, opti-

cal multimodal bioimaging, light-triggered photoactivation and drug release,

photodynamic, as well as PTT. However, there exist a number of challenges

before they develop into serious contenders and become an alternative option

to the traditionally used organic fluorophores and quantum dots.

Fluoride hosts such as NaYF4, NaGdF4, LiYF4, CaF2, BaYF5, and others

have been synthesized using a variety of synthesis routes, namely, thermal

decomposition, hydro(solvo)thermal, coprecipitation, microwave-assisted

ionic liquids, and microemulsion. Although in the more recent publications,

excellent progress has been made to provide detailed reaction mechanisms

and understanding and insight into the role that solvents, reaction time, and

temperature have on the morphology, many questions persist. Challenges with

respect to size, shape, surface chemistry, and optical properties need to be

addressed before lanthanide-doped upconverting nanoparticles become the

premiere choice in biomedical applications.

At the nanometer scale, the surface is a very important parameter that can-

not be ignored since the majority of atoms lie there. Therefore, an
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understanding of the surface interactions with biological molecules is required

since this may not only determine the fate of the nanoparticles in the body but

also their efficiency in potential biomedical applications. The low efficiency

of the upconversion process must be addressed since this has a direct effect

on their luminescence intensity. Therefore, the synthesis of new host materials

is required with more efficient upconversion than NaYF4 or NaGdF4. This is

not an easy task since it is well known that changes in the local environment

of lanthanide ions have very little effect on their extinction coefficient. Other

approaches such as interactions with plasmonic nanoparticles (e.g., gold NPs)

and energy transfer from organic dyes should be studied. Moreover, the com-

munity must forge ahead in the use of theoretical models and methods in

order to provide a more critical analysis of the upconversion processes in

nanomaterials.

There has also been a flurry of activity in the development of multimodal

bioimaging probes based on the combination of different types of imaging

modalities (upconversion luminescence/PET/MRI/CT). Multimodal imaging

probes provide a number of advantages over a single modality since each

probe brings specific advantages and benefits that improve resolution, pene-

tration depth in tissues, and detection limits. Multimodality is not restricted

to the use of different imaging techniques since nanoparticles may be modi-

fied with multiple molecules on the surface to carry out multiple functions

such as detection and therapeutics. Upconverting nanoparticles have also been

developed for light-trigged drug release and the important focus has been on

tuning the upconversion emission to induce the required in situ photochemical

reaction to release the drug.

Notwithstanding the many reports on the possible applications of upcon-

verting nanoparticles, the impact of upconverting nanoparticles on health

and the environment remains a challenge that must be addressed, one that is

often overlooked (Gnach et al., 2015). There are a plethora of other para-

meters, which may act alone or in concert such as, chemical composition,

hydrodynamic size, size heterogeneity, redox properties, tendency for aggre-

gation, surface modifications and surfactants, chemical and colloidal stability,

biodegradability, and unknown interactions with other engineered nanoparti-

cles or behavior under electromagnetic field exposure (e.g. heating, photoac-

tivation etc.), which need to be studied.

The combination of different imaging probes, targeting and detection of

specific disease, and therapeutics could propel upconverting nanoparticles at

the forefront of nanomaterials to become a versatile platform for the genera-

tion of nanotheranostic tools in nanomedicine. With the continuously evolving

development of novel imaging and detection instrumentation, we are optimis-

tic that upconverting nanoparticles can soon offer high resolution imaging

beyond the cellular level. We envision that like MRI and CT, it may also

be used for whole organ imaging with high resolutions that would allow for

early detection and a greater chance of therapeutic success.
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LIST OF SYMBOLS

WG,Ei pump rate coefficient

nG population of the ground state

nEi population of the i-th excited state

tEi lifetime of the i-th energy level

g ion pair cooperative upconversion rate coefficient

kq cross relaxation coefficient

WE1,E3
th threshold rate coefficient

knr rate of non-radiative transition

ħvmax highest vibrational mode

kB Boltzmann’s constant

ACRONYMS AND ABBREVIATIONS

cfu colony-forming unit

cit32 trisodium citrate

CT charge transfer

CTAB cetyltrimethylammonium bromide

DLS dynamic light scattering

EDTA ethylenediamine tetraacetic acid

ESA excited state absorption

ETU energy transfer upconversion

FRET F€orster resonance energy transfer

FWHM Full width at half height of the maximum

IR infrared

Ln3+ trivalent lanthanide ion

LQY luminescence quantum yield

mPEG polyethylene glycol monomethyl

MRI magnetic resonance imaging

NIR near infrared

OI optical imaging

PAA polyacrylic acid

PBS phosphate-buffered saline

PEG polyethylene glycol

PEI polyethylenimine

PFC perfluorocarbon
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PLGA poly(lactic-co-glycolic acid)

PS photosensitizer

PVP polyvinylpyrrolidone

QDs quantum dots

SNC small sacrificial nanocrystals

SPR surface plasmon resonance

TEM transmission electron microscopy

TEOS tetraethyl orthosilicate

TPA two-photon absorption

UC upconversion

UCNPs upconverting nanoparticles

US ultrasmall

UV ultraviolet
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