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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 Nd**, Er’*, or Yb>".
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 (X=0, 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 Ln’* 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

15C011€ge 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 Yb**, Nd**, and Er**, 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 pm. 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 Nd**, Er’*, and Yb** 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

Eu(ll)

Magnetic semiconductor nanoparticles containing europium chalcogen-
ides EuX (X=0, 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(Ill) 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 Ln>*
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

[Ry(L),1"2*

B =6.48x10°(fRE)* (EM™) ()" (utt)

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 NaccacheT, 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

Drug delivery
Biosensors

Bioassays

Optical imaging

Multimodal imaging
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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 Er’*
entering in the composition of the ubiquitous NaYF,;: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. Biinzli
Vitalij K. Pecharsky
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1 INTRODUCTION
1.1 Motivation and Background

Infrared emitters based on materials with lanthanides, and especially those con-
taining Nd**, Er’*, and Yb", 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 (SiO,) 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 um 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 pm 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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FIGURE 1  Absorption of commercial silica (SiO,) fiber (thick line), overlapped with the typical
emission spectra of Nd**, Er’*, and Yb>". The labels identify the bands with the associated f—f
transitions of the corresponding ion (see figure 2).

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 Nd**, Er’*, Yb** (Figs. | and 2), Pr’*,
Tm?*, and Ho" 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 um Nd** 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 Er’*-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 pm of erbium. Importantly, Yb>* also was found to show
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FIGURE 2 Generic electronic configuration of Er’*, Nd**, and Yb**. After Dicke and
Crosswhite (1963).

amplification and laser action at ~1.0 um (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, aps, related to the absorption
coefficient, ¢, as oaps=¢ X 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 Nd**, Er**, and Yb>*) are exploited not only in
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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, o aps), nonradiative decays (with asso-
ciated rate constants k), and probability of stimulated emission, given by the corresponding
Einstein coefficient B (which is proportional to the spontaneous emission probability, ken,, 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.

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. (Biinzli, 2004; Biinzli 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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(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 (Biinzli and Chauvin, 2014).

The lanthanide atoms show a general electronic configuration given by [Xe]
4" 15d'6s? or [Xe]4f"5do652. In the trivalent ions, the 4f orbitals, mainly deter-
mining their optical properties, are occupied from 4f' to 4f'* and the outer
shells 5s*5p° 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 (¢~ 1 cm™ "), 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 ~10?° ions/cm® coupled with
the typically low absorption cross-sections arising from the parity and spin
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FIGURE 4 Estimate of gain as a function of Er** concentration and pumping power for a typical
inorganic compound with pumping at 1.48 um and emission at 1.54 pm. Realistic values (fiber
core radius: 2 pm, lifetime of the excited state: 11 ms, absorption cross-sections: 3 x 10*' cm? (sti-
mulated), 1.5x 10*' cm® (stimulated); emission cross-sections: 1.5 x 10?! cm? (stimulated),
0.5 x 10*' cm? (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
Er** 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.

forbidden f—f transitions (10~%' cm?) 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 Nd**, Er’*, and
Yb**, with extended commercial uses. However, currently the record amplifi-
cation to our knowledge is held by the KGdLu(WO,), matrix lattice-matched
doped with 47.5% Yb>*, 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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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 NaYF, 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 Nd** and Er’* 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 Er’* or Nd** complexes in organic polymer matrixes, to allow for
increased solubility and concentrations higher than 10°° ions/cm® 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 Nd**
involved high concentration Nd(IIT) 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 [-diketonate Nd** complex [Nd(hfa)s]
(hfa=hexafluoroacetylacetonate) in polyimide matrix and the deuterated
[Nd(hfa-d);] in perdeuterated PMMA (polymethyl methacrylate) matrixes
(Fig. 5) for Nd** direct excitation (Kuriki et al., 2000). More recently, the
B-diketonate = [Nd(tta);phen]  complex  (tta=thenoyl-trifluoroacetonate,
phen=1,10 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 um 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(CFsCOO);] 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).
Er’*-based organic amplifiers have also been proposed, as late as 2005,
based on Er’* B-diketonates (Fig. 5) dissolved in polymers such as epoxy
Novolac resin SUS. The low performance upon direct excitation of Er’* at
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FIGURE 5 Schemes of some polymer matrixes and coordination complexes with organic
ligands of Nd** and Er**, which have been employed for organics-based amplifying waveguides
and lasers upon direct excitation on the lanthanides’ states.

1450 and 980 nm has promoted the use of Yb>*/Er’* codoping to enhance the
pump due to the larger absorption cross-section of the Yb** and by exploiting
Yb**-to-Er** energy transfer (see below), a strategy which is also used
in inorganic matrixes. With Er’* 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(Ill) 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,
Er**—Yb>*—pure organic polymeric medium [Er; »Ybgs(PBa)s(phen)s,],
PBa=4-pentylbenzoate, 1.2 cm waveguides with SUS, and PMMA-GMA
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(GMA =glycyl-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 Er**) 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 Eu’* 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 HOMO*-LUMO" con-
figuration in which typically all the individual spins are paired, resulting in
a total spin 0, =0, singlet state, Sy. Thus, the first electronic excitation lead-
ing to the HOMO?"'-LUMO" constitutes the first excited state with S=1, a
triplet state T;. The second excitation results typically in a singlet S; with
paired electrons, and it is the allowed Sy— S; 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, So— T; being spin forbidden. Recipro-
cally, the emission spectrum typically occurs from the S; — Sq (fluorescence)
process. The molar extinction coefficients for these allowed transitions are
considerably high, in the order of 10* cm_l, 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 Yb>*, Er¥*, Nd*").

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, y, can be separated (Di Bartolo, 1968). As a
consequence, the electronic state, i/, 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 (~3500cm™ ',
~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, /., and the ground state, i/, in Fig. 6). This occurs as a
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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, AEges, 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, 1.y, 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).

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 107" to 107" s for allowed relaxations within
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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 T 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~*~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 S; — Sg energy, but with delayed
dynamics.) In organic semiconductors, T 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 to 10~ 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
T;— Sy 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 S=1/S=3 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 Gd**, La**, Lu™*, or Y**, 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 m—m or other
aggregation-dependent molecular interactions (Hernandez 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.
L=0,1,2,3,4,5, 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 |L — S|
<J<L+S. When the 4f orbitals are less than half filled, J=|L — S|, and other-
wise, J=L+S. The electronic states arising from the 4f configurations are
described by the Russell-Saunders symbols **'L, (**'I';, L~T when in a
material medium). Each sHp s term is split further into a (2/+ 1) multiplicity.
For instance, the ground term of Yb?* is split into 2F7/2 and 2F5/2 (in increasing
order of energy). Moreover, the J of the ground level is given by J=J;, if
n<2l+1) or J=J . if n>(21+1), with n being the number of electrons in
the orbital 1 and thus if n<(2/+1), the energy of the levels increases with
increasing values of J, while if n>(2/+1), the opposite is observed. For
instance, the ground Nd** (4f) term is split into 419/2, 1, 12 4113/2, and “1 15/2
and for Er** (4f'") into 4115/2, 4113/2, 41“/2, and 419/2, 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
(Gorller-Walrand et al., 1998). Due to the shielding of the outer electrons,
the 4f" 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 "I 7 state splitting (a few hundreds of cmfl) 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

> B Ciy ()

kyqsj

where the summation involves j, for all 4f electrons, By, represents each of the
ligand-field parameters (commonly treated as phenomenological parameters)
and Cy, represents the corresponding component of the tensor operators trans-
forming like spherical harmonics. The By, parameters depend on the charac-
teristics of 32 crystallographic symmetry groups, which can be evaluated by
k and g with ¢ <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 2*'I",, as pump-
ing levels for the corresponding emissions from lower-lying levels, >*'T";,,
(typically with E(**'I',<?5*'I,,,)), for instance in Yb** (excitation at
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980 nm for emission at 1050 nm) or in Er’* (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 Sy 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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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 >*'I"; 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.

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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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 Hj, 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), kg, 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:

2 .

ket :Wn | <D, A*|Hint‘D*, A> |2J gD(E)gA(E) dE

§ @

:%(cm, Ln*|Hiq |Chr*,Ln) |2J gcte(E)grn(E) dE
E

where h is the reduced Planck constant (4/27), the asterisk denotes that the
subsystem is in an excited state, and gc(E) and g ,(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, H;,, must be such to mix the
organic chromophore-based states, |Chr), and the lanthanides’ ones, |Ln).
The bracket captures all the symmetry and quantum number conditions neces-
sary for the overlap of the projected state H;, |Chr*, Ln) on the final state
|Chr, Ln*), 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 (Forster type) and exchange-based
mechanisms (Dexter type) have been proposed as the connecting H,,, interac-
tions allowing for sensitization. For energy transfer from an excited singlet or
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triplet state to the >5*'I"; levels of lanthanide ions the selection rules for
energy transfer are:

|AJ|=0, 1 (/=J =0 excluded) for a Dexter mechanism or
|AJ|=2, 4, 6 for a Forster 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 Forster-type interaction Hamil-
tonians, H,, 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. Forster’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, 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 Forster interactions may occur (Hebbink et al.,
2002; Klink et al., 1999; Lazarides et al., 2008; Reinhard and Giidel, 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 S=1 (Crosby et al., 1961), either by Dexter or
by Forster 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 ™' 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 Yb*H) may involve charge transfer (CT) from soft donor
ligands (Horrocks et al., 1997), the sensitization involving a photo-redox pro-
cess. Thus, an L*-Yb** (L =organic ligand including a ligand-based chromo-
phore) may be photoexcited via a ligand-based transition to L**-Yb** (where
the asterisk represents being in an excited electronic state) and the energy sub-
sequently transferred involving transitory ligand-to-metal CT, L™~ D-Yb**,
decaying to LX-Yb>*", which then decays radiatively to produce sensitized
lanthanide-based NIR emission. For this to happen, the localization of the
CT states of the L*-Yb>* system, E[L*"P-Yb**] must be in the range of
the gap between the ground state of the Yb®* ion in the complex and the
top of the ligand-based valence band (Dorenbos, 2003; Liu et al., 2006). Since
Yb** has only the possibility of accepting at 2F5/2, with an energy ~1.26 eV
(10,200 cm™'), the energy mismatch between the chromophore’s donating
state and the Yb>* excitation energy may be large. This makes the previously
described mechanism a competing one with conventional vibrationally
assisted for sensitization of the Yb** from high energy chromophores, if the
ligand, Yb®* and CT energies fulfill the described conditions (Goncalves
e Silva et al., 2002; Reinhard and Giidel, 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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FIGURE 8 (A) Schematic configurational diagram showing photo-redox excitation of Yb**
from a soft donor, in which the charge transfer (CT) states occur at the energy range allowing
excitation of Yb>" after temporary photo-oxidation/reduction of the ligand to L* Yb*" to Yb**.
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 Yb>* NIR emission. The nonradiative energy transfer causing the Yb>* sensitization is repre-
sented with a diagonal dashed arrow. The curly gray arrow represents vibrational intrastate decay.

(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 (O,) 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 3Zg, and the first excited state at ~0.1 eV
(7882 cm™") corresponds to a lAg singlet. 3Eg can accept the excitation from
organic dyes acting as sensitizers from transfer through the chromophore’s
triplet state [(3T1, 3Zg)—>(ISO, 1Ag)]. 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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extremely long lived (tr~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 (>10?" ions/cm®) 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 (Nd**, Er’*, and Yb>*) 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 Nd**, Er’*, and Yb**
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, 7,5, and the overall
efficiency of the NIR emission, 7

Mot = Msens"in = (Ms L + M7 L) in ~ TiscM-Ln"ln 3

where 7, represents the lanthanide NIR emission efficiency, nsc the ISC
efficiency, and 7ns_, and nr.1, 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 7y, (as explained below).

The efficiency of the lanthanide sensitization from the chromophore, 7geps,
is a critical magnitude for applications because it is the one that can compen-
sate for the typically low 7, 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 tg and 1, respectively, in the absence of a lanthanide
and the inclusion of a lanthanide provides different lifetimes 151, and Tr.p,
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, 7y, and 7. ,. 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 Y>*, Gd**, La**, Lu*, ..., 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 Gd>* 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 Nd**, Er’*, and Yb®", 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
m-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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FIGURE 9 (A) Generic scheme of an acyclic B-diketonate ligand. (B) Some simple functionali-
zations of the B-diketonate, some of them showing sensitization upon the ligand chromophores.
(C) Other ancillary ligands employed for sensitization in combination with diketonate and other
ligands. (D) Structure of a simple tris-NIR-emitting lanthanide complex [Er(acac);(H,0),]
showing the incomplete encapsulation of the Er** ion, which allows for the incorporating ancillary
ligands. (E) Tetrakis lanthanide complex [CsEr(hfa),] showing full coordination of the lanthanide.
A corresponding counterion, Cs* for charge balance of the complex is then needed. (F) Scheme of
a tris-lanthanide complex incorporating the neutral bidentate ligand bathophenanthroline.
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FIGURE 10 (A) 9-Hydroxyphenalen-l1-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).

neutral ligands and chromophores, including solvent DMF (4,4'-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 Alqs (q=tris-8-hydroxyquinolinate)
which allowed for the first OLED, Erq; allowed for the first Er-based NIR
OLED (Gillin and Curry, 1999), showing a corresponding 1.5 pum transition
in the NIR region of the spectrum, apart of the ligand-based yellow-green
emission at 520 nm. Nd** and Yb** 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
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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 r 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 Er’* and Yb>* NIR emission when sensitized
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FIGURE 11 (A) 8-Hydroxyquinoline (q) ligand and (B) some derivatives. (C) Erq; formula and
corresponding EL in a TPD/Erq; OLED with ITO and Al contacts.
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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 Biinzli, 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-Ln** 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

A Porphyrine

C Porphyrinato complex
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R; Rs
R2 Rg

Phthalocyamne

B

FIGURE 12  (A) Porphyrin ring and (B) phthalocyanine ring. (C) Yb** porphyrinato and (D) bis-
phthalocyaninato complexes showing NIR-emitting lanthanide sensitization.
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employed to sensitize the lanthanides in molecular environments (Comby and
Biinzli, 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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R,==0;R,=—O0H; R3=COOH,;
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R{=Br  eosin

Rq=1 erythrosin

Terphenyl ligands

FIGURE 13 (A) Cyclic and acyclic terphenyl ligands, and (B) some xanthene dyes used as
sensitizers.



Organics-Sensitized Lanthanides for Efficient NIR Emission Chapter | 269 33

Ca”*-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 Biinzli (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 Ln**
absorption bands are excited, or sensitized emission from surrounding chromo-
phores. Typically, these chromophores are aromatic-based, organometallic, or
organic and inorganic metal complexes. Many Nd**, Er**, and Yb**-based MOFs
have been produced. However, NIR emitters in MOFs are mostly inefficient, due
to the abundant presence of highly quenching groups (typically, H,O 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 (BPT =biphenyl-3,4’,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 Yb** with 4,4'-[(2,5-dimethoxy-1,4-phenylene)di-2, 1-ethenedyyl]--
bisbenzoate, which shows a network of oxalate-spaced Yb®* ions along chains,
have shown favorable luminescence properties, including relatively high effi-
ciency and (relatively) redshifted excitation wavelengths (White et al., 2009a).

Although maybe not strictly an organic environment, sensitized NIR emission
can be obtained from visible and NIR excited endohedral erbium fullerenes Cg, or
Cg4 (in Er@Cg, and carbide, Er,C,@Cs,, configurations (Ito et al., 2007)) and
Er;_,Sc, N@Cg systems (Xiaoya et al., 1997; Hoffman et al.; 1995). The perfor-
mance is however poor, involving very low efficiencies, although a higher inten-
sity from Er,C,@Cyg,, isomer III (Ito et al., 2007), is observed with respect to other
isomers and configurations, due to the wider gap in the fullerene cage, reducing
back transfer. The Er** quantum yield in the Cgo-Er/Sc caged is also poor, in
the order of 10~%.

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 Nd**, Er’*, and Yb**. 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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FIGURE 14 (A) ditopic and tritopic ligands for building triple-stranded heterometallic helicates,
usually employed with CF;SOO~ counterions, and Cr’*-Ln bimetallic helicate structure.
(B) Sensitization scheme of a generic NIR-emitting lanthanide showing the routes through the
ligand (UV excitation) and through the corresponding Cr** crystal field states (visible
and NIR). Panel (A): Redrawn from Imbert et al. (2003).
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nitrogenated bases like 2,2'-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.

Cr’* states allow sensitization from the metal states to Nd>*, Er’™, and Yb**
in various bimetallic and trimetallic complexes, typically through the ligand and
through the doublet states of the crt 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) Nd**-, Yb**-, and Er**-
based dinuclear and trinuclear helicates with Cr** (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 Cr’* states (Imbert et al., 2003). These
helicates-based architectures have also been employed in Ru?*~Ln** combina-
tions with no changes in the lifetime (Torelli et al., 2005).
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FIGURE 15 Typical architectures for coordinating transition metal ion complexes with lantha-
nide complexes. Examples of some transition metal ion complexes used as light-harvesting units
for NIR-emitting lanthanide through metal-to-ligand charge transfer states.
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Ruthenium(II) tris(2,2’-bipyridine (Ru[(bpy)3]2+) and ferrocene (iron(II)
bis-cyclopentadiene, (CsHs),Fe) were first employed as functionalizations of
the m-terphenyl ligands at the amide position and showed sensitization of
Nd** and Yb** (Klink et al., 2000). In the case of the Ru(bpy); chromophore,
it was demonstrated that the sensitization occurred via *MLCT triplet states.
Ferrocene was also been introduced as a functionalization in 1,10-
phenanthroline and in thenoyl-trifluoroacetonate for Nd** and Yb** com-
plexes with the corresponding inclusion in the phenanthroline or diketonate
ligand (Yuan et al., 2007). Ru(bpy)s units have also been incorporated in
calixarenes and Ru(bpy) and Ru(bpy), 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 Ru**
acetylide-bipyridine heterodinuclear complex with Yb>* allows redox-
modulated sensitization of the NIR Yb’* emission: it occurs normally via
excitation into the Ru>*-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 Ru?* com-
plexes with CN ligands and nitrogenated bases, L*P, xp =bpy, phen, bipyrimi-
dine, etc., in which the lanthanides are incorporated in a range of coordination
polymers or MOFs, through Ru?*~CN-Ln>" architectures. Ru(L*P)(CN), units
show sensitization of Nd** and Yb** (Herrera et al., 2006, 2007).

Osmium(II) complexes analogous to the modified [Ru(bpy)_g]2+ ones have
also been employed in 1,4,7,10-tetraazacyclododecane-1,4,7-triacetate
(DO3A), showing sensitization for Nd** and Yb>* (although minor for Er’*)
(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 Ru®*, but showing better sensitization properties (Pope et al.,
2005). Similar to other metals, it is postulated that SMLCT deactivation is
involved in the transfer mechanism to the NIR-emitting lanthanides. Os**
bipyridimine—bipyridine modifications analogous to the Ru®* ones have also
been employed in lanthanide B-diketonate configuration (see Fig. 15).

Re* and Pt** transition metal ion chromophores have also been employed
in combination with NIR-emitting lanthanide B-diketonates, typically through
nitrogenated bases, bpy, phen, tpy (tpy =terpyridine) configurations (some-
times including CICO; 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 *MLCT states to the NIR-emitting lanthanides Er’*, Nd**, and Yb**
(Xu et al., 2008). Some of the Pt**-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(1II) tris(2-phenylpyridinato), Ir(ppy)s, 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
Eu’* for white emission combining the iridium blue and Eu®* 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), was used to sensitize Yb>* in tris-tetranuclear com-
plexes (Mehlstiubl 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 Ir’* complex
and tris-diketonate- or other ligands-based lanthanide complexes, like the Nd**
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).

Pd** 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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FIGURE 16 Ir(ppy), derivatives used in coordination with lanthanide diketonate-based com-
plexes to obtain visible excitation-sensitized NIR emission.
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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 Nd* 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 Yb>* through Au-organic-based
transitions in architectures based on macrocyclic tetragold complexes with
acetylide-functionalized modified bpy units and involving two [ Yb(hfa);] com-
plexes, and in similar open versions with digold architecture with acetylide-
modified bpy or tpy linking to [Yb(hfa);] (Fig. 15) (Li et al., 2010, 2012).
Zn** has been used as a stabilizer in lanthanide structures (particularly
including Schiff bases) (Comby et al., 2012; Wong et al., 2002). Typically,
Nd**, Er**, and Yb>* dinuclear complexes with quinolone derivatives showed
NIR emission and some intense sensitization upon visible excitation, but
ligand-based (m-based) states (Albrecht et al., 2008) are mostly involved.
Interestingly, [(Znq,)](n-CH3COO)][Ln(hfa),] (q=8-hydroxyquinolinato)
trinuclear complexes with Ln**=Nd**, Er’*, and Yb** show typical NIR
emission upon corresponding excitation in the light-harvesting unit (which
showed quenched visible emission in comparison with Znq,) (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
AI(Mq)3 units as chromophores (Xu et al., 2010b). (Znqy)4, similar to Alqs,
are promising high luminance OLED materials. Sensitization wavelengths
up to 440 nm of the NIR-emitting ions involve the Zn** quinolinate units as
the color centers, although not involving Zn>*-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 m—n-stacking interactions produce a considerable

{(Znd,)(1-CH3COO)[Ln(hfa),} {[Zn2(Ma),(tpyO)al(Ln(hfa)s]o}

Hq = 8-hydroxyquinoline HMgq = 2-methyl-8-hydroxyquinoline
hfa = hexafluoroacetylacetonate tpyOH =[2,2":6'2"]terpyridin-4'-ol
hfa = hexafluoroacetylacetonate

FIGURE 17 Zn**-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 Co’ ™) 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
Biinzli, 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, Alqgs;, 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 Erqs-based OLEDs, sim-
ilar to Algs devices, showing 1540 nm emission (Gillin and Curry, 1999), and
Nd** B-diketonate, [Nd(dbm);bath] (dbm = dibenzoylmethanato, bath=batho-
phenanthroline) (Kawamura et al., 1999), showing the characteristic 870,
1060, and 1300 nm emissions. Lanthanide-based OLEDs (and in NIR-emitting
ones, containing Nd**, Er’*, and Yb*") 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 Eu’”.

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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FIGURE 18 (A) General structure of an OLED. (B) Some materials used as assisting layers for
injection, transport, or blockage of holes and electrons.

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 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.

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 Nd**, Er’*, and
Yb** quinolinates and p-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



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 Ergs Al Gillin and Curry (1999)

ITO TPD Ndgs Al Khreis et al. (2000)

ITO TPD Ybqs Al Khreis et al. (2001)

ITO TPD Er(dbm);(bath) BCP MgAg Ag Kawamura et al. (1999)

ITO TPD Nd(dbm)s(bath) BCP MgAg Kawamura et al. (2000)

ITO TPD Yb(dbm);(bath) BCP MgAg Ag Kawamura et al. (2001)

ITO NPB Er-pyrazolone-deriv./TPP BCP Alg LiF Al Li et al. (2008)

ITO PEDOT F8VBt:Nd(lissamine-terphenyl) CaAl Slooff et al. (2001)

ITO PVK:Er(acac)s(phen) LiAl Ag Sun et al. (2000)

ITO PEDOT PVK:Nd(9hydroxyphenalenione); CaAl O'Riordan et al. (2006)

ITO PEDOT PVK:Nd(dichloroquinolinate) 4 CaAl O'Riordan et al. (2008)

ITO PEDOT: PPP-OR11:Yb/porph/acac CaAl Harrison et al. (2001)
PSS

ITO NPB Ir(Fppy)2Nd(pyrazolone-deriv.); BCP Alq MgAg Ag Chen et al. (2010a,b)

ITO TPD Nd/Er/Yb(benzoxyazol/thiol- bath Yb Katkova et al. (2011)

phenolate),
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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);]
with [Er(dbm);(bath)] produced a considerable increase in both the PL. and EL
(Zhang et al., 2008). Also, bimetallic complexes have been employed for EL
from Ir** fluorinated phenylpyridine (Chen et al., 2010a,b). These materials
benefit from the sensitization caused by the Ir>* 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, k™, is given by
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with p(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 Hj, 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—.ex =Bgrexp(E) With Bgy_ex
the Einstein coefficient for stimulated absorption,

| I
Bgraex = AeXngﬁ/fg

&)

This is the easiest way to characterize the radiative properties of lantha-
nide such as Yb**, with only one absorption band. If the line strength, S, for
a 27, - 2*1 7 transition is given by

S(J-J’):Smh(y”)[ g )2] Je(i)di ©6)

dme?). (n*+2

band

where ¢ is the speed of light, n refractive index, e the electron charge, / the
transition wavelength (barred meaning, average), and ¢ the absorption coeffi-
cient (¢=N X g, with ¢ the absorption cross-section and N the ion density),
and the decay probability can be estimated (Gorller-Walrand et al., 1998) as

n 32meen (2 +2)° ,
A(J—>J)—3h(2‘]+1)/ll : 15(] 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 Nd**, typically only the ground state
419/2 to the 4F3 > at 0.87 um is accessible through absorption, while other lines
are observed in the emission apart from the reciprocal 4F3/2 to 419/2, such as
the 4F3/2 to 4111/2 (11 |.Lm), 4F3/2 to 4113/2 (13 um), or 4F3/2 to 4113/2 (18 um)
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 1 configuration of wave-functions:

(Por| = (I"YIM|, |Pexe) = |I"p'IM") 8)

where Y, Y/ are the additional quantum numbers defining uniquely the state
(in the Russell-Saunders coupling scheme, they represent L or §) and M is
the quantum number of the projection J, of the total quantum momenta J [/
denotes that the transition occurs between the levels of the same configura-
tion, /=3 for f—f transitions], and dipole transitions are driven by the electric
dipole operator through the corresponding induced dipole matrix elements

< lI/gr laED | lPexc> (9)

with
fgp = —ez Fi= —le‘éj (10)
J j

where r is the position vector of the electron j and C '; 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 /" configuration:

(W= (I"yIM|ay (11)
M
in which  is a ligand-field state and ay, represents the corresponding weight
arising from the ligand-field mixing. Similarly, the final state is given by
Py => |1y M)a), (12)
M/

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 Egs. (4) and (9) since there is no change in the
dipole moment of ion at the same " configuration. However, they can occur
(and are denominated induced electric dipole transition) as a consequence of
the perturbing admixture of ¥ and ¥’ with available states (typically of higher
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energy) from the configurations of the opposite parity to the /" due to nonsym-
metrical ligand-field components. In the case of the lanthanides, the 4"~ '5d
configuration is typically considered (so-called f—d mixing). Upon mixing
with ¥ states given by /"' and quantum numbers represented by V", J”,
and M", the resulting (perturbed) ¥ and ¥’ states must be considered,
respectively

<'I’| :Z(lnlﬁJM|aM+Z<l”_llﬁ”]”M”}b

M 13
|.{//>:Za;‘/l|lnl/j/J/M/>+Zb/<ln71w//J//M//’ ( )
MI
where
ZGM<ln1//JM|Vodd|ln_1lﬁNJ//MN>
h=2"
E(JI) = E(b"I7) "
> b (T M Voaa| 1" T'M)
b=

E()/77) W)
and where the operator V44 represents the odd symmetry part of the ligand-
field Hamiltonian, Eq. (1) (k=o0dd) (Gorller-Walrand et al., 1998).

Then, the matrix elements in the electric dipole transition operator given
by expression (9), for the mixed states ¥ and ¥, 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 ¥ (|I"~"y"J"M")) is considered so J” and M" are degenerate. This is
the case when the splitting of 5*'I";» 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)/'J') 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 ¥/ and J”, which means that the lanthanide ion that has a
very broad energy level of the 4f" '5d 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 4f" configuration
are close to the average energy of the perturbing configuration, the mixing
of the perturbing configuration and 4f" 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 ¥ and ¥/’ is given by

Sm= 3 (¥
1=2,4,6

Sep(/ —J")= > Q|(S.L.J

7=2,4,6

2 s)

|U()v) ||S/, L',J’)’

where the term A (1 even and 0 < A <6) is introduced during the calculation of
the matrix elements following selection rules for electric dipole transitions
regarding S, L, and J quantum numbers:

IAL|<6; [AJ|<6; |AJ|=2,4,6 if J=0 or J'=0; |AS|=0

It is noteworthy that the selection rules of AL and AS 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 AJ is harder to be
broken than in the opposite case (Gorller-Walrand et al., 1998; Hatanaka
and Yabushita, 2009).

In the above expression, U represents the corresponding irreducible ten-
sor form of the electric dipole operator and the €2, parameters are the phenom-
enological Judd—Ofelt parameters. The reduced (S, L, J||[U?|| §', L, J') 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”]= (¥||[U?||¥) are crucial to estimate the Judd-Ofelt
parameters through experimental methods, but complicated. The reduced
matrix elements (S, L, J||U”||S’, L', J') for lanthanide ions in both aqueous
solution and LaFj5 crystals are typically employed to account for these factors.

Given the reduced matrix elements [U”’]* 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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Q; values are determined by minimizing the deviation between the calculated
line strength (Eq. 15) as a function of the (2s and the measured line strength,
Sme (from the corresponding absorption coefficient of the electronic transition,
Eq. 6) via a standard least-squares method:

n 2
alc—meas| __ ' (@)
Alestemmens %7 (51, — st ) (16)
i=1
with i representing every 25t , 25117,
Leading in practical terms to the linear set of equations that can be written
in a matrix form:

n n n Q
2 2 4 2 2 2
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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’ components in the corresponding irreducible
form provide, in fact, a weighing of the corresponding €2, 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 (Gorller-
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
2, is intimately related to the radiative probabilities of the so-called hypersen-
sitive transitions of the Ln>", which are the lanthanides’ f—f transitions most
dependent on the environment (4115/2—>2H1 1,2 (620 nm) and 4115/2—>4G“,2
(378 nm) for Er’* and “Iop—*Gsp (580nm) for Nd**). 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 [UV]? for the Given
Transitions of Er** and Nd** in the Range of Wavelengths up to 375 nm,
for the Given Transitions from the Ground States (*l;5,, for Er’";
*lo/, for Nd**) to the Corresponding Excited State *** 'I', (S'/L)

Er3+

4 25" +1 7
li5/2— I,

4
13/2
4

11/2
4

9/2
4

Fos
4

S3/2
2

H1 1/2
4

F7/2
4

Fs/2
4

F3/2
2

Goyz
4

G1 1/2
Nd3+
4,

lo/o—
4

|1 1/2
4

13/2
4

15/2
4

F3/2
4

Fs/2
2

Hoyo
4

F7/2
4

S32
4

Fos2
2

H1 1/2
4

Gs)2

2
G7/2

’
28’ +1F’]’

2r
0.0195
0.0282
0

0.9183

(Ul
0.0194
0.0001

0.0010
0.0092

0.0010
0.0009
0.0001
0.8979
0.0757

U9
0.1173
0.0003
0.1733
0.5354
0
0.4125
0.1469

0.0189
0.5262

wer

0.1073
0.0136
0.0001
0.2293
0.2371
0.0080
0.0027
0.0422
0.0092
0.0027
0.4093
0.1848

[U©T2
1.4316
0.3953
0.0099
0.461

0.2211
0.0925
0.6266
0.2232
0.1272
0.2256
0.1172

w2

1.1652
0.4557
0.0452
0.0549
0.3970
0.1154
0.2352
0.4245
0.0417
0.0104
0.0359
0.0314

Continued



50 Handbook on the Physics and Chemistry of Rare Earths

TABLE 2 Squared Reduced Matrix Elements [U”]? for the Given
Transitions of Er** and Nd** in the Range of Wavelengths up to 375 nm,
for the Given Transitions from the Ground States (*l;5,, for Er®*;

*lo/, for Nd**) to the Corresponding Excited State > * 'I'; (§'J/L’)—Cont'd

Nd3+

4|9/2 N 25’+11—v/I, [U(Z)]Z [U(4)]2 [U(e)]z

K13/ 0.0068 0.0002 0.0312
4Gy 0.0550 0.1570 0.0553
4Goyy 0.0046 0.0608 0.0406
K15/ 0 0.0052 0.0143
2Goyy 0.0010 0.0148 0.0139
Dy, 0 0.0188 0.0002
‘G ~0 0.0053 0.0080
P12 0 0.0367 0

D5y, ~0 0.0002 0.0021

After Carnall et al. (1968).

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
€2, can be employed to elucidate changes in coordination of the lanthanide,
for instance, ligand displacements, nonsubstitutive or different sites within
the matrix, etc. (Jorgensen and Reisfeld, 1983; Karraker, 1967). Also, it can
be observed from Table 2 and Eq. (15) that the radiative probability of the
1.5 pm emission depends mainly on €2, 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
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Er’* and Nd**, 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 Q
parameters in the case of an electric dipole interaction (and the corresponding
reduced tensor operators, U 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 (Gorller-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, 7.,q= 1/k;aq, Which,
together with the nonradiative probability, yields the lanthanide efficiency.

Note that Yb>*, involving an f'* configurations, shows a single possible
excited state, “Fs/» (which, in turn, shows relatively large crystal field coupling)
at 1.26eV (1020 cm_l) 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, Nd** 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 Er’*). This way, Judd—Ofelt para-
meters 2, 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 k.,q through absorption
spectroscopy experiments, particularly in the infrared range, has motivated
an extensive use of generic, approximate 7,4 values around 250-500 ps for
Nd**, 814 ms for Er**, and ~2 ms for Yb>*. 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 Nd** and Er’* 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,

2n m | 50r 27 X) | 30T
Wg)’(rﬁ»gr(nr) :z<qlex Hint 'P;r>p(E) :Z<wex1£r? >}Him‘lpgr}(51g)>p(E) (18)
2n T X nr X
:7<wex H?m ngr><xi<1? )‘ /Cr(lg)>p(E) = electronic<x£: ) Xt(1g)>

where ¥ represents the corresponding vibronic state, decomposable in the
electronic and vibrational part under the Born—-Oppenheimer approximation,
W; and y;, respectively, where V; represents the lanthanide **'I", multiplet
electronic wave-function and x"m,,l represents the vibrational part
corresponding to the given mode at levels n and m (overtones), and p(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, (y,|x.), 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 n=p+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, p=(Ecxc—
Ey)/hw, 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 p=3-5 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 Nd**, Er’*, and
Yb**. 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 7, 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,

Nin =T/ Trad (19)

where 7 is the overall decay time, which relates to the partial radiative and
nonradiative probability:

-1 -1 -1 -1 -1 -1
T =Trad +Tar =Trad +Tmpnr  +Tor (20)
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FIGURE 20 NIR-emitting diagram and representation of the number of overtones of typical
frequencies of the O-H, N-H, C-H, O-D, C-D, and C-F groups necessary to bridge the
corresponding gaps.
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where 7,/ 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 rmpmfl in comparison to
Traq | Tesulting 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 Eqgs. (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 Eu** or Tb**. 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=A(ky —kp) —B 2n
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where k= 1/ty is the inverse of the lifetime in hydrogenated medium and kp

is 1/tp, in deuterated medium and A is a constant depending on the ion, with

values ~0.29 or ~2 ps (for Nd** and Yb**) (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 Er’* 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 us (radiative lifetime 473 ps in
PMMA; Wang et al., 2012) that has been obtained for the NIR (1060 nm)
emission of the Nd chelate [Nd(tta)sphen], 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 Nd** ions in the system upon direct excitation at 0.8 pm
(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 Nd**, Yb>*, and Er’* has been made by using the simple tet-
rakis lanthanide diketonates CsLn(hfa), 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 Er’* lifetime to 0.1 ms, 6-fold in the
Nd** and 14-fold in the Yb>* 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 A of an Er** ion will
produce sufficient quenching to discourage its use as an optical gain medium
(Winkless et al., 2006) and similarly in the Nd** 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 Er**-based emitters at 1.5 um 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 Er’* and Nd**
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 Er**
carboxylate yields a considerably longer NIR luminescence lifetime (up to
hundreds of ps) than the Er’* alkylcarboxylates (in the order of ps)
(Li et al., 2005). Interestingly, laser action upon 800 nm excitation of a
Nd(tfa); (tfa=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 Er** complexes, but compounds based on
the latter ligands also show an enhancement of the optical properties of the
Er’* 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 Ln’*, including Nd**, Er’*, and
Yb**, 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 Nd** and Yb’*.

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 Er’* 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 ps) (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 Nd** 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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FIGURE 21 (A) Some fluorinated and (B) perfluorinated ligands for NIR-emitting lanthanides.
These ligands show no visible sensitization.
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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); has an stretched exponential lifetime of ~50-150 ps 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); (per-
fluorobutanesulfonate) and Er(PFOS); (perfluorooctanesulfonate) compound
even when the drying conditions are kept mild (120 °C, 10~* 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 Er’* and allow for long-lived lifetimes
higher than 100 ps, 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 Yb>*, Er**, and Nd** (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 (Hernandez 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) Er’* perfluorinated environment (Hernindez
et al., 2009). The family has been studied in Yb**—Er** and other NIR-emitting
lanthanides mixed with Y>* (codoping) (Hernandez 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 ps for Er**, 200 ps to 1.8 ms for Yb>*, and 20150 ps for Nd**, increas-
ing when the NIR-emitting lanthanide complex is diluted with the analogue Y>*
complex, which proves energy transfer (see below). The hydrogenated analogue
bis(phenylphosphinate) compounds are also similarly structured and present
considerably smaller lifetimes (5.3 ps for Er*") (Tan, 2008).
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FIGURE 22 (A) Tetrakis(phenylimidodiphosphinate) ligand and (B) tris complexes of
erbium(IIT) with the hydrogenated (tpip) and perfluorinated (F-tpip) ligands.

Perfluoro-tetrakisphenyl-imidodiphosphinates, F-tpip, [(Cg¢Fs),P(O),],N™
(Fig. 22), are also extremely favorable ligands for NIR luminescence of
lanthanides. Even in the hydrogenated form (tpip=tetrakisphenyl-
imidodiphosphinate, [(C¢Hs),P(O)],N"), Ln(tpip); 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 z=6 (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 ps for Nd**, 150-750 ps for Er’*, 580 pus 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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lifetimes resulting in an average lifetime in the order of 100-200 ps for the
Er’*, 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 ps for the Er(F-tpip); 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 RSO,,” 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 Algs, 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 Alqz (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 Ir** 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)s], (2Fppy =2-[2,4-bis(fluorophenylpyridine)]).
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FIGURE 23 (A) Partially fluorinated AlXFq; (XFq=F-substituted (at position X)
8-hydroxyquinolinato ligand) and (B) corresponding changes in the emission spectrum as a con-
sequence of the changes in the HOMO and LUMO position. Reproduced with permission Shi
et al. (2006) © Royal Society of Chemistry.

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 (CF4NO,)™
and Yb>*, Nd**, and Yb** 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 pis.

Perfluorinated nitrosopyrazolone (Fig. 24A) is the perfluorinated analogue
of nitrosopyrazolone, which has been proved to chelate and sensitize the Er’*
ions. The N—O—, C=0 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 pm) 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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FIGURE 24 Some colored perfluorinated ligands for NIR-emitting lanthanides and the indicative
excitation wavelength for sensitization. A: perflorinated nitriosopyrazolone, B: 8-hydroxy-
perfluoroxanthene-9-one, C: 8-hydroxy-perfluoronen-9-one, D: 8-hydroxy-perfloroanthracene-
9,10-dione, 2-hydroxy-perfloroanthraquinone.

reaching from 5 to 14-16 ps, 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 Er’* and Yb** 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 Er** 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 um 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 ps. 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 mg-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; Milian 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, Q, has
been shown to be strongly dependent on the geometry and covalency
(Hehlen et al., 2013; Jorgensen 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 Nd** and Er'* complexes shows changes in ©Q, upon
fluorination for analogue ligands (Hasegawa et al., 1998; Ye et al., 2013a).
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Also, importantly, reported measurements of 2, for organic complexes of
lanthanides show a strong dependence for Er'* and Nd** with the solvent,
which represents an important proof of the interaction of the solvating mole-
cules with the lanthanide geometry.

The measurements of g and the line strength of the NIR emission
at 1.54 pm, 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);/Er(hfa); and Er(tpip)s/Er(F-tpip)s
(hfa=hexafluoroacetylacetonate; acac=acetylacetonate) 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); yields a radiative
lifetime ~12 ms, while the hydrogenated compound Er(tpip); 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 Er**, Cs[Er(hfa),] 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);, 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 7/T.,q and which can be ascribed to the effect of fluorination (Table 3).

TABLE 3 Radiative Decay Rate for Cs[Er(hfa),], [Er(acac);(H,0),],
[Er(hfa)3(H,0),], [Er(tpip)s], and [Er(F-tpip)s] (Ye et al., 2013a)

Material (Solid Form) () (Measured) 729 (Measured) Nin (%)
CsEr(hfa), 1.8 pus 23.4 ms 0.0086
Er(hfa);(H,0), 1.8 s 9.5 ms 0.0190
Er(acac);(H,0), 60 ns 16.9 ms 0.0004
Er(tpip)s 5 ps 18.4 ms 0.026

Er(F-tpip); 200 ps 12.6 ms 1.5



66 Handbook on the Physics and Chemistry of Rare Earths

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 ps in the hydrogenated [Er(acac)(TPPor)]
(TPPor=5,10,15,20-tetraphenylporphyrin) complex to 2.5 ps in the fluori-
nated version [Er(acac);(FTPPor)] (FTPPor=5,10,15,20-tetrakis-(pentafluor-
ophenyl)-porphyrin) and to 3.5 ps 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 (halo=chloro,
bromo, or iodo) have shown to provide more favorable environments for
Nd**, Er*", and Yb*" (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
Yb** 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 Nd**, Er’*, and Yb>* 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 Yb®* NIR Iluminescence when functionalizing
quinolinate-based ligands (6-iodo-8-hydroxyquinolinate, for the iodinated
BODIiPY) 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 Nd**
with tetrabromoterephthalic acid [Nd,(TBTA);(H,0);0] has been recently
produced (Wei et al., 2014) and shows the characteristic Nd** 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 300420 nm range (see above).
Tetrakis tropolonates of Er’*, Yb®*, and Nd** show lifetimes of up to ~35,
12, and 1 ps, 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),], have been produced.
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FIGURE 25 (A) Perchlorotropolone (H-pctrop) and [Yb(pctrop);(DMF),] complex (Hernandez
et al., 2013). (B) Inset: Excitation spectrum of the 980 nm emission of the corresponding Yb>* tris
complexes and absorption of the sodium tropolonate complex in solution. (C) Decay curves and
lifetimes of the tris and tetrakis complexes and the deuterated version of the [Yb(pctrop);(DMF),],
[Yb(pctrop);(d7-DMF),] in the solids.
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The as-grown solid compounds of the tetrakis Yb>* (Fig. 25C) and Er** com-
plexes provide a PL lifetime in the order of 20 ps, which is still reduced for a
perhalogenated sample, and may include the effects of surrounding hydrogen
atoms or solvent molecules. Interestingly, the tris-perchlorotropolonate Yb>*
and Er** 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 (Hernandez et al., 2013). The lifetimes of
the solids are similar to the tetrakis case for the Er’* complex. Solutions of
[Yb(pctrop);(DMF),] in deuterated DMF feature a lifetime 7~ 10 ps, 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 ps, representing a 15% lanthanide
quantum yield and thus, the most efficient nonfluorinated complex of an
organic ligand (Hernandez 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 Yb™*
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
(Herndndez et al., 2013). Excitation of the Yb>* 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 Y>* analogue is also observable, with
lifetime in the order of nanoseconds, showing that the sensitization is not
100% efficient (Hernandez et al., 2013). Similar tris complexes with only
one perchlotropolonate, two CsClsCO; and three DMF in coordination with
the trivalent lanthanide show comparable sensitization and lifetime
properties.

4.5 Otbher 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)).
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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 Er** 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 S=0 to a state with emi-
nently triplet spin state is possible. The enhancement of magnetic
interactions such as spin—orbit coupling, &, 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 ¢é~Z to é~Z* 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



70  Handbook on the Physics and Chemistry of Rare Earths

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 (Hernandez 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 Er** or Nd** 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 4I] 1,2 States, respectively, can be measured
in Er’* (and also some visible emissions for Nd**, 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
Eu* and Tb*. Other lanthanides like Sm**, Pr’*, and Dy>* may also emit in
the NIR and visible ranges (although with relatively low yields, due to similar
reasons to Nd** 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 Giidel, 2002). The times for the occurrence
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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 Yb**.
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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
Yb®* ion at 0.98 um provides efficient pumping which, with subsequent energy
transfer to an unexcited Er** 4115/2 ion, results in the promotion to the resonant
Er’*(*1;1,,) and then emission from Er’*(*I;3) at 1.5 pm.

Lanthanide—lanthanide energy transfer has been observed for various
lanthanides (mainly Er’* 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 Yb**—Er’* transfer (Artizzu et al., 2013; Tanaka and Ishibashi, 1996;
Zhong et al., 2006) but also for Tb>*=Yb>* (Faulkner and Pope, 2003) and
in hybrids for Eu**-Er’* and Eu**~Yb** (Biju et al., 2013). Even though life-
times are small in a highly hydrogenated environment, hetero-trinuclear
hydroxyquinoline complexes containing Yb** and Er’* ions in DMSO
reported considerable sensitization. The proximity of the ions and the strong
resonance condition between Er’* and Yb** 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);(TPPO),], TPPO = triphenylphosphine
oxide, shows a 89 ps lifetime for the 0.98 um emission, and the cocrystalline
[Ery 2 YDy 5(hfa);(TPPO),] shows a 84 ps lifetime for the same emission. This,



Organics-Sensitized Lanthanides for Efficient NIR Emission Chapter | 269 73

together with the considerably enhanced Er’* emission either under ligand or
IR excitation, demonstrates the occurrence of strong Er’* sensitization from
the long-lived Yb** ions (Zhong et al., 2006).

Sensitization of the Er’* 1.54 um emission from excitation in the Yb**
0.98 um 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 Yb?* lifetime is of the order of 400 s in
the pure compound, Yb**-to-Er’* 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 Er** emission in the codoped 0.5Yb**—0.5Er’* systems (Song et al., 2008).

A study of the lifetime of Er’*, Nd**, and Yb** 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 Y** in [Ln,Y,_,[PF2PP]5] and [Ln,Y;_.[PF2TP]5]
shows that energy transfer is responsible for the decrease of the lifetime for
upon increasing the Ln**/Y** content from 0.1% to 100% (Hernandez 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)

1(6) =1o exp [f(z/f)ﬂ 22)

The function is referred to as William—Watt or stretched exponential dis-
tribution, where I is the initial intensity and 0 < <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 Ln>* average life-
time upon dilution, the decay becomes more exponential, to finally turn into
monoexponential (f=1) at low NIR-emitting lanthanide concentrations. The
distribution of lifetimes has also been found to depend on the fiber morphol-
ogy (Hernandez et al., 2009).

For the Er’* 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 Er** ions in the *I;5 state are capable
of transferring their energy to neighboring Er’* ions in the ground state or
to excited erbium atoms in the I3, state, thus promoting the latter to the
I,1> state. The subsequent nonradiative deactivation of this short-lived state
as a consequence of the vibrational decay to the lowest-lying state (I;3/)
results in the loss of a photon (Hernandez et al., 2009), which has been estab-
lished through experiments varying temperature and pressure.



TABLE 4 Summary of Nd/Er (PF2PP);/(PF2TP) Average Lifetimes (in microseconds) as a Function of lon Concentration, x (Tan,
2008)

lon Concentration (x)

Material 100% 97% 93% 90% 85% 80% 70% 50% 30% 10%
Er,Y(_x(PF2PP)3 343 437 540 606 556 597 629 659 717 707
EryY(_x(PF2TP)3 222 187 230 312 393 434 496 576 677 669
Nd, Y _(PF2PP)3 38 42 46 49 46 53 63 67 68 85
Nd,Y_»(PF2TP)3 76 81 91 99 103 101 117 132 132 154
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A comparable increase of lifetime upon dilution of the NIR-emitting lantha-
nide compound with the Y** analogue has been observed for Nd** and Yb**.
However, it must be noted that quenching of Yb>* compounds does not involve
cross-relaxation but only hopping and transfer to excitation killing (nonradia-
tive) sites. This results in a different thermal behavior (Hernandez et al., 2009).

Dry Er’* tris-perfluoromethanesulfonate (triflate, PFMS), Er(PFMS)s,
Er(PFBS); (PFBS =perfluorobutane sulfonate), and Er(PFOS); (PFOS = per-
fluorooctanesulfonate) show longer lifetimes as the perfluoroalkyl chain is
increased: from ~60 ps to 1.4 ms and 2.6 ms, respectively. This alone could
be a consequence of the increased hydrophobicity; however, dilution of the
Er** content with Y>*, to form the [Er,Y; (PFXS);], X=M (methane),
B (butane), O (octane) compounds, shows an extraordinary increase of the
1.5 pm 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 Er’* perfluoroalkane sulfonates as a function of the Er/Yb content along
[Y;_,Er(PFXS);], X=M (methane), B (butane). The decrease of the lifetime upon increase of
the Er** concentration is ascribed to cross-relaxation and hopping processes involving excited
levels in the Er** (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
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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 611 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 Tb>* or Eu®* (Fu
et al., 2005; Wong et al., 2005a).

In inorganic compounds, ETU is mainly produced by 980 nm excitation in
Yb**/Er** pairs or trimers by the resonant energy transfer from Yb**(*Fs),) to
photoexcited Er3+(4111 12) or, due to the enhanced oscillator of the Yb>*, most
likely by two consecutive energy transfers from Yb>*(*Fs),) — Er**(*I;s,,) and
Yb**(*Fs;) = Er’*(*l;1,) and/or the nonresonant but significant Yb’
+(2F5/2)—>Er3+(4113/2), resulting in the population and green luminescence
from the 2H” 25 283/2, 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 Nd** and Er’* 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 Giidel, 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 Yb>*/Er**-
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 Cr**—Er’* sensitization
upon NIR excitation (Aboshyan-Sorgho et al., 2011).

Tb** and Eu’" 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 D, and Dy, 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 Yb** dry perfluorobutanesulfonates in combination with the
analogue Tb>* and Eu®* complexes has allowed intense 980 nm to visible and
UV range UC, in [Yb,_,Tb(PFBS);] and [Yb,_,_,Y,Tb(PFBS);] coordina-
tion polymers, which is observable to the naked eye (Fig. 29B) for
[Ybo7Tbos(PFBS)s],  [YbosTboo(PFBS)3],  and  [YbooTbo 1(PFBS)]
(Hernandez et al., 2010). The mechanism of cooperative energy transfer visible
UC, in which two excited Yb** ions simultaneously transfer the excitation to
the Tb>* or (nonresonantly) Eu>*, has allowed for the observation of the UC
phenomenon when the lifetime of the Yb®* 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 Yb>*~Tb**—Yb®* trimer or
Yb *—Eu**—Yb®* trimer the one which is responsible for the visible emission.
Due to the long lifetime of the Tb**, higher than 3 ms, a third ETU step can
occur to yield even UV emission (Hernandez et al., 2010). Moreover, the high
concentration of Yb** 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),
[Yb,_Tb(PFXPP);], and perfluoro-di-p-tolyl phosphinate ligands, [Yb;_.
Tb(PF2TP);] and in some of the Eu*" 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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FIGURE 29 (A) Cooperative energy transfer upconversion processes resulting in visible emis-
sion of Tb>" and Eu®* with efficient Yb>* sensitization in coordination polymers (Herndndez
et al., 2010). (B) Emission spectra of the corresponding [Ybg;Tbo3(PFBS);] and
(C) [Yby7Tbg 3(PF4PP);] compounds. The inset in (B) represents the image through a filter cut-
ting at 520 nm. Panel (B): Redrawn from Herndandez et al. (2010).

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 Yb** 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 materials' in which one component provides a high

1. As referred to in discussion with Prof. J.C.G. Biinzli, 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 Er**, 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 Tb>* and Eu®*, 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

Organic chromophore

e (W] -
Organic chelating ligand

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,
Nd** has been introduced in the large pores (12 A) 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 ps, 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 Nd**~Nd** 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% Er’* 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 pm
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

Tropolone

Visible
or IR

excitation

Visible (UC)
or NIR 3
emission

6-16 nm

FIGURE 31 Schematic representation of an inorganic (NaYF,) 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 Nd**, Yb**, and Er** NIR luminescence (and upconversion, for Yb>*, Er**
codoping, in the second case), in cubic and hexagonal NaYF,.
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the presence of various concentrations of Yb**, Er’*, Nd**, etc. Among them, B
(hexagonal)-NaYF, 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 o (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-NaYF, nanopar-
ticles doped with 20% Yb or 20% Nd allows the (*Fs, — “F5,,) 980 nm emis-
sion of the Yb™*, or the *Fsp— *lop, *111/, *1;3, emissions of Nd** 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 Yb*" in the order of 55 ps and for Nd** in the order of 5 ps in
DMSO solution. Although shorter than in conventional Yb- and Nd-doped
NaYF, nanoparticles these values are much longer than in the corresponding
tetrakis Yb and Nd (trop), 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 Yb**/Er’*-doped nanoparticles
with NIR-based chromophores has been also proved successful for UC.
B-NaYF;: 20% Yb, 2% Er capped with IR-dye 806 (4-mercaptobenzoic
acid-functionalized IR-780 dye) shows sensitization of the Yb>* and Er’* 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 LaF; or NaYF, 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 um has been to separate the sensitizing (chromophore) and emitter (Er**
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),]
(F-BTZ =perfluorobenzothiazole) (Li et al., 2013) was employed as a sensi-
tizing unit in the visible range .., =480 nm and [Er(F-tpip);] was selected
as the erbium complex due to its high efficiency and ease of processing.
The composite material 70% [Zn(BTZ),] and 30% [Er(F-tpip);] was grown
as a thin film on SiO, 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 um follows closely that of the
absorption of the Zn(Il) complexes, demonstrating outstanding sensitization,
as derived from the comparison with the equivalent [Er(F-tpip)s] spectrum.
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FIGURE 32 (A) Schematic amplification experiment showing 3.4 dB/cm apparent enhancement
of the probe at 1.5 pm upon pumping in the visible, as due to the sensitization of [Er(F-tpip);] by
a Zn>* 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 Er’* emission lifetime, ~860 ps, 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);]-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 um emission, suggests that even though singlets do contrib-
ute to sensitization, transfer from the relaxed triplet of the [Zn(F-BTZ),]
(peaking at 680 nm) to Er** 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 Er’* complex (Fig. 32).

7 CONCLUDING REMARKS

In this report, we have shown that the motivation, fundamentals, and related
recent result toward the sensitization of Nd**, Er’*, and Yb>" 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
EIL
EL
ESA
ETL
ETU
F-tpip
FTPPor
HBL
HIL
HTL
hfa

HOMO
ISC
ITO
LED
LUMO
MOF
NIR
NPB
OLED
pctrop
PEDOT
PFBS
PFOS
PF2PP
PF3PP
PF4PP
PF2TP
pip

PL
PMMA
Porph
PSS
PVK

q
SHG
tfa
tta

TPA
TPD

electron transport layer

electron injection layer

electroluminescence

excited state absorption

electron transport layer

energy transfer upconversion
perfluoro-tetrakisphenyl-imidodiphosphinate
5,10,15,20-tetrakis-(pentafluorophenyl)-porphyrin
hole-blocking layer

hole injection layer

hole transport layer

hexafluoroacetylacetonate or 1,1,1,5,5,5-hexafluoro-2,4-
pentanedionate

highest occupied molecular orbital

intersystem crossing

indium tin oxide

light-emitting diode

lowest unoccupied molecular orbital

metal organic framework

near infrared
N,N'-di(1-naphthyl)-N,N’'-diphenyl-(1,1’-biphenyl)-4,4'-diamine
organic light-emitting diode

perchlorotropolonate
poly(3.,4-ethylenedioxythiophene)
perfluorobutanesulfonate
perfluorooctanesulfonate
perfluorobis(phenylphosphinate)
perfluoro-p-phenyl-diphenylphosphinate
perfluorobis-p-diphenylphosphinate
perfluorobis(p-tolylphosphinate)
perfluoro-tetrakisphenyl-imidodiphosphinate
photoluminescence

polymethyl methacrylate

porphirine

poly(4-styrenesulfonate)

poly(9-vinylcarbazole)

8-hydroxyquinolinate

second harmonic generation

trifluoroacetate

thenoyl-trifluoroacetonate or 4,4,4-trifluoro-1-(thiophen-2-yl)
butane-1,3-dionate

two-photon absorption
N,N'-bis(3-methylphenyl)-N,N'-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), CdD), 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 (X=0, 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(I) ions (EuX: X=0, 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(Il) 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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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.

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 Eu,05 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(Il) and p orbitals of 02*, Szf-, Sezf,
or Te?™, 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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TABLE 1 Crystal, Magnetic, and Electronic Data for Europium
Chalcogenides (Wachter, 1972)

) Magnetic lonicity Abs. Edge
ag (A) Order (%) Ten (K) (eV)
EuO 5.141 Ferro 35 64.2 1.12
EuS 5.968 Ferro 27 16.5 1.65
EuSe 6.195 Ferro 25 2.8 1.80
Antiferro 4.58
EuTe 6.598 Antiferro 23 9.64 2.00

Tc,n, Curie or Néel temperature.

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 42K is 1 x 10° 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 x 10° 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
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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(Il) (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 length=280nm, mean
width =95 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 diameter =3.4 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(Il) (Jorgensen 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(IIl) 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 diameter=6.5 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 TbX, (X=0O, 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.
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2 PREPARATION METHODS
2.1 Liquid Ammonia Method

Generally, bulk EuO and EuS materials are prepared by solid phase reactions
of europium metal (or Eu,03) 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 | and meta-stable Eu(Il) 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 HCI 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
length=280 nm, mean width=95 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(Il) 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 lig-
uid ammonia is fast and favored (Fig. 3).

In order to prepare EuS nanoparticles, hydrogen sulfide, H,S, gas is intro-
duced into the liquid ammonia solution containing europium metal through

Eu(0) + NH; —  Eu(ll) + 2 €5mmonia
2€5mmonia * 112 Oy > 0%+ 2NH;
Eu(ll) + 0 ——  Eu(I)O

FIGURE 2 Reaction scheme for the formation of EuO nanoparticles in liquid ammonia.
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Eu(0) + NH3 —  Eu(ll) + 2 egmmonia (1)

HyS + NH; —  HS™+NH," (2)
HS™ + NH3 — ST+ NH, 3)
NHg* + €zmmonia ——=  2NHz + 1/2H, @)
Eu(ll) + 82~ —  Eu(IllS (5)

FIGURE 3 Reaction scheme for the formation of EuS nanoparticles in liquid ammonia.

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(Il) 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(Ill) ion induces photoreduction to give Eu(Il) and the radical
HOCH,; (Jorgensen and Brinen, 1963; Kusaba et al., 1992). The radical inter-
mediate HOCH, reacts with nitrate to give OH™ and formaldehyde. EuO is
formed by dehydrocondensation of Eu(OH), (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(NO;3); with urea can therefore be
regarded as a simple Eu(Ill) 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
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FIGURE 4 Preparation scheme of EuO nanoparticles using a photochemical reaction. Repro-
duced with permission from Hasegawa et al. (2002), © 2002, Wiley-VCH Verlag.

irradiation (Aex =193 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(IIl) ion is
needed to obtain effective reduction of Eu(IIl) into Eu(Il).

Hasegawa also reported EuO nanomaterials with zeolite prepared by pho-
tochemical reaction in methanol (Thongchant et al., 2004). In this synthetic
procedure, first, europium(ll)-exchanged zeolite-X is prepared by ion
exchange of NaX with Eu(Il), itself obtained by a photochemical reaction.
Emission and XPS spectra of Eu(I)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(Il) 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(IIl) com-
plexes, and the structures of which are shown in Fig. 6. These Eu(IIl)



