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Magnetic and luminescence properties of lanthanide com-
plexes have been extensively studied; however, their poten-
tialities in nonlinear optics (NLO) have been less explored.
Since beginning of the 2000s, these properties have become
an emerging field of research from the point of view of both
fundamental aspects and bioimaging applications. In this
microreview, we attempt to make an exhaustive compilation

of about ten years of research endeavours in lanthanide coor-
dination chemistry and crystal engineering for nonlinear op-
tics.
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Germany, 2009)
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1. Introduction and Scope

Since the middle of the 20th century, lanthanides have
exerted a real fascination over chemists, spectroscopists,
physicists and recently biologists due to their unique chemi-
cal, magnetic and photophysical properties arising from the
gradual filling of the 4f electron shell. In a first approxi-
mation, these 4f electrons are considered as core electrons
with a small radial expansion shielded from the surround-
ings by the filled 5s>5p® shells.! This shielding from exter-
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nal perturbations, resulting in a very small ligand- (or crys-
tal-) field effect, is responsible for the very particular behav-
iour of these elements, in marked contrast with that of d-
block transition metals. As a consequence, from a chemical
point of view, f electrons are not (less) involved in chemical
bonding, and all lanthanide(IIT) ions present very similar
organometallic, coordination or inorganic chemistry, the
small variations being due to the decreasing ionic radius
upon going along a row of the periodic table (i.e. the lan-
thanide contraction). The metal-ligand interactions are
mainly electrostatic, without any predetermined bond direc-
tionality, and complex stability is governed by an intuitive
combination of steric and electronic effects, resulting in a
very rich, unpredictable coordination chemistry based on
polydentate and/or macrocyclic ligands.[>3]

In addition, all Ln"" ions except lanthanum and lutetium
are paramagnetic, with a high-spin ground state for some
of them (7/2 for gadolinium). They are therefore attractive
candidates for magnetic molecular materials™ or for par-
ticular NMR spectroscopy applications. The f electrons can
present an isotropic spatial distribution, as in the case of
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the f7 Gd™ or Eu" ions, or an anisotropic one in the other
cases, particularly for Tb'™ or Dy The anisotropic distri-
bution induces the apparition of an anisotropic magnetic
susceptibility tensor (Ay) responsible for the permanent
magnetization in single-molecule magnets® and for the
pseudo-contact shift in NMR spectroscopy. Depending on
the metal, this pseudo-contact shift can be detected as far
as 40 A away from the metal centre, which is very useful for
resolving overlapping NMR signals in organic (even chiral)
molecules, but also for protein structure determination.[®!
On the other hand, the isotropic distribution in gadolinium
results only in a broadening of the NMR spectrum due to
the enhancement of electronic relaxation rates. This prop-
erty has been widely exploited for the design of magnetic
resonance imaging (MRI) contrast agents, which can be
considered as the major breakthrough of the last 20 years
in the field of medical diagnosis.[”!

The optical properties of Ln' ions, which arise from 4f-
4f transitions, are unique. The above-mentioned shielding
of the 4f orbitals results in a very small vibrational coupling
with the surroundings; consequently, f—f transitions are very
narrow, characteristic of a given ion and with an emission
ranging from the visible (Eu, Tb, Dy, Sm) to the near infra-
red (Yb, Nd, Er, but also Dy and Sm). In addition, these
transitions are parity- (and sometimes spin-) forbidden,
which results in very low absorption coefficients (less than
1-3 Lmol'em™!) and very long excited state lifetimes (from
a few ps to ms). In spite of these forbidden transitions, inor-
ganic lanthanide-doped fluorophores, such as glasses or
crystals, were widely studied as laser materials (the
Nd:YAG laser is one famous and well-used example) or vi-
sualization and illumination devices.®! To overcome the
drawback of the very low absorption coefficient of lantha-
nides, it has been demonstrated by the pioneering work of
Weismannl®! that indirect population of Ln excited states is
possible by excitation of a coordinated ligand followed by
energy transfer to the central metal ion. This effect is called
the antenna effect, a generic denomination that, in fact, rep-
resents many different photophysical processes: the most
commonly encountered one involves as intermediate donor
state the triplet excited state of a conjugated ligand or a
triplet metal-to-ligand-charge-transfer state with a transi-
tion-metal-containing antenna (Figure 1).l'% Recently, sen-
sitization by the singlet excited state of a ligand,!'") or using
Ln-Ln energy transfer!?! or even sensitization by a stepwise
double-electron transfer!!3] have been reported. However,
radiative processes are not the only possible decay modes
for the lanthanide excited state, and nonradiative de-exci-
tation pathways occur via multiphonon relaxation pro-
cesses, particularly when OH or NH vibrators are coordi-
nated to the metal ion, reducing both lifetime and quantum
yield. Therefore, great synthetic efforts have been devoted to
the design of antenna ligands optimizing the sensitization
process for a given lanthanide ion and saturating the metal
coordination sphere to avoid water or solvent coordina-
tion."" The Iuminescence of lanthanides is ubiquitous in
our daily lives. They are used in particular in lamps (tri-
chromatic lamps,[®! OLEDs!!3)) or for cathodic or plasma
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screens. Finally these very particular luminescence proper-
ties have been widely used in the life sciences for bioimag-
ing'® or biosensing!!”! (tracking the presence of predeter-
mined targets like H*, Ca®*, Zn>*, HCOs5, ...) applications.
Importantly, the long excited state lifetimes of lanthanides
triggered the development of time-resolved microscopy!'®!
or assays based on fluorescence resonance energy transfer
(FRET).'
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Figure 1. Jablonsky diagram representation of linear and nonlinear
photophysical phenomena.

As illustrated by the large number of excellent review ar-
ticles mentioned in this introduction, the study of magnetic
or luminescence properties of lanthanides is a mature field
of research, both from the fundamental and the application
point of view. By contrast, the study of the nonlinear optics
(NLO) properties of lanthanide complexes remains in its
infancy, and this topic has become an emerging and also
challenging field of research for the last decade. In this
microreview, we attempt to propose an exhaustive descrip-
tion of the state-of-the-art of the design of molecular lan-
thanide complexes for second- or third-order NLO towards
applications in biological imaging.

2. Basis of NLO

NLO phenomena result from the interaction between
light and matter, and more precisely between the polariz-
able electron density (e.g. electrons of delocalized w systems)
and the strong electric field associated with a very intense
laser beam. The first experimental observations have been
described in 1961 just after the development of intense laser
sources, in particular by Kaiser and Garett for two-photon
absorption (vide infra)l?”! and by Franken for second har-
monic generation.[?!]

Molecular NLO phenomena can be divided into two
main classes depending on the incident laser wavelength
(Figure 1): (i) Nonresonant NLO phenomena, such as sec-
ond or third harmonic generation (SHG, THG), but also
Pockel or Kerr effects, can be described as resulting from
an electronic perturbation of the molecular ground state.
(ii) Resonant NLO phenomena such as two- (or multi-)
photon absorption occur only when the energy gap between
the ground and excited states is a multiple of the incident
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laser energy. In this case, an electron is promoted from the
fundamental to the excited states by simultaneous
multiphoton absorption; this is in marked contrast with
nonresonant phenomena. Finally, the excited state can relax
to the ground state through competing radiative and nonra-
diative processes, and the resulting fluorescence signal pres-
ents exactly the same characteristics as that linearly ex-
cited.??l This two-photon-excited (induced) fluorescence
phenomenon (TPEF or TPIF) is very different from up-
conversion processes frequently encountered in lanthanide
spectroscopy. Up-conversion processes involve either
multistep excitations due to excited state absorption (ESA)
or sequential energy-transfer up-conversion (ETU) evi-
denced by Auzel in the 1960s in Yb-Er systems.?*! This is
a succession of linear excitations between real excited states
from one or several moieties, whereas TPIF involves a si-
multaneous absorption of two photons via a virtual excited
state. The frequent confusion between the two processes
comes from the fact that up-conversion effects can be con-
sidered as nonlinear, due to a quadratic dependence of their
efficiency on the incident intensity of the laser. Up-conver-
sion effects will not be discussed in this review.

All these NLO phenomena (SHG, THG, TPIF) can oc-
cur simultaneously within the same material, as illustrated
by the spectral response of an oriented polymer doped with
DCM dye (4-dicyanomethylene-2-methyl-6-p-dimethylami-
nostyryl-4 H-pyran) under 1.06 pum laser irradiation (Fig-
ure 2).>41 The two sharp signals at 532 and 354 nm corre-
spond to coherent light generated by SHG and THG,
whereas the broad band is attributed to an incoherent two-
photon excited fluorescence.
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Figure 2. Spectral representation of resonant and nonresonant
NLO phenomena.

Although the description of the physics behind NLO
phenomena is not in the scope of this review, we will briefly
detail the most relevant aspects of NLO, and the reader is
invited to refer to more specialized references.>> The inter-
action between the electron density of a molecule and the
alternating electric field associated with a laser (E) induces
a polarization response, Au, which can be expressed by
Equation (1).

Au = aE + BE> + yE3 + ... (1)

where a, f# and y represent the polarizability, first-order and
second-order hyperpolarizability tensors of rank 1, 2 and
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3, respectively. At the macroscopic level, this equation is
generalized as Equation (2).

AP = yVE + yOF + yOF + . @

where AP is the induced polarization, and y", ¥ and y©®
are the first-, second- and third-order susceptibility tensors.

7V (a at the molecular level) belongs to the realm of
linear optics; its real part is involved in the calculation of
the refractive index of the medium, whereas its imaginary
part determines the one-photon absorption (the extinction
coefficient ¢ at the molecular scale). y® (or f) quantifies
all second-order NLO effects like SHG, electro-optic effect
(Pockel), frequency mixing, etc. Finally, »® (or y) is repre-
sentative of the third-order NLO effects such as THG, op-
tical Kerr effect, two-photon absorption (TPA); by analogy
with linear optics, its real part [Re(y)] describes the nonlin-
ear refractive index and its imaginary part [Im(y)] the two-
photon absorption cross-section (a5).

Experimentally, the quadratic hyperpolarizability, f, is
determined in solution by using harmonic light scattering
(HLS) or electric-field-induced second harmonic generation
(EFISH) techniques. For solids, Kurtz powder NLO mea-
surements are generally performed. This semiquantitative
technique is based on the comparison between the global
SHG efficiency of microcrystalline samples and that of a
reference (urea or KDP), but remains very sensitive to bulk
sample parameters like granulometry or crystal parameters.
On the other hand, two-photon cross-sections are experi-
mentally estimated by using either the Z-scan technique or
by external calibration of a TPIF excitation spectrum.!?%2]

Due to parity considerations, nonzero ff values are re-
stricted to noncentrosymmetric molecules and materials,
while no symmetry restrictions are required for third-order
NLO. Molecular engineering rules for the optimization of
second-P% or third-order®? nonlinear optical properties
have been carefully established in the case of organic mole-
cules or conjugated polymers. As a general rule, increasing
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Figure 3. Schematic representation of the three main classes of
NLO-phores.
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the molecular electronic polarizability by the introduction
of intramolecular charge transfer (CT) transitions enhances
the NLO activity. It is possible to introduce one or several
CT systems within a molecule, and consequently, the chro-
mophore engineering can be divided into three main classes
depending on the molecular symmetry (Figure 3): (i) the
dipoles (D-n-A), (ii) the quadrupoles (D-n-D, A-n-A, D-nt-
A-n-D, -A-n-D-nt-A, ...) or (iii) the octupoles of D3 (As-
Dcore or Ds-Acore) or T,/D,,; (As-Dcore or Dy-Acore)
symmetry (where D and A represent electron-donating
and -withdrawing groups, respectively, and = is a conjugated
skeleton). It is worth noting that only dipoles and octupoles
are noncentrosymmetric and therefore suitable for second-
order NLO, whereas all these systems can lead to third-
order phenomena.?”! The magnitude of the CT can be
modulated by the control of the strength of the donor (D)
and acceptor (A), of the length and nature of the conju-
gated backbone (rr), which allows fine tuning of both linear
and NLO properties.

3. Second-Order NLO Properties of Lanthanide
Complexes

Inorganic Materials

Although the description of inorganic materials is be-
yond the scope of this review, we will report shortly SHG
properties of inorganic crystalline matrices doped with rare
earth ions. Noncentrosymmetric materials can be generated
depending either on the symmetry of the host-crystal space
group or on the distortions induced by the dopant ion. This
strategy has been used for the preparation of pure inorganic
materials like potassium lanthanide nitrate, K,Ln(NO5)s,?®]
rare earth molybdenyl iodate Ln(MoO,)(I05)4(OH)?! or
mixed phosphate Rb;Yb,(PO,);,3% whose NLO activity is
compared to that of benchmark crystals like oa-quartz or
KDP. For example, Townsend and co-workers used SHG
to study the deformation induced by various rare earth dop-
ants on the host bismuth germanate crystal matrix.*!! SHG
measurements were conducted at the macroscopic level on
waveguides doped with various lanthanide ions (Tm, Er,
Ho, Eu, Sm and Nd) and normalized to a 1 wt.-% dopant
ratio, assuming that the SHG signal is linearly proportional
to the dopant ratio, and the results were compared to the
undoped material (Bi4Ge;0,,). For the first time, the au-
thors underlined the influence of the nature of the lantha-
nide on SHG efficiency and explained their results by a size
effect (Figure 4) as follows: (i) If the ionic radius of the
dopant ion is close to that of the main host matrix constitu-
ent (Bi*"), which is the case for Eu?*, Sm** and to a lesser
extent Ho**, the SHG signal will be similar to that of the
undoped material. (i1) On the other hand, if the ionic radius
of the dopant is significantly smaller (Tm?** or Er3") or
larger (Nd3*), strong distortions in the crystal lattice will
occur, which result in enhanced SHG signals. Finally, this
substitution approach has been largely used towards the de-
sign of multifunctional materials combining laser emission
4360
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and second-order NLO properties for the preparation of
self-frequency-doubling laser sources emitting at high en-
ergy with optimized concentration and crystal length.%
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Figure 4. Evolution of the macroscopic SHG efficiency of Ln3*-
doped BiyGe;0;, crystals with the dopant ionic radius.[*!)

Coordination Complexes

Since the first utilization of ferrocene as electron-donat-
ing group by Frazier®3 and Green,’* metal-containing
chromophores have been widely studied for second-order
NLO.B3 Actually, metal-containing dipolar*®lor octupo-
larB7' chromophores present very strong NLO activity in
the same range as that of the best organic compounds. In
such systems, metal ions can play many different roles: they
can act as purely donor end-groups or as purely inductive
acceptor groups enforcing the intraligand charge transfer
character (ILCT). In addition, they are also able to gather
ligands in a predetermined geometry, giving easy access to
various dipolar or octupolar symmetries.*>"! In most cases,
d orbitals are involved in various low-energy optical CT
transitions like metal-to-ligand (MLCT), ligand-to-metal
(LMCT), metal-centred (MC), intervalence (IVCT) or more
complex ligand-to-metal-to-ligand (LMLCT) charge trans-
fer transitions. Since the global NLO activity of a complex
results from the contributions of both the metal and the
ligands, generally in a multidirectional way, it is very diffi-
cult to dissociate and quantify the various contributions
and clearly define the role of the metal.l?7*381 It is worth
noting that all studies on metal-containing chromophores
have been carried out with transition metals, and almost
nothing is known about the potential of lanthanide com-
plexes in second-order NLO. This is very surprising, as the
very strong chemical similarities of the lanthanide(III) ions
(La—Lu) offer a unique opportunity for designing iso-
structural series, in which only the nature of the metal
varies.

In this context, mixed organic—inorganic lanthanide-
based coordination polymers offer a promising opportunity
for noncentrosymmetric crystal engineering,*! because of
the high coordination number of the f elements (8, 9 and
up to 12). In the early 2000s, this approach has been illus-
trated by Shi in the case of a polynitrile-bridged two-dimen-
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Figure 5. (left) Tripodal ligand (L); (right) emission spectra of TbL crystals under irradiation with different laser wavelengths (a) Ao, =
800 nm, (b) Ay = 1260 nm, (c) Ay = 1340 nm, (d) SHG spectrum of urea under 1260 nm.

sional europium polymer that crystallized in the acentric Cc
space group, whose SHG activity was estimated to be 16.8
times that of urea (macroscopic Kurtz powder measure-
ment).[*1 More recently, Wong and collaborators reported
qualitative SHG for several crystalline materials, and one
representative example composed of terbium coordinated
to a tripodal ligand L is depicted Figure 5.1*! In this case,
SHG and THG occur simultaneously with terbium lumi-
nescence sensitized by multiphoton absorption (Figure 5
vide infra). As expected, the wavelength of the nonlinear
SHG process is correlated on the incident laser irradiation
wavelength (SHG occurs at 400, 630 and 670 nm for irradi-
ation at 800, 1260 and 1340 nm, respectively), whereas the
terbium luminescence wavelength remains constant, inde-
pendent of the nonlinear sensitization process (namely
three- or four-photon absorption). Finally, this crystal engi-
neering approach has been successfully used for the design
of multifunctional materials combining bulk NLO with
magnetic properties.[*?l A series of coordination polymers
have been prepared of general formula [Ln(Hfac);{NIT-
(C4H4OPh)}] where Ln =Y, Eu, Tb, Dy, Ho, Er, Tm, Yb
and NIT(C4H4OPh) is a nitrosyl-nitroxide radical ligand.
The second-order NLO activity of the complete series,
which has been estimated on microcrystalline powder, is
rather low, and no influence of the rare earth elements was
observed. In such systems, the macroscopic NLO contri-
bution of the metal is negligible compared to that of the
organic ligand within the supramolecular polymeric archi-
tecture.

Systematic investigations of structure-NLO-activity rela-
tionships at the molecular level of lanthanide complexes in
solution are relatively scarce in the literature.*3) We de-
scribed the study of two series of molecular complexes in
solution: (i) a dipolar series based on a functionalized ter-
pyridyl-like ligand, in which a charge transfer transition is
induced between the dialkylaminophenyl donor group and
the central pyridyl acceptor moieties*¥ and (ii) an octupo-
lar D5 symmetric series based on the dipicolinic acid (DPA)
ligand (Figure 6).1*31 The isostructural character of each
series has been established in the solid state on the basis
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of X-ray diffraction analysis, in solution by using NMR
spectroscopy and thanks to theoretical calculations. As a
result, each series exhibits exactly the same absorption spec-
tra (same maximum absorption wavelength and same oscil-
lator strength) regardless of the nature of the central metal
ion. The second-order NLO measurements were performed
on the dipolar and octupolar series by using the HLS tech-
nique in concentrated dichloromethane (or water) solution
with nonresonant 1.91 um (or 1.06 pm) as the fundamental
laser wavelength. It is worth noting that the quadratic hy-
perpolarizability values of the dipolar series are three orders
of magnitude higher than that of the octupolar one; this
huge difference can be ascribed to the absence of any charge
transfer in the tris(dipicolinato)lanthanate series. But im-
portantly, for each series, the NLO activity regularly in-
creases from lanthanum to ytterbium or lutetium along the
f-element row. Since each series is isostructural and exhibits
the same absorption, this effect has been attributed to the
participation of the central ion in the NLO activity and
called “metal-induced NLO-enhancement”. The case of yt-
trium is particularly useful to get a deeper insight into this
effect: yttrium belongs to group III and has no f electron
as does lanthanum, but is isostructural with other lantha-
nides with an ionic radius between those of dysprosium and
erbium. For the two series, plotting the variations of f with
the ionic radius, as generally done for lanthanide properties,
clearly reveals a discontinuity for yttrium, indicating that
the NLO variations are not driven by geometrical consider-
ations like the lanthanide contraction (Figure 6 middle). On
the other hand, the very regular variation of  with an elec-
tronic parameter like the f electronic configuration with
S(Y) similar to f(La) unambiguously establishes the direct
contribution of f electrons to the quadratic hyperpolariz-
ability (Figure 6, bottom). Confirmation of this effect by
other groups would establish it definitively as a new general
property of f-block elements.

This contribution of the f electrons to the quadratic hy-
perpolarizability indicates that f electrons are sensitive to
an external electric field, in other words, that f electrons are
polarizable, and second-order NLO techniques appear to
4361
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Figure 6. (top) Dipolar (left) and octupolar (right) complex struc-
tures (top), variation of the quadratic hyperpolarizability with ionic
radius (middle) and f orbital filling (bottom).[#443]

be a very sensitive tool to probe the intimate nature of the
matter. This result is in marked contrast with the generally
admitted (also quite dogmatic) inertness of the f electrons
towards external perturbation. However, it is in good agree-
ment with spectroscopic observations showing that this “in-
sensitivity” of f electrons to their environment is a rough
approximation since absorption, emission or NMR spectro-
scopic properties are strongly correlated to the local sym-
metry of the rare earth elements.[*? In addition, the polariz-
able character of f electrons was suggested in the early
1980s on the basis of X-ray diffraction and has recently
been confirmed by density functional calculations.™7!

4. Third-Order NLO Properties of Lanthanide
Complexes

As mentioned in the introduction, third-order NLO
merges under the same name very different photophysical
effects, namely, (i) third harmonic generation (THG) re-
sponsible of coherent light emission at 3w where w repre-
sents the incident laser wavelength, (ii) optical Kerr and
nonlinear refraction effects resulting in the nonlinear modu-
lation of the refractive index of a medium and (iii) nonlin-
ear absorption, in which a molecule is promoted to its ex-
cited state by simultaneous absorption of two photons hav-
ing half the energy corresponding to the single-photon pro-
cess. This latter phenomenon is undoubtedly the most
studied, because its intrinsic confocal character gives rise
to a wide 3D resolved spectroscopy, photochemistry and
microscopy with submicrometre precision,!?? triggering the
development of numerous applications ranging from mate-
4362
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rial sciences (3D data storage, optical limiting, 3D micro-
fabrication)“®! to biology (imaging, drug delivery or photo-
dynamic therapy).[*¥! In this wide context, lanthanides were
mainly involved in two-photon-induced luminescence appli-
cations, although some interesting papers describe margin-
ally THG, nonlinear refraction properties or two-photon
circular dichroism.

Third Harmonic Generation Properties

As mentioned earlier, THG has been described simulta-
neously with SHG and multiphoton-absorption-induced lu-
minescence in terbium complexes of microcrystals (Fig-
ure 5).[414 Like SHG, the wavelength of THG process varies
with that of the incident laser light from 420 to 450 nm for
irradiation at 1260 and 1340 nm, respectively. In addition,
this coherent signal intensity exhibits the characteristic cu-
bic dependence with the incident laser intensity.

Optical Kerr Effect

The third-order susceptibility of two heteroleptic triple-
decker Sm mixed porphyrin-phthalocyanine molecules (Fig-
ure 7) was shown to be three orders higher than that ob-
tained for free porphyrin and phthalocyanine, as a result of
the presence of the lanthanide, which induces intermacro-
cyclic interactions and TPA resonance.[>” In addition, octa-
meric Ln (La and Ce) complexes [Lng(tbzcapc);>(H>O),4]
6dmf based on the ligand tbzcapc {6-[2-N-(1,3,4-thiadiaz-
olyl)carboxamido]-2-pyridylcarboxylate} were shown to be
isostructural with discrete ellipsoid-shaped units. The third
NLO properties of both complexes are completely different
under fs-532 nm irradiation (Z-scan in dmf solution): the
lanthanum complex presents no NLO absorption but a
strong NLO refractive effect, while the cerium system exhi-
bits NLO absorption with no NLO refractive effect. The
origin of this surprising behaviour is not understood up to
now.!
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Figure 7. Triple-decker mixed porphyrin-phthalocyanine Sm com-
plexes (left) and optical Kerr response of the porphyrin dimer at
different concentrations (right).

Two-Photon Circular Dichroism

Richardson et al. reported studies in monoaxial crystals
of Na;[Gd(C4H405)5]-2NaClO4-6H,O of two-photon circu-
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lar dichroism (CD), which allowed to evaluate the ratio
(07 —O0r) (0 + Or), where 0; and 0y are the TPA coefficients
for the crystalline material under left and right circularly
polarized light, respectively; the value of this ratio is similar
to those of its analogue (¢; — eg)/(¢; + &g) in linear CD.?
This study, which provides information on molecular transi-
tion polarizabilities and structural data, was then rational-
ized and generalized in a theoretical analysis of chiral de-
pendent TPA properties of molecules and crystals.>?!

Two-Photon Antenna Effect in Lanthanide Complexes

Following pioneering works of Webb and co-workers,>4
two-photon laser scanning microscopy (TPLSM) is becom-
ing a very useful tool for bioimaging purposes, particularly
for thick tissue or living animals, routinely used in academic
or hospital imaging platforms thanks to the availability of
femtosecond-pulsed tunable lasers. The major advantage of
TPLSM comes from the spectral range of excitation: in-
deed, the excitation is induced by simultaneous absorption
of two photons having half the energy of the corresponding
one-photon absorption process, and the incident wave-
lengths are therefore located in the infrared (700-1200 nm).
In this spectral range, called “biological window”, the light
is neither absorbed nor scattered by the biological tissues,
allowing a deeper probing of the media (more than 500 um)
and limiting photo-damage of the tissue and photo-bleach-
ing of the probe.[*>>3 In this context, the design of a new
generation of bioprobes combining the advantages of two-
photon excitation with the unique luminescence properties
of lanthanide ions (sharp emission in the visible or NIR
spectral range, long excited state lifetime), is a very exciting
research project involving (i) the proof-of-concept of the
sensitization of lanthanide luminescence by the two-photon
antenna effect, (ii) the optimization of the two-photon
cross-section and (iii) the design of real bioprobes taking
into account the constraints of biological media such as
stability and solubility in water.

The story of TPA of lanthanides started by the first ob-
servation of two-photon-absorption-induced fluorescence
phenomena in 1961 by Kaiser and Garrett in a calcium
fluoride crystal doped with europium(II) ions.*°! Under a
ruby laser irradiation at 694.3 nm, the blue fluorescence of
Eu?* at 425 nm is observed with an intensity proportional
to the square of the incident laser intensity, which is a clear
signature of a two-photon process (Figure 8).

Surprisingly, whereas great attention was devoted to the
design and optimization of organic fluorophores, the poten-
tialities of lanthanide complexes were forgotten for TPA ap-
plications for forty years. In the beginning of the 2000s, in
a series of three papers, Lakowicz and co-workers set the
main basis of this field: (i) Eu™ or Tb™ luminescence can
be induced by direct two-photon excitation of the f—f transi-
tions. (It is worth noting that f—f transitions are one-photon
forbidden but two-photon allowed).l*®! (i) This multipho-
ton-absorption-induced lanthanide luminescence is greatly
enhanced when it is sensitized by an organic ligand such as
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Figure 8. The first report on TPA luminescence: positive photo-
graphic plate indicating the blue emission from CaF,:Eu?* crystal
under ruby laser irradiation (left) and quadric dependence of the
emission intensity on the incident laser intensity (right).[)

the tryptophan or tyrosine residue of a protein, dipicolinic
acid or the coumarin-DTPA ligand (Figure 9). This is the
proof-of-concept of the two-(multi-)photon antenna ef-
fect’1 This antenna effect consists of an energy transfer
between the organic moiety and the excited states of the
lanthanide. (iii) The sensitization of lanthanide by TPA can
be successfully extended to NIR emitters like ytterbium(III)
bound to the aminofluorescein-DTPA ligand (Figure 9).1%
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Figure 9. Structure of coumarin-DTPA and aminofluorescein-
DTPA (AMF-DTPA) ligands (top). TPA-induced Yb luminescence
spectra and quadratic dependence of the luminescence intensity on
the incident laser power (bottom).>7-381

From this starting point, numerous studies reported
qualitatively the two-, three-, and even four-photon-absorp-
tion-sensitized luminescence of terbium bound to a pro-
tein®’! and of terbium,*-%°! europium or neodymium!®!l
complexes in crystal samples. The emission spectra and the
excited state lifetimel*'® are rigorously the same when mea-
sured from linear or multiphoton excitation, clearly indicat-
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Figure 10. Top: Change in metal ion coordination upon binding HCO; . Bottom: Variation of the emission spectra without (....) and
with (=) HCO;™ (right) and time-gated emission (....) of [Eu(DO2AX")(H,O)][OTf];. The time gate had a duration of 480 ns and was

delayed 75 ns with respect to the laser pulse (left).[6%!

ing that the same emissive state is sensitized by both pro-
cesses. In addition, Palsson and co-workers[®? reported that
the sensitivity of europium(III) luminescence to its chemical
environment (here HCO3;  coordination, Figure 10), largely
described for in vivo or in cellulo titration with a linear
excitation,'’# is conserved by a two-photon excitation.
Moreover, in the same paper, the authors generalized the
time-gated luminescence spectroscopy experiment with two-
photon excitation by using a cavity-dumped Ti-sapphire
source. Introducing a delay (a few hundred ns or ps) be-
tween the two-photon excitation and the detection allows
the elimination of any short-lived emission (Figure 10), re-
sulting in an enhancement of the metal-centred signal-to-
noise ratio. Conceptually, these two experiments are very
important, because they emphasize that it is possible to
conserve all the spectroscopic advantages of lanthanides
while using a biphotonic excitation. However, all the afore-
mentioned results have been obtained by using complexes,
with rather low (less than 10 GM) TPA cross-sections,
which represents a major drawback for practical applica-
4364
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tions. From this observation, the main challenge in this lan-
thanides saga concerns the optimization of the two-photon
cross-section, 5.

Optimization of the TPA Cross-Section

Molecular engineering rules for the optimization of the
TPA cross-section have been carefully established in the
case of organic molecules or conjugated polymers.l*>%31 On
the basis of these established rules, new push-pull ligands
have been designed and successfully used to sensitize Eu''!
luminescence by the two-photon antenna effect. On one
hand, Wertsl® and Wangl®! independently reported di-
polar tris(acetylacetonato)europium complexes bound to
Michler’s ketone (Mk) and functionalized bis(3,5-dimeth-
ylpyrazolyl)triazine ligands (dbpt, dmbpt), respectively; on
the other hand, our group described an octupolar tris-func-
tionalized pyridine dicarboxamide (DPAM?) complex (Fig-
ure 11).°01 All these complexes are luminescent and present
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complexes presenting significant TPA cross-sections in organic solvents.

Table 1. Photophysical data of some lanthanide complexes for TPA applications.

Compound Solvent Jabs (NM) @ 4% (nm) g, (GM) ref.
Tb,-tfr water 500 7.4 [59]
[Tb(DPA);]*- water 314 0.31 < 705 26 [64]
MkEu(fod); toll®l 413 0.17 810 253 [64]
dbptEu(tta); tol 406 0.58 808 141 [63]
dmbptEu(tta); tol 409 0.59 812 149 [63]
[Eu(DPAM2),][OTf]4 MeCN 360 0.056 720 96 f66]
[NBu,J;[Eu(DPA2)] DCM 321 0.15 700 14 1]
[NBu,J;[Eu(DPA3);] DCM 322 0.43 700 53 1]
[NBu,J;[Eu(DPA%);] DCM 318 0.27 740 96 1]
[NBu,Js[Eu(DPA%);] DCM 370 0.070 740 775 1]
[NBu,Js[Eu(DPA®);] DCM 427 _b) 1]
[NBu,Js[Eu(DPA7);] DCM 364 0.28 730 193 1]
[NBu,J;[Eu(DPA®);] DCM 335 0.090 700 110 1]
[NBu,Js[Eu(DPA?);] DCM 335 0.036 700 218 1]
[Na];[Eu(DPA25),] water 332 0.15 700 92 73]
TbL'(NO3)s MeOH 0.11 3.1 (76l
[Eu(DO2AX")(H,0)][OTf]s water 384 0.04 770 1.7 (62]
[Eu(DO2AX2)(H,0)][OTf]; water 372 0.008 760 0.4 (62]

[a] Abbreviation: tol = toluene, DCM = dichloromethane. [b] No Eu emission is observed.

broad intense absorption bands in the visible (above
350 nm) responsible for the two-photon absorption located
in the Ti-sapphire spectral range (700-1100 nm), and, as
expected, their two-photon cross-sections are significant,
being in the range 100-250 GM (Table 1).

It is important to note that the presence of the CT transi-
tion induces a complete modification of the sensitization
process. Generally, sensitization of lanthanide luminescence
proceeds in three steps (i) singlet-singlet absorption of the
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antenna ligand, (ii) intersystem crossing (ISC) to the triplet
excited state (T;) and (iii) energy transfer (ET) to the metal
accepting state. If the antenna ligand presents a low-energy
CT transition, the sensitization can occur directly from the
relaxed CT state without any participation of the triplet.
This possibility, suggested in the cases of MkEu(fod);”]
and [Eu(DPAM?);][OTf]5,1 has been nicely demonstrated
for dpbtEu(tta); (Figure 12).l''°1 Time-resolved lumines-
cence experiments show that the decay time constant of the
4365
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CT-state emission (1.8 ns) matches exactly with the rise time
constant of the D, state, whereas the triplet T state exhib-
its at 77 K a phosphorescence lifetime of 3.9 s, which is far
higher than that of europium emission (0.65 ms) (Fig-
ure 12). The same sensitization process, also established for
other Eu complexes!!!-%8] and generalized to NIR emit-
ters! 161 (Yb, Nd), can now be considered as a new general
property of CT transitions.

R/ 0 200 00 00 800
t; (N§) —=
N
%\ CT
A Q'L\ CT relax
A, D
7 tr 2
///////A # - :Dl
kbtr DO
ki CT emission Eu emission
s, Y Y

Figure 12. Schematic representation of the direct CT-sensitization
process where k. and ky,, are the rate constants of energy transfer
and back transfer, respectively.!'!*l Inset: decay-to-rise time corre-
lation for dpbtEu(tta);.l'!®]

In spite of their significant TPA cross-section, all the
above-mentioned complexes (Figure 11) are only stable in
organic solvents, and therefore no practical application as
fluoroprobe for bioimaging microscopy can be envisaged.
In this context, the TPA cross-section optimization on a
functionalized tris(dipicolinato)lanthanide series presenting
good water solubility was undertaken.l’l A complete series
of dipolar ligands D-n-A (DPA??) and the corresponding
[NBugl5[Eu(DPAY);] (i = 2-9) complexes were studied, in
which the acceptor part (A) is the dipicolinic acid fragment
and the strength of the donor (D = dialkylamino, alkoxy,
alkylthio) as well as the length of the m-conjugated back-
bone [phenyl, phenylethynyl, naphthylethynyl, bis(phenyle-
thynyl), chalcone] have been tuned (Figure 13).1''¢71 In this
case also, the direct sensitization of Eu'™ through the CT
excited state of the ligand was confirmed. In addition, the
global efficiency of this sensitization process (in term of
quantum yield or lifetime) varies dramatically with the en-
ergy of this CT excited state.l'!] Maximum efficiency is ob-
tained for [NBuyJs[EuDPA?3;], featuring a weak donor alk-
ylthio moiety, when the CT transition is close to the euro-
pium °D; accepting state. On the contrary, a very strong
decrease is observed when the CT transition approaches the
4366
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emissive °D excited state (e.g. in [NBuy]s[EuDPAS3;] featur-
ing a stronger dialkylamino donor group). Further decrease
of the CT energy ([NBuy]s[EuDPA®;]) definitely hinders the
sensitization process. On the other hand, the TPA cross-
section increases monotonically with the decrease in the
CT-state energy of the ligand (Table 1). In other words, as
observed for organic molecules, increasing the donor
strength or lengthening the conjugated backbone signifi-
cantly enhances the TPA cross-section and redshifts the
maximum TPA wavelength. For [NBuy)s[EuDPA3;], a re-
cord value of 775 GM at 740 nm has been obtained. This
can be considered close to the upper limit that can be
reached for this family of complexes. Indeed, although
higher o, values should be expected by further extension of
the © system, for example, the resulting lower gap between
the antenna and the Eu excited state will prohibit any en-
ergy transfer to the metal, as in [NBuyJ;[Eu(DPA®);]. It is
important to note that this upper limit depends of course
on the nature of the lanthanide ion and higher o, values
can be envisaged for NIR emitting lanthanides, whereas
lower limit values are expected for Tb or Dy, for which ac-
cepting excited states lie at higher energy.

For practical use of lanthanide complexes as bioprobes,
the problem is not to consider complexes that present only
a giant TPA cross-section, but to find systems with the best
compromise between TPA activity and luminescence quan-
tum yield, ¢; for this purpose, the challenge consists of the
optimization the two-photon brightness, B/?) = g, X ®. An
alternative approach is to confine spatially the luminescent
molecules within nano-objects like dendrimers, polymers or
particles. This strategy has been successfully used for or-
ganic molecules and giant two-photon cross-sections up to
several thousand of GM, resulting from the addition of the
molecular contributions, have been reached.[’? In this con-
text, Wang recently reported the synthesis of silica nanopar-
ticles doped with dbptEu(tta); with a homogeneous size
distribution (ca. 40 nm in diameter).[”3] Due to the concen-
tration effect, the doped nanoparticle two-photon cross-sec-
tion was estimated to be 320 000 GM at 832 nm [for an
average loading of about 8.5 10? dbptEu(tta); complex
molecules per particle]. Such a type of nano-object fulfils
the requirement in terms of stability, good dispersibility and
high nonlinear efficiency in water and should be extremely
promising for two-photon scanning microscopy experi-
ments.

Towards Bioimaging Applications

The proof-of-concept two-photon microscopy experi-
ment with lanthanide complexes has been established by
using a tris(dipicolinato)terbium complex in crystals or in
protein-derived crystals.”4 In spite of the very low TPA effi-
ciency of this complex, the microscopy experiment was suc-
cessful as a result of the high concentration of luminescent
species in the crystal and under confocal irradiation at
532 nm, only a small glowing point was observed in the
middle of one crystal plate (Figure 14). Inspired by the
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Figure 13. Structure of functionalized dipicolinato ligands and related lanthanide complexes.

above-mentioned optimization study, we designed a new
complex, [Na];[EuDPA?Y;], in which the ligand is function-
alized by an alkoxyphenylethynyl system, and the hydro-
solubility is ensured by 3,4,5-tris(triethyleneglycol)phenyl
moieties and by the sodium countercations.[”>! This com-
plex is soluble and stable enough in water and exhibits a
good quantum yield (0.157) and a significant TPA cross-
section (92 GM at 700 nm). By using this complex as bio-
probe, two-photon scanning microscopy experiments were
carried out on fixed cancer cells with 760 nm laser irradia-
tion (Figure 15). The images exhibit a nice signal-to-noise
ratio, and nucleus, nucleoli and endoplasmic reticulum are
clearly visible. It is worth noting that, in this case, both
excitation and detection are located in the red, a spectral
range where the biological medium is more transparent,
which is a major advantage for in-depth investigation. At
the same time, Wong and co-workers described in vitro cell
imaging by using three-photon excitation of TbL'(NOj)
{where L’ designates a tripodal ligand, N-[2-(bis{2-[(3-
methoxybenzoyl)amino]ethyl}amino)ethyl]-3-methoxybenz-
amide}.l’% In spite of rather low two- (or three-) photon
activity (Table 1), this complex does not present any cytoto-
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xicity for various kinds of cells, which makes it possible to
image living cells (Figure 16). A few months later, Parker
and co-workers reported the first practical utilization of
two-photon scanning microscopy with a terbium complex
featuring an azaxanthone antenna chromophore as a
probe.”’I The purpose of these studies was to determine the
cellular localization profile and emission quenching sensi-
tivity as a function of probe substitution (ester, acid, amide,
alkyl organic fragment or LysArg;, Arg;, guanidinium or
human serum albumin conjugated link). In these papers,
the two-photon microscopy with lanthanide complexes is
becoming the tool that can be used to carry out bioimaging
research projects. The very short delay between the proof-
of-concept experiments and the first practical utilization
clearly underlines the high potentiality of this new genera-
tion of fluoroprobe for bioimaging applications. However,
many improvements remain to be achieved: (i) the optimi-
zation of the two-photon cross-section in biological media
in the 780-820 nm wavelength range, (ii) the design of two-
photon bioprobes based on NIR emitters (Yb, Nd, etc.)
and (iii) the development of biphotonic time-resolved bio-
imaging techniques.
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Figure 14. Linear microscopy imaging (UV irradiation at 365 nm)
of a lysozyme-derivative-crystal containing tris(dipicolinato)ter-
bium (left), nonlinear two-photon microscopy under 532 nm laser
irradiation (right).
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Figure 16. Three-photon confocal fluorescence microscopy imaging
of human nasopharyngeal carcinoma live cells incubated with ter-
bium complexes.

Figure 15. Structure of the [Na];JEuDPA?%;] bioprobe (middle). Images of fixed cancer cells obtained by using the techniques of phase

contrast (left) and two-photon excitation (right).

5. Summary and Outlook

At the end of this literature survey covering the last ten
years, it appears that the investigation of lanthanide NLO
properties is a growing and exciting field of research. Dur-
ing this first decade, fundamental properties have been
found and different proofs-of-concept have been estab-
lished. The second-order NLO properties of organic materi-
als were generally limited to the polarizable nature of delo-
calized systems based on = electrons, and the discovery of
the direct contribution of f electrons to the quadratic hyper-
polarizability led to expand the scope of this field of re-
search. A complete rationalization of this phenomenon and
its physical modelling remain to be established. From a
chemical point of view, the (hyper)polarizable character of
f electrons, in agreement with many other spectroscopic ob-
servations, call into question the inertness of these electrons
towards their environment, and NLO appears as a powerful
tool to probe the intimate nature of the matter. On the
other hand, it has been clearly demonstrated that lantha-
nide luminescence can be sensitized efficiently by two-pho-
ton absorptionl’®! with efficiencies comparable to those of
organic compounds. In addition, the proofs-of-concept of
4368
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TPA time-gated spectroscopy and lanthanide-based TPA
scanning microscopy have been established. Much research
is still necessary to combine high TPA cross-sections with
improved stability in biological media, low cytotoxicity and
efficient cellular uptake or target imaging. However, all
these results open the way for the design of new optimized
bioprobes and nonlinear microscopy set-ups suitable to
combine the advantage of TPA excitation with the unique
lanthanide Iuminescence properties. In particular, lantha-
nide bioprobes will present promising perspectives for bio-
imaging of thick tissues with original time-resolved nonlin-
ear microscopy techniques.
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