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Chapte rr  1 

Thee lanthanides , and thei r 
luminescen tt  complexe s 

1.11 Introductio n 
Chemistryy is about "taming the elements", understanding matter well enough to control its 
structuree and its properties. This thesis is about designing, making and understanding lumi-
nescent**  materials. A broad range of naturally occurring and man-made materials that emit 
lightt is already known, from the stuff that makes fireflies glow to the semiconductors 
employedd as lasing elements in compact disc players. 

Thee kind of chemistry that we are going to work with is molecular chemistry, one of the 
mostt prolific enterprises in the science of chemistry. The notion that there exists such a 
thingg as a molecule has proven to be quite fruitful. Our world partially consists of mole-
culess and life depends on molecules. Chemists have been able to construct an inexhausti-
blee variety of new molecules, sometimes inspired by nature, sometimes based on their own 
imagination.. Thus, in this thesis, we are going to make luminescent molecules, or - put 
moree precisely - molecules that combine with lanthanide ions to give luminescent lantha-
nidee complexes in which lanthanides serve as the light emitting components. 

Althoughh lanthanides are often referred to as rare earth elements, they are not scarce. In 
ourr technology-filled lives they are ubiquitous, especially where the emission of light is 
involved.. The average Dutchman looks at lanthanide luminescence for at least 2 hours and 
333 minutes a day. That is, if he only watches television. Computer screens too use lantha-
nidee doped phosphors to convert cathode rays into visible information. The same type of 
materialss is also found in fluorescent lighting/ ' 

Lanthanidee ions are also applied as the light generating and amplifying constituents in 
laserss (e.g. in the neodymium(III):YAG laser) and optical amplifiers^2' (EDFA's: 
erbium(III)) doped fiber amplifiers). Over the past few years, the latter have become a key 
componentt in optical telecommunications, where light instead of electricity carries infor-
mation.. The lanthanide-doped materials for these applications have thus far been inorganic 
glassess and crystals. Complexes of lanthanide ions with organic ligands hold the promise 
thatt for some applications they may provide alternatives. Scientists are working on 

**  luminescence: the emission of light by sources other than a hot, incandescent body. It is caused by the 
movementt of electrons within a substance from more energetic states to less energetic states. 
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polymerss doped with lanthanide complexes for optical amplification̂  and the first pro-
totypess of flat panel displays containing lanthanide complexes have seen the light J6"8^ 

Currently,, the most important use of luminescent lanthanide complexes is in medical 
diagnostics,, where they are used to detect small amounts of biomolecules that can tell 
aboutt the physical state of a patient. The well-known DELFIA (Dissociation Enhanced 
Lanthanidee Fluorescence Immunoassay) detection scheme' ' of the Finnish company 
Wallacc (now owned by PerkinElmer Lifesciences) is the basis of a large number of clinical 
tests,, e.g. for testing newborn babies, in the diagnosis of many diseases and even to detect t 
BSEE (bovine spongiform encephalopathy, or mad cow disease) J10^ 

Al ll  these applications of lanthanide luminescence exist because of the initial scientific 
curiosityy that led people to investigate the chemistry and physics of the lanthanide ions. On 
thee other hand, the prospects of potential applications has stimulated further research 
whichh deepened the knowledge on lanthanide ions. In this Chapter, we will discuss several 
aspectss of lanthanide ions and their (photo)luminescent complexes, beginning with a short 
historiographyy and ending with an overview of luminescent lanthanide complexes. 

Tablee 1-1. Lanthanum and the lanthanides: electronic configuration, ionic radius, and some 
electrochemical'1111 properties of their tervalent ions. 

Elementt Symbol M5*  M3+ radius (A) 

57 7 

58 8 

59 9 

60 0 

61 1 

62 2 

63 3 

64 4 

65 5 

66 6 

67 7 

68 8 

69 9 

70 0 

71 1 

Lanthanum m 

Cerium m 

Praseodymium m 

Neodymium m 

Promethium m 

Samarium m 

Europium m 

Gadolinium m 

Terbium m 

Dysprosium m 

Holmium m 

Erbium m 

Thulium m 

Ytterbium m 

Lutetium m 

La a 

Ce e 

Pr r 

Nd d 

Pm m 

Sm m 

Eu u 

Gd d 

Tb b 

Dy y 

Ho o 

Er r 

Tm m 

Yb b 

Lu u 

[Xe] ] 

[XeJ4f1 1 

[Xe]4f2 2 

[Xe]4f3 3 

[XeHf4 4 

[Xe]4f5 5 

[Xe^f6 6 

[Xe]4f7 7 

[Xe]4i* * 

[XeHf9 9 

[Xe]4f10 0 

[Xe]4fn n 

[Xe]4f12 2 

[Xe]4f13 3 

[Xe]4f14 4 

1.061 1 

1.034 4 

1.013 3 

0.995 5 

0.979 9 

0.964 4 

0.950 0 

0.938 8 

0.923 3 

0.908 8 

0.899 9 

0.881 1 

0.869 9 

0.858 8 

0.848 8 

Eredd = -0.35VvsNHE 

Eredd = -1.05VvsNHE 
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1.22 Histor y 

1.2.11 Discover y and purificatio n of the lanthanide s 
Inn 1752, the Swedish mineralogist Cronstedt (who was also the first to describe zeolites) 
discoveredd a new heavy mineral in a mine near Ryddarhyttan in his home country. At the 
time,, it was thought to be a calcium-iron silicate and the then unknown rare earths were 
mistakenn for calcium. Gadolin (Finland), in 1794, isolated an oxide from a heavy black 
minerall  at Ytterby (also in Sweden) and named the oxide 'ytterbia'. Half a century later, in 
1842,, Mosander further separated 'ytterbia' by oxalate and hydroxide precipitation. He 
namedd the three fractions 'yttria', 'erbia' and 'terbia'. These 'earths' turned out to be com-
plicatedd mixtures as well. The isolation of lanthanum, the lanthanides, yttrium, and scan-
diumm was not completed until 1908-1909 owing to the difficulties in separating them by 
fractionall  crystallisations: C. James once perfomed 15000 recrystallisations to obtain 
'pure'' Tm(Br03)3. 

Thesee difficulties are a result of the lanthanides having very similar chemical properties. 
Theirr dominant valence state is plus three, and they show only small differences in com-
plexx formation and solubility. These small differences are due to their decrease in size with 
increasingg atomic number (the 'lanthanide contraction'). It was only through the aid of (X-
ray)) spectroscopy that in 1913 it was conclusively shown that there exist only 14 elements 
betweenn La and Hf. At the end of the 1910s, Bohr interpreted this as gradual fillin g of the 
4ff  shell, an extension of the 4th quantum group from 18 to 32 electrons. 

Untill  World War II , the only major advance in separating lanthanide ions was made by 
McCoy,, who purified considerable quantities of Eu by reducing Eu to Eu with Zn 
amalgam,, followed by precipitation as EuS04.

112^ Among the lanthande ions, Eu3+ is by 
farr most easily reduced. McCoy generously provided other scientists with samples of Eu +. 
Inn fact, the first studies on Eu3+ complexes in solution (Section 1.2.2) were made possible 
byy these gifts. 

Thee Manhattan project during World War II yielded the first large-scale separation 
methodss for lanthanide ions. The ion-exchange chromatographic methods are based on the 
(small)) difference in the stability of chelates (at the time citrate complexes). Together with 
thee liquid-liquid extraction methods developed in the early 1950s these methods are still 
usedd in the commercial production of lanthanides. 

Raree earth ions are more common than the name implies: La, Ce and Nd are more abun-
dantt on earth than Pb, and over 100 minerals containing them have been described. How-
ever,, only a few of these minerals contain lanthanides in sufficient amount to warrant 
commerciall  extraction. Among the major sources are bastnasite, monazite, and xenotime. 
However,, Eu is present only at about 0.1% or less in these ores and is present in about 1 
ppmm in the earth's crust. Pm, which is radioactive, does not occur in nature, and was first 
madee by man in 1945. 
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1.2.22 A brie f histor y of the photophysica l studie s on lanthanid e ion s 
Thee unusually sharp absorption lines of rare earth compounds were first observed by 
Becquerel^13!!  in 1906 when he measured the spectrum of the mineral xenotime (YP04 con-
tainingg traces of Er, Ce and Th). Low temperature studies carried out in Kamerlingh 
Onnes'' laboratories'1^ showed that the lines could be as narrow as those of the absorption 
liness of free atoms or molecules. The crystal absorption lines were also shown too exhibit a 
considerablee Zeeman splitting in an applied magnetic field. However the origin of the spec-
traa remained a mystery. 

Aroundd 1930, Bethe/15^ Kramers'16] and Becquerel'17' suggested that the lines may be 
duee to electronic transitions within the 4f configuration, which from now on we will refer 
too as f-f transitions. The electrons in the 4f shell are shielded from the surroundings by the 
filledd 5s and 5p shells, and therefore do not play a role in the chemical bonding between 
thee lanthanide ion and the containing matrix (ligands). As a consequence the influence of 
thee matrix on the optical transitions within the 4f shell is small, resulting in sharp-line spec-
traa resembling those of the free ions, whether in crystals or in solution. 

Iff  these transitions are indeed intraconfigurational, the question remains as to how these 
transitionss acquire their strength: formally they are forbidden by the Laporte (or parity) 
selectionn rule. In 1937, van Vleck addressed this puzzle'18^ and showed using a very simple 
andd highly instructive model of f-f transitions that they become partially allowed as elec-
tronicc dipole transitions by admixture of configurations of opposite parity, such as the 4T11" 
11 Sd1 configuration. Some f-f transitions are allowed as magnetic dipole transitions, and 
bothh schemes yield oscillator strengths of the same order of magnitude. 

Thee 1930s and early 1940s also witnessed the first spectroscopic studies of lanthanide 
ionss in solution. Freed et al.'l9^ found that the relative intensities of the absorption lines of 
Eu3++ were different in different solvents, and Weissman' ^ discovered that complexes of 
Eu3++ with certain ultraviolet absorbing ligands were highly luminescent when excited with 
ultraviolett light. Since Eu itself has only a few, very weak absorption bands, solutions of 
thiss ion are not very brightly photoluminescent. Obviously, certain organic ligands can 
servee to photosensitise the luminescence of lanthanide ions. It was also found' * that lan-
thanidee ions quench the fluorescence of organic ligands. 

Att that time, the optical spectra of lanthanide ions and the underlying electronic energy 
levell  structure were only qualitatively understood. The formidable task of finding, calcu-
latingg and assigning the energy levels was carried out by many research groups in the two 
decadess after the war. Advances in theoretical methods, particularly by Racah in the 1940s, 
enabledd quantitative fits of the energy level positions throughout the lanthanide series to 
bee performed. The first overview of the 4P energy levels of all trivalent lanthanides in the 
IR,, visible and UV spectral region was given by Dieke in the 1960s.'22^ Because of the 
smalll  influence of the host lattice on the levels the diagram is applicable to trivalent lan-
thanidess in any compound. Figure 1-1 contains an adapted version of the original diagrams 
byy Dieke and Carnall et alï23^ 
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Thee calculation of the intensities of the induced electric dipole transitions between 
energyy levels of the Ian than ide ions became possible through the theoretical work of 
Juddl24]] and Ofelt[25] published in 1962. Nowadays, the Judd-Ofelt theory is often used to 
describee and predict the electronic spectra of Ian than ide ions present in glasses and crys-
tals,, in particular to predict the luminescent properties on basis of the absorption spectra. 
Applicationn to ions in complexes with organic ligands is much rarer. 

Alsoo at the beginning of the 1960s (twenty years after the first report[20]), systematic 
studiess of luminescent lanthanide complexes and their photophysics appeared.[ " ] These 
studiess were mainly concerned with the (3-diketonate complexes of Eu and Tb , and 
revealedd many of the photophysical concepts still used today. One of the reasons for this 
suddenn interest in luminescent lanthanide complexes was that they were shown to be suit-
ablee compounds for 'organic' lasers and optical amplifiersP ] 

1.33 Photophysic s of lanthanid e ions 

1.3.11 Electroni c energ y level s 
Goingg from La3+ to Lu3+, the 4f orbitals are filled with electrons. These electrons have 
littl ee interaction with the chemical environment of the ion, as the 4f orbitals are shielded 
fromm it by the electrons in the 5s and 5p shells, which are lower in energy, but spatially 
locatedd outside the 4f orbitals. The electronic transitions that are responsible for the line-
likee absorption and luminescence spectra are transitions within the 5s 5p 4f" configura-
tion,, and are therefore only marginally affected by the matrix. 

Thee occurrence of different energy levels belonging to the same configuration is a result 
off  several interactions within the ion. Put simply, depending on their number, there are 
manyy ways to distribute the electrons over the 7 4f-orbitals, but some distributions are 
energeticallyy more favourable. The interactions that split up the levels belonging to the 
[Xe]]  4f° 5d° configurationare clarified in Figure 1-2, where we have taken the Eu3+ ion as 
ann example. 

Off  the interactions, the Coulombic, representing the electron-electron repulsions within 
thee 4f orbitals, is the largest and yields terms with a separation in the order of 104 cm"1. 
Thesee terms are in turn split into several J-levels by spin-orbit coupling, which is relatively 
largee (103 cm"1) because of the heavy lanthanide nucleus. We have now arrived at the free 
ionion levels that are described by the term symbols (2S+1)Lj . 2S+1 represents the total spin 
multiplicity,, L the total orbital angular momentum and J the total angular momentum of 
thee f electrons. 

Whenn present in a coordinating environment, such as a crystal or an organic ligand, the 
individuall  J-levels are split up further by the electric field of the matrix, which is usually 
referredd to as the crystal field. These splittings are usually small (102 cm"1) and, depending 
onn the spectral resolution of the spectrometer, appear as fine structure on the individual 
bands.. In this work, we will largely ignore this fine structure, although it may be used to 
gatherr information about the symmetry of the coordination environment.1 ] 
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4f*5d d 

contigu u 
ration n 

»102cm' ' 

sublevels s 

Coulombicc spin-orbit crystal field 
interactionss coupling splitting 

Figur ee 1-2. Splitting of the energy levels belonging to the [Xe] 4f7 5d  configuration (such as in 

Eu3+) ) 

1.3.22 Radiativ e transition s 

Inn the free ion, only magnetic dipole (MD) transitions are allowed. These are selected by 
thee AJ = 0, 1 (but J = 0<-»J = 0is forbidden) rule. Their intensity is easily calculated^37! 
andd practically independent of the surrounding matrix. One example of a purely MD tran-
sitionn is the 5D0 —> 7F! emission line of Eu3+. In a coordinating environment, electric 
dipolee (ED) transitions are induced as the ligand field mixes odd-parity configurations 
slightlyy into the [Xe] 4f" 5d° configuration. Most of the absorption and emission lines are 
suchh induced ED transitions. Some transitions acquire strength both by MD and ED 
schemes:: the emission spectrum of Tb is dominated by mixed ED/MD transitions. 

Sincee ED transitions in lanthanide ions are induced by the ligand field their strengths are 
quitee sensitive to it. Strongly asymmetric or strongly interacting ligand fields lead to rela-
tivelyy intense ED transitions. The intensities of some ED transitions are extremely sensi-
tivee to coordinating environment, which means that they can be either completely absent 
orr very intense, depending on the ligand field. An example of such a hypersensitive tran-
sitionsition is the D0 —> F2 emission line of Eu . 

Bothh MD and induced ED transitions of lanthanide ions are weak compared to the 'fully 
al lowed'̂ ^ transitions found in organic chromophores. In the case of luminescence, this 
givess rise to radiative lifetimes in the order of milliseconds, depending on the lanthanide 
ionn and its matrix, which is 6 orders of magnitude as long as the radiative lifetimes of 
organicc fluorophores. On the other hand, also the absorption bands are weak, typically 
resultingg in extinction coefficients in the order of 1 M"1 cm"1 with band widths of less than 
0.22 nm. This makes the long-lived photoluminescence of lanthanide ions difficult to excite. 
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1.3.33 Nonradiativ e relaxatio n of excite d lanthanid e ions 

Iff  highly excited lanthanide ions could only decay radiatively, their emission spectra would 
becomee extremely rich in lines, since in principle radiative transitions between any two 
statess can take place. Under favourable conditions, emission from 'higher' excited states 
iss indeed observed, and that process is the basis of upconversionP ' ' in which an already 
excitedd ion is excited into a higher lying luminescent state, converting two low-energy pho-
tonss into one high-energy photon, and quantum cutting}41,  ̂ in which a highly excited 
ionn emits sequentially two photons. 

Thee excited states of lanthanide ions, however, do not decay solely by radiative proc-
esses.. In glasses and crystals, the electronic excitation energy can be dissipated by vibra-
tionss of the surrounding matrix, a process known as multiphonon relaxations *  A similar 
processs occurs also in complexes with organic ligands, and is even of bigger importance in 
suchh systems, since in organic media suitable high-energy vibrations are more common. 

Thee efficacy of matrix vibration mediated nonradiative relaxation is inversely propor-
tionall  to the number of vibrational quanta that are needed to bridge the gap between a given 
energyy level and the next-lower one. This energy gap law is a result of the overlap between 
thee vibronic wavefunctions. A semi-quantitative treatment was given by Haas and 
SteinJ44] ] 

Ass a result of vibration-mediated nonradiative decay, luminescence of a given lantha-
nidee ion occurs mainly from one state (indicated by the filled circles in Figure 1-1), which 
iss the state that has a large gap with the next-lower level. More highly excited states are 
quicklyy deactivated to this state, since the higher states form a 'ladder' consisting of rela-
tivelyy small gaps that efficiently undergo multiphonon relaxation. Especially in organic 
mediaa and in aqueous solution, where matrix vibrations of high energy are ubiquitous, the 
emissionn of lanthanide ions stem (almost) exclusively from one level, and therefore the 
numberr of emission lines is limited (Table 1-2). 

Onee should, however, not expect the nonradiative decay rate to depend only on the 
energyy gap and the number of 'fitting' matrix vibrations. Multiphonon relaxation still 
involvess electronic transitions in the ion without a change in parity. Weber^43^ pointed out 
thatt also for this process selection rules apply, although these only affect a few transitions, 
suchh as 5Dj <-> DQ in Eu (and Tb3+). Indeed, even in organic media, weak luminescence 
fromm the 'higher excited' 5Dj state is observed (see e.g. Chapter 7). 

1.44 Luminescen t lanthanid e complexe s 

1.4.11 Introductio n 

Wee mentioned in Section 1.2.2 that the first report of a brightly photoluminescent lantha-
nidee complex dates back to 1942P0  ̂That work can be considered the starting point for the 
researchh and development of luminescent lanthanide complexes. It took, however, about 
twentyy years before photochemists developed a serious interest in these materials. Again 
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Tablee 1-2. The typical emission bands of the lanthanide ions Eu3+, Tb3+, Nd3+, Er3"1-, and Yb3+ 

inn solution. 

Ion n 

Eu3+ + 

Tb3+ + 

Transition n 

5 D 0 ^ 7 F 0 0 

7F, , 
7F2 2 

7F3 3 

7F4 4 

7F5 5 

5 D 4 ^ 7 F 6 6 

7F5 5 

7F4 4 

7F3 3 

7F2 2 

Emission n 

5800 nm 

5900 nm 

6133 nm 

6500 nm 

6900 nm 

7100 nm 

4900 nm 

5455 nm 

5900 nm 

6200 nm 

6500 nm 

Ion n 

Nd3+ + 

Er3+ + 

Yb3+ + 

Transition n 

F3/2-**  F9/2 

^11/2 2 
4F F r13/2 2 

4II  -^>4T M3/2-**  M5/2 

F5/2-**  F7/2 

Emission n 

8800 nm 

10600 nm 

13300 nm 

15500 nm 

9800 nm 

twentyy years later, at the beginning of the 1980s, the field received a new impulse when it 
becamee clear that lanthanide complexes could find wide-spread use in medical diagnos-
ticss P  ̂In the second half of that decade, lanthanide ions also started to receive the attention 
off  the growing group of supramolecular chemists. 

Luminescentt lanthanide complexes consist of a lanthanide ion encapsulated in a ligand. 
Generallyy speaking, the ligand can be tailored to contain built-in functionalities that give 
thee overall complex desired properties. Parameters such as solubility (e.g. compatibility 
withh polymers or aqueous solutions), electrochemical activity, binding affinity for other 
molecularr building blocks, responsivity to external stimuli (such as the presence of certain 
ions'45'' 46b etc. are all influenced by the overall structure of the ligand. 

hv v 

energyenergy transfer 

^Antenna a 

organicorganic ligand 

(Ln3+)* * 

lanthanidelanthanide ion 

Figuree 1-3. General architecture of luminescent lanthanide complexes 
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Inn most cases (Figure 1-3) - and very much so in the present work - the ligand contains 
aa light-absorbing group in the form of an organic chromophore. Such a group is generally 
referredd to as the antenna chromophore, in analogy to the light harvesting centra in photo-
syntheticc reaction centra. The photonic energy absorbed by this antenna can be transferred 
too the encapsulated lanthanide ion, thus circumventing the photoexcitation bottleneck 
posedd by the small absorption cross-sections of the lanthanide ions. This concept of pho-
tosensitisationn of lanthanide luminescence will be detailed in Section 1.4.3. 

Ann important function of the ligand in all luminescent lanthanide complexes is to be a 
tightt container for the ion and to protect the lanthanide ion from being quenched by high-
energyy vibrations, especially if the complex is to be used in aqueous solution, since O-H is 
aa well-known quencher for lanthanide ions. More on the radiative and nonradiative process 
occurringg in excited lanthanide ions in luminescent complexes in Section 1.4.5. First, we 
wil ll  give a small overview of the coordination chemistry of lanthanide ions. 

1.4.22 Coordinatio n chemistr y of lanthanid e ions 

Alll  of the trivalent lanthanide ions (Ln3+) share a number of common coordination prop-
erties.. Their coordination chemistry exhibits some variability across the lanthanide series, 
butt this variability is much less pronounced than is found among transition-metal ions. The 
Lnn ions may be classified as "hard" acids. Therefore, it is expected (and observed) that 
amongg the donor atoms most commonly used the binding preference is O > N > S. Further-
more,, it is generally agreed that Ln -ligand coordination occurs predominantly via ionic 
bondingg interactions, leading to a strong preference for negatively charged donor groups 
thatt are also "hard" bases, and neutral donors that possess large ground-state dipole 
momentss such as amide carbonyl oxygens. Water molecules and hydroxide ions are partic-
ularlyy strong ligands for Ln , so that in aqueous solution only ligands containing donor 
groupss having negatively charged oxygens (such as carboxylate, sulfonate, phosphonate, 
phosphinate)) can bind strongly. In aqueous solution, donor groups containing neutral 
oxygenn of nitrogen atoms generally bind only when present in multidentate ligands that 
containn at least one or two other donor groups having negatively charged oxygen. 

Thee predominantly ionic character of Ln3+-ligand interactions and the the relatively low 
charge-to-ionicc radius ratios of the Ln ions account for several additional aspects of lan-
thanidee coordination chemistry. First, there is littl e or no directionality in the Ln3+-ligand 
interactionss so that primary coordination numbers and complex geometries are determined 
almostt entirely by ligand characteristics (conformational properties and the number, sizes 
andd charged nature of donor groups). The only lanthanide property of importance in this 
regardd is the ionic radius. Lanthanide complexes exhibit coordination numbers ranging 
fromm six to twelve, with eight and nine being the most common. 

1.4.33 Photosensitisatio n of lanthanid e luminescenc e 

Thee trick that is usually applied to efficiently photoexcite lanthanide ions in spite of their 
extremelyy weak absorption lines, is to have an organic antenna chromophore absorb the 
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lightt and transfer this energy to the lanthanide ion. One might expect that electronic energy 
transferr to lanthanide ions is not so readily achieved as energy transfer to organic chromo-
phoress whose electronic transitions are fully allowed. Nevertheless a plethora of organic 
chromophoress have been found to sensitise the photoluminescence of lanthanide ions. The 
firstfirst compounds found to be suitable sensitisers are P-diketones (such as 1) and simple aro-
maticss (dipicolinic acid, 3, and salicylic acid, 4).[20] All of these compounds form com-
plexess with lanthanide ions ensuring that the distance between the sensitiser and the ion is 
small.. Only in that case efficient sensitisation can take place. 

. :EU J J 

HOOCC N COOH 

3 3 

or r 
^^ COOH 

Thee highly distance-dependent energy transfer is likely to take place via an electron 
exchangee (Dexter-type) mechanism. A dipole-dipole (Förster type) mechanism would 
requiree that at least the electronic transition of the energy acceptor (i.e. the ion) is allowed. 
Resultss from studies on energy transfer from triplet excited acetonaphthone and acetylflu-
orenee to lanthanide ions indeed support an exchange mechanism, t47'4 ' Other studies on 
polycyclicc aromatic hydrocarbons^49'50^ corroborate this. A comparison of the complexes 
inn Chapters 4 and 5 will underline the extreme distance dependence of the (Dexter-type) 
intracomplexx energy transfer, which is presumably operational in luminescent lanthanide 
complexes. . 

However,, it is not only the distance that is a crucial factor in determining the rate and 
eventuallyy the efficiency of energy transfer. An expression for the rate of exchange (Dex-
ter)) energy transfer is given by Equation 1-1.̂  J 

&ET(exchange)°cc — f27exp 
-2R -2R DA A (1-1) ) 

wheree J is a spectral overlap integral, and RDA is the donor-acceptor separation. P is related 
too specific orbital interactions and L determines the length scale of the exchange interac-
tion.. Both P and L are not easily related to experimentally accesible parameters. For L 
sometimess the sum of the van der Waals radii of donor and acceptor are taken.[38] 
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Thus,, apart from being critically dependent on energy donor-acceptor distance, also the 
'spectrall  overlap', 7, of the emission of the donating state and the absorption of the ion is 
importantt for the rate of energy transfer. In the case of Dexter type transfer this spectral 
overlapp integral represents merely a matching of the energy levels involved. It is therefore 
independentt of the oscillator strengths of the transitions in the donor and the acceptor.. For 
itss evaluation, the emission spectrum of the donor and the absorption spectrum of the 
acceptorr are normalised so that both their areas are unity. 

Recently,, Malta et al. have embarked upon a detailed theoretical analysis of the energy 
transferr rates in sensitiser-containing lanthanide complexes. t̂ They obtained expres-
sionss for the energy transfer probabilities based on Coulombic and exchange mechanisms. 
Ass one could expect, these expression are quite similar to the well-known Förster and 
Dexterr formulations. The main difference is that they contain some lanthanide-specific 
terms.. These terms have thus far not been connected to experimentally accessible quanti-
tiess and some of them will probably never be. As a result, quantitative agreement between 
theoryy and experiment is difficult to achieve. Nevertheless the expressions give rise to 
somee important selection rules, and none of them rule out the antenna singlet state for 
achievingg energy transfer 

Althoughh the theoretical treatment of energy transfer from an organic 'antenna' to a lan-
thanidee ion does not rule out the possibility of energy transfer from the singlet state of the 
antenna,, experimental investigations^26"28,55^ have indicated that in general the triplet state 
off  the antenna is involved in photosensitisation. Although Kleinerman̂ ' pointed out that 
thesee studies still do not rigorously exclude the singlet state as a potential energy donor, 
singlett energy transfer is not observed in lanthanide complexes because it is usually too 
sloww to compete with other processes like antenna fluorescence and especially intersystem 
crossing.157-58] ] 

Thee mechanism of photosensitisation in lanthanide complexes that is currently gener-
allyy accepted is illustrated in Figure 1-4. Excitation of the antenna into its (allowed) sin-
glet-singlett transition is followed by intersystem crossing (ISC) after which the antenna is 
inn its triplet state. ISC competes with other processes that occur from the antenna's singlet 
state,, in particular fluorescence. From the triplet excited antenna, the energy migrates to 
thee lanthanide ion. Also this process competes with other ways that deactivate the antenna 
triplett state, such as quenching by molecular (triplet ground state) oxygen. Oxygen sensi-
tivee sensitsed lanthanide luminescence is a clear sign that energy transfer from the antenna 
too the ion is rather slow. 

Accordingg to the scheme in Figure 1-4, the quantum yield of the lanthanide lumines-
cencee that is excited via the antenna chromophore, Otot, is the product of the yields of the 
individuall  three steps: intersystem crossing (OI S C) , energy transfer (OET) and lanthanide 
luminecencee (0Ln). The factors determining <DLn

 W1  ̂ ^ described in Section 1.4.5. 

^to tt  = ^ISC^ET^L n (1-2) ) 
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(LnT T 

Figur ee 1-4. Generally accepted view of the energy conversion process in luminescent 

lanthanidee complexes. 

Figuree 1-4 contains another implication. Irrespective of the actual antenna states 
involvedd in the sensitisation process, the triplet state of the antenna needs to be sufficiently 
higherr in energy than the luminescent state of the lanthanide ion. Energy transfer from a 
lanthanidee ion back to the triplet state of the antenna might be relatively slow, but can nev-
erthelesss effectively compete with the slow radiative rate of excited lanthanide ions. Such 
backk energy transfer is irreversible if the triplet state is lower, but if the triplet is situated 
onlyy slightly higher that the luminescent state of the ion, back energy transfer can still 
occurr as a thermally activated process } * ' 

Thee fact that the lowest (triplet) excited state of the antenna chromophore should have 
aa sufficiently high energy puts a constraint on the chromophores that can actually be 
appliedd as photosensitisers for a certain lanthanide ion. Both intersystem crossing and 
energyy transfer are 'downhill' processes. The vast majority of luminescent lanthanide com-
plexess that have been studied today are based on Eu and Tb which luminesce in the 
visiblee and on basis of the above considerations it can be estimated̂ ' that the long-wave-
lengthh edge of the excitation window for these complexes is in the ultraviolet. This is less 
desirablee in view of applications of such complexes as luminescent labels, since the use of 
UVV excitation causes extensive scattering and excitation of backgound fluorescence from 
biologicall  material, requires quartz optics, and is harmful to vital biomatter. 

Iff  one would use lanthanide ions with luminescent states that are less energetic than 
thosee of Eu3+ and Tb3+, it would become possible to use antenna chromophores absorbing 
att longer wavelengths. The prospect of using visible light to excite the long-lived, narrow 
bandd emission of lanthanide ions is one of the incentives to carry out the work presented 
inn Chapters 4, 5, 6, and 7 of this thesis. 

1.4.44 The influenc e of the lanthanid e ion on the antenn a chromophor e 
Apartt from the influence that the antenna chromophore has on the lanthanide ion, namely 
thatt it photosensitises its luminescence, there are also effects that the ion has on the 
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chromophore.. Within the paradigm of Figure 1-4, these effects (which have received rela-
tivelyy littl e attention in the literature) have three sources: (1) the triple positive charge of 
thee ion, (2) its heavy nucleus and, particularly in the case of Eu3+ and Yb3+, (3) its electro-
chemicall  activity. 

Thee charge of the ion and the related electric field usually leads to (often relatively 
small)) changes in the absorption spectrum and the locations of the electronic energy levels 
off  the antenna chromophore. This electrostatic perturbation is likely to be highly distance 
andd orientation dependent, and big changes in the absorption spectrum of an antenna 
chromophoree may be indicative of a close contact between ion and sensitiser, which is ben-
eficiall  for energy transfer. Extreme cases of changes in the absorption spectra of antenna 
chromophoress that are a result of the presence of a lanthanide ion can be found in 
Chapterr 7. 

Thee most noticeable effect on the photophysics of organic chromophores that both the 
heavyy nucleus and the electrochemical activity of lanthanide ions may have is quenching 
off  the chromophores' fluorescence. In the first case, the heavy, paramagnetic nucleus 
enhancess intersystem crossing121'60"62' leading to formation of more triplet excited anten-
naee at the expense of antenna fluorescence. This is favourable for the sensitisation process: 
thee lanthanide ion helps the chromophore to behave like a good sensitiser. 

Inn complexes with lanthanide ions having low reduction potentials, Eu3+ and Yb3+, the 
antennaa fluorescence may also be quenched by a electron transfer fueled by the energy con-
tainedd in the excited singlet of the antenna J63^ In the case of Eu3+ this gives rise to a ligand-
to-metall  charge transfer (LMCT) state, (antenna"1"; Eu ), that decays nonradiatively, thus 
leadingg to a dramatic reduction of the overall sensitised luminescence quantum yield. The 
occurrencee of LMCT has been identified as the most prominent cause of the failure of var-
iouss chromophores to sensitise Eu luminescence.' ^ 

Chargee recombination from the LMCT state of Yb3+, (antenna"1"; Yb *), may leave the 
Yb3++ in an excited state. Horrocks etal.  ̂ were the first to point out this possibility, which 
iss unique to Yb3+ complexes. It constitutes a sensitisation mechanism which is quite dif-
ferentt from the excitation-intersystem crossing-energy transfer scheme (Section 1.4.3), but 
thiss does not mean that photosensitised Yb3+ is exclusively generated by this 'internal 
redox'' mechanism, as Horrocks et al. suggest. In Chapters 4 and 7, it will be shown that in 
mostt cases the 'conventional' (triplet) mechanism is operational. 

1.4.55 Luminescence ; nonradiativ e deactivatio n of lanthanid e ion s 

Thee overall quantum yield Otot of a luminescent lanthanide complex (Equation 1-2) is par-
tiallyy determined by the quantum yield of the lanthanide luminescence step, 0L n . Nonra-
diativee relaxation of the excited state of lanthanide ions is a generally occurring process, 
ass we already pointed out in Section 1.3.3, and therefore 0 n̂ is always less than 1. Espe-
ciallyy matrices containing high-energy vibrations such as organic ligands and aqueous 
solutionss are very effective in mediating this type of relaxation. If k  ̂is the sum of the rate 
off  the radiative processes occurring from the luminescent state of the lanthanide ion and 
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k^.k^. the sum of the nonradiative processes, the quantum yield of lanthanide luminescence is 
givenn by 

* -- • or. ^ 

Thee radiative rate is related to the probabilities of the luminescent transitions and 
dependss on the lanthanide ion and the coordinating environment (see also Section 1.3.2). 
Itt is usually in the order of 1000 s"1, but its precise value in luminescent lanthanide com-
plexess has never been studied systematically, not even for Eu3+ and Tb3+ complexes. We 
wil ll  discuss this problem further in Chapter 3. 

Thee radiationless transitions from the luminescent states of lanthanide ions (&„ ) and 
complexess in solution have received much more attention J44, 68"741 Particularly, com-
plexess of Eu3+ and Tb3+ have been studied in great detail. For these two ions, especially 
thee O-H oscillator is an effective luminescence quencher. For a lanthanide complex to be 
successfullyy luminescent in aqueous solution, it needs a ligand that shields the ion from 
quenchingg water molecules. 

Exchangingg O-H for O-D (e.g. by dissolving the lanthanide salt or complex in D20 
insteadd of H2O) usually leads to a dramatic increase in observed lifetime and quantum yield 
off  lanthanide luminescence. O-D is a lower energy vibration, and a less efficient quencher, 
sincee more vibrational quanta are needed to bridge the gap between the luminescent state 
off  the lanthanide ion and the next lower one (Section 1.3.3). Selective deuteration of the 
surroundingg matrix provides a way to study the contributions of different vibrations to km. 

Recently,, the non-radiative deactivation of excited lanthanide ions in complexes with 
organicc ligands was studied systematically by Beeby et alP  ̂Their paper contains a good 
overvieww of the work that has been done on elucidating the role of different vibrational 
oscillatorss in quenching the luminescence of lanthanide ions. Moreover, they provide addi-
tionall  data, and give estimates of the contributions that various types of vibrations make to 
kkmm (Table 1-3). 

Waterr molecules that are directly bound to the lanthanide ion are the most efficient 
quenchers.. Therefore it is of the utmost importance in the design of luminescent complexes 
forr application in aqueous solution that water molecules be excluded from the first coordi-
nationn sphere of the ion. Apart from the water molecules bound directly to the ion, the role 
off  closely diffusing O-H oscillators should also not be underestimated: they limit e.g. the 
luminescencee lifetime of Yb3+ complexes in aqueous solution to 5 îs. 

Itt should be noted that there may be contributions to k  ̂ other than energy transfer to 
vibrationss in the coordination environment of the ion. States that lie only slightly higher 
thann the luminescent state can, with the aid of thermal activation, provide an alternative 
deactivationn path and contribute to k^. Especially LMCT states in Eu3+ complexes 
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Tablee 1-3. Contributions (s"1) of various commonly encountered ligand and solvent vibrations 

too the rate of nonradiative deactivation (A^) of the luminescent states of Tb3*, Eu3* 

andd Yb3* as reported by Beeby etalJ74^ 

boundd H20 (per molecule) 

closelyy diffusing H2O (total) 

C-HH (per oscillator)3 

aminee N-H (per oscillator)1* 

amidee N-H (per oscillator) 

Tb3+ + 

2.00 x 

60 0 

0 0 

90 0 

0 0 

10* * 

Eu3+ + 

8.33 x 102 

2.55 x 102 

25 5 

1.22 xlO3 

75 5 

Yb3+ + 

1.00 xlO6 

2.00 xlO5 

l x l O 4 4 

l x l O 4 4 

a.. different for different types of C-H, values given are typical values 
b.. from small data set 

(Sectionn 1.4.4) are notorious. This too should be taken into account when designing lumi-
nescentt lanthanide complexes. 

1.4.66 Example s 

Inn this section, some examples of luminescent lanthanide complexes will be discussed. We 
doo not intend to give a comprehensive overview. Numerous review papers 
existPP ' ' ' 75"79J and the reader is referred to those papers for such an overview. Here 
wee will limit ourselves to some special cases. Since this thesis will describe work on near-
infraredd luminescent complexes, we will pay special attention to other work on near-infra-
redd luminescent complexes. 

Derivativess of the first two examples (5 and 6) are actually used as labels in homogene-
ouss immunoassays J ' ^ in which they serve as luminescence energy donors that transfer 
theirr energy to fluorescent acceptors on a microsecond time scale. A signal is generated 
onlyy when donor and acceptor are close together, i.e. attached (via antibodies) to the same 
analyte. . 

Complexx 5̂  ' ^ is the result of many years of optimising the ligand structure J84^ and 
hass excellent photophysical properties (Table 1-4) such as appreciable extinction coeffi-
cientss at relatively long wavelengths combined with a high quantum yield for a lanthanide 
complexx in aqueous solution. In the Eu complex, the energy transfer from antenna to ion 
iss expected to be optimal. 

Thee photophysical properties of 6 ^ are less favourable: its absorption maximum lies 
att a short wavelength (300 nm) and its overall luminescence quantum yield is much lower 
thann that of 5 because of incomplete energy transfer and thermally accessible LMCT states. 
Onn the other hand, 6 has an elegant architecture in which the ion is completely surrounded 
byy sensitisers, and which leads to kinetically and thermodynamically stable complexes. 

AA more straightforward approach to luminescent Eu3+ and Tb3+ complexes is to take a 
ligandd that is known to tightly bind lanthanides (such as EDTA or DTPA) and to attach to 
itt a UV absorbing chromophore. Ligand 7, which has in fact salicylic acid (4) built in as a 
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sensitiser,, combines with Tb3+ to give highly luminescent complexes.[86'87] Its Eu3+ com-
plexess are less successful, probably due to deactivation of the antenna by means of an 
LMCTT process. Selvin and co-workers used carbostyril 124 as antenna chromophore to 
obtainn ligand 8,t88"901 the lanthanide complexes of which they applied in luminescence res-
onancee energy transfer experiments to measure distances in biomolecular studies.1 J 

Later,'62!!  the effectiveness of carbostyril as a sensitiser was questioned. 

c c 
c c 

COOH H 

COOH H 

OH H 

COOH H 

^"COOH H 

R R 

RR = i—(\ /)— ( 

8::  R. 

Thee group of Parker'76'92^ has developed quite some expertise in synthesising cyclen (= 
1,4,7,10-tetraazacyclododecane)) derivatives such as 9[93' 94] and 10,[62] and employing 
thosee as ligands in luminescent lanthanide complexes. Lanthanide complexes of deriva-
tivess of 9 (e.g. with R = CH2Ph) are extremely stable, and in those complexes the ion is 
almostt completely shielded from the solvent. As a result, the Tb3+ complex achieves an 
impressivee overall quantum yield of 0.44. The Eu3+ complex does not luminesce that well, 
butt that is probably a result of the phenyl group not being a suitable sensitiser for this ion. 
Alsoo the Tb3+ complex would benefit from a 'better' sensitiser than the phenyl group, espe-
ciallyy one that absorbs at longer wavelengths. 

Ligandss 11[45] and 12[95] are both sensitiser containing ligands whose binding arms con-
sistt of chiral side groups. As a result, the lanthanide luminescence is partially circularly 
polarised196'97]] with the polarisation depending on the configuration of the chiral groups. 
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Thee phenanthridine group in 11 sensitises both Eu3+ and Tb3+ luminescence, and protona-
tionn shifts its absorption band from 350 to 385 nm, making these complexes luminescent 
pHH sensors. Moreover, the sensitisation efficiency in these complexes is oxygen concen-
trationn dependent (because of slow energy transfer). Thus, at the same time they are oxygen 
sensors. . 

P h V ^ M e e 

H H 

^ NN N—, 

OO A _ 
Mee U ^ N N ^ A -

y-y-  H ) r 
Phh H o ^ N ^ 

HH Me 

11 1 12 2 

Thee palladium porphyrin in 12 sensitises the near-infrared Yb3+ and Nd3+ lumines-
cence,, and also in complexes of 12 with these ions the sensitised luminescence is quenched 
byy oxygen. However, when the porphyrin interacts with (or: intercalates into) DNA the 
quenchingg effect of oxygen is reduced, leading to an overall enhancement of NIR lumines-
cence.. Another example of porphyrin sensitised near-infrared lanthanide luminescence 
wass used by Gaiduk et alS ^ 

Certainn calixarenes have also been found to bind lanthanide ions. The tetraamide 13 was 
thee first calixarene reported to give luminescent lanthanide complexes.'"̂ In this structure, 
thee lanthanide ion is most probably situated in the 'lower rim' between the ether and the 
amidee oxygens. Calixarene 14̂  ' contains triphenylene as a sensitising chromophore, 
whichh improves the photoluminescence characteristics, but also makes them oxygen sen-
sitive.. It appears that just attaching a triplet sensitiser to a ligand binding moiety without 
minimisingg the distance between sensitiser and ion usually leads to intracomplex energy 
transferr rates that are too slow to make the sensitised luminescence oxygen independent. 

Veryy recently, also near-infrared luminescent lanthanide-calixarene complexes have 
beenn reported. Fluorescein, which we demonstrated to be a sensitiser for the near-infrared 
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luminescencee of Yb3+, Nd3+ and Er3"1" (see Chapters 4 and 5), was subsequently incorpo-
ratedd by Oude Wolbers et al. into a calixarene ligand similar to 14.' ' 

.oo o o o 

# # 

14:: R = 

13 3 

Anotherr type of 'supramolecular' hosts for lanthanide ions are the m-terphenyls, such 
ass 1SJ101'102^ Their lanthanide complexes are well soluble in organic solvents and poly-
mers,, which makes them interesting for polymer fiber optics and lanthanide-doped organic 
LEDs.. In the case of 15, the triphenylene was found to give energy transfer to both the vis-
iblyy emitting Eu3+ and Tb3+ ions, and to the near-infrared Nd3+, Yb3+ and Er3+. 

BuO O 

Lnn = Eu, Tb, Gd, Er, Yb, orr Nd 

Likee in the lanthanide complexes of the triphenylene-modified calixarene 14, energy 
transferr does not occur completely. It was found̂  ' that the lanthanide complexes 15 
probablyy exist in two conformers, one in which sensitisation occurs and one in which it 
doess not. In the case of azatriphenylene-derivatives 16-18̂  • ' the ion is closer to the 
chromophore.. Indeed, the sensitisation is fast and oxygen-independent. In dry acetonitril, 
166 forms brightly luminescent complexes with Eu3+ and Tb ions, achieving quantum 
yieldss as high as 0.67.[103] 

Ligandss 17 and 18 form luminescent Eu3+ and Tb complexes in aqueous solution. In 
spitee of the shielding polyaminopolycarboxylic acid moiety and the excellent sensitisation, 
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16 6 17 7 

COOH H 

COOH H 

18 8 

COOH H 

COOH H 

COOH H 

^ ^ C O O H H 

complexess with 18 do not have extremely high quantum yields (about 5%). This is most 
probablyy due to incomplete protection of the ions from quenching solvent molecules. This 
protectionn appears to be much better in complexes with ligands 19̂  ' and 20. However, 
thesee have less attractive light absorbing characteristics. 

f^M^CCOH H 

COOH H 
-LL XOOH 

?? I 
\ / N \ / C O O H H 

19 9 20 0 

Tablee 1-4 summarises the main photophysical properties of some of the Eu and Tb3+ 

complexess that we mentioned in this chapter. It gives an idea which excitation wavelengths 
andd extinction coefficients to expect when working with visibly luminescent lanthanide 
complexess in (aqueous) solution. 

Dataa on near-infrared luminescent complexes is far more scarce. Table 1-5 contains rep
resentativee data from recent work on these complexes, which all appeared during the 
periodd that the work on this thesis was carried out. 
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Tablee 1-4. Photophysica l propertie s of some of the luminescen t lanthanid e complexe s 

describe dd in this chapter . The values between parenthese s are for deoxygenate d 

solutions . . 

•• antenna Eu3+ complex Tb3+ complex 

absorption n 

solventt Xmax/ e ^ / <Dtot xo b s /ms <Dtot xobs /ms 

5 5 

6 6 

8 8 

9 9 

10 0 

11 1 

13 3 

15 5 

16 6 

17 7 

19 9 

20 0 

H20 0 

H20 0 

H20 0 

H20 0 

H20 0 

H20 0 

H20 0 

MeOH H 

MeCN N 

H20 0 

H20 0 

H20 0 

H 20 0 

nm m 

335 5 

303 3 

342 2 

250 0 

346 6 

280 0 

340 0 

347 7 

352 2 

352 2 

336 6 

295 5 

N T W 1 1 

14000 0 

28000 0 

10500 0 

30000 0 

300 0 

6440 0 

10100 0 

25500 0 

10000 0 

0.16 6 

0.02 2 

io-3 3 

0.004 4 

22 x 10"4 

0.03 3 

0.37 7 

0.04 4 

0.28 8 

0.03 3 

0.2 2 

1.4 4 

1.21 1 

0.34 4 

0.62 2 

1.6 6 

0.58 8 

0.65 5 

0.86 6 

1.37 7 

0.57 7 

0.10 0 

0.03 3 

0.44 4 

0.05 5 

(0.15) ) 

0.2 2 

0.15 5 

0.62 2 

0.08 8 

<10'3 3 

0.58 8 

0.95 5 

0.45 5 

0.45 5 

1.55 5 

4.1 1 

0.85 5 

(1.56) ) 

1.5 5 

1.74 4 

1.41 1 

2.10 0 

1.61 1 

Tbb complex is 

oxygenn sensitive 

RR = CH2Ph 

phenanthridine e 

deprotonated d 

1:1 1 

2:1 1 

Tablee 1-5 

ligand d 

9 9 

15 5 

21 1 

Near-in n fraredd lumin escentt la nthanidee complexes describedd in this chapter. Note 
thatt the luminescence lifetimes are now in microseconds. 

ion n 

Yb3+ + 

Yb3+ + 

Nd3+ + 

Er3+ + 

Nd3+ + 

solvent t 

H20 0 

DMSO O 

acetone e 

antenna a 

^•max' ' 

nm m 

250 0 

340 0 

580 0 

absorption n 

emax'' * to t 

NT11 cm"1 

300 0 

-100 0.03 

Tobs^s s 

4 4 

9.4 4 

1.4 4 

2.4 4 

122 direct excitation of the 

ion n 
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Ass we will see in this thesis, the luminescence quantum yields of near-infrared lumines
centt lanthanide complexes are generally low. In this respect, complex 21' Ms interesting, 
sincee it attains a quantum yield of 3%, which is a world record for Nd + in organic media. 
Thiss relatively high quantum yield is achieved by excluding high-energy vibrations from 
thee first coordination sphere of the ion, and keeping quenching solvent molecules far away 
fromm the ion. 

1.55 Scop e of thi s thesi s 
Thee core of this work (Chapters 4, 5, and 6) concerns the photosensitisation of near-infra
redd luminescent lanthanide complexes. One part addresses questions of fundamental 
nature,, such as "what processes occur between the absorption of light by the antenna 
chromophoree and the emission of lanthanide luminescence?", "how fast are they?" and 
"whatt influences these processes?". The other part consists of trying to use near-infrared 
luminescentt complexes as labels for biomolecules. The combination of visible light exci
tationn with long-lived near-infrared emission that these complexes offer might be advanta
geouss for such an application. 

Moree or less accidentally we discovered that Michler's ketone combines with EuFOD 
too give a luminescent Eu3+ complex that can be excited at unprecedented long wave
lengths,, with blue light. This discovery afforded interesting leads for further research, 
whichh is described in Chapter 7. The problem of predicting the radiative rates of excited 
lanthanidee ions is addressed in Chapter 3. Contributions were also made to the refinement 
off the spectroscopic and mathematical tools that are used to investigate the molecular pho-
tophysicss (Chapter 2) of luminescent lanthanide complexes. 
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