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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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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, 



200 CHAPTER 1 

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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Chapte rr  2 

Instrumentatio n n 
andd data analysi s 

2.11 Introductio n 
Inn this chapter the spectroscopic equipment used for our investigations is described. Fur-
thermore,, attention is paid to analysis of the data generated in the experiments. Most equip-
mentt for determining light absorption and emission is quite common, and will therefore 
onlyy be briefly addressed. However, during our work on luminescent lanthanide com-
plexes,, some new set-ups were constructed, and these will be discussed in more detail. 
Especiallyy the streak camera has proven to be a work horse for detecting the transient light 
emissionn and absorption of our systems. The increase of the amounts of data produced by 
spectroscopicc equipment thanks to the use of microcomputers in data acquisition merits a 
lookk at powerful analysis techniques, such as principal components analysis. That the com-
binationn of computerised spectroscopic equipment with advanced data analysis is very 
powerfull  will become clear in the subsequent chapters of this thesis, especially in 
Chapterr 7. 

2.22 Absorptio n spectroscop y 
UV/Vi ss absorption spectra were recorded on a Cary 3, a Cary 3E or a Hewlett Packard 
85433 diode array spectrophotometer. The latter instrument records absorption spectra from 
190-11000 nm at once (i.e. without scanning), but has a low spectral resolution (approx. 2 
nm).. Therefore it is suited only to record broad absorption bands, like those found with 
organicc chromophores. In order to reliably record the extremely narrow absorption bands 
off  lanthanide ions, a high spectral resolution is necessary which is provided by the first two 
instruments. . 

Near-infraredd absorption spectra (800-1650 nm) were recorded using a Cary 17D instru-
ment,, whose recorder output was transferred to a microcomputer by scanning the chart and 
digitisingg the image using the Windig computer programs * 

Inn all cases, the samples were contained in 1 cm rectangular fused silica cells. 
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2.33 Fluorescenc e spectroscop y 
Twoo set-ups were used for luminescence spectroscopy in the visible and the near-infrared. 
Onee instrument is a modified PTI Alphascan fluorimeter, in which the light from a 75 W 
quartz-tungsten-halogenn lamp is focused into a Spex 1680 double monochromator and sub-
sequentlyy onto the sample. Emission in the visible is detected under right angle by a R928 
(Hamamatsu)) photomultiplier after dispersion by a PTI 0.25 m single monochromator. 
Detectionn in the near-infrared (900-1600 nm) is achieved by modulating the excitation 
lightt with a mechanical chopper (at 35-70 Hz), passing the emitted light through a similar 
PTII  single monochromator and focusing it onto a liquid nitrogen cooled germanium detec-
torr (North Coast EO-817L) connected to a Stanford Research SRS530 lock-in amplifier 
whichh detects the modulated signal. 

Thee other spectrometer, a Spex Fluorlog 3-22 instrument, delivers the excitation light 
fromm a 450W Xe lamp via a double grating monochromator to the sample. For spectros-
copyy in the 300-900 nm emission range, the emission light is collected under right angle 
byy a double grating monochromator and detected by a Peltier cooled R636-10 (Hama-
matsu)) photomultiplier operating in photon counting mode. Alternatively, emission in the 
rangee 400-1100 nm is analysed and detected in this set-up by a Princeton Instruments Pel-
tierr cooled CCD camera (TEA/CCD-1024-EM1) combined with an Acton spectrograph 
(SpectraProo 150). 

Thee spectrograph/CCD camera combination can readily detect the 880 nm Nd and 
9800 nm Yb3+ emission of the complexes of these ions in water. CCD detectorŝ are 
becomingg more and more common in spectroscopy, because of their sensitivity, linearity 
andd wide dynamic range. Moreover, CCD chips are able to measure two dimensional light 
intensityy distributions (images) at once. In combination with a spectrograph, complete 
spectraa can be recorded in a single exposure. The ease with which CCD images can be 
transferredd to a microcomputer for data analysis makes them very attractive detectors for 
variouss scientific activities, such as astronomy and spectroscopy. Typical CCD chips are 
sensitivee too light from 350-1100 nm. This range extends farther into the near-infrared than 
thee sensitivity curve of typical photomultipliers. 

Thee raw emission spectra recorded using the CCD detector were corrected for the wave-
lengthh dependence of the light detection efficiency using factors obtained by measuring the 
emissionn of a calibrated lamp (EG&G Gamma Scientific RS10A lamp with RS3 power 
supply).. The validity of the correction factors was checked by comparing the corrected 
recordedd spectrum and the measured quantum yield of cresyl violet with the data published 
byy Magde et alP  ̂ All values agreed within 5%. 

Whenn necessary filters were used to remove scattered excitation light and second order 
emissionn light. Excitation spectra were corrected for differences in excitation intensity, 
emissionn spectra were corrected for the wavelength dependence of the detection efficiency. 
Al ll  spectra are reported in relative numbers of quanta per unit wavelength. 
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2.44 Time-resolve d near infrare d emissio n spectroscop y 
Thee set-up for time-resolved near-infrared luminescence consists of a nitrogen laser (Laser 
Technikk Berlin MSG405-TD, 337 nm pulses (nominally 20 uJ, 0.5 ns FWHM) as the exci-
tationn source, and an Edinburgh Instruments single monochromator and a North Coast EO-
817PP liquid nitrogen cooled germanium detector for spectral and temporal resolution of the 
luminescence,, respectively. The time response of this system is approx. 400 ns FWHM and 
iss entirely determined by the response of the Ge detector. The signal was recorded by a 
Tektronixx digitising oscilloscope (triggered by the laser's clock) and its digital representa-
tionn was transferred to a microcomputer for analysis. The monochromator was tuned to 
980,, 1060 and 1530 nm for the Yb3+, Nd3+ and Er3"*" complexes, respectively. All NIR 
time-resolvedd traces were the average of 24-1024 shots. 

Thee luminescence decay times of some samples being of the same order of magnitude 
ass the instrumental response, it is often necessary to deconvolute the measured time traces 
too obtain reliable luminescence kinetics, as has already been demonstrated^4,5^ by Beeby 
etet al. for Nd and Yb complexes. To this end, the instrument response was obtained by 
recordingg the signal of a solution of the near-infrared fluorescent dye IR140 in ethanol. Its 
fluorescencee lifetime is less than 1 ns, which is much shorter than the instrumental 
response.. Therefore, the measured signal will faithfully represent this response. 

Actuall  deconvolution was achieved by numerical iterative reconvolution on a micro-
computer.. Two programs were used: a commercial program (Edinburgh Instruments) 
availablee on the experimental set-up, and a home-written program. The latter was pro-
grammedd in Igor Pro 3.1 (Wavemetrics, Inc., Lake Oswego, Oregon, USA), and uses a 
simplexx algorithm instead of Levenberg-Marquardt to minimise the chi-squared. The 
resultss of both programs are evidently the same, but the more flexible nature of the home 
writtenn program allows to conveniently test and compare different kinetic schemes to 
describee the luminescence. 

Thee time-resolution of the near-infrared measurements may be improved by using a 
fasterr detector. This might enable us to study also fast components in the kinetics of the 
luminescence,, such as rising components due to energy transfer from a sensitiser to a near-
infraredd luminescent lanthanide ion. Recently, Hasegawa et al. used a Si photodiode for 
determiningg the luminescence lifetimes of Nd3+ complexes.̂ It allows for a time-resolu-
tionn of approx. 100 ns. Even better would be to use the NIR sensitive photomultiplier 
whichh combines near-infrared sensitivity (up to 1700 nm) with a time response of a few 
nanoseconds,, and which has recently become available from Hamamatsu Photonics. 

2.55 Transien t absorptio n measurement s usin g 
'conventional ''  technique s 
Transientt absorption spectra were measured by pumping the sample with pulses of less 
thann 2 mJ at 308 nm from a Lumonics XeCl excimer laser and probing the sample perpen-
dicularr to the excitation with an EG&G Xe flash lamp (FX504) and a spectrograph 
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(Actonn SpectraPro-150) coupled to an intensified CCD camera (Princeton Instruments 
ICCD-576-G/RB-EM).. The absorption spectrum of the excited state was probed by open-
ingg the gate of the detector for a certain period of time at a certain time after the laser pulse 
(typicallyy for 10 ns, 100 ns after the laser pulse). The time-dependent behaviour of excited 
speciess was monitored in a separate experiment with a non-pulsed 450W Xe arc (Muller 
lampp housing LAX1450, power supply SVX1450), a Zeiss prism monochromator and a 
photomultiplierr (1P28, S5 photocathode) coupled to a Tektronix TDS684B oscilloscope as 
thee probe system, and the same laser as the excitation source. 

2.66 A streak camera for time-resolve d emissio n and 
absorptio nn spectroscop y 

2.6.11 Introductio n 

Streakk cameras allow for the simultaneous recording of spectral and temporal informa-
tion.^7,, " In a typical streak tube, (spectrally dispersed) light is converted into photoelec-
tronss by a linear photocathode. After acceleration, the resulting strip of electrons is 
temporallyy and spatially dispersed by applying a time-variant electrostatic potential per-
pendicularr to it. When arriving at the phosphor screen at the end of the tube, the electrons 
wil ll  be distributed in two dimensions, generating the streak image. 

Ass for optical spectroscopy, streak cameras have been used mainly for the study of 
excitedd state processes by the emission of the excited molecules, in e.g. dye solvation™ 
andd molecular reorganisation.̂ Also picosecond transient absorption has been realized 
withh a streak camera by Ito et alSn  ̂ Their setup uses a picosecond Nd:YAG laser pump 
sourcee and an optically excited Xenon plasma tube producing 50 ns (FWHM) pulses of 
whitee probe light. It has been used to study fast processes (50 ps - tens of nanoseconds) 
suchh as intersystem crossing in polymers^12! and in fullerenesJ1^ 

Wee used a Hamamatsu streak camera both for time-resolved emission measurements 
andd transient absorption spectroscopy in the visual region. In most cases the excitation 
sourcee was a tunable nanosecond pulsed solid-state laser (Coherent Infinity with XPO and 
frequencyy doubling). Its wavelength is tunable from the UV to the red (and beyond), and 
thee width of the pulses is about 1.5 ns FWHM. For some measurements, a 355 nm 
(Nd:YAG)) pumped dye laser was used. 

2.6.22 Fluorescenc e measurement s 

Measurementt of time-resolved fluorescence spectra is straightforward. The fluorescence 
lightt is fed to the spectrograph of the streak camera system with the aid of an optical fiber. 
Thee details of the streak camera system and the synchronisation of excitation and detection 
wil ll  be described in the next section. The software of the system takes care of data acqui-
sitionn and the necessary corrections. Fluorescence images can be collected in two ways. In 
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analoganalog integration mode, the images that appear on the CCD camera are simply summed 
up,, and we found this to be the most suitable mode when the samples emit ample light. 

Inn the case of very low light levels one may resort to photon counting mode, where a 
thresholdd is applied to the individual images to indicate individual photoelectron events 
andd counting those events for each pixel. The advantage of such a procedure is that the 
resultingg image obeys photon counting statistics. In practice, many excitation cycles are 
neededd to obtain an acceptable signal-to-noise ratio, many more than in analog integration 
mode. . 

Afterr data collection, the image is transferred to the Igor Pro computer program for fur-
therr analysis (see Section 2.7). 

2.6.33 Transien t absorptio n measurement s 

Currentlyy time-resolved absorption techniques are mostly designed to provide either opti-
mall  information on the spectral features of the transient species or to record high resolution 
kineticc traces of the transient absorption at a certain wavelength. To obtain good resolution 
inn both the time and the spectral dimensions either many spectra at different delay times or 
timee traces at many wavelengths need to be measured} * 

Combiningg relatively standard components like a nanosecond laser and a low-pressure 
xenonn flashlamp with a commercial streak camera system, we have constructed a setup that 
cann generate transient absorption images with time windows that range from a few nano-
secondss to several milliseconds and cover a spectral range that extends from 300 to 900 
nm.. These images (or matrices) contain a wealth of information that is often very well 
suitedd for principal component analysis. We also present a simple recipe based on singular 
valuee decomposition for analysing the transients generated by some basic molecular pho-
toprocesses. . 
Setup.. In the streak transient absorption (sTA) experiment, the molecules are excited by 
shortt (nanosecond) laser pulses (Coherent Infinity-XPO Laser with SHG option) of a 
chosenn wavelength (420-710 nm (XPO), 220-350 nm (SHG), pulse duration ~2 ns, typical 
powerr used 0.5-2 mJ/pulse). The excitation light is manipulated using optics like cylindri-
call  lenses (L, Figure 2-1) to illuminate the entire probe volume. For measuring the transient 
changess in the absorption spectrum of the sample as a result of the excitation, white probe 
lightt is needed with a duration equal or beyond that of the time window to be investigated. 
Whenn the observation times are short (10 ns - 5 \is), we use an EG&G flashlamp (low pres-
suree Xenon lamp, FX-1160 high power with FYD 1150 flashpack. max. energy 5J, power 
20W)) that generates 'white' light in flashes of approximately 5 JAS. For larger time win-
dowss (10 )J.s - 25 ms) a continuous light source is used (450 W high pressure Xe lamp, 
Mullerr lamp housing LAX1450, power supply SVX1450). Filters (Fl, Figure 2-1) may be 
employedd to remove unwanted wavelengths from the probe light, or to optimize the spec-
trall  distribution of the light. The filters behind the sample (F2, Figure 2-1) are mainly 
intendedd to cut away scattered laser light and fluorescence. 
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Figur ee 2-1. Setup for transient absorption spectroscopy using a streak camera. The 
experimentall parameters that need attention are mentioned in italics. 

Thee transmitted probe light enters a streak camera system through an optical fiber. In 
thee streak camera system, the light is dispersed using a spectrograph (Chromex IS250), and 
thenn directed into the streak camera unit (Hamamatsu C5680-21). In the streak camera unit 
thee photocathode converts the spectrally dispersed photons into electrons, that are acceler-
atedd by a positively charged mesh. They then enter the region between the sweep elec-
trodess where the time resolution takes place. After receiving a trigger, the sweep unit 
(Hamamatsuu M5677 Low-Speed Single-Sweep Unit) ramps the relative potential of the 
electrodess in a certain time. This sweep time can be chosen by the user, from 1 ns up until 
255 ms giving a broad range of experimental time scales. 

Thee electrons, which are now two-dimensionally distributed, may be amplified by the 
microchannell  plate (MCP). This is usually necessary to obtain a detectable signal. After 
amplificationn (multiplication) the electrons hit a phosphor screen, generating an optical 
streakk image. The streak system is capable of producing images at repetition rates of sev-
erall  kHz. In our setup, the repetition rate is limited by the flashlamp (10 Hz) or the laser 
(1000 Hz). 

Usingg exposure times in the order of seconds, several streak images are integrated in a 
digitall  CCD camera (Hamamatsu C4742-95) and subsequently transferred to a workstation 
runningg the data acquisition software (Hamamatsu HPD-TA, version 3.0.2). The software 
sumss up several exposures and carries out the necessary time and wavelength calibrations. 
Whenn carrying out absorption measurements, it is not necessary to perform a shading cor-
rection̂ ^ ' since the time-resolved absorption image A{t, X) is calculated from three indi-
viduall  images by 
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A ( a )) = logl/(a)-z>(a)J (2_1) 

// and /0 are the signal (pump and probe light) and reference (probe light only) images, 
respectively.. D is the background image (pump nor probe light). The software controls the 
recordingg of the three required images and finally computes the time-resolved absorption 
image.. For highly fluorescent samples an additional fourth image (pump only) can be 
recordedd to eliminate the effects of the fluorescence. 
Timing.. The triggering of the three main components (pump, probe and detection) of the 
presentt system is done by a digital delay generator (DDG, EG&G DDG 9650, with options 
95/97/999 installed) running at 10 Hz. When using continuous probe light, a repetition rate 
off  100 Hz can be attained, if the sample under study and the chosen sweep time (< 10 ms) 
alloww it. The laser in our setup is a Q-switched Nd3+ laser which needs two trigger pulses. 
Thee Q-switch is triggered by the negative slope of the trigger pulse, whereas the DDG only 
deliverss jitter-free positive slopes. In our case this problem could be solved by combining 
twoo outputs of the DDG: the first controls the positive slope, the second the negative slope 
off  the pulse. The time between reception of the trigger and the occurrence of a sweep in 
thee streak camera depends on the time window. For time windows larger than 100 fis, the 
streakk system needs to be triggered before the laser lamps (Table 2-1). For reasons 
explainedd later, the timing is arranged such that the laser pulse arrives after 10% of the 
streakk sweep has been completed. 

Tablee 2-1. Typica l insertio n delay times of the variou s components , i.e. delay between the 
trigge rr  and the star t of the triggere d event . 

Triggeredd event Insertion delay 

flashlampp 5.6 nsa 

laserbb lamps 0.27 ms 

Q-switchh 483 ns 

streakk camera 20 ns sweep 267 ns 

1000 \is sweep 110 (is 

255 ms sweep 19.8 ms 

a.. flash reaches maximum energy 

b.. the laser operates optimally when the delay between lamp trigger and Q-
switchh trigger is 0.27 ms 

Experimentall  parameters. Most of the experimental parameters can be set from within 
thee data acquisition software. The settings of the spectrograph and the sweep time of the 
streakk camera need no further explanation, but some other parameters do. 
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CCDCCD camera and image acquisition. The CCD chip is read out through an analog-to-dig-
itall  converter with a resolution of 10 bits (0, 1, 2... 1023). Like with all CCDs, every time 
thee chip is read out there is a constant background that is independent of the signal detected 
andd the exposure time. Therefore, it is recommended that the CCD is read out as littl e as 
possible.. Exposure times, however, should not be so long that the 10 bit dynamic range is 
overloaded.. With time-resolved absorption experiments, it is advisable to leave some 
'headroom'' to be able to deal with decreases in absorbance of the sample upon photoexci-
tation.. When aligning the setup, it is convenient to take shorter exposure times (< 0.5 s) to 
ensuree quick feedback. 

Thee software can acquire images in three ways, of which two are useful for transient 
absorptionn measurements. The so-called 'live mode', in which the signal on the CCD 
cameraa is visualized in real time, is used when aligning and optimizing the experimental 
settings.. The 'analog integration mode' is active when performing measurements: several 
exposuress are added together in the computer's memory (16 bits buffer). At least three of 
suchh recordings (/, I0 and D) are needed for calculation of a time-resolved absorption 
streakk image, which is controlled by the software. The third, 'photon counting' mode is 
intrinsicallyy not suited for transient absorption measurements because it relies on minimiz-
ingg the detected signal to the single photon level and for transient absorption measurements 
thee dynamic range of the detection system should be fully exploited. 

MicroChannelMicroChannel plate gain. When working with small time windows, amplification of the 
photoelectronss is necessary to obtain sufficient probe signal. Transient absorption spec-
troscopyy is often concerned with small changes in intensities of the probing light, so the 
dynamicc range of the detection should be used optimally. On the other hand, a high micro-
channell  plate gain results in a worse noise figure (ratio between the signal-to-noise ratio of 
thee output signal and that of the input signal) for the amplification process. If the probe 
signall  is too noisy to produce acceptable transient absorption images, longer exposure 
timess should be used, which also implies more pump-probe cycles. 
Dataa analysis. The Hamamatsu streak software calculates the transient absorption image. 
Forr data analysis the image is transferred to the Igor Pro data analysis package (WaveMet-
rics,, Inc., Lake Oswego, Oregon, USA). To this end a program was written to enable Igor 
Proo to read the binary data files generated by the Hamamatsu software. 

BaselineBaseline correction. Since the spectro-temporal matrices for IQ and / are not recorded simul-
taneouslyy it is necessary to consider the effects of probe light intensity fluctuations (and 
spectrall  changes, which can be considered intensity fluctuations at certain wavelengths) 
whichh may occur between the determination of IQ and I. If IQ and I represent the signals 
generatedd using an ideally stable flash lamp, fluctuations in intensity are represented by the 
factorss a and b (Equation 2-2). Note that A^g and ^measured an(*  all Ts in fact represent 
spectro-temporall  matrices, and a and b and Abasei ine might be scalars. 
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^measuredd = Xo&JJ  = »Ogy + log^ = A^ + A ^ ^  (2 -2) 

Providedd that between measurement of IQ and I the average lamp spectrum does not 
changee and that the average lamp time profile does not change, the effect of the changes in 
probee light intensity show up as a 'baseline' that can simply be subtracted from the meas-
uredd spectrum. 

Havingg found that due to probe light intensity fluctuations there is a baseline (or more 
correctly:: a base-area) added to the transient absorption image, we devised a baseline sub-
tractionn that not only corrects for lamp intensity fluctuation, but also for small changes in 
thee probe light's spectrum (which might arise when the lamp is not fully warmed up). In 
orderr for this procedure to work, one needs to make sure that the streak camera records 
beforee the transients are created. The laser pulse should arrive at 10-15% of the time win-
dow.. The region of the transient absorption image that contains the information of the time 
intervall  before arrival of the excitation pulse can be used to calculate a baseline. This is 
simplyy done by spectrally averaging over this time region. Finally, this baseline can be sub-
tractedd in order to obtain a baseline corrected transient absorption image. 

2.77 Data analysi s throug h singula r value decompositio n 
Manyy of the sets of data collected in our spectroscopic investigations will be multidimen-
sional.. Streak images represent absorbance values or fluorescence intensities vs time and 
simultaneouslyy vs wavelength. Also fluorimetric or spectrometry titrations generate sets 
off  spectra which vary as a function of component concentrations. The most straightforward 
andd commonly used method to extract the desired information from such data sets is to 
makee cross-sections by averaging a region of interest in one dimension. Thus, from a flu-
orescencee streak image an intensity vs time curve is extracted by selecting a wavelength 
regionn and integrating over it (Figure 2-2). 

Thee obvious disadvantage of such an approach is that averaging obscures information. 
Inn the case of the type of averaging in Figure 2-2, spectral information is lost: from the 
'averagee intensity vs time' curve it is difficult to find the intensity at a particular wave-
length,, and taking a narrower spectral region would decrease the signal-to-noise ratio of 
thee curve. In the case of images that contain the spectrotemporally behaviour of multiple 
speciess whose responses overlap, the extracted curves are nearly always a mixture of the 
curvess of the individual species. Moreover, it is not possible to reliably deduce the actual 
numberr of species contributing to the image only from the averaged curves. 

Itt would be desirable to have a more information-efficient analysis method. Through 
chemometrics,, linear algebra provides us with such tools, usually referred to as principal 

**  Sometimes this can be used to the scientist's advantage, if averaging only obscures noise (e.g. in boxcar 
averagingg or smoothing). 
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Figur ee 2-2. Extraction of kinetic traces from a streak image by averaging over a wavelength 
region. . 

componentss analysis, PCA. Without any a priori  knowledge, PCA can give the number of 
componentss present in these data. One way of performing Principal Components Analysis 
iss by carrying out Singular Value Decomposition (SVD) on the two-dimensional data set. 
Wee will now discuss very briefly SVD in relation to multidimensional spectral data. For a 
moree detailed explanation the reader is referred to ref. 15. 

2.7.11 Principle s of SVD 

Considerr a set of m spectra each containing n data points. Each spectrum is the sum of the 
individuall  contributions of p components, whose concentrations change from spectrum to 
spectrumm {e.g. as a result of excited state decay). The spectral responses of all components 
mightt be put in an n x p matrix S, so that each column consists of the characteristic 
responsess {e.g. extinction coefficients) of one component at different wavelengths. The 
concentrationss of the components in each of the spectra can be represented by a p x m 
matrixx C, in which each column contains the concentrations of the components in a spec-
trum.. Then, the set of spectra can be represented by nxm matrix A, the matrix product of 
SS and C (Equation 2-3). 

A == SC (2-3) ) 

Eachh column of A contains the data points representing a spectrum consisting of the sum 
off  the contributions of the individual components. (In absorption spectroscopy S would 
containn the extinction coefficients, and C the concentrations, so that A would yield the 
absorbances/opticall  densities). 
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Usuallyy only A is known (since that is what is measured), whereas knowledge of S and 
CC is desired, since these matrices contain information on the species present in the sample 
andd their kinetics. Singular value decomposition, a technique originating from linear alge-
bra,, provides a way for determining the number of components that contribute to the set of 
spectraa (or in this case a streak image) without a priori  knowledge. In combination with a 
chemicallyy acceptable model describing the concentrations of the species, even S and C 
cann be reconstructed from the SVD matrices. SVD of the data is readily achieved by micro-
computerss running an appropriate computer program with an implemented SVD routine, 
suchh as the one described in Numerical Recipes in C.*1^ We used the Igor Pro package 
(Wavemetricss Inc., Lake Oswego OR, USA) for this purpose. Singular value decomposi-
tionn can factorize any nxm matrix A into three matrices that satisfy Equation 2-4. 

AA = UWVr (2-4) 

UU and V are orthonormal matrices of dimensions nxm and mxm, respectively. W is an 
mxmmxm square diagonal matrix, containing the singular values, H»JJ, in descending order. 
Eachh of these values determines how much the corresponding columns of U and V contrib-
utee to the reconstruction of A. From the singular values one can determine the number of 
componentss contributing to the set of spectra. In the absence of noise, the number of inde-
pendentt components would equal the number of non-zero singular values. However, all 
singularr values in real-world data are non-zero due to noise. In most cases the magnitude 
off  the singular values, combined with the evaluation of the shapes of the corresponding 
columnn vectors of U and V will provide enough information to find the number of compo-
nents.. If this is not the case, certain statistical tests can be applied to find the number of 
components.^15] ] 

Thee insignificant components can be removed from the U, W and V matrices. In this 
case,, U and VT will end up having the same dimensions as the (still unknown) S and C 
matrices,, respectively. It is obvious that U, W and V should contain the same information 
ass S and C. In fact, if one inspects the column vectors of the 'shrunken' U and V matrices, 
onee finds that they contain spectral and concentration information, respectively. However, 
thesee vectors are linear combinations of the physically meaningful vectors, and as a result 
theyy may look rather strange {e.g. contain negative concentrations). 

Thee solution to this problem is to take linear combinations of these vectors such that 
thesee comply with a certainn chemical model, a process which is calles target transforma-
tion.tion. In order to do so, it is possible to perform a rotation on the U or the V matrix using a 
pxppxp rotation matrix T. This matrix should satisfy TT1 = 1. Since both UWVr and SC 
shouldd reconstruct the original A matrix, we can relate U, W and V to S and C (Equation 2-
5). . 
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SCC = UTT^WV 7^  (2-5) 

Itt is possible to find a matrix T such that 

SS = UT (2-6) 

Then, , 

CC = T_1WV r (2-7) 

Obviously,, it is also possible to start the reconstruction by finding a matrix that trans-
formss yT into C and then use its inverse to reconstruct the associated spectra. 

Onee should bear in mind that SVD is a purely mathematical method for determining the 
numberr of independent vectors in a matrix. As a result, chemically different species that 
havee either equal spectra or equal kinetics will show up as one component. Another remark 
thatt should be made is that SVD is in principle not suited for components whose spectra 
shiftt and/or broaden in time. 

2.7.22 Reconstructio n (Target  transformation) 

Wee now present a simple recipe for finding a matrix T that converts the vectors V7 into 
concentrationn vectors that fit a certain kinetic model. T is found by minimising the differ-
encee between the trial concentration vectors and the model. The scheme is depicted in 
Figuree 2-3. The model concentration vectors are determined by a set of parameters, pt. 
Usingg the Nelder-Mead Simplex algorithm,̂  all the elements of T and all p,'s are opti-
mized.. This can be done simultaneously, but usually it is wise to start by keeping the ini-
tiallyy guessed model parameters at fixed values. 

Onee component data. It is often the case that time-resolved absorption spectroscopy is 
appliedd to only one species in solution. Although SVD at first looks superfluous in such a 
situation,, it is in fact very useful. One can prove that one is really looking at one compo-
nent.. After having performed the SVD, finding the lxl T matrix is a trivial task. We prefer 
too choose it such that at "t = 0" (the maximum of the excitation pulse) the concentration 
vectorr has a value of 1. The reconstructed spectrum then represents the optical densities at 
thee time that maximum absorbance is achieved. The reconstructed temporal and spectral 
vectorss will have been extracted from the data without averaging, and a lot of noise will 
havee disappeared into the components with insignificant singular values. 

Multi-componentt  data. For two component data that obey a relatively simple kinetic 
schemee (e.g. transformation of one species into an other), the aforementioned recipe works 
veryy well. Three component data are usually not so easily reconstructed, since the transfor-
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mationn matrix then already holds nine elements that need optimization. Moreover, addi-
tionall  degrees of freedom are provided by the parameters p,- that are used in the model. 
Reconstructionn of the temporal and spectral vectors for such systems requires advanced 
statisticall  methods to remove any ambiguity, and lies not within the scope of this discus-
sion.. The reader is referred to Refs. 17-19. 

2.7.33 Example s 
Thee combination of singular value decomposition and target transformation - when used 
properlyy - can be very powerful, and it is best to let the results they produce speak for them-
selves.. These real-life examples are to be found in Chapter 7 and in other recently pub-
lishedd worlc ' on luminescent lanthanide complexes. 
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Chapte rr  3 

Onn the emissio n spectr a and 
radiativ ee lifetime s of lanthanid e ion s 

3.11 Introductio n 
Thee radiative transitions of lanthanide ions have attracted interest both in science and tech-
nologyy (e.g. for application in fluorescent tubes, colour TVs, lasers, optical amplifiers and 
medicall  diagnostic tests). These transitions between states within the [Xe]4/n5fr65 con-
figurationn are parity forbidden and consist mainly of weak magnetic dipole (MD) and 
inducedd electric dipole (ED) transitions. The probabilities of MD transitions are independ-
entt of the chemical environment of the ion, in contrast to those of the ED transitions. Judd-
Ofeltt theory^1"3] has been very succesful in understanding and predicting the spectral inten-
sitiess of the induced ED transitions, especially for ions in inorganic glasses and crystals. It 
hass also been applied to the absorption spectra of lanthanide complexes in solution, but it 
hass rarely^4'5^ been used to predict the emissive properties of luminescent lanthanide com-
plexes. . 

Radiativee relaxation from an excited state W of a lanthanide ion usually occurs to var-
iouss lower lying states 4" ƒ, giving rise to several lines in the emission spectrum. With the 
aidd of Judd-Ofelt theory it is possible to calculate the relative contribution to the emission 
spectrumm (the branching ratio |3) for any of these transitions as well as the radiative lifetime 
off  the initial W level. Especially the latter is a key parameter in the photophysics of lumi-
nescentt lanthanide complexes. Such complexes generally contain an absorbing chromo-
phoree that serves to photosensitise the lanthanide ionJ6"10^ The overall luminescence 
quantumm yield of the complex upon excitation of the chromophore is determined both by 
thee efficiency of the sensitisation, ^^„5, and <l>Ln, the quantum yield of the lanthanide lumi-
nescencee step (Equation 3-1). 

Otott can be readily measured but r\XTiS and <J>Ln are usually not so easily accessible. If 
thee radiative lifetime, xR, is known, G>Ln can be calculated using the observed lumines-
cencee lifetime xobs (Equation 3-2). 
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^L nn = r r 5 (3-2) 
i t t 

Nott much is known about TR of lanthanide ions in complexes with organic ligands, and 
forr luminescent Eu3+ and Tb3+ complexes this has led to the undesirable situation that it is 
sometimess assumed that the radiative lifetime of these ions in organic systems is constant, 
andd amounts to 3 or 4 ms for both ions.*11! Van der Tol et al noted that xR may vary for 
differentt Eu3+ and Tb3+ complexes, depending on the ligand.̂  Otherŝ ^ assume that TR 

equalsequals the observed luminescence lifetime at 77K, but do not verify this assumption. By 
makingg use of what is known about the photophysics of lanthanide ions in crystals and 
glassess we might add some clarity to this matter. We aim to demonstrate that the knowl-
edgee obtained by those studies can be well applied to luminescent lanthanide complexes. 

Inn the present Chapter, the applicability of Judd-Ofelt theory to the luminescence of 
Eu3++ in organolanthanide complexes is investigated by comparing experimentally deter-
minedd emission spectra and radiative lifetimes to theoretical predictions. We studied the 
Eu3++ aquo ion and the well-known 1:1 and 1:3 complexes with dipicolinic acid (2,6-pyri-
dinedicarboxylicc acid, DPA). The absorption spectra of these systems have been studied in 
detaill  by Binnemans et al.}1  ̂ who also determined the essential Judd-Ofelt parameters 
thatt are used in this work. We will show that the ligands have profound effects on the shape 
off  the emission spectrum and the radiative lifetime of the Eu3+ ion. Moreover, it will be 
establishedd experimentally that the radiative lifetime of Eu3+ can be calculated from the 
emissionemission spectrum without the intervention of Judd-Ofelt theory. For other lanthanide ions, 
inn particular Nd3+, Yb3+ and Er3+, we calculate the radiative lifetime using Einstein's rela-
tionn for absorption and spontaneous emission. 

3.22 Theoretica l backgroun d 
Inn this section, the calculation of the emission spectrum and the radiative lifetime of Eu 
usingg Judd-Ofelt theory will be outlined. For a clear and detailed explanation of the spec-
trall  intensities of f-f transitions the reader is referred to the review by Görrler-Walrand and 
BinnemansJ311 For clarity and uniformity, we will use the same formulation as in that 
paper.. To avoid confusion the units used in the formulae are indicated where necessary. 

Thee red luminescence of Eu3+ is a result of transitions from its DQ state to all of the 
lowerr lying 7Fj levels. Generally speaking, the relative contribution of each YJ -> *F' f 
transitionn to the emission spectrum, the branching ratio, can be found from the spontaneous 
emissionn probability, A(*¥J, XP'ƒ) (in s"1), for that transition (Equation 3-3). 

p(W,, HTf) =  A ( H / J , Y , / ' ) (3-3) 
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Thee radiative lifetime, xR, is the reciprocal of the sum of the emission probablilities of 
alll  radiative transitions contributing to the emission spectrum. 

Thee spontaneous emission probability, A, of the transition V Z - ^ T / is related to its 
dipolee strength according to Equation 3-4. 

11 07 

vv is the average transition energy in cm , h is Planck's constant (6.63 x 10 erg s), 
27+11 is the degeneracy of the initial state (1 for SDQ).DBD and D  ̂ are the electric and 
magneticc dipole strengths (in esu2 cm2), respectively. The factors containing the medium's 
refractivee index n result from local field corrections that convert the external electromag-
neticc field into an effective field at the location of the active center in the dielectric 
medium. . 

Thee transitions from 5D0 to
 7F0 3 5 (/ = 0, 3,5) are forbidden both in magnetic and 

forcedd electric dipole schemes (D^Q and D^Q are zero). The transition to ¥\ (J = 1) is 
thee only magnetic dipole transition, and has no electric dipole contribution. As was already 
mentioned,, magnetic dipole transitions in lanthanide ions are practically independent of 
thee ion's surroundings, and can be well calculated by theory (D^D = 9.6 x 10"42 esu2 cm 
== 9.6xlO-6Debye2).[U1 

Thee remaining transitions (ƒ - 2,4, 6) are purely of induced electric dipole nature. 
Accordingg to the Judd-Ofelt theory, the strength of all induced dipole transitions (absorp-
tionn and emission) of a lanthanide ion in a certain matrix can be calculated on basis of only 
threee parameters Qx using Equation 3-5. 

DEDD = e2 £ £lk\(4uHf)\2 (3-5) 
XX = 2,4, 6 

Thee elementary charge e is 4.803 x 10~10 esu. The Q.x parameters belong to the partic-
ularr combination of the lanthanide ion and its coordinating environment, and are usually 
determinedd experimentally. The parameters used in this chapter were taken from ref. 13. 
II  </|£/W| f )|2 are the squared reduced matrix elements whose values are independent of the 
chemicall  environment of the ion. A set of values of all matrix elements for all lanthanide 
ionss is not available in the literature, but smaller sets can be found.*15"1^ The matrix ele-
mentss that we used are tabulated in Table 3-1. 
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Tablee 3-1. Squared reduced matrix elements'19' ^ for calculation (using Equation 3-5) of the 

dipolee strengths of the allowed induced ED transitions in the emission spectrum of 

Eu3*. . 

^o-» » 
7F6 6 

7F4 4 

7F2 2 

l</«^ 2>|/>|2 2 

0.0032 2 

0 0 

0 0 

\<A**W \<A**W 
0 0 

0.0023 3 

0 0 

\(Au^lf)\\(Au^lf)\ 2 2 

0 0 

0 0 

0.0002 2 

3.33 Experimenta l 
Thee experimental branching ratios are determined from the corrected emission spec-
trum.Theyy are the areas of the emission bands corresponding to the individual DQ—> Fy 
transitions,, divided by the sum of these areas. The emission spectra were recorded using a 
bandwidthh of 0.5 nm. Changing the bandwidth does not change the relative areas of the 
transitionss but does affect their shapes. The relatively high resolution was used to make 
suree that the bands of the individual  5DQ—>7FJ transitions are well separated. Excitation 
wass in the 5L6<-7F0 band around 395 nm or in the 5D2«-7F0 band (at approximately 464 
nm),, which does not change the emission spectrum since the emission takes place from the 
5D00 state. 

Thee radiative lifetime was determined from the observed quantum yield and the meas-
uredd luminescence lifetime using Equation 3-2. The luminescence lifetimes of Eu , 
Eu(DPA)++ and Eu(DPA)3

3" were taken from the work of Lis and Choppin.[21] Quantum 
yieldss were measured using the well-known method described in ref. 22. The quantum 
yieldd is given by Equation 3-6, in which nu, /u, and Au are the refractive index, the area of 
thee corrected emission spectrum and the absorbance at the excitation wavelength, respec-
tively,, for the sample of which the quantum yield is unknown, r^^, 7ref, and Aref are the 
samee observables for the reference sample. <I>ref is the quantum yield of the reference 
samplee (0.546 for quinine bisulfate in 1M H2S04 or 0.042 for ruthenium(II) tris(bipyridyl) 
chloridee in deoxygenated water).[22] 

rtrtref^i/ref ref^i/ref 

Itt is especially in the determination of the quantum yield that special care needs to be 
takenn to ensure that the spectral bandwidth for the absorbance measurement matches that 
off  the excitation in the emission measurement. Apart from that, the wavelength calibration 
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off  the UV/Vis spectrometer and the excitation monochromator of the fluorimeter should 
bee compatible. Fulfillment of both requirements was checked by comparing the lumines-
cencee excitation spectra to the absorption spectra. Interestingly, this comparison not only 
showedd that correct bandwidth and wavelength were used, but also that the luminescence 
quantumm yield of Eu3+ emission is independent of the excited state that is initially popu-
lated.. This means that for measuring the quantum yield of  5D0 luminescence, Eu can be 
excitedd in the relatively intense 5L6<—7F0 or 5D2<—7F0 bands. 

Thee solutions of Eu3+, Eu(DPA)+ and Eu(DPA)3
3" in water were prepared according to 

ref.. 13. Eu(DTPA)2" in water*  (pH 7) was prepared in a similar way, by mixing solutions 
off  0.1 M DTPA in 1.5 M NaOH and Eu3+ in 1M HC104. Eu(btfa)3(o-phen)t was synthe-
sizedd according to a literature procedureS2  ̂ Organic solvents were spectroscopic grade, 
andd were dried using molsieves. All spectroscopic measurements were carried out using 1 
cmm cuvettes. The absorption spectrometer was a Gary 3E instrument, the fluorimeter a 
Spexx Fluorolog 3, equipped with double monochromators both for excitation and emission. 
Timee resolved luminescence was measured using a Hamamatsu streak camera system, 
excitingg with a nitrogen laser (337 nm, 1 ns FWHM) or a microsecond flashlamp (3 JAS 
FWHM). . 

3.44 Basic feature s of the emissio n spectr a 
Thee effect of the DPA ligands on the emission spectra (Figure 3-1) is pronounced. The 
spectraa have been scaled in such a way that the area under the 5D0—»7Fj transition is equal 
forr all spectra. As already mentioned, this MD transition is independent of the environ-
ment,, and may be used as an 'internal reference'. When doing so, it becomes clear that 
especiallyy the D0—> F2 band shows a strong increase in intensity going from the aquo ion 
too Eu(DPA)33". This is the well-known hypersensitivitŷ of this transition. 

Itt is noteworthy that in the absorption spectra^13! the 5D0<—7F0 and 5D0<— F^ transi-
tionss are present. The corresponding emission bands show identical intensity changes 
(5D0—>7F0)) or splitting (5DQ—>7FI). Moreover, the invariance of the 5D0<—7Fi absorption 
strengthh in different environments confirms experimentally that DQ-^ FJ can indeed be 
usedd as a reference for the dipole strength. 

Mostt transitions exhibit fine structure. The ligand field can split up any 7Fy level into at 
mostt 2J+1 sublevels, depending on the symmetry around the ionJ ' For finding the total 
emissionn probability (or branching ratio) for a certain transition, we must integrate over the 
entiree transition, ignoring the fine structure. The 7F0 level is non-degenerate, and therefore 
itt does not exhibit crystal field splitting. Any structure on this band directly indicates the 
presencee of at least two different emitting species. One should be cautious, however, to 

**  DTPA = diethylenetriamine pentaacetic acid 
tt btfa = benzoyltrifluoroacetonate, o-phen = o-phenanthroline 
%% At room temperature the population of the 7Ft state is 35%. 
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Figur ee 3-1. Corrected emission spectra of Eu3+ in different ligand environments: (A) Eu3+ in 
water;; (B) Eu(DPA)+ in water; (C) Eu(DPA)3

3+ in water. The spectra have been 
scaledd such that the respective 5D0->7Fi bands have the same areas (see text, 
Sectionn 3.4). 'Note the different ranges of the vertical axes. 

reversee the argument and use the absence of any structure on this band as proof that there 
iss only one emitting species. Our spectra clearly show that there are also luminescent com-
plexess that do not have a 5D0—>7F0 band (or a very weak one), and can therefore be present 
withoutt contributing to any structure on this band. 

Thee appearance of luminescent transitions from 5D0 to
 7F0 and to 7F3 can not be 

accountedd for by either the MD mechanism or Judd-Ofelt theory. They are very weak, in 
particularr the latter, and their presence should be considered to be a small deviation from 
theoryy at the level used in this work. A more detailed analysis has indicated that these tran-
sitionss 'borrow' intensity from the D0-» F2 transition through higher order perturbations 
byy the crystal field.[26'27] 

3.55 Judd-Ofelt : Prediction s vs.  Experimenta l Data 
Bothh the experimental and theoretical transition probabilities for the 5D0—»7Fy transitions 
off  Eu3+ in the three different environments are collected in Table 3-2. These data demon-
stratee clearly that the radiative lifetime of Eu3+ is not constant and in fact strongly depend-
entt on the environment in which the ion is embedded. 
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Tablee 3-2. Calculated vs. experimental emission spectra (expressed as branching ratios 0) 
andd radiative lifetimes, TR, in three distinct ligand fields. 

Eu3+ + 

Eu(DPA)+ + 

Eu(DPA)3
2" " 

5D0->7l 7 7 

1 1 

2 2 

4 4 

6 6 

1 1 

2 2 

4 4 

6 6 

1 1 

2 2 

4 4 

6 6 

calculated d 

P P 
0.26 6 

0.27 7 

0.45 5 

0.02 2 

0.17 7 

0.53 3 

0.28 8 

0.02 2 

0.11 1 

0.71 1 

0.17 7 

0.02 2 

xR/ms s 

7.7 7 

4.9 9 

3.1 1 

experimental l 

Pa a 

0.31 1 

0.21 1 

0.47 7 

0.00 0 

0.21 1 

0.42 2 

0.31 1 

0.02 2 

0.14 4 

0.60 0 

0.22 2 

0.03 3 

xR/ms s 

9.5 5 

6.0 0 

4.3 3 

a.. These branching ratios do not add up to 1, since some of the emission (less than 3%) is due 
too transitions that are not accounted for by Judd-Ofelt theory or the simple MD scheme. 

Thee agreement between theory and experiment is acceptable but not perfect. The intrin-
sicc error of the Judd-Ofelt theory in describing spectral intensities is usually about 15%. 
Somee transitions are systematically overestimated, some are underestimated. The three 
Judd-Ofeltt parameters used in our calculations were always extracted from the same set of 
onlyy three absorption bands (5D2<—7F0,

 5D4<-7F0 and 5L6<—7F0)J
13^ The emission spec-

trumm involves other states, and therefore a systematic error in the calculated values is to be 
expected.. In fact, our data might be used to refine the original Judd-Ofelt parameters. 

Thiss argument can be stretched further. The Judd-Ofelt parameters for Eu3+ can be 
derivedd just from the experimental emission branching ratios and the radiative lifetime J14^ 
Experimentall  determination of the latter even becomes unnecessary when use is made of 
thee fact that the only MD transition ( Do—» Fj) has a constant dipole strength. In that case, 
thee Tit' between experiment and theory would become perfect for the three induced ED 
transitions.. Apart from this trivial outcome, this method provides a way to find the Judd-
Ofeltt parameters for complexes whose Eu f-f absorption bands cannot be measured due 
too poor solubility or intense ligand-centered absorption bands. One should, however, be 
awaree of the systematic error that is introduced in the Judd-Ofelt parameters by determin-
ingg them this way. 
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3.66 Calculatio n of the radiativ e lifetim e of Eu3+ directl y 
fromm its correcte d emissio n spectru m 
Thee previous paragraph suggests that for calculation of the radiative lifetime of Eu , Judd-
Ofeltt theory is not at all needed if the corrected emission spectrum of the complex is 
known.. This corrected spectrum should represent the relative spectral photon flow^ ' vs. 
wavelength.. Most modern fluorimeters that work in photon counting mode readily deliver 
suchh a spectrum after correcting for the wavelength-dependence of the detection sensitiv-
ity.. If we now assume that both the energy of the D0—» F;; transition and its dipole strength 
aree constant, we arrive at Equation 3-7, which relates the shape of the emission spectrum 
off  Eu to its radiative lifetime. 

11 . 3f Aot 
~~ - A M D , 0" / T RR V'M D 

(3-7) ) 

Inn this formula, n is the refractive index of the medium (the solvent), AMDOthe sponta-
neouss emission probability for the D0-> F; transition in vacuo, and /tot//MD t ne ra ti ° or" 
thee total area of the corrected Eu emission spectrum to the area of the D0—> F; band. 
Fromm the theoretically calculated dipole strength (vide supra) and Equation 3-4 it is found 
thatt AMD 0 has a value of 14.65 s" . 

Equationn 3-7 is based purely on theoretical considerations and therefore needs experi-
mentall  verificaton. This verification is provided in the form of Figure 3-2, a plot of n3TR 

vs.. the // /MD ratio. The solid line is the theoretical prediction, and not a fit to the experi-
mentall  data. It is obvious that there is a close agreement between theory and experiment. 
Thee experimental values were not only taken from Eu , EuDPA+ and Eu(DPA)3 , but 
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Figuree 3-2. Radiative lifetimes (corrected for differences in refractive index, ^ T R ) as a function 
off the ratio /tot/'MD- The solid line is the theoretical curve, the open squares are 
experimentall values for (a) Eu3+ in water, (b) Eu(DPA)+, (c) Eu(DTPA)2", (d) 
Eu3+:YAI033 (from ref. 14), (e) Eu(DPA)3

3-, (f) Eu(btfa)3(o-phen), (g) Eu(tta)3-2 
DBSOO (from refs. 29 and 30). 
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Figur ee 3-3. Structural formulae of the azatriphenylene ligand 1 and Mk-EuFOD (2). 

alsoo from additional measurements (on EuDTPA2" and Eu(btfa)3(o-phen)) and from liter-
ature. . 

Thee relation between the corrected emission spectrum and the radiative lifetime of Eu + 

wass applied to some luminescent complexes developed recently in our group, having either 
ann azatriphenylene derivative[31] (1) or Michler's ketone (2, see Chapter 7) as a sensitising 
chromophore.. Table 3-3 lists the calculated radiative lifetimes together with the observed 
lifetimess and overall quantum yields of sensitised luminescence. The intrinsic quantum 
yieldss of the lanthanide luminescence step, O, and the sensitisation efficiencies, r|sens, were 
evaluatedd on basis of Equation 3-1 and Equation 3-2. 

Tablee 3-3. Antenna-to-ion energy transfer efficiencies (risens) o f iw0 luminescent Eu3+ 

complexess calculated on basis of the observed emission spectrum (which yields xR 

usingg Equation 3-7), luminescence lifetime, Tobs, and overall luminescence 
quantumm yield, <J>tot, upon ligand excitation 

Eu(l)+ + 

Mk-EuFOD,, 2 

TR/ms s 

6.2 2 

1.2 2 

fobss / m s 

0.23 3 

0.26 6 

* * 

0.037 7 

0.22 2 

*to t t 

0.036 6 

0.20 0 

^Isens s 

0.97 7 

0.9 9 

AA striking feature of these data is that the radiative lifetime has a large influence on the 
overalll  luminescence quantum yield of the complexes. The Mk-EuFOD complex can 
achievee a high quantum yield in spite of a relatively short observed luminescence lifetime, 
whichh is barely longer than that of Eu(l)+. The success of Eu3+ [3-diketonates as lumines-
centt complexes can be explained on basis of their high radiative rates. Their emission spec-
traa are characterised by very intense 5D0—»7F2 bands,[23] corresponding to high values of 
Q2 . . 
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3.77 A differen t way to find the radiativ e lifetime s of 
lanthanid ee ions 
Itt would be desirable to find correlations similar to Equation 3-7 for other lanthanide ions. 
Unfortunatelyy this is not a trivial trask. The emission spectrum of Tb3+, for example, con-
tainss several transitions that combine induced ED and MD character, and no isolated MD 
transitionn that might serve as an 'internal reference'. Therefore it is not possible to give a 
simplee expression for calculation of the radiative lifetime of the Tb3+ from its emission 
spectrumm alone. Also the near-infrared luminescent lanthanide ions, Nd3+, Er3+ and Yb3+, 
whichh we will investigate in the next three chapters, do not allow such a simple expression 
forr their radiative lifetimes to be derived. 

Iff  however, the absorption spectrum corresponding to a luminescent transition of an ion 
iss known, which is the case if the emission spectrum contains a transition to the ground 
state,, it is possible to calculate the oscillator strength - and the radiative rate - from this 
spectrum.. The radiative lifetime may be calculated using the formula^32'33^ 

—— = S.2303ncv^n2N^-JEdv (3-8) 

Inn this modified Einstein relation, c is the speed of light in vacuo (in cm s"1), v is the 
frequencyy of the transition in cm"1, n is the refractive index of the medium, NA is 
Avogadro'ss constant, e is the absorption spectrum of the transition (in M"1 cm"1 vs. wave-
number),, gi and gn denote the degeneracies of the ground and excited states respectively, 
inn the case of trivalent lanthanide ions 2J+1. 

Wee will now apply this relation to Nd(DTPA)2' and Yb(DTPA)2" complexes in aqeous 
solutionn and to Er3**" in D20. The DTPA complexes were chosen because DTPA (diethyl-
enetriaminepentaaceticc acid) is the ligand that we will use in the next Chapter. For prag-
maticc reasons, we did not perform measurements on Er(DTPA)2~. The ligand itself absorbs 
quitee strongly around 1550 nm and water is completely opaque in this wavelength region. 
Ass a result, recording a reliable electronic absorption spectrum for Er3"*" in Er(DTPA) 
wouldd be a tedious task. 

Thee samples were prepared as follows. A neutral stock solution of 0.1 M DTPA was pre-
paredd by addition of NaOH to a stirred mixture of DTPA and water until all DTPA had dis-
solvedd and the pH was about 7. Solutions of 0.05 M LnCl3-6H20 in water (Ln=Yb, Nd) or 
deuteriumm oxide (Ln=Er) were also prepared. Samples of Ln(DTPA) (Ln=Yb, Nd) com-
plexess for spectroscopic measurement were prepared by mixing equal amounts of DTPA 
andd lanthanide stock solutions and adjusting the pH to 12-13 by adding known volumes of 
1MM NaOH. For Er3"1", simply the absorption of the solution in D20 was taken. The near-
infraredd absorption spectra (800-1650 nm) of the samples were recorded using the 
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Caryy 17D instrument. The recorder output was digitized^34! for subsequent computation of 
thee radiative lifetimes. 

Next,, the calculation of the radiative lifetimes of the Yb3+ and Er3*  luminescent transi-
tionss is straightforward, since they have only one emission band. Nd has four transitions 
(880,, 1060, 1330 and 1900 nm). Only the radiative rate of the shortest wavelength transi-
tionn can be calculated, since this one goes to the ground state and is therefore also observed 
inn absorption spectroscopy. The relative radiative rates of the other transitions are deduced 
fromm the corrected emission spectrum (see Figure 4-2 in Chapter 4). Our setup does not 
alloww us to record the 1900 nm emission band of Nd , but it is known on basis of Judd-
Ofeltt theoryt18^ that this transition is exceedingly weak and can therefore be safely 
neglected. . 

Thee results have been tabulated in Table 3-4, and the radiative lifetimes for the three 
ionss are in line with those observed in other environments.' * * ' ^ Nd with its four 
emissionn channels, has the shortestt radiative lifetime. Especially the 1060 nm band is quite 
intense,, which is the reason that it is used for generating laser light. Er3+ is the slowest 
emitter,, which makes the luminescence of this ion most vulnerable to quenching by matrix 
vibrations. . 

Tablee 3-4. Calculatedd radiative lifetimes (TR0310, in milliseconds) of the luminescent f-f 
transitionss in Ln(DTPA) complexes (Ln=Nd, Yb) and Er3* in D20. v is the energy of 
thee transition. The branching ratios (p) of the Nd3* emission have been calculated 
onn basts of the emission spectrum. They were subsequently used to calculate the 
radiativee lifetimes of the 4F3/2 ->

 4ln/2 and 4F3,2 -^
 4,i3/2 transitions. 

Ln3+ + 

Yb 3+ + 

Nd3+ + 

Er3* * 

Transition n 

F5/2~^^ F7/2 

F3/2~^^ hll 

F3/2"**  hin 

F3/2~**  Ï13/2 

overall l 

I13/22 "*  hi/2 

vv (cm"1) 

10300 0 

11460 0 

6610 0 

P P 

0.31 1 

0.58 8 

0.10 0 

xR
calc(ms) ) 

1.21 1 

1.13 3 

0.613 3 

3.43 3 

0.356 6 

8.68 8 

Itt should be noted that when using Equation 3-8 for calculation of the radiative life-
times,, the 2J+1 levels of the ground and excited states of the lanthanide ions are assumed 
too be really degenerate, or at least equally populated. In reality, this 2J+1 degeneracy is 
splitt up by the ligand field (Stark or crystal field splitting). The Stark sublevels are not 
equallyy populated. It has been found that this may lead to deviations up to 20%  •• for 
Er3*.. An alternative approach would be to use the more recent analysis by McCumber &™ 
ass it has been used by Miniscalco and Quimby, ^ which is more elaborate from an exper
imentall point of view. The Einstein relation nevertheless provides a reasonable approxima
tionn to TR. 



522 CHAPTER 3 

3.88 Conclusio n 
Ourr data demonstrate that the ligand field has profound effects both on the emission spec-
trumm and the radiative lifetime of the Eu3+ ion. These effects are described quite well by 
Judd-Ofeltt theory. However, depending on how the phenomenological Q  ̂parameters are 
determined,, systematical errors in the predictions may occur. It should be noted that once 
thee Judd-Ofelt parameters are reliably known, the strengths of all induced electric dipole 
transitionss can be calculated, and these can be converted e.g. into excited-state extinction 
coefficients,, cross-sections of stimulated emission et cetera. However, it is known that in 
thee cases of Pr3"1" and Tb3+ Judd-Ofelt theory does not always yield good predictionsS * ' 
^^ This is related to the fact that in these ions the 5d orbitals are relatively close in energy 
too the 4f orbitals, whereas Judd-Ofelt relies particularly on the assumption that the energy 
differencee between the two is large. 

Itt is possible to calculate the radiative lifetime of Eu directly from its corrected emis-
sionn spectrum by making using of its 5D<)—>7Fi band as a reference. We verified this theo-
reticall  possibility experimentally, and found that this is indeed the case. This will enable 
reliablee estimations of the efficiencies of the sensitisation process in luminescent europium 
complexess on basis of their corrected emission spectra, the overall luminescence quantum 
yieldss and the observed lifetimes. 

Forr the other lanthanide ions one can resort to the modified Einstein relation 
(Equationn 3-8) for calculation of the radiative lifetime, provided that the reverse of one 
luminescentt transition is observable using absorption spectroscopy. We have thus far not 
testedd how reliably this method works for various lanthanide ions, although our results on 
Er3* ,, Nd3+ and Yb3+ are well in line with what is usually found for these ions. 

Ourr results on luminescent Eu3+ complexes have revealed the secret of the success of 
Eu3++ J3-diketonates as luminophores, which is the high radiative rate for Eu3+ lumines-
cencee in this environment. Finding ligands that induce high radiative rates of lanthanide 
luminescencee might be an additional strategy in optimising luminescent lanthanide com-
plexes.. This is a complicated task, and what complicates it even further is that different lan-
thanidee ions will probably need different ligands to achieve high radiative rates. For 
example,, the radiative lifetime of the near-infrared luminescence of Nd does not at all 
dependd on Q2> which contrasts strongly with the situation for Eu , whose radiative life-
timee is mainly determined by this parameter. 

Thee knowledge on radiative transitions of lanthanide ions, which is mainly the result of 
studiess on doped glasses and crystals, can be fruitfully applied to luminescent lanthanide 
complexes.. On the other hand, organic ligands provide a flexible way to tune the ligand 
fieldfield around the ions, and may thus be used to study correlations between the spectra and 
raditiativee lifetimes of different lanthanide ions. We hope that the present study narrows 
thee gap between the spectroscopic work on lanthanide-doped inorganic solids and orga-
nolanthanidee complexes. 
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Chapte rr  4 

Near-infrare dd luminescen t lanthanid e 
complexe ss containin g organi c dyes 
ass antenn a chromophore s 

4.11 Introductio n 
Twoo reasons why lanthanide luminescence is considered interesting are both consequences 
off  the fact that it stems from transitions of the electrons in the 5f orbitals. Firstly, rare earth 
emissionn is spectrally concentrated in narrow emission bands, even when the lanthanide 
ionss are contained in an organic matrix at room temperature. The energies of the f electrons 
aree relatively insensitive to the environment because these electrons are shielded by the 
occupiedd 5p and 6s shells. Secondly, lanthanide luminescence is long lived compared to 
thee emission from organic fluorophores. The fact that f-f transitions are only very weakly 
allowedd gives rise to radiative lifetimes in the millisecond range. 

Mostt of the work in the field of lanthanide luminescence in solution has been devoted 
too europium(HI), terbium(III), dysprosium(ffl) and samarium(III) complexes, which all 
showw emission in the visible range of the spectrum. More specifically, chelates of euro-
pium(III)) and terbium(III) have met with considerable interest because of their potential 
applicationn as luminescent markers in fluoroimmunoassays and time-resolved micros-
copy.. " J In such applications, the complex usually comprises an organic chromophore 
whichh can transfer excitation energy to the encapsulated lanthanide ion in order to over-
comee the ion's intrinsically low extinction coefficient.16,7^ In the case of the visibly lumi-
nescentt rare earth ions, such a sensitising moiety (often referred to as the "antenna 
chromophore")) needs to be excited in the near-ultraviolet, since its triplet energy should be 
sufficientlyy large to provide efficient energy transfer to the rare earth ion. It has been 
arguedd that the longest wavelength at which sensitised luminescence from Eu3+ can be 
excitedd is 385 nm. The limit is at even higher energy for Tb3+, 346 nm.[8] 

Extendingg this photophysical argument to near-infrared luminescent rare earth ions, 
suchh as ytterbium(III), neodymium(III) and erbium(III), sensitisation of these ions by 
chromophoress that absorb at longer wavelengths becomes feasible.*  Meshkova et al. have 
indeedd used colored triphenylmethane-derived indicators, in particular xylenol orange, for 
thee determination of Yb3+ and Nd3+ in solution in the presence of Sm3+, taking advantage 
off  the fact that only the former show sensitised luminescence upon excitation of the xylenol 

Comparee the energies of the luminescent states of the lanthanide ions (Figure 1-1 in Chapter 1) 
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orange.11 J Also, ytterbium(III) porphyrines have been reported to show the typical lantha-
nidee centered luminescence upon excitation of the porphyrin.̂  No detailed studies of 
energyy transfer from organic dyes to near-infrared emitting lanthanide ions, however, have 
beenn undertaken. 

Inn this chapter, a first generation of near-infrared luminescent lanthanide complexes 
(Figuree 4-1) is discussed, in which the organic dyes fluorescein and eosin serve as the sen-
sitisingg chromophores. These dyes have been covalently attached to the DTPA (diethylen-
etriaminee pentaacetic acid) ionophore which is knowm ' ' to form stable 1:1 complexes 
withh lanthanide ions. The synthesis and photophysical properties of the lanthanide com-
plexess with these ligands are described. This is the first study of visible light sensitised 
near-infraredd lanthanide luminescence in well-defined (one-on-one) complexes, and the 
firstfirst experimental observation of Er luminescence in organic media. 

Ln(AMM FLU-DTP A) Ln(AMEO-DTPA) 

Figuree 4-1. Molecular structures of the lanthanide complexes studied in this chapter 

4.22 Experimental : synthesi s and spectroscop y 
Alll  instruments and standard measurement and analysis procedures have been described in 
Chapterr 2. This section only contains experimental information specific to the present 
chapter. . 

4.2.11 Chemical s 

Diethylenetriaminee pentaacetic dianhydride (DTPAA) and 5-aminofluorescein (fluores-
ceinamine,, isomer I) were obtained from Aldrich. 5-Aminoeosin was purchased from 
Molecularr Probes. The DMSO (Merck, Uvasol) was dried over molsieves (4 A) before use. 
Thee lanthanide chloride hexahydrates were ordered from Fluka and Aldrich. D20 (99.9%), 
NaOD,, TRIS-<fi i, DCl (35% solution in D2O) were obtained from Aldrich. The ferrocene 
hass been bought from Baker. 

4.2.22 Synthesi s of the ligand s 

Thee ligands are prepared using a convenient one-step synthesis similar to that used in 
Ref.. 11. 
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AMFLU-DTPA .. A solution of 15 mg (1.5 x 0.56 mmol) of water in 0.5 ml of DMSO was 
addedd dropwise to a stirred suspension of 200 mg (1 x 0.56 mmol) of DTPAA in 2 ml of 
DMSO.. After lh, 5-aminofluorescein (100 mg, 0.5 x 0.56 mmol) was added. The reaction 
mixturee was allowed to react overnight at ambient temperature. The mother liquor was 
pouredd into 30 ml of a triethylammoniumacetate (TEAAc) buffer (0.05 M, pH 6.5) and 
fromm this solution the AMFLU-DTPA was isolated by means of preparative reversed phase 
HPLCC (C18 column, solvent A: 10% acetonitrile in TEAAc buffer, solvent B: acetonitrile, 
gradientt 0-60% solvent B in 25 minutes). The fraction having the typical fluorescein 
absorptionn spectrum was collected and concentrated by vacuum evaporation of the eluent. 
Thee product precipitated after adding 0.3 M HC1. The yellow powder was collected by cen-
trifugationn and washed with dilute acid (0.3 M HC1) and acetonitrile. <5H (400 MHz, D20/ 
NaOD,, 298 K) 7.97 (1H, d, 3JHH = 1.l Hz), 7.76 (1H, dd, 2JHH = 8.2 Hz, 3JHH = 2.1 Hz), 
7.366 (1H, d, 2JHH = 8.2 Hz), 7.27 (2H, d, 2JHH = 8.9 Hz), 6.65 (2H, d, 2JHH = 8.9 Hz), 6.64 
(2H,, s), 3.51 (2H, s), 3.34 (2H, s), 3.15 (2H, s), 3.14 (4H, s), 2.86 (2H, m), 2.76 (2H, m), 
2.644 (4H, s). For comparison, also the !H NMR spectrum of DTPA was measured under 
thee same conditions: <5H (400 MHz, D20/NaOD, 298 K) 3.20 (10H, broad s), 2.72 (8H, 
broadd s). Mass spectrometry (ESI): m/z 721.1 ([M-H]') . / W (TRIS buffer, pH 8.3) = 491 
nm(££ = 5xl04M- 1cm-1). 
AMEO-DTPA .. The procedure used for the preparation of AMEO-DTPA is virtually iden-
ticall  to the one mentioned above. 8  ̂ (400 MHz, D20/NaOD, 298 K) 7.98 (1H, d, 3Jm = 
2.11 Hz),7.80(1H,dd,2JHH=  8.3Hz,3JHH = 2.1 Hz), 7.79 (2H, s), 7.46(1H,d,2JHH=& 3 
Hz),, 3.53 (2H, s), 3.36 (2H, s), 3.16 (2H, s), 3.16 (4H, s), 2.88 (2H, m), 2.78 (2H, m), 2.66 
(4H,, s). Mass spectrometry (ESI): m/z 1036.4 ([M-H]) . A ^ (TRIS buffer, pH 8.3) = 519 
nm(££ = 8xl04M" 1cm"1). 

4.2.33 Preparatio n of the chelate s 
Too ensure that measurements were done on pure 1:1 complexes, without any free ligands 
orr lanthanide ions present in solution, the following method was used. Two molar equiva-
lentss of aqueous solutions of YbCl3, NdCl3 or ErCl3 were added to a 10"3 M solution of 
ligandd (AMFLU-DTPA or AMEO-DTPA) in TEEAc buffer (pH 6.5). The chelate was then 
introducedd on a preconditioned solid phase extraction column (Alltech Maxiclean, station-
aryy phase Cig) and the buffer and excess lanthanide ion were washed away with distilled 
water.. The chelate was eluted using a 1:1 water/methanol mixture. Finally, the solvent was 
evaporated,, leaving a solid which could be readily dissolved in various solvents for spec-
troscopicc measurements. 

4.2.44 Sampl e preparatio n 
Mostt samples were prepared by dissolving the solid chelates prepared as described in 

Sectionn 4.2.3 and subsequent dilution to the desired optical density. For the titrations, stock 
solutionss of ligands were prepared. These titrations and the assessment of the relative lumi-
nescencee quantum yields were done on solutions in 0.01 M deuterated TRIS (D20, pD 8.3). 
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Antennaa fluorescence quantum yields and time-resolved spectroscopy were carried out on 
aqueouss solutions of the complexes at pH 12 (0.01 M NaOH) to ensure complete deproto-
nationn of the complex. These conditions are usually applied in the study of the photophys-
icall  properties of fluorescein and derivatives J13^ The luminescence quenching 
experimentss were carried out using DMSO as a solvent because of solubility problems (see 
4.2.6). . 

4.2.55 Steady-stat e luminescenc e spectroscopy . 

Thee optical densities of the samples did not exceed 0.2 at the excitation wavelengths. 
Deoxygenationn was achieved by bubbling argon through the solutions. Antenna fluores-
cencee quantum yields were determined using solutions of fluorescein (0=0.92) and eosin 
(<D=0.22)) in 0.01 M NaOH[13] as references for the AMFLU-DTPA and AMEO-DTPA 
respectively.. The quantum yields are the averages of at least two measurements on freshly 
preparedd samples. 

4.2.66 Luminescenc e quenchin g experiment s 

Inn the quenching experiments, the Ln(AMEO-DTPA) complexes (Ln=Yb, Nd, Er) were 
dissolvedd in DMSO containing 1 vol% of an 0.1M ethanolic KOH solution. DMSO was 
usedd because the quencher, ferrocene (Fc), is not soluble in water. The basic ethanol was 
addedd to ensure deprotonation of the antenna. The near-infrared lanthanide luminescence 
intensityy was observed under excitation at 522 nm, a wavelength at which the absorption 
off  ferrocene is negligible. Tiny amounts of solid ferrocene were added to the solution and 
thee change in luminescence intensity was monitored. The concentration of ferrocene could 
bee reliably determined by monitoring the change in absorbance at 430 nm, the maximum 
off  the ferrocene absorption band and near a minimum in the AMEO-DTPA absorption 
spectrum.. The concentration of Fc quencher was calculated via its extinction coefficient at 
thatt particular wavelength, which we have found to be 112 M"1 cm"1. The sample was thor-
oughlyy deoxygenated by bubbling with argon after each addition of ferrocene. 

4.2.77 Transien t absorptio n spectroscop y 

Transientt absorption spectra were recorded using the OMA-IV setup, single-wavelength 
absorptionn kinetics using a photomultiplier and an oscilloscope (Section 2.5 in Chapter 2). 
Inn both cases, the samples were pumped using 308 nm pulses from an XeCl excimer laser. 

4.33 Result s 

4.3.11 Steady stat e luminescenc e spectroscop y 

Al ll  chelates exhibit the typical lanthanide emission upon excitation of the antenna chromo-
phore.. Emission at 981 nm ( F7/2 <— F5/2) is observed for the Yb complexes, at 876, 
10644 and 1337 nm (4Ig/2,4In/2 and 4I13/2 «- 4F3/2» respectively) for the Nd3+ complexes 
andd 1522 nm (4Ii5/2 <— 4In/2) f° r m e Er3+ chelates. The emission spectra are depicted in 
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Figuree 4-2. Although recorded at rather large spectral bandwidth, it can be seen that the 
shapess of the emission spectra of the AMFLU-DTPA and the AMEO-DTPA chelates of 
thee respective lanthanide ions are identical. . 
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Figur ee 4-2. Near-infrared luminescence spectra. A: Excitation spectrum of AMFLU-DTPA/Nd3+ 

(solidd line, Aem = 1064 nm); absorption spectrum (dotted line). B: Emission spectra 
off the AMFLU-DTPA/Ln3+ complexes (Aexc = 488 nm). C: Excitation spectrum of 
AMEO-DTPA/Nd3++ (solid line, Aem = 1064 nm); absorption spectrum (dotted line). 
D:: Emission spectra of the AMEO-DTPA/Ln3+ complexes (Aexc = 488 nm) 

Alsoo shown in Figure 4-2 are the excitation and absorption spectra of AMFLU-DTPA/ 
Nd3++ and AMEO-DTPA/Nd3+. The corresponding Yb3+ and Er3+ chelates have identical 
excitationn and absorption spectra. The excitation spectra closely match the absorption 
spectraa and are very much the same as the spectra of the virgin chromophores. 

AA titration experiment, in which the 1064 nm photoluminescence intensity was meas-
uredd as a function of the Nd -to-ligand ratio, proved the 1:1 complexation of lanthanide 
ionss with both ligands. Moreover, the spectroscopic properties of these complexes were 
identicall  to the corresponding ones prepared by the method described in Section 4.2.3. The 
absorptionn spectra of the ligands did not change upon complexation. The extinction coef-
ficientss derived from the fluorimetric titrations and those measured directly agreed well. 
AMFLU-DTPAA has an absorption maximum at 491 nm with an extinction coefficient of 5 
xx 104 M^cm"1, AMEO-DTPA has A ^ = 519 nm with £max = 9 x 104 M ' W 1 . 

**  For the AMFLU-DTPA/Yb complex, however, the ion emission is superimposed on the long-wave-
lengthh tail of the fluorescein fluorescence. 
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Figur ee 4-3. Emission spectra (Xexc = 488 nm). of AMEO-DTPA/Er3"1" in aerated (solid line) and 
deoxygenatedd (dashed line) solution (deuterated TRIS buffer). 

Relativee quantum yields and the effect of O2. The relative lanthanide luminescence 
quantumm yields upon excitation of the antenna chromophore are listed in Table 4-1. These 
aree sensitive to the presence of molecular oxygen. In fact, singlet oxygen phosphorescence 
iss observed at 1.27 [im upon excitation of the eosin chromophore of the AMEO-DTPA/ 
Ln3++ complexes in aerated solution. The effect of deoxygenation is illustrated well by 
Figuree 4-3. Upon purging with argon, the oxygen emission disappears, and the overall 
luminescencee yield of the complex increases. The singlet molecular oxygen quantum 
yieldss relative to the free ligand are also tabulated in Table 4-1. 

Tablee 4-1. Quantum yields of the near-infrared luminescent complexes in aerated (Qaer) 
andd deoxygenated (Qdeox) solution (deuterated TRIS buffer), relative to AMEO-
DTPA/Nd3+.. The singlet molecular oxygen quantum yields, Q& are relative to 
thatt of the free AMEO-DTPA ligand. The values reported here are  10%. 

Ligand d Ion n Qd* * Qdeox^Qa a QA A 

AMEO-DTPA A 

AMFLU-DTPA A 

Nd d 

Yb b 

Er3* * 

Nd d 

Yb b 

Er3* * 

3+1 1 

3+ + 

3+ + 

3+ + 

1.0 0 

1.4 4 

0.083 3 

0.71 1 

0.080 0 

0.28 8 

1.5 5 

9.0 0 

0.30 0 

0.86 6 

0.46 6 

0.31 1 

1.5 5 

6.4 4 

3.6 6 

1.2 2 

5.8 8 

1.1 1 

0.11 1 

0.76 6 

0.27 7 

a.. Only the 1060 nm emission band. This transition constitutes 58% of the total emission observed. 
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4.3.22 Antenn a fluorescenc e 

Nott only lanthanide-centered emission is observed. The antenna chromophores themselves 
showw appreciable fluorescence (Figure 4-4). Absolute antenna fluorescence quantum 
yieldss are listed in Table 4-2. The yields relative to the free ligand are also given. Eu3+ was 
includedd because of its low reduction potiental which facilitates the indication of electron 
transferr processes that contribute to the antenna fluorescence quenching. Gd is a lantha-
nidee ion that lacks any energy levels that are able to accept energy from eosin of fluores-
cein.. The antenna fluorescence quenching induced by this ion will only be a result of 
enhancedd intersystem crossing from the antenna singlet to the triplet state. 

~ii 1 1 r 
5000 550 600 650 

X/nm m 

Figur ee 4-4. Fluorescence spectra observed upon excitation of the antenna chromophores 
(Xexcc = 460 and 480 nm for AMFLU-DTPA and AMEO-DTPA, respectively). 

Tablee 4-2. Antenna fluorescence quantum yields of various Ln(AMEO-DTPA) and Ln(AMFLU-
DTPA)) complexes in 0.01 M NaOH (water, pH 12). $ F is the absolute antenna 
fluorescencefluorescence quantum yield. Also the quantum yields relative to the free ligand are 
givenn (%) 

Ln(AMFLU-DTPA)) Ln(AMEO-DTPA) 

Freee ligand 

Yb3+ + 

Nd3+ + 

Er3* * 

Gd3+ + 

Eu3+ + 

* F F 

0.75 5 

0.26 6 

0.096 6 

0.13 3 

0.46 6 

0.37 7 

% % 

100 0 

34 4 

13 3 

17 7 

61 1 

49 9 

<I>F F 

0.19 9 

0.082 2 

0.078 8 

0.075 5 

0.091 1 

0.086 6 

% % 

100 0 

43 3 

41 1 

39 9 

48 8 

45 5 
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4.3.33 Quenchin g of photosensitise d lanthanid e luminescenc e in 
Ln(AMEO-DTPA )) by ferrocen e 

Additionn of ferrocene to a solution of Ln(AMEO-DTPA) in DMSO decreases the overal 
sensitisedd luminescence quantum yield, but does not change the lanthanide luminescence 
lifetime.. Plotting the data in Stern-Volmer style gives straight lines (Figure 4-5). The 
slopess of these lines are the Stern-Volmer quenching constants, KSy (Table 4-3). 

Thee quenching by Fc of the fluorescence of the antenna chromophore itself, eosin, was 
alsoo investigated, since such a way of depopulating the antenna singlet state might also 
contributee to an overall decrease in lanthanide luminescence quantum yield. From experi-
mentss carried out on ethanolic solutions, it was found that quenching of the eosin singlet 
statee in that solvent occurs with Ksv = 35 M"1. Taking into account the higher viscosity of 
DMSOO compared to EtOH, we find that quenching of the singlet state of eosin does not 
contributee significantly to the decrease in lanthanide luminescence. 

4.3.44 Time-resolve d near-infrare d emissio n measurement s 

AA typical time-resolved emission trace is shown in the lower half of Figure 4-6. It was 
foundd that the time-resolved data could adequately be adequately fit  using either a monoex-
ponentiall  decay or a biexponential function, having both a rising component and a decay-
ingg component of equally big, oppositely signed amplitudes. Sometimes, however, it was 
necessaryy to include an additional exponentially decaying component with a lifetime fixed 
att 10 ns to accommodate the prompt antenna fluorescence of the antenna chromophores. 
Thiss was mainly the case with the Nd and Yb3+ complexes of AMFLU-DTPA, because 
theirr (weak) emissions are on the long wavelength tail of the fluorescein fluorescence. The 
resultss of the fits can be found in Table 4-4. 

255 —1 

2 0 --

1 5 --

10 0 

++ Nd(AMEO-DTPA) 
oo Er(AMEO-DTPA) 
AA Yb(AMEO-DTPA) 

Figuree 4-5. Stern-Volmer plot of the quenching of the near-infrared luminescence of Ln(AMEO-
DTPA)) complexes by ferrocene (Fc) in DMSO. Excitation wavelength was 530 nm, 
thee luminescence was detected at 980 nm (Yb3+), 1060 nm (Nd3+) or 1520 nm 
(Er3-) ) 
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Tablee 4-3. Stern-Volmer constants for the quenching of the NIR luminescence of Ln(AMEO-
DTPA)) by ferrocene (see Figure 4-5) in DMSO and the triplet lifetimes estimated on 
basiss of these constants. The constant for quenching of the eosin singlet state in 
ethanoll has also been included. 

Yb(AMEO-DTPA) ) 

Er(AMEO-DTPA) ) 

Nd(AMEO-DTPA) ) 

eosinn fluorescence in EtOH H 

K SV V 

566 6 

322 2 

171 1 

35a a 

/M" 1 1 TTT (est.) 

2988 ns 

1699 ns 

900 ns 

a.. Taking in account the different diffusion constants for EtOH and DMSO, Ksv 

amountss to 19 M"1 in DMSO 

Tablee 4-4. Time-resolved luminescence data. The samples were excited by a N2 laser (337 
nm,, 1 ns FWHM). The luminescence was detected at 980 nm (Yb3*), 1060 nm 
(Nd3+)or1520nm(Er3+). . 

Complex x 

YbAMEO O 

NdAMEO O 

ErAMEO O 

YbAMFLU U 

NdAMFLU U 

ErAMFLU U 

Solvent t 

D20 0 

DMSO O 

D20 0 

DMSO O 

D20 0 

D20 0 

D20 0 

D20 0 

aeratedaerated (|xs) 

Risee time 

1.2 2 

0.4 4 

--

--

--

1.4 4 

--

0.4 4 

Decayy time 

8.0 0 

2.2 2 

0.4 4 

0.8 8 

1.5 5 

8.4 4 

0.5 5 

1.0 0 

deoxygenateddeoxygenated (\is) 

Risee time 

2.8 8 

0.7 7 

--

--

--

8.0 0 

--

0.3 3 

Decayy time 

8.6 6 

2.3 3 

0.44 4 

0.9 9 

1.5 5 

8.5 5 

0.6 6 

1.0 0 

4.3.55 Transien t absorptio n 

Deoxygenatedd aqueous solutions of the AMEO-DTPA ligand and its Gd3+ and Yb3+ com-
plexess were studied using transient absorption spectroscopy. Upon optical excitation, the 
freee ligand and the Gd3+ complex exhibit transient absorption spectra which are virtually 
identicall  to that of eosin, with a broad triplet-triplet absorption (Am^ 530 nm). Single 
wavelengthh measurements show that this transient does not decay mono-exponentially, 
whichh is most probablydue to triplet-triplet annihilation. The data, however, reveal that this 
triplett state has a lifetime of at least 25 |is. 
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Thee transient triplet-triplet absorption of Yb(AMEO-DTPA) is shorter lived, 3 (is, 
whichh matches the rising component in the time-resolved emission near-infrared measure-
mentss (Figure 4-6) 
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Figur ee 4-6. Time-resolved spectroscopy of Yb(AMEO-DTPA) in deoxygenated 0.01 M NaOH. 
Upperr trace: transient absorption at 530 nm, the maximum of the Tn<-T.| 
absorptionn band (Xexc = 308 nm, excimer laser). Lower trace: time-resolved 
emissionn at 980 nm (Xexc = 337 nm, N2 laser). 

4.44 Discussio n 

4.4.11 General optica l characteristic s 

Thee luminescence of the near-infrared emitting Nd , Yb , and E r+ is indeed sensitised 
byy the organic dyes in the 1:1 complexes. The excellent agreement between the absorption 
andd the near-infrared luminescence excitation spectra of the complexes clearly indicates 
thatt excitation of the antenna chromophore is the only photophysical pathway leading to 
observablee luminescence in these samples. If direct excitation of the lanthanide ion, e.g. at 
5800 nm for Nd3+ or at 540 nm for Er3"*", would lead to significant photoluminescence, these 
liness would show up in the excitation spectra. 

Alll  lanthanide centered emission bands show a fine structure due to crystal field split-
tingg of the electronic f-f transitions. This splitting is relatively sensitive to the environment. 
Thus,, from the fact that the shapes of the emission spectra are identical for the AMEO-
DTPAA and AMFLU-DTPA complexes, it can be concluded that the lanthanide ions are in 
thee same environment, as one would expect for this type of sensitiser-modified DTPA 
chelates,, since the lanthanide ion finds itself always in a similar, "DTPA-like", environ-
ment. . 

w4lMn n 
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Ann increasing number of emission spectra of Nd3+ ions in solution is becoming availa-
ble,114"1611 due to a recent interest in its luminescence in solution. Also, some emission 
spectraa of Yb3+ in solution are known in the literature.[9,10'17] The emission spectral data 
off  our Nd3+ and Yb3+ complexes compare well to spectra published thus far. 

Sincee this is the first time that Er34" luminescence in organic media was studied, we had 
onlyy solid state studies ̂ 18] on the emission of Er3*  for comparison at the time the measure-
mentss were done. Only the 4I 13/2 -»

 4Iis/2 emission is observed ( X ^ = 1.52 urn) in our 
chelates.. In principle the Er3+ could show emission around 980 nm (4In/2 -» 4Ii5/2>» o r 

evenn at 800 nm (4I9/2 -»
 4Iis/2). but obviously these states are rapidly deactivated to the 

4I 13/22 state. Recently, Ding, Alford and Wright reported on luminescence from Er3+ encap-
sulatedd in a fullerene cage.tl9] Their Er3"1" emission spectra very much resemble our spectra. 
Thee emission of Er3+ in organic systems is broadened and slightly shifted to shorter wave-
lengthss compared to Er3+ in solid state materials. 

Althoughh at first sight these complexes appear quite successful, the occurrence of 
antennaa fluorescence and the observation of oxygen quenching of the sensitised lanthanide 
luminescencee indicate that the sensitisation is not very efficient. Several photophysical 
stepss are involved before the initially absorbed energy is emitted as lanthanide lumines-
cence,, and the overall luminescence quantum yield is determined by how these steps can 
competee with those which do not not lead to emission. Therefore, we will now turn to a 
moree detailed description of the processes occurring after photoexcitation of the antenna 
chromophore. . 

4.4.22 A detaile d pictur e of the sensitisatio n proces s 
AA simple, yet adequate photophysical model for the description of these processes is visu-
alisedd in Figure 4-7. The electronic states of the complexes have been written in the form 
(antenna;(antenna; ion) in which antenna and ion denote the electronic states of the antenna and ion, 
respectively.. Such a separation in the description of the electonic state of a lanthanide com-
plexx is well justified since the interaction between the ion and the chromophore is very 
weakk and does not lead to mixing of their electronic states: the absorption and emission 
spectraa of AMFLU-DTPA and AMEO-DTPA do not change shape upon complexation and 
thee lanthanide ions still emit their typical luminescence lines. 

Inn Figure 4-7 the luminescent state of the ion is simply denoted by (Ln3+)*  and all lumi-
nescentt transitions have been depicted as one pathway. In reality, several radiative transi-
tionss usually take place from this luminescent state. These transitions and the states 
involvedd are different for each ion. A 'close-up' of the energy levels of the three ions is 
shownn in the right part of Figure 4-7. 

Thee transitions between the states of the complex have been indicated by arrows, to each 
off  which belongs a rate constant. The quantum yield of every process is related in the usual 
wayy to the ratio of the rate of that particular process to the sum of the rates of all competing 
processess (including the process itself), e.g. 
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(S,;; LnJ+) 3+xx  «. 

(S0;Ln3')) 1

(S0;; Ln3+-) 

AE/cnr1 1 

—— fluorescein 
—— eosin 

10000 0 

Yb^^ Er 3 +Nd^ 

Figuree 4-7. Left: Simple photophysical scheme describing the main pathway to sensitised 

lanthanidee luminescence in the complexes studied. Right: "Close-up" of the energy 

levelss of the lanthanide ions and the triplet levels of fluorescein and eosinJ20' 

O O 
visc c 

^ISCC + kf + ^nf  + ^SET 
(4-1) ) 

Forr the overall (i.e. sensitised) NIR luminescence quantum yield of the complex, OT OT 

wee can write 

O O TOT T == (^SET + ^ ISC^ET)̂  (4-2) ) 

wheree OS ET is the quantum efficiency of energy transfer directly from the singlet state of 
thee sensitiser, OJSC is t ne quantum yield of triplet state formation after photoexcitation of 
thee antenna chromophore, OE T is the efficiency of transfer of the energy contained in the 
triplett state to the lanthanide ion and 0L n is the quantum yield of the lanthanide lumines-
cencee step. 

Energyy transfer from organic chromophores to lanthanide ions is generally considered 
too take place only through the triplet state of the chromophores J7' ' 22^ In this case, 
Equationn 4-2 reduces to 

^TOTT = ^ ISC^ET^Ln (4-3) ) 

Thee quenching of the overall NIR luminescence by dissolved molecular oxygen is due 
too a decrease of <I>ET, since oxygen is a well-known quencher of triplet states of organic 
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molecules.. The emission quantum yield of the lanthanide ion itself (4» )̂ has been shown 
too be insensitive to oxygen quenchingS ' ' ' 

Inn the light of Equation 4-3 it is a remarkable observation that also in the AMFLU-
DTPA/Ln3+,, containing the fluorescein chromophore, sensitisation is fairly efficient. Flu-
oresceinn is known to have a very low triplet yield. In these complexes, however, the inter-
systemm crossing may be enhanced due to the presence of the heavy lanthanide ion. The fact 
thatt also the AMFLU-DTPA/Ln3+ complexes have oxygen sensitive luminescence yields 
iss clear evidence that also in these complexes the main pathway to sensitised luminescence 
runss via the triplet state of the fluorescein chromophore (vide infra). 

4.4.33 Antenn a Fluorescence . The efficienc y of intersyste m crossin g 

AA significant part of the energy put into the complexes is not transferred to the ion but emit-
tedd by the antenna itself as fluorescence (Figure 4-4 and Table 4-2). Nevertheless, the flu-
orescencee emitted by the antenna chromophore itself is less intense in the lanthanide 
complexess than in the free ligand. In general, three mechanisms may be involved in the 
quenchingg of the antenna fluorescence: 

EnhancedEnhanced intersystem crossing (increase ofkj$c at the expense of &j).  Although this 
mayy be qualitatively explained in terms of an 'external heavy-atom' effect,*  ™ which 
meanss that the presence of a heavy lanthanide nucleus leads to spin-orbit coupling in the 
chromophoree and subsequent mixing of singlet and triplet states. Several studies have 
revealedd that the situation with lanthanide ions is more complicated, e.g. the paramagnetic 
Gd3++ ion is much more effective in enhancing ISC than the heavier but non-magnetic 
LU 3 + ; 4° ] ] 

DirectDirect energy transfer from the antenna singlet to the lanthanide ion COSET > 0). This 
possibilityy cannot be excluded on theoretical grounds S ' Direct singlet energy transfer, 
however,, has never been observed experimentally. The main reason for this is, as has 
alreadyy been pointed out by several authors^22'25^ that singlet energy transfer to lanthanide 
ionss is generally too slow to compete with intersystem crossing and fluorescence. 

ElectronElectron transfer quenching. If the energy of the singlet excited state of the antenna is 
highh enough to start an electron transfer reaction with the encapsulated ion, the antenna flu-
orescencee might be quenched. In Figure 4-7 such a process is seen as a contribution to £nf 

Forr example, the Yb3+ and Eu3+ complexes of indole-EDTA produce significantly less 
indolee fluorescence than the other lanthanide complexes with this ligand. In fact, such an 
electronn transfer may be followed by a charge recombination that may liberate sufficient 
energyy to produce excited Yb3+, as has been proposed by Horrocks et alS  ̂Their group 
studiedd the luminescence of Yb3+ introduced in parvalbumin, a calcium binding, single 
tryptophann containing protein. It was found that the Yb3+ emission was sensitised by the 
distantt indole chromophore present in the tryptophan residu of the protein. At the same 
time,, the indole fluorescence was quenched relative to that of parvalbumin loaded with 
otherr rare earth ions. They proposed the following scheme: 
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indolee + hv —» (indole)* 

(indole)**  + Yb3+ -»(indole)-*" " + Yb2+ 

(indole)+-- + Yb2+ -> indole + (Yb3+)* 

Thus,, in case of favourable energetics, electron transfer quenching of antenna chromo-
phoress may lead to photosensitisation of Yb luminescence. 

Everyy lanthanide ion induces a different decrease in the antenna fluorescence quantum 
yieldd of the AMEO-DTPA and AMFLU-DTPA ligands (Table 4-1). Eu3+ and Yb3+ do not 
quenchh to a larger extent than the other lanthanides do. This rules out the possibility that 
electronn transfer contributes significantly to the quenching of antenna fluorescence. It is 
thereforee not likely that Horrocks' mechanism is operative in generating Yb lumines-
cence. . 

Forr Ln(AMEO-DTPA) complexes the antenna fluorescence is quenched to the same 
extentt by all lanthanide ions, including Gd3+. As already mentioned, Gd has no energy 
levelss that can accept energy from either singlet excited eosin or fluorescein, and is not 
easilyy reduced electrochemically. On the other hand it is a well-known enhancer of inter-
systemm crossing and it is most likely that in the eosin-containing lanthanide complexes that 
processs is the main quencher of antenna fluorescence. 

Thee situation appears somewhat more complicated for the Ln(AMFLU-DTPA) com-
plexess in which there appears to be a correlation between the fluorescence quenching and 
thee spectral overlap of the antenna fluorescence with the lanthanide absorption spectrum. 
Onee finds that Nd3+, Er3* , Eu3+, Yb3+ and Gd3+ have 4, 3,2,0 and 0 energy levels respec-
tivelyy in the region 480-650 nm, where the main fluorescein fluorescence occurs (see 
Figuree 1-1 in Chapter 1). This may be an indication of energy transfer of the antenna 
excitedd singlet state to the lanthanide ion. In the next paragraph it will be shown that the 
energyy transfer process to the lanthanide ion is not so fast that it can lead to a decrease in 
antennaa fluorescence. The Gd3+ complex demonstrates that enhancement of intersystem 
crossingg plays an important and probably predominant role in the reduction of Of . 

4.4.44 Energy Transfe r Proces s 

Thee aforementioned oxygen sensitivity indicates that the antenna triplet state is an inter-
mediatee in the formation of the luminescent state of the complexes and that the energy 
transferr from the chromophore to the ion takes place in the microsecond time domain. The 
influencee of oxygen on 4>T0T is mediated through ^ ^ , in Figure 4-7 shown as quenching 
off  the triplet state by external quenchers, £qT. In aerated solution, the dissolved ground-
statee (triplet) oxygen interacts with the antenna triplet to generate singlet oxygen, which 
wee detect by its phosphorescence at 1270 nm. 
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Forr air-equilibrated water [02] = 10*4 M I20] and if we assume that * q is at most k  ̂ = 
10"100 M"1 s"1, we find that if the overall sensitised luminescence output of the complex is 
oxygen-sensitive,, the lifetime of the intermediate triplet state must be in the microsecond 
time-domain. . 

Energyy transfer from both eosin and fluorescein to Yb3+ is obviously much slower than 
energyy transfer to Nd3+ and Er3"*", as can be concluded from the enormous increase in over-
alll  quantum yield of the Yb3+ complex upon deoxygenation. This phenomenon presuma-
blyy stems from the fact that Yb3+ has only one excited state participating in the energy 
transferr process. Therefore, Yb3+ has less spectral overlap with the antenna chromophore 
thann do Nd3+ and Er3"1". All in all, the energy transfer in the Yb3+ complexes is between two 
statess with a remarkably large energy gap. In 1958, Crosby and Kasha already noted the 
factt that Yb3+ can accept energy from sensitisers that have a much higher energy level.1 ] 

Thee existence of only one energy accepting state at low energy (10200 cm ) was the 
reasonn for Horrocks etal. to rule out the normal energy transfer pathway, and to invoke the 
photoinducedd double redox mechanism. Our data suggest that in our complexes triplet 
energyy transfer is active even in the Yb complexes. 

Thee l02 yields of these series of complexes follows the trend predicted by the oxygen 
sensitivityy measurements, so that we may conclude that it is indeed the transfer of excita-
tionn energy to molecular oxygen that competes with the intracomplex dye-lanthanide ion 
energyy transfer. The Yb3+ complex is clearly the most efficient producer of singlet molec-
ularr oxygen, since the competing energy transfer to the lanthanide ion is the slowest. 

Thee slow rate of energy transfer is further demonstrated by the occurrence of rising com-
ponentss in the time-resolved luminescence curves of some of the complexes (Table 4-4). 
Withinn the scheme of sensitised luminescence (Figure 4-7) the response of the lanthanide 
luminescence,, I^n, to delta pulse excitation, and assuming immediate population of the tri-
plett state (large kiSC), is given by 

3+ + Jtr r 
I^t)I^t) - [(T i ; Ln~)](0) J ' . (e ^ - e  ̂ ") (4-5) 

lETT  T * d ""L n 

3+> > 
wheree kd = kp + knp + *qT and *Ln = kT + km. [ ( ^ ; Ln )](0) represents the concentration 
off  triplet-excited complexes formed upon excitation. 
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Wee can distinguish two regimes : 

•• k  ̂ < kpr + kd. The emission curve will have a rising component that has the lifetime 
off the donating state, and a decaying part that represents the excited state lifetime of the 
lanthanidee ion. 

•• k  ̂ > kpj> + kd. Now, the time constant of the rising component is equal to the lifetime 
off the lanthanide luminescence. The decay is governed by the kinetics of the energy trans
fer.. Therefore one can not automatically assign the decaying component to the lumines
cencee step. 

Lookingg at the data in Table 4-4, rising components are seen for both Yb complexes 
andd for the Er(AMFLU-DTPA) complex. For the other complexes, the rise times cannot 
bee resolved due to the limited time-resolution of our setup (200 ns, using the aforemen
tionedd deconvolution methods in the data analysis). Rising components can further be 
obscuredd by short, intense prompt antenna fluorescence signals. The rising component of 
luminescencee of the Yb3+ complexes is influenced by molecular oxygen. Since it has been 
foundd that Yb3+ luminescence is not affected by 30 2

[ 2 3 ] the rising component must be due 
too the energy transfer process. Moreover, our decay times match those determined by 
Beebyy et alP3  ̂ for Yb(DTPA) in D2O, which indicates that the decaying component rep
resentss the Yb luminescence step. 

Thee rising component of Yb(AMEO-DTPA) beautifully matches the decay of the (T„; 
Ln3+)) <r-  (T^ Ln3+) absorption observed in transition absorption. This confirms the 
schemee in which excitation of the chromophore into its singlet states is followed by inter-
systemm crossing to put the complex into the (Tj; Ln ) state which is converted to the lumi
nescentt state by intracomplex energy transfer. 

Additionall information on the lifetime of the (Tj; Ln3+) state (and the rate of energy 
transferr to the lanthanide ion) was obtained from luminescence quenching experiments 
usingg ferrocene (Fc) in deoxygenated DMSO. Ferrocene replaces the oxygen as an eosin 
triplett quencher and has the advantage that its concentration can be conveniently control
led.. Since quenching of the eosin singlet state does not contribute significantly to the 
quenchingg of the near-infrared luminescence (see Table 4-3), we can estimate the antenna 
triplett lifetimes xT from the Stern-Volmer quenching constants, ATSV. 

== TT = ^ (4-6) 
* dd + * E T *•• 

Quenchingg of the eosin triplet state by ferrocene has been studied by Kikuchi et cd.P7^ 
whoo found kQ, the bimolecular rate constant for quenching, to be 3.5 x 10 M s in etha-

** In the pathological case that kLa - k^j + Jtd, the solution of the differential equation takes the form 
/exp(-Jtf)) . 
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nol.. If we take into account the different diffusion constants in DMSO and ethanol, we 
cann deduce a value of 1.9 x 109 M"1 s"1 for kq in DMSO. The estimated triplet lifetimes are 
inn Table 4-3. The data follow the same trend as the one apparent from the deaeration and 
time-resolvedd experiments, with Yb3+ being the poorest acceptor in these complexes and 
Nd3+thee best. 

Thee triplet lifetime of Yb(AMEO-DTPA) in DMSO agrees reasonably well with the 
risingg component found in the time-resolved near-infrared emission in the same solvent 
(Tablee 4-4). The rise time of the luminescence and the lifetime of the antenna triplet state 
off  Yb(AMEO-DTPA) are shorter in DMSO than they are in D20. This might be a result of 
changess in the photophysics of the eosin antenna chromophore, which are reflected in a 
shiftt of the absorption maximum from X , ^ = 519 nm to A^^ = 533 nm. Also, it may be 
thatt Ln(AMEO-DTPA) has a different conformation in DMSO, leading to shorter dis-
tancess between chromophore and lanthanide, or a more favourable orientation for energy 
transfer. . 

4.4.55 The lanthanid e emissio n step : lifetim e and estimat e of quantu m yiel d 

Thee last factor determining the overall quantum yield of sensitised lanthanide lumines-
cencee is the quantum yield of the lanthanide emission step, ^ ^ . This yield is determined 
byy the way in which the radiative process(es) (£,.) can compete with non-radiative processes 
(&„) .. These non-radiative processes usually consist of the transfer of energy from lantha-
nidee ions to nearby vibrational oscillators. 

•»-- " FTF - 7* (4"7) 

Iff both the radiative rate (k,. = l/xR) and the observed lifetime, xobs, are known, the lumi
nescencee quantum yield of the lanthanide can be calculated. In chapter 3, the radiative life
timess of the DTPA complexes of Yb3+, Nd3+ and Er3+ have been calculated making use of 
thee fact that (some of) the involved transitions are also present in the absorption spectrum. 
Althoughh these lifetimes are for complexes without a sensitiser, they are good estimates for 
thee radiative lifetimes of the sensitiser-modified complexes discussed here. 

Thee observed decay times are quite short compared to the lifetime of lanthanide ions in 
inorganicc matrices. This appears to be a general trend with near-infrared luminescent rare 
earthh ions in organic systems.114,16'23, ^ 28"30^ The small energy gaps between the lumi
nescentt states and the nearest lower lying electronic states makes deactivation of the 
excitedd lanthanide ions through coupling with vibrational oscillators in the surrounding 
organicc host very efficient.[31"33] Whereas excited Eu3+ and Tb3+ are mainly deactivated 

** kjiff (diffusion controlled rate constant, Smoluchowski-Stokes-Einstein, 293K) EtOH: 5.4x109, 
DMSO:: 2.9xl09 M l s"1. Ratio DMSO/EtOH: 0.537 
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throughh O-H oscillators, Er3"*", Nd3+ and Yb3+ may also be quenched by C-H, O-D and 
probablyy many other organic vibrational oscillators. It is no coincidence that for example 
Ndd complexes are well suited for study by photoacoustic spectroscopy: this technique is 
sensitivee to non-radiative, heat producing photophysical processes.^3 ^ 

Tablee 4-5. Calculated radiative lifetimes (TR) of the luminescent f-f transitions in Ln(DTPA) 

complexess (Ln=Nd, Yb) and Er3* in D20 (taken from Chapter 3, Section 3.7), and 

estimatess of quantum yield of the lanthanide luminescence step, <t>Lnest, for the 

Ln(AMFLU-DTPA)) and Ln(AMEO-DTPA) complexes. 

Ln 3+ + 

Yb3+ + 

Nd3+ + 

Er>+ + 

xR(ms) ) 

1.21 1 

0.356 6 

8.68 8 

^«'(xlOOO ) ) 

7.1 1 

1.4 4 

0.17 7 

Thee low estimated quantum yields O^ in D20 in Table 4-5 reflect the efficient non-
radiativee deactivation of the excited states of the near-infrared luminescent lanthanide ions. 
Theyy are all less than 1 per cent. Even if one would optimise intersystem crossing and 
energyy transfer, the overall quantum yield will be limited by the intrinsically low quantum 
yieldd of near-infrared luminescent lanthanide ions in organic matrices. The current "world 
record""  lifetimes for such systems are 40 u,s for Yb3+,[35] 13 u,s for Nd3+[24] and 3.4 u,s for 
ErEr++ PP ' For Yb complexes this means that roughly 5% luminescence quantum yield 
mayy be attained, which is still comparable to some of the near-infrared fluorescent organic 
dyess which have been succesfully applied in the tagging of biological molecules J ' 

4.55 Conclusio n 
Intracomplexx energy transfer from organic dyes to near-infrared luminescent lanthanide 
ionss has been established, which opens the way to efficient population of the luminescent 
statee of lanthanide ions using visible light. We have been able to construct well-defined 1:1 
complexess that are stable and water-soluble. 

Itt has been proven that the 1.52 u,m emission of erbium(III) can be sensitised with the 
aidd of organic dyes, which enabled us to obtain the first luminescence spectra of 
erbium(III)) chelates in solution ever published. This finding may have important implica-
tionss for the development of new materials for optical amplification. Erbium-doped fiber 
amplifierss have recently become an object of intensive research in optical telecommunica-
tionss J38*  By taking advantage of the efficient population of the 4In/2 state provided by the 
intracomplexx energy transfer, it should be possible to construct more compact, low-cost 
devicess for such photonic applications. 

Thee neodymium(III) and ytterbium(III) complexes presented here can be considered to 
bee prototypes of a new class of luminescent labels for fluoroimmunoassays and fluores-
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cencee imaging. Whereas europium(III) and terbium(III) based labels need ultraviolet radi-
ationn for excitation, which can harm the biological material and requires special optics, 
thesee labels can be excited with visible light. Biological material is transparent to their 
narroww near-infrared emission. Moreover, these complexes have sufficiently long lifetimes 
forr the use of gated detection to avoid short-lived interferences such as scatter and autoflu-
orescence. . 

Thee sensitisation efficiency (/.«. the product ^ISC^ET)
 i n t n i s first generation of near-

infraredd luminescent complexes is, however, not optimal, as is evident from the occurrence 
off  antenna fluorescence and the quenching of the luminescence by molecular oxygen. The 
detailedd photophysical investigation (which is in fact enabled by the inefficiency of the 
sensitisation)) has provided valuable insights in the inner workings of luminescent lantha-
nidee complexes. It underlines the important role of the antenna triplet state in complexes 
inn which energy transfer to the lanthanide ion does not occur within less than a nanosecond. 
Al ll  observations can be explained on basis of the well-known excitation-intersystem cross-
ing-energyy transfer-luminescence scheme for sensitised lanthanide luminescence, without 
resortingg to other mechanisms such as the one proposed by Horrocks et alS ' for photo-
sensitisedd Yb3+ luminescence. 

Althoughh we have not been able to directly measure OT0T, our results indicate that O I S C 

<< 1, OE T « 1 and 0L n < « 1. In the next chapter we will demonstrate that the efficiencies 
off  both intersystem crossing and energy transfer (<DISC and <J>ET, respectively) can be dras-
ticallyy improved by shortening the distance between the lanthanide ion and the chromo-
phore.. In contrast, the low quantum yield of near-infrared lanthanide luminescence in 
organicc and/or hydroxy lie media is an intrinsic limitation. The ligand that keeps the sensi-
tiserr and the ion together and makes the system 'compatible' with its direct chemical envi-
ronmentt already contains a plethora of molecular vibrations that couple away energy from 
thee excited lanthanide ion. 
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Chapte rr  5 

Efficien tt  visibl e ligh t sensitisatio n of 
waterr  solubl e near-infrare d 
lanthanid ee complexe s 

5.11 Introductio n 
Europium(III)) and terbium(III) complexes that luminesce in the visible and contain organic 
chromophoress as photosensitisers are already applied as labels for marking molecules of 
biologicall  interest, e.g. in fluoroimmunoassays^1"5^ and in fluorescence microscopy J ' '* 
Thee incentive for the use of these labels instead of "conventional" fluorophores is that their 
longg luminescence lifetimes (milliseconds) can be used to discriminate the label emission 
fromm the short-lived (nanoseconds) autofluorescence of the biological matrix. Using time-
gatedd detection, i.e. exciting the sample with a short light pulse and only detecting the pho-
tonss emitted at times later than a few microseconds, the autofluorescence and other inter-
ferencess are effectively suppressed leaving only the lanthanide labels to be detected. This 
hass been convincingly demonstrated by De Haas et al. who combined biochemical (perox-
idasee mediated) signal amplification with time-delayed detection of Eu3+-chelate labelled 
streptavidinn and were able to observe the label luminescence by eye through a modified 
fluorescencefluorescence microscope using delayed detectionS ' 

Inn typical luminescent lanthanide complexes, population of the luminescent (lanthanide 
centered)) state is achieved by energy transfer from a triplet excited organic chromo-
phore.18'933 This indirect path, which involves the efficient excitation of the chromophore 
intoo its singlet state followed by intersystem crossing, is necessary since direct excitation 
off  the lanthanide ion is difficult. Its intraconfigurational f-f transitions are only weakly 
allowed,^0!!  which on one hand gives rise to the long luminescence lifetimes, but on the 
otherr introduces the need for excitation via organic "antenna" chromophores. Here lies also 
thee cause of one of the drawbacks of Eu3+ and Tb3+ based labels. The luminescence of 
thesee ions being in the visible, sensitisation of that luminescence through organic chromo-
phoress can only be effective if these have their lowest singlet transitions in the near-UV,̂  ' 
althoughh in Chapter 7 we will demonstrate that efficient sensitisation of Eu luminescence 
forr blue light excitation is possible under certain conditions. 

Onee might expect that if lanthanide ions with lower lying luminescent states are used, 
thee absorption bands of the antenna chromophores can be pushed more towards the red. In 
thee previous Chapter, we described complexes of neodymium(III), erbium(III) and ytter-
bium(III)) containing fluorescein and eosin as sensitising chromophores (Ln(AMFLU-
DTPA)) and Ln(AMEO-DTPA), see Figure 5-1). These chelates show sensitised near-
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infraredd luminescence from all three lanthanide ions upon excitation of the chromophore 
withh visible light, and were the first near-infrared luminescent complexes in which ion and 
sensitiserr had been brought together in a well-defined one-on-one way. In fact, the com-
plexess of AMEO-DTPA and AMFLU-DTPA with Er3+ were the first examples of their 
kindd to show Er luminescence in solution. However, our study made it clear that in these 
complexess the energy transfer from the chromophores to the ions is not rapid enough. Dis-
solvedd molecular oxygen can compete well with the lanthanide ion as an alternative accep-
torr of the triplet energy of the chromophore, judging from the presence of 02 (

l Ag —> Zg) 
phosphorescencee at 1276 nm and the increase of lanthanide luminescence quantum yield 
uponn deoxygenation. Moreover, a considerable amount of the excitation energy is lost due 
too fluorescence of the antenna chromophore, especially in the fluorescein containing com-
plexes,, as a result of incomplete intersystem crossing. 

AMFLU-DTPA A AMEO-DTPA A 

Brr  Pr 

Ln3++ = Yb3+, Nd3+, Er3* 

Figur ee 5-1. Molecular structures of the Ln(AMFLU-DTPA) and Ln(AMEO-DTPA) complexes 

studiedd in the previous chapter. 

Thee actual chromophore of fluorescein, eosin and other xanthene dyes is the annelated 
three-ringg system. The phenyl ring has been calculated to be almost perpendicular to this 
system.'12^^ In fact, dyes lacking this group have recently been synthesised and show virtu-
allyy the same photophysical parameters as the original dyes.' ' ' Looking again at the 
molecularr structures of the AMEO-DTPA and AMFLU-DTPA, we concluded that the 
phenyll  ring might act as a spacer between the chromophore and the lanthanide ion, increas-
ingg the distance between the two and thereby reducing two interactions crucial to the effi-
ciencyy of sensitisation. Firstly, the paramagnetic and heavy atom effects' ' of the ion on 
thee chromophore are diminished. These effects enhance intersystem crossing, favouring 
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generationn of sensitising triplets over emission of antenna fluorescence. Secondly, the 
exchangee interaction between the electronic system of chromophore and that of the lantha-
nidee ion is weakened, which is detrimental to the efficiency of (Dexter type) excitation 
energyy transfer. 

Wee therefore decided to investigate complexes of Yb , Nd and Er with 4',5'-bis[N, 
N-bis(carboxymethyl)aminomethyl]fluoresceinn or fluorexon (Figure 5-2). The binding 
sitee of the lanthanide ion in these complexes should be much closer to the chromophore 
thann in the AMFLU-DTPA and AMEO-DTPA complexes studied earlier. It is anticipated 
thatt if effective complexation with the lanthanide ion occurs the sensitisation efficiency 
wil ll  be higher. 

< ĉoo-- ooc-v 
COO'' "OOC 

Figur ee 5-2. Molecular structure of the Ln(fx) complex 

AA prelimary experiment, of which the result is shown in Figure 5-3, shows that fluo-
rexonn indeed yields a water-soluble luminescent Yb complex that has a (much) higher 
near-infaredd luminescence quantum yield than Yb(AMFLU-DTPA). Note that the meas-
urementss were done on aerated aqueous solutions, the emission spectrum of Yb(AMFLU-
DTPA)) in the previous Chapter (Figure 4-2) was that of a deoxygenated D20 solution. In 
Figuree 5-3, the lanthanide luminescence of Yb(AMFLU-DTPA) can hardly be recognised, 
especiallyy because the fluorescence from the sensitising fluorescein chromophore itself is 
soo intense. A solution of 1:1 Yb /fluorexon does not suffer from such problems, and is -
inn aerated aqueous solution - approximately 100 times as efficient in producing photosen-
sitisedd Yb3+ luminescence as Yb(AMFLU-DTPA). 

Inn this Chapter, we will demonstrate that fluorexon (fx) forms water-soluble 1:1 com-
plexess with lanthanide ions, having a stability comparable to that of lanthanide ion-EDTA 
complexes.. In complexes of fx with Nd3+, Er3"1" and Yb , highly efficient population of 
thee lanthanide ions' excited states is achieved via excitation of the fx chromophore. We 
willl  show that this is a result of both enhanced intersystem crossing in the antenna chromo-
phoree and rapid intracomplex energy transfer. 

**  We refer here to the pure 4' ,5' isomer instead of the "indicator grade" fluorexon/calcein which is a mix-
turee of isomers whose iminodiacetic acid groups are attached to the fluorescein chromophore at differ-
entt positions. 
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Figuree 5-3. Emission spectra (Xexc = 490 nm, CCD detector) of Yb(fx) (dashed line) and 
Yb(AMFLU-DTPA)) (solid line) in aerated TRIS buffer (pH 8). Both solutions are of 
equall optical density. The inset shows the signals after subtraction of the 
contributionn of antenna fluorescence, and multiplication of the Yb(AMFLU-DTPA) 
signall by 20 

5.22 Experimenta l 
Thee spectroscopic equipment has been described in Chapter 2. 

5.2.11 Chemical s and solution s 
Fluorexonn (4',5'-bis[7V, N-bisCcarboxymethyOanunomethylJfluorescein) was obtained 
fromm both Molecular Probes Europe (Leyden, The Netherlands) and Fluka. Ethylene 
diaminetetraaceticc acid (EDTA), ordinary and perdeuterated Tris (tris(hydroxyme-
thyl)aminomethane),, deuterium oxide, deuterium chloride (37% wt. in D20) and all lan-
thanidee chlorides (as the hexahydrates) were purchased from Aldrich. Stock solutions (10" 
33 ... 10"4 M) of fluorexon (in 0.1 M Tris-HCl buffer, pH 8.3) and lanthanide chlorides (in 
0.55 M HC1) were freshly prepared before each experiment and diluted where appropriate. 
Unlesss otherwise indicated measurements were done on complexes in aerated 0.1 M Tris-
HCll  buffer (pH 8.3). The complexes were prepared by mixing equal amounts of equimolar 
solutionss (10 ... 10 M) of ligand and lanthanide ion. The resulting solutions were heated 
brieflyy and then allowed to equilibrate for three hours at room temperature. 

5.2.22 Fluorimetri c titration s 

Forr the determination of the preferred ion-ligand stoichiometry, the equimolar solutions 
weree mixed in different ratios and submitted to the same equilibration procedure as men-
tionedd above. The samples were excited at 480 nm, and the spectrum of the main lumines-
centt transition of the respective lanthanide ion was recorded: the region around 980 nm for 
Ybb , around 1530 nm for Er and around 1060 nm for Nd . The emission bands were 
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integratedd to yield the total luminescence intensity. Also the antenna fluorescence band 
(500-7000 nm) was recorded and integrated. The spectrograph/CCD combination was par-
ticularlyy convenient in this respect, since -with the proper optical filtering- it enables simul-
taneouss recording of the tail of the antenna fluorescence band and the Nd and Yb 
emissionn bands'. 

5.2.33 Near-infrare d luminescenc e quantu m yiel d measurement s 

Thee near-infrared quantum yields of the Nd3+ and Yb3+ complexes were measured relative 
too Ru(bpy>32+ in deoxygenated water[16] (<i>ium = 0.042 at 293 K) using the spectrograph/ 
CCDD combination following well-known procedures J17, 18^ The emission spectra were 
correctedd using factors obtained by measuring the emission of a calibrated lamp (EG&G 
Gammaa Scientific RS10A lamp with RS3 power supply). The validity of the correction 
factorss was checked by comparing the corrected recorded spectrum and the measured 
quantumm yield of cresyl violet with the data published by Magde etalS19  ̂All values agreed 
withinn 5%. The quantum yield of the Er3"1" complex was determined relative to Yb(fx) and 
Nd(fx)) using the corrected emission spectra of the complexes recorded using the Ge-detec-
tor. . 

5.33 Result s and Discussio n 

5.3.11 Natur e of the comple x 
Additionn of Yb3+ ions to a solution of fx changes the absorption spectrum and quenches 
thee fluorescence of fx. Together with the observation of Yb3+ luminescence (X * 980 nm) 
uponn excitation of fx, these effects clearly indicate the formation of luminescent complexes 
betweenn Yb3+ and fx. Before undertaking a study of the photophysical properties of such 
complexes,, it is necessary to find out what kind of complexes will be dealt with. The 
EDTA-likee structure of the chelating part of the molecule, combined with simple electro-
staticc considerations suggest that a 1:1 complex is most likely, but other types of com-
plexess cannot be ruled out beforehand. Varying both the total added concentration of Yb 
(cyb)(cyb) and that of fluorexon (c^.), the complex formation between the two was investigated. 

Insightt in the preferred stoichiometry is provided by an experiment in which the total 
concentrationn of Yb3+ and fx is held fixed (cyj + c  ̂ - 1.1 x 10"5 M), varying the ratio of 
thee components (cj^/c^). This is achieved by mixing equimolar solutions (1.1 x 10"5 M) 
off  the components, heating the solutions briefly using a hot air gun, and letting them cool 
downn to room temperature. At c j^ /c^ = 1 the luminescence intensity (upon excitation of 
thee ligand at 470 nm) is maximised (Figure 5-4). In the region c^/CfX<  1 this intensity is 
linearlyy correlated with the concentration of Yb , and so is the quenching of the fluorexon 
fluorescencee (Figure 5-4). Evidently, under these conditions 1:1 complex formation takes 
place.. The linearity is lost when cy&/cft> 1, indicating the formation of other species. 

Time-resolvedd measurements of the near-infrared Yb luminescence yield monoexpo-
nentiall  decays for the samples with cyiAfx < 1 (x = 1.9 ms, Figure 5-5 left), strengthening 
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Figur ee 5-4. Job plot of the complex formation of Yb3+ with fluorexon, monitored with 

luminescencee spectroscopy. Cyb + q x was held at 1.1 x 10"5 M in 0.1 M Tris-HCI 
(pHH 8.3). The sample was excited at 480 nm 

ourr idea that under these conditions only one luminescent species, the 1:1 complex, is 
present.. The formation of multiple species in the case of excess Yb is apparent from the 
multi-exponentiall  behaviour of the luminescence decays observed from such samples. 
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Figur ee 5-5. NIR luminescence decay curves of solutions of Yb3+ and fx in Tris-HCI buffer 

monitoredd at 980 nm under excitation with 337 nm pulses. Left: Overlayed decays 
off the samples having cy^c^i 1 (Yb3+/fx ratios 1:4, 1:2, 2:3 and 1:1). Right: 
Decayss of the samples having Cyb/cfx > 1 .Yb3+/fx ratios (A) 1:1, (B) 3:2, (C) 2:1 and 
(D)4:1. . 

Thee 1:1 complex is detectable with electrospray mass spectrometry. Under the condition 
thatt excess fx is present, the typical isotope pattern for a mononuclear Yb3+ complex is 
foundd at m/z 792 (Yb(fx) - H+). With excess Yb this pattern disappeared, but unfortu-
natelyy no other types of complexes could be identified in these solutions under the experi-
mentall  conditions, preventing a more precise characterisation of the type of 'aggregates' 
formed. . 
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Basedd on the mass spectrometric data and the spectroscopic titration, it can be concluded 
thatt stable 1:1 complexes between fx and Yb3+ are formed provided no excess of lantha-
nidee ions is present. All complexes for the photophysical measurements were therefore 
madee by mixing equal amounts of equimolar solutions of ion and ligand. Formation of 1:1 
complexess was then checked by measuring the luminescence decay curves: these should 
bee monoexponential. 

5.3.22 Comple x stabilit y 
AA way to find out about the stability of Yb(fx) is taking a solution of this complex and 
addingg a second ligand, L, to it that also forms 1:1 complexes with Yb3+. Now fx and L 
havee to compete for the Yb3+ ions. The following equilibria exist: 

Yb3++ + t Yb(fx) (Kj) 

Yb3++ + ^ Yb(L) (K2) 

Iff  ligand L forms complexes that do not luminesce upon excitation with visible light, the 
successs of fx in the 'struggle' for Yb3+ is directly related to the sensitised Yb photolumi-
nescencee intensity of the solution. In the case of an optically dilute solution, this intensity 
iss in fact linearly proportional to the concentration of Yb(fx). 

Lett cytv cfx and CL  De m e to tal concentrations of Yb3+, fluorexon and non-sensitising 
competingg ligand, respectively. We have equal total concentrations of Yb and fx: 

cybb = cfx = c (5-1) 

Thee relative luminescence intensity of the solution, /, is given by 

,, = LMi) ] (5-2) 

soo that it equals 1 before L is added (provided of course that c » \/Kx). After addition of 
LL and equilibration of the solution, some Yb(fx) will have been replaced by Yb(L), result-
ingg in a decrease of the luminescence. It can be shown that the relative stability of Yb(fx) 
iss related to / in the following way: 

^ ii  = U > (5-3) 
KK22 /2 -2 /+1 K } 
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Figuree 5-6 contains the result of a typical competition experiment in which at a certain 
timee ("A" , after 755 s), 5 equivalents of EDTA are added to a solution of Yb(fx) in Tris-
HC11 buffer. One sees that after the addition the Yb3+ luminescence intensity gradually 
decreasess (monoexponentially with a time constant of 7.1 x 10" s" ) and settles at a value 
12%% of that of the initial value. The rate determining step in the equilibration is probably 
thee dissociation of Yb(fx), which is apparently quite slow indicating a high kinetic stability 
off  the complex. The thermodynamic stability is also rather high. It is of the same order of 
magnitudee as that of the Yb(EDTA) complex. The ratio of their equilibrium constants was 
calculatedd using equation 5-3, and amounts to 0.7. 
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Figuree 5-6. NIR luminescence (excited at 480 nm, monitored at 980 nm) of a solution of Yb(fx) 
(1.11 x 10-5 M) in water. At "A" (t = 755 s), five molar equivalents of EDTA were 
addedd to the solution. 

5.3.33 Photophysica l processe s and propertie s 
Havingg established that stable 1:1 complexes of fx with lanthanide ions can be prepared, 
thee photophysical properties of these complexes were studied. The main photophysical 
processess are depicted in Figure 5-7. The antenna function of the chromophore relies on it 
havingg a large absorption cross-section (extinction coefficient) compared to the lanthanide 
ion.. Eantenna îon might very well exceed 10000. Then, the antenna should waste none of 
thee absorbed energy in a process like (antenna) fluorescence (kf), but rather transfer its sin-
glett energy directly to the lanthanide ion or undergo intersystem crossing to the triplet state 
(^isc)-- The process of singlet energy transfer has never been observed experimentally, and 
iss expected to be inefficient when it has to compete with other processes. Thus, intersystem 
crossingg is also a necessary process. Next, the triplet energy should be transferred to the 
lanthanidee ion as quickly as possible (%r), to prevent other deactivating processes such as 
phosphorescencee (fcp) and non-radiative decay (&np, including quenching by oxygen) from 
competing.. Finally, the lanthanide ion should be efficient in emitting photons (kT) instead 
off  releasing its energy to vibrational modes in the surrounding ligand and solvent mole-
culess (km). We will not focus on the latter aspect, but it is known that the near-infrared 
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emissionss of Nd3+, Er3*  and Yb are easily quenched by most common organic vibra-
tions,, such as O-H, N-H and C-H bonds} ' so one should expect the lanthanide emis-
sionn step to limit the overall luminescence quantum yield. 

(Si;Ln3+). . 

(So;L n 3 + ) . . 

n̂f f 

II + 

*P P 

.(Ti;Ln3+) ) 

n̂p p 

(S0;; Ln3+*) 

Figuree 5-7. Simple photophysical diagram, showing the main processes in luminescent 

lanthanidee complexes. The electronic states of the complex are indicated in the 
formm {antenna; ion), where antenna denotes the state of the antenna chromophore 
andd ion denotes the state of the lanthanide ion. /cnf> kf: rates of non-radiative and 
radiativee deactivation of the antenna singlet; /cjsc: intersystem crossing rate; /cnp, kp: 
ratess of non-radiative and radiative deactivation of the antenna singlet; kEJ: rate of 
energyy transfer; knn kr: non-radiative and radiative rates of depopulation of the 
lanthanide'ss excited state. . 

Absorptionn properties. Interestingly, we discovered that the absorption spectra of the 
complexess are different for each lanthanide ion. Therefore, not only the spectra of the 

-.3+ + ,3+, , ,3+ + 3+ + ,3+, , .3+, , Ndd , Yb and Er complexes were recorded but also those of Gd , Eu and Pr (Fig-
uree 5-8). There is a correlation between the shape of the spectrum and the size of the lan-
thanidee ion. On going from the "big" Nd3+ to the "small" E r+ and Yb3+ ions, the 
absorptionn band becomes sharper with a higher maximum extinction coefficient. This 
behaviourr contrasts with that of the AMFLU-DTPA ligand, which shows no significant 
changess in its absorption spectrum upon complexation with a lanthanide ion. The chromo-
phoree in fluorexon obviously senses the presence of the ion in its vicinity, indicating that 
thee chromophore-ion distance is considerably smaller than in the corresponding AMFLU-
DTPAA complexes. Compared to 'free' fx, the lanthanide complexes have larger absorption 
cross-sectionss and have their maximum at slightly longer wavelengths. 
Antennaa fluorescence. Unlike in the AMFLU-DTPA/lanthanide complexes/ ' the 
antennaa fluorescence is effectively quenched in the fluorexon complex. The free ligand has 
aa fluorescence quantum yield of 0.85, in the Yb complex this is less than 0.01 . This is 
nott only the case in Yb(fx), but also in Nd(fx), Er(fx), and Gd(fx). Three mechanisms may 
bee invoked to explain the quenching: energy transfer from the singlet state of the chromo-
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Figur ee 5-8. Absorption spectra of fluorexon (dotted line) and its 1:1 lanthanide complexes 
(solidd lines) in 0.1M Tris-HCI buffer (pH 8.3) 

phore,, electron transfer and intersystem crossing. Singlet energy transfer can be ruled out: 
Gdd still quenches the fluorescence to the same extent as the three other ions, but has no 
energyy levels that can receive energy from singlet excited fluorexon. 

Electronn transfer might only occur in the case of Yb(fx), since Yb is quite easily 
reducedd and xanthene dyes such as fluorexon are able to act as electron donors in their 
excitedd states^26' It has been found that in contrast to the other (electrochemically inert) 
lanthanidee ions, Yb3+ and Eu3+ quench the fluorescence of fluorophores with high singlet 
energies,, such as tryptophane27'28^ Horrocks et alS29  ̂claim that such redox processes may 
evenn lead to photosensitised Yb3+, when the energy released in subsequent charge recom-
binationn is enough to excite Yb3+. The fluorexon fluorescence, however, is also quenched 
byy Nd3+, Gd3+ and Er3+. Therefore, we expect that electron transfer quenching does not 
playy a role. This expectation is supported by the fact that neither Yb nor Eu + quenches 
thee fluorescence of the chromophore in AMFLU-DTPA to a larger extent than other lan-
thanidee ions do.[25'30] 

Thus,, enhancement of the intersystem crossing due to the paramagneticc and heavy atom 
effectss is the most likely cause of the fluorescence quenching. Compared to AMFLU-
DTPAA complexes the effect in the fluorexon systems is much more pronounced, again a 
resultt of the smaller distance between chromophore and lanthanide ion. On basis of the 
completee quenching of antenna fluorescence, &isc can be estimated to be > 10 s" . 
Triple tt  state. Also in Gd(fx) the fluorexon fluorescence is almost totally quenched, which 
cann only be due to enhancement of intersystem crossing. Gd + is electrochemically inac-
tivee and has no energy levels below 32200 cm"1, preventing it to quench the singlet state 
off  fluorexon by electron transfer or singlet energy transfer. Moreover, the lack of accepting 
levelss makes the Gd3+ complex suitable for having a look at the triplet state of the antenna 

**  The excitation spectrum of the residual fluorescence reveals that it probably stems from a minor impu-
rity,, fluorescein. 
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chromophore.. In deoxygenated solution, even at room temperature, phosphorescence of 
Gd(fx)) is readily observed by using gated detection: equipping the fluorimeter with a rotat-
ingg drum to introduce a delay between excitation and detection yields the phosphorescence 
spectrumm shown in Figure 5-9. 

—ll  l l l  l l l l 
5800 600 620 640 660 680 700 720 

X/nm m 

Figuree 5-9. Phosphorescence of Gd(fx) in water at room-temperature, excited at 500 nm and 
detectedd using delayed detection. 

Alsoo transient absorbance measurements at room temperature reveal efficient formation 
off  a triplet state. Whereas free ligand fluorexon and Yb(fx), Nd(fx), Er(fx) show no long-
livedd (> 20 ns) excited state absorptions under the experimental conditions, Gd(fx) displays 
thee transient absorption spectrum in the left of Figure 5-10. The right part of Figure 5-10 
showss the corresponding single-wavelength decays at 530 nm, in deoxygenated and aer-
atedd solution. In aerated solution the triplet lives 3.1 u.s, this lifetime increases to 21 u,s in 
deoxygenatedd buffer. 

Thee heavy atom induced formation of fluorexon triplet states implies that Gd(fx) is an 
ablee sensitiser of singlet oxygen. Interaction of triplet molecular oxygen with triplet states 
producess singlet oxygen, which we monitor by its phosphorescence at 1276 nm. In buff-
eredd air-equilibrated D20 the formation of singlet oxygen by excited Gd(fx) is almost as 
efficientt as that observed with eosin (which under those conditions has a singlet oxygen 
quantumm yield of 0.58' ' '). The Yb , Nd , Er complexes of fluorexon show no sin-
glett oxygen signal at all, whereas the corresponding AMEO-DTPA complexes (Chapter 4) 
producee fair amounts of singlet oxygen upon excitation. 
Luminescence.. Excitation of the corresponding complexes of fluorexon leads to near-
infraredd luminescence of Yb ( F7/2 -> F5/2, 980 nm), Nd (main band is at 1060 nm, 
4p3/22 —> 4I i 1/2) or Er3"1" (4Ij3/2 —> 4I i 1/2» 1530 nm) (Figure 5-11). The structure on the single 
emissionn lines of the lanthanide ions is due to crystal field splitting of the degenerate J lev-
els. . 

Thee excitation spectra of lanthanide luminescence match the absorption spectra. Inter-
estingly,, the overall quantum yield of this luminescence is virtually independent of the 
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Figur ee 5-10. Transient absorption spectroscopy of Gd(fx) in Tris-HCI buffer. Left: transient 
absorptionn spectrum of Gd(fx), recorded 100 ns after the laser pulse. The 
bleachingg around 495 nm is due to depopulation of the ground state of Gd(fx). The 
ligandd centered triplet-triplet absorption of the complex is a broad band that peaks 
att 530 nm. Right: time-resolved transient absorption of the (T-,; Gd3+) state, 
monitoredd at 530 nm. 

oxygenn concentration. In contrast to our earlier observations for NIR emitting lanthanide 
complexess of AMFLU-DTPA oxygenation did not decrease the luminescence intensity. 
Thereforee not only intersystem crossing is fast and efficient, but also the transfer of triplet 
energyy to the lanthanide ion, since oxygen cannot compete as an alternative acceptor. 

300 0 400 0 
~~r r 
500 0 600 0 1000 0 

A./nm m 

— II 1 
12000 1400 
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1600 0 

Figur ee 5-11. Luminescence spectra of near-infrared luminescent Ln(fx) complexes in D20 
(bufferedd with deuterated Tris, pD 8.3). Left: Excitation spectra of Yb(fx) (emission 
monitoredd at 980 nm) and Nd(fx) (1060 nm). Right: Emission spectra (excitation at 
4800 nm) of Nd(fx) (dashed line), Yb(fx) (solid line) and Er(fx) (dotted line). 

Thiss is also apparent from time-resolved luminescence measurements (Table 5-1). 
Whereass the luminescence of Yb(AMFLU-DTPA) and that of Er(AMFLU-DTPA) in 
deoxygenatedd D20 show biexponential behaviour having both a rising and a decaying 
componentt on the microsecond timescale due to slow energy transfer/ ' all fx complexes 
showw monoexponential decay. Slow energy transfer would result in a rising component in 
thee time-resolved luminescence, but clearly the formation of the lanthanide excited state in 
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thee Ln(fx) complexes (which includes the energy transfer) occurs within the time resolu-
tionn of the measurement (< 100 ns). 

Tablee 5-1. Observe d luminescenc e lifetimes , x ^ , and estimate s for the quantu m yield of the 
lanthanid ee photoluminescenc e step , 4>i_nest. 

H-,00 D,0 

Ln(fx )) xobs/ji s «I»^" 1 Tobs/^s fc^' est t 

Yb3+ + 

Nd3+ + 

Ef3+ + 

1.91 1 

0.25 5 

--

11 x 10"3 

3X10"4 4 

--

10.4 4 

0.58 8 

1.46 6 

55 x 103 

7X10" 4 4 

2X10" 4 4 

Thee luminescence lifetimes are in line with what is usually observed for the three near-
infraredd emitting ions encapsulated in organic ligands.*22"24,33'34^ Nonradiative deactiva-
tionn of the luminescent state is efficient, since it can be effectively mediated by the ubiq-
uitouss molecular vibrations, as already mentioned. 
Overalll  luminescence quantum yield. That non-radiative deactivation of the lumines-
centt state is indeed efficient is seen from the quantum yields in Table 5-2. Each of these 
"overall""  luminescence quantum yields (<i>tot) is the product of the yields of the three steps 
involvedd in producing photoluminescence: intersystem crossing (4>isc)» energy transfer 
(d>ET)) and lanthanide luminescence (4>Ln)-

^tott  = ^ISC^ET^L n (5-4) 

Thee quantum yield of the lanthanide luminescence step can be calculated from the 
observedd luminescence lifetime (T0I,S), if the radiative (or "natural") lifetime trad is known. 

T T 
*Lnn = ^ (5-5) 

Trad d 

Estimatess of xra<j in organic systems are 8 ms, 2 ms and 0.8 ms, for Er3"1", Yb3+ and Nd3+, 
respectively.**  ' ^ The values of <i>Ln calculated on basis of equation 5-5 and these esti-
matess have been tabulated in Table 5-1. These values of *L n enable us to estimate the sen-
sitisationn efficiency, tisens» given by 

"senss = ^BC^E T (5-6) 
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Thee calculated efficiencies collected in Table 5-2 demonstrate that sensitisation of NIR 
lanthanidee photoluminescence in the fluorexon complexes is indeed an efficient process. 

Tablee 5-2. Observed overall NIR luminescence quantum yields upon ligand excitation, 4>tot, 
andd estimated sensitisation efficiencies, TJ^S681. 

H,00 D90 

Ln(fx)) O ^ ^ww* *  <I»tot Tlsens*8* 

Yb3+ + 

Nd3+ + 

Er3* * 

8.99 x 10"4 

1.77 xlO'4 

a a 

0.9 9 

0.5 5 

4.55 x i o 3 

3.88 x 10"4 

1.99 xlO-4 

0.9 9 

0.5 5 

1.0 0 

a.. Er + shows no detectable luminescence in H2O, because H2O has strong absorptions in 
thee 1500 nm range. 

5.44 Conclusio n 
Fluorexonn forms water-soluble 1:1 complexes with lanthanide ions. These complexes have 
aa high kinetic stability and a thermodynamic stability that is approximately equal to the 
correspondingg EDTA complexes. Enhanced sensitisation of Yb (980 nm), Nd (main 
transitionn at 1060 nm) and Er3+ (1530 nm) has been achieved compared to the former "gen-
eration""  of complexes. The sensitisation efficiency is determined by O I S C and d>gT, and 
bothh these factors benefit from the shortened distance in the present fluorexon/lanthanide 
ionn system. 

Thiss result once again points out the superiority of complexes that have the antenna 
chromophoree and lanthanide binding site integrated over complexes in which these have 
beenn introduced as separate units. An example are the triphenylenes which are much less 
effectivee antenna chromophores when attached to a calixarene ionophorê ^ than when 
beingg the complexing moiety themselves Ï * 

Anotherr fact demonstrated by the fluorexon/near-infrared emitting lanthanide ion 
systemm is that a fluorescent chromophore is not necessarily a bad antenna for lanthanide 
ions.. High radiative rates for fluorescence imply large absorption cross-sections and high 
fluorescencee quantum yields indicate the absence of non-radiative deactivation. If the lan-
thanidee ion is close enough to enhance intersystem crossing in a chromophore by heavy 
atomm and paramagnetic effects, an initially highly fluorescent chromophore may become a 
powerfull  sensitiser of lanthanide luminescence. 

Thee ability of Gd3+ to increase intersystem crossing and the radiative rate of phospho-
rescencee of fluorexon is demonstrated by the presence of long-lived triplet-triplet absorp-
tion,, generation of singlet oxygen and room-temperature phosphorescence. This appears to 
bee a relatively unexplored and unexploited area of the photophysical properties of lantha-
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nidee complexes containing organic chromophores. Enhanced singlet oxygen generation by 
chromophoress in Gd3+ complexes may have medical use, e.g. in photodynamic therapy. 

Thee fluorexon ligand might be fitted with a reactive group so that it can be attached to 
biologicall  molecules (proteins, nucleotides). It is then possible to construct near-infrared 
luminescentt probes for fluoroimmunoassays and fluorescence microscopy. In these appli-
cations,, the advantages of long-lived, near-infrared luminescence excited with visible light 
mayy very well outweigh the low luminescence quantum yields. 
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Chapte rr  6 

AA near-infrare d luminescen t label 
basedd on Yb3+ and its applicatio n in a 
fluoroimmunoassa y y 

6.11 Introductio n 
Theree has been a vivid interest in luminescent lanthanide complexes since Weissman's dis-
coveryy that in these complexes "the excitation may be accomplished, under suitable con-
ditions,, through light absorption by other constituents of the rare earth compound with 
subsequentt transfer of energy to the rare earth ion".^ The energy transfer from organic 
chromophoress to lanthanide ions that he described provides an effective way to excite the 
long-lived,, sharply spiked emission. Direct excitation of lanthanide ions is difficult due to 
thee forbidden nature of the electronic transitions in these ions. One of the most important 
applicationss of lanthanide complexes is as luminescent labels in clinical diagnostics where 
theyy are an alternative to radioactive probes.̂2"5^ Since lanthanide luminescence decays 
muchh more slowly than the autofluorescence from the biological material, the latter is sup-
pressedd when using time-gated detection. 

Researchh on luminescent lanthanide complexes has been almost exclusively devoted to 
europium(III)) and terbium(III) complexes J6"8' The energetics of sensitized luminescence, 
however,, dictate that those complexes must be excited with ultraviolet light,^ which is not 
desirablee when working with vital biosystems, requires special optics and causes extensive 
scatteringg in inhomogeneous media. Although some recent work has demonstrated that the 
excitationn window for Eu complexes can be extended to the violet edge of the visible 
region[10]] or even to the blue (Chapter 7 of this thesis), it would be desirable to use signif-
icantlyy longer wavelengths for excitation. Lanthanide ions emitting in the near-infrared, 
suchh as ytterbium(III),fn^ neodymium(III)J12^ and erbium(III), may be excited through 
organicc dyes that absorb at wavelengths extending towards the red. With their potential use 
ass luminescent labels in mind, we designed and studied well-defined, water soluble near-
infraredd luminescent lanthanide complexes containing organic dyes as the light absorbing 
part,, as we described in Chapter 4. In Chapter 5, we demonstrated that fluorexon (4',5'-
bis[7VJV-bis(carboxymethyl)aminomethyl]-fluorescein,, hereafter referred to as fx) is a very 
efficientt sensitizer and a strongly binding ligand for near-infrared luminescent lanthanide 
ions.. The thermodynamic stability of the Yb(fx) complex is comparable to that of 
Yb(EDTA). . 

Thiss chapter reports on the ligand FxITC (5), which is structurally similar to fx but car-
riesries an isothiocyanate group that is reactive towards amine groups so that it can be coupled 
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too proteins. The iminodiacetic acid groups ensure firm complexation of lanthanide ions 
(likee they do in Yb(fx)), and the dichlorofluorescein chromophore acts as a sensitizer to 
near-infraredd lanthanide luminescence. We describe the photophysical properties of the 
isopropylaminee adduct of FxITC, its Yb complex and Yb(FxITC)-labelled proteins. The 
usee of Yb(FxITC) in a simple diagnostic test is demonstrated, establishing a new class of 
labelss that combine visible light excitation with long-lived near-infrared luminescence. 

6.22 Synthesi s 
Thee synthesis of FxITC (Figure 6-1) reflects the idea to combine the syntheses of fx̂  ' and 
fluoresceinn isothiocyanateJ14^ 2',7'-Dichloro-4-nitrofluorescein diacetate was obtained by 
condensingg 4-nitrophthalic acid with 4-chlororesorcinol at 240 °C and was separated from 
thee 5-nitro isomer by fractional crystallization from acetic acidJ ' The dichloro derivative 
wass chosen to prevent formation of isomers during the introduction of the methyleneimi-
nodiaceticc acid groups. Moreover, the "heavy" chlorine atoms might enhance intersystem 
crossingg in the chromophore which is favorable for sensitization of lanthanide lumines-
cence.[16] ] 

3:RR = N 0 2 — ] d r—• 5: R = NCS; FxITC 
4:: R = NH2 — 1 6: R = NH(S)NH/Pr, /Pr-FxITC 

Figuree 6-1. Synthesis of FxITC. Reagents and conditions: (a) paraformaldehyde (90 equiv.) 
andd 33% HBr in acetic acid, 110 C 2 h; dropwise add acetic anhydride (100 equiv.) 
att 20 , reflux 1 h, 81%; (b) iminodiacetic acid dimethyl ester (15 equiv.) in 
dichloromethane,, 90 h at 20 , 69%; (c) methanol/50% NaOH, 16 h at 20 , 
99%.;; (d) Na2S, NaHS in 0.6 m NaOH, reflux 15 min.; (e) thiophosgene (200 
equiv.)) in acetone/water, 30 min at 20 ; (f) isopropylamine, 8h at 20 C 
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Directt introduction of the methyleneiminodiacetic acid groups, as used in the production 
off  fxj 13' was not successful. Reaction of iminodiacetic acid dimethyl ester ' with 2 
(madee using the method described in ref. 18) and subsequent hydrolysis of the ester does 
yieldd the desired nitro precursor to FxITC, 3. Reduction of 3 using H2/Raney Ni proceeds 
cleanly,, but gives rise to the dinickel complex of 4, which can be observed with electro-
sprayy MS. Therefore, 3 was reduced using Na2S/NaHS in dilute NaOH. After purification 
byy preparative HPLC (Cg column, eluent 155:45:1 water/acetonitrile/formic acid) 4 was 
convertedd into FxITC 5 by thiophosgene in acetone. 

6.33 Photophysica l characterisatio n 
Thee isopropyl amine adduct 6 shows the same complexation behavior towards lanthanide 
ionss as f x ^ does. Fluorimetric titrations with Yb3+ indicate formation of a 1:1 complex 
ass long as there is no excess Yb . Excess lanthanide ions leads to the formation of poorly 
emittingg aggregates that so far have escaped further characterization. Such aggregates, 
however,, are not formed when FxITC is bound to avidin. Titrating these protein conjugates 
withh Yb3+ yields the typical curve for exclusive formation of the 1:1 complex. 

Excitationn of the avidin conjugate of the Yb3+ complex leads to metal-centered near-
infraredd luminescence with a quantum yield equal to that of Yb(fx). The corresponding 
excitationn spectrum closely matches the absorption spectrum of the complex (Figure 6-2). 
Noo quenching of the luminescence by dissolved molecular oxygen was observed, which 
demonstratess that the excitation energy transfer from the organic chromophore to the lan-
thanidee ion is a rapid and efficient process. These observations show that the photolumi-
nescencee of the label is not adversely affected by conjugation to a protein, which 
furthermoree has the desirable consequence that addition of excess lanthanide ions does not 
influencee the 1:1 antenna-to-lanthanide stoichiometry in the complex. 
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Figur ee 6-2. Luminescence spectra of Yb(FxlTC)-labeled avidin in saline Tris-HCI buffer (pH 
8.3).. Left: Excitation spectrum (Xemm = 980 nm). The VIS absorption profile is shown 
ass a dotted line. Right: Emission spectrum (Xexc = 510 nm) 
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Thee complexes and the avidin conjugates have appreciable extinction coefficients 
(Tablee 6-1). Also their quantum yields and luminescence lifetimes compare well to those 
off  Yb(fx). The absolute quantum yields, however, are low. This is caused by radiationless 
deactivationn of excited lanthanide ions by molecular vibrations (especially C-H and O-H 
oscillators)) in the surrounding matrix/ ^ a process which is especially effective with near-
infraredd luminescent lanthanide ionsJ20"23^ Very recendy, Hasegawa et al. succeeded in 
pushingg the luminescence quantum yield of Nd3+ in organic complexes up as high as 0.03 
byy careful design of the ligands,[24] but such (relatively) high quantum yields have thus far 
onlyy been achieved in organic solvents. In this respect, it should be noted that for Yb3+ 

complexess especially closely diffusing O-H oscillators (such as water) form an important 
contributionn to the non-radiative deactivation of the luminescent stateJ25^ 

Tablee 6-1. Photophysical data for Pr-FxITC, its Yb3* complex and the protein conjugates of 
Yb(FxlTC)) in aqueous buffer. <Dre): near-infrared luminescence quantum yield 
relativee to Yb(fx);emax: molar extinction coefficient; Xmax: absorption maximum; tNIR 

near-infraredd luminescence lifetime, monitored at 980 nm. 

Yb(fx) ) 

iPr-FxITC C 

Yb(iPr-FxITC) ) 

avidin-Yb(FxITC) ) 

(3.21/p)b b 

avidin-Yb(FxITC) ) 

(5.22 l/p) 

anti-hCG-Yb(FxITC) ) 

* r c i i 

l a a 

--

0.6 6 

1.0 0 
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em a x' ' 

M"11 cm"1 

125000 0 

125000 0 

145000 0 

""max ' ' 

nm m 

502 2 

509 9 

516 6 

514 4 

514 4 

T NIR / / 

us s 

1.9 9 

--

1.8 8 

2.0 0 

2.0 0 

2.2 2 

a.. the absolute quantum yield of Yb(fx) in TRIS is 7 x 10"4 (see Chapter 5). 
b.. l/p means labels per protein 

Althoughh the luminescence quantum yield, G>, is an important parameter it is surely not 
thee only one determining the detectability of a luminescent label. The molar extinction 
coefficient,, e, of the label is equally important, and when combining these two it is appar-
entt that Yb(FxITC) does perform quite well in comparison to e.g. the Eu3+ cryptate that is 
usedd in a commercial diagnostic test.̂  For the latter, the product eO in water amounts to 
approximatelyy 100 M"1 cm"1 for the 337 nm light from a N2 laser with which it is 
excited.[26]] The avidin conjugate of Yb(FxITC) achieves the same value for 514 nm light. 
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6.44 Applicatio n in a mode l diagnosti c test 
Too test the robustness of the label it was used in an archetypal medical diagnostic test. The 
formatt chosen was that of a simple heterogeneous non-competitive immunoassay/ ] in 
whichh the analyte to be detected is 'sandwiched' between an immobilized and a labelled 
antibody.. Antibodies to hCG* (anti-hCG 147b) were immobilized on a small region (diam-
eterr 3 mm) of a nitrocellulose membrane by impregnation of 0.5 u.1 of a 2.7 g 1" solution. 
Afterr drying, a mixture of solutions of Yb(FxITC) labelled antibodies (anti-hCG 293a, 2.7 
gg l"1) and of the sample to be assayed for hCG (total 20 u.1) was spotted onto a different 
placee on the membrane. This spot was eluted with buffer (100 uJ) so that eventually the 
labelledd antibodies and the sample passed the immobilized anti-hCG 147b. The experiment 
wass done both with a positive sample containing 5000 mlU of hCG plus labelled antibodies 
andd a blank that only contained the labelled antibodies. The traces generated by a home-
builtt scanning near-infrared luminescence microscope clearly show that a luminescence 
signall  is generated in case of a 'positive' test result (Figure 6-3). 

6 --

tt -
signall / V 

2 --

00 2 4 6 8 10 
positionn / mm • 

Figuree 6-3. One dimensional near-infrared fluorescence microscope scan of the region of the 
nitrocellulosee membrane where anti-hCG is immobilized. The solid line is the near-
infraredd luminescence signal generated after elution of a solution of labelled anti-
hCGG and hCG. The dotted line is the signal generated by a solution containing only 
thee labelled anti-hCG. 

6.55 Conclusions 
Itt has been shown that the protein conjugates of Yb(FxITC) retain photophysical charac-
teristicss that are similar to Yb(fx), and that they can be applied in a model medical diag-
nosticc test. Their luminescence is long-lived (microseconds) compared to the optical 
interferencess encountered in biological matrices like fluorescence and scatter, and resides 

**  Human Chorionic Gonadotropin: The "pregnancy hormone" that keeps the corpus luteum producing 
progesteronee when conception occurs. It is excreted by the placenta and can be detected in the urine and in 
thee blood of pregnant women. 
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inn the near-infrared where biological material is essentially transparent. Most CCD detec-
torss can readily detect the luminescence of Nd3+ at 880 nm and that of Yb3+ at 980 nm. 
Togetherr with the possibility to excite these labels with visible light, these factors make 
themm an attractive new class of luminescent labels. However, they would benefit from an 
improvementt of their overall luminescence quantum yield by suppression̂ of non-radi-
ativee deactivation^25^ of their luminescent states. 

6.66 Experimenta l detail s 

6.6.11 Synthesi s 

General.. All experiments were conducted under nitrogen unless stated otherwise. The 
chemicalss are from Fluka, Aldrich or J.T. Baker and used without purification. All *H 
NMRR spectra are recorded on a Bruker AC 300 (300 MHz) spectrometer. 
2,,7*-Dichloro-4-nitrofluoresceinn diacetate (1). 4-Nitrophthalic acid (100.1 g, 0.47 mol) 
andd 4-chlororesorcinol (135.2 g, 0.94 mol) were heated to 240°C for 5 h and the formed 
waterr during the reaction was removed by distillation. After cooling to room temperature, 
thee red glass-like solid was ground to a fine powder, which was suspended in 1 M HC1 (2 
L)) and refluxed for 1 h. After cooling to room temperature, the solid was filtered off, dried 
inn a vacuum oven, and refluxed with acetic anhydride (1 L) for 2 h. After cooling to room 
temperature,, the excess of acetic acid and acetic anhydride were removed under reduced 
pressuree and the residue purified by column chromatography (silica gel, eluents dichlo-
romethane).. The product was further purified by crystallisation from acetic acid (4 times, 
lg/100 ml). Yield 37.0 g (70 mmol, 15%) of 2',7'-dichlorofluorescein diacetate. 

HPLCC >90% pure. lH NMR (CDC13) 5 2.4 (s, 6H), 6.9 (s, 2H), 7.2 (s, 2H), 7.4 (d, 1H), 
8.66 (d, 1H), 8.9 (s, 1H). 
4,,5,-(Dibromomethyl)-2,,7'-dichloro-4-nitrofluoresceinn diacetate (2). 2',7'-Dichloro--
4-nitrofluoresceinn diacetate (3, 10.7 g, 20 mmol) and paraformaldehyde (53.3 g) were 
heatedd to 110°C in 105 ml of hydrogen bromide in acetic acid (33%). After 2 h stirring, the 
reactionn mixture was cooled to room temperature and acetic anhydride (150 ml) was added 
dropwise.. The reaction mixture was further refluxed for 1 h, cooled, and the excess of sol-
ventss were removed in vacuo. The yellow solid was dissolved in 75 ml of dichloromethane 
andd precipitated in hexane (1200 ml). After filtration, the solids were dried under reduced 
pressure.. Yield of 4',5'-(dibromomethyl)-2,,7,-dichloro-4-nitrofluorescein diacetate (4, 
11.66 g, 16 mmol, 81%). 

llHH NMR (CDC13) 8 2.5 (s, 6H), 4.8 (s, 4H), 6.9 (s, 2H), 7.5 (d, 1H), 8.6 (d, 1H), 8.9 (s, 
1H). . 
2,,7,-Dichloro-4-nitro-4 ,,5'-fluorexonn diacetate tetramethyl ester. 4',5'-(Dibromome-
thyl)-2,,7'-dichloro-4-nitrofluoresceinn diacetate (4, 16.0 g, 22 mmol) and iminodiacetic 
acidd dimethyl ester (50.5 g) were dissolved in 225 ml of dichloromethane and stirred at 
roomm temperature for 90 h. The precipitate was filtered of and the filtrate was precipitated 
inn diethyl ether (750 ml). The solids were filtered off, dissolved in dichloromethane (75 
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ml),, and precipitated in methanol (750 ml). The white solid was filtered off and dried under 
reducedd pressure. 2,,7'-Dichloro-4-nitro-4'(5

,-fluorexon diacetate tetramethyl ester was 
obtainedd as a white solid (6,12.0 g, 15 mmol, 69%). 

Purityy 89% (HPLC). lH NMR (CDC13) 5 2.4 (s, 6H), 3.7 (s, 12H), 3.8 (s, 8H), 4.3 (s, 
4H),, 6.9 (s, 2H), 7.5 (d, 1H), 8.6 (d, 1H), 8.9 (s, 1H). 
I'J'-Dichloro^-nitro^'jS'-fluorexonn (3). 2\7,-Dichloro-4-nitro-4',5,-fluorexon diace-
tatee tetramethyl ester (3.6 g, 4.5 mmol) was suspended in 250 ml of methanol and 10 ml of 
50%% sodium hydroxide solution and the reaction mixture was stirred for 16 h at room tem-
perature.. Water was added untill a clear red solution was obtained. This solution was acid-
ifiedd by 1 M hydrochloric acid untill a red precipitate was formed and filtered off. The 2',7'-
Dichloro-4-nitro-4,5'-fluorexonn (7, 3.3 g, 4.5 mmol, 99%) was obtained after drying in 
vacuo. . 

*HH NMR (D20, NaOD) 6 3.2 (m, 8H), 3.9 (m, 4H), 7.0 (d, 1H), 7.1 (s, 2H), 8.1 (d, 1H), 
8.66 (s, 1H). 
IST'-Dichloro^-amino^^S'-fluorexonn (4). 2',7'-Dichloro-4-nitro-4,,5,-fluorexon (7, 1.0 
g)) was dissolved in 0.6 M NaOH (12 ml) and heated to reflux. Sodium sulfide : sodium 
hydogensulfidee (0.32 M : 0.64 M, respectively) solution (10 ml) was added and the reac-
tionn was refluxed for another 15 min. After cooling to room temperature, acetic acid was 
addedd untill gas formation was finished. The reaction mixture was acidified by 5 ml of 1 
MM hydrochloric acid. The solids were filtered off and the filtrate was concentrated in vacuo. 
Thee residue was dissolved in water (30 ml) and again concentrated to remove traces of 
acid.. The residue was suspended in acetone (30 ml) and filtered. The solids were collected 
andd dried under reduced pressure. Yield of crude 2',7,-Dichloro-4-amino-4\5,-fluorexon 
wass 2.12 g (contains sodium chloride). The product can be further purified by preparative 
HPLCC (eluents water:acetonitrile:formic acid 77.5:22.5:0.1 over a Partisil CCS C8 col-
umn). . 

llHH NMR (D20, NaOD) 5 3.1-3.4 (m, 8H), 3.8-4.0 (m, 4H), 6.6 (d, 1H), 6.9 (d, 1H), 7.3 
(s,, 1H), 7.4 (s, 2H). 
2l,7'-Dichloro-4l,5,-fluorexon-4-isothiocyanate(5).. 2\7'-Dichloro-4-amino-4,,5'-fluo-
rexonn (8, 22.1 mg) was dissolved in 3.7 ml of NaOH (1.34 mg NaOH/ ml) solution. This 
solutionn was further diluted by 3 ml of a watenacetone (1:3) mixture. The clear red solution 
wass added dropwise under vigorous stirring to a mixture of CSCI2 (1.0 ml) and acetone 
(1.00 ml). After stirring for 30 min, all solvents were removed in vacuo. Yield of crude prod-
uctt 43.3 mg (contains sodium chloride and water). 

I.R.:: medium isothiocyanate peak at 2100 cm"1. HPLC: 71% 

6.6.22 Conjugatio n of FxlTC to avidin . 

Too 250 \il  of a 2 g l"1 solution of avidin (Sigma) in 0.1 M carbonate buffer (pH 9.5) was 
addedd 40 JJ.1 or 80 \i\ FxlTC in dry DMSO (2 g l"1). The mixture was incubated for 3 hours 
att room temperature, with shaking. The solution was diluted to 2.5 ml with a saline 0.05 M 
Tris-HCll  buffer (pH 8.3, 0.15 M NaCl) and purified by gel chromatography on a PD-10 
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columnn (Amersham Pharmacia Biotech) using the saline Tris buffer as an eluent. The 
numberr of labels per protein was determined by means of UV/Vis spectrometry, using the 
extinctionn coefficients of the species at 280 nm or 514 nm. 

6.6.33 Optica l spectroscop y 

Thee equipment and experimental procedures have been described in detail in Chapter 2 and 
Chapterr 5, respectively. Fluorimetry was carried out using a modified PTI Alphascan appa-
ratuss with a Ge detector for the near-infrared or using a modified Spex Fluorolog 3 with a 
CCDD detector for the near-infrared. 

6.6.44 Fluorescenc e microscop y 

Thee excitation light from an Ar+ laser (488 nm) was modulated using a mechanical chopper 
(400 Hz) and delivered to the sample via a dichroic mirror and the microscope objective. 
Thee emitted light was detected through the objective by a Ge detector (North Coast 817L) 
coupledd to a lock-in amplifier (Stanford Research SRS530) after passing it through the 
dichroicc mirror and optical filters to remove the scattered excitation light. The sample was 
movedd with respect to the excitation/detection spot using a computer-controlled stage. 
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Chapte rr  7 

Interaction ss between 
push-pul ll  chromophore s 
andd lanthanid e (3-diketonate s 

Fromm the near-infrared luminescent complexes described in the previous three chapters we 
returnn to the visibly emitting europium(HI) complexes, at least during the first part of this 
chapter.. Accidentally a complex was discovered which produces photosensitised Eu3+ 

luminescencee upon excitation with visible light. This chapter starts out with a detailed 
studyy of this complex and similar ones. The concepts extracted from this study are then 
appliedd to near-infrared luminescent lanthanide complexes and to the design and synthesis 
off  complexes more suited for practical application. 

7.11 A surprisin g resul t 
Whenn colourless solutions of Michler's ketone (4,4'-bis-(M#-dimethylamino)-benzophe-
none,, MK) and EuFOD (europium tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyloctane-3,5-
dione))) in benzene (both 1 mM) are mixed, a yellow colour develops instantaneously. 
Moreover,, a red glow emerges from the solution under daylight illumination. The emission 
spectrumm (Figure 7-2) demonstrates that this red glow is Eu3+ luminescence: the sharp 
peakss are characteristic of lanthanide ion emission, Eu usually having its most intense 
emissionn around 615 nm. The corresponding excitation spectrum is in accordance with the 
observationn that this luminescence can be excited by visible light. It extends well beyond 
4500 nm (Xmax 414 nm). The quantum yield was found to be 0.17 in aerated solution and 
0.200 after deoxygenation by four freeze-pump-thaw cycles (excitation at 420 nm, using 
quininee bisulfate in 1M H2S04 as a reference^). 

Thesee observations were made during experiments aimed at the observation of intermo-
lecularr energy transfer from organic sensitisers to lanthanide complexes and are quite sur-
prising.. The colour change indicates a ground-state interaction between the components. 
Moreover,, the product of this interaction seems to defy the rule-of-thumb that only 
chromophoress with their lowest singlet-singlet transitions in the UV can efficiently sensi-
tisee Eu luminescence. 

**  Especially in Eu p-diketonates, this so-called hypersensitive D t —» F2 transition is usually very 
intense.^1'' See also Chapter 3. 
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Michler'ss ketone, Mk EuFOD 

Figur ee 7-1. Structural formulae of Michler's ketone and EuFOD. 

Itt was hypothesised that Michler's ketone and EuFOD form a ground-state complex by 
interactionn of the electron rich carbonyl group with the positively charged Eu + ion. Such 
interactionss are already well known from the use of lanthanide diketonates as NMR shift 
reagentss J3' 4^ and in fact coordination of certain aliphatic substrates to EuFOD has been 
foundd to enhance its luminescence quantum yield. Never before, however, has it been 
reportedd that complexation of chromophores to lanthanide P-diketonates yields efficiently 
luminescentt Eu3+ complexes that absorb visible light. 

Thee new absorption band is probably due to a bathochromic shift of the first singlet-sin-
glett transition of Michler's ketone occurring upon complexation. This n-n* transition pos-
sessess charge-transfer character̂ ' in the process of excitation, electron density is moved 
towardss the carbonyl group and therefore it is quite likely that the transition energy is 
largelyy affected by the presence of a lanthanide ion. Since for a lanthanide complex to be 
luminescent,, the triplet state of the antenna chromophore needs to lie at higher energies 
thann the luminescent state of the ion, the singlet-triplet gap of the complexed MK must be 
small.. It is known that free MK has such a small gapJ7^ 
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Figur ee 7-2. Corrected luminescence excitation (Xem=612 nm) and emission (Xexc=450 nm) 

spectraa of a solution of 10'5 M Michler's ketone and 10"4 M EuFOD in benzene. 
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Inn the next sections we will confirm these hypotheses, and describe in more detail the 
structuree and the photophysics of MK-EuFOD and related complexes. 

7.22 Structur e of the comple x of MK and EuFOD 
Uponn closer inspection, the coordination of MK to lanthanide (3-diketonates was found to 
occurr only in non-coordinating solvents. Also, water molecules can compete with MK for 
freee coordination sites on the lanthanide ion. Therefore, all reagents and solvents were 
driedd before use. MK was purified according to a literature procedurê ] 

7.2.11 Spectrophotometri c titratio n 
Thee formation of a complex between MK and EuFOD in benzene can be monitored using 
UV-Vi ss absorption spectroscopy. Figure 7-3 shows a titration experiment, in which small 
amountss of a EuFOD stock solution are added to a solution of MK. It clearly shows 1:1 
complexx formation of MK with EuFOD. The absorption band of the complex resides at 
longerr wavelengths, where MK and EuFOD themselves do not absorb. Analysis of the 
titrationn data (see Section 7.3.1) yields the formation constant for the MK-EuFOD com-
plexx in benzene, log K = 4.85. The extinction coefficient at 414 nm, the absorption maxi-
mum,, was found to be 3.04 x 104 M"1 cm"1. 

€ € o o 
-O O 

< < 

Figur ee 7-3. UV/Vis titration of a solution of Michler's ketone in benzene with EuFOD. Too 2.5 mL 
off a 10'5 M solution of MK in benzene, a EuFOD solution (5 x 10"4 M in benzene) 
iss added in steps of 50 uL. The inset shows formation of the complex by means of 
itss absorption at 414 nm as a function of the amount of EuFOD solution added. The 
solidd line is the theoretical curve (Equation 7-2) for a 1:1 complex with log K = 4.85 
andd emax = 3.04 x 104 M'1 cm"1. The dilution has been taken into account. 
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7.2.22 Other p-diketonates : chang e of ligand s and of centra l ion 

Thee effect of variation of the (3-diketonate was explored. In benzene, the maximum of the 
absorptionn band varies from 398 nm for MK-Eu(dpm)3 (dpm = 2,2,6,6-tetramethylhep-
tane-3,5-dionate)) via 414 nm for MK-EuFOD to 430 nm for MK-Eu(hfa)3 (hfa = 
l,l,l,5,5,5-hexafluoro-2,4-pentanedionate).. We tentatively attribute this to a variation of 
thee electrostatic interaction between the MK chromophore and the lanthanide ion in the 
complexes,, related to changes in chromophore-ion distances (see Chapter 7.2.3). Unlike 
MK-Eu(dpm)33 and MK-EuFOD (both having 0.20 quantum yield in deoxygenated ben-
zenee at room temperature), the sensitised luminescence quantum yield of MK-Eu(hfa)3 is 
veryy low (6.2 x 10"5 under the same conditions). This might be a result of too low a triplet 
energyy of the antenna chromophore and we will discuss that later. 

Thee same bathochromic shift of the MK absorption as induced by EuFOD is also 
observedd with other lanthanides. Addition of either YbFOD, ErFOD, GdFOD or PrFOD to 
MKK in benzene produces the same 414 nm absorption band in each case. This reflects the 
electrostaticc nature of the interaction: all lanthanide ions carry a 3+ charge and the distance 
betweenn the ion and the MK should be roughly equal in all complexes, since the structures 
off  all the FOD chelates are expected to be practically the same. They will therefore have 
thee same effect on the electronic energy levels of the chromophore. Obviously, the red 
gloww is only observed with EuFOD. 

Althoughh the induced "optical shifts" are the same for different LnFODs, the shifts of 
thee MK *H nuclear magnetic resonances induced by these complexes are entirely different, 
whichh clearly shows that the effects have different origins (electrostatic vs. magnetic). For 
example,, EuFOD causes a downfield shift whereas PrFOD shifts the resonances upfield. 
Thee protons closest to the carbonyl group are affected most, and the protons on the dimeth-
ylaminogroupss are relatively unaffected. This supports our view that the MK interacts with 
thee lanthanide diketonate through its carbonyl group. 

7.2.33 Semi-empirica l (SMLC/AM1) quantu m chemica l investigatio n 

Resultss from molecular modeling also point in the direction of complex formation by 
meanss of the MK's carbonyl group. We implemented the SMLC (Sparkle Model for Lan-
thanidee Complexes) modification t9,10^ to the AMI method in the MOPAC 6.0 computer 
programm which allows for the calculation of the structures of lanthanide complexes. 

Inn SMLC/AM1 the lanthanide ion is represented by a trivalent postive point charge (a 
sparkle),sparkle), ignoring the many electrons of the lanthanide ion which would seriously compli-
catee quantum chemical calculations. This is justified since lanthanide complexes with 
organicc ligands are based entirely on ionic interactions. The ligand is treated quantum 
chemicallyy by the AMI method. The SMLC parameters have been tuned to accurately 
reproducee the crystral structures of several p-diketonate complexes. ̂  * 1 

Figuree 7-4 contains two structures found using the SMLC/AM1 model. Feasible struc-
turess of both EuFOD and MK-EuFOD are produced. In the latter structure, the distance 
betweenn the MK carbonyl oxygen and the Eu3+ ion, r0.Eu,

is 2.31 A which is comparable 
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too the distance between the diketonate oxygens and the lanthanide, approximately 2.24 A, 
andd indicates binding interactions between MK and EuFOD. 

Figur ee 7-4. Theoretical structures of anhydrous EuFOD (left) and MK-EuFOD (right) calculated 

usingg the SMLC/AM1 model. Hydrogen and fluorine atoms have been omitted for 

clarity. . 

Thee calculated heats of formation (Table 7-1) indicate that complexation of MK to 
EuFODD is energetically favoured over having the two components separated. Table 7-1 
alsoo shows that the complex with Eu(hfa)3 is even more stable, which is reflected by a 
decreasee of /Q-EU t 0 2-17 A. 

Wee also optimised a structure in which the MK is pointing away from Eu(hfa)3, denoted 
byy Eu(hfa)3-MK in Table 7-1. The small energy gain and the large distance from the near-
estt MK nitrogen to the lanthanide lead us to conclude that that is not the preferred way for 
MKK to bind to the lanthanide 13-diketonate. 

Attemptss to calculate electronic energy levels of the ligands - which is in principle pos-
siblee using AMI - failed due to convergence problems and probably require more 
advancedd calculational strategies. SMLC/AM1, however, is currently the only model for 
lanthanidee complexes that is able to reproduce non-ionic electrostatic interactions such as 
thosee in MK-EuFOD. The empirical molecular mechanics methods developed by van 
Veggel^1^^ and by Durand et al.}12  ̂ which are quite successful in predicting not only the 
structuress but also the dynamics of ionic lanthanide complexes in solution, but - because 
off  their non-quantum chemical nature - can not reproduce the charge distribution in the MK 
donor-rc-acceptorr system that leads to a binding interaction with lanthanide (3-diketonates. 
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Tablee 7-1. Results from SMLC/AM1 calculations of MK, EuFOD, Eu(hfa)3 and their 
complexes.. The heats of complex formation (AH^n^** -1) were calculated by 
takingg the difference between the heat of formation (AH/^1) of the complex and 
thosee of the individual components. For the complexes, the distance between the 
oxygenn of MK and the Eu3* ion, / j 0 n , is given. 

MK K 

EuFOD D 

MK-EuFOD D 

Eu(hfa)3 3 

MK-Eu(hfa)3 3 

Eu(hfa)3-MK a a 

AHf^ 1 1 

/kcalmol l 

36.24574 4 

-1286.59943 3 

-1259.504 4 

-1123.99188 8 

-1103.92461 1 

-1089.01785 5 

AHH  A M 1 

""comple x x 
// kcal mol"1 

-9.15031 1 

-16.17854 4 

-1.27174 4 

rrO-EuO-Eu f A 

2.31 1 

2.17 7 

8.38b b 

a.. Structure with the MK 'pointing away' from Eu(hfa)3 
b.. distance between the lanthanide and the nearest MK nitrogen 

7.33 Pathway to sensitise d luminescenc e 
Thee sensitisation pathway in luminescent lanthanide complexes generally consists of exci-
tationn of the antenna chromophore into its singlet state, subsequent intersystem crossing of 
thee antenna to its triplet state and energy transfer from the antenna triplet to the lanthanide 
ionjj  1 implying that the triplet energy must be sufficiently high. This is necessary even if 
thee triplet state is not directly involved in the energy transfer (in the case of singlet energy 
transfer):: a triplet state lower than the luminescent state of the lanthanide ion will quench 
it. [ l4 ]] We will now discuss the energy levels of the coordinated MK antenna chromophore 
andd the processes involved in producing sensitised luminescence. 

7.3.11 The single t stat e of the antenn a 

Thee energy of the antenna-centered singlet state initially populated by excitation can be 
estimatedd from the ground-state absorption spectrum of the complex. Figure 7-3 makes it 
evidentt that the absorption band corresponding to excitation of MK into its lowest singlet 
excitedd state shifts from X^  ̂ 348 nm to ^ 414 nm upon complexation. It would, how-
ever,, be desirable to know the complete absorption spectrum of the complex. The problem 
iss that the spectra in Figure 7-3 are always mixtures of MK, EuFOD and MK-EuFOD. 

Inn Chapter 2, a method was laid out for decomposing sets of spectra (matrices) into the 
principall  individual components, Singular Value Decomposition (SVD). Decomposition 
off  a set of absorption spectra leads to vectors representing concentration information and 
vectorss containing spectral data. These vectors are purely mathematical constructs, but can 
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bee turned into physically meaningful curves by appropriate mathematical transformations, 
thatt make either the concentration or the spectral vectors fit to a physical model. 

Thee SVD of the matrix built from the titration data of Figure 7-3 clearly indicates the 
presencee of three distinct components (Figure 7-5): significant singular values are only 
foundd for these vectors. The concentration and spectral vectors have been plotted as a func-
tionn of the amount of EuFOD added and the wavelength, respectively. The concentration-
relatedd vectors (top right in Figure 7-5) will be transformed into 'real' titration curves by 
takingg suitable linear combinations. The coefficients for this target transformation are 
obtainedd using a Simplex method that minimises the difference between these linear com-
binationss and the physical model describing the concentrations of the components as a 
functionn of the titration coordinate (see Section 2.7.2 in Chapter 2). 

EuFODD sola added / ji t 350 400 450 500 
Xfnm Xfnm 

Figur ee 7-5. Left: Matrix constructed from the UV/Vis spectra of the titration (Figure 7-3). 
Right:: Graphic representations of the matrices produced by its singular value 
decomposition.. The first ten singular values are shown in the middle graph. Of the 
concentration-relatedd (top) and spectrum-related (bottom) vectors only the first 
threee are shown. The rest contains noise. 

Inn this case, the physical model is a simple equilibrium: 

AA + B^=^A B (7-1) 

Thee parameters that 'go into' this model are the equilibrium constant K and the added 
concentrationss of component A (i.e. MK), cA, and of component B, cB. Using the Maple 
computerr program (Waterloo Maple, Inc., Ontario, Canada) we find that the actual concen-
trationn of AB, [AB] is given by 
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[AB]]  = A + KcB+l-J&c\-2&c AcB + 2KcA + &c\ + 2KcB + 1) (7-2) 
ZK ZK 

Thee actual concentrations of the other components are then easily found: 

[A]]  = cA - [AB] and [B] = cB- [AB] (7-3) ) 

Inn our titrations both cA and cB are known, experimentally controlled parameters. Since 
theree exists a range of wavelengths where only the complex absorbs and the absorbance is 
linearlyy related to [AB] , K is in this case easily obtained by fitting Equation 7-2 to the 
absorbancee at 414 nm (Figure 7-3). Now that we have complete knowledge of the concen-
trationss of all components, we can concentrate on finding the coefficients of the matrix that 
transformss the abstract concentration vectors. 

Thee curves in the left part of Figure 7-6 are the concentration profiles that we obtain 
afterr transformation. The right part is the 'side product' of the transformation, the absorp-
tionn spectra (as extinction coefficients vs. wavelength) of the individual components. Obvi-
ously,, the spectra of MK and EuFOD can also be obtained directly, but now they are an 
indicationn of the validity of the data analysis method used. Moreover, we have now access 
too the puree absorption spectrum of MK-EuFOD. It is composed of the absorption spectrum 
off  EuFOD, which is practically unchanged, and a shifted version of MK. 

Figuree 7-6. 

500 0 
ii 1 1 1 r 
1000 200 300 400 500 600 

EuFODD soln. added / |xL 

Concentrationn profiles (left) and absorption spectra (right) obtained by transforming 

thee three principal components found in the SVD. 

Thee absorption maxima of the three components and their assignments are collected in 
Tablee 7-2, both for benzene and methylcyclohexane solutions. In the latter solventt the shift 
off  the absorption bands of MK upon complexation is of the same magnitude, but the free 
andd the bound MK both have their absorption maxima at shorter wavelengths than when 
dissolvedd in benzene. The highly dipolar character of the excited state[6'7] of MK is likely 
too be the cause of this solvatochromism. 
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Tablee 7-2. Absorption maxima of MK, EuFOD, and MK-EuFOD in benzene and 
methylcyclohexane. . 

XIXI nm, benzene 

MKK EuFOD 

XIXI nm, methylcyclohexane 

MK-EuFODD MK EuFOD MK-EuFOD 

M K ,, 7t-7t* 

M K ,, 71-71* 

F O D ,, 71-71* 

M K ,, 7C-7C* 

346 6 

312 2 

300 0 

414 4 

358 8 

300 0 

334 4 

307 7 

240 0 

293 3 

397 7 

354 4 

289 9 

254 4 

Fromm the absorption spectra and the emission spectra the energy of the lowest singlet 
excitedd state of the antenna chromophore in MK-EuFOD is estimated to be 22800 cm 
(2.833 eV) in benzene and 23700 cm"1 (2.94 eV) in methylcyclohexane. 

7.3.22 The triple t stat e of the antenn a 

Thee Gd3+ P-diketonates provide a way to study the triplet state energy of the coordinated 
MK.. Having no electronic energy levels below 32000 cm"1 (310 nm), Gd can not accept 
anyy energy from MK, but as mentioned in Section 7.2.2, it induces the same optical shift 
andd eventually enhances singlet-triplet and triplet-singlet transitions in MK through its 
heavyy atom effect. As a result in deoxygenated benzene, even at room-temperature, phos-
phorescencee of MK-GdFOD is observed (excitation at 410 nm), as a broad band peaking 
att 540 nm (Figure 7-7). 

CD D 

cc c 
a a 

450 0 

Figur ee 7-7. 

5000 550 
X / n m m 

600 0 450 0 500 0 550 0 600 0 
X / n m m 

Emissionn spectra of solutions of MK-GdFOD (left graph) and MK-Gd(hfa)3 (right 

graph)) in benzene, excitation at 410 nm. Dotted lines: aerated solutions, solid lines: 

deoxygenatedd solutions. 

Fromm the emission spectrum of MK-GdFOD in methylcyclohexane glass at 77K 
(Figuree 7-8), the triplet energy of the coordinated MK is estimated to be 19600 cm"1, which 
iss indeed sufficient to efficiently populate the 5D0 luminescent state of Eu (17500 cm ), 
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possiblyy via energy transfer to the 5Dj state (19000 cm"1) and subsequent relaxation to 5D0 

(seee Section 7.3.3). The triplet energy of free MK is around 23000 cm"1.'8' 

a a 

450 0 500 0 550 0 600 0 
X/nm m 

650 0 
1 1 

700 0 750 0 

Figuree 7-8. Low temperature emission spectra of MK-GdFOD (solid line) and MK-Gd(hfa)3 

(dottedd line) (methylcyclohexane, 77K, excitation 420 nm). 

Figuree 7-8 also contains the low-temperature emission spectrum of MK-Gd(hfa)3 

(methylcyclohexane,, 77K). It reveals an antenna triplet energy of about 18800 cm , which 
meanss that back energy transfer processes from Eu to the coordinated MK in MK-
Eu(hfa)33 might readily occur at room temperature. This explains why the quantum yield 
forr sensitised Eu luminescence in this complex is so low (see Section 7.2.2). 

Thee ligand centered triplet states of Gd(hfa)3 and GdFOD (also those of the correspond-
ingg Eu3+ diketonates) themselves were found to be 22400 and 22700 cm"1, respectively, 
fromm the emission spectra (^.exc = 320 nm) of methylcyclohexane solutions of these com-
poundss at 77K. Because of their high energies, these states will not participate in the sen-
sitisationn process when the MK-Eu (3-diketonates are excited in the MK centered long-
wavelengthh absorption band. 

7.3.33 Energy transfe r 
Uponn laser excitation, MK-GdFOD displays intense excited state absorption bands in the 
microsecondd time domain, which are the triplet-triplet absorptions of the coordinated MK 
antennaa chromophore. Indeed, also these absorption bands are shifted to longer wave-
lengthss compared to free MK (which has an excited state triplet-triplet absorption peaking 
aroundd 500 nm' '), We studied the transient absorptions (Figure 7-9) of three complexes 
usingg the tunable Coherent Infinity-XPO laser for excitation and a streak camera for anal-
ysiss of the probe light (see Section 2.6.3, in Chapter 2). The complexes were dissolved in 
deoxygenatedd toluene. The streak images were subjected to SVD, and all showed only one 
principall  component, from which the time-resolved and spectrally-resolved curves were 
constructedd (Section 2.7, in Chapter 2). 

Thee lowest triplet state of MK-GdFOD has a lifetime exceeding the time range of the 
experiment.. Its lifetime is estimated to be 8 u,s and can be regarded to be the triplet lifetime 
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Figur ee 7-9. Time-resolved absorption spectroscopy in the microsecond time domain. MK-
LnFODD (Ln=Eu, Yb, Gd) in deoxygenated toluene (Xexc = 440 nm). 

inn the presence of a lanthanide ion, but in the absence of energy transfer to that ion. The 
triplett state is quenched if energy accepting lanthanide ions are used. Thus, MK-EuFOD 
displayss a very short-lived Tn <— Tj absorption, which cannot be reliably measured in this 
microsecondd time window. The triplet state of MK-YbFOD has a longer lifetime of 103 ns, 
whichh indicates a rather slow energy transfer process for this system. Yb3+ has only one 
excitedd state at low energy (10200 cm"1), and this may explain the slow rate of energy 
transfer. . 

Inn the nanosecond domain (Figure 7-10), the triplet-triplet absorption of MK-EuFOD 
becomess observable. Its kinetics simply follow the excitation pulse, which means that the 
triplett lifetime is shorter than 1 ns. The energy transfer from the antenna to the lanthanide 
ionn in this complex is very fast, which is in line with the efficient photosensitisation that 
occurs.. The spectra indicate (at least partial) involvement of the triplet state of the antenna. 
Singlett energy transfer still cannot compete with the extremely fast intersystem crossing in 
thee bound Michler's ketone, which has a rate constant on the order of 10 s" . Neverthe-
less,, our results indicate that energy transfer from an organic donor to a lanthanide ion can 
reachh rates significantly faster than 1 0 s ". 

7.3.44 The lanthanid e luminescenc e step in MK-EuFOD 

Rapidd population of the excited states of Eu3+ after excitation of MK-EuFOD at 440 nm is 
indeedd observed in time-resolved luminescence spectroscopy. Two streak images (photon 
countingg mode) of different time domains are shown in Figure 7-11. Paradoxally, the main 
emissionn band of the complex around 615 nm has a rise time of 1.2 (xs. In the case of rapid 
energyy transfer one would expect this rise time to be several orders of magnitude shorter. 
However,, the main emissive state (5D0) is not directly populated from the antenna's triplet 
state.. The streak image shows narrow emission bands at shorter wavelengths which decay 
withh that time constant of 1.2 u,s. These stem from Eu3+'s higher excited 5DX state, which 
iss the lanthanide-centered state that is initially populated by energy transfer. We have not 
beenn able to see rising components in these emission bands, which is in line with the fast 
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Figur ee 7-10. Time-resolved absorption spectroscopy for the same samples as in Figure 7-9, 

noww in the nanosecond domain. 

antenna-to-ionn energy transfer that is expected on basis of the observed short-lived triplet 
ofMK-EuFOD. . 

AA question that arises is what the emission spectrum of the higher excited 5Dj state of 
Eu3+lookss like. The streak image in the right half of Figure 7-12 contains this information. 
Withh the aid of the same principal component analysis method used in Section 7.3.1, we 
aree able to separate the emission belonging to Dj from that from D0. In this case, only 
thee part of the image after decay of the intense, short-lived ligand-centered emission was 
analysed,, otherwise the information is completely dominated by this 'spike'. The model 
usedd contains two components, one rising, one decaying exponentially, both with the same 
timee constant. Figure 7-12 shows the reconstructed temporal and spectral curves belonging 
too the two emissive states. The energy difference between the Dj —> Fy and the corre-
spondingg 5D0 —» Fy bands is 1650 cm , indeed the gap between the Dj and D0 states. 

Euu ions are often used as luminescent probes to predict the spectroscopic properties 
off  lanthanide-doped materials and in (bio)molecular structural studies. The relative inten-

4 , 0 - --

550 0 6000 650 
X / n m m 

700 0 750 0 

Figur ee 7-11. Fluorescence streak images of the emission of MK-EuFOD in toluene (Xexc = 

4400 nm, approx. 1.5 ns FWHM). Left: millisecond domain, right: microsecond 

domain. . 
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Figur ee 7-12. Left: Time-evolution of the population of the 5D0 (solid line) and the 5D-| (dotted 
line)) states of Eu3+ in MK-EuFOD. The lines are the model, the dots are the 
experimentall profiles. The vertical line indicates the time after which the 
experimentall data was analysed. Right: The emission spectra associated with the 
twoo states. The emission lines in the 5D1 spectrum have been assigned. 

sitiess of the bands provide information about the direct chemical environment of the ion. 
Insteadd of the (usually) 3 or 4 emission bands in the Eu3+ spectrum, twice as many infor-
mationn carrying bands become available by using time-resolved emission spectroscopy. In 
Chapterr 3 we explained that all three Judd-Ofelt parameters can be estimated from the 5D0 

—>> 7Fy emission spectrum alone. The additional spectral information can for example be 
usedd to make this determination more reliable. 

Thee lifetimes of both excited Eu3+ states are temperature-dependent (Figure 7-13), as is 
thee quantum yield of sensitised luminescence.*  On basis of the 5D0 lifetime, the quantum 
yieldd of MK-EuFOD is expected to increase to 0.4 at 77 K. Such a temperature-dependence 
off  the 5D0 emission has been observed for several Eu3+ |3-diketonates[ 16"19] and is ascribed 
too (1) back energy transfer to the ligand and (2) activated deactivation through a nearby 
LMCTT state. Temperature-dependence of the 5Dj lifetime has only been studied in glasses 
andd crystals, where there are no ligand centered states that can quench this state, and less 
vibrationall  modes to mediate the relaxation to DQ. 

Findingg a suitable photophysical model and a corresponding set of parameters to 
describee the curves in Figure 7-13 is a tricky business. A model is depicted in Figure 7-14a. 
Onlyy the most likely processes have been indicated by arrows: the equilibrium between 
(Ti;; 7F) and (S0;

 5D0) has been omitted because of the relatively large gap between these 
states.. We have included a low-lying ligand-to-metal charge transfer (LMCT) state. In 

**  When incorporating MK-EuFOD in a sucrose octaacetate (SOA) glass (m.p. 89 °C), the luminescence 
iss absent when the glass is still hot, and appears as the SOA cools down to ambient temperature. 
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Figuree 7-13. Temperature dependence of the excited state lifetimes of the 5D-| and 5D0 states in 
MK-EuFODD in toluene. 

Euu + (3-diketonates (and several other types of Eu complexes) such states are known to 
providee an additional, non-radiative, deactivation path. 

Iff  we assume the equilibrium between (Tj; 7F) and (Sn; 5Dj) to be fast compared to the 
interconversionn of (S0;

 5Dj) and (Sn; 5D0), it may be possible to use the model in Figure 7-
14b.. Such a model was also used by Alpha  to describe the temperature-dependent 
quantumm yields and lifetimes of Eu cryptates. For such a kinetic scheme, an exact solu-
tionn exists/ ' 

Figuree 7-14. a) Tentative photophysical scheme that explains the temperature dependent 

lifetimess of the 5D1 and 5D0 states of Eu3+ in MK-EuFOD. The electronic state of 
thee complex is written in the form (antenna; ion), just like e.g. in Figure 4-7. 
b)) Simplified scheme, based on a), for which an exact solution121' exists describing 
thee time-dependent behaviour of both states. 

Thee values of &fwd and k0 are taken from the 5Dj and 5D0 lifetimes at 77K, and are 
assumedd to be temperature independent. This is only partially justified since multiphonon 
relaxationn rates (i.e. rates of nonradiative relaxation mediated by matrix vibrations) are 
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knownn to be slightly temperature-dependent in the temperature range of interest. *22^ The 
ratee itbk must be related to jfcf^ by a Boltzmann-type formula: 

-A£01 1 

*bkk = *fw«plntr l (7_4) 

wheree AE0l should be the energy gap between the Dj and D0 states. The deactivation of 
thee kinetically combined "antenna triplet + Dj " state, k\, is modeled by an activated 
quenchingg process (which we believe to go through an LMCT state), described by maximal 
ratee kq and energy gap AEQ. 

* ii  = ^ « p ( - ^ 9) ( 7" 5) 

Thee energy gaps, AEm and A£Q, and ICQ were adjusted by hand and several lumines-
cencee lifetime vs. temperature curves were calculated using the formulae in ref. ^20\ One 
off  the better results is shown as solid lines in Figure 7-13. These curves are given by Jtfwd 

== 8.33 x 105 s"1, k0 = 2.20 x 103 s"1, A£01 = 1250 cm"1, A£Q = 1600 cm'1 and kQ = 1.5 x 
100 s . The gap A£01 is too small compared to the 'real' spectroscopic gap between 5Di 
andd DQ (1650 cm ), which is probably a result of not including other (temperature-
dependent)) deactivation pathways. A more elaborate model is needed to accurately 
describee the temperature dependence of the decay times. Such a model would, however, 
require,, more experimental data to get reliable fits. Moreover, extensive studies would be 
neededd to remove all ambiguities in models and parameters. 

7.44 Interlud e 
Michler'ss ketone forms complexes with lanthanide P-diketonates by interaction of the 
electronn rich carbonyl group with the postively charged lanthanide ion. This interaction 
causess the lowest singlet-singlet transition to shift to longer wavelengths. The crucial point 
iss that the small energy gap between the singlet and triplet states of the MK chromophore 
iss retained in the complex, which enables the visible light sensitisation of Eu3+ in MK-
EuFOD.. In this complex, the energy transfer from the antenna to the ion occurs within a 
nanosecondd and exclusively to the 5Dj state. At room-temperature, back energy transfer 
andd a low-lying LMCT state compete with sensitised luminescence. 

Thee remaining part of this chapter will deal with two issues. Firstly, complexes with 
otherr push-pull chromophores will be investigated, not only in combination with Eu3+ but 
alsoo with the near-infrared luminescent lanthanide ions. Finally, we address the issue of 
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makingg complexes that are more stable in hydroxylic media while retaining the attractive 
propertiess of having visibly excited Eu3+ luminescence. 

7.55 Other push-pul l chromophore s 
Formationn of complexes between electron rich molecules (Lewis bases) and lanthanide I3-
diketonatess is a general concept: the action of diketonates as NMR shift reagents is based 
onn it. We therefore expected to find other chromophores to behave in a similar way as 
Michler'ss ketone. 

Severall  compounds were tested by adding solid LnFOD to solutions of these com-
poundss and monitoring the resulting changes in their absorption spectra. Coumarins and 
somee aromatic ketones such as acetonaphthone and 9-fluorenone did not display signifi-
cantt changes in their absorption spectra when LnFOD was present. In most cases, this is 
mostt likely to be a result of poor complex formation between the two components. It does 
nott mean that there would be no spectral shift in the chromophore if a stable complex 
wouldd be formed. 

D M A XX BA Nile Red (NR) Phenol Blue (PB) 

Figur ee 7-15. Structures of push-pull chromophores exhibiting an optical shift when interacting 

withh lanthanide p-diketonates. 

Wee now focus our attention on compounds that do exhibit optical shifts under the action 
off  LnFOD (Figure 7-15). All compounds were studies in dry toluene. Their absorption 
spectraa before and after addition of LnFOD are drawn in Figure 7-16. 

7.5.11 Bis(dimethylamino)xanthon e (DMAX) 
DMAX ,, which is structurally and photophysically similar to Michler's ketone, was a kind 
giftt of Prof. Dr W. Rettig (Technische Universitat Berlin, Germany). Roughly speaking, 
thee same optical shift in the ground-state absorption spectrum occurs upon addition of 
EuFOD,, and excitation into this shifted absorption band gives rise to photosensitised Eu + 

luminescence,, just like with MK-EuFOD. In some details the absorption spectra of DMAX 
andd its EuFOD adduct differ slightly from those of MK and MK-EuFOD, which is due to 
thee bridging oxygen, which fixates the two (dimethylamino)phenyl moieties in DMAX, 
therebyy changing its electronic structure. 
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Figur ee 7-16. Absorption spectra of solution of push-pull chromophores in toluene before (dotted 
line)) and after (solid line) addition of LnFOD. 

7.5.22 Benzanthron e (BA) 

Thee official designation of BA is benz[Je]anthracen-7-one. It is a triplet sensitiser (triplet 
energyy 72 kcal/mol) and has been used to generate singlet oxygenJ23^ Several BA deriva-
tivess are commericial dyes such as 3-methoxybenzanthrone (C.I. Disperse Yellow 13). The 
basicc photophysical characteristics of BA have been investigated by Bentley et al. t24"26] 

Thee lowest singlet excited state of BA is of n-n* nature, in view of the high extinction 
coefficientt and solvatochromism of the longest-wavelength absorption band.' ' Indeed, 
thiss band is shifted further into the visible upon addition of LnFOD. The triplet level of BA 
iss quite low compared to MK, and therefore no sensitised Eu is observed upon excitation 
off  the the BA-EuFOD complex. 

Inn contrast, energy transfer from BA to Yb3+ in BA-YbFOD is fast. Preliminary time-
resolvedd absorption measurements indicate that it occurs in the sub-nanosecond time 
range.. Compared to the energy transfer in MK-YbFOD (Section 7.3.3) this is a more than 
100-foldd rate increase. In Chapters 4 and 5 we found that the distance between sensitiser 
andd lanthanide ion is a crucial factor in the design of luminescent lanthanide complexes, 
especiallyy in the case of Yb . Here we see that if the energy gap between the sensitiser's 
donatingg state and the lanthanide's accepting level becomes too large, as is the case in MK-
YbFOD,, energy transfer slows down, even though donor and acceptor are in close contact. 
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7.5.33 Nil e Red (NR) 

Nilee Red turns purple-blue when LnFOD is added to a solution of this highly fluorescent, 
polarityy sensitive, hydrophobic dye . Moreover, some of its LnFOD adducts display pho-
tosensitisedd near-infrared luminescence. Since the photophysics of these complexes merit 
speciall  attention, they will be discussed in a separate section below(Section 7.6). 

7.5.44 Pheno l Blu e (PB) 
Thee absorption band of PB is shifted towards the near-infrared*  when it interacts with 
LnFOD,, but no sensitised near-infrared luminescence was observed from any of the com-
plexes.. The reason for the absence of sensitised luminescence is not entirely clear. The 
excitationn energy may already be rapidly dissipated within the PB itself by nonradiative 
processes.. PB and all of its LnFOD adducts are conspicuously non-emissive, even at low 
temperatures.. Another explanation may be a low lying antenna triplet state. 

7.66 Nile Red based NIR luminescen t complexe s 
Redd light excitation of the blue coloured complex of Nile Red with either YbFOD or 
ErFODD leads to near-infrared luminescence from the respective lanthanide ion (Figure 7-
17).. The quantum yield of sensitised Er3+ luminescence is 40 timess lower than that of NR-
YbFOD.. This reflects the lower intrinsic quantum yield of Er3+, which has a slower radia-
tivee rate, but is at the same time more rapidly deactivated by non-radiative energy loss to 
matrixx vibrations. 
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Figur ee 7-17. Near-infrared emission spectra of the adducts of NR with YbFOD and ErFOD in 

toluenee (Xexc = 592 nm) 

**  Although the absorbance increases drastically going from PB to PB-LnFOD, the solution becomes less 
intenselyy coloured, because at the same time most of the absorption shifts to the far-red/near-infrared, 
wheree the human eye loses its sensitivity. 
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Thee case of Nile Red demonstrates once more that fluorescent dyes can be used as sen-
sitiserss for lanthanide ions. It is either through lanthanide-enhanced intersystem crossing 
andd subsequent energy transfer from the dye's triplet state or through direct singlet energy 
transferr that fluorescent dyes can populate the luminescent states of lanthanide ions. For 
thee singlet pathway to sensitised lanthanide luminescence littl e direct experimental evi-
dencee is available in the literature. We discovered that in the case of NR-LnFOD there are 
clearr indications for the occurrence of singlet energy transfer provided by NR antenna flu-
orescence.. Although NR-GdFOD and e.g. NR-ErFOD have the same absorption spectra, 
theirr solutions have different colours, due to a much more intense fluorescence from the 
former. . 

7.6.11 Antenn a fluorescence : evidenc e for single t energy transfe r 
Thee fluorescence spectra in Figure 7-18 show that the fluorescence of NR in NR-GdFOD 
iss shifted to longer wavelengths compared to the free dye (just like its absorption spec-
trum).. The fluorescence is, however, only partially quenched, although among the lantha-
nidess Gd3+ is the most effective enhancer of intersystem crossing. Gd + does not have any 
energyy levels that are able to accept energy from the coordinated NR. In NR-YbFOD, 
wheree there exists a single lanthanide centered level, the antenna fluorescence is already 
quenchedd more. NR-ErFOD and NR-PrFOD posses many levels overlapping with the flu-
orescencee of NR, and in these complexes there is hardly any antenna fluorescence. 
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Figur ee 7-18. Visible emission spectra of NR (dotted line) and NR-LnFOD (Ln = Gd, Yb, Er, Pr) in 

toluenee (Xexc = 544 nm in all cases). The intensities have been scaled to equal 

absorbancess at the excitation wavelength. 

Inn Section 4.3.2, we discussed the mechanisms by which lanthanide ions quench the flu-
orescencee of chromophores: enhancement of intersystem crossing, singlet energy transfer 
andd electron transfer quenching. The latter mechanism only occurs with Eu3+ and Yb3+, 
andd only if the antenna has a sufficiently high singlet energy combined with a suitable oxi-
dationn potential. NR-GdFOD demonstrates that the lanthanide-enhanced intersystem 

NR-GdFOD D 

NR-YbFOD D 

NR-ErFOD,, NR-PrFOD 
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crossingg alone cannot account for the fluorescence quenching in NR-YbFOD and NR-
ErFOD.. These considerations and the correlation between the number of potentially 
acceptingg states of the lanthanide ion and the fluorescence quantum yields lead us to con-
cludee that Figure 7-18 contains clear-cut evidence for the occurrence of energy transfer 
fromm the antenna's singlet state to the ion. 

7.6.22 Furthe r evidenc e for single t energy transfe r 

Time-resolvedd absorption spectroscopy using the streak camera (sTA, Chapter 2) provides 
additionall  information about the antenna states involved in the sensitisation process on a 
nanosecondd time scale, as we already saw in Section 7.3.3. The nanosecond sTA images 
off  NR-GdFOD and of NR-YbFOD in deoxygenated toluene were analysed using singular 
valuee decomposition. For NR-GdFOD, two components were found, one of which is 
formedd from the other with a time constant of 3.2 ns. We attribute these to the transient 
absorptionn spectra of the first excited singlet and triplet states of NR. The spectra associ-
atedd to these species are shown in the left half of Figure 7-19. The absorption spectrum of 
thee triplet state is markedly different from that of the singlet state. 

Thee transient absorption image of NR-YbFOD in deoxygenated toluene only contains 
onee component which more or less follows the excitation pulse (lifetime approximately 2 
ns).. The spectrum of this component matches that of the first singlet excited state of NR-
GdFODD (Figure 7-19, right). This means that the triplet state in NR-YbFOD is not signif-
icantlyy populated, which supports our idea that in NR-YbFOD direct singlet energy trans-
ferr from NR to Yb occurs. Conclusive evidence, however, can only be provided by 
experimentss with better time-resolution, such as sub-picosecond transient absorption spec-
troscopy.. The spectra in Figure 7-19 might serve as a road map for such investigations. 
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Figur ee 7-19. Transient absorption spectra (Kexc = 590 nm, 0.5 mJ/pulse) of NR-GdFOD and NR-

YbFODD in deoxygenated toluene extracted from the streak transient 

absorption(sTA)) images using principal components analysis. Left: the spectra 

associatedd with the two principal components in the sTA image of NR-GdFOD. 

Right:: The only principal component present in the sTA image of NR-YbFOD, 

togetherr with the S-, absorption spectrum of NR-GdFOD. 
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7.77 Studie s toward s more stabl e complexe s havin g 
push-pul ll  chromophore s as antenna e 
MK-EuFODD and related complexes have attractive photophysical properties, but they lack 
chemicall  stability: traces of water may already disrupt the complex. Moreover, these com-
plexess are only soluble and stable in a limited number of solvents: alkanes, simple aromat-
icss such as benzene, dichloromethane and the like. In the final part of this chapter we 
describee attempts to construct complexes that are more stable, even water-soluble, while 
retainingg the important photophysical characteristics, such as visibly excited Eu + lumines-
cence. . 

Twoo approaches were used. One is to attach a push-pull chromophore to a ligand that 
bindss lanthanide ions. The other is to modify Michler's ketone to incorporate groups that 
providee binding sites. In both cases it is important that the chromophore is oriented such 
thatt the lanthanide ion is situated at its 'pull' side. This is necessary to make the shift of the 
absorptionn spectrum of the antenna go into the right direction. The two strategies are exem-
plifiedd by the structures in Figure 7-20. 

DEAAP-crownn RJ2 

Figuree 7-20. Structural formulae of two ligands synthesised to give Eu complexes that are 
moree stable than MK-EuFOD, while still being excitable with visible light. 

7.7.11 Synthese s 
DEAAP-Crown.. Although crown ethers are only moderately binding ligands for lantha-
nidee ions, the crown ether was chosen because of its commercial availability and the rela--
tivee ease with which the chromophore can be coupled to it, by having its bromide react with 
thee nitrogen in the crown ether. In this way, the principle can be tested without getting 
involvedd in too much synthesis. 

Too a solution of 53 mg (0.2 mmol) l-aza-18-crown-6 (Aldrich) and 29 mg K2C03 (0.2 
mmol)) in 5 ml 1,4-dioxane was added 57 mg (0.2 mmol) oc-bromo-/?-(A',iV-dimethyl-
amino)-acetophenonee (Lancaster) in 10 ml 1,4-dioxane. The mixture was stirred for 30 min 
att room temperature. Subsequently it was heated for three hours at 80 °C. The solvent was 
evaporated,, and the residu was taken up in CHC13. This solution was filtered and evapo-
rated. . 
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! HH NMR (200 MHz, CDC13): 8 (ppm) 7.96 (2H, d), 6.64 (2H, d), 4.11 (2H, s, 
C(0)CH2N),, 3.6 (20H + 4H, m, crown + CH3CH2N), 2.99 (4H, t, NCH2CH20), 1.20 (6H, 
t,, CH3CH2N). 
2,5-Bis[4-(dimethylamino)benzoyl]pyridinee (RJ2). This ligand is synthesised by a 
Friedel-Craftss acylation. At 10 °C, 4.0 g (30 mmol) A1C13 was suspended in 20 ml of dry 
diethyll  ether. To this suspension was added a solution of 1.02 g (5 mmol) 2,6-pyridinedi-
carboxylicc acid chloride in 20 ml ether. The mixture was stirred for 1 hour under a dry 
nitrogenn atmosphere. During approximately 5 minutes, 3.14 ml (25 mmol) of N.N-dimeth-
ylanilinee was added dropwise while stirring at 10 °C. Then the mixture was refluxed for 3 
h. . 

Thee mother liquor was poured into a mixture of 10 ml 45% NaOH and 15 ml water at 0 
°C.. The organic layer was separated and filtered. The water layer was extracted several 
timess with ether. The organic phases were combined and evaporated. The crude product 
wass recrystallised several times from ethanol, and obtained in low yield (< 10%). The yield 
mayy drastically improve by optimising the work-up procedure, e.g. by using dichlorometh-
anee in the extraction. 

*HH NMR (200 MHz, CDC13): 5 (ppm) 3.0 (12H, s, CH3), 6.75 (4H, AA \ 3,5-phenyl), 
8.11 (3H, m, 3,4,5-pyridyl), 8.35 (4H,BB\ 2,6-phenyl). 

7.7.22 Result s 

Dissolvedd in ethanol, both ligands display the bathochromic shift of their lowest singlet-
singlett transition upon addition of EuCl3 to the solution. This means that the stability of the 
complexess is much higher than that of MK-EuFOD which dissociates in hydroxylic sol-
vents.. The quantum yield of sensitised Eu3+ luminescence is extremely low (< 10" ). The 
phosphorescencee spectra of the Gd3+ complexes (methanol-ethanol 4:1 glass, 77 K) indi-
catee triplet energies of 18800 and 17000 cm"1 for DEAAP-crown and RJ2 respectively, 
whichh are too low to efficiently sensitise Eu3+. It is worth noting that upon cooling the solu-
tionn of DEAAP-crown/Eu3+ to 77K, the Eu3+ luminescence becomes more intense, but 
directlyy after removing the sample from the coolant (liquid N2) the luminescence disap-
pears. . 

Itt seems that MK-EuFOD is quite a unique system, and that it will be difficult to syn-
thesisee Eu3+ complexes that are more stable, while retaining the interesting photophysical 
properties. . 

7.88 A water-born e latex carryin g MK-EuFOD as a 
luminescen tt  stai n 
Anotherr way to bring a hydrophobic material in an aqueous environment is to encapsulate 
itt in small polystyrene particles.[27] The fluorescent latex spheres thus formed find appli-
cationss in diagnostics and fluorescence microscopy. In fact, Eu3+ labelled latex spheres are 
offeredd by Molecular Probes, Inc., but require excitation wavelengths <380 nm. Here, we 
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Figur ee 7-21. Absorption spectra of solutions of DEAAP-crown (left) and RJ2 (right) in ethanol, 
beforee (dotted line) and after (solid line) addition of EuCI3. 

describee the successful, albeit non-optimised, staining of small polystyrene particles with 
MK-EuFOD. . 

Onee ml of a concentrated solution (> 10"3 M) of MK-EuFOD in CH2Cl2 was dispersed 
inn 20 ml water. The dispersion was added dropwise to a thoroughly stirred suspension of 
1.55 wt% polystyrene latex (kindly provided by Katrien Keune, University of Amsterdam, 
averagee particle size 150 nm). After one night of stirring, the organic solvent was stripped 
fromm the latex by vacuum evaporation. Big particles of polystyrene, formed due to the non-
optimall  staining conditions, were removed by centrifugation (6000 rpm, 1 day). For lumi-
nescencee spectroscopy (Figure 7-22) the latex was diluted lOOx with deionised water and 
filteredd through 200 nm Whatman HPLC filters. 

a a 
O O 

DC C 

\\ Excitation 
\\ (Xm = 613.5nm) 

II I 
A/~vJ J 

I I 

Emission n 
II (*exc = 440 nm) 

I I 
400 0 500 0 600 0 700 0 

X / n m m 

Figur ee 7-22. Luminescence spectra of an aqueous suspension of 150 nm polystyrene particles 
dyedd with MK-EuFOD. 

Fromm this result, we conclude that it is indeed possible to encapsulate the MK-EuFOD 
complexx in small polystyrene particles. The stained polystyrene particles show Eu lumi-
nescencee upon excitation with wavelengths exceeding 450 nm. The quantum yield is 
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expectedd to be as high as that of the complex in benzene, but this has to be confirmed either 
byy direct measurement or by measurement of the luminescence lifetime. Moreover, the 
stainingg conditions need optimisation. Thus far, encapsulation of MK-EuFOD in polysty-
renee particles is the only successful strategy to make the system compatible with an aque-
ouss environment. 

7.99 Concludin g remark s 
Althoughh discovered accidentally, the use of push-pull chromophores as photosensitisers 
forr lanthanide luminescence is an intriguing and fruitful concept. Such chromophores tra-
ditionallyy have small singlet-triplet splittings: the overlap between the highest occupied 
andd lowest unoccupied orbitals of these molecules is small leading to a small exchange 
energy.. The smaller singlet-triplet splittings allow for the use of chromophores with 
absorptionn bands at longer wavelengths than non-push-pull systems. In the case of MK-
EuFOD,, photosensitised Eu3+ luminescence is obtained upon excitation with unprece-
dentedd long wavelengths. 

Itt is somewhat disturbing that any modification of the MK-EuFOD concept investigated 
thuss far (exemplified by the ligands described in Chapter 7.7) leads to Eu3+ complexes that 
aree essentially non-luminescent. It appears that MK-EuFOD represents a unique optimum 
onn the 'quality surface' of organoeuropium complexes. 

Thee situation might be less critical with the near-infrared luminescent complexes, 
becausee of the lower energies of the luminescent states. The combination of Nile Red with 
near-infraredd luminescent lanthanide (ï-diketonates shows that energy transfer from an 
organicc chromophore to a lanthanide ion can be faster than 109 s"\ and potentially pro-
ceedss directly from the antenna's singlet state. 
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Summar y y 

Becausee of their special photophysical properties, lanthanide ions have attracted interest 
inn science and found applications in technology, especially where the generation or ampli-
ficationfication of light is involved. Lanthanide luminescence is characterised by spectrally narrow 
emissionn lines and long natural lifetimes, irrespective of the surrounding matrix. 

Thiss thesis concerns the design, synthesis and photophysics of luminescent lanthanide 
complexess and studies towards application of these complexes as markers in medical diag-
nosticss and in photonic devices. The complexes consist of lanthanide ions encapsulated as 
luminescentt centers in organic ligands. These ligands can be tailored to make the complex 
suitablee for a certain application, e.g. to influence solubility, or optical and/or electrochem-
icall  characteristics. Often luminescent lanthanide complexes contain so-called antenna 
chromophoreschromophores that are capable of absorbing light and transferring the absorbed energy to 
thee ion, a process referred to as photosensitisation. This indirect way of 'pumping' the 
luminescencee of lanthanide ions is much more efficient than direct photoexcitation, which 
iss a quantum mechanically forbidden process. 

Beforee this thesis, most of the work on luminescent lanthanide complexes had been 
devotedd to europium(III) and terbium(III) complexes, which both display visible lumines-
cence,, in the red and green parts of the spectrum, respectively. Energetic considerations 
indicatee that antenna chromophores for these particular ions can only be effective if their 
excitationn energies are at least in the near-ultraviolet, which is a disadvantage in several 
applications. . 

Near-infraredd (NIR) luminescent ions would enable the use of visible light absorbing 
antennaa chromophores. We have found that it is indeed possible to incorporate organic 
dyess such as fluorescein and eosin as the light-absorbing components in NIR luminescent 
neodymium(III),, erbium(III) and ytterbium(III) complexes (Chapter 4). As one result, we 
weree the first to photosensitise and observe the NIR luminescence of the photonically 
importantt erbium(III) ion in organic matrices. 

However,, a detailed photophysical investigation using several steady-state and time-
resolvedd spectroscopic techniques demonstrated that the sensitisation process is not very 
efficientt in this 'first generation' of NIR luminescent lanthanide complexes. In the 'second 
generation'' complexes, which use fluorexon as the ligand (Chapter 5), the sensitisation 
efficiencyy was boosted to values approaching 100% by a shortening of the distance 
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betweenn the 'antenna' part of the complex and the luminescent ion. With this architectural 
rulee in mind, a new ligand was synthesised, which enables near-infrared luminescent labe-
lingg of biological molecules. It was successfully applied in a model clinical diagnostic test 
(Chapterr 6). 

Nextt to these contributions, it was discovered that push-pull chromophores such as 
Michler'ss ketone and Nile Red form complexes with lanthanide f3-diketonates (chelates 
thatt are soluble in organic solvents and are well-known from their use as NMR shift rea-
gents).. The complexation causes a bathochromic shift of the long wavelength absorption 
bandd of the chromophore. In combination with the generally small singlet-triplet gap of 
thesee chromophores, this leads to luminescent lanthanide complexes that can be excited at 
unprecedentedd long wavelengths. Especially the combination of Michler's ketone with 
EuFODD represents a unique case, which produces sensitised Eu3+ luminescence upon exci-
tationn with blue (400-460 nm) light with a quantum yield of 20%. Chapter 7 gives the 
detailss on this type of complexes 

Anotherr point that is addressed in this thesis is the natural (or radiative) lifetime of the 
luminescentt state of lanthanide ions in organic matrices (Chapter 3). This important param-
eterr has received littl e attention in the literature, but it is known to depend heavily on the 
coordinationn environment of the ion. Two approaches to determining the radiative lifetime 
weree investigated: Judd-Ofelt theory and direct determination from the absorption spec-
trumm using Einstein's relation for absorption and spontaneous emission. Moreover, we 
derivedd and verified a simple expression that enables the calculation of the radiative life-
timee of Eu3+ directly from the corrected emission spectrum of that ion. 
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Vanwegee hun bijzondere fotofysische eigenschappen trekken lanthanide-ionen reeds 
langg de aandacht in wetenschappelijke kringen en worden zij toegepast in moderne tech-
nologieën,, in het bijzonder als het gaat om het opwekken of versterken van licht. De lumi-
nescentiee van lanthanide ionen wordt gekenmerkt door spectraal smalle emissielij nen en 
eenn lange natuurlijke levensduur, ongeacht de omringende matrix. 

Ditt proefschrift betreft het ontwerp, de synthese en de fotofysica van luminescerende 
lanthanide-complexenn alsmede onderzoekingen naar de toepassing van deze complexen in 
dee medische diagnostiek en in fotonische materialen. De complexen bestaan uit lanthanide 
ionenn die zijn opgesloten in een organisch ligand. Het ligand kan aangepast worden om het 
complexx geschikt te maken voor een bepaalde toepassing, bijvoorbeeld door de oplosbaar-
heidd of de optische en elektrochemische eigenschappen te beïnvloeden. Vaak bevatten 
luminescerendee lanthanide complexen zogenaamde antennechromoforen die in staat zijn 
omm licht te absorberen en deze energie over te dragen aan het ion, een proces dat bekend 
staatt als fotosensibilisering. Deze indirecte manier om de luminescentie van lanthaniden 
tee 'pompen' is veel efficiënter dan directe foto-excitatie, aangezien het laatste kwantum-
mechanischh verboden is. 

Hett merendeel van het werk aan lanthanide ionen van vóór dit proefschrift was gedaan 
aann europium(III) en terbium(III) complexen, die beide een zichtbare luminescentie ten 
toonn spreiden, respectievelijk in het rode en het groene deel van het spectrum. Uit energe-
tischee overwegingen blijkt dat organische chromoforen alleen effectieve sensibilisatoren 
voorr deze ionen kunnen zijn als hun excitatie-energie op zijn minst in het nabij-ultraviolet 
ligt,, hetgeen een nadeel is voor verscheidene toepassingen. 

Nabij-infraroodd (NIR) luminescente lanthanide-ionen zouden het echter mogelijk 
moetenn maken om zichtbaar licht absorberende antennechromoforen te gebruiken. We 
hebbenn vastgesteld dat het inderdaad mogelijk is om kleurstoffen zoals fluoresceine en 
eosinee in te bouwen als de licht absorberende componenten in NIR luminescerende neody-
mium(III),, erbium(III) en ytterbium(III) complexen (Hoofdstuk 4). Eén van de resultaten 
wass dat we als eersten de luminescentie van het fotonisch belangrijke erbium(III) fotosen-
sibiliseerdenn en waarnamen in organische media. 

**  Hetgeen zoveel betekent als: 'gevoelig maken voor licht'. 
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Echter,, een gedetailleerd fotofysich onderzoek met behulp van diverse al dan niet tijd-
opgelostee spectroscopische technieken bracht aan het licht dat de sensibilisering in deze 
'eerstee generatie' NIR luminescente complexen niet erg efficiënt verloopt. In een 'tweede 
generatie'' complexen, met fluorexon als ligand (Hoofdstuk 5), is de sensibiliseringseffi-
ciëntiee opgestuwd tot waarden die de 100% benaderen door de afstand tussen het 
'antenne'-gedeeltee en het ion te verkleinen. Met deze constructieregel in het achterhoofd 
werdd een nieuw ligand gesynthetiseerd, dat het mogelijk maakt biomoleculen nabij-infra-
roodd luminescent te markeren. Het werd met succes toegepast in een modelmatige kli-
nisch-diagnostischee test (Hoofdstuk 6). 

Behalvee deze bijdragen werd ontdekt dat push-pull chromoforen zoals Michler's keton 
enn Nijl Rood complexen vormen met lanthanide (3-diketonaten (chelaten die oplossen in 
organischee oplosmiddelen en die bekend zijn als NMR shift reagentia). De complexering 
veroorzaaktt een bathochrome verschuiving van de langgolvige absorptieband van de chro-
mofoor.. Gecombineerd met het in het algemeen kleine singulet-triplet energieverschil van 
dergelijkee chromoforen leidt dit tot lanthanidecomplexen die met ongeëvenaard lange 
golflengtess licht aangeslagen kunnen worden. Vooral het complex van Michler's keton met 
EuFODD is een uniek geval, dat in hoge kwantumopbrengst (20%) gesensibiliseerde Eu 
luminescentiee produceert na excitatie met zichtbaar (400-460 nm) licht. Hoofdstuk 7 geeft 
dee details over deze complexen. 

Eenn ander aandachtspunt in dit proefschrift is de natuurlijke (of stralende) levensduur 
vann de luminescente toestand van lanthanide ionen in organische matrices (Hoofdstuk 3). 
Dezee belangrijke parameter heeft tot nu toe weinig aandacht gekregen in de literatuur, maar 
err is bekend dat hij sterk afhangt van de coördinatie-omgeving van het ion. Twee manieren 
omm de natuurlijke levensduur te bepalen werden onderzocht: Judd-Ofelt theorie en directe 
bepalingg uit het absorptiespectrum met behulp van Einsteins relatie tussen absorptie en 
spontanee emissie. Bovendien leidden we een eenvoudige uitdrukking af om de natuurlijke 
levensduurr van Eu uit het emissiespectrum van dit ion te berekenen. De geldigheid van 
dezee uitdrukking hebben we experimenteel vastgesteld. 
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