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Chapterr 3 

Onn the emission spectra and 
radiativee lifetimes of lanthanide ions 

3.11 Introduction 
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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^Lnn = rr 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 Theoretical background 
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. 



444 CHAPTER 3 

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 Experimental 
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 features of the emission spectra 
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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Figuree 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: Predictions vs. Experimental 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 Calculation of the radiative lifetime of Eu3+ directly 
fromm its corrected emission spectrum 
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 

2 5 - 1 1 

20--

15--

10--

0 4 4 
10 0 15 5 20 0 

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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Figuree 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 different way to find the radiative lifetimes of 
lanthanidee 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. 
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3.88 Conclusion 
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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