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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. 

5 --

=>> 4 -

^^ 3 -coo o 
c c 
CD D 

II  2_ 
oc c 

11 -

00 500 1000 1500 2000 2500 3000 3500 
f / s s 

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 



866 CHAPTER 5 

0.02-1 1 

% % 3 3 

-0.066 -

0 .015 --

0.010--

0.0055 -

0.0000 - g 

deoxygenate d d 

10 0 20 0 
f / ( I S S 

30 30 40 0 

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. 
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A./nm m 

— II 1 
12000 1400 

X/nm m 
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) 



888 CHAPTER 5 

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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