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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. 



644 CHAPTER 4 

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) 

00 10 20 30 40 50 

o o 

%% 0.02-

CO O 

c c 
£ £ 

ii r 
00 10 20 30 40 50 

t/ns s 

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 302

[ 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. 

Reference s s 
[I ]]  M. Elbanowski, B. Makowska, /. Photochem Photobiol. A. 1996, 99, 85-92. 
[2]]  E. F. Gudgin Dickson, A. Pollak, E. P. Diamandis, / Photochem. Photobiol. B 1995,27, 3-19. 
[3]]  I. Hemmila, J. Alloys Compd. 1995, 225, 480-485. 
[4]]  M. P. Houlne, T. S. Agent, G. E. Kiefer, K. McMillan, D. J. Bornhop, Appl. Spectrosc. 1996,50, 1221-1228. 
[5]]  R. R. De Haas, N. P. Verwoerd, M. P. Van der Corput, R. P. Van Gijlswijk, H. Siitari, H. J. Tanke, 

J.J. Histochem. Cytochem. 1996,44, 1091-1099. 
[6]]  S. I. Weissman, J. Chem. Phys. 1942,10, 214-217. 
[7]]  D. Parker, J. A. G. Williams, /. Chem. Soc., Dalton Trans. 1996, 3613-3628. 
[8]]  F. J. Steemers, W. Verboom, D. N. Reinhoudt, E. B. Van der Tol, J. W. Verhoeven, J. Am. Chem. Soc. 1995, 

117,117, 9408-9414. 
[9]]  S. B. Meshkova, N. V.. Rusakova, D. V. Bolshoi, Acta Chim. Hung. 1992,129, 317-323. 
[10]]  M. I. Gaiduk, V. V. Grigoryants, A. F. Mironov, V. D. Rumyantseva, V. I. Chissov, G. M. Sukhin, 

J.J. Photochem. Photobiol. B. 1990, 7, 15-20. 
[II ]]  M. Li, P. R. Selvin, J. Am. Chem. Soc. 1995,117, 8132-8138. 
[12]]  S. L. Wu, W. D. J. Horrocks, Anal. Chem. 1996, 68, 394-401. 



74 4 CHAPTERR 4 

[13]]  B. Soep, A. Kellmann, M. Martin, L. Lindqvist, Chem. Phys. Lett, 1972,13, 241-244. 
[14]]  A. Bceby, S. Faulkner, Chem. Phys. Lett. 1997,266, 116-122. 
[IS]]  Y. Hasegawa, K. Murakoshi, Y. Wada, S. Yanagida, J.-H. Kim, N. Nakasnima, T. Yamanaka, 

Chem.Chem. Phys. Lett. 1996,248, 8-12. 
[16]]  Y. Hasegawa, Y. Kimura, K. Murakoshi, Y. Wada, J.-H. Kim, N. Nakasnima, T. Yamanaka, S. Yanagida, 

J.J. Phys. Chem. 1996,100, 10201-10205. 
[17]]  G. A. Crosby, M. Kasha, Spectrochim. Acta 1958,10, 377-382. 
[18]]  G.N. Van Den Hoven, Ph.D. Thesis, Utrecht University, Utrecht 1996. 
[19]]  X. Ding, J. M. Alford, J. C. Wright, Chem. Phys. Lett. 1997, 269, 72-78. 
[20]]  S. L. Murov, I. Carmichael, G. L. Hug, Handbook of Photochemistry, 2nd edition, Marcel Dekker, 

Neww York 1993. 
[21]]  G. A. Crosby, R. E. Whan, R. M. Alire, J. Chem. Phys. 1961,34, 743-748. 
[22]]  N. Sabbatini, M. Guardigli, I. Manet, Adv. Photochem. 1997, 23, 213-278. 
[23]]  A. Beeby, R. S. Dickins, S. Faulkner, D. Parker, J. A. G. Williams, Chem. Commun. 1997, 1401-1402. 
[24]]  Y. Hasegawa, T. Ohkubo, K. Sogabe, Y. Kawamura, Y. Wada, N. Nakasnima, S. Yanagida, 

Angew.Angew. Chem. Int. Ed. Engl. 2000,39, 357-360. 
[25]]  M. Kleinerman, J. Chem. Phys. 1969,51,2370-2381. 
[26]]  W. D. Horrocks, Jr., J. P. Bolender, W. D. Smith, R. M. Supkowski, /. Am. Chem. Soc. 1997,119, 5972-5973. 
[27]]  M. Kikuchi, K. Kikuchi, H. Kokubun, Bull. Chem. Soc. Jpn. 1974,47, 1331-1333. 
[28]]  J. W. Hofstraat, M. P. Oude Wolbers, F. C. J. M. van Veggel, D. N. Reinhoudt, M. H. V. Werts, 

J.. W. Verhoeven, J. Fluoresc. 1998,8, 301-308. 
[29]]  S. I. Klink, L. Grave, D. N. Reinhoudt, F. C. J. M. van Veggel, M. H. V. Werts, F. A. J. Geurts, J. W. Hofstraat, 

J.J. Phys. Chem. A 2000,104, 5457-5468. 
[30]]  M. P. Oude Wolbers, F. C. J. M. Van Veggel, F. G. A. Peters, E. S. E. Van Beelen, J. W. Hofstraat, 

F.. A. J. Geurts, D. N. Reinhoudt, Chem. Eur. J. 1998, 4, 772. 
[31]]  Y. Haas, G. Stein, / Phys. Chem. 1972, 76, 1093-1104. 
[32]]  Y. Haas, G. Stein, Chem. Phys. Lett. 1972,75, 12-16. 
[33]]  Y. Haas, G. Stein, E. Wurzberg, / Chem. Phys. 1974,60, 258-263. 
[34]]  S. Qingde, M. Qinglu, Z. Guiwen, Spectrochim. Acta Part A 1995, 51, 2459-2464. 
[35]]  M. A. Pavier, T. Richardson, T. M. Searle, C. H. Huang, H. Li, D. Zhou, Supramol. Sci. 1997,4, 437-441. 
[36]]  S. I. Klink, G. A. Hebbink, L. Grave, F. C. J. M. Van Veggel, D. N. Reinhoudt, L. H. Slooff, A. Polman, 

J.. W. Hofstraat, J. Appl Phys. 1999,86,1181-1185. 
[37]]  S. A. Soper, Q. L. Mattingly, J. Am Chem. Soc. 1994,116, 3744-3752. 
[38]]  E. Desurvire, Phys. Today 1994, January, 20-27. 
[39]]  W. Streek, M. Wierzchaczewski, Chem. Phys. 1981,58,185. 
[40]]  (a) S. Tobita, M. Arakawa, I. Tanaka, J. Phys. Chem. 1984, 88, 2697. (b) J. Phys. Chem. 1985, 89, 5649. 
[41]]  G. F. de Sa\ O. L. Malta, C. de Mello Donegi, A. M. Simas, R. L. Longo, P. A. Santa-Cruz, E. F. da Silva Jr., 

Coord.Coord. Chem. Rev. 2000,196, 165-195. 


