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Abstract: We have investigated the complexation of the luminescent Nd3*, Eus*, Gd3*, Tb®*, Er’*, and
Yb3* ions by a polylysin dendrimer containing 21 amide groups in the interior and, in the periphery, 24
chromophoric dansyl units which show an intense fluorescence band in the visible region. Most of the
experiments were performed in 5:1 acetonitrile/dichloromethane solution at 298 K. On addition of the
lanthanide ions to dendrimer solutions, the fluorescence of the dansyl units is quenched; in Nd3*, Eré*,
and Yb®*, a sensitized near-infrared emission of the lanthanide ion is observed. At low metal ion
concentrations, each dendrimer hosts only one metal ion and when the hosted metal ion is Nd** or Eu3",
the fluorescence of all the 24 dansyl units of the dendrimer is quenched with unitary efficiency. Quantitative
measurements were performed in a variety of experimental conditions, including protonation of the dansyl
units and measurements in rigid matrix at 77 K where a sensitized Eu®* emission could also be observed.
The results obtained have been interpreted on the basis of the energy levels and redox potentials of
dendrimer and metal ions.

Introduction containing selected chemical units in predetermined sites of their
d ) structure, dendrimers are currently attracting wide attention in
Cascade moleculés;ommonly called dendrimefsare well- 0 fields of basic research and technoldgendrimers

defined, highly pranched nanoscale molecules. They consi_st Ofcontaining photoactive components (for some leading papers,
a core upon which radially branched layers, termed generations,gqq refs 414) are particularly interesting since (i) luminescence
are attached. Because of their three-dimensional architectureSgjqn s offer a handle to better understand the dendritic structures

the high degree of order achievable, and the possibility of
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and superstructures, (ii) cooperation among the photoactive
components can allow the dendrimer to perform useful functions
such as light harvesting, (iii) changes in the photophysical
properties can be exploited for sensing purposes with signal
amplification, and (iv) photochemical reactions can change the
structure and other properties of dendrimers.

Another important characteristic of dendrimers is the presence
of internal latent (dynamic) cavities where ions or neutral
molecules can be host&#l9:ni11520 More specifically, when a
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dendrimer contains coordinating units, it can be used as a ligandelectronic transitiond-22 To overcome this difficulty, the

for metal ionst’—20
Encapsulation of luminescent metal ions into a luminescent

luminescent lanthanide ions are usually coordinated to ligands
containing organic chromophores whose excitation, followed

dendrimer can lead to systems capable of exhibiting novel andby energy transfer, causes the sensitized luminescence of the

unusual properties. A particularly interesting class of lumines-
cent metal ions is that of the lanthanide family because of their
long-lived and linelike emission bands which cover a spectral
range from the near-ultraviolet to the visible and the near-
infrared regior22 Direct excitation of lanthanide ions, how-
ever, is difficult because of the forbidden nature of their
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metal ion (antenna effect}. Another drawback of lanthanide
luminescence is the quenching of the emitting excited state by
energy loss to high-frequency vibrational modes of the sol-
vent?122which can be at least in part overcome by enclosing
the metal ion in suitably designed ligarid$4 Most of the
investigations in the field of luminescent lanthanide complexes
have been devoted to Euand TB" compound£325 which
emit in the visible spectral region and are used as set¥sord
as luminescent labels in fluoroimmunoassays and time-resolved
microscopy?® Currently, however, much interest is also devoted
to lanthanide ions emitting in the near-infrared (NIR) reglo??
for both fundamental reasons and possible applications in long-
range optical data transport.

Combining the notions illustrated above, we have designed
a luminescent dendrimer which is able to play the role of a
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Figure 1. Structure formula of the polylysin dendrimBrand of the monodansyl reference compound
ligand for luminescent lanthanide iofThe polylysin den- groups in the interior and 24 dansyl units in the periphery. The

drimer used D, Figure 1) consists of a benzene core, branched amide functions are know#?2%2to strongly coordinate lanthanide

in the 1, 3, and 5 positions. Each branch starts with a (dialkyl)- ions, and the dansyl chromophoric units, which display intense

carboxamide-type moiety and carries six aliphatic amide groups absorption bands in the near-UV spectral region and an intense
and eight fluorescent 5-(dimethylamino)-1-naphthalenesulfonyl fluorescence band in the visible region, are extensively used
(dansyl) units. All together, the dendrimer contains 21 amide for sensing or labeling purposéIn this paper, dendrimed
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Chem. Phys. Lettl997 276, 196. (b) Werts, M. H. V.; Duin, M. A;; carcerand) a dendrimer that plays the role of a ligand can be called
Hofstraat, J. W.; Verhoeven, J. \Ehem. Commuril999 799. (c) Werts, dendrimerandand the resulting metal complexes can be callendrimerate

M. H. V.; Woudenberg, R. H.; Emmerink, P. G.; van Gassel, R.; Hofstraat, (see, e.g., cryptate, sepulchrate).

J. W.; Verhoeven, J. WAngew. Chem., Int. E@00Q 39,4542. (d) Bakker, (31) (a) Lehn, J.-M.Supramolecular Chemistry; Concepts and Perspesti

B. H.; Goes, M.; Hoebe, N.; van Ramesdonk, H. J.; Verhoeven, J. W.; VCH: Weinheim, 1995. (b) Steed, J. W.; Atwood, J. $upramolecular
Werts, M. H. V.; Hofstraat, J. WCoord. Chem. Re 200Q 208 3. Chemistry Chichester, U.K., 2000.
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has been used as a ligand for NdEW", Gd*t, Tb®+, EFT, 3 ~ 500
and YB' ions, which exhibit widely different energy level / \
patternd’?2 as well as redox properti@® A preliminary
communication on the results obtained with3Nchas been

E

By / 5
publishec®™ A few papers about dendrimers containing lan- = | \\ 250 8
thanide metal ions have already appedfed. Z, / \ 5
Experimental Section / \\

The scientific name of dendrimdd (Figure 1) is <24-Cascade: 0 / >~y
benzene-(1,3,5)tricarbonamide[®, N, N,N', N, N'']:(3,4-diaza-2- 300 400 500 600 700
oxo-hexylidene)[2-1,1]:(2-oxo0-3-azapropylidene:2-oxo-3-azahep A/nm
tylidene):N—-(5'-dimethylaminonaphth-1-ylthiodioxo)amine:N5'-di- Figure 2. Absorption (full line) and emission (dashed line) spectra of

methylaminonaphth-1-ylthiodioxo)butylamire Synthesis and char- dendrimerD in 5:1 acetonitrile/dichloromethane solution at 298 K.
acterization of dendrimeld has been described elsewhéren(NOs)s*
6H.0 (Ln** = Nd**, E@*, Gd**, Tb*", Eft, and YB*) were (emax = 296000 and 91800 Mt cm™1, respectively) are less
commercial, high-purity reagents. than 2% smaller than expected for 24 independent dansyl units.
Most of the experiments were carried out in acetonitrile/dichlo- The strong fluorescence (Figure 2) exhibitedbin the visible
romethane 5:1 v/v solution at 298 K. When necessary, the behavior in region has band maximum (514 nm), quantum yield (0.28), and
rigid acetonitrile/dichloromethane 5:1 matrix at 77 K was also lifetime (15 ns) comparable to the monodansyl model compound
investigated. The equipment used for measuring the absorption spectrq (Amax= 509 nm,® = 0.30,7 = 12 ns)® These results show
max — ’ - . 3 - .

and the photophysical properties (fluorescence spectra, quantum yields . . . .
and excited-state lifetimes) has been described elsevhkeunines- that in the dendrimer the interaction among the 24 dansyl groups

cence spectra in the near-infrared (NIR) region were recorded by a 1S, &t most, very small. Neither the monodansyl model compound
homemade apparatus based on an Edinburgh CD900 spectrofluorimeteri1Of t.he dendrimer exhibit any phosphorescence band in rigid
which uses a Xenon lamp as the excitation source and a liquid nittogenmatrix at 77 K.
cooled hyperpure germanium crystal as a detector. The energy of the fluorescent excited state of the dansyl unit,

Nanosecond flash spectroscopy measurements have been performegs estimated from the onset of the corresponding fluorescence
using as an excitation source a Continuum, Surelite I-10, neodymium hand (Figure 2), is about 22200 cinThe energy of the lowest
laser fex: = 355 nm, pulse width 7 ns), as an analyzing light source a yinjat excited state is supposed to be around 180001&fh
150 W xenon lamp in an Applied Photophysic housing equipped with 004 chemical experiments in acetonitrile solution on the
a 03-102 arc lamp pulser unit, and as a detection system a Hamamatsu

monodansyl model compourndhowedd that the dansyl group

R928 phototube and a fast photomultiplier housing coupled with a . . . o
Tektronix Model TDS 380 oscilloscope. undergoes a chemically irreversible one-electron oxidation

The estimated experimental error42 nm and+10 nm on the process 2 about+0.9 V vs SCE), assigned to the amine

position of the band maximum in the UwWis and NIR region, subunit, and a one-electron reduction process, reversible only
respectively10% on the luminescence intensity, ahfi% on excited- at low temperature (223 K), witk;, = —2.02 V (vs SCE),
state lifetimes. assigned to the aromatic subunit. It follG#that the fluorescent

For the experiment in deaerated conditions, the solutions were excited state of the dansyl unit is a weak oxidd(t,DANS/
degassed by repeated freepeimp-thaw cycles. DANS") ca. +0.7 V, and a strong reductanE(DANS'/

*DANS) ca. —1.9 V.

) ) ) ) It is well known that the absorption and emission properties
Properties of the Dendrimer. The properties of dendrimer ¢ the dansyl group are very sensitive to the addition of acid

D (Figure 1) have been previously descritsed. __ because the dansylamine subunit undergoes protorfatiothe
The absorption and emission spectrum of the dendrimer in fully protonated dendrimeiD-24H*, the absorption bands of

acetonitrile/dichloromethane 5:1 v/v solution is shown in Figure o dansy! units withlmax = 253 and 341 nm are no longer

2. The 21 amide groups contained in the interior of the Jpsarvable and a new absorption band is present yith =
dendrimer do not show any appreciable absorption or emission,gg nm €max= 172600 Mt cm-1), accompanied by a smaller
ba_nd in the _near-UVvis spe_ctral regior_l, whereas the 24 d_ansyl feature Withimax = 320 nm (Figure 3). Besides the changes in
units show intense absorption bands in the near-UV region and ;s orhance, protonation causes the disappearance of the strong
an intense fluorescence band in the visible region. dansyl fluorescence band Withma = 514 nm and the

The intense absorption bands of the dendrimer in the near-snnearance of a weakeb (= 0.002), shorter-liveds( < 1 ns)
UV spectral regionAmax = 253 and 341 nm) are practically at  ,grescence band withmax = 336 nm (onset energy ca. 31000

the same wavelengths as in a monodansyl model compbund -1y tynical of naphthalene-type chromophoric units (Figure
(Amax = 252 and 338 nm). The molar absorption coefficients 5 inset).

Results and Discussion

(32) (a) De Santis, G.; Fabbrizzi, L.; Licchelli, M.; Sardone, N.; Velders, A. H. In contrast with the dansyl units, the protonated ones show

CN:he’\rln.kEur. J1926 |2k 1dZ43+(b%llfjedaF, HU Nakir\nxra, gh Ise,é\l-ilgggma, an intense phosphorescence band in rigid matrix at 77 K with
.; Nakamura, A.; Ikeda, T.; Toda, F.; Ueno, A.Am. Chem. So _ e - .

118 980. (c) Schuster, M.; Sandor, Mresenius’ J. Anal. Cher 996 Amax= 540 nm and |.|fet|me J.--l s, again typical of naphthalene-

356, 326. (d) Nelissen, H. F. M.; Venema, F.; Uittenbogaard, R. M.; Feiters, type compounds (Figure 3, inset). The protonated dansyl group
M. C.; Nolte, R. J. M.J. Chem. Soc., Perkin Trans. 1897 2045 (e) . . .

Ikunaga, T.; Ikeda, H.; Ueno, AChem. Eur. J1999 5, 2698. (f) Prodi, does not show the oxidation process4ed.9 V exhibited by

L.; Bolletta, F.; Montalti, M.; Zaccheroni, NChem. Eur. J1999 5, 445. the deprotonated species, since the electron pair of the amine
(33) (a) Kawa, M.; Frehet, J. M. JChem. Mater1998 10, 286. (b) Caravan,

P.; Ellison, J. J.; McCurry, T. J.; Lauffer, R. Bhem. Re. 1999 99, 2293.

(c) Tominaga, M.; Hosogi, J.; Konishi, K.; Aida, Them. Commur200Q (34) (a) Gilbert, A.; Baggot, JEssentials in Molecular Photochemistry
719. (d) Takahashi, M.; Hara, Y.; Aoshima, K.; Kurihara, H.; Oshikawa, Blackwell: London, 1991, Chapter 5. (b) Murov, S. L.; Carmichael, |.;
T.; Yamashita, M.Tetrahedron Lett200Q 41, 8485. Hug, G. L.Handbook of Photochemistripekker: New York, 1993.
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Figure 5. Changes in the dansyl fluorescence intensity at 515 nm upon
titration of a 5.0x 1076 M solution of D in 5:1 acetonitrile/dichloromethane
solution with the metal ionslexc = 338 nm.

5/ nm

Figure 3. Absorption and emission (inset) spectra (full lines) in 5:1
acetonitrile/dichloromethane solution at 298 K of the fully protonated
dendrimerD-24H", obtained by protonation with trifluoromethane sulfonic

acid of the 24 dansyl units of dendrimBx The strong phosphorescence ~ cause sizable effects, even in the quite unlikely case of a dif-

observed at 77 K is also shown (dashed line in the inset).

4

=P

fusion controlled proces$.The lack of dynamic quenching is
also consistent with the absence of quenching in the monodansyl
reference compounld Therefore, the observed quenching must

30 —
- - = originate from association between dendrimer and metal ion.

254 = = The peripheral dansyl groups are unlikely to be involved in

" —5 D, metal coordination, since their absorption bands are unaffected.
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The fact that the dansyl groups are not involved in metal
coordination is also consistent with the small fluorescence
qguenching observed when a fourth generation poly(propylene
amine) POPAM dendrimé&t containing 32 peripheral dansyl
groups in the periphery was titrated with®Euons. Therefore,

we can conclude that, as expected, the observed quenching is
caused by metal ions coordinated by the aliphatic amide groups

2
%

, , . contained in the interior of the dendrimer.

’ o N The f hing i large foPNeind Ed*
Figure 4. Energy level diagrams for the dansyl units of dendrifdeand e fluorescence queni Ing IS very ar%e o ’
the investigated lanthanide ions. The position of the triplet excited state of moderate for Er" and YI#*, small for TG+, and very small
D is uncertain because no phosphorescence can be observed. for GA®* (Figure 5). For the best quenchers, at low metal ion
concentration (i.e., when each dendrimer cannot contain more
Sthan one metal ion), thé/l° value decreases linearly with
increasing metal ion concentration. Under such conditions, each
metal ion quenches 24H(2) dansyl units, as is also indicated
by the extrapolation of the initial straight-line of the titration
plot to a [Lré*]/[ D] value very close to unity. This means that
upon coordination of a Nd or EL?" ion by a dendrimer, all

subunit is engaged with the proton. Therefore, the excited state
of the protonated dansyl units are not expected to exhibit
reducing properties.

Properties of the Lanthanide lons. Dendrimer D was
expected to play the role of a ligand for lanthanide ions because
it contains many aliphatic amide groups, which are known to
exhibit a st_rong affinity fgr Ianthanide_ lor822To investigate the dansyl units of that dendrimer are quenched when they are
the formgtlon 9f dendnmer/lan.thar.ude complgxes, we have excited. The species containing a metal ion are hereafter
chosep six Iumlnescept lanthanide ions spanning a wide range; yicated by [LA*CD]. Most likely, one or more anions
?;g‘?gﬁ')t’e?]::s;?y?nﬁég'eééﬁ?rg;]f’ L_Jl_\ésio tgg +r,1e:r:;::RY§)+ectral accompany the lanthanide ion into the dendrimer.

: . The luminescence intensity does not go to zero at high metal
+
(Figure 4). Among these ions, Buand YbO). are rather easy ion concentration. Such an effect is analogous to that previously
to reduce E° = —0.35 and—1.1 V, respectively, for the aqua

. observed in the titration of poly(propylene amine) dendrimers
ions, vs standard hydrogen electrétde whereas none of them 4 i 0ne8g : .
can be easily oxidize#? The relative facility of E&" and YI&* by CG* ions™ It can be explained by the fact that, since the

; . metal ions are added as Ln 6H,0O salts, at high metal
to be reduced is also shown by the appearance of ligand-to- (NP6, 9

tal ch i fer bands in the ab i ira of thei ion concentration the solution also contains very high concentra-
metal charge-transter bands In the absorption spectra of theiry; ¢ of pitrate anions (which are good ligands for lanthanide
complexes with reducing ligand%

X . » ionsf122and water molecules which compete with dendrimers
Quenching of the Dendrimer FluorescenceAddition of the y P

L in the complexation of lanthanide ions.
h%. 6
Ianthgmde |ons.(as Ln( 6H,0 salts) to a 50< 107 M . Whereas the fluorescence decay of the “free” dendribher
solution of D did not cause any change in the absorption

: . .. is strictly monoexponential, a more complex decay pattern is
spectrum. However, a quenching of the fluorescence intensity

of the dendrimer dansyl units was observed. Figure 5 shows observed after addition of metal ions. Quantitative experiments
. o ' : were performed only in the case of the two best quenchers, Nd
the plots obtained upon titration of 50 10 M D in 5:1 P y d

acetonitrile/dichloromethane solution with the examined metal (35) The less positive 141"+ reduction potential estimated for the agua ions is
ions. A dynamic quenching mechanism cannot account for the . thatfor Ln=Tb (+3.3 V vs standard hydrogen electrodé).

. e L . (36) Bimolecular quenching processes involving lanthanide ions are usually much
observed results since the lifetime of the fluorescent excited slower than the diffusion controlled limit because of a small electronic
state of the dansyl unit is too short (15 ns) and the metal ion interaction of the reaction partner with the inner f orbitals of the lanthanide
concentration (from 5.6 107 to 2.5x 1075 M) is too low to

compound. See, e.g., Sabbatini, N.; Indelli, M. T.; Gandolfi, M. T.; Balzani,
V. J. Phys. Cheml1982 86, 3585.
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Figure 6. Sensitized NIR emission of Nd(full line), Er3*(dotted line),
and YB* (dashed line) ions in a 5:1 acetonitrile/dichloromethane solution
containing 8.0x 10°°M D and 2.4x 10°5 M metal ionsAexc = 343 nm.

and E@*, with similar results. For example, in a solution
containing 4.2x 1078 M D and 1.1x 107® M Nd3*, ca. 25%

of the dansyl fluorescence intensity was quenched, as expecte
for the presence of 25% dendrimers containing Nidns and
75% “free” dendrimers (vide supra). Under such conditions, a
biexponential decay was observed with lifetimes 15 ns (relative
weight 86%), assigned to the empty dendrimers, and 6 ns
(relative weight 14%). If these were the only fluorescent decay

processes in the system, the quenching of the intensity should

have been 8%, which is clearly inconsistent with the ca. 25%

guenching observed from steady-state measurements. Such aﬁ

inconsistency shows that, when the dendrimer contains® Nd
ion, most of the dansyl units decay with rate constants too fast
to be measured with our equipment (i.e., with< 0.2 ns).
According to this picture, there are two different sites (or, more
likely, two families of different sites) for coordination of the
metal ion by the dendrimer: (i) a more populated site, presum-
ably closer to the dendrimer core, from which the metal ion
can completely quench all the dansyl units of the dendrimer
and (ii) a less populated site, presumably closer to the periphery
from which the metal ion can quench completely the closer

dansyl units and partially the most distant ones. This last process

would account for the shorter (6 ns) lifetime observed in our

experiments. The presence of different sites for hosting guest

molecules has been demonstrated for other dendrifif&#s?
and the complexity of fluorescence quenching processes in den
drimers containing many fluorescent units has been emphdsized.
Sensitization of the Metal lon Luminescence.All the
investigated metal ions are known to be lumines@&#tin the
titration experiments of the dendrimer with the metal ions, light
excitation at 252 or 338 nm, corresponding to the absorption
maxima of the dansyl unitg (= 296000 and 91800 Mt cm ™,
respectively, Figure 2) cannot cause direct excitation of the

lanthanide ions, whose narrow absorption bands have molar

absorption coefficients around, or even much lower than, 3 M
cm~121.22 Therefore, if the luminescence of a metal ion is

observed in the titration experiments, the metal-centered excited
state has to be formed by sensitization from the excited dansyl

for GAB* (Figure 5). It is well known that the most efficient
guenching mechanisms are those involving energy or electron
transfer3*37 According to some literature repoR¥329 the
guenching of the fluorescence of dyes by lanthanide ions takes
place via paramagnetic and heavy-atom induced singligiet
intersystem crossing followed, in some cases, by energy transfer
from the T, excited state of the dye to the metal ion.

A necessary condition for quenching by electron transfer is
that the process must be thermodynamically allowed. The above-
reported redox properties of the excited dansyl unit and of the
lanthanide ions show that this can only be the case fér Eu
(AG ca.—1.55 eV) and YB" (AG ca.—0.75 eV).

Efficient quenching by energy transfer requires a good overlap
between the donor emission and the acceptor absorption
bands’*2Figures 2 and 4 show that for the fluorescent excited
state () of dansyl, such a condition is (i) very well satisfied
in Nd®*, Ew®™, and EB™, (ii) much less for TB", and (iii) not
(?t all for G#* and YBP". Quenching by energy transfer is of
course expected to cause sensitization of the metal ion lumi-
nescence. The results obtained for the 3[lmD] inclusion
complexes will now be discussed on the basis of the above
considerations.

[Gd®"cD]. Neither energy- (Figure 4) nor electron-transfer
guenching are allowed. The very small quenching effect (Figure
5) can be assigned either to induced intersystem crossing or to
charge perturbation on the fluorescent dansyl excited state.
n the first case, the triplet excited state of the dansyl unif (T
should be forme#l and, in rigid matrix at 77 K, the phospho-
rescence of T should be observed. The emission spectrum
recorded under such conditions, however, shows no evidence
of phosphorescence. We are therefore inclined to attribute the
very small quenching effect to a perturbation on the radiative
rate constant of the ;Sexcited state, which has a noticeable
charge-transfer character. In any case, the results obtained for
Gd** show that the much larger quenching effects observed for
other lanthanide ions cannot be due to induced intersystem
crossing of the Sexcited state of dansyl.

[Nd3*cD]. In this case, quenching by electron transfer of
the dansyl fluorescence is thermodynamically forbidden. The
strong quenching effect observed (Figure 5) is accompanied by
the sensitized NIR emission (Figure 6) of tite/, excited state
of the metal ion (Figure 4). This result shows that quenching
takes place by energy transfer. In principle, the high efficiency
of the energy-transfer process can be accounted for by (a) direct
energy transfer from the;&xcited state of dansyl units to a
manifold of isoenergetic excited states of Nar (b) a metal
ion induced $— T, intersystem crossing, followed by energy
transfer from the T excited state to the metal ion. The former
interpretation is supported by the extensive overlap between the
dansyl emission band (Figure 2) and the energy levels éf Nd
(Figure 4), whereas the latter one is quite unlikely in view of
the results obtained for [GHcD].

[EudtcD]. In this case, both energy- and electron-transfer

units. Such a sensitized luminescence has clearly been observeauenchlng are thermodynamically allowed. The strong quench-

in fluid solution at 298 K in N&", ER*, and YB*, as shown
in Figure 6. In rigid matrix at 77 K, a sensitized emission is
observed also in B (vide infra).

Quenching MechanismsAs mentioned above, the quench-
ing of the dansyl fluorescence is very large for’Nadnd E&",
moderate for Ef" and YB*, small for TB*, and very small

6466 J. AM. CHEM. SOC. = VOL. 124, NO. 22, 2002

ing on the dansyl fluorescence (Figure 5) is not accompanied
by the sensitized emission of the metal ion. Redox products
have not been detected upon quenching of the dansyl fluores-
cence by nanosecond laser flash spectroscopy experimiggts (

(37) Balzani, V.; Moggi, L.; Manfrin, M. F.; Bolletta, F.; Laurence, G.C3ord.
Chem. Re. 1975 15, 321.
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= 355 nm); this result does not exclude the formation of a non- -
emissive CT [E&"/D™] state, this could only mean that redox 5 ———]’Tl(?)
products cannot be observed in our time window because of 2 1
the presence of fast back-electron-transfer processes leading to  w
the ground state. Therefore, considering that the lowest excited 104
state is an electron-transfer level (Figure 7a), we believe that s — —
either an electron-transfer quenching process leads directly to i — - J— -
the nonemissive [EicD*] level or an energy transfer to the . s = ! o —
luminescentD, metal-centered level is followed by an electron- b o [TH<D] D 240" [Tb™*CD 24°]

transfer process, faster than fiity emission, to the [E&fcD™]
level. Interestingly, in rigid matrix at 77 K, that is, under condi-
tions in which electron-transfer processes are disfavétéig a b

quenching of the dansyl fluorescence is accompanied by theFigure 9. Energy level diagrams foD and [T*CD] (a); D-24H* and
sensitized emission of the Euion in the visible region, as [Tb**CD-24H"] (b).

expected for an energy-transfer quenching mechanism. [Tb3*CD]. The quenching effect of Tt (Figure 5) is small

Lowe and Parkéf® have recently reported that Eucom-  pyt larger than that of Gd. Since there is no reason b
plexes carrying a dansyl unit on a ligand exhibit a sensitized should exhibit an induced intersystem crossing or a charge-
Ew* emission when the dansyl unit is protonated. In agreement perturbation effect stronger than &g another quenching
with this result, we have found that upon complete protonation mechanism must be effective. Electron transfer cannot occur
of the dansy! units of a 6.6 10°° M D solution containing  pecause of thermodynamic reasons. We are therefore forced to
3.3 x 10° M Ew**, EW*" emission can indeed be observed. conclude that a very low efficient energy-transfer process does
We have verified that prOtOﬂation of the dansyl units does not take p|ace with formation of the |uminescéﬁ14 excited state
cause escaping of Etifrom the dendrimer interior but causes of Th3+ (Figure 9a), whose weak emission, however, cannot
the formation of an inclusion complex that can be formulated pe observed in our experimental conditions.
as [E¢*cD-24H"]. This conclusion is drawn by the fact that A sensitized TB* emission can be observed upon protonation
addition of 10-fold excess of Gdl ions to the above solution  of the dansyl units. As in B, we have observed that addition
guenches the sensitizedEwemission, as expected for replace- of an excess of G quenches the sensitized emission by
ment of EF" by Gd®" ions inside the protonated dendrimers. displacing TB* from the protonated inclusion complex FrtzD-

In the [EW?* CD-24H'] species, the sensitized emission is not 24H*]. Again, the sensitized emission is not accompanied by
accompanied by the quenching of the fluorescence of the excitedithe quenching of the fluorescent excited state of the protonated
state of the protonated dansyl units. This result suggests thatdansyl units, suggesting that energy transfer takes place from
energy transfer takes place from the @xcited state of the  the T, excited state (Figure 9b). There is indeed a strong overlap
protonated dansyl units (Figure 7b). For a{g([D-24H"] 0.5/1 between the phosphorescence band of the protonated dansyl
stoichiometric ratio, in rigid matrix at 77 K one can indeed units and the energy levels of Th(Figure 10). For a [Th]/
observe, besides the phosphorescence of the protonated dansy
units of the empty dendrimers & 1.1 s), the E&F emission (38) In rigid matrix the lack of solvent repolarization prevents stabilization of

. . . . the electron-transfer products. For a discussion on this topics, see (a) Chen,
with a rise time of 0.2 ms corresponding to the energy transfer P.; Meyer, T. JChem. Re. 1998 98, 1439. (b) Gaines, G. L., lll; O'Neill,
from T, excited state, followed by a decay with= 1.6 ms hs/lécp.i;gg\iefigv?fé;. Niemezyc, M. P.; Wasielewski, M. R.Am. Chem.
(Figure 8). These results confirm that the quenching is static in (39) Under the diluted conditions used (fEji= 3.3 106 M) energy transfer
nature, which means that the metal ion is enclosed into the 51 cannot niie S ens escaped fom the denlier sce the
protonated dendrimé®.

30 nm.
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Figure 10. Phosphorescence band Bf24H" at 77 K (full line) and Figure 11. Energy level diagrams fdd and [YB+cD] (a): D-24H+ and
sensitized emission of Pb in [Th3*cD-24H"] (dashed line) at 77Klexc [Y%3+CD:24I-W] 9(1%/) Notice gthe presence [of a Iow]-én)érgy &irD*]

= 287 nm. electron-transfer level for [Y&cD].
[D] 0.5/1 stoichiometric ratio, in rigid matrix at 77 K one can  namic reasons. Conversely, there is no overlap between the
observe the quenching of the phosphorescence of tke&dited phosphorescence band of protonated dansyl and the only
state of the protonated dansyl units and, in the same spectralavailable?Fs, excited state of Y& (Figures 3, 6, and 11b).
region, a strong sensitized emission offThThe decrease of  Therefore, energy transfer cannot occur. Accordingly, at 77 K
the emission intensity (at 545 nm) with time can be fitted by a the phosphorescence band of protonated dansyl is not quenched
three exponential decay with lifetimes of 4.4 ms (assigned to and the NIR emission of Y3 is not sensitized.
the TBP" luminescence), 30 ms (assigned to the partially
guenched Texcited state of the protonated dansyl units of the
dendrimers with Th" inside), and 1.1 s (assigned to the T We have investigated the complexation of dendrinder
excited state of empty dendrimers). These results again confirmwhich contains 21 amide groups in the interior and 24 dansyl
that the metal ion is enclosed into the protonated dendrimer. units in the periphery by six lanthanide ions NdEW", G,
[Er3*tcD]. In this case, electron-transfer quenching is not Tb3*, Ef*, and YIB*) characterized by very different energy-
allowed. The moderate quenching effect (Figure 5) is ac- level patterns and redox properties and capable of exhibiting
companied by the sensitized emission of thej, excited state their own luminescence. Formation of the metal complexes is
of the metal ion (1525 nm, Figure 6). Therefore, the most accompanied by a quenching of the fluorescent excited state of
important quenching mechanism is energy transfer from the S the dansyl units. The quenching effect is very large foF™Nd
excited sate of the dansyl units to a low-density isoenergetic and Ed*, moderate for Er and YB*, small for T, and

Conclusions

manifold of metal ion excited states (Figure 4). very small for G&™. In Nd®*, Erf*, and YIB", the quenching
[Yb3*CD]. In Yb3", a moderate quenching effect (Figure 5) of the dansyl fluorescence in fluid solution at 298 K is
is accompanied by the NIR sensitized emission ofHg Yb3* accompanied by the sensitized near-infrared emission of the

level (Figures 4 and 6). The interpretation of this result is not lanthanide ion. Sensitized emission of*Ewand T+ in the
straightforward. In fact, whereas the moderate quenching ability visible spectral region has been observed at 77 K when the
on the dansyl fluorescence could be assigned to an electron-dansyl groups of the dendrimer are protonated. Systematic
transfer quenching mechanism, which is thermodynamically investigations have allowed us to establish, in each case, the
allowed (vide supra), the sensitization of te,, emission is nature of the quenching mechanism. In the*Ybomplex, the

an unexpected result since energy transfer from thexSited sensitized NIR emission takes place via the intermediate
state of the dansyl unit appears to be unlikely because of theformation of an electron-transfer excited state.

lack of spectral overlap (Figure 11a). The sensitized emission of lanthanide ions is currently
However, for [YEF*cD], contrary to what happens in exploited for a variety of applications from sensors to fluor-
[EuttcD], the [Yb?"cD™] electron-transfer level liesbave oimmunoassay and from microscopy to display devices and

the luminescent metal-centered level (Figure 11a). Therefore,information processing. The careful and systematic examination
quenching by electron transfer can be followed by a back reported in this paper on the properties that control the so-called
electron transfer leading to the formation of the lower-lying, antenna effect (light absorption by ligands that exhibit very
luminescent?Fs;, level rather than the’F7, ground state. intense absorption bands, followed by light emission from long-
Interestingly, in rigid matrix at 77 K, that is, under conditions lived excited states of the metal ion) will be very useful for the
in which the [YIZ*cD™] electron-transfer level moves to much  design of novel, more efficient systems.
higher energy? the sensitized emission of tAEs;, Yb®" level
can no longer be observed, confirming that the low-enéffgy
level cannot be populated by direct energy transfer from the
excited state of the dansyl unit.

On protonation of the dansyl units, the electron-transfer
quenching of the Texcited state is prevented for thermody- JA017672P
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