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A series of ternary Etf complexes are presented consisting of a polydentatrphenyl-based Et complex

(Eu)l and different antenna chromophores possessing lanthanide(lll) ion coordinating properties. The series
of investigated antenna chromophores consist of 1,10-phenanthroline, tetraazatriphenylene, and three
p-diketonates, namely dibenzoylmethane, benzoyltrifluoroacetylacetonate, and hexafluoroacetylacetonate. As
a result of the synergistic complexation of Ewby the polydentate ligand and the bidentate antenna, the
distance between the antenna and lanthanide ion has been minimized and'thenEhas been shielded
completely from the solvent. These are two important requirements to obtain efficiently emitting lanthanide-
(111 complexes. The formation of the ternary complexes and their photophysical properties, in particular the
population of the E# excited states and the efficiency of the sensitization process, have been studied in
detail. Based on these measurements, it can be concluded that the aforementioned strategy of synergistic
complexation has indeed led to the construction of efficiently emitting Eomplexes. Thes-diketonate

ternary EG" complexes combine a high stabilit{ & 3.8 4+ 0.2 x 10" M%) with high overall luminescence
guantum vyields of up to 0.29. The energy transfer from the sensitizer to thei€axclusively to theéD;

level, from which the’D, level is populated.

Introduction sensitization process of other lanthanide ions, in particular the
near-infrared emitting lanthanide ioh8.For example, it is

The design of molecular systems that combine binding gpyioys that ideallysc should be (close to) unity. However,
abilities and useful photophysical properties for the construction j; 45 been shown that by positioning the antenna chromophore

of efficient photoluminescent lanthanide(lll) complexes con- i, cjose proximity of the lanthanide iom,sc is enhanced as a

tinues to be an active area of research. The long lifetimes of .o¢ it of an external heavy atom eff@81This understanding
the excited states of lanthanide ions and their distinct narrow 54 e 1o the application of fluorescent dyes, which have very
emission b?‘”ds ranging frqm the W'_s'bl_e to the near- low intrinsic intersystem crossing quantum yields, as efficient
infrared region are lldeal!y suited fqr.appllcatlons as.ﬂuorescent sensitizers for near-infrared g Er*, and YB+ lumines-
probed-?and as optical signal amplifiefsThe long luminescent cencell 12

lifetimes of lanthanide ions are due to the forbidden character
of their intra-4f transitions, which unfortunately also result in
low absorption coefficients (typically-410 M~1cm™1).4 For this

Based on the knowledge of antenna-functionalized*Eu
complexes, the antenna triplet state should be higher in energy

reason, the excited state of a luminescent lanthanide(lll) ion is than the receiving lanthanide 4f state by approximately 2000

generally populated by energy transfer from the triplet state of cm _16 and the antenna should _be coordinated to the lanthanide
an organic antenna chromophore ($e@sitize).>6 The quantum ion in order to obtain the maximum heavy atom effect gnd a
yield of the overall process, which involves the excitation of [aSt €nergy transfer process, which are both strongly distance
the antenna chromophore and intersystem crossing to the tripletd€Pendent. In general, the energy transfer process is an electron-
state, energy transfer to the lanthanide ion and subsequen€Xchange mechanisthl4At the same time, the lanthanide ion
lanthanide emission (see Figure 1), depends on the efficiencyshomd be shielded py the Ilggnd from thelrenvwonr'nent' because
of these individual steps: the intersystem crossing efficiency Nigh-frequency oscillators, like the-€H and C-H vibrations
(n1s0), the energy transfer efficiency), and the lanthanide- ~ ©f the solvent, play an important role in removing energy
(Ill) luminescence quantum yiela(,). E/* is one of the best nonradiatively from the lanthanide excited stéte.
studied lanthanide ions, and the research of the sensitization Previously, we have reported the synthesis and photophysical
process of this ion has resulted in a better understanding of theproperties of a series of neutralterphenyl-based polydentate
lanthanide complexé$:l” In the well-defined and stable

* To whom correspondence should be addressed. F8lt-53-4892987, complex (Ln}L, the lanthanide ion is coordinated by eight hard
Fax: +31—53-4894645,E-mail: fcjm.vanveggel@ct.utwente.nl. oxygen donor atoms, whereas the ninth coordination site of the
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Figure 1. Left: Schematic representation of the photophysical pathway of the sensitization process. The solid arrows indicate the pathway of the
sensitization process, whereas the dashed arrows indicate the competing processes. Right: The relevant 4f energy fevatsved|Eas the

triplet state energies of hexafluoroacetylacetonate (hfa, 22,008 cbhenzoyltrifluoroacetylacetonate (bfa, 21,400 émdibenzoylmethane (dbm,

20,600 cnt?), 1,10-phenanthroline (phen, 21,480 ¢jnand tetraazatriphenylene (aza, 23,800 Hm

CHART 1 instead théDy state is populated via tf®; state. Furthermore,

we demonstrate a principle that has not been applied consciously
until now to obtain efficiently emitting lanthanide complexes.
The long-lived excited states of lanthanide(lll) ions, make them
very sensitive to quenching processes. Bygreasing the
radiative rate of EL®" as a result of the composition of its
coordination sphere, the radiative lifetime of the excited state
is shortened making it less sensitive to nonradiative deactivation
processes and the overall effect is an increased quantum yield.
pB-Diketonates are a proper choice in this respect, because the
emission of complexes with Eti are characterized by a very
strong®Do-’F transition (see “Results and Discussion” for more
details).

(Eu)t

Experimental Section

lanthanide ion is occupied by a solvent molecule (depicted in
Chart 1)17.18 Mass spectra were recorded with a Finnigan MAT 90

In this article, ternary complexes are reported in which the SP€ctrometer using a mixture of dithiothreitol and dithioerythritol
ninth coordination site of (Eu)l is occupied by an antenna (5:1 (V/V)), known as Magic Bullet, as the matrix. IR spectra
chromophore. In this way the antenna3Eulistance has been ~ Were obtained using a Perkin-Elmer Spectrum BX FT-IR
minimized and at the same time the lanthanide ion is completely System. CHCI> was of spectroscopic grade and used without
shielded from the solvent. The coordinating antenna chro- further purification. Thes-diketones, 1,10-phenanthroline and
mophores are a series of thigeliketonates (dibenzoylmethane NBU:OH (1 M solution in methanol) were purchased from
(dbm), benzoyltrifluoroacetylacetonate (bfa), and hexafluoro- Aldrich and used without further pur|f|cat|0n. Tetraaza_trl-
acetylacetonate (hfa)), 1,10-phenanthroline (phen), and tetra-Phenylene and the (Ellcomplex were synthesized according
azatriphenylene (aza). The triplet-state energies of these sensit0 literature procedured:?>
tizers and the relevant 4f energy levels ofEare depicted in General Procedure for the Preparation of the m-terphe-
Figure 1. nyl-based Complexes.The fg-diketonate complexes were

The 1:3 Ed*"/p-diketonate’61920the 1:2 E&*/1,10-phenan- prepared by mixing a dichloromethane solution (10 mL) of (Eu)-
throline?! and the 1:2 E¥f/tetra-azatriphenyled&complexes 1 (30 mg, 0.026 mmol), 0.026 mmol of the appropriate
are well-known and have been studied extensively. The p-diketone, and 2%L of a 1 M aqueous NByOH solution.
sensitization process in these complexes is very efficient. After stirring for 0.5 h, the solvent was removed in vacuo. The
However, a drawback of these complexes is their limited neutral tetraazatriphenylene and phenanthroline complexes were
stability and the incomplete shielding of the¥tion from the prepared in a similar way. The complexes were characterized
solvent. In the present ternary complexes the excellent sensitiz-by FAB-MS spectrometry (see Table 1) and IR spectroscopy.
ing capabilities of these bidentate antennas have been combined he IR spectra of thg-diketonate complexes show a peak at
with the stability and shielding properties of polydentate 1650-1640 cn* (vnc—o andvc—os-diketond, With @ shoulder
complexes. Besides the preparation and characterization of thearound 1616-1600 cm* (vcoo), whereas the IR spectra of
ternary complexes, we have determined the luminescence[(Ln)1]aza and [(Ln}]phen show a peak at 1638630 cnr!
quantum yields and studied in detail the time-evolution of the (¥nc=o0) with a shoulder around 1594600 cn* (vcoo).
luminescence of the two emissive states of'Ewnamely the Photophysical Studies Steady-state luminescence measure-
5D; (at ~19,000 cntt) andSDg (at ~17,500 cnl) state. We ments were performed with a Spex FluorologZ® instrument
have found that in these complexes the energy transfer fromor an Edinburgh FS900 spectrofluorimeter. In the Spex Fluo-
the antenna triplet to Bt exclusively takes place to tH®; rolog 3—22 instrument the samples were excited with a 450 W
state. There is ndalirect energy transfer to theéD, state, but Xe lamp via a double-grating monochromator. The emitted light
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CHART 2
[(Euyi]nfa :R,=R,=CF, [(Eu)llphen: /N = 4 \
<—~>f:2~—>
(Ewilbfa : R, = CFy; R, =Ph N
[(Euljdbm : R, = R, = Ph (Ewllaza: N = ¢ \
=N N=
TABLE 1: Identification of the Ternary Complexes by Mass the quantum vyield is unknowmes, ler, @and At are the same
Spectrometry (FAB) observables for the reference sample (quinine sulfate in 1 M
complex measureqz calcdm/z H2SQy).
N(Bu)J[(Eu)1]hfa 1343.0 (M-N(Bu)s)~ 1343.4 The ternary complexes were dissolved to a c_oncentration of
N(Bu)4[(Eu)1]bfa 1351.3 (M-N(Bu)s)~ 1351.4 10°° M in dichloromethane, to keep the absorption of samples
N(Bu)s[(Eu)1]dbm 1359.4 (M-N(Bu),)~ 1359.4 below 0.2 at the excitation wavelength. At this concentration,
%Egugﬂphen ig%g EM‘S){COOW ig%j the three ternanp-diketonate complexes are not dissociated.
u)ljaza . . . . .
[(Tb)1]aza 1377.4 (M-H)* 13775 Since the formation constant of [(Ellaza is 1.4+ 0.1 x 10°

_ o _ M1 (vide infra), the fraction of this ternary complex at£0

3 This type of fragmentation is commonly observed in FAB MS | s only 44%. Based on the structural similarity of phen and
experiments, see for instance ref 16a. aza, it is assumed that [(El}phen has a similar formation

constant. The emission, excitation spectra, and lifetimes repre-
was detected at an angle of’dfly a Peltier cooled Hamamatsu ~ Sent the photophysical properties of the ternary complex, because
R636-10 photomultiplier operating in the photon counting only thg ternary complex exhibits sensitized Igmmescence upon
mode. In the Edinburgh FS900 spectrofluorimeter, the samples €xcitation above 300 nm. The measured luminescence quantum
were excited by a 450 W xenon lamp via a single grating Yields of [(Eulljaza and [(Eu}Jphen were corrected for the
monochromator. The emitted light was detected at an angle of @mount of ternary complex in solution. This was done by
90° by a Peltier cooled Hamamatsu R928 photomultiplier, and multiplying the measured absorbance at the exutqtlon wave-
subsequently fed to a photon-counting interface. The spectral®ngth of the [(Eu}]Jaza and [(Eld]phen samples with 0.44
were corrected for the wavelength dependence of the detection(Since only this fraction of antennas is coordinated to th& Eu
sensitivity. ion), and to use this value &s, in eq 1.
i i i 5

The time-resolved measurements were performed using an Tltratlon Experlmgnts. To 2'5. mL of a 1'05?< 10=M

LTB MSG 400 nitrogen laser{y. 337 nm) as the pulsed laser solution of tetraazatriphenylene in @El,, 25uL aliquots of a

i 4
excitation source and a streak camera system (Hamamatsu) a&Eu}l ZOIUté%% (5.2 %jO‘h M) twert_?[ adftjag%DThspantenna} was
the detector to simultaneously probe wavelength and time- excited at nm and the intensity o o2 EMISsion

dependence of the luminescence signals in the millisecond andaround 615 nm was monitored as a function of added amounts

microsecond domain. The streak images were analyzed with aOf (E_tu)l. dlnl atﬁ[mllar way thtetrf]ormattlon of [(Ea]bf‘i v(;/ast 340
mathematical procedure involving singular value decomposi- monitored. In this experiment the anténna was excited a

tion 3233 nm. To 2.6 mL of a 3.05«< 10°® M solution of (deprotonated)
' . bfa in CH,Cl,, 25uL aliquots of a (Eu). solution (5.08x 104
All photophysical measurements were performed on aerated M) were added. The bfa stock solution was prepared by mixing
samples at room temperature, unless otherwise stated. Thqn CH,Cl, (10 mL), bfa (13.18 mg, 6.16 10-2 mmol) with
overall quantum yields of the ternary complexes were deter- g ul (6.5 x 10‘2’mmol) o a 1 M solution of NBUOH in

mined relative to a reference solution of quinine sulfate in 1 M |\ ih201 The solvents were removed in vacuo subsequently
H2SQ; (¢ = 0.546): and corrected for the refractive index of  gichigromethane was added (10 mL) and the mixture was
the solvent according to Equation’d. concentrated to dryness. This was repeated twice. Finally, the
) deprotonated bfa antenna was redissolved in,@Hto a
NS Al ® 1) concentration of 1.85 1076 M.
u— 2 ref
n I
el A et Results and Discussion
In Equation 1,n,, l,, andA, are the refractive index, the area Nature of the Complex. The formation of the ternary

of the corrected emission spectrum, and the absorbance at theomplexes was studied by monitoring the sensitized lumines-
excitation wavelength, respectively, for the sample of which cence intensity as a function of the concentration of th& Eu
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Figure 2. The increase in the sensitizéd,-’F, emission band around 615 nm upon the addition of increasing concentrations bt¢Ebg aza

(a) and bfa (b) antenna chromophores in dichloromethane. The insets show the formation of the ternary complexes as a function of the sensitized
luminescence intensity. The solid lines are the theoretical curves for a 1:1 complex with.&+ 0.1 x 10° M~ for [(Eu)1l]aza and K= 3.8 +

0.2 x 10" M~ for [(Eu)l]bfa, respectively.
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Figure 3. The corrected (and normalized) excitatidR,(615 nm) and emission spectra, 330 nm) of [(Eu}]bfa, [(Eu)l]hfa, [(Eu)l]dbm, and
[(Eu)l]aza in dichloromethane (1B M). The inset shows a magnification of thBy-."F, emission at 579 nm. The spectra were taken with a
spectral bandwidth of 0.2 nm.
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complex in solution during a titration experiment. In this way, Preparation of the Complexes.The [(Eull]j3-diketonate
the formation of the two ternary complexes [(E]#za and complexes were prepared by mixing one equivalent of the
[(Eu)l]bfa in dichloromethane was examined in more detail. tetrabutylammonium salt of the approprigiediketonate and
Figure 2 shows the titration experiments, in which small amounts one equivalent of (EUd) in dichloromethane, and subsequent
of a (Eull stock solution were added to a solution of tetraaza- removal of the solvent. The neutral tetraazatriphenylene and
triphenylene or (deprotonated) bfa. The complexes were excitedphenanthroline complexes were prepared in a similar way. The
in the absorption bands of the antenna chromophores, at aternary complexes have been characterized by mass spectrom-
wavelength (i.e4dexc. 330 nm) where the (E@)complex itself etry (FAB) and IR spectroscopy (see the Experimental Section).
has no absorption band26 Upon addition of increasing  The mass spectra show the expected 1:1:1 stoichiometry (ligand:
concentrations of (Ed)to the antenna chromophores, the EW" : sensitizer) of the ternary complexes.
sensitized E¥ emission increased (see Figure 2). The Steady-State Luminescence Spectra of the Ternary
During the titration experiment, the absorption bands of the Complexes.Upon excitation of the antennaée{c. 330 nm) of
antenna chromophores above 300 nm did not change, indicatingthe corresponding ternary complexes in dichloromethane>(10
that upon coordination to (Eu)1 the singlet excited states of the M), the steady-state luminescence spectra show the narréw Eu
antenna chromophores are not affected significantly by tR& Eu  emission bands that correspond to ¥Bg-."F; transitions (see
ion. Analysis of the titration data yields formation constants of Figure 3 ). The insets of Figure 3 show a magnification of the
the 1:1 ((Eul:antenna) complexe& = 1.44+ 0.1 x 10° M1 580 nm emission band corresponding tog-."Fo transition.
for [(Eu)l]aza andK = 3.8 £ 0.2 x 10’ M~1 for [(Eu)1]bfa, The excitation spectra of the complexes closely follow the
respectively. absorption spectra of the coordinated sensitizers (not depicted),
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U D — TABLE 2: The Photophysical Data of the Ternary Eu*™
¢ Complexes in Dichloromethane (10° M)
Dot D1t Doto
COmpIeX 1764l 762 ¢sEb (ms}" (,us)d (ms)3 5Do '17/7,'()f

~

B T T
-

U
n

w
n

IS

7
1.0

1
R
o

[(Eu)1]hfa 90 026 127 151 20 0.6
08 [(Eu)1]bfa 114 029 108 153 1.6 0.7
- [(Eu)l]dbm  10.1  0.034 038 036 1.7 0.2
3 [(Eu)1]phen 49 010 093 nd. 2.9 0.3
06 [(Eu)1]aza 54 0062 071 297 27 0.3
g aIntensity ratio of the’Do-’F, emission and théD,-’F; emission
E (error £ 0.5, from triplo measurement$) The overall quantum yield

©
n

of the sensitized Eti emission (erroe: 5%). ¢ Luminescence lifetime
of the Dy emission (erroet 5%). ¢ Luminescence lifetime of theD;
emission (errot: 5%); "9Errors were determined by duplo measure-
ments (see also ref 23)Calculated radiative lifetimes of theDo
emission using eq 3.Calculated luminescence quantum yield of the
EUt ion.
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wavelength (nm) intensity of the MD%Do-"F; transition is independent of the

_ o ) o coordination sphere and tfiBo.’F, transition is a hypersensi-
Figure 4. Magnification of the normalized er%|ssnon spectruia.{ tive transition, the intensity ratio of tH®,’F, transition and
e ansts s 6o 7Fs ansiion (e is 3 good measure of he natre
spectrum was recorded with a spectral bandwidth of 0.2 nm. and symmetry of the first coordination sphéfé’ In a cen-
trosymmetric environment the MED,."F; transition of EG"
is dominating, whereas distortion of the symmetry around the

and thus prove that the Euluminescent state is populated via jon causes an intensity enhancement of the hypersensitive
the antenna. From the excitation spectra it can be seen that thép,,_7F, transition. For the ‘bare’ (Ed) complex in dichlo-
dbm antenna allows the longest wavelength excitation of up to romethane|s4/17¢1 is 3.5, which is comparable to the ratio of
425 nm. 4 that was found for this complex in methanol. For the

The emission spectra of the ternary complexes will be g-diketonate ternary complexes [(Hibfa, [(Eu)i]hfa, and
discussed in more detail using the spectrum of [(§afp asan  [(Eu)1]dbm, these ratios are significantly higher with values
example. Figure 4 shows an enlarged spectrum of the [lEU)  around 10 (see Table 2 ). This is the photophysical confirmation
bfa complex in which the emission bands have been assigned of the difference in the structure of the first coordination sphere
The spectrum has been recorded using a bandwidth of 0.2 nm.of (Eu)1 and the ternary complexes. The domination of the
The relatively high resolution was used to make sure that the 5D, .7F, transition in the emission spectrum is a typical feature
bands of the individualDo-F; transitions are well separated.  of Eu-tris(3-diketonate) complexes and the hityad/7¢; ratios

The radiative transitions within the [Xefdconfiguration of of the ternary complexes are in line with reported literature
Ew* are parity forbidden and consist mainly of weak magnetic values for Eu-trig§-diketonate) complexe$.As we will discuss
dipole (MD) and induced electric dipole (ED) transitions. The later, by introducing &3-diketonate in the first coordination
emission bands of Eti remain narrow even in an organic matrix — sphere of (Eu) the probability of the E¥f the 5Do-F, transition
and in solution due to the fact that the partially filled 4f orbitals has been increased significantly and consequently the radiative
are shielded from the environment by the filled 5s and 5p rate of the complexed Etiion. By increasing the radiative rate,
orbitals. The probabilities of MD transitions are independent the Eu excited state will become less sensitive to deativation
of the chemical environment of the ion, in contrast to those of processes, ultimately resulting in a more efficiently emitting
the ED transitions. The Judd-Ofelt theory has been very Eud* complex.
successful in understanding and predicting the spectral intensities The coordination of aza and phen causes a much smaller
of the induced ED transitions, especially for ions in glasses and increase of the hypersensitive transition, witgyl¢; ratios of
crystals?” approximately 5. Judd already reported that the symmetry of

The 5Do-"Fo 3 transitions at 579 and 650 nm, respectively, the coordination sphere and thelarizability of the coordinating
are very weak (see Figure 4). In fact these transitions cannotgroups play a role in the hypersensitivity of certain lanthanide-
be accounted for by either the MD mechanism or the Judd- (Ill) transitions2® The coordinating carbonyl groups gfdike-
Ofelt theory. A more detailed analysis has indicated that these tonates are more polarizaBlehan the nitrogen donor atoms
transitions ‘borrow’ intensity from theDo."F, transition through of phen and aza resulting in a larger increase in the intensity of
higher order perturbations by the ligand fiéfdThe 5Do-."F; the hypersensitiveDy."F; transition.
emission around 593 nm is a pure MD transition. The strongest Time-Evolution of the Sensitized Ed* Luminescence By
emission is observed around 615 nm corresponding to the monitoring the early stages of the lanthanide luminescence using
5Do-.F; transition. The intensities of some ED transitions are pulsed laser excitationl{x.. = 337 nm) and a streak came¥a,
extremely sensitive to the nature and symmetry of the coordinat-the population of théD; and®Dy states of E&" was studied.
ing environment, and theDo—"F, transition is an example of  Upon pulsed excitation of the antenna, the lanthanide lumines-
such ahypersensitie transition. The spectrum shows splitting cence intensity is expected to rise with a rate equal to the decay
of the ®Dy—"F; and the’Do—"F, emission bands in the order of rate of the donating state, assuming an immediate population
100-200 cnt?! caused by the ligand field. Thé state is of the donating state (for example the triplet state) and an energy
nondegenerate, and therefore ¥ _."Fo emission band does transfer rate that exceeds the decay rate of the lanthanide
not exhibit ligand field splitting. The single peak at 579 nm in luminescent staté(, <kgr). This latter assumption is easily valid
the emission spectrum therefore indicates that there is only onefor Eu3*, because of its long-lived excited state, which is in
(time-averaged) luminescent Euspecies in solution. Since the  the order of milliseconds.
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Figure 5. The temporal and spectral curves belonging to the two emissive states*ofrE[{Eu)1]bfa, reconstructed from the streak image
recorded upon pulsed laser excitation. Left: Time-evolution offtheand®D, states. The solid lines are the reconstructed profiles, the dashed lines
are the fitted curves. Right: The emission spectra associated with the two states, the solid line correspofibs énrtission and the dashed line

corresponds to theD, emission.

Since the streak camera enables the simultaneous detectiofifetime of 0.38 ms (vide infra). These lifetimes are comparable
of the wavelength and time-dependence of the luminescenceto the lifetime of (Eul in methanol (0.80 ms).
signals, the two time-resolved spectra corresponding to the A striking observation of the time-resolved spectra is that in

5D1—."FyandDo-F; emissions could be deconvoluted by using

a mathematical procedure involving singular value decomposi-

all of the investigated ternary complexes there is diect
energy transfer from the antenna triplet to fiily level: the

tion.32 For example, Figure 5 shows the reconstructed temporal EL?* 5D state is only populated via th®; state. This does

(left) and spectral (right) curvésbelonging to the two emissive
states of E&F in [(Eu)1]bfa. It should be noted that the temporal
curve of the®Dy emission doesot represent the behavior of
the 5Dy emission at a particular wavelength, but in fact that it
represents the relative concentration of affEspecies emitting
from its 5Dy state. In other words, all the observed,.F;
emissions of [(EW)]bfa exhibit the same rise and decay kinetics.
Although the emission spectra corresponding to ¥bg-"F;

not seem to be in agreement with what has previously been
reported in the literature concerning the sensitization of"Eu
by energy transfer fromi-diketonates. For example, Watsenh
al.35 reported that in Eu(dbra}he energy transfer takes place
to both the®D; and®Dy states. They have based the conclusion
that the®Dy state is populated by a fast direct and a slower
indirect energy transfer (via tf®; state), on their observation
that the®Do—"F, emission exhibited a rapid initial rise (faster

transitions are well documented, hardly any spectra correspond-than the instrument response time) followed by a slow rise with

ing to the®D,_.7F; transitions of organic B0 complexes have

rise time in the microsecond region. An explanation for the

been reported to date. Comparison of the spectral curves withdiscrepancy with our findings may be that Watson et al. have

the available’D; emission spectra of Eu(bfain acetonitrile3

overlooked the overlap of thtDy—"F, and°D;—"F4 emission

shows that the assignment of the bands are in agreement. It ishands around 615 nm, and that, in fact, this ‘hidddy_."F,4

apparent from Figure 5 that tBy—"F; and®D;—"F; emissions
have significant overlap, which is important to realize when
one measures the rise-time of tfgy emission (vide infra).

emission is responsible for the observed rapid initial rise.
Recently, de Sa et & derived some selection rules for the
energy transfer from an antenna triplet to the excited states of

In the measurements it was found that immediately after the Ew®" via electron-exchange and multipolar interactions. Ac-

laser pulse, the Bli complexes exhibited emission from the
5D, state as is illustrated by the temporal spectrum of [(Eu)1]-
bfa in Figure 5. The rise-time of tf®; luminescence is shorter
than the instrument response time, igse < 50 ns, indicative

of a fast energy transfekdr > 10° s1). The®D; luminescence

cording to these rules, direct energy transfer to’e¢level is

not allowed, while théD; level is an excellent receiving energy
level for energy transfer via an electron-exchange mechanism.
Our experimental observations are in agreement with these rules.
However, De Sa et al. further reported that the rule that forbids

is expected to rise with a rate equal to the decay rate of the a direct energy transfer to thB, state is relaxed due to J-mixing
triplet state, because the triplet state is immediately populatedeffects (which obscures the assignment of the J-states) and

(kisc = ~10" s71).34 Furthermore, since it is likely that the

thermal population of théF; level (an energy transfer to the

energy transfer process will be dominating the triplet state decay, °Dy, state is allowed when it involves®®,.-’F; transition instead

the rise-time represents the energy transfer¥ate.
Subsequently, theD; state decayed with a time-constant in

of the ‘forbidden’ Do.-"Fy transition). This is in line with the
observation that in systems where the antenna triplet energy

the order of microseconds (see Table 2), being convertedlies between theDy and®D; state, a direct energy transfer takes

radiatively to the’F; manifold, e.g. the 530 nm emission
(°D1—."F; transition), and nonradiatively to tH®, state. The
5Dy luminescence exhibited a rise-time in the order of micro-
seconds, after which it decayed with a much slower time-
constant of ms. The rise-time of thBg emission is monoex-
ponential and corresponds to the decay time of°hgstate,
indicating that théD state is populated via tHf®; state. The
subsequent decay times of thBy luminescence were also
monoexponential with lifetimes of 1.27 ms for [(Rilffa and
1.08 ms for [(Eu}]bfa, and slightly lower lifetimes of 0.93 ms
for [(Eu)l]phen and 0.71 ms for [(E@)aza (see Table 2).
Compared to these complexes, [(Hdpm has a relatively short

place to the’D state36

The Quantum Yield of the Overall Process.The overall
quantum vyields of the ternary complexes were determined
relative to a reference solution of quinine sulfateliM H,SO
(¢ = 0.546) and corrected for the refractive index of the
solvent3” All quantum yields were measured with aerated
solutions. The results have been summarized in Table 2 and
show that the bfa antenna is clearly the most efficient sensitizer
for EW™ with a quantum vyield of 0.29, followed by the hfa
antenna with a quantum yield of 0.26. These values compare
favorably with quantum yields of Bti complexes reported in
the literature®22:36The process is less efficient in [(ELglbm
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Figure 6. Increase of the luminescence intensity of [(Hdpm upon
lowering the temperature from 2% to 5°C.

and rather unexpectedly, also in [(Eigza with luminescence
quantum yields of only 0.034 and 0.062, respectively.
The differences in the luminescence quantum yields for the

J. Phys. Chem. A, Vol. 106, No. 15, 2002687

of [(Tb)1l]aza is moderated¢ise = 0.15). The luminescence
lifetimes of [(Eul]aza (0.73 ms), [(TH)]aza (2.08 ms), and
[(Eu)1]phen (0.93 ms) are similar to the lifetimes of the ‘bare’
complexes in methano0.80 ms), and therefore a deactivation
process of the lanthanide luminescent state is apparently not
the problem. Dissolved oxygen may be competing with the
lanthanide ion as an alternative acceptor of the excitation energy
from the antenna triplet, if the energy transfer rate is slower or
in the same order of magnitude as the oxygen quenching%ate.
Deoxygenation of the samples did not increase the sensitized
luminescence intensity of both [(Eljaza and [(Th}]aza3® This
is in agreement with the time-resolved measurements which
show that the energy transfer rate exceedss19 A competing
process that has frequently been encountered in the search of
efficient sensitizers for B is deactivation via a low-lying B0
to antenna charge-transfer staf8.However, such a process
does not occur in the case of 3 and this mechanism does
not explain the relatively low luminescence quantum yield of
[(Th)1]aza.

Influencing the Radiative Rate of EL?*. Besides the good

p-diketonate complexes can be explained qualitatively in terms sensitizing capabilities of the-diketonates (in this case bfa and
of th(_a antenna triplet state energies, since t_he intersystemhfa), these antennas also contribute positively to the overall
crossing yields as well as the antenna-lanthanide distances inuminescence quantum yielgdg) by increasing the intrinsic

these three complexes are comparable. SincéDhdevel is
the receiving energy level, we will focus on the difference in

luminescence quantum yield of the Euon (¢.,). The EG+
luminescence quantum yielgy() is the ratio of the observed

energy between the antenna triplet and this level. Sato and Wadaifetime (r) and the radiative lifetimerg) of the E#* lumines-

found that in Eu-trig§-diketonate) complexes, the triplet energy
level of the donatingp-diketonate ligand should be ap-
proximately 2000 cm! above thé’D; level of E* (at ~19,-
000 cn1?) in order to obtain the highest luminescence quantum

cence (eq 2).

)

¢Ln = T/TO

yields> A larger energy difference decreases the luminescenceln the previous section it was shown that upon coordination to
quantum yield, because the overlap between the energy levelshe EW*' ion, the probability (oscillator strength) of the
of the donor and acceptor becomes smaller. On the other handhypersensitive’Dg-"F, transition increases. Since the pure
a smaller energy difference reduces the quantum yield becauseadiative lifetime of the E¥ luminescence is related to the
of a thermally activated energy back-transfer process. For theweighted sum of the oscillator strengths of the individual
hfa and bfa antenna chromophores the energy difference with°Do-F; transitions, this increase will influence the radiative

the 5D, state is approximately 3000 and 2400 ¢nrespectively,
resulting in a slightly higher quantum yield for [(El}pfa than
for [(Eu)1]hfa. The much lower luminescence quantum yield
of [(Eu)l]dbm is explained by a thermally activated energy
back-transfer process. The energy gap is only 160¢-cwhich
allows for a significant energy back-transfer within the mil-
lisecond lifetime of the lanthanide luminescence. This is

lifetime. Assuming that both the energy of the MDo-"F;
transition and its dipole strength are constant, Equation 3
provides a means to calculate the radiative lifetime directly from
the corrected emission spectrum without the intervention of the
Judd-Ofelt theoryt

1ty = Aup,o n3(|t01/| mD) 3

corroborated by the observation that the luminescence quantum

yield of [(Eu)l]dbm increases from 0.03 to 0.06 by decreasing
the temperature from 25C to 5°C (see Figure 6), whereas the
luminescence quantum vyield of [(Eljipfa is constant in this

In this equationn is the refractive index of the solventyf o
is the spontaneous emission probability forthe-"F; transition
in vacuo, andlydlyp the total area of the (corrected) Eu

temperature region. Such behavior has also been reported foemission spectrum to the area of thie,—.’F; band. It was

the corresponding Eu(dbmand Eu(bfaj complexes:3> The
relatively short lifetimes of théDy and®D; states of [(Eu]-

theoretically calculated and experimentally verified thgib/
has a value of 14.657%4! Using Equation 3, the radiative

dbm further indicate the occurrence of an energy back-transferlifetimes of the E&" complexes in dichloromethanen (=

(see Table 2). Since theD, state does not have a strong
interaction with the dbm triplet state, ti¥®, is depopulated

1.4242) have been calculated from the corresponding emission
spectra (see Figure 4) and they are tabulated in Table 2. The

via the 5D; state and subsequent energy back-transfer to theternaryS-diketonate complexes have significantly shorter radia-

dbm antenna (see Figure 6).

tive lifetimes than the ternary aza and phen complexes. As a

The efficiency of the sensitization process is quite moderate result, the balance between the radiative and nonradiative decay

for the [(Eu)1]azag¢se = 0.07) and [(EWd]phen complexes#se

of the ternany-diketonate complexes is shifted in favor of the

= 0.09), especially when these results are compared to otherradiative decay, resulting in a value ¢f, that is twice as high
systems involving the same tetraazatriphenylene antenna withcompared to the ternary aza and phen complexes.

quantum yields of 0.41 and 0.67 for the3Ewand T complex,
respectively?? To obtain more insight into the factors governing

The calculated values af and ¢, of EU3t in the ternary
p-diketonate complexes deserve two additional comments. First,

the efficiency of tetraazatriphenylene as an antenna chromophorealthough in aqueous solutiory has been reported as 5.3 ms

in our complexes, we have also synthesized the [JHzg

for EU3* ions{2 7o values for E&" ions in organic ligands as

complex and have determined its luminescence lifetime and low as 2 ms are not unprecedented. Some upper limits,on

guantum yield. Also, the overall luminescence quantum yield

implied by quantum yields and lifetimes reported in recent
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literature for organic complexes of Ely include 2.3 ms with a efficiency of the sensitized emission is not only determined by
4-(phenylethynyl)pyridine-2,6-dicarboxylic acid as a lighd the distance from the antenna to the lanthanide ion, and by the
and 2.0 ms with a bisisoquinoling-oxide based cryptat¥. requirements of the antenna triplet energy level, but also by
Second, if we consider the overall quantum yield of [(Bbja the influence of the coordinated antenna on the radiative lifetime
and [(Eull]hfa of approximately 0.3, then the calculated, of the complexed Eif ion.

value of these complexes of approximately 0.7 implies that the
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intersystem crossing from the antenna singlet to the triplet stateProfessor Jan Verhoeven (University of Amsterdam, The
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