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The effect of substitution at the 4 and 3,5 positions in the pyridine ring of europium(lll) pyridine-2,6-dicarboxylate
complexes has been investigated with particular emphasis on sensitization of the Eu®* ion. Sensitization of the
Eu®* 615-nm emission was achieved through excitation of the ligands in which the 4 substituent was —H, —OH,
and —Cl and the 3,5 position was —H. In these cases, the ligand-to-Eu®* ratio was confirmed as being 3:1. The
sensitization was found to increase following substitution of the 4 position in the order CI > H > OH. This is
attributed to energy transfer occurring from the ligands into different Eu®* intra-atomic energy levels, with spin
selection rules governing the efficiency of this process. The Eu®* luminescence lifetime was measured and found
to vary from 1.16 to 2.90 ms depending on the excitation energy, ligand, and solvent. For the case of the 3,5-
dibromo-4-hydroxy derivative, no sensitization was observed and a ligand-to-Eu®* ratio of 1:1 was found. The
solubility of these complexes in water and their long emission lifetime make them attractive for use as probes in
biological systems.

Introduction complexes has been based on the understanding and im-
provement of the excitation and energy-transfer mechanisms.
In the majority of systems studied, the excited singlet state

0of the ligand undergoes fast intersystem crossing (ISC) to
the triplet state enhanced by the increased-spiit (LS)
coupling induced by the heavy lanthanide ion. It is widely
believed that it is from this triplet state that energy transfer
occurs to the Lf™ ion through either a DexteiAJ] = 0, 1;

= J = 0 excluded) or a Fwster (AJ = 2, 4, 6)

Since the demonstration by Weissrhafligand-sensitized
emission from lanthanide ions (Ef), extensive studies have
been carried out on such systems. The spectrally narrow an
unique emission obtained from £his suited to a wide
variety of applications including displaysluminescence
probes and markefs, and telecommunicatiorfs.

The emission originates from-4#f intra-atomic electronic

and magnetic dipole transitions that are parity-forbidden. As hanisnd. Th h b ¢ .
such, the absorption cross sections for directly excitingfLn Mechanisnt. There are, however, a number of reports in
which energy transfer to I3 occurs from the excited singlet

are small and the use of ligands to excite*Lthrough an  the ligand i th £V, th
energy-transfer process is, in general, therefore much moreState Of the ligand However, in the case of ¥b, the exact

effective’ The focus of much research into organolanthanide Nature of the energy-transfer process is still unctear.
As well as considering the above-mentioned processes,
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source of nonradiative relaxation can result from oxygen
guenching of the ligand triplet state.

Of the many types of complexes studied, the family of
Ln®"(dpay (dpa = 2,6-pyridinedicarboxylate,1) is of
particular interest because it fully satisfies the eight- and nine-
coordination requirements of Eh This is in contrast to the
B-diketone ligands that are commonly used to chelat& Ln
and require an additional “neutral” ligand to obtain full
coordinatior? As such, Lit(dpal complexes are of par-
ticular interest for use in aqueous environments in which
emission can be observed from the®trion that would
normally be quenched by OH oscillations of coordinated
water molecules. Complexes of Eland T8+ are a primary

focus because of their visible emission and hence their

applications in the study of biological systems and immu-
noassays.

3 (=4-0)) 4

(= 3,5-Br)

Previous studies on Et(dpa} [Eu(1)s] complexes have
either compared them to other ligands with respect to the
sensitization of the ion or explored the effects of varying
the Ed*-to-dpa binding ratid3~2° Despite the potential of
modifying the 3,4 and 5 positions of the dpa ligand, only

George et al.

be complex to describe as a result of the presence of multiple
emitting states. As such, no further reports have been
forthcoming.

In this paper, we report a study on the effects of modi-
fication of the Eul); ligand with respect to the sensitization
and emission of EU. In doing so, we describe the prepara-
tion and characterization of a number of 4-substituted
(1-3) dpa analogues and one 3,5-disubstitutd)l dpa
analogue. We present a detailed spectroscopic characteriza-
tion of their UV absorbance, photoluminescence excitation
(PLE), photoluminescence (PL), and emission lifetime. We
use these data to discuss the effect of such substitution on
the ligand sensitization of Etiand its emission.

Experimental Section

IH and *C NMR spectra were recorded on a Bruker Avance
300 or a Bruker DPX 400 spectrometer. Chemical shiffsgre
quoted relative to residual solvent peakdC NMR spectra were
fully proton decoupled. Peaks are quoted in chemical shift, ppm
(0): s=singlet, d= doublet, t= triplet, g= quartet, m= multiplet.
Coupling constantsJf are quoted in hertz. Infrared spectra were
obtained using a Golden Gate sampling attachment on a Mattson
Satellite 3000 Fourier transform infrared instrument. Masses are
guoted as the lowest isotopic mass (for instaf®@l and °Br if
these elements are involved). For compounds that were soluble in
methanol, electrospray (ES) mass spectra were recorded on a
Micromass Platform Il single-quadrupole mass spectrometer. The
instrument is calibrated with a mixture of sodium and cesium iodide.
The operating conditions were as follows: capillary, 3.50 kV; HV
lens, 0.5 kV; cone voltage, 20 V; source temperature, TLES
eluant, 100% acetonitrile at 1QL min~%; nitrogen drying gas,
300 L hr%; nebulizing gas, 20 L tt. Ten-microliter injections of
~1-10 uL mL~1 solutions were made using a Hewlett-Packard
HP1050 autosampler. Negative-ion data were recorded under
identical conditions except for different polarity voltages and
capillary voltages of-3.0 kV. Elemental analyses were performed
by Medac Ltd. of Brunel Science Centre, Coopers Hill Lane,

one such report has been forthcoming. This studied the Englefield, Egham, Surrey, TW20 0JZ U.K. Melting points were

behavior of 4-substituted Fh(dpa) analogue® and showed
the potential of such an approach for developing millisecond

measured on an Electrothermal melting point apparatus and are
uncorrected. All of the solvents and reagents used were of reagent

environments. As mentioned by Lamture et?aextending
the work to include E?r is of interest because of its unique
red emission, though it was predicted that the effects would
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1997 266, 297-302.
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purification except where specified.

Preparation of Ligands. Chelidamic Acid (222H%).22 This was
prepared following the procedure of Horvath et%to give white
crystals (99% yield). Mp:>240°C (lit.22 265 °C; lit.23 250255
°C). IR (ATR, vlcm™%): 3603 (s), 3441 (s), 3122 (m), 3004 (w),
2852 (w), 2699 (w), 2448 (br), 1714 (br), 1607 (s), 1467 (m), 1422
(m), 1393 (s), 1336 (s), 1259 (m), 1131 (m), 934 (s), 783%3).
NMR (400 MHz, D,O): ¢ 7.59 (2H, s, CH). 13C NMR (100 MHz,
D,0): & 178.2 C—OH), 172.5 C=0(OH), 164.0 C=0O(OH),
151.5 C—COOH), 116.8 CH).

4-Chloropyridine-2,6-dicarboxylic Acid.?472624-26 This was
prepared by following literature procedur®g® The reaction of

(22) Horvath, G.; Rusa, C.; Kontos, Z.; Gerencser, J.; Huszth@gyRth.
Commun.1999 29, 3719-3731.

(23) Fitton, A. O.; Smalley, R. KPractical Heterocyclic Chemistry
Academic Press: London, 1968; pp-745.

(24) Markees, D. G.; Kidder, G. WI. Am. Chem. S0d.956 78, 4130~
4134,

(25) Iglesias, C. P.; Elhabiri, M.; Hollenstein, M.; Buenzli, J.-C. G.; Piguet,
C.J. Chem. Soc., Dalton Tran200Q 13, 2031-2044.

(26) Markees, D. G.; Kidder, G. WI. Am. Chem. Sod.956 78, 4130~
4134,
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chelidamic acid with phenylphosphene dichloride followed by
quenching with methanol gave dimethyl 4-chloropyridine-2,6-
dicarboxylate (60% yield) Mp: 137138°C (lit.2* 142—143°C).

The ester was then hydrolyzed in an aqueous ethanolic solution.
The addition of hydroxide followed by acidification gave 4-chlo-
ropyridine-2,6-dicarboxylic acid¥2H+) (97% yield). Mp: 215

10.80 (NCHCHj3), 49.24 (NCH), 70.00 (CH). Elem anal. Calcd
for Eu'" (chel}® (TEAH)* (TEA)o5(H-0)1 5 C, 46.13; H, 6.09;
N, 8.34. Found: C, 46.35; H, 6.07; N, 8.11.

Triethylammonium Europium(lIl) Tris(4-chloropyridine-2,6-
dicarboxylate) (Eu®*(4-Cl);, Where 4-Cl = 3). A solution of
4-chloropyridine-2,6-dicarboxylic acid (0.363 g, 1.8 mmol) in

217°C (lit.?6 218-219°C). IR (ATR, v/lcm™1): 3478 (w), 3376 methanol (50 mL) was added to a solution of'EQAc); (0.200
(w), 3097 (br), 1883 (w), 1813 (w), 1722 (s), 1679 (m), 1571 (s), g, 0.6 mmol) in methanol (50 mL) with stirring. The solutions
1480 (w), 1442 (w), 1410 (w), 1313 (s), 1211 (s), 1179 (s), 1050 became turbid when mixed, but upon the addition of triethylamine
(m), 996 (m), 894 (s).H NMR (400 MHz, DMSO¢de): o (0.5 mL, 3.6 mmol), the suspension dissolved and the solution
8.14 (2H, s, Ely). °C NMR (100 MHz, DMSO¢dg): ¢ 165.1 became clear and yellow in color. The reaction was stirred at room
(C=0(CH), 151.7 C—COOH), 147.1 C—-Cl), 124.8 (CH). temperature for 2 days, and the solvent was then evaporated under

3,5-Dibromo-4-hydroxypyridine-2,6-dicarboxylic Acid Dihy- reduced pressure to yield a yellow solid. This solid was crystallized
drate (4-2H* + 2H;0). Synthesis was carried out from chelidamic  in hot methanol (distilled) and filtered to yield pale yellow crystals
acid monohydrate following the procedure described by Lieben and (450 mg, 70.9%). Mp: 208202 °C. IR (Golden Gatey/cm2):
Lerch?8 It was crystallized as white needles (77% yield). Mp: 325 2200-2750 (br, OH), 1569 (s, €C), 733 (s, C-Cl). H NMR
326°C (dec). IR (Golden Gate//cm™1): 3380-3442, 3038-3118 (300 MHz, D:0): 6 1.19 (9H, br s, N-CH,—CHa), 3.15 (6H, br
(OH), 1691 (CO), 1580 (€C).'H NMR (300 MHz, D;O): product s, NOH,), 4.13 (2H, br s, AF-CH,). 13C NMR (75 MHz, D,O): 6
contains only exchanging proton$C NMR (75 MHz, D,O): ¢ 10.87 (CH, NCH,CHg), 49.32 (CH, NCH,), 84.88 (CH, Ar-CH,),
138.7 (C, C1), 138.0 (C, C3), 164.28 (C, C4). Elem anal. Calcd 138.70 (C, C1), 163.00 (C, C3), 168.21 (C, C4). Elem anal. Calcd
for C;H7Bro.NO7: C, 22.30; H, 1.87; N, 3.72. Found: C, 22.27; H, for Eu" (4-Cl)g3 (TEAH)3**(TEA) 1 C, 42.95; H, 5.57; N, 7.83.
1.66; N, 3.51. Found: C, 42.96; H, 5.63; N, 7.63.

Preparation of Complexes. Triethylammonium Europium- Triethylammonium Europium(lil) 3,5-Dibromo-4-hydroxy-
(1) Tris(pyridine 2,6-dicarboxylate) (Eu **(dpa)s, Where dpa pyridine-2,6-dicarboxylate Hexahydrate (Ei#+(3,5-Br), Where
= 1). A solution of pyridine-2,6-dicarboxylic acid (0.305 g, 1.8 3 5-Br = 4). Europium oxide (0.102 g, 0.29 mmol) was converted
mmol) in methanol (50 mL) was added to a solution of'QACc)s to europium chloride by dissolution in a hydrochloric acid solution
(0.200 g, 0.6 mmol) in methanol (50 mL) with stirring. The (0.87 mL, 2 M, 1.74 mmol). The europium chloride solution formed
solutions became turbid when mixed, but upon the addition of \yas then added to a solution of 3,5-dibromochelidamic acid (0.570
triethylamine (0.50 mL, 3.6 mmol), the suspension dissolved and g, 1.74 mmol) in water (100 mL) and stirred. Potassium hydroxide
the solution became clear. Stirring was continued at room temper-(0.196 g, 3.49 mmol) was added, but the reactants were slow to
ature for 2 days, and then the solvent was evaporated under reducegjssolve. Dissolution was achieved by stirring the mixture overnight.
pressure to yield a clear oil. This was dissolved in hot methanol The colorless, clear solution was stirred at room temperature for a
(distilled) and triturated in acetone to give a white solid, which fyrther day, and then the water was removed by evaporation under
was filtered and recrystallized from hot methanol dried under high reduced pressure to yield a microcrystalline powder (216 mg,

vacuum to yield white crystals (450 mg, 70.9%). Mp: 2553
°C. IR (Golden Gatey/ cm™1): 2600-3250 (br, OH), 1612 (s,
C=0), 1571 (s, &C), 1580 (s, &C). *H NMR (300 MHz,
DMSO): 6 2.08 (9H, t, 7.1 Hz, NCH,—CHs), 4.51 (2H, d, 7.7
Hz ArCsgH), 4.80 (6H, qt, 7.1 Hz, N&y), 5.20 (1H, t, 7.5 Hz,
ArC4H). 13C NMR (75 MHz, D,O): 9 9.63 (CH;, NCH,CHj), 47.04
(CHz, NCHy), 83.69 (CH, ACsH), 138.95 (C, ArG), 150.34
(ArC4H), 165.78 (C,C=0). Elem anal. Calcd for Et{dpa)®-
(TEAH)3*"(TEA)o5(H20)5 C, 48.19; H, 6.40; N 8.74. Found:
C, 48.39; H, 6.49; N, 8.60.

Triethylammonium Europium(lll) Tris(4-hydroxypyridine-
2,6-dicarboxylate) (El*™(chel), Where chel= 2). A solution of
chelidamic acid (0.362 g, 1.8 mmol) in methanol (50 mL) was added
to a solution of Eu(OAg) (0.200 g, 0.6 mmol) in methanol (50
mL) with stirring. The solutions became turbid when mixed, but
upon the addition of triethylamine (0.5 mL, 3.6 mmol), the
suspension dissolved and the solution became clear and yellow in
color. The reaction was stirred at room temperature for 2 days,

and then the solvent was evaporated under reduced pressure to yield

a clear sticky gum. The gum was triturated in heptane (10 mL)
and acetone (10 mL) to yield a white solid, which was crystallized
from hot methanol to give a white powder (450 mg, 74.9%). Mp:
202—-204°C (dec). IR (Golden Gate/cm™1): 3250-2600, 2706~
3200 (br w, OH), 1723 (s, CO), 1575 (m=C). 'H NMR (300
MHz, D,0): ¢ 1.22 (9H, t, 7.4 Hz, NCKCHjs), 2.90 (2H, br s,
CHy), 3.18 (6H, q, 7.4 Hz, NC}). 3C NMR (75 MHz, D;0): ¢

(27) George, M. R.; Grossel, M. C.; Orton, J. B. In preparation.
(28) Carnall, W. T.; Fields, P. R.; Rajnak, K. Chem. Phys1968 49,
4450-4455.

62.3%). Mp: 320°C (dec). IR (Golden Gatey/cm™1): 3500-
2300 (br, OH), 1618 (s, €0). 'H NMR (300 MHz, D;0): only
exchanging protons seen. Elem anal. Calcd fot' @,6-Br)-
(H.0)s: C, 15.46; H, 1.11; N, 2.58. Found: C, 15.59; H, 1.16; N,
2.31.

Spectroscopic Measurement®Optical characterization of each
of the complexes was carried out in solutions of methanol or water
as indicated using UV-quartz 10-mm cuvettes. Absorption spectra
were obtained using a Varian Cary 500 spectrophotometer with a
spectral resolution o£0.1 nm over the wavelength range of 190
1000 nm. PL spectra, PLE spectra, and PL decay transients
(emission lifetime measurements) were recorded using a Cary
Eclipse spectrophotometer with a xenon flash lamp source and a
photomultiplier tube detector with a similar resolution. The emission
lifetime was calculated with the Cary Eclipse software provided
with the instrument, using a least-squares analysis fitting for both
single- and double-exponential decay. In all cases, only a single-
exponential decay was found, with the system resolution being 3
s. All spectra were corrected for sample concentration, with care
taken to use low concentrations when studying the properties of
the ligand.

Results

Absorbance.The absorption spectrum for each complex
dissolved in methanol is shown in Figure 1. As previously
noted for TE" analogues, the energy of the electronic band
edge of the ligand absorption is reduced as the 4 position of
the pyridine is substituted in the order H Cl > OH.2

Inorganic Chemistry, Vol. 45, No. 4, 2006 1741
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Figure 1. Absorption spectra of europium(lll) tris(dipicolinate) [E] Figure 3. PLE spectra of europium(lll) tris(dipicolinate) [ELg] and its
and its analogues (in methanol). analogues, dissolved in methanol, obtained using th& BDy — "F;

615-nm emission.
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Figure 2. Absorption spectra of europium(lll) tris(dipicolinate) [E] Wavelength (nm)

(in W_qter) showing the low absorption coefficient of intra-atom?eff _ Figure 4. PLE spectra of europium(lll) tris(dipicolinate) [EL¢] and its
transitions (as labeled). [Note: At wavelengths above 450 nm, the intensity analogues, dissolved in methanol, obtained using th& BDy — 7F,

has been multiplied by a factor 5 for clarity.] 615-nm emission.

However, in our case the effect of the OH substitution is
significantly less than that reported for the*Tlzomplexes. in the Ed*(chely [Eu(@)s], EW'(4-Cl); [Eu@d)s], and
Also shown is the absorption spectrum of the4twomplex. Ew*(3,5-Bry [Eu(d)] complexes has significantly re-
In this case, a broad absorption feature can be observedjyced the number of intra-atomic transitions that could be
extending to wavelengths above 350 nm. This may be dueclearly assigned. However, in each case, the — 5D,
to the substitution of Br at the 3 and 5 positions, further transition could be identified and the data are consistent with
enhancing the effect of the OH group in the 4 position on the E*-to-ligand ratios given by single-crystal X-ray
the pyridine ring. Careful inspection of this spectrum reveals (ijffraction studies of these complexes that are being reported
the presence of a peak situated&80 nm (evidenced by a  g|sewhere?
shoulder at this point) that coincides with the — 7* Excitation Spectra. To obtain further information about
absorption seen for the other complexes. The effect of ine interaction between the ligands and thé*Eon, PLE
dissolving the complexes in water was to reduce the strengthspectra were obtained. Figure 3 shows the PLE spectrum
of thesr — s~ absorption of the ligand by-10% with little for each of the complexes dissolved in methanol, obtained
further change to the absorption spectra. at 615 nm fDo — ‘F» EW" emission). Dissolving the
Because of the forbidden nature of the-4f intra-atomic ~ complexes in water again had little effect on the PLE spectra.
transitions, direct absorption of the Etion is too weak to For the case of Edjj; and EuB)s, intense peaks are observed
measure at the low concentrations required to observe thecentered~295 and 300 nm, respectively. This can be
ligandszr — r* transitions in full. As such, a number of high-  assigned to the excitation of the— z* transition of the
concentration solutions were used to obtain the direct ligands, followed by an energy-transfer process to th& Eu
absorption of the complexed Euion. Figure 2 shows the ion as described above. That this is not the result of a direct
absorption spectrum of the E)§ complex dissolved in excitation of the E#" ion (e.g.,”Fo — 5F, at ~300 nm) can
water. A number of intra-atomic 4f4f transitions can be  be confirmed by examining the PLE spectrum of the4gu(
clearly identified and are labeled for ease of discussion. complex. In this case, no energy transfer occurs and the Eu
Transitions at wavelengths below 320 nm are overlapped emission is only sensitized by direct excitation of the ion,
by the onset of the ligand absorption and so cannot be with no sensitization being observed at wavelengths below
resolved. The presence of a doublet absorption peasab 340 nm. Additionally, the strength of the PLE signal is orders
nm (due to the’F; — 5D, transition) confirms the 1:3 E  of magnitude stronger than that observed for direct excitation
udt-to-ligand ratio in this compleX’ It also shows that at  of the E#" ion (Figure 4). The PLE spectrum of E){
room temperature there is a significant population of'fhe shows similar behavior to that observed for Bg(and
level as a result of thermal excitation. Eu(3)s. In this case, ther — 7* ligand-sensitized excitation

1742 Inorganic Chemistry, Vol. 45, No. 4, 2006
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peak has been further red-shifted+820 nm as previously
observed in TB™ analogues by the action of the OH grotip.
The movement of this excitation peak correlates with the
observed shift in the absorption spectra in Figure 1. It is
also much weaker than the equivalent peak observed for the
Eu(l)s and EuB); complexes, being only 1.5 times higher
in intensity than that of the direct excitation a400 nm
shown in Figure 4. This would indicate that the presence of
the OH group combined with the red shift of the— x*

A

Photoluminescence Intensity (a.u.)

transition has led to a significant reduction in the energy- 575 600 625 650 675 700 725
transfer efficiency or that the OH group is effectively Wavelength (nm)
guenching E®" once energy transfer occurs. Figure 5. PL spectra of europium(lll) tris(dipicolinate [EL)g] and its

. analogues, dissolved in methanol, excited using thé"E&, — 5L
At wavelengths below 300 nm, there exists a broad goqnm mansiton, 9 ° °

excitation peak centered at250 nm for each of the

i i i ; Table 1. Ew* Dy — 7F, 615-nm Emission Lifetimes for the
complexeg (with th.e exception of E4)I Itis noticeable that Complexes with Dipicolinic Acid and Its Analogues
the intensity of this broad peak is comparable for each

complex even though it is significantly lower than the higher Eu@)s Eu@s Eu®)s
energy peak+{300 nm) for the Eul); and EuB); complexes. 298 nm 396nm 318nm 396nm 300nm 396 nm
If, as discussed above, the presence of the OH group leadSrwaer(ms) 170 171 1.16 119 1.40 1.47
to a reduction in energy transfer in the Byy(complexes, ~ Tmetano(ms) 263 2.90 192 193 130 134

we would also expect this peak to be reduced in comparison _
with the spectra of the other complexes (assuming the compans_on_between the complexes. For each complex, three
standard model, which describes energy transfer as occurring™ain €mIssion bands are observed to peak0 nm tDo
from ligand triplet states following an ISC process from _~ 'F1): 615 nm Do — ’F5), and 690 nm Do — ’Fy). In
excited singlet states). That it is not suggests that direct the case of Elm,’ an addltlgnal pe?k IS obsgr_ved ﬂ589
energy transfer from highly excited ligand states inté'Eu "M _cor_respondmg to the’Ro - Fo) transition, again
may occur in these complexes before relaxation to the lowestconfirming the Eu-to-ligand ratié:
excitedz* state can take place. If this is the case, then this It is known that the nature of magnetic dipole transi-
process must take place with a rate constant faster-t1a¢ tions is independent of the crystal field surrounding the metal
s 1 to efficiently compete with vibrational relaxation of the ion. We can therefore use tt#®, — ‘F; 590-nm emis-
ligand. This would also imply that energy transfer can occur Sion to assess the effect of modification of the ligands on
from singlet states in these complexes. To further clarify this the emissions at other wavelengths. In the case where the
observation, further ultrafast spectroscopy measurements aré&W -to-ligand ratio is 1:3, there is little variation of the
required. emission line strength of the 615-nfDg — ’F,) transition,
The PLE spectra of the complexes at wavelengths aboveWith it being ca. 6 times that of the invariafDo — 'Fy
350 nm are shown in Figure 4. At these wavelengths, the transition. Fo_r the case of the Q)_(complex, however the
excitation peaks correspond to direct excitation of théEu  line strength is reduced to ca. 3 times that of g — 'F,
ion using the transitions described in Figure 2. Close transition as a result of the significantly reduced symmetry
inspection reveals that direct sensitization of By¢esults ~ ©Of the ligand field.
in a smaller emission signal than that for the Bu(and No emission was observed from the ligands in this study
Eu(3)s complexes and is identical with that observed for the or from transitions within the E{ ion other than those
Eu@) complex. In the latter complex, it is known that, in shown in Figure 5. Excitation of the complexes at the PLE
addition to the OH group present on the ligand, water is peaks observed in Figure 3 had no effect on the shape of
directly coordinated with Eif, which will strongly quench  the emission spectra.
the emission. Given the close match with the PLE spectrum Emission Lifetime. The emission lifetime was measured
of Eu()s, we believe that the OH group on the ligand is for each of the Eu-to-ligand 1:3 complexes (in both water
indeed contributing to the nonradiative decay of the excited and methanol) at 615 nm, exciting the %Euion both
Ew' and is responsible for the reduction in ligand-sensitized indirectly and directly at~300 and 396 nm, respectively,
emission observed in this complex, as is observed in Figureand the results are reported in Table 1. Figure 6 shows the
3. Furthermore, the similar intensities of the PLE spectra luminescence decay transients of the complexes, dissolved
for the Eu(l); and EuB); complexes indicate that the effect in methanol, when sensitized via the ligand (exciting at the
of substitution with Cl solely at the 4 position of the pyridine PLE peaks for each complex shown in Figure 2). The
ring is of minimal benefit in further reducing nonradiative emission lifetime did not vary when the excitation wave-
decay. If any effect is to be observed, full substitution of length was changed fron¥300 to 200 nm. The effect of
the ring is required. the solvent on the Bl emission lifetime can be clearly seen
PL Spectra. The emission spectrum for each complex is (Table 1), with the lifetime increasing for the case of Bu(
shown in Figure 5. Each of these was obtained by excitation and EuR); when water is replaced with methanol. This arises
using the E&" "Fy — S5Ls 396-nm transition to allow  from the reduction of nonradiative relaxation of the excited
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cantly lower than a transition to tH#, corresponding to

~300 nm (AJ| = 2, |AL| = 0, and|AS = 1) because of

spin selection rules for the forbidden 4f transitidhAs such,

we that believe that energy transfer occurs predominantly

into the F, energy level in both the Ef); and EuB)s

complexes. However, for the E2)§ complex, there is no

sensitization of E¥ at ~300 nm. In this case, we believe

that energy transfer occurs into thid, (|AJ] = 4, |AL| =

2, and|AS = 1) and®He (JAJ] = 6, |AL| = 2, and|AS =

1) energy levels, with the reduced probability imposed by

spin selection rules explaining the reduced sensitization
Figure 6. EW*°Dp — 'F; 615-nm emission intensity decay for europium-  afficiency of the E@* ion in comparison with the other
(In) tris(dipicolinate) [Eu@)s] and its analogues dissolved in methanol. .

complexes. Energy transfer into these levels can also be seen
Ew* ion through coupling with OH vibrational modes. This 85 shoulders iq the low-energy tails gf the other ELE spectra.
effect is further exemplified when these two complexes are  However, this does not fully explain the red shift between
compared, with the lifetime of the emission from By  thesz — 7* absorption and PLE maxima. If, as is normally
always being less than that from Hjy (because of the —assumed, the large spiwrbit coupling (induced by the
presence of the OH group in the 4 position in the former). h_eavy-atom effect) re_sults in efficient IS_C from the excited

The lifetime of the Eug); complex follows the opposite singlet state to the triplet state from which energy transfer
trend, decreasing when dissolved in methanol in comparison®Ccurs, we would expect a strong PLE peak atthe 7*
with its behavior in water. The reason for this is unclear, @Psorption maximum. That we do not see this implies that
and further work is required to fully understand this effect. |SC, though most probably occurring, is not very efficient
The effect of direct and indirect excitation on the emission N these complexes. This, in turn, implies that there are other

lifetime can be seen for all complexes dissolved in both highly efficient (qonradiative) competing relaxation routes,
solvents (water and methanol). In general, it is observed that@llowing the excited singlet state to relax.
the lifetime is longer when the Etiion is directly excited An alternative explanation is that we are also directly
than when it is indirectly excited. If we assume that, when €Xciting the triplet state of the ligand (which lies at a lower
the ligand is excited at the— 7* energy (~300 nm), energy ~ €nergy than the singlet state) at wavelengths greater than
transfer occurs into the EtiSD, level, we can explain this ~ ¢a. 300 nm, though this is unlikely even with a large spin
as being due to the nonradiative relaxation fréibg — 5D orbit coupling induced by the heavy-atom effect.
being more efficient than that from thies state— 5Dy (direct If we compare the results obtained here with those for
excitation). This is also in agreement with the selection rules Tb** analogues; we observe the opposite trend for the
for intra-atomic electric-dipole transitions. In the case of overall luminescence sensitization finding that substitution
Eu(l); dissolved in methanol, and to a lesser degree for Of the 4 position of the pyridine ring in the order €IH >
Eu(3); dissolved in both solvents, the increase in the emission OH increases the ability of obtaining sensitized emission
lifetime when direct excitation is used is significant. This from EW?* in contrast to OH> H > Cl for Tb*". The effect

indicates the importance of coupling to-®l groups as a  of brominating the 3 and 5 positions of the pyridine ring is

means of thélL energy level decaying to the radiati®®, inconclusive because of the incomplete saturation ¢f" Eu

level. with only a single ligand. It is hard to resolve whether the
difference between the sensitization ofEand T" arises

Discussion from poor energy transfer or increased nonradiative quench-

A comparison of the absorption and PLE spectra presenteding, though the latter is clearly important in the case of'Eu
in Figures 1 and 3, respectively, reveals that excitation of However, itis the overall ability to obtain sensitized emission
the ligand at ther — #* absorption maximum-£280 nm) that we are concerned with here, and hence the present results
is not the most efficient means of sensitizing thé'Eion. are of immediate value.
The PLE spectra indicate 'that excitation of the onv-energy Acknowledgment. We thank EPSRC for a studentship
tail of the w — x* transition should be used instead.

; ) (to M.R.G)).
Consideration of the Eti energy level structure reveals a
doublet energy level5(s and °Hg) at ~285 nm28 The IC051461U
occurrence of energy transfer into this level requires an intra- .
(29) Peacock, R. DRare Earths(Structure and Bonding 22): The

atomic tranSiti(_)n withAJ| = 6, |AL! : 2or3, gnd|.AS| _: . Intensities of Lanthanide<~ f Transitions Springer-Verlag: Berlin,
1. The probability of such a transition occurring is signifi- 1975.
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