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Abstract: The Gd3*, Tb3*, and Eu3* complexes of a bis-bipyridine-phenylphosphine oxide ligand PhP(O)-
(bipy)2 1 (bipy for 6-methylene-6'-methyl-2,2'-bipyridine) have been synthesized. In acetonitrile solutions
at room temperature, the Th3* and Eu®™ complexes show a metal-centered luminescence, indicative of an
efficient energy transfer from the two bipy subunits to the Ln center. The photophysical properties drastically
depend on the nature of the anions present in solution. In particular, addition of 2 equiv of nitrate anions
to a solution containing the [Ln-1](OTf"); leads to an 11-fold increase of the luminescence intensity for the
Eu®" and a 7-fold increase for the Th®" complexes. Similar effects are provided with CI~, F~, and CH;COO~
anions. UV—vis titration experiments were used to determine association constants for binding of,
respectively, one, two, and three anions. Stepwise anion addition has also been investigated on the molecular
level using quantum mechanical (QM) calculations for the Eu complexes. These calculations reproduce
the experimental findings, especially if solvent molecule addition is taken into account. The X-ray crystal
structure of the nitrate salt of the Tb complex, as well as QM calculation of a similar Eu complex,
demonstrates the coordination of three nitrate anions in a bidentate mode and the step-by-step relegation
of the bipy subunits in the second coordination sphere. These features give valuable insights into the
mechanism of the overall light amplification process.

Introduction solving complex analytical problems in growing fields of large

Luminescent Ln complexes are being used in numerous social and economical impact, such as environmental sciences,

analytical applications, ranging from water proton relaxation Medical diagnostics, and cell biology?

agents for NMR imaging to luminescent probes in time- In photoluminescence analysis, autofluorescence and light
resolved fluoroimmunoassaydn the past decade, thanks to scattering cause the most relevant interferences, particularly
the development of supramolecular chemisamd supported ~ when biological material is involved. Time-resolved spectros-
by the enhanced sensitivity offered by luminescence spectros-copy, that requires the use of luminophores with a very long
copy, the synthesis, characterization, and application of suchluminescence lifetime, can efficiently exclude this kind of
luminescent labels and sensors have been the focus of muchbackground light. For this reason, there has been a great interest
attention* Their use has opened up a lot of opportunities for in the design of luminescent complexes containing thé"Eu
and TB" ions? which possess luminescence lifetimes in the
microsecone-millisecond range. Some of them have actually
found applications as labels or sensbts!® To obtain an
efficient luminescent frame, the ligand is expected (i) to form
stable complexes with the Ln ions in coordinating solvents, (i)
to shield the ion from deactivating solvent molecules, and (iii)
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to absorb light effectively and to transfer this excitonic energy Chart 1
to the metal center with high efficiency. This latter feature is

of particular importance to overcome the intrinsic drawback of

low absorption coefficients of the Ln ioR&:;12

= A
In environmental sciences, alimost all of the sensors used to ~ 'N Y N' P anchon-ng\\
analyze, for example, nitrates in food, fertilizers, and plant 0 function
tissues are based on ion exchanger and have a limited sensitiv- Zay N
ity.1* Undoubtedly, the development and improvement of highly ) P

photons antenna

selective ionophores that will allow measurements of, for
example, nitrate traces remain a central issue in analytical
chemistry. In this context, an increasing interest is centered on ffect of the counterion on the photophysical properties of the
the design of luminescent sensors containing Ln ions, which complexes, and this feature was auspicious for the use of [Ln
possess outstanding optical properid? In previous work, 1](OTf)3 complexes as chemosensors for anions. Results are
we demonstrated that stable Ln complexes could be generatedeported here for the full characterization of the complexes,
from phosphinate esters attached to macrocyclic bipy scaffold- together with an X-ray structure analysis of the Tb species with
ings18 Unfortunately, we were unable to produce at that time Nitrate anions, generated in methanol solution. Combined with
derivatives that function as anion sensors. The main reason forQM calculations, these investigations clarify the nature of the
this was the saturation of the Eu coordination sphere by six binding site and provide insight into both the structural aspects

nitrogen atoms and two=PO bonds. It was therefore tempting

to design a hybrid ligand bearing a phosphineoxide group and

of anion binding and the luminescence enhancement behavior.

bipy fragments. Herein, we describe Ln complexes engineered EXPerimental Section

from a ligand consisting of a single=f®© fragment and two

Synthesis and Characterization of the Complexes. General

methylene linked bipy subunits that represents our rational procedure for [Ln-1J(NOs)sxH:O. To a solution of Ln(NG)s-6H,0

attempt to provide complexes possessing long lifetimes, pro-

(0.1 mmol) dissolved in 2 mL of MeOH was added a solutiorl8f

nounced absorption in the near UV, and tunable emission (49 mg, 0.1 mmol) in 2 mL of CkCl,. The solution is stirred for 15

depending on the presence of anions.

Our choice is based on the expectation that in ligartte
P=0 bond will provide relatively stable complexes because of
the strong coordination ability of thesRO groug® and that the
bipy fragments will coordinate to the Ln and effectively act as
photon antenna able to transfer energy t6'Eand TI¥+ ions
with high efficiency. The ligand and coordination pocket
provided by Ln complexation are sketched in Chart 1.

As a first step, we have investigated the photophysical
properties of the ligand and of its Eucomplex with NQ~
and TfO™ anions in different solven®. This revealed a strong
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min and evaporated to dryness. The residue was dissolved in a minimum
amount of MeOH, and ED was added, resulting in the precipitation

of a solid. The mother liquor was decanted, the solid was washed twice
with 5 mL of EtO, and dried under vacuum, affording the analytically
pure complexes.

[Eu-1](NO3)36H,0. (65%) 'H NMR (CD;OD): 2.59 (s, 6H),
3.65 (d, br, 4H), 7.187.55 (m, 9H), 7.677.89 (m, 6H), 8.13 (d, 2H,
3J = 8.4 Hz). Anal. Calcd for ggHzsEUN;O16P: C, 38.47; H, 4.20; N,
10.47. Found: C, 38.30; H, 4.05; N, 10.25. FABS: 765.2; 767.2
[Eu-1-(NO3)2]*, 491.2 [L-H]*. IR (KBr pellets, cm'): 1619, 1572
(’V(;:c, ‘V(;:N), 1480 @NO), 1440, 1384 (CHZ), 1311 Q/NO), 1182 ﬁ/po).

[Tb‘l](NOa);;'SHzO (53%) Anal. Calcd for G()H37TbN70;|_5P: C,
38.93; H, 4.03; N, 10.59. Found: C, 38.76; H, 3.89; N, 10.38!/ES
MS: 835.3 (([L- Th](NOs)s + H)*, 12%), 490.9 ((:+ H)*, 100%). IR
(KBr pellets, cntY): 1620, 1572 %c—c, vc=n), 1480 (o), 1439, 1384
(very), 1291 (o), 1173 (po).

[Gd-1](NO3)3-5H20. (37%) Anal. Calcd for GoH37/GdN;O1sP: C,
39.00; H, 4.04; N, 10.61. Found: C, 39.16; H, 4.01; N, 10.45. IR (KBr
peIIets, le): 1610, 1572 ’(C=c, VC=N)| 1478 Q/No), 1439, 1384'((:}42),

1293 (o), 1175 po).

General Procedure for [Ln-1](CF3SOs5)3°xH20. Forty-nine mil-
ligrams of1 (0.1 mmol) and Ln(CESOs)3 22 (0.1 mmol) were dissolved
in 10 mL of dry acetonitrile under an argon atmosphere. The solution
was stirred for 15 min at room temperature leading to a light yellow
solution. The solvent was removed under reduced pressure, the resulting
yellow oil was dissolved in 1 mL of dry acetonitrile, and anhydrous
Et,O was added to precipitate the compound. The mother liquor was
decanted, the solid washed twice with 2 mL of drg@tand dried
under vacuum, leading to the analytically pure complexes.

[EU'l](CF3SQJ,)3'3H20 (42%) Anal. Calcd for 63H33F9EUN4013—

PS: C, 34.66; H, 2.91; N, 4.90. Found: C, 34.35; H, 2.74; N, 4.70.

(20) Montalti, M.; Prodi, L.; Zaccheroni, N.; Charbonree L.; Douce, L.;
Ziessel, RJ. Am. Chem. SoQ001, 123 12694.
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2001, 25, 1024.

(22) Howells, R. D.; McCouwn, J. BChem. Re. 1977, 77, 69. Schumann, H.;
Meese-Marktscheffel, J. A.; Dietrich, A. Organomet. Chen1989 377,
C5.
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FAB*MS: 941.2 [Eul-(OTf),]™). IR (KBr pellets, cn?): 1619, 1596, absorption barid with an average shift toward lower energy
1575 (c=c, vc=n), 1454, 1441 %cu,), 1285 (broadyso), 1182 (ro). of 16 and 74 cm?!, respectively, in the nitrate and triflate
[Tb-1](CFsSOs)3+2H,0. (85%) Anal. Calcd for GsHaiFeTONO1- complexes, as compared to the free ligang & 1185 cnrl).2

PS: C, 34.99; H, 2.76; N, 4.95. Found: C, 34.80; H, 2.56; N, 4.74. IR The H NMR spectrum of [Eed](NOs); in deuterated

(KBr pellets, cntl): 1624, 1636, 1595/¢—c, vc=n), 1453, 14414ch,), . ) ) . . .
1284 (broadysg), 1171 o). FAB*-MS: 947 ([TbL](CRSO),)" 24%. methanol displayed well-resolved signals in a diamagnetic

[Gd-1](CFsS03)s2H,0. (57%) Anal. Calcd for GsHaiFeGdNO1o- Windpw, indipating a weak interz?lction of the bipy subunits of
PS: C, 35.05: H, 2.76: N, 4.95. Found: C, 34.82: H, 2.42: N, 4.77. IR the |Igand with the paramagnetlc Eu atom. For eXample, the
(KBr pellets, cnml): 1619, 1595, 1572—c, vomy), 1451 fcn,), 1280 chemical shift of the methyl groups on the terminal pyridine
(broad,vso), 1167 ¢ro). rings is totally unaffected, displaying a singlet at 2.59 ppm, that

Crystal Structure of the Terbium Complex with Nitrate Anions. is exactly as for the free ligardd. The main perturbations are
Slow diffusion of THF in a methanol solution of the Tb complex with  noted for the methylene bridges, which are shifted upfield and
nitrate anions afforded colorless crystals, suitable for X-ray diffraction proadened upon complexation, so that the hyperfine coupling
analysis, with the generic formularlh-1](NOs)s:(MeOH)A[Tb-1]- between P and H is lost in the spectrum of the complexes. For
(NOs)s:(H0)(MeOH) -HO. Experimental data are given in the e aromatic protons, the complexation leads to minor changes
:;pgﬁlz':?nlﬁgglaggn In Table S1; selected bond lengths and angles; the pattern as compared to the free ligand. A significantly

' different situation was found in CG{CN, where the peaks
Results became very broad with a significant upfield shift for all of the

Complexation of 1 with Lanthanide Triflates. Complex- aromatic protons. This is in keeping with a stronger interaction
ation of 1 by Ln(lll) cations was evidenced by UwWis between the bipy arms of the Ii_gand and the L_n cat_ion.
spectrophotometric titrations of the ligand by Ln(OsTflLn = Crystal Structure of the Terbium Complex with Nitrate
Eu or Th) in acetonitrile containing 0.01 M tetrabutylammonium Anions. The crystallographic cell is composed of two discrete
hexafluorophosphate as supporting electrolyte. Upon addition @d neutral complexes. ORTEP views, coordination polyhedron
of increasing amounts of the Eu or Th salts, the— 7* around the Th atoms, and labeling of the atoms are given in
transitions centered on the bipy units gradually shift to lower Figure 1.Ineach complex, a Ttmetal atom has a coordination
energy from 291 nm fot to 313 nm for the emergent complex number of nine provided by a single bond with the oxygen atom
(Figure S1). Although less prononced, the complexation process®f the phosphine oxide, three bidentate nitrate anions, and two
can also be followed thanks to the variations observed in the Solvent molecules completing the first coordination sphere. For
230-250 nm region. For the free ligand, two shoulders are Tb1l, the two solvent molecules are MeOH molecules, while
present at 237 and 245 nm, wich can be ascribed to transitionsor Tb2, one molecule of water and one of MeOH are present.
centered on the phenyl ring (Figure S2). The complexation In each case, the coordination polyhedron around the Tb atom
induces a broadening of these bands with a bathochromic shift is best described as a distorted tetradecahedron. The pentagonal
pointing to perturbation of the electronic cloud localized on the P@se contains the oxygen atom Bf the oxygen atom of a
phenyl ring, as would be expected by coordination of theCP MeOH mplecule, a bldentate.mtrgte, and the oxygen atom of a
function to theLn center. The variations in absorbances were Second nitrate. The Tb atom is slightly out of the average plane
fitted according to eq 1 and gave the following association defined by these five atoms, on the same side as the triangular
constants for the mononuclear complexes:Keg= 5.8+ 0.5 base formed by the third bidentate nitrate anion and the
and logKr, = 5.9+ 0.3. There is no indication for the formation ~ 'émaining oxygen of the second nitrate anion. On the other side
of complexes with higher nuclearities, as also confirmed by the ©f the plane, the apical position is occupied by the oxygen atom

absence of oligomers in the mass analyses. of a MeOH molecule for Tb1 and of a water molecule for Th2.
Within a complex, one of the bipy arms of the ligand is
Ln®" + 1=[Ln-1*" K., = [(Ln-1)*[Ln>*] x [1] pointing away from the Th atom and is in a traftsoonforma-

1) tion (N6—C20—C21-N7 = 157.8 for Tb1, N11-C39-C40—
N12 = 155.7 for Th2). The second bipy arm is in a distorted
The [Lnr1]X5 (Ln = Gd, Eu, and Tb; X = NOs~ or cisod conformation (N4 C8—C9—N5 = 53.7 for Th1, N13—
CF;S0;-) complexes were prepared by mixing stoichiometric C51—C52-N14= 60.2 for Th2) with the two nitrogen atoms
amounts ofl with the Ln salt in a CHCl/MeOH mixture for pointing toward the Th cation. The two nitrogen atoms of this
the nitrate or in acetonitrile for the triflate precursors. On the bipy fragment are connected to the two solvent molecules
basis of elemental analysis and FAB-mass spectrometry, a onecoordinated to the metal atom (respectively, 010, O11 for Th1
to one metal to ligand stoichiometry was established for both and 022, 023 for Tb2) through H-bonds, so that this bipy can
families of complexes. IR spectra for all complexes are similar be considered as being coordinated to the second sphere of the
and displayed features characteristic of the liganrd-§, vc=n, Tb center.
vpo) and of the used aniomo andvse, respectively, for nitrate Photophysical Properties of the Nitrate SaltsThe absorp-
and triflate anions). In the case of the nitrate anion, the splitting tion spectra of the nitrate salts of the Ln complexes with ligand
between the two highest frequency bands attributed to the NO 1 drastically depend on the solvent used (Figure 2a). In
vibrations Av = 169, 185, and 189 cr, respectively, for Eu, particular, the absorption spectra of the three complexes in
Gd, and Tb) is consistent with a chelating bidentate mode of acetonitrile display a band at 300 nm (Table 1), whereas in
coordination of approximat€,, symmetry?? Coordination of ~ methanol the band maximum is at 290 nm (Table 2), and in
the P(O) to the Eu is substantiated by a splitting of tkeCP water it is at 285 nm, with a higher absorption coefficient. A

(23) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination  (24) Martin, K. A.; Horwitz, E. P.; Ferraro, J. Fobent Extr. lon Exch1986
Compounds4th ed.; Wiley: New York, 1986. 4, 1149.
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Figure 1. ORTEP view of (a) the [(TH)(NO3)3(H20)(MeOH)] complex with coordination polyhedron (right-hand side) and (b) the IjTiO3)3(MeOH),]
complex with coordination polyhedron (right-hand side).

shoulder in the 306310 nm region is present in methanol, but the metal luminescence excitation spectiaga4 = 300 nm,
absent in water. Figure 2b) are very similar in shape to those in acetonitrile
Room-temperature excitation of acetonitrile, water, and solutions, even when the absorption spectra in these solvents
methanol solutions of the Gt complexes did not lead to any  were found to be remarkably different. The excited-state decay
appreciable luminescence. At 77 K, in a methanol/ethanol can only be conveniently fitted for the Euand T+ complexes
transparent matrix, a weak, structured phosphorescence bandf two different lifetimes are taken into account (0.31 and 0.88
whose highest energy feature peaks at 440 nm, was observedns for TE#*, 0.30 and 0.77 ms for Bu). It is worth noting
with two lifetimes (3 ms and 1 s). Upon excitation in the that a double lifetime was also found for the*((0.95 and
absorption bands of the ligand in acetonitrile at room temper- 0.39 ms) and T (0.68 and 0.18 ms) complexes when solid
ature, the E&" and TIB* complexes showed a very intense samples were excited in the 24820 nm region.

metal-centered luminescence & 0.14 and 0.30 for TH™ and Photophysical Properties of the Triflate Salts.In acetoni-
Ew'). For both complexes, the excited state was strictly trile, the absorption maxima are shifted to lower energies, and,
monoexponential (0.63 and 1.45 ms for’Tland Ed™, Table even more interestingly, the fluorescence quantum yields are

1). The metal-centered luminescence excitation spectra are venyrastically reduced (0.026 for both Euand T8+ complexes),
similar to the absorption spectra. Contrary to what is observed and the excited-state lifetimes are shortened 0.81 and 0.35

in acetonitrile, almost no metal-centered luminescence wasms for the E&" and TI3" complexes). As observed for the
observed when the complexes were dissolved in waber (1 nitrate salts, almost no metal-centered luminescence was
x 1079). observed @ < 1 x 1075 when the triflate was dissolved in

An intermediate situation is found in methanol solution, where water. Again, an intermediate situation was observed in

a metal-centered luminescence, although much weaker than inrmethanol solutions, although in this case the fluorescence
acetonitrile, can be observed for both complexes. In this solvent, quantum yields were substantially lower than those observed

7782 J. AM. CHEM. SOC. = VOL. 124, NO. 26, 2002
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260 300 ' 340

300 340
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Figure 2. (a) Absorption spectra of [EL](NO3)s in methanol ) and

acetonitrile (- - -) solutions; (b) absorption (- - -) and excitatier) (Aem =
615 nm) spectra of [Ed](NOs)s in methanol solution.

Table 1. Photophysical Properties of the Nitrate Complexes in
Acetonitrile Solutions at Room Temperature

absorption luminescence
Amax (nm) €max (M71 cmil) Amax (nm) T (ms) D
[Gd-1]3+ 300 21200
[Th-1)3*+ 300 20500 545 0.63 0.14
[Eu-1)3F 300 21 000 615 1.45 0.30

asp, — 7Fs transition.P 5Dy — 7F, transition.

Table 2. Photophysical Properties of the Nitrate Complexes in
Methanol Solutions at Room Temperature

absorption luminescence
Amax (nm) €max (M71 cmil) Amax (nm) 71 (ms) T2 (ms)
[Gd-1]3+ 290 21600
[Tb-1]3*" 290 21200 54% 0.31 0.88
[Eu-1]3*+ 290 22200 615 0.30 0.77

asp, — ’Fs transition.? 5Dy — 7F, transition.

for the nitrate salts. Furthermore, a double lifetime was found
for the E¥™ (0.17 and 0.52 ms) and ¥ (0.12 and 0.41 ms)
triflate salts when solid samples were excited in the-2320

Emission intensity (a.u.)

‘Wavelengths (nm)

Figure 3. Luminescence intensity in acetonitrile solutions of (a) [Bu
(OTf)3, with increasing amounts of tetrabutylammonium nitrate anions from
0 to 4.2 equiv and by increments of 0.14 equiv until 2.25 equiv and by
increments of 0.28 equiv until 4.2 equiv and (b) {IOTf)3 with increasing
amounts of tetrabutylammonium nitrate anions from 0 to 4 equiv by
increments of 0.25 equiv.

equiv of nitrate anions, while larger amounts of this species
lead to a slight intensity decrease. After addition of 3 equiv of
nitrate ions, we observed the same excited-state lifetimes and
luminescence quantum yields as measured with the genuine
nitrate complexes. This means that a 7-fold increase of the
luminescence intensity of the ¥b complex and an 11-fold
increase for the Ef complex have been observed during the
titration experiments. It is worth noting that the structure of the
luminescence bands changes upon addition of the nitrate anion
as well (Figure 3). A similar effect, but with a smaller increase
of the luminescence intensity and excited-state lifetime, was
observed upon addition of tetrabutylammonium chloride. In this
case, a plateau was reached upon addition of 2 equiv of salt,
and changes in the structure of the luminescence bands were
also observed.

A different effect was observed upon addition of acetate or
fluoride ions. In this case, after an initial increase of the
luminescence intensity, a decrease was observed upon addition
of more than 1 equiv of the anionic species. At the same time,
large changes could be observed in the absorption spectrum,
such as a decrease of the band at 300 nm and an increase of the
absorbance at 285 nm.

Association Constants with Various Anions.To get as
much possible data about the interactions of the anions with
the complexes in acetonitrile solutions, we performed-¥is
titrations where the evolution of the UWis spectra of solutions
containing [Ln1](OTf)z (Ln = Eu and Th) was monitoréglas
a function of added amounts of tetrabutylammonium salts of
different anions (X = NOs;~, CI~, F~, and AcO). In almost
all cases, the titration can be conveniently fitted with a model
in which the “naked” complex [Lri]3" is successively coor-

nm region. All lifetimes are shorter than those observed for the dinated by one, two, and three anions:

nitrate salts.

Influence of the Counterion on the Photophysical Proper-
ties of the Triflate Salts. A particularly straightforward effect
was discovered by addition of tetrabutylammonium salts to an
acetonitrile solution of the [EQ](OTf)3 (Figure 3a) and [Tb
1]J(OTf)3 (Figure 3b) complexes. A drastic change of their
photophysical properties and an amplification of the Ln
luminescence dependent on the nature of the counterion wer
observed. Noteworthy, addition of tetrabutylammonium triflate
does not induce any change either in the absorption or in the
luminescence spectra. However, a large increase of the Iumi-(25
nescence intensity could be observed upon addition of up to 2

B 43X =[EwlX]  fa=

A1 4+ X =[Eu1-X]2 _ _IEw1"]
[Eu1]* + X [Eu-1-X] B1 [(Eu-1)*7 x [X 7]
o . [(Eu-1-X,)]
[Eu-1*" + 2X~ = [Eu-1-X,] 2= [(Eu-1)*1 ><2 X1
[(Eu-1-Xy)]

C[EwD)* ] x X

) Charbonniee, L. J.; Balsiger, C.; Schenk, K. J.;"Bzli, J.-C. G.J. Chem.
Soc., Dalton Trans1998 505.
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Number of anion equivalent

) ) . Figure 5. (a) Absorbance intensity dtps= 310 nm of [Tb1](OTf)z in
Figure 4. (a) Absorbance intensity dtns= 310 nm of [Eu1](OTf)sz in acetonitrile solution with increasing amounts of tetrabutylammonium anions
acetonitrile solution with increasing amounts of tetrabutylammonium anions (x) for nitrates, (J) for chlorides, ) for fluorides, €) for acetates; (b)
(x) for nitrates, () for chlorides, §) for fluorides, () for acetates; (b) emission intensity atem= 541 nm of [Eu1](OTf)z in acetonitrile solution
emission intensity atem = 610 nm of [Eu1](OTf)z in acetonitrile solution with increasing amounts of tetrabutylammonium anior$ for nitrates,
with increasing amounts of tetrabutylammonium anior$ for nitrates, (O) for chlorides, {) for fluorides, ) for acetates.

(O) for chlorides, @) for fluorides, ©) for acetates.

Number of anion equivalent

Table 3. Cumulative Association Constants for Complex In a parallel experiment, the emission spectra of the solutions

Formation with One, Two, and Three Coordinated Anions in were measured during the titratiorig,¢ = 310 nm, Figures 4b
ﬁ‘_f:?tl‘i?g}"ggscogﬂgggg C, 0.01 M TBAPFe) Starting from and 5b). The most dramatic influence was observed for addition
| | | of up to 2 equiv of nitrate anions to both tlk&s and theTb
o9 s 02 09 2 complexes, for which, respectively, an 11- and a 7-fold increase
NOs~ Eu 6.1+ 0.3 11.0+£0.2 14.4+0.7 of the luminescence were observed. The same trends, but less
Tb 6.0+ 0.5 11.74 0.8 15.44 1.0 d b 4 with chiorid . ith 5. and
o Eu 6.94 0.2 12,04 0.2 <145 pronounced, were observed with chloride anions, with 5- an
Tb 7.1+0.8 12.1+ 0.8 <14.6 2.5-fold increases of the luminescence intensity for Eu and Th
E- Eg 7.8£0.7 155+ 1.1 21.2+1.2 complexes, respectively, while for fluoride and acetate anions,
T 6.7£0.3 11.9+ 0.6 17.8+ 1.0
Ao Eu 6.95 06 1324 0.6 1614 11 the changes are far less pronounced.
Tb 7.2+0.3 13.5£ 0.3 19.0+ 0.3 ) )
Discussion

) o ) The absorption spectra of the complexes reported here are

A.sun.wmary of the cumulative assoc[athn copstants obtained g4ominated by the transitions centered on the bipy moieties,
for titrations of Tb and Eu complexes is given in Table 3, and pecause the phenyl chromophore attached to the P-atom has a
full experimental details are given in the Supporting Information. mych lower molar absorption coefficient. Complexation of
We were not able to obtain evidence for the formation of the G+ g+, and TB* ions typically causes a bathochromic shift
[Ln-1-X4] species in the case of the chloride anion only. This jn the lowest energy peak of the absorption spectrum of the
suggests that either the coordination of the third chloride anion bipy subunits from 285 nmif.ax for the free ligand) to the 300
is very weak or that the spectral changes from-[l-X2]* to 315 nm regiort® This is exactly what we observed for the Ln
[Ln-l-X3] are too small to be fitted. On the basis of the results Comp|exes of ||gand_ in acetonitrile solutions as the — z*
obtained for the other anions, the first hypothesis was retainedtransitions centered on the bipy moieties are displaced from 285
and translated into an upper limit for the value of the third for the free ligand to 300 nm in the complexes. It indicates
association constanks. A graphical representation of the that, in this solvent, the bipy units are substantially coordinated
absorption change versus the number of added equivalents ofo the central metal ion. For Bt and TB* complexes,
the anion is provided for the Eu and the Tb complexes, excitation in the bipy absorption bands leads to the typical metal-
respectively, in Figures 4a and 5a. centered luminescence, indicating that in these cases energy

In all cases, the titration shows a shift of the absorption transfer from the bipy units to the metal ion occurs. The
maximum (at 312 nm in the starting solution) toward higher efficiency of this process, whose lower limit can be assumed
energy upon addition of the anion, finally reaching values from to be the metal-centered luminescence quantum yield upon
285 to 300 nm in the presence of a large excess of anion, ligand excitation, is high as compared to that of other complexes
depending on the anion used. This hypsochromic shift can becontaining the bipy unit& and is in keeping with a strong
correlated to the step by step decomplexation of hiygy electronic interaction of the bipy fragment with the Ln center
moieties from the metal atoRi. The coordinating anions — .
compete with the aromatic fragments and gradually remove them (26) é?y?ég%aetmligl\lsi S‘iraé?gg?r(b)ségggggé'; ﬁ_-;' Bglg’&f@; sB_?'Eiifan\’z'i,
from the first coordination sphere of the metal. G.; Dellonte, S.; Balzani, Vinorg. Chem.1988§ 27, 1628.
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Figure 6. Proposed mechanism for the stepwise coordination of the nitrate anions to t§{Hu)s; complex and deconvoluted UWis spectra of the
[Eu-1](NO3),3~"+ species. Solvent molecules such as methanol or water could complete the first coordination shell of the Ln and are not represented. For
D, the X-ray crystal structure confirms the presence of either two coordinated methanol molecules or one molecule of methanol and one molecule of water
The central part of the figure exhibits the absorption spectra of all assumed intermediates.

in acetonitrile. Furthermore, the very good matching between that the PO remained coordinated to the Eu cemigs € 1185
the excitation and absorption spectra and the observation of onlycm™! versusvpo = 1200 cnt?! found for the free ligand in a
one excited-state lifetime indicate that in acetonitrile only one mixture of methanol and water).
form is present. In acetonitrile solution, triflate salts show, as mentioned
In contrast, by means of X-ray diffraction on single crystals, above, a lower luminescence quantum yield and a shorter
two different forms are observed in the solid state, when crystals lifetime than do the nitrate salts. In these conditions, triflate
of the TB* complex are obtained from a methanol solution. In anions are not expected to coordinate the central metal ion or
these crystals, the existence of two different environments for to form strong ionic couples with it. The changes in the spectra
the metal ion (Figure 1) causes, as expected, the observation obbserved upon addition of nitrate and chloride ions, and in
a double lifetime (0.18 and 0.68 ms). Similarly, a double lifetime particular the different structures of the most symmetry-sensitive
(0.39 and 0.95 ms) was found for the®Ewomplex, indicating transitions ¥Do — F, for EW*™ and’Fs — 5D, for Th®"), clearly
that this metal ion also experiences two different coordination indicate that these species in acetonitrile solution are able to
spheres in the solid state. The analysis of the preexponentialenter the first coordination sphere of the metal ion. This feature
terms indicates that the two forms are present in the samegives to these complexes the interesting feature to change
amount. drastically their luminescence intensity in the presence of
In methanol solution, the presence of a shoulder at 305 nm coordinating anions.
indicates that some bipy units are interacting with the Ln ion. It can be surmised that the addition of the first nitrate anion
However, the observation of the maximum at 290 nm for both to the starting materia provides a dicationic speci&s(Figure
the E#+ and the TB* complexes indicates that other bipy units  6). This is corroborated by the fact that very slight modifications
are not directly bounded to the metal ion. On the other hand, in of the UV—vis absorption spectra are observed during the
the excitation spectra, the band at 285 nm is almost absent titration experiments. A first increase in the luminescence spectra
clearly indicating that only the bipy units closer to the metal was observed in this process, and this can be conveniently
ion are able to transfer energy to it with good efficiency. By explained by the change of symmetry and by the shielding from
analogy with what was found in the solid state, the presence of solvent molecules experienced by the central metal ion.
a double lifetime again shows that the central ion is surrounded However, addition of the second equivalent of nitrates has a
by two different coordination spheres. The analysis of the more drastic influence as probed by the absorption spectrum
preexponential terms indicates that the two different systemswhich, in particular, displays a hypsochromic shift (see insert
are almost present in the same amount. In water solution, bothin Figure 6). This shift is in agreement with the coordination
the shape of the absorption spectrum and the lack of any metal-of the second nitrate and concomitant release of a single bipy
centered luminescence indicate that none of the bipy units arearm, leading to the monocationic spec{esAt a first glance,
directly coordinated to the metal ions. The observed results canthe large luminescence increase observed upon addition of the
be explained by two different hypotheses: (i) the complete second equivalent of anion could seem in contrast with this
dissociation of the complex, and (ii) the metal ion is still proposed mechanism. However, if in this process a stronger
coordinated to the PO groups, but the two bipy units are replacedelectronic interaction among the metal ion and the bipy moiety
in the coordination sphere by solvent molecules. Careful FT- that is still coordinated to it is established, it can strongly
IR measurements in water using Gatells seem to confirm increase the overall efficiency of the ligand-to-metal energy
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Figure 7. HF optimized structure of [E@]3" (left) and [Eu2, (H.O)3]3+
(right). Distances are in A.

Chart 2
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transfer process and, as a consequence, the luminescence
guantum yield. Indeed, quantum mechanical calculations (vide
infra) confirm the strengthening of the coordination feature of
one bipy subunit. The unparallel increase of the excited-state
lifetime and of the luminescence quantum yield is in agreement
with such a mechanism. Finally, addition of the third nitrate
anion has the most spectacular effect with an additional 30 nm
hypsochromic shift of the most intense absorption band because -
of decoordination of the second bipy arm and formation of the Figure 8. HF optimized structure of [E@, X", with n = 1 (top) to
neutral specie®. The decrease in the luminescence intensity 3 (bottom) and X= CI- (left) or NOs~ (right). Distances are in A.
during this process is also in agreement with this mechanism.
This latter complex is similar to the one isolated from the nitrate
starting material in methanol solution, the molecular structure
of which, determined by X-ray crystallography (vide supra),

s_k:ﬁweg t:zt the I'hrSt C(l)or(z)lnatlon sp?here (I)/f the Lntls corrllpletled (Figure 8). The Eu charge decreases, the mdigand bonds
either by two methanotor by one methanolione water molecu esweaken, and the repulsions between the ligands increase. We

and thgt one l_)lpy u.ni|1t arl]ssumesl atC|s con;gl)rmﬁtlon becgus_e Otfirst examine the influence of chloride anions. Upon addition
some interaction with the meta_ atom, while the secon PY of the first CI, all binding sites oR remain in contact with Eu
unit assumes a trans conformation to reduce electron repulsmnbut with the second Clin [Eu-2-Cls]*, one bipy arm moves

of the nitrogen lone pairs. Similarly, the first coordination sphere away from the first to the second coordination shell of the metal,
in speciesA to D is expected to be completed to nine by solvent while the other bipy arm moves closer to Eu, benefiting from
molecules. the space freed by its counterpart. This is in perfect agreement
The stepwise substitution of the bipy arms by nitrate anions jith the luminescence increase observed after the addition of a
outlined above is consistent with quantum mechanical (QM) second equivalent of anion, as discussed above. Finally, if a
calculations for the Eu complexes of liga@dan analogue of  third chloride anion is added, and the neutral-fEGl5] complex
ligand1 bearing a methyl in place of the phenyl group to which s formed, the nonbonded bipy arm moves completely away
water and/or anion have been gradually added formingZEu  from Eu, presumably because of its reduced attraction to the
(H20)3]3*, [Eur2:-Xp]@ 0+ (X = CI, NOs; n=1-3), and  formally neutral EuQ unit.
[Eu-2-X3:(H20),] complexes. In [Et2]3" (Figure 7), without Similar results are obtained with NO anions, which are
the presence of solvent molecules or counterions, ligarsi bidentate and sterically more demanding than &tions. The
bonded via the P(O) oxygen atom and two sets of pyridine most noticeable difference concerns the lengthening of the2Eu
nitrogen atoms N and 'NChart 2). The E-O(P) bond is the distances (by less than 0.02 A for one or two nitrates, and up
shortest metatligand bond, leading to a nonoptimal coordina- to 0.15 A with three nitrates (Figure 8)). In the presence of
tion of the other binding sites and to asymmetric binding of the three nitrates retains, in addition to the phosphoryl binding
two pyridine units of a given bipy arm. The N binding sites site, one coordinated bipy arm, which notably differs from what
form weaker bonds to Eu than do thé dhes, as found in all  was observed from the experimental results. The discriminating
complexes studied here. The O{fN repulsion also lets the  factor could be the coordination of solvent molecules to the
Pyr(N) rings turn less toward Eu than the Pyi(Kngs, and cation in condensed phases. Therefore, we have added two water
one bipy arm is bonded closer to the cation than is the other. molecules to [EtR-X3] forming [Eu-2-X3:(H20).]-type com-

The addition of three water molecules to form [Bu
(H20)3]%" leads to a lengthening of all bonds betwezand
Eu, but2 still uses all five binding sites (Figure 7). The situation
is different when counteranions are stepwise added te?]Eu
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Figure 9. HF optimized structure of [E@, Cl3(H20);] (left) and [Eu2,
(NO3)3(H20),] (right). Distances are in A.

. . . . . Fii 10. HF optimized structure of [E@]*. Distances are in A.
plexes (Figure 9). With the chloride anions, tweQHare still fgure P [Ea]

not enough to remove the second bipy from Eu, but withsNO  Chart 3
anions, the steric crowding of the first coordination shell of Eu
leads to a structure similar to the crystal structure of-[Jb
(NO3)3,(H20)(MeOH), wherel is only bound via O(P) to the
cation. 32
As far as the other anions are concerned, the hard fluoride
anions are known to coordinate efficiently Ln ions and were
already found to replace water molecules in the coordination
sphere of Eu complexes, with important changes in their
luminescence properti8lt is thus not surprising that a similar
effect can also be observed in the present case, especiall
considering that acetonitrile molecules form much weaker
coordinative bonds with the central Ln ion than does water.
Because of its stronger coordination ability toward Ln cations
as compared to chloride and nitrate, fluoride can even better 9"OUP-
compete with the bipy units appended]I,oespeciaIIy when a ~ Conclusions
molar excess has been added, therefore pushing the bipy
moieties out of the first coordination sphere. This can be clearly ~ Ligand1forms complexes with Gd, Tb**, and Ed* whose
seen looking at the absorption spectra, where a decrease of th@hotophysical properties depend drastically on the presence of
band at 300 nm and an increase of the absorbance at 285 nn@&nions. In particular, addition of nitrate anions to an acetonitrile
were observed. Finally, a similar behavior has been observedsolution containing [LAl]*" complexes as triflate salts results
for both Eu and Tb complexes with acetate ions (Figures 4a,bin an up to 7-fold increase of the luminescence intensity for
and 5a,b, respectively). the TB*" complex and an up to 11-fold increase for the*Eu
Both the absorption and emission measurements and the QMcomplex. This increase is caused by the displacement of solvent
calculations show that the Lhsystems described here reactto molecules of the first coordination shell of the Ln cations by
the addition of suitable anions by successively removing the the competing nitrate anions and by important changes in the
bipy arms of1 out of the first coordination shell of the cation. ~ coordination features of the bipy moieties. In the same solvent,
This leads to an increase in luminescence yield and lifetime, the nitrate salts show an intense metal-centered luminescence
and opens up the possibility to use such complexes asat room temperature, indicative of an efficient energy transfer
luminescent chemosensors for anions, which are relatively from bipy subunits to the metal ion, suggesting that at least
rarée-427.283s compared to those for cations, but very interesting one of them remains close to the metal atom. In methanol and
for practical applicationd:4 The design of a more efficient  in solids obtained from methanol solutions, the luminescence
sensor, able to work also in coordinating solvents, requires theis still present, but, in both cases, the excited-state decay can
coordination of the bipy units of ligandl to be strengthened,  only be fitted with two exponential terms, suggesting that the
so that this binding could also be stable in water solution. The central metal ion experiences two different environments. This
design and synthesis of a second generation of sensors bearintp in perfect agreement with what is observed for thé*Tb
anionic bipy fragments are currently under way in our labora- complex by means of X-ray diffraction on single crystals. For
tories. Preliminary quantum mechanical calculations of alt Eu  these complexes, the excitation spectra show that only the bipy
complex of32~, an anionic analogue of ligarfwith the methyl unit that is closer to the metal ion can transfer energy to it. A
replaced by carboxylate groups, allow one to predict that the key feature of these prototypes is that coordination of anions
two carboxylate oxygen atoms O(CO) and the phosphoryl O(P) to the Ln provides an excellent shielding effect against
bind strongly to the metal cation (Chart 3, Figure 10). In{Eu detrimental nonradiative deactivation processes.
3]*", one N looses coordination to the metal, but the three
remaining Eu-N bonds, although somewhat longer than in<[Eu

1]3* (2.49-2.89 A with ligand3?~ as compared to 2.4%.62
y& with ligand 1), still allow for efficient energy transfer to the
metal. It is also noteworthy that the E®@(CO) bonds are about
0.1 A shorter than the EtO(P) bond, indicating that the
carboxylate groups are even stronger bound than the phosphoryl
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Supporting Information Available: The crystallographic data  experimental data for association constants determination of
(without the structure factors) for the structure described in this ligand 1 with Eu and Th, U\~ vis titration experiments for each
publication have been deposited as “supplementary publicationanion and each Ln complex (PDF). This material is available
no. CCDC-186916" with the Cambridge Crystallographic Data free of charge via the Internet at http://pubs.acs.org.
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