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A series of six tetradentate polypyridine-type ligands (L) have been used to prepare the corresponding Eu(III)
complexes [Eu(L)2(S)]

nþ (n = 2, 3) where S = H2O or CF3SO3
-. Two of the ligands, 2,9-di(pyrid-20-yl)-1,10-

phenanthroline (4) and its dipyridophenazine analogue (6) are symmetrical around a central phenanthroline
ring. The other four ligands are 2,20-bi-1,10-phenanthroline and its 3,30-di-, tri-, and tetramethylene-bridged
analogues (5a-d) whose conformations are governed by the length of the polymethylene bridge. 1H NMR and
X-ray analysis indicate that all of the complexes have a C2v symmetry. The biphenanthroline series shows a strong
correlation of the conjugation between the two halves of the ligand, as governed by the bridge, with the absorption
and emission properties of the Eu(III) complex. The complex having the most distorted, tetramethylene-bridged
ligand exhibits a weak, high energy π-π* absorption and low sensitization efficiency. The luminescence decays
are monoexponential for complexes of 4 and either monoexponential or biexponential for the complexes of
5 depending on its solution concentration and the length of the bridge. The complexes of 4 exhibit much
longer lifetime, higher overall quantum yield, and higher sensitization efficiency than complexes of 5 while
the complex of 6 emits very weakly. The Eu(5D0) lifetime for [Eu(4)2(H2O)](ClO4)3 is shorter than for
[Eu(4)2(CF3SO3)](CF3SO3)2, reflecting the effect of the coordinated water. The complexes are examined for
stability in the presence of water and found to retain most of their luminescent properties even in the presence of a
large excess of water.

Introduction

Luminescent Eu(III) complexes show considerable pro-
mise as low energy emitters in a variety of applications.1 For
polypyridine ligand complexes, this luminescence involves
the absorption of light by the ligand to form a singlet excited
state followed by intersystem crossing to the triplet and then
energy transfer to the metal center that then emits longer
wavelength light. Ligands, such as the cryptands, which
effectively protect the metal center from competing radia-
tionless deactivation by surrounding solventmolecules, often

lead to very impressive emission properties.2 In earlier work,
we attempted to complex several large polypyridine ligands
with Eu(III) in an effort to accomplish similar protection of
the metal.3 However, we discovered that Eu(III) is quite
demanding in the geometry that it will accommodate as its
coordination sphere. As a nine-coordinate species, Eu(III)
will accommodate three tridentate ligands such as 2,20;60,200-
terpyridine (1, tpy);4 however complexes with this ligand are
somewhat labile, being especially sensitive to the presence of
water.5 We discovered that bridging the tpy between the 3,30
and 50,300 positions would hold it in a syn,syn-conformation
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(2) thereby significantly improving the stability of its Eu
complexes toward ligand replacement by water.3,6

Ligands with higher denticity than tpy might form more
robust complexes with the lanthanides. A well organized 2:1
complex is formedwith 2,20-bipyridine-6,60-dicarboxylic acid
but the ligand can also behave in a bridging fashion to
provide a 2:3 metal/ligand stoichiometry.7 Sexipyridine
forms an unusual hexadentate complex with Eu(III).8 There
are two reports of a complex of Eu(III) with a tetradentate
polypyridyl system, 6,60-bis-(5,6-diethyl-[1,2,4]triazin-3-yl)-
2,20-bipyridine, where the ligand/metal ratio is a function
of ligand concentration.9 More often quaterpyridine (3) is
found to be a bridging ligand10 and it can also act as a
tridentate ligand, forming ML2 complexes with a dangling,
uncomplexed pyridine.11

The substitution of a 1,10-phenanthroline (phen) subunit
for one or two bpy subunits of quaterpyridine leads to 2,9-
di(pyrid-20-yl)phen (4) and 2,20-biphen (5a). Quaterpyridine
possesses three interpyridine bonds, leading to considerable
conformational mobility. With only two or one such inter-
pyridine bonds respectively, 4 and 5a are less conformation-
allymobile and their coordination chemistry is thereby easier
to predict and control.We have recently demonstrated that 4
will act as a tetradentate with Ru(II),12 occupying the
equatorial plane of the complex while 5a-d will form a series
of helical dinuclear complexes with Cu(I).13

The current study will demonstrate that these ligands will
form well organized, relatively stable 2:1 complexes with
Eu(III) in which the ninth coordination site is occupied by a
single water molecule or the trifluoromethanesulfonate an-
ion. The luminescence properties of these complexes are
directly influenced by the nature of the tetradentate ligand.

Results and Discussion

In this study Eu(III) complexes were formed using the
phen-containing ligands 4 and 5a-d as well as the closely

related dipyridophenazine ligand 6. The complexes were
prepared by treating the ligand with an appropriate Eu(III)
salt in refluxing methanol or ethanol and precipitating the
product from the cooled solution. The complexes were
analyzed by 1H NMR, mass spectroscopy (MS), and com-
bustion analysis. Having C2 symmetry, the ligands showed
relatively simple NMR spectra with 2 or 3 independent spin
systems that were well resolved and could be easily assigned.
Coordination with the paramagnetic Eu(III) ion caused the
peaks to broaden and shift upfield (Figure 1). The poor
resolution of the broadened peaks in the complexes prohib-
ited their confident assignment in some cases. The important
feature of these NMR spectra was their simplicity, strongly
supporting a symmetrical bonding motif and a 2:1 ligand/
metal ratio that was supported by theMS data. If the ligands
had bound to Eu(III) in an unsymmetrical fashion their C2

symmetry would have been destroyed, and the NMR spec-
trumwould have shown at least twice as many resonances. It
is interesting to note that an attempt to coordinate quater-
pyridine 3withEu(III) was unsuccessful, leading to amixture
of unidentifiable products as well as unreacted ligand.
Definitive proof of structure was obtained byX-ray crystal

analyses of the Eu(III) complexes of ligands 4 and 5b. In the
case of 4, the complex was prepared as its perchlorate and
trifluoromethanesulfonate salt. Because of the poor coordi-
nating ability of the perchlorate anion and the presence of
water in the reagent, this complex contained awatermolecule
in its ninth coordination site. For the complex of 5b, when the
counterion was anhydrous trifluoromethanesulfonate, this
anion was also found to occupy the ninth coordination site.
Two views of each of these structures are given in Figures 2

Figure 1. 1H NMR of 4 (top) and [Eu(4)2(H2O)](ClO4)3 (bottom) in
acetone-d6. Proton assignments made by 2D-COSY NMR.
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and 3 and some pertinent geometric data are collected in
Table 1. It is interesting to note that both crystals were grown
fromCH3CNsolution, indicating thatEu(III) shows a higher
affinity for water or triflate than CH3CN. Considering that
crystal packing forces may have played a role, this observa-
tion can not exclude the possibility that the aquo or triflato
ligands are being replaced by acetonitrile in solution.
For both structures the Eu-N bond lengths range from

2.52 to 2.67 Å. These bonds can be grouped into “inner” and
“outer” bonds. The inner bonds involve the two nitrogens
located nearest the central axis of the ligand and the outer
bonds involve the peripheral nitrogens. The inner Eu-N
bonds are shorter, ranging from2.52 to 2.55 Åwhile the outer
bonds are longer, up to 2.67 Å. It is interesting that the Eu is
not symmetrically disposed between the two outer nitrogens,
especially in the complex of 4 where one ligand shows outer
bond lengths of 2.59 and 2.64 Å and the other shows 2.56 and
2.65 Å.
The ligands 4 and 5b differ considerably in their extent of

preorganization. The dipyridylphen 4 has two intraligand
single bonds between the pyridine rings and the central phen,
allowing for a certain amount of flexibility and confor-
mational mobility. On the other hand, the biphen 5b is
more rigid with a relatively low, but significant, barrier to
conformational inversion about the central 2,20-bond. The
coordination sphere of both complexes contains three fused
five-membered chelate rings associated with each of the two

ligands. For the complex of 4, the N-Eu-N angle of the
central chelate ring is greater than for the two outer chelate
rings, reflecting, to some extent, the flexibility of the phen-
pyridine bonds. For the complex of the more rigid bridged
biphen 5b this effect is less apparent, reflecting less flexibility
in the two outer phen rings. This same flexibility is also
evidenced by the dihedral angles between the planes of
adjacent pyridine rings. In the more flexible complex of 4
these angles are greater, up to 15.3�, than in the complex of 5b
where the largest dihedral angle is 4.7�. From the side-on view
on the right side of Figures 2 and 3 it can be seen that the
Eu(III) cation is slightly out of the plane of the two ligands.
This effect is more pronounced for the more flexible ligand 4.
For both complexes the two ligands are nearly orthogonal
and the dihedral angle between the mean planes of the two
outermost pyridines is indicated in the figure, 86.4� for
[Eu(4)2(OH2)]

3þ and 82.5� for [Eu(5b)2(OSO2CF3)]
2þ.

The electronic absorption spectra of the ligands and their
Eu(III) complexes have been measured in CH3CN for 2 �
10-5 M solutions to minimize intermolecular interactions,
and the absorption data are assembled in Table 2. The lowest
energy absorption band of the ligands is associated with a
π-π* transition. The energy of this transition is dependent
on both the electronegativity of the ligand as well as its
π-electron delocalization. Thus ligand 6, with a quinoxaline
ring fused to the central ring of the phen portion of 4, is both
more electronegative and more delocalized, exhibiting a long

Figure 2. ORTEP plot of [Eu(4)2(OH2)]
3þ with the atom labeling scheme (left) as well as a view showing the two ligand planes and the Eu-OH2

bond (right).

Figure 3. ORTEP plot of [Eu(5b)2(OSO2CF3)]
2þ with the atom labeling scheme (left) as well as a view showing the two ligand planes and the

Eu-O(triflate) bond (right).
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wavelength band at 393 nm as opposed to the higher energy
absorption at 356 nm observed for 4. For the series of biphen
ligands 5a-d, the dihedral angle about the central 2,20-bond is
controlled by the length of the 3,30-polymethylene bridge. In
earlier work we have estimated this angle to be 16� for 5b, 44�
for 5c, and 60� for 5d.13 The larger the twist angle between the
two phen rings, the less interacting are their π-systems and
thus the higher energy (shorter wavelength) is their absorp-
tion: 343 nm for 5d versus 377 nm for 5bwith 5c intermediate
at 353 nm. The intensity of these absorption bands also
follows the same trend with the most planar ligand 5b
showing the most intense absorption (Figure 4-top). The
unbridged system 5a shows a long wavelength band at 366
nm suggesting a dihedral angle somewhere between 5b and
5c. It should be pointed out, however, that 5a most likely

exists in a transoid conformation so that it is not readily
comparable to its cisoid bridged analogues.
Although the ligand conformations are certainly modu-

lated by Eu(III) complexation, the observed effects are
consistent with the longest wavelength band being associated
with a π-π* absorption of the metal-bound ligand. Figure 4
(bottom) shows a nice progression for this long wavelength
band along the series of Eu(III) complexes of 5b, 5c, and 5d.
For the complex of the unbridged biphen 5a, the ligand is

Table 2. Absorption Maxima of Ligands 4-6 and [Eu(4-6)2(CF3SO3)](CF3SO3)2
a

compound λ, nm (log ε)

4 247(4.61), 287(4.56), 298(sh, 4.48), 303(sh, 4.46), 326(4.38), 341(4.27), 356(sh, 3.66)
5a 237(4.75), 262(4.37), 293(4.53), 322(4.42), 338(4.37), 355(4.39), 366(sh, 3.89)
5b 235(4.68), 264(4.50), 304(4.35), 334(sh, 4.07), 359(4.15), 377(4.42)
5c 236(4.59), 265(4.39), 293(4.28), 320(sh, 4.03), 335(3.94), 353(3.89)
5d 234(4.79), 267(4.62), 279(sh, 4.59), 328(3.76), 343(3.43)
6 294(4.63), 314(4.55), 326(4.54), 354(4.03), 373(4.13), 393(4.16)
[Eu(4)2]

3þ 241(4.69), 269(sh, 4.67), 279(4.71), 287(4.72), 333(4.64)
[Eu(5a)2]

3þ 227(4.97), 263(4.75), 310(4.77), 378(sh, 4.47), 389(4.52)
[Eu(5b)2]

3þ 233(4.95), 267(4.72), 302(sh, 4.57), 313(4.69), 326(4.46), 391(4.52), 403(4.59)
[Eu(5c)2]

3þ 240(4.95), 267(4.76), 310(4.71), 376(4.46)
[Eu(5d)2]

3þ 237(4.86), 273(4.71), 310(4.63), 349(4.20), 371(4.30)
[Eu(6)2]

3þ 213(4.65), 243(4.42), 303(4.69), 337(4.65), 366(sh, 4.45), 390 (4.05)

a In 2.0 � 10-5 M CH3CN at 20 �C.

Table 1. Selected Structural Data for [Eu(4)2(OH2)]
3þ and [Eu(5b)2(CF3SO3)]

2þ a

[Eu(4)(OH2)]
3þb [Eu(5b)(CF3SO3)]

3þ

Bond Lengths (Å)

Eu-N27 2.640(6) Eu-N31 2.668(4)
Eu-N52 2.530(5) Eu-N58 2.545(4)
Eu-N49 2.538(5) Eu-N55 2.526(5)
Eu-N48 2.586(6) Eu-N52 2.581(5)
Eu-N22 2.560(6) Eu-N22 2.635(5)
Eu-N23 2.529(5) Eu-N25 2.526(5)
Eu-N26 2.543(5) Eu-N28 2.522(4)
Eu-N1 2.653(6) Eu-N1 2.600(5)

Bond Angles (deg)

N27-Eu-N52 63.16(17) N31-Eu-N58 63.75(14)
N52-Eu-N49 64.05(17) N58-Eu-N55 62.91(14)
N49-Eu-N48 63.01(17) N55-Eu-N52 64.29(15)
N1-Eu-N26 62.81(16) N22-Eu-N25 64.17(16)
N26-Eu-N23 64.10(17) N25-Eu-N28 63.86(15)
N23-Eu-N22 63.78(17) N28-Eu-N1 63.81(15)
N27-Eu-N48 148.3 N31-Eu-N52 149.1
N1-Eu-N22 149.45 N22-Eu-N1 149.2
O-Eu-N27 66.60(18) N1-Eu-O 69.9(2)
N1-Eu-O 67.59(18) O-Eu-N22 65.5(2)

Dihedral Angles (deg)

N49-C42-C-43-N48 15.3(9) N52-C53-C54-N55 4.6(8)
N49-C50-C51-N52 3.6(9) N55-C56-C57-N58 -4.7(8)
N27-C32-C33-N52 -11.5(9) N58-C59-C60-N31 1.3(8)
N23-C16-C17-N22 12.7(9) N22-C23-C24-N25 -0.1(8)
N23-C24-C25-N26 2.4(9) N25-C26-C-27-N28 -3.9(7)
N1-C6-C7-N26 -6.5(9) N28-C29-C30-N1 0.4(7)

aAtom numbering scheme in Figures 2 and 3. bData is reported for
one of the two cations in the unit cell.

Figure 4. Electronic absorption spectra: top: Ligands L; bottom:
[Eu(L)2(CF3SO3)]

2þ in CH3CN (2.0 � 10-5 M); L = 5a, (black); L =
5b, (red); L = 5c, (green); L = 5d, (blue).
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constrained to a cisoid conformation and thus it fits nicely
between the dimethylene and trimethylene-bridged com-
plexes. Like the energies of these bands, their intensities also
reflect closely the intensity of the unbound ligand absor-
bances.
The emission from Eu(III) complexes is derived from

sensitization of the lanthanide excited state by energy transfer
from the ligand triplet. Since this emission is metal-based, the
energies of the emission bands remain mostly invariant while
differences are noted in their intensities. Photophysical prop-
erties were determined for solid state samples (Table 3) and
for 10-3 and 10-4 M CH3CN solutions (Table 4) under
ligand excitation. Somewhat more concentrated solutions
were used for emission than for absorption to provide better
comparison with the solid state data and to avoid possible
dissociation under more dilute conditions. The solid state
spectra for the complexes of 5a-d are depicted in Figure 5.

The sharp emissions are due to Eu(III) centered transitions
5D0f

7FJ (J= 0-4). The intense emissions from the Eu(III)
center indicate effective sensitization of the metal by the
tetradentate ligands. The dimethylene bridged complex of 5b
shows the weakest emission while the tetramethylene bridged
complex of 5d shows the strongest emission. The sensitization
efficiency therefore depends on the length of the polymethyl-
ene bridge which affects the twist angle and the degree of
conjugation between the two phen halves of 5. The complex
of the unbridged biphen 5a shows behavior intermediate
between that of 5c and 5d, which is different from the
absorption behavior where the complex of 5a is intermediate
between 5b and 5c.
In considering the solid state data (Table 3), the Eu(5D0)

lifetime for Eu(4)2(CF3SO3)3 is larger than for Eu(4)2-
(ClO4)3(H2O), reflecting the coordination of one water
molecule in the inner coordination sphere of the latter

Table 3. Photophysical Parameters Measured for Europium Complexes in the Solid State

compound τobs, msa,b τrad, msc,d QEu
Eu, %c QLn

L , %b,c ηsens, %
c

Eu(1)3(ClO4)3 1.95(2) 5.73 34 43(1) ∼100(15)
Eu(4)2(ClO4)3(H2O) 0.53(1) 3.75 14 15.5(3) ∼100(15)
Eu(4)2(CF3SO3)3 1.45(4) 3.49 42 29.8(5) 71(11)
Eu(5a)2(CF3SO3)3 0.043(1) 3.49 1.2 1.4(1) ∼100(15)
Eu(5b)2(CF3SO3)3 0.013(1) 3.64 0.36 0.37(4) ∼100(15)
Eu(5c)2(CF3SO3)3 0.074(2) (91%) 3.36 2.2 1.2(1) 55(8)

0.014(1) (9%)
Æτæ = 0.073e

Eu(5d)2(CF3SO3)3 0.33(4) (60%) 3.27 8.9 3.8(1) 43(6)
0.10(2) (40%)
Æτæ = 0.29e

Eu(6)2(CF3SO3)3 9.3(2) � 10-4 2.72 0.034 3.0(5) � 10-3 11(2)

aMeasured under laser excitation at 355 nm. b In parentheses: (2σ) values for three measurements. c See ref 1a for definitions and relevant equations.
dRefractive index taken as being equal to 1.5 (see ref 14) e Æτæ =

P
iBiτi

2/
P

iBiτi.

Table 4. Photophysical Parameters for Europium Complexes in CH3CN

compound c/M τobs, msa,b τrad, msc QEu
Eu, %d QLn

L %b,e ηsens, %

Eu(1)3(ClO4)3 10-4 2.15(4) 6.17 35 28.8(1) 82(12)
10-3 2.34(2) 6.75 35 29.3(2) 84(12)

Eu(4)2(ClO4)3(H2O) 10-4 1.65(2) 4.53 36 33.2(7) 92(14)
10-3 1.55(4) 4.77 32 29.0(3) 91(14)

Eu(4)2(CF3SO3)3 10-4 1.85(1) 4.56 41 36.8(1) 90(14)
10-3 2.13(4) 4.67 46 39.3(1) 85(13)

Eu(5a)2(CF3SO3)3 10-4 0.27(1) (88%) 4.31 6.0 3.7(1) 62(9)
0.083(1) (12%)
Æτæ = 0.26f

10-3 0.28(2) (41%) 4.38 5.0 2.4(1) 48(7)
0.088(2) (59%)
Æτæ = 0.22f

Eu(5b)2(CF3SO3)3 10-4 0.14(2) (40%) 3.92 3.0 1.2(1) 40(6)
0.050(2) (60%)
Æτæ = 0.11f

10-3 0.064(1) (47%) 3.97 1.3 0.63(5) 48(7)
0.019(1) (53%)
Æτæ = 0.053f

Eu(5c)2(CF3SO3)3 10-4 0.51(2) 3.69 14 12.4(7) 89(13)
10-3 0.59(2) (75%) 3.77 15 4.3(3) 29(4)

0.062(1) (25%)
Æτæ = 0.57f

Eu(5d)2(CF3SO3)3 10-4 0.61(1) 3.67 17 12.8(4) 75(11)
10-3 0.67(2) (65%) 3.70 18 2.9(1) 16(2)

0.051(2) (35%)
Æτæ = 0.65f

Eu(6)2(CF3SO3)3 2 � 10-5 g 3.62 n.a. 7.2(8) � 10-3 n.a.

aMeasured under laser excitation at 355 nm. b In parentheses: (2σ) values for threemeasurements; accuracy is( 10%. cRefractive index taken as equal
to that of the neat solvent, 1.344. dWhenever relevant, based on Æτæ eQuantum yields were measured under excitation at 330 nm for samples
Eu(1)3(ClO4)3, Eu(4)2(ClO4)3(H2O), Eu(4)2(CF3SO3)3 and Eu(6)2(CF3SO3)3 or at 370 nm for the others. f Æτæ =

P
iBiτi

2/
P

iBiτi.
gToo low signal to be

measured.
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complex. The luminescence decays for complexes with 5c and
5d are biexponential because of the presence of two distinct
environments for the metal ion. For the complexes with
ligands 5, all lifetimes are very short. Since it is unlikely that
the inner coordination sphere contains more than 2 bound
water molecules, we may tentatively associate this short
lifetime to the presence of a temperature-dependent non-
radiative deactivation pathway.
For the solution emission data (Table 4), the parameters

for the reference compound [Eu(1)3(ClO4)3] compare well
with those previously published: τobs = 2.31 ms and QLn

L =
32%.15

The luminescence decays are monoexponential for the
complexes with 4 but biexponential for the 10-3 M solutions
of the complexeswith ligands 5, reflecting the presence of two
species in solution. Upon dilution to 10-4 M they become
monoexponential for ligands 5c and 5d, consistent with the
presence of one major species in solution. The same observa-
tion as for the solid state samples applies in that these
lifetimes are quite short for the complexes with ligands 5,
and these values cannot be entirely rationalized by consider-
ing potential binding of water molecules. Roughly speaking,
one expects a ≈40% increase from the solid state values for
radiative lifetimes if the coordination environment remains
the same. This is not the case, particularly for the complexes
with 5.
The intrinsic quantum yieldQEu

Eu reflects the importance of
non-radiative deactivations taking place in the surroundings
of the metal ion (inner and outer coordination spheres). It
amounts to 35-45% for complexes with 1 and 4. Compared
to solid state data, the constancy of QEu

Eu between Eu(4)2-
(CF3SO3)3 and Eu(4)2(ClO4)3(H2O) points to the water
molecule being dissociated in acetonitrile solution. QEu

Eu is
much smaller for the complexeswith ligands 5, in linewith the
above comments. The overall quantum yields for the anhy-
drous complex with 4 and the solutions of the two, hydrated
and anhydrous, complexes are the same and sizable
(30-40%) consistent with a large sensitization efficiency
(70-90%). Again these values are much smaller for the
complexes with ligands 5. Looking at the influence of the

bridge, we note the following sequence for the overall
quantum yields: 5d> 5c> 5a> 5b for solid state samples,
5c> 5d> 5a> 5b for 10-3M solutions, and 5d≈ 5c> 5a>
5b for 10-4 M solutions. However, when it comes to the sens-
itization efficiency of the ligands, the order is 5a ≈ 5b >
5c> 5d for solid state samples and for themore concentrated
solution samples.
The Eu(III) complexes of 4, 5a, and 6 emit quite differently

(Figure 6). The most delocalized system, involving ligand 6,
shows very weak emission while the system involving ligand 4,
with the highest energy π-π* transition, shows the strongest
emission. The dimethylene-bridged biphen system shows
intermediate behavior but is still fairly strongly emitting.
Water is a typical luminescence quencher of lanthanide

excited states16 as demonstrated by the shorter lifetime for
Eu(4)2(ClO4)3(H2O) versus Eu(4)2(CF3SO3)3. Radiationless
energy transfer competes with the radiative processes
through coupling of the emissive states to theO-Hvibrational
overtones of coordinated water molecules.17 In our earlier
study on the stability of [Eu(tpy)3]

3þ type complexes toward
ligand replacement by water, we verified that the substitution
of tpy was relatively facile3 leading to complete quenching of
the Eu(III) emission.
The incorporation of 3,30-bridges between adjacent pyri-

dine rings of tpy preorganized the ligand into a cisoid
geometry and greatly increased stability of the system toward
hydration.
The ligand 5b possesses the quaterpyridine core with one

ethano- and two etheno-bridges. It became of interest to
determine whether the Eu(III) complex of such a ligand
would show greater stability toward hydration. The bis-
tetradentate complex is more “open” than the tris-tridentate
one and from the right side views of Figures 2 and 3, one can
see that three quadrants of the complex might be accessible
for attack by water. A study on the effect of hydration on the
luminescence was carried out by adding water to
[Eu(5b)2(CF3SO3)]

2þ 1 mM in degassed CH3CN, keeping
the complex concentration constant. The final water concen-
tration was 18.5 M, corresponding to [H2O]:[Eu] = 18’500.
The corresponding changes induced in the emission spectra
are shown in Figure 7.

Figure 6. Solid state emission spectra: intensities are relative to Eu(4)2-
(CF3SO3)3 and scaled according to overall quantum yields.Figure 5. Solid state emission spectra: intensities are relative to Eu(5a)2-

(CF3SO3)3 and scaled according to overall quantum yields.
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Changes for all the Eu(III)-centered emissions were ob-
served, but the 5D0f

7F2 transition shows themost profound
variation. The 5D0f

7F2 to
5D0f

7F1 intensity ratio decreases
from 3.9 for the water-free sample to 3.3 for the sample
containing 18.5 M of water, reflecting some changes in the
coordination environment. On the other hand, the overall
quantum yield QL

Eu is relatively insensitive to the change in
solvent composition, varying from 0.63(5) to 0.56(5) %,
while the sensitization efficiency remains the same within
experimental error.
In this study we have examined the coordination of several

quaterpyridine derivatives with Eu(III). Although the parent
polypyridine does not bind in a well organized fashion, the
replacement of bpy subunits with the more conformationally
restricted phen moiety increases the ligand preorganization
and leads to a 2:1 ligand-metal complex with the ninth
coordination site occupied by water or triflate. The conforma-
tion of the bridged biphen ligands modulates their electronic
absorption propertieswhich in turn is reflected by the emission
properties of the Eu(III) complexes. The highly preorganized
nature of these ligands18 makes them unusually resistant to
replacement by added water and the consequential lumines-
cencequenchingwhich suchhydrationordinarilywould cause.

Experimental Section
1H NMR spectra were obtained at 300MHz on a General

ElectricQE-300 spectrometer.Chemical shifts are reported in
parts per million relative to tetramethylsilane, SiMe4. Ab-
sorption spectra were recorded with a Varian Cary-50 Bio
spectrophotometer. All spectra were corrected for the back-
ground spectrum of the solvent. MALDI-TOF mass spectra
were obtained on an Applied Biosystems Voyager DE STR-
4160 spectrometer usingR-cyano-4-hydroxycinnamic acid as
the matrix and CH3CN as the solvent except for the complex
of 6 where a mixture of CHCl3 and MeOH was used. The
ligands 4,12a 5a-d,13,19 and 612b were prepared according to

published procedures as was the complex [Eu(tpy)3](ClO4)3.
3

Eu(CF3SO3)3 and Eu(ClO4)3 3 6H2O were purchased from
Aldrich and Johnson Matthey Inc., respectively. Elemental
analyseswere carried out byQTI, P.O. Box 470,Whitehouse,
NJ 08888-0470.
Luminescence spectra were recorded either with a Perkin-

Elmer LS-50B luminescence spectrometer or a Fluorolog
FL3-22 spectrofluorimeter from Horiba-Jobin-Yvon Ltd.
on well ground solid samples or solutions in acetonitrile in
special 2.4 mm i.d. quartz capillaries. All excitation and
luminescence spectra were corrected for the instrumental
functions. Quantum yields were determined under ligand
excitation (330-370nm) andusinganabsolutemethodbased
on a specially modified integration sphere from GigaHertz
Optik in Zenith Teflon with a 2 in. diameter.20

Lifetimes of the Eu(5D0) level were measured upon ligand
excitation at 355 nm provided by a Quantum Brillant Nd:
YAG laser equipped with frequency tripler and monitoring
the 5D0f

7F2 transition; luminescence decays were analyzed
with Origin. Lifetime values are averages of at least three
independent experiments. Excitation spectra were recorded
upon monitoring the 5D0f

7F2 transition. All measurements
have been carried out at room temperature (295 K).

[Eu(4)2(H2O)](ClO4)3. A solution of Eu(ClO4)3 3 6H2O (56
mg, 0.10 mmol) in EtOH (3 mL) was added dropwise to a
refluxing solution of 4 (83.5 mg, 0.25 mmol) in EtOH (7 mL).
Reflux was continued overnight under Ar. After cooling, the
precipitate was collected and washed with EtOH to afford a
white powder (116 mg, 100%): 1H NMR (CD3CN) δ 7.74 (d,
J=8.1Hz, 4H), 7.26 (t, J=7.8Hz, 4H), 6.64 (broad, 4H), 5.80
(broad, 4H), 5.57 (m, 4H), 5.14 (d, J = 7.5 Hz, 4H), 4.91 (m,
4H); MS m/z 863.356 [M-2ClO4-H2OþCH3CNþH]þ,
841.319 [M-3ClO4þ2H]þ, 774.252 [M-2ClO4-(4)þ(matrix-
H)]þ, 920.380 [M-2ClO4-H2O]þ. Anal. Calcd for C44H30-
Cl3EuN8O13 3H2O: C, 45.75; H, 2.79; N, 9.70. Found: C,
46.09; H, 2.80; N, 9.58. A crystal suitable for X-ray analysis
was obtained by slow evaporation of an acetonitrile solution.

[Eu(4)2(CF3SO3)](CF3SO3)2. A solution of Eu(CF3SO3)3
(15 mg, 0.025 mmol) and 4 (16.7 mg, 0.050 mmol) in EtOH
(15 mL) was refluxed for 16 h. The solvent was evaporated, and
the residue, dissolved in a small amount of CH3CN,was purified
on a short alumina column eluting with CH3CN to give
[Eu(4)2(CF3SO3)](CF3SO3)2 as a light yellow solid (22 mg,
69%): 1H NMR (CD3CN) δ 8.17 (broad, 4H), 7.35 (broad,
4H), 6.85 (broad, 4H), 5.42 (broad, 4H), 4.88 (broad, 4H), 4.62
(broad, 4H), 1.25 (broad, 4H). 1H NMR (CD3COCD3) δ 8.52
(broad, 4H), 7.62 (broad, 4H), 6.94 (broad, 4H), 5.57 (broad,
4H), 5.29 (broad, 4H), 4.93 (broad, 4H), 1.27 (broad, 4H); MS
m/z 822.369 [M-3CF3SO3]

þ, 783.210 [M-CF3SO3-(4)]
þ,

636.261 [M-2CF3SO-(4)]þ, 335.360 [4þH]þ. Anal. Calcd for
C47H28EuF9N8O9S3: C, 44.52; H, 2.23; N, 8.84. Found: C,
44.90; H, 2.63; N, 8.65.

[Eu(5a)2(CF3SO3)](CF3SO3)2. A solution of Eu(CF3SO3)3
(60 mg, 0.10 mmol) in MeOH (3 mL) was added dropwise to a
refluxing solution of 5a (90 mg, 0.25 mmol) in MeOH (10 mL).
The resulting mixture was heated at reflux overnight under Ar.
After cooling, the solid was filtered and washed with CH3CN.
The filtrate was then evaporated, and the residue was dissolved
in CH3CN. Insoluble material was again filtered and washed
with CH3CN. Evaporation of the filtrate yielded [Eu(5a)2-
(CF3SO3)](CF3SO3)2 as a light beige powder (114 mg, 87%):
1H NMR (CD3CN) δ 7.61 (broad, 4H), 7.58 (broad, 4H), 6.69
(d, J = 7.5 Hz, 4H), 6.58 (broad, 4H), 5.50 (broad, 4H), 4.53
(d, J = 8.7 Hz, 4H), 3.27 (d, J = 5.7 Hz, 4H); MS m/z
659.915 [M-2CF3SO3-(5a)]þ, 359.176 [5aþH]þ. Anal. Calcd

Figure 7. Emission spectra (λex = 370 nm) recorded for [Eu(5b)2-
(CF3SO3)](CF3SO3)2 1 mM in degassed CH3CN containing various
amounts of water.
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for C51H28N8O9F9S3Eu 3 4H2O: C, 44.13; H, 2.61; N, 8.07.
Found: C, 44.14; H, 2.19; N, 7.97.

[Eu(5b)2(CF3SO3)](CF3SO3)2. Following the procedure de-
scribed for [Eu(5a)2(CF3SO3)](CF3SO3)2, 5b (96mg, 0.25mmol)
was treated with Eu(CF3SO3)3 (60 mg, 0.10 mmol) to afford
[Eu(5b)2(CF3SO3)](CF3SO3)2 as yellow flakes (122 mg, 89%):
1H NMR (CD3CN) δ 7.72 (broad, 4H), 7.10 (broad, 4H), 6.73
(broad, 4H), 6.38 (broad, 4H), 5.58 (broad, 4H), 2.41-2.01
(m, 12H); MS m/z 1069.954 [M-2CF3SO3]

þ, 921.091 [M-3-
CF3SO3]

þ, 686.068 [M-2CF3SO3-(5b)]þ, 385.258 [5bþH]þ.
Anal. Calcd for C55H32EuF9N8O9S3 3H2O: C, 47.66; H, 2.47;
N, 8.08. Found: C, 47.42; H, 2.16; N, 7.95. A light yellow crystal
suitable for X-ray analysis was obtained by slow evaporation of
an acetonitrile solution.

[Eu(5c)2(CF3SO3)](CF3SO3)2. Following the procedure de-
scribed for [Eu(5a)2(CF3SO3)](CF3SO3)2, 5c (99.5 mg, 0.25
mmol) was treated with Eu(CF3SO3)3 (60 mg, 0.10 mmol) to
afford [Eu(5c)2(CF3SO3)](CF3SO3)2 as yellow flakes (122 mg,
87%): 1HNMR (CD3CN) δ 7.92 (broad, 4H), 7.51 (broad, 4H),
6.74 (broad, 8H), 5.08 (broad, 4H), 2.36 (m, 8H), 2.04 (broad,
8H); MS m/z 1098.168 [M-2CF3SO3]

þ, 700.173 [M-2CF3-
SO3-(5c)]þ, 399.346 [5cþH]þ. Anal. Calcd for C57H36EuF9-
N8O9S3: C, 49.04; H, 2.60; N, 8.03. Found: C, 48.85; H, 2.44;
N, 7.81.

[Eu(5d)2(CF3SO3)](CF3SO3)2. Following the procedure de-
scribed for [Eu(5a)2(CF3SO3)](CF3SO3)2, 5d (82mg, 0.20mmol)
was treated with Eu(CF3SO3)3 (60 mg, 0.10 mmol) to afford
[Eu(5d)2(CF3SO3)](CF3SO3)2 as a yellow solid (106 mg, 74%):
1H NMR (CD3CN) δ 8.18 (broad, 4H), 7.72 (broad, 4H), 6.91
(broad, 8H), 5.30 (broad, 4H), 2.08 (m, 8H), 1.74-1.10 (m,
12H); MS m/z 1125.869 [M-2CF3SO3]

þ, 713.909 [M-2CF3-
SO3-(5d)]þ, 413.234 [5dþH]þ. Anal. Calcd for C59H40EuF9-
N8O9S3 3 5H2O: C, 46.80; H, 3.33; N, 7.40. Found: C, 46.79;
H, 2.70; N, 7.25.

[Eu(6)2(CF3SO3)](CF3SO3)2. A solution of Eu(CF3SO3)3
(60 mg, 0.10 mmol) in MeOH (5 mL) was added dropwise to a
refluxing suspension of 6 (109mg, 0.25mmol) inMeOH (10mL)
under Ar. Reflux was continued overnight. After cooling, the
precipitate was collected as a beige powder (120 mg, 81%): 1H
NMR (CD3CN) δ 9.72 (broad, 4H), 8.82 (broad, 4H), 8.39
(broad, 4H), 6.82 (broad, 8H), 5.6 (broad, 4H), 5.42 (broad,
4H), 5.2-4.6 (broad, 4H); MS m/z 965.178 [M-2CF3-
SO3-(6)þ(matrix-H)þK]þ, 926.105 [M-2CF3SO3-(6)þ
(matrix-H)]þ, 887.077 [M-CF3SO3-(6)], 738.129 [M-2CF3-
SO3-(6)], 437.326 [6þH]þ. Anal. Calcd for C59H32EuF9-
N12O9S3: C, 48.14; H, 2.19; N, 11.42. Found: C, 48.79; H, 2.52;
N, 11.59.

X-ray Analyses. [Eu(4)2(H2O)](ClO4)3. A colorless crystal
of [Eu(4)2(H2O)](ClO4)3 3 1.5H2O 3 1.5CH3CN, with the dimen-
sions of 0.35 � 0.25 � 0.10 mm3, was measured with a Siemens
SMARTplatformdiffractometer equippedwith a 1KCCDarea
detector. A hemisphere of data (1271 frames at 5 cm detector
distance) was collected using a narrow-frame method with scan
widths of 0.30� inω and an exposure time of 30 s/frame. The first
50 frames were remeasured at the end of data collection to
monitor instrument and crystal stability, and the maximum
correction on I was <1%. The data were integrated using the
Siemens SAINT program, with the intensities corrected for
Lorentz factor, polarization, air absorption, and absorption
because of variation in the path length through the detector
faceplate. A ψ scan absorption correction was applied based on
the entire data set. Redundant reflections were averaged. Final
cell constants were refined using 5584 reflections having I >
10σ(I), and these, alongwith other information pertinent to data

collection and refinement, are listed in Supporting Information,
Table S1. The Laue symmetry was determined to be-1, and the
space group was shown to be either P1 or P1. The asymmetric
unit consists of two independent cations, six anions, threewaters
of solvation, and three molecules of acetonitrile. Four of the
perchlorate anionswere found to be disordered over two slightly
different orientations, and this was treated using ideal rigid body
models having partial occupancies. One of the acetonitrile
molecules is also disordered, and was treated similarly. On the
basis of isotropic temperature factors, it was determined that
two of the solvent water sites are not fully occupied. Presumably
this was caused by solvent loss during handling, and so for all
calculations 100% occupancy was assumed. No attempt was
made to locate or include hydrogen atoms on the coordinated
water, solvent water, or acetonitrile molecules.

[Eu(5b)2(CF3SO3)](CF3SO3)2. A yellow flat block of [Eu-
(5b)2(CF3SO3)](CF3SO3)2 3 4CH3CN, with the dimensions of
0.45� 0.30� 0.20 mm3, was measured with a Siemens SMART
platform diffractometer equipped with a 4K CCD APEX II
detector. A hemisphere of data (1271 frames at 6 cm detector
distance) was collected using a narrow-frame algorithm with
scan widths of 0.30� in ω and an exposure time of 25 s/frame.
The data were integrated using the Bruker-Nonius SAINT
program, with the intensities corrected for Lorentz factor,
polarization, air absorption, and absorption because of varia-
tion in the path length through the detector faceplate. A ψ scan
absorption correction was applied based on the entire data set.
Redundant reflections were averaged. Final cell constants were
refined using 8176 reflections having I > 10σ(I), and these,
along with other information pertinent to data collection and
refinement, are listed in Supporting Information, Table S1. The
Laue symmetry was determined to be -1, and the space group
was shown to be eitherP1 orP1. The asymmetric unit consists of
one Eu complex, two triflate anions, and four acetonitrile
solvent molecules. The triflate attached to Eu is disordered
75:25, and one of the two other triflates (S3) is disordered
60:40. All but the 75% orientation were modeled as ideal rigid
bodies based on the geometry of the S2 orderedmolecule. Three
of the four acetonitrile solvent molecules seem to have some
minor disorder; however, they were refined allowing anisotropic
displacement parameters to account for the slight positional
variations. The fourth acetonitrile is significantly disordered,
and only the two main orientations comprising 80% total
occupancy could be located and refined. However, for all
calculations it is assumed that this site is fully occupied and that
some solvent was lost during sample handling.
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