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The terpyridine–phenylphosphine oxide ligands 2–4 and their Eu3+ complexes have been synthesized and
studied. In acetonitrile solutions at room temperature, the complexes show an absorption band in the 300–350
nm region, indicating that the terpy units are coordinated to the metal. In these conditions, the complexes show
a metal-centred luminescence, indicative of an energy transfer from the terpy subunits to the Eu centre. The
efficiency of such an energy transfer process drastically depends on the nature of the anions: a 20-fold increase
of the luminescence intensity could be observed upon adding up to 3 equiv. of nitrate to a solution containing
equimolar amounts of ligand 2 and Eu(OTf)3 . In other solvents, such as methanol, DMF, and DMSO, the
metal ion is coordinated through the P=O group; in these conditions almost no metal-centred luminescence can
be observed, showing that the efficiency of the energy transfer process from uncoordinated terpy units is almost
negligible. The translocation of the Eu ion from the terpy unit to the P=O group can also be performed on
adding Zn2+ ions; the luminescence typical of the lanthanide ion disappears, while the typical fluorescence of
Zn–terpy complexes is observed.

Introduction

As a result of their unique electronic and photonic properties,
lanthanide complexes have found a broad variety of analytical
applications, ranging from water proton relaxation agents for
NMR imaging1 to luminescent probes in time resolved fluor-
oimmunoassays.2 In the past decade, in the context of the
increasing use of luminescence spectroscopy for facing com-
plex analytical problems in fields of large social and econom-
ical impact such as environmental sciences, medical
diagnostics, and cell biology,3–6 lanthanide complexes have
been the focus of much attention for their possible application
as labels and sensors.2,7–11 Eu3+ and Tb3+ ions, which possess
luminescence lifetimes in the microsecond–millisecond range,8

offer the opportunity to take advantage of time-resolved spec-
troscopy, which can efficiently exclude autofluorescence and
light scattering, the most relevant interferences, particularly
when biological material is involved. To obtain an efficient
luminescent frame, the ligand is expected (i) to form stable
complexes with the Ln ions in coordinating solvents, (ii) to
shield the ion from deactivating solvent molecules, and (iii)
to absorb light effectively and to transfer this energy to the
metal centre with high efficiency. This latter feature is of parti-
cular importance to overcome the intrinsic drawback of low
absorption coefficients of the Ln ions.8–10 In previous
works,12–14 we have synthesised and studied Eu3+ and Tb3+

complexes of the bis-bipyridine–phenylphosphine oxide ligand
1 (Scheme 1). In particular, we have demonstrated that these
complexes, in which the metal ion has a coordination sphere
incompletely saturated, can interact with incoming anions,
and that this interaction leads to a large increase in lumines-
cence intensity. All these findings suggested that lanthanide

complexes of 1 could be very promising for the realisation of
luminescent sensors for anions. In this context, trying to
synthesise more efficient chemosensors, we have synthesised
the ligands 2–4, containing two different coordinating groups:
the P=O function, which in ligand 1 operated as a valuable
anchoring function for lanthanide cations, and the terpy
ligand, which was expected to work as an efficient photon

Scheme 1
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antenna. A 20-fold increase of the luminescence intensity could
be observed on adding up to 3 equiv. of nitrate to a solution
containing [Eu(2)3](OTf)3 , an increase which is even larger
than that observed for [Eu(1)](OTf)3 under the same condi-
tions. In addition, the use of solvents such as methanol,
DMF, and DMSO, or the addition of zinc ions, promotes
the translocation of the Eu ion from the terpy moiety to the
P=O group, leading to a dramatic quenching of the Eu centred
luminescence. All these results are of significant relevance for
the design of more and more efficient chemosensors based on
lanthanide cations.

Experimental

Synthesis and complex characterisation

Ligands 2,15 316 and 417 were prepared and purified according
to the literature procedures. The Eu(III) complexes were pre-
pared following a general procedure in which a solution of
Eu(NO3)3�6H2O (1 equiv.) dissolved in 2 mL anhydrous
THF was added dropwise to a stirred solution of the ligands
(1 equiv., 100 mg scale) in anhydrous THF (10 mL). During
the gradual addition of the lanthanide solution a white preci-
pitate was formed. After additional stirring at rt for one night,
the solid was recovered by centrifugation and washed with
THF and diethyl ether. The crude sample was dissolved in a
minimum amount of MeOH, filtered over celite. Slow diffusion
of THF resulted in the precipitation of a white solid. The
mother liquor was decanted, the solid was washed twice with
5 mL Et2O and dried under vacuum, affording the analytically
pure complexes in fair yields. The triflate complex was pre-
pared under similar conditions by adding Eu(OTf)3 (1 equiv.)
as a solid in an acetonitrile solution (10 mL) of ligand 2 (3
equiv. on 50 mg scale). After one hour stirring at rt, the solu-
tion was filtered over celite and diethyl ether was allowed to
diffuse into the solution. The resulting white compound is
recrystallised twice in a mixture of acetonitrile/diethyl ether.
[Eu(2)](NO3)3�3H2O 5: (93%). IR (KBr pellets, cm�1): 2910

(m), 1611 (s), 1574 (w), 1484 (m), 1426 (m), 1384 (m), 1323 (m),
1155 (s), 1122 (m), 1095 (m), 1013 (m), 723 (m), 628 (m), 524
(m). Anal. calcd. for C28H22EuN3OP�3H2O (Mr ¼ 785.45+
54.05): C, 40.06; H, 3.36; N, 10.01. Found: C, 39.83; H, 3.12;
N, 9.73%.
[Eu(3)](NO3)3�3H2O 6: (90%). IR (KBr pellets, cm�1): 1599

(s), 1480 (vs), 1437 (s), 1404 (s), 1277 (vs), 1225 (m), 1164 (s),
1122 (s), 1097 (m), 1028 (m), 1010 (m), 792 (s), 729 (s). Anal.
calcd. for C27H20EuN3OP�3H2O (Mr ¼ 771.43+54.05): C,
39.29; H, 3.17; N, 10.18. Found: C, 38.96; H, 2.89; N, 9.98%.
[Eu(4)](NO3)3�4H2O 7: (89%). IR (KBr pellets, cm�1): 1610

(m), 1598 (m), 1476 (vs), 1440 (m), 1425 (m), 1287 (s), 1150 (s),
1125 (m), 1029 (m), 1015 (m), 801 (s), 743 (m), 726 (m). Anal.
calcd. for C10H31EuN3O2P2�4H2O (Mr ¼ 985.63+72.06): C,
45.42; H, 3.72; N, 7.95. Found: C, 45.18; H, 3.52; N, 7.62%.
[Eu(2)3](CF3SO3)3�3H2O 8: (72%). IR (KBr pellets, cm�1):

1661 (m), 1617 (m), 1602 (m), 1466 (m), 1487 (m), 1429 (s),
1300 (s), 1217 (s), 1172 (s), 1123 (m), 1092 (m), 1026 (vs),
796 (m), 727 (m). Anal. calcd. for C87H66EuN9O12-
F9S3P3�3H2O (Mr ¼ 1941.59+54.05): C, 52.36; H, 3.64; N,
6.32. Found: C, 52.05; H, 3.36; N, 6.02%.

Spectroscopic measurements

The solvents used for photophysical measurements were acet-
onitrile, DMSO, methanol, and DMF fromMerck (UVASOL)
without further purification. Absorption spectra were recorded
with a Perkin Elmer lambda 40 spectrophotometer. UV-Vis
spectrophotometric titrations were carried out in acetonitrile
according to previously published procedures.14 Uncorrected
emission, and corrected excitation spectra were obtained with
a Fluorolog spectrofluorimeter equipped with a Hamamatsu

R928 phototube. Phosphorescence lifetimes were obtained
with a Perkin Elmer LS 50 spectrofluorimeter. Luminescence
quantum yields (uncertainty� 15%) were determined (phos-
phorescence mode, td ¼ 0, tg ¼ 10 ms) using [Ru(bipy)3]

2+

(F ¼ 0.028 in aerated water18) as standard. In order to allow
comparison of emission intensities, corrections for instrumen-
tal response, inner filter effects19 and phototube sensitivity
were performed. A correction for differences in the refractive
indices was introduced when necessary.

Results and discussion

Photophysical properties

The photophysical properties of the europium complexes in
acetonitrile solutions are gathered in Table 1. The absorption
spectra of the ligands are largely dominated by the very intense
p–p* transitions centred on the terpyridine moiety, which
cover the much less intense transitions centred on the phenyl
rings (Fig. 1 for 2).
The coordination with a metal ion is expected to change dra-

matically the absorption spectrum of the terpy unit,20 this is
indeed what can be observed when the Eu complexes 5–8 are
dissolved in acetonitrile solution (see Fig. 1 for 5). In this sol-
vent, a lowering of the absorbance in the 260–300 nm region
could be observed on passing from the ligand to the metal
complexes, with a concomitant appearance of a new band in
the 300–350 nm region. These changes are the result of the dis-
placement of the p! p* transitions centred on the terpy moi-
eties associated with the coordination of a metal ion.20 In
contrast, in methanol, DMF, and DMSO only a very weak
shoulder appears in this spectral region, while the predominant
band remains at ca. 280 nm. This is a clear indication that in
acetonitrile the terpy units are mainly coordinated to a metal
ion, while this occurs only to a much lesser extent in the other
solvents used, the metal ion being coordinated preferentially
via the P=O groups. For instance, in d4-methanol, NMR
investigations clearly showed that the methylene doublet at

Table 1 Photophysical properties of the europium complexes 5–8 in
acetonitrile solutions at room temperature

Absorption Luminescence

Complex lmax/nm e/M�1 cm�1 lmax/nm F t/ms

5 325 14 200 617 0.26 1.75

6 330 13 700 617 0.31 1.29

7 325 13 330 617 0.041 1.55

8 330 41 200 617 0.004 0.93

Fig. 1 Absorption spectra of the ligand 2 (—) and of it Eu3+ complex
5 (---) in acetonitrile solution at room temperature.
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d ¼ 3.84 ppm and the phenyl groups at d ¼ 7.55–7.25 ppm for
the free ligand are significantly shifted upfield and broadened
due to coordination of the paramagnetic europium centre.21

Concomitantly, all the resonance signals belonging to the terpy
protons remain well resolved and unshifted versus the free
ligand at d ¼ 8.33� 7.09 ppm. In addition, new very weak
peaks spread over all the NMR window (from 17 to �1
ppm) appeared in the spectrum, but they could not be unam-
biguously attributed. This solvent dependent coordination of
the terpyridine unit to the metal is also supported by the ana-
lysis of the luminescence spectra. The excitation of the ligand
in the terpy absorption bands leads to a weak fluorescence with
lmax at 337 nm. This band is completely quenched in com-
plexes 5–8 when dissolved in acetonitrile solution and the typi-
cal luminescence of the Eu(III) ions shows up. Excitation
spectra performed looking at the metal centred luminescence
match in all cases the absorption spectra in acetonitrile, unam-
biguously indicating the presence of an energy transfer process
from the coordinated terpy to the metal centre. Furthermore,
the high metal centred luminescence quantum yields shown
by 5 and 6 upon ligand excitation (Table 1) indicates that
the efficiency of the energy transfer process in these cases is
particularly high.
In contrast, the quantum yields of 7 and 8 are considerably

lower, although the excited state lifetimes are of the same order
of magnitude. As far as complex 7 is concerned, it is to be
noted that the ligand presents greater steric hindrance, and this
is expected to have an effect on the coordination mode of the
terpy ligand. It has been in fact already shown14 that even
small differences in the distance between the lanthanide ion
and the nitrogen atoms of a polypyridine unit can have a large
effect on the efficiency of the energy transfer process, thus
affecting the luminescence quantum yield but not its excited
state lifetime. On the other hand, it is worth pointing out that
8 differs from 5 in the nature of the counter anions, which evi-
dently play a significant role in the overall quantum yield, as
already found for 1.13,14 This conclusion finds further support
in titration experiments (vide infra).
As reported for the absorption spectra, a completely differ-

ent behaviour was observed in methanol, DMF, and DMSO.
In these cases too, the typical metal centred luminescence
could be observed, but with a much lower intensity. In contrast
with what was observed in acetonitrile, the excitation spectra
in these solvents do not match the absorption ones but, rather,
they are very similar to the excitation and absorption spectra
recorded in acetonitrile solutions. This finding is a clear indica-
tion that only the small percentage of terpy moieties directly
bound to the europium ions can transfer to them the excitation
energy with good efficiency, leading, as a final step, to the
metal centred luminescence. In solvents containing oxygen
atoms, the metal ion is coordinated through the P=O group

and the efficiency of the energy transfer process from the unco-
ordinated terpys becomes extremely low, suggesting a negli-
gible electronic interaction between the chromophore and the
europium ion when they are not directly connected.
It is also to be noted that all the complexes 5–8 show a very

intense metal centred luminescence in the solid state (Fig. 2),
with lifetimes of 1.47, 1.50, 1.44, and 1.44 ms, respectively.
The analysis of the emission spectra is in agreement with the
presence of only one, highly asymmetric luminescent species.
The excitation spectra are very similar to those obtained in
acetonitrile solution and also show the presence of a band in
the 300–340 nm region, leading to the conclusion that in the
solid state, excitation also occurs through the coordinated
terpyridines.

Titration experiments

Because of the presence of two different kinds of coordinating
groups inside the various ligands, we thought it could be of
interest to observe the photophysical properties of acetonitrile
solutions with different stoichiometric ratios of the ligand and
the Eu ions in the presence of varying counterions. For the
same reason, we thought it would be valuable to observe the
behaviour of complex 6 upon addition of other metal ions,
and in particular of Zn2+, which has good affinity for the terpy
moiety.
Titration experiments of ligand 2 with nitrate or trifluoro-

methanesulfonate (OTf) salts of Eu(III) gave interesting
insights into the understanding of the nature of the complexes
formed and their photophysical properties.
Addition of europium nitrate to an acetonitrile solution of 2

causes, as expected, the appearance in the absorption spectrum
of the typical band of coordinated terpys (Fig. 3). Gradual
changes of the absorbance are observed until one equivalent
of metal ion is added; afterwards a plateau is reached, as can
be seen in Fig. 4.
The pattern of the luminescence intensity presents some dif-

ferences (Fig. 4). The maximum of the metal centred lumines-
cence is reached again after the addition of one equivalent of
metal ion, but the intensity decreases slowly if a molar excess
is added. For addition of 1 equiv. of Eu ions the luminescence
lifetime is essentially coincident with that found upon dissol-
ving 5 directly in acetonitrile (1.75 ms), while it is lower
(1.10 ms) when a large excess of the salt is added.
From the analysis of the absorption and emission spectra

upon addition of Eu nitrate, the formation of three different
complexes can be evidenced and the following cumulative
association constants could be obtained for the different equi-
libria:

EuðNO3Þ3 þ 2 $ ½Euð2Þ�ðNO3Þ3 logb11 ¼ 6:9� 0:4 ð1Þ

Fig. 2 Luminescence spectrum (lexc ¼ 330 nm, td ¼ 0, tg ¼ 10 ms)
of complex 8 in the solid state at room temperature.

Fig. 3 Absorption spectra of the ligand 2 upon addition of increasing
amounts (from 0 to 1 equivalent) of Eu(NO3)3 .
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2 EuðNO3Þ3 þ 2 $ ½Eu2ð2Þ�ðNO3Þ6 logb21 ¼ 11:2� 0:6 ð2Þ
EuðNO3Þ3 þ 2 2 $ ½Euð2Þ2�ðNO3Þ3 logb12 ¼ 11:1� 0:4 ð3Þ

According to the above proposed model, the calculated
spectra of the species formed can be obtained and are shown
in Fig. 5. Whatever the species, the displacement of the
p!p* transition indicated that the terpy moieties are coordi-
nated by a europium atom.
A very different pattern was instead observed upon addition

of the Eu(OTf)3 salt. In the absorption spectrum we observed a
gradual change up to half an equivalent, and small changes
afterwards (Fig. 6). The observed spectral changes (Fig. 7) sup-
port terpy coordination as found with nitrate salts. On the
other hand, the metal centred luminescence reaches a maxi-
mum before the addition of half an equivalent, and then it
sharply decreases until one equivalent is added, where a pla-
teau is reached (Fig. 6).
From the analysis of the absorption and emission spectra

upon addition of Eu(OTf)3 , the following model containing
three different equilibria was used to calculate cumulative asso-
ciation constants:

EuðOTfÞ3 þ 2 $ ½Euð2Þ�ðOTfÞ3 logb11 ¼ 8:7� 0:6 ð4Þ

EuðOTfÞ3 þ 2 2 $ ½Euð2Þ2�ðOTfÞ3 logb12 ¼ 14:7� 0:6 ð5Þ
EuðOTfÞ3 þ 3 2 $ ½Euð2Þ3�ðOTfÞ3 logb13 ¼ 19:9� 0:6 ð6Þ

It is interesting to note, however, that in this case, one of the
equilibria is different, evidencing the formation of a species
with three ligands per metal ion. This species, among the differ-
ent complexes formed during this titration, is the one with the
longer lifetime and the higher luminescence quantum yield,
while the complex with a 1:1 stoichiometry is the species pre-
senting the weaker intensity. It is also to note that b11 and

b12 are higher in this case compared to those found using
europium nitrate.
Furthermore, it is worth noting the large difference in lumi-

nescence intensity observed upon addition of one equivalent of
europium salt, depending on the nature of the counter anion.
This behaviour is indeed very similar to that shown by 1. To
test the dependence of the luminescence intensity on the pre-
sence of nitrate anions, we added tetraethylammonium nitrate
to a solution containing equimolar amounts of the ligand 2
and Eu(OTf)3 . As can be seen in Fig. 8, an almost linear
increase of the luminescence was observed up to the addition
of three equivalents of nitrate, with a 20-fold increase at the
end of the titration.
The excited state lifetime in these conditions was found to be

1.7 ms, in good agreement with that found for 5. As far as the
absorption is concerned, a small but non negligible decrease in
the 300–350 nm region was observed, pointing to a partial
decomplexation of the terpy unit, in agreement with the smal-
ler association measured for formation of the 1:1 complex of
Eu and 2 with nitrate anions. The incoming nitrate anions suc-
cessively fill the first coordination sphere of the europium, thus
releasing the water and solvent molecules and thereby reducing
non-radiative deactivation. In addition, similarly to what was
observed for 1,13–14 insertion of the nitrate anions can influ-
ence the distance between the terpy unit and the metal ion,
thus affecting the efficiency of the energy transfer process.
Interesting results were also observed upon addition of Zn2+

metal ions to an acetonitrile solution of 5. In this case, rela-
tively small, but not negligible, changes were observed in the
absorption spectra, showing that the terpy moiety remains
coordinated to a metal ion.
Much more dramatic changes could be instead observed in

the luminescence spectra (Fig. 9), since the europium centred
luminescence decreased linearly upon addition of up to two

Fig. 5 Calculated UV-Vis spectra of the species formed during the
titration of 2 with [Eu(NO3)3].

Fig. 6 Absorption (330 nm) and corrected intensity (616 nm) of an
acetonitrile solution of 2 and increasing amounts of Eu(CF3SO3)3 .

Fig. 7 Calculated UV-Vis spectra of the species formed during the
titration of 2 with [Eu(OTf)3].

Fig. 4 Absorption (330 nm) and corrected intensity (616 nm) of an
acetonitrile solution of 2 and increasing amounts of Eu(NO3)3 .
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equivalents of the Zn2+ ion, a situation in which almost com-
plete quenching was observed. In strict concomitance, a new,
very intense band, typical of the fluorescence of Zn2+ com-
plexes with terpy,20 shows up in the 340–460 nm region. This
finding is consistent with the translocation of the Eu3+ ion
from the terpy unit to the P(O) binding site, while Zn2+ ions
are complexed to the terpy subunit, leading to a system in
which the energy transfer from the terpy unit to the Eu centre,
although thermodynamically feasible, is not efficient.

Conclusions

The terpyridine–phenylphosphine oxide ligands 2–4 form Eu3+

complexes whose photophysical properties drastically depend
on the solvent and on the presence of different anions and
cations. In acetonitrile solutions at room temperature, the
complexes 5–8 show in fact an absorption band in the 300–
350 nm region, indicating that the terpy units are coordinated
to the europium ion. A metal-centred luminescence, indicative
of an energy transfer from the terpy moieties to the Eu centre,
also supported by excitation spectra, could be observed in all
cases. As found for ligand 1,13,14 the efficiency of such an
energy transfer process drastically depends on the nature of
the anions: a 20-fold increase of the luminescence intensity
could be in fact observed on adding up to 3 equivalents of
nitrate to a solution containing equimolar amounts of the
ligand 2 and the triflate salt of Eu(III). An additional effect
on the luminescence intensity is also caused by the solvent:
in methanol, DMF, and DMSO, the metal ion is coordinated

through the P=O group, while the terpy moieties remain unco-
ordinated; in these conditions almost no metal-centred lumi-
nescence can be observed, showing that the efficiency of an
energy transfer process from uncoordinated terpy units is
almost negligible. The translocation of the Eu ion from the
terpy unit to the P=O group can also be performed by adding
Zn2+ ions; the luminescence typical of the lanthanide ion dras-
tically decreases, while the typical fluorescence of Zn terpy
complexes can be observed.
The large changes observed upon addition of nitrate anions

are an important and promising result for the development of
new luminescent chemosensors for coordinating species, such
as nitrate anion, deserving, in our opinion, further studies that
will be presented in due course.
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