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Four tetradentate b-diketonate–Eu3+ complexes were developed

as probes for the luminescent sensing of multi-phosphates. By

using an appropriate ligand, the pyrophosphate ion (PPi) could

be selectively and sensitively detected.

Luminescent probes that are capable of recognition and

determination of anions are useful tools for chemistry, bio-

logy, and environmental science.1 Recently, lanthanide com-

plexes have been attracted as luminescent probes for sensing of

some anions, such as NO3
�,2 Cl�,3 CO3

2�/HCO3
�,4 PO4

3�/

HPO4
2�,5 AcO�,6 citrate,7 and malate,8 owing to their unique

luminescence properties. Compared with organic fluorescent

dyes, luminescent lanthanide complexes show highly desirable

spectral characteristics, including relatively high quantum

yields, large Stokes shifts, narrow emission bands, and long

luminescence lifetimes under ambient conditions.

The main signal transduction for anion recognition was the

reversible binding of the lanthanide ions with the anion. The

coordinative unsaturated lanthanides displayed strong affinity

towards anions, resulting in the displacement of bound water

molecules by anions to cause enhancement of the lanthanide

luminescence.2–8 However, improvement of selectivity is still a

challenge since most of the anions have higher binding affi-

nities with a lanthanide centre than that of water molecules.

An alterative strategy is displacing the bound ligand from the

lanthanide centre by the analyte.9 Recently, Gunnlaugsson

et al. demonstrated that a self-assembly cyclen-Eu3+–b-dike-
tonate ternary complex was useful as a luminescent sensor for

anions based on displacement of the bound b-diketonate.10

But the approach could not selectively recognize a desired

target in the presence of structurally similar anions.

We found that the binding affinities of b-diketonate deriva-
tives with Eu3+ ion are determined by the substituents of the

ligands. The selectivity may thus be modulated through select-

ing an appropriate b-diketonate whose binding affinity with

Eu3+ ion is lower than that of the envisaged analyte, but

higher than those of the interferents. To test this strategy, four

tetradentate b-diketone ligands L1, L2, L3 and L4 (see Fig. 1),

which have different binding affinities to Eu3+ ion, were used

as the primary ligands. We demonstrate here how decisive the

choice of ligand is to achieve the expected selectivity and

sensitivity for multi-phosphates sensing.

The multi-phosphorylated species such as pyrophosphate

(P2O7
4�, PPi) and adenosine triphosphates (ATP) are the most

important anions in the natural world.11 In the past decades, a

number of luminescent probes for phosphates have been

developed.12 These probes are generally designed by linking

a light-emitting group to an anion receptor that employs

electrostatic, hydrogen bonding, and metal–ligand interactions

as attractive forces. They usually display moderate or high

affinities to the analytes in organic media but low affinities in

aqueous media, and thus are difficult to discriminate the

structural similar anions, such as PPi and ATP, in aqueous

solution.13

Since Eu3+ forms a 1 : 2 complex with the ligand (L),14 the

over-all equilibrium can be represented as following:

Eu3þ þ 2LÐ
KL

½EuL2�3þ ð1Þ

One basic requirement in our proposed approach is that the

ligand L is coupled to the Eu3+ centre with an appropriate

affinity constant (KL) for the complex equilibrium. In parti-

cular, if a competitive substrate X binding with Eu3+ displays

an affinity constant KX,

Eu3þ þ nXÐ
KX

½EuXn�3þ ð2Þ

and the interferent X0 gives its own KX0 value (for simpleness,

the associated water molecules of the Eu3+ complexes in eqn

(1) and (2) are omitted), the best situation for discrimination

of X and X0 in the presence of large excess of X0 is expressed

by the inequality KX 4 KL c KX0. Under these conditions

only the envisaged substrate X, but not the interferent X0 even

Fig. 1 Chemical structures of the ligands L1–L4.
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at higher concentration, can displace L from the Eu3+ com-

plex. The complexation behaviors of four ligands L1–L4 with

Eu3+ were studied by UV-vis and luminescence spectroscopic

methods in a cetylpyridinium bromide (CPB) micellar solution

at pH 7.2. The UV-vis absorption spectra of the ligands in the

presence of Eu3+ displayed obvious blue shifts of maximum

absorption wavelengths (Dl = 6–8 nm) with the increases of

absorption coefficients.w Room-temperature excitation of the

ligand or Eu3+ did not lead to any measurable luminescence.

However, after the addition of each b-diketone to a Eu3+

solution, a typical Eu3+-complex emission spectrum with a

main emission peak at 612 nm (5D0 - 7F2) and several side

emission peaks was observed. Table 1 summarizes the photo-

physical parameters and binding constants (KL) of four Eu
3+

complexes, of which the KL values were estimated by a curve-

fitting method.w The difference of the binding affinities of four

ligands to Eu3+ is the basis for selective recognition of

different analytes.

The Eu3+ complex was prepared by reacting 2 : 1 of the

ligand to EuCl3 in the CBP micellar solution. Then each

complex was titrated with some representative substrates,

including NO3
�, CO3

2�, HPO4
2�, lactate, succinate, citrate,

tartrate, PPi, ATP, ADP, AMP, BSA, H2O2, Mg2+ and Cu2+,

separately.w Fig. 2 shows the dependences of the Eu3+ lumi-

nescence intensity ratios at 612 nm, I0/I, on different concen-

trations of the added anions. The L1–Eu3+ (Fig. 2a) could not

discriminate between multi-phosphate and multi-carboxylate

ions. In fact, L1–Eu3+ displays a significant luminescence

quenching effect by PPi, ATP, ADP or citrate, although the

luminescence emission is hardly influenced by other substrates.

The situation was favorable with L2–Eu3+ (Fig. 2b), which

could satisfactorily discriminate multi-phosphate ions from

citrate. The luminescence intensity of L2–Eu3+ was 29.1-fold

reduced by 10 mM PPi but only 1.54-fold by citrate. However,

L2–Eu3+ could not discriminate between PPi and ATP. The

high sensing selectivity was found by L3–Eu3+ (Fig. 2c).

Titrations of L3–Eu3+ with different substrates showed only

PPi could displace the ligand, accompanied by 8.2-fold lumi-

nescence decrease in the presence of 10 mM PPi. The lumines-

cence emission of L4-Eu3+ was hardly affected by all selected

substrates (Fig. 2d).

The dynamic response of the Eu3+ complexes toward PPi

strongly depends on the ligand. For example, the dynamic

luminescence quenching of L1–Eu3+ at 612 nm for PPi was

observed in the range of 0.4 mM to 0.2 mM,w while that of

L3–Eu3+ for PPi was 1.0 mM to 0.4 mM.w The corresponding

detection limits for PPi, defined as 3s in blank solution, were

0.02 mM and 0.1 mM, respectively. The flexibility of ligand

controlling allows us to monitor the PPi concentration with an

appropriate choice of the ligand, so that the sample response

falls within the most sensitive response range.

The examination of the luminescence intensity changes of

the Eu3+ complexes as a function of anion concentration

showed that the stoichiometry of the metal-to-anion complex

is 1 : 2 by curve fitting analysis.w The satisfactory agreement of

binding constants for the same anion by using different Eu3+

complexes (Table 2) also demonstrates the validity of the

method. It is clear that the binding constants of PPi, ATP,

ADP, and citrate with Eu3+ are higher than that of L1, which

is agreement with the results of Fig. 2a. Since the binding

constants of ADP and citrate with Eu3+ are lower than that of

L2, the two anions cannot displace L2 from the Eu3+ complex.

However, the higher binding constant of ATP causes this

anion to compete with PPi for Eu3+ binding. The more

favorable situation is the use of L3, whose logKL is adequately

lower than that of PPi but higher than those of other

Table 1 Photophysical parameters and cumulative binding constants
(log KL) between Eu3+ and the ligands L1–L4

Complex lmax/nm emax/cm
�1 M�1 f (%) t/ms Binding constant

L1–Eu3+ 335 2.54 � 104 0.17 532 11.23(�0.03)
L2–Eu3+ 337 2.27 � 104 0.16 525 11.84(�0.10)
L3–Eu3+ 330 2.35 � 104 0.20 494 12.91(�0.05)
L
4–Eu3+ 329 4.04 � 104 0.21 509 13.86(�0.08)

Fig. 2 Titrations of the Eu3+ complexes in CPB micellar solution at

pH 7.2 with selected substrates: PPi (J), ATP (&), citrate (B), ADP

(n), tartrate (,), HPO4
2� (’), H2O2 (m), and Cu2+ (.) and titration

of L3–Eu3+ with PPi (Fig. 2c, K) in the presence of competitive

substrates. (a) L
1–Eu3+, (b) L

2–Eu3+, (c) L
3–Eu3+, (d) L

4–Eu3+.

[L] = 2.0 m M, [Eu3+] = 1.0 m M, lex = 334 nm, lem = 612 nm.

Table 2 Cumulative binding constants (logKX) of different anions to
the L–Eu3+ complexes

Substrate L
1–Eu3+ L

2–Eu3+ L
3–Eu3+ L

4–Eu3+

PPi 13.47 13.43 13.49 6.24
ATP 12.26 12.28 12.21 nda

ADP 11.36 11.32 11.37 nd
Citrate 11.42 11.44 11.40 nd
Tartrate 7.32 7.44 7.29 nd
HPO4

2� 5.33 5.26 5.42 nd
Other analytes nd nd nd nd

a Signal change was too small to be fitted to the theoretical equation.
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substrates, which enables only PPi to displace L3 from its

Eu3+ complex. Due to the strongest affinity of L4 with Eu3+,

no investigated substrates can displace L4 from its complex.

The interaction of PPi with L3–Eu3+ was further characterized

by 31P NMR.w The 31P NMR of PPi shows one single peak at

�6.83 ppm, whereas that of (L3–Eu3+ + PPi) displays two

well-defined signals at �6.84 and �22.66 ppm, respectively.

The spectrum is almost superimposable with that of Eu3+ +

PPi, indicating that PPi can completely displace L
3 to form a

PPi–Eu3+ complex.

Since the analysis of multi-phosphates in biological systems

is commonly carried out in the presence of some metal ions,

anions, amino acids and proteins, the competitive ligations of

PPi with L3–Eu3+ in the presence of 100 mM of NaCl and

KCl, 10 mM of CaCl2 and MgSO4, 0.1 mM of Fe(NO3)3 and

ZnCl2, 1.0 mM of NaHCO3 and NaH2PO4, 0.1 mM L-gluta-

mine, and 1.0 mg ml�1 BSA were chosen as examples. As

shown in Fig. 2c, the response curve is almost superimposable

with that obtained in the presence of PPi alone, indicating high

selectivity of the method for PPi sensing.

The luminescence of the Eu3+ complexes in general aqueous

buffers is weaker,w to ensure efficient Eu3+ complexation and

luminescence sensing, we examined the abilities of surfactants

to protect the Eu3+ emission from water by forming micellar

systems. In several tested surfactants, CPB, Triton X-100,

cetyl trimethylammonium bromide, sodium dodecyl sulfonate,

and sodium dodecylsulfate, CPB was found to be most

effective with an optimum concentration range of 30 to

60 mM. The effects of pH on luminescence in the absence

and presence of PPi were examined using L
3–Eu3+ complex in

CPB micellar solution.w In the absence of PPi, the Eu3+

emission intensity increases as the solution’s pH rises from

2.0 to 5.0, and remains constant between pH 5.0 and 8.0. After

addition of 10 mM PPi, the luminescence intensities were 2.6

and 8.8-fold decreased at pH 5.2 and 9.3, respectively. Since

the signal decrease at neutral pH was not distinctly smaller

than that at more alkaline pH, we chose a neutral pH of 7.2 to

make the assay useful for physiological studies.

The anion selectivity of the complexes toward PPi over

phosphate ion enables the real-time assay of PPi hydrolysis

catalyzed by pyrophosphatase (PPase), a Mg2+-dependent

hydrolase15 that serves to drive reactions dependent upon

PPi release by further hydrolysis to phosphate ion. To this

purpose, a CPB buffer containing 1.0 mM L2–Eu3+, 100 mM
PPi and 1.0 mM MgCl2, was prepared and used for the

measurements of hydrolysis kinetic curves of PPi at different

PPase concentrations. The Eu3+ luminescence intensity was

monitored as a function of time.w The PPase-catalyzed PPi

hydrolysis causes distinct luminescence enhancement with

over reaction time until a steady value is reached. The results

suggest that PPase activity could be monitored by using the

L
2–Eu3+. The present method has advantage over previously

reported PPase-activity assay,15 in which the excitation and

emission wavelengths are all less than 400 nm, and thus not

suitable for biological application.

In summary, new luminescent sensing methods for multi-

phosphates were developed by using four b-diketonate–Eu3+

complexes as probes. The anion recognition of these com-

plexes is based on displacing the bound ligand by the analyte.

Different affinities of the b-diketones to Eu3+ can be used to

identify whether an analyte can be selectively detected or not.

The properties of high sensitivity and selectivity of the probes

suggest that they could be widely used for the luminescence

detection of multi-phosphates, especially PPi, in many chemi-

cal and biological systems.
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