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Photoliberation of a caged, chelating naphthalene antenna

greatly enhances the luminescence of a EuIII-cyclen complex

due to metal-bound water displacement and sensitization by the

antenna, giving a lanthanide-labelling strategy in different

media, being optimal in the presence of a TMADS surfactant.

Coordinately unsaturated macrocyclic cyclen-based lantha-

nide complexes, typically possessing one or two unoccupied

coordination sites, have been widely exploited in different

supramolecular systems in the realms of sensing and imaging.1

In aqueous/protic media, such structures usually possess one

or two metal-coordinating water molecules.1 Harnessing long-

lived lanthanide luminescence requires the effective displacement

of these bound water molecules, which promote non-radiative

energy loss, and incorporation of an adapted antenna, which

can sensitize lanthanide luminescence via light absorption and

subsequent electronic energy transfer to the inherently weakly

absorbing LnIII ion.1,2 Herein we report, to the best of

our knowledge, the first example of a strategy designed for

the photocontrolled labelling of potentially biocompatible

luminescent lanthanide centres. This strategy is anticipated

to be pertinent in the framework of biocompatible imaging,

soft nanolithography and represents an example of rudimentary

intermolecular chemical communication in a synthetic system.

The hydrated lanthanide complex [Eu�1]3+ is weakly

luminescent, even in the presence of caged antenna 2 in dilute

solution, before prolonged irradiation. Selective irradiation of

2 was anticipated to promote photoinduced uncaging3 of a

chelating sensitizer, generating autonomous chemical species 3

capable of playing the dual role of water-displacing chelatant

and sensitizing antenna upon coordination to the Eu(III) ion,

thereby ‘‘switching on’’ the long-lived europium emission, as

illustrated in Scheme 1.

Naphthalene and its derivatives2 have previously proved to

be effective sensitizers/light-harvesting units in supramolecular

EuIII complexes. With a significant near UV absorption

(e= 4000 mol�1�L�cm�1 at 268 nm)4 and a lowest-lying triplet

state at 21 180 cm�1,5 naphthalene is well-adapted to promote

an antenna effect, via electronic energy transfer to the EuIII

ion, populating the 5D1 state which is located around 19000 cm�1.

In order to verify the dual roles of chelatant (in analogy with

aromatic carboxylates6) and sensitizer, naphthylacetic acid 3

was titrated with complex [Eu�1]3+. [Eu�1](CF3SO3)3 was

added to a solution of sodium naphthylacetate (3�Na+) in

methanol, provoking a decrease in the naphthalene fluorescence

emission centred at 339 nm (Fig. 1). This was accompanied by

a concomitant increase of sensitized EuIII emission between

590 and 750 nm (5D0 -
7FJ, J = 0–4, Fig. 1 and S3, ESIw);

consistent with the formation of [Eu�1�3]2+ even in dilute

solution. Fig. 1 inset shows increasing europium luminescence

on adding aliquots of 3 to [Eu�1]3+. Of these transitions, the

hypersensitive DJ = 2 was most intense, indicating the direct

coordination of the antenna to the Eu(III) ion.2,6 This effect

was also observed in water (Fig. S4, ESIw), though less intense

europium emission points to a reduced stability constant for

the [Eu�1�3]2+ complex formation in this medium compared to

methanol.

The formation of [Eu�1�3]2+ in solution was further confirmed

by ESI-MS spectra, with its molecular peak [Eu�1�3]2+ and

triflate adduct [Eu�1�3](CF3SO3)
+ being predominant (Fig. S11,

ESIw). Furthermore, the excitation spectra, measured

upon monitoring either the naphthalene fluorescence at 339 nm

or the europium emission at 616 nm (5D0 - 7F2), were

Scheme 1
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superimposable; offering clear evidence of efficient electronic

energy transfer from the coordinating antenna to the euro-

pium center (Fig. S2, ESIw). The fluorescence titration of

[Eu�1]3+ upon addition of 3�Na+ allowed us to determine

the stability constant (Kass) describing a 1 : 1 chelation,

in methanol and water (convergence not being achieved

in the fitting calculation for other stoichiometries via the

LETAGROP-SPEFO method).7 As expected, log Kass is much

higher in methanol (log Kass MeOH = 6.06 � 0.17) than in

water (log Kass H2O
= 3.36 � 0.10).

In order to obtain more information about the coordination

mode of 3 at the Eu(III) centre (monodentate vs. bidentate), the

infrared absorption spectra were recorded in solution, at

different ratios of [Eu�1]3+ : 3. In CD3OD, free 3 shows

two characteristic antisymmetric and symmetric stretching

bands associated with the carboxylate group, at 1576 and

1383 cm�1, respectively (Fig. 2). Upon binding to [Eu�1]3+,

these bands shift to 1552 and 1427 cm�1, respectively, thus

decreasing the frequency difference between the antisymmetric

and symmetric stretching bands from 193 to 125 cm�1. This

decrease is characteristic of the formation of a bidentate

structure, as a monodentate binding mode would result in

an increased frequency difference.8

While the fluorescence excitation and emission spectra

show the sensitizer role of the chelatant, the second effect of

chelation-induced water displacement is clearly evidenced by

vibrational spectroscopy. Water molecules coordinated to the

EuIII centre in [Eu�1]3+ give rise to a shoulder at 1668 cm�1,

which was attributed to a bending mode of the aquo ligand.9

In the presence of chelatant 3 this shoulder clearly diminishes,

even at low molar ratios, disappearing completely for a

1 : 5 molar ratio (Fig. S6, ESIw), confirming the loss of

metal-bound water molecules concomitant with complexation.

In D2O the same qualitative shift was observed as in

CD3OD, although less pronounced. Indeed the carboxylate

stretching bands shift from 1570 and 1385 cm�1 for 3 to 1562

and 1394 cm�1, respectively, upon formation of [Eu�1�3]2+.

The energy difference decreases less than in methanol,

which further confirmed the reduced interaction in water

(Fig. S7, ESIw).
The 5D0(Eu) excited state lifetimes of a 10�4 M mixture of

[Eu�1]3+ and 3 were measured in both H2O and D2O, in order

to determine the hydration number (q) of [Eu�1�3]2+. In the

free complex, q = 2.6 (�0.3) was determined, suggesting the

presence of two metal coordinated water molecules, in

accordance with its X-ray single crystal structure.2e,6b The

luminescence decay of the mixture of [Eu�1]3+ and 3 was best

fitted to a biexponential, with lifetimes of 0.83 ms and 0.33 ms

in H2O, and 2.22 ms and 0.39 ms in D2O. These values

correspond to apparent lowered q values (0.6 and 0.210),

evidencing the displacement of the lanthanide-bound water

accompanying chelation, further confirming the results from

the vibrational studies discussed above.

Having established the propensity of 3 to form a complex

with [Eu�1]3+, photolabelling of the Eu(III) centre was tested

using a caged form of the antenna, 2, which can photorelease 3

upon irradiation with UV light. Indeed, caged molecules such

as o-nitrobenzyl derivatives are known to photorelease

carboxylic acid moieties upon UV irradiation,3,11 including

intracellular examples by Tsien et al.12 Molecule 2 was

synthesized by condensing 1-naphthylacetic acid and

2-nitrobenzyl alcohol.13 Upon irradiation, 3 was photo-

released, denoted by an increase in its characteristic fluorescence

at 339 nm (Fig. S8, ESIw). The absorption spectrum showed a

decreased absorption between 250–290 nm, in parallel with the

appearance of a new band at 310–320 nm, assigned to the

absorption of 2-nitrosobenzaldehyde (4), a second component

accompanying photodeprotection (Scheme 1).3 The quantum

yield (f) of photodeprotection of 2 was 0.09, comparable to

that of homologous 2-nitrobenzyl benzoate (0.08).14

When a 1 : 1 mixture of 2 and [Eu�1]3+ was irradiated with

UV light in homogeneous solution, the deprotection and

liberation of 3 was signalled by the change in the absorption

spectra and the increase of the fluorescence intensity at 339 nm.

Subsequent europium sensitization and long-lived red emission

increased by a factor of 3.3 (Fig. S9, ESIw and Fig. 3) clearly

demonstrating the success of the labelling strategy using an

autonomous molecular messenger, even in dilute solution.

This photolabelling strategy was further investigated in

different organized media and matrices, including polymers,

gels and micelles. The polymer mixtures of polyvinylchloride

(PVC), polymethylmethacrylate (PMMA) or amphiphile

Fig. 1 Emission spectra ([3] = 6 � 10�5 M) on adding 0–1.5 eq. of

[Eu�1]3+. Inset: increasing Eu(III) emission (concn [Eu�1]3+ = 2 �
10�5 M) on adding 0–1.5 eq. of 3. In all cases: lexc = 282 nm in

MeOH.

Fig. 2 The infrared spectra of 3, [Eu�1]3+ and various [Eu�1]3+ : 3

ratios in d4-methanol in the region of the carboxylate stretching

vibrations. Solid and dashed lines indicate symmetric and anti-

symmetric stretching frequencies for 3 and [Eu�1�3]2+, respectively.

Concn = 10 mM. Path length = 100 mm.
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block copolymer (Pluronic F-127) comprising polypropylene

glycol and polyethylene glycol domains were prepared by

mixing a small amount of polymer (3–30% relative to solvent),

[Eu�1]3+ and 2 (1 : 1 ratio) in an organic solvent, prior to

deposition onto quartz slides and drying, while the aqueous

surfactant solution of tetramethylammonium dodecylsulfate

(TMADS) was used at 20 mM (cmc = 5 mM15). In all cases,

the photodeprotection of 2 was evidenced by an increase of the

luminescence intensity of the naphthalene moiety at 339 nm

(f = ca. 0.04 in surfactant solution, this slightly lowered

decaging value reflecting a viscous local environment).

However, some matrices tend to prevent, or to compete with

the attachment of the antenna to [Eu�1]3+, thus preventing

any enhancement in the emission arising from the EuIII centre.

This behaviour was observed in PVC and PMMA polymers,

while in Pluronic, only a slight increase in the EuIII emission

was evidenced, with a modest luminescence enhancement

factor of 1.3. However, the entrapment of 2 and [Eu�1]3+ in

a surfactant environment, profiting from hydrophobic and

electrostatic effects, respectively, seems well-suited to lead

to a net enrichment of concentrations of both components

and thus optimize the labelling strategy, without inhibiting

diffusion of the liberated antenna. In this case the red emission

was enhanced up to nine fold, as shown in Fig. 3, even for the

1 : 1 ratio of antenna : [Eu�1]3+ in an aqueous environment.

In conclusion we have shown a potentially biocompatible

strategy to photolabel coordinative unsaturated lanthanide

complexes, showing light-mediated molecular communication

in different chemical environments, including micellar nano-

domains (ca. 3 nm in diameter16). This proved to be more

effective than when investigated in neat solution, polymers or

gels. We believe that this strategy can be adapted to other

lanthanide complexes and caged labelling groups, permitting

remote marking or activation/deactivation of lanthanide

catalysts or imaging agents. Work on fully reversible systems

and other photo-evolutive systems is currently in progress.
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