A chemically unlocked binary molecular switch
We designed a highly sensitive and luminescent lanthanide-based pH sensor, that is conditional on its previous pH .

The sensing of chemical inputs using the modulation of lanthanide luminescence as an output, was first achieved by De Silva 1 and has been followed by extensive work in this area aimed at producing practicable devices.2-4 The advantages of lanthanide chelate luminescence in this area are well known,5 constituting in many ways the optimum light-based sensors. They have been proven at analyte concentrations as low as 10-15 M due to their high signal to noise ratio.4 The simplest chemical input is that of H+ ion concentration (or pH) and this is probably the most widely utilised to date in such molecular devices.6 This communication describes a lanthanide chelate that displays extremely sensitive pH-dependent luminescence, conditional on its previous pH.

The novel organic ligand reported here; 1-(3-[phthalimido]propyl-4,7,10-tris(carboxylmethyl)-1,4,7,10-tetraazacyclododecane (3), is formed by conjugation of the well-known macrocyclic moiety DO3A to a phthalimide chromophore via a propyl-bridge. The phthalimide unit has previously been utilised as a sensitizer for Tb3+ luminescence. 7,8 However in both reported cases the chelate concerned was acyclic and of low denticity, leading to low thermodynamic stability of the complex thus limiting their use in any practical application. Coupling the unit to DO3A ensures extremely stable complexes can be formed, circumventing this problem.9 Additionally, the phthalimide unit is known to undergo facile hydrolysis at between pH 9 and 10 yielding a phthalamate-based system.8,10 In this work we found that a Tb3+ complex produced under these conditions displays exceptionally strong luminescence that can be switched on and off by further changes in pH: the corresponding Eu3+ system was also studied.

Ligand 3 was synthesised in two stages (Fig. 1), introducing in the first instance the propylphthalimido function through standard alkylation of DO3A-t-butyl ester (1) with N-(bromopropyl)phthalimide. This employed a K2CO3/DMF system at room temperature to give 2 as a hygroscopic oil. Selective deprotection of the t-butyl ester functions of 2 with retention of phthalimido functionality was achieved thereafter using trifluoroacetic acid at room temperature to generate ligand 3 in 14% yield (from 1). The corresponding Gd3+ complex [Gd(4)] was also synthesised and fully characterised.

Initial luminescence studies were focused on complexes formed by the phthalimide-containing system 4. The Eu3+ and Tb3+ complexes of 4 were prepared in situ in H2O and D2O and the pH/pD was initially adjusted to 6. Analysis of the UV spectrum of both the Eu3+ and Tb3+ complexes showed a peak centered around 298 nm. Upon excitation at this energy the characteristic but rather weak lanthanide-based emission was observed. Measurement of the phosphorescence lifetimes of the Eu(5D0) and Tb (5D4) levels in H2O and D2O indicated slightly differing behaviour for the two complexes: the number of coordinated water molecules was 0.27  0.3 and 0.98  0.3 for [Eu(4)] and [Tb(4)] respectively.

Fig. 1. i) 1, Br(CH2)3Phth (1.2 equiv.), K2CO3 (2.4 equiv.)/ DMF, rt; ii) TFA, rt; iii) Gd2(CO3)3, H2O, 50oC

The luminescence was pH dependent: at low pH there was significant diminution of the signal, due to protonation of the carboxylate moieties and subsequent decomplexation. However, at higher pH an unanticipated phenomenon was observed. Initial measurements indicated that at around pH 9 the luminescence was sharply switched off. Re-measurement of the UV spectrum under these conditions indicated that the 298 nm absorbance had disappeared, and was replaced with an absorption centered at around 272 nm. Excitation of the terbium complex at this energy level yielded a much brighter luminescence – maximal at pH 6, the quantum yield increasing from 5% to 32% for the new species [Tb(5)]-.

Table 1. Luminescence lifetimes (τ) and calculated inner sphere hydration numbers (q) for the complexes under study
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Fig 2. (a) The phthalimido-phthalamate hydrolysis (b) Luminescence responses of [Eu(5)]- to pH variation at 25C, excitation = 272 nm (c) Emission spectra of [Eu(5)]-. Conditions are the same as (b).

The relative increase in luminescence lifetime observed on transition from Terbium complex [Tb(4)] to [Tb(5)]- was significantly greater in H2O than D2O (table 1). Concomitantly, the calculated number of coordinated water molecules (q) was found to drop from 0.98 to 0.1 at pH 9. The later feature can be explained by the facile hydrolysis that the phthalimido moiety is known to undergo between pH 9 and 10 8,10 yielding a phthalamate 5 (Fig. 2(a)). The higher denticity of the phthalamate-containing species, [Tb(5)]-, obviates the need for a coordinated water molecule, reducing the q value and enhancing the quantum yield due to a reduction in non-radiative relaxation. The equivalent Eu3+ system however seems relatively unaffected by this transformation, presumably as a result of having no bound water molecules initially (within experimental error). Similar luminescence lifetimes for the 4 and 5 forms were displayed as a result.

The new complexes, [Ln(5)]​- (Ln = Eu, Tb), then displayed reversible pH dependent behaviour. The luminescence is essentially “on” between pH 10 and 4, whereafter it was rapidly turned “off” between pH 3 and 4 (Fig. 2 (b) and (c)) presumably as a result of protonation of the carboxylate moieties and subsequent decomplexation (Fig. 2 (a)).

To summarise: [Ln(4)] can be thought of as being locked in a dormant (“off”) state until being irreversibly activated by a mild change in pH. Thereafter, it functions as a sensitive and reversible acidic pH sensor.

The switching off of the luminescence in species’ [Ln(5)]- is remarkably rapid. For example the Eu3+ complex [Eu(5)]- (Fig. 2 (b)) lost around 90% of its luminescent intensity within one pH unit, a figure comparable with a recently reported “digital” pH sensor.11 The basis of this phenomenon can be accounted for by the comparative length of the propyl-bridge: the phthalamate moiety becomes distal from the Ln centre on protonation, leading to inefficient energy transfer. This sharply defined switching could be an invaluable characteristic in molecular computation. 12 Additionally, the system has the advantage of exhibiting a long lifetime, allowing it to be used in a time-gated manner, leading to improved signal to noise ratios relative to a purely organic pH sensor.3

In addition we have estabilished that the unhydrolysed complex [Ln(4)] performs operates as a molecular logic gate. The output luminescence depends upon three inputs: H+, OH- and excitation at 272 nm. Essentially, for a positive output only one combination of these inputs is possible: H+ = off, OH- = on, exc (272) = on. All other combinations will lead to a negative result (see ESI S3 for truth table and diagramatic representation using conventional gate notation). As a result the system behaves as an INHIBIT (INH) logic gate, 13-15​ and is this first molecular example of a three input gate of this type.

In conclusion we have demonstrated that lanthanide complexes based on the ligand; 1-(3-[phthalimido]propyl-4,7, 10-tris(carboxylmethyl)-1,4,7,10-tetraazacyclododecane, are multifunctional; i) as sensitive pH sensors after hydrolysis and, ii) as INH molecular logic gates to three inputs using Tb3+ or Eu3+ luminescence as an output. Future work will concentrate on studying the behaviour of systems containing other novel ligands with more than one phthalimido moiety thus aiding their application as both pH sensor and in the realm of molecular computation.
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