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            Abstract
Observation of the neutrinoless double β decay is the only practical way to establish that neutrinos are their own antiparticles1. Because of the small masses of neutrinos, the lifetime of neutrinoless double β decay is expected to be at least ten orders of magnitude greater than the typical lifetimes of natural radioactive chains, which can mimic the experimental signature of neutrinoless double β decay2. The most robust identification of neutrinoless double β decay requires the definition of a signature signal—such as the observation of the daughter atom in the decay—that cannot be generated by radioactive backgrounds, as well as excellent energy resolution. In particular, the neutrinoless double β decay of 136Xe could be established by detecting the daughter atom, 136Ba2+, in its doubly ionized state3,4,5,6,7,8. Here we demonstrate an important step towards a ‘barium-tagging’ experiment, which identifies double β decay through the detection of a single Ba2+ ion. We propose a fluorescent bicolour indicator as the core of a sensor that can detect single Ba2+ ions in a high-pressure xenon gas detector. In a sensor made of a monolayer of such indicators, the Ba2+ dication would be captured by one of the molecules and generate a Ba2+-coordinated species with distinct photophysical properties. The presence of such a single Ba2+-coordinated indicator would be revealed by its response to repeated interrogation with a laser system, enabling the development of a sensor able to detect single Ba2+ ions in high-pressure xenon gas detectors for barium-tagging experiments.
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                    Fig. 1: Design and synthesis of a family of FBIs.[image: ]


Fig. 2: Response of the FBI.[image: ]


Fig. 3: Sublimation of Ba(ClO4)2 on the FBI.[image: ]


Fig. 4: Computed structures of FBI (7ca) and a Ba2+Xe8 cluster at different N–Ba2+ distances.[image: ]
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The data that support the findings of this study are available within the paper and Supplementary Information. Additional data generated during the present study are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Characterization of FBI in solution.
a, Emission spectra of unchelated (7ca; cyan) and chelated (7caBa2+; blue) indicators upon excitation at 250 nm. Red dots indicate the wavelengths used to determine the peak discrimination factor fλ. b, Photographs of the two species in acetonitrile showing bicolour emission upon irradiation at 365 nm. c, Benesi–Hildebrand plot of the fluorescence emission spectra of FBI in acetonitrile solution at room temperature in the presence of different concentrations of barium perchlorate. e, Job’s plot of the 7ca + Ba(ClO4)2 interaction, showing a 1:1 stoichiometry between 7ca and Ba2+, thus forming the complex 7caBa2+. ΔF, variation in the measured emission; X(Ba2+), molar fraction of Ba2+.


Extended Data Fig. 2 Theoretical predictions and NMR experiments.
a, b, DFT-derived gas-phase structures of 7ca (a) and 7caBa2+ (b). Bond distances are given in Å. Dihedral angles ω formed by covalently bonded atoms 1–4 are given in degrees and in absolute values. c, Frontier molecular orbital energy diagram of 7ca (left) and 7caBa2+ (right). Vertical arrows indicate the main contributions to the electronic transition to the lowest bright state. d, e, Aromatic (d) and aza-crown ether (e) regions of the proton NMR spectra of compound 7ca upon addition of barium perchlorate. The most important changes in chemical shift (in ppm) are highlighted. All the spectra were recorded at 500 MHz. Protons a correspond to the methylene groups of the aza-crown ether moiety (e). Protons b and c (d) correspond to the para-benzylidene group. See the drawing of 7ca in d for the assignment of all protons.


Extended Data Fig. 3 Computed structures of FBI–barium perchlorate complex.
DFT-derived fully optimized structure of 7ca complexed with barium perchlorate. A dummy atom located at the centre of the 1,4-disubstituted phenyl group is denoted as X. Bond distances and dihedral angles are given in Extended Data Table 2.


Extended Data Fig. 4 Titration and polymer experiments.
a, Titration experiments, showing that the response of the FBI improves for larger concentrations of barium. Eq, equivalent. b, Example of a polymer experiment, showing that the response of the FBI loses its characteristic colour shift.


Extended Data Fig. 5 Subtraction of the silica response.
a, b, Emission spectra of the SF (a) and SBF (b) samples, with the background from the silica superimposed, for an excitation light of 250 nm.


Extended Data Fig. 6 TPA microscopy.
a, Illustration of our setup. An infrared (800 nm) laser passes through a dichroic mirror and fills the back plane of the objective (20×, NA = 0.5) of an inverted microscope. The laser is focused in the sample, with a spot limited by diffraction (for example, a volume of about 1 μm3). The emitted fluorescence passes through a selection filter before being recorded by a PMT. b, Emission spectra of FBI and FBI Ba2+ for an excitation light of 250 nm (green, blue) and 400 nm (olive, cyan). The spectra are very similar, allowing the use of an infrared laser of 800 nm for our proof-of-concept study. c, Log–log plot showing the quadratic dependence of the intensity on the power, which is characteristic of TPA, for the FRS. d, Two-dimensional scan (profile) across the FRS. Integration of the profile yields an integrated signal that can be used for the normalization of the FBI samples.


Extended Data Fig. 7 Interaction of FBI with other elements (1:1 equiv.).
a–e, Blue lines represent FIB + Na+ (a), FIB + K+ (b), FIB + Mg2+ (c), FIB + Ca2+ (d) and FIB + Sr2+ (e), and the cyan lines show the corresponding unchelated indicators. In a–d, the spectra show that the FIB is not chelated with the ion, whereas in e the response is similar to that observed for barium, showing the formation of a supramolecular complex. All excitation spectra were taken at 250 nm.


Extended Data Fig. 8 Schematic of the BOLD detector.
An example of a ββ0ν signal event is shown. The two electrons emitted in the decay (purple) propagate in the dense xenon gas ionizing it, and the ionization electrons drift towards the anode, where their energy is measured by the ETD, which also reconstructs the event barycentre. The Ba2+ ion drifts very slowly towards the cathode, where it is eventually captured and identified by the BTD.


Extended Data Table 1 Characterization of FBI compounds 7 and 7Ba2+Full size table


Extended Data Table 2 Structural parameters for the geometries of 7caBa2+ and 7caBa(ClO4)2Full size table


Extended Data Table 3 Gibbs reaction energies of compound 7ca with Ba2+ under different conditionsFull size table
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