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Observation of the neutrinoless double 3 decay is the only practical way to establish
that neutrinos are their own antiparticles’. Because of the small masses of neutrinos,
thelifetime of neutrinoless double 3 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  decay® The most robust

identification of neutrinoless double 3 decay requires the definition of a signature
signal—such as the observation of the daughter atomin the decay—that cannot be
generated by radioactive backgrounds, as well as excellent energy resolution. In
particular, the neutrinoless double B decay of **Xe could be established by detecting
the daughter atom, *®Ba”, in its doubly ionized state®®. Here we demonstrate an
important step towards a ‘barium-tagging’ experiment, which identifies double 3
decay through the detection of a single Ba>* ion. We propose a fluorescent bicolour
indicator as the core of asensor that can detect single Ba** ionsin a high-pressure
xenon gas detector. In asensor made of amonolayer of such indicators, the Ba®*
dication would be captured by one of the molecules and generate a Ba?*-coordinated
species with distinct photophysical properties. The presence of such a single
Ba**-coordinated indicator would be revealed by its response to repeated
interrogation with alaser system, enabling the development of a sensor able to detect
single Ba*" ions in high-pressure xenon gas detectors for barium-tagging experiments.

Double B decay (Bf) isaveryrarenuclear transitionin which anucleus
with Z protons decays into a nucleus with Z+2 protons and the same
mass number A. The decay can occur only if the initial nucleus is less
strongly bound than the final nucleus, and both of them are more
strongly bound thantheintermediate Z+1nucleus. Two decay modes
are usually considered: (i) The standard two-neutrino mode (332v),
consisting of two simultaneous 3 decays, (Z,A) > (Z+2,A) + 2e” +2v,
(e’, electron; v, electron antineutrino), which has been observed in
several isotopes with typical half-lives in the range 10'*-10* yr; and
(ii) The neutrinoless mode (80v), (Z,A) > (Z+2,A) + 2", which violates
lepton-number conservation and can occurif and only if neutrinos are
Majorana particles'—that is, identical to their antiparticles. An unam-
biguous observation of such adecay would have deep implicationsin
particle physics and cosmology, offering a mechanism for leptogen-
esis’ and a potential explanation for the cosmic asymmetry between
matter and antimatter'. Furthermore, Majorana neutrinos could

provide an explanation of the smallness of the neutrino mass compared
with those of other leptons, through the so-called see-saw mecha-
nism'%,

Double 3 decay () experiments have been searching for f50vin
several isotopes for more than half a century, without finding clear
evidence of asignal so far. The current best lower limit on the lifetime
(T?/"z) of the BBOv processes has been obtained for theisotope **Xe, for
whichT{},>10% yr(ref.*). Two otherisotopes, °Ge and *°Te, have also
been studied with similar sensitivities, yielding no evidence of S80v
decay™’¢. A new generation of BB0v experiments will aim to improve
the sensitivity to T?/“Zby atleast one, and eventually two, orders of mag-
nitude”. These searchers will require very large exposures, measured
inton-years, buteven more importantly, agreatly enhanced capability
to suppress backgrounds from false events. The most obvious back-
ground to SB0vis the SB2v decay, which also produces two electrons
and the same daughter atom as the neutrinoless mode while having a
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Fig.1|Design and synthesis of afamily of FBIs.a, Componentsofa
fluorescent monocolourindicator. UV, ultraviolet; Vis, visible; CCD,
charge-coupled device; em, emission; exc, excitation; Ar*, aryl or heteroaryl
group (monocyclic or polycyclic). b, Components of an FBlanalogue, showing
the coupling-decoupling between the fluorophore and the metal-binding
group. Therespective expected fluorescent emission spectraare also shown.
Theblueandgreenlinesinthe graphsina, brepresent the emissionspectrain
chelated and unchelated indicators, respectively. The different behaviour of
thetwo types of fluorescentindicatorisshown: inamonocolourindicator, the
increase in emissionintensity after cation complexation (A/) is produced at
thesame wavelength as the unchelated fluorophore (AA=0), whereasin the
caseofanFBI, thedifference A/is produced at adifferent wavelength (A1 #0).

much faster decay rate. Near the end energy (Q), however, the f32v
processis very strongly suppressed by kinematics, and its contamina-
tion to the fB0v signal is very small for a detector with good energy
resolution’®,

Instead, owing to the irreducible presence of trace amounts of the
radioactive decays chains of *8Uand **Thin the materials of the detec-
tor, the corresponding false signatures need to be suppressed by a
very large factor. The decays of other radioactive isotopes created by
neutronactivation arealso a concern. All 8 experiments are built with
ultrapure materials, operate in underground laboratories (to mitigate
the impact of cosmic rays) and are protected by massive, ultrapure
shields. These strategies reduce the ambient background by many
orders of magnitude, but putative f30v events must still be extracted
against tens of millions of spurious interactions.

The most powerful discriminant against backgrounds other than
BB2vwould be the detection of the daughter atom, whichis displaced
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The possible participation of nitrogen heteroatoms and the rotation of one aryl
group (Ar?) arealso highlighted. ¢, Chemical synthesis of a family of FBIs.

The synthetic route starts from pyridines (or pyrimidines) and 1a-1c,
4-bromoacetophenone 2, toformadducts 3a-3c. Coupling of these latter
intermediates with aza-crown ethers 4a-cyields compounds 5a-5c¢, which
reacts with1,2-dibromoarenes 6a,b to give the FIB candidates 7aa-7cb.
Numbersin parentheses correspond to the chemical yields (average values
after three or fiveindependent experiments) of isolated pure products.
DavePhos, 2'-(dicyclohexylphosphino)-N,N-dimethyl-2-biphenylamine; dba,
dibenzylideneacetone; XPhos, dicyclohexyl(2',4',6'-triisopropyl-2-biphenylyl)
phosphine.

by two steps in the periodic table relative to its parent. In particular,
the decay *°Xe > 3®Ba" + 2™ + (2v,) will create a Ba** dication as the
most likely outcome in xenon gas. In pure xenon gas, no known radio-
active process will produce thisionin coincidence with two electrons.
Theimplementation of arobust Ba** detection technique would facil-
itate the positive identification of a §80v candidate. The possibility of
barium tagging in a xenon time-projection chamber (TPC) was pro-
posed in 1991 by Moe?® and has been extensively investigated for the
past two decades*"*%,

Recently the nEXO collaboration demonstrated the imaging and
counting of individual barium atoms in solid xenon by scanning a
focused laser across asolid xenon matrix deposited on asapphire win-
dow’. Thisis a promising step towards barium tagging in liquid xenon.
The technique originally proposed by Moe and being pursued by nEXO
relies on Ba* fluorescence imaging using two atomic excitation levels
in very-low-density gas. In liquid xenon, recombination is frequent
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Fig.2|Response ofthe FBI. a, Emission spectrum of the SF (green line) and SBF
(blueline) samples after silicasubtraction (the SF spectrumisscaled by afactor
of C,withrespecttothe SBF spectrum).b, Z-Xprofile of the control pellet,
SFpA, showing nosignalin the deep-blueregion (400, 425) nm, where the
contribution from unchelated moleculesis negligible. ¢, Z-X profile of SFpAin
thegreenregion (1>450 nm), showingintense green emission fromthe
unchelated molecules. d, Z-X profile of the sublimated pellet, SFpB, showing a

and the barium daughters are distributed across charge states from
0 to 2+ (ref. ), with sizeable populations of neutral Baand Ba*. In the
high-pressure gas phase, however, the initially highly ionized barium
daughter quickly captures electrons from neutral xenon, stopping at
Ba*, beyond which recombination is minimal®.

Amolecule with aresponse to optical stimulation that changes when
it forms a supramolecular complex with a specificionis a fluorescent
indicator, andions thus non-covalently bound to molecules are gener-
ally referred to as being chelated.In 2015, Nygren proposed a Ba** sensor
based on fluorescent molecular indicators that could be incorporated
within a high-pressure gas xenon TPC (HPXe)®, such as those being
developed by the NEXT Collaboration”?%, The concept was further
developed in ref.” and was followed by an initial proof-of-concept
study®, which resolved individual Ba* ions on a thin quartz plate with
Fluo-3 (acommonindicator in biochemistry) suspended in polyvinyl
alcohol (PVA) toimmobilize the molecular complex and facilitate opti-
calimaging. The experiment demonstrated single-ion sensitivity (with
aroot-mean-square super-resolution of 2 nm), which was confirmed
by single-step photobleaching, and provided an essential step towards
barium tagging in an HPXe.

However, an experiment aiming to detect Ba?" in an HPXe requires
a sensor that differs substantially from that used in ref. 8, First, the

0
FBI
20 A = 400-425 nm
E 40
2
N 60
80
0 50 100 150 200 250
X (um)
c 0
FBI
20 1> 450 nm

S B L N

Z (um)
o b
o o
o BT 2929090 o

80
50 100 150 200 250
X (um)
d o0
0 FBI Ba2*
‘ A =400-425 nm
T 40
El
N 60
80
0 50 100 150 200 250
X (um)
e 0
FBI Ba2*
. 20 A > 450 nm
= I i 8
E ;
N 60 ' o
80
0 50 100 150 200 250
X (um)

clearsignalinthe deep-blueregion (400, 425) nm due to the molecules
chelated by the barium perchlorate. e, Z-X profile of SFpB in the green region
(A>450 nm), showingintense green emission from both chelated and
unchelated molecules. f,3D tomography images of SFpB, obtained with our
TPAmicroscopy setup, passed through theblue and the greenfilters. The
images reveal the shape of a tiny section (a square of 75 um?size), showing the
same landscape for both chelated and unchelated molecules.

surface density of indicators in the sensor needs to be high to ensure
maximumion capture efficiency. Second, the indicators must be able to
formasupramolecular complex with Ba*" ina dry medium, that s, the
Gibbs energy of the process in xenon gas must be negative. Third, the
indicators must respond to optical stimulation with a very distinctive
signal that allows unambiguousidentification of the molecule that has
chelated the single ion produced in the §30vdecay and good discrimi-
nation fromthe background due to the uncomplexed moleculesinthe
surroundings. In other words, the discrimination factor, F, between the
response (in adry medium) of the chelated indicator and the residual
response of unchelated molecules must be large. A considerable step
in developing dry sensors was carried out in ref. %, where molecular
compounds based on aza-crown ethers and using fluorophores such
as pyrene?? and anthracene® were studied.

In this paper we demonstrate an important step towards a
barium-tagging experiment in an HPXe, using a fluorescent bicolour
indicator (FBI) as the core of a sensor that detects single Ba*" ionsina
high-pressure gas detector. The indicator is designed to bind strongly
to Ba?"and to shine very brightly when complexed with Ba*". Further-
more, the emission spectrum of the chelated indicator is considerably
blue-shifted with respect to the unchelated species, allowing an addi-
tional discrimination of almost two orders of magnitude.
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Fig.3|Sublimation of Ba(Cl0,), ontheFBI. a, Experimental setup.
Photographoftheinterior ofthe UHV chamber used for sublimation.
The positions of the pellet, evaporator, quartz microbalance and mass
spectrometerareindicated.b, ¢, Photographs of the pellet before (b) and

Design and synthesis of FBI compounds

Our criteria for designing FBIs are summarized in Fig. 1. The indicator
includes, as essential components, ametal-binding group (a convenient
moiety is a coronand formed by an N-aryl-aza-crown ether***') and a
fluorophore, inline with previously developed designs for fluorescent
sensors able to capture metal cations in solution®. Figure 1ashows the
expected behaviour of a fluorescent monocolour indicator, in which
the fluorophore does not modify substantially its T-molecular orbital
structure upon metal coordination. In these hydrocarbon or hetero-
cyclic scaffolds, an electron-donating group close to the fluorophore
(for instance, an amino group of the aza-crown ether) can promote a
photoinduced electron transfer that quenches the fluorescence in the
absence of abinding cation. By contrast, sensor-cation complexation
results in an off-on enhancement of the photoemission intensity*
with A1=0 (Fig.1a). Therefore, in general only changes in the intensity
of the emitted fluorescent signal upon Ba** complexation should be
observed under this photoinduced electron transfer mechanism. This
kind of sensor has been used inaqueous solution for metals of biologi-
calinterest® and mainly for the capture of cations such as K* by using
bicylicaza-cryptands®. Figure 1billustrates the desired behaviour of an
FBlindicator upon binding to Ba* ions. A convenient way to generate
thiskind of sensor with AA# O consists of generating anintramolecular
photoinduced charge transfer (PCT) by modifying the interaction of
an electron-donating group with the rest of the fluorophore®. Upon
coordination with the cation, the change in the dipole moment of the
supramolecular entity can generate a Stokes shift. However, ingeneral
these PCT phenomena promote only slight blue shifts** and depend on
the polarity of the environment, thus being strongly affected by solvent
effects. Actually, most PCT sensors work in water and bind cations
suchasNa*and K" by means of bicyclic aza-cryptands®%, among other
groupssuchasacidic chelators or podands. Therefore, the design and
chemical synthesis of efficient FBIs with large enough Al valuesin the
gas phase still constitutes animportant challenge.

Within this context, we require that: (i) the chelating group binds
the cation with a high binding constant; (ii) the indicator response in
adry medium is preserved and preferably enhanced with respect to
the response in solution; and (iii) the fluorophore exhibits a distinct
response in the visible region for the chelated and unchelated states
(thus the term ‘bicolour indicator’). To that end, the synthesis of FBI
compoundsincorporates a custom-designed fluorophore possessing
two aromatic components, denoted as Ar' and Ar*in Fig. 1b that are
connected by afree-rotating o bond. The main fluorophore component
Ar! consists of a nitrogen-containing aromatic polyheterocycle®*? that
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after (c) the sublimation. Inboth cases, the excitation lightis 365 nm. We note
thecharacteristicgreen colour of unchelated FBI before the sublimation and
theblue shift after the sublimation, which shows alarge density of chelated
molecules.

can bind the Ba*' cation, thus modifying its electronic structure and
decoupling this moiety from Ar?, which in turn can generate at—cation
interaction® (Fig. 1b). The expected shiftin response to the coordina-
tionshould provide astrong signature of abound indicator, exhibiting
ablue shift over a background of unbound species. Furthermore, we
require that the indicator response does not form supramolecular
complexes with light elementsin the barium column of alkaline earth
elements (such as beryllium, calcium and magnesium) as well as with
other close alkaliions that are frequently found in the environment,
suchasNa*"andK".

The chemical synthesis of our sensors is shown in Fig. 1c. The pro-
cess starts with the double addition-elimination reaction between
2-aminopyridines (X = CH) 1a,c or 2-aminopyrimidine 1b (X=N) and
2,4-dibromoacetophenone 2. Bicyclic heterocycles 3a-3c react with
aza-crown ethers 4a-cin the presence of a Pd(0)/DavePhos catalytic
system to generate intermediates 5a-5e in moderate (30%) to very
good (95%) yields. Finally, these latter adducts are coupled with aro-
matic 1,2-dibromides 6a,b by means of a catalytic system formed by
a Pd(11) salt and XPhos to yield the desired FBI compounds 7aa-7cb.
In this latter step, the formal (8 + 2) reactions are carried out in the
presence of potassium carbonate or caesium carbonate (compound
7ec) as weak bases.

Finally, we performed experiments to determine the photo-physical
properties of compounds 7. The results of these experiments, which
are described in Methods, allowed us to select compound 7ca as the
optimal combination of structural and electronic features that fulfil
our design criteria. We refer henceforth to compound 7ca as FBI.

Discrimination factor

To demonstrate the performance of our FBl as a Ba*" sensor, we adopted
silica gel as a solid-phase support. Adsorption of the molecule on the
silicasurface permits the exposure of at least one side of its crown ether
moiety to the interaction with Ba®* cations. In addition, this solid-gas
interface topology preserves the conformational freedomrequired to
reachthe coordination patternobservedinour calculations (see Meth-
ods for further information), keeping the essential features of our
design, in particular the Ba*"-induced colour shift.

Two samples were manufactured. Sample SF was prepared by
depositing on asilicapellet 2.3 x 10~ mmol of FBI (from a CH,CN solu-
tion) per milligram of silica. Sample SBF was formed by depositing
7.4 x10"* mmol of FBI (from a CH,CN solution) per milligram of silica
onasilica pellet saturated with barium perchlorate. The optimal con-
centration of barium salt was determined by a titration experiment



50

I6
5
©

g 100
@
&
O]
<

150

-187.0
200

Fig.4|Computed structures of FBI (7ca) and aBa*'Xeg cluster at different
N-Ba” distances. The geometries and energies shown were computed using
DFT (see Methods for further details). Xenon atoms are represented using the

described inMethods. The ratio between the FBI concentrations of SF
and SBF was C, =310 + 6, where the 2% relative error was determined
by propagating the uncertainties in the measurements of the volumes
of the solutions. Figure 2a shows the emission spectra of the SF (SBF)
samples for an excitation light of 250 nm, recorded by a fluorimeter
after evaporating the solvent and subtracting the background signal
due to thessilica (see Methods for a discussion).

Arobustseparation between SF and SBF canbe achieved by selecting
ablue-shifted wavelength range of A;= (A, Amae) Using a band filter.
We call C(A) the emission spectrum of the chelated molecules (for
example, the blue curve in Fig. 2a) and U(A) that of the unchelated
molecules (green curveinFig. 2a). The fraction of C(1) selected by the
filter f,=c’/C,wherec’ =L1Améx C(A)dAandC= [ C(1)dA. Analogously, the
fraction of U(A) selected B‘S/ thefilteris f, =u/Uwithu =jA""_“X U)da
and U=[ U(1)dA . By defining D, = f./f,, the discrimination factor is
simply:

F=D,C. )

For this study we chose a band filter with A,= (400, 425) nm, cor-
respondingto the region shaded inbluein Fig. 2a. A larger separation
could be obtained by including smaller wavelengths (for example,
selectingA,<400 nm), but the fluctuations associated with the subtrac-
tion of the baseline and the rapid variation of C(1) would also resultin

r(N-Ba2+) (&)

Corey-Pauling-Koltun (CPK) space-filling model. The remaining atoms are
represented using aball-and-stickmodel and the CPK colouring code. Relative
free energies (AG,,s), have been computed at 25 °C (298 K).

large uncertainties. We find f,= 0.29 + 0.03, f, = 0.0036 + 0.0007 and
D,=80 =18 (alluncertainties denote the root-mean-square deviation).
The approximately 20% relative error in the estimation of f, is domi-
nated by the subtraction of the baseline, whereas the approximately 10%
relative errorinthe estimation of f.is found by varying the range of the
filter by +1 nm. Using equation (1) we find

F=(25+6) x10°. ()

A proof-of-concept study of chelation in adry medium
Animportant step towards the detection of Ba® inan HPXe is the dem-
onstration that the ions can be chelated in the absence of a solvent.
Thisrequires exposing asample of FBImolecules depositedinasolid-
vacuum interface to a source of Ba*" ions.

To achieve this goal, we designed a sublimation experiment as
follows. We started by compressing silica powder to form thin silica
pellets, then we deposited a FBI-CH,CN solution on the pellets and
evaporated the solvent. Two similar SFp pellets (SFpA and SFpB) were
prepared by depositing 7.4 x 10" mmol of indicator per milligram of
silica, which is equivalent to 1.3 x 10" molecules of FBI. SFpA was kept
as areference for unchelated molecules, and SFpB was introduced in
an ultrahigh-vacuum chamber (Fig. 3a) in which barium perchlorate
was sublimated. Sublimation was performed usingaKnudsencellata
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temperature of around 700 K. The evaporation rate was continuously
monitored in situ with a microbalance. The total thickness of depos-
ited Ba(ClO,), was 10 A, equivalent to a layer of 7.6 x 10" molecules.
Figure 3b, c shows images of the pellet before and after sublimation
under an excitation light of 365 nm. The blue shift after sublimationis
clearly visible even to the naked eye, showing that a large number of
indicators on the pellet’s surface were chelated.

The next step was to scan both the SFpA and SFpB pellets in our
two-photon absorption (TPA) microscopy setup**, which is described
in some detail in Methods. We performed tomography (for example,
Z-Xscans) using two filters: a high-pass ‘green’ filter with 1 >450 nm
and aband-pass ‘deep blue’ filter with wavelength (400, 425) nm. The
Z-Xscans were performed with infrared light (800 nm) at a nominal
laser power of 100 mW. In addition, we obtained three-dimensional
(3D) tomography images, which were assembled from 40 X-Y'scans
of 75 um x 75 pm. Each scan corresponded to a different depth Z, in
steps of 10 um. Theresultingimages were then combinedina3Dimage
using custom software®.

Our results are summarized in Fig. 2. We started by measuring the
control pellet, SFpA. The Z-X tomography image acquired using the
green filter (Fig. 2c) reveals aregion of about 20 pmin depth that cor-
responds to the area of the pellet where FBI molecules were immobi-
lized. Because these are unchelated molecules, they are visible with
this filter but not with the deep-blue filter (Fig. 2b). By contrast, for
SFpBthe green profile (Fig. 2e) is similar to the one measured for SFpA,
but the deep-blue tomography (Fig. 2d) shows a clear signal in the
same 20-pum region around the pellet surface. This can be exclusively
ascribed to the emission of chelated molecules, therefore demonstrat-
ing that the sublimation deposited the Ba** uniformly, resulting in a
layer of chelated molecules. Finally, Fig. 2f shows green and deep-blue
3D tomography images confirming that the spatial distribution of the
chelated molecules follows that of the unchelated indicators.

Density functional theory (DFT) calculations (described in detail
in Methods) show that the Gibbs energy associated with binding of
Ba(ClO,), to FBI is —80 kcal mol™, confirming that the process is very
exergonic, whichis expected given the experimental result described
above and is fully compatible with the high binding constant found
for this process.

Chelation of Ba** by FBl indicators in xenon gas

In an HPXe experiment, the Ba®* created in the SB0v decay will slowly
drift to the cathode, picking up on its way neutral xenon atoms in a
variety of solvation states, thus yielding [BaXe,]** states (with N=1,
2...). At the large pressures that are typical in an HPXe (-20 bar), it has
been estimated* that N=8.

Whatis therelevance of the proof-of-concept study described here
(which demonstrates the observation of the reaction Ba(ClO,), + FBI
in vacuo) for an HPXe experiment, which requires that the reaction
[BaXey]*" + FBl occurs efficiently in high-pressure xenon? DFT can
shed light on this question. Our calculations show that the interac-
tion between a Ba>*-Xeg cluster and FBI results in a very exergonic
process with a calculated Gibbs reaction energy of -195.9 kcal mol™.
This value is almost as large as the Gibbs energy associated with the
interaction of a naked dication with the indicator (-197.5 kcal mol™)
and much larger than the energy associated with binding of Ba(ClO,),
with FBI (-80.0 kcal mol™). Furthermore, we find that the Gibbs energy
of FBI + Ba** changes very little in the range 1-30 bar (see Extended
Data Table 3).

Finally, our calculations suggest that alayer of indicators withaden-
sity of about 1 molecule per square nanometre will efficiently chelate
Ba”". Figure 4 shows the computed structures of FBl and a Ba**-Xe;
cluster at different N-Ba** distances. When optimization of the (7ca,
Ba?*-Xeg) pair was started at a N-Ba>* separation of 8 A, the cluster
spontaneously converged to a local minimum at which the original
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Xeg structure was squeezed around the convex face of FBI, and the
N-Ba?" distance was 3.27 A. From this intermediate state, the whole
cluster converged to the chelated species, in which the N-Ba*" distance
was found to be 2.9 A. This latter energy minimum was calculated to
be about 107 kcal mol™ more stable than the previous intermediate
state. In addition, the geometric parameters of the minimum-energy
cluster —in which the eight Xe atoms are distributed around FBI—-are
very similar to those found for the FBI Ba?*and FBI Ba(ClO,), complexes.

Conclusions

We have synthesized an FBI that could be the basis of abarium-tagging
sensor in a future HPXe experiment searching for §0v decays. Using
silicaasaphysical support, we have shown that the FBl has averylarge
discrimination factor of F= (25 + 6) x 10*in a dry medium (silica-air).
Furthermore, the indicator efficiently chelates Ba®* in a dry medium
(silica-vacuum). This was proved by sublimating barium perchlorate
(Ba(ClO,),) on FBI molecules deposited on asilica pellet and interro-
gating the indicators using TPA microscopy. To our knowledge, this is
the first time that the formation of a Ba® supramolecular complexin
adry mediumis demonstrated.

Inaddition, we have performed DFT calculations that show that our
experimental result is consistent with the exergonic nature of the bind-
ing of Ba(ClO,),to the FBlinvacuo and for high solvation states of Ba**
in xenon at all relevant pressures. Importantly, the process evolves
spontaneously when the system FBI Ba*' starts at distances of around
1nm. From these calculations, we can conclude that the formation of
supramolecular complexes observedin vacuoimplies that FBlindica-
tors can chelate Ba*" ions with high efficiency in an HPXe experiment.
We further show in Methods that the large value of F found for the FBI
allows the unambiguous identification—using TPA microscopy—of a
single chelated indicator.
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Methods

Photophysics and supramolecular chemistry of FBlindicators
insolution

Our experiments to determine the photophysical properties of com-
pounds 7 started by recording their respective emission spectrain ace-
tonitrile solution. Although all compounds were fluorescent with large
intensities in the minimum-energy transitions, the critical criterion to
select the most suitable candidate was the ability of a given compound
to exhibit different lowest emission wavelengthsin their unbound and
barium-coordinated forms. We defined the peak discrimination factor
fiatagivenwavelengthAas:

_\(7Ba*") - [,(7)

3
1) 3

h

where /,(7Ba®") and /,(7) are the intensities of the emission signals at
wavelength A of the corresponding bound (7Ba*") and free (7) fluoro-
phore.Inaddition, we measured the molecular brightness* B, of each
transition according to the following expression:

Bi=g¢, (4)

where ¢, is the molar extinction coefficient and ¢, is the emission quan-
tumyield.

The data associated with the photophysics of compounds 7 are
listed in Extended Data Table 1. According to our results, compound
7aa, which possesses the 1,4,7-trioxa-10-azacyclododecane moiety
(4a, n=1), does not show any substantial difference between the free
and barium-bound states, thus indicating that this four-heteroatom
aza-crown ether is too small to accommodate the Ba*' cation. Com-
pound 7ba, with a1,4,7,10-tetraoxa-13-azacyclopentadecane unit
(4b, n=2), showed a noticeable blue shift upon coordination with
Ba**(AA=-54 nm). However, the low value of f; makes this size of the
chelating group not optimal for further development. Inthe case of the
FBImolecule 7ca, whichincorporates the six-heteroatom-containing
aza-crownether unit1,4,7,10,13-pentaoxa-16-azacyclooctadecane (4c,
n=3),alargerblueshiftassociated with Ba** coordination (AA=-61nm)
isobserved. Mostimportantly, the f; discrimination factor is found to
be of the order of 180, which shows a considerable separation between
the unbound 7caand the Ba*"-coordinated 7caBa*' species. Both emis-
sion spectra are displayed in Extended Data Fig. 1. In addition, both
unbound and cationic species show acceptable quantum yields and
molecular brightness values.

As far as the chemical structure of the tetracyclic fluorophore is
concerned, our results indicate that introducing an additional nitro-
gen heteroatom in the 2,2a'-diazacyclopental[jk]fluorene to form
the corresponding 2,2a',3-triazacyclopenta[jk]fluorine analogue is
detrimental in terms of quantum yield and molecular brightness,
as concluded from the photophysical properties of compound 7da
shown in Extended Data Table 1. Moreover, the presence of an addi-
tional fused phenyl group in the fluorophore results in the forma-
tion of imidazo[5,1,2-cdlnaphtho[2,3-alindolizine derivative 7cb,
which has an f; factor considerably lower than that measured for
7ca. Therefore, the presence of additional fused aromatic or heter-
oaromatic rings to the basic benzo[alimidazo[5,1,2-cd]indolizine
scaffold does notimprove the photophysical properties of the result-
ing cycloadduct. Finally, the presence of an electron-withdrawing
group in compound 7ec results in a quenching of the quantum yield
of the fluorophore, as well as alowering of the discrimination factor.
According to these results, further chemical elaboration of the fluo-
rophore skeletonin order to synthesize the spacer and linker groups
shown in Extended Data Fig. 1a must not involve carboxy derivatives
such as esters or amides, but t-decoupled moieties such as alkoxy
groups. Therefore, we conclude that 7cais the optimal combination of

structuraland electronic features to fulfil our previously defined design
criteria.

Having selected compound 7ca as the best FBI candidate, we con-
ducted studies to assess its binding ability, which must be high (in a
dry medium) for our sensor. To that end, we first measured its cation
association constant K, with barium perchloratein acetonitrileat 298 K
using the Benesi-Hildebrand method* and the corresponding fluores-
cence spectra, according to the following formula*®;

1 1 1
= 1+ (%)
F = Fain Fmax_Fmin[ Ka[BaZ+]J

Inthis expression, Fis the measured emission of compound 7caat the
excitation wavelength A,,. =250 nm in the presence of a given [Ba*']
concentration, and F,;, and F,,,, represent the corresponding inten-
sities of the free aza-crown ether 7ca and the host-guest complex
7caBa”', respectively. Under these conditions and on the basis of the
datashownin Extended DataFig.1d, we measured abinding constant
of K,=5.26 x10*M™ (R*=0.953, where R?is the coefficient of determi-
nation). This indicates the good efficiency of compound 7ca for Ba*
capture and formation of the (7caBa*")(CIO,"), salt in solution; the
favourable photophysical parameters of the compound are listed in
Extended Data Table 1. In addition, the Job plot shows a maximum for
n=m=1,indicating that 7ca captures only one Ba* cation per molecule,
asshownin Extended Data Fig. 1e.

Electronic structure calculations and nuclear magnetic
resonance experiments

Electronic structure calculations at the DFT level both in the gas
phase and in solution confirm the strong binding affinity of 7ca to
coordinate Ba*". The optimized 7caBa?* structure exhibits a large
molecular torsion of the binding group with respect to the free 7ca
molecule (see the dihedral angle w in Extended Data Fig. 2b) so that a
molecular cavity appears, with the metal cation forming a m-complex
between the Ba** metallic centre and the phenyl group. The oxygen
atoms of the aza-crown ether occupy five coordination positions with
O-Ba contacts within the range of the sum of the van der Waals radii
(2.8-3.0 A)*. Interestingly, the phenyl ring attached to the crown ether
is oriented towards the centre of the cavity coordinating Ba** through
them-electrons. The frontier molecular orbitals of 7ca are delocalized
over the entire fluorophore moiety, with virtually no participation of
the binding-group electrons (Extended DataFig.2c). The lowest bright
state of the unbound FBI molecule can be mainly characterized as the
electronic transition between the highest occupied molecular orbit-
als (HOMO) and the lowest unoccupied molecular orbitals (LUMO).
Molecular distortion upon metal coordination in 7caBa®* has animpor-
tantimpact ontheelectronic structure. In particular, the torsionof the
phenyl group allowing m-coordination breaks the planarity with the
restof the fluorophore, modifying the HOMO and LUMO energy levels.
The decrease of the effective conjugation with respect to 7caincreases
the symmetry allowed > m* gap, thus resulting in the blue shift of the
fluorescent emission (Extended DataFig. 2c). Therefore, these results
support the viability of 7ca as an efficient Ba* indicator in both wet and
dry conditions (see Supplementary Information).

Nuclear magnetic resonance (NMR) experiments on the complexa-
tion reaction between the FBI molecule 7ca and barium perchlorate
are compatible with the geometries obtained by the DFT calculations.
Progressive addition of the salt promoted a deshielding to lower field
of the protons of the para-phenylene group marked as b in Extended
DataFig.2d, whichareinortho disposition withrespect to the aza-crown
ether. The metaprotons marked as cin Extended DataFig.2d showed a
similar, but lower in magnitude, deshielding effect. The remaining pro-
tons of the benzo[alimidazol[5,1,2-cd]indolizine fluorophore showed
avery light deshielding effect but remained essentially unchanged.
Instead, the 1,4,7,10,13-pentaoxa-16-azacyclooctadecaane moiety of



7cashowed different deshielding effects upon coordination with Ba*,
with the only exception being the N-methylene protons denoted as
ain Extended Data Fig. 2e, which were shifted to a higher field, thus
demonstrating that the nitrogen atom of the aza-crown ether does
not participate in the coordination with the dication.

Computed structures of free and complexed FBI

The optimized molecular geometry of the adduct between FBI (7ca)
and Ba(ClO,), (Extended DataFig.3) at the DFT level of theory shows a
compactstructureinwhich the Ba* centre does notinteract only with
the fullaza-crown ether but extends its coordination patternto the N1
atom of the benzo[alimidazol[5,1,2-cd]indolizine aromatic tetracycle
andtothel,4-disubstituted phenyl group. Consequently, the nitrogen
atom N2 of the aza-crown ether is shifted away from the closest coor-
dinationsphere of Ba** (compare the Ba>*~N1and Ba>*-N2 distancesin
Extended Data Table 2). The two perchlorate anions interact with the
metallic centre by blocking the extremes of the channel formed by 7ca,
with the Ba>*-0O distances only about 0.1A larger than those computed
for Ba(ClO,),. This geometry of 7caBa(ClO,), results in decoupling
between the two components of the fluorophore, with w = 45°. The
calculated Gibbs energy associated with the binding of Ba(Cl0,), with
the FBI is —80 kcal mol™. This exergonic character is fully compatible
with the high binding constant found for this process.

DFT calculations including a naked Ba** cation bound to 7ca also
showed arigid structure, in which the main features observed for the
7caBa(ClO,),complex —namely, the interaction of the metallic centre
with the N1 atom, the oxygen atoms of the aza-crown ethers and the
1,4-disubstituted aromaticring—are even more pronounced (Extended
DataTable2 and Extended DataFig.3).Inaddition, thereactionis much
more exergonic (Gibbs energy of the reaction, AG,,,=-197.5kcal mol™;
see Extended Data Table 3). The computed energies exhibit a very small
dependence on pressure.

Ifthe formation of clusters between the barium cation and the xenon
atoms is considered, the interaction of a Ba?*-Xeq cluster —a species
that can be operative under high-pressure conditions—with the FBI
resultsinastill very exergonic process, with a Gibbs reaction energy of
-195.9 kcalmol™. All these results indicate that the findings obtained in
solutionfor theinteraction of the FBI compound and barium perchlo-
rate are closely related to the features of the same process in the gas
phase involving naked (or Xe-clusterized) barium dications.

Polymer and titration experiments

To measure the response of the FBI in dry media, we studied several
materials, includingsilica (which we selected as our preferred support)
and three different polymers: polyvinyl alcohol (PVA), poly(methyl
metacrylate) (PMMA) and poly(ether blockamide) (PEBAX 2533).

In the case of silica we conducted a titration experiment, adding
increasing concentrations of Ba(ClO,), to the gel before depositing
the FBI-acetonitrile solution (in each case measurements were per-
formedinafluorimeter after drying the solvent). Our results are shown
in Extended Data Fig.4a. We found that the response of the complexed
FBlindicator improved with larger concentrations of Ba(ClO,),—an
effect that we attribute to the affinity of the silica for barium. For the cal-
culation of Fwe chose the largest concentration studied (7,927 equiv.).

We note, however, that the discrimination factor computed with a
concentration of 3,964 equiv. (and with concentrations larger than 7,927
equiv., not shown in the plot) yields a very similar result, compatible
with the error quoted for F. Our results for the studies with polymers
aresummarized in Extended Data Fig. 4b, which shows the response of
theindicatorin PMMA. Under an excitation light of 350 nm, the spectra
ofboth chelated and unchelated molecules are similar and cannot be
effectively separated. All the other polymers exhibit asimilar behaviour.
We attribute the lack of separation between the spectra of chelated and
unchelatedindicators to the restriction of the conformational freedom
imposed by the polymer’s rigid environment.

Subtraction of the silicaresponse

Extended Data Figure 5shows the response of the silicato an excitation
light of 250 nm. We note that the subtraction of the silica response
resultsinazerobaseline (and asignificant subtraction error) for wave-
lengths below ~370 nm. Above that value, the chelated spectrumrises
quickly, while the unchelated spectrumincreases only above 400 nm.
The separation between the two spectrais very large in the region
(400, 425) nm, where the response of the uncomplexed spectrum is
compatible with zero, but the systematic error in the measurement
of the discrimination factor is also large (40%). In the selected region
of (400, 425) nm, the separation is still large and the systematic error
isreduced to 20%.

Laser setup

A schematic diagram of our laser setup is depicted in Extended Data
Fig. 6a. We took advantage of the fact that the emission spectra of
the FBI and FBI Ba*' for an excitation light of 250 nm and of 400 nm
are very similar (Extended Data Fig. 6b) and used a mode-locked
Ti:sapphireinfraredlaser (800 nm) as theillumination source, induc-
ing the absorption of two photons of 400 nm each. This laser system
provided pulses of infrared light with a repetition rate of 76 MHz.
The pulse duration was 400 fs on the sample plane. The beam was
reflected on a dichroic mirror, passed a non-immersion objective
(20%, NA = 0.5) and reached the sample, illuminating a spot limited
by diffraction to a volume of about 1 um?®. A d.c. motor coupled to
the objective allowed optical sectioning across the sample along
the Zdirection. This image modality is known as Z-X tomographic
imaging and we call these tomographic images ‘profiles’. In addi-
tion, we obtained 3D tomography images, which were assembled
from 40 X-Y scans of 75 pm x 75 pm. Each scan corresponded to a
different depth Z, in steps of 10 um. The resulting images were then
combined in a 3D image. The emitted light was collected through
the same objective and passed the dichroic mirror. Finally, before
reaching the photomultiplier tube used as the detection unit, the TPA
signal passed through either a high-pass, green filter withA>450 nm,
or aband-pass deep-blue filter of (400, 425) nm.

To estimate the absolute number of fluorescence photons emitted
by theFBlindicatorina TPAscan, we first measured areference sample
of fluorescein suspended in PVA (fluorescein reference sample, FRS).
Extended DataFig. 6¢c shows alog-log plot of the recorded photomul-
tiplier tube (PMT) signal as a function of the laser power for FRS. As
expected for TPA, the slope of the resulting straight line has a value
near 2. Extended Data Fig. 6d shows a profile taken on FRS at a power
of 80 mW. Identical profiles were taken on SBFp at a power of 40 mW.
Thisallowed the measurement of the brightness ratio 8, = 65,/ Orrs, Which
gave §,=17 + 4 and therefore Sgp;p,2-= (6.2 +1.7) x 102 GM (in units of
Goeppert Mayer; 1 GM =107° cm* s per photon per molecule). The
details of the measurement are discussed below.

Determination of the brightness of FBI relative to fluorescein
The fluorophore brightness (6 = og,, where g is the TPA cross-section
and ¢, is the quantum yield) of fluorescein at awavelength of 800 nm
(ref.*°) is 84,,=36 + 9.7 GM. It is therefore possible to normalize the
brightness of the FBI to that of fluorescein by using samples of known
concentrations and measuring the response in our setup foridentical
profiles. Tothatend, we used a control sample of fluorescein suspended
in PVA (FPVA) with a concentration of ngp, = 10" molecules cm™and
compared it with an FBI-chelated pellet (SBFp), whichhad aconcentra-
tion of ngge, = 2.2 107 molecules cm™. Profiles were taken on FPVA at
a power of 500 mW. Identical profiles were taken on SBFp at a power
of 100 mW. The total integrated PMT signal in the FPVA and SBFp
samplesiis:

I = Kn6P? (6)
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where nis the density of molecules (molecules cm™) of the sample and
Pisthelaser power.Kis a constant that depends onthe setup, whichis
the same for the FPVA and SBFp profiles. It follows that:

Regi/fiuo =

5 2
SBFp _ Iserp Mgpya [ Apva 7)
Orpva

Irpva Isgrp \ Psgrp

Allthe quantities in equation (7) are known. In particular, the integral
of the SBFp profile yields 10° PMT counts, whereas the integral of the
FPVA profile has 5.9 x 10* counts. Thus, we find Regq, =17 + 4, where
the ~20%relative error isdominated by the uncertainty in the concen-
tration ng,, and therefore 8pp p,2+= (6.2£1.7) x 10% GM.

Interaction of FBI with other elements

Theinteraction of the FBI (7ca) with other elements was studied inorder
toassess the selectivity of theindicator. In particular, we chose several
dications within the alkaline earth elements, one of whichis barium, as
wellas sodium and potassium, which are abundant inthe environment
and occupy contiguous positionsin the alkaline group of the periodic
table. We prepared solutions (5 x10°M) of 7caand ametal sourceina
ratio of 1:1. We used Ca(OH),, K(CIO,), Na(Cl0O,), Mg(CIO,),, Sr(Cl0,),
and Ba(ClO,), with CH,CN as the solvent. The results are summarizedin
Extended DataFig. 7. We observed that Mg induced a partial intensity
lowering (on-off effect) at the same emission wavelength uponinterac-
tion with 7ca, whereas Ca** did not produce any noticeable change in
its fluorescence emission spectrum when mixed with 7ca. Therefore,
we concluded that ourindicator does not produce substantial changes
tothe emission wavelengthinthe presence of light alkaline earth dica-
tions. By contrast, in the presence of 7ca, Sr** exhibited an emission
spectrum similar to that observed for Ba?*. These results show that 7ca
is able to chelate the heavier alkaline earth dications Sr** and Ba*". It is
therefore expected that 7ca should chelate Ra". Finally, according to
our results, neither K" nor Na* were chelated by 7ca, thus evidencing
the high selectivity of our indicator.

Asensor for Ba*' tagging

In addition to a sensor capable of chelating Ba®* with high efficiency,
afuture HPXe experiment with barium tagging needs to be able to
distinguish unambiguously the signal of a single complexed indica-
tor from the background of unchelated surrounding molecules. Here
we show that the large discrimination factor of the FBI permits such
arobust observation of single chelated molecules even for densely
packed sensors.

We consider a TPA microscopy system similar to the one used here,
but with optimized parameters, for example, an 800-nm pulsed laser,
with arepetitionrate of f=100 MHz, pulse width t=100 fs full-width at
half-maximum and amoderately large numerical aperture of NA=0.95.
Following ref. %', we take the overall light collection efficiency of the
systemto be £, =10%. Focusing the laser on a diffraction-limited spot (a
circle of -0.5 pm diameter) results in a photon density 0of 1.7 x 10> pho-
tonscm2 W2 per pulse.

We assume now that asingle FBImolecule complexed with aBa* ion
and munchelated indicators are contained insuch a diffraction-limited
spot. The number of absorbed photons, n,, per fluorophore and per
pulseis®

"= "2f | 20

where Pisthelaser power, §is the brightness (o¢);,) of the fluorophore,
histhereduced Planck constant and cis the speed of light in vacuum.

We can compute the number of photons that the chelated indica-
tor absorbs as a function of the laser power using equation (8). Given
the relatively large TPA cross-section of the FBI (also computed here),
n,=2foramodest power of 11 mW. By setting the laser power at this
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value, the emission rate of the chelated molecule will equal the laser
repetition rate, n,=1x10% photonss™.

Thelight emitted by the complexed FBImolecule will be blue-shifted.
We assume that a band filter A,0f (400, 425) nm is placed in front of
the CCD. n;is the fluorescence emitted in a given time interval by the
chelated indicator. Then, the light recorded by the CCD that is due to
the chelated indicator willbe N =g .n;, where £,= 0.29 is the band-pass
filter efficiency for the signal.

The total fluorescence (green-shifted) emitted by the unchelated
molecules will be mny/C, and the corresponding background light
recorded by the CCD will be N, = gfe . mn;/C, where £¢= 0.0036 is the
band-passfilter efficiency for the background.

The total signal N, recorded in the CCD will be N, = N;+ N,, where N;
is the fluorescent signal. The estimator of the signal observed in the
spot willbe N, - N,,, where N, can be computed with great precision by
taking the average of a large number of spots containing only unche-
lated molecules. The signal-to-noise ratio (SNR) of the subtraction is:

10
SNR = A =, stcﬂ - ﬂ (9)
N m | m

in units of s>, The SNR is expressed as a function of time in seconds
because n; measures the number of photons per second. The num-
ber of molecules in the diffraction spot will depend on the density of
indicators, p, in the sensor. We assume that the target will be a dense
monolayer with about one molecule per square nanometre. Asshown
by our DFT calculations, the ‘snowballs’ formed by the bariumion dur-
ing transport (for example, Ba®'Xeg) will readily form a supra-molecular
complexat distances of the order of 1nm (for example, 8 Ain the exam-
plediscussed here). Thus, p=10° um>and m =2 x10°. By substitutingin
equation (9), we find SNR =6 x10?s"2. If we take a scanning time per spot
of1ms, thenSNR=20. Therefore, achelated indicator would produce
anunmistakable signal above the background of unchelated molecules
inthatspot. This demonstrates that fast and unambiguous identifica-
tion of Ba® ionsin the sensor canbe attained using a dense monolayer.
The scanning of large surfaces using wide-field TPA is discussed below.

1/2

ABOLD concept

We conceive the BariumatOm Light Detector (BOLD), whichisan HPXe
implementing a full barium-tagging detector (BTD) that fully covers
the cathode of the apparatus. Other possibilities that could apply to a
future HPXe with barium tagging are discussed in ref. >,

BOLD consists of three major systems. An energy-tracking detector
(ETD), which measures the energy and the start time ¢, of the eventand
reconstructs its topology (and in particular its barycentre), and the
BTD, which is capable of tagging, with high efficiency, the single Ba**
ion produced in a 8B0v or Bf2v decay. The information of these two
systemsis linked through the delayed coincidence trigger (DCT), which
establishes a coincidence between the observation of the two-electron
signal and the detection of Ba®*. The role of the DCT is to suppress the
impact of §2v events and of other potential accidental coincidences
involving ions such as Ra®* and Sr?'.

Extended Data Fig. 8 shows aschematic of BOLD. Conceptually, the
detectoris asfollows: the ETD isan array of light sensors (probably sili-
conPMTs) located behind the transparent anode, whichis connected
to highvoltage. The BTDis located behind the grounded cathode and
deploys an array of tiles called Molecular Target Elements (MTEs). A
self-assembled monolayer of FBl indicators is grown on one of the
sides of the MTEs, and placed facing the TPC fiducial volume. The
MTEs are interrogated by a fast TPA laser microscopy system (TPAL)
consisting of one or more pressure-resistant objectives, which are
able to move on demand to the specific area of the BTD that needs to
be scanned. The laser will be a high-power (2-3 MW), pulsed, femto-
second, 100-MHz (or 1-GHz) system that enters the chamber through
suitable windows and is steered by piezo-electric actuated mirrors.



A prototype of such a system is already under development as a part
of the NEXT R&D programme®,

The delayed coincidence trigger is activated by the ETD when the
energy of the event is measured to be within the region of interest,
signallingan event of interest. When this happens, the ETD reconstructs
the barycentre of the eventand computes the expected time of arrival
ofthe Ba® ion to the BTD. It then sends the coincidence trigger, which
lowers the voltage of the BTD during atime window large enough (about
1ms) to allow the putative Ba** ion arriving to the cathode to ‘cross the
gate’, reachthe BTD and be captured by one of the MTEs. The predicted
arrival position of the ion is also known from the barycentre of the event
(with aresolution of about 5 mm at a pressure of 40 bar, according to
our Monte Carlo calculations) and is sent to the TPAL, which scans a
region around it. After scanning, the TPAL sends a signal if a chelated
molecule has been found. The signature of a f80v event is the coinci-
dencebetweenthe energy trigger, the time trigger opening the cathode
gate, and the TPAL positive trigger.

Given the barycentre resolution of 5 mm, the Ba?* candidate will
be contained in a scanning region of 1.5 cm x 1.5 cm more than 99% of
the times. To scan such an areain a reasonable time, it is necessary to
implement large-field-of-view (FOV) techniques. For example, a FOV
of 100 pm diameter and aninterrogation rate of 1ms per FOV resultin
ascanning time of 13 s cm™, which allows the scanning of the barium
fiducialarea (1.5cm x1.5cm)in~30s.

Indeed, the availability of lasers with peak powers of several watts
makes fast scanning possible by using wide-field two-photon micros-
copy**. If, instead of focusing into a diffraction-limited spot by overfill-
ing the back aperture of the objective (as discussed in the example
given in the main text), we choose to focus into a small spot near the
back aperture, awider (and weaker) spot is produced on the target
plane. The number of absorbed photonsin this configuration decreases
with (r/r,)?, where ris the wide-field radius and r, is the radius of the
diffraction limit spot. By taking r =50 pum and r,= 0.5 pm, we find that
n'"=n,x107*, where n}'" is the number of absorbed photons in the
wide-field configuration. However, these four orders of magnitude
can be accounted for by the P’ dependence of n,. Indeed, we find that
nZ,"f =2forapower of 2.1W.By projecting each diffraction-limited spot
inthe FOVin one CCD pixel, itis then possible to find whether any pixel
inthe CCD hasa chelated molecule with high SNR (-20) in1ms (the last
generation of CCD cameras features speeds in excess 0f 1,000 frames
per second), and thus fast scanning is feasible.

The scanning methodology deserves also some comments. During
the fabrication of the BTD, each of the MTEs willbe scanned and amap
of pixels will be recorded. The map will contain the position of the pixel
and theintensity responseinthe deep-blue band (for example, afilter
of (400, 425) nm) to the interrogation of the scanning laser operating
at the nominal parameters. The initial scan will allow us to identify
and reject defective MTEs and to veto any potential defective spots.

Under normal operation, when the DCT triggers the scan of a specific
region, the systemrecords the signalin each spot and compares it with
thereferenceinthe database, as well as with the running average com-
putedinreal time. Thisallows us totakeintoaccount any local variation
of densityinthe MTEs, as well as fluctuationsin the laser power, which

are controlled with very good precision. The systematic error that we
obtain when simulating these parameters is small compared with the
bulk effect of the subtraction of the light that is due to unchelated
molecules. Setting a very high nominal SNR (20 in our analysis) also
provides extra protection against spurious fluctuations, which in our
analysis never yielded an SNR greater than 3. To conclude, we think
that arobust and reliable TPA scanning system can be implemented.
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Extended DataFig.1|Characterization of FBlinsolution. a, Emission
spectraofunchelated (7ca; cyan) and chelated (7caBa?'; blue) indicators upon
excitationat250 nm. Red dots indicate the wavelengths used to determine the
peakdiscrimination factorf;. b, Photographs of the two speciesin acetonitrile
showingbicolour emission uponirradiation at 365 nm. ¢, Benesi-Hildebrand
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plotofthe fluorescence emission spectraof FBlinacetonitrile solution at
roomtemperaturein the presence of different concentrations of barium
perchlorate.e,Job’s plot of the 7ca+Ba(ClO,), interaction, showingal:1
stoichiometry between 7ca and Ba*, thus forming the complex 7caBa*".
AF, variation in the measured emission; X(Ba**), molar fraction of Ba*".
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Extended DataFig.2|Theoretical predictionsand NMR experiments. compound 7cauponaddition of barium perchlorate. The mostimportant
a, b, DFT-derived gas-phase structures of 7ca (a) and 7caBa®* (b). Bond changes in chemical shift (in ppm) are highlighted. All the spectra were
distancesaregivenin A. Dihedral angles w formed by covalently bonded atoms recorded at 500 MHz. Protons a correspond to the methylene groups of the
1-4aregivenindegreesand in absolute values. ¢, Frontier molecular orbital aza-crown ether moiety (e). Protons band c (d) correspond to the
energy diagram of 7ca (left) and 7caBa** (right). Vertical arrows indicate the para-benzylidene group. See the drawing of 7caind for the assignment of all
main contributions to the electronic transition to the lowest bright state. protons.

d, e, Aromatic (d) and aza-crown ether (e) regions of the proton NMR spectra of
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Extended DataFig. 3| Computed structures of FBI-barium perchlorate phenylgroupis denoted as X. Bond distances and dihedral angles are givenin
complex. DFT-derived fully optimized structure of 7Zcacomplexed withbarium  Extended Data Table 2.
perchlorate. Adummy atom located at the centre of the 1,4-disubstituted
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Extended DataFig. 4 |Titration and polymer experiments. a, Titration experiments, showing that the response of the FBlimproves 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.
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Extended DataFig. 5|Subtraction of thesilicaresponse.a, b, Emissionspectraof the SF (a) and SBF (b) samples, with the background from the silica
superimposed, for an excitation light of 250 nm.
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Extended DataFig. 6 | TPA microscopy. a, lllustration of our setup. An
infrared (800 nm) laser passes through a dichroic mirror and fills the back
plane of the objective (20x, NA=0.5) of aninverted microscope. Thelaseris

ofabout1pm?). The emitted fluorescence passes through aselection filter
before being recorded by aPMT. b, Emissionspectraof FBland FBIBa* foran
excitationlight of 250 nm (green, blue) and 400 nm (olive, cyan). The spectra

focusedinthe sample, with aspot limited by diffraction (for example, avolume

theintensity on the power, whichis characteristic of TPA, for the FRS.
d, Two-dimensional scan (profile) across the FRS. Integration of the profile
yields anintegrated signal that can be used for the normalization of the FBI

samples.
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whereasinetheresponseissimilartothat observed for barium, showing the

Extended DataFig.7|Interaction of FBIwith other elements (1:1equiv.).
formation of asupramolecular complex. All excitation spectra were taken at

a-e, Bluelinesrepresent FIB +Na* (a), FIB +K' (b), FIB + Mg?** (c), FIB + Ca* (d)
and FIB +Sr?* (e), and the cyan lines show the corresponding unchelated 250 nm.
indicators.Ina-d, the spectrashow that the FIBis not chelated with theion,
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Extended DataFig.8|Schematic ofthe BOLD detector. Anexampleofa8f0Ov  towardstheanode, wheretheirenergyis measured by the ETD, which also
signal eventis shown. The two electrons emitted in the decay (purple) reconstructs the eventbarycentre. The Ba?* ion drifts very slowly towards the
propagateinthe dense xenon gasionizing it, and the ionization electrons drift cathode, whereitiseventually captured and identified by the BTD.
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Extended Data Table 1| Characterization of FBIl compounds 7 and 7Ba

2+

Compound Aem ® (NM) 2 b, ° B¢ (M 'em™)
7 7—Ba’" 7—Ba’" 7 7—Ba’" 7 7—Ba’"
Taa 485 485 0.07 0.42 0.41 8.42 8.45
7ba 482 428 6.02 0.34 0.32 7.65 8.13
Tca 489 428 179.74 0.67 0.45 11.26 8.06
7da 491 491 n. d. 0.06 0.06 0.53 0.51
Tec 511 430 22.64 0.29 0.25 3.65 3.05
7cb 503 456 4.86 0.22 0.04 4.84 1.21

“Emission wavelengths (A,,,) at an excitation wavelength of 250 nm.

bPeak discrimination factors (f,) with respect to unbound fluorophores 7 at A, n. d., not determined.
°Quantum yields (¢,) at A,y

9Molecular brightness of the fluorescent emissions (B,) at A,.



Extended Data Table 2 | Structural parameters for the geometries of 7caBa?' and 7caBa(ClO,),

7caBa® »B97X-D? B3LYP-D3°
Ba®-01¢ 2.84 2.87
Ba’"-Ni°¢ 2.92 2.94
Ba’ "Nz ¢ 3.82 3.91
Ba’"-X¢ 3.03 3.04

w® 82.9 76.3

7ca-Ba(Cl0 ), ®wB97X-D? B3LYP-D3?

Ba’™-01 ¢ 2.84 2.85
Ba’™-02°¢ 2.79 2.90
Ba’"-03¢ 2.94 2.96
Ba’"-Nj¢ 3.04 3.14
Ba’"-N2¢ 4.15 453
Ba’"-X¢ 3.20 3.59

o 45.0 43.1

The atomic labels are shown in Extended Data Fig. 3.
aStructures optimized in vacuo using DFT.

PStructures optimized in vacuo using DFT.

°Bond distances in A.

9Dihedral angles (absolute value) are given in degrees.
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Extended Data Table 3 | Gibbs reaction energies of compound 7ca with Ba?* under different conditions

Pressure AGrxn?
(atm) (kcal/mol)

7ca + Ba?" — 7ca—Ba?" 1 -197.5
10 -198.8
20 -199.2
30 -199.5

7ca+ Ba’'—8Xe - 7ca—BaZ+8Xe 1 -195.9°
7ca + Ba(ClOy4), = 7ca—Ba(ClO,); 1 -80.0

*AG,,, is the free energy of the reaction, calculated as AG,,, = XG4 = ZGieact (ZGyioq. total free energy of the product; G, total free energy of the reactants) at a temperature of 298.15 K and

Reaction

computed using DFT.
®Free energy of the reaction, computed considering isolated TcaBa* clusters and eight individual Xe atoms as reaction products.
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