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SM-allowed process
Measured in several nuclei

Lepton number violating process
Requires massive, Majorana neutrinos
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How to confirm experimentally if neutrino is a Majorana particle? 

bb0n

AXZ Z+2
AX + 2 e- + 2 n- AXZ Z+2

AX + 2 e-

2v
T1/2 ~ 1019 ─ 1021 yr

0vT1/2 > 1027 yr
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• 136Xe ideal candidate
• Allows to build large detectors with

Access to topological information.
• The NEXT experiment can already 

reconstruct this track

How to confirm experimentally if neutrino is a Majorana particle? 
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How to confirm experimentally if neutrino is a Majorana particle? 



The NEXT Program

Prototypes
2010-2014

Demonstration of detector concept

~1 kg

NEXT-White
2015-2021

Background model assessment

2𝜈𝛽𝛽 measurement for 136Xe

NEXT-100
2022-2026

Neutrinoless double beta decay 

search in 136Xe

NEXT-HD
2027?

Neutrinoless double beta decay 

search through inverted neutrino 

mass ordering

NEXT-BOLD
Barium tagging for background-free 

experiment

~5 kg ~100 kg

1 Tonne

2009 2014 2015 2021 2022 2026 2027
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NEXT detectors capabilities

bb2n candidate at 2 MeV, showing 2 energy blobs at the extremes.

Energy resolution better than 1% FWHM at Qbb.

bb0n in high-pressure 136Xe gas
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The NEXT thing:

Current generation detectors “touching” inverse hierarchy
región.
Objective for the next generation is to cover this region.

Lifetimes     1027-28 years

This implies almost background free detectors at the
ca.Tonne-scale



Ba++
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How to get there with xenon gaseous detectors:

bb0n in high-pressure 136Xe gas
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David R Nygren 2015 J. Phys.: Conf. Ser. 650 01200213
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TPC

BOLD/SABAT: The basic scheme

Fluorescent
signal

136Xe54→
136Ba56

++ + 2e-
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BOLD/SABAT: The basic scheme



TPC

BOLD/SABAT: The basic scheme

Fluorescent
signal

136Xe54→
136Ba56

++ + 2e-
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FMIs (Fluorescent Monocolor Indicators) and 
FBIs (Fluorescent Bicolor Indicators)

• Dry phase

• Selectivity (Ba2+)

• Background free

• 1027-28 years
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• Selectivity (Ba2+)
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FMIs (Fluorescent Monocolor Indicators) and 
FBIs (Fluorescent Bicolor Indicators)



• Dry phase

• Selectivity (Ba2+)

• Background free

• 1027-28 years

Ba

MgK

Na Ca
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FMIs (Fluorescent Monocolor Indicators) and 
FBIs (Fluorescent Bicolor Indicators)



• Dry phase

• Selectivity (Ba2+)

• Background free

• 1027-28 years
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FMIs (Fluorescent Monocolor Indicators) and 
FBIs (Fluorescent Bicolor Indicators)



FMIs (Fluorescent Monocolor Indicators) and 
FBIs (Fluorescent Bicolor Indicators)

Ba2+

off
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Ba2+

on

off

FMIs
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FMIs (Fluorescent Monocolor Indicators) and 
FBIs (Fluorescent Bicolor Indicators)

ACS Sensors 2021 6 (1), 192-20228
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ACS Sensors 2021 6 (1), 192-20229



FMIs (Fluorescent Monocolor Indicators) and 
FBIs (Fluorescent Bicolor Indicators)

Ba2+

on

on’ (blue shift)

Ba2+

on

on’ (red shift)

FBIs
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FMIs (Fluorescent Monocolor Indicators) and 
FBIs (Fluorescent Bicolor Indicators)
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Phys. Chem. Chem. Phys. 23, 15440–15457 (2021)

1st generation FBIs: Two Fluorophores in One Molecule

• Two fluorophores (Ph or Hetero-Aromatic-Cyclic system) 
in one molecule 

• Crown Ether (Chelating agent)
• Two responses depending on the coordinator state of 

the sensor
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Phys. Chem. Chem. Phys. 23, 15440–15457 (2021)

1st generation FBIs: Two Fluorophores in One Molecule

• Green (free)---Blue (Ba++)
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Nature 583, 48–54 (2020)

• C-C or C-N coupling reactions
• High order 8+2 cycloadditions reactions
• Library of sensors or candidates
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Nature 583, 48–54 (2020)

• Different responses in solution/dry phase 
• Filter
• Background-free signal!!!
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https://www.youtube.com/watch?v=W4_Qjd3h2PU



Optimizing the photophysics of FBIs: Design Criteria for Next 
Generations

• …a lot of room for further improvement!!!
• Strict rules…NEXT/BOLD experiments 
• The pipeline pharma strategy 
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Larger Dl

(free/chelated)

To increase (Neutrinoless bb0n 
extremely rare event)

• Higher brightness
• Larger discrimination factor
• Bigger binding constant

Optimizing the photophysics of FBIs: Design Criteria for Next 
Generations
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Next generation FBIs: Novel Ar1 and Ar2 Units

benzo[a]imidazo[5,1,2-cd]indolizine

benzo[a]imidazo[2,1,5-cd]indolizine

a: X=Z=CH; Y=H
b: X=N; Y=CH3; Z=CH
c: X=Z=N; Y=H

Different candidates (Design)
• Rotation … changing the nitrogen by 

carbon,
• 5,1,2   to  2,1,5
• Configurational space
• Decorate options
• Anchor to surfaces
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lexc = 365 nm
[ ] = 5·10-5 M
ACN
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A B C

FBI Series: Four Generations

Already published

• 3 components (A, B and C)
• A Heterocycle; B Phenyl group and C

Crown Ether

• Interaction with Ba++ 
• Center of Crown Ether
• Pi-cation-interaction-aromatic ring
• N-from heterocycle
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A B C

FBI Series: Four Generations

Already published
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( 2) 172.5 /

( ) 301.2 /

( ) 128.71 /

b

b

E FBI G kcal mol

E optimal kcal mol

E deformation kcal mol

D − = −

D = −

D = +



• Strong conformational flexibility 
• Phenyl group coplanar with heterocycle (G1)
• Rigid conformation than G1 (Ba++)
• The pi-cation interaction is preserved
• Disconnection----color shift
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FBI-G3: The parent molecule FBI-G3a

MM-MonteCarlo (OPLS3e force field)
Most stable conformation (298 K)
+ 15 conformations within 1kcal/mol

Very high
conformational flexibility

B3LYP-D3BJ/6-311++G**&LanL2DZ

a
b c

d

abcd=-20 deg.
a’

b’ c’
d’

a’b’c’d’=33.4 deg.
a’’
b’’ c’’

d’’

a’’b’’c’’d’’=15.4 deg.

• Extended system
• High flexibility respect to G1
• Broad emission spectra 
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B3LYP-D3BJ/6-311++G**&LanL2DZ
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E deformation kcal mol
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2.97

3.11
3.02

2.84
3.01

2.72

B3LYP-D3BJ/6-311++G**&LanL2DZ
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2.96
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B3LYP-D3BJ/6-311++G**&LanL2DZ
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FBI·G2
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FBI·G2a
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FBI·G3
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FBI·G4a

Chemical Synthesis of FBI-G4 Candidates
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Fluorescent Bicolor Indicators G2, G3 and G4
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FBI·G4FBI·G3FBI·G2FBI·G1

Compound

lem
a (nm)

Dl (nm) f lem

𝒃

fl
𝒄 Bl

𝒄 (M-1 cm-1) el
𝒄 (M-1·cm-1) sl

𝒄 (Å2)

Ka
d (M-1)

Gn Gn·Ba2+ Gn Gn·Ba2+ Gn Gn·Ba2+ Gn Gn·Ba2+ Gn Gn·Ba2+

G1 489 428 61 179.7 0.67 0.45 16,388 9,937 24,460 22,084 0.94 0.84 5.3 ·104

G2 622  552 70 210.6 0.23 0.55 5,990 16,564 26,044 30,117 1.00 1.15 1.3·106

G3 600 436 164 5.5 0.74 0.61 13,380 3,068 18,081 5,031 0.69 0.19 5.0·105

G4 592 550 42 8.2 0.41 0.58 5,193 5,794 12,667 9,991 0.48 0.38 1.0·105

a Emission wavelengths λem at a lexc_max .b Peak discrimination factors (fλ) with respect to unbound fluorophores Gn at λem. c All values for Quantum yields фλ , molecular

brightness of the fluorescent emissions (Bλ), molar extinction coefficient and cross section were recorded for l(G1) =250 nm; l(G2) =325 nm; l(G3)=368 nm; l(G4)=354 nm . d

Ka with barium perchlorate in acetonitrile at 298 K using the Benesi–Hildebrand method.

FBI·G4FBI·G3FBI·G2FBI·G1
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Differently Functionalized FBI-G2 compounds
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A unified synthetic scheme towards functional surfaces

PHASE 3
Functionalization of the 
spacer-linker component PHASE 1

Synthesis
of the main fluorophore

PHASE 2
Coupling to the chelating group
and the  secondary fluorophore

PHASE 4
Covalent anchoring

to the surface
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Conclusions and Outlook
• Its is possible to expand and optimize the configurational space of fluorescent bicolor 

indicators (FBIs) by modifying the structure of the hereroaromatic polycyclic (Aryl1) 
and the para-phenylene/bipenylene (Aryl2) components.

• Among the different options synthesised and tested, the FBI-G2 series is particularly
promising.

• Work is in progress to functioanlize this novel family of sensors in order to generate
suitable functionalized surfaces (see ongoing presentations from Donostia SABAT 
group)

benzo[a]imidazo[2,1,5-cd]indolizine
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