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Introduction

Double beta decay nuclear reactions' take place in certain
privileged nuclides and result in the formation of daughter
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Translation of photophysical properties of fluorescent sensors from solution to solid-gas environments via
functionalized surfaces constitutes a challenge in chemistry. In this work, we report on the chemical
synthesis, barium capture ability and photophysical properties of two families of monocolor and bicolor
fluorescent sensors. These sensors were prepared to capture barium cations that can be produced in
neutrinoless double beta decay of Xe-136. These sensors incorporate crown ether units, two different
fluorophores, aliphatic spacers of different lengths, and a silatrane linker that forms covalent bonds with
indium tin oxide (ITO) surfaces. Both species shared excellent Ba?* binding abilities. Fluorescent monocolor
indicators (FMIs), based on naphthyl fluorophores, showed an off-on character in solution controlled by
photoinduced electron transfer. Fluorescent bicolor indicators (FBIs), based on benzolalimidazol5,1,2-cd]
fluorophores, exhibited a significant change in their emission spectra on going from the free to the
barium-bound state. Both FMIs and FBIs showed similar photophysics in solution and on ITO. However,
their performance on ITO was found to be attenuated, but not fully extinguished, with respect to the values
obtained in solution, both in terms of intensity and selectivity between the free and Ba®*-bound states.
Despite this issue, improved performance of the FBIs based on confocal microscopy of the directly
attached molecules was observed. These selective FMI and FBI chemosensors installed on tailor-made
functionalized surfaces are promising tools to capture the barium cations produced in the double beta
decay of Xe-136. The identification of this capture would boost the sensitivity of the experiments searching
for the Xe-136-based neutrinoless double beta decay, as backgrounds would be almost totally suppressed.

nuclides that are located two positions ahead along the
periodic table of elements. In the Standard Model of particle
physics, two neutrons of the parent nuclide are converted into
two protons, with concomitant ejection of two electrons (beta
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particles) and two antineutrinos, as shown in eqn (1). This
process is denoted as the two neutrino double beta decay
reaction (ff2v):

Ny BNyt e 427, (1)
This nuclear reaction is an extremely rare event which has
been observed in a number of nuclei with typical half-lives in
the range of >10?° years (ref. 2 and 3) (for comparison, the
age of the universe is estimated to be 13.8 x 10° years).*
Another hypothetical process beyond the Standard Model is
the neutrinoless double beta decay (ff0v), in which no
neutrinos are emitted, thus releasing the daughter nuclide
and two electrons of higher energy, as gathered in eqn (2):

Ny BNyt 4oe” (2)

This latter reaction implies that neutrinos are Majorana
particles,” namely they are their own antiparticles (ve = v).
Experimental verification of this hypothesis would have
profound consequences in particle physics and cosmology, by
providing a key element for leptogenesis and the baryon
asymmetry in the universe.®”

One isotope that can experience double beta decay
reactions is Xe-136 (3X = 1i°Xe), whose ffxv (x = 0, 2)
reaction leads to a Ba-136 dication®(},,Y*" = $2°Ba®"). The
current best lower limit to the half-life of this process is 2.3
x 10*® years (90% C.L.).> In the context of the future

. 0 —
generation of Xe-based fBOv (;iﬁxeﬁﬁ»véfBaHJrZe)

experiments, the detection of the barium dication and its
correlation with the experimental signal of the two electrons
(so-called barium tagging) lead
background-free experiment.

The general concept was proposed by Nygren® in 2015,
and since then, several proofs of concept have been
reported.'”"" In the conceptual device named BOLD (Barium
atOm Light Detector, see Fig. 1a), a xenon time-projection
chamber (Xe-TPC) splits the products of the £f0v reaction by
drifting the electrons'? towards the energy-tracking detector
(ETC) and measures the energy of the event in order to
distinguish between pf0v and pf2v disintegrations. The
barium cation, whose drift can be estimated from the ETC
data, goes towards the barium target detector (BTD). The best
option for a BTD consists of a conducting surface anchored
to a fluorescent sensor, which changes its properties once
bounded to the barium cation.”" A suitable optical detector
(Fig. 1a) reads the fluorescent signal emitted by the bounded
species after laser excitation at the adequate wavelength."?
The fluorescent sensor incorporates a linker, a spacer
covalently bonded to the fluorophore and a barium catcher
(Fig. 1b). Given the extremely low production rate of SB0v
events (vide supra), the following requirements must be
fulfilled by any fluorescent sensor incorporated to the BTD:

(i) The binding constant must be sufficiently high in order
to ensure any Ba®>* species are captured;

would to a virtually
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(ii) The binding moiety must capture Ba®>" with high
selectivity with respect to other species present in the Xe-
TPC; and

(iii) The background must be extremely low in order to
yield a suitable signal-to-noise ratio.

Although the photophysics of the supramolecular
chemistry of cation capture is well known, its translation to
solid-gas interfaces, in particular to a high-pressure xenon
chamber (HPXe), is far from being well understood. The
non-fluorescent surface must be passivated, such that
competitive binding is unlikely and/or highly reversible.
Within this context, in this work, we report on the chemical
synthesis, barium capture ability, and fluorescence
properties of two conceptually different families of barium
tagging sensors anchored to a conducting surface formed by
indium tin oxide (ITO).

Results and discussion
Design

We decided to incorporate silatranes as partially N-protected
linkers' in the two families of fluorescent sensors because of
their synthetic accessibility and the effective binding reaction
of this species to metallic oxides such as ITO to yield
covalently bound siloxane species (Fig. 2)."> Aliphatic chains
of two different lengths were selected in order to minimize
the number of heteroatoms possessing lone pairs that could
compete with the Ba>" catcher during the cation-binding
process. Aza-crown ethers'®'” were chosen for Ba*" capture
because of the well-known capability of these cyclic
compounds to bind cations with high selectivity and because
of the highly preorganised character of these cyclic
structures, which minimizes the entropic penalty associated
with Ba*" binding. Two schemes were considered: depending
upon the number of nitrogen atoms incorporated into the
18-crown moiety. We denoted these structures as NOs and

N,Oy,, associated with 1,4,7,10,13-pentaoxa-16-
azacyclooctadecane and 1,4,10,13-tetraoxa-7,16-
diazacyclooctadecane, respectively. These patterns were

selected in order to assess the effect of nitrogen atoms on the
binding constant.

The nature of the fluorophore installed in the sensor
determines the design of this essential component. One
possibility consists of incorporating a fluorophore that is
inactive in the absence of the cation, for instance by
deactivation via photoinduced electron transfer (PET)."®

According to this approach, cation binding induces
coordination of the nitrogen lone pair of the aza-crown
ether, thus inhibiting the PET deactivation. This situation
results in an off-on scheme (Fig. 2a) in which the absorbed
and emitted wavelength is the same, the intensity being the
factor that governs the identification of the bound state. We
denote this kind of sensor as a fluorescent monocolor
indicator (FMI). This approach has successfully
explored by the NEXT collaboration via the
incorporation of fluorophores based on naphthalimides (1H-

been
19,20
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Fig. 1 (a) Basic design of a BOLD (Barium atOm Light Detector) device

for the neutrinoless double beta decay (530v) of *®Xe into *°Ba®*. (b)
Cartoon showing the components of a fluorescent indicator covalently
anchored on an indium tin oxide (ITO) functionalized surface.

benzo[delisoquinoline-1,3(2H)-diones). Another possibility
consists of installing a two-component fluorophore whose
photochemical spectrum depends on the coordination with
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Ba®>". In the absence of cation binding, the two components
participate in extended m-symmetric molecular orbitals, and
the emission spectrum results in a well-defined signal. After
Ba®* capture, the proximal component of the fluorophore
interacts with the cation, disrupting the coupling between
both components and inducing a blue shift in the
corresponding absorption and emission spectra (Fig. 2b). As
a model fluorophore, we selected the 1-arylbenzo[qd]
imidazo[5,1,2-cd]indolizine scaffold.”’ We denoted this kind
of fluorophore as a fluorescent bicolor indicator (FBI). This
approach has also been successfully explored by the NEXT
collaboration both in solution and in solid-gas interfaces
involving chemisorbed species.>*?*

In view of these encouraging precedents, we decided to
synthesize  novel fluorescent ionophore molecules
incorporating Ba>" catchers of type NOs and N,0,, FMI and
FBI fluorophores, aliphatic spacers, and a silatrane unit as a
linker to be incorporated on the ITO surface. The details
about the chemical synthesis of these compounds are
described and discussed in the next section.

Chemical synthesis

The synthesis of 1,8-naphthalimide FMI sensors was based
on the method previously reported by Thapa et al*°
Nucleophilic substitution reaction between mono- and diaza-
crown ethers 1a,b and 1-fluoro—4-nitrobenzene resulted in

2+
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H
: (A2
N ¢ .
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A
—— LAl
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] Al
Q
= on
T FBI \ =
—_—

Fig. 2 Fluorescent monocolor indicators (FMIs, a) and fluorescent bicolor indicators (FBIs, b) anchored to an indium tin oxide surface, as analyzed
in the present work. The changes in intensity and/or wavelength in the emission spectra are highlighted.
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the formation of compounds 2a (ref. 24) and 2b, whose
catalytic hydrogenation in a flow reactor was followed by
expeditious condensation with 1,8-naphthalanhydride 3
yielded imides 4a,b.*° Fortunately, once the imides were
obtained, they were found to be stable from degradation
induced by water or air. After this step, diaza-crown ether 4b
was transformed into its N-benzyl derivative 4c in acceptable
yield. In a parallel sequence, triethoxy(w-aminoalkyl)silanes
5a,b were transformed into the corresponding silatrane
derivatives 6a,b in excellent yields. Coupling between these
latter linker-spacer components with the complementary
fluorophore-aza-crown counterparts 4a and 4c led to the
desired FMI compounds 7aa-7bb. Interestingly, N,O, FMIs
7ba and 7bb were obtained in higher yields with respect to
their NOs analogs, 7aa and 7ab. In all cases, the purity and
scalability of this convergent synthesis were adequate for
further analysis (Scheme 1).

The convergent synthesis of FBI molecules (Scheme 2)
started with the formation of N-phenyl aza-crown ethers 8a
(ref. 25) and 8b. Reaction with N-iodosuccinimide (NIS) of
these latter compounds yielded the corresponding para-iodo
derivatives 9a,b. N-Benzylation of 9b yielded 9c¢ with
acceptable yield. C-B coupling between 9a,c and
bis(pinacolato)diboron (pinB-Bpin) resulted in the formation
of the corresponding pinacolyl boronates 10a,b. The
synthesis of the 1-arylbenzo[a]imidazo[5,1,2-cd]indolizine
scaffold fluorophore started with a double condensation of
amino ester 11 with methyl bromoacetate, followed by a
reaction with phosphoryl chloride.*® Chloride derivative 12a
was transformed into its iodo congener 12b, and then, a
formal (8 + 2) thermal cycloaddition®” with benzyne formed
in situ from 2-(trimethylsilyl)phenyl triflate yielded the

7 f
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tetracyclic methyl ester 13. Suzuki**-Miyaura® reaction of
this latter higher order cycloadducts with aryl aza-crown
ether boronates 10a,b led to the formation of compounds
14a,b. Hydrolysis of the ester moiety followed by amide
coupling with w-aminoalkyl silatranes 6a,b yielded the final
FBI compounds 15aa-bb. In summary, our convergent
syntheses of FMI and FBI sensors took place with moderate
to low overall yields but with high purity, which was useful
for further purposes in this work.

In order to prepare functionalized surfaces on ITO (or
quartz, if desired), after intensive exploration of different
experimental conditions, we optimized the procedure
indicated in the following lines. First, indium tin oxide was
pre-activated by O, plasma for 90 min (Fig. 3, step a) and
kept under vacuum at 60 °C for 1-3 h in the pre-chamber of
the glove box (Fig. 3, step b). Meanwhile, 0.46 mM solutions
of compounds 7aa-bb or 15aa-bb in MeCN were prepared in
the glove box. The activated surface was introduced in the
glove box and put in the spin coater. Then, a previously
prepared solution containing compound 7 or 15 (3 uL) was
deposited on the pre-activated surface and spin-coated under
reduced pressure for 10 s at 1000 rpm (spin-up/spin-off and
curing). This process was followed 3 times (Fig. 3, step c).
The sample thus obtained was taken out from the glove box
and washed with 10 mL of MeCN (Fig. 3, step d), kept for 10
min with 10 mL of MeCN in the ultrasonic bath (Fig. 3, step e),
washed again with 10 mL of MeCN (Fig. 3, step f), and dried
with Ar flux (Fig. 3, step g). For the reaction with barium, the
functionalized surface was put again in the spin coater. Then,
10 pL of a saturated solution of Ba(ClO,), in MeCN were
added dropwise and the resulting mixture was spin-coated
under reduced pressure for 20 s at 1200 rpm. The subsequent

X
%
[ N
o \)o)
Br NMP, 120°C
overnight " o o
|
NH

@
e

A,

HN 0-Si-o
| ! =~
] \2 k]
"] N
0-Si-o 7aa (X=0, n=1, 4 %)

Q N-J 7ab (X=0, n=9, 9 %)
7ba (X=NBn, n=1, 37 %)
7bb (X=NBn, n=9, 27 %)

6a (n=1, 95 %)
8b (n=9, 95 %)

Scheme 1 Synthesis of fluorescent monocolor indicators (FMIs) 7aa-bb from crown ethers 1a,b, naphthyl fluorophore 3 and silatranes 6a,b. NMP:

N-methylpyrrolidone; ACN: acetonitrile; RT: room temperature.
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Scheme 2 Synthesis of bicolor fluorescent indicators 15aa-bb from crown ethers 1a,b, benzolalimidazo[5,1,2-cdlindolinizin-1-yl fluorophore 13
and silatranes 6a,b. ACN: acetonitrile; DCM: dichloromethane; RT: room temperature; EDC-HCL: N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide

hydrochloride; NHS: N-hydroxysuccinimide.

treatment was that described for the previous d-g steps. This
procedure was carried out in order to generate functionalized
surfaces in which sensors 7 and 15 were covalently linked to
ITO or quartz. These experiments were carried out in
quintuplicate. Washing, sonication and drying steps (denoted
as c-g in Fig. 3) were conducted to eliminate the
triethanolamine equivalent stemming from the silatrane
moiety, as well as any unreacted FMI or FBI molecule, as
shown in Scheme 3. In a subsequent step, addition of a
solution of Ba(ClO,), on this functionalized surface, followed
by the corresponding washing and drying steps, resulted in
the functionalized surfaces containing the Ba*'-coordinated
form of FMIs 7 and FBIs 3 represented in Scheme 3.

Fig. 3 Protocol for the preparation of functionalized monolayers
incorporating the fluorescent sensor on ITO. (a) O,-activated plasma;
(b) vacuum at 60 °C; (c) spin coating; (d) washing; (e) sonication; (f)
washing; and (g) drying.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Alternatively, barium was deposited by sublimation of
Ba(OTf), because of the lower melting point of this latter salt
with respect to Ba(ClO,), (see ESLj section 2, page S3).

In order to determine the average height of our sensor
layer deposited on ITO, an AFM scratch experiment was
performed on the surface using the cantilever itself (Fig. 4).
Scratching experiments conducted on metallic glasses,*
metal thin films,*" and soft polymer systems®* can be found
in the literature. In our case, as an example, AFM
scratching experiments for 15ba were carried out (Fig. 4).
These experiments (Fig. 4, panel e) revealed a height
difference of 2.11 nm between ITO (Fig. 4, panels a and c)
and ITO covalently bound to 15ba (Fig. 4, panels b and d).
This experimental height average value was found to be in
good agreement with the theoretically calculated value of
2.14 nm (Fig. 4, panel f). According to our calculations, the
folded conformation of 15ba is due to the n-stacking
between the fluorophore and the N-benzyl group of the
diaza-crown ether moiety.

K\X/\ (\X/H
{o] [o) o 0.
L) (e )
7 ¢ an 9 7
NN NN
| A =ClO, ,TIO |
7,15 7,15

- N(CH,CH,0H), /SI

Scheme 3 Chemical transformations leading to ITO-based
functionalized surfaces containing free and Ba®*-bound sensors 7
(FMIs) and 15 (FBIs), respectively.
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Fig. 4 a) Representative 3D and 2D topography images of a scratched ITO surface area. b) Representative 3D and 2D topography images of a
scratched ITO-15ba surface area. c) Cross section of image a. d) Cross section of image b. e) Box plot of the statistical analysis of the difference of
height found in the scratched ITO (black colour) and ITO-15ba (green colour) sample surfaces. e) Theoretical height of a 15ba molecule calculated

by MM3 molecular dynamics followed by RHF/PM6 optimization.

Barium capture and photophysical properties excitation wavelengths (Jexc), which was

previously

determined for each sensor (see ESIt section 5 pag. S93). All
We started the photophysical measurements by determining  the Job's plots showed that each FMI and FBI molecule
the emission wavelengths (le,) at the most efficient captured one and only one barium cation. The different

Table 1 Emission wavelengths (i), differences in wavelengths between the Ba®"-bound and free states (A1), molecular discrimination factors (f,),

quantum yields (¢;) and molar extinction coefficients (¢;) of compounds 7aa-bb, 14a,b and 15aa-bb

O/—\O O/—\O
7 _{ ) (Bacon, o714 _(_ D

RN 15 X MecN,25%C 5 Ba®! X
MeCN. 25°C
_/ /210,
o o
| 1

R=CO,Me, lg;Si . A O-si o

n=1,9 NL 0 _N:N—§ LT 0 _[\}?Nﬁ{

X=0, NBn -/ H ad H ©

j~z»:rnu [nm] ¢}. & [M_l le]

Sensor Free Ba*" A [nm] £ Free Ba*" Free Ba*"
7aa 534 538 -4 34 0.01 0.62 2169 9737
7ab 528 532 -4 4 0.11 0.57 5408 5359
7ba 536 540 -4 64 0.01 0.92 7618 9016
7bb 528 534 -6 71 0.01 0.89 13444 13568
14a 520 431 89 61 0.89 0.51 12971 7244
14b 514 432 82 8 0.68 0.38 9259 14910
15aa 508 434 74 285 0.93 0.35 10226 5572
15ab 504 432 72 66 0.79 0.33 10165 4889
15ba 502 432 70 89 0.92 0.94 27031 10196
15bb 505 432 73 134 0.93 0.62 6875 6867

“ Values measured after excitation at the optimal wavelength. * Computed by means of eqn (3). ¢ Computed according to eqn (4), measured at

the max. emission wavelength of the chelated species.
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values are collected in Table 1. Then, we compared these
values for each free compound with the corresponding values
upon Ba®" capture, according to the following expression:

A = Dem(free) = Jem(Ba®") (3)

According to the data gathered in Table 1, for compounds 7
AL = 0, thus confirming the monocolor character of these
FMI sensors. In contrast, for the FBI family of sensors, the AL
values ranged from 70 to 89 nm. We also calculated for each
molecule the dimensionless peak discrimination factor™ f; at
a given wavelength 1, defined as indicated in eqn (4):

_ Li(Ba*") - I;(free)
T I,(free)

4)

where I;(Ba**) and I,(free) are the intensities of the emission
signals at the wavelength of the corresponding bound and
free fluorophore, respectively. Our results indicate that the f;
values can vary from 4 to 285 (see Table 1). However, the
reasons for these different values are different. In the case of
FMIs 7aa-bb, the magnitude depends only on the intensity
values since A/ = 0. In contrast, the situation in FBIs 14a,b
and 15aa-bb depends on the intensities of the emission
signals with different A, values at the free and bound states.
These different situations are exemplified in Fig. 5.
Compounds 15aa and 15bb show the highest f; values, thus
suggesting their promising character as NEXT sensors.

The quantum yields ¢, reveal the deep differences between
both types of sensors. In the case of FMIs 7aa-bb, the ¢;
values are very low in the absence of barium, whereas these
quantum yields are much higher when these molecules are
bound to Ba**. Thus, incorporation of the spacer and linker
units in these FMI sensors does not modify significantly their
photophysical properties in solution.?® In the case of FBI
molecules 14a,b and 15aa-bb the values are higher when
Ba”" is not present. The differences in the molar extinction
coefficients at the free and Ba®"-bound states are lower in
comparison. However, with the exception of 15bb, FBI
compounds 15 show higher values in the absence of the
barium cation. The absorption cross sections (in A?),
computed according to eqn (5), follow the same trends (see
Table 2).

B6E+06 2E+06
540 502
- Z1E+06 4
p p 15ba
— 3E+06 4 7ba-Ba?* .
£ g 43
< <
S S .
8 g R 15ba-Ba?*
7ba
536
0E+00 T v 0E+00 T T
488 588 688 788 420 520 620 720
A[nm] Alnm]

Fig. 5 Emission spectra in acetonitrile solution of FMI sensor 7ba and
FBI sensor 15ba at their respective free and barium-bound states.
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In(10) x 10"
5y = DY X107 5
Na
Because of these latter features, the molecular brightness®
B;, defined as

BA = ¢)~'8}_ (6)

results in distinct behavior for FMI and FBI compounds, as
shown in Table 2. In effect, monocolor sensors 7 show much
higher brightness when bound to Ba®>*, whereas bicolor
compounds 14 and 15 show comparable brightness at both
states, the values associated with the respective unbound
states being in general one order of magnitude higher. From
these results, we conclude that it would be desirable that in
future developments, the FBI sensors possess higher
quantum yields in the Ba**-bound state.

Binding constants® associated with the scheme shown in
Table 1 were obtained according to the following equation:

[Ba®"]

[Ba?*] 1
= +
Efree ~€app  Efree ~ €bound

Ky (8free - Sbound)

(7)

where K, is the binding constant, epe is the extinction
coefficient of the free sensor, e,,, represents the apparent
extinction coefficient, calculated as the ratio between the
observed absorbance and the concentration of the sensor in
each experiment, and é&youna stands for the extinction
coefficient of the complex bound to Ba®". Plotting [Ba*"](egee —
€app) VS. [Ba®’] for each experiment and performing a linear
fitting gives an equation y = mx + n, in which the binding
constant corresponds to K, = m/n (see ESIT Fig. S3). From the
values obtained for K;, (see Table 2), we concluded that the
effect of the additional nitrogen atom is not always associated
with a higher binding constant. Thus, in the case of the FMI
series, the highest value is obtained for 7ba possessing a N,O,
binding unit, which corresponds to the biggest binding
constant. In contrast, the highest value for the FBI series is
found for 15ab, which includes a NO5; mono aza-crown ether as
a Ba®" catcher moiety. In any case, the Kj, values reported in

Table 2 Molecular brightness parameters (B;), absorption cross sections
(0;) and binding constants (K},) of compounds 7aa-bb, 14a,b and 15aa-bb

B;'a |:M7l cmfl] O'Ab [AZ]

Sensor Free Ba*" Free Ba** Ky M

7aa 23 6037 0.08 0.37 4.34 x 10*
7ab 595 3055 0.21 0.20 3.16 x 10°
7ba 76 8295 0.29 0.34 1.92 x 10°
7bb 13 12076 0.51 0.52 7.21 x 10*
14a 11544 3694 0.50 0.28 4.13 x 10°
14b 6296 5666 0.35 0.57 5.44 x 10°
15aa 9510 1950 0.66 0.21 1.95 x 10°
15ab 8030 1613 0.39 0.19 5.25 x 10°
15ba 24 869 9584 1.03 0.39 1.79 x 10°
15bb 6394 4257 0.26 0.26 1.77 x 10°

“ Computed by means of eqn (6). ° Computed by using eqn (5).
¢ Calculated by means of eqn (7).
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Table 2 are close enough to each other and high enough to
warrant an efficient ion capture, essential for a future BOLD
device. This result suggests that in future designs, the NOs or
N,O, nature of the crown ether will not be a critical factor and
both cyclic ether systems must be considered since the
structure-activity relationship of both macrocyclic barium
catchers is not readily predictable.

In general, selectivity is an essential feature of a sensor
aiming to bind a given cation. In the NEXT experiment, since
only Ba** is generated via ffnv (n = 0, 2) within the Xe-TPC,
no competitive sensor-cation interactions are expected.
However, the interaction of all the molecules reported in
Table 2 with other cations was studied in order to consider
the potential utility of these sensors in future developments,
especially in biological systems. Single cations such as Na*
and K and several dications from the alkaline earth group
were selected for these experiments (see ESIT section 5). In
the case of the monocolor series 7, Ba** and Sr*>* produce an
enhancement in emission intensity, while Ca®>" does so to a
lesser extent. On the other hand, in the bicolor series 14 and
15, Ba®* and Sr** produce FBI signals, with high
hypsochromism, while Mg>" generates a decrease in intensity.
Na' and K' do not produce significant changes with respect
to the unbound state. The behavior of both NO; and N,O,
crown ether moieties was indistinguishable. As a general
trend, Sr** and Ba®' trigger the same good response in all
cases, while Ca®* and Mg>" seem to partially bind to FMIs
and FBIs, respectively. The rest of the tests did not produce
appreciable changes in the emission spectra, showing a trend
in which bigger cations produce more substantial effects
related to a better binding to the sensor, as reported in
previous studies."**

The limits of detection (LODs) for all the compounds
reported in Table 2 were also calculated, obtaining values
ranging from 0.059 to 0.351 pM and from 0.127 to 0.392 uM
for the FMI and FBI families, respectively (see ESI{ Table S1).
These values are comparable to other fluorimetric sensors for
Ba>" reported in the literature.*®™*°

In order to get a better understanding of the low intensity
of photoemission of naphthyl N-phenyl imide fluorophores
7aa-bb, we performed complete active space self-consistent
field (CASSCF) calculations on model compound 16 (Fig. 6) as
a preliminary step. These calculations involved four electrons
distributed in three canonical molecular orbitals (MOs),
denoted as CASSCF(4,3). Our results show a non-coplanar
arrangement of the para-phenylene group with respect to the
naphthylimide moiety induced by the steric repulsion
between the oxygen atoms and the ortho hydrogens of the
phenylene group, with a dihedral angle of ca. 90 deg (Fig. 6).
This nonplanar arrangement in turn generates a decoupling
between the n-MOs of both components. The adiabatic S, —
S, * excitation occurs between HOMO-1 and LUMO. From this
configuration, the system relaxes to the S; state via a PET
from HOMO to HOMO-1 (Table 3). From this latter state, the
S; — So transition is less efficient, thus resulting in the off
state of this class of chromophores 7 in the absence of Ba>".
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Fig. 6 Single-point CASSCF(4,3)/6-31G*//HF/6-31G* calculations of
2-(4-(dimethylamino)phenyl)-1H-benzoldelisoquinoline-1,3(2H)-dione
16. H and L stand for HOMO and LUMO, respectively. The
photoinduced electron transfer (PET) in the relaxed first single state
(Sy) is shown. Dihedral angle w = (a, b, c, d) is given in deg.

The photophysical properties of FMI and FBI compounds
were rationalized by means of time-dependent DFT (TD-
DFT)*" calculations.””™* The chief electronic features
associated with the lowest S, — S; energy transition of a
model FMI candidate are gathered in Fig. 7. As a model
compound we chose compound 7aa’, in which the spacer and
silatrane of 7aa have been replaced with a
computationally less demanding methylamino group. The
TD-DFT calculations show that the lowest energy transitions
are very similar in the absence of barium and after
interaction with barium perchlorate. In both cases, the
starting HOMO-1 and HOMO Kohn-Sham (KS) MOs are
located on the naphthyl fluorophore, the para-substituted
phenylidene group being in a non-coplanar conformation
because of the repulsion induced by the imide carboxy
groups. The LUMO+2 MOs show a higher participation of the
phenylidene group, which is particularly relevant in the
barium-free species 7aa'. In addition, one of the oxygen
atoms of the imide moiety interacts with the barium cation
in 7aa’-Ba(ClO,), and acquires a charge of +0.08 e, whereas in
7aa’, this charge is -0.25 e. In summary, these combined
interactions result in a calculated adiabatic A,,s of 401 nm, in
good agreement with the experimentally observed value of
436 nm. When Ba*" is coordinated, the computed /s value
is 395 nm, comparable with the experimental adiabatic value
of 440 nm. These results are in qualitative agreement with
the FMI character of compounds 7.

The photophysical behavior of FBI sensors can be
understood on the basis of the strong geometrical distortion
induced by the barium cation. Fig. 8 shows the electronic
and geometric features of ester 14a in its unbound state and
coordinated to barium perchlorate. At the free state the
benzo[a]imidazo[5,1,2-cd]indolizine fluorophore and the
1,4-phenylidene ring are almost coplanar to each other and

units

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Symbolic density matrices” of model molecule 16 at the S; and Sy (in parentheses) states

HOMO-1 HOMO LUMO

HOMO-1 2.0 (1.94200)

HOMO 0.131355 x 10™* (-0.234616 x 10™°) 1.0 (2.0)

LUMO -0.124577 x 10" (-0.124577 x 107%)” 0.811215 x 1077 (0.147730 x 10°) 0.999958 (0.579985 x 107")

¢ Calculated at the CASSCF(4,3)/6-31G*//HF/6-31G* level of theory.

act as a combined fluorophore. The absorption associated
with the lowest energy transition yields a calculated A,,s value
of 431 nm, in nice agreement with the wavelength absorption
of 438 nm found experimentally. In contrast, coordination to
barium yields a calculated A,,s value of 373 nm, the
corresponding experimental value being 421 nm. Fig. 8 shows
that the lowest adiabatic transition in 14a-Ba** corresponds
to a lower energy and it is linked to a crown ether-Ba>'-n-N
interaction, associated with a strong conformational change,
with a benzo[a]imidazo[5,1,2-cd]indolizine-p-phenyl dihedral
angle of ca. 105 deg at the ground S, electronic state.

The geometries of the four computed 7aa’, 7aa'-Ba(ClO,),,
14a and 14a-Ba(ClO,), species at the S; state and their
superposition with the respective S, levels can be found in
Fig. 9. These calculations were performed assuming that each
fluorescent indicator captures one and only one Ba®', as
demonstrated experimentally by Job's plot diagrams (see
ESL} section 5). In the case of 7aa’, the geometries at both S,
and S; states are nearly identical. In particular, the dihedral
angle ® between the para-phenylene moiety and the
naphthylimide fluorophore is close to 90 deg. at both
electronic states because of the repulsion between the oxygen
atoms and the ortho hydrogens of the para-phenylene group,
as we have discussed in the case of model compound 16
(Fig. 6). This results in a separation between the n-MOs of

Energy [eV]
2 &/
S oS N
\ _ ’

2% . ?—
398 eV 3%

3.96 eV

[P T

= ~
20 7
Ty

}.

. 30
o

94%
239¢ -+ 242eV

-4.0 T

H

7aa' 50 ﬂ hf
7aa"-Ba(CIOy),

Fig. 7 Kohn Sham molecular orbitals and nature of the main
transitions as determined by TD-DFT at the M06/6-311++G** (for 7aa’)
and M06/6-311++G**&Def2TZVPP (for 7aa’-Ba(ClO4),) levels of theory.
H and L stand for HOMO and LUMO, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

both units. Thus, in the case of 7aa’ the calculated emission
wavelengths are ca. ey, = 421 nm and 430 nm for the free
and Ba**-bound compounds, which corresponds to a Al value
of 9 nm, compatible with the FMI behavior of compounds 7
(Table 1).

FBI ester 14a shows an optimized S;-geometry very similar
to that computed at the S, state, with dihedral values close to
planarity (Fig. 7). The calculated A, value of 14a is 478 nm,
in acceptable agreement with the experimentally found value
of 520 nm. Coordination of 14a to Ba®" results in a larger
conformational change in which the S, and S; geometries are
less superposable than those optimized for 7aa’-Ba(ClO,),
(Fig. 9). In particular, the value of the dihedral angle  at the
S; state is larger than in the ground state but is enough to
generate an FBI behavior, with Z., = 411 nm for
14a-Ba(Cl0,),, also in nice agreement with the experimental
value of 431 nm (Table 1). These emission values result in a
blue shift of A1 = 67 nm (eqn (3)), the experimental value
being 89 nm (see Table 1). It is noteworthy that the computed
spectrum of 14a-Ba(ClO,), shows two bands (see ESL} Fig.
S4). The less energetic one corresponds to a transition
involving four KS MOs, whereas there is another more
intense band associated with a complex ensemble of nine
transitions, whose major contributions correspond to
emissions at 328 nm and 298 nm. This situation is observed

Energy, eV
ST L T v \:\;3‘*\’
10 T
- 3%
93% 3.10eV
3.53eV 4 %%
20 273¢
30 T o
H L \r
— HA| — /\
L 40
N L)
2.5% = .
492V ,Y
1 H' 50 — A

14a-Ba(Cl0,),

Fig. 8 Kohn Sham molecular orbitals and nature of the main transition
as determined by TD-DFT at the M06/6-311++G** (for 14a) and M06/
6-3114++G**&Def2TZVPP (for 14a-Ba(ClO,), levels of theory. H and L
stand for HOMO and LUMO, respectively.
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14a (Sp)
14a (Sy)

7aa’ (Sp)

7aa"-Ba(ClOy), (Sp)

4 ) 14a-Ba(ClOy), (S,
7aa"Ba(ClOy), (S1)

142-Ba(ClOy), (S1)

Fig. 9 Main geometric features of 7aa’, 7aa’-Ba(ClO,), 14a and
14a-Ba(ClOy), species as optimized by TD-DFT at the S; state (carbon
atoms in green). The geometries at the ground state Sy level (in gray)
are also shown for comparison.

in the experimental spectra recorded in solution. In the case
of free FBI molecules, the larger conformational freedom of
these species results in wider emission spectra with only one
non-resolved band (see Fig. 11). In summary, these TD-DFT
calculations provide a better understanding of the
photochemical behavior of FMI and FBI sensors, which could
be useful in further developments.

We next investigated the fluorescence of FMI and FBI
sensors on  functionalized  surfaces. The results
corresponding to the fluorescence spectra on ITO surfaces
functionalized with species 7ba,bb and their respective Ba*"
complexes are gathered in Fig. 10. It is interesting to indicate
that in solid-gas interfaces the fluorescence spectra are
significantly less intense, as it can be seen by comparison of
the intensity numbers shown in Fig. 5 and 10. Actually, our
attempts to explore these FMI compounds with confocal
microscopy met with no success (see below). Most likely,
another binding method such as dip coating of the acid
derivatives instead of the silatranes used in our experiments
should be used for these FMI sensors.”"** As expected, the
emission wavelengths do not vary significantly on going from
the free to the Ba®"-bound species (Al = 5 nm), thus
confirming the FMI character of these sensors. However, our
results indicate that the off-on character of both compounds
effectively vanishes on ITO surfaces. In effect, the f;
discrimination factors are much lower in both cases with
respect to the values obtained in solution (see Table 1 and
Fig. 10). A relatively bright state is observed in 7aa and 7bb
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Fig. 10 (a) Emission spectra on ITO of free sensor 7ba (red) and

coordinated to Ba®* (blue). (b) The same as (a) but with sensor 7bb.
The wavelength differences Alem and molecular discrimination factors
f, are also given. The corresponding values obtained in solution are
reported in Table 1.

in the absence of Ba**, while a reduced on-state is observed
after Ba®>" addition by spin coating. Similar studies with FBI
sensors showed that the intensities were also significantly
lower than those measured in acetonitrile solution. This
persistent partial quenching issue must be considered in
further developments of FMI and FBI sensors. Actually,
reduced fluorescence of dyes on ITO has been observed.*®
Fig. 11 shows the behavior of FBI molecules 15aa and
15ba. The emission spectra measured in solution
(Fig. 11, panels a and d) for the free species are more intense
than those observed upon Ba®>" coordination. In addition,
averaged spectra with only one wide signal were observed for
FBI-Ba*>" complexes covalently anchored to ITO surfaces, most
likely because of the average superposition of signals
associated with different microenvironments around discrete
species (Fig. 11). The corresponding A4 values are of ca. 70
nm. However, the molecular discrimination factor is
significantly higher for 15aa (f = 285) than for 15ba (f= 89).
When the same spectra were measured in the presence of
Ba(ClO,), deposited on the ITO-FBI functionalized surface via
spin coating, the A1 values measured for 15aa and 15ba were
107 and 92 nm, respectively. However, the molecular
discrimination factors are much lower when measured on
ITO. Thus, for 15aa f,,, = 10, and in the case of 15ba a very
low value of f;,, = 1 was measured (Fig. 11, panel b and e),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Emission spectra observed for FBI molecules 15aa (panels a—c)
and 15ba (panels d-f). The values obtained in solution are shown in
panels a and d. Values corresponding to spin coating on ITO at the
free state or in the presence of Ba(ClO,4), are shown in panels b and e.
Average emission spectra of a 24 x 24 um surface, obtained through
confocal microscopy (see ESIf section 2 pag. S2), collected for the free
state and after sublimation of Ba(TfO),, are presented in panels c and f.

thus verging this molecule into the territory of FMI
molecules. The main reason for this decrease is that there is
a significant emission of the unbound states at the A, value
of the chelated species.

15aa-Ba?* 15aa-Ba?*

- o -
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A similar behavior was observed in confocal microscopy
on samples of ITO with anchored 15aa and 15ba units upon
sublimation with Ba(OTf),. Under these conditions, the
measured A4 values for 15aa and 15ba were 95 nm and 82
nm, respectively (Fig. 11, panels ¢ and f). These results
correspond to the average of the scanned surfaces (see ESIY
section 2 pag. S2) and are in line with those obtained by
means of spin coating and show that emission spectra on
anisotropic solid-gas interfaces are less selective than in
solution. Unfortunately, FBI molecules 15ab and 15bb could
not be measured because of their poor binding to the
surfaces as well as their negligible fluorescence intensity,
most likely because of disordered non-covalent stacking of
the large aliphatic spacer-fluorophore moieties on the ITO
surface. Similarly, FMI molecules 7aa-bb could not be
analysed by confocal microscopy because of their very low
intensities observed under all tested conditions.

In contrast, a clear bicolor behavior of 15aa and 15ba was
observed by confocal microscopy at selected wavelengths, as
shown in Fig. 12, in which the emission signals of both FBIs
in the free and Ba**-bound states are shown. In two separate
series of experiments with 15aa and 15ba, identical samples
containing each sensor were analysed after sublimation of
barium triflate under conditions that permitted the
coexistence of free and bound species. Excitation of both
sensors at 405 nm resulted in clear emission signals within
the 480-700 nm range (green color), associated with spots
indicating the absence of barium (Fig. 12, panels a and d).

15aa merge

Aem = 410 — 470 nm

Fig. 12 Confocal microscopy images of compounds 15aa (panels a-c) and 15ba (panels d-f) on ITO after sublimation of barium triflate, at the
unbound and Ba?*-bound channels (see Fig. 11, panels c and f), promising candidates for barium tagging.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The same excitation pattern at 405 nm permitted the
observation of blue signals in the 410-470 nm range,
associated with the blue shift corresponding to barium
tagging (Fig. 12, panels b and e). Since the images of samples
containing 15aa (panels a-c) and 15ba (panels d-f) were
recorded at the same area, merging both images permitted
us to distinguish spots corresponding to the free and Ba**
bound states for both FBI molecules, showing the excellent
discrimination potential of our sensors. However, as the
barium sublimation process cannot currently be performed
in situ, it was not possible to capture images of the same
zone before and after barium deposition. Therefore, as a
control experiment, the samples shown in Fig. 12 were
measured before sublimation of barium triflate in both
wavelength ranges to ensure that no background signal at
410-470 nm could be misassigned to the sensor-Ba'
complexes. Images of a different area of the sample of
compound 15aa deposited by means of spin coating over ITO
without adding Ba*>" are gathered in the ESI} (Fig. S1).

Conclusion

In this paper, we report our results on the synthesis and
evaluation of two families of fluorescent indicators for
barium tagging. We have synthesised both families of
sensors, including two types of crown ethers, two kinds of
fluorophores, two spacers, and one silatrane group to
facilitate anchoring these molecules to ITO surfaces. Our
results show that the photophysical behavior of these
compounds in solution does not vary significantly with
respect to simpler non-functionalized analogues, thus
confirming that, in general, incorporation of spacer-linker
components does not affect the emission spectra of the
fluorophores under analysis, thus making it feasible to
analyse the photophysical properties of these molecules in
solid-gas interfaces.”® These results have been rationalized
by TD-DFT calculations. Both FMI and FBI molecules show
excellent binding properties, which make them very
promising candidates for barium tagging. Monocolor
indicators (FMIs) show a relative increase of the fluorescence
intensity when barium is incorporated to these naphthyl
fluorophores, thus dimming (but not vanishing) under these
conditions the off-on character of this family of sensors on
bare ITO surfaces. In the case of benzo[a]imidazo[5,1,2-cd]
indolizine, the FBI behavior is preserved on going from
solution to solid-gas interfaces. However, a partial quenching
is observed with respect to the intensity observed in solution,
as well as a significant decay in the molecular discrimination
factors. These results suggest that the development of novel
FMI and FBI molecules for barium tagging must take into
account the partial quenching of the emission spectra on
going from solution to functionalized surfaces, as well as a
significant loss of discrimination factors and wider emission
spectra. However, confocal microscopy experiments indicate
that the bicolor character of FBI sensors is preserved. In
summary, these combined solution-solid-gas interface
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studies suggest that future designs that incorporate FMIs and
FBIs on tailor-made surfaces hold great promise for barium
tagging in ff0v experiments like NEXT.

Data availability

All experimental details including synthetic procedures,
spectroscopic data, and theoretical calculation results are
available in the ESLf
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