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ABSTRACT: Single-molecule fluorescence imaging (SMFI) of
gas-phase ions has been proposed for “barium tagging,” a
burgeoning area of research in particle physics to detect individual
barium daughter ions. This has potential to significantly enhance
the sensitivity of searches for neutrinoless double-beta decay
(Oupp) that is obscured by background radiation events. The
chemistry required to make such sensitive detection of Ba** by
SMFI in dry Xe gas at solid interfaces has implications for solid-
phase detection methods but has not been demonstrated. Here, we
synthesized simple, robust, and effective Ba**-selective chemo-
sensors capable of function within ultrapure high-pressure '**Xe
gas. Turn-on fluorescent naphthalimide-(di)azacrown ether
chemosensors were Ba*-selective and achieved SMFI in a
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polyacrylamide matrix. Fluorescence and NMR experiments supported a photoinduced electron transfer mechanism for turn-on
sensing. Ba®" selectivity was achieved with computational calculations correctly predicting the fluorescence responses of sensors to
barium, mercury, and potassium ions. With these molecules, dry-phase single-Ba®" ion imaging with turn-on fluorescence was
realized using an oil-free microscopy technique for the first time—a significant advance toward single-Ba** ion detection within large
volumes of **Xe, plausibly enabling a background-independent technique to search for the hypothetical process of 0vf3f.
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S ingle-ion sensing techniques at gas—solid interfaces have
the potential to enhance our structural understanding of
dynamic supramolecular events on conventional solid
detectors. We turned our attention to the development of
functional materials for such a process when tackling one of the
great open questions of particle physics,' whether or not the
neutrino is its own antiparticle. The detection of barium
daughter ions generated by double beta decay in liquid or
gaseous xenon has been termed “barium tagging”” and is
becoming a vibrant area of R&D in particle and nuclear
physics.”* The detection of individual Ba®* ions would greatly
improve detection sensitivities over background processes due
to radioactivity because only the double beta decay of the
136Xe isotope is expected to produce Ba®* ions within a radio-
pure particle detector. This would enhance searches for the
hypothetical radioactive process of OvBf with a signal that is
orthogonal to the radiation-based events currently measured. A
robust observation would demonstrate that the neutrino is a
Majorana particle—its own antiparticle—altering our under-
standing of neutrinos and the early history of the Universe.
One possible implementation of barium tagging employs
single-molecule fluorescent imaging (SMFI) with chemo-
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sensors that exhibit turn-on fluorescence in response to
barium chelation.”® The limited arsenal of barium sensors
does not possess the proper binding and/or fluorescent
characteristics necessary for SMFI at dry gas—solid interfaces.
While the structural requirements for barium tagging are
explored, one may envision the application of such an
approach to the broader development of sensing materials at
gas—solid interfaces for environmental and industrial applica-
tions.

Fluorescent chemosensors are sensitive analytical tools for
rapid chemical and biochemical measurement.””” Properly
incorporated within SMFI experiments, they reveal individual
molecular events and fundamentals, whose significance is
unavailable through bulk analyses. We investigated 4-amino-
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1,8-naphthalimide fluorophores because they exhibit many
favorable properties but have not been demonstrated for
selective barium sensing.'”"" Synthetically tractable 4-amino-
1,8-naphthalimides allow construction of both photoinduced
electron transfer (PET) and intramolecular charge transfer
(ICT) fluorescent sensors.'” Relatively large Stokes shifts and
high photostability features are beneficial for high signal-to-
noise ratios.'”> Likewise, crown ethers afford enhanced
efficiency in binding to metal ions and can act as switches
for PET- and ICT-based sensors without the need for proton
transfer or metal ion exchange that renders other molecules
useless in solventless environments.'* As such, 4-amino-1,8-
naphthalimide fluorophores with crown ether-based binding
domains have been used as colorimetric and fluorescent
sensors for the detection of ions and small molecules that are
of great significance to the environment, human health, and
industrial processes.””~'® Several 4-amino-1,8-naphthalimide
chemosensors have been developed for detection of cations,
anions, and small polar molecules."”~>* However, chemo-
sensors with selective response to Ba®* remain under-
developed.”**

Selective barium sensing has been demonstrated by a
relatively small number of fluorescent chemosensors.””*~>*
This is not surprising because barium sensing is not widely
studied for clinical or environmental reasons; although acute
barium exposure can be deadly, diagnoses are rare and often
confirmed by inductively coupled plasma mass spectrometry
analysis of the patient’s plasma and urine.**** Nakahara and
co-workers pioneered a monoazacryptand receptor with a PET
switch to pyrene fluorescence that operates in aqueous micellar
systems and would require relatively high-energy excitation
that would make SMFI challenging in our system.” > Crown
ether systems have invoked termolecular complexes with two
crown moieties sandwiched around one Ba**, which would also
be limited in dry-phase sensing, where bimolecular interactions
may be preferred.”*** A bioinspired G-quadruplex chemo-
sensor provided rapid detection of Ba*, also in solution.’”*’
Recently, a fluorescent chemosensor based on the phenoxazine
system with an ICT turn-on mechanism was reported for Ba*',
where charge transfer was achieved by metal binding
specifically to a single amide functional group.”' These
receptors are instructive but unsuitable for long-term dry-
phase SMFI device design, presumably as part of a functional
monolayer or thin coating deposited on a translucent optical
device.

Within the context of R&D toward a barium-tagging phase
of the NEXT program’s search for Ouff decay,” " we
previously demonstrated single-ion sensitivity to Ba** using
commercial chemosensors in an aqueous suspension.”
Achieving single-ion sensitivity mandated the use of the
competitive binding agent BAPTA and used fluorophores
incompatible with dry operation. To address the challenge of
solventless sensing of barium, we demonstrated a class of dry-
phase active fluorescent chemosensors using monoazacrown
receptors.”” Single-molecule sensitivity of this system®  was
elusive because of UV excitation of impurities in the substrates
and a lack of photobleaching transitions to use for single-
molecule identification. Similar molecules were then recently
shown to be suitable for ratiometric or “bicolor” Ba**-sensitive
fluorescence, a promising new direction under consideration
for barium tagging.

In this paper, we report a study on the synthesis,
characterization, analysis, and computational modeling of a
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new family of monoazacrown ether and diazacrown ether
naphthalimide fluorescent sensors (Figure 1) with enhanced
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Figure 1. Napthalimide derivatives used in this study.

selectivity and sensitivity to Ba®>". These visible fluorescent
probes are amenable to SMFI microscopy in dry environments
and consequently allowed us to resolve individual Ba** ions
without a competitive binding agent. This improves upon our
initial sensor dyes,”” with visible excitation proving to be a
critical ingredient in overcoming fluorescent backgrounds of
glass and quartz substrates at the level required for single-
molecule sensitivity. We also report on computational models
that offer reliable predictability of target ion- and binding site-
dependent fluorescent response within this family, a capability
that will accelerate explorations of structure—function relation-
ships in future dry-phase SMFI probes.

B EXPERIMENTAL SECTION

Synthesis. The synthesis of naphthalimide derivatives 1A—1E is
shown in Scheme 1. Monoazacrown ethers 2A—2C were assembled as
previously described.*”*® Diaza-18-crown-6 ethers were prepared by
the modification of methods from a previous report."” Complete
details and full chemical characterization can be found in the
Supporting Information.

Sample Preparation for Solution-Phase Studies. Stock
solutions of probe molecules were prepared at 1 X 107° M
concentration in an acetonitrile solvent. Stock solutions of metal
perchlorates were made at 1 X 107> M concentration in a 9:1
acetonitrile/water mixture. UV—vis studies were performed with and
without Ba?* in acetonitrile, dichloromethane, acetone, and ethanol
solvents with probe 1B (10 X 107 M) and barium perchlorate (50 X
107° M). Fluorescence titration and metal ion selectivity studies were
performed by maintaining a final concentration of the probe molecule
at 1 X 107 M concentration. Metal ion selectivity studies were
conducted by maintaining metal perchlorate concentrations at 5 X
107 M. Competitive fluorescence experiments were performed using
2 X 107° M probe 1D with 5 X 107° M metal perchlorate solution in
an acetonitrile solvent. Job’s plot experiments were performed by
maintaining a total concentration of the probe and barium perchlorate
solution at 20 X 107 M. Samples were incubated for 2 min in the
dark before measuring fluorescence intensity. '"H NMR titration
experiments were conducted with the concentration of the probe at 1
X 107> M and metal perchlorate (barium, potassium, and mercury) at
1 X 1072 and 5§ X 107> M in an acetonitrile-d; solvent at room
temperature.

Slide Preparation for Dry-Phase Fluorescence. Dry samples
of probe 1D on glass slides for dry-phase fluorescence studies were
prepared as follows: an acetonitrile solution of barium-selective probe
1D was mixed into cyanoacrylate in 1:1 ratio to desired concentration
(10 X 1072 to 10 X 107° M). A total of 30 uL of this solution was
applied to a glass microscope slide and then dried in an oven for 5
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Scheme 1. Synthesis of 4-Amino-1,8-naphthalimide Sensors
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min at 373 K to set it into a thick solid layer. Fluorescence response
from three slides was measured with excitation at 430 nm before and
after washing with 50 pL of 1 X 107> M metal perchlorate in
acetonitrile or only acetonitrile and then drying. Each slide was then
rescanned three times, and the fluorescence response was averaged to
yield a mean response.

Microscopy Details. Probe 1D was suspended at a concentration
of 107" M within the cyanoacrylate matrix and analyzed via
fluorescence microscopy. Excitation is delivered with a super-
continuum laser with the output selected using an acousto-optical
tunable filter. For the studies performed here, several output lines
were superposed between 420 and 437.5 nm, to maximize output
power and cover the excitation band of 1D. Laser light was cleaned by
passing through a beam expander and cutting off the outer,
nonuniform edge with an iris, generating a circular and approximately
Gaussian beam profile. The beam was then redirected through a 500
nm short-pass filter to reduce incident background light, reflected off a
505 nm dichroic mirror, and focused through a 100X air-coupled
microscope objective (NA = 0.95) for a final power output of 125
mW to excite the 1D matrix in the epifluorescent mode. The objective
collected resultant Stoke’s shifted fluorescent emissions, which were
then passed back through the dichroic mirror and a 500 nm long-pass
filter, again for background reduction, and collected via a Hamamatsu
EMCCD camera, which acquired one image every half second into
300-image sequences.

Microscopy images were processed using an algorithm that first
filters the image in Fourier space to remove slowly sloping
backgrounds and then sums the sequence over the full imaging
time. After filtering, single-molecule candidates can be identified after
subtracting the background profile, which is found by blurring the
summed image via a Gaussian filter. Single-molecule candidates are
identified as points with intensities in the excess of 30 above the
background. Once the candidates are identified, their locations on the
raw images are analyzed as a function of time for the duration of the
sequence to produce fluorescent trajectories. These trajectories are
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scanned for an instantaneous drop or “single-step” profile, which is the
hallmark characteristic of a single molecule undergoing a discrete
photobleaching process.

Computation Details. Molecular structures were optimized using
the M06-2X"® functional with the SDD* 7> effective core potential
basis set for heavy metal atoms (barium and mercury) and def2-
SVP>*** basis set for other atoms, followed by frequency analysis to
confirm the nature of their energy minima (no imaginary frequency).
Calculations with time-dependent density functional theory
(TDDFT)>® were carried out to reveal the orbitals involved in the
observed fluorescence events. SMD*® or PCM®’ solvation models
were used to incorporate solvent effects with acetonitrile as the
solvent. All calculations were performed using the Gaussian 09
program.®

B RESULTS AND DISCUSSION

Synthesis. Scheme 1 represents the synthesis of probes
1A—1E. In brief, nucleophilic aromatic substitution of 4-
fluoronitrobenzene by mono/diaza crown ethers, prepared by
modification of our previous work,”’ gave the desired 4-
nitroaniline derivatives 3A—3D. Reducing 4-fluoronitroben-
zene to one equivalent was critical in the case of diaza-18-
crown-6 ether 2D. Nitro reduction by Pd-catalyzed hydro-
genolysis followed by condensation with commercially
available 4-bromonaphthalic anhydride resulted in the desired
bromonaphthalimide products 4A—4D. Initial attempts for the
final nucleophilic aromatic substitution reaction of bromo-
naphthalimide with n-butylamine in 2-methoxyethanol led to
poor yields of the desired aminonaphthalimides. However,
switching the solvent to N-methyl-2-pyrrolidone, a basic
solvent, enabled the bromide substitution to afford the desired
aminonaphthalimides 1A—1D. Compound 1E was prepared by
nucleophilic substitution by dropwise addition of benzyl
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bromide into a solution containing 1D and potassium
carbonate. Overall, this synthetic approach led to the efficient
preparation of the desired naphthalimide fluorescent probes
1A—-1E.

UV-Vis Studies. UV—vis spectra of all synthesized 1,8-
naphthalimide-based fluorescent probes (1A—1E) were
recorded in an acetonitrile solvent at room temperature.
Major absorbances were centered between 200—300 and 380—
480 nm—consistent with 4-amino-1,8-naphthalimide chromo-
phores."" Solutions doped with Ba** provided no or negligible
shifts on UV—vis absorbances in all probes (Figure S11).
These effects were also encountered in acetone and ethanol
(Figure S12). In dichloromethane, however, a slight red shift
was observed possibly because of change in solvent polarity as
a result of addition of barium ions in the acetonitrile solvent.
Ba(ClO,), addition led to a concentration-dependent increase
in fluorescence centered near 530 nm in probes 1B, 1D, and
1E, when excited at A,,,, obtained from the UV—vis spectrum,
suggesting turn-on fluorescence by changes to PET."
Similarly, fluorescence analysis as a function of absorption
wavelength from 430 to 460 nm showed no significant change
in the emission intensity profile (Figure S13).

Fluorescence Response and Metal lon Selectivity.
Fluorescent response to cationic analytes was determined for
each of the synthesized probes (1.0 4uM in acetonitrile). Stock
solutions of perchlorate salts were prepared in a 9:1 mixture of
MeCN/H,0 to achieve complete dissolution. The final
concentration of the perchlorate solution was maintained at
S uM to achieve 1:5 concentration ratio of the probe to the ion
analyte. The selectivity studies are summarized in Figure 2, top
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Figure 2. Top: ion perchlorate (5 X 107 M) response to 1A—1E (1
% 107 M) in MeCN solution. Bottom: fluorescence response of 1B,
1D, and 1E with different cation solutions normalized to fluorescence
intensity for barium perchlorate.

panel with emission at 530 nm. Figure S20 demonstrates I/
analysis of the same data. Molecular probes 1A and 1C were
not effective optical sensors for almost all tested ions. A small
twofold response was found in the case of calcium with probe
1A. In contrast, 1B showed excellent sensitivity toward Ba*"
and Hg*" in addition to a lesser response to Ca®". In the
presence of Ba** and Hg*" solutions, ca. 30-fold increases in
fluorescence intensities were observed. Ca>* and Cd** ions also
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showed eightfold and fivefold increases, respectively, for probe
1B.

Two novel 4-amino-1,8-naphthalimide derivatives contain-
ing diazacrown ether-binding domains 1D and 1E were found
to have excellent selectivity to Ba®*. 1D and 1E showed
solution-phase emission enhancements of 11-fold and 22-fold,
respectively, in the presence of Ba®". Among the different ions
(Mg*, Ca**, Cu*', Zn**, Cd**, Hg*", Ba*', Li*, Na*, K*, Rb",
Ag*, Cs*, and (CH;),N*) studied, only Ba>* showed significant
increased fluorescence for probes 1D and 1E. Other ions
showed little to no (<2X) fluorescence intensity. Normalized
fluorescence responses highlight selectivity by ignoring differ-
ences in absolute brightness and show 1D and 1E with highest
selectivity for Ba>* (Figure 2, bottom panel).

Barium sensitivity remained in all but one competitive
fluorescence experiment (Figure 3). The barium selectivity of

" Without Ba?*
" With Ba?*
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Figure 3. Fluorescence response of 1D (2 X 107° M) to Ba®* (5 X
107° M) in the presence of other metal ions (ions, 5 X 107 M) in
acetonitrile. Slit width 2.5/5.0.

probe 1D is observed in all cases, except for open-shell Cu**.
Cu® addition showed a blue-shifted absorption spectrum
reminiscent of the aminoless 4-H-naphthalimide chromo-
phores (Figure S21). This phenomenon is potentially due to
Cu®"s strong binding to the 4-amino-residue, truncating the
cross-conjugation of the sensor chromophore of 1D. However,
Cu’" and other open-shell transition metals often interact with
PET fluorophores to quench fluorescence by an electron/
energy transfer mechanism.’”*" This effect was observed in
another “turn-off” Cu?* 4-amino-1,8-naphthalimide sensor.’’
We compared the fluorescence of Cu®* and Ba** addition to
the sensor 1D and to a binding domain-free 4-amino-1,8-
naphthalimide analogue (Fluo, Figure 522). Cu*" effects were
identical with and without the crown ether moiety. DFT
computational studies have limitations for such open-shell
systems,”” but our studies were consistent with these Cu*
experimental results, showing an open-shell nonfluorescent 1D
molecule and interactions with the 4-amino residue in our
model fluorophore (Fluo, Figure $23). Despite the interesting
copper inactivation, these data are evidence of increased sensor
selectivity of two novel turn-on optical sensors 1D and 1E to
Ba".

Fluorescence Titration and Binding Studies. Fluo-
rescence titration curves presented in Figures 4A, S14A, and
SISA show that the emission reaches maxima near one
equivalent of Ba’* addition for probes 1E, 1B, and 1D,
respectively. Titration studies performed with probes 1B, 1D,
and 1E with an increasing concentration of barium perchlorate
in acetonitrile gave dissociation constant values (k;) of 0.72 X
1075, 0.59 X 107, and 0.75 X 107¢ M, respectively. These low
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Figure 4. (A) Fluorescence titration spectra of 1E (1 X 107° M) upon addition of Ba®* (0 to 50 X 107 M) in acetonitrile (4., = 430 nm). (B)
Linearity of fluorescence intensity at 526 nm for 1E (1 X 1075 M) in acetonitrile as a function of the concentration of Ba**. (C) Job’s plot figure for
1E—Ba”" at constant total concentration 20 X 107 M of 1E and barium in acetonitrile. (D) 'H NMR titration spectra of probe 1E with the
addition of 0.0 (red trace), 1.0 (green trace), and 5.0 (blue trace) equiv of Ba®* in acetonitrile-ds. The inset shows the plot of fluorescence change as

a function of Ba?* concentration. Slit width 2.5/5.0.

dissociation constants reveal effective binding between each
probe and Ba**. Solution-phase limits of detection (LOD)
were calculated using linear fitting curves of fluorescence
titration data and the formula LOD = 30/k, where ¢ is the
standard deviation of the blank sample without barium and k is
the slope between intensity versus barium concentration,’®
resulting in 0.0288 X 1075, 0.074 X 107%, and 0.006 X 10~ M
detection limits for probes 1E, 1B, and 1D, respectively.
Figures 4B, S14B, and S15B show good linear correlation for
probes 1E (R* = 99.5), 1B (R* = 98.5), and 1D (R* = 99.1).
Opverall results show that the probes 1B, 1D, and 1E can detect
Ba®" in solution at nanomolar concentrations and therefore can
be highly practical fluorescent sensors for selective detection of
Ba®". The stoichiometry of binding for molecular probes 1B
and 1E with barium was calculated by Job’s method. The
results, presented in Figures S14C and 4C, show the inflection
point of two linear fitting curves at 0.46 and 0.50 mol fraction
for complex 1B—Ba’* and 1E—Ba®', respectively. This
indicates a 1:1 binding stoichiometry between probes 1B
and 1E with Ba®*. Additionally, complex 1B—Ba>* was
observable in high-resolution mass spectrometric analysis of
solution of 1B and barium perchlorate (Figure S14D).

'H NMR Studies. Complexation between Ba®* and
fluorescent probes 1B, 1D, and 1E was further demonstrated
by '"H NMR experiments performed with 1:1 and 1:5 M ratios
of the probe and Ba(ClO,), in acetonitrile-d;. Ba** addition
resulted in downfield shifts of N-phenyl-aza crown ether
protons, while the chemical shift values of protons in the
naphthalimide fluorophore group have minimal or no change
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(Figure 4D). Noticeably, an upfield shift in a-protons of the
anilino nitrogen in azacrown ether was also observed (H1S and
H26 in Figure 4D) in all molecular probes (for 1B and 1D, see
Figure S$16), suggesting that the nitrogen atom of N-phenyl-aza
crown ether was not directly involved in ion binding. Similarly,
the effect of Ba>* on the N-benzyl group in probe 1E was
observed, as seen with downfield shifts of both aromatic and
benzylic protons (Figure 4D). Additionally, in fluorescent
probes 1D and 1E, all a-protons of two nitrogen atoms in the
diazacrown ether structure showed an upfield shift, indicating
no interaction between both the nitrogen atom of diazacrown
and Ba*". The results obtained from 'H NMR experiments
with probes clearly show the binding of Ba®* on the receptor
crown ether units with no significant binding on naphthalimide
fluorophore units. Comparative 'H NMR studies were carried
out with Ba®, Hg*, and K' in the case of probe 1B, which
showed distinct features in the NMR spectra. With Hg?*
addition, all monoazacrown methylene protons were de-
shielded, indicating binding of the nitrogen atom of N-
phenyl-aza crown ether with Hg*" (Figure S17). With K,
however, no observable change was found in the chemical shift
values of the protons of both naphthalimide and azacrown
ether moieties (Figure S18).

Computational Studies. Computational models were
studied using TDDFT to predict the fluorescence behavior
of sensors in response to ions as calculated within an
acetonitrile solvent model (Figure SA—D) As a test suite, we
considered molecules 1B and 1E, both unchelated and
chelated with Ba®*, K', and Hg*". The results support the

https://dx.doi.org/10.1021/acssensors.0c02104
ACS Sens. 2021, 6, 192—202


http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c02104/suppl_file/se0c02104_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c02104/suppl_file/se0c02104_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c02104/suppl_file/se0c02104_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c02104/suppl_file/se0c02104_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c02104/suppl_file/se0c02104_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c02104/suppl_file/se0c02104_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02104?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02104?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02104?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c02104?fig=fig4&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c02104?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

Figure S. Simulated orbitals of 1B. The mechanism of PET and
CHEF is illustrated by the change in energy of the nitrogen-
dominated orbital, highlighted, upon binding various cations.
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Figure 6. Simulated orbitals of 1E. Enhanced Ba®* selectivity is

illustrated by comparing changes in energy of the nitrogen-dominated
orbital, highlighted.

proposed PET-mediated off-state within unchelated mono-
and diazacrown ether naphthalimides, which is turned on by
chelation-enhanced fluorescence (CHEF) upon ion binding. In
the unbound 1B species (Figure SA), excitation of the
naphthalimide fluorophore is governed by a HOMO-1 to
LUMO transition based on orbital analysis. The electrons in
the interstitiall HOMOg,, orbital of the receptor (highlighted)
are localized around the N-aryl unit and energetically well
positioned to quench the excited state before fluorescence
transition can occur from the LUMO to HOMO-1, by a
traditional PET mechanism. Upon barium chelation, however,
the HOMOy,,, level is drastically stabilized by mixing with Ba>*
and becomes the new HOMO—-1 (Figure SB), allowing the
fluorophore-centered HOMO and LUMO levels of the barium
bound species to participate in fluorescence without PET
quenching.

As 1B responds to Hg*" but not to K*, we examined the
arrangement of frontier molecular orbitals when complexed to
these cations. Chelation is effective and lowers the critical
PET-enabling HOMOg,, orbital through binding to both ions.
However, in the case of K', PET quenching is still possible
(Figure SC), predicting a nonfluorescence response to K*
consistent with the experiment. Hg** chelation results in
notable lowering of the HOMO, LUMO, and LUMO+1
energy states relative to the free chemosensor (Figure SD); the
LUMO and LUMO+1 states show substantial lowering in
energy including a reordering of states, not unusual among
heavy-atom binding.®* Excitation of the fluorophore-centered
electrons (HOMO to LUMO+1) is not quenched by PET.
Thus, CHEF occurs with Hg** addition to 1B, similar to the
barium chelation, albeit with a different rearrangement of
orbital energies.

Analysis of the selective diazacrown ether chemosensor 1E
showed similarity to 1B when free and bound to Ba®>* and K*,
especially with respect to the critical relative location of the
HOMO,,, orbital (highlighted in Figure 6). However, Hg**
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binding resulted in a weaker effect on the HOMOg,, orbital,
and the fluorescence of Hg**-bound species is still quenched
by internal PET from the HOMO to HOMO-1. Overall, the
theoretical studies support experimental results for the
enhanced selectivity of 1E to Ba*".

In conclusion, the theoretical models correctly predict the
observed switch-on fluorescence patterns across all ions and
species tested. These are summarized in Table 1.

Table 1. Summary of Computational Results Compared
with Experimental Observations of Switch-On Fluorescence

probe ion fluorescence predicted fluorescence observed
1B no no
1B Ba** yes yes
1B K* no no
1B Hg™ yes yes
1E no no
1E Ba** yes yes
1E K* no no
1E Hg™ no no

Dry SMFI of Ba?*. To demonstrate single-ion sensing in a
dry environment, compound 1D was suspended in a
cyanoacrylate polymer. Polyvinylacetate and polystyrene
matrices were initially investigated with interesting yet
relatively poor solvochromatic effects on bulk fluorescence.
Barium-induced fluorescence was first verified by spectropho-
tometry in a bulk matrix. A strong fluorescent response was
observed across all three tested locations on three slides,
although with significant variability observed because of the
imperfect uniformity of layer deposition. Figure 7A shows the
background-subtracted response of slides with no added Ba®*
and after Ba** wash. Fluorescence is normalized to activity on
the rising edge of the excitation peak before background
subtraction. Mean and standard deviation are shown as dashed
and filled regions, in addition to individual response curves.
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Figure 7. Solid-matrix measurements of barium-sensing fluorophore 1D. (A) Bulk spectrophotometry in a dried cyanoacrylate matrix; (B) raw pixel
histogram of three 1D-coated slides imaged at the single-molecule level; (C) single-molecule level microscopy images of the 1D layer with and
without Ba** (i) and with Ba®* after background removal (ii); (D) specific single reconstructed barium-chelated 1D molecule; and (E) barium-
chelated 1D molecule fluorescence time trajectory showing a single-step photobleaching characteristic of SMFI detection.

Also, the shown overlaid is a control measurement using a pure
solvent wash, resulting in slightly reduced fluorescence, likely
because of removal of some ionic contamination or fluorescent
emitters from the surface. Furthermore, the selectivity toward
barium is maintained in the dry phase because this fluorescent
response was not observed in the case of potassium and
mercury (Figure S19). These data demonstrate that fluorescent
response to Ba®" is maintained in the dry phase, as observed in
our past work with molecules of this family,”” however, now
with selectivity for barium ions and the potential for enhanced
SMEFL

The imaging modality for SMFI in this paper is air-coupled
epifluorescent microscopy. This too is distinct from our prior
work* on SMFI imaging of Ba®* in solution, which used total
internal reflection fluorescence (TIRF). TIRF offers combined
benefits of a reduced background by exciting only at the glass—
sample interface and oil couplings that allow for high
numerical aperture imaging. The oil required for through-
objective TIRF, however, is likely problematic within the high-
purity xenon environment of our target application. Because
the oil-free imaging modality used here introduces additional
practical challenges, realization of single-Ba** imaging in this
way encapsulates an important practical step toward
application in time projection chambers.

A set of slides was prepared for single-ion level imaging of
barium, with compound 1D suspended at 10 pM concen-
tration in the cyanoacrylate matrix. Slides were washed with a 1
nM Ba®* solution. A stark increase in the net fluorescence
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intensity of the sample was observed upon addition of Ba*".
Three slides were tested, with image sequences taken across
three locations both before and after the barium solution was
introduced. The increase in intensity was quantified via a raw
pixel histogram for each slide, as shown in Figure 7B. A robust
increase in bright pixels was observed in all cases, indicative of
turn-on fluorescence.

The detected fluorescence in these images originates from
molecules at various distances from the focal plane, with near-
focus points appearing very bright and out-of-plane candidates
appearing dimmer. Both before and after addition of Ba*', an
array of spots of various degrees of brightness can be observed,
undergoing discrete photobleaching transitions over time, with
the number dramatically enhanced in the barium-added
images. An example of a before/after comparison is shown
in Figure 7C(i), where in both cases, bright points
corresponding to distinct barium—1D complexes can be
visually identified.

Using a sample with 10 pM barium perchlorate solution
applied to the 10 pM sensor matrix, the interpretation of these
bright emitters as single molecules was confirmed. Figure
7C(ii) shows an example image processed and filtered
according to the algorithm described in the Microscopy
Details section, which is used as an input to time series
analysis. The well-localized candidate spots in this image, an
example of which is shown isolated in Figure 7D, are observed
to exhibit discrete photobleaching transitions, as shown in
Figure 7E. This behavior, also observed visually for the bright
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spots in the denser samples, as well in previous work in the
solution phase,4 confirms the single-molecule interpretation of
these fluorescent emitters.

Toward Gas-Phase lon Sensing. An aspect that remains
undemonstrated here is the capture of Ba** within an
environment of high-pressure xenon gas. Our past theoretical
work® demonstrated that solvation-like effects with xenon are
expected, with the shell configuration depending on gas
temperature and pressure. The xenon shell typically contains
7—10 xenon atoms for Ba’" at 10—15 bar. Capture by a
molecular layer must free Ba>* from this shell of accompanying
spectator atoms, typically held at a binding energy of 3—4 eV.
The Ba** binding energy of the molecules developed in this
work is calculated to be around 0.2 eV in MeCN. However,
calculations of the binding affinity in the gas phase, removing
polarization effects of the solvent, show a much enhanced
binding energy of —10.5 eV. This is sufficient to extract the
target Ba®* from its weakly attached xenon neighbors, so
efficient capture of Ba®* from high-pressure xenon gas is
expected. Notably, the xenon solvation shell may also offer
useful protection until proximity adequate for capture occurs.

A pertinent question for design of a molecular sensing layer
at the gas—solid interface is the optimal surface density of
probe molecules. An ultradense fluorophore layer is likely to
suffer from collective quenching effects, whereas an overly
sparse one may not efficiently capture arriving ions. To this
end, we undertook computations of the range of ion capture.
Complexation can be considered to be inevitable when the
ion—molecule proximity is such that the binding energy is
more than a few times the thermal energy (kT ~ 0.02 eV at
STP). To evaluate the effective capture range, the most stable
geometry of the complex 1B—Ba*" was evaluated as a function
of ion-to-surface distance in the gas phase (Figure 8). Upon
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Figure 8. Simulation of ionic capture (left) and the potential energy
surface in the gas phase as a function of ion-to-surface distance

(right).

allowing Ba®* to move closer to the azacrown ether surface, a
bent geometry was obtained where the ion is bound to
naphthalimide oxygen along with four ethereal oxygen atoms
of the azacrown ether substructure (structure 4). This bent
geometry of the complex is consistent with the NMR titration
study in solution, in which the nitrogen atom of the azacrown
ether did not appear to directly bind with the electron-
withdrawing Ba*" ion.

Beyond a range of 32 A from the anchor point, our
simulations fail to converge. The binding energy at this
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distance is still large, at 1.75 eV. Extrapolating the trend
observed in the potential energy surface, it appears that the
effective binding range of the molecule is somewhere between
32 and 40 A. This suggests a range of densities for future
monolayer construction, in order to realize eflicient binding
and reduce intermolecular distortions to fluorescent events.
Exploration of the power of sensitive, semidense monolayers
for ion capture at the solid—gas interface is the next immediate
step in this ongoing program.

B CONCLUSIONS

We have designed, synthesized, and studied barium-selective
fluorescent sensors capable of ion sensing in dry environments,
specifically selective Ba** imaging via SMFL. We found that a
new, convenient, and visible-spectrum 4-amino-1,8-naphthali-
mide derivative with a diaza-18-crown-6 binding domain
dramatically improved the selectivity of the sensors to Ba®"
without significantly compromising sensitivity. Solution-phase
fluorescence and NMR experiments supported a PET
mechanism enabling turn-on fluorescence sensing in the
presence of metal ions. Experiments showed strong binding
of Ba** to the sensor with 1:1 stoichiometry and a nanomolar
LOD. Experimentally validated theoretical calculations illumi-
nated the mechanism of fluorescence sensing, in addition to
providing insights into the expected behavior at gas—solid
interfaces.

SMFI microscopy in the air-coupled epifluorescent mode
was employed for sensing of single Ba®* ions with these
fluorophores. Cyanoacrylate was found to be an effective
support medium for the aforementioned fluorophores, and
because of the sensor’s strong selectivity for barium, no
competitive binding agent was required to achieve single-
molecule sensitivity with these molecules. Single-Ba**
candidates were resolved spatially and identified through
single-step photobleaching transitions, with enhanced preva-
lence in barium-washed samples. Realization of single-Ba**
sensitivity under these conditions represents an important step
toward practical application of this technique within time
projection chambers. Such a technique could enable new
precision and robustness in searches for Ovf3f in xenon gas.
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