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It has been a long-standing challenge to develop organic molecular capsules for selective anion binding in
water. Here, selective recognition of aqueous fluoride was achieved through triple protonation of
a hemicryptophane (L), which is composed of a fluorescent cyclotriveratrylene (CTV) cap and tris(2-
aminoethyl)amine (tren) as the anion binding site. Fluoride encapsulation by [3H-L]** was evidenced by
'H NMR, °F NMR, LC-MS, and X-ray crystallography. In addition, [3H-L]** exhibited a ‘turn-on’
fluorescence signal (Aey, = 324 Nm) upon fluoride addition. An apparent association constant Ky = (7.5 +

0.4) x 10* M~! and a detection limit of 570 nM fluoride were extracted from the fluorescence titration

experiments in citrate buffer at pH 4.1. To the best of our knowledge, [3H-LI*" is the first example of
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Accepted 20th November 2022 a metal-free molecular capsule that reports on fluoride binding in purely aqueous solutions with
a fluorescence response. Finally, the protonated capsule was supported on silica gel, which enabled

DOI- 10.1039/d25c053529 adsorptive removal of stoichiometric fluoride from water and highlights real-world applications of this
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Introduction

Fluoride in saliva helps to remineralize the tooth enamel that is
degraded by acid-releasing oral bacteria;"* however, fluoride
accumulates in humans in trace quantities® and is not essential
for life. Fluoride binds to the sodium/iodide symporter and
inhibits iodine absorption in humans.* Prolonged exposure to
high levels of fluoride produces brittle bones and joint stiffness,
a condition known as skeletal fluorosis.” Excess consumption
can also damage the liver and kidneys.*” To ensure that fluoride
levels in public water supplies remain within permissible limits
(<1.5 mg L™"),® strategies have been sought for sensitive fluoride
detection and water remediation. Techniques such as the
selective electrode method, 'F NMR analysis, and reverse-
phase HPLC are available for fluoride determination.’™
Compared to other analytical methods, fluoride detection using
fluorescent sensors*>>* offers the advantages of simple opera-
tion, good sensitivity, and compatibility with biological
systems. For example, chemosensors based on fluoride-
triggered cleavage of Si-O or Si-C bonds have been extensively
investigated,**?* and a number of them have been reported to
detect aqueous fluoride in water.>*** These sensors can achieve
high signal-to-noise ratios but require relatively long acquisi-
tion times and lack a dynamic, reversible response. Some of
these probes also suffer from poor anion selectivity with severe

Department of Chemistry, University of Pennsylvania, 231 S. 34th St., Philadelphia,
Pennsylvania 19104—6323, USA. E-mail: ivandmo@sas.upenn.edu

T Electronic supplementary information (ESI) available. CCDC 2171670. For ESI
and crystallographic data in CIF or other electronic format see DOIL
https://doi.org/10.1039/d25c05352g

© 2023 The Author(s). Published by the Royal Society of Chemistry

interference by cyanide ions.*® As an alternative strategy, fluo-
rescent probes that are designed based on molecular recogni-
tion and host-guest chemistry can operate in a reversible
fashion. Indeed, most of these chemosensors are only operative
in organic or organo-aqueous solvents due to the high hydration
enthalpy of fluoride ion (AH° = —465 k] mol')*” and/or the
hydrophobicity of the probes. So far, only a few cases in which
fluoride recognition was achieved in 100% aqueous medium
have been reported in the literature, which includes using
coordinatively unsaturated metal complexes that display
different optical properties upon fluoride binding.*** In addi-
tion, fluoride recognition by synthetic organic receptors in
water can be achieved by using polyammonium macrocycles
and molecular capsules.”**" On one hand, the macrocycles
report fluoride binding with fluorescence response, but they
cannot isolate a single bound fluoride anion from water and
achieve selective and stoichiometric fluoride recognition. On
the other hand, the molecular capsules exhibit strong affinity
for fluoride but are not capable as fluorescent or colorimetric
chemosensors for fluoride detection without relying on metal
ion binding. For many applications in water purification and
biological sensing, there are advantages to working with metal-
free sensors. With these considerations in mind, we were
motivated to develop a metal-free molecular capsule that can
selectively detect stoichiometric fluoride in pure water with
a reversible fluorescence response. To our knowledge, no such
capsule has yet been reported.

Meanwhile, fluoride removal from drinking water is an
expensive and challenging process because the fluoride ions are
highly soluble in water. At present, numerous methods have
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been developed including electrodialysis, reverse osmosis, ion
exchange, precipitation-coagulation, and adsorption.*>*
Among these defluoridation strategies, the adsorption tech-
nique has been considered as the most promising treatment
method for water remediation due to its low cost, ease of
operation, and excellent efficiency.>*** To date, a wide variety of
metal-containing adsorbents such as activated alumina,
zeolites, rare earth metal oxides/hydroxides, and metal-organic
frameworks (MOFs) have been reported.***® While many of
these materials exhibit fast adsorption rate and high adsorption
capacity for fluoride, they could pose severe threats to human
health because some metals may leach into water during the
adsorption process.®** To avoid potential health risk of metal
leaching, a number of metal-free fluoride sorbents such as
activated charcoal, chitosan beads, and carbon nanotubes have
also been reported. However, they generally suffer from poor
adsorption capacity or high cost.®** Therefore, it is advanta-
geous to develop a metal-free adsorbent that enables efficient
water defluoridation and a process that includes efficient recy-
cling of materials.

In this context, we sought to turn a known hemicryptophane
L (ref. 67) into a fluorescent fluoride receptor by taking advan-
tage of its cyclotriveratrylene (CTV) cap as the fluorophore and
the tripodal tren unit as the fluoride binding site. By triply
protonating the capsule to generate [3H-L]**, we previously
enhanced its affinity for a series of size-matched polar mole-
cules and modulated guest binding with sulfonate counter-
anions in aprotic organic solvents.®® To expand its host-guest
chemistry, [3H-L]>" can be made water-soluble through the
judicious choice of counteranions. Here, we report a protonated
tren-based hemicryptophane [3H-L][OMs]; (TOMs = meth-
anesulfonate anion) that operates as a ‘turn-on’ fluorescent
probe for selective detection of aqueous fluoride and also as
a highly efficient fluoride sorbent when supported on silica gel.
Multifunctional systems that can be used for both detection and
removal of aqueous fluoride have been rarely explored.

Results and discussion

The ability of [3H-L][OMs]; to bind anions in solution was first
investigated in D,O by 'H NMR spectroscopy. As some of the
anions may significantly change the acidity of the solution after
titration, all spectra were recorded at the same pD to ensure that
the hemicryptophane remained at a constant protonation state
throughout the experiments. We chose to work at pD 4.5, the pD
value of the aqueous solution of [3H-L][OMs]; when dissolved in
D,0. At this pD value, the receptors exist as a mixture of triply
and doubly protonated capsules (Fig. S1-S3 and Table S17).
When [3H-L][OMs]; was exposed to a variety of common anions
including excess Cl~, Br~, NO;~, CH3CO, , and H,PO, " (as the
sodium salts), only minor "H NMR spectroscopic changes were
observed (Fig. 1a-f). This indicated a lack of anion encapsula-
tion by [3H-L]**, which is attributed to the rigidity conferred by
the CTV and the small diameter of the portals that the anions
must traverse to bind stably within the capsule (Scheme 1).

In contrast, introducing sulfate or fluoride to [3H-L][OMs];
gave rise to significantly different observations. While the
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Fig.1 !H NMR spectra (600 MHz, 298 K, D,O, pD 4.5 4+ 0.1) of 0.5 mM
[3H-L][OMs]s before (a) and after the addition of 10 eq. (b) NaCl; (c)
NaBr; (d) NaNOs; (e) NaOAc; (f) NaH,POy; (g) NaF.

addition of sulfate led to immediate precipitation due to the
formation of insoluble salts, the addition of fluoride resulted in
dramatic spectroscopic changes that were consistent with anion
binding (Fig. 1g). As the protonated capsule was titrated with
NaF, only one set of resonances was seen for all proton signals
during the whole experiment (Fig. S41). This observation led us
to conclude that the fluoride binding equilibrium is fast on the
'H NMR timescale. Over the course of the spectral titration, the
peaks corresponding to the proton resonances of H,, Hy,, H. and
Hy diverged into three sets of well-separated sharp multiplets
while undergoing a noticeable downfield shift, consistent with
fluoride binding at the tren moiety. As the protons H. and Hfon
the p-phenylene linkers display well-defined signals during the
entire titration experiment, their chemical shifts were plotted as
a function of the host-guest ratio (Fig. S51). However, both sets
of chemical shifts changed linearly with the amount of NaF
added, up to 1 equivalent of NaF. In order to determine an
association constant (K,) for F~ binding to [3H-L][OMs];, the
titration needs to be done at lower concentration with a more
sensitive analytical technique.

The encapsulation of F~ in the cavity of [3H-L][OMs]; was
also evidenced by '°F NMR spectroscopy. While the ‘free’ fluo-
ride resonates at —124.4 ppm (Fig. 2a), the addition of 2
equivalents of [3H-L][OMs]; to the NaF solution eliminated the

NH NH NH, NHZ
& 050w (oo
N 0 %/ NJ o°
H 7y o8
o
L [3H-L][OMs],

Scheme 1 Structures of L and [3H-L][OMs]s.
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Fig. 2 °F NMR spectra (565 MHz, 298 K, D,O, pD 4.5 + 0.1, hexa-
fluoroacetone as external reference) of (a) 0.75 mM NaF (1 eq.); (b) 1.5
mM [3H-L][OMs]s (2 eq.) with 0.75 mM NaF (1 eq.); (c) 1.5 mM [3H-L]
[OMs]3 (2 eq.) with 4.5 mM NaF (6 eq.).

‘free’ fluoride signal and induced the appearance of a second
peak that was 52 ppm downfield shifted (Fig. 2b). Subsequent
addition of excess NaF to the mixture restored the ‘free’ fluoride
signal but barely shifted this new peak (Fig. 2¢). Given the large
overall charge of the protonated tren unit (3+) and the
substantial deshielding effect it confers on the encapsulated
species, the peak at —72.4 ppm in the *°F NMR spectrum can be
reasonably assigned as the ‘bound’ fluoride signal. The chem-
ical shift of this ‘bound’ fluoride is comparable to the one re-
ported by Bowman-James et al. in a p-xylyl-linked bis-tren
construct (0 = —78 ppm).* It should be noted that no addi-
tional fluoride species such as HF or HF,  were observed
throughout the experiment (Fig. S6t).

To obtain more information about fluoride binding to the
protonated hemicryptophane in the solution phase, an aqueous
solution of [3H-L][OMs]; was mixed with excess fluoride and
subject to LC-MS. The positive mode of ESI-MS revealed that the
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capsule binds fluoride in a 1: 1 stoichiometry, with an m/z peak
at 410.71 that was assigned to [L + 2H']*" and an m/z peak at
841.97 that was assigned to [L + 2H" + F~]" (Fig. 3). No other
species were detected by mass spectrometry besides the
fluoride-bound and unbound capsules, confirming the lack of
reactivity between [3H-L][OMs]; and F~.

Consistent with the observation in solution, fluoride binding
to the protonated capsule was also confirmed in the solid state
(Fig. 4). Single crystals suitable for structural analysis were
grown by diffusing diethyl ether into a mixture of [3H-L][OMs],
and 1.2 equiv. of NaF in methanol. The fluoride-encapsulated
complex crystalized in the R3 space group with a F~ ion
residing on the same C; axis with L. The occupancy of F~ was
found to be 1 with reasonable refinement parameters, consis-
tent with the stoichiometric encapsulation of fluoride in solu-
tion. Importantly, the short F --NH," distance, 2.629(4) A,
suggests the presence of strong H bonds between F~ and the
protonated tren moiety and provides structural evidence for the
high F~ affinity observed in solution. More details on structural
refinements can be found in ESI (Table S21).

Although the encapsulation of F~ by [3H-L][OMs]; was
unambiguously disclosed by NMR, LC-MS, and XRD, all the
experiments were run at low millimolar concentrations. Given
that the CTV has been used as a fluorophore to assess xenon
complexation with numerous cryptophanes,®” we suspected
that the selective fluoride binding revealed by '"H NMR may also
induce a fluorescence response, which could potentially enable
fluoride detection in the micromolar regime. In order to verify
this hypothesis, an aqueous solution of 15 uM [3H-L][OMs]; was
excited at 280 nm and the emission spectra were collected in the
presence of the same series of anions. To ensure that the
capsules were characterized at the same protonation state as in
the NMR experiments, the fluorescence spectra were recorded
at pH 4.1, which is equivalent to pD 4.5.7* As expected, with the
addition of C1~, Br~, NO;~, CH;CO, ", H,PO,~ and SO,>, only
minor changes in the emission spectrum of [3H-L][OMs]; were

Fig. 4 Crystal structure of the hemicryptophane with a single fluoride
encapsulated within the protonated tren unit. Atoms are shown as ball
and stick model for clarity. Gray, blue, red, green, and light-yellow
represent the C, N, O, F, and H atoms, respectively. Solvent molecules,
other counteranions and H atoms are omitted for clarity, except for
those involved in the hydrogen bonds as light-yellow spheres.
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Fig. 5 (a) Fluorescence spectra at 298 K of an aqueous solution of 15
puM [3H-L][OMs]3 with 10 eq. of different anions titrated in citrate buffer
(0.1 M, H,0) at pH 4.1. (b) Fluorescence titration of 15 uM [3H-L][OMs]s
with NaF at 298 K in citrate buffer (0.1 M, H,O) at pH 4.1. Inset: the
fluorescence intensity at 324 nm as a function of the equivalents of
added NaF. The black spheres and red line represent experimental data
and a global fit given by Bindfit program,”® respectively. (c) Fluores-
cence response of [3H-L][OMs]s to F~ in the presence of competing
anions in citrate buffer (0.1 M, H,O) at pH 4.1. The red bars show the
fluorescence intensity of 15 uM [3H-L][OMs]s at 324 nm on the addi-
tion of respective anions (10 eq.). The blue bars represent the fluo-
rescence intensity of 15 uM [3H-L][OMs]s with 10 eq. F~ at 324 nm on
the addition of respective competing anions (10 eq.). The error bars
represent standard deviations of averaging three measurements.

observed in the citrate buffer (Fig. 5a) or pure water (Fig. S77).
We noted that titrating excess SO,>~ to the capsule no longer led
to sample precipitation due to the much lower concentration. In
contrast, the introduction of excess F~ led to a 5-fold fluores-
cence enhancement of the solution.

Several experiments were undertaken to investigate this
fluoride-specific fluorescence ‘turn-on’ effect. By comparing the
emission spectrum of an aqueous solution of [3H-L][OMs];
before and after degassing, we concluded that the fluorescence
enhancement associated with F~ binding is not associated with
changes in dioxygen quenching (Fig. S8-S9t1).”> We also
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considered whether this turn-on effect is related to the encap-
sulation of water, which acts as an ‘universal’ fluorescence
quencher for organic fluorophores”™ and has been reported to
bind at the tren in a number of protonated azacryptands™”> and
calix[6]arenes.” Thus, we hypothesized that fluoride binding to
the capsule could displace the water and thereby enhance the
fluorescence of [3H-L][OMs];. To investigate this possible
mechanism, fluorescence titration experiments were performed
to determine the association constant (K,) between [3H-L]
[OMs]; and F~ in D,O and H,O under the same protonation
states. Based on the 1:1 host-guest binding model that was
suggested by LC-MS, crystal structure, and Job plot analysis
(Fig. S107), the apparent K, for fluoride was calculated to be (1.4
+0.1) x 10° M~ in citrate buffer (0.1 M, D,O) at pD 4.5 (Table 1
and Fig. S117), and (7.5 4 0.4) x 10* M " in citrate buffer (0.1 M,
H,0) at pH 4.1 (Fig. 5b) with a detection limit (LOD) of 0.6 pM
(Fig. S12-S137). On one hand, these values represent a lower
estimate of K, because water molecules are believed to compete
with fluoride for binding. In addition, we noticed that the K,
values that were determined in citrate buffer were lower than
those determined in pure H,O or D,O (Fig. S14-S171). This
could be attributed to the non-specific interactions of the
cationic capsule with citrates at the periphery of the binding
cavity, which could weaken the affinity of the protonated tren to
fluoride. On the other hand, the fact that a stronger fluoride
binding affinity was recorded in D,O than in H,O matches the
expectation that the lighter H,O can make stronger hydrogen
bonds to the tren unit and is more difficult than D,0 to displace
with the fluoride ion. We conclude that the lack of turn-on
fluorescence signal with the larger anions provides further
confirmation that they remain outside the protonated capsule,
unable to displace water from the interior cavity.

To explore the practical application of [3H-L][OMs]; as an
anion-selective fluoride sensor, several cross-contamination
experiments were carried out in citrate buffer (0.1 M, H,0) at
pH 4.1. When [3H-L][OMs]; was mixed with 10 equivalents of
other anions individually or altogether, the fluorescence
response of the capsule to fluoride was similar to that in pure
buffer (Fig. 5¢). This observation provided further evidence that
the detection of fluoride was selective and not affected by many
common anions. In addition, we investigated the potential
application of [3H-L][OMs]; in biologically relevant conditions
at pH 7.0 under which the receptors exist as a mixture of

monoprotonated and neutral capsules. Although the

Table 1 Summary of the association constants (Ka) of [3H-L][OMs]3
with F~ and detection limits (LOD) for F~ in various agueous conditions
at 298 K

Aqueous conditions Ka(M LOD (uM)

Citrate buffer (0.1 M, H,O) at pH 4.1  (

Citrate buffer (0.1 M, D,0) at pD 4.5 (1.4 £0.1) x 10°  N/A
H,O at pH 4.1 + 0.1 (4.0 +£1.3) x 10° 0.1
D,0 at pD 4.5 + 0.1 (6.0 +1.7) x 10° N/A
Citrate buffer (0.1 M, H,0) at pH 7.0 (3.2 4+ 0.1) x 10° 6.2
PBS (10x, H,0) at pH 7.0 (23£02) x10°  11.2

7.5+ 0.4) x 10° 0.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hemicryptophane exhibited significantly lower affinity and
higher LOD for F~ at neutral pH (Fig. S18-S23%), cross-
contamination experiments reaffirmed that the detection of
fluoride by [3H-L][OMs]; was minimally influenced by other
coexisting anions in citrate buffer or PBS at pH 7.0 (Fig. S24-
S25%).

Encouraged by the high affinity and great selectivity exhibi-
ted by [3H-L][OMs]; to fluoride, we proceeded to explore the
potential of this compound to remove aqueous fluoride on solid
support. First, we sought to immobilize the protonated capsules
on weakly acidic silica gel, which has been successfully
employed in a previous study to support metalated hemi-
cryptophanes for catalytic purposes.” By equilibrating a [3H-L]
[OMs]; solution of known concentration with the silica for 1 h,
the capsule-immobilized silica was separated from the super-
natant by centrifugation. Given that the amount of capsule left
in the supernatant solution can be determined by UV-vis spec-
troscopy (Fig. S26-S2771), the amount of hemicryptophane
adsorbed to the silica gel via electrostatic interaction was
determined by quantifying the solution depletion. While
elevating the solution pH weakens the capability of the capsule
to bind fluoride through lowering the protonation state of the
tren, a higher pH results in a more negatively charged silica
surface that was found to be more favorable for hemi-
cryptophane adsorption (Fig. S281). As such, pH 5 was chosen
as the optimal condition to ensure sufficient capsule immobi-
lization as well as effective fluoride binding capability. The
adsorption efficiency of the protonated capsule to silica gel at
pH 5 under ambient conditions was calculated to be 7.7 pmol
g

Once the protonated capsule was immobilized on the solid
support, an aqueous solution of NaF (26.6 mg L™ ", 3.5 pmol of
F~ in total) was incubated with the [3H-L][OMs];-adsorbed
silica. After 1 h incubation at pH 5.0 under ambient conditions,
we discovered that 71% of the aqueous fluoride was removed

(a)

NaF solution

(b)

NaF solution
[3H-L][OMs];-
immobilized silica

(©)

NaF solution

blank silica

8 (ppm)

Fig. 6 °F NMR spectra (565 MHz, 298 K, D,O, pD 5.4 + 0.1) of (a) NaF
solution before the incubation; (b) NaF solution after being incubated
with the silica-supported [3H-L][OMs]s; (c) NaF solution after being
incubated with blank silica.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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based on a relative peak integration analysis in the '’F NMR
spectra (Fig. 6a and b). In the meantime, a control experiment
was performed under the same conditions, where the same
fluoride solution was incubated with blank silica. This revealed
that 8% of the fluoride removal occurred at the silica gel
(Fig. 6¢), which is a well-known adsorbent for fluoride.” The
remaining 63% of the fluoride removal was thereby attributed
to the adsorption on the protonated capsule. The number of
moles of fluoride (2.2 pmol) adsorbed by the hemicryptophane
was essentially the same as the number of moles of [3H-L]
[OMs]; (2.2 pmol) immobilized on the silica, which is consistent
with the expected 1:1 binding stoichiometry. These experi-
ments demonstrated that the protonated capsules retain their
ability to encapsulate fluoride on the solid support.

After the process of fluoride adsorption, a simple procedure
was developed to recycle the capsule L. The fluoride-complexed
hemicryptophane-supported silica was first suspended in DI
water and mixed with the same volume of chloroform. Subse-
quent addition of NaOH raised the pH of the aqueous solution
to 14 and completely deprotonated the capsule. As the neutral
cage L is barely soluble in water, the hemicryptophane released
the encapsulated fluoride and eventually went into the organic
layer (Fig. S29t). This protocol provides an efficient (95%
recovery) method for recycling the neutral tren-
hemicryptophane after the process of water defluoridation.

Conclusions

In summary, we have developed a water-soluble tren-
hemicryptophane capsule as a highly sensitive and selective
fluoride sensor in a medium of 100% water. The hemi-
cryptophane displays an exclusive ‘turn-on’ fluorescence
response to the addition of NaF, which allows us to determine
its apparent K, with fluoride by fluorescence titration and
highlights the great selectivity of [3H-L][OMs]; for F~ recogni-
tion over a variety of common anions of larger sizes and
different shapes in the range of pH 4.1-7.0. To the best of our
knowledge, it is the first time that a metal-free molecular
capsule was reported as a fluorescent probe that reports on
fluoride binding in purely aqueous solutions. The capsule L
provides an exemplar for organic host-guest chemistry in water,
illustrating selective, stoichiometric anion binding.

In addition, we have immobilized the capsule on silica gel
and demonstrated the efficient adsorptive removal of fluoride
from water. Via a simple procedure in which an acid-base
reaction and liquid-liquid extraction were involved, the hemi-
cryptophane can be recovered from the solid support in 95%
yield after the defluoridation process. The compound reported
in this work shows technological potential for real-world
applications because of its rapid response to fluoride binding
with great selectivity and high sensitivity, as well as its capability
of efficient fluoride removal without risk of leaching metals into
drinking water during the adsorption process.

In contrast with a few other examples of molecular
capsules,®**®* our system is unique because the fluorophore is
incorporated as part of the hosting scaffold and the anion
binding site can also serve as the water-solubilizing group. A
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similar strategy has been shown to work in a few synthetic
receptors that possess a more solvent-exposed binding site.>***
The current study advances the design of synthetic cavitands as
fluorescent probes for anion recognition in water.
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