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ABSTRACT: Herein we report the use of heterocyclic
functional polymers in the ratiometric spectrophotometric
determination of fluoride (F~). Polymers incorporating
benzo[d][1,2,3]triazole moieties linked to the polymer
backbone via urea links are demonstrated to have utility for
the ratiometric detection of the F~ ion, with a detection limit
in the order of ~2 uM. The hydrogen-bonding recognition
between the benzo[d][1,2,3]triazole moiety and F~ ion was
investigated using UV—vis spectrophotometry and NMR
analysis. The importance of the urea linkage was elucidated
by investigating a second benzo[d][1,2,3]triazole functional
monomer wherein the heterocyclic group is attached to the
polymerizable group via a carbamate linkage. The replacement
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of the urea link with a carbamate group led to significantly reduced F~ sensitivity. Moreover, by examining an analogous
benzo[d]imidazole monomer it was demonstrated that having a nitrogen atom in the 2-position of the heterocycle was important
for maximizing the sensitivity of the assay. Taken together, these results demonstrated that the urea-substituted
benzo[d][1,2,3]triazole motif greatly enhances F~ ion detection. Importantly, the F~ ion sensing capability of the monomer
is retained after incorporating into a diblock copolymer using reversible addition—fragmentation chain transfer (RAFT)

polymerization.

S ensing and quantitative detection of anions is of
significance in a variety of biological and environmental
settings.' ™ In particular, there has been considerable interest in
developing novel approaches for the sensing of the fluoride
(F~) ion. While F~ is of considerable benefit for dental health,
overexposure to F~ may lead to chronic conditions such as
skeletal fluorosis or acute gastric and renal damage.'® Although
the F~ ion is often added to water sources because of the clear
dental benefits, some water sources have naturally high F~
content which may necessitate further processing for the
removal of the ion. Moreover, industrial contamination of water
supplies may cause elevated levels that require monitoring due
to the potential health and environmental impacts. It is
therefore of interest to develop highly efficient and reliable
strategies to monitor F~ ion concentration.

A variety of different strategies have been employed for the
design of F~ ion probes. Specifically, some monitoring
approaches have exploited chemical reactions involving the
F~ ion, 11713
base properties in Lewis acid—base recognition.'®”>* Other
studies have utilized the significant electronegativity of fluorine
to construct assays which rely on hydrogen bonding
interactions.”>~> Overall, hydrogen bonding recognition has
been the most widely studied interaction, with a number of

while others have made use of fluoride’s Lewis
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small-molecule-based hydrogen donors having been synthe-
sized to detect F~ ion concentration. These include (thiol)-
ureas,zs_30 amides,> 7>* Schiff bases,>**> and pyrroles.3'6_38
Significantly, in comparison to the wide array of small
molecule F~ ion sensors, polymeric F~ ion probes have received
less attention. Considering that polymeric probes may hold
additional advantages, such as tunable detection sensitivity,
versatile processability, and multifunctionality,>*~*'
of polymeric F~ ion probes have been reported. For example,
Swager and co-workers** developed a ratiometric F~ sensor
based on conjugated polymers wherein the F~ ion mediates Si—
O bond cleavage. Liu et al.** extended this concept and devised
a F~ ion probe which could be operated in purely aqueous
media by copolymerization of the F~ ion-sensitive fluorophore
into a double hydrophilic block copolymer. Further, a F~ ion
probe based on Lewis acid—base interaction has been reported
recently by Jikle et al** These authors devised a dual-
responsive F~ sensor based on a triarylborane-containing block
copolymer which utilized the electron deficiency of the borane
monomer. Hydrogen-bonding recognition has also been used
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Scheme 1. Schematic Illustration of Ratiometric F~ Ion Sensing by Heterocyclic Monomers and Polymers
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Scheme 2. Monomers Screened for F~ Ion Sensing Performance: (a) 2-(3-(2-Aminophenyl)ureido)ethyl Methacrylate
(APUEMA), (b) 2-(((2-Aminophenyl)carbamoyl)oxy)ethyl methacrylate hydrochloride (APCEMA), (c) 2-(1H-
Benzo[d][1,2,3]triazole-1-carboxamido)ethyl Methacrylate (BTCAEMA), (d) 2-(Methacryloyloxy)ethyl 1H-
Benzo[d][1,2,3]triazole-1-carboxylate (MAEBTC), and (e) 2-(1H-Benzo[d]imidazole-1-carboxamido)ethyl Methacrylate
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to design a diverse range of F~ ion probes. For example, Tian
and co-workers* demonstrated that naphthalimide moieties
containing an amide group were able to probe F~ ion
concentration by virtue of hydrogen bonding recognition
between the F~ ion and amide bonds. In other work, Liu et
al***” demonstrated a colorimetric and fluorometric F~ ion
probe which exploited the supramolecular association between
7-nitro-2,1,3-benzoxadiazole (NBD) and the F~ ion and
developed a ratiometric F~ ion sensor by introduction of a
fluorescence donor (polyfluorene).

Recently, we have developed polymers which are responsive
to the presence of nitric oxide (NO), a ubiquitous messenger
molecule in animals and plants. These polymers were rendered
responsive by the introduction of a NO-reactive o-phenyl-
enediamine moiety, which effectively captures NO thereby
yielding polymers with a benzo[d][1,2,3]triazole moiety.*® We
hypothesized that, depending on the specific attachment of the
benzotriazole to the polymer backbone, these polymers may be
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able to function as effective F~ sensors given the close
proximity of hydrogen bonding acceptor and donor atoms.
Herein, we report on a novel highly selective and sensitive
ratiometric F~ ion probe based on benzo[d][1,2,3]triazole
moieties, wherein the moiety is attached to the polymer
backbone via a urea linkage.** The resultant urea-linked
benzo[d][1,2,3]triazole motif can efficiently recognize F~ ions
with a remarkable ratiometric ultraviolet absorbance change
(Scheme 1), with the detection limit determined to be ~2 uM.
Moreover, by comparison with molecules having unreacted o-
phenylenediamine moieties, benzo[d]imidazole groups, or
benzo[d][1,2,3]triazole groups attached via a carbamate, we
elucidate that the nitrogen atom in the 2-position and N—H in
the urea linkage are important for ensuring that the sensor is
operable with maximum sensitivity. These results demonstrate
the considerable scope for the design of efficient anion sensors
using heterocyclic pendants on polymer chains.
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Figure 1. (a and c) Absorbance spectra and (b and d) absorbance intensity changes recorded in MeCN solution (20 #M) for (a and b) BTCAEMA
and (b and d) MAEBTC monomers upon addition of varying amounts of F~ ion.

Chemical sensors for NO often operate by the reaction of an
o-phenylenediamine motif with NO, thereby forming a
benzo[d][1,2,3]triazole moiety. We have recently reported a
monomer incorporating an o-phenylenediamine group, 2-(3-(2-
aminophenyl)ureido)ethyl methacrylate (APUEMA), which
reacts with NO to form 2-(1H-benzo[d][1,2,3]triazole-1-
carboxamido)ethyl methacrylate (BTCAEMA), a monomer
that includes a urea-linked benzo[d][1,2,3]triazole motif and
has long-term stability in aqueous solution (Scheme 2).** Given
the urea link includes the nitrogen in the 2-position of the
benzotriazole, both the precursor and the resulting monomer
effectively include an asymmetrical urea moiety. As such, we
hypothesized that BTCAEMA and APUEMA may have some
utility for F~ sensing.”®>* Although the molecular recognition
between urea moieties and the F~ ijon has been previously
studied, the interaction of F~ with asymmetrical urea moieties
having a single N—H bond and a lone pair on the second
nitrogen has received less attention. In addition, to further
investigate the structure—property relations for F~ ion sensing
performance, a second o-phenylenediamine monomer was
synthesized wherein the urea linkage was replaced with a
carbamate linkage. Specifically, 2-(((2-aminophenyl)-
carbamoyl)oxy) ethyl methacrylate hydrochloride (APCEMA)
was synthesized as an analogue to APUEMA (Scheme SI,
Supporting Information). Upon reaction with NO, APCEMA
yields 2-(methacryloyloxy)ethyl 1H-benzo[d][1,2,3]triazole-1-
carboxylate (MAEBTC). The only difference between the
chemical structures of APUEMA and APCEMA is that the urea
linkage in the APUEMA monomer is replaced by a carbamate
linkage in the APCEMA monomer. Likewise, the only variation
between the BTCAEMA and MAEBTC is replacement of the
urea link with a carbamate. By titrating this palette of
monomers with F~ we sought to develop an understanding
of how monomer structure influences the spectrophotometric
response.
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The APUEMA monomer was synthesized via the reaction of
o-phenylenediamine with 2-isocyanatoethyl methacrylate, as has
previously been reported.*® The APCEMA monomer was
prepared via the coupling of o-phenylenediamine with 1,1'-
carbonyldiimidazole-activated 2-hydroxyl methacrylate
(HEMA) in the presence of 4-dimethylaminopyridine
(DMAP) catalyst, followed by protonation of the free amine
groups in the presence of hydrogen chloride (Scheme S1,
Supporting Information). The chemical structures of the
intermediate compounds as well as the target APCEMA
monomer were confirmed by 'H and *C NMR analysis
(Figures S1 and S2, Supporting Information).

Subsequently, the MAEBTC monomer was synthesized by
sparging the APCEMA monomer with NO gas. The conversion
was examined using UV—vis spectrophotometry to follow the
formation of the benzo[d][1,2,3]triazole moiety. While the
APCEMA monomer has an absorbance peak centered at ~285
nm, upon gradual NO addition the emergence of two new
peaks (~259 and 296 nm) is observed (Figure S3, Supporting
Information). The absorption intensity reached a plateau after
exposure to ~1.25 equiv of NO, indicating a high reactivity of
the APCEMA monomer toward NO and the relative ease of the
synthetic methodology. The MAEBTC was subsequently
isolated and analyzed by NMR spectroscopy (Figure S4,
Supporting Information), which indicated formation of the
desired carbamate-functionalized benzotriazole derivative.
BTCAEMA was synthesized by exposing APUEMA to NO,
as detailed in our previous publication.*®

Following successful synthesis of the benzo[d][1,2,3]triazole
functional polymers, a series of experiments was conducted to
examine the utility of this palette of monomers for
spectrophotometric F~ ion sensing. First, molecular recognition
between the APUEMA and APCEMA monomers and F~ ion
was investigated. The APUEMA monomer exhibited an
absorbance peak at ~294 nm in acetonitrile. Upon addition
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Figure 2. (A) Partial "H NMR spectra recorded in CD;CN for the BTCAEMA monomer (50 mM) upon addition of varying amounts of F~ ion: (a)
0 equiv; (b) 1 equiv; (c) 2 equiv; and (d) 4 equiv, respectively. (B) BTCAEMA monomer residual upon varying amounts of F~ ion addition was

determined by 'H NMR analysis.

of the F~ ion, the absorbance peak underwent a slight increase
over the F~ concentration range of 0—500 uM (0—25 equiv
relative to the APUEMA monomer) (see Figure SSa and b,
Supporting Information). Similar absorbance changes were
observed for the APCEMA monomer in the same F~ ion
concentration range. Importantly, these increases were
accompanied by a commensurate rise in the baseline, which
likely indicates increased turbidity. Further, the nonprotonated
counterparts of both APUEMA and APCEMA undergo very
little change to the UV spectra with addition of the F~ ion
(Figure SSc and d, Supporting Information). Taken together,
these results suggest that while there may be ionic interactions
between the protonated forms of APUEMA and APCEMA and
the F~ ion these interactions lead to only minor spectral
changes.

Further studies were conducted to examine the F~ ion
sensing capability of BTCAEMA and MAEBTC, which include
urea- and carbamate-linked benzotriazole groups, respectively.
A ratiometric UV—vis absorbance change was observed for the
BTCAEMA monomer upon titration with the F~ ion. More
specifically, upon gradual F~ ion addition, the absorbance of
BTCAEMA centered at ~254 nm decreased markedly,
accompanied by a concomitant increase in the absorbance at
294 nm and a gradual blue-shift of the absorbance peak from
~294 to ~281 nm. The absorbance ratio changes of
BTCAEMA ultimately plateaued after addition of ~3.0 equiv
of the F~ ion (Figure la). The detection limit (the F~ ion
concentration at which a 10% absorbance ratio change could be
measured) was determined to be ~2 uM (Figure 1b). Although
similar UV—vis absorbance ratio changes were observed for the
MAEBTC monomer, the F~ ion concentration required to
induce those changes was much higher than for the BTCAEMA
monomer (Figures 1c and 1d). This significant difference in F~
ion sensing concentration range was likely attributed to the
unique chemical structure of the BTCAEMA monomer, which
includes an asymmetrical urea-derived benzo[d][1,2,3]triazole
motif (Scheme 1). The MAEBTC monomer, which includes a
carbamate linkage and therefore lacks a hydrogen bonding
donor, gives significantly diminished response to F~ titration,
thereby demonstrating the important role played by the N—H
group in the F~ sensing chemistry. In order to rule out the
possibility of the benzo[d][1,2,3]triazole moiety becoming
protonated and binding fluoride ions via an ionic interaction,
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the BTCAEMA monomer was titrated with varying amounts of
trifluoroacetic acid (TFA). Both the ultraviolet and 'H NMR
spectra suggested a negligible change in the BTCAEMA
monomer with addition of TFA (Figures S6 and S7, Supporting
Information). As such, the recognition of the F~ ion by the
BTCAEMA monomer can be confidently attributed to
hydrogen bonding with the benzotriazole-substituted asym-
metric urea groups.

To further elucidate the structural features of the of the urea-
linked benzo[d][1,2,3]triazole which contribute to the efficient
F~ ion sensing capability, a similar monomer bearing a urea-
linked benzo[d]imidazole, 2-(1H-benzo[d]imidazole-1-
carboxamido)ethyl methacrylate (BICEMA) was synthesized
(Figure S8, Supporting Information). The primary structural
difference between BICEMA and BTCAEMA is that the
nitrogen atom in the 2 position of the heterocyclic benzo[d]-
[1,2,3]triazole is replaced with the C—H group of an imidazole.
Although BICEMA has different absorption peaks in
comparison with the BTCAEMA monomer, a qualitatively
similar spectral variation was observed when titrated over
approximately the same concentration range of F~ ions (Figure
S9, Supporting Information). However, the variations in the
absorbance ratio are nowhere near as marked as they are for
BTCAEMA. These results indicate that, in addition to the
crucial role played by the N—H, the nitrogen in the 2 position
of the benzo[d][1,2,3]triazole also has a significant impact on
the hydrogen bonding interaction between the F~ ion and the
monomer.

To further investigate the interactions between the
BTCAEMA monomer and F~ ion, '"H NMR spectra were
recorded in the presence of varying equivalents of the F~ ion
(Figure 2). Before F~ ion addition, the characteristic signal
expected from the urea N—H was visible (~7.95 ppm, Figure
2a). This signal disappeared in the presence of 1.0 equiv of the
F~ ion (Figure 2b), clearly demonstrating the strong hydrogen
bonding interaction between the N—H and F~ ion. Moreover,
as more F~ ion was added the signals arising from the
benzo[d][1,2,3]triazole protons gradually shifted to higher
field, with the peaks becoming increasingly broad. In the
presence of 4.0 equiv of F~ ion, all the peaks associated with
BTCAEMA monomer had disappeared (Figure 2A-d). These
results were consistent with the absorbance ratio changes
observed for the same F~ ion concentration (Figure 1a). Taken
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Figure 3. (a) Absorption spectra and (b) absorption ratio changes (A,5,/A;s,) recorded in MeCN for BTCAEMA monomer in the presence of

various anions (0.25 mM) and F~ ion (75 uM), respectively.

together, these results further confirm the strong hydrogen
bonding interaction between the BTCAEMA monomer and F~
ion. These hydrogen bonding interactions result in the
observed ratiometric absorbance changes to the UV—vis spectra
and therefore the possibility of highly sensitive F~ ion sensing.

For the currently described F~ sensor to be useful there must
be some degree of ionic specificity for the observed ratiometric
changes. As such, the selectivity of the BTCAEMA monomer
toward the F~ ion was examined. As shown in Figure 3, a
number of different anions (SO,>~, CH,COO™, S,0,*7, SO,>,
CO0,, CI, H,PO,, HPO,*", HCO;, and F~) were tested to
determine the specificity of the absorbance changes. Only the
F~ ion simultaneously induced the absorbance decrease at 254
nm and absorbance increase at 281 nm (Figure 3a). As such,
the BTCAEMA monomer could be employed as a highly
sensitive and selective F~ ion probe through the molecular
recognition between the urea-functionalized benzo[d][1,2,3]-
triazole motif and F~ ion. Nevertheless, further studies will be
required to optimize the anionic selectivity toward the F~ ion,
especially for distinguishing F~ in a complex mixed solution.

As noted above, polymeric sensors may confer considerable
advantages in sensing applications, such as detection perform-
ance, long-term structural stability, and processability. As such,
we examined the F~ ion sensing capability of polymers
incorporating BTCAEMA. Poly(oligoethylene glycol mono-
methyl ether methacrylate) (POEGMA)-b-PAPUEMA copoly-
mer was synthesized using reversible addition—fragmentation
chain transfer (RAFT) polymerization (Scheme S2, Supporting
Information). The copolymer was subsequently exposed to NO
in order to convert the APUEMA repeat units to BTCAEMA
units, thereby yielding POEGMA-b-PBTCAEMA. Successful
synthesis of the benzo[d][1,2,3]triazole functional polymer was
confirmed by NMR analysis and GPC traces (Figures S10 and
S11, Supporting Information). The F~ ion sensing performance
of the POEGMA-b-PBTCAEMA was then examined. Similarly
to the BTCAEMA monomer, gradual addition of the F~ ion led
to a steady decrease in the absorbance at 254 nm and a gradual
increase in the absorbance at 281 nm for the copolymer (Figure
4a). Moreover, the absorbance ratio (A,g/A,s,) exhibited a
~S5.84-fold rise over the F~ ion concentration range examined
(0—0.25 mM) (Figure 4b). These results demonstrate that
incorporation of the benzo[d][1,2,3]triazole groups into a
polymeric matrix does not compromise the F~ jon sensing
capability. Moreover, this suggests that urea-linked benzo[d]-
[1,2,3]triazole groups may indeed be useful in the preparation
of a novel polymeric F~ ion probe.

In summary, a suite of o-phenylenediamine and benzo[d]-
[1,2,3]triazole functional monomers were successfully prepared
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Figure 4. (a) Absorption spectra and (b) absorption ratio changes
(Azs1/Ass4) recorded in MeCN for the POEGMA-b-PBTCAEMA
block copolymer (0.05 g/L, [BTCAEMA] ~ 0.1 mM) in the presence
of varying amounts of F~ ion (0—0.25 mM), respectively.

and examined for their potential as highly sensitive and
selective F~ ion probes. Monomers incorporating an o-
phenylenediamine group such as APUEMA and APCEMA
exhibited negligible F~ ion sensing capability, which was likely
due to their positively charged nature. However, benzo[d]-
[1,2,3]triazole functional polymers showed some promise as
ratiometric F~ ion probes, with urea-linked benzo[d][1,2,3]-
triazole monomer BTCAEMA showing the best performance of
the examined monomers. The presence of an N—H group in
the linker and the incorporation of a nitrogen atom in the 2-
position of the heterocycle were shown to be especially
important to the sensing capability of the monomer. Addition-
ally, we demonstrated that benzo[d][1,2,3]triazole moieties
could be integrated into polymeric matrix by chain extending
POEGMA with APUEMA via RAFT polymerization and then
treating the copolymer with NO to yield POEGMA-b-
PBTCAEMA, a polymer having demonstrated F~ ion detection
capability. This work introduces a novel family of polymeric F~
probes which operate through specific recognition between a
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monofunctional urea-functionalized benzotriazole motif and F~
ion. These materials may find ultimate application in
environmental and biological sensing of F~ ions.
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Detailed experimental procedures, NMR, and UV—Vis. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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