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A chemosensor is reported with high sensitivity and selec-
tivity for detection of fluoride anion. The recognition mecha-
nism is attributed to a fluoride-triggered disruption of the
hydrogen bond between imidazole and naphthalimide
moieties, resulting in a noncoplanar geometry with low
fluorescence.

Fluoride (F7) is an essential anion in nature and plays important
roles in food processing, clinical analysis and fluorination of
water supplies, which means that a robust and quantitative
method for the analysis of fluoride is essential.' Among current
analytical approaches, fluorescence sensing is a nondestructive
and sensitive means that translates molecular recognition into a
tangible fluorescence signal.”> Numerous approaches have been
suggested to develop fluorescence sensors on the basis of
various signaling mechanisms for fluoride detection.®> However,
current sensors still lack the sensitivity and selectivity for the
robust detection of fluoride.*

As a fluorophore, N-aryl-1,8-naphthalimide has been widely
used for fluorescence sensing due to its high photostability, large
Stokes shift, and dual fluorescence properties.” Moreover, well
characterized spectroscopic and photophysical features of
naphthalimide facilitate development of fluorescence sensors on
the basis of various sensing mechanisms, which include photo-
induced electron transfer (PET), internal charge transfer (ICT)
and fluorescence resonance energy transfer (FRET). For
example, the strong substituent effect of position 3 and 4 on
the naphthalene ring as well as the geometry, size and electronic
effect of substituents significantly influence the spectral proper-
ties of N-aryl-1,8-naphthalimides.” Currently, this feature
has been extensively used to design signal switches for
1,8-naphthalimide-based fluorescence sensors.® However, the
contribution of the other important part of N-aryl-1,8-naphthal-
imides, i.e., the aryl moiety, on the photophysical properties of
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Scheme 1 Structures of the fluoride chemosensor (1¢) and control
compounds.

N-aryl-1,8-naphthalimides is not well understood, and may
facilitate the development of fluorescence sensors.’

Herein, we report the design and synthesis of a new chemo-
sensor based on N-imidazolyl-1,8-naphthalimide with high
sensitivity and specificity for fluoride detection that involves
changes in the structural interaction between the naphthalimide
and aryl moieties (Scheme 1). Of nine compounds surveyed, 1c¢
displays a strong fluorescence emission at 442 nm, indicative of
a rigid structure formed by a intramolecular hydrogen bond
(H-bond) between imidazole H and carbonyl O atoms. In the
presence of fluoride, the disruption of this H-bond leads to
significant fluorescence quenching, which provides a sensitive
means of fluoride detection.

The synthetic route to nine fluorogenic molecules 1a-3c is
summarized in Scheme 2. In consideration of how to best con-
struct a system with strong H-bonding between aryl and naphtha-
limide moieties, 2-aminoimidazole, 2-aminophenol and
cyclopentylamine were used to prepare the R; moieties. Also,
three different substituents on the naphthalene ring (R, = Br,
NH,, and H) were selected to illustrate the substituent effect on
the photophysical properties of 1,8-naphthalimides. The com-
pounds (1a—1¢ and 3a—3c) were readily prepared in one step by
the condensation of the anhydride with the amine. Compounds
2a-2c¢ were synthesized in two steps. Refluxing of 3-nitro-1,8-
naphthalic anhydride with SnCl, in 15% HCI for 2 h afforded
the 3-amino-1,8-naphthalic anhydride,'® which was then reacted
with three primary amines (2-aminoimidazole, 2-aminophenol
and cyclopentylamine) to give 2a-2c. The structures of 1a-3c
were confirmed by "H NMR, '*C NMR, and elemental analysis
(see ESIT).

Photospectroscopic properties of 1a—3¢ were characterized by
UV-vis absorption and fluorescence emission spectra at 25 °C in
CH,Cl, (Table 1). 1a and 1b containing cyclopentyl and phenyl
groups as R; respectively exhibited maximum absorption bands
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at 343 nm and fluorescence emission bands at 391 nm. 1c¢ with
an imidazolyl group as R, displayed a major absorption peak at
328 nm with a shoulder peak at 413 nm, and an emission peak
at 442 nm. Compounds 2a—2¢ showed an absorption maximum
in the range of 342-344 nm and an emission maximum between
471-479 nm; variation in spectral properties was due to the
amino substitution on naphthalene ring. Compounds 3a-3c dis-
played an absorption maximum between 330 to 335 nm and an
emission maximum between 375 to 385 nm. In contrast to 1a
and 1b, 1c showed peaks with longer wavelength in both absorp-
tion and emission spectra that suggested a significant contri-
bution of imidazole group (R,) to the spectral properties of 1c.
To explain the photospectroscopic behavior of 1e, quantum
chemical calculations were carried out at the Hartree-Fock/
6-31G* level for all of nine compounds (Table 2)."" The distance
(1.807 A) of C=0---H-R, in 1c strongly supported the presence
of an intramolecular H-bond between the O atom in the carbonyl
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Scheme 2 Compounds 1a-3c¢ were readily prepared by the conden-
sation of anhydride with amine.

Table 1 Photospectroscopic properties of 1a—3¢ in CH,Cl,

group and the H atom in the imidazole. Also, the dihedral angle
between the aryl/cycloalkyl ring and the naphthalimide ring was
calculated because the conformation and geometry of these two
moieties can significantly affect the fluorescence properties of
1,8-naphthalimides.'? The dihedral angle (0.30°) determined for
1c also bolstered a coplanar geometry of lc. Moreover, the
calculated dihedral angles of 2¢ and 3¢ were found to also be
small (1.40°) indicating that these two molecules possess a near
coplanar geometry. Considering the distance of C=O0---H-R;
(1.813 A) in 2¢ and 3e, these two molecules also might form
intramolecular H-bonds. For the remaining six molecules, their
calculated dihedral angles varied between 47.9° and 56.4° with
longer distances of C=0---H-R; (1.985-1.987 A) that implied a
nonplanar geometry between the aryl/cycloalkyl ring and the
naphthalimide ring.

According to the quantum chemical calculations, 1¢, 2¢, and
3¢ showed the potential ability to form an intramolecular hydro-
gen bond that resulted in a coplanar geometry between naphtha-
limide and imidazole moieties. Our hypothesis is that, in the
presence of F~, the intramolecular H-bond will be disrupted due
to the strong interaction between F~ and H atom in the imidazole
moiety and consequently will cause a spectroscopic change.
Based on this hypothesis, 1c, 2¢, and 3¢ were chosen to investi-
gate the concentration-dependent changes in the absorption
spectra upon addition of F~ (TBAF) in dichloromethane (Fig. 1).
All three molecules (1.0 x 10~ M) displayed a major absorption
in the 330-340 nm region. With the addition of F~ (1 equiv), no
significant change in absorption was observed for 2¢ and 3¢, but
a significant decrease of the absorption peak centered at 413 nm
was observed for 1e¢. The absorption change for 1¢ indicated the
disruption of a H-bond between imidazole and naphthalimide
moieties in the presence of F~ that was consistent with previous
calculation. Fluorescence titrations were conducted upon incu-
bation of 1¢, 2¢ and 3¢ (5.0 x 107 M) with F~ (0-10 equiv) for
1 min at room temperature. As displayed in Fig. 2a, 1c¢ displayed
a significant decrease in the fluorescence emission at 442 nm,
with maximum quenching (94%) upon addition of 1 equiv F~.
In contrast, although 2¢ and 3¢ also showed the fluorescence
decreasing, only 29% and 33% quenching were observed
respectively in the presence of 10 equiv F~ (Fig. 2b and 2c).
These titration results obviously indicated that F~ can effectively
disrupt the intramolecular H-bond in 1¢ reflected by fluorescence
quenching. Moreover, the F™ titrations also were carried out for

la 1b 1c 2a 2b 2¢ 3a 3b 3¢
Aap (nmM) 343 343 328 342 342 344 330 335 330
Aem (nm) 391 391 442 471 479 476 385 383 375
D¢ (107°) 0.7 0.7 18 89 5.2 33 0.9 0.5 12

Table 2 Calculated dihedral angles between the aryl ring and the naphthalimide ring and H-bond length of C=0---H-R,

la 1b 1c 2a 2b 2¢ 3a 3b 3¢
Dihedral angle (°) 56.4 48.1 0.30 56.2 48.8 1.40 52.4 47.9 1.40
H-bond length (A) — 1.985 1.807 — 1.986 1.813 — 1.987 1.813
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Fig. 1 Absorption spectra of 1¢ (A), 2¢ (B), and 3¢ (C) (1.0 x 107> M)
acquired in dichloromethane upon addition of F~ (black line: 0 M, red
line: 0.5 x 107> M, blue line: 1.0 x 107> M).
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Fig. 2 Decreases in fluorescence emission spectra in the presence of
increasing amounts of F~ (TBAF) (incrementally increased between
0-10 equiv) for 5.0 x 107° M of (a) 1¢ (dex = 344 nm), (b) 2¢ (dex =
344 nm), and (c) 3¢ (Aex = 330 nm) in CH,Cl, at room temperature.

1a—3a and 1b-3b, but no fluorescence quenching was observed
(Fig. S17).

Fig. 2a shows that 1c¢ exhibited a remarkably high sensitivity
to F~ such that 5.0 x 107" M F~ caused 6% fluorescence
quenching and the maximum quenching was achieved in the
presence of 5.0 x 107® M F~. The titration shown in Fig. 2a
suggested that 1¢ formed a complex with F~ as indicated by the
decrease of fluorescence at 442 nm. The stoichiometry and
association constant of 1le—F~ were investigated by using the
program SPECFIT. The fluorescence titration of le¢ were best
fitted to 1:1 stoichiometry with an association constant of log
K, =5.314+0.07 by nonlinear regression analysis.13

On the basis of the spectral change of 1¢ upon addition of F~,
the fluorescence emission at 442 nm can be reasonably attributed
to the coplanar geometry formed by intramolecular H-bond
between naphthalimide and imidazole moieties. As noted above,
in the absence of F~, 1¢ possessed a rigidly coplanar geometry
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Scheme 3 Proposed mechanism of fluorescence quenching for le
upon addition of fluoride involved a disrupting intramolecular H-bond.
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Fig. 3 Anion selectivity of 1¢ (5.0 x 107° M) in CH,Cl, upon addition
of 1 equiv of the indicated anions (Ax = 344 nm, Ay, = 442 nm).

that displayed a strong fluorescence emission at 442 nm.
However, when F~ was added, the original intramolecular H-
bond was disrupted due to the stronger interaction between F~
and NH group on imidazole moiety. As the result, the whole
molecule lost coplanar structure as revealed by significant fluor-
escence quenching (Scheme 3). For comparison, the F™ titrations
also have been carried out under the same conditions for mol-
ecules without intramolecular H-bond in between (1a, 2a and
3a) and molecules containing H-bond but without coplanar
structure (1b, 2b and 3b), none of them showed any fluorescence
change upon addition of F~. These results further confirmed that
the coplanar structure formed by intramolecular H-bond played a
central role for the spectral properties of 1c. In presence of F~,
many fluoride chemosensors have been reported for the deproto-
nation process that usually is associated with significant spectra
changes (i.e. red shift) and chemical shift in NMR titration
experiments.'* However, based on the titration experiments of
1c, no data has been obtained to support the deprotonation
process.

To evaluate the selectivity of 1¢, 1 equiv of F~, C17, Br™, I,
AcO™, H,PO4~, NO;~, and HSO,~ (added as their tetrabutyl-
ammonium salts) was incubated individually with 1¢ (5.0 X
10° M) in CH,Cl, at room temperature. The emission spectra at
442 nm were investigated with an excitation at 344 nm. As
shown in the Fig. 3, lc¢ displayed substantial fluorescence
quenching (94%) in the presence of F~, indicating a submicro-
molar binding affinity. In contrast, only a slight fluorescence
decrease (less than 7%) was observed upon addition of CI™, Br™,
I", NO;~, or HSO,". Although AcO™ and H,PO,™ resulted in
15% and 24% quenching respectively, it was much smaller than
the quenching observed from F~. These results showed the high
selectivity of 1¢ for F~ over other competitive anions, indicating
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that 1c¢ represented a robust sensor for high-throughput measure-
ments against F~.

In summary, we report a new fluorescence sensor (1c¢) based
on N-imidazolyl-1,8-naphthalimide for the detection of fluoride
with high sensitivity and selectivity. 1¢ displays strong fluor-
escence due to coplanar geometry formed by the intramolecular
H-bond between naphthalimide and imidazole moieties. The
addition of F~ disrupts the H-bond and consequently causes sig-
nificant fluorescence quenching. This sensing strategy provides a
new “on—off” signal transition mechanism for fluorescence
sensing on the basis of 1,8-naphthalimide.
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