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A highly selective fluorescent sensor for fluoride, bis(2-hydroxy-1-naphthaldehyde)-2,6-
pyridinedicarboxylic acid hydrazone (H-NP1) was synthesized and structurally characterized. UV-
Vis and luminescent titrations of H-NP1 with F~ demonstrated the presence of an H-NP1.--F~
interaction species with association constant log K* = 5.26 + 0.01. The sensor responded to
fluoride ion through an excited-state intermolecular proton transfer (ESPT) mechanism with the
emission band red-shifted and enhanced. For further studying the potential mechanism, binding-
signaling transduction of related compound H-NP2, bis(2-hydroxy-1-naphthaldehyde)-1,3-
benzenedicarboxylic acid hydrazone and two control compounds (H-NP3) and (H-NP4) derived

from I-naphthaldehyde was also investigated for comparison.

Introduction

Selective recognition and sensing of anions species via artificial
receptors have attracted considerable attention during the past
decades, because of their significant importance and potential
applications in biological, environmental and supramolecular
sciences.' A coordination chemistry of anions requires that
both the energies of non-covalent interactions used to combine
an anion guest, and the geometry, basicity of the anion and the
nature of the solvent medium to be taken into account.*
Among these non-covalent interactions, hydrogen-bonding
is directional, a feature which allows for the possibility of
designing receptors with specific shapes that are capable of
differentiating between anionic guests with different geo-
metries.>®

At the same time, not only selectivity should fit the purpose,
but also the processes that generate the information and
transduce it to the user have to be powerful and unequivocal
to fulfill analytical needs with respect to sensitivity and
instrumentation.” Of particular interest on this regard are
fluorescent sensors, as they are both highly sensitive and easy
to signal.® For this purpose, many fluorescent sensors for
anions have been developed on the basis of a variety of
signaling mechanisms such as competitive binding,” photo-
induced electron transfer (PET),'° metal-to-ligand charge
transfer (MLCT),"" excimer/exciplex,'? and intramolecular
charge transfer.'> Recently, Choi and Hamilton'* reported
that anion binding close to the fluorophore could lead to the
stabilization of positive charge developed in the fluorophore
excited state and to opening of another fluorescence emission
channel through intermolecular excited state proton transfer
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(ESPT). To provide a new strategy of linking a fluorophore
with emission from an internal charge transfer excited state to
an ion-binding domain,'> we report here the preparation and
binding-signaling transduction of the highly selective fluores-
cent receptor H-NP1, bis(2-hydroxy-1-naphthaldehyde)-2,6-
pyridinedicarboxylic acid hydrazone (Scheme 1), for fluoride
ion, and investigate the potential binding—signalling transduc-
tion of H-NP1 and the related compounds. It is expected that
as the anion-binding domain, the two-armed receptor can bind
certain anions strongly and selectively through H-bonds by
using the amide N-H groups and naphthol groups, from
which the acidities of the naphthol OH groups and amide
protons were drastically enhanced upon photo-excitation and
therefore an ESPT channel was opened.'®
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Experimental
Materials and measurements

All chemicals used were of reagent grade or better, obtained
from commercial sources and used without further purifica-
tion, except for the solvents for physical measurements which
were purified by classical methods. All anions used (F~, CI™,
Br—, I", HSO4~, NO;™ and H,PO,4 ") were in the form of their
tetrabutylammonium salts. The acyl hydrazides (2,6-pyridine-
dicarboxylic acid hydrazide and 1,3-benzenedicarboxylic acid
hydrazide) were obtained according to the published meth-
ods.!” Elemental analyses (C, H and N) were carried out on a
Perkin-Elmer 240 analyzer. UV-Vis spectra were obtained on a
Shimmadzu 3100 spectrophotometer in DMSO at room tem-
perature. '"H NMR spectra were measured on a Bruker DRX-
500 NMR spectrometer at room temperature. For '"H NMR
titrations a solution (5.0 x 107> mol L™') of receptor com-
pound in DMSO-ds was prepared. Fluorescence spectra were
recorded on an AMINCO Bowman Series 2 Luminescence
spectrometer. For fluorometric titration a stock solution of
receptor (5.0 x 107° mol L™") and stock solutions (1.0 x 1072
mol L) of the tetrabutylammonium salts of F~, C1~, Br—, I~
and H,PO,  in DMSO were prepared.

Bis(2-hydroxy-1-naphthaldehyde)-2,6-
pyridinedicarbohydrazone (H-NP1)

A mixture of 2,6-pyridinedicarbohydrazide (0.19 g, 1.0 mmol)
and 2-hydroxy-1-naphthaldehyde (0.38 g, 2.2 mmol) was
refluxed in ethanol for 4 h. The yellow solid formed was
filtered off and dried in vacuum. Yield 0.41 g (80%). Anal.
Calc. for CyoH,oNsOy4, C 69.04, H 4.40, N 13.88. Found: C
69.03, H 4.41, N 13.82%. '"H NMR (500 MHz, DMSO-d): &
12.56 (2H, NH or OH), 12.54 (2H, NH or OH), 9.83 (2H, CH),
8.56-8.54 (2H, d, J = 8.5 Hz, Hp), 8.44-8.42 2H, d, J = 7.0
Hz, Np), 8.39-8.37 (H, t, J = 6.5 Hz, Hy), 8.02-8.00 (2H, d, J
= 9.0 Hz, Np), 7.97-7.95 (2H, d, J = 8.0 Hz, Np), 7.71-7.65
(2H, t, J = 7.5 Hz, Np), 7.50-7.47 (2H, t, J = 7.5 Hz, Np),
7.32-7.30 (2H, d, J = 8.5 Hz, Np). Crystals suitable for X-ray
structural determination were obtained by evaporation a
DMSO solution in air.

Bis(2-hydroxy-1-naphthaldehyde)-1,3-benzenedicarbohydrazone
(H-NP2)

A similar procedure to the synthesis of H-NP1 was carried
out using 1,3-benzenedicarbohydrazide in place of 2,6-pyridi-
nedicarbohydrazide. Yield: 0.38 g (75%). Anal. Calc.
C30H2N4O4-H,0, C 69.21, H 4.65, N 10.77. Found: C
69.31, H 4.92, N 10.45%. '"H NMR (500 MHz, DMSO-dq):
0 12.73 (2H, NH or OH), 12.42 (2H, NH or OH), 9.54 (2H,
CH), 8.63 (H, s, H,), 8.29-8.27 (2H, d, J = 8.5 Hz, Hy),
8.25-8.23 (2H, d, J = 7.5 Hz, Np), 7.97-7.95 2H, d, J = 9.0
Hz, Np), 7.93-7.91 (2H, d, J = 8.0 Hz, Np), 7.83-7.82 (H, t,
J = 1.5Hz, H,), 7.65-7.62 (2H, t, J = 7.5 Hz, Np), 7.45-7.42
(2H, t, J = 7.5 Hz, Np), 7.27-7.25 (2H, d, J = 8.5 Hz, Np).
Crystals suitable for X-ray structural determination were
obtained by evaporation a DMSO solution in air.

Bis(1-naphthaldehyde)-2,6-pyridinedicarbohydrazone (H-NP3)

A similar procedure to the synthesis of H-NP1 was carried out
using l-naphthaldehyde in place of 2-hydroxy-1-naphthalde-
hyde. Yield: 0.38 g (80%). Anal. Calc. for Cy9oH,,NsO,: C
73.70, H 4.70, N 14.83. Found: C 73.59, H 4.75, N 14.86%. 'H
NMR (500 MHz, DMSO-d): § 12.45 (2H, NH), 9.47 (2H,
CH), 9.02-9.00 (2H, d, J = 8.5 Hz, Np), 8.44-8.43 (2H,d,J =
7.5Hz, Hp), 8.37 (H, t, H,), 8.11-8.09 (2H, t, J = 4.5 Hz, Np),
8.08-8.06 (4H, d, J = 8.0 Hz, Np), 7.75-7.72 2H, t, J = 7.5
Hz, Np), 7.70-7.68 (2H, d, J = 7.5 Hz, Np), 7.67-7.66 (2H, t,
J = 4 Hz, Np).

Bis(1-naphthaldehyde)-1,3-benzenedicarbohydrazone (H-NP4)

A similar procedure to the synthesis of H-NP3 was carried out
using 1,3-benzenedicarbohydrazide in place of 2,6-pyridinedi-
carbohydrazide. Yield: 0.39 g (82%). Anal. Calc. for
C3oH25N405: C 76.58, H 4.71, N 11.91. Found: C 76.59, H
4.71,N 11.82%. "H NMR (500 MHz, DMSO-d): 6 12.14 (2H,
NH), 9.17 (2H, CH), 8.88-8.87 (2H, d, J = 8.5 Hz, Np), 8.58
(H, s, H,), 8.21-8.20 (2H, d, J = 7.5 Hz, Hp), 8.07-8.03 (4H,
d, J = 8.5 Hz, Np), 7.99-7.97 (2H, d, J = 7.0 Hz, Np),
7.78-1.76 (H,t,J = 8.0 Hz, H,), 7.72-7.69 (2H, t, J = 7.5 Hz,
Np), 7.65-7.62 (4H, t, J = 7.5 Hz, Np).

Crystallography

Parameters for data collection and refinement of the two
complexes (H-NP1 and H-NP2) are summarized in Table 1.
Intensities of the compounds were collected on a Siemens
SMART-CCD diffractometer with graphite-monochromated
Mo-Ka radiation (A = 0.710 73 1&) using the SMART and
SAINT programs.'® The structure was solved by direct meth-
ods and refined on F° by full-matrix least-squares methods
with SHELXTL version 5.1.'° All of the non-hydrogen atoms
except the disordered solvent molecules were refined with

Table 1 Crystal data for compounds H-NP1 and H-NP2

H-NP1 H-NP2
Formula C29H21N504 C3()H22N404
M, 503.51 502.52
Color Deep red Yellow
Dimensions/mm 2.50 x 1.25 x 0.50 0.25 x 0.15 x 0.70
Crystal system Monoclinic Monoclinic
Space group C2/c P2/c
alA 18.720(4) 15.323(3)
b/A 15.110(3) 9.3464(15)
c/A 8.5745(18) 17.451(3)
BI°. 94.249(4) 104.854(3)
V/IA3 2418.7(9) 2415.6(7)
Z 4 4
DJg cm ™3 1.383 1.382
u(Mo-Kor)/mm ™! 0.095 0.094
Measured refins 5897 11705
Unique reflns 2126 4249
Rine 0.1054 0.0611
Strong data [I, > 20(1,)] 1782 2314

Ry, wR, (observed data)
Ry, wR, (all data)

0.0617, 0.1593
0.0724, 0.1688

0.0505, 0.0659
0.1129, 0.0760

GOOF 1.103 0.958
Refined parameters 173 343
Max./min. residuals/e A= 0.25,-0.33 0.14, —0.16
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anisotropic thermal displacement coefficients. Hydrogen
atoms were located geometrically and refined in riding model.
CCDC reference numbers 291364 and 291365.
For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b605087¢

Results and discussion

All receptors were prepared via two-step simple-controlled
reactions from diester to dihydrazide, then to final receptors
in good yields. Elemental analyses and spectroscopic charac-
terizations confirm the formation of the two-branched Schiff-
base compounds. Crystal structure analysis of compound
H-NP1 exhibits a special configuration with two amide-
naphthol arms disposed on the same side (Fig. 1). The two
parts of the molecule are symmetrically related with the
nitrogen atom N(3) of the pyridine ring lying on the two-fold
axis to form a helical species. The dihedral angles between one
naphthyl ring and one phenyl ring are about 10.5° on average,
with the dihedral angle between two naphthyl rings of 6.4°.
Intramolecular hydrogen bonds between the O-H group and
imine nitrogen atoms are found with an O---N separation of
2.602(2) A and O-H---N angle of 147°, respectively. Inter-
molecular hydrogen bonds are also found between the amide
groups and the carboxyl oxygen atoms of neighboring mole-
cules with the N---O separation about 3.103(5) A and
N-H- - -O angle being 151.9(1)°, respectively.

The crystal structure of H-NP2 exhibits an asymmetrical
open configuration with two amidenaphthol arms deposited
on either side of the benzene ring (Fig. 2). The skeleton of the
molecule is divided into three planar fragments, one phenyl
ring and two naphthyl rings, respectively. The dihedral angles
between a naphthyl ring and a phenyl ring are about 11.4° on
average, with the dihedral angle between two naphthyl rings
ca. 6.4°. Bond distances of the two arms are intermediate
between formal single bonds and double bonds, indicating
extensive delocalization in the whole system.

Fig. 1 Molecular structure of compound H-NP1.

Fig. 2 Molecular structure of compound H-NP2.

Compound H-NP1 exhibits two main bands at about 330
and 370 nm in the UV-Vis spectrum in DMSO solution. While
addition of an excess amount (more than 20 times the stoichio-
metric mole ratio) of CI™, Br—, I, NO;~, HSO4  and even
H,PO,~ do not induce any detectable changes, the presence of
fluoride ion results in the intensities of the absorption bands at
330 and 370 nm decreasing gradually with new bands appear-
ing at 440, 465 and 495 nm (Fig. 3). The presence of several
well-defined isosbestic points indicates that only two species
coexist in the equilibrium with an association constant log K,
for the 1 : 1 stoichiometry host—guest complex [H-NP1---F7]
calculated as 3.78 + 0.2.

Fig. 4 shows the fluorescence spectrum of H-NP1 in DMSO
solution. Two bands at ca. 495 and 520 nm are assigned to the
emissions of the substituted naphthalene moieties. After addi-
tion of F~, the bands red-shift and develop with the intensity
of the peak at 520 nm enhanced to a limiting value up to ca.
250%, indicating a potential excited-state intermolecular ex-
cited state proton transfer signaling mechanism.?® The exis-
tence of the ESPT process complicates the determination of
the ground-state dissociation constant using fluorescent mea-
surement. The apparent association constant (log K* = 5.26 +
0.01), calculated from fluorescence titration with the excitation
wavelength at the isosbestic point reflects the contributions
of both the ground state association constant K,i, and the
excited-state association constant K*.

1.5+

1.0+

25 equiv

Absorbance

0.5+

0.0+

300 400 500 600
Wavelength (nm)

Fig. 3 UV-Vis titrations of H-NP1 in DMSO (5.0 x 107> M) upon
addition of F~.
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Fig. 4 Changes in emission spectra of H-NP1in DMSO (5 x 10> M)
upon addition of F~; excitation at 400 nm, the isosbestic point in
UV-Vis spectrum.

Upon addition of anions such as ClI~, Br~, I, HSO,",
NO;™ and even H,PO4, no detectable changes can be ob-
served in the emission spectra. It is suggested that the high
selectivity is attributed to the strong intramolecular O-H- - -N
hydrogen bonding of H-NP1, from which the hydrogen atoms
are fastened, and only the anion showing the most electro-
negative property has the potential to form additional hydro-
gen bonding.?!

Generally, the photoinduced intermolecular proton transfer
may proceed in two different ways: binding—excitation—
deprotonation and excitation—collision—deprotonation.

Excitation—collision deprotonation mechanism:
H-NP —» H-NP* (D
H-NP* + X~ —» NP * + HX )

Binding—excitation deprotonation mechanism:

H-NP 4+ X~ — [H-NP..-X] 3)
[H-NP-- X ] - [H-NP...X ]* @)
[H-NP.- X% - NP * + HX (5)

Clearly, in the first mechanism, the luminescent intensity (the
concentration of the excited species NP~ *) is only dependent
on the acid-base property of the anion added, and the
selectivity, if present, should be controlled by the acid—base
property of the anion itself. In the second mechanism, the

N e

20mM F-
NH/OH W /
Hp
Free H-NP1 Hy
16 15 1% 13 2 100 95 90 85 80 75 7.0 ppm

Fig. 5 "H NMR titrations of H-NP1 in DMSO-dg (5 x 107> M)

with F~.
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Fig. 6 Family of spectra taken in the course of the titration of H-NP2
(5 x 107 in DMSO with a standard solution of F~ (a) and
H,PO,™ (b).

luminescent intensity is dependent on the association con-
stants of [H-NP---X7] both in the ground and excited states,
and the selectivity should be controlled by the binding strength
of the hydrogen bonding. Consequently, the high selectivity of
H-NP1 for fluoride ion demonstrates that the process repre-
sented by eqn (2) does not occur.

The '"H NMR spectrum of H-NP1 exhibits two peaks at
about 12.71 and 12.74 ppm, which can be assigned to the N-H
and O-H protons. Upon addition of F~, the peaks first shift
downfield then broaden and finally disappear, and the other
peaks broaden and exhibit significant up-field shifts (Ao =
0.30-0.57 ppm), indicating the formation of a host—guest
hydrogen-bonding complex and the existence of proton ex-
change between several conformations and an overall change
of the electron distribution (Fig. 5).

UV-Vis titrations of H-NP2 for fluoride ion display a more
complex behavior (Fig. 6(a)). The addition of the first stoi-
chiometric ratio of F~ results in the intensities of the absorp-
tion bands at 315, 325, 365 and 380 nm decreasing gradually
with a new band at 440 nm appearing. In particular, the new
band at 440 nm remains present until addition of a second
stoichiometric mol ratio of F~. With a further addition (>2
mol equiv. of F7), new bands at 465 and 495 nm appear and
develop significantly. Meanwhile, another new band forms at
285 nm, which is due to the formation of naphtholate. The
titration profiles suggests the presence of two distinct steps: the
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formation of the [H-NP2-.-F7] interaction species through
hydrogen-bonding, and the deprotonation of O-H upon
further addition of F~ which cause the colorimetric response
and visible detection (see ESIt).***? Fitting the overall titra-
tion data by assuming the existence of two equilibria gives the
association constants as log K; = 6.17 + 0.02 and logK, =
4.54 + 0.02, respectively. Additions of excess amount (more
than 20 times stoichiometric ratio) of CI™, Br, I, NO3™ and
HSO,  to a DMSO solution of H-NP2 do not induce any
detectable changes. However, the presence of H,PO, ™ results
in significant spectroscopic changes (Fig. 6(b)), indicating the
poor selectivity of H-NP2 for F~ compared to that of H-NP1.
Detailed spectral analyses reveal that both the absorption
shape and intensities of [H-NP1- - -F~] and [H-NP2- - -H,PO,4 ]
species are quite similar.

Fluorescence spectra are also recorded from a solution of
the receptor H-NP2 in the presence of F~. As shown in Fig.
7(a), the intensity of the peak at 495 nm decreases significantly,
while the intensity of the peak at 520 nm remains stable until a
second stoichiometric ratio of F~ is added. With the further
addition of F~, the peak at 518 nm red-shifts to 540 nm and
increases in intensity to a limiting value up to ca. 300%. The
association constants for two distinct steps in the luminescent
titrations are calculated as log K; = 6.09 + 0.02 and log K, =
5.63 + 0.02. The red shift is also presumed as the result of
stabilization of the fluorophore excited state relative to the
ground state.'*!'%?° The changes found in the fluorescent
spectra agree well with the two stepwise processes inferred
from the UV-Vis titrations.

The presence of H,PO4 also causes luminescence enhance-
ment with the emission spectrum of the [H-NP2.--H,PO,47]
being similar to that of [H-NP1---F7] (Fig. 7(b)). It is reason-
able to assume that the response of H-NP2 towards the
H,PO4 anion is due to the cleft-shaped structure of H-NP2.

To further study the bonding properties of compound
H-NP2 with anions, '"H NMR titrations were carried out to
support the above interpretations. With CI™, Br™, I, NO3™
and HSO, , no chemical shift changes for any protons of
H-NP2 were observed, even up to 10 equiv. of these anions.
Upon addition of H,PO,™ ion, the NH and OH protons first
shift downfield, then broaden and finally disappear with the
H,, signal of the phenyl ring downfield shifted about 0.52 ppm

(Fig. 8). Meanwhile, the downfield shift (Ad = 0.51) of the
CH=N proton Hj is also observed. The [H-NP2---H,PO,]
@ )

)

o

5 equiv
25 equiv

Fluorescene Intensity
=
=

o
=

0equiv

Fluorescene Intensity

= 00— T T -
400 500 600 700 400 500 600 700
Wavelength / nm Wavelength / nm

Fig.7 Changes in emission spectra of H-NP2 (5 x 107> M) in DMSO
upon addition of F~ (a) and H,PO,4~ (b); excitation at 395 nm, the
isosbestic point in UV-Vis spectra.

Hp Hy
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JHML

5mM H2P04
20mMm HaPOy ) J\JM
- 930  1zo0ppm 100

| T T
[T 1T

160 140 70 ppm

12 oppm

Fig. 8 '"H NMR titrations of H-NP2 in DMSO-d (5 x 107> M) with
H,PO, (top) and F~ (bottom).

interaction species is thus stabilized by multiple hydrogen
bonds.

Addition of fluoride to a DMSO-dg solution of H-NP2
results in similar downfield shifts, resonance broadening and
final disappearance of the O—H and N-H protons. The down-
field shift of the H, proton in the phenyl ring indicates the
formation of C-H---F hydrogen bonding.**> After a fourth
stoichiometric mol ratio of F~ was added, low-field signals at
16.25 ppm (triplet), which is assigned to bifluoride ion
(FHF),>** appeared. At the same time, significant up-field
shifts of all the aromatic proton signals (Ad = 0.26-0.57 ppm),
except for the H, proton were found, indicating an overall
change of the electron distribution and enhancement of the ©t
localization in the receptor.***> The downfield shift of H,
suggests that even in the deprotonated species, C-H---F
hydrogen bonding still exists, and cooperated with the
N-H- - -F hydrogen bonds.

To further identify the proton transfer sites and signaling
transduction, two control compounds H-NP3, and H-NP4

0 equiv

15 equiv

Absorbance
o
o

50 equiv

Fluorescene Intensity

0 equiv

- S 0.0 \ i d
300 400 500 400 500 600

Wavelength / nm

Wavelength / nm

Fig. 9 UV-Vis spectra of H-NP4 in DMSO (5 x 107> M) upon
addition of F~ (left). Changes in emission spectra of H-NP3 in DMSO
(5 x 1073 M) upon addition of fluoride ions. Excited at 362 nm (right).
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were prepared. Fig. 9 shows the UV-Vis titrations of receptor
H-NP4. As can be expected, the absence of O—H groups leads
to the spectra being more simple than that of the related
compound H-NP2. During the titration of F~, the peak at 340
decreases with a new peak at about 400 nm appearing. Such a
spectral change contributes to the formation of a 1 : 1 mol
ratio host—guest complex. For compound H-NP3, addition of
F~ causes obvious spectral changes but no exact isosbestic
point is obtained, indicating that the presence of pyridine
nitrogen prevents the formation of hydrogen bonding from
the N-H groups. The presence of CI™, Br—, I", NO3;—, HSO, ",
and even H,PO, ", lead to no obvious spectroscopic changes
being observed even upon addition to 50 equiv. of these
anions.

Luminescent titrations of the two receptors H-NP3 and
H-NP4 exhibit similar spectroscopic changes. For both recep-
tors H-NP3 and H-NP4, fluorescence quenching process
occurs upon addition of F~. The “switch off” behavior
demonstrates that the N-H- - -F hydrogen bonding enhances
the PET processes between the fluorophore units and the
hydrazone moieties. So it is therefore obvious that proton
transfer occurs between the hydroxy groups of the sensor, and
the anion induces an efficient luminescent enhancement
through ESPT signaling transduction.

Conclusions

A new strategy to achieve highly selective luminescent sensors
for fluoride ion was presented. This approach has been utilized
to improve selectivity for F~ over H,PO,~, NO3;~, HSO, ™ and
other halide anions through excited-state intermolecular pro-
ton transfer. The introduction of O-H at the naphthalene
fluorophore unit results in a “switch on” ESPT signaling
transduction through binding—excitation—deprotonation from
which the high selectivity is achieved.
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