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fluoride anion has been designed and synthesized.SEnso
showed evident naked-eye color variation from grgelfow to
orange-red after treatment with, Rand its fluorescence wi
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A novel coumarin-based compouhdeaturing thiosemicarbazone as binding uwis reporte

as a colorimetric and fluorescent probe for thect#n of fluoride anionThe addition of Fto &
solution of probel in tetrahydrofuran resulted in evident naked-eglwrcchange from green-
yellow to orange-red under daylight and obviousiféscence quenching within 3 seconds. And
the detection limit toward Fvas calculated to be as low as 2.16%10ol/L. *H NMR titrations
proved that the interaction betweé&nand fluoride ion: hydrogen bonat low fluoride ioi
concentration, deprotonation at high fluoride icmmeentration. Besides, it exhibited highly
sensitivity and selectivity for ‘Fover other examined ions (CBr, I, AcO, NOs;, HSQy,
H.PQy) in tetrahydrofuran solution.

2016 Elsevier Ltd. All rights reserved

1. Introduction

The recognition and sensing of anions has beely aglsearch
theme because of the fundamental and crucial wil@sions in
biological and environmental fieldS.Among the entire range of
biologically anions, fluoride anion possesses s$icgmt potential
in the prevention of dental caries and treatment fo
osteoporosi&’ However, excess intake fluoride can cause man
serious diseases such as fluorosis, acute stomedhkidney
problems”® Besides, fluoride ion is one of the most attragtiv
targets owing to its smallest ionic radius, highesirge density
and hard Lewis basic natul&'? Thus, simple and efficient
detection of Fwith high selectivity and sensitivity is in great
need.

So far fluoride-detecting and-sensing techniques te
classified into several kinds, such as (a) thetelde method?
(b) *F NMR analysis? (c) fluorescent or colorimetric sensing.
Compared with other detecting methods, colorimetaicd
fluorescent chemosensors have been recognizedpasmasing
and powerful tool for sensing fluoride ion owing tds i
advantages of high selectivity, sensitivity and cfical
operation:>*® Recently, Molecules containing thiosemicarba-
zone were used to detect fluoride anion*°&ual. reported two

convenience for the multiple detection of ¥ignd F. Jiang® et
al. reported a simple and efficient chemosensor,
(naphthylmethylene) hydrazinecarbothioamide, whidtowsed
high selectivity and sensitivity toward fluoride aniin both
absorption and fluorescence modes. For this kingkogors, N-H
deprotonation, or hydrogen-bond-induced =n-electron
delocalization, are believed to be responsiblesignaling the

)Pinding event?

With this in mind, compound, 3-chloro-3-(7-(diethylamino)-
2-oxo-2H-chromen-3-yl)allylidene-hydrazine-carboiduinide, in
which substituted coumarin acted as signalling uaitd
thiosemicarbazone acted as responding unit, wasnedly
designed and synthesized. Compared with convent@mnaharin
dyes, both 7-diethylamino and imine units Inextended the
conjugate structure of the fluorophore. As expectambe 1
showed strong emission at 499 nm in THF with a flsceat
quantum vyield of 0.34. Furthermore, the fluoreseeiarn-off
sensor showed high selectivity for fluoride ion tmb the
deprotonation action and the photo-induced electiramsfer
(PET) mechanism. More importantly, proke could detect
fluoride anion by a fast method which was observalille naked
eyes. And it showed a faster response (within 3sjutwrifie ion
than that of some related literatufé$

thioxanthone-based Bensors, in which thiosemicarbazone actedy rRegits and discussion

as responding unit, their work offer the possibiéityd

OCorresponding author: Tel/fax: +086-21-6425296 &l address: cywang@ecust.edu.cn (C.-Y. Wang), w@zcust.edu.cn (W.-H. Zhu)
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Scheme 1. Synthetic route of compourid

2.1 Synthesis

Compoundl was synthesized according to the route in Scheme
The intermediate? and final productl were confirmed byH
NMR, C NMR, and HRMS spectra (Electronic Supporting
Information (ESI), Fig.S1-S6).

2.2. Spectral properties of compound 1

The interactions between compouhend various anions (F
CI, Br, I, AcO, NGOy, HSQ,, H,PO,) were investigated in THF
solution through colorimetric and fluorescent asay When
probe 1 was treated with Fthe system changed from green-
yellow to orange-red within 3s, while other anions dat show
prominent visible color changes (Fig .1a). Besidesler 365 nm
UV lamp, the color of the system changed from lighgen to
dark, only responding to Bmong eight anions (Fig .1b).

Free CI

AcO- No3

HbO4 H,Po4

Fig. 1 Color changes of (1.O><105 M) towards 10 equiv of various
anions in THF under daylight (a) and 365 nm UV Iafiop

In order to deduce the anion sensing ability of poond1,
titrations were carried out in THF solution and warenitored
by UV-visible spectroscopy. The experiment was qaned by
preparing a solution (1xTOmol/L) of the sensor in THF and
followed by the addition of tetrabutylammonium flide (TBAF)
solution (0.02 mol/L). Fig. 2a displayed the UV-dbsorption
titrations of the compound with various amount of fluoride ion
in THF at 20°C. The molar extinction coefficient b{445 nm)
was 7.08x1HL/(mol cm) by calculation. Upon treatment with F
the main absorption band at 445 nmlofjradually decreased
with concomitant formation of a long wavelength apsion
band centered at 510 nm (4-10 equiv), and with asbisstic
point at around 480 nm. Correspondingly, the aksmrpred-
shift of 65 nm resulted in the solution distinctlarochange,
which can be directly observed by naked eyes. Bssitle
absorption peak at 445 nm and 510 nm reached lequiti upon
adding 10 equiv of fluoride ion (Fig. S7).
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Fig. 2a UV-vis absorption spectra df (1x10° M) in the presence of
TBAF in THF. Inset: color change df upon addition of F(100 uM)
under daylight.
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Fig. 2b The fluorescent spectra bf{1x10° M) in the presence of TBAF
in THF. Inset: color change dfupon addition of F(100uM) under 365
nm light. (Aex = 445 nm)

The fluorescence responses loftoward various amount of
fluoride ion were also performed in THF at 20°C. A®wn in
Fig. 2b and Fig. S8, upon the addition of the fluorescence
intensity ofl1 at 499 nm was almost linearly decreased and 91%
of the fluorescence intensity was quenched by tatiom upon
addition of 10 equiv of fluoride ion.
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Fig. 3a Absorption spectra of (1.0x10°M) in the presence of K10
equiv), CI, Br, I', AcO, NOs, HSQy, H.POy (20 equiv, respectively).
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Fig. 3b Fluorescent spectra df(1.0x10°M) in the presence of K10
equiv), CI, Br, I, AcO, NOs, HSQy, H.POy (20 equiv, respectively).

The interference of other anions to the detectibri- owere
also investigated to test the sensing selectivispd the
experimental results suggested that sensoshowed high
selectivity for the fluoride anion in colorimetrand fluorometric
modes. As depicted in Figs. 3a and 3b, neither premi
absorption nor fluorescence changes were found wittess
addition of other halide ions (CBr, I') as well as AcQ NOs,

HSO,, H,PO,. It means probé& showed specific sensitivity and
selectivity for F over other examined ions in tetrahydrofuran

solution.
2.3 Calculation of detection limit

The detection limit was calculated on the basiuafrescence
titrations. A plot of fluorescence intensity charajel (10.0puM)
against varied concentrations of(E0.0-60.0uM) in THF (A=
445 nm, slit: 5 nm/5 nm, PMT Volts: 550V.)*R 0.9924, k =
1.34x10 au/M. The Standard deviatiors (= 0.9656) was
obtained by fluorescence responses (5-times of exoise
scanning on the Varian Cary Eclipse
Spectrophotometer). Therefore, the detection hwais calculated
by the formula:

Detection limit = 3/k = 2.16x10’ M

800;
700:
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500:

400

Y=133.94x+988.52
R’=0.9924
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200+
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Fig. 4 The fluorescent intensity dfat 499 nm in different concentration
of fluoride. (Aex= 445 nm)

2.4'H NMR titration experiments

To get insight into the interaction between receft@nd K
'"H NMR titration experiments were carried out in DMSQ-
solution with different amount of Rnion (0, 1, 2 and 4 equiv).

3

As shown in Fig. 5, upon addition of 1 equiv of fhe signal
peak of N-H active proton at 11.55 ppm broadened and
decreased. Upon addition of 2 equiv of the resonance signal
corresponding to the N-H proton showed severe braagethis
result suggested that hydrogen-bond interactioatedibetween
target compound and TBAF at low fluoride ion concatibn.
Upon addition of 4 equiv of Fthe resonance signal of the N-H
proton disappeared and the result suggested thmapaund 1
would be deprotonated at higher fluoride ion coneiun.
Meanwhile, the chemical shifted values of N-H activetpn and
aromatic protons remained unaltered. These obsengat
indicated that the deprotonation process of thimiNeH segment
is involved in the receptor’s interaction with fliee anion to
increase the electron density on the N atom, adgedciaith
enhancement in the electron transfer effect ofRES (Photo-
induced Electron Transfer) transition. The coloamfed from
light green to dark under 365 nm UV lamp is visibl&ence for
this.

Hence, the result dH NMR titrations provided a supporting
proof for the following proposed detection mechanisetween
receptorl and F.
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Fig. 5 *H NMR titration spectra ofl in DMSO-s in the presence of
various equivalents of TBAF.

2.5 Theoretical calculations

To further understand the sensing mechanism, ttieake
calculations were performed fay and1+F (deprotected product)
by using the Gaussian 09 package at the B3LYP Idviblenry’
(Tables 1 and 2). The calculated results reveddatithe highest
occupied molecular orbital (HOMO) (-6.775 eV) and lowest
unoccupied molecular orbital (LUMO) (-1.946 eV) bfwere
both located at the units of coumarin and thiosarbiazone. The
DFT calculations revealed that the energy singlandition of
HOMO-LUMO charactered with an energy gap of 4.829 eV.
According to the fluorescence emission mechanism,etttited
electron of the coumarin unit d@fis back to the ground state and
radiates strong fluorescence.

When 1+F was generated after adding fluoride ion, the
LUMO (-1.193 eV) was mainly located at the unit of ow@uin,
the HOMO (-5.614 eV) was more distributed on
thiosemicarbazone unit and slight distribution ofimarin unit.
Additionally, the difference in energy gap between HOlsIQ@I
LUMO of sensorl+F was calculated to be 4.421 eV. As the
frontier molecular orbitals are spreading over skimicarbazone
and coumarin unit, the excited electron of thiosmmbazone unit
is back to the ground state of coumarin unit aretetfore leads
the quenching of the fluorescence. Besides, theedse of
energy gap (4.829 eV4.421 eV) can interpret that the red-shift

the
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of absorption peak (from 445 nm to 510 nm) after alddition of [F(Fig. 2a).

Table 1. Calculated surfaces 6fOMO-1, HOMO, LUMO, andLUMO+1 (1, 1+F).
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Table 2. Calculated energy ¢iOMO-1, HOMO, LUM O, andLUM O+1(1, 1+F).

HOMO-1(eV)  HOMO(eV) LUMO(eV) LUMO+1(eV) HOMO-LUMO(eV) HOMO-(LUMO+1) (eV)

1 -7.523 -6.775 -1.946 -0.599 4.829 6.176

1+F -6.420 -5.614 -1.193 -0.008 4.421 5.606

2.6 Detection mechanism
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Fig. 6 Proposed sensing mechanism

Combining the theoretical calculations with thd NMR 4. Experimental
titration experiments, we deduce thatrieracts withl through .
hydrogen bonding at lower concentrations, but athdrig 4.1 Materials and measurements

concentrations it induces the deprotonation of NkEl proton. - .
After deprotonation, the electron transfer effect tbé PET THF was distilled under argon atmosphere from sodand

transition would be enhanced due to the increagheotlectron ~ Penzophenone immediately prior to use. Unless wiBerstated,
density on the nitrogen, which leads the quenchifgthe all reagents andl solvents were AR grade purchaselm fro
fluorescence. The proposed detection mechanismivislly commercial suppliers and used without further peaifon. "H

described in Fig. 6. NMR and™*C NMR spectra were measured on a Bruker AM-400
spectrometer at room temperature usrghloroform or DMSO-
3. Conclusions ds as a solvent and tetramethylsilane (TMB0 ppm) as an

] . o internal standard. High resolution mass spectra (HRM&e
In this paper, a novel coumarin-based imine, comdalj  obtained by a Waters LCT Premier XE spectrometere Th
was designed, synthesized and characterized. Theirnetric UV/Vis spectra were recorded on a Nicolet CARY 100 and the

and fluorescent sensor performed high selectigitprt response  Fluorescence spectra were measured on a Varian CARYSECH
time and excellent sensitivity toward &ver other anions (Cl (1 cm quartz cell).

Br, I, AcO, NOs;, HSQ,, H,PQ,) in THF solution with low ) 5 )
detection limit of 2.16x1GM and high fluorescence quantum  The stock solution of (1x10” mol/L) was prepared in THF
yield of 0.34. Upon treatment with',Rhe color change (light ~Solution. The TBA salts (FCI, Br, I, AcO, NO;, HSQ; and
green-dark) was observed under 365 nm light, which was H2P0§) solutions were also prepared at the concentradion
attributed to the enhancement in the electron teareffect of ~ 2%10° mol/L in THF. Different equivalents of TBA salts were
the PET process through the deprotonation of N-Hagtioton. added to the probe solution and their correspontivevisible
All above-mentioned facts suggested profe potentially ~ and fluorescence spectra were recorded at 20 °CpGomal 1
provided an alternative and simple approach foedtetg trace  (5%10° mol/L) was titrated with fluoride anion (as tetrajut
amount of E ammonium salts) by addition of increasing equividesf F in
DMSO-ds.



4.2 Synthesis of compound 1
3-acetyl-7-diethylamino-2H-chromen-2-one (3)

The
literaturé® with a minor modification. 4N,N-Diethylamino-
salicyaldehyde (1.93 g, 10 mmol), ethyl acetoaeetatos g, 15
mmol), and 3 drops of piperidine were dissolved hrdL of
absolute ethanol. After the mixture solution wasuwefd for 8 h,
the solvent was removed under reduced pressure.y@lav
solid was precipitated and collected, and the cpeuct was
recrystallized from absolute ethanol to afford conpd3 (2.0 g,
77%).'"H NMR (400 MHz, CDCJ, TMS) &: 8.42-8.41 (d, 1H,
J=2.2 Hz), 7.39-7.37 (m, 1H), 6.62-6.59 (m, 1H), 66485 (d,
1H, J=2.4 Hz), 3.47-3.42 (q, 4H, J=7.2 Hz), 2.673H, J=7.2
Hz), 1.25-1.21 (t, 6H, J=7.2 Hz).

3-chloro-3-(7-(diethylamino)-2-oxo-2H-chromen-3-yl) acylalde-
hyde (2)

intermediate3 was synthesized according to the

5
Supplementary data

'H NMR, *C NMR and HRMS spectra of the intermedidte
and final productl are available. Additional UV-vis absorption
and emission spectra related to this article caiolbied in ESI.
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