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Abstract

The detection of fluoride anion (F™) has recently attracted much attention, because F~ is highly relevant to health and environmental issues.
A novel Y-shaped fluorophore with an imidazole ring core, (E,E'-4,4'-[(2,2'-bis(ethene-2,1-diyl)dibenzoate)-(2-(4-(methoxycarbonyl)phenyl)-
1H-imidazole-4,5-diyl) (1), was synthesized and used as a ratiometric fluorescent sensor for fluoride anion. Upon addition of fluoride anion,
the emission color of 1 turned from green to brown under ambient conditions, owing to deprotonation of the imidazole core. Importantly,
upon complexation with fluoride anion, an obvious variation in the maximum wavelength of the two-photon excited fluorescence (TPEF
peak) was observed from 490 to 565 nm, indicating that 1 is an excellent ratiometric TPEF-sensor for fluoride anion.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The search of a chemosensor for recognition and sensing of
anionic analytes is emerging as a research area of considerable
importance [1—3]. Among various anions, fluoride ion (F) is
one of the most significant due to its important role in teeth-
protection and bone-growth [4,5]. A number of synthetic che-
mosensors for this important analyte have been designed by
utilizing chromogenic [6—8] and fluorogenic [9—20] behav-
iors. For most of the reported fluorescent F~ —sensors, the bind-
ing of F~ causes a quenching [9—15] or increase [13,16—20] of
the fluorescence emission. However, in most practical applica-
tions, changes in fluorescence intensity (fluorescence quench-
ing or enhancement) can also be caused by many other
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variable factors such as photobleaching, concentration of sen-
sor, and the environment around the sensor molecule (pH, po-
larity, temperature, and so on) [21]. To increase the selectivity
and sensitivity of a measurement, ratiometric measurements
are utilized. The ratiometric methods using one excitation
wavelength and taking the intensity ratio at two different ab-
sorption or emission wavelengths can offer intrinsic advantages
in both chemical and biological sensing [22—31]. For example,
ratiometric fluorescent probes permit signal rationing and thus
increase the dynamic range and provide built-in correction for
environmental effects. Although a few ratiometric fluorescent
sensors for fluoride anion have been reported [11,32—37], the
output signal of these sensors is limited to the single-photon re-
lated fluorescence.

Two-photon excited fluorescence (TPEF) has recently espe-
cially useful application in biological samples [38—41] for its
advantages of improvement of depth penetration at low
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incident intensity and reducibility of background cellular auto-
fluorescence. Recently, some TPEF fluorophores sensitive to
ions and Cys/Hcy have been reported [42—46]. Up to now,
only one TPEF system for anion has been reported by our
group [47]. We used three organic boron derivatives as
TPEF-sensor for fluoride anion. However, the TPEF emissions
of all these sensors were quenched upon addition of fluoride
anion [47]. As an extension of our previous work on TPEF-
sensor [44—47], herein, a novel Y-shaped fluophore 1 (Scheme 1)
was designed and synthesized as a ratiometric TPEF sensor
for fluoride anion.

2. Experimental
2.1. Materials

Unless otherwise noted, materials were purchased from
commercial suppliers and used without further purification.
The solutions of Cu’*, Cu, Hg”, Fe?*, Mn>*, Na*, K*
and Ca”>" were prepared from their chloride salts, solutions
of Fe’", Pb**, Cd*", Co*", Ni*", Cr'", Ag™ and Mg*"
were prepared from their nitrate salts, and solution of Zn*"
was prepared from Zn(II) acetate. HEPES buffer solutions
(pH=17.2) were prepared using 50 mM HEPES and proper
amount of NaOH.

Butane-2,3-dione and 4-formyl-benzoic acid methyl ester
were commercially available from Aldrich Chemical Co. Tetra-
butylammonium salts (F~, CI~, Br—, I, NO3, ClO, H,POy
and AcO™) were purchased from Lancaster Chemical Co. All
others were purchased from Shanghai Chemical reagent Co.
Ltd., and used without further purification. Reactions were mon-
itored by TLC on silica gel 60 F;s4. Column chromatography
purifications were performed on silica gel (HG/T2354-92).

2.2. Instrument

NMR spectra were recorded at 400 MHz spectrometer on
a Varion Gemin-400. All chemical shifts are reported in the
standard ¢ notation of parts per million. Mass spectra were re-
corded with a MA1212 mass spectroscope. Electrospray ioniza-
tion mass spectra (ESI-MS) were measured on a Micromass
LCTTM system. Element analyses were performed on a Vari-
oEL IIT O-Element Analyzer system. UV—vis absorption spec-
tra were conducted on a Shimadzu 3000 spectrophotometer.

H,CO0C
COOCH;
2.,3-buthione

piperidine

CHO o O

COOCH,

O OHCO

409

Fluorescence spectra were measured on an Edinburgh LFS920
luminescence spectrometer with 1000 W xenon lamp. Samples
for absorption and emission measurements were contained in
1-cm X 1-cm quartz cuvettes.

2.3. Determination of fluorescent quantum yield

Fluorescence quantum yields @ were measured by using
fluorescein (@ =0.93 in ethanol) as a reference, which are
calculated using the following equation [48—50].

2
I sam Aref Ngam
gbsam = d)ref e -
[ref Asam Nref
D, and D¢ stand for the fluorescent quantum yield of the
sample and the reference, respectively; /s, and If stand for
the integrated emission intensity of the sample and the refer-
ence, respectively; As.m and A stand for the absorbance of
the sample and the reference, respectively. ng,, and n.r stand

for the refractive index of the sample and the reference,
respectively.

2.4. Determination of two-photon absorption
cross-section (o)

Two-photon absorption (TPA) cross-sections (o) were deter-
mined by the method of two-photon induced fluorescence using
Rhodamine B as a reference with known two-photon absorp-
tion cross-sections. A regenerative amplifier (Spitfire, Spectra
Physics) which was seeded by a mode-locked Ti:Sapphire laser
(Tsunami, Spectra Physics) produced laser beam centered at
795 nm and pulse width of about 120 fs. The laser was used
to drive an optical parameter amplifier (OPA-800CF, Spectra
Physics) and delivered our desired wavelength range of 650—
800 nm. It was focused into a quartz cuvette with an optical
path length of 25 mm. The two-photon induced fluorescence
was collected and sent to a polychromator (Spectropro-550i,
Acton) equipped with a liquid-nitrogen-cooled CCD detector
(SPEC-10-400B/LbN, Roper Scientific). To reject an interfer-
ence of stray laser light, a 10-mm long saturated aqueous solu-
tion of CuSO, was placed in front of the entrance slit.
Compound 1 was dissolved in acetonitrile at a concentration
of 107*M and Rhodamine B in ethanol at the same

H,CO0C COOCH,
CO,CH, — —
NH,Ac / glacial HAc Ny NH
COOCH,

Scheme 1. Synthetic route of 1.
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concentration. TPEF cross-section (¢') and TPA cross-section
(o) were measured on the basis of the following expression
[51].

/ / Cref Nyef Fsam
g =0

sam ref
Csam Nsam Fref
a
o __ “sam
sam —
d

sam

where ¢, and ol stand for the two-photon excited fluores-
cence cross-section of the sample and the reference, respec-
tively; Cgam and Cp¢ stand for the concentration of the
sample and the reference, respectively; ng,, and n.s stand
for the refractive index of the solvents of the sample and the
reference, respectively; Fg,, and F.r stand for the intensity
of two-photon induced fluorescence of the sample and the ref-
erence, respectively; og,, and ®g,,, stand for the two-photon
absorption cross-section and fluorescent quantum yield of
the sample, respectively.

2.5. Calculations of binding constants

Binding constant K of 1:1 compound/F~ complex forma-
tion calculated by the UV—vis absorption method is obtained
by the following equation [52].

A — A
Bin = 20{ Cy+ Co/K = [(Cu+ Co+1/K)
26,

—4cuCa”}

A=A+

where A represents the ultraviolet absorbance; A, represents
the absorbance of pure host; Cy and Cg are the corresponding
concentration of host and cation guest; ¢ represents the con-
centration of pure host; K is the binding constant.

2.6. Anion titration of 1

Spectrophotometric titrations were performed on the
CH;CN solutions of 1 (10 uM). Typically, aliquots of fresh an-
ions (F~, C1I, Br, I, ClO;, NO3, AcO~, H,PO;) were
added, and the UV—vis absorption and fluorescent spectra of
the samples were recorded.

2.7. Synthesis

2.7.1. Dimethyl 4,4'-((1E,5E )-3 4-dioxohexa-1,5-diene-1,
6-diyl) dibenzoate (2)

The intermediate 2 was prepared according to the literature
[53]. Butane-2,3-dione (1.5 mL) was added to the methanol
solution of 4-formyl-benzoic acid methyl ester (1.5 mmol)
with a drop of piperidine as catalyst. The mixture was refluxed
for 6 h under nitrogen atmosphere. After cooling, the precipi-
tate was filtrated and washed with methanol for several times,
and yellow powder was obtained in 24% yield.

2.7.2. (E,E')-44'-[(2,2'-bis(Ethene-2,1-diyl)dibenzoate)-
(2-(4-(methoxycarbonyl)phenyl)-1H-imidazole-4,5-diyl) (1)

A three-necked round bottomed flask was charged with 2
(1.5 mmol) and ammonium acetate (15 mmol) in glacial acetic
acid (25 mL). The reaction mixture was stirred under nitrogen
atmosphere for 30 min, then 4-formyl-benzoic acid methyl
ester (1.5 mmol) was added dropwise over 1 h with an pres-
sure equalizing funnel. The reaction mixture was heated at
90 °C till TLC monitoring indicated complete consumption
of 2. The resulting solution was cooled to room temperature
and poured into 100 mL of ice water, neutralized by ammonia
water, and a large amount of residues were emerged. The
precipitate was filtered and washed several times by water.
Purification by column chromatography using chloroform/
petroleum ether as eluent, and then recrystallization in chloro-
form solution provided green-yellow powder 1 with a yield of
61%. M.P. 177—179°C; '"HNMR (400 Hz, DMSO-dj):
0 12.83 (s, NH, 1H), 8.26 (d, /=8.2 Hz, C¢Hs, 2H), 8.10
(d, J=8.0 Hz, C¢Hs, 3H), 7.95(s, C¢Hs, 4H), 7.83 (m, C¢Hs,
3H), 7.79 (s, 2CH, 2H), 7.38 (s, 2CH, 2H), 3.88 (s, OCH3;,
3H), 3.86 (s, 20CH;, 6H); *CNMR (100 Hz, DMSO-dy):
524, 52.6, 117.9, 122.3, 126.3, 126.7, 126.9, 127.1, 129.9,
130.1, 134.1, 140.6, 142.5, 142.8, 147.2, 166.3, 166.4; ESI-
MS: m/z (%) 522 (100). Anal. Calcd. for C3;H6N,O¢: C,
71.16; H, 4.90; N, 5.59. Found: C, 71.25; H, 5.02; N, 5.36.

3. Results and discussion
3.1. Photophysical properties of 1

The data of the photophysical properties of 1 are summa-
rized in Table 1. Compound 1 exhibits an intense single-pho-
ton absorption (SPA) band centered at 390 nm, corresponding
to molar absorption coefficient (¢) of 3.8 x 10°M tem™!,
which is attributed to the w—m* transition of the conjugation
system of 1. Moreover, the solution of 1 in CH3CN shows an
intense fluorescent emission peaked at 490 nm, with a fluores-
cent quantum Yyield of 0.54.

3.2. Single-photon related spectra titration of
1 with fluoride anion

The complexation ability of 1 with fluoride anion was in-
vestigated in CH3CN by UV—vis absorption technology.
Fig. 1 shows the absorption response of 1 to n-BuyNF
(TBAF). Herein, we denoted the mixture of 1 and fluoride

Table 1
Single- and two-photon properties of 1 and 1F in MeCN
Kox im) e M™'em™!)  Aspp® () Apppe (nm)  ®° 0° (GM)
1 390 383000 485 490 0.54 1764
1F 455 447000 590 565 0.40 1504

% Emission maximum wavelength excited at the absorption maximum.

® Fluorescence quantum yields in CH;CN using fluorescein as a standard.

© TPA cross-section maxima were measured by the comparative TPEF
methods.
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Fig. 1. Change in UV—vis absorption (a) and emission (b) spectra of 1
(10 uM) upon addition of F~ (0—8equiv) in the CH3CN solution
(Aex =415 nm). Inset: Job’s plot of the complexation between 1 and F, total
concentration of 1 and F~ was kept constant at 10 uM in MeCN.

anion as complex 1F. Upon addition of fluoride anion, the
band at 390 nm gradually disappeared and a red-shifted ab-
sorption band centered at 455 nm increased with a distinct
isosbestic point at 415 nm (Fig. la), corresponding to a dra-
matic color change from weak green to yellow (Fig. 2a),
which was observed by the naked-eye. This fact implied an

Fig. 2. Color (a) and emission photons (b) (irradiation at 365 nm with UV
lamp) of 1 (10 uM) in the absence and presence of 8-fold fluoride anion.

obvious interaction between 1 and F~. Job’s plot analysis
(Fig. la inset) showed that the binding stoichiometry for IF
was 1:1 in CH5CN solution.

Fluorescence titration of 1 with fluoride anion is shown in
Fig. 1b. Upon addition of fluoride anion, the stronger fluores-
cent emission peaked at 485 nm of 1 decreased progressively
and a new fluorescent emission band centered at 590 nm ap-
peared, corresponding to a distinct isosbestic point of 554 nm
(Fig. 1b). An emission red-shift of 100 nm occurred with this
anion-binding event, corresponding to an apparent emission
color change from shamrock to brown (Fig. 2b). Furthermore,
the fluorescence quantum yields of 1 and 1F were measured to
be 0.54 and 0.40, respectively, suggesting that 1 could be acted
as an ideal ratiometric fluorescent chemosensor for fluoride
anion.

3.3. Two-photon related spectra titration of 1
with fluoride anion

Furthermore, two-photon excited fluorescence (TPEF)
measurement was performed in CH3CN solution for 1
(0.1 mM) in the absence or presence of the fluoride anion.
TPA cross-section ¢ and TPEF emission cross-section values
(c®) were obtained in comparison of that of Rhodamine B
[51]. Compound 1 exhibits a broad two-photon absorption
band in the range of 650—800 nm. As shown in Fig. 3, the
TPA cross-section maximum of 1 was calculated to be
1764 GM (1 GM = 10" cm* s photo ') at 691 nm. We noted
that half the wavelength of the TPA maximum occurred at less
than the single-photon maximum wavelength, indicating that
there was significant excitonic coupling between the dipolar
branches [54]. Furthermore, 1F also exhibited intense TPEF
with a maximal TPA cross-section of 1504 GM. As shown
in Fig. 3, the TPEF peaks for 1 and 1F were at 490 and
565 nm, respectively, which were similar to those of SPEF, in-
dicating that similar mechanisms were involved in both single-
and two-photon excited fluorescence. These results indicated
that 1 could beserved as an excellent ratiometric TPEF sensor
for fluoride anion.

100 2100
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Fig. 3. Two-photon related absorption and fluorescence spectra of 1 (0.1 mM)
and 1F (the mixture of 0.1 mM 1 and 0.8 mM fluoride anion) in acetonitrile.
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3.4. The mechanism of 1 in sensing fluoride anion

To understand the mechanism of 1 in sensing fluoride an-
ion, the Bronsted acid—base reaction between 1 and F~ was
performed. When strong bases such as Buy,NOH and NaH
were added into the solution of 1, obviously spectral red-shifts
of the absorption and emission bands of 1 were observed
(Fig. 4), which was similar to those of 1 with fluoride anion.
However, upon addition of weak organic base NEt;, no obvi-
ous changes were observed, which revealed that the reaction
between F~ and the NH bond of imidazole group of 1 was a de-
protonation process and not hydrogen bonding effect. The de-
protonation mechanism of imidazole core by fluoride anion
was also confirmed by 'H NMR titration (Fig. 5). When fluo-
ride anion (dissolved in DMSO-dg) was added into DMSO-dg
solution of 1, a little downfield shift of the imidazole NH pro-
ton (12.83 ppm) broadened and then finally disappeared. Sim-
ilar observation was also reported in the other fluoride sensors
with amide (NH) group as receptor [16,32].

The fluorophore 1 is a Y-shaped molecule based on an
electron-withdrawing imidazole core (A) connected with three
branches of electron-withdrawing group (A’: —COOCH3) via
two different conjugated bridges, ethenylphenyl (7v) and phe-
nyl (m,) (see Scheme 2). And strong intramolecular charge
transfer (ICT) of A’—7t;—A—7t;—A’ and/or A'—mt;—A—Tt,—A’

1
—_— 1+NEt,

— — — -1+Bu,NOH

0.6

Absorbance

300 350 400 450 500 550 600
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[(b) :
-~ N === 1+NE,
= 200 —= — — - 1+Buy,NOH
3 .
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iy .
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Fig. 4. Absorption (a) and fluorescent emission (b) spectra of 1 (10 pM) upon
addition of BuyNOH, NaH and NEt; (100 pM), respectively. A.x =415 nm.
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Fig. 5. Partial "H NMR spectra of 1 (1.15 x 1072 M) in DMSO-d in the ab-
sence (a) and presence of 1 equiv (b) and 8 equiv (c) fluoride anion. Each
"H NMR spectrum is measured after 2 min upon addition of fluoride anion.

structure caused the obvious absorption and fluorescent emis-
sion of 1. Upon addition of fluoride anion, the imidazole core
of 1 was deprotonated and the core became an electron donor.
Then, the system switched to an intramolecular charge transfer
of A’—m—D (A’: —CO,CH3;, D: imidazole anion core) from that
of A'—1t—A (A’: —CO,CHs, A: imidazole core) (see Scheme 2),
and the variation of intermolecular proton transfer (IPT) to
intramolecular charge transfer (ICT) could be observed for 1.
As aresult, the absorption and emission modification and corre-
sponding color change were observed upon addition of fluoride
anion.

3.5. Spectral titration of 1 with other anions

For an excellent chemosensor, high selectivity is a matter of
necessity. Herein, the selective complexation studies of 1 by
absorption and fluorescent titration experiments were then

H;CO,C CO,CH; H,CO,C CO,CH,
Ny NH F Ng N
—_—
CO,CH; CO,CH,
1 IF
A\ A’ AN A

A’
A’ A

Scheme 2. The sensing mechanism of 1 with fluoride anion.
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Fig. 6. Absorption (a) and fluorescence (b) spectra of 1 (10 uM) in MeCN so-
lution after the addition of 80 uM C1~, Br—, I, NO3, ClO; and H,POj ion.

extended to related anions in CH3CN solution. Fig. 6 shows
the absorption and fluorescent spectra of 1 (10 uM) in
CH;CN solution after the addition of 80 uM of various anions.
Interestingly, 1 shows a weak complexation with AcO™ and
scarcely any response with Cl~, Br~, I, NO3, ClO; or
H,PO4. The K values for the binding effect of 1 with F~
and AcO™ are 7.3 x 10° and 3.5 x 10°, respectively. For other
anions, such as C1-, Br—, I, NOg3, ClOy, the absorption titra-
tion changes were not obvious enough to calculate the corre-
sponding K values.

Furthermore, by using the ratio (R) of fluorescence intensity
at 590 and 485 nm as output signal, the representative recog-
nizing behavior of 1 toward anions in CH3;CN solution is
shown in Fig. 7. Upon addition of 8-fold anions, very mild
change of 1 was observed for AcO™ (3.6-fold), while CI,
Br, I, NO3, ClIO; and H,PO; showed very weak response
(Fig. 7). Only the addition of F~ resulted in a prominent var-
iation (81-fold) of the ratio (R) of fluorescence emission inten-
sity at 590 and 485 nm, which indicated the high selectivity of
1 to F~. As shown in Fig. 7, the competition experiment was
also carried out by adding F~ to the solution of 1 in the pres-
ence of other anions. No significant variation in fluorescent in-
tensity was found by comparison with that containing only
fluoride anion. The results indicate that the sensing of F~ by
1 is hardly affected by these commonly coexistent anions.

80

20

0 . — — ] — — — ',_ ',_
1 2 3 4 5 6 7 8 9

Fig. 7. Fluorescent responses of 1 (10 uM) in the presence of various anions
(8 equiv) in MeCN solution. Bars represent the final ratio (R¢) of fluorescence
intensity at 590 and 485 nm over the initial ratio (R;) of fluorescence intensity
at 590 and 485 nm. White bars represent the addition of 8-fold various anions
to a 10 uM solution of 1. Gray bars represent the addition of fluoride anion
(80 M) to the above solution, respectively. (Ax =415 nm). (1) F; (2) Cl;
(3) Br; (4) I; (5) NO3; (6) ClO4; (7) HyPOyg; (8) AcO™; (9) all other anions
except F.

4. Conclusions

In summary, we have described a novel Y-shaped imidazole
derivative as single- and two-photon excited fluorescent che-
mosensor for fluoride anion with high selectivity, as well as
with ratiometric method. Upon addition of fluoride anion, 1
shows an obvious change in emission color from shamrock
to brown at ambient condition, which is due to the deprotona-
tion of the imidiazole core of 1. Importantly, an obvious var-
iation of TPEF peak from 490 to 565 nm was observed for 1
upon complexation with fluoride anion over the other anions,
indicating that 1 can be adopted as an ideal ratiometric TPEF
sensor for fluoride anion. The design strategy and remarkable
photophysical properties of the sensor would help to extend
the development of ratiometric fluorescent sensors for fluoride
anion.
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