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Abstract A new available multi-analyte fluorescent sensor
based on a bisphenol A-quinoline conjugate (BFQ) was syn-
thesized in two facile steps and was characterized systemati-
cally. BFQ exhibited an effectively selective and sensitive
recognition toward Zn**and AI** cations in EtOH-H,O
(v/v=9/1) over other cations and F~ anion in CH3CN over
other anions with remarkably enhanced fluorescent intensities.
According to the quantum yield (®) measurements, BFQ-
Zn**, BFQ-AI’" and BFQ-F~ complexes showed 16, 22 and
30 times higher ® values than BFQ, respectively. The com-
plexation properties of BFQ with Zn**, A’ and F~ ions were
also examined by "H NMR titration experiments.

Keywords Bisphenol A - Quinoline - Fluorometric -
Turn on - Chemosensor

Introduction

The development of fluorescent chemosensors for anions and
cations of biologically important and environmental pollutant
is always important and generally involves the design and
synthesis of fluorophore containing more than one binding
sites and a signaling unit. Sensing multiple analytes with a
single chemosensor is a challenging task. It involves eliciting
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different responses by the molecule in the presence of differ-
ent analytes [1-4]. An important natural metal element, zinc,
is the second most abundant metal ion and is actively involved
in diverse biological activities, such as structural and catalytic
cofactors, neural signal transmitters or modulators, regulators
of gene expression and apoptosis [5, 6]. Minute quantities of
zinc are necessary for the living organism, but excessive
amounts may damage the organism [7-9]. Also, the design
of a highly selective and sensitive fluorescence sensor for
Zn>" detection without interference from other metal ions,
especially Cd*", is one of the most important objectives since
cadmium is in the same group of the periodic table and has
similar properties. Aluminum is the third most prevalent
(8.3 % by weight) metallic element on the earth and its soluble
form (AI’") is highly toxic to plant growth [10]. The toxicity
of AI*" induces damage of the central nervous system and is
suspected in neurodegenerative diseases such as Alzheimer’s
and Parkinson’s [11—13]. Thus, detection of AI** is crucial in
monitoring and controlling the concentration levels in the bio-
sphere and in reducing its harmful effects on human health.

To date, a number of analytical methods including ion se-
lective electrodes [14, 15], voltammetric [16], atomic absorp-
tion spectrometry [17] and inductively coupled plasma mass
spectrometry [18] play a role in the detection of metal ions.
However, these methods are time-consuming and expensive,
as they require tedious sample pretreatment and sophisticated
experimental instrumentation and performance. Recently,
great attention has been paid to the development of fluorescent
and colorimetric chemosensors for the detection of Zn** and
AP" ions [19-22]. Compared to other methods, fluorescence
detection offers several advantages, such as high sensitivity,
simple instrumentation, facile analysis, intrinsic selectivity,
the capacity for rapid and real-time monitoring.

Fluoride plays an important role in biological, medical and
chemical processes as the most electronegative atom, and the
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smallest anion with high charge density [23-26].
Fluoride is a useful additive in toothpaste and in drink-
ing water for the prevention of dental caries. However,
excess of fluoride can result in fluorosis, urolithiasis,
and cancer [27-32]. Therefore, precise determination of
fluoride in samples is necessary.

Herein, we reports the synthesis of a new “turn on” fluo-
rescent sensor based on bisphenol A-quinoline (BFQ) and its
cation and anion binding properties by means of UV—vis,
fluorescence and 'H NMR spectroscopy. BFQ shows excel-
lent selectivity for recognizing Zn** and AI*" cations in
EtOH-H,0 (v/v =9/1) and F anion in MeCN.

Experimental
General

Melting points were determined on an Electrothermal
9100 apparatus in a sealed capillary and were uncorrect-
ed. 'H,"*C, APT, COSY NMR spectra were recorded at
room temperature on a Varian 400 MHz spectrometer in
de-DMSO and CDCIl;. FT-IR spectra was obtained on a
Perkin Elmer Spectrum 100 FTIR spectrometer. UV—vis
spectra were measured with a Perkin Elmer Lambda 25
spectrometer. Elemental analyses were performed using
a Leco CHNS-932 analyzer. Analytical TLC was per-
formed using Merck prepared plates (silica gel
60 F254 on aluminum). All reactions, unless otherwise
noted, were conducted under nitrogen atmosphere. All
starting materials and reagents were of standard analyt-
ical grade from Fluka, Merck, and Aldrich and used
without further purification.

Synthesis of Compound 1

A solution of bisphenol A (0.5 g, 2.19 mmol) and hexameth-
ylenetetramine (HMTA, 3.67 g, 26.28 mmol) in trifluoroacetic
acid (50 mL) was refluxed for 24 h. Upon completion of the
reaction, the mixture was cooled to room temperature and
adding 1.0 M HCI (100 mL). Then, the resulting mixture
was extracted with dichloromethane (100 mL). The or-
ganic layer was washed with water three times and sat-
urated brine once, and dried over MgSO,. Removing
the solvent after filtration afforded to give 1 as yellow
oil. Yield: 75 %; "H NMR (400 MHz CDCls) 10.93 (s,
2H), 9,85 (s, 2H), 7.43 (s, 2H), 7.34 (d, 2H, J=8.4 Hz),
6.91 (d, 2H, J=8.6 Hz), 1.70 (s, 6H). '*C NMR
(100 MHz CDCl;) 196.59, 159.91, 141.50, 136.04,
130.77, 119.98, 117.62, 41.70, 30.67; Anal. calcd for
Cy17H604: C, 71.82; H, 5.67. Found: C, 71.98; H, 5.75.
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Synthesis of BFQ

A solution of compound 1 (0.50 g, 1.76 mmol) and 8-
aminoquinoline (0.52 g, 3.61 mmol) in absolute ethanol
(40 mL) was refluxed for 3 h. The mixture was cooled to room
temperature. The orange precipitate was filtered-off, washed
with ethanol and dried in vacuum to give BFQ as an orange
solid. Yield: 82 %; Mp=178 °C; "H NMR (400 MHz DMSO-
dg) 13.84 (s, 2H), 9.09 (s, 2H), 8.95 (d, 2H, J=2.32 Hz), 8.41
(d, 2H, J=7.21 Hz), 7.89 (d, 2H, J=7.21 Hz), 7.73 (d, 2H, J=
6.70 Hz), 7.58-7.67 (m, 6H), 7.29 (d, 2H, J=6.70 Hz), 6.92
(d, 2H, J=8.76 Hz), 1.69 (s, 6H). '*C NMR (100 MHz
DMSO-de) 164.91, 159.88, 151.01, 145.19, 142.21, 140.98,
136.66, 132.73, 130.29, 129.15, 127.26, 126.91, 122.55,
119.13, 118.60, 117.24, 41.70; Anal. calcd for C3sH,gN4O5:
C, 78.34; H, 5.26; N, 10.44. Found: C, 78.48; H, 5.35; N,
10.87.

UV-vis and Fluorescence Experiments

The stock solutions of BFQ (1.0 mM) in EtOH-H,O (v/v=9/
1) and metal ions (10.0 mM) as perchlorate salts in H,O and
anions (10.0 mM) as tetrabutylammonium salts in MeCN
were prepared. The volume of a solution of BFQ used in the
experiments was 3.0 mL. Titration spectra were recorded by
adding corresponding volume of cation or anion solutions to a
solution of BFQ. Every titration was repeated at least twice
until consistent values were obtained.

"H NMR Titration Studies

"H NMR fitrations were performed on a Varian 400 MHz spec-
trometer at 298 K. A solution of BFQ (0.0663 M for Zn*'/AI**
and 0.0540 M for F in DMSO-d) was titrated by adding
known quantities of the concentrated solution of zinc/
aluminum perchlorate and tetrabutylammonium fluoride
(TBAF). The chemical shift changes of BFQ were mon-
itored. All titrations were repeated at least twice to get
the consistent values.

Results and Discussion
Synthesis of Chemosensor BFQ

A novel Schiff base derivative BFQ was easily synthesized
via aldehyde—amine condensation reaction as depicted in
Scheme 1. Firstly, the dialdehyde derivative of bisphenol A
(1) was synthesized by Duff reaction in the presence of
bisphenol A and hexamethylenetetramine (HMTA) in
trifluoroacetic acid (TFA). Then, compound 1 was reacted
with 8-aminoquinoline ethanol under reflux for 24 h to give
BFQ in 82 % yield. The formation of BFQ was confirmed by
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Scheme 1 Synthesis of
chemosensor BFQ o~

HMTA,TFAK HO
HO~ ‘ ll OH

bisphenol A

the disappearance of aldehyde signal (CHO) at & 9.85 ppm in
compound 1 and by the appearance of imine signal (CHN) at §
9.09 ppm in "H NMR spectra. The formation of imine bond
was supported by the appearance of imine band (CH=N) at
1616 cm ™' in FTIR spectra. Also, the molecular structure of
BFQ was confirmed by 13C NMR, COSY, APT and elemental
analysis (Supplementary data, Fig. S1-S7).

Cation-Sensing Properties of BFQ

To evaluate the selectivity and sensitivity of BFQ toward var-
ious cations, fluorescence spectra of BFQ were measured in
the presence of nineteen cations : Li", Na', Cs", Ag+, Ca2+,
Mg2+’ SI”2+, Ba2+, Hg2+’ Zn2+, Niz+’ Cu2+, Cd2+’ C02+, Mn2+,
Pb>", Fe*', Fe’" and AI**. Only Zn*" and AI’" caused the
enhanced yellow and green emission, respectively. Because
BFQ exhibited good solubility in various organic and polar
solvents, we tested various solvents to select a proper detec-
tion media for the interaction of Zn>" or AI** with BFQ. In the
fluorescence spectra of the Zn>" and AI*" ions, BFQ exhibited
good sensitivity in EtOH (Fig. S8). Aqueous media are essen-
tial for monitoring environmental, biological, and industrial
samples. Thus we added in varying quantities of H,O to
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EtOH solution achieving ratios of 9:1-1:9 as indicated in
Fig. S9. The optimum emission spectra were observed at an
EtOH: H,O ratio of 9:1 (v/). Further studies were realized in
EtOH-H,0 medium (vA=9/1). The fluorescence behavior of
BFQ was investigated in the presence of 10-fold excess of
various metal ions in EtOH-H,O (v/~=9/1) at room tempera-
ture. As shown in Fig. 1a, BFQ has a very weak fluorescence
emission at 550 nm due to isomerization of the C=N double
bond and effect of intramolecular charge transfer (ICT) in
BFQ. The C=N isomerization and ICT effect in BFQ may
be inhibited upon the coordination of BFQ to Zn** and AI*".
Also it forms a rigid conjugation system, causing the CHEF
(chelation enhanced fluorescence) effect [20, 21]. Thus, Zn**
and A" treatment resulted in a remarkably intensity increase
at 560 and 530 nm, respectively. In contrast no fluorescence
enhancement was detected after adding other metal ions
including Li", Na', Cs*, Ag", Ca’", Mg2+, Sr**, Ba*,
Hg2+, Ni*, cu*, Cd*', Co*", Mn*", Pb**, Fe*", and
Fe*". The addition of Zn*" and AI’" to BFQ resulted
in 13- and 17-fold increase in fluorescence intensities at
560 and 530 nm, respectively (Fig. 1b).

The fluorescence titrations were carried out by adding the
increasing amounts of Zn** and AI’" to a solution of BFQ,
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Fig. 1 Fluorescence spectra (a) and fluorescence intensities (b) at 530 and 560 nm of BFQ (10 uM) in EtOH-H,O (v/»=9/1) in the presence of various

cations (10.0 equiv.) (Aex=395 nm)
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Fig. 2 Fluorescence response of BFQ (10 uM) with the addition of
various amounts of Zn>" (a) and A** (b) in EtOH-H,O (v»=9/1)

180
160
140

120

)

© 100

X*(I-1

80 -
60 -
40

20

0,0 0,1 0,2 0:3 0:4 0:5 0:6 0,7 0,8 0,9
X=[BFQ)/[BFQ]+[Zn*]

and remarkable fluorescence enhancement was observed
(Fig. 2a, b). When BFQ was titrated with Zn”" ions, the emis-
sion band was shifted to~560 nm with emission intensity
enhancement. While in case of AI>* ion, blue shift of the
emission maxima (~550 to~530 nm) was observed with in-
crease in emission intensity with respect to the free BFQ. The
emission intensities were stabilized after the amount of Zn*"
and A" jons reached 10 equiv. with a defined emission point.
To understand the binding stoichiometries of BFQ-Zn*" and
BFQ-AI*" complexes, we realized Job plot experiments. In
Fig. 3a, b, the emission intensities at 530 and 560 nm are
plotted against the molar fractions of BFQ. Maximum emis-
sion intensities were measured for molar fractions of 0.33 and
0.36 showing complex formation between BFQ-Zn®" and
BFQ-AI*" in 1:2 ratios. The association constants (K,) by
using fluorescence titration data are calculated to be (8.51+
0.25)x10'""M 2 for Zn>" and (1.53+0.18)x 10'* M 2 for AI**
according to Benesi-Hildebrand plot [33] (Fig. S10).
Fluorimetric titration data were also used to obtain the detec-
tion limit of BFQ as a fluorescent sensor for the analysis of
Zn*" and A" in a micromolar level and found to be (3.56+
0.14)x 10" °Mand (1.14=0.11) x 10~° M, respectively (based
on S/N=3) (Fig. S11). Moreover, the quantum yield ($) mea-
surements for BFQ-Zn>" and BFQ-AI’" complexes were car-
ried out at different concentrations in EtOH-H,O (vAv=9/1)
(Fig. S12). BFQ exhibited a weak and broad emission band
with the quantum yield of ®rp=0.0107. As the concentra-
tion of Zn>" and A" ion was increased, a remarkable emis-
sion enhancement at 560 and 530 nm was observed, respec-
tively. The binding of Zn*" and AI*" to BFQ results in a
chelation enhancement of fluorescence effect (CHEF), thus
causing a remarkable enhancement in the emission intensity.
Upon complexation, the quantum yields of BFQ-Zn*" and
BFQ-AI’" reach ®ppo-7,°"=0.172 (about 16 fold) and
@BFQ-A13+:O.239 (about 22 fold). Hence, the apparent color

60 - f
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Fig. 3 Job’s plots for determining the stoichiometric complexation of BFQ with Zn”* (a) and AI** (b) in EtOH-H,0 (vA=9/1)
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Table 1  Photophysical properties of sensor complexes
Sensor complexes Excitation wavelength Emission wavelength Association constants Detection limits Quantum Yield
(nm, Aoy) (0, Aers) (Ko M?) M) (@)
BFQ-Zn>" 395 560 2(8.51+0.25) x 10'° (3.56+0.14) x 10°¢ 0.172
> (2.32+0.21) x 10'°
BFQ-AP" 395 530 2(1.53+0.18) x 10'° (1.14+0.11) x 10°¢ 0.239
°(0.73£0.17) x 10'°
BFQ-F 420 610 °(8.37+0.17 x 10° (3.68+0.21) x 10°° 0.118

2 Fluorescence method, ® UV—vis method, Conditions; T=298 K; EtOH-H,0 (vv=9/1) for Zn?"/AP" and MeCN for F~

changes from colorless to yellow for Zn>" and green for AI**

are observed during the detection process. Photophysical
properties of sensor complexes were also summarized in
Table 1.

The interaction of BFQ with Zn®" and AI’* ions was fur-
ther investigated through UV—vis titration in EtOH-H,O
(vv=9/1) (Fig. 4a, b). Upon the addition of Zn*" ions (0-5
equiv.) to a solution of BFQ (10 uM), the absorption peak at
341 nm decreased while the absorption peak at 452 nm rapidly
increased and shifted to 445 nm (Fig. 4a). By addition of AI**
(0-5 equiv.) to a solution of BFQ (10 uM), the absorption
peaks at 341 and 452 nm belong to BFQ gradually decreased
(Fig. 4b). The association constants of Zn>" and AI** ions
were calculated from UV-vis titration experiments by
Benesi—Hildebrand plot [33] and found as (2.32+0.21)x
10" and (0.73£0.17)x10"® M2, respectively (Fig. S13).

To utilize BFQ as a selective sensor for Zn>" and AI™, the
effect of competing metal ions has been examined by record-
ing the fluorescence spectra of BFQ (10 uM) with Zn*"/AI**
(10 equiv.) in the presence of a competing metal ion (20
equiv.). As seen in Fig. 5a, b, Zn®" and A" ions detection
by BFQ is not influenced by the presence of other competing

Absorbance

T T
500 600

T
400

Wavelength (nm)

metal ion. Thus, Zn>" and AI** can be easily detected in the
presence of most competing metal ions through fluorescence
‘turn on’ behavior.

The response time for many fluorescent sensors is an im-
portant factor. Thus, the effect of the reaction time on the
binding process of Zn”" and AI** ions to BFQ was investigat-
ed as shown in Fig. S14 (Supplementary data). Following the
addition of 10 equiv. Zn** and 10 equiv. A** ions to 10 uM
BFQ, the fluorescence intensity of BFQ was reached a stable
value within 1 min and remaining constant from 1 to 10 min.
The rapid, stable complexation of Zn>" and AI** ions by BFQ
and the resulting quick response profile are important features
for robust, real time detection of Zn** and AI** ions by por-
table device in field.

To understand the nature of interaction between BFQ and
Zn**/AP*", "H NMR titration experiments were carried out in
dg-DMSO. The addition of 2.0 equiv. of Zn®" and AI** to a
solution of BFQ in dg-DMSO resulted in different peak pro-
files (Fig. 6). The phenolic-OH signal (H,) at 13.84 ppm dis-
appeared upon the addition of Zn>" and AI’* ions to a BFQ
solution. The ortho-proton signal (H,) at 8.95 ppm belongs to
quinolone moiety of BFQ was downfield shifted to
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300 400 500 600

Wavelength (nm)

Fig. 4 Absorption spectra of BFQ (10 M) upon addition of different concentrations of n** (a) and AP* (b) in EtOH-H,0 (v/v=9/1)
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Fig. 5 Relative fluorescence intensities of BFQ (10 uM) in EtOH-H,O (vA=9/1) with 10 equiv. Zn*" (a) and 10 equiv. AI** (b) in the presence or

absence of other competition metal ions (20 equiv.)

10.21 ppm for AI** and to 10.22 ppm for Zn**. Similarly,
Schiff base proton signal (Hy) at 9.08 ppm was downfield
shifted to 10.64 ppm for A" and 10.63 ppm for Zn**, respec-
tively, suggesting N-metal coordination. In addition, other ar-
omatic proton signals became more complicated. These re-
sults imply that the phenolic-OH, Schiff base and quinoline-
N groups are efficient on formation of complex between the
BFQ and Zn*"/A*".

Anion-Sensing Properties of BFQ

The receptors with the imine and phenol groups show the
sensing properties of anions sometimes [34-36]. Therefore,
the anion-sensing properties of BFQ were examined in the
presence of 40-fold excess of various anions in MeCN at room
temperature. The results indicated that fluoride ion has prefer-
ential interaction with BFQ in MeCN. As shown in Fig. 7,

BFQ exhibited a very weak fluorescence emission with an
excitation 0420 nm in MeCN. The addition of various anions
such as NO5 , ClO, , HSO, , H,PO, ,AcO ,Cl ,Br ,and I
to the BFQ solution showed no enhancement in the emission
intensity. In contrast, there was a selective fluorescent enhanc-
ing effect (35-fold) in its emission spectrum with only F ion
at 610 nm. In order to study the binding interaction of BFQ
and F, the fluorescence titration experiments were realized
(Fig. 8). As the F~ concentration increased, the emission in-
tensity increased drastically and reached saturation when 40
equiv. of F was added. In order to determine the stoichiomet-
ric ratio between BFQ and F, the method of continuous var-
iation (Job’s plot) was used. Fig. S15 shows the Job’s plot of
BFQ with F . BFQ-F complex concentration approaches a
maximum when the mole fraction of BFQ is 0.33, which
means BFQ and F~ form 1:2 complexes. On the basis of 1:2
stoichiometry, the association constant was calculated to be

1 )
\ H
2.0 eq. AB* 5}NW~ b
q H, [~ o O O o N5 I l | j
[ h. A [ J,\ i
BFQ I\ UL JUY N
2
2.0 eq. Zn%* l H, | ;l -y !ﬁ |
A NIWNNNVV W
16.0 150 140 130 120 110 100 90 80 70 6.0
ppm (1)

Fig. 6 'H NMR spectra of BFQ in the presence of 2.0 equiv. of Zn>" and AI*" in DMSO-dj
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Fig. 7 (a) Fluorescence spectra of BFQ (10 uM) recorded in MeCN in the presence of various anions (40 equiv.). (b) Selective fluorescence

enhancement of BFQ to F~ over other anions

(8.37+0.17) x 10® M2 for BFQ-F  complex from the
Benesi— Hildebrand equation (Fig. S16). The detection limit
was also determined to be (3.68+0.21) x 10~ M, based on the
fluorescence titration measurement (Fig. S17). Furthermore,
the quantum yield (®) for BFQ-F complex was measured in
MeCN. BFQ-F ($=0.118) complex demonstrated 30 times
higher ® value than that of BFQ ($=0.0061) (Table 1,
Fig. S18).

To understand the interaction between BFQ and F, UV—
vis titration experiments were carried out in MeCN. Figure 9
shows the UV—vis absorption spectra of BFQ (10 uM) upon
addition of different equiv. of F~ in MeCN. The absorption at
348 nm decreased and a new peak appeared at 445 nm upon
increasing the concentration of F . An isosbestic point was
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Fig. 8 Fluorescence spectra (Ax=420 nm) of BFQ (10 uM) upon the
addition of F~ in MeCN. (inset) Graph of the fluorescence intensity at
610 nm as a function of F concentration

observed at 387 nm. Considering the large contribution of
the electron density change for the conjugated system in the
deprotonated BFQ, it could be concluded that the interaction
was deprotonation rather than hydrogen bonding because of
the significant absorption shift.

The "H NMR titration of BFQ was examined in the ab-
sence and the presence of F in DMSO-dg (Fig. 10). The
phenolic-OH proton signal (H,) at 13.84 ppm was disappeared
upon the addition of 1.0 equivalent of F ion to a BFQ solu-
tion. The ortho-proton signal (H.) at 8.95 ppm belongs to
quinolone moiety and Schiff base proton signal (Hy) at
9.08 ppm were upfield shifted to 8.49 and 8.52 ppm, respec-
tively, upon addition of 0—4.0 equiv. of F. The deprotonation
of the phenolic-OH in BFQ also caused significant upfield
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Fig. 9 UV-vis spectral changes of BFQ (10 uM) with the addition of
0.0-10.0 equiv. of F in MeCN
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Fig. 10 "H NMR spectra of BFQ in the presence of 0-4.0 equiv. of TBAF in DMSO-d

shifts of the protons of benzene moiety due to the electron
density on the phenyl rings with through bond propagation
which generates a shielding effect [37, 38]. These results dem-
onstrated the formation of a new complex between the
phenolic-OH and fluoride.

Conclusion

In conclusion, a novel Schiff base derivative based bisphenol
A-quinoline (BFQ) was easily synthesized in two-step, and
was used as fluorescence “turn-on” sensors for distinct detec-
tions of Zn>", A" and F~ ions. BFQ indicated fluorescence
turn-on sensor responses to Zn”>* and Al** in EtOH-H,O (vv=
9/1) and F in MeCN. The stoichiometries of complexes
(BFQ-Zn*>*, BFQ-AI** and BFQ-F ) were determined to be
1:2 from job’s plots based on UV—vis and fluorescence spec-
tral changes. The detection limits (LODs) of BFQ-Zn*",
BFQ-AI’" and BFQ-F sensor complexes were calculated as
3.56, 1.14, and 3.68 uM, respectively, by standard deviations
and linear fittings. This type of a highly sensitive and
selective fluorescent sensor will be useful for develop-
ment of new chemosensors for multiple targets such as
cations and anions.
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