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ABSTRACT

Two novel [5]helicene-based fluorescence sensors, H1 (2,2'-((propane-1,3-diylbis(sulfanediyl))bis(ethane-
2,1-diyl))bis(7,12-dimethoxy-4,5,14,15-tetrahydro-1H-dinaphtho[2,1-e:1',2"-g]isoindole-1,3(2H)-dione) and H1A
(2,2'«((propane-1,3-diylbis(sulfanediyl))bis(ethane-2,1-diyl))bis(7,12-dimethoxy-1H-dinaphtho[2,1-e:1',2'g]isoindole-1,
3(2H)-dione) were successfully prepared and characterized for their application in the determination of Hg?" ions.
The syntheses of H1 and H1A involved simple reactions including alkylation and imide formation. The
spectroscopic results of H1 and H1A showed strong fluorescence in the visible region and large Stokes shifts (150-
200 nm). Sensors provided Hg?*-selective fluorescence quenching by discriminating interfering ions including Cd?",
Co?", Zn?" Pb?", Ag*and Cu?*. The binding mode of the sensors was also explored using molecular modeling, In
addition, H1 showed the potential to determine Hg?" in real samples such as drinking water, river water and tuna

fillet.
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1. INTRODUCTION

Mercury, a hazardous metal, is toxic to organisms
(Renzoni et al., 1998; Harris et al., 2003). Inorganic
mercury (Hg?") can dissolve in water and easily
contaminate in the environment. In aquatic ecosystems,
microorganisms can change inorganic mercury to
organic mercury (CHsHg"), which can contaminate
marine animals, then accumulate in the human body
though oral ingestion (Hardy and Jones, 1997). Mercury
can cause many serious human health problems
including nerve and DNA damage, leading to Minamata
disease. (Gutknecht, 1981; Harada et al., 1995;
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Tchounwou et al., 2003). Among the techniques for the
analysis of Hg?, fluorescence spectroscopy has been
frequently used,; it has also been applied to the detection
of several agents such as small molecules (Ooyama et
al., 2011), protons (H") (Thivierge et al., 2011), anions
(Buckland etal., 2011) and cations (Wanichachevaetal.,
2013). Sensors with fluorescent behavior have
advantages in terms of low cost, high selectivity, high
sensitivity, making the technique suitable for on-site
detection (Cheng et al., 2011; Kraithong et al., 2016).
Recently, there have been many Hg?'-
fluorescence sensors containing nitrogen and sulfur-
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containing crown ionophores such as calixarenes (Lee
et al., 2010; Miao et al., 2012; Erdemir et al., 2013),
diazatetrathia crown ethers (Kim et al., 2006) and
cyclams (Song et al., 1996; Kim et al., 2006; Park et al.,
2007). Although these ionophores provide the crown
structure, they have limitations such as the high cost of
commercial compounds, the multi-step syntheses
and low selective detection or cross sensitivity to
other metal ions such as Pb?", Ag", and Cu?* (Moon et
al., 2004; Suresh et al., 2010; Dalapati et al., 2011).
Moreover, some previously reported Hg?*-fluorescence
sensors consisted of fluorescence dyes with emissions in
the UV region and small Stokes shifts, which can cause
problems in the analytical process including matrix
interference and analytical error.
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Figure 1 Chemical structure of H1 and H1A

2. MATERAILS AND METHODS
2.1 Materials

All reagents and solvents were purchased from
Fluka Chemical Corporation and were used without
further purification. Perchlorate salts of metal ions for
ion-sensing studies were purchased form Strem
Chemicals, Inc. The cation-sensing tests were conducted
in acetonitrile solutions. Stock solutions of perchlorate
salts (1.0 x 102 M) were prepared in acetonitrile.

2.2 Characterization

All
nuclear magnetic resonance (NMR) spectrometry
and mass spectrometry. NMR spectra were obtained in
deuterochloroform (CDCIs) with either a Bruker Avance

compounds were characterized by
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In this work, the sensors, H1 and H1A, consisted of
2-(3-(2-aminoethylsulfanyl) propylsulfanyl) ethanamine
(thioether ionophore) and [5]helicene derivatives were
designed and synthesized to serve as Hg?* fluorescence
sensors (Figure 1). The thioether ionophore, containing
nitrogen and sulfur atoms, was employed as the selective
ionophore for Hg?*, while, for fluorophore, the
[5]helicene derivatives were chosen due to their
excellent fluorescence response in the visible region,
high quantum yield (~0.9), and large Stokes shift, which
could avoid matrix interference and prevent self-
absorption (Sooksimuang and Mandal, 2003;
Sahasithiwat et al., 2010). Hg?" sensing of H1 and H1A
was also studied and their applications in real samples
including drinking water, river water and seafood were
investigated.

HsCO OCHg

300 spectrometer operating at 300 MHz for *H and
75 MHz for '3C or a Bruker AV500 Biospin
spectrometer operating at 500 MHz for *H and 125
MHz for 3C, with TMS as the internal standard. Mass
spectra were obtained by a Thermo Electron LCQ-
DECA-XP, electrospray ionization ion trap mass
spectrometer. Melting points were determined using
either a Stuart Scientific melting point apparatus
SMP2 or a Mel-Temp melting point apparatus-
electrothermal. Absorption spectra were recorded
using a Hewlett Packard 8453 spectrophotometer.
Fluorescence measurements were carried out with a
Perkin EImer Luminescence spectrometer LS 50B.
Fluorescence studies were performed in a quartz
cuvette (1 cm x 1 cm), with excitation and emission
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slid widths of 5.0 nm, and a scan rate of 300 nm/min. The
studies were performed in a quartz cuvette (1 cm x 1 cm),
with excitation and emission slid widths of 5.0 nm, and
a scan rate of 300 nm/min. The fluorescence experiments
were carried out by the titration of heavy metal ions with
H1 (4.0 x 10® M) and H1A (1.1 x 10°® M). The
excitation wavelengths of H1 and H1A were fixed at
373 nmand 335 nm, respectively.

2.3 Syntheses

2.3.1 2-/3-(2-Aminoethylsulfanyl) propylsulfanyl/
ethanamine

The synthesis of the title compound was reported
in our previous work (Wanichacheva et al., 2009).
Briefly, the alkylation of cysteamine hydrochloride with
1,3-dibromopropane in the presence of sodium

hydroxide as a base gave the title compound guantitative
yield (Figure 2).

2.3.2 7,12-Dimethoxy-4,5,14,15-tetrahydronaphtho
[2',1':3,4]phenanthrol/1,2-c/furan-1,3-dione (M201)

Synthesis of the title compound was reported in
our previous work (Sooksimuang et al., 2014). Briefly,
the Diels-Alder reaction followed by oxidation of 6,6'-
dimethoxy-3,4,3',4'-tetrahydro[1,10]binaphthalenyl
obtained M201, 31% in two steps (Figure 3). The
maleic anhydride and diene were mixed and stirred in
toluene to obtain the adduct from the Diels-Alder
reaction. The Diels-Alder adduct was then oxidized
using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) as a reagent to yield the title compound as a
yellow solid.

NaOMe, MeOH
10 h, 40 °C

-+
Cl HsN sh * BT > er

_—

HZN/\/S\/\/S\/\NH2

quantitative yield

Figure 2 Synthesis of 2-[3-(2-aminoethylsulfanyl) propylsulfanyl] ethanamine

1) toluene, rt, 5 days

H;CO O‘ o
98 :

H3CO
Diene Maleic anhydride

Figure 3 Synthesis of M201

2.3.3 7,12-Dimethoxynaphtho/2',1':3,4]
phenanthrol/1,2-c/furan-1,3-dione (M201A)

A mixture of 7,12-dimethoxy-4,5,14,15-
tetrahydronaphtho/2',1':3,4/phenanthro/1,2-c/furan-
1,3-dione, M201, (1.45 g, 3.52 mmol), benzoyl peroxide
(0.11 g, 0.34 mmol), and N-bromosuccinimide (NBS)
(1.38 g, 7.74 mmol) was dissolved in benzene (90 mL)
and the mixture was refluxed for 7 h. A solution of

2) DDQ, xylene, reflux, 8 h

31% (2 steps)
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sodium acetate (NaOAc) (1.91 g, 23.23 mmol) in
acetic acid (AcOH) (30 mL) was then added to the
solution mixture and it was refluxed for an additional
15 h. The solution mixture was then cooled down to
room temperature and washed with deionized water
(150 mL). The organic portion was collected and
dried over anhydrous sodium sulfate (anh. Na>SOs).
The solvent was then removed under vacuum to yield a



New /5/helicene derivatives with large Stokes shifts for Hg?* determination

crude product. Crystallization from chloroform gave the  8.24 (d, J= 9.3 Hz, 2H), 8.83 (d, J= 8.9 Hz, 2H). 13C
pure product, M201A (Figure 4) as orange needles (1.02g9, NMR (75 MHz, CDCI3) 6 (ppm): 55.5 (2CHs), 107.4
71%), mp. 317-318°C. Fourier-transform infrared (FT-  (2CH), 116.9 (2CH), 121.7 (2CH), 125.2 (2C), 125.4
IR) ((potassium bromide (KBr)): 3008, 2942, 2840, (2C), 125.7 (2C), 130.2 (2CH), 130.9 (2CH), 132.6
1827, 1762, 1609, 1523, 1499, 1462, 1435, 1349, 1272,  (2C), 135.7 (2C), 159.8 (2C), 163.7 (2C=0). High-
1241, 1193, 1181, 1168, 1153, 1124, 1065, 1021, 906,  resolution mass spectrometry (HRMS): micro time-of-
854, 825, 811, 735, 695 cm™*. 1H NMR (300 MHz,  flight (microTOF) calculated for C2sH1s0sH* 409.1076
CDCls) & (ppm): 3.99 (s, 6H), 6.92 (dd, J=9.3,2.7Hz,  m/z, found 409.1076 m/z.

2H), 7.29 (d, J = 2.7 Hz, 2H), 8.02 (d, J = 8.7 Hz, 2H),

H;CO
1) NBS, Benzoyl peroxide “ o
Benzene, Reflux, 7 h
2) NaOAc, AcOH
Reflux, 15 h
(71%) 0o
H;CO

Figure 4 Synthesis of M201A

2.3.4 Sensor H1 (4CH), 1125 (4CH), 125.1 (4C), 126.5 (8C), 131.3

In a round bottom flask, a mixture of 2-[3-(2-  (4CH), 138.0 (4C), 141.0 (4C), 159.4 (4C), 168.8
aminoethylsulfanyl)propylsulfanyl]lethanamine  (4C=0). HRMS (ESI) calculated for CsgHssN2OgS,Na*
(0.05 g, 0.26 mmol), potassium carbonate (K.CO3)  (M+Na)" 1005.3219 m/z, found 1005.3200 m/z.
(0.15 g, 1.1 mmol) and 7,12-dimethoxy-4,5,14,15-
tetrahydronaphtho[2',1":3,4]phenanthro[ 1,2-c]furan-1,3- 2.3.5 Sensor H1A
dione (M201) (0.22 g, 0.54 mmol) was stirred and A mixture of 2-[3-(2-aminoethylsulfanyl)
heated to 110°C in dimethylformamide (DMF) (3.5 mL)  propylsulfanyl]ethanamine (0.012 g, 0.062 mmol),
for 3 h under an argon atmosphere. The reaction mixture  7,12-dimethoxynaphtho[2',1":3,4]phenanthrol[1,2-
was then cooled down to room temperature; deionized  c]furan-1,3-dione (M201A) (0.056 g, 0.14 mmol) and
water (20 mL) was added and the mixture was stirred  K,CO3(0.025 g, 0.18 mmol) in dimethylformamide
for 1 h. The mixture was then filtered to give ayellow (2.0 mL) was stirred and heated to 80°C for 1 h under
solid which was purified by preparative thin layer  an argon atmosphere. The mixture was cooled down
chromatography using ethyl acetate: hexane =1:2 (Rr  to room temperature followed by solvent removal
= (0.56) to yield 0.133 g of a yellow solid, 52%.mp =  under vacuum. Dichloromethane (20 mL) was added
158.0-161.4°C, '"H NMR (CDCls, 300 MHz) & (ppm):  and the mixture was washed with deionized water (3
1.91 (p, J=6.9 Hz, 2H), 2.47 (broad, 4H), 2.73 (t, J=6.9 X 20 mL). The crude product was purified by column
Hz, 4H), 2.75-2.84 (m, 12H), 3.81 (s, 12H), 3.86 (broad, = chromatography using 0.5% triethylamine in ethyl
4H), 4.09 (m, 4H), 6.48 (d, J=2.1 Hz, 2H), 6.51 (d, J=  acetate: hexane (1:2) to give 0.023 g of an orange solid
2.4Hz,2H),6.80 (s, 2H),6.81 (s, 2H), 7.13(d, J=4.8Hz,  (Figure 5), 38%. mp = 157.0-159.7°C, 'H NMR
2H), 7.16 (d, J=4.5Hz, 2H). ®*CNMR (CDCl3 75MHz,)  (CDCls, 300 MHz) & (ppm): 2.17 (p, 2H), 2.80-3.95
3 (ppm): 24.2 (4CHy), 289 (4CHy), 29.0 (CHy), 29.9  (m, 8H), 3.83-3.98 (s, 16H), 6.58 (dd, 4H), 7.05 (d,
(2CHy), 30.4 (2CH), 36.8 (2CHy), 55.2 (4CHs3), 111.8  4H), 7.70 (d, 4H), 7.78 (d, 4H), 8.75 (d, 4H). 3C

35
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NMR (CDCls, 75 MHz,) & (ppm): 28.6 (CHy), 29.01
(2CHy), 29.67 (2CHy), 37.0 (2CH.), 55.4 (4CHs),
107.1 (4CH), 115.7 (AC+4CH), 121.6 (4CH), 125.0
(4C), 128.9 (4C+4CH), 130.5 (4C+4CH), 134.6 (4C),

S S M201
HoN NH,
K,CO,, DMF
3h,110 °C
(51%)
HsCO
g8
HsCO
H N/\/S\/\/S\/\NH M201A
2/ 2

K,CO3, DMF
1h,80°C
(39%)

Figure 5 Synthesis of H1 and H1A

2.4 Computational methods

Density functional theory calculations at the
Becke's 3-Parameter with Lee, Yang and Parr
(B3LYP) density functional with 6-311G™ for main
group element and LanL2DZ for Hg?* were carried out
using the Gaussian 09 program (Frisch et al., 2016;
Shellaiah et al., 2015). The solvation by acetonitrile
was modeled by the integral equation formalism
polarizable continuum model (IEEPCM). Molecular
orbital analysis was performed with Gaussian09 and
MO pictures were generated using the visual molecular
dynamics (Humphrey et al., 1996).

3. RESULTS AND DISCUSSION
3.1 The design of H1 and H1A

Due to the requirements of the highly sensitive
and selective Hg?" fluorescence sensors, fluorophores
(M201 and M201A) with strong fluorescence quantum
yields and thioether ionophore containing nitrogen and
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158.7 (4C), 169.3 (4C=0); HR-ESI MS calculated for
C33H3:N204S,K* (|\/|'|‘K)+ 1013.2333 m/z, found
1013.2419 m/z.

H1

sulfur atoms for strong electrostatic interaction to Hg?*
were selected. M201 and M201A are derivatives of
[5]helicene which possess two methoxy groups as the
electron-donating groups and the anhydride group as an
electron-withdrawing group (Figure 6). The positions of
withdrawing groups (carboxyl group) and electron
donating (methoxy group) were placed into an A-shape,
resulting in an effective push-pull system and strong
fluorescence quantum yields.

Sensor H1 consisted of two units of M201 while
sensor H1A contained two units of M201A, but with a
fully conjugated structure. We anticipated that the high
sensitivity of the sensors could be induced by the high
fluorescence quantum yields of these fluorophores. The
selective binding of the sensors could also take place by
ion-dipole interaction between Hg?" and nitrogen and
sulfur atoms of the ionophore.

Herein, thioether ionophore (Wanichacheva et
al., 2009) was synthesized by alkylation of 1,3-
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dibromopropane with cysteamine hydrochloride under
basic conditions to give the ionophore in quantitative
yield. The fluorophore portion, M201 (Sooksimuang et
al., 2014), was obtained by a Diels-Alder reaction
followed by oxidation. M201A was obtained by

aromatization of M201 by bromination followed by
hydrobromic acid elimination. Sensors H1 and H1A
were obtained by imide formation of M201 and
M201A with thioether ionophore, respectively.

Figure 6 Electron flow from the methoxy groups to the anhydride groups on the A-shape structures of M201 and

M201A

3.2 Spectroscopic studies

As can be seen in Figure 7, the spectroscopic
studies of the sensors conducted in acetonitrile solutions
showed that the absorption spectra of H1 and H1A
exhibited maximum spectra at 373 and 335 nm,
respectively. Moreover, the fluorescence emission

0.8 5
absorption emission[ S0 ';
Stokes-shift ﬁ-
- e >| g
5 0.6 4
g F
@ L 30 g
g 04 £
£0. =
£ L 20 &
s g
<02 2
-« F 10 &
5
=
0 v v v 0 &
300 400 500 600
Wavelength (nm)

a

spectra of H1 and H1A appeared at 523 and 533 nm,
respectively, indicating very large Stokes shifts of 150
and 198 nm, respectively. The wide Stokes shifts of the
sensors could be beneficial for the removal of interference
from self-absorption (Goswami et al., 2014; Gu et al.,
2015).

absorption emission | 459 ;
| Stokes-shift , )
3 0.6 | ! L 100 *?
= 17}
bt L 80 S
E 0.4 4 " £
B ]
e 2
2 L 40 3
k) f

= 0.2 E
F 20 g
0 T T T 0 =

300 400 500 600

‘Wavelength (nm)

Figure 7 Absorption spectra (0.03 mM) and emission spectra of a H1 (0.04 uM) and b H1A (1.0 uM)

3.3 Sensitivity studies

Hg?" was added into the H1 and H1A solutions
and their emission responses were observed to explore
the sensitivity of the sensors. Figure 8 and 9
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demonstrate that H1 and H1A exhibited high Hg?'-
sensitivity from the emission of the modified
[5]helicene derivatives centered at about 523 and 533
nm, respectively. In the absence of Hg?', the sensors
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provided strong fluorescence signals. In contrast, the
fluorescence quenching of sensors occurred when Hg?*
was coordinated with the sensors. The fluorescence
quantum yield (®s) of H1 and H1A were 0.92 (using
9,10-diphenylanthracene standard) and 0.032 (using
anthracene standard), respectively, while @ of H1-

h
(=}
;

Hg?" and H1A-Hg?" were 0.17 and 0.016, respectively.
Herein, H1 was found to be a superior sensor to H1A in
terms of quantum efficiency and sensitivity. In addition,
this observation indicated the operation of photoinduced
electron transfer process.

[ w =
= = =
M M

Fluorescence intensity (a.u.)
- 3
=}

(=]

450 500

550

600

650

Wavelength (nm)

Figure 8 Fluorescence spectra (Aex 373 nm) of H1 (0.04 uM) in acetonitrile as a function of increasing [Hg?*]. a: 0 UM,
b: 35uM, c: 49 uM, d: 6.3 uM, e: 7.7 UM, f: 10.2 uM, g: 17.2 uM, h: 24.2 uM and i: 31.2 uM

120

100 o

80 1

60 +

Fluorescence intensity (a.u.)

SIS 505 495 4SS
log[Hg(n)]

500

550

600 650

Wavelenght (nm)

Figure 9 Fluorescence spectra (Aex 335 nm) of H1A (1.0 uM) in acetonitrile as function of increasing [Hg?*]. a: 0
UM, b: 8.0 uM, ¢: 9.3 uM, d: 10.7 uM, e: 12.0 uM, f: 13.3 uM, g: 16.0 uM, h: 18.7 uM, i: 25.3 uM. j: 32.0

MM, k: 45.3 uM and |: 58.7 uM

Job’s experiments were conducted to explore the
stoichiometry of the H1:Hg?" and HLA:Hg?*. According
to the results revealed in Figure 10, the possible
stoichiometric of H1:Hg?" and HLA:Hg?" were 1:2 and
1:1, respectively. The association constant was also
calculated using a Benesi-Hildebrand equation (Tian et
al., 2010; Li et al., 2012) and found to be 2.75 x 10 M
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with 1:2 of H1:2Hg?*" and 8.17 x 10° M with 1:1 of
H1A:Hg*", which was agreed with the results from Job’s
experiments. Additionally, the detection limits of H1
and H1A calculated by the plot of fluorescence intensity
versus the Hg?" concentrations were 2.8 x 10° M and
5.6 x 10°M for Hg?" ions, respectively (Shortreed et al.,
1996). It should be noted that, H1 was found to be a
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superior sensor to H1A, not only in terms of quantum
efficiency and sensitivity, but also in terms of the lower
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Figure 10 Job’s plots for (a) H1 with Hg?" and (b) H1A with Hg*

3.4 Selectivity studies

By comparison, for the fluorescence signals of a
series of separate solutions where each solution
contained only a salt of the desired ions including Hg?',
Cu®, Co?", Ag', Ba*, Pb?", Ca?", Fe?", Cd?**, Na*, K",
Li*, Mg?" and Zn*, the selectivity studies of H1 and
HZ1A were explored and the results were represented in
Figure 11 and Figure 12. It was found that only Hg**
caused fluorescence quenching of sensors, indicating
the Hg?"-selectivity of the sensors.

The Hg?*-selective binding of sensors H1 and

h
(=}

Cu(ID), Ag(@), Pb(I),
Ca(II), Cd(ID), Co(Il),
Fe(II), Na(l), K(I), Ba(IT)
Li(T), Mg(ID), Zn(IT) and

N
=)

-
=
£
z
‘7
5 30 H1
&
R
g 20 \
s \
<@
g 10 1 \ HegIT
=)
E \n‘_,—
= 0 r T T
450 500 550 600
Wavelength (nm)
a

Figure 11 (a) Fluorescence spectra of H1 (0.04 uM) with perchlorate salts of Hg?", Cu?*, Co?", Ag’, Ba?*, Ph?*, Ca?",
Fe?", Cd*, Na', K*, Li*, Mg? and Zn%'(16.7 uM) and (b) normalized fluorescence intensity of H1 (0.04

650

uM) vs the concentrations of various metal ions
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HZ1A were noticeable from the images under UV- light.
The explicit color changes were clearly observed. When
Hg?* was added to a solution of H1, the color of the
solution was changed from fluorescent green to colorless
(Figure 13). In addition, the color of the H1A solution
was changed from yellowish green to light brown when
Hg?* was added (Figure 14). In contrast, the colors of
the H1 and H1A solutions remained unchanged in the
presence of interfering metal ions such as Cu?", Co*,
Ag*, Ba?*, Pb?, Ca®", Fe?", Cd?*, Na*, K*, Li*, Mg** and
Zn?,

. + + Hg(Il)
= i{" T g
S 1 ] i b.i 3 ] 5 .q mMgan
g * A Co(IT)
3
208 XLi(
8 - * Ph(IT)
g * Cu(n
>3
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é * ~BaIT)
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= " KM
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z * . - -;cl(llll)
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Figure 12 (a) Fluorescence spectra of H1A (1.1 uM) with perchlorate salts of Hg?*, Cu?", Co*’, Ag", Ba?", Pb*, Ca?,
Fe?, Cd?, Na", K, Li*, Mg? and Zn?* (34.6 uM) and (b) normalized fluorescence intensity of H1A (1.1
uM) in acetonitrile vs the concentrations of various metal ions

No

Figure 13 Color changes of H1 (0.10 uM) in acetonitrile solutions with different metal ions (Hg?*, Cu?", Co?",
Ag*, Ba*", Pb?*, Ca?", Fe?", Cd?*, Na", K*, Li*, Mg?" and Zn?" (11 uM)) under UV light

(\[e]

ions Hg?* Cu2* Ag* Pb2?* Ca2* Cd?* Co?* Fe?* Na* K* Ba?* Li* Mg?* Zn2*

Figure 14 Color changes of H1A (12 uM) in acetonitrile solutions with different metal ions (Hg?, Cu®, Co?,
Ag’, Ba*, Pb*, Ca%, Fe*, Cd*, Na’, K", Li’, Mg? and Zn?(17 uM)) under UV light

Moreover, the competitive studies of the sensors
illustrated good selectivity to Hg?". Figure 15 shows the
competitive signaling behaviors of sensors H1 and
H1A with Hg?" in the presence of different metal ions
(Cu*, Co?", Ag*, Ba%, Pb?", Ca?", Fe*", Cd?*, Na*, K",
Li*, Mg?" and Zn*") as background. The fluorescence
emission provided a relatively consistent Hg?*-induced
fluorescence quenching in 10 equivalents of the
competing ions. Both sensors, H1 and H1A, gave
similar results indicating that the operation of the
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sensors in determining Hg?" concentrations was not
dramatically affected by various metal ions in high
concentrations.

3.5 Reversibility studies

Sensors H1 and H1A showed reversible
properties with the addition of the reversing reagent.
Owing to the high complex formation constant between
ethylenediamine (en) and Hg?" (5.13 x 10 M)
(Bjerrum et al., 1950), en was chosen as the reversing
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reagent. The en could also dissociate the Hg?*-sensor
complexes through the ligand exchange process. Figure
16 elucidates that H1 and H1A provided fluorescence

quenching after addition of Hg?"; however, the
1.2
1 1
0.8 -
=06 -
04 1
0.2 -
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Figure 15 (a) Competitive experiments (at 523 nm) in the H1-Hg?* system with various metal ions: [H1]
=40.0 uM; (b) competitive experiments (at 533 nm) in the HLA-Hg**
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fluorescence quenching disappeared upon addition of
en. This process could be repeated at least three times,
indicating that H1 and H1A had the reversible

properties for sensing Hg?" ion.
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Figure 16 Reversibility of sensor-Hg?" systems by ethylenediamine (en): (a) fluorescence spectra of H1 upon
alternating additions of Hg?" and en, [H1] = 0.04 uM, Hg?" 1 equivalent and en 1 equivalent; (b)

fluorescence spectra of H1A upon alternating additions between Hg?" and en, [H1A] =

equivalent and en 1 equivalent

3.6 Computational studies

To explore the H1 and H1A structures and the
Hg?" bonding to H1 and H1A, molecular modeling was
conducted using Gaussian 09 (Frisch et al., 2016) H1,
H1A, H1:Hg* and H1A:Hg?", shown in Figure 17,
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1.1 pM, Hg* 1

were obtained at the B3LYP using LanL2DZ (Shellaiah
et al., 2015) for Hg?* and 6-311G™ for main group
element in acetonitrile as solvent with IEFPCM. The
initial structures of H1:Hg* and H1A:Hg* were
designed based on the results from Job’s plot showing
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that the ligand:metal ratios for H1:Hg?" and H1A:Hg?*
were 1:2 and 1:1, respectively. Comparison of the
optimized structures of H1 and H1A revealed that the
two [5]helicene moieties of H1 were closer to each
other than the closeness between the two [5]helicene
moieties of H1A. The distance between the two
centroids No.3 of both [5]helicene moieties in H1 was
11.13 A while the corresponding distance was 15.25 A
in H1A. For the optimized structures of H1:Hg?" and
H1A:Hg*", each Hg?" ion in the H1:Hg?" was bonded to
one oxygen atom and one sulfur atom at distances of
2.85-2.89 A and 3.36-3.37 A, respectively whereas the
Hg?" in the H1A:Hg?" was bonded to two sulfur atoms
at distances of 2.88 and 2.94 A.

These molecular modeling results also indicated
that the H1 sensor (non-fully conjugated fluorophore)
was more flexible and provided self-assembly to 2Hg?
from the favorable electrostatic interactions of sulfur
atoms of the ligands and oxygen atoms of fluorophores
to 2Hg?" atoms, leading to a likely helical wrapping-like
structure. In contrast, the sensor H1A (fully conjugated

a

fluorophore) was more rigid compared to H1 sensor
provided the suitable pocket and binding site for one
atom of Hg?" by binding to two sulfur atoms and two
oxygen atoms at distances of 2.88 and 2.94 A, as well
as binding to two oxygen atoms at distances of 4.98 and
538 A

HOMO, LUMO and the HOMO-LUMO energy
gap of H1, H1A, H1:Hg?* and H1A:Hg?" were also
examined and shown in Figure 18. The HOMO and
LUMO of H1 and H1A were ligand-based =" orbitals
where one [5]helicene moiety dominated the HOMO
and another [5]helicene moiety dominated the LUMO.
The HOMO-LUMO energy gaps of H1 and H1A were
similar at 72.735 and 68.850 kcal/mol, respectively.
For the H1:Hg?" and H1A:Hg*, their HOMOs were
composed principally of m electron clouds on one
[5]helicene moiety while significant electron density
was found on one Hg?" ion in their LUMO. The
HOMO-LUMO energy gaps of the H1:Hg?" and
H1A:Hg*" were 54.367 and 65.782 kcal/mol,
respectively.

Figure 17 (a) Optimized structure of H1; (b) optimized structure of H1A, (c) optimized structure of H1:Hg?"; (d)

optimized structure of H1A:Hg?*
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Figure 18 HOMO and LUMO of (a) the H1 and H1:Hg?" and (b) H1A and H1A:Hg?*

3.7 Application in real samples

Because H1 exhibited a higher sensitivity for
Hg?" detection than H1A, H1 was chosen for detection
of Hg?" in drinking water, river water and digested tuna
fillet. Sensor H1 exhibited a high fluorescence quantum
yield, and thus, the fluorescence change when H1
detected Hg?" was easily noticed by the naked eye under
UV light. The fluorescence signals of the H1 solution
with various concentrations of Hg?" in real samples

[Hg*] OpM 35pM 7.0pM 14pM  28pM 64 M

[Hg*] OpM  35uM 7.0 uM 64 uM

were investigated under UV radiation. As illustrated in
Figure 19, similar results of Hg?" detection in real
samples using H1 were obtained. Adding sample
solution spiked with Hg?" into the H1 solution led to
a significant decrease in the fluorescence signal.
These results indicated that H1 could be employed as a
Hg?" marker in real samples such as drinking water,
river water and digested tuna fillet.

[Hg?*] OpM  35uM 7.0puM 14pM 28 pM 64 uM

[Hg#] OpMm

35uM 7.0pyM 14pM 28uM 64 uM

Figure 19 The fluorescence signal of H1 with the spiking by different concentrations of Hg?" in real samples:
(a) drinking water 1; (b) drinking water 2; (c) river water and (d) digested tuna fillet

4. CONCLUSION
Two new fluorescence sensors (H1 and H1A) based
on new types of [5]helicene fluorophores connected to 2-

(3-(2-aminoethylsulfanyl)propylsulfanyl)ethanamine
were successfully synthesized for the detection of Hg?*
ions. H1 and H1A illustrated high sensitivity and
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selectivity ON-OFF fluorescence quenching when
coordinated with Hg?". H1 and H1A offered very large
Stokes shifts of 150 and 198 nm, respectively, which
were beneficial for removing analytical error. The
sensors provided good Hg?*-selectivity in the presence
of high concentrations of foreign ions, in particular,
potential competitors such as Cu?*, Ag* and Pb?* as well
as Li*, Na', K, Ca%, Fe?*, Cd?*, Zn?", Mg*', Ba?", and
Co?". Moreover, after utilization, H1 and H1A could be
reversibly recovered by adding en, which made the
sensors economical for use in commercial applications.
In addition, due to the higher quantum efficiency and
lower detection limit of H1 compared to those of H1A,
the utilization of H1 in real samples was investigated. It
was found that H1 demonstrated potential as a Hg?*
marker in drinking water, river water and digested tuna
fillet.
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