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Abstract

A novel azathia-crown ether dye was synthesized and characterized and its binding ability with metal ions was investigated via UV—vis
spectroscopy. When a series of alkali-metal, alkaline earth metal and transition metal ions were mixed with the dye in acetonitrile, only
Hg>" induced a large blue shift from 478 nm to 369 nm corresponding to a distinct color change from red to yellow, which made it possible
to distinguish Hg>™ from other metal ions by the naked-eye. The excellent Hg”>-selectivity of the dye was attributed to the formation of
a 1:2 dye:Hg>" coordination complex which was demonstrated by means of a Job’s plot.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Heavy metal mercury is one of the highly toxic environmen-
tal pollutants derived from both natural and industrial sources.
Mercury(II) ion or the lipophilic methylmercury derivative can
accumulate in the organs of living things through food chain,
doing huge harm to human being and the nature [1]. Thus,
effective detection of mercury is of great significance for bio-
chemistry, environmental science and medicine, and consider-
able effort has been devoted to this regard. Though many
sophisticated analytical techniques for mercury detection
such as atomic absorption spectrometry [2], atomic fluores-
cence [3], inductively coupled plasma mass spectrometry [4]
have been established, most of them are time-consuming or re-
quire expensive equipment. So it is still a challenge to develop
rapid and inexpensive methods for monitoring this dangerous
and widespread global pollutant. Currently, chemosensors
based on molecular recognition are emerging as a very impor-
tant research area within the field of supramolecular chemistry
[5—7], which allow the detection of guest by binding-induced
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changes in spectroscopic or electrochemical properties [§—12].
Among many Hg”"-selective chemosensors developed so far,
chromogenic receptors are especially attractive because sub-
strate determination can be carried out by the ‘“naked-eye”
without the use of instrumentation [13—15].

As a receptor, azathia macrocycle has received increasing
attention due to its strong ability to coordinate with heavy
and transition metal ions such as Cu®*, Fe’>", Hg?" [16,17].
On the other hand, p-nitroazobenzene is a frequently used
and easy-to-make chromophore. Potent electron-withdrawing
group (—NO,) and long 7t-conjugation system make the optical
signals easy to detect. Here, we reported a novel chromogenic
chemosensor (6) composed of azathia macrocycle and p-nitro-
azobenzene, which showed high selectivity for Hg*" and made
it possible to specifically detect Hg?" by the naked-eye.

2. Experimental
2.1. General

Twice-distilled water was used throughout all experiments.
All the materials used were of analysis grade quality obtained
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from commercial sources and used without further purification
except when specified. Both pyridine and acetonitrile were
refluxed with calcium hydride and distilled at normal pressure.
Anhydrous potassium carbonate was dried at 200 °C (normal
pressure) for 3 h. Melting points were determined on a XRC-I
melting point apparatus and were uncorrected. The IR spectra
were obtained on a Perkin Elmer 16PC FT-IR spectrometer
with the samples in KBr pellets.'H NMR spectra were performed
on a Varian UNITY INOVA-400 MHz spectrometer or Bruker
AVANCE AV II-400 MHz spectrometer in CDCl; and chemical
shifts (0) were reported relative to Me,Si as internal standard.
UV—vis spectra were measured on a TU—1901 UV—vis spectro-
photometer (Beijing Purkinje General Instrument). Mass spectra
(MS) were recorded on an API-3000 LC/MS/MS spectrometer.

2.2. Synthesis of 1—6

2.2.1. Preparation of B,08'-dichlorodiethyl ether (1) [5]

To 47 mL (500 mmol) of diethylene glycol was added
slowly 80 mL (1100 mmol) of thionyl chloride at 86 °C.
Because a lot of gas came into being when thionyl chloride
met water, care must be taken to avoid fast addition. The
reaction mixture was stirred at constant temperature for
18 h. Meanwhile, the resulting gas was guided to basic solu-
tion. Then the mixture was cooled and distilled at reduced
pressure (15 mmHg). Collecting distillate of 96 °C afforded
425 mmol (85%) of colorless liquid 1. '"H NMR (ppm,
CDCl3, 400 MHz): ¢ 3.66—3.63 (t, 4H, CICH,), 3.80—3.77
(t, 4H, OCH,). MS (m/z): 142 [M]*.

2.2.2. Preparation of 8,08’ -dimercaptodiethyl ether (2) [25]

To a solution of sodium sulfide (96 g, 400 mmol) dissolved
in 60 mL of water, 45 mL of carbon disulfide (600 mmol) was
added dropwise at room temperature. Then the reaction mix-
ture was warmed to 40 °C and stirred for 6 h. The excess car-
bon disulfide was removed by distillation at normal pressure.
Then the procreant turkey red liquid was diluted with
125 mL of water, giving a transparent solution.

Compound 1 (20 g, 140 mmol) was added dropwise to the
aqueous sodium trithiocarbonate obtained above at 20 °C.
Then the reaction mixture was allowed to stir for 5h at
65 °C. The resulting basic solution was extracted three times
with ether after cooling to remove unreacted material and
other nonacid impurity. Then sulfuric acid (3 mol L") was
added to the aqueous layer to adjust pH to 2—3, and the acidic
aqueous medium was extracted four times with ether. The
combined extract was washed with water until it became
neutral and dried over anhydrous magnesium sulfate. Distilla-
tion at reduced pressure (15 mmHg) after removing solvent
gave 2 as a colorless but quite odoriferous liquid (84 mmol,
60%). b.p. 110°C (15mmHg). 'H NMR (ppm, CDCls,
400 MHz): 6 1.56—1.52 (t, 2H, SH), 2.62—2.57 (m, 4H,
SCH,), 3.51-3.48 (t, 4H, OCH,). MS (m/z): 137 [M — 1]

2.2.3. Preparation of N,N'-phenyldiethanolamine (3) [26]
To a 500-mL three necked round-bottomed flask at room
temperature was added 48 mL (500 mmol) of aniline and

89 mL (1200 mmol) of 2-chloroethanol. With stirring,
160 mL of aqueous solution of sodium hydroxide (44 g,
1100 mmol) was added dropwise to the mixture described
above at 50 °C in the course of 4 h. Temperature rose gradu-
ally because the reaction was exothermic. Stirring was contin-
ued for an additional 6 h at 110 °C. Nitrogen atmosphere was
required during the whole course. On standing for a night, the
organic layer was separated and recrystallized from ethanol/
water (1:4, v/v), giving 3 as a slightly yellow crystal in 86%
yield. M.p. 57—58°C. '"H NMR (ppm, CDCl;, 400 Hz):
0 4.64 (br, 2H, OH), 3.41-3.38 (t, 4H, NCH,), 3.53—3.50
(t, 4H, OCH,), 6.58—6.54 (t, 1H, ArH), 6.69—6.67 (d, 2H,
ArH), 7.15=7.11 (t, 2H, ArH). MS (m/z): 182 [M + 1]".

2.24. Preparation of N,N-bis[2-( p-tolylsulfonoxy)ethyl]-
benzenamine (4) [26]

Dry compound 3 (46 g, 250 mmol) and 120 mL of anhy-
drous pyridine were added to a 500-mL three necked round-
bottomed flask with an ice—salt bath, and then 96 g
(500 mmol) of p-toluenesulfonyl chloride was introduced
with vigorous stirring under nitrogen atmosphere. Stirring
was continued for 4 h, during which the temperature was con-
trolled to —5 to 5 °C. A yellow solid crystallized after the reac-
tion solution was poured to 2 L of ice-water. The crystal was
filtered, washed with ice-water and dried over anhydrous mag-
nesium sulfate. Recrystallization from ethanol afforded a white
crystal 4 in 60% yield. M.p. 91—92 °C. "H NMR (ppm, CDCl;,
400 Hz): 6 2.42 (s, 6H, CH3), 3.58—3.55 (t, 4H, NCH,), 4.12—
4.09 (t, 4H, OCH,), 6.53—6.51 (d, 2H, ArH), 6.78—6.76 (t, 1H,
ArH), 7.18—7.14 (t, 2H, ArH), 7.29—7.27 (d, 4H, ArH), 7.72—
7.69 (d, 4H, ArH). MS (m/z): 490 [M + 1]*.

2.2.5. Preparation of 10-phenyl-1,7-dithia-4-oxa-10-aza-
12-crown-4 (5) [17,27]

Dry potassium carbonate (10 g, 70 mmol) and 250 mL of
anhydrous acetonitrile were added to a 500-mL three necked
round-bottomed flask, and then 100 mL of anhydrous acetoni-
trile solution of 4 (13.5 g, 28 mmol) and 50 mL of anhydrous
acetonitrile solution of 2 (5.72 g, 40 mmol) were simulta-
neously added dropwise. The reaction mixture was heated
and refluxed for 25 h under nitrogen atmosphere. Potassium
carbonate was filtered off after the reaction completed. The
solvent was evaporated and semi-solid product was obtained.
This crude product was purified by column chromatography
on silica gel using petroleum ether/toluene (1:5, v/v) as eluent.
A white crystal was obtained in 30% yield after distillation to
remove solvent. M.p. 100—101 °C. IR (KBr, Vmadem ™ 1): 1315
(Ar—H), 1287 (C—N). 'H NMR (ppm, CDCl;, 400 MHz):
0 2.82—2.80 (t, 4H, CH,), 2.92—2.89 (t, 4H, CH,), 3.77—
3.72 (m, 8H, CH,), 6.68—6.64 (t, 3H, ArH), 7.23—7.19 (t,
2H, ArH). MS (m/z): 284 [M + 1]*.

2.2.6. Preparation of dye (6) [16,28]

With stirring, 7 mL of aqueous solution of sodium nitrite
(4.1 g, 48 mmol) was slowly added to the solution of p-nitro-
aniline (6.5 g, 47 mmol) dissolved in 15 mL of water and
10.5 mL (36%) of hydrochloric acid (Scheme 1). The reaction
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Scheme 1. The synthetic route of 6.

temperature was controlled below 5°C with an ice bath,
during which diazonium salt precipitation appeared soon. Stir-
ring was continued for another 15 min. Then the mixture was
diluted to 250 mL with water.

To a 50-mL three necked round-bottomed flask was intro-
duced 0.8 g (2.8 mmol) of § and 17 mL of the solution
described above, and then 3 mL of aqueous solution of potas-
sium acetate (0.38 g, 3.9 mmol) was added dropwise. The
reaction temperature was controlled below 5 °C with an ice
bath and stirring was continued for 30 min. The reaction
mixture was filtered to afford a solid, which was washed
with water, acetic acid (10%) and water/ethanol sequentially
and dried at room temperature. Recrystallization from methyl-
benzene obtained a red crystal 6 in 46% yield. IR (KBr, v,/
cm ) 1514, 1336 (NO,), 1348 (Ar—N), 1269 (C—N). 'H
NMR (ppm, CDCls, 400 MHz): 6 2.93—2.78 (m, 8H, CH,),
3.96—3.77 (m, 8H, CH,), 6.77—6.75 (d, 2H, ArH), 6.98—
6.96 (d, 2H, ArH), 7.97—7.95 (d, 2H, ArH), 8.36—8.32 (d,
2H, ArH). MS (m/z): 433 [M + 1]".

3. Results and discussion
3.1. Photophysical property

The absorption spectrum of 6 in acetonitrile was character-
ized by an intense absorption at 478 nm with the molar extinc-
tion coefficients (¢) of 3.3 x 10* (Lmol 'cm™") (Fig. 1),
which was ascribed to the intramolecular charge transfer
(ICT) from the electron-rich macrocycle moiety (donor end)
to the electron-deficient azobenzene moiety (acceptor end)
[18].

3.2. Titration experiment of Hg" "

The complexation ability of 6 (2x 10> molL™") with
Hg”*" was investigated by means of the UV—vis absorption
technique. In our present experiments, Hg(ClO,), as a Hg>"
source was gradually added to the acetonitrile solution of 6.
The changes in the UV—vis spectrum of 6 upon addition of
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Fig. 1. UV—vis titration of 6 (2 x 107> mol L™") with Hg(ClO,), (0—5 equiv)
in acetonitrile.

Hg>" are presented in Fig. 1. Along with the increase of
concentration of mercuric perchlorate, the intensity of absorp-
tion peak at 478 nm decreased gradually, and a new band at
369 nm appeared and increased gradually with an isosbestic
point at 400 nm, which indicated the formation of a new com-
pound. The fact suggested that the presence of Hg”" influ-
enced the ICT between the electron-rich macrocycle moiety
and the electron-deficient azobenzene moiety. Judging from
the titrations, the strong complexation of 6 to mercury(I) per-
mitted the Job’s plot method to be used in the detection of the
stoichiometry for complexation, which was found to be 1:2 (6
to Hg”) (Fig. 2). As shown in the schematic drawing (Scheme
2) [19], one Hg*" might be bound to sulfur and nitrogen atoms
(within the macrocycle) site [16,20] reducing the ICT [21,22],
and the other Hg>" might be bound to the —N=N— site
[23,24] simultaneously that also reduced the ICT [19]. Thus,
the degree of the ICT was diminished hugely via double
diminution, which contributed to the extraordinarily large
blue shift of the absorption band from 478 nm to 369 nm.

Absorbance

0.00 : : : :
0.0 0.2 0.4 0.6 0.8 1.0

Cu/C

Fig. 2. Job’s plot.
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Scheme 2. The sensing process of 6 with Hg>*.

3.3. Selectivity

For an excellent chemosensor, high selectivity is a matter of
necessity. To examine the selectivity of 6, we investigated its
affinity for different alkali, alkaline earth and transition metal
ions. The results are depicted in Figs. 3 and 4. Notably, the
addition of Hg>" (5 equiv) induced obvious spectral changes
of 6. Furthermore, the large blue shift (A4 = 109 nm) resulted
in a very noticeable color change from red to yellow. The
addition of Ag" (5 equiv) caused less pronounced blue shift
(AA=8nm) and the intensity of absorption peak at 478 nm
decreased noticeably, but the color of 6 in acetonitrile didn’t
change. While the addition of 5equiv of Ca*", Cu®" or
Ba”" increased the absorbance of 6 largely, the absorption po-
sition or the color of 6 in acetonitrile changed negligibly. As
can be seen from Figs. 3 and 4, neither the spectral properties
of 6 nor the color of the solution changed remarkably upon
addition of other selected cations. Apparently, 6 can recognize

Absorbance

300 400 500 600 700
Wavelength (nm)

Fig. 3. UV—vis spectrum of 6 (4 x 107> mol L") in acetonitrile before and
after the addition of different metal ions (5equiv, all as nitrates): (a)
6+ Ca*", (b) 6+ Cu*", (c) 6+Ba’t, (d) 6, 6+Na", 6+K", 6-+Mg*",
6 +7Zn*", 6+ Ni*™, 6 + Pb>™, 6+ Cd*™, (e) 6 + Ag™, (f) 6 + Hg>".
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T O <

Fig. 4. Color changes (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) of 6 in acetonitrile
upon addition of various metal ions (5 equiv, all as nitrates): (a) only 6, (b) 6 + Hg2+, (c) 6+Ag™, (d) 6+ Mg2+, (e) 6+Na™, (f) 6 + Ca>", (g) 6 +7Zn*", (h)

6+Pb>t, (i) 6 +Ba>", (j) 6+ Cu®™, (k) 6+ Ni*", (I) 6 + Cd*".

Hg”" specifically in the presence of other metal ions studied.
In addition, ‘“‘naked-eye’ detection can be made possible by
the distinct color change of the solution. According to the
theory of soft and hard acid—base, sulfur is a soft base, and
nitrogen is a middle-intensity base. Among the selected metal
ions, Hg*" is the softest acid. So Hg*" should form its most
stable complex with sulfur and nitrogen atoms by comparison.
As a result, Hg”" may be bound to sulfur and nitrogen atoms
(within the macrocycle) site and the —N=N-— site selectively.

4. Conclusion

In summary, the synthesis, characterization and metal
recognition property of 6 as a novel colorimetric chemosensor
for Hg*" were reported in this paper. The binding of Hg*"
gave rise to distinct color change from red to yellow, which
made it possible to detect Hg>" by the naked-eye. The high
selectivity of 6 for Hg*" over other metal ions tested is very
advantageous in environmental sensing applications. Further
study will address its quantitative analysis and application to
real samples. Meanwhile, substituting electron-donating group
such as —N(CHj3), for electron-withdrawing group —NO, for
the comparison is in progress.

Acknowledgments

The authors thank Analytical And Testing Center, Sichuan
University.

References

[1] (a) Stern AH, Hudson RJM, Shade CW, Ekino S, Ninomiya T, Susa M,
et al. More on mercury content in fish. Science 2004;303:763—6;
(b) Boening DW. Ecological effects, transport, and fate of mercury:
a general review. Chemosphere 2000;40:1335—51;
(c) Grandjean P, Weihe P, White RF, Debes F. Cognitive performance of
children prenatally exposed to “‘safe” levels of methylmercury. Environ
Res 1998;77:165—72;
(d) Guallar E, Sanz-Gallardo MI, Veer PV, Bode P, Aro A, Gomez-
Aracena J, et al. Fish oils, and the risk of myocardial infarction. N
Engl J Med 2002;347:1747—54;
(e) Yoshizawa K, Rimm EB, Morris JS, Spate VL, Hsieh CC,
Spiegelman D, et al. Mercury and the risk of coronary heart disease in
men. N Engl J Med 2002;34:1755—60.

[2] Cizdziel JV, Gerstenberger S. Determination of total mercury in human
hair and animal fur by combustion atomic absorption spectrometry.
Talanta 2004;64:918—21.

Diez S, Bayona JM. Determination of methylmercury in human hair by

ethylation followed by headspace solid-phase microextraction—gas

chromatography—cold-vapour atomic fluorescence spectrometry. J

Chromatogr A 2002;963:345—51.

Jitaru P, Adams FC. Speciation analysis of mercury by solid-phase

microextraction and multicapillary gas chromatography hyphenated to

inductively coupled plasma—time-of-flight mass spectrometry. J Chro-
matogr A 2004;1055:197—207.

[5] Pedersen CJ. Cyclic polyethers and their complexes with metal salts. J
Am Chem Soc 1967;89:7017—36.

[6] Lehn JM. Supramolecular chemistry: receptors, catalysts, and carriers.
Science 1985;227:849—56.

[7] Helgesen RC, Koga K, Timko JM, Cram DJ. Complete optical resolution
by differential complexation in solution between a chiral cyclic polyether
and an alpha-amino acid. J Am Chem Soc 1973;95:3021—3.

[8] Ren J, Zhao XL, Wang QC, Ku CF, Qu DH, Chang CP, et al. New fluo-
ride fluorescent chemosensors based on perylene derivatives linked by
urea. Dyes Pigments 2005;64:193—200.

[9] Bojinov VB, Simeonov DB, Georgiev NI. A novel blue fluorescent 4-
(1,2,2,6,6-pentamethylpiperidin-4-yloxy)-1,8-naphthalimide pH chemo-
sensor based on photoinduced electron transfer. Dyes Pigments
2008;76:41—6.

[10] Martinez-Manez R, Sancenon F. Fluorogenic and chromogenic chemo-
sensors and reagents for anions. Chem Rev 2003;103:4419—76.

[11] Yu X, Zhou ZD, Wang Y, Liu Y, Xie Q, Xiao D. Mercury(Il)-selective
polymeric membrane electrode based on the 3-[4-(dimethylamino)-
phenyl]-5-mercapto-1,5-diphenylpentanone. Sens  Actuators B
2007;123:352—8.

[12] Jorge EO, Neto MMM, Rocha MM. A mercury-free electrochemical
sensor for the determination of thallium(I) based on the rotating-disc
bismuth film electrode. Talanta 2007;72:1392—9.

[13] Cheng YF, Zhang M, Yang H, Li FY, Yi T, Huang CH. Azo dyes based
on 8-hydroxyquinoline benzoates: synthesis and application as colori-
metric Hg>*-selective chemosensors. Dyes Pigments 2008;76:775—83.

[14] Miyaji H, Sato W, Sessler JL. Naked-eye detection of anions in dichloro-
methane: colorimetric anion sensors based on calix[4]pyrrole. Angew
Chem Int Ed 2000;39:1777—80.

[15] Gunnlaugsson T, Kruger PE, Jensen P, Tierney J, Ali HDP, Hussey GM.
Colorimetric “naked eye” sensing of anions in aqueous solution. J Org
Chem 2005;70:10875—8.

[16] Lee SJ, Jung JH, Seo J, Yoon 11, Park KM, Lindoy LF, et al. A chromo-
genic macrocycle exhibiting cation-selective and anion-controlled color
change: an approach to understanding structure—color relationships.
Org Lett 2006;8:1641—3.

[17] Sancenén F, Martinez-Manez R, Soto J. A selective chromogenic reagent
for nitrate. Angew Chem Int Ed 2002;41:1416—9.

[18] Yang H, Zhou ZG, Xu J, Li FY, Yi T, Huang CH. A highly selective
ratiometric chemosensor for Hg>" based on the anthraquinone derivative
with urea groups. Tetrahedron 2007;63:6732—6.

3

—

[4

—



Y. Yan et al. | Dyes and Pigments 79 (2008) 210—215 215

[19] Cheng YF, Zhao DT, Zhang M, Liu ZQ, Zhou YF, Shu TM, et al. Azo
8-hydroxyquinoline benzoate as selective chromogenic chemosensor
for Hg*™ and Cu®". Tetrahedron Lett 2006;47:6413—6.

[20] Shamsipur M, Hosseini M, Alizadeh K, Alizadeh N, Yari A,
Caltagirone C, et al. Novel fluorimetric bulk optode membrane based
on a dansylamidopropyl pendant arm derivative of 1-aza-4,10-dithia-7-
oxacyclodo-decane ([12]aneNS20) for selective subnanomolar detection
of Hg(II) ions. Anal Chim Acta 2005;533:17—24.

[21] Prasanna de Silva A, Nimal Gunaratne HQ, Gunnlaugsson T,
Huxley AJM, McCoy CP, Rademacher JT, et al. Signaling recognition
events with fluorescent sensors and switches. Chem Rev 1997;97:
1515—66.

[22] Huang JH, Wen WH, Sun YY, Chou PT, Fang JM. Two-stage sensing
property via a conjugated donor—acceptor—donor constitution: applica-
tion to the visual detection of mercuric ion. J Org Chem 2005;70:
5827-32.

[23] Caballero A, Martinez R, Lloveras V, Ratera I, Vidal-Gancedo J,
Waurst K, et al. Highly selective chromogenic and redox or fluorescent
sensors of Hg®' in aqueous environment based on 1,4-disubstituted
azines. J Am Chem Soc 2005;127:15666—7.

[24] Martinez R, Espinosa A, Tarraga A, Molina P. New Hg®" and Cu*" se-
lective chromor- and fluoroionophore based on a bichromophoric azine.
Org Lett 2005;7:5869—72.

[25] Martin DJ, Greco CC. A simple thiol synthesis. J Org Chem
1968;33:1275—6.

[26] Cohen A, Tipson RS. Some derivatives of 2,2'-(phenylimino)diethanol. J
Med Chem 1963;6:822—4.

[27] Niu CR, Jiang H, Wu CT. Synthesis and crystal structure of 10-phenyl-1,7-
dithia-4-oxa-10-aza-12-crown-4. Chem Res Chin Univ 1998;14:375—8.

[28] Calverley MJ, Dale J. 1,4,7-Trioxa-10-azacyclododecane and some N-
substituted derivatives: synthesis and cation complexing. Acta Chem
Scand B 1982;36:241—7.



	A novel azathia-crown ether dye chromogenic chemosensor for the selective detection of mercury(II) ion
	Introduction
	Experimental
	General
	Synthesis of 1-6
	Preparation of beta,betaprime-dichlorodiethyl ether (1) [5]
	Preparation of beta,betaprime-dimercaptodiethyl ether (2) [25]
	Preparation of N,Nprime-phenyldiethanolamine (3) [26]
	Preparation of N,N-bis[2-(p-tolylsulfonoxy)ethyl]-benzenamine (4) [26]
	Preparation of 10-phenyl-1,7-dithia-4-oxa-10-aza-12-crown-4 (5) [17,27]
	Preparation of dye (6) [16,28]


	Results and discussion
	Photophysical property
	Titration experiment of Hg2+
	Selectivity

	Conclusion
	Acknowledgments
	References


