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PORNTHIP PIYANUCH: CHEMOSENSORS FOR MERCURY (ll) IONS
DETECTION IN AQUEOUS SOLUTION. THESIS ADVISOR: ASSIST. PROF. NANTANIT
WANICHACHEVA, Ph.D. 131 pp.

Mercury is a highly: toxic .metal ion. which-is hazard for environment.
Fluorescence sensor was technique that'has high sensitivity, high selectivity, inexpensive
cost, rapid respond and could.be applied.for mercury ion detection in real field. In this
study, two fluorescence macromolecules were synthesized for the selective detection of
mercury ions. Sensor CFC4 based on fluorescein moieties covalently bound to 2-[4-(2-
aminoethylsulfanyl)butylsulfanyllethanamine. The sensor CFC4 exhibited a selective ON-
OFF fluorescence quenching behavior toward Hg2+ in the presence of various interfering
ions in aqueous methanaol solution:-Detection limit of this sensor was approximate 1.48
ppb for ng+ ion which'is lower than the maximum level of mercury ion in drinking water
specified by U.S:EPA. Sensor T10RhB based on-rhodamine B moieties covalently bound
to hydrazine and then.was prepared on polyoctahedral-silsesquioxanes (POSS) as
nanomolecules. The sensor T10RhB exhibited ng+ selective OFF-ON type behavior in

organic solution with low detection limit.
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Ansia AN

(I)f fluorescence quantum yield

°C degree Celsius

A Wavelength

pL microlitter

uM micromolar

AAS atomic-absorption spectrometry

anh. Anhydrous

br board (NMR spectroscopy)

CH.CI, dichloromethane

*C NMR carbon 13 nuclear magnetic resonance
Spectroscopy

d doublet (NMR spectroscopy)

dd doublet of doublet (NMR spectroscopy)

DFT density functional theory

Dl deionized

DMSO dimethyl sulfoxide

DNP double numerical polarization

EAP United States Environmental Protection Agency

Eping binding energy

em emission

eq. equivalent

EtOAC ethyl acetate

EtOH ethanol

ex excitation

FDA Food and Drug Administration

PET Photoinduced electron transfer

A



h hour

HCI hydrochloric

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid

"H NMR hydrogen nuclear magnetic resonance
spectroscopy

H,O water

HOMO the highest occupied molecular orbital

HR-MS high resolution mass spectrometry

Hz Hertz

ICP-AES inductively-coupled. plasma=atomic emission
spectrometry

J coupling constant (NMR spectroscopy)

association constant

assoc

K,CO, potassium carbonate

LUMO the lowest unoccupied molecular orbital
M mass (mass spectroscopy)

M molar

m multiplet (NMR- spectroscopy)

MeOH methanol

min minute

mL milliliter

mmol mill mole

MW molecular weight

m/z mass to charge ratio (mass spectroscopy)
NaCl sodium chloride

NaOMe sodium methoxide

NaOH sodium hydroxide

Na,SO, sodium sulfate



Et,N
nm

OSHA

ppm

triethylamine

nanometer

Occupational Safety and Health Administration
part per billion

part per million

quartet (NMR spectroscopy)
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8. Some solvent left over

WA 1 nAsNegglszneudedatiszidinglalalunaiiaslaaay

TuniidoulalalunefiiBFauidaiaulass taylaaaunfaanisnasullTauLaian

AR T9NITLIUNTNAdUAIITENsEUd N Taa AU N AR lUANTA AN AN TDUAAIAIN NG
Waat luansarans favinazaaazandafensauluanalaaffasdunsisanuaunainad
(van der Waals) wazdunsizenlalasWin (hydrophobic) uazdausauluianainasion
dunsnisanlaaainium (coordination) tinalitansivassainisnmssoag i luarsazany @9
a o A a a v ' o 09;
nsiianIAsAdLvizanIsiaaslssneudisieussuinglalelunaiuazlaasuiiu Tuiana
2189419999 rinaTufiacldndsauinaniiatausBamidaoniinainluianaes

dl v ¥ a 09// A a o d‘ v
ansavany waliililuanadasy aaniuluanalaadaaszaviianislfunlasulnseasng



A 6o LA o - = o Ao o A
Waliidaunauaz gl nmunzauiuingsd asainnsnasadulaaeunsiainistd Tuanei
anstszneuninnauazgniuanatesaisazatafensan idwReaiu[16] Tanszuaunis

[ < o‘nzi % dgl o dl o Y @ e Aa
nradulanausesfuaasndaneila lunull iwuansyuauninaunin i uaeing
A:ll e—db a 1% % [
nsulasunlasnisanauasigesisamust a1uisnesungls 2 wuudaeii
1. madasunilasusnsdryniungassamus ludnsnicadanista-1daadad n

(OFF-ON system) L@AdAInIng 2

hv,

@ 1/,
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bound

ionophore
with ion
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hv fluorescence ionophore hv fluorescence

OFF state ON state
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Fluorescent
Pink or Red Color

A1 3 nzLquUnisile (OFF state) wazidlana spirolactam (ON state) [17]
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Energy Energy
LUMO LUMO ’\PET
[aVaAVAVAVAVAVA VAVl
emission
HOMO 4— HOMO 4—
excited excited -
sensor sensor Hg
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intramolecular electron transfer quenching
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A.A. 2006 Jun wazAty [20] Lhunlelalunedsiin diethyliminodiacetate 1nsariy
fluorescein derivative @tdungaalsWadinainnasdinsnedf diethyl iminodiacetate
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ANTHEINIAALN 522Am

HO,C COLH

HO (0] (@)
Cl ‘ = ‘ Cl
l COOH

\iueEas 1

A9 7 Tasegsaiduimas 1
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A.A. 2007 Swamy wazane [21] MHunlelaTunedaiin N'-Methyl-N, N-bis-pyridin-2-

ylmethyl-ethane-1,2-diamine N1AaiL fluorescein derivative iNaNINTdLAINTALTUTRS

1 2

(N7 8) Teannsnanaulaaeaulsen, pyrophosphate waz ATP Milugnsazaneiiitindu

N <« N

K/N/ NJ
Q@
cl & Cl

O COOH

ViR s 2

a9AlgznaL

A 8 TAseasaduEmed 2

A.A. 2010 Kim wazanuy [22] lRuntelaTunesatia piperazinyl-coumarin insafiy
fluorescein derivative %\‘1LﬂuWQ@J@T?W@ﬁfLﬁﬂﬁﬂﬂﬂiﬁﬁLm"]‘zﬁ dichlorofluerescein—coumarin
derivative (NTW% 9) Tyg 11190 ldidu G utdasanaulaaanilsanldlugsazan

DMSO/aqueous buffer-(1:99) Imeldl detection limit 4311171/4.3x10°M Lazuansdnyoynd

WYBBLIALTUANAYINENIARLT 527 M

0
W,
cl cl
HO ‘ o g OH
N N/\
N LN
HsCO N _ OCH;
HsCO o0 Yo 0”0 OCH,
iuas 3

A9 9 Tasegsaidulaas 3
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A.A. 2015 Chen wazane [23] tatinlalaTunadaiin 1-(pyridin-2-y)hydrazine N1sa
AU fluorescein derivative %‘qLﬂuW@uﬂ@TiW@ﬁﬁlﬂﬁﬁﬂ’]?ﬁdm 91¢% dichlorofluorescein—
coumarin monoaldehyde (MW@ 10) Feanunsn Eihudumesanay hypochlorite anion ‘1
luasazane 10 mM PBS, 1% (vAv) CH,CN, pH = 7.4 Taaidl detection limit 11 7.3 nM

WAz UAPNATY NN BBLIATUFTNAYINENIAAWA 521 nm

= 800-

(=2}

o

o
L

[N]

o

o
N

T
o
O
O
T
Fluorescence Intensity
8
o

Q (0] _ Probe and other ROS
—
(@) 0k T T T T )
500 525 550 575 600 625
Wavelength (nm)

\ivead 4
dl v [~ '8 dld . .
N 10 IA9easnaLuleed 4 n19ALLangeaLsaLuAluA19ENH hypochlorite anion

» 4
Auleaauan

A.A. 2001 Lippard wazaneg (241 1Aun lalaTunastia di-(2-picolyl)amine n1fafiu
fluorescein derivative %dLﬂuWQﬂﬂI?WQﬁ(Lﬁﬂﬁﬁﬂﬂ?ﬁdLﬂ?ﬁzﬁ duimefsuay Liulmes 6
(i 11) Geanaaso duiuessnay lesandsnyalsluarsacant PIPES buffer (100
mM KCI, 50 mM PIPES, pH. 7). Iagiil detection limit i11iu-0.1-nM uazugpnedtyny nsmgan

SRALTUANANNNENIARLA. 527 nm WAY 512 nm A1uSU 1F a5 Las 1Fuias 6 ANaIAL

a 1.610°
\ / 1.410"_5 S }
3 121083  , j“\ \
110°] 7/ \‘ . S————

O / / :
cl cl 3 N
210°]
COOH 0'
560 530 540 580 580
Wavelength (nm)

iueias 5

810°]

610° ]

Fluorescence Intensity

410°3
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O = ‘ 5‘ j N .
COOH | £ -
O 80 V 5(I)0 550 54;0 ' 5(;0 SSIO

Wavelength (nm)
(3 '8
LHLTRT 6

Fluorescence Intensity

i 11 Tasea$raiduted 5, inges 6 waznizanauasngaaLsarmus NN

loaaudanyd s

A.A. 2003 Lippard wazansz [25] Laualelalunasafin N-(2-Aminobenzyl)-3,9-
dithia-6-azaundecane 1R8I fluorescein derivative 4 LﬂuWQﬂﬂT?W@§Lﬁﬂﬁﬁﬂﬁ?
Fupanedl Fuimes 7 (it 12) Tegnansa Biwduaessndylaseis sen i luansazans
50 mM PIPES buffer, 100 mMKCH-Iaaill detection limit fiaeind1 2 ppb Lazuansdtyions

W@@@meuﬁﬁmmm‘mguﬁ 528 nm
LS 30
N
P -
g NH 5L
HO O o
(L,
COOH 0 J l . !
O 480 500 520 540 560 580 600 620
Wavelength (nm)

\fuLas 7

+Hg(ll)

Fluorescence Intensity

A v < o pRpm
AN 12 TAgeasaiguiEas 7 LL@Zﬂ’]Tﬂ’WﬂLLZ@\‘]WQ@ﬂLT@Lsﬁuﬁﬂuﬂﬁ']?ﬂ/mi’ﬂ@ﬂuﬂﬁ‘ﬂm

Tutfsunnusie



13

A.A. 2007 Lippard wazane [26] tdu1lalalunafaiia N-(2-Aminobenzyl)-3,9-
dithia-6-azaundecane 11618711 seminaphthofluorescein aldehyde %dLﬂuW@j@ﬂT?Wﬂﬁﬁlﬂ
NINTEBATIEA EuLTes 8 (mwﬁ' 13) Feanunn i iludusesindulenaulsanlsly
#178za1¢e 50 mM PIPES, 100 mM KCI, pH 7 Ime1 1 detection limit Winfiu 50 NM LALLEAS

Ay ungealsausinANe19AALN 530 nm

Fluorescence Intensity

0
520 560 600 640 680
A (nm)

\ieias 8

N 13 TAsas e 8 UazNNIAELAINAasEALmus N1 ENN

leapauilsanuay TPEN

A.A. 2015 Kambam wazae [27] e lelaTunedain 1-(pyridin-2-y)hydrazine
W1sariy 4’5 fluoresceindicarboxaldehyde %uﬂuﬂq@@‘i@ﬂ@ﬁﬁ@ﬁ’m%ﬁqLquﬁ \iures
9 (mwﬁ' 14) Tagrursnld ifuduite sandilaeaunes (ad®) 18 1ugdn 92818 HEPES
buffer(10 mM, pH.7.4) Iael 1 detection limit (N 0.07.pM WATLARIATY U UNQaDLT4d
AR AINNENIAALT 523 nm

Au* Zn? L Cs* Fe* Co* Ag' Cd* Ni** Fe* K* Pb*
= =

NS NS

N l}lH Hl}l N

Ny _N
HOOOH
O

O

LsﬁuLsﬁ@§ 9 Au* Cu® Na* Mg® Ca® Cr* Hg® AP* Zr* Mn? NHe' blank

NN 14 TASETEuEed 9 wazn1IAELAINgBaLIALmUF lUN1NE NN

leaaunes (Au”) \aurivleeauau
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1 [

A.A. 2007 Wang wazanuy [28] TN lalalunesadia thiosemicarbazide nsafy
fluorescein derivative F9iflungaalsnaiinaianisdainsedl Hwmes 10 (NWH 15) T4
gausn M duduigafsnduleasuwanilan 18luansazane buffer solution (50 mM

HEPES, 100 mM KCI, pH 7.0) tntiuansdty ey oungaalsaimusna1ie19aaun 521 nm

140 et

140

-
»n
o

-
[=
o

Fluorescence Intensity
.

3 8

00 05 10 15 29
[Cd™ L)

Fluorescence Intensity (au)

500 520 540 560 580 600
Wavelength (nm)

\Hueas 10

i 15 TAseasadiiuges 10 uaznIaA e uaINgeaLsamus 1w i

loaanuamianlutEannee

o &

A.A. 2014 LikacAnus [29] AAITERBUNUERY rhodamine L’ﬁ/\‘mﬂ‘Wﬁ 16 Tnaidultas

q

v v '
[ a A o o

Massrtinaunsnsndtlesantsenliluln | Weduiulsangsazatulaauanlui@di
ATy UWATWAAIAR NI NTRIATY Y TN QRSN INNAAT AIINENIARY 589 nm el

WLNNTINENIUAN detection limit

L
) L0 J L

'8

wiueas 11 \iveas 12

AN 16 TAsadsadumas 11 wazidulmas 12
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A.A. 2014 Liu karAnde [30] dAseiiduiaes 13 a1ndase19e1dn9 benzoyl

|
A A o o

chloride 11 rhodamine B wudnansazanailasuannluiadlugauyiieinisdnduleasy

IS

1san luansazanunan ethanol Laz1N (4:1 viv) NAN detection limit Wiy 5.0x10° M wae

nanIANLEiNTRIATY I N gRaLAIUANINNIgANANNENIAAY 583 nm

Hg™ o

s . ,;;
H i -
O N/\/NY© g L
SN 0 N 5 =
) N

@00 620 60 660

Wavelength (nm)

EPErrE s e

ii?re(m;c:(m) Cu(ll) Co(Il) He(il) Pb(I1) - Ag( 1) oxher'

8 = =

o~ = - g =
AINWN 17 LE1LEaT 13 LLﬂzﬂ’]‘j‘ﬁ’mLLZQ\‘]WQ@@LiﬁLsﬁuanuﬂWQZVlNi@ﬂﬂuﬂﬁ‘@V]LL@tiﬂﬂﬂuﬂu”]

A.f. 2013 Park-basAtUy [31] d9tAs1LiRYyWUEU8 rhodamine fdsrnaudag
thiophene &1uSLLEUS 14 11as bisthiophene &1uSLLTURIAST 15 Wi Sugevase e
anunsndndLlenautlsenld lusrsavaistay sthanol uaziin (11 viv) TaguanIANNLEN
mﬂaﬁmmﬁmwQ@@L@@Lﬁﬁuﬁmnﬁqmﬁmmmmﬁlu 582 nm WAz AN detection limit lyinriy

2.58x10° M e 2.31x10° M &5 Usiuta s 14 hasidiidas 15 ANa 1AL

o ﬁ o s

g - Qg
A A
Wiuas 14 \ieias 15

AN 18 1weas 14 uazidumas 15
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o

A.A. 2014 Aydin LazAns [32] 111 rhodamine N1AaRL 5-bromo-2,2’-bithiophene-
5'-carboxaldehyde e lfilutlsanidumes (iuemes 16) NNANinedtyungeaLss
IUANINAGATNANNENIAAY 595 nm Tua9azantlad acetonitrile wazasazanatinined

MOPS Wudin 10 mM pH 7.3 (1:1 vAv) it lwunn93121971AN detection limit

TS
1 AN\
j k

AW 19 1uismas 16

A.A. 2015 Erdemir wasAnsy [33] A4bmsnzdiduiiaas 17 filsznaudag rhodamine
MU 1 WAL triazole JuasaradILNaN DMF WA (111 viv) Tugnsazanaiine3
HEPES indiu 5 mM pH 6.5 wudnileiniadi/lasevilsan arsazane i Asuannlamdidug
T LL@xLmemmL%umﬂaﬁmmﬁqu@@L@@Lﬁﬁuﬁmﬂﬁqmﬁmmmqm%u 580 nm Taaidian

detection limitsinfiy 1.7x10°M

O N’N 800 / RHT | Hg™
Clf~ A Ay s i
Aee T N
L
/}1 o ,\(\

Intensity
-3
3

&

»
8

Wavelength (nm)

NnAl 20 WiuEes 17 uazn1sAnauaangeewsdimus e leeautsenlu B nminge
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A.A. 2015 Wang uwazAndy [34] daasnziiduines 18 anf)isen1ed rhodamine B
WAz 2-thiophenecarboxaldehyde wua1duLges 18 anunsaldidudsaniduinasiélu
A1902aN8NAN methanol kaz1 (7:3 viv) TuansazanatiWwmas HEPES 1@ndw 20 mM pH

7.2 ua lNuN129789114AN detection limit

SETE

P 21 Wuges 18 uaznisatsuasgeasaEuiun e leeautlsanTuiliuinsinge

Hg

Blank Fe™* Cr™ A" Fe™* zn™ Cd™
Ca™ Pb™ Ba™ Cu™ Mn™ Na* K*

Fluores(cnce m(cnsm
§ § §

575 600 625 650 675 700 725
Wavelength (nm)

A.A. 2012 Lui LA A ME [35] W1 rhodamine B uAWAL g3y cysteamine
hydrochloride l8lutlseniduitasaininig 29 lugirazaengy ethanol Lazin Walnig
snaulaesuilsan arsazansazlauanldiddud s naziansnaudinaesdoyoyiu

WgoalsamuANINNgaTIANIIARAY 578 nM Wi WLN173989 WA detection limit

\

/
0| / \
j

L /BIankLl Na® i) a * Mg2* Fe?*
/ co?* Ni2* cu?* zn2t cat pp2t Ag*
10 / /

I -\ HgZ*
O e Tl i / \/

(®]
=z
Fluorescence Intensity
8

n L L n T .
540 560 580 600 620 640
Wavelength (nm)

NINA 22 iues 19 uazn1IANLLAINgaaLTALIE LN e leasulseniuleasuai)

A.A. 2012 Rode hazALe [36] 49LAg1eUiLduLaas 20 fidsznanfiag S,S0-diallyl
carbohydrazonodithioate La% rhodamine Weldidulseniduines wudiaauiinees
zﬁ“aaltyﬂmW@Jﬂ@meuﬁmﬂ%mﬁmmmmﬁu 576.5 nm l1E138LANEHAN ethanol LAZLN
(80:20 vAv) waziiiarduimad 20 Surulasautlren a1sazarailasuannlifididudsam e

AN detection limit winfiu 2.0x10° M
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¢
o "
YISO
P N

AW 23 1Fueas 20

A.A. 2009 Huang wazAMe [37] 4wAgnzifiduites 21 Ineisisaann rmodamine #
o o o s © o < I3 iy o
utindungaslsves duiutlsenidnimes lwasazananas acetonitrile uaziin (15:85
viv) Wugnaunsnagaady laasuldsentiadnsianaziatzas lnsuansaanuidinaas
Ay ung oA UANINGATIAGINEIIARY 597 Nm UA¥HA1 detection limit LYy

1.0x10° M

VAN
S

DN 241528 21

>

A.f. 2010 Wanichacheva-uazanie [38] 1adatnss Miduises 22 i14lalalunes
UM 2-[4-(2-aminoethylsulfanyhbutylsulfanyl]lethanamine Fousariy 5-(dimethylamino)-
naphthalene-1-sulfony! chioride Gannudinfiilungealsves aruau 2 wy fananii 32
wudndues 22 tnnldidungealslelaluned denmadulasautsan lugnsazans
LA acetonitrile WAL (80:20 v/v) WuI@1N17am99a4aL laaaulseanlfatnaanizianzas
‘EmﬂLLmmﬁ“@nymﬂ@@@Lmmuﬁmnﬁz@mﬁmmmmﬁ'uﬁ 525 nm wazil detection limit

Winu 2.49x107 M
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J/S S
Hl}l I}IH
0=58=0 0=8=0
PEARN N

AN 25 1 Fueas 22

A.A. 2007 Dias Filho wazandy [39] TR sdainsnzif octakis[3-(3-amino-1,2,4-

. . . 7= B ~. . 4 .

triazole)propylloctasilsesquioxane (nawn 26) aaiueynrAszauvluliananaunIen
o 1 1 a = o = [~ -dld 09’

duleeausnedu newwny, HNa, upalaN, AnvAuazman luasarananivy

asplsvnaulé

N
/=N \< /\/\ /\/\N/<\ N\

S|/O\SI
HN_ )\ o /
N‘( N
H S/l/OOS\I\/\/ 7

H ALl O
¢ W‘N\/Q/S,'\O///S'\/\/N\Q

/e
HN—-N %
Y [
Hil—N N‘N>

H
NN 26 octakis[3-(3-amino-1 ,2,4-triazole)propyl]octasilsesquioxane

A.A. 2013 Dias Filho wazAnsy [40] TEHN1989AI1=Y octakis[3-(2-amino-1,3,4-
thiadiazole)propylloctasilsesquioxane (Mw# 27) dailuayniaszauw uluananaiuism

o ' ! a o dlzs 09/ o 14
@ui@@ﬂum\mmu NANLAY, UNINYR, LALIALBAA MANTAZANENINYN Lﬂu@ﬂﬁﬂﬁ‘tﬂ’ﬂ‘i_liﬂ



20

NN
8 S
N% /4\ _N
N s
\N/ N/\/\ /O /O /O/\ H K\SW
H /Si/o' ‘S\i\/‘o\/ N—N
S. H 0
\/ O Sji_~r-Si H S
- Si<Z . _Si H N-N
(5 HW TN
N /

AN 27 octakis[3-(2-amino-1,3,4-thiadiazole)propyl]octasilsesquioxane

A.A. 2015 Dias Filho wazamy [41]1- lAHnrsdaasnzyf Octakis(thiourea)propyl]
octasilsesquioxane (NWi-28) dudueumeszAuwllLiNananau130aNALlaaawsne)

| < = a o = dld 09) & %
kI Lvan, Iﬂ‘iLNﬂN, AMLULALHLAEANNER 11&@’]?@3@’]%1‘1/]341&'1Lﬂuﬂﬂﬂﬂizﬂﬂﬂ1ﬁ

S S
HoN—_ A
S ”/\/\Si~0 o N” ' 'NH,
ol
HzN)\ NN\ /O// /O/\ H_(S
N WAP-S.ENAY (e
A\ ?
(2N si & H NH
Sy“\/\/ ) \/\/N\FS 2
HN P

NN 28 Octakis[(thiourea)propy!] octasilsesquioxane

A.A. 2014 Wang wazane [42] 18Tn13849As129 Thiol-rich polyhedral oligomeric
silsesquioxane (M#1 29) @wfluauniaszAuunluluanananisosindulesausiiedy

Usanuazininaiands luansazataniuniuasdlsznauls
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HS

AN 29 Thiol-rich polyhedral oligomeric silsesquioxane

b4 4

annunANIfadnsiuaziiulii) taraineluanaesngeesaauaGuge

tsrnaufag 2 dounan daunsnasiiiudiunldlunssndtlaaeulanzuin (lalalunas)

= a

aziauantiFluni1slitianasen LazdI U a0 AR AIUALAAIATY YN UNY BB LIALTUE

q

(Wgaalsvad) Geazianaunsnunisiudidnmsen taeslvivaasdaunisiaiu uazivalif
nsdernuBLANAaULNA lERTW AN e NIy HLARUA NG Wena L Lasdaun st A Y

dinvasgeasamus in W lingeesaudaninninniinasaguadlugosaaneapnaun

12 !
=&

unauandon gealiwad doulnaidniduatsdscnetaclsunfinninauqindu

(conjugation) auauxan el ananIsALLasges wauslER uazduiulelatuned

v
(%

~ o .:4' : =< a I o8 & o aa .
Aieanmoueiiilung (cyclic compound) Tanniaen MAaIA1RDaunsTTeNIE N9z nas
dl o/ e a 1
Aelunaiazauinaeasimnnsadiuleasuiivnng waslele e fainans ldana (long
chain compound) Watlaziinlaannisdsulagulaseasrauiaedonladruniiereaduiae s
ALANUAFDAIINAINN LAz AsFa laaa L FanaIel
nauddnnasdaarsigisiiuaeidniunsaduleasulanzminsiey aviiiu

o (1 a‘d‘ ¥ a 10 1 dl = a a
RMUIUNIN LL[?]LsﬁuLsﬁﬂ?W1ﬁﬂ@Wﬂ°ﬁu®1N@WL‘W’]ZL@’]Z’Wﬁlﬂi‘ﬂ‘ﬂ@uiﬁjﬂ‘ﬂ@uﬂu\‘] INENTUALALIY

o =

| . . . ¢dl U A 1 o tﬂl Y v
uazslsilAn detection limit 144 nataAeliasnisanssadllaaaulanenBunnmnudindy

A le Faiuluanudnantnusiasaulanawmunanaduimaddauiunadulaaaulansin

o v oy o P ° = = o a o

ANENduan atellauanniziatzasinige Tnaulrauinauiulanenauadu

Tavzdanilal uazlanzdannladiain anisliianunsnasuasngasisaaus lugaenig
=< =

wadiulé (visible region) aililselamiisianisinllwmun 14 luansninsaseuleasuy

tsanlunipguusalylls



uni 3
o a
AUnsluazasLAN

1. aunsal
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\iTea Nuclear Magnetic Resonance 300 MHz: Bruker 300

1.2 Lﬂdﬁ;@\i UV-visible spectrometer: HP-8453

1.3 Lﬂ?l*m Fluorescence spectrometer: Perkin Elmer Luminescence spectrometer
model LS-50B

14 Lﬂ'i‘ﬁ;‘ﬂﬂ Mass spectrometer: ESI-FT-ICR (High resolution) Bruker BioAPEX 70e
spectrometer

1.5 Lﬂdﬁ;@\i Rotary evaporator: Buchi Rotavapor R-114

1.6 Lf-ﬁl\m Vacuum pump: Tokyo Rikakikai Co., LLtd. model A-3S

1.7 Lﬂdﬁ;@\i Hot air oven: Binder model ED115 (E2)

1.8 Lﬂ%ﬁmuﬁm (NATRYN 4 ATWIALN): Denver instrument model S-234

19 wieieaziBen (AT 4 A1WI): Mettler Toledo model AB204

1.10 Lﬂdﬁj‘m Hotplate and stirrer: Framo-model M21/1

1.11 Micropipette: Finnpipette, HH10711 21416.1-10 uL

1.12 TLC Silica gel'60 F, ;- aluminium sheet,-Merek

1.13 faqﬂmmia?qm”mm?ﬂmwm preparative TLC: Desaga-Brinkmann

1.14 nszANNIad; Advantec THARLEUHIUALENAI110 mm

1.15 n3zAENIad-Advantec AU AEUKANARENEIN 70.mm

1.16 Lﬂdﬁ‘l"ﬂ\iLL,ﬁ')ﬁyuﬁ’]u

1.17 ﬁﬂﬂ?‘ﬂﬂLLUU@ﬁﬂ’J’]ﬂJﬁu

1.18 Clamp waz Clamp Holder

2. @5LAN

2.1 Acetonitrile: LAB-SCAN

2.2 Argon gas: Masser Specialty Gas Co., Ltd. (99.999 %)

2.3 Barium acetate: Sigma-Aldrich (99 %, M,, = 255.43 g/mol)

2.4 Barium chloride dehydrate: Sigma-Aldrich (M,, = 244.27 g/mol)

22



2.5

2.6

2.7

2.8

2.9

2.10
211
212
213
214
2.15
2.16
217
2.18
219
2.20
2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28
2.29
2.30
2.31
2.32
2.33

Barium perchlorate trihydrate: Strem chemical (99.9 %, M,, = 336.24 g/mol)
Cadmium acetate dehydrate: Fluka (98 %, M,, = 266.53 g/mol)

Anhydrous cadmium chloride: Fluka (M,, = 183.31 g/mol)

23

Cadmium perchlorate hexahydrate: Strem chemical (99 %, M, = 311.30 g/mol)

Calcium chloride dehydrate: Carlo erba (M,, = 147.01 g/mol)

Calcium acetate: Fluka (M,, = 158.17 g/mol)

Calcium perchlorate tetrahydrate: Sigma-Aldrich (99 %, M,, = 311.04 g/mol)
Chloroform-d (contains 1% v/v of TMS): Sigma-Aldrich (99.8 atom %D)
Cobalt acetate tetrahydrate: Fluka (M, = 249.08 g/mol)

Cobalt perchlorate hexahydrate: Sigma-Aldrich (M,, = 365.93 g/mol)
Copper acetate monohydrate: Fluka (M, = 199.65 g/mol)

Copper perchlorate-hexahydrate: Sigma-Aldrich (98 %, M,, ='370.54 g/mol)
Cupric chloride dehydrate: Fluka (M,; =170.48 g/mol)

Cysteamine hydrochloride: Fluka(=97.0 %, M, =113.61 g/mol)

De-ionized water: Departmentment of chemistry,-Silpakorn University
1,4-Dibromobupane: Fluka (> 99%, d = 1.989 g/mL, M, = 201.89 g/mol)
Dichloromethane (distillation)

Dichloromethane (for-analysis): MERCK (99.8 %)

Dimethy! sulfoxide: Ridel-de-Haen (99.5 %, d = 1.10-g/mL, M, = 78.13 g/mol)

Ethanol (distillation)

Ethanol (absolute foranalysis): MERCK

Ethylacetate (distillation)

Anhydrous ferric chloride: Fluka (M, = 162.21 g/mol)Hexane (distillation)
Fluorescein dibenzoate: Strem chemical (M, = 726.36 g/mol)
Fluorescein standard: BDH (M,, = 332.31 g/mol)

Hydrazine hydrate (80 %, d = 1.03 g/mL, M, = 50.06 g/mol)
Hydrochloric acid: J.T. Baker (37% , d = 1.18 g/mL, M,, = 36.46 g/mol)
Iron acetate: Fluka (M,, = 232.98 g/mol)

Iron perchlorate hydrate: Sigma-Aldrich (98 %, M, = 354.20 g/mol)



2.34
2.35
2.36
2.37
2.38
2.39
2.40
2.41
242
2.43
2.44
2.45
2.46
2.47
2.48
2.49
2.50
2.51
2.52
2.53
2.54
2.55
2.56
2.57
2.58
2.59

2.60
2.61
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Lead acetate: Carlo (M,, = 235.29 g/mol)

Lead chloride: Unilab (M,, = 278.10 g/mol)

Lead perchlorate hydrate: Sigma-Aldrich (98 %, M,, = 406.09 g/mol)
Anhydrous lithium chloride: Fluka (M, = 42.39 g/mol)

Lithium perchlorate trihydrate: Strem chemical (99 %, M,, = 311.30 g/mol)
Magnesium perchlorate hydrate: Fluka (98 %, M, = 223.21 g/mol)
Magnesium chloride hexahydrate: Fluka (M,, = 203.31 g/mol)
Manganese acetate tetrahydrate; Fluka (M,, = 245.09 g/mol)

Manganese chloride monohydrate: Sigma-Aldrich (M,, = 143.86 g/mol)
Manganese perchlorate hexahydrate: Strem chemical (99 %, M,, = 253.84 g/mol)
Mercuric acetate: Fluka (M,, = 318.68 g/mol)

Mercuric chloride: Carloerba (M,, = 471.50 g/mol)

Mercuric perchlorate hydrate: Sigma-Aldrich (98 %, M, = 372.06 g/mol)
Mercuric perchlorate trinydrate: Strem chemical (99+ %, M, = 399.46 g/mol)
Methanesulfonylchloride: KANTO CHEMICAL (My; =114.56 g/mol)
Methanol (distillation)

Methanol (foranalysis): MERCK(99.9 %)

Nickel acetate tetrahydrate: BDH (M, = 248.84 g/mol)

Nickel chloride hexahydrate: Fluka (M, =237.71 g/mol)

Nickel perchlorate hexahydrate: Fluka (= 98.0 %, M, =:365.69 g/mol)
Potassium acetate: Fluka (M, =.98.14 g/mol)

Potassium chloride: Fluka (M, = 74.55 g/mol)

Potassium perchlorate: Sigma-Aldrich (99+ %, M, = 138.55 g/mol)
Rhodamine B: Fluka (M, = 479.02 g/mol)

Silica gel 60 (0.063-0.200 mm) 41431 column chromatography, Merck

Silica gel 60 F.., containing gypsum AL preparative thin layer

254
chromatography, Merck
Silver acetate: BDH (M,, = 166.91 g/mol)

Silver perchlorate monohydrate: Strem chemical (99 %, M,, = 207.32 g/mol)
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Sulfuric acid: LAB-SCAN (98% w/w, 1.84 g/mL, Mw = 98.08 g/mol)
Sodium acetate: Fluka (M,, = 82.03 g/mol)

Sodium bicarbonate: Sigma-Aldrich (M, = 84.01 g/mol)

Sodium chloride (M,, = 58.5 g/mol)

Sodium hydroxide: Fluka (=98.0 %, M, = 40.00 g/mol)

Sodium methoxide: Fluka (= 98.0 %, M, = 54.02 g/mol)

Sodium perchlorate: Fluka (98 %, M, = 82.03 g/mol)

Sodium sulfate anhydrous: Sigma-Aldrich (99.0 %)

Tetrahydrofuran (Analytical reagent; A.R.): LAB-SCAN (99.8 %)
Triethanolamine: CARLO (M,, =149.19 g/mol)

Triethylamine: Ridel-de-Haen (99 %, d = 0.73 g/mL, M, =101.19 g/mol)
Tris(hydroxymethyl)aminomethane buffer: Sigma-Aldrich (M., = 121.41 g/mol)
Zinc acetate dehydrate: Fluka (M,, = 219.51 g/mol)

Zinc perchlorate hexahydrate: Sigma-Aldrich (M, =.372.36 g/mol)
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1. NNFRAILATICULTULTRT

NuAdsilanInsdunyiansizesuasngesisauRduiunmadn lesauilsen

v
o a < e

Tnuievum 2 9in LEulges CFC4 Usenaufag 2-[4-(2-aminoethylsulfanyl)butylsulfanyl]-
ethanamine deinudinfiiluleleluned iGansatuns Wyaasadu (fluorescein group)
druau 1wy Tenmdinidungeelsnes (asidume T10RNB Usznaudadauzadlsaniiy
1 (rhodamine B group) %qﬁmﬁﬂﬁﬂuwgﬂ@ﬂiim% Gausariy lansdu fevautihiile
I@Tu%l@ﬁ?TmlLﬁum@%ﬁmfﬁ?ﬁgﬂﬁ@mﬁﬁu polyoctahedral silsesquioxanes (POSS) Failu

2 1

ayNIATUAUN Y TASIASINTRERIIRSTY 2 TUALAAIAINIHA 30

(j S
HN NH
HO o) o) o <o
o P-SimogZsi

PO NS = NV L

COOH O O /
-
Sensor CFC4

Sensor TIORhB

i 30 Taseasengeatsamusidume fiialu 2 1iin

26
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1.1 nsdansevilalalunadaiin 2-(4-(2-aminoethylsulfanyl)butylsulfanyl)

ethanamine (I-3)

NaOMe/MeOH K_\

/\ 40°C,10h
CmHN  sH + BNy —————
60% HoN NH
I-1 12 I3

N A 31 annisUisennisdaimsnzit 2-[4-(2-aminoethylsulfanyl)butylsulfanyllethanamine

(I-3)

Annsdunnzyl 2-[4-(2-aminoethylsulfanylbutylsulfanyl]lethanamine (I-3) IHANEN
AINATUAY Wanichacheva WATADAY [38] ﬁﬂﬂﬁwﬁ 31 Tmmi{‘i sodium methoxide (NaOMe)
1131104 0.68 NFu (12.0 Naaiua) ldasluaanfiunaxraunn 50 Nadass antiuazansdae
dry methanol (MeOH) 1317114 3.0 Aadans waziinddieiulalasaaalsd (cysteamine
hydrochloride; 1-1) 138184 1.14 nFu (10.0 Haalua) asluansazany LLé’ﬁ\imuﬁﬁ'ﬁ?‘m
naliussainiAaninau (argon atmosphere) ﬁﬂmugﬁﬁm (room temperature) {14
228124987 30 U WAdAWAN 1,4- I tuslndiaimnu (1,4-dibromobutane; 1-2) 133194 0.50
HaRART (4.19 Hadlug) LNl A3 nsenliaaqssauaugninning 40 °C 1ilu
sxazinan 10 9alue ifersuimuana A linsasiaacansenn Tnaldiates rotary
evaporator AN NEN TR ANEL Sodium hydroxide (NaOH) 14iud130% wiv 15untu 15.0
HaAAnT avlutandfise dasiuiaznenwn ianuaidesuduingn, 18 dalus il
anpfing dichloromethane (CH,CL,) 138104-20.0- FaAaAs 911U 3 p%a nslAuansazant
14 CH,CL, Al#saari

Yih@nsavanadi CH.CL Al% unanadaerintsAainlessu (deionized water; 111
DI) 1hsn0s 60.0 Fadams anuilenss Inendeniivdu CH.,CI, sunfdatineantmeiis sodium
sulfate anhydrous (anh. Na,S0,) aslidifunnuaniias waziinlinnda cH,Cl, aanlne i
/384 rotary evaporator 1§ans I-3 fanmnuiingudivaesden 1hunns 0.44 nFu (2,11
Naalug) AndwdefidusnananEwingy 60% (ﬁﬂﬂlgﬂuﬂg‘jﬁ?ﬂnﬂfumuﬁiﬂﬂ‘tmiﬂm'm

-

N1ULINLIZND)
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1.2 NSAILATIEN fluorescein dicarboxaldehyde (I-5)

Br Br Os_H H_O
1. DMSO, NaHCO3

o o o HO 0 OH
150 °C, 4 hr
0 0 >
0o 0

2.HCl, rt,2 hr

O O

I-4 -5

Nnil 32 ann19Uisen13deAsNzA fluorescein dicarboxaldehyde (I-5)

n13daLAT1ZY fluorescein dicarboxaldehyde (I-5) lAAN®NANNATY09 Lippard WAL

[ %

A [24] ﬁ%ﬂisﬁﬁv‘umm{iﬁu fluorescein dibenzoate (I-4) 111519 strem chemical i
naun1Id9LATILIiE T ”ﬂ"ﬁqﬂﬁmafﬁaﬁuﬁmzﬁmiﬂﬁ@aﬁmm’éwﬁfmmﬂﬁm nuclear
magnetic resonance spectroscopy Waz mass spectroscopy nauiinu i
A5n13d9iAsnzif fluorescein dicarboxaldehyde (1-5) wamn<l@Aan AN 32 44
fluorescein dibenzoate (1-4) 381 04-0.40 NFu (0.50 HaAINA) ldaaafiunanaua 100
f0AGAT Teazanadan dimethyl sulfoxide (DMSO) 17110440 HaaamN3 aniuAn i
lalasiauA1iuaium (NaHCO,) fanan0.40 nfu-@.80 daalua) asluaisazane nou
ﬂﬁﬁ"‘imﬁqmmﬁ 150 °Chilwaan 4 dilus (alddsazatadunadia) Waasuinan i
A198 AN EURNAUNTLE U HTE WNANsazanelalnTAaesnianana (2M HCl) U3unas
280 HARANT NIUANIATANE T AUUNRIIBILNU 2 dala

vhansazandildnanagas dichloromethans Y3N1aL 40 HAAGAT S1UAL 3 AT
Aenifuansazanadulanaslariny (CH,CL) uazinldnadnsavinazanaaaniag rotary
evaporator antfulAniin DI T3unns 60 Hadans avluaandinedu azlénzneuddndoy
neaanznauRlElneARAnANNAL LasE1IRznaudaeiin DI unaudniies

avananznaufion lamaalslini (CH,CL) uwauAnlnRAaudae (anh. Na,SO,)
lﬁmﬁmﬁﬂﬁ'ﬂﬂLﬁ‘ﬂﬁ’]’ﬁ/mﬁ’}ﬁ@’]@ﬂuﬂ”ﬂuﬂ@: antiuingn lanaelsfinmg (CH,CL) aanfas
rotary evaporator LL@ZLLEmU?QVéM‘Eﬁij%QEIL‘Vlﬂ‘ﬁﬂ preparative thin layer chromatography
Tuiiiln Ineldfrinazanananszning CH,CL uaz MeOH lugnsdau 33:1 viv AMsA1AL

.13 mobile phase l@as1sznay 1-5 Wueauisd@dndin 138104 76 Raanu (0.20 Aa3
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Y 1w

Tua) Andulefifudnanan lFwinil 39.2% dAnqauasnimaiyindu 301.4-303.9 °C lag

nsuenfinamalialildnsnisnaaunaesasuusagady (Retention factor; R) winrii 0.79

1.3 NMSRILATISHLTULTDS CFC4 (Sensor CFC4)

S S
Os_H H_O H \
m HO (0] OH HN N

s s O O 1. 60 °C, CH,Cly/MeOH
J/ \L + > HO o o)
(0] °

H,N NH, Q 2. NaBHy, 0 °C to.rt O /

g7 COOH
-3 I-5 O

Sensor CFC4

H

Nl 33 annsdisensdansziiiniaas CFC4 (Sensor CFCA4)

| o a

Lﬂfa\‘imﬂ fluorescein dicarboxaldehyde (I-5) mﬁuﬁqmum?wﬂﬁmqwaﬁf (pure I-5)
fiBunnutien duiilumsfaassiunause U AuRentiars 1-5 Tneflduinunsinlin B qns
(crude 1-5) el

33n12491A LTI T05 CECA (Sensor CFCA) LanalEdan 1wl 33 9ans
fluorescein dicarboxaldehyde (1-5) Ut 0.10 nFW. (0.30 Nad tua) ldzaanunanaua
50 Hafans azanyAqe dry dichloromethane 8.0 N aaa M3 AnA ULy 2-(4-(2-
aminoethylthio)-butylthio)ethanamine (1-3) 1101 0.06 N3N (0.30 NaALNA) ﬁ@zmmq‘m
dry dichloromethane 5.0 Haf 8 /% 4a s drymethanol 9.0 N GAR T NAUE1TaTaN YT
aomnfitieadunan 2 92l mmfwﬁmqmmﬁﬂu 60°C uaznaulfjisensiean 2 g

Flensuinan Mlfansazansifuacii 0°C Wuaan 30 wiil ARE AN NaBH, 13310
0.09 N3N (2.00 Naalua) avludnsazany muﬂﬁﬁ?‘mﬁ 0°C wru 1 Faluauaznau
AN9aTaNLFe 0l grunRiadiung 1 dalue arnaduiiania DI dindiee e NaBH, 7
wieannaiU§TeuaztinlUindasinazanseanTnglFisias rotary evaporator

arantansilidaatin DI uazaindae dichloromethane (15 fadans) tinansludu
v lsndmineandasiAies rotary evaporator LL@%ﬁﬂIﬁU?‘QVéI@EILVIﬂﬁﬁ preparative thin

layer chromatography (14 100% methanol 1il14 mobile phase) 18 iuLtes CFC4 (Sensor
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@

CFC4) Hanuaiziiluuadwiadunaaniinma 0.082 N5 (0.15 Raalua) Asduiilasidu

v
A o

HARARLYINTL 48% ANAANARNIMANNAL 247.1-249.3°C TnensuanfoeimAlAligns

NNILARAUNUBIANTLIUFIRADU (Retention factor; R) il 0.30

1.4 nsdapsevilsmfiutilanslan (rhodamine B hydrazide; 11-3)

® :
COOH HsN—NH, O N—NH,

11-2

Y O O

) CI K refIU);o/f4 h

-1 -3
Nl 34 ann3UAsenn1sduAszt rhodamine B hydrazide; 11-3

nsdaaseilsnn i lansa ks (rhodamine B hydrazide; 11-3) [43-44] Fan i 34
Falsanfiud (I1-1) Ussnnd 0.20 n§ (0.42 indla) ldvanfiunaseuna 25 fadans a1nti
araNLIfaeEl dry ethanol 1B 10.0 Haaams WaziAN dry ELN St Tiue 15unns
0.20 HaAANT (3.40 NARTHA) muﬂﬁﬁ?mmﬂlﬁmwﬁmm@ﬁﬂ@uﬁfqmugﬁﬁ@uﬂu
sra1zlaan 30 W1 waQLANlEAITU (hydrazine: 112) teune 0.13 Haaans (2.10 Jaadlua)
aniulfinansbauauguuiis 78 °C iluztiziaan 24 dalus iensusauuananiialiidiu
auiegnugites udiaeinldnseduazindn ethanol aandausses rotary evaporator
s CH,Cl, LhNA04.30.0- aaams avluzannti U dtraas rotary evaporator fnefiu
wdatildaindaeiin DI 0d30.0 Radans aaen 3 ase Taet@enifivarsaranedu
CH,CL, snindmineennefis Tieasdams (anh. Na,SO,) adhtirnnudniies uaziinly
fndm CH,CL aanlnaliAies rotary evaporator @ﬁm‘fmmﬂﬁqmémﬁiﬁﬁwm AllA
column chromatography Taglffan1azaianansz1a1g CH,CL, uaz MeOH ludnsnanu
97:3 viv BNAaTA Y LW mobile phase wudnlians 1.3 danwuziiuaesudedauyseu

1133154 138 NAANTH (0.303 HAAINA) AL WIS TURNALARWINAL 72% tnenisueanfas)

v
AA o

mmﬁﬂummﬁmim@@ummmmummmm (Retention factor; R) Winfu 0.44
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1.5 N1SAWBASIEWLTULEDS T10RNB (Sensor T10RhB)

N
ale) el
=~ _ N )
o \ i\*o jN'{:;//N/{'/ o ;{N‘/
7\ - vobo oy 0N
H o N\ /) JN‘// }, N
Osc” 6*0 o o R ~ \C\H ¢h \:’/N )
n N i — N )\
H Q Coy O N—NH, ~ @ 7 A °
0" o} 9 ©/ A Q ©/ >
Q, 9 g . -
Vs AN N/\ O _
\j/? O-si— '\/\0’@ \ o o
050 S Oo 11-3 \j/& o0 L~
@o\/\/s o.s o,Qs\_\’ - I |
—/ o. Molecular sieve of d
QO § Qc__o CH,Cl, , 40 °C, 3 days Si0-s"
Hog o 5 A ’
Q

Sensor TI0RhB
nnil 35 anNn9LfiEenAnsdAsiiiimas T10RhB (Sensor T10RhB)

NN ZduLEes T10RhB (Sensor T1ORKB) lTudumnauil ninn1sdamsziilag

a o

WA AN duan UnAnBrua I AMedT AR ATZINEAIART NNAnenaENTing

a a s L% [~
2.1190 ﬂﬂ’ﬂ‘].l‘ﬂi%’m/lﬁﬂ']W‘luﬂ’]‘a‘ﬁl%"J‘Q‘iUvL’a’ﬂ’BUI@MSMUﬂ‘II’ﬂQL‘ﬁut‘ﬁ’ﬂ‘:‘ CFC4

NN3ANHAMIANTE LWNIIE0uAINgasLIaaLs 18NqasIamusiduge; CFC4

1
a

FusAulnensaaanll excitation spectrum Lay emission spectrum 2894190 BLIALTUH
e Susiazaialuansasane LIRe uasaisazaunaxfisiiainazane Buriduass e
mFainazae N zandansitassinassndtlensy Welissuusiiazaisd
WsnzaNLEe Tuneusienn Fa nsAnenUsavsnn iR funsnmadylesay
Usan (Hg™) faumaiinngaatsaiausailninsalnd Wevaanlalunsiinszd
(sensitivity) AaxaN1zianzasiuleaautlsan (selectivity) iwaumeunulesausunau
i mansiainlAnsndelszandnnlunisnsadulesaulsenlunnziiilessy
@umu%uq BMIAIU me"]m%uQmmmﬁuﬁuim@uﬂ?@w (Association constant;

K

assoc)
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2.1 NMTNARALAMNINLNIZLANZAY (selectivity)

v
NINARBLANANNIZLAZATDFUITES CFC4 1iu 1HAnmfasmatianganisa
susianingaind taeniesdndtynyramgessamusainnislamnsoaaisazaailsanas
< rdl = dgl a aa = [ o o—dl
luansazanedurteNgnieanau 3.0 Hadans WU uiudnyniungeesaLusn
MnauannIsiansafAedansavaielossnau) asluaisazateduge’ dunnnis

4 . e ¥
wasuulasresdyiungassamusiszudnanislamanfiaadansazanalsanuaznigle

IMTAREANTAZATE [8BBUTLINIURW

2.1.1 NSLATENAITRE RN TULEDS

WTENANTAZANE LT ULTRS CFCA IUANTas AU NANTZNINNAINIAZAN LU TS
(methanol) wazansazarauWinas (buffer)pH 7.2 GRIT pH La'&;ﬂiulﬁ@mmmmﬁ
a1sazataifuimad CFC4 dndn1.0x10" M lu d1sasanananssningasazarainimas
Tris(hydroxymethyl)aminomethane (Tris-HCI buffer) WNE1 2.62 MM pH 7.2 az methanol
Tudnsdau 95:5 viv 153103 10 DARART Antdaateansasanefuries CFC4 faeia
serial dilution Tne Ao uddimnnensaas 10 wh uliAoandindugavinaviniu 1.0x10°
M luanTazanaNaNTEnINasazanatnines Tris-HCl buffer lNdu 2.62 mM pH 7.2 uay
methanol Tudna1491-95:5 viv-Usnams 10 Aaaans ﬁﬁlqmsﬁﬂmmﬂﬂ%ﬁuﬂ?mmﬁw
AN90rANUNANIZUINANTazan g U LW as Tris-HCHbuffer N1 2.62. mM pH 7.2 LA

methanol TuaRnI491 95:5 viv

2.1.2 nMapsangsazaadsaniazlanaustuniudinaus

Tun1smaaauAINNANNIZIAN A9 EULTRT CFCA TUATaZaNUHANTZININ
a13azaatiWined Tris-HCI buffer Wndu 2.62 mM pH 7.2 wag methanol luamda1 95:5

= A A 1 09/ a aa
viv azisisanasavantlsenuaslasauinaenaelafatinsiiee Tuii DI dsunms 10 adans
anuuReasatsazaslsenuazleasinaanasledaiinn9 Aaa3s serial dilution

1 a [ = [~3 e v v v :; 1 v

iuAgaiunswsranansazaneidugef Inaliinudnduanasaieas 10 Wi auldmau

Wndugavineyiniy 1.0x10° M 15u1m3 10 Ha8anT 411FUN1INAFRLAMNAINITIANTAY

PagiLeiad CFC4
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Taeauiilflunimmagay

leaaulsan (Hg™) leasuszgiifian (A%) lessunuBan (Ba™) lassuwnades
) lesauwanilan (Cd”) leaaunasuwne (Cu™) leaauwwan (Fe*) leaaulnunada
1@@@uLLuﬂuLsﬁﬂu (Mg®") Teaauwuaniila (Mn®) leasulnfan (Na') leasuiiniia

(Ni2*) wazlaaaunzia (PH?)

2.1.3 ngnadau

thasazanaiume fsisanaullindyoamgessamus dunanisilasuulas

o e an L ~ ' o
1e9dtyayrounigeaisauATinau Inguuuie tesudnanislmnansaraielsen fu
nslamsnasazaneleasuinae Aaalafainsaa] ingdauuaAnisdmedsne lunis

=
NAKAURTNAITINN 2

F19797 2 ATNN3IRRaENg) uiunismnaauaanliTecdumed CFC4

L \iulies CFC4
LALTRT
Tuansazane Tris-HCI buffer:MeOH (95:5 v/v)
A, (nm) 493
Scan-speed (nm/min) 300
Slit width (nm) 5.0
AN IRAUNA NS (M) 500-600

2.2 MsnagauANLl (sensitivity)

naneaataNlhresdumes CFC4 i fasmallangaaisamusaninnealnihiv

o = o/ & [~3 rd‘ dl dll = a
azynnsAndryy ungeaauirasasazanadiueinulanull Wadnsfnlesau
Usaniinay Inanislidnansazanafumaingnisizanau 3.0 Hadans dadynyuges
o‘d‘ a da/ 1 a 02// =® % all a %
ausniialunaunisiinlasaulsan aniduaslansnfaaarsazaralsanniasanls

1 v v
wiadndtynynungassamuaniinluneuaIn N laaaulsanluusiazais avdaunaiv

NN98AAITBIANNIENATY I NI ELAINGBALTALTWH BANANUNANITNAADIN IHATN
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nisnagau 111 lunsuArasnannasasnisduiulesau (K

assoe) ANNAHNNT
Benesi-Hildebrand [45-47] mugunish (1)
AINANNNT Benesi-Hildebrand,
LI 1 s 1 (1)
(A'AO) Ke (Amax'AO) ° [H92+]n Amax'AO

ANANNNTN (1) RANHUZANNFNAUTITUEUATI AITUNNTA519N I N UEAIANNFNAUS
L 1

FEWIN  (any  MBUUALNUY LAY {5

TULUIUNY X AZUANANNANAATBIN1IALITL
laaaudsanld wWan1uuali

A, = PNNLENg e LA URIeda A AN T BITe T T NAY

A = anudinuasgesgariufaea sazansiduaiuaaidloaaunacmdingv
1ae

1
=

A= ANNENLAIgRaIalTUATeIasaTantTuae i gR
n = uANlaEN 1, 2 uag 3

2 v

WL AN AINANAATIaIN1 I LAU laaaLA I AR N AR IR IN TN NAS 19T AT

1
K '(Amax'AO)
1
slope s (Amax-Ao)

slope

<
2.2.1 NMSLASENATREANELT UL TR T
< '8 = tﬁ” o = o ¥
ansavaaLiuried CFC4 azsiranduludnmuzipaiunimagauauls Tnelid
AHEiNduENFuLazANHEINTugATInYIN AL UANNIMARBLAYINANNIZIANZAIAZIABA

AuindugaTinelulzunn 10 Hadans
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2.2.2 MalasaNg1Tazaglsan

lunnmagauan lhaeadutes CFC4 Tugnsazansnanssuinednsazaneinmes
Tris-HCI buffer 1din 41 2.62 mM pH 7.2 waz methanol Tugmns1d9% 95:5 viv ¥ LA T8N
ansazanslsanaanlsfidindu 1.0x107 M lutii DI Funas 10 TdAaAT ANtuEeans
a17azanalsan FneRa serial dilution WWRLAAUNNTHTENGNTAzA T WEes Tae ANy

dindiuanasnisaz 10 Wi aulfiaudindiuganinawindu 1.0x10°M 15uns 10 adans

2.2.3 ngnadaud

o o

ansaraneLduLEed CFC4 sstnduiudndtynanvgeasartus lnadaunanis

o

A o v A e =< o
wanuwlasesdnynungessamuinmagl wadns amsnaisazaailsan aanmue
AnIgmedae] lunimadeudininidiiaed CFC4 Aun1309n 2 lun1magdes

ANNHNANNIZLANZAY

2.3 msnAgauANNansalumsasaattaaaulsanlunaziiilanausunau
%ﬁﬂ'gus] (competitive)
nnInpaaL A N0 lunIIRsaa Ry lagenlsan Tupaziinleasusunausiia
%Iuj fosmatinngaasdirnsianlninsalnd laenisdndymmgeasaiausives
ansavanedumaiusazata lususnawRNlasIAuRNa17acacuUan avludumaiusiag
mﬁmﬁgmm‘?‘ﬂu?ﬁyu 70704 3.0 Naaans @uzﬁ”@mmLﬁumﬁﬂ?{ﬂuuﬂmﬁmm&mmW@J@@L@@Lenum“
Faaufinnadinprmiia mmfwﬁmmm:mﬂ%@@uiumwﬁﬁmﬁluj Tuifzunns 10 winzes
ansazaneilsaniinadly LLa:ffmﬁmameQ@mmLeﬁuﬁmwz‘ﬁma‘ﬁuiﬂﬂﬂmumuﬁluj
Bnmis Ineansazanefuldeiusiazaiin arsavantilsan iazdisazans leaausunouaiia

51197 1 anmnsases LA uREa LN IR LA NA NI TIAN zAs e TR Susa v tin

2.3.1 MassENasazaeiuLgad
< % A da/ o a [ o
A130rA e duTed CFC4 Azt u AN BRI TLNITNARBLAIINANNE
TneldaanndinduEufularadndugaineyiniu win1magaL ANAIN190 1uNNg
n3vaduleaanlsenlunioziileseusuniuaiinau] azimearsaanndindugadinelu

1319704 10 RAAAMT [RLALIALNIINARALAINANNIZIANTAY
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2.3.2 mawmsangsazatalsanuazlaaausuniudiinauy 9

AmFuiduige? CFC4 azsisanansazatatlsen uarleaauinae naelsfainsiie

dll v [ % a a a di
LW@EL?J‘V]ﬂ@’ﬂllﬂﬂl’]ﬁd@’]NWﬁ‘ﬂluﬂ’1‘j‘ﬁ]?Q@@Uiﬂ@@uﬂ?@Vll‘hlﬂ’]qmeiﬂﬂ@uﬁ‘Uﬂquﬁluﬂﬂuj

LA UNITLATL NN N AAALAINANNIZIANZAd

2.3.3 n19nadau

o < o dl a d’j o o o o Qi
ihansazanaiues Nwsanauhlindyauvgeasamus dunanisulasula
rdl a dgj dl = a =
w34ty N gaaLsduANiATY Iadn sRNATazantsanuazansarait laaauinae
Aaalafaiinsne asluansararaiuges Ingfanuar s limedsine lunimageuniy
19197 2 IuRERiuN1MAdaLAN 12 AINURET NN LA A HNANRUS Tz 1/,
o 4 y o £ : o
NANgNAAUNANENNINTAA TUuIuAY Yy BASaIATENa19F19°) TUIUILNU X 118

ANUUA b

l,= ANNENTBIAYIgRaTALTUFIDIAITa At e AN ey

I, = AR NEIL AP BLTA L TUATBIATIAEA ENALAN e L

3. nMenadaulszananinwlunisnssaatlaaaulavientinuasiduidas T1I0RhB

N3ANMIANANTR LN FRdIAIWg e aImUE 189Ngan ALt UsLTWmaS T10RNB
FuAulnensIa@all excitation spectrum hay. emission spectrdm 483413NqBBLIALTH
s urAa Tl IBE1aZ AR UYITET WAL AN TAANEKANN NAINI AL AIEAUYITT AN WD
PFINIATAENUNIZaNAaN1TILAT1 29 AT leaau e LBz unsaniazanah

v :/l 1 = =S a a o dl o o
MHNZANLED TURUAaN Af N19ANEILsEANEN NN wNeqiuNNTRTady laaat
Usan (Hg™) foumatinngasisaiaudailninsalnd twaunasinlalunisimsned
(sensitivity) AN NNNZlanzasiUlaaaulsan (selectivity) WFannauniuleaausunau

le
AR
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3.1 NMINARALAMNANLNIZLANZAY (selectivity)
v
NMINAFDUAINHANNIZLAN LA 19T UIEeS T10RNB 1 1HAnsFaawmaiiavigas
wausanininealnl Inansdndynrugeasaciuiainnistamsnsaaansazaieilsan
[~1 rd‘ = dg/ a aa = o o rai
asluansazarafume fNgnisenau 3.0 Hadans uRsunauiudynyiungeaLsaLsusn
MnauannIsiansafAedansavaieleaaudus acluaisazateduiaad dunmnnis
4 . . Y

wWasuwlasresdynungassamusssudnenislamsaionaisazaialsanuaznisia

IMTAREANTAZATE [8BBUTLINIURW

3.1.1 MSLATENRITAZRN LT ULTDS

WTENA1TATANe L FulTes TI0RhB IS U LR AN 1a a1 8T HAG 19 fail
dichloromethane (CH,CI,), methanol (MeOH), #13aZa18N4N methanol LL@::ii/ﬁ (90:10 v/iv
Lae 50:50 viv) Lazdnrasantildad dichloromethane tlay methanol(90:10 v/v Lag 50:50
viv) Tnaisisanasazaeiduites T1I0RhB adiu 1.0x10° M 1w CH,CL, J5u1ms 10 Aadans
AniARANsaNTaaneFLTe s TI0RKB BgAa serial dilution Inelfiannuidiutiuanasnis
ar 10 11 auldarudindugavineiany 1.0x10°M Tuensazan e feil methanol
(MeOH), acetonitrile (MeCN),ethanol(EtOH), d17aTangNdN methanol LL@::‘Liﬂ (90:10 v/iv
WAY 50:50 v/v) LATAIFATANEINANIENTI4 CH,ClMeOH (90:10 vA) UaN1ms 10 Hadans
wazANdNdugaTinevinAL 1.0x107 M lupainazane dichloromethane (CH,Cl,) 131193

10 HaRamng

3.1.2 mamsanssazanglsaniazlanausunauginay o

lun1snadauAITRAILNIZLIANEA9Ba4 LT ULEa 5 T1I0RhB lusanazane
dichloromethane (CH,CI,) LATA1TAZANENANIEUINN CH ,Cl,:MeOH (90:10 v/v) AULFTEN
ansavanzilsanuazlesaunaeleinaasnaiing1e) (laasunasuns (Cu®) lasauluy
(Ag”) uazlaaaumnzia (Pb™) Tu THF 13unms 10 Aadans anfuAeansansazanailsan
warlaaawnaeiledaanton 1lns19 Fa833 serial dilution LEWLAEAFLNITIHTEN
ansazanzifuizes Taglfnanudiniuanatnieas 10 i aulfiaaudindugafinawindu
1.0x10° M 13unm2 10 Tadans d1uuluansazaesinegal methanol (MeOH), acetonitrile
(MeCN), ethanol (EtOH), a197a2a18NAaN methanol LL@:‘fi"] (90:10 v/v Ilaz 50:50 v/v) @

wiranansazatelsenuazlessuwinasiledaaaisnaiingie] lut aaniuResawatsazaie
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dsanuazlesaunasileinaaisn 1Hinsine) faels serial dilution Tnaliinanidinduanas

ATAz 10 Wi auldpnudindugaiinewiniy 1.0x10° M dsuing 10 Hadans

3.1.3 nNsnaday

tansazareduimas T1I0RhB Misisanaulildndynnngaaisamusd d&unnnis

d' o e o < = !
wasunilasaasdyiurgaasatsudnnniu laaFaunausendneanislame
ansazanglsen funislamsnaisazaielesainaeilefnasisnatiamie Inaiinun

ATNIIHRD 3697 TUN1TNAARLANNANSIN.3

R399 3 ATNNIHRENe) daniunaanage AN lhrediuimas T10RNB

L \fuimas T1I0RhB
\iLTas — —
luszuufinazana i)
A, (nm) 558
Scan speed (nm/min) 300
Slit'width (nm) 5.0
AN NPRUNANTA (Nm) 560-650

3.2 nsnegauAInle (sensitivity)
[t 'Y :// v a o IS
nsnpasuANiaaedeiuimes T10RNB i dramaliavgeasarusanlninsaind
a’/j o =2 o o < rd‘ dl dl IS a
duarinsAnsdnyyruvlgaalsauRaesafsazatiduie Sl asulil iladnisms
Teaautlsaniinay lnansthulaansazaraifume Sgnssanau 3.0 Haaans Sadtynynn
WaeasamusnAnluiaunsGnlaaautlsan aniuaslmasafosarsazanaisenissan

o o

14 14 rai a d” [ % a ' :/I
9 LL@QQ@@ELIEQ’WMW@J@@L‘;'J‘ZQLSIJLWWILﬂ@muﬂ’]ﬂﬂ@\‘m’]ﬂﬁmq@ﬂ@uﬂﬁ‘@‘ﬂ1uLLﬁl@$ﬂﬁ\‘l A

—

{UNAWIUNN AN TUIBANNENATY YNNI ANILAS WY DB LIALTUE



39

5
3.2.1 ﬂ’]ﬁ‘L[ﬁl?ElNﬂ’]ﬁ‘ﬂgﬂ"lilL‘ﬁuL‘ﬂﬂg‘

v
AN9azaelduLEad T1I0RhB AT NN WA N HUZIALA LN TNAGEL AINNANNNY

bRNCAN

3.2.2 NM9LmsaNdITazanglsan

lunmegeuaulareadua’ TIORNB azsizang1sazanetlsanilafaaaisnida
{1y 1.0x10% M TWTHF duFuluszuuvinazans dichloromethane (CH,CL) WazdnTazans
HANTZUI19 CH,ClL:MeOH (90:10 v/v) Az Iutind115u methanol (MeOH), acetonitrile
(MeCN), ethanol (EtOH), 241585818 WA methanol bazHi (90:10 viv ba e 50:50 v/v)
1387m7 10 HadanT aNNuAea1NdIsazalsisan Aaeaa serial dilution @uULALAAUNNS

= [~ I's v v v a’l;/ 1 % ¥ v %

wisanarsaraaiiuaed laalinoinduduanataieas 10 Wi aulfaudindugaiing

WiNAL 1.0x10° M 135157 10-Naaans

3.2.3 NSNAFAY
ansavanedueas T10RhB Msisandmiudadeynungeaisaaus Tnadananis
dl o rndl a daj dl = dl o
wanuwlasasdnyinwgeasamuimingy Wadns msnatsaranlsan dan1mue
ANNIIHRa5F19 TunnsnaaaLdanTuVELLge s TIORhB AINA1319% 3 luninagey

ANNNANUNIZIANZAY



unn 5

NANITANLUUINUIAE

annsdunziansitesuageesaausainl 2 1iia Ednisiduze i
Fanseiliundnen iefudulnseaireresiduigeidoemnaiia nuclear magnetic
resonance spectroscopy (NMR) k@ e high resolution mass spectroscopy (HR-ESI MS)
AR uTas CFC4 #1E wmagauilsrdnianluninsaaduleaaulsenly
ANTAZANLNANTENINNATazALLWINES Tris(hydroxymethyl)aminomethane (Tris-HCI
buffer) LN 2.62 mM pH 7.2:1a2 methanol luamnsdqi 95:5 viv Was@1niuidulaes

T10RhB 714 umagauilszanininlunisnieadulasautlsanlusnsazanadauyisd uay

v
1%

ANTAEANEINNNANTUANTDUYIFE LA LANIINARRIAIL

1. Mstudulaseasng
anuan19daAIziaIsheualgeassaudume surazalanNisN19NAaeeN
Tinaaliudariu wudnlangaalsamus iume idmiuasadulaasulansminatinlug 2

a = a c A o A A o 4 ' a 1% as
TBUA DTIRATNITNILATISH LL@%EHHHTV‘WN@?’]\W@\‘I@’]?VIZNLﬂ?’]ﬁ/ﬂﬂLLﬂ@S“ﬁuﬂG’VJEI'JﬁVl’W\‘I?NL‘]Jﬂ

nsalnileail

1.1 Tn79d519229 2-[4-(2-aminoethylsulfanyl)butylsulfanyl]lethanamine (I-3)

=
avs

HoN NH»
5 5

NN 36 TANASINIARTDY 2-[4-(2-aminoethylsulfanyl)butylsulfanyl]lethanamine (I-3)

ANNNNTANEN IATNAEI9NNANYEY 2-[4-(2-aminoethylsulfanyl)butylsulfanyl]
ethanamine (1-3) IagAanegilnnsaintdannnsatiugulnsaasna st
"H NMR (300 MHz, CDC|3): 8 1.54 (brs, 4NH2), 1.65-1.73 (m, 4H), 2.53 (t, /= 6.0

Hz, 4H), 2.62 (t, J = 6.0 Hz, 4H), 2.88 (t, J = 6.0 Hz, 4H) ppm (A1W# 37).; °C NMR (75

40
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MHz, CDCL,): & 32.5 (2CH,), 35.2 (2CH,), 39.2 (2CH,), 44.4 (2CH,) ppm (N 38).; HR-
ESI MS a1nn19AUa 0 C;H, N,S, (M+H)" 209.1073 m/z aann1anaaay 209.1146 m/z

(m‘wﬁ' 39).

H-3
—H-4a
H-=2
HaN T NH3
5 5
H-
i l H-2
= =
l L
| M :
T T T T T T T T T
8 7 6 5 4 3 2 1 0 ppm

A 37 'H NMR 184 2-[4=(2-aminoethylsulfanyl)butylsulfanyllethanamine (I-3)

- 3
9~ ¢
% v

AR

Sy

SO
HoN NH;
" § Jg L 2
T T T T
45 40 35 30
— e | e A VR U |

T T T T T T T T

T T T T
85 80 % 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 ppm

AW 38 °C NMR 2104 2-[4-(2-aminoethylsulfanyl)butylsulfanyl]ethanamine (I-3)
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Intens. +MS, 1.2-1.2min #(75-76)|

o
x104 S
41 =}
g ah
S S
’ J U
~ HoN NH,
2] b
B g €3 8§ £ 3
11 883 T c § 8
1= s 1
Sge 8 3 3 9
0 Pl S——_ = ‘ . . : v -
100 200 300 400 500 600 700 800 900 m/z

A9 39 HR-ESI MS 2184 2-[4-(2-aminoethylsulfanyl)butylsulfanyllethanamine (I-3)

v

anua 'HNMR atlnnin wansliifiuans e dnynyiuresllsnau 5 ngu Al
{ynuanEne singlet AR O 1.54 ppm nanTdsaanaasmgiadiu (-NH, ) daun

131904 O 1.65-1.73 ppm Aanw il multiplet sinainiasanilsnauniwnids 1 (H-1)
~ A~ o ax o , aa L - PR
asanilameuiueiaullsneuaatnuag wianllmaungutazeaineanesnauni
AIINATNITOANELANATAU (S uas N IneliA1 ENg HINN31ENS ) HnAiga a9dsing
Ay uisnunRaunuudwangesnge (up field) dauedaulilsaeuuuaiiueu 2 (H-2) ag)
Infevmandainad (S) unnndraslsangdtymaniBaauInuliuanaingn Inauans

9 .

&ruoynod triplet 1 O 2.53 ppm wazllAa coupling constant (J) iariu 6.0 Hz Sanndtycyno

7 0 2.62 ppm La%.2.88 ppm AN UaAIANEnLlY triplet WasilAn coupling constant (J)
Wi 6.3 Hz uanddalilsreuieaesaialio coupling fits Tradldznauafianieldsy
BNENATBILIIAIBLANATAUNINNGIAN ﬂiqﬂgz@mﬁwﬁmmmmmLL@JLMﬁﬂé’ﬁﬂdﬂ e
Warsunlasyaselaanaaziingn tesau llsnauunariueu4 (H-4) ot lnfazmnas
Tulasiauuinnda ﬁqfufﬁmgﬂﬁdﬁz@mqmﬁq aauneannesaulilsneuyuaniuau 3 (H-
3) LAY 4 (H-4) ANUAIRL Wonanns aEudiulesessieann HRESI MS Tinawindy 209.1073
m/z AANNNTANUINS CH, NS, (M+H) 1911710 209.1146.m/2 Taaiaruisniauanalnnig

RnlfAzenaanni 40
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m ag NaOH m
S S - S S
J L
H,N NH, Cl H;N

1-3

+ —
NH; ClI

Nl 40 nalnnaindfisenvesanstszneu 4, 5-bis(bromomethyl)fluorescein

dibenzoate (I-3)

1.2 TAseds9129815Usenay 4, 5’-bis(bromomethyl)fluorescein dibenzoate(I-4)

A 41 TRgeasnare9ansLlssney 4, 5'-bis(bromomethyl)fluorescein dibenzoate (I-4)
ANN12ANE TATIAS1 9N A REa9 47915 nall -4 TasRanisaninsalnilanuian

Y o

fudulnsadinalE s

'H NMR (300 MHz, CDCl,) 84.87 (s,4H),6.91 (d, J=18.7 Hz, 2H), 7.07 (d, J = 8.7
Hz, 2H), 7.31 (d, J = 7.8 Hz, 1H), 7.57 (t, J = 7.5 Hz, 4H), 7.66-7.78 (m, 4H), 8.07 (d, J =
7.2 Hz, 1H), 8.27 (d, J = 8.4 Hz, 4H) (ﬂ’?‘W‘ﬁl 42); C NMR (75 MHz, CDCl,) 8 81.4 (C),
116.9 (C), 119.02 (CH), 119.2 (C), 119.3 (CH), 124.3 (CH), 125.4 (CH), 125.6 (C), 126.2
(C), 128.5 (C), 128.8 (CH), 128.9 (CH), 130.4 (CH), 130.4 (CH), 130.7 (CH), 131.8 (CH),
134.3 (CH), 134.5 (CH), 135.5 (CH), 135.8 (CH), 149.4 (C), 150.6 (C), 152.3 (C), 164.2
(C), 168.8 (2C) (N 43-44). HR-ESI MS caled for C,H,,Br,0, (M)” 726.3637 m/z, found
726.9681 m/z (ﬂ’]‘W‘ﬁl 45).
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TwTT

e 7
@ ; 1, V! H-a

T
9 8 4 6 5 4 3 2 1 0 ppm

FUL B G R 11
0 Lol g X
EERCEE]EE ki

A 42 'H NMR alldamiuaeesnsiswney -4

4
— 20.47
4

~~~~~~

Doty
2

o]

©
®

J J“Jt

ol in J

L AR L o e L e aaanas)
170 160 150 140 130 120

e |

a1 s T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

A 43 C NMR gulnmduaasangilsznay I-4
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0.00

&
G o
& oo

T T T
140 130 120

JL_H L] L

T T T T T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

NN 44 PC DEPT 135 NMR gllnaduaasgaslsznat 1-4

Intens. +MS, 1.2min #{78)
x1 04 Br Br @
d g
0 0. 0 ©
&
0 O O 0 h
44 s} @
~
O 5
=3
° =0 g 8x
2 Chemical Formula: CygHypBry0; 5 o r~ w=in
Molecular Weight: 726.36 g/mol (=] < w0 9
g 5 1l 28
R L3
0 1 [N [ 1 Py Y L
- )

1000 ' miz

(=]
L=]

200 400 " 800 8

AN 45 HR-ESI MS glnmiuaasdniilsznay I-4

WHanansunaIningaas19199819103snou -4 (AANA 41) waz 'H NMR aulnm s

(N 42) uansliiviudyoyuaediilsneu 8 slanuansdreiu Tnadynrunaunsmsyy

v
VLQJV N o

Afmiauilfaildaynyod singlet i © 4.87 ppm 1iaannlUsnau Raunis 1 (H-1) tasanni

o

azpanTusiuinizuuafuauludiundsiagdnliamnliden chemical shift Aaudinegs

a

Anadtyu1niiANT 7 chemical shift § 6.91 waz 7.07 ppm Anguaniili doublet uazdAn J-
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Coupling Wifil Aa 8.7 Hz A9aziinaIn coupling aavaslsunanTisnaunat lusiumils
ortho- Tenulaziu anlaseasne yynaussnanamaniiaainidsnauaiumids 3 (H-3) waz
2 (H-3) muans tae H-3 FA1 O unnan asainag]Tusumds ortho- fuvajiadines (-O-
=X Yo a a R a & | o dl

COPh) Al FUANENATRIUTIABLANATAUNINNIN TANIETYEYNDL doublet N1 © 7.31 ppm
(J = 7.8 Hz, 1H) 1imannidsnauniunile 4 (H-4) danndtysunnd doublet i & 8.07 (d, J =
7.2 Hz, 1H) \Aimannldsnauniunis 7 (H-7) uazdtyaynnd doublet i & 8.27 ppm (J = 8.4
Hz, 4H) Ainanntlsaouaiumils 8 (H-8) (Geogluaninuandanmilauiu) iesainegly
AWM ortho- TLNgLeamaiasliFUaNENAaN NUIIAIBLANMTBUTDINY A TURTATDL0A

o o Ay y = Al a & e A . i
wmailaanse Ay ld [edangLBaauINuMANAN4n (down field) wanainil
a1:81708uTuIATI4519990 HR-ESI MS LA 1AL (726.9681 m/z (AN NN1TAT WA B

C,H,,Br,0, (M)" winfiu 726.3637 m/z)

1.3 Tng9d519229819U52nal fluorescein dicarboxaldehyde (I-5)

A 46 TAgeas1amNalANY99413Usene L fluorescein dicarboxaldehyde (I-5)

aMnNNNsAnE tAeasenNaARreedslszne fluoresceindicarboxaldehyde (I-5)

£2
o A

Tnedanneaininsaintdanunsntuiilaseasnalinei

"H NMR (300 MHz, CDCL,): 8 6.74 (d, J = 9.0 Hz, 2H), 6.94 (d, J = 9.0 Hz, 2H),
7.63-7.79 (m, 3H), 8.07 (d, J = 6.6 Hz, TH), 10.66 (s, 2H), 12.12 (s, 2H); (Ml 47).; °C
NMR (75 MHz, CDCL,): 8 77.2 (C), 109.1 (2C), 109.6 (C), 113.5 (2C), 115.2 (2CH), 123.7
(CH), 125.6 (CH), 126.6 (C), 130.5 (CH), 135.6 (CH), 137.0 (2CH), 151.7 (2C), 152.0 (2C),
164.7 (C), 191.8 (2C); (N7 48-49).; HR-ESI MS amnn1sAiuans C,,H,,0," (MH)" winfiu

389.0661 m/z azannianadasl 389.0757 m/z (m‘wﬁ 50).



6HO
H-2
H-1
H-4 H-3
J._)L ix lH
I I
8 7
e H-2
H-6 ' H-1
H-4 H-3
| 1 | e
2 1 10 e e 7 6 5 s 3 2 ' '

g g Al [

A9 47 "H NMR gdilnasuaesanstsgnat fluorescein dicarboxaldehyde (1-5)

140 130 120 110

ol |

T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

ppm

A 48 °C NMR gudnmiueesanstlsznay fluorescein dicarboxaldehyde (I-5)

47
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T T T
140 130 120

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 S0 80 70 60 50 40 30 20 10 ppm

n i 49 °C DEPT135 NMR dldnmiiuesdnsilszney fluorescein dicarboxaldehyde (I-5)

Intens. - oo H H. .0 +MS, 0.0min #(5)
x1o&_ :@
HO o] OH =]
AR cul
0.8 T
) o]
0.5 Q <
i P 2
0.47 Chemical Formula: CaaHyp07 D =
1 Molecular Weight: 388.33 g/mol = 2
0.2 o I’
p 7]
i) : e e , : ‘
100 200 300 400 500 500 700 800 900 mfz

AH 50 HR-ESI MS awlnafuaesansdsenadl fluorescein dicarboxaldehyde (1-5)

v
1

anua 'H NMR alnafu wasaliidiusansniedninnnaesilsnet 6 nay A9 499

o q

D_ ¢

IS

Arynynuusnuanaidy doublet 1  6.79 uaz 7.94 ppm NAA" J-Coupling Winriu Ag 9.0 Hz
wdnadnldsmeanisaassia A1 coupling Auldsnandnameaniiallsnen waziilueslsunfn

Tilsmaunag luAumus ortho- Teriuuaziu anlasaiiene Tlsnauaunis 1 (H-1) uaz 2

o 1

(H-2) muas (Taed H-1 Bd1 O arnduflasannlffuandnaanuglidiannsau (my -

a

OH) 11nn91) Keysyrouii © 7.63-7.79 ppm Fanmauzidu multiplet inann coupling 351914
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TdsmaumAiumide 3 (H-3) sauda dandudymyrnaasidsnauaiumis 4 (H-4) Miin
coupling fiultlsmaumnumils 3 (H-3) nilesanag lusunidsinanss asuansdayayinui

a

doublet 71 © 8.07 ppm (J = 6.6 Hz) Aryrymunguiitininainlusnausasvsdanlas (H-5)
fdnwouzdly singlet 1 & 10.66 ppm eml,ﬂuml,mummmwu@ wgirendansizid
fYIel

dnsnsnifaey _CH,Br (9, 4.87) 11w —CHO (3, 10.66) lHa3¢ uazdnynougadinaiinain

q

Tsmaunasny ~OH (H-6) Assngdryayraudnsnie singlet 718 12.12 ppm AnTiLE e
TAg9a319feua HR-ESI MS WUAN 3890757 m/z (A1NN13ATUARY C,H,,0, (M+H)'

389.3344 m/z) Ineanunsnianana lnnisfaLgizenfanini 51-52
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o} o} 2 o
O X
0 o}
1-4
©
O
/SIE-D HZ%\ED/CH:;
H3C CH; (; |_)

o)
Br H (0] H
) o) o) 0
o) o) o)
o) 0
o) o)

O~._H H__O
SOPPR:
O

o
1-4A

i 51 nalnnsfinlisenresanstsznay fluorescein dicarboxaldehyde (1-5)
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o] o] H @ H
o~ en o Oy
O (3L
PON
(0] le} H H
1-4A
H
©o.
HY H

Oy H H_O ) Oy H HLO
Q(o o 6>(© Q(o o o>(©
PO T T T s
O O

0.
0 o H™H

Os_H H_O -\ 4 o
H®
0 0 0 o 0 OH
; B0\ KBt
5 o "
o J7PES
o 9
HSH ©

OscH  H. O O H ~H_O
©§<o o) OH o) 0 OH
SRR [PEREy
-/ H/®
/—\H O e O
O z &
o)

20,
5 H
H™H o

H
o@
HKJH
(e}
OH OH
Cm O O o o
| O

n il 52 nalnnafinlfisanvesansilszney fluorescein dicarboxaldehyde (I-5) sia
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1.4 TAsag5192091dUL a5 (Sensor CFC4)

, 9
A 53 Taaasannueiiaesidiaes (Sensor CFC4)

a1nNN13ANEN IATNESNINIAR RN a5 (Sensor CFC4) IneinanieailnTnsalnil
awnsaiiusulnseasnelisd

"H NMR (300 MHz, MeQD): O 1.68-1.84 (m, 4H),2.50-2.68 (m, 4H), 2.68-2.83 (m,
4H), 2.90-3.06 (m, 4H), 4.08-4.24 (m, 4H), 6:50-6.60 (m, 2H), 6.98-7.11 (m, 2H), 7.12-7.24
(m, 1H), 7.48-7.63 (m, 2H), 7.95-8.07 (m, 1H); (ﬂ’WW‘ﬁ' 54) C NMR (75 MHz, MeQD): o
28.8 (2CH,), 31.7 (2CH,), 32.4.(2CH,), 43.2 (2CH,),/50.4(2CH2), 112.4 (C), 112.7 (2C),
123.9 (2CH), 130.1.(2CH), 130.7 (CH); 131.0 (CH), 132.2 (2CH),"134.8 (2C), 141.9 (C),
157.5 (2C), 161.2 (C), 174.4 (2C),181.5 (C); (ﬂ'ﬁ’\l‘ﬁ 55-56) HR-ESI.MS AINNITATUI D
CyoH4,N,0,S," (MH)'-565.1831.m/z, AANNITNAKBLI565.1824 m/z. (Nl 57)
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J

=" | N/ W&

H-7 H-6 HS H:-z H-1
| L_L ] U
H-8
H-10 LJ
4_1__1‘%_;] L\ /(
I T T T T T T T T T T
9 8 7 6 5 4 3 2 1 0 ppm
v’ g ‘_l [ lm! “5 |”| ¥k ,m|
1 i s el g @

J.L Ao H A

T T T T T T T T T T T
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A7 55 °C NMR @ulnmiuaaawiuiias (Sensor CFC4)
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HN NH
HO. o o)
3
O COOH

T T T T T T T T T T T T T T T T
150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 PPmM

A7 56 "°C DEPT135 NMR gkl nminaediduimes (Sensor CFC4)

Intens - u— T +MS, 1.0min #(62)
x104
565.1824 H H
HN. NH
1 5 HE. Q. 0
e
1.0 . COOH
g
357.0788
0.5 | ChemicalFomula: CagHaoNa0s85
MolecularWeight 564.7150
| 413.2681 l
pveue Il | SN Al

200 400 600 800 1000 m/z

NN 57 HR-ESIMS dlnminaaidugas (Sensor CFC4)

AN 'H NMR awdnaiu dansliidiudynnnaasidsnai 10 ﬂ@ju‘ﬁumnﬁmﬁu Tnel
zﬁ“tytyﬂmﬁmmimzqiﬁﬁmL@uﬁﬁ\‘iﬁ” zﬁ”mﬁyﬂmmjmwﬂﬂmﬂgﬁ' O 1.68-1.84 ppm Lilu
multiplet AnanTusaausumia 1 (H-1) §AxN7 & 2.50-2.68 ppm Wudtyoyruaasldsnau
AW 2 (H-2) &tytynod multiplet mmﬂzjuﬁmmﬂmﬂgﬁ' 0 2.68-2.83 uaz 2.90-3.06 ppm
Tneiinanniuanauiumis 3 (H-3) uaz 4 (H-4) uadu samguailinanaliluiade
NMR 2949419 2-[4-(2-aminoethylsulfanyl)butylsulfanyl]lethanamine (I-3) ﬁﬂo_,mal’wmﬁ 0 4.08-

4.24 ppm Hanmuziilu multiplet aanlsnausumis 5 (H-5) dan1sdsnguesilsneu
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o

éhmeﬁiﬂum@%ﬁﬁLﬁudqﬂﬁ?mﬁ AATLENLNe0IaE —CHO (0,,10.66) 1l —~CH,NH
(O, 4.08-4.24) 1Fa39 dryryruansoue multiplet zﬁmmjuﬁmmﬁ O 6.50-6.60 kAT 6.98-
7.11 ppm AaanTUsmaumALuLg 6 (H-6) La 7 (H-7) AaNanad (aei# H-7 Fen & Anngn
Lﬁ@q@qﬂié’%u'ﬁmﬁwmwnusﬂﬁﬁL@“ﬂm@u (-OH) 81nN3N) ﬁtym;nmmqmimﬁmmﬁ 0 7.11-

7.24 A% 7.48-7.63 ppm Aanuoue muliplet Linannilsnaumni g 8 (H-8) waz 9 (H-9)

1
[ ¥ =

AVNANAL WazATytunuaIAugaTinad O 7.95-8.07 ppm HAANmMY multiplet tRAaIN
Tismausumile 10 (H-10) %q@q%ﬁmqﬂ'm?‘mﬁ@mn%m‘ffmﬂmﬂgﬁﬁmmmumLL;Jmﬁﬂ
ﬁlﬁzgm (down field) FaTianuN T eI ATAS9aN N HR-ESI MS I8N 565.1831 m/z (ann
NMAMANS C, H, N,0.S, (MH) WWinfil 565.1824 m/z) GeilanIndiAseiudeanunsniugu
1831 fuLT85 CFC4 (Sensor CFC4) AeRuaannasdalamey Tnganunsniauanalnnig

RadfAzenAsnIni 58



J
N

HO 0] 0
L

COOH

Sensor CFC4
N 58 nalnniafinlfisanveadiuiges (Sensor CFC4)
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1.5 TAsegs19uadstspBuiilanslga (11-3)

AN 59 TAseaiannaanlsanRud laaslasd (11-3)

= P = asl = A o
a1NN17ANE1 TATIA5NNILANTD9ET 11-3 e anieatdninsantannsneuey

o

NP ER R AD]

"H NMR (300 MHz,/CDCL,): O 1.14.(t, J-= 6.9 Hz, 12H),[8:31(q, J = 6.9 Hz, 8H),
3.62 (brs, 2H, NH,), 6.27 (dd,<J, = 8.7 Hz, J, = 2.4 Hz, 2H), 6.43-6.46 (m, 4H), 7.06 (dd,
J, = 5.4 Hz, J,=3.0 Hz, 1H), 7.39/(dd, J, = 5.4 Hz,/J,’=/3.6 Hz, 2H), 7.92 (dd, J, = 5.7
Hz, J, = 3.0 Hz, 1H) ppm (A7 60)"°C NMR (75 MHz, CDCL,): & 12.6 (4CH,), 44.3
(4CH,), 65.8 (C), 98.0(2CH), 104.6 (2C),108.0 (2CH), 122.8 (CH), 128.7 (CH), 127.9 (CH),
128.0 (2CH), 129.9 (2C), 132.4-(CH),-148.8 (2C),151:5(C); 153.8(C), 166.0 (C) ppm (NN
7 61-62).; HR-ESI MS-@1nn17AIUIR C4H,,N,0, (M+H)" 457.2604 m/z, aann1snagdadl
457.2366 m/z (AT 63).
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1.141
1A
—0.000

A7 60-'H NMR aulnafuaaalsanludlanslas (1-3)

H-3
H4
J S
e S ey
4 3 2 1 Ppm
3) (8 3
=| =1 =l

A7 61 °C NMR awlnmsuaaalsaniudlans las (11-3)

* c~aR SRSRRS 2 e ~ oo - - - -
1,0
O N—NH,
/)\‘ O o C N/'\
| I | { [
;a_r* e T T T T ¥ T T
120 100 80 60 40 20 Ppm
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160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

A 62 1°C Dept 135 altlnmsuaaslisaniudlans o (11-3)

Intens +MS, 0.37min #(22

{1951 457.2366
o]

Ot
/\N O 0 O h(\

0.501 )

0.25

2842771 2

0.00% . v T Y v v v T
0 100 200 300 400 500 600 700 800 900 miz

AN 63 HR-ESI MS dilnasuaaalsaiudlansalas (11-3)

Lﬁfaﬁm-ﬁmqmﬂimm’éwmaﬁ 11-3 (m‘wﬁ' 59) waz 'H NMR g@vlnmsu (mwﬁ 60)
wanslimiudnyureslilmnan 8 1TpTiuAnsineiis wilaiansnsoduiulaseasnefiviuemn
eeihedaian flesanlaseasreBuiuanclsaniuinaelss (1-1) uansua 'H NMR uansing
Aunalsnnilu O lanslas (1-3) iNeauAdtynruaemgiadulugiumis O Wi 3.62 ppm
Wity daudnyunaimde lianunsauenlietedaian Aedesendunares °C NMR
AnATN (N 59) uneBLnefisFy Tmﬂzﬁ“ﬂ;mqmﬁmm@mzqiﬁ%Lﬂ-mﬁ@ a?“m&mym‘ﬁ

Usngaumile O winriu 166.0 ppm FaiiaandtyryuAIiuaU aa9msAFustia (C=0) 7



Mavusyiverpanlulnsaulfidumjnlug (N-C=0; C-1) Gelfulasuaumnisasdoynnu

o

a A

anianlsnntutinaalad (11-3) mijaiueiia (C=0) axiinuszagiuernanaandiaulsily

wypiuandan (O-C=0) Faazuansdnyyinslsngi O 167.29 ppm Mianaunsnlduaann
nasnsagaunninluanatuiusanion Inaiansnnann HR-ESI MS (N 56) Tugms
Tuana CH, N0, (M+H)" 1awinfiu 457.2366 m/z HAnlndLAzNainnisAunslaadien

s

v
Winfu 457.2604 m/z agtiugwldanlfang 11-3 INeuasaaInn1edaasst Inga1u1snLdue

1
o =

nalnnanadlisenfsning 64

(o
J/\

(o H,N—NH,

NgOCN/\

~

o)
O N—NH,
QI
N

-3

J

N1l 64 nalnnasifagfsenaesanstlsenat Tsandudlanslas (11-3)
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2. menagaudszAnaninwlunisnsiadulaeaulanzuazlaaausuniudu g aaq
LiuLdas CFC4 Tud1sasa 8 NaNssuI9d15azaatnNinas
Tris(hydroxymethyl)aminomethane (Tris-HCI buffer) bUNT U 2.62 mM pH72 LAz
methanol luans1dau 95:5 viv

Sevgeanamudiduised cFca Tifunisfiudulaseatiouda adliinduires

CFC4 infnunfstlsz@vannlunisnanwifentunisnmaduleaaulavzmin daemaia

WQ@@L‘mLsﬁuﬁmLﬂﬂimmiﬂmumquﬁL‘flummmwaum?{f WAZANTATAN LN A

dnsazaneauyind ewiaanudadlalunistins e (sensitivity) ANTNANNIZLANZASAL

laaau (selectivity) L‘]fiﬂuLﬁﬂuﬁﬂ@@@mummﬁm%uj saavatin U An s AedszAnsnam

'1umimw@”ﬂ@@@uﬂ@@mlum%ﬁﬁ%@@mumu’éuj (competitive) cﬁhmﬁ'mu@mmmi

o o

Juiuleaan (Association constant; K

assoc)

o

Tnennsinduimes 1 Adaaseildindndssdniainlunisasiasyleaautlsen
uarloaausunIuau lumTazAienaNTEHI AT YAt EirlaT Tris-HCI buffer ady
2.62 mM pH 7.20 uaz methanol Tuamsaaw 95:5.viv v laaautlsen laaeulanenang
41 lasaulanzdanilal uazlaseulavzdan latlginating1e) wsaulnetinnas aaeled

v
raslavzuFastin azang i DI

2.1, HANSNARAUANTANITATRLAINGDALT AL UA LUAITATAILNANTEUIN

ansazaretininad Tris(hydroxymethyl)aminomethane (Tris-HCI buffer) 1 sdiw

2.62 MM WAz methanol Tudrns1891 95:5 Vv # pH AN UABULAZUAINNS
wnlanauilsan

NNt LA gaaL alanfIe I duLEas CFC4 azAnunluasaza1enaNIzndng

dansazanetimined Tris-HCI buffer tixdiu 2.62 mM-ua® methanol lugmsngau 95:5 viv &

pH F1ariu Tneian NanAFuaInITAELAINgaDLIaLEUA (fluorescence emission

spectra) nauuaznasnninlanaulsan ludaspaue1amdn 514 nm (A = 514 nm) 1ila

A Wiy 493 nm Aandindiuaesidumes CFC4 winru 0.01 uM uazlflasautlsanlugy

1IN ADARD LIANANITNARDILAAIAININT 65
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180

3 160 -

u

140 - ——CFC4

120 - —=-CFC4+Hg(ll)
100 -
80 A
60 1
40 -

20 -

Fluorescence Intensity (a

NINA 65 NN3AEILAINgaRLIAEWE (A, =493 nm uaz Ay =514 nm) 193iduimas CFC4
(0.01 pM) luangazargndnsznensasazantlinines Tris-HCI buffer Windw 2.62
mM Az methanol WeRsIdIu 95:5 viv 1 pH.pie7 fanuaznausnleeaaulsen

ARD bIAN AN NE 3:33 uM.

AMNHANITNAREINLIY - LD pH U89ansazaatlmes Windu 2.62 nM Tris-HCI
buffer wlaawlyl A1 Fluorescence Intensity 1a3dutes CFC4 ARA ALY aemn ]
v dll QI d” a a [ 2 dl v o =®
fael 1ie pH 1894138 san i NTH Usrdnananlunisaulesenusenanad 34lAvinn1sAnE
pH lutdag pH 6.10-9.90 lagNg13a=a%e. pH 6.10-7.20 Tuwwed | daursnduleasudsanld
Andnansavaend pH 43n4) (pH >7.20) Tatiasazaai pH 6.10 uay 7.20 sinlfien
Fluorescence Intensity 9a91duiaa3 | intsilazuulasnnngna seilusnuiddanaaaanis
ATAENANIENINATaz AT WIWeS Tris-HCI buffer 1iindu 2.62 mM uas methanol i
dnendau 95:5 viv pH 7.20 1l lunnmeasssied) 1 tiesaind pH 7.20 dudaasluaen

o‘d‘ [ Y [~3 . a dgl v '8 QI aaa VU
VBN mmmm\‘immummmumu%mmmﬂi:aﬂm’lﬂum@mmmmwﬂm
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wa = o <
2.2. N@ﬂ"l‘a"ﬂﬂﬂ’f]ﬂﬂuuﬁlﬂq?@ﬂﬂ@uuﬂ\'ialu‘ﬂ"lgg'ﬂNiﬂﬂﬂuﬂ?ﬂﬂ‘ﬂﬂﬂl‘ﬁu“ﬁﬂ%
CFC4

nsANALLANTBNLTuLIes CFC4 AntnTuasazanananszidwansazaeinmas
Tris-HCI buffer lndiu 2.62 mM wag methanol Tuams1dq1 95:5 viv pH 7.20 TnefamIy
AllNRINTBINITAANAULEAY (absorption spectra) TeadNiinduaafumas CFC4 Wiy

3.00 uM uazlflanautlsanlugiaasnaanaalss nan1maaasLansfInNIni 66

0.16

0.12

0.08 -

Absorbance (a.u.)

0.04

400 450 500 550 600
Wavelength (nm)

AN 66 mn‘@mﬂﬁuummmvﬁuma% CFC4 (3.00 pM) Tud3aga1eianszndng 2.62 mM
Tris-HCI buffer waz methanol (95:5 v/v pH.7.20) Aeluazudainlaaaulseanaas
1sﬁﬂ7imqw’ﬁu?ﬁur§m1 a: 0-uM| b:0.06 uM;-c:-0.13 pM, d:0.20 uM, e: 0.27 pM, f:
0.40 uM, g:0.53/uM, h: 0.73 pM;i+0.93 uM;j: 1.20 uM.

AMNNANIINAABINLAN NITATIAALVRLFULERS CFCA fuleeaulsanuana
Arynynnunnsganauiaslugased-2giia (UV-Vis absortion) WiLsE11 ON-OFF Fafinann
nalnnisiAngnssznenidedeulnanindasunlaslnreairerasfumesniandanis
neaasleeeudsanteaduitaslugnsazansanssuinagsazanetiwinas Tris-HCI buffer
i 2.62 mM uaz methanol lusnsndau 95:5 viv pH 7.20 Taemudnluninziiliiflansuy
Usan vgeaisainufifuises CFC4 azganauuasliigeaniinanuenanau 495 nm usiiled]
mmﬁuﬂi@mMﬂiiﬁﬁmquﬁm%uﬁmj \fulins CFC4 azuanIAny I niNI96ANAULAS

ANAIUAZIIA red-shift 1111HiN19ANAULAYZIAATIAINENIARY 502 nm BNTIAENANITT
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& A a vy | A =
L‘Viuﬂ’]ﬁ‘lfﬂ@ﬂuLLﬂ@\?@ﬂ@Q@q?QZQqﬂi@@Qﬂm’]Lﬂ@qiﬂﬂ LN@VLNNVL@@QH‘]J?@V] ANTATANHUURN

WaaaLsaruiiduries CFC4 Namaes uazilaswiiluaisazarodduilolinisianlesay

1san

2.3. Namemmaﬂuauﬂ'ﬁmemﬂLtmwgﬂaLsmmusﬂuquﬁma@ﬂuﬂiaw

a 4 <
wWiauidisunuleaaausuniuau o saaduitas CFC4

m@mmmm’mmmmW@JmLimsﬁuﬁmmﬁumm‘ CFC4 TuanIazatNansesning

anrazaeiWwas Tris-HCI buffer 1Nd1 2.62 mM Kkaz methanol luanIN491 95:5 v/iv pH

7.20 lunaznileseudsenuglrewnaenaalss wWraumauivluninenilasausunay

aiasine 1w AP, Ba™, Ca?'; Cd”, Cu™ Fe™, K, Mg®', Mn”", Na', Ni* uaz Pb*" l5iua

o .
PANNINN 67

Normalized Fluorescence Intensity

0.8 1

0.6 -

0.4 1

0.2 -

0.0

+Hg(ll)
Al(I)
ABa(ll)
% Ca(ll)
xCd(ll)
ecCu(ll)
Fe(lll)
K(l)
Mg(ll)
Mn(ll)
Na(l)
Ni(ll)
Pb(ll)

0.0

1.0

2.0 3.0

lon Concentration (pM)

4.0

5.0

N7 67 nnsaneLasngaatsdmus (A, = 493 nm uaz A = 514 nm) a8qifuimas CFC4

(0.01 uM) TuanazagNanIznang 2.62 mM Tris-HCI buffer as methanol (95:5

viv pH 7.20) Tun1nziilleseulavzaesinaenas ledatinsnae Tulsunnmsineriu
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=2}
o

CFC4 only

AI(IN), Ba(ll), Ca(ll), Cd(ln), K(11),
Mg(l1), Mn(ll), Na(1), Ni(ll), Pb(Il)

Fe(lll)

B
=)

Cu(ll)

Fluorescence Intensity (a.u.)
N
[=]

(=]

500 5;50 600
Wavelength (nm)

NN 68 NNsAELENHgRalIaLEus (A, = 493 nm uey A, = 514 nm) 99aifuimes CFC4
(0.01 uM) lua1asaNUNANIZNI12.62 mM Tris-HC! buffer Laz methanol (95:5

viv pH 7.20) Tunnesiiillasaulavzaesindengalsfafinsiaer udu 10.38 pM

AT 67 UARIAIINANILEILVIN9AN norfmalized Fllofescence Intensity (LAY y)
m@qzﬁvﬁytyﬂmv%zgﬂmmLmuﬁﬁmmmaﬂﬁ‘u 514 nm wazAN dinduaaslasauniinsneg
(WY X) WA WIS CFCA SRnusinEazasiartlaasutaslsan el Refayusy
VL@@@uﬁszﬁluj A Tnasnaaes Tntira homalized Flufescerice Intensity NuunlHinanas
@fJNLﬁuiﬁsfmwummﬁluﬁ@m dainansinaessansiiiiuindelinindleseusen
agynlififianisanasaasdryrasgaaisamusadndaan Tuausndynyianisaisua
W@@@LmLsnuﬁu@”\‘]Lﬁmifafa@u@umumﬁm%uj 1Hun lenauazgiitian (AY), loaauuuizay

", lesauwaa@ean (Ca™), lesauuaniian (Cd™), leaaunasuns (Cu™), leaauwan

), leaaulnuwnadan (K9, lesauuunild@an (Mg™), leasuunaniiia (Mn™), laaau
Tnfeu (Na), leseuiinifa (NF) uaz laaaunsia (Pb?) luaanuidiandiv 10.38 uM wnf
fuleeeutsan (Wihiupauidindiugegnaaslessullseniinlfidoynugessamusaes

|
{ o

duasiAnnngn) llwansniaddsuslasidailinisd dsunlasties ndn 2% wWaiaudy

q

AHdiNIaIR RN uENHYL (e lid leaaulanzidadulugnrazaneiducias) Anwi 68

v o
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2.4. NamswmauﬂuﬂﬁmsmﬂumV\IgﬂaLmLmum‘iumq:ﬁﬁ‘lﬂﬂﬂuﬂsawmm
\iuLgas CFC4

nsAELaIgaasauAa99iuLTes CFC4 AnwnluaisaraitnanNszndng

ansazaaiwines Tris-HCI buffer ndii 2.62 mM wag methanol luamsa@au 95:5 viv pH

7.20 IngAnnualnATNY0IN1TANELAINgaaLIALTUA (fluorescence emission spectra)

e A, wini 493 nm anudindiuaeciduaas CFC4 winu 0.01 uM wazldlaaauilsan

Tuglreanaenanlsd 1an1IMARRILARIAININT 64

60

50 A

40 1

30

30

20

20

Fluorescence Intensity (a.u.)

Fluorescence intensity (a.u.)

o 0.05 01 015
lon concentraton (uM)

10

500 520 540 560 580 600

Wavelength (nm)

Wi 69 NMsantuasaeslIArIus (A =493 nm WAz Ay, = 514 nm) 1eaiiulas CFC4
(0.01 pM) TuansazaigNANIENINg 2.62. mM Tris-HCI buffer az methanol (95:5
viv pH 7.20) niauuazndaianleesutlsanaanlafnaandindusine a: 0 M, b:

0.013 uM, c¢: 0.027 uM, d: 0.043 M, e: 0.11 uM, f: 0.71 uM, g: 10.38 uM.

AMNUANITNAABINLA N1TATIAALIB4LTULTRS CFC4 ulaseutsanuans
foueuaunisANeLaIngeeLsdLTuALLILITUL ON-OFF Fafaannnalnnnsfinanslszney
Fadaulaenisilasuntaalasaiaesdugainiandanisnmaduloaaulsanaes
VULl 419828 RANTTNINY 2.62 mM Tris-HCI buffer ka methanol (95:5 viv pH

7.20) InawuanTunzn i lesaulsen uaad CFC4 azAnauaangoasalaudngs us



sl,um\ﬁmﬁmmwzﬁ“\‘mmﬁuﬂ@@wm@@iiﬁﬁmmﬁufﬁuﬁmj sy A&ty
peLasNgaaLraiTufanasluda9ANE19ARL 500-600 nm InEAINENIARUNINTIgR
(A..) 1BINTAEILAINARBLIATUALYINAL 514 nm ?ﬁlqmﬁ?mmmm@@@Limﬁuﬁmw‘ﬁumm‘
CFC4 azanaaifludngulaansaiuiiunlesaulsaniifinisuluansazane wudmanly
a13azane i leeeudseanaaa lsduinndnanudinduressnsazatadugas 10,371 win az
ﬁqlﬁﬁma&lﬁmWQ@@LmLsﬁuﬁ@mmwmﬁ' ﬁﬁlmmmmm@m&mmlﬁmmLéﬁum@ﬁf (lelaid
lanauilsan) 84% laaaru1sndnmArdss@nsn widsnausa (quantum yield: Q) 194
diureaslEwingy 0.56 (1 fluorescein iluanadngd) [48] HAauduwusseudnedyyno

Wgeaamudiuaudniuassleaanusemiudunssdutos 2-12 ppb ddeiutaanig

'
| o [ %

19U LazdAAgA18a9N13A9997R leaauilsan (detection limit) iy 7.38 nM or 1.48

ppb

2.5. uan1gnAgaUANTANTAE LS NgRRLsaITUAluA T laasuilsansan
fulaaausuniuau g aaaduiaas CFC4

NINARALNITATL LAINGADLIA T UATR 9 FULTaT CFC4 AT AEHNANTENIN
ansazaainines Tris-HCbuffer 1ndii 2.62 mM tlas-methanol Tuama@au 95:5 viv pH
7.20 lunnagiifllensuilsavasaasanagivlasatsnnoudu Bud A, Ba>, Ca”, Co",
cu®’, Fe”', K',Mg™, Mn”" Na', Ni" uaz Pb* %ﬂﬁmmﬁmﬁﬁymﬁmmﬂ@meumﬁlmmzﬁ
Hifsunnulaeausunausaewindu 10 Wit 2estuindlessudsanluaisazany Tnaaax
dadiuresifues GECA wini 0.01 M ez 1¥leeatsfasieylugluetindenaelss 1
HAN1INAADILAAS TUILIDINTINANNANWUSTTNTINAT 1/ (WnK'y) wazalinaadlaaay

THAF9T (W x) Hnastuanstunanm 70
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1.4
1.2 1
1.0 4
0.8 -
_O
=
= 0.6 4
0.4 -
0.2 1
0.0 -
I I S N A S P RN
N 20 F R0 Y LT X N ;5\ x@ & & xQ
FFFFFFFF NS S S
2 28 28 8 2 8 T S RS
X TFE VI

NN 70 N1sAnauasganlsalEus (A, =493 hm uar A, = 514 nm) 1e9iduima’ CFC4
(0.01 uM) a8 AgNENTZUIN 2.62. MM Tris-HCI buffer kaz methanol (95:5

v/v pH 7.20) ’LumfszmummL%u%uiﬂﬂﬂu@Uﬂqumm wetuluansazanewingy

0.3 uM (10 equiv.) FasANNENTUlaaaUY TN 0:03 UM.

nsneaasiidunimeagatadTng1u1 8l uleaaullsenueaduimes

CFC4 lun1ashilasausunaudu’] aun lessuezgiifiany (AM), leesuuuiFen (Ba™),

leaauuAaldgn(Ca’), laaauwantdan (Cd™), leeaunadund (Cu™); Teaauwman (Fe™),

lepaulnunadan (K), leesuwunilidan (Mg™), laaeuuxdniila (Mn™), lessulaney

"), lenauiinifia (N®)uss leaaunsin (Pb”)%qﬁmmLﬁu%ummi@@@mumuﬁmﬂ

(dw 0.3 pM) 1Tu 10.equiv. Agepninduaedleasnilsen ((dndu 0.03 pM) ne
o/ o/ a‘call dl dl o/ Yo o/

;3RS AATY N IN QB LIALTURTIAINEIIAAL 514-nm ANNNTNT 65 A3une liandtynyos
Waaasamusii lAindsaniinleseusunawen) saurivleseudsen lufina/aeuulas e
= o LS o a = a = Y & 1
Wauiudyniuigessaaufidinisifinleaautlsanivasaiaibeg wanslidiug

= - A a a o A o pRpm o o o

duiged | Hsz@nsninlunisinauis wliluaniziilessuausunon daniuminlussuy
dl o a a dl ] o A I < -4
nsaaduilleeausiindu) wirdudsuinlessutlsen viseninndilessuilsen iuaes
CFC4 flapuansdnynynungantsariusuuy ON-OFF lilaailss@nsnnasaduitesly

ANAY UATAINNIDANAL laaullsanatineanzianzasgy
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2.6. ﬁhm'mmm'a‘nls‘hzgmmmﬁmsfmﬁuhaauﬂsam (detection limit)

NIIATUINUAIAITNAINITORIGALBINITATIAL (detection limit) nFevinlnenaenm-
na e log 2esAmdindnaestseniiinasly (wnw X) i Relative value N9aT1a7 (Wi y)

Relative Value = (I, =) / (I ., — I )

158 | = AnaiintasLasngeaisarufasasazanaiuiies CFC4
AauAnlaaaulsan

cala 1 v

| = AnudinaesuasgealsdmusnaAiangn
| = anuidingadiaangealsa e sazaeduias CFC4
naafnleaaudsannaandndwls

fayarine) veuduiged | LAAIAIAITINT 4-8 UATAINNIINLAAIAININT 66-70

A o l ¥ v A a < & '
M1TNNN 4 ﬁﬂm;li@mmmmem@ﬂ@@@uﬂi@mwmmﬂummmwmumm (M), A1 log 284
Y v = . I A o o & < 'S
ﬂ’)’]llL‘IJN‘IJM%I@\?iﬂ@@Mﬂ‘J‘@VIV]L(?]llﬂﬂllﬂ LATANTIANNUDURALTULTAT CFC4

ANUFUANNIT 1

[Hg*]1, M log[Hg*"] Relative value
0 0 0
1.00x1Q" -8.00000 0110241
1.33x10° -7.87506 0.17358
1.67x10° -7.77815 0.26082
2.33x10° -7.63202 0.32307
3.00x10° -7.52288 0.44801
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05
045 .
04 -

y = 0.6985x + 5.6831
0.35 4 R? = 0.9794

o
w
L

0.25 -

Relative Value
o
M

0 T T T
-82 -8 -78 -76 -74

log[Hg*]

R’ ex

dl o o o 1 ! 4 4 a‘dl
AN 71 nNLAAIANNANAUT T2V TI9AN log m@qmmwmummi@@@uﬂi@w ﬁ@‘lﬂ?ﬂ‘ﬂ

\Auasll iU Relative Value a9 iiuimas CFC4, A, winfi1 493 nm
N19ANUINL
anna i lFaunsidunsenn |y = 0.6985x + 5.6831;R*= 0.9794

o o 2
UIARALUNL X AvA 19 y'=20

4
@ o

AU 0=.0.6985x + 5.6831
x =-5.6831/0.6985
X =-8.1361
Wil x = log [Hg™' ]~ azlf log [Hg"'1=-8.1361
[Hg™1=10""""
= 7.31x10°M
=147 ppb.
farfuanannasi 1 detection limit lun1smsaadylesautlsenaaelss winfu 7.31x10° M
1138 1.47 ppb.
TUNMIANUIII AT AIINATNNTA AN GATEINTTATIASY (detection limit) aziinng
AN ANAYINART ALARE LTI AN AL AN TOANGATEINITATIAGL (detection limit)
a1n 5 annsiuansinai e A7 IndiResrnaugniiesunniian

Q

1A8INNITANUITLAN 4 LULAZANWIA DAL AUALANA LA E195H
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lﬂl v 1 v v dl a [~3 ' 1
;131979 5 dayarrandinduaedlasaulseniifinasluasazanaduas (M), A1 log 199
AN Nduaaslaaaulseaniiinadly wazAF dunusuaedulaas CFC4

ANMFUANNNT 2

[Hg*1, M log[Hg*'] Relative value
0 0 0
1.00x10°® -8.00000 0.10241
1.33x10° -7.87506 0.17358
3.00x10° -7.52288 0.44801

0.5
0.45 -

0.4 - y = 0.7363x + 5.9841
0.35 4 R? = 0.9965

o
w
1

0.25 -

Relative Value
o
%]

-8.2 -8 -7.8 -76 -74
log[Hg?*]

AR 72 NI NLERAIANNENNUTIZNI19AT log 1e9AnNdlinduanslaaulsanaaalssn

inaslil U Relative Value 194 iwimas CFC4, A, vinfiu 493 nm
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N1TANUIRY
anna i lFaunisidunseas v = 0.7363x + 5.9841; R*= 0.9965

o o 4
UIARALNL X ARVZATTNEY y=0

v
o o

QU 0 =0.7363x + 5.9841
x =-5.9841/0.7363
x =-8.1273
Wi x =log [Hg"™' 1,  azlé log [Hg*'] = -8.1273
[Hg*] =10 """
= 7.46X10° M
=1.50 ppb.
Fatfuannaunisi 2 detection limit lunisasaadu/lanauilzenaaelsd winfy 7.46x10° M

1138 1.50 ppb.

F137197 6 Fayariandinivassleseulsaniitinasluassazaneidumad (M), A1 log 999
Antinduaaslesauilsanianasly KazAgsduinsaeaiduiaes CFC4

AUFUANNIT 3

[Hg*1, M log[Hg*'] Relative value
0 0 0
1.00x10° -8.00000 0.10241
1.33x10° -7.87506 0.17358
2.33x10° -7.63202 0.32307
3.00x10° -7.52288 0.44801




0.5
0.45 f °

04 1 y =0.7001x+ 5.6924
0.35 1 R2 = 0.9814

o
w
L

0.25 1

Relative Value
o
%]

8.2 -8 78 76
log[Hg?']

73

A 73 NeNLAAIANNENRUSIZNT19AT log 189nanNiNduaeslaeeausennaslssn

\Auaslil U Relative Value 104 ifwimad CFC4, A 191l 493 nm

N1IATUINL
NN i annsduRTaAe- y=0.7001x + 5.6924; R°= 0.9814

o o 2
UAAFALNY X ; NIRRTy =0

v
o/ as

JUU 0 =0.7001x+ 5.6924
X =-5.6924/0.7001
X =-8.1308
Wi x = log [Hg™"T; Azl log [Hg*'J= -8.1308
[Hg"1=107™"
=7:40x10° M
=1.48 ppb.

Aa1iAINaNN9A 3 detection limit Tun12e39asulanauilsanaaalss Windu 7.40x10° M

1138 1.48 ppb.
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lﬂl v 1 v v dl a [~3 ' 1
;13197 7 dayadrandinduaedlesaulseniifinasluasazanaduias (M), A1 log 199
AN Nduaaslaaaulseaniiinadly wazAF dunusuaedulaas CFC4

ANMFUANNNT 4

[Hg*1, M log[Hg*'] Relative value
0 0 0
1.00x10° -8.00000 0.10241
1.33x10° -7.87506 0.17358
1.67x10° -7.77815 0.26082
3.00x10° -7.52288 0.44801

05
0.45 A
04 -
0.35

y = 0.7368x + 5.989
R?=0.9964

_(D
w
1

0.25 -

Relative Value
o
v ]

0 T T T
-8.2 -8 -7.8 -7.6 -74

log[Hg*’]

AR 74 neNLARIANNENRUTIENGN9AT log 1RAnNdinduresleeeulsennanlssn

\Auaslil U Relative Value 994 wimas CFC4, A, infiu 493 nm
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N1TANUIRY
anna i lFaunisiéunseas v = 0.7368x + 5.989; R°= 0.9964

o o 4
UIARALNL X ARVZATTNEY y=0

v
o o

QU 0 =0.7368x + 5.989
x = -5.989/0.7368
x =-8.1284
Wi x =log [Hg"™' 1,  azlé log [Hg*'] = -8.1284
[Hg*] =10 *"
= 7.44x10° M
=1.49 ppb.
Favfuanaunsii 4 Detection limit lunasmsaadilonautlsen aaelss winf 7.44x10° M

1138 1.49 ppb.

F137197 8 Fayariandindvasslaseulsaniitinasluassazaneiduimad (M), A1 log 999
Antinduaaslesauilsanianasly KazAgsduinsaeaiduiaes CFC4

AUFURANNIT 5

[Hg*1, M log[Hg*"] Relative value
0 0 0
1.00x10” -8.00000 0.10241
1.33x10° -7.87506 0.17358
3.00x10° -7.52288 0.448014




0.35 - y = 0.6927x + 5.6375
03 R2 = 0.9791

Relative Value
o
%]
n

-8.2 -8 -78 -76 -74

log[Hg?*]

76

A 75 NeNLAAIANNENRUSIZNT19A0 log 189nanNiNduaeslaeeaulsennaslssn

\Auaslil U Relative Value 104 ifwimad CFC4, A 191l 493 nm

N1IATUINL
NN i annsdunsaRe- y=0.6927x + 5.6375; R'= 0.9791

o o 2
UAAFALNY X ; NIRRTy =0

v
o/ as

N 0 =10.6927x+ 5.6375
X =-5.6375/0.6927
X =-8.1384
Wi x = log [Hg™"T; Azl log [Hg”'}= -8.1384
[Hg™1=107™"
=7:27x10° M
=1.46 ppb.

Aa1AINANN9 5 detection limit Tun12a39a3ulanauilsanaaalss Windu 7.27x10° M

1138 1.46 ppb.



;113197 9 @31l A1 detection limit Tunnsasaaduleasuilsanaaalss vasduias CFC4

ANNIT Detection limit (M) | Detection limit (ppb)

1 7.31x10° 1.47

2 7.44 x10° 1.49

3 7.46x 107 1.50

4 740% 107 1.48

5 7.27% 107 1246

Anlads (average) 7.38x10° 1.48
ﬁ%‘]’jmmummgm (SD) 826x10" 0.016

7

4
ININERTUUATANITAIN UEFUNL 32 AT Detection limit Tun1sasiasulesny

sanmanlsd wiaiy 7.38 x 107+ 8.26 x 107" -M 478 1:48 + 0.016 ppb
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D o N @ 2 .
2.7. NMSWNENANNANNUEN LWL AUAS (linear range)

Linear range ﬁ@ ?JI'NﬂqqﬂﬁmﬁuﬁigﬁdqﬂﬂQWNL%NT@\?LL@QW@J@@L?'&LeﬁuﬁLLﬂﬁﬁﬂqu
v W Ao o =< , 9 .
Lmﬂmum@\‘]i'ﬂ@ﬂuﬂ?ﬂ‘ﬂ NHANB UL ULE WA T sﬁﬂﬂ'ﬂLﬂqu\‘lﬂqﬁ‘Isﬂ\?qu (WOFklng range)
AN170u IAENARANITINTENINNANTIZ NN NS (AUN1T 1) UULNU Y LL@ZV’]Q’]NL%N%HT@\?
VL'ﬂﬂ'ﬂuﬂﬁ‘ﬂﬂﬁLaﬂﬂﬂiu@flﬁ‘ﬂxﬂf]ﬁmuuﬂu X Iﬁﬂ%ﬂ?ﬁj@ﬁh\?ﬂﬁlﬂ\u%umﬂg CFC4 LamAAImnIgIg
~ o o =
7 3 WALATNNIINLAAIAININTD 73

fayasi1e- 109uimas CFC4 uandAdnITeh 10 uazainansuansAsning 73

[Hg*'1, M | log[Hg*"1 | [Hg*], ppb | Relative Value | Fluorescence Intensity
0 0 0 0 53.44
1.00x10™ | -8.00000 2.01 0.10 48.85
1.33x10° | -7.87506 2.67 0.17 45.66
1.67x10° | -7.77815 3.34 0.26 41.75
3.00x10° | -7.52288 6:02 0.45 33.36
4.33x10° | -7.36318 8.69 0.56 28.31
6.00x10° | -7.22185 12.04 0.67 23.21

dl 4 1 ¥ ¥ dl a 1 v ¥
A179N 10 m@sg@mmmmemmi@@@uﬂi@mmme\ﬂﬂ (M), A1 log UBIAINNLUNUUABN

lanauilsanilAuias Relative value 299idulmas CFC4, A, lyinril 493 nm



79

0.8

0.7 1

0.6 1

0.5 1

0.4 1

y = 0.7409x + 6.0209
R? = 0.9989

0.3 1

Relative value

0.2 1

0.1 1

-8.2 -8 -7.8 -7.6 -1.4 -7.2 -7

log [Hg?*]

NINA 76 NI LARSANNANNURIZI19AT relative value 184 ¥iuLtas CFC4, A, vinriy

493 nm fiuanddinduaeslaneuilsanaaa lsdmanadldlumidag ppb (log [Hg™ 1)

AINNINA 76 42191191 A Relative Value fuaatutddduaadlaaauilsan o
pndNRusiITugunsag lugne 2.01 ppb Tiv 12:04 ppb HA R? =0.9989 deln&iAe 1

o ug/j 1 2 b2 o 1 XK 1 dl J o v o
NN ALl daspnadindudenanasduteaimanzadsani sinlddnsaadn laaaudsan

Aaalas A
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2.8. ansdaunIsiingslsznauiieiaunasAnaigunatanisiialaaaau
\iedau
nNIMeResNaNIansdaussudeTianarasiuites CFC4 nulaaautlsanildlu

n13LAA binding AN TAEAE Job's plot IANAN1INAABIAINING 77

50

0 0.2 0.4 0.6 0.8 1
X = mole fraction of |

i 77 nanluansdnsadanssudeiuianavesiiniie’ CFC4 nuleaauilsenililunng

\iA binding AnE1TAEAE Job's plot

ANHAJob's plot wanslifwingn 1iniges CFC4 nililsianaanisnandulonau
Usanmanled 1 Tuiana (CFC4: Hg™ =:1) aantiuad@n A A nanna1esnisiinlesau

V991 (Association constant; K ) Tae l4@unns Benesi-Hildebrand [45-47] @131190

assoc

LAANAININT 69 LAZATNITOAIUITUAT K Nl 6.40 x 10"° M

assoc

miﬁ”}mmmmﬁmmQ@ﬁlmﬂ’]iLﬁmiﬂﬂ@uFﬂﬂgﬁﬂu (Association constant; K )Tﬁm

assoc

1%41un13 Benesi-Hildebrand [45-47] n3zinlaenaananns neAn 1/aanudinduaeisand
ENaal [Ho™ T (wnu X) A 1/01 -, Al (wnu y)

Kassoc = 1/S|Ope*(|max_|min)

i = AN NTBILAIN Y DBITALTUAYRIA AT A LT UITR T

max

CFC4 naumnlaanuilsan



min

ANLTNDRY LL@QWQ@@L?@L%M

81

1
i DA 4

ANNANUBEGA

l, = AnudNTedlaIgeeLsalIuRIeIdNTaTaeulTed

CFC4 Bufu luilaaauilsanluansazans

obs

= ArNdiNTRILANYgRRLTALTUATIANTATANE LT WITe S

CFC4 tu pnudindiusineredloasutsenluarsazane

13199 11 dayarranudinduasslasaulsanidinadl [Hg™ 1, A1 1/[Hg™ T (Ao v

A a ! o '3
?Jﬂﬂ1@ﬂ@uﬂ?@V]VleﬂJ@Q1ﬂ) ﬂqﬂ’}’]lllfﬂll"llﬂﬂLL'&\?‘V\IQ@@L?@Lsﬁumﬂl‘ﬂﬂﬂqiﬂﬁfﬂqﬂ

was CFC4 waz A 1/(1-1.) NlRaannisAIuam aaqiduimas CFC4, A,

WinAL 493 nm

[Hg®] .M intensity(l,.) 1/[Hg*T", (n=1) 11y
0 53:44 0 0

4.3333 x10° 28.31 2.31x10° 0.0398
6.0000 x10* 23.21 167-x10" 0.0331
7.6667 x10° 2188 1.30x10” 0.0317
1.1000 x107 19.14 9.09 x10° 0.0292
1.7667 x10” 16.87 5.66 x10° 0.0273
2.4333 x10”" 15.03 4.11 x10° 0.0260
3.7667 x10” 13.43 2.65 x10° 0.0250
7.1000 x10” 12.09 1.41 x10° 0.0242
1.0433 x10° 10.93 9.58 x10° 0.0235




[Hg*1 ,M intensity(l_,.) 1/[Hg*T", (n=1) [
1.7100 x10° 10.27 5.85 x10° 0.0232
2.3767 x10° 10.99 4.21x10° 0.0236
3.7100 x10° 10.25 2.70 x10° 0.0232
1.0377 x10° 9.36 9.64 x10* 0.0227
2.3710 x10” 9.56 4.22 x10° 0.0228
3.7043 x10° 9.54 2. 70x10° 0.0228
7.0377 x10° 8.71 1.42 x10" 0.0224
1.0371 x10™ 8.62 9.64 x10° 0.0223

0.04 ]
0.03

‘”(IO 'Iobs)

0.02

y = 7TE-10x + 0.0228
R?=0.989

0.01

0.0E+00

1.0E+07

1/[Hg*]

2.0E+07

82

NN 78 NINANNNTATUIUATNANNNT Benesi-Hildebrand aaadwiaes CFC4 e n = 1
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N1IATUIDL
Kossoo = 1/slope(l .1 i)
anna i lEaunséunseme y = 7.0x10"% + 0.0228; R* = 0.989
G0 slope =7.0x10", | =53.44, | =862
i Koo =1/(7.0x10")%(53.44-8.62)
=6.40x 10" M

v
o o o

Fatl emsdaunisinngnslsrneldeden aaaduias CFC4 san1ssnauleaa
Usaniilu uilasianila (CFC4; Hg™ =1:1) WaTAINITDATHIDIAIAINANAATBINI9LTA

loaaau@sdan, K 1Awinfi6.40 x40 M

assoc

o = < 1 [ o
2.9. Nﬂﬂ']‘iVI']uWEIﬂ']?LﬂﬂEIULLﬂﬂQ?I@QL‘ﬁuL‘ﬂ’ﬂ% CFC4 ﬂ’ﬂuLLﬂgﬂ@\‘iﬂ"li"iUvL’ﬂ’ﬂﬂu

ilsan InenmAiin Molecular modeling

A 79 uameanenuziageaiafaemaila Molecular modeling 294 a) Wiumes CFC4 uas

b) Wiumes CFC4:Hg™ 8msdu 1:1

Tunaznauinleaautsanasldlugnsazane umas CFC4 AanmuzlANAS1969
A 79a Walidleaaulsanaslilluaisazans laaaulsanazlllneefumniuaznanaag
Tulnsiau (N), avnantasdamas (S) waz aznanaandian (O) Nlanansueslangaas1ani

Anwernuziilung Aqensrinunig electrostatic interactions laglaaaulsaniinlpnaasaiuniu
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2 azpanlulngian (N), 1 82RaNUBITANDT (S) LAY 1 8AaNRBNTLA (O) TUTTeZN
WiNL 2.285 A, 3.337 A, 2.462 A Uz 3.144 A NSNFL ST 79b BeaannnsAnmnil
A1N130T8EugRINEwIas CFC4 danunsasnay leaaudsenlElusmnandau 1:1 AfNANNS
nMsANEALNATRA Job's plot Lmﬂumaémqmmmﬁzm@mmmmﬁm%@@@u?ﬂﬁ@u,

K

assoc

2.10 NMWANEAAIRITAAELTULTRS CFC4 lumaznilaaauilsan wEaunsu

nulaaausuniudue

no
ion Hg* Cu?* Cd?* Fe?* Mn2* mMg?* K* Pb>* AB* Niz* Na* Ca* Ba*

- A P S > ~ - - "

AINT 80 NMNENLUTBNANIACATET IR CFC4 (3.0 pM) Tunasi lifiuazilenau Hg™,
Mg® " cu™, cd?, Fe”, K\, Mn*, Ba® Pp”, Ca”', AP, Na" waz NI (20.0 uM)

AelFngs UV,

f—\" 7 J L.-‘J r—id W— ,._ i Ceeis ‘«N,.\;ﬁh '»’ *”3— ,___— %

|on Hg’* Cut* Cd? Fe Mn* Mg> K* pb* AI3+ Ni2+ at Ca2+‘ Ba2

=4

= - — - = = - =

R

AN 81 NnangresdNsazatdgas CFCA(10.0 pM) Tunansildfiuaztleaau Hg™,
Mg®"cu®’, cd”, Fe¥, K', Mn”", Ba™’, Pb’’, Ca’, A", Na" waz Ni** (45.0 pM) lu

an1azinm

ANAINEe uaasliiiududuines CFC4 ﬁ@"qquzlmmqﬁuifa@@uﬂifamqqLﬁl@
Lﬁﬂuﬁﬂ@@@mummﬁm%uj TnensAnelaIngaaLsaLTuireTuia CFCA azanadLile
finnadnleesulsanadlugnsazans (nnd 80) luaneiileiinadnleeeusinauldun
Hg®', Mg® cu®’, cd™, Fe*", K', Mn’", Ba*", Pb”", Ca”’, AI”", Na" uaz Ni*" asluansazany

1 4
nsAnauasgesaruiresauEed CFC4 iinalasuutlas nvisdaannisndananig

wasuulasiildsnamilan Tngaziiunialasunlasdaasansazatganndamanaiie bl
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a = 2y A o a < A
”L@@@uﬂmm Lﬂﬂﬂqﬁ‘Lﬂ@ﬂuLﬂu@@NLN@‘V]’1ﬂ’]?Lﬁ]Niﬂ‘ﬂ‘ﬂuﬂﬁ“ﬂ%@ﬂlu@’]ﬁ‘@ZQWﬂ TILND
a a dld a a dl { o al A 1 a
L‘]_E‘EIT_ILV]EIUZQ‘IJ@\?ZQ’]?@ZZ\HEW]NT]’]?Lﬁlﬂiﬂ@ﬂuﬁuﬂ'ﬂlﬂwuqWZQ’]?@Z@'\EIEI\‘Iﬂ\i&l@Lﬁf\]@\imum%\l

(N 81)

2.11 J‘I’]Wﬁ’]ﬂﬂ‘i‘zﬂ’]‘lﬂﬂﬁ"ﬂ\‘lﬁLﬂﬁ’ﬂﬂﬁ‘?ﬂﬂ’]‘iﬂgﬂ’]ﬂv‘ﬁu“ﬁﬂ% CFC4 dluﬂ'l’)zﬁvlﬁ:lfl

=l k24 v 1
wazdtaaaudsan TuAMNEINIURATG 9

AN 82 AMNONEUBINIZANHNIBINLAR DL A8 ANTASAIENT1LTBS CFCA (0.1 pM) 11
A19azaNE methanol-natuazainlaesulsennsalsfnaanudindusiie a: 0

M, b: 0.01 uM, ¢ 0:1.uM, d: 1.0 uM nelFilas UV

annnawang uanglifviudniuees CFC4 aanisorimnissgndnasldauliiimang

agl v % = Y [~1 ' 3
azannuinauls laan1slinsaiensadAfaLATLg1TaLaE L TUITaS CFC4 Lazanniiy
inlineasuluaisavaiglesanlsanluaaudindusie (nni 82) wudn Wetinsyanw
nrasnlélldasntalfias UV anmsiunnsansganinnsnanuluanuiiiviuaaslaaay
1sanNF19iu Tan1sAeLadaza Aasl NN B LA N N uIas laaauLsan N NAL AN
pINATNIT RN S waed CFC4 Hlanianmuniuginininaasuleesulanzlsen

NARUIN A
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3. N19ANEITEUUANAzA ENANAABNTEUIUNNTAEULAINGDDLIALTUATD
\Iuigas T10RhB
wasaneuiulasasesdumed T1I0RhB astinnAnsianuainisnlunisaig
waargeaisaitus Wefinaialeeeutsanadly faamailangesisaimuianninsalnd lu
favaraneBuniduaransazanztinnanatsazauduiidlasdunanisd dsuulas

ftynynungessartus udaansasLasaaaglanniu

3.1 HANISNAFAUAMANLANIFTANEULAINGRALTALTUA LURITASANY
dichloromethane lugn1azfifilasaulsanvasifuitas T10RhB

n13ANELAIge0LIatuA1eLGuime s T10RNB gnAnelu dichloromethane tag
AnANALNATNTIBINTANIAINgaBLIALT U IHalINA N NG uedIFuas T1I0RNB
Wiy 0.10 uM uazlflessutsenlugtassinasilesaaaiss Inanaviue A, Wi 558 nm

NANTINARDILAAIAININD 83

1000
3
< 800 - s
>
]
(2]
c
2 600 -
E
3
c 400 - .
o] a (noion)
7]
et
& 200 -
=
T

560 580 600 620 640
Wavelength(nm)

AN 83 nnsAnaLasngaatsaaus (A, =558 nm, A, = 578 nm) 1a4ifuiaas T10RhB
(0.1 pM) lugnsazany CH,CI, reuuazudainloseulsenilesnaeisniinaa
ViR \flapanuidindutlsanyingy a: 0 UM, b: 0.007 pM, c: 0.010 uM, d:
0.017 pM, e: 0.023 pM, f: 0.043 uM, g: 0.103 pM, h: 0.303 pM, i: 0.437 UM, j:
0.567 uM, k: 0.703 pM, 1: 0.837 uM, m: 0.967 uM n: 1.103 pM, o: 1.237 uM, p:
1.370 UM, g: 1.503 uM, r: 1.637 pM, s: 2.303 uM
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3.5

=
d
2
i *
g 3 .
=
8 25 4 *
c
& Hg2+
8 2- ¢ y )
% . % v B Cu2+
F 1.5 1 y N Ag+
: - X Zn2+
1
S m
g 0.5 - . u [
S
[=]
Z 0 L] L] T T L]
0 0.2 0.4 0.6 0.8 1 1.2

concentration (uM)
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3.2. NANSNARAUAMANTANITALLRINGDDLTALTUA LURITAZAE acetonitrile
5 o 4 <
luaniaziiileaaudsan Faufesunuleaaausuniuay g sauduidas
T10RhB

nnsAnELaNgaaLsaLTuRIadIduas T10RhB gnAanmilu acetonitrile Tnafinmnia
anRiNBINTANLULAINYDLIALTUR Fewttnpaudiniureadues TIRMB Wiy
1,00 uM TNz lanauysen (Hg™) Tugresinaalainaalss WReueusu Nt
Hlenausunauafinsner 1Hun cu™, Pb® uaz Ag” taamauun A, winriu 558 nm uazAne

WAINAINENIAAY 578 Nm NANIINAAAILAAIAININT 85
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N7 85 NsAneLaaNganaLtus (A, = 558 nm waz A, =578 nm) aasduima’
T10RNhB (1.0 pM) Tuansazant acetonitrile Tun1aeiilleeenlanzasnaniles
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i

AMNUANITNAABINLIN N19ATIAALIRNLEULTRF T10RNB ﬁUI’ﬂ’ﬂ’ﬂuﬂ?’ﬂV]LL@ﬂ\i

Arynyrninisansnasvganisaaudiluusy Ly OFF-ON wwiReqiulu dichloromethane W

! o =3 o

nN7AaLAUAY IAINAULTWEas T1I0RhB 11 dichloromethane yiatianalilaaunann fann

v 1
o ©

azangaiiniiAeuingldaniliinnsdnizasdaresiduiied TI0RhB Tiatfluaninsimunzas

lunigsndulanauisanlsd uazluansazans acetonitrile WL EwLEas T1I0RhB TuH
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ANHANNNZIANzad T laaaulanzalialaadaniisasniliszuudaniazanaain il

Winzan N1 UIeaduEas TI0RhB funissnaulaaaulany

3.3 NAN1TNARDUAMANLANITAEULAINYRALTALTUA LUa19aza1E ethanol T
an1ziilasauilsan 1WFauisunulanausuniudu g aaaduidas
T10RhB

nngAeLaINgeaLIaITufTadiduLItes TI0RhB gnAnmilu ethanol tnafnm 1w

o L dl = % % < e 1 o
aulnpfuaasnisAnauasigeasamus WaEsuNANdndurasduries TI0RNB Wiy
1.00 uM Tunnazndleasutlsan (Hg™) Tuglrewnaeileiasaiss weaumeuiuluniozh
Hlenausunauafinsinar 1Hud Cu*, Po™ naz Ag” taunanun A winiu 558 nm uazAe

LAINAINNENIAAY 578 nm HANIINARBILAAIAININT 86

}:" 10
7]
[ =
i
£ 81
-]
=
Hg2+
S 61
o Cu2+
)
E 4 A Pb2+
|19
-] Ag+
Q
N,
T
£
-
o
Z 0 T T T
0.0 10.0 20.0 30.0 40.0
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AINUANITNARAINLAY N19ATIAdUTLFULTeT T1I0RhB fulaaaulsanuans
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azanaaiiniidauingldaninliinnsdanizassanesiiuries TI0RMB Tiatfluaniasimunzas
lunissnaulaaaudsanls uazlugsazansy ethanol Wuq LGuLtmas TIORNB 1dd
AHANNIZIanzas TuleeeulansalalaTianiieaein fssuudaniazanaainill

winnzanlun1ieuaasduEmas TIORhB funtssnavlaaaulany

3.4. HANISNARDUAMANLANITANLUAINYDDLTHLLUR LUAIFASAE methanol
Tuaneiinleaaulsan Wiauisudulaaausuniuau 9 sauduitas
T10RhB
n1sANELaINgaaLIdLIuATeduiweas T10RhB gaRAnmlu methanol tnefinmnix

alnniNeeIN1TANLLAINYRRLIALTUG elsienpo i diiureduises TIORNB Wiy
1.00 M Tunasiinlessulsen (Hg™) ) lugtlreqinasulainasisn WReuifieufulunesi
Hleaausunauafinsnar loud Cu®, Pb* uaz Ag™ tnanauun A iy 558 nm uazAe

LAINAINENIAAY 578 Nm HANITNAAAILAPIAINTNT 87
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Normalized Fluorescence Intensit

0 L T T T T
0.0 5.0 10.0 15.0 20.0 25.0

concentration (M)

NN 87 nnsAnaLasngantsdlmus (A, =558 nmuaz A, =578 nm) 1a9iiulaas
T10RhB (1.0 pM) lugnsazane methanol lun1nsiilleaaulanzaaananiles

AaeLIRTHAFANG TuFNamsneiu
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AINUANIINAABINLIN N1TATIAAVLBLTULTES T10RNB fulesaulsanuana
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nnsmenauedlivinALumes T1I0RB 11 dichioromethane Fiafia1aLiiadanann fasi
avanagiaiAeuinedidninlinnsdaBueiresduies T1I0RNB 13J@?;|J'1uzﬁqu1‘7ﬁummu
Tuntsandulesaudsantd wiluszuuansazane methanol wudn 1iulgas T1I0RhB &
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T10RhB fun1ssnavlaaaullsan



92

3.5. NANITNARDUAMANTANITALLAINGRDLTALIUA TUAITATAILNANTININ
methanol nuY" lugnazidlaaauilsan uFaudiaunulaaausuniuauy 9
wadLiuLtas T1I0RhB

nnsAnauasgaaLsariufIasduIias TI0RNB gnAanm lua19asa anansenin
methanol 11 Tuans1491 MeOH:H,0 (90:10 viv) uaz (50:50 viv) Tnanninatlnniy
2IN1TANELAING a0 LIALTUE WaTaNANdinduaafuaad TI0RNB winfdu 1.00 uM

Tunngnilesaulsen (Hg™) luglaewnaanlefaasisn wraumeauniuluniaenillessy
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sunauzfineinge 1Hun Cu™, Po™ uaz Ag” taefinuua A, winri 558 nm uazAeuad
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3.6. NANITNARDUAMANTANITALLAINGDDLTALIUA TUAITATAILNANTININ
methanol AU dichloromethane lu@n12znalaaauilsan Fautfauny
lamausuniudu q vaaduiiad TIORKB

nnsAnauasgaaLsariufIasduIias TI0RNB gnAanm lua19asa anansenin
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1 [ 1
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azantilvaesTinaeanineidafinlin1dn 3oeaneudiuines TIORNB liagluaninzi
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viv) aziinlfinnavneuaeadumes TIORNB SAaus inzianvasiulanautlanFiinaile
WRauifeusuleasusuniuaug i Cu*, Pb™ uaz Ag” usluszuugnsazaneil wud
Ansaslilunnsandulessudsenteaduimes T10RNB 1uf Feslileeaudrenlunanu
daduge Weifleuiuszuuansazans CH,CL, Avinlfisvunsinaraneaiei il manzas
Tun1inanueeadueas TI0RMB dunisanauleasulans wid uiuluszuudansazans
MeOH:CH,Cl, (10:90 vAv) Wudnazni11#in19919nuaediduigas TI0RhB 8A2108LWIY
\wnzasiuleasuilsen waziiaanudeadliaesnissndulessulsanlisedulussuy

a17a2ane dichloromethane T9WUINH detection limit WAL 13.5 ppb
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MsdaAEIAY I%mf]ifﬁlgqﬁuﬁﬁmmgﬂ niansiunulunisdunse tneduaes CFC4
sznaudiaelelalunastiin 2-[4-(2-aminoethylsulfanyl)butylsulfanyllethanamine dausia
Aungesalsnaiatiavgaalsadu (fluorescein group) 41U 1 WY AINNANITNAADY

ANNANNID N9 iaasigaaLdmusle AL laaauuanalARIn1999 11

sensor CFC4
4. TudN9eae NaNIEN9Ng 2.62.mM Tris-HCI buffer waz
AN1IENN1L
methanol (95:5V/v pH.7.20)
1inva9lean Hg™
A, (nm) 493
A, (nm) 514

Detection limit ~\Y A
1,48 a79191-Hg

(ppb)

K. ceoe 6.40x 10" M
quantum yield: d)f 0.56
Ratio[sensor:ion(s)] 1:1

working range

(ppb)

2-12

F19797 12 agLluannanasesteiiugas CFC4
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'
=2 '
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pHEindiuagareslsannannsnlulantingy Inaiuimes CFC4 uansnisiaauuilas
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waziiuima T10RhB Nlsznaudoadaunesnalsaiud (rhodamine B group) &9

'
o vy A
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lAgni@ausianiy polyoctahedral silsesquioxanes (POSS) @vtfluayuninauiauitu tne

u

N A A
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WAy Zn’" iuAu

System Selectivity
Dichloromethane Hg?'yCu’ yAg zn’”
Arn 2+ 2+ + 2+
Acetonitrile Hg ,Cu ,Ag, Pb
Ethanol Hg’' Cu’’
Methanol Hg®*"
MeOH 1 H,0 =
Hg
(90:10, 50:50 v/V)
MeOH : CH,CI, -
Hg
(10:90 v/v)
MeOH : CH,CI, e oo
Hg ', Cu , Pb
(50:50 v/v)

F11379% 13 aglianiImaaeaediduimas T10RhB
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A new fluorescent sensor (FC4)based onfluorescein dithia-cyclic skeleton was designed and prepared as
a fluoroeionophore for the optical and visual-eye detections of Hg?* in aqueous buffer solution. FC4 was
preparedvia Kornblum oxidation, ester hydrolysis,alkylation, imine formation and imine reduction. The
sensor provided highly sensitive and selective ON=OFF fluorescence sensing toward Hg2* and was shown
to discriminate various interfering metal ions, particularly Cu2* and Pb%* as well as Al3*, Ba%*, Ca?*, Cd?*,
Fe3*, K*, Mg?*, Mn?*, Na*.and Ni?*. Sensor FC4 also exhibited chromogenic change upon binding to Hg?*,
which served as a “visual-eye” indicator which could be observed as a noticeable change of the solution
color from yellow to.orange. The Hg?* detection limit. of the sensor was 7.38 x 109 or 1.48 ppb which
was lower than a permissible concentration of Hg?' in drinking water regulated by the United States
Environmental Protection Agency (U.S. EPA).

© 2015 Published by Elsevier B.V.

1. Introduction

Mercury is a highly toxic metal ion which is dangerous for the
environment. Mercury contamination can be accumulated.in the
environment and biota [1-3]. In the marine system, inorganic mer-
cury (Hg2*) can be converted to methyl mercury by bacteria-and
then absorbed into biological membranes and entered into human
food chain [2-5]. Human, as the final consumer, can collect more
mercury which can lead DNA mutation, central nervous-damage
and endocrine system disorder as well as Minamata disease [4,6,7].
Considering the high toxicity of mercury, the United States Envi-
ronmental Protection Agency (U.S. EPA) specifies a standard for the
maximum allowed level of inorganic mercury in dietary sources,
such as 0.55 ppm in edible fish and 2 ppb for Hg2* in drinking water
[8].
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Fluorescent sensor was an interesting alternative technique for
qualitative and quantitative analyses of many analytes, such as pro-
tons, small molecules, anions or cations, including Hg%* [9-12]. This
method was well-known for high'sensitivity, high selectivity, inex-
pensive cost and-rapid response, and could be applied for on-site
detection-of heavy metal ions[13-16]. Many fluorescent sensors
have been reported for Hg2* detection. All of these sensors uti-
lized the ligands which responded and bound to Hg2* to serve as
the ionophores: These ligands included hydroxyquinolines [17,18],
cyclens|[19,20], cyclams [21-23], dioxocyclams [24], diazatetrathia
crown ethers [25], azines [26], and calixarenes [27-29].

However, there was only few fluorescent sensors which could
serve as “visual-eye” indicators and capable of Hg2* detection in
the aqueous or buffer solutions [30-32]. These properties are great
advantages for the applications in the analysis of environmental
sources and biological systems.

In order to provide the advantage of a fluorescent sensor for
application in an environment, we have designed and developed
a new aqueous fluorescent sensor, FC4, for HgZ* detection, as a
dithia-cyclic structure that has appropriate binding site to Hg*. The
binding portion of the sensor was covalently connected to the fluo-
rescein moiety which could serve as a signaling portion. We have
chosen fluorescein as a fluorophore in this study due to its large
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molar extinction coefficient, high fluorescence quantum yield, rel-
atively long absorption and emission wavelength (>490 nm) in the
visible regions and structural flexibility for derivatization [33-36].

Furthermore, the compound in this study was designed based on
an approach similar to host-guest supramolecular chemistry. The
binding site of the sensor was preorganised by semi-rigid frame-
work for the size to fit Hg2*, and was also incorporated by sulfur
and nitrogen atoms for strong and favorable interaction to Hg?*.
The preorganisation of a rigidly conformational host can enhance
the affinity of sensor toward guest molecule by management of
interactions and provides no additional energetic cost arising from
host conformational rearrangement binding to a guest molecule.
Therefore, we expected that our designed sensor, FC4, would be
suitable for Hg2* recognition which could contribute to strong and
selective binding to Hg2".

Herein, we reported a new aqueous chemosensor (FC4)
which was prepared from an assembly of 2-(4-(2-aminoethylthio)
butylthio)ethanamine and fluorescein moiety for Hg2* determina-
tion. Sensor FC4 showed high sensitivity with low detection limit,
high HgZ*-selectivity in comparison with foreign ions in aqueous
buffer solutions. Molecular modeling of the cyclic structure illus-
trated that FC4 provided a semi-rigid framework and size fit for
Hg?2*. In addition, FC4 did not only exhibit fluorogenic response but
also exhibited chromogenic change upon binding to Hg?*, which
could be observed by visual-eye as a color change of the solution
from yellow to orange.

2. Experiment
2.1. Material and methods

2.1.1. Materials

The reagents and solvents were purchased from Sigma-=Aldrich
Corporation, Fluka Chemical Corporation while all of the metal salts
(chloride salts) were purchased from Strem chemicals, Inc. 4',5/-
Bis(bromomethyl)fluorescein dibenzoate was obtained from Strem

chemicals, Inc. All reagents, solvents, and metal salts were used as
received.

2.1.2. Methods

NMR spectra in CDCl3 and MeOD solutions were recorded using
Bruker Avance 300 spectrometer operating at 300 MHz for 'H
and 75MHz for 13C. Melting points of the synthetic compounds
were measured by Stuart Scientific Melting Point Apparatus SMP2.
Absorption spectra were determined on a single beam Hewlett
Packard 8453 spectrophotometer. Fluorescence spectra were mea-
sured using Perkin Elmer Luminescence spectrometer LS 50B. The
excitation and emission slit widths used in fluorescence measure-
ments were 5.0 nm with a scan rate of 300 nm/min. ThermoElectron
LCQ-DECA-XP, ESI-lon trap mass spectrometer was used to record
mass spectra of the synthetic compounds. Molecular modeling was
performed with the Discovery Studio 2.5 program package.

2.2. Syntheses

2.2.1. Synthesis of 2-(4-(2-aminoethylthio )butylthio)
ethanamine.(I)

The synthesis of the title compound was performed in the same
manner. as described previously [37] and the synthetic steps are
outlined in Scheme 1.

2.2.2.. Synthesis of 4',5'-fluoresceindicarboxaldehyde (II)

Modified from a previous-report [38], 4’,5'-bis(bromomethyl)
fluorescein dibenzoate (0.40g,~0.5mmol) and NaHCO3; (0.40g,
4.8 mmol) were combined. in 40 mL of DMSO and heated to 150°C
for 4h. When the reaction mixture was cooled down to room
temperature, it was slowly poured into 2 M hydrochloric solution
(140mL). The acid mixture was then stirred at room temper-
ature for 2h. The aqueous solution was extracted with CH;,Cl;
(3 x 40 mL), and the organic portions were collected and removed
to yield a dark orange liquid. Deionized water (60 mL) was added
and the mixture kept at room temperature for 18h, then the
resulting orange precipitate was collected by vacuum filtration

1) NaOMe/MeOH

ST

10h, 40 °C

HQN\/\S/\/\/S\/\NH2

- +
Cl HsN

2)aq.NaOH, 12 h, rt

O H HLO

Br: Br
QWO 0 o\”/© HO o OH
T O O I 1. DMSO, NaHCO3 O O
0 2HO 0
O O%

S S

Y HO o OH
J/s S\L ) E ?
HoN NH; O g
1

HN NH
1. 80 °C, CH,Cl,/MeOH
> HO o) OH
2. NaBH,, 0°C to rt O O
0
5
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Scheme 1. Synthesis of sensor FC4.
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and washed thoroughly with water. The orange solid was dis-
solved in CH,Cl, (40mL) and dried over Na;SO4. After that the
dichloromethane phase was collected and removed under vacuum.
Finally, the crude product was purified by preparative thin layer
chromatography using CH,Cl,:MeOH (33:1) as the mobile phase to
provide I 76 mg of a yellow solid, 39.2% yield. mp =301.4-303.9°C,
TH NMR (300MHz, CDCl3): § 6.74 (d, J=9.0Hz, 2H), 6.94 (d,
J=9.0Hz, 2H), 7.63-7.79 (m, 3H), 8.07 (d, J=6.6 Hz, 1H), 10.66 (s,
2H), 12.12 (s, 2H); 13C NMR (75 MHz, CDCl3): § 77.2 (C), 109.1 (2C),
109.6 (C),113.5(2C), 115.2 (2CH), 123.7 (CH), 125.6 (CH), 126.6 (C),
130.5 (CH), 135.6 (CH), 137.0 (2CH), 151.7 (2C), 152.0 (2C), 164.7
(C),191.8 (2C); HR-ESI MS calcd for CoHq307* (MH)* 389.0661 m/z,
found 389.0757 m/z.

2.2.3. Synthesis of sensor FC4

In a round bottom flask, 4’,5'-fluoresceindicarboxaldehyde (II)
(0.10g, 0.26 mmol) was dissolved in 8 mL of dry dichloromethane
and then 2-(4-(2-aminoethylthio)butylthio) ethanamine I (0.06 g,
0.28 mmol) dissolved in CH,Cl,:MeOH (5 mL:9 mL) was added into
the reaction mixture. The solution was stirred at room temper-
ature for 2h and then heated to 60°C for 2 h. The solution was
cooled down to 0°C for 30min and then sodium borohydride
(0.09 g, 2.40 mmol) was added. The solution was stirred at 0°C for
1h and further stirred at room temperature for 1h. The solvent
was subsequently removed by a rotary evaporator. Then, 15mL
of deionized water was added to the residue. Next, the mixture
was extracted three times, each with 15mL of dichloromethane.
After that the aqueous phase was collected and removed under
vacuum. Finally, the crude product was purified by preparative
thin layer chromatography using 100% MeOH as the mobile phase
to provide FC4 which appeared as the red solid with 48% yield.
mp=247.1-249.3°C, 'H NMR (300 MHz, MeOD): § 1.68-1.84 (m,
4H), 2.50-2.68 (m, 4H), 2.68-2.83 (m, 4H), 2.90-3.06 (m, 4H),
4.08-4.24 (m, 4H), 6.50-6.60 (m, 2H), 6.98-7.11(m, 2H), 7.11-7.24
(m, 1H), 7.48-7.63 (m, 2H), 7.95-8.07 (m, 1H); 13C NMR(75MHz,
MeOD): § 28.8 (2CH;), 31.7 (2CH;), 32.4 (2CH3), 43.2 (2CH;), 504
(2CH,), 112.4(C), 112.7 (2C), 123.9 (2CH), 130.1 (2CH), 130.7 (CH),
131.0 (CH), 132.2 (2CH), 134.8 (2C), 141.9 (C), 157.5 (2C);-161.2 (C),
174.4 (2C), 181.5 (C); HR-ESI MS calcd for C30H33N305S5* (MH)*
565.1831 m/z, found 565.1824 m/z.

2.3. Binding studies

The binding studies of sensor FC4 were carried outin (2.63:mM)
95:5 Tris-HCl buffer (pH 7.2):MeOH. The chloride ‘salt solutions
(1.0 x 10-2 M) were prepared by dissolving.the desired amount of
salts in Tris-HCI buffer. The fluorescence titration was performed
using solutions of FC4 (0.01 wM) and the fluorescence spectra were
measured as a function of metal ions concentration over a fixed
wavelength range (500-600 nm) with the excitation wavelength
(Aex)=493 nm.

3. Results and discussion
3.1. Synthesis and molecular design of FC4

The synthesis of sensor FC4 was accomplished by an
imine formation between 2-(4-(2-aminoethylthio)butylthio)
ethanamine and 4/,5-fluoresceindicarboxaldehyde(Il), pre-
pared from Kornblum oxidation and ester hydrolysis of 4’,5'-bis
(bromomethyl)fluorescein dibenzoate according to previously
published procedure [38], then following by an imine reduction
(Scheme 1).

Sensor FC4 is a cyclic host containing two sulfur atoms and
two nitrogen atoms in a pocket for the binding sites, which are
covalently bound to fluorescein fluorophore. Based on an approach

160
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Fig. 1. Fluorescence responses (514 nm) of FC4 (0.01 wM) and after addition of Hg?*
(3.33 wM) in 95:5 Tris-HCI buffer:MeOH as function of pH. The excitation wave-
length was 493 nm.

similar to host-guest supramolecular chemistry, the binding site
of FC4 was preorganised by semi-rigid framework and was incor-
porated with sulfur and nitrogen atoms as the donor atoms for
strong and favorable electrostatic interaction to Hg2*. Therefore,
we expect that the sensitive and selective binding can take place
through-ion-dipole interactions between the sulfur and nitrogen
atoms of FC4 sensor.and Hg2"*.

3.2. Sensitivity studies

The Hg?* sensing ability of sensor FC4 was investigated in the
aqueous buffer/methanol solutions by the UV-vis and fluorescence
experiments. In this study, the effects of pH on the fluorescence
emission of FC4 in the absence and presence of Hg2* were sys-
tematically investigated in 95:5 Tris—-HCl buffer:MeOH solutions
(Fig. 1). As-pH of the buffer.increased, the fluorescence emission
of FC4 was decreased progressively. The largest different of fluo-
rescence emissions in the absence and presence of Hg2* was found
at pH6.1-7.2, which was much larger compared to the of FC4 in
higher pH solution. Based-on this'observation and consideration of
practical use of the sensor-in biological samples, we focused on the
fluorescence behavior of FC4 in the presence of various metal ions
in 95:5 Tris—HCl buffer:MeOH solution at pH 7.2.

It was found that' FC4 provided yellow color and strong fluores-
cence signal in 95:5Tris—-HCl buffer (pH 7.2):MeOH solutions. The
addition of Hg?* to the solutions of FC4 results in a chromogenic
change to an orange color as well as quenching of the fluorescence
signals. Fig. 2 shows detailed absorption of FC4 upon gradual titra-
tion of HgZ". The addition of HgZ* to a solution of FC4 led to a
red-shift of the absorption maximum from 495 nm to 502 nm and
induced a colorchange from yellow to orange which could be easily
seen by the visual-eye.

0.14
0.12

0.1
0.08
0.06
0.04
0.02

Absorbance (a.u.)

400 450 500 550 600
Wavelength (nm)
Fig. 2. Absorption spectra of FC4 (3.0 uM) in 95:5 Tris-HCl buffer (pH 7.2):MeOH

as a function of [Hg?*]. (a) 0 .M, (b) 0.06 M, (c) 0.13 uM, (d) 0.20 M, (e) 0.27 uM,
(f) 0.40 uM, (g) 0.53 wM, (h) 0.73 wM, (i) 0.93 uM, (j) 1.20 WM.
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Table 1

Comparison of the recently reported fluorescence sensors for determination of Hg?*.

Hg?*-sensor

Working system

Aex[Aem (NM) Detection limit Reference

HoN — N s_ I\ — NH
2 = Xy 2 THF:CH3CN:H,0,45:50:5, vjv/v  330/507 439x10-7M(87.8ppb)  [43]
OMe
(0]
NN
NN
H EtOH/HEPES buffer (20mM, pH ~ 445/495 1.0x10-7M (20.0ppb)  [44]
~ N o Yo o O 7.2,1:1,v/v)
SNGZ
S
/
~_N
N MeOH/HEPES buffer (20 mM, 550/582 1.9x10-7M(38.0ppb)  [45]
O O pH 7.2,7:3, vjv)
SARGES
CHp~CH=CH,
|
0. N (o]
N EtOH|Tris-HCl buffer (0.05M, 420/520 2:0x10-5M (0.40ppm)  [46]
[ j pH 7.01, 1:1, v/v)
N
N
‘ ~N
=
7\
o N -~ Cl
O NN MeOH/HEPES buffer (0.01 M, pH 525/581 2.7 x 108 M (5.40ppb)  [47]
O O 7.0, 3:7,v/v)
Sateas
H H
MeOH/Tris-HCl buffer 493/514 7.38 x10°M (1.48 ppb)  This work

(2.62mM, pH 7.2, 95:5,v/[v)

Fig. 3 shows detailed fluorescence emission spectra of FC4 upon
gradual titration of Hg2* in an aqueous buffer/MeOH (pH 7.2). The
solution of FC4 showed very strong fluorescence in visible region
(approximately at 514 nm) when it was excited at 493 nm. When
the Hg2* were added, the quenching of initial fluorescence of FC4
was observed. The rapid decreasing of fluorescence signal clearly
demonstrated the “ON-OFF” switching mechanism occurred in
response to Hg2* complexation. The fluorescence quenching of FC4
upon Hg?* sensing could be attributed to the inherent quenching
nature of HgZ*, and a similar quenching was previously observed
in many Hg?* fluorescence sensors [25,35,39-41].

The detection limit of FC4 as a HgZ*-fluorescent sensor
was determined from the correlation between the fluorescence
intensity and HgZ* concentration [42]. It was found to be
7.38 x1072+8.26 x 1011 M or 1.48 +0.016 ppb for Hg?*, which
is lower than the maximum allowed level of inorganic mer-
cury in drinking water (2 ppb) specified by the United States

Fluorescence Intensity (a.u.)

500 520 540 560 580 600
Wavelength (nm)

Fig.3. Fluorescence emission spectra (Aex 493 nm)ofFC4(0.01 wM)in95:5 Tris-HCl
buffer (pH 7.2):MeOH as function of [Hg?*]. a: OM, b: 0.013 uM, c: 0.027 uM, d:
0.043 uM, e: 0.11 M, f: 0.71 uM, g: 10.38 WM.



P. Piyanuch et al. / Sensors and Actuators B 224 (2016) 201-208 205

50

40

30 * \eo

()X

20

10

0 o
0.0 0.5 1.0
X = mole fraction

Fig.4. Job’s plots for FC4 with Hg2* in 95:5 Tris-HCl buffer (pH 7.2):MeOH. The total
concentrations of [FC4] +[Hg?*] are 1 WM.

Environmental Protection Agency (U.S. EPA). Some recently
reported fluorescence Hg2*-sensors which employed in aqueous
organic or aqueous-organic buffer systems are shown in Table 1.

The fluorescence quantum yield (®f) of FC4 with Hg?* was
determined to be 0.56, using fluorescein standard with a &5 of
0.95 in a 0.1 N aqueous sodium hydroxide as a reference[48]. The
association constant, Kassoc, was found to be 6.04 x 1019 M~! by the
Benesi-Hildebrand plot of the signal changes in the fluorescence
titration results [20,49] and the 1:1 complex formation of FC4-Hg2*
was suggested, The result was consistent with Job’s plot analysis
(Fig. 4) and molecular modeling experiments.

Molecular modeling was performed using the Discovery Studio
2.5 program package, to clarify the coordination geometry of
FC4 and Hg2* upon binding. The 3D structure of fluorescein was
initially modified from the X-ray crystal structure of fluorescein
adduct (N-(6-acetamidohexyl)-3',6'-dihydroxy-1-o0xo-spiro[2-
benzofuran-3,9’-xanthene]-5-carboxamide) (PDB /' ID=2FDC).
This initial structure was optimized using CHARMm molecular
mechanic force field using the “Smart Minimizer” option which
began with the Steepest Descent method for 500 steps, followed
by the Conjugate Gradient method for another/500 steps for faster
convergence toward a local minimum in the implicit solvent model
in 2.62 mM Tris-HCI buffer:MeOH (95:5, v/v) at pH 7.2 with the
distance-dependent dielectrics of 103.06. Then, the host-guest
complexation was constructed by placing Hg?* in the center of
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Fig.6. (a)Fluorescencespectra(Aex 493 nm)ofFC4(0.01 wM)in 95:5 Tris-HCl buffer
(pH 7.2):MeOH with addition of chloride salts of Hg?*, AI>*, Ba?*, Ca%*, Cd?*, Cu?*,
Fe3*,K*, Mg?*, Mn?*, Na*,Ni?* and Pb2* (10.4 M). (b) Normalized emission intensity
(Lex 493 nm) of FC4 (0.01 wM) in 95:5 Tris-HCl buffer (pH 7.2):MeOH versus the
concentration of various metal ions: Hg?*, AI>*, Ba?*, Ca2*, Cd?*, Cu?*, Fe?*, K*, Mg?*,
Mn?*, Na*, Ni%* and Pb%*.

Fig. 5. Optimized structure with CHARMm force field in Tris—HCl buffer:methanol (95:5, v/v) using implicit distance-dependent dielectric of 103.06 (a) sensor FC4, and (b)

1:1 complex formation of FC4:Hg2* with the lowest interaction energy.
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Fig. 7. Competitive experiments (at 514 nm) in the FC4-Hg?* system with common foreign metal ions: [FC4]=0.01 wM, [Hg?*]=0.03 wM and [Mn*]=0.3 wM in 95:5 Tris-HCl

buffer (pH 7.2):MeOH (Xex 493 nm). The error bars represent the standard deviation.
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Fig. 8. The luminescence of FC4 (3.0 .M) in the absence and presence of Hg?*, Mg?*, Cu?*,

the loop in coordinated with -NH and -S. Energy minimization
was performed on the model structures prior to dynamics to relax
the conformation and remove steric overlap that produced bad
contacts. MD simulation was performed further to obtain the
lowest complex energy configuration in the implicit solvent-at
300K for 1000 ps with time step of 1 fs under NVT ensemble with
the constraint force of 0.001 kcal/mol/AZ. The formal charge for
Hg2* was assigned. The final structure of the host and host-guest
complex was shown in Fig. 5.

The optimized structure of 1:1 complex formation of FC4:Hg%*
indicated that ion-recognition of FC4 resulted in Hg?* coordinated
with nitrogen (NH), sulfur (S) and oxygen (O)“in-the.center of
the loop through favorable electrostatic interactions as shown in
Fig. 5b. From the optimization using CHARMm force field and MD
simulation, Hg2* was coordinated to two nitrogen atoms, one sulfur
atom and oxygen atom of fluorescein with the distances of 2.285 A,
3.337A,2.462 Aand 3.144 A, respectively. Interestingly, the oxygen
atom of the fluorescein fluorophore also served as one of the bind-
ing site of the sensor to HgZ*, which was similar to crown ether
type molecule.

3.3. Selectivity studies

The selectivity of FC4 was investigated in 95:5 Tris-HCI buffer
(pH 7.2):MeOH solutions in the presence of various metals ions,
such as Hg?*, AI3*, BaZ*, Ca2*, Cd?*, Cu?*, Fe3*, K*, Mg2*, Mn2*, Na*,
Ni2* and Pb%*. The results were clearly demonstrated high selectiv-
ity of FC4 whichreflected in the fluorescence spectra after additions
of each various metal ion (Fig. 6). It was shown that the fluorescence
response of FC4 at 514 nm only drastically decreased as a function

&&= &=
Jno | ‘
‘ions Hg?* Mg?* Cu?* Cd?* Fe** K*

‘Mn2* Ba?* Pb?* Ca?* AP* Na*

Ni2+

Cd?*, Fe**, K*, Mn?*, Ba%*, Pb?*, Ca?*, AI**, Na* and Ni?* (20.0 M) under a UV light.
of added HgZ* concentrations. On the other hand, the fluorescence
response of FC4 did not indicate a significantly change after the
addition of AI3*, Ba2*, Ca?*, Cd?*, Cu?*, Fe3*, K*, Mg2*, Mn2*, Na*,
Ni2*and Pb%* under identical concentrations and conditions.

To further explore-the selectivity of FC4, the competitive exper-
iment was performed in 95:5 Tris—-HCl buffer (pH 7.2):MeOH
solutions. The fluorescence spectra of the FC4 solutions before and
after addition of Hg2* in the absence and presence of 10 equiv. of
various interfering ions (Al3*, Ba2*, Ca%*, Cd%*, Cu?*, Fe3*, K*, Mg2*,
Mn?*, Na*, Ni%* and Pb?*), were recorded. The result are shown in
Fig. 6, the bars in Fig. 7 represented the final fluorescence emission
response (Ig) over the initial fluorescence emission response (Iy) at
514 nm (Iz/Iy) and the Ig/Iy reference value (intensity of FC4 in the
presence of HgZ* only) was equal to 0.64. All of the I/l values in
the presence of interfering ions were found to lie between 0.68 and
0.74, whichindicated that a relatively consistent Hg2*-induced flu-
orescence quenching was observed in the background foreign ions.
Therefore; the results illustrated that the sensor can bind specifi-
cally toward Hg?* jon and provided selective response to Hg2* in
the presence of competitive background metal ions. It should be
noted that, FC4,in particular, demonstrated the high selectivity for
Hg?* over Cu%*and Pb2*, which are potential competitors due to
their similar chemical behaviors to Hg2*

Moreover, the selective binding of FC4 to Hg2* over other rep-
resentative ions was not only indicated by fluorescence quenching
but also chromogenic changes. The luminescence of FC4 disap-
peared when HgZ* was added to the solution of FC4, while the
foreign ions including AI3*, BaZ*, Ca2*, Cd?*, Cu?*, Fe3*, K*, MgZ*,
Mn?2*, Na*, Ni2* and Pb2* still showed strong fluorescence emission
under UV light (Fig. 8). The addition of Hg2* to the solution of FC4

! 1 ‘B |

= G G =g =% S

=q= 1=
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Fig. 9. Chromogenic change of FC4 (10.0 M) in the absence and presence of Hg?*, Mg?*, Cu?*, Cd?*, Fe3*, K*, Mn?*, Ba?*, Pb?*, Ca®*, AI**, Na* and Ni?* (45.0 p.M).



P. Piyanuch et al. / Sensors and Actuators B 224 (2016) 201-208 207

led to a change of color of the solution from yellow to orange, which
could be easily detected by the visual-eye (Fig. 9).

4. Conclusion

In conclusion, we have used the idea of preorganisation of a
rigidly conformational host for design and synthesis of a new flu-
orescent sensor (FC4) for Hg2* detection. The sensor is based on a
dithia-cyclic construction covalently bound to a fluorescein moiety.
The sensor can be utilized in aqueous buffer solutions and exhibits
high sensitivity and selectivity toward HgZ* over various interfering
ions. The selective binding of FC4 to Hg2* provides the dual opti-
cal sensing through both fluorescence quenching and concurrent
visual color change from yellow to orange. The detection limit of the
sensor was 1.5 ppb for HgZ* which is sufficient to detect the max-
imum allowed Hg2* level in drinking water specified by U.S. EPA.
This sensor is a good candidate for future applications of mercury
analysis in environmental samples or the biological system.
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