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56302204 : MAJOR: ORGANIC CHEMISTRY
KEY WORD : RHODAMINE/ FLUORESCENCE SENSOR/ IONOPHORE/
FLUOROPHORE/ MERCURY DETECTION/ NAKED EYES
PANIDA PRAIKAEW: NAKED-EYES COLORIMETRIC SENSOR UTILIZING
RHODAMINE DERIVATIVES FOR DETERMINATION OF MERCURY (Il) IONS: ASSIST.
PROF. NANTANIT WANICHACHEVA, Ph.D. 134 pp.

Fluorescence and colorimetric sensors based on rhodamine (monoRh6G,
diRh6G and RhB-Silica) had been successfully synthesized for detection of Hg2+ and their
sensing behaviors toward metal ions were investigated by fluorescence spectroscopy
and UV/Vis spectroscopy: The sensors:exhibited a selective-OFF-ON fluorescence
enhancement sensing toward Hg2+ and.provided. high selectivity to Hg2+ in the presence
of other metal ions, such as Ag’, Cu’", Ba~ , Li’, Pb’’, €a*", Cd*", Co’", Fe’", Mn”", Na’,
Ni*", K" and zn”". Importantly, the color of the sensors changed from colorless to pink in
the presence of Hg2+, which was ‘noticeable for .naked eye detection. Especially, RhB-
Silica was developed for an-on-site preliminary-screening of Hg2+ which consisted of
rhodamine B hydrazide attached to silica/gel as a solid support. The developed sensors
are practical foreasily handle and screening-of Hg2+ in aqueoussamples in the

environments.
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leaeulavzaa9naaosTnIngiasIe] Wadi 100 PPMu. oo
nnsilasiuladaaciduioes RhB-Silica (WU A 40-63 um) Ttin DI lunaziid
100 BULON AT MERHUFNT ... it
N3N WAAN AN AN AUSILUINIAINHLT N AU 9L T1LTaS RhB-Silica (1117 40-63
um) waanagiinleeaud sen MumAdnduaeleeauU TN e,
WOUATRILTULTeS RhB-Silica (11417 40-631im) lunnasiidleasulsaniiaany
RIGATTEN Ol & ¥ B Bon X & R 2 WO R

NINLAASANANNUS s29I9AN Tog TadAN N NG ureslaaaulseniiminag

AUANNNE N RUDITULERT RAB-SHICA. ..o

=)
22D

n1adaguulasdaeaduise’ RhB-Silica (111 40-63 pm) i DI Tunnaz
A a a 1 % %

%ﬂau‘iammmm@@@:mmmummm LN 100 PPM..eveiieece e

dl al < '8 - o 1 1 09,

n9idasundas@eesiduitas RhB-Silica (111A 40-63 pm) Tupaa819ua10

v dl 1 b % . Oa’ dl dlaz a 1 . n:ll 1

IRINTELTNNNIUNTNTANLLAD (river) LAasWNANE D HLULT (drink) Tuaniaznly

Anndnleaautlsan wazluaniizniniaminleesutlsendindy 50 ppm.......
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sNadaanHsEa

Angla ANLAN

=

fluorescence quantum vyield

°C degree Celsius

A wavelength

pL microlitter

uM micromolar

um micrometer

AAS atomic absorption-spectrometry

anh. anhydrous

br board (NMR spectroscopy)

*C NMR canbon 13 nuclear magnetic resonance
spectroscopy

cm’ wavenumber

d doublet (NMR spectroscopy)

dd doublet of doublet (NMR spectroscopy)

DFT density functional.theory

DI deionized

DNP double numerical polarization

DSC differential scanning calorimetry

DTG differential thermogravimetry analysis

EAP United States Environmental Protection Agency

Eping binding energy

em emission

eq. equivalent

EtOH ethanol

ex excitation

FDA Food and Drug Administration

BN



GPTs (3-glycidyloxypropyl)trimethoxysilane

h hour

HCI hydrochloric

H,O, hydrogen peroxide

H,SO, sulfuric acid

"H NMR hydrogen nuclear magnetic resonance
spectroscopy

H,O water

HR-MS high resolution mass spectrometry

Hz Hertz

ICP-AES inductively coupled plasma=atomic emission
spectrometry

IR Infrared

J coupling constant(NMR spectroscopy)

association constant

assoc

K,CO, potassium carbonate

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)
NaOMe sodium methoxide

NaOH sodium hydroxide

Na,SO, sodium sulfate

Et;N triethylamine

3%



OSHA

nanometer

Occupational Safety and Health Administration
part per billion

part per million

quartet (NMR spectroscopy)

flow rate

singlet (NMR spectroscopy)
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ANUITNELA (FDA) [6] 1 ppm
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atomic absorption spectrometry (AAS) TR inductively coupled plasma-atomic emission

a

spectrometry (ICP-AES) 1i84a1nn15aLANsiAaemATia AAS way ICP-AES HiaaninAe

1
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A a Ao A 4 ° =< o gy a o o
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N19LAIIEH (salt-clogging)

niseanuuungeasalausdugasiiainisonmadulessulnamalinngaaiss
wudainTnsatndlfetsflscdnsan aadudeseaniunliszuulnseaiieluana
(molecular system) aa4ifuraaslivingwldlaelduasniitoui luiaanioznseiu (ight-
induced logic operation) IadannnisilasuitlasrasnisatuaslgaaLsaLius 13an19

dl A £ v al dl

wasunlasnisganauugsganiilalaen uarnialulaseasrspasiidouansluianaiuans
FURIHIENRNNE (selective interaction) fi laaaUNARINIIAIITITF9E

Tnavialilnssasnslsiananaaisngpalsatausid uitas (luorescence sensor)

synaudag 2 gaunan laun

|
A A

WgaalsWaf (fluorophore) ABAIUNUAAIARLANITANIIANE LAIVRE0LIALTUE LD
NN3AANAUNAI U IUEATNENIRAUNINNNL AN

laTatunas (ionophore) tludounaantsnmnsaaduiutanavsalaaaunfiainis

v !
v o &KX =

R3vadn AwiuAIEENAIN AR slaamatingeerdriuaanTnadinlinen “Wgasisa

wufidulaes” vre “Woaalslalaluwas (fluoroionophore)” tnaidauiuansdnyy ol

IS o 9/ ai 4 o g
nRauiaiaudaulasdyyranlanuiiagarainalnnisasmaduseslaaats (recognition

A
% %

event) 1ﬂzgjﬂﬂiLﬂ§ﬂuLLﬂaqﬁcytyﬁmmﬁqLLm (optical signal) AYUUN1INEULTEANTNIN
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AAINEI (sensitivity) waznialiuasulaneaiedilele Tune sl e amaA LAWY
LANTAN (selectivity) ﬁi@%@@ﬁﬁ@%ﬁ&ﬂﬁtﬁ
3%ﬂﬁﬁwu§§1é’mu@maﬁﬁqLmﬂ:ﬁvxl@ﬂﬂLmmuﬁlﬁﬁulﬁm%ﬂﬁumfafﬁui@@@uﬂi@m

a 1 dl v . P al o | a a
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#ila (high selectivity) Ineindnn3sina- 1w nasdauasziidumaiduiulsen iiasann
lanautlsan (Hg™) Havinaznanlugjuazinanleflfdng daiu soft acid (a1n Pearson’s
principle %38 M&{) Hard and Soft Acid and Base) [8] T4t UL ndUAITIEUAZ AT UGS
(bond binding) ﬁummm\m‘?‘ﬂmgﬁ\irﬁfu (functional group) #4111 soft base 111 aEMBN
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o 1 dl v o Y s % 1 a d}
AunaRmnnzanlnenstinumasensel leaaulaneusin lheen9dass (self assembly) e

19p1Tyu FasuInaestaednei ldinnyan damiusuiqanliiaenlingaslsvaiatinms
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©

UseANBA1niTearauANN19Ngaasamls (fluorescence quantum yield; @) g9 aslii
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Ayryrnungaalsai s en TmﬁW@u@@I?WﬁVTymmﬁnﬁmmaLLMW@J@@LML%@’TMQW
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gunsallunimanusiall u@ﬂ@’mf:W@]’ﬂﬂIi‘W@‘j:Vlgﬂ@ﬂ\i‘ﬁﬁmﬁtm‘ﬂﬁ%’mﬁ\‘i’mﬁiﬂﬂﬁ?
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1. Solvated host

(hydrophobic and
der Waals interacti
van der ,?a s interactions) 2. Desolvated host and free solvent
J
RN e
Y - . + Le @ L 7. Complex solvation
* * p
L L o N
L‘C‘. = o /\: :W)
3. Host conformational H H
rearrangement J R I v
o e
|
6. Complexation
Guest or
] L Metal cation

o ® 5. Guest desolvation
e — =~ [ ~ Sovent molecule
./ Polar head group

A 4 Hydrophobic tail
4. Solvated guest Le” %o

(coordination complex) .
Host fragment

VA
8. Some solvent left over

AN 1 naRednslsenamdstanszudtalalalunasuaslaaay

TunfidoulalaliefuBauaieulasas wayleaaunfiesnisssaduilTauidiion
AR TINTTLAIUNITNABUASTEETE NI TEAR AU LNAR M1 aS AL RINITOLAAIAINING 1
et luasazany Fanngzarsardanmaansauluanaladdfoaduasnssuiunaiinad
(van der Waals) waraunanisanlalnginiin (hydrophobic) tazdansauluanatnasaae
dunsnsenlAaaiALUR (coordination) tNa a3 aaaa N1 3aAssang Ifluasazaie @

a o/ A a a v 1 e :/j

n3iANI9RAdLTEeNRAANs LT neuTsdauseudnglaTatunasuas laaauiu Tuiang
2189819994097 0AS LT ubas EWAS wINe g e ussEamtaanifinan luianaaas
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AaNNN9ANENEURAITsENszudneluanalaas-inas (nost-guest chemistry) Livanas
aanuuLwarasaATasien i lfsu Tnaeanuuutuianalaas (host) IHAuiuTuananast

(guest) lAaginganmzianzaatiufiaaia1suniem NI a NI uEL 1. SuRsHIan

(interaction) NaziintuszninglalaTune iy leeaunfiednisnsady G9a1810una LEnans



ANWUY 11 Funsnsenleasu-1aaal (on-ion interaction) umsnsanlaaau-laing (ion-
dipole interaction) 81asnzetalng-talng (dipole-dipole interaction) Wuaz lalasia
(hydrogen bonding) 8umsizantn-1Tn (TT- TUinteraction) was sumsisa1uAntanan- In
(cation- TU interaction) WIWAY TIBUAINIHNAINAIIN AN LD IUBINUSZUAN AU 1N
o A a & & o & A a a i - o
WUFLMNATUTANLTLIHNIN N17ATIATUAAE s ENTNNNA wazAiTe 2. TATeasIa
Tuanaaeslaadarsdauingilinezesuindesineiuunzas (size fit requirement) 619
Tuananas ieiisANAmWIzE9INTILRs I lFan s

dl [ [~ rdl o % dg,

T9NTrUIUN1IATRAL laaaured i iune Fnd9As Ll luanuil wuenssuaunng
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(OFF-ON system) WAAIAINING 2

Hg2+\*| //\l //
: e 2 ©

weak
Fluorescent free.ionophore fluorescent Bound ionophore

hv hv

"OFF" llON" with ion

nnA 2 Anszmsasuasngestsalus netlelelunefmmadilaneniany (fe) uay

Aauaangiaas leanuiang (191)

annni 2 arunsneiunglFen lunerfignsazanelldiflesenlany [uges
dunsnanaudegeaisarufeanun i luliunnaaudinuasin luntemsediaumn
leaaulavzatluansarans laaaulanzazidinduiuleTalune findwne faeuasgos
saurufeantnduniy Tmﬂmmﬁ]mmLLM‘V\IQ@@LmLeﬁuﬁ@uﬁﬁyuslm“ﬂwmmﬂ@ﬁumu
Autiunulessulanz luaisazane

Tnansasuudassienans eraiinannisd dsuulasdasairareaduisesne
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TArea%1raadumafiiainisnadulenan uwandlFsen1ni 3 nanna luniaznans
azaneliillasau iuimaiazinistlang spirolactam M l¥iARNsALAIgR Bl aLT WA LG
1inann (OFF state) 1HaIANIZULABUALNG (conjugation system) Tulassa3anaiiuiies
lusaiiey LarAaud1edy wildadumasinadunstsaniulaant N lAAAN171T R 24
, 4 e que Y I - . B
spirolactam uaziuigatiliaiannseululasaaipaaunidingsruuaauqinm a9daunmuii

NI LaINgaaLsaLmuRaantn TuTNWATANTY (ON state)

H* or
N-R metal ion (Mn’)

.

Fluorescent
Pink or Red Color

| spirolactam (OFF state)| I non-cyclic form (ON state) |

AN 3 NFTUAUNITTa (OFF state) uaziilnag spirolactam (ON state)
NN Kim H. N. et al, "A new-trend-in_rhodamine-based-chemosensors: application of
spirolactam ring-opening 'to' sensing-ions,” Chemical Society Reviews. Vol. 37 (2008):

1465-1472.
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AanaIni1nadt lanaullsan umafsanaifsatatinnasilatunlaclansasneaas

it innanaInInsadi lanei dena lAudtyyungeaLs LA~



(0]

N/\/
/\N O o O N/\
H H

monoRh6G O
QL Tt
N’N\)\/o\/\,SkO@
0]
/)\l O 0 O ,\(\

Rhb-Silica

O @]
O N/\/S\/\/S\/\N O
HN I (0] I I\t j\l I (@) I NH

diRh6G

N 4 ageaineansgaasamusidume FAmMLAaNa Bl

a a o‘d”dl ¥ ar d' = o v
WeNAnusLDa ldowdunrean Ll LAz aUAA el andadt laaanlitan 1o
LaziANA NI zaITatse lagaulany tnannaeuAINaIN1TIRgIRat laaanlanzsnge
T Tanensuddu langdanlal uazlanzdanladiain luarsazany Gengeaisaisus
iue frtn ludtignduanzituainlalalunaindernandainesd uazsvise lulnsiauiy
agAlsvna At dumasniialud 4 1170n79990 laaau a9 NILIAN LAy TINI
2 \ L. =< ] o = - A A A '
AANAULAZAELAYIWTNN visible Tednasan sWmunviTatszgnaiiuiAsaslanisan 1

unasiallléluaunan



2. Ingilsean
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4.1 anunsndaarziansngeaisaitutiduiaadaialud 2 1TpT A1150ATIATL
laaauilsanlfiatindaslonazinnudnniziatzassialassuilsangs luanzipaaiufiie
detection limit fisnuazilefifusuananlunisdunszigeasaudiduizefigs awnsn
finedliluaniasdiily
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NUNIUITTUNTTH

nnsinngealslalalunaivie luanasesansFasuasngaasarius 1114 luns
AannnvizansaduiBunnleaaulanzuiin Wumaianldsuainuanlaanniinidaasing
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fusnanladung wazyaiiuliifumesnduassilaianwlalunisnmenzi (sensitivity) 619
Taaau uaziAuaNnziaNza (selectivity) sialanaulans i mnnagedy sanlifanistin
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1uT A.A. 2005 Yang uazADLE [16] lhdannzviaynusaas thiosemicarbazides Tne
14 rhodamine 6G lunganlsnas ( (i 5) fwduldessnairlanauslsen ( (Hg®") ) lunnned

Hlaasuilsan Lsnwfnﬂ';?lﬁmmmﬂ@ﬂummiﬁmLﬂummmu@:mumimmmexlqﬂﬂL?menwﬁ

fAuE19AAL 556 nm (A, =500 nm) dvdaunsannsaulinluaniesiiduansazatenan

o, =

1. NH,NH5 H,0, MeOH, 95% O N_N?:_NH

2. PhNCS, DMF, 90% O O
o) N7
H

21919 MeOH:H,0 Tugnsaanu 20:80 Wsnnmsalsning Nea pH viniu 7

— e e ——
1]

only Hg™ Ag® Cu® Cd** Pb* Zn?

%

.ﬂ’]‘W‘ﬁ 5 %%ﬂ’\ﬁ‘ﬁ:ﬂﬁﬁ"]tﬁ‘ﬂuwuﬁ‘m@\‘i thiosemicarbazides WATNAN1INAAAILINAW T

q

Ao |
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Tl Aad. 2007 Wu wazeour [17] M49eszd rhodamine 6G  w@ausany
carbohydrazone ALAASILATNA 6 TaNANNANIZIANzadfalaaentsen Tudnsazans
DMF  (N,N-dimethylformamide) lugmsndau DMFH,O (1:1 Ruimsafiuimg) laad

ANANNIINANGATBINI9FIIA4L (detection limit) TuszAUWURUAU (ppb) T9HAINTL

2 ppb uazuansATyUNgaaLIALTIATAYINENARY 560 nm (A, = 500 nm)

o)
NH,NH, H,0 O N—NH,
o g UL
Z N o) N7
H H

H
N~
Y
O
Vgt
AT
93%

A 6 AEnardaAszidiuirasann rhodamine 6G WeNAaiL carbohydrazone

1utl A.A. 2011 Ghosh wazAmsz [18] 49LA31= G105 Rh6G-py AN 1NN 7 #1
2NABNIZUAUNIINNNUULL FRET Sanngaalsnas 2 alin 16un pyrene uaz rhodamine 6G
Wudouilsenau Tae pyrene inutiniiflu donor uazWgaalsWasniin rhodamine 6G M1

o 4 o ‘. .
win7ilu acceptor TaiANaNN90 luNNIRIAdL lasaullsan luaisazany acetonitrile
TnedamandinduaeslonaulsaniiiuaasaunsnnsaduNIUNIZLIUNNININIULLL

FRET @gjludag 1.5 x 10° 019 3.8 x 107 Twans (M; mol/L) uazuansmaidinaasdoyynns

WyeasamuiuINgaNANNIARY 550 nm (A, = 525 nm)
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O
O NH,
EtOH

N—/_
+ HZN/\/ NH2 —_—
reflux
/\” o

H

EtOH o} Q

7
¢
OO

600! Rh6G-py
Wavelength (nm) 60%

N
H

0.6

0.4

Absorbance

0.2

0.0
200

N 7 35n1sdataseiidutias Rh6G-py waznnsganautastasiuaailuaisazant

acetonitrile ¥a3Ax laoentlsennanndinduenge

uTl A.A. 2011 Yao uazatus [19] Mdgauasziiduiresingld rhodamine 6G waz 7-
nitrobenzo [1,2,5] oxadiazole-4-ylamine (NBD) rauanalunand 8 lidusesandulaaau
Usan luansazans acetonitrile a1t laaamlsen Auesidumesas duiuul sdunss
s Bannslaseudsaniilaasly Tagd detection imit Wi 8 7x107 M uaZlAASATY YL

WgoalsalruAnAINLNARLN 543.0m
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0
O S
EtOH N
+ HN/\/NH2 —_—
2
reflux O O
P o N~

N
H H
NBD-CI
K,CO3, 18 h
l /O\
N\ /N
Orf A
N—/_ ?
H H

45%

N 8 A8n19491ATITiaRREE 84 rhodamine-ritrobenzoxadiazole WAZNANTINAADY

1 dlnl dl Y Y ]
mamu”lumqzmui@@@uﬂifawmmmeumw]

Tuil A.A. 2013 Li wazpee [20] 1614 ethylenediamine inudinniiulalalunase
11 rhodamine 6G A4waRlAINT 9 11 1E911LTli Surface Enhanced Raman scattering

(SERS) 1iuimas H98A7 detection limitwiniil 1.0x10 M

0]

NH;

Ve

AN
H

A 9 TPT9A3199849 SERS IGuia s

/\N
H

T A.A. 2008 Kim wazAtuz [21] 18&5A3123% rhodamine B hydrazide Aan1wi 10
FTINANAUNTTIANZAFD laaaullsan waraNNITaNRlER ANz NluaNIaTans
MeOH:H,0 Tudrnsndans 10:90 Bumsalinms Tnadl detection limit 1wy 0.2 x10° M vi3a

40 ppb waziadnisanduiuleaauilsan arsavaraazifianislasudann iiddudauy
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0.2 1

Fe(ll), Co(ll), Ni(ll), Cu(ll),
Zn(I1)/Pb(I1), Cd(ll), Ag(l)

1 Al
520 570 620 670
Wavelength (nm)

2 { 1, Na(l), K(I), Mg(ll), Ca(N),

— 6 Hg(ll) —

o} 3 B
> 5 = 0.1
3 E

N_NH2 "GEJ 4 o
° 0
L]

O O § 3 520 570 620 670
8 Wavelength (nm)
/\N 0 N/\ §

o
=
o

it 10 TAs9a519199 rhodamine B hydrazide wazn1sAeLaangaaLsaisusaaduitas
Tunziillessulanzaiingiagg

-8

T A.¢. 2009 Huang wazAnee [22] IdsAsesiiduitas RAB-NS, (nwh 11) Ing

1
L2 oAl

14 rhodamine B mummﬂuﬂ@m%ﬂm wavlalalunasideddlsznavaasasnay
Tulnsauuazdames sanand 11 v duiduae Slunsnsadullsenlugnsazansngs
acetonitrile WAZNN (15:85 13040 9/A5HA03) WUIE Nsanaa U leasulsen liatng

RNIzANzAd TaeLARIAYNE N 1aIA Ity W AR BT AERFANNNTIARTNIAIINENIARY 597

nm (A, = 530 nm) wazileAn detection limit 1¥1111.0x10° M

(0]

O POCI3
O O CICHZCHZCI
N/\ reflux, 2°-h

800 |-

600 |-

800
600
400
200

0

0 5 10 15 20 25 30]

[Hg'/10*°M
TEA, MeCN
RT, 1 h, then reflux, 2 h
26%
: /\N

500 550 800 850 700
Wavelength (nm) RhB-NS,

400 |

IF (a.u)

200 |

nwA 11 3ann9daiasyifiduiaas RhB-NS, waznisasuasngaasaiiusvesiduines

AauLazudaiylaaaullsan
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Tul A.A. 2012 Lui kazAnie [23] 11 rhodamine B §1911U A3y cysteamine

. 14 < o o A
hydrochloride Tfiiutlsanifwmaiaaning 12 luansazaenan EtOH:H,0 (80:20 sunms/
5unm3) Weinissnduleasuilsan ansazarsazilasuainliidludguy uaziansnonu
dinnedtyynungassaluiiINNgaNANENIARY 578 nm uaziAN detection limit Hasl

191 2.5x10° M

o)

O POCI
Y —3>
O O CICH,CH,CI
/)\‘ ° '\(\ @
2+
50 / Hg
/ \
\
40 / \
8 > /
5 :ﬁ 30 / \\
c B \
S 2 / \
z / \
g g o} /Blank.Li*Na* k") aZ+.M§2+,FeZ+
g / co?* Ni¥* cu?* zn® ca?* bt Ag”
S 10f / /
] pa—
3 _ — |
L ' L L L = 0 L s L L TR L L T T
500 520 540 560 580 600 540 560 580 600 620 640
Wavelength (nm) Wavelength (nm)

A 12 FEnnrdapreiduimefues rthodamine B-cysteamine hydrochloride WazHanIs

nasesLdanluniznileaausing

T8 A/ 2012 Rode BayANE [24] AaiAsrsiiduitasnusynandas S,S-diallyl
carbohydrazonodithioate LLa%. rhodamine B Fanandi-13 ielfidutlsasiduines wudn
mmlf-ﬁmmﬁfymﬂmmﬁ@meuﬁmn%m%qmmfmﬁu 576.5nm TuATaLAIL AN
FtOH:H,0 (80:20 13n1m3/13193) wasileldumesinnssnduiuloneuilsean anrazane

azilasuannlaf@dludnusy Tneden detection limit Winiu 2.0x10° M

0
O CSQ, CSzCO3
N—NH,

SO0,
/\N (0) N/\ Br/\/ /\N
) \

A 13 Fensdaasziiiuinesuesayius S,S-diallyl carbohydrazonodithioate
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uwdl @AA. 2012 Wanichacheva uwazAtuz  [25] lddamsesd  2-[3-(2-
aminoethylsulfanyl)propylsulfanyl]ethanamine Lﬁﬂlm\lﬁiﬂﬁu rhodamine B wﬁqmg'u () waz
rhodamine B @aangu (Il) dellusanmadnlesaulsen (nmil 14) Wefinnssndur
loseusanudaansazansasiansaeudan Wi ldudouy Janmnsanesdiulifon
adan Iae | waz Il aunsnsnaulenauilsanlfednaaimizianzas Inadl detection limit

Win 10 ppb kag 15 ppb ATNANAL

N

IR i

HzN NH NEt; / EtOH

N Boue ( O O

NINA 14 38R d0Azila s Tasaa sl fute s LAY I

ul A 2013 Park wazrniz [26] WRduATsidimed 2 1iln Tuduewiugaes
thodamine-hydrazone Teidmtsznantes, todamine /B ialiilidauansigeslsvies
e thiophene ufim@;u (RhB-thio)-4azaadna (RhB-bis) AANAAL LEASAINNG 15 Ll
dhuduefdmiusnduleaeaulsan Tuansazatengn EtOH:H,0 (1:1 inmsAiuimg)
‘Emm@'ﬁum@%ﬁ”aammemmﬁﬁmmﬁmmwmv@@mmmuﬁﬁmmmmﬁu 582 nm uazd

AN detection limit WiNAU 2.58x10° M kag 2.31x10° M AMNATAL
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gt
3 L0
H /\N 0 N/\
EtOH, reflux ) K
95%

RhB-thio

B
~ N 0 N EtOH, reflux
25% 0 s
S e N—N
U O O

RhB-bis

WA 15 38N19491AZR LA TATIRS R 9LT U ERS RhB-thio a2 RhB-bis

a2 o Y 4 alld o e A =
uanaINuNANNIpdnu NRNITNgealslalaTunasisaluianaresansEouas

Waaaausd U0 lEluntsfenusensiaduiliaunulessulansmin luannzasazans

1
o

Wan felunarndagninaadesiunasinngealsaaud Guimasuasaad uusanatsiiiy
299ui3 (solid support) kit FANILAR Wge AUNIATUIALAN (particle) TyazyinTHitlsyAnBnmn

n17u I 19 uA Az U N viEa s ULUAYUIARaN Ay AN LazdNa NN B9lL delunTiiilu

'
o 4 o o

FegnaunAMLAtETi A faet st e SAaatiwsolid support THARNS] WAZNIT
ﬂi”uﬂgqﬁ”uamq solid support Lﬁfaﬁﬂﬂfﬁmusluﬁmﬁmj LandAal

Tuil 2009 Zhu . Qian [27] kazanse 1&1in aminonaphthalimide 41121 2 Tuiana
N1UJATENY 2,6-bis(aminomethylpyridine deusa triethoxy(3-isocyanatopropyl)
silane ANt ARLUERTe silica particles tnevinUfiseniumy hydroxyl (-OH) Ay
15luduegas (1a) Inefddetection limit WAy 6.8x10° M WanANT ANt mn 1
FansasavleaaudseanlanalAn adsorption capacity Winriu 6.1 Raaninaedleaauilsense

A GINZRTTE Y
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—Sli-O-SIi-O—Si-O-SIi-O-SIi-O-Si-O—SIi-O'SIi—

| |
EtO EtO OH OO O O O_ O _O OH
\ OEt \ Ot N7 N7
_Si _Si Si Si
EtO \H EtO 7\
HN HN
=0 =0 NH HN
o o =0 =0
2 2 o o
0] 0] Silica 2 2
% % > 0 0
Tolulene
0 N 0 0 N 0 reflux, 72.h % %
O« _N__O 0w _N__O
;;N N 0
C) ) N
N SRe
N N N
N
| N
Pz | ~
=

NN 16 uaran sl FuganuRageN silica particles #auiudnaulaasuilsan

Tt 2012 Wu._uazandz (28] lAnn1ssia rhodamine-6G hydrazine a9LUTANLAA
ﬁﬁfmﬂ?ﬂ?ﬂﬂgaﬁyuﬁﬂﬁ@glugﬂmm modified-silica-(1b) %\TLW?‘EN@WﬂﬂW?ﬁ’]ﬂfjﬁ?‘ﬂﬂmﬂ
3-aminopropyltriethoxysilane (APES) fiun  hydroxyl RN gANlan WAL N3eN
safy glyoxal T981MAsONARANA2AHH e lTan A luTea a0 §a 78 x 10°M
uanani i lidusansesdiilasaulsen lnagediisents 72% wazilefinnesuiy
Teaautlsanazanansndunaiiunisilasuntaesdléganailan

uazlutifeafudl wu uazane [29] léWmmnsansesiulanautlsan Inalaey
solid support and@aniwaaiili mesoporous silica tng 1411114 SBA-15 SamidnlAn detection

limit A& 1.0 x 10° M 9158 2 ppb
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OH o o
N ..
OH APES O;Sl\/\/NHz OHC-CHO O-Si._~_ Ny CHO
OH > o o
OH OH OH
1b
0
H,N-N O
G
H H
\J
s by,
O/ I\/\/NWN_N
or 98¢
~N o N
H H

NN 17 uanen19l Ul ganuinges silica particles dususnaliulessutlsean Tnels

rhodamine-6G hydrazine

1T 2014 Chen liaz Mu [30) Winnnsliduestsifiiiees Rh6G-CHO Sanidndl
AEAINNZIaNzassalaeantsen wararinsanulER Ld Az ifluansazan an
EtOH:H,O (7:3 fanams/ifanne) 1#laulduime s RABG-CHO itnunissafuansld 3-
aminopropyltrimethoxysilane Iﬁmﬂugﬂ Rh6G-Si-waqsaa’iiw silica nanosphere %\1171’1
wiinfiilu solid support IAdiduesas Rh6G-Si-Si Fagnansemaantinudiniuanslsan

Tilutngponudindu 0 0 22x10° M luansarananan-EtOH:H,0 (7:3 1Funna/isunng)

O
= N—(CH,)3Si(OC,H
O NoNT SN T (CH2)5SHOC2Hs)s
0 "~ O "
N 0o N . .
H H silica nanosphere Rh6G-Si-Si
Rh6G-Si

NN 18 uaasnsLFutlgeiuiiazes silica nanoshere dmdusnauniuleasuilsan nald

\iuiad Rh6G-CHO

v
o o 4 4 <

anunANIdaiannainesiuaziiulidn Taseadneluianavesvigaaisainus

]
vy A

Fulgasisznaudon 2 daunan daunsnavitugouaaglalalunas Jusinnlun1ssnsu



20

Toeaulavemiin Geaziinuaniialunsidianasen uazdounass Ae Waaalswes Wudou

uanadtyynungassartug fasianuaiunsalunisiudianasey naietinviansdon
wsiefiu Az liiAannsdeiudiannsaulfiniu uaviletiauinszuunaugmnm luszuuli

1 4

4” o ¥ A & a = ! ¥ & o A
219UU 'QZ‘V]’]EL‘VIWJ’]NL%N%@QW@J@@L?@L%HMLWNN’W% ZNE\IZ\ISLMW@]@@L?@Lsﬁum@mﬂlﬂﬁ\mm’lx‘l

| A 4 L aw =2 o 6o e |
N17A8 AN lUTAINENAAUNgeTUBNARE A LT lunseanuuugealsnas daulug)

'
a

o A4 A o a o . . o
dnazeanuuuviraaeniaislsznauesrlsundnninauqindu (conjugation) AIUAUNIN

delfianninnisensuasigaesamud iR Feuilsluiuf Ae euiusaes rhodamine uas
dwsulunsidenldlelelunefasfesdnilivesnenniolulasiabnadaamimsnzasiiaz
Radumsnsaiulessuiduine @:Lﬁﬂé’fiﬂﬂim’éwiuL@Q@m@qWQ@@Limsnuﬁwﬁumfﬁﬁq
2 491 fuﬁmma‘hﬁmﬁi@m’mﬁﬁLWﬁszmaﬁiﬂmiﬁuﬁui@@@um:z@mqmﬁme
2ANNN

MaudiandaAE AT uLEa AL RsaAa L laaaulanzwmin azinnssaeuld

KURNUIUNIN WANRTaAN AradEuIEasuasanaN a1 zianzassalaaatla laaau

o a

< a a . >\ - ! & | o A
UUINWENTUALALIY AL ENNAD detection limit 1’123]\‘] ﬂmfsﬂ@iummmmwwi@@ﬂuiwm

'
o

Tunuaudindunn i anvsasldasnnnlunastdn lddszandlfsulusoatieaselu

v
= o

= o 1 6 o nﬁl = o QI v
npaund vise lusiretnwddatuaedtssnauuan elleeidusiuousnnludiwinaes

=

patinluanudnednuitasaulanas W asdanssiiduiaasdniumnsasy

1 v
aa o

leaauTanznindNANIERIUAN BEIINAMNINNIZIAILAININNEH TUAITATANHTN
WuasAtlsenau e ldlseyneldlusaateasyluszuudsiapdan InauFaunauiy
Tavenauidu lavedannlad uazlanzdann ladidsm apisnmuatazesnuuuduaslii
AL LAINY DD LI AL TR LUT NA N N AN lA faeinalan (visible region) Laz/ii3a
(=3 dl a < 8% J a :: = ) < g I
ansninnslasunlasdaenduiges i donnlan anvialnistinduiresinaa Uy
Fonanafilunesuds 1y 3anLas (silica gel) WNaLANLsANBNNLAZAINAZAINFENIS
Wl 14970 Feaslidszlagdsanistinldwmun 14 luginsninsmasaulaasuilsanly

npguNsalyl 1
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L4 =
aUnsaluazasLAl

1. ailnsm

1.1
1.2
1.3

1.4

1.5
1.6
1.7
1.8
1.9
1.10

1.12
1.13
1.14
1.15
1.16
117

1.20
1.21
1.22

Lvﬁlm Nuclear Magnetic Resonance 300 MHz: Bruker 300

Lvﬁlm UV-visible spectrometer: HP-8453

Lvﬁlm Fluorescence spectrometer: Perkin ElImer Luminescence spectrometer
model LS-50B

Lﬁﬁlm Mass spectrometer: ESI-FT-ICR (High resolution) Bruker BioAPEX 70e
spectrometer

Lﬁﬁlm Rotary evaporator: Buchi-Rotavapor R-114

Lﬂd"alm Vacuum pump: Tokyo Rikakikai Co., Ltd. model A-3S

Lﬂd"alm Hot air oven: Binder model ED115 (E2)

Lﬂd"alm Scanning-Electron Microscopy-+-CamScan Maxim 2000

Lﬂd"alm Differential Thermogravimetry Analyzer (DTG): Perkin Elmer Pyris 1
Lﬁﬁlm Differential Scanning Calorimeters (DSC): Perkin EImer Pyris Diamonds
Lﬁﬁlm Fourier Transform-Infrared Spectroscopy (FT-IR) : Perkin Elmer Spectrum
Lﬁﬁlm%ﬂ@:lﬁﬂm (NATEIN-4 ALLN): Denverinstrument model S-234
Lﬁﬁlmfﬂ@:@ﬂm (VATBH 4-A1511S): Mettler Toledo model AB204

Lﬂ%m Hotplate and stirrer: Framo model M21/1

Micropipette: Finnpipette, HH10711-a%9a 1-10 pL

TLC Silica gel 60 F,, aluminium sheet, Merck

f1insniduiusiTanuNY preparative TLC: Desaga Brinkmann

NILANENIDL: Advantec TUNIALEUNIUALINAI 110 mm

NILAENIDL: Advantec TUIALEUNILAREINAI 70 mm

Lm%QLLﬁqﬁ”ugﬁu

mmmuummmmﬁu

Clamp waz Clamp Holder

21



2.

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.1
2.12
2.13
2.14
2.15
2.16
217
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28

A15LAN

Argon gas: Masser Specialty Gas Co., Ltd. (99.999 %)
3-glycidoxypropyltrimethoxysilane (GPTS): ALDRICH

Cysteamine hydrochloride: Fluka (> 97.0 %, M = 113.61 g/mol)
1,3-Dibromopropane, Fluka (>99%, d = 1.989 g/mL, M, = 201.89 g/mol)
Triethylamine: Ridel-de-Haen (99 %, d = 0.73 g/mL, M, = 101.19 g/mol)
Rhodamine 6G: Sigma-Aldrich (M= 479.02 g/mol)

Rhodamine B: Fluka (M, = 479.02'g/mol)

Sulfuric acid: J.T Baker (98% w/w, 1.84 g/mL, Mw = 98.08 g/mol)

Hydrogen peroxide: Merck

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, = 86.46 g/mol)
Barium acetate: Sigma-Aldrich (99 %, M,, = 2565.43 g/mol)

Barium chloride dehydrate: Sigma-Aldrich (M, =244:27 g/mol)

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/mal)
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)

Anhydrous ferric chloride: Fluka (M, = 162.21 g/mol)Hexane (distillation)
Iron acetate: Fluka (M,, = 232.98 g/mol)

22



2.29
2.30
2.31
2.32
2.33
2.34
2.35
2.36
2.37
2.38
2.39
2.40
2.41
2.42
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

23

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

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/imol)

Mercuric chlorideiCarlo erba (M, = 471.50 g/mol)

Mercuric perchlorate hydrate: Sigma-Aldrich (98 %,M,,= 372.06 g/mol)
Mercuric perchlorate trihydrate: Strem chemical (99+ %, M ;= 399.46 g/mol)
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)

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

Silver perchlorate monohydrate: Strem chemical (99 %, M, = 207.32 g/mol)
Sodium acetate: Fluka (M, = 82.03 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 %)



2.58
2.59
2.60
2.61
2.62
2.63
2.64
2.65
2.66
2.67
2.68
2.69
2.70
2.71

24

Zinc acetate dehydrate: Fluka (M,, = 219.51 g/mol)

Zinc perchlorate hexahydrate: Sigma-Aldrich (M, = 372.36 g/mol)
Acetonitrile: LAB-SCAN

Dichloromethane (distillation)

Dichloromethane (for analysis): MERCK (99.8 %)

Ethanol (distillation)

Ethanol (absolute for analysis): MERCK

Ethylacetate (distillation)

Methanol (distillation)

Methanol (for analysis): MERCK(99.9 %)

De-ionized water: Departmentment of chemistry, Silpakorn-University
Silica gel (1WA 63-200-m): A1%5L column chromatography, Merck
Silica gel (1A 40-63 pm):SILICYCLE

Silica gel 60 F,, containing gypsum &MY preparative thin layer

chromatography, Merck
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¥
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TunddsilaninisdunneiansGeuasigensaausdmiunmadnlaeaulsan
wiialvsliiavain 2 naw Ae nauiililsnniudna (hodamine 6G) iuiihflidungeelmes
1AuA e s monoRh6G Az diRh6G sm"lfn 2-(3-(2-aminoethylthio)propylthio)ethanamine
vmtidulelelunes LL@:ﬂ@:NﬁT‘ﬁI’a‘mﬁu‘ﬁ (rhodamine B) ﬁmﬁﬁﬁﬂuwQ@@‘L‘imf 18

\Fuia$ RhB-Silica Tmﬂmamﬁu nantindluleleluves Ineduite fatuaulignitesse

o

Fudanaiaa (silica gel) T kR NuunnaunTA 63-200 tulRstuns uaz 40-63 lulasiums

P Taseas e iuimedie 2 ﬂ@immmﬁamww 19

O

OO

monoRh6G (@)
SR
N’N\)\/O\/\,Si/((())@
/)\l O o O ,\(\

Rhb-Silica

diRh6G
i 19 Taseadrengassaviudidume foiinluia 2 ngu

25
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1.1 nsaAszitlalalunasdiin 2-(3-(2-aminoethylthio)propylthio)ethanamine (I-1)

NaOMe , MeOH K\

. 10 h, 40°C S s
HN  SH © Br” > Br > J/ \L
H,N NH.

or quantitative yield

1a 1b 1-1

AW 20 ann19Lfisen19daAsTIE 2-(3-(2-aminoethylthio)propylthio)ethanamine (I-1)

An15891AT129 2-(3-(2-aminoethylthio)propylthio)ethanamine (I-1) ﬁgu»lﬁﬁ’m”l?
A9LAILUANITURY Wanichacheva LazAnie [12] FanAWT 20 Taeids sodium methoxide
(NaOMe) 31104 1.50 nu (27.8 Radtua) ldasluaqniunanaunn 50 Naaans ANt
araneBagiuniueanys@alntin (dry methanol; dry MeOH) 171104 7.00 Hafaan? A1
AneLAN cysteamine hydrochloride (1a) U3u7tw 1.00 n5u (8.80 Nadlua) avludnsazans
naudjizenielaussenirAeinew (argon atmosphere) ﬁﬂqmuqﬁﬁm (room
temperature) L0118 IAN 30 WIN KAA9LAN 1,3-dibromopropane (1b) U3u104 0.36
Hanans (3.52 Hadtng) nandfisaansenidinanxfauauguuning 40 aaAaaiTea (°C)
Huszezioan 10 Folue leammsimuanatinliiidasiigsandeaen Ina14iAaes rotary
evaporator

AT ANTAZ AN sodiim hydroxide (NaOH) 14414 30% viidnlaeiFums
(wiv) 1310 15,0 Wadans a9 luraailfizeadaaiuuasnauiun ﬁqmmﬁﬁ@uﬂumm 18
aliq annifurinludie B lanas st (dichloromethane; CH,Cl,) 1f3110u 20.0 H8aaMs
dau 3 A5 TnendeniAuianazansavanediln aae sty wdTtan TR ELEin T :Aan
laaa1 (deionized water; £ DI) AnuTiana FaatBunns 60.0 D0AAAT LALA1TATANETI
Tanaalsdiniy WAAIIN19LAN sodium sulfate anhydrous (anh. Na,SO,) a4 b Fun
Sntien ieindatneen anfinaindnsainazanelnraalsdimuaeniagMirte rotary

evaporator 1§an3 1-1 MNaneuziduini@dmaesdeuw Anduilesiduinananinay 100%

L
a

(I Wl fieduneusell ine il mnisuaniisgns)
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1.2 ﬂ’]‘é‘ﬁ\ﬂﬂ‘ﬂ&ﬁlﬁ?ul‘ﬁ'ﬂ%‘ monoRh6G ag diRh6G

: S\/\/S\/\NH2
@,
s s /\ /

H
monoRh6G

S

HzN N"'2 NEt; / EtOH

AR O O N

diRh6G

AW 21 ann13tisen15d9AINY monoRh6G LAY diRh6G

1
a

nsdaLAszfifumes monoRh6G 62 dIRNEG uandlAsan i 21 Buainnisds
laTaluned -1 13u108 020 NN (1.03 Radlna) ldu0atunangns 25 Naaans anntiu
aranedelenNeaTIIMERAMI (dry ethanol; dry EfOH) 15110 6.0 Nadaamns AuALe dry
triethylamine  (Et,N) St Tuis sunns 075 iaaans (5.38 NAAINA) AU
an3azany nauLlgnNFuanaeliusseInIAeIina (argon-atmosphere) ﬁﬂqmmﬁﬁm (room
temperature) K11s2e1%987 30 U7 LdIAaRN IR AUENA (rhodamine 6G) L3818 0.20 N5
(0.42 adlua) nautlgnseasensediadnsauauinanas reflux nialausseInIAeniney
Wuszeziaan 30 dali Lﬁﬂmuﬁwummmﬁy\ﬂﬁtﬁuwﬁmmmﬁﬁm wdntihlinsesuay
SndntenuealngldiFied rotary evaporator

A lanaelsiing sunns 200 faaans asluzaeufiseninedu tllad
¥aeitin DI 1Bunas 20.0 TaAART 41u9u 3 A% Inendenifuienzansazaadulanaalsding
WA291NN191HN anh. Na,SO, aslilifsannianiiae fetndatineen finnisindniainazans
Ianaelsfinueanineliese rotary evaporator mmfuuﬂﬂﬁqwqﬁrmﬁ%’%wmﬁﬁﬂ
preparative thin layer chromatography it Tnelifminaranensuszning CH,CL,
MeOH uaz NEt, Tudnandau 90:10:0.5 viviv auasw 11w mobile phase wudn lfiiduiaas

monoRh6G Hanmrnuziilutingi A3 maesaan Lazidumes diRh6G Aaneviduauded

Tuyeau UsHn 74 waz 52 Haanin dAndulefiduiuananlfivindy 29% uay 16%
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o

AINAIAL  InedaRIINIAReUNTIeNANTUUAIARTL (Retention factor; R) LNy 0.52

a

(monoRh6G) ez 0.79 (diRh6G)

1.3 nMsfaAszilsaRuiilans 4@ (rhodamine B hydrazide; RhB-1)

¢ O
1. NEt5, dry EtOH N—NH,

OH ~
CUC, - JCLIC
2. NH,-NH,, reflux, 24h
SAMAEONY/ \WWSARAES

)

RhB-1

AN 22 ann1IUnsenn1743LA31EY rhodamine B hydrazide (RhB-1)

Annnsdanszilsnafiudlanslas (thodamine B hydrazide; RhB-1) l#%1nns
AUAINZITANLAR109 Kim wazAns [21] danandl 22 Taedalsaniiugl (fhodamine B: RhB)
133704 0.10 N3N (2.08 Haalng) ldaslutaafiunanatng 25 Naaams antiuazanedas
LNNLaaTLlINANNNTINI 6,00 TRAFRAT LAZIAL dry triethylamine 131101 0.50 NaRAMT
(3.61 Naatua) muﬂfﬁ?mmﬂﬁm@mmﬁ@ﬂ?ﬂﬂuﬁqmmﬁﬁm Haaan 30 A7 annidi
wnlans@u (hydrazine) 1anaes 0,20 Naaans (4.12 Raaiua) mmfumuﬂﬁﬁ?m&iﬂw’éﬂu
pnnuteuaiAnnn reflux. nellFisseanidaninau Thsseviaan 24 42l (fleasy
ﬁfmumLqmﬁy\ﬂﬁ@uwﬁmmmﬁﬁm dnltnsesuarisnierueagendaeLATes  rotary
evaporator anthudnlaanelstimunsann 20,0 Taaans wiatinlaiagaein DI Piunns
30.0 RAAAAT S AU 2 AN (AAIIaTAETlnARBLIE A9 RN anh. Na,SO, a4
i Bsnoudintien erndatineen anfinerndarnazanglnnaelsiinueenineliiftes
rotary evaporator @WmfuLLﬂﬂﬁzgwém?mﬁﬁaﬂL“V]ﬂﬁﬂ column chromatography e/ 150
Mazanauanszudnglnaaalslimulaziuniuea (methanol; MeOH) lugmnsndau 97:3 viv
annsnuenldans RhB-1 Asnnsiuseswdadrameen i 390 faaniu Andu

wedidudnananwiniy 77% Inaddnsnisadeunaasdsuusiagadll (Retention factor;

R) winfiu 0.43
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1.4 mfiﬂ%“uﬂfgqﬁuﬁwms?ﬁmL@@Tﬁlfﬂw‘ﬁam S-1

~

0
(')>/\o/\/\s:i-o/
OH e)

piranha solution HO OH GPTs > N
Silica gel > Na 0]
’ ; o HO OH . o QO/&\/\/O\/Q
stir 1 h, 90 °C OH dry toluene, stir 18 h, 50 °C

S-OH S-1

Y

NWAl 23 axnnsuanan1sUiunlganuiaresdantaa iy S-1

2
yad a

AansmraNdanNAa I HNURTUTANN S-1 BNAINNITNIANALANANURNIAIN

1
=

359949 Sekar uazAnLy [31] AINTINT 23 laziadna1sanseasuninene Inatihdaniias
71104 10.0 n5u laasluansazanailsua (piranha solution; 98% H,S0,: 30% H,0,
151103 70:30 Bunslaefannns (viv) J3u04 30.0 1aaans 1ipainsaunaninngil 90
= aI/ :: ay V6 YV & =K a vy v v aa

avAaitea Wunan 1 dalle aamniusaielElfiuauisemugivies ausoaddaniiag
Fn8111 DI AUNTLIRINAIAINNNTA19T AN AITINNAG NFR9TANIRALALA TN IRIWLIL

e o oan A X ! ¢ - 4
ARAYNAU 1NTANLAATINGD LA I aung Nl sziins 110 edAa@aa uainiaay
16@an1 S-OH

:/j o Aaa dl 1 ) d’l a aa

ANNRRENTANNIANHIUNTZUIUNNTNTIANNASBTANURY (TAN S-OH) UTntuw
5.00 n¥u dalalunanfiunan aunn 50 Naaans tiningauinsadainiin (dry toluene)
U3u0e 15.00 Radans Lis (3-glycidyloxypropybtrimethoxysilane w3 ataendn GPTs
30 1.20 88803 (B nufune) A ndunauna lEtssaanaderinet Ngumnd
50 asAmataa mean 18 dalus ensunmusiaadieliifiuauieguunngiifies 1hda

dl % o % k% = dl 0” a aa o
ﬂ'?L@@W1ﬂmqﬂ?®QLLUU@®ﬂQWN®u @NWmim@jﬂuwﬂﬁﬁmnmﬁmm 20 Haaamn? MU 2

v
1%

A AubaalaAaalsdinunilsnAainin (dry dichloromethane; dry CH,CL,) 15a1mnu 20

[ %

a aa o 3/1 % o = = dl 091 v dl
UARAAT ANUIU 2 ATI annieni ﬁiﬂﬁ@ﬂiﬁ‘}ﬂ mutm:‘ﬁwqﬂuwﬂmﬁmnmfafaﬂimﬂmmm

[

yaa dld < al
rotary evaporator 15@an1 S-1 NRAnusiduNsraaudedan
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1.5 NSAWATIZMLTULEAS RhB-Silica

o)

O N-NH,
»N N«

o-si o
Q/ oG dry CH,Cly, NEts, stir 48 h. /\N

at room temperature )

S-1 RhB-Silica

Wil 24 aunisUfieeanisdaupgiviiduiges Rhe-Silica

FannadaA T fuITas RhB-Silica uanIAaA WA 24 IneFuainsindaniiaatise
AU GPTs Bavfesudn (Fan1 S-1) 1Bunay 5.0 nin ldaslugafiunaneunn 50 Naaans
At laraelsiinuiitlmAaIntin B0 20 TaaaRs AINE9ERTsEY Rhodamine B
hydrazide a11491 1.00 N3N (2.03 Aaa1ua) waz dry triethylamine U3u1o0d 0.30 Nadams Nau
ﬂfﬁ?mmﬂlﬁm@mmﬁ@ﬂ%ﬂfauﬁ@qmmﬁﬁm Hulaan 48 4l anmiiulfiransbeusiean
gnunni 40 asrnaaded waan il LﬁﬂmuﬁwumLamﬁyq”lﬁ"l%ﬁmuﬁaﬂqmmﬁﬁm
vingann7l4 lUnseaaamnnd dredadlanaelsilimumiusmanntiiiunn 20 fadans
druan 3 pke aniliiganamatinsaslilueugnmaiissanns 100 ssrnisadea

1981 5 119 18 RhB-Silica

2. nsnadaaulsz@nsnanlunisnsiadvlansaulaveninuadtduidas monoRh6G
wag diRh6G

nsAnwIAuaNTF lunsiasuatigaalsanis 1eevgeatsdiausidulnses
monoRh6G Uay diRh6G éuﬁuimﬂmm@a@uQmmuu‘“ﬁlumi@mﬂﬁuuma@m’éﬂqi@L@m
(excitation spectrum) LL@:ﬂ’]?ﬂ’]ﬂLL@QW@fﬂﬂL?@LsﬁuﬁLsﬁuLsﬁﬂﬁr‘ (emission spectrum) 184419
Wgaaisariusiiume susazaiinluarsazanaduvsdusazatin LATANIATANLNANTIAFAAN
ARV AN [iemFnaane N sausansAAmsinissnsuleney e ld
SLUUAMNAL AT N Z N A Tunausiani Aa neAnEtlszAnEA nluniIviney
Aeniunisnmadylansutlsean (Hg”™) fnamaliavigaasarusaiininsalnd NavAIny

a e . o o . P
Talun153mszi (sensitivity) AHANNZIANEAdTU laaaulsan (selectivity) w3e e
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o a =§ :: o =2 a a o 44
Auleeasusuniuaiingu] saniatih llAnwdss@nininlunimadulesaulsanlunih
= ci o ] o < o 1

Hlasausuniuau dnsdiuvesgessasuiidusesseiuinlasaulsen (Job's plot)

mm‘ﬁzﬁuQmmmﬁuﬁﬂm@uﬂmw (Association constant; K LazANUIEANTNINLTY

assoc)

AIBUANNIINgBaLsALTu (fluorescence quantum yield: @) wananiiduraas
monoRh6G way diRh6G flagniinlilAnwnfelasaireluanaudsainiindunsiseniu

laaaudsanlananisAiuans (molecular modeling) WALANHIAINANINTD LUANTHINALINA

o

145l (Reversibility study) aa4iduimasAINan

2.1 n1snagaumNNll (sensitivity)

N1INAAALANN 1919 FWIT8 5 monoRhEG 1Az diRh6G AntnaliavgaaisaLmis

aulnmsalntiuazinnisdnedninumgessalsuaaesansazaigiiuma i aauldl

=

4& a =; =§’ a [~3 a‘:J al =g/ a aa
Wellnsianleaaudranivady Iﬂﬁlﬂ'ﬁﬂLIJWZQW?QZZ\]']EIL“ﬁuL“ﬂﬂﬁ‘WQﬂLﬁ]?ﬂN‘Hu 3.0 HaaamT

2 v
o o =K

Tndryrynugeatsausimiiaduieunininlaaeuilsen anduaslamadasaisazaie

v @

Usanipizanls waa

[ %

Tndnun e isaausiniiaaunenainsinlasaulsanluusay
a3 Tnanaaasdnyyungeaisdcisindn lazgnin i lElunsmeansnannaresnisay

Aulaaau (K_.. ) 91n4unN19 Benesi-Hildebnand [32-34]

assoc

ANNANNIAT Benesi-Hildebrand;
1 h 1 / 1
A—A,  K(AL=AHI T A=Ay

o

dld v T a 7% o/ :: P4 o o

ANANNTNNANBBEANNANAUTITHEUAT AIIUNI9AT19N TN U AIATNENAUS
1 1 .

A Tunnaunu y uay e THlWaLNU X ATUIATAINANAATBINTTUTY

0 |
laaaulsants wan1uuali

FEAT TN

A, = ANNENLAIN QDRI ALTUAYBN AN TAT A BT UL D TN G

A = AnNdinuasgeasaufrasasazaeiura fuaan lanaun Ay
% v
SEGAY

A, =enudinuasgeasausitesaisaraeidumaiiinige

n = UANTAT 1 1, 2 uaz 3
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v
o

P A o o ° o o Ay & P

‘W‘U’J’]ﬂ’]V’NVI'&Nﬂ@ﬂl’ﬂ\?ﬂq?r‘ﬂﬂﬂﬂi@@TﬂUVﬂquqﬂﬂ@@’]ﬂV’W’]Nﬁ]ﬂ“ﬂ@ﬂﬂ?’]ﬂﬂ@?q\?mu Ni2S
1

SIOpez—

K(Armx - Ab)

K = 1
Slope(A, —A)

2.2.1 NSLATENATATAELTULTRS
WTENANTAzANT1TeS monoRh6G LAy diRhEG MiiAmdindy 3.4x10™ M uaz
12x10* M AAu81# L lugnaazane Acelonitile W3unms 10 TaAaAT A1N1T1UIA 0479
a178za8Ld1TeT monoRh6G LAz diRh6G Aneds serial dilution Taaldaanudinduanas
=

Aaz 10 W auldaoudndugafine iy 34x10°M waz 1.2x10° M aaxaau T

A1382ang acetonitrile UsNAHIS 10 NAAAHS

2.2.2 NsLmsaNgITaza1glsan

Tunimmaaauaaialaaesidulted monoRh6G LAY diRh6G ludansazany
acetonitrile Az LATHHAITAZA L UTanL0F A A AL A (Hg(ClO,),) bl ndiu 1.0x10° M Tu
acetonitrile 13u1a7 10 NARRRT AANGHIA0914890a 81769 Hae33 serial dilution
AR UN SR A s AT AN TS The A0 AR ATATIAL. 104911 aulEAay

indugafinewiniy 1.0x104M Y5anng 10 Haddns

2.2.3 n19nadau

AN7ALANELTULTAT MOnoRhBG LAY diRhEG NiATNANNSUSAAI U aRa LI

v @ q)

b

=

wus tnsdainanisilasuulasaesdyyyiurgeaisaausniinlu ilainislaines

a1sazaneLlsen InenmuaAIn e Tun1maseLLARIAIATNT 2
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F19WT 2 AMNIIIRReTENT AnFunisnaaeuAnlazediumes monoRh6G UAY

diRh6G
monoRh6G LAY diRh6G
AWIRLaas luansazane acetonitrile
A, (nm) 529
Scan speed (nm/min) 300
Slit width (nm) 5.0
F9pINENIARUTRANEN (nm) 530-600

2.2 NSNARALAMNANNISLANZAN (selectivity)
N1INAFBLANNINLNZANZA4T8 9L F11T85 monoRhBG LAY diRh6G 11 T#AnE

%

foematiangearsauiaiiningalnl Inannsdndyninmgeaisamusiainnislawmsnsio

[

ansazangilsanasluasasaneduaasignsianau 3.0-0aaans Wiauaunudyoyin

1
A

WgeaauANinuAINNITlnATaARE 4190918 laaeuaur) asluansavaeiduites
funpnisulasundasmeadtuginingansaiudsziianas lawea feuaisazansilsanuay

nslamsnfagansazatelaeansunanaw

2.1.1 NSLATENA1TRT AN TULTRS

WTENANsazaNETLTes monoRh6G Laz diRh6G Miilmamdindis 3.4x10™ M uaz
12x10* M prudndi-luansazans acelonitile 138773 10 TadaRs A1nTIA0a79
a17azaneLduTes monoRh6G waz diRh6G Haedt serialdilution tnalfimanudinduanas
nSaaz 10 1 auliAuiiindugaiineyiniy 3.4x10°M waz 1.2x10°M sauanay lu

A1382ang acetonitrile UTNI59 10 NAAART

2.1.2 m'afm“'a"zmmima'mﬂﬁ'awLmz'l'aa'amumwnﬁmﬁuﬂ

TUN1INARALAINNANNIZLAN A 9U89LF1LTDF monoRh6G Wae diRh6G i
A1382A"8 acetonitrile NN1TFTENAITAzATLLTaNUAT lDRRUINAD BT AABLIATHAGIIN]
1 acetonitrile 1huNA? 10 TadanT AMuAaa s sazaelsanuas lnsauinaeileinas

\IRTUARNGT] A98AT serial dilution WiuAEAR LN TETENA Az A tEwmes Tneldinann



34

daiuanasnisaz 10 win aulfpanudindugafinavindu 1.0x10* M 1innas 10 Hadans
ANUFLNINARALANNANNIZLANZAUBTEULITAF monoRh6G Lay diRh6G
Taaauililunnmaget

lasaudsen (Hg™) leeeulu (Ag) leesudidan (L") lessuuuizan (Ba™) lasau
waalEeN (Ca”) leeauuanlian (Cd”) leeeulaveas (Co™") leaaunaduns (Cu™) lasau
wan ( 1@@@uI‘WLLVI’&LGﬁHM Y leeaudeanzd (zn™) lesauuueniila (Mn™) leaay

‘Emﬁﬂm (Na") laaauiiniia (Ni°) wazlenaunsia (Pb™)

2.1.3 n9nadaul

1
o al

nansavaratiulgadnissanld dalddndnymangeasaisusd dainanag

dl o/ rdl a d’} al 1
wanuulasesdtynrungeasamusiinnedi InanFaumaisyudaanis lamsaansazans
gamn rTum'ﬂmmemmm’miﬂfaﬂumﬁ@ﬂ@@iiﬁfﬂﬁmﬁmj Imﬂﬁwumquﬂﬁmﬁmm

Tun1megau A LLZQ@Q[FHNL‘]’]?W\‘]?] 2

2.3 MenagauANEINIs lunIsAsIaaLlaeaulsanluniazidilaaausuniu
wUABU °) (competitive)
nnsnadauARdINITnlunasmziaay lasautlsen Tunwnsidleasusunauaiin
dll % a c = o o &
au Aveinaangeesalsudailninealnt Taennsdndyarungestsdiaufaes
ansazantiiuaes Tnanisnausasnadlingisazasilsanasluansazartiduiaingn
WFIENTIU 15N104 3.0 Haaans audnnsiunisulasuulasdninnnmgessamusidniaui
ANLEN AU AnTAN g Tazan laeensunIuTinew uEAn 1 W1 waz 10 win
dl a s 6 o/ a
1938198 zaeLsaniinasluazdndtynyinvigeatsdmuinianainisin leaeusunou

A4 a2
AU ANAT

<
2.3.1 NSLATENATAZALLTULTDS
A17avaNeG1Ia5 monoRh6G LAY diRhEG aziFzaNduluA N MR LNNS
nagauANlalazANAnIzianzas InaldaudinduBufuiazaonudndugaiing
WA LANIINARALANNAINITD MN17A e U laaaulsanluniasii laaausuniuaia
dl = v U U a aa 1 al % o
B Az1aea9ANNEdNTugAine TULRN 10 HARART IWREIALNINAGBLAIININY

bRNCAN
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2.3.2 nMawpsand1sazatgilsanuazlaaausuniutingu 9
ansazanzlsen uazlesauinaeilainaainatingne) N lunimesey avissas

1 = o = dl I o
uAgaiunNTEsave L lun1snaaay ﬁ"J’]ﬁJi’] BAZAIMNAINNIZEANZAN

2.3.3 nM9nadal

o < rtzll = d” o o & o tzll
ihansararaciueies Nwdsnauhlindnyinmgeaisamus dunanisulasunlas

v 1
o A A

mﬂmmaal’]mvd@u@mimsﬁuﬁﬁLﬁm% Wadinispngsazaralsaniazaisazana laaauinae
wWesaaaisnailnsiie) acluaisazaraiduimes lnaivunaAInisRinessie) lunmeagey
PNANIT 2 AntiuEnen s MLAR AR S E TP IF/IOﬁmmmfmﬁuﬁmmL%m
anniige Tuuuaunu y WAz THATBIANAI THUTLNL X artuusli

I, = AnudinaeduLATgRa I TALTUAEIAN TasAIE T AN Dan L

. = ANHINT BN RBIALTUATBIANIACAEUAUFAN DL

2.4 NMFWBRFIUNTNAFITTNTaUIAEABNI9URY Job (Job’s plot)
NsMaRIgaunIaNeaTsviaudanisae Job IHANEaGasnATiANgaaLsaLTWs
alnTnsaind Immﬁmzﬁ”mmwmﬂqmLimeﬁum“lm:uuﬁﬁmwmuim (mole fraction) %78
fnIgauszuIsauninatesduaesuAacsiafeauiniualoaaulsanludnsdau

AN

2.4.1 MFUNDRSIRIUNITNARISHTITAUTDILTULEDS

NNTUIBATIRIUNNAA AT ST A LU L FULTAS monoRh6G du1san 1A TaeNaN
A1782ANEULTRS b acetonitrile Wi 1.04x10° M wazdrazanglsanitasnaalsn i

acetonitrile 1{x4W 1.04x10° M lua9a1BuNm? 10 RaAAMNT AEIFAIIAIUAIANTIGN 3
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AN 3 NNIUIFRTNFIUNTINARNTITIT AL RT LR T

°1|’Jﬂ17ll Mole fraction sensor monoRh6G (mL) ng+ (uL)

1 1 1 0
2 0.9 0.9 1
3 0.8 0.8 2
4 0.7 0.7 3
5 0.6 0.6 4
6 0.5 0.5 5
7 0.4 04 9
8 0.3 0.3 7
9 0.2 0.2 8
10 0.1 0.1

11 0 0 10

v f o

Tneusiazaanliuanutiiingmaan 10 Nadans fae acetonitrile waarnludndtynyo
N17ANELAINQBA LT ALTLH AN HUATINIINULEAIANHENN RS U1 AIAINLTNT DY

Ay ounlgeatTArIuFAN AN INEAIARYY 545 nm Turuaunu y tazwasdauingluiun unu x

|
=

ienaRIduIzinFuaaisia laeausennaiuisatanedtynn urlgaa AU LA N

b

ngn
25 msmﬁﬁﬂix%ﬂ%mwL%amﬂuﬁummgﬂmsmﬁwﬁ (fluorescence quantum
yield)

NsuNAL sz ANENINITI A UANNIINgaa AT uAY T uge TusazTiia LTWN1g

1 1
= A

wdndaurasanuIninnaungnAeaanisada L iMRaungnaanau Tnaalsitianig

Aauasgaaisartus unazdadnlng 1 lnaaruanm lfauannisiuanssasa iy



37

P, srady Ny
© e ()

Wa P, =quantum yield 199815590809
P, = quantum yield 289@ININTFIU
Grad, = ArpnduainnanANduiusszndnaAINITAN LAY
WQBaLTALTUANUNNIAANALLANTIBIANIFADEIN
Grad, = FnAnyduainns A uduiusssndeAnisAneLas

WAReLALETUALNNIAANAULANTBIANTHIATIIN

Ny = refractive index 2895 NIaza 8419590209

Ns = refractive.index m@aﬁfsﬁmmmmwﬁmgm

2.5.1 NSLATENAITASAIELTULIDSUATANSAZATaan
ANTATANELTULEDT monoRh6G WAy diRh6G Wazdl1sazaalsantiladnanism
= di/ [ = o 2 U 2 QI v v v
wrsNAuluANHUzAg R U agauAN 10 Taelf At uduEudulazA NNty

anTinelLyinriv

2.5.2 NSLASENAITASAILAN19DY

N1IUIAL 82 ANBNINTIATDUANN NN DLIA LT LAY TULTES MONORNEG LAY

Aa

diRh6G azmunuinelda1sazatalsnniiuil@na (rhodamine 6G) [35] 1l1an781984

2.5.3 MsnAgay
1UNa197a2A8 T ULITET MonoRh6G kAT diRh6G LN 3 HARANT ANATATAN
= o % 4 < % o & o
lasaullsanineuiuaonndiniusesduiae fuazdndnynuvgaaisataus lnaiinus
ANNIIHABFFN9] TWNNINARBLANNANIINT 2
< o o 2 i~ = !

aniiuin ldnAIN199ANAULAITNAINENARY 529 nm UATAINITANLLAINGES

. dz Y A 2 a
BATUFTNAYINENIAAY 545 nm (A, = 529 nm) dadn 5 A% TneusazARiIReawansazais
AINA19ATIAT 2/3 W1 uAUIAINNIAANALLAZ AIN1TANELAINGEaLIALTUANIR LA 4519
NINUAAIANTNANRUSTEUT WAINITANLAINBALTALTUG LUUUALNY Y LAZAINIIAANALY

uallauny x ansunin1meaestnlneilaauansazareduiesiduasazaragnedah
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Tditlassuilsan ulaA ANl szAnsn T NTEIABUANN 1NN a0 LI ALTURRINANNNS
k4 4 Adl
NG
1183 monoRh6G LAY diRh6G
@®. quantum yield 19alspAuiEnawingy 0.94
Ny refractive index 184 acetonitrile Winriy 1.346

Ns refractive index 184 ethanol WAL 1.360

3. nsnagaulszansninlunisnstasutaasulanzuiinuaduidas RhB-Silica
n19AN1Us AN N a9t uLaas RhB-Silica nd4LAnziils vilaadanmnig
wasulasaesdraaduimas RhB-Silica lunanliileaauilsansuniu wazlurinnilaan

Usanianudindusine fudunnuusltduaesdresduined RhB-Silica iasuutlasly

3.1 NgnAFauANLY (sensitivity)

n1negauAINdlnrasdultas RhB-Silica 1w 16nan1sAne12ue9idurmasn

b

Y Y

wWazuudasll lusninassvleasntsannaoudisdusing Inessanasazaialseni
pNudindiusing lurasanases naanaz 2.00 Haaans nilldiduimas RhB-Silica asl

¥

AURTTALANEILAL I WIEaS RhB-Silica 174171 549918 10 w17 1tduimas RhB-Silica

Hawnuidungaesnivanpzneuas i Nfiuasn Anludousasaisazaiailsaniuiians

aedudeiialyl dunmdvasiduaedmaniu eanutaaegUinaimnug

3.1.1 MSLETANLTULERS

wseNduLtas RhB-Silica ldnaaanpassuasnas 100 mg

3.1.2 mMapsangIsazaigilsan
Tunimageuanlireaduites RhB-Silica aziazandnsazanalsanasdinsm
Windii 1000 ppm Tuin DI anntiwRaanegsazaielsan 500, 200, 100, 80, 60, 40, 30, 20,

10 ppm UTN18T 2 UaRARST
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3.2 NSNARALANIUNILLANLAY (selectivity)
N1INARDLAITNINNIZLANLAIUAILTULEAS RhB-Silica 111 16n1n12An1 R0
= e g al & Ao a a ~ i a
Wumasndasunlasly lummmmmmiﬂﬂﬂmumumum@uj RIS AR Y
laaaulsannacuiduduingu anntiuldifuigas RhB-Silica a1l AudTazasuLay
\F1La85 RhB-Silica 1914174 97918 10 w1 1#tduLaas RhB-Silica N asuzLil1Ng
Toauiennaznaussifiunans galudiuassaisazatslseninilensaaudeiiall duns

= = el & & < A o o=
AUALLLLTRTNLN AL @ﬁﬂuumﬂgﬂ PARUUNNTNG

3.1.1 NSLATENLTULEDS

wisaNduITes RhB-Silica ldvananaassaanas 100 mg

3.2.1 malmsandsarartilsanuazlasausuniugina
lunimageuanlresiuimes RhB-Silica axtisenansazaie loaausiingie

Wi Asdindu 100 ppm T DI 50799 2 Nadass



unin 5
NANITANLUUINUIRE

Lﬁ’aﬁ’m’]iﬁ\iLﬁﬁ‘ﬂxﬁm"}?ﬁ‘mLLMW@J@@LML%‘LAGT%@@GLWJ 3 7in S9ldun monoRh6G,
diRh6G LAY RhB-Silica 171§ antfuinundnsiitetusulnsairsresdumesiomeaia
nuclear magnetic resonance spectroscopy (NMR) Wag high resolution mass
spectroscopy  (HR-ESI  MS) wdsanninstusulassaiauiGe e Fumes

monoRh6G  laY  diRh6G ' aznnundmedatilssdnininlunismieadulaaaullsaniu

a17azane acetonitrile TuaNHARERANITRRILNEIE T e SR asLusanansidu el
Walfiazmansenislfeuunaedu SeiAaiumes RhB-Silica Iaunis1inian rhodamine B

. ' aa 0 d! o v dl s dl < o A o
hydrazide flaasLEanLaa (Silica gel) T witnnduadnatsmduaasuds nanseiue
IAseasTesiugadfamatia scanning’ electron ' ‘microscopy (SEM), differential
thermogravimetry analysis-(DTG), .differential scanning calorimetry (DSC) Was Fourier

o

Transform Infrared Spectroscopy-(FT-IR) IARANITNAARIFIL

1. nseudulnsIAsI
ANNANIIAATZTANTIFRILAIN QR BITALT AT W ASUAR LT UARINTEN1INARET
THnanal3udadinedins - wima lingassaausiduimesdmiinmast laaanlansuingtin lus
a dﬁI a s S o v dl o % 1 oi/, % ac
2 alla Feaunsnannziuaztiuiulnsai e sndansnzilfwsiazdusioaanieanln

nralnileatl

1.1 TAgad519224 2-(3-(2-aminoethylthio)propylthio)ethanamine (I-1)

(1
H2NJ/ \LNHZ

AN 25 TANAEI9NILARTAY 2-(3-(2-aminoethylthio)propylthio)ethanamine (I-1)

40
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AMNNN9ANE IATaEsaNNaARYeY  2-(3-(2-aminoethylthio)propylthio)ethanamine
o d&/

(I-1) IaeAan1eaninsgindanunsotiudulnsaa e ldnadl

'H NMR (300 MHz, CDC|3): 0167 (br-s, 4H), 1.85 (quintet, J = 7.1 Hz, 2H), 2.59-
2,63 (m, 8H), 2.86 (t, J = 6.3 Hz, 4H) ppm (N7 26).; "°C NMR (75 MHz, CDCL,): 029.4
(CH,), 30.6 (2CH,), 36.1 (2CH,), 40.9 (2CH,) ppm (mwﬁ 27).; ANN13AUIU C,H NS,

(M+H)" 195.0990 m/z a1NN19NA&aL 195.1066 m/z (mwﬁ 28).

0.000

o
g

Wl

n
© 0w

RN

W

1
zﬁ 2
3J/s; Sy
HoNT 4 4 >NH,
5 5
T I
: 25 2.0
4 23
1
A
r T T T T T T T T T T 1
45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

A 26 'H NMR @wlnninaeg 2-(3-(2-aminoethylthio)propylthio)ethanamine (I1-1)
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09

-~ -1

.
= w

]
9.

29,98

———

N

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 ppm

A 27 C NMR dilnmsiang. 2-(3-(2-aminoethylthio)propylthio)ethanamine (I-1)

Intens. T ¥MS, 0.1-0.1min #(4-5)

x105_

195.1066

H,N NH,

+150.0497
253.1404

S—312.1655

100 200 30 400 500 600 700 "800 900 miz

A1 28 HR-ESI MS gLlnmfuaes 2-(3-(2-aminoethylthio)propylthio)ethanamine (I-1)

anHa 'H NMR g1lnmsy, °C NMR ailnafu anunsnsiuguniaingnslsznauiaes

Im394519 2-(3-(2-aminoethylthio)propylthio)ethanamine (I-1) wanainil g unsneiug

1A9431991N HR-ESI MS 1BNawindy 1951066 m/z S9RANINALALNAINNITAIWIN.
C,HN,S,” (M+H)" &Awinril 195.0990 m/z astiusulianlians 2-(3-(2-aminoethylthio)

propylthio)ethanamine (I-1) AATUATIAINNIFIATIZTUATHANNLTANS InEAINTDLAUS

nalnnisifnLisenfaning 29
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—~ ”jﬂ
-+ © ) 2b
Cl H,N S OMe _ HN  s© > s ()
1a cl +J/ .
HaN ST\ -
s % \H, cl

S S aq NaOH S S

AR AN ¢

H,N NH, H;N NH;

i 29 nalnnisinatizentesanstlsznay2-(3-(2-aminoethylthio)propylthio)

ethanamine (I-1)

1.2 TA59851912 9L T ULEDS MOoNoRh6G

O

2930 TATNASIN AN 1B NIETD T monoRhEG

ann19AnE TR aFI PR saudiiimas monoRh6G tneagnvaininsalnd
awnsaiusulasainglgaedl

'H NMR (300 MHz, CDCl,): O 132 (t, J=7.2 Hz, 6H), 1.71 (quintet, J = 7.2 Hz,
2H), 1.90 (s, 6H), 2.17-2.21 (m, 2H), 2.36 (s, NH,), 2.44 (t, J = 7.2 Hz, 2H), 2.52 (t, J =
7.4 Hz, 2H), 2.62 (t, J = 6.6 Hz, 2H), 2.88 (t, J = 6.3 Hz, 2H), 3.17-3.29 (m, 6H), 3.54 (s,
2H, NH,), 6.23 (s, 2H), 6.34 (s, 2H), 7.02-7.06 (m, 1H), 7.41-7.48 (m, 2H), 7.90-7.93 (m,
1H) ppm (MW# 31).; °C NMR (75 MHz, CDCL): §14.7 (2CH,), 16.7 (2CH,), 29.2 (CH,),
29.4 (CH,), 30.3 (CH,), 30.4 (CH,), 35.5 (CH,), 38.4 (2CH,), 40.1 (CH,), 40.9 (CH,), 64.9
(C), 96.5 (2CH), 105.8 (2C), 118.0 (2C), 122.8 (CH), 123.8 (CH), 128.1 (CH), 128.5
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(2CH), 131.1 (C), 132.5 (CH), 147.5 (2C), 151.7 (2C), 153.4 (C), 167.8 (C=0) ppm (AN

#1 32-33).; ANN19AMUIN Co,H,N,0,S,” (M+H)"591.2827 m/z aannsnagdaL 591.2824
m/z (NNT 34).

4
5 T [
4 3 2
3
7,5,6
1 3 9
L J | UL .
1 1 I I I 1 N N 1 I I N 1
9 8 7 6 5 4 3 2 1 ppm
RN J1t L a4y o
SN o/ BREAER83E) 8

M99 31 HNMR aalnasuseaduitas monoRh6G

O
O N/\/S\/\/S\/\NH2
H

NS
H

T T T T T
180 160 140 120 100 80 60 40 20 ppm

]|

A9 32 PC NMR gulnmiuaadiduinas monoRh6G
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o)
O N/\/S\/\/S\/\NHZ

ON/\

/\N
H H

140 130 120 110 100 90 a0 To 60 50 40 30 20 10 ppm

A9 33 °C DEPT 135 NMR 4LLnmsuaadidumas monoRh6G

Intens ) T T +MS, 0.3min #(19)
x108 591.2824
1.5 _ o]

O N/\/S\/\/S\/\NHQ

H

1.04

0.5

11&1L5525

0.0 : : T T — : :
0 200 400 600 800 1000 1200 miz

ANN84 HR-ESI MS giilnmsiaadiuimas monoRh6G

anua 'H NMR ailnmdy, °C NMR ailnmdu uaz '°C DEPT 135 aldnmasn 41un9m
fufunnafaanslsnetifumes monoRh6G wananil feanunsndugulnssas1sa N HR-
ESI MS Wnawiniu 591.2824 m/z Geflenln&ideeannnisfnuans CH,N,S,” (M+H)" lein
Wi 591.2827 m/z AdEudlEd 1881 monoRh6G RATuATIaINNNsdaATELAYE]

ANNLEAYE tneaNisniauena lnn i alAsenAsnIng 35
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Qg
Et;N o}

O ((y HN IS,

O
/\NOH/\

-Hzo

(0]

N7
/\HON/\

H

i 35 nalnnisiadisen1edanstlszneuiduees monoRh6G
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1.3 TS99 TULEDS dIRN6G

z
o
Z
T
T
z
]
Z
T

H

AN 36 TATNAS NIRRT ULIRT dIRhEG

annsAnEnlasasanIuAtisadaediduae  diRn6G  Imedanneaininsalnd
awnsatiusulnseainelgsail

"H NMR (300 MHz, CDC|3)Z O 1.31 (tyd = 7.2 Hz,12H), 1.39-1.46 (m, 2H), 1.89
(s, 12H), 2.13 (t, J = 7.8 Hz, 4H), 2.27(t, J-=.7.2 Hz, 4H), 3.16=3:20 (m, 12H), 3.56 (s,
4NH), 6.20 (s, 4H), 6.33 (s, 4H), 7.03-7.06 {m, 2H), 7.43-7.46 (m, 4H), 7.90-7.93 (m, 2H)
opm (MW 37).; °C NMR (75 MHz, CDCL), 0'14.7 (4CH,), 16.7 (4CH,), 29.4 (2CH,), 30.3
(2CH,), 38.4 (4CH,), 40.2 (2CH,), 45.9 (CH,),.64.9 (2C), 96:5/(4CH), 105.9 (4C), 118.0
(4C), 122.8 (2CH), 128.8(2CH),128.5(2CH), 128.8(4CH), 131.3 (2C), 132.2 (2CH), 147.5
(4C), 151.8 (4C),..153.5 (2C), 167.8-(2C=0) ppm (ﬂ’WWﬁ 38).; ANNNIFATUIN

CosHeN,0,S," (M+H) 987.4665 m/z aannsnadas 9874655 m/z (0 39).
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BN T
T T T T T
9 1] T 1] 2 1 ppm
' Vol e bar || el ea fenf e
5 8 E [ ol EleElsle
AW 3700 NMR @ aiuaedfiimes diRh6G
13C DEPT 135 NMR || | 1 J
U 1 I—
H !
|
O 0.
Sk
HNONH HNONH
/ o L
3¢ NMR

T T
80 60 40

| IJ. h,\ lil l‘ i

100

T T T
180 160 140 120

A7 38 °C DEPT135 NMR gllnaduuaz °C NMR dulnafuaaaidusias diRh6G
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Intens.{ +MS, 0.3min #{18)
x4 987 4655 0 o

25 s s O
N/\/ ~ N \/\N
989 980
HN (0] NH HN (0] N

H

1.0 P )
0.57 |
165.3838 H | 14504563 17086848 19969073
T ——————— Y ——— T —r—r—
0 250 500 750 1000 1250 1500 1750 2000 miz

AN 39 HR-ESI MS aulnafuaagiduias diRh6G

anuNa 'H NMR atlnedu, °C NMR gulnmsy was °C DEPT 135 aulnmiu 4a1u190
tlusuniaina17lsenauIduEas diRhBG Lana Nt ea 1 ntiusulAseas19an HR-ESI

=l

MS TinainiL 591.2824 m/z SeflANInALALNaINNITATUIN -CoH, NS, (M+H)" HAn
WinrTu 591.2827 m/z astiudulfdnlfans diRh6G INATILATIaINN9gaLATziuazdiAay
13403 tnanalnnisiadfienddnwuidwnesiunalnniafind jisevesduined

monoRh6G uh luiiuines diRh6G azinaLAENTNaeTs

1.4 Taseas19wae lsanfiutilansalgn (rhodamine B hydrazide; RhB-1)

o)
O N—NH,
S
. <

AN 40 TAaasamsaiaaalsaniuillanslas (RhB-1)

ann1gAn Iarag T antsavedlsntud laaslas (RhB-1) nedaniegilnings
Indanunsnfudulasaainalsadl

'H NMR (300 MHz, CDCl,): 01.16 (t, J =7.1Hz, 12H), 3.32 (q, J = 7.0 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), 7.09-7.13
(m, 1H), 7.41-7.47 (m, 2H), 7.92-7.85 (m, 1H) ppm (N 41).: °C NMR (75 MHz, CDCL,):

0126 (4CH,), 44.4 (4CH,), 66.0 (C), 98.0 (2CH), 104.5 (2C), 108.0 (2CH), 123.0 (CH),
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123.8 (CH), 128.0 (CH), 128.1 (2CH), 130.0 (2CH), 132.5 (CH), 148.8 (2C),151.5 (C),
153.8 (C), 166.1 (C) ppm (N7 42-43).; ANN19AMUIN HR-ESIMS C,,H,,N,0," (M+H)*

457.2604 m/z, aNN1INA&AL 457.2366 m/z (mwﬁ 44).

9 8 T [+ 5 4 3 2 1 ppm

| .Il 1\“ ll |

T T T T L

~ | -
180 160 140 120 100 80 60 40 20 ppm

—1—

AN 42 °C NMR awdnmsnaaalsaniudlans las (RhB-1)
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(0]
O N—NH,
/\N O 0 O N/\
J \ J ~ L t
A T T T T T T I N
18 160 140 120 100 80 60 40 20 ppm
AWA 43 °C DEPT 135 NMR &tulnafuaaalsaniinilanslas (RhB-1)

lntense. +MS, 0.37min #(22)l

11951 457.2366

1.007

0.75

0.501

0.251

e 284.2771 2k

0 100 200 300 400 500 600 700 800 900 " miz

AN 44 HR-ESI MS aulnainaaalsnfludlans las (RhB-1)

anua 'H NMR ailnmdy, °C NMR ailnmdu uaz '°C DEPT 135 aldnmasn 41unam
tliugunannanslsznaulsaniuilanslas (RhB-1) wanan fanansniusilasaing
a1n HR-ESI MS 1Ruawiriy 457.2366 miz diiAnlndifsannnisdans G H,N,0,"
(M+H)" ANy 457.2604 m/z astiugulianldanslsanfindlanslas (RhB-1) RT3

annsdaAsziuaziinNtEgns InaainisaiauenalnnaiaUAsendAs nni 45
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Qrt
Et;N o)

o)
-H,0 & O N—NH,
VaS BDWN
) L

i 45 nalnnasiaYfisevesanstsznautsadullanslas (RhB-1)

« = c © I'e a A s
fﬂ’mN@miﬁ\‘lmm:um;‘lﬁmLLM‘V\I@@LimﬁﬁumLSﬁuLsnmﬂmQTa?muuuiam‘;‘ﬂsm
ac] 4&‘ b % 1 b4 Y v % S o v v % a

(RhB-1) mansnimaaasi lEinanaBudadinedin uaztiudulnseairsfaafoamaiia nuclear
magnetic resonance spectroscopy (NMR) ka & high resolution mass spectroscopy (HR-
ESI MS) ilunGaufas ludupausssnisdiulgaiuinaesdaniaalulsasdunaun a1unsn
A sisazdiudunisilasuilasuiazduneufaematia scanning electron microscopy
(SEM), differential thermogravimetry analysis (DTG), differential scanning calorimetry

(DSC) wax Fourier Transform Infrared Spectroscopy (FT-IR) 1BnaN1IAaaIFIil
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1.5 nsANEANLIANIIN A WNaILEULEas RhB-Silica Aenalin
Scanning Electron Microscopy (SEM)
AINUANTTAATEIIATIAS LR AT I usasduAauLeIN1sLF UL JeuaTeq
aa % a o U a 1 dsj a aa dl
FANWAAAILNALA SEM Az liinguseasiden1eduin U519 wasiuiaresaniiaan

wasuulasly Inelaseainmiaeiiaesusiazdunaungniiutlaanutonanalidaning 46

OH
HO OH

HO OH
OH

S-OH

RhB-Silica

dl v = 1 :/I o dlg/ a aa
NINN 46 Tm\amwmqmmmLLmaz‘*ﬂum'ﬂﬂumiﬂiuﬂg\iwummmsmmL%l

Fann S-OH Fan1 S-1 ¥ias RhB-Silica

DN 47 LLZ@m‘iﬂmm’éwzﬁ“mﬂﬁuﬁmmm@ﬁam S-OH, AN S-1 uay 1FuLEas RhB-Silica 71

ANa92818 a) 100 W1, b) 500 LN, kaz c) 2000 i1 (FANAaRIFY 63-200 um)
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AN 47  LTUNAAINNTALATITBNeATIA SEM Tain 9tNEan aaaulm 63-

200 pm ARIUNTZLAUNNINNAMNAZB1ARLEdNTazaneTlFueN Teazlfiidudan S-OH mna

v
A a a v

Aaeitl5ugaltivuiaN(3-Glycidyloxypropyl)trimethoxysilane (GPTS) 1Hudan S-1 wén
1 lUsariu Rhodamine B hydrazide aiduiiwaas RhB-Silica aziiuin@ani S-OH &R
Tasaatednugnuinennlduien Tnafauindsznins 200 pm dnmouzaesiulapaudng

Gy wiieiulinresdaniinissieiy GPTs (FAn1 S-1) IAseaedtuguineniinis

wWasuulasld Fan 7 liNaunatlszanns 100-200 pm T9ENN912IATRIEANT S-OH Bnvia

v

A A A I @ o aAd a o A o o aa
WuNQNﬂqumg‘sﬂ?:ﬁNqﬂﬂJu ULABAUIALANFAANNWNINUIUNINLHALN LN LUABNTANT  S-OH

b

o vaa al

Watndan1 S-1 1nmeniu Rhodamine B hydrazide aziiuanannuain lddaniazlaunaanas

= o

Waneuiulududany S-OH wag Tana S-1 gteuarawindinisulasuuilacll ahwnicaes
& A o~ a & | f <\ TN 7 () <&
NURITN AN FEUTY WATIABIUIALENAANALRAT AT UTANN T

Tunueadeaii Wellagusiananddanuaa liNIUIAlENas aNnTEIn 63-200 um
lu 40-63 um azdindnnInresaniaATfaeeduiges RhB-Silica WguRUNa89TANN
S-OH nausia (3-Glycidyloxypropyl)trimethoxysilane (GPTs)laz Rhodamine B hydrazide
TnsagBradtuguineniinaslaeiuady Insawingesd@nidumindnas Tauadinana

waRS I AN 48

Fan1 S-OH a5 RhB-Silica

NN 48 uanslnsaaiadniguingn1esdant S-OH uay 1iulras RhB-Silica AnnasLNe

a) 100 i1 Laz b) 500 i ([EanLaasafiis 40-63 um)
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a

ANNANMATEIRINaLansliviud luusasdunauaesn sl iUl genuioEan
& A ~ P TN A o oA o ' M p~
wa WuRasazsainsdasull wafdsldanunsntuguwireuenlfdn luuwdazduneutinig
TONABTUITUING Si-OH (silanol group) LuURRUasdanARaniy (3-Glycidyloxypropyl)
trimethoxysilane (GPTs) 1198 Rhodamine B hydrazide L?‘]]’]Lﬂmﬁwfrmienﬁ(epoxide) TIFD

A o Y a tﬂl 1
BUERATELNALARLS &miﬂ

1.6 MsANEENTANINNENINURATULERS RhB-Silica ArenATiA
Differential Thermogravimetry Analysis (DTG)
ANNANNTAATITIREINATA DTG °umLwimﬂfumummm@ﬁuﬂgqﬁyﬁwm%m
wn Az linsusimrnaesdan i aasidadhl e l#5unten Taauanseenunly

stunaesnannansaNdNRusTsddes s e siminuaz g R

A e
|

85 Defta Y = 1.109 %

tive Weight % (%/min)

Deriva

Weight % (%)
8
5
="
| ot 3

|
_— ~ IS T
| / |
| |
| 3 !
|

L 1 R 4‘ 020
97.0 A } 1

U !! — 026
\ |
|

%51 H\ !j ‘ L 030
\

96.17 LI : L 03209

4415 100 200 300 750

400
Temperature (°C)

AN 49 NITNLAASNANITIATIZUFLINATA DTG U89TaNT S-OH NENUNNTNIAINN

AzANARILA1TAAN TN

NN 49 FANNAANHIUNITNIANAZANAFEIE1Taza8TI5ueEN  (TANN
S-OH) azwiuinialiinonsgeulilauns 44 asdamad@as wefifusfuesinminduinig

wasuudlashl Geagludosanunil 44-200 asraaioa uaziniauasuulasingay
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gramnitlszanny 80-100 asA@aiaa TeAaduiunisgadauminninaaINnIsszime

v
)

YRIUNAALTILS 4%

99.93

=2 o LAty
Delta Y = 2.543 i ! R

©
hg

Weight % (%)
S
SN B |
™ A
-~ H
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(Ag" Tesauamew (L") leeeuuuBean (Ba™) leeeuumadan (Ca”") leaauumsiian (Cd™)
laaaulauaad (Co™) leaaunaduwss (Cu”) lesauwan (Fe?) lesaulwunaiden (K

=

faned (zn”) Teeauusaniiia (Mn®) leesulaaan (Na') lesaudinifia (NP way
leaaudanzd (zn°
~ = . ol o A o
finnaasuunlasasdynuaeesausniagnin iWaauiuau

u

laaaunzia (Pb>)
dinaasdtyounnugansariusEusiy Turneidiuges diRh6G Wadnsfnlaaaumeuns

2+, A QI ﬁ” o & v dl = o
(Cu )Nﬂ'\?LWNﬂuﬂ‘ﬂ\iﬂﬁyﬁyﬁqu‘ﬂ@L?@LsﬁwﬂL@ﬂu‘ﬂﬂLN‘ﬂmﬂUﬂﬂi@@@uﬂ?@VI
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2.4, Nams‘wﬂﬂ@uﬂuﬁﬁmsmﬂu,mmlgfafaLfmLsnuﬁ”lumfazﬁﬁ'lfa'a'auﬂ'a"amqu
nulaaausuniuau q 1aaduidas monoRh6G WAL diRh6G

NINAABLNNIANELAINABRLIAITUAIRGUITIAS monoRhEG  uaz diRh6G  Tu

o dld [ dl % ! +

a198zane acetonitrile lunnznileseulsenazaasuetivlesausuniuaus) lhud Ag',

> Ba® Li", Pb®", Ca®’, cd®, o, Fe®", Mn®" Na", Ni*", K" uaz Zn* @eldivinnnamaaadn

Cu
zﬁ“ﬂamammwQ@@LmLsﬁwfﬂumm:ﬁﬁﬂ?mmiﬂfafamumuﬁm'] Wiy 10 win - 1e9faNn
leeaulsanluaisazaty Tnsacudinduresdugel monoRh6G uar diRh6G LML
3.4x10° M uaz 1.2x10° M mua sy uwazlflepaulugluenaeilefnaaisnatinge Sana
nsnaasduansluglaeinawaandiusssudagAn 1/, (unu y) uazttinveslasausie

5197 (W x) Mnasauandlunani 65 ez nani 66

500
400 F
300 |
=
=
___I.l.
200
100 |
0
P L S\ ORI S I P S S S SR S\
NI I T I I IFIFT IS &§§F N
T N T YT N ST T T T ST TSN
I L 2T L it I B S L

WA 65 NNIANBLEINgeaLaLEus (A, = 529 nm uaz A, = 545 nm) Ta9iduines
monoRh6G (3.4x10° M) luansazans acetonitrile Tunnnsiipnudindulaaan
FuN9WANge] WwaLuluansazanenyinil 68 pM (10 equiv.) 2e9AnEindulaaau

198 6.8 uM.
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10
8-
6-
(=]
=
_LL
4 L
2-
0
°§\Q\\\\§ﬁ"\\\\’*\\\¢“\\\ Q,\\\\Qv@e\\\\\xoo@&q,\\\x@ S G
N\ X! X N X
T I EIFT AT & &N S NN &S
> ‘29} e QQ S Q‘Q Q«Q' S & X 0 & & o
q:(q:(qr x foIL xq:(’t

NINT 66 NsANtILaIHABREALIUE (A, =529 nm waz A, = 545 nm) 1aifuLias diRh6G
(1.2x10° M) luansazang acetonitrile Jun1giiaudndulaaausunausiig

weduluanrazanawiafu 59 pM (10-equiv.) 289peNidinduleasulsen 5.9 uM

n1nAaasiidunIMmazataI TNa1u1 1 lunTTRadulaaaullsanueaduma s
monoRh6G uaz diRh6G Tunasnitleseusunawens Hur leeantu (Ag) leseudies
M lasauuuPan (Ba®) lesauunaidas (Ca2) laaauuaniian (Ca*) laaaulnuaas

+

2 laaaunawnd (Cu®) lesauiwan (Fe*) laaauinunaden (K laaaudangd (zn®)
VL@@@HLLNQWWW& Mn?) leapulmden (Na') laaautinina(Ni7) wazlaaaunzin (Pb>") @i
AHndnvaslasausunIusie] i 10 wihtesnadndueslasaulsan Tnansaadn
Ay NN DR LIALTUAN AN INETIAAL 545 nm AINATT 65 LAz NNT 66 dainmlidn
Arynynnungaaisalauan fvdsaininleaausunouans sanivleasudsen Tiiinag

dl dll = o & o a = a a
wasnulas Wamauiudnyyungessasusiiainiasisleseulseninesaiinife ) wans
1919347 U959 monoRh6G LAz diRh6G Htlse@nninlunisieung wiiluaniaen
= dl v o = = P | o
Hlaeaudusunou Aniuinnlussuuinemaduilleseustinow] wihiulinnnleesutlsen
wsannnanleaauilsen ulteas monoRh6G waz diRh6G Afiasuanidryynngeaiss
\UFAULIL OFF-ON 1Hlnafssdanininsesdueflianas uazarunsosnduleasauilsen

THateanmizianzasgs
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2.5. féhm'mmm'mr;'i'lqmmmimqqﬁ'u'l'a'a'auﬂs@ﬂ (detection limit)

NIIANUITUAIAYINRNNITDAIGALBINITATIAAL (detection limit) [36] naznnlae

1
a

Waan NIA log 1e9aNiindurastsaniinatly (wnw X) iu intensity N9a’la (W y)
fia3yarine 109491195 MonoRh6G A diRhEG LAAIAIATINT 6-7 UATATINNIINUAAIAY

AN 67-68

;13197 6 dayararndiniuraslasaulseniifinadluarsazansidumes monoRh6G fiu

intensity a991fuiEas monoRh6G (A, = 529 nm uay A__ = 545 nm)

[Hg*1, mol/L log[Hg*'] Intensity
0.65x107 -7.18486 12.63
1.31x10”" -6.88383 16.50
1.96x10" -6.70774 19.53

40
35 -

y = 14.28x + 115.1
R?=0.993

N W
o O
[ 1

Fluorescence Intensity
— N
(8] o
1 L

10 4 i
-8.5 -8 -7.5 -7 -6.5 -6
log [Hg*]

A 67 NTINLEAIANNANNUETZUIN9AN log 2dAdinduresleseudsenilesranism

MAnasl iU intensity a091fuLI05 monoRh6G, A, Wil 529 nm
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N19ANUIU
AN IFann1sEunTIAe y = 14.28x + 115.1 ; R°= 0.993

U1RAAAWNU x ; MUl y = 0

v
[

PNUU 0=14.28x+ 1151
x =-115.1/14.28

x = -8.06
Wi x =log [Hg™1;  azld log [Hg*'] = -8.06
[Hg™1=10""
=8.71X10° M
=1.74 ppb.

anaunisaz i detection limit aasiduimas monoRh6G lunasmsaadulenautlsan

waspanism AL 8.71x10° M 198 1.74 ppb.

;13197 7 dayarnarndindvaeslaseulseniiinasluaisazaneidusios diRh6G i

intensity 1091FulTaT diRNE6G (A, = 529 nm ua¥ A_. = 545 nm)

[Hg*1, mol/L log[Hg*'] Intensity
2 74x10° 456161 666.45
2.87x10° 4.54141 716.75

3.00x10° -4.52211 766.68
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2000
>
g 1500 + y = 2536.x + 12237
= R2 = 0.999
3
© 1000 -
[0}
(&)
v
o
S 500 - >
LI— r - -
0 ' — . ; :
-5 -4.9 -4.8 -4.7 -4.6 -4.5 -4.4
log [Hg*']

A9 68 NTINLAAIANNANNUTIZNINAT log 29N ndiaedlessudsenitlesranism

MAnasll AU intensity a891EUE95 diRN6G, A, 1799771 529 nm

N1IATUILY
anna W lFaun19EURNAS Y = 2536x + 12237+ R*= 0.999
NNARAUNY X ; NUUALH y =0
JUU 0= 2536x + 12237
X =-12237/2536
X =-4.82
Wil x = log [Hg™ ;" » azlé log [Hg" ] = -4.82
[Hg™1=10""
= 1.30 x 10°'M
= 3.00 ppm
anaun13azli detection limit eqiduimes diRh6G lunsnmaduleanauilsanilas

ARBLIA NANNAL 1.30x10° M %58 3.00 ppm.
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2.6. AMAINANAATRINISITA laaaaudvTauLazansIdIuNIsIinaslsenay
\etauy
NNIATUIUANAITIANARTDINTTIAleaatTeden (Association constant; K,_.,) A%

ANLIEUANNANNT7UD4 Benesi-Hildebrand [32-34]

1 1 L1
A=A K(Am = A)HI"T A —A

TN K., M MRINNIanaenans mlszngnd 1[Hg™ T (Wnw X) iy 1/A-A 19a’leT (wnuy)

assoc

Slope:;
K(Am = A)

K — 1
Slope(A,~A)

A 4 rdlel 1 dl
LB A = mmmmmLLmW@u@ﬂmeummmmnm@mmmmmm

max

Fmas uaannleaatilsan
; = pntdinsesiasgan s muAIasaIsaa T iuTa Bk

A = ANEINTDILAIN AR LA LTUATBNA1FATAENTULTR T UAAUAN

losannardsdinle
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N19ATUINMAN K, 18945 ULT8S monoRh6G

0.08
0.06 - y = 1E-08x - 0.0007
R? = 0.9983
f
g' 0.04 4
0.02 A
0 4 ; ;
0.00E+00 2.00E+06 4.00E+06 6.00E+06
1/[Hg*]

A7 69 NINLARIANNARAUSAINNIFAIUILRINANANT Benesi-Hildebrand weaiduitas

monoRh6G Lia n = 1

Wes 1
Slope(A,. = A)

= b2 o‘d‘d 1 dl
bHNB A iy ﬂ')’]ﬁJL‘ﬂN‘H'NLL@QW@J@@L?@L"ﬁuﬁmﬁ\lﬂ’m’mi’]@’ﬁﬁl'ﬂ\m’ﬁ‘@tﬂ’]ﬂ

wiuiaf uap N leaaulaen AN 962.04

A, = Ao NNLTNTRNAN AR ALTA LT U IANAN Ias A eI TULTRS NawLF
laaauilsan HA1mafir2.36
N liaun1sEuns9Ae y = (1.0 x10%x + 0.0007; R* = 0.9983
GR slope =1.0x10°
191114 K =1/[(1.0 x 10°)(962.04-2.36)]

assoc

=1.04x10°M"

v
v o

I dl a a v [~ I'g a
JUU mmmmmmmimmi@@@@umw@u, K 2ANLTVLTERT monoRh6G AN

assoc

1%

Wi 1.04 x 10° M
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N19ANUINIAN K, 189LTULT83 diRhEG

0.5

04 A

0.3
y = 3E-08x + 0.0163

R? = 0.9481

1AA,

0.2

0.1

T T
0.00E+00 5.00E+06 1.00E+07 1.50E+07 2.00E+07
1[Hg*]

A7 70 NTNLAAIANNANAUSANNIIAIUIIRNNANNNT Benesi-Hildebrand aaiduiaas

diRh6G Lia n =1

1
K=
Slope(A = A)
~ o el P
LA Ama>< = ANLANUD LL@\?W@J@@Lﬁ‘@L"ﬁuﬁﬁ’lllﬂqﬂqﬂmﬂ;ﬁﬂl@\?@’]?@:ﬁ@qﬂ

wiueiaf uap N leaaulaen AN 950.67

A, = Ao NNLTNTRNAN AR ALTA LT U IANAN Ias A eI TULTRS NawLF
laaauilsan NA1WAfN159.84
N liaun1sEuns9Ae y = (3.0 x10%x + 0.0163; R* = 0.9983
GR slope =3.0x10°
191114 K = 1/[(3.0 x 10°)(950.67-59.84)]

assoc

=374 x10'M"

Wi AAsaNnaTeINaia lassewdsiew, K 1euduges diRh6G HAviniL

v
o o
assoc

3.74x 10" M

I =J 1 (3 P < o = a a =J
AMARINITNANBIFANNT] NHIUN “’\3LVU1@QW 1FULTAT monoRh6G HilTANTNINY

Andduaas diRheG ialundaannraaduEmailunisninadulanauisan ANNANIL
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\nzassieleaautlsen sl detection limit fisinndn lumsfnsludsudalldejudi

Ufiduizes monoRh6G
anNnsAnEIMNSRdaunsinatslsznedideuseudneluananasiiuitas

monoRh6G ri/lassutlseniildlunisifin binding Taea Job's plot lEHanIIMAsesfann

71

N W A OO O N @
T T

Fluorescence intensity (a.u.)

-
L)

o

0 0.2 04 0.6 0.8 1
Mole fraction of mono

N 71 navluansdpsdansendasiuenaresiugas monoRh6G fulaanuilsannldlu

n19LAA binding

AMNNALDY Job's plot wans WiLliuda Ifikses monoRh6G Uik THianaa 1u1snANAL

Taaautlsanilaiaaesn 1 13tana-(monoRh6G:HG" =-1:1) LaZaINNITANEIAIASIANAS

184n19717 A laaauLTadall (Association constant; K. ) 484 ifuLm85 monoRh6G NAWNAL

assoc)

1.04 x 10° M I9e1f1 n = 1 TILAAIDNANINEAAARDITTT
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o = < 1 a Y
2.7. N'amimmﬂmstﬂazmuﬂmmmmum'a% monoRh6G NAULLALUAINITAL

lanauilsan lnenaiia Molecular modeling

A 72 uameaneurinNaFIaA e wATiA Molecular modeling 284 a) LiwLtas monoRh6G

WA b) LEULEa3 monoRh6G:Hg ™ ams1d214 1; 1

Tunsiunenaaguinlaesulmes | monoRhEG. feulazvdsnnIdLlanem
tsan TneinAila molecular modeling TusAseiaen 1 lilsunsy Material Studio 5.5
program package (Dmol3 program)-tngiratsngdn-lunneneusslessulsanasilly
an38zane 1F1me5 monoRhEG Ranu e laseasneiin i 722 1iamallennusanali/lu
a13azane leeaulsanazlulaesniunitesnanuasiuingay (N), arpanaasdamas (S)
LL@:ﬁhﬂmwm’N aromatic-.(cation-dipole ke cation-9] interactions) A2EINTTLIUNNT
electrostatic interactions “ Intilaaauilsaniinlraasmumiy 1 azmanlulnsiau (N), 2
aznaNvastaes (S) wazae aromatic Migeesnawindt 2.504 A;3.327A, 2.216 A uaz
2,888 A AUSIFL FSONT 720 B9aINRISARETIAIAN AT I8 NI FUT05 MmonoRNEG
a1:130snaulaaauLlsen A luensndan 1:1 MIAINHANIIAREIFmMATA Job's plot kA

TunNsAUIIANANNANAATBINI9INA laaaauENTau, K

assoc
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2.8. ﬂﬂWﬁﬁﬂ‘H’ﬂ\iﬂ’]‘i@%ﬂ'\ﬂL%uL‘ﬁ’ﬂ% monoRh6G ’lunmzﬁﬁ'laaauﬂsﬂw

wigusunulasausuniuau e

»@ i K way Zn” aglu
A LN ADGL

NAP

A170¥A"E acetonitrile-l um iodide (TEAI)

WAANHNAGINING 74
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250

—_—1

S
S 200 —1+Hg(ll)
= f
D 1+Hg(II)+TEAI
$150 |
€ TEAI — 1+Hg(I1)+TEAI+Hg(Il)
8
S 100 | Hg?"
o
173
o
S 50 |
(T
0 k - - . ' [ 1
535 545 555 565 575 585 595

Wavelength (nm)

NNA 74 nsnsuasvigea Al 1eaiulmes monoRheG (1) (3.4x10° M) luansazaie
acetonitrile Tuaniaznileaanilsen wa tetraethylammonium iodide (TEAI) Tnel

Hg™'/ TEAI Ao sidindiuging-] (0/0, 2/0, 2/0.3;4/0.3)

NN 74 wud luanagd ldilaesul san niesayeauasiganisamue bu
1Bununtesnin EHAA7) wann manlaeaulseanasldlugisayasiduimas monoRh6G
Arynynnungasisatnuan  naanuHauNaay (WuARe) wiLNaIRN TEAI wuddtyons
WgaaLsarrudinisanas ({uain) winnudnanugeatsamusiBuiunlytlesauilsan
Ratluet wagiileminlasandsanacliluaisazarnanaianudn dygnungaatsaimus

QI o d” A 1 o a dld a ua/I Yy a
arunaniunavanldswde i dynnnsunani i lesswdsanluluaiumn (§ud
819) LAAIIINITLAN TEAI HAINEIN170 1WA 7L TWA AT E91 191G 1LT95 monoRh6G

ganunsnunnaunn i lvd ldanasa

3. NMFANENAMNAINITALUNITEDILAINGDDLTALTUA WAT ANAINITALUNITAN
a 4 [~
Aulaaauilsan uaz laaausuniudu g aaadurias RhB-1

annsfneSuged RhB-1 uan1asilidusisazanesine] 184 Kim uazanss [21]
Wu9n Tuszuuansazate MeOH:H,0 (10:90 viv) liumaiiaanudaslauarannizianzadgs
delanautlsen FuiussULgNIazANET8s MeOH:H,O (10:90 v/v) asgninldlunis@nin
dsz@nsnmlunisinnuaesduaesTunisnsmadtlessulavzwin - feamaliavigeniss

wudannealnl iedunistiuduaudedlalun1smezd (sensitivity) ANAINNE
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. o = o a dl ' o =
1azad (selectivity) fiulasautlsan uauvauiuleseusunouatingw] newazin @nem

savusnateiidurasudluasudall

3.1. nansnAdauanlanIsaanaukasaaniilalaanlunziidlaaaulsan
a9 TULEas RhB-1

nsganauLaaassi llalanvesdunef RhB-1 Anwnluansazans MeOH:H,0
(10:90 v/v) TngifiamuaLnaFuaeIN19AANALLAY (absorption spectra) TaavuLdindumes
iwmes RhB-1 HAwiniy 3.3x10° M uazlilessulsenlugtlaesnaeas@inse nanis

NARNN IFLAPIAINING 75

0.60

0.50

0.40

0.30

0.20

Absorbance (a.u.)

0.10

0.00

-0.10

L) L) L 1
450 500 550 600 650
Wavelength (nm)

NN 75 NNaRANAULANIasEELEaT RhB-1 (3.3x10° M) luanzazana MeOH:H,O (10:90 viv)
ri@mm:u@”\iLﬁﬂmauﬂmmﬁme%fnm"ﬁm"ﬁuﬁwj (a) 0 uM, (b) 3.3 uM, (c)

6.7 UM, (d) 10.0 pM, () 13.3 uM, (f) 16.7 uM, (g) 20.0 uM

AIANANITNARDINULN N1TATIAALUAILTULTES RhB-1 fulaaauilsanuans

a

fuoununisganauiaslugasegd-33ia (UV-Vis absortion) Li113£11 OFF-ON Iaainiian

o a a = v v 1 & @ &
mwmmimﬂ@@@uﬂi@‘m:mmmwmmmeum\‘l’] Wqﬂmmmumsﬁumm RhB-1 /%

= ¥ )~ ~ = P G
@mn@uumimgﬂqmmmmmrm@u 550 nm LLZQ‘SZLL?Nﬂﬂﬁ/ﬁyﬂu_ll’WMﬂWﬁ‘@jﬂﬂ@uLL@\‘IL‘WN‘LI‘MLQJ@
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2 v

v o N £ A o d Aa L4, o
WQWNLmNmuﬂ?@VILWN@]Qﬂu Gﬁ\iﬂq?Lﬂ@ﬂuLLﬂ@QﬂquLmﬂmﬂﬂﬂ’]?@iﬂﬂ@uu@ﬁﬂLﬂﬂmuu @QN@I‘W

ansaiunisasuulasdresansazanglfsoanulantnaainansazans ldddwda

3.2. Namiwmaauauﬂﬁmimﬂu,m‘nlgfa'aL'-mLsnumuquﬁﬁ'lﬂaauﬂmwmm
vFuLtas RhB-1
nsAnaLasvgealsamuiaduried RhB-1  gnAnmluansazats MeOH:H,0
(10:90 viv) TegRamNanATNIBINIIANLuANNgRaLIALTWS  (fluorescence  emission
: . A . o y
spectra) naulaznasn9Anlasautlsan lugespanenapau 575 nm wa A, = 500 nm
prdudindiuredumes RhB-1/Winiu 4.4x10°M lilesautlsenlugiaasnfsas@inee ua

N1INARBILAAIAININT 76

500

400

300

200

Fluorescence Intensity (a.u.)

100

0 T T
520 540 560 580 600 620 640

Wavelength (nm)

AR 76 nsAnanasgaatsamus (A = 500 nm uaz A_ = 575 nm) 1aqifuites RhB-1
(4.4x10° M) lua13azan8 acetonitrile NauLaTUaFN laaauLsaNnazTimnTm #imn
\iNdusne] (a) 0 M, (b) 0.2 M, (c) 0.3 pM, (d) 0.6 UM, (e) 0.9 pM, (f) 1.52 M,
(g) 2.24 uM.

AINNINT 76 WL N13RIaauaadiduiTes RhB-1 fulasaudsanuansdynyin
NN3AELAINABRLIALUAILLILSEUL OFF-ON @aiiinainnalnnisifinansilsynauidedaulne

d‘ A < % o [ < %
ﬂ’]?Lﬂ@ﬂuLLﬂ@QTﬂﬁ‘\‘m?’NﬁlﬂﬂLsﬁuLsﬁ‘ﬂ?ﬂ’]ﬂ‘M@ﬂﬂ’1‘3‘[5]‘3"3@@‘].|1‘ﬂ‘ﬂ‘ﬂ1&ﬂ?@1/]°1|@\‘1LsﬁuLeﬁ‘ﬂ?sLu
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A19782818 MeOH:H,0 (10:90 v/v) Taawudnluntnzilidleeaulsen idultas RhB-1 ag

prauasgaasamus i nmieunnn winauauieinisdinleesulsenesdmemm

AMdindusne ilwgeiazuansdnyanninsuasigeaisaauminanlugosnanens

AL 520-650 nm TagAuENaAauNINTge (A ) 189n19ananasnganisalsusii Ayl

max)
575 nm @9n13AnauAIgeaLsalmustadifuse s RhB-1 aziinaududndiulnansaiy
snnnslessulsaniinauluaisazana Inadapnudindungaaeanisasadnlasau

1l9am (detection limit) W17 0.24x10° M 5@ 48 ppb

3.3. uan1snaRaUaNiANNsAtaLEINgaRLsaTUGlun1a: i laaauilsan
wRauifisunulaeausunaudu g 1auduiras RhB-1

nIMAReLNIAELAINgRBLT A UATEERITAT RhB-1 Tuaisazate MeOH:H,0

(10:90 viv) TunziidlesenlsenTugtteanaeasiiven uBtuwenfilunaciitlesa

2+ 2+

sunqutilasinge Mhun Ag’y Cu’) Ba®, ™, Ca’', Co™, Mg™, Mn®", Na', Ni*" uay zn*'

1BuafININg 77 uaz 78

140

* Hg(ll)
120 " Ni(l)
s A Na()
£ 100 -
8 . Ba(ll)
&
g 80 J A Ca(ll)
9 . o Mgl
®
g 60 - m Zn(l)
= *
3 Agl)
T 40
¢ Mn(ll),
20 ¢ & Cofll)
*
- o Phl)
-~
o 48BN sge o S # $. 83
+ cu(ll)
0 50 100 150 200 250

lon concentration(10'3M)

NN 77 nsanauasgaatsamus (A, = 500 nm uaz A_ = 575 nm) 1eqifulies RhB-1
(20.0x10° M) lugsazane MeOH:H,0 (10:90 vA) lunineyilleaaulanzans

A = a 1 dl 1 o
NARBTBATATUANN Tuifsunounseiu
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80

Hg(ll)

40 A
Ni(ll), Na(l), Ba(ll),
Ca(ll), Mg(lt), Zn(ir),
Ag(l), Mn(lr), Co(ll),
Pb(ll), Cu(ll) and No ions

Fluorescense Intensity (a.u.)

20 4

530 560 590 620 650
Wavelength (nm)

WA 78 nnspnanasvigeatsdlmus (A, =500 nm uaz A = 575 nm) 1eqifuies RhB-1
(20.0x10° M) Tussazang MeOH:H,0 (10:90 viv) | lunazndlassulanzans

inaeerEnInTiiasing) dindi2e.7 oM

ANNINT 77 WEASARTNENRUTIENIN9AT Normalized Fluorescence Intensity (N1

y) 1894ty Qe aTALTUATIANINEN AR 575 nm wazAdnHdindutesloaautiingne
(UN% x) LH8 A =500 nm @9UN NN 78 uaasAanNLiNTaNA Ty cuurlgaaLIaLTuE Lile

A, =500 nm fnatudndusesleasuudazain 26.7 pMainuasIna1an LT uites
RhB-1 fianudnimidinnzasianuleasureslsen \deuftufaniulsseusniu Tanen
Normalized Fluorescence. Intensity flunaltisifaduathaiivlidsay Tuanusiidyain
ﬂ’ﬁ‘ﬂ’mLL’&\‘]‘V\IZ\]‘ﬂﬂL'a"é‘lLeﬁuﬁ‘wﬁ/\‘iLawiﬂ‘ﬂﬂuﬁjﬂfmﬂj‘aﬂ%uj T8un leaauunnildan (Mg™)
laaauRn ( Ag ) leeauuuFan (Ba™) lesauwaaidan (Ca™) laeeniaueas (Co™) leaay

naawnd (Cu®) lesaudantd (zn®) leaauwuaniia (Mn™) laeauldines (Na) laaan

e ¥

Hnina (Ni”) uazlaaaunzia (P* )umﬂﬂ@ﬂuuﬂmm@mmmwmvxlm@Limsﬁu ANUBL NN

Waeuiy mmﬁmmﬁtytyﬁmv%@mmLeﬁuﬁﬁmu
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4. manadauilsz@nsninlunisnsaadulesaulavzuazlanausuniuau g 19
\iuLtas RhB-Silica

WannnstiudulasaiauasAnenanifinieanianinaeaduiiaf RhB-Silica faal
wAlAR Feuferuda antduges RhB-Silica axgninanAnsisdss@nsninlunig
. d . . . . 44 . o
naunaaiunmnmaduleseulanemin lnadunanisidasudaesdugefluasazaah
Tnduedlsznay emaudeslalunnsimazd (sensitivity) AMNANNIZIANZASTL
laaau (selectivity) iwreumauivleseusuniuaiinaw] sonitindumes RhB-Silica 1t
= | 09/ o 1 aa o o
Ane lulasinsaedluaindszandu

Tnanistinducies RhB-Silica Magludnwusiunmeudsldluaisazates i
duesAlszney siilanaulsen leeaulavensuddu lesaulavzdanlal uazlasau

‘L‘@m@”@mi@ﬂ@?ﬂﬁmmﬂ wreulpeinnanazgmnladlaaaunsazang azanyluun DI

4.1 pan1sAnEN1sidasuwlasRua9duLlgas RhB-Silica (111A 63-200 pm) Ll
innsavlasaudsanluiii DI

68060

Bank 50 100 200 1000 ( (ppm)

A 79 nnsilaeudasdreaduaes RhB-Silica (110# 63-200 pm) 11637 DI Tunazndl

Teaaulsannaenidindusiig

AINANT 79 LBEANIIN ARELNAIAE WS RhB-Silica N lEEan 1aaum 63-200

o 6 @ 'S 1 09-/ dld dl v v 1
um lunisduansidumed ldavluka. DI nileeeutsaniannudindusiie dunnnng
wasuwlas@readumes anannasdant (Fumes RhB-Silica) AuMaan WUINAU89EANN
Tuansazaratnlasuulsedudunduunduiennudivduaeslsaniinay - Tnaany
Y ¥ Ao = . L. d' < P an vy v |
dinduntiaangn (detection limit) M@ Nsanaswiunslasullasmes@lfFonsalan

WinfiL 30 ppm
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4.2 wan1sAnEIn1slRaundlasduaaduidas RhB-Silica (1u1A 63-200 um) 1

11 DI lumazvdileaaauilsan wWisufisunulasausuniuau 9

[ 3 ; &

* - -
Blank Hg* Ni* Na* Cu* Pb* Ag* Co* Mn* 2Zn* Ba* Ca* Mg*
A 80 Nnaulasundasdaeadumas RhB-Silica (1114 63-200 pm) 111 DI Tunaznil

A a a 1 Y Y
1@@@14‘[@%%\1m@@@zemmmummm bINW 100 ppm

ANNAINT 80 LTUNANNINAZaLNITLNEEa S RhB-Silica N HTan11Aa1U1A 63-200

2+ 2+

um lunnsdamseiiduimes Waslutin DI niflessts Ho?! NiT, Na', Ba®', Ca®', Mg®', Zn®",
Ag’, Mn”™", Co™, Pb*" az Cu’” Tulmasuaganaaes MNAIAL Faunennanlaeuulasdaes
WEmas anenIneNEann (Viukias RhB-Silica) fuiiaan widdlua1sazansaedlessy Cu®
uaz Co” umanlasuilandufsantiesdefiustleasusintu wififeieands
luansazanaaedlenay Hg™ %ﬁﬂufmL‘%um@?mﬁ'wﬂu%mm%ﬁmﬂwﬁmmu uana Wiiugn

Kiuaas RhB-Silica Ndwaszflidanxawazanzasiulanautlsanangs

4.3 uanisAnm s aguLlasduatdulgas RhB-Silica (A41a 40-63 um) Llal

100 200 500 (ppm)

nsailaaaulsanluiin DI
>»&
40 60 80

A 81 nnaasuudasdaeadugas RnB-Silica (111 40-63 um) lwwn DI lunnqend

Blank 10 20 30

dl ¥ Y 1
1@@@1&ﬂ§‘@‘1/]‘1/] AIMHLTNALANT

NAINA 81 LHAN1MAgaUN TENEuEes RhB-Silica NIE3aNaa11s 40-63

o/ c & ' 1 09-1 dld dl v v 1
um lunisduansidumed ldasluin DI ileseudseniaoudindusine] dunmnig
wasuwlas@readumes anennasdant (Fumes RhB-Silica) AuMaan WUINAUR9EANN

Tuansazaratilasuilasandfdidudany  wWepnudinduaaslsanivuay dae9
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iuaasiutioindugruyinnnau Tnaaonudniuiiieangn (detection limit) Na119n

NaaiunniLasuulaeesd iiAenlanyinty 20 ppm

AntitnAwaeeedant (Fwemes RhB-Silica) Mununisageuiuleasullsean
i finglilsunsu Adobe Photoshop W&2¥NNNIRATIZHNIUILLLA CMYK ANN3D999
Mentele wazanuy [37] MHdunsnugnamanudusiugssudnamnuding (Color intensity)

4 C 2 2 o . o .

ALTAININaLAazANENDY TaduAeasaeIAnududAuAsaNta (Magenta, M)
o v v %3 tﬂl 09; o I v a dl dl v v
AuAdinduaedlessudsen wanasanInid 82 anndutinAANdinAeas i lEnna319

WunnuAeusuaudinduaasilsan Hsaning 83

100

©
o
1

Color intensity
N w B [$)] 2] ~ ©
o o o o o o o
1 oL L L 1 L 1
5,

-
o
1

o

1 I I
0 100 200 300 400 500
Concentration of Hg?* (ppm)

AT 82 NN LEANAINENNLF s MNP N EiNAI T UEIas RhB-Silica (1141m 40-63

um) waanTaisleeeulsen NuANENiveeslaeaullsan

Blank 10 20 30 40 60 80 100 200 500 (ppm)
A 83 wnaLAveariuges RhB-Silica (2116 40-63 pum) tunnqeidleesudsanfiaanu

¥ Y !
PUNUUAIN

AMNAINN 82 AzliiuINdaIANNTuL AR 29ra9In T AL Asuul aaRaag

\iumef RhB-Silica NAnANdinduaeleaaulsani LEaAcws 0-100 ppm T9&IN1TDANIN
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A Ndinduniiesngaaesnisnmadulesauilsen (detection limit) Aviunisilaauuilas
alAAqaTsunsn Adobe Photoshop #1132 UUA CMYK RA1viniy 1.62 ppm Iaang
o 1 ¥ ¥ ‘ﬂl v dl [ % o 1

AurnsAANdinduniieangaaainisasadlesaulsannsevinlnanaan navlen log
1e3pauifindurestsaniminacll (wnu X) duaendndngalac (wnuy) Gauansdeya

L‘]I’N"'I m”m’mﬁ 8 LL@%Z@%’]\?ﬂ?’]WLLZﬁ@Q@VGﬂ’]Wﬁ 84

7119197 8 dayariarnidinduaedlesaulsannidinasluidunes RhB-Silica A uding

[Hg*"], ppm log[Hg*"] Color Intensity (M)
10 1.00 32
20 1.30 39
30 1.48 40
40 1.60 42
60 1.78 56
80 1.90 62
100 2.00 70
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100

90 4

80 -
y = 35.621x - 7.4591

R? = 0.9337

70 -+
60 A
50 4
40 A

Color intensity

30 -
20 4 -,
10 4 %

0 < Ll L L] L] L)
0.00 0.50 1.00 1.50 2.00 2.50 3.00
log [Hg®']

A9 84 naARIANNANNUSTZN9AT log 3etrNdndnredleeeulsenRmnagld

AuANITNAURSTUEAS RhB-Silica

N1IATUID
annWiAgaNNTELRTIRE Y =35.621x - 7.4591; R*=0.9337
NAARAUN X ; NIULA LI Y = 0
S 0 = 35.621x - 7.4591

X = 7.4591/35.621

x =0.209
Wil x =log [Hg %5 alé log [Hg”"] = 0.209

[Hg' = 1027

=1.62 ppm
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4.4 wan1sAnenslaaunlasRuaaduias RhB-Silica (au1a 40-63 um) b

DI lunazyiilaaaudsan WFauiaunulasausuniuau g

-9
Mo Hg¥ Cu? Mn* Pb* Cd* Co* Ag' Na' Ni** Ba* Ca? Zn* Mg*

A 85 nnaulasundasdaeduias RhB-Silica (111 40-63 um) luwin DI lunnqend

A a a 1 Y Y
1@@@1&I@M$‘1|'ﬂ\1Lﬂ@’ﬂ@?ﬂLﬁlﬁ‘ﬁ]ﬁ]l&ﬂﬁﬂ\‘l“‘l bINW 100 ppm

NN 85 iunan spdatinisiuiees RhB-Silica N14Tan 1aauw1n 40-63
um Tunnsdaaseidumef laasluin DI Alessw Hg™! Nit, Na*, Ba®", ca”™, Mg, zn”™",
Ag’, Mn*, Co™,Cd”, Pb” uaz Cu™ luumazaaanaand MNA 1AL dunaninilasuuilas
A09TeTRS DNUAWRSTEANA (IFuWemas  RhB-Silica) - Aunaan wuinlunasaninisumu
laaau Hg”" Aresiiugeiulauwmannliddduatuy lwaneivasanasasinisfiuleaay

a = = P = o 2+ & @
sunaudw| Arevidugesluinisisuuutlas aniuluansazaigaeslensu Cu™ Midiunig
sl aadug@aios Telnudnuanmeiudreadwae fluniszidlesen Hg' ' wanaldiiin

17 1Feas RhB-Silica NAdAIIT A NAda I zatzasnani laaailsen

4.5 uan1sAnEINIstUA gL UaIR e duLdas RhB-Silica (1WA 40-63 um) Tu
AdagsunasludInlszarnu

Blank river river + 50 drink drink + 50

A 86 NaasuuLlasdaeaduites RhB-Silica (111a 40-63 pm) lusiaae nauitin&ngzen
dl 1 % . 09} dl dIQJ a ] . dl S a
NUNIUNITNTAILAD (river) LasUIANEUa WIS (drink) Tuanaznldinngis laaays

=

Usan wazlugniasnninissinleesntsenidindy 50 ppm

NN 86 LHUKAN1INARRUNNTUNEWIaS RhB-Silica N EEan1aaauna 40-63
um Tunnsdanmefiduge’ nnageuiufiegngRINLEELEINTZen uaznAN (B Jug)

1A < 1a d‘ o 1 o { | dll = a
‘W‘LIQ’V&‘lI‘lNL"‘ﬁuL"‘]’j@‘;ﬂNLﬂ@ﬂ’}?L‘]J'ZQEIuLL‘]J@ﬂiulﬁlfJ‘ﬂﬂ’Nﬂﬂﬂ@’]"J LLG]LN@NHW?LWN1@@@M‘]J?@VI@\‘]



93

11 50 ppm Tusnating uatsngandresdumefitlaaududany anuanimaaesiiuans i
windndautlsznavdu Neglumedauitindnezauastinnu ldldisunaunisdaeuudas

a aa dl o %
@ﬂﬂﬂ‘ﬁﬂﬂ’]ﬁ@‘i’l@\uﬂﬁ"]ﬁﬁﬂﬂﬁ




UNN 6
dgUuan1snnang

Inentinusilszauaudiialunisdunszivgeasariufidurie fatun s 3

13im 1A1N monoRh6G Ua¥ diRh6G Tugiluuniaesasazans uay RhB-Silica fignaanuud
! o A < I A [y = o o et A ¥
paasuusanaaidureuds neldeywusaaslsalunviinidungeslses Taaenld
T9a11uENA (rhodamine 6G) wazlsaTudl (rhodamine B) aNansy dauaadlalalunas

gnesnuuulidesflszneuvesazmexlulnsiauuaydames fearnuanismaaauiainaaes

monoRh6G Az diRh6G N inanaxndnesiuansnagil1ffmnged 9

;113797 9 dgLlean1InAReNLeEHTe3 monoRhEG LAt diRh6G

\iuLtas monoRh6G diRh6G
zﬁmfszﬁﬁﬂmu acetonitrile acetonitrile
1invedlonnis Hg™ Hg™

A, (nm) 529 529

A, (nm) 545 545
Detection limit 1.74 ppb 3.00.ppm

Koo 1.04 X 10° M 3.74x10°M”
quantum yield: (1)f 0.49 0.05
Ratio [sensor:Hg’ '] 1:1 1:2

AMNAIINN 9 AZIIINFULEAF monoRh6G LAY diRh6G NAILATIZlEA1NN9D
paaLlaaaullsanléluaisazans acetonitrile Iaedulmasia 2 afia iWain1sduiulaaay
Usanazuansnisidasuulasdtyonungeasamusluanenie  OFF-ON  UazA N3O

nsulasuulasdrasansavanglfsnamnlaranlimididudsuyluninenilaseulsean 1d
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AENIRANNIZLANZAY Iummzﬁ%@@mumuﬁ'uj lAunAg', cu®, Ba™, Li", Pb*", ca™,
Cd® o™, Fe®', Mn®", Na®, N, K™ uay zn®" lslifiansmsilaeutlas Insianizasneds
Fum035 monoRh6G ilAN detection limit AAINAN ?ﬁlmaﬂmzﬁuﬁu&’mmu (ppb) Uaz
Liume FaANaINgn TunnsinAuNN 1 s Senngiasinlduszensfliluntsm
unnulseniiuilenluduandewnieriay

uazlugauaeefuimes RhB-Silica fifin131inten rhodamine B hydrazide siaadLIi
Fananeiiduaesuds anunriusulddninasidensieiussareaan suAa AL aNLaa
AnenAila SEM, DTG, DSC waz FT-IR La%1iintinFmes RhB-Silica 1nAnsn1laz@nanmn

Tunsmngadvleaaulany NnUIFanIeaNRALLIAMENNT (40-63 um) RUs=@nsnnnag

v '
1 A a

NUNANITANLaaaIa e (63-200 pm) tiasanninunAaAin1nndn ¥ rodamine
B hydrazide Nviutiniiluduitaslunisandulaseuilsen axasasnagunnuialélu
. . . Y o o L=\, L . 0 ..

Auaununn denaliiunanaaundasnandn Inedaraouiiinduniie s ngaaaenis
n3aaaslaaauilsanimiumanlatunasdlidaeninlanad ludng 10-20 ppm wazwiunIg
wWaguulasdldfqelisunss Adobe Photoshop Einusstiud CMYK HANiNAY 1.62 ppm
Tnedwadumas RhB-Silica'astlazuan uidIudgaylnnin:idleaautlsan Tuame
Teaausunudu) lAwn Ni',Na', Ba™' €a’l, Mg, Zn* Ag’, Mn”", Co™l,Cd”" uaz Pb™" &
vaaifuigafazldinisidfunuday sniduluntasifdleseau CuF NanunsaLiunis

- iy o . " LY N da

waguudasdlfedeiiy Tenisdaguulasdssnainazliandanuansisaniuniientlea ey
Usan nedveaduites RhB-Silica azinisidaeuitlasann i@ duduag waneeenals
Kiutas RhB-Silica Admazatialiiszansldanulusiatasimaminluionlszaniuld Tne

a P . A o — P p ° = -
W@Quﬂ?ﬁﬂ@u@u“‘] (interferences) ‘V]'ﬂ%ljlu[ﬂ')@ﬂq\ﬂllllN@mﬂﬂq?‘ﬂfl\ﬁumﬂ\‘]Laﬁum'ﬂﬁ‘
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Two new Hg**-colorimetric and fluorescent sensors-based on 2-[3-(2-aminoethylsulfanyl) propylsulfa-
nyl]ethanamine covalently bound to one-and two units of rhodamine-6G moieties, 1 and 2, were synthes-
ised, and their sensing-behaviors toward metal ions were investigated by UV/Vis and fluorescence
spectroscopy.-Upon the-addition of Hg?*, the sensors exhibited highly sensitive “turn-on” fluorescence
enhancement as well as a color change from colorless to pink, which was readily noticeable for naked

eye detection. Especially, 1 exhibited the reversible behavior and revealed a very high selectivity in

Keywords:

Mercury sensor
High-sensitivity
High-selectivity
Colorimetric change
Fluorescent turn-on

the presence of competitive ions, particularly Cu?%, Ag*, Pb?*,/Ca%*, Cd?", Co?*, Fe?*, Mn?*, Na*, Ni**, K",
Ba?*, Li* and-Zn?*, with a low detection limit of 1.7 ppb-toward Hg?".

© 2013 Elsevier B.V. All rights reserved.

Introduction

Mercury is one of the most highly poisonous and hazardous pol-
lutants with recognized accumulative and persistent characters in
the environment and biota [1-3]. Inorganic mercury (Hg?") can be
converted into methylmercury by bacteria in the marine system
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E-mail addresses: nantanit@su.ac.th, wanichacheva.nantanit@gmail.com (N.
Wanichacheva).

1386-1425/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.saa.2013.09.140

and can easily enter the food chain and accumulate in the upper le-
vel, especially in large edible fish [1-3]. Mercury can cause serious
human health problems, resulting in DNA damage, mitosis impair-
ment and permanent damages of the central nervous system [4,5],
including Minamata diseases [6]. The monitoring and observation
of mercury contamination are therefore of paramount importance
in order to prevent the harmful effect of mercury on the world
population.

Current techniques for Hg?* determination, including atomic
absorption spectroscopy [7], inductively coupled plasma mass
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spectrometry [8] and electrochemistry [9] often require relatively
large amount of samples, expensive, large and sophisticated instru-
mentations which pose serious limitations for on-site determina-
tion of Hg?* in environmental samples such as agricultural
produce and biological samples. On the other hand, fluorescence
detections of Hg?* present many promising approaches because
they allow nondestructive, rapid and prompt determinations, real
time tracking for the detection of Hg?*, and they allow remote
detections or even “naked-eye” detections [10,11].

A number of fluorescence chemosensors for Hg?* have been
developed by utilizing synthetic or commercial ionophores, includ-
ing hydroxyquinolines [12,13], cyclens [14,15], cyclams [16-19],
diazatetrathia crown ethers [20], azine [21], and calixarenes [22-
24]. However, many of these lack suitability for commercial and
practical applications due to multi-step syntheses, high costs of
starting materials [14-20] and some of them exhibited quenching
responses [13,16,17,19,20,24-27]. In addition, many Hg?*-fluores-
cent sensors suffer from cross-sensitivity toward other ions, partic-
ularly potential competitors such as copper (Cu?"), silver (Ag*) and
lead (Pb*) due to their similar chemical behaviors to'Hg?" [13,18-
22,27-29].

Therefore, the goals of this study were to develop novel mer-
cury sensors that exhibited high sensitivity and high selectivity
for Hg?* over a wide range of competing ions, but with significantly
reduced synthetic efforts. In the light of many reports and also our
previous studies, we have found that not only the favorable elec-
trostatic interactions between Hg?* ion and soft donor atoms
(nitrogen and/or sulfur atoms) are necessary for the design of
Hg?" sensors but also the direction upon the chelation between
the ions and the sensors must be taken into consideration to pro-
vide the selective complexation [30,24]. In the present report, the
design concepts for the sensors were based on the fundamental
requirements for the selective host-guest interactions in supramo-
lecular chemistry. We have focused on utilizing the acyclic hosts,
2-[3-(2-aminoethylsulfanyl)propylsulfanyljethanamine, with-pen=
dant binding sites, containing several sulfur.and nitrogen atoms
as the selective binding sites to Hg?*. We anticipated that-the selec-
tive cation recognition could originate from the self-assembly of
the sensors and Hg?* by correct direction and favorable interac-
tions of Hg?" coordinated with the donor atoms resulting in emis-
sion changes of the fluorophores.

In addition, we sought to increase the sensitivity of the sensor
system by employing rhodamine 6G. as the fluorophore portion
since rhodamine 6G provides large molar extinction coefficients,
long absorption and emission wavelengths (>500.-nm) in the visible
region, which is necessary for the development of economical por-
table devices. In addition, the high quantum yield of rhodamine 6G
(®r=0.94 in EtOH) [31] was expected to enhance the sensitivity-of
our sensor system.

Sensors 1 and 2 presented in this work were based on 2-[3-(2-
aminoethylsulfanyl) propylsulfanyl]ethanamine covalently bound
to one and two units of rhodamine-6G moieties. The operation of
the sensors was carried out through an “off-on” fluorescence
switch based on the change in structure of rhodamine 6G from
the spirolactam (non-fluorescent form) to the non-cyclic form
(fluorescent form) upon Hg?* binding, resulting in both “turn-on”
fluorescence enhancement and color change from colorless to pink
which is easily noticeable for naked eye detection. Especially, 1 re-
vealed the reversible behavior and demonstrated very high selec-
tivity in the presence of competitive ions with low detection
limit toward Hg?*. The colorimetric change and “turn-on” fluoro-
metric behavior upon Hg?* binding of the sensor presented here
could be used in potential portable devices and test strips for
“naked-eye” detections.

Experimental
Materials and methods

All reagents and solvents were purchased from Sigma-Aldrich
Corporation, Fluka Chemical Corporation and were used as re-
ceived. All the metal salts used in this study were perchlorate salts
and were purchased from Strem chemicals, Inc. All NMR spectra
were obtained in CDCl; solutions with a Bruker Avance 300 spec-
trometer operating at 300 MHz for 'H and 75 MHz for '*C with
TMS as the internal standard. Mass spectra were performed by a
ThermoElectron LCQ-DECA-XP, electrospray ionization ion trap
mass spectrometer. Fluorescence measurements were performed
on a Perkin Elmer Luminescence spectrometer LS 50B. The excita-
tion and emission slit widths were 5.0 nm. Absorption spectra
were determined on a single beam Hewlett Packard 8453
spectrophotometer.

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

The compound was prepared in the same manner as previously
reported [10]. The synthetic steps are outlined in Scheme 1.

Syntheses of sensors 1.and 2

In' a round bottom flask, 2-[3-(2-aminoethylsulfanyl)propyl-
sulfanyl]lethanamine (0.20 g, 1.03 mmol) and dry triethylamine
(0.75'mL; '5.38 mmol) were dissolved in 6 mL of dry ethanol. The
solution was stirred for 30 min and then rhodamine 6G (0.20 g,
0.42 mmol) was added. The solution was refluxed for 30 h under
an argon atmosphere. The solvent was subsequently removed by
a rotary evaporator. Dichloromethane was added to the residue.
The mixture was extracted three times each with 30 mL of deion-
ized water..-The dichloromethane phase was collected and dried
over anhydrous Na,SO,. The dichloromethane was removed under
vacuum. The crude product was purified in the dark by preparative
thin layer chromatography using CH,Cl,:MeOH:NEt; = 90:10:0.5
as the mobile phase.

1: (Rp=0.52) yield 74 mgof the product as a yellow oil (29%). 'H
NMR (€DCls, 300 MHz) 6 (ppm): 1.32 (t, ] = 7.2 Hz, 6H), 1.71 (quin-
tet, J=7.2'Hz, 2H), 1.90 (s,"6H), 2.17-2.21 (m, 2H), 2.36 (s, NH,),
244 (t, J=7.2Hz, 2H), 2.52 (t, J=7.4 Hz, 2H), 2.62 (t, ] = 6.6 Hz,
2H), 2.88 (t, ] =6.3 Hz, 2H), 3.17-3.29 (m, 6H), 3.54 (s, 2H, NH,),
6.23(s; 2H), 6.34 (s, 2H), 7.02-7.06 (m, 1H), 7.41-7.48 (m, 2H),
7.90-7.93 (m, 1H)""*C NMR (CDCls, 75 MHz,) & (ppm): 14.7
(2CH3),- 16:7 (2CH3), 29.2 (CH,), 29.4 (CH;), 30.3 (CH,), 304
(CH,), 35.5 (CH;), 38.4 (2CH,), 40.1 (CH,;), 40.9 (CH;), 64.9 (C),
96.5 (2CH), 105.8 (2C), 118.0 (2C), 122.8 (CH), 123.8 (CH), 128.1
(CH), 128.5 (2CH), 131.1 (C), 132.5 (CH), 147.5 (2C), 151.7 (2C),
153.4 (C), 167.8 (C=0). HRMS (ESI) caled for Cs33Hi3N40,S;
(M +H)" 591.2827, found 591.2824.

2: (Ry=0.79) yield 52 mg the product as a pale pink oil (16%). H
NMR (CDCl3, 300 MHz) 6 (ppm): 1.31 (t,J = 7.2 Hz, 12H), 1.39-1.46
(m, 2H), 1.89 (s, 12H), 2.13 (t, ] = 7.8 Hz, 4H), 2.27 (t, ] = 7.2 Hz, 4H),
3.16-3.20 (m, 12H), 3.56 (s, 4NH), 6.20 (s, 4H), 6.33 (s, 4H), 7.03-
7.06 (m, 2H), 7.43-7.46 (m, 4H), 7.90-7.93 (m, 2H) ppm. '3C NMR
(CDCl5, 75 MHz) & (ppm): 14.7 (4CH;), 16.7 (4CHs), 29.4 (2CH,),
30.3 (2CH,), 38.4 (4CH,), 40.2 (2CH,), 45.9 (CH,), 64.9 (2C), 96.5
(4CH), 105.9 (4C), 118.0 (4C), 122.8 (2CH), 123.8 (2CH), 128.5
(2CH), 128.8 (4CH), 131.3 (2C), 132.2 (2CH), 147.5 (4C), 151.8
(4C), 153.5 (2C), 167.8 (2C=0). HRMS (ESI) caled for
CsoHe7NgO4S; (M + H)* 987.4665, found 987.4655.
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Scheme 1. Syntheses of 1 and 2.

Binding studies

The binding studies of compounds 1 and 2 were carried out in
acetonitrile. The perchlorate salts solutions (1.0 x 1072M) were
prepared by dissolving the desired amount of perchlorate salts in
acetonitrile. The fluorescence titrations were performed with solu-=
tions of 1 (3.4 x 107 M) and 2 (1.2 x 10~® M) and were measured
as a function of metal ions concentrations over a fixed wavelength
range (530-600 nm) with the excitation wavelength (Zex)-529 nm.

Results and discussion
Molecular design and syntheses of sensors 1 and 2

Based on the selective host-guest design for. Hg?* sensors; we
utilized the 2-(3-(2-aminoethylsulfanyl)propylsulfanyl)ethan-
amine acyclic ligand as a host that can provide selective binding
sites to Hg?" via favorable electrostatic interactions of Hg?" to the
sulfur and nitrogen atoms. We expected that the selective ion rec-
ognition can originate from self-assembly of the sensors and-Hg?*
resulting in both fluorescent enhancement and colorimetric
changes.

The syntheses of 1 and 2 were performed according to the syn-
thetic steps outlined in Scheme 1. The sensors were readily synthe-
sized with the emphasis to minimize synthetic efforts compared
with those required for many previously published sensors by
employing shorter synthetic routes and economy of starting mate-
rials. 2-[3-(2-Aminoethylsulfanyl) propylsulfanyl]ethanamine was
prepared by alkylation of cysteamine hydrochloride with 1,3-
dibromopropane in quantitative yield. Then, 1 and 2 were obtained
by amidation of  rhodamine 6G with 2-[3-(2-
aminoethylsulfanyl)propylsulfanyl]ethanamine.

Sensitivity studies

The sensing behaviors of fluorescent sensors 1 and 2 were ob-
served by UV-visible and fluorescence measurements. It was found
that 1 and 2 were colorless and non-fluorescent in solutions such

as 5% DMSO/water, methanol, dichloromethane and acetonitrile.
The “addition of Hg** ions to the solutions of 1 and 2 resulted in
chromogenic changes as'well as rapidly increased strong fluores-
cence signals. Figs. T-and S1 (Supplementary data) show detailed
absorption of 1-and 2, respectively, before and after gradual addi-
tion of Hg?" ions. Upon the increasing concentrations of Hg?" ion,
the absorbance was significantly enhanced with a new band
appearing at approximately 529 nm and a concurrent visual color
change from colorless to pink, which could be easily observed by
the naked eye.

To demonstrate the binding of the sensors, fluorescence titra-
tions of 1.and 2'with'Hg?* ions were carried out. Figs. 2 and 3 show
the fluorescence spectra of 1 and 2, respectively, in the presence
and-absence of different concentrations of Hg** when excited at
529 nm.

The rapid increase-of a maximum emission at 545 nm was ob-
served when an‘ion-complexation was operative. The fluorescence
behavior of sensors 1 and 2 clearly demonstrated the “OFF-ON”
switching mechanism that occurred in response to Hg?" ion com-
plexation. In ‘the absence of Hg?*, the fluorescence response was
at-a minimum and the fluorescence was “turned-on” as the Hg?*
concentration was increased. When the added mercury perchlorate

1
S o8-
= 0.8 f
- Hg?
g 06 = I
c
b
2 044 a
o
@
g 0.2 1 noions
0

430 480 530 580
Wavelength (nm)

Fig. 1. Absorption spectra of 1 (3.4 x 10~* M) in acetonitrile with addition of (Hg?*).
(a) 0 uM, (b) 20.8 uM, (c) 27.7 uM, (d) 41.6 puM, (e) 55.5 puM, (f) 69.3 pM.
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Fig. 2. Fluorescence titrations of 1 (3.4 uM) in acetonitrile with addition of (Hg?*).

(a) O uM, (b) 0.6 uM, (c) 1.1 uM, (d) 1.9 uM, (e) 2.7 uM, (f) 3.5 uM, (g) 4.3 uM, (h)
5.1 uM, (i) 5.9 puM, (j) 6.8 pM.
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Fig. 3. Fluorescence titrations of 2 (1.2 uM) in acetonitrile with addition of (Hg?*).
(a) 0 uM, (b) 0.9 puM, (c) 20.9 M, (d) 30.0 puM, (e) 33.9 uM, (f) 36.6 uM, (g) 39.2 uM,
(h) 40.5 uM.

attained a concentration 2 times higher than that of 1,.the fluores-
cence response evoked >400 folds fluorescence turn-on-response.
The fluorescence quantum yield (&) of 1. with Hg?" was deter-
mined to be 0.49, using rhodamine 6G standard with a-@; of 0.94
in ethanol as reported by a Ref. [31]. The. association-constant,
K,ssoc, Was determined by the Benesi-Hildebrand plot.of the signal
changes in the fluorescence titration results [14,32,33].-It was
found to be 1.04 x 10° M~! and the 1:1 complex formation of 1-
Hg?" was suggested, consistent with molecular-modeling experi-
ments and Job’s plot analysis (Supplementary data).

The detection limit of 1 as a fluorescent sensor for the analysis
of Hg?* was determined from the plot of the fluorescence intensity
as a function of the Hg?* concentrations [34]. It was found that 1
had a detection limit of 8.7 x 10°M or 1.7 ppb for Hg*" ions,
which lies in a lower value range compared with the recently re-
ported rhodamine-based Hg?* sensors [11,35-43] and is sufficient
to detect the maximum allowed mercury levels in dietary and
environmental sources [44,45]. It should be noted that the sensitiv-
ity of this sensor, employing rhodamine 6G, has improved signifi-
cantly compared to that of similar sensor, employing rhodamine
B (detection limits are 1.7 ppb and 10 ppb, respectively). This
enhancement in sensitivity is possibly due to (1) the increase in
quantum yield of rhodamine 6G (®f=0.94 in EtOH) [31] compared
to that of rhodamine B (@7=0.69 in EtOH) [14] and (2) the change
in complex formations of the sensors, from 1:2 rhodamine B-sen-
sor:Hg?" to 1:1 rhodamine 6G-sensor:Hg?*, which results in the
improvement in the sensitivity.

In a similar study, the fluorescence changes in 2 were observed
upon addition of Hg?*. However, sensor 2 was found to be an

inferior fluorescence sensor as compared to 1 in terms of
sensitivity. The absorbance enhancement in UV-visible (Figs. 1
and S1-Supplementary data) was comparable when Hg?* was
added to the solutions of 1 and 2. However, the fluorescence
enhancement was much less upon addition of Hg?* to the solution
of 2 compared to 1. The fluorescence quantum yield (@) of 2 with
Hg?* was determined to be 0.05, using rhodamine 6G as a standard.
It was found that 2 provided a detection limit of approximately
1.5 x 10> M or 3.0 ppm for Hg?* ions which is >1700 greater to
the detection limit of 1 (1.7 ppb). Therefore, it might be possible
that the lack of sensitivity of 2 could be due to a self-quenching ef-
fect when both rhodamine 6G dyes were in the ring-opened form
as well as steric effect from two bulky groups of rhodamine 6G
upon Hg?* binding.

Proposed operation of sensors and modes of binding

The spectroscopic data (UV-visible and fluorescence measure-
ments) and molecular modeling results revealed that the binding
of the sensors and Hg?* took place through electrostatic (cation-di-
pole.and cation-7) interactions between the sulfur and nitrogen
atoms-as well as the aromatic portion of the sensors and Hg?*.
UV-visible ‘absorption spectra (Fig. 1) displayed no absorbance
above 450-550 nm in the-absence of Hg?*, suggesting that the spi-
rolactam ring of rhodamine 6G existed in the preferred ring-closed
form under this condition. In the presence of Hg**, however, signif-
icant enhancement of the absorbance maximum at 529 nm (Fig. 1),
which is the characteristic absorption pattern of rhodamine 6G,
and the “turn-on” fluorescence responses at 545 nm (lex = 529 nm)
were observed (Figs: 2 and 3). These results indicated that the
interactions of the sensors and Hg?" took place and promoted ring
opening of rhodamine 6G cyclolactams. The operation of the sensor
is-proposed and demonstrated in Scheme 2.

To-elucidate-the coordination geometry of 1 and Hg?* upon
binding, a molecular modeling study was performed using the
Material Studio 5.5 program package (Dmol3 program). The initial
structure of 1 was modified from the crystal structure of rhoda-
mine 6G in.the protein databank PDB ID = DB03825 and optimized
using density functional theory with local density approximation
(LDA) of local functional PWC [46]. The complexation energy of
the host-guest structure was calculated by using the density func-
tional theory with local density approximation (LDA) of local func-
tional PWC with-implicit distance-dependent dielectrics.

The dynamic molecular modeling observations suggested that
cation-recognition of the sensor originated from a self-assembly
process of 1 and Hg?* from the favorable electrostatic interactions
of Hg?* coordinated with two sulfur atoms and one nitrogen atom
as well as aromatic moieties (cation-dipole and cation-7 interac-
tions with Hg?" ion) to form a cyclic-like structure.

The complexation energy was determined from the difference
between the energy of the complex and the sum of individual 1
and Hg?" energies. The lowest complexation energy was equal to
—205.8 kcal/mol, indicating the stability of this complex for a 1:1
complex formation of 1:Hg?*. The distances to indicate the binding
site of Hg?* bound to 1 were illustrated in Fig. 4. From the optimi-
zation using DFT, Hg?* was coordinated between two sulfur atoms,
one nitrogen atom and the aromatic moiety with the distances of
2.504 A, 3.327 A, 2.216 A and 2.888 A, respectively.

Reversibility studies

The reversibility of the chemosensor is one of the essential as-
pects for sensor applications. In this study, the reversibility of 1
was demonstrated by the alternate addition of Hg?" and tetraethy-
lammonium iodide (TEAI), as shown in Fig. 5.
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Scheme 2. Proposed operation of sensor 1: before binding to Hg?* (left) and after binding to Hg?* (right).

Fig. 4. Optimized structure with CHARMm force field in acetonitrile using implicit distance-dependent dielectric of 37.5; (a) 1, and (b) 1:1 complex formation of 1:Hg?* with

the lowest interaction energy.
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Fig. 5. Fluorescence intensity of 1 (3.4 uM) in acetonitrile solution upon alternate
addition of Hg?*/TEAI with the concentrations (0/0, 2/0, 2/0.3, 4/0.3).

Addition of Hg?* to the solution of 1 promoted ring opening of
rhodamine 6G and enhanced the fluorescence at 529 nm. By addi-
tion of TEAI into the solution containing 1 and Hg?", the fluores-
cence emission of 1 was diminished. On further addition of Hg?*
ions, the fluorescence intensity was revived again indicating the
reversible behavior of chemosensor 1 for Hg?* ions.

Selectivity studies

The selectivity studies of 1 and 2 to a series of metals ions such
as Hg?*, Ag*, Cu?*, Ba?*, Li*, Pb®*, Ca®*, Cd?*, Co?*, Fe**, Mn?*, Na*,
Ni?*, K* and Zn?* were performed by recording the fluorescence
spectra of the sensors solutions after addition of each representa-
tive metal ion. These studies were carried out by a similar method
to the Separate Solution Method (SSM) used in ion-selective elec-
trode applications, which involved the measurement of a series

of separate solutions, each containing only a salt of the studied
ion[47]. Fig. 6 shows thefluorescence intensity of 1 upon addition
of various ' metal ions.

The selectivity studies clearly revealed the high selectivity of 1
to Hg?" in comparison with ‘other foreign ions. A remarkable
enhancement. in. fluorescence emission intensity was observed
when only Hg?" was added to the solution of sensor 1. The values
in the plot in Fig, 6b-are normalized to the fluorescence intensity
(545 nm) in the absence of any cations. The results showed that
the fluorescence response of 1 at 545 nm increased as a function
of added Hg?*, while the response of 1 did not cause any significant
changes. after-the addition of Ag®, Cu?*, Ba®*, Li*, Pb?*, Ca®*, Cd?*,
Co?", Fe?*, Mn?*,Na*, Ni®*, K" and Zn?"'under identical conditions.
In particular, 1 illustrated the high selectivity for Hg?* over Cu?*,
Pb%*-and Ag* which are potential competitors due to their similar
chemical behaviors to Hg?*; and therefore sensor 1 revealed a
superior affinity over-several previously reported Hg?* sensors
[13,18-22,27-29]. The selectivity of 1 presented here could be
due to the appropriate locations of the S and N donor atoms on
the ligand as well as the appropriate direction to bind to Hg?* ions
of the acyclic sensor, resulting in the selective self-assembly of the
sensor molecule around the Hg?" ions.

In contrast, sensor 2 was found to be a slightly inferior fluoro-
ionophore as compared to 1 in terms of selectivity to Hg?" ions.
Selectivity studies of 2 were performed and it was found that some
metal ions, such as Cu®*, promoted small fluorescence intensity
changes at 545 nm (Supplementary data). The lack of selectivity
of 2 could be due to the steric effects from two bulky groups of rho-
damine 6G upon Hg?* binding.

Meanwhile the selectivity of sensor 1 was not only observed by
rapid turn-on fluorescence switch but also the distinct color
changes. The addition of Hg?" to the solution of 1 led to the change
of color of the solution from colorless to pink, which could be easily
detected by the naked eye. In contrast, the titration of foreign ions
under identical conditions such as Ag*, Cu®*, Ba®*, Li*, Pb%*, Ca®*,
Cd?*, Co?*, Fe?*, Mn?*, Na*, Ni%*, K* and Zn?* induced negligible col-
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Fig. 7. Chromogenic change of sensor 1 (3.4 uM) in the absence and presence of Hg?*, Ag*, Cu?*, Ba%*, Li*, Pb?*, Ca?*, Cd**, Co?*, Fe?*, Mn?*, Na*, Ni**, K" and Zn?* (6.8 uM).
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(Jex =529 nm).

or changes in solutions. The selective binding indicated by the
chromogenic change is demonstrated in Fig. 7.

To further explore the utility of 1 as an ion-selective fluores-
cence sensor for Hg?*, competition experiments were performed
(Fig. 8) by observing the fluorescence spectra of solutions of 1 in
the presence of Hg?* at 6.8 uM mixed with 10 equiv of Ag*, Cu?*,
Ba*, Li*, Pb*, Ca®*, Cd*", Co?*, Fe?*, Mn**, Na*, Ni**, K* and Zn*".

The results in Fig. 8 clearly illustrated that sensor 1 was selec-
tive to Hg?" and provided fluorescence enhancement even in the
presence of representative competitive background metal ions. It
is clear that 1 can be utilized as an Hg?*-selective fluorescence sen-
sor providing sensitivity for Hg?* even in the presence of 10 equiv-
alents of background Cu?*, Pb%*, and Ag", which are known to be
potential competitors. The observed selectivity for Hg?* of sensor
1 was remarkable compared to many multidentate thioether-con-
taining ligands, hydroxyquinoline, calixarenes and cyclams in pre-
vious reports [13,18-22].

Conclusion

In conclusion, we have successfully synthesised two new fluo-
rescent/sensors, 1-and 2, for Hg?* detection based on 2-[3-(2-amin-
oethylsulfanyl)propylsulfanyl]ethanamine covalently bound to one
and two units. of rhodamine-6G moieties. Especially, sensor 1
exhibited high sensitivity and selectivity toward Hg?* ions in the
presence- of various background competitive metal ions. The syn-
thetic sensor 1 presented here is superior to many previous mer-
cury sensors.in terms of (1) synthetic simplicity and economical
costof starting materials which make them attractive for commer-
cial uses,(2)low detection limit for the detection of Hg?" (1.7 ppb),
(3) high selectivity in the presence of competitive background me-
tal'ions (in-particulardiscrimination of Cu?*, Ag* and Pb?*) and (4)
reversible behaviors. In addition; the sensor demonstrated chro-
mogenic behaviors toward Hg?* ions as evidenced by noticeable
color changes of the solutions from colorless to pink, which offer
great potential for the development of economical portable devices
and test strips for “naked-eye” detections.
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Colorimetric sensor for detection of Hg?* in
aqueous samples utilizing rhodamine B

hydrazide-modified silica
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ABSTRACT

A colorimetric sensor for Hg?* preliminary screening in aqueous samples has been successfully developed.
The sensor consisted of rhodamine B’ hydrazide attached.-to silica gel solid support. In the presence of Hg?*
the color of the sensor changed from colorless to pink. Importantly, the sensor.exhibited high selectivity to Hg?*
detection with negligible interference of other metal ions. The developed sensor-are practical for an on-site
preliminary screening of Hg?* in aqueous samples from industrial wastes or environments due to the ease of
the synthetic method, high stability, adequate-sensitivity. and high selectivity for Hg?".

Keywords: Colorimetric Sensor, Hg?t Preliminary-Screening, lonophore,-Rhodamine B Hydrazide, Modified

Silica Gel.

1. INTRODUCTION

Contamination of heavy metals in an environment is harm-
ful for living organisms. In an aqueous environment; inor-
ganic mercury can be converted to methylmercury by
marine organisms. The methylmercury can. easily enter
and accumulate in the upper levels food chain. Traces of
Hg?* over the standard maximum level can cause seri-
ous health problems in human such as DNA damage,"
brain damage,> ¥ mitosis impairment and permanent dam-
age to the central nervous system,"* including Minamata
disease.®) Because of the high toxicity of mercury, devel-
opment of the effective methods for on-site detection of
Hg?* has gained lot of interests.

Recently, fluorometric sensing for detection of Hg?**
has been studied intensively because of their adequate
sensitivity, high selectivity as well as simplicity and rela-
tively low cost of the detections compared to other spectro-
scopic methods such as atomic absorption spectrometry®

*Author to whom correspondence should be addressed.
Emails: nantanit@su.ac.th, wanichacheva.nantanit@ gmail.com
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or inductively coupled plasma mass spectrometry.”) In
particular;“many ioenophoric molecules have been uti-
lized as the sensors for Hg?>* due to their strong bind-
ing affinity to Hg?". These ionophoric molecules included
diazatetrathia crown ethers,® cyclen,® !9 cyclams,!!'-'4)
calixarenes,">-12" nitrobenzoxadiazole"® and azine.('?
These studies illustrated that the nitrogen, oxygen, and sul-
fur atoms present in the ionophores promoted the coordi-
nation of Hg?*. Although many fluorescent sensors have
been developed for Hg>* sensing, some of them have lim-
itations due to high cost of the required chemicals, mate-
rials for the detection®°'% and lack of selectivity in the
presence of the other interference ions, particularly cop-
per (Cu*), silver (Ag") and lead (Pb*") because of their
similar chemical behavior to Hg?*+ (8 11:12:14.15.19-22) Ry
thermore, some of the sensors are not suitable for on-site
detection or preliminary screening of Hg*" in an aque-
ous sample because of theirs need of organic or aqueous-
organic solvents for detection of Hg?*+.(18:23-2%)

Therefore, a major goal in our work is to develop a Hg**
sensor that offers practical, rapid and on-site preliminary
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screening of Hg>" in aqueous environments. The sensor
also needs to exhibit high selectivity and adequate sensi-
tivity for Hg?* with low cost to make and a short synthetic
strategy. In addition, it has been reported that attaching
fluorescent sensor to a solid support which was easy to
modify, such as MCM-41,C% silica gel,®? glass wafer, 3"
quartz,®? and silica particles,*3%333 could improve
stabilities of the sensors.

Taking all of the criteria and requirements for on-site
preliminary screening of Hg?* in to consideration, we
have developed a “visual detection” sensor based on rho-
damine B hydrazide attached to functionalized silica gel
solid support. Although the previous studies have shown
that derivative of rhodamine B could serve as Hg>* fluo-
rescent sensors but the sensors were not practical for on-
site screening of Hg?" due to the need to use the organic
solvents in the detection procedure.® 3" In our work, this
problem was solved by attaching rhodamine B; hydrazide
to functionalized silica gel which allowed on-site prelim-
inary screening of Hg?" with no need of organic solvent.
In the presence of Hg?", a color of the sensor changed
from colorless to pink which could be observed by eyes.
Furthermore, our synthetic method is relatively short and
easy with negligible interference of the other metal ions
for detection of Hg?*. Therefore, the developed sensor-is
practical and suitable for on-site preliminary screening of
Hg?" in aqueous samples.

2. MATERIALS AND METHOD

2.1. Chemicals

Two sizes of silica gel with diameter of 63-200 wm
and 40-63 um were purchased from-Merck. and. Silicy-
cle Corporation, respectively. Rhodamine B and-hydrazine
hydrate was purchased from Sigma. Corporation and
(3-Glycidyloxypropyl)trimethoxysilane (GPTS)..was pur-
chased from Aldrich Corporation. All ‘the metal-acetate
salts were purchased from Strem Chemicals, Inc.

2.2. Synthesis of Rhodamine B Hydrazide.(1)

The synthesis of compound 1 is shown in Figure 1,
the synthesis procedures have been previously reported
by Kim et al.?” In a round bottom flask, rhodamine B
hydrochloride (0.10 g, 2.08 mmol) and dry triethylamine
(0.50 mL, 3.61 mmol) were dissolved in 6 mL of dry

1. NEt,, dryEtOH

ethanol. The solution was stirred for 30 min and then
hydrazine hydrate (0.20 mL, 4.12 mmol) was added. The
solution was refluxed for 24 h under an argon atmosphere.
The solvent was subsequently removed by a rotary evapo-
rator. Dichloromethane (20 mL) was added to the residue.
Then the mixture was extracted two times by 30 mL of
deionized water. The dichloromethane phase was collected
and dried over anhydrous Na,SO,. The dichloromethane
was removed under vacuum. The crude product was puri-
fied by column chromatography using CH,Cl,:-MeOH =
97:3 (R; = 0.43) to give 390 mg of the product as a
pale pink solid (77% yield). '"H NMR (300 MHz, CDCl,):
6 1.16 (¢, J =7.1 Hz, 12 H), 3.32 (¢, J = 7.0 Hz,
8 H), 3.62 (brs, 2 H, NH,), 6.27 (dd, J, =8.7 Hz, J, =
24 Hz, 2 H), 6.43-6.46 (m, 4 H), 7.09-7.13 (m, 1 H),
7.41-747 (m, 2 H), 7.92-7.85 (m, 1 H) ppm. *C NMR
(75.MHz, CDCl;):- 6 12.6 (4CH,), 44.4 (4CH,), 66.0 (C),
98.0 (2CH), 104.5 (2C), 108.0 (2CH), 123.0 (CH), 123.8
(CH), 128.0 (CH), 128.1 (2CH), 130.0 (2CH), 132.5 (CH),
148.8(2C), 151.5(C), 153.8 (C), 166.1 (C) (ppm). HRMS
(EST)-calcd. for CyHy;N,05 (M+H)* 457.2604, found
457.2366.

2.3. Preparation of Rhodamine B Hydrazide-Modified
Silica’ Gel
The rhodamine B hydrazide-modified silica gel was pre-
pared in three steps as-outlined in Figure 2.
(i) First, silica gel was cleaned with “piranha solution
(98% H5S0,:30% H,0, = 70:30 v/v) at 90 °C for 1 h,
then the silica gel was washed by distilled water to remove
the excess-piranha solution: After that, the silica gel was
separated by filtration under vacuum. Finally the cleaned
silica-gel was dried for-18-h at 110 °C.
(ii) In"a round bottom flask, a mixture of the piranha-
cleaned silica gel (5.00 g) and GPTS '(1.20 mL) was stirred
in 15 mL of dry toluene for-18 h at 50 °C under an argon
atmosphere. The resulting product was then separated by
vacuum filtration. Then, unattached GPTS was removed
from the product by washing with dry toluene (2 times,
20 mL each) and dry dichloromethane (2 times, 20 mL
each). Finally,-dichloromethane was removed under vac-
uum to give pure GPTS bound-modified silica gel (2).
(iii) In a round bottom flask, the rhodamine B hydrazide
(1.00 g, 2.03 mmol) and dry triethylamine (0.30 mL) were
dissolved in 20 mL of dry dichloromethane and stirred.

0
O N—NH,

27(38)

Fig. 1. Synthesis of rhodamine B hydrazide.
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OH
2
(b)
o OH
H o)
o O N,N\)\/OWSV;SD
(0]
O-Si (0]
sz)/ O dry CH,Cl,, NEt, stir 48 h.

at room temperature

Fig. 2.

Next, the modified silica gel (2) (5.00 g) were added, and
the mixture was stirred for 48 h at room temperature under
an argon atmosphere. Then the solution was.immediately
heated for 1 h at 40 °C and the resulting product was sep-
arated by filtration under vacuum. After that the product
was washed with dry dichloromethane (3 times, 20 mL
each). Finally, the product was dried for 5 min-at 100 °C
to give rhodamine B hydrazide-modified silica gel (3).

2.4. Characterization

NMR spectra of the synthesized rhodamine B. hydrazide
(1) were taken by the BrukerAvance 300 spectrometer
operated at 300 MHz and 75 MHz for.'H and *C, respec-
tively. All NMR spectra were obtained in CDCI;_solutions
with TMS as an internal standard. Mass spectra were col-
lected by a ThermoElectron LCQ-DECA-XP, electrospray
ionization ion trap mass spectrometer. Functionalization
of the modified silica gels after each modification step
was monitored by differential thermogravimetry -analysis
(DTG) and differential scanning calorimetry. (DSC) using a
Perkin Elmer Pyris 1 and a Perkin Elmer Pyris Diamonds,
respectively. The heating rate of 20 °C min~! under a flow
of dry air was used for both DTG and DSC analyses. Fur-
ther characterization of the modified silica gels was done
by an infrared spectroscopy (Perkin Elmer Spectrum, GX
FT-IR System). The shape, size and surface of the mod-
ified silica gels were characterized by Scanning Electron
Microscopy (SEM, CamScan Maxim 2000).

2.5. Fluorescence Response and UV-Visible
Absorption

Fluorescence measurements of the solution of rhodamine

B hydrazide with addition of Hg?>* were performed on

a Perkin Elmer Luminescence spectrometer LS 50B.

The excitation and emission slit widths were 5.0 nm.

The absorption spectra of rhodamine B hydrazide (Fig. 3)
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Ao AL~
J C

3

(a) Cleaning of silica gel and preparation of GPTS-modified silica gel (2), (b) Preparation of rhodamine B hydrazide-modified silica gel (3).

were-determined by a single - beam Hewlett Packard 8453
spectrophotometer.. The absorption spectra of rhodamine
B-hydrazide ‘was_comparable to the previously report
work.©?  All'spectra_were obtained from rhodamine B
hydrazide solution in MeOH:H,O (10:90 v/v).

2.6. Sensitivity and Selectivity Studies of the
Rhodamine B Hydrazide-Modified Silica Gel

The selectivity of the thodamine B hydrazide-modified sil-
ica gel (3) was.tested in deionized water. The color change
of the rhodamine B hydrazide-modified silica gel were
monitored after the addition of the metal ions including
Hg2+’ Ba”, Ag*, Cu”, Pb2+, Ca2+, Cd2+, C02+, Mn”,
Nat, Ni**;-Mg>* and Zn>*. Beside that the sensitivity of
the rhodamine B-hydrazide-modified silica gel was stud-
ied by addition of Hg>* ions at difference concentrations
(10-500-ppm).

3..RESULTS AND DISCUSSION
3.1. Sensitivity and Selectivity of Rhodamine B
Hydrazide
Previous fluorescence study of rhodamine B hydrazide
showed that good sensitivity and selectivity for Hg?* was
observed for solution of rhodamine B hydrazide dissolving
in a solvent system of MeOH:H,O (10:90 v/v).®” There-
fore a mixture of MeOH and H,O (10:90 v/v) was selected
as a solvent for the study of fluorescence behavior of rho-
damine B hydrazide in response to the presence of the
metal ions.

To elucidate the quantitative binding affinity of rho-
damine B hydrazide, fluorescence titrations of rhodamine B
hydrazide with Hg?* ions was carried out in Figure 4. Bind-
ing of Hg?* to rhodamine B hydrazide (ion-complexation)
led to fluorescence emission which exhibited maximum
emission at 575 nm for the excitation at 550 nm.
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Fig. 3. UV-visible absorption spectra of rhodamine B hydrazide
(3.3 x 107° M) in MeOH with addition of [Hg?*]. a: 0 uM, b: 3.3 uM,
c: 6.7 uM, d: 10.0 uM, e: 13.3 uM, f: 16.7 uM, g: 20.0 uM.

When an ion-complexation was operative, the fluores-
cence behavior of rhodamine B hydrazide clearly demon-
strated the OFF-ON switching mechanism that-occurred
in response to Hg?" ion complexation. In the absence of
Hg?* ions, the fluorescence intensity was at_a /minimum
and the fluorescence was “turn off,” while-the fluores-
cence was “turn on” as the Hg?" concentration increase.
The “turn on” state could be observed as a concurrent
visual color change of the rhodamine B hydrazide solu-
tion from colorless to pink. The detection limit of rho-
damine B hydrazide for the detection of Hg’*, determined
from the plot of the fluorescence intensity-as a function
of the ngJr concentration, was 0.24_uM. The"detection
limit of the synthesized rhodamine B hydrazide for the
detection of Hg>* was comparable to the previously report
work. 7

Selectivity studies of rhodamine B hydrazide was also
performed in MeOH:H, O (10:90 v/v) solutions by record-
ing the fluorescence spectra of rhodamine B hydrazide in
the solution after addition of various metal ions including
Hg?*, Ba’*, Ag®, Cu?t, Pb**, Ca’t, Cd**; Co’*; Mn?>*,
Na*, Ni**, Mg?* and Zn>* (Fig. 5). These ions were

500

400 4

300 T

200

o

100 4

Fluorescence Intensity (a.u.)

0

520 540 560 580 600 620 640
Wavelength (nm)

Fig. 4. Fluorescence titrations of rhodamine B hydrazide (4.4 uM) in

MeOH:H,O (10:90 v/v) with addition of [Hg>"]. a: 0 uM, b: 0.2 uM,
c: 0.3 uM, d: 0.6 uM, e: 0.9 uM, f: 1.52 uM, g: 2.24 uM.
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Fig. 5. (a) Fluorescence spectra (A,, = 550 nm) of rhodamine B

hydrazide with addition of acetate salts of Hg**, Nit, Na®, Ba’*, Ca’*,
Mg?*, Zn**, Ag*t, Mn*t, Co**, Pb** and Cu®** (26.7 uM). (b) Fluores-
cence enhancements at 575 nm of rhodamine B hydrazide after addition
of each metal ion as a function of concentrations of the metal ions. In
all measurements, rhodamine B hydrazide (20 uM) were dissolved in
MeOH:H,O (10:90 v/v).

chosen because they-are commonly founded in an aqueous
environment. The-Separate Solution Method (SSM), which
were used in ion-selective electrode applications,*?) was
chosen for selectivity-studies of rhodamine B hydrazide.
Briefly, this method ‘measures a series of solutions with
each-solution contains only a-alt of the interested ions.*?)
The result indicated remarkably selectivity of rhodamine B
hydrazide to Hg*"-binding which reflected as significantly
high-fluorescence intensity upon Hg?>* binding compared
to other metal ions as shown in Figure 5(a). In fact, the flu-
orescence intensities with addition of the other metal ions,
were hardly changed under the identical measuring condi-
tions. The fluorescence enhancement at 575 nm as a func-
tion of concentrations of each metal ion clearly showed
great specific binding affinity of rhodamine B hydrazide to
Hg?* as shown in Figure 5(b). The enhancements were cal-
culated by normalization the fluorescence intensities after
addition of each metal ions to the fluorescence intensity at
575 nm of bare rhodamine B hydrazide.

3.2. Characterization of Modified Silica Gel
Two sizes of silica gel (silica gel with size 63-200 wm and
40-63 um, denoted as “L-silica gel” and “S-silica gel,”
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Fig. 6. SEM images of the modified L-silica gel at 100X (top) and 2000X (bottom) magnifications of (a) piranha-cleaned silica gel, (b) GPTS-
modified silica gel and (c) rhodamine B hydrazide-modified silica gel. The scale bars are 200 wm and 10 wm for top and bottom SEM images,

respectively.

respectively) were used as solid supports for preparation
of rhodamine B hydrazide-modified silica gel. Scanning
Electron Microscopy (SEM) images showed that shapes,
sizes and surfaces of both types of the silica gels were
slightly difference after each step of modification as shown
in Figures 6 and 7. For the L-silica gel, cleaning the silica
gel with a piranha solution resulted in relatively smooth
surface with appearance of small  debris as shown. in
Figure 6(a). Modification of silica gel'with GPTs resulted
in smaller silica gel with rougher surface-and larger debris
than the one in the first modification step as shown in

(b)

Fig. 7. SEM images of the modified S-silica gel at 100X (top) and
5000X (bottom) magnifications of (a) piranha-cleaned silica gel and
(b) rhodamine B hydrazide-modified silica gel. The scale bars are
200 wm and 40 um for top and bottom SEM images, respectively.
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Figure 6(b). Finally, attachment of rhodamine B hydrazide
to ‘the GPTs-attached silica gel led to even smaller silica
gel with the same surface roughness and debris as the silica
gels in the second-step as shown in Figure 6(c). Similarly,
the SEM images of the modified S-silica gel showed that
sizes of the silica-gel were smaller with appearance of sur-
face roughness-and debris on the silica gel after each step
of modification as shown in-Figure 7. The smaller sizes
of the modified silica gels with appearance of the debris
on-the surface of silica gels suggested that the silica gels
were fractured during each modification step.

Chemical changes of the modified silica gel were char-
acterized by thermal analysis (DTG and DSC) and IR
spectroscopy. For~DTG, weights of the modified sil-
ica gel (L-silica gel) after each step of modification
were monjtored as a function of temperature (30-700 °C
with a ramping rate-20 °C/min) as shown in Figure 8.

100.00

95.00

90.00

85.00

Weight (%)

80.00

—cleaned silica gel

75.00 - —GPTS-modified silica
—Rho B hydrazide-modified silica
70.00 T T T T T
50 150 250 350 450 550 650

Temperature (°C)

Fig. 8. DTG curves of the modified silica gel after each modification
step.
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Fig. 9. DSC curves of the modified silica gels after each modification
step.

For piranha-cleaned silica gel, changes of weights were
observed at temperature started from 44-200 °C. The max-
imum rate of weight loss was observed at the- tempert-
ature around 80-100 °C. An approximately 4% weight
loss could be attributed to an evaporation of water. Next,
the weight of GPTS-attached modified silica gel changed
at the temperature started from 200-350 °C. The max-
imum rate of weight loss was observed at temperature
around 270 °C, and in total a weight loss was. approx-
imately 14%. Finally, weight loss of the rhodamine B
hydrazide-modified silica gel was observed at the temper-
atures started from 290-700 °C. The. maximum rate of
weight loss appeared at around 390 °C with a-total weight
loss of approximately 17%. In conclusion, the.difference
DTG curves of the modified silica gels after each-modifi-
cation step could be implied that the GPTs and rhodamine
B hydrazide were truly presence at the-surface of the sil-
ica gel. According to DTG result we can alsoimplied
that the rhodamine B hydrazide-modified silica gel is thet-
mally stable at temperature below 80 °C-and should-be
able to detect Hg?* for an on-site preliminary.screening
application.

Similarly, we found that the DSC curves of the modified
silica gels after each modification step were.clearly dif-
ference as shown in Figure 9. The important DSC param-
eters of the modified silica gels were shown in Table 1.
The DSC result was in good agreement with the DTG
result which could be implied that the modified silica gels
were changed chemically after each modification step, and
GTPs and Rhodamine B hydrazide were indeed attached
to the modified silica gels.

Table I. Important DSC parameters of the modified silica gels.
Materials Ty °C) T, (°C)  H, () C, (1FC)
Piranha-cleaned silica gel 170.29 178 255.0286  0.5667
GPTS-modified silica gel 173.95 181.08 85.3475  0.1897
Rhodamine B hydrazide- 180.28 181.73 79.352 0.1763

modified silica gel
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Fig. 10. IR spectra of the modified S-silica gels.

The IR spectra of the modified silica gels suggested
that there were chemical changes to the modified sil-
ica gel after each modification step. Briefly, for func-
tionalization of GTPs onto surface of the piranha-cleaned
silica gel resulted .in weakening of OH-stretching mode
and OH-bending mode  at3440-3460 cm~! and 1630-
1640 cm™!, respectively. The weakening of these vibra-
tion' ‘modes/ could be attributed to the attachment of
GTPS' to OH-group .of the piranha-cleaned silica gel.
Next, functionalization of rhodamine B hydrazide to the
GTPs-attached silica  gel led to appearance of multiple
but weak IR modes at 1400-1800 cm~'. The weak IR
modes-could -be. attributed to 'a low concentration of
the rhodamine B. hydrazide and the dominant of the
broad IR-peak at 1000-1200 ¢m~! (CO-stretching) and
2800-3700 cm~! (OH-stretching). Although the attaching
nature of the of thodamine B hydrazide to the GTPs-
attached- silica gel ‘could not be clearly characterized
(chemically “and/or physically adsorption) but most of
rhodamine B hydrazide molecules should be adsorbed
to the GTPs-attached silica  gel” covalently because the
physically adsorbed rhodamine B hydrazide should be
washed away in the dichloromethane cleaning step as men-
tioned in the experimental methods. All IR spectra are
shown-in"Figure 10. The thermal analyses couple to IR
result indicated the successful modification of the silica

gel (3).

3.3. Sensitivity and Selectivity as Hg** Sensor
The sensing capability of rhodamine B hydrazide-modified
silica gel (3) as Hg?* sensor in deionized water was tested.
Addition of deionized water (blank) resulted in colorless
sensor, while the addition of Hg?* led to color change of
the sensor from colorless to pink. Higher concentration
of Hg?* resulted in more intense pink color as shown in
Figure 11.

The calibration curve and linear range of the sen-
sor were obtained by similar quantitative image process-
ing procedure previously reported in the work done by
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Fig. 11. Colors of the modified S-silica gel 3 in deionized water with
addition of Hg**. Concentrations of added Hg>* (ppm) were denoted
by numbers below the modified S-silica.
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Fig. 12. Calibration curve of the modified S-silica gel(3). The color
intensities of the sensors were obtained after addition of Hg*™ with
difference concentration (0, 10, 20, 30, 40, 60, 80 and 100 ppm).

Mentele et al.“) Briefly, the photos of the sensor were
uploaded to photo-management software (Adobe Photo-
shop) then the color of the sensor from the photos were
interpreted by the software and presented in CMYK color
system. Only the M (magenta) values changed with the
concentration of added Hg?* and were-used to_create the
calibration curve shown in Figure 12. The detection limit
and linear range of the modified S-silica gel (3) were
1.62 ppm and 0-100 ppm, respectively. The detection limit
of the sensor for the determination of Hg>*'was calculated
from the plot of color intensity as a function of-the Hg>*
concentrations, this method was previously reported by
Shortreed et al.*?

Furthermore, the selectivity study of the sensor were
tested in deionized water by observing the color changes
after addition of Hg?>* and other metal ions including Ba**,
Ag*, Cu**, Pb**, Ca’*, Cd**, Co*", Mn?*, Na*, Ni**,
Mg?* and Zn** as shown in Figure 13. The color of
the sensor turned to “deep pink” only when Hg?* ions
were added. Addition of Cu?* and Co?* ions led to color
changes of the sensor but with difference shades, which

0066000

Blank 100 1000

Fig. 14. Color of the modified L-silica gel (3) in deionized water with
addition of Hg>*. Hg>" concentrations were 301000 ppm as denoted
in the figure.

Blank river river + 50 drink drink + 50

Fig. 15. Color of the modified S-silica gel (3) tested with the
Chaophraya river (denoted as “river”) and a drinking water (denoted
as “drink”) samples without and with the addition of Hg** 50 ppm
(denoted as “+507).

could be distinguished from the “deep pink” resulted from
addition of \Hg?", while the other ions hardly changed
the 'color of the sensor at the same concentration of
Hg’* (100 ppm). The tesult suggested that the other met-
als could not interfered-the-binding of the rhodamine B
hydrazide-modified silica gel (3) to Hg** and the modified
silica gel could serve as Hg** sensor.

In'a similarstudy, we found that the sensitivity of
the rhodamine B hydrazide-modified L-silica gel (3) was
slightly inferior compared to. the rhodamine B hydrazide-
modified S-silica-gel (3)-as shown in Figure 14. The infe-
rior sensing capabilityof the modified L-silica gel (3)
could be attributed to a lower total surface area which led
to lower number of rhodamine B hydrazide molecules on
the-modified L-silica gel-surface than the modified S-silica

gel (3).

3.4. Application

The sensing application of the modified S-silica gel (3)
for Hg*"~preliminary screening was further shown in the
real-life. aqueous samples from the Chaophraya river and
a-drinking water (Mineré) spiked by 50 ppm of Hg?* as
shown in-Figure 15. The sensor turned pink for the spiked
river and a drinking water samples which indicated that
the contaminations in the sample matrix could not affect
Hg?* detection of the sensor. This result suggested that the
developed sensor has high tolerance to the sample matrix
and could be used for on-site preliminary screening of
Hg”* in the aqueous samples.

P00t - L2k 184 209

no 2+ 2+ 2+ 2+ 2+
jons Hg* Cu* Mn#* Pb* Cd

020 Ag N a I2+ a2+

a2+ Zn2+ Mgz+

Fig. 13. Color of the modified S-silica gel (3) in deionized water with addition of acetate salts of Hg?*, Ba’*, Ag*, Cu**, Pb**, Ca’*, Cd**, Co**,

Mn**, Na*, Ni**, Mg** and Zn** (100 ppm).
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4. CONCLUSION

In summary, we have successfully designed and synthe-
sized rhodamine B hydrazide-modified silica gel as a solid
fluorescent sensor. The result showed that our developed
sensor could detect Hg*™ in the everyday-life aqueous
samples, the sensor exhibited adequate sensitivity and high
selectivity to Hg?* even in the presence of the interfer-
ences from sample matrix and other competitive metal
ions. In the presence of Hg?" the color of the sensor
turned from colorless to deep pink which could be easily
observed. Additionally, the silica gel solid support allowed
easy transportation of the sensor. Therefore, our devel-
oped sensor is practical and has a potential to be used as
an on-site sensor for Hg*" preliminary screening in the
aqueous samples from industrial waste and aqueous envi-
ronments. Furthermore, the positive-tested samples_should
be further analyzed by higher precision techniques such
as atomic absorption spectrometry or inductively- coupled
plasma mass spectrometry.
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