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Abstract

Fabrication of PVC membrane electrodes incorporating selective neutral
carriers for Cd2+ was reported. The ionophores were designed to have different
topologies, donor atoms and lipophilicity by attaching tripodal amine (TPA) units to the
lipophilic anthracene (ionophore L1) and p-tert-butylcalix[4]arene (ionophores L2, L3
and L4). The synthesized ionophores were incorporated to the plasticized PVC
membranes to prepare Cd(ll) ion selective electrodes (ISEs). The membrane
electrodes were optimized by changing types and amounts of ionic sites and
plasticizers. The selectivity of the membranes fabricated from the synthesized
ionophores was evaluated, the relationship between structures of ionophores and
membrane characteristics were explored. The ionophore L4 which composed of two
opposites TPA units on the calix[4]arene compartment showed the best selectivity
toward Cd2+. The Cd-ISE fabricated from ionophore L4 exhibited good properties with a
Nernstian response of 29.4 + 0.6 mV dec:ade'1 of activity for Cd2+ ions and a working
concentration range of 1.6 x 10_6—1.0 x 10'2 M. The sensor has a fast response time of
10 s and can be used for at least 1 week without any divergence in potential. The
electrode can be used in the pH range of 6.0-9.0. The proposed electrodes using
ionophores L3 and L4 were employed as a probe for determining Cd2+ from the
oxidation of CdS QDs solution and the real treatment waste water sample with

excellent results.



Mono- and dinuclear Cu(ll) complexes of p-tert-butylcalix[4]arene (CuL2 and
Cu,L4, respectively) were synthesized, and their anion recognition abilities were
explored. Recognition is efficiently signaled through the displacement of pyrocatechol
violet bound to the receptor. For Cu,L4, recognition selectivity is ascribed to the tuning
of the distance between donor atoms of anion guests and their ability to encompass
the Cu2+- Cu2+ distance within the cleft of Cu,L4. In addition, the preorganization of
calix[4]arene in the cone conformation and steric hindrance of two bulky tripodal amine
moieties are important factors in controlling the Cu2+- Cu2+ distance. These factors
caused Cu,L4 to recognize pyrophosphate selectively with respect to other inorganic

anions in 80/20 (%v/v) MeCN/H,0 solution buffered with 10 mM HEPES at pH 6.4.

Keywords : lonophore, lon selective electrode, Indicator displacement assay,

Pyrophosphate anion
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Executive Summary
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diffraction pattern LLﬁnzﬁﬁagaMﬁ’]mmdﬁmLL@iaza;@Lﬁ@ﬁnﬂ@mm:ﬂwaﬁaﬁﬁm
a A ' ' . . o o { @
mnmﬁnmaﬂmmmUmﬁmmmazﬁ;@uu diffraction pattern USsulanuununuanl
‘m’m'j’]mmﬂﬁl,ﬁnmauéfﬂ@luhLaqa é’oﬁfuﬁ'lmm’m@‘hLmudﬁtﬁﬂmaﬂﬂmaqavlﬁ
LLﬁaﬁwhﬁ'ummdﬁgﬂi'ﬁwaﬂmaqmﬂuamﬂi LﬁmmniuLaqaa%ammnamamm
Aa & = & = A ' A9 o o
az@mwuaLaﬂmamﬂuaaﬂﬂs:ﬂauLﬂmmauaumﬂmmwmaqmw‘lwmmmauﬁnﬂq@
104 2 LLaz"Lﬂﬂ'aﬁgmia 914 ﬁmﬁag@q@ﬁﬂEJLi’]ﬁﬁ]zmmimﬁvlﬁmwazvli Q@lumwa’mﬁ
e ﬁﬁa@‘hmemaa&ﬁnmaﬂﬂmaqa TaunanmsHiNIwTaILATaILaNtLITAIRAR AN

i’]WWLLa@ﬂugﬂﬁ 2.2

& Totation

rotation beam trap

V)

incident X-ray

"~ 2@ rotation

H Qs o { =Y Qs 8
31l 2.2 wanmMIrtausadaIadandissasaaalansnnil®



a d' v s J v A& €¢:T 1 U & a (Y 1
INARAN MWANNNINNILAY LBV ITIF NSRRIV TN tenTn 2 tmasia leun
a a '3 { .
1. MARANITILATIZAUVUNANLALT (Single-Crystal Methods)
=) dq’ =) v dl L ] dl o
mwuaulﬂumswgﬁ]ﬂmom’mmaomsﬂs:ﬂau Tasfiansalag19anazing
a e o \ 2 A A ¢ £ aa & a <& ° = v &
ami’]muu@aoaglugﬂmawanmmwaugsm FIATNINIANHWITIN IAs N1 A LANED
a 1 d' o 4:!' 1 d' v A & 6 1o > L™ 3 °
Aaagnuiuazyimadfsuulasdinnusnadusesssmiand memuluﬂaquuuum
=< = ' ') v A & edd a LA = 'Y
Immsmuwaﬂvlﬂmugwma 9 N waldTaREndNTanueMafuaLae T9linans
NARAINAAN VLN WEININNINATUIN
a a I's
2. INARANIIIATITHULUNS (Powder Methods)
a & @ ' [P o v ' o & & Ada o &
MIaTAaat19laultIThne /170208190 09Tl Wy LTI N TR N B LTI e
azLaea NaT GNNMIATZRa Az I TUaNaIMIZNaLLAZATI20

mwé’uﬁufmaaﬁmﬁﬁaghmwau
a_ ¢ a . 23

2.1.3 anang[n]ta3w (calix[n]arene)

Aandne3 (calix[njarene) tUuansUsznavnulasioafniusznaualoniag
vasnyAuaaiuIn n wihTeusdanuduaznIWNTAY (methylene bridge) Tudumnits

> 1 Aa = 1 (% a 6 A A 1 1
aaﬂﬁnuvxgWuaaﬂvlamaﬂmLamoNﬂiﬂﬂidﬁiﬂﬂaamanm[n]mmmamwagmafl,u

o A € a ' v ) A . . A = ‘ A

IwLaqaiﬂsoainamaamansﬁ[n]l,asu wivaan ot 2 8% AagIn wide rim TaTlwaIwN

a & o A @ A ° ' ' ) A ' A
N%&lﬂdﬂ‘ﬁlﬂ,@] | V]@]aa%ﬂﬂ'ﬂﬂwuaﬂlu@qLL%%GWW?WLLﬂza')%maG narrow rm @a \IWUN

U

niRnadnlaasandiinasdsznay é’aumﬂugﬂﬁ 2.3

U

.
<  widerim

narrow rim

/
OH OH OHHO

A

31U 2.3la39839u09AANG[4]aTH UEAIEIUVEI wide rim WA narrow rim

wTwnasiesiinaaandd]au (p-tert-butyl-calix[4larene) tHuan{nd[n]iaTn
niidisuAnsiuen Weasnnmansnaiswldhsnnljitnaeuwawatuves p-tert-
butyl-phenol  kazWasuad las (formaldehyde) snTUsznauanang4]iaIuiilasiasnen

uanansnunirua 4 lalmuas laun cone, partial cone, 1,2-alternate Waz 1,3-alternate

é’ummlugﬁﬁ 2.4 lasnlassaisvadlalawasuuy cone aztiulasigiranigdasuin
A A

3@ maammﬁmﬁ'mﬂaimwumu‘luf[uLaqaizmﬂmgﬂuaﬁﬂvlamaﬂ%ﬁa 4 %y
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/
OH OH OHH»O

cone partial cone R

1,2-alternate 1,3-alternate

317 2.4 lassaarfiadns 9 vasandndi4leiu

mifigailanaivvesasandnddieiuny 4 lalmueinu mansnldlas
o A 1 A & o ' a { A

pdunaiin H-NMR  lasnsdansanannsdygrawesldsnausasngufiaduiizes
2918 (methylene bridge, Ar-CH,-Ar) Laz#n coupling constant (J) madiﬂmaumamyj
[ 1 A & 1 1 (% Aa [ a 1
NS iiasnnlinaunisesvaangainanlulanaisvesananddloinazlil
RUINATTINULALNY  adnuAavadldaeunly  H-NMR sunasuvesdafianwociiln
doublet NLAina1NNT coupling ﬁ'umaﬂﬂmauﬁ'&aaoﬁaglu@‘mmm equatorial LLaz axial

laslisaaundunis axial (uldsnaufieglndfiunylaasendisUnngiiavas H, 7
@ chemical shift (O) lunnadunibs down field dauldsaauiiduniis equatorial Huag)

Tnasnwylaasend annindeinlinngdia He, fifn & lumesumis up field
gmsulassaiovedleloweiduuuy cone iufiauos 'H-NMR maaﬂgmﬁaﬁuﬁ%au
2Hiluaan 4 %a}iazﬁé’nwmuﬂmmu doublet 91141 2 TR fidh O ag}iﬁ@mmums:mm
3.49 Uaz 4.26 ppm wazie J agiuﬁaoﬂizuwm 12.6 - 14 Hz srathaTwiaRason
"H-NMR sinasuuasansisenay 5, 11, 17, 23-tetra-tert-butyl-25, 26, 27, 28-tetrakis-
((ethoxycarbonyl)methoxy)calix[4]arene ﬁﬁimaa%n"téfﬁmm 4 lalouas asuaadlu
317 25 wudlassainsveslelowesduuuy cone o llsaauvanguiiadulnng
HuRedfidnuazdu doublet 2 7o Tanilsmaulusnunsis equatorial azdsngiien 8
3.13 ppm uazlinaufidunis axial azdangf 4.50 ppm sulasarsaslalmued

LUL partial-cone wuiialdsnauvasngainanazdangiu doublet $1wau 4 70 lao
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2 gausnazUnngfdn O Nilduandriiuainian 3.05 uaz 4.50 ppm &N 2 TAIE

Usngien O Adlduandrsnuiosfan 3.85 uaz 3.91 ppm luvmenlassasrsvaslals

\wasuuy 1,2-alternate AnluUnauvasnyainaazdiingiduuuy doublet $1u3u 2 70

A A o

i Aa = & A A | 'Y A A
e singlet 1 °l!@| I@]U Nanuanmellw doublet w“waziAN 8 NN NBIINABN

3.23 usz 4.71 ppm swdandu singlet az15ngNen O 4.10 ppm  &wsulaseasns
vadlaloiuasuuy 1,3-altemate Anldinauvasiufiaduns 4 wyazdnngduiiaidon

. A A & A A 2 o
WUU singlet N1 O Uszunow 4.00 ppm Luaamﬂvlaiﬁmuasmﬂa’nuammm‘ngd 397
lﬁTﬂmawua\m%iLuﬁaﬁuayj’luﬁmmﬁamﬁmﬁu

R= tert-butyl

3un 2.5 Wisuioy "H-NMR swnasulassasnsvas 5, 11, 17, 23-tetra-tert-butyl-25,
26, 27, 28-tetrakis-((ethoxycarbonyl)methoxy)calix[4]arene ﬁﬁ"ta‘[muaﬁmu cone,

partial cone, 1,2-alternate L8z 1,3-alternate 2
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a o d' d' U
2.2 LANAITHASINWIVLNLNYIVDY
. 6V «o .
Diamond wazame basansUsznay p-tert-butyl-calix[4]arene tetraethylester (2)
a A& Aa o ' o + °
VUATLUNULLIUALAN NI NTAMNIUNIZLNZI608N13323970 Na' lasnsinlalalu
Wasasnanunanny PVC uazld 2-nitrophenyloctyl ethyl (NPOE) 1w plasticizer Gk
o o o o + A -5 Y o .
NNNANMINARINUIIANTAINNAT29MIATIITE Na agfl 107 M uananidanudn
A& A o £ o a o ~ A& a
aildnlmaneioudwinlmiilanwly anuadvuazangnislinuiginiididininiad
° a + { [ il & '
JaNuFNUNIZIN29NY Na ﬁﬁmmmomsmagimm:uu gaanlull w.a 2543
. (12) v & o a Aa o o + &
Malinowska Lazamee NGB IUNNILIWILRNINTANAANINNIZIIZAINY Na Anin
Ini lasmwhewiusaaslalalunes (2) mvihdjisowediwelaaduny  isodecyl
acrylate (IDA) waz methyl metacrylate (MM) wafazla lalaluwas (3) Millunedines
uaedl calix[4larene tetraethylester (Huasfdsznay nasanuudilalalunes (3) 7
a o a I a & A a o ' o + A
1383 LA a TN T WU NUTWBLAN INTANAANINNIZIANZAIGaNIIATIIA Na 09
ANNANIINAADINLIIANNUIUNIZLANZIILAZFAN [1289NN1TATT0VaIBLEN INTAN
wisnnanlalaluna$ (3) fdvlndidusnudidniniafieionldanlalalunas (2) udeny
o P A o £ XA = A Aa & P
MIMIuYaIBL AN INIaNLaToNARIN RURTA NS 7 18w IwueNalEanInIan

wispnanlalaluas (2) Sorgmsldnuiie 2 Gau

G
l,,

(2 3
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Gupta uazams lidunud 3 mﬁ@ﬁﬁmmﬁmnﬁ@miﬂi:ﬂam%asﬁauﬁgd
Aulasauvas cu”™ @sleun acetylacetone (4) ethylacetoacetate (5) waz salicyaldehyde
©) vdulelolunasuaziedondn  PVC-wausudEnnsafidanusimzianzasny
losaupas cu” lawld TBP Iw plasticizer anmsdnsnuinlalalunesfilduans
maaaﬁﬁﬁq@ﬁa lalaluned (4) Taswuindianinsanasouduan lalolunadena
sansolfouldlutas pH 2.6 - 6.0 TTwmaanzialranusunuiluduas
(linear working range) fa 2 x 10_6 191 x 10_1 M ¢ Nernstian slope WinAu 29.3 mV
decade’ Fasnavasmiaraialszanme 0.1 ppm uwazliongmsldnudszinm 3
dan Fedidnlnsafiiadsuduwiniianansnin 1y indicator electrode dm3uns¥n
potentiometric titration 289 Cu”" Ay EDTA wazuananigaaunsasiluldasiaia
Punwas cu” uamaasuldguin

L S O
AN~
)

OH
@ ©)

. 26 [ a 1 .
Tuntulani  LRZATAY lagaanzilalelunassiialnide  benzothiazole
calix4]arene (7) lavfdSananianusigetisiasas 81 szl lalaluwaiainanaly
w3sulludianlnsasiia macro-electrode Waz micro-electrode NIUANMNTNNILLANZI
[ 1 a { J g: a o % +
Aulesauvadlarn: wud1 BlanlnTaNiasundunizesshaiinnuiiwzianzasny Ag
' . 1Y o -1
lagfien Nernstian slope InalApsnuenannufa 59.7 + 0.8 mV decade  uaz 59.8
-1 o gt . o o ! o o
+ 10 mV decade & 13U macro-electrode Waz micro-electrode MNE1AU VANLaING
[ = -7 A a A o v o & 1% .
284M13077930887 5 x 107 M uaziitrmaliersdnldanuduiusidudunss (inear
. -6 -2 ° o a
working range) #a 10 — 10" M LLa:mmsnuﬂﬂﬂixqﬂ@?ﬂummmezﬁgﬂuuumomﬁ
a |4 a & 1A + A A
Yg3anTacaw ludaias lasaunsaIeneAUSINUed Ag DR TAZAIU 1
Fanesld  waruanNNRIIFINIINIATZAWIUTUN L8 ITALIDININNA MAEN TALA U
a a a v é a
luganeildlasniseendladasazmowludanesdis H0, Swludaeiazgn
A & & + @ & 8 o o A + oA
sandladnaoiu Ag wasnuuIsihnamiadiinawes Ag- fNegluasazay
[ a { o & =~ > (% ' [ ° o @ %
MuBEANINTANNAWDY mmﬂmsmﬂmaﬁq‘l@gﬂmmwwuﬂ"ﬁ‘nunm:uums

Aenzitinmnglaalussdiatnide glucose biosensor
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27 oo & A Y ea )
Anthony uazami” ldFanziussigailanainaesmaliznaulaseiautu
= L% ' [ ° Aaaa o A .
gasnatides () Tessdsznavuainaedonldanmsil JAsonuaunug  tris(2-
benzimidazolylmethy1)amine %38 NTB uasdunuaadnanilassaaduuuuinineas
=y 1 A o d' a J g; a 3; A % 1
nnnsanswuEslnevlaeaiauiuiiioiung 5 sienudlansived 2 uuy
A A Aa 1 A . . . Aa &
ﬂaﬂiﬁmg}gmmwmaw (trigonal bipyramid) wazliy pseudooctahedral lasARunuan
hafanuszlasasaumsunulesanzasnathdasiudiunisn 5 way 6 uarivua
lassa9898715UT2NoUAINE arndlafianuAunud  NBT  flaglulassainsvas
A v & A & A v & A %
ssUszneulaeasautund 5 sfenudsengianduiaatcianiaaawnue las s
lulasiauns 4 azaeuduazasudlvdidnaseuunlesauvasaathles () @wdunud
ludunien 5 uaz 6 wu enatdudunuanuinnuanlessuvasinfenathdas(l) Nld
Huansasdu i NO; waz BF, wiaanadluansvUsznavudunidnilassainavmaian

wazUsewgAanduaunud e i N-methylimidazole wag Ni

H we”” \
\ 2 HZC
N N
-
N /N

trigonal-bipyramidal copper complex

NBT

;sﬂﬁ 2.6 LEAIlATIRIIVRIRLNUG NBT uwazlasiaing trigonal-bipyramidal copper

complex NU AunNua NBT
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28 v o =2 A o ea o
Volker uazami lavhnsAnmuasigailanaineesasdsznavulase iausu
+ 24 o a a ‘g
289 Cu ez Cu~ NUMIInaeadunud 2 sfiafa TMGstren (tetramethylguanidino-tren)
(8) uaz DMPGstren (dimethylpropyleneguanidino-tren) (9) I@UﬁﬁLmu@Tﬁaaaaﬁﬁgﬁ"Jﬁ
= 1 & 6 = 1 A o
du 3 nyiuasddsznaumululuiana annsAnswudiansdsznavlaseiaiutuues
2+ o A & [ I3 A A ' { . . .
Cu” nudunudnimaseziilasiafraduuuudndadauaumaoy (trigonal bipyramid)
Faaunuanigasanandeengfandunniziawaadunug  lagldazaauuas  tertiary
lulasiauuazlulanaudn 3 azaswvasmymilduns 3 wiiluazaenflidianavau
1 a o 1 Cll v gj J 1 a A {d‘ vV &
sudunudludunibiniiuiuegnuriiavasuenlasauvasinfazasnathdeinlfiiu
& U A [ o + o a €3; & a L%
8159908 lwwmiansdsznavlaeasaiutuzed Cu AUBLNUGNIFEINY el laseains
ulnslnuaa (trigonal) lash AunuGNIRaIAAN I InaaSALUTUIUANE A
a o o ea o 2+
WWeanunuasUsznevlaeasalutusad Cu

N/ \
/N\( N~ (\/ N
\4
N~ g\\ . - N
— /"N N
1\{ \



A5N1sNaand

3.1 gulnInd

UNN 3

1. 1O3DINAUMNRZANULLAAANNAK (BUCHI R-200)

2. andisdasaaalansnW?i BRUKER APEX CCD diffractrometer (graphite

monochromated Mo-KOU radiation, A = 0.71073 A) (M@371al AucAnsnaaas

NPNINLRDRIVAUAIUNT)

3. duadssunnudnislouundadalasiinas (Bruker 400 MHz Ultra Shield

AVANCE 400)

4. wusmlalasieas  (Bruker microTOF) (AAATLAY AANENARAS

VRNINLRUNRAR)

3.2 @15Lad

Acetone
2-(aminomethyl)-pyridine
Chloroform-D1
Dichloromethane

Diethyl ether

Ethyl acetate

Magnesium sulfate anhydrous
2-Nitro-benzylbromide
Palladium/charcoal activated
Potassium carbonate
Pyridin-2-aldehyde
Salicylaldehyde
Sodiumsulfate anhydrous

Sodiumborohydride

(Lab-Scan)
(MERCK)
(Merck)
(Lab-Scan)
(Panreac)
(Lab-Scan)
(Lab-Scan)
(Riedel-deHaén)
(MERCK)
(CARLO ERBA)
(Aldrich)
(MERCK)
(Riedel-deHaén)

(FLUKA)



17

3.3 nMdstaziInslnaaatoln
o & ~ o o ad A
MIFRATITRRIIUITNaUINTanaatain (x) ENITAFIATIZA lAaNITALRA LY
U 3.1
U

CH3 CN, CH}COOH,

o D QD = Q)
+ H
CH Cl = N X
N/ H H}N N/ /I\I N N
(b)

NaBH ,C H OH
4 25
0
Br CHCN,
ON K CO, reflux

2 3

B N

Nz | _

NN H /Pd-C

N.
| 2 7T
gne e
CH3OH
HN ON
@ ©

;sﬂﬁ 3.1 NMIFILANARITUIZNAY (d)
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3.3.1 n1sdILAIEia1slsenay pyridine-2-ylmethylpyridine-2-

ylmethyleneamine (a)

N N MgS0, | X = |
N 2 N 2 2

0] (a)

9 MgSO, anhydrous 11 N3 (91.4 fadlua) ldwrafunanvuie 250 Aa5ans
UazLGy CH,Cl, AUaaninsinas 24 §855a3 aslluanadondn wasantwds
pyridin-2-aldehyde 1.76 §a3aq3 (16.4 Uaalua) waz 2-(aminomethyl)-pyridine 1.84
8880y (17 Tadlua) adly ﬂwnaaNau*ﬁqm%gﬁﬁaamUlﬁﬂﬂﬂsﬂiimﬂWﬂLLﬁa
Tulastawiunm 4 59109 nsasuastintes CH,ClL, MW&9%i (3 X 100 HadanT) 31Nt
Ner CH,CI, anisatihlagnsida Na,SO, anhydrous WRIIINUUNTOIURLTRE AT
AALENMILLATEINAULLIL ANANNGH LeUBIRAIRInRIBIRNITUIENOY (a)
SounzvaINaAS AT LainfL 96 (1.56 n3W)

"H-NMR (400 MHz, CDCls, ppm) : O 8.65 (s, 1 H, ArH), 8.55 (s, 1 H, =CH-), 8.05 (d,
1H,J=7.6 Hz, ArH), 7.68 (t, 1 H, J=1.6 Hz, ArH), 7.62 (t, 1 H, J=1.8 Hz, ArH), 7.42
(d, 1 H, J=76Hz, ArH), 7.35 (t, 1H, J =1.2 Hz, ArH), 7.12 (¢, 1H, J = 3.7 Hz, ArH),

5.03 (s, 2H, -CH,-)

"C-NMR (100 MHz, CDCl,, ppm) : O 163.94, 158.74, 154.74, 149.50, 149.37, 136.68,

136.55, 124.92, 122.38, 122.13, 121.49, 66.58



19

3.3.2 n1ydILAIEia1ssEnay bis-pyridin-2-ylmethylamine (b)

X 72 X H =
| | CHCN, CH_OH, | |
— /N ~ 3 25 — N ~
N N CH,COOH, NaBH,, N N
(a) NaOH (b)

o el a a 1 £ A

ixsUszney (a) 1.56 N3N (7.9 Uadlua) lawienunannilinazuia 250
88807 LAY CH,CN 15 Jaa0T NIAaLTAn 1 JARAAT WATLaTIUEA 20 Aadans adbis
PIANUNANAINET? %ﬁdmﬂﬁuﬁﬂmsa:mUlﬁLﬁuﬁqmﬁgﬁ -5 BIFNLTALTUE LaIIAaL
9 1@y NaBH, 1 n3u (25.8 Jadlua) adld wazAnaINFdaNgnnIiaduiaa 18
Tlug wasanuwihveinay Ui ldEw usdedes 9 dunsalalasaaasnidudu 10
A aa o = A a & o 'y ) A A A
fadansazlevasudsdurniadn mmaawaﬂﬂl%mwmamqmﬁgw 60 BIFLTALTER
e 2 1alud niunTaIuaziinansazans la llssinoaivinasangaanauiaunue

' A

uazt@uiin 10 Jaddas stazas luvinldiuwuaidedas 9 1&u NaOH 4 n3u (100

a A e 1 dl a v 1A | & <
fadlua) avlulussazasdindn  aumsazansfgunpiivesdedniduainisilu
LaIINNNENAGRE Et,O (3 X 100 Aada€T) WAIWTW ELO w1iaaiineas

Na,SO, anhydrous n3aduaziinlUszne@Iaza10nNa28LATBINABLLLAANANNAYK
ldvasrarfinfeaduvasansUsznay (b)  TRURZVBINAAAUIN LOLYNAL 69 (1.09

n3w)

"H-NMR (400 MHz, CDCl,, ppm) : O 8.59 (d, 2H, J = 1.2 Hz, ArH), 7.67 (t, 2H, J = 2.0
Hz, ArH), 7.38 (d, 2H, J = 7.6 Hz, ArH), 7.18 (t, 2H, J = 1.6 Hz, ArH), 4.00 (s, 2H, -
CH,-)

"C-NMR (100 MHz, CDCl,, ppm) : O 159.63, 149.31, 136.51, 122.34, 121.99, 54.74
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3.3.3 n13dILAIIEia1ssenay 2-[bis(2-pyridylmethyl)aminomethyl]

nitrobenzene (c)

| X
Br NF#
X = CH_CN
~ N v \
N N N 1<2co3 Pz
) ON
2
(O]

T9813132nay (b) 2 N3N (10.05 Hadlua) K,CO; 14 n3u (100 Hadlua) 2-nitro-
benzylbromide 2.17 N34 (10.05 Aadlua) waz molecular sieves 4 N3N LFVIAAUNAY
§09ABTWIA 250 HAAAAT NaIIMNUWEY CH,CN fleanii Y5unas 50 Hadansas
luziaiwnanaInan ﬂumawawﬁqmﬂgﬁﬁauﬂunm 12 lusmeldanne
ussnmelulasian ientumruaudrssihvesnsuansasuaziwasnaflaanms
n309 11318 AZ AL A2 BLAT DINARAITNAZABLULAAANNGH LE13ITdInTInee
NMITRUNNBZAETE CH,Cl, 100 TRAAATURLINETA=A UG INEIINE 19T 8% 3
X 100 NaRaa7) LS9 Tob CH,CI, anfdaiinee Na,SO, anhydrous MNiunIa
wdha ez llsmearnazaseaneuLAIaINaRLULAAA NG leuadnanF

WRBIdNVaIENTUIENAY (¢) A S08aTUBINRAAMMNN bALWINAL 71 (2.40 N3W)

"H-NMR (400 MHz, CDCl,, ppm) : & 8.55 (d, 2 H, J = 2.8 Hz, ArH), 7.78 (t, 2 H, J =
6.8 Hz, ArH), 7.68 (d, 2 H, J = 1.6 Hz, ArH), 7.50 (t, 2 H, J = 3.6 Hz, ArH), 7.14 (t, 2
H, J = 2.4 Hz, ArH), 3.8 (s, 2 H, -CH,-), 3.65 (s, 2 H, -CH,), 3.5 (s, 2H, -CH,-)

“C-NMR (100 MHz, CDCl3, ppm) : O 158.62, 149.96, 149.12, 148.92, 136.46, 134.38,
132.35, 131.39, 124.31, 123.28, 122.13, 60.39, 60.14, 55.87
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3.3.4 n13dILAIEia1ssEnay 2-[bis(2-pyridylmethyl)aminomethyl]aniline

(d)

B >
Ns Nz
H_/Pd-C
2 N
| K/@ CH,OH ) D
02N HZN
©) @

azaneeIlsznay (c) 2.40 Ny fewnuaafidnaannin 100 Sadaasldune
AUNBURDINDTUIA 250 UARANT UWazday ¢ LA 10 % Pd/charcoal activate 0.2 NINAY
1 wasaniuansasnsussnanmeldanizusssmelalosomduna 12 $alus
INuaIHENINNIaIRIY celite hasazapiildannminsesluszmedavhazsnaaansdae
LASaINaRLULARANGY  lduasnaFimasaduuesesdiznoy  (d) Jouazva9

NRAA WA LTI 85 (1.86 NIN)

"H-NMR (400 MHz, CDCls, ppm) : O 8.56 (d, 2 H, J = 4.0 Hz, ArH), 7.63 (t, 2 H, J =
6.0 Hz, ArH), 7.39 (d, 2 H, J = 8.0 Hz, ArH), 7.16 (t, 2 H, J = 2.8 Hz, ArH), 7.06 (t, 2 H,
J = 3.0 Hz, ArH), 6.64 (m, 2 H, ArH), 3.8 (s, 2 H, -CH,-), 3.65 (s, 2 H, -CH,7), 3.5 (s,
2H, -CH,-)

“C-NMR (100 MHz, CDCl3, ppm) : O 159.10, 149.01, 147.01, 136.54, 131.18, 128.50,
123.53, 122.16, 117.22, 115.45, 60.14, 57.92
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3.4 n1ydataTzvitalalunas L2
myssenzdlolalunas L2 essuldnnmsvidfisonszritessdsznauie
fiu (d) uazanvdszneudadlad (f) dauaasluguf 3.1 nsdaaedaadsznauiadu (d)

wazaslaznaudadlad () usaslaasgli 3.2 uaz 3.3 anudrau

|\
Z~N
|\
N~
Ny N
\/ D
HN

CH Cl_, MgSO
2 2 4

NaBH4 R CH3OH, reflux

519 3.2 madaaneilalelunes L2

u



CHO

K CO
OH 2 3

+ Br\/\
DMF, reflux

OH OH (I)H HO
]

{ [ 20-21
511 3.3 nsfezissdsznay ()

z,//

CHO

O
\/\Br

(e)

CsF,

DMF, reflux

23
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3.4.1 MIdaLtATIEia1TUsTnay 2- (2-bromoethoxy) benzaldehyde (e)

CHO CHO

K CO
OH
+ BI‘\/\Br 2 3 O\/\Br
DMEF, reflux

@149 salicaldehyde 6.4 [adans (524 Naalua) 1,2-dibromoethane 20.2

fa5aas (107.5 fadlua) uazdd K,CO, 22 N3u (160 Dadlwa) lsvanunawniina
2119 500 FaFAAT #EINTWLAY dimethylformamide (DMF) 100 3adans aolUluana
NWNANAINET? LL&T’Jﬁwawa&mﬂﬁmwﬁauﬁqm%{]ﬁ"lmﬁu 60 ‘Cc meldznng
ussnmeutalulasawduwm 3 2lug mnfuﬁamsazmmlﬁ@uﬁqmmgﬁﬁamaz
W@URITRZa18 NaOH LTuTh 10% USu1as 100 NaRaaT LAt INgNanNgnaalg
EtOAc (3 X 100 NaRANT) Wa=1inT % EtOAC 3181990 (3 X 100
183503) WaINTINTH EtOAC anfinamsinlamsidiy Na,SO, anhydrous waauinlyl
SROAITNRT AL aNAILLATDINALLLAAANNGY I nEHingInfinEanmMIsHInAY
nymsuenmsnaiaaeauilasunlansluw Sio, lagld 60 : 40 CH,Cly/hexane
Judrer  ldesdenoy  (e) Sanwasiuveudidunuaziosssrainias ieid le

WiNAL 40 (4.87 N3N )

"H-NMR (400 MHz, CDCl,, ppm) : O 10.57 (s, 1 H, HC=0), 7.88 (m, 1 H, ArH), 7.57
(m, 1 H, ArH ), 7.11 (m, 1 H, ArH), 6.99 (d, 1H, J = 8.4 Hz, ArH), 4.44 (t, 2 H, J =6.0
Hz, -CH,0), 3.73 (t, 2 H, J = 6.0 Hz, -CH,Br)

"C-NMR (100 MHz, CDCl,, ppm) : O 189.44, 160.37, 135.99, 128.13, 125.04, 121.37,
112.83, 68.21, 29.30
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3.4.2 n13dILAIEia1ssEnay 28-2-(2-ethyloxybenzaldehyde)-p-tert-butyl
calix[4]arene

(f)

OH OH (I_“)HHO
/

CsF

T3 p-tert-butylcalixi4larene 9.79 n3u (15 Hadlum) CsF 2.73 n3u (18 Aadlus)
wazanIUsznay (e) 6.95 N3N (30 Uadlua) lEVIAAUNANFBINBVUIA 500 TARAAT
nNwEy DMF 300 Hadaas asluneiunauesnsn shwesuaylulianatand
g liiin 60 °C moldanzummmeaundalulasiawduing 3 u WAINTEUA

ssaraoliiinauiisgunpiifesudBeden 9 iaunialalasaasindudu 3 M U5nas
200 JaRRAT W VAINFNUINNIENAGAY CH,Cl, (3 X 100 FaRaA7) a3 Tob CH,Cl,
Andaea8tin (3 X 100 NadA6) WEDS I T CH,Cl, sanananmiaihlaansiey
MgSO, anhydrous annuunsasudhmissaelusznedvnassmoaandionionau
LUURAAMNGW  uazthanindsanmszwelusndisinafianesuilasinlannd
uw Sio, lagld 50 : 50 CH,Cl,/ hexane wudars ldssUsznay (f) Tedanwasiu
woaudsfifosnzuasnaaiuan larinay 23 (2.79 n3u)

"H-NMR (400 MHz, CDCls, ppm) : O 10.68 (s, 1H, HC=0) , 10.05 (s, 1H, -OH), 9.46
(s, 2H, -OH), 7.97 (d, 1 H, J = 7.6 Hz, ArH), 7.67 (t, 1H, J = 0.8 Hz, ArH), 7.24 (d, 2
H, J =84 Hz ArH), 7.72 (s, 2H, ArH), 7.14 (s, 2H, ArH), 7.09 (s, 2H, ArH), 7.02 (d,
2H, J=1.2 Hz, ArH), 4.82 (d, J=4.0 Hz, 2 H, -CH,-O-), 4.69 (d, 2 H, J=4.0 Hz, -CH,-
0-), 4.47 (d, 2H, J = 12.8 Hz, Ar-CH,-Ar), 4.20 (d, 2H, J = 13.6 Hz, Ar-CH,-Ar), 3.47 (d,
2 H, J =13.2 Hz, Ar-CH-Ar), 3.45 (d, 2 H, J = 13.6 Hz, Ar-CH,-Ar), 1.26 (s, 36 H, -
CH-,)

“C-NMR (100 MHz, CDCl3, ppm) : O 189.74, 160.65, 149.09, 148.63, 148.17, 147.74,
143.57, 143.26, 136.03, 133.47, 128.67, 128.06, 127.85, 127.82, 126.63, 125.89,
125.72, 125.64, 125.13, 121.40, 112.26, 74.11, 67.34, 32.93, 32.26, 31.48, 31.25
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3.4.3 nydataszvilalalulas 2-(Bis(2-pyridylmethyl)aminomethyl)aniline-
N-(2-ethoxybenzyl)aniline ))-p-tert-butyl calix[4]arene (L2)

TigsUsznay (f) 2.38 N3N (3.05 Dadlwa) MgSO, anhydrous 3.67 n3W
(30.39 Hadlua) wazansUsznay (d) 1.86 N3N (6.10 Aadlua) eV IAAUNANREIND
PUNQ 250 UARAAT WALAN CH,C, funaaniiilsines 100 Sadaas asluluanarn
NANAINSAT ﬂumawaumﬂléfama:msmmmﬁ”avluimmuﬁqmﬂgﬁﬁaoLflunm 12
s hwasnsnanniasuazingni ldnmansasllsmoiandaasangsandae
LA aINARLULAAA NN 92 lduaan FinanswasmTsznauduiin (g) naIanTm
§13U3zNay (g) Mazauale WNNHaaUSINas 50 afaas warldansavanodn
ﬁqmﬁgﬁ 0 °C udq39fy 9 L@W NaBH, 0.55 n3u (14.56 Hadlua) adldluasazane
AINE? ﬂwuaawawﬁqm%gﬁﬁaaﬁawmzﬁ"awamﬁ”wm w39t vaINaNAINEI 1Y
Wandmeldannzusssnmeutalulasawdunm 4 909 nasNEwaIITaZaNe
lﬁLﬁuﬁqmﬁnﬂﬁﬁaaLLﬁﬁaL@&Jﬁﬁﬂ%mm 100 [addns  wiIshlUszimeiounmue
AEONAILLASBINAULLLAAAMNGH WNTBINFNINRHATIE CH,Cl, (3 X 100 aaaad)
MNUWITY CH,Cl, Andaea8tin (3 X 100 NaRANT) W TI CH,Cl, Anfie @t
%18 MgSO, anhydrous nIssEnTazasud1thlUzmefmazaseandsleIoInay
LuUsaanNaw thaufimasnnmyszmeldundismaienssuilasanla nafuw
ALO; Tanld EtoAc iflusare lalalunad L1 Aladsnwasiduvasudofini uasiisoas

YBIHRAN AN bAL¥INAL 20 (0.67 NIW)

"H-NMR (400 MHz, CDCls, ppm) : O 10.20 (s, 1H, -OH), 9.49 (s, 2H, -OH), 8.44 (d,
2H, J = 4.0 Hz, ArH), 7.49 (t, 2H, J =6.0 Hz, ArH), 7.37 (d, 2H, J = 4.0 Hz, ArH), 7.34
(d, 2 H, J=8.0 Hz, ArH), 7.13 (s, 2H, ArH), 7.12 (s, 1H, ArH), 7.07 (d, 2H, J = 2.0 Hz,
ArH), 7.05 (s, 2H, ArH), 7.03 (s, 2H, ArH), 7.02 (s, 2H, ArH), 6.94 (m, 2H, ArH), 6.54
(t, 1 H, J = 7.6 Hz, ArH), 6.40 (d, 1H, J = 8.0 Hz, ArH), 4.70 (d, 2 H, J = 3.2 Hz, -CH,
NH-), 4.64 (s, 4 H, -O-(CH,),-0-), 4.53 (d, 2 H, J = 12.8 Hz, Ar-CH-Ar), 424 (d, 2 H, J
=13.6 Hz, Ar-CH,-Ar), 3.83 (s, 4 H,  -CH,), 3.69 (s, 2 H, -CH,-), 3.40 (dd, 4 H, J =
12.8 Hz, 14.0 Hz, Ar-CH,-Ar), 1.23 (s, 36 H, -CH,)

“C-NMR (100 MHz, CDCls, ppm) : O 159.24, 156.11, 149.12, 149.04, 148.39, 148.29,
148.09, 147.85, 143.50, 143.12, 136.30, 133.61, 130.94, 128.74, 128.12, 128.07,
127.69, 126.56, 125.82, 125.71, 125.66, 123.18, 121.90, 121.51, 121.10, 115.32,
110.80, 110.20, 77.37, 77.05, 76.73, 74.78, 66.72, 60.13, 58.47, 41.73, 33.00, 32.10,
31.50, 31.25

ESI-MS (positive mode) : m/z : 1085.67 [M+H]+
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3.5 nsdaazvilalalunas L3 uaz L4
msatezilolalunas L3 waz L4 wesowldanmaid§isenszning

sslsznauieiu (d) wazansUsznaudadlad (f) dauaadlugln 3.4

\ 0o
N~ SN N7
o 0 \ Sy ' N/\Q Q/\N
L0
N N N
o) o] SN ~ 0 N 74
0
0

(
;\_

oy

NaBH, MeOH ref lux

(L3) (L4)

12% 20%

317 3.4 nssaienedlolalunes L3 uaz L4
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3.5.1 MIdaLAIIziasUsEnay 25,27-(4,4’-bis(ethoxybenzaldehyde))-p-

tert-butyl calix[4]arene (i)

0 0

K,CO,

-
C

CH3CN, reflux

"/,//

T4 p-tert-butylcalix[4]arene (f) (10.17 N3y, 15.73 mmol) LR anhydrous K,CO;
(21.74 n3¥, 157.3 mmol) WIIanuNaNIMIa 250 Radans Wwazidin CHLCN (300
A Aaa o 1 a o 6 < = (% 123
a8807) a9luwiaasnann  IWandansazaenanduan 30 wineldussenmeauds
Tulasian nRsNuuAay 9 @uaTazaewes  2-(2-Bromoethoxy)benzaldehyde (e)
(7.21 n3w, 31.46 mmol) fiaglu CH,CN (100 FadAas) aslddianvazanonanludroein
wazynmMsInandasazauaa lWidwian 53 talud Wemvazasliidunigunnivas
IWnrasmaazanaiiarinia K,CO; druiaiasnsasgaimea ihasazaiefldannms
nvad sz lduAsmsmInauiuuaaanuan  shaunmasanmarens luvinns
wenesnaianasuitlasulanwlun sio, lagld CH,ClL, Juddzy avinnisan
Y o . dao & = A Ay A o ed
NaneLEnulaanIUsznay i NanwacidurasudifuniuaziTasazuaInaaA N

latvinAy 50 (7.47 n3w)

"H NMR (400 MHz, CDCly): & 10.52 (s, 2H, -CHO), 7.86 (m, 2H, ArH), 7.53 (t, 2H, J =
5 Hz, ArH), 7.46 (s, 2H, ArH), 7.06 (d, 4H, J = 2.8 Hz, ArH), 7.02 (s, 2H, ArH), 7.00 (s,
2H, ArH), 6.89 (s, 4H, ArH), 4.46 (t, 4H, J = 2.8 Hz, -CH,-O-), 4.41 (t, 4H, J = 2.4 Hz-
CH,-O-), 4.36 (d, 4H, J = 13.2 Hz, Ar-CH,-Ar), 3.36 (d, 4H, J = 13.2 Hz, Ar-CH,-Ar),
1.29 (s, 18H, -tert-butyl), 1.04 (s, 18H, -tert-butyl).

"C NMR (100 MHz, CDCls, ppm): O 190.17, 160.85, 150.35, 149.84, 147.29, 141.67,
135.76, 132.58, 128.25, 127.75, 125.77, 125.21, 121.04, 112.46, 73.67, 67.55, 34.01,
33.84, 31.67, 31.05.
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3.5.2 natasualalalunas L3 uaz L4

NaBH, MeOH reflux

N \
évd .-
Yo

g&
’

(L3) (L4)

dey 9 1@waadsznay (i) (265 niw, 2.8 mmol) Nazmwaglu CH,ClL, 7
U@aaniin (50 FaaaaT) adlddIanTasauuInaasuad anhydrous MgSO, (6.76 N34,

56 mmol) wazs1sUsznavaiin (2.13 nsu, 7 mmol) 1w CH,Cl, fius@aniin (70

a o

U08da7) austazmonauigmwngiviaaiuing 12 T lusnmeldussenmeveaunda

9

Tulasian nasannunsaaieidaa MgSo, asazansf ldannnInsadblssinaee

LAIDITELRBULLANANNAT ﬁﬁﬁ’)%ﬁqﬁ’ﬂ’mﬂﬁiinﬁ U%GL‘]‘:JW’II ANNRNIEHINNRITUTENOU

a

BN () uaz (k) NBTABMIBINNIUER (50 NadanT) waztihantazans luvilwmaun

aunndl -5 °C wRINNBUAaY 9 LA NaBH, (2.12 N3N, 56 mmol) adlUdsmsazans

q U

o ) o A (o € & < [y &
AINENLAZYININIINANTRITRLA1ULT WLIAN 12 mQIﬂJx‘iﬂqﬂll(ﬂlﬁiU’]ﬂqﬂTaﬂLLﬂa

a

Twlasian Lﬁamunmﬁamia:mUWLﬁummﬂgﬁﬁaaLLazﬂ'ay 9 w@ud (150

q

aRA07) &9 URAINNBUITROLUNBIRDNAILLATDITIALULLAAANNAK  HNEIUN

lRARBIINNIILLRLAUNBLANBA8 CH,Cl, (150 Aadaas) 8197% CH,Cl, @284 (3 x 50



30

mL) L&HNTY CH,Cl, N3atinee MgSO, anhydrous NIadaNIAzaNELAIN M Teine
INAZANLENIILLATEINAULULAAANNGH  INFuNnIenNIIzny luanais

wmailaaaanitlasunlansluu Sio, lauld Et0Ac Hudws: létalaluwes L3 uay L4

%

Ailanwasluveandifend uasliosarraIndanusin lewinnu 12 (0.67 N3N) Uaz 20

(0.85 N3W)

L3 : 'H NMR (400 MHz, CDCL,): O 8.43 (d, 2H, J = 4.8 Hz, ArH), 7.48-7.46 (m, 4H,
2ArOH + 2ArH), 7.34-7.31 (m, 8H, J = 1.6 Hz, ArH), 7.34-7.32 (m, 6H, ArH), 7.10 (m,
6H, ArH), 6.98 (m, 6H, ArH), 6.58 (s, 2H, ArH), 6.45 (d, 2H, J = 4.4 Hz, ArH), 5.24 (s,
4H, Ar-CH,-OH), 4.53 (d, 2H, J = 5.2 Hz, -CH,-NH-), 4.45-4.34 (m, 12H, Ar-CH,-Ar + -
0-CH,CH,-0-), 3.80 (s, 4H, -CH,-Ar) 3.67 (s, 2H, Ar-CH,-Ar), 3.37 (d, 2H, J = 13.2 Hz,
Ar-CH,-Ar), 3.36 (d, 2H, J = 13.2 Hz, Ar-CH,-Ar) 1.27 (s, 18H, -tert-butyl), 1.02 (s,
18H, -tert-butyl).

"C NMR (100 MHz, CDCls, ppm): O 171.10, 159.30, 156.70, 156.50, 150.56, 149.84,
149.50, 148.23, 147.03, 141.48, 136.34, 136.29, 132.79, 130.95, 129.75, 129.44,
128.81, 128.64, 128.59, 127.94, 127.90, 127.65, 125.71, 125.23, 125.17, 123.24,
121.92, 121.53, 120.82, 120.79, 115.38, 111.54, 110.92, 110.36, 74.25, 74.12, 66.98,
66.84, 61.56, 60.15, 58.50, 41.77, 33.99, 33.85, 31.52, 31.08.

HRMS-ESI (positive mode, m/z) : [L3+H]+ Calcd for CgyHg4N,O7, 1235.7123; Found,
1235.7182.

L4 : 'H NMR (400 MHz, CDCly) : O 842 (d, 4H, J = 4 Hz, ArH), 7.91 (s, 2H, ArOH),
7.65 (d, 2H, J = 2.4 Hz, ArH), 7.46 (m, 4H, ArH), 7.35 (d, J = 7.6 Hz, 2H, ArH), 7.30
(s, 4H, ArH), 7.19 (m, 2H, ArH), 7.06 (m, 8H, ArH), 7.05 (m, 2H, ArH), 6.95 (d, 4H, J =
8.4 Hz, ArH), 6.89 (s, 4H, ArH) 6.86 (d, 2H, J = 7.2 Hz , ArH), 6.72 (s, 2H, -NH-), 6.54
(m, 2H, ArH), 6.44 (d, 2H, J= 8 Hz, ArH), 4.53 (d, 4H, J = 4.8 Hz, -CH,-NH-), 4.44 (d,
4H, J = 12.8 Hz, Ar-CH,-Ar), 4.35 (s, 8H, —CH,-O-), 3.80 (s, 8H, -CH,-), 3.68 (s, 4H, -
CH,-), 3.33 (d, 4H, J = 13.2 Hz, Ar-CH,-Ar), 1.26 (s, 18H, -tert-butyl), 1.03 (s, 18H, -
tert-butyl).

“C NMR (100 MHz, CDCls, ppm): O 159.23, 156.24, 150.35, 149.73, 149.07, 148.21,
147.34, 141.69, 136.29, 133.12, 130.97, 128.77, 128.56, 128.52, 127.93, 127.63,
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125.72, 125.20, 123.20, 121.91, 121.55, 120.71, 115.35, 110.78, 110.32, 74.16, 66.65,
60.16, 58.47, 41.76, 34.04, 33.84, 31.83, 31.66, 31.10.

HRMS-ESI (positive mode, m/z) : [L4+H]+ Calcd for CygoH112NgOg, 1521.8705; Found,
1521.8698.

3.6 MIASaNNALLIWALaNINIAanlalalwnas L2 - L4

WIsNdlanlna lagnsazanelelalunas (10 Aadlua/nilaniu) losautaniaud
1985 NaTFPB %138 KTpCIPB Wan&@ Llatsas NPOE %38 DOS (66 wt.%) way PVC (33
wt%) 1w THF (2 faddas) am‘ﬂs:ﬂaunﬂmuﬁ]waulﬁﬁﬁmﬁfmwﬁmﬂu 220

A a w

a 6 v Aa o 1 6 a Aa a v
Uaany LY]‘IJE]GNﬁNaGI%LLU‘UWNWLLﬂ’]E‘L]’NﬂE\]SJ ﬂNLﬁ%NW%f’luﬂﬂﬂ’N 30 UARLNAT ‘Y]GVL’J

=

nagunniviasluiae 24 T lug e lwdavazans THE szmpaanly daiuauinsuiugs
uilitvmaiduiuguinas 7.5 Hafidas uasutINLIuidaaanu luasazansy
waatfionluinge CA(NO,), anududu 10 Jadluans iuan 1 Au Nty
wswandsznaudnnuaidianinse ldesazmsuaailonluasa Cd(NOs), anududn
10 Fadluas uansazaosnsdanioly asddsznaudny g veduuIUTHALEN INTALEAY

~
Tuansen 1

3.7 mydausstadanli
wrNiusuaannsalussazarsuaatlonlunsa Cd(NO,), AN NTY 10
ﬁaahlmi‘ e 12 %ﬁi&ld ’N’ﬁ]iﬂ’]i’T@LLi\‘iLﬂgﬂ%vLWW’]LLaﬂdé’\‘iLLN%ﬂ’]W
Ag, AgCI/3 M KCI//1M LiOAc//sample solution/membrane/IFS/AgCI, Ag

dianlnsaanedaltillu Ag/AgCl double junction lagltasazasdiisvazBiaa (LIOAC)
v o & = A o A A A v o A

AMNLTUT 1 Tuans Wuazmiuinie 'mu,sdmaauﬂﬂﬁﬂwqmﬁgumﬂ@sﬂmmaa

Twinutladimas (Lawson Labs Inc.) laun132ad Debye-Hiickel fuimulandifvas

a o s s v Aad A £ a
R1INEAY T@'i]']ﬂ(ﬂ?]aﬁﬂ'ﬁ@li'l‘ﬂ'l@ﬁ’]uﬂiﬂ%’ﬂ@ﬂ@Uﬂ']ﬁﬂ'lﬁﬂ"li‘}’la'h‘la\‘m’]'ﬁﬂﬂ IUPAC
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3 P
3.8 N131129AUITNDUNIRNIZANVDILNNLUTH
o =< a 6 ] A« U 1
ANMITAN BNV DIUINI VIR UIENa UGN 9 TﬂGaLﬂﬂI‘Yl‘i@] VL@]LLﬂ "I,aaaul,aﬂ
6 6 a 6 A 2
LT85 (KTPCIPB  uaz NaTFPB) Wana@ loiwas (o-NPOE  uaz DOS) al#la
6 A o o a A& ° (Y IV =
29AY TN UNRNIZRY ﬁ’]ﬁiﬂﬂ’]imiﬂwLJJ&JLU?%aLaﬂIﬂi@]a’]%‘SU@‘i’)ﬁn@LLﬂ@]LSJEI%J ()]

losaw lasldSunawedlelalunes L2 — L4 1Wasndi 10 fadlua/Alansu



A1319N 1 ﬂdﬁﬂiZﬂaUT AILUNLUIBUAZNNINDUAUDIVDID LgﬂI‘ﬂi@l

29RLTENaLTBILNNLLTH

_ _ _ - AMUTH F9nnudn Fasnans
) PVC Wa&G Loiwas ausnidoulossu . 3 .
lalalu-nas lalaluwas (mV/decade) LEWATI A77930
DOS 0-NPOE KTpCIPB NaTFPB B )
4N (NA. /nn.) (£SD, n=3) (lwans) (lwans)
un. (wt%) un. (wt%) un. (wit%) un. (mol%) un. (mol %)
72.10 (32.6) 144.87 (65.6) 1.48 (75.2) 2.41 (10.0) 25.2 (0.6) 10° to 10 3.5%x 10°
72.45 (32.8) 144.97 (65.7) 0.79 (71.1) 2.43 (10.1) 25.5 (0.8) 10° to 10 3.6x 10°
72.20 (32.7) 144.87 (65.6) 1.45 (73.4) 2.42 (10.1) 26.2 (0.2) 10° to 107 42x10°
I 72.51 (32.7) 145.12 (65.5) 1.48 (74.9) 2.42 (10.1) 27.8 (0.1) 10° to 10” 4.3x 10°
72.18 (32.5) 145.62 (65.7) 1.47 (73.2) 2.46 (10.2) 26.9 (0.2) 10° to 10” 3.8x 10°
75.95 (33.0) 151.12 (65.6) 0.94 (48.2) 2.39 (9.6) 30.2 (0.2) 10° to 10” 5.5% 10°
73.01 (33.0) 145.66 (65.7) 0.49 (24.6) 2.44 (10.1) 26.6 (0.3) 10° t0 10° 5.5% 10°
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29RLTENaUTBILNNLLTH

. — - — < AN Fasenadu | dednevad
lolalu-wa$ PVC WA loiwas duaniaoulesau . . .
adnUsznauvauy (mV/decade) LRUATY N17§133370
DOS o-NPOE KTpCIPB NaTFPB - -
\T% AN, (U8, /NN.) | (ESD, n=3) (lwa1) (lua19))
un. (wt%) Un.(wt%) un. (wt%) 4n. (mol%) un. (mol%)

72.53 (32.9) 144.38 (65.5) 0.82 (73.2) 2.82 (10.2) 28.5 (0.8) 10°t0 10° 36x10°

72.61 (32.9) 144.48 (65.5) 0.79 (71.6) 2.78 (10.1) 31.9 (0.8) 10° to 10 6.2 % 10"

72.66 (32.9) 144.82 (65.5) 0.82 (73.3) 2.82 (10.2) 26.6 (1.6) 10° to 10° 3.8x10°

m 72.69 (32.7) 145.16 (65.4) 1.42 (71.8) 2.79 (10.1) 26.9 (0.2) 10° to 10” 29x10°
72.43 (32.7) 145.56 (65.8) 0.47 (23.8) 2.79 (10.1) 32.8 (1.1) 10°t0 10° 7.9 % 10°

72.11 (32.6) 145.14 (65.7) 0.98 (49.4) 2.80 (10.1) 30.6 (0.5) 10° to 107 55x10°

72.69 (32.7) 145.16 (65.4) 1.42 (71.8) 2.79 (10.1) 252 (0.2) 10° to 107 32x10°
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29RLTENaUTBILNNLLTH

. — - — < AN grsanaiu | Tedinavad
lalaluwa$ PVC WA loiwas duaniaoulesau ) . .
adnUsEnavYILuN (mV/decade) LRUAIY N1IA3979

DOS 0-NPOE KTpCIPB NaTFPB . )

LTI AN, (WA, /AN.) (&SD, n=3) EGEED) (lua19))

un. (wt%) Un.(wt%) un. (wt%) un. (mol%) un. (mol%)

72.14 (32.6) 144.59 (65.4) 0.92 (46.0) 3.47 (10.2) 29.3 (0.5) 10° to 10 3.2x 107

72.04 (32.7) 143.90 (65.3) 0.97 (48.0) 3.50 (10.3) 31.0 (0.5) 10°to 10 3.8x 10°

72.40 (32.8) 144.47 (65.5) 0.45 (22.9) 3.41 (10.1) 32.5 (0.4) 10° to 107 1.7x 10°

72.45 (32.7) 144.48 (65.3) 0.95 (48.2) 3.42 (10.1) 30.8 (0.2) 10° to 10” 2.5% 10°

v

73.65 (32.3) 146.42 (65.1) 1.42 (72.0) 3.42 (9.9) 25.4 (0.5) 10° to 10” 1.8x 10"

7213 (32.7) 147.19 (66.0) 0.27 (24.5) 3.41 (10.0) 33.1 (0.2) 10° to 10” 1.4% 10"

72.54 (32.7) 145.32 (65.5) 0.56 (50.1) 3.46 (10.2) 29.4 (0.6) 10° to 10” 1.6% 10"

72.44 (32.7) 144.61 (65.3) 0.83 (75.4) 3.41 (10.0) 27.9 (0.6) 10° to 10 1.6x 10°
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NanIINAaadtazanlngnanIInaass

¥ 4
4.1 nsdaazvilalaluad L2

nIfatenzissdsznay (d) Uszneudigdjisennsnue 4 auaew delinaln
2a9MINaUHAsea9i

Tun 1 nIFaezissdszney (a) Uinsenlslumsiedsuansdsznouas
nanafadi3un Schiff-base 32%319 pyridin-2-aldehyde Waz 2-(aminomethyl)-pyridine

A a o AN wa A A 2 Ao I A A A

lasArsnAan N laaaantUsznavduiiv  (a) Tslansaiduvasnaidiniosuacd

JosazvasnfaAmaiiviny 96 lasiinalnmaifad jATeuaasaslugin 4.1

X X XN 0, Z N o A

B S (i E—— ) —| |

N 2 N N ¥ N N N
(Q: 20 CQH

f OH"
X z AN z
w o Ol )~ QL4 0)
2 NN N AN =N S
N N N + N
(@)

317 4.1 nalnnisifiay §AiTen Schiff-base

nn3U" 4.1 wdnldimafedjisoniaannmsnaianaseuguadlulasiauly
luianazas  2-(aminomethyl)-pyridine 1 lUaiewuszfingariueiiavas  pyridin-2-
aldehyde liiuszgiznivaniueuiveandiauuanean  lisaeuiinzagiu
lulaswfansthelufieandian Bidnateuguasiulasanandiafoiusziuansuen
a < e 1 é & v 1 6 o a 6
Aaduiuszg Sudunaliiusziznivieiueunveandiauuanaan uazlansanladaz
v l@asldsaeusanldiduaslznavdniu @) nmangadlasiaiivesaslsznay

o A 1 oA a re A
(a) lavldinafia H-NMR wuiiimamellvesialisneusasmydadlad -CHO vas

a

pyridin-2-aldehyde fif chemical shift (©) 9.72 ppm LLa:ﬂﬂﬂgﬁmawgauﬁuﬁﬁ

$ruulisaaunriniy 1 ldseenfien S 8.69 ppm é’dLLamlugﬂﬁ 4.2
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(n)

7 NH,
N
J._JL.—J L lJL
() 1.
CHO _ |
N
N H
0
(m)
21 )
NG \N
NN N
N=CH
!_ U A
I I T ] T I CEE T | g | T 1 I T T 1
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ppm

{ 1 = g: v
319 4.2 1W3puinsy H-NMR sidnaiuvesssdsznay (a) Laza1Iaddn

Tun 2 mMIgeanzdsslzney (b) anssdiney (a) Ujisennloiesow
asUsznay (b) Ae Ufisuniantusesmyduiiulfiduieiin lauld NaBH, (Hudaad
uazld CHLCN 1Tudivnazany waaamsn ladansmsidusaanaifniaduazisosas

VIR UYIINAD 69 lasnalnmaiiaUfisousasaigun 4.3
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X Z - N\ NaBH (Z
L Ol + wsa N ———— PSS
N XN H N N

X z

3
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N/
X z - +
wo, +weon + (1 L) - (T
N N 4
) &N

317 4.3 nalnmsifiad§iseIandu

nngtil 43 nalnwesditenfiiedumunsaetnelddeil lelasauszaau
289  NaBH, Lﬁwvl,ﬂa%waﬁ'umﬁ'um%uawnamgawﬁu LR AANIIEI NN WL IZTH I
Tulasionozaansadmsasdn (a) uaslusanazaeuvasuaisaldiiumssinafiodn
wisanninlalasanazaenfindslulessuvesvaisazdn lUsanusefuasuauyes
%gawﬁummmséﬁiﬁu (a) lusneai@enudn 3 a5 wastiaduasszneay (b) ludu

FANE

q

a o @ a 1 '
nnnsfigadlansaiteesansdszney (b) lagldinadia H-NMR Usinginfinng
wiglvasiialsnauveinyduiin (-N=CH-) vaiastlsznay (a) Nd1 O 8.65 ppm uaz

\ { A o | @
Unngiavedny methylene (-CH) #e1 O 4.00 ppm Gsiidwaulisnauviiny 4

Y o f 1 ) ° { o ]
lUsaaw wananidinuin H-NMR siUnasuaadanstsznay (b) A5 wiuianesnin
1 [ ' d a &
H-NMR sdnasuzadanstszney  (a) usesitlesnsdszney  (a) gﬂ%mﬁﬂu

¥ o [V & % { ° %

813U3znay (b) Lm’mﬂ%m@aummmﬂuLaqamﬂﬂnu muamlugﬂﬁ 4.4 URZRIWIU
13 o ' a {

C-NMR sudnasy dsngilimamelivasfieanivenvemnyduiin (N=CH-) fish O

= o a = [ {

165 ppm LFwn Tadun1sdudwinasdsznay (a) Qﬂ%m%mumiﬂs:ﬂau (b) mgﬂﬁ

4.5
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| CH.-
s NN
N N N ?
(1)
B 7]
e N
NN N

s 4.4 Wisuiflsy 'H-NMR swdnasuaes (n) sansusznay (b) wae (2) s1sdsznau
(a) lucDCl,

(n)

-d-vu-nL‘ '* okt s b *‘L‘ s et 98 -

T T | ASARAAEST  RASAAARRAS | 1

T | S e A ST
160 150 140 130 120 110 100 90 80 70 60 50 ppm

s 4.5 Wisuifisy "C-NMR sinesuwuas (n) asuszney (a) uay (2) 813Uszneu
(b) lucbcl,
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TUN 3 MIFIeNzAanIlsznay (c) anansdsznay (b) UHnsennlolums
suazdasliznay () fe Ufisundsdatuiaiin lesldasdagladuas 2-nitro-
benzylbromide vidiTenAungiefiuvasansdsznay (b) wiaAmainldiduseunand

wdeuty ISavazveiniaduaiviiny 71 lasfinalnmufedjitendagUn 4.6

cho'
3

| AN H = | . 02N | N K = |
N/ N \N N/ N \N
AT T
NO

©

31l 4.6 nalnmaialAsedsfiatuvasdadaialad

n3UN 4.6 swmneunonalnmuiaUjisoldait Sidnavauniduniny

wiiuvasmadsznoy (b)) U fiSmndunisuanguiiauues  2-nitro-

benzylbromide wianfiulusluduanaananluanaldidussdsznevlulaniioylesan
> & A 6 v =3 A o ] = v
Aasnnunlwunadonasuawmadnundslalasiaundunisaslulanioulosawle

NARA MM UFITUITNBY (c)

a v v =) 1 1
fﬂ'mmiwqaﬂmamwmaamiﬂsznau (c) lagldinafia H-NMR Usngirdims

QI J 1 =3 II $ o 1 Qs
WWuduvasiialdinauvesmyinfiaduiidn O 4.09 ppm Telidrwanldseauwriiy 2

s o { 13 o ' a
lihvaau Tausasaslugdn 4.7uaz C-NMR sunadu dnnghiiaaisueusesai

a 4, A &L o A
AaufA O 60.39 ppm LANTUNN FauaAsluILN 4.8
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(n)
“1 0" [
SN N SN
L™ A ..LJ\-L..,_,
() //| //| -CH,]
N\ N\ W
N N N
l - \AJA.
2 |
,Al AL e j,J Metinn
RS TT | T T e ) R T L S T 7 N A T ME AR A T | AT

85 80 75 70 65 60 55 50 45 40 ppm

311 4.7 Winunoy "H-NMR sinasuzas (n) snsusenay (c) waz (2) s3vsznay (b)
lucbcl,

|:
() | _
‘ | |-CH,-

Ll o n Lw
e f aday

e ] i) I I I f I CR R

160 150 140 130 120 110 100 90 80 70 60 50 ppm

;sﬂﬁ 4.8 Wisuiflvy “C-NMR sinesuued (n) s13Usznay (a) way (1) s13Uszney
(b) lucDCl,
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TuN 4 MIsaAzAsszney (d) nssdeney () Uinsennlolums
> 6 A Aaaa a o 2 &V
suardamsdinay  (d) fe Uit lalesdumtunmeldsnzusssnmesauis

. Qs 1 aaa d ! 1
lulasiau lasiilans palladium 1udasadjiten Sannmnasaswud nylulasly
ssdsznay (¢) pnidadidunyialiuzassnsdszney (d) wiaAmwin ladiansziu
YRR TARBIT VLA S uAzVINRAAIMNYINAL 85 nnnafigatlasainzas
Y a 1 ' '

gsUszney (d) lagltinadia H-NMR dnnginldsaeuvasansisznay (d) wuidms
A 3 ] . :3/ a :3/ aa € [l ] I 1R
Waudunisldng up field  anau lasifiauannnmssdidnylulasdadungds

dinaveuluastszney () lidussngiefinlusstizney (d) ds3un 4.9

(1)

| LL
————
T T T T I I T T T T T T 1

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 a5 4.0 3.5 ppm

319 4.9 1W3suiisy "H-NMR sinasuzad (n) snsusenay (c) was (2) s3vsznay (d)

lucbcl,
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fmsumTlsznan L1 swsniedoaldnnufisenisau 4 duaau Tasnaln
maammﬁ@ﬂﬁﬁ%mmmma%muvl,ﬁé'af:
duA 1 mIFeesiaslsney (e) ﬂﬁﬁ%mﬁl"ﬂuﬂﬁé'm,ﬂﬂ:ﬁﬁa Williamson ether
%uﬂumsﬁﬁﬂﬁﬁ%mizij salicaldehyde NU 1,2-dibromoethane uazll K,CO; ¥
wihfifuus IR T e fiansasdurasnmfinassussiSassasns
NRANUIALYINND 40
UfA3en Williamson ether synthesis tHutlfATensunuiidrofinalalud Seiinaln
matiaUerdiuwna bnuuy Sy2 muamlugﬂﬂ 4.10

B)

CHO CHO

OH Br O\/\Br
+ K CO e

(e)

317 4.10 nalnmaifiadATen Williamson ether synthesis

N3N 4.10 mannedsnalnmaifadisolaaet K,co, vhulfisunnu
salicaldehyde lag K,CO, azludalisnauvasnylantandaves salicaldehyde 1¥nga
[ & A& 1 ed a &/ v o Aaaa A
pan waaniudiinasausasyanen ladniietuazidh il jisenazasusas
ansuaululuianavas  1,2-dibromoethane  wazifian1ingasanvaslusiinazaauluau

garne tRaduansienay (e)
a v v ~ 1 1
mﬂmiwgﬁlﬂmmﬁﬂ@mlmmﬂuﬂ H-NMR wuindnmsmgldvasialdsaan

] a { 1 QI ‘3‘ ] ~
284%y laasenda —~OH fidn O 9.92 ppm uazlimufintuzasialiinausasnyiufiadu

Alanwmedu triplet 60 O 3.73 way 4.44 ppm waziidwiulusaauvesndasdiini
winnu 2 ldseen é’aua@ﬂugﬂﬁ 4.11
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Br~_~ Br -CH,-Br

CHO
OH

L o"

HC=0 @ | ' “O-CH- CH,-Br

T M i
11 10 9 8 7 6 5 4 3 2 ppm

-

sun 411 wWisuisy 'H-NMR  sidn@uues (n) 1,2 dibromoethane, ()

salicylaldehyde waz (A) 813U5znay (e) WCDCI,

T3 2 MIFseeaTsEnay (f Uﬁﬁ%mﬁi‘*ﬂumié’amﬁ:ﬁ fa Williamson
ether 1iunu lagfun1svingfienszwing p-tert-butylcalix[4larene N 81313znay (e)
Towld csF s sswdasneidledsnsmnduwrondsdn  ussiionazuas
NAAANLYINAL 23 mﬂmiﬁqaﬂmaﬁwmiﬂi:ﬂau () sroneafia 'H-NMR wuin &

a

mufinanvasfiallinauvaimyiufiadu (Ar-CH-Ar) 283 p-tert-butylcalixi4larene 71l
Qs I3 nl ; o 1 A:ll 1 a
anwouzidy doublet LAY AUNN 4 GuraNAT O 3.45, 3.47, 4.20 uaz 4.47 ppm ool
i J =136, 13.2,13.6 Uaz 12.8 Hz ey asuaadluzln 4.12 1InHaMIMAnaIN
Y ! a ¢ A Ao oA ) &
ldusasiluanavesndndidnaiunduanzilailasiaivedlolmuaiiduuuy cone
d o o 13 [y { | g ' { |
Tixaaadadny  C-NMR ainaiu fdnngidinaniveuasmyaind1d daingidi O

32.93 ppm W8 32.36 ppm LLaméTagﬂﬁ 413 wananils H-NMR sinasues

a 1@ A dl $ £ s 13 >
Unngialdinauvaingdadladiidn O 10.68 ppm Tigaaniadny C-NMR sunaiu

fUnngansuauasmydadladnd O 189.74 ppm
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CHO

gﬂﬁ 412 WSpuifisy 'H-NMR swdnasuzad (n) s1sdsenay (f), (2) s13dszney (e)

Wae (A) p-tert-butylcalix[4]arene Tu CDCl,



46

(n) CHO
O\/\Br ‘

————
3

Ar-CH,-Ar

HC=0

T T T T T T B T

180 160 140 120 100 80 60 40 ppm
3in 443 Wisuinoy PCNMR snasuuas (n) s1sdszneu (e) (1) p-tert-butyl

calix[4]arene uaz(m) R15U3znay (f) luCDCl,

duft 3 umissenssimsleloluwas L1 luduusnidlumsiiassUsznaudy
fudfisendllumasoamzd AaUfismn Schiffbase szwitaasdsznay (d) AU
ssUsenay () lag wuinasaes i ledanwailuwrasmaddiniaas nasannius
sstsznavduinasnanluvufisendentu lesld NaBH, (Juaa3dad lass
naaA A Ian B uvosud i uasSesasuaIndas e el 20

nnnsfigadlanaieesaadszney L1 daoinadia 'H-NMR  wudniauas
lihvaauvanydad laduasansiznay (f) ‘mU"LﬂLLa:ﬁmiLﬁummadﬁﬂiﬂmamamg
Ly ﬁaﬁuﬁamagﬁuwmﬁu (-CH,NH-) 78383U52nau (f) fien O 4.70 ppm TaTsuan

Tilsaawyinny 2 lisaan AIUFAIGILN 4.14
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2\
N NS |
HN
2
(1)
HC=0
(R)

-HN-CH,-

gﬂﬁ 414 WSauifisy 'H-NMR sunasuzad (n) snsusenay (d), () s1sdszney (f)
uaz (A) talalunas L1 lucbcl,

nnmafgalhwinluanazaslelalue’ L1 dwmefiaunssdalanued

L A Aa o A A A Aa V@ A o  AAE
wohandenanudugngafoNanian miz 1indy  1085.67 S9awnusldsves
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lonauvas [L1+H] dausaslugil 415 dsnudsmaiasndadmsiaanaaiivinin
luanawiiy 1084.67 uazilgasluianafia CrHgNOs M3tiiiasn mode filgluns
Jiazilassasradlu ESI positive mode ¥inlw@n m/z VoI INRAA ANz U +1
é’dﬁfumﬂgmﬂuLaqamaammﬁ@lﬁmﬁ C,HgsN,O5 ﬁﬁﬁmﬁfﬂimaqmmﬁu 1085.67 W6
{ ' by o > A iy @ {
deaglutvestzy +1 Rslishwinluanariiy 1084.67  Badwihwinluanad

aa@ﬂﬁaaﬁuﬁwwﬁfﬂiuLaqamaovlaIaIuWa§ L1
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Intens.
x105;
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317 4.15 unssndansuvaslololuwed L1

4.2 madaaziilalalunas L3 uaz L4

"H-NMR sidnasuuazuaasidnasy (HRMS-ESI) vaslalalunas L3 usaaldas

3ﬂﬁ 416 WAz 4.17 NS

31]'?; 416 'H-NMR swnesuvaslalaluwes L3 1u cpol,
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Intens. o~ +MS, 0.9-0.9min #(60-61)
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gﬂﬁ 4.17 HRMS-ESI (positive mode) stnasuvadlalalunas L3

"H-NMR sndnasuuazunsalnasn (HRMS-ESI) vadlalaluwas L4 usaaldas

gﬂﬁ 4.18 WA 4.19 AVAAU

311 4.18 "H-NMR sinasuzaslalalunes L4 lu cocl,
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gﬂﬁ 4.19 HRMS-ESI (positive mode) atnasuaadlolaluwes L4

4.3 NMIR109AzNa UTIRNNZANVDILNNLLISH
gmeimuzrnluneIouNatuIwdtannalagltlalalunes L2 - L4

waadlaluanef 4.1

M99 4.1 snzwmIzRNlnmMTesuutuIualanInsalasltlalalunas L2 — L4

nnmMmaaadaziiwinlelalunas L2 uaz L3 uaasnganssunailalswanad b
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A -1 { o A = M o
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4.4 NMINDUAKDIVDILNNLLIHN 17 lalalunas L3 uas L4
Liha9annLuNLLsBgs 9N talalunas L1 uas L2 sulvasinasnunainusiiwig
191229 wasigramsldnuiuay 39l lalalunas L3 uaz L4 wIsniilnlaaawdianin
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lasan Tualits 10 Fu1f w3dafan WAz NNT R ENILAL LATALL DA NN
' -6
vasuaaiiioy (1) lasaugendt 1.0x10° lua1s nnwmasguwesuaaiiion (1) leaau
TINAMUTUFAAARAINUANMUTUVAILAUES Aa 30.620.5 WAy 29.4+0.6 uaziIasNe
o LA -6 -6 ° @ {
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a§ﬂwanﬂsﬂﬂaao

nnndaTzilalelunes L2 - L4 MilueuWusves calixdlarene Nlinian
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lﬂl a ¥ a J o ¥
E‘]J‘YI 2.6 ﬂi:U?%ﬂ?iLﬂ@ﬂ??ﬂiZ@l%ﬂl aamaamauﬁnﬂama:wuvlﬂ mama:mz@;u

>

A Y o a A A Aeae &
ML URYBULURITEAUNRIIIUY aﬁaLﬂﬂ@iauﬂWUluﬁ’]iauﬂiﬂ A%

—

a

1.0 O* transiion ifialuluianafidWusziau) (single bond)
% C-C a C-H LTuan ﬁ'ﬂg}@ﬂﬁuﬁﬁmmmaﬂﬁm‘hﬂfhmaﬁﬁal,ﬁa
—

2.n O* transiion ifaluluianani8ianaseudasz (unshared

pair of electron pair) 1% H,O, CH,Cl waz CH;NH, SURTRGEY
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—

o

3. n T uwa: 1T T * Lﬁ@IuLaqaﬁﬁ usy T g}@mﬁu

—

WEIT9 200-700 nm ¢ € UT=anth 1000-10000 M 81150 TT TT*

Lazen € Uazunms 10-100 M 'em §1%SU n T

a . g ! A °’ o A a J =)
N13LNA electronic transition 1%"153\1%3 VAITLAUNKRINY TT, O LA n NENAVUA

3 1@ LLamﬁqgﬂ 2.7

3111 2.7 M3ifia electronic transition VBITZAUNAINY TT, T UAZ n
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FRTUNTLU UL T AUNAINWUBIBLanATa W LENTUIzna U Aa o AL T T

aaia b

1. ﬂ’]SLl]a;EI%LLIIa\‘i&ﬂﬁ’ﬁz"llﬂ\‘ial,aﬂ(ﬂiﬂ%‘inﬂ T le] TT* wuluimaﬂamaaal,muﬁ
q

o

niiwusy T lagluddianaseuly m* uazlifinansenuann T acceptor  1ilatiawusy

ln aasaLuTH msgmﬂﬁuuaﬂwﬁ’mg%ﬁlﬁmmmaﬂé"umnﬂ’h 5000 M cm”’

2. mswasnulasanzvasdianasonln d-d aadia az@@ﬂﬁmmﬂumaﬁ
aJaaLﬁu"Lﬁ%uﬁ'ummmLL@m@hwaﬁ:éﬁ.lwé’amuﬁamazﬁuﬁmzﬁuwé’omuﬁqoﬂdﬂ
L8ZNIUYNEDNVDITEAUNAIN AN A598 90981303z nau A aSALUT I LEAIRS

A1319N 2.3

a = v A o
N13191n 2.3 ﬂ’]‘i@ ANNULLEIAN &JIﬂ‘N 319289817 9eN auTm 2a3aLU T

Tasease AMALIIARWIUNITAANAWUES
(nm)
A1 €M em”)
NIIRRENERIN 500 — 1200 100 — 1000
NIIRANLL AR 200 — 1200 1-50
AR LUILLNIIL 200 — 900 50 - 400

3. MIAsuan1Iza48IaAATaRLLLNNIENEINUTEY (charge transfer) N3

a a

g@ﬂﬁuwﬁamuagiumﬁmua NUAMVLIIAIUNINNTI 500 nm @1 € g\‘iq@agiwﬁn

1000 — 10000 M em ' laausiadln 2 Uszinn fe
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3.1 MU RUURAIITVDIBLAAATEUIINALNKG Mt laaaulans : LMCT
(Ligand to metal charge transfer) tianuatUsznaulnaasausui laaauvadlansiliay

%

a a @ A e A &
aﬂﬂ‘HL@"Ij%fi{G‘] NUaLNWaNAane szt 7T-donor

3.2 mMadRsusn1zuaddianasanain eaawlans lUgIaunue : MLCT
(Metal to ligand charge transfer) \ianuansUsznavlanaasaiusun laaauvaslansiliay

6 a

aanTLaTuen g NUALNuandansmwiin TT-acceptor

2.1.7 answanvlwianialfsunilasiand
ﬁLﬁ@ﬁnﬂﬂ’lsmﬁwéﬁamuawaa%mamauﬁ@@L°iT’1"l‘1J INFNNIENTEA UG
RN N LAURITUGAR TRA NN Lmﬂ@mﬁ'u"l@ﬂwmz’hﬁﬂﬁ@@LLa:mUWé'dmmao
=) 1] 1 Q v Q { ] Q J Qs % v
aLaﬂmauVLaJm’muu,aﬂmmﬂmwmsg}mﬂﬁmmoﬁLL@mmaﬂu AUNUIN B L ATIRI
A Aa A o \ v a
maaIuLaqa LuaLn@mﬂﬂasuLLﬂaaTﬂioaiwaIwLaqamaamm:aawalmﬂ@mi
Lﬂ?mmmmmﬂ’]i@@ﬂﬁuum LLazﬂ’%mmmsg@ﬂﬁmLm FINDIANNLTNVAILES R
R AR AA v & Aa A A o v A A
manidsnaiv@nlnngldiiau lagdndwanilvinsfsuudssanugnednuasans
fa answanylwaenslfswudasaadlasutslade 2 Ussinnasds
1. Hypsochromic shifts fia Sﬂ%waﬁﬁﬂﬁ’luLaqa@@ﬂﬁuﬂﬁmmﬁmwzm
AU
2. Bathochromic shifts fa éﬂ%waﬁﬁﬂﬁ’luLaqag}@ﬂﬁuﬂﬁmmﬁmmsm
a £ A a A a A o D & o &
ARnFIIULAENTWANIMTRs L asa T uuas il 2 Ussianash
1) Hyperchromic effect fia 8nTwafivhl#luianaganfuaduuainiaii

,s' = a a = £
zmﬂau%mluﬂimm@@ﬂammmmﬂmu

'
A o

2)  Hypochromic effect #a nTwanivhliluianaganiuaduuainiana

]
=y

A A ~ ~ o
m’mawuﬂuﬂimmmsg@me@ao memgﬂ‘n 2.8
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31 2.8 m‘mJ‘é‘ﬁuLLﬂad@hm‘sg}@ﬂﬁmm

ac A A %

2.2 I aNNaVa9

Kim uazame (2002, 3809)° ldldansUsznavlasastiusuriialafiiedes

o & o 4-

p0389nz8 (1) Juluanazaslaadlunmianaialnlesnauanlosan (PO, #is
PPi) se3tnsununuasdudiaiaas pyrocatechol violet %38 PV (2) 1 pH 7.4 21nnN3

\ A | A AA A A A = P
nanaswuaIazaeves PV leagluguBaszaziifmiesudilaiailwensuidany
asuszney (1) wlaiduansazanodiln uasilladn PP adldluansazanovasiauisy
P 9 a A o A A A A | o @
Wavldasazarsfndainsuanunlusmenuonlossuwaiadu 9 ldvinldasazane
WRsuFle ugasinliies PPi wihsuiaansan lunud PV lwewwaiuale lasd
' d a a o o . ' > 5 -1
AnsnveImaiinansusznaulaeasamusuuad (1) AU PPi JAWYNAL 1.4 x 100 M

' 16 [y [ . v a

daulull 2007 Hong uazame ldAnsIn1IaTaia PP @18i5nIgn

d a a ) a v = e & v {
uwnuivasdudiinas PV wdsanulasldzsUsznaulaaasaiua (3) Tellaseainon
asenuasdszney (1) Wuluianaveslaad anmsdnsiwudt PP swnsnudly
Aa a 6 a L) a o 1 A A
uwnundudiaiaas PV luwewioaidaves [3.2]  Iewdsinudiasnanuiaiiosues
o . ' @ 10 -1 ¢ ' ' o
815U5zney (3) AU PPi AA1¥AL 5.39 x 100 M @siidunnninansusznay (1) nu
PPi atiLiiaannasdsznay (3) mansniiadusylalasiauny PP ldinmzing acetyl
. ' Y 2 o Y A a £ a a o

amide  aglulaviaing I lkansdzneviifeluiiannuiaiiosgs lassaiisvas

s13Usznaulaaasalutys PPi-3:2Zn é’um@ﬂugﬂﬁ 2.9
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Ne & _N
__{ zn?* Zn%y—
2 AN
N NN Il NN/

35U 2.9 lawssuansdznaulassidiutulafinafosvesdongg (1 uaz 3) Budaines

o A o 16
PV (2) uszlassassvassnstsznaulaaasaiutu PPi-32zn

Smith Bradley D. uaz@mwe (2004, 8721-8724)" léltansusznavlasasa
winslialafiuefoizesdin:d 1 uaz4) Julwanavedlaadluniiaaialnls
Waswa uwaulesaw (P,O, W38 PPi) frp3Fnsunuivesauaiaaad coumarin
sulfonate  (5) s’ﬁuﬂuﬂgammmmﬁuamea% ANMSANEIWLINRITUIzNaY (1) A
draafinasmsiiaansdsznaunu PPi e 67 x10° M Gedasnindresfivasmsiia
gyU3enoy (4) fiu PRI Adleinn 152 x10° M1 Ssmaindunadiosunainnisi
ssuUsznau (1) Senududszauinuinninga +4 Tuamefisnsdsznay (@) Sanudn

Uizﬁgmmﬁm +3

r i \ / : \ SO3”
N o N N N o
C& b pigleLe .
/ \
\ « Il N // “ ) P o 0 Yo
1 4

5

I

I

Watchasit, S uazame (2010, 3398-3402)"° ldihansusznavlnaasaiuan
ialafiadssvasnatidas () ﬁuﬁLmuﬁﬁLﬂumgﬁufmadmﬁﬂsﬁquﬁu (6) W btlu
113037370 PPi éﬁUmﬂﬁﬂmigmmuﬁmmauaLm@laimﬂ‘*ﬁ PV (Jududiaiaas lu
f13azanaUWinas 80/20(viv) MeCN/H,O 1 10 mM HEPES pH 6.4 31nnsfnsn
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wudn  eweNidaved [6+2] Hanuduwizianzasiunsiianduny PPi lailluatned
lasenasnanuaiissvadenauidauaziainanuaiiosansusznay (6) nu PPi idn

Wity 1.3 x10° M7 uaz 5.2 x 10° M7 enugeu

Hortala, M. A. uaz@mbe (2002, 20-21)" "lﬁﬁﬁ%'migﬂLmuﬁmadauammﬁ
eosine Y (8) é'fiaLi‘]uWQaaLiaLﬁﬁuﬁﬁuaLﬂL@a%mlﬂumsmaﬁ@ﬂma:ﬁImsz
saszneulaseshiuturiialafindvivesnatiles () duluanalasd (7) 1w
f13aza8UWiWes 0.05 M HEPES ‘?'ipH 7 INMSANIINLIauLTNID a3 [7+8]
ﬁmma‘hwazLmzﬁ]ﬂuﬂflitﬁaﬂ%‘uﬁur}mazﬁiu%aﬁﬁumﬂﬁq@ Femainnaasily
sananAenusslnoasaiuduivozaanvosnatiled () asssozaanlasldlulasion
lwdlionloaduazaenglididnasan éﬁua@ﬂugﬂﬁ' 2.10

suf 210 lawssSuansdsznevlaseidutnlafandosuesnatidas () (7) Budie-

\was eosine Y (8) wazlawsaninidwlyldvasanstsznevlaaasaumsu (7) nuna

a a aad
a: N lnarnan



unn 3

nINaaay

Y ¢
3.1 .a3asdauazalnsol

1. 3@ dasmnlniiines (HP Hewlett Packard G1103A)

3.2 ssaduazginial
Acetonitrile

Hydroxyethyl piperazineethane sulfonic acid (HEPES)
Adenosine monophosphate (AMP)
Adenosine diphosphate (ADP)
Adenosine triphosphate (ATP)
Sodium phosphate

Sodium acetate

Sodium benzoate

Sodium iodide

Sodium bromide

Sodium chloride

Sodium fluoride

A.R.Grade (FLUKA)
A.R.Grade (FLUKA)

A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)
A.R.Grade (ALDRICH)

Sterile water General Hospital Products Public Co., Ltd

Tetrasodium pyrophosphate

Pyrocatechol violet

A.R.Grade (ALDRICH)
A.R.Grade (FLUKA)
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3.3 nsdstasizvansdsznavlaaaifiwiu Cul2

fog 9 RUARIIATAN8UBY CuCl,.2H,0 (24 HadAn5H, 0.14 mmol) lulunmues
a9 i luanTazasuI a8 IALAKA L2 (0.108 N5X, 0.09 mmol) luiuniuaa azle

A A o o & & oA A v & o & 'Y
sIsrae®Ipidn nasnnuassIazaoen Hngunpiiveadunan 1 e azld

2 A A A o K o v
NANLAENRIT8IV0981TUTEN0Y CuL2 NIBILATANANGILLNNIKER 1H308RZUDY
NRAAAIAMLYINAL 73 (80 FAANIN)
+

HRMS-ESI: [M+CI] calcd for C;,Hg,CICuN,O5, 1182.5426: found 1182.5424.

3.4 msdstezviansidsznaulaaasfugu Cu,ld

fiag 9 ROARIIATAN18UBY CuCl,.2H,0 (26 Hadnsu, 0.15 mmol) lulunuaa
a9 i luanTazansu a8 IALAKA L4 (0.110 n3¥, 0.06 mmol) luiunuas ale

A A @ o & & oA A v & o &
asaza@dondy nasanuuasasazaisien lingungiveaduin 1 dlav

v a A [ o A a J vy
nIpIuazaIaznanFdsIvasrsliznaulaaasaintu Culd NAadu lasosazuad
NRAATUIALYINAL 42 (80 AadnIw)

+

HRMS-ESI: [M+Cl]” caled for CyopH11,ClsCu,NgOg, 1751.6362: found 1751.6365.

3.5 msansmsiiaewzadauaznmaiasiizesmsiiaewsadaiindos

910 @1susznaulasasfugu Culd nudunAtataas PV alzmnaiagi-ia
asnlnsaladl

3.5.1 NILAIBNE1IAZANY Cu,Ld ANMNLTNDK 400 pM U33103 5 Aadans

T3 CuLd 3.5 Faansu azaodvardlalulasdusshasazaislania

YaU5NaUa 5 Dadaas wazdsulsunasalsazdlelulass

3.5.2 NISLATANEITALANY PV AN3LTNW 400 pM U3n1a5 5 Aadans

73 PV 2.5 2aan3u azanuaaussazanstinines 80/20 (%V/v) MeCN/H,O

T 10 mM HEPES pH 6.4 uaziansazaalaniadadSunasuuna 5 Iaaas was
USudunasaisansazanatniwas 80/20(viv) MeCN/H,O 14 10 mM HEPES pH 6.4

3.5.3 NISLASLNFIIALAY PV A3 T3 20 pM U301615 10 Hadans
didassazane PV @2l WTk 400 uM (3nTs 3.5.2) YSu1as 0.5
a8fny  lavaedadsunasawia 10 3afdas  wazdSudSunasarsasazanatnines
80/20 (%v/v) MeCN/H,O 1% 10 mM HEPES pH 6.4
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3.5.4 35n1InAaag
Tilag1yazaiy PV @aLdiud 20 uM 430103 2 a88aT uazday ¢
Tninsassazany Culd anududu 400 pM laglduSunasasfiuaasluaned 3.1
nnnuansIazaliian i ﬁnmia:mﬂLaulfﬁuLﬁaﬁL@%mwvlmﬂi'@@iﬁﬂWiQ@nﬁuLLaa
fiaae1Iadu 250-900 nm LLa:ﬁw‘*ﬁagaﬁiﬁlﬂﬁwmmmﬁwmﬁmwLaﬁmmaamstﬁ@

LOWLTNLTR

@1519N 3.1 msanEIMsiatantruLdanaznIITIaIaINTaINsIAaLawENLOaN

wisnan sadszneulaeeidiudu  Culd  fuBudiaimet PV doneilagi-aw

Dasmdnlnsalad)
assi d3aas  dSaas  lwazas  luawas ARINEIN
PV Cu,L4 PV culd Tuawvas Cu,ld
(Radans) (Nadansg) faluavas PV
1 2.0 0.00 4x10° 0.0 0.0
2 2.0 0.01 4x10° 4x10”° 0.1
3 2.0 0.02 4x10° 8x10" 0.2
4 2.0 0.03 4x10° 1.2x10° 0.3
5 2.0 0.04 4x10° 1.6x10°" 0.4
6 2.0 0.05 4x10° 2x10° 0.5
7 2.0 0.06 4x10° 2.4x10"° 0.6
8 2.0 0.07 4x10° 2.8x10" 0.7
9 2.0 0.08 4x10° 3.2x10° 0.8
10 2.0 0.09 4x10° 3.6x10° 0.9
11 2.0 0.10 4x10° 4x10° 1.0
12 2.0 0.11 4x10° 4.4x10° 1.1
13 2.0 0.12 4x10° 4.8x10° 1.2
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3.6 MIANHIANMAIUNIZIZSIwASIRandIuLaklasautiaG1s 9 ABILaRLLA
\Dafimisnanansdsznavlaaasawsn Culd Auduiiaiaas PV
3.6.1 N3 LA3ENFITATAY Cu,Ld ANLINDW 20 uM U3N1A3 50 Aadans
Tidaansazats Cu,l4 @ULTNTH 400 pM (3nd 3.5.1) UIN167 2.5
1a8aas ldr1eiadsunasawia 50 8addas  wazdiulSunasdessazaiotwines
80/20 (%v/v) MeCN/H,O 14 10 mM HEPES pH 6.4

3.6.2 N13LATINAITATANVDILAW 22O WIRAATI ) AMNLINIH 1 mM
USn1as 10 Naaans
3.6.2.1 NIILASHNANTALANLVDILAWIDDARTRAA 9 ANIANTH
10 mM UJ3u1as 5 Naaans
ﬂ'/ = a 1 Z’ 0/ dl dl
TInRevaduLanlonauriadingg auinnniuaadluaen 3.2 azane
AUTNAWLIRA NUWIIRITRZANLAINAITNYLFVIIAUTINATIUIA 5 NRFEAT LA

USuSu1asautinnanenanawiilauantunag

3.6.2.2 NILASHNFITAZANLVAILAWLBDARTRAA 9 ANIANLH
1 mM U331613 10 Faaans

Tulasnsazansvasuanlosaushadneg aAnutudu 10 mM (31nda
3.6.2.1) U581907 1 a8aa7 easluvialatsunasama 10 aaaas wazdsulsunas
MorTazau W3 80/20 (%v/v) MeCN/H,O 11 10 mM HEPES pH 6.4 aufisliauan
U3u1e9

3.6.3.25MNAA DY

Tdassazats CuLldanututu 20 pM  USanas 2 Taddes laludaon
i Tilassazans PV anududsu 400 uM 158105 0.1 Sadaas (1nda 3.5.2) 1@
adlUludinasnann  auansazasldmidnunaziinasazanuasnan iadnng
@@nﬁuumﬁﬁmmmm’é"u 250-900 nm wasNEWANFITAEANBTaInIRezd luTiie
ANMNENTY 1 mM USH1a5 0.3 §addas ad lludinauansazaraldmdn waziinld
i'mﬁﬁﬂwsgmﬂﬁmm ﬁ'}"ﬁagaﬁvl,éf ma%”ﬂdﬂﬁwLLammwuﬁwﬁuﬁizmwmmigﬂﬂﬁu
wssIpImTaaslewTNDaBETy  warssarasvadtawmuiiadafuniaasdluudas
sRanuanuenauwilslunmimasasmitasaninsaesd lusfialasansounui PV
Iingonaldnnmadasuiamazasvasowaudannddor U duwindaswes PV

AR
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A k4 Y A A . A a & Aa
M1319N 3.2 u’]‘ﬁuﬂLﬂaﬂTaGLLauvLaaauﬂju@(ﬂ’N G]Vlsl“ﬁilum‘il,(ﬂiﬂul,ﬂumia:a’lUﬂ&lm’]&l

WD 10 mM UIN1a3 5 Uadans

§eufl Tiavasuanlaaan shaNRaTILa% wwmin (aansw)
lonan
1 H,PO, NaH,PO, 6.90
2 AcO NaOAc 6.80
3 P,0, W38 PPi Na,(P,0,) 13.30
4 BzO NaOBz 7.21
5 I Nal 7.47
6 Br NaBr 5.14
7 cl NacCl 2.92
8 F NaF 2.10
9 AMP AMP 18.26
10 ADP ADP 22.06
11 ATP ATP 27.56

A A 1 aAa a ¢ A A
3.7 MIANHINATDILDW DD WNNNARANITUNWNDRALALADS PV Tistawtsatdan
a A o a a 6 a a a
\ieanasdsznaulaaasftugu Culd uazduitaiaas PV ﬁ'fsﬂmﬂuﬂg%-'sﬁma
Tninszn
Taasazats Culd aadudu 20 pM USanas 2 Hadaaslalufaam
nnun TuesIazans PV anusiuds 400 uM USunas 0.1 Hadaas laasluludn
LINAINATD ﬂummxmﬂﬁrﬁwﬁuua:ﬁ’]mmzmﬂéﬁﬂdn"lﬂi’@mmsg@ﬂﬁmmaﬁﬁ
A <& a ° a a ad v v
AMNLIIARW 250-900 nm INRLANINRITRZANUVAINTADL T BT INARANULTUTH 1
mM @398z 0.05 388803 taadluluainains1d anarsazans i dnnwLazingIazay

61'@ﬂma"l,ﬂi'ﬂ@hmsgmﬂﬁmmﬁﬁmmm’mﬁu 250-900 nm
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NanIINAaadLazanlngnanIInaass

41 nsdezinazmsigolassaswansisznaulanasfwgdy Cul2 uaz
Cu,L4

nMIsaTzRaIlsznaulaeat@iugys Cul2 uaz Culd4 lagltiuniues
Husvnazansnwuinaslsenourasaslian o iunsasudsiidon NSouazud
NAAADMALYINAL 73 WRT 42 @INAIaLU Lfiaﬁnawsﬂi:nauﬁaaaavlﬂﬁgﬁ]ﬂﬂsaa%'méﬁﬂ
WAka HRMS-ESI (positve mode) Wuiluuaailnasuvedsznsysznay cul2 1#
é‘ngfyﬁmﬁﬁmwmﬁugdﬁq@ﬁm miz #a 1184.5296 amu T9asarvlesauves [CuL2cl’
@TdLLﬁ@dlugﬂﬁ 41 ugednasUsznavlaeaiaiuty Cul2 RoATEIUITAINIALNKG
L2:cu”” @o 11 uasd Cf $1mom 2 "laaauﬁmﬁ’lﬁluﬂ’ﬁ@;aﬂszwaﬂaaam%oﬁﬁawﬁ'
Aade

+MS, 1.7-1.7min #(111-112)

Intens.
x106

1.01 [CuL,C1]"

1184.5296

0.8
0.6
0.4

0.21

0.0 Ty ; e e frp—— T P
500 1000 1500 2000 2500 miz

3171 4.1 HRMS-ESI (positive mode) siinasuvassstsznaulaaasausiu CuL2
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lunsdives culd wunwiuwasiUnaiurasasdsznaudananlidanuidy
maaé’zynpmgaq@ﬁm miz @8 1755.6520 amu uaz 859.3282 amu Sansaruleaauvas
[Cu,L4CL]" uaz [Cu,L4CL]" enwsau é’auamlugﬂﬁ' 4.2 ugaysstsznavlesad
ALt Cu,ld TdamdIuszninIaunud L4 cu® Ao 1:2 uazll o $ruau 4 lasaurh

ﬁ%ﬂﬂl%ﬂﬂi@]aﬂi$@i°ﬂ BGVLE’J?JB%L"IN%B‘LW]Lﬂ@?J%

Intens. ] T T o ) o o +MS, 1.0-1.0min #(65-67)
x104] @
1 s} 2+
43 2 [Cu,L4ClL ] [Cu2L4Cl3]#'
] alo <
31 o
uy
™
0
21 ©w 3 froge
] ® o &
1 e © 8
il o4 o~ ~
] oo -
] — I~
0-] . , e i , ; aold A
200 400 600 800 1000 1200 1400 1600 1800 miz

gﬂﬁ 4.2 HRMS-ESI (positive mode) stinasuuadansdsznaulaaaiaiuts Cu,Ld

a [ &a o [ a ® 4 & a o
4.2 Mm3figaklassasvansdsznavlasashiug CuL2 aramaiaidnsisdaiana
TansAuuundnagn
=S A A o o o A o &a
waﬂL@U’mmm:aummummlﬂumiwgﬁ]ﬂmafsma"uaaawsﬂszﬂauiﬂaai@-
%) [ a 6 A % =1 a (% o Aaaa
WT%  CuL2 msmnefiaanaadessaalann® - ewnsawessylaanmvid s
1 [~ Qs o A v
seninalalalunes L2 waz CuCl, lasiiwmueaidudivinazans  S9lasiainsves
. X ; v .
mia.lizﬂauﬁm@mmmm"[@”lugﬂﬁ 43 ﬁnngﬂﬁ]:muvlmwmiﬂizﬂauIaaa%mmuﬁ
a J e a a v a { o v {
eadudansasidulafiiiafoslasiinaalse losaudszngdanduaunuanyinninndu
d . i 2+ XY Y ¥ o a
R2WIULTAN (bridging ligand) ax@axvad Cu a0 biaiunu  wanandiuaiaand4]
La%uﬁag’mﬂu‘[uLaqammoaﬁ”’mmao"laIGnLua§ﬁLﬂuLLuu cone lauinwuszlalasian 3
) A a A A a & A, , . & o \
Wusziiannuyiuednlaasendnimangndunis narow rim 1Huiaduluniste
a A = o [ AN o 1
Wuafissnmwvedluiana Sixeandednunan1Inasadildain H-NMR
A { A a [ a o 2+ o [
Falannsonnsinanurzlasasauturas Cu- nulalaluwes L2 uslas
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Mono- and dinuclear Cu(Il) complexes of p-tert-butylcalix[4]arene (CuL1 and CuL2, respectively) were
synthesized, and their anion recognition abilities were explored. Recognition is efficiently signaled
through the displacement of pyrocatechol violet bound to the receptor. For CuL2, recognition selectivity
is ascribed to the tuning of the distance between donor atoms of anion guests and their ability to encom-
pass the Cu?*-Cu?* distance within the cleft of CuL2. In addition, the preorganization of calix[4]arene in

the cone conformation and steric hindrance of two bulky tripodal amine moieties are important factors in
controlling the Cu?*-Cu?* distance. These factors caused CuL2 to recognize pyrophosphate selectively
with respect to other inorganic anions in 80/20 (v/v%) MeCN/H,0 solution buffered with 10 mM HEPES

at pH 6.4.

© 2010 Elsevier Ltd. All rights reserved.

Significant attention has been given to the development of an-
ion sensing by indicator displacement assays (IDAs).! This method
is a simple, convenient, and increasingly popular approach to
naked-eye anion sensors because an indicator is bound to a recep-
tor by non-covalent interactions. IDAs rely upon competition
between the indicator and the analyte in the host cavity. Conse-
quently, a receptor is designed to bind a target analyte with a de-
sired affinity, and an indicator must have a weaker affinity with the
receptor than the analyte. Importantly, the indicator must absorb
or emit light differently upon binding to the host and being in free
form in solution.

Generally, anion recognition in the aqueous system is very chal-
lenging due to the strong hydration effects of anions. The utiliza-
tion of a metal complex as a binding site for anions has been
found to be the most successful strategy.? Therefore, metal com-
plexes are often used as IDA receptors.®> Normally, metal-bound li-
gands can bind anions more efficiently than water, allowing the
detection of anions in aqueous solution. The metal center must
have an unsaturated coordination sphere to accommodate the
incoming anion guest.

IDA receptors for pyrophosphate (P,0,4-, PPi), the product of
ATP hydrolysis and involved in DNA polymerization in biological
reactions,* have been developed by many research groups utilizing
dinuclear zinc complexes of phosphotriesterase enzyme as the

* Corresponding author. Tel.: +66 038 103067; fax: +66 038 393494,
E-mail address: jomjai@buu.ac.th (C. Suksai).

0040-4039/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetlet.2010.04.095

receptor module.> Recently, Hong and Fabbrizzi reported that
dinuclear Cu?>*-DPA complexes can be employed as PPi fluores-
cence sensors using the IDA concept.® The metal-metal distance
is found to play a key role in analyte preference. In order to obtain
the selectivity toward PPi over other anions, especially phosphate
anion (PO,3-), the metal-metal distance should not be less than
3.4 A which is the Zn-Zn distance in phosphotriesterase.”

Our group is currently working on the synthesis of calix[4]are-
nes containing tripodal amine as the recognition unit for use as
ionophores for ion selective electrodes (ISEs). The rigidity of
calix[4]arenes in the cone conformation plays an important role
by providing a specific cavity to recognize specific guest molecules,
due to preorganization of its skeleton.® The transannular distances
in the lower rim of original calix[4]arene and its derivatives are in
the range of 3.74-4.20 A,° which are longer than the Zn-Zn distance
in the dinuclear zinc enzyme. Therefore, calix[4]arenes may be a
suitable building block for PPi using IDA strategies. In addition,
the side arms attached to the calix[4]arene can control the size
and shape of the recognition cavity of calix[4]arene derivatives.'®

In this work, calix[4]arenes containing a tripodal amine have
been chosen as IDA receptors for PPi. Furthermore, we expected
that steric interactions between the tripodal amine and the rigidity
of the calix[4]arene framework would play crucial roles in optimiz-
ing the metal-metal distance and provide more selectivity toward
PPi. Herein, we report the synthesis and characterization of iono-
phores based on calix[4]arenes L1 and L2 and their mononuclear
and dinuclear complexes with CuCl, (CuL1l and CuL2). We also
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demonstrate that the dinuclear complex, CuL2, is a suitable recep-
tor for indicator displacement assay of PPi.

Ionophores L1 and L2 were synthesized in two steps according
to Scheme 1. The mono-calixaldehyde'! and bis-calixaldehyde!?
(for L1 and L2, respectively) were reacted with 2-[bis(2-pyridyl-
methyl)aminomethyl]aniline'®> in dichloromethane, followed by
in situ reduction with NaBH, in methanol to yield L1 in 12% and
L2 in 20%, respectively. The HRMS-ESI spectra of L1 and L2 show
parent peaks at m/z 1085.6671 and 1521.8715 assigned to the
molecular ions [L+H]" and provide evidence that the calix[4]arene
derivatives are the 1:1'* and 1:2'° condensation products. The two
calix[4]arene derivatives are in the cone conformation, as sup-
ported by their NMR spectra (Figs. S1-S4, Supplementary data).
The 'H NMR spectrum of L1 was consistent with an asymmetric ca-
lix[4]arene structure. In particular, two pairs of doublets for the
protons of the methylene bridges were observed.

Two OH singlets were observed for L1 at low field, 9.47 and
10.18 ppm (ratio 2:1). These strong downfield shifts for the OH
protons are indicative of a circular hydrogen bond at the lower
rim of these derivatives, in agreement with the results reported
by Frkanec et al.’® The '"H NMR spectrum of L2 features a pair of
doublets at 3.32ppm and 4.43 ppm corresponding to the
equatorial and the axial protons of the methylene bridging groups,
respectively. We deduce that the cone structure is the major con-
formation of L1 and L2 in solution.

Addition of CuCl, to methanolic solutions of L1 and L2 gave
green complexes of CuLl and Cul2 in 72%'7 and 42%!® yields,

L2 (20%)

respectively. The mass spectrum of CuL1 shows the parent peak
at m/z 1182.5424 which is assigned to the molecular ion of
the mononuclear complex [CuL1Cl]". For CuL2, the parent peak at
m/z 1751.6365 corresponds to the molecular ion of the dinuclear
complex [Cu,L2ClI3]". A crystal of CuLl was obtained upon slow
evaporation of a methanolic solution and the structure was deter-
mined by X-ray crystallography, Figure 1.'° It is clearly seen that
the calixarene skeleton adopts a cone conformation. It should be
noted that the phenolic hydrogen atoms are involved in strong
intramolecular O-H---O hydrogen bonding with the neighboring
oxygen atoms to stabilize the cone conformation, in agreement
with the solution structure deduced from the 'H NMR spectrum.
The crystal structure of CuL1 also shows that two Cu(Il) centers
coordinate with four nitrogen donors from the tripodal amine unit
and two chloride bridging ligands to give a distorted octahedral
geometry. The substantial elongation of the axial Cu1-Cl1_2 and
Cul-N1 bonds [2.984 and 2.553(4) A, respectively] compared to
the equatorial Cul-Cl1, Cul-N2, Cul-N3, and Cul-N4
[2.278(12), 2.066(3), 1.977(4), and 1.994(4)A, respectively] is
caused by the active Jahn-Teller distortion of the Cu?* ion. Interest-
ingly, the mass spectrum of the CuL1 complex suggests that it is a
mononuclear complex in solution. This implies that the mononu-
clear complex of CuL1 is the most stable species in solution while
the dinuclear complex is the most stable species in the solid state.
In light of the crystal structure of CuL1, we expect that the dye
and anions might occupy the bimetallic cleft of dinuclear complex
Cul2. In this work, we chose pyrocatechol violet (PV) as a

Cly
CuL 2 (42%)

Scheme 1. Synthetic procedures for L1, L2, CuL1, and CuL2. Reagents and conditions: (i) anhyd CH,Cl,, anhyd MgSOy, rt; (ii) NaBH4, CH30H, reflux; (iii) CuCl,, MeOH, rt.
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Figure 1. (a) ORTEP representation of the solid state structure of the dinuclear complex of CuL1 with two bridging chloride ligands and (b) the coordination environment of
Cu?* in the complex. Thermal ellipsoids are drawn at 50% probability level (CCDC 767461).

competitive indicator.?° The yellow solution of PV was prepared in
80% acetonitrile aqueous solution buffered with 10 mM HEPES pH
6.4, which was then titrated with increasing amounts of CuL2
using the same solvent at 25 °C. It was found that addition of
CuL2 led to the disappearance of the absorption band of PV at
430 nm, with the simultaneous appearance of a new band at
670 nm and a color change from yellow to green (Fig. 2a). In addi-
tion, an isosbestic point was found at 488 nm, suggesting the pres-
ence of two equilibrium species. A Job plot (at 670 nm) was also
obtained and suggested that the complex between CulL2 and PV
was formed with a 1:1 stoichiometry (inset of Fig. 2a). Using the
Benesi-Hildebrand method, the association constant (K,) between
PV and CuL2 was found to be 1.30 x 10* M~!2!

Upon addition of various anions (as tetrabutylammonium salts,
3 equiv) to the ensemble [CuL2-PV] solutions, only PPi was able to
turn the color from green to yellow of the unbound dye, while
other anions did not give rise to UV-vis spectral changes
(Fig. 2b) or any color changes (Fig. 2c). Moreover, we also carried
out displacement of PV from the CulL2 cavity by phosphate con-
taining biomolecules (AMP, ADP, and ATP). Results showed that
both ADP and ATP were able to displace PV from the cleft of
CuL2, whereas AMP was not (Fig. S5, Supplementary data). There-
fore, CuL2 possessed high selectivity toward PPi over other anions.
We tried to change the dye from PV to fluorescein. However,

Absorbance ’ o
0.6+

0.54

02 04 06 08
Molefraction of CuL.2 (n)

0.4
0.3
0.2

0.1

0 T T T
350 400 450 500

550 600 650 700 750 800

Wavelength (nm)
c

results of this ensemble did not show specific selectivity to any an-
ions (Fig. S6, Supplementary data).

Titrating PPi with an ensemble solution [CuL2-PV] caused an
absorbance increase around 430 nm and an absorbance decrease
around 670 nm (hypsochromic shift), with a color change to yel-
low, revealing that the indicator was displaced from the cleft of
Cul2 by the analyte (Fig. 3). The UV-vis spectrum at 670 nm was
completely saturated at 1.5 equiv of PPi. The binding constant be-
tween CuL2 and PPi was estimated by the competitive spectropho-
tometric method?? and found to be 5.2 x 10° M~!. The electrospray
ionization mass spectrum (positive mode) of CuL2 complex with
PPi showed a molecular ion peak at m/z = 1824.57 (Fig. S7, Supple-
mentary data). The result thus confirmed the 1:1 complex species
of CuL2:PPi.

Xu et al. have characterized crystallographically a ternary sys-
tem complex of PPi with a mononuclear Cu?* ion and a 2,2'-dipyr-
idylamine (hdpa) ligand, [Cu(dhpa)]?*.23 In this case, one PPi anion
acted as the bridging ligand to bring two units of [Cu(dhpa)] to-
gether, forming a dinuclear complex. Simultaneously, two PPi ions
coordinating to the oxygen atoms of a discrete dinuclear complex
also acted as the bridging atoms to hold those two discrete dimeric
species together to form a tetranuclear complex. Compared to our
system, we assume that PPi is bound within the bimetallic cleft of
CuL2. Two oxygen atoms on each phosphorus of PPi coordinated
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Figure 2. (a) UV-vis spectra obtained by addition of CuL2 (400 pM) to PV (20 uM) solution; (b) UV-vis spectra obtained by addition of various anions (3 equiv of
tetrabutylammonium salts) to an ensemble solution [CuL2-PV] (20 pM); and (c) color changes of the ensemble [CuL2-PV] 20 pM after addition of various anions (3 equiv of
tetrabutylammonium salts). From left to right: CuL2, PV, [CulL2-PV], H,PO,~, AcO~, PPi, BzO~, 1", Br~, Cl7, and F. All experiments were carried out in 80/20 (v/v) MeCN/H,0

solution buffered with 10 mM HEPES at pH 6.4.
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Figure 3. UV-vis spectra obtained by addition of PPi (400 uM) to an ensemble
solution of [CulL2-PV] (20 uM) in 80/20 (v/v) MeCN/H,0 solution buffered with
10 mM HEPES at pH 6.4.

through one Cu?* ion, which was similar to the binding mode of PPi
with the dinuclear DPA-2Zn?* derivatives reported by Yoon and
co-workers?* and Hong and co-workers.>®

Similar experiments have been run with the mononuclear CuL1
complex. The results showed that in the presence of any anions in
an ensemble solution of [CuL1-PV] the yellow solution of the un-
bound dye was not observed (Fig. S8, Supplementary data). This re-
sult strongly supports the fact that the cooperative action of two
Cu?* ions in solution is required for selective sensing of PPi.

In conclusion, we have successfully synthesized mono- and
dinuclear Cu(Il) complexes of calix[4]arene containing a tripodal
amine, CuL1 and CuL2. CuL2 was demonstrated to be a remarkable
IDA receptor for PPi. A rationale to account for the selectivity of
Cul2 toward PPi requires matching of the distance between the
donor atoms of PPi with the Cu?*-Cu?* distance in the CuL2 cavity.
In addition, the preorganization of calix[4]arene in the cone confor-
mation and steric hindrance between the two bulky tripodal amine
parts are the most important factors controlling the Cu?*-Cu?* dis-
tance. This resulted in selective recognition of CulL2 toward PPi
over other anions. Further studies are underway in our laboratory
to prepare anion selective electrodes from CuL2.
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1. Introduction

Fabrication of PVC membrane electrodes incorporating selective neutral carriers for Cd2* was reported.
The ionophores were designed to have different topologies, donor atoms and lipophilicity by attach-
ing tripodal amine (TPA) units to the lipophilic anthracene (ionophore I) and p-tert-butylcalix[4]arene
(ionophores II, III and IV). The synthesized ionophores were incorporated to the plasticized PVC mem-
branes to prepare Cd(Il) ion selective electrodes (ISEs). The membrane electrodes were optimized by
changing types and amounts of ionic sites and plasticizers. The selectivity of the membranes fabricated
from the synthesized ionophores was evaluated, the relationship between structures of ionophores and
membrane characteristics were explored. The ionophore IV which composed of two opposites TPA units
on the calix[4]arene compartment showed the best selectivity toward Cd2*. The best membrane electrode
was fabricated from ionophore IV (10.2 mmol kg—) with KTpCIPB (50.1 mol% related to the ionophore) as
an ion exchanger incorporated in the DOS plasticized PVC membrane (1:2; PVC:DOS). The Cd-ISE fabri-
cated from ionophore IV exhibited good properties with a Nernstian response of 29.4 + 0.6 mV decade !
of activity for Cd?* ions and a working concentration range of 1.6 x 1076-1.0 x 10-2 M. The sensor has a
fast response time of 10s and can be used for at least 1 week without any divergence in potential. The
electrode can be used in the pH range of 6.0-9.0. The proposed electrodes using ionophores III and IV
were employed as a probe for determining Cd?* from the oxidation of CdS QDs solution and the real
treatment waste water sample with excellent results.

© 2011 Elsevier B.V. All rights reserved.

increasingly important because its toxicity and the increasing level
of extended use in industry.

Cadmium, one of the transition metals, occurs as a minor com-
ponent in most zinc ores [1]. It has been used as a pigment and
corrosion resistant plating on steel [2]. Cadmium compounds have
been used widely in electroplating, battery industry and chemi-
cal industry for stabilizing plastics [2]. Cadmium is a component of
semiconductors such as cadmium sulfide [3], cadmium selenide [4]
and cadmium telluride [5] which are used for light detection or solar
cell[6]. Exposure of cadmium can contaminate food and water. Cad-
mium can accumulate, store in living organisms and may lead to
cancer [7]. Therefore, the determination of cadmium has become
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There are many analytical techniques for determination of
cadmium in samples such as atomic absorption spectrometry
[8-11], inductively coupled plasma-atomic emission spectrometry
[12-14], inductively coupled plasma-mass spectrometry [15-17],
stripping voltammetry [18-21], spectrophotometry [22-24] and
ion chromatography [25-28]. These methods required expensive
instruments and time-consuming sample preparation. During the
past three decades, ion selective electrodes (ISEs) were developed
to use in many fields including clinical chemistry, cosmetics, pro-
cess control, agriculture and environmental analysis. Membrane
ion selective electrodes containing ionophores are successfully
used for monitoring and determination of several metalions[29,30]
with many advantages such as good selectivity, high sensitivity,
good reversibility, convenient, inexpensive and rapid for analysis
[31].

Extensive efforts were put into the synthesis of ionophores with
high selectivity for Cd2* recognition [32-43]. The sensors were
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used successfully in various fields such as water monitoring and
waste water treatment. Many researchers used crown ethers as
ionophores in Cd2* selective electrodes. Gupta and co-workers pre-
pared membrane potentiometric sensors based on crown ethers
that showed good membrane characteristics [32-34]. The sensors
showed selectivity toward Cd?* upon adding benzene or cyclo-
hexane constituents to the flexible crown ethers leading to their
stiffening and altering the binding strength to complex Cd2* selec-
tively. The selectivity also depended on the size of the crown ether
ring. Other crown ethers were also demonstrated as ionophores
for Cd2*. Monoaza-18-crown-6 [35] and benzo-15-crown-5 [36]
were used as neutral carriers in plasticized PVC membrane with
good selectivity toward Cd2* over other studied interfering ions.
Shamsipur and Mashhadizadeh reported the successful use of
tetrathia-12-crown-4 in fabrication of a membrane ion selective
electrode for cadmium [37]. The electrode displayed low detection
limit, fast response, wide pH range and lifetime for at least 6 weeks.
A potentiometric sensor for cadmium based on tetrol compound
was prepared by the same research group [38]. The ligand tetrol
with flexible tri-dimensional structure and four hydroxyl groups
can bind Cd?* to form a stable 1:1 tetrol-Cd%* complex.

Later on Gupta and coworker prepared Cd2*-ISE using Schiff
base ionophores [39]. The selectivity of the Cd%* electrode sys-
tems increased to a larger extent with the increase of amounts of
anionic additives in the membrane. Moreover, they reported the
use of two neutral ionophores, Schiff base-based o-phthalaldehyde
(L1) and 4-hydroxynaphthalaldehyde (L2), for fabrication of Cd-
ISE. The electrodes fabricated from ionophore L1 exhibited a
remarkable low detection limit in nanomolar concentration level
with a fast response time (11s) [40]. Ensafi el al. employed 4-
hydroxy salophen, a good complexing ligand for metal ions, as an
ionophore in a Cd2* PVC membrane potentiometric sensor [41].
This Cd2*-ISE showed a good characteristic of the membrane sen-
sor in term of reproducible results and good selectivity. Rezaei and
co-workers explored N,N'-(4-methyl-1,2-phenylene)diquinoline-
2-carboxamide as a new neutral carrier for the recognition site
of cadmium(II)-PVC membrane electrode [42]. The prepared Cd%*-
ISEs exhibited a response for Cd2* over a wide concentration
range with good selectivity. lonophores based on three dimen-
sional lipophilic compounds such as calixarene were also reported.
Gupta and colleague reported the used of t-butyl thiacalix[4]arene
and thiacalix[4]arene as Cd2* ionophores. The electrode membrane
incorporated thiacalix[4]arene showed better characteristics than
the other. The sensor gave a linear potential response for Cd2* overa
wide activity range with Nernstian compliance (29.5 mV decade!
of activity) and a fast response time of ~8s [43].

Thus far, there are a few Cd%* ionophores based on coordina-
tion bonding from nitrogen donating ligands. To construct ISEs
for Cd2*, choosing the appropriate recognition unit to recognize
Cd%* selectively is very challenging. Recently, tripodal ligands
such as tris(2-pyridylmethyl)amine (TPA) have been employed as
chemosensors for Zn2* [44,45]. The selectivity of this type of ligand
toward metal ions depends on the preorganization of its struc-
tures. Both Zn2?* and Cd?* are d!° metal ions and have similar
coordination chemistry [46]. However, Cd2* is a bigger ion than
Zn?*, and the metal center can accommodate 4-6 ligands. There-
fore, we have designed 4 new ionophores containing a different
number of the TPA units. lonophore I contained one TPA group
linked to the anthracene unit. lonophores II, IlII and IV have been
designed to have a different number of the TPA unit connected to
the calix[4]arene framework. lonophores II-IV are expected to form
complexes with Cd?* to a different extent.

In this work, electrode characteristics such as the formation
constant of each ionophore toward Cd%*, membrane composition
optimization, selectivity, working pH range, reversibility of the sen-
sor and the electrode life time were fully examined. Moreover,

the relationship between the membrane characteristics and the
topology of the ligands, the number of the donor atoms and the
lipophilicity of ionophores was explored. The use of the proposed
electrode as the sensor for Cd2* releasing from nanocrystalline CdS
quantum dots solution and Cd2* in the real treatment water sample
was also carried out.

2. Experimental
2.1. Reagents

Anthracene-9-carbaldehyde was purchased from Aldrich.
The precursor compounds, 2-(bis(2-pyridylmethyl)-aminomethyl)
aniline (1), 25-2(2-ethyloxybenzaldehyde)-26,27,28-triihydroxy
p-tert-butylcalix[4]arene  (2),  25,27-(4,4'-bis(ethoxybenzal-
dehyde))-26,28-dihydroxy p-tert-butylcalix[4]arene (3) were
synthesized using the previously published procedure [44,47,48].
High molecular weight poly(vinylchloride) (PVC), tetrakis|[3,5-
bis(trifluoro-methyl)phenyl]borate (NaTFPB), potassium tetrakis
(p-chlorophenyl)borate  (KTpCIPB), bis(2-ethylhexyl)sebacate
(DOS), 2-nitro phenyl octyl ether (0o-NPOE) and tetrahydrofuran
(THF), which were obtained from Fluka, were used to prepare the
PVC membranes. The nitrate and chloride salts of all cations were
obtained from Carlo Erbar, Ajax Finechem, Riedel-de Haén, Fluka
and ].T. Baker. Nitric acid and sodium hydroxide were obtained
from QReC and Carlo Erba, respectively. All aqueous solutions
were prepared in deionized water with the specific resistivity of
18.2 M cm from RiOs™ Type I Simplicity 185 (Millipore water).
Working solutions of different concentrations were prepared by
dilution of 1.0 M stock solutions.

2.2. Instrumentation

Fluorescence spectra were recorded using a RF-5301PC spec-
trofluorophotometer (Shimadzu). The slit width used for excitation
and emission was 5 nm. The pH of the solution was measured with
Denver Instrument UB-10 DELUXEBIO Series. The determination
of cadmium concentrations in QDs solution was performed on a
Perkin-Elmer PE100 flame atomic absorption spectrometry using
air-acetylene flame. The concentration of cadmium in treatment
waste water samples was determined using inductively coupled
plasma optical emission spectrometer (model iCAP 6500, Thermo
Scientific). Other instrumental parameters were used as recom-
mended by manufacturers.

2.3. Synthesis of tripodal amine ionophores

2.3.1. Synthesis of N-(anthracene-9-yl methyl)-2-(((pyridin-2-yl
methyl)(pyridin-3-yl methyl)amino )methyl)aniline (I)

Anthracene-9-carbaldehyde (0.96g, 6.47 mmol) was mixed
with 2-(bis(2-pyridylmethyl)aminomethyl)aniline (141g,
4.65mmol) in dried CH3CN (100mL), and the solution was
refluxed for 24 h. The solvent was then removed by evaporation.
The remaining oil was dissolved in CH3OH. The solution was
treated with NaBH,4 (0.57 g, 15.48 mmol) in small portions at 0°C
and subsequently refluxed for 16 h under nitrogen atmosphere.
At room temperature, water (50 mL) was added into the mixture,
and the solvent was concentrated in vacuo. The organic layer was
dried over anhydrous Na,SQOy, and the solvent was removed under
reduced pressure giving a red-brown oil. lonophore I was obtained
by precipitating the crude product using a mixture of CH30H and
diethyl ether as a bright yellow solid (0.35 g, 55%).

TH NMR (400 MHz, CDCls, ppm): & 8.60 (s, 2H, ArH), 8.28 (d,
J=8.8Hz, 2H, ArH), 8.15 (d, J=8.4Hz, 2H, ArH), 8.04 (d, J=4.0Hz,
2H, ArH), 7.57 (d, J=7.2Hz, 2H, ArH), 7.50 (m, 2H, ArH), 7.06 (s,
2H, ArH), 6.74 (q, J=4.0Hz, 2H, ArH), 6.62 (m, 2H, ArH), 6.44 (d,
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J=8.0Hz, 2H, ArH), 6.09 (s, 1H, -NH-), 5.15 (s, 2H, -CH,-NH-), 3.56
(s, 2H, -CH»-), 3.50 (s, 2H, -CH>-). 13C NMR (100 MHz, CDCl5, ppm):
8 158.44, 148.46, 148.07, 135.90, 131.65, 131.42, 130.94, 129.98,
129.05, 129.05, 127.70, 126.34, 125.26, 124.79, 122.48, 121.77,
121.47,116.57, 109.56, 58.51, 40.59. ESI-MS (positive mode, m/z):
[M+H]* Calcd for C34H31 N4, 495.25; Found, 495.25.

2.3.2. Synthesis of 25-ethyl-2-(bis(2-
pyridylmethyl)aminomethyl)aniline-26,27,28-triithydroxy
p-tert-butylcalix[4]arene (II)

25-2(2-Ethyloxybenzaldehyde) p-tert-butylcalix[4]arene

(2) (7.19g, 9mmol) in CH,Cl, (25mL) was added to
a suspension of anhydrous MgSO, (10.87g, 90 mmol)
in  CHyCl, (20mL) containing  2-(bis(2-pyridylmethy)

aminomethyl)aniline (1) (2.75g, 9mmol). The mixture was
stirred for 12h under nitrogen atmosphere. Then, MgS0O4 was
removed by filtration. After the solvent was removed, the imine
product was obtained as a dark solid (quantitative yield) and
used in the next step without further purification. The imine was
dissolved in MeOH (50 mL) and the solution was cooled to —5°C.
NaBH4 (3.4 g, 90 mmol) was added and the reaction was refluxed
for 3 h under nitrogen atmosphere. Then water was added to the
reaction and the solvent was evaporated to remove MeOH. CH,Cl,
(200mL) was then added to the mixture. The organic phase was
washed with water (3x 50 mL) and dried with anhydrous MgSO,.
After removing solvent, the crude product was then purified by
column chromatography (SiO,) using EtOAc as eluent. Compound
Il was further purified by precipitation using hexane and was
obtained as a white solid (1.95 g, 20%).

TH NMR (400 MHz, CDCl3, ppm): § 10.20 (s, 1H, -OH), 9.49 (s,
2H, -OH), 8.44 (d, 2H, J=4Hz, ArH), 7.49 (t, 2H, J=6Hz, ArH), 7.37
(d, 2H, J=4Hz, ArH), 7.34 (d, 2H, J=8Hz, ArH), 7.13 (s, 2H, ArH),
7.12 (s, 1H, ArH), 7.07 (d, 2H, =2 Hz, ArH), 7.05 (s, 2H, ArH), 7.03 (s,
2H, ArH), 7.02 (s, 2H, ArH), 6.94 (m, 2H, ArH), 6.54 (t, 1H, J=7.6 Hz,
ArH), 6.40 (d, 1H, J=8Hz, ArH), 4.70 (d, 2H, J=3.2 Hz, -CH,-NH-),
4.64 (s, 4H, -0-CH,-0-), 4.53 (d, 2H, J=12.8 Hz, Ar-CH,-Ar), 4.24 (d,
2H, J=13.6 Hz, Ar-CH,-Ar), 3.83 (s, 4H, -CH,-), 3.69 (s, 2H, -CH,-),
3.45(d, 2H, J=12.8 Hz, Ar-CH,-Ar), 3.40 (d, 2H, J=12.8 Hz, Ar-CH;-
Ar), 1.23 (s, 36H, -tert-butyl). 13C NMR (100 MHz, CDCl3, ppm):
8 159.24, 156.11, 149.12, 149.04, 148.39, 148.29, 148.09, 147.85,
143.50, 143.12, 136.30, 133.61, 130.94, 128.74, 128.53, 128.12,
128.07, 127.75, 127.69, 126.56, 125.82, 125.71, 125.66, 123.18,
121.90,121.51,121.10, 115.32, 110.80, 110.20, 74.78, 60.13, 58.47,
41.73, 33.00, 32.18, 31.50, 31.25. HRMS-ESI (positive mode, m/z):
[L2+H]* Calcd for C75Hg4N40s5, 1085.6442; Found, 1085.6671.

2.3.3. Synthesis of
25-ethyl-2-hydroxymethylphenol-27-ethyl-2-(bis(2-pyridyl
methyl)aminomethyl)aniline-26,28-dihydroxy
p-tert-butylcalix[4]arene (III) and 25,27-bis(ethyl-2-(bis(2-
pyridylmethyl)aminomethyl)aniline )-26,28-dihydroxy
p-tert-butylcalix[4] arene (IV)
25,27-(4,4'-Bis(ethoxybenzaldehyde))-26,28-dihydroxy p-tert-
butylcalix[4]arene (3) (2.65¢g, 2.8 mmol) in dried CH,Cl, (50 mL)
was added to a suspension of anhydrous MgS0,4 (6.76 g,56 mmol) in
CH,Cl;, (70 mL) with 2-(bis(2-pyridylmethyl)aminomethyl)aniline
(1)(2.13 g, 7 mmol). The reaction mixture was stirred for 12 h under
nitrogen atmosphere. Then solid MgSO,4 was removed by filtration.
After the solvent was removed, the imine product was obtained as a
dark solid in a quantitative yield. The imine was dissolved in MeOH
(50 mL), and the solution was cooled to —5 °C. Subsequently, NaBHy4
(2.12 g, 56 mmol) was added to the brown solution, and the mixture
was refluxed for 12 h under nitrogen atmosphere. At room temper-
ature, water (150 mL) was added, and the mixture was evaporated
to remove MeOH. CH,Cl, (150mL) was added to the mixture.
The organic layer was washed with water (3x 50 mL), dried with

anhydrous MgS0Oy, and evaporated. The crude product was then
purified by column chromatography (SiO,) using EtOAc as elu-
ent to obtain ionophore III as a yellow oil. Then, the eluent was
changed to 20% MeOH in EtOAc to obtain ionophore IV as a yellow
oil. lonophore Il was recrystallized in hexane as a white solid (0.4 g,
12%). lonophore IV was obtained as a white solid (0.85 g, 20%) after
recrystallizing in diethyl ether.

For III: '"H NMR (400 MHz, CDCl): § 8.43 (d, 2H, J=4.8 Hz, ArH),
7.48-7.46 (m, 4H, 2ArOH + 2ArH), 7.34-7.31 (m, 8H, /= 1.6 Hz, ArH),
7.34-7.32 (m, 6H, ArH), 7.10 (m, 6H, ArH), 6.98 (m, 6H, ArH), 6.58
(s, 2H, ArH), 6.45 (d, 2H, J=4.4Hz, ArH), 5.24 (s, 4H, Ar-CH,-OH),
4.53 (d, 2H, J=5.2 Hz, -CH,-NH-), 4.45-4.34 (m, 12H, Ar-CH;-Ar +-
0-CH,CH,-0-),3.80((s,4H, -CH,-Ar) 3.67 (s, 2H, Ar-CH;,-Ar), 3.37 (d,
2H, J=13.2 Hz, Ar-CH,-Ar), 3.36 (d, 2H, J=13.2 Hz, Ar-CH,-Ar) 1.27
(s, 18H, -tert-butyl), 1.02 (s, 18H, -tert-butyl). 13C NMR (100 MHz,
CDCl3, ppm): § 171.10, 159.30, 156.70, 156.50, 150.56, 149.84,
149.50, 148.23, 147.03, 141.48, 136.34, 136.29, 132.79, 130.95,
129.75, 129.44, 128.81, 128.64, 128.59, 127.94, 127.90, 127.65,
125.71, 125.23, 125.17, 123.24, 121.92, 121.53, 120.82, 120.79,
115.38, 111.54, 110.92, 110.36, 74.25, 74.12, 66.98, 66.84, 61.56,
60.15, 58.50, 41.77, 33.99, 33.85, 31.52, 31.08. HRMS-ESI (posi-
tive mode, m/z): [III+H]* Calcd for Cg1Ho4N407, 1235.7123; Found,
1235.7182.

For IV: TH NMR (400 MHz, CDCl3): § 8.42 (d, 4H, J=4Hz, ArH),
7.91 (s, 2H, ArOH), 7.65 (d, 2H, J=2.4Hz, ArH), 7.46 (m, 4H, ArH),
7.35 (d, J=7.6Hz, 2H, ArH), 7.30 (s, 4H, ArH), 7.19 (m, 2H, ArH),
7.06 (m, 8H, ArH), 7.05 (m, 2H, ArH), 6.95 (d, 4H, J=8.4Hz, ArH),
6.89 (s, 4H, ArH) 6.86 (d, 2H,J=7.2 Hz, ArH), 6.72 (s, 2H, -NH-), 6.54
(m, 2H, ArH), 6.44 (d, 2H, J= 8 Hz, ArH), 4.53 (d, 4H, J]=4.8 Hz, -CH,-
NH-), 4.44 (d, 4H, J=12.8 Hz, Ar-CH,-Ar), 4.35 (s, 8H,-CH,-0-), 3.80
(s, 8H, -CH;-), 3.68 (s, 4H, -CH3-), 3.33 (d, 4H, J=13.2 Hz, Ar-CH,-
Ar), 1.26 (s, 18H, -tert-butyl), 1.03 (s, 18H, -tert-butyl). 13C NMR
(100 MHz, CDCl3, ppm): § 159.23, 156.24, 150.35, 149.73, 149.07,
148.21, 147.34, 141.69, 136.29, 133.12, 130.97, 128.77, 128.56,
128.52, 127.93, 127.63, 125.72, 125.20, 123.20, 121.91, 121.55,
120.71, 115.35, 110.78, 110.32, 74.16, 66.65, 60.16, 58.47, 41.76,
34.04, 33.84, 31.83, 31.66, 31.10. HRMS-ESI (positive mode, m/z):
[IV+H]* Calcd for C199H112NgOg, 1521.8705; Found, 1521.8698.

2.4. Preparation of the electrode

The PVC based membranes were prepared by dissolving of
the ionophores (10 mmol kg~1), NaTFPB or KTpCIPB, NPOE or DOS
(66 wt.%) and PVC (33 wt.%) in THF (2 mL). The compositions were
mixed according to weight percentages to give a total mass of
220 mg. The mixture was transferred into a glass ring (30 mm i.d.)
placed on a glass plate, and the THF solvent is allowed to evaporate
at room temperature over a period of 24 h. The transparent mem-
branes were obtained and punched into small sizes (7.5 mm i.d.)
then conditioned overnight in 10 mM Cd(NOs ), solutions. The con-
ditioned membrane was assembled into Philips body electrodes.
The CdCl, solution (10 mM) was used as the inner filling solution.
The compositions of the membrane electrodes are summarized in
Table 1.

2.5. The EMF measurements

The membrane electrodes were conditioned for 12h in 10 mM
Cd(NO3), solution. All EMF measurements were carried out with
the following cell assembly:

Ag, AgCl/3MKCl//1 MLiOAc//sample solution/membrane/
IFS/AgCl, Ag

The Ag/AgCl double junction reference electrode was used (type
6.0726.100, Metrohm AG, CH-9010 Herisau, Switzerland) with 1M
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Table 1
Membrane compositions and electrode response properties.

Ionophore Membrane composition Slope Linear range  Detection limit
(mVdecade ') (M) (M)
(£SD,n=3)
PVCmg (wt%) Plasticizer Ion exchanger Ionophore
mg
(mmolkg1)
DOS, mg 0-NPOE, KTpCIPB, NaTFPB,
(wt%) mg (Wt%) mg (mol%) mg (mol%)
74.54 (32.5) 152.42 (66.4) 1.45(72.9) 1.11(9.8) 26.2(0.2) 105t0102 45x10°©
72.75 (32.8) 147.36 (66.4) 0.80(71.2) 1.12 (10 2) 26.4(0.3) 10°to 1072 4.8x10°6
73.01 (33.0) 145.58 (65.9) 1.40(74.4) 1.05(9.6 26.6 (0.1) 10°to102 4.0x10°©
I 73.28(33.1) 145.69(65.7) 1.51(75.9) 1.11(10. 1) 26.3(0.3) 105t0102 3.4x10°©
73.01 (33.0) 145.58 (65.9) 1.40(74.4) 1.05(9.6) 25.2(0.4) 10°5t0102 34x10°©
76.07 (32.8) 153.98 (66.3) 0.98 (46.8) 1.17(10.2) 26.8 (0.3) 10°to10°2 29x10°6
73.23(33.3) 145.22 (66.0) 0.50(24.9) 1.12(10.3) 26.7 (0.2) 105t0102 33x10°©
72.10 (32.6) 144.87 (65.6) 1.48(75.2) 2.41(10.0) 25.2(0.6) 10°to10°2  35x10°6
72.45(32.8) 144.97 (65.7) 0.79 (71.1) 243 (10.1) 25.5(0.8) 10°to 102 3.6x10°©
72.20(32.7) 144.87 (65.6) 1.45(73.4) 2.42(10.1) 26.2(0.2) 105t0102 42x10°©
Il 72.51(32.7) 145.12(65.5) 1.48(74.9) 2.42(10.1) 27.8(0.1) 10°t0102 43x10°°
72.18 (32.5) 145.62 (65.7) 1.47(73.2) 2.46(10.2) 26.9(0.2) 10°to 1072 3.8x10°©
75.95 (33.0) 151.12 (65.6) 0.94(48.2) 2.39(9.6) 30.2(0.2) 105t0102 55x10°©
73.01 (33.0) 145.66 (65.7) 0.49 (24.6) 2.44(10.1) 26.6 (0.3) 105t0103 55x10°©
72.53(32.9) 144.38(65.5) 0.82(73.2) 2.82(10.2) 28.5(0.8) 10°to 103 3.6x10°°
72.61(32.9) 144.48 (65.5) 0.79 (71.6) 2.78(10.1) 31.9(0.8) 10°5t0102 62x10°°
72.66 (32.9) 144.82 (65.5) 0.82(73.3) 2.82(10.2) 26.6 (1.6) 10°5t01072 3.8x10°°
m 72.69 (32.7) 145.16 (65.4) 1.42(71.8) 2.79(10.1) 26.9(0.2) 10°to102 29x10°©
72.43(32.7) 145.56 (65.8) 0.47(23.8) 2.79(10.1) 32.8(1.1) 105t0102 79x10°©
72.11 (32.6) 145.14 (65.7) 0.98(49.4) 2.80(10.1) 30.6 (0.5) 10°5t0102 55x10°©
72.69 (32.7) 145.16 (65.4) 1.42(71.8) 2.79(10.1) 25.2(0.2) 10°to10°2 32x10°©
72.14(32.6) 144.59 (65.4) 0.92 (46.0) 3.47(10.2) 29.3(0.5) 105t0103 32x10°©
72.04(32.7) 143.90(65.3) 0.97 (48.0) 3.50(10.3) 31.0(0.5) 10%t0102 3.8x10°°
72.40(32.8) 144.47 (65.5) 0.45(22.9) 3.41(10.1) 32.5(0.4) 106to102 1.7x10°6
v 72.45(32.7) 144.48(65.3) 0.95(48.2) 3.42(10.1) 30.8(0.2) 10%t0102 25x10°©
73.65(32.3) 146.42 (65.1) 1.42(72.0) 3.42(9.9) 25.4(0.5) 10%t0102 1.8x10°©
72.13(32.7) 147.19(66.0) 0.27 (24.5) 3.41(10.0) 33.1(0.2) 106to102 1.4x10°©
72.54(32.7) 145.32(65.5) 0.56 (50.1) 3.46 (10.2) 29.4(0.6) 10%t0102 1.6x10°°
7244 (32.7) 144.61(65.3) 0.83(75.4) 3.41(10.0) 27.9(0.6) 10%t0102 1.6x10°©

LiOAc as salt bridge electrolyte. A Lawson Labs, Inc 16-channel
potentiometer (Lawson Labs Inc., Malvern, PA 19355, USA) was
used for the potential measurements at ambient temperature. The
activities were calculated according to the Debye-Hiickel approx-
imation [49]. The detection limit was determined according to
[UPAC recommendations.

2.6. Preparation of sandwich membranes

In order to determine ion-ionophore complex formation con-
stants in the solvent polymeric membrane, it requires membrane
potential measurements on two-layer sandwich membranes,
where only one side contains the ionophore. The PVC mem-
branes were cast by dissolving the ionophore and the lipophilic
ion exchanger (NaTFPB or KTpCIPB), PVC and plasticizer (DOS or
NPOE) (1:2 by weight), to give a total cocktail mass of 220 mg in
2.0 mL of THF and pouring it into a glass ring affixed onto glass plate.
The solvent THF was left to evaporate overnight. The membrane
compositions and the formation constant are shown in Table 2.

The sandwich membrane was visibly checked for air bubbles and
immediately placed on a Philips body electrode (membrane with
ionophore facing the sample solution) and immersed into the Cd2*
solution. The time needed from mounting the membrane until the
potential measurement was less than 1 min. The EMF signals were
recorded continuously for several hours. All membrane electrode
potential measurements were performed at ambient temperature
in unstirred solutions.

Membrane potential values, Ey;, were determined by subtract-
ing the cell potential for a membrane without ionophore from that

of the sandwich membrane. The formation constants were calcu-
lated using Eq. (1).

EnziF nR
log B, = (72 3"/(')3’”) —n log (Lr - Z—T)
. 1

Ly is the total concentration of the ionophore. Ry is the concentra-
tion of lipophilic ion exchanger. R, T, F, n and z; are the gas constant,
the absolute temperature, the Faraday constant, the complex stoi-
chiometry and the charge of the tested ion, respectively.

(1)

2.7. Selectivity

The potentiometric selectivity coefficients were determined by
fixed interference method. The interfering ions studied were Na*,
K*, Ca%*, Mg?*, Ni?*, Cu?*, Zn?*, Pb2*, Hg?*, Cr3* and Fe3*. The
interfering ions were fixed at appropriate concentrations between
1.0 x 106 and 1.0 x 1072 M depending on the interfering level of
eachion. The stock solution of Cd2* was added into the solution con-
taining an interfering ion in order to make the final concentration
between 1.0 x 10~7 and 1.0 x 10~2 M, and the EMF was measured
continuously. The lower detection limit was calculated as recom-
mended by [UPAC. The selectivity coefficients were calculated from
the mean value of triplicate experiments with the standard devia-
tion.

2.8. Effects of the solution pH

The solution pH and the electrode signal were parallel mea-
sured. A pH electrode, a reference electrode and the proposed ISE
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Table 2

Experimental membrane potentials and corresponding ionophore complex formation constants determined with segmented sandwich membranes for ionophore II-IV in

PVC membrane assuming 1:1 stoichiometry of their complexes with Cd?*.

Ionophore lonophore Ly (mmolkg~') Anionic sites Ry (mmol kg') Plasticizer Membrane potential Ey (mV) Formation constant log fiin
I 9.99 NaTFPB (4.74) NPOE 385+ 8 15.15 £ 0.29
m 10.01 NaTFPB (4.82) NPOE 480 +9 18.29 + 0.31
\Y 9.80 KTpCIPB (4.59) DOS 463 + 5 17.79 £ 0.16

were immersed in the solution contained Cd%* 1.0x 10~*M (or
1.0 x 103 M). The pH of the solution was adjusted to pH 3 by HNO5.
The pH of the solution was varied from 3 to 10 by gradually adding
0.01-0.10 M NaOH.

2.9. Reversibility

The membrane reversibility was examined by measuring the
EMF of Cd-ISE in a 10~4M Cd?* solution. Subsequently, the elec-
trode was rinsed and dipped into a 10~3 M Cd?2* solution. The cycle
was repeated four times.

2.10. Electrode life time

After conditioning a membrane overnight in 10 mM Cd(NO3),,
Cd-ISE’s response were recorded over the concentration range of
10-7-10-2M Cd?*. This procedure was repeated several times.
The slopes and response potentials were recorded with the same
electrode until the significant diversity of signals and slopes was
observed.

2.11. Application to determine the oxidization product of CdS QDs

TGA-capped CdS QDs were prepared and purified using a pro-
cedure from the literature with modification [50]. The properties
of the synthesized quantum dots were reported in the previous
report [51]. The original CdS QDs solution (1000 ppm) of 100 L
was diluted into 10.00 mL of water. The Cd?*-ISE and the refer-
ence electrode were directly immersed to the diluted solution.
The EMF was recorded, and this corresponded to free Cd2* in the
solution. Total amount of Cd%* in CdS QDs was then determined
by adding 0.03%v/v H,0, (50 pL) into the solution, and the EMF
of the solution was measured. The procedure was repeated sev-
eral times. The calibration curve was tested before and after each
experiment.

2.12. Application to determine Cd?* in the real treatment waste
water sample

In order to demonstrate the applicability of the fabricated Cd-ISE
sensors (ionophores III and IV), the treatment waste water sam-
ple was used as the representative of the environmental sample.
The water sample was collected from Chulalongkorn University’s
treatment waste water pond using polyethylene bottles and was
used immediately. The sample was filtered through the nylon
0.45 wm membrane. The accuracy and precision of measurement
were evaluated by spiking Cd%* in to the sample to have the concen-
tration of 1.0 x 107> M and 3.0 x 10> M (corresponding to 1.124
and 3.372 mg L1, respectively), and the results obtained were com-
pared with the results from a standard ICP-AES.

3. Results and discussion
3.1. Design and synthesis of ionophores

Recently, many researchers have employed calix[4]arene
as a three-dimensional molecular building block to attach

particular functional units to their skeleton for selective bind-
ing with different metal ions. Reinhoudt and co-workers reported
the use of calix[4]arenes substituted with dithioamide function-
alities to prepare chemically modified field effect transistors
(CHEMFETs) possessing high selectivity toward Cd%* [52,53]. There-
fore, we attached the TPA unit to our modified anthracene and
calix[4]arenes to obtain ionophores I, 1II, III and IV. Ionophore I
consisted of one TPA group connected to anthracene. lonophore
II contained calix[4]arene attaching with only one TPA moiety.
Ionophore Il is similar to the structure of Il but the opposite site of
TPA unit was attached with benzyl alcohol unit to coordinate with
metal center. lonophore IV contained two TPA molecules on the
opposite sites. Therefore, the binding properties of each ionophore
toward metal ions in membranes definitely depend on the topol-
ogy, the donor atoms and lipophilicity of the ligands.

Generally, the synthetic procedure forionophores I-IV shown in
Scheme 1 employed the condensation reactions between the amine
and the aldehyde functional groups to yield the Schiff base com-
pounds. Reduction of the Schiff bases with NaBH,4 resulted in the
desired ionophores.

Structures of ionophores I-1IV are illustrated in Fig. 1. lonophore
I was synthesized from the reaction between anthracene-9-
carbaldehyde and 2-(bis(2-pyridylmethy)aminomethyl)aniline (1)
in anhydrous CH3CN to yield the Schiff base derivative. Upon react-
ing the Schiff base with NaBH,, the reaction in CH30H yielded
ionophore I in 55% yield after precipitation with diethylether.
Ionophore II was synthesized from the condensation reac-
tion between compound 1 and 25-2(2-ethyloxybenzaldehyde)-
26,27,28-triihydroxy p-tert-butylcalix[4]arene (2) in anhydrous
CH,Cl, to give the Schiff base derivative which was reduced
by NaBH; in CH3OH to yield ionophore I in 20% yield.
Ionophores III and IV were prepared from the reaction
of 25,27-(4,4'-bis(ethoxybenzaldehyde))-26,28-dihydroxy p-tert-
butylcalix[4]arene (3) with compound 1. After reaction with
NaBHy, the crude products were separated by column chromatog-
raphy. lonophore III and IV were obtained in 12% and 20% yields,
respectively.

Recently, II and IV have been found to form complexes with
Cu?* which can detect pyrophosphate using indicator displacement
strategy [54]. We think that the synthesized ionophores can also
bind with other transition metal ions. With appropriate membrane
compositions, we expect that these ionophores would response
selectively toward Cd2* with good membrane characteristics. We
also expect to see the relationship between the structure and the
selectivity of ionophores as well as good ISE characteristics.

3.2. Optimization of membrane compositions

It is well known that for PVC membrane electrodes the type
and percentage of each composition are critical parameters that
affected the sensing characteristic of the fabricated electrode such
as the working concentration range, lifetime, selectivity, sensitiv-
ity and chemical stability. However, the ratio between PVC and
plasticizer are already optimized at 1:2 ratio by weigh which is
provided the best component in many reports [55]. The dielectric
constant of the membrane phase, the mobility of the ionophore
and its metal complexes can improve the response characteristics
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Scheme 1. Synthetic procedures for ionophores I-IV. Reagents and conditions: (i) anhydrous CH,Cl, or CH3CN, rt; (ii) NaBH,4, CH30H, reflux.

[31]. In this work, the type of ionophores (ionophores I-IV), ionic
additives (KTpCIPB and NaTFPB) and plasticizers (0o-NPOE and DOS)
were studied in order to obtain the best membrane characteristics
of Cd2*-ISE. The concentration of the ionophore in the membrane
was fixed at ca. 10 mmol kg—1.

The decision for choosing the optimal composition was based
on how well the slope of the plot between EMF and logarithm
of activity of Cd2* behaved close to the theoretical predicted by
Nernst's equation (29.6 mV decade~1). Moreover, the lower limit of
detection is an important characteristic of an ISE. The lower detec-
tion limit resulted from the good selectivity of the ISE toward Cd2*
rather than other presented cations. In addition, the working con-
centration range and the response reproducibility (from standard
deviation of 3 measurements) are also important characteristics to
be examined. The membrane compositions and the characteristic
parameters were summarized in Table 1.

) an

In the case of the membrane fabricated from ionophore I, the
slopes of the plots of EMF vs. loga_ . were lower than Nerns-
tian’s slope when varying the membrane compositions (Table 1).
This result showed that the ionophore I was not suitable for fab-
rication of Cd-ISE. The lipophilicity of the ionophore I containing
anthracene was not high enough to retain the ionophore in the
membrane phase especially when forming complexes with Cd2*.

It can be seen that ionophores II and III in the plasticized
PVC membranes gave well-behaved slope using o-NPOE as plas-
ticizer while PVC membranes incorporating ionophore IV gave the
Nernstian’s slope (29.4 4+ 0.6 mV decade~!) when the membranes
composed of DOS as the plasticizer. This result indicated the rela-
tionship between the polarity of the solvent membrane and the
lipophilicity of the Cd?*-ionophore complexes. The plasticizer o-
NPOE is more polar than DOS is. This suggested that the polarity of
the Cd2* complexes of ionophores II and III are higher than that

” N
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Fig. 1. Chemical structures of ionophores I-IV.
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of Cd%* complexes of IV. The higher polarity of Cd2* complexes
of I and III resulted from the unsymmetrical structures of these
ionophores as compared to the symmetrical structure of IV. The
results demonstrated that the response characteristics of the mem-
brane can be tuned by choosing a suitable polarity of the plasticizer.

Moreover, type and mole percentage (related to the mole of
ionophores) of ionic additives were also optimized. From Table 1,
two kinds of the ion exchanger, KTpCIPB and NaTFPB gave insignif-
icant different results for the membrane incorporating ionophores
Il and IIL Therefore, the type of the ionic site may not be the critical
parameter that affected the response characteristics of the mem-
branes containing II and IIl. However, to avoid the leaching of the
ionic site to a highly lipophilic medium such as blood or aqueous
solution, a higher lipophilicity ion exchanger, NaTFPB, was chosen
for membrane fabricated from ionophores Il and III. For ionophore
VI, KTpCIPB was used as ionic additive because the lower detection
limit was obtained when using NaTFPB as the ionic site.

3.3. Potentiometric selectivity coefficient

Potentiometric selectivity is the ability of the electrode to mea-
sure primary ions in the presence of foreign ions without biased
signals. Potentiometric selectivity can be expressed by the selec-
tivity coefficient (Kl.ft). This characteristic is the most important
property for ion selective electrodes. Several methods can be used
to determine the selectivity coefficient as recommended by IUPAC
such as separated solution method (SSM) and fix interference
method (FIM). Moreover, match potential method (MPM) which
gave empirically meaningful results is also used [31]. In this work,
the selectivity coefficients were determined by fixed interference
method (FIM). In this method, an entire calibration curve is mea-
sured for the primary ion in a constant interfering ion background
(ajpc)- The fixed interference method is based on semi empiri-
cal Nicolskii-Eisenman formalism, and the selectivity is usually
described in terms of selectivity coefficients (Kij’t) as shown in Eq.

(2).
EMF = E® + "L [a; + ZKP"‘aZf/Zj 2)
R i %

EMF is measured potential, E? is the standard cell potential, and g;
and g; are the activity of primary and interfering ion, respectively.
In addition, z; and z; are the charge of the primary and interfering
ions, respectively. The selectivity coefficient, Kfjf’t, can be calculated
according to Eq. (3).

aj,pL

Lot 3
/2 (3)

J,BG

log Kf;’t = log

In Eq. (3), ajp. and ajp; are the activity of the primary ion at
lower detection limit and the activity of background interfering
ions, respectively. The resulting logarithmic selectivity coefficients
are summarized in Fig. 2. The diagram clearly showed that all
ionophores can be used as the selective molecular receptors toward
Cd?*. Most of the studied interfering ions have logarithmic selec-
tivity coefficient lower than Cd%*. Alkaline earth metal ions showed
lowest interfering level that benefited the detection of Cd%* in the
hard water. Moreover, from selectivity diagram, it should be noted
that ionophore IV showed the best selectivity toward Cd%* com-
pared to ionophore III, Il and L.

Ionophore IV possesses two tripodal amine (TPA) groups that
can facilitate the formation of a stable octahedral complex with
Cd?* via the N donor atoms. The orientation of the donor sites of
both TPA units on calix[4]arene based structure of ionophore IV
could give a more flexible coordination sphere to accommodate
Cd?* as compared to that in ionophores Il and IIL Ionophore III also
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Fig. 2. A comparison of selectivity coefficient (log Kgg‘j) of ionophores I, II, Il and
V. ’

gave higher selectivity toward Cd2* than ionophore II. This may
result from the hydroxymethylphenol group on the opposite site of
the TPA group. This group may coordinate to Cd2* to give a stable
complex. From the selectivity order, the results implied that one
TPA group may not be enough to coordinate Cd?*, and other donor
sites were needed to improve the binding ability toward Cd%* in
the membrane.

Considering the coordination chemistry of TPA ligand [54],
Cu?* can be a potential interfering ion for our fabricated mem-
branes. From the experimental observation, when the membrane
contacted with a Cu?* solution, the response behaviors were not
reproducible and the slopes of the calibration graph are lower
than expected (~10mV decade~1). Further experiments were car-
ried out to use ionophores II-IV as Cu-ISEs. The results showed
that all membranes showed the time trace line in a negative EMF
direction (data shown in the supporting material). The synthe-
sized ionophores II-IV may form very strong and non-reversible
complexes with Cu2* and converted from the neutral ionophore
to the positive charge ionophore inside the membrane [56]. The
membrane may then respond to NO3~ (from Cu(NO3);) or other
anions to give a negative response. Form this observation, we are
currently developing anion selective electrodes using CuZ*-TPA-
Calix[4]arene as a carrier. The result will be reported in due course.

3.4. Response characteristic of the membrane fabricated from
ionophore Il and IV

Due to selectivity and limited working abilities of the
membranes fabricated from ionophores I and II, we explored char-
acteristics of the ISEs prepared from ionophores Ill and IV in details.
The optimized membrane compositions for ionophores III and IV
were used to study the response characteristics of the sensors. As
shown in Fig. 3a and b for the response of ISEs prepared from
ionophores Il and IV, respectively, the EMF increased upon increas-
ing the Cd%* concentration with very stable potentials. Both ISEs
could respond to the Cd2* very rapidly with the response time less
than 10s, and the significant increasing of the EMF was observed
at the concentration of Cd?* higher than 1.0 x 10-6 M. The insets
showed the corresponding calibration curves that provided Nern-
stian slopes of 30.6+0.5 and 29.4+ 0.6 mV decade~! and lower
detection limits of 5.5 x 1076 and 1.6 x 10~ M for ISEs using I
and IV, respectively. Both sensors could be used in a wide concen-
tration range of Cd?* (10-6-10-2 M). The response characteristics
of both sensors showed that the membrane electrodes fabricated
from ionophores III and IV were very good Cd?* sensors.
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Fig. 3. (a) Response of the Cd-ISE using ionophore III (b) Response of the Cd-ISE using ionophore IV.

3.5. pH effect on the potential response

The aim of this experiment is to explore the working pH range
in which the fabricated ISEs can be used without any biased sig-
nals from the solution pH. The experiment was conducted at Cd?*
concentrations of 1.0 x 1074 M, 1.0 x 10~3M and 1.0 x 102 M over
the pH range of 3.0-10.0. The EMF signals as a function of the
solution pH are shown in Fig. 4a and b for electrode fabricated
from ionophores III and IV, respectively. The electrode response
remained constant at the pH range of 5.0-8.0 and 6.0-9.0 for elec-
trode fabricated from ionophores III and IV, respectively. This is a
basic behavior of the ISE for transition and heavy metal ions that
widely reported in the literatures [32,37,39,41]. At lower pH, the
solution become acidic, an increasing in the potential was observed.
The limit at the lower pH range was due to the membrane response
to high H* concentration. Moreover, at higher pH values (highly
concentration of OH™), the potential decreased due to the forma-
tion of cadmium hydroxide that reduced the amount of free Cd2* in
the solution. Although, the pH working range seems to be limited,
the electrodes can be used in the range of 3 orders pH range which
is good enough for real applications.

3.6. Measurement of complex formation constants

Basically, the ISE applications did not require a high value of
the complex formation constant between ionophores and primary
ions. However, the formation constant should be high enough to
differentiate the recognition of primary and interfering ions. A
suitable complex formation constant can affect both the selectiv-
ity toward the primary ion and the lower detection limit of the
ISE. Therefore, determination of the complex formation constant
would give useful information to evaluate the characteristics of the
synthesized ionophores. Bakker and co-workers have invented the
method for evaluate the complex formation constant between pri-
mary ions and ionophores in plasticized PVC membrane electrodes

employing the segmented sandwich membrane approach [57-59].
This method required a determination of the membrane potential
on two-layer sandwich membranes, where only one membrane
contained the ionophore.

The membrane potential values, Ej;, are determined by subtract-
ing the cell potential for a membrane without ionophore from that
ofthe other membrane. The formation constant was then calculated
according to Eq. (3).

EyziF Lt —nR
log Biin = (72 3”(’)3’”) —n log (7T — T)
M 1

Lt is the total concentration of the ionophore in the membrane
segment. Ry is the concentration of lipophilic ionic additives. R,
T and F are the gas constant, the absolute temperature, and the
Faraday constant, respectively. The charge of primary ion and the
ion-ionophore complex stoichiometry are designated as z; and n,
respectively.

The experiments were carried out to determine the formation
constant between Cd2* and ionophores II, IIl and IV assuming a 1:1
ion-ionophore stoichiometry. The observed time response behav-
ior of a two-layer sandwich membrane containing ionophores II,
III and IV in the segment facing the sample over the first 10h
after the initial contact is shown in Fig. 5, and the Cd2*-ionophore
complex formation constants are shown in Table 2. The results
showed that all of ionophores formed very strong and stable com-
plexes with Cd%* giving logarithmic complex formation constants
of 15.154+0.29, 18.294+0.31 and 17.79 +0.16 for ionophores II,
III and IV, respectively. However, the complex formation con-
stant strongly depended on membrane compositions. Therefore,
only membranes from ionophores II and III containing the same
membrane compositions (PVC-0-NPOE) can be compared while the
membrane using ionophore IV containing DOS as plasticizer can-
not. The logarithmic complex formation constant of the ionophore
II(18.29 4+ 0.31) was higher than that of ionophore I1 (15.15 4+ 0.29)
for about 3 orders of magnitude, and this agreed well with the

(4)



U. Khamjumphol et al. / Analytica Chimica Acta 704 (2011) 73-86 81

Fig. 4. Effect of pH on response of the Cd-ISEs using ionophores IlI (a) and IV (b).

selectivity coefficient which was better for the membrane fabri-
cated from ionophore III. This result also implied the important
role of the hydroxymethylphenol group in assisting the TPA group
to coordinate Cd%*. Moreover, the membrane fabricated from
ionophore IV (in PVC-DOS) showed a high complex formation value
in the same order with ionophore III. This was corresponding to the
selectivity results that the membrane fabricated from ionophore IV
showed the best selectivity toward Cd?*. This characteristic may
be attributed to the two symmetrical tripodal amine groups on the
calix[4]arene that could rearrange in a suitable geometry for com-
plexing Cd2* rather than other interfering ions. From the formation
constants, it can be concluded that only one group of tripodal amine

EMF (mV)

Time (h)

Fig. 5. Observed time response behavior of sandwich membranes to Cd?* (0.01 M
CdCl, ) using different ionophores; II (solid line), Il (dot line), and IV (dash line).

on calixarene framework was not enough to coordinate Cd?*, and
the better ionophore needed other donor sites in order to obtain
the ISE with a good selectivity pattern.

3.7. Reversibility and lifetime of the fabricated electrodes

The reversibility of the electrode signal, when changing and
returning to the same concentration, is another important prop-
erty to be examined for new fabricated sensors. This property also
represents to the precision of the detection. The reversibility of the
sensor was investigated by alternatively measured EMF’s of two
different concentrations, 10~4 and 10-3 M Cd?2*. From Fig. 6, the

Fig. 6. Reversibility of the Cd-ISEs using ionophores III (a) and IV (b) at different
concentrations between 10-3 M and 104 M.
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Fig. 8. Comparison of response of the Cd-ISEs using ionophores IlI (a) and IV (b) between without (black line) and in the presence of 100 L of CdS QDs diluted with 10.00 mL

of water (red line).
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EMEF signals were found to be restored at the same concentration
of Cd%* in every measuring cycle. Therefore, the electrode can be
used to detect the Cd2* concentration with excellent reversibility.

The duration of the useful period of the polymeric membrane
electrode is always examined due to the membrane compositions
may leach or decompose by contact with measuring or conditioned
solutions. The experiments were evaluated by frequent calibration
the same electrode until potential and slope values significantly
diverse from the first time measurement. As shown in Fig. 7, the
EMF responses showed no significant drift and slopes of the calibra-
tion graphs still approached the Nernstian value for 20 and 7 days
for the membranes fabricated from ionophores IIl and IV, respec-
tively. However, when storing time was longer than those values,
it was found that at the higher concentration of Cd%*, the poten-
tial increased more rapidly than expected by the Nernst’s equation.
This result may stem from the fact that the membrane has lost its
premselectivity over the time.

3.8. Analytical applications

3.8.1. Determination of Cd®* releasing from the oxidation of
quantum dots

Recently, nanoparticles and quantum dots have been used
extensively as marker in biosensors [60-65]. Our group fabricated
polymeric membrane Ag-ISE from the synthesized ionophore based
on calix[4]arene [66,67]. The fabricated electrode was successfully
used for speciation analysis of silver species in silver nanoparti-
cles. Later on, we demonstrated the use of the prepared Ag-ISE
as a probe for monitoring Ag* from oxidized silver nanoparticles
caused by H,0, releasing from the reaction between glucose and
glucose oxidase [68]. The detected EMF signal was corresponding
to the amount of glucose presented in the solution. Using the same

Fig. 9. Fluorescence spectrum of CdS QDs before and after adding 50 L of 0.03%
H,0,.

analogy, the proposed Cd-ISE, therefore, was applied as Cd2* probe
for potentiometric monitoring of the Cd?* releasing from CdS quan-
tum dots (CdS QDs).

The determination of free Cd2* in the quantum dots solution
was first carried out by direct potentiometry. The calibration curves
were constructed by the electrode fabricated from ionophores Il
and IV. Then, the same electrodes were immersed in the solution of
CdS QDs which was adjusted to pH 6.5, and the EMF was recorded
with respect to Ag/AgCl reference electrode. It was found that the
EMF did not differ from the blank level (showed in Fig. 8). The
result suggested that there were no significant free Cd%* in the

Fig. 10. Comparison of response of the Cd-ISEs using ionophores III (a) and IV (b) between the calibration curve (black line) and the system containing 100 L of CdS QDs
diluted with 10.00 mL of water following by adding 50 L of 0.03% H, O, solution (red line).
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Table 3
Determination of Cd?* in the real sample (n=5) using the proposed electrodes.

U. Khamjumphol et al. / Analytica Chimica Acta 704 (2011) 73-86

Cd?* added Cd-ISE (Ionophore III) Cd-ISE (Ionophore IV) Found by ICP-AES
(mgL-! +SD)
Cd?* found (mgL~' +£SD)  %Recovery 45D  %RSD  Cd?* found (mgL~' +£SD)  %Recovery +£SD  %RSD
- n.d. - - n.d. - - n.d.
1.124mgL! (1.0 x 10-> M) 1.14+0.02 102+2 19 1.13+0.05 98+5 5.6 1.157+£0.013
3.372mgL ' (3.0x 107> M) 3.35+0.03 99+1 0.8 3.30+0.07 98 +2 2.2 3.463 £0.031

n.d.=not detectable.

quantum dots solution. This may stem from the synthesis of CdS
QDs requiring high pH (pH ~10). Therefore, the excess free Cd2*
may form hydroxide complexes and precipitated from the solution.
Moreover, the CdS QDs were purified by precipitation in ethanol to
remove the impurities. This workup procedure differed from the
preparation of silver nanoparticles that did not require the pre-
cipitation step. Therefore, free Ag* was found in the solution of
silver nanoparticles [66]. To test whether the matrix of quantum
dots solution could possibly interfere the signal of the purposed
Cd-ISEs, the standard solutions of Cd2* were successively added
into the solution contained CdS QDs to construct regular calibra-
tion curve and compared with the solution without quantum dots.
The EMF signal obtained from both solutions showed insignificant
difference as showed in Fig. 8. This confirmed that the matrix of
quantum dots solution did not bias the measuring signals.

When the quantum dots were used as the marker in the sens-
ing assay, it was always dissoluted by an oxidizing agent such as
H,0,. The concentration of Cd?* would correspond to the analyte
concentration. Therefore, to demonstrate the feasibility of the pro-
posed ISE, the CdS QDs were oxidized by H,0, to convert to the
potentiometric detectable form, Cd2*. The amount of H, O, was first
optimized to avoid the excess H,0; in the solution that will cause
the membrane damage. The volume of 0.03% H,0, was varied from
5 to 50 uL, and the reaction time was also studied in the range of

15-90 min. The reaction was monitored with a spectrofluorome-
ter, the disappearance of the fluorescence intensity was assumed as
the complete dissolution of the quantum dots solution. The results
showed that 50 pL of 0.03% H,0, and the reaction time of 60 min
were the optimum condition as shown in Fig. 9. The solution pH
after reaction completed was measured to make sure that it was
in the working pH range of each electrode. The concentration of
the oxidized CdS QDs was determined by direct potentiometry as
showed in Fig. 10. It was found that after adding H,0, the EMF
increased due to the increasing of Cd2* in the solution and the
concentration of Cd2* was in the linear working range of both elec-
trodes. To check the biased signal that may occur from the matrix
of oxidation reaction, the standard Cd?* was added to compare the
EMF value with the signal developed from only standard Cd%*. Both
sensors showed that the EMF from both situations was not sig-
nificantly different. This confirmed that the fabricated ISE could
be used to determine the oxidized quantum dots without matrix
interference.

3.8.2. Analytical merit of the Cd?* releasing from the quantum
dots assay

The concentration of the Cd?* from the oxidation of CdS
QDs solution was calculated by direct calibration method and
found to be 2.02 +0.11 ppm and 1.83 4 0.06 ppm for the electrodes

Table 4
Comparison of the potentiometric parameters of the proposed Cd-ISE with Cd-ISEs reported previously.
Ref. Ionophore Linear working range (M) Life time Slope Working pH Possible Response
(mVdecade ') range interference time (s)
[32] Dibenzo-24-crown-8 3.9%x107°-1.00 x 10! 5 months 30.0+1.0 3.2-75 Na*, Ba?* 25
[33] Dicyclohexano-18-crown-6 2.1x1075-1.0x 10! 6 months 29.0+1.0 1.9-7.0 Na*, Pb%* 17
[34] Dicyclohexano-24-crown-8 3.0x107°-1.0x 10! 5 months 30.0+1.0 2.0-5.4 Na*, Ca?* 23
[35] Monoaza-18-crown-6 1.0x107°-1.0x 10! 3 months 29 5.0-7.7 Ca%*, Cr3* <8
[36] Benzo-15-crown-5 3.16 x 10-°-1.00 x 10! 2 months 20 3.8-7.0 Cu?*, Hg?* <30
[37] Tetrathia-12-crown-4 40x1077-1.0x 107! 6 weeks 29.0+1.0 2.5-8.5 Cu®, Ag* <10
[38] [1,1"-bicyclohexyl]-1,1/, 2,2'-tetrol 1.0x10°-1.0x 10! 2 months 27.8 4.0-7.0 Zn%* <15
[39] N,N'-[bis(pyridin-2-yl) 79x10°8-1.0x 10! 2 months 30.0 2.0-8.0 NH,* 10
formylidene]butane-1,
4-diamine
[40] o-Phthalaldehyde based Schiff base 50%x107°-1.0x 10! 2.5 months 30.0+0.2 2.0-8.5 - 11
[41] 4-Hydroxy salophen 1.0x106-1.0x 10! 8 weeks 30.1+1.0 2.8-8.1 - 20
[42] N,N'-(4-methyl-1,2-phenylene) 1.0x106-1.0x 10! 8 weeks 29.9+0.5 4.0-9.0 Cu? 3-8
diquinoline-2-carboxamide
(Mebgb)
[43] Thiacalix[4]arene 32x10°6-1.0x 10" 3 months 295 4.5-6.5 - ~8
This work 25,27-bis(Ethyl-2-(bis(2- 1.6x10°6-1.0x 102 1 week 29.4+0.6 6.0-9.0 Cu®* 10

pyridylmethyl)
aminomethyl)aniline)-26,28-
dihydroxy p-tert-butylcalix[4]
arene (lonophore IV)
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fabricated from ionophores III and IV, respectively. Moreover, to
confirm the accuracy of our Cd-ISEs, the concentration of Cd2*
of the aforementioned solution was determined by the standard
flame atomic absorption spectrometry (FAAS) and found to be
2.03 4+ 0.03 ppm. The concentrations obtained from both proposed
ISEs were insignificantly different from FAAS results at 95% confi-
dence level.

3.8.3. Applicability of the proposed sensors to measure Cd?* in
the real treatment waste water sample

The proposed Cd-ISEs fabricated from ionophores III and IV
were used to determine the cadmium concentration (strictly, the
cadmium activity) in the treatment waste water sample and the
results are summarized in Table 3. It can be seen that free cadmium
ions in the sample was not detectable by both Cd-ISEs. However,
after spiking at different 2 levels of standard Cd2* (1.0 x 10~5 and
3.0 x 10~>M, corresponding to 1.124 and 3.372mgL~!, respec-
tively) into the water sample, the %recovery obtained by both
electrodes ranging from 98 to 102% which confirmed the accu-
racy of the sensors. In the precision point of view, the %R.S.D. of
5 measurements were less than 1.9% and 5.6%, for Cd-ISEs fab-
ricated from ionophores III and IV, respectively. These results
showed that the proposed method provide good precisions. The
same spiked Cd2* level of the sample was determined using ICP-
AES in parallel with our Cd-ISEs and found to be 1.157 £0.013
and 3.463 +£0.031 mgL-!, for lower and upper spiked concentra-
tion levels, respectively. Therefore, the cadmium content obtained
from potentiometric measurements was in close agreement with
those obtained by using the standard ICP-AES method. The results
showed that the proposed electrode could be used to determine
Cd?* in real samples successfully.

3.9. Comparison to other reported Cd-ISEs

The comparison of characteristics of the proposed electrode
with other cadmium-selective polymeric membrane electrodes
using neutral carrier ionophores reported previously is summa-
rized in Table 4. It can be seen that the electrode characteristics
of our proposed Cd%*-ISE are comparable with other reported. The
detection limit around a micromolar level is generally obtained
from regular polymeric membrane ion-selective electrodes due to
the outward Cd?* flux to the surface of the membrane electrode. The
response time was fast and comparable with others reported. How-
ever, in this work Cu?* seems to be a serious poisonous ion that has
not been reported by other researchers. The superior of this work
can be accredited to the systematically synthesized ionophores that
display the structure and selectivity relationship. Therefore, this
work contains useful concepts that may be used to construct future
potent polymeric membrane Cd2* selective electrodes.

4. Conclusion

New four neutral carriers based on tripodal amine units were
successfully incorporated to plasticized PVC membranes for detec-
tion of Cd%*. The membrane compositions such as type of plasticizer
and ionic additive, percentage of ionic additive, were optimized
to obtain the best characteristic Cd-ISE. The optimized membrane
showed response to the change of the activity of Cd?* with Nern-
stian’s slope except the membrane fabricated from ionophore I
which is not a calix[4]arene based ionophore. The membrane fab-
ricated from ionophore IV showed the best selectivity toward
Cd?* rather than other interfering ions. Therefore, topology of the
ionophores was found to play an important role in the characteris-
tics of the fabricated membranes. lonophores based on calixarene
can provide better membrane characteristics than the ionophore

using an anthracene derivative. For ionophores containing cal-
ixarene derivatives, the presence of only one group of the tripodal
amine receptor cannot provide good selectivity toward Cd2*. The
suitable structure of ionophores needed more donor sites to accom-
modate Cd%* as found in ionophores III and IV. The electrode
fabricated from ionophores III and IV exhibited good ISE charac-
teristics for the sensing of Cd2* and can be employed in the pH
range 5-8 and 6-9, respectively with very good reversibility. The
electrode membranes life time after first conditioned were about 3
weeks and 1 week for electrodes from ionophores Il and IV, respec-
tively. The application of the proposed electrodes as the sensing
probes for determination of Cd%* from the oxidation of CdS QDs by
H,0, were successfully demonstrated with satisfied results com-
parable to those measured by FAAS. The proposed electrodes could
be used potentially for fabrication of the biosensors assay that used
QDs as the potentiometric marker. In addition, the proposed Cd-
ISE could also be employed to determine free Cd?* in the waste
water sample and gave good accuracy and precision results as those
obtained from the expensive ICP-AES.

Acknowledgements

This research was financially supported by the Thailand
Research Fund (RTA5380003 and MRG5380064), the Higher Educa-
tion Research Promotion and National Research University Project
of Thailand, Office of the Higher Education Commission, through
the Advanced Functional Materials Cluster of Khon Kaen University
and the Center for Innovation in Chemistry (PERCH-CIC), Commis-
sion on Higher Education, Ministry of Education. SW is a Ph.D.
student under support of the Royal Golden Jubilee Ph.D. Program
(PHD/0236/2552).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.aca.2011.08.005.

References

[1] V.M. Fthenakis, Renew. Sustain. Energy Rev. 8 (2004) 303-334.
[2] G.Bertin, D. Averbeck, Biochimie 88 (2006) 1549-1559.
[3] P.V. Kamat, N.M. Dimitrijevic, ]. Phys. Chem. 93 (1989) 4259-4263.
[4] B.Pejova, A. TanuSevski, I. Grozdanov, J. Solid State Chem. 172 (2003) 381-388.
[5] MJ. Bowers II, J.R. McBride, S.J. Rosenthal, J. Am. Chem. Soc. 127 (2005)
15378-15379.
[6] HJ.Lee,].-H. Yum, H.C. Leventis, S.M. Zakeeruddin, S.A. Haque, P. Chen, S.I. Seok,
M. Grétzel, K. Md.Nazeeruddin, J. Phys. Chem. C 112 (2008) 11600-11608.
[7] K. Robards, P. Worsfold, Analyst 116 (1991) 549-568.
[8] E.M.M. Flores, J.N.G. Paniz, A.F. Martins, V.L. Dressler, E.I. Miiller, A.B. Costa,
Spectrochim. Acta B 57 (2002) 2187-2193.
[9] S. Han-wen, Z. De-giang, Y. Li-li, S. Jian-min, Spectrochim. Acta B 52 (1997)
727-734.
[10] J.J. Ma, X. Du, J.W. Zhang, ].C. Li, L.Z. Wang, Talanta 80 (2009) 980-984.
[11] M. Yaman, Anal. Biochem. 339 (2005) 1-8.
[12] A.C. Davis, C.P. Calloway, B.T. Jones, Microchem. J. 84 (2006) 31-37.
[13] S.Tao, T. Kumamaru, Anal. Chim. Acta 310 (1995) 369-375.
[14] A.C. Davis, C.P. Calloway, B.T. Jones, Talanta 71 (2007) 1144-1149.
[15] W.J. McShane, R.S. Pappas, V. Wilson-McElprang, D. Paschal, Spectrochim. Acta
B 63 (2008) 638-644.
[16] Y. Hong-Xia, L. Wei, L. Bing, W. Wei, Z. Hui-Juan, C. Deng-Yun, Chin. ]J. Anal.
Chem. 37 (2009) 1511-1514.
[17] C.D. Palmer, M.E. Lewis Jr., C.M. Geraghty, F. Barbosa Jr., P.J. Parsons, Spec-
trochim. Acta B 61 (2006) 980-990.
[18] A. Manivannan, R. Kawasaki, D.A. Tryk, A. Fujishima, Electrochim. Acta 49
(2004) 3313-3318.
[19] W. Zhang, Z. Liy, S. Zhu, ]. Chen, G. Xu, Electrochem. Commun. 12 (2010)
1291-1293.
[20] E.L. Coco, L. Ceccon, L. Ciraolo, V. Novelli, Food Control 14 (2003) 55-59.
[21] C. Collado-Sachez, J. Pékez-Pefia, M.D. Gelado-Caballero, J.A. Herrera-Melian,
].J. Hernandez-Brito, Anal. Chim. Acta 320 (1996) 19-30.
[22] P.F. Zhang, HW. Gao, Y. Li, Talanta 47 (1998) 355-359.
[23] E.Y. Hashem, Spectrochim. Acta A 58 (2002) 1401-1410.
[24] J.A.G. Neto, A.P. Oliveira, G.P.G. Freshi, C.S. Dakuzaku, M. Moraes, Talanta 53
(2000) 497-503.


http://dx.doi.org/10.1016/j.aca.2011.08.005

86 U. Khamjumphol et al. / Analytica Chimica Acta 704 (2011) 73-86

[25] T.Yamane, Y. Yamaguchi, Anal. Chim. Acta 345 (1997) 139-146.

[26] S.Tanikkul, J. Jakmunee, S. Lapanantnoppakhun, M. Rayanakorn, P. Sooksamiti,
R.E. Synovec, G.D. Christian, K. Grudpan, Talanta 64 (2004) 1241-1246.

[27] A. Blazewicz, W. Dolliver, S. Sivsammye, A. Deol, R. Randhawa, G. Orlicz-
Szczesna, R. Blazewicz, ]. Chromatogr. B 878 (2010) 34-38.

[28] A.W. Al-Shawi, R. Dahl, Anal. Chim. Acta 391 (1999) 35-42.

[29] V.K. Gupta, Chimia 59 (2005) 209-217.

[30] AK.Singh, V.K. Gupta, B. Gupta, Anal. Chim. Acta 585 (2007) 171-178.

[31] E. Bakker, P. Buhlmann, E. Pretsch, Chem. Rev. 97 (1997) 3083-3132.

[32] V.K. Gupta, P. Kumar, Anal. Chim. Acta 389 (1999) 205-212.

[33] V.K. Gupta, S. Chandra, R. Mangla, Electrochim. Acta 47 (2002) 1579-1586.

[34] V.K. Gupta, AK. Jain, P. Kumar, Electrochim. Acta 52 (2006) 736-741.

[35] V.K. Gupta, P. Kumar, R. Mangla, Electroanalysis 12 (2000) 752-756.

[36] S.K.Srivastava, V.K. Gupta, S. Jain, Electroanalysis 8 (1996) 938-940.

[37] M. Shamsipur, M.H. Mashhadizadeh, Talanta 53 (2001) 1065-1071.

[38] M. Javanbakht, A. Shabani-Kia, M.R. Darvich, M.R. Ganjali, M. Shamsipur, Anal.
Chim. Acta 408 (2000) 75-81.

[39] V.K. Gupta, AK. Singh, B. Gupta, Anal. Chim. Acta 583 (2007) 340-348.

[40] V.K. Gupta, M. Al Khayat, A.K. Singha, M.K. Pal, Anal. Chim. Acta 634 (2009)
36-43.

[41] A.A.Ensafi, S. Meghdadi, S. Sedighi, Desalination 242 (2009) 336-345.

[42] B.Rezaei, S. Megdhadi, R.F. Zarandi, J. Hazard. Mater. 153 (2008) 179-186.

[43] V.K. Gupta, AK. Jain, R. Ludwig, G. Maheshwari, Electrochim. Acta 53 (2008)
2362-2368.

[44] S.C.Burdette, CJ. Frederickson, W. Bu, S.J. Lippard, J. Am. Chem. Soc. 125 (2003)
1778-1787.

[45] E.M.Nolan, S.C.Burdette, ].H. Harvey, S.A. Hilderbrand, S.J. Lippard, Inorg. Chem.
43 (2004) 2624-2635.

[46] N.N. Greenwood, A. Earnshaw, Chemistry of the Elements, Pergamon Press,
New York, 1990, pp. 1411-1412.

[47] L.C. Groenen, B.H.M. Ruél, A. Casnati, W. Verboom, A. Pochini, R. Ungaro, D.N.
Reinhoudt, Tetrahedron 47 (1991) 8379-8384.

[48] K. Navakun, T. Tuntulani, V. Ruangpornvisuti, ]. Inclusion Phenom. 38 (2000)
113-122.

[49] P.C. Meier, Anal. Chim. Acta 136 (1982) 363-368.

[50] J.Chen, A. Zheng, Y. Gao, C. He, G. Wu, Y. Chen, X. Kai, C. Zhu, Spectrochim. Acta
A 69 (2008) 1044-1052.

[51] T. Noipa, S. Martwiset, N. Butwong, T. Tuntulani, W. Ngeontae, ]. Fluoresc.
(2011), doi:10.1007/s10895-011-0893-4.

[52] P.L.H.M. Cobben, RJ.M. Egberink, J.G. Bomer, P. Bergveld, W. Verboom, D.N.
Reinhoudet, J. Am. Chem. Soc. 114 (1992) 10573-10582.

[53] RJ.W. Lugtenberg, RJ.M. Egberink, ]J.F.]. Engbersen, D.N. Reinhoudt, J. Chem.
Soc. Perkin Trans. 2 (1997) 1353-1358.

[54] S.Watchasit, A. Kaowliew, C. Suksai, T. Tuntulani, W. Ngeontae, C. Pakawatchai,
Tetrahedron Lett. 51 (2010) 3398-3402.

[55] GJ. Moody, R.B. Oke, ].D.R. Thomas, Analyst 95 (1970) 910-918.

[56] R.Prasad, V.K. Gupta, A. Kumar, Anal. Chim. Acta 508 (2004) 61-70.

[57] Y. Mi, E. Bakker, Anal. Chem. 71 (1999) 5279-5287.

[58] E. Bakker, M. Willer, M. Lerchi, K. Seiler, E. Pretsch, Anal. Chem. 66 (1994)
516-521.

[59] Y. Qin, Y. Mi, E. Bakker, Anal. Chim. Acta 421 (2000) 207-220.

[60] A. Numnuam, K.Y. Chumbimuni-Torres, Y. Xiang, R. Bash, P. Thavarungkul,
P. Kanatharana, E. Pretsch, J. Wang, E. Bakker, J. Am. Chem. Soc. 130 (2008)
410-411.

[61] R. Thiirer, T. Vigassy, M. Hirayama, J. Wang, E. Bakker, E. Pretsch, Anal. Chem.
79 (2007) 5107-5110.

[62] K.Y. Chumbimuni-Torres, Z. Dai, N. Rubinova, Y. Xiang, E. Pretsch, ]. Wang, E.
Bakker, J. Am. Chem. Soc. 128 (2006) 13676-13677.

[63] A. Numnuam, K.Y. Chumbimuni-Torres, Y. Xiang, R. Bash, P. Thavarungkul,
P. Kanatharana, E. Pretsch, J. Wang, E. Bakker, Anal. Chem. 80 (2008)
707-712.

[64] E. Sharon, R. Freeman, I. Willner, Anal. Chem. 82 (2010) 7073-7077.

[65] L. Shi, V.D. Paoli, N. Rosenzweig, Z. Rosenzweig, J]. Am. Chem. Soc. 128 (2006)
10378-10379.

[66] W.Ngeontae, W. Janrungroatsakul, N. Morakot, W. Aeungmaitrepirom, T. Tun-
tulani, Sens. Actuat. B-Chem. 134 (2008) 377-385.

[67] N. Morakot, W. Ngeontae, W. Aeungmaitrepirom, T. Tuntulani, Bull. Korean
Chem. Soc. 29 (2008) 221-224.

[68] W. Ngeontae, W. Janrungroatsakul, P. Maneewattanapinyo, S. Ekgasit, W.
Aeungmaitrepirom, T. Tuntulani, Sens. Actuat. B-Chem. 137 (2009) 320-326.



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	Selective detection of pyrophosphate by new tripodal amine calix[4]arene-based Cu(II) complexes using indicator displacement strategy
	Acknowledgments
	Supplementary data
	References and notes


	19
	New polymeric membrane cadmium(II)-selective electrodes using tripodal amine based ionophores
	1 Introduction
	2 Experimental
	2.1 Reagents
	2.2 Instrumentation
	2.3 Synthesis of tripodal amine ionophores
	2.3.1 Synthesis of N-(anthracene-9-yl methyl)-2-(((pyridin-2-yl methyl)(pyridin-3-yl methyl)amino)methyl)aniline (I)
	2.3.2 Synthesis of 25-ethyl-2-(bis(2-pyridylmethyl)aminomethyl)aniline-26,27,28-triihydroxy p-tert-butylcalix[4]arene (II)
	2.3.3 Synthesis of 25-ethyl-2-hydroxymethylphenol-27-ethyl-2-(bis(2-pyridyl methyl)aminomethyl)aniline-26,28-dihydroxy p-t...

	2.4 Preparation of the electrode
	2.5 The EMF measurements
	2.6 Preparation of sandwich membranes
	2.7 Selectivity
	2.8 Effects of the solution pH
	2.9 Reversibility
	2.10 Electrode life time
	2.11 Application to determine the oxidization product of CdS QDs
	2.12 Application to determine Cd2+ in the real treatment waste water sample

	3 Results and discussion
	3.1 Design and synthesis of ionophores
	3.2 Optimization of membrane compositions
	3.3 Potentiometric selectivity coefficient
	3.4 Response characteristic of the membrane fabricated from ionophore III and IV
	3.5 pH effect on the potential response
	3.6 Measurement of complex formation constants
	3.7 Reversibility and lifetime of the fabricated electrodes
	3.8 Analytical applications
	3.8.1 Determination of Cd2+ releasing from the oxidation of quantum dots
	3.8.2 Analytical merit of the Cd2+ releasing from the quantum dots assay
	3.8.3 Applicability of the proposed sensors to measure Cd2+ in the real treatment waste water sample

	3.9 Comparison to other reported Cd-ISEs

	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data



