Waearamusidumaiainnisiisen muedves WiuuasAaiaasuvisnidueiesan

lulpsiuuduguiunisniadanaulaaay

$UNET AR NBIA

'31/1mﬁwuﬁiﬂudqwﬁwmm?ﬁﬂmmwﬁﬂ@jmﬁmmﬁwmm@mqwﬁﬂmfﬁm
AN TAN  NIATTILAR
ANEANENANART ANNAINTINNIINENAE
tinnsAnwn 2553

L

A1ANTURIIAINTINMNINEN AT



FLUORESCENT SENSORS FROM PYRENE EXCIMER FORMATION AND
COLORIMETRIC SENSORS FROM NITROBENZENE
FOR ANION DETECTION

Miss Duangrat Thongkum

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy Program in Chemistry
Department of Chemistry
Faculty of Science
Chulalongkorn University
Academic year 2010
Copyright of Chulalongkorn University



Thesis Title FLUORESCENT SENSORS FROM PYRENE EXCIMER
FORMATION AND COLORIMETRIC SENSORS FROM
NITROBENZENE FOR ANION DETECTION

By Miss Duangrat Thongkum
Field of Study Chemistry
Thesis Advisor Professor Thawatchai Tuntulani, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial Fulfillment

of the Requirements for the Doctoral Degree

........................................................ Dean of the Faculty of Science

(Professor Supot Hannongbua, Dr.rer.nat)

THESIS COMMITTEE

........................................................ Chairman

(Assistant Professor Warinthorn Chavasiri, Ph.D.)

........................................................ Thesis Advisor
(Professor Thawatchai Tuntulani, Ph.D.)
........................................................ Examiner
(Associate Professor Sirirat Kokpol, Ph.D.)
........................................................ Examiner

(Assistance Professor Soamwadee Chaianansutcharit, Ph.D.)

........................................................ External Examiner

(Gamolwan Tumcharern, Ph.D.)



v

Aaeid neeAn ¢ Waeswauiidumeiainnisiisen lowedueslnTuwazAa

WwasvianduEasan uinnuudud niun1IaMadaualannl.

(FLUORESCENT SENSORS FROM  PYRENE  EXCIMER
FORMATION AND COLORIMETRIC SENSORS FROM

NITROBENZENE FOR ANION DETECTION) a. FlsnEAneninudusn

LA pg.aTTY Aunandl, 151 wil,

] [ o ¢ a aa dl :; %
nsnaaadauLsniiunisdanssinadeiaulnalaanlaneivaassiiu
dsznaudoawsulnlesFe 1Hun L1 - L3 uazTuanawmaniudulwiulnles 5a L4
Waluana L1 — L3 duduvlgealsdazliinonuidinaeinisdaesuasisiumiaenls
s a ﬁ” ¥ & ' Ao 1 % A
wafiNauwarliANdinresntslaesuasnAtumlsinlunesanas Tuanznluana
L4 Waudinasanisaeauasindinasiuisaassuiis Tuana L1 WWid1asiinigdu
.- I~ A4 o = = a aa =
(binding constant) gengaaauiulnanaduNIzNIasnediiaulnalaad
anataaannarasainasnngluluana uananinudanlnaiuaesnisilaasiasaes
Tuana L1 w0ushil OH AcO™ BzO™ H,PO4 CI' Br wax I dnnsulasuulasiias
= S dl o ] J . . .
vsaldiinialasunlas amnsndauszndng I (excimer intensity) Ua Iy (monomer
intensity) 289 L1 uagiuanudinduaes L1 714 uapsdnfuniafialawaiug
syndwluiana (intermolecular excimer) Aonidindungraesngesalsdnniliiinien
Tawefluluiana L1 16Aa 2.3 ppm luasazarsnaalsnedy
| = < = e < ~3 &« ©° o
nsnpaasdrunaessiunisnFaumeuaniinaiuduaeddwiuueulasau
sendluiananianndangdugs R1 duluanandaonutiavguianiios R2 tneld
a o I a A a o a 8 = !
mAtANNIANTIgANAULAILAzmATATRAtFuNnWAN TauwwdalnTnealnd wudd

v
o o o

Fosuiagastmnylasa ' AcO” BzO™ uay H,PO, Tasiuunltiunisiaananinng

ANA1AL A9l F) BzO™ ) AcO™ ) H,PO4 Tugnsdqusevdnasniunazuanleaaniu
dg/ = = = = o o o 1

1:2 yananniyni laeaulbaauvisa lwinadldan dauiAnsuuLanlaaauas AN

fueanll@sauisouananuunnsnslilaalmaiinnisdnnisganauunas

AT bAN......... AIBEHNBTRAURB. ...
a = A dl dl a a '8 [ 3
AU bAN......... ALNDTD @.mﬁﬂwﬁqwmu‘wuﬁum ......................................



##4973817423 : MAJOR CHEMISTRY
KEYWORDS : PYRENE / EXCIMER / INTERMOLECULAR EXCIMER

DUANGRAT THONGKUM : FLUORESCENT SENSORS FROM
PYRENE EXCIMER FORMATION AND COLORIMETRIC SENSORS
FROM NITROBENZENE FOR ANION DETECTION. THESIS
ADVISOR : PROF. THAWATCHAI TUNTULANI, Ph.D., 151 pp.

In the first part, the polyethylene glycol (PEG) containing pyrene thioureas
at both ends, L1 — L3, and methoxy benzene pyrene thiourea, L4, were
synthesized. Upon binding with F°, L1 — L3 exhibited strong excimer emission
bands and weak monomer emission bands, while L4 displayed the same intensity
of both bands. L1 possessed the highest binding constant because a longer PEG
chain may reduce steric hindrance on the receptor molecule. However, little or no
change was observed in fluorescence spectra of L1 upon adding OH’, AcO", BzO’,
H,PO4, CI, Br and I'. Fluorescence intensity ratios of L1‘F° complex were
dependent on the concentration of L1, implying that the dimerization of L1
proceeded via intermolecular excimer interactions. Moreover, L1 was able to give
the excimer emission band even when the concentration of F~ was as low as 2.3
ppm in CHCl; solution.

The second part focused on the comparison of anion sensing properties
between flexible and semi-rigid receptors of thiourea-nitrobenzene derivatives, R1
and R2, by using UV-vis and "H-NMR spectroscopy techniques. All the receptors
were sensitive to F', AcO’, BzO™ and H,PO4". The selectivity trends of R1 and R2
with anions were F* > BzO™ > AcO™ > H,POy in 1: 2 ratios. In the presence of Na*
and K', receptors R1 and R2 were found to bind the mentioned anions to a

different extent. Therefore, these anions can be distinctively detected by UV-vis

spectrophotometry.
Department: | Chemistry . Student’s Signature
Fieldof Study: Chemistry .. Advisor’s Signature

Academic Year : 2010



vi

ACKNOWLEDGEMENTS

I would like to thank my research advisor, Professor Dr. Thawatchai
Tuntulani, for the opportunity he has given me to work in his laboratory and for his
help in preparing this dissertation. He has spent with me discussing my research and
also gives me a lot of great suggestions. Moreover, I would like also thank the thesis
committee, Assistant Professor Dr. Warinthorn Chavasiri, Associate Professor Dr.
Sirirat Kokpol, Assistance Professor Dr. Soamwadee Chaianansutcharit and Dr.
Gamolwan Tumcharern for his/her valuable comments and suggestions regarding the
revision.

I would like to thank Commission on Higher Education for supporting the
grant under the program of Strategic Scholarships for Frontier Research Network. The
Thailand Research Fund (RTA 5380003) is also acknowledged for financial support. I
also thank Center for Petroleum, Petrochemicals, and Advanced Materials for their
support.

Furthermore, I would like to thank Dr. Kanet Wongravee and Mr. Anusak
Chaicham for MATLAB program and PCA calculation. I would like also thank my
mentor, Ms. Matinee Jamkratoke, for her helpful. I have learnt many chemistry
techniques from her. All members in Supramolecular Chemistry Research Unit
(SCRU) have been pivotal in helping me complete my Ph.D. Their friendship during
our graduate career has been invaluable.

Finally, I would like to appreciate my parents for their encouragement

throughout my education.



CONTENTS

Page
ABSTRACT (THAI) ... e e e e e v
ABSTRACT (ENGLISH)........0oiiiie i e, Y
ACKOWLEDGEMENTS. ... e e e e Vi
LIST OF TABLES . ... e e e e e IX
LIST OF FIGURES. .. ... e e Xl

LIST OF ABBREVIATIONS.........ccoiii i XV

CHAPTER T INTRODUCTION......oiii e e 1
1.1 What is supramolecular chemistry?..............cccoooviiiin i iennnn. 1
1.2 Supramolecular interations...............cooiiiiiii 1
1.3 Design of molecular Sensors .........coovviiiiiiiiiii e, 2
1.4 ChromOQENIC SENSOIS ....uevueineeietieiieie et st 2
1.5 Fluorescent molecular SENSOrS..........ovvivieie i, 3
1.6 FOrmation Of @XCIMEIS. .. ... iuuieie it it e e ee e 4
1.7 Principal Components Analysis (PCA).......ccoviviniiieiie e 5
CHAPTER II LITERATURE REVIEWS ..., 6
2.1 LIterature FEVIBWS. ... . eu e it et e v et e e et ee e e e eeea s 6
2.2 Problems to be addressed..........covveiie i 26
2.3 Objective and scope of research.............ccocoviiii i, 28

CHAPTER III EXPERIMENTALS. ..., 31



3.1 Instruments, chemicals and general methods............cccccevvveivenenen.

3.2 Synthesis of receptor L1.........cooviii i e e e

3.3 Synthesisof receptor L2........coooiiii i e e

3.4 Synthesis of receptor L3.......o.vii i e e,

3.5 Synthesis of receptor Ld..........coooi i

3.6 Synthesis of receptor R1.........ccoiiiiiiiii e,

3.7 Synthesis of receptor R2.........oouviiie i e,

3.8 Complexation studies of ligand L1 —L4.............cocooieiiinnns,

3.9 Complexation studies of ligand Rland R2...........................

3.10 Decomplexation studies of ligand L1 — Ld4............ccccceovvveieennnns

3.11 Decomplexation studies of ligand R1.....................coinnen

3.12 Anion interference studies of ligand.....................ccooeinne,

3.13 Principal component analysis (PCA) for R1 with ions.............

CHAPTER IV RESULTS AND DISCUSSION.........oii e,

4.1 Fluorosensors L1 — L. .. ..o e e

4.2 Chromogenic sensors RT and R2..........c.ooviiii i,

CHAPTER V CONCLUSIONS.......cocoiiiiii i

36

39

41

43

44

48

52

55

58

59

60

61

61

90

106

109

114

151



LIST OF TABLES

Table

1.1 Description of the photophysical Species ............ccoovviiiiiineenn.n.

3.1 Amounts of anions (1.0x10 M) that added in 2 mL of ligands (L1 -
L3 = 5.0x10° M) for complexation studies ...................ccuvvvvennnnn.

3.2 Amounts of anions (1.0x102 M) that added in 2 mL of ligand L4

(5.0x10™ M) for complexation StUAIES ...............oeeeeeuvreeeeiennnnne,
3.3 Amounts of fluoride (1.0x10 M) that added in 0.5 mL of ligands (L1
and L4 = 1.0x10" M) for complexation studies ...........................

3.4 Amounts of fluoride (5.0x10™ M) and ligand L1 (5.0x10™ M) that

added in cuvette for Job’s method ..........c.ccooiiiiii i
3.5 Amounts of anion or cation (5.0x10 M) that added in 2 mL of ligand
(R1 and R2 = 2.5x10"° M) for complexation studies ......................

3.6 Amount of fluoride (0.1 M) that added in 0.35 mL of ligand R1

(1.0x102 M) for complexation StUIES .............eevvvrerieeeeeieeiennnn,

3.7 Amount of sodium (0.1 M) that added in 0.35 mL of ligand R1

(1.0x107% M) for complexation StUIes ................veeeeeeereeeeeeneean,

3.8 Amounts of sodium that added in Ln-100F solution for

decomplexation StUdIes ..........ccoveriieiiiii e

3.9 Amounts of fluoride that added in Ln-10Na solution for

decomplexation StUdIES ........ooiriie i e e

3.10 Amounts of sodium that added in R1-4Anion solution for

decomplexation StUAIes ..........ouveriieiie i

4.1 'H-NMR data for L1 = L4in CDCla.....vovveeieee e,

4.2 BC-NMR data for L1 = L4 in dg-DMSO.......vvvveieeeieeeieeiceeean

4.3 The absorption and emission parameters for compound L1 — L4 in

Page

49

50

51

52

53

54

54

56

57

59
64

64

66



Table

4.4 The association constants (M™) of receptor L1 and various tetra-n-
butylammonium anion salts in CHClz................ccocoiiiiiiin i,
4.5 The association constants (M™) for complexation of all receptors, L1 —
L4, with tetra-n-butylammonium fluoride in CHClz........................
4.6 Fluorescence intensity data of free L1 at 500 nm for repetition 10
times and its standard deviation.............c.oooiiii i,
4.7 The absorption and emission parameters for compound R1 and R2 in

4.8 'H-NMR data for R1 and R2 in dg-DMSO........vovveeeeeieeiieeieiin,

4.9 BC-NMR data for R1 and R2in dg-DMSO.......coviviieiiieaeeeeinns,

4.10 Association constants of all receptors with tetrabutylammonium
anion salts INDMSO.....covi i e e

4.11 Cations and anions response of compound R1.............cccevvvivinnnnnn

4.12 Cations and anions response of compound R2.............cccevvvivinnnnnn

Page

72

75

77

91
92

93

98
99

99



LIST OF FIGURES

Figure

1.1

1.2
1.3

2.1

2.2

23

24

2.5

2.6

2.7

2.8
2.9

Face-to-face and edge-to-face interactions between two benzene rings..

Perrin-Jablonski diagram ................cooiiiiii

Fluorescence spectrum of monomer (400 nm) and excimer (500 nm)

The proposed binding mode of compound 1 and 2 upon addition

TTUOTIAE ..o e e

The proposed binding mode of 3 and fluoride...............................
Structures of compound4a —4d................oooiiii
The proposed binding mode of compound 5-F in aqueous media........
Structure of TECEPLOT 6. .....ovvineitiitii i
Intermolecular proton transfer between 7 and the fluoride ion............
Structure of compound 8.

Structure of compound 9 (X =0)and 10 (X=S)......cceovviiriiiiiininnn

Proposed & — 7 interaction between two naphthyl moieties of

COMPOUNG. ...ttt ettt e et e e et e e e e et e e e eaeeaaeeanaas

2.10 Structure of Imidazolium-functionalized fluoride binding receptor 12.

2.11 Structures of chemosensor 13 — 14 and its proposed structures.........

2.12 Structures of compound 15— 18...........coiiiiiiiiiiie

2.13 Structure of compound 19 and its metal chelation.........................

2.14 Structure of sensor 20 — 24 and theirs proposed structures...............

2.15 Proposed binding mode of chemosensor 25...................cooininin

10

11

12

12

13
14

15

16

17

18

19

x1



Figure

2.16

2.17

2.18

2.19

2.20

2.21

2.22

2.23

2.24

2.25

2.26

2.27

2.28

2.29

Structures of the 26:Zn and 26-Zn-Na...........ouuuuuuiiiiiinnn.

Structures of oligo(ethylene glycols) 27b-h and compound 27a as a

reference MOLECULE. ......u et e e,

Proposed structures of oligo(ethylene glycols) 27b-h.....................

Structure of compound 28...........ccooiiii

Interaction of tetrabutylammonium fluoride with compound 28 self-

assembly which justifies the enhancement in fluorescence..............
Structure of N-P,-N and CB[8].........ccooiiiiiiiii e,

Cucurbit[8]uril-templated intramolecular photocycloaddition of N-
P,-N in aqueous solution...........ooeiiiiiiiiii e,

The concentration indepentdence of Ie/ Im of CB[8] with various
concentration of N-P -N (Ie: excimer intensity at 433 nm; Im:

monomer intensity at 373 NM)........ooiiiiiiiiiiii i,

Eight-sensor structures and PCA score plot for four toothpaste brands

Six-sensor structures and PCA score plot of the first two PCs of the

S1 — S6 array for eight-drinking water..................cocoiiii

Main classes of fluorescence molecular sensors of ions or molecules..
Structure of receptor 1 that was synthesized by Rittikulsittichai ........
Structures of fluorescence sensors L1 — L4 ...l

Structures of chromogenic sensors Rland R2 ...........................

4.1 Syntheses of fluorescence sensor L1 —L3...................ooiiini

4.2 Syntheses of fluorescence sensor L4..............ccooiiiiiiiiiiiiiin,

4.3 UV-vis absorption spectra of fluorescence sensor L1 and L4.............

4.4 Fluorescence emission spectra of fluorescence sensor L1 —-14...........

Xii

21
21

22

22
23

23

23

24

25

27

28

29

30

61

62

63

63



Figure

4.5

4.6
4.7

4.8

4.9

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

Linear plot for antracence standard in EtOH...........................

Linear plots for all synthesized ligands in CHCl3.................c.ocooai

Fluorescence changes of .1 with 100 equiv. of tetrabutylammonium
AnioN SAItS 1N CHOC 3. ...,
Plot of Ig/Ip (Ig: excimer fluorescence intensity at 500 nm; Iy:
monomer fluorescence intensity at 398 nm).................coeeiiiieaLl.
(a) Color changes of L1 (5.0x10°M) in the presence and absence of
500 equiv. of anions (from left to right: L1, L1+F", L1+BzO’,
L1+AcO’, L1+H,PO4, L1+CI', L1+Br, and L1+T) (b) Fluorescence
changes of L1 after addition fluoride (from left to right: L1, L1+F") in

Job’s plot of L1 (5.0x10° M) with tetra-n-butylammonium fluoride
in CHC13 ........................................................................

Proposed conformations of .1 with fluoride ions in solution............

(a) Fluorescence emission of various concentration of L1 (b) various
concentration of L1 with fluoride (100 equiv.) (c) Plot of Ig/Iy of
various concentration of L1 (b) various concentration of .1 with
fluoride (100 @qUIV.)....ueintiee e e
Example of Benesi-Hidebrand plot for calculation the association
constant of L1 with fluoride anion...................oooL,
Fluorescence titration spectra of L2 with tetra-n-butylammonium
fluoride In CHC 3.,
Fluorescence titration spectra of L3 with tetra-n-butylammonium
fluoride In CHOC 3. oo,
Fluorescence titration spectra of L4 with tetra-n-butylammonium
fuoride 1IN CHCL. oo e e,
Fluorescence spectra of (a) L1 — L4 with 100 equiv. of tetra-n-
butylammonium fluoride in CHCI; (b) plot of Ig/Ing...eevveeiiiiint,

67

67

68

69

70
70

71

72

73

73

74

75



Figure

4.19

4.20
4.21

4.22

4.23

424

4.25

4.26

4.27

4.28

4.29

4.30

4.31

4.32

4.33
4.34

Fluorescence emission spectra of various concentrations of (a) L1

and (b) L4 with 100 equiv. of TBAF in CHCl3..................ooooui
Plot of fluorescence intensity of L1-F~ complex at 500 nm..............

Fluorescence spectra of L1-F" in different mixtures of methanol or

hexane in chloroform SOlUtion. ........ueeei e,
'"H-NMR titration spectra of L1-F" in CDCl; at 400 MHz...............

(a) Full 2D NOESY spectrum (b) zoom-in on the range of
polyethylene glycol (c) zoom-in on the range of aromatic of L1-F in
CDCl3 at 400 MHZ. ...
'H-NMR spectra of L1 in the presence of 4 equiv. of
tetrabutylammonium F°, AcO", BzO™ and H,PO4™ in CDCl; at 400

Unfolded structure of L1-F complexX..............ocooiiiiiiiiiiiin.

'H-NMR titration of all the synthesized receptors with F~ in CDCl; at
400 MHZ. ...

Expected structures of L1-F-Naor L1-Na-F...................o...o..

Fluorescence titration spectra of L1-F" complex with sodium
perchlorate in CHCL3:CH3CN (9:1 V/V) .o
Fluorescence titration spectra of L1-30Na” complex with tetra-n-
butylammonium fluoride in CHCl3: CH3CN (9:1 v/v)........coeea.e.
Fluorescence titration spectra of L4-F" complex with sodium
perchlorate in CHCIl3:CH3CN (9:1 V/V).uiiiiii i
"H-NMR titration spectra of L1-F” with sodium perchlorate
monohydrate in CHCl3:CH;CN (9:1 v/v) at 400 MHz....................
'"H-NMR titration spectra of L4-F with sodium perchlorate
monohydrate in CHCl3:CH;CN (9:1 v/v) at 400 MHz....................

Proposed binding modes of L1 with fluoride and sodium................

Selectivity of all the synthesized ligands toward each anion (100

equiv.) and the mixture of all anions.................c.ooviiiiiiiiiini.

Xiv

Page

76
77

78

79

80

81
82

82
&3

84

84

85

86

86
87

88



Figure

4.35

4.36

4.37

4.38

4.39

4.40

4.41

4.42

4.43

4.44

4.45

4.46

4.47

4.48

4.49

4.50

4.51

Fluorescence changes of L1 (5.0x10° M) after addition 2.3 ppm

§ 1100} o U =T RRRO

Syntheses of chemosensor Rland R2...................oooiiiin
UV-vis titration spectra of R1 (2.7x10° M) with fluoride in DMSO....
UV-vis titration spectra of R2 (2.5%10° M) with fluoride in DMSO....
UV-vis titration spectra of R1 (2.5%10° M) with AcO” in DMSO......

UV-vis titration spectra of R2 (2.5x10” M) with AcO” in DMSO......

Titration profile of R1-F" at the wavelength 369 nm and 473 nm in

Proposed structures of the R1 and R2 complexes..................ove.ne.

'H-NMR spectra of a) free R1 b) R1 + 4 equiv. F ¢) R1 + 4 equiv. F’
+ 10 equiv. Na' in dg-DMSO at 400 MHZ........ooveveeeeeeeeeeeeeeeeeeeeereenns
'H-NMR spectra of a) free R1 b) R1 + 4 equiv. AcO ¢) R1 +4
equiv. AcO™ + 10 equiv. Na'bin dg-DMSO at 400 MHz..................
PCA score plot of the first two PCs for 25 samples of R1 and 4
D1V 10) N

PCA score plot of the first two PCs for 10 samples of R1 and 2 metal

PCA score plot of the first two PCs for 10 samples of R1-F sensor
and 2 metal 10NS. ... .ouui
PCA score plot of the first two PCs for 10 samples of R1-AcO™ sensor
and 2 metal 10NS. ...
PCA score plot of the first two PCs for 10 samples of R1-BzO" sensor
and 2 metal 10NS. ... .ouui i
PCA score plot of the first two PCs for 10 samples of R1-H,PO4

sensor and 2 Metal 10MS. ....ooveeiiiii i

XV

Page

88
90

94
95
95

96

97
97

98

100

100

101

102

103

103

104

104



xvi

Figure Page

4.52 PCA score plot of the first two PCs for 10 samples of 4 sensors and 2

10015171 IS0 ) 1 1T 105



AcO
CH;CN
BzO
Kass

Br

BC.NMR

Cr
CHClI;

COSY

°C
CH,Cl,
H,PO4
DMSO
equiv.

EtOAc

HMBC

LIST OF ABBREVIATIONS

Acetate ion

Acetonitrile

Benzoate ion

Binding constant
Bromide ion

Carbon Nuclear Magnetic Resonance
Chemical shift

Chloride ion

Chloroform

Correlation Spectroscopy
Coupling constant
Degree Celsius
Dichloromethane
Dihydrogen phosphate
Dimethylsulfoxide
Equivalent

Ethyl acetate

Fluoride ion

gram

Hertz

Heteronuclear Multiple Bond Correlation

xvii



xviii

HMQC Heteronuclear Multiple Quantum Coherence
Ig Intensity of excimer

Im Intensity of monomer

I Iodide ion

K,CO; Potassium carbonate

'H-NMR Proton Nuclear Magnetic Resonance

pL Microliter

mmol Millimole

mL Milliliter

M Molar

NOESY Nuclear Overhauser Enhancement Spectroscopy
M Per Molar

ppm Part per million

s, d, t, m singlet, doublet, triplet, multiplet

TBAF Tetra-n-butylammonium fluoride

TLC Thin-layer chromatography



CHAPTER1

INTRODUCTION

1.1 What is supramolecular chemistry?

Supramolecular chemistry is chemistry beyond the molecule, whereby a
supermolecule is species that are held together by non-covalent interactions between
two or more covalent molecules or ions. These interactions include electrostatic
interactions, hydrogen bonding interactions, m1 — m stacking interactions, van der

Waals and hydrophobic effects [1].

Supramolecular chemistry can be divided into two main categories; host-
guest chemistry and self-assembly. The difference between these two areas is a
question of size and shape. If one molecule is significantly larger than another and can
wrap around it then it is termed the host and the smaller molecule is its guest, which
becomes enveloped by the host. Where there is no significant difference in size and
no species is acting as a host for another, the non-covalent joining of two or more

species is termed self-assembly [1].
1.2 Supramolecular interactions

Non-covalent interactions are the energies that hold supramolecular
species together. The hydrogen bond is the most important non-covalent interaction in
the design of supramolecular architectures, due to its strength and high degree of
directionality. There are many non-covalent interactions such as dipole-dipole
interactions between a proton donor (D) and a proton acceptor (A). Hydrogen bond
donors are groups with a hydrogen atom attached to an electronegative atom (such as
nitrogen or oxygen), therefore forming a dipole with the hydrogen atom carrying a
small positive charge. Hydrogen bond acceptors are dipoles with electron-
withdrawing atoms by which the positively charge hydrogen atom can interact (such

as carbonyl moiety) [1].

The m — & stacking interaction is also one type of non-covalent interactions

that occur via a stacked arrangement of often aromatic molecules (such as benzene,


http://en.wikipedia.org/wiki/Aromatic�
http://en.wikipedia.org/wiki/Molecule�

pyrene). The m — & stacking interactions are caused by intermolecular overlapping of
p-orbitals in m-conjugated systems. They become stronger as the number of n-electron
increases. There are two types of m — « stacking interactions, face-to-face and edge-to-
face interactions as shown in Figure 1.1. The former is the interaction between the
center of one ring and the corner of another, while the latter is the interaction between

a hydrogen atom of one ring which is perpendicular to the center of another ring [1].

Face-to-face Edge-to-face
Figure 1.1 Face-to-face and edge-to-face interactions between two benzene rings
1.3 Design of molecular sensors

The development of molecular sensors for recognition of ions is one of
the most challenging fields in supramolecular chemistry due to its implications in
analytical applications [2]. The design of such molecular systems normally consists of
two parts. The first part is a macrocyclic receptor unit or ionophore, which is
responsible for coordination with selective ions via non-covalent interactions. The
other part is an organic signaling unit, which is in charge of converting the binding
event into easy-to-follow signal changes such as changes of color, electrochemical or

fluorescence signals [3].
1.4 Chromogenic sensors

UV-visible absorption is an electronic transition from the promotion of an
electron from the ground state to an unoccupied orbital by absorption of a UV-visible
light. For example in 1 — 7* transition, the absorption of a photon of appropriate

energy can promote one of the n electrons to the antibonding orbital denoted by n*

[4].
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Chromogenic sensors or colorimetric sensors can be divided into two
main parts: a receptor part for binding an analyte and the chromophore for giving a
different color. When the interaction between the analyte and the receptor occurs, the
receptor will definitely change its electronic properties. This results in an observable

color change [5].
1.5 Fluorescent molecular sensors

The Perrin-Jablonski diagram in Figure 1.2 is convenient for visualizing
the fluorescence process and other processes (such as photon absorption,
phosphorescence) in a simple way. The singlet electronic state are denoted Sy, Si, Sa,

and the triplet states, T1, T2, ... Fluorescence is an emission of photons
accompanying the S; — Sy relaxation. Normally, the fluorescence spectrum is located
at higher wavelengths than the absorption spectrum because of the energy loss in the

excited state due to vibrational relaxation [4, 6-10].
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Figure 1.2 Perrin-Jablonski diagram [4]

In fluorescent molecular sensors, the fluorophore is the signaling unit that

acts as a signal transducer to convert the event of ion recognition into fluorescence



signal. This sensor is particularly attractive because of sensitivity and fast response

time.
1.6 Formation of excimers

An excimer is a dimer in an electronic excited state. This term results
from the contraction of excited dimer. The formation of excimer requires the collision
between an excited molecule and an identical unexcited molecule. For example, the
pyrene excimer formed by the interaction of an electronically excited pyrene with a

second pyrene in its ground electronic state (Figure 1.3) [4, 11].
'M"+'M = '(MM)’ (1)

Table 1.1 Description of the photophysical species

Symbol Description
M Fluorophore in the ground state
M" Monomer in the excited singlet state
(MM)* Excimer in the excited singlet state
200
M*
150
(MM)*
= 100
S0 H
[} T T T T T
S50 00 450 S00 S50 SO0 550

warrelength G

Figure 1.3 Fluorescence spectrum of monomer (400 nm) and excimer (500 nm) bands



1.7 Principal Components Analysis (PCA)

Chemical analysis can be handled more clearly by integration
with mathematical and computation methods. This discipline is called Chemometrics,
which is to analyze experimental results obtained by chemical measurements. In
general, chemometrics includes mathematics, statistics and computer science to
interpret and predict chemical results. Normally, there are many data for analysis from
chemical measurements. For example, a UV-vis spectrum contains hundreds of
wavelengths on a single sample. This means that there are multivariate data from one
UV-vis spectrum. PCA is one of several mathematical methods that used a statistical
treatment (calculating orthogonal eigenvectors) to explore patterns or reduce a
multivariate data for easier interpretation. The aims of PCA are also to determine

underlying information from multivariate raw data [12, 13].



CHAPTER 11
LITERATURE REVIEWS

2.1 Literature reviews
2.1.1 Chromogenic fluoride sensors

The selective sensing of fluoride has gained attention due to its
significance in clinical treatment for osteoporosis and the detection of fluoride as a
result of its over-accumulation in bones. A chromogenic sensor is particular interest
due to its simplicity. Its molecule allowed naked-eye detection of an analyte without
resort to any spectroscopic instrumentation [14].

In 2007, Kumar et al. synthesized receptors 1 and 2 containing naphthal
and binaphthal for colorimetric and ratiometric fluorescence sensing of fluoride anion
(Figure 2.1) [15]. On addition of fluoride anions, the appearance of a new absorption
band between 400 and 440 nm in the case of 2 (but not in receptor 1) resulted in
visible change in colorless to yellow. The spectral fitting of the absorbance data
showed the formation of LF; in the case of 1 and LF, LF, and LF; of 2. The
absorbance and emission titration data showed that monomeric receptor 1
simultaneously interacted with two fluoride ions to form LF, complex but the dimeric
receptor 2 underwent stepwise complexation to form LF and LF5; complexes. The *H-
NMR results showed that for 1 both the OH and NH proton interacted with fluoride
simultaneously. However, in the case of 2, at lower concentrations of fluoride ions the
OH protons preferentially hydrogen bonded with fluoride and at higher concentrations

of fluoride, stronger H-bonds between the benzene NH and fluoride ions took place.

1 1-2F



2 2-3F
Figure 2.1 The proposed binding mode of compound 1 and 2 upon addition fluoride

In 2008, Lin et al. reported the colorimetric and electrochemical sensor
for fluoride anion based on ferrocene and nitrophenylhydrazine or receptor 3 (Figure
2.2) [16]. The naked-eye detection provided the dramatic change from brown to red
by addition of fluoride anion, whereas the acetate, dihydrogenphosphate, chloride,
bromine or iodine resulted in slightly change in color. The UV-vis spectrum displayed
the original peak at 345 and 496 nm due to the nitrophenylhydrazone. The titration
spectra with fluoride showed the decrease of absorption intensity at 345 nm and the
increase of absorption intensity at 496 nm, whereas these changes were insignificant
in the other anions. Receptor 3 may have a proper cavity for fluoride, a spherical
anion, which can match the receptor better than trigonal (AcO") and tetrahedral
(H2POy) anions. Furthermore, fluoride ion can form five-membered chelate ring with
the carbonylhydrazine derivatives that is steadier than seven-membered chelate ring
form by AcO" or H,PO,". Finally, the stronger basicity of fluoride binding —NH is
much stronger than weaker base CI', Br” and I". *H-NMR titration of 1 with fluoride
displayed the broadened and amalgamated peaks of NH, and NH;, due to fluoride
combined with the receptor 3 by hydrogen bondings. Similarly, the H. also shifted
downfield because the C-H. bonds were polarized through ring effects and then
partial positive charge on proton was created (through-space effect). On the other
hand, the other aromatic protons were shifted to highfield due to the NH-fluoride
hydrogen bond formations which increased the electron density of the phenyl ring
(through-bond effect). The electrochemical response of receptor 3 showed the

irreversible oxidation during the course of experiment, which was indicative of an EC



mechanism. The addition of fluoride caused the oxidation moving to more negative

potentials.

3F
Figure 2.2 The proposed binding mode of 3 and fluoride

In 2008, Jurczak et al. synthesized bishydrazide derivatives of isoindoline
scaffold (Figure 2.3) [17]. Pyrrole could act as a hydrogen bond donor and a risk of
formation of unfavorable intermolecular hydrogen bond was diminished. These
ligands contained R groups of various acids: caprotic, benzoic, picoline, and 2-
pyrrolecarboxylic acid. Therefore, aliphatic derivative, 4a, should have the least
acidic NH protons, thus being the weakest binder in the series. Compound 4d
possessed two additional anchoring points and its enhanced affinity toward anions
could be expected. For all ligands, the most spectacular color changes were detected
for highly basic anions (i.e. fluoride), it is likely that the color changes were mainly an
effect of ligand deprotonation, rather than the anion complexation. To check this
hypothesis, the UV-vis spectra of ligands and TBA salts were compared with TBA

hydroxide.
R R
O)\NH H H,N/&O 4a R =n-CeHyy
NN 4bR = Ph
4c¢ R = 2-Pyridine
4d R = 2-Pyrrole
4a —4d

Figure 2.3 Structures of compound 4a — 4d



In 2009, Lin et al. synthesized a simple salicylaldehyde-based receptor 5
(Figure 2.4), which is an organic colorimetric chemosensor for recognition of fluoride
anion by naked-eye detection in aqueous solution (DMSO: H,0 9:1 v/v) [18]. Upon
the addition of fluoride, the absorption peak at 430 nm decreased but that at 502 nm
increased, which was ascribed to the charge transfer (CT) between the fluoride bound
—NH and —OH units and the electron deficient -NO, moiety. The color of the sensor
solution changed from yellow to red at the same time. *H-NMR titration data showed
the downfield shift of aniline —NH and phenol —OH upon addition of 0.5 equiv. of
fluoride. This indicated the formation of a hydrogen bonding complex. With further
adding 2 equiv. of fluoride, the signals of these protons were disappeared and the
phenyl protons, a and b, positions moved upfield, which indicated the increase of the

electron density on the phenyl ring.

5 5-F
Figure 2.4 The proposed binding mode of compound 5-F in aqueous media

In 2009, Lin et al. synthesized an anion receptor containing azobenzene
with hybrid —OH. UV-vis titrations were carried out in DMSO (Figure 2.5) [19]. This
receptor exhibited strong absorption at 340 nm with a shoulder at 470 nm, which was
assigned to the charge transfer of the azo moiety. The UV-vis spectra of 6 with F,
AcO" showed similar effect with H,PO,. As the concentration of H,PO, was
increased, the absorption intensity at 340 nm gradually decreased and a new
absorption peak at 480 nm increased, which was accompanied by a visual color
change from light yellow to orange. The selectivity trend of binding affinity of 6 for
anions followed the order: H,PO4 > AcO™ > F > CI' ~ Br' = I'. The multiple hydrogen
bond interactions of H,PO," with receptor 6 and its configuration may well match 6 in
terms of shape. As expected from their basicity, H,PO,, AcO and F would bind
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more strongly than the other halide anions. Two effects would be expected to result
from the formation of hydrogen bond between the binding sites and the fluoride
anion: (1) through-bond effects, which increase the electron density of phenyl ring
(Ha and Hyp) and promote upfield shifts in *H-NMR spectrum and (2) through-space
effects, which polarize C-H bond in proximity to hydrogen bond, create the partial
positive charge on the proton and cause the downfield shift. The peak of —OH
disappeared upon addition of fluoride and at the same time a new peak of [HF;] at
16.10 ppm was observed. The signals of NH,, and NHg exhibited the broadened peak

and the downfield shift due to the hydrogen bonding interaction with fluoride.

Figure 2.5 Structure of receptor 6

In 2010, Tian et al. designed and synthesized the diketopyrrolopyrrole
(DCM) compound 7 which was a colorimetric and a ratiometric red fluorescent sensor
for fluoride anion (Figure 2.6) [20]. When TBAF was added to the DCM solution of
7, an apparent color changed from orange to purple in ambient light and can be
observed by naked-eye. The UV-vis spectra at 497 nm of 7-F were gradually
decreased and showed a large bathochromic shift following a new band at 594 nm
was developed. The emission spectra also displayed a decrease of the emission at 563
nm and the emergence of a red shift band at 635 nm was observed. A possible
explanation for the ratiometric absorption changes was IPT (intermolecular proton
transfer) process between the amide moiety and fluoride ion and its change from
electronically neutral without fluoride to negatively charged with fluoride (Ar-DPP-
NH-Ar — Ar-DPP-N-"Ar). In the presence of fluoride, the ICT (internal charge
transfer) effect from the amide to the electro-withdrawing moiety was enhanced,

which was facilitated by deprotonation of amide moiety. This enhancement in ICT
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effect also afforded the reduced intensity and bathochromic shift of fluorescence as a
function of fluoride concentration. The *H-NMR titration confirmed the breaking of
hydrogen bonding when fluoride ion was added by the decrease and disappearance of

the amide proton signal.

7 TF
Figure 2.6 Intermolecular proton transfer (ICP) between 7 and the fluoride ion
2.1.2 Fluorescence fluoride sensors

Many excellent fluorescent sensors for fluoride ion detection had been
reported [21]. The recognition unit of these sensors normally contains the polarized
NH fragment, which act as H-bond donors towards fluoride ion [22]. Hydrogen-
bonding sites typically used are urea, thiourea, amide, phenol, or pyrrole moieties.
Among them, the thiourea group often chosen as anion binding site because it gives
strongly hydrogen-bonded complexes with different anions such as acetate, phosphate
and fluoride [23].

In 2007, Lin et al. synthesized the multiple hydrogen bond receptor 8
based on guanidinium group (Figure 2.7) [24]. Interactions of 8 with halide and
benzoate anions were studied by NMR spectroscopy, fluorescence spectroscopy, and
calorimetry experiments. Introduction of fluoride ion caused broadening of the *H-
NMR signals. This may result from rapid proton exchange due to deprotonation. The
emission spectrum of 8 with increasing concentrations of fluoride ion displayed little
change upon addition of initial increments of fluoride. However, a dramatic change
began as the ratio of fluoride anion to receptor reached 1 equiv. Therefore, the
noncovalent complex with fluoride ion was initially formed. Fluoride ion acted as a
base to deprotonate 8 with formation of the FHF ion. The result from isothermal

titration calorimetry (ITC) indicates that as AH was much greater for reaction with 2
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equiv of fluoride, the initial binding step must be more entropically favorable than the
deprotonation step under these conditions.

8-F
Figure 2.7 Structure of compound 8

In 2008, Chauhan et al. developed simple sensors 9 and 10 having
urea/thiourea binding sites based on phenazine signaling unit (Figure 2.8) [25]. The
fluoride interacted with receptors 9 and 10 more strongly due to its high
electronegativity and small size compared to other halides. However, the color change
of thiourea 10 was much more sensitive to fluoride than that of urea 9. The color
changes were probably due to the formation of hydrogen bond interact ions between
the urea or thiourea groups and the fluoride anion. On addition of fluoride ion, the
characteristic absorption peaks of 9 and 10 at 400 nm decreased gradually with a
strong red shift and the new peaks at 500 nm were observed. The absorption intensity
of 10-F complex at 500 nm was greater than the intensity of 9-F". This result showed
that fluoride bound more tightly with thiourea than with urea, indicating the formation
of stronger hydrogen bonds between the acidic N-H groups of thiourea 10 and

fluoride.

Ty

N
Seeul
Y
N NH _N
Figure 2.8 Structures of compound 9 (X =0) and 10 (X =Y95)

In 2009, Kumar et al. reported a selective fluorescent sensor 11 for

fluoride ion based on thiacalix[4]arene with two naphthyl moieties (Figure 2.9) [22].
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This compound did not show any fluorescence emission band when excited at 310
nm. Upon addition of fluoride ion to the solution of compound 11, a significant
increase in fluorescence emission at 385 nm was observed. The increase in
fluorescence emission was attributed to the intermolecular binding interactions of
fluoride ion with NH protons of thiourea moieties trigger the intramolecular © — =
interactions of naphthyl group, which led to excimer formation. From *H-NMR study,
there were remarkable downfield shifts in NH proton due to the hydrogen bond
formed between thiourea NH protons and fluoride ion.

11

Figure 2.9 Proposed n — 7 interaction between two naphthyl moieties of compound

11 and hydrogen bond interaction between thiourea groups and fluoride ion

In 2009, Yu et al. have developed the multifunctional receptor for both
chromogenic and chiral anion recognition [26]. The receptor 12 contained OH groups
and imidazolium rings that linked with the binaphthyl backbone for the construction
of the unique chiral (Figure 2.10) and provided the interesting fluorescence signals.
When the receptor 12 was excited, the new intense peak was observed in the presence
of F or CH3CO;,". Therefore, the receptor 12 displayed the F* and CH3CO;
recognition selectivity due to the excited state intermolecular proton transfer in the
sensor-anion complexes. The most obvious *H-NMR spectral changes were observed
by treatment with F". The imidazolium C(2)-H displayed a large downfield shift due
to the strong hydrogen bond between C(2)-H of imidazolium ring and F". Moreover, a
triplet peak of FHF was found at 16.1 ppm. While several aromatic peaks displayed

the strong highfield shifts because the F~ induced the change of electronic distribution
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in naphthyl and imidazolium rings. In addition, the host receptor 12 was examined for
chiral recognition with various amino acid derivatives and displayed a remarkable
binding ability for t-Boc alanine anion.

[T\¢
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12
Figure 2.10 Structure of Imidazolium-functionalized fluoride binding receptor 12
2.1.3 Intermolecular pyrene stacking

A molecule with two reactive groups separated by a flexible link may
undergo either intramolecular or intermolecular reactions. Intramolecular reaction
gives macrocyclic ring-closure products, while intermolecular reaction results in
dimers, oligomers and polymers. Thus cyclization suffers from intermolecular
reactions. The rates of intermolecular reactions are dependent on the substrate
concentration or monomer concentration, while those of the intramolecular reactions
are not, since the effective concentration for intramolecular reaction is constant by

virtue of tether between the two functional groups [27].

In 2007, Gozin et al. synthesized the pseudocyclic tristhiourea
chemosensor 13 and a model of folded monomeric structure or chemosensor 14
(Figure 2.11) [28]. In DMSO or chloroform, chemosensor 13 formed folded and/or
dimeric structures in solution. There was a very similar anion-binding pattern for
chemosensor 13 in both solvents, H,PO,” > F > CH3CO;". The highest affinity of
dihydrogenphosphate was due to its geometry and ability to form hydrogen bond with
more than one thiourea group. Therefore, chemosensor 13 preferred binding with
larger dihydrogenphosphate to smaller fluoride and acetate anions. However, the
amount of excimer and the polarity of a solvent affected the molecular structure.
Chloroform strongly influenced hydrogen bonding between thiourea groups and

DMSO gave the stronger excimer emission. In contrast to 13, chemosensor 14
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revealed different binding pattern in chloroform and DMSO. However, this sensor
exhibited a preference toward smaller-size anions (F° or CH3COy’), strongly
suggesting differences in the arrangement of the thiourea groups. Thus, chemosensor

13 formed dimer and not as a folded excimer.
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Figure 2.11 Structures of chemosensor 13 — 14 and its proposed structures

In 2009, Kim et al. investigated the Cu?* ion induced self-assembly of
pyrenylquinoline by fluorescence spectrophometry (Figure 2.12) [29]. Spacer lengths
between the pyrene and quinolinylamide group of fluorogenic molecules 15 — 17 were
varied (n = 0, 1, 3). The compound 18 was also synthesized to compare the binding
mode with the 8-aminoquinoline nitrogen and carbonyl group to Cu®". Addition of
Cu?" into the solution of 15 produced a new emission band at 460 nm and provided a
red shifted band in UV-vis spectra. This attributed to the favorable intermolecular
n—7 stacked dimerization of the two pyrenes in the ground state. The Job plot
measurement showed the maximum point at the mole fraction of 0.66 for 2:1 ligand-
to-metal complex. However, the addition of Cu®* in 18 gave rise to negligible changes
in fluorescence spectra. Thus, both the quinoline host and pyrenylamide played an
important role in selectivity toward Cu?*. Moreover, no methylene spacer between the
pyrene and quinolinylamide group of compound 15 optimized the intermolecular Py-
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Py* formation to show an intense static excimer band. Density function theory
calculations were executed for energy minimized structures of 15 — 17. In the case of
free 15, the H-bond is fairly weak due to the steric hindrance between the proximate
pyrene groups. However, in the case of free 16 and 17, stable H-bonding between two
amide groups was available to form stable dimers. Therefore, the binding energy for
the free dimer 17 with two H-bonds was found to be higher than that of 16 and 15,
respectively. Addition of Cu®* to the dimers of 16 and 17 disrupted this stable H-
bonding, which would perturb stable electrostatic interactions between two monomer
units. The interaction of Cu** with 16 or 17 may be thermodynamically less favorable

compared to addition of Cu** to the dimer of 15.

7
y

HN

15:n=0,16:n=1,17:n=2 18
Figure 2.12 Structures of compounds 15 — 18

2.1.4 Intramolecular pyrene stacking

In 2006, Koskinen et al. described the metal (Zn?* and Li*) chelation of
the molecular pincer based on crown ether and salen ligand or compound 19 (Figure
2.13) [30]. By monitoring with fluorescence spectroscopy, compound 19 gave only
weak fluorescence when excited at 347 nm. When solution was titrated with
Zn(ClO.),, the emission intensity increased at 475 nm and then stayed stable at 100
mole%. The fluorescence intensity returned to the level of nonchelated compound 19
by adding 100 mole% of EDTA, which was known to trap transition metal. The
ditopic chelation ability was studied by adding LiCl to the 19-Zn solution. The
intensity dropped and then remained stable until 100 mole% of Li* because of the Li*
coordination to the crown ether causing a disturbance in the pyrene excimer.
Moreover, titration of 19 with Li* indicated the chelation also possible with single

metal ion.
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19 19-Zn 19-Zn-Li
Figure 2.13 Structure of compound 19 and its metal chelation

In 2009, Chung et al. reported the synthesis of many fluorescent sensors
with variable methylene chain lengths as spacer between the two triazole methyl ether
units (Figure 2.14) [31]. All of them showed a strong excimer emission around 482
nm due to the overlap of two pyrene units in an intramolecular n—n stacking and
displayed weak monomer emission around 376 and 396 nm. The fluorescence
quenching of monomer emission was observed by the addition of Cu®**, Hg**, and Cr**
ions in the solution of 20. This result was similar to the data from the mono-triazole
model compound 24. Therefore, metal ions may be complexed by both the triazole
group(s) and the oxygen atom(s). The quenching of monomer emission can be
explained as a reverse PET as well as a heavy atom effect, that is, the pyrene units
behaved as a PET donor and the metal ion bound triazole groups acted as an electron
acceptor. The quenching of excimer emission resulted from the conformational
change caused by the two outward-facing triazole groups that turned inward upon
binding with metal ions. Similar fluorescence quenching by these metal ions was also
observed in compound 21 — 23. However, the fluorescence of compound 23 revealed
two different types of binding modes: (1) for Cu®*, Hg?*, Cr**, Pb?*, and Ni**, the
monomer and excimer emissions were both quenched, and (2) for Cd** and Zn** ions,
the monomer emission was enhanced but the excimer emissions was quenched. In
the *H-NMR titration of 23 with Hg?*or Pb?*, the methylene protons exhibited upfield
shifts. Normally, the complexation is expected to reduce the electron density of the
coordination sites and induce a downfield shift of the nearby protons; however,
upfield shift was observed. There must be a change of conformation which causes the

methylene protons to be shielded by the pyrene rings (Cu®*, Cr?*, Ni?* ions were not
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analyzed due to the high spin states). Upon addition of Cd**, the Hy, and H. protons
were slightly upfield shift but Hg, He, and H¢ were more upfield shift. Therefore, the
chemical shift of H, was affected more strongly by Pb?* than by Cd?*. This implied

that compound 23 complexed were in a different mode.
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Figure 2.14 Structure of sensor 20 — 24 and theirs proposed structures

In 2010, Yao et al. synthesized a pyrene-based derivative bearing an
azadiene group or chemosensor 25 as a ratiometric chemosensor for Hg?* (Figure
2.15) [32]. The absorption spectrum of 25 with Hg** displayed the formation of the
new low-energy band. This attributed to the interaction of Hg®* with the imino
nitrogens leading to the intramolecular charge transfer from the pyrene moieties to the
imino groups. The fluorescence characteristics of 25-Hg?* were found to be strongly
dependent on the medium. The pyrene excimer band increased significantly as the
water content in acetonitrile increased. This observation implied that complexation
structure of 25 with Hg®* ions changed from its chair conformation to stacked or
folded conformation resulting in the switch of the pyrene monomer emission to an
excimer emission. The *H-NMR results suggest that Hg** coordinated with the imino
forms Hg — N bonding and that O atoms form Hg — O bonding, which force the two
pyrene moieties to become folded. The conformational changes result in the weak

pyrene monomer emission to strong pyrene excimer emission switch.
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25 25-Hg**
Figure 2.15 Proposed binding mode of chemosensor 25
2.1.5 Ions or molecules induced conformational changes

In general, host flexibility is a key importance, especially in biological
systems, in which recognition of a substrate results in a conformational change, for
example, in a protein’s biochemical role [1]. In most cases, the driving forces to
induce conformational change come from varying intramolecular interactions.
Example for this approach includes the folded backbone of oligomeric arylamide to
recognize small organic molecule. Another approach makes use of external
interaction. In this case, the backbones themselves are structurally flexible but may

fold to convergent conformations through binding a neutral or ionic template [33].

In 2001, Monti et al. studied the effect of the inclusion of sodium on the
binding features of the oligooxaethylene diporphyrin receptor or compound 26
(Figure 2.16) [34]. The 26-Zn was a good receptor for several ditopic amines such as
4, 4'-bipyridine (bpy) and trans-1, 2-diaminocyclohexane (1, 2-DACy). However, the
receptor 26-Zn bound to bpy more strongly than 1, 2-DACy. This may indicated that
the shorter N — N distance of 1, 2-DACYy produced some degree of ring strain. The
complexation studies were also performed in the presence of added Na®, which
known to promote a conformational change toward a pseudo-cyclic structure
(26:Zn-Na). The case for 1, 2-DACy showed the increase of the binding constant.
Conversely, in case of bpy which was a longer guest, the decrease of binding constant
was observed. This can be interpreted in term of a less favorable interaction of bpy

with in the less flexible cavity of the host.
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Figure 2.16 Structures of the 26-Zn and 26-Zn-Na

In 2004, Chen et al. described that the oligo(ethylene glycols)
incorporating with 2,3-naphthalene unit or 27b-h (Figure 2.17) could spontaneously
form stable helical foldamer conformation in polar solvent such as acetonitrile and
DMSO (Figure 2.18) [35]. It has been established that in polar solvents the non polar
aromatic units of linear molecule tend to aggregate or stack intermoleculary or
intramoleculary as a result of hydrophobic interactions. The UV-vis study was first
performed in acetonitrile or chloroform to exclude intermolecular interaction. All
oligomers displayed similar results in both solvents that were the absorbance
dependence on the concentration range which followed Beer’s law. Therefore, the
experiment ruled out any important intermolecular interactions. Moreover,
hypochromic effect occurred at lower concentration of acetonitrile (binary solvent
system, CH3;CN:CHCI3) for the longer oligomers suggesting that the longer
oligomers had greater folding ability because their increased hydrophobicity and
implied that the stacking was cooperative. *H-NMR spectra showed the upfield shift
of all peaks of 27b-h compared to 27a due to intramolecular naphthalene stacking and
oligo(ethylene glycol) folding. The lower resolution and the higher upfielded shifting
of the aromatic proton peaks of the longer oligomers also supported more folding
state of the skeleton. The fluorescent study also supported the folded conformations
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for long oligomers (27d-h) in polar solvent, which increased the excimer emission
with the lengthening of the oligomers. In addition, the NOEs experiment in CD3CN
revealed the correlation between the ethylene protons of 27f and some methylene

SRR FUR SR 5

Hi,CO  OCH, H,CO OCH;

protons.

27a 27b-h (n =0 - 6)

Figure 2.17 Structures of oligo(ethylene glycols) 27b-h and compound 27a as a

reference molecule
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Figure 2.18 Proposed structures of oligo(ethylene glycols) 27b-h [35]

In 2005, Ajayaghosh et al. reported the anion controlled modulation of
oligo(phenylenevinylene) or compound 28 architectures with tunable optical
properties (Figure 2.19) [36]. This molecule formed a stable one-dimentional
assembly by the cooperative interaction of H-bonding between the urea groups and -
stacking between the aromatic moieties (Figure 2.20). Moreover, this molecule was
sensitive to solvents such as chloroform, the absorption spectrum showed the
characteristics of molecule 28 and showed a strong emission indicating that they were
not aggregated. However, in cyclohexane (non-polar solvent), the UV-vis spectrum
was broad and the fluorescence was significantly quenched indicating strong
intermolecular interactions between molecules. Since halide anions are known to
compete with urea H-bonds, non-emissive molecule of urea oligo(p-

phenylenevinylene) fluorophore turned strongly emissive in the presence of
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tetrabuylammonium fluoride due to fluoride induced the breaking of H-bond and =
stack assisted self-assembly of molecule thereby reinstating the strong emission of the

oligo(p-phenylenevinylene) unit.

28

Figure 2.19 Structure of compound 28

Figure 2.20 Interaction of tetrabutylammonium fluoride with compound 28 self-
assembly [36]

In 2008, Wu et al. reported the photocycloaddition of 2-naphthalene
poly(ethyleneglycol) or N-P,-N by using cucurbit[8]uril or CB[8] templates (Figure
2.21) [37]. There are hydrophobic cavity and polar carbonyl group surrounding the
portal of CBI[8]. Therefore, the CB[8] can encapsulate the hydrophobic or/and
positively changed guest molecule in aqueous solution such as the naphthalene of N-
P,-N molecule. More importantly, N-P,-N may undergo either intramolecular or
intermolecular reactions. The former produces a macrocyclic ring-closure, while the
latter results in dimer and oligomers. Generally, the intramolecular reaction can
proceed in good chemical yields only at very low concentrations in solution since it
suffers from the competition of polymerization. However, CB[8] can capture the two
naphthalene groups of N-P,-N to make a 1:1 inclusion complex like a molecular loop
(Figure 2.22). As a result, the intermolecular reaction might be prohibited. The
fluorescence spectrum of N-P,-N exhibited the monomer emission at 370 nm. The

addition of CB[8] into N-P,-N led to a growth of excimer emission at 430 nm. In
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addition, the ratio of fluorescence intensities of excimer to monomer was independent

of the concentration used, suggesting that the excimer occurred intramolecularly

(Figure 2.23).

N-P,-N (m =0, 1, 2)

CB[8]

Figure 2.21 Structure of N-P,-N and CB[8]

Figure 2.22 Cucurbit[8]uril-templated intramolecular photocycloaddition of N-P,-N

in aqueous solution [37]

Figure 2.23 The concentration indepentdence of Ie/Im of CB[8] with various

concentration of N-P,-N (Ie: excimer intensity at 433 nm; | _: monomer intensity at

373 nm) [37]
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2.1.6 Principal Components Analysis (PCA)

In 2007, Anzenbacher et al. reported the applicability of eight-sensor
array for analysis ten inorganic anions (AcO’, BzO, Br, CI, F, NO3s’, H,PO,,
HP,0,* HSO,", HS) and four toothpaste brands using image that was recorded by
scanning the array slides [13]. The array showed good separation in PCA score plot.
Figure 2.24 represented an example of the score plot obtained after performing PCA
for four toothpaste brands and NaF with eight sensors. Here, the PCA score plot
shows 81.1% of the certain level of discrimination, and it displays clear clustering.
The PC1 (52.4%) is higher than PC2 (28.7%). From the plot, Aquafresh, Colgate, and
Crest appear to be more similar than Fluoridex and NaF. This approach could be

applied for other analytes and applications.

Figure 2.24 Eight-sensor structures and PCA score plot for four toothpaste brands
and NaF [13]

In 2008, they designed fluorescent sensor arrays (S1 — S6) for cations
using chromophore attached to 8-hydroxyquinoline [38]. This array could
discriminate 10 cations (Ca®*, Mg*, Cd**, Hg®*, Co**, zn**, Cu®, Ni**, AI**, and
Ga*>*). Moreover, this approach was applied to analyte these metals in drinking water.
From Figure 2.25 PCA score plot showed clear separation of all clusters. Thus,
electrolyte waters that did not contain significant amounts of Ca®* and were free of
Mg** and Zn?* (Dasani Lemon, Powerade Option, and Propel Lemon) appeared close

to the nanopure water. The Ca** enhanced waters (Propel Calcium and Owater) were
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together in the left upper corners, whereas the Ca?*, Mg®*, and Zn?* supplemented
waters (Vitaminwater and Antioxidant Water Snapple) displayed together in the lower
center of the PCA score plot. This pattern was highly consistent with the metal cation

content and with the bias of the array sensors elements.

Figure 2.25 Six-sensor structures and PCA score plot of the first two PCs of the S1 —
S6 array for eight-drinking water [38]
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2.2 Problems to be addressed

The design of fluorescence and chromogenic sensor is quite important due
to demand in medical and environmental detection of ions and molecules. The distinct
advantage of fluorescence spectrophotometry is its high sensitivity, high selectivity
and instantaneous response. Normally, the fluorescence molecular sensors contain
fluorophores with signal transducer that converts the information into an optical
signal. There are three classes of these sensors: fluorophores that undergo quenching
upon collision with analytes (class 1), complexing fluorophores (class 2) and
fluorophores linked to acceptor (class 3) as show in Figure 2.26. In our research, the
fluorescent sensor possesses pyrene fluorophore that linked to thiourea and
polyethylene glycol groups in class 3 [4]. The interactions between host and guest are

monitored by the change in fluorescence spectra.
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CLASS 3: Fluorophores linked to a receptor

SPACED
NN s
e e W
N TN
NN s
XY = )
«— )
Y N

Figure 2.26 Main classes of fluorescence molecular sensors of ions or molecules

In 2003, Supachai synthesized a chromogenic anion receptor 1 using
polyethylene glycol connecting to nitrobenzene thiourea (Figure 2.27) [39]. He found
that this receptor was selective for fluoride and the decomplexation of this anion
occurred upon addition of sodium or potassium ion. However, theirs complex
structures had not been identified because there were two possible structures to form
in solution, a folded and/or unfolded structure. The 1D and 2D NMR techniques had
been chosen to explain the conformational structure of synthesized compounds in the
presence and absence of ion. Moreover, this preferred configuration could not be
easily determined by the technique such as UV-vis or fluorescence spectrophotometry
measurements. It is known that the most efficient technique for finding the structure
of a molecule is the single crystal X-ray diffraction. However, it is not easy to obtain a
single crystal. Since our synthesized receptors consist of a flexible polyethylene
glycol chain and the limitation of theirs solubility properties. Therefore in the first
part of this research, new receptors containing pyrene fluorophore, L1 — L4, were
synthesized to resolve the conformation problems. The binding properties and the
selectivity trends with various ions were compared between the synthesized
compounds by using the spectroscopic techniques. The fluorescence intensity ratios of

excimer to monomer emission by varying concentration of receptors were used to
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assess the preferred arrangement of the synthesized receptors between intramolecular

and intermolecular excimer interactions, folded and unfolded structures.

¢y
H3c0\© <>/oc 3
33

Receptor 1
Figure 2.27 Structure of receptor 1 that was synthesized by Rittikulsittichai [39]

Chromogenic sensors allow naked-eye detection of ions without resorting
to any spectroscopic instrumentation [40]. Moreover, these sensors have an edge over
others in views of their cost effectiveness and easy handling [41]. In general, such a
system consists of two parts. One part is the receptor unit which is being linked
covalently or noncovalently to one or more optical signaling groups. The other is the

chromophore part which converts the binding events to optical signals [42].

Therefore, the second part of this research is about the extended study of
the chromogenic anion receptor 1 by varying the length and the rigidity of the
polyethylene glycol chain connecting to nitrobenzene thiourea, R1 and R2. The
electron withdrawing nitro (NO3) groups can enhance acidity of thiourea protons and
stabilize the negative deprotonated species to have stronger binding with basic anions
[43].

2.3 Objective and scope of research

1. To synthesize new fluorescent sensors based on pyrene fluorophores

and chromogenic sensors based on nitrobenzene thiourea.
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2. To study sensing properties of the synthesized compounds toward

anions and cations.

In the first part, our study focused on synthesis and characterization of a
heteroditopic receptor which involved a separate binding unit for the cation and anion
together with a fluorogenic unit (Figure 2.28). It is well known that the polyethylene
glycol chains can complex alkali metal salts and the conformation of this compound
changed from a linear chain to pseudocrown structure [44-46]. Thiourea is frequently
used as a neutral receptor for binding of anions since the thiourea group is a strong
hydrogen bond donor and forms quite stable complexes with a variety of anions [47].
Pyrene is often used as fluorogenic unit which causes a molecule to be fluoresced
because of its relatively efficient excimer formation via m —  stacking between two
pyrene units [48, 49]. Two important informations are intensity ratio of excimer to
monomer emission (Ig/ly) and maximum wavelength of excimer emission (Ag). The
Ie/ly ratio is sensitive to the structure change while the Ag is much less variable and
usually locates at 475 — 500 nm [50]. The binding properties of anions with thiourea
receptors L1 — L3 which varying the length of polyethylene glycol chains were
studied by fluorescence spectrophotometry and *H-NMR spectroscopy. We supposed
that the spectroscopic properties could be affected by complexation with anions.
Moreover, the conformational structure in solution of various chain lengths of the
polyethylene glycol was also examined. The reverse binding property of the L1-F and
L4-F in the presence of Na* was also tested by fluorescence and 'H-NMR
spectroscopy. The 2D NOESY and 'H-NMR spectra were also used to support the

preferred arrangement of the complexation structures.

o [o]no OCH;

H3CO\© ©/OCH3

S:<NH HN>:S S:<NH
NH HN NH

%

O )
L1-L3(n=3-1) L4

Figure 2.28 Structures of fluorescent sensors L1 — L4
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In the second part we focused on the comparison of anion sensing
properties between flexible and semi-rigid receptors of thiourea-nitrobenzene
derivatives (Figure 2.29). Receptors R1 contained the flexible chain of polyethylene
glycol. Receptor R2 consisted of the benzene ring to increase the rigidity of the
polyethylene glycol moiety. The colorimetric sensing properties with various anions
and the selectivity trend were investigated by naked eyes, UV-vis spectrophotometry
and principal component analysis (PCA).

O (6]

o} o}
H3C0\© ©/OCH3 cho\© ©/OCH3
NH HN_
S=C, ,C=8 =
NH HN
NO, NO,
R1 R2

Figure 2.29 Structures of chromogenic sensors R1 and R2



CHAPTER III

EXPERIMENTALS

3.1 Instruments, chemicals and general methods

The melting points were recorded on a Electrothermal 9100. MS spectra
were obtained on Bruker Daltonics Maldi-TOF. Elemental analysis data were
recorded with a CHNS/O Analyzer Perkin Elmer PE2400 Series Il. IR spectra were
obtained on a Nicolet Impact 410 FT-IR spectrometer. *H-NMR (400 MHz), *C-
NMR (100 MHz), COSY, HMBC, HMQC spectra were recorded with a Varian
Mercury Plus 400 NMR spectrometer and a Bruker Ultrashield™ Plus 400 NMR
spectrometer. 2D NOESY spectrum was recorded on a Varian INOVA 500 NMR
spectrophotometer. UV-Vis spectra were obtained on a Varian Cary 50 Probe UV-
Visible spectrometer. Fluorescence spectra were obtained on a Varian Cary Eclipse
Fluorescence spectrophotometer.

All materials and reagents were standard analytical grade, and used
without further purification. Commercial grade solvents, methanol, dichloromethane,
hexane, ethyl acetate, were distilled before use. CDCl3, CD3CN and DMSO-ds were
used as solvents for NMR experiments. In complexation studies, added anions and
cations were tetrabutylammonium and perchlorate salts, respectively. The progress of
the reactions was monitored by TLC on silica gel and visualized by UV light. The
chromatographic separations were carried out on on silica gel columns (0.063-0.200

mm).
3.2 Synthesis of receptor L1
3.2.1 Synthesis of 2-Methoxyphenol (1)
HO OH HO OCHj;

K,CO3/CHal
—_——
CH3CN, reflux

76%
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The mixture of pyrocatechol (5.50 g, 0.050 mol), anhydrous K,CO3 (3.46
g, 0.025 mol) in 50 mL of CH3CN was refluxed under nitrogen. CH3l (4.80 mL,
0.075 mol) was dissolved in CH3CN 50 mL and was added dropwise to the mixture.
After 24 hours, the reaction color was changed from gray to brown-red. The solvent
was removed under reduced pressure. The residue was dissolved in CH,Cl,, and 3M
HCI was added to adjust pH=1. The resulting residue was extracted with CH,Cl, (25
mLx3) and water. The organic phase was dried over anhydrous Na,SOg, filtered and
evaporated. The crude residue was purified by column chromatograp (SiO,, CH,Cl,)
to yield yellow oil (4.69 g, 76%). *H-NMR (400 MHz, CDCl3) & 6.97-6.88 (m, 4H),
5.78 (s, 1H), 3.88 (s, 3H).

3.2.2 Synthesis of 2-methoxy-4-nitrophenol (2)

HO  OCH, HO  OCH,
Conc.HNO4/CH,COOH

CH3CN, reflux
1 2 NO,

16%

The mixture of 1 (2.12 g, 0.017 mol) in CH3CN 30 mL and CH3;COOH
15 mL was stirred under nitrogen. A solution of concentrated HNO3 1.20 mL in 15
mL of CH3CN was then added dropwise and refluxed. After 5 hours, this reaction was
stirred at room temperature about 12 hours. After that reaction temperature was
controlled at 0 °C in an ice bath and then adjusted to pH 7-8 by saturated HCO3’
solution (900 mL). The resulting residue was extracted with CH,Cl, and water. The
organic phase was isolated and dried over anhydrous Na,SO,4. The solvent was
removed and purified by column chromatograp on silica gel with CH,Cl, as eluent.
The second band was collected and recrystallized with hexane: CH,Cl, to give final
product as yellow solid in 0.05 g (16%). Mp: 121.0-122.0 °C. IR (KBr) 3372, 1513,
1342, 870, 789 cm . 'H-NMR (400 MHz, CDCls) & 7.88 (dd, J = 8.8, 2.4 Hz, 1H),
7.76 (d, J = 2.4 Hz, 1H), 6.98 (d, J = 8.8 Hz, 1H), 6.43 (s, 1H), 3.99 (s, 3H)."*C-NMR
(100 MHz, CDCl3) 8 151.7, 146.1, 141.2, 118.6, 114.0, 106.4, 56.5 ppm.
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3.2.3 Synthesis of Tetraethyleneglycolditosilate (3)

o =

[ j + TsCl CH,Cl,, RT [ ]

OH HO OTs TsO
3

66%
The mixture of tetraethylene glycol (8.50 mL, 50 mmol), triethylamine
(27.50 mL, 200 mmol) in CH,Cl, (100 mL) was stirred at 0 °C for 30 min under
nitrogen. A small amount of DMAP was added. TsCIl (20.00 g, 105 mmol) was

dissolved in CH,CI, and added dropwise in the reaction. The mixture was stirred
overnight at 0 °C to room temperature. The solvent was removed, and 3 M HCI was
added to adjust pH to 1. The residue was extracted with CH,Cl, (50 mLx3) and H,0.
The organic phase was collected and dried over anhydrous Na,SO,4. The reaction
mixture was filtered, and the filtrate was evaporated. The crude product was purified
by column chromatograp using CH.ClI, as eluent. The yellow oil was obtained in
16.23 g (66%). *H-NMR (400 MHz, CDCls) & 7.75 (d, J = 8.0 Hz, 4H), 7.31 (d, J= 8
Hz, 4H), 4.12 (t, J = 5.2, 4.4 Hz, 4H), 3.64 (m, 4H), 3.53 (s, 8H), 3.53 (s, 6H). **C-
NMR (100 MHz, CDCl3) 6 144.9, 133.0, 132.9, 129.9, 127.9, 127.8, 70.7, 70.6, 70.5,
70.4,69.4, 69.3, 68.7, 68.6, 21.6, 21.5 ppm.

3.2.4  Synthesis of 2,2-[oxabis(4-oxapentaethyleneoxy)]bis(2-methoxy-4-
nitrophenol) (4)

o

0] 0]

HO  OCHs oﬁ\oﬂo

K,COj5 Q ©
¥ ——— H3CO OCHj5
OTs TsO CH3CN, reflux
2 NO, 3
NO, 4 NO,

76%

The mixture of compound 3 (0.36 g, 0.0007 mol), compound 2 (0.24 g,
0.0014 mol), K,CO3 (0.99 g, 0.007 mol), tetrabutylammonium bromide in CH3CN
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(50 mL) was stirred and refluxed under nitrogen. After 2 days, the solvent was
removed and pH of the mixture was adjusted to 1 with 3M HCI. The residue was
extracted with CH,Cl, (25x3 mL) and H,O. The organic phase was collected and
dried over anhydrous Na,SO4. The solvent was removed and then recrystallized with
CH3OH to yield a yellow solid 0.27 g (76%). Mp: 114.0-116.0 °C. IR (KBr): 2902,
1516, 1336, 1278, 859, 787 cm™. *H-NMR (400 MHz, CDCls) & 7.86 (d, J = 8.4 Hz,
1H), 7.71 (s, 1H), 6.94 (d, J = 8.8, 1H), 4.26 (s, 2H), 3.92 (s, 5H), 3.72 (s, 2H), 3.66
(s, 2H). ). °C-NMR (100 MHz, CDCls) & 153.8, 149.0, 141.5, 117.6, 111.3, 106.6,
70.9, 70.6, 69.3. 68.7, 56.2 ppm.

3.2.5 Synthesis of 2,2-[oxabis(4-oxapentaethyleneoxy)]bis(2-methoxy-4-
aminophenol) (5)

o o

O O Hydrazine, Reney Ni O O

CH3OH EtOAC, reflux
H3CO\© éj(om3 H300\© <ﬁ/oc}|3

quantitative yield

A mixture of 4 (0.10 g, 0.201 mmol) in CH3OH (5 mL) and EtOAc (10
mL) was stirred with molcular sieve under nitrogen. After 15 min, Raney Ni (1/4
spoon) and 2 mL of hydrazine hydrate were added and refluxed for 1 hour. The color
of the reaction was changed from yellow to colorless solution. The molcular sieve and
Raney Ni were removed by filtration. The residue was evaporated to dryness and
extracted with CH,Cl, and H,0. The organic phase was collected and dried over
anhydrous Na,SO,4. Solvent was evaporated to give yellow oil product in a

quantitative yield, and the product was used in the next step.
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3.2.6 Synthesis of 1-Isothiocyanatopyrene (6)

O‘ Thiophosgene, Et3N O‘
H,N N SCN A
CH,Cly, room temp.

6

86%

A mixture of 1-aminopyrene (0.55 g, 2.5 mmol) and triethylamine (0.70
mL, 5.02 mmol) in CH,Cl, (40 mL) was stirred under nitrogen at room temperature
for 30 minutes. A solution of thiophosgene (0.20 mL, 2.6 mmol) in CH,Cl, (20 mL)
was added dropwise to the reaction mixture and stirred for 4 hours to give a brown
solution. The reaction mixture was extracted with H,O and CH,Cl, (25 mL x3). The
organic phase was collected and dried over anhydrous Na,SO,4. The residue was
evaporated to dryness and purified by column chromatograp on silica gel with
CH,CIl;, as eluent to give 0.57 g (86%) of compound 6 as red-orange solid. Mp:
144.7- 144.8 °C. MS (m/z) calcd 259.3, found 259.6. IR (KBr): 2114, 839 cm™. *H-
NMR (400 MHz, CDCl3) 6 8.3 (d, J= 9.2 Hz, 1H), 8.2 (m, 3H), 8.0 (m, 4H), 7.9 (d, J
= 8 Hz, 1H). *C-NMR (100 MHz, CDClIs) & 136.1, 131.0, 130.7, 130.0, 128.8, 128.0,
126.8, 126.6, 126.5, 125.9, 125.8, 124.8, 124.7, 123.9, 123.8,123.6, 121.4 ppm.

3.2.7 Synthesis of receptor L1

- =3 . HN
’O CHClj, room temp. 3=C’NH ‘c=8
) HN
° S99 e

L1

0

(o™ )

0 0 0 o

[ j HCO OCH,4

0 0

HsCO OCHs O‘ .
+ SCN A ts
NH,

NH
25

48%
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A solution of 5 (0.100 mmol) and triethylamine (0.10 mL, 0.717 mmol) in
CHCI3 (10 mL) was stirred under nitrogen at room temperature for 30 minutes and
then 6 (0.07 g, 0.255 mmol) in CHCI3 (20 mL) was added to the reaction. The
reaction mixture was stirred for 3 days and then evaporated to dryness. The residue
was extracted with CH,Cl, and H,O. The organic phase was collected and evaporated
to dryness and purified by column chromatograp on silica gel with EtOAc as eluent.
The final product was recrystallized with CH,Cl,:CH3;OH to give yellow solid in 0.05
g (48%). Mp: 140.0-142.8 °C. MALDI-TOF (m/z) [M]: calcd 954.31, found 953.0.
Elemental Analysis for CseHsoN4O7S,: caled C, 70.42; H, 5.28; N, 5.87; S, 6.71,
found C, 70.40; H, 5.23; N, 5.82; S, 6.68. IR (KBr): 3235, 2924, 1513, 1229, 1131,
847 cm™. 'H-NMR (400 MHz, CDCls) & 8.0 (m, 22H), 7.0 (s, 2H), 6.8 (s, 4H), 4.1 (s,
4H), 3.8 (s, 10H), 3.6 (d, J = 8.8 Hz, 8H). **C-NMR (100 MHz, ds-DMSO) & 181.2,
148.5, 145.3, 133.2, 132.6, 130.6, 130.4, 129.2, 127.3, 127.1, 127.0, 126.7, 126.4,
126.3, 125.3, 125.1, 124.8, 124.4, 123.8, 122.7, 116.7, 113.0, 109.7, 69.8, 69.7, 68.9,
68.0, 55.4 ppm.

3.3 Synthesis of receptor L2

3.3.1 Synthesis of Triethyleneglycolditosilate (7)

O o DMAP o O
+  TsCI >
OH HO CH,Clo, RT OTs  TsO
7
41%

The mixture of triethylene glycol (3.35 mL, 0.025 mol), triethylamine
(7.00 mL, 0.050 mol) in CH,CI, (100 mL) was stirred at 0 °C for 30 min under
nitrogen. A catalytic amount of DMAP was added. The TsCIl (10.00 g, 0.052 mol)
was dissolved in CH,Cl, and added dropwise in the reaction. The mixture was stirred
overnight at room temperature. The solvent was removed, and the 3 M HCI was added
to adjust pH to 1. The residue was extracted with CH,Cl, (50 mLx3) and H,O. The
organic phase was collected and dried over anhydrous Na,SO,4. The reaction mixture
was filtered, and the filtrate was evaporated. The crude product was purified by
column chromatograp using CHCl, to obtain a white solid in 5.30 g (41%). *H-NMR
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(400 MHz, CDCls)  7.79 (d, J = 8.0 Hz, 4H), 7.34 (d, J = 8 Hz, 4H), 4.14 (t, J = 4.8,
4.8 Hz, 4H), 3.65 (t, J = 5.2, 4.4 Hz, 4H), 3.53 (s, 4H), 2.45 (s, 6H). *C-NMR (100
MHz, CDCls) & 144.9, 133.0, 129.9, 128.0, 70.7, 69.2, 68.8, 21.6 ppm.

3.3.2 Synthesis of 1,2-bis(2-(2-methoxy-4-nitrophenoxy)ethoxy)ethane (8)

o o
HO  OCH /N
3 o O
( 3 _ KCO5
+
OTs TsO CH4CN, reflux ~ HsCO OCH;
2 NO, 7
55%

The mixture of compound 7 (0.30 g, 0.0007 mol), compound 2 (0.22 g,
0.0013 mol), K,CO3 (0.90 g, 0.007 mol), tetrabutylammonium bromide in CH3CN
(50 mL) was stirred and refluxed under nitrogen. After 3 days, the solvent was
removed, and pH of the reaction mixture was adjusted to 1 with 3M HCI. The residue
was extracted with CH,Cl, (25x3 mL) and H,0O. The organic phase was collected and
dried over anhydrous Na,SO4. The solvent was removed and then recrystallized with
CH3OH to yield 0.16 g (55%) as yellow solid. *H-NMR (400 MHz, CDCls) § 7.87
(dd, J=8.8, 2.8 Hz, 2H), 7.73 (d, J = 2.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 4.27 (t, J
= 4.8,5.2 Hz 4H), 3.93 (t,, J = 5.2, 4.4 Hz, 10H), 3.75 (s, 4H). **C-NMR (100 MHz,
CDCl3) 6 153.9, 149.2, 141.7,117.6, 111.4, 106.8, 71.0, 69.4, 68.9, 56.3 ppm.

3.3.3 Synthesis of 1,2-bis(2-(2-methoxy-4-aminophenoxy)ethoxy)ethane (9)

O O O O
Hydrazine, Reney Ni

H,CO OCH;  CH30H: EtOAc, reflux H,CO OCHj;

quantitative yield
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A mixture of 8 (0.05 g, 0.102 mmol) in CH30OH (2.5 mL) and EtOAc (8
mL) was stirred with molcular sieve under nitrogen. After 15 min, Raney Ni (1/4
spoon) and 1 mL of hydrazine hydrate were added and refluxed for 1 hour. The color
of the reaction was changed from yellow to colorless solution. The molcular sieve and
Raney Ni were removed by filtration. The residue was evaporated to dryness and
extracted with CH,Cl, (25 mLx2) and H,0O. The organic phase was collected and
dried over anhydrous Na,SO,. Solvent was evaporated to give yellow oil in
quantitative yield and was used in the next step without further purification.

3.3.4 Synthesis of receptor L2

0o o O O

O o) O o)
H3;CO OCHj; O‘ H5CO OCHj;
+ SCN N BN
CHCl5, room temp.
NH, NH, NH HN_
9 S=C,_ C=8
NH HN

6
U
9989
L2

38%

A similar procedure to the preparation of L1, L2 was synthesized from
compound 9 and 1-isothiocyanatopyrene and was obtained as yellow powder in 0.04 g
(38%). MALDI-TOF (m/z) [M]": calcd 910.290, found 909.407. Elemental Analysis
for Cs4H46N406S2: caled C, 71.19; H, 5.09; N, 6.15. found C, 71.05; H, 4.99; N,
6.23. 'H-NMR (400 MHz, ds-DMS0) & 10.07 (s, 2H), 9.73 (s, 2H), 8.31-8.06 (m,
18H), 7.20 (d, J = 2 Hz, 2H), 6.97 (dd, J = 27, 8.8 Hz, 4H), 4.04 (t, J = 4 Hz, 4H).
3.74 (m, 10H), 3.60 (s, 4H). *C-NMR (100 MHz, ds-DMSO) & 181.2, 148.5, 145.3,
133.2, 132.6, 130.6, 130.4, 129.2, 127.3, 127.2, 127.0, 126.7, 126.4, 126.4, 125.3,
125.1,124.9, 124.4, 123.8, 122.7, 116.8, 113.0, 109.7, 69.9, 68.9, 68.0, 55.4 ppm.
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3.4 Synthesis of receptor L3

3.4.1 Synthesis of diethyleneglycolditisylate (10)

i > TsO ) oT

HO 0] OH + TsCl CH,Cl,, RT s s
10
55%

The mixture of diethylene glycol (2.45 mL, 0.025 mol), triethylamine
(7.00 mL, 0.050 mol) in CH,CI, (100 mL) was stirred at 0 °C for 30 min under
nitrogen. A catalyze amount of DMAP was added. TsCl (10.34 g, 0.054 mol) was
dissolved in CH,Cl, and added dropwise to the reaction. The mixture was stirred
overnight at room temperature. The solvent was removed, and the 3 M HCI was added
to adjust pH to 1. The residue was extracted with CH,Cl, (50 mLx3) and H,O. The
organic phase was collected and dried over anhydrous Na,SO4. The reaction mixture
was filtered, and the filtrate was evaporated. The crude product was purified by
column chromatograp using CH,Cl and gave a white solid in 5.69 g (55%). *H-NMR
(400 MHz, CDCls) 6 7.78 (d, J = 8.4 Hz, 4H), 7.35 (d, J = 8.4 Hz, 4H), 4.09 (t, J =
4.4, 4.8 Hz, 4H), 3.61 (t, J = 4.8, 4.8 Hz, 4H), 2.45 (s, 6H). *C-NMR (100 MHz,
CDCl3) 6 145.0, 132.9, 129.9, 128.0, 69.0, 68.8, 21.7 ppm.

3.4.2 Synthesis of compound 11

HO OCHj5
H3CO OCH
K,CO3 3 s
G . -
OTs TsO CH3CN, reflux
10

2 NO,

63%

The mixture of compound 10 (0.23 g, 0.0006 mol), compound 2 (0.19 g,
0.0011 mol), K,CO3 (0.76 g, 0.006 mol), tetrabutylammonium bromide in CH3CN
(50 mL) solution was stirred and refluxed under nitrogen. After 3 days, the solvent
was removed, and pH of the reaction mixture was adjusted to 1 with 3M HCI. The

residue was extracted with CH,Cl, (253 mL) and H,O. The organic phase was
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collected and dried over anhydrous Na,SO,4. The solvent was removed and then
recrystallized with CH3OH to yield yellow solid 0.14 g (63%). *H-NMR (400 MHz,
CDCl3) & 7.87 (dd, J = 8.8, 2.8 Hz, 2H), 7.73 (d, J = 2.8 Hz, 2H), 6.94 (d, J = 8.8 Hz,
2H), 4.30 (t, J = 4.4, 5.2 Hz, 4H), 4.01 (t, J = 4.4, 4.8 Hz, 4H), 3.93 (s, 6H). *C-NMR
(100 MHz, CDCl3) 6 153.7, 149.1, 141.6, 117.5, 111.3, 106.6, 69.6, 68.8, 56.2 ppm.

3.4.3 Synthesis of compound 12

0] (¢] (0] (0] (0] (0]
H3CO OCHjz Hydrazine, Reney Ni H3CO OCHs;
CH3;O0H: EtOAc, reflux
NO, NO, NH; NH,
11 12

quantitative yield

A mixture of 11 (0.04 g, 0.100 mmol) in CH3OH (2.5 mL) and EtOAc (5
mL) was stirred with molcular sieve under nitrogen. After 15 min, Raney Ni (1/4
spoon) and 1 mL of hydrazine hydrate were added and refluxed for 1 hour. The color
of reaction was changed from yellow to colorless solution. The molcular sieve and
Raney Ni were removed by filtration. The residue was evaporated to dryness and
extracted with CH,Cl;, (25 mLx2) and H,O. The organic phase was collected and
dried over anhydrous Na,SO,. Solvent was evaporated to give yellow oil product in a

quantitative yield and was used in the next step without further purification.

3.4.4 Synthesis of receptor L3

H3CO\© i;/ocH3
HCO OCH,
+ SCN __EtN

CHCI3 room temp.

NH HN

L3

52%
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A similar procedure to the preparation of L1, the L3 was used to
synthesize from 12 and 1-isothiocyanatopyrene. The L3 was obtained as yellow
powders in 0.05 g (52%). MALDI-TOF (m/z) [M]": calcd 866.26, found 865.07.
Elemental Analysis for Cs;H4>,N4O5S,: caled C, 72.03; H, 4.88; N, 6.46. found C,
72.25; H, 4.86; N, 6.42. '"H-NMR (400 MHz, CDCl5) & 8.20-8.00 (m, 18H), 7.00 (s,
2H), 6.85-6.84 (m, 4H), 4.14 (t, J = 4.8 Hz, 4H), 3.88 (t, J = 4.4 Hz, 4H), 3.80 (s,
6H). *C-NMR (100 MHz, dg-DMSO) & 181.0, 148.4, 145.1, 133.0, 132.5, 130.4,
130.2, 129.0, 127.2, 127.0, 126.8, 126.5, 126.3, 126.2, 125.1, 124.9, 124.7, 124.2,
123.6, 122.5, 116.6, 113.0, 109.5, 68.8, 67.9, 55.2 ppm.

3.5 Synthesis of receptor L4
3.5.1 Synthesis of 1-Methoxy-4-nitrobenzene (13)

OH OCHs
K,CO4/CHjl

CH3CN;,reflux
NO, NO,

13
95%

A mixture of 4-nitrophenol (3.48 g, 0.025 mol), anhydrous K,CO3 (1.73
g, 0.0125 mol) in 25 mL of CH3CN solution was refluxed under nitrogen. CHsl (3
mL, 0.0375 mol) was dissolved in CH3CN (25 mL) and was added dropwise to the
mixture. After 5 hours, the solvent was removed under reduced pressure. The residue
was dissolved in CH,Cl, and 3M HCI was added to adjust pH = 1. The resulting
residue was extracted with CH,Cl, (25 mLx3) and water. The organic phase was
dried over anhydrous NaSQy, filtered and evaporated. The crude residue was purified
by column chromatograp (SiO,, CH,Cl5) to yield compound 6 as yellow-green solid
(3.65 g, 95%). IR (KBr): 3116, 2944, 1606, 1590, 1500, 1332, 1107, 847 cm™. *H-
NMR (400 MHz, CDCl3) 6 8.19 (dd, J = 7.2, 2.0 Hz, 2H), 6.95 (dd, J = 7.2, 2.0 Hz,
2H), 3.9 (s, 3H). *C-NMR (100 MHz, CDCls) & 164.6, 141.6, 125.9, 114.0, 56.0

ppm.
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3.5.2 Synthesis of 4-Methoxyaniline (14)

OCH; OCHj3
Hydrazine, Reney Ni

CH3O0H: EtOAc, reflux
NO, NH,
13 14

quantitative yield

A mixture of 13 (0.05 g, 0.3 mmol) in CH30H (1 mL) and EtOAc (20
mL) was stirred with molecular sieve under nitrogen. After 15 min, Raney Ni (1/4
spoon) and 2 mL of hydrazine hydrate were added and refluxed for 1 hour. The color
of the reaction was changed from yellow to colorless. The molecular sieve and Raney
Ni were removed by filtration. The residue was evaporated to dryness and extracted
with CH,Cl, and H,O. The organic phase was collected and dried over anhydrous
NaSO,. Solvent was evaporated to give yellow oil and the product was used in the

next step without purification.

3.5.3 Synthesis of receptor L4

OCHs,

OCHs ‘
O EtzN NH

—_—
O CHCl3, room temp. NH
NH,

6
14

L4
32%

A solution of compound 14 (0.300 mmol) and triethylamine (0.20 mL, 1.5
mmol) in CHCI3 (10 mL) was stirred under nitrogen at room temperature for 30
minutes and then 1-isothiocyanatopyrene (0.09 g, 0.360 mmol) in CHCI3 (20 mL)
was added to the reaction. The reaction mixture was stirred for 3 days and then
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evaporated to dryness. The residue was extracted with CH,Cl, and H,0. The organic
phase was collected and evaporated to dryness and purified by recrystallization with
CH,Cl,: EtOAc to give a white solid in 0.04 g (32%). MALDI-TOF (m/z) [M]":
calcd 382.11, found 382.70. Elemental Analysis: for C,4H1sN,OS: calcd C, 75.37; H,
4.74; N, 7.32 found C, 75.40; H, 4.83; N, 7.41. IR (KBr): 3356, 3293, 3129, 2959,
1511, 1244, 844 cm™. *H-NMR (400 MHz, CDCls3) & 8.05 (m, 11H), 7.32 (d, J = 8
Hz, 2H), 6.90 (d, J = 8 Hz, 2H), 3.79 (s, 3H). **C-NMR (100 MHz, d¢-DMSO) 181.6,
156.6, 133.0, 132.2, 130.6, 130.4, 129.2, 127.3, 127.1, 126.9, 126.6, 126.4, 126.3,
125.3, 125.1, 124.8, 124.4, 123.8, 122.6, 113.5, 55.1 ppm.

3.6 Synthesis of receptor R1
3.6.1 Synthesis of 1-Isothiocyanato-4-nitrobenzene (15)

NH, NCS
Thiophosgene, EtzN

CH,Cl,, room temp.

NO, NO,

15
53%

A mixture of 4-nitroaniline (0.35 g, 2.55 mmol) and triethylamine (0.70
mL, 5.05 mmol) in CH,Cl, (40 mL) was stirred under nitrogen at room temperature
for 30 minutes. A solution of thiophosgene (0.20 mL, 2.61 mmol) in CH,Cl, (20 mL)
was added dropwise to the reaction mixture and stirred for a day to give a red brown
solution. The reaction was extracted with H,O and CH,Cl, (25 mLx3). The organic
phase was collected and dried over anhydrous Na,SO,4. The residue was evaporated to
dryness and purified by column chromatograp on silica gel with CH,Cl; as eluent to
give 0.24 g (53%) of compound 15 as orange solid. *H-NMR (400 MHz, CDCls) &
8.25 (d, J = 9.2 Hz, 2H), 7.35 (d, J = 8.8 Hz, 2H). *C-NMR (100 MHz, CDCls) &
145.8, 140.4, 137.9, 126.4, 125.5 ppm.
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3.6.2 Synthesis of receptor R1

O O O O

H3CO OCHj; ELN H5CO OCHj3;
_ EBGN
CHCIs, room temp.
N02

R157%

A similar procedure to the preparation of L1, the R1 was synthesized
from compound 9 and 1-isothiocyanato-4-nitrobenzene. The R1 was obtained as
yellow powders in 0.04 g (57%). MALDI-TOF (m/z) [M]": calcd 752.19, found
753.41. Elemental Analysis for C3sH3sNgO10S2-H,0: caled C, 52.98; H, 4.97; N,
10.90. found C, 52.14; H, 4.39; N, 11.18. "H-NMR (400 MHz, d¢-DMSO) & 10.16 (s,
4H), 8.18 (d, J=9.2 Hz, 4H), 7.82 (d, J= 9.2 Hz, 4H), 7.14 (s, 2H), 6.94 (s, 4H), 4.07
(t, J= 4.4, 4.4 Hz, 4H), 3.73 (m, 10H), 3.62 (s, 4H). *C-NMR (100 MHz, ds-DMSO)
5 179.0, 148.6, 146.4, 142.1, 132.1, 124.3, 121.5, 116.3, 113.0, 109.1, 69.9, 69.0,
68.0, 55.5 ppm.

3.7 Synthesis of receptor R2

3.7.1 Synthesis of receptor 16

HO  OH O//\OH
\ KoCOs5
+ Br OH > @[
CH3CN, reflux o
\\/OH
16
58%

A mixture of pyrocatechole (1.00 g, 9.08 mmol), bromoethanol (4.00 mL,
56.7 mmol) and K,CO3 (12.55 g, 91.0 mmol) in CH3CN (100 mL) was stirred and
refluxed under nitrogen for 3 days. The color of the solution was changed from blue
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to brown. Then, the solvent was removed by evaporation. Then, 3M HCI was added to
adjust pH = 1. The residue was extracted with CH,Cl, (50x3 mL) and H,O. The
organic phase was collected and dried over anhydrous Na,SO,4. The solvent was
evaporated to dryness and dried under vacuum. The product was a brown oil in 1.05 g
(58%). 'H-NMR (400 MHz, CDCl3) 8 7.0 — 6.8 (m, 4H), 4.1 — 3.9 (m, 8H).

3.7.2 Synthesis of receptor 17

o o0 o o
+  TsClI _ NaH. K
OH  HO THF, 60 °C OTs TsO
16 17
25%

A mixture of compound 16 (0.10 g, 0.504 mmol), NaH (0.329 g, 13.7
mmol) and KI (0.20 g, 1.2 mmol) in THF (5 mL) was stirred under nitrogen at room
temperature for 1 h. TsCI (0.23 g, 1.2 mmol) was dissolved in THF (5 mL) and added
dropwise to the reaction. The mixture was stirred for 2 h at 60 °C. After cooling, the
residue was extracted with CH,Cl;, (25 mLx3)/H,O and brine. The organic phase was
collected and dried over anhydrous Na,SO4. The reaction mixture was filtered, and
the filtrate was evaporated to dryness. The crude product was purified by column
chromatograp using CH,Cl, as eluant and a white solid was obtained in 0.06 g
(25%). *H-NMR (400 MHz, CDCls) & 7.80 (d, J = 8.4 Hz, 4H), 7.33 (d, J = 8.4 Hz,
4H), 6.91 — 6.80 (m, 4H), 4.32 (dd, J = 5.7, 3.8 Hz, 4H), 4.16 (dd, J = 5.7, 3.8 Hz,
4H), 2.43 (s, 6H).
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3.7.3 Synthesis of receptor 18

o O g
Q . (O 03 K,CO4

7
_hevMs o} o
NO, OTs TsO CHsCN, reflux ~ H3CO OCHj5
2 17
NO, NO,
18
47%

The mixture of compound 17 (0.06 g, 0.122 mmol), compound 2 (0.04 g,
0.242 mmol), K,CO3 (0.17 g, 1.22 mmol), tetrabutylammonium bromide in CH;CN
(50 mL) solution was stirred and refluxed under nitrogen. After 2 days, the solvent
was removed and pH of the reaction mixture was adjusted to 1 with 3M HCI. The
residue was extracted with CH,Cl, (25x3 mL) and H,O. The organic phase was
collected and dried over anhydrous Na,SO4. The solvent was removed and the
product was then recrystallized with CH3;OH to yield 0.03 g (47%) of a yellow
solid. *"H-NMR (400 MHz, CDCl5) & 7.86 (dd, J = 9.2, 2.0 Hz, 2H), 7.72 (s, 2H), 7.04
—6.98 (m, 6H), 4.45 (d, J = 5.6 Hz, 8H), 3.91 (s, 6H). *C-NMR (100 MHz, CDCl5) &
149.3, 148.8, 141.8, 122.4, 117.6, 115.6, 111.8, 106.9, 68.2, 68.0, 56.3, 29.7 ppm.

3.7.4 Synthesis of receptor 19

0] 0] 0 0
( \> Hydrazine, Reney Ni ( \>
(@] O (@] O

HsCO OCH3  CH3;OH: EtOAc, reflux H;CO OCHs4

NO; NO; NH, NH,
18 19

quantitative yield
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A mixture of compound 18 (0.03 g, 0.057 mmol) in CH3;OH (1.25 mL)
and EtOAc (5.00 mL) was stirred with molcular sieve under nitrogen at room
temperature. After 15 min, Raney Ni (1/4 spoon) and 0.50 mL of hydrazine hydrate
were added and then refluxed for 1 hour. The molcular sieve and Raney Ni were
removed by filtration. The residue was evaporated to dryness and extracted with
CH,Cl; (25 mL x 3) and H,O. The organic phase was collected and dried over
anhydrous Na,SO4. The solvent was evaporated to give a white solid as product in
quantitative yield and the product was used in the next step without further

purification.

3.7.5 Synthesis of receptor R2

- 4

o o
(@] O NCS @] (0]
H5CO OCH H5CO OCH
3 3 . EtsN 3 3
CHCIs, room temp.
NH, NH, NO, NH HN_
19 15 S S

:C\NH HN/C:
25
R2 21%

In a similar procedure to the preparation of L1, R2 was synthesized from
compound 19 and 1-isothiocyanato-4-nitrobenzene. R2 was obtained as yellow
powders in 0.02 g (21%). MALDI-TOF (m/z) [M]": calcd 800.19, found 823.73. ESI-
HRMS: m/z calcd 823.1832 found 823.1689 for [M+Na]". *H-NMR (400 MHz, d-
DMSO) & 10.22 (s, 2H), 10.14 (s, 2H), 8.18 (d, J = 8.8 Hz, 4H), 7.81 (d, J = 9.2 Hz,
4H), 7.14 - 6.92 (m, 10H), 4.30 - 4.28 (m, broad, 8H), 3.71 (s, 6H). **C-NMR (100
MHz, ds-DMSO) 6 179.1, 155.6, 148.2, 146.3, 1455, 142.1, 135.6, 132.2, 126.3,
124.3,121.5, 118.3, 116.4, 112.3, 110.0, 109.3, 67.5, 55.8, 55.5 ppm.
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3.8 Complexation studies of ligands L1 — L4

The samples for 'H-NMR titration were prepared in 102-10° M
concentration in 5 mm NMR tubes. The UV-Vis spectra were measured using 10° M
of ligands with quartz cuvette (path length = 1 cm) at room temperature. Fluorescence
spectra were recorded at room temperature with the width of the excitation slit and the
emission slit at 10 nm and excited at 340 nm. The fluorescence quantum yields, @,
were estimated using the integrated emission intensity of anthracene as standard in
ethanol via equation, ®¢ = @' s7(Grade/Gradst)(n’s/m?st). Binding constants between
the ligand and various ions were determined by linear equation of Benesi Hilderbrand

plot.
3.8.1 Fluorescence titration

Fluorescence titrations of ligands L1 — L4 were carried according to the

following details.

1. Fluorescence titration of ligands L1 — L3 with various anions.
Solutions of ligands L1 — L3 (5.0x10° M) were prepared in 10 mL of a volumetric
flask and the 2 mL of each ligand was pipetted into a 1 cm pathlength quartz cuvette.
The emission spectra were recorded in the range of 360 — 700 nm at room temperature
by using the excitation wavelength at 340 nm, the width of excitation and emission
slit was 10 nm, the smoothing factor was 15, the scan rate and the PMT voltage were
medium. The solution of each anion (1.0x10° M) was prepared in 10 mL of a
volumetric flask and transferred to microburette 2 mL. The anion solution was
introduced in portion to the cuvette and stirred for 1 min prior to measurement.

Amounts of added anions were listed in Table 3.1.

2. Fluorescence titration of ligand L4 with various anions. Solution of
ligand L4 (5.0x10™ M) was prepared in 10 mL of a volumetric flask and the 2 mL of
this ligand was pipetted into a 1 cm pathlength quartz cuvette. The emission spectra
were recorded in the same range as ligands L1 — L3 at room temperature. The
excitation wavelength, the width of excitation and emission slit, the smoothing factor,
the scan rate and the PMT voltage were in the same condition with previous ligands.
The concentration of each anion was 1.0x10% M and was prepared in 10 mL of a

volumetric flask and was introduced in portion to the cuvette by microburette. The
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solution mixture between ligand and anion was stirred for 1 min prior to

measurement. Amounts of added anions were listed in Table 3.2.

Table 3.1 Amounts of anions (1.0x10 M) that added in 2 mL of ligands (L1 — L3 =

5.0x10® M) for complexation studies

Point Equiv. of anion Volume of anion (mL)
1 1.0 0.01
2 2.0 0.01
3 3.0 0.01
4 4.0 0.01
5 5.0 0.01
6 6.0 0.01
7 7.0 0.01
8 8.0 0.01
9 9.0 0.01
10 10.0 0.01
11 14.0 0.04
12 18.0 0.04
13 22.0 0.04
14 26.0 0.04
15 30.0 0.04
16 38.0 0.08
17 46.0 0.08
18 54.0 0.08
19 62.0 0.08
20 70.0 0.08
21 80.0 0.10
22 90.0 0.10
23 100.0 0.10
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Table 3.2 Amounts of anions (1.0x10% M) that added in 2 mL of ligand L4 (5.0x10”

M) for complexation studies

Point Equiv. of anion Volume of anion (mL)
1 1.0 0.01
2 2.0 0.01
3 3.0 0.01
4 4.0 0.01
&) 5.0 0.01
6 6.0 0.01
7 7.0 0.01
8 8.0 0.01
9 9.0 0.01
10 10.0 0.01
11 14.0 0.04
12 18.0 0.04
13 22.0 0.04
14 26.0 0.04
15 30.0 0.04
16 38.0 0.08
17 46.0 0.08
18 54.0 0.08
19 62.0 0.08
20 70.0 0.08
21 80.0 0.10
22 90.0 0.10
23 100.0 0.10

3. Fluorescence titrations of ligands L1 and L4 with sodium ion. The
preparations of ligands were similar to the titration of anion. However, the sodium
solution (1.0x10° M or 1.0x10 M) was prepared in CH3CN and was introduced in
portion to cuvette by microburette. The mixture between the ligand and sodium was
stirred for 2 min prior to measurement. The titration procedure was similar to that of

anion.
3.8.2 "TH-NMR titration

From the fluorescence titration results, we chose the ligand L1 and L4 to
study the complexation property with fluoride and sodium ions. *H-NMR titrations of

ligands L1 and L4 were carried out as follows.

1."H-NMR titrations of ligands L1 and L4 with fluoride anion. The
solutions of ligands L1 and L4 (1.0x10° M) in CDCl; 0.5 mL were prepared in a 5
mm of a NMR tube. The *H-NMR spectrum of each free ligand was recorded. The
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solution of fluoride anion (1.0x102 M) in CDCl; was prepared in a vial and was
added via a microsyringe (10 and 50 uL portions) to the free ligand solution. *H-NMR
spectra were recorded after each addition. Amounts of added anions were listed in
Table 3.3.

2.'"H-NMR titrations of ligands L1 and L4 with sodium ion. The
solution of ligands L1 and L4 (1.0x10° M) in CDCIls/CD3CN (9/1 v/v) 0.5 mL were
prepared in a 5 mm of a NMR tube. The *H-NMR spectrum of free ligand was
recorded. The solution of sodium ion (1.0x10 M) in CDCl3/CD3CN was prepared in
a vial and was added via a microsyringe (10 and 50 uL portions) to the free ligand
solution. 'H-NMR spectra were recorded after each addition. The titration procedure

was similar to that of fluoride anion.

Table 3.3 Amounts of fluoride (1.0x10 M) that added in 0.5 mL of ligands (L1 and
L4 = 1.0x10° M) for complexation studies

Point Equiv. of fluoride Volume of fluoride (uL)
1 0.1 5
2 0.2 5
3 0.3 5
4 0.4 5
5 0.5 5
6 0.6 5
7 0.7 5
8 0.8 5
9 0.9 5
10 1.0 5
11 1.2 10
12 1.4 10
13 1.6 10
14 1.8 10
15 2.0 10
16 3.0 50
17 4.0 50

3.8.3 Determination of the stoichiometry of the L1-F complex by Job’s method

Solutions of L1 and fluoride in CHCl3 (5.0x10™ M) were prepared in a 20
mL of a volumetric flask. Solution of L1 plus fluoride was pipetted to a 1 cm quartz
cuvette to provide the total volume 2 mL according to Table 3.4. Emission spectrum

of each addition was measured after stirred 2 min.




52

Table 3.4 Amounts of fluoride (5.0x10° M) and ligand L1 (5.0x10™ M) that added in

cuvette for Job’s method

Point Volume of fluoride (mL) Volume of L1 (mL)
1 0 2.00
2 0.20 1.80
3 0.40 1.60
4 0.60 1.40
&) 0.80 1.20
6 1.00 1.00
7 1.20 0.80
8 1.40 0.60
9 1.60 0.40
10 1.80 0.20
11 2.00 0.00

3.9 Complexation studies of ligands R1 and R2

3.9.1 UV-vis titration with anion and cation

Solutions of ligands R1 and R2 (2.5x10"° M) were prepared in 10 mL of a

volumetric flask and the 2 mL of these ligands were pipetted into a 1 cm pathlength

quartz cuvette. The absorption spectra were recorded in the range of 250 — 700 nm.

The solution of anion or cation (5.0x10™ M) was prepared in 10 mL of a volumetric

flask and was introduced in portions to the cuvette by microburette. The solution

mixture between ligand and anion was stirred for 2 min prior to measurement.

Amounts of added anions were listed in Table 3.5.
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Table 3.5 Amounts of anion or cation (5.0x10 M) that added in 2 mL of ligand (R1

and R2 = 2.5x10° M) for complexation studies

Point Equiv. of anion or cation Volume of anion or cation (mL)
1 0.1 0.01
2 0.2 0.01
3 0.3 0.01
4 0.4 0.01
S 0.5 0.01
6 0.6 0.01
7 0.7 0.01
8 0.8 0.01
9 0.9 0.01
10 1.0 0.01
11 1.2 0.02
12 1.4 0.02
13 1.6 0.02
14 1.8 0.02
15 2.0 0.02
16 2.4 0.04
17 2.8 0.04
18 3.2 0.04
19 3.6 0.04
20 4.0 0.04
21 4.8 0.08
22 5.6 0.08
23 6.4 0.08
24 7.2 0.08
25 8.0 0.08

3.9.2 "TH-NMR titration with anion and cation

!H-NMR titration of R1 had been carried out in dg-DMSO. However, we

could not use this technique for following interactions between the receptor R2 and

various ions due to its low solubility in almost type of solvent.'H-NMR titration of

ligand R1 were carried out as follows

1."H-NMR titration of ligand R1 with fluoride anion. The solution of

ligand R1 (1.0x10% M) in dg-DMSO 0.35 mL was prepared in a 5 mm NMR tube.
The *H-NMR spectrum of free ligand was recorded. The solution of fluoride (0.1 M)

in dg-DMSO was prepared in a vial and was added via a microsyringe (10 and 50 uL

portions) to the free ligand solution. *H-NMR spectra were recorded after each

addition. Amounts of added fluoride were listed in Table 3.6.
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2.'"H-NMR titration of ligand R1 with sodium ion. The solution of
ligand R1 (1.0x10% M) in dg-DMSO 0.35 mL was prepared in a 5 mm NMR tube.
The *H-NMR spectrum of free ligand was recorded. The solution of sodium (0.1 M)
in dg-DMSO was prepared in a vial and was added via a microsyringe (50 uL portion)
to the free ligand solution. *"H-NMR spectra were recorded after each addition.

Amounts of added anions were listed in Table 3.7.

Table 3.6 Amount of fluoride (0.1 M) that added in 0.35 mL of ligand R1 (1.0x10%
M) for complexation studies

Point Equiv. of fluoride Volume of fluoride (uL)
1 0.1 3.5
2 0.2 3.5
3 0.3 3.5
4 0.4 3.5
5 0.5 35
6 0.6 3.5
7 0.7 35
8 0.8 3.5
9 0.9 35
10 1.0 3.5
11 1.2 7.0
12 1.4 7.0
13 1.6 7.0
14 1.8 7.0
15 2.0 7.0

Table 3.7 Amount of sodium (0.1 M) that added in 0.35 mL of ligand R1 (1.0x10%
M) for complexation studies

Point Equiv. of sodium Volume of sodium (puL)
1 0.5 18.0
2 1.0 18.0
3 15 18.0
4 2.0 18.0
5 3.0 36.0
6 4.0 36.0




55

3.10 Decomplexation studies of L1-F and L4-F

From complexation studies of various ligands, we chose ligands L1 and
L4 to study the decomplexation property by adding some ion into the complex
solution and followed the interaction by fluorescence and 'H-NMR titration

techniques.
3.10.1 Fluorescence titrations

The decomplexation of ligands L1 and L4 was studied in two processes.
The first process was the study of each ligand in the presence of fluoride and then

titrated with sodium ion, and vice versa in the last process.

1. Fluorescence titration of L1-100F (L4-100F) with sodium ion. The
fresh solution of each ligand L1 and L4 (L1 = 5.0x10° M, L4 = 5.0x10° M) were
prepared in 10 mL of a volumetric flask and the 2 mL of it was pipetted into a 1 cm
pathlength quartz cuvette. The emission spectra were recorded in the range 360 — 700
nm at room temperature by using the excitation wavelength at 340 nm, the width of
excitation and emission slit was 10 nm, the smoothing factor was 15, the scan rate and
the PMT voltage were medium. The high concentration of 100 equiv. of fluoride was
prepared and then added one portion into the ligand solution. The emission spectrum
of ligand plus fluoride was recorded after stirring 60 sec. The sodium metal (1.0x107
and 1.0x10 M up to concentration of ligand) was prepared in a 10 mL of volumetric
flask and transferred to microburette 2 mL. The metal solution was introduced in
portion to the former cuvette and stirred for 60 sec. prior to measurement. Amounts of

added Na* were shown in Table 3.8.

2. Fluorescence titration of L1-10Na (L4-10Na) with fluoride ion. A
solution of ligands L1 and L4 (L1 = 5.0x10° M, L4 = 5.0x10™> M) was prepared in
10 mL of a volumetric flask and was pipetted into a 1 cm pathlength quartz cuvette.
The emission spectra were recorded in the range of 360 — 700 nm at room temperature
by using the excitation wavelength at 340 nm, the width of excitation and emission
slit was 10 nm, the smoothing factor was 15, the scan rate and the PMT voltage were
medium. The high concentration of 10 equiv. (30 equiv.) of sodium was prepared and
then added one portion into the ligand solution. The emission spectrum of ligand plus

sodium was recorded after stirring for 1 min. Fluoride anion (1.0x10? and 1.0x10° M
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up to concentration of ligand) was prepared in a 10 mL of volumetric flask and

transferred via microburette 2 mL. The fluoride solution was introduced in portion to

the former cuvette and stirred for 60 sec. prior to measurement. The added cation and
anion were listed in Table 3.9. The decomplexation study of L1-30Na and L4-30Na

was also studied.

Table 3.8 Amounts of sodium that added in Ln-100F solution for decomplexation

studies
Point Equiv. of fluoride | Equiv. of sodium | Volume of sodium (mL)
1 100 1.0 0.01
2 100 2.0 0.01
3 100 3.0 0.01
4 100 4.0 0.01
5 100 5.0 0.01
6 100 6.0 0.01
7 100 7.0 0.01
8 100 8.0 0.01
9 100 9.0 0.01
10 100 10.0 0.01
11 100 14.0 0.04
12 100 18.0 0.04
13 100 22.0 0.04
14 100 26.0 0.04
15 100 30.0 0.04
16 100 38.0 0.08
17 100 46.0 0.08
18 100 54.0 0.08
19 100 62.0 0.08
20 100 70.0 0.08
21 100 80.0 0.10
22 100 90.0 0.10
23 100 100.0 0.10
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Table 3.9 Amounts of fluoride that added in Ln-10Na solution for decomplexation

studies
Point Equiv. of sodium | Equiv. of fluoride | Volume of fluoride (mL)
1 10 1.0 0.01
2 10 2.0 0.01
3 10 3.0 0.01
4 10 4.0 0.01
5 10 5.0 0.01
6 10 6.0 0.01
7 10 7.0 0.01
8 10 8.0 0.01
9 10 9.0 0.01
10 10 10.0 0.01
11 10 14.0 0.04
12 10 18.0 0.04
13 10 22.0 0.04
14 10 26.0 0.04
15 10 30.0 0.04
16 10 38.0 0.08
17 10 46.0 0.08
18 10 54.0 0.08
19 10 62.0 0.08
20 10 70.0 0.08
21 10 80.0 0.10
22 10 90.0 0.10
23 10 100.0 0.10

3.10.2 '"H-NMR spectroscopy of L1-4F (L4-4F) with sodium ion

The solution of each ligand (1.0x10° M) in CDCIl3/CD3CN (9/1 v/v) 0.5
mL were prepared in a 5 mm of a NMR tube. The *H-NMR spectrum of free ligand
was recorded. The solution of fluoride ion (1.0x102 M) in CDCIs/CD3CN was
prepared in a vial. Its solution was added for 4 equiv. via a microsyringe to the free
ligand solution and shook on it for 1 min. *H-NMR of ligand plus 4 equiv. of fluoride
was recorded. The high concentration of sodium was also prepared in CDCl3/CD3CN
(9/1 v/v) and then excess added into the ligand solution. Its solution was shaken for 60

sec. "H-NMR spectrum of Ln-4F-excessNa was recorded.
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3.11 Decomplexation studies of ligand R1
3.11.1 UV-vis titration of R1:4Anion with sodium ion

The solution of ligand R1 (2.5x10™° M) in DMSO was prepared in 10 mL
of a volumetric flask and the 2 mL of it was pipetted into a 1 cm pathlength quartz
cuvette. The absorption spectra were recorded in the range of 250 — 700 nm. The high
concentration of 4 equiv. of each anion was prepared and then added one portion into
the ligand solution. The absorption spectrum of ligand plus anion was recorded after
stirring 2 min. The sodium metal (1.0x10™ M) was prepared in a 10 mL of volumetric
flask and transferred to microburette 2 mL. The metal solution introduced in portion
to the former cuvette and stirred for 2 min. prior to measurement. Amounts of added
Na* were listed in Table 3.10.

3.11.2 "H-NMR titration

The solution of ligand R1 (1.1082x10 M) in dg-DMSO 0.35 mL was
prepared in a 5 mm NMR tube. The *H-NMR spectrum of free ligand was recorded.
The solution of anion was prepared in dg-DMSO in a vial for example the fluoride
anion 0.08123 g (0.5149 M) was dissolved in dg-DMSO 0.5 mL. The solution of
sodium ion (0.98818 M) in CD3CN 0.5 mL was also prepared. The amount of
fluoride solution 30 uL (4 equiv.) was added directly to the R1 solution via a
microsyringe and shook on it for 2 min. *H-NMR spectrum of R1-4F complex was
recorded after addition. After that, the 40 uL of sodium solution (10 equiv.) was
added. The *H-NMR spectrum of R1-4F-10Na was recorded. The fluoride anion was
displaced by the other anions such as AcO’, BzO and H,PO, and recorded the
spectrum in the same procedure as R1-4F-10Na method.
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Table 3.10 Amounts of sodium that added in R1-4Anion solution for decomplexation

studies
Point Equiv. of anion Equiv. of sodium | Volume of sodium (mL)
1 4 0.1 0.01
2 4 0.2 0.01
3 4 0.3 0.01
4 4 0.4 0.01
5 4 0.5 0.01
6 4 0.6 0.01
7 4 0.7 0.01
8 4 0.8 0.01
9 4 0.9 0.01
10 4 1.0 0.01
11 4 1.2 0.02
12 4 14 0.02
13 4 1.6 0.02
14 4 1.8 0.02
15 4 2.0 0.02
16 4 2.4 0.04
17 4 2.8 0.04
18 4 3.2 0.04
19 4 3.6 0.04
20 4 4.0 0.04
21 4 4.8 0.08
22 4 5.6 0.08
23 4 6.4 0.08
24 4 7.2 0.08
25 4 8.0 0.08
26 4 9.0 0.10
27 4 10.0 0.10

3.12 Anion interference studies

The competitive experiments were carried out in the presence of 2 mL of

ligand (L1 — L3 = 5.0x10° M and L4 5.0x10° M) and 100 equiv. of the anion
mixture in CHCI; solution such as F, AcO’, BzO’, H,PO,, CI, Br and I'. The

solution mixture between each ligand and these anions was stirred for 2 min. prior to

measurement by a fluorescence spectophotometer.
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3.13 Principal component analysis (PCA) for R1 with ions
3.13.1 PCA for R1 with anions

The solution of ligand R1 (2.5x10" M) in DMSO was prepared in a 100
mL volumetric flask, and 2 mL of the stock solution was pipetted into a 1 cm
pathlength quartz cuvette. Solutions of ions (F, AcO", BzO", H,PO,", Na*, K*) were
prepared to have 4.0x102 M concentration, and 5 L of the ion solution and 5 uL of
DMSO were added into the ligand solution. The total volume of each sample was 2.01
mL. The absorption spectrum of R1 + ion + DMSO was recorded in the range of 260
— 600 nm after stirring 1 min. Each ion was measured for 5 times. The UV-vis

spectrum of the free R1 solution and DMSO (10 uL) was also recorded.

3.13.2 PCA for R1 with anions in the presence of cations

The solution of ligand R1 (2.5x10" M) in DMSO was prepared in a 100
mL volumetric flask, and 22 mL of the stock solution was mixed with 55 uL of each
anion (4.0x10 M) and then was pipetted into a 1 cm pathlength quartz cuvette. A
metal ion (Na* or K*) solution (4.0x10 M) was added (5 pL) into the mixed solution
of the ligand and an anion. The absorption spectrum of the mixed solution was
recorded in the range of 260 — 600 nm after stirring 1 min. Each experiment was

repeated for 5 times.



CHAPTER 1V

RESULTS AND DISCUSSION
4.1 Fluorosensor L1 - 1.4
4.1.1. Syntheses of L1 — L4

The fluorescent sensors L1 — L3 containing variable chain length of the
polyethylene glycol and pyrene thiourea were synthesized by coupling reaction
between 1-thiocyanatopyrene and the corresponding amino groups in a moderate yield
as showed in this order, 48%, 38% and 52%, respectively. The reaction mechanism of
all compounds proceeded via nucleophilic attack of nitrogen atom of amino group at
carbon atom of 1-isothiocyanate in basic solution of triethylamine to give the thiourea
moiety. The final products are in yellow solid. The monomeric pyrene model
compound L4 was also synthesized in 32% of white solid to compare the binding
ability between in the presence and in the absence of polyethylene glycol chain. All
synthesized compounds were good soluble in non-polar organic solvents such as

dichloromethane, chloroform and polar organic solvent such as DMSO.

ra it

/_%\ 4_\ H;CO OCH3;
(0] o JpO
H3CO© ©/OCH3 OO Coupling reaction

+ SCN

NH, NH,

L1=148% (n=3)
L2=38% (n=2)
L3=52%(n=1)

Figure 4.1 Syntheses of fluorescent sensors L1 — L3
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Figure 4.2 Syntheses of fluorescent sensor L4
4.1.2 Characterization of L1 — L4

The UV-vis absorption spectra of all the sensors, L1 — L4, were studied in
CHCI3; solution exhibiting two major absorption bands for the © — n* transition of
aromatic hydrocarbons in the range 250 — 400 nm (Figure 4.3). These bands represent
the characteristic shape of the pyrene group for Sy—S; and Sy—S, transitions [4].
The fluorescence emission spectra of L1 — L4 displayed only intense characteristic
monomer bands of the pyrene in the same region between 390 — 410 nm (Figure 4.4).
The fluorescence emissions of L1 — L3 were observed in an almost intensity at the
same concentration, 5x10° M. However, the intensity of L4 had a very weak
monomer emission at this concentration therefore the emission of L4 was measured at
5x10° M. The NMR spectroscopy was used to determine the structure of all
receptors. 'H-NMR spectra were recorded in CDCl; and “C-NMR spectra were
prepared in dg-DMSO to increase the solubility. The "H-NMR data of the receptors
L1 — L3 displayed no significant difference of their proton signals (Table 4.1). The
polyethylene glycol protons, H,, H,', Hy, H., showed the resonance signals around
3.6 — 4.1 ppm. The methoxy protons of Hy displayed at 3.8 ppm which observed at
the same position with the Hy,. The benzyl protons, He, of L1 — L3 receptors appeared
as singlet peak at 7.0 ppm. The signals at 6.8 ppm, which corresponded to 4 protons,
were assigned to the Hr and H,. The two aromatic protons of L4 were also observed
as a doublet peak at 6.3 and 7.3 ppm. Moreover, the spectra of all the receptors
showed a multiplet peak of pyrene signals in the range of 8.0 — 8.2 ppm, which was

the characteristic peak of the aromatic pyrene protons. The protons of thiourea group
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were overlapped with the pyrene proton when CDCIl; was used as a solvent.
However, the appearance of NH signals was observed in dg-DMSO solution (Figure

A7, All, Al5, and A18). The *C-NMR data of L1 — L4 receptors were concluded in
Table 4.2.

Figure 4.3 UV-vis absorption spectra of fluorescent sensors L.1 — L4
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Figure 4.4 Fluorescence emission spectra of fluorescent sensors L1 — L4

Table 4.1 'H-NMR data for L1 — L4 in CDCl;

AoV

aaa bec

'O > L1-13

OCH; H3CO
o
3CO—©—N N 14
08
H-Position L1 (ppm) L2 (ppm) L3 (ppm) L4 (ppm)
a’ 3.6 (d) - - -
a 3.6 (d) 3.7 (s) - -
b 3.8 (s) 3.8 (m) 39 -
c 4.1 (s) 4.1 (1) 4.1 (1) -
d 3.8 (s) 3.8 (m) 3.8(s) 3.8(s)
f 6.8 (s) 6.8 (m) 6.8 (m) 6.9 (d)
g 6.8 (s) 6.8 (m) 6.8 (m) 7.3 (d)
e 7.0 (s) 7.0 (s) 7.0 (s) -
pyrene 8.0 (m) 8.0 (m) 8.1 (m) 8.1 (m)
NH 8.0 (m) 8.0 (m) 8.1 (m) 8.1 (m)
Table 4.2 "C-NMR data for L1 — L4 in d¢-DMSO
C-Position L1 (ppm) L2 (ppm) L3 (ppm) L4 (ppm)
a’ 68.0 - - -
a 68.9 68.0 - -
b 69.7 68.9 67.9 -
c 69.8 69.9 68.8 -
d 55.4 55.4 55.2 55.1
f 113.0 113.0 113.0 NA
g 109.7 109.7 109.5 113.5
e 116.7 116.8 116.6 -
Coyr 130.6 - 122.7 130.6 - 122.7 130.4 - 122.5 | 130.6 —122.6
C=S 181.2 181.2 181.0 181.6
Caro — OCH; 145.3 145.3 145.1 156.6
Caro — OCHy 148.5 148.5 148.4 -
Caro— N 132.6 132.6 132.5 132.2
Cowr —N 133.2 133.2 133.0 133.0
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The fluorescence quantum yields of all synthesized receptors were
calculated using the integrated emission intensity of anthracene as standard via
equation (1). The anthracence standard should be chosen because its solution and all
synthesized ligand solutions have identical absorbance at the same excitation

wavelength (340 nm) to ensure their absorption of the same number of photons.
O = (I)ST(GradF/GradsT)(nzF/n2ST) (1)

The subscripts ST and F denote standard and test, respectively. @ is the fluorescence
quantum yield. Grad is the gradient from the plot of integrated fluorescence intensity
Vs absorbance, and 7 is the refractive index of solvent (ngwon = 1.3614 and nepciz =
1.4458). The data were repeated and found the average value. From the data obtained,
the fluorescence quantum yield increased with the chain length of the polyethylene
glycol and no chain gave the lowest quantum yield. The differences in the quantum
yields of L1 - L4 were attributed to the podand chain dependent fluorophore
interaction [51] and dimeric pyrene in L1 — L3 gave higher quantum yield than
monomeric pyrene in L4. The photophysical properties for all the sensors were

summarized in Table 4.3.

25000
20000

15000

¢ anthracence

10000
y=215818x

Intigrated fluorescence intensity

5000

0 0.02 0.04 0.06 0.08 0.1 012
Absorbance

Figure 4.5 Linear plot for antracence standard in EtOH (Grad = 215818)
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Figure 4.6 Linear plots for all synthesized ligands in CHCl; (Grady; = 28872, Grady,
=24511, Gradpz = 21654, Grad4 = 10709)

Table 4.3 The absorption and emission parameters for compound L1 — L4 in CHCl;

Compound Absorption Emission
P Aans (nm) | £x10* (mol"cm™) | Aem (nm) O (%)
L1 347 6.58 402 18.89
L2 347 6.60 407 11.85
L3 347 6.29 401 11.48
L4 346 3.04 393 5.60

& Fluorescence quantum yield used anthracence as standard (®gsr = 0.27 in EtOH)

4.1.3 Anion binding property

4.1.3.1 Photochemical studies

The anion binding properties of L1 toward tetrabutylammonium anion

salts were investigated in chloroform solution using fluorescence spectrophotometry.

A solution of L1 (5.0x 10° M) was added 100 equiv. of F,OH", AcO’, BzO’, H,PO4’,

Br’, CI' and I'. The fluorescence spectrum of L1-F displayed pyrene excimer band at

500 nm when excited at 340 nm (Figure 4.7). However, no change was observed in

the fluorescence spectra of L1 in the presence of other salts. The order of intensity

ratio between excimer and monomer bands (Ig/Iy) in L1 varied as F* > AcO”" = BzO™ >

H,PO4 = CI' > Br = I' > OH" (Figure 4.8). The preference of fluoride to bind with —




67

NH of thiourea group through H-bond, was due to the highest basicity of fluoride.
Moreover, the smallest atomic size of fluoride was suitable to encapsulate in the
receptor molecule. Interestingly, the complaxation of L1 with OH™ displayed the
minimum [/l ratio, even the OH™ was a high anion basicity. This confirmed that not
only the basicity of anion but also the small size of anion was an important factor for

binding with L1 receptor.

Figure 4.7 Fluorescence changes of .1 with 100 equiv. of tetrabutylammonium anion

salts in CHCl;

Fluorescenceratio (/1,4

\}' ({ @ 0.* (P_-' Oh' c-}.- Q;‘" L O_‘E(
0
A

Figure 4.8 Plot of I/l (Ig: excimer fluorescence intensity at 500 nm; Iy;: monomer

fluorescence intensity at 398 nm)
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Color changes were also observed after the addition of various anions to
L1 solution (Figure 4.9). The addition of fluoride ions into L1 solution showed a
color change from colorless to yellow. However, no color changes were observed by
the addition of other anions. Therefore, the L1 sensor can be used for the detection of
fluoride by the naked eye. Moreover, the photograph under UV light showed strong

emission of L1 in the presence of fluoride.

(a) (b)

Figure 4.9 (a) Color changes of L1 (5.0x10°M) in the presence and absence of 500
equiv. of anions (from left to right: L1, L1+F, L1+BzO", L1+AcO’, L1+H,POy,
L1+CI, L1+Br, and L1+I") (b) Fluorescence changes of L1 after addition fluoride
(from left to right: L1, L1+F") in CHCl;

From the fluorescence titration spectra of L1 with fluoride, the intensity
enhancement of pyrene excimer band at 500 nm was gradually increased until the
addition of fluoride anions into L1 solution reached 100 equiv. However, there was a
small change in monomer emission intensity at 398 nm (Figure 4.10). These
confirmed that, the fluoride induced the formation of pyrene excimer interactions
upon binding with fluoride resulting in the fluorescence enhancement of the excimer
band. The single isoemissive point at 426 nm suggested the presence of only two

species, free L.1 and L1-F" in solution.
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Figure 4.10 Fluorescence titration of L1 with tetra-n-butylammonium fluoride in

CHCl; ([L1] = 5.0x10° M, Aex = 340 nm)

The Job’s plot experiment of L1 and fluoride displayed a maximum mole
fraction of fluoride at 0.5 and supported the 1:1 or 2:2 complexation of L1:F" fluoride
ion (Figure 4.11). The proposed conformations of this complex in solution were a
folded structure to make the intramolecular excimer formation and/or an unfolded
structure to give the intermolecular excimer (Figure 4.12). Generally, the
intramolecular reaction can proceed in good chemical yields only at very low
concentration since it suffers from the competition of polymerization. The rate of
polymerization is dependent on the monomer concentration [52]. In the case of free
L1 the ratios of fluorescence intensity between excimer and monomer were depended
on the concentration of free L1 ligand which gradually increased in the concentration
range 5.0<10”* M to 5.0x10”7 M and began to decrease when the concentration was
too diluted at 5.0x10™* M (Figure 4.13a and 4.13c). These results suggested that at the
higher concentration of free L1, the aggregation led to lower monomer and excimer
emission intensities of L1 due to the self-quenching induced by interchain m — =
interactions [36]. In the presence of 100 equiv. of fluoride the intensity ratios were
also dependent on the concentration of L1 (Figure 4.13b and 4.13d), consisting of an
enhancement of the excimer emission band. This suggested that the dimerization of

L1-F complex proceeded via intermolecular interaction of pyrene molecule and



70

produced the unfolded structure [37]. This followed the definition of the rate of
polymerization that described above. The unfolded structure of L1 did not need to
change the conformation for binding with fluoride anion and could reduce the steric
hindrance within the receptor molecule. This may be affected the L1-F" molecule

preferring the unfolded structure.

50 -

1/
\

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

I-1,(1-X)

mole fraction of F

Figure 4.11 Job’s plot of L1 (5.0x10° M) with tetra-n-butylammonium fluoride in
CHCl;

Folded structure (1:1) Unfolded structure (2:2)

Figure 4.12 Proposed conformations of L.1 with fluoride ions in solution
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Figure 4.13 (a) Fluorescence emission of various concentration of L1 (b) various
concentrations of L1 with fluoride (100 equiv.) (¢) Plot of Ig/Iy of various

concentrations of L1 (b) various concentrations of L1 with fluoride (100 equiv.)

From the fluorescence titration data, the binding constants (K,s) for the
formation of L1 with tetrabutylammonium anions were calculated via a Benesi-
Hildebrand plot [4] following equation (2) and the ratio of the interception at the
origin to the slope yielded K. The K, of L1-F" was found to be higher than H,PO4
, BzO™ and AcO, respectively (Table 4.4). Therefore, L1 was selective toward only
fluoride anions. This finding corresponded with previous research done by Gozen in

2007 in which the unfolded structure of pseudocyclic tristhiourea showed a common

preference for F > H,PO4 > AcO™ [28].

l, «
1, KM ?
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Figure 4.14 Example of Benesi-Hildebrand plot for calculation the binding constant

of L1 with fluoride anion

Table 4.4 The binding constants (M) of receptor L1 and various tetra-n-

butylammonium anion salts in CHCl;

L1-Anion Kass R’ Ratio Aex/Aem
F 1.0x10* 0.9969 1:1 340/500
BzO 5.8x10° 0.9918 1:1 340/408
AcO 4.2x10° 0.9936 1:1 340/398
H,PO, 7.5%10° 0.9991 1:1 340/391
Cr ND? ND? ND? 340/412

Br ND? ND? ND? 340/404

I ND? ND? ND? 340/407
OH ND? ND? ND? 340/400

& ND = could not be determined due to there were small change in fluorescence
emission

Besides L1, the anion binding properties of L2 — L4 with fluoride were
also studied by fluorescence spectrophotometry. The fluorescence titration profiles of
L2-F and L3-F complexes displayed the trend of the intensity enhancement at
excimer band as same as L1-F" complex (Figure 4.15 — 4.16). This finding difference
with L4-F°, the excimer emission band at ca. 500 nm was gradually increased
accompany with the appearance of the new monomer band at ca. 420 nm (Figure
4.17). However, it was not clear that why did these new monomer bands increase

accompany with the growth of the excimer bands?
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Figure 4.15 Fluorescence titration spectra of L2 with tetra-n-butylammonium fluoride

in CHCl5 ([L2] = 5.0x10° M, Aex = 340 nm)

Figure 4.16 Fluorescence titration spectra of L3 with tetra-n-butylammonium fluoride

in CHCl;3 ([L3] = 5.0x10° M, Aoy = 340 nm)
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Figure 4.17 Fluorescence titration spectra of L4 with tetra-n-butylammonium fluoride

in CHCl5 ([L4] = 5.0x10™ M, Aex = 340 nm)

The L1-F" complex showed the highest binding constant and displayed the
highest intensity ratio (Figure 4.18, Table 4.5). The difference in the binding
properties of L1 — L4 with fluoride anion could be due to the effect of polyethylene
glycol chain. Therefore, L1 is the most efficient probe for detecting fluoride because a
longer flexible polyethylene glycol chain may reduce the repulsion between the
methoxy group and the oxygen of polyethylene glycol to provide more stable
complex. In addition, F" is the smallest anion and provides the least steric hindrance
guests for L1. Moreover, the effect of dimerization on the sensitivity will be
investigated by monitoring the fluoride induced an excimer emission at the minimum
ligand concentrations. In the presence of 100 equiv. of fluoride, the minimum
concentration of L1 and L4 for detection of the excimer emission band was 5 uM and
50 uM, respectively. The fluorescence intensity at 500 nm of L1-F displayed 2 times
higher fluorescence intensity than that of L4-F", even at lower concentration (Figure
4.19). Therefore, the excellent sensitivity of L1 and weaker sensitivity of L4 indicated
that the dimer linkage on L1 should improve the fluoride sensitivity. However, in the
absence of fluoride the excimer bands were not observed. The fluorescence emission
spectra of each free L1 and L4 displayed only the monomer band, even their
concentration increased to 5.0x10”% M. This strongly supported fluoride was an

important factor to induce the excimer formation.
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Figure 4.18 Fluorescence spectra of (a) L1 — L4 with 100 equiv. of tetra-n-
butylammonium fluoride in CHCl; (b) plot of Ig/Iy ([L1], [L2], [L3] = 5.0x10° M,

[L4] = 5.0x10" M, Aey = 340 nm)

Table 4.5 The binding constants (M™) for complexation of all receptors, L1 — L4,

with tetra-n-butylammonium fluoride in CHCl;

L1-F

L2-F

L3-F

L4-F

LogK 4.03

3.02

3.80

2.73
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(a)

(b)

Figure 4.19 Fluorescence emission spectra of various concentrations of (a) L1 and (b)

L4 with 100 equiv. of tetra-n-butylammonium fluoride in CHCl;

The detection limit of L1 was calculated by using three times the standard
deviation (3SD) of the background noise to estimate the lowest concentration of
fluoride that can be measured from the ratio between 3SD of the fluorescence
intensity at 500 nm of free L.1 and slope of linear plot of fluorescence titration data of
L1 with fluoride at 500 nm (Table 4.6, Figure 4.20). [53] The detection limit of L1 for
minimum detection fluoride was found to be 2.43x10° M or 2.3 ppm in a non-polar

organic solvent such as CHCl;.
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Table 4.6 Fluorescence intensity data of free L1 at 500 nm for repetition 10 times and

its standard deviation

free L1 | 500 nm
1 68.92908
2 68.59905
3 68.91232
4 67.42912
5 68.24125
6 69.98227
7 69.38965
8 71.25394
9 71.17123
10 72.72158
SD 1.61875
3SD 4.8563
50 -
80 - *
£
g 70 -
® 60 - y=2E+06x + 17.18
Z R?=0.994
2 50 -
]
g 40 |
3 30 -
o
5 20 -
= *
“ 10 -
F 2.3 ppm
0 T T T T T 1

0.00E+00 5.00E-06 1.00E-05 1.50E-05 2.00E-05 2.50E-05 3.00E-05 3.50E-05
[F]

Figure 4.20 Plot of fluorescence intensity of L1-F° complex at 500 nm and

fluorescence change of L1 at 2.3 ppm of fluoride

It has been established that in nonpolar solvents (such as hexane) the
oligo(ethyleneglycols) chain adopt disordered conformation due to their ethylene
chain maintained favorable contact with hexane following the formation of excimer
interaction [54]. Our studies found that the fluorescence spectra of L1-F showed the
intensity enhancement of the excimer band upon increasing the percentage of hexane

in chloroform solution (Figure 4.21). Thus, the longer polyethylene glycol chain
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provided higher binding constants. However, the excimer band intensity decreased
upon adding only 5% of methanol in the L1-F" of chloroform solution. Therefore, not
only the polyethylene glycol chain but also the non-polar solvent could increase the

binding affinity of receptor with fluoride ion.

Figure 4.21 Fluorescence spectra of L1'F in different mixtures of methanol or

hexane in chloroform solution ([L1] = 5.0x10° M, [F] = 5.0x10™ M, Aex = 340 nm)
4.1.3.2 NMR studies

"H-NMR titrations were used to support the result from fluorescence
spectrophotometry. From the spectra obtained, there was a significant difference in
the chemical shift of pyrene proton signals between free L1 and L1-F° complex
(Figure 4.22). Moreover, the signal of some pyrene protons became broad and shifted
upfield concurrent with the downfield shift of some signals. The broadening and
shielding of these signals stemmed from the anisotropic effect of the stacking-pyrene
ring current induced by F~ [55 — 57]. This ring current caused some pyrene protons
inside an anisotropic region to be shielded. This supported the pyrene fluorophore
interaction as a result of fluoride induced n — & stacking in L1-F" complex. The benzyl
protons (H., H) displayed large downfield shift because of inductive effect from
fluoride ion. All the polyethylene glycol protons (H,, Hy,, H.) and the methoxy
protons (Hy) were almost unchanged. Unfortunately, the protons of thiourea group

were overlapped with the pyrene proton upon using CDCl;. Hence, we could not
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follow a shift of NH protons which participated in hydrogen bonding interaction with
fluoride ion. However, the appearance of NH signals was observed in DMSO-dg
solution and disappeared completely upon addition of 4 equiv. of fluoride ion because

the deprotonation of NH occurred in a very good proton acceptor solvent of DMSO

[23].
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Figure 4.22'H-NMR titration spectra of L1-F in CDCl; at 400 MHz

To describe the complicate conformation of L1 and fluoride, the 2D
NOESY technique was used to assign the correlation between protons in the space
(Figure 4.23). The NOESY connection of the polyethylene glycol chain was clearly
observed only the signal of adjacent protons, H, and Hy, H, and H., H. and Hy,
supporting these protons was in the same space. Unfortunately, the peaks of pyrene

molecule could not be assigned by this technique due to overlapping of the
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complicated proton signal. Therefore, this technique can not be differentiated the

folded and the unfolded structures of L1-F" complex.

(a)

(b)
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(©)

Figure 4.23 (a) Full 2D NOESY spectrum (b) zoom-in on the range of polyethylene
glycol (c) zoom-in on the range of aromatic of L1-F" in CDCl; at 400 MHz

The fluorescence spectra of L1 in the presence of AcO’, BzO™ and H,PO4
provided small change of excimer band. These finding agreed with the result form 'H-
NMR spectroscopy in that, the signals of pyrene unit showed sharp peak in the
presence of these anions whereas in the case of fluoride anion the pyrene protons
became broad and more shift from the original free ligand (Figure 4.24). Therefore,
the broad pyrene peak in the 'H-NMR spectrum and the fluorescence intensity
enhancement of excimer band of L1-F supported the excimer formation between two

pyrene molecules.
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Figure 4.24 'H-NMR spectra of L1 in the presence of 4 equiv. of

tetrabutylammonium F°, AcO’, BzO™ and H,PO,4 in CDCIl; at 400 MHz

Overall, we suggested that, the arrangement of the receptor L1 was in

unfolded form upon binding with fluoride because the fluorescence intensity ratios of

excimer and monomer emission were depended on concentration of L1 which implied

the intermolecular excimer interaction of pyrene. Moreover, the fluorescence titration

spectra exhibited the growth of excimer band upon the addition of fluoride and

the "H-NMR titration spectra of L1 and fluoride displayed the broad peak of pyrene

proton signal. These supported that the fluoride can induce the m — & stacking between

the two pyrene molecules via the intermolecular excimer formation and gave the

unfolded conformation of L1-F complex (Figure 4.25).

Figure 4.25 Unfolded structure of L1-F complex
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The anion binding properties of L1 — L4 with 4 equiv. of fluoride were
also studied and compared by 'H-NMR spectroscopy. A broad multiplet peak of
pyrene molecule of each ligand was clearly observed in the presence of fluoride.
Especially, L1 displayed a broader peak than other receptors (Figure 4.26). This
supported that fluoride induced the m — © stacking between the pyrene molecule and
the longest polyethylene glycol chain in the L1 had a great influence on the excimer

formation efficiency.
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Figure 4.26 'H-NMR titration of all the synthesized receptors with F~ in CDCl; at
400 MHz

4.1.4 The cation binding and reversibility studies

L1 was the most selective sensor for fluoride among the synthesized
receptors and consisted of tetraethylene glycol chain for binding with alkali metals
(M"). Therefore, it was chosen for studying the binding property with Na™ by
fluorescence and "H-NMR spectroscopy. We expected that the alkali metal should
induce the conformational change of L1 from linear structure to pseudo-crown ether
and then L1-M" could bind with various anions in different order (Figure 4.27).
However, there was no significant difference between fluorescence spectra and 'H-

NMR spectra of free L1 and its metal complexes (Figure A44, A45).
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Folded structure Unfolded structure
Figure 4.27 Expected structures of L1-F-Na or L1-Na-F

The fluorescence emission spectrum of L1 was measured at different
concentrations of sodium perchlorate monohydrate and tetra-n-butylammonium
fluoride in mixed solvents between chloroform and acetonitrile (9:1 v/v). The ionic
interactions between sodium and fluoride ions were strong and could induce the
decomplexation of fluoride. Therefore, the excimer emission intensity at 500 nm was
gradually quenched by titration with sodium ion (Figure 4.28). It was corresponded to
the color of solution was changed from the yellow of L1-F" complex to the original

color of LL1.

Figure 4.28 Fluorescence titration spectra of L1-F~ complex with sodium perchlorate

in CHCl3:CH3CN (9:1 v/v)

On the other hand, the 100 equiv. of fluoride ion were added into

L1:30Na’ solution, the excimer emission band was not observed in the concentration
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range of fluoride 0 — 30 equiv. and this band gradually increased until the
concentration of fluoride was more than 30 equiv. or larger than amount of sodium
ion (Figure 4.29). This confirmed that sodium ion preferred to form ion pair with

fluoride.

Figure 4.29 Fluorescence titration spectra of L1-30Na" complex with tetra-n-

butylammonium fluoride in CHCl;: CH3CN (9:1 v/v)

For L4-F", the excimer emission intensity decreased by adding 100 equiv.
of Na' into L4F solution while the monomer emission intensity completely
increased. Interestingly, the intensity of the monomer band upon adding 100 equiv. of

sodium was more than the original monomer band of L4 (Figure 4.30).
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Figure 4.30 Fluorescence titration spectra of L4-F~ complex with sodium perchlorate

in CHCL;:CH;CN (9:1 v/v)

The 'H-NMR titration was also used to support the result from
fluorescence spectrophotometry. We observed that, the 'H-NMR spectrum of L1-4F
in the presence of excess Na' was similar to original free L1 and showed the small
change in pyrene characteristic peak Figure 4.31. This supported that sodium ion
inhibited the m — m stacking interactions between the two pyrene molecules. In
addition, the "H-NMR spectrum of L4-F in the presence of excess Na™ was the same
as original L4 (Figure 4.32). Because the L4 had no polyethylene glycol chain for
binding with sodium ion, this indicated that the ion pairs (NaF) were separated from

L4 and gave free L4 in solution.

Figure 4.31 '"H-NMR titration spectra of L1-F with sodium perchlorate monohydrate
in CHCl3:CH3CN (9:1 v/v) at 400 MHz
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Figure 4.32 '"H-NMR titration spectra of L4-F with sodium perchlorate monohydrate
in CHCl3:CH3CN (9:1 v/v) at 400 MHz

The results from fluorescence and 'H-NMR could be concluded that the
fluoride ion induced the intermolecular m — © stacking of pyrene molecule in the
unfolded structure of L1 complex. However, Na™ acted as an inhibitor for the pyrene

stacking due to NaF formation as shown in Figure 4.33.

‘ OCH,3 <’O H-CO §
o fipaguns O,C‘

NaF
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Intermolecular excimer of the unfolded structure

Figure 4.33 Proposed binding modes of L1 with fluoride and sodium
4.1.5 Anion interference studies

To test the efficiency of all synthesized ligands for sensoring fluoride, the
competitive experiments were carried out in the presence of 100 equiv. fluoride mixed
with AcO’, BzO’, H,PO4", CI', Br and I" at 100 equiv. as shown in Fig. 4.34 (last
column). The ratios of excimer to monomer intensity change were compared between
the ligands with each anion and with mixed anions. It can be concluded that AcO,
BzO’, H,PO,", CI', Br and I can interfere the detection of fluoride anion for all the
synthesized ligands by reducing the emission ratios (Ig/Inm). However, L1, L2 and L3
which possessed linking ethylene glycol chains preferred binding with fluoride in
mixed anions as shown in the last column of Fig. 4.34. In case of the L4 ligand with

mixed anion, the fluorescence intensity showed completely quenching.
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Figure 4.34 Selectivity of all the synthesized ligands toward each anion (100 equiv.)

and the mixture of all anions

4.1.6 Application of L1
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Figure 4.35 Fluorescence changes of L1 (5.0x10° M) after addition 2.3 ppm fluoride
(from left to right: L1, L1+2.3 ppm of F") in CHCl;3 under UV light.

Molecular sensing based on fluoresescence emission of the artificial
receptors has many applications for example the detection of anions (or cations) in
water or in real life sample, for inexpensive disease screening as naked-eye sensor
[58]. The heteroditopic receptors for anion and cation have been used as extraction or
transport agents for ion pair species of environmental or biological importance [59].
Our sensor L1 could detect fluoride in a non-polar organic solvent (CHCI;) at
concentration of fluoride as low as 2.3 ppm. The fluorescence change at detection

limit could even be observed as a bright green color under UV light (Fig. 4.35).
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4.2 Chromogenic sensors R1 and R2
4.2.1 Syntheses of R1 and R2

Chromogenic sensors R1 and R2 for anions have been synthesized. These
molecules contained a nitrobenzene chromophore connecting to the thiourea
receptors. The sensing mechanism upon binding with selective anions occurred by
charge transfer (CT) between electron-rich anions and electron-deficient NO, moiety
of nitrobenzene and this could be determined by UV-vis spectroscopy or naked-eye

detection.

Flexible and semi-rigid thiourea nitrobenzene derivatives, R1 and R2,
have been synthesized by coupling the amino groups of the polyethylene glycol chain
with p-isothiocyanatonitrobenzene in 57% and 21% yields, respectively (Figure 4.36).
Final products were yellow solids. The receptor R1 was well soluble in many non-
polar and polar organic solvents such as dichloromethane, chloroform and DMSO.

However, the receptor R2 was slightly soluble in high polar solvent such as DMSO.
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Figure 4.36 Syntheses of chemosensors R1 and R2
4.2.2 Characterization of R1 and R2

The receptors R1 and R2 were characterized by NMR and mass
spectroscopy as well as elemental analysis. The receptor R1 contained the flexible
chain of triethylene glycol while the receptor R2 consisted of the benzene ring
connecting to both ethylene glycol chains to increase the rigidity of the synthesized

receptor.

The UV-vis absorption spectra of all receptors were studied in DMSO
solution exhibiting the absorption peak of the m — m* transition of aromatic
hydrocarbons around 360 nm (Table 4.7). The molar absorptivity of the receptor R1
containing flexible polyethylene glycol chain was higher than that of a more rigid

molecule R2.

Table 4.7 The absorption and emission parameters for compounds R1 and R2 in

DMSO

\ Receptors | Absorption \
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Aaps (NM) gx10* (mol'lcm'l)
R1 369 3.13
R2 365 1.86

'H and ">C-NMR spectroscopy were used to determine the structure of all
receptors. The '"H-.NMR and *C-NMR samples were recorded in dg-DMSO. The
triethylene glycol protons in the receptor R1 (a, b and c positions) showed the
resonance signals around 3.6 — 4.1 ppm. The methoxy protons of Hqy displayed at 3.7
ppm. The benzyl protons, He, appeared as a singlet peak at 7.0 ppm. The signals at
6.9 ppm, which corresponded to 4 protons, were assigned to Hr and H,. The two
aromatic protons of the p-nitrophenyl rings were observed as a doublet peak at 7.8
and 8.2 ppm. The protons of thiourea group appeared as a singlet peak at 10.2
ppm. 'H-NMR signals of the R2 receptor was significantly different from the R1
receptor. Especially, the proton signals of the diethylene glycol containing benzene
ring displayed a doublet peak of 8H. Moreover, the protons j and k of the benzene
ring were overlapped with the aromatic protons e, f and g appearing around 6.9 — 7.1
ppm. 'H-NMR and *C-NMR data of R1 and R2 receptors were concluded in Tables
4.8 and 4.9.

Table 4.8 '"H-NMR data for R1 and R2 in dg-DMSO

R1 R2
H-Position R1 (ppm) R2 (ppm)

a 3.6 (s, 4H) -

b 3.7 (m, 4H) 4.30—4.28 (d, 4H)

c 4.1 (t, 4H) 4.30—4.28 (d, 4H)

d 3.7 (m, 6H) 3.7 (s, 6H)

e 7.1 (s, 2H) 7.1 —6.9 (m, 2H)

f 6.9 (s, 2H) 7.1 -6.9 (m, 2H)

g 6.9 (s, 2H) 7.1 —6.9 (m, 2H)

h 7.8 (d, 4H) 7.8 (d, 4H)

i 8.2 (d, 4H) 8.2 (d, 4H)




7.1 - 6.9 (m, 2H)

k - 7.1 —6.9 (m, 2H)
NH 10.2 (s, 4H) 10.2 (s, 2H)
10.1 (s, 2H)
Table 4.9 *C-NMR data for R1 and R2 in dg-DMSO
R1 R2
C-Position R1 (ppm) R2 (ppm)
a 68.0 -
b 69.0 55.8
c 69.9 67.5
d 55.5 55.5
e 109.1 135.6 - 109.3
f 116.3 135.6 - 109.3
g 113.0 135.6 - 109.3
h 121.5 135.6 - 109.3

93
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i 124.3 135.6 - 109.3

] - 135.6 - 109.3

k - 135.6 - 109.3
C=S 179.0 179.1
Qaromatic - OCH3 146.4 148.2
Qaromatic — OCHZ 148.6 155.6
Qaromatic —NH 142.1 145.5
Caromatic — NH 132.1 142.1
Qaromatic - NOZ 145.6 146.3

4.2.3 Anion binding properties of R1 and R2
4.2.3.1 Photochemical studies of anion binding

Anion complexation studies were carried out in DMSO by UV-vis
titrations of receptors R1 and R2 with tetrabutylammonium anion salts of F~, AcO’,
BzO’, H,PO4, CI', Br and I'. Upon addition of fluoride anion into R1 solution, the
absorption spectra at 369 nm decreased and an intense peak with shoulder around 472
nm was appeared (Figure 4.37). As amount of fluoride increased, the hydrogen bond
interactions between fluoride and thiourea group accompanying with the formation of
FHF ion which showed a charge transfer band at 472 nm [60]. In the case of the
R2-F complex, the spectra around 369 nm disappeared gradually and a new peak
without shoulder was observed around 472 nm (Figure 4.38). The change of R2-F

spectra was attributed to deprotonation of NH to N in the thiourea fragments [61].
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Figure 4.37 UV-vis titration spectra of R1 (2.5x10” M) with fluoride in DMSO

Figure 4.38 UV-vis titration spectra of R2 (2.5x10” M) with fluoride in DMSO

Titrations of AcO", BzO", H,PO4 into the R1 and R2 solutions showed
new bands around 380 — 400 nm because of the hydrogen bonding interactions as
same as in the R1'F" complex and displayed the charge transfer band around 460 —
470 nm (Figure 4.39, 4.40 and A46-A49). Therefore, the binding mechanisms in these
cases were hydrogen-bonded complex accompanied with the deprotonation and the

charge transfer processes.
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Figure 4.39 UV-vis titration spectra of R1 (2.5x10” M) with AcO” in DMSO

Figure 4.40 UV-vis titration spectra of R2 (2.5x10” M) with AcO” in DMSO

The stoichiometry of the host-guest complexes was obtained by the
titration profile plots (Figure 4.41, 4.42 and A52-57). The stoichiometries of R1 and
R2 with F, AcO™ and BzO™ were 1:2 for host:guest complexation and the binding
constants were calculated by SPECFIT/32 software supporting the 1:2 complexation
(Table 4.10) [62, 63]. The binding constants for R1 were F* > BzO™ > AcO". In

addition, stoichiometries and binding constants of R1 and R2 with H,PO4 could not
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be determined by these methods because there was only small change in absorption
peaks. In general, the selectivity for anions can be explained on the basis of the
anion’s basicity and the special interactions between the host and the anionic guests
which depended on their size and shape [64, 65]. From the data obtained, all receptors
were sensitive to addition of F', AcO", BzO™ and H,PO4". The binding constant of R1
toward F~ was greater than that of R2 toward F™ in an order of magnitude [66-69].
However, the selectivity trend with various anions and the stoichiometry of the
flexible chain in R1 was similar to the semi-rigid structure in R2 (F* > BzO" > AcO" >
H,POy4). The possible structures of complexes of R1 and R2 with anions are shown
in Figure 4.43. The absorption spectra of R1 and R2 displayed no charge transfer
band in the presence of Na” or K' (Figure A50, AS1).

Figure 4.41 Titration profiles of R1-F" at the wavelength 369 nm and 473 nm in
DMSO show 1:2 for R1:F complexation
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Figure 4.42 Titration profiles of R2-F" at the wavelength 365 nm and 471 nm in
DMSO show 1:2 for R1:F complexation

Figure 4.43 Proposed structures of the R1 and R2 complexes

Table 4.10 Binding constants of all receptors with tetrabutylammonium anion salts in

DMSO
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Log K, (S)
Receptor
F AcO’ BzO" H,PO4
R1 8.71+0.07 (1:2) | 6.84+0.08 (1:2) | 7.04+0.03 (1:2) NC?
R2 7.19+0.53 (1:2) | 6.54+0.11 (1:2) | 6.88+0.05 (1:2) NC?

&NC = cannot be calculated due to slight changes in absorption spectra.

To study properties of R1 and R2 as naked eye sensors for anions, the
original color of the ligands and the colors of their complexes with ions are shown in
Tables 4.11 and 4.12. The receptor R1 exhibited the color change similar to that of
R2 (red) after adding F (column b). Upon addition of AcO" into R1 or R2 solution,
the color of solution changed from yellow to red in the same manner as F~ (column b).
However, addition of BzO™ or H,PO4 to R1 and R2 gave orange solutions (column
b). When F~ was added into R1 or R2 solution and Na’ was subsequently added
(column c¢), the color change from red to original yellow was observed due to the
decomplexation of F~ anion while adding K gave no color change. In column ¢ for
AcO’ and BzO', no color change was observed upon adding Na" and K'. In contrast,

adding Na" or K" gave the original color of R1 and R2 in the case of H,PO,".

Table 4.11 Cations and anions response of compound R1

Anions Cations Color of the Solution
(A) (M) a b C
i Na" o
F T
K + [ ) [ )
. N
H,PO, Ki
] Na' ) )
AcO K++ . .
. Na o o
BZO K+ . .

a=free R1,b=R1 + 4 equiv. A, c = b + 10 equiv. M". All experiments were carried out in
DMSO (5x10° M) at 298 K

Table 4.12 Cations and anions response of compound R2

Anions Cations Color of the Solution
(A) (M) a b C
] Na" ()
F +

K o o
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-
11PO; Ng
. Na® ® ()
AcO
C K+ . .
] Na®
BzO Ka+

a=free R2, b=R2 + 4 equiv. A, c = b + 10 equiv. M". All experiments were carried out in
DMSO (5x10° M) at 298 K

4.2.3.2 NMR studies

Reversible complexation of R1 with sodium ion was also studied by 'H
NMR spectroscopy. The decomplexation of R1-F occurred by adding 10 equiv. of
sodium ion and showed the original spectrum of free receptor with the thiourea proton
signals reappeared at a slightly downfield position of 'H-NMR spectrum (Figure
4.44). This corresponded to the result from naked-eye detection in that the color of
solution was changed from red to yellow (Table 4.11). However, the 'H-NMR spectra
of R1-AcO’, R1:BzO" and R1-H,PO4" complexes remained to be found upon addition
of sodium and the thiourea proton signals did not recover in these steps (Figure 4.45
and A58-59). This implied that the decomplexation occurred by adding sodium ion in

R1-F case because sodium ion preferred to bind with fluoride in an ion pair fashion.
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Figure 4.44 "H-NMR spectra of a) free R1 b) R1 + 4 equiv. F ¢) R1 + 4 equiv. F" +
10 equiv. Na" in dg-DMSO at 400 MHz
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Figure 4.45 "H-NMR spectra of a) free R1 b) R1 + 4 equiv. AcO™ ¢) R1 + 4 equiv.
AcO + 10 equiv. Na" in ds-DMSO at 400 MHz

4.2.4 Principal components analysis (PCA)

From naked-eye sensing and UV-vis titration studies, we found that R1
can possibly bind F', AcO’, BzO™ and H,PO,4 to a different extent. In order to
discriminate the sensing ability of R1 toward these four anions, PCA was used to
determine underlying information from UV-vis data. The PCA score plot of the first
two principle components (PCs) for 25 samples of free R1 and 4 anions (F', AcO,
BzO™ and H,PO4") showed very high level of discrimination (98.7%) (Figure 4.46).
Therefore, the clear clustering of the data was observed. These supported that, R1
sensor could discriminate all 4 anions even the color of solution were not distinctively
different. From the colorimetric response in Table 4.11, red solutions were obtained
by addition F~ or AcO" in R1 solution. However, the PCA could separate F* and AcO
anions. H,PO4" cluster appeared much closer to free R1 cluster than other anions

because R1 sensor showed the less response with H,PO4™ anion.
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Figure 4.46 PCA score plot of the first two PCs for 25 samples of R1 and 4 anions

The PCA score plot of the first two PCs for 10 samples of free R1 and 2
ions such as Na" and K" in Figure 4.47 displayed low level of discrimination of
55.5% and could not separate any ions. Since, R1 sensor was not selective for Na"
and K. However, in the presence of F~, R1 could separate Na'" and K" as showed in
Figure 4.48 and higher level of discrimination was obtained in 79%. This
corresponded to the colorimetric response (Table 4.11) in that colors of solution were
significantly difference between Na ™ (yellow) and K (red). The PCA score plot of the
first two PCs for 10 samples of R1-AcO’ sensor and 2 metals (Na” and K") in Figure
4.49 could not discriminate Na™ and K'. However, the PCA results of R1-BzO™ and

R1-H,PO4 (Figures 4.50-4.51) appeared clear cluster.
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RI1+Na
RI+K

Figure 4.47 PCA score plot of the first two PCs for 10 samples of R1 and 2 metal

ions

Figure 4.48 PCA score plot of the first two PCs for 10 samples of R1-F sensor and 2

metal ions
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R1-AcO +Na
R1-AcO +K

Figure 4.49 PCA score plot of the first two PCs for 10 samples of R1-AcO™ sensor

and 2 metal ions

Figure 4.50 PCA score plot of the first two PCs for 10 samples of R1-BzO" sensor

and 2 metal ions
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Figure 4.51 PCA score plot of the first two PCs for 10 samples of R1-H,PO4 sensor

and 2 metal ions

The PCA score plot of the first two PCs for 10 samples of four-member
array (R1-F, R1-AcO, R1-BzO, R1-H,PO;) and 2 ions such as Na’, K’
showed high level of discrimination (88.3%) (Figure 4.52). Therefore, the clear
clustering of the data was observed. These supported that the sensor array

could discriminate between Na"and K.
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Figure 4.52 PCA score plot of the first two PCs for 10 samples of 4 sensors and 2

metal ions

The PCA score plot for free R2 and 4 anions (F', AcO’, BzZO™ and H,POy")
also displayed very high level of discrimination (Figure A68). These supported that,
R1 sensor could discriminate all 4 anions as same as R1 receptor. Moreover, their
sensor arrays (R2+F’, R2+AcO’, R2+H,POy4") could discriminate between Na" and
K" (Figure A69).



CHAPTER V
CONCLUSIONS

We have designed and synthesized the new dimeric pyrene thiourea
molecules containing variable polyethylene glycol (PEG) chain lengths, L1 — L3, and
the monomeric pyrene thiourea, L4 with no PEG chain. The fluorescence emission
spectra of free L1 — L4 displayed intense characteristic monomer bands of the pyrene
in the same region and no excimer emission band. The order of intensity ratios
between excimer and monomer bands (Ig/Iy) in L1 varied as F > AcO” = BzO™ >
H,PO4 = CI' > Br = I' > OH". The preference of fluoride to bind with —-NH of
thiourea group through H-bonding, was due to the highest basicity of fluoride.
Moreover, the smallest atomic size of fluoride was suitable to encapsulate in the
receptor molecule. The fluorescence intensity of pyrene excimer band at 500 nm
gradually increased upon the addition of fluoride anions into L1 solution. However,
there was a small change in monomer emission intensity at 398 nm. These suggested
that fluoride induced the formation of pyrene excimer interactions resulting in the
fluorescence enhancement of the excimer band. The Job’s plot experiment of L1 and
fluoride displayed a maximum mole fraction of fluoride at 0.5 and supported the 1:1
or 2:2 complexation of L1:F. However, we proposed that in the presence of fluoride,
the arrangement of L1 was in the unfolded form because the ratios of excimer and
monomer emission depended on concentration which implied the intermolecular
excimer interaction of pyrene molecules. Moreover, 'H-NMR titrations of L1 and
fluoride displayed the broad peaks of pyrene proton signals and shifted upfield
concurrent with downfield shift of some signals due to the 1 — m stacking of the
pyrene molecules and the anisotropic effect from their ring current, which supported
the excimer formation. The binding property of L1 with fluoride may be applied for
detecting as low as 2.3 ppm of fluoride in organic media using fluorescence
spectroscopy or under UV light. Results from fluorescence and 'H-NMR
spectroscopy showed that decomplexation of L1-F occurred in the presence of
sodium ion and implied the pyrene stacking by fluoride would be terminated when

fluoride formed an ion pair with sodium ion.
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Unfolded structure of L1'F complex

The flexible and the semi-rigid thiourea nitrobenzene derivatives of R1
and R2 have been synthesized. The UV-vis absorption spectra of all receptors
exhibited the absorption peak of the m — w* transition of aromatic hydrocarbons
around 360 nm. Upon addition of fluoride anion into R1 solution, the absorption
spectra at 369 nm decreased and an intense peak with shoulder around 472 nm
appeared. As amount of fluoride increased, the hydrogen bond interactions between
fluoride and thiourea groups were very strong leading to deprotonation and formation
of FHF" ion concurrent with the charge transfer band at 472 nm. In the case of the
R2-F complex, the spectra around 369 nm disappeared gradually and a new peak was
observed around 472 nm. We proposed that the change of R2-F" spectra was attributed
to deprotonation of NH to N in the thiourea fragments. UV-vis spectra of R1 and R2
upon adding AcO’, BzO™ and H,PO4" showed the first new peak around 380 — 400
nm due to hydrogen bonding interactions in a similar manner to the R1-F" complex
and displayed the charge transfer band around 460 — 470 nm. Stoichiometries of R1
and R2 with F', AcO™ and BzO™ were 1:2 (host:guest) ratios. K, was calculated by
SPECFIT/32 software and the results also supported the 1:2 complexation model. The
selectivity trend with various anions and the stoichiometry of the flexible chain in R1
was similar to the semi-rigid structure in R2 (F* > BzO™ > AcO" > H,POy"). Principal
component analysis (PCA) was used to evaluate selectivity of R1 and R2 sensors for
four anions (F, AcO’, BzO", H,PO4") and two metal ions (Na', K"). Both sensors
could discriminate all four anions and theirs arrays were found to be able to identify 2

metal analyses with high percentage accuracy.
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Suggestions for future works

In this research, the selectivity of all synthesized receptors with various
ions was studied in many organic solvents (CHCl3;, CH;CN and DMSO). However,
there were no experiments doing in water because of the limitation of solubility. Our
sensors might be studied in aqueous media by using mixed organic solvents with
water or by using micelle to dissolve our host molecules. This result might be useful

for real analytical applications.
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Figure A1 'H-NMR spectrum of 1 in CDCl; at 400 MHz
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Figure A2 *H-NMR spectrum of 2 in CDCl; at 400 MHz
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Figure A3 'H-NMR spectrum of 3 in CDCl; at 400 MHz

Figure A4 *H-NMR spectrum of 4 in CDCl; at 400 MHz



Figure A5 'H-NMR spectrum of 6 in CDCl; at 400 MHz

Figure A6 "H-NMR spectrum of L1 in CDCl; at 400 MHz
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Figure A7 *H-NMR spectrum of L1 in ds-DMSO at 400 MHz
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Figure A8 *H-NMR spectrum of 7 in CDCl; at 400 MHz
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Figure A9 "H-NMR spectrum of 8 in CDCls at 400 MHz
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Figure A10 *H-NMR spectrum of L2 in CDCls; at 400 MHz
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Figure A11 'H-NMR spectrum of L2 in dg-DMSO at 400 MHz

Figure A12 'H-NMR spectrum of 10 in CDCl5 at 400 MHz
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Figure A13 'H-NMR spectrum of 11 in CDCl3 at 400 MHz
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Figure A14 'H-NMR spectrum of L3 in CDCl; at 400 MHz
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Figure A15 'H-NMR spectrum of L3 in dg-DMSO at 400 MHz
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Figure A16 ‘H-NMR spectrum of 13 in CDCls at 400 MHz
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Figure A17 'H-NMR spectrum of L4 in CDCl; at 400 MHz
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Figure A18 "H-NMR spectrum of L4 in dg-DMSO at 400 MHz
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Figure A19 'H-NMR spectrum of 15 in CDCl3 at 400 MHz
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Figure A20 *H-NMR spectrum of R1 in ds-DMSO at 400 MHz
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Figure A21 'H-NMR spectrum of 16 in CDCl3 at 400 MHz
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Figure A22 'H-NMR spectrum of 17 in CDCl5 at 400 MHz
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Figure A23 'H-NMR spectrum of 18 in CDCl3 at 400 MHz
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Figure A24 'H-NMR spectrum of R2 in ds-DMSO at 400 MHz
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Figure A25 *C -NMR spectrum of 2 in CDCl; at 100 MHz

Figure A26 *C -NMR spectrum of 3 in CDClzat 100 MHz
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Figure A27 *C -NMR spectrum of 4 in CDCl; at 100 MHz

200 175 150 125 100 75 50 25

Figure A28 *C -NMR spectrum of 6 in CDCl; at 100 MHz
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Figure A29 *C -NMR spectrum of L1 in dg-DMSO at 100 MHz
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Figure A30 **C -NMR spectrum of 7 in CDCl3 at 100 MHz
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Figure A31 *C -NMR spectrum of 8 in CDCl5 at 100 MHz
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Figure A32 **C -NMR spectrum of L2 in dg-DMSO at 100 MHz
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Figure A33 *C -NMR spectrum of 10 in CDCl; at 100 MHz
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Figure A34 *C -NMR spectrum of 11 in CDCl; at 100 MHz
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Figure A35 °C -NMR spectrum of L3 in dg-DMSO at 100 MHz
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Figure A36 “*C -NMR spectrum of 13 in CDCl; at 100 MHz
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Figure A37 °C -NMR spectrum of L4 in dg-DMSO at 100 MHz
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Figure A38 **C -NMR spectrum of 15 in CDCl; at 100 MHz
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Figure A39 *C -NMR spectrum of 18 in CDClzat 100 MHz
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Figure A40 *C -NMR spectrum of R2 in dg-DMSO at 100 MHz
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Figure A41 *C -NMR spectrum of R3 in ds-DMSO at 100 MHz

Figure A42 '"H-NMR spectra of L2 with various TBA anions in CDCls at 400 MHz
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Figure A43 'H-NMR spectra of L3 with various TBA anions in CDCl; at 400 MHz

Figure A44 Fluorescence titration spectra of L1 (5.0x10™® M) with Na* in CHCls/CHsCN
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Figure A45 Fluorescence titration spectra of L1 (5.0x10° M) with K* in CHCIs/CH3sCN

Figure A46 UV-vis titration spectra of R1 (2.5x10™° M) with BzO" in DMSO
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Figure A47 UV-vis titration spectra of R1 (2.5x10° M) with H,PO, in DMSO

Figure A48 UV-vis titration spectra of R2 (2.5x10™° M) with BzO" in DMSO
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Figure A49 UV-vis titration spectra of R2 (2.5x10™° M) with H,PO, in DMSO

Figure A50 UV-vis titration spectra of R1 (2.5x10™ M) with Na* in DMSO
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Figure A51 UV-vis titration spectra of R2 (2.5x10™ M) with Na* in DMSO

Figure AS2Titration profile of R1-AcO" at the wavelength 374 nm and 464 nm
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Figure A53Titration profile of R1-BzO" at the wavelength 385 nm and 471 nm

Figure A54 Titration profile of R1-H,PO, at the wavelength 379 nm and 470 nm
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Figure A55 Titration profile of R2-AcO" at the wavelength 365 nm and 471 nm

Figure A56 Titration profile of R2:BzO" at the wavelength 365 nm and 471 nm
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Figure A57 Titration profile of R2-H,PO, at the wavelength 365 nm and 471 nm

Figure 4.58 *H-NMR titration spectra of R1-F in dg-DMSO at 400 MHz
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Figure 4.59 'H-NMR spectra of a) free R1 b) R1 + 2.0 equiv. Na* ¢) R1 + 4.0 equiv. Na* d)
R1 + 4.0 equiv. Na* 7 days €) R1 + 4.0 equiv. Na" 8 days in de-DMSO at 400 MHz
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Figure A60 "H-NMR spectra of a) free R1 b) R2 + 4 equiv. BzO™ ¢) R1 + 4 equiv. BzO™ + 10
equiv. Na" d) R1 + 4 equiv. BzO™ + 10 equiv. Na* + excess BzO™ in dg-DMSO at 400 MHz
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Figure A61 ‘H-NMR spectra of a) free R1 b) R1 + 4 equiv. H,PO, ¢) R1 + 4 equiv. HoPO,
+ 10 equiv. Na" d) R1 + 4 equiv. H,PO, + 10 equiv. Na* + excess H,POy4 in ds-DMSO at
400 MHz
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Figure A62 MALDI-TOF mass spectrum of L1



145

miz

Figure A64 MALDI-TOF mass spectrum of L3
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Figure A67 MALDI-TOF mass spectrum of R2

Figure A68 PCA score plot of the first two PCs for 25 samples of R2 and 4 anions
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Figure A69 PCA score plot of the first two PCs for 3 sensor arrays (R2+F, R2+AcO’,
R2+H,PO,’) and 2 metal ions

Figure A70 PCA score plot of the first two PCs for 10 samples of R2-F sensor and 2 metal

ions
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Figure A71 PCA score plot of the first two PCs for 10 samples of R2-AcO" sensor and 2

metal ions

Figure A72 PCA score plot of the first two PCs for 10 samples of R2-BzO" sensor and 2

metal ions
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Figure A73 PCA score plot of the first two PCs for 10 samples of R2-H,PO, sensor and 2

metal ions

Figure A74 PCA score plot of the first two PCs for 10 samples of R2 and 2 metal ions
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