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A major aim of this research is to synthesize new sensors containing
fluorescein and boronic acid moieties, F-oBOH F-mBOH, and F-pBOH, for
detection of copper and cyanide ions. Initially, the complexation studies of sensors
with various cations in acetonitrile, evaluated by UV-vis spectrophotometry and
naked-eyes detection, were found that F-oBOH, F-mBOH, and F-pBOH showed
a high selectivity toward copper(Il) ion. Then, the complexation abilities of three
sensors with copper(Il) ion were measured by using UV-vis and fluorescence
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F-mBOH, and F-pBOH were 6.67, 8.87, and 9.88, respectively; while, the logf
values evaluated by fluorescence titration of F-oBOH, F-mBOH, and F-pBOH
were 8.02, 8.48, and 11.53, respectively. In addition, we studied all of three
sensors in aqueous media and discovered that sensors were hydrolyzed by water.
Therefore, we designed the new strategy to prevent the hydrolysis approach by
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possess a high selectivity for cyanide ion compared to other competitive anions.

Department : Chemistry Student’s Signature

Advisor’s Signature



Vi

ACKNOWLEDGEMENTS

I would initial like to thank to my master thesis supervisor, Assistant Professor
Boosayarat Tomapatanaget, for her guidance throughout the master studying, and all
the tremendous work involved in supervising me. In addition, she served as
undergraduate research mentor to me to introduce me into a research setting. She has
always expressed an enthusiastic approach to chemistry, and I owe any future
successful to her influence. Moreover, I would like to thank Assist. Prof. Dr.
Warinthorn Chavasiri, Assist. Prof. Dr. Soamwadee Chaianansutcharit, and
Dr. Gamolwan Tumcharern for their interest, value suggestions, comments as
committee members, and thesis examiners.

The supramolecular Chemistry Research Unit has been pivotal in complete my
master, especially, Mr. Anusak Chaicham, who has been my best colleague and spent
countless hours mulling over ideas about my research. Moreover, I would like to
thank the members of the Supramolecular Chemistry Research Unit at the Department
of Chemistry, Chulalongkorn University for all helps and their encouragement me.
Moreover, I would like to thank Associate Professor Sanong Ekgasit and his student
Mr. Prasert Sornprasit the member of Sensor Research Unit at Department of
Chemistry, Chulalongkorn University for their assistance for Scanning Electron
Microscopy (SEM) and Energy Dispersive X-Ray analysis experiments. In addition,
I would like to acknowledge the Center for Petroleum, Petrochemicals, and Advanced
Materials for their supporting.

I would like to express my deepest gratitude to my parents and family for their
love, kindness, encouragement, and financial support throughout my life. Finally, I
would like to fully thank the Junior Science Talent Project (JSTP) for financial

support and inspiration for the scientific pathway.



CONTENTS

Abstract in Thai.........ooi
Abstract in English....... ...
Acknowledgements. .........ouiiuiii i
L0111 11
List Of Tables. .. .ouuieie e
List Of FIGUIES. . ...eiii e
List Of SChemMES. . ..o
List of Abbreviations and Symbols.............ccooiiiiiiiiiii
CHAPTER I INTRODUCTION. ...ttt
1.1 Supramolecular chemistry Concept.........cccovviiviiiiiiiiiiiiiieiieenenns.
1.2 Molecular reCONItION. .. ..euutt ettt et et eee e neeaas
1.3 The fundamental principle for cations and anions sensors.....................
1.4 Absorption of UV-visible light..................o
1.5 Phenomena of fluorescence. .........c.ovvviiiiiiiiiiiiiii e
1.6 Determination of the stoichiometry of a complex by the method of
continuous variation Job’s method................c.oco
1.7 The selectivity of ChemOSENSOTS. .. ....iiuti it eie e
1.8 Limit 0f deteCtion. ... ...ouuineie i,
1.9 NanOPartiCles. . .....oueeeii e
1.10 Energy Dispersive X-Ray Analysis (EDX)......c.cccvviviiiiiiiiniinin..
CHAPTER Il LITERATURE REVIEWS. ...

2.1 LItEIatULE TEVIEWS . . e v v v ettt et e

2.1.1 Molecular chemosensors and chemodosimeters
(ring-opening of spirocyclic System)...........cooevuiiiiiiiiininiiinnn.

2.1.2 Cyanide SENSOTS. ....uuetenttettentett et et et et eree et eeenaeeneeaanaans

2.1.3 Self-assemble of supramolecular network...................cooeveninnn..

2.2 Objective and scope of this research................c.ooiiiii .

CHAPTER III EXPERIMENTAL SECTION.......ooiiiiiiiiiiiiiiiees

3.1 General ProCeduUIES. .......uuiit ettt

3.1.1 Analytical INStrUMENt. ........oouiieiii i

Page

10
11
12
13

13



312 MaAterialS. . oo,

3.2 Synthesis of boronic/fluorescein based SENSOrs...........c.oevvviiniininnnn...
3.2.1 Preparation of sensors F-oBOH, F-mBOH, and F-pBOH..............
3.2.1 Characterization of sensors F-oOBOH, F-mBOH, and F-pBOH.........

3.3 Complexation Study of F-oBOH, F-mBOH, and F-pBOH in acetonitrile
by UV-visible spectrophotometry technique....................coveviiiin...
3.3.1 Complexation studies of F-oBOH, F-mBOH, and F-pBOH with

various cations: copper, cadmium, nickel, silver, zinc, cobalt,

ANd MAZNESTUML. ...ttt e e e
3.3.2 Complexation studies of F-oBOH, F-mBOH, and F-pBOH with

copper cation in acetonitrile by UV-visible spectrophotometry........

3.4 Complexation Studies of F-oBOH, F-mBOH, and F-pBOH with copper

cation in acetonitrile by fluorescence spectrophotometry.....................

3.5 Determination of detection limit of F-oBOH, F-mBOH, and F-pBOH by
fluorescence spectrophotometry.........c.vviiiiiiiiii i

3.6 Study on the stability of SENSOT........cccviiiiiii i
3.6.1 The stability of F-oBOH in Tris buffer pH 7.0 by fluorescence

SpPectrophOtOMELIY. .. vttt
3.6.2 Study on the stability of F-oBOH, F-mBOH, and F-pBOH by
"H-NMR SpectrophOtOmMEtry. ... ......veeeeeeeeeeeeeeeieeeeeeeeen,

3.7 Preparation of F-oBOH doped nucleotide/lanthanide CNPs

(F-OBOH-AMP/GA®  CNPS). ...l

3.8 Study on the stability of F-oBOH-AMP/Gd®" CNPs.............cccceeeeiiii.
3.9 Complexation studies of F-oBOH-AMP/Gd*" CNPsccopper(I) with

various anions: fluoride, chloride, bromide, iodide, hydroxide, nitrate,

perchlorate, benzoate, dihydrogenphosphate, thiocyanate, and cyanide......

3.10 JOb S Plot StUAY ...ttt
3.10.1 Job’s plot study of F-oBOH-AMP/Gd*>" CNPs ccopper(II) with
o1 e ST 11 ) |
3.10.2 Job’s plot study of F-o0BOH-AMP/Gd’" CNPs c cyanide with
CopPer(I) 10M. ...t

il
Page
29

30
30

32

32

35

38

42
42

42

43

43

44



IX

Page
3.11 Complexation studies of F-oBOH-AMP/Gd>" CNPs ccopper(Il) with
cyanide anion by fluorescence spectrophotometry........................... 49
3.12 Determination of detection limit of F-oBOH-AMP/Gd’" CNPs
ccopper(Il) with cyanide anion..............ccooeviiiiiiiiiiiiiiiiiiennn, 51
3.12.1 Fluorescence spectrophotometry: calculation method................ 51
3.12.2 Naked-eyes detection limit.................ooo 51
3.13 Interference studies by fluorescence spectrophotometry..................... 52
CHAPTER IV RESULTS AND DISCUSSION......coiiiiiiiiiiiiiiieeenae, 55
4.1 Design concept of boronic acid/fluorescein based sensors..................... 55
4.2 Synthesis and characterization of F-oBOH, F-mBOH, and F-pBOH......... 56
4.3 Complexation Study of F-o0BOH, F-mBOH, and F-pBOH in acetonitrile
by UV-visible spectrophotOmetry.........c.oovivuiiiiiiiiiiiiiiiiiiieennaaes 57
4.3.1 Complexation studies of F-oBOH, F-mBOH, and F-pBOH with
various cations: copper, cadmium, nickel, silver, zinc, cobalt, and
10T e TS 10114 D 57
4.3.2 Complexation studies of F-oBOH, F-mBOH, and F-pBOH with
copper cation in acetonitrile by UV-visible spectrophotometry... 59
4.4 Complexation Study of F-oBOH, F-mBOH, and F-pBOH in acetonitrile
by fluorescence spectrophotometry...........ooevieiiiiiiiiiiiiiiiieene 65
4.6 Determination of detection limit of F-oBOH, F-mBOH, and F-pBOH
with copper(Il) by fluorescence spectrophotometry....................oeetnnn. 67
4.7 Study on the stability of SENSOTS........cvviiiiiiiiiiii e 69
4.8 Preparation of F-oBOH doped nucleotide/lanthanide CNPs
(F-OBOH-AMP/GA®  CNPS). ...l 72
4.9 The stability study of F-oBOH-AMP/Gd®" CNPs.............ccccccoeeii... 73

4.10 Complexation studies of F-o0BOH-AMP/Gd** CNPs ccopper(Il) with
various anions: fluoride, chloride, bromide, iodide, hydroxide, nitrate,

perchlorate, benzoate, dihydrogenphosphate, thiocyanate, and cyanide 74



4.11 Job’s plot analyses for F-oBOH-AMP/Gd>" CNPsccopper(Il) with
cyanide anion and F-o0BOH-AMP/Gd®" CNPsccyanide with copper(II)
by fluorescence spectrophotometry...........oovvvviiiiiiiiiiiiiiiiiiannenn.

4.12 Complexation studies of F-oBOH-AMP/Gd>* CNPsccopper(Il) with
cyanide anion by fluorescence spectrophotometry..................c.ooveenn.

4.13 Determination of detection limit of F-oBOH-AMP/Gd** CNPs

ccopper(Il) with cyanide anion..............cooveiiiiiii i,
4.13.1 Fluorescence spectrophotometry: Calculation method..............

4.13.2 Naked-eyes detection limit............coooeviiiiiiiiiiiiiiiiinnenn...
4.14 Interference studies of F-oBOH-AMP/Gd** CNPsccopper(Il) by

fluorescence spectrophotOMEtrY........ovvviieiiiiiiii i,

CHAPTER V CONCLUSION. ...t

5.1 CONCIUSION. . e eeee ettt e e,

Page



LIST OF TABLES

Table

3.1 Amounts of Cu*", Cd*", Ni*", Ag", Zn", Co”™", Mg*" as
trifluoromethanesulfonate and nitrate salt were used in studies by
UV-visible spectrophotometry...........ooeiieiiiiiiiiiiiii i

3.2 Amounts of cations solutions were used to prepare various
cations:F-OBOH 1atios. ........coiuiiiiii i,

3.3 Amounts of cations solutions were used to prepare various
cations: F-MBOH 1atios. ..........coouiiiiiiiii i,

3.4 Amounts of cations solutions were used to prepare various
cations: F-PBOH 1atios. .......coiuiiii i e

3.5 The concentration of Cu®" cation was used in copper cationic

complexation studies with F-oBOH and the ratios of
F-0BOH:COPPEr CatioN. ....c.viuiitiiiiteie e

3.6 The concentration of Cu”" cation was used in copper cationic
complexation studies with F-mBOH and the ratios of
F-MBOH:COPPET CatiON. ...ttt e

3.7 The concentration of Cu”" cation was used in copper cationic
complexation studies with F-pBOH and the ratios of
F-PBOH :COPPET CAtION. ...\ttt et e e e e e e eaeeanaas

3.8 The concentrations of stock solution of sensors and copper were used in
complexation studies for fluorescence titration..................ccoeeevevinn...

3.9 The concentration of Cu”" cation was used in copper cationic
complexation studies with F-oOBOH and the ratios of
F-0BOH:copper cation for fluorescence titration...................coeueen.

3.10 The concentration of Cu®" cation was used in copper cationic

complexation studies with F-mBOH and the ratios of F-mBOH:copper

cation for fluorescence tItration. .....ovverne ettt

X

Page

33

33

34

34

35

36

37

39

39



Table
3.11 The concentration of Cu®" cation was used in copper cationic

complexation studies with F-pBOH and the ratios of F-pBOH:copper

cation for fluoresCenCe tItratioN. ... vver e ettt et e eens

3.12 Amounts of F*, CI', Br', I', OH", NO3’, C104, BzO", H,PO4, SCN", and

CN'  1ons used in these studies by fluorescence spectrophotometry........

3.13 Amounts of anions solutions were used to prepare various

anions: F-OBOH-AMP/GA> 1atioS. .. ...ovveeeeeeee e

3.14 Amounts of F-oBOH-AMP/Gd** CNPs, CN™ anion, Cu”" cation, and
HEPES pH 7.4 were used in Job’s plot experiment.........................

3.15 Amounts of F-oOBOH-AMP/Gd** CNPscCN" and Cu’" cation were used

1N JOb’S plot €XPeriment.........oouuieiiiiie i,

3.16 The concentration of CN™ anion used in cyanide anion complexation
studies with F-oOBOH-AMP/Gd*" and the final ratios of
F-0BOH-AMP/Gd’" CNPscCu”":cyanide anion.............................

3.17 The concentration of CN™ anion used in naked-eye detection limit.........

3.18 Amounts of F', CI', Br, I', OH", NO5’, Cl04, BzO’, H,PO,4, SCN", and
CN' as sodium and potassium salt used in interference studies with

F-0BOH-AMP/Gd*" CNPs c copper(II) by fluorescence

SPeCtrOPhOtOMELIY. .. ettt

3.19 Amount of CN™ and anions used in interference studies with

F-0BOH-AMP/Gd*" CNPsc copper(Il) by

fluorescence spectrophOotOMEtry. ... ...ouvviiiiiiiiiii e,

4.1 The intensity of F-oBOH, F-mBOH, and F-pBOH (5x10°M).............

4.2 The detection limit of F-oOBOH, F-mBOH, and F-pBOH.....................

4.3 The intensity of F-oBOH-AMP/Gd*" CNPsccopper(Il) (1x10°M)........

4.4 Effect of interference anions on the determination of cyanide anion

(Con =245 (UG/ML)). oo,

Xl

Page

41

45

46

47

48

50

52

53

54

67
68
83



Xl

LIST OF FIGURES
Figure Page
1.1 The development of Supermolecules.............cooeiiiiiiiiiiiiiiiiiinnn, 2
1.2 Chemosensors based on the binding site-signaling unit........................ 4

1.3 Energy levels of molecular orbitals in formaldehyde (HOMO: highest
Occupied Molecular Orbitals; LUMO: Lowest Unooccupied Molecular
Orbitals) and possible electronic trnasition...............cooeveiieiininnn... 5

1.4 Perrin-Jablonski diagram and illustration of the relative positions of
absorption, fluorescence, and phosphorescence spectra...................... 7

1.5 Job’s plots fora 1:1 compleX.......ccoovviiiiiiiiiiii e 9

2.1 a) The hydrolysis reaction of a-amino acid ester with copper ion
b) The propose mechanism of chemodosimeter 4 react with copper ion and
its hydrolySis T€ACTION. ... .. ..ottt 13

2.2 The schematic explanation the response mechanism of probe 8 with
mercury(ID) 10n.......ooi 14

2.3 The explanation of the response of chemodosimeter 12 with mercury(II)

ion and the color change by visual eyes detection from colorless to pink
including the significantly of fluorescence changes............................ 16

2.4 a) The schematic explanation the response mechanism of probe 14 with
copper(Il) ion b) Fluorescence emission change of probe 14 in 0.01M
Tris-HCI buffer (pH 7.2) upon addition of metal ions.......................... 17

2.5 a) The schematic explanation the response mechanism of probe 18 with
copper(Il) ion b) UV-vis titration emission change of probe 18 in
DMSO/water 4:6 upon gradually addition of copper(Il)......................

2.6 a) The schematic explanation the response mechanism of probe 20 with
copper(II) ion b) Fluorescent spectra of probe 20 with various metal ions.
c¢) A photo of naked-eye for probe 20; from second one from second one

added with 200 uM of Ca*", Cu®, Hg*", Zn*", Fe’", Ag", Pb*" (from left to



Figure Page

2.7 The cationic borane sensor 22 for detection of cyanide anion in water....... 20
2.8 a) Fluorescence emission of a solution of 23 (DMSO-water (95:5 v/v)
upon addition of CN- (excitation at 480 nm). b) Plot of fluorescence
intensity at 541 nm vs number of equivalents of CN". ¢) The schematic
explanation the mechanism of 23 with CN" ion d) Color changes of 23 in
DMSO-water (95:5 v/v) in the presence of 1 equiv of the following
anions: 1, CN’; 2, AcO; 3,F; 4, CI; 5, Br; 6,1; 7, H,PO4; 8, HSO4
9,SCN7; 10, NOs7; 11, BzO%; 12, N37; 13, CH3S; 14, ClO4 e 21

2.9 The responding of chemosensor 26 for detection cyanide anion in water.... 22
2.10 a) Molecular structures of cyanide. b) Complexation of DSPBA probes

with aqueous free cyanide..............oooiiiiiiiiiiii e 23
2.11 The responding of chemosensor 28 for detection cyanide anion by an

INAITECT STTALEEY ...ttt ettt eneeeaens 24
2.12 The illustration of supramolecular nanowires self-assembled from ATP

molecules and cationic cyanine dyes............coveeiiiiiiiiiiiniinieiiannnnn 25
2.13 A schematic illustration of nanoparticles formation through the self-

assemble of AMP and Gd®" ..., 26
2.14 AuNPS in nucleotide/lanthanide nanoparticles. a) TEM image of AuNPs

encapsulated by the supramolecular shell of GMP/Gd”". b) HR-TEM

image of a AuNps surrounded by the supramolecular shell of GMP/Gd®". 26
2.15 a) Molecular structure of nucleotide and guest dyes 31 and 32. b) SEM

and ¢) TEM images of dye 31-AMP/Gd®>" CNPs with an average

diameter OF 30 MM ..o .nee et e 27

2.16 The sensor F-oBOH, F-mBOH, and F-pBOH............................... 28
4.1 The UV-visible spectra change of a) F-oBOH, b) F-mBOH, and
¢) F-pBOH (3.0 x 10 M) in CH;CN in the presence of excess amount of
VATTOUS CALIOMS . . ettt ettt ettt et ettt et et et e e e eeenane 58
4.2 The UV-visible responses (A-Ay at 437 nm) of F-oBOH, F-mBOH, and
F-pBOH (3.0 x 10” M) in CH3CN in the presence of excess amount of

VATTOUS CATIOMIS . et etttne et ettt e e e e e e e e e e e e et 59



XV
Figure Page
4.3 The UV-visible titration spectra of a) F-oBOH (2.5 x 10° M),
¢) F-mBOH (3.0 x 10 M), and ¢) F-pBOH (3.0 x 10> M) upon
the gradual addition of copper(Il) ion in CH3CN and the compared
experiment data and calculated data from UV-visible titration of
b) F-oBOH, d) F-mBOH, and f) F-pBOH for calculation of the stability
[o70) 1] 1 1 61
4.4 The ESI-High Resolution Mass Spectroscopy (ESI-HRMS) of the
complexation between F-OBOH and copper(Il) ion....................ceeeeee. 62
4.5 UV-vis spectra of a) F-oBOH (2.5 x 10° M) b) F-mBOH (2.5 x 10” M)
and Cu* (1.75x 107 M) in CH3CN in the presence of different amounts of
CYanIde ANION. ... .. .ottt 63
4.6 The color changes of F-0BOH (2.5 x 10” M) after adding and Cu®"
(1.75 x 107 M) and follows adding CN" (2.5 x 10* M) in CH;CN...........
4.7 The fluorescence titration spectra of a) F-oBOH, c) F-mBOH,
and d) F-pBOH (5 x 10" M) upon gradual addition of copper(II) ion in
CH3;CN and the compared experiment data and calculated data from
fluorescence titration of b) F-oBOH, d) F-mBOH, and f) F-pBOH for
calculation the stability constant (Aex/Aemiss = 437/475 nm).................. 66
4.8 Linear plot between intensity of a) F-oBOH b) F-mBOH c) F-pBOH
and concentration of copper(Il) ion.............ccooiiiiiiiiiiiiiiii e, 68
4.9 Fluorescence spectra of F-0BOH (5 uM) a) in the presence copper(I]) ion
(5 uM) b) The emission intensity at 518 nm in the presence copper(Il)
(5 uM) under various time in Tris-HCI 0.01 M pH 7.0 buffer solution
(5% EtOH:water), (Aex =498 NM)......ooviiiiiii i, 69
4.10 Comparing experiment of hydrolysis product of F-oBOH with F-oBOH,
fluorescein, and 2-formylphenyl boronic acid...................cooeiinis 71
4.11 a) SEM image of F-o0BOH-AMP/Gd®>" CNPs
b) TEM image of F-0BOH-AMP/Gd> CNPs................................. 73



XVI

Figure Page
4.12 Fluorescence intensity at 515 nm for F-o0BOH-AMP/Gd*"

CNPSccopper(Il) under various time from 0-120 minutes.

Ohex = 492 TN+ e e 73
4.13 Fluorescence intensity of F-oBOH-AMP/Gd®>" CNPsccopper(Il) at

515 nm in the presence of different anions (500uM) in HEPES (0.1M)

PH 7.4 (hex =492 NM). .t 74
4.14 Fluorescence spectra of F-oBOH-AMP/Gd”™ CNPs in the presence of

different amount of (a) copper(Il) ion and (b) cyanide anion in HEPES

buffer pH 7.4 .. 75
4.15 Fluorescence spectra of F-oBOH-AMP/Gd>™ CNPsccopper(I) upon
addition of cyanide anion in HEPES bufferpH 7.4............................ 75

4.16 Photograph of Naked-eyes of (a) F-oBOH-AMP/Gd”>" CNPs in the
presence of Cu>" 45 equiv and CN™ 90 equiv (b) F-oBOH-AMP/Gd*"
CNPs in the presence of Cu®" 45 equiv (c) 5’-AMP/Gd>" CNPs in the
presence of Cu>™ 45 equiv and CN™ 90 equiv (d) AMP/Gd”>" CNPs in the
presence of Cu>" 45 equiv and Luminescent of (¢) F-oBOH-AMP/Gd’"
CNPs in the presence of Cu?* 45 equiv and CN™ 90 equiv (f) F-oBOH-
AMP/Gd** CNPs in the presence of Cu®" 45 equiv (g) AMP/Gd®>" CNPs
in the presence of Cu>” 45 equiv and CN™ 90 equiv (h) AMP/Gd®>" CNPs
in the presence of Cu>” 45 equiv. Samples were illuminated by the
356 nM UV Hght. ..o 76
4.17 Job’s plot analysis of fluorescence intensity for the complexation of the
F-0BOH-AMP/Gd*" CNPsccopper(Il) and cyanide anion. The molar
ratio of F-oBOH-AMP/Gd*" CNPsccopper(I) CNPs to cyanide anion
was varied: 2:8, 3:7,4:6, 5:5,6:4, 7:3, 8:2,9: 1 oo 77
4.18 Job’s plot analysis of fluorescence intensity for the complexation of the
F-0BOH-AMP/Gd’ CNPsccyanide and copper(IT). The molar ratio of
F-0BOH-AMP/Gd’ CNPsc cyanide and copper(I) was varied: 1:9, 3:7,
4:6,5:5, 6:4, 723, 812, 01l 78



XVII

Figure Page
4.19 Energy dispersive X-ray (EDX) spectrum of F-o0BOH-AMP/Gd**

CNPsccopper(Il) ccyanide anion. (Aluminium peak is from the

supporting aluminium Stub)............ooiiiiiiiiii 80
4.20 Fluororescence titration spectra of F-o0BOH-AMP/Gd*"

CNPsccopper(I) in HEPES (0.1M) pH 7.4 upon addition of CN'

(0-80 equiv) at emission band at 515 nm. Inset: Binding isotherm

between F-oOBOH-AMP/Gd’" CNPsccopper(IT) and cyanide anion.

(e Memis = 492/515 M. ..o oo 81
4.21 Comparing experiment and calculated data from fluorescence titration

curves of F-0BOH-AMP/Gd’" CNPsccopper(Il) and cyanide anion for

calculation of stability constant (Aex/Aemis = 492/515 nm)................... ]2
4.22 Linear plot between intensity and concentration of cyanide anion........... 3
4.23 Naked-eyes of F-o0BOH-AMP/Gd®" CNPsccopper(II) in HEPES (0.1M)

pH 7.4 in the presence of different concentrations of cyanide anion. From

left to right (x10 uM): F-o0BOH-AMP/Gd’*", 0, 2.0, 4.0, 7.0, 10.0, 20.0

30.0,and 40.0. ..o enin e 84



XVIII

LIST OF SCHEMES

Schemes Page
4.1 Synthesis pathway of F-oBOH, F-mBOH, and F-pBOH..................... 56
4.2 Propose mechanism of F-oBOH complexation with copper(Il) ion.......... 63

4.3 Propose mechanism of F-o0BOH complexation with copper(Il) ion and

CYANIAR ANTOM. ...\ttt ettt et e e e e et e e e et e e e e e e eae e 64
4.4 Proposed the hydrolysis mechanism of the F-oOBOH and water followed

by reaction with copper(Il) to yield fluorescent fluorescein.................. 70
4.5 A schematic illustration of nanoparticles formation through the self-

assembly of F-0BOH, 5°’AMP, and Gd’" ion (F-oBOH-AMP/Gd’" CNPs). 72
4.6 The description of nanoparticles formation through the self-assembly of

F-0BOH, AMP, and Gd*" and the proposed mechanism of

F-0BOH-AMP/Gd*" CNPs after adding copper(II) and cyanide anions. .... 79



LIST OF ABBREVIATIONS AND SYMBOLS

PC-NMR
'H-NMR
equiv.

g

Hz

J

mmol
mL

uL

d

ppm

s,d, t, m

CNPs

EDX

SEM

TEM
ESI-HRMS

Carbon nuclear magnetic resonance
Proton nuclear magnetic resonance
Equivalent

Gram

Hertz

Coupling constant

Millimole

Milliliter

Microliter

Chemical Shift

Part per million

Splitting patterns of '"H-NMR (singlet,
doublet, triplet, multiplet

Coordination Nanoparticles

Energy Dispersive X-ray Analysis
Scanning Electron Microscopy
Transmission Electron Microscopy
Electrospray Ionization High Resolution

Mass Spectroscopy

XIX



CHAPTER1
INTRODUCTION
1.1 Supramolecular Chemistry Concept

The concept and the definition of supramolecular chemistry or host guest
chemistry were introduced in 1978 [1] as a development and generalization of previous
works. Prof. Lehn invented the term, either a supermolecule or supramolecule is an
organized, complex entity that is created from the association of two or more chemical
species held together by intermolecular forces. Supermolecule structures are the result of
not only additive but also cooperative interactions, including hydrogen bonding,
hydrophobic interactions and coordination, and their properties are different from the sum
of the properties of each individual component. Supramolecular chemistry is still a new
branch, meaning that it can be rather difficult to define exactly what it encompasses. It is
a chemistry subject that has improved so rapidly due to contributions from a variety of

related fields.

As we know, supramolecular chemistry is a multidisciplinary field which
impinges on various other disciplines, such as the traditional areas of organic and
inorganic chemistry, needed to synthesize the precursors for a supermolecule, physical
chemistry, to understand the properties of supramolecular system and computational
modeling to understand complex supramolecular behavior.[2] In recent time, Ariga [3]
categorized the supramolecular chemistry into three types: (i) the chemistry associated
with a molecular recognizing a partner molecule (molecular recognition chemistry); (ii)
the chemistry of molecules built to specific shapes; (iii) the chemistry of molecular
assembly from numerous molecules. In addition, Figure 2.1 briefly explains the
development of supermolecules in a recent time. Herein, we will describe the most
fundamental of supramolecular chemistry by initially starting to explain the molecular

recognition.
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Figure 1.1 The development of Supermolecules [3]
1.2 Molecular Recognition [3]

In molecular recognition, a molecule selectively recognizes its partner via several
molecular interactions. The first is electronic interactions that occur between charged
molecules. An attractive force is observed between oppositely charged molecules, and a
repulsive force between molecules with the identical type of charge. The second is
hydrogen bonding that plays a critical role in biological environment. It occurs when the
functional groups that are interacting are properly oriented such as the base-paring of
DNA strands. It represents a special kind of dipole-dipole interaction between a proton
donor (D) and a proton acceptor (A). [4] The third is coordinated interaction that occurs
between metal ions and electron-rich atoms and is of moderate strength. The fourth is van
der Waals interaction that is weaker and less specific than those illustrated above but it is
very important because it regularly applies to all kinds of molecule. Furthermore, in

aqueous media the hydrophobic interaction has played important role. So the



hydrophobic molecule can aggregate in an aqueous medium such as the formation of a
cell membrane from lipid-based component. This interaction is related to the hydration
structure presents around hydrophobic molecules. The last one is m-m interaction that
occurs between aromatic rings, and these sometimes provide important contributions to
molecular recognition. When the aromatic rings face each other, the overlap of n-electron

orbitals results in an energetic gain.

The effective recognition is accomplished through several combinations of the
above-mentioned molecular interaction. When several types of molecular interaction
work together, a cooperative enhancement in molecule association is often observed.
Finding an appropriate combination of molecular interactions is the key to design

efficient molecular recognition systems.
1.3 The fundamental principle for cations and anions sensors

Anions and cations play a fundamental role in a wide range of chemical and
biological system. Researchers have been put strongly efforts to devote the development
of receptors for both anionic and cationic species. [5] Receptors specifically designed for
sensing purposes are generally defined as chemosensors. [6] The signals of chemosensor
can be easily detected by human reception. Many chemosensors display changes in either
color or fluorescence in the presence of guests by a reversible reaction. Figure 1.4
describes the chemosensor approach of the covalent attachment of signaling subunits and
binding sites. The binding site binds guests and then the signaling unit is altered giving
rise to several changes in the color (chromomeric chemosensor) or in its fluorescence
behavior (fluorogenic chemosensor). This has been the most widely used in the
improvement of chemosensors and will surely use to be a basic strategy to design

chemosensors in the future development.
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Fluorescent and colorimetric chemosensors for anions and cations have been
developed so fast but those for important and toxic heavy ions such as Hg(II), Pb(II), and
Cu(Il) present challenges because these ions often act as fluorescence quenchers.
Recently, researchers have developed the fluorescent chemodosimeters [7] because
chemodosimeters provide an ideal way to design fluorescence “turn-on” probes for the
quenching of the heavy metal ions. Furthermore, chemodosimeters are used to detect
analyte through a highly selective and generally irreversible chemical reaction between

the dosimeter molecule and the target analyte.

Chemodosimeters approach involves the use of reactions induced by a specific
analyte such as an anion or cation or other molecules. These reactions result in a
significant chemical transformation including both the breaking and formation of several

covalent bonds.
1.4 Absorption of UV-visible light

An electronic transition contains the promotion of an electron from an orbital of a
molecule in the ground state to an unoccupied orbital by absorption of a photon. The
molecule is then said to be in an excited state. There are several types of molecular
orbitals. The first principle orbital is a ¢ orbital generally performed from s atomic

orbital, or from one s and one p atomic orbitals, or from two p atomic orbitals having a



collinear axis of symmetry. The bond performed is called a ¢ bond. A n orbital is
performed from two p atomic orbitals overlapping and the resulting bond is called a =
bond. A molecule may also consists of non-bonding electrons exited in heteroatoms such
as oxygen of nitrogen. The corresponding molecular orbitals are called n orbitals. The
transferring of a non-bonding electron to an antibonding orbital is possible and is denoted
by n — w*. In addition, the energy of these electronic transitions is generally in the
following order: n > n* <m — n* <n - ¢* <o - n* <o — o*. Figure 1.3 prescribes
the energy levels of example molecule as formaldehyde with the possibility of all

transitions.
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Figure 1.3 Energy levels of molecular orbitals in formaldehyde (HOMO: highest
Occupied Molecular Orbitals; LUMO: Lowest Unooccupied Molecular Orbitals) and

possible electronic trnasition. [8]

In absorption and fluorescence spectroscopy, two important categories of orbital
are pondered: the Highest Occupied Molecular Orbitals (HOMO) and the Lowest
Unooccupied Molecular Orbitals (LUMO). Both of these refer to the ground state of the
molecule. For example, in formaldehyde, the HOMO is the n orbital and the LUMO is

the nt* orbital.



1.5 Phenomena of fluorescence [9]

Luminescence is the emission of light from any compound and happens from
electronically excited state. Luminescence is formally divided into two types; the

fluorescence and the phosphorescence depending on the nature of the excited state.

Fluorescence is emission of light from singlet excited state, the electron in the
excited orbital is paired to the second electron in the ground-state orbital. Thus, when
electron returns to the ground state it is occurring so rapidly by emission of photon. The
life time of fluorescence is too short estimated nearly nanoseconds. Phosphorescence is
emission of light from triplet excited state, in which the electron in the excited orbital has
the same spin orientation as the ground state electron. The emission rates are slow
because the transmissions of electron to the ground state is forbidden, thus the

phosphorescence life time is longer approximately milliseconds to seconds.

Fluorescence generally occurs from aromatic molecules. Various fluorophores are
encountered in daily life. The green or red-orange glow sometimes seen in antifreeze is
due to trace quantities of fluorescein or rhodamine, respectively. Polynuclear aromatic
hydrocarbon, such as anthracene and perylene, are also fluorescent, and the emission
from some species is utilized for environmental monitoring of oil pollution. Fluorescence
spectral data are generally reported as emission spectra. A fluorescence emission
spectrum is a plot of the fluorescence intensity versus wavelength (nanometers).

Moreover, an important feature of fluorescence is high sensitivity to detection.

The processes that occur between the absorption and emission of light are usually
prescribed by the Jablonski diagrams exhibited below. Jablonski diagrams[8] are often
used to illustrate the light absorption and emission about varieties of molecular processes
that can occur in excited states. A typical Jablonski diagram is shown in Figure 1.4. The
singlet ground, first, and second electronic states are depicted by Sy, S;, and S,,
respectively. Following light absorption, several process usually occur. A fluorophore is
usually excited to some higher vibrational level of either S; or S,. With a few rare
exceptions, molecules in condensed phases immediately relax to the lowest vibrational

level of S;. This process is called internal conversion and generally occurs within 1025



or less. Since fluorescence lifetimes are typically near 107 s, internal conversion is

generally complete prior to emission. Thus, fluorescence emission generally results from

a thermally equilibrated excited state, that is, the lowest energy vibrational state of S;.
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Figure 1.4 Perrin-Jablonski diagram and illustration of the relative positions of

absorption, fluorescence, and phosphorescence spectra. [§]



Molecule in the S, state can undergo a spin conversion to the first triplet state T;.
Emission from T; is termed phosphorescence, and is generally shifted to longer
wavelengths relative to the fluorescence. Conversion of S; to T is defined as intersystem
crossing. Transition from T; to the singlet ground state is forbidden, and as a result of the
rates constants for triplet emission are several orders of magnitude smaller than those for

fluorescence.

1.6 Determination of the stoichiometry of a complex by the method of continuous

variations (Job’s method) 8]

Information on the stoichiometry of a complex can also be obtained from the
continuous variation method. To deliberate a complex ML, formed according to the

equilibrium
mM+IL =— M,L, 1.1
with

[Mle]

Bmz=m 1.2

The principle of the method as follow: the fluorescence intensity Y is measured
for a series of solutions consisting of the ligand and the cation such that the sum of the

total concentration of ligand and cation is constant.
CL+Cum = C =constant

The position of the maximum of Y is then related to the ration m/l. The complex
product is equal to Yy and the value of Y is related to no cation added (x=0). When
plotting the variations in fluorescence intensity versus x, it is convenient to subtract the
fluorescence intensity that would be measured in the absence of cation at every

concentration.
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Figure 1.5 Job’s plots for a 1:1 complex
1.7 The selectivity of chemosensors

A selectivity of a receptor is a preference of that receptor towards a guest. This is
customarily estimated from a magnitude of a thermodynamic stability constant of a
receptor-guest or, in more general terms, a ligand-metal complex. There are various
methodologies to calculate the binding constant such as NMR spectroscopy, UV-visible
and fluorescence spectrophotometry, and electrochemical techniques depending on the

molecular design.

The stability constant [10] K; which controls the equilibrium between the free
ligand L and the complex ML with the metal may be obtained from the variation of either

absorbance or fluorescence intensity at proper observation wavelengths.
M+L =ML K, =[MLJ/([L][M]) 1.3

It is easy to derive the following relation involving the absorbance A4, of the free
ligand and the absorbance A4 of the solution at a given wavelength where g and ey are
the molar extinction coefficients of the ligand and the complex, respectively. The
quantity Ao/(Ao-A) is plotted versus [M] ", and the stability constant is then given by the

ratio of intercept/slope.



10

AO _ gl 1
Ap—A - EL—EML (KS[M] + 1) 14

The various methods for determining the stability constants from Fluorometric
data were previously discussed [11]. The best of them uses the relation where @ and
@y are the quantum yields of the ligand and the complex, respectively. The quantity
I:°/(Ig-I°) is plotted versus [M] ", and the stability constant is then given by the ratio of

intercept/slope
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1.8 Limit of Detection [12]

A limit of detection of an analyte generally defined as the concentration presents
an instrument signal significantly distinct from the blank or background signal. This
definition of the limit of detection is quite arbitrary and entirely open to an analyst to
provide an alternative definition for a particular purpose. However, it is required to

provide the definition whenever a detection limit is cited in a paper or a report.

This is an alternative definition that determines the detection limit as the analyte

concentration giving a signal equal to the blank signal, yg, plus three standard deviations

of the blank, sp
Limit of detection = yz + 355 1.6

According to Eq. 1.6, the value of limit of detection, the calculated intercept of

the calibration plot can be utilized instead of y3.
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1.9 Nanoparticles

A nanoparticle [13] is a microscopic particle with at least one dimension less than
100 nm. Currently, nanoparticles researches are an area of intense scientific research,
because of their several of potential applications in biomedical, optical, and electronic
fields. Nanoparticles are of great scientific interest as they are effectively a bridge
between bulk materials and atomic or molecular structures. The properties of several
conventional materials change upon forming of nanoparticles. Typically, nanoparticles
have a greater surface area per weight than the larger particles. Therefore, nanoparticles
have more reactive than other molecules. Nanoparticles are applied in many fields. The

following lists introduce many of the uses under development in a recent time. [14]

1. TIron oxide nanoparticles can used to improve MRI images of cancer tumors.

2. Gold nanoparticles display many interesting electrical and optical properties.
They can be used to be a variety of sensors such as using for detecting
diseases as biosensors, improving the optical properties of materials, etc.

3. Magnetic nanoparticles that attach to cancer cells in the blood stream may
allow the cancer cells to be removed before they establish new tumors.

4. Quantum Dots are crystalline nanoparticles that can be used to identify the
location of cancer cells in the body.

5. Silver nanoparticles in fabric can kill bacteria making clothing odor-resistant.

In addition, nanoparticles characterization is necessary to establish understanding
and control of nanoparticles synthesis and application. Characterization is done by using
a variety of different techniques such as electron microscopy (SEM, TEM) atomic force
microscopy (AFM), dynamic light scattering (DLS), X-ray photoelectron spectroscopy
(XPS), powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
and UV-vis spectrophotometry. [15]
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1.10 Energy Dispersive X-Ray Analysis (EDX) [16]

The production of x-rays by a primary electron beam is the basis of qualitative
and quantitative elemental analysis. Generally, the production of x-rays occurs in all
electron-optical instruments, the scanning electron microscope (SEM) proves in
performing x-ray microanalysis. Some of incident electrons excite the atoms of the
specimen by removing electrons from their shells. Then the excited atom return to ground
state by transition of electrons between outer and inner electron shells, therefore, the
energy is emitted as x-rays. This energy is related to the atomic number of the atom, and

1s called the characteristic radiation.

Energy dispersive X-ray analysis (EDX) has the advantage of speed and
sensitivity. When the x-rays are dispersed and detected, a spectrum is produced. The
positions of the peaks are characteristic of the elements and additionally each element can
generate for several peaks. It is necessary to identify and label each peak in the spectrum.
Each line in the spectrum has the own meaning; K lines are corresponding to transitions
into the first electron shell and used for elements whose atomic number are less than 42;
L lines are corresponding to transition into the second shell and used for those atomic
number above 42. M lines are corresponding to transition into the third shell and can also

be used



CHAPTER I
LITERATURE REVIEWS
2.1 Literature reviews

2.1.1 Molecular Chemosensors and Chemodosimeters (Ring-opening of Spirocyclic

System)

As mention in the previous chapter, chemosensors are molecules that can interact
with the analyte to give measurable signals with a real-time response and based on
coordination events. The reactions of chemosensors with the analyte and signal changes
are reversible. According to a decade ago, Czarnik was the first person to invent a new
approach in the field of optical sensing termed chemodosimetry[17]. Chemodosimeters
are molecules that can interact with the analyte to give signal and the reaction between

chemodosimeters and analyte are irreversible.

In 1997, He and his coworkers [18] reported the work utilizing a ring-opening
reaction of rhodamine-B derivative fluorescent chemodosimeter 4 to detect copper ion in
water. They applied the fundamental of that copper ion can support the hydrolysis of
R-amino acid esters 1 at rates better than other metals (Figure 2.1 a). The rates of this

reaction is complete within seconds, gaining the copper(Il)-a-amino acid 3 as a product.

b O @4
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Figure 2.1 a) The hydrolysis reaction of a-amino acid ester with copper ion b) The
propose mechanism of chemodosimeter 4 react with copper ion and its hydrolysis

reaction.
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The assumption of their group was the hydrazide of compound 4 would provide
the biding site for copper by its behavior of a-amino. Initially, they investigated the
powerful of this chemodosimeter by fluorescence spectrophotometry technique and
observed that after adding copper to a colorless solution of 4 in acetonitrile, the pink
color and fluorescence of Rhodamine B expressed obviously. While they studied
compound 4 in water, it displayed analogue pathway mechanism to react with copper as
shown in Figure 2.1b. They discovered that compound 4 could react with copper ion
within 1 min and the reaction is faster than mercury ion that required 50 hours to

complete the similar reaction.

Following this pioneering research, after an initial slow start, many exciting
research papers on ring-opening reactions have been reported. In an effort to improve a
technique to detect mercury(Il), Tae and coworkers [19] designed a chemodosiometer 8
by combining the spirolactam ring-opening moiety and the mercury(Il)-triggered 1,3,4-

oxadiazole cyclization [20-21] of thiosemicarbazide.

H3C.

I=

fluorescent

Figure 2.2 The schematic explanation of the responsed mechanism of probe 8 with

mercury(Il) ion
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Chemodosimeter 8 had been studied with mercury(Il) in water-methanol (4/1 v/v)
at pH 7. The fluorescence intensity was enhanced for 26-fold and the red-shift of
emission maximum from 553 to 557 nm was observed after adding 1 equivalent of
mercury(Il). Figure 2.2 illustrated the reaction responsible for these changes and the
reaction completed within less than a minute. Metal-ion selective manipulations of
chemodosimeter 8 implies that the emission of 8 was unaffected by other cationic
species: Cu(Il), Pb(II), Cd(II), Ni(II), Co(II), Fe(Il), Mn(II), Mg(II), Ca(II), Ba(II), Li(I),
K(I), Na(I), Rh(IlT), and Cr(II). In addition, chemodosimiter 8 showed the limit of
detection of <2 ppb, below the Environmental Protection Agency (EPA) drinking water
limits for mercury(Il). The interaction of mercury(II) with 8 induced the color solution
changed from colorless to pink and easy to observe by naked-eyes, indicating the ring-

opening of rhodamine-6G.

In 2007, Kim and co-workers [22] synthesized the fluorescent and colorimetric
chemodosimeter 12. The result showed that mercury(Il) induced the N atom of the
spirolactam to attack the C atom of the thiourea. Then, mercury(Il) promoted ring
opening of spirolactam of the rhodamine part followed by removal of HgS and the
formation of intramolecular guanylation. Furthermore, they put an effort to study the
interference of 12 by mixing other cationic species; Fe(Il), Co(II), Ni(II), Cu(Il), Zn(II),
Pb(II), Cd(II), Ca(II), Mg(II), K(I), and Na(I) into the solution and 12 did not interfere by
other ions. This indicate that chemodosimeter 12 was very selectively for only Hg(Il).
The introduction of mercury(Il) caused an emission color change from blue to yellow and
visible by the naked-eyes. For the absorption, a new band appeared at 532 nm, inducing a
color change from colorless to pink upon addition of mercury (II) into the solution of 12.
Figure 2.3 described the color change of 12 and structural change upon introduction of

the mercury(Il) into the solution of 12.
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Figure 2.3 The explanation of the response of chemodosimeter 12 with mercury(Il) ion
and the color change by visual-eyed detection from colorless to pink including the

significantly of fluorescence changes.

Among the heavy metal ions, Cu(lIl) is of particular interest which plays various
important functions such as a catalytic cofactor for a variety of metalloenzymes, a feature
in electron-transfer proteins of photosynthesis and respiration, in the metabolism system.
Interestingly, acute copper deficiency may express especially in newborn infants and
cause insufficient oxygen utilization in the brain and therefore permanent damage. [23]
Nonetheless, it also exhibits toxicity to biological systems under excessive amounts
which are known to cause neurodegenerative diseases such Alzheimer’s and Wilson’s
[24] diseases. As mentioned in most of reports, fluorescence “turn-off” probes can result
in false-positive results caused by other quenchers in real samples and, thus, are
unpopular for practical. However, the reports of Cu(Il) fluorescence chemosensors, the
binding of the Cu(Il) causes a quenching of the fluorescence emission and the signal
tends to turn off because of its paramagnetic nature. [25-26] Luckily, chemodosimeters
and some special chemosensors play a different function from general chemosensors and
can provide an ideal way to design fluorescence “turn on” probes for paramagnetic metal

ions such as copper(Il).

Recently, Chen and Ma [27] have been designed chemodosimeter 14 contained
spiro form of fluorescein hydrazide bearing a cleavable active amide bond which can be
promoted hydrolysis by Cu(Il) in aqueous solution. It exhibited the highly turn-on
fluorescence when reacted with copper in aqueous solution causing the release of the

fluorophore (fluorescein) and thereby the turn-on fluorescence intensity. Additionally, the
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propose mechanism shown in Figure 2.4a that was similar to the mechanism of hydrolytic
cleavage of a-amino acid amide bond. Moreover, other metal ions did not response to this
probe. The ability of this probe selective with copper worked in the range of 0.1 — 10 uM.
They also applied this probe to use in real time application in biological fluids such as

human serum and cerebrospinal fluid.
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Figure 2.4 a) The schematic explanation the response mechanism of probe 14 with
copper(Il) ion b) Fluorescence emission change of probe 14 in 0.01M Tris-HCI buffer
(pH 7.2) upon addition of metal ions.

Li and coworker [28] synthesized fluorescein-based colorimetric chemodosimeter
18 for detecting copper(Il) in aqueous solution. The solution of 18 was changed from
colorless to deep yellow upon addition of copper(Il) in micro molar level. Compound 18
was a naked-eyes chemosensor for detection of copper(Il) upon chelation of copper(Il)
and subsequently changed to a strong yellow color in the form of ring opening of

spirolactam structure (Figure 2.5).
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b)

Figure 2.5 a) The schematic explanation the response mechanism of probe 18 with
copper(Il) ion b) UV-vis titration emission change of probe 18 in DMSO/water 4:6 upon
gradually addition of copper(Il).

Zhou and coworker [29] created a rationmetric fluorescent probe for copper (II)
containing rhodamine as fluorophore onto the pyrene moiety. The rationmetric
fluorescent measurements monitor changes in the ration of the intensities of the emission
at two wavelengths. The probe 20 was nonfluorescent and colorless, whereas the
spirolactam ring opening by copper (II) gave rise to strong fluorescence emission and a
pink color depicted in Figure 2.6b and 2.6¢c. The probe 20 was used to investigate its
selectivity among several metal ions shown that it was very selectively toward only

copper(II). The proposed mechanism for probe 20 was explained in Figure 2.6a.
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Figure 2.6 a) The schematic explanation the response mechanism of probe 20 with
copper(Il) ion b) Fluorescent spectra of probe 20 with various metal ions. ¢) A photo of

naked-eye for probe 20; from second one from second one added with 200 uM of Ca*",

Cu™", Hg*', Zn™, Fe’*, Ag’, Pb*" (from left to right).

Moreover, they also examined the fluorescence energy transfer (FRET) the result
explicated that the FRET was not observed in this research because of the fluorescence of
pyrene was decreased upon addition of copper (II). Moreover, they discovered that the
reaction between probe 20 was reversible by adding EDTA into the complexation of

probe 20 with copper (II).
2.1.2 Cyanide Sensor

Cyanide anion is severely poisonous to living creatures. Besides, it restrains the
terminal step of cellular respiratory system by hampering the irreversible coordination of
the mainly metal centers in the active site of cytochrome c oxidase. [30] Nevertheless, the
wide applications of cyanide salts have remained prevalent, such as industrially in gold
mining, electroplating, metallurgy, and the synthesis of nylon and other synthetic fibers

and resins.[31-32] However, unintentionally releasing of cyanide into environment and
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human may be occurred from dietary, industrial, surrounding, and other sources. Due to
its toxicity and beneficial parts of cyanide anion inspired researchers to put a strongly
interested in development sensors for detection of cyanide anion.

In 2007, Gabbai and Hudnall [33] reported cationic borane sensor 22 for detection
of cyanide anion in water. They applied the fundamental of that triarylboranes can
interact with cyanide to form the corresponding cyanoborate complex and act as stable
species in water. They hypothesized that cationic borane can complex with cyanide ion in
water because of its coulombic receptor-anion attraction. Herein, they also optimized
sensor 22 by using DFT methods. The results implied that the positive charge in cationic
boranes increases lewis acidity property of sensor 22. Sensor 22 was also studied in
organic solvent to form cyanoborate/ammonium zwitterions 22cCN. Moreover, it was
performed in aqueous solution by using water/DMSO 60:40 vol (HEPES 6 mM, pH 7) to
complex with cyanide anion and given the binding constant equal to 3.9 x 10° M. In
addition, sensor 22 showed a negligible response in the presence of other common anions

including CI', Br’, NOs’, AcO’, H,PO4, and HSO,'.

Figure 2.7 The cationic borane sensor 22 for detection of cyanide anion in water. [33]

Tae and Yang [34] synthesized a new selective chemosensor 23 to detect cyanide
in water in micromolar level. They used the fundamental knowledge to design this
chemosensor that cyanide can act as a strongly nucleophile and form stable complex with
other metal ions. They took an advantage of the nucleophilic addition reaction of cyanide

at the 9-position of N-methylacridinium ion. [35]
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Figure 2.8 a) Fluorescence emission of a solution of 23 (DMSO-water (95:5 v/v) upon
addition of CN- (excitation at 480 nm). b) Plot of fluorescence intensity at 541 nm vs
number of equivalents of CN". ¢) The schematic explanation the mechanism of 23 with
CN ion d) Color changes of 23 in DMSO-water (95:5 v/v) in the presence of 1 equiv of
the following anions: 1, CN7; 2, AcO’; 3, F; 4, CI'; 5, Br; 6, I'; 7, H,PO4'; 8, HSOy;
9,SCN’; 10, NOs5; 11, BzO'; 12, N3'; 13, CH3S; 14, ClO4'.

Considering, the fluorescent experiments of chemosensor 23 as showed in Figure
2.8 a; upon addition of 1 equivalent of cyanide, the fluorescence intensity decreased
related to an increasing of cyanide concentration. They found that 23 reacted irreversibly
with CN in a 1:1 stoichiometric ratio. They also evaluated the cyanide-selective nature of
acridinium salt 23 that 23 acted as a selective chemosensor toward only cyanide ion
illustrated in Figure 2.8 d and can be observed by naked-eyes detection. In addition, the
detection limit of this chemosensor with cyanide was 2.0 uM corresponding to the

minimum level in drinking water announced by WHO.
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Tomapatanaget [36] and coworkers put considerable attention to study on
synthesizing and designing chemosensor 26 for cyanide anion. This chemosensor relied
on the basis of acceptor-donor-acceptor (A-D-A) system and acted as an internal charge
transfer process composed of napthoquinone connecting to boronic acid with imidazole
as a spacer. The napthoquinone and imidazole moieties are a major A-D system
performing a large dipole moment changes upon excitation by light. In addition, the
boron part can be changed to be an electron rich boron center by the substitution of

cyanide anion.

26 27

26 27

Figure 2.9 The responding of chemosensor 26 for detection cyanide anion in water.

Chemosensor 26 had been synthesized for three isomers named as 26a, 26b, and
26¢ for ortho, meta, and para isomers, respectively. Initially, they study the complexation
with cyanide anion for all of three sensors; the results showed that the most reactive
isomer with cyanide was 26b. Meanwhile, in the presence of a high concentration of
cyanide (500 uM), pH of the solution was changed from pH 7.4 to 11 because OH" could
be produced. Therefore, they solved this problem by applying 26b to a CTAB micellar
system and found that the pH of solution remained at pH 7.0 in concomitant with
appearing of a strong fluorescence intensity at 460 upon addition of cyanide 50 uM. This
band at 460 nm displayed a large blue shift of 100 nm. This emission band was assigned
to the internal charge transfer (ICT) state occurred upon addition of cyanide anion due to

the poor acceptability on the boron after cyanide substitution.
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Geddes and coworker [37] described a powerful set of new fluorescent probes
(DSPBA: shown in Figure 2.10) which can detect cyanide anion in the wide range of
cyanide concentration of 1-30 uM in the presence of a high background of physiological
interference. The sensing of these chemosensors was based on the ability of boronic acid
to complex cyanide by cyanide anions substitution at the boron moiety and altered boron
from rich electron to poor electron acceptability. The properties of these sensors have an
intramolecular charge transfer (ICT) from the amino group to the electron-deficient
quaternary nitrogen center in the absence of cyanide. However, in the presence of
cyanide, the ICT process was reduced affording an increasing and wavelength shift in

fluorescence spectrum.
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Figure 2.10 a) Molecular structures of cyanide. b) Complexation of DSPBA probes with

aqueous free cyanide.
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Interestingly, they discovered that 0-DSPBA exhibited a much better response to
cyanide than the other two isomers because 0-DSPBA had the shortest distance and
expressed the most effective electrostatic interaction of the positively charged quaternary

nitrogen center with the electron-rich boron atom upon cyanide complexation.

Qin and coworkers [38] reported conjugated polymer-based fluorescent
chemosensor relied on the principle of cyanide anion can form stable complexes with
transition metals. They prepared chemosensor 28 composed of imidazole-functionalized
polyfluorene which could bind with copper ion based on the fluorescence switch off.
Then, after the addition of cyanide anions, the quenched fluorescence of polyfluorene by
copper(Il) could recover. This chemosensor 28 lead selectively and sensitivity toward
cyanide anion as low as 0.31 ppm by an indirect strategy, making a good candidate for

potential application of human safeguard.

28 29 30

Figure 2.11 The responding of chemosensor 28 for detection cyanide anion by an

indirect strategy.
2.1.3 Self-assemble of supramolecular network

Kimizuka and coworkers [39] firstly reported the self-assembly of adenosine
5’-triphosphate (ATP) and dichloro-substituted thiacarbocyanine dyes to form the
supramolecular nanowires. ATP is a major energy component in the biological systems.
Recently, many researchers have designed the synthetic host-guest receptor for ATP but

no reports were concerned on the development of ATP-direct artificial self-assemble.
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They brought the cyanine dyes which were good cationic chromophores and their
color changes from pink to orange upon the addition of ATP. They confirmed the
forming of nanostructure morphology by transmission electron microscopy (TEM)
defined the core size width of 10 nm and lengths of micrometers. Moreover, this self-

assembly was thermally reversible shown the briefly illustration in Figure 2.12.

Figure 2.12 The illustration of supramolecular nanowires self-assembled from ATP

molecules and cationic cyanine dyes.

In 2009, they studied on the properties of self-adaptive supramolecular networks
[40] in water from nucleotides and lanthanide ions prescribed in Figure 2.13. They
utilized nucleotides as one of the candidates in this system because of theirs
biocompatible properties. Additionally, nucleotides are composing of nucleobases and
phosphates group deserved as bidentate ligands. Herein, they selected lanthanide ions to
be the partners because of the large coordination numbers which are suitable for forming
the several size and shape of materials. Moreover, lanthanide ions have the significant
characteristics such as luminescent, magnetic, and catalytic properties. In this research,
they reported that nucleotide/lanthanide nanoparticles showed a magnetic improvement

properties using as MRI contrasting agents for the chelation of paramagnetic Gd*" ion.
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Figure 2.13 A schematic illustration of nanoparticles formation through the self-

assemble of AMP and Gd*".

It was found that the nanoparticles formation can perform on several lanthanide
ions; Sc¢**, Y*', La’", ce’", Pr’, Nd*", Sm®", Ev’", G&*", Tb*", Dy’", Ho>", Er’*, Yb*", and
Lu*", and their sizes were dependent on the chemical structure of nucleotides.
Interestingly, the dyes were employed as guest molecules to incorporate in this molecular
network and found that only anionic dyes could form with other partners. Herein, gold
nanoparticles (AuNPs) were lead to be nanosized guest and performed with GMP
molecules. The transmission electron microscopy revealed that AuNPs were encapsulated

by the amorphous shell of supramolecular network (shown in Figure 2.14).

Figure 2.14 AuNPS in nucleotide/lanthanide nanoparticles. a) TEM image of AuNPs
encapsulated by the supramolecular shell of GMP/Gd”". b) HR-TEM image of a AuNps
surrounded by the supramolecular shell of GMP/Gd*".
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They further investigated the binding of several types of proteins and the results
showed that only anionic protein such as Ferritin, BSA, PNA, and ConA were shown
effectively incorporation with nanoparticles because of the coordination of carboxylic

group of proteins.

Moreover in the same period, Kimizuka [41] expanded his research to explore the
fundamental properties of coordination networks. Herein, they illustrated the properties
of polymeric coordination shells from nucleotides and lanthanide ions. Anionic dyes
31-32 were effectively formed with AMP/Gd®" using the coordination of carboxylate
groups to Gd*" ions. The UV-Vis spectrum of 31-AMP/Gd®" CNPs revealed a small red
shift relative to that observed for 31 in pure water. Dye 31 also showed the enhancement
of fluorescence after incorporation into AMP/Gd’" implied that the conformational

rotation of dye 31 in AMP/Gd”" is restricted by the surrounding coordination networks.

a)

31 32

Figure 2.15 a) Molecular structure of nucleotide and guest dyes 31 and 32. b) SEM and
¢) TEM images of dye 31-AMP/Gd’" CNPs with an average diameter of 30 nm.
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Moreover, they studied the barrier properties by investigating the permeation of
oxygen through coordination networks. They used dye 32 to be a guest molecule because
it can be deactivated fluorescence intensity when oxygen molecule existed in system. The
oxygen molecule cannot collide with 32 in aqueous 32-AMP/Gd** CNPs referring that

the dense coordination network shells provided barrier to protect oxygen molecules.
2.2 Objectives and scope of this research

2.2.1 To design and synthesized the new fluorescence sensors containing

fluorescein linked to boronic acid for detection of copper and cyanide ions.

2.2.2 To investigate the mechanism between all of three sensors with copper and
cyanide ions using various spectroscopy techniques such as UV-vis and fluorescence

spectrophotometry and ESI high resolution mass spectroscopy.

2.2.3 To study the sensing purpose in aqueous solution by designing the new
strategy to protect the hydrolysis of sensor F-OBOH by self-assembly coordination

nanoparticles.

2.2.4 To examine the binding properties of F-OBOH incorperated in coordination

nanoparticles toward cyanide anion in aqueous system.

OH

o :

/ “\ "OH
(S

HO O 0 O OH

o-isomer : F-o0BOH
m-isomer : F-mBOH

p-isomer : F-pBOH

Figure 2.16 The sensors F-o0BOH, F-mBOH, and F-pBOH



CHAPTER III
EXPERIMENTAL SECTION
3.1 General procedures
3.1.1 Analytical instrument

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 400 and
Bruker DRX 400 MHz nuclear resonance spectrometers. All of samples were dissolved
in deuterated DMSO. The chemical shifts were recorded in part per million (ppm) using a
residue proton solvents as internal interference. Elemental analysis was carried out on
CHNS/O analyzer (Perkin Elmers PE 2400 series II) by ignition combustion gas
chromatography separated by frontal analysis and qualitative detected by thermal
conductivity detector. High resolution mass spectra were determined on Bruker Daltonics
DataAnalysis 3.3 with an electrospray ion source using methanol as a solvent. Absorption
spectra were measured by a Varian Cary 50 UV—vis spectrophotometer. Fluorescence
spectra were performed on a Varian eclipse spectrofluorometer by personal computer
data processing unit. The light source is Cary Eclipse a pulsed xenon lamp and a detector
is a photomultiplier tube. Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) analysis were performed on a JEOL JSM-6510A with a high resolution of
3.0 nm at 30 kV. Samples were grounded using aluminuim stub. Transmission electron
microscopy (TEM) was performed on a JEOL JEM 2010 with the field emission gun
operated at 200 kV.

3.1.2 Materials

Unless otherwise specified, the solvents and all materials were reagent grades
purchased from Fluka, BDH, Aldrich, Carlo erba, Merck or Lab Scan and use without
further purification. Commercial grade solvents such as acetone, dichloromethane,

hexane, methanol, and ethyl acetate were purified by distillation before using.

Thin layer chromatography (TLC) was performed on silica gel plates (Kieselgel
60, Fys4, 1 mm). Compounds on TLC plates were detected by the UV-light. Ethanol,

methanol, acetonitrile used in UV-visible and fluorescence measurement (AR grade, Lab
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Scan) were used without drying. All synthesized compounds were characterized by

"H-NMR, "“C-NMR spectroscopy, mass spectroscopy and elemental analysis.

Adaptive Coordination nanoparticles were characterized by Scanning
Electron Microscopy (SEM), Transimission Electron Microscopy (TEM), and Energy
Dispersive X-ray analysis (EDX).

3.2 Synthesis of boronic/fluorescein based sensors

3.2.1 Preparation of sensors F-oBOH, F-mBOH, and F-pBOH
OH

° 5
Y/ “\ "OH
Sa¥al
HO O QO ] QOH

Fluorescein hydrazide o-isomer : F-oBOH
m-isomer: F-mBOH

p-isomer: F-pBOH

Initially, to prepare the spiro form fluorescein hydrazide by treatment of
fluorescein with hydrazine hydrate (yield 60%) [42]. In a 100 mL two-necked round
bottom flask equipped with a magnetic bar and a reflux condenser, a solution of
fluorescein hydrazide (0.173 g, 0.5 mmol) was stirred for 5 min in ethanol (20 mL).
Formylphenylboronic acid (0.075 g, 0.5 mmol) in ethanol (30 mL) was added dropwise
into the mixture and followed by adding approximately 6 drops of sulfuric acid thereafter
the reaction was refluxed overnight under nitrogen atmosphere. Upon completion of the
reaction, the solvent was removed under vacuum to obtain a crude product. The crude
product was dissoloved in ethyl acetate and extracted with water. The organic layer was
dried over anhydrous sodium sulfate and evaporated to dryness under reduced pressure.
The desired products were obtained after recrystallization in hexane/ethyl acetate
F-0BOH as a white solid 85%, F-mBOH as pale yellow solid 92%, and F-pBOH as pale
yellow solid 90%)
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3.2.2 Characterization of sensors F-oBOH, F-mBOH, and F-pBOH
Characterization data for F-o0BOH

"H-NMR (400 MHz, DMSO-d;): ¢ (in ppm)=9.854 (s, —ArOH, 2H), 9.584 (s, —
N=CH, 1H), 8.170 (s, —-BOH, 2H), 7.891 (J=7.2 Hz, d, —ArH, 1H), 7.609 (J=8.0 Hz, dd, —

ArH, 2H), 7.755 (m, —~ArH, 1H), 7.492 (m, —ArH, 1H), 7.292 (J=3.2 Hz, dd, —ArH, 2H),
7.117 (J=7.2 Hz, d, —AtH, 1H), 6.644 (s, —ArH, 2H), 6.463 (m, —~ArH, 4H).

BC NMR (100 MHz, DMSO-dg): J (in ppm)= 163.446, 158.321, 152.267,
151.063, 150.315, 137.796, 133.748, 129.204, 128.948, 128.836, 127.814, 123.753,
122.987, 112.948, 110.213, 102.447, 65.447;

ESI-HRMS: m/z Calcd for [M+CH3OH+H30]+ =529.1777, found 529.1542.

Elemental analysis:

Anal. Calcd for C,7H19BN»Og'1.25H,0: C, 64.76; H, 4.33; N, 5.59.

Found: C, 64.88; H, 4.04; N, 5.87.
Characterization data for F-mBOH

'H-NMR (400 MHz, DMSO-dg): 6 (in ppm)=9.925 (s, ~ArOH, 2H), 8.784 (s, —
N=CH, 1H), 8.129 (s, -BOH, 2H), 7.918 (J=7.2 Hz, d, —ArH, 1H), 7.757 (J=7.2 Hz, d, —
ArH, 2H), 7.600 (m, —ArH, 2H), 7.474 (J=8.4 Hz, d, —~ArH, 1H), 7.317 (J=7.2 Hz, t, —
ArH, 1H), 7.101 (J=7.6 Hz, d, —ArH, 1H), 6.666 (J=1.6 Hz, d, —ArH, 2H), 6.516 (m, —
ArH, 2H), 6.461 (m, —ArH, 2H).

BC NMR (100 MHz, DMSO-dg): ¢ (in ppm)= 163.349, 158.192, 151.597,
150.475, 148.373, 135.726, 133.617, 133.298, 132.947, 128.648, 128.081, 127.509,
126.966, 123.249, 122.816, 111.991, 109.549, 102.163, 64.623;

ESI-HRMS: m/z Calcd for [M+CH;OH+H;0]" = 529.1777, found 529.1552.
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Characterization data for F-pBOH

"H-NMR (400 MHz, DMSO-ds): J (in ppm)=9.924 (s, —ArOH, 2H), 8.952 (s, —
N=CH, 1H), 8.110 (s, -BOH, 2H), 7.922 (J=7.6 Hz, d, —~ArH, 1H), 7.739 (J=7.6 Hz, d, —
ArH, 2H), 7.620 (m, —ArH, 2H), 7.368 (J=8.0 Hz, d, —ArH, 2H), 7.132 (J=7.2 Hz, d, -
ArH, 1H), 6.645 (s, ~ArH, 2H), 6.476 (m, —ArH, 4H).

3C NMR (100 MHz, DMSO-dg):  (in ppm)= 163.805, 158.718, 152.314,
150.587, 148.989, 135.898, 134.737, 134.186, 129.264, 129.017, 128.112, 125.832,
123.927, 123.357, 112.465, 110.237, 102.604, 65.413;

ESI-HRMS: m/z Calcd for [M+CH3OH+H30]Jr =529.1777, found 529.1481.

3.3 Complexation Study of F-0BOH, F-mBOH, and F-pBOH in acetonitrile by UV-

visible spectrophotometry technique

3.3.1 Complexation studies of F-oBOH, F-mBOH, and F-pBOH with various

cations: copper, cadmium, nickel, silver, zinc, cobalt, and magnesium

Typically, a solution of 1 x 10~ M of a F-oBOH, F-mBOH, and F-pBOH in 0.01
M tetrabutyl ammonium hexafluorophosphate in dried acetonitrile was prepared. A stock
solution of 0.01 M of cation (Cu®, Cd*", Ni*", Ag’, Zn', Co*", and Mg*" as
trifluoromethanesulfonate and nitrate salt) in dried acetonitrile was prepared in 5 mL

volumetric flask (shown in Table 3.1).
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Table 3.1 Amounts of Cu2+, cd*, Ni¥, Ag+, Zn', Co*, Mg2+ as

trifluoromethanesulfonate and nitrate salt were used in studies by UV-visible

spectrophotometry.
cation mole(cgurl;\;‘l_lvs;eight Weight(mg) mL
Cu(CF3S03), 361.68 0.0181 5
Cd(NOs3),4H,0 308.47 0.0154 5
Ni(NO;), 6H,O 290.81 0.0145 5
AgNO; 169.87 0.0085 5
Zn(NO3)6H,0 297.49 0.0149 5
Co(NOs3), 6H,0 291.04 0.0146 5
Mg(NOs3), 6H,0 256.41 0.0128 5

Absorption spectra of F-oOBOH, F-mBOH, and F-pBOH with cation complexes
were recorded from 200 — 600 nm at ambient temperature. The solution of cation was
added directly to 2.00 mL of 3.0 x 10° M F-0BOH, F-mBOH, and F-pBOH in a 1-cm
quartz cuvette by micropipette and stirred for 5 min. Absorption spectra were recorded

after each addition.

Table 3.2 Amounts of cations solutions were used to prepare various cations:F-0BOH

ratios.
cation [cation]M Cati(():: E)dded catio:;ﬂ-oosBOH

Cu(CF3S03), 2.10x 10° M 420 70:1
Cd(NO3),4H,0 2.10x 10° M 420 70:1
Ni(NOs),6H,0 2.10x 10° M 420 70:1
AgNO; 2.10x 10° M 420 70:1
Zn(NOs)6H,0 2.10x 10° M 420 70:1
Co(NO3),6H,0 2.10x 10° M 420 70:1

Mg(NO3), 6H,0 2.10x 10° M 420 70:1




34

Table 3.3 Amounts of cations solutions were used to prepare various cations:F-mBOH

ratios.
cation [cation]M cation added (uL) catiot;li‘;(r)];BOH
Cu(CF3S03), 2.10x 10° M 420 70:1
Cd(NOs3),4H,0 2.10x 10° M 420 70:1
Ni(NO3),6H,0O 2.10x 10° M 420 70:1
AgNO; 2.10x 10° M 420 70:1
Zn(NOs)6H,0 2.10x 10° M 420 70:1
Co(NOs3), 6H,0 2.10x 10° M 420 70:1
Mg(NOs), 6H,O 2.10x 10° M 420 70:1

Table 3.4 Amounts of cations solutions were used to prepare various cations:F-pBOH

ratios.
cation [cation]M cation added (uL) catio:;ﬂ-opsBOH
Cu(CF3S03), 1.50 x 10° M 300 50:1
Cd(NO;),4H,0 1.50 x 10° M 300 50:1
Ni(NO3), 6H,0 1.50x 10° M 300 50:1
AgNO; 1.50x 10° M 300 50:1
Zn(NO;)'6H,0 1.50x 10° M 300 50:1
Co(NO3), 6H,0 1.50 x 10° M 300 50:1

Mg(NO;),6H,0 1.50x 10° M 300 50:1
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3.3.2 Complexation studies of F-oBOH, F-mBOH, and F-pBOH with copper

cation in acetonitrile by UV-visible spectrophotometry

Typically, 0.01 M solution of tetrabutyl ammonium hexafluorophosphate
([BusN][PF¢]) (0.194 g) in 50 mL of acetonitrile was prepared. Stock solution of 1 x 107
M solution of F-oBOH (4.8 mg), F-mBOH (4.8 mg), and F-pBOH (4.8 mg) in 0.01 M
tetrabutyl ammonium hexafluorophosphate in acetonitrile was prepared in a 10 mL
volumetric flask. A solution of 5 x 10~ M of copper trifluoromethanesulfonate in 0.01 M
tetrabutyl ammonium hexafluorophosphate in acetonitrile was prepared in a 10 mL

volumetric flask.

UV-vis spectra of F-oBOH, F-mBOH, and F-pBOH with copper complexes
were recored from 200-800 nm at ambient temperature. The solution of copper cations
was added directly to 2.00 mL of 2.5 x 10> M of F-oBOH, F-mBOH, and F-pBOH in a
I-cm quartz cuvette by micropipette and stirred for 2 min. UV-vis spectra were
monitored after each addition of cation to gain the ratios of 0:1 to 80:1 for F-oBOH, 0:1
to 55:1 for F-mBOH and 0:1 to 36:1 for F-pBOH shown in Table 3.5, 3.6, and 3.7,

respectively.

Table 3.5 The concentration of Cu®" cation was used in copper cationic complexation

studies with F-oBOH and the ratios of F-oBOH:copper cation.

Point Cu’'/ [F-oBOH] [Cu®] V of Cu** V total

F-oBOH (M) (M) (mL) (mL)
1 0 2.50x 107 0 0.00 2.00
2 2 248x10°  5.00x107° 0.02 2.02
3 4 245x10°  1.00x10* 0.04 2.04
4 6 243x10° 1.50x10™ 0.06 2.06
5 8 240x10°  2.00x10* 0.08 2.08
6 10 238x10°  250x10™ 0.10 2.10
7 12 236x10°  3.00x 10" 0.12 2.12
8 14 234x10°  3.50x 10 0.14 2.14
9 16 231x10°  4.00x10™ 0.16 2.16
10 18 229x10° 450x10* 0.18 2.18
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Point Cu’"/ [F-oBOH] [Cu®™] V of Cu** V total

F-oBOH (M) (M) (mL) (mL)
11 20 227x10°  5.00x 10" 0.20 2.20
12 22 225x10°  550x10™ 0.22 2.22
13 24 223x10°  6.00x10™ 0.24 2.24
14 26 221x10°  6.50x 10" 0.26 2.26
15 28 2.19x10°  7.00x 10 0.28 2.28
16 30 2.17x10°  7.50x10™ 0.30 2.30
17 32 2.16x10°  8.00x 10 0.32 2.32
18 34 2.14x10°  8.50x 10" 0.34 2.34
19 36 2.12x10°  9.00x 10™ 0.36 2.36
20 40 2.08x10°  1.00x10™ 0.40 2.40
21 45 2.04x10°  1.13x10* 0.45 2.45
22 50 200x10°  1.25x10* 0.50 2.50
23 55 1.96x10°  1.38x10™ 0.55 2.55
24 60 1.92x10°  1.50x 10 0.60 2.60
25 65 1.89x10°  1.63x10™ 0.65 2.65
26 70 1.85x10° 1.75x 10" 0.70 2.70
27 75 1.82x10°  1.88x10™ 0.75 2.75
28 80 1.79x10°  2.00x 10 0.80 2.80

Table 3.6 The concentration of Cu®" cation was used in copper cationic complexation

studies with F-mBOH and the ratios of F-mBOH:copper cation.

. Cu*'/ [F-mBOH] [Cu™] V of Cu** V total

F-mBOH (M) (M) (mL) (mL)
1 0 3x107° 0 0.00 2.000
2 0.2 296x10°  6.00x 10° 0.024 2.024
3 0.4 293x10° 1.20x 107 0.048 2.048
4 0.6 290x10°  1.80x 107 0.072 2.072
5 0.8 2.86x10°  2.40x 107 0.096 2.096
6 1.0 2.83x10°  3.00x 107 0.120 2.120
7 1.2 280x10°  3.60x 107 0.144 2.144
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Point Cu’'/ [F-mBOH] [Cu*] V of Cu®* V total

F-mBOH (M) (M) (mL) (mL)
8 1.4 2.77x 107 420x 107 0.168 2.168
9 1.6 2.74x 107 480x 107 0.192 2.192
10 1.8 2.71x107 540x 107 0.216 2216
11 2.0 2.68x 107 6.00 x 107 0.240 2.240
12 2.2 2.65x107 6.60 x 10 0.264 2.264
13 2.4 2.62x107 7.20x 107 0.288 2.288
14 2.6 2.60x 107 7.80x 107 0.312 2.312
15 2.8 2.57x107 8.40x 107 0.336 2.336
16 3.0 2.54x107 9.00x 107 0.360 2.360
17 3.4 2.49x10° 1.02x 10 0.408 2.408
18 3.8 2.44x 107 1.14x 10* 0.456 2.456
19 4.2 2.40x 107 1.26x 10 0.504 2.504
20 4.8 2.33x10° 1.44x 10 0.576 2.576
21 5.2 2.29x10° 1.56 x 10™ 0.624 2.624
22 6.0 221x10° 1.80x 10 0.720 2.720
23 7.0 2.11x10° 2.10x 10 0.840 2.840
24 8.0 2.03x10° 2.40E-04 0.960 2.960
25 10.0 1.88x 107 3.00E-04 1.200 3.200

Table 3.7 The concentration of Cu®" cation was used in copper cationic complexation

studies with F-pBOH and the ratios of F-pBOH:copper cation.

Point Cu’'/ [F-pBOH] [Cu*] V of Cu** V total

F-pBOH (M) (M) (mL) (mL)
1 0.0 3x107 0 0.00 2.000
2 0.2 296x10°  6.00x 10° 0.024 2.024
3 0.4 293x10° 120x107° 0.048 2.048
4 0.6 290x10°  1.80x 107 0.072 2.072
5 0.8 286x10°  240x107° 0.096 2.096
6 1.0 2.83x10°  3.00x 107 0.120 2.120
7 1.5 2.75x10° 450x 107 0.180 2.180
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Point Cu’"/ [F-pBOH] [Cu™] V of Cu®* V total

F-pBOH (M) (M) (mL) (mL)
8 2.0 268x10°  6.00x107 0.240 2.240
9 2.5 261x10° 7.50x107 0.300 2.300
10 3.0 254x10° 9.00x107 0.360 2.360
11 3.5 248x10°  1.05x10™ 0.420 2.420
12 4.0 242x10° 120x10™ 0.480 2.480
13 5.0 231x10°  1.50x10™ 0.600 2.600
14 6.0 221x10° 1.80x10™ 0.720 2.720
15 7.0 2.11x10°  2.10x10* 0.840 2.840
16 8.0 2.03x10°  240x10™ 0.960 2.960

3.4 Complexation Studies of F-oOBOH, F-mBOH, and F-pBOH with copper cation in

acetonitrile by fluorescence spectrophotometry

Typically, 0.01 M solution of tetrabutyl ammonium hexafluorophosphate

([BusN][PF¢]) in 50 mL of acetonitrile was prepared. Stock solution of F-0BOH,

F-mBOH, and F-pBOH in 0.01 M tetrabutyl ammonium hexafluorophosphate in

acetonitrile was prepared in a 10 mL volumetric flask as shown in Table 3.8. The solution

of copper cations was added directly to 2.00 mL of 5 x 10°® M of F-oBOH, F-mBOH,

and F-pBOH in a I-cm quartz cuvette by micropipette and stirred for 2 min.

Fluorescence spectra were monitored after each addition as shown in Table 3.9, Table

3.10, and Table 3.11, under the following condition

Condition for fluorescence spectrophotometry:

Start: 445 nm
End: 700 nm

Excitation: 437 nm
Excitation Slit: 10.0
Emission Slit: 5.0
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Table 3.8 The concentrations of stock solution of sensors and copper were used in

complexation studies for fluorescence titration

Stock solution
sensors

[sensor] (M) [Cu®] (M)
F-0BOH 1x10* 1x107
F-mBOH 1x10* 5x 107
F-pBOH 1x10* 1x10*

Table 3.9 The concentration of Cu®" cation was used in copper cationic complexation

studies with F-oOBOH and the ratios of F-OBOH:copper cation for fluorescence titration.

Point Cu®/ [F-0BOH] [Cu®"] V of Cu™* V total

F-0BOH (M) (M) (mL) (mL)
1 0 5.00x 10 0 0.00 2.00
2 3 493x10°  1.48x107° 0.03 2.03
3 6 485x10°  291x10° 0.06 2.06
4 8 481x10°  3.85x107° 0.08 2.08
5 10 476x10°  4.76x10° 0.10 2.10
6 12 472x10°  5.66x 107 0.12 2.12
7 14 467x10°  6.54x107 0.14 2.14
8 16 4.63x10°  741x10° 0.16 2.16
9 18 459x10°  826x10° 0.18 2.18
10 20 455x10°  9.09x10° 0.20 2.20
11 22 450x10°  9.91x107° 0.22 2.22
12 26 442x10° 1.15x10™ 0.26 2.26
13 30 435x10°  1.30x10™ 0.30 2.30
14 34 427x10° 1.45x10™ 0.34 2.34
15 38 420x10°  1.60x 10™ 0.38 2.38
16 42 413x10°  1.74x10™ 0.42 2.42
17 46 407x10°  1.87x10™ 0.46 2.46
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Point Cu’"/ [F-oBOH] [Cu™] V of Cu®* V total

F-oBOH (M) (M) (mL) (mL)
18 50 4.00x10°  2.00x10™ 0.50 2.50
19 54 3.94x10° 2.13x10™ 0.54 2.54
20 58 3.88x10° 225x10™ 0.58 2.58
21 62 3.82x10° 237x10™ 0.62 2.62
22 66 376 x10°  2.48x10™ 0.66 2.66
23 70 370x 10 2.59x 107 0.70 2.70
24 74 3.65x10°  2.70x 10™ 0.74 2.74
25 78 3.60x 10°  2.81x10™ 0.78 2.78

Table 3.10 The concentration of Cu*" cation was used in copper cationic complexation

studies with F-mBOH and the ratios of F-mBOH:copper cation for fluorescence titration.

Point Cu*'/ [F-mBOH] [Cu*'] V of Cu®* V total

F-mBOH (M) (M) (mL) (mL)
1 0 5.00x 10° 0 0.00 2.00
2 5 498x10° 249x10° 0.01 2.01
3 10 495x10°  495x107° 0.02 2.02
4 15 493x10°  739x10° 0.03 2.03
5 20 490x10° 9.80x107° 0.04 2.04
6 25 4.88x10° 1.22x10* 0.05 2.05
7 30 485x10° 1.46x 10 0.06 2.06
8 35 483x10° 1.69x 10 0.07 2.07
9 40 481x10° 1.92x 10* 0.08 2.08
10 45 478x10°%  2.15x10* 0.09 2.09
11 50 476x10°  238x10™ 0.10 2.10
12 55 474x10%  261x10™ 0.11 2.11
13 60 472x10%  283x10* 0.12 2.12
14 70 467x10°%  3.27x10* 0.14 2.14
15 80 463x10%  3.70x10™ 0.16 2.16




41

Point Cu’"/ [F-mBOH] [Cu™] V of Cu®* V total
F-mBOH (M) (M) (mL) (mL)
16 90 459x10°  4.13x10* 0.18 2.18
17 100 455x10°  455x10™ 0.20 2.20

Table 3.11 The concentration of Cu®" cation was used in copper cationic complexation

studies with F-pBOH and the ratios of F-pBOH:copper cation for fluorescence titration.

Point Ccu®/ [F-pBOH] [Cu™] V of Cu** V total

F-pBOH (M) (M) (mL) (mL)
1 0 5.00x 10 0 0.00 2.00
2 0.05 498x10°  2.49x 10”7 0.01 2.01
3 0.10 495x10°  4.95x 107 0.02 2.02
4 0.15 493x10°  7.39x 107 0.03 2.03
5 0.20 490x10°  9.80x 107 0.04 2.04
6 0.25 488x10° 1.22x10° 0.05 2.05
7 0.30 485x10°  1.46x10° 0.06 2.06
8 0.35 483x10°  1.69x10° 0.07 2.07
9 0.40 481x10° 1.92x10° 0.08 2.08
10 0.45 478x10°  2.15x10° 0.09 2.09
11 0.50 476x10°  238x10° 0.10 2.10
12 0.55 474x10° 2.61x10° 0.11 2.11
13 0.60 472x10° 2.83x10° 0.12 2.12
14 0.65 4.69x10°  3.05x10° 0.13 2.13
15 0.70 4.67x10° 327x10° 0.14 2.14
16 0.75 4.65x10° 3.49x10° 0.15 2.15
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3.5 Determination of detection limit of F-oBOH, F-mBOH, and F-pBOH by

Fluorescence spectrophotometry

Typically, 0.01 M solution of tetrabutyl ammonium hexafluorophosphate
([BusN][PF]) in 50 mL of acetonitrile was prepared. Stock solution of 1x10* M of
F-0oBOH, F-mBOH, and F-pBOH in 0.01 M tetrabutyl ammonium hexafluorophosphate
in acetonitrile was prepared in a 10 mL volumetric flask. Fluorescence spectra of
F-0BOH, F-mBOH, and F-pBOH (final concentration at 5 x 10 M) were monitored for

10 times under the following condition.

Condition for fluorescence spectrophotometry:

Start: 500 nm

End: 700 nm
Excitation: 492 nm
Excitation Slit: 10.0
Emission Slit: 5.0

3.6 Study on the stability of sensor
3.6.1 The stability of F-oBOH in Tris buffer pH 7.0 by fluorescence
spectrophotometry

Typically, stock solution of F-oOBOH was prepared in analytical grade ethanol at
concentration of 1 x 10™* M. Stock solution of copper was prepared in MilliQ water at the
concentration of 5 x 10~ M. The solution of F-o0BOH and Tris buffer solution pH 7.0 was
mixed together with copper solution to give a final concentration of F-oBOH at 5 x 10
M and copper at 5 x 10 M (the ratio of ethanol and Tris buffer was 5:95). Fluorescence
spectra were recored under the following condition by varying time from 0 to 180

minutes.

Condition for fluorescence spectrophotometry:

Start: 500 nm
End: 700 nm

Excitation: 492 nm
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Excitation Slit: 5.0
Emission Slit: 5.0

3.6.2 Study on the stability of F-oBOH, F-mBOH, and F-pBOH by 'H-NMR

spectrophotometry

The solution of F-oOBOH, F-mBOH, and F-pBOH was prepared in ethanol and
Tris buffer pH 8.5 (the ratio of ethanol:buffer solution is 5:95) at concentration 1 x 107
M in volumetric flask 5.00. The mixture of F-oOBOH, F-mBOH, and F-pBOH stirred at

room temperature for 7 days, 2 days and 2 days, respectively.

The mixtures were evaporated under vacuum to remove the remaining solvent.
The crude mixtures were dissolved in n-butanol saturated with water and the solution was
separated in two layer. The organic layer was collected and dried by vacuum. Finally, the
corresponding solution of sensors was prepared for 'H-NMR experiment by dissolving

the sensors in DMSO-.

3.7 Preparation of F-oBOH doped nucleotide/lanthanide CNPs (F-0BOH-AMP/Gd*>*
CNPs)

Coordination nanoparticles were prepared by mixing aqueous mixture of AMP
(10 mM, 1.0 mL) and F-oBOH (0.2 mM, 0.5 mL) and followed by adding the ethanol
solution of Gd(NOs3); (10 mM, 0.5 mL) into this mixture at room temperature. Finally, the
volume of solution was adjusted to be 10 mL by 0.1 M HEPES buffer pH 7.4.
Immediately, the colorless precipitate nanoparticles were observed. After stirring the
mixture for 1h, the resultant aqueous suspensions were washed with milliQ water several
times and gathered by ultracentrifugation. Accordingly, the coordination nanoparticles
were dispersed in water by sonication. The prepared sensors were examined for SEM,

EDX and TEM measurements
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3.8 Study on the stability of F-o0BOH-AMP/Gd>* CNPs

Typically, stock solution of 1x10” M of F-o0BOH-AMP/Gd’" CNPs was prepared
in volumetric flask (10 mL) following the method mentioned in the topic of 3.7. Stock
solution of copper was prepared in MilliQ water at the concentration of 5 x 10 M. The
solution of copper cation was added directly to 2.00 mL of 1 x 10° M F-oBOH-
AMP/Gd>" CNPs in a l-cm quartz cuvette by micropipette and stirred. Fluorescence

spectra were monitored from 1 to 120 minutes under the following condition.

Condition for fluorescence spectrophotometry:

Start: 500 nm
End: 700 nm
Excitation: 492 nm
Excitation Slit: 5.0
Emission Slit: 5.0

3.9 Complexation studies of F-oBOH-AMP/Gd** CNPsccopper(II) with various
anions: fluoride, chloride, bromide, iodide, hydroxide, nitrate, perchlorate,

benzoate, dihydrogenphosphate, thiocyanate, and cyanide

Typically, 0.1 M solution of HEPES buffer (pH 7.4) was prepared in MilliQ water
with sodium chloride as supporting electrolyte. Stock solution of 1x10° M of F-oBOH-
AMP/Gd*" CNPs was prepared in volumetric flask (25 mL) following the method
mentioned in the topic of 3.7. Solution of anion (F, CI', Br', I', OH’, NOs’, ClO4, BzO',
H,PO,4, SCN’, and CN") in HEPES (pH 7.4) solution was prepared in 5 mL and 10 mL

volumetric flask (shown in Table 3.12).
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Table 3.12 Amounts of F~, CI', Br', I', OH", NO;5", ClO4, BzO", H,PO4, SCN’, and CN"

ions used in these studies by fluorescence spectrophotometry.

molecular weight

anion (gmol'l) Weight(mg) mL
KF 58.10 2.20 5
NaCl 58.44 9.90 5
NaBr 102.90 5.90 5
Nal 149.89 6.30 5
NaOH 40.00 9.29 10
NaNO; 85.01 2.80 5
NaClOy 140.46 3.41 10
NaBzO 144.11 5.20 10
KH,PO,4 136.09 4.30 5
KSCN 97.18 7.60 5
NaCN 49.00 0.98 10

Fluorescence spectra of F-0BOH-AMP/Gd>" and anion complexes were

monitored under the following condition.

Condition for fluorescence spectrophotometry:

Start: 500 nm
End: 700 nm
Excitation: 492 nm
Excitation Slit: 5.0
Emission Slit: 5.0

The solution of anion (shown in Table 3.13) was added directly into 2.00 mL of
1x10° M of F-oBOH-AMP/Gd”" in a 1-cm quartz cuvette by micropipette and stirred for
2 minutes. Emission spectra were recorded after each addition. Table 3.13 exhibits

F-0BOH-AMP/Gd*":anion ratios utilized in the experiments.
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Table 3.13 Amounts of anions solutions were used to prepare various anions: F-oBOH-

AMP/Gd* ratios

F-0o0BOH-AMP/Gd’":

Anion [anion](mM) Anion(uL) anion ratio
KF 7.60 132 1:50
NacCl 33.90 29 1:50
NaBr 11.50 87 1:50
Nal 8.40 119 1:50
NaOH 23.23 40 1:50
NaNO; 6.60 152 1:50
NaClO4 2.43 412 1:50
NaBzO 3.60 278 1:50
KH,PO4 6.30 159 1:50
KSCN 15.60 64 1:50
NaCN 2.0 500 1:50

3.10 Job’s plot study
3.10.1 Job’s plot study of F-oBOH-AMP/Gd’** CNPs ccopper(II) with cyanide anion

Typically, 0.1 M solution of HEPES buffer (pH 7.4) was prepared in MilliQ water
with sodium chloride as supporting electrolyte. Stock solution of 1x10° M F-oBOH-
AMP/Gd*" CNPs was prepared in volumetric flask (25 mL) following the method which
mentioned in the topic of 3.7. A solution of 2.15 x 10 M copper(II) nitrate was prepared
in MilliQ water in a 10 mL volumetric flask. A solution of 5.4x10° M sodium cyanide
was prepared in a solution of HEPES buffer (pH 7.4) in a 10 mL volumetric flask by

pipette 27 uL of 2.0x10° M sodium cyanide solution using micropipette.

Fluorescence spectra of F-0BOH-AMP/Gd*" CNPs with copper and cyanide
complexes were monitored from 500 — 700 nm upon with excitation at 492 nm at ambient
temperature. Firstly, the solution of copper cations was added directly to 2.00 mL

F-0BOH-AMP/Gd®" CNPs in a l-cm quartz cuvette by micropipette and stirred for a
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minute. Then, the solution of cyanide anions was added immediately to a solution of
F-oBOH-AMP/Gd®* CNPs mixed with copper cation. Fluorescence spectra were
recorded after each experiment. Table 3.14 showed [CN]/(([CN'] + [CNPs]) ratios

utilized in the manipulation.

Table 3.14 Amounts of F-oBOH-AMP/Gd*" CNPs, CN™ anion, Cu** cation, and HEPES

pH 7.4 were used in Job’s plot experiment.

Ratio CNPs (uL) Cu**(uL)  CN(uL) HEI};‘:(“L) V(:’Lt;‘l
0 1000 63 0 1938 3000
0.1 900 56 185 1859 3000
0.2 800 50 370 1780 3000
0.3 700 44 556 1701 3000
0.4 600 38 741 1622 3000
0.5 500 31 926 1543 3000
0.6 400 25 1111 1464 3000
0.7 300 19 1296 1385 3000
0.8 200 13 1481 1306 3000
0.9 100 6 1667 1227 3000
1.0 0 0 1852 1148 3000

3.10.2 Job’s plot study of F-oBOH-AMP/Gd** CNPs cyanide with copper(II) ion

Typically, 0.1 M solution of HEPES buffer (pH 7.4) was prepared in MilliQ water
with sodium chloride as supporting electrolyte. Stock solution of 1x10° M F-oBOH-
AMP/Gd>" CNPs was prepared in volumetric flask (25 mL) following the method which
mentioned in the topic of 3.7. A solution of 1.0 x 10 M copper(II) nitrate was prepared
in MilliQ water in a 10 mL volumetric flask. A solution of 0.01M sodium cyanide was

prepared in a solution of HEPES buffer (pH 7.4) in a 10 mL volumetric flask.

Firstly, F-oBOH-AMP/Gd>" CNPs was doped with cyanide anion by pipette 1.00
mL of 0.01 M sodium cyanide in to the solution of F-o0BOH-AMP/Gd®" CNPs and keep
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stirring for 24 hours. The complexation of F-oOBOH-AMP/Gd®" CNPsccyanide was
obtained by using ultracentrifugation to collect the nanoparticles then washed the
F-0BOH-AMP/Gd’* CNPsccyanide with HEPES 0.1 M pH 7.4 for 2 times. After,
F-0BOH-AMP/Gd** CNPsccyanide was redispersed in HEPES 0.1 M pH 7.4 and then
used for Job’s plot method to determine the ratio of F-oOBOH-AMP/Gd’* CNPsccyanide
with copper(Il) ion

Fluorescence spectra of F-oBOH-AMP/Gd®* CNPsccyanide and copper
complexes were monitored from 500 — 700 nm upon with excitation at 492 nm at ambient
temperature. Table 3.15 showed the amount of F-o0BOH-AMP/Gd*" CNPscCN, Cu2+,
and the ratios of [Cu®"]/(([ Cu®'] + [CNPs]) utilized in the manipulation.

Table 3.15 Amounts of F-oBOH-AMP/Gd>" CNPscCN" and Cu®" cation were used in

Job’s plot experiment.

Ratio  CNPscCN™ (mL) Cu®* (mL) V( 1:1015?1
0.1 1.8 0.2 2.0
0.2 1.6 0.4 20
0.3 1.4 0.6 2.0
0.4 12 0.8 2.0
0.5 1.0 1.0 2.0
0.6 0.8 12 2.0
0.7 0.6 1.4 2.0
0.8 0.4 1.6 2.0

0.9 0.2 1.8 2.0
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3.11 Complexation studies of F-oBOH-AMP/Gd** CNPs ccopper(Il) with cyanide

anion by fluorescence spectrophotometry

Typically, 0.1 M solution of HEPES buffer (pH 7.4) was prepared in MilliQ water
with sodium chloride as supporting electrolyte. Stock solution of 1x10° M F-oBOH-
AMP/Gd*" CNPs was prepared in volumetric flask (10 mL) following the method
mentioned in the topic of 3.7. A solution of 2.15 x 10 M copper(II) nitrate was prepared
in MilliQ water in a 10 mL volumetric flask. A solution of 2x10~ M of sodium cyanide

was prepared in a solution of HEPES buffer (pH 7.4) in a 10 mL volumetric flask.

Initially, the solution of copper cations (47 pL) was added directly to 2.00 mL of
1x10° M F-0BOH-AMP/Gd*" CNPs in a 1-cm quartz cuvette by micropipette and stirred
for a minute. Then, the solution of cyanide anions was added immediately in a portion to
a solution of F-oBOH-AMP/Gd*" CNPs mixed with copper cation (shown in Table 3.16).
Fluorescence spectra were recorded after each addition of cyanide to F-0BOH-
AMP/Gd®" CNPs in the ratios of 1:0 to 1:80. Fluorescence spectra of F-o0BOH-
AMP/Gd> CNPs with copper and cyanide complexes were recorded under the following

condition.

Condition for fluorescence spectrophotometry:

Start: 500 nm
End: 700 nm
Excitation: 492 nm
Excitation Slit: 5.0
Emission Slit: 5.0
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Table 3.16 The concentration of CN™ anion used in cyanide anion complexation studies

with F-0BOH-AMP/Gd*’cCu?* and the final ratios of F-0BOH-AMP/Gd*"
CNPscCu’":cyanide anion.
Point CN . [CNPs] [CN] V of CN° V total

/CNPscCu (M) (M) (mL) (mL)
1 0 1x107° 0 0.00 2.00
2 1 9.95x10°  1.00x 107 0.01 2.01
3 3 9.85x10°  3.00x 107 0.03 2.03
4 5 9.76x 10°  5.00x 107 0.05 2.05
5 7 9.66x 10°  7.00x 107 0.07 2.07
6 9 9.57x10°  9.00x 107 0.09 2.09
7 11 948 x 10°  1.10x 10™ 0.11 2.11
8 13 939x10°  1.30x10* 0.13 2.13
9 15 930x10°  1.50x10™ 0.15 2.15
10 17 922x10°%  1.70x10* 0.17 2.17
11 19 9.13x10°  1.90x 10* 0.19 2.19
12 22 9.01x10° 220x10* 0.22 2.22
13 25 8.89x10°  250x10™ 0.25 2.25
14 28 8.77x10° 280x10* 0.28 2.28
15 31 8.66x10°  3.10x 10" 0.31 2.31
16 34 8.55x10°  3.40x10™ 0.34 2.34
17 37 8.44x10° 3.70x 10 0.37 2.37
18 40 833x10°  4.00x 10" 0.40 2.40
19 43 823x10°  430x10™ 0.43 2.43
20 46 8.13x10°  4.60x 10" 0.46 2.46
21 49 8.03x10°  4.90x10* 0.49 2.49
22 52 7.94x10°  520x10™ 0.52 2.52
23 55 7.84x10°  550x10* 0.55 2.55
24 60 7.69x10°  6.00x10* 0.60 2.60
25 66 752x10°  6.60x10* 0.66 2.66
26 80 7.14x10°  8.00x10* 0.80 2.80
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3.12 Determination of detection limit of F-oBOH-AMP/Gd** CNPsccopper(II) with

cyanide anion
3.12.1 Fluorescence spectrophotometry: calculation method

Typically, 0.1 M solution of HEPES buffer (pH 7.4) was prepared in milliQ water
with sodium chloride as supporting electrolyte. Stock solution of 1x10° M of F-oBOH-
AMP/Gd*" CNPs was prepared in volumetric flask (25 mL) following the method which
mentioned in the topic of 3.7. A solution of 2.15 x 10 M copper(II) nitrate was prepared
in MilliQ water in a 10 mL volumetric flask. Fluorescence spectra of F-0BOH-
AMP/Gd®* CNPs with copper (final concentration at 5 x 10° M) complexes were

monitored for 10 times under the following condition.

Condition for fluorescence spectrophotometry:

Start: 500 nm
End: 700 nm
Excitation: 492 nm
Excitation Slit: 5.0
Emission Slit: 5.0

3.12.2 Naked-eyes detection limit

Typically, 0.1 M solution of HEPES buffer (pH 7.4) was prepared in MilliQ water
with sodium chloride as supporting electrolyte. Stock solution of 1x10 M of F-oBOH-
AMP/Gd>" CNPs was prepared in volumetric flask (25 mL) following the method
mentioned in the topic of 3.7. A solution of 2.15 x 10 M copper(II) nitrate was prepared
in milliQ water in a 10 mL volumetric flask. A solution of 2x10 M sodium cyanide was

prepared in a solution of HEPES buffer (pH 7.4) in a 10 mL volumetric flask.

Initially, the solution of copper cations (47 uL) was added directly to 2.00 mL of
1x10° M F-0BOH-AMP/Gd®>" CNPs in a 1-cm quartz cuvette by micropipette and stirred
for a minute. Then, the solution of cyanide anions was added immediately in a portion to

a solution of F-oBOH-AMP/Gd*" CNPs mixed with copper cation (shown in Table 3.17).
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Table 3.17 The concentration of CN™ anion used in naked-eye detection limit.

vial CNPs (uL) Cu** (uL) CN'(uL)

1 2000 0 0

2 2000 47 0

3 2000 47 20
4 2000 47 40
5 2000 47 70
6 2000 47 100
7 2000 47 200
8 2000 47 300
9 2000 47 400

3.13 Interference studies by fluorescence spectrophotometry

Typically, 0.1 M HEPES pH 7.4 was prepared in all interference studies. Solution
of 1 x 10° M F-o0BOH-AMP/Gd’>" CNPs was prepared in a 50 mL volumetric flask. The
solution of guest was prepared in volume metric flask (shown in Table 3.17). The
F-0BOH-AMP/Gd*" CNPs solution (2 mL), Cu* (1 x 10° M), CN" (5 x 10™ M), and
foreign (the amount of foreign anion shown in Table 3.18 and 3.19.) were pipetted into

the cuvette. The emission spectra were recorded under the following condition.

Condition for fluorescence spectrophotometry:

Start: 500 nm
End: 700 nm
Excitation: 492 nm
Excitation Slit: 5.0
Emission Slit: 5.0
Procedure for evaluation of relative error:
1. To record the emission intensity of free ligand F-o0BOH-AMP/Gd’" CNPs
with Cu®" (5 x 10° M)



53

2. To record the emission intensity of complexation between F-oBOH-AMP/Gd**
CNPs with Cu®" (5 x 10° M) and CN°

3. To record the emission of complexation F-oBOH-AMP/Gd>" CNPs with Cu*"
(5 x 10° M) + CN after adding the foreign guest.

The value of relative error was calculated by [(AF;-AF,)/ AF;] x 100, where AF is
the fluorescence decrement of emission intensity of complexation of F-0oBOH-
AMP/Gd* CNPs with Cu*" and CN” compared to F-oBOH-AMP/Gd>" CNPs with Cu*",
and AF; is the fluorescence decrement of emission intensity of complexation of F-oBOH-
AMP/Gd>" CNPs with Cu*"and CN™ + foreign guest compared to F-oBOH-AMP/Gd**
CNPs with Cu**

Table 3.18 Amounts of F', CI', Br', I', OH", NOs’, ClO4, BzO", H,PO4’, SCN’, and CN" as
sodium and potassium salt used in interference studies with F-oBOH-AMP/Gd** CNPs

copper(II) by fluorescence spectrophotometry

molecular
compound weight Concentration (M) Weight (g) mL
(gmol'l)
CNPs - 1x 107 - 25
KF 58.10 0.05 0.0291 10
NaCl 58.44 2.00 0.5840 5
NaBr 102.90 2.00 1.0290 5
Nal 149.89 0.50 0.3747 5
NaOH 40.00 0.05 0.0200 10
NaNOs3 85.01 2.00 0.8501 5
NaClOy4 140.46 2.00 2.8092 10
NaBzO 144.11 0.50 0.7206 10
KH,PO,4 136.09 2.00 1.3609 5
KSCN 97.18 0.50 0.2430 5
NaCN 49.00 0.05 0.0245 10

Cu(NO3),3H,0 241.60 0.005 0.0121 10
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Table 3.19 Amount of CN™ and anions used in interference studies with F-o0BOH-

AMP/Gd** CNPsccopper(I) by fluorescence spectrophotometry.

Anion [anion](M) Anion(uL) Foreign anion:cyanide

ratio
KF 2.50x 10™ 10 5:1

NaCl 5.00x 107 50 1000:1
NaBr 5.00 x 107 50 1000:1
Nal 5.00x 107 20 100:1

NaOH 5.00x 10 20 10:1
NaNO; 5.00 x 107 50 1000:1
NaClO, 5.00x 107 50 1000:1
NaBzO 5.00x 107 20 100:1
KSCN 5.00x 107 20 100:1
KH,PO4 n.d.? n.d.? n.d.?

dcannot be determined



CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Design concept of boronic acid/fluorescein based sensors

Our research group has considerable paid attention on the design, development of
new colorimetric sensors, and synthesis of the molecular sensors for cations and anions.
Recently, molecular recognition has been performed at the actual heart of sensor
chemistry. The process itself includes the interaction between two substances, often
defined as a host and guest, a lock and a key or a receptor, sensor and a substrate
chemistry. [43] Importantly, recognition events take place through non-covalent
interactions comprising hydrogen bonding, ion-dipole interactions, electrostatic
interactions, cation-n interactions and m-m stacking interaction. [44] Therefore, the
recognition is not just defined as a binding event but also acquired selectivity between the

host and guest.

Fluorescein or rhodamine spirolactam derivatives are nonfluorescent and
colorless, whereas ring-opening of the corresponding spirolactam enhances in strong
fluorescence emission. Recently, a spirolactam ring to ring-opening can be utilized for
the detection of metal ions including Hg*'[45], Pb>'[46], Fe’" [47] and Cu’'.[48]
Moreover, boronic acid moiety is readily demonstrated to have high affinity for
compound which composes of diol groups such as saccharide and carbohydrate,
consequently, it has been used as carbohydrate sensors. In addition, Swamy [49]
illustrated the utilization of boronic acid-linked fluorescent chemosensors in which the
ring-opening process of rhodamine to detect copper ion but there is no precedent exist for
the use of boronic acid connected with fluorescein or rhodamine to detect cyanide ion

directly.

From the reasons mentioned above, we have concentrated on designing the
sensors contained both fluorescein and boronic acid moieties. Three sensors with
different isomers were synthesized by linking fluorescein hydrazide and 2-formylphenyl

boronic acid using the Schiff base reaction pathway illustrated in the scheme 4.1. All of
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three sensors consist of copper and cyanide binding sites. We, then, studied the
complexation of sensors with copper and cyanide ion in organic solvent using acetonitrile
by UV-vis and fluorescence spectrophotometry techniques. Since the sensors contain
hydrazone part which can be hydrolyzed by water, therefore, we designed the system to
protect the hydrolysis phenomenon by applying adaptive coordination nanoparticles. The
complexation of coordination nanoparticles using several techniques such as UV-vis and
fluorescence spectrophometry, and energy dispersive X-ray (EDX) spectroscopy were

also studied.
4.2 Synthesis and characterization of F-oBOH, F-mBOH, and F-pBOH

Fluorescein hydrazide was selected as a sensory unit due to the different
photophysical property of the spirolactam form. The closed form of spirolactam is non-
fluorescence while that in opened form shows a strong fluorescence and distinct color
change. [22, 46, 50, 51] The synthesis pathway of sensors F-oOBOH, F-mBOH, and
F-pBOH was illustrated in Scheme 4.1.

) ¢
COCH O

Hydrazme N-NH,

=
EtOH, Reflux O O
HO (@] 0 HO OH

O
CHO == B
oy 9 ~Q
H SO 6d
O O @ /OH FODS N\N
—B
y EtOH Reflux
HO OH OH O O
HO OH

Fluorescein hydrazide  1: o-isomer o-isomer: F-0OBOH
2: m-isomer m-isomer: F-mBOH
3: p-isomer p-isomer: F-pBOH

Scheme 4.1 Synthesis pathway of F-oBOH, F-mBOH, and F-pBOH
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Spiro form fluorescein hydrazide can be synthesized by the reaction of fluorescein
with hydrazine hydrate. [42] Then, the fluorescein hydrazide was reacted with
formylphenylboronic acid using a small amount of sulfuric acid as a catalyst in ethanol
under nitrogen atmosphere. The desired product was purified by crystallization applying
ethylacetate and hexane as solvents. The '"H-NMR spectrum of the desired products of
F-0BOH, F-mBOH, and F-pBOH was assigned a singlet signal of imine proton (N=CH)
at 9.584, 8.784, and 8.952, respectively. In addition, the 'H-NMR data of F-0BOH,
F-mBOH, and F-pBOH explicated the boronic acid protons (B(OH),) at 8.170, 8.129,
and 8.110, respectively. The range of aromatic protons (8-6 ppm) of compound F-oBOH
exhibited a significant difference from fluorescein hydrazide. Furthermore, the ?C-NMR
spectra of F-o0BOH, F-mBOH, and F-pBOH described a characteristic peak of
spirolactam carbon at 65.447, 64.623, and 65.413, respectively. The electrospray high
resolution mass spectra confirmed the structure of F-oBOH, F-mBOH, and F-pBOH
including methanol and hydronium ion showing the intense peak at m/z 529.1542,
529.1552, and 529.1481, respectively. According to all results, the obtained products
have a structure corresponding to the structure of F-oBOH, F-mBOH, and F-pBOH.

4.3 Complexation Study of F-oBOH, F-mBOH, and F-pBOH in acetonitrile by
UV-visible spectrophotometry

4.3.1 Complexation studies of F-oBOH, F-mBOH, and F-pBOH with various

cations: copper, cadmium, nickel, silver, zinc, cobalt, and magnesium

The spirolactam structure of fluorescein ring [22, 46, 50, 51] was a good
characteristic to express a strong fluorescence and an obvious color change as a result of
cation inducing the ring opening of the spirolactam ring. Initially, we evaluated the
complexation abilities of F-oOBOH, F-mBOH, and F-pBOH consisted of spirolactam
moiety with various cations including Cu®’, Cd*", Ni*', Ag’, Zn", Co*", Mg®" in
acetronitrile using tetrabutylammonium hexafluorophosphate as supporting electrolyte
measured by UV-Vis spectrophotometry technique. In the presence of excess amount of
cations, absorption spectra of the sensors in the range of 250 — 600 nm were monitored to

explore the selectivity of the sensors.
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b) c)

Figure 4.1 The UV-visible spectra change of a) F-oBOH, b) F-mBOH, and c¢) F-pBOH

(3.0 x 10° M) in CH5CN in the presence of excess amount of various cations.

As shown in Figure 4.1, the observation of absorption band at 437 nm upon the
addition of copper 1on in all sensors is indicative of the opened forms of spirolactam ring
of F-oBOH, F-mBOH, and F-pBOH. The small changes of the absorption spectra of
F-0BOH, F-mBOH, and F-pBOH were observed in the case of Cd*', Ni¥', Ag’, Zn",
Co®", and Mg*" (shown in Figure 4.1 and 4.2). This suggested that copper(Il) ion can

induce selectively a ring opening of spirolactam ring.
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Figure 4.2 The UV-visible responses (A-A¢ at 437 nm) of F-oBOH, F-mBOH, and
F-pBOH (3.0 x 10° M) in CH;CN in the presence of excess amount of various cations

4.3.2 Complexation studies of F-oBOH, F-mBOH, and F-pBOH with copper cation

in acetonitrile by UV-visible spectrophotometry

To verify the sensitivity of each sensor, UV-visible titrations of sensors were
investigated in acetonitrile using tetrabutylammonium hexafluorophosphate as supporting
electrolyte. Prior to UV-visible measurement, the solution mixture of the sensor and
copper(Il) ion was stirred for 2 minutes. The absorption intensities at 437 nm of the
complexation of F-oOBOH, F-mBOH, and F-pBOH with copper(Il) ion increased as a
function of cyanide concentration as shown in Figure 4.3a, 4.3c, and 4.3e, respectively.
The UV-visible titration was measured at least twice. The log f value of F-o0BOH with
copper(Il) ion was 6.67 calculated by Spectfit 32 program showing the best fit curve in
Figure 4.7b. Moreover, the log f values of F-mBOH and F-pBOH with copper(II) ion
were 8.87 and 9.88, respectively, calculated by equation 4.1 showing the best fit curve in

Figure 4.3d and 4.3f.
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_ (Ao+AiimBlguest]
~ (1+Blguest]?) @D
A = Absorption Intensity of a particular concentration of guest
Ay = Initial absorption intensity
Ajim = Limiting (final) absorption intensity
S = Stability constant of the receptor with the guest

[guest] = Concentration of guest

The log p values of sensors with copper(Il) was followed the trend of F-pBOH>
F-mBOH>F-0BOH. This sequence was due to the coordination of copper(ll) ion with
sensors at a boronic acid and a spirolactam ring. The copper(Il) ion can bind with
F-pBOH at the hydroxy group of boronic acid much easier than those of F-mBOH and
F-0BOH, respectively indicated by the highest value of log S of F-pBOH with
copper(Il). Moreover, in the presence of copper(Il) ion, the colorless solution of
F-0BOH, F-mBOH, and F-pBOH changed to strong yellow color within 3 min, 10 min,
and 120 min, respectively. Because, the copper(Il) ion can induce the spirolactam ring to
be open form of F-0BOH easier than those of F-mBOH and F-pBOH as corresponding
to the clearly appearance of the opening spirolactam signal at 437 nm of F-oBOH. This
suggests that the hydroxy group of F-oBOH of boronic acid can chelate with copper(Il)
ion and induces spirolactam to be open form more quickly than F-mBOH and F-pBOH.
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a) b)
437 nm
Cu2+
©) d)
437 nm
T Cu?
e) f)
437 nm
T Cu2+

Figure 4.3 The UV-visible titration spectra of a) F-oBOH (2.5 x 10° M), ¢) F-mBOH
(3.0 x 10° M), and ¢) F-pBOH (3.0 x 10° M) upon the gradual addition of copper(Il) ion
in CH3CN and the compared experiment data and calculated data from UV-visible
titration of b) F-oBOH, d) F-mBOH, and f) F-pBOH for calculation of the stability

constant.
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Herein, the structures of sensors contain two binding sites for copper(Il) ion
including a boronic part and a spirolactam ring. The association constant of sensors with
copper(Il) ion were determined by fitting the data of titration curves to a 1:2 binding
model using the specfit 32 program and equation 4.1. In addition, sensor F-oBOH was
selected to study the stoichiometry of sensors with copper(Il) ion using the ESI-HRMS
spectroscopy showing the intense peak of [F-oBOH+2Cu”+MeOH] at m/z of 629.5241
as shown in Figure 4.4. It strongly indicated that the stoichiometry of F-OBOH with
copper(Il) ion was 1:2 and corresponded to the binding of copper(Il) ion at the

spirolactam and boronic acid position shown in scheme 4.2.

Figure 4.4 The ESI-High Resolution Mass Spectroscopy (ESI-HRMS) of the

complexation between F-o0BOH and copper(II) ion
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Scheme 4.2 Purpose mechanism of F-oOBOH complexation with copper(Il) ion

Interestingly, our sensors have a boronic moiety which is an electron deficiency
boron center that can alternate to be an electron rich by cyanide substitution on the boron
atom. To study the cyanide complexation of F-oBOHccopper(Il), the concentration of
copper(Il) ion of 1.75 x 10° M was used to study the cyanide complexation. Upon the
addition of cyanide anion, the absorption band at 437 nm of F-0BOHccopper(Il)
decreased and turned to the original spectrum of F-OBOH. It suggested that cyanide

anion can remove copper(Il) ion from the binding site.

437 nm

CN

437 nm
1 CN

Figure 4.5 UV-vis spectra of a) F-o0BOH (2.5 x 10° M) b) F-mBOH (2.5 x 10> M) and
Cu®"(1.75 x 10° M) in CH;CN in the presence of different amounts of cyanide anion.
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In deeply, the absorption spectrum in the region of 250-325 nm (corresponding to
the boron part of F-oOBOH) is unidentical with the original spectrum of F-o0BOH (Figure
4.5). It suggested that the cyanide anion can coordinate at the boron center and the bound
copper(Il) ion at hydroxy group of boronic acid could not be taken off by the remaining
cyanide ion. The binding mechanism was proposed in scheme 4.3. Furthermore, the
observation of the color changes from strong yellow to colorless is consistent with the

resultant as shown in Figure 4.6.
Cu? CN

Figure 4.6 The color changes of F-oBOH (2.5 x 10° M) after adding and Cu®"
(1.75 x 10 M) and follows adding CN™ (2.5 x 10™ M) in CH;CN.

OH
o Ho-B
Y
N~N
HO ! o g OH

Scheme 4.3 Proposed mechanism of F-0BOH complexation with copper(Il) ion and

cyanide anion
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4.4 Complexation Study of F-oOBOH, F-mBOH, and F-pBOH in acetonitrile by

fluorescence spectrophotometry

To verify the sensitivity of each sensor, fluorescence titrations of sensors were
examined in acetonitrile using tetrabutylammonium hexafluorophosphate as the
supporting electrolyte. Prior to fluorescence measurement, the solution mixture of the
sensor and copper ion was stirred for 2 minutes. The fluorescence intensity of the
complexation of F-o0BOH, F-mBOH, and F-pBOH with copper(Il) ion at 475 nm
increased significantly as a function of cyanide concentration shown in Figure 4.7a, 4.7c,
and 4.7e, respectively. The fluorescence titration was carried out at least twice. The log S
values of F-oBOH and copper(Il) ion are 8.02 calculated by Specfit 32 program showing
the best fit curve in Figure 4.7b. Moreover, the log f values of F-mBOH and F-pBOH
are 8.48 and 11.53 calculated by equation 4.2 showing the best fit curve in Figure 4.7d
and4.7f, respectively.

_ o+IiimBlguest]?
" (1+B[guest]?) 4.2)
I = Intensity of a particular concentration of guest
Iy = Initial intensity
Tiim = Limiting (final) intensity
S = Stability constant of the receptor with the guest

[guest] = concentration of guest

The log f values of F-oOBOH<F-mBOH<F-pBOH were observed by both
fluorescence and UV-vis techniques. However, the log £ values obtained by fluorescence

titration are much higher than those obtained by UV-visible titration.
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b)

d)

Figure 4.7 The fluorescence titration spectra of a) F-oBOH, c) F-mBOH, and d)
F-pBOH (5 x 10° M) upon gradual addition of copper(Il) ion in CH3;CN and the
compared experiment data and calculated data from fluorescence titration of b) F-oBOH,
d) F-mBOH, and f) F-pBOH for calculation of the stability constant. (Acx/Aemiss =
437/475 nm)
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4.6 Determination of detection limit of F-o0BOH, F-mBOH, and F-pBOH with

copper(Il) ion by fluorescence spectrophotometry

The detection limit of F-oOBOH, F-mBOH, and F-pBOH was evaluated by
fluorescence spectroscopy. The 10 samples of F-o0BOH, F-mBOH, and F-pBOH
(5x10°M) were prepared and the intensity were measured (Table 4.1).

Table 4.1 The intensity of F-o0BOH, F-mBOH, and F-pBOH (5x10°M)

Intensity
Point

F-o0BOH F-mBOH F-pBOH
| 154194 12.0011 9.5410
2 16.3047 10.5800 10.1878
3 15.1501 9.2396 6.3245
4 16.5699 9.9443 72172
5 14.7407 11.0948 6.6163
6 14.0937 11.8388 6.9950
7 142172 11.1580 73621
3 16.5390 10.9071 8.3547
9 16.3850 9.5410 9.1373
10 15.0809 10.1878 9.0106

Sg‘::zzi 0.9507 0.9247 1.3457

The standard deviation of intensity of F-oOBOH, F-mBOH, and F-pBOH is
shown in Table 4.1. In addition, the linear relationships of F-o0BOH, F-mBOH, and
F-pBOH were plotted between the concentration of copper(Il) ion and emission intensity

at 475 nm shown in Figure 4.8 and the linear correlation, R?, listed in Table 4.2.
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Figure 4.8 Linear plot between intensity of a) F-oBOH b) F-mBOH c) F-pBOH and

concentration of copper(Il) ion

The detection limit of three sensors was calculated as three times of the standard

deviation of the background noise and shown in Table 4.2.

Table 4.2 The detection limit of F-oBOH, F-mBOH, and F-pBOH

Compound Equation R’ ]S)t;;:;:; Detection Limit
F-o0BOH y= 1x10%k + 24.634 0.9902 0.9507 2.85 uM
F-mBOH | y=797492x + 202.47 0.9912 0.9247 3.48 uM
F-pBOH | y=2x10"-10.617 0.9915 1.3457 1.34 uM

The detection limit indicated that copper(II) ion interact with the hydroxy group

of boronic acid at para position better than the meta and ortho position. Moreover, the

results also imply that sensors can detect copper(Il) ion in the micro molar range.
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4.7 Study on the stability of F-oBOH

With the aim of developing new chemosensors which can lead to utilize in aqueous
solution, therefore, these sensors in aqueous system were investigated. According to the
reporting of Hyman [52], the fluorescein connected to boronate ester cannot bind
significantly with any metals due to its instability by hydrolysis in aqueous solution. In
this research, F-oBOH also consists of the metal binding site and is unstable in aqueous
media. The hydrolysis process of F-OBOH in the presence of copper(Il) ion was
investigated by using fluorescence spectrophotometry technique. According to the
fluorescence spectra of F-0oBOHccopper(Il) under various time, the fluorescence
intensity at 518 nm increased upon the increment of time from 0-180 minutes (shown in
Figure 4.9 a, b). This observation is indication of the unstable complex of F-o0BOH with

copper(Il) ion in aqueous solution at pH 7.0 as shown in scheme 4.4.

a) b)

Figure 4.9 Fluorescence spectra of F-o0BOH (5 uM) a) in the presence copper(Il) ion
(5 uM) b) The emission intensity at 518 nm in the presence copper(Il) (5 M) under
various time in Tris-HC1 0.01 M pH 7.0 buffer solution (5% EtOH:water), (Aex = 498 nm)
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Scheme 4.4 Proposed the hydrolysis mechanism of the F-OBOH and water followed by

reaction with copper(II) to yield fluorescent fluorescein.

With attempts to illustrate the hydrolysis process of sensors, we prepared the
hydrolysis product in ethanol and Tris buffer at pH 8.5 which is the suitable pH to
generate hydrolysis product in water. According to the '"H-NMR spectra in Figure 4.11,
the hydrolysis product of F-oOBOH shows the proton signals at 10.15, 8.25, 7.50 ppm in
consistent with 'H-NMR spectra of 2-formylphenyl boronic acid. However, the F-oBOH
is still remaining in the reaction. These results strongly support the evidence of the
hydrolysis product of F-oOBOH. Furthermore, the hydrolysis product of F-mBOH and
F-pBOH were evaluated along with the similar method preparation. The results showed

that the hydrolysis products of F-mBOH and F-pBOH are similar to those of F-oBOH.



2-formylphenyl boronic acid

* * . *
fluorescein
[ ]
F-o0BOH
hydrolysis product of F-oBOH * o *

*

Figure 4.10 Comparing experiment of hydrolysis product of F-oBOH with F-oBOH,

fluorescein, and 2-formylphenyl boronic acid
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4.8 Preparation of F-oBOH doped nucleotide/lanthanide CNPs (F-oBOH-AMP/Gd**
CNPs)

Due to the hydrolysis phenomenon of receptors composing of hydrazone unit, it
represents a promising problem and inspires researchers to create other receptors which
highly stable in an appropriate aqueous media. In addition, their applications in many
disciplines such as cell culture and antitubercular are very attractive. [53-54] To
overcome this limitation, we especially took forward efforts to search for the new
strategy of a fluorescence turn-on sensor system without hydrolysis process. We
manipulated adaptive self-assembly of subunits which could spontaneously form with a
following of the shape of guest molecule in water. Nishiyabu [40-41] reported that the
coordination nanoparticles (CNPs) were naturally formed in water by incorporation of
nucleotides, lanthanide ions, and dye molecules. In this research, the coordination
nanoparticles were prepared according to the Nishiyaby procedure by adding
gadolinium(II) nitrate (Gd(NOs);) into an aqueous mixture of adenosine monophosphate
(AMP) and F-oBOH under stirring. The schematic 4.5 describes the formation possibility
of coordination nanoparticles of F-oBOH-AMP/Gd** CNPs. Nanoparticles of F-oBOH-
AMP/Gd>" CNPs with average diameter of 60 nm were spontaneously formed and
characterized by scanning and transmission electron microscopy (SEM and TEM, Figure

4.12 a, b).

Scheme 4.5 A schematic illustration of nanoparticles formation through the self-

assembly of F-oBOH, AMP, and Gd*" ion (F-oBOH-AMP/Gd** CNPs).
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200 nm

Figure 4.11 a) SEM image of F-oOBOH-AMP/Gd’" CNPs b) TEM image of F-0BOH-
AMP/Gd** CNPs

4.9 The stability study of F-oBOH-AMP/Gd*" CNPs

In our hypothesis, the coordination nanoparticles were expected to protect the
hydrazone unit from hydrolysis due to the interior hydrophobic shell of coordination
nanoparticles. Then, the stability of F-0BOH-AMP/Gd®* CNPs was examined by
monitoring the fluorescence spectra of F-0BOH-AMP/Gd>™ CNPsccopper(Il) under
various time from 0-120 minutes. The fluorescence intensity at 515 nm of F-oOBOH-
AMP/Gd*" CNPsccopper(Il) is constant during the measurement (shown in Figure 4.12).
This implied that F-o0BOH is stable in aqueous solution with an assistance of AMP/Gd>"

nanoparticles.

Figure 4.12 Fluorescence intensity at 515 nm for F-oBOH-AMP/Gd*" CNPsccopper(Il)

under various time from 0-120 minutes. (Aex = 492 nm)
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4.10 Complexation studies of F-0BOH-AMP/Gd’" CNPs ccopper(Il) with various
anions: fluoride, chloride, bromide, iodide, hydroxide, nitrate, perchlorate,

benzoate, dihydrogenphosphate, thiocyanate, and cyanide

According to the previous study of F-oOBOH in acetonitrile, the results explained
that F-oBOH shows a selectivity toward copper(Il) ion. Therefore, the copper(Il) ion is
selected to be used for opening the spirolactam ring of F-oBOH in F-oBOH-AMP/Gd*"
CNPs. As described in scheme 4.5, the boronic acid of F-oOBOH has a vacancy site, thus,
anion is expected to react at the boronic site of F-oBOH-AMP/Gd’" CNPs. Therefore, in
this section, the selectivity of F-oOBOH-AMP/Gd®>" CNPsccopper(Il) toward various
anions was evaluated by fluorescence spectrophotometry. As depicted in Figure 4.13, a
large change of fluorescence response of F-oOBOH-AMP/Gd’" CNPsccopper(Il)  was
observed in the presence of cyanide anion. These results revealed that F-oBOH-

AMP/Gd** CNPsccopper(IT) had an excellent selectivity for cyanide anion.

CN

F

Br

Cl

OH
NO;
ClOy4
BzO
H,POy4
SCN

CNPscCu?"

Figure 4.13 Fluorescence intensity of F-oBOH-AMP/Gd>" CNPsccopper(Il) at 515 nm
in the presence of different anions (500uM) in HEPES (0.1M) pH 7.4 (Aex = 492 nm)
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Furthermore, the fluorescence spectra of F-oBOH-AMP/Gd** CNPs exhibited
very low intensity at 515 nm after adding copper(Il) ion (shown in Figure 4.14a).
Similarly, a very low fluorescence intensity of F-oBOH-AMP/Gd>" CNPs was observed
upon addition of cyanide anion (shown in Figure 4.14b). Interestingly, the fluorescence
spectra of F-OBOH-AMP/Gd’* CNPs in the presence of copper(Il) was significantly

increased after adding of cyanide anion (shown in Figure 4.15).

a) b)

F-oBOH F-0BOH

Figure 4.14 Fluorescence spectra of F-oBOH-AMP/Gd** CNPs in the presence of
different amount of (a) copper(Il) ion and (b) cyanide anion in HEPES buffer pH 7.4.

—— CNPcCu**
—— CNPcCu*'cCN-

Figure 4.15 Fluorescence spectra of F-oBOH-AMP/Gd®>" CNPsccopper(Il) upon
addition of cyanide anion in HEPES buffer pH 7.4.
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Moreover, the naked-eyes investigation was performed as illustrated in Figure
4.16. The obvious color changes from colorless to sky blue of F-oBOH-AMP/Gd’>"
CNPsccopper(I) upon addition of cyanide anion are shown in Figure 4.16a. In addition,
the samples were illuminated by the 356 nm UV light and showed a strong luminescence
of F-oBOH-AMP/Gd** CNPscCu’" after adding cyanide anion. Furthermore, the
coordination nanoparticles of AMP/Gd*" CNPscCu®" without F-oBOH did not exhibit a
change after adding cyanide anion. This suggested that the large color and luminescence

changes were caused by F-o0BOH incorporated in AMP/Gd®" CNPs.

@ ® © (@ © O @& M0

Figure 4.16 Photograph of Naked-eyes of (a) F-oOBOH-AMP/Gd’" CNPs in the presence
of Cu*" 45 equiv and CN™ 90 equiv (b) F-oBOH-AMP/Gd*" CNPs in the presence of
Cu?" 45 equiv (c) AMP/Gd®" CNPs in the presence of Cu?* 45 equiv and CN™ 90 equiv
(d) AMP/Gd®" CNPs in the presence of Cu®" 45 equiv and Luminescent of (¢) F-oBOH-
AMP/Gd>" CNPs in the presence of Cu®” 45 equiv and CN™ 90 equiv (f) F-oBOH-
AMP/Gd*" CNPs in the presence of Cu”" 45 equiv (g) AMP/Gd®>" CNPs in the presence
of Cu*" 45 equiv and CN™ 90 equiv (h) AMP/Gd®" CNPs in the presence of Cu®" 45
equiv. Samples were illuminated by the 356 nm UV light.
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4.11 Job’s plot analyses for F-oBOH-AMP/Gd*" CNPsccopper(I) with cyanide
anion and F-oBOH-AMP/Gd** CNPsccyanide with copper(Il) by fluorescence

spectrophotometry

In the section 4.10, the result showed the selectivity of F-0BOH-AMP/Gd*"
CNPsccopper(Il) toward cyanide anion. Herein, the stoichiometry between F-0BOH-
AMP/Gd*" CNPsccopper(Il) and cyanide anion was determined by Job’s continuous
variation method. The maximum of the corresponding Job’s plot shown in Figure 4.17

indicated the stoichiometry in 1:1 complexation of F-0BOH-AMP/Gd>

CNPsccopper(I) and cyanide anion observing from a maximal value at 0.5.

Y,-Y(1-X)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 4.17 Job’s plot analysis of fluorescence intensity for the complexation of the
F-0BOH-AMP/Gd** CNPsccopper(I) and cyanide anion. The molar ratio of F-oBOH-
AMP/Gd*" CNPsccopper(I) CNPs to cyanide anion was varied: 2:8, 3:7, 4:6, 5:5, 6:4,
7:3,8:2,9:1.
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Due to the previous studies of F-OBOH in acetonitrile demonstrated that F-oBOH
can bind with copper(Il) ion in a ratio of 1:2 referring to the binding of copper(Il) cation
at a spirolactam and hydroxy groups of boronic acid. In scheme 4.5, the proposed
structure of F-oBOH-AMP/Gd>" CNPs illustrated the coordination of boronic acid with
gadolinium(III), therefore, copper(Il) ion can coordinate with F-oBOH-AMP/Gd®>" CNPs
at spirolactam ring only. In order to prove the stoichiometry of F-oBOH-AMP/Gd”"
CNPs and copper(Il) ion, Job’s plot method was used to determine the stoichiometry.
Firstly, F-oBOH-AMP/Gd>" CNPs was doped with cyanide anion and provided the
complex of F-oOBOH-AMP/Gd** CNPsccyanide. After substitution of the cyanide anion
on the boron center, the electron poor property was converted to be an electron rich
center which can assist the binding of copper(Il) ion at a spirolactam ring of F-oBOH.
The Job’s plot shown in Figure 4.18, is indicative of the 1:1 stoichiometry of
F-0BOH-AMP/Gd** CNPsccyanide and copper(Il) ion. This result tremendously
confirms that the boronic acid moiety cannot coordinate with copper(Il) ion but possibly

coordinate with gadolinium(III) cation.

Figure 4.18 Job’s plot analysis of fluorescence intensity for the complexation of the
F-0BOH-AMP/Gd* CNPsccyanide and copper(Il). The molar ratio of F-oBOH-
AMP/Gd*" CNPsc cyanide and copper(Il) was varied: 1:9, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1.
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The possible mechanism of F-oOBOH-AMP/Gd®* CNPsccopper(Il) with cyanide
anions is shown in Scheme 4.6. It suggests that cyanide anions react with a vacancy site
at boron center of F-oBOH-AMP/Gd*" CNPsccopper(II). Therefore, both cyanide anion
and copper(Il) cation can support the ring opening of F-0BOH resulting in the

enhancement of fluorescence response.

Scheme 4.6 The description of nanoparticles formation through the self-assembly of
F-0BOH, AMP, and Gd”" and the proposed mechanism of F-oOBOH-AMP/Gd®>" CNPs

after adding copper(Il) and cyanide anions.
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To verify the incooperation of copper(Il) ion into F-0BOH-AMP/Gd*" CNPs, the
energy dispersive X-ray (EDX) analysis was investigated. The F-oBOH-AMP/Gd*"
CNPsccopper(Il)ccyanide anion was prepared and washed with water several times to
remove the remaining copper(Il) ion and cyanide anion in solution. The F-0BOH-
AMP/Gd*" CNPsccopper(Il)ccyanide anion was collected by ultracentrifugation and
redispersion in water using sonication technique. Then, the sample was brought to
analyze the incorporated copper(I) ion and other composition of coordination
nanoparticles by EDX analysis shown in Figure 4.19. The EDX spectrum shows the
characteristic peak of copper element at 8.04 eV, attributing to the incorporated
copper(Il) ion in F-oBOH-AMP/Gd®" CNPs. Besides, the EDX spectrum shows the
characteristic peak of gadolinium element at 6.05 eV and the characteristic peak of
phosphorus at 2.01 eV assigned to the phosphorous element of adenosine monophosphate
(AMP). Thus, the EDX analysis give a strong evidence of the formation of copper(Il) ion
incorporated into the F-oBOH-AMP/Gd>" CNPs.

Figure 4.19 Energy dispersive X-ray (EDX) spectrum of F-oBOH-AMP/Gd*
CNPsccopper(Il) ccyanide anion. (Aluminium peak is from the supporting aluminium

stub)
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4.12 Complexation studies of F-oBOH-AMP/Gd** CNPsccopper(Il) with cyanide

anion by fluorescence spectrophotometry

To determine the binding ability of F-o0BOH-AMP/Gd>" CNPsccopper(Il) with
cyanide anion, fluorescence titration was carried out in HEPES pH 7.4. Prior to
fluorescence  measurement, the solution mixture of F-0BOH-AMP/Gd*>"
CNPsccopper(Il) and cyanide anion was stirred for 2 minutes. The emission intensity at
515 nm of the complexation of F-o0BOH-AMP/Gd*" CNPsccopper(Il) with cyanide
anion increased as a function of cyanide concentration as shown in Figure 4.20. The
fluorescence titration was measured at least twice. The stability constant of F-oOBOH-
AMP/Gd** CNPsccopper(Il) with cyanide anion calculated by fitting data of titration
curves at a 1:1 binding model using the Specfit 32 program gives the logK values of 3.97
(shown in Figure 4.21).

Figure 4.20 Fluororescence titration spectra of F-0BOH-AMP/Gd*" CNPsccopper(Il)
in HEPES (0.1M) pH 7.4 upon addition of CN (0-80 equiv) at emission band at 515 nm.
Inset: Titration curve of F-oBOH-AMP/Gd®>" CNPsccopper(Il) and cyanide anion.
(Mex/Nemis = 492/515 nm).
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Figure 4.21 Comparing experiment and calculated data from Fluorescence titration
curves of F-o0BOH-AMP/Gd>" CNPsccopper(Il) and cyanide anion for calculation of
stability constant (Aex/Aemis = 492/515 nm).

4.13 Determination of detection limit of F-0BOH-AMP/Gd*" CNPs ccopper(1I)

toward cyanide anion
4.13.1 Fluorescence spectrophotometry: Calculation method

The detection limit of F-oBOH-AMP/Gd*" CNPsccopper(Il) was observed by
fluorescence spectroscopy. The 10 samples of F-oBOH-AMP/Gd*" CNPsccopper(Il)
was prepared and measured the intensity (shown in Table 4.3). The standard deviation
(SD) of intensity was 1.938. The linear plot was carried out between the concentration of
cyanide anion and emission intensity at 515 nm displaying the best linear correlation, R?
of 0.993 as shown in Figure 4.22. The standard deviation (SD) of the background noise
was repeated three times and the detection limit of cyanide for F-oBOH-AMP/Gd*"
CNPsccopper(Il) is 4.03 uM (0.198 ppm) which is nearly equal to the minimum level
defined by the World Health Organization [55].



Table 4.3 The intensity of F-oBOH-AMP/ Gd** CNPsccopper(IT) (1x10°M)

Point Intensity
1 69.53281

2 68.02630

3 68.59849

4 64.97699

5 66.84428

6 68.86111

7 63.84298

8 65.72705

9 65.43518
10 65.26340
SS:ZZ?} 1.938492

Figure 4.22 Linear plot between intensity and concentration of cyanide anion
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4.13.2 Naked-eyes detection limit

In addition, the naked-eyes detection limit of F-0BOH-AMP/Gd>"
CNPsccopper(Il) was evaluated. Accordingly, the photos of F-oBOH-AMP/Gd*
CNPsccopper(II) were shown at different concentration of the cyanide anion. Figure
4.23 demonstrates the process of color changes of F-oBOH-AMP/Gd*" CNPsccopper(II)
from colorless to sky blue by adding various concentration of cyanide anion from
20 — 400 uM. The visual detection limit of F-o0BOH-AMP/Gd*" CNPsccopper(Il) toward
cyanide anion is 20 uM.

Figure 4.23 Naked-eyes of F-o0BOH-AMP/Gd*" CNPsccopper(Il) in HEPES (0.1M)
pH 7.4 in the presence of different concentrations of cyanide anion. From left to right

(x10 uM): F-0BOH-AMP/Gd*", 0, 2.0, 4.0, 7.0, 10.0, 20.0 30.0, and 40.0.
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4.14 Interference studies of F-oOBOH-AMP/Gd’* CNPsccopper(II) by fluorescence

spectrophotometry

The effect of foreign substances was investigated by considering a standard
solution of cyanide anion to the added interference species. The tolerance amount and the
value (%) of relative error of F-oOBOH-AMP/Gd®" CNPsccopper(Il) are displayed in
Table 4.4. The evaluated principle for interferences is fixed at a +10% relative error.
From Table 4.4, it was found that the coexisting substances showing slightly effects on
the determination of cyanide anion for F-oBOH-AMP/Gd*" CNPsccopper(Il). In the
case of H,POy, it cannot be determined the tolerance limit value because H,PO4 can
interrupt the coordination nanoparticles system due to the competition binding of
phosphate group with gadolinium and F-oBOH. Furthermore, H,PO,4 has a pH effect on
the solution of F-oBOH-AMP/Gd*>" CNPsccopper(Il).

Table 4.4 Effect of interference anions on the determination of cyanide anion

(Cen =245 (ng/mL))

F::;?iin equivalent %relative error | [Interfere] M li;:tk(:;;l:i)
Cr 1000 0.620 0.5000 29220
Br 1000 1.248 0.5000 51450
NO; 1000 1.300 0.5000 42505

ClO4 1000 3.610 0.5000 70230
I 100 7.160 0.0500 7495
SCN 100 8.740 0.0500 4859
BzO" 100 4.125 0.0500 7206
OH 10 6.743 0.0050 200
F 5 9.514 0.0025 145
H,PO4 n.d.? n.d.? n.d.? n.d.?

not determine



CHAPTER V
CONCLUSION
5.1 Conclusion

With the recognition of copper and cyanide ions as an objective, we have
investigated the synthesis and ion binding properties of boronic sensors and spirolactam
ring. In particular, the sensors F-oBOH, F-mBOH, and F-pBOH bearing a boronic acid
and a spirolactam ring have been synthesized by the reaction of fluorescein hydrazide and
formylphenyl boronic acid using sulfuric acid as a catalyst. The target sensors were
obtained after recrystallization in hexane and ethyl acetate (F-oBOH as a white solid
85%, F-mBOH as pale yellow solid 92%, and F-pBOH as pale yellow solid 90%). Then,
all sensors were characterized by using 'H-NMR, "“C-NMR and ESI-HRMS
spectroscopy. According to the '"H-NMR spectra of F-oBOH, F-mBOH, and F-pBOH
showed a singlet signal of imine proton (N=CH) at 9.584, 8.784, and 8.952, respectively.
The “C-NMR spectra of F-0BOH, F-mBOH, and F-pBOH illustrated a characteristic
peak of spirolactam carbon at 65.447, 64.623, and 65.413, respectively. In addition, the
ESI-HRMS spectra confirmed the structure of F-o0BOH, F-mBOH, and F-pBOH
containing methanol and hydronium ion and showed the main intense peak at m/z
529.1542, 529.1552, and 529.1481, respectively. According to all characterization
results, the obtained sensors have a structure corresponding to the structure of F-oBOH,

F-mBOH, and F-pBOH.

Initially, the F-oBOH, F-mBOH, and F-pBOH were studied on the complexation
abilities with several cation including Cu2+, Cd2+, Ni2+, Ag+, Zn’, C02+, Mg2+ in
acetronitrile performed on UV-Vis spectrophotometry. The UV-Vis spectra of F-oOBOH,
F-mBOH, and F-pBOH displayed the absorption band at 437 nm after adding Cu®" ion,
indicating the opened form of spirolactam ring of sensors. This suggested that our sensors
have a selectivity toward copper(Il) ion. Then, the binding competency of each sensors
with copper(Il) ion were measured by using UV-vis and fluorescence titration techniques.

The logp values evaluated by UV-vis titration of F-oBOH, F-mBOH, and F-pBOH in

acetonitrile were 6.67, 8.87, and 9.88, respectively. In comparison, the logf values
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evaluated by fluorescence titration of F-oOBOH, F-mBOH, and F-pBOH in acetonitrile
were 8.02, 8.48, and 11.53, respectively. Furthermore, we studied the binding properties
of sensors with cyanide anion in acetonitrile by UV-vis spectrophotometry. The results
showed that cyanide anion can remove the copper(Il) ion from the spirolactam ring of
sensor. In contrast, it could not remove copper(Il) ion from the hydroxy group of boronic

acid but it can substituted on boron center.

Then, the stability of F-oBOH, F-mBOH, and F-pBOH studied by '"H-NMR
spectroscopy and fluorescence spectrophotometry was found that F-oOBOH could be
hydrolyzed by water and F-mBOH, and F-pBOH might be changed to be other forms.
Thereafter, we designed the new strategy to turn-on fluorescence sensor of F-oBOH to
avoid the hydrolysis phenomenon by applying the coordination nanoparticles (CNPs)
network of F-oBOH-AMP/Gd*" CNPs. The F-oBOH-AMP/Gd>" CNPs has the average
size approximately 60 nm characterized by scanning and transmission electron
microscopy. Since, F-OBOH bound selectively to copper(Il) ion, it was selected to be the
generator of the opening spirolactam ring in F-oBOH-AMP/Gd>* CNPs. The stability of
F-0BOH-AMP/Gd’" CNPsccopper(I) was tested by fluorescence spectrophotometry.
The stability of F-oBOH-AMP/Gd’" CNPsccopper(Il) in aqueous solution was observed
possibly caused by the interior hydrophobic shell of CNPs that can prevent F-oOBOH to
be hydrolyzed by water.

Moreover, the F-oBOH-AMP/Gd** CNPsccopper(II) toward various anions was
investigated by fluorescence spectrophotometry and found that F-oBOH-AMP/Gd”
CNPsccopper(Il) gave a selective response toward cyanide anion. The stoichiometry
between F-oBOH-AMP/Gd®* CNPsccopper(Il) and cyanide anion was 1:1 while the
ratio of F-o0BOH-AMP/Gd®" CNPsccyanide and copper(Il) ion was 1:1 determined by
Job’s plot method. This results revealed that the hydroxy group on the boron center of
F-0BOH incorperated in AMP/Gd®" CNPs bound with gadolinium(III) cation.
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In addition, the stability constant of F-oBOH-AMP/Gd** CNPsccopper(Il) and
cyanide anion showed the logK values of 3.97 evaluated by Specfit 32 program. The
detection limit of F-oBOH-AMP/Gd** CNPsccopper(II) toward cyanide anion evaluated
by fluorescence technique and the visual change was 4.03 pM and 20 pM, respectively.
Furthermore, no interference anions interfered to the detection of cyanide anion for
F-0BOH-AMP/Gd** CNPsccopper(Il). Finally, the synthesized sensors can be served as
a potential tool for detect cyanide anion in water. Interestingly, the use of self-assembly
coordination in terms of lanthanide cation and AMP can eliminate the problem of
hydrolysis toward F-OBOH and has a promising selectivity and sensitivity for detection

of cyanide anion in water.
5.2 Future work

Future work in the areas of self-assembly coordination nanoparticles sensors
should include further investigation on the effect of other lanthanide ions and nucleotide
species. It would be great importance to look for some applications in real sample of
F-0BOH-AMP/Gd*" CNPs because it composed of gadolinium(IIl) ion which could be
used as MRI contrasting agent and also investigated in other applications. In addition to
studying the ability of sensors F-oOBOH, F-mBOH, and F-pBOH with cyanide anion

should also be evaluated deeply in details.
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Figure S1 The 'H-NMR spectrum of F-oBOH in DMSO-d;

Figure S2 The >C-NMR spectrum of F-0BOH in DMSO-ds
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Figure S3 The 'H-NMR spectrum of F-mBOH in DMSO-d;s
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Figure S5 The 'H-NMR spectrum of F-pBOH in DMSO-d;s
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Figure $6 The >C-NMR spectrum of F-pBOH in DMSO-d
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Figure S7 The ESI-High Resolution Mass spectrum of F-oBOH

Figure S8 The ESI-High Resolution Mass spectrum of F-mBOH
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Figure S9 The ESI-High Resolution Mass spectrum of F-pBOH
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