Photoinduced Electron Transfer Based
Fluorescent Sensors
For

Metal Ion Detection

Jason Paul Geue, B. Sc. (Hons)

A thesis submitted for the degree of
Doctor of Philosophy
in
The University of Adelaide

Department of Chemistry

Qctober 2002

i
AUSTRALIA
N\




Contents

ADBSITACE. ..ottt e e s st i
DECLATALION. ...ttt ettt bbb b st bt il
ACKNOWIEAZIMENLS ......coviiviniiriiiiieiitrie e bt tin e s s sttt et s iii
ADBDIEVIALIONS. .. viiieitceieie et a e sttt b bbbt ea e s v
Chapter 1  Introduction ........ teseressrensennas teteressersssrasssnresassssae st st n e et e sneasa b aeesase 1
1.1 Metal Ion DeteCtion......c.ccoveveiieiiuriiererinis sttt l
1.2 Design Principles of a Fluorescent Sensor........cc.eveveevenirienianiinne i, 2
1.3 Photoinduced Electron Transfer (PET) Based Fluorescent SEnsors .............cccoveen 3
13,1 PrINCIPIES ueiiiiirinieciie ittt et s s 3
1.3.2  Crown Containing PET Sensors........coceovvvcvimrieieinivivimiinieenicsoene e, 5
1.3.3  Cryptand Based PET S€NSOIS......cocvvveerriecrciieniemniiieeeeneee e 7
1.3.4  Simple Podand Based PET SENSOIS ...cecvvervvveiriiivinmneeinreirereiiecesvrerseananns 8
1.3.5  PET Sensors with Rigid Spacers.........ccocuvvviiiviinniniiiiiiee, 9
1.3.6  Other Sensor Designs that Harness PET ...........ccovvvnnnciniiiniiinn 9
1.3.7  Dual PET inPUt SENSOLS ..vevvvvveiieririesininiiisiesiinies it sssesssserse s 11
1.3.8  PET Sensors for Anions or Moleculat Analytes .........cocovveenirrernenrnns, 12
1.3.9  Ternary PET SensSOrS.....cccvcurieuruiiiieniiivieini et b 14
1.4 Photoinduced Charge Transfer (PCT) Based Fluorescent Sensors.........ccoveovveae.. 14
LA.T  PrINCIPIES oottt cere s cnsesn st a s e s s s bas b s n e e et s 14
1.4.2  Examples of PCT Based Fluorescent Sensors........ovecerveiverrersarnrieaean, 16
1.5 Other Fluorescent Sensor Design Strategies ......ovvveerrecreernniiicnnreesieenernenennes 19
1.5.1  Excimer Based FIUOreSCent SENSOIS ......ceveerviveeivimirnrevecerressnerensaseinesean, 19
1.5.2  Fluorescence Sensors Based on Geometrical Conformation .................. 21
1.5.3  Peptide Based FIUOIESCENt SENSOIS....coververeerurirrrirriiriviersevsiseessiiennsin, 23
1.5.4  Fluorescent Sensors Based on m,n-Stacking Interactions........................ 23
1.5.5  Isomerisable FlUOIescent SEnSOIS .......cvoveverivirrerereresiernesieiesesessesnenns 24
1.5.6  Fluorescent Sensor Ensembles for Indirect Signalling .........cccceeeecereunnne 24

1.6 WOork Described in this THESIS veveereiieieeeeiirieereriissieserseraressssssesseeresssrssassessisnseees 25



Chapter 2 Synthesis and Physical Properties of Functionalised

2.1

22

2.3

24

2.5

Anthracene Ligands ... 27
INEEOAUCHION ...ttt et e e s te e n s er bbb e s b e sn e s e 27
SYIENESIS 1uvivvivrierictiee ettt et ereeb e aseteebee s eheetesre e e et e b e e bt b b e e e e raerr e e ree 28
22,1  Synthesis of 9,10-Bis(morpholinoethyl)anthracene (36) ............cc.covene. 28
2.2.2  Synthesis of 9,10-Bis(morpholinomethyl)anthracene (38) ...........cc........ 29
2.2.3  Synthesis of 9,10-Bis(morpholinopropyl)anthracene (42)........c............. 30
2.2.4  Synthesis of 9,10-Bis[(1,4,7,10-tetraox a-13-azacyclopentadecy!)-

ethyl]anthracene (45)........cccevviieriiiiverrrerieinrene s e 32
2.2.5  Synthesis of 9-Ethyl-10-{(1,4,7,10-tetraoxa-13-azacyclopentadecyl)-

ethyl]anthracene (51)......c.cvivveeniiriin st 33
2.2.6  Synthesis of 9,10-Bis(thiomorpholinoethyl)anthracene (52) and 9,10-

Bis(piperazinoethyl)anthracene (53) ......ccccovrerrricninisiesiiiiesic 35
Acid Dissociation CONSLANLS .......c..ccevvvireeevviriessriienrisiesesessesiesseeseeessissssnessneses 36
Metal Complex FOIMAtiON .....coviveeeieiirriviiriisse s cse s sesissssee e sre s e 40
SUITIITIALY evevtreetieiiresieeisieeessessereessesbeeseassesaesseessesassssssesastessessesresarenesssesineesesuesssssses 41

Chapter 3  Photophysical Properties of Anthracene Ligands in Partially

3.1

3.2

3.3

34

3.5

Aqueous Solution ..o veseestessressntennessteses vresreressessntestntssnnsnenes 43
INEEOAUCHION ...ttt st b s 43
Photophysical Properties in 1,4-Dioxane-Water SOIUtion ......occovvviemrniiiiiiiinnens 48
3.2.1  UV-Visible Absorbance Properties........ccovvvrevvverervniierininriereniseeene 48
3.2.2  Fluorescence Properties...........ocoiviriveviiiriennenininineeronns s, 52
Metal Hydroxide FOrmation .........cccevereerinenessivenineseeeesnieanse s s 55
Photophysical Properties in Buffered 1,4-Dioxane-Water Solution ..........ccceee.e... 56
3.4.1  UV-Visible Absorbance Properties..........couuerviviverercrirenreerirereereesreneons 57
3.4.2  FIUOIESCENCE PrOPEILIES. ...ovvererevriniirrecreinrnrissreserensesanisee s rasssseaene 57

Summary and COnCIUSIONS ........cvvviveverieiviiririe sttt sns s v 63



Chapter 4  Fluorescence Sensing of Metal Ions by Anthracene Ligands

in Acetonitrile SOIULION ...ccccivcreiisseniniininsisrnneinnssininsnaesssnisnessenns 65

4.1 INtEOAUCHION chveiviiiiieieie et st 65
4.2 UV-Visible Absorbance Properties in the Presence of Metal Ions ...........coooev.. 66
4.3 Determination of Stability Constants from Fluorescence ..........ccoeveiviiniiiiiins 68
44 Fluorescence Properties in the Presence of Metal Ions.......cocccvvevevciniiiiiinininnn, 70
4.4.1  Metal Ion Complexation by Bis(morpholinomethyl) 38......................... 71

4.42  Metal Ion Complexation by Bis(morpholinoethyl) 36..........cc.cceveiins 73

4.43  Metal Ion Complexation by Bis(morpholinopropyl) 42 ..o 79

4.4.4  Metal Jon Complexation by Bis(thiomorpholine) 52........cccccccovvvinrnnn. 84

4.4.5  Metal Ion Complexation by Bis(piperazine) 53........ccccccvnerivirnieninnn, 88

4.4.6  Metal Ion Complexation by Mono(azacrown) S1.........ccccovviiviinnnnne, 95

4.477  Metal Ion Complexation by Bis(azacrown) 45 ..........ccevveveniiniiiinnnnn, 100

4.4.8  Emission Spectra of Bis(hydroxyethyl) 34 and Bis(propylamide) 41 .. 108

4.5 Fluorescence Quantum Yields for the Calculated Spectra Obtained from Data
FIEENE .ottt s be e hee e 109
4.6 DISCUSSION ..ottt ettt ss e b s et be e etess s ebs sreenebesenes 11
Chapter 5  Conclusions and Future Directions.........cuiemeesassnsessssasonss 122
Chapter 6  Experimental.........ccoueeierensanes cresressanmseresssncanentnresntntesnerorsansessasanse 126
6.1 General Physical Methods.........c.eciiciniiveeeimiiineinie e et eeene s 126
6.2 Standardisation of Metal Ton SOIULIONS ........ccceviviineiiiirivecee e, 127
6.3 ~ Potentiometric Titrations in 1,4-Dioxane-Water SolUtion ...........cveviveiveenrinn. 127
6.4 Ultraviolet-Visible SPECIrOSCODY ..vvvvvireeririiiesniereisieiiensieiessennsessseeseesesesenesinn 130
6.5 FlIUOTESCENCE SPECITOSCOPY .vvvovevevrvrrririsneremresesenienssissasesssaseseserssansssesssrssesaes 130
6.6 Stability Constants from FIUOIESCENCE........ivvverriireriritiicreiee s seesessers e e seien s 131
6.7 Relative QUantum YIEIAS ......evuerieiiiineeiire et eeseeese e st e aner s 131

6.8 General Synthetic Methods ......ccoeviriiiiiviicreciie s 132



6.9 S YNBSS L. veveetit ittt ettt et ettt b e et e et ab e b rt et b e e rabentaaen 133

Appendix A Fluorescence Spectra and Derived Binding Curves for

Ligands in Acetonitrile Solution ..., 141
Al Bis(morpholinomethyl) 38 .............coiiiiiiiiiiieceiennir e s 141
A2 Bis(morpholinOthyl) 36 ......ccccveviiiiiireiieeiries e s 143
A3 Bis(morpholinopropyl) 42 ........c.ecvieeiirie ittt 147
A4 Bis(thiomorpholing) 52 .......ccccviiviiiiviireeesie e siineen et n et eraasass s sreenis 151
A5 Bis(PIPErazine) S3 .....c.cevivvirrinieiiiieiisre st ve bbb s st s s erb e e e 155
A6 MONO(AZACTOWN) ST ..iiriveeiiiiieiie ettt e sre st e b e snbe e s snresnraens 163
Al BiS(AZACTOWN) A5....uiiiieree ettt ittt ts s e eee s st e e e s eb e estb e ss e esiarateeasessrarsanes 172

BibHOGraphy ...ociiiiieinniiiinceiiisninisiioienieomsamesmessseissenessssssasssnsseess 180



Abstract

This thesis describes the synthesis and complexation characteristics of a series of
fluorescent sensors of the photoinduced electron transfer (PET) based Fluorophore-Spacer-
Receptor design. The ligands synthesised consist of a 9,10-disubstituted anthracene, an
alkyl spacer (methyl, ethyl or propyl) and a receptor (morpholine and analogues or
monoaza-15-crown-5). Upon metal ion complexation (or protonation) the fluorescence
emission of the synthesised ligands is significantly increased (up to 30-fold) due to the

suppression of the fluorescence quenching PET process.

The acid dissociation constants were determined in 1,4-dioxane-water (40:60; v/v) solution
(I = 0.05 mol dm3) for the soluble ligands, although no metal ion complexation was
observed. The protonation of only one (of the two) nitrogen amines in close proximity to
the anthracene was found not to restore the fluorescence emission in 1,4-dioxane-water. In
addition, it was necessary to use buffered solutions to prevent protons liberated from metal

ion hydrolysis causing increased fluorescence.

The alkali and alkaline earth metal ion complexation characteristics of the ligands were
studied in anhydrous acetonitrile and a series of spectrofluorimetric titrations were
performed to determine the stability constants (K and K,) of the complexes that formed.
Minimal changes in the absorption spectra were observed. Increasing the spacer length
(methyl to propyl) increased the quantum yield of the unbound ligand and the stability of
the complexes formed (350-fold increase for Mg2t). Little cooperative binding between

the two receptors was observed and K| was always larger than K;. The general stability

series observed for the six-membered ring receptors was Mg2+ > CaZ+ > Sr2+ < Ba2+.

Utilising the larger azacrown receptor, the stability constants in acetonitrile could not
accurately be determined for the alkaline earths as Ky and K, > 107 dm3 mol-!. Biphasic
binding curves were observed due to the low fluorescence of the (metal)*(ligand) complex
and high fluorescence of the (metal)y*(ligand) complex. This receptor also displayed
increased fluorescence emission with alkali metal ions, although of lower stability. The

magnitude of the stability constants and quantum yield changes was chiefly controlled by

the charge density of the bound metal ion.

This work furthers understanding of the requirements for PET based fluorescent sensors to

detect metal ions.



