DOI : 10.31357/fapsphd.2016.00603

Spectroscopic and photochemical
properties of lycopene, B-carotene, bixin,

norbixin and their radical intermediates

Dandeniyage Dona Dusantha Hemali Alwis

Thesis submitted to the University of Sri Jayewardenepura for the
award of the Degree of Doctor of Philosophy in Chemistry on &

January 2016.


Library
Typewritten Text
DOI : 10.31357/fapsphd.2016.00603


Certification of Supervisors

"We certify that the candidate has incorporated all corrections, additions and amendments

recommended by the examiners to this final version of the Ph.D. thesis.

Supervisor:

i Chemistty Date:

Prof. P.MTayaweera wartent ©
¢ o kSri Jayewardenepura

Professor of Chemistry ypniversity of
Department of Chemistrpjugegoda.
Faculty of Applied Sciences

Co-Supervisor:

Department of Biochemistry
Prof. U.G.Chandrika Faculty of Medical Sciences Date:

Crofesmoral ©io-Chemisy sty .Of Sri Jayewardenepura
Department of Bio-Chemist ?}ngOdaWJIa, Nugegoda
Faculty of Medical Sciences™" Lanka.

Co-Supervisor:

Dr. Dilru Ratnaweera Date:
Senior Lecturer
Department of Chemistry
Faculty of Applied Sciences
Dr. Dilru Ratnaweera

B r
genior Lecture! .

Chemistry ra
Bﬁﬁté;:w of Sii Jayewardenep



Declaration by the candidate

"The work described in this thesis was carried out by me under the supervision of Prof.
P.M.Jayaweera (principal supervisor), Prof. U.G.Chandrika and Dr. Dilru Ratnaweera and
a report on this has not been submitted in whole or in part to any University or any other

institution for another Degree/Diploma".

Name:

Dandeniyage Dona Dusantha Hemali Alwis

........ % ..27/oc]i6

Signature Date



Declaration by the Supervisors

"We certify that the above statement made by the candidate is true and this thesis is suitable

for submission to the University for the purpose of evaluation".

Date
Department of Chemistry .
University of Sri Jayewardenepura
Nugegoda.
27/06 20/4
Prof. U.G.CHangaiktment of Biochemistry Date:

Faqulty of Medical Sciences
University of Sri Jayewardenepura
Gangodawila, Nugegoda

Sri Lanka,

Dr. Dilru Ratnaweera Date:

Dr. Dilru Rat_naweera

geniorleci®l
1]

gﬁ&tégty of St Jayewardanep



Dedication

To my loving son Janitha



TABLE OF CONTENTS

Table OF COMEENTS ....iiiiiiiiiii ettt ee e baeeaeens i
6, e T — X
Lt tf FableS e cmmmmmmrnmrrss s e e R T S R R Xvii
LISt OF SCREIMIES ....evieiiiie ettt s bbb s e Xviii
LiSt OF ADBDIEVIATIONS ....eiiiiiiiiiiiiiiie ettt b et sae e ene s ensens Xix
Acknowledaements.. oo s s e R TR X
MBS IRAU o mmms s  as  r ehsa  has e Aea sh st Xxiii
CERAR TR | iionssisohaisssiom i st siatosinnshismmnnasmsmnssnyssss s asn memss s o et Ay RS SRR A SRR 1
INEFOAUCTION L.ttt st et s en e ene e 1
1.1 ittt 16 Cartlenaille .. s s PSS 2
1.1.1 Carotenoid-rich Tood SOUICEs.suismsrmmmamsssmnisnsssnsssnisssnssssamsivsssiin 6

1.2 RESOarehl SCODPE: s ismssiiscitemmsssesssssustsstrsassnssasssnsssssssmnssssnsmmmss sarmnasssssansensasssmsmmmnssmns 3
1.3 Research aims and OBJECHIVES ...c.viviiciiiiiiiiiiiecc e 9
CHAPTER 2 ......ccoiiiiiiiiinasiissenssssessasnesssssasssssssssessssssessissersesssssssssssssssserssssassessasssessonsens 11
L risiig L gL T —— 11
2.1 Carotenoids as bioactive natural PIgMENtS .......cooveeveireeeriereeieiee e 11
2.2 Carotenoids and their PrOPEItiSs ......ceeeierieeiiiieeieeie ettt eeeeaseeaeeene e enes 13
2.2.1 Structure, availability and functions of carotenoids ............cccocoeeevriveeereennee. 13
2.2.1. (a) Carotenoids in fOOdS.......ooiiiriiriiiieeieeii e 14
2.2.1.(b) Importance to human health............ccccoooviiiiiiiiicccece e 16
2:2.1{e) Caroftenoids as singlet oxygen qUENCHErS wusiswmimssmmssssisinssmssissis 18
2.2.1.(d) Interaction of carotenoids with free radicals..........ccccviviiiciiiiiiiiicnnnnnnnn. 18
2.2.2 Physical and chemical properties of carotenoids...........ccoeeervevreeverererveseennnns 19
2.2.2.1 Light absorption pProperties ..........cccueveeereieerieierieereeeesiesieesessseeseseeeas 19
2.2.2.2 Photochemical properties of carotenoids ...........ccoceceviveniviiienreerieeeennne, 21
2.2.2.3 Lumineseence propertics:of earotennids s wsosmsisssesamsnsssiismsas 23
T 24
2.2.2.5 Adsorption and partition Properties ........couveeeereereerieereereereeseereessersenenns 24
2.2.2.6 Isomerization and oX1dation...........cccueiiiviiieiieieiceier e 25



2.2.2.7 Aggregation behavior of carotenoids...........cccevieviiiiieriiiiieeee e 31

2.2.3 Some carotenoids and apo-carotenoids .......c.ccvvveiiiieeriiiirieieeee e 32

2.3 Electrochemical and chemical oxidation of carotenoids..........cccccerveriiiiiiiiiiennnnens 38
2.3.1 Electronic absorption spectroscopy of neutral carotenoids .........cccceeiverinens 41
2.3.1.1 Emission spectroscopy of neutral carotenoids........ccoceeveeerieenneniienennneens 41

2.3.1.2 Electronic absorption and fluorescence spectra of oxidized species of
CRIOMCTIOTAS suvesossvsvunssmesmesmesisssms oo sy Ts AT A AR o aaa Sy KR 43

2.3.1.3 Formation of oxidized intermediates and the didehydrodimer during

chemical OXIAAtION ...ovviiciiiiiiieii ettt a e era e enna e 44
2.3.1.4 Possible oxidized intermediates formed during chemical oxidation .......46
2.3.1.5 Fluorescence quantum yield of carotenoids........c.ccocvvvvvenreiiesieiineenne. 47
2.3.1.6 Fluorescence stokes ShiftS.......co.oiviiiiiiiiiiiiiiiceececece e 49

2.4 Introduction to photochemical degradation of carotenoids..........ccocoeeviiiiiienniennnenn. 49
2.4.1 Carotenoid photodegradation in foods rich in carotenoids...........cccceeveennenee. 50
2.4.2 Effect of solvent polarity on photodegradation of carotenoids ............cceeuuene 3l
2.4.3 Inorganic salt effect on phototdegradation of carotenoids ..........cccocveveruenene 52
2.4.4 Photostability of lycopene in oil based model systems ........ccccoeververeciirinennne 52

2.5 Surface adsorption affinity of carotenoids to semiconductors........cccoceveeveiiieennnne. 53
2.5.1 Interactions of titanium dioxides NPs with carotenoids..........cccceveveiieiennnnns 54

2.5.2 TiO2 semiconductor photocatalysis and photoinduced electron transfer

reactions i the TiCkh-caroteneid complex ... nmmusinimrsransssssesss 55
2.5.3 Absorption characteristics of surface adsorbed Car-TiOz system .................. 57
2.5.4 Surface complexation of carboxy carotenoids to TIO2 NPS ..........cccevvevennenee, 58

2.5.5 Diffuse reflectance UV-vis (DRS UV-vis) spectroscopy for carotenoid
MOdIfied TIO2 . .iiiiiii it 55

2.6 Interaction between carotenoids with TiO2 NPs by fluorescence quenching study .60

2.6.1 Interaction of TiO2 NPs with biomolecules and natural pigments in solution60

2.6.2 Sensitization of TiO2 NPs by carotenoid molecules........cccccvevveiieieicieennnnne. 61
2.6.3 Fluorescence quenching by photoinduced electron transfer........................... 61
2.6.4 Carotenoids fluorescence quenching study by colloidal TiO2 NPs................ 62
2.7 Self assembled aggregates of carotenoids...........ocveeeiieeiiiiiieeeicecececee e 64
2.7.1 Types-of aggregates that form-in carotenoids. i ssimsmsassimanssms 65

2.7.2 Factors affecting the aggregate formation of carotenoids ............cccceevveennnne. 66



2.8 Self assembly behavior of carotenoids using Small angle neutron scattering (SANS)

.............................................................................................................................. 68
2.8.1 Koray and neutron SCAIORINg uimmmmmmismssmissmrsiss s 68
2.8.2 General principlesof neutron SCAtEIING i osimamssssnsssims s 69
2.8.3 Energy and momentum transfer...........oooovviiincnneneeeeeeeees 70
2.8.2 Small Angle Neutron Scattering (SANS) ...cccviiiiireniinieierre e 72
2.9. Introduction to some selected computational calculations to carotenoids............... 76
2.9.1 Introduction to Ab-initio and Semi-empirical methods..........cceecevvriiniirnnnnne. 76
2.9.2 Ab-initio computational study on the isomers of lycopene...........c.ccocueruennen. 77

2.9.3 Comparison computational study of ab-initio and DFT (density functional
theory) on neutral carotenoids and their radical SPECIes ........cccvverreiiierirnenns 78

2.9.4 AMI and ZINDO/S semi-empirical molecular orbital calculations for

carctenoids by using Hyperchem 6.03: 80 RWare. v s msssassssassavsssos 79
285 Cayssview,; Gaussian and Hyperehom s s cimmnamnssainmsis 80
EHAPTER 3 csnsmmimmmins i saiia s i s i s i ceamrs sa s s isissmes 81
MATERIALS AND METHODS ...ttt 81
3.1 Analysis 0f CaroteNOIAS ......viiuiiiiiiiiiiiie ettt 81
3.1.1 Lycopenc-extraction and snalysis uwwasismmmmssammnmnsssssssmsasas 82
B T £ O —— 84
3.1.3 Bixin and norbixin extraction and analysis ........c.ccccevevieieeieeiieeieeiecceeenens 85
3.2 Characterization 0f CarotenOIds .......coveeeririiiieriereneseee e 85
3.2.1 UV-vis absorption SPECIrOSCOPY ...ccuerueriiriirierriiieaiieiiesiesseereesseneaseesaessersessaenis 86
323 TIRLC. b arrre b Er . couranssmssmmassnsmsssassvs e e s sy S SR 86
3.2.3 Fourier transform infra-red (FTIR) SpecirOstODY s sunssssssissnssssmasasssies 86
3.2.4 Fluorescence emission and fluorescence excitation spectroscopy ................. 87
3.3 Formation of carotenoid radical cations and their oxidized intermediates ............... 87
3.3.1 BUIK @lECIIOIYSIS 1ottt 87
3.3.2 Thin layer electrolysis (TLE) ..o 88
3.3.3 Chemically induced carotenoid radical calions ... sssmsusssssssssmisvssmssiis 89
3.3.3.1 UV-vis absorption spectroscopy of carotenoid reactions with FeCls.......... 89
3.3.3.2 Fluorescence emission spectroscopy with FECl3....coovviiviiiieiiiieiiciieene, 89
3.3.3.3 Fluorescence intensity variation at different temperatures.................c......... 90

3.3.4 Fluorescence quantum yields of carotenoids in CHaCla..cocoooiiiiiiiiiiiiiiinnnnn. 90



3.3.4.1 Determination of the fluorescence quantum yields of carotenoids in

L8 1 OO U 90

3.3.4.2 Fluorescence stokes shifts of lycopene, -carotene and norbixin in
CHBUTS oo snerasssssnsnmsnsantonsmssmammssssmmessmssssarssssssassnmsassnssnsrnsmssanenasasassrssssasss 92
3.4 Photochemical degradation of carotenoids ..........coovieiiiiiiiiiiiiciiiieciecee e 92
3.4.1 Determination of photodegradation of carotenoids ..........cccoveveveerereiriernenns 92
3.4.2 Determination of solvent effect on photodegradation of carotenoids ............ 93

3.4.3 Determination of photodegradation of lycopene in water/ acetone mixtures. 94

3.4.4 Determination of salt effect on the photodegradation of carotenoids............. 94
3.4.5 The effect of KI on photostability of lycopene in an oil/ water emulsion......95
3.5 Surface adsorption behavior of carotenoids adsorbed onto TiO> nanoparticles (NPs)
.............................................................................................................................. 96
3.5.1 Surface adsorption of carboxylic carotenoids to TiO2 NPs........cccooeviiiinnnnene 96
3.5.1.1 Preparation of TiOs 'coated glass plate.civmanssnnmsnnamsamssg 96
3.5.2 UV-vis and DRS UV-VIS SPECITOSCOPY cuvververrierrerreeireererieenssensseieeessesisessseenes 97
3.5.2.1 UV-vis spectra of carotenoid solutions in MeOH.........ccccovvevvniniinnne, £
3.5.2.2 UV-vis spectra of carotenoids adsorbed onto TiO2 .......ccccovverveereriennennas 97
3.5.2.3 UV-vis diffuse reflectance SPoetta ... wissssisssssssssansssismssssvssais 98
3.5.2.4 Difference abSorption SPECLIa ........evueveererieeeririeeeaesieeeeisse e eeeseeseenens 98
3.5.2.5 The Photostability of carotenoids in the presence of semiconductors.....98
3.6 Interaction between bixin & norbixin with TiO2 nanoparticles in colloidal
suspension: A fluorescence quentThing STIAY . .essvs s 99
3.6.1 Preparation of TiOz colloidal SOIUtioN..........cceeviiieeeeeirirecreeeeeee e 99
3.6.2 Preparation of bixin/ norbixin in absolute EtOH solution............ccce.ceveennene... 99
3.6.3 Fluorescence quenching study of bixin and norbixin with TiO2 NPs:
Fluorescenes ernisgiOn SPROITR .ousvisisssvinmams sooissnssanes s samasassiimae 99
3.7 Aggregation behavior of B-carotene in ethanol ...........cc.cccevveieerecieseeececeee 100
3.7.1 Variation of initial B-carotene concentration on aggregation ....................... 100
3.7.2 Variation of ethanol:water ratio on aggregation............ceeeevvevevreeeeseerennnnn. 101
3.7.3 Variation of initial pH on aggregation behavior............cccevevveererreeeireesennen. 101

3.8 Small Angle Neutron Scattering (SANS) experiments on carotenoids in solution 102
3.8.1 Materials and solution preparation .........ccccccccvevreeeeeereereeseseesseeseeeeseesseenes 102

3.8.2 SANS MEASUICITIEIILS 1.eeeeeeeee et e e e ee s e e e e et e e e e e e eeee s e e eeeeseesesssesssessssnssees 102



3.8.2.1 Scattering length density (SLD) caleulation ...ieiseuessssssismmmssimimienss 103

3.8.3 SANS data analysis -Standard plots ......ciieusmiisnamiimsssiiiimsssosssssanssinesss 104
3.8.3.1 GUINIET PIOLS..eiiiiiiiiiiiit ettt 104
2.8.3.2 Powerlaw! The Pornd ot ....onmwammmmesnmsmamsmmnamsimwos 105

s 1 106
3.8:4.] STMDIESPHEIEE i ittt s st e ittt e s A RS 106
3.8.4.2 Polymer MmOdels .......ccooiiiiiiiiiiiiiiiciciie e 106
3.84.3 Pazmy@phete bl Aib. cunmummummmmsisaremssammsessamaammiissmss 106

39 Computational calculations of carotentids o wsmsammsmsnmssamunmsms 108

3.9.1 Crlealatioms with Hyperoletce s mmsnamoamismssim s 108
3.9.1.1 Hyperchem optimiZation.........ccovueeierieriiiiiiieeiieec e eeesie e e 109
3.9.2.1 Creating the Gaussian Job file........ccooriiiiiiiiiiiiiee e, 110
3.9.2.2 Run Ipulfile ..ccommmommmmmmunesssmumssinsnssmg s ioiss s o s 111
3.9.2.3 Vigmalizatian of theonnt Tt casmmmmmmsannnnnasmisssiing 111

3.9.3 An ab-initio computational calculation on selected lycopene isomers with the
L 71T S S 111

...................................................................................................................... 111
CHAPTER A ...coovvinmmsivesa ssvswscsomsvsoimessss s sissssvsiisi s s s s o S T s 112
RESULLS AND DISCUSEION umsnumssmrmmannsmmsnsimssmimmimms 112
4] TIEvOIIOTI s cisinssisnbinssnnemmmntssnmmmmmenmna s R S SR A AR A S S SR SRS 112
4.2 Characterization of Carotenoids ..........cc.eeeireriiiiiiiiieieeeeeeee s 113

4.2.1 Characterization of Lycopene isolated from watermelon............cccceevenennn. 113
4.2.1 (a) UV-vis absorption spectrum of lycopene.......cccoeevieiiirececieeneerieceennnn 114
#.2. 1 (b} HPLC chronatogram of Iyeopene ... s 115
4.2.1 (c) Fourier Transform Infra-Red (FTIR) spectrum of lycopene................... 117
4.2.1 (d) Fluorescence emission and fluorescence excitation spectra of lycopene 118
4.2.2 Characterization of B-Carotene........coevveeeeeeioiiieeeeeieee e 120
4.2.2 (a) UV-vis absorption spectrum of B-carotene ...........ccceeeevvevvaieicreenneeneennen, 120
4.2.2 {b) HPLC ¢hromatogram of B-earlene ..o 121
4.2.2 (c) Fourier Transform Infra Red (FTTR) spectrum of B-carotene................. 122

4.2.2 (d) Fluorescence emission and fluorescence excitation spectra of B-carotene



4.2.3 CharacteriZation OF DIXIN wuuuuee i ee et e e e e e asaeeeeeessaneeesesseennnees 123

4.2.3 (1) UV-vis absorption SPectruny Of DIXIN csssammssasssssrimsisnsess oo 124
4.2.3 (b) HPLC chromatogram of BiXiN........c.ccceeiviiiiiniiniieieieeieeiieeie e 124
4.2.3 (c) Fourier Transform Infrared (FTIR) spectrum of bixin.........ccccoovveeirnnen. 125
4.2.3 (d) Fluorescence emission and fluorescence excitation spectra of bixin...... 126
4.2.4 Characterization of DOtDIXIN ..o cissmsinenosiosissivisieriensssnsasssnssrsnssasssronmatons 127
4.2.4 (a) UV-vis absorption spectra of norbixXin .......cccoeeeeiiieviieniiiiiciiicnieeenenn 127
4.2.4 (b) HPLC chromatogram of norbiXin ........cccooevieiiiiiiniieniieneeeeeieeee e 127
4.2.4 (¢) Fourier Transform Infra-red (FTIR) spectra of norbixin ..........cccccc........ 128

4.2.4 (d) Fluorescence emission and fluorescence excitation spectrum of norbixin
...................................................................................................................... 129

4.3 Electrochemically and chemically generated carotenoid radical cations and other

0X1diZed INETMEAIALES .....evveeieeiicieieireee ettt st s e enea 130
4.3.1 Formation of electrochemically induced carotenoid radical cation.............. 130
4.3.1.1 Bulle electrolysig.......onmmmmmmnunammmnsmssssssissssomamsstg 130
Lywapenie: UV-visabsorption Spectas s 130
4.3.1.2 Thin Layer Electrolysis (TLE)......ccccoceriiiriniriiiicieeieiereeeeeee e 132
B-carotene: UV-vis abSOrption SPECLIa.......cevieereeverieiaeienseeriessesieessesseenenns 132

4.3.2 Formation of chemically induced carotenoid radical cations and other

oxidized intermediates with anhydrous FeCl3......c.coooovviiviiiiiiiiiiiiiecinen, 134
4.3.2.1 UV-vis absorption spectroscopy of carotenoids with FeCls................... 135
4.3.2.1 (a) UV-vis absorption spectra of lycopene with FeCl3.........cocveernnnne. 135
4.3.2.1 (b) UV-vis absorption spectra of B-carotene with FeCl3 ......c..cocveneneee. 139
4.3.2.1 (c¢) UV-vis absorption spectra of norbixin with FeCls........c..coeeueennn.ne. 141
4.3.2.2 Comparison of the absorption spectra of lycopene, B-carotene and

TIOTDIXIN Lottt et 142
4.3.2.3 Fluorescence emission spectroscopy of carotenoids with FeCls ........... 143

4.3.2.4 Fluorescence titration of carotenoids in CH»Cl» with the addition of

AODTITOTREBILE. .. .oocerrannmmssonsnamamnssmmaamssmm s e s R AT RS RS RTA 148
4.3.2.5 Thermal stability of the blue shifted intermediate product formed during

chemieal ORiROTYromuummssmmssssrssa s T 149
4.3.2.6 The fluorescence quantum yields of the above systems ............c........... 152
4.3.2.6 (1) Calculation of fluorescence quantum yield.........c.cooceeivieiiiinnennne. 152

Vi



4.3.2.6 (i1) Quantum yield of B-carotene at 30 °C in CH2Cla..oovvvevveeeieeeneen. 154

4.3.2.7 Stokes shift of three carotenoids ........cooveeveeirerniiiresiiseseseecenenn 154
4. 4 Photochemical degradation studies of some selected carotenoids.........ccccoeeeenn. 155
4.4.]1 Photodepradation of carotenoids.......cvmunmnnsimsmasssnyasmsssmess 156
4.4.2 Solvent effect on photodegradation of carotenoids ..........cccceeevveeieecieecennnn. 157
4.4.3 Photodegradation of lycopene in water/acetone solutions.............c.cceeenenn.. 158
4.4.4 Salt effect on photodegradation of carotenoids .........ccccevevveeveeieninvcrcennnn. 162
4.4.5 Effect of KI on photostability of lycopene in oil/ water emulsions.............. 166

4.5 Surface adsorption behavior of carotenoids containing terminal carboxylic groups
LR TN INIPE. .o nsocsrscsvsos o omesassmonsunescsssssses s s s e S S 3 S8 167

4.5.1 Optical absorption spectra of bixin and norbixin in MeOH adsorbed to TiO;
B mersneoemmssmamimse s e e s T R PR 167
4.5.2 Diffuse reflectance UV-vis spectroscopy (DR UV-vis) ...cccovcvereiieinieicnnnn, 171
4.5.3 Photodegradation catalyzed by TiDh .cvsssssmamsmmisissssassissssnssonspstmssiness 173
4.5.4 Effect of Oz on the semiconductor-catalyzed photodegradation of carotenoids
...................................................................................................................... 175

4.6 Interaction between bixin and norbixin with TiO2 NPs in colloidal suspension: A

fluorescence qUENChING STUAY.....c.cvveerieiriciieiee e 178
4.6.1 Absorption CharacteriStiCs .........cueirirmrueerieiriiresiereneeeseere e 178
4.6.2 Analysis of fluorescence quenching of carotenoids by TiOz NPs................ 181
4.6.3 Fluorescence quenching of bixin and norbixin by TiO2 NPs ........c...c.o........ 183
4.0.4 Fluorescence quenching mechaniSmi s usiimsissmso s siomsaisiing 185
4.7 Self-assembled aggregates of B-carotene in ethanol...........ccccoevvieeveceeeiicceeciecnee, 190
4.7.1 The visible spectra of self-assembled aggregates of B-carotene.................. 190

4.7.2 The initial pH effect on self-assembled aggregate formation of f-carotene 193

4.8 Aggregation behavior of carotenoids in solution: Small Angle Neutron Scattering

ST [BANS] i sismstmmmss it asan st Asms AR AR SR S RS 196
4.8.1 Structural parameters of scattering objects of bixin and norbixin in d-acetone
under dilute condiions .....cou awwssssmmesmais s 196
4.8.2 Kratcky representation of SANS data for bixin and norbixin ...................... 201
4.9 Computational calculations of carotenoids and their radical cationic species........ 211

4.9.1 An ab-initio computational calculation on selected lycopene isomers with
Grangssionn O3 Wi snmamunansssmsmueissimmms s s s 211

vii



4.9.2 TD/DFT (Time-dependent density functional theory) computational method
for calculation of excitation energies of carotenoids and their radical cations

...................................................................................................................... 215

4.9.3 Semiempirical and molecular mechanics calculations for B-carotene, lycopene

and horbixif and their radical CAlONS. ... 218
CHAPTER. S soueceusssves o s oo s v s s s sl s 221
CLINCT RIS IO oussmmenssncsms s o arm s e s s E S I e b A bmsidmnesamasecans 221
CHAPTER 6 .........comnsssmsanssmmmamiansssssssmsnsssessusussnsusssssnsansnsasesssissssatsnens soorsssrusnssrsasssuasssssns 227
BEFERENIEER .. umsevmnmansmsooesoerosmses e onssss s e s oo s ieieies 227

viii



LIST OF FIGURES

Figure 1.1.1 Structures of some common carotenes and xanthophylls ............ccceeene 5
Figure 2.2.1 Btructures of aoyelic oarolelEs mwmsmsnmmsssmiimssm s e 14
Figure 2.2.2 Structures 0f CYCHIC CATOENES .....ocveruiriiiiiiiiiciieit ettt 14
Figure 2.2.3 Structures of common food carotenoids.........cccooceeviiiiieiiiiieiiiieiiiecinens 15
Figure 2.2.4 Structures of some carotenoids having pro-vitamin A activity.............. 17

Figure 2.2.5 UV-vis absorption spectra of lycopene (—), y-carotene (- - -), p- carotene
(~ ) and a-carotens (....) In petroletm ether....uviissvimsssssiim 20

Figure 2.2.6 The ordering of low-lying excited singlet electronic states in carotenoids
with idealized Can POINt ErOUP .....oiviiiiiiiiiiciieieee e 22

Figure 2.2.7 The overlay of absorption and Fluorescence at 293 K (solid line) and 77
K (daShed IINE) ....oeieeeeiieiiieceeeee ettt s eaa e 23

Figure 2.2.8 Mechanism of carotenoid oxidation and initial products ...........ccceeuenen. 27

Figure 2.2.9 Lycopene photodegradation in 0.02 M Triton X-100 aqueous solutions
illuminated with a 150 W (> 380 nm) filament lamp. Inset: evolution of
the difference absorption spectrum (AA) ..ccccoeveeveeiecieeieceeieciecee e 29

Figure 2.2.10 Photochemical and photophysical pathways of f-carotene in deaerated
toluene solution at 25 “C. (flu- fluorescence, isc- inter system crossing,
!Car/*Car-carotenoids singlet/ triplet states and 'pd/ *pd —photo

degradation from singlet/ triplet states) ........cccvveevevreeieiciecrcceece e, 29
Figure 2.2.11 Thermal degradation pathways of carotenoids.............cccoovveeviiiieeieennnne. 30
Figure 2.2.12 Structures of four major carotenoids used in the present study .............. 33
Eigure 2.2.13 'Géometiical 156Mers FIY0BPeNEG ..o ssmpmnissssususmimamnmssasssiss 34
Figore 2.2.14: Chemical structure of Bixin .....csmvmsssmmmisemssmmimsssisssisssmmsiims 36
Figure 2.2.15 Chemigal stracture of norbisin. .usvasmmmmmmssssmnsisosssnssisssrmi 37
Figure 2.2.16 Relationship of different annatto pigments ..........ccccoovveeiiiiieeiiiciceneennn, 37

Figure 2.3.1 Comparison of absorption and emission spectra of three intermediate
length carotenoids at 77 K in EPA to illustrate cross-over from S
eHSEu, 5008 SIS s s R T ARt 42

Figure 2.3.2 Structure of the 5,8-peroxide of carotenoids ..........cc.ccveeveceeevevecveeeene. 44

Figure 2.3.3 UV/vis/NIR spectra (a) pure ethyl all-trans-8'-apo-f-carotene-8'-oate and
p-carotene in CH2Clz, (b) 0 min (¢) 5 min (d) 10 min after adding 0.2

EQUIVALENE FECI3 ..ottt cnr e sae e nesne s snes 44
Figure 2.3.4 Optimized geometries of (a) (#Car)z (5-5), (b) (#Car)> (9-9), and (¢)
(#Car)z (13-13) of all-frans canthaxanthin........c..c.cccoincininneniesiisssesses 45



Figure 2.5.1
Figure 2.5.2

Figure 2.5.3
Figure 2.5.4
Figure 2.6.1

Figure 2.6.2
Figure 2.7.1

Figure 2.8.1

Figure 2.8.2

Figure 2.8.3

Figure 2.9.1
Figure 3.1.1

Figure 3.3.1

Figure 3.3.2

Figure 3.4.1

Figure3.5.1

Figure 4.2.1
Figure 4.2.2

Mechanism for photocatalysis of semiconductor ........cccccvevvveiiiiiinennen. 56

Absorption spectra of (a) 8'-apo-f-carotene-8'-aldoxime solution in
acetonitrile. (b) Suspension of bare TiO2 nanoparticles in acetonitrile
(dashed line). (c) Suspension of TiO, modified by 8'"-apo-f-carotene-8'-

Aldoxime 1n aCetonItrile .. ..o 57
The absorption spectra of (a) crocetin and (b) crocin in pyridine............ 58
Mechanism of surface complexation of norbixin to TiO2........ccccuevnne.n. 59

Schematic representation of electron transfer processes occurring in

Comparison of dynamic (collisional) and static quenching.................... 63

H-aggregate (A) and J-aggregate (B) of astaxanthin, each with four water
MOIECULES ...ttt n e s 65
Schematic representation of a general scattering geometry, E and k_; are
the momentum transfer vectors of the incident and the scattered waves,
E;and E; are the energy of the incident and the scattered waves,
e 3 ] T —— 70
Schematic representation of Bragg’s diffraction by two parallel atomic

layers with distance “d” of crystal lattice Site .........cccceverreveerieriniecririennnn. 71

Basic experimental setup of scattering consists of plane incident wave,
sample, spherical scattered wave and the detector. Joand .J are the flux of
the incident and scattered waves and € solid angle. The flux is the
number of photons or neutrons passing through a unit area per

B IR s v A S R B ST S AR n AR e e S SRS 74

Structure of all-frans 1yCOPENE ........covoveveivievieiieiiieceeee e 77

Picture showing suction filtration of watermelon residue crushed with
BCRDING & cos cmweisuuni sa cwsusunsesion ssssuu e iU R s S PR SRR ARk s 83

Schematic representation of electrochemical cell used for bulk
ElECTTOLYSIS ...ttt 88

Schematic representation of electrochemical cell used in thin layer
L T 88

Schematic representation of irradiation of UV light to carotenoid

SAMIPIE....oiiiiiiie ettt ns 93
Schematic representation to illustrate the spray-coated method used for

preparation of TiO2 coated glass plates........ccovevvviveriecineece e 97
UV-vis absorption spectrum of lycopene in acetone at 30 C.............. 114

HPLC chromatogram of crude carotenoids extracted from watermelon
“Hark belly” species . .nuwmimmsmmarsmissmasms s s e 116



Figure 4.2.3 HPLC chromatogram of lycopene further purified with cold pet-

Figure 4.2.4 FTIR spectrum for the purified lycopene obtained from the
WAEIIBION sovssummsmumrn s R 118

Figure 4.2.5 (a) Fluorescence excitation spectrum of lycopene in CH2Cl, at 298 K;;
probing: 550 nm. (b) Fluorescence emission spectrum of lycopene in

CHoClz at 298 K excitation: 350 NIML..eeveeeeeeeeeeeeeeevieeeeeeeeee e 119
Figure 4.2.6 UV-vis absorption spectrum of p-carotene in CH>Claat 30 °C.............. 121
Figure 4.2.7 HPLC chromatogram of standard B-carotene...........ccceeceviiiriciinncnnns 121
Figure 4.2.8 Fourier Transform Infrared spectrum of standard B-carotene............... 122

Figure 4.2.9 (a) Fluorescence excitation spectrum of f-carotene in CH>Cl; at 298 K;
probing: 550 nm (b) Fluorescence emission spectrum of 3-carotene in
CH:Clz at 298 K; excitation: 350 NM ....cocceeiiniiimieniaiiimiminimsssseesesssnssees 123

Figure 4.2.10 UV-vis absorption spectrum of bixin in CH2Claat 30 C.........cccou......... 124
Figure 4.2.11 HPLC chromatogram of carotenoids extracted from annatto seeds...... 125

Figure 4.2.12 Fourier Transform Infrared spectrum of bixin extracted from Anatto

Figure 4.2.13 (a) Fluorescence excitation spectrum of bixin in CH2Cl; at 298 K
probing: 550 nm. (b) Fluorescence emission spectrum of bixin in CH>Cl>
at 298 K; excitation: 350 NIM ...oeveeeeiee et e atie e e svanee s 126

Figure 4.2.14 UV-vis absorption spectrum of norbixin in acetone at 30 C................ 127

Figure 4.2.15 HPLC chromatogram of norbixin obtained after hydrolysis the bixin.. 128
Figure 4.2.16 FTIR spectrum of norbixin extracted from Anatto seeds...........c..ccuc... 128

Figure 4.2.17 (a) Fluorescence excitation spectrum of norbixin in CH>Cl, at 298K
probing: 550 nm (b) Fluorescence emission spectrum of norbixin in
CH:Clziat 298 Ky excitation: 350 NN wauian s sssinssisssaniosiss 129

Figure 4.3.1 UV-vis absorption spectra of 10 pM lycopene in acetone containing
1x107 M KNOs supporting electrolyte: (a) neutral lycopene; after bulk
electrolysis of lycopene at, 1 V for (b) 10 min (c) 25 min (d) 35 min; (e)
at 1.5 V for 10 min (f) at 2 V for 10 min and (g) at 3 V for 10 min
respectively-at room teMPEratire .o 131

Figure 4.3.2 UV-vis absorption spectra of 5 uM B-carotene in CH2Clz, containing
1x10 M TBAPC as supporting electrolyte: (a) neutral B-carotene and
(b) 5 min (c) 15 min (d) 37 min and (e) 48 min after thin layer
electrolysis of B-carotene at 1.2 V at room temperature ..........c...v.e.. 133

Xi



Figure 4.3.3 UV-Vis absorption spectra of 10 uM (a) lycopene in CH2Cl2, (b) t=10
min (¢) t=4 min (d) t = 8 min (e) t = 12 min after adding < 2 molar
egmivalentof FeClyat room temperatite osinmsons suomsssmmn 135

Figure 4.3.4 UV-Vis absorption spectra of 10 uM lycopene in CH2Clz (a) neutral
lycopene (b) just after adding < 2 molar equivalent of FeCls (¢) t= 16
min (d) t=23 min (e) t =27 min () t =34 min (g) t=44 minand t = 72
min after adding > 2 molar equivalent of FeCls at room
RTINS A A B AR A R AR 137

Figure 4.3.5 UV-Vis/NIR spectra of 10 uM of B-carotene in CH2Cl2: (a) neutral B-
carotene (b) 0 (c) 4 (d) 8 (e) 12 and (f) 16 minutes after adding 2 molar
equIvalent Of FECT3 ..ot 140

Figure 4.3.6 UV-vis/NIR spectra of 10 uM norbixin in CH2Clz: (a) neutral norbixin
(b)0(c)4(d) 8 (e) 12 and (f) 16 minutes after adding 2 molar equivalent
5 3 7= O, 141

Figure 4.3.7 UV-vis absorption spectra of the carotenoids (a) B-carotene (b) lycopene
and (c) norbixin in CH2Clz at room temperature...........cceceevveeeeecrnenne. 142

Figure 4.3.8 (a) Fluorescence emission spectrum of lycopene in CH2Cl» at 298 K;

excitation: 350 nm. (b) Fluorescence excitation spectrum of lycopene in
CH2Cly at 298 K; probing: 550 M ....coveveeerieciieieeieceesieeeeee e 144

Figure 4.3.9 (a) Fluorescence emission spectra 10 pM carotenoids in CH2Cla;
Excitation at 350 nm (b) fluorescence excitation spectra of carotenoids;
Probing at 550 nm. (¢ to g) fluorescence emission spectra with the
addition of (¢) 1.0 and (e) 1.5 molar equivalents into carotenoids;
eXCIAtion At 350 MM ..ciiiiiiiiiiieieei ettt e e 145

Figure 4.3.10 (a) Fluorescence spectra (b) Fluorescence excitation spectra; Probing:
550nm (A) B-carotene, (B) lycopene and (C) norbixin in CH2Cl,.
Fluorescence spectra with the addition of (¢) 0.3, (d) 1.0 and (e) 1.5
molar equivalents of FeCls added; Excitation: 350nm...........ccccveevennne 148

Figure 4.3.11 Fluorescence intensity variation at different temperatures for f-carotene
lycopene and norbixin in CH2Cl: (a) carotenoids (b) oxidized species
generated by chomiesl OXQEHON mm s s TR T 150

Figure 4.3.12 Fluorescence emission spectra of (a) lycopene in CH2Cl; (b) lycopene in
CH2Clz purged with N2; Excitation at 350 nm.......ccocceecveiiiiiecicennnne. 151

Figure 4.3.13 Integrated area of fluorescence intensity vs absorbance of the sample for
(a) quinine sulfate (standard sample) in 0.1 moldm™ H2SO%a, (b) B-
carotene, (c) lycopene and (d) norbixin in CH2Cla ..cocoeeivveiiiiciieen, 153

Xii



Figure 4.4.1

Figure 4.4.2

Figure 4.4.3

Figure 4.4.4

Figure 4.4.5

Figure 4.4.6

Figure 4.4.7

Figure 4.5.1
Figure 4.5.2

Figure 4.5.3

Figure 4.5.4

Figure 4.5.5

Figure 4.5.6

Photodegradation of lycopene in acetone irradiated with (a) 0; (b) 1; (c)
2; (d) 3; hr(s) to broad band UV light source. /nset; shows the difference
absorption (AA) spectra of lycopene in acetone...........ccoceeerveeserserinenne 156

Photodegradation decay curves of lycopene in different polar solvents (a)
methylcyanide (b) acetone (¢) CH2Cls (d) petroleum ether (e) hexane (f)
butanel (o) methansl, and (h)sthanol cssssmmnusemnnassasmmms 158

Photo-degradation decay curves of lycopene exposed to UV light in
water/acetone solutions (a) pure acetone (b) 2% (c) 3% (d) 4% and (e)
5% WALET TN ACELOME ....cuveverererreruenreererienseeseesreseessessessessessesaeesnessaessenes 159

Kinetics plots for photo-degradation of lycopene. (A) first order fit in
acetone (B) first order fit in 5% water in acetone (C) second order fit in
acetone (D) second order fit in 5% water/ acetone solution.................. 160

A/A. of reactant vs time curves to show the effect of inorganic salts on
photo-degradation of (A) B-carotene (B) lycopene and (C) norbixin in
MeOH at T= 30 °C (a) in the absence of salt ; and in the presence of (b)
NaF{ey KCl,; (d) KBr; and (&) KI SAlES i iimsvvsasanminorissesinsssnsssaiss 163

First-order kinetic plots for photodegradation of B-carotene in (a) MeOH
and with added salts (b) NaF(c) KCI (d) KBr and (e) KI salts in

SOTULIOT 1.ttt et se e e ne e ss e e esse s eaneesaaeenneesaneennseens 164
Absorbance decay patterns to illustrate the stabilty of lycopene in
oil:water (1:1) emulsion in the presence and absence of KI ................. 166
UV-vis absorption spectra of (1) bixin and (II) norbixin in MeO ......... 167
Absorption spectra of (a) bixin in MeOH (b) bixin chemisorbed to TiO;
coated ITO plate (c) TiO; coated ITO plateuuiasssssussssssmssssusmssss 169
Absorption spectra of (a) bixin in MeOH (b) bixin chemisorbed to TiO:
coated ITO Plate ......eoeeeieee s 170

UV-vis diffuse reflectance spectra of the (a) TiO» coated on ITO glass
plate and (b) bixin (¢) norbixin chemisorbed to TiOz coated ITO ........ 171

The Kubelka-Munk transformed reflectance spectra of (a) TiO2, (b) bixin
and (c¢) norbixin adsorb TiOz2.....ccoceviriiiiinie e 172
Difference absorption spectra of 1x107> M (a,b) bixin and (c,d) norbixin
in MeOH after irradiation for 10, 20, 40, 60, 80 and 100 min with
mercury arc lamp, in the presence (a and c) and in the absence (b and d)
of TiOz coating glass plate. Arrows indicate the increase of irradiate

Xiii



Figure 4.5.7

Figure 4.5.8

Figure 4.6.1

Figure 4.6.2

Figure 4.6.3

Figure 4.6.4

Figure 4.6.5

Figure 4.6.6

Figure 4.6.7

Figure 4.6.8

Figure 4.7.1

Figure 4.7.2

Difference in absorbance of bixin and norbixin in MeOH exposing to
broad band UV light source for increasing period of time in the presence
g s e —— 175

Photodegradation of 1x10” mol L' (a) bixin and (b) norbixin in HPLC
grade MeOH after irradiation with UV lamp for increasing period of
time: while purged Nz, (I1I) with and (VI) without TiOz coating; while
purged O, (VIII) with and (IV) without TiO; coating; and under dark,
(IT) with and (I) without TiO2 coating glass plate .........ccccecveiierierennen. 176

Absorption spectra of (a) bixin in MeOH and (b) bixin in the presence of
colloidal TiOs in the concentration range 3% 10° M in MeOH ............ 179

The UV-vis absorption spectra of (A) norbixin (B) norbixin in the
presence of TiO2 NPs in MeOH. /nsef shows the absorption spectrum of
B 180

The corrected fluorescence and fluorecence excitation spectra of
[Car....TiO2] complex.The concentration of bixin in EtOH is 1x10” mol
L' ,while the TiO2 NPs concentration corresponding to [TiO2] = 0, 26.3,
52.6,78.9,105.2 and 131.5 mg L™ from (a) to (f); Aex= 350 nm; Aem= 550
TSEE SO0 I iinnissinsiniimrsss i A A A ST A AR PR SRR ESS 181
Fluorescence quenching spctra of bixin in absolute EtOH; in the
presence of vaious concentration of colloidal TiOz. [TiO2]= 0, 26.3, 52.6,
78.9,105.2 and 131.5 mg L™ from (a) to (f). Chixin= 1%107 mol dm™; Agx
= 3500 Agm™= 330 Nilsarsnmsanmsmnaes i 182

(a) Absorption spectrum of bixin, (b) emission spectrum of bixin hex=
350 nmand (c) absorption spectrum of TiO2 .......oiumssaiimesiisiomasssnsisans 183

(a) Emission spectrum of bixin Aex = 350 nm and (b) absorption spectrum
o i € U 184
The Stern-Volmer plots for the fluorescence quenching of (a) bixin and
(b) norbixin in EtOH by TiO2> NPs at (a) 283 K, (b) 293 K and (c) 300 K;
chixin= 1¥10 mol L; Agx= 350 nm; Agm= 550 DM.c..eevvevrvererrenrrrinees 186
The plot of log [(Fo-F)/F] vs log [TiO;] for (A) bixin and (B) norbixin in
EtOH at 293 K, Chixin= 1%107 mol dm™; Agx= 350 nm; Agm= 550 nm.. 188

UV-vis absorption spectra of J-aggregates of p-carotene formed with the
addition of (a) 0% (b) 25% (c) 35% (d) 45% water. Initial concentration
of B-carotene in EtOH is 100 M ....c.oovoviviiiiiiiininiereiieccreecsresieeeans 191

UV-vis absorption spectra of H-aggregates of B-carotene formed with the
addition of (a) 0% (b) 80% water. Initial concentration of -carotene in
BHIE 3850 PVE ciimmmmssmssommmmsissmssssmaammsessesosii s s 192

Xiv



Figure 4.7.3

Figure 4.7.4

Figure 4.8.1

Figure 4.8.2

Figure 4.8.3

Figure 4.8.4

Figure 4.8.5

Figure 4.8.6

Figure 4.8.7

Figure 4.8.8

Figure 4.8.9

Figure 4.9.1

UV-vis absorption spectra of (a) B-carotene in Ethanol with the addition
of 40% water at different pH values (b) 4.0 (¢) 7.0 (d) 8.5 and (e) 10.0
Initial concentration of - carotene in EtOH is 100 uM. (Normalized at
A52 TN oottt erte e ear e et eeae e e bt e e e n e e baeeeaaeenaeenteenreeenenneen 194

UV-vis absorption spectra of (a) B-carotene in ethanol with the addition
of 80% water at different pH values (b) 4.0 (¢) 7.0 (d) 8.5 and (e) 10.0
Initial concentration of B-carotene in EtOH is 50 uM. (Normalized at 452

L 111 T ——————— 195
SANS data of (a) bixin (b) norbixin in d-acetone at 0.2, 0.5 and 1.0 wt%
solutions. Data were plotted in log scale for clarity........cccevveriiirennens 197

SANS data of (a) bixin (b) norbixin in d-acetone at 0.2, 0.5 and 1.0 wt%
solutions. Data were plotted in log scale and shifted vertically for
B RTINS B S R R A e e 198

Radius of gyration (Rg) extracted from Guinier analysis for bixin and
norbixin as a function of concentration in d-toluene............ccceevevervennne 200

Kratcky representation of SANS data for bixin and norbixin. The value
OF V18 0,57 e 202

SANS data obtained for bixin at 0.5 wt% concentration in d-acetone. The
symbols represents the experimental data and solid lines are the fit
abfained from aSphere moflel...umnmnisausmumssssswsmmsms 205

SANS data and corresponding fits obtained for Fuzzy Sphere form factor
for bixin. The symbols represents the experimental data and solid lines
are the best fits obtained from a fuzzysphere model. Data are shifted
vertically for Clarity .....ocoooiviiiiice s 206

SANS data and corresponding fits obtained for fuzzy sphere form factor
for norbixin. The symbols represents the experimental data and solid
lines are the best fits obtained from a fuzzysphere model. Data are shifted
vierbieally For Blarity . nvcmimmummssn s v S 207
Extracted and calculated parameters for bixin (@ ) and norbxin (m) (a) Ry
values extracted for scattering particles from the model (b) solvent
fraction inside the scattering particle (¢) aggregation number. The dotted
lines have been drawn through the data as a guide to the eye............... 209

Radius of Gyration (Ry) extracted for bixin and norbixin in d-acetone at
different concentration, the solid (&) represented the (Ry) extracted from
a fit to a Fuzzysphere model and the solid (®) from a

GUINIET ANALYSIS. .eitiiiiiiiiii ittt sneas 210

A schematic representation of the relative energies of different isomers
of lycopene relative to the all-frans 1YCOPENe .« wssassssmssmiossesisesisssnss 212

XV



Figure 4.9.2

Figure 4.9.3

Figure 4.9.4
Figure 4.9.5

An ab-initio RHF optimized geometries of some isomers of

LYCOPENIE. ...ttt s st s s st ene s 214
Optimized geometry of 5-cis lycopene and its molecular orbital level

diagram indicating the HOMO and LUMO energy levels.........cccceceue. 215
Optimized geometries of three carotenoids by AM1 method ............... 218

Molecular orbital diagrams to show HOMO-LUMO energy levels of
e CarOtemOIS. oo R R A RSN 219

Xvi



Table 2.2.1
Table 2.2.2
Table 2.2.3

Table 2.3.1

Table 3.8.1
Table 3.8.2
Table 3.8.3
Table 4.3.1

Table 4.4.1

Table 4.5.1

Table 4.6.1

Table 4.6.2

Table 4.8.1
Table 4.8.2

Table 4.9.1

Table 4.9.2

Table 4.9.3
Table 4.9.4

LIST OF TABLES

Typical dietary food sources of some common carotenoids................... 16
The Amax values of some carotenoids with increasing conjugation.......... 20
Maximum absorption values (Amax) of some carotenoids in selected

B DB sh Ao S S48 s S AR R AT BRSSP AR RS 21

Fluorescence quantum yield of standard samples and their literature ¢

L I T ———————— 47
Radius of gyration of selected scattering objects .........ceevveeereenneernnnne, 105
Fractal dimensions (D) of some selected shapes.......ccccocovvieiiiiiencnne 105
Parameters and default values used in FuzzySphere model fitting ....... 107

Fluorescence wavelength maxima of neutral carotenoids and their
chemically oxidized species in CH2Cla..ovoveeieeveeeeieeeccieeeeee, 147

First-order rate constants for three carotenoids in MeOH and with added

E; values obtained for pure TiOz and bixin and norbixin adsorb TiO;
and through Kubelka-Munk transformation.............ccccccocovvvveiinereiennnn.. 173

The dynamic quenching constants (Ksy) for bixin and norbixin at
gttt e N D IO s A A5 B S rass A mmannnins 187

Calculated binding constants (Ka) and number of binding sites (n) of
bixin:and nerbixin to TiOs NPSuswssmsissmsinsnmsmmismmmns 189

Variation of the shape of the scattering object at different ¢ range ...... 199

Radius of gyration (Rg) extracted for bixin and norbixin at different
CONCENLrations 1N d-ACELONE .....veeveerreeeieeirreesaeeeseeessre e e eaeeeeaeessseeaneas 199

Computed total energy and relative energy values (compared to the all-
frans isomer) of various isomers of lycopene, at HF/3-21G level of

EREOTY L.ttt st e ere e 212
Comparison of excitation energies obtained for neutral and radical cations
of carotenoids through TD/HF and TD/DFT .....cccccooveviiininieninennnnnnn, 216
Single point energy obtained through AM1 computations .................... 219

Single point energy obtained through AM1computations for carotenoid
e 1 220

XVii



Scheme 4.1.

Scheme 4.2.

Scheme4.5.

Scheme 4.6.

LIST OF SCHEMES

Scheme showing the formation of carotenoid peroxy and epoxy radical

cations and other intermediates in the presence of oxygen and the

Scheme showing the possibilities to detect different emitting wavelengths

for carotenoids and peroxy/epoxy carotenoids........c.ceeevvevvereereereerennnne 149

Possible pathways for the interactions of bixin and norbixin

Fluorescence quenching of carotenoids by TiO2 through electron transfer

PIROBEES wnnenmmsmsesunssse s s swsesaesms s s o e S S A PSS RSSO 185

Xviii



LIST OF ABBREVIATIONS

ACOA 8'-apo-p-carotene-8'-oic acid

AMI Austin Model 1

Apocar Apo-carotenoids

ATR-IR Attenuated Total Reflectance Infra-Red
B3LYP Becke3-Lee—-Yang—Parr

BC Beta-carotene

Bix Bixin

BSA Bovine serum albumin

Car™ Carotenoid radical cation

Car Carotenoids

DFT Density Function Theory

D5SC Dye Sensitized Solar Cells

Eq Band gap energy

Flu Fluorescence

FTIR Fourier Transform Infra-Red

HB Hypocrellin B

HF Hartree-Fock

HOMO Highest occupied molecular orbital
HPLC High performance liquid chromatography
INDO Intermediate Neglect of Differential Overlap
ITO Indium tin oxide

LUMO Lowest unoccupied molecular orbital

Xix



Lyco
NB
NPs
ORNL
PDA
PET
PTFE

PV

ROS
SANS
SAS
SAXS
SLD
TBAPC
TEA
TLE
UHF
UV-vis
UV-vis DR

}\vmﬂ.‘(

Lycopene

Norbixin

Nanoparticles

Oak Ridge National Laboratory
Photodiode array
Photo-induced electron transfer
Polytetrafluoroethylene
Photovoltaics

Quinine sulfate

Quantum yield

Radius of gyration

Restricted Hartree-Fock method
Reactive oxygen species

Small angle neutron scattering
Small angle scattering

Small angle X-ray scattering
Scattering length densities
Tertiary butyl ammonium perchlorate
Triethylamine

Thin Layer Electrolysis
Unrestricted Hartree-Fock method
UV-visible

UV-visible diffuse reflectance

Maximum absorption wavelength

XX



ACKNOWLEDGEMENTS

First of all, I would like to express my sincere gratitude to my principal supervisor,
Professor Pradeep. M. Jayaweera, Department of Chemistry for the support, guidance
and motivation he extended to me to enable me to carry out my research work
successfully. Secondly, I would like to thank my other supervisors Professor
U.G.Chandrika, Department of Bio-Chemistry and Dr. Dilru Ratnaweera, Department
of Chemistry, University of Sri Jayewardenepura for their valuable advice, useful
suggestions and professional guidance given to me during the entire period of my
graduate program.

I would like to extend my gratitude to Professor Dhammika Dissanayake for supporting
me in the computational studies of carotenoids of my research and for the valuable
scientific discussions. I would also like to give my special thank to Dr. Isurika Fernando
for her useful comments and suggestions given me on various ways.

I would like to acknowledge Dr. Thusitha Etampawala and all other members at Oak
Ridge National Laboratory, USA for their help and technical support given me on small
angle neutron scattering (SANS) experiments.

I value and acknowledge the financial support granted me by the University Grants
Commission (UGC) and the University Grant given to me by the University of Sri
Jayewardenepura that supported my research work during my candidature.

I would like to specially acknowledge The Open University of Sri Lanka which granted

me full time probationary study leave for three years and three months.

XXi



I must thank all academic and non-academic staff members at the Department of
Chemistry, The Open University of Sri Lanka and the University of Sri

Jayewardenepura for their support, extended in many ways.

I would also like to acknowledge all my teachers, from nursery to higher school level
(at Sri Sumangala Girls’ College, Panadura) and my lecturers at the University of Sri
Jayewardenepura and the College of Chemical Sciences (Institute of Chemistry,
Ceylon) for laying the foundation of my early career.

I also acknowledge all members who worked with me in my research group throughout
my research.

I would like to express my sincere gratitude to my husband Mr.Kalana and my loving
son Janitha and my beloved parents for their understanding, encouragement and support
given to me throughout my career in so many ways. Finally, I would like to thank my
friends and all those who helped me in many ways along the path to dissertation

completion.

Xxii



Spectroscopic and photochemical properties of lycopene, B-carotene,

bixin, norbixin and their radical intermediates

(Dandeniyage Dona Dusantha Hemali Alwis)
ABSTRACT

The spectroscopic and photochemical properties of carotenoids, namely, lycopene, -
carotene, bixin, norbixin and their oxidized intermediates were investigated using UV-
vis, fluorescence and UV-vis diffuse reflectance spectroscopic (UV-vis DRS)
techniques and small angle neutron scattering (SANS) studies. Carotenoids were
extracted, purified and isolated from naturally occurring plant materials, all except -
carotene, which was obtained as a standard material. The characterization of isolated
molecules was carried out by UV-vis, Fourier Transform Infra-Red (FTIR)
spectroscopy and high performance liquid chromatography (HPLC).

The characteristic strongly allowed So—S: electronic transition which comprised of
vibronic structures corresponding to the 0-2, 0-1 and 0-0 transitions was observed for all
carotenoids in the visible region. Moreover, the fluorescence data revealed a dominant
S2—So (1'Bu—1"Ag) emission at 550 nm for all carotenoids. Radical cations, dications
and oxidized intermediate species of carotenoids were generated in CH2Cla solutions
via chemical oxidation using anhydrous FeCls. The nature of intermediate species
generated during the chemical oxidation process and subsequent degradation were also
studied. The intense emission of the neutral carotenoid molecules when excited at 350
nm was blue shifted during the oxidation process. Oxidized B-carotene, lycopene and
norbixin exhibited intense fluorescence peaks at 492, 493 and 500 nm, respectively.
These peaks were assigned to intermediate peroxy/epoxy compounds of the three
molecules formed with molecular oxygen before the formation of oxidized short-chain

stable compounds.
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Photodegradation studies of carotenoids demonstrated that the rate of photodegradation
was greatly affected by the polarity of the solvent. Lycopene photodegradation in
acetone/water mixtures have shown that the photoinduced degradation rate of lycopene
is highest in acetone and lowest in a 5% water/acetone mixture. The degradation
mechanism changes from first order to second order kinetics as water is intoduced to the
system. The photochemical stability of carotenoids containing terminal carboxylic
groups, bixin and norbixin, chemisorbed onto the surface of TiO semiconductor was
also studied. The photodegradation of bixin and norbixin both showed similar but
higher rates, compared to the decomposition rates in the absence of the TiO2 surface.
This suggests that both bixin and norbixin have similar decaying pathways, and
possibly with a one surface binding site. The interaction between TiO, Nps and bixin as
well as norbixin was also studied by fluorescence spectroscopy. Fluorescence data
revealed that the presence of a single binding site for both carotenoids and their binding
constants (K,) are 2.63x10° mol'dm? and 1.57x10° mol”" dm? for bixin and norbixin
respectively at 293 K. SANS studies were performed to understand the conformation
and self-assembly behavior of bixin and norbixin in d-acetone. SANS patterns of bixin
and norbixin obtained at three concentrations in acetone demonstrated that the data at
all g values best fitted to a FuzzySphere model which explains the scattering from a
spherical particle with a fuzzy interface. A computational investigation with an ab-initio
RHF or UHF/ 3-21G level of theory for the geometrical optimization followed by an
ab-initio calculation of selected isomers of lycopene were shown that 5-cis isomer is
more stable than all the other isomer. The data obtained for RHF/6-31G geometrical
optimization followed by TD/B3lyp/6-31G excitation energy calculations provided

reliable predictions for the excitation energies of neutral carotenoids.
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