FLUORESCENCE CORRELATION SPECTROSCOPIC STUDY OF THE
PHOTOPHYSICAL BEHAVIOR OF QUANTUM DOTS AND DIFFUSION
BEHAVIOR OF SOME DYES IN COMPLEX ENVIRONMENTS

A Thesis
Submitted for the Degree of

DOCTOR OF PHILOSOPHY

by
Satyajit Patra

School of Chemistry
University of Hyderabad
Hyderabad 500 046
INDIA

November 2014



Dedicated

To

My Parents



“The true sign of intelligence is not knowledge but imagination.”
Albert Einstein

“To succeed in your mission, you must have single-minded devotion to your
goal.”
A. P. J. Abdul Kalam


http://www.brainyquote.com/quotes/quotes/a/alberteins148802.html
http://www.brainyquote.com/quotes/quotes/a/apjabdu384830.html
http://www.brainyquote.com/quotes/quotes/a/apjabdu384830.html

CONTENTS

ST AT EMENT ettt b ekt et bt et e bt e nbe e nbe e s anns i
(O N | (07 I TP PRPRTUPOPOTIN iii
ACKNOWIBAGEMENT ...ttt s e e s be s e e sr e be e besbeereentesneenee e v
LiSt OF PUDIICALIONS ...t vii
CONTEreNCE PreSENTATIONS ......c.viiiitiiiit ittt iX

Chapter 1. Introduction

1.1. Fluorescence Correlation Spectroscopy (FCS) TEChNIQUE .....cceeveieieeieii e sie e 1
11,1, FUNAAMENTAIS ..ot st nne 1
1.1.2.2. PrinCiples OF FCS ..ot 1

L1112, ThEOrY OF FCS ..ottt st s 3

1.1.1.3. Instrumental Set Up FOr FCS ......cvoiiiiiii e 8

1.1.1.3.1.  Autocorrelation based .........c.ccocevererniniiniiniine s 8

1.1.1.3.2.  Cross-correlation based............cccoevviiiiiieiiiiicieeece e 9

1.1.2. APPlIcations OF FCS.....ooiiii e e s 10
1.1.2.1. Measurement of concentration and aggregation .............cccevevevvereseennenne. 10

1.1.2.2. Study of diffusion behavior of fluorophores .............ccocovviniiiicicic 11

1.1.2.2.1. Effect of size and molecular interaction ...........c.ccecevervvivrivnncns 11

1.1.2.2.2. Probing of the microenvironment of the complex medium......12

1.1.2.3. Monitoring the fast flUCtUAtIONS...........ccccoeveiiiiiic e 13

1.2. QUANTUM DOLS (QDS) v.uveereeieiiierireeiteesteesteesteesee s be e e te e teesbe e sreeeseeesteesreesreesneesneesnseesreenens 14
1.2.1. FUNAAMENTAIS ....oveeiieieeee e 14
1.2.2.  Surface stabilization and SOIUDITILY .........ccooviiiiiinii 17
I TR O o (7S] T=1 | I I L SR 19
1.2.4.  Multiple eXCItOn gENEration .........cccccciiiieiiiieie et re e 21
1.2.5.  Fluorescence on and off BHNKING .....ccoooviiiiiiiiiiee e 22
0 T Y o] o] [ Tor: La o] SRS 25

1.3. Structure of protein molecules and their probing by fluorescence ..........ccccceevvviiveieenennnen. 25
1.3.1.  Structure of Protein MOIECUIES .........ccoriiiiiii e 25
1.3.2. Probing of protein structure using flUOIrESCENCE........ccvviveviiieic e 28

1.4. Room temperature i0NIC HQUITS.......ccuoiririnirieieees et 30
0 0 RN o 4 =3 oo [ Tox 1 To] o SR 30
O e (o] 01T o LRSS 32
1.4.3. APPIICALIONS ..ottt 36

1.5. Motivation Dehind the theSIS .........ccveiiiie e s 37
1.6, TRESIS TAYOUL ...ttt ettt st bbb ne b e 41

R T NGRS . ..ttt ettt ettt e e et e et e ee e e e e e e —tteeeeeeaaa——rreteeeeaaa i ——rreaeeeaaaaae 42



Chapter 2. Materials, Instrumentation and Methods

I |V - (=T T | USROS 51
2.2. Synthesis of molecules and QDS........cccveiiiiiieieseee e 52
2.2.1.  Synthesis OF ANBD.......ccccoeiiiiiiiie e 52
2.2.2.  SYNthesSis Of SMIMBI .......c.cccociii e 52
2.2.3. SYNLhESIS OF QDS ...uiiiiiiiiie e s ee e 53
2.2.3.1. CATE/HDA QDS ....ociiiveiiiiieiieieieeee sttt eens 53
2.2.3.2. CATE/MPA QDS.....cuiiiiiiiieiieieieesest st 53
2.2.3.3. QD-IL hybrid, CATE/SMIM .......ccciiiiiiieieieiereieeee e 53
2.2.3.4. CATe/ZNS core/shell QDS .......coccvviiiieirieiriecreece e 54
2.3. Purification of the conventional SOIVENTS.........cceveiriinininin e 54
2.4, PUFIFICAtION OF RTILS c.eouiiiicieie ettt sttt st nne s 55
2.5, SaMPIE PreParatiON ......cc.ciiiiieiieie ettt sttt s be e sr e re et sreere e benre s 55
2.5.1. Fluorescence spectral and temporal measurements..........cccoovevevererenereneenens 55
2.5.2.  Transmission electron microscopy (TEM) measurements ..........c.ccverervervennen 56
2.5.3. FCS MEASUIEIMENTS .....ciutiiiiiiiietieitie sttt ettt ettt be b e sreenrne s 56
T 1 TS 0 1= ) e LA o OSSR 56
2.6.1. Time-resolved fluorescence confocal MICrOSCOPE ......covevvvcvveiievecieie e, 56
2.6.2. Time-correlated single photon COUNtING........cccovveviiieeie e 58
2.7. Measurement of fluorescence quantum Yield ..........ccccocvvverinineneieiese e 59
2.8. DAt ANAIYSIS ..c.viivieiicie e e e e e re et e renre s 60
2.8.1.  FCS MEASUMEIMENTS .....eiuiiiiiiitieieesiee st stee sttt sbeesbeesieessbe st e beesbeesbeesbeens 60
2.8.2.  TCSPC MEASUIEIMENTS....ccuviitiiiieitiesiee ettt eieeste ettt e b e sibessbe b beesbeesbeeseeens 61
2.9. Determination of the observation volume in the FCS measurements ............cc.cccceeee. 61
2.10. Estimation of size and concentration of the CdTe QDs in solution .................... 62
2.11. Calculation of the amount of shell precursors required for the preparation of
COPE/SNEII QDS..... ittt e e e st e e sabe e e be e e bee e ebeeesaeeeeans 62
2.12. Standard error HMILS .. ...coveiii i re et reesree 63
RETEIBINCES ...ttt sttt s r et ae e 64

Chapter 3. Modulation of Photophysical Properties of Mercaptopropionic Acid Capped CdTe
Quantum Dots upon Exposure to Light

G TR0 111 0o 104 £ T o SRR 65
3.2. FCS study of CdTe/MPA QDs in aqueous SOIULION .........cccevirirenienieeeeeesesesee s 69
3.3. Steady state behavior of the QDs at different illumination times..........ccccccvvvvvvieveninnnens 74
3.4. Fluorescence lifetime study of CdTe/MPA at different irradiation times ..........cccccevvverenns 77
TR T o4 Tod 1115 o] o SO RSRSS 80

[ E T =] TSR SRSPRPR 81

Chapter 4. Effect of Capping Agent and Medium on Light-Induced Variation of the
Luminescence Properties of CdTe Quantum Dots

g I 1o 0o 0 od o o SRS 84
4.2. Steady State absorption and emission spectra and size of the QDS ........ccccccvevvirererienen. 86



4.3. Steady state fluorescence behavior as a function of light exposure time ...........ccccceevvenee. 88

4.4. Fluorescence lifetime as a function of the duration of light exposure ..........cc.cceeveiveennne 92
4.5, FCS StUAY OF the QDS ...ceeuiiieiiriiiiieerteise et b e 96
4.6, CONCIUSIONS .....oviiieiiireit st b et r bbb en e r e 100

RETEIEINCES ...t 101

Chapter 5. Effect of ZnS Shell on the Photostability and Photoactivation of the CdTe QDs

TR0 [ 11 0o 1 od £ T o PSSR PRSS 103
5.2. Structural characterization of the QDS ........cccceiiiiiieiiiiie e 105
5.3. Steady state fluorescence DENAVION .........c.coviiiiiiic s 107
5.4. Fluorescence lifetime STUAY ........ccovrirererieeirescs e 109
5.5. Effect of Illumination on the fluorescence of QDS ......cccccovcvvieiiiieeiieninree e 110
5.6. FCS StUAY OF the QDS.....cviiiiiie ettt sttt et sae e 113
5.7, CONCIUSIONS ...ttt ettt bbbttt st et bbb e st e enenbe e 118

=] £ [0TSR 119

Chapter 6. Diffusion of Organic Dyes in Bovine Serum Albumin Solution Studied by
Fluorescence Correlation Spectroscopy

ST O [ (g0 Lo [ w1 o o TR 121
6.2. DIffusion iN DUIK SOIVENT ....eeviiiiieii ettt sb e e s s areas 124
6.3, DITfUSION TN BSA oottt sttt e s s e e s s sab b e s s s st b e e e s sbbeesssbbaeessaarens 126
TR T8 I O3 12T 126
TR I =TG-V o = TR 128
6.4. Effect of NACIl ON AIffUSION ..veiiiiiviiii ittt bba e e s s areas 130
6.5. Effect Of Urea 0N difTUSION w..vviiiieiiic ettt e ebb e e e s areas 132
O ST Oa] 11 LT ES] o] 1T 135
R e (T RO TR 136

Chapter 7. Probing of Microheterogeneity of Some Imidazolium lonic Liquids

78 R 1 T [T ) o TS 139
7.2. Diffusion in acetonitrile (ACN)—ethanol (EtOH) MiXture .......cccoccvivviveiie v vee e 141
7.3. Diffusion and lifetime study of the probes in [omim][BF,] and [bmim][PFs] ................. 143
7.4. Diffusion and lifetime study of the probes in ionic liquids of varying chain length......... 148
7.5, CONCIUSIONS ...ttt ettt et et et teeneestesseesaesteenaeseeeseeneesneenee e 152

RETEIBICES ...ttt sttt et sbeere et be e besbe e e seesteenae s 153

Chapter 8. Concluding Remarks

8L OVEIVIBW ...ttt ettt r e e st r e en e r e n e e n e s e rennis 156
8.2 FULUIE SCOPE ...ttt bbb e bbb bt bbbt e bt bt e e b ebee b 158



STATEMENT

| hereby declare that the matter embodied in the thesis entitled “Fluorescence
Correlation Spectroscopic Study of the Photophysical behavior of Quantum Dots and
Diffusion Behavior of Some Dyes in Complex Environments” is the result of investigations
carried out by me in the School of Chemistry, University of Hyderabad, India under the

supervision of Prof. Anunay Samanta.

In keeping with the general practice of reporting scientific investigations, the
acknowledgements have been made wherever the work described is based on the findings of
other investigators. Any omission or error that might have crept in is regretted.

November 2014 Satyajit Patra



SCHOOL OF CHEMISTRY Phone: +91-40-2313 4813 (O)

+91-40-2313 0715 (R)
Fax: +91-40-2301 1594
Email: assc@uohyd.ernet.in
anunay.samanta@gmail.com

UNIVERSITY OF HYDERABAD

HYDERABAD-500 046, INDIA

Prof. Anunay Samanta

CERTIFICATE

Certified that the work embodied in the thesis entitled “Fluorescence Correlation
Spectroscopic Study of the Photophysical behavior of Quantum Dots and Diffusion
Behavior of Some Dyes in Complex Environments” has been carried out by Mr. Satyajit
Patra under my supervision and the same has not been submitted elsewhere for any degree.

Anunay Samanta Dean
(Thesis Supervisor) School of Chemistry

University of Hyderabad



Acknowledgement

It gives me immense pleasure and satisfaction to express my sincere gratitude to Prof. Anunay Samanta, my
research supervisor, for his constant cooperation, encouragement and Rind guidance. He has been quite helpful to me in
both academic and personal fronts.

I would like to thank, the former and present Dean(s) School of Chemistry, for their constant support,
inspiration and for the available facilities. I am extremely appreciative individually to all the faculty members of the
school for their help, cooperation and encouragement at various stages. I thank, Mr. Durga Prasad for Transmission
Electron Microscope (TEM) measurements at Centre for Nanotechnology, University of Hyderabad. I am also grateful to
all my former teachers for their help and encouragements.

Financial assistance from DST and CSIR, New Delhi is greatly acknowledged. Special thanks are due to
International Travel Support scheme of DST and University Purse Grant to VOH by DST for providing me the financial
assistance for attending International Symposium on Methods and Applications of Fluorescence (MAF 13), Genoa, Italy
during September, 2013.

I value my association with my former lab-mates: Ravi, Dinesh, Santhosh, Uday, Tanmay, Sanghamitra and
Praveen from whom I have learned many valuable aspects of research. I am extremely thankful to Ravi, Dinesh and
Santhosh for their help in learning instruments. I acknowledge my present colleagues Soumya, Ashok, Chandrasekhar,
Navendu, Shalini, Sudipta (Jamba) and Sneha for maintaining the friendly and cooperative atmosphere in the lab. I am
really [ucky to have them as my lab-mates. I would also [ike to thank, my project students Jerrin, Jyoti and Jamba who
helped me in my research projects and with whom I had spent a wonderful time. I am extremely thankful to AshoR, and
ChandraseRhar for the useful discussions. I offer my heartiest thanks to Dinesh da and Navendu _for their help not only
helping me in academically but also otherwise.

I thank all the non-teaching staff of the school of chemistry for their time-to-time cooperation. They had all been
quite helpful. I am thankful to all my colleagues in the school of chemistry for helping me with various things.

I would like to express my sincere thanks to all my big brothers; Utpal, Pradip, Ghana, Pati, Ghanta, Tapta,
Sandip, Arindam, Tanmay and Palash. A special thanks to Pati da for cooking such delicious food.

I am really lucky for my close association with “the bindaas gang” of HCU which includes Rishi da, Dinesh Da,
Santanu da, Paromita di, Raja, Anup da, Nayan da, Maity da, Mona, Raju, Tanmay da, Sugata, Rudra, Suman
(Ghosh), Koushik, Navendu, Jamba, Suman (dana), Subha. I will cherish each and every moments I have spent with
them throughout my life. I am also thankful to Hari, Gupta, Sudalay, Balaswamy, Suresh, Sanatan, Tridip, Brijesh,
Sanjeeb, Ramu, Srinivas, Arun, Tulika, Supratim, Pramithi, Arpita, Debparna, Olivia, Kallol, Dipta and many others.

I am also grateful for the valuable friendship of Sourin, Jayanta, Krishnendu, Somnath, Koushik, Deabanjan,
Subhashis, Jaytara, Deba, Apurba, Anup, Arup, Amit, Trilochan, Rajnish, Kaustav, Anish, Sandipan, Anubendu,
Kanak, Partha with whom I have spent a lot of memorable moments. I might not forget my childhood buddies. I



sincerely thank, Rebati, Santanu, Chinmoy (Piku), Soumen (Jolu) Atanu (Rintw) Animesh (Biltu) Mukta. I am
really lucky to have them in my life.

Without my parents’ and sister’s relentless support and love I would have not reached at this stage. I owe
everything to them. I would like to thank all my relatives for their close association with me. I am blessed with two very
special people in my [ife my sweetest niece, Ritu and nephew, Suraj, without them life would have been so color-less.

When she is reading this she might be thinking how come I have forgotten her. It’s very difficult to forget you
Mousumi (my fiancée). You are so special to me. The amount of patience and love you have Rept for me, I just can’t
believe.

Satyajit

Vi



List of Publications

“Fluorescence Quenching of CdS Quantum Dots by 4-Azetidinyl-7-Nitrobenz-2-Oxa-
1,3-Diazole: A Mechanistic Study.” K. Santhosh, S. Patra, S. Soumya, D. C. Khara and
A. Samanta, ChemPhysChem, 12 (2011), 2735-2741.

“Diffusion of Organic Dyes in Bovine Serum Albumin Solution Studied by Fluorescence

Correlation Spectroscopy.” S. Patra, K. Santhosh, A. Pabbathi and A. Samanta, RSC
Advances, 2 (2012), 6079-6086.

“Microheterogeneity of Some Imidazolium Ionic Liquids As Revealed by Fluorescence
Correlation Spectroscopy and Lifetime Studies.” S. Patra and A. Samanta, J. Phys.
Chem. B, 116 (2012), 12275-12283.

“Structural Transformation of Bovine Serum Albumin Induced by Dimethyl Sulfoxide
and Probed by Fluorescence Correlation Spectroscopy and Additional Methods.” A.
Pabbathi, S. Patra and A. Samanta, ChemPhysChem, 14 (2013), 2441-2449.

“A  Fluorescence Correlation Spectroscopy, Steady-State, and Time-Resolved
Fluorescence Study of Modulation of Photophysical Properties of Mercaptopropionic
Acid Capped CdTe Quantum Dots upon Exposure to Light.” S. Patra and A. Samanta, J.
Phys. Chem. C, 117 (2013), 23313-23321.

“Effect of Capping Agent and Medium on Light-Induced variation of the Luminescence
Properties of CdTe Quantum Dots: A Study Based on Fluorescence Correlation
Spectroscopy, Steady-State and Time-Resolved Fluorescence Techniques.” S. Patra and
A. Samanta, J. Phys. Chem. C, 118 (2014), 18187-18196.

“Effect of ZnS Shell on the Photostability and Photoactivation of the CdTe Quantum

Dots.” S. Patra, S. Seth and A. Samanta (manuscript under preparation).

Vii



Conference Presentations

Oral Presentations

1.

Poster

“An FCS, Steady State and Time Resolved Fluorescence Study of Modulation of
the Photophysical Properties of Mercaptopropionic Acid Capped CdTe Quantum
Dots Upon Irradiation with Light”, International Conference on Methods and
Applications of Fluorescence (MAF 13), Genoa, ltaly, September 8"-11",
2013.

“Effect of Light Irradiation on the Fluorescence Behavior of the Quantum Dots:
An FCS, Steady State and Time Resolved Fluorescence Study”, Chemfest-2012,
10™ Annual In-House Symposium of the School of Chemistry, University of
Hyderabad, February 21%-22", 2014.

Presentations

“Diffusion of Organic Dyes in Bovine Serum Albumin solution Studied by
Fluorescence Correlation Spectroscopy”, International Symposium on Recent
Trends in Spectroscopy and Dynamics of Chemical Systems, University of
Hyderabad, December 7"-8", 2011.

“Microheterogeneity of Some Imidazolium lonic Liquids As Revealed by
Fluorescence Correlation Spectroscopy and Lifetime Studies”, National
Fluorescence Workshop FCS-2012, SINP and 1ICB, Kolkata, December 3-7",
2012.

“A Fluorescence Correlation Spectroscopy, Steady-State, and Time-Resolved
Fluorescence Study of Modulation of Photophysical Properties of
Mercaptopropionic Acid Capped CdTe Quantum Dots upon Exposure to Light”,
Trombay Symposium on Radiation and Photochemistry (TSRP), Bhaba
Atomic Research Centre (BARC), Mumbai, January, 69" 2014, (Best Poster

Presentation Award)



CHAPTER 1

Introduction

This chapter gives an overview of the basic principles of fluorescence correlation
spectroscopy; a single molecule technique, based on temporal fluctuation of the fluorescence
intensity. Some applications of this technique in exploring various dynamic processes
responsible for fluorescence fluctuation are also presented. This chapter introduces the
qguantum dots (QDs), discusses their surface stabilization, solubility, optical properties,
multiple exciton generation, single particle photoblinking behavior, and applications in
various fields. Structures of the proteins and fluorescence-based techniques for probing its
microenvironment are presented. A brief discussion on room temperature ionic liquids
highlighting their key properties and applications in various fields is provided. Finally, the

motivation of this thesis and a brief outline of its chapterwise-contents are provided.

1.1. Fluorescence correlation spectroscopy (FCS) technique :
1.1.1. Fundamentals:
1.1.1.1. Principles of FCS:

Fluorescence correlation spectroscopy (FCS) is an advanced technique based on
fluctuations of the fluorescence intensity originating from some dynamic processes. *® In
order to obtain a fluorescence fluctuation, it is important to have a single molecule or very
few molecules in the detection volume. For a large number of molecules in the detection
volume one will always see almost the same average number of molecules and hence, no
effective fluorescence fluctuation. In order to achieve a single molecule in the detection
volume one needs a very small detection volume and a very dilute solution. The smallest
detection volume can be obtained at the focal spot of the excitation light and its size can be
approximated from Abbe’s law (Equation 1.1)

A
T 2NA

Where NA is the numerical aperture of the lens and is defined as NA = n sin6, n is the

(1.1)

refractive index of the sample solution and 0 is the half angle of the maximum cone of light
that can enter or exit the lens. The detection volume or the observation volume is ~ 1 fL. For
a nanomolar (nM) concentration of a solution the average number of molecules in this

observation volume is N = 6.023 x 10% x 10 x 10™ = 0.6 as the molecules will randomly
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diffuse in and out of the observation volume. Diffusion is a random process and for any
random discrete event, the number of fluorophores in a volume is described by Poisson
distribution (Equation 1.2)*’

P(n,N) = eV (1.2)
Here, P(n,N) is the probability of finding n molecules in the observation volume when the
average number of molecules present in the observation volume is N. According to Equation
1.2, for N = 0.6, there is 55% probability that the observation volume does not contain any
fluorophore, 33% probability that it contains one fluorophore and 10% probability that the

observation volume contains two fluorophores (Scheme 1.1).

[ P(0) = 0.55 P(1)=0.33 P(2) =0.10 \

- J

Scheme 1.1. Probability of occupancy in the observation volume (1 fL) for a 1 nM solution
of fluorophore obtained from Poisson distribution, N = 0.6.

This fluctuation of the number of molecules in the observation volume will result in
fluctuation of the fluorescence intensity. If the diffusion is slow then the molecules will move
slowly and as a result fluctuation of the number of molecules and fluorescence intensity will
be slow. Fluctuation of fluorescence intensity will be rapid in case of fast diffusion. In case of
FCS these fluctuations can be quantified in their strength and duration by temporally
autocorrelating the recorded fluorescence intensity fluctuations. This autocorrelation, a
mathematical procedure gave the technique its name. Autocorrelation analysis determines the
self-similarity of a time series of fluorescence signal and contains the dynamic information of

molecular processes responsible for fluorescence fluctuation.

FCS was introduced by Madge, Elson and Webb in 1972 to study the diffusion and
chemical dynamics of DNA-drug intercalation." However, the early FCS measurements

suffered from low signal to noise ratio due to large number of molecules in the detection
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volume, unstable laser source, low detection efficiency and insufficient background
suppression. By early 1990s a number of technical advancements such as confocal
microscopy (limits the detection volume to focal volume), stable lasers, highly efficient
single photon avalanche photodiodes, commercially available instruments made FCS a very
popular and practical technique.*** FCS is now widely used to study the translational
diffusion of the fluorescent probes in microheterogeneous media like gel, polymer matrix,
cell, biological membranes, lipid vesicles, protein solution, ionic liquids and ligand
macromolecule binding, intersystem crossing, conformational dynamics of macromolecules,

excited state reactions, to name a few.>"2-%

1.1.1.2. Theory of FCS:

In an FCS experiment, autocorrelation analysis on the fluctuation of fluorescence
intensity is performed to generate an autocorrelation function which contains information on
all dynamic processes leading to fluctuations in the fluorescence intensity. Scheme 1.2 shows
the diffusion of the fluorophore through the observation volume and fluorescence intensity
fluctuation. Autocorrelation function is defined as the product of the fluorescence intensity
fluctuation at time t, F(t) and the intensity fluctuation at time t+t, 6F(t+t) and averaged it
over a large number of measurements. The autocorrelation function normalized by the square

of average fluorescence intensity (<F(t)>) is given by the following Equation®*®

<6F (t)éF (t + z')>

(F(t)

G(r)= (L3)

G(1) gives the probability of finding a fluorescence photon at time t+t, provided that there is
already a photon detection event at time t. FCS measures the degree of self-similarity of a
fluorescence time series signal with itself at different time lags (tr). The decay of the

autocorrelation function gives the duration of the fluctuation.
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v

Time (t) ——— /

Scheme 1.2. Diffusion of a fluorophore through the observation volume and corresponding
fluorescence intensity fluctuation with time (blue curve). Red curve represents time-shifted
replica of the blue curve.

The emission of the single fluorophore in the focal spot is recorded photon by photon.
For a stable excitation source the fluorescence fluctuations, [8F(t) and dF(t+1)] are simply the

deviations from the temporal average of the fluorescence intensity(<F(t)>).
8F(t) = F(t) - <F(t)> and 8F(t+1) = F(t+1) - <F(t)> (1.4)
Here, (F(t) = 7 [, F(t)dt (1.5)

Fluorescence collected from the observation volume may be written as>*®
F(t)= [ 1,(r)- S(r)-0:Q.C(r,1)-aV (16)

Where, « is the overall detection efficiency of the FCS set up, lex(r) is the spatial distribution
of excitation light with maximum amplitude 1y, S(r) defines the optical transfer function of
the objective pinhole combination and determines the spatial collection efficiency of a
confocal FCS set up, o and Q are the absorption cross section and quantum yield of the
fluorophore respectively and C(r,t) is the concentration of the fluorophore in the detection

volume.

Equation 1.6 looks complex and it can be simplified by convoluting spatial distribution

of excitation light (le/lo) and spatial collection efficiency function (S(r)) into a single spatial
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distribution function W(r), which determines the spatial distribution of the emitted light and
is approximated by three-dimensional Gaussian as given in Equation (1.7) and defines the
observation volume (Scheme 1.3).%°

_2(x%+y?) 272

W) = If—o".S(r) =e 0 .e % .7

ro and z, are the lateral and axial radius at which the intensity decays tol/e?.

Detection Volume

Scheme 1.3. Ellipsoidal observation volume defined by objective and pinhole combination in
a confocal microscope set up.

K, 0, Q of Equation 1.6 can be multiplied with the excitation intensity amplitude (l) to give a
parameter, which determines the number of photons detected per molecule per second called
brightness: no = lp. k. . Q. Now for a stable excitation source the fluctuations of the

fluorescence intensity can be written as,
SF(t)= [W(r)-5(7.C(r,1))-dv (1.8)
Substituting the Equation (1.8) to Equation (1.3) yields:

W (eXs(r.C(r))s(r.C(r t+7)))dvav
G(T) =
qW (r)<77.C(r,t)>dV)2

It is possible now to separate the fluctuation terms

(1.9)
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8(M.C(r.t)) = Con + 1dC (1.10)

Assuming that the fluctuation of fluorescence occurs only due to change in concentration of
the molecule in the observation volume and the molecule’s fluorescence properties remain

constant in the observation volume, dn = 0 and Equation 1.9 can be rewritten as

[Jwlrw () (ro)c(r, 7)dvav
G(r) = '
(c)Jwirv)

(1.11)

In Equation (1.11) t is replaced by 0. Here delay time 1 is always relative to a data point of
some earlier time and hence 7 is relevant. Considering molecules are undergoing free 3-
dimensional diffusion in the solution with diffusion coefficient D, the concentration

autocorrelation term can be calculated as,**’

_(r—r')2
(x(r0)x(r, 7)) = <C>;3e 4pr (1.12)
(47zD 2')75
Inserting Equation (1.12) into Equation (1.11) and some complex mathematical calculations

yield autocorrelation function for 3-dimensional diffusion as*®

G(r)= (1.13)

(1.14)

s o5 2]

G(0) is the amplitude of the correlation at 7=0, <N> is the average number of fluorophore in

the observation volume and D(t) is the portion of the correlation function containing the
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diffusion coefficient (D). D can be obtained from the decay of the correlation function (tp) by

using the following Equation

2
rO

47,

D= (1.15)

where ry is the lateral radius of the observation volume (Scheme 1.3) and 1 is the diffusion

time of the fluorophore.

While derivation of autocorrelation function in the previous section it was assumed
that fluorescence fluctuation is only occurring due to diffusion which changes the particle
concentration in the observation volume. However, this is not the case always. Fluorophore
may undergo reversible fluorescence on and off transition during its stay in the observation
volume. The most common reason for such fluctuation is the transition of the dye molecule to
the first excited triplet state. As this transition is forbidden by quantum mechanics, the
fluorophore needs a comparably longer relaxation time to the ground state. During this time
the fluorophore will appear dark and interrupts otherwise continuous fluorescence of the
molecules during its stay in the observation volume. These fluctuations due to intersystem

crossing appear at much faster time scale than the diffusion. In that case total correlation
4-6,18

Gtotal(T)Z Gdiffusion(T)Gtriplet(T) (116)

function can be written as

Correlation function for triplet blinking can be expressed as

T T
Gtriplet(T)zl_’_ﬁexp(_ _] (117)

Ty

Where T is the average fraction of molecules in the triplet state and T, is the triplet state

relaxation time. So, the total correlation function is

1
-1 =
T 7|1 T T |2
G = 1+— —— | |=|1+— |1 :
total(r) [ +1—T exp( th]N( +TDJ ( +K_21_D) (1 18)

Equation 1.17 can be generalized to any fast Photophysical process that results in fast

reversible transition between bright (B) and dark state (D) of a fluorophore.
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B=———=D (1.19)

Now, the expression for T, and T can be obtained as®

1 K
T=_K
ko M Tk

(1.20)

Here 7, is dark state relaxation time and T is the fraction of the molecules in the dark state.
Scheme 1.4 represents a typical correlation curve containing contribution from both diffusion
and triplet blinking.

a2 N

Triplet

0.8+ T

0.6
G(v)

0.4 Diffusion
1/N

0.2+

0.0

0.0001 0.001  0.01 0.1 1 10
T (ms)

Scheme 1.4. A typical correlation curve showing both diffusion and triplet dynamics as
defined by Equation 1.18.

1.1.1.3. Instrumental setup for FCS measurements:

1.1.1.3.1. Autocorrelation-based setup:

As stated previously FCS requires a very small detection volume of ~1 fL. This is
achieved by a fluorescence confocal microscope set up. Confocal FCS set up for
autocorrelation is illustrated schematically in Scheme 1.5. The output of the laser source is

guided into a microscope objective lens through a dichroic mirror and then focused on the
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sample. Fluorescence is collected by the same objective and passed through the dichroic
mirror and emission filter and spatially filtered by focusing onto a pinhole to cut the out of
focus light. This limits the detection volume to only the focal point of the objective lens.
Finally the light is focused onto an avalanche photodiode with single photon sensitivity. A
dedicated correlation board is used to correlate the fluorescence fluctuations to generate the

autocorrelation function for a range of delay times 7.

Sample /==

=

Dichroic
mirror /

Emission filter ~giis-

Lens - ;
‘ Computer !

Pinhole (,

Signal

-~
- [ APD | Autocorrelator

Mirror \

Scheme 1.5. Schematic diagram of FCS set up for autocorrelation.
1.1.1.3.2. Cross-correlation based setup:

In case of autocorrelation, signal is compared with itself at different delay times t to
measure the self-similarity. This is a common practice in electronics for decade to correlate
two different signals and thus to measure the similarity between them (crosstalk). Modern
FCS set up consists of two detectors to cross-correlate the fluorescence signal from the two
detectors (Scheme 1.6). This removes the unwanted artifacts introduced by the detectors such
as afterpulsing of an avalanche photodiode or intensity fluctuation of the illumination source

and provides much higher detection specificity.®*’
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Scheme 1.6. Modern FCS set up which cross-correlate the fluorescence signal by using two
detectors.

1.1.2. Applications of FCS:
1.1.2.1. Measurement of concentration and aggregation:

In dilute solutions (nM) used in the FCS experiments, the nominal concentration may be
much greater than the actual concentration of the fluorophore solution present in the sample
chamber. This is due to the adsorption of the molecules on the cover slip surface (prominent
for most of the protein molecules due to their surface charges) which is largely unnoticed in
case of concentrated solution. To determine exact binding constant between a ligand and a
receptor it is important to have knowledge of the local concentrations. Since the amplitude of
the correlation function at T = 0 i.e. G(0) is equal to the inverse of the number of molecules N
in the observation volume (V¢), FCS is an ideal technique to determine the local
concentration of the fluorophore.** It is also possible to study molecular aggregation by

monitoring the change in the G(0) value.***°
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1.1.2.2. Study of diffusion behavior of fluorophores:
1.1.2.2.1. Effect of size and molecular interaction:

Determination of the diffusion coefficient of the molecule in a medium is one of the
most common applications of an FCS measurement. Equation (1.13) gives the expression of
the correlation function for 3-dimensional diffusion. Diffusion coefficient of a molecule

(assume spherical) in solution is related to its size by Stokes-Einstein equation,

D = &km—TR (1.21)
Where, k is the Boltzmann’s constant, T is the temperature, 1| is viscosity of the solvent and R
is the hydrodynamic radius of the molecule in solution. So, the size of the molecule in
solution can be measured by FCS. Any changes in R will affect the diffusion time and hence
the decay of the correlation function with time. Hence, it is in principle possible to monitor
any process such as binding interaction between two molecules, protein folding and
unfolding transitions, and chemical reactions, which leads to a change in the diffusion
coefficient of the fluorophore.”™* Let us consider a fluorescent ligand A binds to a large host
molecule, a protein B which is nonfluorescent to form a fluorescent complex AB. This can be

represented by Equation 1.22

k
A+B =~ AB (1.22)

diss

Where, ks and kgis are the association and dissociation rate constant respectively. At the
start of the reaction only A is present and as the reaction proceeds concentration of AB
increases until chemical equilibrium is reached. Now size of A and AB are drastically
different and so, their diffusion coefficients also will be different. So, two diffusing species
will be present during the course of the reaction. Let us consider Ds and Dy, are the diffusion
coefficients of A and AB, respectively. For a solution containing two diffusing species

Equation 1.13 can be modified as

6(r) = [L-a)D, (r)+ @D, )] (123
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Here a is fraction of A bound to B and form AB. D¢(t) and Dy(t) are the diffusion parts of the
correlation function with diffusion coefficients Ds and Dy. N is the total number of free and

bound fluorophores in the detection volume. o can be expressed as

K[AB]

Here K=K,s/Kgiss is the binding constant and can be determined from the plot of a vs [AB]. It
is important to note that the two components diffusion term will only appear in the
correlation function if the association and dissociation dynamics are longer than the diffusion
time of the molecule in the observation volume.?”*® If the association and dissociation
dynamics is much faster than the diffusion time then the correlation function can be
expressed with 1-component diffusion term with average diffusion coefficient containing
contribution from both free and bound fluorescent probe.?”***° This will be discussed in
details in chapter 6. However, to observe a significant change in the diffusion coefficient
mass ratio of the bound and free fluorophore must be at least 10 because of cube root
dependent of diffusion coefficient with molecular weight. So, a 2-fold increase in molecular
weight decreases the diffusion coefficient by 2"°=1.26 fold only.

1.1.2.2.2. Probing of the microenvironment of the complex medium:

Diffusion of the fluorophore is strongly depends on its surrounding environment and hence
it can sense the local environment of a microheterogeneous medium it experiences. Lipid
vesicles are simplified model system of cell membrane and so, their structure and dynamics
are of special interest in cell biology. FCS is ideally suited for this work.'®#+%2%% |t was
possible to identify the multiphase state of a giant unilamellar lipid vesicle by studying the
diffusion of the fluorescent probes in it using FCS.?® This technique has been successfully
employed to characterize the microscopic structural details of various complex medium e.g.
polymer matrices, gels, micelle, protein solution etc.*> Recently some groups have applied
FCS to highlight the structural heterogeneity of the room temperature ionic liquids.?®°*%
This will be discussed in details in chapter 7. One of the most important applications of FCS
is to understand the diffusion behavior of the biologically relevant molecule in intracellular
medium. It is necessary to distinguish between diffusion, active transport, anomalous

diffusion or even convection to understand the function of the biological processes in detail.**
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Comprehension of the underlying transport mechanism will help to understand the signal
transduction or metabolic regulatory pathways. However, selections of the dyes are very
crucial here. The selected dyes should neither interfere with the monitored mechanism nor
introduce their own dynamics. As for example highly lipophilic dyes like rhodamine and
cyanine tend to attach with intracellular membrane and deviates severely from free diffusion
in the cytosol.*

1.1.2.3. Monitoring the fast fluctuations:

Diffusion related fluorescence fluctuation appear at a longer time scale. A fluorophore
can also undergo fluorescence fluctuation during its stay in the observation volume. This
fluctuation appears at a much faster time scale than the diffusion and is expressed by the
correlation function given in Equation 1.17. From the analysis of the correlation function it is
possible to obtain the dynamics of the processes responsible for the fast fluorescence
fluctuation of a fluorophore.® The most common process for such fluorescence fluctuation is
the transition of the fluorophore from singlet to triplet sate, known as intersystem crossing
(ISC). This triplet state blinking will appear at a shorter time scale of an autocorrelation curve
defined by Equation 1.18 (Scheme 1.4). ISC depends on excitation intensity and presence of
oxygen or heavy atoms in the surrounding environment of the fluorophore.”
Photoisomerization of the fluorophores also leads to fluctuation if the brightness of both the
isomers is not same or one of the isomers is nonfluorescent. Trans-cis photoisomerization of
cyanine dyes were investigated using FCS technique.”**" Like ISC, photoisomerzation also
occurs in ps time scale. Family of the green fluorescent protein (GFP) used to exhibit pH
induced fluctuation of the fluorescence intensity. The chromophore of this class of proteins
upon protonation exhibits a shift in the absorption spectrum and thus becomes non excitable
at a given wavelength and appears dark. This protonation dynamics has been monitored using
FCS.*

One of the extensive uses of FCS is the study of conformational fluctuation of
biomolecules.?®**% In such kind of application the biomolecule of interest is labelled with
a fluorophore and this fluorophore gets quenched when it comes within the close proximity
of the quencher already present in the biomolecule. Conformational fluctuation will lead to

fluorescence fluctuation as this motion will sometimes bring the fluorophore close to



Introduction 14

guencher and sometimes away from quencher. Thus, by monitoring the fluorescence
fluctuation one can get the conformational dynamics of the biomolecule being studied. This
conformational dynamics can also be studied by using Foster resonance energy transfer
(FRET) by dual labelling of the biomolecule at suitable locations using proper donor-

acceptor pair.*>%

1.2. Quantum dots:
1.2.1. Fundamentals:

Quantum dots (QDs) are nanocrystalline semiconductor materials typically of size
~1-10 nm.*” QDs are receiving a great deal of attention in recent years because of their

interesting size dependent optical and electronic properties.®®"

QDs were discovered in a
glass matrix by Alexei Ekimov and in colloidal solutions by Louis E. Brus in 1980’s.”*” The
term “quantum dot” was coined by Mark Reed.” The size dependent optical and electronic
properties of the QDs arises due to three dimensional quantum confinement of the exciton
(bound electron-hole pair), produced during photoexcitation of QDs.®"®™ This quantum
confinement occurs in QDs when the size of the QDs becomes comparable to or smaller than
the exciton Bohr radius (most probable distance between electron and hole). Electronic states
of the QDs become discrete due to this quantum confinement effect. Scheme 1.7 shows the
density of states of the semiconductors with increasing dimensionality of the confinement.
QDs display discrete electronic transitions reminiscent of isolated atoms or molecules and

|67

also exhibit useful properties of the bulk crystal.”” Therefore QDs act as a linker between

small molecules and bulk crystals.
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/ (a) Bulk (b) Quantum well (1D) (c) Quantum wire (2D) (d) Quantum dotm
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DOs
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\ :

Scheme 1.7. Density of states (DOS) of (a) bulk semiconductor, (b) quantum well (confined
in 1D), (c) quantum wire (confined in 2D) and (d) quantum dots (confined in 3D).

Scheme 1.8 shows the electronic energy levels of a semiconductor in transition from
molecule to nanocrystal to bulk crystal. Bulk crystalline semiconductors impart a large
density of electronic states and as a consequence valence band (VB) and conduction band
(CB) become continuous with a fixed energy separation of E4 (bulk) between them. Whereas
the energy levels of nano crystalline materials are discrete in nature and the energy gap
between VB and CB varies with the size of nano particles. Treating the QD as a spherical
well with infinite potential barrier, the energy of the lowest exciton band which is a bound
pair of 1S electron in the conduction band (CB) and 1S hole in the valence band (VB), is
given by the following equation.®*%"

h?m? h?m? 1.8e?

E,(QD) = E,(Bulk —
9(QD) = Eg(Bu )+2R2m2+2R2m; 4me eR

(1.25)

where E is the bulk band gap energy of the QD, R is the radius of the QD, me and my, are the
effective mass of electron and hole. The second and third term represent the confinement
energies of the electron in the conduction band and the hole in the valence band, respectively.
The final term explains the Coulomb attraction between electron and hole. The intense
fluorescence of quantum dots is due to electron and hole recombination produced on
electronic excitation. QDs have several advantages over conventional organic fluorophores,

like high molar extinction coefficient, broad absorption spectra and narrow emission spectra
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(multiple QDs can be excited at a single wavelength and narrow emission profile will allow
easy spectral separation), long fluorescence lifetime, multiple exciton generation, high

photothermal stability etc.®”"®"

QDs are generally binary compounds formed by the
combination of groups 11-VI, 111-V and IV-V1 atoms.”® For example CdSe, CdTe belong to Il-

VI QDs, similarly InP, GaAs belong to I11-V QDs.”*®

— LUMO
CB
E4(QD) E,(QD) E4(QD) E,
HOMO VB
molecule quantum dots bulk semiconductor

increasing size

Scheme 1.8. Electronic energy levels of a molecule, quantum dots and bulk semiconductor.

There are many ways to confine an exciton in a semiconductor, which lead to many
different methods for QDs synthesis. In general, quantum wires, wells and dots are formed by
advanced epitaxial techniques using chemical methods or by ion implantation, or
in nanodevices made by state of the art lithographic techniques.®* A typical synthesis of
colloidal QDs involves precursors, organic surfactants, and solvents.® Heating the solution
at high temperature decomposes the precursors to form monomers. After then monomers
nucleate and produce nanocrystals. The temperature during the QDs synthesis is a very

critical factor, which determines the optimal condition for the growth of nanocrystals. It must
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be high enough to allow rearrangement and annealing of atoms during the synthesis and low
enough to promote crystal growth. QDs of a desired size can be synthesized at lower
temperature with longer reaction time and at higher temperature with shorter reaction time.
Out of the other synthesis methods colloidal synthesis is more suitable for better control of

size, shape and monodispersity of the QDs.*’
1.2.2. Surface stabilization and solubility:

The small size (hm) of the quantum dots also results in high surface to volume
ratio. The surface atoms can also impact the optical properties of QDs. Atoms on the surface
are not fully coordinated within the crystal lattice, thus disrupting the crystalline periodicity
and leaves behind one or more dangling orbitals on each atom on the surface. These

67858 |f these surface states are within

unpassivated/dangling orbitals form a band structure.
the band gap of the QDs, they can trap the charge carriers at the surface and act as fast
nonradiative de-excitation channels for photogenerated charge carriers. QDs with trap states
display two emission bands, a narrow band edge emission from CB to VB and a broad
emission at lower energy resulting due to recombination of electron from deep trap states and
hole in the VB (Scheme 1.9).°"% Hence these surface states decrease the fluorescence
guantum yield of the QDs and severely limit its application in various fields. The surface
atoms, unless passivated, act like defects. To obtain highly luminescent QDs these defects
need to be removed by passivating the surface dangling orbitals with surface
stabilizing/capping agents.®” The structures of some commonly used capping agents are given
in the Chart 1.1. These surface stabilizing ligands are organic molecules containing N, S, O
and P atoms, which can donate their electron pair to form metal-ligand dative bond which
helps decreasing the nonradiative processes by removing the intra band-gap states. As
chalcogenide ions (e.g. Se*) on the surface of the QDs binds poorly with most of the basic
ligands and hence, actually responsible for deep trap emission.®”® These anionic sites on the
surface of the QDs can be terminated by the addition of excess cations (e.g. Cd**) (Scheme
1.9).%” This will yield a cation rich surface that can bind strongly with basic ligands and

thereby reducing the deep trap emission (Scheme 1.9).
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Anion rich QDs (unpassivated)

Cation rich QDs (passivated)
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Scheme 1.9. Effect of surface trap states on QDs fluorescence.

The surface stabilizing agents are also responsible for QDs solubility. Long alkyl
chains of trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), and hexadecylamine
(HDA) help QDs to solubilize in nonpolar solvents such as hexane, toluene, chloroform etc.
(Chart 1.1). However, for biological applications QDs need to be soluble in water. For this
purpose the hydrophobic capping agents on QDs surface is replaced by bifunctional
molecules such as mercaptopropionic acid (MPA), aminoethanethiol (AET) hydrochloride
etc.¥#° Hydrophilic polymers and surfactants are also used to solubilize the QDs in polar
solvents.***? Nakashima and Kawai were the first successfully attempted to transfer the CdTe
QDs into RTILs by extracting an aqueous solution of cationic thiol derivative capped CdTe
QDs with 1-butyl-3-methylimidazolim bis(trifluorometahnesulfonyl) imide.** However,
applicability of this method is only limited to hydrophobic RTILs. Recently, Santhosh et al.
were able to solubilize CdTe QDs in various hydrophilic and hydrophobic RTILs by using
task specific thiol capped imidazolium ionic liquid, 1-(1-undecanethiol)-3-methyl

imidazolium bromide (SMIMBT), which acts as a capping agents for the QDs.* These QD-IL
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hybrids (SMIM-capped) show superior optical properties than the conventional QDs and are

potentially useful in many applications.

ﬁpping agents for QDs solubility in nonpolar solvents \

||6 lle

TOP TOPO HDA

Capping agents for QDs solubility in polar solvents &

o R é
Hs/\/u\on "
R
MPA AET \/\/ .
/\/\

Capping agents for QDs solubility in RTILs /H f 5 \\\\

HS/\t’lg/\N\\'*'%N\
R = alkyl or some functional group
SMIMBr

Chart 1.1. Structure of some capping agents used for surface stabilization of the QDs.

1.2.3. Core/shell quantum dots:

Although the organic surfactants serve good but it is very difficult to passivate both
the cationic and anionic surface sites by the above mentioned surface capping agents. Hence,
some surface trap states will always remain.®” Again these QDs are not much stable under
photooxidation which introduces further defects because of surface etching thereby
decreasing the fluorescence quantum yield of the QDs.®” An important strategy to improve
QDs surface passivation is their overgrowth with a shell of a second semiconductor, resulting
in core/shell QDs.”®* Inorganic epitaxial growth eliminates both cationic and anionic
defects and also creates new QDs with novel properties.”®*>% In this manner fluorescence
efficiency and stability against photooxidation for core/shell QDs has seen improvement
compared to core only QDs.*"®%°" Depending upon the band gaps and energy level
alignment of the QDs, core/shell QDs are classified into type I, type Il and reverse type |

systems (Scheme 1.10.). In type I, band gap of shell material is larger than the core and hence
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photogenerated electrons and holes are confined in the core. Therefore, surface defect states
and environmental factors have less influence on the emission of these QDs. First reported
type | system was CdSe/ZnS.* The ZnS shell significantly improves the stability and
fluorescence quantum yield of the core CdSe QDs. Shell growth is accompanied by a small
red shift of the excitonic peak in the absorption and fluorescence spectrum, which indicates
partial leakage of the exciton into the shell material.”®® In type-Il, either valence edge or
conduction edge of the shell material is within the band gap of the core and based on the band
alignment, either electrons or holes of the core interact with the shell material resulting in
spatial separation of electrons and holes.®””® Type Il systems (e.g. CdSe/ZnTe or CdTe/CdSe)
are developed particularly for near infrared emission.*® In reverse type | systems, a material
with narrower band gap is overgrown onto the core with wider band gap and depending upon
the shell thickness, the photogenerated electrons and holes will be confined into the shell
material. Significant red shift of the band gap can be achieved with increase in shell
thickness.®”"® The most extensively studied systems of this type are CdS/HgS, CdS/CdSe,
and ZnSe/CdSe.*1%2

Core/shell systems are commonly synthesized in a two-step procedure.’ In the first
step core QDs of desired size are synthesized, followed by purification to remove excess
starting materials and in the second step, shell material of few monolayers (typically 1-5) is
grown over the core ODs. SILAR (successive ion layer adsorption and reaction) method is
most extensively used for the growth of shell monolayers. In SILAR technique formation of
one monolayer at a time is achieved by alternating the injections of cationic and anionic
precursors of the shell material. In order to prevent self-nucleation of the shell material and
uncontrolled ripening of the core NCs, the temperature T, for the shell growth is generally
lower than temperature T; used for the preparation of core QDs.” Furthermore, the shell

precursors are added slowly.
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Type | Type Il

K Type Il Reverse Type I/

Scheme 1.10. Different types of core/shell QDs. VB and CB represents the valence band and
conduction band.

1.2.4. Multiple exciton generation:

Multiple exciton generation (MEG) or carrier multiplication in QDs is an
intriguing topic of research.'®'® MEG is the phenomenon where a single photon excitation
leads to the creation of multiple excitons (bound electron and hole pairs).**'* When a QD is
excited by a photon with energy at least double the band gap, the resulting electron and hole
may release their excess kinetic energy through the excitation of another electron and hole
pair and thus forming a biexciton (Scheme 1.11).*** This results in internal more than 100%
guantum efficiency as biexciton is created in the QDs with a single photon. MEG is most
efficient for smaller size QDs as the separation between energy levels increases and become
greater than the phonon energy.'™ Therefore, the excess kinetic energy of electrons and holes
can no longer be dissipated into lattice vibrations and is available for the creation of
additional electron hole pairs as long as the photon energy is at least twice the band gap
energy. MEG is potentially important for solar devices (photovoltaic and
photoelectrochemical cells) to improve the conversion efficiency of solar radiant energy to

electrical energy.’® However, in this case Auger process where energy released due to
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recombination of one electron hole pair is transferred to another electron or hole, which is
either ejected from the core of the QDs to surface trap states or excited to higher electronic
states, needs to be considered (Scheme 1.12). Auger processes are very fast (ps) and may
eliminate the excess electron and hole pairs.'® Hence, the extra electrons and holes must be
separated, transported, and collected to yield enhanced photocurrent before their decay
through Auger ionization/recombination.'® Ultrafast pump probe spectroscopy is used to

study the formation and recombination of multiple exciton states in QDs."%®*%

e e
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Scheme 1.11. Schematic of multiple exciton generation (MEG) in a QD. Here a single
photon is creating two electron and hole pairs.

1.2.5. Fluorescence on and off blinking:

Fluorescence blinking is the random and reversible switching between
fluorescent bright (on) and nonfluorescent dark state (off) of a fluorophore under continuous
excitation conditions. During the off periods the fluorophore does not emit photons even
though it is under continuous excitation. Fluorescence blinking is a single molecule property.
As QDs have discrete electronic states, which is reminiscent of isolated atoms or molecules, a
single QD also exhibits fluorescence blinking. Fluorescence blinking in QDs was first

108
6.

reported by Nirmal et al. in 199 The general consensus of fluorescence blinking in QDs

is that it results due to trapping of charge carriers (electrons or holes), which produces
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ionized core QDs (Scheme 1.12).2%*! These ionized QDs are nonfluorescent due to very
efficient Auger recombination which is several orders of magnitude greater than radiative

112 QDs return to normal fluorescence when the core reneutralizes.'** The

relaxation rate.
duration of on and off events reflects the timescales on which QD charges and reneutralizes.
Charge trapping from core QDs to surface trap states occur mostly via two ways. One is
direct trapping of the hot carriers produced due to high energy excitation above the band
gap.'® These hot carriers can directly access the high energy trap states before their
relaxation to band edge. Auger ionization is another mechanism via which trapping of charge
carriers occurs.®'® Auger ionization occurs in the presence of multiple excitons within the
QD.’® In this case energy released due to recombination of one electron hole pair is
transferred to another electron or hole, which is ejected from the core of the QDs to surface
trap states. However, it is experimentally observed for QDs that the time scales of on and off
events are not exponentially distributed as expected for single photoionization and
neutralization rate constant.’*® Instead the distribution of the blinking time scales is highly
nonexponential in nature and the time scale vary by several orders of magnitude.'®*** The
probability density of on and off time distribution follows a power law behavior. By using a
static distribution of trap states, a wide range of neutralization rates is obtained which is a
function of trap distance from QD core. This model successfully predicts power law behavior
for off time distributions. This model however could not able to predict power law behavior
for on time distribution. The fundamental reason is that even though electron is ejected to
different trap states with different rate constants, the overall decay of the on state still can be
described by a single rate constant which will be the sum of the individual ejection rate
constants to different trap states. Hence the distribution of on times should follow exponential
behavior. The failure of this model has motivated the scientists to consider other models that
consider the role of dynamic processes such as fluctuating tunneling barrier between on and
off state, energetic diffusion of the trap state or diffusion of the trap state and QD energy
levels 9114116 These models successfully predict power law behavior for both on and off
time distribution. However, the details of the underlying mechanism of QDs blinking is still

not completely understood and highly debated.'®
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Scheme 1.12. Schematic description of (a) trapping of charge carrier from core to surface
traps states and (b) Auger recombination process. In case of Auger recombination an electron
nonradiatively recombine with a hole, producing an excited hole.

Although fluorescence blinking of QDs is fundamentally important to understand
the mechanism and reaction rates of the charge transfer reaction from QDs to quencher
molecules, it severely limits QDs applications in many areas. For example fields which
require continuous excitation and emission, such as light emitting diodes, single particle
tracking in biological environment and single photon sources. Hence, efforts were made to
prepare a nonblinking QD. Since surface trap states are responsible for the blinking of QDs,
surface passivation plays the key role in the preparation of nonblinking QDs. Near complete
suppression of blinking is observed for CdSe QDs with the addition of antiblinking agent [3-
mercaptoethanol (BME), which binds to the surface of the QDs and passivates the trap
states."*” Another approach of preparing nonblinking QDs is to grow a thick shell (> 5nM) of

another semiconductor material with larger band gap on the QDs to fully isolate the core
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from the surface.®® Recently, Bawendi and coworkers and Peng and coworkers
independently reported nonblinking CdSe/CdS QDs with relatively thinner shell (~2

nm).llZ,lZO

1.2.6. Applications:

QDs offer a number of advantages over conventional organic fluorophore such as
high photothermal stability, high molar extinction coefficient, long fluorescence lifetime,
high fluorescence quantum yield etc.”® These excellent properties of QDs enable them to use
in various applications, for example in biological sensors, light emitting diodes, single
particle tracking in biological environments, bioimaging, photodetector devices.***** QDs
have broad absorption and narrow emission profile.®” Broad absorption allows excitation of
multiple QDs at single excitation wavelength and narrow emission provides easy spectral
separation. These properties make QD an efficient system for multicolor imaging of
biological samples.”” On the other hand low cost of production of these materials, size
dependent optical and electronic properties, and possibility of multiple exciton generation
(MEG) enable QDs to be used for the production of high performing and low cost QD based

photovoltaic devices."?***

1.3. Structure of protein molecules and their probing by fluorescence:
1.3.1. Structure of protein molecules:

The word protein is derived from the Greek word “protos” means “primary” or

13 As workhorses of the

“first rank of importance”."* Protein forms the very basis of life.
cell, proteins compose structural and motor elements in the cell, some proteins bind to and
carry important molecules throughout the body.”*>'*® Protein catalyzes virtually all
biochemical reactions of a living system, when it serves as an enzyme. Proteins are polymers
of amino acids.”**™* All amino acids possess common structural feature, consisting of an
alpha carbon atom linked to an amino group, a carboxyl group, a hydrogen atom, and a
variable component called a side chain (Chart 1.2a) except proline. Two amino acid
molecules can be covalently linked through a substituted amide linkage, termed as a peptide
bond, to form a dipeptide (Chart 1.2b). In case of protein many amino acids are linked by

such peptide bonds. So, a protein is a long polypeptide chain. An amino acid unit in a protein
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is called a residue (the part left over after losing a hydrogen atom from its amino group and

the hydroxyl moiety from its carboxyl group). There are four distinct aspects of a protein’s

structure.

(@)

(b)

(©)

134-136

Primary structure: Primary structure of protein is the linear sequence of amino acid
residues in a polypeptide chain (Figure 1.1). Each protein has a specific sequence of
amino acids defined by the sequence of agene, which is encoded in the genetic
code.”®** So, proteins differ from one another primarily by the sequence of amino
acids. This unique amino acid sequence gives protein its distinct structure and function.
Removing one amino acid or changing its position affects the protein’s structure and

functions.

Secondary structure: Secondary structure of protein is the highly regular and recurring
local structure in a polypeptide chain (Figure 1.1). The most common examples of
secondary structure are o helix, 3 sheet and turns. These secondary structures are defined
by the pattern of H-bonding between the peptide groups in a polypeptide backbone. o
helix is the right handed coil or spiral arrangement of the polypeptide backbone around
an imaginary axis. In case of B sheet polypeptide chains are arranged in a zigzag fashion
and form a structure resembling a series of pleats. Turns are the region of protein where
the polypeptide chain reverses its overall direction. In globular proteins, which have a
compact folded structure, nearly one-third of the amino acid residues are in turns or
loops. These are the elements which connect successive runs of a helix or B sheet.

turns are the most common, which connect the two segments of an antiparallel 3 sheet.

Tertiary structure: Tertiary structure defines the overall three dimensional shape of a
protein molecule (Figure 1.1). The secondary subunits (o helix and B sheets) of a
polypeptide chain are folded into a compact globular structure. The polypeptide chain is
folded in such a manner that the hydrophobic amino acids are buried in the interior of the
protein structure and hydrophilic amino acids are exposed on the surface to interact with
water molecules. Various interactions such as hydrophobic interaction, salt bridges,
hydrogen bonding, ionic interaction, tight packing of side chains, disulfide bonds offer

stability to the protein tertiary structure.


http://en.wikipedia.org/wiki/DNA_sequence
http://en.wikipedia.org/wiki/Gene
http://en.wikipedia.org/wiki/Genetic_code
http://en.wikipedia.org/wiki/Genetic_code
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(d) Quaternary structure: Many proteins are composed of two or more polypeptide chains,

called subunits. Quaternary structure is the combination of these subunits mainly by

noncovalent interaction and in some cases by disulfide bonds (Figure 1.1).

A somewhat higher level of structural unit of a protein is a domain.™* A structural domain of

a protein is a compact self-stabilizing region folded independently from the rest of the

polypeptide chain. A domain may consist of 40-400 amino acids for a large polypeptide

backbone. A protein can exist in many conformations theoretically due to the free rotation

around many single bonds in a polypeptide chain. Out of these conformations few are stable

under biological condition. A stable conformation of protein is largely stabilized by weak

interactions such as hydrophobic interaction, H-bonding and salt bridges etc.”****® It is the

weak interactions which predominate as a stabilizing force in protein structure.
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Chart 1.2. (a) General structure
combination of two amino acids.

of an amino acid and (b) formation of a dipeptide by the
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(c) Tertiary structure (d) quaternary structure Hemoglobin (globular protein)

Figure 1.1. (a) Primary, (b) secondary, (c) tertiary and (d) quaternary structure of protein
(source wikipedia). In this case the protein is hemoglobin, which contains heme units.

1.3.2. Probing of protein structure using fluorescence:

Fluorescence spectroscopy is one of the most popular and widely used techniques to
investigate the structure and function of protein molecules.* Among the biopolymers, protein
exhibits useful intrinsic fluorescence. Protein structure is probed by using both intrinsic and

extrinsic fluorescence.*

(a) Intrinsic fluorescence: Protein’s intrinsic fluorescence arises due to three amino acids,
namely phenylalanine, tyrosine and tryptophan (Chart 1.3). Out of these three, tyrosine
and tryptophan is used experimentally, as the fluorescence quantum vyield of
phenylalanine is very poor (0.03).* Tryptophan fluorescence is highly sensitive to its
local environment.* On the other hand tyrosine fluorescence is rather insensitive to its
local environment.” To selectively excite tryptophan, protein should be excited at 295 nm
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as tyrosine does not have absorption at that wavelength. Buried tryptophan residues in the
hydrophobic core displays a brighter 10-20 nm blue shifted emission spectrum compared
to tryptophan residues at the surface, which experience polar environment.* Protein’s
conformational change, subunit association, substrate binding, denaturation to unfolded
state changes the local environment of tryptophan residues and hence affect their
fluorescence. This change in the intrinsic fluorescence can be used to monitor the
structural changes occurring in the protein. Fluorescence anisotropies of both tryptophan
and tyrosine depend on the overall rotational diffusion of the protein molecule and the
extent of segmental motion during the excited state lifetime. Hence, intrinsic
fluorescence of protein can lead to valuable information regarding protein structure and
dynamics.

Extrinsic fluorescence: Intrinsic fluorescence is only limited to tyrosine and tryptophan
amino acid residues and is often interpretation of the data becomes complicated, when
many tryptophan residues are present in different environment of proteins. Moreover
short wavelength excitation source (280 or 295 nm) is not wise to study in cellular
environment as it will create excessive scattering and can damage cell organelles and
tissues. An alternative way to probe protein structure and dynamics is to use extrinsic
fluorophore by employing external fluorophore with longer excitation and emission
wavelength.”®" Some extrinsic fluorophores noncovalently label the protein due to their
stronger binding affinity in the structural domains of the protein. 1-anilinonaphthalene-6-
sulfonic acid (ANS) and 2-(p-toluidinyl) naphthalene-6-sulfonic acid (TNS) are the most
common examples of such kind (Chart 1.3).*"*"**® These kinds of fluorophores are
weakly fluorescent in aqueous solution but become strongly fluorescent when bound to
hydrophobic domains of a protein."* Alternatively the protein molecule of interest can be
labelled covalently using an external fluorophore.* Most common example of these
labelling fluorophores are dansyl chloride (DNS-CI), 4-chloro-7-nitrobenz-2-oxa-1,3-
diazole (NBD-CI), fluorescein isothiocyanate (FITC) (Chart 1.3).%¥°*°  Alteration of
protein structure affects the emission of these fluorophore. By monitoring the variation of

fluorescence it is possible to probe the protein structure and dynamics.*?*>%4!
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Chart 1.3. (a) Chemical formula of (a) three amino acids responsible for protein’s intrinsic
fluorescence and (b) the fluorophores used for extrinsic fluorescence.

1.4. Room temperature ionic liquids:
1.4.1. A brief introduction:

Over the past decade there has been an explosion of interest in room temperature
ionic liquids, which stimulates new investigations on these medium.****** lonic liquids are
low melting organic salts, entirely composed of ions. In academic literature the term “ionic
liquids” indicates those substances which have melting point at 100°C or lower.™ lonic
liquids (ILs) are different from “molten salt”, which represents salt melts at high temperature
(803°C for NaCl).™ Molten salts such as NaCl at or above their melting points are highly
corrosive and viscous with strong interaction between cations and anions. The low melting

point of ILs is due to weak interaction between cations and anions.
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Room temperature ionic liquids (RTILSs) represent the class of ILs, which are liquid
at ambient temperature (20-30°C). The lowest melting point reported for a RTIL till date is -
96°C."* However, RTILs are not new and many of them are known for many years. In 1888,
Gabriel and Weiner reported ethanolammonium nitrate (m.p. 52-55°C).**® The first true RTIL
ethylammonium nitrate (m.p. 12°C) was described in 1914 by Walden.™ First generation
RTILs were based on chloroaluminate anion, first reported in 1951 and studied in detail
from 1970s onwards.”*®*® These RTILs were highly hygroscopic in nature and highly
reactive towards water because of which inert environment was needed for their storage and
handling. Hence, these RTILs did not receive much interest. In 1992, research in RTILs
received a major boost with the discovery of air and moisture stable RTIL based on 1-ethyl-
3-methylimidazolim cation and tetrafluoroborate anion, abbv. [emim][BF.] by Wilkes et al.*®®
This stimulated the research community to seriously think of RTILs as potential reaction
medium and possible green alternatives to the traditional solvents, most of which are volatile
organic solvents and extremely hazardous to the environment.*#5316416% | the subsequent
years air and moisture stable RTILs based on anions such as BF,, PFg, SbFg, (CF3SO,),N’
(known as Tf,N), CHs;COO were developed, which belong to the second generation
RTILs.®* The commonly used cations of these RTILs are non-symmetrical (a)
imidazolium, (b) pyrrolidinium, (¢) pyridinium, (d) ammonium and (e) phosponium (Chart
1.4.). The major disadvantage of this second generation ILs is the toxicity and high cost

168

(related to starting materials namely fluorinated component).™ Also the presence of fluorine

makes the disposal of these RTILs difficult.® These disadvantages of second generation
RTILs led to exploration of alternative cheaper, non-fluorinated anions based RTILs.}®*™ In
the recent years RTILs based on natural amino acids have been prepared and used
extensively in biological applications.'”**” There is now a growing interest in task specific
RTILs, in which functional groups such as ester group, ether linkage, or chiral side chain are
introduced in the alkyl group of the cation and anion.***"*'" These RTILs are optimized for

specific applications.
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Chart 1.4. Structure of some cations and anions of the commonly used RTILs

1.4.2. Properties:

RTILs are very promising and attractive materials to research community due to
their various unique and novel properties such as high thermal and chemical stability,
negligible vapor pressure, non-flammable nature, wide liqudous range, moderate to high
polarity, ability to dissolve large variety of inorganic and organic substances, high
electrochemical window, and the advantage of recyclability.*****31%>817" The properties of
RTIL strongly depend on its constituent ions. Hence, a RTIL with desired properties could be
obtained by the proper selection of the two ionic components. This is why RTILs are also
termed as “designer’s solvent”.'”® A large domain of physical and chemical properties could
be available in RTILs by the iterative combination of the available cations and anions (10*

numbers of RTILs).}"®

Melting point: Melting points of most of the commonly used RTILs are far below than room
temperature (25°C). However, determination of exact melting point of RTILs is extremely
difficult as they undergo substantial supercooling and glass formation.'®® The temperature of
the phase transition can vary considerably depending on whether the sample is being heated
or cooled.”™ Since the melting point of a compound depends on its structure, efforts were

made to correlate the melting point of the RTILs with the nature of its ionic components.
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Weak interaction between the ionic components is generally responsible for low melting
point of RTILs. It has been observed for most of the RTILs that melting point decreases with
increase in size, asymmetry and branching in the alky chain of the cation.’® Although the
effect of cation on the melting point is straightforward, particularly for imidazolium RTILs,
the effect of anion is difficult to comprehend.™ The delocalization of the charge density and
inability of the anions to form hydrogen bonding with the hydrogen atoms of the cation is
generally invoked to explain the lower melting point.*® This is the main reason responsible
for lower melting point of Tf,N" based RTILs, whereas more spherical anions BF, and PFg
based RTILs, with good hydrogen bonding ability exhibit comparatively higher melting
point.

Viscosity and density: RTILs are highly viscous solvents like oil in comparison to
commonly used conventional organic solvents. Even the least viscous RTIL is around 30
times more viscous than water.'®? The viscosity of RTILs decreases with temperature and the

trend follows non Arrhenius type of behavior.'®®

Most of the cases temperature dependent
viscosity data can be fitted to Vogel-Tammann-Fulcher Equation.'®*® The presence of
halide impurities and moisture seriously affect the viscosity of RTILs.™*'* The viscosity
increases with increasing alkyl chain length for imidazolium ionic liquids with Tf,N" and
BF, anions.’® This is attributed to the increase in van der Waals interactions among cations
and anions.'® However, the effect of anion is higher on viscosity as compared to that of the
cation. RTILs with Tf,N™ anion exhibit lower viscosity compared to several other anions,
while PFg anion based RTILs shows higher viscosity.’***® High symmetry and good
hydrogen bonding ability of spherical PFs anion with the hydrogen of the cation offers
higher viscosity in RTILs than Tf,N™ anion.’® However, the size of the anion and charge
density also plays an important role in determining the viscosity of RTIL.*® The higher
viscosity of alcohol functionalized RTILs compared to their alkyl counterpart is solely due to
hydrogen bonding.*®"**® The microviscosity of RTILs is different from their bulk viscosity as
revealed by some photophysical experiments.’®® In this case the estimated microviscosity

depends on the fluorescence probe employed.*®

The density of RTILs is much higher than the most commonly used traditional

organic solvents. The molar mass of the anion significantly affects the density of RTIL. The

density of the RTILs decreases with increasing anionic volume,!’*181:190:191
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Polarity: Bulk polarity of any liquid is defined by the value of the static dielectric constant
(¢). It has been observed that the & value of some of the measured RTIL (¢ = 9-13 at
25°C)"921% js much lower than acetonitrile (¢ = 35.9 at 25°C)'* and similar to pyridine (¢ =
12.3 at 25°C)."* This indicates that the polarity of RTILs is much lower than acetonitrile.
However, these € values could not explain most of the experimental results in RTILs.*® Since
actual polarity is determined by the microscopic interactions (hydrogen bonding, couloumbic,
electron pair donor acceptor interactions etc.) between solute and solvent molecules. The
microscopic polarity is determined by E; (30) or E{" values.”®***" Several solvatochromic
probes (Chart 1.5) have been used to determine the microscopic polarity parameter (Et (30)
or E;") of a solvent using steady state absorption and emission techniques.*****"** E; (30) or
E+" values for most of the commonly used RTILs have been determined.”** These values

indicate that RTILs are more polar than acetonitrile but less polar than methanol.*’

Actually
RTILs are as polar as short chain alcohols e.g. butanol.*®®'*°* However, the purity of the
RTILs severely affects the polarity.’*"*®® This is the reason why the polarity of the same

RTIL reported by different groups differ substantially as the purity of the RTIL is not same.

NH, 0
/ O \\N .
N-H ~ \©:
P
H2N Y N
NO,

XNt
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CF

. |

N
90h
\Betaine Dye Coumarin 153 (C153) PRODAN /

Chart 1.5. Chemical formula of some commonly used solvatochromic probe molecules used
for the determination of polarity of RTILs.

AW,

Conductivity: RTILs are expected to have large conductivities as they are composed entirely
of ions. However, the conductivity values of the RTILs are not so large and similar to organic
solvent with added inorganic electrolytes.”*?% For RTILs the conductivity decreases with

decrease in planarity of the cationic component. This is why conductivity of 1-alkyl-3-
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methylimidazolium is greater than N, N-dialkylpyrrolydinium and tetraalkylammonium.**
For RTILs which have same cationic component but different anions, the conductivity values
have been found to be similar.’®® Heat conductivities of RTILs are very high and hence they

permit very rapid dispersal of heat of reaction.'®

Thermal stability and volatility: RTILs exhibit higher thermal stability with decomposition
temperature at or around 400°C. However, appreciable thermal degradation is observed upon
prolonged heating of RTIL at comparatively lower temperatures, for example 200°C. With
increasing hydrophilicity of the anionic components, decomposition temperature of the RTIL
increases.”®® Thermal stability of the RTILs increases as halide < BF, ~ Tf,N” < PFg.1%%2%
However, the cationic component of the RTIL does not have any significant contribution to

the thermal stability of RTIL.%

RTILs have extremely low vapor pressure and are nonvolatile in nature. Hence, it was
believed that RTILs can not be distilled. However, reports of Earle and coworkers show that
some of the RTILs have significant vapor pressure and thus can be distilled under reduced
pressure without any decomposition.?®* Existence of intact ion pair in the vapor state has been

identified by mass spectroscopic method.?®

Structural features and heterogeneity: Structural features of RTILs are very important in
order to understand any process or chemical reaction in RTILs. Structural aspect of RTILs is
widely investigated both in liquid and solid states using various experimental and theoretical
studies.®®** Crystal structure of some of the RTILs has been determined by in situ
crystallization at low temperature. Crystallographic data reveal extensive cation-anion
hydrogen bonding network for imidazolium salt."®**® Such interaction is not clear yet for
liquid salts. Some IR and NMR studies on a number of RTILs reveal the existence of H-

bonding in liquid state too.*"2®

Many experimental and theoretical studies in the past decade have revealed that
RTILs are more structured in comparison to conventional organic solvents. This structural
heterogeneity of RTILs is responsible for the peculiar properties of RTILs such as the ability
to dissolve both polar and apolar compounds, complex solvation dynamics, anomalous
viscosity trend observed upon increasing alkyl chain length etc.?® This structural

heterogeneity of the RTILs, which occurs over a spatial scale of few nm, arises due to
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segregation of alkyl tails into the mesoscopic domains.?%®?%%2122 gome scatter experiments

earlier indicate this structural heterogeneity,?*#?15224-226

Notable among them is the
observation of the excitation wavelength dependent fluorescence behavior of dipolar system
and reaction rate faster than diffusion.?>***?*?2" Although these experiments did not provide
structural details of RTILs but clearly indicates RTILs do not belong to the category of
homogeneous medium. The local ordering in RTILs is also proposed by Hamaguchi and co-

228 This indirect evidence of

workers based on their Raman spectroscopic data of few RTILs.
local ordering in RTILs is also supported by a series of molecular dynamics simulations
studies from independent groups.?*??# These studies for the first time revealed nanoscale
structural organization in RTILs as a consequence of the segregation of the alkyl chains. In
2007 small wide angle X-ray scattering (SWAXS) provided the first experimental evidence
of this nanoscale structural heterogeneity of RTILs.”** However, recently neutron scattering
and computational studies question some of the conclusions of SWAXS study.?**#** Hence, it
appears that the structural detail of the RTILs is still not understood completely. Further
experiments and simulations are required to explore the mesoscopic structural heterogeneity

of RTILs.

Other properties: RTILs are classified as hydrophobic and hydrophilic depending on their
miscibility with water. The anionic component plays a key role in determining solubility of
the RTIL. For example PFs and Tf,N™ anion based RTILs are hydrophobic but BF,, alkyl

180

sulfate based RTILs are hydrophilic.™ Alternatively hydrophobicity can be introduced in a
RTIL by increasing alkyl chain length of the cation.*®*** Addition of polar functional group
such as OH, NH, in the alkyl chain increases the hydrophilicity of the RTILs and hence, its
water miscibility. The refractive indices of the most commonly used RTILs are comparable

to organic solvents.
1.4.3. Applications:

Some excellent properties of RTILs such as high thermal stability, non-volatile
nature and ability to dissolve both polar and apolar molecules caught the attention of research
community. This led to serious thoughts of using RTILs as a potential green replacement to
conventional volatile organic compounds, which are used as solvents in organic synthesis.

Since then RTILs are used extensively in organic synthesis, catalysis, mass spectrometry and
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separation processes,*¢148:165166.176.177.235 Hiigh  proton conductivity, low reactivity, wide
electrochemical window enabled RTILs to be used in electrochemical applications such as
Li-ion batteries, fuel cells, double layer capacitors and actuators.?®#**%° |n material
chemistry, RTILs are used as a potential candidate for the synthesis of different types of
nanoparticles.?**** It has been found that transition metal nanoparticle synthesized in RTILs

possess high stability and catalytic activity.**

Synthesis of biocompatible RTILs have
enabled them to be used as a solvent in biocatalysis, protein folding and unfolding studies
and enzyme based reactions.'’**** Several RTILs have been used for the production of
biodiesel (fatty acid methyl esters), which is a renewable and environment friendly fuel.**
RTILs can also be used as a stationary phase in gas chromatography.®*® The cation and anion
of the RTILs can be functionalized to form a task specific RTILs for particular
applications.*™*" Recently imidazolium cation of the RTIL was functionalized with thiol
group to cap semiconductor nanocrystalline materials (quantum dots) to form real quantum

dot-ionic liquid hybrids.®*
1.5. Motivation behind the thesis:

The work presented in this thesis has been carried out with two objectives; (i) to
comprehend the photophysical behavior of the QDs that plays a key role in determining their
applications in a wide variety of areas, and (ii) to obtain insight into the microenvironment of
the complex media such as protein solution and ionic liquids by monitoring the diffusion of
the fluorescent probes of different hydrophobicity in these media. The QDs and dye
molecules chosen for this study are listed in Chart 1.6.

Due to the superior optical properties of the QDs than the conventional organic
fluorophores, QDs appear at the first glance as ideal fluorophores for FCS applications.
Despite this fact only a handful of FCS studies were reported on QDs photophysics.? %>
Widely distributed time scale of blinking of QDs has limited their use in FCS
experiments.""“**° Hence, a proper mathematical model is required to understand the blinking
dynamics of QDs. The amplitude of the correlation at time 0 [G(0)] in a FCS measurement is
inversely proportional to the number of emitters present in the observation volume. Hence, a
plot of the G(0) value vs excitation power can provide insights into the light induced changes

in the QDs. It is observed that the G(0) value decreases with increasing excitation power and
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this decrease is much larger for QDs compared to the organic fluorophore.”® However, this
light induced change in the QDs is not fully understood and it requires focused study
considering that it plays a key role in determining the potential of these materials in various

applications.

Light induced variation of the fluorescence properties (both increase and decrease of
fluorescence intensity) is observed for QDs. Of the two, light induced enhancement of the
QDs, termed as photoactivation, is more interesting. It is commonly believed that passivation
of the surface trap states by light is responsible for photoactivation. However, the mechanism
of surface passivation is not clear yet and a wide variety of mechanisms are reported.?*>?%2 As
understanding of the mechanism of surface passivation is crucial to the utility of the QDs in
diverse fields, we have chosen three CdTe QDs with different capping agents (Chart 1.6) and
dispersed them in three different solvent media to conclusively establish the exact nature of
surface passivation under illumination with light. We have also studied the effect of ZnS
shell on the photoactivation of the CdTe QDs to further investigate the mechanism of surface

passivation.
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Chart 1.6. Chemical formula and abbreviations used for the QDs and probe molecules in the
present study

Serum albumin is the most abundant protein in blood plasma of mammals. Serum
albumin serves as depot proteins and transport proteins for a variety of compounds, like fatty
acids, amino acids, bile salts, metals, hormones, drugs and pharmaceuticals.”*** So, the
mobility of the molecules in the aqueous solution of serum albumin is of fundamental
importance in drug delivery and for the design of drug molecules. We choose bovine serum
albumin (BSA) protein to study the diffusion behavior of the small organic fluorophore as it
is a widely studied protein and its structure and binding domains are well characterized.?>?%’
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Since BSA has both hydrophilic and hydrophobic domains, the diffusion of the probe in BSA
solution may vary depending on the binding site of the probes, as the nature and strength of
interactions between the protein molecule and the probe will be different in hydrophilic and
hydrophobic binding domains. To take into account this factor we select both electrically
neutral (C102) and electrically charged (R6G, FL) dye molecule (Chart 1.6) to study the
translational diffusion of the probes in BSA.
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Chart 1.7. Chemical formula and abbreviations of the RTILs used in this work

As RTILs are emerging as a new class of solvents for various fundamental studies
and applications, understanding its microscopic and structural dynamics is very important
and remains as an intriguing topic of research. RTILs are more structured solvents than the
common organic solvents in chemistry laboratory. This structural heterogeneity of RTILs
occurs over a spatial scale of few nm.?*?? The dimension of a dye molecule is ~1 nM and
the diffusion of the molecules is highly sensitive to its surrounding environment. So,
diffusion of the organic fluorophores can sense the local environment of RTILs. So, we
studied the diffusion of three carefully chosen organic fluorophores R123 (cationic), 4ANBD
(neutral) and DCM (neutral) (Chart 1.6) to probe the structural heterogeneity of the five
carefully selected RTILs (Chart 1.7). Fluorescence lifetime studies of these probe molecules

also have been carried out to support the FCS data.
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1.6. Thesis layout:

The thesis has been divided into eight chapters. Chapter 1 starts with an overview of
FCS technique and its various applications. The chapter introduces the QDs and discusses
their various properties and applications. This is followed by a brief description of structures
of the proteins and probing of their microenvironment by using fluorescence technique. The
RTILs highlighting their key properties and applications are also discussed. Finally
motivation of the thesis concludes this chapter. Chapter 2 provides details of the materials,
experimental procedure, instrumentation and various methodologies involved in the present
study. Chapter 3 presents modulation of photophysical properties of mercaptopropionic acid
capped CdTe QDs upon exposure to light. Chapter 4 deals with effect of capping agent and
medium on light-induced variation of the luminescence properties of CdTe QDs. Chapter 5
explains effect of ZnS shell on the photostability and photoactivation of the CdTe QDs.
Chapter 6 presents diffusion of organic dyes in BSA solution. Chapter 7 discusses
microheterogeneity of some imidazolium ionic liquids probed by fluorescence correlation
spectroscopy and lifetime studies. Chapter 8 summarizes the findings of the present
investigations. The scope of the further studies based on the present work has also been

outlined.
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CHAPTER 2

Materials, Instrumentation and Methods

This chapter provides details of the procurement sources, synthesis and purification of the
different materials used in this study. The methods of sample preparation for spectral
measurements and microscopic experiments have been described. The instrumentation
details, especially the time-resolved confocal fluorescence microscope and time-correlated
single photon counting based on picosecond set up have been discussed in detail. The
methods of data analysis in FCS and fluorescence lifetime experiments have also been
discussed. Various methodologies employed in the present study such as measurement of
fluorescence quantum yield of the QDs, determination of the observation volume in an FCS
measurement and calculation of the size and concentration of the QDs in solution have also

been described.

2.1. Materials:

Laser grade coumarin 102 (C102) dye was purchased from Exciton Inc. and used
without further purification. Coumarin 153 (C153) was procured from Eastman Kodak and
used as received. Rhodamine 6G (R6G) and disodium hydrogen orthophosphate (Na,HPQO,)
(anhydrous) were obtained from Loba Chemie. Fluorescein (FL) and bovine serum albumin
(BSA) (> 96%, fatty acid-free) were purchased from Sigma Aldrich and used as received.
Sodium dihydrogen orthophosphate (NaH,PO,) and urea were purchased from the local
suppliers. Sodium chloride (NaCl) and Potassium hydroxide (KOH) were purchased from
Merck. Laser grade dye, 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-
pyran (DCM), was purchased from Exciton Inc. and used as received. Rhodamine 123
(R123) was purchased from Aldrich and used as received. Azetidine and 4-chloro-7-
nitrobenz-2-oxa-1,3-diazole (NBD-CI) for the synthesis of 4-azetidinyl-7-nitrobenz-2-oxa-
1,3-diazole (4NBD) were purchased from Sigma-Aldrich. [bmim][PFs], [bmim][BF,],
[emim][Tf,N], [bmim][Tf,N], and [hmim][Tf,N] were of “Advanced Materials Research”
grade from Kanto Chemicals (Japan). These ionic liquids were rigorously dried under high
vacuum for 48 h prior to use. Solvents such as ethanol (EtOH), acetonitrile (ACN), methanol
(CH30H) and chloroform (CHCI3) were purchased from Merck and distilled and dried prior
to use following standard procedures. Cadmium acetate dihydrate [(CH;COO),Cd-2H,0] and

tellurium (Te) powder for the synthesis of QDs were obtained from local suppliers.
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Hexadecylamine (HDA), trioctylphosphine (TOP), 3-mercaptopropionic acid (MPA),
octadecene (ODE), 1-Methylimidazole and 11-bromo-1-undecanethiol used for synthesis of
task-specific ionic liquid 1-(1-undecanethiol)-3-methyl imidazolium bromide (SMIMBT)
were also obtained from Sigma-Aldrich. Unless stated otherwise, all the experiments were
carried out at 25°C. Milli-Q water was used in the present study. The purity of the
compounds was checked by single spot in thin layer chromatography (TLC) and also by the
nuclear magnetic resonance (NMR), UV-vis absorption and emission spectral data.

Various drying agents such as calcium chloride (CaCl,) calcium hydride (CaH,),
phosphorous pentoxide (P,Os), iodine (I), and magnesium (Mg) turnings used at different
stages of solvent purification, hydrochloric acid (HCI) for cleaning Mg turnings and

molecular sieves for storage of dried solvents were purchased from local companies.

2.2. Synthesis of molecules and quantum dots:
2.2.1. Synthesis of 4NBD:

NBD was synthesized following a standard procedure," in which 1 mmol of 4-chloro-7-
nitrobenz-2-oxa-1,3-diazole (NBD-CI) was dissolved in 3 mL of ethyl acetate. 1.2 mmol of
azetidine was diluted in 2 mL of ethyl acetate and added dropwise to NBD-CI solution at 0°C
with stirring. After stirring for 30 min at this temperature, the reaction mixture was further
stirred for another 2 hrs at room temperature. The product, a red precipitate, was filtered out
and purified by column chromatography using a silica gel column. Hexane and ethylacetate
were used as eluent for the purification of the compound. The purified compound was

recrystallized from absolute ethanol.
2.2.2. Synthesis of SMIMBrr:

Task-specific thiol functionalized imidazolium ionic liquid (IL), SMIMBr for the
preparation of QD-IL hybrids was synthesized following a reported procedure.? 1-
methylimidazole, which was distilled from KOH under reduced pressure prior to use, and 11-
bromo-1-undecanethiol were taken in 1:1.5 mol ratio. The latter was slowly added to 1-
methylimidazole under cooling conditions, and then the reaction was carried out at room

temperature (298 K) for 24 hrs under N, atmosphere. Light yellow colored salt, SMIMBT,



Materials, Instrumentation and Methods 53

obtained after the reaction was washed several times with ethylacetate to remove the

unreacted starting materials and then dried under high vacuum for several hours.
2.2.3. Synthesis of QDs:
2.2.3.1. CdTe/HDA QDs:

CdTe/HDA QDs were prepared following a reported procedure.>® Briefly, 5 g of HDA
and 3 mL of TOP were taken in a two-necked, round-bottom (RB) flask and heated at 80°C
for 15 min to bring the mixture to a liquid state. In the meantime, a separate solution was
prepared in a reagent bottle containing 0.41 g of (CH3;COQ),Cd-2H,0 and 0.16 g of Te
powder in 4 mL of TOP. The mixture was sonicated for 1 h to obtain an almost clear
solution. This solution was then quickly injected into a RB flask containing HDA and TOP.
The reaction was carried out at 180°C for several minutes so that the desired size of the CdTe
core is reached. Because the luminescence of the QD depends on its size, the growth of the
particle was monitored by its fluorescence at regular intervals of the reaction time. After
completion of the reaction, excess starting materials were removed by washing the QDs with
methanol followed by repeated precipitation and centrifugation. Then the QDs were

dissolved in nonpolar solvents like CHClIs.
2.2.3.2. CdTe/MPA QDs:

Water soluble CdTe/MPA QDs were prepared from CdTe/HDA by ligand exchange
method as reported in the previously published literature.> 0.5 M methanolic solution of
MPA-KOH (20 mol % excess KOH) was added dropwise to a stirring solution of CdTe/HDA
QDs in CHCI; until the QDs flocculate out of the solution. The solution was then centrifuged
to separate the precipitate, which was easily soluble in water as the exchange of HDA with
MPA made the outer layer of the QDs polar. This transfer of the QDs from CHCI; to water
was carried out under nitrogen environment. Stronger binding capability of the thiol with the

surface Cd atoms helped the replacement of HDA by MPA.
2.2.3.3. QD-IL hybrid, CdTe/SMIM:

QD-ionic liquid hybrid CdTe/SMIM was synthesized according to the procedure
reported by Santhosh et al.” A dilute solution (0.05 M in CHCI5) of SMIMBr was added drop
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wise to the CHCI; solution of CdTe/HDA until the QD was flocculated out of the solution.

This solution was then centrifuged and dissolved in [bmim][PFs].
2.2.3.4. CdTe/ZnS core/shell QDs:

Synthesis of core/shell QDs involve two steps.* Firstly, the core QDs were synthesized
according to the procedure described earlier. Finally, the shell of few monolayers (typically
1-5) was grown over the core QDs through successive ion layer adsorption and reaction
(SILAR) method.® In order to prevent self-nucleation of the shell material and uncontrolled
Ostwald ripening of the core QDs, it is necessary to maintain a lower temperature for the
shell growth compared to that used for the core QD synthesis. In the present study, ZnS shell
is grown over CdTe QDs according to the following procedure. 8 mL 7.2 uM CHCl; solution
of CdTe/HDA core QDs, 3 gm of HDA and 10 mL of ODE were taken in two-necked RB
flask and kept in vacuum for 2 hours to remove chloroform and then heated to 80°C for 1 hr
to remove residual air. Then the mixture was kept at 160°C to add the shell precursors. Zinc
oleate precursor was prepared by mixing zinc oxide in required amount of oleic acid and 5
mL octadecene in a RB flask and heated at 240°C in N, atmosphere until the solution became
clear and then the solution was allowed to cool at 80°C.° Sulphur precursor was prepared by
sonicating sulphur powder in 3 mL TOP and 5 mL octadecene for 1 hr. These precursors
were injected following SILAR technique® i.e. alternate addition of the shell precursors to the
vigorously stirring mixture of the core CdTe QDs in the RB flask at 160°C over a period of 5-
10 minutes to form CdTe/ZnS core/shell QD. After the addition was complete, the mixture
was monitored by eluting a fraction of the mixture at a certain time interval and comparing its
luminescence. Herein, we synthesized 1-monolayer (ML) and 2 ML CdTe/ZnS QDs. On
completion of the reaction, excess starting materials were removed by washing the core/shell
QD with methanol and then the core/shell QD was dissolved in non-polar solvents like
CHCI5, Water soluble CdTe/ZnS/MPA QDs were prepared from CdTe/ZnS/HDA by ligand

exchange method described earlier.
2.3. Purification of the conventional solvents:

Conventional solvents used at different stages of the experiments were purified by using

standard procedures available in the literature.” After drying, molecular sieves were added to
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protect the solvents from moisture.

Methanol and ethanol: Initially the solvents were dried over CaH, overnight. Further
dehydration of the solvents was carried out using Mg-alkoxide. This was prepared by mixing
5 gm of clean dry Mg turnings and 0.5 gm of iodine in the RB flask, followed by 50-75 mL
of alcohol and warming the mixture until all the Mg is converted into Mg-alkoxide. After
then about 900 mL of alcohol was added slowly to this and refluxed for an hour and then

distilled under moisture free atmospheric conditions.

Acetonitrile: Initially the solvent was refluxed for 3-4 hrs with anhydrous P,Os and then

distilled under dry conditions.

Chloroform: The solvent was stirred overnight with CaCl, and then distilled under moisture
free conditions.

Ethyl acetate: After stirring with P,Os for 3-4 hrs, the solvent was distilled out under dry
atmosphere.

Water: Milli-Q water produced from Millipore, Synergy Pack was used for all the

experiments.

2.4. Purification of the RTILs:

The RTILs obtained from Kanto Chemicals (Japan) were stored in a vacuum desiccator
under nitrogen atmosphere. Prior to use, all the RTILs were dried under high vacuum
(pressure 10% — 10 mbar), sometimes with heating at 50-60°C, for at least 8-10 hrs to

minimize the water content.
2.5. Sample preparation:

2.5.1. Fluorescence spectral and temporal measurements:

For the steady state and time-resolved fluorescence measurements in conventional
solvents and RTILs, the solutions were prepared such that the absorbance of the solution (1
cm pathlength) at the excitation wavelength was around 0.05-0.25, to avoid problems due to
inner filter effects. Since RTILs are hygroscopic, care was taken to tightly seal the cuvettes

with septum and parafilm.
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2.5.2. Transmission electron microscopy (TEM) measurements:

The samples for TEM measurements were prepared by placing a drop of clear solution
of the QDs (in H,O and CHCIs) on carbon-coated copper grids followed by removal of the
solvent under high vacuum. The size of the QDs was determined using a Tecnai G2 FE1 F12
transmission electron microscope at an accelerating voltage of 200 kV.

2.5.3. Fluorescence correlation spectroscopy (FCS) measurements:

Samples were diluted for FCS measurements. After then the dilute sample was placed on
a coverslip. To study the diffusion in BSA solution and RTILs the concentrations of the
fluorophores were maintained at ~10-20 nM and ~35-40 nM, respectively. FCS
measurements on QDs were carried out at different concentrations ranging from 20 nM to
400 nM.

2.6. Instrumentation:

NMR spectra were recorded using Bruker AVACE 400 MHz NMR spectrometer for the
characterization of the compounds. Steady-state absorption and fluorescence spectra were
recorded on a UV-vis spectrophotometer (Caryl00, Varian) and a spectrofluorometer
(FluoroLog-3, Jobin Yvon), respectively. The viscosities of the RTILs were measured by a
LVDV-III Ultra Brookfield Cone and Plate viscometer (accuracy: 1% and repeatability:
0.2%). Tecnai G2 FE1 F12 transmission electron microscope at an accelerating voltage of
200 kV were used to examine the size and shape of the QDs. EDX spectra were captured in
the transmission electron microscope mentioned above Equipped with an energy dispersive
X-ray spectrometer. Photoirradiation of the QDs was carried out using a 8 W fluorescent tube
lamp (FL8 D daylight, Toshiba) for different exposure time prior to recording the absorption
and fluorescence spectra. Intensity of this exposure is 5 mW/cm?. The details of the other

instrumental set up employed in the present study are given in the following section.

2.6.1. Time-resolved confocal fluorescence microscope:

FCS measurements were carried out using a time-resolved confocal fluorescence
microscope (MicroTime 200, PicoQuant ). An inverted microscope (Olympus IX71)
Equipped with a water immersion objective (UPlansApo NA 1.2, 60 X) served as the
microscope body (Scheme 2.1). The samples were excited at 485 nm and 405 nm using
pulsed diode lasers with full width half maximum of 176 ps (405 nm) and 144 ps (485 nm)

respectively. The pulse repetition rate of the laser was 20 MHz. The output of this pulsed
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diode laser was coupled to the main optical unit by a polarization maintaining single mode
optical fiber. In the main optical unit the excitation light was guided through a dichroic
mirror, which reflected the excitation light onto the entrance port of the microscope. The
sample was placed on a cover-slip and the directed laser beam was focused onto the sample
using the water immersion objective. Fluorescence was collected by the same objective,
passed through a dichroic mirror, 430 nm long pass filter (for 405 nm ) or 510 nm long pass
(for 485 nm) to block the excitation light. After then the signal was spatially filtered by
focusing onto a 50 um diameter pinhole to cut the out-of-focus signals, re-collimated, and
directed onto a (50/50) beam splitter prior to entering into two single photon avalanche
photodiodes (SPADs). The fluorescence correlation traces were generated by cross-
correlating signals from the two SPAD detectors. The data acquisition was performed with
PicoHarp 300 TCSPC module in a time-tagged time-resolved (TTTR) mode.

Sample

<—Coverslip
<— Objective

Main Optical Unit (MOU)

|
r | PH
SPAD2 N
| | pu BS
—
F %
ic Z
= m BSY II
9 } .
o
o Al lI PH
Detection
Filter wheel

Fiber Coupling Unit Microscope

(FCU, Excitation Subsystem) Controller

PD = Photodiode, DM = Dichroic Mirror, PH = Pinhole, BS = Beam Splitter

Scheme 2.1. Schematic diagram of the time-resolved confocal fluorescence microscope set
up (adapted from PicoQuant MicroTime 200 user manual).



58 Chapter 2

2.6.2. Time-correlated single photon counting setup:

Fluorescence lifetime measurements were carried out using a time-correlated single-
photon counting (TCSPC) spectrometer (Horiba Jobin Yvon IBH). Nano LED (Ae= 439 nm,
FWHM = 150 ps) was used as the excitation source and a MCP photomultiplier (Hammatsu
R3809U-50) as the detector. The pulse repetition rate of the laser source was 1 MHz. The
TCSPC experiment starts with the excitation pulse that simultaneously excites the samples
and sends a signal to the electronics (Scheme 2.2). This excitation signal is received by a
constant fraction discriminator (CFD), which accurately measures the arrival time of the
pulse and then diverts the signal towards the time to amplitude convertor (TAC) to start the
voltage ramp. This voltage ramp is a voltage that increases linearly with time on the
nanosecond timescale. The second channel (CFD) which accurately measures the arrival time
of the emitted photon sends a signal to stop the voltage ramp in TAC. This voltage in TAC is
proportional to the time delay (At) between the excitation and emission signals. This voltage
is amplified by a programmable gain amplifier (PGA) and later converted to a numerical
value by the analog-to-digital converter (ADC). This numerical value is stored as a single
event with the measured time delay. A histogram of the fluorescence intensity decay can be
constructed by repeating this process numerous times with a pulsed-light source. The lamp
profile was recorded by placing a dilute solution of Ludox in water as a scatterer (dilute
solution of Ludox in water) in place of the sample. The analysis of the fluorescence decay

curves is covered in the later section.
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Scheme 2.2. Schematic diagram of the TCSPC setup
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2.7. Measurement of Fluorescence Quantum Yield:

Fluorescence quantum yields (QYs) of the CdTe core and CdTe/ZnS core/shell QDs
were determined by comparing the integrated emission of the QDs in CHCI; and H,0 to the
emission of a solution of C153 in acetonitrile (QY=0.56)® of identical optical density at the

excitation wavelength by using the following Equation:

QY (QD) = QY (C153) x (l/Ig) x (ODR/OD) x (n*/ng?) (2.1)

R indicates here reference, | is the integrated fluorescence intensity, OD is optical density at

the excitation wavelength and n is the refractive index of the solvent. OD was kept at less

than 0.05.
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2.8. Data Analysis:

2.8.1. FCS Measurements:

Data analysis of the individual correlation curves was performed by using the
SymPhoTime software of PicoQuant. Following models were used to fit the correlation
functions (defined in Equation 1.3). The quality of the fit was judged by the residuals and y?

values.

(1) 3-D diffusion with triplet state contribution:

G(r)=1-T+T exp(— i}ipi (1+§j_1(1+ TZJ; (22)

tr Ji=1 i ik

Where, p, is given by,

. 1
- 23
=) e
Which implies, o= 2.4)
(N)L-T)

In the above expressions, the diffusion time,z,, denotes the average time a dye molecule
resides in the confocal volume, z, is the lifetime of the triplet state of the molecule, 7 is the

delay or lag time, N is the average number of fluorescent molecules in the observation

volume, T is the fraction of the molecules in the triplet state, ¢, is the fraction of the
molecules having diffusion time, z,. Here i =1 and 2 corresponds to a 1-component a 2-

component diffusion model respectively. « is the structure parameter of the observation
volume and is given by k=ry/z,, where, z, and ry are the longitudinal and transverse radii,

respectively, of the observation volume (Scheme 1.3). 7, is related to ry by the following

Equation

T, =— (2.5)

Here, Dy is the diffusion coefficient of the fluorescent probes.
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(2) Simple 3-D diffusion model:

(2.6)

i =1 and 2 correspond to 1- and 2-component diffusion model, respectively.

(3) 1-component 3-D diffusion model with a stretched exponential term:

p =] 1

T T 1 T T 2
Glr)=|1+——exp| —— | |—|1+—| |1 2.7
) Jr1—T Xp( TJ N( +TD] ( +K‘2’[D] @7)

Where, 1y, is the diffusion time of the QDs. N is the average number of molecules undergoing

reversible transition between on and off state in the observation volume. T is fraction of the
Off state. 1, is the dark state relaxation time, [ is the stretching exponent with value between 0

and 1, and this is related to the distribution of ..
2.8.2. TCSPC measurements:

Fluorescence decay curves were analyzed by nonlinear least-squares iteration procedure
using IBH DAS6 (Version 2.2) decay analysis software. The quality of the fit was assessed
by the * values and the distribution of the residuals.

2.9. Determination of the observation volume in the FCS measurements:

FCS can measure absolute diffusion coefficients and concentration values only when the
exact size and shape of the observation volume is known. The diffusion time (tp) depends on
the transverse radius (ro) of the observation volume (Equation 1.15). The size and elongation
of the observation volume is determined by calibration measurement with a known diffusion
coefficient. In the present study, calibration was performed using aqueous solution of
rhodamine 6G and rhodamine 123 with known diffusion coefficients of 426 and 460 um?/s
respectively.®*® The estimated excitation volume was found to be ~0.8 fL for 485 nm

excitation and ~0.4 fL for 405 nm excitation.
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2.10. Estimation of size and concentration of the CdTe QDs in solution:

The concentrations of the QDs in the solution were calculated following the method
suggested by Yu et al.™! First, the diameter (D, nm) of the CdTe QDs was estimated from the

following Equation:
Deare =(9.8127 x107 J2° — (17147 x 10 )% + (1.0064)1 —194.84  (2.8)

Where, A (nm) is the wavelength corresponding to the first excitonic absorption peak.
The calculated D values correlated well with the experimental values obtained from the TEM
measurements. The D value was used to find out the molar extinction coefficients (g) of
CdTe QDs using the following relation

Ecar. =10043(D)** (2.9)

The concentration (C) of the QDs in solution was then estimated using the relation,
A
C=— 2.10
3 (2.10)

Where, A is the optical density and | is the optical path length of the solution.

2.11. Calculation of the amount of the shell precursors required for the
preparation of core/shell QDs:

The amounts of shell precursors required to grow a shell of desired thickness were
calculated according to a published report.* In order to grow a shell of certain thickness one
needs to know the concentration of the core QDs. The concentration of the core QD was
calculated by first estimating the molar extinction coefficient from the measured size of the
QD using the empirical formula of Peng and co-workers,"* and then using the measured
optical density of the solution. With the knowledge of the QD’s size and molar quantity, the
required amount of shell precursors to obtain a shell thickness of x monolayers (CD) on the
surface of the core QDs AB can be calculated, using the bulk crystal parameters of the shell

materials as follows

Vep (MLy)=4/3 x 10 % ((tag + X X d)° - Tag’) (2.11)
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Neo (MLy) = pep X Vep(ML) x 1077/ mep (2.12)
Ncp = Nag X Nep(MLy) (2.13)

Vep (ML) is the volume of the shell containing x monolayers (nm®), rag is the radius of the
core (nm) and d is the thickness of one monolayer of the shell (nm). ncp (ML) is the number
of CD monomer units per nanocrystal contained in x monolayers of the shell (dimensionless),
pcop is the density of the bulk shell material (kg m™®), mep is the mass of a shell monomer unit
(kg), ncp is the molar quantity of precursor CD needed for the growth of x monolayers
(mmol), and nag is the molar quantity of core QDs used for the synthesis of the core shell
system. The term monomer indicates smallest subunit of the shell material consisting of one

cation and one anion.
2.12. Standard error limits:
Standard error limits involved in the experimental results were

Amax (abs./flu.) +1nm

of + 10%
Tt + 5%
Viscosity +2%

QDsize(D/nm) +£5-10%

The error limits of other quantities related to FCS measurements are given in the subsequent

chapters while reporting the experimental results.
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CHAPTER 3

Modulation of Photophysical Properties of Mercaptopropionic Acid
Capped CdTe Quantum Dots upon Exposure to Light

Light-induced modulation of the fluorescence behavior of mercaptopropionic acid (MPA)
capped CdTe quantum dots (QDs) in aqueous solution is studied by a combination of
fluorescence correlation spectroscopy (FCS) and steady state and time-resolved fluorescence
techniques. These investigations reveal a dramatic variation in the fluorescence properties of
the QDs under exposure to light. In the FCS measurement, a large decrease in amplitude and
change in shape of the correlation curves are observed with increasing excitation power. The
change in the shape of the correlation curves, particularly at short lag time, e.g., a faster
relaxation at high excitation power, is attributed to the increasing contribution of the off state
of the QDs. Interestingly, despite this increasing contribution of the off state, which reduces
the effective number of emitters in the observation volume and hence should increase the
amplitude of the correlation curve, the latter actually decreases at high excitation power. This
apparent contradiction is resolved by considering light-induced transformation of the dark
QDs to bright QDs due to surface passivation of the QDs with increasing excitation power.
Enhancement of the steady state fluorescence intensity under light irradiation, both in aerated
and deaerated environments, supports the mechanism of passivation of the surface trap states
by photoadsorption of water molecules. Fluorescence lifetime data is also shown to be

consistent with this light-induced surface passivation mechanism.

3.1. Introduction:

Semiconductor quantum dots (QDs) have been receiving increasing attention in recent
years because of their interesting size-dependent optical and electronic properties,'* which is
due to quantum confinement of both electron and hole (produced because of electronic
excitation) in all three dimensions."*”’ Emission covering the entire visible and infrared
region can be obtained simply by tuning the size of the QDs.® As the QDs exhibit broad
absorption and narrow emission profile in comparison to organic fluorophores,®it is possible
to excite multiple QDs at a single excitation wavelength.'® Furthermore, the narrow emission
profile of the QDs provides easy spectral separation,’ thus making them an efficient system
for multicolor imaging of biological samples.’® QDs also exhibit a higher photostability and

superior optical properties compared to conventional organic fluorophores.” All these
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excellent properties make QDs ideal candidates for applications ranging from biological
imaging to lasing to optoelectronics.>'*"” Given the huge potential scientific and
technological impact of QDs in various applications, the fluorescence response of QDs has

remained an intriguing topic of research since its discovery.

The small size of QDs results in a high surface-to-volume ratio of the substances,*®
and it has long been believed that the surface of the QD plays an important role in
determining its luminescence properties.™'* > Uncoordinated atoms on the surface disrupt the
crystalline periodicity and leave behind one or more dangling orbitals on each atom.* These
dangling orbitals form the mid band gap states and reduce the luminescence efficiency of the
QDs by providing additional nonradiative deactivation pathways.®?*%" Surface passivation is
a crucial parameter for the preparation of QDs with high fluorescence quantum yield and
photostability."®**??° One of the major obstacles to the progress of the development of
highly luminescent and stable QDs is the poorly understood QD surface chemistry and the
relation of the surface chemistry to QD photophysical properties®* It is reported that the
fluorescence efficiency of the QDs is enhanced under irradiation with light.*>**™*' This
enhancement of emission on exposure to light, which is termed photoactivation, is attributed
to photoinduced passivation of the surface trap states. However, no general consensus on the
mechanism of photoactivation has yet been reached because of the complicated photophysics
and photochemistry of QDs. Suggested mechanisms include elimination of the topological
surface  defects (i.e., smoothing of the surface during the process of

26,32,34,42-44

photocorrosion), passivation of the surface trap states by photoadsorbed

22,32,35,38 32,33,36,44-47

molecules, photoinduced rearrangement of the surface stabilizing agents,

photoneutralization of the local charged centers inside and outside the QDs, etc.”® Solvents
also have been found to play an important role in the photoactivation of QDs.**%3%4
Photoluminescence enhancement of QDs often strongly depends on the amount of water
vapor present in the atmosphere.®*****® This is ascribed to photoadsorption of the water
molecules on the QD surface leading to the passivation of the nonradiative surface trap
states. 335384349 poarity of the solvent also affects the photoactivation.??*%® It is observed
that addition of methanol to trioctylphosphine oxide (TOPO)-hexane or TOPO-toluene
solution shows an accelerated increase of the fluorescence efficiency compared to TOPO-

toluene only or TOPO-hexane only QD solutions.*® Hence, a clear understanding of the
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photoactivation mechanism is absolutely essential to understand the role of surface states and
surface reaction on the luminescence yields and photostability of QDs. We have studied
light-induced changes in the fluorescence behavior of MPA-coated CdTe QDs in water by a
combination of FCS, steady-state, and time-resolved spectroscopic techniques. CdTe QDs are
chosen as the subject matter of this investigation because the effect of light irradiation on the
QD optical properties is not as widely investigated as that on CdSe QDs.

It is known that FCS is a highly sensitive and powerful technique in which the
fluorescence fluctuations arising from a small observation volume (on the order of a
femtoliter) is correlated to obtain the temporal evolution of the system about its equilibrium
state.® This technique has been successfully applied to study the fluorescence blinking
dynamics and the kinetics of bimolecular reactions, binding of ligands to a protein, protein-
protein interaction, DNA hybridization, and conformational fluctuation and translational
diffusion of the fluorescent probes in polymer, lipid vesicles, micelles, ionic liquids etc.”' ™
Considering that QDs are superior fluorescent probes compared to organic fluorophores, the
FCS technique has been used for the characterization of QDs; specifically, it has been used to
determine their hydrodynamic radius, concentration, monodispersity, and aggregation
tendency.'>*"%"% Interestingly, only a handful of FCS studies on QDs photophysics have
been made despite the potential of this technique to determine the blinking Kinetics at faster
time scales.”'">%"7*Widely distributed kinetics of fluorescence blinking” of QDs limited its
study using the FCS technique.”"*" The blinking kinetics of QDs complicates the analysis
of the FCS data as it distorts the shape of the correlation curve, especially at shorter
correlation times,” thus making it difficult to model QD blinking dynamics. Doose et al.
attempted to simulate the anomalous shape of the correlation curve by employing Monte
Carlo calculations of the diffusing and blinking dots.” However, no unique set of blinking
parameters for a given data set could be found. As the amplitude of the correlation curve,
G(0), provides information on the number of emitters in the observation volume, a
comparison of the G(0) value as a function of the laser power is expected to provide a
comprehensive understanding of the light-induced changes in QDs. Larson et al. observed a
decrease in the G(0) value with increasing excitation power by two photon excitation FCS
and attributed this to the broadening of the observation volume on excitation saturation.*

Doose et al. compared the photophysical and colloidal properties of some biocompatible QDs
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using FCS.” They examined the G(0) values at different excitation power and compared
them with those obtained for the fluorescence beads and rhodamine 6G. The decrease of the
G(0) value for the QDs is found to be much higher than that of the beads and rhodamine 6G
and is attributed to excitation saturation and change in the blinking statistics at high
excitation power, which increases the concentration of the emitters in the observation
volume. However, they could not model the blinking statistics of the QDs as a function of the
excitation power. Miyasaka and coworkers could fit the blinking dynamics of water-soluble
CdTe QDs by introducing a stretched exponential term in the correlation function.>® This
stretched exponential term takes care of the widely distributed kinetics of the blinking of
QDs. These authors also observed a decrease in the G(0) value and a faster decay of the
autocorrelation with increasing excitation power. They agreed to the point that excitation
saturation alone could not explain the changes in the shape and amplitude of the correlation
curves and ascribed the observation to a faster relaxation from the dark state at higher
excitation power. These authors, however, did not compare the fraction of the dark state as a
function of the excitation power, which would have provided more information on the
changes in the shape of the correlation curves. Dong et al. attributed the decrease of G(0)
value with irradiation times to the photoactivation of the QDs.*” According to them,
photoactivation occurred because of laser-induced aggregation of the QDs and consequent
modification of the QD surface structure, which turns the permanently dark QDs to bright
QDs.* It is therefore evident that no single mechanism can explain light-induced variation of
the luminescence efficiency of the QDs and determination of the mechanism of
photoactivation requires a thorough and detailed investigation. This explains the motivation
for the present study. We have also carried out steady state and time-resolved conventional
emission studies to supplement the results of the FCS measurements and also to obtain a
clear understanding of the mechanism of this light-induced change in the luminescence
properties of the QDs. To the best of our knowledge, this is the first study in which the origin
of decreasing amplitude of the correlation curve with increasing excitation power is
explained clearly. We have also successfully monitored the evolution of the blinking
parameters as a function of the excitation power to provide support for the mechanism

involved in the photoactivation process.
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3.2. FCS study of CdTe/MPA QDs in aqueous solution:

Figure 3.1 shows the FCS curves of the 55 nM CdTe QDs in water (size of the QD
estimated from TEM measurement is 4.7 nm and emission peak is at 635 nm) and G(0)
values at different excitation power. The correlation curves could be best fitted (as
determined by the residuals) to a stretched exponential with a 1-component diffusion model
(Equation 2.7).

stretched exponential fit is in accordance with the distributed kinetics of fluorescence

The quality of the fits to other models is provided in Figure 3.2. This

blinking of the QDs, as reported in the literature.”*’®" It is important to note that the
amplitude of the correlation curve decreases sharply with increasing excitation power (Figure
3.1). The G(0) value decreases from 0.98 + 0.13 at 6 uW to 0.30 £ 0.12 at 186 uW. A further
increase in power, however, slightly increases the G(0) value (0.45 £ 0.12 at 392 uW). This
decrease in G(0) value with increasing excitation power for CdTe/MPA is much larger than
that for R123 in water (Figure 3.3). Figure 3.4 shows the normalized correlation curves and
the dependence of the diffusion time on increasing excitation power. The shape of the
correlation curves is strongly dependent on the excitation power especially at short
correlation times.” Figure 3.5 shows the dependence of the off-state fraction (T) and the
blinking time (t;) on increasing excitation power. T increases and T, decreases with increasing

excitation power and attains a saturation value at around 186 uW.
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Figure 3.1. (a) Correlation curves of the 55 nM CdTe/MPA QDs in aqueous media at
different excitation power. Points are the data and lines represent fit to Equation 2.7 and (b)
change of the G(0) value with excitation power (inset shows the TEM images of the QDs).
Excitation wavelength is 485 nm.
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Figure 3.2. Fit of the correlation curves of a 55 nM aqueous solution of CdTe-MPA at 6 uW
excitation power into (a) simple 3 D diffusion model, (b) 3 D diffusion model with single
exponential term and (c) 3D diffusion model with a stretched exponential term. Here black
points are the data and red line represents the fit. The residuals depicting the quality of the
fits are shown in the lower part of each panel.

These results suggest that the blinking kinetics becomes faster and dominant with
increasing excitation power. At high excitation power blinking kinetics dominates the entire
correlation curve. This is why the correlation curves are shifted to shorter correlation time
with increasing excitation power. As the amplitude of the correlation curve depends on the
number of fluorescent molecules in the observation volume, G(0) = 1/N(1-T),® where, N is

the average number of molecules in the observation volume undergoing reversible transition
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between fluorescent on and off state, an increase in T implies a decrease in the number of
fluorescent molecules N(1-T) in the confocal volume. Hence, the amplitude of the
correlation curves should increase with increasing excitation power. However, a completely
opposite observation is made in the experiment. A decrease in the G(0) value is commonly
rationalized considering the broadening of the observation volume due to excitation

saturation that increases N.*2%"
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Figure 3.3. Plot of (a) correlation curves of R123 at different excitation power, (b) G(0)
value versus excitation power.
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Figure 3.4. (a) Normalized fitted correlation curves of the 55 nM CdTe/MPA QDs in
aqueous media for different excitation power. (b) A plot of the measured diffusion time of the
QDs against excitation power.



72 Chapter 3

1.0 0.10
—~ | (a)CdTe/MPA I p (b) CdTe/MPA
£ 0.9 « v 1 : 0.08
c 97
o 0.8 4
§ 0.7 1 = 0.06
e 281 £ +
% 0.5 : ®0.04-
% 0.4 &! % + % %
<
0.3_ X 0.02' + +
0 100 200 300 400 0 100 200 300 400
Excitation Power (uW) Excitation Power (uW)

Figure 3.5. Variation of the estimated (a) off-state fraction (T) and (b) blinking time (1)),
obtained from the fit to Equation (2.6), on the excitation power.

However, the changes in diffusion time in the low excitation power regime (Figure 3.4)
is almost negligible, and in this regime the decrease of the G(0) value is huge. A decrease in
the G(0) value after 100uW excitation power can be rationalized as due to excitation
saturation. However, the decrease of the G(0) value in the low excitation regime is certainly
not due to excitation saturation and hence some other processes must be involved. Because
the decrease of the G(0) value is much larger in the case of QDs compared to R123, an
increase of background intensity with increasing excitation power is not responsible for this
observation (Figure 3.3). As stated in the Introduction, Doose et al. assigned a decrease in the
amplitude of the correlation curve to excitation saturation and blinking” but could not model
the excitation power-dependent blinking of the QDs. We have successfully modeled the
excitation power-dependent blinking kinetics by fitting the data to a stretched exponential
model and found out that this decrease in the G(0) value is not due to blinking (as it increases
the fraction of the off-state) (Figure 3.5). Under these circumstances, this decrease of the
G(0) value can be explained only if N increases by exposure to light. This suggests light-
induced brightening of the otherwise dark particles (which does not fluoresce), and this
process is enhanced with an increase in excitation power, a process commonly termed
photoactivation.® In this context, it is to be noted that Dong et al. attributed a decrease of the
G(0) value under laser irradiation of different times to photoactivation of the quantum dots®

resulting from facile aggregation of the QDs that led to a shift of the correlation curves to
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longer correlation times.®” However, in our study we did not observe any increase in the
diffusion time in the lower excitation power region where the decrease of G(0) value is huge
(Figures 3.1 and 3.4). Hence, even though photoactivation is responsible for the decrease of
the G(0) value upon increasing excitation power, it is clearly not due to laser-induced
aggregation. The increase in the G(0) value from 0.30 £+ 0.12 (at 186 uW) to 0.45 + 0.12 (at
392 uW) (Figure 3.1) is clearly due to photobleaching, which decreases the number of
fluorescent molecules in the observation volume. This fact is also supported by the decrease
in the diffusion time from 2.01 + 0.16 ms (at 186 uW) to 1.76 = 0.15 ms (at 392 uW) (Figure
3.4) due to a decrease in the residence time of the QDs because of photobleaching.

An important point to note here is that for low excitation power, the number of QDs in
the observation volume (107*° L) estimated from the FCS measurement (N) is much lower
than the actual number of QDs (Nauwa) present in this volume. For example, for a
concentration of 55 nM, the actual number of QDs in the observation volume is 33. However,
the number of QDs calculated from the measured G(0) value of 0.98 £ 0.13 and an off-state
fraction of 0.35 is only 1.56 * 0.25, indicating that a large fraction of the QDs remain in their
dark state (absorb light but do not emit). The experiments carried out for various QD
concentrations, the results of which are collected in Table 3.1, show a very similar behavior.
That the concentration mismatch in the case of the QDs is indeed due to the dark fraction is
further substantiated by the fact that for the molecular system, R123, no such mismatch is
observed (Figure 3.6). With increasing excitation power, as the dark fractions are turned into
bright ones, the G(0) value decreases despite an increase in the off-state fraction under this
condition. At even higher excitation power, when almost all the QDs are turned bright and

participate in the on-off transition, the saturation of the G(0) value is observed.
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Table 3.1. Some FCS parameters at different concentrations of the QDs in aqueous solution
for an excitation power of 6 uW.

Parameters
G(0) 3.0770+0.3100 0.9800 # 0.1300 0.8293 +0.0800 0.1462 + 0.0100
N(1-T) 0.3250+0.030  1.020+0.150 1.201+0.080  6.840 % 0.440
T 0.42 + 0.04 0.35+0.04  0.34+0.05 0.32 +0.04
N 0.56 + 0.05 156+025  1.83+0.13 10.04 + 0.69
"Nt 18+1 33+2 38+2 162 +6

"Dark Fraction ~ 0.970 + 0.002 0.950+0.002  0.950 + 0.002 0.940 + 0.004

Absorbance

TEstimated from the concentration of QDs for an observation volume of 107 L. *N/Nactual
gives the bright fraction of the QDs. Dark fraction = (1 - bright fraction).

0.005
0.03] @ [—R123 ® o, (b [ R123]
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Figure 3.6. (a) Absorption spectrum of an aqueous solution of R123. Concentration of R123
obtained from absorption measurement is 379 nM. (b) Correlation curve of R123 at 379 nM
concentration. Black spheres are the data and red line represents the simple 3-D diffusion fit
to the data points. Exactly same G(0) value obtained in the FCS experiment as expected
from the absorption measurement.

3.3. Steady state behavior of the QDs at different illumination times:

To identify the process(es) responsible for the change in luminescence behavior of
the QDs, the experiments have also been performed under steady-state conditions for
different irradiation periods using deoxygenated solutions of QDs (prepared by nitrogen

bubbling of the solution). The effect of exposure to light on the UV—vis absorption spectrum
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also was studied. A noticeable decrease of the absorbance throughout the entire absorption
band is observed with increasing exposure time (Figure 3.7). As the absorption peak position
is not well-resolved, it is difficult to figure out from the data whether light irradiation leads to
any shift of the absorption maximum. Figure 3.7 depicts the effect of illumination of an
aqueous solution of the QDs for different exposure times on the integrated emission intensity

m

(lem) and wavelength corresponding to the emission peak (A7, ). The illumination leads to a

nearly 3-fold enhancement of I, up to a certain time (350 min under experimental
conditions) beyond which the emission intensity decreases rapidly. During this irradiation

process, A, decreases slightly at the early stages, but it decreases sharply after a certain

time (which coincides with the time when the I, value starts dropping). To examine any
possible role of oxygen on these results, the aqueous solution of the QDs in the cuvette was
purged with nitrogen and the experiments were repeated in an oxygen-free environment.
These results are also shown in Figure 3.7. As can be seen, also in deaerated condition the
initial luminescence enhancement on exposure to light is observed, but the subsequent rapid

reduction of I, that is observed in aerated condition is not present. In the N,-purged solution,
the ﬂ;”;x value, unlike that in the other case, also remains more or less constant. These
findings clearly exhibit the distinct role of oxygen in the rapid reduction of I, and the blue
shift of A, observed following post-maximization of the luminescence intensity. The

results also clearly show two competing processes; one enhances the luminescence intensity
(the photoactivation of the QDs), and the other diminishes the luminescence of the system.
The former is the dominant process at the early stages, and the latter dominates at longer
times. It is also evident that the photoactivation process is not sensitive to oxygen, but the

2232 and we attribute the

latter is. Oxygen-induced photocorrosion of the QDs is well-known,
rapid drop of luminescence of the system coupled with a blue shift of the emission maximum
to photooxidation of the QDs. In this context, it is to be noted that while the overall trend of
photoinduced variation of luminescence intensity is found to be very similar for QDs of
different sizes, the time required for the maximization of the luminescence intensity or the
subsequent rate of drop of the intensity due to photooxidation of the QDs varies from sample

to sample.
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Figure 3.7. Absorption spectra of an aqueous solution of CdTe/MPA QDs at different
exposure times to light in (a) air and (b) nitrogen environment. Corresponding variation of

the (c) integrated fluorescence intensity (lem) and (d) emission peak wavelength (Aq, ) of the
CdTe/MPA QDs as a function of irradiation times.

Insight into the mechanism of photoactivation or luminescence enhancement of the
QDs can be obtained from some control experiments. Following its photoactivation in
aerated or nitrogen environment, if the QD solution is kept in the dark, the luminescence
intensity drops again (Figure 3.8). The decrease in luminescence and its recovery on light
exposure under the experimental conditions suggests photoadsorption of water molecules on
the QD surface as a possible mechanism of the photoactivation of QDs, as reported for CdSe
QDs.*3%5%4 The photoadsorption of the water molecules passivates the surface charge

carrier trap states and enhances the luminescence of the QDs. However, the fact that
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luminescence intensity of the QDs does not return completely to its original state, suggests
some irreversible change in the surface structure of the QDs. It is difficult to conclude at this
stage about the exact nature of the change of the QD surface, but it is possible that some of
the chemisorbed water molecules do not leave the QD surface when kept in the dark.

281
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Figure 3.8: Emission spectra of the photo-activated QDs and after keeping the photo-
activated QDs in dark for overnight in (a) air and (b) N, environment. Luminescence does not
come to its original state (t=0).

3.4. Fluorescence lifetime study of CdTe/MPA at different irradiation times:

The mechanism of photoinduced fluorescence enhancement is further substantiated by
the fluorescence lifetime data of an aqueous solution of QDs measured after different
irradiation times. Figure 3.9 shows the dependence of the fluorescence decay curves of the
QDs on the illumination times. The decay curves could be best fit (as determined from the
residuals and y® values) to a three-exponential function. This multi-exponential decay of the
fluorescence time-profiles of the QDs is due to the existence of a number of discrete
relaxation pathways from the excited states with characteristic lifetime components and is
consistent with the literature.>**"® The individual lifetime values and the corresponding
amplitudes are listed in Table 3.2. As can be seen, the fluorescence lifetime data parallels the
steady state data. The average fluorescence lifetime of the QDs increases on photoexposure
up to a certain time, beyond which a decrease of fluorescence lifetime is observed. Another
point to note here is that the relative weightage of the 0.60 + 0.02 and 7.12 + 0.30 ns
components vary significantly, while that of the longest lifetime component (48.07 + 1.45 ns)

remains more or less unaltered during light irradiation from 0 to 330 mins. The amplitude
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associated with the 0.60 + 0.02 ns component decreases, while that of 7.12 + 0.30 ns
component increases upon irradiation. After 330 minutes of irradiation, the weightage of the

7.12 + 0.30 ns component decreases and that of the fastest component increases (Table 3.2).
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Figure 3.9: Fluorescence decay profiles of CdTe/MPA QDs in aqueous media at different
irradiation times. The lines are the fit to the decay traces. In all the cases, the traces are fitto a
three exponential model I(t) = a; exp (-t/ty) + a, exp (-t/tp) + a3 exp (-t/t3). Excitation
wavelength is 439 nm and the emission is monitored at the peak wavelength.

The observation can be rationalized after considering the origin of the each lifetime
component of the QDs. The 0.60 + 0.02 ns component arises from intrinsic electron-hole
recombination at the core with little contribution from the surface states.'® The long lifetime
component is often attributed to the involvement of the surface states where overlap of the
wave functions of electron and hole is poor.>*® In some other instances, the long lifetime
component is attributed to the involvement of the spin-forbidden optically passive states
present in the band edge (dark exciton states).’®*”” The 7.12 + 0.30 ns emission component
can be considered arising from the involvement of the shallow trap states just below the band
edge states and the 48.07 + 1.45 ns component to the spin-forbidden state in the band edge.
As exposure to light passivates the surface trap states and decreases the nonradiative
deactivation pathways, it is understandable why the lifetimes are increased on irradiation. In
order to explain the change of the amplitudes on photoexposure, one need to consider that all
QDs are not bright, some are dark (having very poor surface that provides a broad

distribution of the deep trap states that quenches the luminescence). Irradiation of light not
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only suppresses the nonradiative pathways of the bright QDs but also converts some dark
fraction into bright QDs (as evident from the FCS data) by stabilizing the shallow trap states
of the dark QDs.*** Photoadsorption of water molecules stabilizes these trap states
containing charge carriers (electron or hole) and increases the probability of the charge
carrier to repopulate the emitting band edge state instead of undergoing nonradiative
relaxation to deep trap states from where nonradiative processes dominate.®® When
photooxidation of the QDs dominates over the photoactivation process, new surface defects
are introduced, which provide additional nonradiative pathways and thus decrease the
emission lifetime of the components.? 3 As more surface trap states are now generated due
to photooxidation of QDs, this decreases the lifetime as well as amplitude of the 7.12 + 0.30
ns (t=0). So, at later stages of photoirradition the fluorescence is mainly due to the
involvement of electron and hole recombination in the core as the surface becomes poor and
contributes less to the total luminescence. So the lifetime studies under light irradiation

corroborate the findings obtained in the FCS and steady state experiments.

Table 3.2: Time-resolved fluorescence parameters of CdTe-MPA QDs in aqueous solution
after different illumination times.

Irradiation 71 (NS)
times (mins)

0 712+0.30 0.17 4807+145 010 0.60+0.02 0.73 6.46+0.21
50 740+035 018 4830+140 010 0.71+£0.02 0.72 6.67+0.22
110 809+040 021 50.00+150 0.11 0.84+0.02 0.68 7.77+0.26
170 870+0.30 022 5160+135 011 0.93+£0.02 0.67 821+0.23
220 938+0.35 023 5202+140 012 1.08+0.02 065 9.10+0.26
280 932+040 025 5200+145 012 1.05+0.02 063 9.23+0.29
330 9.67+0.30 027 5220+135 012 1.15+0.02 061 9.58+0.26
425 802+035 029 4210+130 0.10 0.80+0.02 0.61 7.02+0.24
460 530+£0.25 023 29.00+110 0.05 048+0.02 0.71 3.01+0.13
480 437+020 018 2450+1.10 0.03 040+0.02 0.79 1.840+0.085
500 383+025 018 21.76+120 0.03 0.34+0.01 0.79 1.670+0.089
535 387+020 017 2207+110 0.03 0.31+0.01 0.80 1.51+0.075

<t> is defined as, <t> = (a1 T1H0LTo+03Ts) o oo
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3.5. Conclusions:

Significant changes of the fluorescence behavior of an aqueous solution of CdTe/MPA
QDs under exposure to light have been studied by using a combination of FCS, steady state
and time-resolved fluorescence techniques. A faster relaxation of the correlation at higher
excitation power, especially at shorter correlation time, is attributed to increasing contribution
of the off-state of the QDs. A decrease in the G(0) value with increasing excitation power,
despite an increasing fraction of the molecules in their off-state, is mainly attributed to light-
induced brightening of the dark QDs to bright QDs because of surface passivation at higher
excitation power. The simultaneous of the occurrence of two competing processes,
photoactivation leading to fluorescence enhancement and photo-degradation resulting in
guenching of the luminescence of the QDs, has been substantiated by the steady state and
time-resolved emission measurements. It is suggested that surface passivation by
photoadsorption of water molecules leads to photoactivation of the QDs and dissolved
oxygen-induced photooxidation of the surfaces is responsible for subsequent drop of the

luminescence intensity of the system.
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CHAPTER 4

Effect of Capping Agent and Medium on Light-Induced Variation of
the Luminescence Properties of CdTe Quantum Dots

The influence of ligand and solvent on light-induced modulation of the emission behavior of
the quantum dots (QDs) has been studied for CdTe QDs capped with hexadecylamine
(HDA), mercaptopropionic acid (MPA), and 1-(1-undecanethiol)-3-methyl imidazolium
bromide (SMIM) in CHCIl;, H,O, and [bmim][PF] ionic liquid, respectively, using steady
state and time-resolved fluorescence and fluorescence correlation spectroscopy techniques.
While an aqueous solution of CdTe/MPA QDs exhibits fluorescence enhancement and a
small blue shift of the emission peak (A51%,) in the early stages of the light irradiation, such
enhancement could not be observed in the case of CHCI; solution of CdTe/HDA and
[bmim][PF¢] solution of CdTe/SMIM. Instead, exposure to light leads to a rapid reduction in
luminescence intensity and large blue shift of A47%, in the case of CHCI; solution of
CdTe/HDA and a very slow decrease of luminescence intensity with negligible shift of A5,
in the case of an ionic liquid solution of CdTe/SMIM. The time-resolved fluorescence
behavior of the QDs is found to be consistent with the steady state results. Fluorescence
correlation spectroscopy measurements on the other hand reveal a large decrease of the
amplitude of correlation at time zero [G(0)] for the aqueous solution of CdTe/MPA and
negligible change in the G(0) value for the ionic liquid solution of CdTe/SMIM with
increasing excitation power. The mechanism of these light-induced changes of the

luminescence behavior of the QDs is investigated.

4.1. Introduction:

Semiconductor quantum dots (QDs) have attracted great attention in recent years
because of their interesting size-dependent optical and electronic properties due to 3-

dimensional confinement of the photogenerated electron and hole pair.® High molar

6,7

extinction coefficient, thermal and photostability,”" and emission quantum vyield, long

9

emission lifetime,®® narrow emission profile, possibility of multiple exciton generation,

10,11
"y

etc make the QDs superior to the conventional organic fluorophores'? and explain why

these substances have been found to be so useful in a wide variety of applications ranging

from lasing and photovoltaics to biological imaging.™*™*°
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The small dimension of the QDs (typically a few nanometers) results in a large
surface/volume ratio. The uncoordinated atoms on the surface, when not passivated by any
stabilizing ligand, form surface trap states which lie between the valence and the conduction
bands.>*" These surface trap states can capture the charge carrier (electron or hole) and
decrease the fluorescence efficiency of the QDs.'” One of the major limitations in the
development and utilization of the QDs in many applications is their poorly understood
surface chemistry and surface related processes that modulate their emission behavior.>**%
As an understanding of the factors that influence the fluorescence behavior of the QDs helps
in utilization of these substances in various applications, it continues to remain as an

important area of research ever since the discovery of these substances.

A common but not well understood phenomenon associated with the QDs is the
variation of their luminescence intensity on exposure to light of low to moderate intensity.
Both increase and decrease of luminescence intensity are reported.®**?*% Of the two,

19,23,24 :
92324 g

fluorescence enhancement on light irradiation, commonly termed as photoactivation,
more interesting. A number of mechanisms have been proposed to account for
photoactivation of the QDs.**#%"3! These include surface modification by light-induced heat
generation,” passivation of the surface trap states by photoadsorbed molecules, which
include polar solvent molecules as well,**#?>?"3 photo-induced rearrangement of the
capping agents leading to surface passivation, smoothening of the surface on photooxidation
or photocorrosion etc.®*! Photoadsorption of water molecules is known to passivate the
surface and contribute to the photoactivation of the QDs."*#*%273% | arge fluorescence
enhancement of the QDs in the presence of wet O,/N, gases, but not in dry condition®?’
established the role of water in the photoactivation process. Carrilio-Carrion et al. proposed a
combination of both photooxidation and photoadsorption of water molecules as possible
mechanism of photoactivation of the QDs in aqueous solution.”® Considering the enormous
importance of photoactivation, which influences the optical properties of the QDs and hence

their applications, a thorough understanding of the mechanism of the process is necessary.

During the course of a recent study using fluorescence correlation spectroscopy (FCS)

technique®®

on an aqueous solution of MPA-capped CdTe QDs, we observed a large
decrease of the value of amplitude of correlation at time zero [G(0)], a quantity proportional

to the inverse of the number of emitters in the confocal volume, with increasing excitation
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power despite an increase in the contribution of the off-state fraction of the molecules.?® This
surprising observation was explained considering transformation of the QDs from their dark
(non-emitting) state to a bright state with increasing excitation power.® Photoadsorption of
water molecules was thought to be the key mechanism involved in the surface passivation
and transformation of the dark QDs to their bright state on the basis of our experimental

findings and literature reports,'%23252732.3435

Considering that surface chemistry of the QDs largely depends on the nature of the
capping agent and medium of dispersion, to establish conclusively that surface passivation by
the photoadsorbed H,O molecules is responsible for fluorescence enhancement of the QDs
under light exposure, this work is undertaken wherein we have chosen three CdTe QDs with
different capping agents and studied them in three different solvent media (Chart-1.6). We
have used ionic liquid as one of the media, and for this purpose we have employed 1-(1-
undecanethiol)-3-methyl imidazolium salt capped CdTe QDs, abbreviated here as
CdTe/SMIM, which exhibits superior optical properties compared to the CdTe QDs in
conventional solvents.*® We have used steady state absorption and emission, time-resolved
emission and FCS techniques to study these QDs in respective solvents to conclusively
establish the critical role of the water molecules in the photoactivation of the CdTe QDs.

4.2. Steady state absorption and emission spectra and size of the QDs:

Figure 4.1 shows the steady state absorption and emission spectra of the QDs. The
first exciton band maximum of CdTe/HDA in CHCI;, CdTe/MPA in H,O and CdTe/SMIM
in [bmim][PF¢] are observed at 557, 552 and 510 nm respectively. The sizes of the QDs,
estimated from these first absorption peak positions using a standard protocol,”’ are 3.3, 3.3
and 2.5 nm, respectively. The sizes of the CdTe/HDA and CdTe/MPA QDs obtained from
the TEM images (Figure 4.2.) are 3.4 and 3.5 nm, respectively. These values match closely
with the sizes estimated from the absorption spectral data.®® Attempts to measure the size of
CdTe/SMIM using TEM technique were not successful as clear image of CdTe/SMIM could
not be obtained due to the difficulty involved in removal of the nonvolatile ionic liquid,
[bmim][PF¢]. The molar extinction coefficients (¢) of the QDs at the first exciton band
maximum calculated from the size following a reported procedure®® are 1.34 x 10° M
cm™, 1.43 x 10° M cm™ and 7.01 x 10* M*cm™ for CdTe/HDA in CHCls, CdTe/MPA in
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H,O and CdTe/SMIM in [bmim][PFs], respectively. Absorption cross sections (c) of
CdTe/HDA in CHCI3, CdTe/MPA in H,0 and CdTe/SMIM in [bmim][PF¢], calculated from
the molar extinction coefficients (g) using equation,®® o = 3.82 x 10!, are 5.46 x 10™° cm?,
5.46 x 10™ cm® and 2.68 x 10™'® cm? respectively. Emission spectra of CdTe/HDA in
CHCl3, CdTe/MPA in H,O and CdTe/SMIM in [bmim][PF¢] (Figure 4.1) indicate emission

peaks (/ﬁ;gx) at 602, 592 and 556 nm, respectively. These values are consistent with the

estimated sizes of the QDs.
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Figure 4.1. (a) Absorption and (b) emission spectra (Aex = 440 nm) of CdTe/HDA,
CdTe/MPA and CdTe/SMIM in CHCl3, H,O and [bmim][PFs], respectively.

Figure 4.2. TEM images of (a) CdTe/HDA and (b) CdTe/MPA
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4.3. Steady state fluorescence behavior as a function of light exposure time:

The effect of exposure to light on the emission spectra of the QDs is depicted in Figure
4.3. It can be seen that CdTe/HDA studied in CHCI; is the most sensitive QD, whose
luminescence intensity drops drastically within an hour. On the other hand, CdTe/SMIM in
[bmim][PF¢] is found to be far more stable, whose luminescence decreases much more
slowly under similar exposure condition. It is only in the case of CdTe/MPA in H,O that we
observe an enhancement of luminescence. In addition, the emission peak position also
changes on photo-irradiation. Both these changes are highlighted in Figure 4.4. As can be

seen, the rapid drop of emission intensity of CdTe/HDA QDs in CHCI3, which indicates
almost complete photo-bleaching in ~60 mins, is accompanied by a large blue shift of A7

from 603 to 568 nm in 60 minutes. In the case of aqueous solution of CdTe/MPA, nearly 3-
fold enhancement of the fluorescence is observed with a shift of the emission peak from 592

to 585 nm in ~220 mins. Further illumination however leads to a decrease in emission

intensity along with a large blue shift of the A value from 585 nm (at 220 mins) to 569 nm

(at 720 mins). On the other hand, the ionic liquid solution of CdTe/SMIM is found to be
much more stable compared to the other two QDs. In this case, the emission intensity

decreases very slowly with negligible shift of its emission maximum.
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Figure 4.3. Steady state emission spectra (Aex = 440 nm) of (a) CdTe/HDA in CHCls, (b)
CdTe/MPA in H,0 and (c) CdTe/SMIM in [bmim][PF¢] after different periods of exposure.
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Figure 4.4. Plot of variation of the integrated fluorescence intensity le, (top panel,
normalized at t = 0) and emission peak wavelength A (nm) (bottom panel) of the QDs
with irradiation time.

In order to understand the origin of light-induced fluorescence enhancement of
CdTe/MPA in aqueous environment, or more specifically, to find out whether dissolved
oxygen (O,) has anything to do with the effect, we have carried out irradiation experiments in
N, environment as well (Figure 4.5). The fluorescence enhancement observed under

deoxygenated condition (5-fold) is higher than that observed in the presence of air (~3-fold).
The shift of A, observed (595 to 591 nm) even after prolonged exposure to light (14 hrs) in

N, atmosphere is also much smaller (Figure 4.5).

The rapid reduction of luminescence intensity of CdTe/HDA QDs in CHCI;
accompanied by a large blue shift of A%%, is due to photooxidation of the QD, which not
only results in etching/photocorrosion of the surface, but also introduces defect states and
facilitates nonradiative deactivation of the excited state. A much higher solubility of O, in
CHCl; (9.8 mM)* compared to < 0.2 mM in [bmim][PF]** and 0.28 mM in H,O* explains
why the photooxidation process is so efficient for CdTe/HDA in CHCI;. Weak interaction
(hard-soft) between the amine moiety and the surface Cd atoms compared to the thiol-Cd
interaction (soft-soft) can also contribute to the photo-bleaching of the CdTe/HDA QDs.
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Figure 4.5. Emission spectra of CdTe/MPA (in H,O) recorded at different periods of light
irradiation in N, environment. A= 440 nm.

Low solubility of O, and also its slow diffusion in viscous [bmim][PF¢] gives a
greater photostability to CdTe/SMIM in [bmim][PF¢] from corrosion and explain negligible
shift of A5%,. However, even though surface etching is insignificant in [bmim][PFg], the
emission intensity of CdTe/SMIM decreases slowly on exposure to light. This is most likely
due to photo-conversion of the surface protective thiol moiety to disulfide (a process known
to occur in the absence of 0,??) and removal of the capping agent from the QDs. The exposed
surface sites of the QDs serve as the trap states for the charge carriers and contribute to the
drop of luminescence intensity of CdTe/SMIM QDs in [bmim][PF¢].*

The nature of variation of the emission intensity, which increases rapidly in the early
stages of irradiation, but decreases slowly later, of the aqueous solution of CdTe/MPA, is
clearly an indication of two competing processes. A process, which enhances the
luminescence intensity at the early stages, and another process, which decreases emission
intensity, dominates at a later time. The later process, which is also accompanied by a large
blue shift of the A7, value, is clearly due to slow photooxidation of the QDs by oxygen. As
far as the process of luminescence enhancement or photoactivation is concerned, we can rule
out any possible role of O, in the photoactivation of the QDs, as proposed in many

192428 a5 fluorescence enhancement is also observed in N, purged aqueous solution

literatures
of CdTe/MPA (Figure 4.5). A drop of fluorescence intensity of the photoactivated QDs

observed when kept in dark in both aerated and deaerated environment and its recovery again
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under light (Figure 4.6) hints towards the photoadsorption of the water molecules as most
likely mechanism of photoactivation, which we observed in our earlier study.”® Photo-
induced adsorption of water molecules leads to the passivation of the surface trap states and a

decrease of the nonradiative events occurs at the early stages of irradiation.?®
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Figure 4.6. Emission spectra of the photoactivated CdTe/MPA QDs and after keeping the
photoactivated QDs in dark for overnight in (a) air and (b) N, environment.

4.4. Fluorescence lifetime as a function of the duration of light exposure:

Figure 4.7 depicts the influence of light irradiation on the fluorescence decay profiles
of the QDs. The measured decay curves are found best represented by triexponential function
of the form, I(t) = a; exp(-x/11) + a, exp(-x/12) + as exp(-x/13), where 11, To, T3 are the lifetime
components and a;, a, as are the corresponding amplitudes. The lifetime components,
associated amplitudes and average lifetime <t>, estimated using <t> = (a;t; + a1, + asts)/ (a1
+ a, + a3), are collected in Table 4.1. It can be seen, the <t> value of CdTe/HDA (in CHClI5)
decreases drastically on irradiation from 2.74 £ 0.14 to 0.74 ns in just 20 mins. On the other
hand, <t> value of CdTe/SMIM in [bmim][PF¢] decreases very slowly and to observe a
significant change of lifetime one needs to expose the solution to light for a much longer
time. Another point to note here is that the amplitude associated with the fastest lifetime
component increases and that of the two slow components decreases for both CdTe/HDA and
CdTe/SMIM on exposure with light. In the case of aqueous solution of CdTe/MPA, the <t>
value increases upon light irradiation until a certain time (220 mins) and then decreases

slowly. At the initial stages of irradiation (< 220 mins), the amplitude associated with the
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shortest component decreases, and that of the longer components increases. This trend is
exactly opposite to what is observed for CdTe/HDA & CdTe/SMIM. At longer irradiation
time (beyond 220 mins), however, like in other two cases the amplitude of the shortest

component increases and that of the long components decreases. This trend is consistent with

our earlier study.”
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Figure 4.7. Fluorescence decay (hex = 439 nm) profiles of (@) CdTe/HDA in CHCl3, (b)
CdTe/MPA in H,O and (c) CdTe/SMIM in [bmim][PF¢] after different periods of
illumination. The instrument response function is shown as black solid line. Emission is

monitored at the peak wavelength.
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The wvariation of the <t> wvalues, the individual lifetime components and their
amplitudes is consistent with the steady state behavior of the systems and in agreement with
the explanation offered for the variation. It is known that the shortest lifetime component
arises due to intrinsic electron and hole recombination at the core of the QD.#* The two long
lifetime components involve the surface states and spin forbidden optically passive state
present in the band edge (dark exciton state).®****" As surface passivation is not possible for
CdTe/HDA and CdTe/SMIM due to the absence of H,O molecules, the values of the
individual lifetime components and amplitude associated with the surface-related lifetime
components decrease on irradiation with light due to formation of more defect states on the
surface (Table 4.1).

In the case of CdTe/MPA, photoadsorption of H,O molecules passivates the surface
trap states thereby decreasing the probability of nonradiative events at the initial stages of
irradiation and increasing the <t> value and individual lifetime components. As this surface
passivation also converts a dark QD to a bright one by stabilizing the shallow trap states
containing charge carriers, the process increases the lifetime of these trap states and enhance
the probability of repopulation of the emitting band edge state (Scheme 4.1).* This increases
the contribution of the surface-related long lifetime components of this QD at the early stages
of irradiation. Upon prolonged exposure to light (> 220 mins), when photo-corrosion
dominates over the photoactivation process, the lifetime data vary similar to that observed for
the other two QDs, CdTe/HDA and CdTe/SMIM.
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Table 4.1. Fluorescence decay parameters of CdTe/HDA, CdTe/MPA and CdTe/SMIM in
CHCl3, H,0 and [bmim][PFs], respectively at different irradiation times

Medium Irradiation T o T, oy T3 o3
Time (Mins) (ns)

0 295 024 1405 0.13 030 0.67 274

CdTe/HDA CHCl; 5 247 022 12,05 010 020 0.68 1.88
10 216 0.21 10.95 0.08 0.17 071 145

20 156 0.15 878 0.05 0.08 0.80 0.74

0 380 0.25 20.67 0.10 0.37 065 3.25

60 443 028 2470 0.15 043 057 519

CdTe/MPA H,O 220 534 029 2641 022 051 049 7.62
480 475 030 20.74 0.18 043 052 538

765 3.75 023 1889 0.12 021 0.65 3.27

860 312 023 1640 0.08 026 0.69 221

0 957 044 3176 022 115 0.34 11.45

CdTe/SMIM  [bmim][PF¢] 220 6.50 0.36 2250 0.26 0.72 0.38 8.46
525 6.21 036 2169 025 065 039 791

800 588 035 2052 025 068 040 7.46

Scheme 4.1: Passivation of the trap states of QDs by photoadsorption H,O molecules. This
schematic description of the decay route is originally proposed by Bawendi et al.”"and later
adapted by Jones et al.*! and Pechstedt et al.”’

Trap state (TS) -
Manifold = ——~ TSaq
H,0
VB Vv
th

Dark QD Bright QD
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4.5. FCS study of the QDs:

The FCS measurements have been carried out with CdTe/MPA and CdTe/SMIM in
aqueous medium and ionic liquid, respectively. These measurements could not be performed
on CdTe/HDA in CHCI; due to high photo-instability of the QD and volatility of CHCls.
Figure 4.8 depicts time-dependence of the fluorescence correlation for CdTe/MPA and
CdTe/SMIM at different excitation powers. The best fits to the data points using Equation
2.7, which take into account fluorescence blinking of the QDs (stretched exponential model
of distributed kinetics) “*2 and 1-component diffusion, are also shown.

The important point to note here is the dependence of the G(0) value on the excitation
power. A steady and appreciable decrease of the G(0) value is observed for CdTe/MPA QD.
In the case of CdTe/SMIM, the variation is not so pronounced; a small increase followed by a
small decrease of the G(0) value with increasing excitation power is observed. This is
highlighted in panel (c) of Figure 4.8.



97 Chapter 4
0.7 - - -
(a) CdTe/MPA in H,0 0.24 ] (b) CdTe/SMIM in [bmim][PF ]
0.6' u " 6'-1W AA N [] 5pw
0.54 : 0201 ., . 29w
: X 0.16] *bow, © 18 MW
. 04f g I 27 yW
o 03l 50121 B i
0.2 0.08 -
0.1 0.04
0.04 . : : : 0.00 .
1E-3 0.01 0.1 1 10 1E-4 1E-3 0.01 0.1 1 10 100
7 (ms) 7 (ms)
06 (), [ a cdTe/MPAinHy0
] } e CdTe/SMIM in [bmim][PF]
0.5 +
0.4
S
0 0.3 + ;
0.2
0.1] * .

0 10 20 30 40 50 60
Excitation Power (uW)

Figure 4.8. Correlation curves of (a) CdTe/MPA in H,0 and (b) CdTe/SMIM in [bmim][PFs]
recorded at various excitation power. Here the symbols are the original data and the line
represents the fit to the data according to Equation 2.7. (c) Corresponding variation of G(0)
value with increasing excitation power for CdTe/MPA in H,O (black square) and
CdTe/SMIM in [bmim][PF¢] (red sphere). Aex = 485 nm

Several factors, such as background noise, photophysical process, optical trapping,
photoactivation and broadening of the observation volume due to excitation saturation can
affect the G(0) value in an FCS experiment.™*****" \We have considered all the possibilities
carefully before arriving at a definite conclusion. That a broadening of the observation
volume and optical trapping are not responsible for the changes in the G(0) value observed is
evident from the fact that the diffusion time show very little change with increasing
excitation power (Figure 4.9). That background noise at high laser power is not responsible
for the large decrease of the G(0) observed for CdTe/MPA in aqueous medium is evident

from the fact that a very little decrease of the G(0) value is observed for R123 in aqueous
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medium with increasing excitation power.?® That blinking of the QD is not responsible for the
large change of the G(0) value of the CdTe/MPA QD in H,0 is evident from the fact that a

faster blinking (1) at higher excitation power of both the QDs (Figure 4.10) is compensated
by the increase of the off-state fraction (T) under this condition (Figure 4.10).
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Figure 4.9. Plot of diffusion time (tp) Vs excitation power for (a) CdTe/MPA in H,0O and (b)

CdTe/SMIM in [bmim][PF¢].
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Figure 4.10. Variation of (a) blinking time (t;) and (b) off-state fraction of the QDs with

increasing excitation power.

One important point to note here is that the number of particles (N) in the

observation volume estimated from the G(0) value and off-state fraction (T) is much less than

the actual number of particles (Nawa) calculated from the concentration of the QDs (Table
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4.2). As a large fraction of the QDs are present in their dark state at low excitation power, the
G(0) value is high under this condition. With increasing excitation power as these dark QDs
get converted into their bright state due to surface passivation of the CdTe/MPA QDs by
H,0, a large decrease of the G(0) value is observed with increasing excitation power despite
an increase of the value of T. For CdTe/SMIM in [bmim][PF¢], the decrease of the G(0)
value with excitation power is much smaller compared to CdTe/MPA in H,O. This small
decrease in the G(0) value is most likely due to light scattering at high excitation power by
the ionic liquid observed for CdTe/SMIM with increasing excitation power can be
understood from the fact that with increasing excitation power the background counts due to
scattering from IL also increases and counteract the increase of G(0) value due to increase in
T value. At low excitation power the background noise is less and increase in T value
dominates so, a small increase in the G(0) value is observed. Later the G (0) value decreases
slowly but gradually with increasing excitation power because background scattering due to

[bmim][PFs] becoming larger and dominates the effect of increasing T value.

Table 4.2. Some parameters relating to the FCS studies on CdTe/MPA and CdTe/SMIM
QDs in H,O and [bmim][PF¢] respectively at lowest excitation power.

Parameters CdTe/MPA in H,0O CdTe/SMIM in [bmim][PFg]
C (nM) 56 + 3 400 + 10
G(0) 0.575 + 0.060 0.127 +0.016

N(1-T) 1.74+0.20 7.87+0.90

T 0.46 £0.04 0.75+0.04

N 3.2+0.6 315+7.0
Nactuat 3362 240+ 6

Dark fraction* 0.91+£0.02 0.87 £0.03

+Estimated from the concentration of QDs for an observation volume of 10™ L. *N/Ncua
gives the bright fraction of the QDs. Dark fraction = (1 - bright fraction).

It is thus evident from this combined steady state and time-resolved fluorescence and
FCS study that two photoprocesses primarily contribute to the light induced variation of the

emission behavior of the CdTe QDs. In aqueous environment, photoadsorption of H,O
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molecules by the QD leads to its photoactivation, which dominates the early part of
irradiation. The other process, photooxidation of the QD, which introduces surface defects,
contributes to the corrosion of the surface and results in a decrease of the emission intensity,
is observable at the later stages of irradiation. For the QDs studied in non-aqueous
environment, no photoactivation could be observed (thereby suggesting clearly the important
role of H,O in the process); only the effect of the photooxidation is observable. Thus the

present findings are best represented by Scheme 2.

Scheme 2: Mechanism of modulation of fluorescence properties of the QDs under light
irradiation

Dark QD

+ Cd*+ TeO,

4.6. Conclusion:

The mechanism of light-induced variation of the emission behavior of CdTe QDs
comprising different capping agents dispersed in three different environments is investigated.
Significant emission enhancement only for CdTe/MPA in both aerated and deaerated aqueous
environment under light irradiation and a large decrease of the G(0) value at higher excitation
power only in the aqueous environment unambiguously establish the critical role of the H,O
molecules in the passivation of the surface trap states. In addition to H,0O-assisted
photoactivation, photooxidation of the QDs is also shown to contribute to the light-induced

modulation of their luminescence behavior.
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CHAPTER5S

Effect of ZnS Shell on the Photostability and Photoactivation of the
CdTe Quantum Dots

Photostability and photoactivation of the quantum dots (QDs) are the two important
parameters which determine their applications in diverse fields. ZnS shell is grown over
CdTe QDs to study its effect on the photoactivation and photostability of the CdTe QDs.
Huge enhancement of the fluorescence intensity is observed for the core/shell CdTe/ZnS QDs
with a shell thickness of one monolayer (1 ML) and two monolayers (2 ML), compared to the
core-only QDs in both CHCI; and H,O medium. Fluorescence lifetime of the CdTe/ZnS QDs
is found to be much longer than that of the CdTe QDs indicating suppression of the
nonradiative pathways by effective passivation of the surface dangling orbitals by the ZnS
shell. Exceptional photostability of the mercaptopropionic acid (MPA) capped core/shell
CdTe/zZnS (2ML) QD in water is also demonstrated by light-exposure of the QDs over a long
period of time. Almost 3-fold enhancement in the fluorescence intensity is observed for
CdTe/MPA core QDs in aqueous solution upon light irradiation. On the otherhand the
increase in fluorescence intensity for CdTe/zZnS (2ML)/MPA QDs is very small upon light
exposure. FCS measurement reveals large decrease in the amplitude of the correlation at time
zero [G(0)] for the aqueous solution of CdTe/MPA, whereas a negligible change in the G(0)
value is observed for CdTe/ZnS (2ML)/MPA QDs.

5.1. Introduction:

QDs are emerging as a potential agent in various applications because of their
several advantages over traditional organic fluorophores such as size tunable optical and
electronic properties, narrow emission spectra, broad absorption spectra, high fluorescence
guantum yield, long fluorescence lifetime, large absorption cross section and possibility of
multiple exciton generation."™ However, the lack of proper understanding of some of the
photophysical properties of the QDs restrict their utility in many applications.'®!’ One such
process is fluorescence enhancement of the QDs under illumination, commonly termed as
photoactivation.'® Photoactivation of the QDs has been observed under various conditions
even inside a cell.’®*® Despite extensive efforts towards improving the understanding of the
photochemistry of the QDs, the mechanism of photoactivation has remained controversial.'®
It is commonly agreed that light induced passivation of the surface trap states, which act as

nonradiative centers in QDs, contributes to the photoactivation of the QDs. However, no
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consensus on the mechanism of this light induced passivation of the surface trap states has
been achieved yet. A wide variety of models has been proposed to explain the
photoactivation of the QDs. These include passivation of the surface trap states by
photoadsorbed molecules, which include polar solvent molecules as well,***** removal of
topological surface defects due to photooxidation (i.e. smoothing of the surface during the

process of photocorrosion),*®?*%%

16,21

photoinduced rearrangement of the surface stabilizing
agents, surface reconstruction by the light induced heat generation, formation of shell
structure around the core QDs due to photodegradation of the surface stabilizing agent
(thioglycolic acid) etc.**3* Formation of metal oxide layer on the surface of a QD due to
photooxidation and photoadsorption of water molecules on the QDs surface are also proposed
as a mechanism of photoactivation.'®?”* Carrilio-Carrion et al. proposed a model involving
both photooxidation and photoadsorption of water molecules to account for surface
passivation of the QDs in aqueous solution upon exposure to light.* As photoactivation
restricts the applications of the QDs in many disciplines, a clear understanding of the
mechanism of the photoactivation is crucial for the design of the QDs which show minimum

photoactivation as well as enhanced stability under light exposure.

In a recent article, we investigated the photoactivation of the CdTe QDs by
employing three different capping agents dispersed in three different solvents using both
conventional ensemble fluorescence and FCS technique.® We conclusively proved
passivation of the surface trap states of the QDs by photoadsorption of water molecules on
the QDs surface as the prominent mechanism of photoactivation on the basis of the fact that
light induced fluorescence enhancement could be observed only in aqueous medium. So,
passivation of the surface trap states holds the key to the development of the QDs exhibiting
minimum photoactivation and high stability. A very efficient method of surface passivation
of the QDs is their overgrowth with a shell of higher band gap second semiconductor
materials, resulting in type 1 core/shell QDs.***" Unlike organically passivated QDs,
inorganic epitaxial growth of another semiconductor material eliminates both cationic and
anionic defects on the surface and also creates new QDs with novel properties.?*** These
type | core/shell QDs not only provide better passivation of the surface trap states of the core
QDs but also the larger band gap of the shell materials confines the charge carrier mostly on

the core QDs.>**%% As the shell physically separates the core from the surface and thus
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reduces the influence of the local environmental factors such as presence of oxygen and
water molecules on the emission properties of the QDs. Hence, type | core/shell QDs are
expected to exhibit better stability against photoactivation and photocorrosion. However,
photoactivation and photocorrosion have been reported for type | CdSe/CdS and CdSe/ZnS
core/shell QDs.******* This observation was attributed to incomplete shell formation on the
core. Thus providing regions where core QD is exposed to the surrounding environment or
shell layer around the core is not a closed epitaxial layer but rather a layer with grain
boundaries, which are the places where shell islands, which started to grow at different
locations on the core QDs, meet.**** At these exposed places or grain boundaries oxygen and
water molecules can diffuse to the core QDs and as a result photoactivation and

photocorrosion can occur.'*%

In the present case we have studied the optical properties of CdTe/ZnS core/shell
QDs synthesized by SILAR (successive ion layer adsorption and reaction) method and
compared with the CdTe core QDs. SILAR is a very popular and efficient technique for the
preparation for high quality core/shell QDs.*® This technique is based on the formation of one
monolayer at a time by alternating the injections of cationic and anionic precursors of the
shell material. We have also investigated the photoinduced variation of the emission behavior
of the QDs in aqueous solution using steady state emission and FCS technique, considering
the fact that photostability of the QDs in aqueous solution is very important for their utility in
biological applications. The main reason we have selected CdTe/ZnS core shell QDs based
on the fact that light induced variation on the optical properties CdTe/ZnS QDs is not studied
yet in details like core/shell QDs based on CdSe core.

5.2. Structural characterization of the QDs:

The sizes of the hexadecyl amine (HDA) capped CdTe core, CdTe/ZnS(2ML)
core/shell QDs, determined from their TEM images (Figure 5.1), are 3.9 £ 0.3 nm and 5.3 +
0.4 nm, respectively. The TEM-measured sizes of the core and core/shell QDs correlate well
with the sizes estimated from the first exciton band absorption peak of the core QDs* and
assumed shell thickness of around 0.35 nm for each monolayer. Increase in size of the QDs is

observed when coated with ZnS shell.
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Figure 5.1: TEM images of (a) CdTe/HDA and (b) CdTe/ZnS(2ML)/HDA QDs. Inset shows
the image at 10 nm Scale.

We also carried out energy dispersive X-ray (EDX) spectroscopic measurement on
CdTe/znS(2ML)/HDA QDs. The EDX spectrum, shown in Figure 5.2, confirms the presence
of ZnS layer around the core CdTe.
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Figure 5.2. EDX spectrum of CdTe/ZnS(2ML)/HDA (S K, peak at 2.3 keV and Zn K, peak
at 8.9 keV).
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5.3. Steady state fluorescence behavior:

Absorption spectra of the QDs are shown in Figure 5.3. HDA-capped QDs are
soluble in CHCIs. To solubilize the QDs in H,O medium HDA is replaced by
mercaptopropionic acid (MPA).* The carboxylate group of MPA makes the QDs polar to

dissolve in polar water medium. As the absorption peak position (iﬂ;) is not well resolved,”

it is difficult to Figure out from the data the extent of red shift of the first exciton band

maximum upon shell formation.
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Figure 5.3: Absorption spectra of (a) CdTe/HDA and CdTe/ZnS(IML&2ML)/HDA QDs in
CHCl; and (b) CdTe/MPA and CdTe/ZnS(IML&2ML)/MPA QDs in H,0.

Figure 5.4 displays the emission spectra of the QDs in CHCI; and H,0O. Huge
enhancement of fluorescence intensity is observed in case of CdTe/ZnS QDs with increasing

shell thickness than the core CdTe QDs. We have calculated the emission quantum yield

(QY) of the QDs. Emission QY and peak wavelength (/Lfn";x ) of the QDs are collected in table

5.1. The QY increases from 2.7% in CdTe/HDA core to 12.4% in 1ML and 20.0% in 2ML-
CdTe/ZnS/HDA core/shell QDs in CHCI3. The enhancement of emission QY is even higher
in case of CdTe/ZnS/MPA QDs in aqueous medium with increasing shell thickness compared

: Rough estimation of the first exciton band maximum (/1?“23( ) of the core QD is possible (Figure 5.3.

a). A 30 nm shift of the A% only changes the D value (determined from A ) by + 0.2 nm.
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to the core CdTe/MPA QDs (Table 5.1). Emission QY increases from 3.7% in CdTe/MPA to
27% In CdTe/ZnS(1ML)/MPA and 35% in CdTe/ZnS(2ML)/MPA QDs.

(a) ——CdTe/HDA (b) ——CdTe/MPA core
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Figure 5.4: Emission spectra of (a) CdTe/HDA and CdTe/ZnS(IML&2ML)/HDA QDs in
CHClsand (b) CdTe/MPA and CdTe/ZnS(IML&2ML)/MPA QDs in H,0.

The large enhancement in the emission QY of CdTe/ZnS QDs is due to effective

passivation of the surface dangling orbitals (defects) by epitaxial growth of the ZnS shell

around core. Along with the enhancement of the QY a red shift of the /1;";)( is also observed

for the core/shell CdTe/ZnS QDs with increasing shell thickness (Table 5.1). A shifts

from 630 nm in case of CdTe/HDA QDs to 660 nm & 676 nm for CdTe/ZnS (1ML)/HDA
and CdTe/ZnS (2ML)/HDA QDs respectively. Exchanging HDA ligand with MPA leads to a

blue shift in the /1,911";)( of the QDs (Table 5.1). This observation is consistent with the

literature report, that replacement of amine ligand with MPA or aminoethanethiol (AET)
induces a redistribution of electron density and increase in the confinement energy of the

QDs due to stronger thiol-Cd interaction compared to amine-Cd interaction.” For MPA-

capped QDs, A shifts from 618 nm in core CdTe/MPA to 645 nm in

CdTe/ZnS(1IML)/MPA to 665 nm in CdTe/ZnS(2ML)/MPA. This red shift in the A7, peak

in core/shell QDs is well known***? and is attributed to partial leakage of the exciton from
core to shell.
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Table 5.1: Emission properties of the QDs in CHCI; and H,O.

QDs Medium Aem (nm) QY(%)
CdTe/HDA CHCl; 630 2.7
CdTe/ZnS(IML)/HDA CHCl; 660 12.4
CdTe/ZnS(2ML)/HDA CHCl, 676 20.0
CdTe/MPA H,0 618 37
CdTe/ZnS(IML)/MPA H,0 645 27.0
CdTe/ZnS(2ML)/MPA H,0 665 35.0

5.4. Fluorescence lifetime study:

Fluorescence decay profiles of the QDs are shown in Figure 5.5. Triexponential fit
of the fluorescence decay profiles is found to be superior compared to mono- or bi-
exponential fit for CdTe/HDA, CdTe/ZnS(IML&2ML)/HDA in CHCI; and CdTe/MPA QDs
in H,O. On the other hand, for the CdTe/ZnS(IML&2ML)/MPA QDs, fluorescence decay
profile can be properly fit to a biexponential function. This suggests that the surface states are
passivated efficiently in aqueous medium compared to the chloroform medium. Table 5.2
listed the fluorescence decay parameters of the QDs. Large enhancement of fluorescence
lifetime is observed for the QDs in both solvents when ZnS shell is overgrown around CdTe
core QDs. For HDA-capped QDs in CHCI; the average fluorescence lifetime (<t>) increases
significantly from 1.62 ns (in core CdTe QDs) to 6.41 ns & 9.54 ns in CdTe/ZnS(1ML) and
CdTe/ZnS (2ML) core/shell QDs respectively. In aqueous medium, <t> increases from 4.44
ns to 14.20 ns in CdTe/ZnS(1IML)/MPA and 16.77 ns in CdTe/ZnS(2ML)/MPA QDs. These
results clearly suggest a much more effective passivation of CdTe surface dangling orbitals or
defects by the overgrowth of ZnS shell. The extent of passivation is larger for MPA-capped
CdTe/ZnS QDs than the HDA-capped CdTe/ZnS QDs.
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Figure 5.5. Fluorescence decay profile of (a) HDA-capped CdTe core and CdTe/ZnS 1ML &
2 ML QDs in CHCI; and (b) CdTe/MPA core and CdTe/ZnS/MPA 1ML & 2ML core/shell
QDs in water. In each case lines represent the best fit to the decay traces. Lamp profile is
shown as black solid line. Aeye = 439 nm.

Table 5.2. Time resolved fluorescence parameters of the QDs in CHCI; and H,0O

Quantum Dots Medium  1;(ns) o To(NS) o T3(NS) o

CdTe/HDA CHCl; 2.80 025 1375 013 0.21 0.62 2.62
CdTe/ZnS(IML)/HDA CHCI, 4.85 028 1646 030 0.27 042 6.41
CdTe/ZnS(2ML)/HDA CHCI, 6.04 026 21.00 037 0.54 0.37 9.54

CdTe/MPA H,0 4.22 026 23.73 0.13 0.38 061 4.41
CdTe/ZnS(IML)/MPA  H,0 4.45 041 2096 0.59 14.20
CdTe/ZnS(2ML)/MPA  H,0 5.72 031 21.74 0.69 16.77

*<t> is defined as, <t> = (ouTi+anTrtosts)/ogta,+as for triexponential fit and <> =
(ouytitonto)/auta, for biexponential fit. Here o, o, and o are the corresponding amplitudes
of the lifetime components.

5.5. Effect of illumination on the fluorescence of QDs:

Herein, we study the effect of light on the fluorescence properties of CdTe/MPA core
and CdTe/ZnS(2ML)/MPA core/shell QDs in aqueous medium. QDs were irradiated under
light over a long period of time and the emission spectra were recorded at different time

intervals to monitor the effect of light. Figure 5.6 depicts the effect of illumination on the
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fluorescence behavior of the QDs. In case of CdTe/MPA, emission intensity increases under
light irradiation, reaches its highest value after 27 hours, and then starts decreasing. The
emission is almost completely quenched after 50 hrs of light irradiation. However, in case of
CdTe/ZnS (2ML), very little change of the emission intensity is observed even after 88 hours
of illumination. Figure 5.7 shows the normalized emission spectra of the QDs at various

illumination times to highlight the spectral shift. Huge blue shift of the emission peak (a
decrease of A, from 618 nm to 586 nm in 50 hrs) is observed for CdTe/MPA under

irradiation of light. On the other hand, no such shift is observed in case of
CdTe/ZnS(2ML)/MPA QDs even after prolonged exposure to light (88 hrs).

6---88hrs |
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8 1—0 hrs ?'i‘.-' 60 | m ’”5* .
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Figure 5.6. Steady state emission spectra (Aex = 440 nm) of (a) CdTe/MPA and, (b)
CdTe/ZnS(2ML)/MPA in H,O after different periods of light irradiation (inset shows the
magnified regions of the spectra indicated by an ellipse).

The enhancement of emission intensity observed for CdTe/MPA is due to
photoactivation of the QDs, which in our earlier study we have shown occurs only in agueous
medium and is due to passivation of the surface trap states of the QDs by photoadsorbed H,O
molecules.”® However, aqueous solution of CdTe/ZnS(2ML)/MPA exhibits very little
enhancement in the emission intensity upon light irradiation (Figure 5.6. b). This clearly

indicates that the ZnS shell around the core very effectively passivates the surface trap states
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and protects the core from external perturbation such as light. No shift in A" is observed

for CdTe/ZnS(2ML)/MPA upon light exposure (Figure 5.7). Blue shift of the A

accompanied by a decrease in emission intensity of CdTe/MPA upon light exposure is due to
surface photooxidation leading to etching of the surface fragments (photocorrosion) of the
QDs.’*2 7ZnS shell thus protects the core in CdTe/ZnS QDs from photooxidation and offers
stability under light. Scheme 5.1 shows the photoactivation and photocorrosion of the QDs.

1.2 (1) CdTe/MPA —0hrs 10 (b) CdTe/ZnS(2ML)/MPA
101 ! - -4hrs |l — Ohrs A
' 27 hrs - 0.8]{ — 4hrs
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Figure 5.7. Normalized emission spectra of (a) CdTe/MPA & (b) CdTe/ZnS(2ML)/MPA in
aqueous medium at different light irradiation times.
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Photoactivation of the QDs
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Scheme 5.1. Mechanism of photoactivation and photocorrosion of the QDs. In case of
CdTe/zZnS shell protects the core from photoactivation and photocorrosion.

5.6. FCS study of the QDs:

FCS measurements are also carried out on CdTe/MPA and CdTe/ZnS(2ML)/MPA
in agueous medium to further investigate the photoactivation/photocorrosion of the QDs and
to support the finding of the results stated in the earlier sections. The amplitude of correlation
at time 0, [G(0)], in an FCS measurement is inversely proportional to the number of emitters
present in the observation volume.*"*® Hence, any variation of the G(0) value with excitation
power is a reflection of light induced changes in the number of emitting QDs. Correlation
curves of the QDs are recorded at different excitation power. Figure 5.8 shows the correlation
curves of the QDs and the changes of the G(0) value as a function of the excitation power.
The correlation curves could be best fitted (as determined by the residuals) to a stretched
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exponential with a 1- component diffusion model (Equation 2.7) considering the distributed
kinetics of fluorescence blinking of the QDs as reported in literature.”*** For CdTe/MPA
QDs appreciable decrease of the G(0) value from 0.87 at 6.1 uW to 0.14 at 52.8 uW is
observed with increasing excitation power. On the other hand for CdTe/ZnS(2ML)/MPA
decrease of the G(0) value is much smaller (from 0.43 at 6.1 uW to 0.26 at 53.1 uW) than
that observed in CdTe/MPA QDs with increasing excitation power. Figure 5.9 shows the plot
of normalized correlation curves and diffusion time of the QDs with increasing excitation
power. Changes in the shape of the correlation curves particularly at short lag times (1) are
observed with increasing excitation power (Figure 5.9). Variation of the off-state fraction (T)
and blinking time (t;) with increasing excitation power are shown in Figure 5.10. With

increasing excitation power, T increases and t; decreases for both the QDs.
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Figure 5.8. Correlation curves of (@ 74 nM CdTe/MPA and (b) 20 nM
CdTe/ZnS(2ML)/MPA in H,0, recorded at various excitation power. Here the symbols are
the original data and the line represents the fit to the data according to Equation 2.7. (c)
Corresponding variation of G(0) value with increasing excitation power for CdTe/MPA (Red
sphere) and CdTe/ZnS(2ML)/MPA (black square). Ae, = 485 nm.
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Figure 5.10. Plot of (a) off state fraction (T) and (b) blinking time (t;) vs excitation power for
CdTe/MPA (black square) and CdTe/ZnS(2ML)/MPA (red sphere) QDs in H,0.
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One important point to note is that G(0) is related to the average number of
molecules (N) in the observation volume undergoing reversible transition between
fluorescence on- and off-state, as G(0) = 1/N(1-T). An increase in the value of T implies a
decrease in the number of fluorescent molecules, N(1-T), in the observation volume.
Consequently, the G(0) value should increase with excitation power. However, a large
decrease of the G(0) value is observed for CdTe/MPA QDs. For CdTe/ZnS QDs, this
decrease is however, very small compared to the core QDs. In our earlier reports, considering
all possibilities we came to the conclusion that photoactivation contributes to the decrease in
G(0) value with increasing excitation power.??* This conclusion is substantiated by the
present observation of an appreciable decrease in G(0) value with increasing excitation power
only for CdTe/MPA QDs in H,O which also exhibits an appreciable increase in fluorescence
intensity upon light irradiation. For CdTe/ZnS(2ML)/MPA QDs, the increase in fluorescence
intensity upon light irradiation (photoactivation) is very small and the decrease in G(0) value
is also much smaller than that of CdTe/MPA QDs. Hence photoactivation of the QDs and
decrease in the G(0) value with increasing excitation power in case of QDs in the FCS
measurement is intimately related.

Another important aspect here is that for CdTe/MPA the number of particles (N) in
the observation volume estimated from the G(0) value and off-state fraction (T) is much less
than the actual number of particles (Nuwa) calculated from the concentration of the QDs
(Table 5.3). This suggests that a large fraction of CdTe/MPA QDs (95%) are in their dark
state. Photoadsorption of H,O molecules passivates the surface trap state and convert the dark
QDs to bright ones and increases the number of emitters in the observation volume and also,
a decrease in the G(0) value of the QDs with increasing excitation power.? The difference
between Nawa and N is much smaller for CdTe/ZnS(2ML)/MPA compared to CdTe/MPA
(Table 5.3) indicating better passivation of the surface states of CdTe core by the overgrowth
of ZnS shell. Ngwa is expected to be 12 in the observation volume for 20 nM
CdTe/ZnS(2ML)/MPA QDs but the measured N value from FCS experiment is 3.85. This
difference is largely due to the dark fraction of CdTe/ZnS(2ML)/MPA QDs (interfacial trap
states capturing the charge carriers and promoting nonradiative deactivation).”” Lattice
parameter of ZnS (5.41A) is significantly smaller than the lattice parameter of CdTe (6.482

A).*® This mismatch in lattice parameter (19.8%) creates strain in core/shell QDs.*! Epitaxial
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growth of ZnS shell around core CdTe QDs results in tensile strain in ZnS shell and
compressional strain in CdTe core.* To obtain relief from this strain there occurs lattice
dislocations at the interface between core and shell.*"** These lattice defects at the interfaces
of core and shell introduces electronic states within the band gap, which acts as trap state for
the charge carriers.>® These dark QDs do not convert into bright ones as these are protected
by the ZnS shell from the surrounding environment.

Table 5.3. Some FCS parameters for CdTe/MPA and CdTe/ZnS(2ML)/MPA QDs in H,O at
lowest excitation power.

Parameters CdTe/MPA in H,O CdTe/ZnS(2ML)/MPA in H20

C (M) 74 20

G(0) 0.87+0.14 0.43+0.03

N(1-T) 1.74+£0.20 2.33+£0.16

T 0.49+0.04 0.40 +0.03

N 2.25+0.31 3.85+0.30
Nactuat 44.4 12

Dark fraction* 0.95+0.01 0.68 £0.02

1 Estimated from the concentration of QDs for an observation volume of 10 L. *N/Naetar
gives the bright fraction of the QDs. Dark fraction = (1 - bright fraction).

5.7. Conclusions:

Effect of ZnS shell on the fluorescence behavior of the CdTe QDs has been
investigated. Significant improvement of the fluorescence properties is observed for
CdTe/ZznS QDs compared to CdTe QDs in both CHCI; and H,O, indicates effective
passivation of the surface dangling orbitals of CdTe QDs by the overgrowth of the ZnS shell.
Photoactivation and photocorrosion is only observed in CdTe/MPA QDs but not in
CdTe/ZnS(2ML)/MPA QDs in aqueous medium. The results suggest that ZnS shell
effectively protects the CdTe core QDs from external perturbations. FCS study substantiates
this fact as a large decrease in G(0) value with increasing excitation power is only observed
for CdTe/MPA QDs but not in CdTe/ZnS(2ML)/MPA QDs.
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CHAPTER 6

Diffusion of Organic Dyes in Bovine Serum Albumin Solution

Studied by Fluorescence Correlation Spectroscopy

The understanding of the transport of drugs and naturally occurring molecules in living cells
and tissues requires a thorough knowledge of the diffusion behavior of the molecular systems
in these media. In this work, we studied the translational diffusion of three fluorescent
molecules, electrically neutral coumarin 102 (C102), cationic rhodamine 6G (R6G) and
anionic fluorescein (FL) in phosphate-buffered (pH 7) agqueous solutions of bovine serum
albumin (BSA) protein in the absence and presence of common salt and urea using
fluorescence correlation spectroscopy (FCS) by monitoring the fluorescence intensity
fluctuations in a small confocal observation volume. The diffusion due to both free and BSA-
bound molecules is observed in the case of the C102-BSA system. While no exchange
between the bound and free states of the molecule is observed in this case, a rapid exchange
between the two states is observed in the case of electrically charged hydrophilic dyes R6G
and FL. This molecular picture, which is the first of its kind, is a reflection of a weaker
binding of R6G and FL compared to C102 with the protein molecule. The binding sites of the
probe molecules in BSA were identified based on the urea-induced change of diffusion of the
probes in BSA.

6.1. Introduction:

Serum albumins, which are the most abundantly found proteins in blood plasma,
serve as depot protein and transport protein for a variety of compounds like fatty acids, amino
acids, bile salts, metals, hormones, drugs and pharmaceuticals.”” The nature of binding
between small molecular probes and the albumins is an important topic of investigation for
many reasons.®*® Unlike human serum albumin (HSA), the crystal structure of bovine serum
albumin (BSA), which has a molecular mass of 66,200 Da with 583 amino acids in a single
polypeptide chain,* is unknown. A model structure of BSA, which can be obtained from its
amino acid sequence and crystal structure of related homologous protein, HSA, indicates that
it is made up of three homologous domains (I, I, and 11) divided into nine loops (L1-L9) by
17 disulphide bridges. Each domain in turn is the product of two sub-domains A and B."”

BSA has two tryptophan (Trp) residues that possess intrinsic fluorescence. Trp-212 locates
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within a hydrophobic binding pocket in subdomain 1A, and Trp-134 on the surface of the

16
.

albumin molecule in domain 1. The principal ligand binding sites of BSA are located in the

subdomain 11A and I1A,"*® which are termed binding sites 1 and 11 (Figure 6.1)."*®

Site Il

Domainll

Figure 6.1. A pictorial representation of the BSA model structure obtained from homology
modelling indicating the domains and the binding sites.

In the present work, we explore the utility of FCS in studying the diffusion
processes in phosphate-buffered (pH 7.0) BSA solution. FCS is a method in which
spontaneous intensity fluctuation arising from a very small confocal volume (approx. 1 fL),
defined by the tightly focused laser beam and a confocal pinhole, are correlated to quantify
the temporal evolution of the system about its equilibrium state. Even though the basics of

FCS were developed in the early 1970s,9%°

it became a popular technique after the
development of confocal optics and highly sensitive detectors in the 1990s.?* Fluctuation of
fluorescence arises due to diffusion of the fluorescent molecules in and out of the observation
volume and changes in quantum yield due to different processes.* Analysis of the correlation
function provides the information on the dynamic processes responsible for the fluctuation.
The correlation function is fitted to a model, which contains the information about the
possible dynamics processes that may contribute to the fluctuation. Fitting of the data to these
models give dynamic parameters ranging from reaction times to diffusion coefficients. In the

present study, we are particularly interested in the latter, which are related to the
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hydrodynamic radii of the diffusing molecules, thus offering a sensitive method for size

determination.

FCS has been previously used to study the diffusion of fluorescent probes in many

22-24

organized assemblies, which include vesicles and membranes,”?* colloidal particles,” ionic

26-29 32,33 34-37

liquids,”*?° agarose gel,***! polymer matrix,*>* micelles,***" microemulsions® and to study

%940 and conformational changes of the protein.***® As BSA is a carrier

protein aggregation,
protein, the mobility of the molecules in BSA solution is of fundamental importance in drug
delivery and for the design of drug molecules. Considering the fact that a protein solution
consists of both hydrophilic and hydrophobic domains, the diffusion of a probe may be
location dependent with fast diffusion near the surface and slow diffusion in the core region.
Andrade and coworkers studied the translational and rotational motion of BSA under
physiological and acidic pH by FCS and time-resolved anisotropy measurements.*’ Using
anionic meso-tetrakis (p-sulfonatophenyl) porphyrin sodium salt (TSPP) as a probe molecule,
they found a higher diffusion coefficient of TSPP in BSA at acidic pH. They attributed the
result to structural change of the protein at acidic pH and wobbling motion of the porphyrin
at the binding site. Reyes and coworkers studied the effect of temperature and salt on the
diffusion coefficient of BSA using photon correlation spectroscopic technique.*® They found
a decrease in the diffusion coefficient of BSA with ionic strength, which was rationalized in
terms of conformational change of protein and protein aggregation at high ionic strength.
Bhattacharyya and co-workers recently studied the interaction of C153 and R6G with
immobilized human serum albumin (HSA) and determined the association sites of the probes
in HSA by studying the effect of guanidinium hydrochloride on the binding kinetics of the
probes with HSA.** Salts such as Na,SO,, NaCl, Nal, NaSCN at high concentrations have
significant effects on the conformational stability of biomacromolecules.***® Salt induced
association or dissociation of many biological macromolecules depends upon their “salting
out” and “salting in” properties. The influence of an ion on the solubility and stability of
protein follows the classical Hofmeister series.”® The anions appear to have a larger effect
than the cations, and are usually ordered CO3*>S0,*>S,0;>H,PO,>F>CI>Br>I>CIlO,
>SCN".*® Early Members of the series promote “salting out”, whereas the later members
contribute to “salting in . Earlier members provide stability to the protein structure, while the

latter ones destabilize it. These salts can also affect the transport properties of BSA.
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Considering the fact that NaCl is found in nearly all biological systems, we have investigated
its effect on the diffusion properties of the dyes in BSA solution.

While the interaction between BSA and various fluorophores has been studied
previously using conventional steady state and time-resolved techniques primarily to obtain
information relating to the binding interaction, the present study focuses on the translational
diffusion of electrically neutral and charged dye molecules (Chart 1.6) in aqueous solutions
of BSA at neutral condition by FCS technique, an information that cannot be obtained by the
conventional techniques. As is shown below, the results presented here provide deep insight
into the nature of interaction of the molecular systems with BSA and on their diffusion
behavior.

6.2. Diffusion in bulk solvent:

Figure 6.2 shows the autocorrelation curves of the three dye molecules. The
translational diffusion coefficients (D;) estimated from these data are 640 and 420 um?s for
C102 and FL respectively. These D, values are in good agreement with the reported values
shown in Table 6.1.3"°** The hydrodynamic radii of these dyes estimated from the Stokes
Einstein Equation are 0.34 = 0.03, 0.51 + 0.01, and 0.51 = 0.01 nm for C102, FL and R6G,
respectively.
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Figure 6.2. Fluorescence correlation data points and best fits to those for R6G, FL and C102
in phosphate-buffered solution (pH = 7). A for FL, R6G is 485 nm and 405 nm for C102.
Residuals are shown at the bottom of each plot.

Table 6.1. Diffusion coefficients of the dyes in agueous solution

*

Phosphate-buffered (pH=7.0) 640+ 60(600)" 440+15(426)*  420+10(425)

The quantities in the bracket are the literature values of D, from reference *', *** and >**.
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6.3. Diffusion in BSA solution:

6.3.1. C102

Figure 6.3 shows the normalized correlation curves for C102 as a function of the
concentration of BSA. These curves represent the fits to the experimental data to a 2-
component diffusion model (Equation 2.2). Apart from the best quality of the fit, the
rationale for this treatment is also based on strong binding between C102 and BSA (The
binding constant, K is ~ 10° M™)°. One can expect to observe the bound and free forms of
C102 to contribute to the diffusion process, which is indeed found to be the case. The two
diffusion components (~ 550 and 60 um?%s) obtained from the curves for various [BSA]
match closely with the previously reported D; values for free C102*” and BSA™. The analysis
reveals that the shift of the curves towards the longer time scale is due to gradual increase in
the weightage of the BSA-bound C102. It is also observed that for [BSA] > 8 uM, the
contributions from free C102 becomes almost negligible and the correlation curves show 1-
component diffusion due to the bound C102 only. The binding constant (K) is estimated from

the plot of the fraction of the bound molecules () vs [BSA] (Figure 6.4) using Equation 6.1

K[BSA]
Oy = ——r——— (6.1)
1+ K[BSA]
which is obtained from the equilibrium relation
_ %
o, [BSA] (62)

oy 1S the fraction of the free C102 molecules. It should be noted in this context that as [BSA]
used in this experiment (uM range) was much larger than [Probe] (nM range), the initial
concentration of BSA, [BSA], is used for [BSA] in the estimation of the K value for this and
other two probes. The estimated value of the binding constant between C102 and BSA is (6.0
+ 0.6)x10° M. This binding constant is of the same order of magnitude as that obtained from

a conventional technique®.
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Figure 6.3. Normalized correlation curves of C102 for [BSA] of (i) 0 (ii) 1.0 (iii) 4.0 (iv) 8.0
(v) 16.0 uM. The curves shown are the best fits to Equation 2.2.
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Figure 6.4. Plot of the bound fraction (ay) of C102 vs [BSA]. The line indicates the fit to the
data according to Equation 6.1.
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6.3.2. R6G and FL

Unlike C102, the fluorescence correlation data could not be fit to a two-diffusion
model for hydrophilic probes, R6G and FL. Considering the hydrophilic nature of these
systems and their relatively weak association with BSA,*® one expects exchange of the
fluorescent probes between the free and bound state to be faster than the diffusion time
through the observation volume. Hence, one obtains an average diffusion coefficient in these
measurements with contributions from both the free and bound molecules. The treatment of
the correlation data that takes into consideration the exchange dynamics of the system is as

follows:®’

Association of a fluorescent guest (A) with a nonfluorescent host (H) yielding a
fluorescent complex (AH) can be represented as

k,
AH (6.3)
k

Where, k., and k_ are the association and dissociation rate constants, respectively. If D, and

A+H

Dan represent the diffusion coefficients of the free and bound molecules, respectively, the

average diffusion coefficient of the system, 5t is given by
Dy = XaDa + Xa Dy (6.4)
Where, X, and X, are the mole fractions of the respective components. Under this condition,

using Equation (2.5) and (6.4), one can express the average diffusion time, 7; as

N o5

1+ K [H],

TaH

Where, K is the binding constant of the system and is given by, K;= k./k..

With increasing [H], value the observed diffusion time, 7;, shifts from z, to zay. Figure

6.5 shows the normalized correlation curves for FL as a function of the concentration of

BSA. The K; value is determined from the plot of z; vs [H], (Figure6.6). Thus the estimated

K, value for FL (1.50 + 0.04 x10°) M™is 5 times higher than that obtained from equilibrium
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dialysis method (2.8x10* M™).*® However, a higher binding constant of ~10° M™ is also

reported in the literature.®*

G (v)

1E-3 001 01 1 10
T (ms)

Figure 6.5. Normalized best fit correlation curves of FL for [BSA] of (i) O (ii) 8 (iii) 16 (iv)
25 (v) 40 (vi) 60 and (vii) 70 puM.
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Figure 6.6. Plot of the mean diffusion times ( 7;) of FL vs [BSA]. The line represents the fit
to the data according to Equation (6.5) from which K is estimated.
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6.4. Effect of NaCl on diffusion:

NaCl can have a significant effect on the diffusion behavior of the dyes in BSA as it
affects the protein stability by altering the electrostatic interaction between the charged
amino acid residues.®”®* The correlation curves for the systems in aqueous solution of BSA (8
uM, pH 7) in the presence of various concentrations of NaCl are shown in Figure 6.7 and the
estimated values of the diffusion coefficients for the systems are collected in Table 6.2.
Among all of the probes studied, C102 shows little effect upon addition of NaCl. The D
value of C102 changes from 65 to 50 um?/s upon treatment with 1.5 M NaCl. For R6G, a
steady decrease in the diffusion coefficient is observed with increase in concentration of
NaCl.%

1.0/
~ - - 0OMNaCl 1.0
0sl® ...0.5 M NaCl — OMNaCl
' 3 1.5 M NaCl 0.8 - -1.5M NaCl
v\ | — 3MNaCl
< 06 N < 06
© 0.4 © 0.41
0.2 0.2
0.0 _ 0.0
1E3 001 01 1 10 1E3 001 01 1 10
7 (ms) «(ms)
1.0
- 0 M NaCl
= + 0.5 M NaCl
0.81 (c) 1.5 M NaCl
= 3 MNaCl
_— 0-6'
=
© 04
0.2-
0.0
1E-3  0.01 0.1 1

7 (ms)

Figure 6.7. Effect of NaCl on the correlation curves (normalized) of (a) R6G (b) C102 and
(c) FL in the presence of a constant amount of (8 uM) of BSA.
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Table 6.2. Diffusion coefficients of the dye molecules in BSA solution (8 uM) for different
concentrations of NaCl

Medium D¢ (nm%s)

C102 R6G FL
BSA (8 uM) 65+10 280+40 270+35
BSA (8 uM) + 0.5 M NaCl 170+15 390+15
BSA (8 uM) + 1.5 M NaCl 50+5 90+10 310+15
BSA (8 uM) + 3.0 M NaCl 45+5 220410

This observation can be rationalized as follows. Damodaran and Kinsella while
studying the binding of 2-nonanone with BSA, observed a decrease in the free ligand
concentration in the solution upon addition of NaCl.***® This implies that with increasing
NaCl concentration more dye molecules are transferred from the bulk to the protein phase
and thus contribute to the decrease in the diffusion coefficient. It is not difficult to understand
why the effect of NaCl is more pronounced in the case of R6G compared to C102. As the
binding is relatively weaker in case of R6G, more free molecules are present in the aqueous
phase, their passage to protein phase mainly leads to the significant change in the diffusion
coefficient. Whereas in the case of C102, due to strong binding most molecules are in bound
state and hence little decrease in the diffusion coefficient is observed. It is difficult to suggest
whether this small decrease is due to the structural change of BSA or not because there is
small decrease in the diffusion coefficient of C102 in phosphate buffered solution at pH 7.0
upon addition of 1.5 M NacCl. (Table 6.3).

Table 6.3. Diffusion coefficients of the probes in buffer in absence and presence of NaCl and
urea.

Fluorophores D, (um?s)
In buffer 4 M urea 1.5 M NaCl 3 M NaCl
FL 420+ 10 400 + 15 390 + 25 370+ 20
R6G 440 + 15 415+ 15 390 + 30 350+ 15

C102 640 £ 60 520+ 30 550+ 15




132 Chapter 6

The case of FL is found to be not so straightforward as the diffusion coefficient passes
through a maximum with increase in the concentration of NaCl. Even though this implies that
more than one factor, something that strengthens binding and something else that weakens it,
contributes to this complex behavior, we are currently not in a position to comment on what
these factors are. We have verified by performing several measurements that the trend is
reproducible. We plan to address this point in more detail at a later stage.

6.5. Effect of urea on diffusion:

The effect of urea on the correlation curves of the dyes in aqueous solution (pH 7) of
BSA (8 uM) are shown in Figure 6.8 and the estimated diffusion coefficients of the probes
are listed in Table 6.4. Except R6G, the diffusion coefficients increase in all cases upon
addition of urea.®® This increase is found most pronounced in the case of C102. The D; value
in this case increases by a factor of ~ 4 in presence of 4 M urea. As urea is a strong
denaturing agent, it disrupts the native structure of the protein and affects the binding sites®
by exposing them to bulk water. As binding is the strongest in the case of C102, the effect of
urea is most prominent in this case. In case of FL, for lower concentration of BSA (8 uM),
when a large number of molecules are in the agueous solution in the free state, urea induced
denaturation of protein does not have much impact on the diffusion of FL. But at higher BSA
concentration, this change is more appreciable upon denaturation. Nearly 2-fold enhancement
in diffusion is observed in 60 uM BSA solution upon treatment with urea. This behavior is
consistent with the fact that FL binds to the hydrophilic sites of BSA. Diffusion coefficient of
R6G does not show any change in the presence of urea even at higher concentration of BSA
when most of the R6G molecules are in bound state. This is perhaps a reflection of the fact
that positively charged R6G molecules remain bound to the negatively charged amino acid
residues (at pH 7) of the denatured protein. However, as denatured BSA has a larger
hydrodynamic radius (4.3 nm) compared to native BSA (3.6 nm),* one expects a 1.2-fold
decrease of the D, value of R6G upon addition of 4 M urea. Since this is not the case, it is
evident that additional factor is involved, which nullifies the effect of increasing
hydrodynamic radius of denatured BSA on the D, value. This factor is simply the change in
binding strength between R6G and BSA on denaturation. Recently Bhattacharyya and co-
workers shown a 1.2-fold decrease in the binding constant between R6G and HSA upon

addition of 5 M guanidinium hydrochloride.* Hence, it is not surprising to find a situation
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where the two factors counter-balance each other resulting in very little or negligible change
in the D, value of R6G in BSA.

1.0

0.8

0.6

0.4

0.2

0.0

1.0

104
Urea p, 1, N Urea p 1 Uea p 1
v \ oM 01151 02007 08{®) SN\ oM 01932 00076| o8l OM 00927 0.0906
v \4M 0970 0.0534 0 "\ 4M 02193 0.1092 \4M 00715 0.07
\ Ol : 2 08
\ 0 0
041 4
\ 04
0.2 0.24
00/ 00
IE3 001 01 1 10 IE3 001 01 1 IE3 000 01 1 10
T(ms) 7(ms) 1(ms)
10 Uea p, 1 10 Uea p 1,
08 \ OM 01385024 0s] © OM 0.0461 02001
4M 0.1380 0.1425 A 00598 01934
5 06 o 08
0 04 © 04
0.2 0.2
00 00
IE3 001 01 1 10 E3 00 01 1 10
1(ms) 1(ms)

Figure 6.8. Effect of urea (4 M) on the normalized correlation curves of (a) C102, (b) R6G
and (c) FL in the presence of 8 uM BSA. Traces in (d) and (e) highlight the effect of same
amount of urea (4 M) on the correlation curves of FL and R6G in the presence of a larger
quantity of BSA (60 uM ), respectively. The curves with solid and dashed line represent 0
and 4 M urea conditions, respectively.
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Table 6.4. Diffusion coefficients (D, in um?%s) of the dyes in 8 uM BSA and 60 uM BSA in
absence and in presence of urea.

Fluorophores D;in 8 uM BSA Dy in 60 uM BSA
0 M urea 4 M urea 0 M urea 4 M urea
C102 65+10 250+ 25
R6G 280+40 250+ 35 100+10 105+ 20
FL 270+35 295+45 90+5 155+ 20

The effect of urea on the diffusion of the fluorescent molecules allows identification of the
binding sites of the probes in BSA, as the diffusion of the hydrophilic probes is not much
affected by urea, but that of the hydrophobic probe is highly affected, implies that the
hydrophobic domains are unfolded on addition of urea without affecting the structure of
hydrophilic domains. Bhattacharyya and co-workers also observed a similar behaviour
recently in HSA on addition of guanidinium hydrochloride which is also a denaturing agent.*
One can perhaps obtain more definite information on the location of the probe molecules
from the recent work of Leggio C. et al, who observed a multistep unfolding process of HSA
induced by urea.®® They proposed two intermediates during the denaturation process. In the
presence of 3 M urea domain | begins to open up, while domain Il and Il remain closed. At
435 M urea, domain Il becomes unfolded. Domain Il opens up only at high urea
concentration (C > 8 M). In an earlier work, the binding site of C102 in HSA was assigned to
the subdomain 1IA by a molecular docking study.’ Taking into consideration of these
literature reports and careful consideration of our data we can conclude that C102 binds to the
hydrophobic region 1lA of BSA, which is almost completely denatured in presence of 4 M
urea showing a large increase in diffusion coefficient. R6G is expected to be associated with
domain I1IA, which retains its structure even in presence of 4 M urea. As FL shows small
enhancement upon denaturation by urea, this probe is not entirely associated with domain 111

and may also be located in between subdomains I1A and I11A.
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6.6. Conclusion

The diffusion behavior of electrically neutral and charged dye molecules in protein solution
has been investigated using FCS technique. The measured diffusion coefficients provide
insight into the nature and strength of the interaction between the guest and host revealing the
heterogeneity of the binding sites of the protein and fast exchange between the bound and
free states of the molecules. The common salt and urea induced changes of the diffusion

behaviour allow identification of the association sites of the probes with the protein molecule.
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CHAPTER 7

Probing of the Microheterogeneity of Some Imidazolium lonic
Liquids

The microscopic structure and dynamics of the room temperature ionic liquids (RTILS) that
are responsible for some of the peculiar properties of this class of solvents continue to
intrigue the researchers and stimulate new investigations. Herein, we use fluorescence
correlation spectroscopy (FCS) technique to study the diffusion of some probe molecules in
RTILs, the results of which when combined with those obtained from fluorescence lifetime
studies, provide insights into the microscopic structural details of this class of novel solvents.
Experiments performed with three charged and neutral probe molecules in five carefully
selected 1-alkyl-3-methyl imidazolium ionic liquids reveal that unlike in conventional
solvents these probes exhibit a bimodal diffusion behavior in RTILs thus indicating the
presence of two distinct environments. It is found that the contribution of the slow
component of the diffusion increases with increasing alkyl chain length of the cation. These
results are not only supported by the biexponential decay behavior of the fluorescence
intensity of the systems, but the individual values of the lifetime components and their
weightage allow determination of the nature of the two major environments. In essence, the
results point to the potential of the two combined techniques in unraveling some of the

complex features of the ionic liquids.

7.1. Introduction:

Room temperature ionic liquids (RTILS) possess some extraordinary properties, such
as low vapor pressure, liquidous over a wide range of temperature, high conductivity, high
thermal stability, high electrochemical window, moderate to high polarity, nonflammable
nature, which make them useful media for a large number of organic and inorganic reactions,
catalysis, separation and energy related applications, such as fuel cell, photovoltaics, super
capacitors, and batteries."® It is thus not difficult to understand why these substances have
attracted such huge attention in recent years. The fact that it is possible to develop ionic
liquids with desirable properties or tune their properties gradually by appropriate selection of

the constituent ions makes them ‘designer solvent’ for fundamental studies and applications.

Many experimental and theoretical studies in recent years have indicated that the

RTILs are more structured liquid when compared to the conventional solvents.*** This
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structural heterogeneity of the RTILs, which appears to be responsible for many of the
peculiar properties of these substances, is understood to occur over a spatial scale of few
nanometers and arises from the segregation of the alkyl tails into the mesoscopic
domains.'***1%1"2-% The early indication on this heterogeneity came through some scattered
experiments based on various techniques.**? Notable among those are the observation of the
excitation wavelength dependence of the fluorescence behavior of dipolar systems and
reaction rates faster than the diffusion.®*"** These experiments did not provide any structural
details of these liquids, but indicated that the RTILs are not homogeneous media at the
microscopic level. Hamaguchi and co-workers proposed a local ordering in these materials to
interpret the Raman spectroscopy data of a few RTILs.'®** The spatial heterogeneity in
RTILs was subsequently supported by the molecular dynamics (MD) simulation studies by
different groups.™®*" These studies revealed for the first time that the nanoscale organization
in RTILs is the consequence of the segregation of the alkyl chains. The first experimental
evidence of the spatial heterogeneity of the RTILs and its scale came from small wide angle

21-27

X-ray scattering (SWAXS) experiments. However, recent neutron scattering and
computational studies question some of the conclusions of the SWAXS study.*** Thus it
appears that the structure of the RTILs is yet to be fully understood and it requires further
experiments and simulation to unravel some of the details of the local structure and
dynamics. Russina et al presents the current understanding of the mesoscopic structural

heterogeneity of the RTILs in two very recent articles.”>?

Fluorescence correlation spectroscopy (FCS) is a highly sensitive and powerful
technique for the study of diffusion of molecular systems in a medium. In this technique, one
measures the fluctuations of the fluorescence intensity in a highly dilute solution arising from
a small excitation volume (approx. 1fl) defined by the focused laser beam and pinhole.*
These fluctuations are correlated to generate the correlation function. The decay of this
correlation function with time contains information on the dynamic molecular processes
responsible for the fluorescence fluctuation e.g. translational diffusion, conformation
fluctuation, reaction kinetics, etc.*” This technique has been used to study blinking dynamics,
bimolecular reaction, conformational fluctuation and translational diffusion in organized
assembly like polymer, lipid, membranes etc.*®**" A few FCS studies in neat RTILs and in

solutions have been carried out to understand the diffusion behavior of molecular systems in
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these media.*** Werner et al were the first to study the diffusion behavior of some probe
molecules using FCS measurements in a RTIL.** Apart from demonstrating the usefulness of
the technique in probing the frictional resistance experienced by the molecules, the extent of
solvent association of the probe molecules in RTIL was estimated.” Bhattacharyya and
coworkers observed an unusually broad distribution of the diffusion coefficients of some
fluorescent probe molecules in RTILs, which they attributed to the microheterogeneity of
ionic liquids.*® In a more recent FCS study, Guo et al. observed biphasic diffusion dynamics
of rhodamine 6G in a series of pyrrolidinium ionic liquids comprising different alkyl chain
length.** They observed an increase in the relative contribution of the slow diffusion
component with increasing alkyl chain length and this finding was ascribed to the increase in
the size of aggregated domains formed by the alkyl tails of the cationic group. These are very
interesting findings, which however, require further investigations as the experiments have so
far been conducted only on a very few select ionic liquids employing a few fluorescent
probes. This is why we undertake this present study in which we employ three carefully
chosen fluorescent dyes, R123 (cationic), DCM (neutral) and 4NBD (neutral) to probe the
microscopic structure and dynamics in five carefully selected 1-alkyl-3-methyl imidazolum
ionic liquids. Moreover, we carry out parallel fluorescence lifetimes studies of these three
environment sensitive probe molecules*®* to supplement the results of the FCS
measurements, to understand the structural origin of this bimodal diffusion behavior and to
obtain a more compelling evidence of the structural heterogeneity of the ionic liquids. A total
of five ionic liquids have been chosen for this study. The first two ionic liquids contain a
common 1-butyl-3-methyl imidazolium cation, represented here as [bmim*] and two different
anions, BF, and PFs. The three other ionic liquids comprise a common bis
(trifluoromethanesulphonyl) imide [Tf,N] anion and 1-alkyl-3-methylimidazolium [C,mim]
cations with an alkyl chain length, n = 2, 4 and 6. Structures of the RTILs and probe

molecules are given in Chart 1.6 and 1.7, respectively.
7.2. Diffusion in acetonitrile (ACN)-ethanol (EtOH) mixture:

In order to obtain an estimate of the size of the probes in RTILs, the diffusion of the
probe molecules is first studied in a ACN-EtOH mixture (mole fraction, Xacny = 0.8)
considering the fact that these liquids are more polar than ACN but less polar than MeOH.**
% The van der Waals radii (R,) of R123, DCM and 4NBD, calculated from the van der Waals
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increments for atoms or groups, are 0.41, 0.40 and 0.34 nm, respectively.> Thus R123 and
DCM are almost equal in size and 4NBD is smaller than the other two probes. Correlation
curves of the probes in ACN-EtOH mixture (Xacy = 0.8) are shown in Figure 7.1 and the
diffusion coefficients (D,) of the probes estimated from the data are listed in Table 7.1. The
hydrodynamic radii of the probes are calculated from the Stokes-Einstein equation,

kT
" 6mR

where, k is the Boltzmann constant, T is temperature, 7 is viscosity of the medium and R is

D (7.1)

the hydrodynamic radius of the solute molecule. The calculated hydrodynamic radii (Table
7.1) of R123 and DCM are found to be almost the same (0.53 and 0.52 nm respectively) in
ACN-EtOH mixture (Xacn = 0.8), while that for 4NBD is significantly smaller (0.37 nm). A
comparison of the van der Waals and hydrodynamic radii of the molecules suggests a greater
degree of solvent association of R123 and DCM compared to 4NBD.
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Figure 7.1. Normalized correlation curves for the diffusion of the probes in ACN-EtOH
mixture (Xacn = 0.8). The curves shown here are the fits to a single-component diffusion
model. The curves for R123 and DCM overlap almost throughout the entire region.
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Table 7.1: Diffusion coefficients (D, in um’s™) of the probes in ACN-EtOH mixture (Xacn =
0.8) along their van der Waals radius (R,) and hydrodynamic radius (R).

Probe D; Ry (nm) R (nm)
4ANBD 1410 + 150 0.34 0.37
DCM 950 £+ 80 0.40 0.52
R123 930+ 70 0.41 0.53

7.3. Diffusion and lifetime study of the probes in [bmim][BF4] and [bmim][PF]:

Figure 7.2 shows the correlation curves of the probes in [bmim][PFs] and
[bmim][BF,]. These curves were fitted to a 2-component diffusion model (Equation 2.6) as
the fits to a single-component diffusion model was found to be unsatisfactory (as judged by
the residuals and 2 values). It is thus evident that all the probes exhibit a bimodal diffusion
behavior in both the ionic liquids. The diffusion coefficients for the probes in these ionic
liquids, estimated from an average of 50 data sets, are collected in Table 7.2. The results
reveal the following. The fast and slow diffusion coefficients of the molecules differ by a
factor of 4 to 8. The relative contribution of the individual components does not change
significantly for 4NBD and DCM, but decreases from 76% to 62% for the slow component of
R123 as one moves from [bmim][PF¢] to [bomim][BF,]. Another point to note here is that the
diffusion of the ionic probe, R123 is slower than that of the neutral probes 4ANBD and DCM
in both ionic liquids.
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Figure 7.2. Normalized fluorescence correlation curves of the probes in (a) [bmim][PF¢] and
(b) [bmim][BF,4]. The points are the experimental data and the lines represent best fits to the
data considering a two-component diffusion model. The residuals depicting the quality of the
fits are shown at the bottom of each panel in the same color.

Table 7.2. Diffusion parameters of the probes in [bmim][PF¢] and [bmim][BF,].

Probe RTILs' D, (um?/s) D, (um?/s)  <D> (um?/s)
4NBD [omim][PF] 3.4+0.6 0.73 18.0+3.0 7.3+1.3
[bmim][BF,] 8+2 0.69 40+ 10 18.0+45
DCM [bmim][PFe] 1.30 £ 0.04 0.63 9.6 +3.0 44+11
[bmim][BF] 3.5+1.0 0.68 28.4+5.0 115+2.1
R123 [bmim][PFe] 1.20 £ 0.03 0.76 8.4+30 2.94+0.9
[bmim][BF] 3.2+1.0 0.62 20+5 9.6+25

"The viscosities of [bmim][PFs] and [bmim][BF,] are 260 cP and 90 cP, respectively, at
25°C.»

Considering the fact that these systems exhibit a single-component diffusion in
conventional solvents, the bimodal diffusion behavior of the probes in ionic liquids can
perhaps be attributed to the presence of two distinct environments of the RTILs, as indicated

in several theoretical and experimental studies in recent years.*® In this context, it is
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pertinent to note that Guo et al. also observed a similar bimodal diffusion behavior of
rhodamine 6G in a series of pyrrolidinium ionic liquids in a recent work.* Bhattacharyya and
co-workers while studying the diffusion behavior of some fluorescent molecules observed an
unusually broad distribution of diffusion coefficient in ionic liquids when compared with that
in conventional solvent.** Considering these reports we assign the bimodal diffusion of the
molecules to molecular motion in two different regions; domains formed by the alkyl tails
and the ionic constituents of the ionic liquids. As the domains formed by the segregation of

182134 and are much

the alkyl tails of the ionic liquids are of the order of a few nanometers,
smaller than the confocal dimension, while passing through the confocal volume a molecule
can pass through both hydrophobic and hydrophilic environments. However, under this
situation, one expects a single-component diffusion with the diffusion coefficient equal to the
average of the diffusion coefficients in two environments. The observation of two distinct
diffusion components (as is the present case) suggests that molecules do not change between
two different solvent environments while passing through the observation volume. This is
possible when each type of domains is interconnected. A continuity in the domain structure,
which is indicated in molecular dynamics simulation studies, allows molecular diffusion only
within a given type of environment during the passage through the confocal volume. It is to
be noted that Guo et al. offered a similar interpretation to account for their findings.* As the
size of the aggregated domains of the imidazolium ionic liquids does not change significantly
on changing only the anionic component from [PFs]” to [BF,] % it is understandable why
the relative contribution of the diffusion components does not change significantly for ANBD
and DCM. On the other hand, a small decrease in the contribution of the slow component of
R123 from [bmim][PFs] to [bmim][BF,] is probably due to a stronger association of this

probe with the solvent molecules in [bmim][PF] than in [bmim][BF,].

In order to substantiate the structural origin of these bimodal diffusion behavior and
obtain further insight into this aspect, the fluorescence decay behavior of the probe molecules
has been studied in [bmim][PFs] and [bmim][BF,]. Representative fluorescence decay
profiles of the probes are shown in Figure 7.3 and the lifetime data are presented in Table 7.3.
A biexponential fit to the decay profiles were found to be superior to the single exponential

ones except for R123 in [bmim][PFs]. In all cases, the weightage of the long lifetime
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component is found to be higher and no significant change in the relative contributions of the

decay components observed in both ionic liquids.
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Figure 7.3. Fluorescence decay profile of the probes (a) [bmim][PF¢] and (b) [bmim][BF,].
The points are the experimental data and the lines represent the best fits to the data. The black
points (filled square) represent the lamp profile. Except in the case of R123 in [bmim][PFs],
all data points are fitted to a biexponential function, I(t)= a;exp(-t/t;) + aexp(-t/t,), where a;
and a, are the pre-exponential factors, t; and t, are the lifetime components. Excitation
wavelength was 439 nm and the emission was monitored at 550 nm for R123, 610 nm for
4NBD and 620 nm for DCM. The residuals depicting the quality of the fits are shown in the
lower part of each figure.
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Table 7.3. Time-resolved fluorescence parameters’of the probe molecules in [bmim][PF¢]
and [bmim][BF,].

RTIL Probe 71 (a1) T, () <>t
R123 -- 3.6 3.6

[bmim][PFs] DCM 1.1(0.31) 2.6 (0.69) 2.1
4NBD 1.3 (0.37) 6.2 (0.63) 4.4
R123 0.6 (0.18) 3.5 (0.82) 3.0

[bmim][BF] DCM 0.6 (0.27) 2.4 (0.73) 2.0
ANBD 1.4 (0.40) 6.5 (0.60) 45

"The lifetimes, 1, are in ns; '<t> is defined as, <t> = a;t+a,7 ,/a;+a,

Both 4ANBD and DCM are molecular systems, whose fluorescence properties are
sensitive to the environment due to the highly polar nature of the emitting state of the
molecules.”**” Considering the environment sensitive properties of these molecules and the

fact that these probes exhibit monoexponential decay in the conventional solvents,**#"4°

we
attribute the biexponential decay behavior of the systems to the heterogeneity in ionic liquids.
As these molecular systems possess a short fluorescence lifetime in polar environments, the
fast decay component of DCM and 4NBD can be assigned to molecules from a polar region
and the long lifetime component to molecules from a less polar or nonpolar region. Having
assigned the two lifetime components to molecules from the two distinct environments of the
ionic liquids, we can use the weightage of the two lifetime components to determine the
distribution of the molecules into these regions. As the weightage of the long decay
component is more than that of the short component, we conclude that DCM and 4NBD are
predominantly distributed in the nonpolar domains formed by the segregation of the alkyl
tails. Hence, the slow component of the diffusion, whose contribution is also higher, arises
from diffusion in the nonpolar region of the ionic liquids. Considering the literature on the

rhodamine dyes,***®

we can attribute the long lifetime component of R123 to molecules from
a polar environment and the fast decay component in [bmim][BF,] to those from a nonpolar
region. As the weightage of the long lifetime component is higher for R123, it is evident that

this molecule resides predominantly in the polar environments of [bmim][BF,]. On the basis
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of the above picture, the origin of slow diffusion of R123 compared to the two other probes
in these ionic liquids can be understood. As R123 is mainly located in the polar environment,
it experiences a strong dragging force due to both hydrogen bonding and electrostatic
interaction with the ionic constituents of the ionic liquids. On the other hand, neutral probes,
DCM and 4NBD, which reside mainly in the nonpolar region, do not experience any specific
or electrostatic interaction with the ionic constituents of the ionic liquids. Thus the lifetime
data complements the diffusion data and confirms the structural origin of the
microenvironments and the location of the probe molecules in specific regions of the ionic

liquids.

7.4. Diffusion and lifetime study of the probes in ionic liquids of varying chain
length:

The diffusion behavior of the molecules in a series of [C,mim][Tf,N] ionic liquids
with n = 2, 4 and 6 has been studied to understand the effect of the chain length. Figure 7.4
shows the correlation curves of the probes in these ionic liquids. Like in earlier cases, the
molecules show two-component diffusion dynamics in these ionic liquids as well. The
estimated diffusion coefficients and their relative contributions are listed in Table 7.4. Like in
[omim][PF¢] and [bmim][BF,], the diffusion of R123 is found to be slower compared to the
neutral probes. In all cases, it is found that the fraction associated with the slow component

increases with increasing chain length of the alkyl group.

The bimodal diffusion behavior of the probes in ionic liquids, as described in the
previous section, can be interpreted due to the existence of two kinds of solvent
environments. Even though a slow diffusion of R123 compared to 4NBD is expected based
on the hydrodynamic radii of the systems, the slowness of the diffusion of R123 compared to
DCM, whose hydrodynamic radius is very similar to that of DCM, can only be explained
taking into account the positively charged nature of R123 and its association with the solvent
in the polar ionic region. An increase in the fraction of the slow component with increasing
chain length is consistent with the results of MD simulation studies, and small wide angle X-
ray scattering (SWAXS) experiments, both indicating an increase in the size of the nonpolar
domain formed by the aggregation of the alkyl tail with increasing chain
length,'#14104721.222527 parhaps the most surprising result of the present experiments is the

observation of a bimodal diffusion behavior of the probes even in small alkyl chain length
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containing ionic liquid, [emim][Tf,N]. This is because the MD simulation studies proposed
nansoscale organization in ionic liquids with n>4."***%'" However, recent SWAXS study
suggests the existence of the nanoscale structure in [C,mim][Tf,N] for n=3 as well.?* Atkin
and Warr also observed low Q peak for alkyl ammonium nitrates for n=2 and 3.%
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Figure 7.4. Normalized fluorescence correlation curves for the diffusion of the probes (a)
[emim][Tf,N], (b) [omim][Tf,N] and (c) [hmim][Tf,N]. The points are the experimental data
and the lines represent best fits to the data considering a two-component diffusion model.
The residuals depicting the quality of the fits are shown at the bottom of each figure in the
same color.
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Table 7.4. Results of the two component diffusion model fits for R123, DCM, and 4NBD in
[emim][Tf,N], [omim][Tf,N] and [hmim][Tf,N].

Probe RTILs D; (pm?%s) D, (um?%s) <D> (um?/s)
[emim][Tf,N] 7.8+2.0 0.39 28+8 20.1+5.7
R123 [bmim][T,N] 45+10 0.65  32.6+5.0 144424
[hmim][T,N] 3£06 0.68 19+5 8.1%2.0
[emim][Tf,N] 132 043  50.2+10 342 +6.6
DCM [bmim][Tf,N] 5.6+ 1.0 0.54 38+ 4 205+ 2.4
[hmim][Tf,N] 3+06 0.68  31.5%80 11.8+3.0
[emim][T,N] 12+3 029  492+15 38.4+115
4ANBD [bmim][Tf,N] 9.3%20 0.47 44+ 10 29.3+6.2
[hmim][Tf,N] 45+15 0.53 20+4 12.1+3.0

"The viscosities of [emim][Tf,N], [bmim][Tf,N] and [hmim][Tf,N] are 32 cP, 50 cP and 67
cP, respectively, at 25°C. %%

In order to confirm these findings, we have studied the fluorescence lifetimes of the
molecules in these ionic liquids. The fluorescence decay profiles of all the probes in these
ionic liquids have been found to be biexponential with the two lifetime components typical
for the respective probes in polar and nonpolar environments. Figure 7.5 shows the
fluorescence decay profiles of the molecules along with the biexponential fits to the data.
The fluorescence lifetime data of the systems are collected in Table 7.5. As can be seen, the
short and long lifetime components of each molecule do not vary appreciably with the change
of the ionic liquids. However, some variation of the weightage of the two components can be
observed. For DCM, the percentage associated with the long lifetime component that
represents molecules in the nonpolar region exceeds 70% in all cases indicating the
preference of this molecule to the nonpolar region of the ionic liquid. For NBD, whose long
lifetime component also represents the molecules residing in the nonpolar region increases
from 51% in [emim][Tf,N] to 61% in [hmim][Tf,N] indicating the passage of more
molecules to the nonpolar region with increase in the alkyl chain length. This observation is
consistent with the increase in the size of the nonpolar domain for higher members of the
series.”*# As far as R123 is concerned, the fraction associated with the long lifetime
component represents the molecules in the polar environments. This fraction changes from
0.53 in [emim][Tf;N] to 0.65 in [hmim][Tf,N]. This observation can be explained based on
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the increased hydrophobicity of the nonpolar environment with increasing chain length. As
charged molecule R123 prefers to reside in a hydrophilic environment, an increased
hydrophobicity of the nonpolar environment enhances the population of the R123 in the polar
environment. Thus, the lifetime study corroborates the presence of two different kinds of

environment in these ionic liquids.
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Figure 7.5. Time-resolved fluorescence behavior of the probes in (a) [emim][Tf,N], (b)
[bmim][Tf,N] and (c) [hmim][Tf,N]. The points are the experimental data and the lines
represent the best biexponential fits to these data points. Excitation wavelength was 439 nm
and the emission was monitored at 550 nm for R123, 610 nm for 4NBD and 620 nm for
DCM. The residuals depicting the quality of the fits are shown in the lower part of each
figure.
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Table 7.5. Time-resolved fluorescence parameters’ of the probes in [emim][Tf,N],
[bmim][Tf,N] and [hmim][Tf,N].

RTIL Probe 11 (ay) T, (ay) <>t
R123 1.7 (0.47) 3.6 (0.53) 2.8
[emim][Tf,N] DCM 1.0 (0.21) 2.4 (0.79) 2.1
4NBD 1.0 (0.49) 5.6 (0.51) 3.3
R123 2.3(0.39) 3.6 (0.61) 3.1
[bmim][T,N] DCM 1.0 (0.26) 2.2 (0.74) 1.9
4ANBD 1.3 (0.42) 6.1 (0.58) 4.1
R123 2.4 (0.35) 4.12 (0.65) 3.5
[hmim][T,N] DCM 1.2 (0.26) 2.4 (0.74) 2.1
4ANBD 1.7 (0.39) 6.8 (0.61) 48

"The lifetimes, 1, are in ns; *<t> is defined as, <t> = (arttast o)/ (artay)
7.5. Conclusion:

We have studied the translational diffusion of some environment sensitive probe
molecules in several ionic liquids using fluorescence correlation spectroscopy techniques.
Biphasic diffusion dynamics observed for the probes in these media is attributed to the
microheterogeneous nature of these media resulting from the segregation of the alkyl chain of
the constituents. The presence of polar and nonpolar regions in these ionic liquids is further
substantiated by studies on the time-resolved fluorescence decay profiles of the system,
which indicate biexponential decay behavior with lifetimes typical of the probes in polar and
nonpolar environment. It is shown that a combination of the fluorescence correlation and
lifetime techniques can provide useful information on the nature of the micro-environment of

the complex media such as the ionic liquids.
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CHAPTER 8

Concluding Remarks

This chapter summarizes the results of the investigations presented in this thesis. The scope

of further studies based on the findings of the present work is also outlined.

8.1. Overview:

The work embodied in this thesis has been undertaken to explore the photophysical
behavior of the quantum dots (QDs) and to understand the diffusion behavior of some
fluorescent dyes in complex environments such as protein solution and ionic liquids to obtain
insights into these microheterogeneous media. These studies have been carried out using
fluorescence correlation spectroscopy technique.

We Chose CdTe QDs with different capping agents (Chart 1.6) and dispersed them in
different solvents to understand the influence of surface related processes on the
photophysics of the QDs. CdTe/ZnS core/shell QDs were also studied for the same purpose.
As a study of the diffusion of organic fluorophores can effectively report the local
environment of complex media such as protein solutions and room temperature ionic liquids
(RTILs), we studied the diffusion behavior of the fluorescent probes in protein solution and
RTILs. Apart from the FCS technique, several other instrumental techniques such as NMR
and IR spectroscopy for compound characterization, TEM for determination of morphology,
a cone and plate viscometer for measurements of RTIL’s viscosity, UV-vis
spectrophotometer, steady-state and time-resolved fluorescence techniques for spectral and
kinetic information were employed for carrying out the work presented here. The findings of

the present work are summarized below.

The evolution of the fluorescence properties of an agueous solution of
mercaptopropionic acid (MPA)-capped CdTe QDs under light exposure has been
investigated. A faster relaxation of correlation at higher excitation power, especially at
shorter correlation time in the FCS measurement, is attributed to increasing contribution of
the off-state of the QDs. A decrease in the amplitude of the correlation at time zero [G(0)]
with increasing excitation power, despite an increasing fraction of the molecules in their off-
state, is attributed to light-induced brightening of the dark QDs due to surface passivation at

higher excitation power. The simultaneous occurrence of the two competing processes,
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photoactivation leading to fluorescence enhancement and photodegradation resulting in
guenching of the luminescence of the QDs, has been substantiated by the steady state and
time-resolved emission measurements. It is suggested that surface passivation by
photoadsorbed water molecules leads to photoactivation of the QDs and dissolved oxygen-
induced photooxidation of the surfaces is responsible for subsequent drop of the
luminescence intensity of the system.

The influence of ligand and solvent on light-induced modulation of the emission
behavior of the QDs has been studied for CdTe QDs capped with hexadecylamine (HDA),
mercaptopropionic acid (MPA) and 1-(1-undecanethiol)-3-methyl imidazolium bromide
(SMIM) in CHCI;, H,O and [bmim][PF] ionic liquid, respectively. Significant emission
enhancement is observed only for CdTe/MPA in both aerated and de-aerated aqueous
environment under light irradiation. A large decrease of the G(0) value at higher excitation
power in the FCS measurements is also observed only in the aqueous environment. These
results unambiguously establish the critical role of the H,O molecules in the passivation of
the surface trap states of the QDs. In addition to H,O-assisted photoactivation,
photooxidation of the QDs is also shown to contribute to the light-induced modulation of

their luminescence behavior.

Photostability and photoactivation of the QDs are the two important parameters
which determine their applications in diverse fields. In order to study the effect of shell on the
photoactivation and photostability of the CdTe QDs ZnS shell is grown over CdTe QDs.
Significant improvement in the fluorescence properties is observed for CdTe/ZnS QDs
compared to CdTe QDs in both CHCI; and aqueous environment. This indicates effective
passivation of surface dangling orbitals of the CdTe QDs by the overgrowth of the ZnS shell.
Photoactivation and photocorrosion in aqueous medium are observed only in CdTe/MPA
QDs, but not in CdTe/ZnS(2ML)/MPA QDs. This clearly indicates that ZnS shell effectively
protects the CdTe core QDs from external perturbations. FCS study further substantiates this
fact as a large decrease in G(0) value with increasing excitation power is observed only for
CdTe/MPA QDs. This study clearly indicates that photoactivation of the QDs and decrease in
the G(0) value observed with increase in intensity of the exciting source are intimately

related.
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The diffusion behavior of three fluorescent system, electrically neutral coumarin 102
(C102), cationic rhodamine 6G (R6G), and anionic fluorescein (FL) in pH 7 phosphate
buffered solutions of bovine serum albumin (BSA) protein in the absence and presence of
NaCl and urea, has been investigated using FCS technique. The measured diffusion
coefficients provide insight into the nature and strength of the interaction between the guest
and host revealing the heterogeneity of the binding sites of the protein. The diffusion due to
both free and BSA-bound molecule is observed in the case of C102-BSA system. This
observation coupled with the fact that no exchange between free and bound probe is observed
in the confocal volume, indicates stronger binding of C102 with BSA. On the other hand, fast
exchange between the bound and free states of the molecules is observed for electrically
charged hydrophilic dyes, R6G and FL, reflecting weaker binding of these dyes with BSA.
The common salt and urea induced changes of the diffusion behavior allow identification of

the association sites of the probes with the protein molecule.

The microscopic structure and dynamics of the RTILs that are responsible for some of
the peculiar properties of this class of solvents continue to intrigue the researchers and
stimulate new investigations. In the present study we have studied the translational diffusion
of some environment sensitive probe molecules in several ionic liquids using FCS technique.
Biphasic diffusion dynamics observed for the probes in these media is attributed to the
microheterogeneous nature of these media resulting from the segregation of the alkyl chain of
the constituents. The presence of polar and nonpolar regions in these ionic liquids is further
substantiated by studies on the time-resolved fluorescence decay profiles of the system,
which indicate biexponential decay behavior with lifetimes typical of the probes in polar and
nonpolar environment. It is shown that a combination of the fluorescence correlation and
lifetime techniques can provide useful information on the nature of the micro-environment of

the complex media such as the ionic liquids.

8.2. Future Scope:

We have conclusively established that passivation of the surface trap states of the QDs
by photoadsorbed H,O molecules is responsible for photoactivation of the QDs.
Photoactivation dominates during the early stages of irradiation whereas, at longer irradiation

times surface photooxidation (known as photocorrosion) takes over. Both photoactivation



159 Chapter 8

and photocorrosion of the QDs severely restrict the utility of the QDs in various applications.
We have shown that for MPA-capped core/shell CdTe/ZnS(2ML) QDs in aqueous medium
remain stable even after prolonged exposure to light. However, fluorescence quantum yield
(QY) of these QDs (35%), is much lower than that of CdSe/CdS (QY ~ 90%) core/shell QDs.
The low fluorescence QY of the CdTe-core based type-I core/shell QDs compared to the
CdSe/CdS QDs is due to the presence of trap states at the interface between core and shell.
Most of the shell materials resulting type-1 band alignment with the CdTe core exhibit huge
lattice mismatch, which creates strain in the core/shell QDs based on CdTe core, thus
generating interfacial trap states. This interfacial strain can be reduced by using an
intermediate shell material sandwiched between core and outer shell. In such kind of
core/shell/shell structured QDs the intermediate layer acts as a lattice adapter between core
and outer shell materials having a huge lattice mismatch. A second approach is to spread the
lattice strain between two mismatched materials across a large number of atoms.
Core/gradient alloy-shell/shell such as CdSe/Cd,.Zn,Se/ZnSe is a perfect example of such
kind of structure where lattice strain can be spread over many atoms by gradually increasing
x from 0 at the center to 1 at the surface. These core/shell/shell and core/gradient alloy
shell/shell QDs has been studied for CdSe based core system. However, as such studies are

yet to be undertaken on the CdTe core based system, one can explore this aspect.

Binding strength as well as the binding sites of the probe in BSA was determined
following the diffusion behavior of the fluorescent probes in solutions of the protein in the
absence and presence of urea and NaCl. Hydrophilic dyes R6G and FL exhibit fast exchange
dynamics between the free and protein-bound probe. However, this exchange kinetics could
not be determined from FCS measurements as the probe molecules exhibit similar brightness
in the bound and free states. It is possible to study this fast exchange dynamics (association
and dissociation constant of the probe molecule with protein) by using a dye molecule, which
binds weakly with protein and whose brightness changes significantly upon binding. It will
be then interesting to see how the structural changes in protein molecule affect this exchange
kinetics on addition of denaturing agents such as urea. Understanding the interplay between
protein structure and exchange dynamics is very important in drug delivery and for the design

of the drug molecules.
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Microheterogeneous nature of the RTILs is revealed from the FCS and fluorescence
lifetime study. This microheterogeneity of the RTILs that arises due to the segregation of the
alkyl tails into mesoscopic domains, is known to occur over a scale of few nanometers (nm)
and. It will be interesting to study the diffusion of the fluorescent dyes in RTILs with
increasing polarity of the side chains. The mesoscopic structure of the RTILs can be
disrupted due to repulsion of the polar side chains. In addition to FCS, measurements based
on other techniques such as small and wide angle X-ray scattering (SWAX), Raman
scattering, neutron scattering, optical Kerr effect can also be carried out to obtain a clear
picture on the structural details of RTILs. One of the major obstacles in the FCS study on
RTILs is the large background scattering due to the RTILs, which interferes with the
fluorescence signal of the probe molecules. However, this problem can be dealt with by using
a combination of stimulated emission depletion and FCS (STED-FCS) technique. STED-FCS
will significantly lower the observation volume and thus will minimize the background
signal. This will also allow one to use a higher concentration of the fluorophore in the
measurements. We hope that FCS-STED approach will provide more detailed insights on the
microscopic structural details of the RTILs in recent future.
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