RADIATION CHEMICAL STUDIES OF MICROHETEROGENEOUS
MEDIA AND THEIR ROLE IN THE
TEMPLATED SYNTHESIS OF CdSe NANOPARTICLES WITH
TUNED MORPHOLOGY AND OPTICAL PROPERTIES

By
APURAV GULERIA
CHEM01201104001

Bhabha Atomic Research Centre, Mumbai
A thesis submitted to the
Board of Studies in Chemical Sciences

In partial fulfillment of requirements
for the Degree of
DOCTOR OF PHILOSOPHY
of

HOMI BHABHA NATIONAL INSTITUTE

March, 2015

STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of requirements for an advanced
degree at Homi Bhabha National Institute (HBNI) and is deposited in the Library to be
made available to borrowers under rules of the HBNI.

Brief quotations from this dissertation are allowable without special permission, provided
that accurate acknowledgement of source is made. Requests for permission for extended
quotation from or reproduction of this manuscript in whole or in part may be granted by
the Competent Authority of HBNI when in his or her judgment the proposed use of the
material is in the interests of scholarship. In all other instances, however, permission must
be obtained from the author.

Apurav Guleria

ii

DECLARATION
I, hereby declare that the investigation presented in the thesis has been carried out by me.
The work is original and has not been submitted earlier as a whole or in part for a
degree/diploma at this or any other Institution / University.

Apurav Guleria

iii

List of Publications arising from the thesis
Journal
1. Generation of counter ion radical (Br2•-) and its reactions in water-in-oil (CTAB or
CPB)/n-butanol/cyclohexane/water) microemulsion
Apurav Guleria, A. K. Singh, S. K. Sarkar, T. Mukherjee, and S. Adhikari
Journal of Physical Chemistry B, 2011, 115, 10615–10621.
2. Tuning of photoluminescence in cadmium selenide nanoparticles grown in CTAB
based quaternary water-in-oil microemulsions
Apurav Guleria, S. Singh, M. C. Rath, A. K. Singh, S. Adhikari, and S. K. Sarkar
Journal of Luminescence, 2012, 132, 652–658.
3. Radiation induced physicochemical changes in FAP (Fluoro alkyl phosphate) based
imidazolium ionic liquids and their mechanistic pathways: Influence of hydroxyl
group functionalization of the cation
Apurav Guleria, A. K. Singh, S. Adhikari, and S. K. Sarkar
Dalton Transactions, 2014, 43, 609-625.
4. Islands of CdSe nanoparticles within Se nanofibers: A room temperature ionic liquid
templated synthesis
Apurav Guleria, A. K. Singh, M. C. Rath, S. Adhikari, and S. K. Sarkar
Dalton Transactions, 2013, 42, 15159-15168.
5. The role of structural and fluidic aspects of room temperature ionic liquids in
influencing the morphology of CdSe nano/microstructures grown in situ
Apurav Guleria, A. K. Singh, M. C. Rath, S. K. Sarkar, and S. Adhikari
Dalton Transactions, 2014, 43, 11843–11854.
6. Rapid and one-pot synthesis of self-assembled CdSe quantum dots functionalized
with -cyclodextrin: Reduced cytotoxicity and band gap engineering
Apurav Guleria, M. C. Rath, A. K. Singh, and S. Adhikari
Journal of Nanoscience and Nanotechnology, 2015, 15, 9341-9357.

iv

7. Electron beam induced and microemulsion templated synthesis of CdSe quantum
dots: Tunable broadband emission and charge carrier recombination dynamics
Apurav Guleria, A. K Singh, M. C. Rath, and S. Adhikari
Materials Research Express, 2015, 2, 045006.
8. Optical properties of irradiated imidazolium based room temperature ionic liquids:
New microscopic insights of the radiation induced mutations
Apurav Guleria, A. K Singh, and S. Adhikari
Physical Chemistry Chemical Physics, 2015, 17, 11053-11061.

Conferences/Symposia
1. Generation of counter ion radicals in aqueous core of water-in-oil microemulsions and
their reaction with C60 as a probe dissolved in the organic phase
Apurav Guleria, A. K. Singh, M. C. Rath, S. Adhikari, S. K. Sarkar, and T.
Mukherjee; National symposia on Radiaton & Photochemistry, NSRP-2011, JNV
University, Jodhpur, Rajasthan, Mar 10-12, 2011 (Best poster award)
2. Beta-cyclodextrin (CD) functionalized CdSe quantum dots (QDs) synthesized
via electron beam irradiation
Apurav Guleria, S. Singh, M. C. Rath, A. K. Singh and S. K. Sarkar
Trombay Symposium on Radiation & Photochemistry, TSRP-2012, BARC, Mumbai,
January 4-7, 2012 (Best poster award)
3. Islands of CdSe Nanoparticles within Se Nanofibres synthesized in ionic liquid via ebeam irradiation
Apurav Guleria, S Singh, A. K. Singh, M. C. Rath, S. Adhikari, and S. K. Sarkar
Interdisciplinary Symposium on Materials Chemistry (ISMC-2012), BARC, Mumbai,
December 11 – 15, 2012
4. Investigation of the effects of -OH group substitution on the radiation stability of FAP
based imidazolium ionic liquids
Apurav Guleria, A. K. Singh, S. Adhikari and S. K. Sarkar

v

National Symposium on Radiation and Photochemistry, NSRP-2013, North Eastern
Hill University (NEHU), Shillong, Meghalaya, March 20-22, 2013 (Best poster
award)
5. Probing the structural and fluidic aspects of room temperature ionic liquid in
influencing the morphology of CdSe nano/microstructures
Apurav Guleria, A. K. Singh, M. C. Rath, and S. Adhikari
International Conference on Perspectives in Vibrational Spectroscopy, (ICOPVS),
Mascot Hotel, Trivandrum, Kerala, July 8-12, 2014

Others
1. Electron beam induced synthesis of CdSe nanomaterials: Tuning of shapes from rods
to cubes
S. Singh, Apurav Guleria, M. C. Rath, A. K. Singh, S. Adhikari, and S. K. Sarkar
Materials Letters, 2011, 65, 1815-1818.
2. Electron beam assisted synthesis of cadmium selenide Nanomaterials
M. C. Rath, Apurav Guleria, S. Singh, A. K. Singh, S. Adhikari, and S. K. Sarkar
AIP Conference Proceedings, 2013, 1512, 434-435.
3. Shape evolution of CdSe nanomaterials in microheterogeneous media
S. Singh, Apurav Guleria, M. C. Rath, A. K. Singh, S. Adhikari, and S. K. Sarkar
Advanced Materials Letters, 2013, 4, 449-453.
4. Radiolytic synthesis and spectroscopic investigations of CdSe quantum dots grown in
cationic surfactant based quaternary water-in-oil microemulsions
S. Singh, Apurav Guleria, A. K. Singh, M. C. Rath, S. Adhikari, and S. K. Sarkar
Journal of Colloid and Interface Science, 2013, 398, 112–119.
5. Sea urchin like shaped CdSe nanoparticles grown in aqueous solutions via electron
beam irradiation
S. Singh, Apurav Guleria, M. C. Rath, A. K. Singh, S. Adhikari, and S. K. Sarkar
Journal of Nanoscience and Nanotechnology, 2013, 13, 5365–5373.

vi

6. Facile and Green Synthesis of CdSe Quantum Dots in Protein Matrix: Tuning of
Morphology and Optical Properties
M. Ahmed, Apurav Guleria, M. C. Rath, A. K. Singh, S. Adhikari, S. K. Sarkar
Journal of Nanoscience and Nanotechnology, 2014, 14, 5730–5742.
7. Radiation chemical studies of water-in-oil microemulsions and reaction of counter ion
radicals with C60 as a probe dissolved in the organic phase
Apurav Guleria, A. K. Singh, M. C. Rath, S. Adhikari, S. K. Sarkar, T. Mukherjee
BARC News letter, Founder’s day special issue, 2012.
8. Tuning the shape of CdSe nanoparticles in water-in-oil microemulsion grown via
electron beam irradiation
S. Singh, Apurav Guleria, M. C. Rath, A. K. Singh, S. Adhikari, S. K. Sarkar
BARC News letter, Founder day issue, 2012.
9. Beta-cyclodextrin (CD) functionalized CdSe quantum dots (QDs) synthesized via
electron beam irradiation
Apurav Guleria, S. Singh, M. C. Rath, A. K. Singh, S. K. Sarkar
BARC News letter, Founder day issue, 2013.
10. Investigation of the effects of -OH group substitution on the radiation stability of FAP
(fluoro alkyl phosphate) based imidazolium ionic liquids
Apurav Guleria, A. K. Singh, S. K. Sarkar, S. Adhikari
BARC News letter, Founder day issue, 2014.

Apurav Guleria

vii

DEDICATIONS

To my loving Parents and
respected Teachers.....

viii

ACKNOWLEDGEMENTS
I would like to take this opportunity to thank everyone, who supported me throughout this
thesis.
At the outset, I wish to begin by expressing my deepest and sincere gratitude to my guide,
Dr. Soumyakanti Adhikari for his aspiring guidance, constant encouragement, and
motivation. His wide knowledge and logical way of thinking and reasoning on scientific
problems greatly helped me during the work. I am thankful to him for sharing his
knowledge and scientific understanding during the fruitful discussions with me
throughout the work.
I am privileged to thank Dr. S. K. Sarkar, Former Director, Chemistry Group for his
unstinted support and encouragement. Your advice and comments have been priceless
and great value for me, which played a major role in shaping my thesis work.
I would like to express my sincere regards and deepest appreciation to Dr. A. K. Singh.
His invaluably constructive criticism and friendly suggestions on an academic and
personal level has always been extremely helpful to me.
I am grateful to Dr. M. C. Rath, whose enthusiasm and spirited approach towards research
has always been a source of inspiration to me. I take this opportunity to thank him for
sharing his scientific understanding and knowledge with me.
My special thanks go to my lab mates Shalini and Mohammed Ahmed for their
cooperative attitude, diversified help, and several funs which I will always cherish in my
life. I am grateful to Dr. P. Mathi, Dr. J. A. Mondal and Dr. Vinu. V. Namboodiri for their
moral support, stimulating discussions and constructive criticisms, which have
substantially helped me in my research work.
I also gratefully acknowledge the cooperative attitude and support provided by all the
members of RPCD. Their spirited research oriented approach has always been a source of
inspiration and morale booster. I thank all my friends and batch mates in BARC for their

ix

support and the wonderful moments we spent together. I greatly value their friendship and
deeply appreciate their belief in me.
I would like to take this opportunity to thank LINAC staff (Shri S. A. Nadkarni, Smt. M.
A. Toley, Shri S. J. Shinde, Shri B. B. Chaudhari) of RPCD, whose has immensely helped
me in carrying out irradiation experiments. The facility provided by SAIF, IIT Bombay in
carrying out TEM, ESI-MS and NMR measurements is thankfully acknowledged.
I am thankful and gratefully acknowledge the constant support and encouragement
rendered by Dr. B. N. Jagatap, Director, Chemistry group. It gives me immense pleasure
to thank the respected and distinguished members of the doctoral committee, Dr. T.
Mukherjee (Former Chairman), Dr. D. K. Palit (Chairman), Dr. P. N. Bajaj (Former
Member), Dr. D. B. Naik (Member), Dr. S. Kapoor (Member), Dr. P. A. Hassan
(Member) and Dr. Anindya Datta (External Member) for their critical reviews and
suggestions during the progress reviews and pre-synopsis presentation.
I cannot imagine my current position without the blessings of my teachers, and will
always be indebted to them.
Most importantly, I owe my heartfelt gratitude to my parents for their encouragement and
love. I am obliged to my brother and sister-in-law for their unrelenting support and care.
Their blessings and good wishes have helped me to achieve what I am today.
Finally, I would like to express my endless thanks and appreciations to my wife, Mohini,
for her support, encouragement and care.

March, 2015

Apurav Guleria
RPCD, BARC, Mumbai
x

CONTENTS
Page No.
xv

SYNOPSIS
LIST OF ABBREVIATIONS

xxviii

LIST OF FIGURES

xxxi

LIST OF TABLES

Lii

Chapter 1: General introduction

1–39

1.1. Microheterogeneous systems and their importance

1

1.2. Radiation chemistry

4

1.3. Microemulsions

17

1.4. Room temperature ionic liquids (RTILs)

22

1.5. Cyclodextrins (CDs)

28

1.6. Quantum dots (QDs)

32

1.7. Outline of the thesis

38

Chapter 2: Experimental techniques

41-72

2.1. Introduction

41

2.2. Pulse radiolysis

42

2.2.1. Principle of pulse radiolysis

42

2.2.2. Linear accelerator (LINAC)

44

2.2.3. Kinetic spectrophotometer

46

2.2.4. Transient absorption measurements

48

2.2.5. Dosimeters for pulse radiolysis

49

2.2.6. Experimental data handling: The kinetic treatment

49

2.3. Cobalt-60 gamma source

52

2.4. X-ray diffraction

54

2.5. Transmission electron microscopy

57

2.6. Scanning electron microscopy

59

2.7. Steady-state UV-Vis absorption measurements

61

xi

2.8. Steady-state photoluminescence measurements

63

2.9. Photoluminescence lifetime measurements

64

2.10. Fourier transform infrared spectrometer

68

2.11. Raman spectrometer

70

Chapter 3: Dual site for solvation of electrons and generation of
counter ion radicals in CTAB based water-in-oil microemulsions: A
pulse radiolysis study

73-93

3.1. Introduction

73

3.2. Experimental

76

3.3. Results and Discussion

78

3.3.1. Hydrated electron

78

3.3.2. Counter ion radical: Dibromide radical anion in CTAB and

83

CPB microemulsions
3.3.3. Reaction of Br2•- radical with ABTS: A protocol for

88

antioxidant assay for substrates insoluble in water
3.4. Conclusions

92

Chapter 4: Templated synthesis of CdSe quantum dots in cationic
and anionic surfactant based microemulsions: Tuning of photo
luminescence and their morphology

95-140

4.1. Introduction

95

4.2. Normal chemical route for the synthesis of CdSe QDs in CTAB
based quaternary w/o microemulsions

97

4.2.1. Materials and Methods

97

4.2.2. Results and Discussion

99

4.3. Radiation chemical route for the synthesis of CdSe QDs in
microemulsions: A rapid and one step templated approach

110

4.3.1. Materials and Methods

110

4.3.2. Results and Discussion

112

xii

4.4. Conclusions

138

Chapter 5: Radiation stability of FAP (fluoro alkyl phosphate) based
imidazolium room temperature ionic liquids: Influence of hydroxyl
group functionalization of the cation

141-198

5.1. Introduction

141

5.2. Experimental

144

5.3. Results and Discussion

148

5.3.1. UV-Vis absorption studies of irradiated FAP ionic liquids

150

5.3.2. Physicochemical properties

155

5.3.3. NMR and Mass spectral studies

166

5.3.4. Hydrogen gas yields

176

5.3.5. Pulse radiolysis study

177

5.3.6. Photophysical studies

180

5.4. Conclusions

197

Chapter 6: Room temperature ionic liquids as a media for the
synthesis of complex nanostructures

199-241

6.1. Introduction

199

6.2. Radiation mediated synthesis

200

6.2.1. Materials and Methods

200

6.2.2. Results and Discussion

202

6.3. Normal chemical route

221

6.3.1. Materials and Methods

221

6.3.2. Results and Discussion

221

6.4. Conclusions

240

Chapter 7: Self-assembled CdSe quantum dots functionalized with cyclodextrin: Reduced cytotoxicity and band gap engineering

243-279

7.1. Introduction

243

7.2. Experimental

245

xiii

7.3. Results and Discussion

248

7.3.1. Morphology and structural characterization

248

7.3.2. Optical studies

259

7.3.3. Pulse radiolysis study

275

7.3.4. Cytotoxicity study

277

7.4. Conclusions

278

Chapter 8: Summary and Outlook

281-289

References

291

xiv

Synopsis
In general, materials used in recent technology are heterogeneous and multi-component,
which possess rich and complex internal structure. Coexistence of polar and apolar
domains characterized by local orientational order, associated interfaces and the dynamic
nature of their aggregation are some of the key features of microheterogeneous media.1 In
the recent years, significant number of photochemical and photobiological studies
probing the static, dynamic and the interfacial properties of such organized assemblies
could be found in the literature.1, 2 The information obtained from such studies have found
utmost relevance in the biological field for in-depth understanding of the charge transport
and other related processes occurring in naturally organized assemblies. Furthermore,
these complex systems have found tremendous applications in diverse fields such as drug
delivery, pharmaceuticals, petroleum industry, catalysis, cosmetics, nanotechnology and
organic synthesis.1-3 It is worth mentioning here that many biological reactions such as
plant photosynthesis illustrate the benefits of such molecular organization.
The present thesis is an exposition of the radiation and photochemical investigation of
three microheterogeneous systems namely microemulsions (MEs), room temperature
ionic liquids (RTILs) and cyclodextrins (CDs). Subsequently, these chemical systems
were employed as host matrices for controlled synthesis and tuning the morphology and
the optical properties of CdSe nanoparticles (NPs).
MEs are thermodynamically stable, isotropic and optically clear dispersions of either
‘water in oil’ or ‘oil in water’ stabilized by amphiphiles (or surfactants).3 The geometry
and the charge on the polar head group of the surfactant plays an essential role in guiding

xv

the structure, dynamics and transport behaviors of MEs. For instance, the structural
composition of AOT (an anionic surfactant; sodium bis (2-ethylhexyl) sulfosuccinate) and
CTAB (cationic surfactant; Cetyltrimethylammonium bromide) based MEs are markedly
different from each other. Further, CTAB based water-in-oil (w/o) MEs possess flexible
interfacial film owing to the presence of a co-surfactant and therefore exhibit greater
amount of dynamism3, 4 as compared to that of AOT based w/o MEs, where interfacial
film is quiet rigid.5 Thus, CTAB MEs are much more complex in terms of dynamics of
the reactants as compared to AOT MEs. Majority of the reports2-6 including
radiochemical studies have been carried out in AOT based w/o MEs, where it has been
used as a microreactor to carry out and study the kinetics and mechanism of various
chemical and biological processes. For example, the dynamics of generation, migration,
recombination and solvation of electrons have been extensively probed in AOT MEs by
Gratzel et al.,6 Gebicki et al.6 and others6 by employing mainly pulse radiolysis and flash
photolysis techniques. However, the number of such studies carried out on cationic
surfactant (such as CTAB) based w/o MEs is relatively unexplored.5
In the present thesis, an effort was made to comprehend the solvated electron
properties in CTAB based w/o ME. Further, the presence of co-surfactant leading to the
manipulation of interfacial properties such as polarity and rigidity was clearly reflected
from the electron solvation at two regions as well as the difference in kinetics of the
electrons solvated in these two locations. On the contrary, no such dual solvation of
electron has been reported in case of AOT MEs.6 Further, the presence of counter ions in
MEs has not been seriously considered in earlier radiation chemical studies. However, we
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could observe and characterize the formation of dibromide radical anion, which was
found to be the product of the interaction of bromide ion and hydroxyl radical.
Subsequently, the possibility of a two phase reaction was illustrated.
The application areas of MEs have increased dramatically during the past decades. 3-5
One such important area is the fabrication of nanomaterials.3,

5

Therefore, after

acquainting with the CTAB w/o MEs, the same system was employed as a reaction media
for the synthesis of Cadmium selenide (CdSe) NPs via conventional as well as radiation
chemical route. Moreover, there are very few reports of the synthesis of CdSe NPs in
CTAB based quaternary w/o MEs. CdSe is one of the most important members of II–VI
group semiconductors with an energy band gap, Eg of 1.75 eV at 300 K and has been
widely used for optoelectronic devices.7 Nonetheless, the role of the intrinsic structural
dynamics of CTAB MEs at various W0 (water to surfactant molar ratio) values in
influencing the morphology and the associated photoluminescence (PL) behavior of CdSe
NPs has been examined and described in the thesis. Meanwhile, another methodology for
the synthesis of NPs was demonstrated; wherein electron beam irradiation technique was
clubbed with the templated approach of MEs. This hybrid approach possesses inherent
advantageous features of radiation induced technique8 and is relatively new for the
controlled synthesis of semiconductor nanomaterials. So far, primarily metals, alloys,
metal oxide NPs have been synthesized by this means.8,

9

Nevertheless, a comparative

study was conducted wherein CdSe NPs were grown in AOT and CTAB MEs.
Interestingly, profound and contrasting results were observed and have been explained
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taking into account of the fundamental differences in the interfacial properties and the
chemical nature of the water cores of both the MEs.
RTILs are the second microheterogeneous systems studied in the present thesis.
RTILs are basically a class of low temperature molten salts (meting points below 100 °C)
which are composed entirely of ions.10 Owing to their unique physicochemical properties
such as high polarity, negligible vapor pressure, high ionic conductivity, wide
electrochemical window and thermal stability, these fluids are finding tremendous
applications in variety of areas ranging from synthesis to energy.10 In the recent past,
RTILs have aroused much interest as a media in nuclear fuel cycle. However,
understanding the radiation stabilities of the ILs and the underlying chemistry involved
has become the most important issues for their successful use in nuclear fuel
reprocessing. No surprise that several radiation stability studies on ILs have already been
reported11 and contributed in this endeavor. However, in the present thesis, we have
performed an assortment of characterization and qualitative studies to explore the
radiation stabilities of FAP (tris(perfluoroalkyl)trifluorophosphate) ILs. Amongst various
ILs, imidazolium ILs with bulky FAP anion are ultra-hydrophobic and possess excellent
hydrolytic stability as compared to their counterparts containing anions such as PF6−,
BF4− or halogens.12 The insignificant changes in the physicochemical properties clearly
indicated the potential of the FAP imidazolium ILs to be a good solvent for various
applications involving high radiation fields. Furthermore, introduction of -OH group in
the alkyl side chain of the imidazolium moiety resulted into significant changes in the
physical properties of these ILs on irradiation. Through transient spectroscopic studies,
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we could delineate the mechanism for the radiation induced changes in the
physicochemical properties of the non-hydroxyl and hydroxyl FAP ILs. In the subsequent
studies, photophysical behavior of the post-irradiated FAP ILs was monitored. It was
revealed that the ionic moieties in the IL undergo significant changes in their molecular
arrangements. This study would be useful in gaining a comprehensive understanding of
the radiation induced degradation of ILs and its mechanistic pathways.
RTILs, being considered as ‘green’ media have recently received a great deal of
attention as superior media (with respect to the conventional organic solvents) for the
synthesis of various nanomaterials.13 However, the synthesis of metal chalcogenides
using neat ILs (as solvents) have been rarely studied that too using radiation induced
techniques. Therefore, electron beam irradiation of the solutions containing cadmium and
selenium precursors in neat RTIL (i.e. 1-ethyl-3-methyl imidazolium ethyl sulfate,
[EMIM][EtSO4]) was carried out to initiate the nucleation. Interestingly, a unique highly
porous 3-D structure of entangled Selenium (Se) nanofibers along with the heterogeneous
distribution of CdSe NPs grown in situ within this network was obtained. In the second
set of experiment, CdSe NPs were synthesized in neat IL ([EMIM][EtSO4]) at purely
ambient conditions without perturbing its internal structure by either high energy
radiation or any solvent (for dilution)/stabilizing agent. Interestingly, co-existence of
anisotropic 2D sheet and flower-like 3D nanostructures was observed. Accordingly, a
possible mechanism for the as obtained self-assembled anisotropic nanostructures has
been provided on the basis of fluidic and the structural aspects of the IL in conjunction
with the energetics of the transient morphologies involved in the process.
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Recently, the directed self-assembling of primary NPs into superstructures has
attracted tremendous interest because they can reveal fundamentally interesting collective
physical properties with enhanced efficiencies.14 In this pretext, biomolecules such as
CDs and its derivatives have been used as a host matrix for the synthesis of various
organized assemblies of predominantly metal NPs.15 Having mentioned that, we have
demonstrated a simple, rapid and one step method for the synthesis as well as in situ
functionalization of CdSe quantum dots (QDs) with -CD. It was found that the -CD
molecules cap the as grown CdSe QDs by forming a non-inclusion complex. X-ray
photoelectron spectroscopy (XPS) and pulse radiolysis studies were carried out to
elucidate the role of -CD in influencing the morphology and the formation mechanism
of CdSe NPs, respectively. Furthermore, the cytotoxicity studies of CdSe QDs were also
carried out keeping in view of the bio-compatibility of -CD.
With this back drop, the results obtained from the radiation and photochemical
investigations of aforementioned microheterogeneous media have been described and
compiled under different chapters of this thesis. A brief account of each chapter has been
given below.
Chapter 1: General introduction
In the beginning, the motivation behind the research work on the microheterogeneous
systems has been explained. Since, this thesis deals with the study of three
microheterogeneous media namely MEs, RTILs and CDs, therefore a brief preview of
their history, structural composition, dynamic peculiarities and an account of the radiation
and photochemical investigations reported earlier, has been discussed. Besides, a concise
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description regarding the application of microheterogeneous systems as a template for the
controlled synthesis of various NPs has been provided.
Chapter 2: Experimental techniques
A brief overview of the different experimental techniques used in the current thesis has
been illustrated in this chapter. The working principle of LINAC (Linear accelerator, 7
MeV) used as an irradiation source and for carrying out the pulse radiolysis experiments,
has been explained. Techniques employed for the characterization of NPs such as X-ray
diffraction, transmission electron microscope, scanning electron microscope have been
described in detail. Basic principles of instruments used for carrying out various
photophysical studies such as absorption spectrophotometer, fluorometer, infrared
spectrometer, Raman spectrometer and time-correlated single photon counting (TCSPC)
have also been explained.
Chapter 3: Dual site for solvation of electrons and generation of counter ion radicals
in CTAB based water-in-oil microemulsions: A pulse radiolysis study
In this chapter, an attempt has been made to comprehend the solvated electron properties
in cationic surfactant based quaternary w/o ME (i.e. CTAB/H2O/n-butanol/cyclohexane).
The questions regarding the role of the thin interfacial layer and the effect of the water
pool dimensions (at different W0 values) in the solvation dynamics of the electron has
been addressed. Further, the formation of counter radical ion i.e. Br2•‒ was observed and
characterized. Consecutively, a two phase reaction between inorganic radicals produced
in the aqueous core and a molecule that is completely insoluble in water has also been
discussed.
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Chapter 4: Templated synthesis of CdSe quantum dots in cationic and anionic
surfactant based microemulsions: Tuning of photoluminescence and their
morphology
Herein, the application of MEs in the controlled synthesis of QDs has been presented via
radiation as well conventional chemical route. The interplay of different experimental
parameters involved in this work such as precursor concentration, absorbed dose and W0
values of the MEs facilitated controlled induction of the surface/trap states and band gap
engineering of the QDs. For instance, QDs with ultra small size (~ 1.7 nm) and tunable
broadband light emission extending from 450 to 750 nm (maximum FWHM ~ 180 nm)
were obtained, thereby conferring their potential applications in white light emitting
diodes. Furthermore, a comparative study was conducted to investigate the structural and
the dynamical aspects of AOT and CTAB MEs on the morphologies, photoluminescent
behaviour and the charge carrier relaxation dynamics of CdSe QDs. Interestingly,
profound and contrasting results were observed and have been explained.
Chapter 5: Radiation stability of FAP (fluoro alkyl phosphate) based imidazolium
room temperature ionic liquids: Influence of hydroxyl group functionalization of the
cation
This chapter is the compilation of the radiation stability studies of FAP based
imidazolium ILs. The effect of -OH functionalization on the radiation stability of the IL
was also investigated. Furthermore, an account of the photophysical studies of the postirradiated ILs has been provided which could further supplement the comprehensive
understanding of the radiation induced structural changes. Detailed discussion of the
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results is presented in this chapter, which clearly indicates significant differences in the
reactivity, reaction centre and the nature of the radiolytic products after a diminutive
alteration in the molecular structure of the IL.
Chapter 6: Room temperature ionic liquids (RTILs) as a media for the synthesis of
complex nanostructures
This chapter demonstrates the application of RTILs as a novel media for the synthesis of
self-assembled superstructures of nanomaterials. CdSe NPs were grown in neat
imidazolium based IL ([EMIM][EtSO4]) via radiation as well as normal chemical route.
The main objective of the present work was to examine the role of the novel structural
features of IL in directing the self assembly of initially formed small nanoparticles into
well-defined structures of fundamental importance. The possible mechanism behind the
as obtained nanostructures has been explained in this chapter and may provide an
intuitive protocol for better understanding and development of such complicated
nanostructures.
Chapter 7: Self-assembled CdSe quantum dots functionalized with -cyclodextrin
(-CD): Reduced Cytotoxicity and Band Gap Engineering
In this chapter, a rapid and one step method has been demonstrated for the synthesis as
well as in situ functionalization of CdSe QDs with -CD in aqueous solution. The main
objectives of this work was to employ such ligands which not only passivates the NP
surface but also reduces their toxicity, provide desired aqueous solubility and possess the
ability to direct the self-assembling of NPs into superstructures with potentially enhanced
efficiencies in their applications. Detailed discussion on the investigations carried out to
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identify the forces and the binding sites involved in the complex formation between CD
molecules and the QDs have been presented. Also, the effect of experimental parameters
i.e. precursor and ligand concentrations, absorbed dose and dose rate on the morphology
and photophysical behavior of CdSe QDs has been described.
Chapter 8: Summary and outlook
The conclusions drawn from each study are sequentially summarized in this chapter.
Besides, a brief description of how the present work on the as studied
microheterogeneous systems may contribute in advancing the current understanding of
their structural and dynamical aspects as well as in the precise control of nanostructures
grown in them, has been presented. Further, the future perspectives of the work carried
out in this thesis has been discussed.
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Images (c) & (d) clearly illustrates the formation of sheet like superstructures
as a result of self-assembling. Inset of image (d) shows the SAED pattern of
the corresponding structrure. The images were taken after 5 hours of the
reaction.
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Figure 6.17.
SEM images of as grown CdSe nanostructures after 5 hours of the reaction at
different regions of the sample depicting the various transient stages as:
globular like shape (a), nanoflake (NF) like structure (b), flower-like 3D
pattern (c) and nanosheet like 2D structures (d). (Scale bar dimensions in all
the images is 3 m). Inset of image (a) shows the EDS spectrum confirming
the formation of CdSe nanoparticles.
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Figure 6.18.
SEM images of as grown CdSe nanostructures after 24 hours, showing the
dual co-existence of nanosheets and nanoflowers.
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Figure 6.19.
SEM images (at different regions with various nanoscale dimensions) of as
grown CdSe nanostructures synthesized in IL ([EMIM][EtSO4]) having 0.35
mole fraction of water. The images were taken after 5 hours of the reaction.
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Figure 6.20.
SEM images (at different regions with various nanoscale dimensions) of as
grown CdSe nanostructures synthesized in IL ([EMIM][EtSO4]) having 0.35
mole fraction of water. The images were taken after 24 hours of the reaction.
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Figure 6.21.
SEM image of as grown CdSe nanostructures synthesized in IL
([EMIM][EtSO4]) having 0.91 mole fraction of water. The image were taken
after 5 hours of the reaction. Scale bar dimensions = 5 m (a) and 20 m (b).
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Figure 6.22.
SEM images at different nanoscale dimensions of as grown CdSe
nanostructures synthesized in IL ([EMIM][EtSO4]) having 0.91 mole fraction
of water.
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Scheme 6.2.
Schematic representation showing the probable intermediate stages with
different

nano/micro-morphologies

of

CdSe

synthesized

in

IL

([EMIM][EtSO4]), at various time intervals and mole fractions of water.
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Figure 6.23.
Multi-Lorentzian fitting Raman spectrum of CdSe nanoparticles synthesized
in neat IL ([EMIM][EtSO4]).
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Figure 6.24.
FT-IR spectra of neat IL (a) and IL + CdSe (b). Inset shows the IR spectra of
the same in the region of 700-500 cm-1.
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Figure 6.25.
Raman spectra of neat IL (a) and IL + CdSe (b). The peaks marked have
been described in the text.
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Scheme 6.3.
Diagrammatic representation of the possible interactions of the cationic and
the anionic moieties of the IL with the as grown CdSe nanoparticles.
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Figure 7.1.
TEM (a) and HRTEM (b) images of -CD/QD with molar ratio of 2:1. Inset
in the image (b) shows the particle size distribution. The average size was
found to be ~ 2.2 nm. TEM image of -CD/QD with molar ratio of 1:1 (c),
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GPP).
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FTIR spectra of -CD (a), -CD/CdSe with molar ratio of 2:1 (b). Absorbed
Dose = 25 kGy @ 140 GPP.
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Core level XPS spectra of (a) O 1s, (b) Cd 3d, and (c) Se 3d.

259

Figure 7.7.
UV-Vis absorption spectra of -CD/CdSe QDs with molar ratios (-CD:
QD); 1:2 (a), 1:1 (b), 2:1 (c). Inset shows the spectra with higher molar ratios
(-CD: QD); 4:1 (d), 8:1 (e), 12:1 (f). Absorbed Dose = 25 kGy @ 140 GPP.

261

Figure 7.8.
Trend showing PL intensity of -CD/CdSe QDs with various molar ratios (CD: QD) at 525 nm. ex = 420 nm. Absorbed dose = 25 kGy @ 140 GPP.

263

Figure 7.9.
UV-Vis absorption spectra of -CD/CdSe QDs with molar ratio (-CD: QD,
2:1) at various doses (@ 140 GPP); 10 kGy (a), 15 kGy (b), 25 kGy (c).
Inset: Tauc plot of ('h)2 vs. h for the determination of band gap values
(Eg).

264

Figure 7.10.
Trend showing PL intensity of -CD/CdSe QDs vs. radiation dose with
molar ratio (-CD: QD) of 2:1 at 525 nm and ex of 420 nm. Dose rate = 140
GPP.

265

Figure 7.11.
Room temperature PL spectra (A) and the PL Lifetime decay curve (ex =
374 nm) (B) of -CD/CdSe QDs with molar ratio (-CD: QD) of 2:1 at an
absorbed dose of 25 kGy @ 140 GPP.

xlix

267

Figure 7.12.
Room temperature time resolved PL decay curve (ex = 374 nm and em =
600 nm) of -CD/CdSe QDs with molar ratio (-CD: QD) of 2:1 at various
absorbed doses @ 140 GPP.

270

Figure 7.13.
UV-Vis absorption spectra of -CD/CdSe QDs with molar ratio (-CD: QD,
2:1) at various dose rates; 50 GPP (a), 80 GPP (b), 140 GPP (c). Absorbed
dose = 25 kGy. Inset: Tauc plot of ('h)2 vs. h for the determination of
band gap values (Eg).

272

Figure 7.14.
Trends showing variations in the intensities of BGE (em = 525 nm) and TSE
(em = 600 nm) displayed by -CD/CdSe QDs at various dose rates i.e. 50
GPP, 80 GPP and 140 GPP, keeping absorbed dose fixed as 15 kGy (A) and
25 kGy (B). Molar ratio (-CD: QD) = 2:1. Inset shows the ratio of the
intensities of BGE and TSE.

273

Figure 7.15.
Room temperature PL spectra (ex = 480 nm) of -CD/CdSe nanoparticles
with molar ratio (-CD: QD) of 2:1 at an absorbed dose of 1 kGy @ 10 GPP.

274

Scheme 7.1.
Electron beam mediated synthesis and the optical tunability (shown in the
chromaticity diagram) displayed by -CD/CdSe nanoparticles at various
experimental conditions.

l

276

Figure 7.16.
Transient absorption spectra obtained from the pulse radiolysis studies of the
aqueous solutions containing Cd and Se precursors along with -CD at
following experimental conditions: [Precursor] = 1 mM; [-CD] = 2 mM;
Pulse duration = 100 ns; Dose = 21 Gy.

278

Figure 7.17.
Representative Images showing the changes in the morphology of INT 407
cells exposed to -CD, bare CdSe QDs and -CD/CdSe QDs, respectively.
The cells were incubated and monitored 24 hour post treatment using an
inverted microscope.

li

LIST OF TABLES
Page No.
80

Table 3.1.
Yields of hydrated electrons in the CTAB/H 2O/n-butanol/cyclohexane
microemulsion.

87

Table 3.2.
Yields

of

dibromide

radical

anion

(Br2•-)

in

the

CTAB

(or

CPB)/H2O/cyclohexane/n-butanol microemulsion (W0 = 40).
103

Table 4.1.
The band gap values (eV) and the size of the CdSe nanoparticles (nm) (shown in
parentheses) synthesized at room temperature as determined from the optical
absorption measurements.

117

Table 4.2.
Various measurements i.e. band gap values (Eg, eV), size (d, nm), FWHM (nm),
emission maxima (max, nm), QE (, %) and average lifetime (<>, ns) values of
CdSe QDs synthesized via electron beam irradiation with different combination of
W0 values, precursor concentrations and absorbed radiation dose.

126

Table 4.3.
CIE chromaticity co-ordinates along with the nature of the light emitted by CdSe
QDs synthesized in AOT microemulsions via electron beam irradiation under
various experimental conditions.

136

Table 4.4.
Aspect ratio of CdSe nanorods grown in AOT microemulsions with variable W0
values via electron beam irradiation at a fixed absorbed dose (25 kGy) and stock
precursor concentration of 20 mM.

lii

153

Table 5.1
pH values of the aqueous phase of the FAP ILs on irradiation.

157

Table 5.2.
Refractive indices (n) of FAP ILs at 25°C at various absorbed dose levels.

158

Table 5.3.
Physical properties of FAP ILs measured at various absorbed dose levels.

161

Table 5.4.
Activation energy for viscous flow, Eη for pre- and post-irradiated FAP ILs.

164

Table 5.5.
Electrochemical windows of pre- and post-irradiated FAP ILs.

169

Table 5.6.
Bond dissociation energies (kJ/mol).

176

Table 5.7.
Hydrogen gas yields from benzene and various ILs irradiated with the same
absorbed dose of 54 kGy.

182

Table 5.8.
Table showing the corresponding em and maximum fluorescence intensity
values for neat pre- and post-irradiated [EMIM][FAP] at different ex and
absorbed dose values.

184

Table 5.9.
Table showing the corresponding em and maximum fluorescence intensity
values for neat pre- and post-irradiated [EOHMIM][FAP] at different ex and
absorbed dose values.

liii

196

Table 5.10.
Lifetime values for post-irradiated [EMIM][FAP] and [EOHMIM][FAP] at
various absorbed doses. The values provided in the parentheses are the
respective amplitudes for each times constants (T1, T2, and T3).

262

Table 7.1.
The band gap values (Eg, eV) and the size of the CdSe QDs (nm) synthesized
via electron beam irradiation with different molar ratios of -CD and
precursor concentrations, absorbed dose and dose rates.

268

Table 7.2.
Emission lifetime values of -CD/CdSe QDs synthesized via electron beam
irradiation at different absorbed doses with fixed molar ratio of 2:1 and dose
rate at 140 GPP ; ex = 374 nm and em = 600 nm.

273

Table 7.3.
CIE Chromaticity x, y co-ordinates of as grown -CD/CdSe QDs with molar
ratio (-CD: QD) of 2:1 at various experimental conditions.

liv

Chapter 1
General Introduction
1.1. Microheterogeneous systems and their importance
The ability of the nature to direct the self-assembly of simple molecular precursors into
extremely complex biomolecules is one of the vital phenomenon for the existence as well
as sustainment of the life processes. Evidently so, most of the matter surrounding us in
contemporary world is heterogeneous (composites) and multi-component, possessing a
rich and complex self-organized internal structure. It is quite astonishing to notice that
majority of the naturally occurring biochemical reactions takes place in a confined
environment and are closely interconnected to each other in such a way that the product
of one reaction becomes the reactant or catalyst of the subsequent one.1 The coupling,
control and fine-tuning of many such reactions are facilitated by the existence of
compartmentalized network of nanometer to micrometer-sized complex assemblies.
Coexistence of polar and apolar domains characterized by local orientational order,
associated interfaces and the dynamic nature of their aggregation are some of the key
features of these microheterogeneous systems.1 For instance, a cell (see Fig.1.1), which is
the basic functional unit of life comprises of multiple levels of compartmentalization as a
result of self-sorting of various molecular components (e.g., sugars, amino acids and fatty
acids). This allows the coexistence of different functional architectures acting
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independently.2 Many biological reactions including plant photosynthesis illustrate the
benefits of such molecular organization.1

Fig.1.1. Compartmentalized structure of a plant cell.

It is a matter of fact that humans have always approached and tried to emulate the
‘mother nature’ to seek the solutions of their day to day problems. Artificial
photosynthesis is one such example3 to tackle the energy crisis scenario. However, to
address the core issues of the likewise problems, it is pertinent to have an estimation of a
real time information as well as in-depth understanding of the fundamental
processes/reactions taking place inside the confined media of naturally occurring selforganized systems. In this endeavour, researchers across the globe have and are being
putting their efforts in the design and development of much simplified tailor-made
nanoreactors, since construction of a cell like artificial system requires a more natural
approach and is still an ultimate fantasy.2 Nonetheless, these synthetic systems are
structurally microheterogeneous and inherit compartmentalization and other complex
functionalities such as dynamism, self-organization, self-replication and recognition,
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which are found in biological systems.1,

2

Owing to these, physicochemical properties

such as surface tension, vapour pressure, viscosity, solubility, dissociation constants,
reaction rates, nucleation and growth processes, stability of reactants, products and
intermediates are significantly altered compared to the homogeneous systems. Therefore,
in the past three decades, significant number of photochemical and photobiological
studies probing the static, dynamic and the interfacial properties of such organized
assemblies have been appeared in the literature.4 Moreover, these media can be employed
as model systems to mimic the naturally occurring organized assemblies for simulating
and gaining microscopic insights into various biochemical reaction mechanisms, charge
transport and other related processes.1, 2 The information obtained from such studies has
found utmost relevance in variety of areas such as energy, healthcare and synthesis.1, 2, 4, 5
Some

well-known

examples

of

microheterogeneous

media

are

micelles,

microemulsions, vesicles (or liposomes), room temperature ionic liquids (RTILs),
cyclodextrins (CDs), polymers and lipid membranes.1, 2 It is of fundamental interest as
well as quite intriguing to probe the primary processes (such as electron solvation,
electron transfer, free radical reactions etc.) in these media taking into account of their
dissimilarities (mentioned earlier) from the homogeneous systems. Therefore, the present
thesis is an attempt to carry out an exposition of the radiation and photochemical
investigation of three microheterogeneous systems namely microemulsions, RTILs and
CDs, which are entirely different from each other in their structure, nature of
heterogeneity, composition and fluidic aspects. Subsequently, the prospects of utilizing
the inherent compartmentalization of these media in the controlled synthesis and
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stabilization of nanomaterials were explored. For this, as a case study, cadmium selenide
(CdSe) quantum dots (QDs) were grown in the host matrices of aforementioned
microheterogeneous systems by radiation as well as normal chemical routes.
In the subsequent sections, an introduction of the basic radiation chemistry and its
interaction with the matter (relevant to the present thesis work) has been provided
followed by a brief overview of the structural composition and organizational
peculiarities of as studied microheterogeneous systems (microemulsions, RTILs and
CDs). Besides this, a concise description of the semiconductor QDs and their electronic
structure has been discussed. Amongst various techniques, the formation mechanism of
nanomaterials in case of radiation (e‒, ) induced approach is different from the
conventional ones, so a discussion accounting for its principle and related advantageous
aspects is presented herein.

1.2. Radiation chemistry
Radiation chemistry is the study of the chemical effects of high energy charged particles
(electrons, protons, deuterons, -rays, etc.) and electromagnetic radiations of short
wavelengths (-rays and X-rays) with matter.6 It is distinct from the photochemistry,
which deals with the chemical effects produced by photons (energies of a few electron
volts (eV)) in the UV-Visible region. On the other hand, in radiation chemistry, photon or
a particle involved carries energies in keV to MeV range and the maximum energy
deposition is generally non-selective in nature.6 Nevertheless, radiation chemistry, nearly
a century old area of research and probably the basis of radiation biology (indirect
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effects), is still active in solving many contemporary problems in industry, medicine and
biology.6

1.2.1. Interaction of high energy radiation with matter
The extent and mechanism of interaction of the ionizing radiations with the matter
depends upon the nature (energy, particulate mass and charge) of the former and the
electron density (atomic number) of the medium with which it interacts.6 Mechanisms of
interaction of ionizing radiations (such as electromagnetic radiations, electrons, neutrons
and heavy charged particles), which are of primary relevance in radiation chemistry are
explained briefly in the following sections.

1.2.1.1. Electromagnetic Radiation
Electromagnetic radiations having wavelength less than 100 Å belong to this class of
ionizing radiation and are usually called as X-rays (extranuclear origin) or -rays
(produced from the atomic nuclei). Their interaction with the matter involves several
distinct processes. The relative efficiency of each process is strongly dependent upon the
energy of the photons and the atomic number (Z) of the absorbing medium. The three
main processes involved are photoelectric effect, Compton scattering and pair production.
(a) Photoelectric effect: It occurs primarily when the energy of the photon is less than
100 keV. The entire photon energy (E ) is transferred to a single atomic electron, which is
then ejected from the atom with kinetic energy equal to the difference between the photon
energy and the binding energy (E ) of the electron in the atom. This type of interaction is
most probable for high Z materials.
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(b) Compton scattering: In this process, a photon interacts with a loosely bound or free
electron which as a result gets accelerated, while the photon is deflected with reduced
energy. The energy of the scattered photon is related to the angle  (angle between the
scattered photon with respect to the incident one) by equation 1.1:

E =

(

⁄

)(

[1.1]

)

where E and E are the energies of the incident and scattered photons, respectively
and m c is the rest energy of the electron.
The energy of recoiled electron, E = E − E . This type of process predominates for
photon energies between 1 and 5 MeV in high Z materials. In water, Compton interaction
is the major process for photon energies from 30 keV to 10 MeV.
(c) Pair production: In this process, complete absorption of a photon with energy >
1.024 MeV may leads to a production of two particles, an electron and a positron. The
energy in excess of 1.02 MeV appears as the kinetic energy of the electron and positron.
The probability of pair production increases with Z of the absorber and with the photon
energy.

1.2.1.2. Electrons
Electrons interact with matter by a mainly by three processes i.e. emission of
electromagnetic (or bremsstrahlung) radiation, inelastic and elastic collisions. The relative
importance of these processes depends mostly on the energy of the electrons and to a
lesser extent on the nature of the absorbing material.
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(a) Emission of bremsstrahlung radiation: High energy electrons passing close to the
nucleus of an atom are decelerated due to their interaction with the electric field of the
nucleus and radiate energy as bremsstrahlung X-radiations. However, for electrons below
100 keV, bremsstrahlung emission is negligible but increases rapidly with increasing
energy and is the dominant mode of energy loss in case of high Z stopping material and at
electron energy between 10-100 MeV.
(b) Inelastic collisions: At electron energies below those at which Bremsstrahlung
emission takes place, inelastic collision is the main process of interaction. The average
amount of kinetic energy lost (leading to excitation and ionization) per unit length by a
fast electron through Coulomb interaction with atomic electrons in a medium is defined
as the specific energy loss or stopping power (S) of the medium. It can be expressed by
the modified Bethe-Bloch equation, which is expressed by equation 1.2:7

S= −

and,

= 2πN r m c ρ

( )=1−

+

(
(

ln

(
(/

)
)

+ F(τ) − δ − 2

[1.2]

)
)

where  is the kinetic energy of the particle in units of m c ; re = classical electron radius
(2.817 × 10-13 cm); me = electron mass, Na = Avogadro’s number = 6.023 × 1023 mol-1 ; I
= mean excitation potential; Z = atomic number of absorbing medium; A = atomic weight
of absorbing medium;  = density of absorbing medium;  = v/c of the incident particle; 
= density correction (corrects for polarization effects in the target, which reduces the
stopping power since the ion’s electromagnetic fields may not be at the assumed freespace values, but reduced by the dielectric constant of the target medium); C = shell
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correction (This shell correction term takes care of the assumption that the ion velocity is
much larger than the target electron velocity)
(c) Elastic collisions: This process occurs when electrons are deflected by the
electrostatic field of an atomic nucleus and is quite frequent due to the small mass of
electrons. It is more probable for electrons with low energy and the target with high
atomic number.
(d) Cerenkov Emission: Electrons having a velocity greater than that of light in a
particular medium loose energy by emitting electromagnetic radiation, called Cerenkov
radiation. This phenomenon is responsible for the blue glow observed in case of high
intensity -sources that are stored under water.

1.2.1.3. Neutrons
Neutrons, being uncharged particle, interact almost exclusively with the atomic nuclei of
the material. The main interaction processes are elastic scattering, inelastic scattering,
nuclear reaction and capture. Neutrons do not produce ionization directly in matter but the
products of its interactions often cause ionization and thus, produce typical radiation
chemical changes. Further, these changes are similar to those caused by charged particles
because the main products of neutron interactions are protons and heavy positive ions.

1.2.1.4. Heavy charged particles
Heavy charged particles (e.g. protons, deuterons, -particles, etc.) interact with the matter
in the same way as electrons i.e. by bremsstrahlung emission, inelastic and elastic
collisions. However, the most important is inelastic collision, as bremsstrahlung emission
occurs only at very high energies (of the order of 1000 MeV) and elastic scattering is
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insignificant. For a given energy, heavy charged particles have a much higher linear
energy transfer (LET) than electrons due to the higher mass of the former as compared to
later ones. Essentially, LET is the measure of the rate of energy deposition by an ionizing
particle traversing the medium. An average LET is calculated by dividing the total energy
of a particle by its path length and can be denoted as –dE/dx, also called as specific
energy loss or stopping power and can be expressed by Bethe-Bloch equation 1.3:7

S= −

= 2πN r m c ρ

ln(

) − 2β − δ − 2

[1.3]

where, z is the charge on the incident particle and γ = 1/ 1 − β . Other symbols are
same as defined in equation 1.2. Higher LET values initially give rise to high local
concentration of primary species, which recombine in spurs to give molecular products.
Thus, with heavy charged particles, the yields of molecular products are higher as
compared to those obtained with low LET radiation such as electrons and -rays.

1.2.2. Radiation dosimetry and chemical yield
As already mentioned, in radiation chemistry, the energy of the ionizing radiation is in
keV to MeV range, while the radiation field is generally expressed as fluence. Basically,
it is a measure of the number of particles or photons entering a sphere of unit cross
sectional area.6, 7 When a material is exposed to a radiation field, the energy deposited
depends on the nature of radiation, its energy and on the nature and composition of
material. The quantity to measure the amount of energy absorbed by the irradiated
material is termed as dose and is essential in radiation chemical studies. The energy
deposited in unit mass of the material can be measured as eV g-1 or ergs g-1. The SI unit
for the absorbed dose is Joule per kilogram (J Kg-1), which is expressed as Gray (Gy).

9

Chapter 1
Dose can also be measured in Rad, which is 100 ergs g -1 and is related to Gray as: 1 Gray
= 100 Rads. Radiation chemical yields are expressed in terms of G-values, where
G=

/

SI unit of G value is mol J-1, which is equivalent to 9.65 × 106 molecules (100 eV)-1.
Hence, G-values reported originally in terms of number of species per 100 eV can be
converted to SI units by multiplying by 1.036 × 10-7.

1.2.3. Distribution of energy and primary products
In radiation chemistry, the energy deposition takes place non-uniformly in the medium, so
that the initial products are also distributed inhomogeneously till the process of diffusion
takes place.6, 7 The spatial and temporal distribution of energy and radiolysis products in
the medium is discussed briefly in this section.
Track is the path of energetic charged particle along which the energy is deposited.
The ionization and excitation events take place within 10-16 s. On an average, a few
hundred eV is transferred to the medium per inelastic collision. This is mostly in the form
of kinetic energy of secondary electrons, which can further produce ionization and
excitation by colliding with molecules in the immediate vicinity. Thus, all the excited and
ionized species produced in a single collision by energy transfer of few hundred eVs are
concentrated in a small volume. This small zone of reactive species i.e. ionized and
excited species is known as “spur” (Fig.1.2). The size of the spur is decided by the energy
transferred from the high energy radiation to the interacting medium. If the energy
transferred is between 100-500 eV, the secondary electron can travel more distance
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before its energy is reduced to sub-excitation level, so that reactive species are distributed
in a larger volume called as “blob”.

Fig.1.2. Distribution of ions and excited species along the track of fast electron.

If the energy transferred is between 500-5000 eV, the secondary electrons travel much
longer distance and the path followed by these electrons is called a “short track”. For still
higher energy transfer, the secondary electrons themselves act as high energy particles
and the path is called a “branched track”. After formation of these localized spurs, the
uniform distribution of reactive species in the medium takes ~ 10-7 s, depending upon the
medium. During this time from 10-16 to 10-7 s, the initially formed ionized and excited
species can undergo many reactions. In case of ionization, the released electron gets
thermalized and the time taken for this also depends upon the medium. For example, in
polar liquid like water, it takes place faster (10-13 - 10-14 s) as compared to that in apolar
liquids such as hexane (10-12 s). The reactive species present after ~10-7 s are distributed
uniformly in the medium and are termed as “primary products”. In general, primary
products in any medium can be cations, anions, electrons, radicals and excited species.

1.2.4. Radiation chemistry of water
Radiation chemistry of water and aqueous solutions has been extensively investigated and
is well understood now.6,

8

Moreover, water is the most important component in
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biological systems and therefore, is of importance in radiobiology. Also, water is
extensively used in nuclear reactors as coolant and moderator and thus comes in contact
with reactor materials under radiation fields. Furthermore, water provides a very
convenient medium of generating a variety of unstable species under well-defined
conditions. The time scale of events induced by the ionizing radiations such as few MeV
electrons in water or aqueous solution is shown in Scheme 1.1.

Scheme 1.1 Time scale of events after passage of high energy radiation through water or
aqueous solutions.6
The dry electrons produced in the very early stage get trapped within water molecules
in a very short time scale after thermalization process and produces hydrated/aquated
electron, eaq- that actually takes part in subsequent chemical reactions. Essentially, a pre-
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solvated electron implies the localization of electron in a pre-existing site or cavity in the
matrix without any relaxation of the surrounding solvent molecules while, solvated
electron represents a state where the electron resides in an equilibrium configuration of
the solvent molecules.
After the initial ionization event, the physicochemical processes are complete within ~
10-12 s, and the resultant species formed such as eaq-, H•, •OH and H3O+ along with any
radical and molecular fragments begin to diffuse and react together to form molecular or
secondary radical products (H2, H2O2). Eventually, these species undergo homogeneous
distribution in the medium within ~10-7 s, which is also known as ‘spur-expansion’. It is
to be noted that among all these species, e-aq and H-atom are reducing while •OH radical
is oxidizing in nature.

1.2.5. Primary yields
Primary yield is basically the quantitative estimation of the species remaining when all
spur reactions are complete, i.e. in about 10-7 s after the ionization event. At this stage, the
radiolytic changes in water can be represented by:
H O

e , H•, •OH, HO• , H O , H O

In principle, it is possible to measure yields of the radicals directly by using pulse
radiolysis. But, in practice, only the yield of e

is measured by this technique because H•

and •OH have very weak absorption in the UV region and are generally masked by those
of added solutes. However, yields of H• and •OH can be measured by adding solutes that
react to give observable products under pulse radiolysis conditions.
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For low LET radiations, the generally accepted values of the primary yields (per 100
eV) in the pH range 3-11 are: 6, 8
g(e ) = g(•OH) = g(H3O+) = 2.7, g(H•) = 0.6, g(H2) = 0.45, g(H2O2) = 0.7

1.2.6. Radiolysis of Organic solvents
Unlike water, organic solvents (like benzene, cyclohexane, tetrahydrofuran etc.) have a
lower dielectric constant and possess well defined non-dissociative excited states. As in
water, the main effects of radiolysis in organic mediums are also ionization and
excitation9, 10 however; the electrons produced in later have higher chances of geminate
recombination. This is because, the thermalization distance of electron in water is few nm
(~ 40 Å), while it is much higher (~ 200 Å) in organic solvents. Since, the probability of
an electron escaping its sibling positive ion to become a free ion is exp(−r /r), where r is
the distance at which electron becomes thermalized, while r is the critical distance at
which the potential energy of an ion pair is equal to the thermal energy (kT). In
cyclohexane, even if the electron moves away by 40 Å from the parent cation, the escape
probability is negligible whereas for water, it is almost 0.84 at the same distance.9
In non-polar media (RH) like cyclohexane and benzene, ion pairs are produced
initially from the ionization of the solvent. As already mentioned, due to the low
permittivity of these solvents, mutual Coulombic attraction results in recombination of
most of these ion-pairs and formation of non-dissociative electronic excited states i.e.
singlet and triplet.9 These solvent excited states undergo a number of photophysical
processes including transfer of their excitation energy to the solute (S). The positive and
negative ions arising from the solvent also interact with the solute to give the
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corresponding solute cation (S+) and anion (S-). As a result of their recombination process
in the solvent cage, solute excited states (singlet and triplet) are produced indirectly. In
cyclohexane, solute ion recombination is an important process, while in benzene, energy
transfer is considered to be mainly responsible for solute triplet formation.9-11 The
aforementioned processes occurring during the radiolysis of organic solvents are
represented by the equations shown below:
RH ∗ (

RH
RH

+ e

) or RH

+ e (

→ RH*

)

[1.4]
[1.5]

RH ∗ + S → RH + S ∗

[1.6]

RH

[1.7]

+ S → RH + S

e + S → S
S

+ S

[1.8]

→ S ∗ (Singlet or Triplet state)

[1.9]

1.2.7. Generation of secondary radicals
As explained in the earlier sections, the primary species produced in the radiolysis of
water contain both oxidizing and reducing radicals. However, to conduct various
radiation chemical experiments, it is desirable to modify the system (under investigation)
into an oxidizing or reducing medium. This can be achieved by either inter-conversion of
the primary species or by converting the primary radicals into secondary radicals. In
another kind of modification, the unwanted primary radicals are converted into relatively
unreactive secondary radicals.
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1.2.7.1. Oxidizing conditions
In general, to obtain an oxidizing condition, the aqueous solutions are saturated with
nitrous oxide (N2O) gas, which converts e
e

+ N O → N + O•

⎯ OH

However, at pH < 3 reaction: e

to •OH radical.6, 8

+ •OH

+ H O

→ H• + H O

[1.10]
[1.11]

Reaction 1.11 competes with the reaction 1.10 due to which the fraction of the oxidizing
radical decreases. Thus, in order to study the •OH radical and its reactions in acidic pH
(especially < 3), solutions are saturated with oxygen (O2). As a result, H• and e

reacts

readily with O2 and get scavenged from the system giving an oxidizing condition.

1.2.7.2. Reducing conditions
To obtain reducing conditions, following reactions are carried out: 6, 8
•

OH + H → H • + H O

[1.12]

H • + OH

[1.13]

→ e

However, these reactions are carried out only under high pH and H2 pressure of 100
atmospheres. Therefore, an alternate and more convenient method of obtaining exclusive
reducing conditions is to convert all the primary radicals into secondary reducing radicals
by adding an organic solute (e.g. tert-butanol) to N2 saturated aqueous solutions as shown
below:
OH + CH (CH )2COH → CH2(CH3)2COH + H O

[1.14]

H • + CH (CH )2COH → CH2(CH3)2COH + H

[1.15]

•
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1.3. Microemulsions
Microemulsions are thermodynamically stable, isotropic and optically clear dispersions of
either ‘water in oil’ or ‘oil in water’ stabilized by amphiphiles (or surfactants).2, 5, 12, 13
The term “microemulsion” was first coined in 1959 by Schulman and his group.12 The
droplet sizes of the dispersions in microemulsions are less than 100 nm. These systems
possess a well-organized internal structure. For example, considering water-in-oil (w/o)
microemulsion, three very different microenvironments could be found i.e. a continuous
medium formed by the alkane, a disperse phase formed by aqueous microdroplets, and a
tensioactive film, which separates the aqueous phase from the alkane and allows
solubilization to occur. Essentially, the water (dispersed phase in w/o microemulsion)
confined in the cavity controls the size and shape of the microemulsion and are often
characterized by W0, which is defined as the molar ratio of water to surfactant, W0

=

[H2O]/ [surfactant]. This factor has often been linearly correlated with the size of the
water droplets in w/o microemulsions.2, 5
An oil-water interface has high interfacial tension (γo/w) such that the free energy of
formation of interface is highly positive. It is the addition of amphiphilic compounds
(generally, a surfactant) which reside at the oil-water interface and effectively lowers the
interfacial tension (from 50 mN m-1 at the oil-water interface to the values of the order of
10-2 mN m-1) leading to the spontaneous dispersion of two immiscible phases.5 The
energetics of microemulsion formation can be expressed as:5
∆ =

⁄

∆

− ∆

[1.16]
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where, ∆A is the change in interfacial area, ∆S is the entropy change and γo/w is the
interfacial tension between oil and water at temperature T (Kelvin). The increase in
droplet number on dispersion leads to positive ∆S. If the surfactant reduces the interfacial
tension to a sufficiently low value, the energy term in equation (1.16) i.e. (γo/w ∆A) will
be relatively small and positive, thus allowing a negative free energy change. In other
words, the main driving force for the spontaneous formation of microemulsion is the
lowering of interfacial tension, which eventually leads to large surface area by way of
numerous droplets associated with a large change in entropy. However, microemulsion
domains fluctuate in size and shape and undergo spontaneous coalescence and breakup.
One of the unique factor associated with microemulsions is the presence of different
structures as classified by Winsor.4, 5 Nevertheless, geometry of the surfactant plays an
important role in predicting the type of microemulsion from the preferred curvature (of
surfactant film) at the interface. And, it can be determined by calculating the surfactant
packing parameter also known as critical packing parameter, CPP:4, 5

CPP =

×

[1.17]

where v is the volume of the surfactant alkyl chain, a o is the head group area and c is the
length of the fully extended hydrocarbon chain. Surfactants with CPP = 1 are most likely
to stabilize bicontinuous microemulsions, while surfactants with CPP > 1 and < 1 form
w/o and o/w microemulsions, respectively. These structures can be represented in a
ternary phase diagram shown in Fig.1.3.
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Fig.1.3. A generalized ternary phase diagram depicting various structure formations as a
function of different percentage composition of the constituents.

Besides geometry, the charge on the polar head group of the surfactant (anionic,
cationic, non-ionic and zwitter-ionic) is another factor to classify various microemulsions
and plays an essential role in guiding the structure, dynamics and transport behaviours of
microemulsions. For instance, AOT (an anionic surfactant; sodium bis(2-ethylhexyl)
sulfosuccinate) and CTAB (cationic surfactant; Cetyltrimethylammonium bromide) based
microemulsions are well studied and characterized systems.
Basically, CTAB based microemulsions are quaternary (comprises of 4 components
i.e., surfactant, co-surfactant, oil and aqueous) in nature, while AOT based
microemulsions are ternary (comprises of three components i.e. surfactant, oil, and
aqueous) systems. Fig.1.4 shows the diagrammatic representation of AOT and CTAB
based w/o microemulsions. CTAB being a linear chain surfactant could not fulfil the
packing and thermodynamic considerations for the microemulsion formation. Hence, a
co-surfactant (generally a low chain alcohols i.e. n-butanol, n-pentanol) is required to
stabilize w/o microemulsions. Consequently, CTAB based microemulsions possess
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flexible interfacial film and therefore, exhibit greater amount of dynamism5,

13

as

compared to that of AOT based microemulsions, where interfacial film is quiet rigid.14
This can be realized from the fact that ~ 1 in 1000 inter-droplet collisions result in an
exchange of reactants in case of AOT microemulsions, whereas ~1 in 10 collisions can
give rise to exchange of micellar content in case of CTAB microemulsions.14, 15 Thus, the
CTAB based microemulsions are much more complex in terms of dynamics of the
reactants as compared to that of AOT based microemulsions.

Fig.1.4. Diagrammatic representation of AOT (a) and CTAB based w/o microemulsions.
The molecular structures of AOT and CTAB are also shown.

Owing to the compartmentalized molecular organization similar to that found in
bioaggregates, numerous reports1,

2, 4, 5, 14, 15

can be found in the literature, wherein

microemulsions have been used as a nanoreactor to carry out and study the kinetics and
mechanism of various chemical and biological processes. In addition to that,
radiochemical studies16-20 have been carried out in these media, which could enhance our
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understanding of electron transfer reactions, charge separation, charge recombination and
electron solvation in organized media. The nature of hydrocarbon phase, interface and the
dimensions of water pool has been reported to have pronounced effect on the decay
kinetics and the nature of solvated electrons.16, 19 However, majority of such studies have
been carried out in AOT based microemulsions. While, the number of such studies
carried out on microemulsions with four components (such as CTAB based) is very less.
In the present thesis, an effort has been made to comprehend the solvated electron
properties in CTAB based w/o microemulsion and the role of interface in influencing its
kinetics has also been addressed.21 Furthermore, the presence of counter ions in
microemulsions has not been seriously considered in earlier radiation chemical studies.
However, we could observe and characterize the formation of dibromide radical anion
(Br2‒•), which was found to be the product of the interaction of bromide ion and hydroxyl
radical.
The application areas of microemulsions have increased dramatically during the past
decades2, 5, 12, 13, 22 and this can be realized from Fig.1.5.

Fig.1.5. Diagrammatic representation of the application areas of microemulsions.
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One such important area is the fabrication of nanomaterials.5,

14, 22

The nanometer

sized aqueous cores of the microemulsions provide an appropriate stabilized environment
for controlled nucleation and growth of nanoparticles. Additionally, steric stabilization
provided by the surfactant layer prevents the nanoparticles from aggregating at the later
stages of growth. Reasonably so, these systems have been employed as a template for
synthesizing nanoparticles of a wide class of substances including metals14, 23, 24 and their
oxides,14,

25-27

bimetallic,28-30 semiconductors,14,

31-34

superconductors,35,

36

magnetic

materials,36-38 biomaterials14, 39 and polymers.14, 33
We have synthesized CdSe nanomaterials in the host matrix of CTAB and AOT based
w/o microemulsions via conventional as well as radiation chemical route.40-43 The
fundamental roles of the intrinsic structural dynamics of these microemulsions and the
peculiarities of the synthetic techniques in influencing the morphology, surface
composition and optical properties of CdSe nanomaterials have been probed in this thesis
work.

1.4. Room temperature ionic liquids (RTILs)
RTILs are a class of low temperature molten salts having meting points below 100 °C.44
The development of ILs started in 1914 and it was Paul Walden who described the
synthesis and properties of the “first” IL, ethylammonium nitrate44, 45 (melting point =
14℃).46 In the late 1970s, Osteryoung group47 and Wilkes et al.48 synthesized
chloroaluminate melts liquid at room temperature, but these fluids suffered from their
high sensitivity to atmospheric moisture. However, in 1990s, a significant milestone was
achieved when the RTILs comprising of imidazolium as cation and tetrafluoroborate or
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hexafluorophosphate as anions were synthesized.44,

49

Unlike haloaluminate based ILs,

this new generation of ILs was relatively resistant to hydrolysis and could be prepared,
stored, and handled outside a glove box.
RTILs possess unique physicochemical properties such as high polarity, negligible
vapour pressure, high ionic conductivity, wide electrochemical window and thermal
stability. Owing to these, a surge in the interest of the scientific community (especially in
the last two decades) can be observed from the exponential growth in the number of
publications on RTILs.44 Further, these media are often referred to as “designer” solvents.
This is due to the fact that by altering the cation-anion combination, their characteristics
such as hydrophobicity, miscibility (with other solvents), polarity and other
physicochemical properties can be easily tuned, as desirable for a specified task.44
According to Plechkova et al.,50 pairing of all known anion and cation combinations,
approximately 106 different ILs can be prepared. Nevertheless, till now, most of the
research has been focused on RTILs with commonly used cation-anion combinations. The
structures of some of these cations and anions are shown in Fig.1.6.
RTILs are entirely composed of ions; however they are different from the molten salts
as the later ones have high melting temperatures. Essentially, melting point of a crystal is
a synergistic effect of the cation and the anion as both influence its lattice energy.
Therefore, low melting points of RTILs are result of weak inter-ionic interactions due to
inefficient packing of irregularly shaped ions and diffuseness of charge.44, 51
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Fig.1.6. Some examples of common cations and anions of RTILs.

RTILs are different from the conventional organic solvents with respect to their
structure and physicochemical properties (mentioned earlier). Within an IL, there are
many correlation length scales present between the ion pairs which are generally less than
5 Å.52 These are due to a various interionic interactions53-55 co-existing in these fluids as a
result of complex interplay of forces such as Coulombic, van der Waals (dipole-dipole,
dipole-induced dipole, and dispersion), hydrogen bond, and π-π stacking interactions. A
diagrammatic representation of these interactions has been shown in Fig.1.7, where 1ethyl-3-methyl imidazolium ([EMIM]) and bis(trifluoromethylsulfonyl)amide (Tf2N) are
the cation and anion, respectively. Furthermore, a variety of experimental techniques56-60
and simulation studies61-64 have revealed the presence of non-polar and polar domains in
ILs. These domains have been attributed to the segregation of ions (cations or anions)
containing alkyl side chains.52
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Fig.1.7. Diagrammatic representation of the various bonding interactions co-existing in
an imidazolium based RTILs.
It is the existence of such nanostructures (i.e., hydrophobic and hydrophilic zones)
which forms the basis of much known ‘spatial heterogeneity’ of RTILs.61 A snapshot
illustrating this phenomenon was reported by Wang et al.61 in their simulation studies on
imidazolium based IL ([EMIM]/[BMIM][NO3]) and the same has been shown in Fig.1.8.
Besides their structural properties, the notable feature observed in simulation studies of
RTILs is so called ‘dynamic heterogeneity’.65, 66 It refers to the spatially inhomogeneous
relaxation behaviour akin to that generally observed in glassy or supercooled liquids.67
Hu et al.68 with their computational calculations on 1-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM][PF6]) suggested the presence of ensembles of ions with
different diffusion rates.
The manifestation of this type of solvent heterogeneity is apparent in the fluorescence
spectroscopy experiments reported by Samanta and co-workers.69 It has been already
mentioned that the hydrophilic or hydrophobic character of RTILs depends on the
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combination of the cation and the anion. The most frequently investigated ILs are based
on imidazolium cations. Anions such as halides, acetate, nitrate and ethylsufate form
hydrophilic ILs, while anions i.e. hexafluorophosphate, bis(trifluoromethylsulfonyl)imide
lead to hydrophobic ILs.

Fig.1.8. One snapshot from the simulation studies on imidazolium based IL
([EMIM]/[BMIM][NO3]) illustrating the ‘spatial heterogeneity’ present within its
molecular structure. The white spheres represent the non-polar domains originating from
the cationic terminal groups; while the gold and red spheres represent the cationic head
Groups, and the anions, respectively.61
In today’s scenario, RTILs are a rapidly expanding family of condensed-phase media
with multitude of applications in synthesis, extraction, catalysis and electrochemistry.44, 70,
71

However, in the recent times, RTILs have aroused much interest as new media in

nuclear fuel cycle.72, 73 Nonetheless, understanding the radiation stabilities of the ILs and
the underlying chemistry involved are some of the most important issues for their
successful use in nuclear fuel reprocessing. It is therefore imperative to study the
radiation chemistry of ILs, their radiolytic products and the degradation pathways. This
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information could aid in the development of more robust and task specific ILs with better
extraction efficiency and solvent recovery. No surprise that several radiation stability
studies on ILs have already been reported.74-84 Most of these studies have been carried out
on imidazolium ILs having anions such as PF6−, BF4− or halogens. Essentially, these ILs
have been found to be hydrolytically unstable giving off highly toxic and corrosive HF.44,
85

Imidazolium based ILs with bulky tris(perfluoroalkyl)trifluorophosphate (FAP) anion

are ultra hydrophobic and possess excellent hydrolytic stability.85 Fig.1.9 shows the
structure of FAP anion. In the present thesis, an assortment of characterization and
qualitative studies were carried out to explore the radiation stabilities of FAP ILs in the
radiation doses, ranging from 50 to 500 kGy. Besides this, transient absorption studies
were conducted to determine the influence and the radiolytic sensitization effects of
hydroxyl group substitution on the physicochemical properties and the degradation
mechanistic pathways of these ILs.

Fig.1.9. Structure of FAP anion.

It was observed that even a diminutive alteration in the molecular structure causes
marked difference in the reactivity and reaction centre of the imidazolium based FAP ILs.
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Another area of research where RTILs have recently received a great deal of attention
is their potential application as superior media (with respect to the conventional organic
solvents) for the synthesis of various nanomaterials.86-98 It has already been mentioned
that RTILs display a high degree of self-organization comprising of three-dimensional
(3D) ionic network dominated by the electrostatic and non-covalent bonding
interactions.52-66 Consequently, hydrogen bond-co-- stacking mechanism has been
regarded as the shape directing mechanism for obtaining various anisotropic structures
(tubes, wires, rods, sheets) of nanomaterials synthesized in imidazolium based ILs, by
different techniques. However, the synthesis of metal chalcogenides using neat ILs (as
solvents) that too using radiation induced techniques have been rarely studied. Therefore,
taking into account the high radiation stability of imidazolium based ILs; electron beam
irradiation technique was employed to initiate the nucleation process for the synthesis of
CdSe nanomaterials. The main objective of this part of the thesis work was to explore &
exploit the noble structural features of RTILs and the peculiarities of radiation induced
techniques in synthesizing & directing the self-assembly of nanomaterials into welldefined structures of fundamental importance.

1.5. Cyclodextrins (CDs)
CDs are bucket shaped molecules comprising of glucose units (six or more) connected by
-1, 4 glycosidic linkages to form a series of oligosaccharide rings. They are produced as
a result of intramolecular transglycosylation reaction from degradation of starch by
cyclodextrin glucanotransferase (CGTase) enzyme.99 The most common CDs comprise
six, seven and eight glucopyranose units and are named α-, β- and γ-CD, respectively.
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The structures of CDs and their related properties are shown in Fig.1.10. The
oligosaccharides in CDs forms a truncated cone in which the primary (1°) -OH groups (on
C6) are directed towards the narrow side or the primary face, and the secondary (2°) -OH
(on C2 and C3) groups are projected on the wider side or the secondary face (Fig.1.10).
The inner part of the cone comprises of apolar C3 and C5 hydrogens and ether-like
oxygens. These features of CDs impart them a rigid conical molecular structure with a
hydrophilic outside (can dissolve in water) and a hydrophobic apolar cavity, thereby
providing a ‘microheterogeneous environment’.99

Fig.1.10. Structures and properties99 of CDs.

The main interest in CDs lies in their ability to form inclusion complexes (host–guest
complexes) with a very wide range of solid, liquid and gaseous compounds by a
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molecular complexation.99-102 Basically, the lipophilic cavity of CD molecules provides a
microenvironment into which appropriately sized non-polar moieties can enter to form
inclusion complexes.103
The predominant driving force behind this complexation has been attributed to the
release of enthalpy-rich water molecules from the cavity. Consequently, water molecules
are displaced by more hydrophobic guest molecules present in the solution to attain an
apolar–apolar association and decrease of CD ring strain, which lead to a more stable
lower energy state.99 Amongst various CDs, -CD is the most studied one and generally
the most useful99 too. This has been attributed to its easy accessibility and distinctive
properties (such as solubility) as compared to other analogues. Essentially, the relative
insolubility of -CD has important consequences on its applications as a solution host.
Nevertheless, a number of explanations have been proposed for this anomalous behaviour
of -CD.99, 104 First is the unfavourable enthalpy and entropy of hydration of -CD as
compare to its smaller and larger colleagues. The probable reason is that the 6 -CD) and
8 -CD) fold symmetries of the other CDs are more compatible with the solvent cage of
water. It has also been suggested that the intramolecular hydrogen bonds on the secondary
face of -CD are mainly responsible for its low solubility, thereby limiting the interaction
with water. Nevertheless, it is plausibly these properties of -CD, which has made it the
most common CD in pharmaceutical formulations and, thus, probably the best studied CD
in humans.99
Self-aggregation of CDs in aqueous solutions is an important phenomenon, which has
been widely investigated.105 Through various scattering and microscopic techniques, it
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has been confirmed that native CDs can form aggregates in water with the size of about
200–300 nm.106-108 For instance, Bonini et al.106 reported the aggregation of -CD
monomers into different shapes in water, depending on the concentration of -CD.
Further, an important observation was made wherein the critical aggregation
concentration of -CD self-aggregation in water was between 2 and 3 mM. Nevertheless,
the main driving force for the self-assembly of CD molecules has been ascribed to the
hydrogen bonding.108, 109
CDs have been utilized in various fields such as sensing, pharmaceuticals,
biochemistry, cosmetics, food, catalysis and electronics.99, 100 Because of their ability to
link covalently or non-covalently, CDs can be used as building blocks for the construction
of supramolecular complexes.110 Indeed, in the recent times, the self-assembling tendency
of CDs has aroused a lot of interest in the field of nanoscience to fabricate and stabilize
superstructures of various nanomaterials111-118 (especially metal based) with enhanced
efficiencies. Besides, various radiation chemical studies carried out on CDs have clearly
showed their higher radiation stability (less than 10 % radiolytic decomposition of -CD
was found up to an absorbed dose of ~ 72 kGy) in comparison to simple saccharides.119122

This ability of CDs provides them extra advantage,123 which could be utilized in

applications (e.g. biomedicine) having high radiation fields. Nevertheless, the radiation
resistance put forth by CD has been attributed to the fact that -D-glucose units present in
CDs are joined by -1, 4-glucosidic links and therefore, do not contain a free reducing
group where radiation-induced oxidation reactions are generally dominant.119-121
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Taking into account of aforementioned facts, an attempt was carried out in the present
thesis work to synthesize self-assembled CdSe nanoparticles functionalized with -CD
via electron beam irradiation technique. Specifically, this methodology is attractive from
the view point of time efficiency (rapid one pot synthesis), clean chemistry (no external
reducing agent is involved) and ensuring reproducibility in the synthetic protocol.

1.6. Quantum dots (QDs)
A material (usually, a semiconductor) which is size-restricted in three dimensions such
that the charge carrier wave functions are confined within its volume is called a quantum
dot (QD). The quantized energy levels observed in QDs lead to electronic band gap
structures that are intermediate between single molecules which have a single HOMOLUMO gap and bulk semiconductors which have continuous energy levels within bands
(see Fig.1.11). QDs were discovered by A. Ekimov in a glass matrix124, 125 and then in
colloidal solutions by L. E. Brus in 1985 (at Bell Labs)126 while, the term "Quantum Dot"
was coined by Mark Reed.127

Fig.1.11. Diagrammatic illustration of the electronic band structure difference between
bulk semiconductor, quantum dot and a molecule.
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In a bulk semiconductor, an electron excited from the valence band by the absorption
of a quantum of light moves to the conduction band, leaving a positive charge (a hole).
The as generated electron and the hole experience attractive Coulomb forces and can
form a so called ‘exciton’. Essentially, an exciton is a state similar to a hydrogen atom.
Therefore, like a hydrogen atom, it also has a Bohr radius (most probable distance from
the nucleus at which an electron can be found) which is the most probable distance of the
electron from the hole. Bohr exciton radius (a ) of a semiconductor can be determined
by: a = ε ħ2 / μ0 e2 , where ε is the dielectric constant of the material, ħ is the reduced
Planck constant (ℏ = 1.0545 × 10−34 J s), μ0 is the reduced mass of an exciton (μ0 = (me ×
mh)/(me + mh)), me is the effective mass of an electron, mh is the effective mass of a hole,
e is the charge of an electron (1.6 × 10−19 coulomb).
An exciton is delocalized within the bulk crystal lattice. However, when the physical
size of the semiconductor material is reduced such that its size becomes comparable to or
smaller than the Bohr exciton radius, the continuous energy bands split into discreet
energy levels (see Fig.1.12).128

This state, wherein the space for the movement of

excitons gets restricted is called as ‘quantum confinement’. In case of QDs, the
confinement is strong as their size is ≤ a . For instance, considering the case of CdSe, the
size of its QDs should be less than or equal to 5.6 nm (Bohr exciton radius of bulk CdSe)
for any confinement effects to be observed.129 Electrons in QDs occupy discrete energy
levels in a similar way as they do in atoms. For these reasons, QDs are also called as
artificial atoms. Therefore, the situation of an electron in a QD can be compared with that
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of a particle in a box (quantum mechanics problem of a particle-in-a-box), wherein the
energy of different states is dependent on the length of the box.

Fig.1.12. Splitting of electronic band structure of bulk semiconductor into discreet energy
levels with the decrease in size (Quantum confinement effect).
Brus, by his effective mass approximation model130 showed the relation between the
particle size with the band gap energy of a semiconductor QD i. e. E (QD):
Eg (QD)= Eg (bulk)+

h

1
2

8R

me

+

1
mh

-

1.8 e2
4πϵ R

[1.18]

where, Eg (bulk) is the bulk band gap energy of the semiconductor, ‘R’ is the QD radius
(nm), me and mh are the effective mass of electron and hole, respectively and  is the
dielectric constant of the material. The second term in equation 1.18 represents the
particle-in-a-box quantum localization energy and has 1/R2 dependence; the third term
with 1/R dependence represents the Coulomb energy. The major consequence of the
quantum confinement effect is an increase of the apparent band gap with decrease of the
particle size. Thus, the optical and other physical and chemical (e.g., oxidation-reduction)
properties of semiconductor nanoparticles become sensitive to the size and shape of the

34

Chapter 1
particles. These drastic changes in properties governed by the reduction of particle size
inspired and attracted tremendous interest of various researchers to develop advanced
techniques and methodologies for the synthesis of different semiconductor based
nanomaterials, which could be used

in multitude of applications such as

optoelectronics,131-138 sensing,139-141 bio-labelling,142-144 and catalysis.145, 146
In general, various techniques147-179 for the QD syntheses are categorized either as a
top-down147,

173, 174

or bottom-up approach148-170,

175-179

. Top-down route use larger

(macroscopic) initial structures, which can be externally-controlled by molding or etching
materials into nanostructures. This approach is traditionally used by the electronics
industry to manufacture integrated circuits. Ball milling147a and micropatterning147b
techniques, such as photolithography belong to this category. While, vapour-phase
methods comprises of techniques such as molecular beam epitaxy (MBE),171, 172 chemical
vapour deposition (CVD).173, 174 However, incorporation of impurities (into the QDs) and
structural imperfections by patterning are major disadvantages with these processes.147c
In contrast to top-down method, bottom-up approach seek to have smaller (usually
molecular) components built up into more complex assemblies. Using the principle of
bottom-up approach, different methods for the synthesis of colloidal QDs include:
microemulsion

route,14,

23-39

sol-gel,148-151

hot

solution

decomposition,152-156

sonochemical,157, 158 electrochemical,159, 160 photochemical161, 162 and radiation chemical
route.163-170, 175-179
In the present thesis, CdSe QDs were synthesized by normal and radiation chemical
routes. CdSe is one of the most important member of II–VI group semiconductors with an
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energy band gap of 1.75 eV (see Fig.1.13);128, 129 synchronizes well with the solar energy
spectrum thus, providing a sort of model system to study the effect of morphology and
surface composition on the optoelectronic properties of similar compounds. Nevertheless,
in the normal chemical route, the synthesis was carried out at ambient conditions without
involving any external stabilizing or reducing agents.

Fig.1.13. Bulk conduction and valence band edge positions (vs. vacuum and SHE) and
band gaps of common semiconductor materials.180-182
In another methodology, nanoparticles synthesis was carried out by clubbing the
electron beam irradiation technique with the templated approach of aforementioned
microheterogeneous media. This hybrid approach is relatively new for the controlled
synthesis of semiconductor nanomaterials and the interplay of different experimental
parameters (precursor concentration, absorbed dose, dose rate and other variable
structural features of microheterogeneous systems) leads to complex morphologies and
interesting photophysical properties of CdSe QDs. So far, primarily metals, alloys, and
metal oxide NPs have been synthesized by this means.123 The as employed methodology
possesses inherent advantageous features, which are as follows: (a) fast and efficient
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without involvement of rigorous conditions (such as high temperature, pressure, inert
atmosphere, and toxic reducing agents), (b) potential for the commercial scale production
of nanoparticles, since irradiation can be carried out in the common industrial accelerator
plants generally used for sterilizing medical kits and other items, (c) does not require any
external reducing agents as electron is itself a very strong reducing species (E red = -2.9 V)
and (d) electron beam can also be used for tailoring the size of nanomaterials by
controlling the dose and irradiation time. Diagrammatic depiction of the radiation induced
synthesis of nanomaterials is shown in Fig.1.14.

Fig.1.14. Diagrammatic depiction of the radiation (e-, ) induced synthesis of
nanomaterials.
Essentially, in the radiation induced synthetic technique, the synthesis of the
nanoparticles proceeds via reaction of the solvated electrons, e

or other reducing free

radical species (depending on the host matrix, solvent etc.) with the precursor ions. This
process differs from the mechanism in routine chemical methods. Besides, the yield of
e

plays an important role in the growth kinetics of nanoparticles and depends

primarily on the reaction medium.123, 163-170, 175-179
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1.7. Outline of the thesis
The as discussed versatility and relevance of microheterogeneous systems in
contemporary life in the previous sections itself provides the explanation about the
motivation behind the research work carried out on these media. Considering the
structural and dynamical similarities of microheterogeneous systems with those of
naturally occurring bioaggregates, the investigations carried out on these media are of
fundamental interest as well as essential for the in-depth understanding of the various
basic processes occurring in the later. Apart from that, the compartmentalized as well as
self-assembling tendency of microheterogeneous media offers a lot of promising
perspectives in the realm of nanoscience and nanotechnology. In the successive chapters,
the experimental techniques employed in the current thesis work followed by an account
of the radiation and photochemical investigations of microemulsions, RTILs and CDs and
their application in the synthesis of CdSe QDs have been explained in detail.
In Chapter 2, a brief overview of the different experimental techniques used in radiation
and photophysical investigation of the microheterogeneous systems have been provided.
Techniques employed for the characterization of nanoparticles and to carry out various
photophysical studies have been described in detail.
In Chapter 3, radiation chemical investigations of the solvated electron in CTAB based
quaternary w/o microemulsions have been described. Also, generation of counter ion
radicals and its reactions in the same system are explained.
In Chapter 4, the application of microemulsions in the controlled synthesis of CdSe QDs
has been presented via radiation as well conventional chemical route. Further, the
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influence of the structural and the dynamical aspects of AOT and CTAB microemulsions
on the morphologies, photoluminescent behaviour and the charge carrier relaxation
dynamics of CdSe QDs have been described.
Chapter 5 deals with the compilation of the radiation stability studies of FAP based
imidazolium ILs. The effect of –OH functionalization on the radiolytic degradation of the
IL was also investigated. Various physical and chemical characterization studies followed
by the photophysical investigations were performed on the irradiated ILs to determine the
radiation induced effects. Pulse radiolysis studies carried out to delineate the mechanism
for the radiation induced changes in hydroxyl and non-hydroxyl FAP ILs have also been
described.
Chapter 6 demonstrates the application of RTILs as a novel media for the synthesis (by
radiation as well as normal chemical route) of self-assembled superstructures of
nanomaterials. The possible mechanism behind the as obtained complex nanostructures
has been explained in this chapter.
In Chapter 7, -CD functionalized CdSe QDs were synthesized via electron beam
irradiation. Band gap engineering, cytotoxicity studies of QDs and the binding sites
involved in the complex formation between CD molecules and the QDs have been
presented.
The conclusions drawn from each study are sequentially summarized in Chapter 8. A
brief description of the future perspectives of the work carried out in this thesis has also
been given.
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Experimental Techniques
2.1. Introduction
As discussed in the previous chapter, the main objective of the thesis was to contribute
and enhance the hitherto basic understanding of the fundamental processes related to
electron, charge transfer and other free radical reactions in the entirely different
microheterogeneous environments of microemulsions, RTILs and CDs. Further, their role
as a template in the controlled synthesis for morphological and optical tuning of
nanomaterials was explored. Therefore, a brief overview of the different experimental
techniques used in radiation and photophysical investigation of the microheterogeneous
systems and the as grown CdSe QDs has been provided in this chapter.
Radiation chemical processes involve intermediates/transient species, which are
reactive and persist only for very short time periods. Identification and characterization of
such species (and their reactions) require a sophisticated instrumentation with ability for
real time monitoring of their transient behavior. Pulse radiolysis is one such popular
technique used for generating and characterizing the free radical and reactive
intermediates. In the present thesis work, Linear accelerator (LINAC) with an energy of 7
MeV was used as an irradiation source for facilitating radiation stability studies as well as
for the synthesis of CdSe nanoparticles. A kinetic spectrophotometer was coupled with
LINAC for carrying out the pulse radiolysis. The working principle along with the optical
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layout of this facility has been explained in this chapter. In some experiments, γirradiation (sourced from Cobalt-60) of the samples was also carried out in the synthesis
of nanoparticles to investigate the effect of dose rate. Techniques employed for the
characterization of nanoparticles such as X-ray diffraction (XRD), transmission electron
microscope (TEM), scanning electron microscope (SEM) have been described in detail.
Basic principles of instruments used for carrying out various steady state and time
resolved photophysical studies such as absorption spectrophotometer, fluorometer,
infrared spectrometer, Raman spectrometer and time-correlated single photon counting
(TCSPC) have also been explained.

2.2. Pulse radiolysis
2.2.1. Principle of pulse radiolysis
In pulse radiolysis, the system under investigation is generally irradiated with an intense
pulse of electrons to generate a significant concentration of transient species. The
resulting transient species/free radicals are monitored online by a suitable physical
techniques such as optical absorption, conductivity, electron spin resonance and
fluorescence.9,

183, 184

Typically, electron pulse width should be an order of magnitude

shorter than the half-life of the reaction with sufficiently high energy to produce an
adequate concentration of chemical species in the irradiated sample. A schematic of pulse
radiolysis set up employed in the present thesis work is shown in Fig.2.1.
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Fig.2.1. Schematic diagram of pulse radiolysis set up.

Herein, the sample solutions are taken in a quartz cuvette (1cm × 1 cm) and are kept
at a distance of ~12 cm from the titanium electron beam window, where the beam
diameter is ~ 1 cm. The sample solutions are then irradiated with 7 MeV electron pulse
sourced from a LINAC. Subsequently, a collimated light beam from a pulsed 450 W
Xenon arc lamp is used to monitor the transient changes in the absorbance of the
irradiated solution. The transmitted (after passing through the sample cell) light beam is
then directed to the spectrophotometer through a tunnel in the wall by making use of
fused silica lenses and mirrors coated with aluminum on the front surface. The light beam
is finally focused on the entrance slit of a monochromator, on the exit slit of which a

43

Chapter 2
photomultiplier (PMT, model no. Hamamatsu R 955) is fixed. PMT signal is then fed
into a storage oscilloscope from which traces are transferred to a computer. It is to be
noted that the accelerator, the sample cell and the monitoring light source are housed in a
shielded cave with 1.5 m thick concrete wall and roof (shown in Fig.2.1). Details of the
LINAC and kinetic spectrophotometer are given in the following sections.
2.2.2. Linear accelerator (LINAC)
Accelerator is the main component of the pulse radiolysis technique9, 185 and its function
is to impart high energy to a particle (usually an electron in radiation chemical studies),
which is then directed towards the sample under investigation. In the present pulse
radiolysis set up, a linear electron accelerator has been used as the source of 7 MeV
energy electron pulses (Fig.2.2). It was obtained from Viritech Ltd., U.K. The
components of this machine are discussed in brief as follows.
Electron gun: A tungsten electrode in the form of a pellet is continuously heated by
electrons from the filament of the gun kept at a potential of -6.0 KV (DC) with respect to
the cathode. The cathode potential is varied for 2 s at amplitude of 43 KV. As a result of
this, 2 s electron pulse of energy 43 KeV is generated in the system initially. This
electron pulse is focused into a deflector chamber with the help of electromagnetic lenses
before it enters into a cylindrical wave guide.
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Fig.2.2. Schematic diagram of linear electron accelerator.

Wave guide: A magnetron with 3 GHz frequency and 1.8 MW peak power produces a
synchronous traveling R.F. (radio frequency) field of 2 s pulse width. The electrons
produced in the electron gun assembly are allowed to enter into the wave guide in a phase
synchronous with the R.F. field, wherein the electrons are accelerated in vacuum to a
final energy of 7 MeV. A well-defined uniform beam of accelerated electrons are
obtained after focusing by electromagnetic coils and comes out from the wave guide
through a titanium window with mean diameter of ~ 2 mm. Electron pulses of various
widths from 5 ns to 2 s with peak current ranging from 1.56 A to 70 mA can be
produced by this machine. The nano-second pulses are obtained with the help of deflector
plates placed between the anode of the electron gun and the corrugated wave guide. The
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43 KeV electrons emitted from the electron gun are deflected and collected by a beam
catcher.
Working of the LINAC facility
A pulse generator, which is preset at 50 pulses per second (pps) triggers the R.F. pulses.
The beam divider ratio is kept normally at 3 such that for every third R.F. pulse, one
electron pulse is available for acceleration. The electron pulse is delayed by 600 ns to
synchronize it with peak portion of the RF pulse. Further, a pulse from the pulse
generator of the accelerator triggers a sequential delay pulse generator (SDPG), which
then sequentially activates an electromechanical shutter, a Xenon arc lamp pulse power
supply (to boost the analyzing light intensity for monitoring the fast events) and an
oscilloscope. Shutter, under normal working condition is kept open for 50 ms. As the
oscilloscope is triggered by a pulse from the SDPG, the pre-trigger information ranging
for a duration of 600 ns to 1 s prior to the arrival of the electron pulse is used to mark
the monitoring level as well as the incident light intensity (I0). Fine adjustments in SDPG
with respect to time allows the electron pulse and its effect to be recorded on the flat
portion of the boosted lamp profile, during which time the output of the analyzing light
remains steady. The dose imparted to the sample is varied either by defocusing the beam
or by suitable adjustment of the filament to the cathode bombardment current.
2.2.3. Kinetic spectrophotometer
The time resolved studies in the current pulse radiolysis set up have been conducted by
monitoring the variations in the absorbance of the sample solutions. The different
components of the analyzing set-up consist of:
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(i) Xenon arc lamp as the analyzing light source (white light continuum): Its effective
output range is wide i.e. extends from 250 to 850 nm. Secondly, for getting a good signal
to noise (S\N) ratio the output light intensity of Xenon arc lamp is stable and can be
boosted (20-70 times) for experimental requirements. On the contrary, commonly used
continuous band light is not suitable for these purposes.
(ii) Electromechanical shutter: To prevent the photodecomposition of the samples as
well as the fatigue of the detector during the passive mode, an electromechanical shutter
is placed between the lamp and the sample holder (Fig.2.1). The shutter is synchronized
in such a way that it opens just prior to boosting of the analyzing light and remains open
for a period which covers the subsequent events like arrival of electron pulse and
generation of transient species.
(iii) Sample cuvette: A square quartz cell of 1 cm × 1 cm path length is placed in its
holder such that on one face it receives the electron beam and the analyzing light beam
crosses the electron beam at right angles at the center of the cell.
(iv) Monochromator: The usable range of the as employed monochromator extends
from 180 to 850 nm. Slit width of this monochromator can be continuously varied from
0.01 to 6.0 mm and corresponding band width of 0.1 to 19.8 nm. The analyzing light
beam after passing through the sample cell is focused on the entrance slit of the
monochromator.
(v) Detector: A PMT having a spectral response in the working range of 200-900 nm was
used for detection. The output current of the PMT is converted to a voltage signal by a
load resistor connected across its anode and ground. With a load resistor of 500 , the
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overall rise time of detection is 75 ns. Thus, only the events of duration longer than this
time period can be studied by using the detector.
(vi) Back-off device: Its function is to compensate constant (-ve DC) output of the PMT
(I0) before the arrival of the electron pulse.
(vii) Transient digitization: An oscilloscope is used for this purpose. The PMT output is
fed to the vertical amplifier of the oscilloscope. The time base of the storage scope is
triggered externally by a signal (derived from the accelerator) synchronous with the
electron beam pulse.
2.2.4. Transient absorption measurements
The intensity of light transmitted through the cell (containing sample solution) after
electron beam irradiation is given as:
I = I 10(

∈ )

[2.1]

where, I0 is the intensity of light transmitted just prior to the electron pulse, c is the molar
concentration of the species formed in the sample, є is the molar extinction coefficient
and l is the path length of the light. Because of the proportionality between V and I, the
PMT output voltage just prior to and after the pulsed irradiation are related as
V = V 10(

∈ )

[2.2]

The quantity . . is called as optical density or absorbance (A) of the transient species
and at any given time, it can be expressed as equation 2.3.
A = log(V ⁄V)

[2.3]

Due to the time-dependence of the concentration of the transient species produced by
electron pulse, I and V will be time-dependent. Hence, A will also be time dependent. It
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is this time-dependence of V that is monitored with a digital oscilloscope and
subsequently processed to obtain the kinetic information.
2.2.5. Dosimeters for pulse radiolysis
In pulse radiolysis experiments, thiocyanate dosimeter is commonly used to measure the
absorbed dose per pulse. It is an aerated aqueous 0.01 mol dm-3 potassium thiocyanate
(KCNS) solution. The species such as e-aq and H-atom generated upon electron beam
irradiation of the sample solution are scavenged by the dissolved oxygen. Therefore, the
hydroxyl (•OH) radical oxidizes SCN¯ ions to produce (SCN)2•¯ radicals, shown in
reactions below.
SCN− + •OH  SCN• + OH−

[2.4]

SCN• + SCN−

[2.5]

(SCN)2•−

The radiation dose is estimated from the maximum absorbance (A) of the radical
(SCN)2•¯ at 475 nm. The G-value and the extinction coefficient (є) of this radical is

reported to be 3.3 per 100 eV of absorbed dose and 7600 dm3 mol-1 cm-1, respectively at
475 nm.186 From the measured A, the absorbed dose per pulse (D) is computed from the
following equation:

D=

9.648 ×
.є.ℓ.

∆ OD

Gy

[2.6]

where, ℓ and  are path length of the light and density of the solution, respectively.
2.2.6. Experimental data handling: The kinetic treatment
The analysis of the data (related to the spectroscopic, kinetic, and redox properties of the
transient species) obtained after the pulse radiolysis experiments is the vital part of these
radiation chemical studies. In general, first and second order kinetic processes are
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observed, while complex behavior (where both the first and second order processes occur
simultaneously) is less frequently encountered. For data processing, the oscilloscope trace
is first transferred to the PC and then analyzed by using sophisticated software packages.
Different methods of data processing are explained in brief.
(i) First order processes
When a reacting species ‘A’ follows first order kinetics such that
A

M

[2.7]

The rate of reaction, d[A]/dt is proportional to the concentration of A:
d[A]/dt = k[A]

[2.8]

where, k is the rate constant has dimension of time-1. Examples of this type of reactions
are, rearrangement in an isolated excited species, intramolecular transformations etc.
A bimolecular reaction can also show a first order kinetics if one of the reactant is present
in large excess:
A+B

N

[Bo] >> [Ao]

[2.9]

The rate equation for the above reaction can be written as:
−

[ ]

=

[ ][ ] =

∅[

]

[2.10]

where, k is the pseudo-first-order rate constant with dimension time-1 and the second
order specific rate constant ks has a unit of (concentration x time) -1. On integrating
equation (2.10) between time limits 0 to t gives
[A] − [ ] = −

[2.11]

∅

The term [A]t and [A]0 refer to the concentrations at time ‘t’ and at the beginning of the
reaction, respectively. The observed rate constants are plotted against concentration of
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reactant in excess and the slope of the plot gives the bimolecular rate constant ks for the
reaction of species A with B.
(ii) Second order processes
For a bimolecular reaction of single transient species reacting with itself, showing second
order kinetics such as
A + A

P

[2.12]

The corresponding rate equation for the above reaction (2.12) is
− d[A]/dt = 2k[A]2

[2.13]

On integrating between time limits 0 to t,
[

]

−

[

]

= 2. .

[2.14]

For ‘A’ absorbing at the monitoring wavelength, equation (2.14) can be written as:

−

=

.
.

t

[2.15]

where, ODt represents the absorbance due to reactant ‘A’ at any time t. The absolute rate
constant 2k for this second order process can be obtained from the plot of 1/ ODt vs t. The
slope of this plot is related to the rate constant by the relation (2.16).
2 =

( . )

[2.16]

(iii) Competition kinetics
For many transients formed in the pulse radiolysis experiments, the wavelength for
monitoring is not in a convenient range of the spectrum as the substrates also absorb in
the same region. In those cases, competition kinetics method is used wherein another
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species is monitored which are having suitable spectral characteristics. If R• is the
radical generated during the radiolysis, then
R• + A

PA

[2.17]

R• + B

PB

[2.18]

Then the probability that radical ‘R•’ will react with solute ‘A’ is given as

[ ]
[ ]

[ ]

where, kA and kB are the corresponding rate constant for the reaction of the radical with A
and B and [A] and [B] are respective concentrations. In terms of the radiation chemical
yield of the product, G

=

=

•

[ ]

+
•

The plot of

and the reacting radical, GR•

•

[2.19]

[ ]

vs. ([B]/[A]) is a straight line with an intercept =

•

and a slope

( ), from which rate constant (kA) can be calculated.

2.3. Cobalt-60 gamma source
Cobalt-60 (60Co) is the most commonly used source for γ-irradiation and is prepared by
neutron irradiation of Cobalt metal (59Co)

60

Co emits two γ-rays of 1.17 and 1.33 MeV

(scheme 2.1) per disintegration and it has a half life (t 1/2) of 5.27 years.6
59

Co + n

60

Co

[2.20]

The particular γ-source used in the experiments delivers a dose rate of ~20 Gy per
minute.
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Scheme 2.1 Decay scheme of Cobalt-60.
2.3.1. Dosimetry for Cobalt-60 gamma source
Fricke dosimetry was used for the measurement of dose rate available in 60Co γ-source.187
The reaction involved is the radiation induced oxidation of Fe2+ ion to Fe3+ ion at low pH
in the presence of oxygen. The standard dosimeter contains 1 × 10-3 mol dm-3 ferrous
ammonium sulfate, 1 ×10-3 mol dm-3 NaCl (to take care of the impurities so that the
solution can be prepared with normal distilled water) in 0.4 mol dm-3 H2SO4 and is
saturated with air. Small variation in the concentration of the reagents does not affect the
response of the dosimeter. However, due to slow oxidation, the solution should not be
stored for more than few days. Reactions involved on exposure to γ-radiations are as
follows:
H O
e

+ H O

e , H•, •OH, HO• , H O , H O

[2.21]

•

→ H + H2 O

[2.22]

H• + O2 → HO•
HO• + Fe2+

H+

[2.23]

Fe3+ + HO

[2.24]

H O + Fe2+ → Fe3+ + •OH + OH−

[2.25]

OH + Fe2+ → Fe3+ + OH−

[2.26]

•
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Thus the final product is Fe3+and its yield is given by
G(Fe3+) = 3g(H•) + g(•OH) + 2g(H2O2) = 15.5

[2.27]

Ferric ion exhibit maximum absorption at 304 nm, therefore its formation can be
measured on comparing the absorbance of the irradiated and unirradiated dosimeter
solutions at the same wavelength (304 nm). From the as measured OD of Fe3+ ion, the
absorbed dose (D) can be measured by the following relation:
D=

9.648 × 10 ∆ OD
Gy
G. є. ℓ. ρ

where, ∆ OD is the change in absorbance of the dosimeter solution before and after
irradiation. G is the yield (number of molecule formed per 100 eV) of ferric ions due to
irradiation, є is the extinction coefficient of ferric ions at 304 nm (2201 dm3 mol-1 cm-1 at
25 0C, has large temperature coefficient of 0.7 % per 0C), ρ is the density (1.024 g cm-3)
of the dosimeter solution, l is the path length in cm. Therefore, the dose rate can be
determined once the absorbed dose is measured. The highest dose that an air saturated
Fricke dosimeter solution can register reliably is 500 Gy.

2.4. X-ray diffraction
X-rays are electromagnetic radiation with typical photon energies in the range of 100 eV 100 keV. These radiations are used to produce the diffraction pattern (in material science)
because their wavelength (λ) is typically the same order of magnitude (1–100 Å) as the
spacing (d) between planes in the crystal. Due to this reason, X-rays are ideally suited for
probing the structural arrangement of atoms and molecules in a wide range of materials.
Further, the energetic X-rays can penetrate deep into the materials and provide
information about the bulk structure.188, 189 Therefore, X-ray diffraction (XRD) is one of
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the most important tools for the fingerprint characterization of crystalline materials and
the determination of their structure. The database maintained by Joint Committee on
Powder Diffraction Standards (JCPDS), International Centre for Diffraction Data (ICDD)
provides information on unit cell dimensions for phase identification of a crystalline
material.
In the realm of nanoscience, XRD is a widely used technique for aforesaid purposes.
A typical XRD experimental set-up requires an X-ray source, sample under investigation
and a detector to pick up the diffracted X-rays. The X-rays are generally produced by
bombarding high-speed electrons on a metal target in a sealed X-ray tube. The most
commonly used metal is copper as it can be kept cool easily due to its high thermal
conductivity.
In crystal structures, atoms are arranged in regular and repeating order. Therefore, Xrays incident on the sample undergo diffraction and form either constructive or
destructive interferences, according to the interplanar spacing or distance between planes.
When the path difference between two scattered X-ray (Fig.2.3) beams is equal to an
integer number of wavelength, they will constructively interfere, which is known as
Bragg’s condition:
nλ = 2d sin θ

[2.28]

where, n is the integer number, λ is the wavelength of incident X-rays, d is the interplanar
spacing, and  is the scattering angle. Therefore, from equation 2.28, the inter-planar
spacing and lattice constants of crystal structures are determined.
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Fig.2.3. Diagrammatic representation of the Bragg’s law.

In an X-ray diffractometer, a convergent beam strikes the sample and the intensity of
the diffracted rays is measured as a function of diffraction angle, 2θ. The full width at half
maximum (FWHM) of the peak can be used to calculate the mean crystallites sizes in the
sample by using the Scherrer equation:190

D

=

[2.29]

where, Dhkl is the crystallite size in the direction perpendicular to the lattice planes, hkl
are the Miller indices of the planes being analyzed, K is a numerical factor frequently
referred to as the crystallite-shape factor, λ is the wavelength of the X-rays, Bhkl is the
FWHM of the X-ray diffraction peak in radians and θ is the Bragg angle. In the absence
of detailed shape information, K = 0.9 is a good approximation.190
In the present thesis work, XRD measurements were recorded on a Phillips X-ray
diffractometer, model PW 1710 system, using a monochromatic Cu K source (λ = 1.54
Å). The instrument was well calibrated using standard samples before any measurements.
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2.5. Transmission electron microscopy
Transmission electron microscope (TEM) is one of the most powerful tools to study
nanomaterials. It not only gives a direct evidence for the formation of nanostructures, but
is also routinely used for the characterization (determining shape, size, and crystal
structure) of nanomaterials.191
In a TEM, electrons are usually generated by a process known as thermionic
emission from a filament, usually of tungsten or lanthanum hexaboride (LaB6).192 The
electrons are then accelerated by an electric potential (high voltage in the range of 100 kV
and 400 kV) and focused by electrostatic and electromagnetic lenses onto the sample
(Fig.2.4).

Fig.2.4. Basic layout of optical components in a Transmission Electron Microscope.
The vacuum in different parts of a standard TEM ranges from 10 -4 to as high as 10-7
Pa. The main reason for such low pressures is to increase the mean free path of the
electron gas interaction. Typically, a TEM consists of three stages of lensing which
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include condenser lenses, the objective lenses, and the projector lenses. The condenser
lenses are responsible for primary beam formation, while the objective lenses focus the
beam that comes through the sample itself. The projector lenses expand the beam onto the
phosphor screen or other imaging device, such as film. The transmitted beam containing
information about electron density, phase and periodicity is used to form an image. Since,
the observed image depends not only on the amplitude of the beam, but also on the phase
of the electrons. Therefore, different imaging methods attempt to modify the electron
waves exiting the sample in a form that is useful to obtain information with regards to the
sample. Phase effects are often ignored at lower magnifications, however in case of
higher resolution measurements; the images are formed by utilizing the differences in
phase of electron waves, which is caused by specimen interaction.193
With high resolution TEM (HRTEM), in addition to the size and shape of
nanoparticles, information about their internal structure (i.e. lattice fringes, which are
important for the analysis of crystal structure, interplanar spacing, stacking faults, and
dislocations) can be determined. In addition, selective area electron diffraction (SAED)
measurements can be carried out in a TEM, which provides information about whether
the material is single crystal or polycrystalline. Also, the phase of the nanoparticle can be
estimated from the interplanar spacing determined from the SAED pattern.
The sample preparation for TEM imaging of nanoparticles is usually carried out by
putting the drops of the solution (containing nanoparticles) on a grid, while allowing the
solvent to evaporate. Usual grid materials are copper, molybdenum, gold or platinum.
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Standard carbon coated copper grids of size 3.05 mm diameter with a mesh size of
200 (74 m) was used in the current thesis experiments. The TEM measurements were
carried out on model number CM200, PHILIPS with operating voltage range from 20-200
kV and resolution of 2.4 Å, while HRTEM images were acquired on FEI, TECNAI-F30.

2.6. Scanning electron microscopy
Analogous to TEM, scanning electron microscopy (SEM) is an essential tool for
characterization of nanomaterials. Both the techniques use electron beams for imaging
the samples. However, the former (TEM) is based on transmitted electrons, while the
working principle of later one (SEM) is based on scattered electrons.194, 195 SEM provides
important information about the sample's surface topography and composition.
In a typical SEM, an electron beam is thermionically emitted from an electron gun,
usually fitted with a tungsten filament cathode. Tungsten is normally used in thermionic
electron guns because it has the highest melting point and lowest vapor pressure of all
metals, thereby allowing it to be heated for electron emission. The electron beam having
energy ranging from 0.2 keV to 40 keV is focused by collimating and focusing lenses to a
narrow spot of the order of nanometers in diameter on the specimen surface. This beam is
scanned in a rectangular raster over the specimen and the intensities of various signals
created by interactions between the beam of electrons and the specimen are measured. As
a result of interaction of the primary electron beam with the sample, the energy exchange
results in the reflection of high-energy electrons by elastic scattering, emission of
secondary electrons by inelastic scattering and the emission of electromagnetic radiation,
each of which can be detected by specialized detectors. The most common imaging mode

59

Chapter 2
collects low-energy (<50 eV) secondary electrons (SE) that are ejected from the k-shell
of the specimen atoms by inelastic scattering interactions with beam electrons. Due to
their low energy, these electrons originate within a few nanometers from the sample
surface195 and are detected by a type of scintillator-photomultiplier system. In another
mode, backscattered electrons (BSE) are detected. BSE consist of high-energy electrons
originating in the electron beam that are reflected or back-scattered by the specimen
elastic scattering interactions. Since, heavy elements (high atomic number) backscatter
electrons more strongly than light elements (low atomic number), and therefore appear
brighter in the image and used to detect contrast between areas with different chemical
compositions. Additionally, as already mentioned, the X-rays are produced by inelastic
collisions of the incident electrons with the electrons in the discrete ortitals (shells) of
atoms in the sample. As the excited electrons return to lower energy states, they yield Xrays that are of a fixed wavelength (that is related to the difference in energy levels of
electrons in different shells for a given element). Thus, characteristic X-rays are produced
for each element in the sample. And, this forms the basis of energy dispersive X-ray
spectroscopy (EDS) and has been widely employed for determining the composition of
the samples. A basic layout of a SEM is shown in Fig.2.5.
A crucial aspect of SEM sample characterization is that the sample must dissipate
charge. For conducting materials on a conductive substrate, this requirement is easily
met. However, a thin layer of conducting material such as carbon, gold, or some other
metal/alloy is coated on the electrically insulating samples.
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Fig.2.5. Basic layout of a Scanning Electron Microscope.

Surface and morphological characterization of nanoparticles synthesized in the
present thesis work were carried out on JEOL JSM-T330 SEM. The compositional
analysis for the samples was performed with energy dispersive X-ray spectrometer, an
accessory of SEM. The preparation of samples for SEM and EDS analysis were carried
out by putting a drop of solution containing nanoparticles on a Silicon wafer, and
subsequently allowing the solvent to evaporate.

2.7. Steady-state UV-Vis absorption measurements
Since the absorption of ultraviolet or visible radiation by a molecule/compound leads to
transition among their electronic energy levels, it is also often called as electronic
spectroscopy. Spectrophotometers are used for the quantitative measurement of the
absorption or transmission of UV-Vis light by a sample as a function of wavelength. The
working principle of the spectrophotometer is based on the Beer-Lambert’s law which
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states that the absorbance of a solution is directly proportional to the concentration of the
absorbing species in the solution and the path length196, 197
A = log

= ϵc

[2.30]

where, A is the measured absorbance in Absorbance Units (AU), I0 is the intensity of the
incident light at a given wavelength, I is the transmitted intensity, l the path length
through the sample, c the concentration of the absorbing species and ε is a constant
known as the molar absorptivity or extinction coefficient. The sample solution is
generally taken in a quartz cell. The basic parts of a spectrophotometer are a light source,
a holder for the sample, a diffraction grating in a monochromator or a prism to separate
the different wavelengths of light, and a detector. A spectrophotometer can be either
single beam or double beam. In a single beam instrument, all of the light passes through
the sample cell. I0 must be measured by removing the sample. In a double-beam
instrument, the light is split into two beams before it reaches the sample. One beam is
used as the reference; the other beam passes through the sample. The reference beam
intensity is taken as 100% Transmission (or 0 Absorbance), and the measurement
displayed is the ratio of the two beam intensities.
Ground-state optical absorption measurements were carried out on a JASCO V 650
UV-Visible spectrophotometer. It is a double-beam spectrophotometer with a PMT
detector. Typical wavelength range is 190-900 nm. The light sources used in this
instrument are Deuterium lamp (range: 190 to 350 nm) and a Halogen lamp (range: 330
to 900 nm).
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2.8. Steady-state photoluminescence measurements
Photoluminescence (PL) spectroscopy is a contactless, nondestructive method to probe
the electronic structure of materials. Light (in UV-Vis range) is directed onto a sample,
where it is absorbed and imparts excess energy into the material in a process called photoexcitation. Following excitation, electrons within a material move into permissible
excited states. When these electrons return to their equilibrium states, the excess energy is
released by various relaxation processes, which may include the emission of light (a
radiative process) or may not (a non-radiative process). The energy of the emitted light
(PL) relates to the difference in energy levels between the two electron states involved in
the transition between the excited state and the equilibrium state. Observation of PL at
certain energy can be viewed as an indication that the excitation event had populated an
excited state associated with this transition energy. Fluorescence and phosphorescence are
forms of PL and observed at lower energy than absorption (the excitation energy).1c, 196
PL measurements were carried out using a spectrofluorometer. In a typical
fluorescence (emission) measurement, the excitation wavelength is fixed and the
detection wavelength region is specified, while in a fluorescence excitation measurement,
the detection wavelength is fixed and the excitation wavelength is varied across a region
of interest. The light from an excitation source passes through a filter or monochromator,
and strikes the sample. A proportion of the incident light is absorbed by the sample, and
some of the molecules in the sample fluoresce. The fluorescent light is emitted in all
directions. Some of this fluorescent light passes through a second filter or monochromator
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and reaches a detector, which is usually placed at 90° to the incident light beam to
minimize the risk of transmitted or reflected incident light reaching the detector.
In the present thesis work, steady-state fluorescence measurements (excitation spectra
or emission spectra) were carried out using a Hitachi model F-4500 fluorescence
spectrometer. The instrument uses a xenon lamp (150 W; continuous) as an excitation
source and R-928F (Hamamatsu) PMT as the photodetector. Sample is taken in a quartz
cuvette of dimensions 1 cm × 1 cm and the fluorescence is collected and measured in a
perpendicular direction with respect to the direction of the excitation beam. The
wavelength range covered in the present instrument is 220 to 800 nm, while the resolution
is 1 nm.
The PL quantum efficiency (QE) of a sample solution was determined based on the
comparative method by using equation (2.31):1c

Φ = Φ

∗

∗( )

[2.31]

where, ‘ΦS’ and ‘ΦR’ are the quantum yields of sample and reference, respectively, ‘A’ is
the integrated PL intensity, ‘OD’ is the optical density, and ‘n’ is the refractive index. The
excitation wavelength was chosen on the basis, where the OD values of both the sample
and the reference matched with each other.

2.9. Photoluminescence lifetime measurements
Absorption of an appropriate photon energy follows a chain of photophysical events, such
as internal conversion or vibrational relaxation (loss of energy in the absence of light
emission), fluorescence, intersystem crossing (from singlet state to a triplet state), and
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phosphorescence.1c,

196, 198

Each of these processes occurs with a certain probability,

characterized by decay rate constants (k) and the average length of time τ for the set of
molecules to decay from one state to another can be expressed as: τ = 1/k. This average
length of time is called the mean lifetime or simply lifetime. The lifetime of
photophysical processes vary significantly from tens of femotoseconds for internal
conversion to nanoseconds for fluorescence and microseconds or seconds for
phosphorescence.1c, 198 Moreover, fluorescence lifetime can be sensitive to a great variety
of internal factors defined by the fluorophore structure and external factors that include
temperature, polarity, and the presence of fluorescence quenchers. Therefore,
fluorescence (or PL) lifetime measurements are essential to obtain information regarding
the kinetics and dynamics of various photophysical processes as well as their mechanism
involved in the deactivation of the excited fluorophores. The versatility of the
fluorescence lifetime method allows its application in diverse areas of study, including
materials science, aeronautics, agriculture, forensics, biology, and medicine.
At present, most of the time-domain measurements in the nanosecond to picosecond
time scales are performed using time-correlated single-photon counting technique
(TCSPC). The working principle of TCSPC is described as follows. Basically, it is a
technique with well defined (Poisson) statistics, and is not affected by the changes in
source intensity.1c, 199 It makes use of a pulsed excitation source such as a laser or a flash
lamp, which excites the sample, while the detection system monitors the time difference
between the excitation pulse and the first fluorescence photon from the sample. However,
for TCSPC, the conditions are adjusted so that less than one photon is detected per laser
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pulse.1c In fact, the detection rate is typically 1 photon per 100 excitation pulses. The
layout of a typical TCSPC set up is shown in Fig. 2.6. The experiment starts with the
excitation pulse, one part of which is used to excite the sample kept in the sample
chamber and the other part of the light pulse is directed to a start PMT. The signal at the
start PMT generates a START pulse and is then routed through a constant function
discriminator (CFD), which accurately measures the arrival time of the pulse. This signal
is passed to a time-to-amplitude converter (TAC), which generates a voltage ramp that
increases linearly with time on the nanosecond time scale. In the second channel, pulse
used to excite the sample results in the emission of photons and is detected by STOP
PMT. The arrival time of the signal is accurately determined using a CFD, which sends a
signal to stop the voltage ramp.

Fig.2.6. Layout of a TCSPC setup.
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The TAC now contains a voltage proportional to the time delay (∆t) between the
excitation and emission signals. This voltage level is then fed to the input of a
Multichannel Analyzer (MCA) through an Analog-to-Digital Converter (ADC). The ADC
generates a numerical value proportional to the height of the TAC output pulse and thus
selects the corresponding memory address (channel) in the MCA, where a single count is
added up. The above cycle (from the triggering of the pulsed excitation light source to the
data storage in the MCA) is repeated for a large number of times and such events are
binned to form a histogram of counts versus channel number (time). During experiment,
the data collection rate is kept very low i.e. <0.02 photons/excitation pulse. The histogram
represents the decay of the excited state convoluted with the instrument response
function.
PL lifetime measurements were carried out by using a TCSPC instrument (model:
IBH, UK). Both diode laser and LED are used as excitation source. The instrument
response function (IRF) of the setup was measured by collecting the scattered light from a
TiO2 suspension in water. An emission polarizer is used before collection optics and PL
decay profile is recorded at magic angle (54.7°) polarization with respect to excitation
light (source as diode laser). The fluorescence collected at the magic angle is free from
any anisotropy components and represents the actual total fluorescence intensity decay.
The as obtained decay curves were analyzed and fitted by using a non-linear least square
analysis supported by instrument fitting program of IBH DAS 6.2 software:
I(t) = ∑

α e

/

[2.32]
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where, I (t) is the time-dependent emission intensity, τi are the decay times and ‘α ’
represent the amplitudes of the components at t = 0, and n is the number of decay times.
The goodness of the fit was judged by the reduced χ2 value, which should be close to 1
and weighted residuals should be randomly distributed about the zero line for the whole
range of the data channels used in the decay analysis.

2.10. Fourier transform infrared spectrometer
In Infrared spectroscopy (IR spectroscopy), IR radiation (range covering near, mid and far
IR regions: 1 to 1000 microns) is passed through a sample. Some of the IR radiation is
absorbed by the sample and some of it is passed through (transmitted). The resulting
spectrum represents the molecular absorption and transmission, creating a molecular
fingerprint of the sample. Like a fingerprint, no two unique molecular structures produce
the same infrared spectrum. This makes infrared spectroscopy useful for several types of
analysis.200,

201

Nevertheless, the fundamental requirement for IR activity, leading to

absorption of IR radiation is that there must be a net change in dipole moment during
vibration of a molecule or the fundamental group under study.
In general, nowadays, Fourier transform infrared spectrometer (FTIR) is employed to
record the vibration spectra of the samples. Typical units of frequency used in IR spectra
are reciprocal centimeters (sometimes called wavenumbers), with the symbol cm−1. The
original infrared instruments were of the dispersive type, where one wavelength at a time
passes through the sample. On the contrary, in FTIR, the information at all frequencies is
collected simultaneously, improving both speed and signal-to-noise ratio. This is also
known as "Fellgett's advantage" or the "multiplex advantage".202 Another is called
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"Jacquinot's throughput advantage", which refers to the higher optical throughput
obtained in FTIR and leads to a better signal-to-noise ratio. Essentially, a very simple
optical device called an interferometer is employed in FTIR, which produces a unique
type of signal called as an interferogram. This signal can be measured very quickly and
has all of the infrared frequencies “encoded” into it. Because the measured interferogram
signal cannot be interpreted directly, therefore a means of “decoding” the individual
frequencies is required. This can be accomplished via a well-known mathematical
technique called the Fourier transformation (equation 2.33):

f(ν) = ∫

f(t)e

dt

[2.33]

where, t is the time and ν is the frequency.
In the present thesis work, FTIR spectra of the samples were recorded in an IR
Affinity-1 spectrometer with a resolution of ~ 1 cm-1. Attenuated total reflection (ATR)
based sampling technique was used during the measurements. ATR based FTIR is based
on measuring the changes that occur in a totally internally reflected IR beam when it
comes into contact with a sample. A beam of IR light is passed through the ATR crystal
in such a way that it reflects at least once off the internal surface in contact with the
sample. An IR beam is directed onto an optically dense crystal (diamond in the present
work) with a high refractive index at a certain angle. The internal reflection forms an
evanescent wave, which extends beyond the surface of the crystal into the sample held in
contact with the crystal. The penetration depth into the sample is typically between 0.5 to
5 m, with the exact value being determined by the wavelength of light, the angle of
incidence and the indices of refraction for the ATR crystal and the medium being
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probed.203,

204

In regions of the IR spectrum, where the sample absorbs energy, the

evanescent wave will be attenuated or altered. The attenuated energy from each
evanescent wave is passed back to the IR beam, which then exits the opposite end of the
crystal and is passed to the detector in the IR spectrometer. The system then generates an
infrared spectrum. For reliable measurements, there must be good contact between the
sample and the crystal surface.

2.11. Raman spectrometer
When a sample is irradiated with an intense monochromatic light source (usually a laser),
most of the radiation is scattered by the sample at the same wavelength as that of the
incoming laser radiation in a process known as Rayleigh scattering. However, a small
proportion of the incoming light i.e. approximately one photon out of a million is
scattered at a wavelength that is shifted from the original laser wavelength. This shift,
either to the higher (anti-Stokes shift) or towards the lower frequency (Stokes shift) with
respect to the excitation frequency is called as Raman scattering effect. 205-207 Raman
scattering is an example of inelastic scattering because of the energy and momentum
transfer between the photons and the molecules during the interaction. Rayleigh scattering
is an example of elastic scattering, the energy of the scattered Rayleigh scattering is of the
same frequency (wavelength) as the incoming electromagnetic radiation. The
fundamental requirement for Raman effect to be observed is that the net change in bond
polarizability associated with the vibration must be non-zero, as shown below.
The dipole moment, P, induced in a molecule by an external electric field, E, is
proportional to the field, equation 2.34.
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P= αE

[2.34]

The proportionality constant,  is the polarizability of the molecule. The polarizability
measures the ease with which the electron cloud around a molecule can be distorted. The
induced dipole emits or scatters light at the optical frequency of the incident light wave.
Raman scattering occurs only when a molecular vibration results into a net change in the
polarizability, which can be expressed as:

≠0

[2.35]

where, Q is the normal coordinate of the vibration.
If a molecule has a center of symmetry, vibrations which are Raman-active will be
silent in the infrared, and vice versa. This is called as the rule of mutual exclusion in
centrosymmetric molecules. Typical strong Raman scatterers are moieties with distributed
electron clouds, such as carbon-carbon double bonds. The pi-electron cloud of the double
bond is easily distorted in an external electric field. Bending or stretching the bond
changes the distribution of electron density substantially, and causes a large change in
induced dipole moment.208
Raman spectral studies were carried out using a micro-Raman spectrometer (STR300, SEKI Technotron, Japan). A fiber coupled 532 nm CW diode pumped solid state
laser (DPSS, gem532, Laser Quantum) having an excitation power of approximately 50
mW at the source was initially passed through a band pass filter (532 nm), and directed
on the sample via microscope (Make: Olympus). The Raman scattered light was collected
by the same objective lens and passed through a fiber coupled to a 300 mm focal length
imaging spectrograph (Action series SP2300i, 1200 groove/mm) and was detected by a
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thermo-electric cooled (-75°C) charge coupled device (CCD) detector (Pixis 256 CCD
camera, Princeton Instruments). The spectrograph was calibrated using the 520.5 cm-1
line from silicon wafer. For recording the Raman spectra, samples (liquid as well as solid)
were taken on a glass slide and used for carrying out the Raman spectral studies.
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Dual site for solvation of electrons and
generation of counter ion radicals in CTAB
based water-in-oil microemulsions: A pulse
radiolysis study
3.1. Introduction
Organized assemblies are regarded as novel reaction media for which in-depth
understanding of the electrons and electron transfer processes is pertinent (discussed in
Chapter 1). In four components w/o microemulsions, the surfactant and cosurfactant
molecules form a spherical shell with a polar core, where water can reside at various
concentrations. These core shell structures are dispersed homogeneously in liquid
hydrocarbons. As a result, the whole system behaves as a transparent, isotropic, and
thermodynamically stable solution of water-in-oil. The water, confined in the cavity
controls the size and shape of the micelle, and thus, the reverse micelles or
microemulsions are often characterized by the W0 value, which is defined as the mole
ratio of water to surfactant, W0 = [H2O] / [surfactant].
Because of the compartmentalization of reactants into polar and non-polar regions,
yet within the reaction zone, the microemulsions have become important in its wide
applicability in synthesis. Detailed reviews on organic synthesis209 and nanoparticle
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synthesis13, 14, 210 in microemulsions are available in the literature. Numerous examples
are there in this regard including very recent work on synthesis of specialized materials in
microemulsions.211 In two phase reactions, the ionic reactants are extracted by a phase
transfer catalyst from the aqueous phase to the organic phase where the reactions take
place.212 The phase transfer catalysts are of environmental concern, and carrying out these
sorts of reactions in microemulsions is convenient and more environment friendly. It has
been mentioned earlier that the water pools in the reverse micelles mimic the water
pockets that are often found in various bioaggregates such as proteins, membranes, and
mitochondria.1 A variety of molecules have been studied in such systems, and it had been
shown that the enzymes incorporated in the aqueous core of the reverse micelles were
protected against denaturation.

213

Free radical reaction of -carotene in the

microemulsion system was found to generate retinol which otherwise is an enzymatic
process.214 Recently, it has been reported that DNA can be readily dissolved into
microemulsions stabilized by an anionic surfactant (AOT).215 These authors found that for
W0 = 44.4, with the increase in DNA concentration, the water droplets become
progressively more spherical and monodisperse. The local DNA concentrations in this
condition attain values as high as those naturally observed in biological organelles.
CTAB has been used as a surfactant for making reverse micelles and microemulsion
for several important studies reported earlier.15 CTAB does not form reverse micelles in
alkanes in the absence of a cosurfactant, and only in presence of medium chain length
primary alcohols, such as 1-butanol, 1-pentanol, or 1-hexanol, formation of CTAB
microemulsion in alkane is possible.216 The characterization of this microemulsion which
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includes size and shape,217 water core radius, aggregation number,218 thickness of the
interface and ion concentration at the interface218, 219 are well studied. The hydrodynamic
radius of a system (CTAB/1-pentanol/cyclohexane/water) similar to the one used in the
present study, was reported to vary from 2.4 to 11.4 nm as W0 increases from 5 to 40, and
it is not significantly affected by a change in the cosurfactant.216 Of late, it has been
demonstrated that, in the CTAB/1-pentanol/cyclohexane/water system, with the increase
in water content, the packing parameter decreases which eventually leads to an increase in
interfacial fluidity.220 In such a situation, reactions which involve both water core and the
interface might be favored.
A variety of studies in the past

16, 19, 213b, 221

have made noteworthy contributions to the

understanding of the electron processes in reverse micelles and microemulsions. Kinetic
evidence had shown earlier that the location of the probes in reverse micelles plays an
important role in their reactivities.222 In o/w (benzene/water) microemulsions, Wu et al.18
have observed that the rate constants for the addition of eaq- and the •OH radical to
benzene are in agreement with those in aqueous solutions. The hydrated electrons have
been studied earlier using pulse radiolysis and near IR spectroscopic measurements in
reverse micellar systems of Brij30, mixture of AOT and Brij30, and AOT doped with
PEG.16 These authors have demonstrated that, even though hydrated electrons could
probe the polar core of the reverse micelles, it is difficult to formulate a simple relation
between characteristics of the hydrated electron and the properties of reverse micelles. A
report on the yield of hydrated electrons in the cationic microemulsion composed of
CTAB/water/1-pentanol/cyclohexane also exists in the literature.20 However, in a
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microemulsion, counter ion radical species and their involvement in the redox processes
have not been reported till date.
Thus, in the present work, we attempted to look for three important physicochemical
aspects of w/o microemulsion. In addition to revisiting the properties of hydrated electron
and its decay pattern in the CTAB microemulsion system, our intention was to examine
whether counter ion radical species could be observed in the small water pockets. If
observed, what could be their reactivity with molecules dissolved in the aqueous phase of
the microemulsion? Finally, we wished to study the two phase reaction between radicals
produced in the aqueous core and a molecule that is completely insoluble in water. Each
of these points would be demonstrated in this Chapter. We will discuss here, how the
interface of the microemulsion competes with the water pool in the solvation of dry
electrons produced in the oil phase. Clear difference in kinetic behaviour of the two types
of solvated electrons as observed in this study could unfold the physical nature of the
interface. Further, it will be clearly shown that the bromide ions present in the water
pocket are capable of interfering in redox processes occurring in this media.

3.2. Experimental
3.2.1. Chemicals and microemulsion preparation:
CTAB,

Cetylpyridinium

bromide (CPB),

2,2'-azino-bis-(3-ethylbenzothiazoline-6-

sulfonic acid) diammonium salt (ABTS), ascorbic acid, and tocopherol were from
Aldrich. All of the surfactants were recrystallized before use. CTAB was recrystallized
twice from ethanol.223a CPB was purified by washing with acetone 5 times.223b ABTS,
tocopherol, and ascorbic acid were used as received. All other chemicals were of
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spectroscopic grade. Nanopure water (conductivity, 0.06S cm-1) was used for preparing
the solutions. High purity (>99.9%) N2 and N2O were used for purging solutions as per
the requirement. The structures of the surfactants and other chemicals have been shown in
Fig.3.1.

Fig.3.1. Structures of surfactants and other chemicals used.
To prepare the microemulsion, 0.1 mol dm-3 CTAB/CPB was added to cyclohexane.
1-Butanol was added to this solution to achieve a 1-butanol/surfactant ratio of 5:1.216
Water was added to this system to obtain W0 values of 10, 20, 30, and 40. The samples
were sonicated or vigorously shaken to obtain a homogeneous and transparent solution.

3.2.2. Methods: Pulse radiolysis
The pulse radiolysis setup using 7 MeV electron pulses coupled with transient
spectroscopy has been described in Chapter 2. The electron pulse used was 500 ns and the
dose per pulse was 30 Gy.
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3.3. Results and Discussion
3.3.1. Hydrated electron
Hydrated electrons are formed in a microemulsion from two sources.

16, ref 19, 213b, 221

One

is the scavenging of excess electrons produced in the oil phase by water pools. The
scavenging process is very fast and completed during the electron pulse. The other
source of hydrated electrons is the direct radiolysis of water pools. The transient
absorption spectra obtained in the pulse radiolysis of a microemulsion containing CTAB
/H2 O/n-butanol/cyclohexane solutions bubbled with nitrogen are shown in Fig.3.2. The
hydrated electron spectra at different times after the electron pulse was obtained from
a solution with W0 = 20 (as represented in this figure), where two peaks at 650 and 720
nm are visible. The later is the typical hydrated electron spectrum one expects in pure
aqueous solution. The interest ing o bservat io n is anot her absorption maximum at
650 nm, which is even more intense than the usual peak at 720 nm at longer times. This
absorption peak can be attributed to electrons solvated in the interface of the reverse
micelle. By calculating the effective packing parameter of the n-pentanol/CTAB/nhexane/water microemulsion system, Giustini et al.217a have shown that, in the dispersed
phase, not only the CTAB and water but, 1-pentanol is also present. Besides, it is also
reported that solvated electrons in long chain alcohols give rise to an absorption peak
at around 630-650 nm.217b
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Fig.3.2. Transient absorption spectrum of hydrated electrons at (a) 0.6, (b) 1, (c) 2, (d) 3 µs
after the electron pulse of N2 saturated solution of CTAB/cyclohexane/n-butanol/water with
W0 = 20. (O.D. = Absorbance). Inset: Decay of hydrated electron at 650 (e) and 720 nm
(f) in microemulsion with W0 = 20.
In the present microemulsion system, as 1-butanol is present in the interface, the
absorption peak at 650 nm is ascribed to the electrons solvated in this region.
Moreover, in another study it had been shown that dual sites of solvation is possible in
microemulsion

containing

sodium

lauryl

sulfate

(NaLS)/H2 O/1-

pentanol/cyclohexane.19 The hydrated electron spectrum obtained from solutions with
W0 = 30 and 40 are similar (not shown here) but show higher yield of hydrated electrons
(Table 3.1).
It must be noted that the yield of solvated electrons at the interface shows a higher value
with an increase in water content of the system. However, it has also been observed that, at
the end of the electron pulse, the absorption due to the electrons solvated in the interfacial
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region becomes lower and that for the water core becomes higher as the water content of
the system is increased showing bulk-water-like behavior at higher W0. The electrons at the
interface decay slower than the ones in the water pool. Thus, at a particular W0, due to
slower decay, the yield of solvated electrons at the interface might show a higher value at
longer times.
Table 3.1: Yields of hydrated electrons in the CTAB/H 2O/n-butanol/cyclohexane
microemulsion

Note: The yields were calculated assuming the extinction coefficient of solvated electrons in
the microemulsion system is same as that in pure water.
Further, as the solvated electrons have broad absorption spectra, the absorption at 650
nm would always have some contribution from that at 720 nm. Consequently, quantitative
assessment in the properties of these two types of electrons would always have a
contribution from the other. The inset of Fig.3.2 represents the decay of solvated
electrons at 650 and 720 nm, respectively, in the microemulsions (W0 = 20). It is seen
that the decay of the hydrated electron in these systems is faster than that in pure
aqueous solution. Nonetheless, the decay of hydrated electron at 720 nm is faster than
that at 650 nm. The half-life values calculated from this trace are ~1 and ~1.6 µs (in the
microemulsions with W0 = 20) at 720 and 650 nm, respectively. On the contrary, the
half-life of the electron was reported to be 12 µs as measured at 720 nm in an anionic
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microemulsion with W0 = 16.19 The anionic nature of the charged surfaces in the NaLS
system makes the electrons more stable. Moreover, the reactivity of hydrated electrons
with the CTAB micelle is higher than that with NaLS,221h which makes the half-life of
hydrated electrons greater in the later system.
In microemulsions, the decay of hydrated electrons follows a kinetic equation, and by
carrying out the reaction of solutes with hydrated electrons, it is possible to characterize
these organized systems.222 In an early report, we could determine the water pool radius
and location of probes in NaLS/H2O/1-pentanol/cyclohexane w/o microemulsion
system.221e However, intrinsic decay of the hydrated electron should be reasonably slow
to obtain the parameters with accuracy. Unfortunately, in the present case, it is very
difficult to characterize the system by following electron decay because of the short life
of the hydrated electron itself. Moreover, it is worth mentioning here that Gebicki and
Maciejewska16e have already shown that it is impossible to get a pure hydrated electron
spectrum in the microemulsion system with low water content.
It can be seen from Fig.3.3 that the decay of solvated electron at the interface is
slower than that in water core. This reveals that the electrons are more stabilized and are
well separated with other electrons when they are solvated in the interfacial region. The
decay of electrons solvated in the water core is not dependent on W0, whereas that in the
interface varies with W0. When the electron decay at the interface in microemulsions with
different water content is compared, a faster decay is observed with an increase in W0.
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Fig.3.3. Decay pattern of solvated electrons at the interface (A) and in the water core (B).
(C) Plot of decay constants of solvated electrons versus W0 (d) in the water core and (e)
at the interface, respectively. O.D. = absorbance.
It has already been mentioned in the introduction that with the increase in water
content an increase in interfacial fluidity was observed in an earlier study.220 In the
present case, due to the increase in interfacial fluidity with the increase in W0, the mobility
of electrons solvated in this region increases, and so, the escape of these electrons into the
water core might also be favored. All of this would lead to an increase in the interaction
between the electrons present in the interface and also with those that exist in the water
core. Another interesting point to be noted is that the decay rates of electrons solvated in the
water core are not significantly different at various W0 values. This is due to the cationic
interface which makes the interaction between the aquated electron (eaq- ) faster, and also
the time window of our measurement may not be appropriate to differentiate the decay
patterns of eaq- in this particular media.
Solvated electrons could not be observed in the CPB microemulsion in the present
experiments. Gratzel et al.224 had earlier reported about the trapping of hydrated electrons
by a cetyl pyridinium chloride (CPCl) micelle. According to these authors, the reaction
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proceeds with a bimolecular rate constant of 7 × 109 dm3 mol-1 s-1. The electron adduct of
pyridinium cation was seen to have a shoulder at around 355 nm in its broad absorption
spectrum. Assuming an aggregation number of 95, it had also been found that the second
order rate constant for the reaction of eaq- with the CPCl micelle to be more than 1 × 1012
dm3 mol-1 s-1. These authors rationalized the extraordinarily high rate constant for this
reaction by taking into account the electrical properties of the micellar double layer. In
comparison to this rate constant, CTAB micelles react with hydrated electrons with a
bimolecular rate constant of 9.2 × 105 dm3 mol-1 s-1.224 Thus, from the data available in the
literature and arguments provided therein, it is not surprising that we could not observe the
hydrated electron in the CPB w/o microemulsion.

3.3.2. Counter ion radical: Dibromide radical anion in CTAB and CPB
microemulsions
The absorption spectrum in the shorter wavelength region is quite different than that
observed and reported earlier in reverse micellar systems.16, 221 We have observed another
species absorbing in the region 300-430 nm with a maximum around 365 nm (Fig.3.4).
The absorption at this wavelength decays much slower than at 720 and 650 nm. Other
than an electron, the primary radicals that can be formed in the water pool, are the •OH
radical and •H atom. Both the radicals absorb in the far UV and have very low extinction
coefficients. The possibility of the absorption maximum at 360 nm cannot be accounted
for by either of these radicals or radicals formed from cyclohexane. Thus, it can be
assumed that a secondary radical is generated in the water pool.
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The bromide ion distribution in CTAB w/o microemulsion has been demonstrated
earlier by chemical trapping technique.219b,

225

The bromide ion concentrations at the

interface and water pool were shown to be as high as 7.0 and 6.0 mol dm-3, respectively,
at W0 = 10 in the CTAB/n-dodecane/CHCl3/water microemulsion, and with an increase in
W 0 from 10 to 40, the bromide ion concentrations decrease to 3.0 and 0.19 mol dm-3 at the
interface and water pool, respectively.219b

Fig.3.4.

Transient

absorption

spectrum
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dibromide anion

radical

of
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CTAB/cyclohexane/n-butanol/water solution after electron pulse (a) N2O saturated (W0 =
40) (b) N2 purged (W0 = 40) (c) N2 purged (W0 = 30). Inset: Decay of dibromide anion
radical at 360 nm at a dose of (d) 34 Gy and (e) 62 Gy in N2-bubbled CTAB/nbutanol/cyclohexane/water microemulsion (W0 = 40).
In the CTAB/isooctane/n-hexanol/water reverse micellar system, the bromide ion
concentration in the water pool was calculated to be 1.91 and 0.29 mol dm-3 at W0 = 12
and 44, respectively.225 The later system is closer to that used in the present study, and
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therefore, it is reasonable to assume a bromide ion concentration of about 2 mol dm-3 in
the water pools at W0 = 10. Direct radiolysis of water in the core of these reverse micelles
produces •OH radicals.20 Molar concentration of bromide ions in the water pool are
expected to scavenge these •OH radicals and produce dibromide radical anion (Br2•-).
In a N2O-saturated aqueous solution containing bromide ion, the following well
established reactions occur after the electron pulse:226
•

OH + Br

→ [OHBr]•

Br • + Br

→ Br •

→ OH + Br •

[3.1]
[3.2]

The rate constant for the formation of Br2•- radical is 1.2 × 109 dm3 mol-1 s-1. In our
experiments, the radical formation was complete just at the end of the pulse, and therefore,
the rate constant could not be determined at such a high concentration of bromide ion. The
dibromide radical anion thus produced has a strong absorption in the wavelength range of
300–500 nm ( max = 360 nm).226a In the present case, the absorption spectrum matches
well with that reported earlier for dibromide radical anion in aqueous solution.
The Br2•- radical in pure aqueous solution decays by a second order process with a
rate constant of 3.3 × 109 dm3 mol-1 s-1 and so a first half-life of ca. 0.2 ms.226b We have
also observed a second order decay of the radical as is evident from the inset of Fig.3.4.
The decay at 360 nm becomes faster with an increase in dose from 34 to 62 Gy because
of an increase in the concentration of the radical at higher dose. The calculated first halflife is ~40 µs, which is faster compared to bulk aqueous solution (200 µs).
The faster decay of Br2•- radical in the microemulsion can be attributed due to the
close proximity of the interacting radicals in a small water pool. Another important point
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is that the yield of Br2•- radical is increased when the solution is saturated with N2O
(Fig.3.4 and Table 3.2). The yield of the •OH radical increases in the presence of N2O by a
scavenging process of hydrated electron by the gas through the following reaction:
e

+ N O → •OH + N + OH

[3.3]

In this context, it is worth mentioning that Br2•- radical formation and its dismutation
reaction was observed earlier in the CTAB micelle. However, the observations were made
in an aqueous solution of 0.02 mol dm-3 NaBr and 0.005 mol dm-3 CTAB.227
Consequently, the radicals were generated from the added bromide ion of NaBr and not
from the counter ion of the CTAB. In the present case, the as calculated G-value of Br2•(G (Br2•-)) by assuming the extinction coefficient of Br2•- to be same as that in bulk water
is 0.27 per 100 eV at W0 = 40, N2 bubbled. We have also observed that that the yield of
Br2•- radicals does not change with added bromide ion (0.005 mol dm-3) in the solution.
Therefore, the yield of the •OH radical in the water pool corresponds to that of the
observed Br2•- radicals. Another way to measure the •OH radical yield experimentally is
to use KSCN at a concentration of 0.05 mol dm-3 in the water pool and measuring
absorption at 475 nm due to (SCN)2.- radical. The rate constant for the reaction of •OH
radical with SCN- is 1.4 × 1010 dm3 mol-1 s-1 and that with Br- is 1.2 × 109 dm3 mol-1 s-1.228
At W0 =10, if the concentration of Br- is assumed to be 1.9 mol dm-3 in the water pool,
about 30% of the •OH radical are expected to react with SCN-. It is not feasible to
scavenge the entire •OH radical in the water pool unless the concentration of SCNreaches a value of 16.28 mol dm-3 in the water pool. Indeed, we could not succeed in
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observing measurable absorption due to (SCN)2.- radicals with KSCN concentration of
0.05 mol dm-3 in the water pool.
Table

3.2:

Yields

of

dibromide

radical

anion

(Br2•-)

in

the

CTAB

(or

CPB)/H2O/cyclohexane/n-butanol microemulsion (W0 = 40)

Note: The yields were calculated assuming the extinction coefficient of Br2•- radical in the
microemulsion system is same as that in pure water.

From the aforesaid results, it is now clear that the free bromide ions present in the
system as dissociated counter ions are capable of scavenging all of the •OH radicals
produced in the water pool after irradiation. The yield of Br2•- radical in CTAB and CPB
microemulsion using different cosurfactants and also in presence of other alcohols are
shown in Table 3.2. It is evident that the cosurfactant does not have any significant role in
the yield of the counter ion radical. Methanol and ethanol are known scavengers of the
•

OH radicals and are expected to be present in the water core in addition to the dispersed
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phase. However, it is clear from the table that these alcohols are not able to scavenge the
•

OH radicals, and thus, the yield of the Br2•- radical is unchanged up to a concentration of

1 mol dm-3 of the alcohols in the microemulsions. The yield of Br2•- radical in the CPB
microemulsion is always higher as compared to that in the CTAB systems. This anomaly
is due to the overlapping absorption of the electron adduct of the pyridinium cation of the
CPB and the Br2•- radical.224
It may be recalled from the last section that the observed half-life of the hydrated
electron in the CTAB microemulsion is much lower compared to that in the SDS system
and also in pure water. It is known that the bimolecular rate constant of eaq- with Br2•- is
1.3 × 1010 dm3 mol-1 s-1.226b Therefore, the interaction with the Br2•- radical should also be
accounted for besides the presence of charged interface, for the faster decay of the
hydrated electron in the CTAB microemulsion system.

3.3.3. Reaction of Br2•- radical with ABTS: A protocol for antioxidant assay
for substrates insoluble in water
After the characterization of Br2•- radical, its reactions with the solute dissolved in the
aqueous phase of the microemulsion was studied. For this purpose, ABTS was used.
Essentially, the ABTS radical assay (employing the technique of kinetic spectroscopy) is
a standard method to determine antioxidant activity of different samples of unknown
composition and contents.229 These samples are generally herbal extracts obtained in
different organic solvent systems. The ABTS radical is also known as a reference system
for electron transfer kinetic studies where the free radical is considered as the one electron
oxidant.230 Thus, the reactivity of unknown or speculated radicals can be determined from
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the formation of the strongly absorbing ABTS radical. As an example, peroxyl radicals of
glycine and vaniline radicals have been known to be reactive toward the ABTS dianion to
form the ABTS.- radical.231 In a pulse radiolysis study, generation of the ABTS radical in
aqueous solution involves scavenging of the primary radicals (•OH) by azide ion (N )
producing azidyl radical (N • ), which in turn generates ABTS radical, if present in the
solution. This radical shows its absorption maxima at 415, 645 and 734 nm.232 By
following the decay of this radical at any of these wavelengths in the presence of known
antioxidant such as vitamin C, one can form a standard curve. Looking at the change in
the decay pattern in presence of an extract and determining the decay constant of the
ABTS radical, it is trivial to fit the value in the standard curve and determine the
antioxidant efficiency in terms of the ascorbate equivalent. However, problems arise
when the substrate is not water-soluble. Mixing of a very low amount of these non-polar
solvent extracts with aqueous solution obviously makes the whole system optically nontransparent and inappropriate for kinetic spectrophotometric analysis. Even for alcohol
soluble substrates, it becomes difficult to test the radical scavenging efficacy because the
alcohols scavenge primary radical (•OH). In the present investigation, we intended to
observe ABTS radical via the reaction of ABTS with the Br2•- radical in the first step. The
ABTS radical formation and its transient absorption spectrum are shown in Fig.3.5.
Similar to that in aqueous solution, it shows absorption maxima at 650 and 745 nm within
5 s after the electron pulse. The radical is formed with a bimolecular rate constant of
1.18 × 109 dm3 mol-1 s-1. Under such experimental conditions, it should be possible to
study the ABTS radical scavenging process with the molecules soluble in solvents with
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wide polarity assortment. For instance, we have considered tocopherol (water insoluble)
and ascorbate (water-soluble) as scavengers of this radical. Fig.3.6, panels A and B, show
the decay of the ABTS radical at 645 nm in the presence and absence of different
concentrations of ascorbate and tocopherol, respectively.

Fig.3.5. Transient absorption spectrum of the ABTS radical in N2O-saturated CTAB/nbutanol/cyclohexane/water microemulsion (W0 = 40) containing ABTS (1 × 10-3 mol dm3

) at (a) 5, (b) 20, (c) 30, and (d) 40 µs after the electron pulse.

It is clearly seen that with an increase in the scavenger concentrations, the decay of
the ABTS radical becomes faster. By plotting the decay constant versus concentration of
ascorbate and tocopherol, we have determined the bimolecular rate constant for the
reactions and also standard curves have been constructed (Fig.3.6). The bimolecular rate
constants for the reaction of ABTS• radical with ascorbate and tocopherol are 1.6 × 107
and 4.6 × 107 dm3 mol-1 s-1, respectively. The obvious reason for the higher reactivity of
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ascorbate compared to tocopherol is the location of these molecules in the microemulsion.
Ascorbate being water-soluble, it resides in the water core, where the reacting radical is
produced whereas, tocopherol may reside both in the oil phase as well as at the interface,
the reaction of which involves diffusion of ABTS• radical to or through the interface.

Fig.3.6. (A) Decay curve of ABTS radical in presence and absence of ascorbate. (B)
Decay curve of ABTS radical in presence and absence of tocopherol. Plots of rate
constant versus concentration of ascorbate (C) and tocopherol (D), respectively, for
scavenging the ABTS radical.
Thus, it is demonstrated in this study that a two phase reaction can occur in the
microemulsion without the use of phase transfer catalyst. It must be pointed out that the

91

Chapter 3
initial yield of the ABTS radical is dependent on the concentrations of ascorbate or
tocopherol. With the increase in concentration of ascorbate or tocopherol, the probability
of scavenging the primary and/secondary radicals (•OH and Br2•-) progressively increases
leading to a lower yield of ABTS radical.
In the next step, by following the decay of the ABTS radical in presence of different
concentrations (mg/ml) of extracts, it would be possible to obtain the vitamin E or C
equivalent antioxidant capacity of any water-soluble/insoluble extracts or mixtures of
compounds.

3.4. Conclusions
In summary, the hydrated electrons could be observed in a w/o CTAB/H2O/nbutanol/cyclohexane microemulsion. The lifetime of the hydrated electron is shorter than
that compared to aqueous solution as well as in an anionic microemulsion. The electrons
are more stabilized at the interface as compared to that in the water core. The decay rate
constant of the electrons solvated in the interface can provide information about the
rigidity in that region. To the best of our knowledge, generation of the counter ion radical
(Br2•-) in both of the CTAB and CPB microemulsions have not been reported earlier in
any of the pulse radiolysis studies. In addition, it has been demonstrated that two phase
reaction occurring between radicals produced in the aqueous core and a molecule that is
completely insoluble in water was possible. ABTS radicals were also generated in the
water pool and its reaction with molecules soluble in either phase in the CTAB
microemulsion could be observed. The spinoff of this result is a significant improvement
in the established kinetic protocol involving the ABTS radical for free radical scavenging
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and antioxidant activity assay, which is now applicable to molecules soluble in solvents
with a wide assortment of polarities. Scheme 3.1 illustrates the diagrammatic
representation of the findings of this work.

Scheme 3.1. Diagrammatic representation of the findings.
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Templated synthesis of CdSe quantum dots in
cationic and anionic surfactant based
microemulsions: Tuning of photoluminescence
and their morphology
4.1. Introduction
The application areas of microemulsions in the contemporary life have increased during
the past decades.2,

5, 12, 13, 22

One such important area is the controlled synthesis of

nanomaterials.5, 14, 22 There are a wide range of techniques based on physical147, 233, 234 and
chemical methods,148-162 which have been developed for the preparation of nanomaterials.
Among all the chemical methods, the microemulsion based synthetic technique is one of
the most versatile and reproducible one, that allows control over the size and yield of
nanoparticles with a narrow size distribution.235 Essentially, the water droplets inside the
microemulsion act as a nanoreactor and provide a suitable environment for controlled
nucleation and growth. The size of the core of these media can also be controlled by
changing the water to surfactant ratio i.e. W0 values.
The synthesis of semiconductor nanoparticles and QDs has received extensive
research interest in the recent years due to their morphology dependent optical and
electronic properties.130, 236 Owing to these promising functions and properties, colloidal
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semiconductor

nanocrystals

have

found

numerous

potential

applications

in

optoelectronics,135 catalysis,131, 149 sensing,139-141 and bio-labeling.142, 144 As discussed in
the introduction, CdSe, a group II–VI semiconductor, has medium band gap energy (E =
1.75 eV), thereby provide a sort of model system to study the effect of morphology and
surface composition on the optoelectronic properties of similar compounds. This is one of
the important aspects in the synthesis/growth of the semiconductor nanomaterials vis-àvis their applications.
After acquainting with the CTAB w/o microemulsions, the same system (CTAB/1butanol/water/cyclohexane) was employed as a reaction media for the synthesis of CdSe
QDs via normal as well as radiation chemical route. It is to be mentioned here that
significant number of reports237 are available in the literature regarding the synthesis of
CdSe nanostructures in anionic surfactant (mainly AOT) based w/o microemulsions. On
the contrary, there are very few studies on the application of CTAB microemulsions for
the templated synthesis of CdSe nanoparticles. This part of the present thesis is focused
on two main objectives. The first one was to probe the role of the intrinsic structural
dynamics of CTAB microemulsions at various W0 values in influencing the morphology
and the associated photoluminescent behavior of the CdSe QDs. The second objective
was to investigate the effect of the fundamental differences in the structural and
dynamical aspects of the AOT and CTAB microemulsions in directing the morphology,
and the photophysical behavior of the QDs. Furthermore, the inherent features of the
employed techniques on the optical properties of CdSe nanoparticles were also examined.
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Based on these objectives, the work carried out in this part of the thesis has been
divided and described under two sections i.e. (i) Normal and (ii) Radiation chemical
routes for the controlled synthesis of CdSe QDs in the host matrices of the w/o
microemulsions.

4.2. Normal chemical route for the synthesis of CdSe QDs in CTAB
based quaternary w/o microemulsions
4.2.1. Materials and Methods
High purity chemicals, cyclohexane, n-butanol (spectroscopic grade), cadmium sulphate
(CdSO4), sodium sulphite (Na2SO3) and selenium (Se) powder were obtained from
Sigma-Aldrich and used without any further purification. CTAB, was purchased from
Sigma-Aldrich, was re-crystallized twice from ethanol.21 The stock solution of the
Cadmium precursor i.e. ammoniated cadmium sulfate (Cd[NH ]SO ) with a concentration
of 200 mM was prepared as follows.40 1.04 g of CdSO4 was taken in a 25 ml flask and
dissolved in 15 ml of nanopure water. Subsequently, 25 % ammonia solution was added
to it with the appearance of a milky white color till the solution turned colorless and
transparent. The total volume of the solution was made to 25 ml with nanopure water.
This particular stock solution of Cd precursor was utilized to prepare different
concentrations and can be called as solution A. The stock precursor solution for Se i.e.
sodium selenosulphate (Na2SeSO3) was prepared by refluxing the solution containing 1g
Se powder and 10 g Na2SO3 in 50 ml nanopure water at 70°C for 7 hours.40 This solution
can be called as B.
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After preparing the stock solutions of precursors (A & B) with different
concentrations (50, 100 and 150 mM), the synthesis of the CdSe QDs was carried out by
the following procedure. 0.1 M CTAB was added to cyclohexane and 1-butanol was
added to this solution to achieve a 1-butanol/CTAB ratio of 5:1.21 Different volumes of
aqueous solution containing equimolar precursors of Cd and Se i.e. solution A and B,
respectively, were added to this system to obtain W0 values of 20, 30 and 40. For
example, preparing a 10 ml microemulsion of W0 = 20, requires 360 l of aqueous
solution containing a mixture of solution A and B. Similarly, for preparing
microemulsions (of 10 ml volume) with W0 values of 30 and 40 requires aqueous solution
of volume 540 and 720 l, respectively. Subsequently, the as prepared microemulsions
containing the precursor solutions inside the water pool were continuously stirred for
about 1-2 hrs at room temperature. Since, microemulsions are dynamic in nature, interdroplet collisions lead to the reaction between the precursors.235,

238

The colorless

microemulsion transformed into greenish yellow or light orange color after stirring,
depending on the experimental parameters, and this sol was used for further studies.
Scheme 4.1 shows the diagrammatic representation of the synthesis of CdSe QDs inside
the CTAB w/o microemulsions.
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Scheme 4.1 Diagrammatic representation of the synthesis of CdSe QDs at room
temperature inside the water pool of CTAB w/o microemulsion.

4.2.2. Results and Discussion
4.2.2.1. Growth of CdSe nanoparticles in microemulsion and TEM microscopy
The microemulsions (W0 = 30) containing the precursor solutions turned greenish yellow
color after stirring for about 2 hrs at room temperature. The camera-ready pictures of the
sols prepared in microemulsions are shown in the Fig.4.1.

Fig.4.1. Camera-ready pictures of CdSe sols prepared in microemulsions with W0 = 30
and [stock precursor] = 50, 100, 150 mM, a) after 2 hrs, b) after 24 hrs and c) after a
week from the time of mixing of the individual precursor solutions.
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It was observed that the color of the sols were different for different concentration of
precursors. It has been previously reported by our group that the mixture of the as
employed precursors lead to the formation of CdSe.239 Nonetheless, it can be anticipated
here that the CdSe nanoparticles would be formed inside the water pool of the
microemulsions, as the precursors are in the aqueous phase.240, 241 The HRTEM images
recorded from a freshly prepared CdSe nanoparticle sol in microemulsion of W0 = 20 with
[precursor] = 50 mM is shown in Fig.4.2a and b. The image in the inset of Fig.4.2b
clearly shows the lattice fringes of CdSe nanoparticles, while the SAED pattern indicates
their polycrystalline nature. Fig.4.2c shows the TEM image of CdSe nanoparticles
sampled from the same sol after a time period of 1 week.

Fig.4.2. HRTEM images (a) and (b) of CdSe nanoparticles sampled from freshly
prepared sol (microemulsion of W0 = 20 and [stock precursor] = 50 mM) and TEM
image (c) of nanoparticles sampled from the same sol after a time period of 1 week. Inset
of image (b) depicts the SAED pattern and the lattice fringes of the nanoparticles.
It can be observed from the image Fig.4.2c that with aging, the CdSe QDs in the
microemulsions exist in rather associated form instead of completely separated from each
other, which could be due to the dynamic nature of the microemulsions.13
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4.2.2.2. UV-visible absorption spectroscopic study
The room temperature optical absorption spectra of the sols were recorded after 24 hrs of
preparation and are shown in Fig.4.3.

Fig.4.3. Optical absorption spectra of CdSe nanoparticles synthesized at RT (a) in
microemulsions of W0 = 20, 30, 40 and a fixed [stock precursor] = 50 mM; (b) in
microemulsions of W0 = 20 and [stock precursor] = 50, 100, 150 mM.
It is a well established fact that the dimensions of the water pools are directly
proportional to the W0 values.235, 238 Contrary to this, no significant shift in the excitonic
peak position with the increase in the W0 values of microemulsions for a fixed precursor
concentration was observed (Fig.4.3a). However, a red shift can be noticed in the
excitonic peak position with the increase in precursor concentration for a fixed W0 value
(Fig.4.3b). The band gap (Eg) values (listed in Table 4.1) were determined from the Tauc
plot of (α hν) vs. h, as CdSe is a direct band gap semiconductor. The symbol ‘α'’
represents the term, ‘αc’ where ‘α’ is the absorption coefficient and ‘c’ is the
concentration of the CdSe QDs. The values of ‘α'’ were determined from the absorbance
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values, by using the relation, αc = (2.303A) / l, where A is the absorbance value and ‘l’ is
the optical path length (10 mm). The term ‘h’ represents the photon energy. The average
size of the nanoparticles was determined from these Eg values using equation (4.1), which
is the representation of the modified effective mass approximation model, as proposed by
Brus (discussed in the introduction).242 Since, the excitonic peak is widely blue shifted
from the bulk band gap value of CdSe (1.75 eV implies  = 714 nm), which is an
indication of strong confinement, the coulomb interaction between the electron and hole
can be neglected.243 The average sizes of the primary nanoparticles estimated using
modified Brus equation (4.1) have been listed in Table 4.1:
E = E (0) +

[4.1]

where,  = 3.7 eV nm2, Eg (0) = 1.75 eV, d = particle size (nm) and Eg = band gap value
in eV. It can be seen that the size of initially formed CdSe nanoparticles are 2 to 3 nm in
diameter within the water pool of the microemulsion. Furthermore, the variation of the
size of the primary CdSe nanoparticles with the W0 values is very less (Table 4.1).
However, contradictory results are present in the literature regarding the ability to
control the particle size by varying the water pool size in CTAB microemulsions. Zhang
et al.244 prepared nanoparticles of size ranging from 4 to 8 nm with increasing W0 values
from 5.01 to 24.45 thus, indicating that the w/o microemulsion droplet can be utilized as a
nanoreactor to restrict the growth of nanoparticles. On the other hand, Agastiano et al.241
and others 245 have shown that the size of the nanoparticles seems to be poorly correlated
with the aqueous droplet dimension (i.e. W0 values) in the quaternary microemulsion.
Moreover, the dynamic nature of the CTAB microemulsions and the inefficient capping
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by the surfactant are the probable reasons for the association of the nanoparticles with
each other.13 The TEM images of the nanoparticles sampled from the freshly prepared sol
(shown in Fig.4.2a & b) and that from a week old sol (shown in Fig.4.2c) clearly support
the above statement.

Table 4.1 The band gap values (eV) and the size of the CdSe nanoparticles (nm) (shown
in parentheses) synthesized at room temperature as determined from the optical
absorption measurements.

4.2.2.3. Photoluminescence (PL) study
4.2.2.3.1. Photo-excitation wavelength dependent photoluminescence
The steady-state PL spectra from the as prepared CdSe sols were recorded at room
temperature. The excitation wavelength dependence PL spectra of one of the CdSe sols
prepared in the microemulsion with W0 = 20 and [stock precursor] = 100 mM, is shown in
Fig.4.4. It can be seen that the nanoparticles exhibit two distinct PL bands, one with the
peak position at 500 nm and the other with the peak position at 580 nm. The PL band
with the peak at 500 nm gets converted to another band with the peak at 580 nm upon
increasing the excitation wavelength from 380 to 480 nm, under identical conditions. This
clearly indicates that with decrease in the excitation photon energy, the red shifted PL
band dominates.
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Fig.4.4. Excitation wavelength dependent PL spectra along with the absorption spectrum
of CdSe nanoparticles synthesized in microemulsion with W0 = 20 and [stock precursor]
= 100 mM. The arrows at the absorption spectrum indicate the excitation wavelengths for
the PL spectra.
The present observation could not be correlated to the size distribution of the CdSe
nanoparticles, as the average size of the primary nanoparticles was about 3 nm without
much variation (see Fig.4.2a). It is to be mentioned here that, this observation is quite
different from the earlier study reported by Chandrasekharan et al.,237b where the
emission maximum shifts from 490 to 610 nm upon increasing the W0 value of the AOT
microemulsion with a drastic reduction in the emission intensity at 490 nm. The PL band
with the peak at 500 nm was assigned to the band gap PL (BG-PL) due to its close
proximity from the excitonic absorption peak. The PL band with the peak at 580 nm can
be attributed to the trap state PL (TS-PL) due to the large Stokes shift between the exciton
absorption and the PL peak position. Based on these observations, a model for the photo-
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excitation and the de-excitation processes occurring in these nanoparticles has been
proposed, as shown in Scheme 4.2. When the energy of the excitation photon (a) is more
than the band gap energy (Eg), then BG-PL dominates. When it is less than that of the E g
value i.e. (c), TS-PL predominates. However, for the excitation photon energy (b) close to
the Eg value, both BG-PL as well as TS-PL appears with different proportions. Also, the
overall PL intensity for this excitation photon energy was found to be higher.

Scheme 4.2: Diagrammatic representation of the photo-excitations and PL occurring in
as synthesized CdSe nanoparticles in w/o CTAB microemulsions.
Thus, the tuning of the magnitude of either of the bands is possible in these
nanoparticles. As it is shown in the Scheme 4.2, the BG-PL is obtained through the photoexcitation channels ‘a’ and ‘b’, whereas the TS-PL is obtained through the photoexcitation channels ‘b’ and ‘c’. The PL quantum efficiency (PLQE) of the CdSe
nanoparticles was determined by using the standard reference, quinine sulfate (Φ = 0.55)
dissolved in 0.5 M sulfuric acid and was found to be ~ 18 %.
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4.2.2.3.2. Precursor concentration dependent photoluminescence
The PL from the as synthesized CdSe nanoparticles in microemulsions with different W0
values and precursors concentration was also recorded at room temperature. Fig.4.5
shows the PL spectra (ex = 420 nm and normalized at the TS-PL peak position of 580
nm) measured from the CdSe sols synthesized in microemulsions with a fixed W0 = 20
and different [stock precursor] = 50, 100 and 150 mM.

Fig.4.5. Room temperature PL spectra of CdSe nanoparticles synthesized in
microemulsions with W0 = 20 and [stock precursor] = 50, 100 and 150 mM normalized
at the TS-PL peak position of 580 nm.
It was observed that the magnitude of the BG-PL band does not change much with
increasing the concentration from 50 to 100 mM but at 150 mM, we can see a drastic
decrease in the band gap emission peak (at 500 nm), while the magnitude of the TS-PL
increases with the increase in the precursor concentrations. This variation in the
intensities of band gap and trap state emission peaks with the increase in the precursor
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concentration could be attributed to the increase in the number of unsaturated selenium
vacancies on the surface of CdSe nanoparticles. Although, equimolar precursors of
cadmium and selenium were used, but due to the highly dynamic nature13 of
microemulsions, it is possible that selenium rich surfaces reside on the CdSe
nanoparticles, as here the capping agent is CTAB which is a cationic surfactant. Further
support for this argument lies in the broad emission spectra (Fig.4.5), which usually
originates due to the selenium vacancies.237b,

246

Thus, the magnitude of the PL bands

could be tuned by controlling the concentration of the precursors used for the synthesis of
nanoparticles.
4.2.2.3.3. Water pool size dependent photoluminescence
In another set of experiments, the CdSe sols were synthesized in microemulsions with
different W0 = 20, 30 and 40 and a fixed [stock precursor] = 50 mM. The PL spectra
measured from these sols at room temperature with the excitation wavelength at 420 nm,
normalized at the TS-PL peak position of 580 nm are shown in the Fig.4.6. It was
observed that both the BG-PL and TS-PL bands were clearly visible in case of W0 = 20.
However, for the other two W0 values, either of one is only prominent. BG-PL was more
prominent for W0 = 30 whereas, TS-PL was more predominant in case of W0 = 40. The
exact reason for this particular behavior is not clear.
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Fig.4.6. Room temperature PL spectra of CdSe nanoparticles synthesized in
microemulsions with W0 = 20, 30, 40 and [stock precursor] = 50 mM normalized at the
TS-PL peak position of 580 nm.
However, as seen from Table 4.1, the size of the CdSe nanoparticles poorly correlates
with the dimensions of the water pool (i.e. W0 values) in CTAB microemulsions.
Therefore, the observed trend in the PL properties of CdSe nanoparticles with the W0
values could probably be attributed to the variation in the shape of the nanoparticles.236b,
247

It is well established that the shape of water droplets in the CTAB microemulsions

turns from spherical to cylindrical at very low water content.237a,

248

Essentially, the

hydrophilic groups of surfactant molecules reassemble in order to maximize their contact
with water, resulting into the formation of cylindrical droplets. As the water content
increases, the preference for the cylindrical shape decreases. This is due to an increased
hydrophilicity in the system, which favors the presence of relatively smaller sized water
droplets separately instead of staying together. Therefore, the shape of water droplets
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changes with the volume ratio of oil to water. Nevertheless, the same phenomenon has
been envisaged during the synthesis of CdSe nanoparticles in CTAB based
microemulsions via electron beam radiation, where the shape of nanoparticles changed
from rods-to-cubes-to-spheres, on increasing the W0 values from 10 to 40.41 Thus, the two
PL peaks (Fig.4.6) exhibited by CdSe nanoparticles synthesized in the CTAB
microemulsion with W0 = 20 may be due to their anisotropic shape.
Cantele et al.249 on the basis of their calculation on semiconductor ellipsoidal QDs
explained that the decrease in the degree of symmetry as well as the anisotropy effect can
rupture the degeneracy leading to the splitting of the excited states of cylindrical or
ellipsoidal shapes. In the present case, with the change in the W0 value from 20 to 30, the
BG-PL becomes more prominent. The most probable reason behind this could be the
decrease in the shape anisotropy. The other contributing factor could be the better
optimization of the parameters (such as water content and the surfactant-nanoparticles
interactions) in terms of droplet shape and effective capping, which are resulting in
predominantly band gap originated emission. While, in case of W0 = 40, the TS-PL was
found to be the major contributor in the emission spectra of nanoparticles (Fig.4.6). At
such high W0 values, the interfacial film rigidity decreases and so, the intermicellar
collisions would be more in that case, resulting in higher mass transfer between the
droplets. At this stage, it can be anticipated that the surfactant may not be able to
effectively cap the nanoparticles thereby, leading to the enhancement in the trap states as
well as increase in the size polydispersity of the nanoparticles. Hence, the combination of
these factors could be assigned for the broad emission observed for nanoparticles
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synthesized in microemulsion with W0 = 40. Similar observations were obtained for the
other concentrations of the precursors.

4.3. Radiation chemical route for the synthesis of CdSe QDs in
microemulsions: A rapid and one step templated approach
In this methodology, CdSe QDs were synthesized inside the water pool of AOT based
w/o microemulsions via electron beam irradiation technique (high dose rate). This hybrid
approach possesses inherent advantageous features of radiation induced technique
(discussed in Chapter-1) and is relatively new for the controlled synthesis of
semiconductor nanomaterials. The interplay of different experimental parameters such as
precursor concentration, absorbed dose and W0 values of microemulsions were found to
have interesting consequences on the morphology, PL, surface composition and carrier
recombination dynamics of as grown QDs. Besides, the fundamental roles of the chemical
nature of water pool and the interfacial fluidity of AOT microemulsions in influencing the
photophysical properties of QDs were investigated by carrying out the similar study in
CTAB based microemulsions.

4.3.1. Materials and Methods
AOT was obtained from Sigma-Aldrich. Other chemicals used were same as in the first
part and are described in section 4.2.1. The precursors employed for the synthesis of
CdSe QDs are same in the present methodology as employed in the earlier one i.e.
Cd[NH ]SO and Na2SeSO3. However, the procedure for the preparation of their stock
solutions in this particular case is slightly different in the sense that tert-butanol (1 M)
was added to the precursor solutions of cadmium (labeled as solution A) and selenium
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(labeled as solution B). The purpose of adding tert-butanol was to scavenge the OH
radicals generated in the water pool of the microemulsion during the irradiation of the
sample solutions. For preparing the microemulsion, 0.1 M AOT was added to hexane
followed by the addition of aqueous solutions containing equimolar precursors of Cd and
Se i.e. Solution A and B, respectively. Different volumes of required aqueous solutions
were added to this system to obtain microemulsions with various W0 values. The
procedure for preparing CTAB based microemulsions have been explained earlier in
section 4.2.1.
Various experimental parameters such as precursor concentration effect, W0 value of
the microemulsions (AOT and CTAB) and radiation dose were varied and their effect on
the morphology and the photophysical properties of the as synthesized QDs were
investigated. The microemulsions containing the precursors were freshly prepared and deaerated by purging with N2 just before the electron beam irradiation (7 MeV, FWHM = 2
μs, from LINAC) in each case. The absorbed dose per pulse was kept at 140 Gy and the
samples were irradiated with repetitive electron pulses at 12 Hz.
The colorless microemulsion solutions immediately transformed into light green/or
orange color after the irradiation, depending on the experimental parameters, which
indicated the formation of CdSe QDs and this sol was used for carrying out the optical
studies. It is to be noted that the microemulsions are highly complex and dynamic
systems, so all the optical measurements reported herein were carried out after 15 minutes
and within 1-2 hours of the irradiation to facilitate better consistency and reliability in the
results of various set of experiments. For carrying out other characterization studies (i.e.
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SEM, XRD), the QDs were extracted from the microemulsion by breaking its structure on
adding 5-10 drops of ethanol. Subsequently, the solution became turbid and was
centrifuged to 9000 rpm. The precipitates were collected and washed for at least 3 times
with nanopure water and ethanol.

4.3.2. Results and Discussion
4.3.2.1. Characterization and formation mechanism
Fig.4.7A shows the typical XRD patterns of as synthesized CdSe QDs (in AOT
microemulsions), immediately and at a time interval of 24 hours after electron beam
irradiation. The spectrum recorded immediately after the irradiation shows a broad and
noisy spectrum, which makes it difficult to identify the phase of the QDs. However,
diffraction peaks consistent with the hexagonal structure (JCPDS file no. 08-0459) of
CdSe could be seen in the XRD spectrum recorded at time duration of 24 hours after the
irradiation. The lattice planes corresponding to the respective peaks have been marked in
the spectrum.
HRTEM image showing the lattice fringes of as grown QDs have been shown in
Fig.4.7B. The interplanar distance was found to be 0.25 nm, which matches well with the
standard value of the interplanar distance of 0.255 nm for (102) plane of the hexagonal
phase of CdSe. Furthermore, the appearance of rings in the SAED pattern (inset of image
B) clearly indicates the polycrystalline nature of the as grown QDs.
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Fig.4.7. (A) XRD patterns of CdSe QDs (synthesized in AOT microemulsions)
immediately (a) and 24 hours (b) after the irradiation; (B) HRTEM image of the QDs
showing the lattice fringe pattern with the interplanar distance of 0.25 nm. Inset of image
(B) depicts the SAED pattern of the corresponding QDs.
The plausible mechanism for the formation of the QDs in the host matrix of AOT
microemulsions has been discussed as follows. The water pool of the microemulsion acts
as a nanoreactor, comprising of Cd and Se precursors. It is to be noted that the formation
of CdSe QDs took place only when the microemulsions containing the precursors were
irradiated with the electron beam. Essentially, radiation-induced synthesis of
nanomaterials in the aqueous phase is mainly preceded by the radiolysis of water.3-5 It is
well known that the radiolysis of water generates three major primary radical species such
as e

(aquated electron), OH and H. Amongst these, e

and H are reducing, while

OH is oxidizing in nature. Since, the H and OH are scavenged by adding tert-butanol
(CH3(CH3)2COH) to the aqueous phase therefore, the e

with a high redox potential (Ered

= -2.9 V) reduces the precursor ions thereby, resulting in the formation of nanoparticles.
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The radiolytic synthesis of CdSe nanoparticles in pure aqueous solutions has been
previously reported by our group.5 The probable radiolytic reactions taking place during
the formation of CdSe nanoparticles are mentioned below.
eaq¯ , OH , H, H O , H2, H O

H O

[4.2]

The radiolysis of oil phase (hexane in the present case) also generates electrons, which
22-24

are scavenged by the water pool to form e
OH (H) + CH3(CH3)2COH

Cd++Se-

CH2(CH3)2COH + H2O(H2)

Cd+

eaq¯ + [Cd(NH3)4]2+
eaq¯ + [SeSO3]2-



[4.4]

[SO3]2- + Se-

CdSe

[4.3]

(CdSe)nanoparticles

[4.5]
[4.6]

Such reactions taking place in the water pool of the microemulsions eventually lead to the
formation of CdSe nanoparticles. Subsequently, the microemulsion itself acts as a shell
for stabilizing these nanoparticles.
4.3.2.2. Optical studies
A systematic set of experiments were carried to fix the optimum dose of irradiation for
the synthesis and it was observed that an absorbed dose of ~ 25 kGy is sufficient for a
complete transformation of precursor reactants into CdSe QDs. However, samples were
irradiated with different absorbed doses to investigate its effect on the morphology and
optical properties of the QDs.
4.3.2.2.1. Dose effect
While investigating the dose effect, the W0 value of the microemulsions and the precursor
concentration were kept constant at 10 and 20 mM, respectively and the imparted dose
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was varied from 10 to 50 kGy. Fig.4.8a shows the absorption spectra of the sols irradiated
at different radiation doses. No absorption was observed in case of unirradiated sols in the
region 400-700 nm, which rules out the formation of CdSe QDs, whereas appearance of
excitonic peaks can be clearly seen in the absorption spectra of irradiated sols.

Fig.4.8. Absorption spectra (a) and Normalized room temperature PL spectra (b) of
CdSe QDs synthesized in w/o AOT microemulsions via electron beam irradiation with
variable absorbed doses at fixed precursor concentration (20 mM) and W0 = 10. Inset of
plot (a): Tauc plot for the determination of band gap values (E g). Inset of plot (b): Plot
showing the excitation wavelength independent PL spectra of CdSe QDs synthesized at
an absorbed dose of 25 kGy.
The blue-shift in the excitonic peak with the increase in the absorbed dose indicates
the decrease in the size of QDs. The band gap (Eg) values (listed in Table 4.2) were
determined from the Tauc plot shown in the inset of Fig.4.8a. The average size of the
QDs was estimated from these Eg values using equation (4.1). Essentially, the droplets of
microemulsions are kinetically unstable and involve continuous inter-droplet collisions
followed by the mass transfer/or exchange in between them.4d, 250 This dynamic exchange
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of material on one hand facilitates the growth process to take place after the nucleation
stage induced by the electron beam irradiation; while on the other hand, it may lead to the
changes in the particle size at different intervals of time. Nevertheless, the estimated sizes
(listed in Table 4.2) unambiguously illustrates the trend in their sizes and band gap energy
values, as all the measurements were carried out within the particular time frame
(mentioned in the experimental section) to ensure the reproducibility and the reliability of
the results. It can be clearly seen from Table 4.2 that the size of the QDs decreases with
the increase in the absorbed dose. The observed trend can be explained on the basis that at
higher absorbed doses, more number of nucleation centers are formed, which leads to the
retardation of growth process. Similar results regarding the effect of dose on the size of
the nanoparticles have been reported earlier by various researchers.251, 252
The corresponding PL spectra of the CdSe QDs reflecting the effect of absorbed dose
has been shown in Fig.4.8b. Interestingly, contrary to the absorption spectra, the as usual
blue shift in the peak (with the decrease in the size of the QDs) is not emulated in the PL
spectra. Although, there is a slight blue shift in the peak (see emission maxima values
provided in Table 4.2) with increasing the absorbed dose from 10 to 25 kGy. But, there is
a significant red shift in the peak position of the PL spectra on further increasing the dose
to 50 kGy. This clearly indicates that the emission predominantly originates from the
defects/trap states, as the surface states-assisted emission is independent (or has poor
correlation) of the size of the QDs.253
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Table 4.2: Various measurements i.e. band gap values (Eg, eV), size (d, nm), FWHM
(nm), emission maxima (max, nm), QE (, %) and average lifetime (<>, ns) values of
CdSe QDs synthesized via electron beam irradiation with different combination of W0
values, precursor concentrations and absorbed radiation dose.

Furthermore, it is to be noted here that the PL spectra is quite broad and extends from
450-800 nm region. The FWHM values were determined and have been listed in Table
4.2. In general, such broadening in the PL spectra of QDs can be rationalized by: (i)
polydispersity in the size distribution 254 or (ii) polydispersity in the density and the nature
of distribution of trap/defect states leading to various recombination paths for the
photogenerated carriers in the QDs.253b, 255 Even though, the contribution of the first factor
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cannot be completely ruled out, the as grown CdSe QDs exhibits emission spectra with
peak shifts independent of the excitation wavelength (shown in the inset of Fig.4.8b).
Also, the polydispersity in this particular case was found to be only ~ 15 % (from TEM
measurements, discussed later), which further suggests the major role of trap/defect states
in the broadening of the PL spectra.
The quantum efficiencies (QEs) of the QDs synthesized with different absorbed doses
were calculated and are listed in Table 4.2. As can be observed that the QDs synthesized
with the optimum dose of 25 kGy exhibited highest QE of ~ 8 % followed by those
synthesized with an absorbed dose of 10 kGy (~ 6%). This decline in the QE could be due
to the insufficient amount of absorbed dose employed for the synthesis of QDs. Further,
the least QE (~ 2 %) was obtained in case of QDs synthesized with the highest absorbed
dose of 50 kGy. This could be due to the enhancement in the participation of nonradiative relaxation processes owing to the rise in density of the trap/defects of the QDs
synthesized at higher absorbed doses. Therefore, it is imperative to optimize the absorbed
dose for the synthesis of good quality nanomaterials.
The charge carrier dynamics of the QDs synthesized with different absorbed doses
was investigated by measuring the time resolved PL decay using TCSPC at room
temperature. The excitation and emission wavelengths were fixed at 374 and 550 nm,
respectively. The PL decay curves of as synthesized QDs exhibited multi-exponential (triexponential) behavior (shown in Fig.4.9), which were analyzed and fitted using equation
(4.7):
I( ) =

+

+

[4.7]
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where, I (t) is the time-dependent emission intensity, ‘a’ is the amplitude, and ‘’is the
lifetime. The average PL lifetime (<>) values were deduced using equation (4.8) and
have been listed in Table 4.2. The corresponding 2 (represents the goodness of fit) values
have been provided within the parentheses.

<

>=

[4.8]

Such multi-exponential behavior of the CdSe QDs is widely known and has been reported
earlier.256 Although, most of these reports attribute such behavior to the diverse
recombination paths owing to the varying degree of size, shape, surface defects/energy
traps between the individual nanocrystals. However, the origin and the explanation for
this multi-exponential behavior still remain unclear and is currently a subject of debate.

Fig.4.9. Emission decay curve (ex = 374 nm) along with the IRF and the best fitted curve
for CdSe QDs synthesized via electron beam irradiation with variable absorbed doses at
fixed precursor concentration (20 mM), and W0 = 10.
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Nevertheless, the average lifetime values (<>) listed in Table 4.2 does provide an
assessment about the excitonic dynamics and the nature of distribution of surface/trap
states of as-grown CdSe QDs at various absorbed doses. The average lifetime
representing the excitonic recombination increases with the enhancement in the radiation
dose, which further substantiates the predominant contribution of trap/defect states in the
photoluminescent behavior of the QDs (broadening of the PL spectra as well as the
decline in the quantum efficiency) at higher absorbed doses. Indeed, this can be realized
on deconvoluting the PL spectra of the QDs synthesized at different doses. Fig.4.10
shows the deconvoluted emission spectra at various doses. It can be noticed that at higher
absorbed dose (25 kGy), the emission spectra in addition to the band gap emission (peak
at 513 nm) comprises of contributions from defect/trap states. The nature of these trap
states can be appraised from the appearance of peaks at 569 nm and 638 nm, which are
widely shifted from the excitonic peak position and have been assigned to be originated
from the shallow and deep trap states, respectively. Similarly, the broadening of the PL
spectra obtained at dose of 50 kGy can be attributed to the principal contribution from the
trap states.
These observations support the multi-exponential behavior of the QDs as well as the
longer PL lifetime decay accompanied by the low quantum yields at higher absorbed
doses. Nevertheless, it is being emphasized here that this aspect of the controlled
induction of the surface/trap can contribute to the better understanding of the role of
trapping sites on the dynamics of charge recombination processes, which eventually
governs the efficiency of solar cell devices.256d
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Fig.4.10. Deconvoluted PL spectra of CdSe QDs synthesized in w/o AOT microemulsions
via electron beam irradiation with an absorbed dose of 10 (a), 25 (b) and 50 kGy (c) at
fixed precursor concentration (20 mM) and W0 = 10.
4.3.2.2.2. Concentration effect
Fig.4.11a shows the absorption spectra of irradiated sols with different precursor
concentrations. The excitonic peak position red shifted with the increase in precursor
concentration, which indicates an increase in the size of QDs.
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Fig.4.11. Absorption spectra (a) and Normalized room temperature PL spectra (b) of
CdSe QDs synthesized in w/o AOT microemulsions via electron beam irradiation with
variable precursor concentrations at fixed absorbed dose (25 kGy) and W0 = 10. Inset of
plot (a): Tauc plot for the determination of band gap values (E g). Inset of plot (b): A
representative de-convoluted PL spectrum of CdSe QDs synthesized in microemulsion of
W0 =10 @ 25 kGy and precursor concentration = 30 mM.
The band gap (Eg) values were determined from the Tauc plot (inset of Fig.4.11a) and
the average sizes (listed in Table 4.2) of the QDs were estimated by using equation (4.1).
Similar type of experiment (precursor concentration was varied keeping other parameters
constant) was performed in our earlier work 43 wherein the CdSe QDs were synthesized in
CTAB based w/o microemulsions. It was found that the excitonic peak shift was nominal
with an increase in the precursor concentration and the same was correspondingly
reflected in the size values of the QDs. Such contrasting observations in the two cases
(AOT and CTAB w/o microemulsions) could be explained on the basis of the interfacial
rigidity/or fluidity. It has been mentioned earlier (in the introduction) that contrary to the
AOT microemulsions, the CTAB microemulsions are more dynamic and flexible in
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nature, which lead to the distribution of the primary nanoparticles, thereby minimizing the
effect of precursor concentration in the later case.
The PL spectra of the QDs demonstrating the effect of precursor concentration have
been shown in Fig.4.11b. It could be seen that the PL peak position shifts to the red side
with an increase in the precursor concentration, which is in agreement with the QDs size
variation as was indicated by the absorption spectral studies. However, this increase in the
average size of the QDs was also accompanied with higher FWHM values (listed in Table
4.2).The peak position was found to be independent of the excitation wavelength. Unlike
other synthetic methodologies, large amount of energy is dumped within a small fraction
of time in the electron beam irradiation technique (e.g. only a time duration of 15 seconds
is required for imparting a dose of 25 kGy). Consequently, it could lead to the formation
of large amount of nuclei instantaneously. The small nuclei at this juncture possess high
surface energy (involving unsatisfied valencies/or dangling bonds and surface defects)
and subsequently leading to aggregation followed by the growth process. Moreover,
higher precursor concentrations would be accompanied by correspondingly higher
amount of nucleation in the present scenario. Apparently, the growth process would lead
to various amounts and types of defects including surface as well as deep trap states. This
is indicated by deconvoluting the PL spectrum of QDs (synthesized by employing
precursor concentration of 30 mM) shown in the inset of Fig.4.11b. The peak 1 (535 nm)
represents band gap emission, while peaks 2 (590 nm) and 3 (667 nm) could be attributed
due to the defects involving surface as well as deep trap states. Therefore, the broadening
in the PL spectra (with increase in the precursor concentration) could be attributed to the
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differences in the density and distribution of trap states accompanied by a possible
contribution from the polydispersity in the particle size.
4.3.2.2.3. W0 effect
It is one of the most important parameters to characterize and manipulate the water pool
size as well as the fluidity of the interface of microemulsions (as discussed in Chapter 1).
Considering this, the W0 values of the microemulsions were varied from 5 to 15, while
keeping the precursor concentration and absorbed dose constant at 20 mM and 25 kGy,
respectively. Fig.4.12a shows the absorption spectra of the irradiated sols representing the
significant red shift in the excitonic peak position (of CdSe QDs) with the subsequent
increase in the W0 values of the AOT microemulsions. This indicates an increase in the
average size of the QDs, which was determined by using the Brus equation (4.1).

Fig.4.12. Absorption spectra (a) and Normalized PL spectra (b) of CdSe QDs synthesized
in w/o AOT microemulsions via electron beam irradiation with variable W0 values at
fixed absorbed dose (25 kGy) and precursor concentration (20 mM). Inset of plot (a):
Tauc plot for the determination of band gap values (E g).

124

Chapter 4
The band gap (Eg) and the average size values of the QDs as determined are listed in
Table 4.2. It is to be mentioned here that the QDs synthesized in microemulsion with W0
= 5 were found to be ultrasmall (i.e. d ~ 1.7 nm). Moreover, the excitonic peak in this
particular case appeared at ~ 400 nm, which is very close to the band-edge absorption
peak (408 nm) of ultrasmall CdSe nanocrystals reported by Dukes et al.253 Generally,
ultrasmall nanocrystals are defined as those which are having a diameter of less than 2
nm.253, 257 Such nanomaterials have recently become an active area of research as they
own very interesting properties (that differ considerably from those of larger
nanocrystals) such as quantized (sequential) growth,258 size-independent emission
spectrum253, 257 and white light emission.259
In analogy with the absorption spectral measurements, the PL peak positions also red
shifted with the subsequent variation in the W0 values of the microemulsions (see
Fig.4.12b). In fact, the observed tunability in the PL spectra can be realized from the
periodic variation of ~ 40 nm in the maximum peak positions (listed in Table 4.2) with
the step wise increase in the W0 values from 5 to 15. This can be clearly visualized from
the photos of the CdSe QDs taken in a UV chamber, as shown in Fig.4.13.
Indeed, the as displayed tunability in the photoluminescent behavior of these QDs
clearly signifies their potential applications in light emitting devices (especially, white
light emitting diodes i.e. WLEDs).
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Fig.4.13. Camera ready picture of vials containing CdSe QDs synthesized in AOT
microemulsions with variable W0 values [W0 = 5, Bluish-white color (a); W0 = 10,
greenish-yellow color (b); W0 = 15, reddish-orange color (c)] via electron beam
irradiation at fixed absorbed dose (25 kGy) and precursor concentration (20 mM).

The nature of the light emitted by as grown QDs under various conditions has been listed
in Table 4.3 along with their respective CIE (Commission Internationale d’Eclairage) x, y
co-ordinates.

Table 4.3: CIE chromaticity co-ordinates along with the nature of the light emitted by
CdSe QDs synthesized in AOT microemulsions via electron beam irradiation under
various experimental conditions.
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The electron beam mediated synthesis of CdSe QDs has been represented in Scheme
4.3 along with the chromaticity diagram illustrating the optical tunability achieved by
varying the different experimental parameters.

Scheme 4.3: Diagrammatic representation of the electron beam assisted synthesis of
CdSe QDs in the host matrix of AOT microemulsions and the PL tunability displayed by
the QDs as shown in the chromaticity diagram at various experimental conditions.
However, the QE of the QDs was found to decrease with the increase in the W0
values, (see Table 4.2) and the highest QE of ~ 9 % was obtained for QDs synthesized in
microemulsion with W0 = 5, while it decreases to ~ 4 % in case of microemulsion with
W0 = 15. The polydispersity in size distribution was found to be ~ 12 % for W0 = 5, which
slightly increased to ~ 15 % and ~ 16 % for higher W0 values of 10 and 15, respectively
(size distribution plots shown in the inset of Fig.4.14). Thus, the main reason for the
above decline in QE (with increase in the W0 values) has been attributed to the increase in
the number of trap/defects states.
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Fig.4.14. TEM images of CdSe QDs synthesized in AOT microemulsions with W0 = 5 at
different time intervals: immediately (a) and at time duration of ~ 12 hours (b) after
irradiation. Images (c) and (d) represents CdSe QDs synthesized in AOT microemulsions
with W0 = 10 and 15, respectively at time duration of ~ 12 hours, after irradiation. Inset
in the images (b), (c) and (d) shows the corresponding size distribution plot of the
nanoparticles at respective W0 values of microemulsions. The other experimental
parameters are: [precursor] = 20 mM, absorbed dose = 25 kGy.
In fact, the increase of defects (at higher W0 values) comprising of energetically
distributed trap states (i.e. shallow and deep) could be substantiated from the appearance
of several peaks in the deconvoluted PL spectra (shown in Fig.4.15) at higher wavelength
regions.
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Fig.4.15. Deconvoluted PL spectra of CdSe QDs synthesized in w/o AOT microemulsions
via electron beam irradiation with variable W0 values i.e. 5 (a), 10 (b), 15 (c) at fixed
precursor concentration of 20 mM and absorbed dose of 25 kGy.
Basically, at higher W0 values, the rigidity of the interface decreases, thereby resulting
into the increased inter-droplet exchange of material.4d,

250

Under such conditions, the

augmented amount of trap/defects and the polydispersity in the size distribution of the
QDs could be anticipated. This is further evidenced from the increasing trend of the
FWHM values (obtained from the PL spectra and have been listed in Table 4.2) for the
QDs synthesized in microemulsions with higher W0 values.
However, contrary to the AOT microemulsions, the QDs size (as well as the
photoluminescent properties) and the W0 value was poorly correlated in case of CTAB
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based quaternary w/o microemulsions, as reported earlier.40,

43

Similar results were

observed by Curri et al.245 and others241 in which the size of semiconductor nanoparticles
could not be correlated well with the aqueous droplet dimension (represented by the W0
value) of quaternary microemulsions. Fig.4.16a clearly shows the marginal changes in the
excitonic peak positions with the subsequent increase in the W0 values (of CTAB
microemulsions), especially above W0 = 5. This can be further realized from the band gap
energy values (determined from the Tauc plot, shown in the inset of Fig.4.16a) and the
estimated average size (using equation 4.1) of the QDs listed in Table 4.2. Analogous to
the absorption behavior, minor shift was observed in the peak positions of the PL spectra
(shown in Fig.4.16b) with variation in the W0 values of CTAB microemulsions. These
observations clearly reflect the difference in the interfacial rigidities of the two
microemulsion systems.

Fig.4.16. Absorption spectra (a) and Normalized PL spectra (b) of CdSe QDs synthesized
in w/o CTAB microemulsions via electron beam irradiation with variable W0 values at
fixed absorbed dose (25 kGy) and precursor concentration (20 mM). Inset: Tauc plot for
the determination of band gap values (Eg).
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On comparing the same W0 values, the FWHM values (see Table 4.2) determined
from the PL spectra of the QDs synthesized in CTAB microemulsions are higher than
those in case of AOT microemulsions. Considering the negligible excitonic peak shifts
with the increase in the W0 values, the polydispersity in the size distribution cannot be the
predominant factor behind the higher FWHM values (obtained in case of CTAB
microemulsions), as has also been explained earlier.43 However, polydispersity in the
density and distribution of the trap/defect states in CdSe QDs synthesized in CTAB
microemulsions might be assigned as the main rationale behind the broadening of the PL
spectra. Keeping aside the case of W0 = 5, the estimated average size of the QDs grown in
CTAB microemulsions was found to be less than the average size of QDs synthesized in
AOT microemulsions. Therefore, the amount of surface states would be more in the
former case. Further, it was observed that after 24 hours, agglomeration of the QDs
(synthesized via electron beam irradiation) takes place in CTAB microemulsions, thereby
rendering them less stable. On the other hand, no such phenomenon was noticed in case
of CdSe QDs grown in AOT microemulsions. One of the most striking differences
between the QDs synthesized in CTAB and AOT microemulsions is their QEs. The QDs
synthesized in the former case shows poor QE, as can be seen from Table 4.2. At this
stage, it is important to point out the differences in the molecular structures of CTAB and
AOT (shown in Chapter 1). The former one is linear and require a cosurfactant to form
microemulsions, while later has a branched double-chained structure which facilitates
molecules to pack together to form microemulsions without the involvement of any
cosurfactant. Taking into account of QEs, it can be anticipated that the nanosized
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templating cages present in AOT microemulsions provide better encapsulation for the
QDs as compared to those of CTAB based microemulsions. Furthermore, it is to be
mentioned that unlike the case of AOT microemulsions, the QE of the QDs grown in
CTAB microemulsions increases with increase in the W0 values. This indicates towards
the difference in compositions (or the chemical nature) of the water pool environments
prevailing in the CTAB and the AOT microemulsions. In CTAB microemulsions, the
bromide ion (Br–) being the counter ion resides inside the water pool with high molar
concentrations, thereby acting as a quencher.21 This is also regarded as heavy ion effect
and results in lower quantum yields.1, 260 Therefore, the observed increase in the QEs of
the QDs (synthesized in CTAB microemulsions) with the W0 values could be explained
from the fact that the concentration of bromide ions and their proximity from the QDs
would be relatively lower at larger water pool sizes.
Apart from the quantum yields, the heavy atom halides (mostly bromide and iodide)
have also been reported to shorten the lifetime of fluorophores.1 Indeed, a very profound
and contrasting influence was observed wherein the average lifetime values, <>
exhibited by the QDs synthesized in case of CTAB microemulsions were found to be at
least 3 times lower (considering same W0 values) as compared to those grown in AOT
microemulsions. To the best of our knowledge, the contrasting influence of cationic and
anionic surfactant based microemulsions on the PL lifetime of CdSe QDs has not been
reported earlier. Fig.4.17 shows the emission decay curves (ex = 374 nm) for CdSe QDs
synthesized in CTAB and AOT microemulsions with variable W0 values at fixed
precursor concentration (20 mM) and absorbed dose (25 kGy).
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Fig.4.17. Emission decay curve (ex = 374 nm) along with the IRF and the best fitted
curve for CdSe QDs synthesized via electron beam irradiation in CTAB and AOT
microemulsions with variable W0 values at fixed precursor concentration (20 mM) and
absorbed dose (25 kGy).
The PL decay curves exhibited multi-exponential behavior and were analyzed using
equation (4.7). The average lifetime values (<>) have been listed in Table 4.2. A good
correlation between the lifetime and the QE of the QDs was observed. CdSe QDs with
high QEs synthesized in either of the microemulsions were found to have higher average
PL lifetime values. The QDs synthesized in AOT microemulsions with W0 = 5 had
smallest size, highest QE and longest lifetime of 44.1 ns. Since, the QDs were ultrasmall
and the presence of surface states can be realized from the deconvoluted PL spectrum
shown in Fig.4.15a. Evidently, the long PL lifetime could be attributed to the surface
state assisted recombination process of charge carriers.261, 262 However, QDs synthesized
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at higher W0 values (of AOT microemulsions) exhibit lower QEs indicating the
enhancement in the non-radiative relaxation processes, which further resulted in shorter
PL lifetime (as compared to the case of AOT microemulsion with W0 = 5). Apart from
this, the PL decay trace recorded at 600 nm showed much slower PL decay (<> = 74 ns)
as compared to that measured at 550 nm (<> = 37.7 ns). Evidently, this shows the higher
contribution of surface states in the relaxation dynamics, since the band edge charge
carrier recombination rate is faster than that taking place at surface states.261,

263

Nevertheless, the shortest PL lifetime, <> = 2.7 ns was observed in case of QDs grown
in CTAB microemulsions with W0 = 5. On increasing the W0 values, the PL lifetime was
found to increase (Fig.4.17) (see Table 4.2). Similar to the trends of QEs (for the QDs
grown in CTAB microemulsions), the PL lifetime behavior can be explained primarily on
the basis of the halide ion effect (discussed earlier).
Furthermore, as indicated from the absorption spectra, the variation in the W0 values
of AOT microemulsions was found to have substantial influence on the morphology of
the CdSe QDs. TEM images recorded at later stages of the growth process revealed the
formation of nanorods, as shown in Fig.4.18. The aspect ratio of the rods was determined
and has been listed in Table 4.4. It is to be mentioned here that the values presented
represents the average aspect ratio of many such rods examined during the TEM
measurements. So, the nanorods shown in Fig.4.18 may appear to have different aspect
ratios.
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Fig.4.18. TEM images showing CdSe nanorods synthesized in AOT microemulsions with
variable W0 values of 5 (a); 10 (b); 15(c) via electron beam irradiation at fixed absorbed
dose (25 kGy) and precursor concentration of 20mM. The images were taken at ~ 12
hours after irradiation of the sols.
Nonetheless, the aspect ratio of the nanorods decreases with the increase in the W0
values of AOT microemulsions. The reason for this observation is probably the following.
Microemulsions formed of ionic surfactants undergo structural transitions from rod-tosphere as a function of water content and thus, the water pool size.14c, 15, 264 At lower W0
values (generally for W0 values ≤ 10), the amount of free water is negligible or very less,
which enables the ionic surfactants to re-orient themselves into cylindrical or rod shapes
in order to acquire maximum contact with the aqueous polar phase. While, cylindrical (or
rod) to spherical shape transition takes place for higher W0 values (generally for W0 values
≥ 10) as the amount of free water in the water pool increases, which is further
accompanied by the subsequent rise in the bulk water characteristics. Similar type of
shape tuning from rods-to-cubes-to-spheres has been reported40 by our group during the
synthesis of CdSe QDs in CTAB based microemulsions on increasing the W0 values
(from 10 to 40).
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Table 4.4: Aspect ratio of CdSe nanorods grown in AOT microemulsions with variable
W0 values via electron beam irradiation at fixed absorbed dose (25 kGy) and stock
precursor concentration of 20 mM.

Another interesting aspect is the initial formation of quasi-spherical QDs, which selfassemble into nanorods. This was evident from the TEM and SEM images of the QDs
recorded at different time intervals. The TEM image shown in Fig.4.14a illustrates the
formation of quasi-spherical shaped CdSe QDs (synthesized in AOT microemulsions with
W0 = 5; [precursor] = 20 mM@ 25 kGy) and was recorded immediately after the electron
beam irradiation. The image shown in Fig.4.14b was recorded after ~ 12 hours of
irradiation and represents the self-assembling of primary QDs into rod like anisotropic
structures. Similar growth mechanism was observed in case of other W0 values. Fig.4.19
shows the TEM images at different magnifications and regions of the grid demonstrating
the self-assembling of CdSe QDs.
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Fig.4.19. TEM images at different magnifications and regions of the grid showing the
self-assembling of CdSe QDs (synthesized in AOT microemulsions with W0 = 10,
[precursor] = 20 mM @ 25 kGy) into rod shaped structures. The images were recorded
at time intervals of ~ 6 hours after the electron beam irradiation.
Some more TEM images of nanorods comprising of CdSe QDs have been provided in
Fig.4.14 c & d. Apart from these, SEM images shown in Fig.4.20 further confers the
aforementioned transformation of quasi-spherical shaped (or globular shaped, image (a))
CdSe QDs into nanorod-like structures (image (b)).
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Fig.4.20. SEM images showing the transformation of globular shaped (a) CdSe
nanoparticles (formed initially after the irradiation) into nanorod like structures (b). The
experimental parameters are: W0 = 10, [precursor] = 20 mM, absorbed dose = 25 kGy.

4.4. Conclusions
CdSe nanoparticles were synthesized in CTAB based quaternary w/o microemulsions
under purely ambient conditions without any external reducing/stabilizing agents. It was
observed that the water pool dimensions have poor correlation with the size of the as
grown nanoparticles. However, photoluminescent properties of the nanoparticles were
found to vary with the W0 values of the CTAB microemulsions. This was attributed to the
probable variation in the shape of the nanoparticles. The nanoparticles exhibited
excitation wavelength dependent PL spectra and the ratio of BG-PL and the TS-PL could
be tuned by varying the precursor concentrations and the W0 values. On the contrary, the
PL properties displayed by CdSe nanoparticles synthesized in CTAB based
microemulsions via electron beam irradiation technique were predominantly originated
from the trap states. A comparison between the two methodologies (i.e. normal and
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radiation chemical routes) for the synthesis of CdSe nanoparticles in CTAB
microemulsions has been shown below.

The comparative study conducted to investigate the influence of the structural and
dynamical aspects of AOT and CTAB microemulsions on the morphology and
photophysical properties of the CdSe QDs showed profound and contrasting results, as
shown below.

The interplay of different experimental parameters such as precursor concentration,
absorbed dose, W0 values and nature of the surfactant of the microemulsions facilitated
the maneuvering of the morphology, PL, surface composition and carrier recombination
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dynamics of as gown CdSe QDs. Taking into account of the broad PL spectra, the as
grown QDs may have potential applications in WLEDs, which can also be realized from
their CIE x, y co-ordinates. Apart from this, the less reported fundamental role of the
chemical nature of water pools (i.e. nature of surfactant and its counter ions) and the
interfacial fluidity of microemulsions in influencing the photophysical properties of QDs
has been illustrated in this chapter. These results emphasize the judicial selection of the
host matrix (or the template) in the synthesis of QDs.

140

Chapter 5
Radiation stability of FAP (fluoro alkyl
phosphate)
based
imidazolium
room
temperature ionic liquids: Influence of
hydroxyl group functionalization of the cation
5.1. Introduction
Room temperature ionic liquids (RTILs) are a rapidly expanding family of condensedphase media with important applications in synthesis, extraction, catalysis and
electrochemistry.44a, 71, 265, 266 These liquids are also known as ‘designer solvents’, since
by changing the cation-anion combination, it is possible to synthesize task-specific ILs
for a multitude of applications. In the present context, ILs as solvents provide great
opportunities for studying the kinetics of solvated as well as dry electrons, electron
transfer reactions, and so on. As has been discussed in Chapter 1 that in the recent times,
the RTILs have aroused much interest in nuclear fuel reprocessing.74 Understanding the
radiation stabilities of the ILs, and the underlying chemistry involved becomes the most
important issue for their successful use in fuel reprocessing. Several radiation stability
studies on ILs have already been reported. For example, Allen et al.75 have primarily
assessed the effects of-, - and -radiation on the hydrophilic RTILs such as [BMIM]
NO3, [EMIM] Cl and [HMIM] Cl. It was reported by these authors that even though ~1%
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of the samples undergo radiolytic degradation up to an exposure dose of 400 kGy, the ILs
exhibit darkening in color with an increase of optical absorbance. Berthon and co-workers
investigated the radiation stability of the hydrophobic imidazolium based ILs containing
anions such as [PF6]-, [NTf2]- and [N1444] (where, [N1444]+ is the methyl
tributylammonium cation).76, 77 These authors proposed possible degradation schemes of
the RTILs based on the NMR and ESI-MS analyses. Meanwhile, Qi et al. and Yuan et al.
investigated the influence of -radiolysis on imidazolium based fluoroanions such as
[PF6]- and [BF4]- using spectroscopic methods along with differential scanning
calorimetry (DSC).78-80 Bartels et al.267 have determined the yields of hydrogen gas in the
irradiated imidazolium, pyridinium and phosphonium based ILs. Very recently, Dhiman
et al.268 have investigated the radiolytic production of molecular hydrogen in aromatic
and aliphatic ILs irradiated with -rays, proton and helium ions to determine the
functional dependence of the yield (of hydrogen) on particle track structure. The effect of
commonly used anions i.e. NTf2 -, Trifluoromethanesulfonate (TfO-), PF6 - and BF4 - on the
radiochemical stability of imidazolium based ILs under -irradiation was investigated by
G. Le Rouzo and co-workers.81 Jagadeeswara Rao et al.82 had reported the influence of
radiations on the rheometric and electrochemical properties of some halide and NTf2
based ILs. Yuan et al.83, 269 have shown the radiation induced darkening of IL [BMIM]
[NTf2] and subsequent decoloration on adding different oxidants. These authors have also
employed the same IL (taking into account its high hydrophobicity) for extracting Sr 2+
from the aqueous solution and further identified the radiolytic products of this particular
IL.
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From all these aforesaid studies, it becomes evident that the imidazolium based ILs
containing fluoroanions such as PF6−, BF4− and NTf2− are more stable than the
corresponding halides, and also possess unique properties desired for the nuclear fuel
reprocessing. However, ILs containing PF6− and BF4−, have been reported to decompose
in the presence of water, giving off highly toxic and corrosive HF. Commonly used ILs
containing [PF6]− (hydrophobic) are hydrolytically unstable, especially at elevated
temperature.85

a & b, 270

On the contrary, ILs with the bulky FAP anion are ultra

hydrophobic.85a Thus, these ILs also offer lower risk for accumulation in waterways or in
the biosphere. Also, these ILs exhibit high electrochemical stability comparable with that
of NTf2− and recently reported bis[bis(pentafluoroethyl)phosphinyl] imide anion (FPI)
based ILs.85a, 270d The electrochemical window for FAP ILs can span up to 7 V,85a much
higher than that of tetrafluoroborates. Having such unique properties, FAP based ILs are
expected to provide an intriguing opportunity for their use in nuclear fuel reprocessing
and in space technologies. However, for such applications, it is essential to examine the
effect of radiations on their physicochemical properties. It is interesting to note that
reports on radiation chemical studies of FAP based ILs are missing in the vast literature
discussed already, dealing with different ILs.
In the present study, we have performed an assortment of characterization and
qualitative studies to explore the radiation stabilities of FAP based ILs in the absorbed
doses, ranging from 50 to 500 kGy. Pulse radiolysis experiments were carried out to
determine the transient species and their kinetic behavior on radiolysis. [EMIM][FAP]
was chosen as the representative member of this new class of ILs. Besides, we seek to
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gain an understanding of how the substituent on the side chain of the cation (-OH group
in present case) affects various physicochemical properties of these ILs and thus,
[EOHMIM][FAP] was used. The structures of the ILs studied are shown in Fig.5.1.

Fig.5.1. Structures of FAP based imidazolium ILs.

5.2. Experimental
5.2.1. Materials: [EMIM][FAP] and [EOHMIM][FAP] were obtained from Merck
KGaA, Darmstadt, Germany, with a purity > 99%. Since these ILs are highly
hydrophobic and the water uptake is extremely small, they were used as such without
further processing. Nonetheless, the water content in the as studied FAP ILs i.e.
[EMIM][FAP] and [EOHMIM][FAP] was determined to be 30 ppm and 55 ppm,
respectively by the coulometric Karl-Fischer method using a Metrohm 831 KF
Coulometer. The samples of ILs were stored in vials furnished with air tight septum and
kept in vacuum tight desiccators. Extreme care was taken to avoid any sort of
contamination while performing various physicochemical measurements. The sample
cells were properly cleaned and dried to avoid any sort of contamination from the any
other impurities. Further, the physicochemical measurements such as density, viscosity,
thermal stability, and conductivity were carried out in a closed chamber (under nitrogen
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atmosphere) to avoid any exposure of the ILs to the moisture. The impurities such as
halides were less than 0.1%. It is also supported by the fact that the ILs were colorless
and transparent. Other chemicals such as acetonitrile, ethanol, and acetone, used for
carrying out various measurements were obtained from SDFCL, Mumbai, with highest
purity. Nanopure water (conductivity, 0.06S cm-1) was obtained from a Millipore water
purifying system.
5.2.2. Instrumentation: The ILs were irradiated with a 7 MeV electron beam (FWHM
~ 2 s) obtained from LINAC, in conjugation with pulse radiolysis system, as described
in Chapter 2. The absorbed dose per pulse was kept at 160 Gy and the samples were
irradiated with repeated pulses @ 50 pulses per second accounting for a cumulative dose
ranging from 50 to 500 kGy. The electron pulse used for carrying out the pulse radiolysis
experiments was 500 ns, while the dose per pulse was kept as 12 Gy. High purity
(>99.9%) N2 was used for purging solutions as per requirement. The physicochemical
measurements such as density, viscosity and refractive index of the samples were carried
out at 25°C ± 0.5°C and are described below with their respective instrumental
specifications. The instruments employed for carrying out photophysical (i.e. UV-Vis
absorption, fluorescence, PL lifetime) and vibrational studies (FTIR and Raman) have
been described in Chapter 2.
5.2.2. a. Density measurement: Density of the ILs was measured with an Anton Paar
DMA-5000M vibrating-tube densimeter.
5.2.2. b. Conductivity and Electrochemical studies: The conductivity measurement
of the ILs was carried out with Con1500 Conductivity meter from Eutech Instruments.
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Cyclic voltammetric studies were conducted on an Autolab cyclic voltameter (Model
70909) employing a three-electrode system using glassy carbon electrode as the working
electrode and a Pt wire auxillary and quasi-reference with a scan rate of 50 mV/sec. The
samples were purged with high purity N2 gas for 10 minutes before measurements.
5.2.2. c. Refractive Index studies: RX-50000 Atago Refractometer was used for
refractive index measurements. The apparatus was calibrated by measuring the refractive
index of Millipore quality water (nD = 1.3330).
5.2.2. d. Viscosity: Viscosity and Rheometric studies were carried out on Anton Paar
Physica MCR 101 Rheometer with double gap measuring cylinder geometry. Stress-strain
studies were carried out at four different temperatures ranging from 25 to 50°C. Shear rate
was varied from 1 to 100 s-1.
5.2.2. e. Thermo-gravimetric analysis: Thermal stability studies of the ILs were
carried out on a Mettler Toledo (TG/DSC STARe) thermal analysis system. About 10-15
mg of the sample was weighed into alumina crucibles and measurements were taken in N2
atmosphere (gas flow, 50 ml/min.), at a heating rate of 20°C /min., from 30 to 900°C.
5.2.2. f. pH measurements were carried out on a digital pH meter procured from LabIndia
using Model pico. Instrument was well calibrated at pH 4.0, 7.0 and 9.0 using standard
Buffer solutions.
5.2.2. g. Mass Spectrometric studies: The ESI (Electrospray ionization)-mass
spectrometry (MS) measurements were carried out using model 410 Prostar Binary LC
with 500 MS IT PDA Detectors of Varian Inc, USA. The mass spectrometry
measurements were recorded both in positive and negative mode over a mass range of m/z
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from 50 to 1000. The nebulizing gas pressure (N2) was set to 35 psi, while the flow rate of
the nitrogen drying gas was set as 5 L min−1. Needle voltage, Spray shield voltage, and
Capillary voltage were 5000, 600 and 80 V, respectively, in positive mode (ESI+) and
−5000, −600 and −80 V, respectively, in negative mode (ESI-). Spray chamber
temperature was maintained at 50°C. Skimmer 1 voltage was set within the range 20–80
V while the skimmer 2 voltage was kept constant at 10 V. Samples were diluted to 104
times with acetonitrile and infused, using a syringe infusion pump (Cole Parmer) at a
flow rate of 90 L h−1. For MSn experiments, helium was used as collision gas.
5.2.2. h. NMR studies: 1H NMR spectra were recorded with a Bruker Ac-200 (200
MHz) instrument while

19

F NMR spectral studies were carried out with a Mercury Plus

300 MHz NMR spectrometer, Varian, USA. Samples were diluted with anhydrous
DMSO (Dimethyl sulfoxide). The chemical shift scale was calibrated with DMSO (2.42
ppm) and trichloro-fluoro-methane, CFCl3 (0 ppm) for 1H and
CFCl3 was used as an external standard for

19

19

F NMR, respectively.

F NMR. The 1H and

19

F NMR spectral

features of the unirradiated FAP ILs are provided below.
(a) [EMIM][FAP]
1

H NMR (DMSO-d6, 200 MHz)  [ppm]: 1.42 (t, J = 7.4 Hz, 3H); 3.84 (s, 3H); 4.20 (q, J

= 7.4 Hz, 2H); 7.65 (s, 1H); 7.73 (s, 1H); 9.14 (s, 1H)
19

F NMR (DMSO-d6, 300 MHz)  [ppm]: -43.0 (dm, PF); -80.14 (m, CF3); -81.72 (m,

2CF3); -86.0 (dm, PF2); -115.84 (dm, CF2); -116.32 (dm, 2CF2); 1JP,F = 891 Hz; 1JP,F =
906 Hz; 2JP,F = 106 Hz

147

Chapter 5
(b) [EOHMIM][FAP]
1

H NMR (DMSO-d6, 200 MHz)  [ppm]: 3.73 (t, J = 4.8 Hz, 2H); 3.85 (s, 3H); 4.20 (t, J

= 5.4 Hz, 2H); 5.09 (s, -OH); 7.65 (s, 1H); 7.69 (s, 1H); 9.09 (s, 1H)
19

F NMR (DMSO-d6, 300 MHz)  [ppm]: -43.0 (dm, PF); -80.14 (m, CF3); -81.72 (m,

2CF3); -86.35 (dm, PF2); -115.84 (dm, CF2); -116.32 (dm, 2CF2); 1JP,F = 891 Hz; 1JP,F =
906 Hz; 2JP,F = 106 Hz
5.2.2. i. Gas Chromatographic studies: The gas chromatograph used was DHRUVA
GC 2006 model (Chromatography & Instruments Company, Baroda, India). Hydrogen
gas of 99.999% purity from Ultra Pure Gases (I) Pvt. Ltd. was used as standard for the
estimation.

5.3. Results and Discussion
Colorless and transparent ILs ([EMIM][FAP] and [EOHMIM][FAP]) became yellow to
orange to red, with an increase in the absorbed dose. However, the ILs were still
transparent, and devoid of any insoluble visible mass even at an absorbed dose of 500
kGy. The photos of the pre- and post-irradiated ILs depicting the evolution of color can
be seen in Fig.5.2.

Fig.5.2. Picture showing the color change of [EMIM][FAP] on irradiation. Dose
imparted in kGy: (a) 0, (b) 50, (c) 100, (d) 200, (e) 300, (f) 400.
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Above 200 kGy, pungent white fumes were observed, which could be due to HF gas
formation, as it caused corrosion of glass container (especially, in case of [EOHMIM]
[FAP]) after keeping the irradiated ILs for about 8 months. However, release of some
other gases (F2, H2) along with the HF cannot be ruled out. Such fumes have also been
observed in earlier studies, where fluoro anion based imidazolium ILs were exposed to
higher absorbed doses.78,

80

Nonetheless, the darkening in color and fume emission on

irradiation at higher dose (> 200 kGy) was more in case of [EOHMIM][FAP]. It suggests
that the hydroxyl group is not only enhancing the radiolytic degradation of cationic part
but also making the FAP anion further susceptible to decomposition as indicated by more
release of pungent white fumes. In order to determine the species (cationic or anionic)
responsible for the color evolution of post-irradiated FAP ILs, two more ILs were
subjected to irradiation up to a dose of 100 kGy. These were [EMIM][EtSO4] (having the
same cationic moiety as in case of [EMIM][FAP]) and trihexyl(tetradecyl) phosphonium
FAP, [PH(3)T] [FAP] (having the same anionic moiety as in case of [EMIM][FAP]). On
irradiation, [EMIM][EtSO4] showed similar color change as was in the case of
[EMIM][FAP] at an equivalent dose of 100 kGy but [PH(3)T] [FAP] remained colorless.
From this observation, we infer that the degradation products of the imidazolium cation
are responsible for the color darkening of the irradiated FAP ILs. It must be mentioned
here that the color observed in [EMIM][EtSO4] and [EMIM][FAP] were similar but much
more darker in the former case, which shows the influence of anionic moiety on their
radiolytic degradation behavior. Yet, the vital question to be answered for the proposed
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potential application of FAP is the extent and mechanism of degradation of FAP ILs
possessing unique physicochemical properties.
5.3.1. UV-Vis absorption studies of irradiated FAP ionic liquids
Prior to recording the UV-Vis absorption spectra, all the samples were diluted 100 times
with acetonitrile to avoid the saturation level (observed using both 10 mm & 1 mm path
lengths) occurring due to their intense color. Acetonitrile was used as diluents because of
its miscibility with FAP ILs and negligible absorption above 200 nm. Besides, the blank
correction was done with acetonitrile before recording any absorption measurements.
Typical optical absorption spectra of irradiated and unirradiated FAP ILs are shown in
Fig.5.3.

Fig.5.3. UV-Vis absorption spectra of pre- and post-irradiated [EMIM][FAP] (A) and
[EOHMIM][FAP] (B) at various absorbed doses in kGy : 0 (a), 100 (b), 200 (c), 300 (d),
400 (e). Inset of plot (A) shows the variation of absorbance values with absorbed doses at
290 nm, where (*) & (•) represents [EMIM][FAP] & [EOHMIM][FAP] respectively.
An absorption maximum at around 290 nm appears on irradiation for both the FAP
ILs, showing an increase in the absorbance with increase in the absorbed dose (inset of
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Fig.5.3). In our earlier discussion, we tried to emphasize that the emergence of color on
irradiation is due to the radiolytic products formed from the decomposition of the
imidazolium cation. However, the absorption peak around 290 nm could be due to the
radiolytic products of the imidazolium cation as well as from the degradation products of
FAP anion. To determine the origin of the absorption peaks, UV-Vis absorption spectra
of irradiated ILs i.e. [EMIM][EtSO4] (same cationic moiety as [EMIM][FAP]) and
[PH(3)T][FAP] (same anionic moiety as [EMIM][FAP]) were recorded and has been
shown in Fig.5.4.

Fig.5.4. UV-Vis absorption spectra of ILs irradiated with an absorbed dose of 100 kGy:
(a) [PH(3)T][FAP], (b) [EMIM][FAP], (c) [EOHMIM][FAP], (d) [EMIM][EtSO4].
On irradiation, [EMIM][EtSO4] showed the similar absorption spectra as
[EMIM][FAP], while no significant changes were observed for [PH(3)T][FAP].
Therefore, the radiolytic products of the imidazolium cation are responsible for the
emergence of color as well as the peaks observed in the optical absorption spectra of the
irradiated ILs as shown in Fig. 5.3. But, it is very difficult to determine precisely the
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species responsible for the evolution of color in irradiated ILs, as a large number of
radiolytic products are formed in very low yields on irradiation (observed from NMR and
mass studies, discussed later). However, the most probable reasons for the color evolution
of the imidazolium based ILs is due to the formation of oligomeric species as well as
radiolytic products containing multiple bond order groups through various radical
intermediates of imidazolium cation. Some of these products have been identified in the
mass and vibrational studies. Nonetheless, depending on the dose imparted, several
species including imidazolium radicals are generated through deprotonation, dealkylation
and carbene formation.76,

271

Spin density results show that 271a the unpaired electron is

localized in the region comprised by central carbon (C-2) and the two nitrogen atoms.
Therefore, imidazolium originated radical species are highly vulnerable to undergo
oligomerization, as shown by Shkrob.272 Further, C-2 position of imidazolium cation is
acidic (pKa = 21-22)85b in nature and prone to deprotonation to form a stabilized carbene.
Indeed, washing the irradiated ILs with nanopure water (pH 6.8) yields an aqueous phase
with lower pH values as compared to that obtained in case of unirradiated ILs. The pH
measurements were carried out to determine the formation of the acidic products in the
ILs after irradiation. The ILs (1 ml, both unirradiated as well as irradiated) were mixed
with the nanopure water (4 ml) in a beaker and stirred for 2 minutes. Consequently,
separation of the water layer from the ILs was visible due to the ultra hydrophobic nature
of these ILs. The acidic products (if any) generated on irradiation are expected to diffuse
in to the aqueous phase, which could be extracted using a separating funnel. The pH of
this aqueous phase was measured and the data has been shown in Table 5.1. It further
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indicates that the formation of acidic products (such as HF) in the irradiated ILs.
However, their amount appeared to be much higher in case of hydroxyl group containing
IL ([EOHMIM][FAP]) than the non-hydroxyl one ([EMIM][FAP]), as indicated by the
trend in the pH values.
Table 5.1: pH values of the aqueous phase of the FAP ILs on irradiation

These arguments are well supported by various reports on the oligomeric species of
imidazole and its derivatives.273 According to these studies, oligomeric products of
imidazole derivatives are chromophoric in nature having high molar extinction coefficient () of the orders of 104 dm3 mol-1 cm-1 and exhibit similar optical absorption
spectral features as in the present case of irradiated ILs. The products formed from the
dimerization reaction of carbene of imidazole derivatives also exhibit dark red color. 274
Therefore, one of the probable reasons for the appearance of peaks in the absorption
spectra of post-irradiated FAP ILs can be ascribed to -* transition that originates from
the radiolytic products derived from the imidazolium cation, similar to the case of
imidazole led oligomeric species.275 Besides this, the appearance of two more shoulder
peaks at around 390 and 495 nm in the absorption spectra for irradiated FAP ILs probably
indicates the formation of higher molecular weight radiolytic products, which might
include higher order oligomeric species but certainly with very low yields. However,
absorption peaks in post-irradiated [EOHMIM][FAP] were much broader at 290 nm
along with a long tail extending up to 600 nm.
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From

the

similar

optical

absorption

spectral

features

of

[EMIM][FAP],

[EOHMIM][FAP] and [EMIM][EtSO4], it appears that the imidazolium cation and the
anion are two separate, weakly coordinating entities, as similar observations has been
reported previously85a,

276

on the basis of conductivity and X-ray photoelectron

spectroscopic studies (XPS), respectively. As mentioned earlier that the darkening in
color of [EMIM][EtSO4] was much greater in comparison to that in FAP based
imidazolium ILs at similar absorbed dose, which clearly indicates the higher amount of
decomposition in the former case. Considering this, it appears that the FAP anion is
playing a role in strengthening the radiation resistance of the IL. Essentially, the FAP
anion due to its larger effective molar volume (226.020 cm3 mol-1) than the imidazolium
cation (100.017 cm3 mol-1),277 occupies more space, thus might be acting as a protector
for the cationic moiety. While, in case of [EMIM][EtSO4], effective molar volume of
[EtSO4] anion is 90.681 cm3 mol-1,277 which is less than that of its cationic part.
Comparing the effective molar volume of all the fluorinated as well as other halide based
anions,277 FAP anion shows the largest effective molar volume i.e. FAP- > NTf2- > EtSO4> PF6- > BF4 - > NO3 - > Cl-. Even though, the molecular volume cannot be considered as a
determinant for the radiation stability, but the present results and the literature clearly
reflect a good correlation between the molecular volume of the anions, and the radiation
stability of their associated ILs. Nevertheless, quantitative estimates of the protective
effects of the anions towards cation damage have been rationalized on the basis of the
electron counts of the anions relative to the total (cation and anion) electron count. In fact,
the estimation of the radiation resistance put forth by various anions (with the same
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cation) was quantitatively explained on the basis of their fractional stopping powers by Le
Rouzo et al.81 It was found that the relative degradation of the imidazolium cation reflects
the influence of the anion in the following order: Tf2N– < TfO– < PF6– < BF4–. Similarly,
the fractional stopping power of the anions (in the present work) has been calculated to be
0.78, 0.76, 0.52 for [EMIM][FAP], [EOHMIM][FAP] and [EMIM][EtSO4], respectively.
Further, assuming the same cation (as used in the present work, i.e. EMIM), the fractional
stopping powers of the anions studied earlier

81

were calculated as 0.69, 0.54, 0.53, 0.40

for Tf2N–, TfO–, PF6– and BF4–, respectively. Thus, it is anticipated that FAP based
imidazolium ILs would exhibit somewhat better radiation stability amongst the
aforementioned anions. However, the presence of functional groups on the cationic
moiety i.e. hydroxyl group, which is capable of undergoing hydrogen bonding with the
FAP anion can influence its radiation stability by encouraging the abstraction of fluorine
based radicals i.e. F•, CF3•, CF3CF2 • and the same can further attacks the cationic moiety
thereby enhancing the radiolytic degradation.

5.3.2. Physicochemical Properties
5.3.2.1. Refractive index
The refractive index of any medium is related to its polarizability and/ or dipolarity. 278a In
case of RTILs, the refractive index holds an immense relevance, as it can be used to
calculate the molar refraction, which in turn may provide essential information regarding
the molar free volumes of the ILs. An interesting observation is that the FAP anion due to
its larger effective molar volume (226.020 cm3 mol-1) than the imidazolium cation
(100.017 cm3 mol-1),277 would occupy more space. While, in case of [EMIM][EtSO4],
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effective molar volume of [EtSO4] anion is 90.681 cm3 mol-1,277 which is less than that of
its cationic part. Numerous reports are available in which molar free volume has been
used to determine the solubility of gases in ILs.278

b-f

Molar free volume (Vf) of any

medium can be calculated as follows:
V = V

[5.1]279a

− R

where, Vm is the molar volume while Rm represents molar refraction. Vm of IL can be
calculated from the ratio of its molecular weight (M) and the experimental density ().
Whereas, the Rm values of ILs can be determined by using Lorenz-Lorentz equation279b
given as:
R

=(

)V

[5.2]

where, n is the refractive index. It is to be mentioned here that equation (5.2) is generally
applied in case of isotropic fluids comprising of spherical non-interacting particles, while
ILs are non-isotropic fluids (microheterogeneous in nature). Nonetheless, such
correlations have yielded correct values of refractive indices as reported in earlier
studies.278b,

279 a, c, d

The refractive index values of the FAP ILs prior to and after

irradiation at various doses are shown in Table 5.2. Although, the changes in the
refractive index values for both the ILs are nominal, but tender important information
regarding their structural integrity on irradiation. The molar volume and free molar
volume of pre- and post-irradiated [EMIM][FAP] are higher than that of
[EOHMIM][FAP]. The trend is reverse in case of molar refraction values (Rm). After
irradiation, the molar free volume decreases for both the ILs and the decrease is more in
case of [EOHMIM][FAP] as compared to [EMIM][FAP]. This result possibly indicates
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that the number of radiolytic products formed in the case of hydroxyl FAP IL is more
than that for the non-hydroxyl IL.
Table 5.2: Refractive indices (n) of FAP ILs at 25°C at various absorbed dose levels

A higher yield of the radiolytic products causes a decrease in molar free volume (but
increase in the density, discussed in the following section) and its implication can also be
observed in the increase in their refractive indices at higher absorbed doses.
5.3.2.2. Density
Density is probably the most widely studied physical property of RTILs, because of its
high significance and experimental accessibility.280 The density of ILs are found to be
dependent on the bulkiness and molecular weight of the cationic and anionic moieties.279c,
281

However, radiolysis of FAP ILs did not exhibit much impact on their densities even at

very high radiation fields as shown in Table 5.3. Though, [EOHMIM][FAP] showed little
variation in its density when irradiated up to a dose of 300 kGy. This nominal variation in
the density of [EOHMIM][FAP] reflects the possible distortions in its molecular structure
at higher doses.
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Table 5.3: Physical properties of FAP ILs measured at various absorbed dose levels
FAP IL

[EMIM][FAP]

[EOHMIM][FAP]

Dose
(kGy)

Density,
(g/cc)

Viscosity,
cP

Onset Temp.,
Td (°C)

0

1.7065
1.7092282a
1.7077282b

57
60282b

361
30085a, 270c

100

-

52

-

300

1.7067

-

-

400

-

59

360

0

1.7618

177

301

100

-

174

-

300

1.7627

-

-

400

-

179

283

*Density and Viscosity measurements were carried out at 25°C.
5.3.2.3. Viscosity and Rheometric studies
Viscosity,  of RTILs is of immense importance considering their applications mainly in
the field of electrochemistry, catalysis, synthesis and as a solvent for extraction such as in
spent nuclear fuel reprocessing.283 Generally, ILs are viscous in nature and a variety of
them exhibit viscosities in the range of 66-1110 cP at 20-25°C,44 which is 1-3 orders of
magnitude higher than most of the conventional molecular solvents. Essentially, viscosity
of the ILs is a function of shape, size, molar mass and symmetry of both the cationic and
anionic moieties.44d Table 5.3 shows the viscosity of the tested ILs at various absorbed
doses measured at 25°C. The minimal variations in the viscosities at higher absorbed
doses indicate modest structural degradation of these ILs.
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Rheometric studies
Keeping in view of the wide applicability, rheological properties of irradiated ILs are an
important parameter. To carry out such studies, the effect of the shear rate on shear stress
and viscosity was determined to examine whether the liquid is Newtonian or not (Fig.5.5
and Fig.5.6). For a Newtonian liquid, the plot of shear stress versus shear rate follows
linearity, while its viscosity must be independent of shear rate.

Fig.5.5. Shear stress vs. shear rate (A) and viscosity vs. shear rate (B) of [EMIM][FAP]
prior to irradiation.

Fig.5.6. Shear stress vs. shear rate (A) and viscosity vs. shear rate (B) of irradiated (Dose
≈ 100 kGy) [EMIM][FAP].
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Similar trends were observed for pre- and post-irradiated [EOHMIM][FAP]. This
indicates that both the ILs exhibit Newtonian behavior before and after irradiation.
Besides, it was also noticed that the viscosities of both the ILs decrease with increase in
temperature. Subsequently, this data comprising the temperature assisted change in
viscosity was used to determine the activation energy, Eη for viscous flow using the
Arrhenius type equation, known as Guzman-Andrade law:44d, 80, 82
ln ɳ = ln ɳ

+ Eɳ ⁄

[5.3]

where, ηa is the apparent viscosity (or viscosity), Eη is the activation energy for viscous
flow (J/mol), R is the gas constant (8.314 J mol-1 K-1) and T is the absolute temperature
(K). The variation of ln ɳ

with 1/T for unirradiated and irradiated FAP ILs

([EMIM][FAP] and [EOHMIM][FAP]) has been shown in Fig.5.7.

Fig.5.7. Linear fit plots showing the variation of

ɳ with 1/T for unirradiated and

irradiated FAP ILs.
The activation energy of viscous flow, Eη for both the ILs (pre- and post-irradiated)
has been shown in Table 5.4.
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Table 5.4: Activation energy for viscous flow, Eη for pre- and post-irradiated FAP ILs

The activation energy in presence of hydroxyl group is ~ 1.5 times higher than that of
non-hydroxyl IL, which indicates that [EMIM][FAP] have better fluidic properties than
[EOHMIM][FAP]. However, the activation energies do not change much for both the ILs,
even on irradiation to high absorbed doses (≈ 100 kGy).
5.3.2.4. Thermal stability
Considering the application of RTILs in areas such as nuclear fuel reprocessing, as
lubricants, electrolytes in fuel cells, or as heat transfer fluids, it is vital to understand the
thermal behavior of irradiated RTILs. The thermogravimetric analysis, (TGA), of the unirradiated as well as irradiated FAP ILs was carried out and presented herein. The TGA
curves of both the ILs have been corrected for blank and are shown in Fig.5.8. The
corresponding Td (°C) values are given in Table 5.3. Onset temperatures Td (°C) were
obtained from the TGA profiles by using the step tangent method.284
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Fig.5.8. TGA profiles of unirradiated and irradiated (400 kGy) ILs (a) [EMIM][FAP]
and (b) [EOHMIM][FAP], showing the onset decomposition temperatures Td (°C).
A significant difference is noticed in the onset values reported by us and by N. V.
Ignat’ev et al.85a for [EMIM][FAP]. One possible reason for this could be that the authors
therein seems to have applied the “percent loss threshold” method for the determination
of T(d) which is different from ours as already mentioned. In addition to this, our onset
decomposition values Td (°C) are based on fast TGA scan (20°C/min.), and it has been
shown in various reports280a, 285 that the TGA onset point depends on various parameters
such as scan rate, gas flow rate, composition of pan/crucible used and mass of the sample,
which might be reflected as difference in the reported values. The thermal stability of ILs
is largely influenced by the strength of the incorporated heteroatom-carbon and
heteroatom-hydrogen bonds.70 From the earlier studies on pyrolysis of the imidazolium
based salts and dealkylation of imidazole quaternary salts, it is clear that, the
nucleophillicity of anion and the ability of the cation to undergo substitution (SN2) or
elimination reaction have significant influence on the thermal stability of the ILs. 280a, 286
Considering this, it might be emphasized here that the FAP anion is a poor nucleophile.287
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From the TGA profiles of unirradiated and irradiated FAP ILs (shown in Fig.5.8), we
can see that there is little change in the thermal behavior of [EMIM][FAP] on irradiation,
while the thermal resistance of [EOHMIM][FAP] decreases remarkably on irradiation.
This can be attributed to the possible formation of the hydroxyl based nucleophillic
species on irradiation, which might have paved the way for the substitution or elimination
reactions leading to the reduction in the thermal stability of [EOHMIM][FAP]. This
argument is in agreement with the results obtained by Glenn et al.288 in which they have
reported that the thermal stability of imidazolium ILs significantly reduces in the presence
of nucleophiles. Therefore, on the basis of obtained results, it can be inferred that
[EMIM][FAP] is much more suitable for thermal applications than its hydroxyl
functionalized counterpart.
5.3.2.5. Conductivity and Electrochemical studies
RTILs with many charge carriers per unit volume are expected to exhibit very high
conductivities when these charge carriers are mobile. The solvating properties and wide
electrochemical window (6-7 V) of FAP based RTILs make these materials an excellent
candidates for a range of applications, including catalysis, supercapacitors and
photovoltaics.49, 289 Thus, it is pertinent to study the conductivity behavior of these ILs
after irradiation for their effective use in nuclear and space research. Moreover, the effect
of functional groups has a great impact on the electrochemical properties of ILs, as can be
observed from Table 5.5.
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Table 5.5: Electrochemical windows of pre- and post-irradiated FAP ILs

*Conductivity measurements were carried out at 20°C.

The conductivity of [EMIM][FAP] changes negligibly as compared to the significant
decrease in the conductivity of [EOHMIM][FAP] on exposure to radiation. The
parameters on which the conductivity of ILs depends are viscosity, density, ion size, ion
association and mobility of ions.44d, 85a But amongst all these, viscosity plays a dominating
role in deciding the conductivity behavior of ILs.285b, 290 However, as described in earlier
sections, the viscosity as well as density of these ILs remains almost constant after
irradiation, so the changes in the conductivities can be attributed to the mobility of the
ions, which is related to the ion pair formation or ion aggregation. The significant
decrease in the conductivity of [EOHMIM][FAP] after an exposure of 400 kGy is
obviously the influence of hydroxyl group, as the bonding interactions between the ionic
species is appreciably different compared to [EMIM][FAP]. These interactions most
likely comprises of an intermolecular hydrogen-bond network between the radiolytic
products. Certainly, the hydrogen-bond network would be present among the radiolytic
products of both the irradiated ILs, but much more in case of hydroxyl group containing
IL; hence their transport properties can be anticipated to be more affected in the later one.
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The cyclic voltammograms of the post-irradiated FAP ILs are shown in Fig.5.9. The
limits of the electrochemical window were recorded at current densities of 0.15 mA cm-2
and 0.10 mA cm-2 for [EMIM][FAP] and [EOHMIM][FAP], respectively.

Fig.5.9. Cyclic Voltammograms of pre- and post- irradiated FAP ILs: (a) [EMIM][FAP],
(b) [EOHMIM][FAP].
The large electrochemical windows of these ILs are believed to be due to the
significant anodic stability of FAP anion, thus possess better resistance to oxidation.291
The approximate cathodic and anodic limiting potential values along with the
electrochemical windows of the irradiated ILs were determined from the voltammograms
and has been shown in Table 5.5. On irradiation, almost no change occurs in the
electrochemical window of [EMIM][FAP], while marginal variations could be observed
in the case of [EOHMIM][FAP] with an increase in the absorbed dose. Nevertheless,
these changes are much smaller as compared to that reported earlier82, 292 for the irradiated
ILs containing halides, BF4 -, PF6-, and NTF2-. On the basis of above results,
[EMIM][FAP] appears to be more suitable for various electrochemical applications as
compared to [EOHMIM][FAP], because the oxidation stability of later significantly drops
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at high absorbed dose as compared to the former. The decrease in the anodic stability of
[EOHMIM][FAP] after irradiation is most probably due to the higher decomposition of
the FAP anion in this IL.

5.3.3. NMR and Mass spectral studies
5.3.3.1. NMR studies
1

H and

19

F NMR of the pre- and post-irradiated (400 kGy) FAP ILs were recorded

(shown in Fig.5.10 and Fig.5.11) to get an idea of the firmness of the cationic and anionic
moieties in terms of their structural decomposition due to irradiation. The peaks at various
chemical shifts (in ppm) were assigned to appropriate protons and fluorine atoms,
respectively.

Fig.5.10. 1H and 19F NMR spectra of pre- and post-irradiated [EMIM][FAP].
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As can be seen, the 1H NMR of irradiated [EMIM][FAP] (Fig.5.10) shows very little
changes in the chemical shift values along with the rise of small peaks as compared to the
unirradiated one. Because of very low intensity, chemical identification was very difficult
for these peaks. Similar observations were noticed in the case of [EOHMIM][FAP]
(Fig.5.11) on irradiation, except for peak broadening of the hydroxyl group proton
accompanied by a little chemical shift from 5.09 ppm to 4.86 ppm. This chemical shift
could be explained on the basis of the nature of interaction between cationic and anionic
moieties present in the IL.

Fig.5.11. 1H and 19F NMR spectra of pre- and post-irradiated [EOHMIM][FAP].

In imidazolium based ILs, hydrogen bonding between the anions and the proton at C2 of the imidazolium ring is one of the main interacting forces between them. Essentially,
as per the conductivity measurements,85a interaction of the bulkier anions such as FAP
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and NTf2 with the cation is weaker as compared to the ILs in which the anions are less
bulky. This is further reflected in the negligible difference in the chemical shift values
corresponding to the C-2 proton in the 1H-NMR spectra for both the FAP ILs (9.0 ppm in
case of [EOHMIM][FAP] and 9.14 ppm for [EMIM][FAP]).
Of late, the interaction of [EOHMIM]+ and [EMIM]+ with various anions was
investigated using DFT calculations and NMR by Zhang et al.293 According to the
optimized geometries obtained by them, the anions were located in front of the
imidazolium ring, where the atoms carrying more negative charges were closer to proton
at C-2 position in non-hydroxyl ILs ([EMIM]+), whereas in [EOHMIM][FAP], the anions
were somewhat closer to the hydroxyl group compared to the C-2 proton. Thus, a
competition exists for hydrogen bond formation with the anion between hydroxyl group
and the C-2 proton. In the present case, a little decrease in the chemical shift value of the
C-2 proton was observed for the hydroxyl functionalized IL. In other words, the
competition for the formation of hydrogen bond between the hydroxyl group and the
anion gives rise to relatively free C-2 proton in comparison to the non-hydroxyl IL. As
mentioned earlier also, the chemical shift values of C-2 proton in the 1H-NMR spectra of
both the FAP ILs decreases feebly on irradiation. Meanwhile, the broadening along with
the decrease in the chemical shift value of the peak corresponding to the hydroxyl group
proton of the irradiated [EOHMIM][FAP] can be attributed to the perturbation in the
hydrogen bond between the hydroxyl group of the cation and the fluorine atom of the
FAP anion, OH…..F. Most probably, the decrease (though nominal) in the chemical shift
values of C-2 proton as well as that of the hydroxyl proton towards higher field are the
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indications of the alterations in the distribution and the nature of interactions accessible to
the aforementioned protons due to the formation of some new species, on radiolysis of the
ILs. This type of molecular restructuring and realignment of bonding interactions in postirradiated ILs has also been observed in their photophysical studies (discussed later).
The 19F NMR spectra of post-irradiated FAP ILs are shown in Fig.5.10 and Fig.5.11.
A new singlet and a doublet at -80.6 ppm and -125.5 ppm, respectively can be seen in the
19

F NMR spectra of both the FAP ILs on irradiation. The intensity of the singlet was

higher than that of doublet. Furthermore, the intensity of both the peaks were lower for
[EMIM][FAP] than [EOHMIM][FAP]. The analysis of the integrated area of the peaks in
case of irradiated [EOHMIM][FAP] reveals the appearance of two extra fluorine atoms. It
suggests that the radiolytic product corresponding to the singlet at -80.6 ppm is most
probably generated from the dissociation and rearrangement in the units of CF3-CF2group. Moreover, it does not contain phosphorous (P), because the F and P atoms couple
each other strongly, so the presence of later would have led to appearance of a multiplet,
in spite of a singlet. This argument is also well supported by the bond dissociation
energies (Table 5.6).
Table 5.6: Bond dissociation energies (kJ/mol)

The energy for C-P bond dissociation is lowest thereby, the release of the CF3-CF2group followed by the further discharge and rearrangement of its units are expected. In
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case of [EOHMIM][FAP], the formation of radiolytic products containing entities like
CF3-CO-, -CF2-O- are possible, as the chemical shift value of the fluorine present within
these lies between -70 to -90 ppm (CFCl3 as standard).294 While, the doublet appearing at
-125.5 ppm indicates the formation of species like –CHF2, –CF2-CO-, as the integrated
area of the doublet shows the presence of two fluorine atoms in that particular unit.
However, in case of [EMIM][FAP], the peak intensities are very small and integrated area
analysis does not show the presence of extra fluorine atoms, which makes it extremely
difficult to precisely identify the species responsible for the peaks. Some other peaks were
also appeared but, it was very complicated to identify them due to their extremely low
intensities. Undoubtedly, there is a formation of number of radiolytic products on
irradiation (especially in case of [EOHMIM][FAP] as compare to [EMIM][FAP]), but in
much smaller amounts as supported by the mass spectral studies too.
5.3.3.2. ESI-MS study
Fig.5.12 shows the ESI mass spectra (+, positive mode) of irradiated [EMIM][FAP] at an
absorbed dose of 400 kGy, while the ESI-MS of irradiated [EOHMIM][FAP] at same
dose is shown in Fig.5.13. The relative intensities of the radiolytic products formed in
comparison to the parent ion peaks at m/z = 111.0 and 127.1 in case of [EMIM][FAP] and
[EOHMIM][FAP], respectively are much less. The maximum intensity of the radiolytic
product formed on irradiating [EMIM][FAP] corresponds to m/z = 229.1, which is about
3.8 % of the parent cation peak intensity, and has been identified as [(EMIM)CF2CF3]+.
The probable molecular structure of this ion has been shown in the inset of Fig.5.12.
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Fig.5.12. ESI (+) mass spectra of [EMIM][FAP] after irradiation to a total absorbed
dose of 400 kGy.
All other peaks with various m/z values were having intensity below 1.2 % relative to
the parent ion peak. However, ions with m/z values 125.1 and 667.1 were also observed
in the unirradiated mass spectra of [EMIM][FAP]. The relative intensities of these peaks
prior to irradiation were found to be 1.13 % and 1.46 %, respectively, with respect to the
parent ion peak. After irradiation, the intensity of the peak with m/z = 125.1 was found to
be nearly same as earlier, while the intensity for the peak with m/z = 667.1 decreased to
0.45 %. This suggests that the ion with m/z = 125.1 is an ionization product of the parent
cation, while the ion with m/z = 667.1 is a type of adduct or a cluster, identified as a
dimeric ion, [(EMIM)2 FAP]+. However, it was found to be very weak in nature since the
collision energy of only 2 eV led to its dissociation into the parent ion with m/z value of
111.0, as was observed from its MS/MS spectra. The peak (m/z = of 523.1, see Fig.5.12)
is most probably a dimeric ion, [(EMIM)2 FAP(-C5F4H8)]+ resulted due to the
fragmentation of a C5F4H8 group from the aggregate with m/z = 667.1. The ion peak with
m/z = 211.1 has been identified as a dimeric species having composition,
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[(EMIM)(MIM)F]+. On a similar note, the formation of a dimeric radical cation in
combination with an anion radical has been predicted by Shkrob et al.295 Essentially, most
of the identified peaks shown in Fig.5.12 were found to be originated from the radiolytic
products containing the fragmented units of the FAP anion such as F, CF3, and C2 F5.
Consequently, the permutation and combination of these species with that of the parent
cation led to the emergence of various ion peaks with m/z values 193.1, 257.1, 311.1,
329.1 and 347.0. The ion with m/z = 193.1 might be attributed due to the combination of
parent cation ([EMIM]+) and the radical species, CH3• and CF3•, generated from the
fragmentation of cationic and anionic moieties, respectively. The peak with m/z = 257.1
is most probably assigned to an ion with conjugated double bonds. The presence of such
products with multiple bond order groups have also been observed in the vibrational
spectral studies of these irradiated FAP ILs (discussed later). Apparently, the formation of
such double bond radiolytic products could also contribute in the color evolution
observed for the post-irradiated imidazolium based ILs. Moreover, recently, Wang et al.
by means of UV-Vis analysis and density functional theory calculations proposed that the
color darkening in imidazolium based IL ([BMIm][NTf2]) upon irradiation originates
from the formation of double bonds in the aliphatic chains of pristine organic cations (or
radiolytic products of RTILs) and various associated species containing these ‘‘double
bond products’’.296

172

Chapter 5

Fig.5.13. ESI (+) mass spectra of [EOHMIM][FAP] after irradiation to a total absorbed
dose of 400 kGy.
The ions with m/z values 311.1, 329.1 and 347.0 appear to have the same basic
structural composition with the subsequent addition of F atom. The ion peak with m/z =
347.0 was also observed in the ESI (+) mass spectra of irradiated [EOHMIM][FAP], as
shown in Fig.5.13. This peak with m/z = 347.0 has been identified as the cation, [(EMIM)
Y], where Y = 2 (C2F5•). The composition of the ion with m/z = 347.0 was observed as
(C10H9N2F10)+. Similarly, the composition of ion peaks with m/z values 311.1 and 329.1
has been assigned to (C10H11N2F8)+ and (C10H10N2F9)+, respectively. Further, there is also
an evidence of the disintegration of the imidazolium cation as the ion with m/z = 139.1
have been identified as the recombination of the [EMIM]+ cation with the C2H5 unit,
fragmented from another parent cation.
In case of irradiated [EOHMIM][FAP], the number of radiolytic species formed were
much more as compared to the non-hydroxyl FAP IL. An aggregate with m/z = 699.1 was
observed in the pre-irradiated [EOHMIM][FAP]. This has been identified as a dimeric
ion, [(EOHMIM)2 FAP]+, similar to the one observed in case of [EMIM][FAP] and thus,
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the peak corresponding to the m/z value of 555.1 is a result of fragmentation of a C5 F4H8
group from the aggregate with m/z = 699.1. However, the intensity of the ion peak with
m/z = 555.1 in case of irradiated [EOHMIM][FAP] was nearly 1.5 %, while at same dose,
the intensity of the ion peak with m/z = 523.1 in case of irradiated [EMIM][FAP] was
about 0.3 %. It shows that the hydroxyl group (present in [EOHMIM][FAP] as well as in
the dimeric ion with m/z = 699.1) being involved in the hydrogen bonding with the anion
leading to the further weakening of the P-C2F5 bond. As shown in Table 5.6, the bond
dissociation energy of P-C bond is least among other bonds, which the presence of
hydroxyl group increases its susceptibility to radiolytic dissociation. Consequently, the
fragmentation of C2F5 unit of FAP anion appears to be more vulnerable to radiolysis in
case of [EOHMIM][FAP] as compared to [EMIM][FAP]. Other ion peak with intensity
greater than 1.0 % was having m/z = 245.1 and its probable molecular structure has been
shown in the inset of Fig.5.13. The degradation of parent cation was also observed in the
form of ion peak with m/z = 155.1 and was assigned as [(EOHMIM) X]+, where X =
C2H5.
ESI-mass spectra of the irradiated ILs were also carried out in the negative mode to
determine the structural degradation of the FAP anion. Interestingly, the ESI-MS (-,
negative mode) of the irradiated [EMIM][FAP] at an absorbed dose of 400 kGy did not
show much degradation, as can be observed in Fig.5.14.
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Fig.5.14. ESI (-) mass spectra of [EMIM][FAP] after irradiation to a total absorbed dose
of 400 kGy.
However, an ion peak of low intensity (5.3 %) with m/z = 912.9 was noticed in case
of irradiated [EMIM][FAP]. This ion has been identified as a cluster of two FAP anions
with an imidazolium cation having a composition, (C16F33P2H4N2)-. But in case of
irradiated [EOHMIM][FAP], such cluster formation was observed at lower absorbed
doses. This is probably due to their dissociation into smaller fragments at high absorbed
doses, which is attributed to the influence of hydroxyl group as discussed earlier.
Nonetheless, the intensity of the peaks was found to be very low (< 0.5 %). All these
observations clearly indicate the high radiation stability possessed by the FAP ILs.
However, the presence of electron withdrawing hydroxyl groups in the vicinity of the
umbrella of delocalized electron cloud of anionic moiety led to its distortion, thereby led
to the reduction in the radiation stability. Furthermore, the ESI-MS studies of both the
irradiated ILs categorically indicate the fragile nature of C2F5 unit of the FAP anion and
this observation is in fairly good agreement with the results obtained in case of NMR
studies, especially in case of [EOHMIM][FAP].
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5.3.4. Hydrogen gas yields
Gaseous products evolution is a crucial factor to be considered for any industrial or
reactor scale application. Among various gases, hydrogen yield determination (G (H2)) is
one of the primary steps for the ILs to be employed in any such applications. Moreover,
there are very few reports regarding the hydrogen yield determination in irradiated ILs.267,
268

Therefore, hydrogen yields were measured from the irradiated FAP ILs and are shown

in Table 5.7.

Table 5.7: Hydrogen gas yields from benzene and various ILs irradiated with the same
absorbed dose of 54 kGy.

Sample

G (H2), mol/J

Benzene
[EMIM][FAP]

(6.5 ± 0.4) × 10-9
3.93 × 10-9 297
(7.6 ± 0.2) × 10-9

[EOHMIM][FAP]

(8.5 ± 0.4) × 10-9

[BMIM][FAP]

(1.02 ± 0.02) × 10-8

[BMIM][NTf2]

(1.2 ± 0.1) × 10-8

[BMIM][PF6]

(2.3 ± 0.1) × 10-8

Along with the FAP ILs, benzene and other ILs were irradiated and hydrogen yields
were determined to compare their radiation stabilities. Generally, aromatic compounds
like Benzene possess excellent radiation stability as the excitation energy rapidly
redistributes over the whole molecule instead of getting localized at a specific bonding
site.298 As can be seen from Table 5.7, the G (H2) of [EMIM][FAP] is marginally higher
than that of Benzene. However, on hydroxyl group substitution, the G (H2) increases.
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This observation further validates our earlier discussion, where the radiation stability of
[EOHMIM][FAP] was found to be inferior as compared to [EMIM][FAP]. The hydrogen
yield increases on increasing the length of alkyl chain, i.e. from [EMIM] to [BMIM]
(Table 5.7). This observation has been further substantiated by the recent study on the
hydrogen production in aromatic and aliphatic ILs by Dhiman and co-workers.268 The
imidazolium ILs containing anions such as NTf2 and PF6 have been studied in detail
earlier due to their physicochemical properties having relevance in the nuclear fuel
reprocessing. Therefore, ILs with anionic moieties such as FAP, NTf2 and PF6 comprising
same cationic unit were irradiated to a similar dose and the G (H2) were measured. Due to
the unavailability of [EMIM][NTF2] and [EMIM][PF6], we irradiated [BMIM][NTf2] and
[BMIM][PF6] along with [BMIM][FAP] to compare the hydrogen yields. As can be seen
from Table 5.7, the [BMIM][FAP] shows the lowest G (H2) followed by [BMIM][ NTf2],
and [BMIM][PF6].

5.3.5. Pulse radiolysis study
Pulse radiolysis experiments were carried out to follow the kinetics and spectral
characteristics of the FAP ILs. It has been observed from Fig.5.15 that the two ILs give
rise to similar transients with absorption peaks at 320 nm and a weak shoulder at 370 nm.
However, the absorbance at 320 nm in case of [EOHMIM][FAP] is 1.3 times higher than
that in case of [EMIM][FAP]. On pulse irradiation, neat IL containing imidazolium cation
271

had been shown earlier to generate various transient species including radical cation

and neutral radical of imidazole through the reaction of e - (dry or solvated), H-adducts
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and fragmented alkyl radicals having overlapping absorptions at around 325 nm. In
addition, the anion derived primary radicals also produces numerous oxidized species.

Fig.5.15. Transient absorption spectra recorded at 3s after the electron pulse from neat
[EMIM][FAP] (blue) and [EOHMIM][FAP] (red); dose per pulse was 12 Gy.
Even though, fascinating and challenging radiation chemistry of neat ILs is much
more complex than other liquids as portrayed vividly in the recent articles by Wishart and
Co-workers.299 In the present case, the transient absorption spectrum matches well with
that reported by Behar et al.271a for the reaction of eaq- with imidazolium cation in aqueous
solution. Of course, formation and presence of other transients as discussed already are
obvious. Nevertheless, the yield and chemical nature of these species are expected to be
similar for both the ILs, but in reality, a clear difference could be observed in optical
absorbance of the transients in the two cases. It may be mentioned here that we have also
observed a faster rate of formation of the transients in case of [EOHMIM][FAP] (5.7 ×
106 s-1) than that in case of [EMIM][FAP] (3.26 × 106 s-1). Considering the absorbance at
320 nm to be mostly due to (EMIM•2+), and (EMIM•), the electron transfer from these
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radicals to oxygen is not expected as reported earlier.271a These authors have elucidated
through ab initio calculation that the imidazolyl radical (here EMIM•) acquires a puckered
ring structure, where the two nitrogen atoms and C2 are not conjugated with the C4=C5
double bond and thus, lacks the electron donating ability. Fig.5.16A shows the transient
decay at 320 nm in absence and presence of oxygen for [EMIM][FAP].

Fig.5.16. Transient decay in the absence and presence of oxygen for [EMIM][FAP] (A)
and [EOHMIM][FAP] (B).
Only a reduction in the initial absorbance was observed without showing any
indication of the interaction between oxygen and the radicals, which matches well with
the earlier proposition. The reduction in the initial yield might be due to scavenging of
alkyl radicals. Quenching of primary radicals, including e- and esol- may also contribute to
this effect, which would produce superoxide radical. Superoxide radicals are known to be
unreactive or slowly reactive with the cation of imidazolium based IL.300 The situation
was very different in case of [EOHMIM][FAP] IL (Fig.5.16B). The transient decay has
been seen to be affected by the presence of oxygen considerably and formation of a new
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species was evident, which was quite prominent while measuring at 370 nm. The
presence of the hydroxyl group in the side chain is not expected to cause a remarkable
change in the electron density and so in the structure of the imidazolium radical, such that
it can transfer an electron to oxygen. Thus, we infer that in the pulse irradiated
[EOHMIM][FAP] IL, formation of alkyl radical at the ethoxy side chain of the cation is
quite likely. Further, addition of oxygen to this radical would form a peroxyl radical,
which shows a strong absorption in the wavelength region 320-370 nm. Thus, it becomes
clear that the two ILs behave differently in radiation environment which has been
reflected in the number and yield of products as described in the previous sections.

5.3.6. Photophysical studies
Photophysical studies of imidazolium RTILs have been investigated extensively in the
recent times, which show unconventional behavior of these solvents such as excitation
wavelength dependent fluorescence behavior also known as Red Edge Effect or REE.301
This particular phenomenon has been attributed to the presence of various associated
species and the inefficiency of the excitation energy-transfer between them or an
incomplete solvation process. Information regarding the photophysical behavior of
irradiated ILs could be useful in gaining better understanding of the radiation driven
perturbations in the structure-property relationships, which eventually affects the
radiolytic degradation pathways and the product distribution.
5.3.6.1. Fluorescence studies
Most interestingly, the well established excitation wavelength dependent fluorescence
behavior of imidazolium ILs was found to be considerably perturbed on irradiation. The
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emission spectra of pre- and post-irradiated [EMIM][FAP] at different levels of absorbed
dose have been shown in Fig.5.17.

Fig.5.17. Fluorescence spectra of neat unirradiated (A) and post irradiated
[EMIM][FAP] at various absorbed doses (in kGy) i.e. 100 (B); 200 (C); 300 (D). Inset:
Plot of ex vs. em showing the shifts in the maximum intensity peak positions.
As can be seen from Fig.5.17A, the unirradiated IL shows two emission bands (at ~
340 nm and a shoulder peak at ~ 450 nm) when excited at lower wavelength region.
However, with the increase in the excitation wavelength, the two emission bands merge
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into single broad peak with simultaneous bathochromic shift. Surprisingly, there was
subsequent quenching of fluorescence at lower excitation wavelengths after irradiation to
different degrees of absorbed doses (see Fig.5.17). At the same time, the maximum
emission peaks showed bathochromic shifts for higher excitation wavelengths with
gradual increase in the absorbed dose. Such trends can also be envisaged from the plots of
ex vs. em shown in the insets of emission spectra of irradiated [EMIM][FAP] IL
(Fig.5.17).
For better understanding, the maximum fluorescence intensity and em values
corresponding to the respective excitation wavelengths and absorbed doses for neat
[EMIM][FAP] (pre- and post-irradiated) have been tabulated in Table 5.8.

Table 5.8: Table showing the corresponding em and maximum fluorescence intensity
values for neat pre- and post-irradiated [EMIM][FAP] at different ex and absorbed dose
values.
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Fig.5.18. Fluorescence spectra of neat unirradiated (A) and post irradiated
[EOHMIM][FAP] at various absorbed doses i.e. 100 kGy (B); 200 kGy (C); 300 kGy
(D). Inset: Plot of ex vs. em showing the shifts in the maximum intensity peak positions.
Analogous to [EMIM][FAP], the -OH group containing IL (i.e. [EOHMIM][FAP])
displayed similar excitation wavelength dependent behavior after irradiation (see
Fig.5.18). But, in [EOHMIM][FAP], the decrease in the fluorescence intensity as well as
the red shift in the emission peaks were more pronounced for subsequent increase in the
excitation wavelengths at higher absorbed doses. These trends can be visualized in Table
5.9.
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Table 5.9: Table showing the corresponding em and maximum fluorescence intensity
values for neat pre- and post-irradiated [EOHMIM][FAP] at different ex and absorbed
dose values.

Considering the excitation wavelength of 450 nm and an absorbed dose of 400 kGy, it
can be envisaged that the red shift (with respect to the unirradiated IL) in the emission
peak was 18 nm for [EMIM][FAP], while it was 60 nm in case of [EOHMIM][FAP] (see
Fig.5.19).

Fig.5.19. Fluorescence spectra of post-irradiated (@ 400kGy) [EOHMIM][FAP]. Inset:
Plot of ex vs. em showing the shifts in the maximum intensity peak positions.
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These observations indicate the formation of higher order (in terms of conjugation and
introduction of new - interactions) radiolytic products in [EOHMIM][FAP].
Nevertheless, as already mentioned that the excitation wavelength dependent fluorescence
spectra of imidazolium ILs has been rationalized taking into consideration the existence
of various associated structures of cations and anions.301 In fact, some of the associated
forms of cation and anion were observed during the mass spectrometric studies of neat
unirradiated [EMIM][FAP] and [EOHMIM][FAP], as has been discussed earlier.84
However, these ions were found to be very weak in nature since the collision energy of
only 2 eV led to their dissociation into respective parent ions. Therefore, the described
perturbations in the excitation wavelength dependent behavior of irradiated FAP ILs
could be attributed to the irradiation induced decoupling or break down of such preexisting different associated forms of the cations and anions (in the unirradiated IL) and
simultaneously driving the formation of oligomers and other species containing multiple
bond order groups. Indeed, it was substantiated by the vibrational studies (FTIR and
Raman) which are discussed in the subsequent sections.
5.3.6.2. Vibrational studies
We have noticed a strong correlation between the vibrational changes and fluorescence
behavior of irradiated ILs. The FTIR spectra of pre- and post-irradiated [EMIM][FAP]
are shown in Fig.5.20, while Fig.5.21 represents the spectra of particular wavenumber
regions with significant alterations in the amplified scale for better visibility.
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Fig.5.20. FTIR spectra of neat pre- and post-irradiated [EMIM][FAP] at various
absorbed doses (in kGy) i.e. 0, 100 and 400.
Up to a dose of 100 kGy, no significant change was observed in the FTIR spectra of
irradiated ILs, which reflects their radiation stability. However, at an absorbed dose of
400 kGy, following modulations were observed. The peak at ~ 890 cm-1 (peak marked as
[1] in Fig.5.20; Fig.5.21a) has been attributed to the olefinic C-H bending vibrations,
which indicates the formation of radiolytic products having vinylidene double bond
(˃C=CH2).302 The intensity of the peaks in the region 1180-1220 cm-1 were found to
increase on irradiation (for dose ≥ 100 kGy), which could be attributed to the formation of
radiolytic products with –CF3 units.303 At the same time, some perturbations in the
imidazolium ring and possible dissociation (or dislocations) of the alkyl groups attached
to it were noticed from the decrease in the intensity of peaks located in the region 14001480 cm-1. These peaks (at ~ 1433 cm-1, ~1457 cm-1 and ~ 1463 cm-1) originates due to
the ring in-plane asymmetric stretching, (N)CH3 CN stretching, (N)CH3 HCH symmetric
bending.303, 304 Another absorption band centered at ~ 1736 cm-1 (peak marked as [2] in
Fig.5.20; Fig.5.21b) signifies the formation of species with double bonds in the form of
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C=C, -CF=CF-, -CF=CF2.296 To precisely determine the changes in the C-H bond
stretching frequencies of the ethyl and the terminal methyl group attached to the side
chain of the imidazolium cation, a Gaussian peak fitting was carried out in the region
2900-3000 cm-1 and has been shown in the blue color in Fig.5.20b. The peaks at ~ 2996
cm-1 accompanied by a shoulder at ~ 2972 cm-1 (assigned to Ethyl HCH symmetric
stretching)304 were found to be broadened and red shifted by 2-3 cm-1 in post-irradiated
[EMIM][FAP] (@ 400 kGy).

Fig.5.21. FTIR spectra of neat unirradiated and post-irradiated [EMIM][FAP] in
different wave number regions at various absorbed doses.
Furthermore, a peak at ~ 3086 cm-1 (for unirradiated [EMIM][FAP]) originated due to
the (N)CH3 HCH asymmetric stretching vibrations303c, 305 was red shifted on irradiation
of the IL (shown in Fig.5.21c). Subsequently, the broadening in the peaks signifies the
presence of radiolytic products mostly derived from the imidazolium cation with varying
C-H bond strengths. Certainly, these variations substantiate the realignment of the
intermolecular hydrogen bonding interactions among the ionic moieties. Moreover, a red
shift observed in the ring NC(H)NCH (or C2-H) vibrational frequency from 3130 cm-1 to
3126 cm-1 on irradiation of [EMIM][FAP] clearly shows the weakening of the respective
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bond.268 It is to be mentioned here that C-2 position of the imidazolium cation is acidic
(pK = 21–22)85b in nature and prone to deprotonation to form a stabilized carbene.
Therefore, the weakening of the C2-H bond on irradiation can be regarded as strong
evidence supporting the vulnerability of imidazolium-derived radical species to undergo
oligomerization.75-84, 268, 272 Consequently, this has been found to be one of the possible
contributing factors behind the color evolution in irradiated imidazolium ILs.
The FTIR spectra of post-irradiated [EOHMIM][FAP] at different absorbed doses
(same as in case of [EMIM][FAP]) have been shown in Fig.5.22. A blue shift in the peak
frequency originated due to C-N stretching (~ 615 cm-1)75-83, 268 was observed (Fig.5.23).

Fig.5.22. FTIR spectra of neat unirradiated and post-irradiated [EOHMIM][FAP] at
various absorbed doses (in kGy) i.e. 0, 100 and 400.
Further, analogous to [EMIM][FAP], the formation of radiolytic products with
multiple bond order functional groups as well as bathochromic shifts in the C-H
stretching frequencies were also observed in case of post-irradiated [EOHMIM][FAP] IL.
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Fig.5.23. FTIR spectra of neat unirradiated and post-irradiated [EOHMIM][FAP] at
various absorbed doses i.e. 0 kGy, 100 kGy and 400 kGy.
Peak at ~ 2976 cm-1 representing the HCH stretching vibrations in the ethoxy group
(attached to ring N)303c, 304 of [EOHMIM][FAP] red shifted to ~ 2972 cm-1 on irradiation.
Also, the peak at ~ 3127 cm-1 for the ring NC(H)NCH (or C2-H) was found to be red
shifted to 3123 cm-1.268 The introduction of conjugation by the attachment of alkenyl
groups could also be one of the probable reasons behind the observed red shift. In fact,
the peaks corresponding to the formation of conjugated C=C groups were noticed in the
Raman spectra of irradiated ILs (discussed in the following section). A broad shoulder
centered at ~ 3430 cm-1 was observed in addition to a peak at ~ 3621 cm-1 in case of
unirradiated [EOHMIM][FAP] (see Fig.5.24). These peaks were also observed in the
Raman spectra of unirradiated [EOHMIM][FAP], shown in the inset of Fig.5.24. Similar
type of broad feature at ~ 3425 cm-1 and a peak at ~ 3598 cm-1 have been reported
recently by Katsyuba et al.306 in case of [EOHMIM][PF6]. The former peak was assigned
to the OH of hydrogen bonded cationic clusters, while the later one was attributed to the
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OH stretching frequency hydrogen bonded to the F atom of the PF6 anion (νOH···[PF6]−).
Moreover, the νOH in case of isolated [EOHMIM]+ cation has been reported to be 3690
cm−1 by computational analysis.306 Taking account of these, the peak at ~ 3621 cm-1 has
been attributed to the stretching frequency of -OH hydrogen bonded to the FAP anion
(Im(OH)···[FAP]-). While the broad shoulder centered at ~ 3430 cm-1 could be assigned
to the stretching frequency of -OH hydrogen bonded to the other hydroxyl groups of
neighboring cations; the pre-existence of such cationic clusters have been observed and
discussed earlier. The possible –OH bonding interactions (discussed so far) existing in
[EOHMIM][FAP] has been pictorially represented in Fig.5.24.

Fig.5.24. FTIR spectra of unirradiated and post-irradiated [EOHMIM][FAP] showing
the perturbations in the O-H stretching frequency at various absorbed doses i.e. 0 kGy,
100 kGy and 400 kGy. Inset: Graph showing the Raman spectrum of unirradiated
[EOHMIM][FAP] in the same frequency region as that of FTIR. Pictorial representation
of –OH bonding interactions possibly existing in [EOHMIM][FAP].
Nevertheless, an interesting observation of a blue shift in the peak frequency from ~
3621 cm-1 (for unirradiated [EOHMIM][FAP]) to ~ 3634 cm-1 (in post-irradiated
[EOHMIM][FAP]) was noticed (Fig.5.24). This signifies the weakening of the hydrogen
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bond (Im(OH)···[FAP]-) between the OH and the FAP anion. On the other hand, broad
peak at ~ 3430 cm-1 was red shifted to ~ 3380 cm-1 indicating the reduction in the O-H
bond strength. Apparently, it points towards the possible distribution of the O-H bond
strength, which could be due to the involvement of -OH group in multiple non-covalent
bonding interactions with the newly formed radiolytic species in its neighborhood. At this
stage, it is important to mention that the geometry involving the orientation and the
interactions of the cations and the anions in -OH group functionalized ILs is different
from non-hydroxyl ILs. It has been reported earlier293 that anions are located in front of
the imidazolium ring, where more negatively charged atoms are close to the alkyl groups
and in particular, C2–H in all the non-hydroxyl ILs. However, the anions are somewhat
above the imidazolium ring, moving close to the -OH group in case of hydroxyl
containing ILs such as [EOHMIM][FAP]. Considering this, the aforementioned shifts in
the vibrational peaks can be regarded as an important evidence for the reorientation or
restructuring occurring in [EOHMIM][FAP] on irradiation.
Raman spectra of irradiated FAP ILs further substantiated the FTIR studies. Baseline
corrected Raman spectra of [EMIM][FAP] and [EOHMIM][FAP] has been shown in
Fig.5.25. As can be seen, the Raman spectra of the ILs did not exhibit significant changes
on irradiation up to an absorbed dose of 100 kGy. However, the analysis of the Raman
spectra of the ILs irradiated at an absorbed dose ≥ 200 kGy became difficult due to the
increase in the contribution of fluorescence from the radiolytic products.
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Fig.5.25. Raman spectra of neat unirradiated and post irradiated [EMIM][FAP] (A) and
[EOHMIM][FAP] (B) at various absorbed doses.
Nevertheless, a red shift in the symmetric bending modes of –CF3 (~ 742 cm-1) as
well as a new broad peak centered at ~ 985 cm-1 was observed for both the FAP ILs on
irradiation (see Fig.5.26a & b and Fig.5.27a & b). The appearance of broad peak at ~ 985
cm-1 indicates the formation of radiolytic products with vinyl C-H groups.302 A broad
peak marked as [2] (1050-1070 cm-1) in Fig.5.26b is most plausibly attributed to the
formation of fluoroalkanes.302 Besides, in-plane bending C-H vibrational frequency (in
[EMIM][FAP]) at ~ 1088 cm-1 red shifted to 1085 cm-1 on irradiation.303b Furthermore,
red shifts in the frequencies representing ring in-plane asymmetric stretching, CC
stretching, CH3 (N) CN stretching (from 1421 cm-1 to 1419 cm-1) and broadening in the
CH2 (N) CN stretching vibrations (~ 1570 cm-1)303c was observed in Raman spectra of
[EMIM][FAP] on irradiation. Similar distortions in the corresponding wavenumber
regions were observed for post-irradiated [EOHMIM][FAP] (see Fig.5.27). An important
observation was the appearance of peaks in the range 1600-1650 cm-1 in both the
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irradiated FAP ILs and these have been assigned to the formation of radiolytic products
with conjugated C=C groups (alkenyl C=C stretching).302 It could be regarded as another
strong signature of the formation of chromophoric species responsible for the color
evolution in imidazolium based ILs on irradiation.

Fig.5.26. Raman spectra of neat unirradiated and post-irradiated [EMIM][FAP] in
different wave number regions at various absorbed doses.
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Fig.5.27. Raman spectra of neat unirradiated and post-irradiated [EOHMIM][FAP] in
different wave number regions at various absorbed doses.
There have been additional strong evidences which indicate perturbations in the
bonding interactions amongst the cationic and the anionic moieties and their surrounding
environments. This could be observed primarily from the variations in the C-H stretching
frequencies of the alkyl side chains in the region 2800-3200 cm-1. For instance, in case of
[EMIM][FAP], peak representing the ring CH3 HCH symmetric stretching at ~ 2932 cm-1
red shifted to ~ 2929 cm-1 at an absorbed dose of 100 kGy.304 Peak at ~2953 cm-1 could
be assigned to CH2 HCH stretching frequency,304 which was found to be broadened at
high absorbed dose (Fig.5.26d), and might be attributed to the presence of radiolytic
products with variations in the C-H bond strengths. Further, a red shift (from 2976 cm-1 to
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2970 cm-1 @ 100 kGy) in the asymmetric stretching vibrational frequency of ethyl HCH
was observed (in [EMIM][FAP]), which signifies the weakening of the respective
bond.304 Similar red shift was observed (asymmetric stretching vibrational frequency of
ethyl HCH) for irradiated [EOHMIM][FAP] (@ 100 kGy). Peak at ~ 3180 cm-1
representing the ring HCCH symmetric stretching304 broadened at higher absorbed doses
in both the FAP ILs, which is a clear indication of the presence of radiolytic products
derived from the imidazolium cation with varying bond strengths.
The vibrational studies hitherto categorically reflect the considerable changes in the
inherent spatial correlations of the ionic species (in ILs) on irradiation.
5.3.6.3. Fluorescence lifetime studies
The influence of irradiation induced decoupling of particular pre-existing arrangements
and related perturbations in the bonding interactions (amongst cationic and anionic
moieties) were further observed from the fluorescence lifetime behavior of FAP ILs
(shown in Fig.5.28); especially in case of -OH group containing [EOHMIM][FAP].

Fig.5.28. Lifetime decay profile of

neat irradiated [EMIM][FAP]

[EOHMIM][FAP] (b) at various absorbed doses.
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On irradiation, the average lifetime of [EMIM][FAP] and [EOHMIM][FAP] increases
with the rise in the absorbed dose imparted however, the trend was found to be more
prominent in the later case (see Table 5.10).

Table 5.10: Lifetime values for post-irradiated [EMIM][FAP] and [EOHMIM][FAP] at
various absorbed doses. The values provided in the parentheses are the respective
amplitudes for each times constants (T1, T2, and T3).

The multi-exponential behavior signifies the heterogeneous nature of these media and
indicates the existence of energetically distributed aggregates with different
conformations, as has been reported earlier.301 Nonetheless, the exact reason for the
increasing trend in the average lifetime values of FAP ILs with higher absorbed doses is
not precisely clear. However, the probable explanation could be the formation of new
intermolecular hydrogen bonds and other non-covalent bonding interactions (i.e. -)
between radiolytic products and the ionic moieties, as indicated from the vibrational
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studies. Consequently, enhancement in the rigidity level in the vicinity of the ions can be
anticipated which eventually might have hindered the non-radiative decay processes
leading to the increase in the average lifetime values observed in case of post-irradiated
FAP ILs.

5.4. Conclusions
Considering the anticipated applications of RTILs, an in-depth report on the
physicochemical characteristics and their changes after deposition of ionizing radiation
for an important class of ILs has been presented herein. The color evolution in the
imidazolium based ILs on irradiation could be rationalized through the formation of
oligomeric and multiple bond order group containing radiolytic products. The significant
radiation resistance put forth by FAP ILs has been correlated well with the fractional
stopping power of the FAP anion, which clearly implicates it as an effective
protector/shield (among various other fluoroanion based ILs) to the cation. Through pulse
radiolysis studies, the influence and the radiolytic sensitization effects of the -OH group
substitution on the reaction mechanistic pathways could be delineated. The insignificant
variations in the physicochemical properties even at high absorbed doses clearly indicate
the hidden potential of FAP based imidazolium ILs to be a good solvent for various
applications involving high radiation fields. Nevertheless, the photophysical behavior of
pre- and post-irradiated FAP ILs categorically points towards the considerable changes in
the orientations and the molecular rearrangements of the ions on irradiation. For instance,
(i) bathochromic shifts in the excitation wavelength dependent fluorescence spectra of
irradiated FAP ILs, (ii) vulnerability of the C2-H to undergo deprotonation, (iii) blue shift
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in the O-H stretching frequency (in case of -OH functionalized FAP IL) and (iv) the
observation of vibrational peaks originated due to multiple bond order groups are some of
the additional findings of this study, which could be useful in gaining a comprehensive
understanding of the radiation driven degradation of ILs and its mechanistic pathways.
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Room temperature ionic liquids as a media for
the synthesis of complex nanostructures
6.1. Introduction
RTILs have recently received a great deal of attention for the synthesis of various
nanomaterials.87,

88, 98, 307

Various synthetic techniques have been employed for this

purpose such as electrodeposition,308-311 solvothermal,91, 312-314 sol-gel,315, 316 sonication317
and radiation induced (e–-beam,318-320 -ray,321, 322 microwave93, 323) methods.
However, the fundamental questions regarding the role of the inherent structure of the
IL in directing the morphology and the growth mechanism of the nanoparticles are still
unexplored. Considering the self-organized networking structure of RTILs, it would be
quite intriguing to examine the potential of these solvents in the templated synthesis of
self-assembled nanostructures with exciting applications. It is to be noted that the
phenomenon of self-assembly of nanomaterials is one of the hot topics nowadays for its
potential application mainly in the field of energy conversion and storage.324, 325
This chapter describes the work on the application of RTILs as a novel media for the
synthesis of self-assembled superstructures of metal chalcogenide nanomaterials. CdSe
nanoparticles were synthesized in neat imidazolium based IL via radiation as well as
normal chemical route. In the radiation chemical route, considering the high radiation
stability of ILs (described in Chapter 5), electron beam irradiation technique was
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employed to initiate the nucleation process. A unique nanomorphology i.e. islands of
CdSe nanoparticles within Se nanofibers, was obtained in this particular case. The main
objective was to explore and exploit the noble structural features of RTILs and the special
features of electron beam irradiation technique in synthesizing and directing the selfassembly of NPs into well-defined structures of fundamental importance. In the normal
chemical route, the synthesis was carried out at purely ambient conditions without
perturbing the internal structure of the IL by external parameters such as temperature or
any external solvents (for dilution)/stabilizing agent. Herein, the aim was to probe the role
of the structural and the fluidic aspects of IL in influencing the morphology of
nanoparticles grown in situ.
Based on the synthetic techniques, the work carried out in this part of the thesis has
been divided and described under two sections i.e. (i) Radiation and (ii) Normal chemical
routes for the synthesis of CdSe nano/microstructures in the host matrices of RTILs. The
possible mechanism behind the as obtained nanomorphologies in both the cases has been
proposed in the respective sections.

6.2. Radiation mediated synthesis
6.2.1. Materials and Methods
High purity chemicals, cadmium sulfate (CdSO4), Sodium Selenite (Na2SeO3), sodium
sulfite, tert-butanol were obtained from Sigma-Aldrich and used without further
purification. Other chemicals such as ethanol and acetone used for subsequent cleaning
and washing off the organic impurities from the precipitates were obtained from SDFCL,
Mumbai, with highest purity. The IL, 1-Ethyl-3-methyl imidazolium ethylsulfate
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([EMIM][EtSO4]) was obtained from Alfa Aesar (UK) with a purity of 99%. The water
content in the IL was measured by coulometric Karl-Fischer method using a Metrohm
831 KF Coulometer and was determined to be very less (i.e. 20 ppm) to cause any
considerable changes in the intrinsic structure of the IL.
It is to be mentioned here that same IL ([EMIM][EtSO4]) was employed as the solvent
for the synthesis of the nanoparticles in both the methodologies. Most commonly used
RTILs containing PF6 and BF4 anions are vulnerable to hydrolysis in the presence of
water and eventually lead to the formation of toxic and corrosive species. 270b, 285b, 326 On
the contrary, alkyl sulfate anion based ILs (e.g. as employed [EMIM][EtSO4]) are
halogen-free and relatively hydrolysis-stable, providing better alternative for industrial
applications. The molecular structure of the IL has been shown in Fig.6.1 along with the
denotations of various atoms of cation and the anion.

Fig.6.1. Structure of IL, 1-ethyl-3-methylimidazolium ethylsulfate ([EMIM][EtSO4]).
The procedure for the preparation of sample solution containing the precursors has
been described as follows. Cadmium sulfate (CdSO4), 0.0156 gm and Sodium selenite
(Na2SeO3), 0.0129 gm were dissolved in 1.5 ml of IL ([EMIM][EtSO4]) by sonicating for
30-45 minutes. The resultant solution was nitrogen bubbled and irradiated with a 7 MeV
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electron beam having an FWHM (Full width at half maximum) of 2 s from a LINAC.
The absorbed dose per pulse was kept at 140 Gy and the samples were irradiated with
repeated pulses at a rate of 12 pulses per second with a total absorbed dose of 10 kGy.
After irradiation, the color of the solution changed to reddish orange, which is the primary
indication of the formation of CdSe nanoparticles. The techniques for the nanoparticle
characterization have been discussed in Chapter 2.

6.2.2. Results and Discussion
UV-Vis absorption spectrum of the electron beam irradiated solution clearly shows an
excitonic peak at ~ 580 nm (Fig.6.2). The inset of Fig.6.2 shows the evolution of color in
the IL containing precursors of Cd and Se on irradiation.

Fig.6.2. UV-Vis absorption spectra of CdSe nanoparticles synthesized in IL via electron
beam irradiation, Dose = 10 kGy. Inset shows the camera ready picture of the
unirradiated IL, (a); neat IL (10 kGy), (b); IL + CdSe (10 kGy), (c).
However, the neat IL also exhibited greenish yellow color on irradiation at similar
radiation doses. This implies that the IL had undergone some degradation on irradiation.
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It is to be mentioned here that various studies have showed the high radiation stability of
imidazolium based ILs even at a radiation dose of 500 kGy and only up to 1 mol% (or
less) of the IL undergo degradation.75, 76, 78-83 The evolution of color has been attributed to
the generation of oligomeric (having high molar extinction co-efficient) and possibly
carbene related species.76, 79, 83 Apart from these, we have also investigated the extent and
mechanism of radiation stability of the imidazolium based FAP ILs and the results
obtained are in full agreement with the similar studies carried out earlier by various
researchers.84 As can be seen from Fig.6.2 that the unirradiated IL, [EMIM][EtSO4] does
not exhibit any significant absorption in the visible spectrum range of 400-700 nm.
While, on irradiation to higher doses, the imidazolium based ILs display absorption
mainly up to 480 nm. The similar features have been reported for irradiated imidazolium
based ILs by various researchers.76, 79, 80, 83 Therefore, the peak at around 580 nm has been
assigned to the formation of CdSe nanoparticles.
However, the excitonic peak corresponding to the CdSe nanoparticles is not well
resolved. One of the possible reasons for such features could be the polydispersity in the
size, shape or the mass distribution of the particles formed.327 As a matter of fact, the well
established characteristic of RTILs i.e. microheterogeneity can cause such non-uniformity
in any of the aforementioned structural features. The other probable reason could be the
formation of other species having absorption near to the excitonic peak position of the
CdSe nanoparticles. In this perspective, Se nanoparticles does exhibit similar absorption
features as that of CdSe nanoparticles.328 To assess such possibility, Na2SeO3 was solely
irradiated in the IL maintaining all other parameters exactly similar as in the case of the
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synthesis of CdSe nanoparticles. The color of the solution turned to brick red (indication
of the formation of Se). Subsequently, the absorption spectrum of this sol was measured
and two peaks at 435 and 625 nm were observed, as shown in Fig.6.3. To eliminate the
possible absorption effects of the radiolytic products of the ILs, the precipitates were
extracted from the sol and washed thoroughly using ethanol. The as obtained precipitates
of Se exhibited similar absorption features, when re-dispersed in ethanol. The results
suggest the possible formation of Se nanostructures along with the CdSe nanoparticles.

Fig.6.3.

UV-Vis

absorption

spectra

of

Se

nanoparticles

synthesized

in

IL

([EMIM][EtSO4]) via electron beam irradiation, Dose = 10 kGy.
In order to probe the morphology of as grown nanoparticles, the precipitates obtained
from the irradiated solution (containing Cd and Se precursors in IL) were extracted and
washed 5 to 6 times with ethanol to remove any impurities. These precipitates were used
for further characterization studies. The TEM image of as grown nanoparticles showed an
interesting leaf-like morphology (Fig.6.4a).
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Fig.6.4. TEM image of the nanostructure synthesized in IL via electron beam irradiation,
Dose = 10 kGy. Inset: SAED pattern of the fibrous and the thick black chunks.
The image gives an impression of a leaf, where large number of small veins creep out
from the main vein. However, some fiber like morphology (Fig.6.4b) surrounding the
thick black chunks partially segregated from each other appeared on going for the deeper
insight of the encircled portion of the earlier image. The inset of Fig.6.4b shows the
SAED pattern of the fibrous and the thick black chunk regions, which clearly indicates
the semicrystalline and the predominantly amorphous (diffused rings) nature of these
respective areas. From the TEM images, it appeared that the nanofiber like structure has
been probably formed, but the nature of the thick black chunks could not be known. To
further probe the as obtained morphology, SEM analysis of the precipitates were carried
out on a silicon wafer. A unique highly porous appearing structure of entangled
nanofibers surrounding the chunks (similar to those as observed in TEM image) within its
network was obtained. The compositional analyses of the fiber region as well as of the
chunks were carried out with EDS. The probed regions have been marked in the SEM
image and the corresponding EDS spectra are shown in the right panel of Fig.6.5.
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Fig.6.5. SEM images (a, c, e) of the nanostructures synthesized in IL ([EMIM][EtSO4])
via electron beam irradiation at various regions. Adjacent images (b), (d), (f)
corresponds to the EDS of the marked locations in the SEM images (a), (c) and (e)
respectively.
The images showing the EDS (Fig.6.5 b, d and f) of the respected marked areas on the
SEM images revealed some interesting compositional features. The EDS analysis of the
chunk region marked as ‘spectrum 1’ and ‘spectrum 2’ (Fig.6.5 b and d) clearly showed
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the presence of Cd and Se. But, the presence of S (sulphur) along with Cd and Se
signifies two possibilities. Presence of Sulphur could lead to the formation of ternary
nanoparticles with composition as CdSSe or it could be present in the form of an impurity.
There have been reports of the formation of such alloyed type nanocrystalline
materials.329 While, the EDD of the fibrous region marked as ‘spectrum 3’ showed the
presence of only Se (no Cd) along with S. The origin of Sulphur could be from the Cd
precursor (CdSO4) or from the IL itself as its anionic moiety i.e. ethyl sulphate contains S.
However, the presence of S in the chunk areas as well as in the fibrous region raised a
question of its being present in the alloyed form (as CdSSe).
To resolve this issue, Raman spectroscopy of the chunks and the fibrous region was
carried out. In fact, Raman spectroscopy is a very powerful tool for characterization and
conformational analysis of II-VI nanoparticles.330 Essentially, CdSSe is a ternary
compound and is placed among the well-known ‘‘two-mode behaviour alloys,’’ which
displays simultaneous presence of optical phonon modes corresponding to CdS and
CdSe.331 Consequently, the formation of CdSSe would be associated with CdSe like LO1
(longitudinal optical phonon) peak at around 200 cm-1 (198.5329a, 205332a, 199331a, 210332b)
and CdS like LO2 peak at around 300 cm-1 (298329a, 290332a, 292331a, 302332b) in its Raman
spectra. Simultaneous appearance of TO1 (Transverse optical) modes of CdSe at around
175 cm-1

330a, 333

and TO2 modes of CdS at around 228 cm-1 334 can also be used as the

indicators for the formation of CdSSe compound. However, Raman spectra of as obtained
nanostructure measured at various regions (Fig.6.6) did not show any of these
characteristic peaks of CdS. Thus, we can rule out the possibility of the formation of
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CdSSe compound. In fact, along with S, the peaks corresponding to the elements such as
C, N, and O may be noticed, which signifies not only the efficient coating by the IL on
the surface of as obtained nanostructure, but also excludes the possibility of the formation
of any binary or ternary compound containing S.
Further, Raman spectra revealed the formation of a mixture of both amorphous
selenium (a-Se) and trigonal crystalline selenium (t-Se), which substantiates the
semicrystalline nature of the fibrous nanostructure, as earlier indicated by the SAED
pattern. The peak observed at ~256 cm-1 is quite broad and comprises of shoulders, which
indicates the formation of a-Se, while the peak at 235 cm-1 has been assigned to t-Se.335 In
fact, another crystalline form of Se, which is monoclinic in nature (m-Se) and exist as Se8
ring structures also exhibit Raman peak at around 254 cm-1,336 similar to a-Se. This
pattern signifies the co-existence of chains (in the form of t-Se) and rings (in the form of
m-Se) along with a-Se in the final product. The Raman spectra (Fig.6.6 a & c) with peak
at 204 cm-1 is the typical signature of the presence of CdSe nanoparticles and has been
attributed to the LO1 mode, as mentioned earlier. The high frequency component at
around 456 cm-1 (Fig.6.6 a & b) has been assigned to the second order spectra of t-Se336,
337

and the low frequency component in the form of a shoulder at ~ 175 cm-1 (Fig.6.6 b &

d) appeared to be originated from the TO1 mode of the CdSe nanoparticles. However,
most of the Se containing compounds does exhibit a significant intensity band at ~ 173
cm-1, which has been attributed to the vibrating modes of Se.338
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Fig.6.6. Raman spectra of the nanostructures synthesized in IL ([EMIM][EtSO4]) via
electron beam irradiation at various regions: (a) & (c) depicts the formation of CdSe
nanoparticles, while (b) & (d) represents the fibrous regions (comprises of mainly Se)
present in the sample.
Of late, a broad and low intensity band in the range of 50-175 cm-1 has been reported
by Edwards et al.339 for Germanium selenide glasses (similar to our case) and the same
was assigned to the bending and rocking modes of Se atoms. Furthermore, Hartree–Fock
ab initio Raman spectra calculations were performed by Lukács et al.340 on a-Se and a
small shoulder peak at 179.4 cm-1 has been assigned to the vibrating modes of interchain
Se-Se atoms. Therefore, to resolve the issue about the origin of band near 175 cm-1,
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Raman spectra of the precipitates of Se nanoparticles was recorded. Interestingly,
analogous pattern of Raman bands were observed from the as obtained precipitates of Se
nanoparticles (Fig.6.7).

Fig.6.7. Raman spectrum of the Se nanoparticles synthesized in IL ([EMIM][EtSO4]) via
electron beam irradiation, Dose = 10 kGy.
The peak at ~ 256 cm-1 is broad and comprises of shoulders, which is a clear
indication of the formation of chains and ring structures of Se. The peak at 520 cm-1
belongs to the Si wafer acting as a substrate for the sample. The broad and low intensity
band at ~ 175 cm-1 was also observed here. These results signify that the similar band
observed in earlier case (Fig.6.6) is plausibly not due to the TO1 mode of CdSe
nanoparticles, but most likely originated from the vibrating modes of Se atoms present in
the networking structure. Moreover, Fig.6.8 a and b shows the XRD spectrum of the as
grown nanostructure before and after heating the sample at 230°C for 1 hour, respectively.
In corroboration with the SEM and the Raman spectral studies, the signatures of CdSe
formation along with the Se diffraction peaks could be observed in the XRD pattern,
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which became prominent after heating the sample. The peaks at 2 values: 24.61o, 41.11o
and 49.37o belong to the cubic phase (JCPDS Card No. 19-0191) of CdSe and have been
marked along with their respective lattice planes.

Fig.6.8. XRD spectrum of as grown nanostructure synthesized in IL ([EMIM][EtSO4]) via
electron beam irradiation before (a) and after heating the sample at 230°C for 1 hour (b).
Dose = 10 kGy.
In fact, the direct synthesis of Se@CdSe nanocables has been reported by Jiang et
al.341, wherein the XRD pattern of unheated sample showed the similar signatory
appearance of CdSe along with that of t-Se. Besides, analogous spectral features of
amorphous CdSe nanoparticles (in case of unheated sample) have been observed
earlier.342 The SAED measurements (discussed earlier) also indicated the amorphous
nature of the CdSe nanoparticles grown within the fibrous network of Se. The crystalline
phase comprising the mixture of both the m-Se (JCPDS no. 24-1202) and the t-Se
(JCPDS no. 06-362), could be realised from the appearance of the diffraction peaks
characteristic of these mentioned phases of Se. Nonetheless, the aforementioned
morphology i.e. islands of CdSe nanoparticles within the Se fibrous network gets further
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endorsement from these observations. Essentially, the IL (host matrix) and the electron
beam are playing a major role in directing the as obtained unique nanomorphology.
The probable mechanism and the contribution of IL along with the peculiarities of the
electron beam in guiding the as obtained morphology has been discussed further. For
better explanation and to determine the individual roles of IL and the electron beam, SEM
images of only the fibrous region were recorded and the same has been shown in Fig.6.9.
It could be clearly noticed that predominantly the chains are having the diameter between
100-500 nm, but in some junctions, these chains appear to be stacked to form thicker
structures of diameter up to 1m. Due to their higher diameters, we can call them as
nanofibers instead of nanowires, because later ones usually have a lateral size of tens of
nanometres or less.

Fig.6.9. SEM image of the Se nanofibers synthesized in IL ([EMIM][EtSO4]) via electron
beam irradiation, Dose = 10 kGy.
Further, the chains can be seen interwoven into each other along with some welded
joints at various junctions resulting into a 3-D network of nanofibers. The morphology
appeared to be quite porous, thereby seems to possess high surface area as apparent from
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its highly entangled networking structure. This fibrous region is made of Se chains, as has
been evident by EDS and Raman spectroscopy. Basically, Se being one of the major
chalcogens possesses the inherent tendency to undergo catenation/polymerization.
However, such tendency of Se to form chains by undergoing catenation persists only in
its crystalline form. There are numerous reports337,

343

in which 1-D structures of

crystalline Se nanomaterials have been synthesized by making use of its inherent
anisotropic crystal property. On the other hand, the formation of spherical nanoparticles
of Se is generally only possible/ favored, if it retains its amorphous form, which is
thermodynamically unstable344 and some meticulous synthetic methods are required to
obtain a-Se spheres. However, formations of spherical selenium nanoparticles by 345 and
electron beam346 irradiations have been reported. One of the prominent features of as
obtained morphology is the presence of beads, which can be noticed on a careful viewing
of the SEM images (Fig.6.9). These beads appeared to be like the spherical globules and
can be seen mostly at the ends of the fibers. The beaded joints are also clearly visible
among the entangled chains. This signifies that the chains are formed as a result of beaded
growth mechanism and most probably, the beads are acting as the seeds for the 3-D
networking structure. Similar beaded growth mechanism of a-Se to t-Se nanowires has
been reported earlier by Gates et al.347 Nonetheless, these spherical beads are the clear
evidence of the formation of a-Se in the initial stage for the formation of the final
nanostructure. As mentioned earlier that the a-Se is unstable in nature due to its higher
free energy relative to t-Se and thus, spontaneously dissolve into the solution to recrystallize with t-Se nuclei, which further grow into various 1-D nanostructures.
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Raman spectral data in the present study have clearly evidenced the formation of
crystalline Se, mostly t-Se (Fig.6.6 b & d). Therefore, networking structure obtained here
comprises of both amorphous and crystalline forms of Se. This co-existence of both the
forms raises a question on the well established and the highly feasible process involving
the phase transformation of a-Se into t-Se.343 This transformation requires ~ 5 hrs of
ageing period347 in alcohol. The answer to this mystery lies probably within the
physicochemical properties of the host matrix, IL. Since, the viscosity of the IL
([EMIM][EtSO4]) is ~100 cP at 298 K,348 which is almost 100 times greater than ethanol
(~ 1.26 cP at 298 K). Furthermore, only 40-80% conversion of a-Se to t-Se over the
course of 1 week has been reported by Mayers et al.343 for solvents such as diethylene and
triethylene glycol, generally regarded as the oligomers of ethylene glycol. Interestingly,
this observation is in analogy with the case of ILs, where in situ oligomeric formation has
been well reported on irradiation.76, 79, 80, 83 Thus, our experimental observations are in
well agreement with the reported facts in the literature. In addition to this, the IL also
seems to play a shape directing template. This can be envisaged from the fact that
imidazolium based ILs comprises of non-covalent bonding interactions such as -
stacked aromatic geometry among the cationic moieties.86, 89 Consequently, this feature
along with the extended hydrogen bonding network (hydrogen bond-co-- stacking
mechanism) has been regarded as the most probable shape directing mechanism for
obtaining various anisotropic structures (tubes, wires, rods, sheets) of nanomaterials
synthesized in imidazolium based ILs, by different techniques.90, 92-95, 349 The aforesaid
argument is further substantiated from the similar type of experiments conducted earlier
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by our group, wherein the CdSe nanoparticles were synthesized in aqueous solutions
(homogeneous in nature contrary to the ILs) via irradiation techniques (both electron
beam and  induced).165,

167

The CdSe nanoparticles did not exhibit any specific

morphology, rather they were found to aggregate randomly (TEM images shown in
Fig.6.10) and further had the tendency to decompose within 24 hours in ambient
conditions.

Fig.6.10. TEM images of bare CdSe nanoparticles synthesized in aqueous medium via
electron beam irradiation.
In this perspective, we can say that IL is playing three roles simultaneously; as
solvent, as a shape guiding template and as a stabilizer. However, we were not able to
observe any 1-D anisotropic nanostructure as was expected; rather a 3-D randomly
oriented fibrous structure containing islands of CdSe was obtained. The most probable
reason for this could be the high dose rate involved in the electron beam irradiation
technique.
To verify our hypothesis, another experiment was conducted (keeping all the
parameters exactly similar as in case of electron beam irradiation technique), in which the
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sample solution was irradiated by -rays to an equivalent dose of 10 kGy. On irradiation,
the sample colour turned to reddish orange, similar to that observed in the case of electron
beam method. The precipitates were extracted and washed by following the similar
method, as earlier mentioned. The SEM images of as obtained precipitates have been
shown in Fig.6.11. As expected, 1-D anisotropic structures i.e. nanosheets (mainly) and
some needle shaped features were observed in case of -irradiation method, which can be
ascribed to the inherent - stacked geometry of imidazolium rings of the IL as well as
the self-catenating property of Se (in crystalline form).

Fig.6.11. SEM images of as obtained nanostructures synthesized in IL ([EMIM][EtSO4])
via -irradiation, Absorbed Dose = 10 kGy. Scale bar dimensions;10 m (a) and 3m (b).
The Raman spectra of the corresponding nanostructure (obtained by -irradiation
method) have been shown in Fig.6.12. The peaks at 204 cm-1 and 410 cm-1 corresponds to
the LO1 and 2LO1 (second order) phonon modes of CdSe nanoparticles. While, the
Raman peaks at 256 cm-1 and 456 cm-1 has been attributed to the formation of Se based
nanostructures, as previously discussed. The peak at 256 cm-1 is accompanied by the
broadness and the presence of shoulders, which clearly indicates the presence of
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amorphicity in the structure. The broad peak at ~ 377 cm-1 is probably due to the TO +
LO phonon mode of CdSe nanobelts and nanosheets as reported by Venugopal et al.333b

Fig.6.12. Raman spectrum of the nanostructure synthesized in IL ([EMIM][EtSO4]) via

-beam irradiation, Dose = 10 kGy.
More importantly, we could observe such a remarkable difference in the
morphologies of as obtained nanostructures, even though all the experimental parameters
were kept similar in both the methods (electron beam and -irradiation). Furthermore, it
was noticed that the CdSe nanoparticles formed in the later method are distributed much
more homogeneously along the entire sample. This observation is contrary to the case of
electron beam irradiation technique, where the distribution of CdSe nanoparticles is
significantly heterogeneous; thereby, such places were named as ‘islands’. Apparently,
such morphological variations have been attributed due to the differences in the dose rate
and the direction of energy deposition in the two techniques. In contrast to the directional
nature of the electron beam method, the irradiation takes place uniformly with respect to
the sample volume in the -ray method. However, initial dose rate dependent processes
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are most likely to play a dominant role (compared from directionality differences) in
leading to the diverse final structures as obtained in the respective methods. It is pertinent
to emphasize here that the dose rate involved in electron beam irradiation technique was
estimated to be ~ 1.6 kGy/s, while that in case of -irradiation was ~ 0.4 Gy/s.
Consequently, the high dose rate in case of electron beam method leads to the
instantaneous dumping of large amount of energy in a very short time. This aspect of the
electron beam most probably rendered the growth of the nanostructure in a highly random
fashion, resulting into a highly porous 3-D fibrous like network.
On the basis of the microheterogeneous structural features of the IL and the
peculiarities of the electron beam, a mechanism has been proposed for the formation of
islands of CdSe nanoparticles (called nanoislands) within the Se nanofibers and has been
illustrated schematically in Scheme 6.1. In general, most of the radiation assisted
synthetic techniques of nanomaterials involve the formation of solvated (or aquated)
electron, e-sol (Eo = -2.9 V Vs NHE) as the primary reducing species of the precursor
compounds.91, 165, 167, 311, 312, 314 However, in imidazolium based ILs, the electron reacts
very efficiently with the imidazolium cation before being solvated. The efficiency of the
reaction can be envisaged from the fact that the bimolecular rate constant (k) for the
reaction between the electron and the imidazolium cation is greater than that of diffusionlimited reactions (k = 107-1012 M-1 s-1).86, 87, 89
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Scheme 6.1: Scheme showing the proposed mechanism for the nanomorphology i.e.
Islands of CdSe nanoparticles within Se nanofibers obtained on electron beam irradiation
of the IL ([EMIM][EtSO4]) containing Cd and Se precursors. Dose = 10 kGy.
Nevertheless, the radiation chemical studies of the imidazolium based ILs have
reported the formation of imidazolium related radicals.76,

79, 83, 271, 295

In fact, the

imidazolium radicals are reducing in nature (Eo = -2.0 V Vs NHE). Therefore, the
imidazolium radicals are probably carrying out the reduction of the precursor ions. Now,
the feasibility of the reaction of imidazolium radicals with the selenite ions (SeO32-)
appears to be comparatively more than the cadmium ions (Cd2+) due to two factors as
follows. The presence of Cd2+ ions are expected to be near the anion part (EtSO4) of the
IL, whereas the SeO32- might find its proximity near the EMIM cation (due to the
electrostatic forces). Thus, the imidazolium radicals produced by the irradiation would
possibly interact more with SeO32- than with Cd2+. Secondly, the reduction potential of
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SeO32- / Se (E° = -0.37 V Vs SHE) is lower than that of Cd2+ / Cd (E° = -0.40 V Vs SHE).
Hence, the imidazolium radicals are expected to preferably react with the selenite ions.
As discussed earlier, formation of spherical globules of a-Se are the preliminary steps
for the networking structure in case of electron beam method. Similar spherical beads can
also be seen in the SEM images of the nanostructures obtained by -radiation method.
The as formed Se nanospheres possess high chemical reactivity (high free energy344)
which further react with Cd ions to form islands of CdSe nanoparticles. However, the
main driving force behind the formation of islands of CdSe nanoparticles within the Se
nanofibers is probably the lower reactivity of Cd ions, the microheterogeneous structure
of the IL, and also due to the formation of instantaneously large concentration of initial
species in the electron beam irradiation method. It is important to emphasize here that the
self-catenating property of Se enables it to form polymeric chains leading to the
formation of a variety of 1-D structures, such as nanoribbons, nanowires and nanorods. In
such a situation, presence of a shape directing template guides these polymeric chains into
various morphologies. In the present case, the - stacked structure of the IL is acting as
a shape directing template, as discussed earlier. However, a 3-D fibrous networking
structure was obtained in case of electron beam irradiation method, while 1-D anisotropic
structure comprising of nanosheets and needles were obtained in case of -irradiation
method. This signifies that the low dose rate in -irradiation method leads to a much
orderly and directional oriented beaded growth of a-Se globules along with the assistance
of - stacked geometry of as employed imidazolium based IL. On the basis of the
evidences and results of the -irradiation experiment, the proposed mechanism
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appropriately explains the various structural and dynamical aspects of the fibrous
structure obtained in case of electron beam irradiation method.

6.3. Normal chemical route
6.3.1. Materials and Methods
The precursors of Cd & Se and the IL employed in this study were same as mentioned in
section 6.2.1. Other chemicals used for cleaning and washing off the organic impurities
from the precipitates were also same as in the preceding work.
The procedure for the synthesis of CdSe nanoparticles in this part of the work has
been mentioned as follows. CdSO4, 0.0156 gm and Na2SeO3, 0.0129 gm were dissolved
in 2.0 ml of IL, [EMIM][EtSO4] by sonication for 30-45 minutes followed by magnetic
stirring for nearly 30 minutes. Consecutively, 0.0076 gm of sodium borohydride (NaBH4,
SBH) was added to the above solution as a reducing agent, while stirring the same at
1500 rpm (rotations per minute). On mixing, the color of the IL turned to reddish orange
within the first 2 minutes of the reaction, and then subsequently changed to yellowish
green after 5 minutes, which remained stable for prolonged period of time. The
precipitates of the nanoparticles were obtained by centrifugation of the sample at 9000
rpm followed by washing the same with ethanol and nanopure water for 3-4 times. The
precipitates were utilized for carrying out compositional and morphological
characterization studies.

6.3.2. Results and Discussion
The UV-Vis absorption spectrum of the yellowish green solution obtained upon mixing of
the precursors and NaBH4, has been provided in Fig.6.13, which clearly shows a shoulder
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like excitonic peak at ~ 400 nm, while no such spectral feature was observed in case of
neat IL.

Fig.6.13. UV-Vis absorption spectra of neat IL (a) and CdSe nanoparticles synthesized in
IL ([EMIM][EtSO4]) (b). Inset: Tauc plot of ('h)2 vs. h for the determination of band
gap values (Eg).
However, the excitonic peak is quite broad and not very well resolved. The large
difference between the onset and the shoulder indicates polydispersity in the size or in the
shape distribution of the nanoparticles. Nonetheless, an estimation of the average
nanoparticle size of CdSe was calculated using the simplified Brus equation (6.1):
Eg = Eg (0) + /d2

[6.1]

where,  = 3.7 eV nm2, bulk band gap of CdSe i.e. Eg (0) = 1.75 eV, d = nanoparticle size
(nm) and Eg is the band gap value of nanoparticles in eV. The band gap (Eg) value was
determined from the Tauc’s plot (inset of Fig.6.13). The estimated average values of the
bang gap and the particle size were found to be 2.81 eV and 1.85 nm, respectively, which
indicate strong quantum confinement effect exhibited by the CdSe nanoparticles. The
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probable reaction of Cd and the Se precursors with the reducing agent (NaBH4) leading to
the formation of CdSe nanoparticles can be formulated as follows:
4SeO
Se

+ 3BH

→ 4Se

+ 3BO + 6H O

+ CdSO → CdSe ↓ +SO

[6.2]
[6.3]

The presence of Cd2+ ions are expected to be near the anion part (EtSO4) of the IL
whereas, SeO32- ions might find its proximity near the EMIM cation (due to the
electrostatic forces). Further, the reducing species (BH ) is also expected to be in the
close immediacy of the imidazolium cation. Apart from that, the reduction potential of
SeO32- / Se (E° = -0.37 V Vs SHE) is lower than that of Cd2+ / Cd (E° = -0.40 V Vs SHE).
These facts signify the feasibility and the high reactivity of the selenite ions (SeO32-) as
compare to the cadmium ions (Cd2+), thereby supporting the proposed reactions for the
formation of CdSe nanoparticles.
A typical XRD pattern obtained from the as prepared nanoparticles, before and after
heating (at 230°C for 1 hour) has been shown in Fig.6.14. The unheated one shows a
broad and noisy spectrum, which makes it difficult to identify the phase of the
nanoparticles. However, the heat treatment would have led to the annihilation of various
anticipated organic and inorganic impurities along with the fusion of plausible surface
defects present in the form of grain boundaries. This is quite evident from the wellrefined diffraction peaks consistent with the wurtzite structure of CdSe (Fig.6.14b). The
lattice constants as determined are: a = 4.284 Å and c = 6.986 Å, which are little lower
than the standard value of wurtzite phase of CdSe (a = 4.299 Å and c = 7.010 Å, JCPDS
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file No. 08-0459). This signifies tensile stress leading to lattice contraction. The peaks
marked by the star sign ( ) could probably be originated from presence of residual Se.

Fig.6.14. XRD spectrum of as grown nanoparticles synthesized in IL ([EMIM][EtSO4])
before (a) and after heating the sample at 230°C for 1 hour (b). The peaks marked by the
star sign ( ) has been identified as originated due to the presence of residual Se.
The TEM images of the as grown nanoparticles have been shown in Fig.6.15. The
polydispersity in the particle size (2 to 5 nm) could be observed from the HRTEM image
shown in Fig. 6.15b. However, average nanoparticle size was found to be ~ 2 nm, which
matches well with that estimated from the absorption spectral studies. More interesting
aspect revealed from the TEM studies is the self-assembling of the primary nanoparticles
into some sort of superstructures (Fig.6.15a). Indeed, the formation of sheet like
superstructures as a result of self-assembling can be realized from the images shown in
Fig.6.16. However, the SAED pattern (inset of Fig.6.16d) rules out the formation of a
single cystalline structures. The self-assembling behavior of the primary nanoparticles in
RTILs has been demonstrated earlier by Zhou et al.350
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Fig.6.15. TEM (a) (Scale bar dimensions = 50 nm) and the HRTEM (b) image (Scale bar
dimensions = 2 nm) of the CdSe nanoparticles synthesized in neat IL ([EMIM][EtSO4]).
Inset in the image (b) shows the lattice fringe pattern with the interplanar distance of 0.18
nm, which correspond to the (201) plane (standard value of the interplanar distance =
0.179 nm) of the hexagonal phase of CdSe.

Fig.6.16. TEM images (a & b) showing the self-assembling of primary nanoparticles.
Images (c) & (d) clearly illustrates the formation of sheet like superstructures as a result
of self-assembling. Inset of image (d) shows the SAED pattern of the corresponding
structrure. The images were taken after 5 hours of the reaction.
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To further probe into the self-assembling of the primary nanoparticles, SEM images
were recorded at different regions, shown in Fig.6.17. The composition was analysed by
recording the EDS spectrum (inset of Fig.6.17a), which confirmed the formation of CdSe
nanoparticles. The peak showing the presence of Si is originated from Silicon wafer used
as a substrate for the sample analysis.

Fig.6.17. SEM images of as grown CdSe nanostructures after 5 hours of the reaction at
different regions of the sample depicting the various transient stages as: globular like
shape (a), nanoflake (NF) like structure (b), flower-like 3D pattern (c) and nanosheet like
2D structures (d). (Scale bar dimensions in all the images is 3m). Inset of image (a)
shows the EDS spectrum confirming the formation of CdSe nanoparticles.
As indicated in Fig.6.17a, the primary nanoparticles were having nearly globular
shape, which grow into nanoflake (NF) like structures and the formation of such features
could be clearly seen (depicted by an arrow) in Fig.6.17b. Subsequently, the NFs selfassemble to form a mixture of nanosheets (2D) and nanoflower (3D) like structures. The
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formation of both of these anisotropic nanostructures could be clearly noticed in Fig.
6.17c & d as well as after 24 hours of the reaction (Fig.6.18). It is to be noted that, even
after 24 hours of the reaction, the morphologies were stable as were found after 5 hours of
the reaction. This clearly indicates that IL itself is acting as a good stabilizing agent in
maintaining the nanomorphologies unperturbed even after 24 hours of the reaction.

Fig.6.18. SEM images of as grown CdSe nanostructures after 24 hours, showing the dual
co-existence of nanosheets and nanoflowers. Scale bar dimensions;10m(a) and 3m(b).
From the SEM images, it can be noticed that the NFs assemble non-homogeneously
due to their anticipated high surface area and eventually form the 2D (sheet like) and 3D
(flower like) nano/micro-architectures. The sheets are formed due to the fusion of NFs at
the end, edge and the front facets, thereby resulting into multilayered 2D structures
(marked in Fig.6.17d) with length and width in the range of 10-15 m and 1-2 m,
respectively. To the best of our knowledge, there has not been any earlier report on the
formation and the co-existence of nano/micro-scaled sheets and flowers of CdSe in neat
ILs. At this stage, it is imperative to recall some of the recent works regarding the
synthesis of metal chalcogenide nanoparticles assisted by ILs. For instance, the
preparation of ZnS nanoparticles,351a flower like MoS2,351b PbS nanocubes,351c ZnSe
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hollow microspheres351d and CdSe hierarchical dendrites 351e have been reported with the
aid of ILs. As could be noticed that predominantly single morphologies have been
mentioned in these reports and none of these accounts for the simultaneous co-existence
of different nanomorphologies as observed in the present case. Moreover, the synthetic
protocols of these nano/microstructures involved conventional solvents for dilution
purpose in addition to the employment of high temperature/pressure techniques (i.e.
autoclaving). Presumably, the intrinsic networking structure of the IL would have
perturbed in such conditions. Still, some of the nanostructures were found to be
hierarchical (self-assembly of primary units) in nature, which have been explained
rendering the influence/presence of the ILs employed therein. To provide a precise
mechanism for the formation of anisotropic nanostructures as obtained in the present case
may not be easy. However, a possible explanation might be given on the basis of the
inherent structural and fluidic aspects of the IL (compared to the conventional solvents) in
the initial phase of the reaction, i.e. up to the formation of nanoflakes. These nanoflakes
with high energy surfaces are combined together to form nano/micro sheets and flower
like structures, which are found to co-exist and stabilized by the rigid structure of IL. The
viscosity of the IL, [EMIM][EtSO4] is ~ 100.4 cP at 298.15 K,352 which is at least 10
times higher as compared to usually employed conventional solvents (aqueous and
organic) for the synthesis of nanoparticles. Such high viscosity would significantly slow
down the diffusion of the reactant ions as well as the primary nanospecies. In other
words, compared to the fast nucleation and aggregation in the conventional solvents, the
primary CdSe nanospecies would be kinetically slower, thereby allowing them to have
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enough time to grow into hierarchical morphologies directed by the networking structure
of the IL. Moreover, it has been mentioned earlier that RTILs display a high degree of
self-organization and microheterogeneity in the liquid state,

65, 66, 69, 353

and this feature

along with the extended hydrogen bonding network (hydrogen bond-co-- stacking
mechanism) has been regarded as the shape directing mechanism for obtaining various
anisotropic structures (tubes, wires, rods, sheets) of nanomaterials synthesized in
imidazolium based ILs.89,

90, 92, 94, 95

Apparently, the relative diffusion flux (in various

domains of ILs; structural heterogeneity) complemented by the diffusion limited
aggregation (fluidic aspect of the ILs) of the nanospecies formed at the initial stages could
be regarded as the possible factors for their self-organization process. However, as the
inherent heterogeneity of the IL is in nanoscale, it cannot be responsible for
microstructures as obtained in the present case. It is a well-known fact that the
thermodynamic processes often result in uniform growth of all crystal facets and
subsequent formation of spherical or near spherical structures.354 Whereas, preferential
and directional growth occurs in case of kinetically controlled process resulting into the
formation of various anisotropic nanostructures. In other words, if the enthalpy gain from
such oriented attachment dominates the entropy loss, the self-assembled 2D or the 3D
nanostructures could become thermodynamically favorable.355 The driving force for such
process is the elimination of the high energy surfaces, ultimately leading to a substantial
reduction in the surface free energy. Thus, in the present case, the NFs self-assemble in
different ways to generate the anisotropic structures.
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To supplement the proposed mechanism, some control experiments were carried out
by diluting the IL with water, keeping other experimental parameters unchanged. In such
two cases, mole fraction of water in the reaction mixtures were 0.35 and 0.91, and the
respective morphologies of the CdSe nanoparticles were examined. At a mole fraction of
(water) 0.35, the nanostructure as well as their distribution (Fig.6.19) is significantly
different from the former case (neat IL). Interestingly, the 3D flower like morphology
was formed predominantly due to the self-assembly of NFs (Fig.6.19c & d).

Fig.6.19. SEM images (at different regions with various nanoscale dimensions) of as
grown CdSe nanostructures synthesized in IL ([EMIM][EtSO4]) having 0.35 mole
fraction of water. The images were taken after 5 hours of the reaction. Scale bar
dimensions = 100 m (a), 50 m (b), 10 m (c) and 10 m (d).
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Furthermore, the large sheet like morphologies formed through the fusion of NFs (as
in case of neat ILs) were not observed in this case. Instead, the small sheet-like units
(NFs) having the length primarily in the range of 2-5 m were found to fuse by their tails,
while the other side remained free. This orientation gives the impression of the flower
like morphology with petals comprising a bunch of well aligned NFs. On the contrary, the
NFs (primary units) forming the flower like nano/microstructures in case of neat IL were
found to orient randomly. After 24 hours of the reaction, the morphology of the CdSe
nanostructures was re-examined and the SEM images are shown in Fig.6.20.

Fig.6.20. SEM images (at different regions with various nanoscale dimensions) of as
grown CdSe nanostructures synthesized in IL ([EMIM][EtSO4]) having 0.35 mole
fraction of water. The images were taken after 24 hours of the reaction. Scale bar
dimensions = 10 m (a) and 10 m (b).
Mainly nanoneedles accompanied by nanorods and nanosheets are visible, while no
flower like architectures were noticed in this case. Indeed, this transformation of 3D
nanomorphology into a mixture of 1D and 2D nanostructures was surprising. However,
the plausible reason behind this transition could be the combined effect of structural
defects present in the initial morphology as well as the decline in the stabilizing tendency
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of the host matrix i.e. IL with the presence of water. Images shown in Fig.6.19 indicate
that the petals (NFs) are well aligned leading to the formation of a flower like geometry
but some defects due to the minor distortion in their arrangements at some places could
be noticed very clearly. Such defects may induce the instability in the structure and thus
encourage its transformation to other morphologies.356 It is to be mentioned here that the
presence of such structural defects cannot be denied in case of nanoflowers formed in
neat IL. But, no such structural transition was observed in that case which could be due to
the inherent rigidity present in the host matrix of IL.
Similar structural transformation with different nanomorphologies was observed on
further dilution of the IL (mole fraction of water = 0.91). The nanoparticles formed in this
case underwent coagulation followed by precipitation within few minutes of the reaction.
Nonetheless, flower like morphologies were observed in various regions of the sample, as
could be seen from the SEM images recorded after 5 hours of the reaction (Fig.6.21).

Fig.6.21. SEM image of as grown CdSe nanostructures synthesized in IL
([EMIM][EtSO4]) having 0.91 mole fraction of water. The image were taken after 5
hours of the reaction. Scale bar dimensions = 5 m (a) and 20 m (b).
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It can be noticed that the irregular alignment and random fusion of NFs, needles and
some fiber like nanoscale units actually gave the distorted flower like structures. These
flower like morphologies were not predominant after 24 hours, rather the nanoscale units,
i.e. NFs, rods and needles were present in a non-uniform and random manner (Fig.6.22).
Furthermore, these anisotropic nanoscale units were not found to fuse into each other and
primarily joined at their heads and tails. But, in case of neat IL, the NFs were fused into
each other to form sheets of microscale dimensions, as already discussed.

Fig.6.22. SEM images at different nanoscale dimensions of as grown CdSe
nanostructures synthesized in IL ([EMIM][EtSO4]) having 0.91 mole fraction of water.
Scale bar dimensions = 10 m (a) and 5 m (b).
It is essential and worthwhile to mention here that the dimension of the anisotropic
(1D or 2D) nano/micro-architectures decreases with the increase in the volume fraction of
water. Unambiguously, the IL still influences the morphology of the CdSe nanoparticles,
but its shape directing and stabilizing tendencies appeared to be considerably declined.
The plausible reason for this is the perturbation in the internal structural organization of
the IL, which leads to decrease in the extended ordering of nanoscale structures. In other
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words, the self-assembling tendency of the primary units is weakened with the dilution of
the IL.
The formation of anisotropic nanomorphologies of CdSe along with the different
intermediate stages in different set of experiments has been shown in scheme 6.2. The
proposed scheme, based on the results obtained and the available literature appears to be
reasonable at this point of time however, provides scope for refinement in future.

Scheme 6.2: Schematic representation showing the probable intermediate stages with
different nano/micro-morphologies of

CdSe synthesized in IL ([EMIM][EtSO4]), at

various time intervals and mole fractions of water.
Further characterization of the as grown CdSe nanoparticles was carried out by
recording the Raman spectrum of the precipitates. Fig.6.23 shows the Raman spectrum of
the precipitates with multi-Lorentzian fitting. As could be seen, the spectrum comprises
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of fundamental longitudinal optical (LO) phonon peak along with its overtone (2LO) peak
at ~ 205 cm-1 and ~ 408 cm−1, respectively. A shoulder near 170 cm-1 can be noticed,
which is attributed to the transverse optical (TO) phonon mode of CdSe nanoparticles. 357
A small and broad peak at about 264 cm-1 is also apparent in the spectrum.

Fig.6.23. Multi-Lorentzian fitting Raman spectrum of CdSe nanoparticles synthesized in
neat IL ([EMIM][EtSO4]).
The appearance of surface optic (SO) modes has been reported earlier

358

in case of

small sized QDs (CdSe) accompanied by a peak near 250 cm-1. And these SO modes
originate due to the presence of more number of atoms on the surface as compared to the
bulk in very small sized nanoclusters, behaving like molecules.358 Similar band was
observed by Epifani et al.357 in case of CdSe nanoparticles at around 270 cm-1 and was
assigned to the SO modes. Furthermore, the presence of amorphous-Se has also been
reported to exhibit a Raman peak at around 264 cm-1.344b, 359 The data obtained from the
EDS analysis seems to corroborate well with the possibility of the existence of more
number of Se atoms on the surface of the nanoparticles. Thus, the peak obtained at about
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264 cm-1 in the Raman spectrum of as grown CdSe nanoparticles has been attributed to
the SO modes. This is further substantiated by the signatures of the Se-O bond formation
(discussed later) in the Raman spectral analysis of IL containing CdSe. The peak at
around 346 cm-1 could be ascribed to the 2TO phonon mode of the CdSe similar to that
assigned by Venugopal et al.333b for the 2TO phonon modes (at ~ 356.8 cm-1) of CdSe
nanobelts. Besides, a red shift (down shift) of LO peak from its position for bulk CdSe (of
210 - 213 cm-1) 330b, 360 was also observed. The reduction in size of various materials is
mainly dominated by quantum confinement effects, but it is often accompanied by the
dimensional effects, such as surface reconstruction and lattice contraction. These
dimensional effects arise due to the variation in surface energy, which is a function of
particle size. As a result of reduced dimensions, a competition between strain and
confinement effects exists. Therefore, when a crystal with reduced dimensions
experiences phonon confinement or tensile stress (strain effect), optical phonon modes
undergo red shift with respect to their bulk values. 330b Considering this, the red shift
observed in our case has been attributed due to the phonon confinement effect as the size
of the primary nanoparticles were between 2 to 5 nm (from HRTEM), which is less than
the bulk Bohr exciton radius of CdSe (5.6 nm).129 Therefore, the down shift in the LO
peak relative to the bulk value appears to be the combined effect of the phonon
confinement and the strain leading to the tensile stress, as observed in XRD also.
FTIR spectral studies were carried out to probe the perturbations in the bonding
interactions of the cationic and the anionic moieties of the IL pertaining to the formation
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of CdSe nanoparticles. The IR spectra of the neat as well as the IL containing CdSe have
been shown in Fig.6.24.

Fig.6.24. FT-IR spectra of neat IL (a) and IL + CdSe (b). Inset shows the IR spectra of
the same in the region of 700-500 cm-1.
It is to be mentioned here that the detailed vibrational studies (involving IR and
Raman) of [EMIM][EtSO4] have been reported earlier by Kiefer et al.303c and other
researchers.361 The theoretical as well as experimentally determined vibrational
frequencies of various bonds of the IL have been reported therein. In the present work,
the IR spectra of IL and IL + CdSe do not exhibit any significant difference, especially in
the region of 4000-700 cm-1. However, in the range of 700-500 cm-1 (inset of Fig.6.24),
considerable changes in the vibrational frequencies of the IL containing CdSe with
respect to the relative intensities as well as in the peak positions were observed. The
intensities of the peaks with wave numbers 648 cm-1 and 617 cm-1 representing the ring
out-of-plane asymmetric bending vibrations303c decrease in case of IL + CdSe as
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compared to the neat IL. Dhumal et al.361 have assigned the peak at 648 cm-1 to the CN
bond oscillation. Similar bending vibrations at ~ 600 cm-1 were found to diminish
considerably in case of IL + CdSe as compared to the neat one. Further, the peak position
of the vibrational frequency at ~ 565 cm-1 (due to the ring in-plane symmetric bending303c
for neat IL) was red shifted (change of ~ 2cm-1) in the presence of CdSe (i.e. IL + CdSe).
All these signify the interaction prevailing between the imidazolium cation and the CdSe
nanoparticles. In addition, the peak at ~ 517 cm-1 (for neat IL) representing the bending
vibrational mode of bond O[3]-S[1]-O[5] 361 decreases significantly in case of IL + CdSe.
These observations clearly indicate that both the imidazolium cation and the ethylsulfate
anion are involved in the interaction with the CdSe nanoparticles. Some of the earlier
studies related to the synthesis of various nanomaterials in ILs satisfactorily corroborate
with our findings. For instance, Fonseca et al.362 demonstrated that the interaction
between the metal surface and the IL is through oxygen in case of triflate, CF3SO3 or
through F (in case of anions i.e. BF4 / PF6) as anion. Zhou et al.89 reported the synthesis
of monolithic mesoporous silica with wormhole framework and attributed its formation
mechanism to both the hydrogen bonds formed between the anionic moiety of the IL and
the silano group of silica gel and the – stacking interactions between the neighboring
imidazolium rings. These interactions were confirmed by employing the FTIR
spectroscopy.
Raman spectroscopy being a complementary technique to the IR spectroscopy was
employed to examine the alterations in the vibrational frequencies of the IL in the
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presence of CdSe. Raman spectra of the neat IL and the IL + CdSe have been shown in
Fig.6.25.

Fig.6.25. Raman spectra of neat IL (a) and IL + CdSe (b). The peaks marked have been
described in the text.
The spectrum of the neat IL matches well with the earlier reports.303c, 361 The Raman
spectra of the neat IL resembles closely with that of IL + CdSe with the appearance of
some new peaks in the later case. No significant variation in the regions 1600-3200 cm-1
could be observed in the Raman spectra of IL in the presence of CdSe. Nonetheless, the
peak at ~ 205 cm-1 (peak [1], IL + CdSe) (Fig.6.25b) have been assigned to the
fundamental LO phonon mode of CdSe. Additional peak at 854 cm-1 (shown as peak [4])
could be observed only in case of IL + CdSe and has been ascribed to the formation of a
Se–O bond.363 The peaks present in the region 710-770 cm-1 represents the C-C stretching
and the ring HCCH symmetric bending modes of the neat IL,303c which are altered and
broadened in case of IL + CdSe (marked as [3]). Further, the peak appearing at ~ 250 cm-1
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in case of neat IL (ascribed to the out-of-plane bending mode of the CH3-(N) methyl
group in the imidazolium cation364) is perturbed in case of IL + CdSe and seems to be
embedded due to the appearance of a shoulder extending from 250-270 cm-1 (marked as
[2]). The presence of amorphous-Se might have contributed to the broadening in the said
region as has been observed (Fig.6.23) in case of CdSe nanoparticles extracted from the
IL. It is reasonable to confer that these variations in the intensities and the positions of the
vibrational peak frequencies clearly indicate the involvement of - stacked aromatic
geometry (among the cationic moieties) and the hydrogen bonding network (between the
cation and the anion) is responsible for the as obtained nanomorphologies.
A pictorial representation of the interactions among the cationic and the anionic
moieties of the IL with CdSe have been shown in scheme 6.3 on the basis of the
vibrational studies.

Scheme 6.3 Diagrammatic representation of the possible interactions of the cationic and
the anionic moieties of the IL with the as grown CdSe nanoparticles.

6.4. Conclusions
In the present work, we have demonstrated the influence of the inherent structure of the
RTIL on the morphology of CdSe nanoparticles. In either of the synthetic methodologies,
it was observed that IL played multiple roles, i.e. a solvent, stabilizing agent and a shape
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directing template. The fluidic aspects of the IL in conjunction with its hydrogen bondco-- stacking mechanism enabled it to perform a function of a diffusion controller and
an anisotropic growth director, respectively. The part of the work related to the normal
chemical synthetic route (for the synthesis of CdSe nanoparticles in the IL), on one hand
categorically demonstrates and emphasizes the fundamental role of water in creating the
perturbations/distortions in the networking structure of the IL, but also reflect the
potential to manipulate the morphologies (vis-à-vis their properties and applications) of
the nanomaterials by precisely controlling the presence of water in the host matrix of the
IL.
While, in case of radiation chemical synthesis, the peculiar properties of the electron
beam induced nucleation and the subsequent growth process directed by the templated
matrix of the IL leads to a unique nanomorphology. The proposed mechanism for the
obtained 3D anisotropic nanomorphology may provide an intuitive protocol for better
understanding and development of such complicated nanomaterials employing ILs as
templates. The applications of such morphology of islands of quantum dots can be
envisaged from its 3-D highly porous networking structure, as the nanostructures with
high surface area and porosity exhibits tremendous potential in sensing and catalysis.
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Self-assembled

CdSe

quantum

dots

functionalized with -cyclodextrin: Reduced
cytotoxicity and band gap engineering
7.1. Introduction
In the realm of nanoscience and nanotechnology, researchers are paying more attention
towards developing environmentally friendly and economically viable methodologies for
the synthesis of nanomaterials.365,

366

Most of the passivating agents and some

nanomaterials (for example CdSe) themselves are highly toxic in nature and the challenge
lies in search of capping agents, which are biocompatible, provide desired aqueous
solubility and also reduce the cytotoxicity of the nanoparticles. Furthermore, apart from
the traditional research on the synthesis and morphological control of nanoparticles, we
are now going through a stage of bottom-up nanofabrication in which nanoparticles
spontaneously organize or self-assemble into ordered structures directed by using agents,
external fields, or templates.367 In the recent times, the directed self-assembling of
primary nanoparticles into superstructures has attracted tremendous interest, because they
can reveal fundamentally interesting collective physical properties with enhanced
efficiencies.368
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In this pretext, biomolecules such as cyclodextrins (CDs) and its derivatives have
been used as a host matrix for the synthesis of various organized assemblies of
predominantly metal nanoparticles.112, 369 CDs, as discussed in Chapter 1, are one of the
well-known members of the family of supramolecular assemblies and comprises of
glucose units (i.e. six (-CD), seven (-CD), or eight (-CD)) connected by -1, 4
glycosidic linkages to form a series of oligosaccharide rings. One of the most important
features exhibited by CDs is the structural microheterogeneity99 in the sense that the
hydrophilic -OH groups occupy both rims of the cone, while inside of the cavity is
hydrophobic in character. These features have been reported to be responsible for the
stabilization as well as the directed self-assembly of the nanoparticles through the
hydrogen-bonding interactions between the exposed secondary -OH groups which
eventually facilitate the threading of neighboring CDs.112, 115
Considering this, we have demonstrated a simple, rapid and one step method
mediated by electron beam irradiation technique for the synthesis as well as in situ
functionalization of CdSe QDs with -CD. The unique features of -CD over other CDs
as well as the advantageous aspects of electron beam mediated synthetic technique have
been discussed in Chapter 1. Nevertheless, it was found that the -CD molecules cap the
as grown CdSe QDs by forming a non-inclusion complex. Detailed investigations were
carried out to identify the forces and the binding sites involved in the complex formation
between CD molecules and the QDs. Also, the effect of experimental parameters i.e.
precursor and ligands (-CD) concentration, absorbed dose and dose rate on the
morphology and photophysical behavior of CdSe QDs were investigated. X-ray
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photoelectron spectroscopy (XPS) and pulse radiolysis studies were carried out to
elucidate the role of -CD in influencing the morphology and the formation mechanism
of CdSe nanoparticles, respectively. Furthermore, the cytotoxicity effect of CdSe QDs
was also monitored keeping in view of the bio-compatibility of -CD.370

7.2. Experimental
High purity chemicals, -CD, cadmium sulfate (CdSO4), selenium (Se) powder, sodium
sulfite (Na2SO3), were obtained from Sigma-Aldrich and used as received. The reagents,
tert-butanol and ammonia solution were purchased with highest purity available from
SDFCL, Mumbai. For preparing the precursor solutions, nanopure water from Millipore
water purifying system was used. It is to be noted that equimolar concentrations of Cd
and Se precursors were used to prepare the reaction mixture for the synthesis of CdSe
nanoparticles. The freshly prepared Na2SeSO3 solution40-43 was added to the ammoniated
CdSO4 solution followed by tert-butanol to scavenge the •OH radicals generated during
the radiolysis of aqueous solution. The scavenging of •OH radicals would allow only the
eaq¯ to react with the precursors, thus inducing the reaction to proceed. -CD was added to
the reaction mixture just prior to irradiation. It is to be mentioned here that the
concentration of -CD employed in the reaction mixture matters a lot, because it is a well
established fact that -CD in water self-assembles even at concentrations as low as 3 mM,
whereas no aggregates has been found to present in solution at lower concentrations. 106,
107, 371

On exceeding the concentration of -CD (in water) beyond 3 mM, initially a broad

size distribution of clusters is formed, which is followed by the cluster-cluster and clusterparticle interactions.106, 107, 371 Taking these facts into account, the concentration of -CD
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in the present work was kept constant at 2 mM, while the precursor solutions were varied
to obtain various molar ratios (i.e. [-CD]: [QD] = 1:1, 2:1, 1:2) and the same have been
described in the following sections to investigate their impact on the morphology and the
optical properties of as grown CdSe nanoparticles. It is to be noted that the concentration
of the precursors solutions were very low, and no chemical reaction (leading to the
formation of CdSe) was observed either in the absence or in the presence of -CD
without irradiation.
The aforementioned reaction mixture was irradiated with a 7 MeV electron beam
having an FWHM of 2 s from a LINAC (described in Chapter 2) at a repetition rate of
12 pulses per second. However, the dose per pulse (Grey (Gy) per pulse, GPP) was varied
from 10–140 Gy to investigate the dose rate effect. Also, the total absorbed dose imparted
to the samples was ranged from 1 to 40 kGy to determine the dose effect. On irradiation,
the color of the solution turned to greenish-yellow or reddish-orange, depending on the
experimental parameters and this was the primary indication for the formation of CdSe
nanoparticles. For convenience, the -CD coated CdSe QDs have been written as CD/CdSe QDs.
Pulse radiolysis experiments were carried out with a 7 MeV LINAC coupled with a
kinetic spectrometer. The details of the set up are provided in Chapter 2. The FWHM of
the electron pulse in these experiments were kept at 100 ns and absorbed dose was kept at
21 Gy/pulse. The time-resolved absorption spectra for the intermediate species produced
during the radiolysis were obtained. The samples were N2 bubbled for about 5-10 minutes
prior to the irradiation.
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Cytotoxicity studies
Cell Cultures: INT 407, human intestinal epithelial cell line was maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Himedia, India) supplemented with 10%
fetal bovine serum (FBS), 100 units/ml penicillin and 100 μg/ml streptomycin (Himedia,
India). The cells were incubated in 5% CO2 humidified at 37°C for growth.
The cytotoxicity of -CD/CdSe QDs was carried out in human intestinal cell line, INT
407 cell (derived from human embryonic jejunum and ileum). In brief, cells (6 x 103)
were seeded in a 96 well plate in DMEM supplemented with 10 % fetal bovine serum and
antibiotics (100 units/ml penicillin and 100 μg/ml streptomycin) and kept overnight in a
CO2 incubator (5% CO2 and 95% humidity at 37°C) for attachment. The next day old
medium was replaced with fresh medium with various concentrations of -CD, bare CdSe
QDs and -CD/CdSe QDs. Changes in the cell morphology was monitored 24 hour post
treatment. The corresponding morphological changes in INT 407 cells after incubation
were visualized using an inverted microscope (Carl Zeiss, Axiovert 40 CFL, Germany)
equipped with CCD camera. Representative images of the respective cases were captured
and have been shown in the text along with their analysis.
Various photophysical studies (i.e. UV-Vis, Photoluminescence (PL), FTIR, Raman
and PL lifetime) and nanoparticle characterization techniques (TEM, SEM and XRD)
employed in this work have been explained in Chapter 2. To further substantiate the
binding interaction mechanism between -CD molecules and the QDs, the X-ray
photoelectron spectroscopy (XPS) studies were performed using Mg Kα (1253.6 eV)
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source and a MAC-2 electron analyzer. The XPS-analysis chamber has a base vacuum of
10−9 mbar. The XPS binding energy scale was calibrated to C-1s line at 284.5 eV.

7.3. Results and Discussion
7.3.1. Morphology and structural characterization
On irradiation the color of the solution containing the reaction mixture turned to greenishyellow or reddish-orange depending on the experimental parameters. This was considered
as the primary indication for the formation of the CdSe nanoparticles. Fig.7.1 shows the
TEM images of bare as well as -CD/CdSe QDs grown via electron beam irradiation
method. The SAED pattern (shown in the inset of Fig. 7.1a) indicates the polycrystalline
nature of these nanoparticles. Besides, the particles display more or less spherical shapes
as could be observed from their TEM images.

Fig.7.1. TEM (a) and HRTEM (b) images of -CD/QD with molar ratio of 2:1. Inset in
the image (b) shows the particle size distribution. The average size was found to be ~ 2.2
nm. TEM image of -CD/QD with molar ratio of 1:1 (c), synthesized via electron beam
irradiation (Absorbed dose = 25 kGy @ 140 GPP).
The HRTEM image (bar scale = 2 nm) have been provided in Fig.7.1b, wherein the
lattice fringes could be clearly seen and the measured interplanar distance (d = 0.186 nm)
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closely matches with the standard ‘d’ value of 0.183 nm for lattice plane (311) of the
cubic phase of CdSe. Also, the particle size distribution plot has been shown in the inset
of Fig.7.1b. The average size of the QDs was found to be ~ 2.2 ± 0.3 nm; hence the
polydispersity in the size distribution was calculated to be ~ 14 %.
In the absence of -CD, the CdSe nanoparticles agglomerated and formed a complex
network with no well defined structure/pattern, as has been reported earlier. 165, 167 While,
-CD/CdSe QDs appeared to form an array like network in which small beads are joined
together to give a pearl necklace shape (Fig.7.1a). The most probable reason for such a
shape could be the intermolecular hydrogen bonding between the -OH groups of the CD molecules adsorbed on the surface of the nanoparticles. The adsorption phenomenon
has also been evidenced in the FTIR spectral and XPS studies (discussed later). It appears
that, -CD being the linker molecule, drives the self-assembly of the CdSe nanoparticles
leading to necklace shaped superstructure. However, it is to be noted that such pattern
was observed only in case of -CD to precursor molar ratio of 2:1. At a molar ratio of 1:1
of -CD to precursor, the density of as grown nanoparticles increases in conjunction with
the formation of a complex network (Fig.7.1c). In other words, at precursor
concentrations greater than or equal to that of -CD, the corresponding increase in the
density of CdSe nanoparticles hinders the rearrangement process. Thus, multiple
interactions among the -CD coated QDs lead to a complex network. Nevertheless, no
agglomeration of nanoparticles was observed here, unlike in the case of bare
nanoparticles.
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The structure, phase and size of as grown nanoparticles were determined from the
XRD pattern. The XRD spectrum of as synthesized nanoparticles with molar ratio, 2:1
([-CD]: [Precursor]) has been provided as a representative diffraction pattern in Fig.7.2.
Along with the -CD coated QDs, the XRD pattern of bare CdSe nanoparticles is also
illustrated for comparative studies. The diffraction pattern of the nanoparticles has been
found to be in good agreement with the standard JCPDS card no. 19-0191, corresponding
to the cubic structure of CdSe. The diffraction peaks of -CD/CdSe QDs appeared at 2θ
(degree) values of 25.97, 42.43, 49.49 and are related to the lattice planes (111), (220),
(311), respectively. All the diffraction peaks comprised of considerable broadening,
which might have arisen due to the diffraction uncertainties related to the polycrystalline
nature, small particle size and strain. The nanoparticles size (or diameter, D) has also
been determined by using Scherrer formula:

D=

.

[7.1]

( )

where,  is the wavelength of X-ray used (1.54 Å),  is the FWHM (in radians) and  is
the diffraction angle. The particle size of CdSe QDs in the presence of -CD was
obtained to be ~ 1.6 nm, while the same was found to be ~ 2 nm for bare QDs. The
possibility of the strain developed on the as grown QDs was determined by calculating
the lattice constant (a) in the equation relating the interplanar distance (d) with the miller
indices of cubic crystal i.e. d = a / (ℎ +

+

) . The lattice constant (a) for -

CD/CdSe QDs and bare ones were obtained as 5.92 Å and 6.02 Å, respectively, while the
standard value of ‘a’ for cubic CdSe is 6.07 Å. Therefore, it is evident that significant
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amount of strain is present in -CD/CdSe QDs, while it is very less in case of bare ones.
These observations were further substantiated by the Raman spectral studies discussed
below.

Fig.7.2. XRD patterns of bare CdSe nanoparticles (a), -CD/CdSe QD with molar ratio
of 2:1 (b), synthesized via electron beam irradiation (Dose = 25 kGy @ 140 GPP).
Raman spectra of as grown -CD/CdSe QDs comprise of fundamental longitudinal
optical (LO) phonon peak along with its overtone (2LO) peak at 205 and 407 cm−1,
respectively (Fig.7.3). While the bare CdSe QDs exhibit LO and 2LO peaks at 207 and
409 cm−1, respectively. A shoulder occurring in both the cases (bare CdSe and -CD
/CdSe) at around 168 cm-1 can also be noticed, which has been attributed to the transverse
optical (TO) phonon mode.357 A small diffused and broad peak at ~ 250 cm-1 is apparent
in the Raman spectra of bare CdSe, which is reduced in case of -CD coated QDs.
Essentially, appearance of surface optic (SO) modes have been reported earlier357, 358 in
case of small sized QDs (CdSe), accompanied by a peak near 250 cm-1. And these SO
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modes originates due to the presence of more number of atoms on the surface as compare
to the bulk in very small sized nanoclusters, behaving like molecules.358 Thus, the peak
obtained at ~ 250 cm-1 in the Raman spectra of as grown bare as well as -CD/CdSe QDs
has been attributed to the SO modes. From these results, it can be inferred that -CD
effectively passivate the CdSe QDs along with the substantial reduction in the amount of
surface states. Besides, there is a red shift (down shift) of LO peak in both the cases (bare
CdSe as well as -CD/CdSe) from its position for bulk CdSe i.e. 210 - 213 cm-1.330b, 360
The red shift of LO peak with respect to the bulk CdSe in case of -CD/CdSe QDs (205
cm-1) is more compared to that of bare QDs (207 cm-1). Since, the shifts in the
fundamental LO peaks in nanomaterials is primarily dominated by the quantum
confinement effects, but it is often accompanied by the dimensional effects such as
surface reconstruction and lattice contraction.330d, 372-374

Fig.7.3. Raman spectra of bare CdSe nanoparticles (a), -CD/QDs with molar ratio of
2:1 (b), synthesized via electron beam irradiation (Dose = 25 kGy @ 140 GPP).
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The surface morphological and chemical composition studies of as grown QDs were
further carried out by SEM and EDS measurements, respectively. Fig.7.4a shows the
SEM image of as grown -CD/CdSe QDs. An interesting morphology was observed just
like a ‘dry river bed’. It appeared that the QDs formed are embedded in the planar
domains of sheets, which underwent rupturing at certain stage due to some kind of strain.
The EDS measurements (Fig.7.4b) confirmed the formation of CdSe. The high intensity
peak showing the presence of silicon (Si) is originated from the Si wafer used as a
substrate for the sample analysis. The chemical composition mapping of the region
(depicted in Fig.7.4a) was carried out, which further supports the presence of Cd (image
4c) and Se (image 4d) in the same chunk areas.

Fig.7.4. SEM image (a) and the corresponding EDS (b) of -CD/CdSe nanoparticles with
molar ratio of 2:1, synthesized via electron beam irradiation (Dose = 25 kGy @ 140
GPP). Images (c) & (d) show the presence of Cd and Se, respectively during the chemical
composition mapping of the region in image (a).
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To ensure the reproducibility of as obtained morphology, same experiment was
repeated 3 times and each time similar features were noticed. Earlier, we have also
reported the citric acid mediated synthesis of CdSe nanoparticles via similar technique
and under similar experimental conditions; however, sea urchin like morphology was
observed therein.164 This indicates a significant influence of -CD molecules in the
formation of above mentioned morphological features shown in the SEM image
(Fig.7.4a). Although the exact reason for the obtained sheet like morphology is not known
precisely, however, it could be due to the hydrogen bond network present among the
molecules of -CD. Further, the concentration of -CD was kept at as low as 2 mM in the
present study, which should exclude any possibility of the aggregate formation.
Moreover, it is well recognized fact that -CD among its CD family behaves most
mysteriously in the sense that the molecules of -CD in aqueous solution undergo
restructuring to form different morphologies, which basically depends on its
concentration. For instance, Bonini et al.106 have reported the formation of large sheet like
domains of -CD, when its concentration is increased up to 6 mM. Furthermore,
rupturing of such sheets was also reported due to the shear stress developed during the
blotting step in the sample preparation process. And, this effect was ascribed owing to the
fragile nature of the cohesive forces present in the aggregates/clusters of CDs. Keeping
these facts into account, it is suspected that the evaporation (of solvent, water) process
during the sample preparation might have lead to some amount of aggregation on the
Silicon wafer (as a sample substrate). Eventually, that could have resulted into the
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formation of sheet like structure embedding CdSe nanoparticles in it and, further
rupturing of these sheets due to the reason already mentioned.
Evidence for the functionalization of  -CD with CdSe QDs
Our group has earlier reported the formation of bare CdSe nanoparticles via electron
beam irradiation technique in aqueous solution.165 However, the nanoparticles were found
to be highly unstable and undergo decomposition within 2-3 hours. Further, the bare
nanoparticles were feebly fluorescent. Therefore, first and the foremost evidence for the
functionalization of CdSe QDs with-CD is the enhancement of their stability from few
hours to approximately 1 month at ambient conditions. In addition, the -CD coated QDs
showed strong emission (discussed later), which can be regarded as an indirect indication
of passivation of the surface of QDs with -CD.
Apart from these, FTIR spectra could provide the direct evidence of the in situ
adsorption or functionalization of -CD on the surface of as grown CdSe QDs. The FTIR
spectra of bare CdSe QDs have been shown along with that of -CD and -CD/CdSe QDs
in Fig.7.5. It can be clearly seen that -CD and -CD/QDs show very similar spectral
features and peak positions for several vibrational modes. It is to be mentioned here that
because the sizes of nanoparticles determined from the TEM, XRD and absorption
measurements are much larger than the diameter of the -CD cavity (inner diameter ~ 6-8
Å), therefore the possibility of formation of inclusion complexes has been ruled out.
Nevertheless, the strong resemblance between their IR spectra indicates a successful
anchoring of -CD onto the surface of CdSe QDs. Further evidences can be realised from
the decrease in the relative intensity of the transmittance bands corresponding to the
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skeletal vibrations in the region 700-1300 cm-1, especially involving -1, 4 linkage at 946
cm-1 and ring ‘breathing’ vibration at 756 cm-1 of free -CD molecules.369f The peak at
1645 cm-1 is due to the moisture absorption. Interestingly, a doublet at around 2356 cm-1
and 2333 cm-1 accompanied by a broad peak at ~ 2080 cm-1 can be noticed in the IR
spectra of bare CdSe and -CD/CdSe QDs. These peaks have been ascribed to the
presence of CO2 present in the sample chamber, which might have adsorbed on the
sample surface. A peak was observed at ~ 950 cm-1 in the IR spectra of bare CdSe QDs,
which have been assigned to the Se-O bond.

Fig.7.5. FTIR spectra of -CD (a), -CD/CdSe with molar ratio of 2:1 (b). Absorbed
Dose = 25 kGy @ 140 GPP.
As mentioned earlier also that the uncapped CdSe QDs were found to be highly
unstable and decomposed quickly.165, 167 This was attributed to the presence of unsatisfied
Se valencies which react with oxygen to form SeO2 and other related species. However,
peak corresponding to Se-O bond is not visible in the IR spectra of -CD/CdSe QDs,
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which indicates the strong passivation by the -CD molecules. Apart from this, there is a
red shift accompanied by broadening of the peak in the O-H stretching frequency of CD/CdSe QDs (~ 3248 cm-1) compared to that of -CD (~ 3300 cm-1). This signifies a
sort of bond formation between -OH groups of -CD and the QDs. Now, the question
arises here is regarding the identification of the -OH groups (primary, 10 or secondary, 20)
involved in the bond formation with the QDs. The C-Ostretching frequency of the 20 OH groups (present on the secondary face) lies at 1080 cm-1, while that of COstretching frequency of the 10 -OH groups (present on the primary face) lies at ~ 1030
cm-1.369b Since, the IR peak corresponding to 10 -OH groups were much more dampened
than that for 20 -OH groups which indicates that the bonding is preferably taking place
with the 10 -OH groups of -CD molecules. Moreover, the 10 -OH groups of -CD
molecule are more flexible and have higher reach as compared to that of 20 -OH
groups,371 due to which a reactivity difference arises between the two types of -OH
groups. Thus, it can be inferred on the basis of FTIR spectral analysis that -CD
molecules are most probably undergoing chemisorption through the 10 -OH groups,
followed by the formation of a non-inclusion complex thereby, coating the surface of the
QDs.
Further, XPS measurements were carried out to investigate the constituting elements
involved in the bonding interactions between the QDs and -CD molecules. The core
level spectra of Cd 3d, Se 3d, and O 1s are shown in Fig.7.6.
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Fig.7.6. Core level XPS spectra of (a) O 1s, (b) Cd 3d, and (c) Se 3d.

The appearance of O 1s peak at 532 eV (Fig.7.6a) indicates its presence in the form of
-OH group.375a The pair of peaks located at ~ 405 eV and ~ 411.5 eV has been assigned to
Cd 3d5/2 and 3d3/2, respectively.375b The presence of Se 3d peak at a binding energy of
54.2 eV confirms the presence of CdSe phase only.375b The existence of Se oxides gives a
peak between 58-59 eV,375c which was not found in the XPS of these QDs. The possible
formation of CdO also can be rejected because of the absence of both the O 1s peak at
530 eV375a and Cd 3d5/2 peak at ~ 404.0 eV.375a, c However, the XPS peak for Cd (3d5/2)
present in the form of Cd(OH)2 appears at 405.1 eV,375a,

c

which is very close to the

binding energy of Cd (3d5/2) existing in the CdSe phase. Thus, the XPS measurements
clearly suggest the bonding of the -OH groups of the -CD molecules predominantly with
the Cd atoms present on the surface of the QDs. Similar observations were reported by
Liu et al.376 in which various ligands such as TOPO, thiophenol, -toluenethiol, and phydroxythiophenol were found to bind much strongly to the Cd atoms than to the Se
atoms of the CdSe QDs.
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7.3.2. Optical studies
7.3.2.1. Molar ratio effect
The optical absorption measurements of the sample solutions were carried out before and
after the electron beam irradiation. The unirradiated solutions containing the precursors
(equimolar) and -CD exhibited no absorption in the range from 350 to 700 nm (Fig.7.7).
On the contrary, the irradiated solutions showed absorption with clear excitonic peaks in
the range of 400-500 nm. The absorption spectra of the corresponding sols with different
molar ratios of -CD and precursor (represented as -CD: QD) at a fixed dose of 25 kGy
@ 140 GPP have been shown in Fig.7.7.

Fig.7.7. UV-Vis absorption spectra of -CD/CdSe QDs with molar ratios (-CD: QD);
1:2 (a), 1:1 (b), 2:1 (c). Inset shows the spectra with higher molar ratios (-CD: QD);
4:1 (d), 8:1 (e), 12:1 (f). Absorbed Dose = 25 kGy @ 140 GPP.

The excitonic peak of -CD/CdSe QDs with molar ratio of 2:1 appeared at ~ 420 nm,
which is significantly blue-shifted from the bulk CdSe having peak at ~ 716 nm. This
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illustrates the quantum confinement effect governing the optical properties of -CD/CdSe
QDs. However, a red shift in the excitonic peak position was observed on varying the CD: QD from 1:1 (~ 432 nm) to 1:2 (~ 443 nm). At higher molar ratios i.e. 4:1, 8:1 and
12:1, no noticeable shift in the excitonic peak positions was observed relative to that in
case of molar ratio 2:1 (inset of Fig.7.7). Thus, optimum molar ratio of -CD and the
precursors is 2:1 for effectively coating and restricting the size of as grown CdSe QDs.
This was further supported by the PL measurements of -CD/CdSe QDs with different
molar ratios of -CD and precursors.
Fig.7.8 shows the trend for the variation of PL intensity (at 525 nm with ex = 420
nm) of -CD/CdSe QDs with different molar ratios at a fixed dose of 25 kGy @ 140
GPP. The QDs with molar ratio 2:1 (-CD: QD) displayed the highest PL intensity
followed by the ratios 1:1 and 1:2, respectively. Therefore, the trend of the PL intensities
clearly indicates the inappropriate capping of the CdSe QDs by -CD molecules at lower
concentrations. As a result of which, number of trap/defect states on the surface of the
CdSe QDs increases, thus leading to the occurrence of the non-radiative carrier relaxation
processes. Further, the QDs synthesized with molar ratios of 1:1 and 1:2 were less stable.
This is probably due to the reaction of oxygen with the surface exposed unsatisfied
valencies (mostly Se) leading to the formation of their oxides (i.e. SeO2), and thereby
paving the way for the decomposition of CdSe QDs.
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Fig.7.8. Trend showing PL intensity of -CD/CdSe QDs with various molar ratios (CD: QD) at 525 nm. ex = 420 nm. Absorbed dose = 25 kGy @ 140 GPP.
The estimated size of the primary CdSe QDs functionalized with -CD at various molar
ratios were calculated from the absorption spectra by using the modified Brus equation
(7.2):
Eg = Eg (0) + /d2

[7.2]

where,  = 3.7 eV nm2, Eg (0) = 1.75 eV, d = particle size (nm) and Eg = band gap value
in eV. The band gap (Eg) values were determined from the Tauc plot of ('h)2 vs. h, as
this is a direct band gap semiconductor. The symbol ‘'’ represents the absorption coefficient multiplied with the concentration of the CdSe QDs and is equivalent to the
relation (2.303A/l), where ‘A’ is the absorbance and ‘l’ is the optical path length of the
cell (10 mm). The term ‘h’ represents the photon energy. The estimated sizes of the QDs
synthesized under various experimental conditions are listed in Table 7.1. The size of
QDs synthesized with molar ratio of 2:1 is in good concurrence with that determined from
the XRD and the TEM analysis.
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Table 7.1: The band gap values (Eg, eV) and the size of the CdSe QDs (nm) synthesized
via electron beam irradiation with different molar ratios of -CD and precursor
concentrations, absorbed dose and dose rates.

7.3.2.2. Absorbed dose effect
To investigate the effect of dose on the morphology of as grown QDs, the reaction
mixtures (with molar ratio -CD: QD, 2:1) were irradiated with different absorbed doses
(@ 140 GPP) and the absorption spectra of the corresponding sols have been shown in
Fig.7.9. The optimization of dose imparted is an essential step in the radiation induced
synthesis of nanomaterials. CDs are made of saccharides, which are vulnerable to
decomposition at higher radiation doses. However, it has been reported earlier119-121 that
the presence of water acts as a protector and insignificant radiation decomposition of CD has been observed at a dose more than 25 kGy.122, 123 Thus, our approach was to study
the effect of absorbed dose on the nanomorphology of -CD/CdSe QDs.
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Fig.7.9. UV-Vis absorption spectra of -CD/CdSe QDs with molar ratio (-CD: QD, 2:1)
at various doses (@ 140 GPP); 10 kGy (a), 15 kGy (b), 25 kGy (c). Inset: Tauc plot of
('h)2 vs. h for the determination of band gap values (Eg).
The optimization of dose was carried out on the basis of stability, absorption and
emission characteristics of the QDs at various doses. As can be seen from Fig.7.9, the
excitonic peak undergoes blue shift with the increase in dose. This indicates that the size
of -CD/CdSe QDs decreases with the increase in dose. The observed trend can be
explained on the basis that at higher absorbed doses, the number of nucleation centers
formed are more and lead to the retardation of growth process. Subsequently, coalescence
of these very small nanoparticles is prevented by the efficient capping of the -CD
molecules. Similar results regarding the effect of dose on the size of the nanoparticles
have been observed by various researchers.251, 252 The estimated size of the primary CD/CdSe QDs at various radiation doses were determined from the absorption spectra
and are listed in Table 7.1.
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The PL intensity of -CD/CdSe QDs were measured at various absorbed doses
keeping the molar ratio (-CD: QD) and dose rate fixed at 2:1 and 140 GPP, respectively
(Fig.7.10). Interestingly, the PL intensity was found to be highest at an absorbed dose of
25 kGy, after which it decreases drastically. At lower doses, (especially at ≤ 10 kGy) the
PL intensity was found to be very less. Consequently, the dose of 25 kGy was found to be
optimized in terms of maximum PL intensity exhibited by the QDs as well as keeping in
view of the radiolytic degradation of -CD.

Fig.7.10. Trend showing PL intensity of -CD/CdSe QDs vs. absorbed dose with molar
ratio (-CD: QD) of 2:1 at 525 nm and ex of 420 nm. Dose rate = 140 GPP.
Typical room temperature absorption and emission spectra of -CD/CdSe QDs grown
under these optimum experimental conditions are shown in Fig.7.11A, at different
excitation wavelengths. It is observed that the PL spectra is quite broad and extends from
450-700 nm region. Such broadening in the PL spectra of QDs is generally rationalized
by: (i) polydispersity in the size distribution of the nanoparticles254 or (ii) polydispersity in
the density and the nature of distribution of trap/defect states leading to various
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recombination paths for the photogenerated carriers in the nanoparticles. 253b, 255 Since, the
as grown CdSe QDs exhibit excitation wavelength independent (in terms of peak shifts)
emission spectra; it can be regarded as an indication of a narrow size distribution. 377
Further, the particle size distribution as determined from the TEM measurements was
found to be only about 14 %. Therefore, the main reason for the broadening in the
emission spectrum (of -CD/CdSe QDs) can be ascribed to the polydispersity in the
density and the nature of distribution of trap/defect states.

Fig.7.11. Room temperature PL spectra (A) and the PL Lifetime decay curve (ex = 374
nm) (B) of -CD/CdSe QDs with molar ratio (-CD: QD) of 2:1 at an absorbed dose of
25 kGy @ 140 GPP.
The PL spectrum appeared to be a convolution of two regions, a shoulder at ~ 525 nm
and a noticeable peak at ~ 600 nm. The PL band with a shoulder at ~ 525 nm has been
assigned to the band gap emission (BGE) due to its close proximity with the excitonic
peak position. The PL band with the peak at ~ 600 nm has been designated to the trap
state emission (TSE) due to its large stokes shift relative to the excitonic absorption peak.
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The time resolved PL decay studies (shown in Fig.7.11B) further substantiate the above
denotation of the peaks at two emission wavelengths i.e. 525 nm (BGE) and 600 nm
(TSE). In general, the shorter life-time is accredited to the band gap (intrinsic)
recombination, while the longer lifetime is attributed to the involvement of surface states
in the carrier recombination process.378 In concurrence to this, the average lifetime (<>)
obtained by analyzing and fitting the decay traces at BGE and TSE are 3.8 and 5.5 ns,
respectively. The corresponding 2 values for the former and the later decay traces are 1.2
and 1.3, respectively. The PL decay curves of as synthesized CdSe QDs exhibited multiexponential (tri-exponential) behavior, which were analyzed and fitted using equation
(7.3):
I( ) =

+

+

[7.3]

where, I (t) is the time-dependent emission intensity, ‘a’ is the amplitude, and τ is the
lifetime. The average PL lifetime (<>) values were deduced using equation (7.4):

<

>=

[7.4]

Such multi-exponential behavior of the CdSe nanoparticles is widely known and has been
reported by various researchers earlier.256a-c Although, most of these reports generally
attribute such behavior to the diverse recombination paths owing to the varying degree of
size, shape, surface defects/energy traps between the individual nanocrystals. Still, the
origin and the explanation for this multi-exponential emission dynamics are not very clear
and is currently a subject of debate.
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Furthermore, the excitonic dynamics and the nature of distribution of surface/trap
states of as grown CdSe QDs at various absorbed doses can be realized from their timeresolved PL decay traces as shown in Fig.7.12.

Fig.7.12. Room temperature time resolved PL decay curve (ex = 374 nm and em = 600
nm) of -CD/CdSe QDs with molar ratio (-CD: QD) of 2:1 at various absorbed doses @
140 GPP.
In the following set of experiment, the molar ratio (-CD: QD) and the dose rate were
kept fixed at 2:1 and 140 GPP, respectively. Table 7.2 shows the time constant values
with their relative amplitudes (in %) and the average life time values at various absorbed
doses. The highest excitonic recombination lifetime was observed for QDs synthesized at
an absorbed dose of 25 kGy, which was further declined with the decrease in the imparted
dose. It was revealed in our experiments that the PL intensity increased with increase in
dose up to 25 kGy, while the size of the as grown QDs was found to vary conversely with
the dose.
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Table 7.2: Emission lifetime values of -CD/CdSe QDs synthesized via electron beam
irradiation at different absorbed doses with fixed molar ratio of 2:1 and dose rate at 140
GPP ; ex = 374 nm and em = 600 nm.

Essentially, these trends reflect a sort of correlation with the trend noticed in the
lifetime values with the dose. It is known that the photo-excitation of CdSe QDs lead to
the promotion of an electron to the conduction band which relaxes quickly to the bottom
of the conduction band giving rise to BGE and contributes to the fastest lifetime decays.
Considering this, the time constant, is the fastest component (for the dose of 10 kGy)
and thus most probably originated from the intrinsic recombination (band gap) of charge
carriers. Further, the time constants,  and are originated from the surface states/trap
states. It signifies that the trap states comprises of both the shallow as well as the deep
states. In fact, it has been reported that the shallow trap states exhibit lower lifetime than
the deep trap states, depending on the chemical nature and crystal structure of the QDs.379,
380

Therefore, the constant having lower lifetime of 0.40 ns can be assigned to

recombination time involving the shallow trap states, while the constant  with higher
lifetime of 5.13 ns has been attributed to be originated due to the presence of deep trap
states. Similar assignments can be made to the time constants obtained in case of QDs
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synthesized at radiation doses of 15 and 25 kGy. On careful examination of the time
constant values and their relative amplitudes (Table 7.2), it is noticed that the contribution
of the slowest component i.e.  in all the cases increases with the dose imparted.
Interestingly, this trend is in synchronization with that of the PL intensity, which
increased with the increase in the amount of dose imparted up to 25 kGy (explained
earlier). Therefore, it can be stated that the increase in the PL lifetime of as grown CD/CdSe QDs is associated with an increase in the PL intensity. This enhancement in the
PL intensity is primarily originated from an increase in the contribution from the radiative
carrier recombination at the surface states. In fact, the as observed surface states related
influence on the lifetime of the excitonic recombination has been reported by various
researchers also,261, 262, 381 wherein the increase of the PL quantum efficiency of the QDs
under photoactivation was found to be associated with an increase in the average PL
lifetime values. The reason behind the faster recombination dynamics observed in QDs
synthesized at lower radiation doses (i.e. 10 kGy) have been ascribed to their bigger size.
Apparently, the increase in the interior trap states such as crystal defects can be realized
from the diminution of the lifetime values. This statement gets further support from the
earlier studies,236a, 382, 383 wherein the faster dynamics in the larger size nanoparticles was
attributed to the non-radiative relaxation of the charge carriers to underlying trap states.
Furthermore, Rao et al.384 had also reported the faster PL decay in the bigger size
nanoparticles and explained it on the basis of the volume recombination of the carriers, as
the surface to volume ratio decreases with the size of the nanoparticles.
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7.3.2.3. Dose rate effect
The effect of dose rate on the morphology of -CD/CdSe QDs was investigated by
varying the dose per pulse as well as the irradiation time. The reaction mixture with a
molar ratio (-CD: QD) of 2:1 was irradiated with a fixed absorbed dose of 25 kGy at
different dose rates ranging from 50 to 140 GPP. The absorption spectra of the
corresponding colloidal sols have been shown in Fig.7.13.

Fig.7.13. UV-Vis absorption spectra of -CD/CdSe QDs with molar ratio (-CD: QD,
2:1) at various dose rates (GPP); 50 (a), 80 (b), 140 (c). Absorbed dose = 25 kGy. Inset:
Tauc plot of ('h)2 vs. h for the determination of band gap values (Eg).
The excitonic absorption peak underwent red shift with the decrease in the dose rate.
It signifies that the size of as grown nanoparticles increased with the decrease in the dose
rate. Furthermore, the excitonic peak appeared to be well defined and sharp or in other
way, the difference between the onset and the shoulder peak positions decreases at higher
dose rates. This reflects the narrow size distribution of the nanoparticles with increase in
the dose rates. Similar observations have been reported by Remita et al.385 and other
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researchers,166,

385-387

wherein the particles were found to become smaller and less

dispersed in size as the dose rate was increased. The reason behind this trend lies in the
fact that electron beam dumps large amount of energy in a very small time leading to the
creation of large number of nucleation centers at the same instant, followed by the growth
process. The band gap (Eg) values and the nanoparticle sizes at different dose rates were
determined and have been provided in Table 7.1.
Fig.7.14 shows the trends in the intensities of BGE (em = 525 nm) and TSE (em =
600 nm) displayed by -CD/CdSe QDs at various dose rates i.e. 50, 80 and 140 GPP. The
as observed PL measurements were conducted at a fixed molar ratio (-CD: QD) of 2:1,
while the absorbed dose was also kept constant during the experiment. For instance, the
QDs were synthesized with aforementioned dose rates by regulating the irradiation time
and the dose per pulse, while keeping the total absorbed dose constant, as shown in
Fig.7.14A (dose fixed at 15 kGy) and Fig.7.14B (dose fixed at 25 kGy). The ratio of the
intensities of BGE and TSE at various dose rates has been shown in the inset of Fig.7.14A
& 14B. It could be clearly seen from these trends that the BGE is favored at low dose
rates, while there is substantial increase in the intensity of TSE at higher dose rates as
well as at higher absorbed dose. However, at 80 GPP the intensities of both the BGE and
TSE reach at an equivalence point for both the absorbed doses (15 kGy and 25 kGy). At
higher dose rates (140 GPP) and high dose (25 kGy), the PL spectra becomes very broad
covering the region from 450-700 nm which is predominantly due to the polydispersity in
the density and nature of the surface states.
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Fig.7.14. Trends showing variations in the intensities of BGE (em = 525 nm) and TSE
(em = 600 nm) displayed by -CD/CdSe QDs at various dose rates i.e. 50 GPP, 80 GPP
and 140 GPP, keeping absorbed dose fixed as 15 kGy (A) and 25 kGy (B). Molar ratio
(-CD: QD) = 2:1. Inset shows the ratio of the intensities of BGE and TSE.
Nevertheless, it can be envisaged from these observations that the PL properties of as
grown -CD/CdSe QDs could be tuned in terms of the intensities of BGE and TSE.
Moreover, the position of the PL peaks can also be controlled by controlling experimental
parameters. Fig.7.15 shows the room temperature PL spectrum of as grown QDs with the
molar ratio (-CD: QD) of 2:1 at an absorbed dose of 1 kGy @ 10 GPP. The excitonic
peak appears at ~ 520 nm, while PL peak position can be noticed at ~ 550 nm. Due to the
close proximity of the emission and the excitonic peak position, the observed PL can be
ascribed to the intrinsic recombination (BGE) of charge carriers. However, the TSE,
which in this case generally appears at  ≥ 600 nm, is very less. Conversely, a
convolution of BGE and TSE was observed in case of QDs synthesized with an absorbed
dose of 25 kGy @ 140 GPP, with the dominant contribution from the later one (Fig.7.11).
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Fig.7.15. Room temperature PL spectra (ex = 480 nm) of -CD/CdSe nanoparticles with
molar ratio (-CD: QD) of 2:1 at an absorbed dose of 1 kGy @ 10 GPP.
Finally, the tunability in the optical properties of these QDs could be visualized from
the different CIE chromaticity x, y co-ordinates displayed by these particles at various
experimental parameters, listed in Table 7.3.
Table 7.3: CIE Chromaticity x, y co-ordinates of as grown -CD/CdSe QDs with molar
ratio (-CD: QD) of 2:1 at various experimental conditions.
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Interestingly, the QDs synthesized by employing the experimental conditions as:
Molar ratio of 2:1, dose = 10 kGy @ 50 GPP were found to exhibit CIE x, y co-ordinates
(0.36, 0.37), which are quite close to those exhibited by white light emitting sources.253b It
indicates towards the potential application of these QDs in white light emitting devices.
The electron beam mediated synthesis of -CD functionalized CdSe QDs has been
represented in Scheme 7.1 along with the chromaticity diagram illustrating the optical
tunability achieved by varying the different experimental parameters.

Scheme 7.1 Electron beam mediated synthesis and the optical tunability (shown in the
chromaticity diagram) displayed by -CD/CdSe nanoparticles at various experimental
conditions.
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7.3.3. Pulse radiolysis study
Pulse radiolysis is one of the most important techniques which have been employed to
carry out the mechanistic studies regarding the formation of nanoparticles178,

388

and

nanoclusters.389, 390 Our group has earlier reported the dynamics of the radiation induced
synthesis of CdSe nanoparticles in aqueous solutions by electron pulse radiolysis. 178 In
that study, the transient intermediate species formed during the radiolytic processes were
investigated under various experimental conditions, for getting a clear understanding of
the reaction mechanism and the formation of these nanoparticles. In the present work, the
pulse radiolysis studies were carried out with the aqueous solutions containing equimolar
(1 mM) concentration of both the precursors along with 2 mM -CD and 1 M tert-butanol
in order to investigate the dynamics of formation of the CdSe nanoparticles. The solutions
were de-aerated by purging with N2, just prior to experiments. It is expected that under
these experimental conditions, the precursors will react with the hydrated electrons, eaq- as
tert-butanol will scavenge H and •OH radicals, which are produced upon the radiolysis
of water. The transient absorption spectra recorded at different time scales is shown in
Fig.7.16. The transient intermediate species formed upon the reaction of the eaq- with the
precursors were found to exhibit two distinct absorption peaks at ~ 380 and ~ 510 nm,
which were assigned as Band-I and Band-II, respectively. The intensity of the Band-II is
higher as compared to that of the Band-I. These observations matches well with the
previous report on the dynamics of radiolytic formation of CdSe nanoparticles in pure
aqueous solution.178
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Fig.7.16. Transient absorption spectra obtained from the pulse radiolysis studies of the
aqueous solutions containing Cd and Se precursors along with -CD at following
experimental conditions: [Precursor] = 1 mM; [-CD] = 2mM; Pulse duration = 100 ns;
Dose = 21 Gy.
Based on the results of previous studies and the present experimental observations,
the probable reactions leading to the formation of CdSe nanoparticles in aqueous
solutions upon electron beam irradiation are summarized as:
H2O
eaq¯ + [Cd(NH3)4]2+
eaq¯ + [SeSO3]2[Cd (NH3)4]+ + Se-

eaq¯ ,

•

OH , H , H3O+, H2, H2O2
[Cd(NH3)4]+

[7.6]

[SO3]2- + Se(CdSe)solvated

[7.5]

[7.7]
(CdSe)nanoparticle

[7.8]

The transient species generated during the formation of these nanoparticles are actually
very complex and may be attributed to the formation of following intermediates i.e.
[Cd(NH3)4]+:[SeSO3]2-, [Cd(NH3)4]2+:Se- and [Cd(NH3)4]+:Se-, similar to those
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reported in our previous study.178 It appears that -CD molecules do not play any role in
the formation of these nanoparticles; however they provide stability by adsorbing on the
surface of these particles during their growth processes.

7.3.4. Cytotoxicity study
It has been reported that cadmium-based QDs are toxic to cells due to the release of Cd2+
ions and generation of reactive oxygen species (ROS).391, 392 Due to this, the utilization of
CdSe QDs has been limited in spite of their tremendous potential applications in biolabeling. However, the cytotoxicity of QDs is greatly dependent on their surface
molecules/ligands.393 Therefore, an attempt was made to investigate the effectiveness of
capping ability of -CD vis-à-vis its potential in decreasing the cytotoxicity of the CdSe
QDs. As it has been mentioned in the experimental section that microscopic examination
of the morphology of INT 407 cells exposed to -CD, bare CdSe QDs and -CD/CdSe
QDs was performed 24 hour post treatment. The normal morphology of INT 407 cells
was adherent while toxicity causes significant changes in its morphology leading to cellshrinkage, non-adherence and round shape transformation. It is clearly evident from
Fig.7.17 that the treatment of cells with -CD alone did not exhibit any cytotoxicity up to
a concentration of 200 µM whereas it showed slight toxicity at 400 µM. Further, exposure
of cells to bare CdSe QDs had toxic effect at all the tested concentrations i.e. 25, 50 and
100 µM. The cells treated with -CD/CdSe QDs have better cell morphology compared to
bare CdSe QDs at all the concentrations. This finding shows that the cytotoxicity of the
CdSe QDs significantly reduces on capping with -CD.
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Fig.7.17. Representative Images showing the changes in the morphology of INT 407 cells
exposed to -CD, bare CdSe QDs and -CD/CdSe QDs, respectively. The cells were
incubated and monitored 24 hour post treatment using an inverted microscope.
Lastly, it is worthwhile to mention about the good correlation between the XPS and
the cytotoxicity studies in the sense that the former indicated towards the bonding of the OH groups (of -CD) predominantly with Cd, thereby hindering the release of Cd2+ ions
and hence resulted in reduced cytotoxicity of CdSe QDs.

7.4. Conclusions
A simple, rapid and one step method assisted by electron beam irradiation technique has
been demonstrated for the synthesis as well as in situ functionalization of CdSe QDs with
-CD in aqueous solution. It was observed that the -CD molecules cap the as grown
CdSe nanoparticles by forming a non-inclusion complex. This complex formation was
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plausibly ascribed to the chemisorption of -CD molecules on the surface of
nanoparticles by their primary hydroxyl groups. Tuning of the PL properties of QDs was
illustrated with respect to the intensities and the peak positions of BGE and TSE. This can
also be envisaged from their CIE chromaticity x, y co-ordinates, which varied accordingly
with the experimental parameters. Lifetime measurements revealed the domination of
surface state originated carrier relaxation processes in the overall PL decay dynamics of
as grown QDs at higher doses and dose rates. The employment of -CD like
supramolecular assemblies in the synthesis of QDs ensures their fairly good colloidal
stability, water dispersibility, low cytotoxicity and most essential is the template free selfassembling tendency. The potential application of these -CD/CdSe QDs in white light
emitting devices has also been demonstrated.
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Summary and outlook
The present thesis is an attempt to carry out an exposition of the radiation and
photochemical investigation of three microheterogeneous systems i.e. microemulsions,
room temperature ionic liquids, and cyclodextrins, which are entirely different from each
other with respect to their structure, nature of heterogeneity, composition and fluidic
aspects. It is of fundamental interest as well as quite intriguing to probe the primary
processes (such as electron solvation, electron transfer, free radical reactions etc.) in these
media taking into account of their dissimilarities from the homogeneous systems.
Subsequently, the influence of the inherent compartmentalized structural organization of
these media on the morphology and the photoluminescent properties of the QDs were
explored. The summary of the important findings of the work described in chapters 3, 4,
5, 6, and 7 and their outlook have been consecutively presented here.
In chapter 3, an attempt was made to comprehend the solvated electron properties in a
cationic

surfactant

based

quaternary

w/o

microemulsion

(i.e.

CTAB/H2O/n-

butanol/cyclohexane). It was observed that almost half of the dry electrons get solvated in
the interface, while rest could escape the interface to be hydrated in the water core. Thus,
the interface of the microemulsion actually impedes the solvation process and the
signature of which is visible even up to few microseconds. The electrons are more
stabilized in the interface as compared to that in the water core. The physical nature of the

281

Chapter 8
interface becomes comprehensible with the observation of effect of W0 on the lifetime of
the electrons solvated at the interface. At higher W0, solvated electrons at the interface
become more mobile to interact amongst themselves and also gather higher probability to
escape to water core and interact with hydrated electrons in addition to the other species if
present. The presence of counter ions in microemulsions has not been seriously
considered in earlier studies on radiation chemical as well as dynamical studies. The
formation of counter ion radical i.e. Br2•‒ could be observed and characterized.
Consequently, a two phase reaction between inorganic radicals produced in the aqueous
core and a molecule that is completely insoluble in water has also been demonstrated. The
spinoff of this particular part is a significant improvement in the well established kinetic
protocol for free radical scavenging and antioxidant activity assay, which can now be
applicable to molecules soluble in solvents with wide polarity assortment.
In chapter 4, CTAB based w/o microemulsions were employed as a template for the
synthesis of CdSe QDs by normal chemical and radiation chemical route. It was observed
that the dimensions of water pool in CTAB microemulsions have poor correlation with
the size of the QDs. However, photoluminescent properties of the nanoparticles were
found to vary with the W0 values of the CTAB microemulsions. And, it was attributed to
the probable variation in the shape of the nanoparticles. The nanoparticles exhibited
excitation wavelength dependent PL spectra and the ratio of BG-PL and the TS-PL could
be tuned by varying the precursor concentrations and the W0 values. On the contrary, the
PL properties displayed by CdSe nanoparticles synthesized in CTAB based
microemulsions via electron beam irradiation technique were predominantly originated
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from the trap states. A comparative study was conducted to investigate the fundamental
role of the structural dynamics, interfacial fluidities and the chemical nature of the water
pool of cationic (CTAB) and the anionic (AOT) surfactant based microemulsions in
governing the morphology and various photophysical properties of QDs. Interestingly,
profound and contrasting results were observed, for example, the average PL lifetime
values and the quantum yields of the QDs grown in case of CTAB microemulsions were
found to be at least 3 times lower as compared to that in AOT microemulsions. These
results emphasize the necessity of judicial selection of the host matrix (or the template) in
the synthesis of QDs. Furthermore, the inherent property of electron beam to dump large
amount of energy in a small time scale leads to the formation of unsatisfied vacancies on
the surface of the QDs. However, an attempt has been made to tap this feature in
conjunction with the controlled induction of the surface/trap states to manipulate the band
gap and the surface composition of the QDs. Evidently, the PL lifetime values could be
increased from ~18 ns to as high as ~74 ns (in case of AOT microemulsions). This
interesting aspect can contribute to the better understanding of the role of trapping sites
on the dynamics of charge recombination processes, which eventually governs the
efficiency of solar cell devices. By optimizing various experimental parameters, stable
bluish-white light emitting ultrasmall CdSe QDs were obtained and the band gap of the
QDs was engineered to achieve tunable broadband light emission extending from 450 to
750 nm. Such characteristics are essentially desirable for WLED applications. The
methodology of combining the advantageous properties of electron beam irradiation
technique with the templated synthesis of microemulsion method is relatively new for
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semiconductor nanomaterial synthesis and renders unique conditions to achieve a much
finer control over the composition, morphology and size of the QDs.
Owing to the high hydrolytic stability of FAP based imidazolium ILs, an assortment
of characterization and qualitative studies were performed to explore their radiation
stabilities and the same has been presented in chapter 5. The insignificant variations in the
physicochemical properties even at high radiation doses clearly indicated the hidden
potential of FAP based imidazolium ILs to be a good solvent for various applications
involving high radiation fields. The color evolution in the post-irradiated ILs attributed
due to the formation of oligomeric and multiple bond order group containing radiolytic
products as indicated from the mass and vibrational studies, respectively. Besides, the
hydrogen gas yields of FAP ILs were found to be comparable to that of a radiolytically
stable aromatic compound, benzene. The significant radiation resistance put forth by FAP
ILs has been correlated well with the fractional stopping power of the FAP anion, which
clearly implicates it as an effective protector/shield (among various other fluoroanion
based ILs) to the cation. However, the influence of the introduction of a hydroxyl group
(in the alkyl side chain of the imidazolium moiety) on the radiation resistance of the IL
was found to be detrimental, as it resulted into significant changes in the properties (of the
IL) such as thermal stability, conductivity and electrochemical window. The transient
spectroscopic studies carried out to delineate the radiolytic sensitization effects of the
hydroxyl group on the reaction mechanistic pathways clearly showed a marked difference
(from the non-hydroxyl IL) in the reactivity, reaction center and the nature of the
radiolytic products. Furthermore, photophysical investigations of post-irradiated FAP ILs
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showed considerable changes in the orientations and the molecular rearrangements of the
ionic moieties. Moreover, such studies would be helpful in gaining the microscopic
insight of the radiation induced mutations in the structure-property relationships and the
nature of various interactions existing in ILs. However, for the practical applications of
ILs in industrial and other areas involving high radiation fields, a lot of important aspects
need to be probed. These are electron solvation and scavenging mechanisms in
conjunction with various relaxation processes such as radiative, non-radiative and
dissociative pathways of energy dissipation.
Chapter 6 demonstrates the application of RTILs as a novel media for the synthesis of
self-assembled superstructures of nanomaterials. CdSe nanoparticles were grown in neat
imidazolium based IL via radiation as well as normal chemical route. In either of the
synthetic methodologies, it was observed that IL played multiple roles, i.e. a solvent,
stabilizing agent and a shape directing template. In case of radiation chemical synthesis,
the electron beam induced nucleation and the subsequent growth process directed by the
matrix of IL leads to a unique nanomorphology, i.e. islands of CdSe within the Se
nanofibers. The applications of such morphology can be envisaged from its 3-D highly
porous networking structure, as the nanostructures with high surface area and porosity
exhibits tremendous potential in sensing and catalysis. Furthermore, the dose rate was
found to influence the growth mechanism, i.e. 3-D structure was obtained in the electron
beam induced case, while 1-D structures were observed in -ray assisted synthesis. The
mechanism proposed for the obtained nanostructures may provide an intuitive protocol
for the development of such complicated nanomorphologies by employing ILs as
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templates. In the normal chemical synthetic route, co-existence of anisotropic 2D sheet
and flower-like 3D nanostructures was evident. The fluidic aspects of the IL in
conjunction with its hydrogen bond-co-- stacking mechanism enabled it to perform a
function of a diffusion controller and an anisotropic growth director, respectively.
Accordingly, a possible mechanism for the formation of self-assembled anisotropic
nanostructures has been provided. The fundamental role of water in creating a
perturbation/distortion in the networking structure of the IL has been demonstrated. These
results reflect the potential to maneuver the morphologies of the nanomaterials by
precisely controlling the presence of water in the host matrix of the IL. However, further
investigations are necessary for the better understanding of the role of intrinsic
microheterogeneity prevailing in the RTILs, so that these media could be used in fine
tuning the morphology of the nanoparticles vis-à-vis their properties and applications.
In chapter 7, a simple, rapid and one step method assisted by electron beam irradiation
technique has been demonstrated for the synthesis as well as in situ functionalization of
CdSe QDs with -CD in aqueous solution. Through transient absorption studies, the
possible mechanism for the formation of -CD/CdSe nanoparticles was elucidated and it
was inferred that -CD do not interfere in the dynamics of radiolytic formation of CdSe
nanoparticles, rather it acts as a capping or stabilizing agent. Some interesting orientation
patterns of the QDs (i.e. pearl necklace shaped) were observed and attributed to the
directional nature of forces of interaction between the -CD molecules coating the QDs
surface. Another important physical aspect of the present work is the tuning of optical
properties of the QDs, which could be achieved by optimizing various experimental
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parameters. Since, electron beam irradiation of the solutions could be carried out in the
common industrial accelerator plants (generally used for sterilizing medical kits and other
items); therefore this methodology could find promising applications in the large scale
and cheaper production of QDs. In addition, this technique is attractive from the view
point of clean chemistry (no external reducing agent is involved) and ensuring
reproducibility in the synthetic protocol. The employment of supramolecular assembles
such as -CD makes this method more advantageous, as can be realized from the
following points. It was observed that the -CD molecules cap the as grown CdSe QDs
by forming a non-inclusion complex. Therefore, the individual QDs self-aligns in the
form of chains through the hydrogen bonding between the -OH groups of -CD
molecules chemisorbed on their surface. Apparently, it could be anticipated that the
interactions between the individual nanospheres would be significantly enhanced. And,
this could have considerable impact on the optoelectronic properties of such QDs, as the
self-alignment can eventually boost the charge transport carrier efficiencies. Nevertheless,
this could be a topic of further investigation. Furthermore, the bio-compatibility of -CD
is well proven and holds the potential in decreasing the toxicity of CdSe QDs, as has been
observed from the cytotoxicity studies. Hence, the present methodology not only provide
a rapid and one step approach to synthesize QDs but the employment of -CD like
supramolecular assemblies ensures fairly good colloidal stability, water dispersible, low
cytotoxicity and most essential is the template free self-assembling tendency. The
potential application of these -CD/CdSe QDs in white light emitting devices has also
been demonstrated.
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Future perspective
As discussed earlier, microheterogeneity is one of the basic and versatile features of many
natural systems, and plays a vital role in directing/influencing the fundamental processes
such as electron, charger transfer and other free radical reactions. An in-depth
understanding of these processes is pertinent for variety of societal applications. The
investigations presented in the thesis may contribute toward this endeavor. For instance,
the study of two phase reactions in CTAB based w/o microemulsions may significantly
improve the existing protocol for free radical scavenging and antioxidant activity assay.
This method now can be applicable to molecules soluble in solvents with wide polarity
assortment. In radiation chemical studies of imidazolium ionic liquids, it was clearly
demonstrated that even a diminutive alteration in the molecular structure of these fluids
might cause marked differences in the reactivity, reaction center and the nature of the
radiolytic products, which eventually lead to the significant changes in their
physicochemical properties. Such findings can be of immense importance considering the
potential applications of room temperature ionic liquids in high radiation fields such as
space and nuclear fuel cycle.
The

influence

of

the

structure,

dynamics

and

fluidic

aspects

of

the

microheterogeneous systems in conjunction with the inherent features of the radiation
techniques was explored in directing the morphology and the photophysical properties of
the CdSe nanoparticles. The mechanism behind the formation of self-assembled
nanoarchitectures has been provided. Such information can be useful in synthesizing
unique superstructures of other nanomaterials as well, which are important from the
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fundamental point of view. Finally, the self-effacing inference here is that, attempts have
been made to resolve important issues, which have been raised in the introduction of the
thesis through systematic investigations. However, there is ample scope for future
research in understanding the heterogeneous structural features of room temperature ionic
liquids through radiation and photochemical techniques.
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