List of Figures

Figure 1.1: The left-hand palm is non-superimposable on the mirror image by any set of
rotations and tranSIAtIONS. ..........cooiuiiiiiiee et nreas 2

Figure 1.2: Schematic diagram of chiral molecule. Image formed on the mirror is non-

SUPEriMPOSABIE MITTOF IMAJE. ..iiveeiveeieiieie et e e te e aeera e reebeenaesreeneeenes 2
Figure 1.3: Types of Stereoisomers With eXample..........ccccoiveiiiieiiciiccc e 4
Figure 1.4: Unpolarized light travels through a polarizer, which converts it into PPL. ............ 5
Figure 1.5: Horizontal and Vertical Polarization representation. .............cccccevveveveeseerieseennnan, 6

Figure 1.6: (a) Schematic representation of circularly polarized light. (b) Schematic of right
and left circularly polarized [IGNT. ..o 7

Figure 1.7: (a) Photograph of Louis Pasteur (Gal, 2011) (b) Enantiomeric crystals of tartaric
acid separated by Louis Pasteur.(Tartaric ACIA.)........ccccceeiiiviiiiieri e 8

Figure 1.8: (a) Photograph of Jacobus H. van’t Hoff (Krétz, 1974) (b) Joseph A. Le Bel
(ENCYCIOPAEia, 2023) ......c.ooiiiiieieieie ettt 9

Figure 1.9: An example of a chiral molecule (bromo-chloro-fluro methane) where the central
carbon atom is the chiral center attached to four different groups. It exists in two
stereoisomeric forms, both mirror images of each other. ..o, 10

Figure 1.10: (a) Stereoisomeric structures of tartaric acid. D-tartaric acid and L-tartaric acid
(optically active) and meso Tartaric acid (optically inactive). (b) Chiral allenes have two

different groups attached on terminal carbon atoMS. ...........ccooeviiirinieieie e, 11
Figurel.11: (a) Photograph of Kurt Mislow (Buda et al., 1992) (b) Jay Siegel (S.Siegel,
2009) e b et Rt Rt Rttt bR e Re Rt R e e Rt e Rt et et b e Ee b beereeneenens 12
Figure 1.12: Bromo-chloro-fluro-methane has one chiral center, while 2-bromo-3-
chlorobutane has two Chiral CENTEIS. ........cviiieece e 13
Figure 1.13: Enantiomers of helical chiral molecule.(Rice et al., 2018) ........c..ccceevveiieennne, 13
Figure 1.14: Planar chiral Ferrocenes. (Zhu et al., 2016) .......cccceeovevieiiieniieiiic e 14

Figure 1.15: Enantiomers of axially chiral molecule BINOL.(Krajnc & Niemeyer, 2022) ....14

Figure 1.16: The rotation of plane polarized light through dextrorotatory enantiomer is
clockwise, levorotatory is anticlockwise, and optical rotation is cancelled in racemic mixture.

.................................................................................................................................................. 15
Figure 1.17: Rotation of plane of polarization through optically active sample. .................... 16
Figure 1.18: Rotation of plane of polarization due to difference in absorption of RCP and

O PRSP PO PP PR PRSPPI 17

Figure 1.19: Successive alternate right-handed and left-handed quartz prisms geometry that
SEPArateS RCP @nNd LCP. .....ooiiiiie ettt te e sree s 18



Figure 1.20: Schematic and working of polarimeter. ... 21

Figure 1.21: Schematic of half shade plate used in Laurent’s polarimeter.............cc.ccevvenenne. 22
Figure 1.22: (a) Schematic of biquartz plate used in biquartz polarimeter. (b) Colours
observed through biqUartz Plate. ...........ccooveiieii i 24
Figure 1.23: Schematic of Lippich polarimeter. ... 24
Figure 1.24: Schematic of circular dichroism spectropolarimeter. The differential absorption
of RCP and LCP through a chiral sample helps to investigate structure of a molecule. ......... 26
Figure 1.25: Schematic diagram of the Rayleigh (elastic scattering) and Raman scattering
(stokes and anti-stokes INelastiC SCALLEITNG). ......ccvrveriiieriererie e 28
Figure 1.26:Polarizability ellipsoid.(Vasilescu & Adrian-Scotto, 2010)...........ccccvvvvveiveinenne. 29
Figure 1.27: Polarizability ellipsoid of water molecule for different vibrational modes......... 29
Figure 1.28: Types of Vibrational optical activity (VOA). ......ccocveiiiiiiieiece e 31
Figure 1.29: Energy level diagrams of different forms of ROA.(Laurence A Nafie et al., 1991)
.................................................................................................................................................. 32
Figure 1.30: Vibrational circular dichroism (VCD) measures difference in absorbance of right
and left circularly polarized lght. ........ccooioiio s 34
Figure 1.31: Negative refractive index metamaterials bend light in the opposite direction
compared to conventional positive refractive index materials. ...........ccccooveviiieiicie e, 35
Figure 2.1: Photodetector and Detector output measurement Unit. .........ccoceeeverencnnnieniennnn 40
Figure 2.2: Prism Table SPeCtrOMETEr ........cooiiiiiieiee s 41
Figure 2.3: Analytical BalanCe ..o 41
Figure 2.4: Schematic of Abbe RefraCtometer. ... 42
Figure 2.5:(a) Newton's Rings Apparatus, (b) Interference rings formed with a
monochromatic source (SOdium Hght) ......cooiii i 45
Figure 2.6: Schematic showing geometrical details of plano convex lens and plane glass

PIALE. ...t b bRt E bt b bttt 46
Figure 2.7: Schematic of Circular DichroisSm SPeCtrOSCOPY. ......cccovvverierierieneneniisieeeeeneenes 48
Figure 2.8 (a) Syntek symmetric diamond anvil cell (DAC), (b) Schematic arrangement of
pair of diamonds, INSide the Cell. ..o 49
Figure 2.9: Pressure calibration with ruby flUOreSCENCe. ..........ccvvririiiiiiie 50
Figure 2.10: Stere0 Z0OM MICIOSCOPE .......erveiuiriiaieeieiesieste st sie it e ettt sbe s ne e 50

Figure 2.11:(a) Raman Spectrometer, (b) Raman Spectrometer Schematic representation. ...52

Figure 2.12: (a) Schematic representation of Raman optical activity setup. (b) Modified
Raman Optical ACHVILY SEIUP. ....oouiiiiiieiieie et 54



Figure 2.13: Transmission of IR radiation through fast and slow axis. ..........c.ccceeveveieienenn. 55

Figure 3.1: The calcite crystal's optical axis and blunt corner are displayed. The blunt corner
(Corner A) of the anisotropic crystal is the corner where the surface planes intersect to make
three obtuse angles with their edges, and the dotted line going through it is the crystal's optic
BXES. 1. ttettette ettt E R R e R e R e R £ e £ e b E e bR e Rt R e e R e e R e e R e bR b b e reen e e 59

Figure 3.2: Propagation of e-ray and o-ray in a negative uniaxial crystal is depicted
schematically. (@) The incident ray at any arbitrary angle with the crystal's optic axis, (b)
Incident ray perpendicular to the crystal's optic axis or (c) Incident ray parallel to the crystal's
0] 0] ([0l TSP U TSP UT PP OPPPPPRO 61

Figure 3.3: Optical indicatrix for (a) Isotropic, (b) Uniaxial positive, and (c) Uniaxial
negative crystals are shown. Isotropic crystals have same refractive indices in all directions,
and when it comes to uniaxial crystals, the refractive indices vary between two extreme
values and form uniaxial prolate and uniaxial oblate INdicatriX. .......ccccceveviverrnienienieiinnnn, 62

Figure 3.4: A biaxial positive and biaxial negative crystal optical indicatrix is shown. Biaxial
crystals have one intermediate refractive index (B) that lie between two extreme refractive
INAICES (0 A1IA ¥). 1vverveieiti ettt bbbt r e e et e b et bt e besbeen e e e e nee e 63

Figure 3.5: A flowchart illustrating how an optical medium is classified according to its light-
Propagation ChAraCtEIISTICS. ......ccuiiiiieeie ettt e et e e sreenreanes 64

Figure 3.6: Light splits into fast and slow rays when it enters an anisotropic crystal with a
thickness of 'd'. The slow ray is represented by a blue wave in the crystal, whereas the fast ray
is represented by a brown wave. In comparison to the fast ray, the slow ray covers a shorter
distance and develops retardation "A'. ... 65

Figure 3.7: Plane of polarization rotated through an angle 20° by half wave plate................. 66

Figure 3.8: A quarter wave plate's (QWP) response to linearly polarized light is depicted
visually. When optic axis of QWP is parallel to the polarizer transmission axis no change in
polarization but when it is oriented at 45°, it changes the state of polarization and circularly
POIANIZEA IS GENEIALEA. .....ocvvivieiecieece ettt e et e e e sneesreereenes 68

Figure 3.9: Generation of right/left circularly polarized light when fast axis of quarter wave
plate is oriented at +45° and -45°. (Figures are drawn by observing optical geometry from the
(01U 5] o =) SRS TUPOUPPRS 68

Figure 3.10: (a) A two-beam Shimadzu 460 infrared spectrometer schematic arrangement is
shown. The transmittance spectra are recorded and detected by rotating the fast and slow axes
of the quartz and mica wave plates. Maximum (minimum) transmittance values are obtained
by keeping the fast axis (Figure 10a/(slow axis) Figure 3.10 (b) parallel to the polarizer and
analyzer axes. (Guohua et al., 1990)........ccciiiiiiiie i 69

Figure 3.11: A quarter wave plate with a known axis is used to determine fast axis of a
quarter wave plate whose fast axis is unknown. (Galgano & Henriques, 2005) ..................... 70

Figure 3.12: Schematic arrangement shows how metal's ability to modify phase is used to
determine fast axis of a quarter wave plate. The transmission axes of two linear polarizers are



crossed at 45° to the left and right of the vertical direction, respectively. (Galgano &
Henriques, 2005; Logofatu, 2002) .........cccveiieiieieeie e e et sre e e e neans 71

Figure 3.13: An overview of the setup used by M.H. Chiu et al. to calculate the fast axis and
phase retardation using heterodyne interferometry. (BS- beam splitter; M- Mirror; P-
Polarizer; EOM- Electric optic modulator; At and A -analyzer; W- wave plate; Dirand Dr .-
photodetector. (Chiu et al., 1996) .......ccviiiiiii i e 72

Figure 3.14: Destructive interference is observed as resolved components from an anisotropic
crystal are cancelled along the transmission direction of analyzer...........cccccccoeviveiveicceennenn, 76

Figure 3.15: Constructive interference is observed as resolved components from an
anisotropic crystal are added and allowed to pass through the analyzer. ............ccccoovvvvenennen. 76

Figure 3.16: When monochromatic light is allowed to pass through the quartz wedge placed
between the crossed polarizer and analyzer. Bright and dark bands appear due to interference
of resolved components Of fast and SIOW FaYS. ........ccooveiireiiieniiee e, 77

Figure 3.17: Michel Levy interference colour chart (Adapted with permission from
“Molecular Expressions at Florida State University” (Robinson & Davidson) ............ccec...... 80

Figure 3.18:(a) Schematic of the experiment's setup (b) Our experimental actual setup. The
light source is a mercury vapour lamp. Axes are represented as straight lines to indicate how
each optical deViCe IS OFENTEM. ........cccviiiiiiiie e ene e 81

Figure 3.19: Figures depict colour as they appear when a quarter-wave plate composed of
mica is tilted around one of the axes and seen through the telescope of the spectrometer. On
the left, rotation around the fast axis causes white light to turn grey, and on the right, rotation
around the slow axis causes white light to turn yellow. ............ccooveiiiiiicii e, 83

Figure 3.20: Figure depicts the colours as they appear through the telescope eyepiece of the

spectrometer when a quarter-wave plate made of quartz is tilted around one of the axes. Due
to rotation on the fast axis (reduced retardation), on the left, the light-yellow colour changes
to cyan green, while on the right, the pale-yellow colour changes to pink (more retardation).

Figure 3.21:The left plot relates to photocurrent fluctuation with rotation angle caused by
Mercury source, whereas the right plot corresponds to photocurrent variation caused by
Sodium source when quarter mica wave plate is placed between cross polarizers. The graph's
peaks represent the angles when the intensity is at its maximum. At maximal intensity, the
fast and slow axes' positions may be determined. ............coceeiiiiiiiiiiiiiiiic 84

Figure 3.22: A quarter wave plate is placed between a polarizer and an analyzer in a parallel
arrangement and rotated to monitor intensity fluctuations. ............cccoevvriiiiicnini s 85

Figure 3.23: QWP made up of mica is placed between parallel polarizers and rotated, and
intensity variation as a function of rotation is plotted. The left graph corresponds to a
Mercury source, and the right graph corresponds to a Sodium source. ...........ccceevveeiinieniinenns 86

Figure 4.1: Plane polarized light is the vector sum of two oppositely rotating left and right
circularly polarized light (a) No optical rotation when plane polarized light is incident in



chiral sample. (b) As plane polarized light exits from chiral sample its plane of polarization is

0] F= =T RSO UR USRS 89
Figure 4.2: Schematic arrangement of Newton’s Rings Setup. .......cccvvvevverieiieeiesriesiesseesnenns 94
Figure 4.3: Newton Rings formed with monochromatic sodium light source...........c...c.c....... 95

Figure 4.4: Modified Newton’s Ring Setup, polarized light falls on the cavity chamber. ...... 96

Figure 4.5: Schematic of modified Newton’s rings setup. Circularly polarized light is
generated by placing quarter wave plate in the path...........cccccooee i, 97

Figure 4.6 Plot corresponds to Refractive index of both enantiomers of Glucose, Mannose,
Tartaric acid, BINOL, Alpha methyl benzyl amine and Alpha ethyl benzyl amine with respect

to different polarizing angles in the interval 0f 30°. ..., 99
Figure 5.1: Chemical structure 0f Na2S204.......ccueruiriiriiiiiiiiiiiieeeee e 111
Figure 5.2: Sodium Dithionite’s (Na2S204) ambient Raman Spectrum. ...........ccocevvevvervenne 111
Figure 5.3: Chirality induction by Na»S>04: Hypothetical Reaction Scheme. ...................... 112

Figure 5.4: Sodium dithionite and acetophenone mixed well in a mortar and pestle instantly
weaken the S-S stretching mode. A drop of methanol reduces the intensity of the S-S
SErEtChING DONG. ... e nes 113

Figure 5.5: Sodium dithionite and acetophenone mixed well in a mortar and pestle instantly
weaken the carbonyl bond frequency, and after adding a drop of methanol, break the carbonyl
DONA COMPIELEIY. ... re e beeaenre s 113

Figure 5.6: Sodium dithionite and benzil are mixed well in a mortar and pestle. It instantly
weakens the S-S stretching bond, and after adding a drop of methanol, it weakens the

(or= 1 101 01Y7 N oo o OSSO SRPSPURRPON 114
Figure 5.7: Raman spectra of Sodium dithionite (Na2S204) under quasi hydrostatic pressure
(0-34.5GPa).(Shah et al., 2022) .......ccoooiiiiiiiiieeee e 118
Figure 5.8: Raman modes' pressure dependency under quasi-hydrostatic pressure. The filled
and open symbols represent compression and decompression, respectively......................... 119
Figure 5.9: Under quasi-hydrostatic pressure, the normalized Raman spectra of Na2S>04 —
Black (At lowest pressure-0 GPa) and Red (fully decompressed). ........cccoceviririiinnniennnn, 120
Figure 5.10: Raman spectra of Sodium dithionite (Na2S204) under non-hydrostatic pressure
(0-30.2 GPa).(Shah et al., 2022) ......couoieiiiiieeieeeeee ettt 121
Figure 5.11: Raman modes' pressure dependency under non-hydrostatic pressure. The filled
and open symbols represent compression and decompression, respectively..........c...cc.co..... 122
Figure 5.12: Under non-hydrostatic pressure, the normalized Raman spectra of Na;S;04 —
Black (At lowest pressure-0 .34 GPa) and Red (fully decompressed). ........cccccevvvvviiiiieennnnnn 123
Figure 5.13: Structure of crystalline sodium dithionite (Na2S204)........ccccoveveiieiecicieeneen, 124

Figure 6.1: Different types of Raman Optical Activity. (Nafie et al., 1991) .........c..ccccuvnee.n. 131



Figure 6.2: Chemical structure of R BINAP and S BINAP.........ccccoiiiiiiieeee, 133

Figure 6.3: Modified Raman setup to record Raman optical activity (ROA) of chiral samples.

QWP stands for quarter Wave PIAte. .........ccceiieiieieiiese e 134
Figure 6.4: Schematic of structural diagram of BINOL with numbering of atoms................ 135
Figure 6.5: Normalized ambient Raman spectra of R BINAP (black line) and S BINAP (red
10T TSP 136
Figure 6.6: Ambient Raman Optical Activity (ROA) spectra of R BINAP (black line) and S
2] LN (=T I 12T SRS 139

Figure 6.7: Raman Optical activity (ROA) spectra of R BINAP at 0 GPa and 0.08 GPa.....141

Figure 6.8: Raman Optical activity (ROA) observed stretching mode ~1378 cm™ R BINAP
LV A0 4] o] =3 [0 RSP TSRR 141

Figure 6.9: Raman Optical activity (ROA) spectra of S BINAP at 0 GPa and 0.08 GPa. ....143

Figure 6.10: Raman Optical activity (ROA) spectra of S BINAP with compression............ 144
Figure 6.11: Raman spectra of R BINAP (2, 2'- bis (diphenyl phosphino)- 1,1' binaphthyl) at

non-hydrostatic Pressure (0-11.77GPa). ......cccouiiiriiieieieie e 146
Figure 6.12: Raman spectra of solid R BINAP. (fully decompressed).........c.ccoovvvrvrneiennnn. 147

Figure 6.13: Pressure dependence of Raman modes under non-hydrostatic pressure. The filled
symbols denote compression and open symbols denote decompression. In @ vs P plot, Sp

and Re labels are used to indicate splitted peaks, and reversible peaks. ..........c.cccoceoeiinennn. 148
Figure 6.14: Raman spectra of S BINAP (2, 2'- bis (diphenyl phosphino)- 1,1' binaphthyl) at

non-hydrostatic pressure (0-12.62GPa). ........ccccviiiiieeieiee e 150
Figure 6.15: Decompression stack plot of S BINAP. ..o, 151

Figure 6.16: Pressure dependence of Raman modes under non-hydrostatic pressure for S
BINAP. The filled symbols denote compression and open symbols denote decompression. Sp

and Re labels are used to indicate splitted and reversible peaks..............ccccovevievieiieieciiennnn, 152
Figure 8.1: The overlapping Ruby fluorescence spectra of Quasi hydrostatic (BLACK) and
non hydrostatic (RED) pressure environments observed at different pressures. ................... 160
Figure 8.2: Ruby fluorescence decompression stack plot in quasi hydrostatic pressure
environment is shown. Ruby peaks are completely reversible with decompression.............. 161
Figure 8.3: Ruby fluorescence decompression stack plot in non hydrostatic pressure
ENVIFONMENT 1S SNOWN. ... et neeas 161
Figure 8.4: Powder X-Ray Diffraction pattern of Sodium dithionite Na2S20a. ................... 164

Figure 8.5: X- ray diffractogram of all observed phases are shown. Red (sodium dithionite),
green (sodium sulfite), Dark red (B-Sulfur), Blue (sulphur), and Pink (sodium oxide). ....... 167

Figure 9.1: Refraction of light traveling through two different media. ............ccccccveveinennen, 209



Figure 9.2: In a ray diagram, two different bending directions of light are represented. Blue
refracted ray represents normal (positive) refraction through DPM, and the purple refracted

ray represents refraction through NIM. ... 211
Figure 9.3: An array of continuous wires and split ring resonators. ............cc.ccoevrerveineiennen, 212
Figure 9.4: Schematic of an LC 0SCHIALON. .........cocoviiiiiiii e, 213
Figure 9.5: Schematic of SRR working as an LC oSCillator. ............cccooeieiiiiiiiiiiccee, 215
Figure 9.6: In solids, the positive charge is fixed in the core and is surrounded by free,
negatively Charged ElECIIONS. ..........iiieiece e nre s 216
Figure 9.7: Pendry et al. presented a model consisting of conducting metallic cylinders to
achieve negative permeability. (J B Pendry et al., 1999)........ccccooiiiiiiiiiiniienieeeeeeen 218
Figure 9.8: In Model B, conducting cylinders are made up of split ring structures separated by
QISTANCE T, ottt e b e et e e bbb e s beebeen e n e e e et e 219
Figure 9.9: Model C, a magnetic field is applied parallel to an N-turn coil. ...........ccceueeeee. 219
Figure 9.10: Split ring resonator parameters constructed by Smith etal...........c..ccoeeennen. 220
Figure 9.11: Propagating waves oscillate as Sine waves and evanescent waves decay
EXPONENTIAITY. ...t e e e et e e re e teeaenre s 221
Figure 9.12: Image formation in normal 1eNS. ..........cccvviieiiiie i 221

Figure 9.13: (a) Negative refractive index metamaterial (NIM) lenses diverge propagating
waves from a point source before converging to form images. (b) Evanescent waves are
strengthened in negative refractive index metamaterials and contribute significantly to image
(0] 14T LA o] o SR 222

Figure 9.14: Schematic of an invisibility cloak that hides objects from view. ...................... 223

Figure 9.15: (a)A NIM beam tilting antenna installed between two dielectric resonator
antennas. (b) Schematic of NIM unit Cell. ..........ccocoviiiiiieie e 223

Figure 9.16: (a) Schematic of beam tilting terahertz antenna with NIM. (b) NIM embedded
WIEH GrADNENE. ...ttt 224

Figure 9.17: Double refraction occurs in chiral nihility material. Both refracted rays are
circularly polarized (CP); one circularly polarized light is refracted positively, and the other is
refracted NEQALIVEIY ..o 225

Figure 9.18: Asymmetric bilayer cross wires fabricated on a copper clad FR-4 board show
strong chirality and act as chiral metamaterials. ... 226

Figure 9.19: Schematic of chiral metamaterial made from an insulated strip of metal. ........ 227



List of Tables

Table 2.1. ChemiCals DELAIIS ......c.cieieieieii e e 37
Table 4.1: List of samples studied and sample cONCentration ............cccccevvvevvevesiieseese s, 93

Table 4.2: Refractive index comparison study for both samples with the particular CP light.

Table 4.3: Refractive index comparison for particular sample with both CP lights.............. 102

Table 5.1: Raman modes at ambient condition of crystalline Sodium Dithionite (Na2S204).

Table 6.1: Raman modes at ambient condition of solid 1,1'- Bi-2-naphthol (BINOL) excited
at 514.5 nm. v, bond stretching; t, out-of-plane (naphthyl) torsion of carbon atoms; thut,
butterfly torsion between two naphthyl rings; y, out-of-plane (naphthyl) wagging of hydrogen

atoms, 9, in-plane (naphthyl) bond bending. ..., 137
Table 8.1: Experimental details of X-Ray Diffraction............c.ccccoecevviiiiieiieiiece e 162
Table 8.2: The intensity of diffracted X-rays with respect to the incident angle.................. 165

Table 9.1: Materials classified on the basis of € and p values. ........cccoocevevieieiiniininiicn 210



