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Abstract

In this thesis, we report multi-scale simulation studies elucidating the solvation struc-
ture of anthropogenic gases in deep eutectic solvents, and bulk phase morphology and
dynamics of hydrophobic deep eutectic solvents. Conventional solvents suffer many
disadvantages when utilized for gas sequestration, such as corroding the equipment
and harming the environment. For applications requiring hydrophobic conditions, em-
ployment of traditional solvents leads to low extraction efficiency due to decreased
phase separation strength. Deep eutectic solvents (DESs) and hydrophobic deep eu-
tectic solvents (HDESs) replace these conventional solvents. DESs exhibit unique
properties such as easy preparation, biodegradability, tunable nature, excellent ther-
mal stability, low volatility, and low toxicity, which make them a suitable candidate
for gas sequestration applications. HDESs behave as water-immiscible solvents and
have shown higher extraction efficiency than conventional ones. The unique properties
of DESs and HDESs have motivated us to explore the solvation structure of various
anthropogenic gases in DESs and the structure and dynamics of HDESs. Experimen-
tal studies show that DESs have excellent gas absorption capacity. However, studies
highlighting the solvation structure of these gases in DESs and the structure and dy-
namics associated with HDESs, which are the focus of this thesis, are scarce in the

literature.

The first part of the thesis uses ab initio molecular dynamics (AIMD) simulations
to understand the solvation structure of anthropogenic gases in DESs. The studied
systems comprise solute gases CO,y, SO,, CHy, NH3, HyS, and CO solvated by two
different DESs, namely a 1:2 mole ratio of choline chloride:urea ([Ch][Cl]:URE), called
reline and choline chloride:ethylene glycol ([Ch][Cl:EG) in 1:2 mole ratio, called etha-

line. The thesis discusses fundamental interactions that stabilize various solute gases



in both DESs focusing on the nearest solvation shell structure around solute gases in
these DESs. The effect of changing hydrogen bond donor (HBD) species on solva-
tion structure, the contribution of different DES species in determining the structure,
and the role of charge transfer interactions and polarizability in guiding the solvation
structure are studied.

The second part of the thesis uses classical molecular dynamics (MD) simulations
to understand the structure and dynamics associated with HDESs. The HDESs stud-
ied here are based on DL-menthol (DLM) and organic acids with varying the chain
length of HBD acids, namely hexanoic (C6), octanoic (C8), decanoic (C10), and do-
decanoic (C12) acids. Other HDES studied here is composed of thymol (THY) and
coumarin (COU). The total X-ray scattering structure function (S(q)) and partial
S(q) provide insights into the structural organization. Real space pair correlations
were computed to understand the atomic interactions between various HDES com-
ponents. Hydrogen bonding interactions present in the HDESs were elucidated by
radial angular distribution functions. Spatial distribution functions were analyzed to
get a complete picture of the structural organization present in the HDESs. Hydro-
gen bond dynamics gives insight into the hydrogen bond relaxations. Here, hydrogen
bond lifetimes and the strength of hydrogen bonding interactions are also discussed.
The translational dynamics is studied using mean square displacement (MSD) and the
self-diffusion coefficients of the molecules present in the HDESs. Dynamic properties
like non-Gaussian parameter and van Hove correlation functions were analyzed to de-
cipher the presence of dynamic heterogeneity. In summary, this thesis compiles various
systematic investigations to understand the solvation structures of different harmful

gases in DESs and the structure and dynamics of HDESs.

vi



ar

9 i ¥ g9 U gefdee Jiedew # AMGSd IR & Aled<H IRaAT, 3R
@Wﬁ@%mﬁw%%w%ﬁmﬁwwm
ﬁaﬁme{mﬂ‘raﬁﬁqﬁéaﬂﬁ%l N gYaax0l & ol STANT fht oM R
Wwﬁwﬁ?ﬁ? IHH S TS &, O SUDHRUT HT RN 3R TR0 P
THaH TS B & SRS RURR B sravawdr aret SFpRiNT & R, TRuR®
e & FUTRT H TRUT GBI Rfek B HH! P HRUT fASHH0] gafd 3 1 S g1 ST
gefdes Tieded (S15T9) 3R BRSIBIN® S gefdesd Tiedeq (TISISUd) 3 URUNS
Alcdcd DI 1T I & | SISTH S daRI, SRTSHSIE, o & I Ui, ST
YTiet FRRAT, HH HRRRAT 3R HH fauadar o sifgdia o1 vefkid #=d €, o 32 19
GYFHUT SIERINT & o I SFHIGAR §91d & | TS IRed oa-HTHyuiig Alcdcd &
¥U N SIdER HRd & 3R URURS Ticded ! ga-1 A I= femsfuy qerar fiwmd 81 Sisud
3R TErSts Uy & sifgdia ol 1 g% fafta o1 Ticade TemT o1 udr o & forg Ifva fasan
& SIRUY H gHasI-d 1N 3R TISISU B AT 3R T=iTerar | Ui Siera= 3 Il
I 8 o SIS0 T ST T a0 AT 81 § | BTeiie, SIuq H 31 711 &b} Aied=H
TR 3R TS ST A ST TR SR RITTar IR YehT=T STer aTd S1eaa, ST 39 R
FHIHIDHY g, e H gay g |
R HT Ugar UM ST T AFGeI-d T &1 Aiea=H AaT S gHeH & forg wat
sfear siurfae nfa=iterdT (TsmSurS!) RIgeRM BT SUaN &xdl ¢ | {999+ U U Red
o QI STHT- e SISU GRT YRS GARId 7RI CO,, SO5, CHa, NH3, HoS 3R co RMHA &,
YT PIT FARTSS:IRAT ([Ch][CI]:URE) FT 1:2 HIdT SUTd, ORI FgT offall § | Iars 3R
DI FARTS S: YA TARHIA ([Ch] [Cl]: EG) 1:2 I 34T H, for a9 SgT A g |
R 37 HEyd sia-fparsit W =ai B & S 37 SEua o faqg 791 & smur Fdean
o= el AT IR T dhfgd Bd gU G asud | it fao 11 o RR #xat 51
Tica= WA | GRS a6 SIFR (Yadial) USTiadl P SGa- &1 JHTd, JRaT &l
uRor B 7 ol STy yofcdl &1 arTeM, SR Hied<M e & FER| & o
Tl CIAR AR 3R YdTHR0T B YA H1 31eqg fobar STar g |

AR BT GIRT YT TISRTY I &t a1 3R e & JrgH & fore e
3fTorfaes TfaRiaar (@S] RIgeRM &1 ITART Fxal ¢l I8t 7ead bt T Tasisud
ST (SaH) 3R Brefe 3l R eRd §, S wadiel thie &) g &
TS STRT-STT GBI &, ST gD (Hle), SfaeTgad (lg), FEagd (o), SRS
RFgd [W12) TRIS| T8 S P T o TaEIE Ty ygHie (IUears) SiR FHIRA
?ﬁ%ﬁﬁ%lgﬂ@%ﬁvﬁwm () 3R RIS Ty RTTHD
TG T Sdeid UM $d & | fafld TaSiiuy uedh! & S TRHTY] SaRM & 0 &
foru arafas ofafer oS! Tedad! &1 TUMT &1 718 | TS Uy B UGG g13g o aiet
SCXHRM DI ST DU IR0 SRl gRT WY fban w1 o1l wife fdarur sl &1
facryor fara a1 TerEis T H Mg WA W6 &t I AR M &1 | 12 IoH §is
TRl g3 IoH a8 Ay & IR & THSHR! Gl 8| T5T, TS a8 SiiaTd 3R
BIIIoH SIS SEXaRH &I didhd W =il &t 718 8| ATed o faiToe (TruEeh) SR &
SUANT B SfJaTaled il ST 3ierd fodn Sl & TaSis | Hivja $Ushi & -
TRIR [Tich | =it fasmar ot SufRufa &1 Twg & o TR-Tesw tRifeR 3iR a7 g1




Teday Sl oI Ti=ite 7ot &1 faweiyor far man g1 & #, a8 e Ssua d fafts
BN RS MG} B e T3l iR TESTd Bt Ga1 3R Tfoied &) gHgH &
o afRd ST AhaT Bt g |




Permissions

The following articles have permission from the relevant journals.
Publications Associated with the Work Reported in This Thesis

as of the Submission Date

1. Akshay Malik, Harender S. Dhattarwal, and Hemant K. Kashyap, Distinct Sol-
vation Structures of CO5 and SO, in Reline and Ethaline Deep Eutectic Solvents
Revealed by AIMD Simulations. J. Phys. Chem. B 2021 125, 1852.

2. Akshay Malik and Hemant K. Kashyap, Heterogeneity in Hydrophobic Deep
Eutectic Solvents: SAXS Prepeak and Local Environments. Phys. Chem. Chem.
Phys. 2021 23, 3915.

3. Akshay Malik and Hemant K. Kashyap, Multiple Evidences of Dynamic Het-
erogeneity in Hydrophobic Deep Eutectic Solvents. J. Chem. Phys. 2021 155,
044502.

4. Akshay Malik and Hemant K. Kashyap, Solvent Organization around Methane
Dissolved in Archetypal Reline and Ethaline Deep Eutectic Solvents as Revealed
by AIMD Investigation. J. Phys. Chem. B 2022 126, 6472.

5. Akshay Malik, Harender S. Dhattarwal, and Hemant K. Kashyap, An Overview
of Structure and Dynamics Associated with Hydrophobic Deep Eutectic Sol-
vents and Their Applications in Extraction Processes. ChemPhysChem 2022
23, €202200239.

6. Akshay Malik, Harender S. Dhattarwal, and Hemant K. Kashyap, Applications

of Deep Eutectic Solvents in Gas Capture, Current Developments in Biotechnol-

vil



ogy and Bioengineering; Deep Eutectic Solvents: Fundamentals and Emerging

Applications, Chapter 3. FElsevier 2022 49.

. Akshay Malik and Hemant K. Kashyap, Solvation Shell Structures of Ammonia
in Reline and Ethaline Deep Eutectic Solvents. J. Phys. Chem. B 2023 127,
2499.

. Akshay Malik and Hemant K. Kashyap, Origin of Structural and Dynamic
Heterogeneity in Thymol and Coumarin based Hydrophobic Deep Eutectic Sol-
vents as Revealed by Molecular Dynamics. Phys. Chem. Chem. Phys. 2023
25, 19693.

. Akshay Malik and Hemant K. Kashyap, Solvation Shell Anatomy of H,S and
CO Dissolved in Reline and Ethaline Deep Eutectic Solvents. J. Phys. Chem.
B 2023.

viii



Contents

Certificate
Acknowledgements
Abstract
Permissions

Table of Contents
List of Figures
List of Tables

1 Introduction

1.2 Hydrophobic Deep Eutectic Solvents . . . . .. ... ... ...
1.2.1 Why HDESs? . . . . . . . ... o
1.22 Origin of HDESs . . . . . . . . ... ... ... .....
1.2.3 Applications of HDESs . . . . . . .. ... ... .....
1.2.4 Structure of Different Types of HDESs . . . . . . . . ..

1.2.4.1 Structure of Ionic and Non-ionic HDESs

1.2.5 Dynamics Associated with HDESs . . . . . . . ... ...
1.2.6 Scope of MD Simulations . . . . . .. .. .. ... ....

1.3 Computational Details . . . . .. ... ... . ... ... ....

1X

iii

vii

ix

XV



1.3.1 Classical Molecular Dynamics Simulations . . . . . ... ... .. 16

1.3.2 Ab Initio Molecular Dynamics Simulations . . . . . .. .. .. .. 19
1.3.2.1 Born-Oppenheimer Approximation . . . ... ... ... 20

1.3.2.2 Kohn-Sham Density Functional Theory . . . . . . . . .. 22

1.3.2.3 Gaussian and Plane Wave Method . . . . ... ... .. 23

1.3.2.4 Treatment of Core Electrons . . . . . . . ... ... ... 25

1.3.2.5 Exchange and Correlation Energy . . . . . ... ... .. 26

1.3.3 Solving the Equations of Motion . . . . . . . . ... ... ..... 27
1.3.4 Statistical Ensembles . . . . . . .. ... o o000 29
1.3.5 MD at Constant Temperature and Pressure . . . . ... ... .. 31
1.3.5.1 Nosé-Hoover Thermostat . . . . . . ... ... ... ... 31

1.3.5.2 Parrinello-Rahman Barostat . . . . . .. ... ... ... 32

1.4 Calculation Details of Properties . . . . . . .. ... ... .. .. .... 33
1.4.1 Structural Properties . . . . . . . . . ... 33

1.4.1.1 Computed X-ray/Neutron Scattering Structure Functions 33

1.4.1.2 Radial Distribution Function. . . . . . . ... ... ... 36

1.4.1.3 Radial Angular Distribution Function . . . . . . . . . .. 36

1.4.2 Dynamic Properties . . . . . . . . .. .. . oo 37
1.4.2.1 Hydrogen Bond Auto-correlation Function . . . . . . .. 37

1.4.2.2 Transport Properties . . . . . .. .. ... ... .. ... 38

1.4.2.3 Velocity Auto-correlation Function . . . ... ... ... 38

1.4.2.4 Non-Gaussian Parameter . . . . . . .. ... .. ... .. 39

1.4.2.5 Self-Intermediate Scattering Function . . . . . . . . . .. 39

1.4.2.6 van Hove Correlation Function. . . . . . .. ... .. .. 40

1.5 Motivation and Organization of the Thesis . . . . . . .. ... ... ... 40

2 Distinct Solvation Structures of CO,; and SO, in Reline
and Ethaline Deep Eutectic Solvents Revealed by AIMD

Simulations 45
2.1 Introduction . . . . . ..o 45
2.2 Simulation Details . . . . . . . . ... 46
2.3 Results and Discussion . . . . . . .. .. ... 0oL 48

2.3.1 Structural Organization of the DES Species Around the Solutes . 48



2.3.1.1 Atomic Distribution around CO, in Reline . . . . . . . .
2.3.1.2 Atomic Distribution around SO, in Reline . . . . . . ..
2.3.1.3 Atomic Distribution around CO, in Ethaline . . . . . . .
2.3.1.4 Atomic Distribution around SO, in Ethaline . . . . . . .
2.3.2 Spatial Isodensity Surfaces . . . . . ... ... ... oL
2.3.2.1 Three-dimensional Isodensity Surfaces around COs in Re-
line and Ethaline . . . . . .. ... ... ... .....
2.3.2.2 Three-dimensional Isodensity Surfaces around SO» in Re-
line and Ethaline . . . . . .. ... ... ... .....
2.3.3 Evidence of Charge Transfer . . . . . . . ... ... ... ... ..
2.3.4 Effect of CO5/SO5 on the Bulk Structures of DESs . . . . . . ..

2.4 Conclusions . . . . . . . .

Solvent Organization Around Methane Dissolved in
Archetypal Reline and Ethaline Deep Eutectic Solvents
as Revealed by AIMD Investigation
3.1 Introduction . . . . .. .o Lo
3.2 Simulation Details . . . . . . .. ... o
3.3 Results and Discussion . . . . . . . .. . .. ..
3.3.1 Structural Arrangement of DES Constituents Around CH, . . . .
3.3.1.1 Atomic Arrangement of Reline Species Around CH, . . .
3.3.1.2 Atomic Arrangement of Ethaline Species Around CH, . .
3.3.2 Influence of CH4 on the Interactions within Pure DESs . . . . . .
3.3.2.1 Impact of CHy on Bulk Reline Structure . . . . . . . ..
3.3.2.2 Impact of CH4 on Bulk Ethaline Structure . . . . . . ..
3.3.3 Spatial Distribution Functions . . . . . . . .. ... ... ... ..
3.3.3.1 Three-dimensional Spatial Distribution Functions of Re-
line Constituents Surrounding CH, Solute . . . . . . .
3.3.3.2 Three-dimensional Spatial Distribution Functions of
Ethaline Constituents around CH, . . . . . . .. . ..
3.3.4 Charge Transfer Interactions . . . . . . . ... .. ... ... ...
3.3.5 Effect of Polarizability . . . . ... .. ... ... .. .......
3.3.6 Infrared Spectra . . . . . . . .. ..

x1



3.4 Conclusions . . . . . . . . 74

4 Solvation Shell Structures of Ammonia in Reline and Etha-

line Deep Eutectic Solvents 76
4.1 Introduction . . . . . . ... 76
4.2 Simulation Details . . . . . . .. o000 78
4.3 Results and Discussion . . . . . . ... . ..o oo 78
4.3.1 Structural Organization of Reline Constituents Around NH; . . . 78
4.3.2 Structural Organization of Ethaline Constituents Around NH; . . 81
4.3.3 Impact of NH3 on the Structure of Pure DESs . . . . . . . .. .. 83
4.3.4 Three-dimensional Spatial Distribution Functions . . . . . . . .. 84

4.3.5 Solute-Solvent and Solvent-Solvent Charge Transfer Interactions . 86

4.3.6 Dipole Moment Distributions . . . . .. .. ... ... .. .... 88
4.3.7 Comparison of Infrared Spectra . . . . . . . . ... ... .. ... 89
4.3.8 Why is NH3 more Soluble in Ethaline than Reline? . . . . .. .. 91
44 Conclusions . . . . .. ..o 92

5 Solvation Shell Anatomy of H>S and CO Dissolved in Re-

line and Ethaline Deep Eutectic Solvents 93
5.1 Introduction . . . . . . . ..o 93
5.2 Simulation Details . . . . .. . ... oo 94
5.3 Results and Discussion . . . . . . ... ... o000 96

5.3.1 Organisation of Reline and Ethaline Species Around H,S and CO
Solutes . . . . . .o 96
5.3.1.1 Structural Arrangement of Reline Species Around H,S . 96
5.3.1.2 Structural Arrangement of Ethaline Species Around H,S 96
5.3.1.3 Structural Arrangement of Reline Species Around CO . . 97
5.3.1.4 Structural Arrangement of Ethaline Species Around CO 100

5.3.2 Effect of Hy,S and CO on Interactions in Pure DESs . . . . . . . . 100
5.3.2.1 Impact of HyS and CO on Bulk Reline Structure . . . . . 101
5.3.2.2 Impact of HyS and CO on Bulk Ethaline Structure . . . 102

5.3.3 Spatial Distribution Functions: Three-dimensional Arrangement . 104

xii



5.3.3.1 Isosurfaces of Reline and Ethaline Species around HsS So-
lute . . . . . 104

5.3.3.2 Isosurfaces of Reline and Ethaline Species around CO

Solute . . . . . .. 106

5.3.4 Charge Transfer Evidence . . . .. ... ... ... ... ..... 107
5.3.5 Distribution of Dipole Moments . . . . . ... ... ... ..... 108
5.3.6 Infrared Spectra . . . . . . . . . .. 109
5.3.7 Higher Solubility of HyS over CO in DESs . . . . . .. ... ... 110

5.4 Conclusions . . . . . . . . . 111

6A Bulk Phase Structural Organisation of Menthol and Or-
ganic Acid Based Hydrophobic Deep Eutectic Solvents 113

6A.1 Introduction . . . . . . ..o 113
6A.2 Simulation Details . . . . . . ... Lo 115
6A.3 Results and Discussion . . . . . .. . ... ... . L. 116
6A.3.1 Evidence of Intermediate Range Ordering in HDESs . . . . . .. 116
6A.3.2 Real Space Pair Correlations . . . . . .. ... ... ... .... 119
6A.3.2.1 Polar Group Interactions and Hydrogen Bonding . . . 119

6A.3.2.2 Tail-Tail Interaction . . . . ... ... ... ... ... 120

6A.3.3 Spatial Isodensity Surfaces . . . . . .. ... ... ... .. 122

6A.3.3.1 Three-dimensional Isodensity Surface around DL-menthol122
6A.3.3.2 Three-dimensional Isodensity Surface around Organic
Acids . . . . . 124
6A.4 Conclusions . . . . . . .. L 124

6B Multiple Evidences of Dynamic Heterogeneity in Men-
thol and Organic Acid Based Hydrophobic Deep Eutectic

Solvents 126
6B.1 Introduction . . . . . . ... L o o 126
6B.2 Simulation Details . . . . . .. ... ... o oo 127
6B.3 Results and Discussion . . . . . ... . ... .. 000 129
6B.3.1 Hydrogen-Bond Dynamics . . . . . ... ... ... ... .... 129
6B.3.2 Translational Dynamics . . . . . . . .. ... ... ... ... .. 134



6B.3.3 Evidence of Heterogeneity in Translational Dynamics . . . . . . 135
6B.3.4 Velocity Autocorrelation Function and Caging . . . . . . . . .. 136
6B.3.5 Effect of Increasing Tail Length of Acids on a-relaxation Time-scale138

6B.3.6 Self-van Hove Correlation Function . . . . . . . . ... ... .. 139
6B.3.7 Distinct-part of van Hove Correlation Function . . . . . . . . .. 140
6B.4 Conclusions . . . . . . . . .. 143

7 Origin of Structural and Dynamic Heterogeneity in Thy-
mol and Coumarin based Hydrophobic Deep Eutectic

Solvents as Revealed by Molecular Dynamics 145
7.1 Introduction . . . . . . . ..o 145
7.2 Simulation Details . . . . . . .. ... o 147
7.3 Results and Discussion . . . . . . .. . ... 0oL 148
7.3.1 Evidence of Structural Heterogeneity . . . . . . .. ... .. ... 148

7.3.2 Interaction within Intra- and Interspecies . . . . . . . .. ... .. 150

7.3.2.1 Polar Group Interactions . . . . . . . .. ... ... ... 150

7.3.2.2 Carbon Rings Interactions . . . . . ... ... ... ... 153

7.3.3 Spatial Distribution Functions . . . . . . .. . ... ... ... .. 154

7.3.3.1 3-D Isosurfaces around Thymol . . . . . ... ... ... 154

7.3.3.2 3-D Isosurfaces around Coumarin . . . . . . . ... ... 155

7.3.4 Relaxation and Life-time of Hydrogen Bonds . . . . . . . . .. .. 155

7.3.5 Translational Dynamics . . . . . . ... ... ... ... ..... 157

7.3.6 Heterogeneity in Translational Dynamics . . . . . . ... ... .. 158

7.3.7 Velocity Autocorrelation Function and Caging . . . . . . .. . .. 159

7.3.8 Self-van Hove functions . . . . . . . . .. ... ... ... ... .. 160

7.4 Conclusions . . . . . . . . .. 161

8 Summary and Future Research Perspectives 163
Appendix 169
Bibliography 182
Biodata 216

Xiv



List of Figures

1.1 Structures of (a) choline chloride ([Ch][C1]), (b) urea (URE), (c) ethylene
glycol (EG), (d) carbon dioxide (CO;), (e) sulfur dioxide (SO,), (f)
methane (CHy), (g) ammonia (NHj), (h) hydrogen sulfide (H,S), and
(i) carbon monoxide (CO) are shown using ball-and-stick model. . . . .

1.2 Chemical structures of HBDs and HBAs used for preparing HDESs. Re-
produced with permission from Ref.[138] Copyright (2022) the authors.
Published by Wiley-VCH GmbH. . . . . ... ... ... ... .....

1.3 A visual representation of the external Coulomb potential and all electron
wavefunctions (red dotted line), together with their associated pseu-

dopotential and pseudo wavefunctions (black solid line).[177] . . . . . .

2.1 Equilibrium snapshots of simulation boxes corresponding to (a) reline-
COy, (b) reline-SO,, (c) ethaline-CO,, and (d) ethaline-SO5. Here,
[Ch]*, Cl7, URE and EG are shown in transparent red, green, orange
and magenta. The carbon and sulfur atoms of CO5 and SO, are repre-
sented in cyan and yellow, while oxygen atoms are shown in solid red.
Reproduced from Ref. [232], Copyright (2021), with permission from
American Chemical Society. . . . . . .. ... .. ... ... ......

2.2 Radial distribution functions corresponding to (a) C17-Cc¢o, and Nygg-
Cco, (b) C17-O¢o, and Nygg-Oco, (¢) Nicyj+-Ceo, and Ojcy+-Ceo, (d)
Nicn+-Oco, and Ojcy+-Oco, atomic pairs in reline containing CO; so-
lute at 333 K. Here, Cl~ and Nyrg refers to the chloride anion and
nitrogen atom of urea, respectively. Nicy+ and Ojcy+ are the nitrogen
and oxygen atoms of choline cation, respectively. Cco, and Oco, are
the carbon and oxygen atoms of CO, molecule, respectively. Repro-
duced from Ref. [232], Copyright (2021), with permission from Ameri-

can Chemical Society. . . . . . . . . ... ..

XV



2.3 Radial distribution functions corresponding to (a) Cl™-Sgo, and Nygg-
Sso, (b) CI7-Og0, and Nuyrg-Oso, (¢) Nicnj+-Sso, and Ojcnj+-Sso, (d)
Nicn+-Oso, and Ocy)+-Oso, atomic pairs in reline containing SO, solute
at 333 K. Here, Cl1~ and Nygg refers to the chloride anion and nitrogen
atom of urea, respectively. Nicy+ and Ojcpj+ are the nitrogen and oxy-
gen atoms of choline cation, respectively. Sgo, and Ogp, are the sulfur
and oxygen atoms of SO, molecule, respectively. Reproduced from Ref.

[232], Copyright (2021), with permission from American Chemical Society. 50

2.4 Radial distribution functions corresponding to (a) Cl7-Cc¢o, and Ogg-
Cco, (b) CI7-O¢o, and Ogc-Oco, (¢) Nicnj+-Cco, and Ocpy+-Ceo, (d)
Nicn+-Oco, and Ojcp+-Oco, atomic pairs in ethaline DES containing
COg solute at 333 K. Here, CI~ and Ogg refers to the chloride anion
and oxygen atoms of ethylene glycol, respectively. Nicy+ and Ojcpj+ are
the nitrogen and oxygen atoms of choline cation, respectively. Cco, and
Oco, are the carbon and oxygen atoms of COy molecule, respectively.
Reproduced from Ref. [232], Copyright (2021), with permission from

American Chemical Society. . . . . . .. ... ... ... ... ..... 52

2.5 Radial distribution functions corresponding to (a) Cl7-Sgo, and Ogg-
Sso, (b) CI7-Og0, and Ogg-Oso, (¢) Nienj+-Sso, and Ojcy+-Sso, (d)
Nicn+-Oso, and Ojcpy+-Oso, atomic pairs in ethaline DES containing
SO, solute at 333 K. Here, CI~ and Ogg refers to the chloride anion
and oxygen atoms of ethylene glycol, respectively. Nicy+ and Ojcyj+ are
the nitrogen and oxygen atoms of choline cation, respectively. Sgo, and
Ogo, are the carbon and sulfur atoms of SO, molecule, respectively.
Reproduced from Ref. [232], Copyright (2021), with permission from

American Chemical Society. . . . . . . ... ... ... L. 53
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2.6 Spatial distribution functions around central CO, molecule in (a) reline
and (b) ethaline DESs at 333 K. Here, transparent green, orange and
red isosurfaces represent Cl~, HBD, and [Ch|™ molecules, respectively.
The isovalues (in nm™?) for [Ch|", C17, and URE in reline-CO, are 3.7,
18.2, and 14.1 respectively. For ethaline-CO., the isovalues of [Ch|T,
Cl7, and EG are 3.5, 10.9, and 9.4, respectively. Reproduced from Ref.
[232], Copyright (2021), with permission from American Chemical Society. 55

2.7 Spatial distribution functions around central SO, molecule in (a) reline
and (b) ethaline DESs at 333 K. Here, transparent green isosurface
represents C1~ anions. The isovalues (in nm~2) for C1~ in reline-SO, and
ethaline-SO, are 27 and 41.9 respectively. Reproduced from Ref. [232],
Copyright (2021), with permission from American Chemical Society. . . 57

2.8 The total charge distributions on [Ch|*, C17, HBD and solute species
present in (a) reline-COsq, (b) reline-SOs, (c) ethaline-COs, and (d)
ethaline-SO, systems. Here, ¢ is elementary charge. The solid lines
represent Hirshfeld charges and dashed lines correspond to Mulliken
charges. Reproduced from Ref. [232]|, Copyright (2021), with permis-

sion from American Chemical Society. . . . . . . . ... ... ... ... 57

3.1 Equilibrium pictures of simulation boxes representing (a) reline-CH, and
(b) ethaline-CH,4 systems. Here, transparent cyan, green, orange and
magenta colors represent [Ch|*, C17, URE, and EG, respectively. The
carbon and hydrogen atoms of CH, are represented in dark-cyan and
white, respectively. Reproduced from Ref. [233|, Copyright (2022), with

permission from American Chemical Society. . . . . . . .. ... .. .. 62
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3.2 Radial distribution functions for (a) Ccm,-Ourg, Ccn,-Nure, (b) Hen,-
Oure, Hen,-Nure, (e) CCH4‘N[Ch]+7 CCH4-O[Ch]+ , and Ccp,-CI™ (f)
Hen,-Nien+, Hem-Ojong+, and Hep,-Cl™ atomic pairs in reline contain-
ing CH, solute at 333 K. Here plots (c), (d), (g) and (h) represent
corresponding cumulative integral number plots for RDFs shown in (a),
(b), (e) and (f), respectively. Here, Oyrg, Nygrg refers to the oxygen and
nitrogen atom of urea molecule and C1~ is the chloride anion. Njcp+ and
Ofcny+ are the nitrogen and oxygen atoms of choline cation, respectively.
Ccn, and Hey, are the carbon and hydrogen atoms of CH, molecule,
respectively. Here, shaded colors represent corresponding error bars.
Reproduced from Ref. [233], Copyright (2022), with permission from

American Chemical Society. . . . . . .. ... .. ... ... ...... 65

3.3 Radial distribution functions for (a) Hep,-Ogrg and Ccon,-Oga (b) Cen,-
Nicn+ and Cep,-Ojcyp+ and Cep,-Cl™, and (¢) Hew,-Nien+, Hen,-
Ojcny+ and Hep,-Cl™ atomic pairs in ethaline DES containing CHy so-
lute at 333 K. Here, plots (d), (e), and (f) represent corresponding
cumulative integral number plots for RDFs shown in (a), (b), and (c),
respectively. Here, CI~ and Ogg refer to the chloride anion and oxygen
atoms of ethylene glycol, respectively. Nicp+ and Ocpp+ are the nitrogen
and oxygen atoms of choline cation, respectively. Ccp, and Hey, are
the carbon and hydrogen atoms of CH; molecule, respectively. Here,
shaded colors represent corresponding error bars. Reproduced from Ref.

[233], Copyright (2022), with permission from American Chemical Society. 66

3.4 Radial distribution functions corresponding to (a) C17-HOcyj+, (b) Cl™7-
Hugre, (¢) Ovre-HOcny+, (d) Nicy+-C17, (e) Nyre-Cl™, and (f) Nyge-
HO|cy+ atomic pairs in reline and reline containing CHy solute. Here,
Hurg and Nygrg are the hydrogen and nitrogen atoms of urea, respec-
tively. Nicy+ and HOycp+ are the nitrogen and hydroxyl hydrogen
atoms of the choline, respectively. Here, shaded colors represent cor-
responding error bars. Reproduced from Ref. [233], Copyright (2022),

with permission from American Chemical Society. . . . . . .. ... .. 67
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3.5 Radial distribution functions corresponding to (a) C17-HOcy+, (b) C1™-
HOgg, (¢) OHgg-HOcnj+, (d) Niep+-Cl™, (e) OHjcp+-HOgg, and (f)
Nichj+-OHgg atomic pairs in ethaline and ethaline containing CHy so-
lute. Here, HOgg and OHgg are the hydroxyl hydrogen and oxygen
atoms of ethylene glycol, respectively. Nicy+ and HOcy)+ are nitrogen
and hydroxyl hydrogen atoms of the choline, respectively. Here, shaded
colors represent corresponding error bars. Reproduced from Ref. [233],

Copyright (2022), with permission from American Chemical Society. . . 68

3.6 Spatial distribution functions depicting (a) Nygrg and Oygg, and (b) hy-
droxyl group of [Ch|* and Njcy+ around central CH4 molecule in reline.
Transparent green and red isosurfaces represent Oyrg and hydroxyl
group of [Ch|™, respectively. Yellow and orange isosurfaces correspond
to Nyrg and Njcyj+, respectively. The isovalues (in nm™3) for Nygg,
Ougg, hydroxyl group of [Ch|*, and Nicp+ in reline-CH, are 13.6, 16,
8.9, and 13 respectively. Reproduced from Ref. [233|, Copyright (2022),

with permission from American Chemical Society. . . . . . . .. .. .. 69

3.7 Spatial distribution functions depicting (a) Ogg and (b) Njcy+ and
Cl™ around central CH4 molecule in ethaline. Transparent blue and
magenta isosurfaces represent C1~ and Ogg, respectively. Orange isosur-
face corresponds to Nicyj+. The isovalues (in nm~3) for Ogg, C1™, and
Nich+ in ethaline-CHy are 9.5, 7, and 9.8 respectively. Reproduced from
Ref. [233], Copyright (2022), with permission from American Chemical
Society. . . . . 70

3.8 Total Mulliken and RESP charge distributions for [Ch|™, C1~, HBD, and
CH, species present in (a) reline-CH4 and (b) ethaline-CH, systems.
Here, e refers to the elementary charge. Solid-filled lines correspond
to RESP charges, and dashed lines represent Mulliken charges. Repro-
duced from Ref. [233], Copyright (2022), with permission from Ameri-
can Chemical Society. . . . . . . . . ... .. 71
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3.9 Distribution of dipole moments of [Ch|T, C1~, HBD, and CH, molecules

in (a) reline-CH, and (b) ethaline-CH, systems. Here, solid lines cor-
respond to the dipole moments of molecules present in DES-CHy, and
dashed lines represent pure DES system. Reproduced from Ref. [233],
Copyright (2022), with permission from American Chemical Society. . .

3.10 IR spectra of (a) pure reline and reline-CH, and (b) reline-CH, sys-

3.11

tem along with the individual contribution of [Ch|T, URE and CHj.
Reproduced from Ref. [233], Copyright (2022), with permission from

American Chemical Society. . . . . . .. .. ... ... ... ......

IR spectra of (a) pure ethaline and ethaline-CH, and (b) ethaline-
CH, system along with the individual contribution of [Ch]*, EG and
CH,. Reproduced from Ref. [233], Copyright (2022), with permission

from American Chemical Society. . . . . . .. ... ... ... ... ..

4.1 Snapshots of equilibrium simulation boxes of (a) reline-NHj and (b)

ethaline-NHj systems. The magenta, green, orange, and cyan colors
refer to [Ch|T, Cl™, urea, and ethylene glycol, respectively. Blue and
white depict nitrogen and hydrogen atoms of NHjz, respectively. Repro-
duced from Ref. [235], Copyright (2023), with permission from Ameri-

can Chemical Society. . . . . . . . . . . . ...

4.2 Radial distribution functions describing interaction of (a) Hyu,-Ourg and

Hxi,-Nure, (b) Nnu;-Ovure and Nyw,-Nure, (¢) Nxi-Hure and Nyg,-
HOcpp+, (d) Hxus-Nien+, Hymsz-Ojcn+ and Hyp,-Cl7, and (e) Nyg,-
Nicn+, Nxny-Ojenp+ and Nyp,-Cl™ atomic pairs in reline-NHj system.
Here, Oyrg, Nurg, and Hygrg belong to urea’s oxygen, nitrogen, and hy-
drogen atoms, respectively. Nicpj+, Ojcnj+ and HO(gpy+ are the nitrogen,
hydroxyl oxygen, and hydroxyl hydrogen atoms of [Ch]", respectively.
Ny, and Hyp, are the nitrogen and hydrogen atoms of NHj solute,
respectively. Reproduced from Ref. [235], Copyright (2023), with per-

mission from American Chemical Society. . . . . . . ... ... ... ..
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4.3 Radial angular distribution functions, g(r,f) for H-A distance and H-D-A
angle in reline-NHj system. Here, HO(cyj+ is hydroxyl hydrogen atom of
[Ch|t and Nyp, is the nitrogen atom of NH; molecule. Reproduced from
Ref. [235], Copyright (2023), with permission from American Chemical
Society. . . ..

4.4 Radial distribution functions describing interaction of (a) Hyp,-
Ogc and Nyg,-Oga, (b) Hywy-Nicnj+, Hywy-Openp+ and Hyp,-Cl™, (c)
Nn,-Nicn+, Nnwy-Ojenp+ and Nyp,-Cl™, (d) Nyp,-HOge and Nyp,-
HOcy+ atomic pairs in ethaline- NHj system. Here, Opg and HOgg re-
fer to the hydroxyl oxygen and hydroxyl hydrogen atoms of ethylene gly-
col, respectively. Nicp+, HO(cyj+, and Ojcyy+ are the nitrogen, hydroxyl
hydrogen, and hydroxyl oxygen atoms of [Ch|™, respectively. Nyp, and
Hyp, are the nitrogen and hydrogen atoms of NHj solute, respectively.
Reproduced from Ref. [235], Copyright (2023), with permission from

American Chemical Society. . . . . . . ... ... ... L.

4.5 Radial angular distribution functions, g(r,), for H-A distance and H-
D-A angle in ethaline-NHj; system. Nyp, represents the nitrogen atom
of NH3 molecule. Here, HOgq refers to the ethylene glycol’s hydroxyl
hydrogen atoms. Reproduced from Ref. [235]|, Copyright (2023), with

permission from American Chemical Society. . . . . . . ... ... ...

4.6 Radial distribution functions describing the interaction of (a) Cl™-
HOjcp+, (b) ClI™-Hygrg, (¢) Oure-HOcn+, (d) Nicn+-Cl™, (e) Nugre-
Cl7, and (f) Nyre-HOjcp+ atomic pairs in pure reline[232, 233] and
reline-NHj3 system. The nitrogen and hydrogen atoms of urea are de-
picted by Nyrg and Hygg, respectively. HOcy+ and Nigyj+ correspond
to hydroxyl hydrogen and the nitrogen atom of [Ch|T, respectively.
Reproduced from Ref. [235], Copyright (2023), with permission from

American Chemical Society. . . . .. . ... ... ... L.

xxi



4.7 Radial distribution functions describing the interaction of (a) Cl~-
HOcpj+, (b) CI7-HOgg, (¢) OHgg-HOcnj+, (d) Nicp+-Cl™, (e) OHcy)+-
HOgg, and (f) Nicn+-OHge atomic pairs in pure ethaline|232, 233]
and ethaline having NHj solute. The ethylene glycol’s oxygen and hy-
droxyl hydrogen atoms are represented by OHgg and HOgg, respec-
tively. HOjcn+ and Nigp+ correspond to hydroxyl hydrogen and the
nitrogen atom of [Ch|T, respectively. Reproduced from Ref. [235],
Copyright (2023), with permission from American Chemical Society. . . 85

4.8 Spatial distribution functions illustrating isosurfaces of Cl~ (trans-
parent green), Hyrg (transparent red), HOjcy+ (transparent cyan),
Ojcp+ (transparent yellow), and Oygg (transparent magenta) around
central NHj solute in reline. The isovalues (in nm™2) for C1~, Hygg,
HOcyj+, Ojcnj+, and Oygg in reline-NHj are 35, 16.9, 13.5, 14.8 and
47 respectively. Reproduced from Ref. [235], Copyright (2023), with

permission from American Chemical Society. . . . . . . ... ... ... 86

4.9 Spatial distribution functions illustrating isosurfaces of Ogpg (red),
HOgq (yellow), Ocny+ (wireframe violet), and HOcy+ (transparent
cyan) around central NHz molecule in ethaline. The isovalues (in nm~3)
for Ogg, HOgq, Ojcy+, and HOjcpy+ in ethaline-NHjy are 25, 25, 23.2,
and 22 respectively. Reproduced from Ref. [235], Copyright (2023),

with permission from American Chemical Society. . . . . . .. ... .. 87

4.10 Distribution of total Mulliken charges (dotted lines) and RESP charges
(solid color) in [Ch|*, Cl7, HBD, and NHj constituents incorporated
by (a) reline-NHj and (b) ethaline-NHj systems. e represents the ele-
mentary charge. Reproduced from Ref. [235], Copyright (2023), with

permission from American Chemical Society. . . . . . . .. .. ... .. 87

4.11 Dipole moment distributions of [Ch]*, C1~, HBD, and NHj in (a) reline-
NH; and (b) ethaline-NHj; systems. Here, solid and dashed lines repre-
sent DES-NHj3 and pure DES systems, respectively. Reproduced from
Ref. [235], Copyright (2023), with permission from American Chemical
Society. . . .. 88



4.12 IR spectra of (a) pure reline and (b) reline+NHj system along with the

contributions of [Ch]", urea, and NH3. Reproduced from Ref. [235],

Copyright (2023), with permission from American Chemical Society. . .

4.13 IR spectra of (a) pure ethaline and (b) ethaline+NHj system along with

the contributions of [Ch|*, EG, and NHj. Reproduced from Ref. [235],
Copyright (2023), with permission from American Chemical Society. . .

5.1 Pictures of the equilibrium simulation boxes for (a) reline-H,S, (b)

ethaline-H,S, (c) reline-CO, and (d) ethaline-CO systems. Here [Ch|™,
urea, Cl7, and ethylene glycol are depicted by red, blue, green, and
cyan colors, respectively. Yellow and white represent sulfur and hydro-
gen atoms of HyS, respectively. Red and cyan represent oxygen and
carbon atoms of CO, respectively. Reproduced from Ref. [236], Copy-

right (2023), with permission from American Chemical Society. . . . . .

5.2 Radial distribution functions illustrating (a) Huy,s-Oure and Hy,s-Nyre,

(b) Hu,s-Nicn+, Huys-Ojcnp+ and Hp,s-Cl7, (¢) S,s-Oure and Sp,s-
Nugg, (d) Sw,s-Hure and Sg,s-HOcn+, and (e) Sw,s-Nicwj+, Sh,s-
Orcn+ and Sp,s-Cl™ atomic pairs in reline having HoS. Here, the hy-
drogen, nitrogen, and oxygen atoms of URE are represented by Hyrg,
Nurg, and Oygrg, respectively. The hydroxyl hydrogen, oxygen, and
nitrogen atoms of [Ch|* are shown by HOcp+, Ojcny+, and Nigpj+, re-
spectively. Sp,s and Hpy,s depict sulfur and hydrogen atoms of H,S,
respectively. Reproduced from Ref. [236], Copyright (2023), with per-

mission from American Chemical Society. . . . . . . .. ... ... ...

5.3 Radial distribution functions illustrating (a) Hy,s-Ogg and Sy,s-Ogg, (b)

St,s-HOgg and Sy,s-HOcyj+, (¢) Huys-Nicn+, Huys-Ojcn+ and Hy,g-
Cl7, (d) Su,s-Nicnj+, Sw,s-Ojepj+ and S,s-Cl™ atomic pairs in ethaline
having H,S. Here, the hydroxyl hydrogen and oxygen atoms of EG are
represented by HOgg and Ogg, respectively. The hydroxyl hydrogen,
oxygen, and nitrogen atoms of [Ch|™ are shown by HOcyj+, Ojcn+, and
Nicnj+, respectively. Sy,s and Hy,g are sulfur and hydrogen atoms of
H,S, respectively. Reproduced from Ref. [236], Copyright (2023), with

permission from American Chemical Society. . . . . . . .. ... .. ..
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5.4 Radial distribution functions illustrating (a) Cco-Oyure and Cco-Nyre,
(b) Oco-Oure and Oco-Nugg, (¢) Oco-Hure and Oco-HOcp+, (d)
Cco-Nicnj+s Cco-Ojepp+ and Ceo-Cl™, and (e) Oco-Nicnj+; Oco-
Oicnj+ and Oco-Cl™ atomic pairs in reline having CO. Here, the hy-
drogen, nitrogen, and oxygen atoms of URE are represented by Hygg,
Nyrg, and Oygrg respectively. The hydroxyl hydrogen, oxygen, and
nitrogen atoms of [Ch|* are shown by HOcyj+, Ojcyy+, and Nigyj+ re-
spectively. Coo and Ogo correspond to carbon and oxygen atoms of
CO, respectively. Reproduced from Ref. [236], Copyright (2023), with

permission from American Chemical Society. . . . . . . ... ... ... 101

5.5 Radial distribution functions illustrating (a) Cco-Ogrg, Oco-Ore and
Oco-HOggq, (b) Coo-Niey+ and Cco-Ojcny+, and (¢) Oco-Nicn+ and
Oco-Ojch+ atomic pairs in ethaline having CO. Here, the hydroxyl hy-
drogen and oxygen atoms of EG are represented by HOgg and Ogg re-
spectively. The oxygen and nitrogen atoms of [Ch|" are shown by
Oicnp+ and Nicpj+, respectively. Cco and Oco correspond to carbon
and oxygen atoms of CO, respectively. Reproduced from Ref. [236],
Copyright (2023), with permission from American Chemical Society. . . 102

5.6 Radial distribution functions showing the correlation of (a) C17-HOjcy)+,
(b) CI™-Hyge, (¢) Oure-HOcnj+, (d) Niepp+-Cl7, (e) Nygre-Cl™, and
(f) Nure-HOjcy)+ atomic pairs in pure reline[232, 233, 235] and reline
with HyS and CO solute. Hyrg and Nygrg represent the hydrogen and
nitrogen atoms of urea, respectively. Nicp+ and HO(cpj+ depict nitrogen
and hydroxyl hydrogen atoms of [Ch|*, respectively. Reproduced from
Ref. [236], Copyright (2023), with permission from American Chemical
Society. . . .. 103



5.7 Radial distribution functions showing the correlation of (a) C17-HOjcy+,
(b) CI™-HOgg, (c¢) OHgg-HOchj+, (d) Nicy+-Cl™, (e) OHcnj+-HOgq,
and (f) Njcp+-OHgg atomic pairs in pure ethaline[232, 233, 235| and
ethaline with HyS and CO solute. The ethylene glycol’s hydroxyl hy-
drogen and oxygen atoms are shown by OHgg and HOgg, respectively.
Nicn+ and HOjcp+ depict nitrogen and hydroxyl hydrogen atoms of
[Ch]™, respectively. Reproduced from Ref. [236], Copyright (2023),

with permission from American Chemical Society. . . . . . . . . .. .. 104

5.8 Spatial distribution functions displaying Oygrg (solid red), NHy group
of URE (solid blue), HOgq (violet), Ogg (orange), Nicp+ (magenta),
HOjcpj+ (cyan), and C1™ (green) near reference H,S solute in (a) reline
and (b) ethaline. The isovalues (in nm?) for C1~, NH, group of URE,
Orcny+, and HOjgpy+ in reline-HyS are 32.9, 14.8, 25, and 14 respectively.
The isovalues for C17, Nicpy+, Ogpg, and HOgq in ethaline-H,S are 26.9,
12.9, 16, and 16 respectively. Reproduced from Ref. [236], Copyright

(2023), with permission from American Chemical Society. . . . . . . . . 105

5.9 Spatial distribution functions displaying Hygg (silver), Cl~ (green),
Ourg (solid magenta), Ogg (orange), and HOgg (violet) near refer-
ence CO solute in (a) reline and (b) ethaline. The carbon and oxygen
atoms of the CO molecule are rendered in cyan and red, respectively.
Reproduced from Ref. [236], Copyright (2023), with permission from
American Chemical Society. . . . . . . .. . ... ... ... ... .. 106

5.10 Distribution of RESP charges in (a) reline-H,S, (b) ethaline-H,S, (c)
reline-CO, and (d) ethaline-CO having [Ch|T, C1~, HBD, H,S and CO
constituents. e represents elementary charge. Reproduced from Ref.

[236], Copyright (2023), with permission from American Chemical Society.107

5.11 Dipole moment distributions of HBD and solute species present in (a)
reline-H,S, (b) ethaline-H,S, (c) reline-CO, and (d) ethaline-CO. Repro-
duced from Ref. [236], Copyright (2023), with permission from Ameri-
can Chemical Society. . . . . . . . . ... .. 108
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5.12 IR spectra representing (a) pure reline and (b) reline with HyS solute
along with the urea, [Ch]", and H,S individual contributions. Repro-
duced from Ref. [236], Copyright (2023), with permission from Ameri-

can Chemical Society. . . . . . . . . ... ..

5.13 IR spectra representing (a) pure ethaline and (b) ethaline with H,S solute
along with the ethylene glycol, [Ch|*, and H,S individual contributions.
Reproduced from Ref. [236], Copyright (2023), with permission from

American Chemical Society. . . . . . .. .. ... ... ... ......

5.14 IR spectra representing (a) pure reline and (b) reline with CO solute
along with the urea, [Ch|T, and CO individual contributions. Repro-
duced from Ref. [236], Copyright (2023), with permission from Ameri-

can Chemical Society. . . . . . . . . ... ..

5.15 IR spectra representing (a) pure ethaline and (b) ethaline with CO solute
along with the ethylene glycol, [Ch|T, and CO individual contributions.
Reproduced from Ref. [236], Copyright (2023), with permission from

American Chemical Society. . . . . . . ... ... .. oL

6A.1 Chemical structures of (a) DL-menthol (DLM) (b) hexanoic (C6), oc-
tanoic (C8), decanoic (C10) and dodecanoic (C12) acids, shown from
top to bottom, respectively. Polar part in HDESs refers to COOH group
in acids and in DLM the OH group and carbon and hydrogen directly
attached to OH. The alkyl chain in acids and other remaining atoms

of DLM are referred to apolar part of HDESs. Reproduced from Ref.

[202], Copyright (2021), with permission from Royal Society of Chemistry.114

6A.2 Simulated total X-ray scattering structure functions, S(q), of the four
HDESs shown in (a) wide g-range and (b) low g-range highlighting the
prepeaks and the principal peaks. For clarity, S(q) are offset vertically.
Reproduced from Ref. [202], Copyright (2021), with permission from
Royal Society of Chemistry. . . . . . .. ... ... ... .. ... ..

6A.3 Simulated partial X-ray scattering structure functions S(q), based on
polarity of the four HDESs. Reproduced from Ref. [202]|, Copyright

(2021), with permission from Royal Society of Chemistry. . . . . . . . .
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6A.4 Snapshots of a representative equilibrated simulation box of (a) DL-
menthol:hexanoic acid (1:1), (b) DL-menthol:octanoic acid (1:1), (c)
DL-menthol:decanoic acid (1:1), and (d) DL-menthol:dodecanoic acid
(2:1) system. Here, orange and silver colors refer to polar and apolar
parts of DL-menthol and organic acids, respectively. Reproduced from
Ref. [202]|, Copyright (2021), with permission from Royal Society of
Chemistry. . . . . . . .. .

6A.5 Radial distribution functions corresponding to (a) Ocx-HOcx, (b)
OHDLM‘HOCX7 (C) OCX‘HODLMz (d) OHDLM‘HODLMz (e) OHcex-HOprum
and (f) OHex-HOex atomic pairs in DL-menthol based HDESs hav-
ing different chain lengths of organic acids. Here, X=6, 8, 10 and 12.
HOprm and OHppy are the hydroxyl hydrogen and oxygen atoms of
DL-menthol. OHgg, OHcg, OHe1g and OHgyo are the hydroxyl oxy-
gen, and, HOgg, HOcg, HO¢19 and HO¢12 are hydroxyl hydrogen, and,
Ocg, Ocs, Ocig and O¢yo are the carbonyl oxygen atom of hexanoic,
octanoic, decanoic and dodecanoic acid, respectively. Reproduced from
Ref. [202], Copyright (2021), with permission from Royal Society of
Chemistry. . . . . . . . .

6A.6 Angle-resolved radial distribution functions, g(r,f), for H-D-A angle and
H-A distance in DLM-C6 (1:1) HDES. Here, HOpry and OHppy are
the hydroxyl hydrogen and oxygen atoms of DL-menthol, respectively.
OHgg, HO¢g and O¢g are the hydroxyl oxygen, hydroxyl hydrogen,
and, carbonyl oxygen atoms of hexanoic acid, respectively. Reproduced
from Ref. [202], Copyright (2021), with permission from Royal Society
of Chemistry. . . . . . . . . . . .

6A.7 Angle-resolved radial distribution functions, g(r,f), for H-D-A angle and
H-A distance in DLM-C12 (2:1) HDES. Here, HOppy and OHppyy are
the hydroxyl hydrogen and oxygen atoms of DL-menthol, respectively.
OHg2, HO¢p2 and Og¢qo are the hydroxyl oxygen, hydroxyl hydrogen,
and, carbonyl oxygen atoms of hexanoic acid, respectively. Reproduced
from Ref. [202], Copyright (2021), with permission from Royal Society
of Chemistry. . . . . . . . . . .



6A.8 Radial distribution functions between alkyl tail terminal carbon-carbon
atoms of the acids in DLM-C6 (1:1), DLM-C8 (1:1), DLM-C10 (1:1)
and DLM-C12 (2:1) systems. Reproduced from Ref. [202], Copyright
(2021), with permission from Royal Society of Chemistry. . . . . . . . . 122
6A.9 Isodensity surfaces around central DLM in (a) DLM-C6 (1:1), (b) DLM-
C8 (1:1), (¢) DLM-C10 (1:1) and (d) DLM-C12 (2:1) HDESs. Here
transparent red, solid red and solid white isosurfaces represent carbonyl
oxygen, hydroxyl oxygen and hydroxyl hydrogen of organic acids, re-
spectively. Orange and magenta wire-frames represent hydroxyl oxygen
and hydrogen of DLM, respectively. Transparent green isosurface rep-
resents terminal carbon atom of the acids. The isovalues (in nm™3) for
Ocx, HO¢x, OHex, OHprm, HOprw, and Cr lies in the ranges of 2.4-
3.9, 3.5-4.6, 2.8-4.5, 4.5-6.3, 4-6.9, and 1.2-2.4 respectively. Reproduced
from Ref. [202], Copyright (2021), with permission from Royal Society
of Chemistry. . . . . . . . . . . . 123
6A.10 Isodensity surfaces around central acids, namely (a,b) hexanoic, (c,d)
octanoic, (e,f) decanoic and (g,h) dodecanoic acid in the four HDESs.
Here transparent red, solid red and solid white isosurfaces represent
carbonyl oxygen, hydroxyl oxygen and hydroxyl hydrogen of organic
acids, respectively. Orange and magenta wire-frames represent hydroxyl
oxygen and hydrogen of DLM, respectively. The isovalues (in nm~3) for
Ocx, HO¢cx, OHex, OHppym, and HOppy lies in the ranges of 3.7-5.4,
4.5-6.2, 3.8-4.8, 4.5-8.4, and 5.3-9.1, respectively. Reproduced from Ref.
[202], Copyright (2021), with permission from Royal Society of Chemistry.123

6B.1 Representative organisation of DL-menthol (DLM) and hexanoic (C6)
acid molecules highlighting hydrogen bonding in DLM-C6 (1:1) HDES
at 298.15 K. Here, hydrogen, carbon, and oxygen atoms of DLM and C6
are rendered as white, cyan, and red spheres, respectively. Red dashed
lines represent prominent hydrogen bonding interactions between hy-
droxyl hydrogen of both C6 and DLM with carbonyl oxygen of C6
and hydroxyl oxygen of DLM. Reproduced from Ref. [238], Copyright
(2021), with permission from American Institute of Physics. . . . . . . 127
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6B.2 Simulated shear viscosity () values plotted as a function of time to
show their convergence for the three HDESs. Green and blue dashed
lines represent experimental[293] dynamic viscosity values of DLM-C8
and DLM-C10 HDESs, respectively. Experimental viscosity for DLM-
C6 was not present in the literature for comparison. Reproduced from
Ref. [238], Copyright (2021), with permission from American Institute
of Physics. . . . . . . . 128

6B.3 Hydrogen-bond autocorrelation function (C(¢)), corresponding to (a)
Ocx-HOcx, (b) OHpLm-HOcx, (¢) Ocx-HOppym, and (d) OHppu-
HOprm hydrogen bonding interactions present in DL-menthol based
HDESs having different chain lengths of organic acids. Here, X=6, 8,
and 10. HOppy and OHppy are the hydroxyl hydrogen and oxygen
atoms of DL-menthol. OHcx is the hydroxyl oxygen, and, HOcx, is
hydroxyl hydrogen, and, O¢x is the carbonyl oxygen atom of the or-
ganic acids. The solid line represents C'(t) for HDESs, while the dotted
line in (a) represent C(t) for pure acids. Reproduced from Ref. [238],
Copyright (2021), with permission from American Institute of Physics. 131

6B.4 Hydrogen-bond autocorrelation function (C'(¢)), corresponding to (a)
OHcx-HOpry and (b) OHex-HOcx hydrogen bonding interactions
present in DL-menthol based HDESs having different chain lengths of
organic acids. Here, X=6, 8, and 10. HOpp is the hydroxyl hydrogen
of DL-menthol. OHcx is the hydroxyl oxygen, and, HO¢x, is hydroxyl
hydrogen, and, O¢x is the carbonyl oxygen atom of the organic acids.

The solid line represents C(t) for HDESs, while the dotted line in (b)
represent C'(t) for pure acids. Reproduced from Ref. [238], Copyright
(2021), with permission from American Institute of Physics. . . . . . . 132

6B.5 MSDs of (a) DLM and (b) organic acids present in the three HDES.
Here, (c¢) and (d) represents the first derivative of MSD (/3(t)) com-
puted using Eq. 1.4.20, for DL-menthol and organic acids, respectively.
Reproduced from Ref. [238], Copyright (2021), with permission from
American Institute of Physics. . . . . . .. ... o000 134



6B.6 The non-Gaussian parameter corresponding to (a) DLM and (b) or-
ganic acids present in the three HDESs. Reproduced from Ref. [23§],
Copyright (2021), with permission from American Institute of Physics.

6B.7 Velocity autocorrelation functions (VACFs) for (a) DLM and (b) or-
ganic acids present in the three HDESs. Reproduced from Ref. [23§],
Copyright (2021), with permission from American Institute of Physics.

6B.8 Wave-number dependence of self-intermediate scattering functions cor-
responding to (a) DLM-C6, (b) DLM-C8, and (c¢) DLM-C10, and also
DLM and CX molecules separately. Reproduced from Ref. [238], Copy-
right (2021), with permission from American Institute of Physics.

6B.9 Time-dependence of the self van Hove correlation functions for hydro-
gen, carbon and oxygen atoms present in (a) DLM-CX, (b) DLM in
DLM-CX, and (¢) CX in DLM-CX. Here, X=6, 8 and 10 correspond to
hexanoic, octanoic and decanoic acids, respectively. Reproduced from
Ref. [238], Copyright (2021), with permission from American Institute
of Physics. . . . . . . .

6B.10 Time dependence of the self van Hove correlation function for hydro-
gen, carbon and oxygen atoms present in (a) DLM-CX, (b) DLM in
DLM-CX, and (¢) CX in DLM-CX. Here, X=6, 8 and 10 correspond to
hexanoic, octanoic and decanoic acids, respectively. Reproduced from
Ref. [238], Copyright (2021), with permission from American Institute
of Physics. . . . . . . .

6B.11 Time dependence of the self van Hove correlation function (solid lines)
and corresponding ideal Gaussian distribution (dashed lines) computed
using Eq. 1.4.27, for all the atoms (hydrogen, carbon and oxygen)
present in DLM-C6. Reproduced from Ref. [238|, Copyright (2021),

with permission from American Institute of Physics. . . . . . . . . . ..

6B.12 Trajectory snapshots representing (a,b,c) oxygen atom of the DLM
residue and (d,e,f) carbonyl oxygen atom of CX residue in DLM-CX
HDESs, where X=6, 8 and 10. Reproduced from Ref. [238], Copyright

(2021), with permission from American Institute of Physics. . . . . . .
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6B.13 Distinct van Hove correlation function for oxygen atom present in DLM
of (a) DLM-C6, (b) DLM-CS8, and (¢) DLM-C10 HDES. Reproduced
from Ref. [238], Copyright (2021), with permission from American In-
stitute of Physics. . . . . . . . .. o oo 141

6B.14 Distinct van Hove correlation function for carbonyl oxygen atom
present in CX of (a) DLM-C6, (b) DLM-C8, and (¢) DLM-C10 HDES.
Reproduced from Ref. [238], Copyright (2021), with permission from
American Institute of Physics. . . . . . .. ... o000 142

7.1 Ball-and-stick representation of (a) thymol (THY) and (b) coumarin
(COU). Here, white, grey, and red represent hydrogen, carbon, and
oxygen atoms, respectively. The magenta and yellow shaded parts de-
pict the polarity scheme corresponding to polar and apolar regions in
the molecules, respectively. Reproduced from Ref. [239], Copyright
(2023), with permission from Royal Society of Chemistry. . . . . . . . . 147

7.2 Computed total X-ray scattering structure function, S(q) of the HDES at
1:1 and 2:1 thymol:coumarin molar ratios, depicting a (a) wide q region
and (b) small q region of S(q). The changes in the prepeak, shoulder,
and principal peaks are highlighted by purple, orange, and magenta
color arrows, respectively. The S(q) for the 2:1 molar ratio is shifted
vertically for clarity. Reproduced from Ref. [239], Copyright (2023),
with permission from Royal Society of Chemistry. . . . . . ... .. .. 148

7.3 Computed partial S(q), partitioned based on polarity, of the HDES 1:1
and 2:1 thymol:coumarin molar ratios. Reproduced from Ref. [239],

Copyright (2023), with permission from Royal Society of Chemistry. . . 149

7.4 Equilibrated simulation cell of HDESs having (a) 1:1 and (b) 2:1 thy-
mol:coumarin mol ratio. Here, purple and cyan colors depict the polar
and apolar parts of HDESs, respectively. Reproduced from Ref. [239],
Copyright (2023), with permission from Royal Society of Chemistry. . . 149
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7.5 Radial distribution functions for (a) Olcou-HOThy, (b) OHrpy-HOThy,
and (c) O2¢ou-HOrpy atomic pairs and corresponding cumulative num-
ber of HOppy around (d) Olcou, (¢) OHrpy, and (f) O2¢ou atoms
present in the HDESs with the thymol:coumarin molar ratios of 1:1 and
2:1. Here, the carbonyl oxygen of coumarin is represented by Ol¢ou and
O2¢ou represents the oxygen present in coumarin ring. OHrgy and
HO7yy correspond to hydroxyl oxygen and hydroxyl hydrogen of thy-
mol, respectively. Reproduced from Ref. [239], Copyright (2023), with
permission from Royal Society of Chemistry. . . . . . ... ... .. .. 151

7.6 Radial angular distribution functions, g(r,d), for distance H-A and angle
H-D-A in the HDES with 1:1 and 2:1 thymol:coumarin molar ratios,
confirming the hydrogen bonding interactions depicted by (a,b) Olcou-
HOrpy and (¢,d) OHrpy-HO7py RDF pairs. Here, the carbonyl oxygen
of coumarin is represented by Olcoy. OHrpy and HOrgy correspond
to oxygen and hydroxyl hydrogen atoms of thymol, respectively. Repro-
duced from Ref. [239], Copyright (2023), with permission from Royal
Society of Chemistry. . . . . . .. . ... .o 152

7.7 Radial distribution functions for (a) C6ruy-C6rny, (b) C6ruy-Cbeou,
and (c¢) Cbcou-Cbeou atomic pairs and their corresponding cumula-
tive numbers are depicted in (d), (e), and (f), respectively in thymol-
coumarin HDES at 1:1 and 2:1 molar ratios. Here, the six carbon atoms
in the thymol ring are represented by C6rgy and Cbcou represents the

six carbon atoms in the coumarin ring. . . . . . ... ..o 153
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7.8 Isodensity surfaces depicting O2¢ou (green), Olgou (wireframe magenta),

HOrpy (orange), OHrgy (blue) around central thymol in the HDESs
with (a) 1:1 and (b) 2:1 thymol:coumarin molar ratios. Here, the car-
bonyl oxygen of coumarin is represented by Olcoy and O2¢oy repre-
sents the oxygen present in coumarin ring. HOrgy and OHrgpy are
hydroxyl hydrogen and oxygen atoms of thymol, respectively. The iso-
values (in nm™3) for O2cou, Olcou, HOrny, and OHygy in 1:1 thy-
mol:coumarin system are 5.3, 6.6, 2.9, and 2.9, respectively. The iso-
values for O2¢ou, Olcou, HOrhy, and OHryy in 2:1 thymol:coumarin

system are 4.2, 5.3, 5.6, and 6.3, respectively. Reproduced from Ref.

[239], Copyright (2023), with permission from Royal Society of Chemistry. 154

7.9 Isodensity surfaces depicting HOrgy (orange) and OHrpy (blue) around

7.10

central coumarin in the HDESs with (a) 1:1 and (b) 2:1 thymol:coumarin
molar ratios. HOrgy and OHryy are the hydroxyl hydrogen and oxygen
atoms of thymol, respectively. The isovalues (in nm=2) for HOrgy, and
OHtyy in 1:1 thymol:coumarin system are 7.4, and 4.5, respectively.
The isovalues for HOtygy, and OHrgy in 2:1 thymol:coumarin system
are 11, and 6.5, respectively. Reproduced from Ref. [239], Copyright
(2023), with permission from Royal Society of Chemistry. . . . . . . . .

Hydrogen-bond autocorrelation function (C(t)) for (a) Olcou-
HOrpy and (b) OHrgy-HOrhy hydrogen bonding interactions present
in thymol-coumarin HDESs. Here, the carbonyl oxygen of coumarin is
represented by Olcoy. HOrgy and OHryy are the hydroxyl hydrogen
and oxygen atoms of thymol, respectively. Reproduced from Ref. [239],
Copyright (2023), with permission from Royal Society of Chemistry. . .

7.11 Non-Gaussian parameter for (a) thymol and (b) coumarin molecules in

thymol:coumarin HDESs at molar ratios 1:1 and 2:1. Reproduced from
Ref. [239], Copyright (2023), with permission from Royal Society of
Chemistry. . . . . . . .
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7.12 Normalised velocity autocorrelation functions (VACEs) for thymol
and coumarin molecules in the HDES with (a) 1:1 and (b) 2:1 thy-
mol:coumarin molar ratios. Reproduced from Ref. [239], Copyright

(2023), with permission from Royal Society of Chemistry. . . . . . . . . 159

7.13 Self-van Hove correlation function at different times for (a) thymol and
(b) coumarin molecules of the HDESs. Here, the dashed lines represent
the corresponding ideal Gaussian distribution. Reproduced from Ref.

[239], Copyright (2023), with permission from Royal Society of Chemistry. 160

A.1 Radial distribution functions corresponding to (a) HOcp+-Cl7, (b)
Hyre-Cl™, (¢) HOcn+-Ourg, (d) Nicp+-Cl7, (e) Nyre-Cl™ and (f)
HOcy+-Nure atomic pairs in reline DES at 333 K. Here HOcp+ and
Nicpy+ are hydroxyl hydrogen and nitrogen atom of the choline cation,
whereas Nyrg and Hyrg are the nitrogen and hydrogen atoms of urea
molecule. Reproduced from Ref. [232], Copyright (2021), with permis-

sion from American Chemical Society. . . . . . . . . .. ... ... ... 169

A.2 Radial distribution functions corresponding to (a) HOjcy+-Cl7, (b)
HOgq-Cl7, (¢) HOjcepy+-, (d) Nien+-Cl7, () HOgg-Ojcn+ and (f) Niep+-
atomic pairs in ethaline DES at 333 K. Here HOcpj+ and Ncpp+ are hy-
droxyl hydrogen and nitrogen atom of the choline cation, whereas and
HOgg are the hydroxyl oxygen and hydroxyl hydrogen atoms of ethy-
lene glycol molecule. Reproduced from Ref. [232], Copyright (2021),

with permission from American Chemical Society. . . . . . .. ... .. 170

A.3 Radial angular distribution function, g(r,d), where abscissa and ordinate
represent corresponding distance and angle in reline-CH, system, re-
spectively. Here Nyrg and Oygg are nitrogen and oxygen atoms of urea,
respectively. Nicy+ and Ocpp+ represent nitrogen and oxygen atoms of
choline cation, respectively. Reproduced from Ref. [233], Copyright

(2022), with permission from American Chemical Society. . . . . . . . . 171
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A 4 Radial angular distribution function, g(r,0), where abscissa and ordinate
represent corresponding distance and angle in ethaline-CH,4 system, re-
spectively. Here represents oxygen atoms of ethylene glycol. Nicy+ and
Ojcn+ represent nitrogen and oxygen atoms of choline cation, respec-
tively. Reproduced from Ref. [233|, Copyright (2022), with permission

from American Chemical Society. . . . . . . . ... ... ... ... ..

A5 Distributions of Mulliken (dotted lines) and RESP charges (solid color)
on the atoms of [Ch]*, HBD, and NH; molecules in (a) reline-NHj3 and
(b) ethaline-NHj; systems. e represents the elementary charge. Repro-
duced from Ref. [235], Copyright (2023), with permission from Ameri-

can Chemical Society. . . . . . . . . . . . ... ...

A.6 Radial distribution functions illustrating Cco-Cl~, Oco-Cl™ and Ogo-
HOjcy+ atomic pairs in ethaline having CO. The hydroxyl hydrogen
atoms of [Ch|* is shown by HOcpj+. Cco and Oco correspond to carbon
and oxygen atoms of CO, respectively. Reproduced from Ref. [236],
Copyright (2023), with permission from American Chemical Society. . .

A.7 Probability distribution of dihedral angles corresponding to (a) O-C-C-O
of EG in ethaline, (b) O-C-C-N of [Ch|T in reline, and (c¢) O-C-C-N of
[Ch]™ in ethaline. Reproduced from Ref. [236], Copyright (2023), with

permission from American Chemical Society. . . . . . . ... ... ...

A.8 Simulated total neutron scattering structure function, S(q), of the four
HDESs. Left panel refers to simulated neutron scattering when all hy-
drogens are deuterated and right panel when hydrogens were not deuter-
ated. For clarity, S(q) are offset vertically. Reproduced from Ref. [202],
Copyright (2021), with permission from Royal Society of Chemistry. . .

A9 Equilibrium simulation cells snapshot of (a) DL-menthol:hexanoic acid
(1:1), (b) DL-menthol:octanoic acid (1:1), (¢) DL-menthol:decanoic acid
(1:1) and (d) DL-menthol:dodecanoic acid (2:1) system. Here, red and
green color refer to DL-menthol and organic acids, respectively. Repro-
duced from Ref. [202]|, Copyright (2021), with permission from Royal
Society of Chemistry. . . . . . .. . ... o
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A.10 Simulated species wise partial X-ray scattering structure function, S(q),
of the four HDESs. CX represents organic acids where, X=6, 8, 10 and
12. DLM represents DL-menthol species. Reproduced from Ref. [202],
Copyright (2021), with permission from Royal Society of Chemistry. . . 175

A.11 Chemical structures of (a) DL-menthol (DLM) (b) hexanoic (C6), oc-
tanoic (C8), decanoic (C10) and dodecanoic (C12) acids, shown from
top to bottom, respectively. Polar part in HDESs are shaded in blue
and refers to COOH group in acids and in DLM the OH group and car-
bon and hydrogen directly attached to OH. The alkyl chain in acids and
other remaining atoms of DLM are referred to apolar part of HDESs,
which is shaded in orange. Reproduced from Ref. [202], Copyright
(2021), with permission from Royal Society of Chemistry. . . . . . . . . 176

A.12 Simulated partial X-ray scattering structure function based on polarity,
when not weighting the contributions with radiation-specific weights,
S(q), of the four HDESs. Reproduced from Ref. [202], Copyright (2021),
with permission from Royal Society of Chemistry. . . . . . .. ... .. 177

A .13 Angle-resolved radial distribution functions, g(r,f), for H-D-A angle and
H-A distance in DLM-C8 (1:1) HDES. Here, HOpry and OHppy are
the hydroxyl hydrogen and oxygen atoms of DL-menthol, respectively.
OHgg, HOeg and Ocg are the hydroxyl oxygen, hydroxyl hydrogen, and,
carbonyl oxygen atoms of octanoic acid, respectively. Reproduced from
Ref. [202|, Copyright (2021), with permission from Royal Society of
Chemistry. . . . . . . . . 177

A.14 Angle-resolved radial distribution functions, g(r,f), for H-D-A angle and
H-A distance in DLM-C10 (1:1) HDES. Here, HOppy and OHppyy are
the hydroxyl hydrogen and oxygen atoms of DL-menthol, respectively.
OH¢o, HO¢19 and Ogqg are the hydroxyl oxygen, hydroxyl hydrogen,
and, carbonyl oxygen atoms of decanoic acid, respectively. Reproduced
from Ref. [202], Copyright (2021), with permission from Royal Society
of Chemistry. . . . . . . . . . . 179



A.15 Equilibrated simulation boxes of thymol-coumarin based HDESs at mo-
lar ratios (a) 1:1 and (b) 2:1 of thymol and coumarin components. The
red and yellow colors depict the thymol and coumarin components of the
HDESs, respectively. Reproduced from Ref. [239], Copyright (2023),
with permission from Royal Society of Chemistry. . . . . . .. ... ..

A.16 Computed total neutron scattering structure function, S¥(q)s of thy-
mol:coumarin HDES at 1:1 and 2:1 molar ratios, depicted in (a) wide
and (b) small q regions. The SN(q)s are shifted vertically for clarity.
Reproduced from Ref. [239], Copyright (2023), with permission from
Royal Society of Chemistry. . . . . . . .. ... .. ... ... .....

A.17 Simulated species-wise partial X-ray scattering structure functions,
S(q), of thymol-coumarin HDES at two mole ratios of the components.
Reproduced from Ref. [239], Copyright (2023), with permission from
Royal Society of Chemistry. . . . . . . .. .. ... ... ... .....

A.18 Probability of the number of hydrogen bonds (per thymol donor
molecules) corresponding to (a) Olcou-HOrpy and (b) OHrpy-
HOrpy hydrogen bonding interactions present in thymol:coumarin
HDESs at molar ratios 1:1 and 2:1. Here, the carbonyl oxygen of
coumarin is represented by Olcoy. OHrtpy and HOrpy correspond
to hydroxyl oxygen and hydroxyl hydrogen of thymol, respectively. Re-
produced from Ref. [239], Copyright (2023), with permission from Royal
Society of Chemistry. . . . . . . . . . .. .. ...

A.19 MSDs of (a) thymol and (b) coumarin molecules in thymol:coumarin
HDESs at molar ratios 1:1 and 2:1. 3(t) denotes the first derivative of
MSD for (c¢) thymol and (d) coumarin. Reproduced from Ref. [239],
Copyright (2023), with permission from Royal Society of Chemistry. . .
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