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Abstract 

This thesis entitled, “Investigation of Interaction and Dynamics in Complex Liquids: 

Theory and Computer Simulations” investigates the structural and dynamical aspects of a 

variety of liquid systems, ranging from simple to complex, using molecular dynamics 

simulations. The studied systems include deep eutectic solvents (DES) and binary mixtures, 

such as, neat molten amide, amide-based ionic DESs, glucose-based naturally abundant DESs 

(NADESs), binary mixtures of ethylene glycol (EG) and glucose, and choline chloride-based 

DESs. The molecular arrangements of the systems at the molecular level have been 

investigated, including discussions on the possible formation of deep eutectic systems of binary 

mixtures. Additionally, the solubility of drug molecules in DESs was investigated and the 

importance of non-polar interaction in controlling solubility analysed. A major aspect of this 

thesis is the comprehensive computation of dielectric relaxation (DR) spectra from molecular 

dynamics (MD) simulations for a number of ionic and non-ionic DESs, which successfully 

explained in molecular terms the relevant experimental data. This computational framework 

was further expanded to study DR in binary mixtures and neat liquids and provide microscopic 

explanations to experiments. With a focus on exploring the application potential of these liquids 

in industrial and technological sectors, the simulation protocols have been critically examined 

for accuracy and validity by extensively comparing the simulated data with those from 

experiments. 

The first part of the thesis deals with a debate over   the mega-value of the static dielectric 

constant of acetamide-based ionic DESs and provides a satisfactory resolution. New dielectric 

relaxation data measured in the frequency range 0.2 ≤ 𝜐/GHz ≤ 50 suggests a significant 

electrolyte-induced reduction of the static dielectric constant of the host acetamide (𝜀𝑠), which 

differ dramatically from earlier experimental data measured in the 0.1 Hz − 100 MHz 

frequency range. Simulation studies of dielectric relaxation shed light on the origin of the 

decrease of the static dielectric constant of such ionic systems. Dissection of total dielectric 

spectra into rotational, translational and ro-translational components indicate major 

contribution to DR arises from the rotational dynamics of the fluctuating host dipolar solvent 

molecules. The origin of the ion-induced dielectric decrement was traced to a frustration of the 

local orientational dipolar order brought out by a partial damage of the H-bond network of 

acetamide.   



The structure and dynamics of a glucose-based NADES have been extensively explored 

employing temperature dependent MD simulations. Real-space pair correlations, depicted by 

radial distribution functions (RDFs) and the three-dimensional spatial arrangements, revealed 

size-dependent interactions between glucose, urea and water. Relaxation times of structural 

hydrogen bonds get incrementally faster with temperature. Computation of DR reveals the 

complex interplay of molecular motions within the system. Component-wise decomposition of 

total DRS reveals dominant contributions from self- and cross-interactions involving glucose 

and urea.  

Drug solubilization is an important aspect of the potential use of DESs. The solvation efficiency 

of two choline chloride (ChCl) based DESs where ethylene glycol (EG) and propylene glycol 

(PG) are the hydrogen bond donors (HBDs) to solubilize a drug- paracetamol, has been 

extensively investigated. Predicted solubilities from simulations agree well with the 

experimental results. Roles of hydrogen bonding and non-polar interactions have been studied 

which may help designing new and more useful DESs for this purpose. 

The definition of DES becomes somewhat flaccid when one groups both solid-solid and solid-

liquid combinations under one name, that is, DES. An example of a solid-liquid mixture being 

branded as DES is ChCl-EG DES or ethaline. We have studied mixtures of ChCl and EG at 

different compositions to look into this problem computationally. We haven’t detected any 

‘magic composition’ that accompanies anomalous changes in structural and/or dynamical 

properties which may indicate formation of a DES. 

Beyond DESs, we explored another class of liquids – the cryoprotectants. Sugars and polyols 

are well-known cryoprotecting agents (CPAs). We have computationally investigated mixtures 

of glucose (sugar) and ethylene glycol (polyol) at different compositions to monitor the changes 

in their structural and dynamical properties, with a focus on correlating relaxation processes 

with the solution structure. The study has revealed that increasing glucose content damages the 

hydrogen bond network of ethylene glycol while enhancing interactions among glucose 

molecules. This has a deep implication on the over-all polarization relaxation in the system. 

Coordination number analysis indicates a rise in glucose population around both ethylene 

glycol and glucose. The slowing down of molecular migration and multi-exponential 

relaxations in reorientational and hydrogen bond correlation functions suggest the formation 

of a glucose domain, offering insights into the cryoprotection mechanism. 

  



সারমম ম 

এই থিথিসি আণথিক গথিথিদ্যা থিমুসেশন িযিহার কসর থিথিন্ন ধরসনর িরে থিসক জটিে 

িরে পদ্াসি ের কাঠাসমাগি ও গথিশীেিা িংক্রান্ত ধম েগুথে থনসে আসোচনা করা হসেসে। 

মূেি থিথিন্ন প্রকাসরর থিপ ইউসিকটিক দ্রািক এিং থি-থমশ্রণ থনিের থিসেম থেমন গথেি 

অ্যাথিিামাইি   অ্যামাইি-থিথিক িীপ ইউসিকটিক দ্রািক   গ্েুসকাজ-থিথিক প্রাকৃথিক থিপ 

ইউসিকটিক দ্রািক   থকাথেন থলারাইি-থিথিক িীপ ইউসিকটিক দ্রািক   গ্েুসকাজ এিং 

ইথিথেন গ্লাইকসের থিথমশ্রণ অ্ধযেন করা হসেসে। আণথিকস্তসর প্রথিটি থিসেসমর গঠন 

কাঠাসমা ও গথিথিদ্যা অ্নুিন্ধান করা হসেসে   থেমন থিথিন্ন আেনীে ও অ্-আেনীে িীপ 

ইউসিকটিক দ্রািসকর িাইইসেকটিক থরোসেশন থেসরাসকাথপ   থমশ্রসণর থেসে িম্ভািয িীপ 

ইউসিকটিক গঠন। এোড়াও একটি ঔষথধ ড্রাসগর দু্ই প্রকার িীপ ইউসিকটিক দ্রািসক দ্রািযিা 

আসোচনা করা হসেসে। এই থিথিসির একটি গুরুত্বপূণ ে থদ্ক হসো আণথিক গথিথিদ্যা 

থিমুসেশন িযিহার কসর িাইইসেকটিক থরোসেশন থেসরাসকাথপ গণনা এিং এটিসক থিথিন্ন 

িরে থিসেসমর জনয িফেিাসি প্রসোগ করা। এই ধরসনর থিসেমগুথের িম্ভািয প্রসোগগুথে 

থনসেও কিা িো হসেসে। থিমুসেশন থিসক প্রাপ্ত ফোফে থেখাসন িম্ভি থিখাসন পরীোেব্ধ 

িসিযর িসে িুেনা করা হসেসে।  

এই থিথিসির প্রিম িাসগ থিশুদ্ধ গথেি অ্যাথিিামাইি এিং থিন প্রকাসরর অ্যাথিিামাইি-

থিথিক আেনীে িীপ ইউসিকটিক দ্রািসকর িাইইসেকটিক থরোসেশন থেসরাসকাথপ গণনা 

করা হসেসে এিং পরীোেব্ধ িসিযর িসে িুেনা কসর থিসেমিমূসহর আণথিকস্তসর িাইসপাে 

থরোসেশন আসরা গিীরিাসি অ্ধযেন করা হসেসে।  

আেনীে িীপ ইউসিকটিক দ্রািসকর পর একটি গে্ুসকাজ-থিথিক প্রাকৃথিক অ্-আেনীে থিপ 

ইউসিকটিক দ্রািসকর কাঠাসমাগি ও গথিশীেিা িংক্রান্ত ধম েগুথে গিীরিাসি থিসেষণ করা 

হসেসে। িীপ ইউসিকটিক দ্রািসকর উপাদ্ানগুথে থকিাসি অ্ন্তঃ এিং আন্তঃ থমিস্ক্রিোর 

মাধযসম দ্রািকটির িাথি েক প্রকৃথি থনধ োরণ কসর থি থিষসে থিস্তাথরি আসোচনা করা হসেসে।  

িীপ ইউসিকটিক দ্রািসকর একটি িম্ভািয প্রাসোথগক উপসোথগিা হসো থিথিন্ন ঔষথধ ড্রাগসক 

দ্রিীিূি করা। এখাসন পযারাথিিামে নামক ঔষথধ ড্রাসগর দু্ই প্রকার িীপ ইউসিকটিক দ্রািসক 

দ্রািযিা আসোচনা করা হসেসে। এই আসোচনাে প্রিসম থিমুসেশসনর মাধযসম দ্রািযিা থনণ েে ও 

পসর থে িম্ভািয কারকগুথে দ্ােী থিগুথেসক থচথিি করা হসেসে। এর ফসে ঔষথধ ড্রাসগর 

দ্রািযিার জনয উপেুক্ত িীপ ইউসিকটিক দ্রািসকর পথরকল্পনা করা িহজ হসি।  



ইিাথেন একটি িুপথরথচি িীপ ইউসিকটিক দ্রািক থেখাসন থকাথেন থলারাইি এিং ইথিথেন 

গ্লাইকে ১  ২ থমাে অ্নুপাসি থমথশ্রি িাসক। আমরা এই ১  ২ থিসক ১  ৬ থমাে অ্নুপাি পে েন্ত 

থিথিন্ন থমশ্রসণর কাঠাসমাগি ও গথিশীেিা িংক্রান্ত ধম েগুথে অ্ধযেন কসরথে থকন্তু থকান 

আকস্ক্রিক পথরিিেন খুুঁসজ পাইথন থেটি একটি থনথদ্েষ্ট থমশ্রণসক িীপ ইউসিকটিক িসে থচথিি 

করসি পাসর। 

িীপ ইউসিকটিক দ্রািক োড়া আমরা আর এক প্রকার িরে থমশ্রসণর ধম ে অ্নুিন্ধান কসরথে 

- ক্রাইওসপ্রাসিক্ট্যান্ট। আমরা গ্েুসকাজ এিং ইথিথেন গ্লাইকে থি-থমশ্রসণর গঠনগি এিং 

গথিশীে বিথশষ্টযগুথের পথরিিেন অ্ধযেসনর জনয থিথিন্ন ঘনসত্ব থিমুসেশন কসরথে। থদ্খা 

থগসে থে থে থমশ্রসণ গ্েুসকাসজর পথরমাণ িাড়সে ইথিথেন গ্লাইকসের হাইসড্রাসজন িন্ড 

থনিওোকে েথিগ্রস্ত হে এিং গ্েুসকাজ অ্ণুর মসধয থমিস্ক্রিো থিসড় োে। থিই িসে আণথিক 

চেন এিং ঘূণ েণও ক্রমশ মন্দীিূি হসি িাসক। এর িারা থিাঝা োে থে থমশ্রসণ ক্রমশ গ্েুসকাজ 

থিাসমইন বিথর হসে ো এই থমশ্রসণর ক্রাইওসপ্রাসিক্ট্যান্ট েমিাসক প্রিাথিি কসর।  
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Chapter 1 

 

Introduction 

 

Solvents play a crucial role in a wide range of chemical processes, from laboratory experiments 

to industrial manufacturing. A solvent is a substance that dissolves a solute to form a 

homogeneous mixture, and it is often used to extract, purify, or separate different compounds.1–

4 Solvents are essential in many industrial processes, such as oil refining,5 polymer 

production,6,7 and paint manufacturing.8 They are used to dissolve and transport materials,9,10 

to clean equipment and surfaces,11–13 and to control the viscosity and other properties of the 

final products.14,15 In addition, solvents are often used as reaction media, allowing chemical 

reactions to occur in a homogeneous and controlled environment.16,17 One of the most 

important applications of solvents is in the pharmaceutical industry.18,19 Many drugs are made 

by dissolving active ingredients in solvents, which are then purified and formulated into tablets, 

capsules, or other dosage forms.20 Solvents can also be used to extract natural products from 

plants and other sources, which can then be used as drugs or as starting materials for chemical 

synthesis.21,22 However, the use of solvents also presents some challenges and risks. Many 

solvents are toxic,23,24 flammable,25 or environmentally hazardous,26,27 and their disposal can 

pose a serious problem. Therefore, it is important to use solvents judiciously and to select the 

appropriate solvent for each application, taking into account its properties, cost, and 

environmental impact.28,29 

Deep eutectic solvents (DESs) are a type of solvent system that has gained significant attention 

in recent years due to their unique properties and potential applications.30–32 DESs are formed 

by the combination of two or more solid or liquid components, usually a hydrogen bond donor 

(HBD) and a hydrogen bond acceptor (HBA), at a specific ratio.33,34 The resulting mixture has 

a lower melting point than either of the individual components and exhibits a liquid-like 

behaviour, allowing it to function as a solvent.33,34 Some of the main advantages of DESs are 

their low toxicity and, biodegradability compared to conventional organic solvents.31 This 

makes them a more environmentally friendly alternative for a wide range of applications, from 

chemical synthesis and extraction to electrochemistry and catalysis.35–41 Additionally, DESs 

can be easily synthesized from inexpensive and renewable starting materials, which makes 

them cost-effective and sustainable.42–44 Another important characteristic of DESs is their 
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ability to dissolve a wide range of compounds, including polar and nonpolar species, with high 

selectivity and efficiency.45,46 This makes them a versatile media for applications in both basic 

science research and industry sectors. DESs have been used, for example, as reaction media 

for various chemical transformations,47,48 as extraction solvents for natural products,49,50 and 

as electrolytes in electrochemical devices.51,52 However, despite their potential advantages, 

DESs are still a relatively new and unexplored field of research, and many questions remain 

unanswered regarding their properties, behaviour, and potential applications. Further studies 

are needed to fully understand the unique characteristics of DESs and to optimize their 

synthesis and use for different purposes. 

Ionic DESs are a specific type of deep eutectic solvent that has recently gained attention in the 

scientific community due to their unique properties and potential applications.53,54 Ionic DESs 

are made up of hydrogen bond donors and ions generated from the dissociation of added 

electrolytes, and their extensive interspecies H-bond interactions cause frustrations in the ionic 

lattices that provide enthalpic support for their formation. They also gain entropy for being in 

the liquid phase. One of the main advantages of ionic deep eutectic solvents is their high ionic 

conductivity, which makes them useful as electrolytes in electrochemical devices, such as, 

batteries, fuel cells, and supercapacitors.55–57 Their unique polarity and solvation properties can 

facilitate the formation of specific molecular assemblies and stabilize reactive intermediates, 

leading to increased selectivity and yield in chemical reactions. Moreover, these are considered 

to be more environmentally friendly and sustainable than common organic solvents, as they 

can be synthesized from renewable and biodegradable starting materials.  

Various experimental techniques have been used to study the micro heterogeneous relaxation 

dynamics of ionic DESs, including time-resolved fluorescence experiments,58–60 dielectric 

relaxation and conductivity measurements,61–63 and femtosecond Raman induced Kerr effect 

spectroscopic measurements.64 Computer simulations have also been carried out to generate 

microscopic understanding of the experimentally measured relaxation dynamics.65–69 Recent 

dielectric relaxation data accessed via measurements in a frequency window (0.2 ≤ 𝜐/GHz ≤

50) indicates a dramatic difference between the static dielectric constant (𝜀𝑠) of ionic acetamide 

DES and what was concluded from earlier experiments.62,70 This triggers a debate on the true 

impact of electrolyte ions on the 𝜀𝑠 of the host acetamide, motivating further theoretical and/or 

experimental investigation employing different techniques for providing a resolution to this 

debate. Dielectric relaxation spectroscopy (DRS) measures the collective polarization 

fluctuations of a given medium in the presence of a time-dependent electric field, and computer 
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simulations offer a necessary framework to computationally examine the component 

contributions to the measured DR spectra. This inter-relationship between theory and 

experiments provides the necessary avenue to deal with debate over the impact of electrolyte 

on  𝜀𝑠 of ionic DESs.65,71,72 

Naturally abundant deep eutectic solvents (NADESs) are a type of deep eutectic solvent that 

can be formed from naturally occurring substances, such as sugars, organic acids, and amino 

acids.73,74 NADESs are formed by the combination of two or more components in a specific 

mole ratio, resulting in a liquid-like mixture that exhibits solvent properties. One of the main 

advantages of NADESs is their natural abundance and low cost compared to synthetic deep 

eutectic solvents.75,76 The components used to form NADESs are often readily available from 

natural sources, such as fruits, vegetables, and plant extracts, which makes them an attractive 

alternative to synthetic solvents for various applications, including extraction, synthesis, and 

separation.76 Additionally, NADESs have been found to have unique physical and chemical 

properties, such as high viscosity, low volatility, and high stability, which make them useful for 

various applications in material science and biotechnology.76,77 Furthermore, NADESs are 

considered to be more environmentally friendly and sustainable than traditional organic 

solvents, as they are biodegradable, non-toxic, and renewable.78 NADESs can also be easily 

synthesized and recycled, which makes them a more sustainable alternative for various 

applications in research and industry.79 Investigating the structure and dynamics of NADESs 

is critical to understand their properties and potential applications.  

Several experimental techniques have been employed to investigate the structure and dynamics 

of NADESs. X-ray diffraction (XRD) and neutron diffraction have been used to study the 

structure of NADESs.80–83 These studies have revealed that NADESs consist of complex 

networks of hydrogen bonds between the constituents, and that the network structure changes 

significantly as the temperature and composition of the solvent is varied. Vibrational 

spectroscopic techniques, such as infrared (IR) and Raman spectroscopy, have also been used 

to study the interactions between the constituents in NADESs.84–86 These studies have revealed 

that hydrogen bonding interactions are the dominant intermolecular forces in NADESs. Finally, 

NMR spectroscopy has been used to study the dynamics of NADESs, revealing that the solvent 

exhibits highly heterogeneous dynamics at the molecular level.87,88 DRS has been proven to be 

a powerful tool in investigating the structure and dynamics of NADESs.73,74 The dielectric 

properties of NADESs have been found to be strongly influenced by the nature of the 

constituents and the degree of hydrogen bonding between them. Experimentally, it can be 
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challenging to interpret the dielectric behaviour of complex systems such as NADESs, in terms 

of individual responses. However, MD simulations can be used as a complementary technique 

to experiment and provide insight into the species-specific interactions that are often difficult 

to obtain from experiments alone. In previous studies, molecular dynamics simulations have 

been used to investigate the dielectric properties of NADESs, and the results have been found 

to agree well with experimental data.  

The solubility of drugs is a critical parameter in the development of pharmaceutical 

formulations.89,90 Poor solubility can limit the bioavailability and efficacy of a drug, leading to 

potential issues in drug delivery and patient treatment.91 DES have been shown to enhance the 

solubility and dissolution rate of various drugs, thereby improving their therapeutic 

efficacy.92,93 However, despite their potential, there is a lack of understanding of the underlying 

mechanisms governing drug solubility in DESs. We aim to investigate the solubility behaviour 

of drugs in different DESs and to elucidate the factors that influence drug solubility in these 

solvents. The findings from this study may provide insight into the use of DESs as solvents for 

drug delivery and formulation, and can have implications for the development of new and 

improved pharmaceutical products. 

Characterizing a solution as a deep eutectic solvent requires a comprehensive understanding of 

the thermodynamics and kinetics involved in their formation, as well as their physical and 

chemical properties.87,94 The system is expected to show some unique structural and dynamical 

properties at eutectic composition which is different from simple mixtures. MD simulation can 

analyse different kinds of such properties to predict possible formation of DESs.95 

Cryopreservation is a critical process used in the storage and transportation of biological 

samples, including cells, tissues, and organs.96–98 The use of cryoprotectants is essential to 

prevent damage to biological samples during freezing and thawing.99,100 Binary mixtures have 

shown promises as potential cryoprotectants due to their ability to reduce the formation of ice 

crystals and minimize damage to biological samples.101,102 However, a fundamental 

understanding of the structure and dynamics of these mixtures is essential to optimize their 

cryoprotective properties. Hence, it is worth studying the structure and dynamics of binary 

mixtures that can potentially act as cryoprotectants to gain a deeper understanding of their 

properties and improve their effectiveness in preserving biological samples. The ability to 

preserve biological samples is of great importance in various fields such as medicine, 

biotechnology, and agriculture. Cryopreservation allows for long-term storage of biological 
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materials, enabling access to these resources for future research and application. Moreover, a 

better understanding of the structure and dynamics of binary mixtures can lead to the 

development of new and improved cryoprotectants that are more effective and have fewer 

adverse effects on biological samples. 

It is known that DRS could provide important insights regarding designing and developing of 

materials for a variety of technological applications, including energy storage, electronic 

devices, and biological systems.103–105 Understanding dielectric relaxation requires a detailed 

understanding of the dynamics of polar molecules and their interactions with surrounding 

environments. MD simulation is a powerful computational technique that allows for the study 

of molecular dynamics at a microscopic level, including dielectric relaxation. MD simulation 

has become an increasingly popular tool for investigating dielectric relaxation due to its ability 

to provide detailed information about the dynamics and structure of complex systems. The use 

of MD simulation has several advantages over experimental methods, including the ability to 

study molecular-level details and the ability to control the system conditions precisely.106–108  

Simulation techniques offer a framework to split the total relaxation into contributions arising 

from the self- and cross-interactions of system constituents. This decomposition approach has 

found application in various systems, including aqueous solutions of ions,71,72,109–112 ionic 

liquids,113–121 and aqueous solutions of biomolecules.122–124 Importantly, it can be further 

extended to cover both ionic and non-ionic DESs. The application of a component-wise 

decomposition of DRS not only aids in comprehending the complex dynamics of these systems 

but also plays an important role in unraveling changes in the static dielectric constant. By 

isolating the contributions of individual components, we can gain insights into the interactions 

within the system, providing a detailed understanding of its behaviour. This approach proves 

particularly valuable in studying DESs, where the unique combination of components requires 

a nuanced analysis to decipher the complex interplay of self- and cross-interactions. When 

dealing with ionic systems, experimental techniques encounter challenges such as electrode 

polarization125–127 and Maxwell-Wagner effects,128,129 particularly at lower frequencies. These 

issues hinder the accurate measurements of dielectric response in this frequency range. In 

contrast, simulation techniques offer a solution by avoiding these difficulties altogether. 

Moreover, MD simulations can provide insight into the dynamics of polar molecules in various 

environments, including non-equilibrium conditions that are challenging to achieve 

experimentally.130,131 However, MD simulations also have certain limitations, including the 
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availability of accurate force fields, computational resources, and possible artifacts arising from 

the finite size of the simulation box.131,132 

This thesis is comprised of a total of 8 chapters, with the introductory chapter being the first 

one. In chapter 2, we used molecular dynamics simulations to investigate the properties of 

molten acetamide at a temperature of 358.15 K. Our goal was to interpret available dielectric 

relaxation (DR) data from experiments.62 We used two different models of interaction 

potentials based on optimised potential for liquid simulations (OPLS) force fields: the united-

atom (OPLS-UA)133 and the all-atom (OPLS-AA)134 interaction potentials. Interestingly, the 

OPLS-UA model predicted a value of static dielectric constant (𝜀𝑠) for molten acetamide that 

agreed well with experimental results, but predicted a DR dynamics that were much slower 

than observed in experiments. On the other hand, the OPLS-AA model provided a much better 

description of the experimental DR dynamics but severely underestimated the 𝜀𝑠 value. To 

ensure the accuracy of our results, we also varied the size of the simulated systems, testing 

them with 250, 500, and 1000 molecules. We directly compared our simulated results with 

experimental data and explored the role of single dipole rotation in molten acetamide. Our 

findings provide valuable insights into the properties of this material and shed light on the 

limitations and advantages of different models used to study its behaviour.135 

In chapter 3 the frequency-dependent dielectric relaxation in three ionic DESs- 

(acetamide+LiClO4/NO3/Br) - were investigated using MD simulations in a temperature range 

of 329≤T/K≤358.65 The dielectric spectra obtained from the simulations were decomposed to 

identify the rotational, translational, and ro-translational contributions. As expected, the dipolar 

contributions dominated the dielectric spectra across all frequencies, while the translational and 

ro-translational contributions were relatively small. Interestingly, the translational and cross ro-

translational contributions only appeared in the THz regime, in contrast to the dipolar 

relaxations, which dominated the MHz-GHz frequency window and were dependent on 

viscosity. The simulations also revealed an anion-dependent decrement of the static dielectric 

constant (𝜀𝑠~ 20 - 30) for acetamide in these ionic DESs, consistent with experimental 

observations. Additionally, dipole-correlations (Kirkwood g factor) indicated significant 

orientational frustrations, which were associated with the anion-dependent damage of the 

acetamide H-bond network. However, the single dipole reorientation time distributions did not 

indicate the presence of any 'rotationally frozen' molecules, suggesting that the dielectric 

decrement is largely static in origin. 
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In chapter 4, We investigated the structural and dynamic behaviour of a deep eutectic solvent 

made up of glucose, urea, and water73 using molecular dynamics simulations. We analysed the 

centre-of-mass radial distribution functions and hydrogen-bond site-site radial distribution 

functions and found that the least intense interaction was between glucose molecules, while 

water molecules had the most intense interaction. As temperature increased, the peak heights 

slightly decreased, and the number of hydrogen bonds between different species decreased as 

well. We then decomposed the dielectric relaxation spectra into six individual spectra, which 

cannot be done in experiments. The static dielectric constant is found to get mitigated with 

increasing temperature demonstrating the effect of thermal energy to randomize dipole 

orientations. Almost all components collectively contributed to the origin of the timescales, 

where the relaxation times involving glucose molecules appear at lower frequencies.   

In chapter 5, we discuss the solubility of a drug molecule in DESs. Our MD simulation study 

aimed to calculate the solubility of paracetamol in two choline chloride-based deep eutectic 

solvents, with varying hydrogen bond donor (HBD) molecules: ethylene glycol (EG) and 

propylene glycol (PG). We analysed coordination numbers and number of hydrogen bonds and, 

plotted them against paracetamol concentrations to determine the maximum solubility limit. 

We defined maximum solubility as the concentration where the coordination of other species 

around paracetamol is at its highest and that of paracetamol around paracetamol is at its lowest, 

and where the number of hydrogen bonds per paracetamol with other species is at its maximum 

and that of paracetamol with paracetamol is at its minimum. Our simulations revealed that both 

hydrogen bonding and non-polar interactions played critical roles in the solubilisation of 

paracetamol, and PG-DES was a better solvent due to the presence of an extra non-polar methyl 

group. Our results were in line with available experimental data, showing that in these deep 

eutectics, the solubility of paracetamol increases significantly compared to water. Additionally, 

PG-DES demonstrated higher solubilisation compared to EG-DES. These findings may be 

useful for designing more effective solvents for drug delivery applications. 

Chapter 6 investigates the deep eutectic behaviour of choline chloride-ethylene glycol 

mixtures. Recent studies have shown that the behaviour of the choline chloride-ethylene glycol 

mixture is better described as a normal binary mixture, rather than forming a deep eutectic at a 

1:2 mole ratio.95,136,137 In a molecular dynamics simulation study covering a composition range 

from 1:2 to 1:6, we found that the structural and dynamical properties of the mixtures vary 

significantly with composition, essentially indicating the impact of solute concentration. The 

numbers of different type of hydrogen bonds monotonically change and, hydrogen bond 
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relaxation times increase with increasing choline chloride composition, while viscosity and 

density increase. These findings have important implications for designing deep eutectic 

solvents. 

Chapter 7 provides an in-depth analysis of the structural and dynamical properties of glucose-

based cryoprotectant mixtures. By using molecular dynamics simulations, the study sheds light 

on how different weight percentages of glucose and ethylene glycol affect the H-bond network, 

coordination numbers, and thermo-physical properties of the solutions.138 The results suggest 

that as glucose concentration increases, the H-bond network among glucose molecules 

becomes more prevalent, leading to a partially damaged H-bond network in ethylene glycol. 

Moreover, the simulations reveal that the migration of molecules slows down as glucose 

concentration increases in the mixture, with ethylene glycol molecules showing relatively more 

mobility than glucose. The study also hints at the formation of glucose domains through 

intraspecies H-bonding, which might be a key feature for the cryoprotection ability of these 

mixtures.  

 The final chapter of this thesis is chapter 8, which includes a summary of the findings as well 

as possible areas for future research. 
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Chapter 2 

 

Dielectric relaxations of molten acetamide: Dependence on the 

model interaction potentials and the effects of system size 

 

2.1   Introduction 

Amide systems are an exciting class of molecules because of their proximity to the world of 

proteins and peptides in terms of functional groups.1,2 The existence of the peptide bond (-CO-

NH-) in amides, which is also the linkage unit in polypeptides and proteins, makes amides 

biologically relevant. Acetamide (CH3CONH2) is the smallest amide that contains a methyl 

group and participates in hydrogen bonding via two amide hydrogens and one carbonyl 

oxygen.3–5 As a result, acetamide offers a simple molecular model for studying the effects of 

hydrogen bonding in peptides and amino acids. This assumes further importance given that the 

structure and function of a protein are dictated by H-bond interactions. Moreover, liquid 

acetamide is a useful solvent for its high polarity (static dielectric constant, 𝜀𝑠 ~ 65) and low 

viscosity (~2.2 cP).6–10 Therefore, several studies have been performed on acetamide and other 

small amides.11–18 In recent years, deep eutectic solvents (DESs) have arrived as better 

alternatives to conventional organic solvents. Several studies have already explored the 

dynamics of acetamide in DESs that contain acetamide as one of the main components.19–27 

The orientation jump mechanism and its connection to H-bond dynamics, established for water 

reorientation dynamics,28,29 has been investigated for molten acetamide as well.19,25 Recently, 

dielectric relaxation measurements of neat molten liquid acetamide in the frequency window, 

0.2≤ 𝜈 𝐺𝐻𝑧 ≤⁄ 50,  have been reported for the first time.26 In contrast,  no simulation study on 

DR of neat, molten acetamide has been performed yet.  

An extensive simulation study of neat liquid acetamide examining several aspects, such as the 

influence of model interaction potential, simulation run time, and simulation system size 

dependencies, is required to understand the impact of other species on the structure and 

dynamics of acetamide in a deep eutectic system. Often, electrolytes and other neutral 

compounds are mixed with acetamide to prepare room-temperature deep eutectic solvents to 

explore possibilities for applications as synthesis media. Several studies of ionic acetamide 

deep eutectics have been carried out in the past to characterize the relaxation behavior of 
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acetamide in those media and to deduce, via interpretation of the measured relaxation 

parameters,  the collective structure of acetamide at that solution condition.30–34 One of the 

spectacular yet the most debatable findings of those studies has been the mega value (~106) of 

the 𝜀𝑠 of ionic acetamide DESs determined via DR measurements employing a KHz-MHz 

frequency window.30,34 Although a low frequency divergence swamps the dielectric response 

of conducting solutions as the frequency of the applied electric field approaches zero, the 

correct value of 𝜀𝑠 must be accessed to understand the ion influence on the macroscopic 

polarization response of a neat dipolar system. Considering the difficulty of DR measurements 

for conducting solutions in attaining the plateau for the real part of the complex dielectric 

spectra in the limit of zero frequency, one can resort to computer simulations where the ionic 

and non-ionic contributions to the total polarization response could be easily separated out and 

understood. This separation is critical to examine whether the colossal 𝜀𝑠 of ionic acetamide 

DESs reported in earlier DR measurements30,34 is at all real or an experimental artifact due to 

electrode polarisation. 

However, computer simulations with classical interaction potentials have its own limitations 

too. The most critical of them is the availability of the appropriately coarse-grained classical 

interaction potentials that can reproduce the experimentally measured structural and dynamical 

quantities. It has been found in many cases, particularly for solvents participating in an 

extensive inter- and intra-molecular H-bonding, that the designed model interaction potentials 

are unable to simultaneously predict the experimentally observed structural and dynamical 

properties. In such cases, the choice of interaction potential depends on the final goal of the 

planned study. This means that if properties regulated by the spatial arrangements of medium 

particles are to be investigated then the interaction parameters that better predict the solvent 

structural aspects are employed. For a focus on reproducing the relaxation timescales (for 

example, diffusion and conductivity timescales), potential parameters that are designed to 

provide a good description of the collective dynamics are used. Although solvent structure 

represents the spatial particle arrangements arising from averaging of the faster changes 

(fluctuations) over a certain duration (and thus a function of the averaging timescale), model 

interaction parameters designed to reproduce solvent dynamics cannot always successfully 

predict the structural properties. This is a limitation that is a direct consequence of describing 

collective interactions in terms of classical pair potentials and no explicit treatment of 

polarizabilities, a trade-off between the quantitative description of the experimental properties 

and a judicious choice of accessing the computational resources for gaining qualitatively 
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correct molecular level understanding of the observed phenomena. Temperature transferability 

and the applicability of a set of potential parameters developed for a neat system to describe 

interactions in a multicomponent mixture are other critical issues that prevent quantitative 

interpretation of the simulation results. 

In such a scenario, a simulation study of molten acetamide demands a careful consideration of 

the following aspects: (i) If one of the central foci of a planned study is to examine the mega-

value of 𝜀𝑠 of ionic acetamide deep eutectics, then one must start with a model interaction 

potential that has been designed to reproduce the experimental 𝜀𝑠 of neat molten acetamide, 

(ii) system size of such simulations must be appropriately decided upon as 𝜀𝑠 is a collective 

solvent property and connected to the macroscopic (that is, large wavelength) solvent 

polarisation fluctuations, and (iii) a parallel simulation study must be carried out with another 

set of interaction potential parameters that have been developed to better describe the relaxation 

timescales. A judicious juxtaposition of the simulation data obtained via employing these two 

different sets of model potentials may then provide a qualitatively correct picture of the 

collective orientational polarisation relaxations of such ionic media. This provides the basic 

premises for our present study. 

Here, we present molecular dynamics simulations of neat molten acetamide at 358.15 K and 

report results with the aim of interpreting the experimentally available DR data. We have 

considered two different models of interaction potentials based on the optimized potential for 

liquid simulations (OPLS) force fields. They are the united-atom (OPLS-UA)35 and the all-

atom (OPLS-AA)36 interaction potentials.  Interestingly, the OPLS-UA model35 predicts a 

value of 𝜀𝑠 for molten acetamide that agrees quite well with that reported in experiments37 but 

predicts a DR dynamic that is ~3 times slower than found in the relevant experiments. The 

OPLS-AA model interaction parameters,36 in contrast, provide a much better description of the 

experimental DR dynamics but severely underestimate the 𝜀𝑠 value. We have also performed 

simulations on three systems with 250, 500, and 1000 numbers of molecules to check the 

impact of system size. A direct comparison between the simulated and experimental dielectric 

response for neat molten acetamide has been presented and the role of single dipole rotation has 

been explored. 
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2.2 Theory and Computational Details 

2.2.1 Theory 

The dielectric spectrum of a polar system can be calculated by using the total dipole moment 

of the system. In a polarizable model, electronic polarizability is explicitly considered but at 

the expense of high computational efficiency. A non-polarizable model deliberately omits the 

electronic polarizability and set the dielectric function at high frequency (theoretically infinite) 

(𝜀∞) to unity. Static dielectric constant (𝜀𝑠) is the value of the frequency-dependent dielectric 

function, 𝜀(𝜔),    in the limit of zero frequency. That is, 𝜀𝑠 = 𝜀(𝜔 → 0).    The numerical value 

of 𝜀𝑠 can be computed from the fluctuations of the total dipole moment of the system. The total 

dipole moment M is the summation of the molecular dipole moments (𝝁𝑖), 𝑴 = ∑ 𝝁𝑖
𝑁
𝑖=1 . 

Dipole moment for each individual molecule can be calculated from the charge (𝑞) and 

positions (𝒓) of the corresponding atoms (𝝁𝑖 = ∑𝑞𝑖𝒓𝑖). The static dielectric constant is then 

calculated as 38,39 

𝜀𝑠 = 1 +
〈𝑴2〉−〈𝑴〉2

3𝜖0𝑉𝑘𝐵𝑇
  ,                                                                                                                                                     (2.1) 

where  𝜖0 is vacuum permittivity, V the volume, 𝑘𝐵 the Boltzmann constant and T the 

temperature. Angular brackets represent ensemble averaging. The finite system Kirkwood g-

factor (𝐺𝐾) describes the correlation among the molecular dipoles and connects to the total 

moment by the following relation40,41 

𝐺𝐾 =
〈𝑴2〉−〈𝑴〉2

𝑁𝝁2
,                                                                                                               (2.2) 

where 𝝁 is the average dipole moment of a single molecule. Therefore, 𝐺𝐾=1 for an 

arrangement of totally randomised and uncorrelated dipoles, 𝐺𝐾>1 for configurations with the 

parallel alignment of dipoles, and 𝐺𝐾<1 for antiparallel orientation of molecular dipoles at the 

individual level. From this finite system Kirkwood correlation factor, an infinite system 

Kirkwood factor (𝑔𝐾) can be evaluated from the following equation40,41 

  𝑔𝐾 =
(2𝜀𝑠+1)

3𝜀𝑠
𝐺𝐾,                                                                                                         (2.3) 

Frequency-dependent dielectric spectrum is determined from the Laplace-Fourier transform of 

the normalized total dipole moment autocorrelation function, 𝜙(𝑡), which is the pulse-response 

function of the system.42 
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𝜙(𝑡) =
〈𝑴(0).𝑴(𝑡)〉

〈|𝑴(0)|2〉
      .                                                                                                         (2.4) 

Note that 𝜙(𝑡), by construction, starts from unity at 𝑡 = 0 and decays to zero with time. The 

multi-exponential or non-exponential character of 𝜙(𝑡) is then reflected in the experimental 

DR as multi-Debye, Cole-Cole and Cole-Davidson relaxation processes. Linear response 

theory43 approximates the natural dynamics of a given system to its responses in presence of 

an external weak electric field.  Frequency-dependent dielectric spectrum is then obtained as42 

𝜀(𝜔)−1

𝜀𝑠−1
= ℒ𝑖𝜔 [−

𝑑𝜙(𝑡)

𝑑𝑡
]    ,                                                                                                       (2.5) 

where, 

ℒ𝑖𝜔[𝑓(𝑡)] = ∫ 𝑒𝑖𝜔𝑡𝑓(𝑡)𝑑𝑡.                                                                                             (2.6) 

In practice, the simulated 𝜙(𝑡) is fitted with a suitable fit function, 𝜑(𝑡),   because of the poor 

converging nature of 𝜙(𝑡). Then Laplace –Fourier transform of 𝜑(𝑡) is performed (instead of 

𝜙(𝑡)) to obtain the dielectric spectrum.  

Real and imaginary parts of the dielectric spectrum are defined as44 

𝜀(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔) .                                                                                            (2.7) 

There is another correlation function defining the correlation between a molecular dipole with 

itself. This is self-dipole autocorrelation function and is defined as44 

𝐶𝜇(𝑡) =
〈𝝁𝑖(𝑡).𝝁𝑖(0)〉

〈|𝝁𝑖(0)|
2〉

 .                                                                                                      (2.8) 

As for 𝜙(𝑡) described above, 𝐶𝜇(𝑡) is a normalised time autocorrelation function and decays 

with time from unity to zero.  

2.2.2 Computational details 

We have already mentioned that two different versions of the OPLS force fields have been 

employed in the present study. Note that the OPLS-UA model interaction potential employed 

here is not the same as the united atom version of the original OPLS model.45 This model is 

appropriately tweaked to reproduce the experimental 𝜀𝑠 of neat molten acetamide. The 

functional forms of both the force fields are the same as35,36 
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  𝑉(𝑟) = ∑ 𝐾𝑟(𝑟 − 𝑟𝑒𝑞)
2
+ ∑ 𝐾𝜃(𝜃 − 𝜃𝑒𝑞)

2

angles

                                                                             

bonds

 

+ ∑ [
𝑉1
2
(1 + cos𝜙) +

𝑉2
2
(1 − cos 2𝜙) +

𝑉3
2
(1 + cos 3𝜙) +

𝑉4
2
(1 − cos 4𝜙)]

torsions

 

   +∑ ∑ {
𝑞𝑖𝑞𝑗

4𝜋𝜖0𝑟𝑖𝑗
+ 4𝜀𝑖𝑗 [(

𝜎𝑖𝑗

𝑟𝑖𝑗
)
12

− (
𝜎𝑖𝑗

𝜎𝑟𝑖𝑗
)
6

]}𝑗>𝑖𝑖 𝑓𝑖𝑗   .                                                      (2.9) 

In the above equation, Kr and Kθ are the force constants for bond stretching and angle bending 

respectively, req and θeq denote the equilibrium bond-length and the angle values, and V 

represents the Fourier coefficient of torsional angle ϕ. rij is the distance between two atoms i 

and j with partial charges qi and qj, σ and ε are respectively the van der Waals diameter and the 

well-depth of the Lennard-Jones potential. Geometric combination rules for the Lennard-Jones 

parameters are σij=(σiiσjj)
1/2 and εij=(εiiεjj)

1/2. The factor fij=1 except for 1-4 interactions where 

fij=0.5.  

     All simulations have been performed in the GROMACS-2018.3 MD package.46 The long-

range electrostatic interactions were treated via the Ewald summation technique.47 Both types 

of short-range interactions were truncated at 1.1 nm. A particle mesh Ewald method was used 

with a 0.12 nm grid and a spline of order 4. 

Initial structures were built using Packmol.48 Three systems were simulated for the OPLS-UA 

model interaction potential containing 250, 500, and 1000 molecules. For the OPLS-AA model 

also, three systems with the same number of molecules were considered. To check the impact 

of initial configuration, we have performed another independent MD run containing 500 

molecules and using OPLS-UA force field model in same conditions. Periodic boundary 

conditions were used for all the systems. NPT equilibrations were done for 20 ns (OPLS-UA) 

and 5 ns (OPLS-AA) at 1 bar and 358.15 K using the leap-frog algorithm with a time step of 1 

fs. Note that systems using OPLS-UA potential need much more time to get equilibrated 

compared to OPLS-AA model. Density, temperature and pressure values are observed 

thorough the equilibration times. These values get satisfactorily converged within the 

mentioned equilibration times. Nosé-Hoover thermostat49 was used for the temperature 

coupling with time constants 0.2 ps (OPLS-UA) and 1 ps (OPLS-AA). To couple pressure, 

Parrinello-Rahman barostat50 was used with time constants 0.5 ps (OPLS-UA) and 5 ps (OPLS-

AA). LINCS algorithm51 was employed to retain all bonds constrained. Thermostat and 

barostat relaxation times are taken from respective references for OPLS-UA35 and OPLS-AA.36 
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Production runs (100 ns for OPLS-UA and 60 ns for OPLS-AA) were carried out using the 

same conditions as equilibration with output files were saving at every 100 fs. Convergence of 

the value of static dielectric constant with time dictate the goodness of simulation. In case of 

OPLS-UA interaction potential longer times are required for this type of convergence. 

 

2.3 Results and Discussion 

2.3.1 Density and self-diffusion coefficients 

To check the reliability of the present simulations liquid densities from different runs have been 

calculated and these values are compared against the available data35–37 in Table 2.1. 

Table 2.1: Density and self-diffusion coefficient for different potential models. Values are 

shown for present simulation as well as from existing literatures. Values in parentheses indicate 

value reported in corresponding paper. 

Force Field Model No of molecules 𝑻 (K) 𝝆 (kg m-3) 𝑫 (x10-5 cm2s-1) 

 

OPLS 

 

 

UA35 

250  
358.15 

994 0.274 

500 995.6 (998.9) 0.285 

1000 996.4 0.274 

AA36 1000 1024.3 (1018.7) 0.816 

Drude oscillator62 64 373 --- --- 
CHARMM-PIPF53 256 --- 0.75±0.04 

CHARMM27 512 365 --- 0.91 

Experiment37 --- 998.6 --- 

 

For clarity here we have shown only one data set for OPLS-AA model. Density and self-

diffusion coefficient values of 250, and 500 molecules for OPLS-AA model are provided in 

Table 2.A.1 of the Appendix 2.A. Clearly, our simulated density employing the OPLS-UA 

interaction matches well with the experimental value.37 In addition, densities predicted here 

employing the OPLS-UA and OPLS-AA potentials are in very good agreement with the 

available simulated densities.35,36 This provides us with the necessary confidence to continue 

with our proposed study. From the density and self-diffusion coefficient values for two 

independent MD runs of 500 molecules for OPLS-UA force field (will be denoted as Run 1 

and Run 2 hereafter), given in Table 2.A.2 of the Appendix 2.A, no significant effect of initial 

configuration on these values is observed. 
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The self-diffusion coefficient is a representative of diffusive dynamics in a given system. The 

translational mean square displacements (MSDs),  〈|Δ𝑟(𝑡)⃗⃗⃗⃗⃗⃗⃗⃗ |
2
〉 =

1

𝑁
〈∑ |𝑟 𝑖

𝑐(𝑡) − 𝑟 𝑖
𝑐(0)|2𝑁

𝑖=1 〉 ,  

have been followed and the diffusion coefficients,52 𝐷 = [
1

6
(〈|Δ𝑟(𝑡)⃗⃗⃗⃗⃗⃗⃗⃗ |

2
〉]
𝑡→∞

,  for molten 

acetamide have been estimated from the present simulations. The simulated self-diffusion 

coefficients for our systems and a comparison with the available data are also provided in Table 

2.1. 𝐷 values shown in the last column of Table 2.1 suggest that the system size dependence 

for the OPLS-UA system is negligible. Also, a minimal system size dependence is observed 

for OPLS-AA model (Table 2.A.1 of Appendix 2.A). However, the OPLS-UA predicted 

diffusion coefficient is ~3 times slower than that provided by the OPLS-AA interaction 

parameters. Interestingly, the OPLS-AA predicted diffusion coefficient for molten acetamide 

agrees well with those predicted by the CHARMM-PIPF53 and CHARMM27 interaction 

potentials. In addition, the diffusion coefficient predicted here by the OPLS-AA potential 

(~0.82 x 10-5 cm2s-1) is in good agreement with that (0.92 x 10-5 cm2s-1) reported in the quasi-

elastic neutron scattering (QENS) measurements.27 It is therefore likely that DR time constants 

obtained by employing the OPLS-AA interaction potential for liquid acetamide would be in 

better agreement with experiments than those predicted via the OPLS-UA interaction potential. 

2.3.2 Radial distribution functions (RDFs) 

The structure of liquids in two dimensions can be visualized by the RDFs which describe the 

probability of finding a particle at a distance r from a tagged particle. It is calculated using the 

following equation: 

                                            𝑔𝑖𝑗(𝑟) =
1

𝜌𝑁
〈∑ 𝛿(𝑟 − 𝑟𝑖𝑗)𝑖𝑗 〉                                                            (2.10) 

where ρ is the number density, N is the total number of particles and i and j are particle indices 

where angular brackets denote ensemble average. 
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Figure 2.1: Simulated radial distribution functions (RDFs) for different atom-sites of 

acetamide molecules are shown in four panels. Following site-site RDFs are presented: (a) N(-

CONH2)-O(-CONH2), (b) H(-CONH2)-O(-CONH2), (c) O(-CONH2)-O(-CONH2), (d) center-

of-mass of acetamide molecules. Representations are color defined as described in panel (a). 

    Computed RDFs for liquid acetamide are displayed in Figure 2.1 for distributions of different 

atoms in the system. It has been already suggested that H-bond plays an important role in the 

structure and dynamics of liquid acetamide.3,54–58 Calculated RDFs between different types of 

particles for the present systems depict the liquid structure (in two dimensions though) and 

provide a scope to compare between the predictions by these two potential models.  

 The upper-left panel of Figure 2.1 shows the RDF of N (-CONH2)-O (-CONH2). We can see 

that there is no system size dependence. For both of the models, the first peak appears at ~2.85 

Å which is similar to earlier reports.45,53,59 This peak is mainly the result of hydrogen bonding 

as explained in Ref 36. The first-peak height is greater for the OPLS-UA model predicted RDF 

than that by the OPLS-AA model. This may be a reflection of a relatively stronger H-bond 
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interaction in the OPLS-UA acetamide and can partially explain the relatively lower diffusion 

coefficient value. 

 The upper-right panel represents O (-CONH2)-H (-CONH2) RDFs for acetamide. From the X-

ray diffraction study,12,60 O (-CONH2) ---H (-CONH2) bond length is found as 3.03 Å which is 

comparable with the first peak minimum of the corresponding RDF shown here. The 

appearances of peak positions are consistent with previous studies,45,53,59 suggesting that the 

underlying liquid structure remains the same in the present simulations as found in previous 

studies. 45,53,59 Here also the first peak height for the OPLS-UA model is greater than that for 

the OPLS-AA model. 

    An interesting feature is observed for O (-CONH2)-O (-CONH2) RDFs, shown in the lower-

left panel of this figure. Notice that a shoulder appears prior to the main peak. The main peak 

indicates the configuration where two O atoms of two different molecules approach and a 

hydrogen atom of one of the two molecules resides between them. The shoulder depicts a 

spatial arrangement when no hydrogen atom resides between them. The lower-right panel 

depicts the center-of-mass RDFs of acetamide molecules.  

2.3.3 Static dielectric properties 

The calculation of the static dielectric constant serves two purposes. Apart from providing 

insights about the collective orientational structure of the dipolar liquid, convergence for the 

simulated  𝜀𝑠 with time to a constant value indicates whether the simulation is long enough for 

calculating the dynamic dielectric properties. We have estimated 𝜀𝑠 for the neat liquid 

acetamide and the Kirkwood g-factor (for finite and infinite systems). Figure 2.2 depicts the 

fluctuations of the simulated 𝜀𝑠 with time and its convergence to a certain value after a 

sufficiently long duration. 
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Figure 2.2: Evolutions of static dielectric constant with simulation time for all systems. All 

systems are fairly converged within the simulation run time. Each system is uniquely color-

defined. 

Notice that the simulated 𝜀𝑠 fluctuates more when the system size is relatively small. 

Interestingly, the OPLS-AA model interaction potential predicts an  𝜀𝑠 value nearly half of that 

by the OPLS-UA model, although the extent of the time-dependent fluctuations is much less 

for the OPLS-AA predicted 𝜀𝑠 and the convergence is achieved much faster. In addition, a 

choice of 100 ns production run-time in the present work appears to be logical for simulations 

of DR in neat molten acetamide.  

Table 2.2 summarizes the 𝜀𝑠  values simulated in the present work and compares with those 

from earlier simulations employing different model interaction potentials35,36,53,61 and the 

relevant measurements.26,37 Comparison of various static dielectric properties among systems 

with different sizes using OPLS-AA model are provided in Table 2.A.3 of Appendix 2.A. The 

same properties can be found for Run 1 and Run 2 in Table 2.A.4 of this Appendix. 
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Table 2.2:  Static dielectric properties for different potential models. Values are shown for 

present simulation as well as from existing literatures. 

Force Field Model No of molecules 𝑻 (K) 𝜺𝒔 𝑮𝑲 𝒈𝑲 〈𝝁〉 (D) 

 

OPLS 

 

 

UA35 

250  
358.15 

65.6 2.31 1.55  

5.71 500 66.8 2.34 1.57 

1000 65.9 2.31 1.55 

AA36 1000 32.3 1.95 1.32 4.26 

Drude oscillator61 64 373 66±3 2.4±0.2  --- 5.80 
CHARMM-PIPF53 256 154    ---  --- 5.30 

Experiment26 354 66    ---  --- --- 

Experiment37 --- 68.2    ---  --- --- 

 

Clearly, the OPLS-UA35 model provides a much better description of the experimental  𝜀𝑠 than 

by the OPLS-AA36 (𝜀𝑠~32) and the CHARMM-PIPF53 (𝜀𝑠~154) interaction potential. Note 

the Drude oscillator model61 is quite successful in predicting the experimental  𝜀𝑠 for liquid 

acetamide. The estimated values for the average dipole moment and the finite Kirkwood g-

factor (𝐺𝐾) by the Drude oscillator model also corroborate well with the OPLS-UA predictions. 

The OPLS-AA model, however, substantially underestimates the orientational structure of the 

liquid acetamide because the estimated 𝜀𝑠 and the Kirkwood factors (𝐺𝐾 and 𝑔𝐾) are 

significantly lower than those predicted by the other interaction potentials. While stating so we 

keep in mind that (i) a  𝐺𝐾  value greater than unity implies a strong correlation among the 

molecular dipoles and (ii) the numerical value of 𝜀𝑠 is connected to the macroscopic total 

orientational pair correlation function (ℎ110) by the relation,62   (𝜀𝑠−1)(2𝜀𝑠+1)

9𝜖0𝑦
= 1 +

4𝜋𝜌

3
∫ 𝑟2ℎ110(𝑟)𝑑𝑟
∞

0
, where the polarity parameter, 𝑦 = 4𝜋𝜇2𝜌 9⁄ 𝑘𝐵𝑇 , 𝜌 being the number 

density. Next, we compare the performance of the OPLS-UA and OPLS-AA interaction 

potentials in predicting the measured DR timescales.  

2.3.4 Dynamic dielectric properties 

Monitoring the correlation among dipoles with time, the dipole moment autocorrelation 

function, provides an insight into the relaxation dynamics of the system. Two different 

autocorrelation functions have been calculated in this work. They are the total dipole moment 

autocorrelation function, 𝜙(𝑡), and the self-dipole moment autocorrelation function, 𝐶𝜇(𝑡). 

While the total dipole moment autocorrelation function tracks the collective orientational 

relaxations and thus provides a direct theoretical description of the experimentally measured 

DR data, the self-dipole moment autocorrelation function treats the dipolar orientations at the 
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single molecule level and explores the connection between the individual dipolar rotational 

dynamics and the collective orientational polarization relaxations.  
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Figure 2.3: Simulated decays of total dipole moment autocorrelation function (upper panel) 

and dipole moment autocorrelation function for single molecules (lower panel) of all systems. 

Each system is uniquely color-defined. Open symbols are simulated data points and solid lines 

denote corresponding fits. 

Upper panel of Figure 2.3 presents the time dependence of the simulated total dipole moment 

autocorrelation function, 𝜙(𝑡), for the neat liquid acetamide interacting via the OPLS-UA and 

OPLS-AA potentials. The system size dependence (studied for the OPLS-UA interactions) is 

negligible. The same plot as Figure 2.3 for OPLS-AA model containing different number of 
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molecules is shown in Figure 2.A.1 and fit parameters are provided in Tables 2.A.5 and 2.A.6 

of the Appendix 2.A. Here also no significant system size dependence is detected. The 

relaxation for 𝜙(𝑡) obtained by employing the OPLS-AA potential is much faster than that 

predicted by the OPLS-UA interactions.  Lower panel of Figure 2.3 shows the time dependent 

decay of the self-dipole moment autocorrelation function, 𝐶𝜇(𝑡). The dependence of  𝐶𝜇(𝑡) on 

the interaction potential and the system size is the same as that found for 𝜙(𝑡). Parameters 

obtained via multi-exponential fits to the simulated 𝜙(𝑡) decays are summarized in Table 2.3. 

Experimentally measured DR times and amplitudes are also shown in this table to facilitate a 

comparison between simulations and experiments. Table 2.4 summarizes the fit parameters 

required to adequately describe the simulated 𝐶𝜇(𝑡) decays. Plots of 𝜙(𝑡) and 𝐶𝜇(𝑡) for Run 1 

and Run 2 are represented in Figure 2.A.2 (Appendix 2.A). Fit parameters are given in Tables 

2.A.7 and 2.A.8 of Appendix 2.A, respectively. These results suggest subtle effect of starting 

structures on final results.  

Table 2.3: Fit parameters for total dipole moment autocorrelation functions for all systems. For 

systems containing 250 and 500 molecules tri-exponential fit functions are used and for 

systems of 1000 molecules bi-exponential functions are fitted. Experimental results are for 

two-Debye fitting of experimental DR spectra taken from Ref. 26. 

Model No of 

molecules 

𝒂1 𝝉1 (ps) 𝒂2 𝝉2 (ps) 𝒂3 𝝉3 (ps) 〈𝝉〉 (ps) 

 

UA 

250 0.96 130.6 0.02 4.4 0.02 0.1 125.5 

500 0.96 138 0.02 4 0.02 0.1 132.6 

1000 0.98 135.5 --- --- 0.02 0.2 132.8 

AA 1000 0.96 32 --- --- 0.04 0.3 30.7 

Experiment26 0.97 55 0.03 5.5 --- --- 53.5 

 

From the data summarized in Table 2.3, it is evident that none of these two model interaction 

potentials can correctly reproduce the slowest experimental DR time constants, although the 

amplitude associated with it is predicted nearly quantitatively. The slowest DR time constant 

predicted by the OPLS-UA model is ~2.5 times slower than that reported in experiments, 

whereas the OPLS-AA predicted timescale is ~1.7 times faster than in experiments. The degree 

of disagreement between the predicted slowest DR times by these two versions of the OPLS 

model potentials (a factor of ~4) is reflective of that already observed between the translational 

diffusion coefficients. The other slower time constant, which is in the sub-10 ps regime in 

experiments, is missing for the OPLS-UA interaction when the system size is the largest. In 



Chapter 2 
 

32 
 

fact, the OPLS-AA system studied here also does not predict the sub-10 ps timescale. The other 

sub-picosecond timescale predicted in simulations for both the interactions is absent in 

experiments. This is because the limited frequency window (0.2≤ 𝜈 𝐺𝐻𝑧 ≤ 50⁄ )  employed in 

those measurements cannot detect dynamics faster than a couple of picoseconds and thus 

completely misses the relaxation contributions arising from the collective solvent modes such 

as the intermolecular vibrations and librations of extensively H-bonded systems of liquids like 

acetamide. 

The self-dipole autocorrelation function, 𝐶𝜇(𝑡), maps the correlation between a single dipole 

with itself at different time lags and therefore tracks the dynamics at the single molecule level. 

Parameters obtained from fits to 𝐶𝜇(𝑡) decays shown in Figure 2.3 (lower panel) are 

summarized in Table 2.4.  

Table 2.4: Fit parameters for dipole moment autocorrelation function for single molecules. In 

case of UA model systems combination of stretched exponential and bi-exponential is used 

whereas for AA model system tri-exponential function is fitted. 

Model No of 

molecules 

𝒂1 𝝉1 

(ps) 

𝜷 𝒂2 𝝉2 

(ps) 

𝒂3 𝝉3 

(ps) 

𝝉long* 

(ps) 

〈𝝉〉 
(ps) 

 

UA 

250 0.91 63.3 0.92 0.03 2.8 0.06 0.2 65.8 60 

500 0.91 68.5 0.93 0.03 3.5 0.06 0.2 70.4 64.2 

1000 0.90 71 0.93 0.03 4.3 0.07 0.2 73.4 66.2 

AA 1000 0.79 21.4 1.00 0.11 6.2 0.10 0.3 21.4 17.6 

*𝜏long = 𝜏Γ(𝛽−1)/𝛽  

 

Notice the weakly stretched exponential behavior of the slowest relaxation component of the 

𝐶𝜇(𝑡) decays. This is a reflection of non-Debye behaviour of liquid acetamide and will emerge 

again when we show later the dielectric response via Cole-Cole plots.  As expected, the slowest 

decay time constant for 𝐶𝜇(𝑡) predicted by the OPLS-UA model is ~3 times slower than that 

by the OPLS-AA interactions. Interestingly, the sub-10 ps and the sub-picosecond timescales 

are present in all the 𝐶𝜇(𝑡) decays simulated. The similarity in decay amplitudes between the 

𝐶𝜇(𝑡) and the 𝜙(𝑡) relaxations strongly suggests that the collective orientational polarization 

relaxation is intimately connected to the single dipole orientation dynamics.  Note this single 

dipole orientation relaxation ( 𝐶𝜇(𝑡)), although describes orientation dynamics of single 

molecular dipoles, is collective in nature because this molecular dipole orientational relaxation 

occurs in a potential created by its surrounding neighbours.  
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2.3.5 Dielectric spectra 

Following the method described in section 2.2.1, dielectric spectra for different systems have 

been calculated in the frequency range of 0.001≤ 𝜈 𝐺𝐻𝑧 ≤⁄  105. The existing experimental 

spectra26 has been recorded in the frequency window 0.2≤ 𝜈 𝐺𝐻𝑧 ≤⁄  50.  Therefore, the 

available experimental DR spectra have been regenerated using the fit functions given in Table 

2.3 in order to facilitate a comparison between the simulations and experiments.  

Figure 2.4 presents the real (upper panel) and the imaginary (lower panel) components of the 

simulated dielectric relaxation spectra employing both the model interaction potentials and 

compares them with those from experiments. As 𝜀∞ and 𝜀𝑠 vary for different cases, the spectra 

are compared after appropriate normalization. Notice in both the panels that the experimental 

spectra are flanked by the simulated counterparts where the OPLS-UA predictions are shifted 

to lower and OPLS-AA predictions to higher frequencies with respect to the experiments. This 

means that the relaxation predicted by the OPLS-AA model potential is faster than experiments 

while the same predicted by the OPLS-UA parameters is slower than what has been found in 

measurements. This is exactly what we have already seen while comparing 𝜙(𝑡)relaxation 

timescales with those from experiments. Notice also that there is no significant system size 

dependence in spectra simulated by employing the OPLS-UA interaction potential. 
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Figure 2.4: Real (upper panel) and imaginary (lower panel) parts of normalized dielectric 

relaxation spectra obtained from simulation for all acetamide systems are represented along 

with experimental results (Ref. 26). DRS data for experiment is reproduced using existing fit 

parameters reported in literature. Each system is uniquely color-defined. 

Figure 2.5 displays the Cole-Cole plots for different systems simulated. For Debye liquids, the 

Cole-Cole plot is a perfect semi-circle.44 Thus, the non-Debye nature of DR in liquid acetamide 

is reflected by the small deviation (from being perfect semi-circle) shown by both the simulated 

and experimental spectra. Tiny semicircles that appeared at the high-frequency region for MD 

simulation are due to the fast relaxation process which has been missed in the experiments 

because of the limited frequency window.  The non-Debye behavior of molten acetamide has 

also been found while following the collective single particle reorientational relaxations.63,64 
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Figure 2.5:  Cole-Cole plot of frequency dependent dielectric function. Simulation as well as 

experimental results (reproduced from fit parameters of Ref. 26) are shown. Each system is 

uniquely color-defined. 

 

2.4 Conclusion 

We present here for the first time a detailed comparison between the experimental and 

simulated dielectric relaxation spectra of neat molten acetamide where the role of single dipolar 

orientation dynamics in the collective polarization relaxation has been investigated and 

understood. This work also assumes importance when one considers that no simulation study 

of DR in molten acetamide was available although a number of model interaction potentials 

were developed to predict various solvent properties and translational diffusion coefficients of 

liquid acetamide. The study of system size dependence of DR for liquid acetamide conducted 

here, although limited within a model potential, brings out a useful information regarding the 

sufficiency of system size for performing simulations H-bonded dipolar liquids such as liquid 

acetamide. The Cole-Cole plot correctly hints at the non-Debye behavior of acetamide already 

found in simulation studies of reorientational relaxations. The results obtained here will be 

useful for simulation study DR in acetamide containing deep eutectic solvents, particularly for 

the investigation of the mega-value of the static dielectric constant of ionic acetamide deep 

eutectics and the corresponding relaxation time constants reported in the KHz-MHz 

measurements performed earlier. Moreover, the comparison between the simulation results 

obtained by employing the OPLS-AA and OPLS-UA potentials shown in this work will be an 
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important guide for making a logical choice of interaction potential while planning a study on 

dielectric properties of acetamide containing multi-component mixtures. 
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Appendix 2.A 

Table 2.A.1: Density and self-diffusion coefficient for systems comprised of 250, 500, and 

1000 molecules using OPLS-AA interaction potential. 

Potential 

model 

No of molecules 𝑻 (K) 𝝆 (kg m-3) 𝑫 (x10-5 cm2s-1) 

 

OPLS-AA36 

250  
358.15 

1023.4 0.708 

500 1023.4 0.843 

1000 1024.3 0.816 

 

Table 2.A.2: Density and self-diffusion coefficient for systems comprised of 500 molecules 

and interaction potentials are modelled as OPLS-UA. Results are presented for two 

independent runs. 

Potential 

model 

No of molecules 𝑻 (K) Index of 

run 

𝝆 (kg m-3) 𝑫 (x10-5 cm2s-1) 

OPLS-UA35 500 358.15 Run 1 995.6 0.285 

Run 2 995.3 0.269 

 

Table 2.A.3: Static dielectric properties for different sized systems using OPLS-AA FF. 

Potential 

Model 

No of molecules 𝑻 (K) 𝜺𝒔 𝑮𝑲 𝒈𝑲 〈𝝁〉 (D) 

 

OPLS-AA36 

250  
358.15 

33.6 2.03 1.37  

4.26 500 33.9 2.05 1.39 

1000 32.3 1.95 1.32 

 

Table 2.A.4: Static dielectric properties for OPLS-UA potential models. Values are shown for 

systems comprised of 500 molecules and interaction potentials are modelled as OPLS-UA, and 

starting with different initial configurations. 

Potential 

Model 

No of molecules 𝑻 (K) Index of 

run 

𝜺𝒔 𝑮𝑲 𝒈𝑲 〈𝝁〉 (D) 

OPLS-UA35 500 358.15 Run 1 66.8 2.34 1.57 5.71 

Run 2 67.3 2.36 1.58 
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Figure 2.A.1: Simulated decays of total dipole moment autocorrelation function (upper panel) 

and dipole moment autocorrelation function for single molecules (lower panel) of OPLS-AA 

systems. Each system is uniquely color-defined. Open symbols are simulated data points and 

solid lines denote corresponding fits. 

Table 2.A.5: Bi-exponential fit parameters for total dipole moment autocorrelation functions 

for three systems using OPLS-AA FF.  

Potential 

model 

No of 

molecules 

𝒂1 𝝉1 (ps) 𝒂2 𝝉2 (ps) 〈𝝉〉 (ps) 

 

OPLS-AA36 

250 0.95 35.5 0.05 0.4 33.7 

500 0.96 34.7 0.04 0.4 33.3 

1000 0.96 32 0.04 0.3 30.7 
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Table 2.A.6: Multi-exponential fit parameters for dipole moment autocorrelation function for 

single molecules. Results are for three systems containing 250, 500, and 1000 molecules and 

using OPLS-AA FF. 

 

Potential 

model 

No of 

molecules 

𝒂1 𝝉1 

(ps) 

𝒂2 𝝉2 

(ps) 

𝒂3 𝝉3 

(ps) 

〈𝝉〉 
(ps) 

 

OPLS-

AA36 

250 0.80 21.2 0.10 4.8 0.10 0.3 17.5 

500 0.76 21.7 0.13 7.2 0.11 0.3 17.5 

1000 0.79 21.4 0.11 6.2 0.10 0.3 17.6 
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Figure 2.A.2: Simulated decays of total dipole moment autocorrelation function (upper panel) 

and dipole moment autocorrelation function for single molecules (lower panel) of OPLS-UA 

systems containing 500 molecules for two independent runs. Each system is uniquely colour-

defined. Open symbols are simulated data points and solid lines denote corresponding fits. 

Table 2.A.7: Multi-exponential fit parameters for total dipole moment autocorrelation 

functions for OPLS-UA systems consists of 500 molecules for two independent runs. 

Potential 

model 

No of 

molecules 

Index 

of 

run 

𝒂1 𝝉1  

(ps) 

𝒂2 𝝉2 

(ps) 

𝒂3 𝝉3 

(ps) 

〈𝝉〉  
(ps) 

OPLS-UA35 500 Run 1 0.96 138 0.02 4 0.02 0.1 132.6 

Run 2 0.97 143 0.02 1.8 0.01 0.1 138.7 
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Table 2.A.8: Fit parameters for dipole moment autocorrelation function for single molecules 

for OPLS-UA systems consists of 500 molecules for two independent runs. Combinations of 

stretched exponential and exponential functions are fitted to the data. 

Potential 

model 

No of 

molecules 

Index 

of 

run 

𝒂1 𝝉1  

(ps) 

𝜷 𝒂2 𝝉2 

(ps) 

𝒂3 𝝉3  

(ps) 

𝝉long* 

(ps) 

〈𝝉〉 
(ps) 

OPLS-UA35 500 Run 1 0.91 68.5 0.93 0.03 3.5 0.06 0.2 70.4 64.2 

Run 2 0.90 71.8 0.94 0.04 5.7 0.06 0.2 73.9 66.8 

*𝜏long = 𝜏Γ(𝛽−1)/𝛽 
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Chapter 3 

 

Dielectric relaxation and dielectric decrement in ionic acetamide 

deep eutectic solvents: Spectral decomposition and comparison 

with experiments 

 

3.1  Introduction     

Deep eutectic solvents (DESs) constitute a unique class of liquid systems possessing immense 

potential as less hazardous alternatives to conventional organic solvents for a variety of 

applications in chemical industries.1–4 DESs are multicomponent mixtures in molten phase of 

solid compounds mixed at particular compositions where the liquid phase is accessed through 

heating at higher temperatures, followed by normal cooling to room temperature or near room 

temperature. By definition, the liquid phase temperature must be significantly lower than the 

individual melting temperatures of the mixture components and as a result, is distinctly 

different from the prediction based on depression of freezing point via colligative effects.5 

Often, the term DESs is used somewhat loosely to encompass the molten phase of the 

multicomponent mixtures at temperatures and compositions that are away from those 

corresponding to the  eutectic points.6–12 Several outstanding solvent features, such as, viscosity 

and polarity turnabilities, relatively lesser environmental footprints, easy to prepare and handle, 

low vapor pressure, wider thermal  and electrochemical windows, etc. have made DESs as 

popular solvents as reaction media not only for targeted chemical synthesis but also for 

engineering materials related to technological applications.  Naturally therefore, DESs are 

finding applications in extraction of natural compounds13, gas absorption14, synthesis of 

targeted biopolymers15 and organic compounds. 16 Recently, ionic DESs have been emerged as 

potential non-flammable electrolytes for lithium-ion batteries.17,18 

 

Ionic deep eutectic solvents act as a bridge between ionic liquids (ILs) and electrolyte solutions. 

Ionic DESs are comprised of hydrogen bond donors (HBD) and ions generated from the 

dissociation of the added electrolytes. Substantial charge delocalization induced by the 

extensive interspecies (ion-amide) H-bond interactions causing frustrations in the ionic lattices 
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provides the enthalpic support for formation of DESs.19–22  The entropy gains for being in the 

liquid phase then completes the driving force behind the stable liquidous regime in DESs, 

although theoretical/computational investigation for the composition and temperature 

dependent entropy gain (both rotational and translational) are still unavailable. Different 

experiments, such as, time-resolved fluorescence experiments,6,8,9,23–25 dielectric relaxation and 

conductivity measurements,11,12,26 and femtosecond Raman induced Kerr effect spectroscopic 

(fs-RIKES) measurements27 have been carried out in the last several years and each of these 

measurements indicated micro heterogeneous relaxation dynamics for the studied ionic DESs.  

Computer simulations have been carried out in recent times 7,28–30 to generate microscopic 

understanding of the experimentally measured relaxation dynamics. Fluorescence based 

measurements among these studies have revealed fractional viscosity dependence for the 

measured solute rotational and translational timescales, and for the solvation energy relaxation 

timescales. Average dielectric relaxation times too showed fractional viscosity dependence, 

while the fs-RIKES experiments detected spectral signatures that were caused by the ion 

dependent microheterogeneity of these ionic DESs. Anomalous particle motions, such as, 

orientational29 and translational31 jumps have been detected in computer simulations and these 

might be recognised as heterogeneity markers for these media.  Interestingly, these relatively 

more recent studies have essentially reconfirmed the micro heterogeneous nature of ionic DESs 

suggested already in several previous studies that reported ultrasonic and other 

measurements.32–34 

           

Recent dielectric relaxation data accessed via measurements in a frequency window 0.2≤

𝜈 GHz ≤⁄  50,11,12 however, indicates a drastic difference between what has been registered now 

as electrolyte effects on the static dielectric constant (𝜀𝑠) of neat molten acetamide and what 

was concluded from earlier experiments carried out employing a frequency window, 0.1 Hz – 

100 MHz.34–38 More specifically, recent DR measurements in MHz-GHz frequency window  

have revealed  𝜀𝑠 ~20 – 30 for  several ionic acetamide DESs. Considering 𝜀𝑠 ~ 70 for neat 

molten acetamide,11 these values reflect substantial electrolyte-induced dielectric decrement of 

acetamide in these ionic DESs. This is in sharp contrast to the previous finding in Hz-MHz 

measurements which reported a colossal increase of  the static dielectric constant (𝜀𝑠 ~ 106) for 

ionic acetamide DESs that contained either NaSCN or CF3COONa as an electrolyte. This 

mega-value of  𝜀𝑠 was then explained34–36 in terms of ‘charged locally ordered aggregates’ 

formed by the host acetamide molecules and the electrolyte ions.  These two conflicting DR 
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data sets   therefore trigger a debate on the true impact of electrolyte ions on the 𝜀𝑠 of the host 

acetamide, motivating further theoretical and/or experimental investigation employing 

different techniques for providing a resolution to this controversial issue. This forms the basis 

of the present work where we have used molecular dynamics simulations coupled with 

classical, coarse-grained model interaction potentials to monitor the time dependent 

fluctuations of the collective dipole moment of these ionic DESs.  Our previous simulation 

study39 of DR in neat molten acetamide employing the same model interaction potential acts 

as a supporting work to understand, at least, qualitatively the effects of ion on the rotational, 

translational and ro-translational contributions to the complex dielectric relaxation spectra 

recorded in experiments. In this context we would like to mention that DR measurements of 

conducting media such as these ionic DESs in the low frequency wing is severely limited by 

one-over-frequency (1 𝜔⁄ ) divergence. Consequently, estimation of 𝜀𝑠 becomes tricky and 

often associates large error because of a large conductivity contribution in this frequency 

regime, inducing a rise in the real part of the complex dielectric spectrum and removing the 

usual plateau generated by the pure dipolar response alone.  There exists indeed such a 

possibility for the previous Hz-MHz measurements,34–36 whereas the more recent MHz-GHz 

experiments might have missed a certain portion of the low frequency response because of the 

limited coverage of the low frequency wing. Theoretical/computational studies do not suffer 

from these complexities and can successfully separate the dipolar and ionic components of the 

total frequency dependent DR spectrum.40–42 Although this separation involves certain 

approximation, it offers the necessary framework that can deal with the ongoing controversy 

and provide a plausible resolution.  

 

Dielectric relaxation spectroscopy (DRS) measures the collective polarization fluctuations of 

a given medium in the presence of a time dependent electric field.43–46 The coupling between 

the frequency dependent electric field and the solvent polarization mode is assumed to be weak 

and linearly dependent on the fluctuating orientational density. Addition of electrolyte in pure 

dipolar solvent is known to increase or decrease the 𝜀𝑠 of neat solvents.43,44,47–50 Formation of 

ion pair and other complex ionic species in weakly dipolar solvents, for example, lithium 

perchlorate in ethyl acetate is known to significantly increase the 𝜀𝑠 of the medium.51–54 For 

uni-univalent electrolytes in strongly polar solvents, on the other hand, dielectric decrement 

can occur via static and kinetic routes. Static dielectric decrement occurs through a partial 

damage of the orientational order of the dipolar solvent molecules, while the kinetic decrement 
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associates with the cross correlation between the dipole and ion density fluctuations55,56 

Fortunately, the underlying theoretical framework for computer simulations  of the frequency 

dependent dielectric response of ionic media is available in the literature.57,58 Dielectric 

response of aqueous solutions of uni-univalent electrolytes has been studied extensively via 

molecular dynamics simulations and these studies have provided important insights about the 

ion-induced impact on the frequency dependent dielectric response of aqueous media.55,56,59–61 

Frequency dependent dielectric spectra and conductivities of pure and aqueous solutions of 

ionic liquids have been investigated and ionic contributions to the total response have been 

separated.40,62–67 These works have made important contributions to understand the interaction 

and dynamics of ionic liquids revealed by dielectric relaxation experiments,68–70 ultrafast 

fluorescence measurements71–73 and theoretical calculations.74–79  

 

In the present study, temperature-dependent simulations have been performed in order to 

understand the effects of the ions on the DR of (CH3CONH2 + LiClO4/ NO3/ Br) DESs with a 

focus to generate a qualitatively correct description of electrolyte effects on the dielectric 

properties of the host acetamide which may help to remove the ongoing debate initiated by the 

two different sets of DR measurements.   Structural aspects have been explored by calculating 

the Kirkwood g factor and average number of H-bonds per acetamide molecule in these DESs. 

Dipolar and ionic components of the temperature dependent simulated dielectric relaxation 

spectra of these conducting media have been separated and the contributions of rotation-

translation coupling to the total DR have been estimated. As expected, the dipolar contribution 

has been found to dominate the total DR spectrum. Anion dependent distribution of single 

dipole reorientation times do not indicate the presence of any unusually long timescale in these 

systems, whereas the average number of H-bonds per acetamide molecule shows a clear 

correlation with the 𝜀𝑠 estimated from the MHz-GHz DR measurements and from the present 

simulations. 

                       

3.2  Simulation details and validation 

Classical molecular dynamics simulations were performed using the GROMACS-2018.3 

package80 at four different temperatures, T(K) = 329, 336, 343, and 358. Acetamide molecules, 

cations and anions were taken in a ratio that mimicked the compositions employed in the MHz-

GHz experiments. For each of the DESs considered, a total of 1000 particles (acetamide + 

cation + anion) were considered and the overall electroneutrality ensured. Composition of each 
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system is given in Table 3.A.1 (Appendix 3.A). OPLS (optimized potentials for liquid 

simulations) type model force field were used81. The functional forms and notations associated 

with different pieces of the OPLS model potential were discussed earlier39, and also provided 

here. 

             

where, 𝐾𝑟 and 𝐾𝜃 are force constants for bond stretching and angle bending, respectively. 𝜙 

denotes torsional angle with Fourier coefficient 𝑉. Position and charge of an atom are described 

by 𝑟, and 𝑞, respectively. Diameter and well depth of van der Waals interaction are denoted 

with 𝜎, and 𝜀, respectively. Geometric combinations rule has been applied to calculate Lennard-

Jones parameters for two interacting atoms. The factor 𝑓𝑖𝑗 is considered as 1 except for 1-4 

interactions where 𝑓𝑖𝑗 = 0.5.  

 Interaction parameters developed82  for correctly reproducing the experimental83 𝜀𝑠 of neat 

molten acetamide were employed to represent the acetamide molecules.  The force-field 

parameters for Br-, NO3
-, and ClO4

- were used as those available in the relevant literature84. 

Non-bonding parameters of Li+ were taken from another work. 85 The cationic charge was 

scaled as 0.8e in order to be consistent with the anionic charges. Atomic representations of 

acetamide, cation and anions are shown in Figure 3.A.1 (Appendix 3.A). 

Initial cubic simulation boxes were constructed using the Packmol.86 Leapfrog algorithm87 

along with a time-step of 2 fs was used for integrating the equation of motion. All bonds were 

kept constrained using the LINCS algorithm.88 Non-bonded interactions were truncated at a 

cut-off distance of 1.1 nm. Temperature and pressure were coupled respectively to Nose-

Hoover thermostat89,90 and Parrinello-Rahman barostat 91,92  with coupling constants of 0.2 and 

0.5 ps.  

 

𝑉(𝑟) =  ∑ 𝐾𝑟(𝑟 − 𝑟𝑒𝑞)
2

bonds

+ ∑ 𝐾𝜃(𝜃 − 𝜃𝑒𝑞)
2

angles

 

 

+ ∑ [
𝑉1

2
(1 + cos𝜙) +

𝑉2

2
(1 − cos 2𝜙) +

𝑉3

2
(1 + cos 3𝜙) +

𝑉4

2
(1 − cos 4𝜙)]

torsions

 

 

+ ∑∑ 
𝑞𝑖𝑞𝑗

4𝜋𝜖0𝑟𝑖𝑗
+ 4𝜀𝑖𝑗   

𝜎𝑖𝑗

𝑟𝑖𝑗
 

12

−  
𝜎𝑖𝑗

𝑟𝑖𝑗
 

6

  𝑓𝑖𝑗
𝑗>𝑖𝑖

 

 
 

(3.1) 
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After energy minimization, each system was equilibrated in the NVT (10 ns) ensemble, 

followed by NPT equilibration for a period of another 10 ns. The equilibrated structure of the 

system thus obtained was further equilibrated in the NPT ensemble for another 60 ns. 

Subsequently, two production runs (NVT#1 and NVT#2) were performed. Among the three 

ionic deep eutectic systems, LiBr-DES is the most viscous one.12 Therefore, comparatively 

longer simulation runs were performed for this DES. For the first NVT run (NVT#1), 

trajectories were saved in every 0.2 ps. This trajectory was used to calculate the rotational part 

of the dielectric relaxation spectra. For LiClO4-DES, and LiNO3-DES, these run spans were of 

80 ns duration, while it was 130 ns for LiBr-DES.  For each of these systems, 20 ns trajectories 

were saved at 0.02 ps time step (NVT#2) in order to better capture the short time dynamics.  

Subsequently, the validity of the force field parameters was checked by comparing the 

simulated densities against those from experiments.7,93 This comparison is shown in Figure 

3.A.2 (Appendix 3.A), while the numerical values are summarized in Table 3.A.2 (Appendix 

3.A). Clearly, the deviation is <1% for LiClO4-DES and LiNO3-DES. For LiBr-DES, however, 

the agreement is poorer than this.  

3.3  Frequency-dependent dielectric function: Connection to Experiments 

and Comparison 

 

3.3.1 Necessary Equations: A Brief Discussion 

 

Dielectric relaxation spectroscopy is an important tool to investigate collective polarization 

fluctuation dynamics of a wide variety of complex systems.45,46,94–97 Moreover, data from 

broadband DR measurements can explain  the non-Markovian character of solvation response 

in complex systems that contain intermolecular H-bonding and ions.98 The intimate 

relationship between DR and solvation response then identifies the molecular motions  that 

dictates the progress of a chemical reaction and unravels the associated nature of the underlying 

microscopic friction. 99,100         

DR experiments, however, monitor the long wavelength (𝑘𝜎 → 0, 𝑘 and 𝜎 being the 

wavenumber and particle diameter respectively) polarization fluctuations and therefore 

microscopic lengthscale information on dynamics involving a few to several molecules is 

missing.  Often a wide frequency range, covering several orders of magnitude, is required to 

measure the full dynamics and the measured response is then assigned rather qualitatively to 

collective solvent rotation and translation coupled rotation.40,101  This is because DR 
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experiments cannot separately measure the rotational and the translational solvent 

contributions and a measured relaxation time constant cannot be attributed cleanly to a 

particular type of molecular dynamics. This is where appropriate theoretical formalism and 

computations can contribute to separate the relative contributions from the total response.  

Fortunately, such a formalism for ionic systems is already available41,57,58,65,102 and we discuss 

here the main equations. 

 

           The generalized expression for the frequency-dependent dielectric function can be 

written in terms of the Fourier–Laplace transform of the equilibrium total dipole moment of 

the system, 𝑴𝑡𝑜𝑡, as follows41  

 

Σ(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
ℒ [−

𝑑

𝑑𝑡
𝜙𝑡𝑜𝑡(𝑡)] ,                                                                                       (3.2) 

 

where 𝜙𝑡𝑜𝑡(𝑡) = 〈𝑴𝑡𝑜𝑡(0) ∙ 𝑴𝑡𝑜𝑡(𝑡)〉.  

The total dipole moment of the system (𝑴𝑡𝑜𝑡(𝑡)) is the resultant moment of all the molecules, 

𝑴𝑡𝑜𝑡(𝑡) = ∑ ∑ 𝑞𝑖,𝛼. 𝒓𝑖,𝛼(𝑡)𝛼𝑖 , where, 𝑞𝑖,𝛼 is the charge of α-th atom of i-th molecule and 𝒓𝑖,𝛼 

is the position of α-th atom of i-th molecule. 

 

Note the time dependent collective dipole moment, 𝑴𝑡𝑜𝑡(𝑡), can be approximated as a sum of 

two independently fluctuating contributions, namely, the rotational (𝑴𝐷) and the translational 

(𝑴𝐽) components: 

                          𝑴𝑡𝑜𝑡(𝑡) = ∑ ∑ 𝑞𝑖,𝛼(𝒓𝑖,𝛼(𝑡)𝛼𝑖 − 𝒓𝑖,𝑐𝑜𝑚(𝑡)) + ∑ ∑ 𝑞𝑖,𝛼. 𝒓𝑖,𝑐𝑜𝑚(𝑡)𝛼𝑖            (3.3) 

                                        = ∑ ∑ 𝑞𝑖,𝛼(𝒓𝑖,𝛼(𝑡)𝛼𝑖 − 𝒓𝑖,𝑐𝑜𝑚(𝑡)) + ∑ 𝑞𝑖 .𝑖 𝒓𝑖,𝑐𝑜𝑚(𝑡)                   (3.4) 

                                              = 𝑴𝐷(𝑡) +𝑴𝐽(𝑡)                                                                                  (3.5) 

where, 𝒓𝑖,𝑐𝑜𝑚(𝑡) is the position of centre-of-mass of i-th molecule and 𝑞𝑖 is the total charge of 

this molecule, and 𝑴𝐷(𝑡), 𝑴𝐽(𝑡) represent rotational and translational components of total 

dipole moment, respectively. 

For polar, uncharged molecules 𝑞𝑖 = 0 and only 𝑴𝐷(𝑡) part survives. On the other hand, only 

charged species have the 𝑴𝐽(𝑡) part.  

Now, the total correlation function can be divided into different contributions. 
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〈𝑴𝑡𝑜𝑡(0).𝑴𝑡𝑜𝑡(𝑡)〉 = ⟨𝑴𝐷(0).𝑴𝐷(𝑡)⟩+⟨𝑴𝐽(0).𝑴𝐽(𝑡)⟩+⟨𝑴𝐷(0).𝑴𝐽(𝑡)⟩ +  ⟨𝑴𝐽(0).𝑴𝐷(𝑡)⟩ 

                                 =  𝜙𝐷𝐷(𝑡) + 𝜙𝐽𝐽(𝑡) + 𝜙𝐷𝐽(𝑡)                                                               (3.6)                                         

where 𝜙𝐷𝐷(𝑡) = ⟨𝑴𝐷(0).𝑴𝐷(𝑡)⟩, 𝜙𝐽𝐽(𝑡) = ⟨𝑴𝐽(0).𝑴𝐽(𝑡)⟩ and 𝜙𝐷𝐽(𝑡) =

⟨𝑴𝐷(0).𝑴𝐽(𝑡)⟩ +  ⟨𝑴𝐽(0).𝑴𝐷(𝑡)⟩  represent respectively the rotational, the translational and 

the ro-translational contributions.  

 

As Laplace-Fourier transform of these correlation functions form the frequency-dependent 

dielectric function (Σ(𝜔)), we perform this operation on each of the individual correlation 

functions, and thus provides the individual contributions to total frequency dependent dielectric 

function. They are defined as follows: 

(i) rotational part, ℒ [−
𝑑

𝑑𝑡
𝜙𝐷𝐷(𝑡)]  = 〈𝑴𝐷

2 〉 + 𝑖𝜔ℒ[〈𝑴𝐷(0).𝑴𝐷(𝑡)〉] = 〈𝑴𝐷
2 〉 +

𝑖𝜔ℒ𝐷𝐷(𝜔),                                                                                                           (3.7)    

                                                                       

(ii) translational part, ℒ [−
𝑑

𝑑𝑡
𝜙𝐽𝐽(𝑡)] =  

𝑖

𝜔
ℒ[〈𝑱(0). 𝑱(𝑡)〉] =

𝑖

𝜔
ℒ𝐽𝐽(𝜔),                        (3.8) 

 

(iii) ro-translational part, ℒ [−
𝑑

𝑑𝑡
𝜙𝐷𝐽(𝑡)] =  2ℒ[−〈𝑴𝑫(0). 𝑱(𝑡)〉] = −2ℒ𝐷𝐽(𝜔).    (3.9) 

 

In the above equations, ℒ𝐷𝐷(𝜔) = ℒ[〈𝑴𝐷(0).𝑴𝐷(𝑡)〉], ℒ𝐽𝐽(𝜔) = ℒ[〈𝑱(0). 𝑱(𝑡)〉] and 

ℒ𝐷𝐽(𝜔) = ℒ[〈𝑴𝑫(0). 𝑱(𝑡)〉]. 

 

Notice in Eqs. (3.8) and (3.9), we have introduced a new term 𝑱(𝑡) in place of the 𝑴𝐽(𝑡). Here, 

𝑱(𝑡) is the electric current and defined as: 𝑱(𝑡) =
𝑑𝑴𝐽(𝑡)

𝑑𝑡
= ∑ 𝑞𝑖. 𝐯𝑖,𝑐𝑜𝑚 (𝑡)𝑖  where 𝐯𝑖,𝑐𝑜𝑚 (𝑡) is 

the centre-of-mass velocity of molecule i. It is advantageous to use total electric current 𝑱, 

instead of 𝑴𝐽 to avoid periodic jumps of molecules.  

Finally, the frequency-dependent dielectric function (Σ(𝜔)) can be expressed as, 

 

Σ(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
(〈𝑴𝐷

2 〉 + 𝑖𝜔ℒ[〈𝑴𝐷(0).𝑴𝐷(𝑡)〉] +
𝑖

𝜔
ℒ[〈𝑱(0). 𝑱(𝑡)〉] − 2ℒ[〈𝑴𝑫(0). 𝑱(𝑡)〉])          (3.10) 

 

The well-known 1 𝜔⁄  divergence problem for conducting solutions at the low-frequency 

regime can be tackled in the present theoretical formalism by subtracting the zero-frequency 

contribution, ℒ𝐽𝐽(𝜔 = 0), from the frequency dependent translational component, ℒ𝐽𝐽(𝜔).
41 
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This can be done by Laplace-Fourier transforming the equation required to fit the simulated 

〈𝑱(0). 𝑱(𝑡)〉. Therefore, the calculated translational contribution is modified as (ℒ𝐽𝐽(𝜔) −

ℒ𝐽𝐽(0)). 

 

The individual contributions can then be obtained from the following relations, 

(i) rotational spectra, 𝜀𝐷𝐷(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
(⟨𝑴𝐷

2 ⟩ + 𝑖𝜔ℒ𝐷𝐷(𝜔)),                            (3.11) 

(ii) translational spectra, 𝜀𝐽𝐽(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇

𝑖

𝜔
(ℒ𝐽𝐽(𝜔) − ℒ𝐽𝐽(0)),                         (3.12) 

(iii) ro-translational spectra, 𝜀𝐷𝐽(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
ℒ𝐷𝐽(𝜔).                                         (3.13) 

 

The conductivity-corrected generalized frequency dependent dielectric function, 𝛴0(𝜔), is then 

expressed as follows41 

 

𝛴0(𝜔) = (𝜀𝐷𝐷(𝜔) + 𝜀𝐽𝐽(𝜔) − 2𝜀𝐷𝐽(𝜔)) .                                                                         (3.14) 

 

In Eq. 3.14, the subscript (0) indicates that the static conductivity is subtracted from the original 

frequency-dependent dielectric function (Σ(𝜔)). 

 

 Σ(𝜔) and 𝛴0(𝜔) are the susceptibilities free from infinite-frequency dielectric constant (𝜀∞).40 

Therefore, to calculate generalized static dielectric constant (𝜀𝑠)  the 𝜀∞ value should be added 

to 𝛴0(𝜔). Subsequently, the generalized static dielectric constant (𝜀𝑠) is given by57 

 

𝜀𝑆 − 1 = lim
𝜔→0

𝛴0(𝜔)                                                                                                           (3.15) 

or, 

𝜀𝑠 = lim
𝜔→0

(𝜀𝐷𝐷(𝜔) + 𝜀𝐽𝐽(𝜔) − 2𝜀𝐷𝐽(𝜔)) + 1                                                                 (3.16) 

 

 Note that in Eqs. 3.15 and 3.16, the dielectric constant at 𝜔 → ∞ is approximated as unity 

(𝜀∞ = 1),103 and added to the conductivity-corrected generalized frequency dependent 

dielectric function, 𝛴0(𝜔) to estimate 𝜀𝑠. 
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The detailed descriptions of the expressions for 𝜀𝐷𝐷(𝜔), 𝜀𝐽𝐽(𝜔) and 𝜀𝐷𝐽(𝜔) are provided in the 

Appendix A2. 

 

3.3.2 Simulation Results: Decomposition of the DR Spectra 

 

Figure 3.1 presents the simulated normalised decays of the pure rotational component of the 

collective total dipole moment autocorrelation function, 𝜙𝐷𝐷
𝑁 (𝑡) =

⟨𝑴𝐷(0).𝑴𝐷(𝑡)⟩ ⟨𝑴𝐷(0).𝑴𝐷(0)⟩⁄ , along with their multi-exponential fits for these three ionic 

DESs. Notice that data at four different temperatures are shown in this figure, while the 

corresponding fit parameters are summarised in Table 3.A.3 (Appendix 3.A). Temperature-

induced faster dynamics reflected in Figure 3.1 arises from the temperature dependence of the 

medium viscosity. 𝜙𝐷𝐷
𝑁 (𝑡) tracks the collective dipole reorientation dynamics and therefore 

these decays represent the rotational relaxation of the acetamide molecules in these three DESs.  
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Figure 3.1: Temperature-dependent decays of the normalised collective dipole moment 

autocorrelation function, 𝜙𝐷𝐷
𝑁 (𝑡),  simulated for the three ionic DESs considered in the present 

study. Open symbols represent the simulated data while the lines going through them denote 

the corresponding multi-exponential fits.               

Figure 3.2 displays the decay of the simulated current autocorrelation function, ⟨𝑱(0). 𝑱(𝑡)⟩ 

arising from ion translation, and relates to ⟨𝑴𝐽(0).𝑴𝐽(𝑡)⟩ as follows.  Because Laplace 

transform of the time derivative of ⟨𝑴𝐽(0).𝑴𝐽(𝑡)⟩ enters into 𝛴0(𝜔), we directly calculate 

𝑱(𝑡) =  
𝑑

𝑑𝑡
[𝑴𝐽(𝑡)] = 𝑞.

𝑑

𝑑𝑡
[𝒓(𝑡)].  Numerical fits through the data have also been presented in 

this figure, while fit functions and the associated fit parameters are provided in Table 3.A.4 

(supplementary material). The oscillatory behaviour with a dip at ~50 fs and a peak at ~100 fs 

arises from the decay behaviour of the underlying centre-of-mass velocity autocorrelation 



 Chapter 3 
 

57 
 

function (VACF).104 A very weak temperature dependence for these decays is registered. This 

is because the effects of temperature on VACF decay enter indirectly through the curvature of 

the potential energy surface generated by the nearest neighbour particles. For harmonic 

potential, force constant defines the curvature which does not depend on temperature explicitly.   

 

 

Figure 3.2: Temperature-dependent decays of the current-current autocorrelation function for 

ions (cations and anions) in these three DESs. Closed symbols represent simulation data and 

solid lines going through them denote the corresponding fits. Note that an offset of 50 unit was 

used for a clear presentation of the temperature dependent curves. 

 

We next present in Figure 3.3 the simulated dipole moment-current cross correlation functions 

for ions in these three DESs. These correlation functions are fitted numerically and the fit 
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parameters are shown in Table 3.A.5 (Appendix 3.A). This cross term is important because it 

embodies ‘translation-rotation coupling’ and   contributes to both the frequency dependent 

permittivity and the conductivity. Note the nonmonotonic behaviour of this cross-correlation 

function with a peak at ~100 fs. This behaviour can be understood as follows. At 𝑡 = 0, 
𝑑𝑟

𝑑𝑡
=

𝑣 = 0, and remembering that 𝑱(𝑡) = ∑ 𝑞𝑖𝐯𝑖(𝑡)𝑖(𝑖𝑜𝑛) ,   the numerical value of the cross-

correlation function becomes zero. With time, the position vector of the particle (𝒓(𝑡)) changes 

as well as its direction because of its interaction with the neighbouring particles. After a certain 

time, the direction vector assumes an orientation that might be parallel or near parallel to the 

projection of the collective dipole moment vector, 𝑴D(𝑡 = 0). This leads to the peak value of 

the cross-correlation function, 〈𝑴𝐷(𝑡 = 0) ∙ 𝑱(𝑡)〉. Subsequently, further interaction with the 

neighbours randomizes their relative orientation, leading to the decay of the correlation 

function. The temperature effect is negligible, although the cross-correlation contribution 

shows anion identity dependence and is the minimum for the LiBr containing DES which is 

the most viscous among the three systems considered. This highlights the important role played 

by the medium viscosity to facilitate translation-rotation decoupling.105   
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Figure 3.3: Temperature-dependent dipole moment-current cross-correlation function for the 

three ionic acetamide DESs studied in this work. Closed symbols represent simulation data and 

solid lines going through them denote corresponding fits.  Note that an offset of 0.2 unit was 

used for a clear presentation of the temperature dependent curves.        

Laplace-Fourier transform of these three correlation functions generate rotational (𝜀𝐷𝐷), 

translational (𝜀𝐽𝐽), and ro-translational (𝜀𝐷𝐽) contributions of the total dielectric spectra (Σ0(𝜔)) 

described by Eq. 3.14.  
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Figure 3.4: Temperature-dependent real part of the dielectric spectra of the LiClO4-DES (left), 

LiNO3-DES (middle), and LiBr-DES (right): rotational spectra (upper), translational spectra 

(middle), ro-translational spectra (lower). Translational and ro-translational components are 

quite small compared to the rotational component. 

 

Real and imaginary components of the rotational (𝜀𝐷𝐷), translational (𝜀𝐽𝐽), and ro-translational 

(𝜀𝐷𝐽) contributions are presented in Figure 3.4 and Figure 3.5, respectively. Numerical values 

of the real components of  𝜀𝐷𝐷, 𝜀𝐽𝐽, and 𝜀𝐷𝐽 in the limit of zero frequency (𝜔 → 0) are 

summarized in the last columns of Tables 3.A.3-3.A.5 of Appendix 3.A.  
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Figure 3.5: Temperature-dependent imaginary part of the dielectric spectra of the LiClO4-DES 

(left), LiNO3-DES (middle), and LiBr-DES (right): rotational spectra (upper), translational 

spectra (middle), ro-translational spectra (lower). Notice the rotational relaxation occurs at the 

lower frequency wing while the translational and the ro-translational processes occur at the 

higher frequencies. 

It is quite evident that 𝜀𝐷𝐷 dominates the zero frequency values in all these ionic DESs, and the 

ro-translation contribution (cross term), found to be small magnitude and negative, reduces the 

overall value. It has been previously reported that aqueous salt solutions exhibit a small yet 

non-zero value of the cross term.55 Interestingly, our findings for ionic DESs show similar 

characteristics to those observed in the case of aqueous electrolyte solutions. In addition, these 

pieces reflect anion identity dependence. Subsequently, the real and the imaginary components 

of the frequency-dependent generalized dielectric function (Σ0(𝜔)), simulated at four different 

temperatures for these ionic DESs, are presented below in Figure 3.6. As observed in 

experiments,11,12 multi-Debye relaxation functions were found to adequately describe the 
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simulated dielectric spectra. Moreover, temperature and anion identity dependencies are 

evident in simulations and parallel to those reported already in experimental studies.11,12  

 

 

Figure 3.6: Temperature-dependent real (left panel) and imaginary (right panel) components 

of the generalized frequency dependent dielectric function,  Σ0(𝜔), obtained from simulations 

via Eq. 14 of the text. Note that the peak of the imaginary component (lower panel) shifts to 

higher frequency (LiBr system being somewhat irregular) with temperature, whereas the zero-

frequency value of the real component (left panel) modulates with anion identity. Effects of 

both temperature and electrolyte are quite evident in these figures. 
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The temperature dependent real and imaginary components of the simulated DR Spectra shown 

in Figure 3.6 required four Debye (4D) relaxation functions for simultaneous fits to describe 

the DR processes in LiNO3- and LiBr-DESs, whereas the LiClO4-DES required three Debye 

(3D) relaxation functions.  Numerical values of the temperature dependent relaxation time 

constants and amplitudes are summarized in Table 3.A.3 (Appendix 3.A). As we have already 

noticed the overwhelming dominance of the 𝜀𝐷𝐷(𝜔) over the other two contributions (𝜀𝐽𝐽(𝜔), 

and 𝜀𝐷𝐽(𝜔)) in determining Σ0(𝜔), we consider the relaxation time constants from fits as 

arising from the medium dipolar response to the frequency dependent electric field. The 

temperature dependence of these multiple relaxation times is shown in Figure 3.7.  As expected, 

the temperature dependence is more pronounced for the relatively slower time constants (𝜏1 

and 𝜏2)  and for systems with larger viscosities.106 
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Figure 3.7: Temperature-dependent DR time constants for the three DESs studied. The dashed 

lines through the symbols are only guide to eyes. Viscosity (𝜂) trend of these DESs are as 

follows: 𝜂𝐿𝑖𝐵𝑟−𝐷𝐸𝑆 > 𝜂𝐿𝑖𝑁𝑂3−𝐷𝐸𝑆 > 𝜂𝐿𝑖𝐶𝑙𝑂4−𝐷𝐸𝑆. 

Notice in Figure 3.7 the anion-dependence of the simulated DR time constants, particularly 

that of the relatively slower ones, 𝜏1 and 𝜏2. The slowest of the predicted DR time constants  in 

these DESs follows the order, 𝜏𝐿𝑖𝐶𝑙𝑂4 < 𝜏𝐿𝑖𝑁𝑂3 < 𝜏𝐿𝑖𝐵𝑟, and dictates the average DR time 

constant (〈𝜏𝐷𝑅〉 = ∑ 𝑎𝑖𝜏𝑖𝑖 , with  ∑ 𝑎𝑖𝑖 =1) to follow the same trend. The origin and the 

dependencies (temperature and anion) of the experimentally measured DR time constants  have 

already  been discussed in terms of  the structural hydrogen bond relaxation (𝐶𝐻𝐵(𝑡)) and rank 

dependent  single-particle reorientation dynamics (𝐶ℓ(𝑡)).
12 In Table 3.A.6 (Appendix 3.A) we 

have compared the simulated  DR timescales with those from the structural hydrogen bond 
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relaxation (𝐶𝐻𝐵(𝑡)) and the first rank (ℓ =1) single-particle reorientation dynamics (𝐶1(𝑡)).
12 

This comparison re-establishes  the already known  interconnection  among the DR dynamics, 

the structural H-bond fluctuations and the single particle reorientational relaxation.28 

 

Figure 3.8: Arrhenius type plot (ln (〈𝜏𝐷𝑅〉) 𝑣𝑠 
1
𝑇⁄ ) for three ionic DESs. Estimated activation 

energies are compared with those obtained from other dynamical processes. The values of  

𝐸𝑠𝑖𝑚
𝜂

 are taken from Ref. 106, and 𝐸𝑒𝑥𝑝
𝜂

 and 𝐸𝑒𝑥𝑝
𝐷𝑅  are from Ref. 12. Note that all values are 

rounded off to the nearest digit and in kJ/mol unit.       

       

The effects of temperature on the simulated average DR times, 〈𝜏𝐷𝑅〉, is depicted in Figure 3.8. 

A comparison among activation energies associated with DR times and viscosities obtained 

from simulations and experiments are also shown in the inset. Clearly, the anion dependent DR 

activation energies from simulations, 𝐸𝑠𝑖𝑚
𝐷𝑅 , follow the trend of viscosity activation energies 

from simulations and experiments, 𝐸𝑠𝑖𝑚
𝜂

 and 𝐸𝑒𝑥𝑝
𝜂

, respectively. Interestingly, 𝐸𝑠𝑖𝑚
𝐷𝑅  does not 

follow the trend found in the experimental DR activation energies, 𝐸𝑒𝑥𝑝
𝐷𝑅 , although the simulated 

and experimental DR activation energies agree well for the lowest viscosity system, that is, 
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perchlorate DES. The reason probably lies in the model interaction potential82 employed that 

primarily focussed on optimizing the interaction parameters to reproduce the experimental 

static dielectric constant of the neat molten acetamide. This interaction potential has been found 

to overestimate the experimental DR times by a factor of ~2.39 The simulated slower than 

experimental relaxation times fails to correctly describe the viscosity coupling of the diffusive 

dynamics, and as a result, the simulated DR activation energies show an anion dependence 

reverse of that found in measurements. An additional support to this view comes from a 

previous simulation study106 which reported a much weaker decoupling between the centre-of-

mass diffusion and viscosity than reported in experiments.  

              

3.3.3 Comparison with Experiments 

We now compare our simulation results with those from DR measurements12 performed 

employing the frequency window, 0.2 ≤ 𝜈/𝐺𝐻𝑧 ≤ 50. Note that such a narrow frequency 

window can reliably measure DR dynamics with timescales ranging from a couple of 

picoseconds to a nanosecond only and therefore, faster and slower relaxations than these 

timescales will remain largely undetected. The present simulations do not suffer from such 

limitations. However, computer simulations are often sensitive to the accuracy of the model 

force field employed to mimic the interactions that govern the structure and dynamics of real 

systems and thus inherently limited to quantitatively reproduce experimental results.   Here we 

have used a pair-wise additive classical force field which did not consider explicit description 

of polarizability.82 The explicit description of polarizability and its systematic inclusion in 

describing condensed phase systems, such as the present DESs where extensive inter-species 

H-bonding assumes a significant role, may become critically important. This is already 

reflected in the comparison between the simulated and the experimental DR activation energies 

presented in Figure 3.8. This caveat notwithstanding, we persisted with this model interaction 

potential because the present study focuses on qualitatively correctly predicting electrolyte 

effects on the static dielectric constant of acetamide hosting these ionic DESs. 

Figure 3.9 compares the simulated and experimental static dielectric constants of these three 

DESs at two different temperatures. Clearly, the simulated dielectric constants agree well with 

those from the more recent MHz-GHz measurements12 and sharply contrast the colossal 

increase found earlier in KHz-MHz experiments.36–38  Also note in this figure that the 

agreement is better for systems with lower viscosities and follows the viscosity trend of these 
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DESs. Numerical values of the DR parameters tabulated in Tables 3.A.7-3.A.9 (Appendix 3.A) 

makes this comparison more quantitative.  

 

Figure 3.9: Comparison of static dielectric constant values obtained from simulation and 

experiment for three ionic DESs at two temperatures.  

Figure 3.10 shows a comparison between the simulated and the experimental DR spectra for 

these three DESs at two different temperatures, 329 K and 336 K.  Simulated and experimental 

spectra (both the real and imaginary components) are presented after appropriate normalisation 

as follows: (𝑅𝑒[Σ0(𝜔) + 1] − 𝜀∞)/(𝜀𝑠 − 𝜀∞) and 𝐼𝑚[Σ0(𝜔)]/(𝜀𝑠 − 𝜀∞). Reflecting the 

limitation of the model force field parameter, simulations predict relaxations slower than those 

recorded in experiments. The multi-Debye or non-Debye nature of the experimental dielectric 

relaxation is, however, correctly predicted in the present simulations. 
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Figure 3.10: Comparison between simulated and experimental dielectric spectra LiClO4-DES 

(upper), LiNO3-DES (middle), and LiBr-DES (lower). Real and imaginary components are 

indicated by red and blue, respectively. Results from simulations and experiments are denoted 

by solid, and dashed lines, respectively. Experimental spectra are reproduced by using the fit 

parameters listed in Table 3.1 of Ref. 12.  

 

The non-Debye (or multi-Debye) nature of DR can be confirmed via the Cole-Cole plot which, 

for a liquid with single Debye relaxation, describes a perfect semi-circle when the imaginary 
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component is shown as a function of the real component of the frequency dependent DR 

spectrum. Figure 3.11 presents the Cole-Cole plots by using the real and imaginary components 

of the simulated DR spectra for these three DESs at two different temperatures.  The non-Debye 

feature of the simulated spectra is clearly visible and more prominent for the bromide system. 

Notice in this figure that the non-Debye feature is not as prominent in the measured spectra as 

found in the simulations, and this may be partly due to the model force field parameters and 

partly due to the narrow frequency window employed in the relevant experiments. The non-

Debye features however, subtle or prominent, justifies the requirement of multi-Debye fit 

functions for describing both the simulated and experimental DR spectra of these ionic DESs. 
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Figure 3.11: Cole-Cole plots showing the non-Debye features in the DR spectra of the three 

DESs studied here. Simulated and measured spectra are represented respectively by the solid 

and the dashed lines.  
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3.4  Dielectric Constant (𝜺𝒔) Decrement: Probable Reasons 

Experiments carried out in recent times employing MHz-GHz frequency window have 

repeatedly shown substantial decrease in the value of the static dielectric constant (𝜀𝑠) of neat 

molten acetamide in DESs made of acetamide and uni-univalent electrolytes.12 This 

electrolyte-induced decrease of 𝜀𝑠 or dielectric decrement is in sharp contrast to earlier reports 

based on KHz-MHz measurements33,34,36–38 and thus warrants a closer scrutiny. Temperature-

dependent simulated 𝜀𝑠 values for the three ionic acetamide DESs are shown via a bar chart in 

Figure 3.12 along with that for the neat molten acetamide. Clearly,  𝜀𝑠 values for the ionic 

acetamide DESs investigated are considerably lower than that of the neat molten acetamide, 

and shows dependence on both temperature and anion-identity. The phenomenon of the ion-

induced dielectric decrement is, however, not new and has already been observed for 

conventional ionic solutions in both experiments48–50,107,108 and simulations.55,56,59–61,102,109–111 

Traditionally, this has been explained considering two different scenarios. In the dynamic 

picture, solvent molecules in the first solvation shell are assumed to electrostatically bind with 

ions in solutions so comprehensively that those solvent molecules lose their orientational 

freedom and remain non-responsive to the frequency dependent electric field administered 

during DR measurements. This makes these bound solvent molecules to appear as rotationally 

frozen and cannot contribute to the frequency dependent dielectric function. The resultant 

decrease in 𝜀𝑠 is then termed as the kinetic dielectric decrement.55,56   
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Figure 3.12: Temperature-dependent static dielectric constant for three DESs. 𝜀𝑠 for liquid 

acetamide at 358 K is also shown for comparison. Each plot is color-coded.  

 

The other origin, being static in nature, associates with the frustrations in the static orientational 

correlations among the solvent dipoles. This is important for network solvents such as water 

where the three-dimensional H-bond network forces the molecular dipoles to orient favourably, 

producing a high value for the Kirkwood g factor (𝑔𝐾 ≈ 3.7) in the liquid phase.112 The 

Kirkwood factor (𝐺𝑘) estimates the dipolar correlations and is defined as,113  

𝐺𝑘 =
〈|𝑴(0)|2〉−〈|𝑴(0)|〉2

𝑁𝜇2
   ,                                                                                                       (3.17) 

where the numerator denotes the variance of the total dipole moment of the system, 𝑁 the 

number of dipoles present in a given system, and 𝜇 the average value of the dipole moment.  

 

Figure 3.13 presents the simulated 𝐺𝑘 values for the three DESs and for the neat molten 

acetamide. The results are shown as a function of time in order to highlight the respective time 

evolutions and the fluctuations over time. A significant decrease in the value of 𝐺𝑘 for each of 
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these DESs over that for the neat molten acetamide is clearly visible. This in turn reflects loss 

of orientational order among the molecular dipoles (acetamide molecules) in these DESs 

relative to that in neat molten acetamide. In addition, the extent of decrease depends on the 

identity of the anion. More specifically, the disruption of   the static dipolar correlations is the 

most severe for the perchlorate ion among the three anions of the lithium salts considered. Note 

the simulated  𝜀𝑠 values shown in Figure 3.12 also follows the same trend and the connection 

arises because both   𝐺𝑘 and 𝜀𝑠 depend upon the extent of dipolar correlations present in a given 

system. 

 

Figure 3.13: Time evolution of the Kirkwood correlation factor (𝐺𝑘) during simulations for 

pure acetamide and the three ionic acetamide DESs at 358 K. Time averaged values for 𝐺𝑘 are 

shown in parentheses.  

 

     As already mentioned, intermolecular H-bond network critically influences the relative 

arrangements of molecular dipoles in space (dipolar correlations) and thus loss of dipolar 

correlations must accompany frustrations in the intermolecular H-bond network.  We have 

therefore examined the H-bond network of acetamide in these DESs by calculating the average 
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number of H-bonds per acetamide molecules in these DESs and in the neat molten acetamide. 

The calculation procedure is available in the literature29,114 and briefly discussed here. 

We have considered geometric condition to define a hydrogen bond between two acetamide 

molecules. In our calculations, donor-acceptor distance and acceptor-donor-hydrogen angle are 

taken into account. For one acetamide molecule, carbonyl oxygen and amide nitrogen are taken 

as acceptor and donor sites, respectively. Therefore, two acetamide molecules are hydrogen 

bonded if 

(i) the distance between the acceptor and the hydrogen (𝑟𝑂−𝐻) is less than 0.278 nm 

which is the first minimum of the corresponding RDF (not shown for brevity). 

(ii) the acceptor-donor-hydrogen angle is less than 30◦. 

Using these conditions, we have estimated the average number of hydrogen bonds per 

acetamide molecule, 〈𝑛𝐻𝐵〉,  in  neat molten acetamide at 358 K, and the three ionic acetamide 

DESs considered in this study.  

Figure 3.14 shows the temperature dependent average number of H-bonds per acetamide 

molecule, 〈𝑛𝐻𝐵〉, in these three DESs. The same for the neat molten acetamide at 358 K is also 

shown for a qualitative comparison. Clearly, 〈𝑛𝐻𝐵〉 is substantially lower in these ionic DESs 

than that in the neat molten acetamide and exhibits an appreciable anion identity dependence. 

The mild temperature dependence of  〈𝑛𝐻𝐵〉 reflected here can be explained in terms of the 

relatively weaker temperature-induced randomization of the dipolar correlations. The same 

trend followed by the anion dependent 𝜀𝑠, 𝐺𝑘 and 〈𝑛𝐻𝐵〉 only highlights the fact that the 

dielectric decrement in the DESs is caused largely, if not solely, by the anion-induced damage 

of the intermolecular H-bond network among the host acetamide molecules, followed by the 

subsequent frustrations in the static dipolar correlations. 
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Figure 3.14:  Average number of hydrogen bonds per acetamide molecule, 〈𝑛𝐻𝐵〉,   are shown 

for neat molten acetamide, and three ionic DESs studied. For ionic DESs, temperature-

dependence of  〈𝑛𝐻𝐵〉 are shown. The solid lines going through the symbols act as guides to 

bare eye. 

 

Next, we examine the presence of extremely slow ‘irrotationally bound’ acetamide molecules 

in order to understand the dynamic contribution   to the observed ion-induced dielectric 

decrement.  For this, we have simulated the time averaged reorientation times (𝜏𝝁) for every 

single molecular dipole (acetamide molecule) present in the system by monitoring the 

following normalised time correlation function, 𝜙𝝁(𝑡) =
〈𝝁(0).𝝁(𝑡)〉

〈𝝁(0).𝝁(0)〉
, with 𝜏𝝁 = ∫𝜙𝝁(𝑡)𝑑𝑡 . We 

therefore obtained ~800 decay functions for each DES and those many individual 𝜏𝝁 values.                                                                                                          

The distributions of these individual relaxation times, 𝑃(𝜏𝜇), for these three ionic DESs are 

presented in Figure 3.15.  Interestingly, although LiBr-DES shows the most sluggish 

reorientation dynamics, the slowest time is limited to a few ns. This confirms the absence of 

‘irrotationally bound’ extremely slow acetamide molecules in these model DES systems, 

lowering the possibility for the dynamics to contribute to the observed dielectric decrement.  
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Figure 3.15: Normalised probability distributions, 𝑃(𝜏𝜇),  of single-dipole orientation times in 

the three ionic DESs at 329 K (upper panel), and 358 K (lower panel). 
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3.5  Conclusion 

To summarize, a thorough temperature dependent simulation study of dielectric relaxation in 

(acetamide + lithium perchlorate/ nitrate/ bromide) deep eutectics has been carried out to 

understand the effects of electrolyte on the dielectric behaviour of these systems. This has been 

done by separating out the dipole rotational, ion translational and the coupled dipole-ion ro-

translational contributions that constitute the total frequency dependent dielectric function. The 

dipolar (rotational) contribution has been found to overwhelmingly dominate the DR spectra 

at all the temperatures considered, while the other two contributions are quite small. A 

comparison with the available experimental data indicates that the impact of the electrolyte on 

the static dielectric constant has been predicted successfully by the present simulations, 

although the simulated relaxations times have been overestimated by approximately a factor of 

2. This is mainly due to the inherent nature of the force field employed to represent acetamide 

in this work. A novel finding of this study is the prediction of ion-induced decrement of the 

static dielectric constant of these DESs and its (the decrement) dependence on the identity of 

the anion. Further investigation suggest that this decrement is arising from the partial 

randomization of the dipolar correlations that accompanies substantial frustrations in the 

acetamide H-bonding network. Our analyses indicate that the decrement is largely static in 

nature because the simulated distributions of the individual dipole rotation times do not predict 

rotation times beyond a few nanoseconds. This is a new insight to the DR behaviour of these 

ionic DESs and these findings explain the recent MHz-GHz DR measurements in microscopic 

terms. Importantly, this simulation study provides a resolution to a long-standing debate on the 

actual impact of electrolytes on the static dielectric constant of acetamide in these ionic DESs.  

We would like to mention that the present study could not successfully predict the experimental 

trend of the anion dependent DR activation energy. More precisely, these simulations have 

failed to predict correctly the extent of viscosity decoupling found for average DR time 

constants in the bromide DES. As we have already mentioned, this failure is because of the 

inherent limitations of the model force field parameters. Our initial study employing different 

force field (OPLS-AA) parameters115 for acetamide predicted weak anion dependence of both 

the static dielectric constant and relaxation times (results not shown). The development of a 

new force field describing correctly both the experimental dielectric constant and the relaxation 

times for molten acetamide might be an important problem for future study. 
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Appendix 3.A 

 

Table 3.A.1: Number of constituent particles in three DESs. 

 

 

 

 

 

 

 

 

 

Figure 3.A.1: Molecular representation of acetamide, cation, and anions. Color codes: white 

(hydrogen), golden (carbon), red (oxygen), blue (nitrogen), violet (lithium), brown (bromine), 

green (chlorine). 

DES-type Nacetamide Ncation Nanion 

LiClO4-DES 810 190 190 

LiNO3-DES 780 220 220 

LiBr-DES 780 220 220 
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Figure 3.A.2: Temperature-dependent simulated and experimental93,116  densities for three 

DESs.  

Table 3.A.2: Comparison of the temperature-dependent simulated densities with those from 

experiments.93,116 

 

 

 

 

 

 

*values are obtained from extrapolation 

T(K) 

 

Density(g/cc) 

CH3CONH2+LiClO4 CH3CONH2+LiNO3 CH3CONH2+LiBr 

Expt. Simu Expt. Simu Expt. Simu 

329 1.182* 1.187 1.162* 1.171 1.196 1.267 

336 1.193 1.199 1.157* 1.166 1.191 1.261 

343 1.198* 1.204 1.152* 1.161 1.185* 1.255 

358 1.204 1.211 1.141* 1.151 1.175* 1.243 
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Table 3.A.3: Fit parameters obtained by using the fit function, 𝑓𝐷𝐷(𝑡) = ∑ 𝐴𝑘exp (−𝑡/𝜏𝑘)𝑘 , 

for analytically describing the simulated 𝜙𝐷𝐷
𝑁 (𝑡). Values are shown for the three DESs at four 

temperatures. 

 

 

 

 

 

 

T  

[K] 

A1  

[D2] 

𝝉𝟏 

[ps] 

A2 

[D2] 

𝝉𝟐 

[ps] 

A3 

[D2] 

𝝉𝟑 

[ps] 

A4 

[D2] 

𝝉𝟒 

[ps] 

〈𝝉〉 

[ps] 

𝜺𝑫𝑫 

LiClO4-DES 

329 0.78 184.4 0.11 27.3 0.11 0.7 
  

147 28.96 

336 0.75 171 0.16 20.3 0.09 0.6 
  

131.6 27.82 

343 0.74 142 0.16 23.4 0.10 0.7 
  

109 26.94 

358 0.71 88.2 0.18 22 0.11 0.6 
  

66.6 26.24 

LiNO3-DES 

329 0.66 450 0.19 127 0.08 30 0.07 0.6 323.6 34.31 

336 0.48 406 0.39 112 0.07 10.7 0.06 0.3 239.3 33.00 

343 0.49 307 0.41 86 0.06 2.5 0.04 0.2 185.8 31.55 

358 0.81 132 0.08 20 0.05 3.8 0.06 0.2 108.7 28.28 

LiBr-DES 

329 0.41 3330 0.54 380 0.03 1.4 0.03 0.1 1570.5 45.49 

336 0.55 1025 0.37 362 0.04 14.4 0.04 0.3 698.3 45.16 

343 0.72 628 0.20 147 0.04 9 0.04 0.2 482 43.22 

358 0.56 530 0.38 100 0.02 2.5 0.04 0.2 334.8 42.13 
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Table 3.A.4: Fit parameters obtained by using the fit function, 𝑓𝐽𝐽(𝑡) = ∑ 𝐴𝑘 cos(𝜔𝑘. 𝑡 +𝑘

𝛿𝑘) exp (−𝑡/𝜏𝑘), for analytically describing the simulated 〈𝐽(0) ∙ 𝐽(𝑡)〉. Values are shown for 

the three DESs at four temperatures. 

T 

[K] 

A1 

[e2nm2ps-

2] 

𝝉𝟏 

[ps] 

𝝎𝟏 

[THz] 

𝜹𝟏 A2 

[e2nm2

ps-2] 

𝝉𝟐 

[ps] 

𝝎𝟐 

[THz] 

𝜹𝟐 A3 

[e2nm2

ps-2] 

𝝉𝟑 

[ps] 

𝜺𝑱𝑱 

LiClO4-DES 

329 250.689 0.038 78.961 -0.317 90.62 0.048 39.73 -2.674 -3.785 0.454 1.73 

336 270.904 0.037 80.250 -0.352 100.0 0.045 40.08 -2.73 -3.926 0.451 1.70 

343 303.77 0.034 77.205 -0.351 126.61 0.044 42.17 -2.85 -3.782 0.468 1.73 

358 317.619 0.034 76.552 -0.336 135.71 0.042 41.623 -2.818 -3.937 0.463 1.68 

LiNO3-DES 

329 260.332 0.042 79.356 -0.327 59.263 0.066 43.38 -2.791 -6.015 0.292 1.24 

336 272.5 0.041 78.856 -0.338 64.95 0.064 44.07 -2.868 -5.873 0.300 1.24 

343 272.57 0.041 79.02 -0.344 59.73 0.067 43.79 -2.882 -5.889 0.30 1.22 

358 287.493 0.04 78.555 -0.357 64.29 0.065 44.05 -2.938 -5.91 0.31 1.26 

LiBr-DES 

329 -211.202 0.102 75.9 3.70 141.02 0.137 71.26 -7.82 -2.848 0.30 0.73 

336 -267.168 0.096 75.232 3.479 135.02 0.147 72.141 -8.35 -3.117 0.279 0.65 

343 -250.75 0.094 75.54 3.48 123.04 0.148 71.828 -8.229 -2.998 0.304 0.73 

358 -266.626 0.086 74.813 3.252 90.812 0.164 72.269 -8.649 -3.476 0.275 0.66 
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Table 3.A.5: Fit parameters obtained by using a fit function,  

𝑓𝐷𝐽 = ∑ 𝐴𝑘𝑡
𝛾𝑘−1exp (−𝑡/𝜏𝑘)𝑘 , for the simulated 〈𝑀𝐷(0) ∙ 𝐽(𝑡)〉. Values are shown for the 

three DESs at four temperatures. 

 

 

 

 

T[K] A1 

[e2nm2ps-

γ] 

𝜸𝟏 𝝉𝟏[ps] A2 

[e2nm2ps-

γ] 

𝜸𝟐 𝝉𝟐[ps] A3 

[e2nm2ps-

γ] 

𝜸𝟑 𝝉𝟑[ps] 𝟐𝜺𝑫𝑱 

LiClO4-DES 

329 -4208.18 4.18 0.067 263.87 2.75 0.096 0.13 3.42 0.66 1.71 

336 -4199.07 4.15 0.068 256.934 2.74 0.1 0.18 3.52 0.58 1.75 

343 -4510 4.19 0.067 277.5 2.76 0.096 0.19 2.60 0.67 1.63 

358 -4403.53 4.2 0.068 280.2 2.76 0.096 0.21 1.96 0.85 1.76 

LiNO3-DES 

329 517.931 2.913 0.049 7.664 2.574 0.17 1.506 8.81 0.21 1.47 

336 517.833 2.913 0.048 8.979 2.54 0.17 2.202 8.945 0.20 1.51 

343 514.66 2.908 0.05 9.496 2.70 0.17 0.898 9.56 0.22 1.59 

358 514.975 2.909 0.05 10.041 2.61 0.17 2.18 7.63 0.22 1.55 

LiBr-DES 

329 1150.19 3.216 0.035 358.207 5.01 0.084 0.237 2.664 0.233 0.37 

336 1073.46 3.192 0.036 372.897 4.94 0.081 0.239 2.736 0.372 0.46 

343 1178.53 3.22 0.036 472.73 5.12 0.084 0.144 3.512 0.278 0.36 

358 1189.41 3.209 0.036 478.74 5.06 0.084 0.229 2.644 0.323 0.42 
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Table 3.A.6: Temperature-dependent multi-exponential fit parameters for the simulated 

𝐶𝐻𝐵(𝑡), 𝐶1(𝑡), and DR timescales for three acetamide-based ionic DESs. 𝐶𝐻𝐵(𝑡), and 𝐶1(𝑡) 

timescales are taken from Tables S7 and S5 of SI of Ref. 12, respectively. DR times are from 

the present simulations. 

DES T 

(K) 

Relaxation 

function 

𝒂𝟏 𝝉𝟏 

(ps) 

𝒂𝟐 𝝉𝟐 

(ps) 

𝒂𝟑 𝝉𝟑 

(ps) 

𝒂𝟒 𝝉𝟒 

(ps) 

LiClO4-

DES 

329 𝐶𝐻𝐵(𝑡) 0.21 2772 0.47 268 0.19 27 0.13 0.6 

𝐶1(𝑡)   0.58  239  0.32  38  0.10  0.9  

DR   0.78 184.4 0.11 27.3 0.11 0.7 

336 𝐶𝐻𝐵(𝑡) 0.21 2094 0.46 210 0.20 22 0.13 0.6 

𝐶1(𝑡)   0.60  173  0.30  28  0.10  0.8  

DR   0.75 171 0.16 20.3 0.09 0.6 

LiNO3-

DES 

329 𝐶𝐻𝐵(𝑡) 0.16  4195  0.47  452  0.24  53  0.13  0.7  

𝐶1(𝑡)   0.63  281  0.28  42  0.09  0.9  

DR 0.66 450 0.19 127 0.08 30 0.07 0.6 

336 𝐶𝐻𝐵(𝑡) 0.21  2466  0.49  254  0.18  26.7  0.12  0.6  

𝐶1(𝑡)   0.62  208  0.28  32  0.10  0.8  

DR 0.48 406 0.39 112 0.07 10.7 0.06 0.3 

LiBr-DES 329 𝐶𝐻𝐵(𝑡) 0.22  7047  0.49  751  0.19  72  0.10  0.6  

𝐶1(𝑡) 0.26  1304  0.53  259  0.14  22.3  0.07  0.6  

DR 0.41 3330 0.54 380 0.03 1.4 0.03 0.1 

336 𝐶𝐻𝐵(𝑡) 0.21  4882  0.48  550  0.20  60  0.11  0.6  

𝐶1(𝑡) 0.39  597  0.43  143  0.12  13.3  0.06  0.5  

DR 0.55 1025 0.37 362 0.04 14.4 0.04 0.3 
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Table 3.A.7: Comparison of the static dielectric constant and the dielectric relaxation times 

between the present simulation and the experiments for LiClO4-DES. Experimental data are 

taken from Ref. 12 of the main text. Note that the dispersion (∆𝜀𝑗) values are mentioned in 

percentage, not in absolute values. 

 

T/K Method ∆𝜺𝟏 𝝉𝟏[ps] ∆𝜺𝟐 𝝉𝟐[ps] ∆𝜺𝟑 𝝉𝟑[ps] ∆𝜺𝟒 𝝉𝟒[ps] 〈𝝉〉[ps] 𝜺𝒔 

329 Sim 0.78 184.4 0.11 28.5   0.11 0.7 147 29.98 

Exp 0.75 137 0.16 36 0.09 4.0   109 30.5 

336 Sim 0.75 171 0.16 20.3   0.09 0.6 131.6 28.82 

Exp 0.73 117 0.17 34 0.10 4   92 30.5 

 

Table 3.A.8: Comparison of the static dielectric constant and the dielectric relaxation times 

between the present simulation and the experiments for LiNO3-DES. Experimental data are 

taken from Ref. 12. Note that the dispersion (∆𝜀𝑗) values are mentioned in percentage. 

  

T/K Method ∆𝜺𝟏 𝝉𝟏[ps] ∆𝜺𝟐 𝝉𝟐[ps] ∆𝜺𝟑 𝝉𝟑[ps] ∆𝜺𝟒 𝝉𝟒[ps] ∆𝜺𝟒 𝝉𝟒[ps] 〈𝝉〉[ps] 𝜺𝒔 

329 Sim 0.66 450 0.19 127 0.08 30   0.07 0.6 323.6 35.08 

 Exp 0.63 275 0.24 88 0.08 23 0.05 4   196 29.9 

336 Sim 0.48 406 0.39 112 0.07 10.7   0.06 0.3 239.3 33.73 

 Exp 0.61 233 0.27 80 0.07 21 0.05 4   165 30.3 
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Table 3.A.9: Comparison of the static dielectric constant and the dielectric relaxation times 

between the present simulation and the experiments for LiBr-DES. Experimental data are taken 

from Ref. 12 of the main text. Note that the dispersion (∆𝜀𝑗) values are mentioned in 

percentage. 

 

T  

[K] 

Method ∆𝜺𝟏 𝝉𝟏 

[ps] 

∆𝜺𝟐 𝝉𝟐 

[ps] 

∆𝜺𝟑 𝝉𝟑 

[ps] 

∆𝜺𝟒 𝝉𝟒 

[ps] 

∆𝜺𝟓 𝝉𝟓 

[ps] 

∆𝜺𝟔 𝝉𝟔 

[ps] 

〈𝝉〉 

[ps] 

𝜺𝒔 

329 Sim 0.41 3330 0.54 380     0.03 1.4 0.03 0.1 1570 46.86 

 Exp   0.66 394 0.21 100 0.09 26 0.03 5   283 21.9 

336 Sim 0.55 1025 0.37 362   0.04 14.4 
  

0.04 0.3 698 46.34 

 Exp   0.69 300 0.19 78 0.08 24 0.04 5   224 22.3 
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Chapter 4 

 

Exploring the structural and dynamic behavior of a glucose-urea-

water deep eutectic solvent via molecular dynamics simulations 

 

4.1   Introduction 

Deep Eutectic Solvents (DESs) have emerged as a fascinating class of solvents due to their 

unique properties and potential applications across various scientific disciplines.1–3 These 

exquisite solvents are formed via eutectic formation promoted by  a unique combination of 

hydrogen-bond acceptors (HBA) and hydrogen-bond donors (HBD), providing a stable liquid 

phase with tunable physicochemical properties.4–8 The field of DES research has witnessed a 

significant advancement in recent years because of the increasing demand for environmentally 

friendly and sustainable alternatives to traditional organic solvents which are often employed 

as reaction media.9–12 Among the diverse range of DESs, naturally abundant deep eutectic 

solvents (NADES) have garnered particular interest due to their biocompatibility and 

availability from renewable resources.13,14 NADES consists of naturally occurring substances, 

such as sugars, amino acids, organic acids, and water.15 These solvents are considered "green 

solvents" and have shown great potential for use in various applications, including green 

chemistry, pharmaceutical formulations, and bio-catalysis.13,15–22 In the context of green 

chemistry, NADES can replace conventional organic solvents, which are often harmful to 

environment and human health.23  

Understanding solvation processes in NADES is important because it is directly connected not 

only to the development of environmentally friendly reaction media but also for choosing the 

right medium  for tailoring a reaction toward a desired product.24,25 By elucidating the hydrogen 

bonding patterns, orientational order, and other structural characteristics, one can engineer 

appropriate NADES with optimized properties suitable for diverse industrial processes, such 

as, solvent extraction,26–31 catalysis,32–34 and cosmetic producions.35 Furthermore, the dielectric 

properties of NADES play a crucial role in their electrical conductivity and capacitive 

behavior.36 Investigating these properties allows to explore their applicability in energy storage 

devices37 and electrochemical sensors38,39. An understanding of dielectric relaxation and 

solvation dynamics in NADES can therefore contribute immensely to guide more efficient 

designing of media for applications in sustainable technology development. 
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One prominent member of the NADES family is the glucose-based deep eutectic 

solvents.13,14,17,40–43 As carbohydrates constitute a significant amount of biomass, renewable 

energy resource, they emerge as critical components of NADES.40,44–46 Urea, on the other hand, 

is an organic nitrogenous compound, analogous to amino acids and known to affect protein 

stability.47–51 Previously, the characteristics of the glucose-urea-water deep eutectic solvent 

were investigated via solute-centred steady state and time-resolved fluorescence spectroscopic 

measurements.25 Additionally, molecular dynamics (MD) simulations were carried out to 

characterize  the water molecules in this DES.52 However, a detailed molecular-level 

investigation of the intra- and interspecies interactions and dynamics for this DES has not been 

carried out yet and thus a comprehensive understanding is still missing. This work is aimed at 

that direction where MD simulations have been carried out to correlate the interactions present 

in the system to the over-all dynamics that could be measured in experiments. 

In recent years, molecular dynamics (MD) simulations have proven to be a valuable tool for 

investigating the structure and dynamics of complex liquid systems, including DESs.6,53–59 MD 

simulations offer a detailed and atomistic-level view of molecular interactions and motion, 

allowing to explore the behaviour of molecules under different thermodynamic conditions. This 

computational approach provides valuable insights into the structural and dynamic properties 

of NADES in terms of species-wise contributions, which are either not easy or possible to 

obtain through experimental measurements alone.60–62 

In the present work we aim to investigate the structural and dynamical behaviour of the 

glucose-urea-water deep eutectic solvent using extensive MD simulations at four different 

temperatures. Various temperature-dependent properties of the system have been analysed to 

understand the underlying mechanisms governing its behaviour. By performing simulations 

over a wide temperature range, we can elucidate how temperature influences the structural 

organization of the solvent, hydrogen bonding patterns, and relaxation dynamics. One of the 

primary objectives of this study is to investigate the formation and stability of hydrogen bonds 

within the NADES system. Hydrogen bonding plays a crucial role in determining the solvent's 

properties, including its thermal stability, viscosity, and ion solvation capacity. We will explore 

the persistence and lifetimes of hydrogen bonds, shedding light on the strength and 

cooperativity of these interactions. Another critical aspect of this work is to assess the solvent's 

dielectric properties as a function of temperature. The dielectric relaxation spectra, calculated 

from MD simulation trajectories, will provide valuable information on the collective dipole 

fluctuation dynamics. This analysis will enable us to investigate the relationship between 
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temperature and frequency dependent dielectric response, elucidating the impact of 

temperature on the solvent polarization and reorientation dynamics. 

 

4.2   Simulation details 

We used the GROMACS software63 with the CHARMM-36 force field64 for all the molecular 

dynamics (MD) simulations in this study. The equation of the force field used in this study is 

described by Eq. 4.A.1 in the supporting information. The non-bonding parameters are listed 

in Tables 4.A.1-4.A.3. The molecular structures of DES components are created using visual 

molecular dynamics (VMD) package65 and shown in Figure 4.A.1. Initially, glucose, urea and 

water molecules were arranged inside a simulation box using PACKMOL.66 Periodic boundary 

conditions (PBC) in all three directions (x, y, and z) were applied for all the studied systems. A 

timestep of 1 fs was used to solve equations of motion. The particle mesh Ewald (PME) 

method67,68 was employed to account for the long-range electrostatic interactions. The 

temperature of the system was regulated using the V-rescale thermostat69 with a relaxation time 

of 0.1 ps, while the pressure was controlled by the Parrinello-Rahman barostat70 with a 

relaxation time of 1 ps. Our simulation protocol involves three steps: minimization, 

equilibration, and production. Firstly, the initial simulation box is energy-minimized using the 

steepest-descent algorithm to remove unfavourable contacts. After the energy minimization, 

the system underwent equilibration in the canonical ensemble (NVT) for 1 ns to reach the 

desired temperatures of 303 K, 318 K, 328 K, and 343 K for the four systems. Subsequently, 

additional equilibration was carried out in the isothermal-isobaric condition (NPT) for 10 ns. 

Finally, the production run was conducted for 130 ns in the NPT condition while maintaining 

the pressure at 1 bar. The coordinates were saved in each 0.2 ps. For the calculation of hydrogen 

bond lifetimes, simulation runs of 1 ns were performed, and coordinates were saved at 10 fs 

intervals. Structural and dynamical analyses were done by using the TRAVIS software.71,72 

The accuracy of the force field parameters was assessed by comparing the density values 

obtained from simulations with the experimental measurements (Table 4.A.4 in the Appendix 

4.A). The excellent agreement between the simulated and experimental values confirms the 

reliability and validity of the used force field parameters. 
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4.3 Results and discussion 

4.3.1 Radial distribution function (RDF) and spatial distribution function (SDF) 

The liquid structure of glucose-urea-water NADES was studied by calculating the real-space 

pair correlation through RDF analysis. The RDF, 𝑔(𝑟), between two species is calculated as:73 

𝑔𝐴−𝐵(𝑟) =
〈𝜌𝐵(𝑟)〉

𝜌𝐵
𝑎𝑣𝑒 =

1

𝑁𝐴𝜌𝐵
𝑎𝑣𝑒∑ ∑

𝜕(𝑟𝑖𝑗−𝑟)

4𝜋𝑟2
𝑁𝐵
𝑖∈𝐵

𝑁𝐴
𝑖∈𝐴 ,                                                                (4.1) 

where  〈𝜌𝐵(𝑟)〉 indicates density of B type particles around A type at a distance r and 𝜌𝐵
𝑎𝑣𝑒 is 

the average number density of B type particles. 

 

Figure 4.1: Temperature-dependent radial distribution function between centres-of-mass of 

molecules. The left panel shows correlation between same type of molecules and right panel 

shows correlations between molecules of different species. 

Figure 4.1 indicates the spatial arrangement of one species with respect to itself and others. In 

left panel the peak of the RDF due to glucose-glucose interaction is the least intense and appears 

at the furthest distance. The exact opposite phenomenon can be observed in the case of water-

water interaction whereas the urea-urea RDF places between them. In the right panel also, the 

same trend is reflected. The RDF peak positions are directly related to the size of the 

corresponding molecules. Here, the order of the size of the molecules is: glucose>urea>water. 

Therefore, it is expected that the RDFs involving glucose molecules will give peaks at the 

furthest distances. On the other hand, RDF peaks corresponding to interactions involving water 

molecules arise at the shortest distance. Therefore, the peak intensity decreases with increase 

of size. This can be attributed to the bulkiness of the molecules which eventually leads to less 

interaction among big molecules. For the glucose-urea RDF, the main peak appears at ~0.55 
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nm. Glucose-water RDF shows strongest probability at ~0.48 nm which is closer than glucose-

glucose RDF peak (~0.67 nm). For urea-water RDF, the peak occurs at ~0.37 nm. For water-

water RDF, the first peak is located at ~0.28 nm. From these observations, we may get an idea 

about two-dimensional relative spatial arrangements of different kinds of particles in the 

mixture. For example, water molecules preferentially populate the first solvation shell of 

glucose molecules, while urea molecules form the second layer. The peak maxima positions of 

water-water (~0.28 nm), urea-water (~0.37 nm) and glucose-water (~0.48 nm) suggest that the 

first layer around water is formed by water, followed by urea in the second layer. 

Atom-atom radial distribution functions may provide additional insights into the structure of 

this DES. As inter-species hydrogen bond is a key to DES formation, we will discuss the 

probability of finding one H-bond doner site around a H bond acceptor site. We consider 

hydroxyl/amide hydrogen of one molecule and map the probability of finding a 

hydroxyl/carbonyl oxygen (acceptor) around it. The temperature-dependence has also been 

examined. 

Figure 4.2 shows the probability of finding oxygen atoms of glucose, urea, and water around 

hydroxyl/amide hydrogens. In each case, the first peak is the principal peak and describes the 

most favourable interaction. Clearly, glucose acts as a poor acceptor. It is expected that due to 

their larger size, glucose molecules are being hindered to form H-bonds with their own kind. 

Water, being the smallest among the three species present, was expected to be preferred over a 

comparatively bigger molecule, urea, and this has been observed. Upon examining Figure 4.2, 

it is evident that the minima of hydrogen-acceptor RDFs are closely situated. While the peak 

minima align with the size of interacting species, the length of hydrogen bond distance 

corresponding to a specific donor shows minimal variation. 
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Figure 4.2: (a) Radial distribution functions (RDFs) between hydroxyl hydrogen of glucose 

and hydroxyl/carbonyl oxygen of glucose, urea and water. (b) . RDFs between hydroxyl 

hydrogen of urea and hydroxyl/carbonyl oxygen of glucose, urea and water. (c) RDFs between 

hydroxyl hydrogen of water and hydroxyl/carbonyl oxygen of glucose, urea and water. Each 

plot is colour-coded. Here, solid and dashed lines indicate results at 303 K and 343 K, 

respectively.  

Next, we calculate the surface distribution functions (SDFs)74,75 of glucose, urea and water to 

visualize the three-dimensional (3D) arrangements of center-of -mass of other species around 

a reference species for a better description of liquid structure. From Figure 4.3, it is evident 

that irrespective of the reference molecule, the first layer is formed by water molecules, 

followed by urea and then glucose. This ordering of arrangement is directly related to the size 

of the observed molecules. The formation of layers is agreed well with the peak positions 

reported in Figure 4.1.  
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Figure 4.3: The spatial distribution function of (a) glucose, (b) urea and (c) water at 303 K. 

Different type of atoms is indicated with different colors: carbon → green, oxygen → red, 

nitrogen → blue, hydrogen → grey. Numbers in parentheses indicate corresponding isovalues 

in nm-3. 

 

4.3.2 Hydrogen bond topology 

The system consists of glucose, urea, and water, each containing multiple atomic sites that can 

act as both donors and acceptors. This leads to the formation of a complex hydrogen bond (H-

bond) network structure. H-bonds are defined by using geometric criteria as follows:76,77 

(i) Distance between hydrogen (H) and acceptor (A) atoms should be less than the first 

minimum of the corresponding RDF. 

(ii) The angle between hydrogen (H), donor (D) and acceptor (A), ∠H − D − A, should be 

less than 30°. 

In this system each species can act as both donor and acceptor resulting nine different types of 

H-bonds. In our calculations we have considered all these different H-bonds and compare their 

properties. Firstly, we will discuss the number of hydrogen bonds between different interaction 

sites. Total number of such H-bonds are shown in Table 4.A.5 in the Appendix 4.A. 

Table 4.A.5 clearly demonstrates a decrease in the number of hydrogen bonds with increasing 

temperature. This observation correlates to the RDF data presented earlier, which indicated a 

reduction in the peak heights of RDF with rising temperature. These findings suggest that 

molecular interactions are weakened as the solution temperature is increased. Further analysis 

of Table 4.A.5 reveals that, among the different species present in this system, the largest 

(a) (b) (c)

Glucose (4.89) Urea (14.64) Water (14.22)
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number of H-bonds are formed between glucose and urea molecules. This can be attributed to 

the abundance of H-bond sites of these two species in system. Urea is the most abundant species 

with two donor and one acceptor sites and, one glucose molecule has five donor and six 

acceptor sites. Being the smallest molecule water molecules prefer to bind with larger 

molecules compared to itself. This fact is evident from the number of water-water H-bonds. In 

Figure 4.4, we present a graphical representation of the number of distinct hydrogen bonds per 

molecule of each of the species (glucose, urea, and water) present in the system. These data not 

only corroborate well with our previous observations but also provides a visual understanding 

of the variations in hydrogen bonding among the different species. 

 

Figure 4.4: Number of different types of H-bonds per glucose, urea and molecule at 303 K. 

Each type of H-bond is uniquely colour-defined.  

Figure 4.4 clearly illustrates that glucose molecules have the highest capacity to form hydrogen 

bonds, surpassing both urea and water. This observation is consistent with the number of 

available hydrogen bonding sites present in each species. Glucose, being a larger and more 

complex molecule, possesses more potential hydrogen bonding sites, enabling it to engage in 

a greater number of H-bonding interactions. Urea, although less abundant in H- bonding sites 

compared to glucose, still exhibits a substantial ability to form H-bonds, resulting in an 
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intermediate number of interactions. On the other hand, water, being a smaller and simpler 

molecule, has fewer H-bonding sites, leading to a lower count of H-bonds formed. We observe 

distinct patterns of intra- and interspecies interactions among glucose, urea, and water 

molecules within the complex H-bonding network of the system. Notably, self-interactions 

dominate for each molecule, indicating a strong tendency for them to form H-bonds with their 

own kind. Interspecies interactions between glucose and urea are more pronounced than 

interactions involving water. Glucose molecules exhibit a notable preference for binding with 

urea, while urea, in turn, shows a higher affinity for glucose over water. This preference for 

cross-species interactions may be attributed to the specific molecular structures and 

functionalities of glucose and urea, which complement each other in forming stable hydrogen 

bonds. Conversely, water molecules tend to interact more frequently with urea compared to 

glucose. This disparity in water interactions can be attributed to the differences in molecular 

sizes and polarities between glucose and urea. Water molecules find more favorable H-bonding 

partners in urea, leading to an enhanced tendency for water-urea interactions. 

 

4.3.3 Continuous hydrogen bond relaxation functions (𝑺𝑯𝑩(𝒕)) 

In a liquid system containing molecules that can form H-bonds, the interactions between 

hydrogen bond donors and acceptors are dynamic and constantly changing. H-bonds can 

transiently form and break, influencing the overall structural and dynamical properties of the 

system. The continuous hydrogen bond relaxation functions (𝑆𝐻𝐵(𝑡)) capture the temporal 

behaviour of these fluctuations and provide a comprehensive view of the H-bond dynamics and 

can be calculated as follows:77–79 

𝑆𝐻𝐵(𝑡) =
〈ℎ(0)𝐻(𝑡)〉

〈ℎ〉
,                                                                                                             (4.2) 

where the function ℎ(𝑡) signifies whether a specific pair of molecules is hydrogen-bonded or 

not at a given time. When the molecules are hydrogen-bonded, ℎ(𝑡) = 1; otherwise, it is 0. The 

function 𝐻(𝑡) indicates whether this pair of molecules stays hydrogen-bonded without 

interruption for a duration of time 𝑡. If they remain bonded, 𝐻(𝑡) is 1; otherwise, it becomes 0. 

The function 𝑆𝐻𝐵(𝑡) represents the likelihood that the same pair of molecules remains 

hydrogen bonded for a certain duration t. As time progresses and the continuity of the hydrogen 

bond diminishes, 𝑆𝐻𝐵(𝑡) approaches zero. 
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The average relaxation time is calculated from the relaxation functions by integrating the decay 

functions (𝑆𝐻𝐵(𝑡)), 〈𝜏
𝐻𝐵〉 = ∫ 𝑆𝐻𝐵(𝑡)𝑑𝑡

∞

0
. This 〈𝜏𝐻𝐵〉 gives an estimate of the typical duration 

for which a H-bond persists before undergoing a significant change or breakage. A shorter 

average relaxation time implies faster dynamics, indicating that the H-bonds are more prone to 

fluctuations and reformation. On the other hand, a longer average relaxation time suggests more 

stable H-bonds with slower relaxation dynamics.  

Figure 4.5 illustrates the average continuous hydrogen bond relaxation times at various 

temperatures. Different kinds of H- bonds are taken into consideration depending on their donor 

and acceptor species. It is evident that all types of H-bonds exhibit faster relaxation at higher 

temperatures, irrespective of their identity. This decrease in relaxation times is attributed to the 

increased thermal motion at higher temperatures. Figure 4.A.5(a) shows the lifetimes of 

glucose-glucose, urea-urea and water-water H-bonds. Here, urea-urea H-bond possesses the 

longest relaxation time, followed by glucose-glucose and water-water relaxation times. This 

observation suggests that urea-urea H-bonds persist for longer duration than the other intra-

species H-bonds. Figure 4.A.5(b-d) represent H-bond relaxation times of various interspecies 

interactions. Among the studied interactions, glucose (donor)-urea (acceptor) H-bonds exhibit 

the longest relaxation times, followed by glucose (donor)-water (acceptor) interactions, and 

then urea (donor)-glucose (acceptor) H-bonds. 
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Figure 4.5: Average continuous hydrogen bond relaxation times at various temperatures, with 

each temperature represented by a distinct colour. Different panels display different types of 

hydrogen bond interactions: (a) self or intraspecies interactions, (b) glucose-urea interactions, 

(c) glucose-water interactions, and (d) urea-water interactions. The labels 'D' and 'A' indicate 

the hydrogen bond 'donor' and 'acceptor,' respectively. 

Subsequently, the relaxation times decrease further for urea (donor)-water (acceptor) and water 

(donor)-urea (acceptor) H-bonds, with water (donor)-glucose (acceptor) H-bonds showing the 

shortest relaxation times. The longer relaxation times observed for glucose-donor to urea-

acceptor hydrogen bonds compared to the other ones may be explained by assuming that the 

donor hydroxyl group of glucose and the acceptor carbonyl group of urea probably form a 

favourable bond geometry, thereby rendering longer persistent time. A longer relaxation time 

observed for glucose-donor to water-acceptor H-bond may also be explained in terms of 

favourable bonding geometry.  

The shortest relaxation times are observed for water-donor to urea-acceptor and water-donor 

to glucose-acceptor H-bonds. Due to their smaller size, water molecules facilitate easier 
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rotation and readily form and break hydrogen bonds with neighboring acceptors. These 

dynamic interactions contribute to relatively faster relaxation times for these hydrogen bonds. 

 

4.3.4 Structural hydrogen bond relaxation functions (𝑪𝑯𝑩(𝒕)) 

Another way to investigate the hydrogen bond dynamics of a system is to calculate structural 

hydrogen bond relaxation functions and their corresponding timescales. These timescales 

essentially represent the time needed for the formation and breakage of intermolecular H-

bonds. These correlation functions are calculated using the following formula,76,77,80 

𝐶𝐻𝐵(𝑡) =
〈ℎ(0)ℎ(𝑡)〉

〈ℎ〉
                                                                                                                (4.3) 

where, the function ℎ(𝑡) signifies whether a specific pair of molecules is hydrogen-bonded or 

not at a given time. When the molecules are hydrogen-bonded, ℎ(𝑡) = 1; otherwise, it is 0. We 

have calculated 𝐶𝐻𝐵(𝑡) at two representative temperatures (303 K and 343 K). The decay 

functions are shown in Figure 4.6 and corresponding fit parameters are enumerated in Table 

4.A.6. Note that here we have considered only intraspecies H-bond interactions. The time 

correlations are calculated for H-bonds that are formed between the same type of molecules.  
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Figure 4.6: Structural decay functions of intermolecular H-bonds formed by self-interactions 

between glucose, urea and water molecules at 303 K (left panel), 343 K (right panel). Each 

type of H-bond is uniquely color-coded. The open symbols indicate calculated data points 

whereas the lines going through them indicate multi-exponential fits. 

Table 4.A.6 illustrates notable differences in H-bond relaxation times among glucose, urea, and 

water. Specifically, the H-bond relaxation time of glucose is approximately 10 times slower 

than that of water, with urea falling in between. Interestingly, transitioning from 303 K to 343 

K – the relaxation times for all species accelerate by approximately six to eight-folds. This can 

be explained in terms of the distinct molecular structures of glucose, urea, and water. The 

complex structure of glucose likely contributes to its slower H-bond relaxation, while 
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intermediate structure of urea aligns with its intermediate relaxation time. The monotonic 

decrease in relaxation times with temperature can be attributed to the heightened thermal 

energy at higher temperatures, facilitating more rapid molecular motion and, consequently, 

faster H-bond dynamics. 

 

4.3.5 Calculation of dielectric relaxation spectra and component wise decomposition 

Temperature-dependent dielectric relaxation spectra were calculated from MD simulation 

trajectories to gain molecular insights into the over-all or total frequency dependent dielectric 

spectra that are measured in experiments.  The dielectric function, expressed as 𝜀(𝜔) in Eq. 

(4.3), represents the frequency-dependent behaviour of the system. The frequency-dependent 

dielectric function can be expressed as,81,82 

𝜀(𝜔) − 1 =
1

3𝜖0𝑉𝑘𝐵𝑇
{〈𝑴(0)2〉 + 𝑖𝜔ℒ[〈𝑴(0).𝑴(𝑡)〉]}                                                     (4.4) 

Where 𝑴(𝑡) = ∑ 𝝁𝑖(𝑡)𝑖  indicates the total collective dipole moment and sums over the 

individual molecular dipole moments. 𝑉, 𝑘𝐵, and 𝑇 are volume of the system, the Boltzmann 

constant and the absolute temperature, respectively. Angular brackets represent ensemble 

average, and ℒ denotes Fourier-Laplace transformation. 

Subsequently, decomposition of the total spectra provided the individual contributions from 

various self- and cross-interactions. In this multi-component system, the dipole moment 𝑴  

was separated into distinct components for glucose, urea, and water. The cross-correlation 

terms between these components were calculated to account for their contributions:83–87  

〈𝑴(0).𝑴(𝑡)〉 = 〈𝑴𝐺(0).𝑴𝐺(𝑡)〉 + 〈𝑴𝑈(0).𝑴𝑈(𝑡)〉 + 〈𝑴𝑊(0).𝑴𝑊(𝑡)〉 

                          +2〈𝑴𝐺(0).𝑴𝑈(𝑡)〉 + 2〈𝑴𝐺(0).𝑴𝑊(𝑡)〉 + 2〈𝑴𝑈(0).𝑴𝑊(𝑡)〉 ,                  (4.5) 

where the indices G, U, W stand for glucose, urea and water, respectively. 

In Eq. 4.5, the cross-correlation terms were assumed to be given by, 〈𝑴𝑖(0).𝑴𝑗(𝑡)〉 =

1

2
(〈𝑴𝑖(0).𝑴𝑗(𝑡)〉 + 𝑴𝑗(0).𝑴𝑖(𝑡)), where 𝑖, 𝑗 = 𝐺, 𝑈,𝑊. 

Following this prescription, the total 𝜀(𝜔) may then be expressed as a sum of individual 

component contributions. 

𝜀(𝜔) = 1 + 𝜀𝐺𝐺(𝜔) + 𝜀𝑈𝑈(𝜔) + 𝜀𝑊𝑊(𝜔) + 2𝜀𝐺𝑈(𝜔) + 2𝜀𝐺𝑊(𝜔) + 2𝜀𝑈𝑊(𝜔)     (4.6) 
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where 𝜀𝑖𝑗(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
{〈𝑴𝑖(0)𝑴𝑗(0)〉 + 𝑖𝜔ℒ[〈𝑴𝑖(0).𝑴𝑗(𝑡)〉]}.  

The simulated time-correlation functions were fitted with multi-exponential terms and, these 

fit functions were used to obtain the frequency-dependent dielectric functions:  

〈𝑴𝑖(0).𝑴𝑗(𝑡)〉 = ∑ 𝐴𝑘 . 𝑒
−𝑡/𝜏𝑘

𝑘                                                                                        (4.7) 

Such fit functions along with fit parameters were then used to obtain the frequency dependent 

dielectric relaxation spectra and are shown in Figure 4.6. 

 

Figure 4.7: Temperature dependence of the dielectric relaxation spectra of glucose-urea-water 

DES: (a) frequency-dependent real component, 𝜀′(𝜔) and (b) the imaginary component, 

𝜀′′(𝜔).  

 

In Figure 4.7(a), the real part of the dielectric spectra is presented, showing the effects of 

temperature on the static dielectric constant. Notice that the static dielectric constant decreases 

with an increase in solution temperature. This decrement in static dielectric constant can be 

viewed as a result of mitigation of correlations between molecular dipoles. Hydrogen bonding 

can strongly influence the arrangement of dipoles.88 Therefore, in Figure 4.A.2 we show the 

correlation between static dielectric constant and the total number of hydrogen bonds at 

different temperatures. This indicates that from lower to higher temperatures both the static 

dielectric constant and total number of H-bonds decrease. Hence, we can infer that the H-bond 

network is getting disturbed by increasing temperature and eventually randomizing dipoles to 

cause a reduction of static dielectric constant. 
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In Figure 4.7(b) we investigate the temperature dependence of the imaginary components of 

the frequency-dependent dielectric relaxation spectra (DRS). Here, the relaxation peaks of the 

spectra shift towards higher frequencies upon increasing temperature, indicating faster 

relaxations at elevated temperatures. The timescales of different relaxation processes at various 

temperatures are shown in Figure 4.8. Various dielectric properties at these temperatures are 

summarized in Table 4.A.7. 

Figure 4.7 and Table 4.A.7 indicate the presence of at least four distinct relaxation processes at 

each temperature. The slowest timescale (𝜏1) is ~20 ns at 303 K and becomes ~1.5 ns at 343 K 

whereas 𝜏2 decreases from ~3 ns to 150 ps. The third timescale (𝜏3) appears to be only exclusive 

to the two lowest temperatures (303 K and 318 K). At higher temperatures, this relaxation time 

may be getting merged to the fastest timescale (𝜏4). The  𝜏4 timescale (~6 ps) remains almost 

invariant with temperature. Now we attempt to explore the possible origins of these timescales. 

From a previous study25 we have calculated molecular rotation times from the Stokes-Einstein-

Debye (SED) relation using measured viscosity values. The rotation times of glucose, urea, and 

water are shown in Table 4.A.8.  It can be observed that these rotational times are many times 

slower than the simulated dielectric relaxation times. However, if we consider the viscosity 

decoupling then nonhydrodynamic movements like angular jump can facilitate such shorter 

DR timescales. Nevertheless, the dielectric response of such complex phenomena is essentially 

an overlap of many individual relaxations. 

 One effective approach to handle this is comparing individual spectra with the overall 

relaxation spectra and carefully analyze how each process contributes to different parts of the 

total relaxation spectra. For this purpose, we have plotted individual spectra as well as the total 

spectra in Figure 4.9 to comprehend the relaxation peaks in a better way. The corresponding 

relaxation parameters are summarized in Tables 4.A.9-4.A.12. From these Figures and Tables, 

it is evident that the most significant contributions arise from self-interactions between urea 

molecules and cross-interactions between glucose and urea molecules. These observations are 

supported by the relatively higher abundance of urea in the system and the presence of strong 

urea-glucose interactions. The manifestation of these interactions in the dielectric relaxation 

processes is consistent with our previous analyses. 
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Figure 4.8: Temperature-dependent relaxation timescales observed in the NADES. The solid 

symbols represent the relaxation times and the lines going through them are only guides to bare 

eyes.  

 

A careful analysis of Tables 4.A.9-4.A.12 reveals the relaxation times of various inter and 

intraspecies interactions and, we can see the resemblance of them with the relaxation times of 

the total DRS. For the first timescale (𝜏1) if we can infer that this is nearly identical to the 

relaxation times of dipolar rotation of glucose molecules and, this trend is persistent with all 

the temperatures. Along with that other cross-interactions involving glucose (glucose-urea and 

glucose-water) also relax more or less in the same range. Therefore, it can be inferred that this 

timescale is principally the relaxation times associated with the dielectric response of glucose 

molecules. The second timescale (𝜏2) can be qualitatively assigned to the relaxation of self- 

and cross-interactions of urea molecules. The third timescale (𝜏3) contains the contributions of 

more or less all self- and cross-interactions. The self-interactions of glucose, urea, water and, 
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cand cross-interactions between glucose and water generate a few picosecond timescales which 

are similar to the fourth timescale (𝜏4). 

In Figure 4.9, if we examine the relaxation contributions arising from intra-species interactions 

(for example, glucose-glucose, urea-urea and water-water), we can see that the peaks shift from 

lower to higher frequency from glucose to urea to water. This suggests that glucose molecules 

need more time to relax compared to urea and water. This trend in relaxation times corroborates 

the size and the number of intra-species interaction sites of these molecules. Glucose, being the 

bulkiest with the largest number of interaction sites among the three different species in this 

DES, requires more time to orient themselves, whereas water molecules, the smallest among 

them, rotate most swiftly. At 303 K, there are two distinct peaks of equal amplitudes (see Figure 

4.9(a)). The principal contribution to the peak at lower frequency is coming from the dipolar 

rotation of glucose molecules whereas the urea molecules mainly contribute to the peak at 

higher frequency. At other temperatures, only one principal peak is found which appears mainly 

around the relaxation peak of urea molecules. It is evident that no individual interaction is 

solely responsible for the timescales found in the total dielectric relaxation spectrum; instead, 

these individual spectra collectively contribute to form the overall spectrum.  
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Figure 4.9: Deconvolution of dielectric loss spectrum at different temperatures. Each type of 

contribution is distinctly color-defined. 

Dielectric relaxation times are closely related to structural hydrogen bond relaxation times. The 

rotation of dipolar molecules is directly influenced by the breaking and formation of H-bonds, 

establishing a connection to structural H-bond relaxation times.59,89 The structural H-bond 

relaxation times are enumerated in Table 4.A.6 and, DR timescales of individual components 

can be found in Tables 4.A.9-4. A.12. A qualitative comparison of these relaxation times reveals 

a striking similarity between the timescales of hydrogen bond relaxation and dielectric 

relaxation. For glucose the slowest two H-bond relaxation times (𝜏1 and 𝜏2) range from 

approximately 12 nanoseconds to 2 nanoseconds and about 1 nanosecond to 180 picoseconds, 

respectively. Interestingly, these timescales closely resemble the corresponding dielectric 

relaxation times (approximately 20 nanoseconds to 1 nanosecond and about 3 nanoseconds to 

100 picoseconds). Furthermore, the other two timescales (τ₃ and τ₄) also align closely with 

dielectric relaxation times. This pattern of correlation between structural hydrogen bond 

relaxation times and dielectric relaxation times holds for urea and water as well. The strong 
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agreement observed between hydrogen bond relaxation times and dielectric relaxation times 

validates the interpretation of dielectric relaxation timescales as representing the continuous 

rearrangement of the hydrogen bond network within the system. 

Therefore, the comprehensive analysis of the DR spectrum leads to a definitive conclusion that 

the observed overall timescales cannot be solely attributed to any individual relaxation process 

within the system. Instead, these timescales arise as a collective outcome of multiple relaxation 

processes that intricately interact and combine to form the resultant spectrum. The intricate 

interplay of molecular interactions and dynamics contributes to the complexity of the DR 

spectrum, where the individual relaxation processes of various species collaboratively 

contribute to the observed relaxation behavior.  

 

4.4 Conclusion 

In summary, this study investigated a glucose-based naturally abundant deep eutectic solvent 

(NADES) using classical molecular dynamics simulations. Valuable insights were gained 

towards the understanding of structural and dynamic aspects of this complex system. The 

investigation of real-space pair correlations, as shown in the RDFs, provided a vivid picture of 

the molecular interactions within the NADES. Notably, the RDFs highlighted that the extent 

of molecular interactions was linked to the sizes of the interacting species. This was evident in 

the diverse interaction lengths for different species pairs, where water-water interactions 

manifested over shorter distances, while glucose-glucose interactions extended to longer 

distances. This finding was reinforced through the three-dimensional spatial arrangements of 

the species, quantified by the SDFs. The correlation between these distributions and RDFs 

emphasized the significance of size in dictating the nature of interactions. Further insight was 

obtained through an exploration of hydrogen bonding analysis, a fundamental aspect of 

molecular interactions. The temperature-induced changes in RDFs between hydrogen bonding 

sites unveiled a subtle decrease in these interactions as temperature increased. Interestingly, the 

preference for self-interactions within species was evident, with glucose demonstrating the 

highest propensity for forming hydrogen bonds, while water exhibited the lowest. The dynamic 

nature of hydrogen bonds was revealed through the computation of hydrogen bond lifetimes. 

The lifespan of these bonds is a crucial parameter to quantify the strength of H-bond 

interactions. These relaxation times exhibited a consistent trend of decreasing with increasing 

temperature. Hydrogen bonds, primarily involving urea-urea, glucose-urea, and glucose-
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glucose interactions were found to be remarkably persistent compared to others. These stable 

bonds contributed to the overall stability of the NADES structure. The dielectric relaxation 

(DR) spectra provided valuable insights into the temporal aspects of the NADES behavior. The 

multiple Debye relaxation processes that underlie the spectra unveiled a complex interplay of 

molecular motions within the system. Notably, the relaxation timescales exhibited a consistent 

decrease as the temperature rose. This observation was indicative of the heightened molecular 

mobility induced by thermal energy. The origin of the relaxation timescales was unveiled 

through a thorough comparison of individual spectra with the total relaxation spectrum. This 

analysis highlighted that the relaxation processes were not simply attributed to the 

contributions of individual species, but rather resulted from a synergy of diverse relaxation 

phenomena. The broader relaxation spectrum was a harmonious blend of various relaxation 

processes. Through different temperatures, the DR timescales bear strong signatures of 

structural H-bond relaxation phenomena indicating the connection between these two 

processes. Note that the selection of an appropriate force field is a pivotal aspect of this study. 

Given that glucose and urea do not naturally exist in a liquid state at the studied temperature, 

the choice of force field was a nuanced decision. This underscored the intricate nature of 

simulation-based investigations and the importance of ensuring the chosen models accurately 

represent the real-world system. 

Finally, we provided a comprehensive exploration of the structural and dynamical aspects of 

glucose-based NADES using molecular dynamics simulations. These findings shed light on 

the temperature-dependent behaviors, revealing size-dependent interactions, hydrogen bonding 

propensities, and complex relaxation dynamics. This molecular-level insight can be useful in 

studying the inherent interaction and dynamics of such systems.  
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Appendix 4.A 

 

𝐸 = ∑ 𝑘𝑏𝑏𝑜𝑛𝑑𝑠 (𝑏 − 𝑏0)
2 + ∑ 𝑘𝜃(𝜃 − 𝜃0)

2 + ∑ 𝑘𝜑(𝜑 − 𝜑0)
2

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

+𝑎𝑛𝑔𝑙𝑒𝑠

         ∑ ∑ 𝑘∅,𝑛
6
𝑛=1𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 (1 + cos (𝑛∅ − 𝛿𝑛) + ∑ √ɛ𝑖ɛ𝑗 [(

(𝜎𝑖+𝜎𝑗)

2𝑅𝑖𝑗
)
12

−𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑
𝑝𝑎𝑖𝑟 𝑖,𝑗

        2 (
(𝜎𝑖+𝜎𝑗)

2𝑅𝑖𝑗
)
6

] + ∑
𝑞𝑖𝑞𝑗

4𝜋𝐷𝑅𝑖𝑗
𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑
𝑝𝑎𝑖𝑟 𝑖,𝑗

                                                                      (4.A.1) 

 

         

                                             

Figure 4.A.1: Representation of molecular structures of (a) glucose, (b) urea and (c) water. 

Atom names are shown as they are used in simulations. Different type of atoms is indicated 

with different colors: carbon → cyan, oxygen → red, nitrogen → blue, hydrogen → white. 
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Table 4.A.1: Non-bonding parameters of atoms in glucose. 

 

Atom 𝒒 (e) 𝝈 (nm) 𝜺 (kJ/mol) 

C1 0.34 0.3564 0.13389 

H1 0.09 0.2388 0.18828 

O1 -0.65 0.3145 0.80375 

HO1 0.42 0.0400 0.19246 

C5 0.11 0.3564 0.13389 

H5 0.09 0.2388 0.18828 

O5 -0.4 0.2940 0.41840 

C2 0.14 0.3564 0.13389 

H2 0.09 0.2388 0.18828 

O2 -0.65 0.3145 0.80375 

HO2 0.42 0.0400 0.19246 

C3 0.14 0.3564 0.13389 

H3 0.09 0.2388 0.18828 

O3 -0.65 0.3145 0.80375 

HO3 0.42 0.0400 0.19246 

C4 0.14 0.3564 0.13389 

H4 0.09 0.2388 0.18828 

O4 -0.65 0.3145 0.80375 

HO4 0.42 0.0400 0.19246 

C6 0.05 0.3581 0.23430 

H61 0.09 0.2388 0.14644 

H62 0.09 0.2388 0.14644 

O6 -0.65 0.3145 0.80375 

HO6 0.42 0.0400 0.19246 
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Table 4.A.2: Non-bonding parameters of atoms in urea. 

 

Atom 𝒒 (e) 𝝈 (nm) 𝜺 (kJ/mol) 

C1 0.597 0.3564 0.29288 

O2 -0.579 0.3029 0.50208 

N3 -0.689 0.3296 0.83680 

N4 -0.689 0.3296 0.83680 

H5 0.34 0.0400 0.19246 

H6 0.34 0.0400 0.19246 

H7 0.34 0.0400 0.19246 

H8 0.34 0.0400 0.19246 

 

 

Table 4.A.3: Non-bonding parameters of atoms in water. 

 

Atom 𝒒 (e) 𝝈 (nm) 𝜺 (kJ/mol) 

OW -0.834 0.3151 0.63639 

HW1 0.417 0.0400 0.19246 

HW2 0.417 0.0400 0.19246 

 

 

Table 4.A.4: Comparison of temperature-dependent density (simulation vs experiment). 

 

T (K) Density (g/cm3) % deviation 

simulation experiment 

303 1.379 1.380 0.07 

318 1.368 1.370 0.14 

323 1.361 1.363 0.15 

343 1.348 1.353 0.37 
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Table 4.A.5: Number of inter- and intraspecies H-bonds at various temperatures. 

 

Interaction Type of H-bond No. of hydrogen bonds 

303 K 318 K 328 K 343 K 

Glucose-glucose O(G)-H(G)---O(G) 104.01 98.49 98.17 93.42 

Glucose-urea O(G)-H(G)---O(U) 105.00 102.30 102.63 100.14 

N(U)-H(U)---O(G) 172.41 168.58 166.45 158.47 

Glucose-water O(G)-H(G)---O(W) 61.20 61.00 59.46 57.74 

O(W)-H(W)---O(G) 70.38 69.08 67.41 66.24 

Urea-urea N(U)-H(U)---O(U) 138.92 136.90 135.08 132.46 

Urea-water N(U)-H(U)---O(W) 76.22 73.05 74.17 71.20 

O(W)-H(W)---O(U) 77.89 66.31 65.94 62.89 

Water-water O(W)-H(W)---O(W) 43.78 42.62 41.62 40.01 

Total 849.81 818.33 810.93 782.57 
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Figure 4.A.2: Dependence of the static dielectric constant (𝜀𝑠) on the total number of H-bonds 

present in the system.   
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Table 4.A.6: Multi-exponential fit parameters (∑ 𝑎𝑘𝑒𝑥𝑝(−𝑡 𝜏𝑘⁄ )𝑘 ) to the structural hydrogen 

bond autocorrelation function (𝐶𝐻𝐵(𝑡)). 

 

glucose-glucose 

T/K 𝑎1 𝜏1 (ps) 𝑎2 𝜏2 (ps) 𝑎3 𝜏3 (ps) 𝑎4 𝜏4 (ps) 𝑜𝑝𝑒𝑛 −

𝑎𝑛𝑔𝑙𝑒〈𝜏〉 

(ps) 

303 0.34 12322 0.29 1140 0.14 141 0.23 1 4540 

318 0.23 7870 0.28 817 0.21 119 0.27 1.2 2085 

328 0.19 5370 0.24 671 0.27 103 0.30 1.3 1210 

343 0.21 2373 0.33 180 0.16 27 0.30 0.8 562 

urea-urea 

303 0.16 5574 0.28 993 0.24 142 0.32 0.9 1204 

318 0.12 2916 0.28 442 0.26 72 0.34 0.7 493 

328 0.09 1994 0.28 271 0.28 42 0.35 0.6 267 

343 0.12 900 0.31 110 0.24 18 0.33 0.4 147 

water-water 

303 0.09 1297 0.23 189 0.31 26 0.37 0.7 168 

318 0.08 574 0.21 95 0.33 14 0.38 0.5 71 

328 0.08 348 0.21 59 0.33 10 0.38 0.4 44 

343 0.08 237 0.23 37 0.32 6 0.37 0.4 30 
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Table 4.A.7: Temperature-dependent dielectric relaxation parameters obtained from Figure 1*. 

 

T 

(K) 

𝜀𝑠 ∆𝜀1 𝜏1 

(ps) 

∆𝜀2 𝜏2 
(ps) 

∆𝜀3 𝜏3 

(ps) 

∆𝜀4 𝜏4 

(ps) 

∆𝜀5 𝜏5 

(ps) 

〈𝜏〉 
(ps) 

303 49.1 2.89 19623 19.72 3197 18.76 406 3.37 37 3.37 6 2650 

318 44.6 5.67 5260 21.8 486 13.1 94 2.2 20 0.87 5 956 

328 42.8 7.52 1875 20.04 264 10.87 53   3.34 6.8 478 

343 41.0 5.20 1359 17.59 142 12.8 49   4.4 6.5 256 

*Fit parameters are according to the eqn. 𝜀(𝜔) = 𝜀∞ + ∑
Δ𝜀𝑘

1+𝑖𝜔𝜏𝑘
𝑘  where 𝜀∞ = 1 and 𝜀𝑠 = 𝜀∞ +

∑ Δ𝜀𝑘𝑘  

 

 

Table 4.A.8: Hydrodynamic molecular rotation times for water, urea and glucose at different 

temperatures calculated using the SED relation with stick boundary condition, 𝜏𝑟 = 3𝜂𝑉/𝑘𝐵𝑇. 

The van der Waals volumes of water, urea and glucose used here are calculated from a previous 

work.90 Viscosity values are taken from Ref. 25. 

 

T/K 𝜏𝑟
𝑔𝑙𝑢

 (ns) 𝜏𝑟
𝑢𝑟𝑒 (ns) 𝜏𝑟

𝑤𝑎𝑡 (ns) 

318 63.12 21.04 6.62 

328 27.38 9.13 2.87 

343 9.86 3.28 1.04 
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Table 4.A.9: Dielectric relaxation parameters of total spectrum as well as individual spectra at 

303 K. 

 

Component 𝜀𝑠 − 1 ∆𝜀1 𝜏1 

(ps) 

∆𝜀2 𝜏2 
(ps) 

∆𝜀3 𝜏3 

(ps) 

∆𝜀4 𝜏4 

(ps) 

∆𝜀5 𝜏5 

(ps) 

Total 48.1 2.89 19623 19.72 3197 18.76 406 3.37 37 3.37 6 

glucose 7.41 1.93 20773 1.78 2678 2.07 507 0.89 46 0.74 1.3 

urea 17.78   4.98 3779 10.31 570 2.49 23   

water 3.66   1.13 1280 1.43 129   1.10 5 

glucose-

urea 

9.47   6.72 5667 2.75 252     

urea-water 5.69   4.72 1389 0.97 104     

glucose-

water 

4.09   2.62 3002 1.19 145   0.29 6 

 

 

 

Table 4.A.10: Dielectric relaxation parameters of total spectrum as well as individual spectra 

at 318 K. 

 

Component 𝜀𝑠 − 1 ∆𝜀1 𝜏1 

(ps) 

∆𝜀2 𝜏2 
(ps) 

∆𝜀3 𝜏3 

(ps) 

∆𝜀4 𝜏4 

(ps) 

∆𝜀5 𝜏5 

(ps) 

Total 43.6 5.67 5260 21.8 486 13.1 94 2.2 20 0.87 5 

glucose 6.45 1.29 5351 2.58 475 1.35 67 0.26 16 0.97 1 

urea 16.83 6.90 814 7.57 199     2.36 9 

water 3.57 0.86 607   1.43 87   1.28 5 

glucose-urea 7.82 6.26 1002   1.56 82     

urea-water 5.36   4.07 486 1.29 100     

glucose-

water 

3.52 1.94 1166   0.98 107   0.59 12 
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Table 4.A.11: Dielectric relaxation parameters of total spectrum as well as individual spectra 

at 328 K. 

 

Component 𝜀𝑠 − 1 ∆𝜀1 𝜏1 

(ps) 

∆𝜀2 𝜏2 
(ps) 

∆𝜀3 𝜏3 

(ps) 

∆𝜀4 𝜏4 

(ps) 

Total 41.8 7.52 1875 20.04 264 10.87 53 3.34 6.8 

glucose 6.56 1.70 2174 2.43 214 1.38 37 1.05 1.1 

urea 15.85 5.55 564 8.24 126   2.06 5 

water 3.27 0.62 341   1.31 61 1.34 5 

glucose-

urea 

7.82 4.46 960   3.36 93   

urea-water 4.81   3.94 299 0.86 43   

glucose-

water 

3.45 1.52 1060   1.55 72 0.38 5 

 

 

 

Table 4.A.12: Dielectric relaxation parameters of total spectrum as well as individual spectra 

at 343 K. 

 

Component 𝜀𝑠 − 1 ∆𝜀1 𝜏1 

(ps) 

∆𝜀2 𝜏2 
(ps) 

∆𝜀3 𝜏3 

(ps) 

∆𝜀4 𝜏4 

(ps) 

∆𝜀5 𝜏5 

(ps) 

Total 40.0 5.20 1359 17.59 142 12.8 49   4.4 6.5 

glucose 6.24 1.62 948 2.5 97   1.12 16 1.0 1 

urea 15.38 2.77 451 10.77 86     1.84 3 

water 3.08 0.43 246   1.17 45   1.48 5 

glucose-urea 7.48 2.54 790 4.94 97       

urea-water 4.58   3.02 191 1.56 40     

glucose-

water 

3.20 0.86 729 1.63 85     0.70 8 
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Chapter 5 

 

Enhanced solubility of paracetamol in (ChCl + polyol) deep 

eutectics: A novel interplay between non-polar and H-bond 

interactions  

 

5.1 Introduction 

The oral administration of therapeutic agents stands as the most convenient and straightforward 

method of delivering drugs, especially for chronic therapies.1 Liquid formulations play a 

pivotal role in oral pharmacotherapy, particularly for patients facing challenges in swallowing 

solid dosage forms like tablets or capsules. This is especially pertinent for specific patient types 

such as children or the elderly persons, and situations demanding dosing flexibility. Liquid 

form also assumes special importance for certain administration routes such as nasal, otic or 

ophthalmic, ensuring efficient delivery of active ingredients. Moreover, injectable drug 

products are predominantly formulated in liquid form, chosen for its convenience and 

flexibility in comparison to other parenteral dosage forms. The simplicity of liquid 

formulations finds its epitome in aqueous solutions. However, a significant challenge arises as 

many active pharmaceutical ingredients (APIs) exhibit inadequate solubility in water, 

rendering the creation of practical solutions challenging.2,3 Furthermore, numerous APIs are 

prone to decomposition through various pathways, compromising stability in aqueous 

solutions.4 A case in point is the hydrolysis of ester-containing pharmaceuticals like aspirin 

during prolonged storage in water.5 

While organic solvents present a potential solution to solubilize certain drugs and mitigate 

water-mediated decomposition, their usage is often impractical and undesirable in 

pharmaceutical settings. The drawbacks include concerns principally related to toxicity and 

regulatory issues. Additionally, the use of organic solvents is hindered by unpleasant odors or 

tastes, further discouraging their application in pharmaceutical formulations. This necessitates 

exploration into alternative approaches that ensure both solubility and stability of APIs without 

compromising safety and practicality in pharmaceutical formulations. 

Researchers have delved into the potential of various ILs to serve as pharmaceutical solvents, 

addressing the dissolution challenges posed by poorly soluble APIs. Additionally, ILs have 
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undergone scrutiny for their suitability as carriers in drug delivery applications.6,7 Notably, ILs 

have been harnessed as vehicles for crafting stable microemulsions, facilitating the dissolution 

and transdermal delivery of APIs with low solubility.8,9 In specific investigations, imidazolium-

based ILs emerged as promising candidates for drug reservoirs, offering controlled release 

capabilities.10 However, despite their promising applications, the "greenness" of ILs confronts 

challenges, primarily stemming from concerns about their poor biodegradability, limited 

biocompatibility, and questions regarding long-term sustainability.11 As the pharmaceutical 

industry grapples with these considerations, the quest for ILs that strike a harmonious balance 

between effectiveness and environmental responsibility continues, necessitating ongoing 

exploration and refinement in this evolving field. 

Deep eutectic solvents (DESs) belong to a special group of solvents created by blending 

different compounds in right proportions, resulting in a unique mixture with a melting point 

significantly lower than each component on its own.12 This innovative class of solvents, often 

promoted as a promising alternative to traditional ionic liquids (ILs), successfully tackles 

various limitations associated with ILs. Natural DESs, specifically those composed of 

components derived from natural sources, emerge as exceptionally appealing solvents for 

pharmaceutical uses. They have some exceptional qualities such as biodegradability, low 

toxicity, easy preparation.11,12 They are also capable of dissolving a wide array of compounds, 

encompassing those challenging to dissolve in water, such as benzoic acid, griseofulvin, 

danazol, itraconazole, AMG517, rutin, cinnamic acid, and taxol.13,14 Moreover, these solvents 

exhibit the ability to dissolve larger molecules like DNA, starch, chitin, and proteins.15,16 The 

notable versatility of natural DESs positions them as a noteworthy solution for pharmaceutical 

applications, holding the potential to address challenges posed by both small, water-insoluble 

compounds and larger macromolecules. An exciting facet of this study is the development of 

DESs that incorporate an API as one of their components, signaling a novel avenue in solvent 

design for pharmaceutical purposes.17–20 Consequently, while some preliminary investigations 

have explored the application of DESs in drug-related contexts, a significant void still 

persists.21–23 Specifically, there remains a dearth of comprehensive insights into the utilization 

of deep eutectic solvents for the solubilization of APIs. Both experimental and molecular-level 

mechanisms in this domain lack the depth of understanding needed to propel this promising 

field forward.  

Categorization of drugs, or APIs, can be approached through various considerations, including 

chemical class, mechanism of action, mode of action, and therapeutic class, among other 
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criteria. The classification based on therapeutic use emerges as particularly valuable, providing 

a useful means through which the pathology targeted by the drug is highlighted. This approach 

facilitates the grouping of APIs based on their ultimate medical purposes. Non-steroidal anti-

inflammatory drugs (NSAIDs) stand out as the most prominent and extensively utilized 

medications, offering a remarkable spectrum of properties. Their effects encompass alleviating 

fever, joint pain, headache, and rheumatism. Beyond their exceptional analgesic, anti-pyretic, 

and anti-inflammatory attributes, NSAIDs play a critical role in the primary and secondary 

prevention of cardiovascular diseases.24 Despite these merits, NSAIDs encounter a challenge 

as they tend to be either insoluble or poorly soluble in water. For instance, aspirin, a widely 

used NSAID, exhibits limited solubility in water (0.33 g in 100 mL).25 Similarly, naproxen and 

ibuprofen are nearly insoluble in water, adding a layer of complexity to their pharmaceutical 

formulations.25 

The unique compositional versatility of DESs allows for the design of solvents with specific 

properties that cater to the solubilization needs of diverse drug compounds. Understanding the 

interplay between DES components and drug molecules enables the rational design of solvents 

tailored to the physicochemical characteristics of the drugs in question. This knowledge is 

pivotal for creating efficient drug delivery systems that enhance bioavailability and therapeutic 

outcomes. Molecular dynamics (MD) simulation is capable of providing insights about these 

molecular level interactions. A few theoretical studies, complemented by computational works, 

have already been performed to explore molecular-level properties of several drugs in different 

DESs.26–28  

Paracetamol is a well-known pain reliever (analgesic) and fever reducer (anti-pyretic) drug. It 

is utilized to temporarily alleviate mild to moderate pain and fever. The solubility of 

paracetamol in water is ~20 mg/mL but increases to ~15 fold when dissolved in choline 

chloride (ChCl)-based DESs (~287 mg/mL in ChCl-ethylene glycol (EG) DES and ~324 

mg/mL in ChCl-propylene glycol (PG) DES).25 In this comprehensive study, we conducted 

MD simulations to predict the solubility behavior of the NSAID, paracetamol (PCM), in two 

distinct ChCl-based DESs. The hydrogen bond donors (HBD) in these DESs are EG and PG, 

respectively. Notably, these two diols bear close similarity, differing only by the presence of an 

extra methyl group in PG. Our primary objective is to understand the interaction contributions 

that are responsible for the above-mentioned solubility differences by carrying out 

concentration dependent computational investigation. Additionally, we have investigated how 

the presence of an extra methyl group contributes to PCM solubility in PG. 



 Chapter 5 
 

132 
 

 
5.2 Simulation details 

MD simulations were performed in GROMACS29 software using CHARMM force field 

model30 potentials. Different DES + PCM mixtures were considered with varying numbers of 

PCM molecules. The details about these systems can be found in Table 5.A.1. The atomic 

representations of the constituent molecules can be found in Figure 5.A.1. For each DES, six 

different systems were simulated varying the concentration from ~0.9 to ~2 mol L-1. Required 

numbers of molecules were arranged in cubic boxes using the PACKMOL software.31 

Subsequently, each box was subjected to energy minimization employing the steepest descent 

algorithm.32 After energy minimization, systems were equilibrated in isothermal-isobaric 

condition (NPT) for 30-40 ns at 298 K and 1 bar. After the density of the systems reached 

convergence, production runs in isothermal-isochoric condition (NVT) for 100 ns were 

performed at 298 K. The pressure and temperature of the systems were maintained by the 

velocity-rescaling33 thermostat and Berendsen barostat34 with time constants 0.1 ps and 2 ps, 

respectively. Coulombic interactions were treated using the particle mesh Ewald (PME) 

method35 while van der Waals interactions were modeled via Lennard-Jones potential. For both 

the non-bonding interactions, the cut-off distances were the same and set to 1.2 nm. The leap -

frog algorithm36 was used to solve the equations of motion. Trajectory analyses were performed 

using GROMACS,29 VMD,37 and TRAVIS38,39 programs. 

For interaction energy calculations, the simulated trajectories were subjected to ‘gmx rerun’ 

module as described in the GROMACS manual.40  

 

5.3 Results and discussion 

In this work, we gradually add paracetamol in two ChCl-based DESs (ChCl + EG and ChCl + 

PG). First, we will check the fidelity of our force-field model by comparing the simulated 

densities of pure DESs with experimental ones. Such comparison can be found in Table 5.A.1 

and the deviation is less than 1% which affirms the viability of used potential models. The 

addition of PCM to (ChCl + EG) DES and (ChCl + PG) DES causes a change in volumetric 

properties. From Table 5.A.1, it is clear that the addition of PCM increases the density of 

mixtures for both DESs. The DES molecules are expected to change their spatial arrangement 

to accommodate incoming PCM molecules. Hence, the volume of the solutions should 
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gradually change. This change can be calculated by using the percentage volume expansion, 

%𝑉exp, as defined earlier,28,41 

%𝑉exp =
𝑉DES+PCM(𝑇,𝑃,𝑋)−𝑉DES(𝑇,𝑃0)

𝑉DES(𝑇,𝑃0)
                                                                                       (5.1) 

where, 𝑉DES+PCM(𝑇, 𝑃, 𝑋) denotes the volume of DES + PCM solutions at a given temperature 

(𝑇), pressure (𝑃) and mole fraction of solute (𝑋); 𝑉DES(𝑇, 𝑃0) indicates the volume of neat DES 

at the same temperature and 1 bar pressure. 

 

Figure 5.1: Percentage volume expansion, %𝑉exp, for the reported ChCl-DES (EG/PG) + 

paracetamol solutions from MD simulation at 298 K and 1 bar. 

Figure 5.1 shows the calculated expansivity of both the DESs upon the addition of PCM.  

Remarkably, even in highly concentrated solutions, the expansivity remains at a moderate level, 

approximately around 35%. This is interesting because it means these DESs can take in PCM 

without causing substantial disruption to their intrinsic structure. This, in turn, provides 
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additional confirmation regarding the effectiveness of these DESs in solubilizing PCM while 

keeping their structure intact. 

 

5.3.1 Liquid structure of DESs and solubility of paracetamol 

To closely introspect this observation, we have calculated center-of-mass radial distribution 

functions (RDFs) of constituent molecules in neat DESs as well as their solutions.  

The center of mass radial distribution was computed to analyze interactions within and between 

the components (cation, anion, and HBD) of ChCl-based DESs — ChCl + EG and ChCl + PG 

(see Figures 5.A.2 and 5.A.3 in Appendix 5. A). The introduction of paracetamol, induced a 

non-monotonic alteration in peak heights, while peak positions remained invariant. This trend 

is visible across six distinct RDFs for each DES, encompassing both the neat DESs and 

solutions enriched with paracetamol. This intriguing observation implies that the spatial 

configuration of the DES components undergoes minimal changes with the addition of 

paracetamol. The non-monotonic shifts in peak heights suggest a subtle influence on the 

distribution of cations, anions, and HBDs within the DESs upon paracetamol incorporation. 

Nevertheless, the constancy in peak positions depicts the preservation of the fundamental 

structural framework. This is consistent with the previous volume expansivity analyses. 

Next, we delve into the interactions between PCM and the DES molecules. Initial scrutiny 

focuses on how PCM molecules interact within (ChCl + EG) DES, as depicted in Figure 5.2. 

Consistent with prior observations, the configuration of surrounding molecules remains 

structurally unaltered. The gradual introduction of PCM induces changes in the population 

around the reference molecule without disrupting the inherent solvation structure. Figure 5.2 

shows a peak for PCM-[Ch]+ at ~0.73 nm preceded by a minor hump. For PCM-[Cl]- two sharp 

peaks are observed at ~0.45 nm and 0.6 nm where the first one is minor. The interaction of 

PCM and EG displays a peak maximum of around 0.52 nm. The PCM-PCM peaks also appear 

at around this distance. Crucially, this analysis provides insights into the solubility of 

paracetamol within (ChCl + EG) DES. Notably, the arrangement of other molecules around 

PCM exhibits no structural variations. The solubility is discerned by examining the first 

solvation shell around a PCM molecule, where the key indicators are (i) the maximum number 

of cations, anions, and HBD molecules, and (ii) the minimum number of PCM molecules 

present. This approach allows us to gauge the solubility of paracetamol based on the 

composition of its immediate solvation environment.  
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Figure 5.2: Center-of-mass (COM) radial distribution functions, g(r), for the reported (ChCl + 

EG) DES + paracetamol solutions from MD simulation at 298 K and 1 bar. The RDFs are 

calculated keeping PCM as a reference molecule. Each concentration is uniquely color-coded.  

 

Subsequently, we conducted a more detailed analysis by calculating the coordination number 

(CN), representing the number of surrounding molecules in the first solvation shell of PCM. 

The CNs were computed across various solutions featuring different mole fractions of PCM, 

and illustrated in Figure 5.3. A non-monotonic change across all species is observed. 

Specifically, for [Ch]+, [Cl]-, and EG, the CN peaks in the solution at XPCM=0.25. Notably, at 

this concentration, the solvation shell contains the smallest number of PCM molecules. This 

observation suggests a maximum interaction between PCM and DES molecules. 

Simultaneously, the aggregation among PCM molecules is the least. This particular solution 

stands out as the one where PCM exhibits the highest solubility. Interestingly, this computed 

solubility of PCM in (ChCl + EG) DES, 215 mg/mL, is lower by ~25% than the experimental 

solubility 25 (287 mg/mL). 
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Figure 5.3: Coordination numbers (CN) calculated from Figure 5.2, for the reported (ChCl + 

EG) DES + paracetamol solutions from MD simulation at 298 K and 1 bar. The vertical dashed 

line indicates the maximum solubility. 

 

Using a similar approach, we computed RDFs with PCM as the reference molecule in (ChCl + 

PG) DES across different concentrations. The microstructural configuration of various species 

around PCM is depicted in Figure 5.4. Analogous to the observations in (ChCl + EG) DES, the 

introduction of PCM brings about changes in peak heights, maintaining the overall solvation 

structures almost intact. A notable peak for PCM-[Ch]+ is evident at approximately 0.74 nm, 

accompanied by a minor hump. This hump is most pronounced at the lowest concentration and 

gradually diminishes with increasing concentration. For PCM-[Cl]-, two distinct peaks appear 

at around 0.45 nm and 0.6 nm, with the former being smaller. The interaction of PCM with PG 

exhibits a peak maximum at approximately 0.55 nm. Peaks for PCM-PCM interactions also 

manifest at around this distance. 
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Figure 5.4: Center-of-mass (COM) radial distribution functions, g(r), for the reported (ChCl + 

PG) DES + paracetamol solutions from MD simulation at 298 K and 1 bar. The RDFs are 

calculated keeping PCM as a reference molecule. Each concentration is uniquely color-coded.  

 

Similar to our approach in (ChCl + EG) DES, we determined the coordination numbers around 

PCM in (ChCl + PG) DES, and the results are illustrated in Figure 5.5. Notably, as the 

concentration varies, the CNs exhibit a non-monotonic evolution. At XPCM=0.35, solvent 

particles ([Ch]+, [Cl]-, and PG) surround the solute molecule (PCM) to the maximum extent. 

Concurrently, at the same concentration, PCM-PCM interactions reach a minimum. This 

specific concentration (XPCM=0.35) can be regarded as the point of highest solubility. In this 

solution, the solubility of PCM is calculated to be 303 mg/mL. Interestingly, this computed 

solubility is relatively much closer to the experimental solubility of PCM (324 mg/mL) and 

underpredicted only by ~6.5%. 
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Figure 5.5: Coordination numbers (CN) calculated from Figure 5.4, for the reported (ChCl + 

PG) DES + paracetamol solutions from MD simulation at 298 K and 1 bar. The vertical dashed 

line indicates the maximum solubility. 

5.3.2 Interaction energy 

Now that we have determined the solubility of PCM in (ChCl + EG) and (ChCl +PG) DESs, 

our focus shifts to understand the strength of intermolecular interactions within these solutions. 

The key parameter in our analysis is the interaction energy, denoted as Eint. This energy 

comprises both van der Waals (Lennard-Jones) and electrostatic (Coulombic) energies. A 

negative Eint signifies attractive interactions, while a positive value indicates repulsive 

interactions. In both DESs, counting of interactions between the solute (PCM) and solvent 

(DES) produces a negative value for the interaction energy, implying the dominance of 

attractive interaction. Conversely, interactions between PCM molecules produce a positive 

value for the interaction energy, indicating an overall repulsion among them. Figure 5.6 shows 

the calculated interaction energies (Eint) for both the DESs. Examination of solute-solvent 
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interactions at different concentrations reveals that Eint reaches a minimum, suggesting 

maximum interactions, at a specific composition. On the contrary, solute-solute interaction 

energy demonstrates a maximum, indicating dominance of the overall repulsion, at the same 

concentration. These extrema are as follows: XPCM=0.25 for (ChCl + EG) DES and XPCM=0.35 

for (ChCl + PG) DES. This observation can be rationalized by considering the presence of 

molecules in the solvation shells. The greater the number of molecules in these solvation shells, 

the lower the Eint (more negative). This observation correlates well with the results presented 

in Figures 5.3 and 5.5. In summary, the negative solute-solvent interaction energies represent 

the dominance of attractive interaction facilitating the solubility of guest in the host, while the 

positive solute-solute interaction energies reflect repulsion among PCM molecules, negating 

the self-aggregation. 
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Figure 5.6: Intermolecular interaction energy, Eint (sum of Lennard-Jones and Coulombic 

contributions, Eint=ELJ + ECoul), for the reported ChCl-DES (EG/PG) + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Each solution is uniquely color-coded. The dashed 

lines indicate the maximum interaction between solute and solvent molecules. 
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5.3.3 Hydrogen bond interactions 

We have so far identified a specific concentration where PCM-DES interaction is the maximum 

and PCM-PCM interaction is the minimum in both DESs, representing the solubility limit. Our 

next focus is on understanding the role of H-bond interactions in the solubilization of PCM in 

DESs. Considering quite a few potential hydrogen-bonding (H-bonding) sites within the 

constituent molecules, we first discuss about the formation of hydrogen bonds (H-bonds) with 

PCM. This is important because it may provide a critical understanding on why PCM dissolves 

well in these DESs. We have calculated RDFs to explore potential hydrogen bonding sites 

between paracetamol (PCM) and [Ch]+ in (ChCl + EG) DES and, the results are shown in 

Figures 5.A.4- 5.A.7. In Figure 5.A.4(a), the RDFs between O7([Ch]+) and O1(PCM) reveal a 

small but distinct and sharp first peak. Moving on to Figure 5.A.4(b), the O7([Ch]+)-O2(PCM) 

RDFs exhibit a relatively stronger and sharp first peak. Figure 5.A.4(c) demonstrates 

O7([Ch]+)-N3(PCM) interactions, displaying an intense first peak. These observations suggest 

the existence of potential hydrogen bonding interactions between [Ch]+ and PCM within the 

DES. The distinct peaks indicate a specific spatial arrangement, hinting at the formation of 

hydrogen bonds. In Figure 5.A.5, we can see how [Cl]- interacts with PCM in (ChCl + EG) 

DES. Figures 5.A.5(a) and 5.A.5(b) specifically show interactions with O1(PCM) and 

N3(PCM). In both cases, there are sharp and strong peaks at the beginning. These peaks suggest 

a robust interaction between [Cl]- and PCM, indicating the possible formation of hydrogen 

bonds. In Figure 5.A.6, we get a closer look at how EG interacts with PCM in (ChCl + EG) 

DES. Figure 5.A.6(a) displays the interactions between the hydroxyl oxygens of EG (O1, O9) 

and PCM (O1). Figure 5.A.6(b) shifts the focus to interactions between the carbonyl oxygen 

of PCM (O2) and the hydroxyl oxygens of EG (O1, O9). Figure 5.A.6(c) demonstrates RDFs 

between the amide nitrogen of PCM (N3) and the hydroxyl oxygens of EG (O1, O9). In each 

case, a strong, sharp peak signals a potent interaction. These findings strongly suggest the 

formation of hydrogen bonds between EG and PCM in the DES. In our exploration of the 

solubilization mechanism, understanding not only solvent-solute interactions but also solute-

solute interactions is critically important. Examining RDFs between potential H-bond sites of 

PCM molecules, as depicted in Figure 5.A.7, provides valuable insights. Figure 5.A.7(a) 

illustrates O1(PCM)-N3(PCM) RDFs with a small first peak observed only at specific 

concentrations, suggesting a limited possibility of H-bond formation through these sites. 

Similar interactions are seen in O1(PCM)-O1(PCM) RDFs (Figure 5.A.7(c)), further 

supporting the exclusion of these sites in H-bond formation. N3(PCM)-N3(PCM) RDFs 
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(Figure 5.A.7(e)) show no distinct peak, eliminating the likelihood of H-bond formation 

involving these sites. On the contrary, Figure 5.A.7(b) portraying RDFs between O2(PCM)-

N3(PCM) and Figure 5.A.7(d) depicting RDFs between O1(PCM)-O2(PCM) interactions 

exhibit sharp, strong principal peaks, indicating a robust potential for hydrogen bond formation. 

In addition to RDFs, the corresponding running coordination numbers (CNs) are depicted 

within the plots. Upon careful examination, it becomes apparent that coordination numbers 

change as the concentration increases. Interestingly, the solution with a 0.25 mole fraction of 

PCM exhibits the highest CN, regardless of the specific atoms involved in the interaction. This 

pattern mirrors the results obtained from the analysis of center-of-mass radial distribution 

functions (COM-COM RDFs). 
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Figure 5.7: Number of intermolecular H-bonds per paracetamol molecule (〈nHB〉
PCM)) for the 

reported (ChCl + EG) DES + paracetamol solutions from MD simulation at 298 K and 1 bar. 

The dashed line indicates the maximum solvent-solvent and minimum solute-solute 

interactions. 

 

In our investigation, we have calculated the number of hydrogen bonds per PCM molecule 

(〈nHB〉
PCM) in (ChCl + EG) DES, presented in Figure 5.7. To identify H-bonds, we applied the 

following geometric criteria:42,43 

(i) The distance between the donor (D) and acceptor (A) should be less than a cut-off distance, 

determined as the minimum of the corresponding RDF. 

(ii) The angle between hydrogen (H), donor (D), and acceptor (A) atoms (∠𝐻 − 𝐷 − 𝐴)  should 

be less than 30◦. 



 Chapter 5 
 

144 
 

In Figure 5.7, we can see that the 〈nHB〉
PCM undergoes non-monotonic changes with 

concentration. At lower concentrations, the maximum number of H-bonds forms with [Cl]- and 

EG. However, at higher concentrations, PCM-PCM H-bonds notably increase. An intriguing 

inflection point emerges at XPCM=0.25, where the maximum number of solute-solvent and the 

minimum number of solute-solute H-bonds occur. Remarkably, this specific solution aligns 

with our earlier discussions, identifying it as the point of highest solubility.  

Next, we perform a similar analysis for PCM in (ChCl + PG) DES. The RDFs involving 

possible H-bond sites of PCM in (ChCl + PG) DES are shown in Figures 5.A.8- 5.A.11. In 

Figure 5.A.8(a), the RDFs between O7([Ch]+) and O1(PCM) show a small but clear and sharp 

first peak. Moving to Figure 5.A.8(b), the O7([Ch]+)-O2(PCM) RDFs reveal a relatively 

stronger and sharp first peak. Figure 5.A.8(c) illustrates O7([Ch]+)-N3(PCM) interactions, 

displaying a robust and sharp first peak. These observations strongly suggest the presence of 

potential hydrogen bonding interactions between [Ch]+ and PCM in the DES. In Figure 5.A.9, 

we examine how [Cl]- interacts with PCM in (ChCl + PG) DES. Specifically, Figures 5.A.9(a) 

and 5.A.9(b) show interactions with N3(PCM) and O1(PCM), respectively. In both cases, there 

are sharp and strong peaks at the beginning, suggesting a robust interaction between [Cl]- and 

PCM and indicating possible hydrogen bond formation. Moving on to Figure 5.A.10, we focus 

on how PG interacts with PCM in (ChCl + PG) DES. Figure 5.A.10(a) displays interactions 

between the hydroxyl oxygens of PG (O4, O5) and PCM (O1). Figure 5.A.10(b) shifts the 

focus to interactions between the carbonyl oxygen of PCM (O2) and the hydroxyl oxygens of 

PG (O4, O5). Figure 5.A.10(c) demonstrates RDFs between the amide nitrogen of PCM (N3) 

and the hydroxyl oxygens of PG (O4, O5). In each case, a strong, sharp peak signals a potent 

interaction, strongly suggesting the formation of hydrogen bonds between PG and PCM in the 

DES. Examining RDFs between potential H-bond sites of PCM molecules, as depicted in 

Figure 5.A.11, provides valuable insights. Figure 5.A.11(a) illustrates O1(PCM)-N3(PCM) 

RDFs with a small first peak observed only at specific concentrations, suggesting a limited 

possibility of H-bond formation through these sites. Similar interactions are seen in O1(PCM)-

O1(PCM) RDFs (Figure 5.A.11(c)), further supporting the exclusion of these sites in H-bond 

formation. N3(PCM)-N3(PCM) RDFs (Figure 5.A.11(e)) show no distinct peak, eliminating 

the likelihood of H-bond formation involving these sites. On the contrary, Figure 5.A.11(b) 

portraying RDFs between O2(PCM)-N3(PCM) and Figure 5.A.11(d) depicting RDFs between 

O1(PCM)-O2(PCM) interactions exhibit sharp, strong principal peaks, indicating a robust 

potential for hydrogen bond formation. One thing to note here is that the H-bond site-site RDFs 
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for (ChCl + EG) and (ChCl + PG) behaves more or less similar indicating presence of same 

type H-bonds in both DESs. Similar to (ChCl + EG), the coordination number analysis in (ChCl 

+ PG) DES reveals the maximum coordination number at XPCM=0.35 which perfectly aligns 

with our previous observations.  

 

Figure 5.8: Number of intermolecular H-bonds per paracetamol molecule (〈nHB〉
PCM)) for the 

reported (ChCl + PG) DES + paracetamol solutions from MD simulation at 298 K and 1 bar. 

The dashed line indicates the maximum solvent-solvent and minimum solute-solute 

interactions. 

Using the geometric criteria, we have calculated the number of intermolecular H-bonds per 

paracetamol molecule (〈nHB〉
PCM)) in (ChCl + PG) DES, as shown in Figure 5.8. Like (ChCl 

+ EG), here also a non-monotonic change with concentration is observed. The inflection point 

is found at XPCM=0.35. Note that, this particular solution corresponds with our earlier 

discussions, pinpointing it as the maximum solubility point. 



 Chapter 5 
 

146 
 

Therefore, this comprehensive analysis illustrates the fundamental role of hydrogen bonding 

in dictating the solubility of PCM within these DESs. The interplay between solvent-solute and 

solute-solute interactions, primarily governed by hydrogen bonding, intricately regulates the 

solubilization process. This correlates with the broader understanding that hydrogen bonds, 

with their distinctive spatial arrangements and strengths, act as molecular bridges crucial for 

the efficient dissolution of PCM in these DESs. This finding may play a pivotal role in 

designing solvents for drug solubilization. 

5.3.4 Non-polar interactions 

In addition to hydrogen bonding, non-polar interactions emerge as pivotal factors influencing 

drug solubility in DESs. The substantial increase in paracetamol solubility, approximately 15 

times higher in DESs [(287 mg/mL in (ChCl + EG) and 324 mg/mL in (ChCl + PG)] compared 

to water (20 mg/mL), indicates the potential role of non-polar interactions, especially 

considering the large non-polar group present in PCM molecules. Interestingly, (ChCl + PG) 

exhibits superior efficiency in solubilizing PCM compared to (ChCl + EG). The only difference 

between these DESs is in their hydrogen bond donor (HBD) molecules. PG has an extra methyl 

group compared to EG. We are exploring how they interact with non-polar groups. Figure 5.9 

illustrates these interactions between PCM and EG/PG, with first-shell coordination numbers 

providing insights into the population of HBD molecules around PCM. The RDF shapes 

suggest similar interaction patterns for both EG and PG, but the coordination number analysis 

reveals differences in population. Notably, the coordination numbers peak at concentrations 

identified in previous analyses, indicating that non-polar interactions, akin to hydrogen 

bonding, follow a similar trend in solubilizing PCM. A comparison between EG and PG shows 

a higher population of PG around PCM, affirming that the non-polar interactions of PG are 

stronger, leading to enhanced PCM solubility in (ChCl + PG) DES.  
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Figure 5.9: Site-site RDFs, g(r), for the reported ChCl-DES (EG/PG) + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between non-polar groups 

of paracetamol and EG/PG. Coordination numbers (CN) are shown in the inset of each graph. 

Along with PCM-HBD interactions, PCM-PCM interactions are also vital in determining the 

solubility of PCM. The RDFs corresponding to interactions between PCM molecules are 

displayed in Figure 5.10. 

 

Figure 5.10 Site-site RDFs, g(r), for the reported ChCl-DES (EG/PG) + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between non-polar groups 

of paracetamol molecules. Coordination numbers (CN) are shown in the inset of each graph. 
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In both cases, we observe broad peaks with a preceding hump, suggesting similar PCM-PCM 

interactions in both DESs. It is important to note that these non-polar interactions influence the 

aggregation of PCM molecules to some extent. Examining the coordination numbers (CNs), 

we notice that the minimum population occurs at concentrations defined for the highest 

solubility. This observation confirms that, in addition to H-bonding, non-polar interactions play 

a crucial role in determining solubility. 

 

5.4 Conclusions 

In summary, we investigated the behavior of paracetamol (PCM) in (ChCl + EG) and (ChCl + 

PG) deep eutectic solvents (DESs) to unravel the microscopic reasons that govern the 

solubilization of PCM in these media.  Concentration-dependent molecular dynamics 

simulations were carried out, and coordination numbers and H-bond metrics were monitored. 

Estimation of the solubility of PCM and subsequent comparison with experiments was a key 

focal point, considering that both solvent-solute and solute-solute structural aspects in these 

media were governed by non-polar and H-bond interactions. Interestingly, the predicted 

solubility of PCM in (ChCl + EG) DES was found to be 215 mg/mL, while the same in (ChCl 

+PG) DES was 305 mg/mL. These computed solubilities not only numerically correlate well 

with those reported in experiments (287 mg/mL and 324 mg/mL, respectively), but also 

reproduce the experimental trend with the change in the polyol identity.  This finding suggests 

that non-polar interaction plays a critical role in dictating the dissolution behavior of organic 

compounds in associating solvents, highlighting an important aspect related to pharmaceutical 

research. This, in conjunction with H-bond interactions, is pivotal for designing carrier solvents 

for drug dissolution and transport for therapeutic purposes. Importantly, these interactions 

depend on solute (here PCM) concentration, producing the solubility limit. This insight is vital 

for understanding drug dissolution in liquid media. We found that additional non-polar 

interaction is a key reason for (ChCl + PG) DES to become a better solvent for paracetamol 

than the EG counterpart, showing how a subtle balance between non-polar and H-bond 

interactions can critically influence drug dissolution. This may offer a roadmap for designing 

novel solvents tailored for effective drug solvation. 
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Appendix 5.A 

 

Table 5.A.1: Number of constituting molecules, mole fraction of paracetamol, molar 

concentration and density for different simulated DES systems. Here, N→ number of 

molecules, X→ mole fraction, C→ concentration in molarity, 𝜌→ density. Experimental 

densities44 are shown in parentheses.  

 

(ChCl + EG) DES 

N[Ch]+ N[Cl]- NHBD NPCM XPCM C/ M 𝝆/ (g cm-3) 

512 512 1024 0 0.00 0.0 1.1109 

(1.117) 

512 512 1024 128 0.20 0.9279 1.1202 

512 512 1024 170 0.25 1.1879 1.1228 

512 512 1024 219 0.30 1.4682 1.1259 

512 512 1024 276 0.35 1.7685 1.1294 

512 512 1024 341 0.40 2.0710 1.1334 

(ChCl + PG) DES 

512 512 1024 0 0.00 0.0 1.0866 

(1.0810) 

512 512 1024 128 0.20 0.8304 1.0956 

512 512 1024 170 0.25 1.0672 1.0990 

512 512 1024 219 0.30 1.3224 1.1045 

512 512 1024 276 0.35 1.5952 1.1068 

512 512 1024 341 0.40 1.8454 1.1079 
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Figure 5.A.1: Atomic representations of (a) choline cation, (b) chloride anion, (c) paracetamol, 

(d) ethylene glycol, and (e) propylene glycol molecules.  
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Figure 5.A.2: Center-of-mass (COM) radial distribution functions, g(r), for the reported (ChCl 

+ EG) DES + paracetamol solutions from MD simulation at 298 K and 1 bar. Each 

concentration is uniquely color-coded. 
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Figure 5.A.3: Center-of-mass (COM) radial distribution functions, g(r), for the reported (ChCl 

+ PG) DES + paracetamol solutions from MD simulation at 298 K and 1 bar. Each 

concentration is uniquely color-coded. 
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Figure 5.A.4: Site-site RDFs, g(r), for the reported (ChCl + EG) DES + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between [Ch]+ and PCM. 

Running coordination numbers (CN) are shown in the inset of each graph. 
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Figure 5.A.5: Site-site RDFs, g(r), for the reported (ChCl + EG) DES + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between [Cl]- and PCM. 

Running coordination numbers (CN) are shown in the inset of each graph. 
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Figure 5.A.6: Site-site RDFs, g(r), for the reported (ChCl + EG) DES + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between EG and PCM. 

Running coordination numbers (CN) are shown in the inset of each graph. 
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Figure 5.A.7: Site-site RDFs, g(r), for the reported (ChCl + EG) DES + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between PCM molecules. 

Running coordination numbers (CN) are shown in the inset of each graph. 
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Figure 5.A.8: Site-site RDFs, g(r), for the reported (ChCl + PG) DES + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between [Ch]+ and PCM. 

Running coordination numbers (CN) are shown in the inset of each graph. 
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Figure 5.A.9: Site-site RDFs, g(r), for the reported (ChCl + PG) DES + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between [Cl]- and PCM. 

Running coordination numbers (CN) are shown in the inset of each graph. 
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Figure 5.A.10: Site-site RDFs, g(r), for the reported (ChCl + PG) DES + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between PG and PCM. 

Running coordination numbers (CN) are shown in the inset of each graph. 
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Figure 5.A.11: Site-site RDFs, g(r), for the reported (ChCl + PG) DES + paracetamol solutions 

from MD simulation at 298 K and 1 bar. Results show interactions between PCM molecules. 

Running coordination numbers (CN) are shown in the inset of each graph. 
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Chapter 6 

 

Can the structural and dynamical behaviors of ChCl:EG mixtures 

provide insight into deep eutectic formation? 

 

6.1 Introduction 

Deep eutectic solvents (DESs) are a relatively new class of environmentally friendly solvents.1 

They offer an appealing alternative to ionic liquids and traditional organic solvents due to their 

eco-friendly nature, cost-effectiveness, and unique properties.2–4 They hold enormous potential 

across a wide range of applications, including metal processing, gas absorption, chemical 

synthesis, and biotransformation.5–14 

DESs are multi-component mixtures which melt at a much lower temperature than the melting 

points of individual components.1 Depending on their components, DESs are classified into 

different types.5,15 As the prefix ‘deep’ suggests, the depression in freezing point (∆𝑇𝑓) of a 

DES must be significantly greater than the ideal eutectic mixture.16 However, the definition of 

DES is neither universal nor straightforward. The best way to characterize a mixture as DES is 

to assess the corresponding solid-liquid phase diagram.17 In many cases the lack of fusion 

enthalpy data hinders the possibility of calculation of phase diagram.16 Although several 

experimental18–21 and theoretical22–26 studies reveal the importance of hydrogen bond (H-bond) 

network in lowering the melting point, the mere presence of the same does not guarantee the 

formation of DES.27  

A DES is often defined by ∆𝑇𝑓 as well as a fixed molar ratio between the components, such as, 

choline chloride (ChCl) and urea form DES at 1:2 mole ratio.28,29 Hence, the question arises 

that how rigid or significant this ratio is? What happens when the composition is slightly 

changed in either way of the fixed composition?  This is one of our motivations for this study. 

One of the most celebrated and studied DESs, reline remains liquid at ~285 K whereas the 

melting temperatures of ChCl and urea are ~575 K and ~406 K, respectively.29 However, recent 

studies report a substantially higher melting point for samples with low water content.30,31 

Many DESs proposed in the literature do not meet the criteria of either eutectic or pronounced 
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∆𝑇𝑓 or both.16 For ethaline (ChCl: ethylene glycol (EG) = 1:2) which is believed to be a DES 

with melting point of ~208 K, recent observations cast doubt on it.32–34 The eutectic 

composition is reported as at 1:4.85 molar ratio of ChCl: EG.32 The melting point of this 

mixture is ~244 K, which is only ~16 K lower than the melting point of pure EG. Therefore, it 

has been decided that ethaline (ChCl:2EG mixture) cannot be considered to be a DES as neither 

the composition nor the extent of freezing-point depression support this. Another study reports 

the eutectic composition at the mole fraction of ChCl (𝑋𝐶ℎ𝐶𝑙) lies between 0.01 to 0.02.33 Here, 

the melting temperature is ~245 K. Therefore, it is clear that the mixture of ChCl and EG is not 

a ‘deep’ eutectic one, rather simply eutectic and the eutectic composition is unanimously not 

defined yet. 

Both simulation35 and experimental32,33 studies have been performed to elucidate the 

composition effects on possible eutectic formation. The simulation study is limited to only two 

compositions (𝑋𝐶ℎ𝐶𝑙 = 0.333, 0.5).35 They primarily focused on the changes in structural 

properties. The experimental study measured the conductivity and followed dielectric 

relaxation for several mixtures with 𝑋𝐶ℎ𝐶𝑙 varying from 0.0056 to 0.3333.34 In this study, they 

did not detect any ‘magic composition’ and described the mixtures as simple binary mixtures.34 

In this context, it is crucial to study the inherent structure and dynamics of ChCl:EG mixtures 

for a rather large range of composition. It is one of the systems of immense interest due to wide 

application window, such as, metal processing,36–39 drug solubility40 etc. Experimental studies 

performed so far aimed at quantifying physicochemical properties41,42 and exploring potential 

applications,43,44 while computational investigations delved into uncovering the inherent 

interactions and their influences on molecular-level solution structures.45–48 Here, our focus is 

to perform simulation studies for a wide range of compositions, carefully observe the various 

structural and dynamical changes across the mixtures and, detect any possible anomalous 

behavior at a particular composition which might indicate formation of a  DES. 

In this study, we calculated several composition dependent structural and dynamic properties 

of the mixture, such as, densities, radial distribution functions (RDFs), coordination numbers 

(CNs), average number of hydrogen bonds per molecules or moieties, dielectric relaxation 

parameters, structural hydrogen bond relaxation functions, and viscosity coefficients (or simply 

viscosities). Our results indicate that the structural and dynamic properties of the mixture vary 

significantly with composition. We have also observed that the number of hydrogen bonds and 

the structural hydrogen bond relaxation time decrease with increasing ChCl concentration. 
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Additionally, viscosity and density of the mixtures show expected changes with the 

composition. 

 

6.2 Computational details 

Five mixtures of ChCl and EG with different concentrations, along with pure EG have been 

studied via classical molecular dynamics (MD) simulation method in GROMACS-2018.3 

package.49 Molecules were inserted into simulation boxes using PACKMOL.50 Details of 

systems can be found in Table 6.A.1. The force field parameters were generalized Amber force 

field (GAFF)-type and taken from literature.51 First, each box was energy minimized by 

steepest descent algorithm.52 Then each system was subjected to equilibration in NVT 

condition for 10 ns. The systems were further equilibrated in NPT condition for 20 ns. The 

temperature and pressure were controlled by using Nosé-Hoover thermostat53 and Parrinello-

Rahman barostat,54 respectively. The corresponding time-constants were 0.1 ps and 0.5 ps, 

respectively. The simulations were carried out at 298.15 K and 1 bar. The equilibrated structures 

are further subjected to production runs in NPT conditions for 100 ns. The trajectory files were 

saved at every 0.5 ps to calculate density, self-diffusion constants and structural properties. 

Separate runs, each spanning 100 ns in NVT condition, were performed to calculate dynamic 

properties where trajectories are saved at every 0.1 ps. Another five separate NVT runs for each 

composition were performed to calculate viscosity. In these runs the energy files were stored 

in a frequency of 5 fs. The bonds involving H were kept constraint using the LINCS algorithm. 

The long-range electrostatic interactions were modelled with PPME method. A short-range cut-

off distance of 1.2 nm was set for both van der Waals and coulombic interactions. The equations 

of motion were integrated using leap-frog algorithm with a time step of 1 fs.   

All the trajectory analyses and calculations were done using GROMACS, TRAVIS55,56 and in-

house codes. 

 

6.3 Results and discussion  

6.3.1 Thermophysical properties and force field validation 

We have calculated density, viscosity and self-diffusion coefficients for each composition. 

These properties are important because they provide valuable insights into the behavior and 
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characteristics of the deep eutectic solvent mixtures. Moreover, these properties are often used 

as good measures to check the fidelity of force field parameters. 

 

6.3.1.1 Density 

Density offers information about how closely packed the molecules are within the solvent, 

which can have implications for its overall structure and stability. We have calculated the 

density values and shown in Table 6.A.2 along with experimental results.57 The simulation and 

measured values are in close agreement and validates the efficacy of the used force field model. 

6.3.1.2 Viscosity 

Viscosity measures the resistance of the solvent to flow. We have used Green-Kubo relation to 

calculate the viscosity for both pure EG and ChCl/EG mixtures.  

The viscosity is calculated from the integration of pressure tensor autocorrelation functions at 

long time.58  

𝜂 =
𝑉

6𝑘𝐵𝑇
∑ ∫ 〈𝑃̅𝛼𝛽(𝑡). 𝑃̅𝛼𝛽(0)〉

∞

0𝛼≤𝛽 𝑑𝑡                       (6.1) 

where 𝑉, 𝑘𝐵, 𝑇 are system volume, Boltzmann constant and temperature, respectively. 𝑃̅𝛼𝛽 

indicates a modified pressure tensor. Six different types of pressure tensor elements are 

considered to improve the statistics: 𝑃̅𝑥𝑦 = 𝑃𝑥𝑦, 𝑃̅𝑦𝑧 = 𝑃𝑦𝑧, 𝑃̅𝑥𝑧 = 𝑃𝑧𝑥, 𝑃̅𝑥𝑥 = 0.5(𝑃𝑥𝑥 − 𝑃𝑦𝑦), 

𝑃̅𝑦𝑦 = 0.5(𝑃𝑦𝑦 − 𝑃𝑧𝑧), 𝑃̅𝑧𝑧 = 0.5(𝑃𝑥𝑥 − 𝑃𝑧𝑧). The calculated shear viscosities are shown in 

Figure 6.1 with experimental values.51 Time-dependent shear viscosity values are displayed in 

Figure 6.A.1. 
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Figure 6.1: Concentration-dependent simulated and experimental51 shear viscosity values at 

298 K. The solid line through simulated data points is only a guide to bare eyes. 

Figure 6.1 clearly illustrates a remarkable agreement between simulations and experiments. 

This striking agreement reinforces our confidence in the accuracy and effectiveness of the force 

field parameters we employed in our study. Another aspect to note that as the quantity of 

choline chloride (ChCl) within the solution increases, there is a discernible and noteworthy rise 

in the viscosity of the mixture.  

6.3.1.3 Self-diffusion coefficient 

The self-diffusion coefficients were determined by analyzing the mean-square displacements 

(MSDs) of the center of mass of each species through molecular dynamics simulations, 

employing the Einstein relation.59 

𝐷 =
1

6
lim
𝑡→∞

d

dt

1

𝑁
∑ 〈|𝐫𝑖(𝑡) − 𝐫𝑖(0)|

2〉𝑁
𝑖=1                                                                                   (6.2) 
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Here, 𝐫𝑖(𝑡) represents the position of the center of mass of species 𝑖 at time 𝑡, and 𝑁 denotes 

the total number of individual species in the system. We have calculated the self-diffusion 

coefficients of these components by analyzing the MSD plots in the limit of long-time. 

The diffusive regime of the MSD plots was determined by calculating the 𝛽(𝑡) parameter 

which is defined as:60 

𝛽(𝑡) =
d log〈|𝐫𝑖(𝑡)−𝐫𝑖(0)|

2〉

d log 𝑡
                                                                                                    (6.3) 

At 𝛽~1, the system is in diffusive regime and it is suitable to calculate self-diffusion coefficient 

at that region. 

The simulated MSDs along with their corresponding 𝛽(𝑡) values as a function of time for 

various ChCl/EG mixtures are shown in Figure 6.2. As the concentration rises, the movement 

of all species, regardless of their type, slows down. This decrease in translational dynamics can 

be attributed to the higher viscosity of the solutions at higher concentrations. Comparing the 

MSD values, we find that within the duration of our simulations, ethylene glycol (EG) covers 

the most distance, while [Ch]+ travels the least. 

 

 

Figure 6.2: MSD and 𝛽(𝑡) plots for (a) [Ch]+, (b) [Cl]- and (c) EG at various concentrations. 

Each composition is uniquely color-coded. 
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The self-diffusion coefficient values for components of ChCl/EG mixtures are calculated from 

MSD and shown in Table 6.1. 

Table 6.1: The calculated self-diffusion coefficient values of components of ChCl/EG mixtures 

at 298 K. The experimental61 values are shown in parentheses. 

 

ChCl:EG D (/10-11 m2/s) 

[Ch]+ [Cl]- EG 

1:2 2.93 (2.62) 3.59 4.91 (4.77) 

1:3 3.59 5.07 5.68 

1:4 4.01 5.61 6.41 

1:5 4.79 6.44 6.74 

1:6 4.93 6.80 7.17 

Pure EG   8.80 (8.34) 

 

Consistent with our observations in the MSD analysis, the diffusion coefficient values follow 

a similar trend of mobility. An interesting point worth noting is that our simulation model tends 

to slightly overestimate the diffusion coefficients, both for the ChCl:2EG mixture and pure EG 

(comparison to experimental61 values is possible for only this two compositions). However, the 

deviation in the diffusion coefficients is within a reasonable margin of error, typically lying 

below 10%. The close agreement between the experimental and simulated diffusion 

coefficients highlights the overall effectiveness of our model potential. At a particular solution, 

the diffusion coefficients follow the trend: D[Ch]+<D[Cl]-<DEG. This difference in mobility can 

be explained in terms of their charge and size. The [Ch]+ cations are relatively large and carry 

a positive charge. Their larger size can lead to slower diffusion as they experience greater 

frictional resistance while moving through the solution. Additionally, the positive charge can 

interact with negatively charged species (such as chloride ions) in the solution, further affecting 

their mobility. On the other hand, [Cl]- ions are smaller than choline cations and carry a negative 

charge. While their smaller size allows for more rapid movement through the solution, their 

negative charge can lead to interactions with positively charged species, such as choline 

cations, which can slightly hinder their diffusion. Although EG molecules are larger than 

chloride ions, they lack a net charge. Their larger size contributes to some hindrance in 



 Chapter 6 
 

171 
 

diffusion, but the absence of a charge means they do not strongly interact with other charged 

species. As a result, EG molecules exhibit relatively higher diffusion coefficients compared to 

ions.  

 

6.3.2 Liquid structure 

6.3.2.1 Radial distribution function (RDF) 

We have calculated center of mass (COM) RDFs to gain insight into how molecules are 

organized around each other at the microstructural level. Figure 6.3 shows the RDFs of center 

of mass of cation and anion whereas Figure 6.4 illustrates the arrangement of other species 

around EG.  
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Figure 6.3: Center of mass radial distribution functions (RDFs) and coordination numbers 

(CNs) are presented for both oppositely charged ions and like ions in all five systems 

(ChCl:2EG - red, ChCl:3EG - green, ChCl:4EG - blue, ChCl:5EG - pink, ChCl:6EG - orange). 

Notably, the CNs for [Ch]+-[Cl]- interaction are similar to those for [Cl]--[Ch]+. 

An inspection of these figure reveals that the peak positions remain nearly constant at all 

concentrations. However, the coordination numbers (CNs) either increase or decrease 

monotonically. This change in the number of observed molecules or ions in the solvation shells 

around a reference molecule or ion can be attributed to the increasing concentration of ions in 

the solution as ChCl is incrementally introduced. The stability of peak positions suggests that 

there is no sudden alteration in the structural arrangement of mixtures.  
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Figure 6.4: Center of mass Radial Distribution Functions (RDFs) and Coordination Numbers 

(CNs) are presented for interactions involving EG as the reference molecule in all five systems 

(ChCl:2EG - red, ChCl:3EG - green, ChCl:4EG - blue, ChCl:5EG - pink, ChCl:6EG - orange). 

In the coordination number plots of EG-[Ch]+ and EG-[Cl]- interactions the solid lines indicate 

number of ions around EG and, the dashed lines indicate number of EG around ions. 

The two strongest interactions are appeared to be involving [Cl]- anion with [Ch]+ cation and 

EG. The cation-anion interaction involves the electrostatic as well as hydrogen bonding (H-

bonding) interactions whereas EG interacts only through H-bonding. For the [Ch]+-[Ch]+ RDF 

the main peak appears at ~0.61 nm. Notably, as the ChCl content increases, the peak becomes 

more pronounced, with its height steadily rising. Additionally, there is a subtle, gradual shift in 

the peak position towards slightly longer distances. This observation can be explained by the 
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intensified interactions between [Ch]+ ions as the concentration of the solution increases. 

Conversely, the cation-anion RDF exhibits an intense primary peak at ~0.47 nm bearing the 

signature of a strong [Ch]+-[Cl]- interaction. A distinct peak at ~0.5 nm is observed for [Ch]+-

EG interactions in all concentrations. This peak reveals a preferred distance at which EG 

molecules are situated concerning cations. These findings indicate that the primary layer 

surrounding the cation consists mainly of anions, followed by EG, with the cation residing in 

the outermost layer. The anion-anion RDFs present a unique pattern with a bifurcated peak 

structure. The primary peak, located at approximately 0.7 nm, is followed by a secondary peak 

at around 0.84 nm. This dual-peak pattern suggests that anions exhibit two preferred distances 

from each other. This complexity hints at a multifaceted structural organization among anions, 

likely influenced by various factors within the solution. In contrast, the RDF between EG 

molecules showed a single peak with a maximum at about 0.5 nm. This peak highlights the 

characteristic distance at which EG molecules tend to be positioned around other EG 

molecules. This implies a specific arrangement or clustering behavior of EG molecules, 

contributing to the overall solution structure. Lastly, when examining the RDF between anions 

and EG, the peak appeared at less than 0.5 nm. This proximity suggests a close association 

between anions and EG molecules, possibly indicating a strong interaction between these 

species. We will discuss more about the liquid structure in the following two sections. 

6.3.2.2 Spatial distribution function (SDF) 

We used spatial distribution functions (SDFs) to visualize how molecules are arranged in three-

dimensional space. In our analysis, we selected one choline cation as a reference point, and 

then we displayed the distribution of the center of mass (COM) of other species (cation, anion, 

and EG) around it. Figure 6.5 shows concentration-dependent SDFs, with the [Ch]+ cation as 

the reference. In Figures 6.5(a)-(e), the concentration of the solution gradually decreases. As 

indicated by the RDF analysis, the [Cl]- anions are closest to [Ch]+, followed by EG. With 

dilution, the concentration of [Ch]+ (orange) decreases while that of EG (violet) increases. 
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Figure 6.5: Three-dimensional spatial distribution function (SDF) of center of mass of [Ch]+ 

cation (orange color), [Cl]- anion (green color), EG (violet color) about a central choline cation 

for (a) ChCl:2EG, (b) ChCl:3EG, (c) ChCl:4EG, (d) ChCl:5EG, (e) ChCl:6EG at 298.15 K. 

Corresponding isodensity values (in nm-3) are given inside parenthesis.  

6.3.2.3 Contact structure 

In our earlier analyses, we explored the interactions among the species through their center of 

mass (COM) interactions. This is useful in case of studying the overall structures. In this section 

(a) (b)

(c)
(d)

(e)

Choline (1.58)

Chloride (6.00)

EG (2.52)
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we will discuss about the site-specific atomic interactions. As H-bonding play a pivotal role in 

determining the structure and dynamics of such systems, our focus will be to investigate 

possible H-bonding interactions. Figure 6.6 represents the possible H-bond interactions 

through RDF. For [Ch]+-[Ch]+ interaction, a sharp principal peak suggests strong correlation 

between hydroxyl oxygens of [Ch]+ cation. However, with dilution, this correlation diminishes.  

 

Figure 6.6: Radial distribution functions are shown for different atom-pairs. The right axes 

indicate the coordination number corresponding to respective RDFs. Each system is defined 

by unique color-codes as: ChCl:2EG - red, ChCl:3EG - green, ChCl:4EG - blue, ChCl:5EG - 

pink, ChCl:6EG – orange. 

[Cl]- anion acts as an acceptor and shows strong interactions with hydroxyl oxygens of both 

[Ch]+ and EG. Moreover, hydroxyl oxygen of EG depicts strong interactions to form possible 

hydrogen bonds with [Ch]+ as well as with itself. The increment or decrement in CNs involving 
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these interactions are monotonic and can be explained in terms of dilution effect. Remarkably, 

throughout our comprehensive structural analyses of these mixtures, no anomalous changes 

have been detected. 

6.3.2.4 Number of hydrogen bonds 

Our structural analysis suggests presence of strong H-bonding interactions among these 

species. To get an idea about the extent of interaction, we have calculated number of H-bonds 

per [Ch]+ cation, [Cl]- anion and EG. All possible donor-acceptor combinations have been 

considered for hydrogen bond calculation. The cut-off distance is taken as the minimum of the 

corresponding RDF. The angle criterion is the angle connecting donor-hydrogen and donor-

acceptor vectors is maximum 30◦. The number of H-bonds are shown in Figure 6.7. 

 

Figure 6.7: Number of H-bonds per (a) [Ch]+ cation, (b) [Cl]- anion and (c) EG for ChCl/EG 

mixtures with varying ChCl concentration. 

Figure 6.7 demonstrates the variation of number of H-bond per species with ChCl 

concentration. For [Ch]+, maximum number of H-bonds are formed with [Cl]-. The negative 

charge of Cl]- makes it a strong acceptor species to form H-bond with hydroxyl hydrogens. The 

number [Ch]+-[Cl]- H-bonds increases gradually with addition of ChCl. This can be attributed 

to the increasing number of ions in the solutions manifests the stronger cation-anion 

interactions. On the other hand, [Ch]+-EG H-bond diminishes as cation is getting preferably 

bound to anion rather than EG. The [Ch]+-[Ch]+ H-bond interaction exists in small extent and 

nominally increase with rising ChCl concentration. The [Cl]- acts as a potent acceptor towards 

both [Ch]+ and EG to form ~1.5-2.5 H-bonds per anion. At a given concentration, both [Ch]+ 

and [Cl]- can form H-bonds in greater extent with EG than with [Cl]- and [Ch]+, respectively. 

This can be explained in terms of greater abundance of EG in the solution than counter ions. 
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Moreover, the presence of two hydroxyl groups in a EG molecule enhances its possibility to 

form H-bonds to a great extent. For the same reason, EG molecules are prone to bind with 

themselves and number of EG-EG H-bonds decreases with rising concentration indicating the 

effect of ions on the EG-EG network structure. A monotonic increase in number of H-bonds 

per EG molecule with cations and anions depicts the addition of ions incrementally favors the 

H-bonds between EG and ions.  

[Ch]+ cation and EG can act as both donor and acceptor in formation of H-bonds. Therefore, 

an in-depth analysis to find their donating and accepting probability would be helpful to assess 

their H-bonding nature. Table 6.2 provides such a detailed analysis of number of H-bonds per 

donor-acceptor pairs. 

Table 6.2: Breakdown of number of H-bonds per species into different donor-acceptor 

interactions 

 

species Donor 

site 

Acceptor 

site 

Number of H-bonds 

ChCl:6EG ChCl:5EG ChCl:4EG ChCl:3EG ChCl:2EG 

[Ch]+ HO[Ch]+ O[Ch]+ 0.026 0.031 0.035 0.04 0.048 

HO[Ch]+ [Cl]- 0.16 0.19 0.22 0.27 0.38 

HO[Ch]+ OEG 0.51 0.48 0.44 0.39 0.31 

HOEG O[Ch]+ 0.18 0.16 0.15 0.12 0.094 

[Cl]- HO[Ch]+ [Cl]- 0.16 0.19 0.22 0.27 0.38 

HOEG [Cl]- 2.16 2.10 1.92 1.50 1.37 

EG HO[Ch]+ OEG 0.085 0.096 0.11 0.13 0.16 

HOEG O[Ch]+ 0.03 0.033 0.038 0.04 0.047 

HOEG [Cl]- 0.36 0.42 0.48 0.50 0.68 

HOEG OEG 2.02 1.90 1.74 1.47 1.16 

 

Table 6.2 gives us valuable insights into how different species engage in H-bonding. Notably, 

the [Ch]+ cation does not form H-bonds as efficiently and tends to be more of an acceptor in 

these interactions. On the other hand, the [Cl]- anion excels at accepting H-bonds, showing a 

strong preference for bonding with EG over [Ch]+. Interestingly, EG plays a versatile role, 
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serving as both donor and acceptor in H-bond interactions, highlighting its dual role in 

facilitating these bonding interactions within the solution. 

6.3.3 Ion complex analysis 

In concentrated electrolyte solutions, ions tend to form complexes, which can be classified into 

contact ion pairs (CIPs), solvent separated ion pairs (SSIPs) or aggregates (AGGs) based on 

their degree of association.62 The study of such ion complexes in concentrated electrolyte 

solutions is crucial for understanding the structure and dynamics of the solution. These 

complexes directly impact the characteristics of the solution. Understanding the prevalence and 

behavior of these complexes helps elucidate the complex interplay between ions and solvent 

molecules, shedding light on the inherent structure and dynamics of such solutions. In our 

analysis, we consider [Ch]+ cations as central ions and examine the presence of counter ions, 

[Cl]-, to determine potential ion complexes. We define a spherical solvation shell around each 

[Ch]+ cation, with its radius set at the first minimum of the cation-anion radial distribution 

function (RDF). If only one [Cl]- ion is found within this shell, we classify these two ions as a 

contact ion pair (CIP). When there are multiple [Cl]- ions within the solvation shell, we identify 

it as an aggregate (AGG). If no [Cl]- ion is located within this shell, we label it as a solvent 

separated ion Pair (SSIP).  
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Figure 6.8: The fraction of different ion complexes formed by [Ch]+ cation at ChCl/EG 

solutions of various concentrations. Each type of complexes is indicated with different colors 

In Figure 6.8, we observe how the concentration affects the formation of various ion 

complexes. It is evident that a significant portion of [Ch]+ cations tend to form aggregates, 

highlighting robust cation-anion interactions. As the concentration of ions increases, the 

fraction of aggregates also rises. This may be attributed to the fact that at higher concentrations, 

there are more ions available to participate in these complex formations. On the other hand, 

CIPs are still significant but become less common with increasing ion concentration. This 

might be because as more ions enter the mix, some of them are drawn into the aggregate 

formations rather than staying in close pairs. SSIPs are quite rare and become even scarcer as 

ChCl concentration increases. This suggests that the majority of ions prefer to associate with 

one another rather than staying isolated within the solvent. Overall, these findings reveal 

important information regarding ion-association in the solutions. 

6.3.4 Dynamical properties 

In this section we will discuss the concentration-dependent dynamics of ChCl/EG mixtures. It 

is necessary to explore the dynamical aspects to gain a comprehensive idea about the 

characteristic of such systems. From diffusion analysis we have seen that the translational 
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dynamics of [Ch]+ cation, [Cl]- anion and EG are getting slower with incremental addition of 

ChCl. Now, we will focus on the hydrogen bond (H-bond) dynamics and dielectric relaxation 

spectra to elucidate the orientational dynamics happening in the solutions. 

6.3.4.1 Structural hydrogen bond relaxation functions (𝑪𝐇𝐁(𝒕)) 

Structural hydrogen bond relaxation functions (𝐶HB(𝑡)) were calculated using the following 

equation:63,64 

𝐶𝐻𝐵(𝑡) = 〈ℎ(0)ℎ(𝑡)〉 〈ℎ(0)2〉⁄                                                                                           (6.4) 

where ℎ(𝑡) indicates the presence or absence of hydrogen bond at a particular time between a 

pair of molecules: ℎ(𝑡) = 1 if there is a hydrogen bond and ℎ(𝑡) = 0 otherwise. This type of 

decay function allows the braking and making of hydrogen bonds between initial and final time 

limits. We have calculated correlation functions for both intraspecies and interspecies 

interactions. Figure 6.9 shows these correlation functions and the corresponding multi-

exponential fit parameters are summarized in Table 6.A.3. Note that [Ch]+-[Ch]+ interactions 

are not considered here as there are minimal number of hydrogen bonds between them. 

For any type of interaction, the decay of correlation functions gets faster with dilution 

elucidating the faster dynamics. The slowest two relaxation processes involve [Cl]- as acceptor. 

The H-bond relaxation between [Ch]+ and EG is faster when EG act as donor. This relaxation 

becomes slower when EG is acceptor and [Ch]+ is donor. The EG-EG H-bond relaxations are 

the fastest one. As ChCl is added to EG, the timescales are getting gradually slower. This 

incremental characteristic of timescales linearly follows the concentration dependence. Like 

our previous analyses, H-bond relaxation times also do not indicate the presence of any kind 

of anomalous composition.  
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Figure 6.9: Concentration-dependent structural H-bond relaxation functions (𝐶HB(𝑡)) for 

intermolecular H-bonding interactions for different pairs: (a) [Cl]------HO[Ch]+, (b) [Cl]------

HOEG, (c) OEG-----HO[Ch]+, (d) O[Ch]+-----HOEG, (e) OEG-----HOEG. Each composition is 

uniquely color coded. 
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6.3.4.2 Dielectric relaxation dynamics 

In addition to studying the hydrogen bonding behavior of the DES systems described earlier, 

we have also calculated the dielectric relaxation spectra (DRS) for these systems using MD 

simulation trajectories. This provides valuable insight into the dynamic behavior of the systems 

and their ability to support charge transfer. In order to compare the DRS of the DES systems 

with those of pure EG, we have also calculated the DRS for pure EG. The results of these 

calculations will be discussed in the following section. 

First, we will briefly discuss about the analysis protocol to calculate dielectric relaxation 

spectra (DRS) from MD simulation trajectory. 

The frequency-dependent dielectric function can be written as,65–74 

Σ(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
ℒ [−

𝑑

𝑑𝑡
〈𝑴𝑡𝑜𝑡(0).𝑴𝑡𝑜𝑡(𝑡)〉]                                               (6.5) 

 

The total dipole moment of the system (𝑴𝑡𝑜𝑡(𝑡)) is the resultant moment of all the molecules. 

𝑴𝑡𝑜𝑡(𝑡) = ∑ ∑ 𝑞𝑖,𝛼. 𝒓𝑖,𝛼(𝑡)𝛼𝑖                                                                        (6.6) 

where, 𝑞𝑖,𝛼 is the charge of α-th atom of i-th molecule and 𝒓𝑖,𝛼 is the position of α-th atom of 

i-th molecule. 

Therefore, 

𝑴𝑡𝑜𝑡(𝑡) = ∑ ∑ 𝑞𝑖,𝛼(𝒓𝑖,𝛼(𝑡)𝛼𝑖 − 𝒓𝑖,𝑐𝑜𝑚(𝑡)) + ∑ ∑ 𝑞𝑖,𝛼. 𝒓𝑖,𝑐𝑜𝑚(𝑡)𝛼𝑖                 (6.7) 

                                   

                        = ∑ ∑ 𝑞𝑖,𝛼(𝒓𝑖,𝛼(𝑡)𝛼𝑖 − 𝒓𝑖,𝑐𝑜𝑚(𝑡)) + ∑ 𝑞𝑖 .𝑖 𝒓𝑖,𝑐𝑜𝑚(𝑡)                         (6.8) 

 

                       = 𝑴𝐷(𝑡) +𝑴𝐽(𝑡)                                                                                (6.9) 

 

where, 𝒓𝑖,𝑐𝑜𝑚(𝑡) is the position of center-of-mass of i-th molecule and 𝑞𝑖 is the total charge of 

this molecule, and 𝑴𝐷(𝑡), 𝑴𝐽(𝑡) represent rotational and translational components of total 

dipole moment, respectively. 

For polar, uncharged molecules 𝑞𝑖 = 0 and only 𝑴𝐷(𝑡) part survives. On the other hand, only 

charged species have the 𝑴𝐽(𝑡) part.  

Now, the total correlation function can be divided into different contributions. 

 

〈𝑴𝑡𝑜𝑡(0).𝑴𝑡𝑜𝑡(𝑡)〉 = ⟨𝑴𝐷(0).𝑴𝐷(𝑡)⟩+⟨𝑴𝐽(0).𝑴𝐽(𝑡)⟩+⟨𝑴𝐷(0).𝑴𝐽(𝑡)⟩ +  ⟨𝑴𝐽(0).𝑴𝐷(𝑡)⟩ 

                                 =  𝜙𝐷𝐷(𝑡) + 𝜙𝐽𝐽(𝑡) + 𝜙𝐷𝐽(𝑡)                                                        (6.10) 
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Theoretically, ⟨𝑴𝐷(0).𝑴𝐽(𝑡)⟩ and ⟨𝑴𝐽(0).𝑴𝐷(𝑡)⟩ are equal and 𝜙𝐷𝐽(𝑡) can be written as 

𝜙𝐷𝐽(𝑡) = 2⟨𝑴𝐷(0).𝑴𝐽(𝑡)⟩. 

 

As Laplace-Fourier transform of these correlation functions form the frequency-dependent 

dielectric function (Σ(𝜔)), we perform this operation on each of the individual correlation 

functions. 

 

ℒ [−
𝑑

𝑑𝑡
𝜙𝐷𝐷(𝑡)] = 〈𝑴𝐷

2 〉 + 𝑖𝜔ℒ[〈𝑴𝐷(0).𝑴𝐷(𝑡)〉] = 〈𝑴𝐷
2 〉 + 𝑖𝜔ℒ𝐷𝐷(𝜔)                      (6.11) 

                                   

ℒ [−
𝑑

𝑑𝑡
𝜙𝐽𝐽(𝑡)] =  

𝑖

𝜔
ℒ[〈𝑱(0). 𝑱(𝑡)〉] =

𝑖

𝜔
ℒ𝐽𝐽(𝜔)                                                              (6.12) 

                                              

ℒ [−
𝑑

𝑑𝑡
𝜙𝐷𝐽(𝑡)] =  2ℒ[−〈𝑴𝑫(0). 𝑱(𝑡)〉] = −2ℒ𝐷𝐽(𝜔)                                                          (6.13) 

 
where, ℒ𝐷𝐷(𝜔) = ℒ[〈𝑴𝐷(0).𝑴𝐷(𝑡)〉], ℒ𝐽𝐽(𝜔) = ℒ[〈𝑱(0). 𝑱(𝑡)〉] and ℒ𝐷𝐽(𝜔) =

ℒ[〈𝑴𝑫(0). 𝑱(𝑡)〉]. 

 

Notice in Eq. 6.12 and Eq. 6.13, we have introduced a new term 𝑱(𝑡) in place of the 𝑴𝐽(𝑡). 

Here, 𝑱(𝑡) is the electric current and defined as: 𝑱(𝑡) =
𝑑𝑴𝐽(𝑡)

𝑑𝑡
= ∑ 𝑞𝑖 . 𝐯𝑖,𝑐𝑜𝑚 (𝑡)𝑖  where 

𝐯𝑖,𝑐𝑜𝑚 (𝑡) is the centre-of-mass velocity of molecule i. It is advantageous to use total electric 

current 𝑱, instead of 𝑴𝐽 to avoid periodic jumps of molecules.  

 

Finally, the frequency-dependent dielectric function (Σ(𝜔)) can be expressed as,65 

 

Σ(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
(〈𝑴𝐷

2 〉 + 𝑖𝜔ℒ[〈𝑴𝐷(0).𝑴𝐷(𝑡)〉] +
𝑖

𝜔
ℒ[〈𝑱(0). 𝑱(𝑡)〉] − 2ℒ[〈𝑴𝑫(0). 𝑱(𝑡)〉])  

                                                                                                                                       (6.14)    

 

To overcome the 1 𝜔⁄  divergence in the low-frequency regime, we subtract the zero-frequency 

contribution of ℒ𝐽𝐽(𝜔) and ℒ𝐽𝐽(𝜔) becomes (ℒ𝐽𝐽(𝜔) − ℒ𝐽𝐽(0)). 

 

Now this corrected frequency-dependent dielectric function (Σ0(𝜔)) can be expressed as, 

 

𝛴0(𝜔) = (𝜀𝐷𝐷(𝜔) + 𝜀𝐽𝐽(𝜔) − 2𝜀𝐷𝐽(𝜔))                                                             (6.15) 
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with  

 

𝜀𝐷𝐷(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
(⟨𝑴𝐷

2 ⟩ + 𝑖𝜔ℒ𝐷𝐷(𝜔)),                                                               (6.16) 

 

𝜀𝐽𝐽(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇

𝑖

𝜔
(ℒ𝐽𝐽(𝜔) − ℒ𝐽𝐽(0)),                                                                   (6.17) 

 

𝜀𝐷𝐽(𝜔) =
1

3𝜖0𝑉𝑘𝐵𝑇
ℒ𝐷𝐽(𝜔).                                                                                        (6.19) 

 

The formalism and equations are as per shown by Schröder et al.65 The detailed derivation of 

Eq.6.16 to Eq.6.19 can be found there.  

In this formalism the non-polarizable force field parameters are considered. Hence, the 

dielectric constant at 𝜔 → 0 is approximated as unity (𝜀∞ = 1). 

Therefore, the overall dielectric spectrum containing all the dynamic contributions as well as 

𝜀∞ can be written as, 

 

𝜀(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔) = 𝛴0(𝜔) + 1                                                                       (6.20) 

 

where, 𝜀′(𝜔) and 𝜀′′(𝜔) are the frequency-dependent real and imaginary parts, respectively, 

and the generalized static dielectric constant,  𝜀𝑠 = lim
𝜔→0

𝜀(𝜔). 
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Figure 6.9:  Composition-dependent total dipole-moment autocorrelation functions are shown 

for ChCl/EG mixtures. The open symbols represent the simulated data and solid lines going 

through them denote multi-exponential fits. 

Figure 6.9 displays composition-dependent collective dipole moment autocorrelation function 

at 298.15 K. The corresponding multiexponential fit parameters are summarized in Table 6.A.4.  

Our analysis of the concentration-dependent total dipole-moment autocorrelation function 

revealed the presence of four well-separated timescales required to accurately describe the 

correlation functions. We observed that the timescales decreased with dilution of the system. 

These findings indicate that the relaxation behavior of the system is influenced by its 

composition, with changes in the concentration of the constituent components leading to 

alterations in the dynamic properties of the system. 

Next, we look into the current-current correlation functions of these systems. The 

autocorrelation functions are presented in Figure 6.10 and corresponding fit parameters are 

summarized in Table 6.A.5. 
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Figure. 6.10: Composition-dependent total current-current autocorrelation function. The open 

symbols represent the simulated data and solid lines going through them denote fits lines. Fast 

relaxations for first 0.4 ps are shown in the inset. 

Figure 6.10 illustrates the fast-decaying nature of current-current autocorrelation functions. All 

the functions roughly decays to zero within 0.4 ps. The correlation is maximum at zero-time 

lag and show a dip at ~0.4 nm. The extent of correlation is maximum for ChCl:2EG mixture 

(most concentrated solution) and gradually decrease with dilution. Interestingly, the depth of 

the minimum at ~0.15 ps gradually decreases with dilution of the solutions. These observations 

indicate that extent of both correlation and anti-correlation mitigates with dilution due to 

presence of lesser number ions. 

We also looked at another crucial correlation function called the dipole-current correlation 

function. This function helps us to understand how molecular/ionic dipoles and electric currents 

in the solution interact. However, because these two relaxation processes happen at quite 

different timescales, the correlations between them are generally quite weak or small. Such 
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correlation functions are represented in Figure 6.11 and corresponding fit parameters are shown 

in Table 6.A.6. 

 

Figure. 6.11: Composition-dependent total current-current autocorrelation function. The open 

symbols represent the simulated data and solid lines going through them denote fits lines. An 

offset of 0.05 is used in y-axis for clear representation. 

The dipole-current cross-correlation functions reveal some interesting features. They exhibit 

two distinct peaks: one sharp peak around 0.05 ps and a broader peak at approximately 0.2 ps. 

Initially, at zero-time lag, there is no correlation between the dipole moment and current. As 

time progresses, we see the emergence of correlation, resulting in the sharp peak around 0.05 

ps. This peak indicates that there is a strong connection between changes in the dipole moment 

and adjustments in the current distribution, happening quite rapidly. However, as we move 

beyond 0.1 ps, this initial correlation starts to fade, and another peak appears at around 0.2 ps. 

This broader peak suggests a more complex dynamic where changes in the dipole moment and 

current are still related, but with a bit of delay between them. As we wait longer, past 

approximately 0.4 ps, this correlation diminishes entirely, returning to zero.  
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Following the method discussed above we have calculated dielectric relaxation spectra for 

these ChCl/EG solution. The rotational, translational and ro-translational dielectric spectra are 

shown in Figure 6.12.  

 

Figure 6.12: Concentration-dependent real (upper panel) and imaginary (lower panel) parts of 

dielectric spectra of the ChCl/EG mixtures: rotational spectra (left), translational spectra 

(middle), ro-translational spectra (right). Translational and ro-translational components are 

quite small compared to the rotational component. 

It is clear that rotational processes play the primary role in the overall dielectric spectra, while 

translational processes make smaller but notable contributions. In contrast, ro-translational 

spectra have only minimal effects. Within the rotational spectra, the magnitude consistently 

increases with dilution, reflecting the influence of higher dielectric constant of EG. The 

timescales also get monotonously faster with dilution. Simultaneously, timescales become 

progressively faster as the solution becomes more dilute. These rotational spectra represent a 

complex interplay of contributions stemming from [Ch]+, EG, and their interactions, as 

illustrated in Figure 6.A.2. Notably, EG contributes the most, followed by [Ch]+, while their 

cross-interactions have a minor impact. This can be partly attributed to the dipole moments, 

with EG having a slightly higher value (3.1 D) than [Ch]+ (2.79 D) in our model. Additionally, 

EG has a slightly higher Kirkwood g factor than [Ch]+, (1.35 vs 1.08 at ChCl:2EG 

composition), and there are more EG than [Ch]+ in any given solution. As solutions become 

more dilute, the contribution from [Ch]+ decreases, and that of EG increases. Since these 

changes are in opposite directions, the variation in cross-interactions does not follow a 

consistent trend. Regardless of the species involved, the peaks in the dielectric loss spectrum 
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shift towards higher frequencies in diluted solutions, indicating faster dynamics. The dielectric 

dispersion and relaxation timescales for different self- and cross-interactions are shown in 

Tables 6.A.7-6.A.9. Therefore, we did not find any sudden changes in the rotational dielectric 

spectra across the compositions we studied, indicating absence of any anomalous composition. 

 The rotational dynamics of the overall dielectric spectra are summarized in Table 6.A.2. The 

slowest timescale (𝜏1) ranges from ~130-300 ps, showing an amplitude of roughly 30%. This 

timescale likely arises from the individual timescales of [Ch]+ and EG, which can be found in 

Tables 6.A.5 and 6.A.6, respectively. Upon comparison, it becomes clear that this 130-300 ps 

timescale falls between the rotational timescales of [Ch]+ and EG. Consequently, it represents 

the combined rotational motion of both [Ch]+ and EG, appearing as an intermediate timescale. 

The 𝜏2 timescale spans approximately 30-80 ps in the overall spectra. The corresponding 

timescales for [Ch]+ and EG vary between ~50-90 ps and 15-30 ps, respectively. Therefore, 

this 𝜏2 timescale is also influenced by both [Ch]+ and EG dynamics. Similarly, the other two 

timescales result from a combination of dielectric relaxations in [Ch]+ and EG molecules. The 

consistent decrease in relaxation times with increasing dilution reflects the impact of reduced 

viscosity and the prevalence of faster-relaxing EG molecules. One interesting fact to note here 

that, the 𝐶𝐻𝐵(𝑡) timescales between [Ch]+-EG and EG-EG interactions are very similar to that 

of DR timescales. This elucidates the effect of structural H-bond formation process on the 

dielectric relaxation of constituent molecules. Notably, the relaxation timescales of [Ch]+ 

cations are the slowest, followed by those of EG and their cross-interactions. This difference 

can be attributed to the larger size of [Ch]+ cations, which reorient more slowly compared to 

the smaller EG molecules. Additionally, the interactions between [Ch]+ and EG are relatively 

dynamic and short-lived. It is worth noting that the relaxation timescales of the overall 

rotational dielectric spectra fall within the range of relaxation times for both [Ch]+ and EG. 

This suggests that the resulting spectra carry the signatures of timescales associated with all 

these interactions. 

Next, we will discuss how the concentration of ions affects the translational dynamics in the 

solutions. Figure 6.12 displays the translational part of the dielectric spectra. It can be observed 

that when there are more ions in the solutions, the translational spectra become larger. The 

plateau region at low-frequency limit of real components accounts for the contribution of 

translational processes towards the static dielectric constant. In the imaginary part of the 

spectra, we can see two clear relaxation peaks. However, when the solutions become more 
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diluted, these peaks become smaller. The lower-frequency peak diminishes quite rapidly as the 

dilution progresses.  

The coupling between rotational and translational dynamics (ro-translation spectra), as 

depicted in Figure 6.12, contribute minimally to the overall spectra compared to their individual 

rotational and translational counterparts. Interestingly, these spectra exhibit a non-monotonic 

pattern, unlike the rotational and translational spectra. This behavior can be explained by the 

contrasting changes observed in rotational and translational spectra. Rotational spectra 

decrease with increasing ChCl concentration, while translational spectra increase. As a result, 

their coupling interaction does not follow a linear relationship with the concentration of ChCl, 

leading to this non-monotonic trend. 

The real and the imaginary components of the frequency-dependent generalized dielectric 

function (𝜀(𝜔)), simulated at various concentrations for these ChCl/EG mixtures, are presented 

below in Figure 6.13. 

 

Figure 6.13: Concentration-dependent real (left panel) and imaginary (right panel) components 

of the generalized frequency dependent dielectric function,  𝜀(𝜔), obtained from simulations 

via Eq. 6.20 of the text.  

Note that the peak of the imaginary component shifts to lower frequency with addition of ChCl, 

whereas the zero-frequency value of the real component modulates with ChCl concentration. 

Effect of concentration is quite evident in these figures. Moreover, the addition of ChCl affects 

the DRS linearly indicating no anomalous dynamics across the studied compositions. 

The contributions of various species-specific dynamics to the overall dielectric relaxation 

spectra are summarized in Table 6.3. When ChCl is added to EG, there is a decrease in the 
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static dielectric constant primarily due to the reduction in the contribution of EG. In all 

compositions, the rotational dynamics make the most significant contribution, while the ro-

translational part has a minimal impact. In solutions ranging from ChCl:EG = 1:6 to 1:2, the 

contribution of translational part increases from ~6% to ~20% because of the additional ions. 

Even in the most concentrated solution, rotational dynamics dominate with a substantial 

contribution of around 83%. Among the rotational components, EG plays a crucial role due to 

its high abundance. Although the contribution of EG decreases from ~84% to ~57% when 

transitioning from ChCl:EG = 1:6 to 1:2, it still surpasses the rotational contribution of [Ch]+, 

which hovers at ~19%. The interaction between [Ch]+ and EG accounts for only about 5-7% 

of the total contribution, indicating different timescales for the dynamics of [Ch]+ and EG. 

Consequently, it is reasonable to conclude that rotational dynamics predominantly govern the 

overall dynamics of these mixtures.  

Table 6.3: Contributions of different mode of dynamics as well as different species to overall 

dielectric spectra 

 

ChCl:EG 𝜺𝒔
− 𝟏 

Rotational Translational Ro-

translational 

Choline EG Cross Total 

1:2 11.60 2.21 

(19.0%) 

6.57 

(56.6%) 

0.80 

(6.9%) 

9.59 

(82.7%) 

2.25 

(19.4%) 

-0.24 

(-2.1%) 

1:3 13.22 1.76 

(13.3%) 

9.07 

(68.6%) 

0.90 

(6.8%) 

11.74 

(88.8%) 

1.76 

(13.3%) 

-0.28 

(-2.1%) 

1:4 14.78 1.45 

(9.8%) 

10.91 

(73.8%) 

0.98 

(6.6%) 

13.34 

(90.2%) 

1.68 

(11.4%) 

-0.24 

(-1.6%) 

1:5 14.99 1.33 

(8.9%) 

12.01 

(80.1%) 

0.86 

(5.7%) 

14.20 

(94.7%) 

1.04 

(6.9%) 

-0.25 

(-1.7%) 

1:6 15.81 1.06 

(6.7%) 

13.29 

(84.1%) 

0.82 

(5.2%) 

15.17 

(96.0%) 

0.89 

(5.6%) 

-0.25 

(-1.6%) 

Pure EG 29.11 
 

29.11 

(100%) 

 
29.11 

(100%) 

  

*𝜀𝑠 = 𝛴0(𝜔 = 0) + 1  
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6.4 Conclusion 

In conclusion, our simulation studies on ChCl/EG mixtures across various compositions have 

provided valuable insights into the structural and dynamic behavior of these systems. Our 

primary objective was to detect anomalous behavior, particularly indicative of possible deep 

eutectic solvent (DES) formation, by carefully observing changes at different compositions. 

We specifically investigated molar ratios of 1:2, 1:3, 1:4, 1:5, and 1:6. 

Analyzing a multitude of structural and dynamic properties, including RDF, CN, hydrogen 

bonds, dielectric relaxation parameters, and viscosity, revealed a composition-dependent 

variation in the mixture properties. Notably, the number of hydrogen bonds decreased and 

structural hydrogen bond relaxation time increased with increasing composition, while 

viscosity and density exhibited an increment. The detailed analysis of individual properties 

provided further insights. Viscosity showed a consistent increase from the 1:6 mixture to the 

1:2 mixture, indicating a concentration-dependent influence. Self-diffusion coefficients 

reflected that Ch+ ions exhibited slower diffusion compared to EG, and diffusion coefficients 

decreased with increasing mixture concentration. The examination of hydrogen bond 

formations unveiled distinct patterns, with [Ch]+-[Cl]- interactions increasing gradually with 

ChCl addition, reflecting stronger cation-anion associations. Meanwhile, [Ch]+-EG hydrogen 

bonds diminished, emphasizing the preference of [Ch]+ for anion binding over EG. Analysis of 

ion complexes highlighted the prevalence of aggregates, suggesting robust cation-anion 

interactions that intensified with higher concentrations. Dynamical properties, including 

structural hydrogen bond correlation and dielectric relaxation dynamics, were investigated. 

While H-bond relaxation times showed faster dynamics with dilution, dielectric spectra 

displayed changes in timescales and interaction strengths. Notably, rotational dynamics were 

found to govern overall dynamics, with EG playing a crucial role. The translational dynamics, 

captured in real and imaginary parts of dielectric spectra, reflected the intricate interplay 

between ions and EG. Interestingly, ro-translation spectra exhibited a non-monotonic pattern, 

deviating from the linear trends observed in rotational and translational spectra. 

In summary, our comprehensive study sheds light on the intricate interplay of structural and 

dynamic properties in ChCl:EG mixtures. The concentration-dependent variations observed 

provide a nuanced understanding of these systems, paving the way for future investigations 

into the behavior of deep eutectic solvents in similar contexts. 
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Appendix 6.A 

 

Table 6.A.1: Number of choline ([Ch]+), chloride ([Cl]-) and ethylene glycol (EG) molecules 

in each mixture. 

 

𝐂𝐡𝐂𝐥: 𝐄𝐆 𝐍𝐂𝐡+  𝐍𝐂𝒍−  𝐍𝐄𝐆 𝑿𝐂𝐡𝐂𝐥 𝒄/M 

1:2 250 250 500 0.333 4.193 

1:3 200 200 600 0.250 3.411 

1:4 175 175 700 0.200 2.869 

1:5 150 150 750 0.167 2.473 

1:6 125 125 750 0.143 2.172 

Pure EG 0 0 1000 0  

 

Table 6.A.2: Density comparison between simulation and experiment. 

 

𝐂𝐡𝐂𝐥: 𝐄𝐆 Density (g/cm3) 

Sim Exp % Deviation 

1:2 1.11391 1.11646 0.23 

1:3 1.11172 1.11500 0.29 

1:4 1.1138 1.11474 0.08 

1:5 1.1103 1.11344 0.28 

1:6 1.10744 1.11364 0.56 

Pure EG 1.10574 1.10985 0.37 
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Figure 6.A.1: Time evolution of simulated shear viscosity for ChCl/EG mixtures at different 

compositions as well as for pure EG at 298 K. Each system is uniquely color-coded. 
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Table 6.A.3: Multiexponential parameters (𝑓𝐷𝐷(𝑡) = ∑ 𝐴𝑘𝑒
−𝑡

𝜏𝑘⁄
𝑘 ) to fit structural hydrogen 

bond relaxation functions. 

 

ChCl:EG A1 𝝉𝟏 

(ps) 

A2 𝝉𝟐 

(ps) 

A3 𝝉𝟑 

(ps) 

A4 𝝉𝟒 

(ps) 

A5 𝝉𝟓 

(ps) 

〈𝝉〉 
(ps) 

[Cl]------HO[Ch]+ 

1:2 0.15 1665 0.56 215 0.16 48 0.06 6 0.07 0.16 378 

1:3 0.13 1397 0.47 198 0.25 81 0.08 11 0.07 0.24 296 

1:4 0.15 900 0.56 157 0.13 58 0.08 10 0.08 0.25 231 

1:5 0.11 974 0.58 167 0.17 46 0.06 6 0.08 0.17 212 

1:6 0.16 707 0.66 112 0.08 15 0.04 2 0.06 0.10 188 

[Cl]------HOEG 

1:2 0.15 1851 0.34 183 0.28 58 0.09 7 0.14 0.13 357 

1:3 0.16 1313 0.33 149 0.29 52 0.09 7 0.13 0.13 275 

1:4 0.16 1109 0.31 126 0.29 55 0.09 7 0.15 0.14 233 

1:5 0.17 938 0.40 108 0.22 39 0.08 5 0.13 0.12 213 

1:6 0.17 934 0.48 91 0.15 26 0.07 3 0.12 0.10 206 

OEG-----HO[Ch]+ 

1:2     0.25 238 0.46 58 0.15 9 0.14 0.31 88 

1:3     0.26 194 0.48 47 0.13 6 0.13 0.23 74 

1:4     0.25 187 0.52 44 0.11 5 0.12 0.20 70 

1:5     0.25 170 0.51 45 0.12 6 0.12 0.21 66 

1:6     0.25 162 0.52 42 0.11 5 0.12 0.19 63 

O[Ch]+-----HOEG 

1:2   0.09 190 0.39 38 0.20 6 0.32 0.1 33 

1:3   0.09 155 0.42 31 0.18 4 0.31 0.1 27.7 

1:4   0.10 156 0.42 30 0.18 4 0.30 0.1 29 

1:5   0.10 149 0.43 30 0.18 4 0.29 0.1 28.5 

1:6   0.10 152 0.46 28 0.17 3 0.27 0.1 28.1 

OEG-----HOEG 

1:2     0.22 124 0.38 27 0.16 4 0.24 0.1 38 

1:3     0.22 103 0.40 24 0.14 3 0.24 0.1 33 

1:4     0.20 101 0.41 24 0.15 3 0.24 0.1 30 

1:5     0.20 98 0.42 23 0.14 3 0.24 0.1 30 

1:6     0.20 93 0.42 22 0.15 3 0.23 0.1 28 

Pure EG     0.18 78 0.47 19 0.13 3 0.22 0.1 23 
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Table 6.A.4: Multiexponential fit parameters (𝑓𝐷𝐷(𝑡) = ∑ 𝐴𝑘𝑒
−𝑡

𝜏𝑘⁄
𝑘 ) to fit simulated data 

presented in Figure 6.9. 

ChCl:EG A1 𝝉𝟏 

(ps) 

A2 𝝉𝟐 

(ps) 

A3 𝝉𝟑 

(ps) 

A4 𝝉𝟒 

(ps) 

〈𝝉〉 
(ps) 

1:2 0.28 281 0.35 79 0.24 16 0.13 0.32 110 

1:3 0.28 200 0.44 54 0.17 10 0.11 0.29 81 

1:4 0.28 194 0.56 38 0.09 2.4 0.07 0.11 76 

1:5 0.26 138 0.52 42 0.13 6 0.09 0.20 58 

1:6 0.30 130 0.56 30 0.07 1.9 0.07 0.10 56 

 

Table 6.A.5: Fit parameters for current-current autocorrelation functions obtained by using a 

fit function (𝑓𝐽𝐽(𝑡) = ∑ 𝐴𝑘 cos(𝜔𝑘. 𝑡 + 𝛿𝑘) exp (−𝑡/𝜏𝑘)𝑘 ). Values are shown for ChCl/EG 

solutions at various concentrations. 

ChCl:EG A1 τ1 ω1 δ1 A2 τ2 ω2 δ2 A3 τ3 

1:2 64.5073 0.0862 22.1315 -0.520 56.202 0.127 1.2400 1.7032 -0.0555 3.166 

1:3 47.9857 0.0827 22.729 -0.599 57.464 0.119 1.8284 1.5837 -0.0498 2.836 

1:4 42.3108 0.0790 23.2527 -0.657 62.308 0.115 1.9671 1.5313 -0.0766 2.338 

1:5 36.4771 0.0767 23.2789 -0.700 54.445 0.12 1.7944 1.535 -0.0514 1.822 

1:6 26.117 0.0759 24.6962 -0.798 56.201 0.109 2.4153 1.439 -0.0662 1.431 

 

Table 6.A.6: Fit parameters for dipole-current cross-correlation functions obtained by using a 

fit function (𝑓𝐷𝐽 = ∑ 𝐴𝑘𝑡
𝛾𝑘−1exp (−𝑡/𝜏𝑘)𝑘 ). Values are shown for ChCl/EG solutions at 

various concentrations. 

System A1 τ1 γ1 A2 τ2 γ2 A3 τ3 γ3 

1:2 4.732e9 0.021 9.954 1.949e7 0.009 5.448 0.038 0.64 2.004 

1:3 3.462e9 0.022 9.927 2.133e7 0.009 5.517 0.039 0.66 1.6 

1:4 2.848e9 0.022 9.959 6.514e8 0.008 6.375 0.033 0.70 1.241 

1:5 5.277e9 0.024 9.389 8.339e7 0.008 5.905 0.044 0.70 1.703 

1:6 6.571e8 0.024 9.622 6.602e7 0.009 6.029 0.046 0.54 1.067 
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Figure 6.A.2: Contributions of [Ch]+ cation, EG and their cross interactions to the total 

rotational dielectric spectra for various ChCl/EG mixtures. 
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Table 6.A.7: Dispersion coefficients (∆𝜀𝑖) and relaxation times (𝜏𝑖) of rotational dielectric 

spectra of [Ch]+ at various ChCl/EG solutions. 

 

ChCl:EG ∆𝜺𝟏 𝝉𝟏 

(ps) 

∆𝜺𝟐 𝝉𝟐 

(ps) 

∆𝜺𝟑 𝝉𝟑 

(ps) 

∆𝜺𝟒 𝝉𝟒 

(ps) 
𝜺𝒓𝒐𝒕
[𝑪𝒉]+

 

1:2 1.08 389 0.75 87 0.18 5.7 0.20 0.2 2.21 

1:3 0.77 334 0.65 90 0.19 8 0.14 0.2 1.76 

1:4 0.65 321 0.58 74 0.15 3.2 0.07 0.1 1.45 

1:5 0.72 293 0.37 80 0.13 2.4 0.11 0.3 1.33 

1:6 0.61 224 0.27 48 0.08 9.3 0.10 0.2 1.06 

 

Table 6.A.8: Dispersion coefficients (∆𝜀𝑖) and relaxation times (𝜏𝑖) of rotational dielectric 

spectra of EG at various ChCl/EG solutions. 

 

ChCl:EG ∆𝜺𝟏 𝝉𝟏 

(ps) 

∆𝜺𝟐 𝝉𝟐 

(ps) 

∆𝜺𝟑 𝝉𝟑 

(ps) 

∆𝜺𝟒 𝝉𝟒 

(ps) 

𝜺𝒓𝒐𝒕
𝑬𝑮  

1:2 2.63 181 2.56 30 0.66 3.7 0.72 0.2 6.57 

1:3 4.35 120 3.08 25 0.82 3.2 0.82 0.1 9.07 

1:4 4.91 114 4.25 25 0.87 2.2 0.87 0.1 10.91 

1:5 5.52 86 4.20 27 1.20 4.4 1.08 0.2 12.01 

1:6 7.58 75 4.12 15 0.80 1 0.80 0.1 13.29 

Pure EG 25.03 42 
  

2.33 5.4 1.75 0.1 29.11 

 

Table 6.A.9: Dispersion coefficients (∆𝜀𝑖) and relaxation times (𝜏𝑖) of rotational dielectric 

spectra of [Ch]+-EG cross-interactions at various ChCl/EG solutions. 

 

ChCl:EG ∆𝜺𝟏 𝝉𝟏 

(ps) 

∆𝜺𝟐 𝝉𝟐 

(ps) 

∆𝜺𝟑 ∆𝜺𝟏 𝜺𝒓𝒐𝒕
[𝑪𝒉]+−𝑬𝑮

 

1:2 0.61 53 0.14 10.2 0.06 0.4 0.80 

1:3 0.83 40 
  

0.07 0.9 0.90 

1:4 0.95 44 
  

0.03 0.2 0.98 

1:5 0.79 46 
  

0.07 0.8 0.86 

1:6 0.78 39 
  

0.04 0.3 0.82 
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Chapter 7 

 

Structure and dynamics of a glucose-based cryoprotectant 

mixture: A computer simulation study 

 

7.1 Introduction  

Enduring in harsh environmental conditions like extreme low temperature and humidity 

requires special designing and adaptation of living cells 1–6. To prevent cell damage, plants and 

animals in such conditions synthesize antifreeze chemicals, like sugars 7–9 and polyols 10,11. 

These compounds help to keep the function of cells intact. This process is known as 

cryopreservation and these compounds are known as cryoprotectants 12–17. The main function 

of cryoprotectants is to protect cells from icing of water 9,10. Cryoprotectants are usually poly-

hydroxy alcohols or sugars and can form strong hydrogen bond (H-bond) networks. In this 

process it replaces biological water molecules from cell and get bound itself to biomolecules 

18,19. In other words, it may break the tetrahedral network of water and prevent from being 

frozen to ice 20. Cryoprotectants or cryoprotective agents (CPA) breaks the H-bond network of 

water outside cell which is known as ‘extracellular fluid’ and eventually inhibit crystallization 

of water 21. Cryoprotectants also function inside a cell via preferential hydration of 

biomolecules and are known as intracellular CPA 22–24.  

 

 Glucose is a common cryoprotectant which is readily used in cryopreservation of 

biological moieties 25–27. It has six sites for efficient H-bonding, and also easily available in 

nature. Ethylene glycol (EG) is a dihydroxy alcohol, and has been effectively used in various 

fields of cryogenic preservation 28–31. Binary, or ternary mixtures of cryoprotectants may show 

better efficiency in cryopreservation than one single CPA.  Several examples in this regard are 

glucose/glycerol 32, trehalose/glycerol 33, trehalose/ethylene glycol 34, glucose/ethylene glycol 

35, sucrose/ethylene glycol 36 and ethylene glycol/dimethyl sulfoxide 37. 

 

Among these mixtures we have taken the glucose/ethylene glycol system for investigation. 

One component of the mixture, glucose, is a nonpermeable CPA, that is, it cannot go beyond 

cell membrane and act as extracellular CPA 7,9. EG, on the other hand, can diffuse through the 

cell membrane and, functions in both intra- and extracellular regions 36. Therefore, their 
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mixture can work in both sides of a cell membrane. The efficiency and activity of this mixture 

can be regulated by varying CPA concentrations. Potential usage of glucose/ethylene glycol 

mixtures have been reported by a few earlier studies 35,38–40. These works were focused on the 

CPA-biomolecule interactions. However, the inherent interspecies, and intraspecies 

interactions and dynamics of glucose/EG system were not explored.  In the study reported here, 

we have followed the intra- and inter-species interactions present in the glucose/EG system by 

probing the solution structural aspects, and then monitored relaxation properties that were 

governed by these complex interactions. In this study, we explore the structure, and dynamics 

of this binary mixture using molecular dynamics (MD) simulations. Extensive analyses are 

done to attain comprehensive idea about the effect of concentration on the structure, and 

dynamics of the binary mixtures. MD simulations have been performed at 298.15 K with five 

different systems containing 0, 10, 20, 30, and 40 wt% of glucose. Experiments were carried 

out at 298±1 K to measure density and viscosity of these systems.  

 

7.2  Methods and materials  

 

7.2.1 Computational details  

7.2.1.1 Methods and relevant equations 

Molecular dynamics simulation results presented here were obtained from simulations 

performed by using GROMACS-2018.3 package 41 and classical coarse-grained interaction 

potentials. Four glucose solutions in ethylene glycol with varying glucose concentrations were 

considered along with one neat ethylene glycol system. The weight percentages of glucose in 

solutions were taken as 10, 20, 30, 40. Details of the simulation boxes are provided in Table 

7.A.1 of Appendix 7.A. Glucose and EG molecules were arranged in cubic simulation boxes 

using PACKMOL software 42. After energy minimization, systems were first equilibrated in 

NVT ensemble for 5 ns. Next, equilibrations of 20 ns were carried out employing NPT 

ensemble. Temperature and pressure were maintained as 298.15 K and 1 bar using Nose-

Hoover thermostat 43,44 and Parrinello-Rahman barostat 45,46, respectively. For each system, a 

production run of 200 ns was performed and trajectories saved for analysis. Generalized Amber 

Force Field (GAFF) parameters 47,48 were used to model the bonded and non-bonded 

interactions between molecules. Functional form of the model potential is as follows: 
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𝐸 = 𝐸𝑏𝑜𝑛𝑑𝑠 + 𝐸𝑎𝑛𝑔𝑙𝑒𝑠 + 𝐸𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠 + 𝐸𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 

     = ∑ 𝐾𝑟(𝑟 − 𝑟𝑒𝑞)
2

𝑏𝑜𝑛𝑑𝑠 + ∑ 𝐾𝜃(𝜃 − 𝜃𝑒𝑞)
2

𝑎𝑛𝑔𝑙𝑒𝑠 + ∑ 𝐾𝜙(1 + cos(𝑛𝜙 − 𝜙𝑠))𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠  

            +∑∑ 4𝜖𝑖𝑗   
𝜎𝑖𝑗

𝑟𝑖𝑗
 

12

−  
𝜎𝑖𝑗

𝑟𝑖𝑗
 

6

 +
𝑞𝑖𝑞𝑗

4𝜋𝜖0𝑟𝑖𝑗
 

𝑁

𝑗>𝑖

𝑁−1

𝑖=1

                                                 (7.1) 

 

In Eq. 7.1, 𝐾𝑟 and 𝐾𝜃 are force constants for bond stretching and angle bending, respectively. 

𝜙 denotes torsional angle with Fourier coefficient 𝐾𝜙, multiplicity 𝑛 and phase angle 𝜙𝑠. 

Position and charge of an atom are described by 𝑟, and 𝑞, respectively. The van der Waals 

parameters are described by 𝜎 and 𝜀.Note that the non-bonded and electrostatic interactions 

were represented by the Lennard-Jones (LJ) potential and the Coulomb equation, respectively. 

The short-range cut-off distance was fixed at 1 nm and the Particle Mesh Ewald (PME) method 

was used for the Coulomb-type interactions. Leapfrog algorithm with a time step of 1 fs was 

used to solve equations of motion. Linear Constraint Solver (LINCS) 49 algorithm was used to 

constrain the bonds involving hydrogens.  

        Spatial correlations were followed via calculating the radial distribution functions (RDFs), 

𝑔𝐴−𝐵(𝑟): 

𝑔𝐴−𝐵(𝑟) =
〈𝜌𝐵(𝑟)〉

𝜌𝐵
𝑎𝑣𝑒 =

1

𝑁𝐴𝜌𝐵
𝑎𝑣𝑒∑ ∑

𝜕(𝑟𝑖𝑗−𝑟)

4𝜋𝑟2
𝑁𝐵
𝑖∈𝐵

𝑁𝐴
𝑖∈𝐴 ,                                                           (7.2) 

where  〈𝜌𝐵(𝑟)〉 indicates density of B type particles around A type at a distance r and 𝜌𝐵
𝑎𝑣𝑒 is 

the average number density of B type particles.  

 From the simulated RDF, the static structure factor (𝑆(𝑞)) was obtained by using the 

following formula:50–52 

𝑆(𝑞) =
𝜌∑ ∑ 𝑥𝑖

𝑁
𝑗 𝑥𝑗𝑓𝑖(𝑞)𝑓𝑗(𝑞) ∫ 4𝜋𝑟2[𝑔(𝑟)−1]

sin𝑞𝑟

𝑞𝑟
𝜔(𝑟)𝑑𝑟

𝐿
2⁄

0
𝑁
𝑖

[∑ 𝑥𝑖𝑓𝑖(𝑞)
𝑁
𝑖 ][∑ 𝑥𝑗𝑓𝑗(𝑞)

𝑁
𝑗 ]

                                                  (7.3) 

In Eq. 7.3, 𝜌 is the total number density, x and f are mole fraction and X-ray atomic form factor, 

respectively 53. L, and V are the length and volume of the simulation box, respectively. Lorch-

window function (𝜔(𝑟) = sin (2𝜋𝑟 𝐿)⁄ (2𝜋𝑟/𝐿)⁄ ) 54,55 was used to reduce initial noise. This 

function could be directly compared to experimentally measured X-ray scattering function. 
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 From equilibrium simulation trajectory, shear viscosity (𝜂) was calculated by using the 

Green-Kubo relation 56. 

𝜂 =
𝑉

𝑘𝐵𝑇
∫ 𝑑𝑡〈𝑃𝛼𝛽(0)𝑃𝛼𝛽(𝑡)〉
∞

0
                                                                                                          (7.4) 

In the above equation, V, kB, and T are box volume, Boltzmann constant, and temperature, 

respectively. 𝑃𝛼𝛽 denotes cross-diagonal elements of pressure tensor. 

 The translational dynamics of different species was characterized by calculating the 

mean square displacements (MSDs) from the simulated trajectories. The self-diffusion 

coefficients were obtained from the Einstein relation 57 

D =
1

6
lim
𝑡→∞

𝑑

𝑑𝑡
〈|𝒓𝑖(𝑡) − 𝒓𝑖(0)|

2〉                                                                                                        (7.5) 

where D, and ri denote self-diffusion coefficient, and position of center-of-mass (COM) of ith 

molecule, respectively. The angular bracket denotes ensemble average over all molecules. The 

self-diffusion coefficients were calculated from the diffusive regime of the respective MSDs, 

where the diffusive regime was defined by  𝛽(𝑡) =1 where 

𝛽(𝑡) =
𝑑𝑙𝑜𝑔〈|𝒓𝑖(𝑡)−𝒓𝑖(0)|

2〉

𝑑𝑙𝑜𝑔(𝑡)
.                                                                                                                      (7.6) 

Structural H-bond autocorrelation function, (𝐶𝐻𝐵(𝑡)), was calculated by using the formula 58,59 

𝐶𝐻𝐵(𝑡) = 〈ℎ(0)ℎ(𝑡)〉 〈ℎ(0)2〉⁄                                                                                                              (7.7) 

where h(t) is a variable which denote presence or absence of H-bonds between to moieties. If 

one particular H-bond exists at t=0 and at time t then h(t)=1 otherwise h(t)=0. However, 

breaking of the H-bond in the meantime is not considered here. The commonly used geometric 

criteria was used to define a H-bond. 

(i) 𝑟DA ≤ 𝑟DA
𝑐 ,  

(ii) 𝑟HA ≤ 𝑟HA
𝑐 ,  

(iii) ∠HDA ≤ 30° (intermolecular), and ∠HDA ≤ 60° (intramolecular). 

where H, D, A denote to hydrogen, donor, and acceptor, respectively. The cutoff distance (𝑟𝑐) 

is set as the first minimum of the corresponding RDFs.  

 Reorientational dynamics of molecules were investigated by analyzing the decay of the 

reorientational time correlation functions (𝐶1(𝑡))
60: 
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𝐶1(𝑡) = 〈𝑃1|𝒖(0). 𝒖(𝑡)|〉 〈𝑃1|𝒖(0). 𝒖(0)|〉⁄                                                          (7.8) 

In eq. (8) 𝒖 denotes the backbone vector of a molecule and P1 the first-order Legendre 

polynomial. We will discuss the detailed methods later. 

 Molecular representations were generated in UCSF Chimera, 61 and TRAVIS 62,63. 

All analyses were performed using in-house codes, and TRAVIS 62–66.  

 

7.2.1.2 Validation of the model interaction potential 

In this work, structural and dynamical aspects of EG-glucose cryoprotective agent (CPA) were 

investigated. Starting from pure EG, glucose was gradually added to EG to form binary mixture 

solutions with glucose weight percentages (0%, 10%, 20%, 30%, and 40%). The atomic 

representations of EG, and glucose are shown in Figure 7.A.1 of Appendix 7.A. First, we will 

discuss a few structural and dynamical properties of neat EG, and compare our results with the 

available data.  

Several studies have reported the presence of dominant gauche isomer (~80%) in liquid 

ethylene glycol compared to trans isomer (20%) 67–70. We have calculated dihedral angle (-

OCCO-) distribution of liquid EG and defined gauche and trans isomers following a method 

described elsewhere 48. The probability of finding gauche and trans isomers in our model EG 

are as ~78%, and ~22%, respectively (see Figure 7.A.2 of Appendix 7.A). Our simulated results 

are therefore agreeing well with existing experimental and simulation data 48,67–71.  

Next, the computed static structure factor (𝑆(𝑞)) of liquid EG are compared with experimental 

results.  A good qualitative agreement between simulations and experiments therefore proves 

the efficacy of the force field model employed here. In Figure 7.A.3, a principal peak around q 

= 15.4 nm-1 (r = 0.41 nm) followed by a small hump at ~ q = 26.6 nm-1 (r = 0.24nm) can be 

noticed. In Figure 7.A.4 of Appendix 7.A, different atom-atom RDFs of liquid EG are 

presented. The C-C and C-O correlations arise at ~ 0.4 nm which is the distance where principal 

peak of  𝑆(𝑞) was observed. Hence, the major contributions to the principal peak are arising 

from C-C and C-O correlations. The small peak at ~0.24nm is mainly due to O-O interactions 

which can be visible from Figure 7.A.4(b).  

Density, viscosity, and self-diffusion coefficients were calculated and compared with 

experimental data 72–74 in Table 7.A.2. Density and diffusion coefficient values deviated less 

than 2% from the corresponding experimental data whereas the deviation for viscosity was 
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relatively more (< 20%). Considering the complexity of these systems and the approximations 

involved in representing the interactions, this deviation between experiments and simulations 

may be acceptable for developing a semi-quantitative description of these cryoprotectants.  

7.2.2 Experimental method 

D (+) Glucose (≥99.5) and ethylene glycol (≥99%) were purchased from Sigma Aldrich and 

used for preparation of sample without purification. The multi-component cryoprotectant 

mixtures were prepared by dissolving of ethylene glycol and glucose with magnetic stirring 

cum hot plate at high temperature for 2-3 hrs. The detailed procedure to preparation of the four 

experimental glucose / ethylene glycol mixtures (10, 20, 30 and 40 wt% of glucose in ethylene 

glycol) ware as follows: for 10 wt% glucose, requisite amount of glucose and ethylene glycol 

were weighed in glass container and a Teflon coated magnetic bar was entered into this glass 

container before making it airtight. The airtight glass container was heated on a magnetic stirrer 

hot plate at 343 K for 2-3 hrs at 600 rpm in an oil bath. Using the above-mentioned strategies, 

a colourless transparent solution is obtained without any solute crystal appearance. In the same 

way, 20, 30 and 40 wt% glucose solution were prepared by raising solution temperature to 348 

K, 353 K, and 363 K, respectively for 3 hrs. The prepared solutions were cooled to room 

temperature before performing density and viscosity measurements. Density (𝜌) and viscosity 

coefficient (ƞ) of experimental mixtures were measured at 298 K by using an automated 

temperature-controlled density cum sound velocity analyser (Anton Parr, model DSA 5000) 

and micro viscometer (AMVn, Anton Paar), respectively 75,76. The temperature fluctuation 

during all measurements was limited within ±1 K. 

 

7.3 Results and discussion 

7.3.1 Radial distribution functions (RDFs) 

Atom-atom, and COM-COM (center-of-mass: COM) RDFs were calculated to explore 

microscopic structures of the investigated systems. As both glucose and EG can form extensive 

H-bonds, first we checked the RDFs involving oxygen, and hydroxyl hydrogen atoms. 

Intermolecular RDFs between oxygen, and hydroxyl hydrogen atoms of EG are presented in 

Figure 7.1.  
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Figure 7.1: Intermolecular radial distribution function, for (a) O-O and (b) H-O pairs of EG 

molecules at various concentrations of glucose-EG solutions. Each system is distinctly color-

coded 

A sharp peak at short distance is observed in all these cases indicating strong characteristic H-

bonding features. For both type of RDFs, a weak second peak is also detected. Each EG 

molecule has two oxygen and two hydroxyl hydrogen atoms. The first peak is the result of H-

bonding interactions. The second peak may have originated from the interactions of the 

corresponding atoms which are not taking part in the formation of H-bonds.  

  At a first glance it may be assumed from the peak height that correlations between 

respective atoms are increasing upon addition of glucose in the solution. This interpretation 

can be misleading as peak intensity does not give the complete population picture, especially 

for multi-component mixtures. To better understand the molecular arrangements, it was 

proposed to analyze number density (ρ) times RDF (g(r)) instead of only g(r) 77–82. The 

modified plots are shown in Figure 7.2. Now, the concentration effect is vivid and with 

increasing amount of glucose in solution, EG-EG interaction diminishes. Although the peak 

intensity decreases, peak positions remain almost the same. This implies that EG-EG 

correlation is mitigated in the presence of glucose but the inherent liquid structure remains 

unaltered. The number of observed atoms in the first solvation shell of a reference atom can be 

calculated by integrating up to the first minimum of the calculated RDF. Positions of the first 

extrema and coordination numbers are listed in Table 7.A.3 (Appendix 7.A). Coordination 

numbers decrease with increasing glucose concentration, that is, population of observed atoms 

around one reference atom is gradually reduced.  
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Figure 7.2: Intermolecular radial distribution functions multiplied by number density (ρ*g(r)), 

for (a) O-O and (b) H-O atom pairs of ethylene glycol at various concentrations of glucose-EG 

solutions. Each system is distinctly color-defined.  

Now, we see how the possible H-bonding sites of glucose stack around each other. Figure 7.3 

shows the density normalized RDFs, g(r)*ρ, for the mutual interaction between oxygen, and 

hydroxyl hydrogen atoms of glucose. A sharp principal peak is observed for both cases which 

suggests presence of H-bonding interaction between the corresponding atoms. 

 

Figure 7.3: Intermolecular radial distribution multiplied by number density (g(r)*ρ) for (a) O-

O and (b) H-O atom pairs of glucose at various concentrations of glucose-EG solutions. Each 

system is uniquely color-defined 

The peak intensity increases with increasing glucose content in the system. Hence, glucose 

molecules preferentially interact with other glucose molecules and gradual addition of glucose 

favors the process. Like EG, here also the peak position does not change much. This indicates 
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similar type of correlation between glucose molecules present in these solutions. Coordination 

numbers reflect the gradual accumulation of O atoms around one reference oxygen or hydrogen 

atom (see Table 7.A.3). 

 Along with intraspecies interactions, interspecies interactions play crucial role in 

determining the solution properties. Here two types of EG-glucose interactions are considered. 

First, we monitor the arrangement of O atoms of glucose around hydroxyl hydrogen of EG, 

and then distribution of O atoms of EG in the vicinity of hydroxyl hydrogens of glucose. Figure 

7.4 shows the corresponding g(r)*ρ plots. The peak positions and coordination numbers are 

summarized in Table 7.A.4. 

 

Figure 7.4: Intermolecular radial distribution multiplied by number density (g(r)*ρ) for H-O 

atom pairs of glucose and ethylene glycol respectively at various concentrations of glucose-EG 

solutions. Each system is color-coded. 

 Concentration dependent probability distributions of finding O atoms of glucose around 

HH-type atoms EG are shown in Figure 7.4(a). The same for O atoms of EG around hydroxyl 

hydrogens of glucose are represented in Figure 7.4(b). In both the cases, the presence of intense 

first peaks depict the possibility of formation of strong H-bonds between EG and glucose. As 

the concentration increases, more O atoms of glucose are arriving in the vicinity of hydroxyl 

hydrogens of EG. In Figure 7.2(b), we have seen gradual reduction of O atom population 

around HH-hydrogens. Combining these two findings, it can be said that in the vicinity of a 

given EG molecule, other EG molecules are increasingly replaced by the added glucose 

molecules. In Figure 7.4(b) it can be observed that number of O atoms of EG around HO unit 

of glucose decreases with increasing number of glucose molecules in the solution. From Figure 

7.3(b) it is already established that incoming glucose molecules prefer to stack around another 
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glucose molecule. Therefore, in the solvation shells of HO units, O atoms of EG are substituted 

by O atoms of the added glucose molecules.  

We next discuss about how the centers-of-mass (COM) of different molecules align with each 

other. Intra and interspecies density normalized COM-COM RDFs are shown in Figure 7.5 and 

the corresponding numerical values of peak positions and coordination numbers are listed in 

Table 7.A.5. In all the cases a strong principal peak arises which is analogous to the main peaks 

obtained in atom-atom RDFs indicating the presence of H-bonds. Therefore, this peak is 

assigned as the manifestation of extensive intra and interspecies H-bonding. This peak occurs 

at a greater distance for glucose-glucose interactions compared to EG-EG interactions. This 

could be attributed to the larger size of glucose molecules.  

 

Figure 7.5: COM-COM (COM: center-of-mass) (g(r)*ρ) for (a) EG around EG, (b) glucose 

around glucose, (c) glucose around EG, and (d) EG around glucose. Results are shown for 

solutions of varying concentrations and each solution is indicated by distinct colors 

Moving from lower to higher concentrations significant variation in population distribution is 

observed. In line with our previous observations, EG-EG correlations diminish in the presence 
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of glucose molecules (Figure 7.5(a)). On the other hand, glucose molecules tend to come into 

the solvation shells of other glucose molecules, and this is visible in Figure 7.5(b). Figure 7.5(c) 

shows number of glucose molecules around EG sharply increases from 10% to 40% 

concentrations but the reverse trend is found when EG molecules are considered around 

glucose (Figure 7.5(d)).  

 From the above observations, we can infer the change in self and cross correlations 

between EG and glucose molecules with changing the glucose concentration in the solution. 

At 0% concentration, strong EG-EG interaction is observed which is mainly the result of 

extensive H-bonding network. As glucose molecules are gradually introduced into the system, 

this correlation starts to decrease. On the other hand, population of glucose molecules 

successively increases around a reference glucose molecule indicating strong affinity towards 

their own type. Incoming glucose molecules start to fill the coordination spheres around a 

reference EG molecule by replacing other EG molecules. As glucose molecules prefer glucose 

as their neighbor, number of EG molecules around a reference glucose molecule decreases with 

increasing glucose concentration. A visual representation of corresponding coordination 

numbers is shown in Figure 7.6.  

 

Figure 7.6: Coordination numbers obtained from COM-COM RDFs: (a) around EG, and (b) 

around glucose at solutions containing different wt% of glucose  

 

7.3.2 Hydrogen bond network 

From previous analyses, we have found strong signature of extensive H-bond network. One 

EG molecule has two donor and two acceptor sites whereas one glucose molecule has five 



 Chapter 7 
 

216 
 

donor and six acceptor sites. Hence, it is necessary to analyze their H-bonding ability to 

completely comprehend the structure and dynamics of these potential cryoprotectant solutions. 

Both EG, and glucose molecules are capable of forming intra as well as intermolecular H-

bonds. H-bonds are calculated as per the scheme discussed in Sec. 7.2.1. The cut-off distances 

are taken from Table 7.A.3 (the 𝑟𝑚𝑖𝑛 values). We have calculated average number of H-bonds 

per molecule for both intra and interspecies cases. Concentration dependent average number 

of H-bonds per molecule considering different types of interactions are shown in Figure 7.7. 

We have obtained average number of H-bonds per ethylene glycol molecule in pure state at 

298.15 as 3.63 which is in well-agreement with previous results 71,83–85. Change of number of 

H-bonds per EG molecule with increasing glucose concentration is shown in Figure 7.7(a): 

number of intramolecular bonds remains more or less constant but intermolecular H-bonds 

decreases from 0% to 40% solution. In structural analyses, we have seen how infiltration of 

glucose molecules weakens the EG-EG pair correlations. The glucose-induced decrease of EG-

EG H-bonds offers a possible explanation of this reduced EG-EG interactions. The 

intramolecular H-bonds are found only in gauche conformers of EG and the constant values 

depict that the ratio between the gauche and the trans isomers is not altered in the presence of 

glucose. Similar H-bonding analysis for glucose is shown in Figure 7.7(b). Here too the number 

of intramolecular H-bonds are not changing much, indicating almost no conformational change 

of glucose molecules. The number of intermolecular H-bonds increases with glucose 

concentration and so does the total number of H-bonds. Therefore, glucose molecules favorably 

bind with themselves and increased concentration leads to enhanced correlation. Again, this is 

well accordance with previously discussed microscopic arrangements of glucose molecules 

where more and more glucose molecules are coming into the solvation shells of a reference 

glucose molecule with rising glucose concentration. 
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Figure 7.7: Average number of H-bonds (<nHB>) per molecule at various concentrations of 

glucose/EG solutions: (a) H-bond between EG molecules, (b) H-bond between GL molecules, 

(c) H-bond between EG and glucose, and (d) total number of H-bonds considering all 

interactions 

 Now we will see what happens to the interspecies H-bonds as we increase the amount 

of glucose in solution. Average number of H-bonds between EG, and glucose are represented 

in Figure 7.7(c) where the orange bars indicate number of H-bonds per glucose molecule with 

EG, and green bars denote the number of H-bonds per EG molecule with glucose. The average 

number of H-bonds with glucose per EG increases from ~0.3 to ~1.1 as we move from 10% 

solution to 40% solution. Moreover, the number of H-bonds on glucose with EG decreases 

from ~7 to ~5. Hence, at a particular concentration number of H-bonds for glucose with EG is 

always greater than that for EG with glucose. This observation may be attributed to the number 

of donor and acceptor sites of the respective molecules. As mentioned earlier, EG has only two 

donor, and two acceptor sites whereas one glucose molecule contains five donor and six 

acceptor sites. Consequently, one glucose molecule always binds with a greater number of EG 

molecules than what one EG molecule can with glucose. The total number of H-bonds per 
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EG/GL molecules are shown in Figure 7.7(d). For both the molecules, the number slightly 

enhances with rising the concentration.  

 

Figure 7.8: Concentration-dependent average number of intraspecies, interspecies, and total 

H-bonds per (a) EG, and (b) glucose. The lines going through the symbols are only a guide to 

bare eyes.   

Individual contributions from inter and intraspecies H-bonding are analyzed in Figure 7.8. For 

EG molecules numbers of inter, and intraspecies H-bonds change in opposite direction 

resulting slight increment in total number of bonds from 0% to 40% solutions. As glucose 

molecules gradually invade into EG molecules, EG-EG correlations diminish and hence 

number of intraspecies bonds decrease. On the other hand, with increasing number of glucose 

molecules in the solution, one EG molecule find more glucose around itself and consequently 

number of interspecies H-bonds increase. For glucose molecules, total number of H-bonds per 

molecules enhances too but the intraspecies and interspecies interactions are completely 

opposite to that of EG. Here, intraspecies bonds increase, and interspecies bonds decrease from 

low to high concentration. All these simulated RDFs, therefore, indicate that H-bonds play a 

critical role in determining the solution structure of these cryoprotectant mixtures.  

7.3.3 Thermo-physical properties 

Density, and viscosity were obtained from both simulations, and experiments. Detailed 

procedures of measurements are provided in Sec. 7.2.2. A Comparison between the simulated 

and the experimental results then validate applicability of the force field models employed in 

the present study.  
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7.3.3.1 Density 

We have calculated density of solutions containing 0% to 40% glucose from MD simulation. 

Density values are extracted from a 25 ns simulation run in NPT condition. The simulated, and 

experimental values are displayed in Figure 7.A.5 and a monotonic increment in density is 

observed with increasing concentration. Simulated densities match excellently with 

experimentally measured values with a maximum deviation of 0.6%. 

7.3.3.2 Viscosity 

Viscosity is an important property of liquids to get idea about the dynamics of the system as it 

severely affects the movement of molecules, e.g., rotation, and translation. The methodology 

for shear viscosity calculation was briefly discussed in Sec. 7.2.1. For each system, we have 

performed five independent MD runs in NVT conditions for 5 ns. We follow the protocol for 

calculation of viscosity, described elsewhere 86. 
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Figure 7.9: Concentration-dependent shear viscosity for glucose/EG solutions at 298.15 K. 

Blue and red solid spheres denote simulated and experimentally measured viscosity values, 

respectively. The blue line going through the simulated data points is only a guide to bare eyes. 

Inset, a representative case of 20 wt% solution is displayed. the simulated data (green points) 

indicate the dynamical average value of 𝜂(𝑡) where the upper limit of the integration changes, 

error bars calculated from different simulation runs are shown in pink color, and the black line 

going through the points indicates a bi-exponential type fit to the average data points. 

 

Calculated concentration-dependent shear viscosities along with experimentally measured 

values are shown in Figure 7.9. In the inset of Figure 7.9, the convergence of simulated 

dynamical viscosity (𝜂(𝑡)) is shown. Like density, viscosity also increases with concentration. 

Simulated viscosities are quite close to those from experiments except at the highest glucose 

concentration. It's worth noting that the simulation technique tends to slightly underestimate 
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measured viscosity values. The reason for this discrepancy could be the utilization of non-

polarizable force field parameters. The structural and dynamical properties can be significantly 

affected by polarizability. Although polarizability can improve simulated results, its 

incorporation typically incurs a substantial computational expense. Hence, we chose to use 

non-polarizable force field parameters for our present study. The increase of viscosity with 

glucose concentration can be explained in terms of large solute size and the enhanced solute-

solute H-bonding interactions in such binary mixtures. 

7.3.4 Diffusion  

Following methods described in in Sec. 7.2.1, we have calculated mean-square displacements 

as well as 𝛽(𝑡). MSD, and 𝛽(𝑡) values of EG, and glucose are shown in Figures 7.A.6 and 

7.A.7, respectively. In Figure 7.A.6, MSD values of EG rapidly decreases upon addition of 

glucose in the solution. This trend is also observed in Figure 7.A.7 where the glucose molecules 

are considered. One may assume that the diffusive limit sets in when 𝛽(𝑡) ~ 1. Figure 7.10 

shows calculated self-diffusion coefficients values for EG and glucose at different 

concentrations. The numerical values and their ratio are summarized in Table 7.A.6. With 

increasing glucose concentration, the translational mobility of both EG, and glucose are 

decreased. This can be attributed to the effects of viscosity on molecular motions in condensed 

phases. It is expected that glucose molecules will move slowly due to their larger effective size, 

and extensive H-bonding network (<nHB> ~8). The ratio of self-diffusion constants of EG and 

glucose increase with increasing glucose concentration. Hence, addition of glucose molecules 

retards translational mobility of glucose to a greater extent compared to that of EG.  
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Figure 7.10: Concentration-dependent self-diffusion coefficients of EG (red), and glucose 

(green) at 298.15 K for 0-40 wt% of glucose/EG solutions. 

7.3.5  Molecular vector reorientation dynamics (𝑪𝟏(𝒕)) 

Reorientation of molecules in liquid phase is an important factor to understand inherent 

dynamics. The commonly known reorientational time correlation function of rank 1 for 

molecular vectors of EG, and glucose are calculated. For EG, the bond connecting two carbon 

atoms (C1-C2) was considered as the molecular vector. The vector connecting C2, and C5 

atoms of a glucose molecule was assigned as molecular vector for glucose (see Figure 7.A.1 of 

Appendix 7.A) The change of direction of these molecular vectors with time were tracked by 

simulating the corresponding autocorrelation functions as per the protocol discussed in Sec. 

7.2.1. Decay of these autocorrelation functions for EG, and glucose are displayed in Figure 

7.11. Multi-exponential functions of time were used to extract the corresponding amplitudes 

and timescales, and these are provided in Tables 7.A.7 and 7.A.8. Decay functions are modelled 

as combination of exponential functions as 𝐶1(𝑡) = ∑ 𝑎𝑘𝑒
−𝑡

𝜏𝑘⁄
𝑘  where ∑ 𝑎𝑘 = 1𝑘 . 
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Figure 7.11: Concentration-dependent decay of reorinetational time correlation functions, 

𝐶1(𝑡) for EG (left panel), and glucose (right panel) at different concentrations of glucose/EG 

solution. Different solutions are defined with unique colors. The solid lines going through the 

symbols represent multi-exponential fitting. The fit parameters are shown in Table 7.A.7-8 of 

Appendix 7.A. 

Effects of glucose concentration on relaxation times of EG is clearly visible from the simulated  

𝐶1(𝑡) decays represented in left panel of Figure 7.11. From Table 7.A.7 we can see that at lower 

concentrations, four timescales are required to adequately describe the behavior of correlation 

functions whereas from 20% onwards an extra slow timescale arises. Note that going from 30% 

to 40% solution, this timescale abruptly changes from ~0.7 ns to ~2.5 ns. Increase of viscosity 

increases relaxation time but the change in individual time components is not monotonic for 

all the cases studied here. From the amplitude, 𝜏2 could be considered as the main relaxation 

time. A ~40 ps timescale is observed for 0-30% solutions but it suddenly goes up to 100 ps in 

40% solutions. Moving from 0% to 40% solution, many solution parameters alter; for example, 

viscosity increases and the interspecies interaction decreases but is compensated by the 

increased intraspecies interactions. In addition, we do not know the number distribution of H-

bonds with glucose concentration. Therefore, it is not straightforward to comment on the origin 

of individual timescales. Therefore, 𝜏2 may be considered as a timescale associated with the 

rotation of those EG molecules which have similar H-bond population like that in pure EG. 

The slowest timescale, 𝜏1, may be considered as arising from the rotation of EG molecules 

which are bound to glucose. Rotation of that EG molecules which have lesser number of (EG-

EG) H-bonds may result the ~40 ps timescale. The ~10 ps timescale may arise due to partial 

rotation of EG molecules. 
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Now, we explore the rotation of glucose molecules in this solution. The concentration-

dependent correlation functions are shown in the right panel of Figure 7.11 and the 

corresponding fit parameters are summarized in Table 7.A.8. Here also the average 

reorientation time increases with glucose concentration but individual time components do not 

change monotonically. Like EG molecules, the abrupt change in the slowest timescale in 40% 

solution is also visible. These data clearly show that overall rotational dynamics of both EG, 

and glucose molecules slows down upon increasing glucose concentration, the extent of 

slowing down being sudden and high at 40%. 

7.3.6 Structural hydrogen bond autocorrelation function (𝑪𝑯𝑩(𝒕)) 

We next present glucose concentration dependent structural H-bond autocorrelation functions. 

Results are shown in Figure 7.12. Like 𝐶1(𝑡), these correlation functions were fitted to multi-

exponential functions of time. The corresponding fit parameters are summarized in Tables 

7.A.9 (for EG), and 7.A.10 (for glucose). Note that for the calculations of H-bond correlations, 

only the intraspecies H-bonds were taken into account. 

 

Figure 7.12: Structural hydrogen bond autocorrelation function, 𝐶𝐻𝐵(𝑡) for EG (left panel), 

and glucose (right panel) across all concentrations of glucose/EG solutions. Different solutions 

are defined with unique colors. The solid lines going through the symbols represent multi-

exponential fitting. The fit parameters are shown in Table 7.A.9-10 of Appendix 7.A. 

Much like rotation times, structural H-bond relaxation times also increase with concentration. 

Glucose concentration dependent decay of 𝐶𝐻𝐵(𝑡) for EG are shown in the left panel of Figure 

7.12. The multi-exponential fit parameters are provided in Table 7.A.9. Here too, slower 

dynamics is detected but unlike 𝐶1(𝑡), no abrupt change is observed. The average timescale 
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obtained from 𝐶𝐻𝐵(𝑡) decay is very similar to that of 𝐶1(𝑡) indicating close connection between 

these two processes. In addition, striking similarity is observed in 𝜏2, 𝜏3, and 𝜏4 timescales 

obtained via fits to these different correlation functions, 𝐶𝐻𝐵(𝑡) and 𝐶1(𝑡).  𝐶𝐻𝐵(𝑡) decay 

functions for glucose at different concentrations are presented in the right panel of Figure 7.12, 

and multiexponential fit parameters for these decays are summarized in Table 7.A.10. 

Four distinct timescales are obtained for the structural H-bond dynamics involving glucose 

molecules. The slowest timescale changes from ~6 ns to ~12 ns. The amplitude also increases 

from 5% to 32%. Like previous observations, timescales are getting slower with increasing 

glucose concentration. Unlike EG, reorientation timescales of glucose are much slower than 

H-bond relaxation times. This can be attributed to the number of H-bonds associated with a 

given glucose molecule. One glucose molecule contains six donor, and five acceptor sites. 

Therefore, when two glucose molecules form H-bonds between themselves they can do so 

without rotating too much. As only partial rotation is enough for making new H-bonds, the 

structural H-bond relaxation occurs at a faster rate compared to the complete rotation of a 

glucose molecule. 

7.4 Conclusion 

In this paper, we have investigated structural, and dynamical properties of a glucose-based 

potential cryoprotectant system at different glucose concentrations. Strong inter and 

intraspecies interactions between EG and glucose molecules are found. As number of glucose 

molecules increase in the binary mixture, EG-EG correlation diminishes. Incoming glucose 

molecules replace EG molecules in solvation shells around EG. Glucose-glucose correlation 

gradually increases as glucose concentration rises. Hence, glucose molecules self-aggregate by 

successively replacing neighboring EG molecules. Extensive H-bond analysis also shows this 

affinity of glucose molecules to interact with themselves rather than with EG. On the one hand, 

number of EG-EG H-bonds per EG molecule decreases, and on the other hand, the same within 

glucose molecules increases. The H-bonding network plays a key role in governing the 

dynamics of these cryoprotectant mixtures. Viscosity increases with glucose concentration and 

this leads to slower mobility of both EG and glucose molecules in concentrated solutions. EG 

molecules have been found to be more mobile than glucose molecules at every glucose 

concentration studied here than glucose.  Reorientation time of glucose molecules is much 

slower than that of EG. Like translation, rotation of molecules also becomes slow with glucose 

concentration. Structural H-bond analysis shows good agreement with the simulated 



 Chapter 7 
 

226 
 

reorientational dynamics for EG. Qualitatively similar trend has been found for glucose as well. 

These results provide insight into the microscopic structure and dynamics of this cryoprotectant 

system and may be helpful in designing model cryoprotectant systems for targeted use. 

 The formation of glucose-domain via a novel interplay between the inter and 

intraspecies H-bonding may lead to alter plasticity of these media, and may serve as a key 

factor for understanding the cryoprotection ability of the systems. Cryoprotectant agents can 

have variations in their physical and chemical properties, such as their size, shape, and chemical 

composition, which can impact their ability to penetrate the sample and protect it during 

freezing and thawing. Experimental studies have shown considerable impact of heterogeneous 

distribution of cryoprotecting agent in the vicinity of biomolecules 87. Further simulation and 

experimental studies are required to fully explore the heterogeneous aspects of the media in 

order to correlate the cryopreserving ability to the spatio-temporal heterogeneity of these 

systems. 
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Appendix 7.A 

 

Table 7.A.1: Number of glucose and ethylene glycol molecules and cubic box length of 

different simulated systems. 

 

Wt.% of 

glucose 

No. of EG 

molecules 

No. of glucose 

molecules 

Box length 

(nm) 

0 1500 0 5.20634 

10 1440 60 5.26644 

20 1382 118 5.33489 

30 1304 196 5.41705 

40 1223 277 5.50105 

 

 

Figure 7.A.1: Structure of ethylene glycol (EG), and glucose (GL) molecules.  
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Figure 7.A.2: Probability distribution of -OCCO- dihedral angle of liquid EG at 298.15 K. 

Blue and red lines denote gauche and trans isomers, respectively. The gauche isomers are 

defined as the dihedral angle ranging between ±150°.  

 

Figure 7.A.3: X-ray scattering structure functions (𝑆(𝑞)) for pure ethylene glycol at 298.15 K. 

The simulated, and experimental results are shown in red, and black curves, respectively. The 

experimental data are taken from the work of Bako et al 88. 
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Figure 7.A.4: Intermolecular radial distribution functions between different types of atoms in 

pure EG at 298.15 K, (a) RDFs for C-C and C-O interactions, (b) RDFs between O atoms, (c) 

RDFs between hydroxyl hydrogen and oxygen atoms. 

 

Table 7.A.2: Density, viscosity, and self-diffusion coefficient of pure EG at 298.15 K. 

Experimental data are taken from corresponding articles.  

Simulated Experimental Deviation 

(%) 

Density (g/cc) 

1.097 1.11072 1.17 

Viscosity (cP) 

14.46 17.4073 16.89 

Self-diffusion coefficient (/10-11 m2s-1) 

8.19 8.3474 1.80 
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Table 7.A.3: Positions (in nm) of first maximum, minimum, and coordination number of 

different atom-atom RDFs (self-interactions) for glucose/EG solutions at various 

concentrations. 

Intermolecular 

RDF pair 

Wt% of 

glucose 

𝒓𝒎𝒂𝒙 𝒓𝒎𝒊𝒏 𝑵𝒄𝒐𝒐𝒓𝒅 

H(EG)-O (EG) 0 0.177 0.249 0.98 

10 0.178 0.248 0.92 

20 0.177 0.247 0.86 

30 0.177 0.245 0.79 

40 0.177 0.245 0.73 

O(EG)-O(EG) 0 0.273 0.337 2.24 

10 0.275 0.338 2.13 

20 0.273 0.337 2.00 

30 0.273 0.333 1.80 

40 0.273 0.333 1.67 

H(GL)-O(GL) 10 0.185 0.251 0.12 

20 0.185 0.249 0.26 

30 0.185 0.251 0.31 

40 0.185 0.249 0.38 

O(GL)-O(GL) 10 0.281 0.385 0.41 

20 0.281 0.383 1.09 

30 0.279 0.389 1.37 

40 0.281 0.381 1.64 
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Table 7.A.4: Positions (in nm) of first maximum, minimum, and coordination number of 

different atom-atom RDFs (cross-interactions) for glucose/EG solutions at various 

concentrations. 

Intermolecular 

RDF pair 

Wt% of 

glucose 

𝒓𝒎𝒂𝒙 𝒓𝒎𝒊𝒏 𝑵𝒄𝒐𝒐𝒓𝒅 

EG GL 

H(EG)-O(GL) 10 0.181 0.245  0.07 

20 0.179 0.243  0.12 

30 0.179 0.247  0.20 

40 0.179 0.247  0.26 

H(GL)-O(EG) 10 0.181 0.251 0.80  

20 0.181 0.251 0.67  

30 0.185 0.251 0.64  

40 0.181 0.255 0.56  
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Table 7.A.5: Positions (in nm) of first maximum, minimum, and coordination number of 

different centre-of-mass (COM)-centre-of-mass (COM) RDFs for glucose/EG solutions at 

various concentrations. 

Intermolecular 

RDF pair between 

centres-of-mass 

Wt% of 

glucose 

𝒓𝒎𝒂𝒙 𝒓𝒎𝒊𝒏 𝑵𝒄𝒐𝒐𝒓𝒅 

EG GL 

EG-EG 0 0.495 0.672 13.17  

10 0.489 0.669 12.22  

20 0.489 0.683 12.09  

30 0.487 0.681 11.03  

40 0.491 0.677 10.08  

GL-GL 10 0.615 0.873  1.48 

20 0.613 0.871  3.31 

30 0.629 0.849  3.90 

40 0.619 0.861  5.16 

EG-GL 10 0.545 0.771  0.70 

20 0.557 0.771  1.22 

30 0.559 0.765  1.96 

40 0.551 0.771  2.64 

GL-EG 10 0.553 0.767 16.58  

20 0.555 0.771 14.24  

30 0.559 0.765 13.00  

40 0.551 0.771 11.67  
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Figure 7.A.5: Concentration-dependent density values calculated from MD simulations, and 

experimental measurements for glucose/EG solutions at ~298 K. The line going through the 

data points is only a guide to bare eyes. 
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Figure 7.A.6: Concentration-dependent MSD (upper panel), and 𝛽(𝑡) (lower panel) for EG at 

pure form as well as in glucose/EG solutions at 298.15 K. The diffusive regimes in MSD curves 

are defined when corresponding 𝛽 value is around unity. This region is fitted with linear 

polynomial and the slope is taken as self-diffusion coefficient. In upper panel, the open symbols 

represent MSD points, and the straight lines are linear fits. Each solution is uniquely color-

defined. 

 

0 50 100 150 200

0

20

40

60

80

100

M
S

D
/n

m
2

t/ns

EG
WG =   0%

            10%

            20%

            30%

            40%

0 50 100 150 200

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

b
(t

)

t/ns

WG =   0%

            10%

            20%

            30%

            40%

EG



 Chapter 7 
 

235 
 

 

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

        

Figure 7.A.7: Concentration-dependent MSD (upper panel), and 𝛽(𝑡) (lower panel) for 

glucose for various concentrations of glucose/EG solutions at 298.15 K. The diffusive regimes 

in MSD curves are defined when corresponding 𝛽 value is around unity. This region is fitted 

with linear polynomial and the slope is taken as self-diffusion coefficient. In upper panel, the 

open symbols represent MSD points, and the straight lines are linear fits. Each solution is 

uniquely color-defined. 
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Table 7.A.6: Concentration dependent self-diffusion coefficients of EG, glucose, and their 

ratio. 

Wt% of 

glucose 

D (/10-11 m2s-1) DEG/DGL 

EG GL 

0 8.19   

10 4.92 1.88 2.62 

20 3.55 0.923 3.85 

30 1.96 0.490 4.00 

40 0.998 0.207 4.82 

 

Table 7.A.7: Multi-exponential fitting parameters for reorientational correlation functions, 

𝐶1(𝑡) of EG at various concentrations. Time constants are better within ±5% of the reported 

values. 

Wt% of 

glucose 

𝒂𝟏 𝝉𝟏 

(ps) 

𝒂𝟐 𝝉𝟐 

(ps) 

𝒂𝟑 𝝉𝟑 

(ps) 

𝒂𝟒 𝝉𝟒 

(ps) 

𝒂𝟓 𝝉𝟓 

(ps) 

〈𝝉〉 

(ps) 

0 
  

0.64 137 0.18 43 0.10 7.2 0.08 0.4 96 

10 
  

0.66 182 0.18 45 0.08 6 0.08 0.3 129 

20 0.15 477 0.56 176 0.15 36 0.07 4.9 0.07 0.3 176 

30 0.23 701 0.51 222 0.12 47 0.07 6.8 0.07 0.3 281 

40 0.08 2416 0.55 461 0.21 100 0.08 12.4 0.07 0.5 469 

 

Table 7.A.8: Multi-exponential fitting parameters for reorientational correlation functions, 

𝐶1(𝑡) of glucose at various concentrations. Time constants are better within ±5% of the 

reported values. 

Wt% of 

glucose 

𝒂𝟏 𝝉𝟏 

(ps) 

𝒂𝟐 𝝉𝟐 

(ps) 

𝒂𝟑 𝝉𝟑 

(ps) 

𝒂𝟒 𝝉𝟒 

(ps) 

〈𝝉〉 

(ps) 

10 0.28 3746 0.69 1526   0.03 20 2102 

20 0.17 18664 0.68 3856 0.13 917 0.02 8 5914 

30 0.32 17110 0.56 6294 0.10 1458 0.02 21 9146 

40 0.55 42386 0.41 6866 0.03 733 0.01 5 26149 
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Table 7.A.9: Multi-exponential fit parameters for the structural H-bond correlation functions, 

𝐶𝐻𝐵(𝑡) for EG across various concentrations. Time constants are better within ±5% of the 

reported values. 

Wt% of 

glucose 

𝒂𝟏 𝝉𝟏 

(ps) 

𝒂𝟐 𝝉𝟐 

(ps) 

𝒂𝟑 𝝉𝟑 

(ps) 

𝒂𝟒 𝝉𝟒 

(ps) 

𝒂𝟓 𝝉𝟓 

(ps) 

〈𝝉〉 

(ps) 

0 0.04 856 0.52 95 0.26 39 0.08 5.9 0.10 0.2 94 

10 0.05 956 0.58 112 0.20 36 0.07 5.6 0.10 0.2 120 

20 0.07 860 0.50 137 0.25 46 0.08 6.7 0.10 0.2 141 

30 0.10 1133 0.54 164 0.19 44 0.07 6 0.09 0.2 211 

40 0.13 1249 0.45 219 0.22 68 0.08 9.6 0.12 0.2 277 

 

Table 7.A.10: Multi-exponential fit parameters for the structural H-bond correlation functions, 

𝐶𝐻𝐵(𝑡) for glucose across various concentrations. Time constants are better within ±5% of the 

reported values. 

Wt% of 

glucose 

𝒂𝟏 𝝉𝟏 

(ps) 

𝒂𝟐 𝝉𝟐 

(ps) 

𝒂𝟑 𝝉𝟑 

(ps) 

𝒂𝟒 𝝉𝟒 

(ps) 

〈𝝉〉 

(ps) 

10 0.05 6007 0.32 902 0.34 180 0.29 1 650 

20 0.21 5960 0.30 961 0.22 185 0.27 1 1581 

30 0.20 8188 0.33 1354 0.21 230 0.24 1 2133 

40 0.32 12111 0.28 1482 0.15 221 0.25 1 4324 
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Chapter 8 

 

Concluding remarks and future problems 

 

8.1 Concluding remarks 

 

In this thesis we focus to unravel the structure and dynamics of various complex liquids, 

including deep eutectic solvents (DESs) and cryoprotectant solutions. Molecular dynamics 

(MD) simulation technique was employed to explore the molecular level interactions. The 

dielectric relaxation (DR) process in acetamide-based ionic DESs has been studied via MD 

simulation. This study sheds light on the conundrum of exact static dielectric constant as 

different set of experiments reports totally different results. The decrement in static dielectric 

constant is explained in terms of local orientational frustration of acetamide molecules which 

is essentially governed by hydrogen bonding network. The total dielectric response is 

decomposed into rotational, translational and ro-translational contributions showing the total 

response is almost entirely dominated by rotational dynamics. This computational approach to 

calculate dielectric relaxation spectroscopy (DRS) is further extended for a non-ionic glucose-

based naturally abundant DES (NADES). This NADES contains glucose, urea and water, and 

shows complex dynamics. Dielectric relaxation properties are calculated and total response is 

dissected into contributions from self- and cross-interactions of each species. Moreover, effect 

of structural hydrogen bond dynamics on system relaxation is also discussed. In each case the 

effect of temperature is explored by performing simulations in a broad temperature range. 

Effectiveness of DES to solubilize drug molecules are investigated using paracetamol and two 

choline chloride DESs where ethylene glycol and propylene glycol are used as hydrogen bond 

donor, respectively. The solubility of paracetamol in these two DESs are determined by 

coordination number analysis and interaction energy calculation. Theoretical predictions of 

solubility are close to experimental results. Analyses of hydrogen bond and non-polar 

interactions reveal their pivotal role in solubilizing paracetamol. Also, the higher solubility of 

paracetamol in ChCl-PG DES is somewhat governed by the enhanced non-polar interactions 

due to presence of an extra methyl group in PG. We have studied ChCl-EG mixtures at different 

compositions to find a ‘magic composition’ which may be considered as deep eutectic 

composition. We could not detect such a composition; our structural and dynamical analyses 
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only indicate the concentration effect of gradual addition of ChCl in EG. Beyond DESs, we 

have explored a possible cryoprotectant system consisting glucose and EG. Our analyses show 

how the thermodynamic, structural and dynamical properties of such mixtures change as 

glucose is gradually added to EG. 

The chapter-wise conclusions are given at the end of the respective chapters. Therefore, we opt 

not to iterate them here. Instead, we choose to discuss about some intriguing problems which 

can be explored in the near future.  

8.2 Future problems 

8.2.1 Decrement of static dielectric constant of alcohol-water mixtures: A molecular level 

insight 

Several studies have investigated how the static dielectric constant (𝜀𝑠) changes in alcohol-

water mixtures as their concentrations.1–3 Normally, adding water to alcohols should increase 

the 𝜀𝑠 of the mixture, given that water has a much higher 𝜀𝑠 than alcohols. This holds true for 

small, linear alcohols like methanol, ethanol, propanol, and butanol. However, for larger 

alcohols like pentanol, hexanol and, branched alcohols like t-butanol, this increment is not 

straightforward. In the region where there is a higher concentration of alcohol and less amount 

of water, 𝜀𝑠 first decreases, reaches a minimum, and then increases with the addition of water. 

While there are explanations involving the self-association of water molecules or complex 

interactions between alcohol and water, the exact molecular-level details still remain unknown. 

Molecular dynamics (MD) simulation presents a promising approach to study these systems, 

offering insights into the molecular interactions that might explain the initial decrease in 𝜀𝑠 in 

long-chain or branched alcohol-water mixtures. 

8.2.2 Ternary DESs are better solvents for drug solubilization: A molecular dynamics 

study 

In chapter 5, we extensively explored how two-component deep eutectic solvents (DESs) 

outperform water in dissolving a drug, paracetamol. Now, this investigation can be broadened 

to ternary DESs using the same method. An interesting study by Li et al.4 demonstrated a 

significant increase in the solubility of itraconazole in choline chloride (ChCl): glycolic acid 

(GA) DES (in a 1:2 mole ratio) compared to water (less than 0.001 mg/mL in water versus 

about 7 mg/mL in DES). Intriguingly, by thoughtfully introducing a third component to the 

DES, the solubility can be further enhanced. For instance, ChCl: GA: α-ketoglutaric acid (in a 
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1:1.6:0.4 ratio) DES can dissolve around 30 mg of itraconazole per mL, while ChCl: GA: oxalic 

acid (in a 1:1.6:0.4 ratio) DES shows a solubility of about 54 mg/mL.4 These kind of increments 

in solubility in ternary DESs compared to binary DESs holds potential significance in 

pharmaceutical research. The molecular dynamics simulation method can be applied to unveil 

the interactions and understand the role of the third component in dissolving drug molecules. 

This knowledge can be valuable in designing a framework for drug molecules. 
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