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ABSTRACT 

This manuscript offers an in-depth analysis of Natural Deep Eutectic Solvents (NADES) reported over the 

past decade, derived from an expansive database encompassing 1334 NADES formulations. Key insights 

generated from this analysis underline the critical role of choline chloride as the predominant hydrogen 

bond acceptor, and the need for a careful balance in favor of hydrogen bond donors. Furthermore, the 

analysis underscores the pivotal role played by small molecules (over polymers) in the successful formation 

of NADES. Considerations around the careful selection and compatibility of NADES components are 

emphasized, as well as potential complications associated with the incorporation of water, which could 

potentially destabilize the hydrogen bond network of these eutectic mixtures. This study serves as a guide 

for researchers to navigate the complex landscape of NADES design and application, acknowledging the 

remaining challenges and opportunities in this promising field.  
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1. INTRODUCTION

The last ten years have witnessed an exponential increase in scientific research featuring Natural Deep 

Eutectic Solvents (NADES) [1-11]. These solvents were initially described as a distinct group of liquids 

found within plant tissues, displaying a significant role in their biochemistry [12], especially in the transport 

of compounds with medium polarity. After substantial research efforts, it is now known that NADES are 

formed by precise combinations of two or three natural components, usually in the solid state that, upon 

heating, result in a substance with a significantly lower melting point than the individual components. Out 

of those, perhaps the most interesting combinations are those considered stable NADES, those that remain 

liquid for at least a week when stored at room temperature. As shown in Figure 1, these novel solvents 

feature significant advantages over traditional organic solvents [13-15], ionic liquids [16, 17], and traditional 

(non-natural) DES [18, 19]; including the claimed eco-friendly aspect of their components, which are 

primarily natural molecules such as sugars [20], amino acids [21], alcohols [22], carboxylic acids [23], etc. 

In an ideal scenario, the broad range of physico-chemical attributes inherent to the structure of those natural 

components should direct the design of NADES with adjustable properties such as conductivity, melting 

point, stability, polarity, and viscosity [24]. However, the multifaceted properties of each component (e.g., 

hydrogen bond donor count, hydrogen bond acceptor count, molecular weight, surface area, melting point, 

hydrophobicity, etc.) pose considerable challenges to the rational development of NADES with specific 

characteristics. In fact, the discovery and optimization of these solvents predominantly rely on empirical 

approaches, reflecting the complexity of this problem. 

Figure 1: Comparison between ionic liquids, deep eutectic solvents and natural deep eutectic solvents. 



 5 

While many researchers subscribe to the idea that the formation of NADES is driven by the formation of a 

hydrogen bond network [25], understanding the intricate interplay of variables involved in these reactions 

remains a challenge. Aiming to gain a detailed understanding of the molecular interactions supporting the 

formation of these solvents, researchers have presented multiple computational approaches [25-28], 

including those based on density functional theory (DFT) [29-32], molecular dynamics (MD) [33], and 

machine learning methods [34-36]. Although these approaches can provide useful insights for selected 

NADES properties, these studies are typically limited to a handful of compounds and (unfortunately) do not 

provide rational guidelines to understand the behavior or other NADES, exploring the diverse chemical 

landscape of natural molecules. Moreover, as it will be discussed later, many of the reports provide 

conflicting information, that cannot be extended outside the specific experimental variables reported.  

 

Knowing the potential of these solvents for research and industry, we herein present a general analysis of 

the NADES included in a recently released database [37]. This repository includes almost 1500 examples 

of NADES, along with multiple properties that provide a general and representative overview of the field. 

Rather than reporting on specific systems, the presented analysis is intended to focus on “what has worked” 

so far, serving as a general guide for researchers working with NADES. 

 

2. MATERIAL AND METHODS 

2.1. NADES database. The initial chemical dataset was developed based on an extensive literature review 

published by Omar and Sadeghi in 2022 [37]. The stoichiometric ratios of the reported NADES were 

retrieved from the original manuscript using a python script, leading to a data frame containing the name of 

hydrogen bond acceptor, the name of the hydrogen bond donor, the molar ratio, and (if reported) the 

corresponding melting point, density, viscosity, conductivity, surface tension, and refractive index. This 

database was stored in a csv file (non_aug_nades_2023.csv). It is important to point out that unstable 

formulations (leading to the formation of a precipitate within one week) were not transferred to our initial 

database, that included approximately 1332 formulations of binary and tertiary NADES. 
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2.2. Augmented NADES database. In order to include relevant chemical information, the original database 

was augmented using RDKit, an open-source cheminformatics software toolkit designed for working with 

small molecules. Toward this goal, all the hydrogen bond donor and acceptor molecules were first converted 

(from their chemical name) into canonical SMILES using PubChemPya (v.1.0.4). Then, the resulting 

SMILES notations of each component on each NADES reported were used to expand our database through 

the open source RDKit Pythonb (v.2022.03.3) application programming interface (API). We selected only 

relevant chemical descriptors pertinent to the NADES context, including: number of atoms, number of heavy 

atoms, polar surface area, molecular weight, number of aromatic rings, number of heteroatoms, logP, 

number of carbon atoms, number of oxygen atoms, number of nitrogen atoms, and number of chloride 

atoms. It is worth mentioning that the hydrogen bond donor count and hydrogen bond acceptor count were 

queried using PubChemPy, due to inconsistencies between the values retrieved by RDKit with respect to 

those published in the literature. Pertinent calculations (such as average, standard deviation, addition, and 

multiplication) were performed directly on the augmented database and new columns were added for each 

operation. As a result, the final proprietary NADES database contains approximately 80.000 data points 

that provide a much richer chemical information [38]. 

 

2.3. Data analytics. The analyses presented in this manuscript were performed directly in Python through 

the use of statistical data visualization libraries such as Seaborn (v. 0.12.2). The bibliometric analysis was 

performed using the Clarivate Web of Science database. The results were stored in csv format and used in 

Research Rabbit, to generate the literature network for the most relevant publications for this field.    

 

3. RESULTS AND DISCUSSION 

The following sections aim to provide a critical assessment of selected features (e.g., most common 

formulations, effect of molecular weight, logP, hydrogen bond donor/acceptor and count, and effect of water 

additions) of the NADES present in our database, and in the context of pertinent literature reports. We also 

briefly discuss other important properties and how those variables could potentially impact future 

                                                           
a https://pubchempy.readthedocs.io/ 

b https://www.rdkit.org/docs/GettingStartedInPython.html 
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developments in the field. It is worth mentioning that our analysis does not to provide a detailed discussion 

of the fundamental aspects of NADES, as this information can be found elsewhere [9, 39, 40]. In-depth 

comparisons between NADES and alternative mediums such as ionic liquids and DES can be found in 

previously-reported manuscripts [16-19].

3.1. Bibliometric analysis. NADES are a promising sub class of deep eutectic solvents (DES) that 

collectively feature unique properties (Figure 1) and that have opened new research opportunities. Since 

they were first identified, the number of publications specifically describing NADES has been exponentially 

increasing (Figure 2A), currently accounting for approximately 35% of all reported publications related to 

DES. This percentage is projected to further increase, reaching approximately 43% of the field by the end 

of this year. This growth highlights the increasing prominence of NADES within the research community 

and more specifically within the field of eutectic mixtures. Aiming to delve into the most significant 

contributions, Figure 2B provides insights into the 50 most cited papers (represented by green circles) and 

their relation with similar works (represented by blue circles). This visualization not only shows the 

interconnected nature of the research groups working in the NADES domain but also how cross-referenced 

the work is. The latter be considered a double-edged sword, as not only new ideas but also misconceptions 

could easily spread in this tight scientific network. 

Figure 2: A: Number of publications for NADES (orange) and DES (purple) ranging from 2004 to June 2023. B: Top 50 most 
cited authors (green) and other relevant works (green).

A

June

B
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3.2. Most common NADES formulations and constituents. A first analysis of the database published by 

Omar and Sadeghi [37] shows that most of the NADES reported correspond to mixtures involving two 

components (1195, 90%). Among those, NADES composed of betaine and glycine (10.3%) as well as 

mixtures of choline chloride with glycine (22.4%), coumaric acid (10.3%), ethylene glycol (10.3%) and 

phenol (9.3%) are the most commonly reported (Figure 3A). Far behind, are mixtures including one 

hydrogen bond acceptor and two types of hydrogen bond donors (137, 10%). Among those, the most 

commonly reported NADES include mixtures of choline chloride, coumaric acid, and ethylene glycol 

(20.8%), betaine, glycine, and L-arginine (12.5%), and choline chloride, glycine, and ethylene glycol 

(12.5%) (Figure 3B).  

  
Figure 3: Top 10 most common binary (A) and tertiary (B) NADES formulation reported in the literature. List of abbreviations: CHCl: 
Choline chloride; GLY: Glycerol; BET: Betaine; CA: Caffeic acid; ETHG: Ethylene glycol; PHE: Phenol; GLU: Glucose; TBAB: 
Tetrabutylammonium bromide; LA: Lactic acid; MA: Malic acid; LARG: L- arginine; OA: Oxalic acid; FRU: Fructose; PY: Pyridine 

 

When broadening this analysis to include all NADES formulations reported over the last two decades, 

authors have reported NADES containing only 166 unique compounds acting as hydrogen bond acceptors 

(Figure 4A). Among those, choline chloride emerges as the most reported (24.3% of the NADES 

formulations), followed by tetrabutylammonium chloride/bromide (10.9%), betaine (4.4%), methyl triphenyl 

phosphonium bromide (2.9%), and menthol (2.0%). The tendency of relying on choline chloride as HBA can 

be attributed to its exceptional capacity to form hydrogen bonds [41], charge asymmetry [39] and molecular 

geometry. However, despite claims of the natural origin of this compound [42], the industrial synthesis of 

choline chloride typically involves the use of traditional reagents (e.g., hydrogen chloride, trimethylamine, 

and ethylene oxide), leading to the generation of toxic waste; which seems to be in conflict with the 

associated green aspects of these solvents [43].  
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On the other hand, glycerol (9.2%), ethylene glycol (7.7%), urea (4.3%), levulinic acid (3.4%), and glucose 

(2.8%) are the most common hydrogen bond donors in the analyzed NADES formulations (Figure 4B). Last 

but not least, the most commonly reported ternary NADES were formed using water (28.7%), ethylene 

glycol (16.9%), and glycerol (9.6%). It is important to mention that for the sake of accuracy, this analysis is 

exclusively based on the categorization reported in the original database [37], which considers the third 

component as a hydrogen bond donor used to modify the viscosity of the resulting NADES and that can 

include other molar ratios [40]. It is also important to note that while many of these compounds are already 

liquid at room temperature, the formation of the NADES largely exceeds the solubility limits of those 

mixtures and has been extensively investigated [40, 44-46], beyond the simple stability test [47, 48].  
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Figure 4: Relative percentage of hydrogen bond acceptor group (HBA) (A), hydrogen bond donor group (HBD) (B) and 3rd 
component (C) in NADES formulations.  

 

It is also important to note that the chemical diversity of these molecules has allowed researchers to move 

far beyond the simple 1:1 mixtures (out of which the most common is 1:2, 24% of the reported NADES). In 

fact, and noting the large standard deviation of the results, the average number of moles of the compound 

used as HBA is 1.5  1.5, and the average number of moles of the compound used as HBD is 2.5  2.  

 

3.3. Units of hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD). It is well-accepted 

that hydrogen bond interactions contribute to the formation and stability of these solvents, affecting their 

physical and chemical characteristics [49]. While it is true that there is no universally-optimal balance 

between the number of moles of HBA and HBD is required to either form a NADES nor to provide specific 

properties, it is important to consider the overall composition of the reported systems. It is also worth noting 

that the number of hydrogen bonds that an individual molecule can form, and the strength of those 

interactions can vary widely, depending on the specific molecular environment [50]. Considering the 

complexity of this problem, we focused our analysis on the total number of hydrogen bond units in each of 

the reported NADES combinations. This magnitude was calculated considering the number of moles 

involved in the corresponding NADES (n), times the number of hydrogen bond count per molecule (C, as 

reported in PubChem). For example, a NADES formed by mixing 1 mol of choline chloride (nHBA=1) and 1 

mol of urea (nHBD=1) was computed considering involving 2 hydrogens bond acceptor counts (CHBA=2) and 
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2 hydrogens bond donor counts (CHBD=2). This analysis allowed us to analyze the molar ratios reported in 

the database, in the context of their own chemical nature. The results of the analysis for binary combinations 

are shown in Figure 5A and Figure 5B.

Figure 5: Frequency distribution of the hydrogen bond acceptor count x its number of moles (A) and hydrogen bond donor count 
x its number of moles (B).

As it can be observed, most NADES mixtures reported in the database involve multiple hydrogen bonds

acceptor units, where the average is 3.1 (insert in Figure 5A) but where the range spans between 0 and 

18. This shows the complex role of some of the molecules were listed as HBA, including known complexing 

agents like zinc chloride [51]. On the other hand, the number of hydrogen bonds donated exhibits a slightly 

broader distribution, but spanning from 0 to 17 (Figure 5B); a value that is in line with the average number 

of moles of HBA and HBD used in the NADES (see Section 3.2). Also, the average hydrogen bonds donor 

units per NADES is 5.1, as represented in the blue dotted line box. These findings suggest that, on average, 

the formation of NADES require a total number of groups participating as hydrogens bond donor that is 

64.5% higher than the total number of groups participating as hydrogens bond acceptor. This may provide 

insights into the versatility of NADES-analyte systems, as a higher number of hydrogen bond donors can 

engage in multiple hydrogen bond interactions with diverse analytes, supporting, for example, extraction 

procedures [7, 52].

3.4. Partition coefficient and molecular weight. A compound’s ability to partition between two immiscible 

solvent phases (for example, n-octanol and water) is a well-established phenomenon. This value is 

characterized by a parameter known as the partition coefficient (P) or, for easier interpretation, logP. A high 

A B
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logP value suggests that a compound displays hydrophobic behavior. Conversely, a low logP value implies 

hydrophilic behavior. In this context, the investigation of the logP of the compounds reported to form NADES 

system is crucial, as it contributes to the cumulative influence on the system’s logP and, consequently, the 

final application of the eutectic mixture. Aiming to get further insights regarding the overall NADES’s 

hydrophilicity or hydrophobicity, we analyzed the distribution of both the molecular weight and logP, for the 

individual components leading to the formation of NADES (Figure 7A and B).  

  
Figure 6: Frequency distribution of the molecular weight (A) and logP (B) of the components reported form NADES  

 

As it can be observed in Figure 7A, most of the NADES reported in the database display a rather narrow 

distribution range in molecular weights (from 50 to 1000 Da) and a maximum at right below 200 Da (Figure 

7A). In other words, the vast majority of the reported NADES have been designed with small molecules, 

enabling the alignment of these molecules with the formation of the corresponding hydrogen bonds [45].  

 

In addition, it is important to note that the typical NADES’s constituents feature logP values in the -7 to 6 

range (Figure 7B, average logP = -0.6). This finding was somewhat surprising, since the most commonly 

reported NADES include hydrophilic components (Figure 3). Despite their initial impact [53], NADES 

synthetized with hydrophobic components clearly gained popularity after Osch et al. demonstrated the 

applicability of these solvents as water-immiscible extractants [54]. As expected, some studies indicate that 

the primary distinction between hydrophobic and hydrophilic NADES relies on the length of the aliphatic 

carbon chain of its constituents, making the hydrophilic moiety of the solvent’s constituents less relevant 

than the hydrophobic one [54-56]. This distribution of values prompted the question to whether the 

A B



13

hydrophobicity of the selected components had a significant role on the formation of NADES. To answer 

this question, we calculated the average and standard deviation of the logP for each component, in each 

mixture listed in the database. This analysis showed that stable NADES are typically formed with small 

molecules that display similar characteristics, where the standard deviation calculated from the 

corresponding logP values is (for most cases) < 3 (Figure 7A). 

Figure 7: Heat map highlighting the distribution for the molecular weight and standard deviation of logP for the components 
leading to the formation of stable NADES.

This finding is somewhat reasonable, as it is intuitively simpler to mix components with similar 

characteristics, which would spontaneously lead to a single phase, even prior to heating/stirring. It is 

worth mentioning that while several authors have explored the possibility to use NADES as dispersants 

[57] or towards the formation of emulsions [58], this field seems to be relatively unexplored.

3.5. Water content. While some reports suggest that the addition of water does not affect the interaction 

of the main components in a NADES [32], others suggest that water has the potential to modulate the 

microstructure of DES and the resulting properties [25, 59, 60], potentially affecting the number hydrogen 

bonds as well as the strength of the interaction [61]. As it will be later discussed, the addition of water to 

some NADES could contribute to decreasing their overall viscosity but excessive additions could compete 

with the hydrogen bond network [62] and, consequently, affect the stability of these eutectic mixtures [59, 

63]. Not surprisingly, even if components with different characteristics are used to form stable NADES, only 
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those formed with hydrophilic components (logP = -1.8  0.6) can tolerate the addition of water (as a tertiary 

component). In these cases, mixtures containing up to 40% (mole ratio) are typically reported. While 

NADES containing higher amounts of water have been reported [60, 64], it possible that such NADES are 

maintained by other forces, leading to stable systems even if the integrity of the 3D network of hydrogen 

bonds is compromised [62, 65].  

 

3.6. Density. Along with other rheologic properties, considering the density of NADES is critical for their 

rational use [66]. Typically, hydrophilic NADES have a density higher than that of water but ranging from 

800 to 1600 kg.m-3. Hydrophobic DES density offer an even wider range [66-68]. In both cases, increases 

in both temperature and water content typically lead to decreases in density [53, 69]. The former is ascribed 

to the increase in molecular movement and molar volume, while the latter is attributed to changes in NADES 

molecular packing. That said, our analysis shows that the structure of the components plays a determining 

factor on the density of the NADES. For example, the density of the NADES increases as the number of 

hydroxyl groups increases, supporting the notion that the strength of the hydrogen bond network is 

influenced by the amount and type of hydrogen bond donor present in the solvent [70-72]. In addition, Mohd 

Fuad et al. [53] reported that compounds with high molecular weight lead to NADES with higher densities, 

suggesting that this effect can be linked to the number of hydrogen bond donor/acceptor units. Although 

such trends are supported by specific systems [73, 74], the overall analysis of the database (as a function 

of the relevant chemical descriptors) only showed general decreases in density as the HBA/HBD ratio 

increases (Figure 8A and B, measured at 30 oC and 40 oC). While these trends do not appear to be a 

general rule applicable to all NADES, these findings are in agreement with several literature reports 

describing properties of specific formations [73, 75]. 



 15 

0.0 2.6 5.2 7.8 10.4

0.94

1.01

1.08

1.15

1.22

D
e
n
s
it
y
 (

g
·c

m
-3
)

HBA/HBD ratio

A

 

0.0 2.6 5.2 7.8 10.4

0.94

1.01

1.08

1.15

1.22

B

D
e
n
s
it
y
 (

g
·c

m
-3
)

HBA/HBD ratio  

Figure 8: Dependence of density of NADES as a function of HBA/HBD ratio at 30°C (A) and 40°C (B). 

 

3.7. Viscosity. Most reported NADES are highly viscous at room temperature, characteristic that is also 

attributed to the strong hydrogen bonding network among their components [59] and that represents the 

most pressing obstacle for their implementation in a wide variety of fields [9]. Aiming to control the viscosity 

of NADES, researchers have reported the use of hydrophobicity, water content, and temperature. For 

example, compared to choline based and hydrophobic NADES, sugar and metal salts-based NADES 

generally have higher viscosity [76]. As previously mentioned, increasing water content, often as third 

component in the NADES, decreases viscosity by weakening the hydrogen boding network while, ideally, 

maintaining overall structure. Indeed, the data included in the review published by Omar and Sadeghi [37] 

shows that NADES containing water in their composition displayed lower viscosities (average = 320 mPa·s) 

than binary NADES formulations (average = 1700 mPa·s). It is important to emphasize that, despite an in-

depth examination of our database, temperature emerged as the only definitive variable showing a 

significant effect on viscosity, a fact that has been already reported by several authors [77-79]. 

 

4. CONCLUSIONS 

The field of NADES represents a promising and growing topic for research and industry that is seeded with 

opportunities and questions. Aiming to contribute to the growing knowledge in this field, this manuscript 

presents a comprehensive analysis of trends and patterns in the NADES reported in the last decade. Out 

of this analysis, choline chloride emerged as the most common hydrogen bond acceptor; often paired with 
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glycerol, ethylene glycol, urea, levulinic acid, and glucose. According to the analysis also, the formation of 

NADES requires a slight excess of hydrogens bond donors over the total number of groups participating as 

hydrogens bond acceptor, challenging stoichiometric notions linked to hydrogen bonding [80]. Furthermore, 

our analysis highlighted the overwhelming contribution of small molecules (over polymer-based NADES 

[7]) and that the successful formation of NADES requires a careful selection of components and their 

compatibility (logP). While water can be used to modulate some of the properties (viscosity, density, etc.) 

of NADES, its addition is not risk-free, as it may destabilize the hydrogen bond network. All things 

considered, this study offers insights into general properties and characteristics of NADES reported, 

providing an example of how the integration of data analytics could help understanding general trends in 

the data in the chemical space. Optimistically, this analysis will allow researchers to address deep problems 

in NADES formation and select appropriately components for specific purposes, fostering advancements 

in utilizing NADES in new applications. However, and regardless of the volume of information available, it 

is important to acknowledge that there are still complexities and underexplored properties in these solvents 

(such as toxicity or long-term stability), that could represent promising targets for future studies. 
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