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ABSTRACT
Hydrophobic deep eutectic solvents (DESs) have emerged as excellent extractants. Their performance depends on the heterogeneous hydrogen bond environment formed by multiple hydrogen bond donors and acceptors. An understanding of this heterogeneous hydrogen bond environment can be used to develop principles for designing high-performance DESs for extraction and other separation applications. We investigate the structure and dynamics of hydrogen bonds in eight hydrophobic DESs formed by decanoic acid, menthol, thymol, and Lidocaine using molecular dynamics simulations. The results show the diversity of hydrogen bonds in the eight DESs and their impact on diffusivity and molecular association. Each DES possesses four-six types of hydrogen bonds and one or two of them overwhelm the others in quantity and lifetime. The dominating hydrogen bonds determine whether the DESs are governed by intra- or inter-component associations. The component diffusivity presents an inverse relationship with the hydrogen bond strength.  
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1. Introduction
Hydrophobic deep eutectic solvents (DESs) have received increasing interest due to their advantageous properties such as biodegradability and low toxicity1-4. DESs are composed of hydrogen bond acceptors and donors. The mixture results in a melting point depression5. The tunability of DESs allows them to be used as designer solvents with customized properties for specific applications1. They have been applied in various applications such as catalysis6, electrochemistry7,8, polymer preparation and processing9, carbon capture10,11, and extraction3,7,10-16. Hydrophobic DESs have significant potential in solid-liquid and liquid-liquid extraction of non-polar organic and inorganic compounds from aqueous solutions 11,14,17-20 due to good extraction efficiencies and solvent recovery.21. A better understanding of hydrogen bonds in hydrophobic DESs could set the principles for designing and deploying suitable DESs for separation applications. 22. 
One question is about the heterogeneity of hydrogen bonds and their effect on the properties of hydrophobic DESs. Hydrogen bonds play a key role in the formation and properties of DESs. Traditional DESs such as urea-choline chloride present relatively simpler hydrogen bonding environments with just one or two donor/acceptor sites23. Hydrophobic DESs possess components that can have multiple acceptor and donor sites.5 One hydrophobic DES could possess a heterogeneous hydrogen bond environment composed of the multiple types of hydrogen bonds between these donors and acceptors. Understanding this complex hydrogen bond environment could hold the key to designing suitable hydrophobic DESs.
Some efforts have been made to understand hydrogen bond of DESs. Fetisov et al.24 investigated the hydrogen bond network of reline mixed with water using first-principle molecular dynamics (MD) simulation to study. Their study showed a hydrogen bond network in DES. Atilhan et al.23 investigated the hydrogen bond structures of DESs mixed with nanomaterials. They observed that the local properties of the DESs changed as the type of hydrogen bond donor. Their study suggested that DES properties can be fine-tuned using hydrogen bond characteristics. Gutierrez et al.25 studied the solubility of Lidocaine in DESs using density functional theory and MD simulations. Their study showed that the solvation properties of Lidocaine depended on its hydrogen-bond interactions with donors and acceptors in the DESs. Shah et al.26 studied the effects of water on the properties of reline using MD simulations. Their simulation results indicated a change in hydrogen bonding behavior as the weight fraction of water varied. Bruinhorst et al.27 investigated the physicochemical properties of proline based DESs using experiment and simulations. Their analysis revealed that the hydrogen bond network changed as the molar ratio of components varied. These studies iterate the importance of hydrogen bonds in determining the properties of DESs and their dependence on DES components. 24,28 
Non-ionic hydrophobic DESs can be made using quaternary ammonium halides, and natural compounds such as carboxylic acids, thymol and menthol14,15,29,30. The chemical stability of hydrophobic DESs in aqueous environments makes them promising candidates for extraction applications involving aqueous solutions14,31. Florindo et al.5 used hydrophobic DESs made from carboxylic acids such as decanoic and dodecanoic acids to extract bisphenol-A (BPA) from water samples and reported extraction efficiencies up to 92%. Makos et al.14 used hydrophobic DESs made from natural compounds such as thymol and camphor to extract polycyclic aromatic hydrocarbons (PAHs) from aqueous samples in ultrasound-assisted dispersive liquid-liquid microextraction. Their study showed hydrophobic DESs to be effective in the determination of low concentrations of PAHs in aqueous samples from bitumen plants. Dietz et al.17 developed polymer-supported hydrophobic DES liquid membranes using compounds such as thymol and Lidocaine for utilization in the extraction of furfural and hydroxymethyl furfural from aqueous samples. The simulation results indicate that the thymol-lidocaine DES enhances the transport of furfural and hydroxymethyl furfural across the membrane. Van Osch et al.32 carried out experiments to extract metal salts from water using hydrophobic DESs made from decanoic acid and Lidocaine in various molar ratios. Their results showed good distribution coefficients of metal ions over the water and solvent phase and that hydrophobic DESs with high molar ratios of decanoic acid to lidocaine can be efficiently reused. Zubeir et al.11 measured carbon dioxide solubilities in decanoic acid-based hydrophobic DESs. They reported that carbon dioxide solubilities in the DES increases as the ratio of HBD to HBA decreases. Their results illustrate the viability of hydrophobic DESs for carbon capture applications. These studies show the promising role of hydrophobic DESs in separation applications and the importance of understanding their hydrogen bond environment.
The goal of this work is to answer three questions that could help understand the heterogeneous hydrogen bond environment in hydrophobic DESs: (1) How does the composition and molar ratio influence the heterogeneity of the hydrogen bond environment in hydrophobic DESs? (2) Which hydrogen bonds are the most important in a DES system? (3) How does the heterogeneity of hydrogen bonds affect the diffusion and molecular associations of DES components? We will investigate the structure and dynamics of hydrogen bonds in eight hydrophobic DESs and their effects on the association and diffusion of DESs. The selected components are: decanoic acid (CH3(CH2)8COOH), menthol (C10H20O), thymol (C10H14O), and Lidocaine (C14H22N2O). Decanoic acid is reported to be one of the most common hydrogen donors for hydrophobic DES synthesis11,18. Terpenes such as thymol and menthol have also been studied experimentally as viable components (often as HBAs) for hydrophobic DES synthesis22 while Lidocaine has been studied for potential pharmaceutical applications33. The rest of the paper is organized as follows: Section 2 describes the computational detail, section 3 presents results and discussion, and section 4 presents the conclusion of our study. 
2. Molecular model and simulation details
2.1 molecular model 
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	(c) Thymol
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Figure 1 Molecular structures of the four organic molecules formed the eight hydrophobic DESs. (a) Decanoic acid, (b) menthol, (c) thymol, (d) lidocaine. The molecules are shown in the CPK model (C: cyan: O: red, N: blue, and H: white). All the non-H atoms are labelled. These labels will be used in Table S1. 
The all-atom model was used to describe the decanoic acid (Dea), menthol (Men), thymol (Thy), and lidocaine (Lid) molecules. Figure 1 shows the structures of the four molecules. The nonbonded and bonded interactions in the system were described using the OPLSAA/M force field34 because this force field can properly describe the behavior of organic molecules. The force field parameters were assigned using the Ligpargen web server35-37. Table S1 lists the force field parameters for the nonbonded interactions for the four organic molecules. 
2.2 Simulation detail
[image: ]
Figure 2 Snapshot of the initial configuration for Dea-Men11 containing 100 Dea and 100 Men molecules. Colour representations are the same as in Figure 1.
Table 1 Components, molar ratio, and numbers of molecules in the eight hydrophobic DES systems.
	[bookmark: _Hlk57797756]system label
	component A
	component B
	molar ratio
	total number of molecules

	Dea-Men11
	Decanoic Acid
	Menthol
	1:1
	200

	Dea-Men12
	Decanoic Acid
	Menthol
	1:2
	300

	Dea-Lid21
	Decanoic Acid
	Lidocaine
	2:1
	300

	Men-Lid21
	Menthol
	Lidocaine
	2:1
	300

	Thy-Lid11
	Thymol
	Lidocaine
	1:1
	200

	Thy-Lid21
	Thymol
	Lidocaine
	2:1
	300

	Thy-Men11
	Thymol
	Menthol
	1:1
	200

	Thy-Men21
	Thymol
	Menthol
	2:1
	300



The simulation systems for the eight hydrophobic DESs were created by placing specific numbers of chosen organic molecules randomly in a cubic box. The creation of the simulation box was fulfilled using the insert-molecule tool of GROMACS38. Table 1 shows the detail of the eight hydrophobic DES systems. These systems are determined based on the experimental results of Florindo et al.39s, Dandan et al.40, Martins et al.41, van Osch et al.21,42, Dietz et al.17,43, and Sas et al. 12. Figure 2 shows a snapshot of the Dea-Men11 system.
For each system, the simulation process includes three steps: (a) an energy minimization to remove any too-close contact between atoms, (b) a 100-ns isobaric-isothermal (NPT, P=1 atm, T=295 K) ensemble MD simulation to let the system reach the thermodynamic equilibrium and (c) a 200-ns canonical (NVT, T=295 K) ensemble MD simulation to collect the data at a frequency of 10 ps. The MD simulation in step (b) uses the Berendsen method44 to control the system pressure and the velocity rescaling method to control the system temperature. The short and long-range non-bonded interactions are calculated based on the Lennard-Jones and Coulomb potential, respectively (equation 1). 
	
	(1)


The MD simulation in step (c) uses the velocity rescaling method to control the system temperature. The integral step was 2 fs in the simulations of step (b) and (c). The particle mesh Ewald45 (PME) sum is used to calculate long-range potentials, and the LINCS algorithm46 is used to constrain bonds involving hydrogen atoms. The simulations were repeated three times for each DES system. All energy minimization and MD simulations were conducted using Gromacs 2020.2.  
3 Results and discussion 
3.1 Radial distribution function
The eight hydrophobic DESs present distinct inter- or intra-component molecular associations. The inter- and intra-component molecular associations determine the formation and properties of a DES. We characterize the molecular associations in the eight DES systems using the O-O radial distribution functions (RDFs). Figure 3 shows the inter- and intra-component O-O RDFs for the eight systems. Table 2 lists the height of the first peak for the RDFs and the association numbers calculated based on the numerical integration of the first peak for the eight systems. These values show that the eight DES systems possess at least one RDF with a significant first peak. For instance, the three RDFs in the Dea-Men11 system possess a peak of 1.50, 15.72 and 3.34. These RDF peaks indicate that Dea and Men components associate with each other in this DES. The significant peak heights in O-O RDFs also indicate the formation of hydrogen bonds, which will be analyzed in detail in sections 3.3 and 3.4.  The interactions between Lid molecules are weak, as shown in Figures 3c-f, agreeing with the literature report25 about Lid molecules in DESs. 
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[bookmark: _Ref51703106]Figure 3 Radial distribution functions between oxygen atoms of organic molecules in the eight hydrophobic DESs. (a) Dea-Men11, (b) Dea-Men12, (c) Dea-Lid21, (d) Men-Lid21, (e) Thy-Lid11, (f) Thy-Lid21, (g) Thy-Men11, (h) Thy-Men21
The eight hydrophobic DESs present a wide variety in molecular associations. We rank the eight DESs using the highest RDF peak hh in individual systems. The value of hh characterizes the most significant molecular association in the system. As shown in Figure 3 and Table 2, the values of hh in the eight systems follow the order: Dea-Men11 > Dea-Men12 > Thy-Lid11 > Thy-Lid21 > Dea-Lid21 > Thy-Men21 > Thy-Men11 > Men-Lid21. The Dea-Men11 system possesses the highest hh (Dea-Men: 15.54) and the Men-Lid21 system has the lowest hh (Men-Men: 4.85). The former is three times of the latter. Such a difference indicates that the Dea-Men11 and Men-Lid21 system may have distinct properties and functions.   
Table 2 The height of the first peak (h) in the corresponding RDFs in Figure 3 and the association number (N) calculated by the numerical integration of this peak. A and B represent the first and second components in the system label. Errors are standard deviations gotten from three independent simulation runs.
	
	A-A
	A-B
	B-B

	
	h
	N
	h
	N
	h
	N

	Dea-Men11
	1.50 ± 0.01
	1.59 ± 0.01
	15.72 ± 0.11
	1.99 ± 0.01
	3.34 ± 0.21
	1.58 ± 0.01

	Dea-Men12
	1.09 ± 0.02
	1.77 ± 0.01
	14.33 ± 0.02
	2.21 ± 0.01
	4.26 ± 0.07
	1.90 ± 0.01

	Dea-Lid21
	2.08 ± 0.02
	2.08 ± 0.01
	9.87 ± 0.09
	2.23 ± 0.01
	1.09 ± 0.02
	1.84 ± 0.01

	Men-Lid21
	4.47 ± 0.11
	2.00 ± 0.01
	1.16 ± 0.03
	1.85 ± 0.01
	1.25 ± 0.01
	1.85 ± 0.01

	Thy-Lid11
	10.77 ± 0.78
	1.88 ± 0.06
	3.92 ± 0.09
	1.68 ± 0.02
	1.17 ± 0.04
	1.50 ± 0.01

	Thy-Lid21
	9.94 ± 0.29
	2.11 ± 0.02
	3.80 ± 0.11
	1.89 ± 0.01
	1.21 ± 0.02
	1.74 ± 0.01

	Thy-Men11
	8.20 ± 0.04
	1.68 ± 0.00
	7.16 ± 0.07
	1.69 ± 0.01
	3.41 ± 0.26
	1.52 ± 0.01

	Thy-Men21
	8.45 ± 0.12
	1.96 ± 0.01
	6.87 ± 0.11
	1.93 ± 0.01
	3.00 ± 0.15
	1.75 ± 0.01



The eight hydrophobic DESs can be divided into three categories regarding their inter- and intra-component molecular associations. The first category includes the Dea-Men11, Dea-Men12 and Dea-Lid21 systems. The inter-component molecular associations dominate in these three DESs. As shown in Figures 3 a-c, the Dea-Men11, Dea-Men12, and Dea-Lid21 systems have their inter-component O-O RDFs much higher than the two intra-component ones. For instance, in Figure 3a, the peak height for the Dea-Men RDF is around 16, while the ones for the Dea-Dea and Men-Men RDF are just around 1 and 4, respectively. The RDFs in the Dea-Men12, and Dea-Lid21 systems present a similar trend. The higher peak heights indicate that the associations are more likely to form between different types of molecules rather than the same type of molecules in the three DESs. The inter-component associations may improve the mixture of the two components in the DESs. RDF peak heights from literature are mostly lower than those reported in this study. Alcalde et al.47 reported inter-component associations of about 4.2 – 4.5 for choline-chloride, and about 4.0 for chloride-lactic acid. Altamash et al.48 reported inter-molecular site-site RDF peak heights of 120 for phenyl acetic acid and chloride anion, and about 20 for intra-molecular associations between phenyl acetic acid molecules. Hammond et al.49 reported inter-molecular RDF peak heights of about 1.3, 6.2, and 4.2 for choline-urea (H-O), choline-chloride (H-Cl), and urea-chloride (N-Cl) associations, while the intra-molecular associations had peak heights of about 2.2, and 2.3 for choline-choline (N-N), and urea-urea (O-N) interactions respectively. Atilhan et al.23 reported inter-molecular site-site RDF peak heights of 10.0 and 11.0 for choline-chloride (H-Cl) and Choline-Urea (H-O), respectively.
The second category includes the Men-Lid21, Thy-Lid11, and Thy-Lid21 systems. The intra-component associations dominate in the three systems. As shown in Figure 3 (d-f), the intra-component RDFs possess the highest peak in the three DES systems. For instance, in the Thy-Lid11 system (Figure 3e), the Thy-Thy RDF has a peak (10.29) much higher than those for the Thy-Lid (3.99) and Lid-Lid (1.18) RDFs. The same trend is presented in the Men-Lid21 and Thy-Lid21 systems. However, these intra-component associations are only strong for one component in these DESs and do not lead to a phase separation probably due to relatively weaker intra-component associations for the other component in these systems. As shown in Figure 3 (d-f), the intra-component RDFs for the other component do not possess a significant peak in the three systems. Thus, the intra-component associations may result in the formation of small aggregations of the same type of molecules in these DESs but would not lead to phase separation. 
The third category includes the Thy-Men11 and Thy-Men21 systems. These two systems possess comparable inter- and intra-component associations. As shown in Figure 3 (g and h), the peak of the Thy-Thy RDF possesses a height similar to that of Thy-Men RDF in the two DES systems. The similar peak heights show that the Thy-Thy intra-component association should be comparable to the Thy-Men intra-component associations. The two types of associations may compete in the DESs and help form the physicochemical environment in the solution.  
The presence of the three categories indicates the variation of the solvation environment in hydrophobic DESs and the important influence of DES composition. The Dea molecules have weak interactions with Dea molecules, strong interactions with Men molecules, indicating that the solvation shell of Dea is heterogeneous and rich in Men molecules (Figures 3a and 3b) at around the 0.3 nm mark. At the same distance, the RDF peak for Men-Men indicates that there is some attraction between Men molecules, further indicating that there is a rich Men environment around Dea molecules. Figure 3c also indicates that the solvation shells around Dea molecules are rich in Lid molecules, as evidenced by the RDF peak at the 0.3nm distance. The solvation shells around Men, in Figure 3d, indicate an environment rich in Men molecules with some Lid molecules to a lesser extent, as indicated by the RDF peaks. A similar environment is seen around the solvation shells of Thy molecules in Thy-Lid11 and Thy-Lid21 (Figure 3e and 3f) where Thy molecules have strong interactions with other Thy molecules, and a relatively weaker interaction with Lid molecules around the same distance (around 0.3 nm). The solvation shells around Thy molecules are heterogeneous and Figures 3f and 3g indicate environments that are rich in Thy and Men molecules. The peaks are similar around the 0.3 nm distance. This indicates a well-mixed solution. The O-O RDF peaks reported by Atilhan et al.23, for hydrophilic choline chloride-based DESs have peaks centered around the 0.20 to 0.23 nm distance for choline-Urea interactions.
3.2 Diffusion of DES components
The diffusivity of a DES influences its ability to adsorb the other substrates. We characterize the diffusivity of the eight hydrophobic DES systems based on two features. The first is the diffusion coefficients of the individual component molecules in them. The eight DESs present a wide variation regarding the diffusion coefficients of their components. Figure 4 shows the diffusion coefficients of the two components in each of the eight hydrophobic DESs. The diffusion coefficients are calculated based on the corresponding mean squared displacement (MSD) using the Einstein method . Figure S1 shows the MSD curves of the individual components in the eight DESs. 
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[bookmark: _Ref51013685]Figure 4 Diffusion coefficients of components of DESs
As shown in Figure 4, the Dea-Men11 and Dea-Men12 system present the highest diffusion coefficients: the diffusion coefficients of Dea and Men components are 3.24×10-11 and 3.76×10-11 m2/s in Dea-Men11, and 4.33×10-11 and 5.47×10-11 m2/s in the Dea-Men12 system. The Thy-Lid11 and Thy-Lid21 systems present the lowest diffusion coefficients. The diffusion coefficients in these two systems are 3.21 ×10-12 and 3.35 × 10-12 in Thy-Lid11, and 4.44 × 10-12 and 4.54×10-12 in Thy-Lid21, only around 11% of that in the two Dea-Men systems. The Thy-Men11 and Thy-Men21 systems present diffusion coefficients that fall between those of the Dea-Men and Thy-Lid systems: 2.42×10-11 and 3.48×10-11 m2/s in Thy-Men11, and 1.74 ×10-11 and 2.58 ×10-11 m2/s in the Thy-Men21 system. By comparison, the diffusivities reported by Shah et al.26 for a hydrophilic DES composed of choline, chloride and urea are in the order of 10-13 m2/s. D’Agostino et al.50 reported diffusivities in the order of 10-11 m2/s for reline, ethaline, and glyceline DESs.  
Table 3. The ratio (high: low) of diffusion coefficients between components in the eight DESs
	
	Dea-Men11
	Dea-Men12
	Dea-Lid21
	Men-Lid21

	ratio
	1.16
	1.26
	7.58
	1.63

	
	Thy-Lid11
	Thy-Lid21
	Thy-Men11
	Thy-Men21

	ratio
	1.06
	1.02
	1.44
	1.48



The second feature is the ratio between the diffusion coefficients of the two components within each DES. Table 3 shows this ratio for the eight DES systems. The Dea-Lid21 system presents the highest ratio of 7.58. This high ratio indicates that Lid molecules diffuse 650% faster than the Dea molecules in this DES. Such a significant difference in diffusion coefficients could be indicative of distinct hydrogen bond features. The other seven DES systems show a moderate difference in diffusion coefficients. The Men-Lid21, Thy-Men11 and Thy-Men21 systems present a ratio around 1.5. Such a ratio indicates that one component diffuses around 50% faster than the others in the three DESs. A 50% difference in diffusion coefficients may impact their hydrogen bond properties. The Dea-Men11, Dea-Men12, Thy-Lid11 and Thy-Lid21 systems present a ratio around 1-1.26. The two components in the four systems possess similar diffusion ability.
The variation of diffusion could impact the structure and dynamics of hydrogen bonds. Chandler et al.51,52 posited a relationship between molecular diffusion and hydrogen bonding dynamics governing which molecules are near neighbors and by extension which molecules are likely to form bonds. They suggest that diffusion affects bond lifetimes. Their model was for water, but they added that it could be extended to other hydrogen-bonded liquids. 
3.3 Hydrogen bond structure
[bookmark: _Hlk52314313]The eight hydrophobic DESs vary in the number of hydrogen bonds. Table 4 lists the numbers of donors (NHBD), acceptors (NHBA), and hydrogen bonds (NHB), and the ratios of hydrogen bonds formed to the number of donors and acceptors in the eight DESs. A DES possesses multiple hydrogen bond donors and acceptors. The hydrogen bonds are determined using the criteria developed by Chandler and his colleagues51,52: (1) the distance between O(donor) and O(acceptor) ≤ 0.35nm; (2) the O(acceptor)-H(donor)-O(donor) angle ≤ 30º. As shown in Table 4, the values of NHB range from 54.86 to 194.65 in the eight DESs. The variation of hydrogen bond number is less likely to correlate to the numbers of hydrogen bond donors and acceptors in the system. For instance, Dea-Lid21 possesses 40% more NHBA than Men-Lid21, but this is unparalleled to the 250% increase in NHB. Such a variation in NHB is more likely to indicate the difference in the microscopic environment in the eight DESs. 
Table 4. Total number of hydrogen bonds and their ratio to the numbers of hydrogen bond donors and acceptors in the eight DESs
	 
	Dea-Men11
	Dea-Men12
	Dea-Lid21
	Men-Lid21
	Thy-Lid11
	Thy-Lid21
	Thy-Men11
	Thy-Men21

	NHBA
	300
	400
	700
	500
	400
	500
	200
	300

	NHBD
	200
	300
	300
	300
	200
	300
	200
	300

	NHB
	127.94
	157.27
	194.64
	54.86
	66.33
	132.22
	98.59
	163.43

	NHB /NHBA
	0.43
	0.39
	0.28
	0.11
	0.17
	0.26
	0.49
	0.54

	NHB / NHBD 
	0.64
	0.52
	0.65
	0.18
	0.33
	0.44
	0.49
	0.54



The eight DESs contain a considerable portion of unsaturated hydrogen bond donors and acceptors not forming hydrogen bonds. As shown in Table 4, the highest ratio of NHB/NHBA and NHB /NHBD is 0.65, much less than the typical value for water (~0.8-0.9)53. In the Men-Lid21 system, only less than 20% of the hydrogen bond donors and acceptors form hydrogen bonds, while most of them are unsaturated. The large amount of unsaturated hydrogen bond donors and acceptors could play a role in the solvation and transport of the other substrates in DESs. Zahrina et al54 reported similar saturation figures of 10 - 60% for glycerol-based DESs. The average number of hydrogen bonds in their study was about 10 - 80. Altamash et al.48 reported lower average hydrogen bond numbers of about 0.1 - 0.9 for inter- and intra- interactions in Choline chloride - Phenyl acetic acid DES.  
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Figure 5 Average hydrogen bond numbers for (a) Dea-Men11, (b) Dea-Men12, (c) Dea-Lid21, (d) Men-Lid21, (e) Thy-Lid11, (f) Thy-Lid21, (g) Thy-Men11, (h) Thy-Men21. NHB represents the average number of hydrogen bonds after three repeated runs.
We further categorize the hydrogen bonds based on their donors and acceptors in the eight hydrophobic DESs. Each DES possesses four-six types of hydrogen bonds based on their donors and acceptors. For instance, the Dea-Men11 system possesses six types of hydrogen bonds and the Thy-Men21 system possesses four types of hydrogen bonds. Figure 5 shows the average number of hydrogen bonds (NHB) formed between various hydrogen bond donors and acceptors. These hydrogen bonds are labelled based on their donors and acceptors. For instance, in Dea-Men11, O0A-O0HB is the interaction between the O0 atom of component A (Dea) and the O0H atom of component B (Men). Table S2 lists the detail of the donors and acceptors for these hydrogen bonds in the eight DESs.
The eight DESs could be grouped into two categories based on the distributions of hydrogen bond numbers. The first group includes Dea-Men11, Dea-Men12, Men-Lid21, and Thy-Lid21. They possess one dominating type of hydrogen bond. This dominant bond is between inter species for the Dea-Men11 and Dea-Men12 systems (Figures 5a and 5b). As shown in Figure 5a, the number of O0B-O2HA hydrogen bonds is around 75, around 58% of the total number of hydrogen bonds in the system. The dominant bond in Men-Lid21 and Thy-Lid21 involves intra-species. Men molecules display a high affinity for other Men molecules and constitute 74% of the bonds in Men-Lid21 (Figure 5d). Bonds between Thy molecules constitute 68% of the bonds in Thy-Lid21 (Figure 5f). The hydrogen bond numbers are supported by the RDF plots (Figures 3 a, b, d, f). For instance, there is one dominant, sharp and narrow RDF peak height for inter-species association in Dea-Men11, and this is backed up by the dominance of inter-species hydrogen bonding in Dea-Men11. 
The other DESs belong to the second group. They possess two comparable hydrogen bonds: one inter-species and the other involving intra-species. For instance, as shown in Figure 5c, the intra-species bonds between Dea molecules make up 52% of the bonds in Dea-Lid21. The inter-species bonds represent 39% of the bonds in Dea-Lid21. For the Thy-Men11 and Thy-Men21 systems (Figures 5g and 5h), the intra-species bonds between Thy molecules represent 32% and 53% of the total hydrogen bonds in Thy-Men11 and Thy-Men21, respectively. The inter-species bonds represent 44% and 34% of the bonds in Thy-Men11 and Thy-Men21. Increasing the number of Thy molecules in the system appears to hinder the formation of bonds between Thy and Men molecules. The RDF plots agree with the hydrogen bond numbers. For instance, there are two comparably dominant inter- and intra- species RDF peak heights in Thy-Men11 and Thy-Men21 systems (Figure 3g-h), and this is mirrored in the inter- and intra- species hydrogen bond numbers (Figures 5g-h). 
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Figure 6. Distributions of O(acceptor)-H(donor)-O(donor) angles for hydrogen bonds for (a) Dea-Men11, (b) Dea-Lid21, (c) Men-Lid21, (d) Thy-Lid11, (e) Thy-Men11
The hydrogen bonds in the eight hydrophobic DES also present diversified structures. We characterize the structure of hydrogen bonds using the O(acceptor)-H(donor)-O(donor) angle and O(acceptor)-O(donor) distance. Figure 6 shows the distributions of the O(acceptor)-H(donor)-O(donor) angles for Dea-Men11, Dea-Lid21, Men-Lid21, Thy-Lid11, and Thy-Men11. Figure S3 shows the distributions of O(acceptor)-H(donor)-O(donor) angles for the Dea-Men12, Thy-lId21, and Thy-Men21 systems.  Figure 7 shows the distributions of the O(acceptor)-O(donor) distance for Dea-Men11, Dea-Lid21, Men-Lid21, Thy-Lid11, and Thy-Men11. Figure S4 shows the distributions of O(acceptor)-O(donor) distances for the Dea-Men12, Thy-Lid21, and Thy-Men21 systems.  
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Figure 7 Hydrogen bond distance distributions for (a) Dea-Men11, (b) Dea-Lid21, (c) Men-Lid21, (d) Thy-Lid11, (e) Thy-Men11
The individual types of hydrogen bonds in the same DES diversify in the angle and distance distributions. Taking the Dea-Men11 system for example, Figure 6a shows its angle distributions and Figure 7a shows the distance distributions. There appears to be some correlation between the peaks of the bond angle distributions and the hydrogen bond numbers of Dea-Men11 (Figure 5a). The hydrogen bonds with the highest numbers also have the highest peaks in the angle distributions. The trend of the angle distribution peaks also correlates with the peaks in the distance distributions, as shown in Figure 7a. The dominant bonds in Dea-Lid21 (Figure 5c) also have the highest peaks in angle and distance distributions (Figures 6b and 7b).
The eight DESs could be divided into three categories regarding the correlation between the number of hydrogen bonds and the distributions of angle and distance. Dea-Men11, Dea-Men12, Dea-Lid21, and Thy-Men11 systems display a positive correlation between hydrogen bond numbers and the peak heights of the angle and distance distributions. For instance, in Dea-Men11 the hydrogen bond with the highest number (75) is O0B-O2HA; its angle probability distribution has a peak height of about 0.07, and its distance probability distribution has a peak height of about 0.17. O0A-O2HA has the second highest hydrogen bond number (23), its distance probability distribution has a peak height of around 0.13, while its angle distribution has a peak height of around 0.05. As the hydrogen bond number decreases, the peak height in the distance/angle distribution also decreases.
Some other DESs do not present a direct or inverse correlation between the number and structure of hydrogen bonds.  These include Men-Lid21, and Thy-Lid11. For instance, the hydrogen bond with the highest number (33) in Thy-Lid11 is O4HA-O4HA (Figure 5e) but its angle probability distribution has a peak height of about 0.045, the second highest. O4A-N8HB has a hydrogen bond number of 10 but its angle probability distribution has a peak height of about 0.08, the highest in Thy-Lid11 (Figure 6d). From figure 7d, N2B-O4HA has a distance distribution with the highest peak (0.16) but its hydrogen bond number is only the fourth highest in Thy-Lid11. 
The third category includes DESs that also display a direct correlation between angle and distance distributions. The peaks of the angle and distance distributions for Thy-Men11 (Figures 6e and 7e) appear to be directly correlated. The angle distributions of the hydrogen bonds in Thy-Men11 display significant overlap with three of the four hydrogen bonds having a peak height of around 0.05. To a lesser degree, the distance distributions of the hydrogen bonds also display similarity with peak heights of 0.10 - 0.12.
3.4 Hydrogen bond lifetime
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Figure 8 Hydrogen bond lifetime τ for (a) Dea-Men11, (b) Dea-Men12, (c) Dea-Lid21, (d) Men-Lid21, (e) Thy-Lid11, (f) Thy-Lid21, (g) Thy-Men11, (h) Thy-Men21.
The hydrogen bonds also present various stabilities in the eight hydrophobic DESs. We characterize the stability of hydrogen bonds using their lifetimes. The lifetime of individual types of hydrogen bonds is calculated in two steps. The first step is to calculate the correlation function C(t) for various hydrogen bonds in each DES, as shown in equation 2: 
	
	(2)


The hydrogen bond autocorrelation function, C(t), is the number of hydrogen bonds that exist at a time t given that they exist at a time 0. The hydrogen bonds are counted even if they were broken intermittently, based on Rappaport’s definition52. Figure S5 shows the C(t) curves for hydrogen bonds in the eight DESs. The second step is to calculate lifetime τ by numerically integrating the C(t) curves. Figure 8 shows the lifetime τ for individual hydrogen bonds in the eight DESs. 
The values of τ vary among the hydrophobic DESs. Dea-Men11 and Dea-Men12 (Figure 8a and 8b) have lifetimes that range from about 0.4 - 7 ns. Men-Lid21 (Figure 8d) displays the lowest lifetimes of all the DESs in this study, with most of the hydrogen bonds lasting around 0.2 ns. The Thy-Lid11 and Thy-Lid21 systems (Figure 8e and 8f) have the highest bond lifetimes, with most hydrogen bonds lasting over 20 ns. The shortest lifetimes for the hydrogen bonds in Thy-Lid11 and Thy-Lid21 are around 5 ns, which is about 150% higher than the longest lifetimes for Men-Lid21 and most of the hydrogen bonds in the Dea-Men11 and Dea-Men12 systems. The values of τ vary widely even in the same DES. Taking the Dea-Lid21 (Figure 8c) as an example, the shortest lifetime is about 0.7 ns and the longest lifetime is around 15 ns. The same phenomenon is seen in the Thy-Lid systems (Figure 8e and 8f) as well with lifetimes ranging from about 5 ns to 38 ns in Thy-Lid11 and 4 ns to 29 ns in Thy-Lid21.
The hydrogen bond lifetimes for the Dea-Men11, Dea-Men12, and Dea-Lid21 systems have a direct correlation to the distance distributions when comparing peaks. The other DESs do not appear to have any direct or inverse correlations between the lifetimes and the distance distributions. No obvious correlations are observed between the hydrogen bond lifetimes and their angle distributions. 
The trend of the bond lifetimes (Figure 8) correlates to that of the number of hydrogen bonds (Figure 5) for all eight DESs. For each DES, the longest-lasting hydrogen bonds are the ones with the largest bond numbers within the system. For instance, in Dea-Men11, the O0B-O2HA interactions have the highest average number of bonds (about 70) as seen in Figure 5a; this could explain why such interactions take the longest time to decay compared to the rest, in Figure 8a. The O0A-O2HA interaction is the second highest in the average number of bonds and this also reflects in the bond lifetime where it has the second highest lifetime. The hydrogen bond numbers in this system seem to reflect the order in which the interactions decay. As seen in Figure 5a, the O0B-O2HA interaction has a lifetime of 6.51, this is more than two times larger than the second longest bond lifetime. This means that when Men plays the role of a donor and Dea plays the role of a donor, the hydrogen bonds that are preferentially formed are also the strongest in the DES. As seen in Figure 5b, the number of O0B-O2HA hydrogen bonds in Dea-Men12 are even higher than in the case of Dea-Men11; these bonds also decay the slowest (Figure 8b). This means that the bonds are not just numerous, they are also stable. As displayed in Figure 5b, increasing the number of Menthol molecules reinforces its preference for being an acceptor in O0B-O2HA hydrogen bonds. This type of hydrogen bond is also the strongest, judging by its lifetime of 4.17 (Figure 8b). Across the board, the hydrogen bond lifetimes all reduced with the increase in Menthol molecules in Dea-Men12, as seen in Figure 8b. The hydrogen bond lifetimes of Thy-Lid11 are the highest reported in this study, even though the number of hydrogen bonds in this system (Figure 5e) are relatively fewer than that of the other DESs.
It should also be noted that when comparing the bonds across all the DESs, the bonds with the longest lifetimes are not necessarily the bonds with the largest quantities. For instance, the O0A-O2HA in Dea-Lid21 has an average hydrogen bond number of 101 (Figure 5c) with a lifetime of about 8ns (Figure 8c) while O4HA-O4HA in Thy-Lid11 has a hydrogen bond number of 33 (Figure 5e) with a lifetime of about 37ns (Figure 8e), which is the longest across all the DESs in this study.
Drawing on the theory of Chandler et al. 51,52, there does appear to be an inverse correlation between hydrogen bond lifetimes and diffusion coefficients of DES components. As reported in Figure 4, the components of Thy-Lid11 and Thy-Lid21 have the lowest diffusion coefficients and as reported in Figure 8f and 8g, these DESs also have the longest hydrogen bonding lifetimes. Dea-Men11, Dea-Men12, Men-Lid21, Thy-Men11 and Thy-Men21 have components with the highest diffusion coefficients and these systems also have the lowest hydrogen bonding lifetimes (Figure 8). Dea-Lid21 displays the third lowest diffusion coefficients but unlike Thy-Lid11 and Thy-Lid21 whose hydrogen bonds have long lifetimes across the board, only two of the hydrogen bonds in Dea-Lid21 display long lifetimes. The 3 DESs with the smallest diffusion coefficients in Figure 4 all have Lid molecules, suggesting that Lidocaine reduces the overall molecular mobility of DES systems. This could also be an indicator of bad extractive properties. On the other hand, DESs with Menthol molecules display the largest diffusion coefficients, suggesting good extractive properties. Diffusion coefficients of DES components may be an indication as to the hydrogen bond lifetimes of the various interactions in the DES.
4. CONCLUSION
We investigate the heterogeneous hydrogen bond environment and its impact on the molecular association and diffusion ability of molecules in eight hydrophobic DESs composed of four components (decanoic acid, Lidocaine, menthol, and thymol) using MD simulations. RDF analysis reveals three molecular association scenarios for the eight hydrophobic DESs: (a) inter-component association dominates, (b) intra-component association dominates, and (c) comparable inter- and intra-component association. Each hydrophobic DES has 4-6 types of hydrogen bonds with 1-2 hydrogen bonds being dominant in number and lifetime. In each of the scenarios, the type (inter- or intra-species) of dominant hydrogen bond correlates with the type of dominant RDF association. The eight hydrophobic DESs possess significant unsaturated hydrogen bond donors and acceptors; The simulations also indicate a direct correlation between hydrogen bond numbers and lifetimes. Dea-Men11, Dea-Men12, Dea-Lid21, and Thy-Men11 systems present a direct correlation between the hydrogen bond numbers and the peak heights of their corresponding hydrogen bond angle and distance distributions. Diffusion coefficients have an inverse relationship with hydrogen bond lifetimes in the hydrophobic DESs.
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