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ABSTRACT
Hydrophobic deep eutectic solvents (DESs) emerge as candidates to extract organic substrates from aqueous solutions. The DES-aqueous liquid-liquid interface plays a vital role in the extraction ability of hydrophobic DES because the non-bulk structure of molecules at the interface could cause thermodynamic and kinetic barriers. One question is how the DES compositions affect the structural features of the DES-aqueous liquid-liquid interface. We investigate the density profile, dipole moment and hydrogen bonds of eight hydrophobic DES-aqueous liquid-liquid interfaces using molecular dynamics simulations. The eight DESs are composed of four organic compounds: decanoic acid, menthol, thymol, and lidocaine. The simulation results show the variations of dipole moment and hydrogen bond structure and dynamics at the liquid-liquid interfaces. Such variations could influence the extraction ability of DES through adjusting the partition and kinetics of organic substrates in the DES-aqueous biphasic systems. 
Thermodynamics and Molecular-Scale Phenomena
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1. Introduction
[bookmark: _Hlk66878282]Hydrophobic deep eutectic solvents (DESs) have emerged as candidates that can extract organic substrates from aqueous environments1-6. The hydrophobic DESs are composed of organic hydrogen bonding donors and acceptors. Their extractive capabilities have been illustrated in pharmaceuticals6-8, food industry9, metal industry10,11 and carbon dioxide capture applications1,12-15. They are also promising candidates for liquid-liquid extraction of micro and nano pollutants from aqueous solutions due to their immiscibility16,17, low volatility7,18-20 and low toxicity4,13,21,22. The high number of organic hydrogen bonding donors and acceptors in chemical inventory provides ample space for designing hydrophobic DESs with the desired extraction ability. However, we must rationalize such a design based on a thorough understanding of molecular mechanisms that govern the extraction ability of hydrophobic DESs.  
A key in revealing the molecular mechanisms governing the extraction ability of hydrophobic DESs is to understand the structural features of molecules at the DES-aqueous liquid-liquid interface. The DES and water molecules could present non-bulk features at the interface and affect the partition and transport of molecules in the DES-aqueous system. These interfacial effects could influence the thermodynamics and kinetics of an extraction process using hydrophobic DESs. 
The first question is about the distribution of DES components and water molecules at the DES-aqueous liquid-liquid interface. Experiments have shown that hydrophobic DESs do not dissolve with aqueous solutions.17,23 However, it is unclear if the hydrophobic DES molecules may mix with water molecules at the interface. The hydrophobic DESs are composed of molecules that can form hydrogen bonds. Water molecules also form hydrogen bonds. This common feature may help DES components and water molecules mix with each other at the interface and introduce non-bulk features at the interface. In addition, a hydrophobic DES is a binary mixture. One of the two components may prefer to accumulate at the interface. Such a preferred accumulation may also introduce non-bulk features at the interfaces.  
The second question is about the dipole fluctuation at the DES-aqueous liquid-liquid interface. Both DES molecules and water molecules possess dipoles due to the mismatch of the positions of their positively and negatively charge centers. The bulk DES and aqueous phases shall present zero in dipole since the molecules could orient in any direction evenly. However, the DES-aqueous liquid-liquid interface may present a non-zero dipole moment since the molecules are likely to show a preferential orientation at the interface.5,24,25 Such dipole fluctuation could contribute to the non-bulk features of the interface. 
The third question is about the hydrogen bonds at the DES-aqueous liquid-liquid interface. Hydrogen bonds play a critical role in both DES and aqueous solutions. The interface may present at least three types of hydrogen bonds: DES-DES, DES-water, and water-water. The three types of hydrogen bonds may compete and result in a hydrogen bond environment different from the bulk water and DES phases. Such a heterogeneous hydrogen bond environment could also contribute to the non-bulk features of the DES-aqueous liquid-liquid interface. 
Extensive experimental efforts have illustrated the extraction ability of hydrophobic DESs despite the unclear molecular-level mechanisms.23,26-31 Florindo et al.21 extracted bisphenol-A from water using hydrophobic DESs composed of fatty acids (octanoic, nonanoic, decanoic, and dodecanoic acid). Their experiment shows that increasing alkyl chain lengths of the fatty acid enhances the extraction ability of DES. Van Osch et al.13 investigated the extraction of metal ions (iron, zinc, and copper chlorides) from water using hydrophobic DESs composed of decanoic acid and lidocaine. Their results show that tuning composition ratio can achieve a high extraction efficiency (> 98%) and reusability. Dietz et al.32 studied the extraction efficiencies of supported liquid membranes impregnated with hydrophobic DESs in aqueous solutions contaminated with furfural and hydroxymethylfurfural. Their experiment suggested that molecular interactions between the hydrophobic DES and the solute play the most significant role in influencing permeability across the membrane. Florindo et al.4 developed hydrophobic DESs using natural compounds (such as DL-Menthol) and quaternary ammonium salts for the extraction of pesticides from aqueous solutions. Their results showed that the extraction ability of DES increases with the hydrophobicity of the pesticides. Verma et al.33 showed that the good water stability of the hydrophobic DESs is critical for their extraction ability. Kaul et al.34 studied the partitioning of n-alkanols and benzene derivatives in hydrophobic DES and water. Their results suggested that solute hydrophobicity plays a significant role in the extraction efficiencies of hydrophobic DESs. Sas et al.22 investigated the ability of hydrophobic DESs to extract phenolic pollutants from water. Their results confirmed that the extraction ability of DESs increases with their hydrophobicity. These experimental efforts illustrate the potential of hydrophobic DES to extract substrates from the aqueous solutions.  
Extensive efforts have been conducted to investigate the bulk properties of hydrophobic DESs.35-37 Van Osch et al.23 summarizes the bulk physicochemical properties of hydrophobic DESs such as density, viscosity, melting point, degradation temperature, volatilities, and solvatochromic properties. Martins et al.38 investigated the physicochemical properties of hydrophobic DESs composed of terpenes (thymol and menthol) and monocarboxylic acids (capric and lauric acid ) used a combination of differential scanning calorimetry and perturbed chain statistical associating analysis fluid theory (PC-SAFT). The obtained solvatochromic properties suggested that menthol prefers to be hydrogen bond acceptors while thymol prefers to be hydrogen bond donors. Salehi et al.39 studied the density, viscosity, diffusivities and ionic conductivities of DESs composed of tetraalkylammonium chloride and decanoic acid using molecular dynamics (MD) simulations. They found that the cation chain length affects the density and transport properties of DESs. Alizadeh et al.40 investigated the microheterogeneity of DESs composed of choline chloride and its derivatives mixed with ethylene glycol using MD simulations. Their results show distinct polar and nonpolar parts in these DESs. Malik et al.41 investigated the bulk phase morphology of the menthol-based hydrophobic DES with organic acid of different chain lengths using MD simulations. Their result shows the competition of menthol-menthol, menthol-acid and acid-acid hydrogen bonds in these hydrophobic DESs. Paul et al.42 studied the water stability of eight menthol-based hydrophobic DESs and two tetrabutylammonium chloride-based DESs with organic acid-based hydrogen bond donors using MD simulations. They found that the strong hydrogen bonds determine the water stability of DESs. These studies emphasize the important role of hydrogen bonds in the features of hydrophobic DESs. The hydrogen bonds could also play an important role in determining the features of DES-aqueous liquid-liquid interfaces. 
	Several simulation and experimental efforts have been conducted to investigate the interfacial properties of DESs. Most of these studies focus on the behavior of DES molecules near solid surfaces. Zec et al.5 explored the properties of DES composed of choline chloride–ethylene glycol near a silicon substrate using neutron reflectometry and MD simulations. They found that the choline cations reorientate near the charged electrodes. Rozas et al.43 investigated the adsorption and confinement of DES composed of choline chloride and urea at the interface of two-dimensional nanomaterials (2D) using MD simulations. They found that the cholinium cations stays in the outer of the adsorbed layer and few chlorine cations direct adsorb on the surface of the 2D nanomaterials. Atilhan et al.44 also investigated the interfacial behavior of DES composed of choline chloride and urea near 2D nanomaterials using MD simulations. They suggested that the hydrogen bonds lead to component heterogeneity at the interface. Gao et al.24 studied the wetting ability of a DES droplet containing choline chloride and urea on an ionic substrate using MD simulations. Their result shows that the urea molecules formed an ordered layer at the interface when the substrate changed from hydrophobic to hydrophilic. Shakourian-Fard et al.45 investigated the adsorption of choline chloride-derived DESs on graphene nanoflakes using density functional theory (DFT). They found that the dispersion interaction drives the adsorption and DESs show different interactions with defective graphene. Tan et al.46 studied the interface between Au (111) and ethaline DES (choline chloride, ethylene glycol and water) using in-situ scanning tunneling microscopy. They found that Au (111) surface reconstructs in ethaline when it is negative charged, and this reconstruction may be due to the water in ethaline DES. Elbourne et al.25 investigated the heterogeneous DES-solid interfaces via the combination of high-resolution amplitude-modulated atomic force microscopy and MD simulations (DES: choline chloride: glycerol and solid surface : mica and single layer of graphene surface). Their result shows that DES is highly ordered by polar interactions at the mica interface, whereas DES formed a distinct apolor-driven row-like structure at graphene surface. These studies showed that the DES molecules present non-bulk features at the solid-liquid interfaces. The DES molecules could also present non-bulk features at the liquid-liquid interfaces and these features may affect the extracting process.   
	This paper aims to investigate the non-bulk features of molecules at the hydrophobic DES-aqueous liquid-liquid interfaces. We will focus on answering the three questions mentioned above. The model systems include eight DES-aqueous biphasic systems. The eight hydrophobic DESs are composed of decanoic acid (CH3(CH2)8COOH), menthol (C10H20O), thymol (C10H14O), and   Lidocaine (C14H22N2O) (as shown in Figure 1). Decanoic acid29,47 is one of the hydrogen donors, and menthol and thymol44 are used as common hydrogen acceptors for hydrophobic DESs.  Lidocaine48 has also been reported as a promising candidate in the pharmaceutical industry. These eight systems enable us to investigate the effect of composition and their molar ratio on the non-bulk features of DES-aqueous liquid-liquid interfaces. The rest of this work is organized as follows: Section 2 describes the computational details, section 3 presents the results and discussion, and section 4 provides a conclusion. 
2. Molecular model and simulation detail
2.1 Molecular model 
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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 labeled. 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, while the TIP4P model49 was used for the water 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 field50 because this force field can describe the behavior of organic molecules. The force field parameters were assigned using the Ligpargen web server51-53. Table S1 lists the force field parameters of the nonbonded interactions for the four organic molecules. 
2.2 Simulation detail
[image: ]
Figure 2. Snapshot of the initial configuration for Thy-Lid11 and water containing 100 Thy, 100 Lid, and 2004 water molecules. Colour representations are the same as in Figure 1.
The simulation systems were created by placing a water layer above the DES layer in the z-direction. Two steps were used to build a simulation system. The first is to get a DES layer. The DES layer was created by placing 200 or 300 DES-component molecules randomly in a cubic box.  Then a 50-ns isobaric-isothermal (NPT P=1 atm, T=295 K) ensemble MD simulation was conducted to enable the DES layer to reach the volume with proper density after energy minimization. The other simulation detail is similar to step (2) of the MD simulation described below. Then a water layer was placed above the DES layer at the z-direction. The water layer has the same lengths in x and y direction as the DES layer.  Any water molecules that overlap with the DES molecules were removed. Table 1 shows the details of the eight hydrophobic DES-aqueous systems. Figure 2 shows the snapshot of a system containing Thy-Lid11 and water layers.

Table 1. Detail of the eight hydrophobic DES-aqueous systems.
	System label
	Component A
	Component B
	DES molar ratio
	# water molecules
	# DES molecules

	Dea-Men11
	decanoic acid
	Menthol
	1:1
	1646
	200

	Dea-Men12
	decanoic acid
	Menthol
	1:2
	2698
	300

	Dea-Lid21
	decanoic acid
	Lidocaine
	2:1
	3062
	300

	Men-Lid21
	Menthol
	Lidocaine
	2:1
	2947
	300

	Thy-Lid11
	Thymol
	Lidocaine
	1:1
	2004
	200

	Thy-Lid21
	Thymol
	Lidocaine
	2:1
	2723
	300

	Thy-Men11
	Thymol
	Menthol
	1:1
	1630
	200

	Thy-Men21
	Thymol
	Menthol
	2:1
	2450
	300



For each system, the molecular simulation contains three steps: (1) an energy minimization to remove any too-close contact between atoms, (2) a 100-ns NPT (P=1 atm, T=295 K) ensemble MD simulation to enable the system to reach thermodynamic equilibrium, (3) a 200-ns canonical (NVT, T=295 K) ensemble MD simulation for data collection at a frequency of 10-ps. In step (2), the MD simulation uses the Berendsen method54 to control the system pressure and the velocity rescaling method to control the system temperature. The MD simulation in step (3) uses the velocity rescaling method55 to control the system temperature. All simulations utilize the periodic boundary conditions. The integral step was 2 fs in the simulations of steps (2) and (3).
The short and long range nonbonded interactions are calculated using the Lennard-Jones 12-6 and Coulomb potential, respectively (equation 1).
	
	(1)


where  is the distance between atom i and j,  are the partial charges of atom i and j, is the free space permittivity,  and  are energetic and geometric parameters. The particle mesh Ewald56 (PME) sum is used to calculate long-range potentials, and the LINCS algorithm57 is used to constrain bonds involving hydrogen atoms. All energy minimization and MD simulations were conducted using GROMACS 2020.4.58  
3 Results and discussion 
3.1 Density distribution of DES components and water molecules
The eight hydrophobic DESs form a distinct liquid-liquid interface with the aqueous solution. Figure 3 shows the reduced molar density profiles of the DES components and water molecules in the eight systems. The reference for the DES components is the bulk density of the one with the lower molar concentration. The reference for the water molecules is their bulk concentration. Figure S1 shows the absolute density profiles for these systems. We define the liquid-liquid interfacial region as where the DES components and water molecules present non-bulk reduced molar density, as used in the literature.59-62 Table 2 shows the z scale and thickness of the interface in the eight systems. The eight DES-aqueous systems possess a liquid-liquid interface ranging from 1.6-2.2 nm. The Men-Lid21 system has the thickest interface (2.2 nm), the Thy-Men11 system has the second thickest interface (1.9 nm), and the other six systems have the liquid-liquid interface thickness around 1.6 to 1.7 nm. Substrates may cross a thicker liquid-liquid interface to move from water to Men-Lid21 or Thy-Men11 DESs comparing to the other six DESs. However, a wider interface does not necessarily mean a higher barrier. We will investigate the dipole moment and hydrogen bonds at the interface later.  
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Figure 3. Reduced molar density profiles of the center of mass of DES components and water molecules in the eight systems. (a) Dea-Men11, (b) Dea-Men12, (c) Dea-Lid21, (d) Men-Lid21, (e) Thy-Lid11, (f) Thy-Lid21, (g) Thy-Men11, (h) Thy-Men21. For DES, the reference is the bulk density of the component with the lower molar concentration. For water, the reference is the bulk concentration.
The DES and aqueous phases overlap at the liquid-liquid interfaces. As shown in Figure 3, the curves for DES components and water molecules cross each other at the interface. Such crossing implies that the DES components and water molecules mix at the interface. However, both DES components and water molecules gradually decrease their presentation when approaching the opposite phase. Such decreases make a gradual change in the solvent environment at the interface. The solvent environment shifts from “major-in-water” to “major-in-DES” as moving away from the bulk water. 
    A small amount of water molecules can dissolve in the DES phase. As shown in Figure 3, the bulk DES phase is on the left side of the liquid-liquid interface. Figure 3(d), (e) (g) and (h) presents non-zero water curves in the bulk DES regions. These non-zero curves indicate that trace water molecules could present in the bulk phase of Men-Lid21, Thy-Lid11, Thy-Men11 and Thy-Men21 systems. The other four systems do not present visible non-zero water curves. Van Osch et al.63 found that a small amount of water could dissolve in hydrophobic DESs after mixing the DESs with water in experiments. Our simulations are consistent with their observation. These water molecules may change the properties of DES by adjusting their hydrogen bonds.  
Table 2. The scale of liquid-liquid interfacial regions
	DES
	Interfacial region scale (nm)
	DES
	Interfacial region scale (nm)

	Dea-Men11
	3.0 - 4.7 (1.7)
	Dea-Men12
	3.5 - 5.1 (1.6)

	Dea-Lid21
	3.5 - 5.1 (1.6)
	Men-Lid21
	3.2 - 5.4 (2.2)

	Thy-Lid11
	2.8 - 4.5 (1.7)
	Thy-Lid21
	3.5 - 5.1 (1.6)

	Thy-Men11
	3.0 - 4.9 (1.9)
	Thy-Men21
	3.5 - 5.1 (1.6)


	 
On the contrary, the DES components do not dissolve in the bulk aqueous phase. The bulk aqueous phase is on the right side of the liquid-liquid interface. As shown in Figure 3, all eight systems present DES component curves as zero in the bulk water region. None of the DES components would enter the bulk aqueous solution, even though they can form hydrogen bonds. Such ability could benefit the extraction applications of DESs for two reasons. First, the hydrophobic DESs are less likely to lose during the extraction process. Second, the hydrophobic DESs are less likely to pollute the aqueous solution themselves.  
Table 3. Ratio of interfacial/bulk molar ratio for eight systems
	DES
	interface/bulk
	DES
	interface/bulk

	Dea-Men11
	0.82
	Dea-Men12
	0.55

	Dea-Lid21
	1.06
	Men-Lid21
	3.71

	Thy-Lid11
	1.63
	Thy-Lid21
	0.98

	Thy-Men11
	0.72
	Thy-Men21
	1.60



Men and Thy components prefer to accumulate at the liquid-liquid interfaces than the other two. Table 3 presents the ratio of bulk-phase A/B vs. that at the liquid-liquid interface. A value close to one implies that the two DES components have similar preferences at the interface. A value <1 implies that the B component prefers to accumulate at the interface, while a value > 1 implies that the A component prefers to accumulate at the interface. The Thy-Lid21 (0.98) and Dea-Lid21 (1.06) systems present a value close to one. The DES components do not present preferential accumulations for the interface in the two systems. Three systems show a ratio <1:  Dea-Men12 (0.55), Thy-Men11 (0.72) and Dea-Men11 (0.82). In the three systems, Men molecules prefer to accumulate at the interface. The other three DES systems presenting a ratio > 1: Men-Lid21 (3.71), Thy-Lid11 (1.63) and Thy-Men21 (1.60).  Thy is another component that prefers to accumulate at the interface besides Men. The preference between Thy and Men may depend on their molar ratio. The Thy-Men11 system presents a preference for Men, while the Thy-Men21 system presents a preference for Thy. Such preferential accumulation could make the solvation environment at the interface different from that in the bulk phase. The accumulated components may affect the properties of the liquid-liquid interface more than their counterparts in the DES.
3.2 Dipole moment 
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Figure 4. Dipole moment in z-direction 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 eight DES-aqueous systems present fluctuated dipole moment at the liquid-liquid interface. All four DES components and water molecules possess a non-zero dipole moment. They may prefer a specific orientation and cause a non-zero dipole that could interact with charged substrates. Figure 4 shows the dipole moment of the system in the z-direction (total µz) as a function of z coordinate. The values of µz are close to zero in bulk DES and aqueous phases because the molecules can orient at a random direction in the bulk phase. The value of µz for the system (“total”) becomes non-zero and fluctuates at the interface for all eight systems. Such fluctuated dipole at the interface has been reported in the literature.64,65 
 Table 4. Scale of   at the interface for the eight systems
	
	 (D)
	
	 (D)

	DES
	most positive 
	most negative  
	DES
	most positive 
	most negative  

	Dea-Men11
	1.0
	-4.48
	Dea-Men12
	1.42
	-6.61

	Dea-Lid21
	1.14
	-5.73
	Men-Lid21
	0.95
	-5.68

	Thy-Lid11
	0.93
	-4.0
	Thy-Lid21
	0.44
	-6.09

	Thy-Men11
	0.80
	-3.54
	Thy-Men21
	0.77
	-5.24



DES components contribute to most of the non-zero dipole moment at the interface. Figure 4 also shows the fluctuation of µz for individual DES components and water molecules. The change of the curves for the two DES components is much broader than that for the water molecules. For instance, as shown in Figure 4a, the value of µz for Men ranges can be as low as -5.0 D. The value for water is around 0-2.0 D, only 40% of that for Men. The contribution from a single DES component dominates in the dipole fluctuation for the five systems: Dea-Men11, Dea-Men12, Men-Lid21, Thy-Lid11 and Thy-Lid21. The two DES components present similar contributions to the dipole fluctuation in the other three systems (Dea-Lid21, Thy-Men11 and Thy-Men21). 
The dipole fluctuation at the interface could affect the ability of DES to extract the substrates in two ways. First, the fluctuated dipole may create extra forces upon the substrates if they possess certain charges. These additional forces could attract the substrates to the interfaces or push them away. Second, the fluctuated dipole may create an interfacial barrier that the substrates must overcome to move from the bulk aqueous phase to the bulk DES one. For instance, a substrate with a specific dipole may prefer to stay at the interface than the two bulk phases. Such preference may create a thermodynamic barrier for the extraction.  
3.3 Hydrogen bond number
[bookmark: _Hlk52314313]The hydrogen bonds help connect the solvent molecules and affect the transport of substrates in the DES-aqueous systems. We first characterize the hydrogen bond feature in the eight systems using the numbers of hydrogen bonds in bulk DES and aqueous solutions and their interface. The hydrogen bond is determined using the criteria developed by Chandler and his colleagues.66 Figure 5 shows the average number of water-water hydrogen bonds per water molecule and the DES-water and DES-DES hydrogen bonds per DES molecule in bulk DES and water phases, and the liquid-liquid interface for the eight systems. The average number of water-water hydrogen bonds per water molecule is 3.28-3.41 in the bulk aqueous phase, consistent with the literature report.49,67 The average number of hydrogen bonds per DES molecule is much less than that of water-water hydrogen bonds per water molecules. 
The water-involved hydrogen bonds dominate at the interface in all eight systems. As shown in Figure 5, the average number of water-water hydrogen bonds ranges from 2.79 to 3.24, and that of DES-water hydrogen bonds ranges from 0.9 to 1.64 per DES molecule. These two values are higher than that (<0.2) of DES-DES hydrogen bonds per DES molecules.  
The ability of DES to form hydrogen bonds with water varies in the eight systems. As shown in Figure 5, the lowest value of DES-water hydrogen bonds is 0.91 for the Dea-Men21 system, and the highest value is 1.64 for the Thy-Men21 system. The latter is around 80% higher than the former. The composition ratio could affect the hydrogen bonds at the interface. The average number of DES-water hydrogen bonds changes by 43% (Dea-Men) and 20% (Thy-Men) when the composition ratio shifts from 1:1 to 2:1.
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Figure 5. Average hydrogen bond numbers in the eight systems. (a) Dea-Men11, (b) Dea-Men12, (c) Dea-Lid21, (d) Men-Lid21, (e) Thy-Lid11, (f) Thy-Lid21, (g) Thy-Men11, (h) Thy-Men21. DES hydrogen bonds (bulk and interface) are divided by the number of DES hydrogen bonding donors. Water (interface) hydrogen bonds are divided by the number of water molecules. DES-Water hydrogen bonds are divided by the number of hydrogen bonding donors of DES.
3.4 Hydrogen bond lifetime
We then characterize the hydrogen bond feature using their lifetimes. The lifetime of hydrogen bonds is calculated in two steps. The first step is to calculate the correlation function C(t) for hydrogen bonds in each DES, as shown in equation 2 
	
	(2)


where  is the ensemble average of the number of hydrogen bonds at time=0, and  is the ensemble average of the number of hydrogen bonds still existing at time=t. The hydrogen bonds are counted even if they broke intermittently, based on Rappaport’s definition68. The second step is to calculate lifetime τ by numerically integrating the C(t) curves. Figure 6 shows the lifetime τ for individual hydrogen bonds in the eight systems. 
The hydrogen bond lifetime τ follows the order: bulk water < interface < bulk DES for all the eight systems. As shown in Figure 6a, the value of τ is 315.97 ps in bulk DES. The value of τ for the DES-DES hydrogen bond decreases to 163.26 ps at the interface. The trace water molecules may affect the hydrogen bond lifetime in the bulk DES phase, but it is still much higher than those at the interface and the bulk water phase. The values of τ for the DES-water and water-water hydrogen bond are only 12.49 and 2.59 ps at the interface. The value τ for the bulk water is 3.34 ps, consistent with the literature report.69 
The DES-DES hydrogen bond at the interface is less stable than in the bulk phase. As shown in Figure 6c, for the Dea-Lid21 system, the lifetime of DES-water hydrogen bonds reduces to 66.79 ps at the interface, only 10% of that in the bulk phase. The DES composition ratio also affects the reduction of the DES-DES hydrogen bonds lifetime. As shown in Figure 6e-f, the DES-DES hydrogen bond lifetime at the interface is only 17% of the bulk value for the Thy-Lid11 system, while the 52% of the bulk value for the Thy-Lid12 system. 
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Figure 6. 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 DES-DES and DES-water hydrogen bond lifetimes vary at the interface among the eight systems. As shown in Figure 6, the DES-DES hydrogen bonds lifetime at the interface is 302.74 for the Thy-Lid21 system, while the DES-DES hydrogen bonds lifetime is 19.72 ps for the Thy-Men21 system. The DES-water hydrogen bond lifetimes also vary at the interface among the eight systems. As shown in Figures 6a and 6b, the DES-water hydrogen bonds lifetime is 12.49 ps for the Dea-Men11 system, only 37% of the one for Dea-Men12 systems.
The hydrogen bond heterogeneity may impact the transport of substrates during extraction or other applications. The hydrogen bonds help connect molecules. The number and lifetime of hydrogen bonds characterize the amount and stability of the connections. The bulk aqueous phase has the highest amount but weak hydrogen bonds. Breaking and reconstructing these hydrogen bonds may play a role in transporting substrates in the aqueous solution. The DES phase has a low number but strong hydrogen bonds. Avoiding these hydrogen bonds may play a role in transporting substrates in the DES solution. The interface possesses the hydrogen bond moderate in both number and stability, especially the DES-water ones. The transport of substrates may have to break and reconstruct these hydrogen bonds. 
4.Conclusion
We investigate the non-bulk structure and hydrogen bonds at the liquid-liquid interfaces in eight DES-aqueous systems using MD simulations. The eight hydrophobic DESs are composed of four components (decanoic acid, lidocaine, menthol, and thymol). The simulation results show the dipole fluctuation and heterogeneous hydrogen bonds at the liquid-liquid interface for all eight systems. The two features depend on the DES composition and the composition ratios.  Both dipole fluctuation and heterogenous hydrogen bond environment may affect the distribution and transport of substrates in the DES-aqueous biphasic systems. The dipole fluctuation could create a local environment that adjusts the distribution of charged substrates in the DES-aqueous systems. Among the eight systems, the Dea-Men12 presents the largest dipole fluctuation and the Thy-Men11 presents the smallest dipole fluctuation. The heterogeneous hydrogen bonds may change the connection between solvent molecules and impact the transport of substrates. 
Acknowledgment
Usman Abbas, Qi Qiao, Manh Tien Nguyen, and Qing Shao acknowledge the support from the Startup Funds of the University of Kentucky. Usman Abbas and Qing Shao acknowledge the support of Igniting Research Collaboration at the University of Kentucky. Jian Shi acknowledges the support from the National Science Foundation under Cooperative Agreement No. 1632854. 
Support information
Additional supporting information may be found online in the Supporting Information section at the end of this article.
Footnotes: 
1. U.L.A and Q.Q contribute equally to the paper. 
2. Correspondence: Qing Shao, Chemical and Materials Engineering Department, University of Kentucky, Lexington KY, qshao@uky.edu
REFERENCES
1.	Tereshatov EE, Boltoeva MY, Folden CM. First evidence of metal transfer into hydrophobic deep eutectic and low-transition-temperature mixtures: indium extraction from hydrochloric and oxalic acids. Green Chemistry. 2016;18:4616-4622.
2.	Dietz CHJT, Erve A, Kroon MC, van Sint Annaland M, Gallucci F, Held C. Thermodynamic properties of hydrophobic deep eutectic solvents and solubility of water and HMF in them: Measurements and PC-SAFT modeling. Fluid Phase Equilibria. 2019;489:75-82.
3.	Florindo C, Monteiro NV, Ribeiro BD, Branco LC, Marrucho IM. Hydrophobic deep eutectic solvents for purification of water contaminated with Bisphenol-A. Journal of Molecular Liquids. 2020;297(111841).
4.	Florindo C, Branco LC, Marrucho IM. Development of hydrophobic deep eutectic solvents for extraction of pesticides from aqueous environments. Fluid Phase Equilibria. 2017;448:135-142.
5.	Zec N, Mangiapia G, Zheludkevich ML, Busch S, Moulin JF. Revealing the interfacial nanostructure of a deep eutectic solvent at a solid electrode. Phys Chem Chem Phys. 2020;22:12104-12112.
6.	Dwamena AK. Recent Advances in Hydrophobic Deep Eutectic Solvents for Extraction. Separations. 2019;6:9.
7.	Zainal-Abidin MH, Hayyan M, Ngoh GC, Wong WF, Looi CY. Emerging frontiers of deep eutectic solvents in drug discovery and drug delivery systems. J Control Release. Dec 28 2019;316:168-195.
8.	Gutierrez A, Aparicio S, Atilhan M. Design of arginine-based therapeutic deep eutectic solvents as drug solubilization vehicles for active pharmaceutical ingredients. Phys Chem Chem Phys. 2019;21(20):10621-10634.
9.	Cunha SC, Fernandes JO. Extraction techniques with deep eutectic solvents. TrAC Trends in Analytical Chemistry. 2018;105:225-239.
10.	Abbott AP, Collins J, Dalrymple I, et al. Processing of electric arc furnace dust using deep eutectic solvents. Australian journal of chemistry. 2009;62(4):341-347.
11.	Taubert J, Raghavan S. Accelerated Publication: Effect of composition of post etch residues (PER) on their removal in choline chloride-malonic acid deep eutectic solvent (DES) system. Microelectronic Engineering. 2014;114:141-147.
12.	Altamash T, Atilhan M, Aliyan A, Ullah R, García G, Aparicio S. Insights into choline chloride–phenylacetic acid deep eutectic solvent for CO2 absorption. RSC Advances. 2016;6(110):109201-109210.
13.	van Osch DJ, Parmentier D, Dietz CH, van den Bruinhorst A, Tuinier R, Kroon MC. Removal of alkali and transition metal ions from water with hydrophobic deep eutectic solvents. Chem Commun. Sep 29 2016;52(80):11987-11990.
14.	Mirza N, Mumford K, Wu Y, Mazhar S, Kentish S, Stevens G. Improved Eutectic Based Solvents for Capturing Carbon Dioxide (CO2). Energy Procedia. 2017;114:827-833.
15.	Bi Y, Hu Z, Lin X, Ahmad N, Xu J, Xu X. Efficient CO2 capture by a novel deep eutectic solvent through facile, one-pot synthesis with low energy consumption and feasible regeneration. Sci Total Environ. 2020;705:135798.
16.	Hammond OS, Bowron DT, Edler KJ. Liquid structure of the choline chloride-urea deep eutectic solvent (reline) from neutron diffraction and atomistic modelling. Green Chemistry. 2016;18:2736-2744.
17.	van Osch DJGP, Zubeir LF, van den Bruinhorst A, Rocha MAA, Kroon MC. Hydrophobic deep eutectic solvents as water-immiscible extractants. Green Chemistry. 2015;17:4518-4521.
18.	Mokhtary M. Deep Eutectic Solvents in The Synthesis of Polymers. Academic Journal of Polymer Science. 2019;2(3).
19.	Ge D, Zhang Y, Dai Y, Yang S. Air-assisted dispersive liquid-liquid microextraction based on a new hydrophobic deep eutectic solvent for the preconcentration of benzophenone-type UV filters from aqueous samples. J Sep Sci. 2018;41(7):1635-1643.
20.	Zahrina I, Nasikin M, Mulia K, Prajanto M, Yanuar A. Molecular interactions between betaine monohydrate-glycerol deep eutectic solvents and palmitic acid: Computational and experimental studies. Journal of Molecular Liquids. 2018;251:28-34.
21.	Florindo C, Romero L, Rintoul I, Branco LC, Marrucho IM. From Phase Change Materials to Green Solvents: Hydrophobic Low Viscous Fatty Acid–Based Deep Eutectic Solvents. ACS Sustainable Chemistry & Engineering. 2018;6:3888-3895.
22.	Sas OG, Castro M, Domínguez Á, González B. Removing phenolic pollutants using Deep Eutectic Solvents. Separation and Purification Technology. 2019;227(115703).
23.	van Osch DJGP, Dietz CHJT, Warrag SEE, Kroon MC. The Curious Case of Hydrophobic Deep Eutectic Solvents: A Story on the Discovery, Design, and Applications. ACS Sustainable Chemistry & Engineering. 2020;8:10591–10612
24.	Gao Q, Wu N, Qin Y, et al. Molecular insight into wetting behavior of deep eutectic solvent droplets on ionic substrates: A molecular dynamics study. Journal of Molecular Liquids. 2020;319:114298.
25.	Elbourne A, Meftahi N, Greaves TL, et al. Nanostructure of a deep eutectic solvent at solid interfaces. Journal of Colloid and Interface Science 2021;591:38-51.
26.	Kaur S, Kumari M, Kashyap HK. Microstructure of Deep Eutectic Solvents: Current Understanding and Challenges. The Journal of Physical Chemistry B. 2020;124:10601-10616.
27.	Makoś P, Słupek E, Gębicki J. Hydrophobic deep eutectic solvents in microextraction techniques–A review. Microchemical Journal. 2020;152:104384.
28.	Chandran D, Khalid M, Walvekar R, et al. Deep eutectic solvents for extraction-desulphurization: A review. Journal of Molecular Liquids. 2019;275:312-322.
29.	Dwamena AK. Recent advances in hydrophobic deep eutectic solvents for extraction. Separations. 2019;6(1):9.
30.	Florindo C, Lima F, Ribeiro BD, Marrucho IM. Deep eutectic solvents: overcoming 21st century challenges. Current Opinion in Green and Sustainable Chemistry. 2019;18:31-36.
31.	Zainal-Abidin MH, Hayyan M, Hayyan A, Jayakumar NS. New horizons in the extraction of bioactive compounds using deep eutectic solvents: A review. Analytica Chimica Acta. 2017;979:1-23.
32.	Dietz C, Kroon MC, Di Stefano M, van Sint Annaland M, Gallucci F. Selective separation of furfural and hydroxymethylfurfural from an aqueous solution using a supported hydrophobic deep eutectic solvent liquid membrane. Faraday Discuss. 2017;206:77-92.
33.	Verma R, Banerjee T. Liquid–Liquid Extraction of Lower Alcohols Using Menthol-Based Hydrophobic Deep Eutectic Solvent: Experiments and COSMO-SAC Predictions. Industrial & Engineering Chemistry Research. 2018;57:3371-3381.
34.	Kaul MJ, Qadah D, Mandella V, Dietz Mark L. Systematic evaluation of hydrophobic deep-melting eutectics as alternative solvents for the extraction of organic solutes from aqueous solution. RSC Advances. 2019;9:15798-15804.
35.	Perkins SL, Painter P, Colina CM. Experimental and Computational Studies of Choline Chloride-Based Deep Eutectic Solvents. Journal of Chemical & Engineering Data. 2014/11/13 2014;59:3652-3662.
36.	Shen Y, He X, Hung FR. Structural and Dynamical Properties of a Deep Eutectic Solvent Confined Inside a Slit Pore. The Journal of Physical Chemistry C. 2015;119(43):24489-24500.
37.	Fetisov EO, Harwood DB, Kuo IFW, et al. First-Principles Molecular Dynamics Study of a Deep Eutectic Solvent: Choline Chloride/Urea and Its Mixture with Water. The Journal of Physical Chemistry B. 2018;122(3):1245-1254.
38.	Martins MAR, Crespo EA, Pontes PVA, et al. Tunable Hydrophobic Eutectic Solvents Based on Terpenes and Monocarboxylic Acids. ACS Sustainable Chemistry & Engineering. 2018;6:8836-8846.
39.	Salehi HS, Celebi AT, Vlugt TJH, Moultos OA. Thermodynamic, transport, and structural properties of hydrophobic deep eutectic solvents composed of tetraalkylammonium chloride and decanoic acid. The Journal of Chemical Physics. 2021;154:144502.
40.	Alizadeh V, Geller D, Malberg F, Sánchez PB, Padua A, Kirchner B. Strong Microheterogeneity in Novel Deep Eutectic Solvents. ChemPhysChem. 2019;20:1786-1792.
41.	Malik A, Kashyap HK. Heterogeneity in hydrophobic deep eutectic solvents: SAXS prepeak and local environments. Physical Chemistry Chemical Physics. 2021;23:3915-3924.
42.	Paul N, Naik PK, Ribeiro BD, Gooh Pattader PS, Marrucho IM, Banerjee T. Molecular Dynamics Insights and Water Stability of Hydrophobic Deep Eutectic Solvents Aided Extraction of Nitenpyram from an Aqueous Environment. The Journal of Physical Chemistry B. 2020;124:7405-7420.
43.	Rozas S, Atilhan M, Aparicio S. Deep Eutectic Solvent Reline at 2D Nanomaterial Interfaces. The Journal of Physical Chemistry B. 2020;124:1197-1206.
44.	Atilhan M, Aparicio S. Molecular dynamics simulations of mixed deep eutectic solvents and their interaction with nanomaterials. Journal of Molecular Liquids. 2019;283:147-154.
45.	Shakourian-Fard M, Taimoory SM, Ghenaatian HR, Kamath G, Trant JF. A DFT study of the adsorption of deep eutectic solvents onto graphene and defective graphene nanoflakes. Journal of Molecular Liquids. 2021;327:114850.
46.	Tan Z, Peng Y, Liu J, et al. An In Situ Scanning Tunneling Microscopy Study on the Electrochemical Interface between Au(111) and Ethaline Deep Eutectic Solvent. ChemElectroChem. 2020;7(22):4601-4605.
47.	Zubeir LF, Van Osch DJ, Rocha MA, Banat F, Kroon MC. Carbon dioxide solubilities in decanoic acid-based hydrophobic deep eutectic solvents. Journal of Chemical & Engineering Data. 2018;63(4):913-919.
48.	Gutiérrez A, Aparicio S, Atilhan M. Design of arginine-based therapeutic deep eutectic solvents as drug solubilization vehicles for active pharmaceutical ingredients. Physical Chemistry Chemical Physics. 2019;21(20):10621-10634.
49.	Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential functions for simulating liquid water. The Journal of Chemical Physics. 1983;79(2):926-935.
50.	Robertson MJ, Tirado-Rives J, Jorgensen WL. Improved Peptide and Protein Torsional Energetics with the OPLSAA Force Field. J Chem Theory Comput. 2015;11:3499-3509.
51.	Dodda LS, Cabeza de Vaca I, Tirado-Rives J, Jorgensen WL. LigParGen web server: an automatic OPLS-AA parameter generator for organic ligands. Nucleic Acids Res. 2017;45:W331-W336.
52.	Dodda LS, Vilseck JZ, Tirado-Rives J, Jorgensen WL. 1.14*CM1A-LBCC: Localized Bond-Charge Corrected CM1A Charges for Condensed-Phase Simulations. J Phys Chem B. 2017;121:3864-3870.
53.	William L. Jorgensen JT-R. Potential energy functions for atomic-level simulations of water and organic and biomolecular systems. Proceedings of the National Academy of Sciences of the United States of America. 2005; 102:6665–6670.
54.	Berendsen HJC, Postma JPM, van Gunsteren WF, DiNola A, Haak JR. Molecular dynamics with coupling to an external bath. The Journal of Chemical Physics. 1984;81:3684-3690.
55.	Bussi G, Donadio D, Parrinello M. Canonical sampling through velocity rescaling. The Journal of chemical physics. 2007;126:014101.
56.	Darden T, York D, Pedersen L. Particle mesh Ewald: AnN⋅log(N) method for Ewald sums in large systems. The Journal of Chemical Physics. 1993;98:10089-10092.
57.	Berk Hess HB, Herman J. C. Berendsen,, Fraaije JGEM. LINCS: A Linear Constraint Solver for Molecular Simulations. Journal of Computational Chemistry. 1997;18:1463-1472.
58.	Abraham MJ, Murtola T, Schulz R, et al. GROMACS: High performance molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX. 2015;1-2:19-25.
59.	Ghoufi A, Malfreyt P, Tildesley DJ. Computer modelling of the surface tension of the gas–liquid and liquid–liquid interface. Chemical Society Reviews. 2016;45:1387-1409.
60.	Pártay LB, Horvai G, Jedlovszky P. Molecular level structure of the liquid/liquid interface. Molecular dynamics simulation and ITIM analysis of the water-CCl 4 system. Physical Chemistry Chemical Physics. 2008;10:4754-4764.
61.	Qiao B, Muntean JV, Olvera de la Cruz M, Ellis RJ. Ion Transport Mechanisms in Liquid–Liquid Interface. Langmuir. 2017;33:6135-6142.
62.	Hu Y, Liu Z, Yuan X, Zhang X. Molecular mechanism for liquid–liquid extraction: Two-film theory revisited. AIChE Journal. 2017;63:2464-2470.
63.	van Osch DJGP, Dietz CHJT, van Spronsen J, et al. A Search for Natural Hydrophobic Deep Eutectic Solvents Based on Natural Components. ACS Sustainable Chemistry & Engineering. 2019;7:2933-2942.
64.	Kathmann SM, Kuo IFW, Mundy CJ, Schenter GK. Understanding the Surface Potential of Water. The Journal of Physical Chemistry B. 2011;115:4369-4377.
65.	Kathmann SM, Kuo IFW, Mundy CJ. Electronic Effects on the Surface Potential at the Vapor−Liquid Interface of Water. Journal of the American Chemical Society. 2008;130:16556-16561.
66.	Luzar A, Chandler D. Hydrogen-bond kinetics in liquid water. Nature. 1996;379(6560):55-57.
67.	Guardia E, Skarmoutsos I, Masia M. Hydrogen Bonding and Related Properties in Liquid Water: A Car–Parrinello Molecular Dynamics Simulation Study. The Journal of Physical Chemistry B. 2015;119:8926-8938.
68.	Luzar A. Resolving the hydrogen bond dynamics conundrum. The Journal of Chemical Physics. 2000;113:10663-10675.
69.	Liu J, He X, Zhang JZ, Qi L-W. Hydrogen-bond structure dynamics in bulk water: insights from ab initio simulations with coupled cluster theory. Chemical science. 2018;9:2065-2073.


2
image4.png




image5.png




image6.tiff
. . . 01

.





image7.tiff
. . . 01

.





image8.tiff
. . . 01

.





image9.tiff
. . . 01

.





image10.tiff
. . . 01

.





image11.tiff
. . . 01

.





image12.tiff
. . . 01

.





image13.tiff
. . . 01

.





image14.tiff




image15.tiff




image16.tiff




image17.tiff




image18.tiff




image19.tiff




image20.tiff




image21.tiff




image22.tiff
4
3.15 3.28
o3
T
Z;
1.3
1 0.57
0.17
o DES DES DES-Water Water ‘Water

(Bulk)  (Interface) (Interface) (Interface) ~ (Bulk)

Z (nm)




image23.tiff
DES
(Bulk)

3.18

0.91

DES _ DES-Water _Water
(Interface) (Interface) (Interface)

Z (nm)

3.41

Water
(Bulk)




image24.tiff
4
314 3:35
o3
T
Z;
1.29
1 o.51
0.16
o DES DES DES-Water Water ‘Water

(Bulk)  (Interface) (Interface) (Interface) ~ (Bulk)

Z (nm)




image25.tiff
DES DES  DES-Water Water  Water
(Bulk)  (Interface) (Interface) (Interface) ~ (Bulk)

Z (nm)




image26.tiff
0—TEs DES  DES-Water Water  Water
(Bulk)  (Interface) (Interface) (Interface) ~ (Bulk)

Z (nm)




image27.tiff
3.24 3.32

1.23

0—pes DES  DES-Water Water  Water
(Bulk)  (Interface) (Interface) (Interface) ~ (Bulk)

Z (nm)




image28.tiff
3.35
2.79

1.39

0—pes DES  DES-Water Water  Water
(Bulk)  (Interface) (Interface) (Interface) ~ (Bulk)

Z (nm)




image29.tiff
3.18 3.36

Nus
N w »

1.64

0—pes DES  DES-Water Water  Water
(Bulk)  (Interface) (Interface) (Interface) ~ (Bulk)

Z (nm)




image30.tiff
DES
(Bulk)

12.49 2.59

DES-Water

DES
(Interface) (Interface) (Interface)

Water

3.34
Water
(Bulk)





image31.tiff
DES
(Bulk)

290.56

34.2

DES-Water

5.28

Water

DES
(Interface) (Interface) (Interface)

3.32
Water
(Bulk)





image32.tiff
DES
(Bulk)

66.79
6.79 3.98

DES-Water

DES
(Interface) (Interface) (Interface)

Water

3.49
Water
(Bulk)





image33.tiff
77.91 56,33
636 4.62

DES-Water  Water
(Interface) (Interface) (Interface)

DES DES

(Bulk)

3.53
Water
(Bulk)





image34.tiff
DES
(Bulk)

74.07
7.88  3.59

DES-Water

DES
(Interface) (Interface) (Interface)

Water

3.82
Water
(Bulk)





image35.tiff
DES
(Bulk)

302.74

142 4.97

DES-Water

DES
(Interface) (Interface) (Interface)

Water

3.29
Water
(Bulk)





image36.tiff
DES
(Bulk)

5527 1087 ea

DES-Water  Water

DES
(Interface) (Interface) (Interface)

3.26

Water

(Bulk)





image37.tiff
600

-
7]
L400

~
200 202.78

19.72 522 4.16 3.7

O ofs —5fs Drswiater Water  Water
(Bulk)  (Interface) (inerface) (Interface)  (Bulk)




image1.png




image2.png




image3.png




