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Abstract

The deep eutectic solvent choline and geranate (CAGE) has shown promise in many therapeutic 

applications. CAGE facilitates drug delivery through unique modes of action making it an 

exciting therapeutic option. We examine the behavior of aqueous CAGE solutions at a liquid-

vapor interface. We find that the liquid-vapor interface induces large oscillations in the density, 

which corresponds to spontaneous segregation into regions enriched with geranate and geranic 

acid and other regions enriched with water and choline. These heterogeneities are observed 

to extend nanometers into the liquid. Additionally, we find that the geranate and geranic acid 

orient so that their polar carboxyl or carboxylate groups are on average pointed toward the layer 

containing water and choline. Finally, we report surface tension and thermal expansion coefficients 

for various concentrations of aqueous CAGE. We find a non-monotonic trend in the surface 

tension with concentration. The structural and thermodynamic properties we report provide a new 

perspective on CAGE behavior, which helps deduce the action of CAGE in more sophisticated 

systems and inspire other studies and applications of CAGE and related materials.

1. Introduction

Ionic liquids are a class of materials that are composed of ions that are liquid at some 

temperature of interest. Such materials have attracted a significant amount of interest as 

solvents or additives to affect many processes.1 Salts that are liquid below 100°C are 

sometimes what is implied by ionic liquids, and they have presented many alternative 

options to traditional solvents. Exact quantification of the number of ionic liquids is not 

realistically possible, but Plechkova and Seddon estimate there are millions of possible room 
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temperature ionic liquids.2 This immense number of materials presents a great opportunity 

to design a solvent environment that can have a specific effect. Furthermore, ionic liquids 

can be mixed to form binary or ternary solvent environments that manifest even greater 

versatility. Yet another path to increase tunability is to introduce a neutral species to an 

ionic liquid, forming a so-called ‘deep eutectic solvent’. A significant portion of the promise 

of these materials is their immense diversity.1,3 As new material development strategies 

are employed, even more materials become available, which makes their development and 

characterization a monumental challenge. This idea of ‘tunability’ of ionic liquids and 

deep eutectic solvents encompasses properties of the material itself, its solvent properties, 

sourcing of the materials, and even secondary effects like toxicity. Many studies searching 

for and characterizing these materials have approached the application of ionic liquids and 

deep eutectic solvents as a search for the appropriate material with the desired properties 

for a particular purpose,1,4,5 which means searching for a suitable material for some process 

is a protracted process of characterization and evaluation from many different perspectives. 

These wide-ranging considerations mean that the full characterization of these materials is 

an incremental process of evaluation in various environments and situations. In this work, 

we examine fundamental behavior of a deep eutectic solvent, choline and geranate, that has 

shown promising behavior in multiple important biological applications.

The deep eutectic solvent choline and geranate, or CAGE, has emerged as a material with 

remarkable apparent selectivity in some biomedical applications.4 The three components of 

CAGE are shown in Fig. 1. CAGE has been shown to selectively affect mammalian and 

bacterial cells differently and it has been shown to facilitate transdermal and oral delivery of 

important biologically active compounds.4,6,7 This suggests that CAGE could be the basis 

for novel treatment strategies, particularly for drugs that are otherwise difficult to deliver to 

their site of action with current methods.

Despite sophisticated studies involving CAGE in increasingly complex biological systems 

with profound medicinal implications,4,6–8 there remain unanswered questions about the 

fundamental behavior of CAGE. Studies of relatively simple systems provide a baseline for 

CAGE properties for reference when more sophisticated, heterogeneous environments are 

studied. In 2019, Tanner et al. used simulation and experiment to characterize the effect 

of water on the bulk properties of CAGE.9 At low concentrations, they didn’t identify 

notable effects on CAGE properties, but above a 0.65 mole fraction of CAGE in water 

the system is seen to segregate into polar and nonpolar regions. This segregation results 

in shifts in some properties, most notably a large increase in the viscosity. Di Lecce and 

coworkers developed interaction potentials for a SAFT-γ Mie-based model of CAGE and 

related systems and were able to predict phase equilibria and osmotic pressures with good 

agreement between models and experiment. Despite the very good agreement, there was 

evidence of possible large-scale structural rearrangements in aqueous CAGE, which would 

possibly not be captured by the SAFT-γ Mie model.10 Takeda et al. used small-angle X-ray 

scattering and NMR to examine structure in aqueous CAGE solutions.11 They found that 

at 0.83 mole fraction CAGE concentrations result in nanoscale aggregates. From 0.04 to 

0.11 mole fraction, a transition to a lamellar phase is observed. Finally, at a mole fraction 

of 0.02, CAGE transitioned to a micellar phase. These studies found evidence for rich, 

complex structures in bulk mixtures of CAGE and water. They do not explicitly consider 
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the introduction of heterogeneities, which admittedly are beyond the scope of the studies 

mentioned. However, simple heterogeneities can help understand observations made in more 

complex systems.

The use of CAGE in real world processes often involves its incorporation into complex 

environments. This is reflected in the previous paragraphs describing the use of CAGE to 

modify various biological processes. Complete characterization of large-scale heterogeneous 

and dynamic systems can be difficult. For example, as previously mentioned, studies have 

shown that certain bacteria can be targeted by CAGE, while mammalian cells are less 

affected.4 The role of CAGE in modifying the aqueous environment around the cells, 

extracellular environment, cell membrane, proteins in the systems, and so on (where each 

of these categories are ensembles of environments) is important for describing the effect of 

CAGE, but are difficult to tease apart. There are therefore a multitude of effects of CAGE 

when it is introduced into such a system. For this reason, consideration of model systems 

that can isolate specific features of CAGE behavior can provide important insight into its 

effects. Therefore, we have studied CAGE at a simple interface as a means to understand 

its interfacial behavior and serve as a baseline for more complex systems. Specifically, in 

this work, we use computational molecular dynamics simulations to study the structure and 

dynamics of aqueous CAGE solutions at a liquid-vapor interface. Such an approach provides 

a simple proxy for behavior at hydrophobic surfaces, which can be useful for deciphering 

the effect of CAGE solutions on lipid bilayers, on hydrophobic solutes with more complex 

geometries, or other heterogeneous systems containing CAGE. Similar approaches have 

been employed to study many other molecular systems12,13 and on ionic liquid systems,14,15 

but, the tremendous diversity of ionic liquid-based solvents motivates this work, since 

different materials have subtle differences that affect their properties. These interfacial 

simulations permit evaluation of the effect of the liquid-vapor interface on the structure and 

orientation of each species as well as thermodynamic properties under idealized conditions.

2. Methods

System setup and force fields

Molecular dynamics simulations were used to study aqueous CAGE at various 

concentrations at the liquid-vapor interface. In this work, all simulations included a 1:1:1 

ratio of choline:geranate:geranic acid. Table 1 shows the composition of each system 

studied, including the mole fraction of CAGE and the number of each species in the 

simulation. The mole fraction is calculated as

χA = nA
ncℎoline + ngeranic acid + ngeranate + nwater

= NA
Ncℎoline + Ngeranic acid + Ngeranate + Nwater

(1)

where A is the species for which the mole fraction is being calculated, nX is the number 

of moles of species X, and NX is the number of X. Finally, the mole fraction of CAGE is 

defined as
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χCAGE = Ncℎoline + Ngeranic acid + Ngeranate
Ncℎoline + Ngeranic acid + Ngeranate + Nwater

(2)

Initial random configurations were prepared using Packmol.16 For the most part, file 

preparation, simulation, and analysis were performed with the Amber suite of programs.17 

CAGE force field parameters were described using the second generation general Amber 

force field GAFF2 and charges were determined using AM1-BCC.18 Water interactions 

were described with the TIP3P model.19 In this work, out to 8 Å electrostatic interactions 

are calculated with a real space summation and beyond 8 Å they are calculated with 

the particle mesh Ewald algorithm. Following the convention in the Amber force field, 

the Lorentz-Berthelot mixing rules were used to determine Lennard-Jones interactions for 

different atom types.

Bulk liquid simulations

Simulations of the bulk liquid were used for initial preparation of each system as well 

as a reference point for subsequent interfacial simulations. These consisted of three main 

steps: minimization, equilibration, and production. The energy minimization consisted of 

100,000 total steps where the first 500 steps used the steepest descent algorithm and then the 

remaining steps used the conjugate gradient algorithm. Minimization is used to remove very 

high energy configurations, and not for the identification of local minima or for obtaining 

energy convergence. The equilibration entailed 1 ns in the NPT (constant pressure, constant 

temperature) ensemble with a pressure of 1 bar and temperature of 298 K. All simulations 

used the GPU implementation of pmemd, a 1 fs time step, and maintained a constant 

temperature with the Langevin thermostat using a collision frequency of 5 ps-1. The pressure 

was controlled with the Berendsen barostat with a pressure relaxation time of 1 ps. A 

cutoff of 8 Å was used for van der Waals non-bonded interactions. Finally, the production 

simulation was 10 ns in the NPT ensemble. The bulk liquid properties reported are obtained 

from these 10 ns simulations. Fig. 2a shows a representative configuration of the bulk liquid 

from a pure CAGE simulation.

Liquid-vapor interface simulations

These configurations were prepared from the end of the bulk liquid production simulation. 

The liquid-vapor interface was introduced for each system by extending the box along 

the z-axis by 160 Å. Fig. 2 shows representative snapshots of the bulk (Fig. 2a) and 

interfacial (Fig. 2b) configurations. In both system setups, three-dimensional periodic 

boundary conditions are used. The interfacial configuration contains two interfaces that are 

on average parallel to each other. These were simulated for a total of 200 ns in the isochoric, 

isothermal (NVT) ensemble. More information about the surface tension simulations and 

calculations is provided later in the surface tension section.

Bulk liquid simulations with RESP charges

We also carried out an additional pure DES simulation of CAGE using modified sets 

of molecular parameters and simulation options as detailed below to investigate how 
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robust the CAGE density is with respect to variations in the simulation protocol. This 

simulation is only used to compare bulk CAGE densities across multiple force fields 

and protocols with experiment. Packmol was used to create a system consisting of 200 

each of choline, geranate, and geranic acid. In this case, the charges for the molecules 

were determined using the RESP procedure.20 This involved a geometry optimization and 

molecular energy calculation using HF 6–31G(d)/HF 6–31G(d) in Gaussian09, and then 

utilization of the program antechamber to perform the RESP charge fitting.21 A scaling 

factor of 0.8 was applied to all charges, which is commonly done to reduce the viscosity of 

ILs and DESs.22,23 For all other interaction parameters, the GAFF2 force field was used.18 

The simulation protocol used AMBER16.17 First, the system was energy minimized. The 

minimization was for 5000 total steps, including 2500 steps of steepest descent followed by 

2500 steps of conjugate gradient. Following minimization, dynamics were carried out. The 

system temperature was set to 310 K and controlled with the Langevin thermostat using a 

collision frequency of 1 ps-1. The SHAKE algorithm was used to restrain covalent bonds 

containing hydrogen atoms to allow for a larger time step of 2 fs. The simulation was carried 

out at a constant pressure of 1 bar. The interaction cutoff was set to 10 Å for all phases of the 

simulation. In total, 296 ns of simulation were performed for this system. The final reported 

average density was calculated over the last 5 ns of simulation is 1.012±0.002 g mL-1. While 

we did not perform an exhaustive search across possible parameters, the results obtained 

from this test suggest that there are not dramatic differences in the observed CAGE density 

with respect to reasonably selected simulation parameters and protocols.

Number density profiles

In the dimension perpendicular to the interface (z-axis in this work), we calculated profiles 

of the number density to characterize the effect of the interface on the distribution of 

molecules. These were determined by calculating histograms of species center of mass for 

entire production simulations with 0.75 Å bins. These histograms were then normalized 

by dividing by the number of frames in the trajectory and the volume of each bin used 

(0.75×80×80 Å3). The total density profile includes all species, while the component density 

profiles include the indicated species.

Gibbs dividing surface

When studying two phases in contact, it is common to define the boundary between them 

using the Gibbs dividing surface.24 The Gibbs dividing surface is the plane perpendicular to 

the total number density profile with a density halfway between the densities of the vapor 

and liquid regions. In the density profiles presented in this work, the systems are shifted to 

position the left Gibbs dividing surface at the origin.

Spatial ordering of each species

Spatial ordering of each component of CAGE within each system was analyzed by assigning 

vectors to each molecule and calculating the angle with respect to a vector normal to 

the Gibbs dividing surface (the z-axis in this work). Figure 3 shows how the vector was 

defined for each component of CAGE as well as the vector normal to the interface. We 

then used the distance from the interface and the angle from the interface norm to construct 

two-dimensional histograms.
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Surface tension

The surface tension of each system was calculated according to

γ = 1
2Lz Pzz − (Pxx + Pyy)

2 (3)

where Lz is the length of the simulation perpendicular to the interfaces and Pxx, Pyy, and Pzz
are the diagonal components of the pressure tensors along each axis. This is like the work of 

Konieczny and Szefczyk.25

The GPU implementation of pmemd does not print the pressure tensor for constant volume 

simulations and furthermore the pressure tensor is not readily available. We therefore 

estimated Pxx, Pyy, and Pzz by performing a simulation in the NPT ensemble with a very 

large barostat relaxation time. The pressure relaxation time in the barostat was increased to 

1500 ps to enable calculation of the pressure tensor while limiting changes in the simulation 

cell dimensions. These simulations also used a 16 Å cutoff for Lennard-Jones potential 

interactions and a tail correction.26 The pressure tensor data was obtained at 1 ps intervals 

during the simulation. The standard deviation in the mean was calculated by splitting our 

simulations into 20 segments of equal length. Following this protocol, we calculated the 

surface tension of TIP3P at 300 K to be 50.14 ± 0.4 mN m−1 which is in agreement with 

52.3 ± 1.5 mN m−1 as previously reported by Vega and de Miguel.27 To reiterate, these 

simulations were only used to estimate γ, while all other properties and results reported 

were obtained from the simulations previously described that used a more standard protocol.

Thermal Expansion Coefficient

The thermal expansion coefficients for each system were calculated using the approximate 

expression

αp =   1
V

∂V
∂T P

≈ −
ln ρ2

ρ1
T2 − T1

P

(4)

where ⍴ is the system density. The densities are obtained from 10 ns simulations at 298 

and 330 K. This follows the protocol of Konieczny and Szefczyk used to calculate the 

thermal expansion coefficient of alkylimidazolium-based ionic liquids.25 Similar to the 

surface tension, the standard deviation was then calculated by splitting the simulations into 

20 equal segments.

3. Results and Discussion

Comparison of charge parameterization schemes with experiment

There is limited physical characterization of pure CAGE in the literature, but we use the 

available experimental density values at 25°C to first evaluate our models. Fig. 4 shows the 

bulk density of pure CAGE obtained with GAFF2 and two different charge fitting schemes 

compared with experimental values. The small vertical axis range highlights differences 
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between the datasets, but the observed agreement is good. The simulations employing 

GAFF2 with BCC charges are 1.4% larger than the average of the experimental values 

at 25°C. It is typically accepted that RESP-derived partial atomic charges are better than 

charges obtained from BCC, but we find that BCC performs slightly better. The performance 

of ionic liquid force fields is known to be sensitive to the charges, and this underscores the 

need for further study.22,28 The BCC- and RESP-derived densities differ by 1.8% of each 

other. The lack of CAGE thermodynamic, dynamic, and kinetic properties reported in the 

literature highlights the need for more basic physical characterization of this material.

Density profiles show localization at the interface

The total density profile is shown in Fig. 5. The depicted profile is for a pure CAGE 

solution, but the other systems we studied yield similar profiles. The profiles reveal a 

high-density region near the interface. In Fig. 5, the density profile is positioned so that 

the left Gibbs dividing surface is at zero which results in the right interface occurring at 

about 80 Å. About 10 Å on the liquid side from each interface maxima in the density 

profiles are observed approximately 10% above the middle of the liquid region. Similar 

density oscillations induced by the interface have been observed in other systems.13,15,30–32 

Furthermore, there are weak suggestions of density oscillations deeper in the liquid region, 

near 30 and 50 Å, but these are difficult to distinguish definitively from the noise in the 

curve. The signal and noise can be roughly distinguished by comparing the left and right 

sides of the density curve. As such, the large scale oscillations emphasized here are observed 

to be conserved and symmetric on both sides of the density profile, but smaller scale 

oscillations and discrepancies between the right and left sides of the curves are indicative of 

error in the density profiles.

We next examined the density profile of each species in the system relative to the interface 

(Fig. 6). In Fig. 6a, the density profile of each component of CAGE is shown relative 

to the distance from the Gibbs dividing surface. Geranate and geranic acid are found to 

be prevalent at the surface with a significant accumulation of choline buried about 5 Å 

from the surface. The geranate and geranic acid become noisy beyond the initial surface 

peak, but the choline cation is observed to have distinct density oscillations throughout the 

system for these simulations. The choline density oscillations are observed to align with the 

maxima observed in the total density profiles presented in Fig. 5. In Fig. 6b, we examine 

the component density profiles in a system including water. The qualitative behavior of the 

aqueous CAGE solution is similar to that of pure CAGE in Fig. 6a. The water is found to 

have distinct maxima buried below the interface reminiscent of choline. The more deeply 

buried oscillations seen for all choline profiles are not observed for water. The addition of 

water dampens the magnitude of the density oscillations but does not change the overall 

behavior.

It is interesting to compare the localization of each species at the liquid-vapor interface 

with CAGE behavior in a lipid bilayer.7 In model bacterial membranes composed of the 

lipid POPE, geranate and geranic acid are found to embed in the lipid bilayer aligning with 

the hydrophilic head group near the lipid head groups and the nonpolar tails alongside the 

lipid tails. The choline is then observed to generally remain in the aqueous region with 

Felipe et al. Page 7

Phys Chem Chem Phys. Author manuscript; available in PMC 2022 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the water. While these systems are dramatically different in composition and behavior, the 

pairing of geranate with geranic acid and choline with water is similar. Additionally, the 

CAGE interface is expected to be hydrophobic with geranate and geranic acid hydrocarbon 

tails occupying the surface. We further examine this with species orientation probability 

functions relative to the surface.

Orientation probabilities reveal preferred structure at the interface

Fig. 7 shows the two-dimensional probability distribution for the angle of each species to 

the Gibbs dividing surface normal vector and its distance from the Gibbs dividing surface. 

Corroboration of the linear density profiles shown in Fig. 5, choline ions are observed to 

aggregate below the Gibbs dividing surface, while the geranic acid and geranate are at the 

surface. We find that the geranate and geranic acid are likely to take on angles indicative of 

an orientation normal to the surface (see description in Fig. 3).

This method of data visualization indicates localization both occurring over the course of 

a 10 ns simulation as well as the spatial orientation of each component. Choline molecules 

can be observed to be spatially oriented parallel to the interface occurring in regions located 

in proximity to the liquid-vapor interface. For the remaining choline molecules in the 

system, choline can be observed to not orient towards the interface, but rather randomly 

arrange themselves resembling bulk behavior. Geranate and geranic acid are both observed 

to orient with the alkyl chain perpendicular to the interface at less localized regions near 

the liquid-vapor interface. For geranate and geranic acid molecules spatial ordering at the 

interface propagates further into the solution away from the interface. Indicating ordering 

at the interface can be expected to influence spatial orientation of molecules located further 

from the surface.

Surface tension and thermal expansion of CAGE solutions

The surface tension for each solution considered is shown in Fig. 8, including the surface 

tension obtained for pure TIP3P water. Initially we studied TIP3P only to check our 

protocol, but we found this result revealed a non-monotonic trend with concentration. 

Our calculations show that pure CAGE (48.4±0.4 mN m−1) has a slightly lower surface 

tension than water. The addition of water results in an increase in surface tension for 

intermediate concentrations, which then must drop to the surface tension of pure water. To 

our knowledge, this is the first report of the surface tension of aqueous CAGE solutions, but 

these values are similar to other choline-containing deep eutectic solvents reported in the 

literature.33

Surface tension is intricately related to surface properties of a liquid, indirectly revealing 

information about the distribution of species within the system and their interactions. In 

common monotonic cases, the surface tension is observed to increase or decrease.34 An 

increase in surface tension is often related to a solute dissolving into the bulk of a solution, 

away from the interface, while a decrease is related to increased solute concentration at the 

interface.35 This behavior has generally been understood with straightforward application 

of thermodynamic theory.36–38 However, some mixtures are observed to display more 

complex behavior.39–41 Non-monotonic behavior of the equilibrium surface tension with 
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concentration, as is seen in Fig. 8, has been associated with heterogeneous assemblies, like 

in surfactant systems,40 and, indeed, CAGE has been observed to self-assemble and form 

micelles under the right conditions.8,9 Aqueous salts have long been known to exhibit a 

non-monotonic trend with concentration, called the Jones-Ray effect.42 Briefly described, in 

the 1930s, Jones and Ray reported that the surface tension of salt solutions demonstrated a 

minimum at small concentrations before a rise.39 Interestingly, this is somewhat independent 

of the solute itself. This observation has been controversial, going against prevailing 

thermodynamic models. It has been contested as merely the result of unavoidable trace 

amounts of highly surface active contaminants.43 More recent revaluation of the Jones-Ray 

effect continues to reaffirm the observation, but the explanation remains unclear.43–47 CAGE 

is a 1:1:1 mixture of a cation, anion, and neutral species (choline, geranate, and geranic acid, 

respectively). Each species behaves differently, with different affinities for the interface and 

different interactions with water. It seems likely that compounding effects arise from each 

species in solution. The components of CAGE effectively compete to increase and decrease 

the surface tension, giving rise to the observed behavior. Fully parsing the competing effects 

of each component on the surface tension of the solution is beyond the scope of this work, 

but opens an interesting future avenue of study for work with CAGE. Finally, admittedly, 

we have specifically focused on high concentration CAGE solutions, but consideration in a 

future study of more concentrations and the individual CAGE components could help further 

clarify this behavior.

In Fig. 9, we report the thermal expansion coefficient of pure CAGE to be 5.92 ± 0.6 × 
10−4 K−1. For reference, the thermal expansion coefficient of TIP3P has been reported to be 

9.04 × 10−4 K−1.48 The thermal expansion coefficient quantifies the effect of temperature on 

density. Our results indicate that the thermal expansion coefficient increases with increasing 

water content. This indicates that the addition of CAGE could provide modest protection for 

solutes stored in aqueous CAGE against possible deleterious effects that could result from 

temperature changes.6

4. Conclusions

We describe using molecular dynamics simulations to model aqueous CAGE at various 

concentrations at a liquid-vapor interface. In all solutions, we observe spatial heterogeneities 

that extend nanometers into the liquid region. These heterogeneities are characterized by 

distinct features in density profiles and orientation angles relative to the Gibbs dividing 

surface. The surface tension is observed to behave non-monotonically, indicative of a 

complex interplay of molecular interactions between the various species. Our simulations 

identify key features of aggregate formation, even if our simulations possibly span smaller 

length scales than would be observed in macroscopic experiments. The thermal expansion 

coefficient decreases with increasing CAGE concentration, which indicates CAGE solutions 

could be a useful additive to make more temperature resilient mixtures than water alone. 

This characterization provides an important reference point for understanding the solvent 

properties of aqueous CAGE solutions.

Finally, this work motivates further investigation of aqueous CAGE and other similar 

systems to understand their basic physical properties. Perhaps most simply, examination 
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of similar systems on a larger scale could be an important next step to contextualize 

our observations. More interesting, perhaps, the density oscillation, aggregation, and 

structural observations could be examined with sum frequency generation, second harmonic 

generation, and other surface specific spectroscopies.49,50 Furthermore, electron holography 

could be used to examine molecular structure, electrostatic potential, and other properties 

at sub-ångström resolution with respect to the interface.51,52 Such experimental studies of 

aqueous CAGE and other similar ionic liquids and deep eutectic solvents in concert with 

the computational protocols presented here promises important insight into the physical 

underpinnings of the interfacial behavior of these materials and serves as a simple model for 

their solvent properties.
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Fig. 1: 
The deep eutectic solvent choline and geranate, which is often collectively called CAGE, is 

composed of a) choline, b) geranic acid, and c) geranate. These components can be mixed at 

different ratios, but in this work we only consider 1:1:1 mixtures.
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Fig. 2: 
Snapshots of the a) bulk and b) interfacial systems. The choline ion is depicted in blue, 

geranate ion in green, and geranic acid in purple and the simulation cell boundaries are 

shown in black. Both systems employ three-dimensional periodic boundary conditions.
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Fig. 3: 
Diagram of species orientation vectors (red) in relation to the z-dimension vector (blue). 

For consistency, the angles are always measured on the right side of the intersection of 

the orientation and z-axis vectors. The geranic acid molecule and geranate ion vectors are 

defined from the carbonyl carbon to the alkyl chain carbon before the double bond. The 

choline ion vector begins at the nitrogen and ends at the oxygen atom. This analysis method 

gives rise to a diagonal symmetry observed in the probability distribution plots.
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Fig. 4: 
Temperature-dependence of density for pure bulk CAGE from our simulations compared 

with experimental values obtained from Zakrewsky et al.4 and Banerjee et al.29 The error in 

Zakrewsky et al.4 is estimated to be 0.001 g mL−1 based upon the authors’ estimation that 

the standard deviation is smaller than the significant figures reported. The dashed line for the 

GAFF2 with BCC charges dataset is included to guide the eye.
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Fig. 5: 
The total normalized number density profile perpendicular to the interface of a pure CAGE 

solution. The zero distance is selected to be the left Gibbs dividing surface of the slab. The 

vapor region isn’t entirely shown, so that the features of the liquid and interfacial regions 

are clearer. The shown data is from the simulation at 298 K, but other simulations were 

qualitatively similar.
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Fig. 6: 
Normalized linear number density profile of each component of the system perpendicular to 

the Gibbs dividing surface for a system a) without water and b) with water (0.64 χCAGE). 

Geranate (green) and geranic acid (purple) are found to aggregate at the interface followed 

by a high density of choline (blue) in both systems.
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Fig. 7: 
Probability distribution for the angles of a) choline b) geranate and c) geranic acid. Angles 

are relative to the Gibbs dividing surface normal vector and distance from the Gibbs dividing 

surface.

Felipe et al. Page 20

Phys Chem Chem Phys. Author manuscript; available in PMC 2022 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8: 
Surface tension of CAGE as a function of the mole fraction of CAGE. The dependence 

of surface tension on the mole fraction of CAGE indicates the presence of water leads to 

increased surface tension of CAGE solutions.
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Fig. 9: 
Thermal expansion coefficient vs. molar ratio of CAGE. As the molar ratio of CAGE 

increases in water the thermal expansion coefficient is observed to decrease.
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Table 1:

Number of each CAGE component used in each interfacial simulation.

χCAGE choline geranate geranic acid water

0.55 400 400 400 1,000

0.64 600 600 600 1,000

0.71 800 800 800 1,000

1.00 600 600 600 -
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