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ABSTRACT 

The liquid range and applicability of deep eutectic solvents (DESs) are determined by their 

physicochemical properties. In this work, the physicochemical properties of glycolic acid:proline 

and malic acid:proline were evaluated experimentally and with MD simulations at five different 

ratios. Both DESs exhibited esterification upon preparation, which affected the viscosity in 

particular. In order to minimize oligomer formation and water release, three different experimental 

preparation methods were explored, but none could prevent esterification. The experimental and 

calculated densities of the DESs were found to be in good agreement.  The measured and modeled 

glass transition temperature showed similar trends with composition, as did the experimental 

viscosity and the calculated diffusivities. The MD simulations provided additional insight at the 

atomistic level, showing that at acid-rich compositions, the acid-acid hydrogen bonding (HB) 

interactions prevail. Malic acid-based DESs show stronger acid-acid HB interactions than glycolic 

acid-based ones, possibly explaining its extreme viscosity. Upon the addition of proline, the inter-

species interactions become predominant, confirming the formation of the widely assumed HB 

network between the DESs constituents in the liquid phase. 
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INTRODUCTION 

Organic eutectic mixtures have been extensively studied over the past decades. They have been 

used to e.g. improve the uptake of pharmaceuticals in the body,1 store latent heat,2–4 or to perform 

solvent-free organic syntheses.5 In 2003, the term Deep Eutectic Solvents (DESs) was introduced6 

and eutectic mixtures were subsequently presented as alternatives to ionic liquids (ILs).7 DESs are 

therefore only recently acknowledged as solvent class. A DES is generally composed of two 

components that show a large melting point depression upon mixing, resulting in a liquid at 

temperatures far below the melting temperatures of both individual pure components.8 These 

liquids exhibit characteristics similar to those of ILs, but can be prepared by the direct combination 

of its (often cheap, non-toxic, and biodegradable) counterparts without the need of further 

purification.8,9  

During the last decade, research to DESs emerged and the solvents have been applied to a wide 

variety of fields. Although a large amount of distinct DESs has been explored, the majority of the 

applied DESs are based on a combination of choline chloride (ChCl) and urea, glycerol or ethylene 

glycol.9,10 These commercially available DESs are probably widely applied because they are 

cheap, easy to prepare and well characterised.6,11–13 Hence, established physicochemical properties 

are essential for the applicability of new solvents. New combinations of DESs are screened 

empirically and the experimental characterization of multiple DESs is laborious and time-

consuming. Moreover, DESs typically show high viscosities (>0.1 Pa∙s) at ambient temperatures, 

complicating their characterization and industrial applicability. It would be more efficient to 

predict the physicochemical properties of DESs based on their counterparts, prior to experimental 

analysis. In literature, various methods have been described for predicting DES properties. A 

Lydersen-Joback-Reid method, modified for ILs,14 has been used in combination with Lee-Kessler 
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mixing rules to predict the critical properties and normal boiling temperatures of several DESs.15–

17 These properties have not been evaluated experimentally, because most DESs start to 

decompose before critical or boiling conditions are met.15–17 Based on the calculated properties, 

the density of the studied DESs have been predicted using a modified Rackett equation.15–17 

Similarly, the refractive index,18 speed of sound19 and surface tension20 have been estimated. 

Density functional theory (DFT) has been used to roughly estimate the melting temperature of 

DESs.21 A relationship has been found between the DES’s melting point and the total charge 

densities of its so-called cage critical points (CCP). These CCPs have been determined through 

the optimization of minimal clusters of the DES components. It should be noted that different types 

of DESs yield slightly different relationships. 

Molecular dynamics (MD) simulations are an alternative route to predict the properties of DESs. 

MD can provide valuable insight into the atomistic structure and interactions, guiding the selection 

of appropriate DES constituents. Although ILs have been extensively studied with MD,22 

publications on DES have only emerged recently.23–28 The main properties that have been studied 

are volumetric properties, radial distribution functions and other structural distributions, hydrogen 

bonding (HB) analysis, and diffusivities. These studies focus on ChCl-based DESs, but many 

DESs described in literature do not contain halide or ammonium ions.29 Hence, it would be 

interesting to probe the properties and interactions of other types of DESs, such as amino-acid-

based DESs. These showed high solubility of natural colorants and polymers and enhanced their 

stability as compared to common solvents.30,31 Also, they might play a role in the defence 

mechanism of plants against drought-stress.32,33 Recently, L-proline-based DESs were applied to 

the oxidative desulfurization of diesel, showing these mixtures can be of industrial and biological 

interest.34 
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In this work, the physicochemical properties of L-proline-based DESs were evaluated, both 

experimentally and computationally. Malic acid:proline (MalA:Pro) and glycolic acid:proline 

(GlyA:Pro) mixtures were studied at several ratios to explore the tunability of their properties by 

varying the composition. The chemical structure and abbreviation of the components are shown in 

Figure 1. The used DESs are referred to by their abbreviated counterparts followed by the molar 

ratio e.g. GlyA:Pro 3:1.  

The influence of the preparation method and water content on the chemical stability and 

physicochemical properties of the studied DESs were evaluated. The DESs were prepared at 

various water contents with the heating,7 freeze-drying,35 and grinding methods36. Additionally, 

MD simulations were conducted to calculate volumetric (density), structural (radial distribution 

function, HB), thermal (glass transition temperature, Tg), and transport (diffusion) properties. The 

experimental data obtained using the most common preparation method, the heating method, were 

compared to the properties calculated from MD simulations.  
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EXPERIMENTAL SECTION 

Deep eutectic solvent preparation 

Glycolic acid (purity, 99%), DL-Malic acid (purity, ≥99%) and L-Proline (purity, ≥98.5%) were 

purchased from Sigma-Aldrich. All chemicals were dried under vacuum in a desiccator with dry 

silica gel for at least 12 h prior to DES preparation. Three different methods were used for DES 

preparation; typically batches of 15 g DES were prepared.  

The heating method comprised the addition of the DES’s components at the desired molar ratio 

to a capped round bottom flask using an analytical balance, and the subsequent heating while 

stirring at 50 rpm using a magnetic stirring and heating plate (accuracy ±0.5 K, precision ±0.1 K). 

Malic acid-based DESs were prepared at 373 K, glycolic acid-based DESs at 323 K. The solid 

mixtures were heated until a clear liquid was obtained. Afterwards the DESs were submitted to a 

vacuum line for 15 to 60 min, in order to remove excess water or any gas introduced to the liquid 

during stirring. 

The freeze drying method was adapted from Gutiérrez et al.35 125 g of 5 wt% aqueous solution 

of the DES’s components was divided over five round bottom flasks. The bottom of each flask 

was submersed in liquid nitrogen to freeze its content. Then each flask was packed with aluminium 

foil and immediately connected to a freeze-drier setup (Salmenkipp Christ Alpha 1-4 LD+ with 

Edwards RV8 vacuum pump). When the samples were defrosted (typically overnight), one of the 

round bottom flasks was removed for analysis. The remaining flasks were subjected to another 

freeze-drying step, following the above described procedure. 

The grinding method was applied following Florindo et al.36 The DESs and samples for DES 

characterization were prepared in a glove-box with water and oxygen contents below 2 ppm and 

10 ppm respectively. The DES’s components were added to a mortar at the aimed ratio and ground 
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with a pestle until a liquid or a white/colorless paste was obtained (~30 min). To remove the gas 

introduced in the DESs during grinding, the samples were centrifuged using a Sigma 2-16KHL at 

293 K (accuracy ±3 K, precision ±1 K) and 3500 rpm for 30 min. 

Deep eutectic solvent characterization 

All samples were prepared at least in duplicate, any variation in sample preparation is expressed 

in the standard deviation of analysis, since systematic errors were minimized. 

Water content. The water content of the DESs was determined by means of Karl-Fischer (KF) 

titration (Metrohm 899 Coulometer, 10 μg H2O precision and detection limit). Before titration, the 

DESs were diluted with ethanol in a 1:4 mass ratio to lower their viscosity and thus to decrease 

the dissolution time in the titration medium. Each titration was performed in triplicate.  

NMR spectroscopy. 1H-Nuclear Magnetic Resonance (NMR) and 13C-NMR spectra were 

recorded on a Bruker BZH 400/52 spectrometer, with 16 and 512 scans, respectively, and a 

relaxation time of 5 s and 1 s, respectively. The samples were prepared using deuterium oxide 

(D2O) as solvent. The spectra were phased, baseline corrected and manually integrated with 

MestreNova (version 9.1.0-14011). All integrals were normalized to the integral of the CH2 group 

next to the NH group in proline. 

Thermal analysis. Thermal behavior was reviewed using a TA instruments Q100 Differential 

Scanning Calorimeter (DSC) with autosampler. Aluminum Tzero hermetic pans were filled with 

4-10 mg of DES, sealed, and scanned in 3 cycles from 303 to 193 K and back at 5 K∙min-1. The Tg 

was taken as the midpoint of the transition upon heating. The equipment was calibrated and 

verified with a high purity (>99.99 %) indium standard (accuracy ±0.5 K, precision ±0.1 K). 

Viscosity and density measurements. The density was determined using an AccuPyc II 1340 

gas (helium) pycnometer with a 35 cm3 chamber and a glass sample cup. The temperature was not 
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actively controlled and varied between 293 and 296 K. Each sample was purged 10 times followed 

by 5 equilibrium cycles. A Brookfield CAP-2000+ equipped with spindle CAP05 was used to 

analyze the viscosity at 323, 348 or 353 K at several rotational speeds. The Anton Paar SVM 

Stabinger 3000/G2 was used for determining the viscosity and density of samples with viscosities 

lower than approximately 2 Pa∙s at 273 K. All viscosity and density measurements were performed 

in duplicate. The water content of the samples was determined before each measurement, 

following the previously described method. The calibration of the instruments was verified with a 

high viscosity reference liquid (S2000) from Anton Paar. 
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COMPUTATIONAL SECTION 

Systems. The mixtures MalA:Pro and GlyA:Pro were studied with MD simulations at molar 

ratios 3:1, 2:1, 1:1, 1:2 and 1:3 to cover the composition range from acid-rich to proline-rich 

mixtures. For MalA:Pro these are the stoichiometric ratios previously reported to form a liquid 

that is stable at room temperature.31 In order to compare the two systems, the same ratios were 

applied for GlyA:Pro. It was assumed that protonation takes place in these acid-base systems: a 

proton is transferred from the acid groups to proline. Hence, the deprotonated acid turns into an 

anion (COO-) and the protonated proline into a cation (NH2
+). In the present work, the minority 

component is modeled as fully (de)protonated. Other options, such as to model partial 

deprotonation or the zwitterionic form of proline, known to be predominant in solutions, were not 

considered in this work. Partial deprotonation has been reported for other DESs.37 Additionally, 

models using the zwitterionic form of proline can be found  in the literature.38,39 However, without 

supporting spectroscopic data, any choice for partial (de)protonation or zwitterion formation 

would be arbitrary. 

Malic acid, which has two acid groups, was modeled with either one (MalA:Pro 3:1, 2:1, and 

1:1) or both (MalA:Pro 1:2 and 1:3) acid groups deprotonated. The formed anions and cations have 

a net charge of -1e (or -2e for malic acid) and +1e, respectively. At ratios rich in acid or proline, 

the excess component was modeled in its neutral form to maintain the mixture neutral. For 

example, for GlyA:Pro and MalA:Pro 3:1, the composition was 1 anion : 1 cation : 2 neutral acid 

molecules, while for MalA:Pro 1:3, the mixture was composed of 1 anion (with charge -2e), 2 

cations and 1 neutral proline. 

Force field. Judicious force field selection is of primary importance for the reliability of the 

simulations. Typically, several force fields or force field parameters are screened against primarily 
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experimental densities but also transport properties. The estimation of charges plays a central role 

for systems like ILs and DES. Charges for ILs have been calculated with DFT.40 However, the 

selection of the functional is not straightforward. Another common approach is to use charges that 

fit the electrostatic potential of a compound.41 

 

Figure 1. Structures of (a) malic acid, (b) glycolic acid, (c) proline, (d) malic anion with both acid 

groups deprotonated, (e) glycolic anion, (f) proline cation. The labels shown on the atoms refer to 

the tabulated partial charges on the atoms. They are presented together with the non-bonded force 

field parameters in SI1. 

In this work, the Amber-Cornell force field42 was used and the partial atomic charges were 

calculated according to the Generalized Amber Force-Field (GAFF)43 procedure in order to be 

consistent with the force field. The following calculations were executed within the MAPS 

platform of Scienomics (Materials and Processes Simulations Platform, Version 4.0, Scienomics 

SARL, Paris, France). The geometry of the isolated molecules was optimized using MAPS. Α 

post-Hartree–Fock method, the Møller–Plesset perturbation theory, was used with the 6-31G* 

basis set. Subsequently, a single-point energy calculation was performed using the Hartree-Fock 

method and the 6-31G* basis set for calculating the charges with the Mertz-Singh-Kollman 

scheme.44,45 The partial charges are listed in tables S1-S6 (SI1). 
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The initial configurations were built by using the Theodorou and Suter approach46 implemented 

in MAPS. This is a modification of the rotational isomeric state theory that uses conditional 

probabilities for the non-bonded interactions between the atom to be placed and the rest of the 

system, and subsequently minimizes the energy progressively.  

Four to six different initial configurations were created for each mixture at each composition. 

The amorphous systems were prepared at a low initial density of 1 g/cm3 at 450 K. Then, they 

were minimized by initially applying steepest descent, followed by conjugate gradient 

minimization. The minimized configurations were subjected to short NVT MD runs for 200 ps at 

293 K, followed by NPT simulations at 293 K and ambient pressure for 1 ns. Since these systems 

carry a net charge on some atoms, they have low mobility and cannot relax holes, created initially, 

during simulation runs of some ns. Thus, they tend to converge to lower density. For this reason, 

a compression/decompression cycle was implemented to reach equilibrium density. In the 

literature, several variations of this procedure are described.24 In the present work, the 

configurations were compressed to high pressure at 1000 bar for 1 ns to eliminate the holes. Then, 

they were subjected to short NVT runs for 200 ps, and, finally, to productive NPT runs at ambient 

pressure and 293 K for 4 ns. The densities resulting from the final NPT simulations were typically 

higher than those from the initial NPT runs (before the compression/ decompression cycle), 

indicating that holes were destroyed following this procedure. Visual inspection confirmed that 

the molecules occupied the volume uniformly. 

Other settings. The Coulomb interactions were treated with the particle-mesh Ewald method.47 

A cut-off distance of 12 Å was used for the van der Waals interactions and tail corrections were 

taken beyond that distance. The MD calculations were carried out using LAMMPS28 through the 

MAPS interface. 
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Glass transition temperature. Tg was derived from the average volume as a function of 

temperature; generally, the volume decreases linearly with temperature and changes slope at Tg.48 

Therefore, the average volume was calculated at a series of temperatures ranging from 293 to 203 

K with steps of 15 K. At each temperature, the equilibrium configuration was subjected to an NVT 

simulation for 200 ps. The resulting configuration was run in the NPT ensemble for 4 ns for the 

system to reach the equilibrium average density. At the end of each NPT simulation, the average 

volume was calculated from the equilibrated part of the trajectory, usually the last 2 ns. The 

average volume was plotted versus temperature and Tg was estimated as the intersection point of 

two linear fits above and below Tg. 

Self-diffusion coefficient. The calculation of the self-diffusion coefficient of the ions and 

neutral species in the mixtures was performed using the Einstein relationship: 

𝐷𝐷 =
1
6

lim
𝑡𝑡→∞

𝑑𝑑
𝑑𝑑𝑑𝑑
〈|𝑟𝑟𝑖𝑖(𝑑𝑑) − 𝑟𝑟𝑖𝑖(0)|2〉 

where |𝑟𝑟𝑖𝑖(𝑑𝑑) − 𝑟𝑟𝑖𝑖(0)| is the displacement of the position of species’ centre-of-mass over time 𝑑𝑑 

and the brackets denote an average over all species along the trajectory. The diffusion coefficients 

were calculated in the Fickian regime as the slope of the linear part of the average mean-square 

displacement plot over time. Two different initial configurations equilibrated at 323 K for 

GlyA:Pro and 353 K for MalA:Pro were run in the NVT ensemble for 8 ns. The temperatures were 

chosen so that they match the temperatures of the viscosity results to permit comparison and cross-

interpretation of the observations. 

Hydrogen bonding. Hydrogen bonds (HBs) were defined all pairs of a hydrogen atom bonded 

to N or O atom with another N or O atom found in a distance smaller than 2 Å. Angle criteria 

between the three atoms were not considered. 
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RESULTS AND DISCUSSION 

Influence of preparation method on properties and DES stability 

Three preparation methods were explored in this work, because Florindo et al. previously 

showed that the method used to prepare a DES can be vital for its chemical stability and might 

affect its physicochemical properties.36 The DESs were first prepared with the most common 

method, the heating method. Directly after preparation with the heating method, the malic-acid-

based DESs showed water contents between 2 and 5 wt%. Water influences the properties of DESs 

considerably, e.g. the Tg of MalA:Pro 1:1 decreases by 55 K if the water content is increased from 

2.1 wt% (this study) to 17.8 wt%.29,49 Thus, water should either be incorporated in the MD 

simulations, or eliminated from the DES samples to make a legitimate comparison between 

predicted and experimentally determined properties. 

Aiming for water elimination, all studied DESs were re-prepared using the heating method in a 

water-free environment with dried constituents. Most DESs exhibited water contents above 1 wt%. 

Hence, water had to be released during DES preparation. It is likely that ester formation occurred 

through the condensation of the hydroxyl and carbonyl groups of the DESs components. This 

esterification reaction was confirmed by 1H-NMR spectroscopy; typical spectra and the peak 

assignments can be found in Figures S1-S5 (SI2). Glycolic acid was esterified with both glycolic 

acid and proline after preparation of GlyA:Pro 3:1. The esterification was also confirmed with 

Liquid Chromatography Mass Spectrometry (LC-MS) (SI3), as oligomers with several chain 

lengths could be distinguished (Figure S7). The reaction could be suppressed by adding water to 

the mixture before DES preparation, the excess of water forces the equilibrium to its reactants 

(Figure S8). However, too high water contents lead to the disintegration of a DES into its 
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water-solvated counterparts.23,29 Taking this into account, other preparation methods were 

explored to prevent esterification and water formation. 

The freeze-drying method combines the addition of water with a lower preparation temperature, 

potentially further suppressing the esterification reaction. A DES is prepared through the 

sublimation of water from a frozen aqueous solution of its components.26 The water content was 

drastically decreased upon freeze-drying (see Figure S9). However, in order to obtain a DES with 

a low water content (< 0.5 wt%) many more steps would be required. Moreover, esterification was 

observed after the first freeze-drying step, although to a lesser extent than when using the heating 

method (Figure S10). Since reaction occurs despite the low temperatures and because of the low 

drying rates, the freeze-drying method was not further studied. 

The grinding method27 is the third preparation method that was tested to reduce the initial water 

content and to prevent esterification. The two dried components of a DES were ground together at 

ambient temperature in a water-free environment, resulting in a white liquid paste for GlyA:Pro 

3:1 and 2:1. Both pastes were added to a centrifuge tube and their water contents were <0.1 wt%. 

After leaving them for 72 h, their appearance was less pasty and more liquid. Both liquids were 

centrifuged in order to remove the (dry nitrogen) bubbles introduced into the sample during 

grinding. This resulted in a clear liquid for GlyA:Pro 2:1 and a clear liquid with small crystals at 

the bottom for GlyA:Pro 3:1 (see Figure S12). The water contents of both clear liquid phases were 

significantly higher than 0.1 wt%, i.e. 1.2 and 2.5 wt% for GlyA:Pro 2:1 and 3:1, respectively. 
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Figure 2. Water content of GlyA:Pro 2:1 in a water-free environment over time, determined with 

two methods: Karl-Fischer (KF) titration (triangles), calculation from 1H-NMR integrals of 

esterified groups, corrected for the initial water content (solid circles). The water contents 

calculated from the 1H-NMR integrals of the GlyA dimer (GG, half open circles) and the GlyA–

Pro (GP, open circles) ester are also presented. 

GlyA:Pro 2:1 was selected to study the production of water over time, because it yielded a clear 

liquid after centrifugation. Samples were taken periodically from a batch of DES to monitor the 

water content and follow the reaction with 1H-NMR spectroscopy, using the equation described in 

SI 2.2. Figure 2 shows that the calculated water content virtually follows the same trend as the 

measured water content, confirming that esterification takes place at ambient conditions. Although 

some outliers are present, a clear linear increase of the water content in time was observed. The 

esterification reaction of glycolic acid with proline and the self-esterification reaction of glycolic 

acid contribute linearly to the total increase in water content. A water content of approximately 1 

wt% (~85 h) corresponds to a conversion of approximately 11 mol% monomeric glycolic acid and 

5.5 mol% proline. Since esterification is an equilibrium reaction, it is expected that the water 

production would gradually suppress the reaction rate, and that a limit would be reached over time. 
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The impact of oligomer formation on the density, viscosity and Tg was evaluated at various water 

contents and molar ratios of GlyA:Pro DESs. A sample was prepared with the heating and the 

grinding method at the same composition. Water was added directly after grinding in order to 

approximate the water released by esterification when using the heating method while avoiding 

oligomer formation. The densities of the heating and grinding method samples were in the same 

order of magnitude, and no clear trend with water content could be identified (Figure S13). The 

high viscosity at ambient temperature (~298 K) led to difficulties in sample handling, which could 

not be overcome by heating the sample, since that would induce esterification. 

 

Figure 3. Influence of water content and preparation method/oligomerization on viscosity at 323 

K, water content is depicted above each column in percentage (wt%). The DESs were prepared in 

duplicate at three different molar ratios using the heating and grinding method. The final mole 

fractions of the DESs prepared with the grinding method are given in Table S10 (SI6), as they 

differ slightly from the aimed molar ratios. 

Contrary to the density, the viscosity was clearly affected by the oligomer formation. In Figure 

3 can be seen that the viscosity of the heating method samples increases with increasing water 

content, while for most DESs the viscosity is lowered upon water addition.26 For these samples, 

however, a higher water content represents a higher oligomer content, which leads to a higher 
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viscosity. The opposite trend was exhibited by samples that were prepared with the grinding 

method: the viscosity decreased with water content at all compositions (see also Figure S14). 

Hence, the viscosity is increased stronger by oligomer formation than it is lowered by the water 

released during esterification. No obvious effect of the esterification reaction on the Tg could be 

identified (Figure S15). The Tg of the grinding method samples was generally slightly lower than 

those of the heating method samples. A higher water content led to a significant decrease in Tg for 

all samples, also for those with oligomers, although the decrease in Tg was more pronounced for 

the samples where water was added. 

Apart from hampering esterification and lowering the DES’s viscosity and Tg, the addition of 

water seems to strongly promote liquid formation. A clear liquid phase was obtained when small 

amounts (~0.5-2 wt%) of water were added to the GlyA:Pro DES prepared with the grinding 

method (Figure S16). This is in line with results published for the urea : ChCl 2:1 DES, which 

shows a melting temperature depression upon water addition.50 For the DESs studied here, no 

melting transition could be observed with DSC. Both a high viscosity and a high water content can 

inhibit direct crystal formation, making it challenging to detect first order phase transitions of 

DESs on the time-scale of a DSC measurement. It can take hours, or days, before crystallization 

can be observed.29 Hence, only glass transitions could be recognized. 

For all measurements, bubble-free samples are required. With the grinding method this was 

impossible to achieve without lowering the viscosity of the samples by adding water (see Figure 

S16). This allowed for easier removal of the gas introduced in the DESs during grinding and 

settling of any particles. Without added water, the liquid phase would either contain bubbles, or 

be indistinguishable from the opaque bottom phase. The bottom phase resembles a liquid saturated 

with crystals. 1H-NMR analysis of both phases after water addition shows that the glycolic acid 
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content in the bottom phase is significantly higher than in the top phase (Table S11). This is in line 

with the centrifuge method described in a recent publication.51 Hence, the clear liquid top phase 

would not have the aimed composition after centrifugation, complicating comparison with the MD 

simulation data. The heating method induces oligomer formation, but the oligomers only affect 

the viscosity strongly. The density and Tg were much less affected, and those are the properties 

that were directly calculated from the MD simulations. Therefore, the MD simulation results were 

compared to experimental data of DESs prepared with the heating method, omitting that water and 

oligomers are present after preparation. 

Physical properties: experiment and simulation 

 

Figure 4. Density of the MalA:Pro (circles) and GlyA:Pro (triangles) mixtures versus the mole 

fraction of proline (ratios are shown at top). The closed symbols are experimental data from this 

work. The open symbols are results from MD simulations. The error bars of the experimental data 

represent the standard deviation for multiple samples. 

Density. Figure 4 shows the density of the studied DESs. The density decreases with increasing 

molar content of proline. Good agreement was obtained between the experimental and calculated 

values for both mixtures. GlyA:Pro 1:2 and 1:3 did not form a clear and homogeneous liquid upon 
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preparation and, therefore, could not be characterized experimentally. Hence, the liquid range of 

GlyA:Pro DESs was narrower than that of MalA:Pro DESs. 

For MalA:Pro, the calculated densities are 0.77 to 2.2% lower than the experimentally obtained 

values, with the exception of MalA:Pro 1:1 which lies below the linear trend observed for the other 

ratios. For GlyA:Pro, the deviations are smaller (0.25 to 1.14 %) and the calculated densities are 

slightly higher than the experimental densities. The good agreement of the experimental and 

simulation data indicates that the proposed simulation model can reliably reproduce the cohesion 

of the mixtures giving rise to high densities. Preliminary calculations of neutral MalA:Pro and 

GlyA:Pro systems resulted into much lower densities, as much as -15% or more. This illustrates 

the significance of the charges for the simulation model. 

 

Figure 5. Viscosity (η) versus the mole fraction of proline (ratios are shown at top) for MalA:Pro 

(circles) and GlyA:Pro (triangles) DES at 348 and 323 K, respectively. MalA:Pro 1:3 was 

determined at 353 K due to measuring scope limitations. 

Transport properties. The experimental viscosities of MalA:Pro at 348 K and GlyA:Pro at 323 

K are presented in Figure 5. Τhe viscosity increases with the proline content. Especially the GlyA 

DESs show a strong increase; the ratios 3:1 and 1:1 differ by more than an order of magnitude. It 
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should be noted however, that for similar water contents, the viscosity of GlyA:Pro 1:1 obtained 

by the grinding method was a factor 2 lower than the viscosity obtained with the heating method 

(Figure 3). The viscosities of the MalA DESs were all extremely high. At ambient temperature, 

these DESs were glassy and immobile; at 348 K (or 353 for MalA:Pro 1:3), they would flow but 

exhibit viscosities > 10 Pa∙s. 

 

Figure 6. Simulation results for the self-diffusion coefficients (D) of ions and neutral species 

contained in MalA:Pro at 353 K (top) and GlyA:Pro at 323 K (bottom) versus the proline mole 

fraction (ratios are shown at top). 

Self-diffusivities were calculated at the same temperatures as the viscosity measurements to 

permit comparison with the viscosity data, namely at 353 K for MalA:Pro and 323 K for GlyA:Pro. 

Also, because higher temperatures enhance mobility and give more reliable estimates. The results 

are shown in Figure 6, and listed in Table S12 and S13 (SI8). The neutral acids have higher 

mobility than their corresponding ions, as expected, due to weaker interactions. For the MalA:Pro 
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mixtures, the proline cation has slightly higher mobility than the malic acid for the 3:1 ratio and 

approximately the same mobility for the other ratios. Proline has a cyclic structure that makes it 

difficult to diffuse, and malic acid has two acid groups that develop polar interactions especially 

through the modeled anions and this hampers diffusion. 

 

Figure 7. Glass transition temperature Tg of MalA:Pro and GlyA:Pro mixtures versus the proline 

mole fraction (ratios are shown at top). Experimental data (filled symbols) and results from MD 

simulations (open symbols) are presented. 

The diffusion coefficients of MalA:Pro mostly corroborate the viscosity results. At ratios 3:1 

and 2:1, only small differences can be observed for the measured viscosities, as well as for the 

diffusivities of the proline cation and malic acid anion. However, at both ratios also neutral malic 

acid is present in the modeled system, showing a clear decrease in mobility with increasing proline 

content. This is not expressed in an increase of the viscosity or experimental Tg (Figure 7). As 

proline is added, the diffusion coefficients drop and the viscosity increases for ratio 1:1 and further 

for ratio 1:2. The slower diffusion and increased viscosity can be attributed to the increasing 

strength of the modeled cation/anion interactions as proline is added. This is especially evident for 

the 1:2 ratio, where all proline can be complexed by fully deprotonated malic anions (charge -2e). 
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For the 1:3 ratio, neutral proline is present in the mixture and this results in a slight increase of 

diffusion and a decrease of viscosity and Tg (Figure 7). 

For the GlyA:Pro mixtures, it is observed that the glycolic anions diffuse faster than the proline 

cations due to their smaller size. The difference decreases as the amount of proline in the mixture 

increases and more species are present as ions than neutral species. The difference is the smallest 

for the 1:1 ratio, where the system contains only anions and cations. The results are consistent with 

the viscosity observations, especially considering the impact the esterification reaction has on the 

viscosity results. With the addition of proline the diffusion coefficients decrease, and the restrained 

mobility is expressed in an increase in viscosity and Tg. 

The self-diffusion coefficients of the GlyA:Pro and MalA:Pro mixtures were generally lower 

than those reported in literature for other DESs.52–54 This is best explained by the high viscosities 

of the DESs studied here, which were typically more than an order of magnitude higher. The 

malonic acid-ChCl 1:1 DES has lower viscosities than the studied GlyA:Pro and MalA:Pro, but 

contains similar functionalities. Its self-diffusion coefficients are in the same order of magnitude 

as those of the mixtures studied here.52 Only one mixture has been reported with similar viscosities 

(η > 10 Pa∙s), namely a concentrated mixture of glycerol and sodium acetate.54 The reported self-

diffusivities for this system (~2-4∙10-8 cm2∙s-1 at 322 K) are in the same range as those obtained 

from the MD simulation results for the GlyA:Pro and MalA:Pro mixtures, confirming the 

reliability of the force-field parameters. 

All prepared DESs showed a glass transition; as previously discussed, melting or crystallization 

could not be observed with DSC. The experimental and simulated Tg are shown in Figure 7. The 

calculated values are averages over approximately four different initial configurations. The large 
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error bars of the simulation results reflect the big fluctuations of volume in these systems due to 

polar and charged species.  

For MalA:Pro, no clear overall trend of Tg with composition could be observed for either the 

experimental or simulation results. The experimental Tg’s reflect the relative differences in 

viscosity and self-diffusivities. The MalA:Pro DESs show significantly higher Tg than the 

GlyA:Pro mixtures, which is in accordance with the viscosity and diffusivity results. The 

simulation results for the Tg are lower than the measured values, and the absolute deviation varies 

from 6 to 15 K. The underestimation of Tg for MalA:Pro might be partly attributed to the lower 

density of the simulation or the presence of oligomers in the DSC samples. 

The Tg of GlyA:Pro increases with proline content, following the same trend as for the viscosity. 

This could be ascribed to the increasing intermolecular interactions between the acid and proline 

that results in restricted motion, and thus a higher Tg and viscosity. The calculated Tg’s show the 

same trend, but lie above the experimental values. The absolute deviation is 15 K for GlyA:Pro 

3:1 and decreases to 6 K for GlyA:Pro 1:1. The density deviations between experiment and 

simulation are small for these systems and could not explain the observed differences for Tg. Also, 

the water content and esterification did not have a very significant effect on Tg. Instead, these 

differences could originate from the large fluctuations of the calculated volume, resulting into large 

error bars. 

Structure and hydrogen bonding  
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Figure 8. Hydrogen bonds (HB) between the acid (neutral or anion) and proline (neutral or cation) 

(circles), the acid (neutral or anion) with itself (squares), proline (neutral or cation) with itself 

(triangles), and all molecules (diamonds), normalized by the amount of molecules in the MalA:Pro 

(A) and GlyA:Pro (B) mixtures versus the molar fraction of proline (ratios are shown at top). The 

results are averages over 4 trajectories of different initial configurations. 

To further investigate the intermolecular interactions at the atomistic level, the intermolecular 

HB was calculated at 293 K at all ratios for both mixtures. HBs formed between the acid (neutral 

or anion) and proline (neutral or cation) are hereafter called inter-species HB. The HBs between 

all species are shown in Figure 8. The total amount of HBs shows a continuous decrease up to 1:2 

ratio for MalA:Pro where it reaches a plateau. For GlyA:Pro, a weak minimum is observed at 1:1 

ratio. Both trends are the combination of increasing inter-species interactions and decreasing inter-

acid interactions. Although the inter-species HBs are very similar for the two types of mixtures, 
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the inter-acid HBs start from significantly higher values for MalA:Pro, since it has two acid groups. 

It can be seen that for all ratios, the inter-acid HB of malic acid is 2 to 3 times larger than that of 

glycolic acid, and that the inter-species HB per molecule increases as proline is added. For 

GlyA:Pro it reaches a plateau at 1:2, while for MalA:Pro it continues to increase since malic acid 

possesses an extra site to form HBs as compared to glycolic acid. As proline is added, the amount 

of inter-acid HB drops significantly for both acids, because the intermolecular HB with proline 

becomes prominent. The proline-proline HB interactions are negligible, except for GlyA:Pro 1:2 

and 1:3. These are also the mixtures for which no clear liquid could be obtained. If the solubility 

of solid proline in the liquid at the eutectic composition is low, stronger proline-proline interactions 

might be an explanation for the observed precipitation. 

 

Figure 9. Hydrogen bonds (HB) between the acid (neutral or anion) and proline (neutral or cation) 

molecules (inter-species) normalized by the number of proline (neutral or cation) molecules in the 

MalA:Pro (circles) and GlyA:Pro (triangles) mixtures versus the molar fraction of proline (ratios 

are shown at top). The results are averages over 4 trajectories of different initial configurations. 

The intermolecular HB per proline (neutral or cation) molecule is around 1 at all ratios (see 

Figure 9). This means that each proline engages with approximately one acid molecule at each 

ratio, even at high proline ratios like 1:3. As proline is added, the inter-acid HB decreases and the 

HB between the acids and proline increase, maintaining the ratio of inter-species HBs around 1. 
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Proline is thus the molecule that activates the inter-species HB. Since the inter-species HB is 

supposed to liquefy the solids upon mixing,6–8 it is important to know the HB at different ratios 

for each mixture. From Figure 8 can be deduced that having malic acid, instead of the weaker 

glycolic acid, has no significant impact on the inter-species HB. Moreover, malic acid engages in 

more acid-acid HBs than glycolic acid. These extra short-distance interactions might result in a 

tighter cohesion for MalA:Pro than for GlyA:Pro mixtures and explain the higher densities 

observed. The higher acid-acid interactions probably also contribute to the extreme viscosities of 

the MalA:Pro systems. As proline is added, the inter-species interactions become predominant 

compared to the inter-acid interactions. This was also observed in an experimental study towards 

the nanostructure of a DES based on malic acid and ChCl. The acid-acid dimers typically observed 

for liquefied dicarboxylic acids contributed to the liquid structure to a lesser extent than the inter-

species interactions.55 The increased network of inter-species HB could be at the origin of 

increased viscosity and hampered diffusion at higher proline contents. 
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Figure 10. Pair distribution functions g(r) at 293 K between the centers of mass of acid (neutral 

or anion) - proline (neutral or cation) (MalA-Pro/GlyA-Pro, solid lines), acid (neutral or anion) 

with itself (MalA-MalA/GlyA-GlyA, dashed lines) and between proline (neutral or cation) with 

itself (Pro-Pro, dash-dot lines) for the MalA:Pro (top) and GlyA:Pro (bottom) mixtures at ratios 

3:1, 1:1, and 1:3 (from left to right). The results are averages over 4 trajectories from different 

initial configurations. 

Similar observations to the above can be made from the radial distribution functions g(r) of the 

molecules centers of mass for both mixtures at ratios 3:1, 1:1 and 1:3, at 293 K, shown in Figure 

10. The g(r)’s of the neutral molecules and ions have been averaged together for the same species 

(acid or proline). Long range order is observed. The highest peak represents the interactions 

between the acid (neutral or anion) and proline (neutral or cation) for both mixtures in all ratios, 

stressing out that the most important interactions are the intermolecular ones between different 

species. The second highest peak is between the acid molecules for compositions rich in acid. This 

was also observed in literature for an equimolar mixture of malic acid and ChCl, where the acid-

acid interactions show a lower peak at a larger distance than the inter-species interactions.55 When 

two distinct humps appear in the position of the first peak, the second hump is due to the neutral 

molecules. If the two mixtures for the 3:1 ratio are compared, it can be seen that the acid-acid peak 

for malic acid is stronger than for glycolic acid. This difference is even more pronounced for the 

1:1 ratio. The first acid-acid peak appears at shorter distances for the GlyA:Pro mixtures than for 

the Mala:Pro mixtures, due to the smaller size of glycolic acid as compared to malic acid. At high 

proline ratio 1:3, the peak of the acids is low and appears at larger distances. The first peak between 

the acids and proline becomes broader. The first acid-acid peak generally appears at smaller 

distances than the first peak of the proline molecules. For ratios rich in acid, this can be explained 
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by the composition of the mixtures. For ratios richer in proline, the explanation should lie in the 

bulkier proline molecule. 
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CONCLUSIONS 

Two DESs, GlyA:Pro and MalA:Pro, were evaluated experimentally and with MD simulations 

at five different ratios. The mixtures were prepared with three methods, namely the heating, freeze-

drying, and grinding method. The grinding method initially resulted in negligible esterification, 

but even at room temperature the reaction progressed slowly. Since esterification is an equilibrium 

reaction, the same final degree of esterification is expected for all preparation methods. Hence, 

although esterification itself could not be prevented, the reaction rate was affected by the 

conditions (temperature, water content, time) under which the DES was prepared and stored. The 

oligomers resulting from the condensation reaction increased the DES’s viscosity stronger than it 

was lowered by the released water. Tg and density were less affected. Experimental and modeled 

densities showed satisfactory agreement. Calculated diffusivities were qualitatively compared to 

the experimental viscosity data and exhibited similar trends. For both mixtures, the viscosity 

increased with proline content. It must be pointed out that the viscosities were very high for both 

DESs; MalA:Pro was glassy and immobile at ambient temperatures. The chemical instability 

owing to esterification and the high viscosity of the studied mixtures strongly limit their practical 

applications. No crystallization or melting temperatures could be observed for any of the mixtures 

due to their high viscosity. Instead, all mixtures exhibited a glass transition. The measured and 

modeled Tg showed similar trends, with deviations up to 15 K. GlyA:Pro mixtures showed a clear 

increase of Tg with the addition of proline up to the 1:1 ratio, matching the strong increase in 

viscosity. At the atomistic level, the HB interactions were calculated from the MD simulations. 

Proline was found to activate the inter-species HB by disrupting the acid-acid interactions. The 

inter-species HB was calculated to increase with the proline content. Glycolic acid was found to 

be equally efficient as malic acid to engage proline, having weaker acid-acid interactions compared 
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to malic acid, probably leading to its advantageous physicochemical properties. The above was 

also confirmed by the radial distribution functions.  

The low chemical stability and high viscosity of the studied DESs complicated their property 

analysis. Nevertheless, the experimentally obtained physicochemical properties were successfully 

modeled using MD simulations. Moreover, the MD simulations gave further insight in the 

intermolecular interactions at the atomistic level.   
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