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A B S T R A C T   

Platform chemicals are crucial to the development of designer chemicals in industry; however, the utilization of 
these chemicals is limited from requiring separation from an aqueous phase. Type 5 hydrophobic deep eutectic 
solvents (HDES) have recently proven their ability to extract various low concentration solutes from aqueous 
solution. However, identifying a suitable HDES experimentally is a daunting task due to the large number of 
hydrogen bond donors (HBD), hydrogen bond acceptors (HBA), and their mixing ratio, with the HDES being ever 
increasing. In this study, Conductor-like Screening MOdel for Real Solvents (COSMO-RS) was utilized for over 
one hundred HDES and their relative solubilization ability for sorbitol, 5-hydroxymethyl furfural, and levulinic 
acid. Moreover, energetic mechanisms of solubilization were analyzed through the prediction of sigma profiles, 
sigma potentials, activity coefficients, and excess enthalpy of absorption. COSMO-RS results show that HBAs with 
tetra alkyl chains and amino acid-based HBDs are suitable HDES components for absorbing sorbitol, 5-hydrox
ymethyl furfural, and levulinic acid through a combination of van der Waals and hydrogen bonding in
teractions. These interactions are quantitatively examined through calculated excess enthalpy predictions, for 
example tetrabutylammonium bromide and arginine with a compositional ratio of 8:1, respectively, had an 
excess enthalpy of mixing with HMF of −7.9 kcal/mol despite the steric hindrance factor valuing ~ 4.0 kcal/mol.   

1. Introduction 

Platform chemicals (PCs) are used by chemical and manufacturing 
industries everyday products [1]. Among hundreds of potential PCs, U.S. 
Department of Energy has identified twelve most prominent ones 
namely sorbitol, xylitol, ethanol, furfural, 5-hydroxymethyl furfural 
(HMF), glycerol, isoprene, succinic acid, 2,5-furandicarboxylic acid, 3- 
hydroxypropionic acid, lactic acid, and levulinic acid [1–3]. In gen
eral, these PCs can be categorized as sugars, furans, and acids. Many of 
the PCs are sustainably synthesized from biomass using biological, 
biochemical, and thermochemical pathways [1,4]. However, these PCs 
are usually in the aqueous phase and sustainable separation of PCs has 
been challenging as thermal separation is often not viable [4,5]. 

Deep Eutectic Solvents (DES) are a relatively new class of green 
solvents defined by their composition of two or more chemicals which, 
when added together, incur a significant eutectic point depression [6]. 
These parts are categorized as being hydrogen bond acceptor (HBA) and 
hydrogen bond donor (HBD). For example, HBA like choline chloride 
(melting point, Tm~302 ◦C) and HBD like urea (Tm ~ 133 ◦C) in a 

mixture of 1:2 M ratio form DES with a melting point of 12 ◦C [7,8]. 
Among the four types of DES, only type 3 DESs are considered as envi
ronmentally benign and are generally cheaper alternatives to conven
tional solvents used in the industry [9–11]. However, due to the 
hydrogen bonding capabilities, most of the earlier studied type 3 DES (e. 
g., choline chloride-urea) have proven to be hydrophilic [12]. To date 
the bulk of applications for the solvents have been studied for nonpolar 
liquid and gaseous systems, where hydrophilic DES are preferable for 
separation [13–16]. However, separation of solutes like PCs from 
aqueous phase requires a hydrophobic DES. Hence, a separate class of 
DES (type 5) has been introduced as hydrophobic deep eutectic solvents 
(HDES) [17]. Table 1 shows a wide range of HDES reported in the 
literature. HBDs often have significant impacts on hydrophobicity of 
HDES, even when paired with hydrophilic HBAs [18]. Currently most 
commonly used HBA for HDES are menthol and thymol [19]. However, 
these two HBAs exhibit very different hydrogen bond properties in an 
HDES combination. Menthol possesses a high capacity to accept protons 
and thymol has a high capacity to donate protons [20]. Moreover, 
adjusting the alkyl chain lengths of the tetra-alkyl ammonium based- 
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Table 1 
HDES studied in this project along with predicted densities, compositions, abbreviations, and literature sources.  

No Abbreviation HBA HBD Ratio/REF Density 
g/ml 

1 N4Br AA Tetrabutylammonium Chloride acetic acid 1:1 [43]  1.031 
2 N4Br HA Tetrabutylammonium Chloride hexanoic acid 1:2 [43]  0.988 
3 N4Br CcA Tetrabutylammonium Chloride caprylic acid 1:2 [43]  0.971 
4 N4Br CA Tetrabutylammonium Chloride decanoic acid 1:2 [16]  0.959 
5 N4Br LA Tetrabutylammonium Chloride lauric acid 1:2 [44]  0.971 
6 N4Br GA Tetrabutylammonium Chloride L-glutamic acid 6:1 [45]  1.044 
7 N4Br P Tetrabutylammonium Chloride L-proline 4:1 [18]  1.037 
8 N4Br A Tetrabutylammonium Chloride L-arginine 8:1 [18]  1.035 
9 N4Br Bol Tetrabutylammonium Chloride 1-butanol 1:1 [46]  0.973 
10 N4Br Ool Tetrabutylammonium Chloride 1-octanol 1:1 [46]  0.956 
11 N4Br Lol Tetrabutylammonium Chloride lauryl alcohol 1:1 [46]  0.942 
12 N4Br Oleyl Tetrabutylammonium Chloride oleyl alcohol 1:1 [46]  0.929 
13 MTOA_Cl HA Methyltrioctylammonium Chloride hexanoic acid 1:2 [47]  0.892 
14 MTOA_Cl CcA Methyltrioctylammonium Chloride caprylic acid 1:2 [47]  0.887 
15 MTOA_Cl CA Methyltrioctylammonium Chloride decanoic acid 1:2 [47]  0.883 
16 MTOA_Cl LA Methyltrioctylammonium Chloride lauric acid 1:2 [47]  0.880 
17 MTOA_Cl MA Methyltrioctylammonium Chloride myristic acid 1:1 [47]  0.874 
18 MTOA_Cl PA Methyltrioctylammonium Chloride palmitic acid 1:1 [47]  0.863 
19 MTOA_Cl OlA Methyltrioctylammonium Chloride oleic acid 1:2 [47]  0.878 
20 MTOA_Cl RA Methyltrioctylammonium Chloride ricinoleic acid 1:2 [47]  0.903 
21 MTOA_Cl Pol Methyltrioctylammonium Chloride N-propanol 1:2 [47]  0.847 
22 MTOA_Cl Bol Methyltrioctylammonium Chloride 1-butanol 1:2 [47]  0.846 
23 MTOA_Cl Hol Methyltrioctylammonium Chloride hexanol 1:2 [47]  0.846 
24 MTOA_Cl Ool Methyltrioctylammonium Chloride 1-octanol 1:2 [46]  0.847 
25 MTOA_Cl Dol Methyltrioctylammonium Chloride 1-decanol 1:2 [46]  0.855 
26 MTOA_Cl Lol Methyltrioctylammonium Chloride lauryl alcohol 1:2 [20]  0.847 
27 MTOA_Cl Mol Methyltrioctylammonium Chloride myristyl alcohol 1:1 [20]  0.853 
28 MTOA_Cl C Methyltrioctylammonium Chloride cetyl alcohol 1:2 [20]  0.847 
29 MTOA_Cl Col Methyltrioctylammonium Chloride cyclohexanol 1:2 [20]  0.891 
30 MTOA_Cl Mol Methyltrioctylammonium Chloride DL-menthol 1:2 [20]  0.873 
31 MTOA_Cl EG Methyltrioctylammonium Chloride ethylene glycol 1:2 [48]  0.905 
32 MTOA_Cl PDol Methyltrioctylammonium Chloride propanediol 1:2 [48]  0.932 
33 MTOA_Cl Gly Methyltrioctylammonium Chloride glycerol 1:2 [48]  0.943 
34 MTOA_Cl BD Methyltrioctylammonium Chloride 1,4-butanediol 1:2 [48]  0.896 
35 MTOA_Cl TD Methyltrioctylammonium Chloride tetradecanol 1:2 [48]  0.847 
36 MTOA_Cl HQ Methyltrioctylammonium Chloride hydroquinone 1:1 [49]  0.929 
37 MTOA_Cl PP Methyltrioctylammonium Chloride p-phenylphenol 1:1 [49]  0.930 
38 MTOA_Cl CP Methyltrioctylammonium Chloride 4-cyanophenol 1:2 [49]  0.964 
39 MTOA_Cl EP Methyltrioctylammonium Chloride ethylparaben 1:2 [50]  0.986 
40 MTOA_Cl PAA Methyltrioctylammonium Chloride PhenylAcetic_Acid  1:3 [46]  0.943 

41 N8Br PD Tetraoctylammonium chloride pentanediol 1:3 [51]  0.948 
42 N8Br CA Tetraoctylammonium chloride decanoic acid 1:2 [17]  0.925 
43 N8Br HA Tetraoctylammonium chloride hexanoic acid 1:2 [52]  0.939 
44 N8Br EG Tetraoctylammonium chloride ethylene glycol 1:3 [51]  0.967 
45 TOPO DHTU Trioctylphosphine Oxide dihexylthiourea 1:2 [53]  0.940 
46 TOPO DD Trioctylphosphine Oxide decanediol 1:1 [53]  0.885 
47 TOPO DTBC Trioctylphosphine Oxide ditertbutylcatechol 1:2 [53]  0.922 
48 TOPO BZ Trioctylphosphine Oxide cyclohexylidenebisphenol 1:2 [53]  1.024 
49 TOPO Ph Trioctylphosphine Oxide phenol 1:2 [53]  0.930 
50 Menthol FA Menthol formic acid 1:1 [54]  0.930 
51 Menthol AA Menthol acetic acid 1:1 [55]  0.925 
52 Menthol LaA Menthol DL-lactic acid 1:1 [56]  0.978 
53 Menthol CcA Menthol caprylic acid 1:1 [56]  0.899 
54 Menthol CA Menthol decanoic acid 1:1 [56]  0.894 
55 Menthol CA2 Menthol capric acid 1:2 [57]  0.897 
56 Menthol LA Menthol lauric acid 3:1 [57]  0.886 
57 Menthol PA Menthol palmitic acid 4:1 [20]  0.882 
58 Menthol PyA Menthol pyruvic acid 1:2 [43]  1.025 
59 Menthol LaA Menthol DL-lactic acid 1:2 [58]  1.029 
60 Menthol LevA Menthol levulinic acid 1:1 [59]  0.975 
61 Menthol AyA Menthol acrylic acid 1:2 [58]  0.953 
62 Menthol PrpA Menthol propionic acid 1:2 [58]  0.938 
63 Menthol ByA Menthol butyric acid 1:2 [58]  0.926 
64 Menthol VA Menthol valeric acid 1:2 [58]  0.921 
65 Menthol HA Menthol hexanoic acid 1:1 [43]  0.906 
66 Menthol CcA Menthol caprylic acid 1:2 [44]  0.905 
67 Menthol CA Menthol decanoic acid 1:2 [60]  0.897 
68 Menthol LA Menthol lauric acid 2:1 [61]  0.887 
69 Menthol OlA Menthol oleic acid 1:2 [58]  0.886 
70 Menthol K Menthol ketoprofen 1:2 [62]  1.096 
71 Menthol DcF Menthol diclofenac 1:2 [62]  1.204 
72 Menthol Psy Menthol phenyl salicylate 1:1 [65]  1.053 

(continued on next page) 
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HBAs impacts polarity, where longer chains result in less polar solvents 
[21]. 

Similar to the HBA, changing the chain length on HBDs can affect the 
polarity of the HDES [22]. There are several examples of alkyl chain 
HBDs like butanoic acids to dodecanoic acids and butanol to dodecanol. 
Another effect of alkyl chain length is steric hindrance. Through an in
crease in steric hindrance via chain length on HBA and/or HBD, van 
Osch et al [17] discovered a positive correlation between hydropho
bicity and a negative correlation between length and solute uptake. The 
density of HDES is also affected by alkyl chain length which can influ
ence ease of separation from liquid-liquid systems applications [23]. 
Deng et al [24] found that with high density solvents, phase separation 
becomes more pronounced in liquid–liquid equilibrium dispersion 
extraction methods. 

Inspired by literature, it can be hypothesized that HDES could be 
used to extract PCs from water. However, due to the nearly limitless 
combinations of HBA and HBD in varying compositions and binary/ 
ternary configurations, experimental determinations of HDES for 
extraction of PCs are challenging. A Conductor-like Screening MOdel for 
Real Solvents (COSMO-RS) screening procedure could be a viable option 
to understand the desirable absorption characteristics of HDES for PC 
absorption. COSMO-RS utilizes density functional theory (DFT) to create 
non-empirical ab initio predictions. COSMO-RS relies on DFT con
structed molecular energy structures, then applies exact statistical 
thermodynamics for evaluating the molecular interactions [25]. 

Jiriste et. al. [26] and Adeyemi et al [27] have proven suitability for 
two computational analytical methods including COSMO-RS in their 
predictive power for DES and ionic liquid (IL) systems reporting error for 
DES systems of ~ 8% regarding enthalpy of mixing predictions and <
10% error in HDES liquid–liquid system extraction predictions respec
tively. COSMO-RS was used in those studies due to its superior flexibility 
and screening potential over other conventional computational 
methods. In addition, a study by Canada-Barcala et al [28] was 

performed using terpene based HDES with the common platform 
chemical furfural, the results of which showed superior performance by 
HDES over the two conventional solvents of toluene and methyl isobutyl 
ketone (MIBK) with HDES reported extraction yields of 90.6% and 
furfural selectivity over water at up to 75.3%. This research also per
formed an error analysis between COSMO-RS predicted results and 
experimental results which produced an R2 value greater than 0.86 in all 
cases. Another study by McGaughy et al [12] regarding furfural 
extraction with HDES reported extraction yields up to 85% molar in 
tetrahexylammonium bromide with acid HBD. This research also re
ported errors between COSMO-RS and Experimental literature of less 
than 5%. However, to the best of authors knowledge, there is little to no 
research done with the use of COSMO-RS for the studied PC extraction 
by HDES. Therefore, a COSMO-RS screening of HDES was performed in 
this study to determine appropriate electrostatic characteristics of HDES 
(surface charge distributions) that is required for the efficient absorption 
of PCs like sorbitol, HMF, and levulinic acid. The characteristics of 
solvation were further studied through sigma potentials, sigma profiles, 
activity coefficients, and excess enthalpy contributions. 

2. COSMO-RS simulation 

The three PCs studied here are sorbitol, HMF, and levulinic acid 
which represent three main groups of identified PCs of sugars, furans, 
and acids, respectively. For HDES, 105 combinations of HDES were used 
for this study (Table 1). COSMO-RS thermodynamic property pre
dictions were performed over several steps in computational sequences. 
First, all available molecule files for selected PCs and HDES components 
(HBAs and HBDs) were compiled from the extended COSMO-RS data
base. The HBA and HBD that were not available in the database (e.g., 
[N4Br]) were then imported from PubChem in the SMILES format. If the 
HBA and HBD are not available in PubChem, the molecules were drawn 
on the 3D molecule builder in TmoleX (version 4.5.3 N). For the latter 

Table 1 (continued ) 

No Abbreviation HBA HBD Ratio/REF Density 
g/ml 

73 Menthol Ldc Menthol lidocaine 2:1 [63]  0.913 
74 Menthol Myol Menthol myristyl alcohol 2:1 [63]  0.860 
75 Menthol Nap Menthol napthol 2:1 [63]  0.953 
76 Menthol PA Menthol palmitic acid 2:1 [20]  0.882 
77 Menthol Cam Menthol camphor 1:1 [64]  0.913 
78 Menthol TD Menthol tetradecanol 2:1 [63]  0.860 
79 Thymol CA Thymol decanoic acid 1:1 [65]  0.927 
80 Thymol LevA Thymol levulinic acid 1:1 [66]  1.026 
81 Thymol LA Thymol lauric acid 1:2 [20]  0.909 
82 Thymol MA Thymol myristic acid 2:1 [20]  0.926 
83 Thymol PA Thymol palmitic acid 2:1 [20]  0.942 
84 Thymol SA Thymol stearic acid 4:1 [20]  0.930 
85 Thymol Cou Thymol coumarin 1:1 [63]  1.083 
86 Thymol Mol Thymol L-(-)-menthol 1:1 [63]  0.917 
87 Thymol Cam Thymol camphor 1:1 [65]  0.951 
88 Thymol UA Thymol 10-undecenoic acid 1:1 [65]  0.910 
89 Thymol Bo Thymol borneol 1:1 [64]  0.942 
90 Thymol So Thymol sobrerol 7:3 [64]  0.971 
91 Thymol Be Thymol betaine 3:1 [18]  0.985 
92 Lauric acid CcA Lauric acid caprylic acid 1:3 [67]  0.909 
93 Lauric acid NA Lauric acid pelargonic acid 1:3 [67]  0.905 
94 Lauric acid CA Lauric acid decanoic acid 1:2 [67]  0.900 
95 Lauric acid L Lauric acid lidocaine 2:1 [40]  0.916 
96 Lauric acid At Lauric acid atropine 2:1 [40]  0.977 
97 Lauric acid Psy Lauric acid phenyl salicylate 1:1 [40]  1.039 
98 Carvacrol LvA Carvacrol levulinic acid 1:1 [66]  0.997 
99 Lipotril DA Lipotril decanoic acid 1:2 [68]  0.953 
100 Lipotril Pyol Lipotril phenethyl alcohol 1:4 [69]  1.029 
101 HFIP Be Hexaflouroisopropanol betaine 2:1 [24]  1.439 
102 HFIP Car Hexaflouroisopropanol (-)-L-carnitine 2:1 [24]  1.409 
103 Betaine PAA Betaine phenylacetic acid 1:2 [18]  1.134 
104 Betaine Gya Betaine glycolic acid 1:2 [18]  1.236 
105 Atropine DA Atropine decanoic acid 1:2 [40]  0.996  
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two methods, the individual HBAs and HBDs were solved for their 
lowest energy geometrical configurations in TmoleX. At this point, the 
sigma surfaces are generated for the molecules in addition to the 
geometrical configuration. All DFT calculations were performed at the 
basis point density functional theory b-p DFT level and Karlsruhe 
(Ahlrichs) def2-TZVP (default-2 Valence Triple-Zeta Polarization) basis 
set as recommended by TmoleX [29]. When applicable, the HBA were 
treated as ion pairs within the same TmoleX input file. Next, the opti
mized geometries of each molecule were sent to COSMOConf18 to test 
and generate geometrical conformers and sigma surfaces for each 
molecule. Finally, the conformer files for each molecule are uploaded to 
COSMO-RS where they are energetically averaged and used in the pre
diction of all studied thermodynamic properties (excess enthalpy and 
activity coefficient) and physical properties (e.g., density). Eq. (1) was 
used to express solvent–solute chemical potentials of HDES and platform 
chemicals by COSMO-RS after the energetic contribution terms are 
solved for misfit energy (Emisfit), hydrogen bond energy (EHB), and van 
der Waals energy (Evdw). 

μs(σ) = −
RT
aeff

ln[

∫

ps(σ′

)e

(
aeff
RT (μs(σ′

)−Emisfit (σ,σ′
)−EHB(σ,σ′

) )

)

dσ′] (1)  

where μs(σ) is the potential of a system to a surface of polarity (σ). The 
σand σ′ are two interacting surface segments between two molecules. 
Meanwhile, aeff is the effective contact area, which is used to account for 
geometric artifacts and misfits in the interacting molecular surfaces. 
Emisfit accounts for the energies associated with the geometrically non- 
ideal contact and EHB represents the electrostatics associated with 
hydrogen bonding. ps(σ) is the distribution function or sigma profile. R is 
the ideal gas constant and T is absorption temperature. 

Next the calculated sigma potentials were used to determine the 
chemical potential of compound i in the HDES (S). This is achieved 
through Eq. (2) where the potential of the system is integrated over the 
surface of the compounds. C is a designated combinatorial term that 
accounts for area and volume geometric characteristics of differing 
molecules. 

μi
S = μi

C,S +

∫

pi(σ)μ(σ)dσ (2) 

At this point using the chemical potentials thermodynamic param
eters like Gibbs free energy, enthalpy, and activity coefficients were 
calculated. The activity coefficient of PCs in HDES (γi

S) was calculated 
through the difference of the chemical potential of PC i in HDES (μi

S) and 
the chemical potential of the PC in its pure form (μi

i). This is achieved 
through Eq. (3). 

γ∞,i
sol = exp(μi

s − μi)/RT) (3) 

The excess enthalpy of a system was solved through Eq. (4). Where 
Hint is the excess enthalpy of mixing or excess enthalpy of interaction for 
each molecule in the system, Hi,mix and Hi,pure are the enthalpies of the 
molecule i in the mixture and in pure form respectively. xi is the 
composition of component i. 

Hint =
∑

xi(Hi,mix − Hi,pure) (4) 

In COSMO-RS, the sigma values from Eq. (1) were used to calculate 
the misfit enthalpy (Hm), hydrogen bonding enthalpy (Hhb), and van der 
Waals enthalpy (Hvdw). The purpose of this was to allow for differing 
contribution factors for each type of enthalpy as they have varying in
fluences per system. The excess enthalpy of interaction (Hint) is the 
summation of these categories as seen in Eq. (5). 

Hint = Hmf + Hhb + Hvdw (5)  

3. Results and discussion 

3.1. COSMO-RS validation 

Due to COSMO-RS being an ab-initio tool, it can be considered a 
powerful resource for screening HDES in various applications. However, 
the simulation might need validation with literature. The significance of 
this validation could confirm the molecular modeling done through 
TmoleX regarding the geometrical and electronic surface configurations, 
and the accuracy of these calculations affects the accuracy of all suc
cessive thermodynamic parameter estimations. In this study, the appli
cability of COSMO-RS simulations to model HDES was confirmed by 
predicting densities of HDES and compared with literature. Table S1 
showed densities of 72 HDES solvents that are predicted by COSMO-RS 
and compared with literature values. Fig. 1 depicts the calculated den
sities of HDES, which are compared with experimental values from 
literature. It is apparent that the COSMO-RS predictions are slightly 
overestimated in general, but still show strong agreement with litera
ture. The associated deviation is likely due to the overestimation of 
hydrogen bonding occurring between the HBA and HBD, causing overall 
higher molecular packing. An analysis on COSMO-RS predictions 
regarding DES was performed by Coutinho et al [30] who found over
estimations of excess enthalpy produced by hydrogen bonding between 
the DES components. Regardless, the associated error is expected to 
have minimal impact due to the low standard deviation (<2%) results of 
experimental values from the average of the literature values. This 
conclusion is also supported by the findings of other research groups 
who have also used COSMO-RS to analyze HDES systems. For example, 
Adeyemi et al [27] used COSMO-RS to evaluate chlorophenol extraction 
from water using HDES and reported good agreement between compu
tational and experimental results. Wang et al [31] concluded that 
COSMO-RS is accurate and reliable for the use of DES and HDES in the 
extraction of pesticides from water. Jelinski et al [32] found strong 
correlation between experimental and computational activity co
efficients for the solubilization of rutin by DES. Meanwhile, Darwish et al 
[33] compared COSMO-RS results with experimental for the use of 
HDES to extract aromatics from diesel and found an average Root Mean 
Square Deviation (RMSD) of 3.71. 

3.2. Sigma surfaces, sigma profiles, and sigma potentials of sorbitol, HMF, 
and levulinic acid and HDES 

Fig. 2 shows the computed sigma surfaces of sorbitol, HMF, and 
levulinic acid. Sigma surface is a visual representation of the energy 
signatures calculated by TmoleX after the geometric optimizations. The 
colors of the cloud around the ball and stick molecule structure repre
sent sigma surface charge. The colors range from blue, to green, to red, 
which represent charge deficiency, charge neutrality, and charge den
sity, respectively. The sigma surface is divided into geometrical seg
ments. The segments are called sigma values, and the associated charges 
as sigma potentials [34]. The sigma values can be evaluated to learn 
about the mechanisms of molecular system interactions through 
analyzing sigma profiles and sigma potential plots [35,36]. Owing to the 
wide charge distribution in each PC (as seen in Fig. 3a), it is clear that 
there will be complex relationships developed between HDES and these 
solutes. For example, the limit of charge deficient sigma value (negative 
direction) for levulinic acid is −0.023 e/Å

2 
and the limit of charge dense 

sigma (positive direction) is 0.018 e/Å
2
, which would be represented by 

the most saturated blue and red in Fig. 2, respectively. For HMF, the 

sigma range is −0.02 e/Å
2 

and 0.018 e/Å
2
, whereas sorbitol contains 

sigma values between −0.021 e/Å
2 

and 0.02 e/Å
2
. Each of these PC’s 

contain nearly identical electrostatic surface charge ranges (x-axis). This 
is likely due to their stable organic nature, which limits them from 

extending into the radical regions (e/σ > 0.03e/Å
2
; σ < −0.03e/Å

2
) 
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reserved for unstable molecules. 
Sigma profiles are histograms of 2-dimensional compressions of the 

3-dimensional generated sigma surfaces of molecules [34]. Integrating 
the sigma profile results in the total sigma surface area of the molecule it 
represents. There are three segments of a sigma plot that represent 
hydrogen bonding donating, hydrogen bond accepting, and van der 
Waals interactions [34]. Curves that contain area between the x-axis 
values of ± 0.0079 e/Å

2 
represent sigma surfaces available for van der 

Waals interactions with adjacent molecules. Curvature area below 

−0.0079 e/Å
2 

represents the amount of molecular surface available for 
hydrogen bond donating interactions. Meanwhile, curvature area above 

0.0079 e/Å
2 

represents the amount of molecular surface available for 
hydrogen bond accepting interactions. From Fig. 3a, the sigma profiles 
of sorbitol, HMF, and levulinic acid show most of the curvature area 
being concentrated within the van der Waals interaction region, sig
nificant area in the hydrogen bond accepting region, and still significant 
but relatively small area in the hydrogen bond donating region. Levu
linic acid and HMF have almost identical surface charge distributions 
with ~ 20% available for hydrogen bond donating, ~42% available for 
van der Waals interactions, and ~ 38% available for hydrogen bond 
accepting. Sorbitol trades a significant amount of van der Waals area for 
hydrogen bond donating with a distribution of 24%, 35%, and 40%, 

respectively. The distributions suggest these PC’s might be soluble in 
most solvents due to the polar and non-polar interactions sites. These 
distributions are not the same for water, which has most of its area 
divided between the hydrogen bonding zones as expected, alluding to its 
polar nature. These distributions can be qualitatively witnessed in the 
color apportioning of the sigma surfaces seen in Fig. 2. 

Symmetry around the axis of x = 0 suggests stability for a molecule, 
whereas asymmetry would lead to an increase in pure compound vola
tility. All molecules represented are asymmetric except for water. When 
considering HDES’s capability for sorbitol, HMF, or levulinic acid, an 
ideal sigma profile pairing would be one of a mirror-image where 
asymmetric solvents would be balanced by their asymmetric solute 
counterpart, and symmetry within the van der Waals region for both PC 
and HDES would produce a stable mixture. Qualitatively according to 
Fig. 3a, it would appear the rank in order of most volatile to least PC 
would be levulinic acid > HMF > sorbitol, this is confirmed quantita
tively by their melting points of ~ 33 ◦C, ~35 ◦C, and ~ 100 ◦C, 
respectively [37–39]. Regarding the sigma profiles found in Fig. 3b, two 
representative HBAs (N4Br and menthol) and selected HBDs, all mole
cules show a shift of their peaks to the negative values rather than at zero 
within the van der Waals region. While their area remains in the van der 
Waals region, they may be influenced by polar PCs to partake in low 
energy hydrogen bonding, dependent upon how close this peak is to the 

Fig. 1. COSMO-RS Predicted densities for 72 solvents studied in this experiment vs literature values. The close the values are to the orange line of slope 1, the more 
accurate the predicted value. Each blue dot is a datapoint for (predicted, literature) coordinate. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 2. Sigma surfaces for the three studied platform chemicals in this research as generated by TmoleX. Red indicates electron dense regions, blue to electron 
deficient regions, and green to electron neutral regions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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border regions. Similar phenomenon was seen for CO2 which can be 
absorbed by both polar and non-polar solvents even though its naturally 
a non-polar molecule [21]. The HDES show similarity between peak 
location and area distribution; thus, any solute interaction difference 
will be likely due to the minor shifts in these properties towards or away 
from the hydrogen donating region. 

The sigma potential plots offer a quantitative analysis of how a 
molecule will behave in a certain electrostatic environment (Fig. 4). 
While sigma profile allows comparison of the molecular surface charges, 
the sigma potential plots compare the entire molecule’s chemical po
tential in response to a specifically charged surface. The x-axis of sigma 
potential plot is the charge ranging the same scale as the sigma profile 
(±0.03 e/Å

2
). The y-axis is the chemical potential of the solute molecule 

in the charged solvent environment. Chemical potential with positive 
values indicates non-spontaneous interactions, or repulsive effects. 
Chemical potentials with negative values indicate spontaneous molec
ular interactions, or attractive effects. Considering the sigma potential 
curves for water and PCs in Fig. 4, several details about the PCs may be 
obtained regarding separations from aqueous solution. First, there is an 
overlay effect occurring between the PCs and the water as they share 
curve characteristics, which suggests they are soluble in aqueous solu
tions. The relatively slow incremental sloping of the water curve around 

−0.01 e/Å
2
, along with the almost linear behavior suggest strong 

dielectric characteristics [34]. This corresponds well with the sigma 
profile of water (Fig. 3a) which has a symmetrical distribution of area 
between the hydrogen bonding regions. A similar behavior can be seen 
in Fig. 4 for the PCs, which lends to the broad distribution of surface 
charge range for each seen in Fig. 3a. The van der Waals region of the 
sigma potential plots indicates the relative hydrophobicity of a mole
cule, curves that drop below those of water in this region are considered 
increasingly hydrophobic with decrease in value. It can be seen from 
Fig. 4, all PC’s behave similarly with this respect and do not drop 
significantly below zero, suggesting water solubility but not hydrophi
licity. This behavior insight corresponds to the significant amount of 
surface charge area with near neutral charge each PC possesses. Since 
roughly 30% of their area is in the hydrogen bond accepting region and 

the bulk in van der Waals (±0.0079 e/Å
2
), it is expected for HDES that 

have high amounts of area concentrated between the hydrogen donating 

and van der Waals regions (near −0.0079 e/Å
2
), to offer the better 

absorption. 

3.3. COSMO-RS screening of HDES 

In this COSMO-RS screening, activity coefficients of sorbitol, HMF, 
and levulinic acid in each of the 105 HDES were calculated at standard 
temperature and pressure. These conditions were chosen as all HDES are 
reported to be liquid below room temperature [23]. Also, both HDES 

Fig. 3. A: sigma profiles of the three pc analytes and water as a reference. y-axis is frequency, x-axis is charge per angstrom squared.Fig. 3b: Sigma profiles as 
predicted by TmoleX for the top 3 performing solvents HBA and HBD components. All three solvents were comprised of the N4Br HBA, the other3 components are 
HBD. The y axis scales are made dissimilar for resolution. 

Fig. 4. Sigma potentials as calculated by TmoleX for the three studied PC’s and 
water as a reference. The x-axis is the same as the profiles, but the y-axis rep
resents chemical potential instead of frequency of occurrence for a given 
x-value. 
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and PCs are incompressible with low volatility. The activity coefficient 
was chosen as the screening parameter as this is also directly related to 
solubility [40,41,42]. Fig. 5 is a radar plot of the activity coefficients for 
each PC and water in each HDES. Each HDES is identifiable by keeping 
the numbering same as Table 1. Values of ln (γ) = 1 follow the ideal 
Raoults law, where values above and below one require the modified 
version that considers non-ideality. Any ln (γ) values above one in
dicates repulsive electrostatic interactions between HDES-PC combina
tions. ln (γ) < 1 indicates attractive electrostatic interactions. Thus, any 
values that fall outside of the limited r-axis are screened out from Fig. 5. 

One of the notable features of Fig. 5 is the “hydrophobicity” of the 
HDES. While considered hydrophobic by literature, nearly all solvents 
show slight hydrophilicity (1 > lnγ ≤ 0) to moderate hydrophilicity (0 >
lnγ ≤ 2). According to the ranked HDES from Fig. 5, the three HDES 
possessing the highest solubilization power for all three PC’s is N4Br 
combined with L-arginine > L-proline > L-glutamic acid ranked in order 
from best to worst performing of the three. To determine the mecha
nisms of solvation one must revisit Fig. 3a, Fig. 3b, and Fig. 4. Glutamic 
acid, which was ranked third, has three distinct peaks in the strong 
hydrogen bonding donating region, hydrogen bond accepting region, 
and van der Waals interactions zone. This profile suggests glutamic acid 
is the most versatile HBD regarding these amino acids. However, more 
sigma surface area of PCs favors van der Waals interactions over either 
hydrogen bonding type. This is likely the factor which allows proline 
and arginine to outperform glutamic acid, as they have significantly 
more sigma surface area distributed in the van der Waals region. It can 
be qualitatively deduced through Fig. 3 that a high similarity between 
the area distributions of the PCs and arginine, proline, and N4Br exists. 

Since both PCs and HDES are considered stable in their pure forms and 
complement each other’s sigma distribution, it is reasonable to conclude 
that they would form strong stable structures with each other when 
mixed. The culmination of these factors results in the high solubility 
these PC’s experience with these three HDES. These HDES have signif
icant amounts of van der Waals interactions surface, strong hydrogen 
bond accepting surface, and electrostatically moderate to strong 
hydrogen bond donating surface. As previously discussed, the molecules 
of HMF and levulinic acid offer nearly identical charge distributions 
while sorbitol deviates from the group in this respect. This observation 
coincides with the ~ 2x or more activity coefficients for sorbitol 
compared to either HMF or levulinic acid observed in Fig. 5. Meanwhile, 
three HDES with the least solvation power for PC’s are detailed and 
contrasted by the three top performing solvents in Fig. 6 by presenting 
their computed ln activity coefficients. On the basis of favorable elec
trostatic interactions, it can be seen in Fig. 3b that menthol does not 
meet the requirements, resulting in high ln(γ). Menthol concentrates 
nearly all its surface charge in the central van der Waals region. In 
contrast, N4Br has a much larger distribution of surface charge. This 
characteristic becomes a repulsive trait when interacting with the highly 
non-polar terpene based HBA’s like menthol and thymol. Thus, resulting 
in poor solubilization. 

3.4. Excess enthalpy of PC’s in HDES 

The total excess enthalpy of interaction (Hint) computed by COSMO- 
RS is comprised of enthalpy change due to hydrogen bonding (Hhb), 
change due to van der Waals interactions (Hvdw), and misfit energy (Hmf ) 

Fig. 5. Radar plot of ln activity coefficients for all studied solvent–solute systems. Values closest to the center represent solvents that have a higher affinity for the 
given solute than the points with increasing distance from center. The point is related to the solvent name on the outer rim of the radar radially in the vector 
from center. 
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(Table 2). Fig. 7 contains the enthalpies calculated for each PC for each 
of the top three HDES. The total excess enthalpy of interaction (Hint) 
values are all negative as solvating the PCs is an exothermic and spon
taneous occurrence. This is consistent with the radar plot described ln 
(γ). A familiar trend appears as the Hint values for HMF, levulinic acid, 

and sorbitol increase in this respective order with the solubilization 
(Fig. 6). Other observations include the consistent values for Hmf , rela
tively consistent Hvdw values compared to changes in HHB, and the dif
ference of Hint values for each solvent-PC combination being driven by 
changes in HHB. The expressed consistency of the HMF values is likely due 

Fig. 6. Predicted ln activity coefficients of top five performing solvents for solubilizing PC’s (A). Predicted ln activity coefficients for bottom five performing solvents 
for PC solubilization. The more positive values equal less affinity between solvent–solute. Even the five worst performing HDES suggest higher affinity for PC’s 
than convention. 

Table 2 
Enthalpic values per contribution term for all three solutes in 5 top performing solvents. These solvents are as follows: Tetrabutylammonium bromide with acetic acid 
(N4Br AA), Tetrabutylammonium bromide with glutamic acid (N4Br GA), Tetrabutylammonium bromide with l-proline (N4Br P), Tetrabutylammonium bromide 
with l-arginine (N4Br A), and Tetrabutylammonium bromide with 1-butanol (N4Br Bol). All values have units of kJ/mol.   

HMF Levulinic Acid Sorbitol  

Hmf (kJ/mol) HHB (kJ/mol) HVdW (kJ/mol) Hmf (kJ/mol) HHB (kJ/mol) HVdW (kJ/mol) Hmf (kJ/mol) HHB (kJ/mol) HVdW (kJ/mol) 

N4Br AA  3.70  −3.91  −7.54  3.73  −4.64  −7.27  3.98  −9.38  −9.16 
N4Br GA  3.90  −3.87  −7.65  3.93  −4.65  −7.39  4.18  −9.35  −9.31 
N4Br P  3.95  −3.86  −7.67  3.98  −4.67  −7.40  4.24  −9.36  −9.33 
N4Br A  4.03  −4.94  −7.66  4.07  −6.40  −7.38  4.39  −11.9  −9.29 
N4Br Bol  3.78  −3.95  −7.62  3.81  −4.70  −7.36  4.06  −9.50  −9.28  

Fig. 7. Excess enthalpies per contribution term per solvent for HMF(A), Levulinic Acid (B), and Sorbitol (C). The total excess enthalpy for a solvent–solute mixture is 
the sum of the three parameters depicted. Positive values equate to endothermic processes and negative to exothermic processes, which would occur spontaneously. 
N4Br:A would have the highest total excess enthalpy. 
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to the similarity between HDES and PCs respective sizes and surface 
profiles, since the main contributor to changes in Hmf are from surface 
charge mismatch and steric hindrance [34]. The discrepancy between 
Hvdw and HHB values for sorbitol compared to HMF and levulinic acid are 
explained through the sigma surface charge distributions, which were 
nearly identical for HMF and levulinic acid, but sorbitol had more 
hydrogen bonding area than exchanged neutral surface charge area. 
Therefore, more enthalpically favorable charge matches for the HHB 
term are likely to exist, resulting in more negative HHB values for sorbitol 
and similar ones for HMF and levulinic acid. The final observation is 
N4Br:A consistently expressing the most negative HHB values of the three 
down selected solvents, despite its strikingly similar charge distribution 
profile to N4Br:P (seen in Fig. 3b). While there is a favorable slight shift 
of the van der Waals region peak towards the charge deficiency region 
for N4Br:A compared to N4Br:P, the main difference in the performance 
of the two likely resides in the composition of the two solvents. N4Br:A 
has a composition of 8:1 while N4Br:P has a composition of 4:1. The 
larger mass of N4Br:A equates to an increase in sigma surface interaction 
sites. A similar finding from McGaughy et al [12] regarding HDES and 
the platform chemical furfural suggests that among near identical sol
vent components for HDES, the attribute of the solvent to contain spe
cific favorable interactions sites does not guarantee optimal interactions 
but rather the ratio of these surface charges to one another. Using the 
same HBD and five varying chain lengths of alkyl ammonium bromide 
their finding was the middle alkyl chain length being hexa ammonium 
bromide outperforming the others. It is evident that the ability for N4Br 
and three amino acid HBDs to solvate PCs comes from its ability to form 
a complimentary hydrogen bonding-van der Waals interaction complex. 

4. Conclusions 

This study has provided significant insight into the electrostatic 
solubilization mechanisms associated with 105 HDES on HMF, levulinic 
acid, and sorbitol. Through generation of the sigma profiles and sigma 
potential plots for each platform chemical, it was shown that HDES with 
more van der Waals interaction sites along with moderate hydrogen 
bonding regions offer the best solubilization potential. This resulted in 
the down-selection of the HBA N4Br, with three different amino acids 
(arginine, glutamic acid, and proline) for HBD as the top three potential 
HDES for solubilizing platform chemicals. Combining the results of the 
excess enthalpy parameters Hmf , Hhb, andHvdw, these HDES could make 
hydrogen bonding-van der Waals interaction with platform chemicals 
with negative total excess enthalpy. 
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