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Highlights

 COSMO-RS was used to generate molecular descriptor to predict the viscosity of deep 

eutectic solvent (DES).

 The developed model showed a good correlation between experimental and predicted 

values with R2 of 0.9734.

 The viscosity of DES is highly influenced by hydrogen bonding between salt anion and 

hydrogen bond donor molecule.

ABSTRACT

Transport properties of deep eutectic solvent (DES), such as viscosity, are essential for 

selecting and designing processes based on these “green solvents” for CO2 capture and 

separation. Although experimental values for the viscosity of DES are available for a large 

number of systems, the number of potential hydrogen bond acceptors and hydrogen bond 

donors to form eutectic mixtures make the experimental characterization and screening of these 

systems impractical. A computational method able to predict the viscosity of DES would be 

highly valuable. The present study is aimed to develop a method to predict the viscosity of 

DESs using interaction energy descriptors derived from Conductor like Screening Model for 

Real Solvent (COSMO-RS). The stepwise multiple linear regression was implemented to select 

the optimal number of molecular descriptors and temperature based on an extensive database 

covering 947 viscosity data points for a wide range of DESs. The new model showed a good 

correlation between experimental and predicted values, with R-squared (R2) and average 

absolute relative deviation (AARD) of 0.9734 and 15.22%, respectively, for the overall dataset. 

In addition, the model showed that the viscosity of DES was significantly influenced by the 

hydrogen bonding between the anion of the hydrogen bond acceptor and the hydrogen bond 

donor molecules. The electrostatic-misfit and van der Waals forces were shown to have a 

marginal impact on the viscosities. In conclusion, the developed model provides an effective 

tool to predict the viscosity of DES and allows a fundamental understanding of the molecular 

level interactions on this property. 
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1 INTRODUCTION

Deep eutectic solvent (DES) consists of a mixture of hydrogen-bond acceptors and 

hydrogen-bond donors of different acidity, which form a eutectic mixture with a melting point 

significantly lower than either of the individual components in the solution driven by the system 

non-ideality [1, 2]. Depending on the nature of the complexing agent used, DES is classified 

into four categories [3]. The most studied DESs perhaps is type III eutectic mixture based on 

choline chloride, [Ch]Cl ((2-hydroxyethyl)trimethylammonium chloride). [Ch]Cl is a 

quaternary ammonium salt, belonging to the essential class of vitamin B, non-toxic, 

biodegradable, and available commercially at a large scale and low price. The other constituent 

of a standard DES is a hydrogen bond donor. It can usually be alcohol, amide, or carboxylic 

acid. DES shares a number of characteristics of ionic liquid (IL); however, their low cost and 

simple preparation encourage their use for, among other potential applications, the separation 

of CO2 [4-6] and SO2 [7-9] from natural/syngas.

Developing a DES-based technology for CO2 capture calls for a solvent with high CO2 

absorption capacity and selectivity, high CO2 absorption rate, and low energy demand [10]. 

Regarding the CO2 absorption capacity and selectivity, it depends highly on the gas solubility, 

and the absorption rate is strongly dependent on the viscosity of the solvent. This makes 

viscosity one of the primary properties of this technology development. Thus, intensive work 

on the measurement of DES viscosity has been conducted. Despite the significant data bank 

available for the viscosity of DES, screening a solvent through the experimental determination 

of the viscosity is unrealistic, as there are limitless combinations and ratios of hydrogen-bond 

donor and hydrogen-bond acceptor to form these eutectic mixtures. Thus, computational 

modeling is required to predict the viscosity of DES, which can overcome the cost and 

difficulties of experimental measurements. Several researchers have attempted to develop 

computational models for the viscosity of DES [11-16]. For example, molecular-based 

equations of state (EoS) such as the Statistical Associating Fluid Theory (SAFT), more 

specifically soft-SAFT, have been successful in describing the viscosity of tetraalkylammonium 

chloride-based DES [11]. Raeissi et al. [12] reported a general viscosity model for 27 DES 



using associating equations of state, namely Cubic-Plus-Association (CPA) and Perturbed-

Chain Statistical Association Fluid Theory (PC-SAFT). Although the obtained model has an 

acceptable AARD of 2.7% for CPA and PC-SAFT, the equation required complicated 

calculations and many parameters, and can hardly be applied to novel compounds outside the 

database used for its development. Predictive studies based on the equation of state are difficult 

and scarce.

Hadj-Kali et al. [13] reported the correlation of 706 data points of experimental viscosity 

data using two types of equations, namely the Arrhenius-type model (equation 1) and the Vogel-

Fulcher-Tammann-Hesse (equation 2) as follow:

𝜂 = 𝐴 ∙ 𝑒𝑥𝑝[ 𝐵
𝑅𝑇] (1)

𝜂 = 𝐴 ∙ 𝑒𝑥𝑝[ 𝐵
𝑇 ― 𝑇0] (2)

In equation 1, A = η0 (mPa·s) is the empirical constant, B = Eμ (kJ·mol-1) represents the 

activation energy for viscous flow, R = 8.314 J·K-1·mol-1 is the ideal gas constant, and T is the 

temperature expressed in Kelvin. Whereas, in Equation 2, A = η0 (mPa·s), B (in K), and T0 (K) 

are empirical constants.  Even though Equations 1 and 2 fit the experimental viscosity data very 

well, their empirical models were generated for individual DES. Thus, all calculations to 

determine the proper correlation coefficients must be repeated for different sets of eutectic 

mixtures. Moreover, it is well known that component-specific correlations are more accurate 

than global correlations, which can handle numerous components. A universal correlation for a 

broader range of DES is of importance.

To overcome this limitation, Raeissi et al. [14] proposed the following general 

relationship to correlate the viscosities of DES.

𝜂 = [𝜂𝐴
𝑟𝑒𝑓 + 𝐵(𝑇𝑟𝑒𝑓 ― 𝑇

𝑇 × 𝑇𝑟𝑒𝑓)]1/𝐴

(3)



𝐴 =
―0.817

𝑃𝐶
― 0.123 (4)

𝐵 = ―1.595𝑇𝑐 (5)

where PC and TC are the critical pressure and critical temperature in bars and kelvin, 

respectively, and η and ηref are the viscosities in Pa·s at the temperatures of T and Tref, 

respectively. Although the model has an acceptable overall AARD of 10.4%, the equation 

contains critical pressure and temperature, which must be estimated before the calculation, thus 

becoming a disadvantage. Due to the lack of critical properties of DES, the authors determined 

the constant A and B parameters to fit the training data set.

Using Conductor Like Screening Model for Real Solvent (COSMO-RS), Benguerba et 

al. [15] proposed a quantitative structure-property relationship (QSPR) for viscosities of 

selected few amine-based DES using Sσ-profile descriptors. Later, the authors attempted to use the 

same approach to predict viscosity for a broader class of DES [16, 17]. Their model showed a 

good agreement between experimental and calculated viscosities data. However, the model 

requires 38 descriptors generated using COSMO-RS. A simple correlation is more favorable 

than a many-descriptor predictive model in practical applications so that iterative calculations 

can be user-friendly. Therefore, the simplicity of the equation was considered in this study

The shortcomings of existing models encouraged us to develop a predictive model with 

high accurate predictive capability and simplicity and feature valuable insights into the impact 

of hydrogen-bond acceptor and hydrogen-bond donor interaction energy on the viscosity of 

DES. In the previous work, the interaction energy descriptors were used to correlate with 

physicochemical properties of ionic liquids, namely acidity [18], basicity [19], wettability [20], 

and viscosity [21]. Therefore, this study aims to exploit the possibilities of the interaction 

energy descriptor generated by COSMO-RS to predict the viscosities of DES. The experimental 

viscosity values of a large number of DESs were collected from the open literature. It should 

be highlighted that this work focused on type III eutectic mixture as this class of DES is the 

most studied as a solvent for numerous applications, including for CO2 capture. These data were 

correlated with a set of interaction energy descriptors of the eutectic mixtures generated by the 

COSMO-RS. As shown later, a good correlation between viscosities values with the interaction 



energy descriptor was obtained. In addition, the new model could provide an insight into 

molecular mechanisms that control the viscosity of the eutectic mixture. 

2 METHODOLOGY

2.1 Data Preparation

The starting point for deriving QSPR models is the availability of reliable experimental 

data. A total of 949 data points for 74 DESs composed of 20 hydrogen-bond acceptors and 25 

hydrogen-bond donors were collected from open literature [13, 22-43]. These hydrogen-bond 

acceptor and hydrogen-bond donor are representative of a wide range of molecules that allow 

a robust approach to the modeling prediction of DES viscosity. The chemical name and 

structures of the hydrogen-bond acceptor and hydrogen-bond donor is given in Figure 1.

2.2 Development of Descriptor

The COSMO-RS model was used to generate the descriptors to correlate the viscosity of 

DESs. A complete and detailed description of the COSMO-RS theory is given in the original 

work by Klamt and Eckert [44, 45]. In this method, the descriptor was generated in two main 

steps: First, the continuum solvation COSMO calculations of electronic density and molecular 

geometry of hydrogen-bond acceptor and hydrogen-bond donor was performed with the 

turbomole software program package on the density functional theory (DFT) level using the BP 

functional B88-P86 with the triple-ζ valence polarized (TZVP) basis set and the resolution of 

identity standard (RI) approximation [46]. Then, the generated COSMO file was used as input 

to estimate the interaction energy of the hydrogen-bond acceptor and hydrogen-bond donor in 

the eutectic mixture. The estimation of interaction energy was performed with the 

COSMOthermX18 program using the parameter file BP_TZVP_18 (COSMOlogic GmbH & 

Co KG, Leverkusen, Germany). In all calculations, the hydrogen-bond acceptor consisting of 

salt cation and anion and the hydrogen-bond donor were treated separately at the quantum level. 

Therefore, it is possible to analyze the contribution of salt cation, salt anion, and hydrogen-bond 

donor to the total interaction energy. It should be highlighted that computational work was 

performed in a desktop computer equipped with  Intel® Core™ i7-10700T CPU @ 2.00 GHz 



with the installed RAM of 8.00 GB. The computing time required for step 1 is less than one 

hour for each molecule, while step 2 take a shorter time. Thus, the computational modeling 

using COSMO-RS offers fast computing time.

In the COSMO-RS method, the total interaction energy HINT arises from summing the three 

specific interactions according to Equation 6,

𝐻𝐼𝑁𝑇 = 𝐻𝑀𝐹 + 𝐻𝐻𝐵 + 𝐻𝑉𝑑𝑊 (6)

where HMF is the electrostatic-misfit interaction, HHB is the hydrogen bonds, and HVdW is the 

Van der Waals forces. 

Because DESs of type III, focused on this work, are composed of salt as hydrogen-bond 

acceptor, and a hydrogen bond donor, Equation (6) can be written as the contribution of specific 

interaction of each molecule as follow:

𝐻𝐼𝑁𝑇 = 𝐻𝑀𝐹,𝑆𝐶 + 𝐻𝐻𝐵,𝑆𝐶 + 𝐻𝑉𝑑𝑊,𝑆𝐶 + 𝐻𝑀𝐹,𝑆𝐴 + 𝐻𝐻𝐵,𝑆𝐴 + 𝐻𝑉𝑑𝑊,𝑆𝐴 + 𝐻𝑀𝐹,𝐷 + 𝐻𝐻𝐵,𝐷 + 𝐻𝑉𝑑𝑊,𝐷(7

)

where subscript SC, SA, and D refer to salt cation, salt anion, and hydrogen-bond donor 

molecules, respectively. The nine interaction energies in Equation (7) were then used as a 

descriptor to predict the viscosity of DES. Therefore, the prediction of viscosity of DES using 

the descriptor generated by COSMO-RS could also provide the specific intermolecular 

interaction as the contribution of each component in the mixture. 

2.3 Development of Model

Multiple linear regression (MLR) is regularly used in QSPR due to its simplicity, 

transparency, reproducibility, and interpretability. This method correlates a set of data points of 

viscosity (y) with one or more descriptors generated from COSMO-RS (xn) in a linear form as 

described in Equation (8),

𝑦 = 𝑎0 +
𝑛

∑
1

𝑎𝑛𝑥𝑛 (8)



where a0 and an are the intercept and regression coefficient of the descriptor, respectively. The 

correlation model was initiated using all descriptors as the variable. Then, the model was 

recurrently improved by eliminating variable(s) based on the statistical analysis until no further 

improvement could be achieved. Finally, the best MLR equation was selected based on the 

highest R-squared (R2), Fischer’s statistic (F), and lowest Average Absolute Deviation (AARD) 

values as screening criteria. In addition, the accuracy of the final QSPR model was also 

ascertained by more statistical analysis, namely Standard Deviation Error (SDE) and Root 

Mean Square Error (RMSE).

To evaluate the predictive capability of the models, the datasets were divided into a training 

and testing set before the model development. Following a widely used rule of thumb, the 

selected experimental data points are divided into 70% training and 30% validation datasets to 

construct a reliable method. Both training and test datasets are provided in Table S1 in the 

Supplementary Material.

3 RESULTS AND DISCUSSIONS

The viscosity of DES is one of the pivotal properties in developing these fluids for various 

applications, in particular as a solvent for CO2 capture and utilization. Thus, the results are 

explained foremost based on the QSPR model, primarily to probe into the molecular interaction 

that controls the viscosity of DESs. A total of 706 experimental viscosity datapoint of DES 

gathered from various sources were used as training set data to build the predictive model. The 

detailed experimental and predicted viscosity of DES is given in Table S1 in the Supplementary 

Material. The correlations between the selected descriptor and viscosity upon stepwise 

regression are summarized in Table 1, whereas the corresponding comparison between the 

experimental and predicted viscosities are depicted in Figure 2. 

The first correlation, Equation (9), consists of (i) nine descriptors originally from the 

specific interaction energy of each molecule in the eutectic mixture as described in Equations 

7 and (ii) temperature. With a R2 of 0.9756 and AARD of 14.43%, Equation (9) could produce 

a good correlation between the interaction energy descriptor with the experimental viscosity of 

DESs. It might indicate that, indeed, multiple interactions control the viscosity of DESs. 

Generally speaking, DESs have higher viscosities when compared to the traditional solvents 

because they have a higher molecular weight and stronger molecular interactions. By describing 



the viscosity as the fluid’s internal resistance, intermolecular forces such as hydrogen bonding, 

dispersive, and columbic interactions control the viscosity of DESs and allow to relate it to its 

molecular structure. This can be observed from the correlation of viscosity using COSMO-RS, 

where all interaction energy descriptors contribute to a good fit of Equation (9).

Nevertheless, according to the ANOVA statistical analysis, each interaction energy has a 

different impact on Equation (9). The descriptor is deemed to be significant if it has p-value 

less than 0.05. On the other hand, if the p-value is higher than 0.05, the descriptor is not 

significant toward the developed correlation. Based on the statistical analysis given in Table S2 

in the ESI, two descriptors have a p-value higher than 0.05. Those descriptor are HMF,SC (p-

value = 0.9482) and HMF,D (p-value = 0.5723). Since those two descriptors were deemed 

insignificant, they were eliminated from Equation (9), resulting in Equation (10). Interestingly, 

a slight improvement in the AARD values of 14.06% can be observed by eliminating the non-

significant descriptors.

To confirm whether stepwise multiple regression step would produce better correlation or 

not, one descriptor is further eliminated from Equation (10), resulting in a series of six-

descriptor correlations as shown in Equation 11-17. In general, Equations 11-17 have lower R2, 

lower F, and higher AARD values than Equation 10. Higher R2 and F values and lower AARD 

values are required to allow for a better prediction capability and reliability of the developed 

model. Moreover, as shown in Figure 2, Equation (10) has a more tight cluster to the trendline 

than other equations. Consequently, it indicates that Equation (10) has the best correlation of 

interaction energy descriptor to predict the viscosity of DES. 

Based on Equation 10, 7 significant descriptors (p-value < 0.05) that translate the 

interaction energy controlling the viscosity of DES can be identified. Interestingly, from the 7 

descriptors, 3 of them are hydrogen-bond interaction energy related. This indicates that 

hydrogen-bond interactions in the eutectic mixtures play a substantial role in their viscosity, 

while the electrostatic-misfit interaction and van der Waals forces have a secondary role on this 

property. In this scenario, the most significant interaction energy arises from the salt anion that 

acts as hydrogen bond acceptor. In most cases, the salt cation has a weak partial positive charge 

density that could not overcome the highly negative charge of the salt anion. When the salt is 

mixed with the hydrogen-bond donor molecules, it could form a strong hydrogen bond with the 

salt anion. The formation of hydrogen bonding between salt anion and hydrogen bond donor 

molecules were also reported by other researchers [47-51]. Araujo et al. [47] revealed a 



displacement of chloride anions away from their preferred positions on top of choline's methyl 

groups that could be addressed due to the hydrogen bond formation with urea molecules. Silva 

et al. [48] showed that eliminating acidic hydrogen on urea severely hampers the melting point 

depression effect due to its inability to form a hydrogen bond with the salt. Painter et al. [49] 

suggested a strong interaction between the chlorine anion and NH2 of urea in the eutectic 

mixture compose. Several other authors further confirmed the interaction between Cl- anion 

and hydrogen-bond donor molecules through hydroxyl groups in the eutectic mixture of 

ethylene glycol, glycerol, and malonic acid  [50, 51]. Furthermore, using molecular dynamics, 

Hunt et al. [52] showed the presence of an “alphabet soup” of many different types of H-bond 

(OH⋯O C, NH⋯O C, OH⋯Cl, NH⋯Cl, OH⋯NH, CH⋯Cl, CH⋯O C, NH⋯OH, and 

NH⋯NH) could form in the [Ch]Cl : urea 2:1 DES system. All these results from molecular 

dynamics simulations conducted for the limited system confirm the formation of hydrogen 

bonding between salt anion and the hydrogen bond donor molecules, similar to the global 

observation obtained from COSMO-RS calculation. 

Using Equation (10), the test set collated from various literature sources is plotted to 

analyze further the developed model’s reliability and goodness of fit. The plot of experimental 

data versus calculated data using Equation (10) is presented in Figure 3. A tight cluster of points 

close to the trend line reveals the robustness of the proposed equation 10 to predict the viscosity 

of DES. The statistical error parameter for ln(η) for the training, validation, and overall datasets 

are shown in Table 2. The model results show an AARD and RMSE of 15.22% and 0.78, 

respectively, from the 949 experimental data. Thus, the results demonstrate that this new model 

can reliably estimate the viscosity of DESs.

The relative deviation of the predicted viscosity value compared to the experimental data 

is presented in Figure 4. It seems to show a high relative deviation for viscosity values higher 

than ln 7 (circa 1000 mPa·s). This may be due to the tendency of hydrogen bonds to dissociate 

at higher temperatures as there is a change in the structure of the eutectic mixture [53]. Thus, 

improvements can be made in the future to improve the reliability of our model in predicting 

the viscosity values of DES above 1000 mPa·s.

Careful analysis of the relative deviation range versus percentage of data in each range is 

given in Figure 5. In general, the model could predict 75% of the viscosity value within a 

relative deviation of less than 20%. This indicates that the model has a good capability to predict 

the viscosity of DESs. On the opposite, only circa 1% of the predicted data have a relative 



deviation higher than 40%. Thus, in general, considerable predicted viscosity values could be 

obtained by using the developed model. 

Several causes contribute to the high deviation of predicted viscosity data compared to 

experimental values. First, the purity of the DES or the presence of contamination in DES. Due 

to the modest preparation of DES that can be produced by simply mixing salt (hydrogen-bond 

acceptor) and hydrogen-bond donor molecules, most of the prepared eutectic mixtures were 

used as it is, lacking purification. Thus, it is recommended to report the purity of the prepared 

DESs for the physicochemical measurement, such as water content, as it significantly affects 

the viscosity of DES significantly. Mjalli and Mousa [35] reported the viscosity of three 

common [Ch]Cl-based DESs as a function of water content. Their result showed that the 

viscosity of DES decreased sharply as the concentration of water increased. In addition, the 

presence of the impurities could also lead to discrepancies in the reported experimental 

viscosities values between authors. For example, Figure 6 shows the viscosities of several 

ChCl-based DES, where two or more authors reported the same system. It can be clearly seen 

that there are discrepancies whenever different author reports similar systems. The 

discrepancies could be attributed to the presence of impurities.

Another source of error is the stability of the obtained eutectic mixture. Careful analysis of 

the predicted viscosity data shows that high ARD belongs to the organic acid-based DES. 

Rodriguez et al. [54] reported degradation of DESs based on choline chloride and carboxylic 

acid. The authors showed that the ChCl-malonic acid eutectic mixture decomposed into acetic 

acid and carbon dioxide via the heating method or heated after room-temperature preparation. 

The authors also showed that the esterification reaction occurs even at room temperature over 

extended periods. Using the NMR and Karl Fischer titration, Chotkowski and co-workers [55] 

also confirmed the esterification reactions between choline cation and organic acid. Therefore, 

care must be taken when preparing and utilizing organic acid-based DES as a solvent for 

chemical and separation processes.

To further verify the predictive performance of the model proposed in this study, the R2 

values of three VFT-based models and three sigma profile-based models generated from 

COSMO-RS were used as a comparison. Table 3 lists the comparison for the performance 

parameters for each model as reported in the literature. It is not easy to compare with the VFT-

based model as the calculations to determine the proper correlation coefficients have to be 

repeated for different sets of eutectic mixtures. In any case, these result clearly establishes that 



our model has a lower AARD values than the sigma profile-based model of Benguerba et al. 

[15, 16] and Alnashef et al.[17]. It is inevitable that this type of models present somewhat higher 

errors because they use one set of global constants to estimate the viscosities of various types 

of DES greatly differing in nature. Nevertheless, our model still has acceptable errors in the 

field of viscosity estimation. Besides the good performance in terms of deviations, our model 

also has fewer descriptors than other COSMO-RS-based models. Thus it provides a much more 

straightforward calculation with only seven descriptors to be obtained using the COSMO-RS 

software. 

4 CONCLUSION

In this study, a QSPR  method was successfully developed to estimate the viscosity of DES 

using descriptors generated from COSMO-RS software. A comprehensive dataset of 947 

viscosity data belonging to 74 DESs composed of 20 hydrogen bond acceptors and 25 hydrogen 

bond donors was employed to develop this model. The viscosity data were chosen in a wide 

range of experimental conditions to achieve a model with the broadest possible range of 

applicability. A training set composed of 706 experimental data points correlated with nine 

interaction energy descriptors generated from COSMO-RS. The number of descriptors was 

optimized through stepwise MLR applying ANOVA statistic analysis (p-value), producing a 

new model that consists of 7 descriptors. In general, the new model has a good R2 and low 

AARD for the training, validation, and overall dataset. In addition, the hydrogen bonding 

between the salt anion of the hydrogen-bond acceptor and hydrogen bond donor molecules was 

found to have the most critical effect on the viscosity of the DES. At the same time, the 

electrostatic-misfit and van der Waals forces were marginal. In conclusion, the model can be 

considered reliable and can be used in the absence of experimental measurements to determine 

DES viscosity, particularly for process design involving CO2 capture and separation process. 
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Figure 1 The chemical structure of the hydrogen-bond acceptor and hydrogen-bond donor 

composed the studied DESs. Hydrogen-bond acceptor: (a) ethylammonium bromide, (b) 

propylammonium bromide, (c) butylammonium bromide, (d) cholinium chloride, (e) 

acetylcholine chloride, (f) benzylcholine chloride, (g) N-benzyl-2-hydroxy-N,N-

dimethylethanaminium chloride, (h) tetramethylammonium chloride, (i) 

triethylmethylammonium chloride, (j) tetraethylammonium chloride, (k) tetraethylammonium 

bromide, (l) tetrapropylammonium chloride, (m) tetrabutylammonium chloride, (n) 

tetrabutylammonium bromide, (o) benzyltrimethylammonium chloride, (p) 



benzyltriethylammonium chloride, (q) benzyltripropylammonium chloride, (r) 

methyltriphenylphosphonium bromide, (s) Allyltriphenulphosphonium bromide, and (t) 

guanidium chloride. Hydrogen-bond donor: (a) urea, (b) monoethanolamine, (c) 1,2,4-triazole, 

(d) imidazole, (e) d-xylose, (f) d-ribose, (g) d-glucose, (h) d-mannose, (i) d-fructose, (j) phenol, 

(k) gliserol, (l) 1,2-propanediol, (m) ethylene glycol, (n) diethylene glycol, (o) triethylene 

glycol, (p) tetraethylene glycol, (q) levulinic acid, (r) lactic acid, (s) p-toluenesulfonic acid, (t) 

acetic acid, (u) monochloroacetic acid, (v) trichloroacetic acid, (w) propionic acid, (x) malonic 

acid, (y) octanoic acid.





Figure 2 Stepwise multilinear regression models (a) Equation 9, (b) Equation 10, (c) Equation 11, (d) Equation 12, (e) Equation 13, (f) Equation 

14, (g) Equation (h) Equation 16, and (i) Equation 17



Figure 3 Predicted vs. experimental viscosity values for both training and test data set. R2 value: 

0.9756. Symbols: (□) training set, and (♦) test set

Figure 4 Plot of relative deviations between experimental and predicted viscosities value using 

equation 10. Symbols: Symbols: (□) training set, and (♦) test set



Figure 5 A comparison between the model result and their corresponding experimental values 





Figure 6 Comparison between the experimental and predicted viscosity of ChCl-based DESs. 

The symbol and line represent the experimental and predicted value. (a) ChCl : Glycerol (1:2). 

Symbols: (■) [22], (♦) [23], (▲) [35], and (●) [43]; (b) ChCl : Urea (1:2). Symbols: (■) [24], 

(♦) [35], (▲) [37], and (●) [39]; (c) ChCl : Ethylene glycol (1:2). Symbols: (■) [33], (♦) [35], 

and (▲) [38]; and (d) ChCl : monoethanolamine (1:7). Symbols: (■) [31] and (♦) [36].



Table 1 Correlation between the experimental viscosity of DES and the interaction energy estimated using COSMO-RS

Correlation
R2 F

AARD

/%

Equat

ion

ln 𝜂 = 0.0007 × 𝐻𝑀𝐹,𝑆𝐶 ― 0.0097 × 𝐻𝐻𝐵,𝑆𝐶 ― 0.0412 ×  𝐻𝑉𝑑𝑊,𝑆𝐶 ― 0.2660 ×  𝐻𝑀𝐹,𝑆𝐴 + 0.0266 × 𝐻𝐻𝐵,𝑆𝐴 + 0.7304 × 𝐻𝑉𝑑𝑊,𝑆𝐴 ― 0.0135

× 𝐻𝑀𝐹,𝐷 ― 0.0351 × 𝐻𝐻𝐵,𝐷 ― 0.0821 × 𝐻𝑉𝑑𝑊,𝐷 + 4344.60 ×
1
𝑇

0.97

56

2784.

96

14.43 (9)

ln 𝜂 = ―0.0093 × 𝐻𝐻𝐵,𝑆𝐶 ― 0.0420 ×  𝐻𝑉𝑑𝑊,𝑆𝐶 ― 0.2697 ×  𝐻𝑀𝐹,𝑆𝐴 + 0.0260 × 𝐻𝐻𝐵,𝑆𝐴 + 0.7384 × 𝐻𝑉𝑑𝑊,𝑆𝐴 ― 0.0348 × 𝐻𝐻𝐵,𝐷 ― 0.0773

× 𝐻𝑉𝑑𝑊,𝐷 + 4275.72 ×
1
𝑇

0.97

56

3486.

77

14.06 (10)

ln 𝜂 = ―0.0394 ×  𝐻𝑉𝑑𝑊,𝑆𝐶 ― 0.2825 ×  𝐻𝑀𝐹,𝑆𝐴 + 0.0227 × 𝐻𝐻𝐵,𝑆𝐴 + 0.7033 × 𝐻𝑉𝑑𝑊,𝑆𝐴 ― 0.0366 × 𝐻𝐻𝐵,𝐷 ― 0.0784 × 𝐻𝑉𝑑𝑊,𝐷 + 4370.36

×
1
𝑇

0.97

44

2954.

97

17.31 (11)

ln 𝜂 = 0.0146 × 𝐻𝐻𝐵,𝑆𝐶 ― 0.2350 ×  𝐻𝑀𝐹,𝑆𝐴 + 0.0237 × 𝐻𝐻𝐵,𝑆𝐴 + 0.4076 × 𝐻𝑉𝑑𝑊,𝑆𝐴 ― 0.0338 × 𝐻𝐻𝐵,𝐷 ― 0.0665 × 𝐻𝑉𝑑𝑊,𝐷 + 3638.54 ×
1
𝑇

0.96

90

3123.

29

16.03 (12)

ln 𝜂 = ―0.0288 × 𝐻𝐻𝐵,𝑆𝐶 ― 0.0342 ×  𝐻𝑉𝑑𝑊,𝑆𝐶 ― 0.0026 × 𝐻𝐻𝐵,𝑆𝐴 + 0.7582 × 𝐻𝑉𝑑𝑊,𝑆𝐴 ― 0.0465 × 𝐻𝐻𝐵,𝐷 ― 0.0498 × 𝐻𝑉𝑑𝑊,𝐷 + 3029.55

×
1
𝑇

0.96

61

2846.

86

16.58 (13)



ln 𝜂
= ―0.0231 × 𝐻𝐻𝐵,𝑆𝐶 ― 0.0393 ×  𝐻𝑉𝑑𝑊,𝑆𝐶 ― 0.1181 ×  𝐻𝑀𝐹,𝑆𝐴 + 0.7541 × 𝐻𝑉𝑑𝑊,𝑆𝐴 ― 0.0309 × 𝐻𝐻𝐵,𝐷 ― 0.0706 × 𝐻𝑉𝑑𝑊,𝐷 + 3431.12

×
1
𝑇

0.97

08

3314.

62

15.07 (14)

ln 𝜂 = 0.0093 × 𝐻𝐻𝐵,𝑆𝐶 ― 0.0070 ×  𝐻𝑉𝑑𝑊,𝑆𝐶 ― 0.2842 ×  𝐻𝑀𝐹,𝑆𝐴 + 0.0283 × 𝐻𝐻𝐵,𝑆𝐴 ― 0.0321 × 𝐻𝐻𝐵,𝐷 ― 0.0499 × 𝐻𝑉𝑑𝑊,𝐷 + 2325.41 ×
1
𝑇

0.96

32

2611.

24

17.16 (15)

ln 𝜂
= ―0.0190 × 𝐻𝐻𝐵,𝑆𝐶 ― 0.0412 ×  𝐻𝑉𝑑𝑊,𝑆𝐶 ― 0.3112 ×  𝐻𝑀𝐹,𝑆𝐴 + 0.0234 × 𝐻𝐻𝐵,𝑆𝐴 + 0.7093 × 𝐻𝑉𝑑𝑊,𝑆𝐴 ― 0.0980 × 𝐻𝑉𝑑𝑊,𝐷 + 4433.80

×
1
𝑇

0.97

12

3376.

23

14.82 (16)

ln 𝜂 = ―0.0145 × 𝐻𝐻𝐵,𝑆𝐶 ― 0.0343 ×  𝐻𝑉𝑑𝑊,𝑆𝐶 ― 0.1834 ×  𝐻𝑀𝐹,𝑆𝐴 + 0.0220 × 𝐻𝐻𝐵,𝑆𝐴 + 0.5511 × 𝐻𝑉𝑑𝑊,𝑆𝐴 ― 0.0531 × 𝐻𝐻𝐵,𝐷 + 3759.25

×
1
𝑇

0.96

71

2931.

18

16.85 (17)



Table 2 The statistical error parameters for ln(η) using Equation (10)

Datasets NDatapoint R2 AARD/% RMSE

Training 706 0.9756 14.06 0.75

Validation 243 0.9805 18.58 0.88

Overall 949 0.9734 15.22 0.78



Table 3 Comparison of the model obtained from this work and reported in the literature

Method NDES Datapoint NDescriptor or Nparameter R2 Ref.

VFT-Eyring-Wilson 9 Individual dataset 7 Multiple R2 Mjalli and Naser [18]

VFTH and Arrhenius 70 Individual dataset 3 (VFTH)

2 (Arrhenius)

Multiple R2 Hadj-Kali et al. [13]

VFT with optimized constant 118 982 (training)

324 (validation)

4 AARD of 9.8% (Training)

AARD of 12.3% (validation)

Raeissi et al. [14]*

COSMO-RS-ANN 5 72 (training)

36 (validation)

4 0.9975 (Training)

0.9863 (validation)

Benguerba et al. [15]

COSMO-RS 32 193 16 0.9874 Banguerba et al. [16]

COSMO-RS 45 377 (training)

153 (validation)

38 0.9921 (Training)

0.9871 (validation)

Alnashef et al.[17]

COSMO-RS 74 706 (training)

243 (validation)

7 0.9756 (Training)

0.9805 (validation)

0.9734 (overall)

This work

*The author reported the AARD instead of R2
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