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Abstract 
Understanding drug–solvent interactions at the molecular level is crucial for improving the 
solubility of poorly water-soluble pharmaceuticals. In this work, we computationally 
investigate the solubility behavior of ibuprofen (IBU) and mefenamic acid (MFA) in a choline 
chloride–propylene glycol (CHL–PG) deep eutectic solvent (DES) compared to water, using a 
hybrid approach that integrates PM3 semi-empirical conformer screening with ωB97X-D 
density functional theory calculations including dispersion and basis-set superposition error 
corrections. The DES is shown to form a stable dual hydrogen-bonded network (O–H and Cl–
H), resulting in enhanced reactivity and favorable solute–solvent orbital interactions compared 
to aqueous media. Solubility strength (SS and solvation-corrected SScorr) and liquid-phase 
Gibbs free energy (ΔG) analyses reveal that IBU interacts favorably with the DES (SS = −0.75 
eV; SScorr = −0.15 eV; ΔG = −0.147 eV), in agreement with experimental solubility (204.52 
mg/g), whereas MFA exhibits weaker and non-spontaneous association (SS = −0.57 eV; SScorr 
= 0.46 eV; ΔG = 0.432 eV; LSS = 1.06 mg/g). Thermodynamic parameters further confirm the 
spontaneous, exothermic nature of IBU–DES solubilization and the comparatively unfavorable 
MFA–DES interaction. These results demonstrate the selective solubilization capability of 
CHL–PG DES and provide quantitative insights for rational design of DES-based drug delivery 
systems. 

Keywords: Drug delivery, Deep eutectic solvent, Drug solubility, Density functional theory, 
Molecular modeling, Solubility Strength, PM3, Ibuprofen, Mefenamic Acid. 
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1 Introduction 

Drug solubility remains a central challenge in pharmaceutical development and drug delivery. 
Many active pharmaceutical ingredients (APIs), particularly Biopharmaceutics Classification 
System (BCS) Class II drugs, exhibit poor aqueous solubility, which limits their dissolution 
rate, bioavailability, and therapeutic effectiveness [1–4]. Among these, Ibuprofen and 
Mefenamic acid are widely studied model compounds due to their low solubility and clinical 
relevance. 

To address this limitation, significant research efforts have been directed toward the 
development of alternative solvent systems and formulation strategies. Recently, greener 
solvent technologies such as ionic liquids (ILs) [1] and deep eutectic solvents (DESs) [2, 3], 
have gained increasing attention as promising solubilizing media. DESs, formed by combining 
hydrogen bond acceptors and donors, exhibit unique physicochemical properties, including low 
volatility, tunability, and strong intermolecular interaction capabilities, making them suitable 
for enhancing drug solubility. 

Several studies have demonstrated the effectiveness of these systems. Wahab et al. [4] reported 
that cholinium- and tetramethylammonium- based ionic liquids significantly enhanced the 
solubility of nonsteroidal anti-inflammatory drugs, including Ibuprofen (IBU), ketoprofen, and 
naproxen, with performance influenced by specific intermolecular interactions. Similarly, 
Boroomand et al. [5] showed that deep eutectic solvents based on choline chloride significantly 
improved the solubility of Artemisinin, with up to 310-fold enhancement compared to water. 

In addition, a study in the literature [6] demonstrated that a choline chloride–propylene glycol 
(ChCl–PG) DES markedly improved the solubility of Metronidazole compared to aqueous 
systems. Fernandes et al. [7] further showed that solubility enhancement of Ibuprofen (IBU) in 
natural deep eutectic solvents (NADES) is highly solvent-dependent, with menthol-based 
systems exhibiting superior performance. Likewise, Nica et al. [8] improved the solubility of 
Mefenamic acid (MFA) through salt formation, demonstrating that disruption of intermolecular 
interactions enhances aqueous solubility. 

Further studies have reinforced the potential of DES systems. Lamba et al. [9] reported that 
choline chloride–xylitol DES increased the solubility of Ibuprofen (IBU) by approximately 21-
fold compared to water, while maintaining low toxicity. Nica et al. [10] also demonstrated that 
menthol-based DESs provide higher solubilization efficiency for both IBU and MFA, whereas 
sugar-based DESs offer tunability despite lower performance. 

Many previous studies have experimentally highlighted the limitations associated with the poor 
aqueous solubility of ibuprofen. Some studies have focused on porous solid dispersions [11–
14], while others have investigated the use of greener solvents [9, 10, 15] or hydrotropic agents 
[16, 17] to enhance its solubility. Most studies [9–14, 16–18] reported in the literature have 
primarily employed experimental approaches to improve ibuprofen solubility, with 
comparatively limited attention given to computational methods. 

Despite these advances, existing studies remain largely experimental, with insufficient 
emphasis on computational investigations to elucidate drug–DES interactions at the molecular 
level, particularly for ibuprofen and mefenamic acid. A detailed understanding of hydrogen 
bonding, non-covalent interactions, and energetic contributions is essential for the rational 
design of solvent systems and accurate prediction of solubility behavior. Computational 
chemistry provides a powerful framework to address this gap by enabling molecular-level 
insights into drug–solvent interactions. 
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Therefore, the present study investigates the solubility enhancement of Ibuprofen and 
Mefenamic acid in a choline chloride–propylene glycol (CHL–PG) deep eutectic solvent in 
comparison with water. A hybrid computational approach was employed, incorporating the 
Parameterized Method 3 (PM3) [19–24] for geometry optimization, followed by ωB97X-D 
density functional theory calculations [25–27] using dual basis sets [28] with corrections for 
basis set superposition error (BSSE) [29] and dispersion interactions [30]. This approach 
provides detailed insight into interaction mechanisms and solubility enhancement. 

2 Computational Methodology 

2.1 Computational details  

In the study of the ibuprofen (IBU) and mefenamic acid (MFA) drug solubility in a DES, we 
employed the use of Spartan molecular modeling package for the modeling and simulation of 
the solvent and its behavior with a computing device of 8 GB RAM, core i7 processor, 
processor speed of 2.60 GHz, and 256 GB SSD storage capacity. Following the strength of our 
computing resource, we deployed a hybrid approach of combining the use of semi-empirical 
with density functional theory (DFT) calculation method. In which, parameterized method 3 
(PM3) [20–24] equilibrium conformer calculations were first carried out at an SCF tolerance 
of 109 to obtained most stable geometry for the model structures in the study. After which 
ωB97X-D hybrid [25–27] DFT calculations method with dual basis set (6-31G(D) [3-21G(*)]) 
was employed to improve on the accuracy of the energies obtained from the geometry 
optimization calculations, with the inclusion of dispersion [25, 30, 31] and basis set 
superposition error [28, 29, 32] correction for obtaining quality results useful for computing 
the drug solubility (evaluated as a function of the drug binding energy with the solvent) in the 
solvent in line with literature [33] which suggests the use of dual basis set as one of measure 
for correcting the basis set superposition error (BSSE) [28, 29] in the package. Other 
information on the study strategy, modelling of the molecules and the DES, including the 
interaction, solubility, thermodynamics, and other analysis are presented in the supplementary 
material (Section S4). 

3 Results and Discussions  
First, it is important to note that the preparation of the choline chloride–propylene glycol 
(CHL–PG) deep eutectic solvent (DES) and the computational procedures adopted for model 
generation have been thoroughly described in our earlier publication. Therefore, only a brief 
summary is provided here, while full methodological details, including DES composition, 
structural optimization procedures, and computational parameters, which are presented in the 
Supplementary Information (SI). In summary, the DES was constructed by combining CHL as 
the hydrogen bond acceptor (HBA) with PG as the hydrogen bond donor (HBD), followed by 
full quantum-chemical optimization of each component and their associated complexes for the 
DES (CHL–PG). Multiple potential interaction sites were systematically evaluated to 
determine favorable hydrogen-bonding pathways that could support DES formation, which is 
presented in the SI and our related literature [34]. The molecular models were validated through 
comparison of the simulated infrared spectra with corresponding experimental data reported in 
literature [35]. With this validated model established, the subsequent sections present the 
predicted molecular properties, formation pathways, relative stabilities, and relevance of the 
DES (CHL–PG) for enhancing the solubility of selected drugs (IBU and MFA). 
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3.1 Modeling the most stable interaction pathways for DES formation 

In Table 1, we summarize the single-site hydrogen-bonding pathways (which includes, H3C-
HOCH, H2C-HCOH, H2CO-HOCH2, NCl-HOCH2, ClN-HCH, and OHC-HCH) evaluated for 
DES (CHL–PG) formation, comparing the unbonded complex (that is, one with no modeled 
bonds) with six possible interaction routes (as reported in SI).  

Table 1: Most stable interactions across the different single hydrogen bonding interaction DES formation pathways 

Sites Energy (eV) Formation Energy (eV) 

CHL-PG (with no modeled bonds) -28801.59 -0.96 
HBA Sites HBD Sites - - 

H3C HOCH -28801.66 -1.04 
H2C HCOH -28801.71 -1.08 

H2CO HOCH2 -28802.14 -1.51 
NCl HOCH2 -28801.49 -0.86 
ClN HCH -28801.49 -0.86 
OHC HCH -28802.03 -1.40 

Single site Overall most stable -28802.14 
-1.51 

[O-H(H2CO-HOCH2) = 1.83 Å, Cl-H(NCl-HOCH) = 2.43 Å] 

Double sites 
Dual hydrogen 

bonding 
-28802.13 

-1.50 
[O-H(H2CO-HOCH2) = 1.83 Å, Cl-H(NCl-HOCH) = 2.44 Å] 

Among these sets of formation pathways (as shown in Table 1) explored in our study, the 
H₂CO–HOCH₂ pathway was identified as the most stable, exhibiting the lowest formation 
energy (−1.51 eV). This strong stabilization indicates spontaneous complex formation driven 
by a robust hydrogen bond between the oxygen atom of CHL’s H₂CO- group and the hydrogen 
atom of PG’s -HOCH₂ group, which was due to the highly negative reaction or formation 
energy obtained for its pathway compared to other pathways in line with the literature [36, 37]. 
The result underscores the key role of hydroxyl and ether functionalities in promoting strong 
hydrogen bonding or electrostatic interactions and establishing the most favorable single-site 
route for DES formation. Though, the optimized geometry in Figure 3 later reveal that the most 
favorable route do not only engaged one interaction route, but instead employed the use of two 
different interaction routes (Cl-H and O-H). 

 

 
Figure 3: The most stable geometric structure of the formed 
DES via dual hydrogen bonding interaction H2CO-HOCH2 
and NCl-HOCH (Cl-H = 2.44 Å, O-H = 1.83 Å). 

To determine whether cooperative interactions could further enhance stability, a dual-site 
mechanism, as shown in Figure 3, was explored by combining the most favorable single-site 
interaction (H₂CO–HOCH₂) with a simultaneous NCl–HOCH hydrogen bond. The results 
presented in Table 1 confirm that this dual-interaction pathway exhibits formation energies 
(−1.50 to −1.51 eV) and bond lengths nearly identical to those of the most stable single-site 
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pathway (with optimized geometry that equally shows dual-site interaction in Appendix S3 of 
the SI), demonstrating that both mechanisms yield essentially the same optimized structure. 
This close agreement indicates that CHL–PG DES formation is governed by a stable dual 
hydrogen-bonding arrangement. Accordingly, subsequent analyses in this study adopt the 
optimized geometry in Figure 3, which represents the dual hydrogen-bonding interactions at 
H₂CO–HOCH₂ (O–H) and NCl–HOCH (Cl–H), as detailed extensively in the SI of this draft. 

3.2 Analysis of the molecular interaction of DES and water with the drugs  
The molecular properties of the DES (CHL–PG), water, ibuprofen (IBU), and mefenamic acid 
(MFA) are presented in Figure 4 and Table 2, providing insight into their electronic structures 
and reactivity profiles relevant to solubility enhancement.  

 

   
Figure 4: Optimized geometry of water, ibuprofen (IBU) and mefenamic acid (MFA) 

The energy band gap (EGap) is a key indicator of molecular stability and chemical reactivity. 
The DES exhibited an EGap of 11.05 eV, lower than that of water (14.56 eV) but higher than 
those of IBU (9.96 eV) and MFA (7.76 eV). This suggests that the DES is more reactive than 
water, consistent with literature reports [38–40], and therefore more capable of engaging in 
favorable solute–solvent interactions. 

Table 2: Molecular properties of the DES and water for IBU and MFA solubility. 

Specie 
E HOMO 

(eV) 
E LUMO 

(eV) 
EGap 
(eV) 

Interaction Energy Band Gap (IEG) (eV) 
ibuHOMO ibuLUMO minIEG mfaHOMO mfaLUMO minIEG 

IBU -9.10 0.85 9.96 9.96 9.96 9.96 - - - 
MFA -8.13 -0.37 7.76 - - - 7.76 7.76 7.76 
DES -8.67 2.37 11.05 11.48 9.52 9.52 10.50 8.30 8.30 
H2O -10.35 4.21 14.56 13.31 11.20 11.20 12.34 9.98 9.98 

The interaction energy band gap (IEG) further clarifies solvent–drug interaction strength. Both 
IBU and MFA showed lower IEG values with the DES compared to water, indicating stronger 
and more feasible interactions. In each case, the most favorable orbital overlap occurred 
between the solvent EHOMO and the drug ELUMO, establishing the drugs as electron 
acceptors (electrophilic species) and the solvents as electron donors (nucleophilic species). 
This agrees with established theoretical expectations in the literature [39, 40]. The lowest IEG 
values of 9.52 eV for IBU and 8.30 eV for MFA were obtained with the DES, whereas water 
showed significantly higher values (11.20 eV and 9.98 eV), reflecting weaker interactions. 
Overall, these results demonstrate that the CHL–PG DES, particularly in its dual-site 
configuration, offers a more suitable electronic environment for enhancing IBU and MFA 
solubility relative to conventional solvents such as water. 
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3.3 Evaluation of the solubility of the drugs in water 

Five possible interaction pathways governing the dissolution of the drugs in water were 
evaluated, as presented in Table 3 for IBU and MFA. These pathways were modeled to identify 
the most energetically favorable drug–solvent mechanism or configuration. The computed 
electronic energies and corresponding solubility indicators for each pathway are summarized 
in Tables. 

Table 3: Solubility Strength (SS) Calculation as a function of Binding Energy via IBU and MFA in water interaction 

Species 
Mol. Wt. 

(amu) 
E (eV) SS (eV) 

Species Mol. Wt. 

(amu) 
E (eV) SS (eV) 

H2O 18.02 -2078.59 - H2O 18.02 -2078.59 - 
IBU 206.29 -17864.02 - MFA 241.29 -21377.18 - 

IBU–
H2O 

No 
bond 

224.30 -19942.95 -0.34 

MFA–
H2O 

No bond 259.31 -23456.02 -0.25 

HO-HOH 224.30 -19942.95 -0.34 OH-OH2 259.31 -23456.39 -0.62 
COH-OH2 224.30 -19943.15 -0.54 CO-HOH 259.31 -23455.81 -0.04 
HOC-OH2 224.30 -19942.86 -0.26 HN-HOH 259.31 -23456.06 -0.30 
HOC-HOH 224.30 -19942.86 -0.26 HN- OH2 259.31 -23455.83 -0.06 

Comp COH-OH2 - - -0.54 Comp OH-OH2 - - -0.62 

Expt 
Ref: 

 [41, 42] 
- - 

21 mg/l 
@ 25 °C 

Expt 
Ref: 

 [43, 44] 
- 

0.0041g 
/100ml @ 

25 °C 

41 mg/l 
@ 25 °C 

Our analysis of the results presented in Table 3 for the solubility of IBU in water shows that 
the COH–OH₂ interaction pathway exhibits the most negative binding energy (–0.54 eV) 
among all evaluated routes. According to established literature [45–47], pathways with stronger 
(more negative) binding energies are more likely to promote IBU–water interactions, thereby 
enhancing the solubility of the drug in aqueous media.  

  
Figure 5: Optimized geometry structure of most negative IBU-
H2O interaction (O-Hw = 1.82 Å, Ow-H = 1.81 Å). 

Figure 6: Optimized geometry structure of most negative 
MFA-H2O interaction (O-Hw = 1.82 Å, Ow-H = 1.78 Å). 

Figure 5 presents the optimized geometry for the most stable and favorable interaction route 
(COH–OH₂) between IBU and water. Further examination of the binding energy in Table 3, 
together with the optimized geometry in Figure 5, confirms that the most feasible solubility 
mechanism involves dual hydrogen-bonding interactions. This is supported by the presence of 
two hydrogen-bond distances (O–Hw = 1.82 Å and Ow–H = 1.81 Å), indicating that two 
simultaneous hydrogen bonds contribute to the stabilization and dissolution of IBU in water. 
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Further analysis of the MFA–water interaction pathways in Table 3 shows that the OH–OH2 
pathway exhibits the most negative binding energy (–0.62 eV) among all pathways evaluated, 
confirming it as the most stable and favorable interaction route between MFA and H2O (Figure 
6). This observation is consistent with literature reports [32, 36, 48–51], which indicate that 
more negative binding energies correspond to stronger intermolecular interactions. 

The MFA–water interaction strength was also found to be higher than that of IBU–water by 
approximately 0.08 eV. These findings are in agreement with experimental reports [41–44], 
which indicate that IBU [41] is less soluble in water than MFA [44], despite both drugs 
generally exhibiting poor aqueous solubility. The optimized geometry shown in Figure 6 
further supports this observation, revealing a dual hydrogen-bonding interaction pathway with 
shorter bond distances for the MFA–water system compared to the IBU–water system. These 
shorter bond distances likely contribute to the stronger interactions and enhanced solubility 
observed for MFA relative to IBU in aqueous media. 

3.4 Evaluation of the solubility of the drugs in the DES 

In contrast to conventional solvents like water, analyzed in the previous section, we further 
explored the potential of the DES (CHL-PG), which is widely recognized as an 
environmentally friendly, green solvent with numerous applications [2, 52–55], including 
enhancing drug solubility for drug delivery. The results of the modeled interactions of IBU and 
MFA with the DES are presented in Table 4.  

Table 4: Solubility Strength (SS) Calculation as a function of Binding Energy via IBU and MFA in DES interaction. 

 

Using the electronic energy (E) and solubility strength (SS), we evaluated the different IBU 
dissolution pathways presented in Table 4. The pathway with the most negative electronic 
energy corresponds to the most stable configuration, while the most negative solubility strength 
(–0.75 eV) identifies the most feasible dissolution mechanism. This pathway involves the OH–
ClN interaction pair between IBU and the DES, as shown in Figure 7. This indicates that IBU 
dissolves most favorably in the DES through the hydrogen of its hydroxyl group (OH–) 
interacting with the chloride site (–ClN) of the DES, suggesting that the interaction is strongly 
influenced by electrostatic attraction between IBU’s hydroxyl group and the DES chlorine 
atom, since unlike charged point tend to exhibit an electrostatic interaction in accordance with 
the existing works [56–59] in the literature.  

Species 

Mol. 

Wt. 

(amu) 

E (eV) 
SS 

(eV) 
Species 

Mol. 

Wt 

(amu) 

E (eV) 
SS 

(eV) 

DES 215.72 -28802.13 - DES 215.72 -28802.13 - 
IBU 206.29 -17864.02 - MFA 241.29 -21377.18 - 

IBU–
DES 

No bond 422.01 -46666.07 0.08 

MFA–
DES 

No bond 457.01 -50178.45 0.85 
CO-HOH 422.01 -46666.73 -0.59 COH-OH 457.01 -50179.20 0.11 

CO-HCOH 422.01 -46666.41 -0.27 COH-ClN 457.01 -50179.58 -0.27 
OH-ClN 422.01 -46666.89 -0.75 C3H- ClN 457.01 -50179.29 0.01 
CCH-OH 422.01 -46666.59 -0.45 H2CH-CH2OH 457.01 -50179.88 -0.57 

Comp OH-ClN - - -0.75 Comp H2CH-CH2OH - - -0.57 

Expt Ref: [10] - - 
204.52 
mg/g 

Expt Ref: [10] - - 
1.06 
mg/g 
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Figure 7: Optimized geometry structure of most negative 
IBU-DES interaction (O-H = 1.79 Å, Cl-H = 1.75 Å). 

Figure 8: Optimized geometry structure of most negative 
MFA-DES interaction (O-Hb = 1.78Å, O-Ha = 1.80Å, Cl-H = 
2.55Å, C-H = 5.45Å). 

Similarly, the solubility of MFA in the DES was evaluated by examining various possible 
dissolution pathways, as presented in Table 4. The analysis confirms that the most feasible 
interaction pathway occurs between the H₂CH group of the MFA and the –CH₂OH group of the 
DES, as shown in Figure 8. This pathway exhibits the most negative solubility strength (–0.57 
eV), indicating the strongest and most favorable interaction for MFA dissolution in the DES. 

3.5 Comparative analysis of the IBU and MFA in the different solvents studied 

In this section, it should be noted that SS represents the solubility strength computed under 
vacuum conditions, whereas SScorr corresponds to the solubility strength calculated in the 
presence of a solvent environment (aqueous phase). Thus, SS reflects intrinsic interaction 
strength in the absence of solvent effects, while SScorr provides a more realistic description by 
accounting for solvent-mediated interactions. In Table 5, the most feasible interaction pathways 
(or sites) responsible for the solubility strength of the drugs (IBU and MFA) in both water and 
DES (CHL-PG) systems are summarized. The solubility strength values were computed based 
on the most energetically favorable interactions identified in the preceding sections. 

The predicted solubility trend in water, SS for IBU (−0.54 eV) < SS for MFA (−0.62 eV), shows 
good agreement with experimental literature [41–44]. Reported solubility values in the 
literature [41, 44] indicate that IBU (0.021 mg/g at 25 °C) exhibits lower solubility compared 
to MFA (0.04 mg/g at 25 °C), confirming weaker interaction of IBU with water relative to 
MFA. 

Table 5: Summary of drug solubility in DES and water. 
Drug Solvent Interactions  

Site 

E  
(eV) 

Ecorr. 
(eV) 

ΔEerr 

(eV) 
SS 

(eV) 
SScorr. 

(eV) 
ΔSSerr 

(eV) 
LSS 

(mg/g) 
Ref. 
LSS 

IBU H2O COH-OH2 -19943.15 -19949.69 -6.54 -0.54 -0.31 0.23 0.02 [41] 
DES OH-ClN -46666.89 -46678.04 -11.15 -0.75 -0.15 0.60 204.52 [10] 

MFA H2O OH-OH2 -23456.39 -23464.34 -7.95 -0.62 -0.31 0.31 0.04 [44] 
DES H2CH-CH2OH -50179.88 -50192.09 -12.21 -0.57 0.46 1.03 1.06 [10] 

 
Correlation Coefficient 

of (LSS/x) -0.50 -0.50 -0.43 -0.93 -0.13 0.11 1.00 Calc  

 

Compared with IBU, MFA exhibits a weaker dissolution tendency in the DES. IBU shows 
stronger solubility strength (SS = −0.75 eV, SScorr = −0.15 eV), whereas the MFA–DES 
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interaction is less favorable (SS = −0.57 eV, SScorr = 0.46 eV). This observation is consistent 
with experimental literature [10] values (204.52 mg/g for IBU and 1.06 mg/g for MFA). 
Notably, the SS values, which include solvent effects, provide a better basis for comparison 
with experimental solubility data. This contrast is further supported by the shorter bond 
distances observed for IBU (Figure 7), which promote stronger intermolecular interactions and 
enhanced solubility. In contrast, the longer bond distances observed for MFA (Figure 8) 
indicate weaker interactions. This is consistent with literature [60, 61] that stronger binding 
interactions are associated with shorter interaction distances. 

Further analysis of Table 5 reveals that MFA exhibits lower solubility in the DES (SS = −0.57 
eV, SScorr = 0.46 eV) compared to water (SS = −0.62 eV, SScorr = −0.313 eV). In contrast, 
IBU shows improved solubility in the DES (SS = −0.75 eV, SScorr = −0.15 eV) relative to 
water (SS = −0.54 eV, SScorr = −0.307 eV), demonstrating the superior dissolution 
performance of the DES for IBU. Overall, the results indicate that the DES would more 
favorably enhance the solubility of IBU, whereas MFA does not benefit similarly due to its 
weaker solubility in the DES compared with the conventional solvent (water). 

In a nutshell, the comparative analysis demonstrates that the DES (CHL–PG) provides a 
significantly more favorable solvation environment for IBU than for MFA. The stronger IBU–
DES interaction, reflected in both lower solubility strength values and shorter hydrogen-bond 
distances, indicates enhanced compatibility between the DES components and the functional 
groups of IBU. In contrast, MFA shows reduced solubility in the DES relative to water, 
suggesting less effective molecular recognition within the DES matrix. These findings 
highlight the selective solubilization capability of the DES (CHL–PG) and emphasize that its 
solubility-enhancing potential is drug-dependent. 

3.6 Thermodynamic Analysis of IBU–DES and MFA–DES Interactions 

The thermodynamic parameters of the IBU–DES and MFA–DES systems at 300 K were 
evaluated using the non-volatile liquid-phase correction approximation, and the results are 
summarized in Table 6. These parameters provide direct insight into the solute–DES 
interactions under conditions relevant to solubility, while gas-phase computations were used 
solely to obtain the liquid-phase corrected values and are provided in the Supplementary 
Material (Section S5). 

Table 6: Thermodynamic analysis of the drugs with DES at 300K.  

Solubility 
Enthalpy  

ΔH = dHliq  

(eV) 

Entropy  

ΔS = dSliq  

(eV/K) 

Gibb Free Energy  

ΔG = dGliq  

(eV) 

Lab Experiment 

LSS (mg/g) LSS Ref 

DES+IBU -0.3942 -0.000825 -0.1466 204.52 [10] 
DES+MFA 0.1794 -0.000841 0.4316 1.06 [10] 

Corr. Coef. R-value -1 na -1 1 Calc 

 

In the liquid phase, the DES+IBU system exhibits a negative enthalpy (ΔH = −0.3942 eV), 
indicating an exothermic [56] interaction. This suggests strong and favorable interactions 
between IBU and the DES components, consistent with the high experimental solubility 
(204.52 mg/g). In contrast, the DES+MFA system shows a positive enthalpy (ΔH = 0.1794 eV), 
indicating an endothermic process and weaker interactions, which corresponds to its very low 
solubility (1.06 mg/g) in accordance with the literature report [10]. 
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The entropy changes for both systems are slightly negative (ΔS = −0.000825 eV/K for 
DES+IBU and −0.000841 eV/K for DES+MFA), reflecting increased structural ordering [56, 
62, 63] upon solute incorporation into the DES. This is likely due to the formation of structured 
solvation shells and specific intermolecular interactions, such as hydrogen bonding and van der 
Waals forces. The slightly smaller magnitude of entropy reduction for IBU suggests that it is 
more efficiently accommodated within the DES network than MFA. 

Gibbs free energy, which integrates both enthalpic and entropic contributions, further 
highlights the thermodynamic favorability [56, 62, 63] of the interactions. The DES+IBU 
system has a negative ΔG (−0.1466 eV), indicating spontaneous solubilization under liquid-
phase conditions, in excellent agreement with experimental observations [10]. Conversely, 
DES+MFA shows a positive ΔG (0.4316 eV), confirming that solubilization is non-
spontaneous, consistent with its low experimental solubility. 

Overall, the liquid-phase thermodynamic analysis clearly demonstrates that IBU interacts more 
favorably with the DES than MFA. The correlation between negative ΔG and high 
experimental solubility [10] underscores the predictive value of these parameters for solute–
DES compatibility. The R-values further support this relationship, with ΔG inversely 
correlating with solubility, confirming the reliability of the liquid-phase corrected approach for 
describing nonvolatile systems. 

4 Conclusions and Recommendations  
The solubility of ibuprofen (IBU) and mefenamic acid (MFA) in choline chloride–propylene 
glycol (CHL–PG) deep eutectic solvent (DES) was systematically investigated using a hybrid 
computational approach combining PM3 semi-empirical and ωB97X-D DFT methods. The 
DES forms a stable hydrogen-bonded network with dual interaction sites (O–H and Cl–H), 
providing enhanced structural stability and favorable solvation. IBU exhibits significantly 
higher solubility in the DES (SS = −0.75 eV, SScorr = −0.15 eV; ΔG = −0.1466 eV; LSS = 
204.52 mg/g) compared to MFA (SS = −0.57 eV, SScorr = 0.46 eV; ΔG = 0.4316 eV; LSS = 
1.06 mg/g), which was consistent with the experimental data.  

Thermodynamic analysis shows that IBU–DES interactions are exothermic (ΔH = −0.3942 eV) 
with slightly negative entropy (ΔS = −0.000825 eV/K), whereas MFA–DES interactions are 
endothermic (ΔH = 0.1794 eV), reflecting weaker affinity. In overall, the CHL–PG DES 
effectively enhances IBU solubility while providing limited benefit for MFA. The results 
underline the predictive value of liquid-phase thermodynamic parameters for assessing solute–
DES compatibility and suggest that alternative DES compositions or conditions may be 
required for drugs with weaker interactions. Future studies exploring temperature, solute 
concentration, and DES formulation variations are recommended to optimize solubility and 
support sustainable drug delivery applications. 
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