Fátima L Mota 
  
António J Queimada 
  
Alfonsina E Andreatta 
  
Simão P Pinho 
  
Eugénia A Macedo 
email: eamacedo@fe.up.pt
  
Calculation of Drug-Like Molecules Solubility using Predictive Activity Coefficient Models

Keywords: A-UNIFAC, Complex chemicals, Modelling, NRTL-SAC, Solubility, UNIFAC

The A-UNIFAC, UNIFAC, and NRTL-SAC models are used to predict solubility in pure solvents of a set of drug-like molecules. To apply A-UNIFAC, a new set of residual interaction parameters between the -ACOH group and six other groups had to be estimated. The solute model parameters of NRTL-SAC were also estimated for this set of molecules. NRTL-SAC showed better performance at 298.15 K, with an average absolute deviation of 37.6%. Solubility dependence with temperature was also studied: all models presented average deviations around 40%. In general, there is an improvement given by the A-UNIFAC over the UNIFAC in aqueous systems, proving the importance of taking association into account.

The reference solvent approach was also applied improving the results. Solubility in pure solvents can now be predicted with an average deviation around 35.2%. This approach reduces differences previously found between the three models, being a powerful methodology.

Introduction

Solubility has been recognized as one of the most important properties for designing separation and purification processes of complex molecules, such as biomolecules and active pharmaceutical ingredients [1,2]. In many cases, data are unavailable due to reduced amounts of sample, time limitations, or inherent complexities with experimental measurements. In such cases, the increasing interest and importance of solubility modelling is clear, as can be seen in the very recent works of Ellegaard et al. [3] and Diedrichs and Gmehling [4].

The Non-Random Two-Liquid (NRTL) Segment Activity Coefficient (SAC) is a recent and successful model for solid-liquid equilibrium calculations, and the idea behind is to limit the number of intermolecular interaction parameters [5,6]. This model was successfully employed for complex chemicals where acceptable deviations were obtained between experimental and predicted values: average root mean square error in ln x of 0.37, what corresponds to ±45% of accuracy in solubility predictions [5][6][7][8].

The group-contribution methods, like UNIFAC [9,10] and A-UNIFAC [11,12] are adequate techniques to provide reasonably accurate estimates of fluid mixtures nonidealities. Gracin et al. [13] used UNIFAC to predict drug solubilities in pure solvents, but the results were not accurate enough to allow the design of crystallization processes, or the selection of solvents. It is well known that UNIFAC method is not suitable when strong association effects are present. In order to take them into account, an extended version, the A-UNIFAC, was presented by Mengarelli et al. [14], being successfully applied to mixtures containing sugars, alcohols, water, carboxylic acids, esters, aromatic hydrocarbons and alkanes [11,12,15].

Avoiding the knowledge of the solute melting properties, the reference-solvent approach (RSA) [1,16,17] is an interesting alternative for predicting solubilities of solids. It minimizes the impact of the melting data uncertainties, being so interesting when there is a decomposition reaction, or solid-solid or glass transitions, and allows to fit a small number of unknown parameters from a limited set of well-chosen experimental data. However, it involves the selection of a reference solvent, relative to which all solubility calculations are made. This methodology was used to study the solubilities of drugs in pure solvents [1], and of complex medium-sized chemicals in mixed solvents [16], and the results are promising even in the cases of relatively high solubility compounds where it is not expected.

The aim of this work is to evaluate different activity coefficient models, UNIFAC, A-UNIFAC and NRTL-SAC, for solubility calculations of drug-like molecules, predicting how solubility vary with solvent type and temperature. With the application of RSA, the impact of calculating solubility without explicitly using pure component properties was checked. For that purpose, an evaluation database constituted by compounds with different functional groups and molecular sizes, showing a multiplicity of interactions in different solvents was compiled. They are benzoic acid, salicylic acid, acetylsalicylic acid, ibuprofen, hydroquinone, estriol and estradiol (Figure 1). An extension of the group interaction parameters available for A-UNIFAC was needed, and the solute parameters of the NRTL-SAC model were also estimated. The number of solutes and solvents involved extends considerably previous studies, allowing to understand their usefulness to predict solubility of pharmaceuticals.

Modelling

The solubility of a solid solute in a liquid solvent can be calculated by solving the thermodynamic equations of equilibrium [START_REF] Prausnitz | Molecular Thermodynamics of Fluid-Phase Equilibria[END_REF]. In Appendix A, the most important equations of the three models used in this work are briefly presented. The required pure solute properties are given in Table 1.

New A-UNIFAC group interaction parameters

For the group-contribution methods, the volume and area parameters were based on the Gmehling et al. [24] revised UNIFAC tables. The residual group interaction (a m,n ) and association parameters used in A-UNIFAC method were published by Ferreira et al. [12], while those used in UNIFAC method were based on Poling et al. [START_REF] Poling | The Properties of Gases and Liquids[END_REF] tables. The chemicals have the following associative groups: salicylic acid has carboxylic, hydroxyl and aromatic ring; benzoic acid and ibuprofen have carboxylic and aromatic ring; acetylsalicylic acid has carboxylic, ester and aromatic ring; hydroquinone, estriol and estradiol have hydroxyl and aromatic ring. In the majority of the studied systems, both solute and solvent can associate, like in alcohols and aqueous systems. Benzene derivatives and esters can only associate if the solvent has an electropositive site.

However, to apply the A-UNIFAC method, it was necessary to extend the residual group interaction parameters available [12]: the unknown parameters involving the -ACOH group were estimated to represent molecules such as salicylic acid, hydroquinone, estriol and estradiol. The association in this group is assumed to be the same as the association in the -OH group, given by Ferreira et al. [12], but the residual group interaction parameters were estimated using experimental data on low-pressure vapor-liquid equilibria (VLE) of binary mixtures and liquid-liquid equilibria (LLE) of ternary mixtures. Table 2 shows the database used in the fitting procedure. The residual parameters for ACOH/ACH and ACOH/CH 2 were first calculated using VLE data of phenol-benzene and phenol-alkanes, respectively, while the residual parameters for ACOH/H 2 O, ACOH/OH, ACOH/COOR, ACOH/COOH interactions were determined simultaneously using all other data expressed in Table 2. Table 3 reports the new estimated group interaction parameters for -ACOH between paraffinic, aromatic, alcohol, water, ester and acid groups.

Table 4 lists the average deviations obtained in the correlation of binary VLE data using the A-UNIFAC method. The results are satisfactory, even if for water-phenol system higher deviations were found. In fact, in order to obtain a good description of both VLE and LLE equilibria a compromise had to be considered when estimating the ACOH/H 2 O parameter. As can be seen in Figure 2, an accurate description of the LLE for the water-phenol-benzene system was achieved using the same set of parameters for both types of equilibria.

New NRTL-SAC solute parameters

To apply the NRTL-SAC model, the solute parameters had to be estimated using solubility data in pure solvents at 298.15 K [6]. In Table 5, the conceptual segment numbers found for each solute are presented, as well as the number of solvents used for each solute. Using these parameters, the model can be used to obtain the solubility of the same solutes in different solvents, using the solvent parameters reported in the literature [6]. Even if some outliers are found, an average deviation of 41% is obtained in the parameters estimation, with a maximum deviation of 67% for estriol.

Reference Solvent Approach

To apply the RSA, all the required parameters are known, and no data fitting is required. According to this methodology, the solubility in a solvent i can be calculated as far as the solubility in a solvent j and an activity coefficient model are known:

i j j i x x 2 2 2 2 ln ln ln ln γ γ - + = (1) 
The selection of the reference solvent (j) is based on the minimization:

∑ + - + i i i j j j NP x x 2 2 2 2 ln ln ln ln min γ γ (2)
where NP is the total number of data points for the different i solvents in the database.

Results and Discussion

In order to compare the performance of each model, the absolute average deviations (AAD) were calculated. In the following sections, the results are analysed in terms of solubility at 298.15 K, its temperature dependence and, finally, the important features of the RSA methodology.

Solubility at 298.15 K

Table 6 shows the average AAD's for the solubility calculations in pure solvents at 298.15 K. For comparison, the experimental mole fraction ranges are also presented.

The averages presented at the bottom of the table are weighted means, taking into account the number of solvents studied for each solute. It is important to mention that whenever the AAD is higher than 150% in a given solvent, this is excluded from the average presented in all the models. More than 70% of the outliers were found in the calculation of the solubility in water, alkanes or aromatic solvents.

For salicylic acid [47], UNIFAC and NRTL-SAC models perform almost similarly, being acetic acid the only solvent for which the UNIFAC method is significantly better. Comparing group-contribution methods, A-UNIFAC is better than UNIFAC in the case of water solubilities, confirming that UNIFAC work poorly with aqueous systems. However, the results found with NRTL-SAC in water are still better than those found with the cubic-plus-association equation of state by Mota et al. [48] The three models are reliable for the calculation of benzoic acid solubilities in pure solvents. The AAD is particularly high in n-pentane with UNIFAC and NRTL-SAC, but A-UNIFAC performs well.

Excluding the esters, for acetylsalicylic acid containing systems, the NRTL-SAC model presents better results than the group-contribution methods, but for many solvents a fair comparison is hampered by the inexistence of NRTL-SAC parameters.

A-UNIFAC adds an improvement over UNIFAC for all the studied solvents. The deviations found by Charlton et al. [49], applying the Abraham general solvation model, are in the same order of accuracy of NRTL-SAC.

For ibuprofen [50,51], the results obtained in this work are better than those obtained by Stovall et al. [51] with the Abraham general solvation model, excepting 1butanol and 1-propanol.

The data reported by Ruelle et al. [23] for estriol were better predicted using the UNIFAC method, but the set of solvents studied is too reduced for a definite conclusion. Concerning the NRTL-SAC model, the number of solvents used for parameter estimation was in accordance with the value suggested by Chen and Crafts [6], presenting a variety of interaction characteristics that would be appropriated to estimate the solute parameter with some physical meaning. Even if the magnitude of the parameters depends on the number and type of solvents, the hydrophobic segment is null, while in the estradiol molecule it is an important segment, although these two molecules are very similar. This is maybe an aspect interfering in the quality of predictions. Bouillot et al. [8] developed a method to choose the best solvents for solute parameters regression. NRTL-SAC and UNIFAC revealed better performance in the calculation of the data of estradiol solubility in pure solvents at 298.15 K [23]. In Figure 3, the importance of having an activity coefficient model to calculate estradiol solubilities at 298.15 K is shown. As expected, the ideal solubility is in high disagreement with experimental solubilities since the solute-solvent interactions are not taken into account.

Figure 4 presents a comparison between the group-contribution methods for molecules presenting the -ACOH group and the other solutes: the results worsen as long as the number of associative groups increases, but both methods are able to represent solubility in the majority of the solvents studied. The estimation of the -ACOH residual parameter had strong influence, otherwise the results found with A-UNIFAC for hydroquinone, estriol, estradiol and salicylic acid would be much poorer.

Solubility Data as Function of Temperature

Whenever available, the solubility data as function of temperature were also analyzed. Table 7 shows the AAD's for these calculations taking only into account the solvents for which all the three models were used. The global AAD's are in accordance to those found for pure solvents at 298.15 K.

For salicylic acid [48,[52][53][54][55], UNIFAC is better for all studied systems, except in water where only NRTL-SAC calculates reasonably these solubilities. A-UNIFAC is still better than UNIFAC for aqueous solubilities.

For benzoic acid [56][57][58], except in the case of aqueous solubilities where UNIFAC is better, the three models perform almost similarly (A-UNIFAC is slightly better, with average AAD of 15.6%). The solubilities in octanol are presented in Figure 5 where the AAD found with A-UNIFAC is 13.5%. The results obtained by Qingzhu et al. [57] for benzoic acid in 1-octanol with the Wilson and λH equations correlate the experimental data as well as the NRTL-SAC predictions in this work. The results found by Wang et al. [58], with the NRTL, for the solubility in acetic acid are not too much different from the calculated by group-contribution methods, what puts into evidence the results calculated here because correlation and prediction are compared.

For the solubility data of acetylsalicylic acid, NRTL-SAC was the best model for the simplest alcohols, ethanol and 2-propanol [21]. The results found for these alcohols by Maia and Giulietti [21] with the Nývlt model, which is a correlative model with three adjustable parameters, are as good as the obtained with NRTL-SAC model. For the aqueous solubilities, NRTL-SAC is the best, but A-UNIFAC leads to a great improvement over UNIFAC: AAD from 87.0 to 14.8%. NRTL-SAC gave good estimates of ibuprofen aqueous solubilities where the others fail. Except ethyl acetate and propylene glycol, for all the other solvents A-UNIFAC originates better predictions. The results with A-UNIFAC were better than those reported by Hanhnenkamp et al. [59] with UNIFAC, modified UNIFAC or COSMO-RS models.

For hydroquinone containing systems [60], the UNIFAC and NRTL-SAC results are better, except in water where A-UNIFAC is the best. For hydroquinone, the estimation of -ACOH group interaction parameters for A-UNIFAC method had a great importance: if the group assignment was considered to be -AC + -OH instead, the method shows special difficulties to deal with alcohols and esters, presenting deviations around 90%; with the proper molecule division, with an -ACOH, the method is perfectly able to represent those solubilities.

Analyzing the estradiol data as a function of temperature [61], A-UNIFAC gave better results in cyclohexane and benzene, while NRTL-SAC is better in ethanol.

Even if for some systems the results achieved were not satisfactory, the improvement obtained by considering an association term in the A-UNIFAC comparing with the original UNIFAC is shown in Figure 6 for all the aqueous solubilities studied in this work. In fact, preliminary studies developed for solubilities in mixed solvents containing water have shown the same trend, which is important for this type of solutes.

Reference Solvent Approach

An evident problem arising from the use of solubility equation is the need of solute liquid and solid heat capacities, and melting properties, which usually are not available present large discrepancies in the open literature. In this way, the solubility data at 298.15 K were analyzed using the same activity coefficient models together with the RSA. Whenever the RSA was applied, no further model parameters are estimated. Table 6 reports the AAD's for the solubility calculations in pure solvents at 298.15 K, where it is also presented the weighted average for each model and the reference solvent. It must be mentioned that in a small number of cases (benzoic acid and ibuprofen with UNIFAC, estradiol with A-UNIFAC and NRTL-SAC, and acetylsalicylic acid with NRTL-SAC) the application of the models without the RSA gives better results, but the differences are minor.

In general the results improve significantly after applying RSA, and this approach also eliminates the AAD differences previously observed between models. This is a clear advantage of this methodology because the melting properties, which are a source of inconsistencies, are eliminated.

It should be referred that with NRTL-SAC model, the reference solvent is always an alcohol, while with UNIFAC an alcohol or an ester is found. In fact, excepting the acetylsalicylic acid with UNIFAC, and ibuprofen with the NRTL-SAC, the solvents found to be the reference already presented good performances without RSA. In the selection of the reference solvent type for the A-UNIFAC method, establish a definite pattern is more difficult.

Conclusions

The compounds under study are complex medium-sized chemicals with different structures and functional groups, with different affinities to associate. Groupcontribution methods were compared with the NRTL-SAC model to predict their solubility data in pure and mixed solvent systems. In order to extend the A-UNIFAC method to the associating molecules under study, VLE and LLE data were used to extend the residual parameter table: new residual interaction parameters between the -ACOH group and several other were estimated. For NRTL-SAC model, four parameters had also to be firstly correlated for each solute.

In general, NRTL-SAC is able to correlate and predict solubility data for the studied systems. For aqueous systems A-UNIFAC was in general superior to UNIFAC, proving the need of taking into account the association effects. The results obtained with the reference solvent approach were almost similar for all the models; the improvement relatively to the results without this methodology is in general significant, proving its usefulness.

Therefore, if drug solubility estimates are needed, for systems in which data in a set of selected solvents are readily available, it is suggested to apply the NRTL-SAC model. For solutes where experimental solubility data are not available or difficult to obtain, and if all the group parameters are known, the application of UNIFAC method with the reference solvent approach is a valid option. The combinatorial term, is:
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where θ I and I φ are the area and volume fractions of component I, and similarly to the variable l I are defined by equations found elsewhere [62], z is the coordination number (set equal to 10) and q I is the area parameter of component I. The residual term, is:
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where k Γ is the residual activity coefficient of group k, ( )

I k
Γ is the residual activity coefficient of group k in a reference solution containing only molecules of type I, ( )

I k
υ is the number of group k present in molecule I and mk ψ is a binary interaction parameter [9,62].

In order to take the association effects into account, an extended version of UNIFAC, the A-UNIFAC, was presented by Mengarelli et al. [14] The association activity coefficient term is a function of the fraction of non-bonded sites in the solution ( 
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where N k is the number of moles of associating group k, I k ϑ represents the number of groups of type k in a molecule of component I, n I is the number of moles of component I, NGA is the number of associating groups and A k is the associating site of group k. The fraction of non-bonded sites is a function of the associating strength ( )

j k B A ∆ between site
A of group k and site B of group j and the associating group density in the mixture ρ j [12,14]:

∑ ∑ = = = NC I I I NC I i I j j x r x 1 1 ϑ ρ (A6)
where NC is the number of components in the mixture and r I represents the UNIQUAC molecular volume of species I (evaluated from UNIFAC group volume parameters R k ).

The associative compounds are represented by specific associating groups: the one-site carboxylic group, which can self-and cross-associate; the two-sites hydroxyl group, which can also self-and cross-associate; the one-site ester group and one-site aromatic ring, which can only cross-associate with electropositive associating sites.

The Non-Random Two-Liquid Segment Activity Coefficient model [5,6] (NRTL-SAC) is an activity coefficient model where the liquid non-idealities are described in terms of four types of segments: hydrophobic (X), polar attractive (Y-) and repulsive (Y+), and hydrophilic (Z), to account for several interactions. The activity coefficient is obtained from the sum of a combinatorial ( ♦, hydroquinone [60]; ▲, estriol [23]; ■, estradiol [23]. 

2 A

 2 Nomenclature a m,n = residual group interaction parameter (g/mol) M = molar mass (g/mol) NC = number of components in the mixture NP = number of data points NS = number of solvents P = pressure (Pa) T = absolute temperature (K) x = mole fraction X = hydrophobic segment in NRTL-SAC model Y+ = polar repulsive segment in NRTL-SAC model Y-= polar attractive segment in NRTL-SAC model Z = hydrophilic segment in NRTL-SAC model Greek Symbols γ = activity coefficient ∆C p = difference between the heat capacity of the pure liquid and solid (J/mol.K) ∆ fus H = fusion enthalpy (J/mol) -UNIFAC = modified UNIFAC method which takes account association LLE = Liquid liquid equilibria NRTL-SAC =Nonrandom two-liquid segment activity coefficient model RSA = reference solvent approach UNIFAC = UNIversal quasi chemical Functional-group Activity Coefficients method VLE = Vapor liquid equilibria Appendix AIn the UNIFAC method, the activity coefficient is obtained from a combinatorial ( C I γ ) and a residual ( R I γ ) contributions[9,62]: 

  where I and J are component indexes, m is the segment based species indexes, r m,I is the number of segment species m contained in component I, r I is the total segment number of component I, φ I is the segment mole fraction of component I, lc m Γ is the activity coefficient of segment species m, I lc m , Γ is the activity coefficient of segment species m contained only in component I.
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Table 1 . Pure solute properties.

 1 

	Solute	T m (K)	∆ fus H (kJ/mol) ∆C p (J/mol.K)	M (g/mol)
	Salicylic acid	432.0 a	24.6 a	37.0 b	138.1
	Benzoic acid	395.5 c	17.5 c	40.9 b	122.1
	Acetylsalicylic acid	416.2 d	29.8 d	26.6 b	180.2
	Ibuprofen	347.2 e	25.5 e	50.3 e	206.3
	Hydroquinone	445.5 b	27.1 b	26.7 b	110.1
	Estriol	555.0 f	42.7 f	----	288.4
	Estradiol	445.0 f	40.6 f	----	272.4
	a [1]; b [19]; c [20]; d [21]; e [22]; f [23].			

Table 2 . Database used for the estimation of A-UNIFAC residual group interaction parameters.

 2 

	i	j	System	C atoms	NP Type of	T range	P range	Ref.
				in groups		data	(K)	(bar)	
	ACOH	ACH	Phenol + benzene	-	133	VLE	323-449	0.005-2.6	[26-31]
		CH 2	Phenol + alkane	C 8 , C 10	31	VLE	383-393	0.09-0.64	[26]
		H 2 O	Phenol + water	-	103	VLE	288-455	0.02-1	[32-38]
			Phenol + water +	-	10	LLE	298	1	[39]
			benzene						
		OH	Phenol +	-	20	VLE	376-392	0.12	[40,41]
			cyclohexanol						
			Phenol + water +	C 4 -C 5	40	LLE	298-313	1	[42,43]
			alcohols						
		COOR	Phenol + esters	C 4 , C 6 -C 7	67	VLE	362-465	0.26-1	[34,44]
			Phenol + water + ester C 2 , C 4 , C 6	99	LLE	298-318	1	[39,43,45]
		COOH	Phenol + acids	C 3	26	VLE	383-403	0.08-0.70	[46]
			Phenol + water + acid	C 9	9	LLE	298	1	[39]

NP: number of experimental points.

Table 3 . New A-UNIFAC residual group interaction parameters a m,n (K).

 3 

	M	n	a m,n	a n,m
	ACOH	CH 2	343.4	-55.40
		ACH	74.03	-42.87
		OH	-722.6	-410.1
		H 2 O	-355.0	-179.2
		COOR	-756.7	12.03
		COOH	402.9	1028

Table 4 . VLE calculations: average deviations in compositions

 4 

	(δ δ δ δy) and pressure

Table 5 . NRTL-SAC molecular parameters (r m,I ) for the studied compounds and number of solvents used (NS).

 5 

	Solute	NS	X	Y-	Y+	Z
	Salicylic acid	26	0.886	1.841	0.372	0.444
	Benzoic acid	26	0.316	0.046	1.876	0.580
	Acetylsalicylic	16	0.508	0.219	0.009	1.000
	Ibuprofen	28	0.789	0.104	1.837	0.107
	Hydroquinone	7	0.243	1.915	1.749	0.020
	Estriol	10	0.000	0.003	0.037	1.216
	Estradiol	24	1.087	0.001	1.317	1.463

Table 6 . AAD's a,b (%) for solubility modelling in pure solvents at 298.15 K, experimental solubility range, and respective reference solvent when RSA is applied.

 6 

						AAD (%)	
		NS	Xexp range	A-UNIFAC	A-UNIFAC + RSA	UNIFAC	UNIFAC + RSA	NRTL-SAC	NRTL-SAC + RSA
	Salicylic acid	12 [1.5 x 10 -4 ; 0.21]	36.5	29.8 2-methyl-1-propanol	18.9	19.0 Ethyl acetate	18.4	15.7 1-butanol
	Benzoic acid	14 [5.9 x 10 -3 ; 0.20]	24.0	23.0 Benzene	29.7	30.5 Ethyl acetate	27.9	14.1 1-butanol
	Acetyl			74.1	30.8	79.6	31.2	31.3	36.3
	salicylic acid	26 [1.0 x 10 -3 ; 0.09]		2-methyl-1-butanol		2-methyl-1-propanol		1-octanol
				40.0	40.4	31.5	40.3	59.6	58.9
	Ibuprofen 19 [9.9 x 10 -7 ; 0.34]		cyclohexane		Isopropyl myristate		1-pentanol
	Estradiol 6 [5.9 x 10 -7 ; 0.02]	80.7	83.9 Ethanol	58.7	47.1 ethanol	55.6	68.4 ethanol
				51.2	35.7	47.6	32.7	37.6	37.1

a Average calculated without considering the outliers (AAD > 150%)

b Outliers -salicylic acid: acetic acid, water; benzoic acid: n-pentane; acetylsalicylic acid: benzene, methyl acetate; ibuprofen: benzene, acetic acid; estradiol: cyclohexane.

Table 7 . AAD's a,b (%) for solubility modelling in pure solvents as a function of temperature.

 7 

			AAD (%)	
		A-UNIFAC UNIFAC NRTL-SAC
	Salicylic acid	63.3	8.0	10.7
	Benzoic acid	15.6	25.7	19.3
	Acetylsalicylic acid	77.5	84.1	14.3
	Ibuprofen	40.0	45.1	72.3
	Hydroquinone	58.0	40.5	35.3
		55.7	23.1	21.8
		51.7	37.8	29.0

a Average calculated without considering the outliers (AAD > 150%)

b Outliers -salicylic acid: water; benzoic acid: water; hydroquinone: acetic acid, water; estradiol: cyclohexane, ethanol.
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