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Abstract 

The reported calculations on solubility data of 2-chloro-3-(trifluoromethyl)pyridine in binary 

ethanol + 1-propanol solvent mixtures at various temperatures have been reanalyzed and several 

additional points regarding the correlations were reported. In addition preferential solvation of 2-

chloro-3-(trifluoromethyl)pyridine in ethanol + 1-propanol mixtures were investigated by means 

of the inverse Kirkwood-Buff integrals method. Apparently no preferential solvation of this 

compound by both organic solvents is observed because the respective parameters are lower than 

0.01 in all the analyzed compositions. 
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 In a recent paper appearing in this Journal [1], Wang and coworkers reported the 

experimental mole fraction solubilities of 2-chloro-3-(trifluoromethyl)pyridine dissolved in a 

number of mono-solvents and also in binary ethanol + 1-propanol mixtures at various 

temperatures ranging from 273.15 K to 303.15 K. The generated solubility data was 

mathematically represented by van’t Hoff, Apelblat, λh and Wilson models. These models 

successfully correlated the solubility data in a given solvent and could be used to predict the 

solubility in the solvents at various temperatures. The aim of this communication is not to 

criticize the work of Wang et al. [1], but rather is to provide more computational results which 

are usually required in many practical applications.  

The log-linear model of Yalkowsky employs the fractions of the solvents 1 and 2 and the 

solute’s solubility in the mono-solvents to calculate the solubility at room temperature. It is 

presented as [2]: 
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where 0

1x  and 0

2x  are mole fractions of solvents 1 and 2, X1 and X2 represent the solute’s 

solubility in neat solvents 1 and 2, respectively. Using Eq. (1) and employing X1 and X2 values, 

the solubility in all possible compositions could be predicted. The obtained mean relative 

deviation (MRD) for the solubility of 2-chloro-3-(trifluoromethyl)pyridine in ethanol (1) + 1-

propanol (2) mixtures is 8.4 ± 7.1 %. As noticed Eq. (1) requires X1 and X2 values at each 

temperature and to extend the applicability of the model to various temperatures, its combination 

with the van’t Hoff model could be considered as: 
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in which TmX ,  is the solubility of the solute in solvent mixtures at temperature T, A1, B1, A2 and 

B2 are the model constants [3]. When solubilities of 2-chloro-3-(trifluoromethyl)pyridine in 

ethanol and 1-propanol were used to train Eq. (2), the obtained model was: 
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which predicted the solubility of 2-chloro-3-(trifluoromethyl)pyridine in ethanol (1) + 1-propanol 

(2) mixtures at various temperatures with the MRD of 9.2 ± 6.0 %. The log-linear model and its 

combined version with the van’t Hoff model assume the ideal mixing behavior for the solubility 

of solutes in binary solvent mixtures which is not the case for solubility of polar or semi-polar 

solutes in relatively polar solvent mixtures. 

 The combined nearly ideal binary solvent/Redlich-Kister (CNIBS/R-K) model [4] 

possesses some additional parameters to represent non-ideal mixing behavior and is presented as: 
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in which Si terms are the model constants representing two-body and three-body interaction 

terms that could be calculated using a no-intercept least square analysis [5].  The model has 

provided accurate calculations for solubility of solutes in binary solvent mixtures [6,7]. Table 1 

listed the numerical values of Si terms and the MRD values. 
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Table 1. Calculated CNIBS/R-K model constants* based on Eq. (3) using a no intercept least 

squares analysis 

T S0
* S1

** MRD 
273.15 0.359 -0.162 1.3 

278.15 0.560 -0.160 2.9 

283.15 0.716 -0.413 0.9 

288.15 0.676 -0.534 0.8 

293.15 0.705 -0.646 1.4 

298.15 0.591 -0.709 0.5 

303.15 0.637 -0.711 0.8 

  Overall 1.2 

* The S2 constant is not statistically significant p> 0.05. 

** All p values for these constants are < 0.05. 

 

The Jouyban-Acree model [8] which is an extended version of the CNIBS/R-K model 

provided a possibility of solubility calculations in binary solvent mixtures at various 

temperatures and is expressed as: 
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in which 
iJ  denotes the constants of the model computed by a no intercept regression analysis. 

The trained model for correlating the solubility of 2-chloro-3-(trifluoromethyl)pyridine in 

ethanol (1) + 1-propanol (2) mixtures is: 
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which correlated the solubility data the MRD of 2.1 ± 2.7 %. Using Eq. (5), it is possible to 

train the model at one temperature (e.g. 298.15 K) and predict the solubility of the solute at other 

temperatures of interest by employing the experimental X1 and X2 values [9-13].  

Measuring X1 and X2 values is a limiting parameter in practical applications of the model 

and to cover this limitation, the Jouyban−Acree model could be combined with the van’t 

Hoff model as [14,15]: 
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Combining the model constants of Eqs. (3) and (6) yields: 
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in which the solubility data of 2-chloro-3-(trifluoromethyl)pyridine in ethanol (1) + 1-

propanol (2) at various temperatures is computed with the MRD of 2.2 ± 1.8 %. 

On the other hand, equilibrium solubility data could be useful to evaluate if the solute is 

preferentially solvated by one of the components regarding the mixtures composition. In this 

way, the preferential solvation parameter of 2-chloro-3-(trifluoromethyl)pyridine (compound 3) 

by ethanol (compound 1) in the ethanol (1) + 1-propanol (2) mixtures is defined as [16, 17]: 
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where 
Lx1,3  is the local mole fraction of ethanol (1) in the molecular environment near to 2-

chloro-3-(trifluoromethyl)pyridine (3) and x1 is the bulk mole fraction composition of ethanol (1) 

in the initial binary solvent mixture free of solute. If x1,3 > 0 then the solute is preferentially 

solvated by ethanol (1); on the contrary, if this parameter is < 0 the solute is preferentially 

solvated by 1-propanol (2). Values of x1,3 are obtainable from the inverse Kirkwood-Buff 

integrals for the individual solvent components analyzed in terms of some thermodynamic 

quantities as shown in the following equations [16, 17]: 
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As has been previously described [18], in these equations κT is the isothermal 

compressibility of the ethanol (1) + 1-propanol (2) solvent mixtures (which is calculated as an 

additive property by using the mixtures compositions expressed in mole fraction and the reported 

values for both neat solvents), 1V and 2V are the partial molar volumes of the alcohols in the 

mixtures, similarly, 3V  is the partial molar volume of 2-chloro-3-(trifluoromethyl)pyridine in 

these mixtures. The function D (Eqn. (14)) is the derivative of the standard molar Gibbs energies 

of transfer of 2-chloro-3-(trifluoromethyl)pyridine from neat 1-propanol (2) to ethanol (1) + 1-

propanol (2) mixtures with respect to the ethanol proportion in the mixtures. The function Q 
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(Eqn. (15)) involves the second derivative of the excess molar Gibbs energy of mixing of the two 

alcohols ( ExcG 21
) with respect to the 1-propanol proportion in the mixtures [18]. Vcor is the 

correlation volume and r3 is the molecular radius of 2-chloro-3-(trifluoromethyl)pyridine 

calculated by means of Eqn. (16) with NAv as the Avogadro’s number. 
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Definitive correlation volume requires iteration because it depends on the local mole fractions 

around the solute. This iteration is done by replacing x1,3 and Vcor in the Eqns. (9), (10) and (13) 

to recalculate 
Lx1,3  until a non-variant value of Vcor is obtained. 

Figure 1 shows the Gibbs energy of transfer behavior of 2-chloro-3-

(trifluoromethyl)pyridine (3) from neat 1-propanol (2) to all ethanol (1) + 1-propanol (2) 

mixtures at 298.15 K. These values were calculated from the mole fraction drug solubility data 

reported by Yang et al. [1], by using the following expression: 
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Here, x3,2 is the mole fraction solubility of the solute in neat 1-propanol (2) and x3,1+2 is the 

solubility in the ethanol (1) + 1-propanol (2) mixtures. o

213,2tr  G  values were correlated 

according to polynomial presented as Eqn. (18) with r2 = 0.9990.  
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Figure 1. Gibbs energy of 2-chloro-3-(trifluoromethyl)pyridine (3) from neat 1-propanol (2) to 

ethanol (1) + 1-propanol (2) mixtures at 298.15 K.  

 

Thus, D values reported in Table 2 were calculated from the first derivative of the respective 

polynomial model and solved according to the solvent mixtures composition. For ethanol (1) + 

1-propanol (2) mixtures free of solute the values of Q were calculated from excess Gibbs 

energies (expressed in J mol–1) at 298.15 K, which were in turn, calculated from values reported 

at 313.15 K by Oracz [19]. As described above, the RT·T values were calculated by assuming 

additive mixing with the reported T values for ethanol (1.153 GPa–1) and 1-propanol (1.025 

GPa–1) at 298.15 K [20].  

In similar way, the partial molar volumes of both alcohols in the mixtures were calculated 

from the reported density values of the ethanol (1) + 1-propanol (2) mixtures at 298.15 K [21], 
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by using Eqns. (17) and (18). In these equations V is the molar volume of the mixtures calculated 

as V = (x1·M1 + x2·M2)/. Here, M1 is 46.07 g mol–1 for ethanol and M2 is 60.10 g mol–1 for 1-

propanol [22]. 
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The Q, RT·T, 1V  and 2V  values for ethanol (1) + 1-propanol (2) mixtures at 298.15 K are 

shown in Table 2.   

 

Table 2. Some properties associated to preferential solvation of 2-chloro-3-(trifluoromethyl)pyridine (3) 

in ethanol (1) + 1-propanol (2) mixtures at 298.15 K. 

o

1x a 
D / 

kJ mol–1 

Q / 

kJ mol–1 
RT·T / 

cm3 mol–1 
1V  / 

cm3 mol–1 
2V  / 

cm3 mol–1 

G1,3 / 

cm3 mol–1 

G2,3 / 

cm3 mol–1 

Vcor / 

cm3 mol–1 

100 

x1,3 

0.00 –4.63 2.487 2.541 58.78 75.18 –252.1 –112.2 1534 0.000 

0.05 –3.99 2.480 2.557 58.76 75.18 –227.0 –116.9 1523 –0.373 

0.10 –3.40 2.475 2.573 58.75 75.18 –205.0 –120.2 1512 –0.552 

0.15 –2.86 2.469 2.588 58.74 75.18 –186.1 –122.3 1501 –0.594 

0.20 –2.38 2.465 2.604 58.72 75.18 –170.1 –123.4 1489 –0.550 

0.25 –1.94 2.461 2.620 58.71 75.18 –156.6 –123.7 1478 –0.459 

0.30 –1.56 2.458 2.636 58.70 75.19 –145.5 –123.3 1466 –0.350 

0.35 –1.24 2.455 2.652 58.69 75.19 –136.6 –122.4 1454 –0.245 

0.40 –0.96 2.454 2.668 58.68 75.20 –129.7 –121.2 1442 –0.154 

0.45 –0.74 2.453 2.684 58.67 75.20 –124.5 –120.0 1430 –0.085 

0.50 –0.57 2.452 2.699 58.67 75.21 –120.7 –118.8 1418 –0.037 

0.55 –0.45 2.453 2.715 58.66 75.22 –118.2 –117.9 1406 –0.006 

0.60 –0.38 2.454 2.731 58.65 75.23 –116.7 –117.5 1395 0.015 

0.65 –0.37 2.455 2.747 58.65 75.24 –115.9 –117.7 1383 0.032 

0.70 –0.41 2.458 2.763 58.64 75.25 –115.7 –118.8 1371 0.052 

0.75 –0.50 2.461 2.779 58.64 75.26 –115.8 –120.9 1359 0.078 

0.80 –0.65 2.465 2.795 58.64 75.27 –115.9 –124.2 1347 0.109 

0.85 –0.84 2.469 2.810 58.63 75.28 –115.7 –128.9 1335 0.138 

0.90 –1.09 2.475 2.826 58.63 75.29 –115.2 –135.2 1322 0.149 

0.95 –1.39 2.480 2.842 58.63 75.31 –114.0 –143.2 1310 0.116 

1.00 –1.75 2.487 2.858 58.63 75.32 –111.8 –153.1 1298 0.000 

a o

1x  is the mole fraction of ethanol (1) in the ethanol (1) + 1-propanol (2) mixtures free of 2-chloro-3-

(trifluoromethyl)pyridine (3). 
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Because no partial molar volumes of 2-chloro-3-(trifluoromethyl)pyridine (3) in these 

mixtures are reported in the literature, this property is considered in this research as similar to 

that calculated for the pure compound. In this way, the molar volume of this solute (3) was 

calculated by means of the Fedors’ method [23] as: 114.7 cm3 mol–1 (Table 3). G1,3 and G2,3 

values shown in Tables 2 are negative in all cases indicating that 2-chloro-3-

(trifluoromethyl)pyridine exhibits affinity for both alcohols in all the mixtures. The molecular 

solute radius value (r3) was calculated as 0.357 nm. The correlation volume was iterated three 

times by using Eqns. (5), (6) and (9) to obtain the values reported in Table 2. This table also 

shows the preferential solvation parameters of this solute (3) by ethanol (1), x1,3.  

 

 

Table 3. Application of the Fedors’ method to estimate internal energy, molar volume, and  

Hildebrand solubility parameter of 2-chloro-3-(trifluoromethyl)pyridine (3). 

Group Group number U° / kJ mol–1 V / cm3 mol–1 

>C< 1 1.47 –19.2 

>C= 2 2 x 4.31 = 8.62 2 x –5.5 = –11.0 

–CH= 3 3 x 4.31 = 12.93 3 x 13.5 = 40.5 

–N= 1 11.7 5.0 

–F trisubstituted 3 3 x 2.30 = 6.90 3 x 22.0 = 66.0 

–Cl attached to C with double bond 1 11.55 x 0.80 = 9.24 24.0 

Ring closure 6 atoms 1 1.05 16.0 

Conjugated double bond in ring 3 3 x 1.67 = 5.01 3 x –2.2 = –6.6 

   U° = 56.92  V = 114.7 

  δ3 = (56,920/114.7)1/2 = 22.3 MPa1/2 

 

 

Figure 2 shows that the values of δx1,3 vary non-linearly with the ethanol (1) proportion in 

all the mixtures. Addition of ethanol (1) makes negative the δx1,3 values of this solute (3) from 

the pure 1-propanol to the mixture x1 = 0.55. Maximum negative value is obtained in the mixture 
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o

1x  = 0.15 (with δx1,3 = –5.94 x 10–2). In this way, in this composition region apparently 2-

chloro-3-(trifluoromethyl)pyridine is preferentially solvated by 1-propanol although the δx1,3 

values are lower than 1.0 x 10–2 and therefore, they could be attributed to uncertainties 

propagation rather than solvation effects [24, 25]. On the other hand, in the interval 0.55 < 
o

1x  < 

1.00 the δx1,3 values are positive but with a maximal in the mixture 
o

1x  = 0.90 (1.49 x 10–3), 

which could be interpreted as no preferential solvation effects. This result dealing with no 

preferential solvation effects could be a consequence of the chemical similarity exhibited by 

ethanol and 1-propanol as observed in the very small positive excess Gibbs energies of mixing 

and also because of the similar solubilities exhibited by this compound in both solvents, i.e. x3,2 = 

0.3546 in neat 1-propanol (2) and x3,1 = 0.6350 in neat ethanol (1) [1]. Thus, this result is very 

different regarding the behavior of other compounds in several cosolvent (1) + water (2) 

mixtures [26-33] and also in binary mixtures of organic solvents [34,35], where x1,3 values 

higher than 1.0 x 10–2 have been reported and therefore, preferential solvation by the mixtures 

components on the solutes have been discussed in terms of solute-solvents interactions. 
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Figure 2. δx1,3 values of 2-chloro-3-(trifluoromethyl)pyridine (3) in ethanol (1) + 1-propanol (2) 

mixtures at 298.15 K.  
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HIGHLIGHTS 

 CNIBS/R-K describes observed solubility data to average MRD of 1.2 % 

 Combined Jouyban-Acree and van’t Hoff model describes solubility data to average 

MRD of 2.1 % 

 Inverse Kirkwood-Buff treatment shows no preferential solvation of solvents around 

dissolved solute 

 


