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Experimental solubilities are reported for anthracene dissolved in quaternary solvent mixtures of 2,2,4-
trimethylpentane + 2-propanone + methanol + ethanol, 2,2,4-trimethylpentane + 2-propanone + methanol
+ 1-propanol, and 2,2,4-trimethylpentane + 2-propanone + methanol + 2-propanol at 298.15 K. Twenty
compositions are studied for each of the three quaternary solvent systems. Results of these measurements
were used to evaluate the prediction capability of previously developed quantitative structure-property
relationships employing the solubility data in monosolvents, and the overall mean deviation (OMD) of the
models varied between (10.3 to 18.6) %. Using fully predictive methods, the OMDs varied between (20.2
and 21.1) %.

Introduction

Solubility data is important information in drug discovery,
drug formulation, and crystallization-based separation investiga-
tions. Solubility data of polycyclic aromatic hydrocarbons
(PAHs) are essential in the petroleum industry. The data could
also be used to estimate distribution and degradation of PAHs
since many larger PAHs are known as carcinogenic agents.
Mixing solvents are a common method to enhance the solubility
of low-soluble compounds. However, there is a significant lack
of solubility data for many solutes; therefore, efforts have been
devoted to obtain the required information with minimum time
and substance consumption. When the binary and/or ternary
solvent mixtures are not able to dissolve a desired amount of a
solute in a given volume, the fourth solvent could be added to
the mixture. The possible number of compositions for the
quaternary solvents is quite high, and all of them could not be
determined experimentally. The development of the ab initio
solubility prediction methods with an acceptable error range
would be an ideal solution to address the problem. A number
of mathematical models have been presented for this purpose,
and a summary of the models was given in a recent paper.1

Experimental solubility data of anthracene in a number of
ternary solvent mixtures have been reported by Acree and co-
workers, and their references were listed in a previous work.2

The solubilities of anthracene in ternary solvent mixtures of
2,2,4-trimethylpentane + 2-propanone + alcohols were reported
in a previous paper.3 There were no published data on the
solubility of anthracene in quaternary solvent mixtures.

A numerical method was developed employing the Jouyban-
Acree model, the Abraham solute parameters, and the Abraham

solvent coefficients.4 The basic Jouyban-Acree model for
calculating the solubility of solutes in quaternary solvents is
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where Cm
Sat is the solute mol ·L-1 solubility in the quaternary

solvent mixtures; x1, x2, x3, and x4 are the mole fractions of
solvents 1 to 4 in the absence of the solute; C1

Sat, C2
Sat, C3

Sat,
and C4

Sat denote the mol ·L-1 solubility of the solute in the
neat solvents 1 to 4, respectively, and Ji1 (for binary mixtures
of solvents 1 and 2), Ji2 (for binary mixtures of solvents 1 and
3), Ji3 (for binary mixtures of solvents 1 and 4), Ji4 (for binary
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Table 1. Abraham Solvent Coefficients Employed in This Work
Taken from Reference 6

water to solvent c e s a b V

1-propanol 0.148 0.436 -1.098 0.389 -3.893 4.036
2,2,4-trimethylpentane 0.288 0.382 -1.668 -3.639 -5.000 4.461
2-propanol 0.063 0.320 -1.024 0.445 -3.824 4.067
2-propanone 0.335 0.349 -0.231 -0.411 -4.796 3.963
ethanol 0.208 0.409 -0.959 0.186 -3.645 3.928
methanol 0.329 0.299 -0.671 0.080 -3.389 3.512

gas to solvent c e s a b l

1-propanol -0.028 -0.185 0.648 4.022 1.043 0.869
2,2,4-

trimethylpentane
0.275 -0.244 0.000 0.000 0.000 0.972

2-propanol -0.060 -0.335 0.702 4.017 1.040 0.893
2-propanone 0.154 -0.277 1.522 3.258 0.078 0.863
ethanol 0.012 -0.206 0.789 3.635 1.311 0.853
methanol -0.004 -0.215 1.173 3.701 1.432 0.769
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mixtures of solvents 2 and 3), Ji5 (for binary mixtures of solvents
2 and 4), and Ji6 (for binary mixtures of solvents 3 and 4) are
the model constants of the Jouyban-Acree model that are

computed by regression analysis. The solution model used in
eq 1 is based on two-body and three-body interactions, and the
various curve-fit coefficients are functions of solvent-solvent

Table 2. Experimental Solubilities of Anthracene (Cm
Sat/mol ·L-1) in Quaternary Mixtures of 2,2,4-Trimethylpentane (x1) + 2-Propanone (x2)

+ Methanol (x3) + the C2 to C3 Aliphatic Alcohols (x4) at 298.15 K, Density (G) of the Saturated Solutions, and the Predicted Solubilities
(Cm

Sat) Using Equation 1 and Various Numerical Analysesa

Cm
Sat F Cm

Sat/mol ·L-1a

x1 x2 x3 mol ·L-1 g · cm-3 method I method II method III method IV

1-propanol (MV ) 0.07510 L ·mol-1)
0.033 0.074 0.674 0.012 0.785 0.011 0.013 0.009 0.009
0.033 0.222 0.672 0.017 0.790 0.014 0.018 0.012 0.013
0.035 0.079 0.574 0.013 0.788 0.011 0.014 0.009 0.009
0.037 0.338 0.459 0.021 0.788 0.020 0.026 0.017 0.017
0.044 0.197 0.179 0.018 0.790 0.015 0.019 0.013 0.012
0.040 0.543 0.328 0.030 0.783 0.029 0.039 0.025 0.026
0.043 0.684 0.177 0.036 0.785 0.036 0.050 0.032 0.032
0.069 0.077 0.702 0.013 0.771 0.012 0.014 0.009 0.010
0.079 0.089 0.483 0.014 0.775 0.013 0.015 0.010 0.010
0.092 0.104 0.189 0.016 0.777 0.013 0.016 0.011 0.010
0.092 0.312 0.188 0.023 0.773 0.020 0.025 0.017 0.016
0.092 0.517 0.188 0.031 0.771 0.029 0.038 0.025 0.024
0.091 0.620 0.187 0.034 0.769 0.034 0.045 0.030 0.029
0.161 0.091 0.659 0.015 0.748 0.015 0.016 0.011 0.011
0.190 0.107 0.388 0.014 0.750 0.016 0.017 0.012 0.011
0.207 0.351 0.212 0.024 0.750 0.024 0.028 0.020 0.018
0.207 0.467 0.212 0.028 0.748 0.029 0.035 0.024 0.022
0.278 0.125 0.227 0.015 0.740 0.017 0.017 0.013 0.011
0.276 0.375 0.226 0.024 0.738 0.027 0.029 0.021 0.019
0.321 0.121 0.439 0.015 0.727 0.019 0.019 0.013 0.012

2-propanol (MV ) 0.07690 L ·mol-1)
0.033 0.075 0.677 0.009 0.779 0.010 0.012 0.008 0.009
0.033 0.223 0.673 0.017 0.783 0.014 0.018 0.012 0.013
0.035 0.080 0.578 0.012 0.777 0.011 0.013 0.008 0.009
0.038 0.339 0.461 0.021 0.783 0.019 0.024 0.016 0.017
0.044 0.200 0.181 0.015 0.771 0.013 0.016 0.011 0.010
0.040 0.544 0.329 0.028 0.781 0.029 0.038 0.024 0.025
0.043 0.685 0.177 0.034 0.781 0.035 0.049 0.031 0.032
0.069 0.078 0.704 0.013 0.767 0.011 0.013 0.009 0.009
0.079 0.090 0.487 0.012 0.771 0.012 0.014 0.009 0.009
0.094 0.106 0.191 0.011 0.765 0.011 0.013 0.009 0.008
0.093 0.314 0.190 0.019 0.765 0.018 0.022 0.015 0.014
0.092 0.520 0.188 0.028 0.769 0.028 0.036 0.024 0.023
0.092 0.621 0.188 0.032 0.771 0.033 0.044 0.029 0.028
0.161 0.091 0.660 0.013 0.748 0.015 0.016 0.010 0.011
0.191 0.108 0.391 0.014 0.744 0.015 0.016 0.011 0.010
0.208 0.353 0.213 0.024 0.744 0.023 0.026 0.018 0.017
0.207 0.468 0.212 0.025 0.748 0.029 0.034 0.023 0.022
0.280 0.126 0.229 0.014 0.733 0.015 0.015 0.012 0.010
0.277 0.376 0.227 0.022 0.737 0.026 0.028 0.020 0.018
0.322 0.121 0.440 0.014 0.725 0.019 0.018 0.013 0.012

ethanol (MV ) 0.05870 L · .mol-1)
0.031 0.070 0.634 0.012 0.781 0.010 0.013 0.009 0.010
0.032 0.218 0.658 0.017 0.781 0.014 0.018 0.012 0.013
0.032 0.073 0.528 0.014 0.783 0.011 0.014 0.009 0.010
0.036 0.323 0.439 0.020 0.785 0.019 0.025 0.016 0.018
0.037 0.169 0.153 0.017 0.779 0.014 0.020 0.013 0.014
0.039 0.530 0.320 0.028 0.781 0.028 0.039 0.025 0.026
0.042 0.666 0.172 0.033 0.781 0.035 0.050 0.032 0.033
0.066 0.074 0.673 0.015 0.767 0.011 0.014 0.009 0.010
0.072 0.081 0.440 0.013 0.769 0.012 0.015 0.010 0.011
0.079 0.089 0.161 0.014 0.769 0.013 0.017 0.011 0.012
0.082 0.279 0.169 0.024 0.769 0.019 0.026 0.017 0.017
0.087 0.489 0.177 0.028 0.769 0.028 0.038 0.025 0.025
0.089 0.603 0.182 0.031 0.769 0.033 0.045 0.029 0.030
0.157 0.089 0.643 0.015 0.746 0.014 0.016 0.011 0.011
0.174 0.098 0.356 0.018 0.746 0.015 0.018 0.012 0.012
0.195 0.330 0.199 0.025 0.748 0.023 0.028 0.020 0.019
0.200 0.452 0.205 0.028 0.744 0.029 0.035 0.024 0.023
0.251 0.114 0.206 0.016 0.737 0.017 0.019 0.013 0.013
0.267 0.362 0.219 0.023 0.735 0.026 0.030 0.021 0.020
0.311 0.117 0.424 0.016 0.723 0.019 0.019 0.013 0.013

a I: Experimental C1
Sat, C2

Sat, C3
Sat, and C4

Sat and computed J (Ji1, Ji2, Ji3, Ji4, Ji5, and Ji6) terms using eqs 2 to 4. II: Experimental C1
Sat, C2

Sat, C3
Sat,

and C4
Sat and computed J terms using eqs 5 to 7. III: Predicted C1

Sat, C2
Sat, C3

Sat, and C1
Sat using eq 8 and computed J terms using eqs 2 to 4. IV:

Predicted C1
Sat, C2

Sat, C3
Sat, and C4

Sat using eq 9 and computed J terms using eqs 5 to 7.
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and solute-solvent interaction terms. The coefficients are
described in greater detail elsewhere.5 It should be noted that
all CSat terms in this work are expressed as the number of moles
of anthracene dissolved in a liter of the saturated solution. In a
previous work,4 quantitative structure-property relationships
(QSPRs) were proposed to calculate the numerical values of
the Ji1, Ji2, Ji3, Ji4, Ji5, and Ji6 terms using Abraham solvent
coefficients of 22 solvents and Abraham parameters of five
solutes. The QSPRs enable us to predict the solubility of a solute
in nonaqueous mixed solvent without employing any experi-
mental data from mixed solvents.

The QSPR models proposed in an earlier work4 using water-
to-solvent coefficients were

J01 ) 0.028+ 2.123(c1 - c2)2 - 0.160E(e1 - e2)2 +
0.282S(s1 - s2)2 + 1.713B(b1 - b2)2 + 2.006V(V1 -V2)2 (2)

J11 ) 0.033+ 0.670(c1 - c2)2 - 0.477E(e1 - e2)2 +
0.051S(s1 - s2)2 + 0.476B(b1 - b2)2 - 0.234V(V1 -V2)2 (3)

J21 ) 0.022+ 2.024(c1 - c2)2 - 0.204E(e1 - e2)2 +
0.034S(s1 - s2)2 + 0.243B(b1 - b2)2 + 0.848V(V1 -V2)2 (4)

and the QSPR models using gas-to-solvent coefficients were

J01 ) 0.062+ 0.118(c1 - c2)2 - 0.332E(e1 - e2)2 +
0.410S(s1 - s2)2 + 2.399B(b1 - b2)2 + 15.715L(l1 - l2)2 (5)

J11 ) 0.103- 1.864(c1 - c2)2 - 1.590E(e1 - e2)2 +
0.119S(s1 - s2)2 + 1.010B(b1 - b2)2 - 9.493L(l1 - l2)2 (6)

J21 )-0.008+ 1.075(c1 - c2)2 + 0.053E(e1 - e2)2 +
0.084S(s1 - s2)2 + 0.414B(b1 - b2)2 + 7.727L(l1 - l2)2 (7)

where c, e, s, b, V, and l are the model constants (i.e., the
Abraham solvent coefficients); subscripts 1 and 2 denote
solvents 1 and 2 of sub-binary mixtures; E is the excess molar
refraction of solute; S is dipolarity/polarizability of solute; B
stands for the solute’s hydrogen-bond basicity; V is the
McGowan volume of the solute; and L is the logarithm of the
solute gas-hexadecane partition coefficient at 298.15 K. The
numerical values of c, e, s, b, V, and l employed in this work
are listed in Table 1. The numerical values of Ji1, Ji2, Ji3, Ji4,
Ji5, and Ji6 terms were also computed using eqs 2 to 4 (water-
to-solvent) and eqs 5 to 7 (gas-to-solvent) employing the
corresponding Abraham solvent coefficients.

The aims of this work are to report the experimental solubility
data of anthracene in quaternary mixtures of 2,2,4-trimethyl-
pentane, 2-propanone, methanol, and C2-C3 alcohols at 298.15
K and also to check the prediction capability of previously
reported QSPR models for predicting the solubility of solutes
in quaternary solvent mixtures.

Experimental method

Materials. Anthracene (purity 96 %) was purchased from
Fluka, and it was recrystallized several times from 2-pro-
panone and ethyl acetate to yield a purified sample having a
melting point of 488 K. The purity of recrystallized an-
thracene (∼99 %) was also checked by IR spectroscopy, and
also the measured solubilities in a number of monosolvents
were compared with corresponding data from the literature.
2,2,4-Trimethylpentane (> 99 %), 1-propanol (99.5 %), and
absolute ethanol (99.9 %) were purchased from Merck (Ger-
many). 2-Propanone (99.0 %) was purchased from Scharlau
Chemie (Spain), and 2-propanol (99.7 %) and methanol (99.8
%) were obtained from Caledon (Canada).

Apparatus and Procedure. The quaternary solvent mixtures
were prepared by mixing the appropriate volumes of the
solvents, and then the mole fractions of the solvents were
computed considering the densities of the neat solvents. The
solvent composition could be calculated with the accuracy of
0.005 mol fractions. The solubility of anthracene was determined
by equilibrating an excess amount of the solid with the
quaternary solvent mixtures at 298.15 K using a shaker (Behdad,
Tehran, Iran) placed in an incubator equipped with a temper-
ature-controlling system with ( 0.2 K. Attainment of the
equilibrium was verified by solubility measurements at different
times and reached after 72 h. The solutions were filtered using
hydrophobic Durapore filters (0.45 µm, Millipore, Ireland) and
then diluted with methanol for spectrophotometric analysis at
356 nm quantified by a UV-Vis spectrophotometer (Beckman
DU-650, Fullerton, USA). The filter did not absorb the solute
through a filtration process. Concentrations of the dilute
solutions were determined from a UV absorbance calibration
graph with the molar concentration of anthracene ranging from
ε/(L ·mol-1 · cm-1) ) 6947 to ε/(L ·mol-1 · cm-1) ) 6645 for
the anthracene compositions ranging from (3.31 · 10-5 to
2.65 ·10-4) mol ·L-1. Each experimental data point is an average
of at least three experiments with the measured mol ·L-1

solubilities being reproducible to within ( 3.8 %. Calculated
standard deviations ranged from (σn-1 ) 0.0002 to σn-1 )
0.0013) mol ·L-1.

Computational Methods. The Ji1, Ji2, Ji3, Ji4, Ji5, and Ji6 terms
of the Jouyban-Acree model were computed using eqs 2 to 4
and then were used to predict anthracene solubility data in
quaternary solvent mixtures using eq 1 employing experimental
values of C1

Sat, C2
Sat, C3

Sat, and C4
Sat. This numerical analysis

was called method I. The same computations were carried out
employing eqs 5 to 7, and it was called numerical method II.
For solubility prediction methods I and II, the solubility data in
monosolvent systems, i.e., four points for each quaternary
solvent system, are required. To further reduce the experimental
data requirement in the prediction process, it is possible to use
the Abraham solvation models to predict C1

Sat, C2
Sat, C3

Sat, and
C4

Sat values and use the predicted solubilities in monosolvents
in eq 1. The Abraham model for the water-to-solvent process
is

log( CS

CW
)) c+ e ·E+ s · S+ a ·A+ b ·B+V ·V (8)

and for gas-to-solvent process

Table 3. Numerical Values of the Mean Deviation (MD) for the
Predicted Solubilities of Anthracene in 2,2,4-Trimethylpentane (1) +
2-Propanone (2) + Methanol (3) + Alcohols (4) Using Various
Numerical Methods and Their Overall Values

numerical methoda

solvent 4 I II III IV

100 ·MD (using eq 1)
1-propanol 9.9 16.4 20.8 23.8
2-propanol 9.8 19.3 19.1 20.6
ethanol 11.4 20.2 20.6 18.8
overall MD %: 10.3 18.6 20.2 21.1

100 ·MD (using eq 11)
1-propanol 12.7 8.4 28.0 30.6
2-propanol 10.3 11.7 26.4 27.7
ethanol 14.1 13.6 27.5 25.8
overall MD %: 12.4 11.2 27.3 28.0

a I: Experimental C1
Sat, C2

Sat, C3
Sat and Computed J (Ji1, Ji2, Ji3, Ji4,

Ji5, and Ji6) terms using eqs 2 to 4. II: Experimental C1
Sat, C2

Sat, C3
Sat,

and Computed J terms using eqs 5 to 7. III: Predicted C1
Sat, C2

Sat, C3
Sat,

and C4
Sat using eq 8 and computed J terms using eqs 2 to 4. IV:

Predicted C1
Sat, C2

Sat, C3
Sat, and C4

Sat using eq 9 and computed J terms
using eqs 5 to 7.
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log(CS

CG
)) c+ e ·E+ s · S+ a ·A+ b ·B+ l · L (9)

where CS (the same term as C1
Sat, C2

Sat, C3
Sat, and C4

Sat from
this work) and CW are the solute solubility in the organic solvent
and water (in mol ·L-1), respectively; a is the Abraham solvent
coefficient; A denotes the solute’s hydrogen-bond acidity; and
CG is the gas-phase concentration of the solute. Equation 8
requires the aqueous solubility of the solute (CW), and eq 9
requires the CG value. The numerical values of the solute’s
Abraham experimental parameters for anthracene are: log CW

) -6.430, E ) 2.290, S ) 1.340, A ) 0.000, B ) 0.280, V )
1.454, L ) 7.568, and CG )-9.460.5 The predicted C1

Sat, C2
Sat,

C3
Sat, and C4

Sat from eq 8 and J terms computed using eqs 2 to
4 were used to predict the Cm

Sat, and this numerical method
was called method III. A similar numerical analysis employing
eqs 9 and 5 to 7 was called method IV.

All predicted solubilities (Cm
Sat) were compared with the

corresponding experimental values, and the mean deviation
(MD) was calculated as a criterion by eq 10

MD)
∑{ |(Cm

Sat)pred - (Cm
Sat)|

(Cm
Sat) }

N
(10)

where N is the number of data points in each set.

Results and Discussion

Table 2 listed the experimental solubility of anthracene in
quaternary solvent mixtures. The quaternary solvent mixtures
consisted of 2,2,4-trimethylpentane + 2-propanone + methanol
+ ethanol, 1-propanol or 2-propanol. Each experimental data
point is an average of at least three experiments, and the
uncertainty of the data was ( 3.8 %. There are good agreements
between the reported5 solubility of anthracene in methanol
(0.00597 mol ·L-1), 1-propanol (0.00787 mol ·L-1), 2-propanol
(0.00534 mol ·L-1), 2-propanone (0.05180 mol ·L-1), ethanol
(0.007784 mol ·L-1), and 2,2,4-trimethylpentane (0.00655
mol ·L-1) taken from a previous paper5 and the determined
solubilities for methanol (0.00580 mol ·L-1), 1-propanol (0.00822
mol ·L-1), 2-propanol (0.00571 mol ·L-1), 2-propanone (0.04353
mol ·L-1), ethanol (0.00868 mol ·L-1), and 2,2,4-trimethylpen-
tane (0.00669 mol ·L-1) in this work. The solubility of an-
thracene in quaternary solvents was predicted using numerical
methods I to IV. The predicted solubilities were compared with
the corresponding experimental data, and the MD values were
computed. The MD values of various numerical methods and
their overall MD are listed in Table 3. Of the numerical methods
employing the experimental solubilities in solvents 1 to 4, the
method I was the best prediction method, whereas ab initio
prediction with methods III and IV for anthracene solubilities
in the investigated solvent systems was in the acceptable range.
The main advantage of methods III and IV is that they do not
require the experimental solubility data in monosolvents which
could save time and cost of the researchers with the expense of
relatively high prediction error. Considering water-to-solvent

and gas-to-solvent coefficient based QSPR models, the water-
to-solvent based model provided better predictions for the
reported solubility data. These findings are in agreement with
the previous results obtained for the same analyses employing
194 data sets.4

Equations 2 to 7 were trained using the solubility data sets
expressed in mole fraction units; however, in this work, we
expressed the solubilities in mol ·L-1, and this difference in
solubility expression could be compensated by adding a
correction term to the Jouyban-Acree model as

ln Cm
Sat ) x1 ln C1

Sat + x2 ln C2
Sat + x3 ln C3

Sat + x4 ln C4
Sat +

x1x2∑
i)0

2

Ji1(x1 - x2)i + x1x3∑
i)0

2

Ji2(x1 - x3)i +

x1x4∑
i)0

2

Ji3(x1 - x4)i+x2x3∑
i)0

2

Ji4(x2 - x3)i +

x2x4∑
i)0

2

Ji5(x2 - x4)i+x3x4∑ Ji6(x3 - x4)i +

[x1 ln MV1 + x2 ln MV2 + x3 ln MV3 + x4 ln MV4 -
ln(x1MV1 + x2MV2 + x3MV3 + x4MV4)] (11)

in which MV1, MV2, MV3, and MV4 are the molar volumes of
the solvents 1 to 4, respectively. The numerical values of MV
for the solvents used in this work are reported in Table 2. The
MD of the proposed method as a detailed report is given in
Table 3.

Generally, the overall MDs observed in these computations
reveal that the developed QSPR models are robust and could
be used for prediction purposes.
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